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Summary 

 

This research uses a series of deep (1.5  - 5m) sediment cores collected from sub-tidal 

sediment of a shallow bay to explore connectivity within the catchment to coast 

continuum. Specifically, this thesis investigates; 1) the variation in sediment yield of a 

coastal catchment subject to widespread land-use changes, 2) Historical trends in 

metal pollution in a shallow bay and the relative impact of a high magnitude flood. 3) 

Relative changes in coastal primary production and algal community shifts following 

land use changes in the adjacent catchment, and 4) Long-term climatic features of the 

eastern Australian subtropics preserved in these fluvial marine sediments. Together, 

the research presented demonstrates value of these sedimentary archives in providing 

novel insights into the dynamics of the coastal zone.   

 

Coasts receive mineral and organic sediments transported from catchments through 

run-off.  Mineral sediments provide important physical habitats for intertidal and 

marine organisms, while nutrients support high rates of productivity contributing to the 

ecological and functional diversity of coastal oceans. The modification of coastal 

catchments through human disturbance including; land clearing, impoundment 

construction, industrial, urban and agricultural activities have significantly altered the 

flux of this material from drainage basins to coastal environments. In many cases 

these changes have had negative impacts on valuable coastal ecosystems. 

 

The coastal ocean of the east coast of Australia supports numerous valuable habitats 

including coral reefs, seagrass meadows, and mangrove forests. Significant 

modification to coastal catchments in Australia has occurred relative rapidly. Since the 

arrival of European in the early 1800s widespread vegetation clearing and the 

introduction of grazing practices has reshaped the landscape. Furthermore, the green 

revolution of the 1930s to 1960s saw a rapid increase in agricultural production with 

the expansion of irrigated agriculture and cropping. An increase in fine sediment, 

nutrient and pollutant yield of coastal catchments to the coastal zone is implicated in 

the historical decline of inshore-coral reefs and seagrass meadows. Today, there is an 

increasing awareness that to limit further degradation to near-shore habitats of 

Australia, the direct protection of coastal habitats must also be paired with a concerted 
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effort to improve the condition of coastal catchments, recognising the strong 

connection between catchment and coastal ecosystem health. This can be achieved 

through the integration of ongoing research into the bio-physical aspects of the 

connectivity of catchments and coastal zones with improved policy and management 

practices.  

  

Moreton Bay is a shallow embayment located adjacent to the city of Brisbane on the 

Mid-east coast of Australia. The catchment is largely denuded with < 20 % of the 

original vegetation remaining. Intensive agriculture and grazing is a common land use 

of the upper catchment while the metropolitan city of Brisbane hosts expansive 

residential and industrial areas. The central aim of this thesis is to explore aspects of 

the bio-physical connection between Moreton Bay and its catchment, focusing on the 

rapid transformation of the catchment and its impacts on the environments of Moreton 

Bay. Specifically, this research aims to 1) quantify the magnitude of increase in fine 

sediment delivery to Moreton Bay following initial catchment disturbance following 

European settlement (Chapter 2). 2) Explore the historical trends in trace metal 

pollution in Moreton Bay and the impact of an extreme flooding event (Chapter 3). 3) 

Investigate temporal trends in the phototrophic community of central Moreton Bay and 

its response to elevated nutrient and turbidity regimes following historical catchment 

disturbance and an extreme flood event (Chapter 4). 4) Finally, this research aims to 

extend our understanding on regional climate variability of the last 1000 yrs (Chapter 

5). As the sediment cores collected capture both periods before and after major 

catchment modification they are ideal for exploring the impact of catchment 

disturbance on aspects of the bio-physical character of the Moreton Bay. This is also 

combined with historical water and sediment quality data and surface sediment 

sampling to complement information gained through the analysis of the sediment 

cores.  

 

Chapter 2 employs multiple dating techniques including; Optically stimulate luminesce 

(OSL), radionuclide (Pb-210, Cs-137), and accelerated mass spectrometry carbon-14 

(AMS 14C) dating to estimate the rate and type of sedimentation within central Moreton 

Bay using sediment cores (MB1, MB2, MB3, MB4). Rates of mass accumulation of 

sediment (MAR g cm3 yr-1) during the period of European settlement in the region (~ 

1840 – Present) are compared with average rates from the mid-late Holocene. Rates of 

the post European era are 3 – 9 times higher than those measured for last 1500 to 



Summary 

 

iv 
 

3500 yrs BP. This shift is coincident with widespread hillslope and channel bank erosion 

during the destabilization of the catchment following extensive vegetation clearing. 

Fine sediment accumulation during the Middle and Late Holocene has been largely 

focused within the now sub-merged remnant palaeochannels of the Pine and Brisbane 

Rivers. Only, recently have mud rich sediments rapidly expanded their distribution 

laterally throughout the Bay. Together, this suggests that modern turbidity regimes in 

the bay are the result of the compounded effect of both an historical increase in fine 

sediment supply and a rapid reduction in the effective storage capacity of the basin.  

 

Chapter 3 uses two aged sediment profiles (MB1, MB2) to explore historical metal (Zn, 

Pb, Cu, Mn, Cr, Ni) pollution within central Moreton Bay. The chronology of the two 

cores is defined in Chapter 2. Twenty two grab samples from across the bay taken in 

November 2011 are also used to assess the spatial distribution of metal. Inductively 

coupled plasma- mass spectrometry (ICP-MS) is performed on samples prepared using 

microwave assisted digestion using aqua regia as a solvent. Background trace metal 

concentrations are defined using samples that known to predate European settlement. 

These are used to determine the degree of metal enrichment at the 22 sites. While, 

the highest concentrations of trace metals where observed in the mud-rich sediments 

of central Moreton Bay, sediments where more enriched at the Mouth of the Brisbane 

River in western Bramble Bay. Sediment cores revealed a gradual increase in Zn, Pb 

and Cu pollution in the Bay initiating prior to the 1950s and continuing to the present. 

The 2011 extreme flood event was responsible for a significant input of Zn, Pb, and Cu 

into Moreton Bay evidenced by high concentrations of these metals in flood derived 

sediments. The magnitude of increases associated with this flood event is 

unprecedented within the record. The probable cause of this significant impact is 

discussed in relation to the evolving land-use practices of the catchment, regional 

climate and the geomorphology of the lower Brisbane River estuary.  

 

Shallow photic systems such as Moreton Bay are particularly sensitive to changes in 

nutrient and turbidity regimes following catchment disturbance events.  Chapter 4 

seeks to quantify temporal changes in the phototrophic community in central Moreton 

Bay using an aged sediment profile (MB1). Ultra-high pressure liquid chromatography 

(U-HPLC) is used to determine concentrations (µmol/g) of photosynthetic pigments 

(Chlorophylls /caroteins) in the core. Chlorophylls a, c including their degradation 

products pheophytin a and pyropheophytin a are consistently observed in the 
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sediments. In addition, B-carotene, peridinan, alloxanthin, diatoxanthin, lutein, 

zeaxanthin, neoxanthin and astaxanthin are observed in the record indicating diatoms, 

dinoflagellates, chlorophytes, cryptophytes, euglenophytes and cyanobacteria to be 

major components of the photosynthetic community at this site. Estimated Chl a flux 

(µmol/cm2 yr-1) to sediments indicated a historical increase in total primary production 

after the 1950s, with especially high rates also observed following the 2011 flood. This 

increase in primary production was also paired with a significant shift in the diatom 

community – with a greater contribution of bloom forming marine diatoms (Thallas 

spp.) This study provides important new insights into anthropogenic driven changes in 

phytoplankton communities in Moreton Bay, and discusses the implications of further 

climate and land-use change.  

 

Chapter 5 explores the use of the fluvial-marine sediments of Moreton Bay as archives 

of paleoclimate of the past two millennia. The fluvial marine interface of Moreton Bay 

periodically receives both marine and terrestrial mineral and organics sediments. 

Sediments deposited in this setting represent an archive of the relative influence of 

terrestrial input to the bay, and by further inference may act as a potential climate 

record.  Several lines of evidence including, major geochemistry (Al2O3/CaO), grain 

size, diatoms and δ13C and C/N values of organic matter are used to infer the relative 

influence of river flows into the bay over the last ~1500 yrs at a single site. The 

inferred dry (750 – 1200 AD) and wet (1500 – 1700 AD) periods are analogous with 

well-defined northern hemisphere climate anomalies of the last millennia including; ‘the 

medieval warm period’ MWP and the ‘little ice age’ LIA.  

 

As a whole, this thesis provides a longer-term perspective on some of the challenges 

facing a shallow embayment adjacent to a rapidly developing catchment. In particular, 

this thesis identifies the magnitude of change that as occurred to the bay following 

extensive land-use changes in the adjacent catchment. Maintaining the ecological 

integrity of this system with a continually expanding human population in the Bays 

catchment will also be strained further by an increasingly unpredictable climate, 

expressed as more extremes weather events as the earth’s climate warms. With an 

improved understanding of past natural variability and the scale of human induced 

changed within the system, more prudent decisions can be made regarding 

management actions taken to sustain these valuable systems. It is now critical that 
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catchments are integrated as fundamental planning units in efforts aimed at countering 

the ongoing decline of global estuarine and near-shore coastal ecosystems.  
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Chapter 1 

General Introduction 

1.1 Estuaries and coastal embayment’s 

Estuaries mark the transition zone between rivers and coastal seas. This fluvial-marine 

interface is highly dynamic, responding to both changes in river conditions (i.e flow, 

sediment load) and oceanic processes (i.e tides, waves, currents. The morphology and 

associated biota observed in contemporary estuarine and near coastal settings typically 

represent a long-evolutionary history driven by both gradual and episodic processes 

(Roy et al., 2001). However, in geological terms modern esturine environemnts are 

young landforms typically forming over the later half of the Holocene (5000 yrs ago – 

Present). Estuaries are often areas of intense human use.  The ecosystems they 

support provide important services for humanity including; fisheries, shipping 

navigation, water purification and coastal protection. Despite their importance, 

estuaries are used for the disposal of waste worldwide and are the ultimate recipients 

of material delivered from catchments to coasts, including sediments, nutrients and 

pollutants. Accordingly, estuaries and coastal embayment’s are among the most 

sensitive environemtns to human induced disturbances in river catchments (Kennsih et 

al., 2002; Kennish et al., 2014). 

Due to the complexity of interactions occurring among physical, chemical and biological 

processes and recent human impacts within estuaries, research in this setting is 

inherently interdisciplinary. Such an approach is required in these environments to 

further our understanding of natural process, and to provide relevant and meaningful 

results for the development of policy and management strategies. It is also recognised 

that integrative systems approaches to research problems are required to advance 

knowledge in many aspects of estuarine and catchment research (Wollanski et al., 

2006).  

Today, there is an increasing trend for government organisations to implement 

frameworks that both monitor and report on the state of the environment and the 
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success of management efforts aimed at maintaining the ‘ecosystem services’ natural 

systems provide. This requires the development of integrative tools to assess the 

ecological integrity or quality of ecosystems.  Such an approach represents a scientific 

challenge, not only in determining key attributes of a system that maintain ecosystem 

integrity, but also in determining the extent of anthropogenic influence within a 

system.  

1.2 Catchment to coast connectivity 

The concept of catchment to coast connectivity is founded in the hydrological 

connectivity of freshwater, estuarine and marine ecosystems (Wollanski, 2007). This 

concept is analogous to the evolving concept of the river continuum, where physical 

and biological attributes of a water body are strongly influenced by changes occurring 

upstream (Vanote, 1980). The importance of lateral and vertical connectivity of riverine 

ecosystems with groundwater features, riparian zones and floodplains is also 

developed in both the corridor concept (Bouton et al., 1998), and the flood pulse 

concept (Junk et al., 1989). Together, these models are used to better understand the 

distribution of geomorphic features and ecological characteristics across large drainage 

basins. More recently, efforts have been made to extend these ideas to include 

estuarine and coastal environments, recognising the important biological and physical 

linkages between estuarine and coastal waterways and drainage basins (Wollanski et 

al., 2006; Waterhouse, et al., 2015).  

Diverse physical and chemical gradients occur within the coastal zone. The interface of 

freshwater and marine environments is also a region of great biological productivity 

and ecological significance. Furthermore, water acts as a critical corridor for the 

movement of both aquatic organisms and terrestrial organisms dependent on water. At 

a landscape scale downstream ecosystems are often highly dependent on many 

upstream environments and the biological, physical and chemical processes which they 

support (Vasconcelos et al., 2011; Bothu et al., 2016; Wollanski et al., 2016). For 

example, freshwater and estuarine environments provide important habitat, nutrients, 

and trophic linkages for organisms and ecosystems offshore within the Great Barrier 

Reef (GBR), in east coast Australia (GBRMPA, 2012). 
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Modifications to catchments and their chemical, biological and physical processes, by 

human activities, have often radically changed the character of catchment-coast 

linkages. Today this concept is most notably applied with regard to the negative 

impacts associated with catchment development, and an increase in ‘pollutant’ flux to 

coasts including; fine sediments, trace metals, nutrients; nitrogen and phosphorus (N, 

P), and organics (i.e pesticides), among others.  It should be noted however that these 

connections remain a fundamental component of ecosystem functioning within the 

freshwater-marine interface (Vasconcelos et al., 2011). The importance of these 

linkages between the terrestrial freshwater and coastal and marine ecosystems has 

remained challenging to quantify due to the scale and complexity of the processes 

occurring. This has been complicated further by the extensive modification of natural 

ecosystem functions and processes through human disturbance (land clearing, 

impoundment construction, etc). Gauging the importance of natural processes at a 

landscape scale when trying to account for the influence of widespread human 

disturbance at the same scale is fraught with difficulty.   

Widespread deforestation, coupled with the expansion of grazing and irrigated 

agriculture, urban and industrial developments have reshaped the terrestrial landscape 

of the Australian continent. Deforestation is known to; increase runoff rates altering 

flow regimes of rivers (Kemp et al., 2015), decrease landscape stability thereby 

increasing erosion (Restrepo et al., 2015), and alter the chemistry of water and reduce 

groundwater infiltration rates and base flow levels of rivers. The rapid expansion of 

agriculture has also increased the total available inorganic nitrogen and phosphorous 

to aquatic and terrestrial biota. For example, total loads of N and P measured in East 

Coast Rivers draining into the GBR Lagoon have been estimated to have increased by 

5.7 and 8.9 times, respectively, compared to modelled pre-European levels (Kroon et 

al., 2012). Coupled with this increase has been an introduction of organic (i.e 

pesticides and herbicides) and inorganic (i.e heavy metals) pollutants (Lewis et al., 

2009; Morelli et al., 2011). These terrestrial disturbances are suggested to have had 

significant consequences for the health of coastal regions of eastern Australia 

(Wollanski and Spagnol, 2000; Waterhouse et al., 2015) 

Quantifying the physical chemical and biological processes that operated under the 

unmodified state has logically been a key objective in efforts aimed at understanding 

human impact on these geomorphic systems (Prosser et al., 2001; Kroon et al., 2012). 
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Despite these efforts, the extent and consequences of catchment modification to 

coastal and offshore ecosystems remains to be fully quantified (Dutton et al., 2007; 

Waterhouse et al., 2015). Indeed in Australia, relatively little research has 

quantitatively demonstrated systematic change of geomorphic systems and 

accompanying ecosystems following such dramatic landscape disturbance (Bartley et 

al., 2014; Lybolt et al., 2011; Kemp et al., 2015). This is largely due to the challenges 

in attributing localy measured signals to contributing drivers acorss large distances and 

throughout time. A further limitation is the paucity of data capturing the period of 

interest (ca. 1820 – present). The task of quantifying systematic change in physical, 

hydrological, and chemical properties and the accompanying ecological change across 

the fresh – estuarine - marine continuum over broad temporal and spatial scales is 

exceedingly challenging.  It is now recognised that a more holistic approach is required 

to first understand fundamental processes operating within the catchment to coast 

geomorphic system (Waterhouse et al,. 2015). An important component of this 

approach is to extend our understanding of the past temporal variability of terrestrial, 

estuarine and marine geomorphic and ecological systems.  This will provide greater 

insights into the role of human disturbance in driving patterns observed in 

contemporary environments, their trajectory of change and the resulting threats to 

their ecological integrity.  

 

1.3 Temporal perspectives of change 

 

Often knowledge of the natural environment and associated aspects of ecosystems 

(i.e., distribution of organisms, chemical or physical gradients) is limited to information 

derived from data collected over relatively short time periods (i.e., years to decades). 

The lack of temporally expansive data for physical, chemical and biological attributes of 

marine and terrestrial ecosystems, limits our understanding of longer term processes 

that ultimately shape the contemporary natural environment. There are few 

ecosystems on earth that have not been affected by the activity of humans. 

Accordingly the characteristics of contemporary ecosystems are often the result of the 

various impacts of human actions. It can remain challenging to ascertain the relative 

degree and the specific drivers of change that have occurred within a system as a 

result of human disturbance in the absence of this information. 
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This is of particular importance in systems which have experienced degradation in the 

form of a reduction in biodiversity, ecosystem function and services to humanity (i.e 

fresh water resources, fisheries). Today any environment that may be considered as 

classically ‘pristine’, is likely to have already experienced some form of alteration by 

humans either directly or indirectly. Measurements of natural systems for the purposes 

of management are typically made against a reference point, reflecting the character 

of the environment when detailed observations first began. Accordingly, the reference 

conditions for management can be reflective of an already degraded system. Goals set 

to improve a natural system for human purposes through appropriate management are 

often based on this reference condition. Under this framework scope for improvement 

is often limited to characteristics of the system when it was first measured. Over long 

periods (decades to centuries) failure to recognise this phenomenon can result in 

gradual degradation to the system that may be unrecognizable in the short term.  

 

A striking example of this is presented by Pauly (1995) who discusses the collapse of 

the oceans fisheries and the concept of the ‘shifting baseline syndrome’, whereby there 

is a loss of perception of change that has occurred to a system when each generation 

redefines what is ‘natural’.  Pauly (1995) proposes that more prudent decisions could 

have been made based on a greater understanding of the shear-scale of change that 

has already occurred to the system, and in the absence of this has contributed to the 

long-term collapse of the worlds fisheries.  The same concept can be applied more 

universally in any attempts made to measure change within geomorphic and ecological 

systems (Fig. 1).  What is considered ‘normal’ or natural variability of a system may be 

limited by a short period of observation, which may not capture the true variability of a 

system (Fig. 1). A greater understanding of the long-term variability of a natural 

system and the impacts of humans on its ecological integrity is fundamental in efforts 

aimed at managing the system for human benefit (Gell, 2010). 

 

There are numerous approaches that can be used to reconstruct past environmental 

and biological condition, in the absence of historical data. These are incorporated into 

three main subdisciplines: paleoecology, paleogeography and paleoclimatology. 

Palaeoecology is the science concerned with the ecology of past organisms and 

ecosystems that have been preserved in the fossil and subfossil record.  

Paleogeography is concerned with reconstructing the biological, physical and chemical 

conditions of a past landscapes. Paleoclimatology is the study of past climates. The 
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paring of these disciplines can be used to reconstruct the structure and function of 

ecosystems of the past and how they responded to external drivers (i.e climate 

change, human disturbance). With this information, baselines of natural systems can 

be redefined and incorporated into knowledge frameworks. These can then be used to 

assess natural variability within the system and changes that are due to direct human 

disturbance. With a greater understanding of the temporal dimensions of ecosystems 

more prudent decisions can then be made on how to best manage the system to 

achieve a desirable outcome. This is especially important in environments that have 

been degraded or altered as a result of human impacts as it allows the modern system 

to be placed in the context of the history of alteration that has already taken place 

(Gell, 2010; Woodward et al., 2014).  

 

 

 

 

 

 

 

 

 

Figure 1. A conceptual diagram of the shifting baseline syndrome (modified from Pauly, 1995). 

Illustrating the degradation continuum of an environmental asset (i.e watershed health) in 

relation to generation intervals. The vision for restoration may often fall short of conditions of 

the unmodified system as knowledge of the unmodified system is gradually  lost with each 

passing generation. Similarly, for any environmental observation (i.e rainfall) our understanding 

of its variability is limited to the period of time at which we observe it (typically a generation).  
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A primary tool used in these endeavours are natural archives that have the capacity to 

record temporally contiguous characteristics of the chemical, biological and physical 

characteristics of the surrounding environment by proxy. These include, but are not 

limited to; ice sheets and glaciers, wood, speleothems, massive coral colonies’, beach 

ridges, aeolian sediments, fluvial sediments, lacustrine sediments, and deep and 

shallow marine sediments. The exploitation of these archives has proven invaluable to 

improving our fundamental understanding of natural systems.  

 

Sedimentary environments include 1)  continental types including; alluvial, aeolian, 

fluvial and lacustrine, 2) marine types including; shallow and deep marine 

environments and reefs, and 3)  transitional types including;  tidal,  lagoonal and 

deltaic environments (Reading, 1996). Low energy sedimentary basins including 

lacustrine, deltaic and shallow and deep marine sedimentary environments are typically 

more stable, with little opportunity for sediment reworking. Sediment profiles extracted 

from these settings are less likely to be interrupted by significant temporal hiatuses, 

unlike their high energy counterparts. Accordingly, sediment archives preserved in 

these settings have typically offered the most coherent records of past environments, 

climates and ecosystems (Wang et al., 1996; Longmore and Henjis, 1999; Finney et 

al., 2002; Power et al., 2008; Chen et al., 2001; Willard et al., 2003).  

 

Coastal river deltas form when clastic river sediment is transported to the coast at a 

greater rate than it can be removed by marine process. The depositional basins in 

which deltas form often preserve thick sequences of Holocene aged sediments (Evans 

et al., 1992). Typical features of prograding river deltas include; 1) the delta plain 

comprised of fresh/brackish/saline settings intersected by distributary channels 2) the 

delta front comprised of mouth bars and depositional sedimentary lobes, and 3) the 

pro-delta, consisting of the subaqueous extension of the delta, typically composed of 

muds and silts. The pro-delta consists of laminated fine sediments and being a 

transitional sedimentary environment it traps both terrestrial and marine mineral and 

organic sediment. Sediment cores taken in deltaic and shallow marine settings can 

therefore provide proxy records of both terrestrial and marine physical and biological 

processes.  

 

Records derived from shallow marine sediments have offered insights into; 1) Climate 

and eustatic sea-level variability of the quaternary (Chivas et al., 2001; Lamb et al., 
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2006) 2) past biological productivity of coastal oceans (Ortiz et al., 2004) 4)  The flux 

of major elements and compounds from watersheds to coasts (Syvitski et al., 2005), 

and 4) the impact of human disturbance on coastal environments including; historical 

trends in inorganic and organic pollution (Hornberger et al., 1999; Li et al., 2000; 

Santschi et al., 2001), historical trends in eutrophication of the near-shore (Chen et al., 

2001; Kemp et al., 2005), and the variability in sediment yield of river catchments (Liu 

et al., 2007; Schoellhammer et al., 2014). By exploiting the archives shallow marine 

sediments offer, this research has provided valuable insights into both the fundamental 

physical and biological processes of the coastal zone and the extent and magnitude of 

human impact in these systems.  

 

By global standards, East Coast Australia is sparsely populated. Despite this, a 

significant proportion of the coastal catchments have been significantly altered. 

Widespread landscape modification, principally in the form of vegetation clearing and 

agricultural expansion has occurred relatively recently. While many northern 

hemisphere regions have endured the effects of vegetation clearing for millennia, only 

since the arrival of Europeans in the 18th century have Australian catchment 

experienced significant modification.  

 

The body of work contained within this thesis uses natural sediment archives from 

Moreton Bay, a shallow bay that receives freshwater inputs from a large catchment in 

East Coast Australia, as tools to explore the temporal variability of the catchment to 

coast geomorphic and ecological system.  In a relatively short period of time the (ca 

200 yrs), the catchment has been radically transformed from being largely covered 

with woody vegetation to a denuded landscape with high levels of  agricultural, urban 

and industrial land use practices (Capelin et al., 1998). In the absence of anecdotal 

and documented evidence, it remains challenging to determine the consequences of 

these changes not only on the ecology of the catchment but also the Bay itself. 

Sedimentary records preserved in the fluvial marine-sediments of Moreton Bay offer 

records of past natural variability of the system, fundamental processes driving the 

ecosystem, and the relative magnitude of human impact within the system. By 

incorporating a broader temporal perspective to our understanding of the geomorphic 

and ecological character of Moreton Bay, this thesis offers novel insights into the 

dynamics of the fluvial-marine interface and the potential for strong connectivity 

between catchments and coastal regions.  
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2.0 Regional setting 

 

2.1 Moreton Bay and catchment 

 

Moreton Bay and its tributaries have remained an important place for both indigenous 

and more recent peoples. Archaeological evidence for aboriginal occupation of the area 

exists as early as 20,000 yrs BP (Neal and Stock, 1986). The rich natural resources of 

the area supported a thriving local population, showing particular dependency on the 

abundant fisheries of Moreton Bay (Walters, 1989; Ulm, 1995). Today, aboriginal 

people on North Stradbroke Island continue to rely on marine resources for 

sustenance, also remaining an important aspect of their cultural identity (Ross and 

Coghill, 2000). Following European arrival in Port Jackson in the late 1700s the 

Brisbane River estuary was soon identified as a favourable location for a large 

settlement (Welsby, 1907). The presence of a large river discharging into a protected 

bay provided both adequate freshwater resources and suitable conditions for shipping 

and trade. The settlement of Brisbane was established in 1824, and soon rural centres 

were established in the upper catchment. Today Brisbane and the broader South East 

Queensland has a population of 3.4 million, and over the last 10 years has had an 

average annual growth of ~ 2.4 %.  

 

Moreton Bay is a semi-enclosed sub-tropical estuarine embayment situated adjacent to 

the metropolitan city of Brisbane in Southeast Queensland, Australia (Fig. 2).  The Bay 

is shallow, with an average depth of 6.8 m. To its east the Bay is bordered by two 

dune barrier islands (Moreton Island and North Stradbroke Island), which act to 

confine bay waters and limit oceanic mixing (Dennison and Abal, 1999).  Moreton Bay’s 

catchment consists of four major river systems (Brisbane, Logan, Pine, and Caboolture 

rivers) and the Pumicestone Passage, with the Brisbane River catchment being the 

largest (13,100 km2). The watershed of Moreton Bay has experienced severe alteration 

following European settlement, beginning in the 1840s in the form of widespread 

clearing of native vegetation (Capelin et al., 1998). Today only ~25% of the original 

native vegetation remains (Powell, 1990). Catchment erosion models have been used 

to describe the rate of increase in sediment input into Moreton Bay following 

catchment clearing, and typically suggest a 3 to 4 fold increase (Neil and Yu, 1996; 

Neil et al., 2002).  
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Broadly, the geology of the catchment of Moreton Bay is characterized by Mesozoic 

sedimentary rocks, including both Triassic and Jurassic sequences of sandstone and 

siltsone, with minor rhyolite and tuff. In the upper parts of the catchment, tertiary 

basalts are also important, comprising major sections of the Great Dividing Range (Day 

et al., 1983). Within the Bay itself, tertiary basalts and laterites form prominent coastal 

outcrops, while Holocene aged fluvial-marine sediments form much of the coastal plain 

and immediate coastline. The depositional basin of Moreton Bay is comprised of a 

mixture of fluvial and marine sediments (Maxwell, 1970). Fluvial delta sands and muds 

dominate western regions of the Bay, while clean marine sands and carbonate 

sediments dominate eastern and north and south eastern regions. Since initial surveys 

in 1970 the area of clean sand facies within Moreton Bay has been significantly 

reduced (~ 20%) (Maxwell, 1970; O’Brien et al., 2012). This reduction is the result of 

an increase in the total quantity and proportion of fine sediments received by the Bay, 

and is of critical concern to the health of tidal and sub-tidal ecosystems within the Bay 

(Neil, 1998; Diggles et al., 2013; Lybolt et al., 2011).   

 

The geographical features of the Brisbane River and Moreton Bay are unique in the 

context of typical forms of estuaries in the region. The Brisbane River estuary itself is 

classified as a tide-dominated delta (Heap et al., 2001). The two dune barrier islands 

of Moreton and North Stradbroke Island protect the western sedimentary environments 

of the Bay from high wave energy typical of the exposed south-east coast. Sediment 

transport and redistribution within the Bay is dominated by wind-driven resuspension 

and tidal currents. Limited energy for sediment remobilization of terrestrially derived 

sediments has resulted in the occurrence of clear supra- and sub-tidal features that are 

typical of tidal-dominated deltas. These include; 1) an extensive funnel shaped supra-

tidal vegetated floodplain, 2) a fluvial delta front and 3) an extensive sub-tidal 

prodelta.  

 

The Brisbane River delta itself is in the latter stages of its evolution, with progressively 

increasing connection between fluvial reaches and the tidal inlet. The result is a more 

efficient transportation of fluvial derived material to the seaward edge of the delta and 

accelerated lateral progradation. Features that are more common in its pristine 

counterparts including; tidal sand banks and intertidal islands have been removed for 

shipping purposes (Fig. 3a). Today, continued bank armouring and dredging maintains 

a relatively straight well-defined deep channel (> 15 m). This contrasts its previous 
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unmodified state, characterized by a dynamic sedimentary environment with multiple 

distributary channels and islands.  Similarly, salt marshes and mangrove woodlands 

which were once extensive have been cleared to accommodate major infrastructure 

including shipping, an airport and residential developments.  

 

The diverse physical settings and chemical gradients that occur in Moreton Bay 

promote a high level of biological diversity. Seagrass meadows of southern and eastern 

Moreton Bay support a significant dugong population (Fig 3f), while mangrove forests 

bordering the Bay provide important nursery grounds for juvenile fish (Fig 3 c). 

Occurring at latitude of ~ 27º, Moreton Bay hosts both temperate and tropical aquatic 

organisms. This includes 350 species of fish and 56 species of corals (Wallace, 2009). 

Coral communities are largely confined to the southern and eastern regions of the Bay 

(Fig. 3e), while Flinders Reef and Flat Rock Reef occur at the northern ends of Nth 

Stradbroke Island and Moreton Is. These offshore reefs provide important habitat for 

pelagic fish species and also support the coral communities within recruits. Moreton 

Bay is a RAMSAR protected wetland, with its shores hosting 183 species of birds.  The 

Bay is also one of the largest prawn fisheries of the east coast of Australia, with the 

total fishery worth ~ 5 Million $ AUD (Fig 2b).  
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Figure 2.  True colour LANDSAT 5 image of the Moreton Bay region (May 2015) showing the 

major rivers draining into the bay (Caboolture, Pine, Brisbane, Logan and Pumicestone Passage), 

and sand barrier islands North Stradbroke Island and Moreton Island. Regions of Moreton Bay 

including; Deception Bay, Bramble Bay, Central Bay, Waterloo Bay, Eastern Bay and Southern 

Bay are shown.  The urban footprint of the metropolitan city of Brisbane and Ipswich (grey), 

agricultural lands (light green), and remnant forest (dark green) of the catchment is also shown. 

Image captured following a significant rainfall event in May 2015. Flood plumes of the Logan and 

Brisbane Rivers entering Moreton Bay are clearly visible.  
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Figure 3.  a) Brisbane River port located at the Mouth of the Brisbane River. b) A prawn trawler 

cruising up the Brisbane River. c) Mangroves and tidal flats in Bramble Bay. d) Sand-dunes of 

western Moreton Island (‘the wrecks’ - Tangalooma). e) Typical coral habitat observed at Peel Is in 

south-eastern Moreton Bay f) Seagrasses of the eastern banks region in eastern Moreton Bay. 
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2.2 The significance of the 2011 and 2013 Lockyer creek and Brisbane River Flood 

 

On the 13th of January 2011 major flooding occurred throughout the Brisbane River 

catchment. Regions which experienced the most severe flooding included the township 

of Toowoomba, the Lockyer Valley and Brisbane city (Fig. 4). This was the second 

largest flood to have occurred in the last 100 years (Fig. 5). An estimated 18,000 

properties were inundated and extensive damage was caused to major infrastructure 

and ~19,500 hectares of irrigated agricultural land was impacted. The event occurred 

during a strong La Nina event (Fig. 6). The year of 2011 was the wettest experienced 

since 1974, the year a similar magnitude flood was experienced during a comparable 

La Nina event. Sustained above average rainfall occurred during the 2010-2011 

summer as a result of the presence of ex-tropical cyclone Tasha and the high activity 

of the east coast trough (BOM, 2011). Intense rainfall from the 10th to the 12th of 

January on an already saturated catchment resulted in high run-off rates culminating in 

the catastrophic flood. The most intense rainfall occurred within the upper Lockyer 

Creek catchment, namely in the catchments of Fifteen Mile Creek and Alice Creek.  

Peak 2 hour rainfall intensities had annual exceedance probabilities of up to 1088 years 

(Rogencamp and Bardon, 2012). Consequently, the most intense flooding in the upper 

catchment was experienced in Lockyer Creek. This is evidenced by the Helidon flood 

gauge which recorded an 8 m rise in river height in as little as 30 minutes. In January 

2013, tropical cyclone Oswald contributed to high rainfall in SEQ triggering a moderate 

flood (2.3 m – Brisbane City Gauge) (Fig. 5).  
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Figure 4. Moreton Bay and catchment, depicting major rivers draining into the bay, and 

tributaries of the Brisbane River. The location of Savages Crossing river gauge # 143003 is also 

highlighted. 
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High stream powers within the upper catchment resulted in significant disturbances to 

the drainage networks; including channel scouring, bank erosion in the form of  river 

bank mass failures, and  floodplain erosion and channel avulsion, floodplain 

erosion/deposition and topsoil loss (Fig 7 a, c, d,) (Baggs-Sargood et a., 2015 ; 

Figure 6.  Southern Oscillation Index (SOI) showing the strong La Nina (2010-2011) and El 

Nino (1998 -1999) events of the last decade and the millennium drought – characterized by a 

moderately negative SOI. 

Figure 5.  Brisbane River discharge measured at Savages Crossing gauge from 1960-2014, 

detailing flooding events of 1974, 1996, 2011 and 2013, the construction of Wivenhoe dam 

and the millennium drought. The high turbidity associated with major floods from 1980-2014 

is also presented.  
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Thompson et al., 2013; Thomspon et al., 2015). An estimated 18,000 hectares of 

cropping land was affected (Fig 7 e).  As a result some agriculturally important 

landforms within the floodplain were degraded (ABARES, 2011, SEQ Catchments, 

2013).  

 

 

Figure 7. a) Murphies Creek (Upper Lockyer Valley), showing the aftermath of the 2011 flood b) 

Wivenhoe Dam approaching capacity (Wednesday 12th January 2011), Channel Bank mass failure 

on the Lockyer Creek, d) Mass failure in the agricultural floodplain of the Lockyer Valley (Credit: 

Jacky Croke) e) Flood-extent within the Lockyer valley and area of irrigated agriculture (DNRM 

2014) .  
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Compared to previous floods of similar magnitude (1974 and 1893), the 2011 flood 

was unique in terms of the sharp peaked nature of the hydrograph both in the upper 

catchment and within the Mid-Brisbane River (Fig. 8). All previously reported floods 

were described as having hydrographs of a ‘well rounded shape’, similar to that of the 

1974 flood (Fig. 8).  Rainfall contributing to the 1974 flood was well spread throughout 

the upper catchment, with high contributions of flood waters from all major tributaries 

of the Brisbane River.  This also included the then unregulated expansive upper 

Brisbane River catchment. Intense, relatively localized rainfall in January 2011 resulted 

in the Lockyer Creek contributing the majority of flood waters. Contributions from the 

upper Brisbane river catchment were limited due to Wivenhoe Dam (Fig. 7b). However, 

major dam releases were required and coincided with the arrival of the major flood 

pulse in Brisbane City (Fig. 6b) (Power and Callaghan, 2016).  

Within the lower Brisbane River channel scouring resulted in extensive river bank 

failures in the form of mass failure (EHMP, 2011). Suburbs of Brisbane worst effected 

included; Oxley, Graceville, St Lucia, Fairfield and Norman Park (Fig. 9a). Sewage 

treatment plants were inundated releasing pathogens into rivers waters and ~ 1000 

Figure 8.  Brisbane River maximum discharge measured in 15 minute intervals at Savages 

Crossing (Fig. 4) during the 1974 (a) and 2011 floods (b) across an 8 day period. Both the 

rising a falling limb of the hydrograph for the 2011 flood is much steeper than the 1974 flood. 
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hectares of heavy industrial land was flooded, of which most occurred within the Oxley 

creek floodplain (Fig. 9b, c). Flooding in the lower Brisbane River coincided with 

unusually high spring tides resulting in two flood peaks occurring within 12 hours of 

one another. The two high tides experienced during the event increased the total 

flooding height by ~ 20 to 40 cm. Although this is a slight vertical increase, it would 

have likely increased the lateral extent of flood waters and the associated damage to 

property. Following the 2011 flood, thick (> 10 cm) deposits of mud were spread 

throughout the low lying suburbs of Brisbane city. 

 

High sediment and contaminant loads posed a significant threat to freshwater aquatic 

habitats within the Brisbane River and the estuarine habitats of Moreton Bay (Fig. 9 d, 

e, f). Some impacts of the flood in Moreton Bay included coral deaths (Olds et al., 

2014) and the reduction in seagrass  habitat (Hannington et al., 2015). However, it is 

difficult to assess the long-term impacts of this event on the health of these aquatic 

ecosystems due to the paucity of data. A similar impact was observed following the 

2013 flood.  
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The nature of the 2011 flood event is significant when considering the predicted 

hydrological changes that are expected to occur as a result of human induced climate 

change. As climate changes under a warming global climate, the occurrence of climatic 

extremes is likely to increase (IPCC, 2012). The hydrological impact of this is expected 

to be represented by an increasing occurrence of droughts and flooding events (IPCC, 

Figure 9. a) Flood waters reaching Brisbane city and the Norman Creek Floodplain. b) Oil slicks 

observed at Oxley following the widespread inundation of heavy industrial land (DNRM, 2016). c) 

Oxley sewage treatment plant inundated with flood water (DNRM, 2016) d) highly turbid 

freshwater entering Moreton Bay (Credit: Bruce Long) e) The leading edge of the flood plume 

entering Waterloo Bay and southeastern Moreton Bay (Credit: Sarah Clarke) f) Flood plume 

approaching eastern Moreton Bay, showing Moreton Island in background (Credit: Healthy 

Waterways). 
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2012). Precipitation and rainfall intensity on the Australian continent is expected to 

increase (Alexander and Arblaster, 2009), though changes in flooding frequency is 

shown to be dependent on the region. Indeed, multiple record breaking weather and 

hydrological events have already occurred within the first decade of the 21st century 

(Steffen et al., 2013).  

It could be considered that specific hydrological characteristics of the south east 

Queensland region in this decade are symptomatic of the regional expression of what 

can be expected as the global climate warms. For south east Queensland, this decade 

was characterized by a prolonged record breaking drought (the millennium drought 

2001-2005) and widespread water shortages. This was then followed by record 

breaking floods of an intensity that had not been previously recorded for the region. 

During the 2011 and 2013 flood events, significant erosion resulted in very high levels 

of suspended sediments within flood waters (2000 - 4000 NTU). As a result, the water 

treatment plant processing river water for public use was forced to shut down. Not 

only did this flood cause significant damage to public and private property and 

infrastructure but it also posed a risk to the region’s water supply.  

The two flood peaks within Brisbane city shows the importance of the tidal influence on 

flooding behaviour within the city.  Between 1984 and 2010 the rate of sea level rise 

recorded at the Brisbane Bar was 1.929 mm yr -1 .This increased to 2.36 mm   yr -1

between 2000 and 2010 (Lovelock et al., 2011). This is equivalent to an average rise in 

relative sea level for the region of ~ 5 cm over this period. Global sea levels are 

projected to have increased by 1 to 2 m by 2100 (IPCC, 2014). Under the current 

conditions, the gradual increase in regional sea level in the coming decades is likely to 

increase flooding extent within the tidal influenced reaches during large floods. This 

may be further compounded by the projected increase in frequency of strong La Nina 

events and associated extreme floods overall (Cai et al., 2015).  

Considering the region’s environmental assets, the 2011 flood and its effects were also 

of particular significance. The 2011 flood event and its impacts were important in a 

range of sectors including; water security, damage to private and public property and 

infrastructure, environmental degradation and climate change adaption and mitigation. 

Therefore, It was significant not only in terms of its immediate impact on the built 

environment and natural assets, but also in terms of the knowledge that can be gained 
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through studying this event in order to mitigate the impact of similar events that are 

likely to become more frequent in the future. 

 

 3.0 Thesis aim and scope 

 

This thesis represents a series of studies that uses fluvial-marine sediments to 

investigate the application of environmental tracers as tools for understanding 

temporal changes in a shallow estuarine embayment influenced by terrestrial run-off. 

The central aim of this research is to provide a temporal context for the current state 

of some key aspects of the physical, chemical and biological properties of the Moreton 

Bay seascape. A secondary aim is to explore the connectivity between catchment 

condition and the Bay environment to enhance understanding of if and how temporal 

changes in the condition of the Moreton Bay catchment have impacted on the receiving 

waters.  

 

Objective 1 

 

Compare sedimentation rates under the catchment prior to European settlement with 

that following widespread vegetation clearing and land-use disturbance after 

settlement.  

 

Objective 2 

 

Explore the historical trends and the impact of the 2011 flood on anthropogenic metal 

pollution in Central Moreton Bay and assess the spatial variability of contamination 

following the flood.  

 

Objective 3 

 

Explore the temporal changes in total primary production and photosynthetic 

community in central Moreton Bay following rapid land-use change and altered nutrient 

and turbidity regimes in Moreton Bay  
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Objective 4 

 

Reconstruct a climate record for the region covering the last ~1500 yrs using fluvial 

marine sediments, identify climate anomalies of the last 1500 yrs in these sediments 

and discuss their regional and global significance.  

 

3.0 Significance of research  

 

The application of paleolimnological techniques including sediment coring and 

environmental tracing in estuarine and shallow marine settings is relatively limited 

compared to other settings. The novelty of this research is founded in the use of deep 

sediment cores of shallow marine sediments to explore temporal changes in 

biophysical characteristics of a shallow bay. Retrieving deep sediment core sections 

from shallow marine sediments is logistically challenging and often a costly procedure 

– limiting the widespread use of this approach. The thesis presented demonstrates the 

power of shallow marine sediment cores in offering novel insights into geomorphic and 

ecological change across the fluvial-marine interface.  

 

This thesis incorporates multiple fields of environmental sciences including; 

geochronology, geochemistry, environmental radiation, organic chemistry, 

palaeoecology, paleoclimate, hydrology and geomorphology. A rigorous field sampling 

campaign of sub-tidal sediments in 2011, 2012, and 2013 is combined with intensive 

laboratory work and the application of multiple analytical techniques including; gamma 

spectrometry, optically stimulated luminesce (OSL), inductively coupled plasma mass 

spectrometry/ optical emission spectrometry (ICP-MS/OES), ultra-high pressure liquid 

chromatography (U-HPLC), isotope ratio mass spectrometry (IRMS), and ITRAX core 

scanning.  By adopting this generalist approach this thesis seeks to integrate multiple 

aspects of the temporal changes in the bio-psychical characteristics the Bay. The 

outcomes of this research are aimed toward achieving a more holistic understanding of 

catchment to coast connectivity and the extent of human impacts in coastal 

environments.  
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Chapter 2 

Catchment clearing accelerates the infilling of a 

shallow subtropical bay in east coast Australia 

Abstract 

Understanding processes that govern the transport and distribution of terrestrial 

sediments to and within bays is critical for interpreting the drivers of long-term 

changes in these ecosystems. On the east coast of Australia increased soil erosion and 

sediment delivery following extensive land clearing in the contributing catchments, 

associated with European settlement, is highlighted as a key driver of the decline of 

numerous nearshore habitats including seagrass meadows and in-shore coral reefs. 

Here we use optical, radiocarbon and radionuclide dating to estimate mass 

accumulation rates and type of terrestrial sedimentation in central Moreton Bay during 

the Holocene. We compare the long-term rates of infilling within the central basin with 

the recent past and show a 3 to 9 fold increase in sediment accretion over the last 100 

years compared to the long term (last ~ 1500 to 3,000 yrs) average. Infilling during 

the Holocene is not spatially uniform, with preferential deposition occurring within the 

now submerged palaeochannels of the Brisbane and Pine rivers. We suggest that 

modern turbidity regimes in Moreton Bay are the result of the compounded effect of 

both a historical increase in fine sediment supply and a rapid decline in the effective 

storage capacity of the basin.  

Key words: sedimentation, optical dating, shallow embayment, Brisbane River, 

Holocene, turbidity. 
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Graphical abstract 

1.0 Introduction 

River deltas and estuaries are subject to both riverine and marine processes, and as 

such are sensitive to disturbances caused by changes in climate, land use, sea level 

and river flows (Carter and Woodroffe 1994; Pye, 1996; Meire et al., 2005; Ericson, 

2006; Estrany and Grimault, 2014). The characteristics and physical form of estuaries 

and nearshore environments often represent the culmination of a long history, driven 

by both gradual and episodic processes. These processes, both physical and chemical, 

determine the distribution of habitats (Edgar et al., 2000; Roy et al., 2001). Knowledge 

of the physical evolution of estuaries and nearshore environments allows for the 

prediction of both their geomorphic responses to indirect and direct disturbances and 

also the associated ecological changes. 

Human disturbances to river catchments exert significant controls on the quantity of 

sediment transported downstream. This is observed as both increases in sediment 

transport, driven by catchment disturbance, through land-clearing, agriculture, urban 

development, and mining (Pasternack et al., 2001; Syvitski et al., 2005; Ruiz-

Fernandez et al., 2005) and decreases resulting from impoundment construction and 

increased sediment trapping within catchments (Vorosmarty et al., 2003; Blum and 

Roberts 2009; Schoelhammer et al., 2014). Climate variability has also been shown to 

exert controls on sediment entrainment and transport within small river catchments 

(Inman and Jenkins, 1999; Andrews and Antweiler, 2012).   
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In many parts of Australia vegetation clearing associated with European settlement 

resulted in an increase in channel and hillslope erosion (Prosser et al., 2001). Using 

sediment delivery models, it has been shown that this erosion increased the total yield 

of sediments to east coast Australia (Neil et al., 2002; McKergow et al., 2005; Kroon et 

al., 2012). This increase has been noted as a primary contributor to the historical 

decline of inshore reefs within the Great Barrier Reef (GBR) (Fabricius and De’ath, 

2001; Fabricius et al., 2003, 2005). Nutrients and contaminants associated with fine 

sediments can also lead to increased eutrophication and pollution of coastal 

environments (Wolanski and Spagnol, 2000; Wolanski and Duke, 2002; Brodie et al., 

2011). Coral proxies have indicated increased sediment flux to the GBR lagoon 

following European settlement (McCulloch et al., 2003). However, few studies have 

empirically demonstrated an increase in sedimentation and turbidity downstream of 

disturbances since European settlement (Bartley et al., 2014). This has remained a 

challenge due to the difficulties in accounting for complex cycles of erosion, deposition, 

and storage across the river-estuary continuum in expansive east coast Australian 

catchments (Douglas et al., 2010).  

While much research has focused on the controls and processes of sediment erosion 

and transport in river catchments, less is known about the response of nearshore 

depositional environments to variations in sediment supply. In particular, whether 

these apparent increases and decreases of sediment loads of rivers owing to different 

catchment disturbances (natural or anthropogenic) are represented in fluvial-marine 

sedimentary environments. Furthermore, the estuarine zone itself can impart 

significant controls on sediment flux within the river-marine continuum, modifying both 

the quantity and grain size of sediments delivered further offshore (Bryce et al., 1998; 

Bostock et al., 2007). Regional oceanographic conditions (i.e. waves, wind and 

currents) also have a strong influence on how sediments are transported and 

redistributed within coastal regions (Larcombe et al., 1995; Lambeck and Woolfe, 

2000; Orpin and Ridd, 2012; Delandmeter et al., 2015). Therefore, ongoing research 

on the physical evolution of the fluvial marine interface is critical for understanding the 

impact of human disturbances in river catchments on quantities and types of sediments 

received by nearshore coastal waters.  

Here we examine the sedimentation rates in the shallow sub-tropical Moreton Bay on 

the east-coast of Australia.  A series of off-shore dune barrier islands restrict the flow 

https://en.wikipedia.org/wiki/Barrier_island
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of oceanic water into the bay making it lagoonal. Consequently, sediments derived 

from the largely cleared 21,220 km2 catchment which drains into the 1,523 km2 bay 

are generally trapped. Optical, radiocarbon, 210Pb, 137Cs and trace metal dating 

techniques were applied to sediment cores (1.5 m to 4.4 m in depth) collected from 

the Central Bay area to determine the rates, and type of Holocene sediment deposition 

in the bay. This information was used to investigate the response of this fluvial marine 

sedimentary environment to historical human disturbance within the catchments 

draining into the bay.  

 

2.0 Regional setting  

2.1 Moreton Bay  

 

As a shallow enclosed embayment with long water residence times (up to 60 days), 

sediment and nutrient laden river water discharges typically have pronounced, long-

lasting effects (Dennison and Abal, 1999).  Increased sediment input to the Brisbane 

River as a result of increased erosion is noted as a primary cause of the degradation of 

habitats of Moreton Bay including seagrass meadows (Dennison and Abal, 1999) and 

coral communities (Neil, 1998). Increased turbidity following flood events in Moreton 

Bay is known to have caused coral mortality (Slack-Smith 1959; Johnson and Neil, 

1998), and reduced seagrass cover (Hannington et al., 2015). 

 

Evidence of ecosystem sensitivity to regional environmental disturbances is not limited 

to the historical era. Mid-late Holocene records of coral growth and reef accretion in 

Moreton Bay show the occurrence of repeated phases of coral colonization, reef growth 

and demise across the bay (Flood, 1978; Lybolt et al., 2011; Leonard et al., 2013). 

These millennial scale changes are driven by relative sea-level change and freshwater 

discharge from the Brisbane River.  Also, a significant shift in the dominant taxa within 

the bay is coincident with the arrival of Europeans (Lybolt et al., 2011). This shift is 

suggested to be a response to a decrease in water clarity and increased nutrient 

loading throughout the bay, following the onset of catchment clearing. The current 

dominant family of coral (Faviidae) is known to be tolerant to poor quality water and 

low salinity (Johnson and Neil, 1998; Lybolt et al., 2011). As a system liable to 

relatively rapid geomorphic change, this is an ideal environment to investigate the 

sensitivity of fluvial-marine sedimentary environments to historical land use changes.  

To do this, a firm understanding of the Quaternary evolution of the bay’s sedimentary 
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environments and the natural variability of the system prior to human disturbance is 

required.  

 

2.2 Quaternary sediments of the Brisbane River Delta  

 

Previously, seismic profiling, boreholes, and sediment grab sampling have been used to 

characterize the modern sediment and the Quaternary depositional environments of 

the region (Heckel et al., 1979; Evans et al., 1992; Lang and Herdy, 1997; Brooke et 

al., 2008). That research showed that Moreton Bay is a drowned river valley. 

Accordingly, post glacial sea-level change is the major driver of the architectural 

components of Quaternary sediments within the Bay. Evans et al. (1992) used 

extensive seismic surveying and borehole data to describe the Holocene fill of 

sediments directly offshore from the modern fluvial delta front, following the marine 

transgression ~ 8ka (Lewis et al., 2013). The main identified were 1) Pleistocene valley 

floors and incised palaeochannels at the last glacial maximum (LGM) ~18ka; 2) 

transgressive fine muds and estuarine deposits beginning at ~10ka; 3) Holocene 

stillstand deposits consisting of pro-deltaic muds and delta-front sands beginning at 

~6.5ka.  Lang and Herdy (1997) refined our understanding of the modern delta front 

describing a series of sediment lobes down-lapping on the high-stand maximum 

flooding surface consisting of muddy laminated estuarine deposits. Beyond the delta-

front sands, laminated pro-delta muds extend into Moreton Bay. This depocenter is a 

product of the Bay’s circulation patterns and antecedent basin-like topography, an 

artefact of the convergence of the Pine and Brisbane River palaeochannels during the 

last glacial maximum (18ka) (Evans et al., 1992).  The bays circulation and the bay’s 

bathymetry act to focus newly exported sediment in this area and it reaches a 

maximum depth of ~10 m in the Central Bay (Evans et al., 1992).   

 

Bay-floor surface sediment surveying in the 1970s (Day et al., 1983) identified six 

major facies; 1) tidal delta sands, occupying eastern Moreton Bay within the north and 

south passages and extending along the western coast of Moreton Island; 2) marine 

basin sediments, comprised of autochthonos carbonate rich material occupying central 

to southern Moreton Bay with low sedimentation rates;  3) pro-delta muds, extending 

north-east from the Brisbane River mouth;  4) fluvial delta sands; 5) shoreface/fringing 

coral reef; and 6) fringing fossil and remnant coral reefs (Figure 1).  Since initial 

surveying, significant changes in the distribution of types of surficial sediments in 
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Moreton Bay have been observed, primarily an expansion of mud rich sediments. This 

has occurred in western Bramble Bay, with once clean sands now covered with fine 

sediments. Since 1999 the areas of mud rich sediments have expanded further south-

eastward into significant areas of the marine basin and Southern Bay areas, and north 

toward the tidal delta sands of the North Entrance and Deception Bay (Heggie et al., 

1999; O’Brien et al, 2012). This increase in the total area of mud rich sediments is 

implicated in historical declines in seagrass habitats (Gibbes et al., 2014) and the local 

extinction of sub-tidal oyster reefs in western Moreton Bay (Diggles et al., 2013).  

 

3.0  Methods  

3.1 Core sampling  

 

In November 2011 four sites were cored in Moreton Bay (MB1, MB2 MB3, MB4). Long 

sediment cores (referred to from here on as MB1L, MB2L, MB3L and MB4L) were 

collected from the mud-dominated region of Moreton Bay directly north to north-east 

of the mouth of the Brisbane River (Fig. 1). Sediment cores were extracted using a 

purpose built barge-mounted hydraulic vibro-corer designed to sample sub-tidal 

sediment profiles, ranging in length from 1.5 to 4.4 m. On extraction the core was 

immediately directed into soft black plastic lining to preserve the luminescence 

properties of the material extracted.  In addition short cores were taken from each site 

from less well-consolidated surficial sediments, positioned within 1m radius of each 

long core (referred to from here on as MB1S, MB2S, MB3S and MB4S). This was done 

to ensure the recovery of the complete sediment profile that may not have been 

achieved using the vibro-corer alone. Divers using SCUBA, hammered a 15 cm 

diameter plastic pipe tube into the sediment and used suction to retrieve a section of 

sediment. Locations, water depth, and compaction factors for all cores are presented in 

Table 1.  

   

Core sections collected were then stored in the dark at 4C until sectioning for 

subsequent analyses. One half of each core was described and intervals of cores MB1 

and MB2 were sub-sampled for particle size, moisture content, bulk density, and trace 

element (acid extractable lead) analyses. For core sites MB1, MB2 and MB3, the other 

half was sampled under subdued red light (>590 nm) conditions for optical dating. 

Detailed sediment dating was performed at sites MB1 and MB2; these sites were 

considered to best represent regional sediment flux within the basin 
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Figure 1. a) Moreton Bay, showing core 

site locations (MB1, MB2, MB3, and 

MB4) and the distribution of sub-tidal 

sediment types. BB: Bramble Bay, WB: 

Waterloo Bay, CB: Central Bay, SB: 

Southern Bay. (Day et al., 1983). b) 

Enlarged area shows details of the 

derived river valley surface during the 

last glacial maximum (18 ka). Dotted 

lines mark locations of the Pine and 

Brisbane river palaeochannels, 

indicated relative to the Australian 

Height Datum (AHD) (modified from 

Evans et al., 1992).  
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3.2 Sediment dating  

3.2.1 Fallout radionuclides 

Caesium-137 (half-life 30.2 years) and 210Pbex (half-life 22.3 years) are both fallout 

radionuclides that on deposition bind strongly to sediment particles. Both have been 

used widely to determine the age of recently deposited sediment (Nittrouer et al., 

1979; Appleby and Oldfield 1992; He and Walling 1996; Hancock and Hunter, 1999). 

Caesium-137 is a product of atmospheric nuclear testing that occurred from the 1950s 

to 1970s. In Australia concentrations of fallout 137Cs reached levels detectable today in 

soils and sediments in 1959, and the first appearance of 137Cs in sediment cores is used 

to date sediment deposition to this time (Leslie and Hancock, 2008; Hughes et al., 

2009). 210Pbex is a naturally occurring radionuclide that is generated by the decay of 

Radon-222 (222Rn) in the atmosphere (He and Owens, 1995; Wallbrink et al., 1998). 

210Pb dating has been most successfully applied in lakes; with relatively stable 

sedimentation and supply of atmospheric 210Pb (Mabit et al., 2014). Estuarine and 

nearshore environments, with more dynamic sediment movements, represent more 

challenging settings to apply 210Pb dating as the fundamental assumptions of specific 

dating models are often violated. These areas receive both autochthonous and 

allochthonous sediment (i.e. an open system) with 210Pbex derived from both direct 

fallout of 210Pb to the sediment surface and that associated with the deposition of 

sediment mobilised from the upstream catchment during storm events (He and 

Walling, 1996). In these types of situations the constant initial concentration and 

constant sedimentation rate model (He and Walling, 1996) can be used to determine 

Table 1. Core site locations, water depth, length & compaction factor 

Site 

# 

Core 

ID 

GPS coordinates Core 

length 

(m) 

Compaction 

factor 

Profile 

depth 

samples 
(m) 

Water 

depth 

(m) 

1 MB1L S27o 17.000’ E153 o 13’ 4.4 0.76: 1.28 5.6 13 

MB1S S27o 17.000’ E153 o 13’ 0.55 - n.a 13 

2 MB12 S27o 17.000’   E153 o 10.5’ 3.9 0.76:1.31 6.7 11 

MB2S S27o 17.000’   E153 o 10.5’ 0.59 - n.a 11 

3 MB3L S27o 18.50’   E153 o 09.5’ 3.45 0.73 4.6 9 

MB3S S27o 18.50’   E153 o 09.5’ 0.49 - n.a 9 

4 MB4L S27o 15.500’   E153 o 11’ 1.5 0 1.5 11 

MB4S S27o 15.500’   E153 o 11’ 0.58 - n.a 11 
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the average sedimentation rate (R, kg cm-2 yr-1) over the last ~100 years using the 

following equation: 

𝑅 = 𝜆𝑃𝑏
𝐴𝑖𝑛𝑣−𝐴𝑖𝑛𝑣𝐴𝑡

𝐶𝑡
(1) 

Pb is the decay constant of 210Pb, Ainv is 
210Pbex inventory (Bq cm−2) measured 

for a specific point, AinvAt is the local 210Pbex inventory (Bq cm−2) derived from the 

atmosphere, and Ct is the 210Pbex concentration (Bq kg−1) in catchment-derived 

sediment. For each site the relevant data for use in equation 1 are given in Table 6. 

The core inventories (Ainv) were calculated from the down profile 210Pbex activity 

concentrations and sediment densities at each of the sites. The atmosphere-derived 

local 210Pbex inventory was determined from the data presented in Doering et al., 

(2006) at 0.21 ± 0.03 Bq cm−2. The 210Pbex concentration (Ct) in catchment-derived 

sediment was determined from the concentration in the 2011 flood sediments at each 

site. Similar values to those used here have been previously reported for suspended 

sediments sampled during flooding events in the region (Hancock and Caitcheon, 

2010) 

Cores MB1S and MB2S were sectioned every 5 cm to a depth of 55 cm and 59 cm, 

respectively, for radionuclide analysis. Core MB1L was sectioned every 10 cm to a 

depth of 60 cm with additional samples taken at 100-110 cm, 260-270 cm, 350-360 cm 

and 434-444 cm. MB2L was also sectioned every 10 cm to a depth of 60 cm with 

additional samples taken at 100-110 cm, 150-160 cm, 200-210 cm, 250-260 cm, 300-

310 cm, 350-360 cm and 380-390 cm. Samples were dried at 60 ˚C, ground to a fine 

powder using a zirconium shatter box grinder, and ~65g (dry weight) was pressed into 

85 ml aluminium containers. The containers were stored for 15 days prior to analysis 

to allow 222Rn to reach secular equilibrium with its parent 226Ra.  Activity concentrations 

of 137Cs, 210Pb, 238U, 226Ra, 228Ra, 228Th and 40K were determined from measurements 

made on a high purity germanium detector at the Queensland Health Forensic and 

Scientific Services Laboratories.  
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3.2.2  Optical dating 

 

Optical dating is used to determine when a grain of quartz was last exposed to light 

(Aitken, 1998). In total 21 samples were taken for optical dating: four from MBL1, nine 

from MB2L and eight from MB3L. The samples were processed to isolate pure extracts 

of 63 - 125 µm light-safe quartz grains collected from the centre of the cores.  Sample 

processing followed standard procedures. Treatments were applied to remove 

contaminant clays, carbonates, feldspars, organics, heavy minerals and acid soluble 

fluorides.  The outer ~10 µm alpha-irradiated rind of each grain was removed by 

etching each sample in 48% hydrofluoric acid (Aitken, 1998).  

 

Single-grain/small aliquot (two to three grains) equivalent dose (De) values were 

determined using the modified single aliquot-regenerative dose (SAR) protocol of Olley 

et al. (2004) and Risø instrumentation described therein. The acceptance/rejection 

criteria provided in Pietsch (2009) was used with an additional test based on 

examination of variations in the response to the test dose.  Grains/small aliquots were 

rejected if either of the second or third test dose signals varied in sensitivity from the 

first test dose (associated with the natural dose) by more than 20%. The age 

modelling approach of Galbraith and co-workers (Galbraith and Laslett, 1993; Galbraith 

et al., 1999; Roberts et al., 2000) was used to determine a burial dose (Db) from the 

population of single grain De values.  First the central age model (CAM) was used to 

determine the over-dispersion (σd) for each sample, with σd representing the degree of 

spread in the data beyond that which can be explained by known sources of 

uncertainty (i.e. measurement uncertainty on each individual single grain).  Once the 

σd for each single grain dose population has been defined using the CAM, the minimum 

age model (MAM) is applied to identify the component of the dose distribution which 

represents those grains fully bleached at deposition, the burial dose (Db).   

 

The dose rates (Dr) were determined by laboratory analysis of the radionuclide 

concentrations in samples taken adjacent to the optical dating samples.  These were 

analysed by high-resolution gamma spectrometry as described above. Dose rates were 

calculated using the conversion factors of Stokes et al. (2003); β-attenuation factors 

were taken from Mejdahl (1979); cosmic dose rates were calculated from Prescott and 

Hutton (1994); the effective internal alpha dose rate (applied to all samples) were 

estimated using an alpha-efficiency ‘α’ value of 0.04 ± 0.02 (as measured previously 
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for quartz grains from southeastern Australia; e.g., Bowler et al., 2003). We assume 

that the measured water contents, which were assigned uncertainties of ± 5%, are 

representative of those pertaining to the full period of sample burial. The age was 

calculated as: 

𝐴𝑔𝑒 =
𝐷𝑏

𝐷𝑟
(2) 

3.2.3  Radiocarbon analysis and age calibration 

Radiocarbon dating was conducted on four samples, two from each of the cores MB1L 

and MB2L. Dates were determined using accelerator mass spectrometry (AMS), 

performed by BETA analytic laboratories in Miami, Florida. Where possible, samples 

were taken from equivalent depths to optical dating samples so comparisons could be 

made between the two age estimates. AMS 14C ages of shell carbonates were 

calibrated using MARINE13, a 14C calibration data set.  The calibration protocol corrects 

for a 400 yr global marine reservoir effect and a regional reservoir effect (∆R) (Reimer 

et al., 2013). Moreton Bay is shown to have a depletion of the marine reservoir effect 

(∆R = -216 ± 94 yrs) (Ulm et al., 2009) compared to the modelled global ocean 

(Hughen et al., 2004), due to the presence of terrestrial carbon. We present both the 

conventional radiocarbon age and the ∆R adjusted calibrated radiocarbon age.    The 

AMS 14C age of the wood material was calibrated using the IntCal9. All ages are 

reported as per the optical dates, in yrs before 2011.  

3.2.4  Lead – acid extractable 

In Australia, industrial practices beginning in the late 1800s and continuing today, have 

typically increased trace metal concentrations in aquatic environments proximal to 

populated centres (Harle et al., 2002; Swales et al., 2002). In some instances temporal 

trends in metal concentrations have been shown to reflect periods of regional industrial 

growth and decline (Morelli et al., 2012). Leaded fuels were introduced into Australia in 

the mid-1930s and as a result have dispersed and accumulated in the natural 

environment through atmospheric fallout (Cook and Gale, 2005). Usage peaked in the 

1970s, and gradually declined until its use was phased out in the early 2000s (Cook 

and Gale, 2005).  Here we investigate the use of total lead as an additional age 

marker. With the assumption that significant increases in lead within sediments of 

Moreton Bay occurred with the widespread introduction of leaded fuels in the 1930s 
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with use continuing until 2001, when  leaded fuels were phased out (Cook and Gale, 

2005).  

 

For metals analysis, short cores (MB1S and MB2S) were sectioned at 2 or 4 cm 

intervals, while the long cores (MB1L and MB2L) were sectioned at 5 or 10 cm 

intervals.  Bulk sediment sections were homogenized, dried at 105° C for 48 hours and 

finely ground using a zirconium shatter-box grinder. 9 ml of HNO3 and 3 ml of HCl were 

added to ~0.5 g of sample and loaded into a microwave rotor for digestion. Digests 

were transferred into 50 ml tubes and diluted and centrifuged at 3,000 rpm for 5 

minutes to produce a clear solution. Following centrifugation, the supernatant was 

diluted five times prior to analyses by ICP-OES, in the Chemistry Centre of the 

Department of Science Information Technology & Innovation (DSITI).  A 10 ml 

subsample was analysed on Agilent technologies 770 ICP-MS calibrated using certified 

commercial standards (Pb detection limit: 10 mg/Kg, uncertainty: 20%). Grain size 

distribution was measured using laser diffraction (Mastersizer 2000, Malvern 

Instruments Ltd, Malvern, UK). Samples were pre-treated with dilute sodium hydroxide 

and tumbled for 6 hours to separate aggregate clays and silts before resampling and 

measurement.  

 

4.0  Results 

4.1 Stratigraphy  

 

Core stratigraphy (Fig. 2) can be interpreted based on previous studies investigating 

the Quaternary sequence stratigraphy of the Brisbane River delta using seismic 

profiling and borehole data (Stephens, 1992; Evans et al., 1992) and modern surface 

sediment sampling (Heggie et al., 1999). Core sites MB1 and MB2 incorporate the pro-

delta muds, composed entirely of organic rich muds with no visible stratigraphy and 

occasional shell fragments. At all sites a distinct viscous clay rich surface layer was 

found, and was most prominent at MB1 and MB2. This was identified as material 

deposited following the 2011 flood event, based on texture, colour, and geochemical 

(total lead, 210Pbex) consistency (see below). Core site MB3 incorporates fluvial-delta 

sands bedded with re-worked oyster and bivalve shells overlying organic rich clays. 

Core site MB4 consists of a veneer of pro-delta mud (0.75 m) overlying grey-green 

muddy sand. 
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Figure 2. Stratigraphic descriptions of the long (MB1L, MB2L, MB3L, MB4L) and short (MB1S, 

MB2S, MB3S, MB4S) cores collected from Moreton Bay. Dated sample depths are indicated as 

stars for optical dates, and hollow circles for radiocarbon samples. Contiguous sampling of 

sediments for radionuclide determination and total lead is represented by the dashed line.  
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4.2  137Cs and 210Pbex activity concentrations 

 

Excess 210Pb and 137Cs activity concentrations are reported in Table 2 and presented in 

figure 3. At sites MB1 and MB2 137Cs is detectable to the base of both short cores 

(MB1S: 55 cm and MB2S: 59 cm). At site MB1 activity concentrations are very constant 

ranging between 2.0 ± 0.5 and 3.0 ± 0.5 Bq kg-1.  At site MB2 peak concentrations of 

4.7 ± 0.8 and 6.0 ± 1.5 Bq kg-1 are detected in the surface sediments (MB2S 0-5 cm 

and MB2S 5-10 cm, respectively). Below this, concentrations range from 1.3 ± 0.8 and 

3.8 ± 0.2 Bq kg-1. No 137Cs is detected in MB1L, suggesting there may be a gap in the 

sampling between the short and long cores at this site. In contrast 137Cs is detected in 

the upper two samples from MB2L. 

 

Excess 210Pb activity concentrations were calculated by subtracting the measured 226Ra 

activity concentrations from that of measured 210Pb.  The highest 210Pb excess activity 

concentrations are found in sub-surface sediments at site MB1 (10-15cm: 60 ± 10 Bq 

kg-1) and site 2 (15-20cm: 47 ± 5 Bq kg-1). Excess 210Pb is detectable to the base of 

both short cores, and is present to a depth of 20 cm in MB1L and 60 cm in MB2L. 

Down core variation in the 210Pbex activity concentrations are show in figure 3. 
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Table 2. Radionuclide data (210Pb –tot, 210Pbex and 137Cs) and physical properties (LOI, Bulk 

density) for surficial sediments collected from sites MB1 and MB2 Moreton Bay. Activity 

concentrations are reported in Bq kg-1 with associated error (one standard error).   

Sample ID 
(depth) 

210Pb 
-tot

1σ 
210Pb 
exc 

1σ 137Cs 1σ 

LOI 
900 C (%) 

Bulk density 
(g cm3) 

MB1S 0_5 36 3 22 3 2 0.5 12.6 0.59 

MB1S 5_10 60 7.5 40 7.5 <0.9 12.6 0.57 

MB1S 10_15 70 10 60 10 2 0.5 13.1 0.59 

MB1S 15_20 40 10 30 10 2 1 12.9 0.55 

MB1S 20_25 60 5 40 5 2 0.5 12.9 0.61 

MB1S 25_30 40 5 30 5 2 0.5 12.4 0.60 

MB1S 30_35 50 5 30 5 3 0.5 12.3 0.63 

MB1S  35_40 50 10 30 10 2 0.5 12.1 0.66 

MB1S  40_45 41 4.5 24 4.5 2 0.5 12.0 0.68 

MB1S  45_50 36 4 24 4 2 0.5 12.0 0.69 

MB1S  50_55 60 5 40 5 2 0.5 11.9 0.73 

MB1L 0_10 20 5 10 5 <0.6 - 12.0 0.63 

MB1L 10_20 30 5 10 5 <0.7 - 12.1 0.63 

MB1L 20_30 20 5 3 5 <0.6 - 11.9 0.68 

MB1L 30_40 19 4 1 4.5 <0.6 - 11.9 0.63 

MB1L 40_50 20 6.5 4 7 <0.9 - 11.8 0.64 

MB1L 50_60 20 5 7 4.5 <0.5 - 11.5 0.62 

MB1L 100_110 23 4.5 7 4.5 <0.5 - 11.3 0.71 

MB2S  0_5 47 
10.
5

31 10.5 4.7 0.8 10.7 0.55 

 MB2S  5_10 64 8 46 8 6 1.5 11.5 0.56 

MB2S  10_15 62 7 41 7.5 2.1 0.65 11.7 0.57 

MB2S  15_20 64 6.5 51 6.5 2.3 0.35 11.8 0.54 

MB2S  20_25 52 5 37 5 2 0.5 11.5 0.58 

MB2S  25_30 43 2.1 25 2.2 1.3 0.75 11.4 0.60 

MB2S  30_35 40 3.5 22 3.6 0 0 11.2 0.65 

MB2S  35_40 48 7 33 7 2.3 0.45 11.0 0.67 

MB2S  40_45 36 5 21 5 2.4 0.5 11.1 0.70 

MB2S  45_50 41 4.5 24 4.5 3 0.3 10.7 0.71 

MB2S  50_55 40 7 23 7 3.8 0.2 10.7 0.70 

MB2S  55_59 26 4.5 13 4.5 1.8 0.3 10.8 0.75 

MB2L 0_10 35 6 20 6 2.4 0.3 10.6 0.63 

MB2L 10_20 30 5 16 5.5 1.9 0.3 10.8 0.63 

MB2L 20_30 -8
14.
5

0 14.5 <0.9 - 10.4 0.68 

MB2L 30_40 23 5.5 11 5.5 <0.5 - 10.2 0.63 

MB2L 40_50 24 20 0 20.5 <1 - 10.3 0.64 

MB2L 50_60 34 6 17 6 <0.7 - 10.0 0.62 

MB2L 100_110 18 5.5 4 5.5 <0.5 - 9.6 0.71 
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4.3 Acid extractable lead 

Down core concentrations of lead are shown for core sites MB1 and MB2 in figure 3. 

Moderate concentrations of lead are found in the top 10 cm of the short core at site 

MB1 (MB1S), with concentrations at this depth ranging from 20-27 mg kg-1. Below this 

concentrations vary between 14 and 24 mg kg-1. The highest concentration for the 

long core (MB1L) is found in the top 5 cm (17 mg kg-1) and then decreases to a 

relatively consistent concentration of ~ 11 mg kg-1. Below 40 cm Pb is close to the 

detection limit of 10 mg kg-1. At core site MB2 the highest concentrations in the short 

core (MB2S) are found in the top 4 cm (25 mg kg-1) decreasing to ~18 mg kg-1 below 

~20cm. Between 20 and 59 cm depth, concentrations vary between 11 and 23 mg kg-

1. The highest concentrations for the long core (MB2L) are found in the top 40 cm 

ranging between 17 and 22 mg kg-1, before decreasing to a consistent concentration of 

~ 11 mg kg-1 below this depth.  

4.4 Stratigraphic relationship between the long and short cores 

Based on 210Pb excess, 137Cs activity concentrations and total lead measurements it is 

possible to correlate the stratigraphy of the short (surficial) and long (deep) cores at 

each of the sites MB1 and MB2. At site MB1 137Cs is not detected in the top sediments 

of the long core, while it is detected to a depth of 55 cm in the surficial sediments 

(figure 3). This suggests the long core (MB1L) and short core (MB1S) do not overlap 

and that a section of the Bay sediment was not sampled at the site. The upper 40 cm 

of MB1L does however have total lead concentration above background (>10 mg kg-1) 

and the upper 20 cm has 210Pbex present. It can be assumed that the top of the long 

core (MB1L) is positioned at least 55 cm beneath the seafloor. At site 2 137Cs is found 

throughout the short core (surficial) to a depth of 59 cm. In the top of the long core  

137Cs is detected in the top 20 cm at comparable concentrations to that found in basal 

samples of the short core (MB2S 55-59 cm 1.8 ± 0.3 Bq kg-1 and MB2L 10-20 cm 

1.9±0.45 Bq kg-1) (figure 3). Caesium, lead and 210Pbex concentration profiles suggests 

there is an overlap of ~ 20 cm between the top of long core and the bottom of the  

short core at this site.  
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4.5 Optical and AMS 14C dating 

The radiocarbon and optical dates are presented as years before present 2011, the 

time of collection of the sediment cores. Radionuclide concentrations used to calculate 

the dose rates (Dr) are presented in Table 2. Concentrations of 238U were generally in 

excess of 226Ra. Consequently, the measured concentrations of 238U were used in 

calculating the dose rate from both 238U and 234U (assuming equilibrium between these 

nuclides at the top of the decay chain). It was assumed that 230Th (which was not 

measured) was in equilibrium with 226Ra, and the measured 210Pb concentrations were 

used. While minor secular disequilibrium was observed in most samples, it is not 

sufficient to result in the calculation of a significantly different age. Single aliquot 

Figure 3. Radionuclides 210Pb excess, 137Cs (Bq/Kg) and acid extractable lead (mg/Kg) in cores at 

sites MB1 and MB2 (core codes: MB1S, MB1L, MB2S MB2L). The profile depth represents true 

depth of sample below the seafloor. Core sample depths show depth of sample within each core 

section sampled. MB2S and MB2L show a distinct overlap, while there is a potential sampling gap 

between MB1S and MB1L. Open circles; long core samples (L). Closed circles; short core samples 

(S). 
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regenerative equivalent dose estimates, dose rates and burial ages are presented in 

Table 4. Radiocarbon ages are presented in Table 5, both the conventional radiocarbon 

age and the calibrated ∆R adjusted ages (pre-2011). Age depth profiles for each of the 

three long cores are presented in figure 4. 

 

Site MB2 yielded the most consistent age estimates with few samples showing 

significant over dispersion of equivalent dose measurements. One age reversal is found 

in the bottom two samples at this site, with age estimates falling just outside 

uncertainties of one another (at one sigma). Age determination at site MB1 was 

challenging due to the scarcity of quartz sand. This also accounts for the fewer grains 

accepted in the age determination compared with other sites. No age reversals are 

present at this site.  Site MB3 yielded sufficient quartz, however ages within the fluvial 

sands in the upper portion of the core exhibit age reversals. Site MB1 incorporates the 

last 1445 ± 145 yrs (Fig. 4a), site MB2 incorporates the last 3200 ± 310 yrs (figure 4b) 

and site MB3 incorporates the last 3935 ± 310yrs (Fig. 4c).  Radiocarbon ages are very 

consistent with age estimates based on optical dating. Overall, the radiocarbon ages 

strengthen the chronology defined using optical dates and we calculate mass 

accumulation rates for the long-term based on optical dating alone.  
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Table 3. Radionuclide data from Moreton Bay cores at equivalent depths sampled for optical 
dating measurements. Activity concentrations are reported in Bq kg-1 together with 
uncertainties (one standard error) 
Sample ID (depth) 238U 1σ 226Ra 1σ 210Pb 1σ 232Th 1σ 40K 1σ 

MB1L 50_60 40 5 18 1 20 5 38 1.5 480 20 
MB1L 100_110 40 5 16 1 23 4.5 40 2.5 570 15 

MB1L 351_356 50 10 17 1.5 30 10 39 6.5 560 15 

MB1L 439_444 40 4 17 1 25 3.5 44 3.0 440 15 

MB2L 0_10 36 5.5 14 1 35 6 34 1.5 590 25 

MB2L 50_60 70 10 17 1.5 30 5 35 1.5 590 20 

MB2L 100_110 40 5 15 1.5 20 5 35 1.5 520 20 

MB2L 150_160 90 10 15 1.5 15 7.5 44 1.5 630 25 

MB2L 200_210 45 3.5 20 1 24 3.5 40 2 590 20 

MB2L 250_260 56 4 26 2 40 10 42 2 580 20 

MB2L 300_310 60 10 20 2 17 1 47 2.5 660 30 

MB2L 350_360 52 3.5 25 1.5 40 5 37 1 520 15 

MB2L 385_390 80 10 28 2 60 10 42 1.5 590 20 

MB3L 0_10 23 3 8 0.5 16 2.5 17.5 0.7 377 11.5 

MB3L 10_35 38 3.5 15 1 27 3.5 28.4 0.8 487 22 

MB3L 35_75 31 5.5 15 1 12 6.5 27.5 0.7 469 15 

MB3L 75_85 13 1.5 6 0.5 9 1.5 11 0.4 234 7 

MB3L 250_255 27 3.5 18 1.25 23 3.5 28 1.5 680 33 

MB3L 340_345 41 3.5 14 1.25 17 3 25 2 360 11 

 

 

Table 4.Moreton Bay optical dates; sample code and depth, burial dose (De), number of 
grains (n), over dispersion (σd), dose rate (Dr), age (yrs BP) and associated uncertainties 
(one standard error) 

Sample ID 
(depth) 

Grain 
size 
(µm) 

Pre-
heat 

De 1σ n σd Dr 1σ Age 1σ 

MB1L  50_55 63-125 240 0.31 0.07 21  1.41 0.12 215 51 
MB1L 100_105 63-125 240 0.52 0.01 17  1.49 0.13 346 34 

MB1L 351_356 63-125 240 1.76 0.16 32  1.70 0.18 1029 144 
MB1L 439_444 63-125 240 2.2 0.07 25  1.52 0.14 1444 143 

MB2L 0_5 63-125 240 0.07 0.02 38 0.4 1.6 0.14 43 75 

MB2L 50_55 63-125 240 0.20 0.16 4  1.46 0.15 123 109 
MB2L 100_105 63-125 240 0.68 0.02 54  1.47 0.12 462 43 

MB2L 150_155 63-125 240 1.73 0.13 13 0.16 1.91 0.18 903 109 
MB2L 200_205 63-125 240 2.53 0.19 14 0.22 1.66 0.14 1520 174 

MB2L 250_255 63-125 240 3.08 0.1 24 0.08 1.91 0.18 1610 167 

MB2L 300_305 63-125 240 3.88 0.12 60 0.19 1.86 0.16 2076 194 
MB2L 350_355 63-125 240 5.74 0.21 39 0.14 1.78 0.14 3200 310 

MB2L 385_390 63-125 240 5.94 0.30 30 0.28 1.99 0.18 2708 208 
MB3L 5_10 180-212 240 0.12 0.05 25 0.2 1.51 0.11 76 34 

MB3L 10-15 180-212 240 0.18 0.04 24 0.45 2.07 0.16 87 20 

MB3L 25-30 180-212 240 1.33 0.08 59 0.2 2.08 0.17 640 60 

MB3L 30_35 180-212 240 1.26 0.05 65 0.35 2.04 0.16 620 50 

MB3L 60_65 180-212 240 0.53 0.06 56 0.45 1.67 0.12 320 45 

MB3L 70_75 180-212 240 0.37 0.05 20 0.70 1.91 0.14 195 30 

MB3L 250_255 63-125 240 1.0 0.01 30  1.5 0.12 664 58 

MB3L 340_345 63-125 240 4.42 0.11 92 0.13 1.12 0.10 3935 390 
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Figure  4. Age depth relationship, grain size (<10µm; MB1L, MB2L and <63 µm; MB3L) and bulk density 

for cores MB1L (a),  MB2L (b), and MB3L (c), showing age (yrs BP), open circles = AMS 14C  ,  closed 

circles = optical dates, dotted lines denote 95% confidence interval of the linear regression age model.  
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Table 5. Radiocarbon ages for Moreton Bay sediment cores 

Sample 

Code   

Lab 

code 
(BETA) 

Mate

rial 

Conventional 

radiocarbon age 

1 

σ 

Calibrated  age 

 (Cal. yrs Before 
2011) 

1 σ 

MB2L 

110_115 

357477 Plant 580 30 615 30 

MB2L 

200_205 

357478 Shell 1930 30 2280 250 

MB1L 
260_265 

394745 Shell 1140 30 885 100 

MB1L 
439_444 

394746 Shell 1680 30 1427 107 

 

4.6 Mass accumulation rates 

 

Mass accumulation rates are a more accurate measure of sedimentation compared to 

linear estimates in depositional environments that have significant variations in 

sediment density with depth. Sites MB1 and MB2 incorporate the pro-delta muds, while 

core site MB3,  positioned nearer to the mouth of the Brisbane River, is within the delta 

front. Using rates of recent sedimentation derived from radionuclide data, and 

millennial rates determined using optical dates, we compare the long-term average 

sedimentation rates with the recent past. This was calculated for the Holocene and the 

historical era at core sites MB1 and MB2. These sites are located within the infilling 

Pine and Brisbane River palaeochannels (i.e. depocentre). As stable settings, we 

suggest the derived sediment profiles at these locations to be the most representative 

of regional sediment flux. Furthermore, due to the age reversals at site MB3 it is 

inappropriate to estimate an average rate of sedimentation in this setting. To calculate 

the mass accumulation rate (MAR = g cm-2 yr-1), core depths were converted to 

cumulative mass per unit area using bulk density measurements (Fig. 4). 

Sedimentation rates (mm/ yr-1) were also calculated and compared to estimates from 

other localiies in Eastern Australia (Appendix 1) 

   

4.6.1 Short term mass accumulation rates  

 

At site MB1 137Cs is present in the top 55 cm of sediment.  The stepwise increase in 

137Cs from undetectable to detectable levels supports the assumption of minimal down-

core diffusion through pore-water advection and bioturbation. In addition,  there is no 

evidence for sediment mixing based on  228Ra/228Th  down core profiles as found by 

Hancock (2001) in the same setting. Assuming no downward migration of 137Cs, the 
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average short term (1959 to 2011) MAR at this site is equivalent to 0.66 g cm-2 yr-1. 

137Cs is still detectable at 55 cm in the short core while it is undetectable at the top of 

the long core, this suggests that the true depth of  137Cs in sediments may be greater 

than 55 cm and a MAR of  0.66 g cm-2 yr-1 is  likely a minimum  rate.  At site MB2 137Cs 

is present in the top 59 cm of sediment, equivalent to an average MAR of 0.84 g cm-2 

yr-1.  

 

While calculations of average sedimentation rates (g cm-2 yr-1) using 137Cs are useful 

when comparing with long-term rates, these estimates do not reflect the true mode of 

sedimentation within this setting. The rapid supply of large quantities of sediment 

during floods is highlighted by the texturally and geochemically distinct flood derived 

sediments. This suggests the majority of sediment accumulation at these sites is the 

product of the intermittent delivery of large quantities of sediment to the basin, as 

evidenced by the 2011 flood layer. Given the sporadic nature of sedimentation at this 

site and the fact that it receives 210Pbex derived from both direct fallout and that 

associated with the deposition of sediment mobilised from the upstream catchment 

during storm events, we have used the constant initial concentration and constant 

sedimentation rate model of He and Walling, (1996) to estimate the average 

sedimentation rate over the last ~100 yrs from the 210Pbex data at sites MB1 and MB2. 

Calculated mass accumulation rates using this model are 0.82 ± 0.30 g cm-2 yr-1 and 

0.83 ± 0.24 g cm-2 yr-1 for sites MB1 and MB2, respectively (Table. 6).  

 

Table 6. 210Pbex inventory (Ainv) measured at each site, the local 210Pbex inventory (AinvAt) 
derived from the atmosphere, the 210Pbex concentration (Ct) in catchment-derived 
sediment and the calculated rate of sediment accumulation (R). 
Site Ainv   (Bq cm−2) AinvAt (Bq cm−2) Ct (Bq kg−1) R (g cm-2 yr-1) 

MB1 1.28 ± 0.28 0.21 ± 0.03 40 ± 10 0.82 ± 0.30 

MB2 1.35 ± 0.31 0.21 ± 0.03 42.3 ± 4.3 0.83 ± 0.24 

 

 

A gradual increase in lead in cores at sites MB1 and MB2 occurs beneath the first 

detectable levels of 137Cs. These increases being at depths of 40 cm in core MB1L and 

at 60 cm in MB2L. We have assigned this initial increase to the period 1932 to 1940.  

This yields a sedimentation rate of 0.76 ± 0.04 g cm-2 yr-1 at site MB1 and 0.83 ± 0.05 

g cm-2 yr-1 at site MB2. Noting that the core site 1 estimate will be a minimum due to 

the un-sampled section of sediment at this site, the three independent estimates of 
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historical sediment accumulation based on 137Cs, 210Pbex and total lead, within the 

central basin, are  consistent with each other (MB1S 137Cs: 0.66 g cm-2 yr-1, 210Pbex: 

0.82 ± 0.30 g cm-2 yr-1 and total lead: 0.76 ± 0.04 g cm-2 yr-1, and MB2S  137Cs: 0.84 g 

cm-2 yr-1,  210Pbex: 0.83 ± 0.24 g cm-2 yr-1, and total lead: 0.83 ± 0.05 g cm-2 yr-1 ).  

 

4.6.2 Long term mass accumulation rates  

 

Long-term sedimentation rates for  MBL1 and MBL2 were estimated using the burial 

ages determined with optical dating and the sampling depth converted to mass 

accumulation (g cm-2 yr-1). At both sites the data is consistent with a linear 

accumulation rate (Fig. 4a, 4b). At site MB1 the regression analysis gave a MAR of 0.24 

± 0.02 g cm-2 yr-1 (n=4, r2=0.98, p = 0.004); for the period between 1440 ± 140 and 

215 ± 50 yrs (before 2011).  At site 2 the regression analysis gave a MAR of 0.09 ± 

0.01 g cm-2 yr-1 (n=8, r2=0.90, p = 0.0002); for the period between 2900 ± 250 and 

462 ± 43 yrs (before 2011).  

  

Defining a depth chronology at site MB3 is challenging due to the effect of partial 

bleaching on the optical dates. The basal sample at this site yielded the oldest age 

(340-345cm: 3935±390 yrs) of all the sites (figure 4c). The next sample up the profile 

yielded a significantly younger age (260-265 cm 664±58 yrs BP), suggesting a period 

of very slow sedimentation at this site for this time step. Above this depth defining 

ages is challenging due to age reversals, however it is evident that relatively rapid 

accretion of fluvial sands occurred at this site sometime between 664 ± 58 and 195 ± 

30 yrs BP. Fluvial sands are progressively replaced with fine grained sediments and 

bivalve and oyster shells ~87±20 yrs BP. Estimates of fine sediment accretion at this 

site for the historical period cannot be calculated as the majority of sediments are 

composed of bivalve and oyster shells.  

 

4.6.3 Timing of the transition  

 

Using the data from the complete profile of site MB2 (cores MB2S and MB2L) we can 

estimate the time of the transition between what is described above as the short term 

and long term sedimentation rates. The three estimates of the short term rates are 

very consistent; lead = 0.83 ± 0.05 g cm-2 yr-1, 210Pbex = 0.83 ± 0.24 g cm-2 yr-1, and 

137Cs = 0.84 g cm-2 yr-1. Combining this information with the regression fitted through 
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the optical dates and the cumulative sediment deposition (g cm-2) yields a transition 

age of 140 ± 30 years before 2011; giving a transition date between 1840 and 1890. 

For site MB1 (cores MB1S, MB1L) this yields a transition date between 1950 and 1967. 

These are crude estimates and are strongly influenced by the degree of chronological 

control at the depth of increase. This explains the discrepancy between the two sites. 

Together our results give evidence for an initial increase in sedimentation within 

Moreton Bay following European settlement at an earliest date of between 1840 and 

1890.  

 

5.0 Discussion 

 

The sediment profiles described in this study are consistent with previous work on the 

Qauternary sequence stratigraphy of the Brisbane River Delta (Evans et al., 1992).  

The position of remnant palaeochannels is an important control on the extent and 

thickness of pro-delta muds within Moreton Bay.  Sediments sampled above the Pine 

(MB2) and Brisbane (MB1) palaeochannels consist entirely of pro-delta muds.  At site 

MB4 grey-green muddy sands were found ~0.75 m below the seafloor, underlying pro-

delta muds. The presence of this material immediately beneath the seafloor is 

consistent with previous estimates of a Pleistocene surface between -10 to -15 m AHD 

at this location (seismic unit: Pu) (Evans et al., 1992) (Fig. 1). This unit consists of 

both remnant high stand pro-delta muds and transgressive estuarine deposits (Evans 

et al., 1992).  These deposits were exposed and weathered during the LGM. At site 

MB4 pro-delta muds comprise 0.75 m of sediment, while at sites MB1 and MB2 pro-

delta muds comprise at least 4 m of sediment and a maximum of 10 m. This suggests 

that fine sediment deposition in Moreton Bay throughout the Holocene has been mainly 

concentrated within the remnant palaeochannels of the Pine and Brisbane Rivers. 

 

Site MB3 is comprised of a mixture of fluvial delta sands and pro-delta muds. This 

location is characterized by relatively shallow water (9 m), and is located more 

proximal to the western shoreline of the Bay and the outfall of the Brisbane River 

compared to other sites. The intermittent deposition of fluvial sands and pro-delta 

muds at this site indicates an intermitent high energy depositional environment.  

Overall this site is characterized by a sequence from pro-delta muds (3935 ± 390 to 

665 ± 60 yrs) to fluvial delta sands (665 ± 60 to 195 ± 30 yrs), a winnowing period 

(195 ± 30 to 87 ± 20)  and return to pro-delta muds (87 ± 20 yrs BP to present). A 
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number of factors may account for this pattern, reflecting either localized or system 

wide drivers. The lateral migration of distributary channels of the fluvial delta sands 

may account for this transition. In addition, material from a shallow water site is also 

more likely to be resuspended and transported by wave-induced bottom shear stress 

(Schoellhamer, 1995). This can explain the presence of partially bleached quartz at this 

site. In contrast, the graduation from pro-delta muds to fluvial delta sands may 

represent the gradual progradation of the entire delta front system. If this is the case, 

the recent transition back to pro-delta muds may represent a reduction in fluvial sand 

deposition and delta-front progradation into Bramble Bay in the historical era.  

 

Both recent and long-term sedimentation rates calculated for sites MB1 and MB2 are 

relatively high compared to river influenced coastal embayments and lagoons found 

elsewhere in subtropical and temperate East Coast Australia (Appendix 1) (Chenhall et 

al., 1995; Sloss et al., 2004; McLaughlin, 2000). Average short and long-term 

deposition rates are greater than rates previously estimated for the region (Heckel et 

al., 1979; Hancock et al., 2000).   

 

Long-term rates at site MB1 are three times greater than those measured for site MB2. 

These sites are relatively close to one another implying that there are strong localized 

controls of sediment deposition throughout the Bay. We suggest this difference is the 

result of both the proximity of sites to the dominant trajectory of flood derived 

sediments, and the relative accommodation space. Site MB1 is located in deeper 

waters and is within a more pronounced remnant basin. A greater tendency toward 

fine sediment accumulation at this site can therefore be expected and explains the 

difference between the two sites. Irrespective of the relative differences between sites, 

these long-term average sedimentation rates based on optical dating are 3 to 9.2 times 

lower than short-term rates estimated using 137Cs, 210Pbex and acid extractable lead 

dating methods. The lower bound calculation of the increase in sedimentation rates in 

Moreton Bay since European settlement is in proportion with previous catchment 

modelling estimates of the increase in fine sediment yield from the Brisbane River (Neil 

and Yu, 1996; Neil et al., 2002). 

 

European settlers arrived in the catchment of the Brisbane River in the 1840s 

introducing widespread arable agriculture and grazing to the region (Kemp et al., 

2015). The years 1825, 1841, and 1843 produced some of the largest floods in the 
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historical record.  Yet in contrast to more recent floods, from these pre-defrestation 

floods there were no reports of widespread erosion of the channels or associated 

downstream sedimentation (Kemp et al., 2015). The first reports of significant erosion 

and downstream sedimentation began with the floods in the 1850s and this transition 

is considered to be related to a destabilization of the channel through the removal of 

riparian vegetation (Kemp et al., 2015). This is consistent with our finding that 

sedimentation rates first increased in the receiving waters (i.e. Moreton Bay) between 

1840 and 1870. Although catchment clearing for grazing purposes can be considered 

the primary trigger of this increase, it remains challenging to discern the relative 

contribution of more recent intensive agricultural activity to total sediment yields of the 

Brisbane River. Neil et al. (2002) modelled sediment yield from various land-uses for 

rivers draining into the GBR Lagoon. Historic intensification of cropping caused the 

greatest increase in sediment yield, though due to their spatial extent, grazing lands 

now contribute a greater proportion to the total sediment loads of contemporary rivers. 

The intensification of cropping in the Brisbane River catchment began in the 1950s, 

most significantly within the Lockyer and Fassifern Valleys. The estimated age of 

increases in sedimentation at site MB1 is between 1950 and 1967, coinciding with 

agricultural intensification within the catchment. Today, total yields of sediment are 

most likely the result of both the legacy of large-scale catchment clearing and the 

progressive intensification of grazing and cropping practices beginning in the mid-20th 

century. The accelerated infilling of Moreton Bay from this time is analogous to other 

subtropical and temperate coastal aquatic environments that have experienced similar 

rapid land use changes within their catchments (Chenal et al., 1995; Sloss et al., 2004; 

McLaughlin, 2000; Lewis et al., 2014). 

Mass accumulation rates for the sites within the Central Bay can be used to interpolate 

the approximate quantity of terrestrial sediments deposited in the Bay on a yearly 

basis. These estimates can be compared with previously modelled estimates of average 

annual sediment loads from the Brisbane River, the largest contributing source of fine 

sediment to Moreton Bay. Using the estimated total depositional zone for fine 

sediments in Moreton Bay of 183 km2 inferred from sediment facies (Heggie et al., 

1990), we calculated the average yearly load of fine sediment delivered to Moreton 

Bay. Average long-term and short-term sediment loads are estimated to be ~420,000 

and ~1,061,000 t.yr-1, and ~128,000 and ~1,300,000 t.yr-1, based on rates calculated 

for sites MB1 and MB2, respectively. Previous estimates of the modern annual 
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sediment load delivered to the lower estuary of the Brisbane River are ~300,000 t.yr-1 

(Eyre et al., 1998 Moss et al., 1993; Envirotest, 1996). 600,000 t.yr-1 has been 

estimated for pre-Wivenhoe Dam era (Anon, 1979), while as little as 98,000 t.yr-1 has 

been estimated based on dredging records within the Port of Brisbane (Eyre et al. 

1998).  Estimates based on core profiles represent an upper limit as preferential 

deposition is known to occur within these sites.  In addition, sediments derived from 

the 2011 flood account for a considerable portion of the total estimated average 

annual deposition within Moreton Bay. Large floods are the primary mode of transport 

to the Central Bay as it is shown that in dry periods the net movement of fine sediment 

within the lower Brisbane River estuary is actually landward, due to tidal exchange 

(Eyre et al., 1998).  

 

Load monitoring during the 2011 event suggested a total of 1 million tonnes of fine 

sediments were transported to Moreton Bay (DERM, 2011). Stevens et al. (2014) 

estimated a maximum thickness of flood derived sediment throughout Moreton Bay of  

3.5 cm. Based on textural and geochemical differences, we give evidence for at least 

10 cm of deposition throughout the Central Bay area following the 2011 flood.  Again 

using the total area of the depositional zone, ~183 km2,  and an average density of 

0.63 g cm-3 , it can be estimated that a total of ~10 Mt of fine (<63µm) sediment was 

deposited in Moreton Bay during the 2011 flood. However, it is unlikely that flood 

sediments were uniformly distributed across the basin. This value also does not take 

into account the time between the flood and when the sediment cores were collected 

(~ 6 months). The 10 to 20 cm of flood derived sediment at sites MB1 and MB2 may 

represent the gradual accumulation of sediments in deeper regions as shallow regions 

re-equilibrated with regional oceanographic conditions during the six months after the 

event. In other words, the ‘flood layer’ in Moreton Bay is an artefact of the gradual re-

working and transport of sediments via tide and wave induced turbidity currents from 

shallow margins of the Bay to the more stable deeper basins. This has also been 

shown to occur in Moreton Bay over longer time periods (Stevens et al., 2014). 

Therefore, although this gross calculation of sediment load of the 2011 event is useful, 

in reality it remains challenging to account for associated uncertainties given the 

spatial complexity of sediment deposition in shallow dynamic systems. However, over 

decadal timeframes, it can be expected that sites within the Central Bay can be 

representative of gross changes in total fine sediment input.  
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5.1 Implications for water quality 

 

Based on extensive particle size mapping of sediments in Moreton Bay that occurred in 

1999 (Heggie et al., 1999) and in 2011 (O’Brien et al., 2012), it is clear that the total 

area of mud rich sediments has expanded significantly over the last decade. The 

bathymetry of central and western Moreton Bay is relatively planar, with an average 

water depth of ~8 m. It is clear that in the past the seafloor had much higher relief, 

comprising of deep remnant channels. The gradual transition throughout the Holocene 

to a planar bathymetry is a product of the gradual infilling of these remnant channels. 

The rapid lateral expansion of mud rich sediments in the last decade may represent 

the gradual loss of vertical accommodation space within central and western Moreton 

Bay, which has been accelerated in recent times. Wave and current driven re-

suspension is noted to be the primary driver of turbidity regimes within Moreton Bay, 

in the absence of flood plumes (EHMP, 2004; You and Yin, 2007). Considering this, a 

threshold may be approaching where fine sediments delivered to the Bay have an 

increasingly greater opportunity for resuspension and the maintenance of an 

increasingly turbid water column. Likewise, nutrients and pollutants, such as trace 

metals and organic pollutants (i.e pesticides) found in this setting may have a greater 

tendency to persist in the water column. Average benthic light availability is a key 

determinate in the distribution of seagrass and coral communities in Moreton Bay (Abal 

and Dennsion, 1996; Johnson and Neil, 1998; Adams et al., 2015). Any further 

reductions in water clarity would pose a significant threat to seagrass and coral reef 

communities that are already under stress in western Moreton Bay. It can also be 

expected that the relatively healthy seagrass and coral reef habitats of Eastern and 

Southern Moreton Bay (figure 1) will be increasingly exposed to poor water quality 

conditions in the future. 

 

5.2 Catchment sources of fine sediment 

 

Extensive sediment tracing work throughout the catchment of Moreton Bay has refined 

our understanding of the major sources of fine sediments transported in rivers. 

Minerologically fine terrestrial sediments of Moreton Bay are dominated by material 

derived from the Marburg formation of the Lockyer Valley, with minor contributions 

from basaltic soils (Douglas et al., 2003).  The dominant source of fine sediments is 
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subsoil channel bank erosion, with minor contributions from sheet erosion on cultivated 

lands and gully erosion (Caitcheon et al., 2001; Wallbrink, 2002; Saxton et al., 2012; 

Olley et al., 2013; Laceby et al., 2015). Riparian vegetation is shown to increase 

channel bank stability, thereby reducing bank erosion (Abernethy and Rutherford, 

2001; Simon and Colsion, 2002). Using predictive models based on water quality data, 

Olley et al., (2015) showed that fully vegetated channels in the catchments draining 

into Moreton Bay contribute 50 to 200 times less sediment to total loads per unit area 

of catchment compared to cleared areas. The establishment of buffers on cropping 

lands are also shown to reduce the transport of sediments and pollutants to waterways 

(Daniels and Gilliam, 1996).  Together, this work suggests targeted rehabilitation of 

channel networks and the establishment of buffers in agricultural lands would be 

effective avenues to pursue in efforts aimed at reducing total fine sediment and 

associated pollutant input to Moreton Bay.  

 

6.0 Conclusion 

 

Average historical rates of fine sedimentation within Moreton Bay are 3 to 9 times 

greater than that estimated for the preceding 1500 yrs. This increase is most likely the 

result of increased fine sediment delivery to Moreton Bay following the onset of 

widespread vegetation clearing within its catchment, beginning in the mid-1800s.  The 

timing of the initial increase is estimated to have occurred between 1840 and 1870 and 

coincides with widespread catchment clearing and river channel destabilization. The 

deposition of fine sediments within Moreton Bay is not spatially uniform. Holocene 

sedimentation in and Bramble Bay and Central Moreton Bay is focused in the remnant 

palaeochannels of the Brisbane and Pine Rivers. The intermittent deposition and 

redistribution of large quantities of fine sediments during floods is the primary mode of 

sediment accretion within the Central Bay. The modern lateral expansion of mud rich 

sediments and a historical increase in rates of vertical accretion suggests the capacity 

of the system to effectively store fine sediment is rapidly decreasing. Together, these 

findings have strong implications for longevity of the local marginal sea-grass, coral, 

and other sub-tidal ecosystems that are adversely affected by sustained turbidity and 

associated pollutants. 
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Chapter 3  

 

The impact of a high magnitude flood on metal 

pollution in a shallow subtropical estuarine 

embayment 

 

Abstract 

Drought-breaking floods pose a risk to coastal water quality as sediments, nutrients, 

and pollutants stored within catchments during periods of low flow are mobilized and 

delivered to coastal waters within a short period of time. Here we use subtidal surface 

sediment surveys and sediment cores to explore the effects of the 2011 Brisbane River 

flood on trace metals zinc (Zn), lead (Pb), copper (Cu), nickel (Ni), chromium (Cr), 

manganese (Mn), and phosphorus (P) deposition in Moreton Bay, a shallow subtropical 

bay in eastern Australia.  Concentrations of Zn, Cu, and Pb in sediments in central 

Moreton Bay derived from the 2011 flood were the highest yet observed in the Bay. 

We suggest flushing of metal rich sediments which had accumulated on the Brisbane 

River floodplain and in its estuary during the preceding 10 to 40 years of low flows to 

be the primary source of this increase. This highlights the importance of intermittent 

high magnitude floods in tidally influenced rivers in controlling metal transport to 

coastal waters in subtropical regions.  

 

 

Key words: Trace metals, estuarine embayment, flooding, sediment transport 

estuarine processes subtropics. 
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Graphical abstract 

 

 

 

1.0  Introduction 

 

Estuarine embayments are among the most sensitive marine environments to human 

induced disturbances in coastal catchments. These embayments act as sinks for 

sediments and contaminants, including trace metals, organic compounds, and 

pathogens transported from adjacent land surfaces by runoff (Kennish, 2002). Trace 

metals are used in many different industrial practices and inputs to coastal 

environments have increased as a result of the ongoing expansion of industry and 

urbanized centres. The inherent biological toxicity of some metals (i.e. Pb, Hg, Cd, Ni, 

Zn, Cu, Cr), and their non-degradable nature, is a major threat to the ecological health 

of many coastal areas (Bryan and Langston, 1992; Matthiessen et al., 1998). These 

pollutants also contaminate seafood consumed by humans, including shellfish and fish 

(Wren et al., 1995; Lewtas et al., 2014).  

 

 Metals have a high affinity for fine grained organic and mineral sediments due to the 

large surface area and reactivity of these particles (Forstner, 1977; Dong et al., 1984; 

Foster and Charlesworth, 1996). Fe and Mn hydroxides also strongly sorb metals and 

are typically associated with fine clays (Arakel and Hongjun, 1992). Fine grained 

sediments are easily transported in suspended loads of rivers and thus provide an 

efficient pathway for the transport of metals from catchments downstream to coasts 

(Coynel et al., 2007; Martinez-Santos et al., 2015; Roussiez et al., 2013). Large floods 

within estuarine settings provide an instance when fine sediments and associated 

metals can be transported seaward, beyond regions initially affected by contamination. 
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The deposition of fine sediments and associated trace metals in low energy 

environments such as enclosed embayments may lead to such environments being 

significant reservoirs for these contaminants (Ridgeway and Shimmield, 2002; Liu et 

al., 2003). Metals in these environments can then be released into the water column 

through physical, biological, and chemical processes that rework the sediments 

(Peterson et al., 1998; Swales et al., 2002; de Souza Machado et al., 2016). 

Accordingly, not only do discrete flood events within urbanized catchments pose an 

immediate risk to the ecological health of adjacent estuaries and bays, but the 

persistence of metals in these reservoirs may represent an enduring source of 

contamination.  

 

Sources of anthropogenic metals commonly found in aquatic environments can be 

grouped into the two principle categories: 1) point and 2) diffuse sources. Typical point 

sources include industrial and municipal effluent, and landfill leachate. In the marine 

environment this can also include shipping anchorages and yards that use antifouling 

paints. Diffuse sources include agricultural and urban storm water run-off with 

contamination arising from the use of a range of materials such as road tyres, grease 

and oils, roofing, asphalt, pesticides and fungicides, among others (Gobel et al, 2007; 

Davis et al., 2001; San-Miguel et al., 2002; Zhang and Shan, 2008; Tang et al., 2010). 

Diffuse sources transported via run-off can represent a significant contributing source 

of metal pollution in urbanized rivers and estuaries (Birch and Taylor, 1999). 

Characterizing the contributions of metals from different sources is an important 

objective in efforts aimed at reducing contamination (Beck and Birch, 2014).  

 

The timing and magnitude of entrainment and delivery of trace metals from catchment 

sources to sinks is intimately linked to the hydrological regime of the system (Foster 

and Charlesworth, 1996; Roussiez et al., 2013).  For example, the highest 

concentrations of pollutants in storm water runoff are often associated with the initial 

discharge that follows a prolonged dry phase (Sansalone and Buchberger, 1997). This 

is due to the build-up of contaminants in the catchment during dry periods that can 

then be readily transported in both stormwater and overbank flooding. The interim 

storage of metal pollutants within drainage networks, before they are received by 

coastal waters, has long been recognised. Remobilization of this stored material from 

erosion susceptible areas during floods, including channel beds, banks and floodplains 

can represent an additional source of metals to downstream riverine and coastal 



Chapter 3 

 

92 
 

environments (Bradley and Cox, 1990; Ciszewski, 2001; Kruger et al., 2005; Coynel et 

al., 2007). The inundation of industrial areas, which are often found on coastal 

floodplains can also present an additional source of metal rich sediments to the river 

and estuarine waters. Considering the combined effect, the total load of metals species 

associated with suspended particulate matter (SPM) is in some instances highest 

during flood events (Zonta et al., 2005).  

 

The urbanization and industrialization of the Australian coast has been relatively rapid, 

occurring since the mid-19th century following European colonization. Moreton Bay in 

South East Queensland is an estuarine embayment and the receiving waters of the 

Brisbane River (Fig. 1). The Brisbane River flows through Brisbane city which has a 

population of over 2 million people. The regional climate is subtropical with a summer 

dominant rainfall and is subject to the effects of the El Nino Southern Oscillation 

(ENSO). This results in high inter-annual variability in rainfall. Over longer periods this 

variability is also modulated by the Pacific decadal oscillation (Power et al., 2006; 

Klingaman et al., 2013), and it is also shown to be a dominant driver of inter-annual 

discharge volumes of east coast rivers (Rodriguez-Ramirez et al., 2014).  

 

East coast Australian rivers have some of the most variable annual discharges in 

Australia if not the world (Finlayson and McMahon, 1988). Between 2002 and 2007 the 

region sustained below average rainfall and resulted in one of the most intense 

droughts on record for east coast Australia. This was followed by widespread rainfall 

from 2009 - 2013 which caused major flooding in eastern Australia (Fig. 2a). The 2011 

Brisbane River flood was the largest in the last 40 years, and around the 10th largest in 

the ~ 180 years of instrumental records.  Two high tides coincident with the flood 

pulse amplified the total flood height in the Brisbane City by ~ 20 - 30 cm (Fig. 2b). 

Flood waters inundated metropolitan Brisbane and caused extensive damage to 

infrastructure, inundating large areas of residential, commercial, and industrial land 

(Fig. 2c, 2d), with damage costs for council infrastructure estimated at $ AUD 440 

million (BCC, 2012), with insured losses totalling $ AUD 2.55 Billion. This flood 

delivered an estimated 5 - 10 million tonnes of fine sediment, derived from agricultural 

soils, channel banks and urban sources, to the Bay (Stevens et al., 2014; Coates-

Marnane et al., 2016). These estimates are > 10 times the average annual load 

estimates of the Brisbane River.   
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Here we examine the effects of this flood on trace metal concentrations in bottom 

sediments across Moreton Bay. We first map the distribution of fine sediments and the 

concentrations of major elements Al, Fe, Ca, and P and trace metals Zn, Cu, Pb, Ni, Mn 

and Cr and compare concentrations to those previously reported for the intertidal 

margins of the Bay, the Brisbane River and tributaries of the lower Brisbane River 

(Semple and Williams, 1998; Cox and Preda, 2005 Morelli and Gasparon (2014) (Table 

1). In addition, dated sediment cores are used to explore temporal variation in trace 

metal input to the central Bay. Previously, sediment cores of intertidal sediments in 

western Moreton Bay have been used to examine temporal trends in Zn, Cu, and Pb 

enrichment in response to gradual urbanization and industrialization of adjacent 

catchments (Morelli et al., 2012). However, Morelli and Gasparon, (2015) found 

defining the degree of enrichment at many intertidal sites was complicated by 

sediment reworking and bioturbation; a feature typical of these high energy 

sedimentary environments. Here we use sub-tidal sediment cores taken in 10 m of 

water depth, within the pro-delta of the Brisbane River delta. As a relatively stable 

setting this sedimentary environment lends itself to temporal reconstruction of trace 

metal input to the region. Together, these data sets provide novel insights into the role 

of flooding on metal transport from the catchment to the coast, particularly those 

metals that are known to be derived from urban, industrial and agricultural sources 

and that are principally transported to the coast via runoff (i.e., Pb, Zn, and Cu).  

 

 

 

 

Table 1. Previous geochemical work in rivers, estuaries and intertidal regions within the 
Moreton Bay region.  

Region Authors Years 
sampled 

Sampling Grain 
size 

Digestion 
method 

Analytical 
Method 

Western Bay  Morelli & 

Gasparon, 
(2014) 

2007-

2009 

Cores  Total 

sample 

Total (HNO3 + 

HF, HCl, and 
HNO3) 

ICP-

OES/MS 

Brisbane 
River/Western 

Bay 

Cox & Preda 
(2005) 

Pre 2005 Cores  Total 
sample 

Aqua Regia ICP-OES 
 

Brisbane River 
Tributaries 

Semple and 
Williams 

(1998) 

1972-
1992 

Surface 
sediments  

< 63 µm Aqua Regia ICP-OES 
AAS 
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2.0 Study site  

Tributaries to the lower Brisbane River include Breakfast Creek, Bulimba Creek, 

Norman Creek, and Oxley Creek. Minor tributaries to Moreton Bay include Kedron 

Brooke, Cabbage Tree Creek and Tingalpa Creek (Fig. 1). Historically, some of these 

low lying floodplains were used as refuse tips and hence they today contain elevated 

concentrations of trace metals (Semple and Williams, 1998; Cox and Preda, 2005). 

Today, these floodplains are also used for industrial practices. This is particularly 

apparent on the Oxley Creek Floodplain where extensive industrial development has 

taken place over the last two decades.  

 

The hydrology of the Brisbane River catchment is subtropical, with wet summers and 

dry winters. Prolonged rainfall events in summer months often occur as a result of 

both tropical local metereological interactions and the southward track of east coast 

lows and ex-tropical cyclones. High summer rainfalls are received by a largely 

deforested landscape, with only 20 % of the original vegetation remaining, largely 

replaced by agricultural grasslands and cropping (Powel et al., 1990). This results in 

high surface run-off efficiencies and steep flood hydrographs (Kemp et al., 2015). In 

addition, dry season flows have decreased most likely as a result of the loss of the 

water storage capacity of wetlands and forest soils (Kemp et al., 2015). The hydrology 

of the system has also been influenced by the construction of Wivenhoe dam in 1984, 

which also captures flows from a large proportion of the total catchment area, further 

limiting dry season flows. Following the construction of the dam, minor to moderate 

floods which were experienced in the mid Brisbane River are now limited due to flow 

capture by the dam (Fig. 2a). 

 

The lower Brisbane River has been heavily modified from its natural condition (Hossain 

et al., 2004). Channel dredging for navigation and resource extraction has increased 

the maximum depth of lower Brisbane River from ~ 3 – 8 m (1906), to ~ 10 – 20 m 

(2004) over the first 40 km upstream of the mouth (Hossain et al., 2004). This has 

resulted in a large tidal ingress now extending as far as 85 km inland during periods of 

low freshwater flow. Compared to unmodified estuaries the Brisbane River estuary has 

prolonged flushing times, as great as 350 - 415 days for dry periods (Hossain et al., 

2004). Accordingly, inputs of fine sediments and associated pollutants inorganic (i.e 

trace metals) and organic (i.e pesticides) are likely to persist for long periods before 

they are received by coastal waters. 
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Figure. 1. Map of Moreton Bay, South East Queensland, Australia, showing locations of core sample sites 

MB1 and MB2 (open stars) and bottom sediment grab sample sites EG1-22. Key regions of the bay are 

also shown; DB – Deception Bay, BB – Bramble Bay, SB southern Bay, WB – Waterloo Bay, EB – Eastern 

Bay, CB – Central Bay. Major rivers draining into the bay are depicted including; Caboolture, Pine, 

Brisbane and Logan. Minor tributaries of the lower Brisbane River and Moreton Bay include; Cabbage 

Tree Creek, Kedron Brooke, Breakfast Creek, Bulimba Creek, Norman Creek and Oxley Creek.  Site 

locations of previous studies are also indicated including; core sites from Cox and Preda (2005) and 

Surface sediment samples sites from Semple and Williams, (1998). The ecosystem health monitoring 

site 711 on the Brisbane River at 70.5 km (adopted middle thread distance; AMTD) is also marked.  
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Figure. 2. a) Maximum daily discharge (m3 s-1), turbidity (NTU) (grey circles) measured at Savages 

Crossing (SC) gauging station (No. 143001C)  ~ 100 km (AMTD) upstream of the Brisbane River mouth 

and salinity (PSU) measured on the Brisbane River at AMTD 70.km (EHMP site 711) (EHMP, 2016). The 

time of completion of Wivenhoe Dam and the millennium drought are detailed. b) Flood pulse observed 

Brisbane city gauge (No. 540198) illustrating the effect of the tide on flood height (BOM, 2011). (c) 

Aerial photograph of Oxley creek flood plain showing oil slicks (DNRM, 2016) (d) Flooding extent within 

the lower Brisbane River and estuary derived from high resolution aerial photography following flooding 

on January 13th 2011, detailing major tributaries to the lower Brisbane River and Moreton Bay (Ox: 

Oxley Creek, Nr: Norman Creek, Bu: Bulimba Creek, Bk: Breakfast Creek; KB; Kedron Brooke, Ct: 

Cabbage Tree Creek) 
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3.0 Methods  

3.1 Sediment surveying and sediment coring 

Sediment bottom samples were collected using an Ekman grab sampler from western 

and central Moreton Bay including Bramble Bay, Waterloo Bay, Deception Bay, and the 

Southern Bay in November 2011, 9 months after the extreme flood (Fig. 1).  The 

sampler captures the surficial 5 - 10 cm of sediment. In November 2011, sediment 

cores were collected from two sites within the mud-dominated region of Moreton Bay 

directly north-north east of the mouth of the Brisbane River (Figure 1). At each site 

two sediment cores were extracted. A purpose built, barge mounted hydraulic vibro-

corer designed to sample sub-tidal sediment profiles was used to extract a long 

sediment core at each site, referred to from here as MB1L (4.4m) and MB2L (3.9m).  

In addition, at the same site two short cores were extracted from the less well-

consolidated surficial sediments referred to from here as MB1S (0.55m) and MB2S 

(0.69m). This was done to ensure the recovery of the complete surface sediment 

profile that may not have been achieved using the vibro-corer alone. Divers using 

SCUBA, hammered 15 cm diameter plastic pipe tube into the sediment to retrieve a 

section of sediment. Core sections collected were then stored in the dark at 4C until 

sectioning for subsequent analysis. One half of each core was described then 

sediments were sub-sampled for grain size, total organic carbon (TOC), and 

major/trace element analysis by ICP-OES. The short core at each site (MB1S, MB2S) 

was sectioned at 2 - 4 cm intervals and the long cores (MB1L, MB2L) were sectioned at 

5 - 10 cm intervals.  

3.2 Major, trace metals & phosphorous by ICP-OES 

Concentrations of metals were measured by inductively coupled plasma optical 

emission spectrometry (ICP-OES) on microwave digested samples using a 3:1 ratio of 

nitric (HNO3) to hydrochloric (HCl) acid (Aqua Regia). This is a common technique used 

for geochemical analyses of sediments and the data are directly comparable to those 

from the previous studies in the region. Geochemical analysis was performed in the 

Chemistry Centre of the Department of Science Information Technology and 

Innovation, (DSITI) Queensland Government, at Dutton Park, Brisbane. Sediments 

from both the surface sediment set and sediment cores were homogenized and dried 
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at 105 °C for 48 hours and finely ground using a zirconium shatter-box grinder. 9 ml of 

HNO3 and 3 ml of HCl were added to ~ 0.5 g of sample and loaded into a microwave 

rotor for digestion. Digests were transferred into 50 ml tubes and diluted and 

centrifuged at 3,000 rpm for 5 minutes to produce a clear solution. Following 

centrifugation the supernatant was diluted five times prior to analyses by ICP-OES. A 

10 ml sub-sample was analysed for Al, Fe, Ca, P, Zn, Cu, Ni, Cr, Pb, and Mn on Agilent 

technologies 770 ICP-OES. The ICP-OES run was setup with duplicate samples, 

procedural blanks and certified reference solutions. The practical quantification limit 

(PQL) for individual elements was established by running 10 digest blanks with PQL 

calculated as: PQL = 3 x (mean + (3 standard deviations)). Method uncertainty (MU 

%) for individual elements was calculated using the mean, and the standard deviation 

(stdev) calculated from > 30 sets of previous results using this same method, 

calculated as follows; Mu % = 2*100*stdev/mean.  

Grain size distribution was measured using laser diffraction (Mastersizer 2000 - Malvern 

Instruments Ltd, UK). Total organic carbon (TOC) was measured for the core sections 

at 2 – 5 cm intervals. Samples were first treated with 10% HCl to remove carbonates 

and then dried at 60 ⁰C. Samples were weighed and pelletized using silver capsules. 

Samples were combusted in a Sercon Europa elemental analyser with sample gases 

delivered to a Sercon Hydra isotope-ratio mass spectrometer at the Australian Rivers 

Institute, Griffith University. The precision of TOC reported in percent weight of dry 

sample (%) was monitored using an acetanilide elemental standard over 20 analysis 

runs reporting TOC = 3.4% (σ = 0.1, n = 84)  

3.3 Dating of the sediment cores 

The full details of the dating of the sediment cores are reported in Coates-Marnane et 

al., (2016). The presence of the fallout radionuclide 137Cs in the sediment cores was 

used to date sediment to post-1959. Caesium-137 is a product of atmospheric nuclear 

testing that occurred from the 1950s to 1970s. In Australia, concentrations of fallout 

137Cs reached levels detectable today in soils and sediments in 1959, and the first 

appearance of 137Cs in sediment cores is used to date sediment deposition to this time 

(Leslie and Hancock, 2008; Hughes et al., 2009).  Pre-European sediments were 

identified using optical dating. Optical dating provides an estimate of when a grain of 

quartz sand was last exposed to the sun, and so determines an effective burial age 
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(Aitken, 1998), and has successfully applied in coastal sedimentary environments 

(Olley et al., 2004).  

 

3.4 Grain size normalization and enrichment factor (EF) 

 

The effect of grain size on trace metal concentrations in sediments is well known 

(Forstner, 1977; Zonata et al., 1994). In order to compare the relative enrichment of 

trace metals between sampling sites with different sediment characteristics, it is 

necessary to normalize for grain size dependent variability. This is typically done in the 

marine environment by using a conservative element that can be accurately measured 

including; Fe, Al, Si, or TOC. Aluminium (Al) generally acts conservatively during 

estuarine mixing, it is concentrated in fine-grained sediments, and it can be 

determined with accuracy (Hydes and Liss, 1977). In addition it has been suggested 

that there are minimal inputs of this metal to aquatic environments derived from 

human activities. While iron (Fe) has been used for normalization in other regions (Lee 

et al., 1998; Emmerson et al., 1997), it has been shown that the remobilization and 

precipitation of Fe within sediments could result in inconsistencies if used to normalize 

for pollutants in anoxic environments (Finney and Huh, 1989; Schiff and Weisberg, 

1999). There is also little evidence to suggest anthropogenic enrichment of Al in 

Moreton Bay (Morelli et al., 2012; Cox and Preda, 2005). For these reasons we use Al 

as a grain size proxy to normalize for grain size variability between samples and to 

calculate Bay wide enrichment factors.  

 

Enrichment factors have been used extensively to quantitatively describe the degree of 

contamination in estuarine environments subject to anthropogenic metals inputs  

(Covelli and Fontalon, 1997; Rubio et al., 2000; Morelli et al., 2012). This is typically 

done by comparing the background concentration of a metal at a given site with 

samples pertaining to the era of human activity. This transformation seeks to reduce 

the metal variability that can be attributed to proportions of clay, silts, and sands 

within sediments. The enrichment factor can be defined by the ratio between the Al-

normalized value concentration of a metal; EF = (metal sampleconc/Al 

sampleconc)/(metal backgroundconc/Al backgroundconc). With calculated values 

categorized as follows; 1 - no enrichment or depletion, 1-3: minor enrichment, 3 – 50: 

moderate to severe enrichment, > 50: extremely severe enrichment. The significance 

of the EF is strongly dependent on the chosen background value (Rubio et al., 2000). 
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The average background concentration at cored sites can be obtained directly by using 

those values that pre-date European settlement within the region. We use the average 

background metal/Al value measured at the two core sites to calculate the enrichment 

factor for sites sampled throughout Moreton Bay in 2011. 

4.0 Results 

4.1 Sediment dating and the geochemical background 

Ages of deposited sediments at sites MB1 and MB2 are summarized in Figure 3. A 

detailed description of dating at both sites is presented in Coates-Marnane et al., 

(2016). In brief, sediments derived from the 2011 flood were distinguished based on 

textural and colour difference to underlying sediments. Fallout radionuclide 137Cs was 

used to identify sediments deposited after 1959. Depths corresponding to first 

European settlement in the region were estimated using linear regression of optical 

dates and depths for the deep cores (MB1L, MB2L). The geochemical background was 

defined using samples at depths 70 – 110 cm for cores MB1L and MB2L, known to pre-

date the arrival of Europeans and the onset of urban and industrial development in the 

region.  A full description of down-core major and trace metal for core sites MB1 and 

MB2 is provided in section 4.3. 
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Figure. 3. Stratigraphy and summary of sediment ages of at site MB1and MB2 

derived from 137Cs, optical and radiocarbon dating. Profile depth (cm) indicates real 

depth below seafloor, while core sample depths indicate relative depth within each 

core.  
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4.2 Bay wide survey 

4.2.1 Major elements (Al, Fe, P, Ca) and grain size 

 

Surface metal concentrations are displayed as spatial contour maps constructed in 

ArcGIS version 10.1, using interpolation by ordinary kriging. These maps capture the 

broad spatial geochemical variability within the bay. Major elements concentrations are 

presented in Table 2 and Bay wide patterns are presented in figure 4. Al and Fe in 

bottom sediments are a strong positive correlation with each other and also with the 

proportion of fine sediments (< 63 µm) (Figures 4 and 5). Sample EG 3 has been 

excluded as an outlier due to its very high Fe content. High Fe content at this site is a 

result of reduced conditions in the sediments which favour the upward migration of Fe 

and the precipitation of Fe oxides on the surface sediments, as previously reported for 

the area sampled (Cox and Preda, 2005).  Concentrations of Al (%) and Fe (%) in 

bottom sediments range between 1.0 - 11.4 % and 0.9 - 5.4 %, respectively. For Al, 

the highest concentrations occur in bottom sediments collected from ~10 km north-

east of the outfall of the Brisbane River mouth. A similar pattern is observed for Fe, 

noting the exception of EG 3 (Fe content 11.6 %). Phosphorous ranges from < 0.02 – 

0.08 (%) across the bay and is most concentrated in the fine sediments within the pro-

delta. In addition to high concentrations in the pro-deltaic muds of the Brisbane River, 

one sample site in southern Moreton Bay near the mouth of the Logan River with 

comparable concentrations (0.06 %) was found. Calcium, indicative of the presence of 

marine carbonates (CaCO3), is highest in the southern and marginal regions of the Bay. 

The ratio of Ca/Al describes the relative proportion of marine sediments (CaCO3) to 

terrestrially derived clays (aluminosilicates) at sites samples. As expected, southern 

and eastern regions of the Bay have proportionally more marine sediments due to the 

presence of habitats that support the occurrence of calcifying organisms including; 

bivalves and scleractinian corals.  
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Table 2. Acid extractable metals in surficial subtidal sediments of Moreton Bay in November 2011 
(EG 1 – 22). 

 
Analyt
e 

Major elements (%)    Trace metals (mg/Kg) 

Al  Fe  Ca P  Zn  Cu  Pb  Cr  Mn  Ni  

MU 
(%) 
/PQL 

35/0.00
5 

13/0.00
2 

11/0.00
5 

14/0.00
2 

10/5 17/5 20/10 21/3 10/1 10/10 

Site code 

EG1 1.62 1.94 1.23 0.026 34 <5 <10 25 123 10 

EG2 2.04 2.19 2.72 0.032 41 6 <10 27 140 14 

EG3 2 11.6 1.6 0.064 38 10 23 257 248 <10 

EG4 3.27 3.76 4.07 0.044 64 11 <10 50 223 24 

EG5 3.26 4 4.01 0.048 73 14 14 57 490 24 

EG6 0.984 0.86 0.437 <0.02 17 <5 <10 13 88.2 <10 

EG7 1.87 2.8 4.3 0.031 40 <5 <10 35 165 13 

EG8 5.19 4.73 2.48 0.061 100 18 18 64 220 34 

EG9 4.58 4.81 1.72 0.063 110 19 22 64 414 35 

EG10 2.13 2.95 1.53 0.039 45 6 13 37 353 17 

EG11 1.71 3.82 7.59 0.049 37 <5 10 31 567 15 

EG12 3.11 3.61 2.38 0.044 54 8 12 45 315 24 

EG13 5.71 4.71 2.24 0.066 123 29 22 65 431 43 

EG14 3.52 4.04 0.93 0.083 123 33 26 49 678 37 

EG15 3.11 3.51 3.36 0.05 74 13 17 48 250 24 

EG16 2.23 2.74 1.21 0.033 61 13 12 38 184 18 

EG17 5.41 4.59 1.69 0.054 96 20 18 73 365 35 

EG18 6.37 5.38 0.379 0.075 138 40 26 69 444 54 

EG19 5.13 4.85 1.55 0.068 115 22 23 65 379 39 

EG20 6.14 5.18 1.97 0.075 121 30 18 66 628 46 

EG21 2.37 3.52 1.13 0.056 104 14 16 49 338 24 

EG22 4.33 4.9 0.454 0.085 140 34 26 59 557 48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

 

104 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4. Grain size and major element distributions of sub-tidal sediments in Moreton Bay in 

November 2011. a) Mud content (<63µm) b) Fe (%) c) Al (%) d) P (%) e) Ca (%) f) Ca/Al  ratio. 

Values of sediments between sites have been interpolated using ordinary kriging in ArcGIS.  
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4.2.1 Trace metals (Zn, Cu, Pb, Ni, Cr, Mn) 

 

Trace metals at surveyed sites are reported in mg/kg (dry weight) in Table 2 and as 

contour maps in figures 6 and 7. Maximum concentrations of most metals were found 

within the mud dominated region of the Bay ~10 km north east of the outfall of the 

Brisbane River. Relatively high values for Zn, Cu, and Pb were also found in Deception 

Bay and southern Moreton Bay, near the outfall of the Logan River.  Site EG 3 in 

southern Moreton Bay differs greatly from other sites containing significantly higher 

concentrations of Fe (11.2 %) and Cr (257 mg/kg). Southern Moreton Bay has 

previously been identified as a setting that favours the precipitation of Fe-rich oxides 

within bottom sediments (Cox and Preda, 2005), with Fe being released from the 

sediment into an oxygenated water column. High concentrations of Cr at this site also 

suggests that these conditions also concentrate this element. Elsewhere Zn, Cu, Ni, Cr, 

and Pb exhibit broadly consistent spatial distributions across Moreton Bay, with a range 

of concentrations (Zn: 17-140  𝑋 79.5, Cu: <5 - 40 𝑋 18.8, Ni <10-54  𝑋 28.9, Pb: 

<10-26 𝑋 18.5 Cr: 13-257 𝑋 54.5).  Table 3a shows a correlation matrix for the metals 

(excluding sample EG3). Most metals are well correlated p <0.01. The strongest 

Figure. 5.  Bi-plots of bay-floor surface samples showing, a) Grain size vs Al, b) grain size vs 

Fe, c) Al vs Fe, d) Al vs Zn.  
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positive correlations are Cu vs Zn (r = 0.94, r2 = 0.85); Ni vs Cu (r = 0.95); Ni vs Zn (r 

= 0.95). All metals (except Ca) co-vary strongly with Al, confirming their association 

with aluminosilicate minerals (i.e. clays).  The significant correlation between most 

metals (except Mn) and the mud fraction (<63 um %) also suggest the strong affinity 

of metals for fine grain (<63um) sediments (Table 3b). All metals except Mn are 

negatively correlated with Ca, though this relationship is only significant for Cu (r = 

0.65, p < 0.01). This indicates high calcium carbonate contents are associated with low 

metal concentrations for sediments. Mn is similar in its distribution to other metals, 

though patterns can be different due to its association with coarse sand grains and its 

tendency to precipitate with calcium (Shrader et al., 1977) The relatively high 

concentration of Mn at site EG 11 is likely attributed to both coarse sediment and a 

high relative calcium content (Ca/Al), shown in Figure 3f. 

 

Table 3. Correlation of major elements, trae metals and grain size of subtidal sediments 
(EG-1-22) 
a)  Pearson correlation matrix for major and trace metals ^ 

 Al Fe Ca P Zn Cu Pb Cr Mn Ni 

Al 1 .897** -.267 .753** .858** .794** .677** .935** .579** .925** 

Fe  1 -.016 .869** .869** .752** .718** .940** .770** .916** 

Ca   1 -.376 -.410 -
.650** 

-.607* -.178 .064 -.490* 

P    1 .934** .877** .891** .745** .832** .915** 

Zn     1 .942** .924** .868** .694** .953** 

Cu      1 .903** .727** .536* .948** 

Pb       1 .663** .410 .873** 

Cr        1 .608** .875** 

Mn         1 .653** 

Ni 
 

         1 

b) Bivariate correlation between grain size (mud %) and major and trace metals  ^ 

 Al Fe Ca P Zn Cu Pb Cr Mn Ni 

Mud 
(<63µm) 

.775** .660** -
.494* 

.670** .784** .558* .735** .770** .389 .756** 

* p = <0.05 

** p = <0.01 
^  sample EG 3 excluded from analysis 
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Figure. 6. Trace metal distributions and equivalent enrichment factors of sub-tidal sediments in 

Moreton Bay in  November 2011.  
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Figure. 7. Trace metal distributions and enrichment factors of sub-tidal sediments in Moreton Bay 

in November 2011.  
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Figure 8, shows Al (%) plotted with Cu and Zn (mg/kg) for the 2011 sediment survey, 

and average background values from sediment cores. This highlights the degree of 

enrichment of trace metals in modern sediments (EG 1-22) from background 

concentrations (MB2L 70-110 cm, MB1L 70-110 cm). In addition it shows the relative 

enrichment between modern sites (2011 bay wide survey).  Sites within Bramble Bay 

and close to the outfall of the Brisbane River (EG 14, 18, 21, 22) are   significantly 

enriched compared to both background values and average modern Bay-wide value. 

This suggests that there is a strong contribution of anthropogenic derived Zn and Cu at 

these sites. Compared to background concentrations of metals within intertidal 

sediments (Morelli and Gasparon, 2014) our results show typically higher metal/Al 

values (Table 6). This is especially true for Zn/Al with shows a value of ~ 16 compared 

to the intertidal equivalent of ~ 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 8. Bi-plots of (a) Al vs Zn and (b) 

Al vs Cu, for both the 2011 sediment 

survey (circles) and regional background 

values (open triangles) defined using 

sediment cores (see Fig. 8 and 9). Open 

circles represent sites most notably 

enriched compared to the regional 

background values (Bramble Bay, Fig. 1) 
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Bay-wide enrichment factors for trace metals based on background concentrations of 

trace metals measured in MB1L and MB2L are presented in Figures 6 and 7. For Zn, 

the most enriched sites are found within Bramble Bay proximal to the outfall of 

Cabbage Tree Creek and Kedron Brook (EG21:2.67EF, EG22:1.97EF, EG14:2.13EF). Zn 

exhibits a sharp gradient of enrichment moving westward into Bramble Bay. Cu is most 

enriched at sites closer to the outfall of the Brisbane River mouth and the Port of 

Brisbane (EG18:1.76 EF, EG14:2.62 EF, EG22:2.20 EF), and shows a gradual west-east 

gradient of enrichment compared to Zn. Pb is most enriched in one sediment sample in 

Southern Moreton Bay, proximal to the Logan River (EG3:5.3 EF) while it is also 

moderately enriched in sediments close to the outfall of the Brisbane River and 

western Bramble Bay (EG14:3.36EF, EG21:3.07EF, EG22:2.73EF). Nickel is enriched in 

sediments near the outfall of the Brisbane River and western Bramble Bay 

(EG14:1.47EF, EG21:1.55EF, EG22:1.42EF). While absolute concentrations of most metals 

are highest in fine sediments within central Moreton Bay, greater enrichment occurs 

within sediments more proximal to the rivers and tributaries of western Moreton Bay, 

specifically the Brisbane River, Cabbage Tree Creek and Kedron Brook. 

 

 

 

 

 

 

Table 4. Comparison between metal/Aluminum background values for subtidal and 

intertidal sediments 

Location Core 

name 

Depth 

(cm) 

Pb/Al Zn/Al Cu/Al Ni/Al 

Moreton Bay pro-delta MB1L* 

MB2L* 

130-170 

110-150 

2.3 

2.1 

16 

16.7 

3.4 

3.6 

7.1 

7.1 

Deception Bay (intertidal)^ G37 

G34 

150-180 

150-175 

2.1 

1.9 

7 

8.7 

3 

2.9 

4 

4.6 

Southern Moreton Bay 

(intertidal)^ 

G31 140-170 1.5 6.7 2.1 6.7 

Pine River (intertidal)^ G6 125-130 1.8 5.6 1.3 1.7 

* Presented as depth in sediment profile (figure 6) 

^ Morelli and Gasparon, (2014) 
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4. 3 Sediment cores

4.3.1 Major elements (Al, Fe, P, Ca,) grain size & TOC 

Both cores were composed of fine-grained organic-rich anoxic mud (Figure 3). Down-

core variations in major elements, total organic carbon, and grain size for core sites 

MB1 and MB2 are presented in Figures 9 and 10. Relative depth and the equivalent 

ages of sediments estimated using radionuclide, optical dating, and radiocarbon 

techniques are also presented. At site MB1, little down-core variation is seen in Al (%) 

and Fe (%). There is a minor increase in both these major elements in the upper 10 

cm of sediment, corresponding to the 2011 flood. Phosphorous also shows a rapid 

increase in the top 10 cm increasing from ~0.07 – 0.1 (%). Total organic carbon is 

also greatest within the top 10 cm (~1.4 %), and gradually decreases with depth to a 

background of ~1.1%. Calcium exhibits a marked parallel decrease in concentration in 

the upper 10 cm. Grain size presented as proportion of fine sediments  (<63 µm %)  is 

relatively constant with depth. Similar patterns in the major elements are observed at 

site MB2. Slight increases in Al (%) Fe (%), P (%) and TOC (%) are observed in the 

top 20 cm of the profile, corresponding to the 2011 flood. Overall, down core trends in 

major elements, grain size and organic matter at each site are relatively consistent. 

These sites represent an ideal setting for exploring temporal trends in trace metal input 

to central Moreton Bay derived from human activities.  

4.3.2 Trace metals (Cu, Zn, Pb, Ni, Cr, Mn) 

Down-core variations in trace metals (Zn, Cu, Pb, Cr and Mn) for core sites MB1 and 

MB2 are presented in figures 9 and 10. Absolute concentrations (mg/kg) are plotted 

alongside metal/aluminium ratios for the equivalent depths. At site MB1 Cu shows a 

rapid increase in concentration within the top 15 cm increasing from ~25 mg/kg to 

~40 mg/kg. Sediments pertaining to the historical era (1959-2011) are slightly 

enriched in Cu compared to samples known to be of the pre-European settlement. Zn 

is also present at greatest concentrations in the upper 10 cm of sediment (117-137 

mg/kg). Below this concentrations are relatively constant ~115 mg/kg before 

decreasing gradually to a background concentration of ~90 mg/kg at 70 cm depth. Pb 

concentrations increase from a background value of <10-12 mg/kg in deep sediments 

to 18-27mg/kg in sediments corresponding to the historic era (1959-2011). The 

greatest concentrations are found again within the top 10 cm (27 mg/kg). Cr, Ni, and 
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Mn exhibit less down core variability.  Cr and Mn show a broad trend of increase from 

basal sediments up to ~40-60 cm corresponding to the 1960s to the 1980s, followed 

by a steady decline moving toward the surficial sediments.  At site MB2 Cu and Zn are 

at their highest concentration in the top 20 cm (Cu: 26-32 mg/kg Zn: 113-119 mg/kg). 

Pb is also high within the top 20 cm (Pb: 19-25 mg/kg), though underlying sediments 

also contain similar concentrations. Zn, Pb, Cu are all enriched within sediments 

pertaining to the historical era (1959-2011) compared to those related to pre-European 

settlement. Overall, Zn, Pb, and Cu concentrations of surficial sediments at both cores 

sites derived from the 2011 flood are unprecedented in the record.  

 

Al-normalized trends of Zn, Cu and Pb generally mirror the trends of total 

concentrations. This suggests trends of increase observed through the record are due 

to greater inputs into the system rather being reflective of grain size variability. 

However, for surficial sediments in MB2S (0-15cm) Zn/Al and Cr/Al ratios trend in the 

opposite direction to the total concentrations measured. This indicates a component of 

the high concentrations observed to be attributed to the slight increase in proportion of 

fine sediments found in flood derived sediments at this site (Fig. 10). Considering this, 

high concentrations found in the flood layer in the Central Bay result from both the 

input of sediments enriched in Zn, Cu and Pb, coupled with a higher proportion of fine 

sediment in the surficial flood layer compared to underlying sediments.  
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Figure 9. Trends in major element concentrations (Al, Fe, Ca, P), grain size and total organic carbon 

(TOC) (closed circles). Trends in concentrations of Cu, Zn, Pb, Ni, Cr, Mn (circles), and Al-normalized 

metals concentrations (open triangles) for core site MB1. Depth and equivalent ages are presented on 

the y axis. Sediment depths highlighted in grey represent sediments used to define the regional 

geochemical background for subtidal sediments (MB1L 70-100 cm).  
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 Figure 10. Trends in major element concentrations (Al, Fe, Ca, P), grain size and total organic 

carbon (TOC) (closed circles). Trends in concentrations of Cu, Zn, Pb, Ni, Cr, Mn (closed circles: 

MB2S, open circles MB2L), and Al-normalized metals concentrations (closed triangles: MB2S, 

open triangles MB2L) for core site MB2. Depth and equivalent ages are presented on the y axis. 

Sediment depths highlighted in grey represent sediments used to define the regional geochemical 

background for subtidal sediments (MB2L 70-100 cm).  
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5.0 Comparison with previous sampling 

 

Concentrations of trace metals in surface sediments reported in this study pertain to 

the period immediately following the 2011 flood. Previous significant investigations of 

trace metals in estuarine sediments report concentrations cover the period between 

2007-2010 (Morelli and Gasparon, 2014), prior to 2005 (Cox and Preda, 2005) and 

between 1972 and 1992 (Semple and Willams, 1998). The current study is the first 

Bay-wide investigation of trace metal concentrations in sub-tidal sediments. This 

presendence offers the chance to explore the role of the 2011 flood in trace metal 

delivery to Moreton Bay. To reduce the confounding effect of grain size, data sets were 

first aluminium normalized (Birch et al., 2013). Figure 11 compares the Al-normalized  

values of Zn, Pb, Cu, Ni  reported for intertidal sediments and Brisbane River sediments 

with Al-normalized values reported for subtidal sediments in this study (Fig. 1). The 

longtitude of individual sites is presented on the x axis to highlight the east-west 

gradient of geographical features of the study area (i.e., Rivers and tributaries, 

intertidal, subtidal). For intertidal sediments sampled prior to 2005, Al-normalized 

values of Cu, Zn, and Pb are on average lower than those reported for subtidal 

sediments of Moreton Bay in 2011 (this study). For sediments within the main channel 

of the Brisbane River prior to 2005, Al-normalized values of Cu, Zn, and Pb are also 

significantly greater than subtidal sediments in 2011.  In addition, tributaries of the 

lower Brisbane River and Moreton Bay have been previously reported as having 

significant concentrations of Zn, Cu, Pb and Ni (Fig 1.) (Semple and Williams, 1998). Of 

these tributaries Norman Creek has the highest concentrations of these trace metals 

(Zn 914 -1112 mg/kg; Pb 433 – 660 mg/kg; Cu 114-292 mg/kg; Ni 38 – 57 mg/kg). 

These results have been excluded from the graph as they are reported for the <63 µm 

fraction of sediment and so are incomparable to the other data sets. Despite this, the 

high concentrations implies that these tributaries are significantly enriched in trace 

metals, perhaps more so than the Brisbane River channel. Trace metal data from 

Morelli and Gasparon (2014), cannot be included in this comparison as trace metal and 

equivalent Al concetrations for single samples are not provided. Overall concentrations 

of these metals in subtidal sediments in Moreton Bay are elevated compared to those 

measured in intertidal sediments prior to 2011, this is especially true for Bramble Bay 

and pro-delta sediments within the central Bay (Fig. 11).  
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6.0  Discussion  

 

Moreton Bay is a heterogeneous sedimentary environment composed of a mixture of 

terrestrial clays and quartzose sands, and marine imported quartzose sands and 

carbonates (Maxwell, 1970). The central bay region holding the pro-delta muds of the 

Brisbane River is devoid of fluvial sands that are trapped more proximal to the river 

mouth.  High values of Al (%) and Fe (%) within this region reflect the composition of 

the terrestrially derived silts and clays (phyllosilicate and alumino-silicate minerals), 

rich in Al and Fe. Phosphorus is primarily concentrated within these fine terrestrial 

sediments. Calcium (%) is highest in the southern regions of the Bay and in 

environments favouring the persistence of calcifying organisms including molluscs and 

Figure. 11. Comparisons between Al-normalized trace metals concentrations in subtidal sediments 

of Moreton Bay and those reported by  Cox and Preda, 2005 from cores collected within the 

Brisbane River  and  intertidal western Moreton Bay prior to 2005 (Fig.1). (a) Cu/Al (b) Zn/Al (c) 

Pb/Al (d) Ni/Al Note: Values are presented on a log scale.  
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corals. Clay rich sites within the pro-delatic sediments contain considerably less calcium 

than those more proximal to shorelines and carbonate-rich southern Moreton Bay. 

Major element distribution is largely controlled by the distribution of terrestrial silts and 

clay and calcifying marine organisms.  

 

Trace metals distribution within Moreton Bay is controlled by 1) grain size 2) metal 

affinity for Fe and Mn-rich oxidized sediments 3) background concentrations in regional 

geology of supplying tributaries of the bay 4) proximity to anthropogenic sources (Cox 

and Preda, 2005). Background concentrations of metals within the central bay region 

are reflective of mixed sediment sources, originating from various rock types 

throughout the catchment. The dominant source of fine sediments to central Moreton 

Bay in the historical era has been identified as the Marburg formation with minor 

contributions from the Neranleigh-Fernvale beds and basalts (Douglas et al., 2003). 

Background values of Zn, Cu, Pb and Ni for the pro-deltaic muds of central Moreton 

Bay are higher than those established for intertidal sediments (Morelli and Gasparon, 

2014). This difference is likely explained by different proportion of source material 

thereby altering the geochemical characteristics of these sediments. This would imply 

that the use of background values to estimate enrichment should be limited to 

contemporary samples taken in an equivalent environment to that of the sample used 

to define the background. Furthermore this supports the use of background 

concentrations of trace metals reported in this study to define enrichment for 

contemporary sub-tidal sediments for Moreton Bay, especially for prodeltaic sediments.   

 

Generally, minor to moderate anthropogenic enrichment of Zn, Cu, and Pb (EF 1.5 - 5) 

is found throughout Moreton Bay and is highest in western Bramble Bay and close to 

the Brisbane River mouth. These results are in accordance with previous investigations 

for intertidal sediments within Moreton Bay (Morelli and Gasparon, 2014). Cu and Zn 

are most enriched at the mouth of the Brisbane River. This area receives significant 

input of sediments derived from the catchment and is also proximal to the Port of 

Brisbane. High levels of Cu and Zn at this site may represent a mixture of contributing 

sources. Anthropogenic Zn and Cu have often been found to have mixed origin 

including vehicular traffic, industrial point sources, and fertilizers (Wilber and Hunter, 

1979; Tang et al., 2010). Cu is used as a fungicide and applied with fertilizers to crops 

grown in Cu deficient soils of the upper Brisbane river catchment. Another possible 

source is antifouling paints, which are used extensively in commercial shipping and 
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recreational boating (Turner, 2010). High concentrations of Cu at sites near marinas 

and mooring facilities have been attributed to this in Moreton Bay (Warnken et al., 

2004; Leon and Warnken, 2008). Lead derived from anthropogenic sources in the 

Australian environment is largely the result of the legacy of the use of leaded fuels 

(Cook and Gale 2005). High relative concentrations of Pb in southern Moreton Bay (EG 

3) is consistent with previous work (Cox and Preda, 2005), suggesting the Logan River 

as a significant contributor of Pb-rich sediments to the southern Bay region. Slight 

enrichment of Ni occurs proximal to the mouth of the Brisbane River.   

 

Major elements show little variability at both coring sites, with the exception of 

calcium. There is a rapid reduction in concentration of calcium in sediments in the top 

10 cm at site MB1 and top 20 cm at site MB2. This decrease marks the rapid deposition 

of catchment derived sediments and the dilution of marine carbonate sediments, most 

likely to be shell fragments and calcifying foraminiferans within this setting (Narayan et 

al., 2010). Down-core measurements reveal a progressive increase in Zn, Cu, and Pb in 

sediment in Moreton Bay that pre-dates the 1950s. High Zn/Al Cu/Al, Pb/Al ratios 

roughly corresponding to 1960s-1980s indicates a period of increase input of these 

metals into the Bay during this time. Morelli et al., (2012) found a gradual increase in 

Zn, Cu, and Pb in intertidal sediments within Moreton Bay to be reflective of the 

gradual industrialization and urbanization of the catchment. A similar trend is observed 

at sites in central Moreton Bay. Lead increases in concentrations before the first 

detectable 137Cs, suggesting a gradual enrichment pre-dating 1959. This is consistent 

with the history of regional atmospheric Pb pollution, with the widespread introduction 

of leaded fuels occurring in the 1930s (Cook and Gale, 2005). The gradual enrichment 

of Zn and Cu in sediments also predates 1959, reflecting the gradual population 

growth and inputs from industry and urban runoff.  

 

The highest absolute concentrations of Zn, Cu, and Pb at the core sites are found 

within the surface sediments derived from the 2011 flood. Down-core metal/aluminium 

trends highlight periods of metal enrichment and do not always correspond with an 

increase in absolute concentrations of metals. Importantly, a prominent increase in 

metals Zn, Cu, and Pb in flood derived sediments observed at both core sites is paired 

with increases in the metal/aluminium ratios. This suggests these high concentrations 

are mostly the result of an increase in total input into the environment, rather than 

being reflective of changes in the proportion of fine sediments present. The input of 



Chapter 3 

 

119 
 

sediments containing elevated Zn, Pb and Cu during the 2011 flood is also indicated 

when comparing the bay wide sediment survey with previous studies. Sediment 

sampled from sub-tidal sediment following the flood are on average higher in Al-

normalized values of Zn, Cu and Pb than intertidal sediments sampled prior to 2005 

(Fig. 11), though lower than estuarine reaches of the lower Brisbane River during the 

same period. An enrichment of Zn, Pb and Cu throughout the Bay in 2011 compared to 

intertidal sediments in 2005, is therefore likely to represent the widespread input of 

enriched sediment originating primarily from the Brisbane River.  

 

6.1 The 2011 flood- possible sources of Zn, Pb and Cu 

6.1.1 Upper catchment agricultural floodplains 

 

An area of 195 km2 of cropping land was flooded within the Lockyer and Fassifern 

valleys during the event. Copper and zinc based pesticides and fungicides are known to 

be used for cropping in the Lockyer and Fassifern valleys, though application rates are 

unknown. Some manures and biosolids are also reported to contain high 

concentrations of copper and zinc, and their application over time may lead to soil 

contamination (Hargreaves et al., 2008). The stripping of topsoils that are potentially 

enriched in these metals may partly explain the high input of Zn and Cu into central 

Moreton Bay.  In addition it is likely that the Lockyer and Fassifern valleys were also 

the reaches that contributed the greatest proportion to the total suspended sediments 

transported during the event. However, inputs of Zn and Cu in Moreton Bay are also 

paired with high concentrations of Pb, which is not a component of products used in 

irrigated agriculture.  

 

6.1.2 Lower Brisbane River – urbanized coastal floodplains  

 

An area of 10 km2 of heavy industrial land along stretches of the mid-lower Brisbane 

River was also flooded. Of the areas flooded, the industrial complex within the Oxley 

Creek contributed the greatest to the sum of total area of industrial land inundated. 

Visible oil slicks originating from industrial regions were observed in aerial imagery 

during the event.  Impermeable surfaces (i.e tarmac, concrete) within urban and 

industrial lands have been previously identified as key sources of Zn Pb and Cu metals 

in similar settings (Birch and Taylor, 1999). Dust and oils coating these surfaces that 

are enriched in these metals are readily transported in flood waters.  



Chapter 3 

 

120 
 

6.1.3 Lower Brisbane River - Channel banks and beds 

 

The antecedent conditions of the Brisbane River estuary prior (10- 15 yrs) to the 

extreme flooding event had been characterized by minimal freshwater flows. Low 

precipitation together with the retention of base flows of the extensive upper Brisbane 

River catchment by Wivenhoe dam resulted in minimal freshwater input to the upper 

Brisbane River estuary (Figure 2). Over the early to mid 2000s these conditions 

resulted in a large tidal ingress extending > 80 km (AMTD) inland from the Brisbane 

River Mouth. By late 2006 salinities measured at 70.5 km (AMTD) of 8 PSU were 

recorded (Fig. 2a). Eyre et al. (1998) quantified sediment residence times within the 

lower Brisbane River and found that the lower estuary needed a flow of ~ 2,200 x 106 

m3 to scour the bed and push freshwater to the mouth. The 2011 flood had an 

estimated flow of ~2,600 x 106 m3 (SEQ water), adequate to scour estuarine bed 

sediments. The last time flow reached this magnitude was in the 1974 flood, which 

was of similar magnitude to the 2011 event. Previous research on regional distribution 

of anthropogenic trace metals has identified the Brisbane River main channel and its 

tributaries areas of significant enrichment (Semple and Williams, 1998). Material within 

these regions represents a significant store of metal enriched sediments that under the 

right conditions may be readily remobilized and transported further downstream. Given 

the extended period between major flooding events able to flush the lower Brisbane 

River and the conditions of the Brisbane River in the decade prior to 2011 it is likely 

that significant trapping of metal rich sediments has occurred within the tidal 

influenced region of the River channel. During high flow events such as the 2011 flood 

the channel bank scouring and the rapid re-mobilization of metal rich sediments may 

lead to a significant output to coastal waters. The process of flushing of fine sediments 

previously deposited in channel networks, and the downstream transferal of pollution 

has been observed elsewhere in fluvial settings (Ciszewski, 2001; Martinez-Santos et 

al., 2015).  

 

6.2 Implications for metal transport to coasts 

 

The role of the estuarine zone in modifying and modulating quantities and types of 

sediments, nutrients, and pollutants that are received from catchment inputs and then 

transported offshore is well known (Nixon et al., 1996; Eyre, 1998; Cave et al., 2005; 

Bianchi et al., 2013).  In addition, many similar studies have illustrated the effect of 
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high magnitude flooding events in mobilizing and transporting contaminated material 

downstream (Martiniez-Santos et al., 2015). This suggests a significant lag between 

when metals are introduced into the environment through anthropogenic activities and 

when they are found in the receiving basins. Together, this research highlights the 

importance of the estuarine zone within coastal floodplains, acting as both traps to 

contaminants derived from human activities under low freshwater flows and as a 

source of contaminants under high flows. We emphasize the important role of large 

flood events in controlling the net flux of fine sediments and associated pollutants into 

coastal waters, as also found from previous research in similar settings (Collavini et al., 

2005; Zonta et al., 2005; Butler et al., 2014; Oursel et al., 2014). This is particularly 

important in subtropical climate regions of east coast Australia where intermittent large 

flood events are the primary agent of fine sediment and associated pollutant transport 

to offshore settings.  

 

Extreme weather events, similar to those that triggered severe flooding across east 

coast Australia in 2011, are predicted to increase in the future as a result of ongoing 

global warming (Cai et al., 2015; IPCC, 2013; Ummenhofer et al., 2015). Furthermore, 

flooding of urban settings close to tidally influenced rivers is likely to be exacerbated as 

global sea levels continue to increase (Takagi et al., 2015).  Considering both sea level 

rise and predicted increase in the occurrence of extreme rainfall events, it is highly 

likely flood events similar to that experienced in the lower Brisbane River in 2011 will 

be experienced at a greater frequency in the near future. The weight of evidence 

suggests sediments within Moreton Bay are becoming progressively enriched in 

anthropogenic metals and in some instances exceeding sediment quality limits, as 

defined in regional guidelines for contaminated sediments (ANZECC and ARMCANZ, 

2000; Burton et al., 2004; Cox and Preda, 2005; Brady et al., 2014a 2014b; Morelli and 

Gasparon, 2014;  2015). It is now critical that appropriate management actions are 

taken to limit further contributions of metals from various sources to waterways, 

aiming to counter the ongoing trend of metal pollution within Moreton Bay and its 

estuaries.  
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7.0  Conclusion 

 

Acid extractable trace metals are minor to moderately enriched in sediments 

throughout Moreton Bay compared to established background values.  Fine sediments 

of central Moreton Bay have the highest absolute concentrations of metals, while 

sediments more proximal to the mouth of the Brisbane River and creeks entering 

Bramble Bay are the most enriched. A historic enrichment of Zn, Cu, and Pb is 

observed in central Moreton Bay, reflective of the history of regional industrial and 

urban development. The 2011 flood is responsible for a considerable input of Zn, Cu, 

and Pb to central Moreton Bay. This is most likely the result of the re-mobilization of 

metal rich bed, bank and floodplain sediments of the lower Brisbane River estuary, in 

combination with the addition of inputs from agricultural and industrialized floodplains. 

Source apportionment remains challenging in this setting due to the lack of information 

on concentrations within potential sources throughout the catchment. This study 

illustrates the importance of intermittent flooding events in mobilizing pollutants stored 

in the catchment under periods of low flows and transporting them offshore. As a 

shallow bay with high residence times and significant shipping, dredging, and trawling 

activity, there is a high potential for the remobilization of previously deposited 

contaminated sediments.  
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Chapter 4 

Evidence for algal community shifts in a 

subtropical bay following catchment disturbance 

Abstract 

 

Diatom species abundance and chlorophyll and carotenoid pigments were measured in 

a sediment core collected from anoxic muddy sediments of central Moreton Bay in 

southeast Queensland, Australia. The record encompasses the last ~ 1500 years and 

incorporates the period of rapid land-use changes in the adjacent catchment beginning 

in the mid-19th century, following European settlement. Pigments, including; peridinin, 

fucoxanthin, diatoxanthin, alloxanthin, lutein, zeaxanthin, neoxanthin, astaxanthin, 

chlorophyll a, pheophytin a and pyropheophytin a were consistently observed 

throughout the record – indicating diatoms, dinoflagellates, chlorophytes, 

cryptophytes, euglenophytes and cyanobacteria are major components of the 

photosynthetic community at this site. Using non-metric multidimensional scaling 

(NMDS) four diatom assemblage zones were identified. More recent diatom 

assemblages, including those from the period of 1959 to 2010 and the major flood 

year 2011 were significantly different from assemblages prior to the 1950s (ANOSIM r 

= 0.51, p =  < 0.001). The dissimilarity between the assemblages is partly driven by 

an increase in the occurrence of planktonic bloom forming marine diatoms 

(Thalassiosira and Thalassiothrix species) after 1959. This shift in the diatom 

community was also paired with an apparent increase in both Chl a and biogenic silica 

flux to the sediments.  An increase in the total planktonic primary production and shift 

in the diatom community assemblage has most likely occurred in response to altered 

nutrient and turbidity regimes associated with rapid land use changes in the Bay’s 

catchment, namely the increase in cultivated land and the application of fertilizers, and 

a significant increase in the urban population. This study has provided important new 

insights into anthropogenic driven changes in phytoplankton communities in Moreton 

Bay, and discusses the implications of further climate and land-use change.  

 

Key words: Pigments, Diatoms, Paleoecology, Palaeolimnology, Estuarine bay, 

Eutrophication 
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1.0 Introduction  

 

Phototrophs, including planktonic and benthic algae and cyanobacteria, are the basis of 

estuarine and marine food webs (Fry and Wainright, 1991; MacIntyre et al., 1996). 

Phytoplankton growth is stimulated by the introduction of nutrients from catchments 

through run-off (Ferguson et al., 2004; Saeck et al., 2013), upwelling in offshore 

waters (Walsh, 1975; Hanson et al., 2005), remineralization processes within the water 

column, and release from benthic sediments (Berelson et al., 1998). The excessive 

nutrient loading of developed coastal waterways through run-off has resulted in a clear 

increase in growth of these aquatic organisms – the process termed eutrophication 

(Cloern, 2001; Kemp et al., 2005; Davis and Koop, 2006). The effects of eutrophication 

can include anoxia, turbidity, and an increasing occurrence of harmful algal blooms, 

and fish kills (Cloern, 2001). In time this can lead to a reduction in the biological and 

functional diversity of coastal ecosystems (Livingston, 2000; Kemp et al., 2005). 

 

For some developed regions, riverine nitrogen (N) and phosphorus (P) fluxes to coasts 

have increased from pre-industrial times by 2 to 20 fold, and up to 9 fold respectively 

(Howarth et al., 1996; Kroon et al., 2012). Globally, contributions of N and P to the 

total flux of these nutrients to coasts from sewage and wastewater sources are 

significantly less than that originating from diffuse catchment sources (eg. soil, organic 

matter, fertilizer) (Howarth et al., 1996). Shallow coastal photic systems, proximal to 

land-based nutrient sources are the most susceptible to changes in nutrient regimes 

associated with land use changes and population growth (Kennish et al., 2014; Harding 

et al., 2016).  These are also typically highly productive ecosystems, with varied 

habitats supporting important coastal fisheries. 

 

 An increasing awareness of the degradation of coastal ecosystems resulting from 

increased nutrients flux to coasts in the 1960s prompted greater research into coastal 

phototrophs (Reid et al., 1990; Monbet, 1992; Justic et al., 1995). Namely in efforts 

aimed at characterising the abundance and species of phytoplankton, benthic algae 

and bacteria in coastal settings (Heil et al., 1998; O'Donohue et al., 2000) and the 

primary factors stimulating growth (i.e. photosynthetically active radiation, available 

nutrients (C, N, P, Si, Fe) and temperature) (Gilbert et al., 2006). These efforts have 

significantly improved our mechanistic understanding of the coastal eutrophication 

problem (Cloern, 2001). Today, routine monitoring programs within such embayments 
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provide important insights into the short term (monthly to annual) responses of algae 

to environmental drivers and anthropogenic influences (Saeck et al., 2013; Harding et 

al., 2016) 

 

Regular monitoring captures information on the distribution and abundance of 

phytoplankton at high temporal and spatial scales (daily-annual). This fine scale 

monitoring has provided important insights into the response of these organisms to 

environmental drivers and human impacts in the short term. However, in the absence 

of longer-term historical monitoring data, our understanding of the response of 

phototrophic communities to past human disturbances remains limited. This is 

especially important in settings that have experienced rapid development throughout 

20th century. The 20th century saw widespread global deforestation and the 

introduction of intensive agriculture across much of world, and a rapid increase 

population and urban areas. These rapid land-use changes significantly altered the 

fluxes of both sediments and nutrients to coastal waters (Prosser et al., 2001; Brodie 

et al., 2005; Kroon et al., 2012). Paleolimnology has the potential to provide insights 

into the response of coastal phototrophs to these initial widespread catchment 

modifications, ubiquitous to many regions of the developing world.  

 

In freshwater systems diatoms have been used extensively to monitor contemporary 

water quality and, in a palaeolimnological context, to reconstruct past water quality 

conditions (Reid et al., 1995). The technique has only been applied more recently in 

estuarine environments (Tibby and Taffs, 2011). Although the relative contribution of 

diatoms to primary production may vary considerably over annual cycles, they are 

generally the dominant contributors to the phototrophic assemlage in nutrient rich river 

flows in estuaries (Ragueneau et al., 2000). In estuarine and coastal marine systems, 

salinity, nutrients, oxygen saturation, water clarity and sediment type are important in 

determining autochthonous diatom community structure (van Iperen et al., 1993; 

Underwood, 2002; Ryu et al., 2005; Saunders et al., 2007; Tibby et al., 2007). Hence, 

palaeolimnology and in particular the use of diatoms as proxies for past water 

conditions can provide insights into the extent and timing of natural and human 

induced disturbance in both freshwater and estuarine environments (Reeves et al., 

2015). Measurements of biogenic silica (BSi), the siliceous skeletons of diatoms 

preserved in sediments can also provide estimates of historical diatom productivity 

(Colman and Bratton, 2003). Furthermore, diatoms are responsible for the majority of 
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total primary production in shallow coastal systems, providing nutrition for higher order 

consumers. Community shifts in these lower-order organisms are therefore likely to 

lead to shifts in food webs (Kemp et al., 2015). 

 

Pigments preserved in sediments can also provide temporal records of changes in both 

the relative biomass of aquatic plant communities and their taxonomic composition 

(Sanger, 1988; Geiskes, 1991; Levitt and Hodgson, 2001). Pigments are particularly 

useful in multi-proxy studies because they are frequently all that remain of the non-

siliceous phototrophic algae and bacteria. The most commonly encountered pigments 

in the water column and sediments (marine and freshwater) are the chlorophylls, 

chlorophyll degradation products and carotenoids. Because pigments are often taxon 

specific they can be used to reconstruct past phototrophic communities. For example, 

peridinin is indicative of dinoflagellates, while zeaxanthin is typically indicative of 

cyanobacteria (Jeffrey, 1974; Jeffrey and Hallefgraeff, 1980; Leavitt and Hodgson, 

2001). The chlorophylls and carotenoids preserved can also be used to generate 

phytoplankton biomass and productivity estimates of the overlying water column 

(Leavitt and Findaly, 1994; Bianchi et al., 2002). Pigments are susceptible to 

degradation, predominantly via chemical oxidation (Bianchi et al., 2000), therefore 

caution is required when interpreting records constructed from pigment molecular 

concentrations in sediments. Despite this, pigments may offer insights into the 

community of photosynthetic organisms present in the water column prior to historical 

monitoring (Bianchi et al., 2002; Cook et al., 2016).  

 

In this study, we use diatom relative abundances, and pigment analysis (ultra-high 

pressure liquid chromatography (U-HPLC) of a dated sediment core collected from a 

shallow subtropical bay in east-coast Australia, central Moreton Bay, to explore 

temporal changes in both the biomass and composition of the photosynthetic 

community, across a period of rapid catchment development. Biogenic silica (BSi) is 

used as an indicator of the relative quantity of diatom frustules preserved in the 

deposited sediments. We complement these biomarkers with down core measurements 

of total nitrogen (TN), total phosphorous (TP), total organic carbon (TOC) and δ15N as 

indicators of potential sources of N delivery and cycling within Moreton Bay.  
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2.0 Study site 

 

Moreton Bay is a shallow embayment that receives freshwater inflows from four major 

rivers (Brisbane, Pine, Logan and Caboolture) (Fig. 1). Located in the subtropics, the 

local climate is characterised by summer rainfalls between November and April, with 

minor rainfalls occurring during the intervening winter months. Average summer 

temperatures range between 21 and 29˚C, and 8 to 21˚C during the winter. The 

climate is subject to the effects of the El Nino Southern Oscillation (ENSO) that is the 

dominant driver of inter-annual rainfall variability in the region (Verdon et al., 2004; 

Risbey et al., 2009). Strong El Nino conditions are more often associated with below 

average rainfall and inversely, above average rainfalls occur during strong La Nina 

conditions (Ummenhofer et al., 2015).   

 

As oceanic-mixing in the Bay is limited by two sand dune-barrier islands (North 

Stradbroke and Moreton Islands) on the eastern margin (Fig. 1), the influence of 

freshwater inputs in Moreton Bay typically last long (water residence time ~ 45 days) 

(Dennison and Abal, 1999). Tidal exchange occurs predominately through the north 

passage with minor exchanges between the South Passage and Jumpinpin Channel. 

Surface water temperature in Central Moreton Bay ranges between 15 and 26˚C. Tidal 

exchanges combine with dominant south-easterly trade winds to drive a broad 

clockwise circulation pattern within the Bay (Dennison and Abal, 1999). The resulting 

west to east water quality gradient produces nutrient rich and turbid water in the 

western portion of the bay with clearer, more oceanic water in the east. This gradient 

in available nutrients, light and salinity strongly effects the distribution of 

phytoplankton, benthic algae and cyanobacteria (Grinham et al., 2007; Saeck et al., 

2012a).  

 

Contemporary micro-photosynthesising communities in Moreton Bay are comprised of 

both planktonic and benthic groups. Diatoms, dinoflagellates and cyanobacteria 

dominate the planktonic component with minor contributions from chlorophytes, 

cryptophytes, chrysophytes, and prasinophytes (Heil et al., 1998; Saeck, 2012). While 

the main components of the microphytobenthos (MPB) are diatoms, dinoflagellates and 

cyanobacteria, their distributions are typically limited to intertidal or shallow settings 

with high light availability (Grinham et al., 2007). Dominant epipsammic diatoms (live 

in sandy sediments) of Moreton Bay include members of the Achnanthes, Cocconeis 
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and Amphora genera, whereas epipelic diatoms from the genera Navicula, Lyrella and 

Planothidium increase in sediments with higher silt content (Grinham et al., 2011). 

Common planktonic diatoms previously observed in Moreton Bay include species from 

Skeletonema, Melosira, Coscinodiscus, Chaetoceros, Thalassiosira, Guinardia, and 

Rhizosolenia genera (Heil et al., 1998; Hewson et al., 2001).  

 

Intensive agriculture within the catchment of Moreton Bay occurs principally in the 

Lockyer and Fassifern Valleys within the Lockyer Creek sub-catchment (Fig. 2). The 

alluvial soils derived from weathering of the Marburg-formation and olivine basalts of 

the main range (Fig. 2) support a variety of crops. Grazing occurs throughout the 

upper catchment areas of the Brisbane, Lockyer, Bremer and Logan Rivers. Sediments 

(and associated nutrients) transported from the largely deforested upper Brisbane 

River catchment to the lower reaches of the river were restricted following construction 

of the Wivenhoe Dam in 1984 (Fig. 2). Whilst prolonged dry periods punctuated by 

abrupt wet phases and extreme floods are typical of the Australian sub-tropics 

(Rustomji et al., 2009), large flood events are now the main agent of sediment 

transport from the catchment above the dam to Moreton Bay (Coates-Marnane et al., 

2016).  

 

The January 2011 flood, the largest experienced in the region for the last ~35 years, 

caused flooding in the upper catchment concentrated within the Lockyer and Fassifern 

valleys (Fig. 2), where an estimated 19,500 hectares of cropping land was inundated. 

In the lower catchment around metropolitan Brisbane, sewage treatment plants were 

inundated and untreated sewage was carried into the bay. Estimates of the quantity of 

fine sediments delivered to Moreton Bay during the flood range between 5 and 10 

million tonnes (Stevens et al., 2014; Coates-Marnane et al., 2016). Flood-derived 

sediments deposited in western Moreton Bay released high amounts of ammonium 

(NH4
+), silica and P through remineralisation (Stevens et al., 2014). High 

concentrations of dissolved inorganic nitrogen (DIN) during the flood resulted in initial 

high rates of primary production (EHMP, 2011), but the subsequent release of 

nutrients via remineralisation did not result in prolonged excessive phytoplankton 

production in the Bay in the short term (Stevens et al., 2014).  
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Figure 1. Moreton Bay showing locations of Ecosystem Health Monitoring Program (EHMP) water 

quality monitoring stations (902, 905, 906, 907, 921, 908, 510, 529, 539)  and MB1 cores site 

location. Major rivers entering the bay including the Brisbane, Pine, Logan, Caboolture and 

pumicetone passage are shown. Islands including; North Stradbroke, South Stradbroke, and Moreton 

Islands are shown. The mud (< 63 μm) percentage (mud 2011) of subtidal sediments sampled 

following the 2011 flood is shown (Modified from O’Brien et al., 2012). The large tidal sand deltas of 

Eastern Moreton Bay are also shown.  
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3.0 Methods 

3.1 Water quality monitoring  

 

Water quality monitoring data collected over five years (November 2006 to December 

2011) were used to investigate the temporal dynamics of phytoplankton growth within 

the study area. This was used to assess the relative importance of flood pulses in 

triggering phytoplankton growth in the water column proximal to the core site (Fig. 1), 

with Chl a used as a proxy of phytoplankton biomass. Temporal trends in monthly Chl 

a, TN (ammonia, organic nitrogen, nitrogen oxides) and salinity at three sites each 

within Bramble Bay (EHMP sites: 902, 905, 906), Central Moreton Bay (EHMP sites: 

908, 907, 921) and Eastern Moreton Bay (EHMP sites: 510, 527, 528) (Fig. 1), were 

compared to river discharge associated with significant flooding events within the 

catchment during the same period. The water quality stations capture a water quality 

gradient, moving from turbid, nutrient rich water quality conditions in Bramble Bay 

Figure 2. a) Catchment geology depicting major stratigraphic units; granitic, mafic, basaltic and major 

rock groups Walloon Coal measures, Neranleigh-Fernvale Beds, Marburg Formation and Woogaroo 

Group (Day et al., 1983). b) Moreton Bay catchment depicting major land-uses (Residential, cropping, 

grazing and foreseted areas), and the drainage network, including the location of Wivenhoe Dam, the 

upper Brisbane River, the Bremer River and major cropping regions of the Lockyer and Fassifern Valleys.  
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eastward to more oceanic conditions with lower turbidity and available nutrients in 

Eastern Moreton Bay.  

 

3.2 Sediment coring  

 

In November 2011, sediment cores were collected from pro-deltaic anoxic sediments of 

central Moreton Bay. One long sediment core (referred to hereafter as MB1L) was 

extracted using a purpose built barge-mounted hydraulic vibro-corer designed to 

sample sub-tidal sediment profiles. On extraction, the 444 cm core was immediately 

encased within a black plastic cover to preserve the luminescence properties of the 

sediment. In the event the vibro-corer failed to capture a complete sedimentary 

sequence, an additional short core was taken from the site from the less well-

consolidated surficial sediments at a distance of one metre from the long core 

(hereafter referred to as MB1S). SCUBA divers drove a 15 cm diameter plastic tube into 

the sediments and used suction to retrieve the 55 cm short core. The cores were 

stored in the dark at 4˚C until sectioning for subsequent analysis. Both cores were 

sectioned at 2 cm intervals for pigment analysis. Contiguous sampling was used for the 

short core (MB1S: 55 cm), while for the long core (MB1L: 444 cm) pigment samples 

were taken at progressively wider intervals moving toward deeper sediments. Sampling 

for diatoms, TP, TN, 15δN, TOC, major, trace and rare earth geochemistry in both cores 

was opportunistic at 2, 5 or 10 cm intervals. 

 

3.3 Geochronology 

 

The chronology of sediment deposition was determined using a combination of 

radionuclide (Caesium-137), optical dating, and accelerated mass spectrometry 

radiocarbon (AMS 14C) dating. The full details of the dating of the sediment cores are 

reported in Coates-Marnane et al. (2016). In brief, 137Cs is a fallout product of 

atmospheric nuclear testing that occurred from the 1950s to 1970s. Detectable 

concentrations of 137Cs in sediments across Australia are used to define those 

sediments deposited after 1959 (Leslie and Hancock, 2008; Hughes et al., 2009). 

Optical dating is a technique used to estimate the time grains of quartz were last 

exposed to light, this gives an effective burial age (Olley et al., 2004). Prior to sampling 

for all other analyses, four samples were taken from MB1L core under red light for 

optical dating at depth intervals of 50-55, 100-105, 351-356 and 339-444 cm. Dating 
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was performed at the Environmental Forensics Laboratory, Griffith University. Two 

intact bivalve shell samples taken from depth intervals of 260-265 and 439-444 cm 

were used for age determination by AMS 14C analysis performed at Beta Analytic 

Laboratories, Florida, USA. In addition, samples were taken at 5 cm intervals from 

MB1S core and the top 50cm of MB1L core and analysed for 137Cs using gamma 

spectrometry, performed at Queensland Heath, Forensic and Scientific Services.  

3.4 Pigment extraction and analysis 

 

Given that both chlorophyll and carotenoid pigments degrade in the presence of light 

and heat all workspaces were covered, major room lighting was turned off and 

reagents were refrigerated in order to reduce the potential of degradation during 

pigment extraction and analysis (Reuss et al., 2005). An extract stability study at the 

developmental stage of the pigment extraction method showed significant loss in 

response over time when the same sample extract was injected multiple times over a 

given period (e.g. 24 hrs). To reduce degradation of samples they were stored in an 

amber vial in a temperature controlled HPLC autosampler at 5 °C for the duration. 

Pigment response was observed to be stable for at least 12 hours and fell within 10% 

uncertainty limit.  Given these constraints and in order to minimise the time between 

extraction and analysis, only 10 samples were run in a batch over a maximum of ~12 

hours of runtime.  

 

Samples were run in duplicate; 0.4 g of freeze-dried sediment was transferred to a 

ceramic mortar and pestle, 3 ml of acetone (HPLC grade) was added and ground until 

a consistent mixture was achieved (~ 1 minute).  The mortar was then placed in an 

ultra-sonic bath and sonicated for ~ 30 seconds. An additional 2 ml of acetone was 

added to the mortar and mixed. Using a disposable pipette the mixture was transferred 

to a 5 ml tube and left to steep for 2 hours at -20˚C. The resulting supernatant was 

then filtered using 0.22-micron nylon syringe filters and transferred into 5 ml tubes. 

Samples were then blown down under a stream of N2 gas until near dryness and 

reconstituted with 200 µl of solution consisting of a mixture of 85% Methanol and 15% 

7 mM tetrabutyl ammonium acetate (TBAA). The reconstituted samples were then 

transferred to amber HPLC vials for analysis.  
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At the beginning of each HPLC run a series of mixed standards (mxstd) were injected 

for use in peak identification and quantification (details Table 1). An intermediate 

mixed standard was prepared using certified pigment standards (lutein (Chromadex), 

b-carotene, zeaxanthin, alloxanthin, fucoxanthin, chl a, peridinin). From that 

intermediate standard, a working mixed standard was prepared in a similar procedure 

to the final preparation of the samples.  In that, a 2 ml aliquot of the intermediate 

standard was blown down to near dryness under a stream of N2 gas and reconstituted 

in 200 µl of mobile phase A (see below) immediately before use. 

 

Table 1.  Standard weights, volumes, concentrations and dilutions for individual 

solutions in the preparation of the final mixed standard solution (mxstd) (Fig. 3b) 

Standad Supplier Part No. Batch 

No. 

Weight 

(mg) 

Vol 

(mL

) 

Aliq

uot 

(µL) 

Interm

ediate 

vol 

(ml) 

Final 

Vol 

(uL) 

Conc 

(mg/

L) 

ut Chromadex 000124

53 

00012453

-0646 

0.672 10 100 10 200 6.7 

B-caro Sigma-

Aldrich 

22040-

5G-F 

BCBL5379

V 

1.08 10 100 10 200 10.8 

Peri* Chromadex 000161

35 

00016135

-117 

1.298m

g/L sol 

 1000 10 200 1.298 

Allo * Chromadex 000016

00 

00001600

-111 

1.164m

g/L sol 

 1000 10 200 1.164 

Fuco Sigma-

Aldrich 

16337-

5MG 

BCBL1649

V 

1.007 10 100 10 200 10.07 

Zea Chromadex 000265

04 

00026504

-2184 

1.16 10 100 10 200 11.6 

Chl a Sigma-Aldri C6144-

1MG 

BCBM387

1V 

0.491 10 200 10 200 9.82 

*Supplied as solutions in ethanol. 

 

HPLC analyses were performed on a Dionex Ultimate 3000 U-HPLC system with a 

Dionex DAD 3000 diode array detector (Fig. 3d) and Chromeleon 7.2 acquisition 

software was used to process the data following a modified version of the method 

described by Hodgson et al. (1997). Volumes of 10 µl of each sample and the standard 

were injected onto a chromatographic system comprising an inline 0.2 µm filter setup 

prior to the Phenomenex Security Guard Ultra C18 2.1 mm guard column followed by a 
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Phenomenex Kinetex 1.7u C18 100A analytical column. The flow rate was 0.3 ml/min 

using a gradient profile as outlined in Table 2. Mobile phase A was a mixture of 80% 

Methanol plus 20% 7mM TBAA and Mobile phase B was 100% Methanol. In addition to 

the gradient profile detailed in Table 2, a separate system cleaning profile was 

established between daily runs. 

 

All chromatograms were manually integrated using Chromeleon 7.2 software. Pigments 

were identified following the method of Jeffrey and Mantoura (1997) and based on a 

combination of their retention times and absorbance spectra and confirmed using the 

mxstd run (peridinin, lutein, zeaxanthin, alloxanthin, fucoxanthin, b-carotene, and chl 

a) (Fig. 3a). Given the absence of certified standards for degradation products of 

Chlorophyll a (pheophytin a and pyropheophytin a), for diatoxanthin (diatoms), 

astaxanthin and neoxanthin, they were instead identified based on retention times and 

absorbance spectra from Van Heulklem and Thomas (2001) and Jeffrey and Mantoura 

(1997) for these analytes (Table 3). The 3D scanning capability (250 – 750 nm) of the 

Dionex DAD 3000 diode array detector allowed for greater interrogation of absorbance 

characteristics of specific analytes, which aided in identification of the target pigments 

(Fig. 3c). Pigments were quantified (µmol g-1) dry weight using the response factor 

measured at 424 nm, and calibrated using response factors of individual pigments at 

known concentrations within the mixed standard (lutein, zeaxanthin, alloxanthin, 

fucoxanthin, and chlorophyll a) (Fig. 4a). For the additional pigments (Pheophytin, 

pyropheophytin, diatoxanthin, neoxanthin) concentrations are presented as relative to 

Chlorophyll a (µmol/g) in the absence of a calibration response factor for these 

pigments (Fig. 4b).  

 

 

 

 

 

 

 

 

 

 

 

Table 2. LC mobile phase 
gradient profile 
Time Percent 

A 
Percent B 

0 100 0 

8.00 100 0 

22.00 0 100 

35.00 0 100 

35.10 100 0 

45.00 100 0 
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Table 3. Pigment retention times and absorbance properties in this study and as 

reported in Jeffery and Mantoura (1997) 

Pigment Rt (mins) Λ maxima in eluant (nm)  Full absorbance spectra 

 This study  (Acetone)* 

I II III    

Fuco 4.18 452   446 468  

 

Allo 11.95 422 450 477 428 454 483.

5 

 

Diato 14.65 426 450 479 427 454 482 

 

Lut 18.61 421 447 470 425 447.5 476 

 

 Zea 20.69 423 449 473 428 454 481 

 

Neo 21.56 413 437 466 415 439 467 

 

Asta 23.37 479   480   

 

Chl a  31.29 428  665 430 616 662 

 

 Pheo-a 35.12 407 505 666 409 505 665 

 

 Pyro-a 36.15 405 506 667 410 506 666 

 

* Jeffrey and Mantoura., 1997 
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Figure 3. a) Chromatograph of the mixed standard (mxstd) solution showing peak 

wavelength absorbance (mAU) peaks and retention times (Rt) for individual pigments. b) 

Intermediate solutions prepared using certified commercial standards. c) Chromatograph 

of sample MB1S 0_2 showing Chlorophyll a, and degradation products Pheophytin a and 

Pyro-pheophytin a.  d) Dionex Ultimate 3000 U-HPLC system with a Dionex DAD 3000 

diode array detector (DSITI). 

Figure 4. a) Chromatograph of the mixed 

standard solution (mxstd) showing response 

peaks measured at a wavelength of 424 nm of 

peridinin, focuxanthin, alloxanthin, lutein, 

zeaxanthin chlorophyll a and B-Carotene. b) 

Chromatograph of sample MB1S 0_2 cm 

showing additional pigments, diatoxanthin, 

neoxanthin pheophytin a and pyropheophytin 

a. Note the scale difference between the 

response factors of the standard solution and 

that derived from a real sample.   
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3.5 Biogenic silica 

 

To correct for excess silica derived from aluminosilicates, concentrations of biogenic 

silica (BSi) were determined in 60 mg subsamples of freeze-dried core sections using 

the method of Kamatani and Oku (2000) with the following modifications: 

1. 50 ml flat-bottomed polypropylene tubes were placed in the wells of a digestion 

block maintained at 85˚C and fitted with reflux caps to impede evaporation. 

2. So that leaching started immediately upon contact with solution, preheated 0.1 

M sodium hydroxide (NaOH) was added to each tube. 

3. Samples were not removed from the digestion block and cooled before taking 

aliquots. Instead, aliquots were pipetted into vials and allowed to cool to room 

temperature. 

4. No filtering was performed; particulate matter in aliquots was allowed to settle 

and the supernatant drawn off for analysis. 

Aliquots of 1.7 ml were taken after 20, 30, 40, 60, 80, 100, 120, 150, 180, 240 and 

270 minutes of leaching. An equivalent volume of NaOH, kept at the same 

temperature, was added to each sample to maintain the solid-solution ratio during the 

leaching process. A subsample of 1.5 ml of the cooled supernatant was neutralised in 6 

ml of 0.021 N HCl, and HNO3 was at 1% to matrix-match the samples with the 

instrument calibration standards. Samples were analysed for Si and Al concentrations 

within 12 hours on a Varian 725-ES inductively-coupled-plasma optical emission 

spectrometer (ICP-OES); one in 10 samples was duplicated. Residual particles from a 

number of sample tubes were cooled at the end of the leaching process, neutralised 

and checked for complete dissolution on a compound microscope. Uncertainty of the 

measured concentrations of Si and Al were estimated by running 7 parallel extractions 

of one sample, where the measurement uncertainty (MU) = 100* (mean - 95th 

percentile)/ mean (MU = 7%).  

3.6 Diatom enumeration 

 

Treatment of diatom samples from MB1S core (n=19) and MB1L core (n=40) followed 

the methods recommended by Battarbee et al. (2001) using standard hydrochloric acid 

and hydrogen peroxide digestion techniques. Sub-samples of the digested material 

were deposited on coverslips, allowed to dry, and mounted on slides using Naphrax 



Chapter 4 

 

145 
 

mountant. Slides were traversed using a light microscope (Nikon Eclipse E600), under 

Differential Interference Contrast (DIC) at 1500 x magnification, along vertical 

transects of known co-ordinates as recommended by Battarbee (1986), to achieve 

counts of  >200 valves per sample. Diatom taxa identification was achieved with 

reference to Desikachary (1986, 1987, 1988a,b, 1989), Krammer and Lange-Bertalot 

(1986, 1988, 1991a, b) and Witkowski et al. (2001). In the instance when relative 

abundances are reported at a genera level, it should be noted that one species was 

typically dominant (e.g., with the Thalassiosira species group, T. eccentrica was 

dominant and abundances of other Thalassiosira species were <5%).  

 

Diatom species/groups were characterized by their environment i.e. as Continental 

(only live in fresh water), Estuarine/Brackish (euryhaline) or Marine. The 

Estuarine/Brackish (E/B) and Marine (M) diatoms are assumed to be autochthonous in 

the bay and hence were further classified according to their growth habitats i.e., as 

planktonic (live in the water column), or as benthic diatoms (live on / in a substrate). 

This latter group is further classified according to substrate i.e. epipelic (sediment - 

water interface) epipsammic (attached to sand grains) and epiphytic (attached to 

plants or other diatoms). Although some benthic genera are known to make use of 

more than one habitat (i.e. can be epipelic or epiphytic, e.g. Amphora, Cocconeis, 

Mastogloia), they were classified in the context of their association to a ‘main growth 

habitat’ according to the available literature.  

 

3.7 Nutrients, Lanthanum and Thorium analyses 

 

All samples were dried at 60˚C and ground using a zirconium shatter box grinder for 2 

min until a consistent fine powder was achieved. TOC samples were treated with 10% 

HCl to remove carbonates, dried at 60˚C for 48 h, pelletized in silver capsules and 

weighed. Samples for N analyses were pelletized in tin capsules and weighed. TOC, TN 

and δ15N samples were then combusted in a Sercon Europa elemental analyser with 

sample gases delivered to a Sercon Hydra isotope-ratio mass spectrometer at the 

Australian Rivers Institute, Griffith University. The precision of δ15N was monitored with 

an IAEA-305a surrogate standard reporting δ15N = 0.2 ‰ (σ = 0.3, n =84). The 

precision of TOC and TN, reported in percent weight of dry sample was monitored 

using an acetanilide elemental standard over 20 analysis runs reporting TOC = 3.4% 

(σ = 0.1, n = 84) and TN = 0.33% (σ = 0.005, n = 84). 
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TP was determined using inductively coupled plasma optical emission spectrometry 

(ICP-OES) using microwave assisted digestion and aqua regia. Nine ml of HNO3 and 3 

ml of HCl were added to ~ 0.5 g of sample and loaded into a microwave rotor for 

digestion. The digested samples were transferred into 50 ml tubes and diluted, 

centrifuged at 3,000 rpm for 5 minutes to produce a clear solution supernatant and 

prepared for analyses. Ten ml sub-samples were analysed for P on Agilent technologies 

770 series ICP-OES, calibrated using certified commercial standards. The ratio of 

lanthanum to thorium (La/Th) down core was used to investigate the relative 

contribution of basaltic soils to fine sediments delivered to the Bay through time. This 

ratio has been previously identified as an indicator of basaltic-derived sediments in 

catchment-wide geochemical tracing studies for the region (Douglas et al., 2003). As 

the dominant agricultural soils in the intensively used catchments of the region, these 

soil types are important in the context of fine sediment and nutrient supply to the east 

coast of Australia.  Lanthanum and Thorium were determined by inductively coupled 

plasma mass spectrometry (ICP-MS) on samples digested by lithium metaborate fusion 

measured on Agilent technologies 7700 Series ICP-MS. 

 

4.0 Data analysis 

 

Chl a average annual flux (µmol/cm-2 yr -1) was estimated at a variety of time scales 

based on the dating chronology with estimated annual flux calculated as:  

 

Chl 𝑎 flux =
(𝐴𝑣𝐶𝑜𝑛𝑐𝐼𝑛𝑡 ∗ 𝐴𝑣𝐷𝐼𝑛𝑡) 

(𝐼𝑛𝑡𝐿/𝐼𝑛𝑡𝑌) 
                           (1)      

  

 

Where AvConcInt is the average concentration of the each profile interval (µmol/g), 

AvDInt is the average density of the interval (g cm3), IntL is the length of the interval 

(cm) and IntY is the number of years represented in the interval. The same time scales 

were used to characterise BSi average annual flux (mg/cm-2 yr -1) calculated using the 

same equation used to calculate Chl a, substituting µmol/g (Chl a) with µg/g (BSi) to 

first calculate AvConcInt (Equation 1).  

 

Diatoms species richness (R) was estimated using the total number of species and 

genera groups. Species evenness (J’) was calculated using equation 2, where H’ is the 
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Shannon diversity index and H’max is the maximum value of H’ (if every species was 

equally likely) (Equation 2). The continental diatoms were excluded, given they 

represent individuals transported to this setting rather than originating within it. 

 

𝐽′ =
𝐻′

𝐻′𝑚𝑎𝑥
                                                                          (2) 

      

Non-metric multidimensional scaling (NMDS) was used to identify possible stratigraphic 

assemblage groups in the statistical programming package R. Species with relative 

abundances of < 1% were excluded from the analysis to reduce the effect of rare 

species (Tibby et al., 2010). Diatom relative abundance counts were natural log 

transformed and the NMDS was performed on a resemblance matrix generated using 

Bray Curtis analysis. Analyses were performed on both the full data set and one 

excluding continental diatoms. Individual samples were then grouped into significant 

time intervals as determined from the dating results.  An analysis of similarity 

(ANOSIM) was used to determine the significance levels of similarity between the 

groupings and the results were illustrated using an ordination plot. 

 

5.0 Results 

5.1 Water quality transect  

 

During the monitoring period (2006-2011) Bramble Bay (EHMP sites: 902, 905, 906) is 

characterized by average Chl a concentrations average concentrations of between ~ 

0.5 to 13 mg/l (Fig. 5). A seasonal signal is apparent, with higher Chl a concentrations 

observed during the warm and wet summer months (November - April), while lower 

concentrations are observed during cooler and drier winter months (May - October). 

Periods of significant flooding are also represented by rapid decreases in salinity at 

sites within the Bay and higher Chl a concentrations. This is most prominent at sites 

proximal to the Brisbane River mouth in Bramble Bay, especially for the January 2011 

flood. At sites in central Moreton Bay (EHMP sites: 907, 908, 921), seasonal averages 

of Chl a are typically lower than in Bramble Bay ranging between 0.3 and 11 mg/l, 

although maximum concentrations corresponding to high flow events are of similar 

magnitude to those observed in Bramble Bay. The lowest average Chl a concentrations 

are observed in Eastern Moreton Bay (EHMP sites: 510, 527, 529) ranging between 

0.25 – 8.5 mg/l.  Moving offshore from Bramble Bay to Eastern Moreton Bay, there is a 
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more pronounced signal of phytoplankton response to significant floods in the 

catchment. Though peak concentrations of Chl a are lowest in the Eastern Bay, the 

magnitude of response is greater compared to sites more proximal to the river mouth 

(Fig. 5). 

 

 

 

 

 

 

5.2 Sedimentology and geochronology 

 

Sediments from both cores were composed almost entirely of fine-grained (< 63 µm) 

anoxic muds with the only textural difference observed in a 10 cm viscous layer at the 

top of MB1S core. The presence of 137Cs throughout MB1S core indicates sedimentation 

over the 52 years preceding 2011 and the 10 cm viscous layer represents material 

deposited during the 2011 flood (Coates-Marnane et al., 2016). Interpolation between 

the lowest depth in the short core corresponding to the year 1959 and the sample 

immediately below the 10 cm flood layer corresponding to the year 2010 was used to 

define the intervening ages, with an assumption of uniform deposition. Given the 

paucity of chronological data, however, age estimates for the period between 1959 

Figure 5. Total nitrogen (TN), Chl 

a and salinity at three regions 

within Moreton Bay; Bramble bay 

(EHMP sites; 902, 905, 906), 

Central Bay (EMHP sites; 907, 

908, 921) and Eastern Bay (EHMP 

sites; 510, 527, 528). The shaded 

area represents the range of 

measurements for the region with 

the dark line representing the 

average trend. For salinity only 

the average is depicted as a 

smooth line.  



Chapter 4 

 

149 
 

and 2010 should be treated with some caution. For the long core, linear regression was 

fitted to six age dated sediment horizons, defined using two calibrated AMS 14C ages 

and four ages derived from Optical dating. These provide an age model spanning the 

period 600 CE to ~  1960 CE. The combination of ages have been used to differentiate 

four zones: Zone 1: 2011 (major flood), Zone 2: 1959 - 2010 (heavily disturbed 

catchment), Zone 3: 1830- ~1960 (initial catchment disturbance) and Zone 4: 1200-

1830 CE (undisturbed catchment). 

5.3 Pigments  

 

Chlorophylls identified in sediment samples included chlorophyll a and chlorophyll c. 

(Fig. 6). Degradation products identified included pheophytin a and pyropheophytin a, 

while carotenoid pigments included peridinin (peri), fucoxanthin (fuco), alloxanthin 

(allo), diatoxanthin (diato), astaxanthin (asta), neoxanthin (neo), lutein (lut), and 

zeaxanthin (zea). Although Chlorophyll c and peridinin were detected in most samples, 

concentrations were close to detection limit and hence are not reported. B-Carotene 

was present in the sediment samples although it was co-eluting with a pheophytin-like 

compound. The separation and quantification of b-carotene could not be achieved and 

hence is not reported. Details of retention times (Rt), absorbance maxima (λm) for 

quantified pigments (as reported in Jeffrey and Mantoura, 1997) and the full 

absorbance spectra for individual pigments are presented in Table 3. 

 

 Concentrations were typically very low for all pigments. Down-core concentrations of 

chlorophylls and carotenoid pigments and their algal associations are presented in Fig. 

6a, where the profile depth, sediment core depth and derived ages are presented on 

the y-axis. The scale has been emphasized for the more recently deposited sediments 

to highlight trends within the period 1959-2010. The surficial 10 cm corresponds to 

sediments derived from the 2011 flood and is representative of trends associated with 

a single flooding event. The major algal and bacterial associations of these pigments 

including diatoms (fucoxanthin, diatoxanthin), chlorophytes (lutein, neoxanthin), 

cyanobacteria (zeaxanthin), and cryptophytes (alloxanthin) are indicated in Fig. 6a. 

While peridinin, a pigment that indicates the presence of dinoflagellates, was identified 

throughout the sediment record, concentrations were so close to the detection limit 

they are not reported here. Degradation products of chlorophyll a (pheophytin a and 

pyropheophytin a) are presented as a total of the two compounds (Total pheo 

pigments) (Fig. 6a). 
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Chl a and fucoxanthin were present within the surficial flood-derived sediments at the 

highest concentrations in the record (Chl a: 2-7 µmol/g; fuco: 5-17 µmol/g). 

Concentrations of lutein and zeaxanthin ranged between 0.1 and 1.5 µmol/g, while 

Alloxanthin was present at very low concentration (0.05-0.3 µmol/g). Diatoxanthin, 

neoxanthin, astaxanthin and pheophytin a are all reported in µmol/g relative to Chl a; 

in this instance the relative trends of these pigments are more significant such that the 

absolute concentrations are presented. Correlation statistics for pigments based on 

Pearsons r values are presented in Table 4. Chlorophyll a is well correlated with most 

other pigments except zeaxanthin and lutein. A strong correlation between Chl a and 

total pheopigments (0.52 (n=63) p = <0.05) is indicative of their chemical affinity. 

Diatoxanthin and focoxanthin are well correlated though the relationship is not 

significant, most likely a result of limited number of equivalent samples with 

measurable quantities of pigment (0.56 (n=11) p = >0.05). Neoxanthin and lutein, both 

indicative of chlorophytes, are strongly correlated (0.52 (n=48) p = <0.05). Neoxanthin 

and alloxanthin are strongly correlated with Chl a (0.46 (n=62) p = < 0.05; 0.75 (n=62) p = 

< 0.05) and its derivatives (0.36 (n=50) p = <0.05; 0.69* (n=50)  p = <0.05). 

 

Table 4. Correlation statistics between individual pigments showing Pearson r and 

number of samples (n) state which ones are highly correlated or state that the asterisk 

indicates correlation or something like that 

 

 Total 

pheo 

Fuco Diato Lut Neo Zea Allo Asta 

Chl a 0.52*(63) 0.51*(17) 0.30*(51) 0.26  (49) 0.46 *(62) 0.11  (52) 0.36 *(50) 0.34 *(61) 

Pheot  0.40 (17) 0.50*(51) 0.48 *(49) 0.75 *(62) 0.57*(52) 0.69* (50) 0.36 *(17) 

Fuco   0.56 (11) -0.09 (13) 0.17  (17) 0.38*(15) 0.14  (12) 0.48 *(49) 

Diato    0.11 (42) 0.28*(50) 0.37*(43) 0.37 * (41) 0.56 *(49) 

Lut     0.52*(48) 0.28  (42) 0.50 * (39) 0.07 *(49) 

Neo      0.40 *(51) 0.78 * (49) 0.41 *(60) 

Zea       0.50 * (42) 0.13 *(51) 

Allo        0.45 *(48) 

* p = < 0.05  
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Overall down-core trends in pigments are very similar. Subtle variations in 

concentrations are most likely representative of relative changes in abundance of 

different algal groups and the degree of preservation of individual pigments, as the 

degradation of pigments occurs readily under oxic conditions (Reuss et al., 2005). The 

ratio of total pheopigments to Chl a have been used by Shuller et al. (2013) to 

estimate a general degree of degradation. If the ratio of total pheopigments to Chl a is 

relatively consistent between samples it implies a constant rate of degradation, while if 

this ratio is highly variable it suggest variable degradation has occurred and caution 

should be taken when interpretation trends in pigment concentration (Funkey et al., 

2015). The ratio of total pheo-pigments (pheophytin a and pyropheophytin a (total-

pheo) to Chl a is presented in Fig. 6b (total pheo: Chl a). The ratio increases gradually 

downcore in the top 55 cm (MB1S) and increases dramatically between 5 and 20 cm at 

the top of the long core (MB1L). This implies that higher rates of degradation have 

occurred in progressively older sediments. Figure 7 shows the strong inverse first order 

relationship between total measured Chl a (µmol/g), and the degradation proxy (total 

phe: Chl a); this indicates that the trend of increasing Chl a towards surface sediments 

is an artefact of the degradation of previously deposited pigment. However, there are 

several regions of relatively high Chl a and its derivatives within this decay profile. 

These occur in the top 10 cm (MB1S 0-10 cm) corresponding to sediments derived 

from the 2011 flood, between 34 and 44 cm (MB1S 34-44 cm) corresponding to the 

period between 1971 and 1983, and between 18 and 32 cm in the long core (MB1L 18-

32 cm) corresponding to the period between 1867 and 1923. Fucoxanthin was 

detected at two major age intervals; in sediments corresponding to the 2011 event and 

in sediments deposited between 1700-1900 CE in the long core (MB1L 10 - 75 cm). 

Diatoxanthin is also present at high relative concentrations in both these periods, and 

in low relative concentrations (< 2 µmol/g) in the intervening period between 1900 

and 2010. Prior to 1960, lutein and zeaxanthin are only present at minor 

concentrations and close to detection limit (< 0.02 µmol/g). After 1960 these pigments 

increase in concentrations between 1970 and 1980 and in surficial sediments 

associated with the 2011 flood. Alloxanthin, zeaxanthin, also exhibit this broad trend of 

increased concentrations in younger sediments. 

 

The exaggerated Chl a flux is an artefact of higher sedimentation rates throughout the 

time represented by MB1S core (1959-2011) compared to the time period represented 

by MB1L core (616 CE - ~1960) (Fig. 8). This trend is most prominent for the year 
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2011, where 10 cm of material was deposited in a single year. Accordingly, flux 

estimates calculated for 2011 (26.4 µmol/cm-2 yr-1) are up to 12 fold greater than rates 

estimated for years between 1959 and 2010 (0.40 - 1.16   µmol/cm-2 yr-1) (Fig. 8a). 

Similarly, relatively high sedimentation rates between 1959 and 2010 compared to the 

preceding half century reflect a significant increase in average annual flux for the early 

historical period.  

 

Biogenic silica (mg/kg) was present in MB1L core at low concentrations ranging from 

<50 to ~1500 mg/kg of sediment (𝑋 = 672) (Fig. 6a). Below 300 cm (~ 600 - 1000 

CE) concentrations are relatively constant (400 – 600 mg/kg). Above this depth, 

concentrations become more variable before decreasing to minimal concentrations of 

180 – 200 mg/kg between 180 – 200 cm (1380 -1450 CE). Above this a gradual 

increase in concentration occurs until 98 cm (~ 1700 CE) where there is a peak of 

1431 mg/kg (Fig. 6a). Following this peak, concentrations gradually decrease before 

becoming progressively more variable in the historical period. Concentrations in MB1S 

core, corresponding to the last ~ 52 years of deposition, oscillate between maximum 

concentrations of >500 mg/kg and minimum concentrations of <125 mg/kg, with the 

highest concentrations of the entire record (900 – 1025 mg/kg) between 12 and 0 cm 

(Fig. 8b). The high sedimentation rates experienced in 2011 show average annual BSi 

flux to sediments significantly higher for this year (3516 mg/cm-2 yr-1) compared with 

all previous periods, although a gradual increase in flux rate is observed between 1959 

and 2010.  

 

Downcore concentrations of TOC, TN, TP, 15δN, and the ratio of La/Th are presented in 

Fig. 6a. Percent TOC gradually increases through the length of the record peaking at ~ 

1.5% in the surficial 10 cm of sediment. Similarly TN gradually increases from ~ 0.09% 

in the deepest sediments to ~ 0.12 % in surficial sediments. δ15N gradually increases 

from ~ 2‰ in the deepest sediments to ~ 6‰ at the top of the long core 

corresponding to ~1940s.  Between 1959 and 2010 δ15N is relatively constant at ~ 

6‰ before decreasing rapidly to 2 – 4‰ in sediments derived from the 2011 flood.  A 

rapid increase in the concentration in P is observed in sediments deposited after 1959 

compared to older sediments. The highest concentration of  P is found again in the 

flood-derived layer, with concentrations of 0.07 – 0.09%. Increased P concentrations in 

these sediments are correlated with the increasing La/Th ratio in equivalent samples 

(Fig. 9).  
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Figure 6. a) Down core (cm) concentrations of pigments (µmol/g): Fucoxanthin, Diatoxanthin, 

Lutein, Neoxanthin, Astaxanthin, Alloxanthin, Zeaxanthin and their algal/ bacterial associations 

(Diatoms, Chlorophytes, Cryptophytes and Cyanobacteria), as well as Total P roduction of Chl a 

and Pheophytin.(µmol/g) and absolute concentrations of Bsi (mg/kg). b) Chl a (µmol/g), Total 

Pheo/Chl a (µmol/g), percent TOC, TN, δ15N and TP, and La/Th ratio.  
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Figure 9. Total phosphorous (TP %) versus 

the ratio of Lanthanum to Thorium (La/Th) 

measured for equivalent sample depths 

within the core.  The dotted lines represent 

the 95% confidence interval of the non-linear 

regression.  

Figure 7.  The degradation proxy (total 

pheo/Chl a ).  

Figure 8. a) Estimated Chl a annual flux 

(µmol/cm-2 yr-1, black line) to subtidal 

sediments at site MB and Chl a absolute 

concentrations (µmol/g, grey shading) at 

equivalent depths. b) Estimated Bsi annual 

flux (g/cm-2 yr-1, black line) to subtidal 

sediments and absolute concentrations 

(mg/kg, grey shading) of equivalent 

sediments. 
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5.4 Diatoms 

 

Minimum counts of 200 valves were achieved from most slides; samples between 156 

and 212 cm in MB1L core (~1300-1500 CE) had very sparse concentrations of diatoms 

showing signs of dissolution and counts of ≥100 valves were only possible after >10 

transects were traversed. The diatom assemblages in these samples were dominated 

by the marine benthic species (Paralia fenestrata), as were the samples above and 

below that section of core, so the low counts did not compromise the integrity of the 

interpretation.  

 

The assemblage represented at this single location is diverse with a total of 121 

species or genera identified (Appendix 1, Fig. 11). Species richness increases in 

younger sediments and is especially high in flood-derived sediments (Fig. 10a), while 

species evenness also increases in younger sediments. Relative abundances of diatoms 

from the three main environments, i.e. Continental, Estuarine/Brackish and Marine and 

main growth habitats (Planktonic and Benthic), are plotted in Fig. 10a. Overall, Marine 

diatoms dominate, representing 50-95% of the assemblages. Estuarine/Brackish 

diatoms account for 10-40% of the assemblage, while Continental diatoms occur at 

abundances of ≤25%. The highest abundance of Continental diatoms occurs in the 

surficial 10 cm of sediment corresponding to material derived from the 2011 flood 

(13.9-25%).  

 

The relative abundance of epipelic, epipsammic and epiphytic diatoms are shown in 

Fig. 10a, while Fig. 10b presents the relative abundance of key Estuarine/Brackish and 

Marine diatom species (P. fenestrata, C. litoralis, Pleurosigma spp., Thalassiosira spp., 

Thalassiosrix spp.) and the dominant Continental diatom (Aulacoseira subborealis); 

both diagrams show key age intervals (Zones 1 – 4). Epipelic species dominate the 

benthic assemblages with abundances of >20-80% while epipsammic species have 

abundances between ~2 and 13% and epiphytic species occur in abundances that 

range from <1-13%. The ordination plot of NMDS scaling analysis of the diatom 

assemblages is presented in Fig. 12; the age zonations (1 – 4) are highlighted by 

polygons. The analysis of similarity (ANOSIM) confirmed there were significant 

differences in the community assemblages in the four zones (Full data set: R = 0.49 p 

<0.001; Estuarine/Brackish and Marine only: R = 0.51 p <0.001). A clear distinction in 

the community assemblages can be seen for sediments deposited before and after 
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1959 (Zones 1-2 and 3-4, respectively). Zone 3, corresponding to 1830- ~1960, which 

incorporates the period of initial land use changes in the catchment of Moreton Bay 

can also be distinguished from the assemblage in Zone 4. Whilst the assemblage prior 

to ~1960 is dominated by Estuarine/Brackish and Marine benthic species there is a 

marked increase in Continental species after this period (Fig. 10a). The dissimilarity 

between the zones is also partly driven by the increase in bloom forming marine 

planktonic diatoms (Thalassiosira and Thalassiothrix  species) and a gradual increase in 

epiphytic species. This is especially evident in material corresponding to the 2011 flood 

(Zone 1), where the greatest diversity of diatoms occurs, although higher diversity is 

observed in all of MB1S core (post-1959) in comparison with the long core (MB1L). 
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Figure 10. Down core relative abundances of diatom groups a) characterised by their source i.e. 

Continental, Estuarine/Brackish and Marine. Also shown are the habitat preferences of diatoms from 

the Estuarine/Brackish and Marine species groups viz. Planktonic and Benthic and of the Benthic 

group, Epiphytic, Epipelic and Epipsammic groups. b) Relative abundance of key Marine diatom 

species; P. fenestrata, C. litoralis, Pleurosigma spp., Thalassiothrix spp., Thalassiosira spp., and 

Continental A. subborealis; and % species Richness and Evenness.  
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Figure 11. Key diatom species observed in sub-tidal sediments. a-o) Estuarine/Brackish and 

Marine, p-t) Continental: a) Paralia fenestrata; b) Paralia fenestrata (girdle view); c) Cyclotella 

litoralis; d) Cyclotella balticum; e) Cyclotella striata; f) Pleurosigma sp. (cf. aestuarii); h) 

Thalassionema nitzschioides; i) Thalassiothrix longissima; j)  Triceratium favus; k)  Triceratium 

scitilum;  l) Plagiogramma sp.; m) Petroneis marina; n) Lyrella spectabilis; o) Thalassiosira sp. 

(cf. eccentrica - girdle view); p) Aulacoseira subborealis; q) Gomphonema augur; r) Aulacoseira 

granulata; s) Epithemia adnata;  t) Aulacoseira ambigua  
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6.0 Discussion 

 

The spatial variation in primary production in Moreton Bay following flood events and 

the arrival of nutrient rich flood waters can be explained by the estuarine mixing 

gradient previously described by Saeck et al. (2012a). During flooding near shore sites 

with higher turbidity are typically light limited despite high levels of available nutrients. 

Phytoplankton growth offshore is triggered by high available nutrients and relatively 

low turbidity at the seaward margin of the flood plume (Saeck et al., 2012a). In 

shallow near shore settings fine-grained sediments are important sources of DIP and 

DIN to the water column and subsequent assimilation by phytoplankton (Reay et al., 

1995). In addition, wave, wind and tidally driven resuspension of sediments drives high 

turbidity (You et al., 2007), which can cause seasonal variations in the average photic 

depth (Adams et al., 2015). Accordingly, delineating major flood events in Bramble Bay 

based on Chl a concentrations alone is confounded by the dynamic nature of nutrient 

supply and light limitation in the near shore.  

 

This has important implications for the significance of the phytoplankton biomarkers 

preserved in the sediment profile at site MB1, as it is apparent from the water quality 

sampling that a significant proportion of phytoplankton biomass in central Moreton Bay 

is associated with intermittent flooding events. The site cored for this study is located 

in the region of Moreton Bay rich in clay and silt sediments and known colloquially as 

Figure 12. Non-metric multidimensional scaling (NMDS) ordination plot of diatom 

assemblages at different depths (individual points) and significant time periods (polygons) 

characterized by Zones 1 to 4. a) NMDS analysis including continental diatoms b) NMDS 

analysis excluding continental diatoms  
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the ‘mud patch’. The results are therefore considered to be representative of temporal 

changes in the microphyto-benthic and -planktonic photosynthetic communities in 

Central Moreton Bay waters, but may not necessarily reflect those found in other 

regions of the Bay.  

 

6.1 Pigments  

 

Fossil pigments where successfully quantified in sediments ~1400 years old (600 CE). 

Three distinct periods of relatively high concentrations of Chl a were found within the 

record; the surficial 10 cm of MB1S, corresponding to the 2011 flood, between 1970 – 

1980 (~35-45 cm in MB1S core), and between 1850 – 1900 (~5-25 cm in MB1L core). 

High concentrations of Chl a in these periods are also paired with relative increases in 

most of the pigments (Fig. 6). The trends indicate a relative increase in the total 

production of the photosynthetic community during these intervals, with diatoms, 

cyanobacteria, cryptophytes and chlorophytes all contributing to productivity. The 

estimated Chl a flux after 1900 indicates very high productivity, an increase that may 

be in response to the higher sedimentation rate particularly after 1959 when 

sedimentation rates increased exponentially (Coates-Marnane et al., 2016). This is 

especially evident for the 2011 flood event, where in a single year ~10 cm of material 

was deposited at the core site (Coates-Marnane et al., 2016). The annual flux of Chl a 

to subtidal sediments for 2011 is estimated at 26.4 µmol/cm-2 yr -1, compared to 0.40 – 

1.16 µmol/cm-2 yr -1 for 1959 – 2010, and less than 0.16 µmol/cm-2 yr -1 prior to 1959. 

Despite the complications of variable preservation, the trends of absolute 

concentrations and estimated flux of Chl a suggest a marked increase in total 

production at this site after 1959, with significant increases in total production 

observed in 2011 largely as a result of the 2011 flood. In the absence of a more 

refined chronology for the period between 1959 and 2010, it remains challenging to 

investigate Chl a flux estimates at annual scales for this time interval.  

 

 The increase in primary production indicated by high Chl a flux to sediments is also 

paired with relative increases in the concentration of most carotenoids (fucoxanthin, 

diatoxanthin, alloxanthin, neoxanthin and zeaxanthin). This indicates that the diatom, 

chlorophyte, cyanobacteria, euglenophyte and cryptophyte photosynthetic groups are 

all contributing to total primary production at the core site. Fucoxanthin is the most 

abundant pigment present in sediments derived from the 2011 flood (2 – 15 μmol/g), 
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indicating diatoms are likely the greatest contributor to primary production (Chl a) 

during a flood pulse, although the evidence for past events may have been lost 

through diagenesis. 

 

Increasing levels of pigment degradation have occurred in progressively older 

sediments, as indicated by the increase in the total-pheo: chl a ratio with depth. In 

temperate regions of the southern and northern hemisphere preservation of pigments 

is often indicated by low Chl a/ pheopigments ratios (Shuller et al., 2013). However, 

for this subtropical setting our results suggest significant degradation of the pigments 

has occurred, particularly the Chlorphylls. This is likely to be a consequence of the 

higher temperatures and higher light intensities typically experienced in the Australian 

sub-tropics compared to more temperate regions. Peridinin and Chl c have been 

identified as the least chemically stable of all pigments and so the most susceptible to 

degradation (Levitt and Hodgson, 2001). Similarly, fucoxanthin is also chemically 

unstable and is known to be susceptible to degradation through chemical oxidation and 

grazing (Cuddington and Leavitt, 1999).  

 

Concentrations of fucoxanthin are high in surficial sediments of MB1S core (>10 

µmol/g) and between 6 and 84 cm in MBIL core (10 – 14 μmol/g), but the absence of 

fucoxanthin for the majority of the record suggests conditions were otherwise 

unsuitable for its preservation. Other carotenoids and xanthophylls including, 

diatoxanthin, astaxanthin, alloxanthin and zeaxanthin are detectable throughout most 

of the record, suggesting conditions suitable for moderate preservation of these 

pigments as indicated by Leavitt and Hodgson (2001).  

 

6.2 Diatoms 

 

Based on microscopic examination, marine diatom species dominated the diatom 

assemblages preserved in the sediments of both cores. The presence of 

Estuarine/Brackish and Continental diatoms in core sediments is consistent with the 

influence of the hydrological features of the bay. Salinity at the site is determined by 

oceanic water exchange through the North and South passages with periodic 

freshwater inputs from the catchment (Fig 1). That benthic diatoms are represented in 

the assemblages is an indication that light availability at this site (13 m water depth) is 

sufficient to sustain microphyto-benthic communities, and pigment biomarkers for 
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cyanobacteria, chlorophytes, cryptophytes and dinoflagellates indicate that these 

primary producers are also significant components. Benthonic Estuarine/Brackish and 

Marine diatoms dominate the assemblages and that these diatoms that are 

predominantly epipelic in their growth habit (Fig. 10) have the highest abundances, a 

finding consistent with previous research that showed an increasing occurrence of 

epipelic diatoms in sediments with high silt contents (Grinham et al., 2011) such as 

those found at the core site.  

 

Concentrations of biogenic silica in core sediments are low compared to other estuarine 

and shelf environments (Zimmerman and Canuel, 2000), a result likely to be the 

product of high sedimentation rates of terrestrially derived mineral sediments at this 

site. Silica limitation of phytoplankton biomass for winter months has been measured 

for Moreton Bay (Gilbert et al., 2006). Cycling of benthic BSi through dissolution and 

reincorporation into the water column may also explain the low concentrations and the 

presence of partially silicified diatoms preserved in sediments. High BSi flux to 

sediments was also paired with high Chl a flux, providing further evidence for the 

importance of diatoms as a primary contributor to total primary production, especially 

following the input of land-based nutrients through run-off during flooding events.  

 

6.3 Evidence for historical ecological change 

 

The NMDS analysis confirmed the existence of four significantly (p=<0.001) different 

community assemblages of diatoms (Zone 1, 2, 3, 4). However, as partial dissolution of 

diatoms was observed in older sediments it remains challenging to assess whether the 

older assemblages are representative of water conditions at the time. The gradual 

decrease in species richness with depth in sediments deposited prior to 1959 is 

suggestive of differential preservation, with lower abundances and fewer species of the 

more fragile, particularly Continental, diatoms preserved in older sediments. The 

degree of preservation of diatoms is a function of several factors including pH, 

temperature, dissolved silica diffusion rates, physical abrasion (Rippey, 1983) and 

diatom frustule robustness (Flower 1993). The dominant taxa observed in the older 

sediments were typically more robust with low surface to area ratios (i.e. centric forms 

P. fenestrata and Cyclotella spp.) and pennate Pleurosigma spp. (Fig. 9), whereas in 

younger sediments there were higher species diversity and an increasing variety of 

growth forms. In some cases these forms are weakly silicified compared with the 
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species mentioned above including Thalassiothrix spp. (Fig 9), and species not 

illustrated including Thalassionema, Navicula, Nitzschia and vegetative Chaetoceros 

species. However, differential preservation alone cannot explain the marked difference 

in community composition between the older and younger sediments.  

 

Three of the four assemblage zones pertain to periods synchronous with major land-

use changes in the catchments of Moreton Bay. Prior to the 1830s and the arrivals of 

European settlers the catchments of Moreton Bay were largely forested with minimal 

human disturbances (Neil et al., 1998). Following initial deforestation and the 

introduction of grazing practices in the 1820s, soil erosion contributed to an increase in 

sediment loads carried by coastal rivers (Neil and Yu, 1996; Kemp et al., 2015). This 

was particularly evident following large flooding events including the 1863 and 1893, 

which deposited thick mud deposits within the lower floodplain (Kemp et al., 2015). 

The area of cropland within the alluvial plains and hillslopes increased significantly 

from 1885 to 1925. It is also likely that initial soil erosion contributed to an increase in 

nutrient P and N transported by coastal rivers (Neil et al., 1998). This period in the 

diatom record for Moreton Bay is equivalent to Zone 3 and is significantly different to 

the assemblage present in Zone 4 (prior to the 1830s).   

 

Zone 2 is characterized by an increasing occurrence and greater diversity of bloom 

forming planktonic and epiphytic marine diatoms. An increase in the diversity of bloom 

forming diatom species is a common observation of environments subject to the 

effects of eutrophication (Smith, 2003). The change in diatom assemblage is coupled 

with an increase flux of Chl a and BSi to sediments, and an increase in the relative 

abundance of other phototrophs, including cyanobacteria. Overall, the diatom 

community and total production estimates based on the pigments for this period are 

suggestive of a rapid decline in water clarity and increase in bioavailable nutrients. The 

total area of land subject to intensive agriculture (cropping and sown pasture) in the 

catchment peaked in the 1960s, furthermore the application rates of  N based 

fertilizers to cropping lands increased dramatically in the period from 1950s to the 

1990s (from <2000 to >10,000 tn/yr-1) (Fig. 13 ) (Neil et al., 1998).  The total loads of 

nitrogen and phosphorus reaching coastal waters were likely exacerbated during this 

time by an increase in sewage discharge into the Brisbane River from a growing local 

population (Fig. 13). Together these inputs increased total planktonic primary 

production in Central Moreton Bay.  Increased sedimentation rates of fine muds in the 
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Central Bay are also evident during this period (Coates-Marnane et al., 2016) 

suggesting greater turbidity accompanied the increase in nutrient loads of river 

draining into the Bay. This also favoured pelagic growth form of diatoms, with benthic 

diatoms shaded by more turbid waters. A reduction in the relative abundance of 

benthic to planktonic diatoms has been observed in similar coastal settings subject to 

the effects of eutrophication (Copper and Brush, 1991).  

 

Zone 1 comprises material derived from the 2011 flood; the distinction between the 

diatoms in this zone and the assemblage in Zone 2 is signalled by the significant 

increase in bloom forming Thalassiosira and Thalassiothrix. Saeck et al. (2012) 

investigated phytoplankton assemblages following the 2011 flood and found diatoms 

and dinoflagellates were the dominant groups. The absence of significant quantities of 

peridinin in flood-derived sediments despite the occurrence of dinoflagellate blooms 

during and preceding the event is likely an artefact of the pigment’s innate instability. 

Of the diatoms recorded at the time, dominant families were Skeletonemaceae, 

Chaetocerotaceae and Thalassiosira spp. (Saeck et al., 2012); however, no 

Skeletonemaceae, a weakly silicified group, were found in sediments corresponding to 

the 2011 flood at site MB1. In contrast, relative abundances of Thalassiosira spp. (3.3 

– 11.8 %) and resting spores of Chaetocerotaceae (5 - 6.5 %, not illustrated) were 

found in sediments. The increase in the relative abundance of planktonic diatoms 

alongside a reduction in benthic diatoms is likely the result of the compounding effect 

of rapid inputs of turbid, nutrient rich flood waters. High concentrations of inorganic N 

and P in surface waters promoted the growth of marine planktonic species, while a 

reduction in light penetration due to high turbidity limited the photic depth and 

reduced benthic diatom growth.  

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Chaetocerotaceae
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6.8 Nutrients 

 

After 1959, the concentration of P in sediments increases by up to 20% and is 

accompanied by an increasing La/Th ratio (Fig. 9). Douglas et al., 2003 found basaltic 

and alluvial soils derived from the Main Range Volcanics have significantly greater 

La/Th ratios compared to other regional soil and rock types (Fig. 2a). The increase in 

total phosphorous concentration in bottom sediments of Moreton Bay may be partly 

explained by an increasing contribution of these soils through erosion from the upper 

catchment of the Lockyer and Fassifern Valleys. The preferential application of 

phosphorous as a fertilizer in seasonal horticulture would enrich P in these soils 

compared to regional averages. This suggests a component of the origin of the 

increased P in bottom sediments in Moreton Bay after 1959 is from an increased 

contribution of these soil types compared to the sedimentation regime prior to 

European settlement.  

 

In shallow marine environments sediment bound mineral P is readily remobilized as 

dissolved phosphate under varying salinities and redox conditions (Maher and DeVries, 

Figure 13. Historical trends in Brisbane city population, the total usage of N and P in the Moreton 

Bay region (modified from Neil et al., 1998), and the total area of cultivated (cropping and sown 

pasture) land in the catchment of Moreton Bay (modified from Neil et al., 1998 – based on data 

from the statistics of the colony of Queensland, Statistics of the state of Queensland and 

Australian Bureau of statistics),. The four zones identified in the diatom record are also indicated 

(Zone 1: 2011 flood year, Zone 2: heavily disturbed catchment, Zone 3: Initial catchment 

disturbance, Zone 4: undisturbed catchment). 
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1993). An increase in the total available pool of mineral P has the potential to increase 

the supply of bioavailable phosphate from bed sediments to the pore waters and the 

overlying water column. These benthic nutrient fluxes are particularly important in 

sedimentary environments with low dissolved oxygen and denitrification efficiencies, 

such as those found in Western Moreton Bay (Heggie et al., 1999). At seasonal scales 

remineralization of organic matter can be a significant pathway of P cycling in 

estuarine embayments (Joshi et al., 2015). At annual or decadal scale however, in 

developed catchments the dominant sources of dissolved phosphates and particulate P 

in estuaries are more likely to be municipal sewage and agricultural soils (Boynton et 

al., 1995). 

 

The onset and increase in L. majuscula blooms was observed in the 1990s; a probable 

explanation for this phenomenon is an increase in phosphate-availability derived from 

diffuse sources including agricultural soils. In addition, phosphate and iron (Fe) release 

from sediments has been measured in regions within Moreton Bay (Hannington et al., 

2016). Pigment analysis of the sediment cores from Central Moreton Bay also indicates 

an increase in cyanobacterial growth following an increase in the sedimentation rate of 

P rich sediments after 1959. The lateral expansion of fine sediments in Moreton Bay 

(O’Brien et al., 2012; Coates-Marnane et al., 2016) may have contributed this 

increasing occurrence of cyanobacterial growth and L. majuscula blooms in regions 

previously unaffected. Further research on the role that non-bloom forming planktonic 

and benthic cyanobacteria play in recycling P from bed sediments is required to 

understand the indirect impact of increasing concentrations of P in beds sediments on 

the entire phototrophic community including non-nitrogen fixing phototrophs.   

 

In deforested catchments, such as that supplying Moreton Bay nitrogen, in both 

dissolved and particulate forms delivered to waterways is largely derived from 

agricultural fertilizers, eroded sediments and organic matter (Harris, 2001; Mitchell et 

al., 2009). Nitrogen is transported efficiently to coastal zone within the suspended and 

dissolved fractions of the material loads of coastal rivers (Burton et al., 2015). The 

rapid decrease in 15δN values of flood-derived nitrogen deposited in Moreton Bay is 

consistent with a dominance of diffuse sources of N during the 2011 flood (Saeck et 

al., 2012). The 2011 flood supplied an estimated 5 – 10 Mt of fine sediment to Moreton 

Bay, largely derived from soils of the upper catchment (Stevens et al., 2014; Coates-

Marnane et al., 2016). Depleted δ15N values (2 – 4 ‰) that are observed in the flood-



Chapter 4 

167 

derived sediments in Moreton Bay are similar to values measured for surface soils in 

the upper catchment (Buford et al., 2012; Garzon-Garcia et al., 2016) and synthetic 

fertilizers used in irrigated agriculture of the upper catchment (Shearer et al., 1974), 

providing further evidence that these sediments were derived from diffuse catchment 

sources.  

It is difficult to determine the erosion process (i.e., surface or sub-surface) from which 

the sediments came using this data alone as δ15N values for surface soil, subsoil and 

channel sediments vary markedly, limiting the use of δ15N for N source discrimination 

(Laceby et al., 2014). Other research indicates that subsoil erosion in the form of bank 

erosion is the dominant source of fine sediments to the coast in south-east Queensland 

(Caitcheon et al., 2001; Olley et al., 2013). However, laboratory based simulations and 

field measurements indicate that surface soil erosion may contribute a greater 

proportion of bioavailable N to coastal waters especially during wet years (Burton et 

al., 2015; Garzon-Garcia et al., 2016). Furthermore, it remains challenging to 

distinguish the relative importance of particulate and dissolved N as both are typically 

supplied to Moreton Bay at the same time (i.e. during high flow events). Further 

research is required to better understand the importance of particulate versus 

dissolved N in the ecological response of primary producers within the estuarine – 

marine continuum across broad temporal and spatial scales.  

Field observations and laboratory experiments conducted in the 1990s indicated that 

Moreton Bay was under threat from eutrophication (Dennison and Abal, 1999); this 

conclusion was supported by more frequent blooms of harmful cyanobacteria (Lyngbya 

majuscula) and an increasing abundance of macro algae (i.e Caulerpa taxifolia) 

(Dennison et al., 1999; Thomas, 2003; Albert et al., 2005; Burfeind and Udy, 2009). 

These findings sparked a considerable effort to characterise the abundance and 

species of phytoplankton, benthic algae and bacteria throughout Moreton Bay (Heil et 

al., 1998; O'Donohue et al., 2000; Albert et al., 2005) and the primary factors 

stimulating growth  (Gilbert et al., 2006). In 1999 the ecosystem health-monitoring 

program (EHMP) was established providing routine measurements of phytoplankton 

biomass (Chl a) and ambient water quality parameters across the bay and its estuaries. 

This monitoring has aided in efforts to determine system-wide drivers of phytoplankton 

biomass (Saeck et al., 2013a) and the importance of catchment-derived nutrients on 

phytoplankton growth (EHMP, 2004; Saeck et al., 2013b). 
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 It is evident that significant alteration had already occurred to the algal community 

prior to the 1950s with the most significant changes evident after the 1950s following 

the green revolution. This has important implications for the aims and expectations of 

management actions taken to address the effects of eutrophication, by providing 

insights into the magnitude of change that had already occurred to algal communities 

of Moreton Bay prior to routine historical monitoring. Where routine monitoring has 

captured the response of coastal algal communities to this period of rapid catchment 

development (1950-1970) in similar settings, the magnitude of change that occurred to 

the coastal algal population following  this period is striking (Harding et al., 2016) 

   

7.0 Conclusion  

 

This study showed that diatoms, dinoflagellates, chlorophytes, cyanobacteria, 

euglenophytes and cryptophytes are important components of the photosynthetic 

community in Moreton Bay. The diatom community observed in sediments within the 

Central Bay is diverse, consisting of species typical of estuarine/brackish, marine and 

continental environments. Among the Estuarine/Brackish and Marine species groups, 

epiphytic, epipelic and epipsammic growth forms are well represented. The dated 

sediment core reveals significant changes have occurred to the phototrophic 

community in Central Moreton Bay following significant catchment disturbance. Inputs 

of N to Moreton Bay likely increased through soil erosion as drainage networks within 

the catchment destabilized after initial deforestation in the 19th century. However, it 

appears the most significant shift in the diatom assemblage and phytoplankton 

biomass, as reflected in the BSi and Chl a, came after 1959. A decline in water clarity 

associated with increased suspended sediment loads and increasing availability of 

nutrients, predominately N, promoted increased phytoplankton growth, favouring 

marine bloom forming genera, Thalassiosira, Thalassiothrix. This was likely due to the 

compounded effects of direct increases in the supply of N and P from catchment soils 

and waste water treatment plants. Though dissolved forms are readily available for 

biological uptake, mineral and particulate forms of N and P may also become readily 

available during transport in flood waters and through remineralization after deposition 

in the receiving basin.  Inputs of diffuse N and P to Moreton Bay, associated with 

agricultural soils of the upper Brisbane River catchment, highlight the importance of 

the supply of fine sediments in controlling the structure of coastal photosynthetic 

communities. 
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Appendix 1 

Diatoms identified to genera and species level in cores MB1S and MB1L 

Achnanthidium minutissimum Cymbella spp. Petroneis marina 

Actinocyclus normanii Delphineis spp. Petroneis spp. 

Actinocyclus spp. Diadesmis spp. Pinnularia spp. 

Actinoptychus spp. Dimmeregramma spp. Plagiogramma spp. 

Amphicocconeis disculoides Diplomenora cocconeiformis Plagiotropis tayrecta 

Amphora libyca Diploneis spp. Planothidium spp. 

Amphora holsatica, Diploneis smithii Pleurosigma cf. aestuarii 

Amphora veneta Diploneis weissflogii Pleurosigma spp. 

Amphora marina Ehrenbergia granulosa Pseudopodosira cf. kosugii 

Amphora spp. Entomoneis sp. Pseudostaurosira brevistriata  

Anaulus spp. Epithemia adnata Pseudostaurosira minuta 

Aulacoseira ambigua Epithemia sorex Rhaphoneis sp. 

Aulacoseira granulata  Eucampia sp. Rhoicosphenia abbreviata 

Aulacoseira subborealis Eunotia spp. Rhopalodia brebissonii 

Auliscus spp. Eunotogramma sp. Rhopalodia gibba 

Azpeitia spp. Fallacia nummularia Rhopalodia musculus 

Bacillaria spp. Fallacia spp.  Rhyzosolenia spp. 

Bacteriastrum hyalinum Fragilaria spp. Staurosira spp.  

Biddulphia spp. Gomphenema augur Surirella sp. 

Caloneis liber Gomphonema spp. Symbolophora trinitatis 

Caloneis silicula Gomphoneis sp. Synedra sp. 

Campylodiscus bicostatus Grammatophora spp. Tabularia sp. 

Catenula adhaerens Gyrosigma spp. Thalassionema nitzschoides 

Ceratulina bicornis Hantzschia sp. Thalassionema spp. 

Chaetoceros spp. Hippodonta linearis Thalassiosira eccentrica 

Cocconeis discrepans Hyalodiscus radiatus Thalassiosira spp. 

Cocconeis distans Hyalodiscus scoticus Thalassiothrix fraunfeldii 

Cocconeis peltoides Luticola spp. Thalassiothrix longissima 

Cocconeis placentula Lyrella spp. Trachyneis antillarum 

Cocconeis scutellum Lyrella spectabilis Trachyneis aspera 

Cocconeis spp. Mastogloia spp. Trachysphenia australis 

Coscinodiscus spp Melosira moniliformis Triceratium favus 

Cyclostephanos spp. Navicula spp. Triceratium scitilum 

Cyclotella balticum Nitzschia cocconeiformis Tryblionella coarctata 

Cyclotella litoralis Nitzschia lanceolata Tryblionella constricta 

Cyclotella meneghiniana Nitzschia spp. Tryblionella hungarica 

Cyclotella antiqua Opephora pacifica Tryblionella levidensis 

Cyclotella ocellata Opephora schwartzii Tryblionella punctata 

Cyclotella stelligera Paralia fenestrata Ulnaria ulna 

Cyclotella striata Paralia sulcata  

Cyclotella striata var. ambigua Perissonoe cruciata  
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Chapter 5 

 

A 1500 year catchment climate record inferred 

from shallow marine sediments 

 

Abstract 

 

Determining how anthropogenic climate change will affect the water balance within 

drainage basins is critical to efforts aimed at adapting to the impacts of a changing 

climate. In Australia there is a scarcity of climate reconstructions for the last millennia. 

Fluvial-marine sediments offer a potential avenue for examining past climates. Here we 

use δ13C values and C/N ratios of organic matter, major elemental geochemistry, grain 

size and diatoms within sediments from a 5 m long sediment core collected from a 

shallow bay to infer the relative influence of freshwater input, over the last ~ 1500 

years. These proxies are used to show a modest decrease in river influence within the 

Bay between 700 and 1200 AD, with a strong decrease occurring from 1050 to 1250 

AD. An increase in freshwater flux is indicated after 1300 AD, extending to ~ 1700 AD. 

In addition a last brief period of relatively high freshwater flux is indicated in the late 

19th to early 20th centuries. The inferred wet (1300 – 1700 AD) period is coincident 

with the well-defined global cooling trend which followed warmer than average 

temperatures during the turn of the last millennia.  

 

Key words: Holocene, multi-proxy, estuary, carbon-13, geochemistry, climate, water 

resources. 
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1.0 Introduction  

 

In Australia there is a lack of well resolved (i.e annual-decadal) climate reconstructions 

for the last millennia (Gergis et al., 2012). Instrumental records, and the resultant 

detailed understanding of recent climate variability, do not extend beyond the last 150-

170 years. This deficiency limits our understanding of long term climate variability and 

the relative importance of major atmospheric and oceanic climate systems. The 

Australian sub-tropics are one of the most hydrologically variable regions of the 

continent (Finlayson and McMahon, 1988). Variations in rainfall in these regions are 

strongly linked to major teleconnections such as the El Niño Southern Oscillation and 

the Inter-decadal Pacific Oscillation (McBride and Nicholls, 1983; Power et al., 1999; 

Haines and Olley, submitted). At the beginning of the 21st century much of the region 

experienced one of the most severe droughts of the instrumental record, aptly named 

the millennium drought (Gergis et al., 2012). This was then followed from 2009-2013 

by a wet phase, associated with one of the strongest La Niña events recorded, in 

2010/2011 (Cai and van Rensch, 2012). Extreme rainfall associated with this shift 

resulted in severe flooding of coastal rivers (Power and Callahan, 2016), including our 

study site.  

 

Overall, the Australian continent is expected to experience greater inter-annual rainfall 

variability, paired with more frequent extreme weather events as the earth’s climate 

warms (IPCC, 2014). Strong La Niña and El Niño events are also predicted to increase 

in frequency in the future (Cai et al., 2014; 2015). In addition, these changes will 

contribute to an increasing occurrence of droughts (Wang, 2005) and the expansion of 

existing drylands (Feng and Fu, 2013). There is, therefore, an ongoing need to gain 

insights into low amplitude climate variability over the last 100 years, in order to 

support efforts in forecasting future climatic changes, and the resulting impacts on 

catchment water balances.  

 

Most climate reconstructions for the eastern Australian region have focused on 

centennial to millennial scale shifts (Nanson et al., 1993; Longmore et al., 1999; 

Donders et al., 2006, McGowan et al., 2008). Fewer have focused on resolving annual 

to decadal trends of the more recent past (Cook et al., 2000, Yan et al., 2011; Barr et 

al., 2014). The absence of detailed climate reconstructions for the last millennia can be 

credited in part to the lack of suitable palaeo-archives that lend themselves to high 
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resolution inquiry including; varved lake sediments, speleothems, long-lived trees, and 

hard corals. Coral skeletons, which offer annually resolved proxy records of river 

discharge into coastal waters and sea surface temperatures (SST), have been 

invaluable in contributing to the understanding of long-term variability in major 

atmospheric and oceanic climate systems; including the El Niño Southern Oscillation 

(ENSO) and the Interdecadal Pacific Oscillation (IPO) (Rodriguez-Ramirez et al., 2014). 

However, these records typically do not extend beyond the last ~ 500 years due to 

both the longevity of target species and logistical constraints in coring large colonies. 

Other reconstructions have taken advantage of atmospheric teleconnections, with 

regional climate anomalies of Eastern Australia recorded in far field Antarctic ice sheets 

(Vance et al., 2015; Tozer et al., 2016). Despite these efforts, our understanding of 

climatic changes over the past millennia and their impacts on hydrology within the 

Australian continent remain limited. 

 

1.1 Fluvial-marine sediments  

 

A growing field of research is the use of fluvial-marine sedimentary environments such 

as deltas, estuaries and shallow embayments for reconstructing past climates (Lamb et 

al., 2006; Zong et al., 2006). Sheltered embayments that receive sediment transported 

from rivers often preserve thick sequences of Holocene aged sediments. These fluvial-

marine sedimentary environments are subject to both ocean processes (i.e waves, 

currents, sea level variation) and riverine processes (i.e river flow, sediment load). 

Therefore, deposited sediments offer the opportunity to reconstruct high resolution 

climate records of past climates based on temporal changes within this marginal 

setting. Furthermore, with high sedimentation rates these environments are capable of 

recording relatively high frequency events including; floods and storms (Coates-

Marnane et al., 2016). However, due to the dynamic nature of sediment reworking and 

transport with these settings, often records can be interrupted by temporal hiatuses (Yi 

et al., 2003). 

 

Estuaries are ecotones, and stretch the transition between riverine and marine 

ecosystems (Roy et al., 2001) that support a wide range of organisms which are often 

sensitive to salinity. Diatoms are a diverse organism group that occur in a range of 

aquatic environments; including fresh, brackish and marine waters and are sensitive to 

subtle changes in water quality within catchments and coastal regions (Zong et al., 
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2006; Nodine and Gaiser, 2013). Detailed investigation of diatom assemblages in 

freshwater and estuarine systems has shown their sensitivity of certain species to 

variations in water quality parameters (e.g., pH, total phosphorus, temperature, salinity 

and water clarity) (Tibby and Reid, 2004; Grinham, 2011; Tibby and Taffs, 2011; 

Logan and Taffs, 2013). This diversity and strong sensitivity to environmental 

disturbances allows diatoms to be used to reconstruct climate driven disturbances 

preserved in estuarine, coastal and shelfal sedimentary environments (Owen et al., 

1998; Zong et al., 2006; Taylor and McMinn, 2001). In proxy-use microfossils are also 

often paired with biogeochemical indicators to further evaluate palaeo-environmental 

shifts inferred using fossil assemblages.  

 

Organic matter in estuaries is derived from a mixture of allochthonous terrigenous, and 

marine, and autochthonous estuarine material. An effective means of differentiating 

marine plants (i.e., macro-algae, phytoplankton, seagrass) from terrestrial plants is 

using stable isotope δ13C and C/N ratios of plant material (Fry et al., 1977). δ13C ratios 

for terrestrial plants typically range from -13‰ to -30 ‰, with C3 plants ranging 

between -23‰ to 30‰ and C4 plants typically around -13‰ (Emery et al., 1967; Fry 

et al., 1977).  Terrestrial plants also have high C/N ratios (> 12), due to the presence 

of cellulose and lignin, which are nitrogen poor (Emery et al., 1969). Marine algae and 

plants have higher δ13C values, ranging from -10 to -20 ‰ and much lower C/N ratios, 

typically between 4 and 10 (Bordovskiy et al., 1965; McMillan, 1980; Bird et al., 1995; 

Cloern et al., 2002;). δ13C and C/N ratios of bottom sediments are typically between 

end-member values for marine and freshwater environments, a reflection of the 

relative proportion of organics derived from distinct plant groups (Fontugne and 

Jouanneau, 1987; Thornton and McManus,1994; Zong et al., 2006).  

 

Sheltered embayments usually also receive terrigenous mineral sediments in the form 

of clays, silts and sands from rivers. In addition to these allochthonous sediments, are 

produced in the form of calcium carbonates and biogenic silica derived from marine 

organisms; including diatoms, sponges, foraminiferans and molluscs. The relative 

contribution of terrestrial sediments and marine sediments may also provide evidence 

for the relative influence of these distinct sources in the estuarine mixing zone. 

  

In this study, we use diatoms, δ13C ratios and C/N ratios of organic matter, grain size, 

and major elemental geochemistry to infer the relative influence of freshwater input 
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into a shallow estuarine bay over the last millennium. First, a bay wide survey of δ13C 

ratios and C/N ratios of organic matter in bottom sediments was  undertaken to define 

the spatial variability of δ13C and C/N values of bed sediments across the estuarine 

mixing zone and their association with water quality attributes (i.e., salinity, turbidity).  

Then, a sediment core is the used to explore temporal variability of the relative input of 

terrestrial material using a multi-proxy approach; δ13C, C/N ratios, major elemental 

geochemistry, grain size and diatoms. The record developed incorporates the last 1500 

years with a temporal resolution of ~ 15 years. 

 

2.0  Regional setting  

 

Moreton Bay is located in the central east coast of the Australian continent, in south-

east Queensland. The region is sub-tropical with a summer dominant rainfall. Mean 

annual rainfall throughout the 21,220 km2 catchment of the Bay varies from 800 – 

1200 mm, generally increasing latitudinally toward to the coast. The majority of 

summer rainfall is associated with the east coast trough which can bring widespread 

rainfall in the form of storm cells and frontal systems. Ex-tropical cyclones and tropical 

low pressure systems can also track southward along the east coast often bringing 

sustained intense rainfall throughout the region (BOM). The El Niño Southern 

Oscillation (ENSO) is the dominant driver of inter-annual rainfall variability (Chiew et 

al., 1998; Risbey et al., 2009), which is also modulated by the Pacific Decadal 

Oscillation (Power et al, 2006). An increase in climate variability in the 19th century, 

expressed as more intense ‘wet’ and ‘dry’ extremes is suggested to be driven by recent 

anthropogenic global warming (Lough, 2007).  

 

2.1 Regional climate reconstructions  

 

Mid to late Holocene climate reconstructions of the Australian subtropical and 

temperate regions have identified broad trends, analogous to their northern 

hemisphere counterparts. The most significant of which is the mid-Holocene climatic 

optimum occurring between 8,000-5000 years B.P, characterized by  wet and warm 

average southern hemisphere climates (Shakun and Carlson, 2010). In Australia, this 

period is also characterized by reduced inter-annual climate variability, mediated by a 

reduction in ENSO strength and activity (Donders et al., 2006; Leonard et al., 2016). 

The onset of modern ENSO periodicities is estimated to have occurred after 5,000 
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years B.P and is suggested to increase in intensity beginning 3,000-4,000 years B.P 

(McGlone et al., 1992; Gagan et al., 2004). This increase in intensity over the millennia 

proceeding the climatic optimum is suggested to have resulted in a both reduction and 

a greater variability in rainfall in the Australian sub-tropics (Donders et al., 2006).  

 

Records of lower amplitude eastern Australian climatic variability for the last 2,000 

years are limited, however a recent ice core record from Law Dome Ice Sheet in 

Antarctica has produced by inference one of the first high resolution long-term (1000 

years) drought record for sub-tropical eastern Australia (Vance et al., 2015). Two dry 

epochs were identified between 1000-1260 and 1920-2009 AD, and the intervening 

period between 1260 and 1860 AD is identified as relatively wet (Vance et al., 2013; 

Vance et al., 2015). However, the distant location of this proxy record, in combination 

with the problem of changing teleconnections (Gallant et al, 2013) emphasises the 

need for reconstructions from the Australian mainland to validate such records.  Barr et 

al., (2014) also identified an extended dry epoch between 650 and 850 AD based on a 

diatom-salinity transfer function for freshwater lakes in Southern Australia. Together, 

this research suggests that prolonged droughts, as experienced at the turn of the 21st 

century are not an uncommon feature of the east Australian continent. This also 

provides insights into the impact of well-known climatic phenomenon including the 

Medieval Climate Anomaly (MCA) and Little Ice Age (LIA) on regional moisture 

balances.  

 

The Little Ice Age (LIA), characterized by Hemispheric-scale cooling, occurred between 

1400 and 1700 AD (Mann et al., 2009). A recent, annually resolved temperature 

reconstruction of the Southern and Northern Hemispheres, suggests strong inter-

hemispheric coupling during the peak of the LIA (1600 – 1700 AD) (Neukom et al., 

2014).  In the Northern Hemisphere, the Medieval Climate Anomaly (MCA) occurred 

between 950 and 1200 AD (Mann et al., 2009). Although, no global coherent warm 

phase during medieval times is identified (Neukom et al., 2014). There is increasing 

evidence for the occurrence of a significant climate anomaly in the southern 

hemisphere similar to that described as the MCA (Cook et al., 2002; Rosenthal et al., 

2013). It is now clear that rather than distinct punctuated global climate events, both 

the north and southern hemispheres have experienced both a broad period of warmer 

than average climate  followed by a long term cooling trend  from ~1500 to the late 
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1800s (Ahmed et al., 2013). In addition, recent (1971-2000) global temperatures are 

on average higher than any time over the last 1,400 years (Ahmed et al., 2013).  

 

2.2 Moreton Bay  

 

Moreton Bay is a shallow embayment and the receiving waters of four major rivers 

(Brisbane, Pine, Logan and Caboolture).  The bay is bordered in the east by two large 

sand barrier islands (North Stradbroke Is. and Moreton Is.) which act to restrict tidal 

flows, limiting oceanic mixing. This protection has allowed for the development of a 

prominent river-dominated delta at the mouth of the Brisbane River. The distribution of 

Holocene aged sedimentary units within Moreton Bay has largely been controlled by 

the nature of sea level transgression and stabilization following the Last Glacial 

Maximum (Evans et al., 1992; Lewis et al., 2008). Western sub-tidal regions of the bay 

are comprised of fluvial delta sands with pro-delta muds extending east-ward into the 

marine basin (Evans et al., 1992). Holocene aged prod-delta muds comprise ~10 m of 

sediment within the central bay area (Evans et al., 1992). High sedimentation rates of 

prod-delta muds provide potential for the development of high resolution palaeo 

records in this setting (Coates-Marnane et al., 2016). Sea level reached its highest 

point at ~ 7000 years BP with a height of ~ +1.0 – 1.5 m (AHD). Sea level then 

stabilized around its present height by ~ 2000 years BP (Lewis et al., 2013).  

  

3.0  Methods 

 

3.1 Bay wide survey sediment survey 

 

In November 2013 sub-tidal sediments were collected using a Van Veen grab sampler 

from 37 sites within Moreton Bay and the estuarine reach of the lower Brisbane River 

(Fig. 1). The sampling range spanned the estuarine mixing zone from the limit of tidal 

influence in the lower Brisbane River to the oceanic waters of central and eastern 

Moreton Bay. Sites were selected based on locations of previous water quality 

monitoring within the region which include monthly measurements of salinity, turbidity, 

secchi depth, pH as part of the Ecosystem Health Monitoring program (EHMP, 2011). 

Most sites sampled consisted of bioturbated muds, though three sites in the western 

bay region were located in seagrass meadows (Fig. 1). Sediments were stored at 4 ºC 

until preparation for δ13C and C/N ratios by isotope ratio mass spectrometry (IRMS).  
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Sediments were first dried at 60 ºC, and ground using a zirconium shatter box grinder 

to achieve textural consistency before analysis. For δ13C, samples were pre-treated with 

dilute (10 %) hydrochloric acid to remove inorganic carbon (CaCO3), and dried at 60 

C˚ for 48 hours. Then 80 mg of material was weighed and pelletized in silver capsules. 

Samples were combusted in a Sercon Europa elemental analyser with sample gases 

delivered to a Sercon Hydra IRMS at the Australian Rivers Institute, Griffith University. 

Results are expressed as the permil (‰) difference in isotope ratio relative to a 

standard value, Pee Dee Belemnite, with the notation; δ13C (‰) (Equation 1). The 

precision of TOC reported in percent weight of dry sample (%) was monitored using an 

acetanilide elemental standard over 20 analysis runs reporting TOC = 3.4% (SD = 0.1, 

n = 84). The precision of δ13C (‰) was monitored with a sucrose standard over 20 

run, reporting δ13C = -11.7 ‰ (SD = 0.005, N = 84). 

 

δ13C = (
(

13𝑐

12𝑐
) 𝑠𝑎𝑚𝑝𝑙𝑒

   (
13𝐶

12𝐶
)       𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1 ) ∗ 1000                                              Eq (1)    
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Figure 1. Moreton Bay and catchment detailing major rivers (Caboolture, Pine Brisbane and 

Logan), islands (Moreton Is., North Stradbroke Is.), bay regions (EB: Eastern Bay, SB: Southern 

Bay, WB: Waterloo Bay, CB: Central Bay, DB: Deception Bay), and sampling locations of bottom 

sediments within the Brisbane River and Moreton Bay (BS 1- 37). Major habitat types of western 

Moreton Bay including; seagrass meadows and bioturbated muds are shown. Core site location 

MB1 is also indicated by the star. Background image source: DNRM, 2016 
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3.2 Sediment core sampling 

 

In November 2011 a sediment core was collected from pro-deltaic sediments of the 

Central Bay. A 4.4 m long sediment core (referred to from here as MB1L) was 

extracted using a purpose built barge mounted hydraulic vibro-corer designed to 

sample sub-tidal sediment profiles. On extraction, the core was immediately directed 

into soft black plastic lining to preserve the luminescence properties of the material 

extracted.  In addition a short core was taken from site from the less well-consolidated 

surficial sediments, positioned within 1 m of the long core (referred to from here as 

MB1S). This was done to ensure the recovery of the complete sediment profile that 

may not have been achieved using the vibro-corer alone. Divers using SCUBA, 

hammered a 1500 mm diameter PCV pipe tube into the sediment and used suction to 

retrieve a section of sediment (55 cm). 

 

3.3 Geochronology 

 

The chronology of sediment deposition was determined using a combination of 

radionuclide (137Cs), optical and radiocarbon dating.  Full details of the dating 

techniques and results are in Coates-Marnane et al. (2016). Sampling for diatoms, 

major geochemistry, δ13C (‰), TOC (%), and TN (%) in both cores was opportunistic 

at 2, 5 or 10 cm intervals.  

 

3.4 Stratigraphy and grain size  

 

One half of the two cores (MB1S, MB1L), were sampled for grain size analysis. Grain 

size distribution was measured on samples treated with 10% NaOH to remove the 

organic fraction using laser diffraction (Mastersizer 2000 - Malvern Instruments Ltd, 

UK). In addition, the top 2.65 meters of core MB1L was prepared for ITRAX cores 

scanning at the Australian Institute of Nuclear Science and Engineering (AINSE), Lucas 

Heights, Sydney.  Detailed optical and micro-radiographic images were captured of 

sediment profile. Major and trace geochemistry were also determined using X-ray 

fluoresce, though the results of this analysis are not presented in this study. Full 

specifications of the ITRAX core scanner and core preparation protocol are provided in 

Croudace et al., (2006).  
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3.5 Geochemistry by ICP-OES  

 

Major elements were determined by inductively coupled plasma mass spectrometry 

(ICP-MS) on samples digested by lithium metaborate fusion on a kantaxa automatic 

fluxer. 100 mg of sample was added to 1.0 g of lithium metaborate in a clean platinum 

crucible and placed in a furnace. Following heating in the furnace, the sample and 

molten flux was then transferred to a PFA beaker containing 100 ml of a 4.0% HNO3 / 

2.0% HCl solution. The solution was diluted by 1:9 with reagent water into a 10 mL 

PPE tube. Aluminium and Calcium were measured simultaneously on Agilent 

technologies 7700 Series ICP-MS (Uncertainty: Al-10 %, Ca-10 %, Practical 

quantification limit (PQL): Al-0.01 %, Ca-0.05 %), with PQL calculated based on the 

results of ten digest blanks; PQL = 3(mean + 3 standard deviation). Calculated 

aluminium and calcium concentrations of dry sediment were then converted to weight 

percent oxides (Al203, CaO) based of loss on ignition (LOI) for individual samples. δ13C 

and C/N ratios of organic matter preserved in core samples were determined by IRMS 

as described above.  

 

3.6  Diatoms and microfossils  

 

Treatment of diatom samples followed Battarbee et al. (2001) using standard 

hydrochloric acid and hydrogen peroxide digestion techniques. The digested material 

was deposited on coverslips, dried at room temperature, and mounted on slides using 

Naphrax mounting agent. Slides were traversed using a Nikon Eclipse E600 light 

microscope, under differential interference contrast (DIC) at 1500 x magnification, 

along vertical transects of known co-ordinates as recommended by Battarbee (1986), 

to achieve counts of  >200 valves per sample. References to Desikachary (1986, 1987, 

1988a,b, 1989), Krammer and Lange-Bertalot (1986, 1988, 1991a,b) and Witkowski et 

al. (2001), were made for the identification of all taxa. Diatom species/groups were 

classified by their environment i.e. as Continental (C) (live in fresh water), 

Estuarine/Brackish (E/B) (euryhaline) or Marine (M). The Estuarine/Brackish and 

Marine diatoms are assumed to be autochthonous in the bay.  

 

Sediments of the < 63µm and 63-125 µm grain size fraction, separated by sieving, 

were also examined under light microscopy for the presence of other microfossils; 
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including, foraminiferans, sponge spicules, and sea urchin skeletons. Foraminifera 

species were identified with reference to past work within the bay (Narayan and 

Pandolfi, 2010), based on regional taxonomic monographs. Low counts (< 30 

individuals per 5 cm of core section) of foraminiferans, limited the use of 

foraminiferans community assemblage as additional evidence for palaeoenviromental 

shifts.  

 

4.0  Results 

 

4.1 Bay wide survey 

 

The δ13C (‰), TOC (%), TN (%) and C/N ratios for sub-tidal sediments sampled in 

November 2013 (BS 1-37) are presented in Table 1. δ13C values range from -25.1 ‰ 

to -9.0 ‰ with an average of -20.9 ‰. The spatial variability of δ13C is typical of an 

estuarine mixing zone, moving from relatively low value  - 25 ‰  to   -22.0 ‰ within 

the freshwater influenced Brisbane River  higher values of -21 to -18.0  % within 

western Moreton Bay and more oceanic sites. Three sites (BS 1, 2, 5) located within 

the seagrass beds of Waterloo Bay (Fig. 1), close to the Brisbane River mouth 

contrasted to this general trend with much lower values than the average for the data 

set (-14.9 ‰, -12.9 ‰, -9.0 ‰). TOC in sediments ranged from 0.19 – 2.38 % with 

an average of 0.92 %. TN ranged from 0.01 – 1.05 % with an average of 0.11 %.  C/N 

ratios range from 7 – 29, averaging 12.2. Two outliers of 0.5 and 0.67 were observed 

for BS 3 and BS 6, respectively.  

 

Bivariate correlations between 13δC (‰), TOC (%), TN (%) and C/N ratios of bottom 

sediments and 5 year average monthly water quality variables (Chlorophyl a (Chl a), 

Salinity, Secchi depth, TN, TP, DO, pH, Temperature and Turbidity) for equivalent sites 

are presented in Table 2. This analysis excludes the outliers previously highlighted (BS 

1, 2, 3, 5, 6). δ13C is significantly (p <0.005) positively correlated with salinity, secchi 

depth and pH (r = 0.72, 0.75, 0.71), and strongly negatively correlated with turbidity (r 

= 0.67). Non-linear regression also shows the strength of the relationship between 

salinity, secchi depth and the δ13C (‰) values of bottom sediments (with r2 = 0.64, 

and 0.65 respectively) (Fig. 2). C/N ratios of organic matter in bottom sediments are 

also moderately negatively correlated with salinity, secchi depth and pH (r = -0.35, -

0.39, -0.39), while positively correlated with turbidity (r = 0.40). Moderate inverse 
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relationships are seen between salinity, secchi depth and C/N ratios when regressed (r2 

= 0.24, 0.20) (Fig. 2). The spatial similarities between water quality attributes, 

specifically salinity (ppt) and secchi depth (m) are also presented in Figure 3. Ordinary 

kriging in Arc GIS was used to interpolate values to un-sampled sites to generate 

contour maps, again sea grass sites (shaded area) and other outliers were excluded 

from the analysis. These maps show the strong gradient in water quality attributes 

moving from the turbid, brackish waters of western Moreton Bay to the more oceanic 

waters of central and eastern Moreton Bay.  

 

Table 1. 13δC, TOC, TN & C:N values of bulk sediments at bay sites BS1 – BS37 

Site EHMP site  δ13C (‰) TOC (%) TN (%) C:N 

*BS 1 404 -14.9 2.38 0.19 12.2 

*BS 2 407 -12.9 0.98 0.05 18.8 

BS 3 408 -21.3 0.61 1.05 0.6 
BS 4 409 -20.1 1.27 0.12 10.2 

*BS 5 410 -9.0 0.68 0.03 21.0 
BS 6 506 -18.6 0.20 0.42 0.5 

BS 7 510 -20.5 0.43 0.04 10.8 
BS 8 516 -21.7 1.27 0.11 11.2 

BS 9 527 -20.7 1.20 0.15 7.9 

BS 10 530 -20.1 0.63 0.09 7.2 
BS 11 700 -20.9 1.52 0.14 11.1 

BS 12 701 -21.5 1.66 0.14 11.5 
BS 13 702 -21.7 1.27 0.12 11.1 

BS 14 703 -23.9 0.19 0.01 16.5 

BS 15 705 -22.2 1.62 0.14 11.9 
BS 16 706 -22.4 0.71 0.05 13.1 

BS 17 707 -25.1 0.72 0.02 29.9 
BS 18 708 -23.1 1.35 0.10 13.1 

BS 19 709 -23.4 1.47 0.10 14.2 
BS 20 710 -23.2 0.64 0.04 14.2 

BS 21 711 -21.3 1.28 0.12 11.0 

BS 22 712 -22.8 1.13 0.10 11.1 
BS 23 713 -24.4 1.07 0.08 13.9 

BS 24 718 -22.9 0.58 0.04 14.8 
BS 25 902 -21.2 0.38 0.04 10.7 

BS 26 905 -21.9 0.61 0.05 11.4 

BS 27 907 -20.6 1.08 0.06 17.6 
BS 28 908 -20.6 1.08 0.11 10.0 

BS 29 910 -21.1 0.75 0.08 9.4 
BS 30 913 -22.5 0.26 0.03 9.9 

BS 31 916 -22.1 0.35 0.04 9.4 
BS 32 919 -21.0 0.64 0.06 10.0 

BS 33 921 -19.9 1.01 0.12 8.1 

BS 34 1101 -20.5 1.01 0.12 8.4 
BS 35 1107 -22.5 0.62 0.06 10.5 

BS 36 1111 -21.2 0.52 0.06 9.1 
BS 37 1112 -20.1 0.79 0.10 7.5 

* Seagrass sites 
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Table 2. Pearson’s r values of  bivariate correlations between δ

13
C C/N and major water quality 

attributes 

 Chl a 
(mg/L) 

Sal 
(ppt) 

Secchi 
(m) 

TN 
(mg/L) 

TP 
(mg/Kg) 

DO  pH Temp 
(C) 

Turbidity 
(STU) 

Δ13C 

^ 

-

0.377* 

0.720** 0.757** -

0.708** 

-0.693 0.009 0.712** -

0.759** 

-

0.671** 
C/N^^ -0.081 -0.352* -0.399* 0.388* 0.389* 0.098 -0.395* 0.462** 0.401* 

^ Seagrass sites excluded 

^^Seagrass sites and B3 & B6 excluded 

* p <0.005 

** p <0.001 

 

 

 

 

 

 

 

 

 

 

Figure 2. δ13C and  C/N values of bottom sediments (2013) Vs average 

salinity (ppt) and secchi depth (m), 5 yr average Nov 2008 and Nov 2013.  
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Figure 3. Contour plots of δ13C ratios of bottom 

sediments and average salinity (ppt) and secchi 

depth (m), measured at monthly intervals 

between Nov 2008 and Nov 2013.  
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4.2 Geochronology and age model 

 

Optical (OSL) and AMS 14C ages of the sediment profile are presented in Table 3. Full 

details of the dating methods are provided in Coates-Marnane et al., (2016). The 

optical and AMS 14C ages show good agreement, the basal ages of MB1L are within 

error of each other (optical: 1445 ± 145 cal yr before 2011, AMS 14C: 1430 ± 110 cal 

yr before 2011). Figure 4 shows the age depth relationship of the sediment profile at 

site MB1. Sediments deposited after 1959 were identified based on the detection of Cs-

137, while a distinct viscous layer at the sediment surface was determined to be 

material derived from the 2011 flood. Intervening ages were determined using linear 

interpolation, in the absence of a more detailed chronology for young sediments. For 

deeper sediments, an age model was defined using linear regression of both the 

optical and 14C ages, which was indicative of linear sedimentation at this site (Fig. 4). 

Interpolated ages were then paired with measurements from individual proxies and 

plotted. The linear relationship of age and depth also suggest that there are no major 

hiatuses in the record.  

 

Table. 3 Age estimates of deposited sediment based on OSL and AMS 14C dating 

(Coates-Marnane et al., 2016)  

a) Burial ages determined by optically stimulated luminescence (OSL)  dating, showing ages at 

depths within MB1L and the associated uncertainty (1σ) 

Sample Code Age (Cal. Yr before 2011) 1σ 

MB1L  50_55 215 50 

MB1L 100_105 345 35 

MB1L 351_356 1030 145 

MB1L 439_444 1445 145 

b)  Calibrated radiocarbon ages of shell material at given depths within MB1L  

Sample Code   Lab code (BETA) Material Calibrated  age* 

 (Cal. yr before 2011) 

1 σ 

MB1L 260_265 394745 Shell 885 100 

MB1L 439_444 394746 Shell 1430 110 

*  ΔR adjusted calibrated radiocarbon age  
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4.3 Sediment profile; major geochemistry (Al2O3, CaO) and grain size, δ13C and C/N 

ratios, and diatoms. 

 

The entirety of the sediment profile consisted of organic rich anoxic muds (< 63 µm), 

with minor fine sands (63–125 µm), and occasional shell fragments. X-ray and optical 

images of the deeper sediments suggest lamination, indicated by the alternating 

density of the profile (Appendix 1). The viscous layer at the sediment-water interface 

was identified as material derived from the 2011 flood which had accumulated on the 

bay floor.  

 

Figure 4. Chronology of the sediment profile sampled at MB1, detailing the age depth relationship 

defied using OSL, 14C and 137Cs dating (Coates-Marnane et al., 2016).  
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Grain size analysis and geochemistry was used to investigate the contribution of 

terrestrial (Aluminosilicates) and marine (calcium carbonates) components of the 

sediments to different grain size classes. Strong positive relationships are shown for 

Al2O3/CaO and sediments sized between 4 – 16 µm and < 10 µm, while strong inverse 

relationships are shown for Al2O3/CaO and sediments sized between 16 – 62.5 µm (Fig. 

6). This implies there is an increasing contribution of CaO in silt sized fraction of 

sediments, and an increasing contribution of Al2O3 in clay sized sediments. Calcifying 

foraminiferans were observed in relatively high numbers in sediments in the < 63 µm 

fraction. The presence of both foraminiferans and other shell fragments is increasing 

the CaO contribution in equivalent sediments. The ratio Al2O3/CaO can therefore be 

used as an indicator of the relative contribution of terrestrial (aluminosilicate) vs 

marine (calcium carbonate) material to the sediment mixture deposited on the 

seafloor. Similarly the proportion of < 10 µm material in sediments can be used as an 

indicator of the proportion of terrestrial aluminosilicate clays in bottom sediments.  

 

δ13C values (‰) of sediments at the core site ranged from -21.3 ‰ to -19.4 ‰, with 

an average of - 20.1 ‰. C/N ratios ranged from 9.4 to 13.4 with an average of 10.6. 

These values are broadly consistent with the δ13C ‰ and C/N of bottom sediments 

sampled in the same region in November 2013 (Figure 3). 

 

The majority of diatoms observed in the sediment record were marine, dominated by 

the marine diatom Paralia fenestrata (average: 49.5 %) (Figure 5a, b). Continental and 

estuarine/brackish diatoms were also a major component of the community observed 

in the profile. Foraminifera taxa; Ammonia beccarii, Spiroloculina corrugata, Trioculina 

oblonga, Elphidium disc. Multiloculum were observed consistently throughout the 

record though were present at low abundances (< 30 total individuals).  

 

The complete record including measurements of sediments sized < 10 µm, Al2O3/CaO 

ratio, δ13C ‰ and C/N values, and the relative abundance of diatom taxa Paralia 

fenestrata, Cyclotella litoralis, and continental species is presented in Figure 7. The 

record presented extends from ~ 630 to 2011 AD. The scale of the ages more recently 

deposited sediments including those deposited after 1959 and as a result of the 2011 

have been emphasized to highlight trends of this historical era. The diatom record does 

not extend prior to 1200 AD.  
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Sediments sized < 10 µm (%) ranged from 49.5 to 62.5 %, averaging 56.1 %. The 

Al2O3/CaO ratio ranged from 4.7 to 12.5 with an average of 6.8. The trend of the < 10 

µm fraction of sediment exhibits a similar trend to the Al2O3/CaO ratio. Between 630 

and 1200 AD both the < 10 µm (%) and the Al2O3/CaO ratio is generally below the 

average of the record. Between 1200 to ~ 1900 AD < 10 µm (%) and the Al2O3/CaO 

ratio are generally above average, with high values occurring between 1500 and 1900 

AD. The post-european settlement period ~ 1850 – present, and particularly the period 

after 1959 is characterized by shifts unprecedented in the record. Both the < 10 µm 

and the Al2O3/CaO ratio decrease significantly after 1959 before dramatically increasing 

with the arrival of 2011 derived sediments.  

 

Down-core variations in δ13C and C/N ratios are subtle, though there are a few 

prominent features. δ13C ratios of organic matter in sediments are generally relatively 

high between 630 and 1200 AD (-20.1 ‰ to -19.3 ‰, 𝑋  -19.7 ‰), peaking between 

~ 1050 to ~1100 AD at ~ 19.3 ‰. δ13C ratios decrease slightly between 1300 to 1500 

AD, averaging ~20.0 ‰ between ~ 1500 to 1900 AD. Values decrease significantly 

from ~1900 to the present, with a shift of – 1.1 ‰. Flood derived sediment have the 

lowest δ13C values of 20.8 – 21.1 ‰. C/N ratios are significantly higher for flood 

derived sediments than the remainder of the record (11.1 – 13.4 ‰). However, there 

is no correlation between the C/N and δ13C ratios for the sediment profile (r2 = 0.04). 

 

The relative abundance of marine diatom P. fenestrata ranged from 1.5 – 94 %. 

Highest abundances occurred early in the record between 1200 and 1500 AD (53 – 94 

%). Between 1500 and 1700 AD the relative abundance of P. fenestrata falls below 40 

% averaging 47.4 %. Their abundance remains relatively constant (~ 50 %), from ~ 

1800 AD to 1990 AD. A rapid decrease in abundance is seen for sediment deposited 

after 1990, particularly in 2011. C. Litoralis is an estuarine diatom species that typically 

occurs within the littoral zone in brackish waters.  The decrease in abundance of the 

dominant marine diatom P. fenestrata between 1500 – 1700 AD is paired with a 

significant increase in C. litoralis, increasing from < 20 % to 30 – 40 % for this period. 

The relative abundance of this diatom for the remainder of the record is relatively 

constant, typically < 20 %. Continental diatoms are at greatest abundance in 

sediments deposited as a result of the 2011 flood (13.9 – 25 %), though also relatively 

high in sediments deposited after 1959 (3.7 – 15.4 %). From 1200 to ~ 1950 AD the 
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abundance of continental is relatively low (0 – 6.6 %), with the highest abundances 

occurring is sediments equivalent to the years between 1591 and 1683 AD. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Relationship between major geochemistry (Al2O3/CaO) and grain size fractions 

measured for equivalent samples in the sediment profile at site MB1, showing the strong 

positive relationship between Al2O3/CaO and sediments sized between 4 µm – 16 µm, and 

the strong inverse relationship for sediments sized between 16 µm – 62.5 µm.  

Figure 5. Key diatom species observed in the 

sediment profile from central Moreton Bay 

including a) Paralia fenestrata(M) b) Paralia 

fenestrata girdle view c)  Cyclotella litoralis (E/B) 

d) Aulacoseira subborealis (C) e) Gomphonema 

augur  (C). 
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4.4 Record integration 

 

Yearly values for each proxy were determined using linear interpolation based on the 

age depth relationship developed for the individual sampling regimes. This allowed 

direct comparisons to be made between individual years, and the development of an 

integrated climate record for the catchment. For individual proxies an indexation of 

increased freshwater influenced was determined based on the degree of deviation from 

the average of the data set in the direction that indicated increased freshwater 

influence, i.e Al2O3/CaO  +ve. An increasing probability of freshwater influence was 

indicated with an increasing number of proxies that were in agreement. The proxies 

included in the integration included;   Al2O3/CaO, < 10 μm, δ13C, C/N and the diatom P. 

fenestrata. Values of 2 and 0 were assigned to individual years for each proxy, 

indicating high and low freshwater influence. As the diatom record only extends part of 

the record an intermediate value (1) was assigned to the period with no data for P. 

fenestrata.  Total scores for individual years of < 5 indicated a probable decrease in 

freshwater influence and an inferred drier climate, while scores > 5 indicated a 

probable increase in freshwater influence and an inferred wetter climate.  
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Figure 7. The multiproxy record of freshwater influence in Moreton Bay for the last ~1500 years.  

Proxies of terrestrial input are presented on the y axis including; Al2O3/CaO, grain size (< 10 μm %),   

C/N and δ13C ratios of organic matter, and the relative abundance of diatoms; P. fenestrata, C. litoralis 

and total continental diatoms. The integrated record of probable freshwater influence showing high 

and low period associated with inferred wet and dry period are also depicted.  Trends in average 

temperatures of the southern hemisphere across this period are also shown (adapted from Neukom et 

al., 2014) 



Chapter 5 

 

201 
 

5.0 Discussion  

5.1 Bay wide survey 

 

The spatial trends of δ13C and C/N ratios in bed sediments in Moreton Ba reflect the 

mixing of terrestrial organic matter, derived from C3 and C4 plants, with marine 

organic matter, principally from derived from algae, cyanobacteria, and macrophytes 

(seagrasses). The mixing of these distinct sources produces a gradient, moving from 

more terrestrial influenced reaches (Brisbane River estuary) to more oceanic influenced 

sites within central Moreton Bay. This is consistent with patterns observed in other 

similar settings (Zong et al., 2006)The relationship between this gradient and the 

physical mixing of fresh, estuarine and salt water at this interface is depicted by 

relationship between δ13C values and salinity (ppt) and sechhi depth (m) (Figs 2, 3). 

The turbid and brackish waters of the upper Brisbane River estuary are characterized 

by relatively low δ13C and C/N values. Moving downstream, δ13C values increase as 

bottom sediments receive an increasing proportion of organics derived from marine 

aquatic plants. Eastern Moreton Bay is characterized by relatively clear waters and high 

salinities that received episodic inputs of nutrients through run-off – promoting the 

growth of phytoplankton, benthic algae and cyanobacteria (Saeck et al., 2012). 

Sediment δ13C and C/N ratios reflect the gradient from freshwater terrestrial 

environments to saline marine enviornments in Moreton Bay.  As a result these ratios 

can be used to infer changes in river outflow in the past. 

 

5.2 Contextualizing the record using flood derived sediments 

 

The record developed at site MB1 encompasses the last ~ 1500 yrs. The initial 

stratigraphy of the core suggested the site was periodically influenced by both 

terrestrial and marine sediments as evidenced by the presence of aluminosilicate clays 

and marine shells. The 2011 flood was one of the largest in the historical record and 

resulted in the deposition of at least 5 M tonnes of sediment and led to western 

Moreton Bay being fresh-brackish (<10 ppt salinity) for over several days (EHMP, 

2011).  This recent event allows us to trace the sediment signature of such events. 

These sediments are rich in aluminosilicate clays, indicated by the high relative 

proportion of < 10 µm and increase in the Al2O3/CaO ratio. Similarly, a relative 

decrease in δ13C and increase in the C/N ratio of bottom sediments, indicates the 

arrival of terrestrial derived organics with flood waters. In addition, the relative 
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abundance of continental diatoms dramatically increases in 2011 following the extreme 

flood (Fig 7). These predictable changes in sediment composition following a 

freshwater flux event can be extrapolated for the length of the record to hind-cast 

probable increases in freshwater flux to the bay over the last 1500 yrs.  

 

5.3 Long-term trends 

 

From 630 to ~ 1250 AD both the < 10 µm fraction and the Al2O3/CaO ratio indicate a 

high relative proportion of marine calcareous sediments deposited. Similarly, δ13C 

values indicate a high relative proportion of marine derived organic matter across the 

same time period. The combination of these proxies indicates the greatest contribution 

of marine mineral and organic sediments at this site from 1050 to 1250. The relatively 

high δ13C values (- 19.3 ‰) within this period are also paired with low C/N ratios 

(9.5), further supporting this inference. The integrated record suggests a reduced 

influence of terrestrial sediment and freshwater at this site for this period. The most 

probable explanation of this is a below average long-term rainfall in the catchment, 

resulting in reduced discharge volumes of the Brisbane River and other major rivers 

from ~ 650 to 1200 peaking in intensity (i.e. the dryest) between 1050 to 1250 AD 

(Fig. 7). This period is analogous to the Medieval Climate Anomaly (MCA) of the 

Northern Hemisphere (Mann et al., 2009).  Increasing evidence suggests above 

average temperatures and aridity were also experienced in eastern Australia during 

this period (Cook et al., 2002; Barr et al., 2014).  This reconstruction also provides 

provides a validation of  the unprecedented period of aridity between 1102 – 1212 

based on a proxy record of rainfall for south-east Queensland using Antarctic ice cores 

(Vance et al., 2015). Decreases in average annual rainfall, coupled with increased 

evaporation rates due above average temperatures likely contributed to a reduction in 

catchment outflows into Moreton Bay during this period.  

 

Following 1250, δ13C ratios decrease, while the < 10 µm fraction and the Al2O3/CaO 

increases, indicating increased relative contribution terrestrial mineral and organic 

sediments to the site. Similarly, the relative abundance of the marine diatom P. 

fenestrata decreases in abundance from 1200 to 1500 AD. The decrease in relative 

abundance of P. fenestrata is coincident with a gradual increase in the abundance of C. 

litoralis. High abundances of C. litoralis are maintained between 1300 to 1700 AD. An 

increase in the abundance of this typically estuarine species maybe indicative of an 
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increasing influence freshwater in this setting. Relatively high Al2O3/CaO ratios are also 

maintained across this period indicating adundent delivery of terrestrial clays. Together 

the integrated records suggest an increase in freshwater flux from the catchment  to 

the bay between 1300 and 1700 AD. Reconstructions of climate for the Australian 

region during this period also suggest a period of cooler than average climate, 

analogous to that described as the LIA in the Northern Hemisphere (Chambers et al., 

2014). Wind-blown dust records from south-eastern Australia indicate a wet epoch 

spanning from 1460-1750 (Stanley and De Deckker, 2002). Vance et al., (2015) infer 

an especially wet epoch from 1502 – 1566, coinciding with the highest abundances of 

the dominant estuarine/ brackish diatom C. Litoralis occurring in the record (~ 40 %).  

Yan et al., (2011) also present evidence for a persistent wet period between 1400 and 

1850 AD in the austral-pacific region. Together this suggests an increase in average 

annual rainfall contributed to greater terrestrial influence within Moreton Bay between 

1500 and 1700 AD. 

The combined proxies also indicate an increased freshwater flux to the bay from the 

late 18th century to the early 20th century (Fig. 7). From historical flood records it is 

evident that this period was characterized by a greater frequency of major flow events 

compared to the latter half of the 20th century (Kemp et al., 2015).  

5.4 The historical period (last 150 - 200 years) 

It is clear that the more recently deposited sediments, especially those from after 1959 

and during the 2011 flood, exhibit characteristics that are unprecedented in the record. 

δ13C values are all well below average after 1959 with an initial decreases at ~ 1900 

AD.  There is a ~ 1 ‰ decrease in 13δC values from ~ 1900 AD to 2011 AD. This trend 

is analogous to the global decrease in atmospheric 13C concentrations due to increased 

usage of fossil fuels, otherwise known as the Suess effect (Keeling, 1979). In the 

absence of a detailed chronology for this period at core site MB1, we are unable to 

make a correction for δ13C ratios of organics preserved in sediments (Verburg, 2007). 

Despite this, the marked shift in δ13C ratios deposited during the 2011 flood (relative to 

those recorded in the late 20th Century) likely reflects increased incorporation of 

terrestrial organic matter into the deposits from the 2011 flood. 
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The relative abundance of continental diatoms in more recently deposited sediments 

are is also much higher than those deposited prior to 1959. This increase in larger than 

can be explained by the steady progradation of the delta front. In addition, the 

magnitude of change in the relative abundance of continental diatoms with the arrival 

of flood derived sediment is unprecedented in the record. Shifts in the < 10 µm 

fraction and the Al2O3/CaO ratio are also distinctive after 1959. The incomparable 

conditions of the catchment and the western bay regions between the pre and post 

catchment modification is the most probable cause of these distinctions. Widespread 

deforestation of the catchment was initiated with the arrival of Europeans in the region 

in the early 19th Century. Currently, < 20 % of the catchments original vegetation 

remains (Capelin et al., 1998). This change in land-use, accompanied by the rapid 

expansion of grazing and cropping practices and engineering of the lower most 

reaches on the river soon after, is implicated in hydrological and geomorphological 

transformation of the catchment (Kemp et al., 2015; Hossain et al., 2004). Accordingly, 

it is challenging to draw analogies from the relative changes of various proxies across 

this period and those before rapid transformation of the catchment. However, 

assuming much of the catchment was largely undisturbed prior to the early 19th 

century, relative trends in various proxy can be used to draw inferences on the relative 

influence of terrestrial sediments and freshwater flux from the catchment between 630 

to ~1900  AD.  

5.6 Implications for water resource management 

 

Complementary records of  regional climate over the last millennia suggest that the 

instrumental record does not cover the full range of climatic extremes experienced 

within the last 1500 years (Vance et al., 2015). Most notably, the arid epoch that 

extended from 1000 to 1200 AD was far more severe than any drought periods of 

south-eastern Australia experienced in the 19th and 20th century (Vance et al., 2015). 

Similarly, the wet period (1500 – 1700 AD) identified was likely more prolonged than 

any period experienced following the onset of instrumental observations.  

 

The widespread exploitation of significant water resources in eastern Australia, for the 

purposes of agriculture, industry and residential developments has occurred in a 

relatively short time period (< 200 years). Furthermore, it is likely that above average 

rainfall conditions were experienced as catchments of eastern Australia were being 
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developed in the early 1900s, as indicated by this reconstruction, and also confirmed 

by historical flood records at least for south east Queensland and the broader east 

coast (Lough et al., 2007; Kemp et al., 2015).The millennium drought highlighted 

major deficiencies the ability of eastern Australia’s water planning policies and 

infrastructure to mitigate against widespread water shortages (van Dijk et al., 2013). 

Similarly, future town planning strategies need to recognize the potential for a greater 

frequency of high magnitude flood events as experienced in 2011 under future climate 

change. Incorporating longer term perspective of regional climate and water balances 

of catchments into water planning ultimately allows more prudent decisions to be 

made regarding the management of this vital resource.  

 

6.0 Conclusion 

 

The paucity of data of low amplitude climate variability for the Australian continent 

limits our capacity to rationalize the management water resources under a changing 

climate. In the absence of alternative archives of palaeoclimates (i.e., speleothems, 

lacustrine sediments, massive corals), shallow fluvial-marine sediments can offer novel 

insights into climates of the recent past. The sheltered nature of Moreton Bay has 

allowed thick sequences of laminated Holocene sediments to be preserved.  The 

methods presented relies on strong coupling between the coastal environment and 

riverine catchments. Accordingly, this approach should be limited to stable shallow 

marine settings than are strongly influenced by river inputs. This multi-proxy 

reconstruction of terrestrial influence in central Moreton Bay over the last 1500 years 

identify two significant periods coinciding with well-defined climate anomalies of the 

last millennia. 

 

 A period of decreased freshwater influence from 800 to 1200 AD , peaking 

between 1050 to 1250 AD 

 A period of increased freshwater influence between 1300- 1700 AD, peaking 

between 1500- 1700 AD.  
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Appendix 1 

 

 

Figure 8. Optical and x-radiograph image of core MB1L (0 - 2.65 m) 
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Chapter 6 

General discussion and major conclusions 

 

1.0  Overview 

 

The physical and chemical characteristics of coasts are determined by both terrestrial 

and aquatic processes. Land-use changes in coastal watersheds have altered the fluxes 

of nutrients, sediments and pollutants to coasts. These changes have often resulted in 

the reduction in biodiversity and productivity of coastal regions (Crossland, 2006). This 

thesis presents a multi-disciplinary investigation into aspects of the physical, chemical 

and biological attributes of a shallow coastal bay in east-coast Australia, aiming to 

determine the extent and magnitude of land-use change induced disturbance in this 

setting. This is achieved under four key objectives – presented as four separate 

chapters (2, 3, 4, and 5) as the main body of this thesis.  

 

Objective 1- Chapter 2 

 

Compare sedimentation rates under the un-modified catchment prior to European 

settlement with that following widespread vegetation clearing and land-use disturbance 

after settlement.  

 

Optical, radiocarbon, and radionuclide dating techniques were used to determine the 

rate and type of terrestrial sediment accretion in central Moreton Bay for the Mid-Late 

Holocene. The complementary nature of these techniques has allowed well-defined 

chronologies of sediment deposition to be established at two key sites (MB1, MB2). We 

demonstrate a 3 – 9 fold increase in the rate of fine sediment accretion in the Bay 

following European settlement in the region beginning in the mid to late-18th century. 

This finding complements research that demonstrates systematic geomorphic change 

of the entire catchment of Moreton Bay following widespread vegetation clearing 

during the same period (Kemp et al., 2015). The chronology of sediment deposition 

developed in this chapter then is incorporated into each subsequent chapter.  
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Objective 2 – Chapter 3 

 

Explore the historical trends and the impact of the 2011 flood on anthropogenic metal 

pollution in Central Moreton Bay and assess the spatial variability of contamination 

following the flood.  

 

Using two aged sediment profiles (MB1, MB2) and 22 grab samples collected 

throughout Moreton Bay this chapter explores the history of metal pollution in Moreton 

Bay and the relative impact of the 2011 flood event.  The total concentrations of Zn, 

Cu and Pb increase significantly in Moreton Bay sediments following the 2011 flood, 

signalling a rapid transfer of metal pollutants. Bay-wide sampling provides insights into 

the extent of Zn, Pb, and Cu pollution throughout the Bay. The sediment core data are 

combined with grab sample data to calculate enrichment factors (EFs) for Zn, Pb and 

Cu in Moreton Bay, indicating minor to moderate enrichment of these metals 

throughout the Bay. Central Moreton Bay has the highest total concentrations of these 

metals while Bramble Bay in the vicinity of the mouth of the Brisbane River is the 

region most affected by metal pollution. Wind-driven resuspension is the primary 

control of turbidity regimes in western Moreton Bay (You and Yin, 2007).  Considering 

the outcomes of chapter 2 it is also evident that the total area of Moreton Bay subject 

to fine sediments is also increasing. Both inorganic and organic pollutants have a 

strong affinity for fine grained sediments. This expansion has the potential to increase 

the availability of trace metal pollutants and other inorganic to organisms within 

healthier regions of Moreton Bay including south and eastern regions, as the area of 

fine sediment expands laterally.  

 

Objective 3- Chapter 4 

 

Explore the temporal changes in total primary production and photosynthetic 

community in central Moreton Bay following rapid land-use change and altered nutrient 

and turbidity regimes in Moreton Bay  

 

Pigment analysis via U-HPLC is combined with diatom and biogenic-Si analysis to 

explore the temporal changes in the photosynthetic community of the Bay. This is one 

of the few pigment records from a sub-tropical climate zone and remarkably pigments 

were detectable in sediments > 1000 years old. Diatoms, dinoflagellates, 
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cyanobacteria, cryptophytes, euglenophytes, were found to be major components of 

the community in central Moreton Bay. A significant increase in Chl a and biogenic -Si 

flux to sediments in observed after the 1950s in central Moreton Bay. This inferred 

increase in total phytoplankton biomass of the water column resulted from higher 

concentrations of bioavailable nutrients following major land uses in the catchment 

including; 1) initial catchment erosion from widespread vegetation clearing and 

subsequent agricultural practices 2) an increase in the application rates of synthetic 

fertilizers following the green revolution of the 1950s – 60s 3) an increase in un-

treated sewage entering watercourses as the region’s population expanded. Diatom 

analysis is also completed to explore temporal changes in the diatom community and 

structure in the central Bay. It is evident that the contemporary diatom community of 

central Moreton Bay is significantly different to that that existed prior to major 

catchment disturbance. The increase in the inferred phytoplankton biomass after the 

1950s is also paired with an increasing occurrence of bloom forming marine diatoms 

(Thallas. spp). The 2011 flood event delivered 5 – 10 million tonnes of sediments and 

high loads of inorganic nutrients to the Bay. This resulted in high total pelagic primary 

production in central Moreton Bay, with production dominated by marine bloom 

forming diatoms. Increased turbidity associated with flood waters favoured the growth 

of pelagic species, also limiting production in the microphytobenthos (MPB).  

 

Considering the outcomes of chapter two it is evident that many regions of western 

Moreton Bay are subject to increased turbidity now, compared to the recent past. This 

change has important implications for the structure of the photosyenthic community of 

the bay as a whole. The microphytobenthos (MPB) is an important source of nutrition 

for grazers in shallow coastal ecosystems (MacIntyre et al., 1996). A reduction in 

available light reaching the benthos with increasing turbidity would limit production in 

the microphytobenthos  (MPB). Under this scenario, pelagic primary production may 

become more important, with the Bay transitioning from a benthic to pelagic 

dominated photic system. This has important implications for the structure of food 

webs within Moreton Bay.  
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Objective 4 – Chapter 5 

 

Reconstruct a climate record for the region covering the last ~1500 yrs and identify 

climate anomalies of the last 1500 yrs recorded in sediment cores and discuss their 

regional and global significance.  

 

Using a multi-proxy approach Chapter 5 seeks to offer new insights into regional 

climate over the last millennia. Diatoms, major geochemistry, grain size, δ13C and C/N 

values are used to determine the relative input of terrestrial sediments to Moreton Bay, 

and by inference river flow. First, a bay wide survey of bottom sediments is used to 

determine δ13C and C/N values of organic matter in bed sediment across the estuarine 

mixing zone. The mixing of distinct terrestrial and marine sources of organic matter 

produces a gradient in δ13C and C/N values of organic matter in sediment. This data 

set is used to interpret the significance of down-core variations in δ13C and C/N values 

of organic matter. The record developed extends from ~ 650 C.E to the present. 

Interpretation of proxies for recently deposited sediments is confounded by the rapid 

transformation of the catchment over the last 200 years. The record of terrestrial 

influence in central Moreton Bay over the last 1500 years identify two significant period 

coinciding with well-defined climate anomalies of the last millennia (LIA & MWP). 1) A 

period of decreased terrestrial influence from 800 to 1200 AD peaking between 1050 

to 1250 AD 2) a period of increased terrestrial influence between 1500- 1700 AD, 

peaking between 1500- 1600 AD. The inferred wet and dry periods are also evident in 

other eastern Australian continent climate records including; lake sediments (Barr et 

al., 2014; Stanley and De Deckker, 2002), ice cores (Vance et al., 2015), This 

contributes to our understanding of the interactions between the North and Southern 

Hemispheres during periods of climatic change (Cook et al., 2002; Mann et al., 2009).  

 

1.2 Implications for management  

 

The outcomes of Chapter 2 offer new perspectives on fine sediment transport and 

distribution to coasts and the role of land-use change on sediment yields received by 

coastal waters. This is one of the few studies that empirically shows an increase in fine 

(< 63 μm) sediment in the coastal receiving waters adjacent to an east-coast 

Australian catchment subject to the effects of widespread vegetation clearing. An 

increase in yield of fine sediment to east coast Australia is implicated in the historical 
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decline in vital coastal ecosystems including; inshore coral reefs, and seagrass 

meadows (Bartley et al., 2014). The increase in sedimentation observed within 

Moreton Bay is coincident with widespread catchment deforestation and resulting  

geomorphic change (Kemp et al., 2015). However, it should be noted that this finding 

is not a ubiquitous feature of east-coast waters subject to the effects of land-use 

changes in adjacent catchments.  

 

Considering the entire east coast, the geographic entities resembling of Moreton Bay 

are rare, comprising a river delta entering a shallow protected bay. Accordingly, the 

effects of an increased sediment yield of the Brisbane River are likely to be magnified 

compared to other more open coastal settings as there is little opportunity for 

sediments to be reworked and transported further offshore. Furthermore, the Brisbane 

River is at its latter stages of evolution, now efficiently transporting terrestrial 

sediments to the seaward margin of the estuary. As a result the environments in 

Moreton Bay are more susceptaile to to increased sediment loads of the coastal rivers 

draining into the bay.  

 

Research on other large rivers draining into the Great Barrier Reef lagoon including; 

the Burdekin, Fitzroy, and Normanby rivers have emphasized the importance of 

geomorphological characteristics of each estuary in controlling fine sediment transport 

and redistribution within the coastal settings (Bryce et al., 1998; Bostock et al., 2007;. 

Lewis et al., 2014). For example Bryce et al., (1998) found that the net transport of 

fine (< 63 μm) sediment in the tidally influenced Normanby river estuary was 

landward, driven by large dry season tidal currents. It is unlikely that the apparent 

increase in fine sediment supply to the east coast following widespread erosion in 

adjacent catchments has had a consistent impact of coastal ecosystems of the east 

coast.  Efforts aimed at reducing fine sediment yield to coastal regions need to 

consider the specific geomorphic characteristics of the catchment-coast continuum to 

develop prudent management aims and expectations that are regionally specific. This 

includes the possible filtering/amplifying effect of the estuarine zone and coastal plain 

on the flux of pollutants on and offshore.  

 

However, for Moreton Bay it is clear that the increase in fine sediment supply has had 

significant adverse impacts on habitats of the Bay including; seagrass, coral reefs and 

decline in sub-tidal oyster reef of western Moreton Bay (Lybot et al., 2011; Diggles et 



Chapter 6 

 

217 
 

al., 2013). Extensive sediment tracing over the last decade have refined our 

understanding of key sources of fine sediments to Moreton Bay (Caitcheon et al., 2001; 

Olley et al., 2013; Laceby et al., 2015), and the importance of vegetation in controlling 

the erosion of river banks and hillslopes (Abernethy and Rutherford, 2001; Olley et al., 

2015). In order to reduce total fine sediment loads received by Moreton Bay by at least 

50 %, Olley et al., (2015) predicted it would involve rehabilitating ~ 6350 km of the 

channel network. Key recommendations for management from this chapter for 

management are detailed below. 

 

1) Strategic investment in channel network rehabilitation using both active and 

passive regeneration methods. 

 

2) Improved regulation of land-use activities in areas prone to erosion 

 

3) Improve legislative protection of riparian vegetation (floodplain and channel 

banks); aimed at developing scaled riparian buffer zones for catchment 

watercourses.  

 

4) Incorporation of best management practices for agricultural activities to 

reduce localized erosion (i.e contour banks, grassed headlands, improve 

stocking rates). 

 

5) Strategic rehabilitation of catchment floodplains and wetlands. 

 

Chapter 3 reveals the scale and impact of the 2011 Brisbane River flood on trace 

metal pollution in Moreton Bay. The importance of the relative land-uses in 

contributing to the significant input of Zn, Pb, and Cu are discussed. Potential sources 

of these trace metals Zn, Cu, and Pb include; agricultural lands, industrial estates, 

storm water drains, and urban surfaces. It is evident that the 2011 flood resulted in 

widespread input of pollutants to Moreton Bay; increasing the quantity and total 

concentrations of Zn, Cu and Pb in bottom sediments. This has significant implications 

for the health of the system. In the long-term this also may compromise the viability of 

key fisheries of Moreton Bay. It is critical that steps are taken to limit the rate at which 

potentially toxic trace metals are received by the waters of Moreton Bay.  
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The importance of the geomorphological attributes of the Brisbane river estuary in 

controlling trace metal transport to Moreton Bay are also discussed.  We propose that 

significant trapping of metal rich sediments had occurred within the Brisbane River 

estuary had occurred prior to the 2011 flood. The 2011 was of high enough magnitude 

to remobilize fine sediments stored in the floodplain, channel bank and channel beds of 

the lower estuary. Muddy channel banks and bed deposits of the lower Brisbane River 

estuary have now been replaced by relativity clean sand banks and gravel channel lag 

deposits. This rapid flux of metal rich fine sediment from the lower Brisbane River 

estuary contributed to the high concentrations observed in flood derived sediments in 

central Moreton Bay following the event. This chapter emphasises the importance of 

the geomorphological characteristics of estuaries in determining trace metal transport 

across the freshwater – marine continuum. By incorporating this knowledge a more 

holistic understanding of trace metal transport to coasts is achieved (Souza-Machado 

et al., 2016).  

 

These findings highlight a potential significant lag in the time of pollutant transfer to 

coasts in sub-tropical settings. This is also an important consideration when reporting 

on the effectiveness of management strategies aimed at limiting pollutant transfer to 

coasts. Predicting the length of time it would take to observe improvement in the 

health of receiving waters following a management action would require a 

comprehensive understanding of these lags. Accordingly, expectations of waterway 

health following management actions should be cautiously conservative in the absence 

of this knowledge. Key recommendations for management from this chapter for 

management are detailed below. 

 

1) Improved storm water management infrastructure (i.e retention ponds, sand 

filters, etc) 

 

2) Improved town planning policy; specifically regarding the extent of heavy 

industrial uses in flood prone areas. 

 

3) Improved town planning policy; specifically regarding the increased likelyhood 

of flooding of the Brisbane River estuary under future climate change and sea 

level rise. 
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4) Improved routine monitoring and reporting on hazardous trace metals in 

watercourses of the lower Brisbane River estuary and Moreton Bay. 

 

Chapter 4 investigates the composition of the photosynthetic community in central 

Moreton Bay. It presents evidence for systematic community change following 

catchment disturbance, mediated by altered sediment and nutrient regimes of central 

Bay waters. Scientific documentation of the photosynthetic community began in the 

1990s, complemented with routine measurement of Chl a water quality. Our findings 

suggest that significant change had already occurred to community following initial 

catchment disturbance. A significant upgrade to the SWP in 2001, lead to an 

observable decrease in Chl a concentrations in western Moreton Bay (Saeck et al., 

2012). However, it is clear that the majority of anthropogenic nutrients delivered to 

Moreton Bay originate from diffuse sources (i.e fertilizers, soil organic matter), 

delivered in large quantities during episodic flooding events.  Efforts aimed at 

countering eutrophication of western regions of Moreton Bay should be focused at 

minimizing the delivery of diffuse nutrients to the bay during episodic flow events. Key 

recommendations for management from this chapter for management are detailed 

blow. 

 

1) Improved management of diffuse sources of nitrogen (i.e. efficient use of N for 

agriculture, improving soil condition) 

 

2) Strategic rehabilitation of catchment floodplains and wetlands to act as nutrient 

sinks  

 

Chapter 5 uses fluvial-marine sediment of Moreton to offer insights into climate 

variability of the region of the last millennia, and the influence of global climate 

anomalies.  As evidenced by this study and other climate reconstructions for the region 

(Barr et al., 2014; Vance et al., 2015), it is apparent that the instrumental record does 

not capture the magnitude of climate viability occurring in the last millennia. This has 

important implications for the management of the regions water resources and land-

use planning. 

 

The large floods of 2011 and 2013 in eastern Australia were among the most severe 

experienced in the instrumental record (Power and Callaghan, 2016). Extensive 
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flooding resulted in the loss of life, and major damage to agricultural, urban and 

industrial infrastructure. Furthermore, high levels of suspended sediments in flood 

waters in the Brisbane catchment forced the Mt Crosby water treatment plant (which 

supplies drinking water to ~2 million people) to shut down during the 2013 flood. 

Much of the water resources along the east coast have been exploited in the last 200 

yrs. In the context of the past millennia this was a period of relative climate stability, 

with few climate extremes. This highlights a potential risk faced by water resource 

infrastructure and planning in SEQ, which are potentially underestimating the future 

likelihood of periods of widespread water-shortages. In addition, strong la Nina events 

similar to that which brought widespread rainfall in 2010/2011 are predicted to 

increase in frequency as the earth’s surface warms (Cai et al., 2014). 

Climate extremes, expressed by greater hydrological variability in SEQ pose a risk to 

infrastructure and also the ability to secure portable water resources for the wider 

region.  It is also suggested that an observed increase in frequency of major flooding 

in south eastern Australia over the last century is credited to the effects of 

contemporary anthropogenic climate change (Power and Callaghan, 2016). Key 

recommendations for management from this chapter for management are detailed 

blow. 

1) Strategic investment and research in appropriate infrastructure to mitigate the

effects of drought  (i.e. groundwater recharge, rain-water tanks, )

2) Improved water resource policy and planning, recognising the high

uncertainties of predictions in annual rainfall for SEQ (i.e. water restrictions/

allocations).

3) Strategic rehabilitation of key water supply catchments in SEQ, aiming to

improve water quality received by water processing facilities.

4) Improved integration of short to medium term weather/climate forecasting in

water management planning across, municipal, industrial and agricultural

sectors.
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Overall, outcomes of the several chapters presented in this thesis contribute to an 

improved understanding of the natural variability and extent of human impact in 

Moreton Bay. Recorded in sediments in Moreton Bay are the evidence significant 

chemical, physical and biological transformations associated with the activities of 

people living within the adjacent catchment. Gibbes et al. (2014) present a cautiously 

optimistic view of the ability of current management actions to continue to halt the 

decline of ecosystem health within the Bay. However, it is unknown whether current 

rates of human induced disturbances are too great for the system to adapt, as 

previously observed in the geological record (Gibbes et al., 2014). Our results, suggest 

the system is undergoing fundamental geomorphological and biological changes that 

are unprecedented in the Holocene. Therefore, it is unrealistic to gauge the capacity of 

the system to adapt to rapid change, on the pretext an understanding of past adaptive 

capacity under incomparable conditions. 

 

The outcomes presented in chapters 2, 3 and 4 highlight the magnitude of change that 

has occurred to the ecosystem of Moreton Bay under the influence of a rapidly 

developed catchment. This is complemented by numerous other scientific studies and 

historical accounts that have documented the decline of coral reefs, seagrass 

meadows, oyster reefs, and fisheries of Moreton Bay (Lybolt et al., 2011; Diggles et al., 

2013; Welsby, 1907). The concept of a modern ‘resilient’ Moreton Bay is uninformed to 

the extent of degradation that has already occurred and continues to take place.  

Placing the modern condition of Moreton Bay into the context of degradation that has 

already taken place, allows more prudent decisions to be made about how to best 

‘manage’ this system. Under the current status quo of food production, urban and 

industrial deployment, and energy production for the region, it is likely we will see 

further loss of the ecological integrity and functional diversity of this unique place. 

 

The rise in the human population in the catchment of Moreton Bay has had a 

measurable impact of the chemical, physical and biological characteristics of the bay. 

These changes are preserved in the sedimentary record. While, the physical and 

biological impacts of a growing human population on land are stark, the impact of 

human activities on the coastal ocean is less obvious. This thesis presents evidence for 

the extent to which human activities in catchment are influencing the coastal zone. 

Furthermore, as depositional sedimentary environments estuaries and deltas are likely 

to preserve these impacts for millennia following further burial and subsequent 
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lithification. This provides supporting evidence for the formal recognition of the new 

proposed geological era of the ‘Anthropocene’ (Steffen et al., 2007). 

 

Our capacity to address key environmental challenges facing east-coast Australia will 

be strained as the earth’s climate warms and society is subject to an increasingly 

unpredictable climate. The most recent ‘state of the climate report’ for the Australian 

continent co-authored by CSIRO and the Bureau of Meteorology (BOM), has presented 

clear evidence for widespread climatic change across the continent during the last 50 

to 100 yrs. Since 1910 average terrestrial temperatures have risen by 1 Cº, while sea 

surface temperatures have also risen at a rate of up to 0.16 Cº per decade.  Significant 

shifts in annual rainfalls, and frequency of heat waves, have also occurred since the 

1970s. Climate has a strong influence on the condition of terrestrial landscapes and 

river basins. Climate is also a major control on the transport of terrestrial material to 

coasts including; sediments, nutrients and pollutants. The modification of the condition 

and hydrology of the catchment under a changing climate is also likely to present new 

environmental challenges unseen in the 20th century.  

 

1.3 Major conclusions 

 

The use of fluvial-marine sediments as archives of environmental change and human 

impact in East-Coast Australia is generally limited. This thesis demonstrates the power 

of these tools to broaden our understanding of the linkages between coasts and their 

adjacent catchments. The research presented also seeks to integrate an understanding 

of the broader temporal and spatial scales at which change is being observed in 

shallow coastal embayments and how this is shaping contemporary systems. By doing 

so it seeks to offer new insights into the environmental challenges faced by 

embayments subject to the effects of rapid land-use changes.  

 

The core of this research is founded on the initial development of a well-defined 

chronology of the sediment profiles of central Moreton Bay. Despite the challenges of 

applying traditional dating techniques (Cs-137, Pb-210, OSL, AMS 14C) in this setting, 

well defined chronologies were developed for two core sites. The records developed 

incorporate both the late Holocene (~3.5 Ka to present), and the period of European 

settlement in the region beginning in the early 18th century. The breadth of the record 

has allowed comparisons to be made of the physical, biological and chemical attributes 
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of the system during the Holocene (prior to widespread catchment disturbance) and 

following European settlement and the rapid transformation of the watershed. These 

include; 1) the rate of fine sediment (< 63 μm) accretion in central Moreton Bay 2) the 

supply of anthropogenic trace metals to the Bay, and 3) the community composition 

and structure of photosynthetic organisms. Finally, a multiproxy approach is employed 

to offer new insights in regional climates of the last millennia. Together, these core 

chapters provide a historical context for the current condition of Moreton Bay and 

insights into the future trajectory of this unique ecosystem. 

Key findings from this research are detailed below;  

 

 Fine sediment (<63 μm) supply to Moreton Bay increase between 3 – 9 fold 

after widespread vegetation clearing in the adjacent catchment in the late 18th 

Century. 

 

 The 2011 flood delivered an estimated 5-10 million tonnes of fine sediment to 

the bay, > 20 times the average annual load estimates of the Brisbane River. 

 

 Modern turbidity regimes in Moreton Bay are the result of the compounded 

effect of both a historical increase in fine sediment supply and rapidly declining 

effective storage capacity of the receiving basin.  

 

 Initial metal contamination occurred in Moreton Bay prior to the 1950s and has 

continued until the present. 

 

 The 2011 flood was to date the single most significant event in terms of total 

input of metal pollutants to Moreton Bay. High concentrations of Zn, Cu, and Pb 

following the event suggest that urban and industrial land-use practices are the 

primary source of this increase. This highlights the importance of intermittent 

high magnitude floods in controlling metal transport to coast in subtropical 

regions.  

 

 Following agricultural intensification after the 1950s total primary production in 

central Moreton Bay increased. This was also paired with a shift in the 

community of diatoms – with a greater dominance of marine blooms forming 
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diatoms (Thallas. Spp). Higher turbidity after this time favoured pelagic and 

opportunistic growth forms.  

 

 The increased rate of supply fine sediments and associated nutrients (N & P) 

after rapid land-use changes in the mid-19th century is a primary contributor to 

both the increase in primary production and community shift observed in the 

algae communities of Moreton Bay.  

 

 Evidence suggests both the Little Ice Age (LIA) and the Medieval Warm period 

were ubiquitous features of both the Northern and Southern hemispheres. 

Evidence from fluvial marine sediments in Moreton Bay suggest these period 

were expressed as both increased and decreased water balances in coastal 

catchments, including a period of decreased freshwater influence from 800 to 

1200 AD peaking between 1050 to 1250 AD 2) a period of increased freshwater 

influence between 1500- 1700 AD, peaking between 1500- 1600 AD. 

 

Catchments provide important services for estuarine, coastal and marine ecosystems 

including: the transport and cycling of essential nutrients for aquatic organisms, 

corridors for the movement of coastal plants and animals and, nurseries for 

development stages of fishes and other organisms. However, in developed regions the 

benefits of strong-connectivity between catchments and coastal ecosystems can be 

often outweighed by the negative impacts associated with high sedimentation, 

inorganic and organic pollution and eutrophication. While, we now have a broad 

understanding of ubiquitous geomorphic processes controlling catchment to coast 

linkages. It is evident from this research that that the effective management of these 

systems requires a tailored approach that recognises the subtle differences in the 

geomorphology of individual river basins, coastal floodlains, estuaries and coastal 

zones.  

 

To achieve better outcomes for coastal zones facing human induced degradation it is 

now critical that catchments are integrated as fundamental planning units for efforts 

aimed at improving the conservation of costal ecosystems.  This needs to be paired 

with ongoing research into the source, transport and fate of terrestrial material 

supplied to the coastal zone at a basin scale. Together, this requires the coordination 
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of financial, educational, and logistical efforts across multiple governance boundaries, 

and between many stakeholder groups.  
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