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ABSTRACT

This study examines the patterns of depositional variability, sediment geochemistry and metal
distribution in intertidal areas of Moreton Bay, southeast Queensland, Australia. Recent concern
over increasing human impact on the bay has generated the need to obtain evidence on how the
disturbance of the depositional setting might affect the natural estuarine environment.

Sediment stratigraphy, major, and trace element analyses of sediment cores show that the
sedimentation pattern is unique to each intertidal site. Disturbed °Pb and **'Cs activity profiles of
some of the cores indicate that sediment reworking occurs across the intertidal flats up to a depth of
at least 80 cm. With some notable exceptions, an accurate geochronology of the surface sediments
could not be established due to low °Pb activities and sediment mixing. Thus, an increase in Pb,
Zn and Cu towards the surface sediments observed at various sites is attributed to both
anthropogenic contribution following the rapid urban development in the last century and to post-
depositional diagenetic processes, bioturbation and sediment re-suspension induced by tides, storms
or floods. Sediment cores are representative only of the local sedimentation and may not always

allow extensive correlation to larger areas. Vertical profiles of heavy metals reflect the different



depositional environment controlled by-the complex-hydrodynamics of the bay. Local hydrologic,
physical, and tidal conditions might induce metals redistribution at different scales. This
information is of critical importance in view of sediment remobilization caused by future
development such as dredging, intertidal areas reclamation or excavation of new navigational

channels.
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1. INTRODUCTION

Moreton Bay, located in southeast Queensland is one of the largest estuarine systems in Australia
and is internationally recognized for its biodiversity and ecological significance (Dennison and
Abal, 1999). Last century’s accelerated urban, agricultural and industrial development led to
substantial modifications of the region with only 28% of the catchment area remained undisturbed
after intensive land clearing, deforestation, agriculture and urbanization (Capelin et al., 1998; Neil
1998; Dennison and Abal, 1999). The western sides of the bay are facing continuous pressure from
new developments and intensive alterations of the intertidal areas, such as the establishment of the
Brisbane port and airport and the construction of recreational harbours. Sediment deposition in
marine coastal environments is a natural process controlled by geography, geology,
geomorphology, and climate variability. However, following the rapid urbanization, sediments
transported from the catchment to the bay have increased together with the associated metal loads
and nutrients (Neil, 1998; Dennison and Abal, 1999; Duke et al., 2003; Cox and Preda, 2005;
Healthy Waterways 2012; Morelli et al., 2012), and represent a major environmental problem. For
example, nitrate and phosphate concentrations in the Brisbane River waters increased by 22 and 11

times, respectively, in the last 50 years (Dennison and Abal, 1999; Duke et al., 2003; Cox and



Preda, 2005). Frequent blooms of L'yngbya, a-toxic cyanobacteria, in the western side of the bay
possibly reflect high nutrient contents in the waters, with western Moreton Bay considered to be
eutrophic (Dennison and Abal, 1999) and to have an altered hydrogeological regime (Logan et al.,
2010). Most importantly, sediments deposited in bays and estuaries represent a potential sink for
anthropogenic-derived metals in any aquatic environment because of their large adsorption
capability (Siegel, 2002). Hence, estuarine sediments deposited in the past may be more
contaminated than recent sediments (e.g. Pirrie et al., 1997; Cearreta et al., 2000; Cundy et al.,
2003). Post-depositional disturbance by reworking processes (bioturbation, floods, tidal currents or
dredging) can result in sediment re-suspension and release of potential contaminants into the food
chain (Tessier and Campbell, 1988), thus contributing to the long-term contamination of many
estuaries (e.g. Forstner and Wittman, 1983; Eyre and McConchie, 1993; Swales et al., 2002; Cundy
et al., 2003; Forstner and Salomon, 2008; Smith et al., 2008; Larrose et al., 2010).

Due to its sub-tropical location, Moreton Bay is subjected to seasonal intense floods during the wet
season, resulting in significant events of sediment deposition and/or resuspension (Neil, 1988).
Consequently, it is important to have a clear understanding of the depositional setting, distribution
and source of sediments together with trace elements variability to support any management
strategy for the protection of this estuarine ecosystem. A number of studies have characterized trace
metal distribution in Moreton Bay sediments (Cox and Preda, 2005; Brady et al 2014a; Brady et al.
2014b; Morelli and Gasparon, 2014) and provided some information at the whole-bay scale. A
study on sediment cores revealed considerable variability in sedimentation rates across four
intertidal areas (Morelli et al., 2012). It remains to be established, however, whether the
depositional and geochemical properties of the intertidal sediment profiles are consistent across the
bay. This characterization is critical to identify the natural and anthropogenic components of the
sediments, and to monitor possible sediment contamination in view of any disturbance of the
sediment column due to excavation and maintenance of navigational channels, intertidal areas

reclamation or increased recreational activities.



This study on estuarine sedimentation and geochemistry documents the complexity of Moreton Bay
intertidal areas. Results of nine intertidal sediment cores are discussed in this article and are
integrated with an additional set of data from four cores described in a previous study (Morelli et
al., 2012). Stratigraphic observations, major and trace element compositions, and ?*°Pb and **'Cs
activities were integrated to 1) characterize the sedimentary settings of the intertidal sites, 2)
identify the geochemical variability among the sediments of different sites and 3) identify the

processes that control vertical metal distribution along the bay sediments.

2. MATERIALS AND METHODS

2.1 Regional setting

Moreton Bay in Southeast Queensland is a semi-enclosed estuarine embayment approximately 110
km long and about 35 km wide with an average depth of 6.8 meters (Fig. 1). The bay is delimited to
the east by three sand dune barrier islands (Moreton, North and South Stradbroke) and includes five
major catchments: the Brisbane River, Logan/Albert Rivers, Pine Rivers, Pumicestone Passage, and
Caboolture River. The climate is humid subtropical with a dry winter season (June to September)
and a humid, hot summer season (November to April) and is subjected to the EIl Nifio Southern
Oscillation (ENSO) (Eslami-Andargoli et al., 2009). Hydrographic data for the Brisbane and Logan
Rivers record long-term periods of low runoff alternating with periods of high runoff. During the
year south-easterly winds dominate, with north easterly sea breeze in summer afternoons and south-
westerly to north-westerly winds in winter (Stephens, 1992). The prevailing south-easterly winds
push the water to the north inducing a northward circulation. The patterns of sedimentation are
strongly controlled by ebb and flow tidal currents entering the bay from the North Entrance between
Moreton and Bribie islands, the South Passage, and the Jumpinpin Passage (Newell, 1971; Milford

and Church, 1976; Church, 1979). Along the shallower western side of Deception Bay and Bramble
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Bay water circulation is mainly influenced by river deposition (Maxwell, 1970) and driven by
northward weak tidal currents following the shoreline (Patterson, 1992). Waterloo Bay is
characterized by a hyposaline, turbid environment with restricted water circulation and shallow
bathymetry. In South Moreton Bay, since the opening of Jumpinpin Bar in 1896, oceanic tides and
waves enter from the Jumpinpin Passage and travel northwards, mixing with the Logan delta flow
(Steele and Mendoza, 1993) and leading to the erosion of the existing low energy tidalites and the
formation of the present tidal channels among the islands.

The dominant lithologies in the Moreton Bay region are Jurassic lithic feldspathic sandstone,
siltstone and shale (Marburg Formation), Devonian/Carboniferous shale, mudstone argillite, chert
and greywacke (Neranleigh Fernvale Beds), Miocene alkali-olivine basalts (Main Range
Volcanics), Triassic andesites (Neara VVolcanics), polymictic pebble to boulder conglomerate mixed
with feldspathic sandstone (Esk Formation) and Quaternary alluvium sand, silt and clay (Lohe,
1980; Ewart et al., 1985; Ham, 1993; Walker, 1998; Caitcehon et al., 2001; Heim, 2002; Douglas et

al., 2003; Willmott, 2004; Douglas et al., 2007).

2.2 Sampling methods

Sampling was designed to target depositional areas of Moreton Bay characterized by fine
sedimentation, because of the preferential partitioning of trace metals to fine particles (Schorer,
1997; Siegel, 2002). The analysis of Google Earth images and a recent Moreton Bay Seafloor Map
(SEQ Catchment, 2008) allowed preliminary qualitative identification of areas of current sediment
deposition. The observation of aerial photos taken since 1946 (obtained from the Queensland
Department of Natural Resources and Mines — DNRM; unpublished) made it possible to identify
changes in the coastline and the evolution of the major channels and sand bars. Sediment cores were
collected from intertidal mud-sand flats close to mangrove-vegetated western shorelines in

Deception Bay (G9), Bramble Bay (G24, G26, G16), Waterloo Bay (G14, G15, G21, G23), and



South Moreton Bay (G29, G32, G27, G30) (Fig. 1). Cores G37, G34, G6, and G31 were collected
in a previous campaign and results of ?°Ph, *3’Cs, and trace metal trends have been discussed in
Morelli et al. (2012). Hand-pushed aluminium tubes 150-300 cm long were used to collect the
sediment cores. The tubes were then filled with seawater and a plug inserted in the top opening of
the core prevented sediment loss as the tubes were slowly extracted by hand. A diamond saw was
used to make two longitudinal cuts in the aluminium casing, and the sediment cores were split into
two halves with a nylon string (Morelli et al., 2012). After qualitative description of their
stratigraphy, lithology, and possible bioturbation, the cores were sliced with an acid-cleaned plastic
cutter at 3-5 cm intervals from the surface to 50 cm. The lower part of the cores was sampled with a
10 cm resolution. Samples were stored in plastic containers in a dark cold room (T= 2-4 °C) until
analysis. One fraction of the sample was used for geochemical analyses after oven drying at 60 °C,
and the other to establish grain size and organic matter content (Loring and Rantala, 1992). In
addition to the cores described in Morelli et al. (2012), five cores (G16, G14, G21, G29, G32) were
chosen for radiometric isotope measurements. Four samples in the top 75 cm were analyzed for
2% and *¥Cs from cores G16, G29, and G32 and six samples in the top 150 cm from cores G21

and G14.

2.3 Analytical methods

Grain size analysis was carried out using a laser particle size analyzer (Malvern 2000, Mastersizer)
after wet sieving the samples to the <1 mm fraction. Organic matter was determined using weight-
loss-on-ignition (LOI), a method of approximating the organic and carbonate content in sediments
(Dean, 1974; Heiri et al., 2001; Boyle, 2004). After oven drying the sample at 105 °C to constant

weight, the organic matter was determined from the loss of mass after heating the sediments at 550

°C for four hours (Dean, 1974; Heiri et al., 2001).



Metal concentrations were determined by complete dissolution using a hot-plate open beaker
digestion procedure with screw-top Teflon beakers. A combination of ultrapure acids (HNO3;+HF,
HNO3, HCI+HNO3) was used sequentially until complete sediment dissolution was achieved. For
each batch of samples, laboratory blanks, procedural blanks, replicates, and certified reference
materials (AGV-2 -USGS Andesite and MESS-3 -USGS marine sediment from the Beaufort Sea)
were analysed for analytical quality control. Sample preparation was performed in the Radiogenic
Isotope Laboratory (Class 100 to 1000) at The University of Queensland. All plastic lab wares were
acid cleaned and rinsed with Milli-Q water before use. Concentrations of Zn, Pb, Cu, Ni, Co, As,
Th, Ba, Rb, Sc, and REE were determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS - Thermo X7 ICP-MS) and Al, Na, Ca, Fe, Mn, Ti and K were analysed by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES — Perkin EImer Optima 3300).
Concentrations of trace elements analysed were all above the detection limits and concentrations in
the procedural blanks were in the pg/g range and therefore negligible. The precision of the method
based on multiple determinations of reference standard materials (AGV-2 thirteen replicates;
MESS- 3, seven replicates) was very good. For AGV-2, relative standard deviation (RSD) values
were < 5% for all the elements except Cu (RSD 7%) and Pb (RSD 9%); for MESS-3, RSD typically
ranged from 1 to 3% with the exception of Cu (6%). Analytical accuracy compared to the certified
standard values of AGV-2 and MESS-3 was within RSD < 5% for all the elements of interest,
except for Gd (9%) in MESS-3.

The activities of radionuclides ?°Pb and **’Cs were measured using a Compton suppression gamma
spectrometer located at ANSTO (Australian Nuclear Science Organization). Approximately 30-40
grams of sample were used for the analysis. °Pb activity was determined using the 46.5 keV peak
and “°Ra activity was calculated using ?**Pb and **Bi at 351.9 keV and 609.3 keV, respectively.
Unsupported #°Pb activity was calculated by subtracting the #?°Ra activity from the *°Pb activity.
137Cs activity was determined from the 662 keV peak after subtraction of the ***Bi peak

interference.



3. RESULTS

3.1 Lithology and grain size

Moreton Bay intertidal sediments are predominantly sand to sandy silt (Fig. 2). In the north and
south side of Deception Bay (G37 and G34) sediments are characterized by silt and clay (mud ~
50%), while fine sand with several shell deposits dominates in the western side of Deception Bay
(G9), and is underlined by yellow-brownish solid clay below ~ 82 cm (Fig. 3). Silt forms the top 50
cm of core G6 in the Pine River. Bramble Bay sediments are formed by grey-brown very fine-to-
fine sand with layers of ~1-2 cm white-grey bivalves. The top meter of core G14 in Waterloo Bay is
composed of very fine grey sand changing to fine dark grey mud (70%) below 90 cm, similar to the
deposit at the bottom of cores G37 and G34. At the mouth of Tingalpa Creek (G21 and G23) fine
sand is the dominant sediment fraction. In South Moreton Bay (G29 and G32) grey brown very fine
to medium sand is mixed with ~20-30 % mud, changing in the lower part of the cores to white-grey
fine to coarse sand with black grey coarse grains (stratigraphic logs are shown in Fig.3). LOI at 550
°C ranges from 1% to 18 % and is positively correlated with the fine sediments fraction in each core

(r*=0.60 to 0.88).

3.2 2%pp and ¥'Cs radionuclides

Total 2°Pb activities (**°Phy) were detected in the top 100-150 cm (Fig. 4) ranging from a
maximum of 56.7 Bg/kg (G34) to a minimum of 7.6 Bg/kg (G16) with their maxima at or near the
top of the cores. Unsupported %°Pb (*°Pbyns) activities in the surface sediments varied from 9.3
Bg/kg in core G29 to a minimum of 4.1 Ba/kg in core G21. In core G16 %°Ph,,s was found only in

the top layers, and low 2°Phy; (<10 Bg/kg) and constant values with depth indicate possible



sediment mixing or sediment loss. V/éry-low 2°Pb, s in core G14 (~7.3 Bq/kg) showed a slight
decrease with depth. Total and unsupported **°Pb in cores G29 and G32 decreased with depth, but
the low 2°Phy,s surface activities (9.3 + 3.2 and 6.9 + 2.1 Bg/kg, respectively) do not allow
calculation of a meaningful age for the sediments. In the top ~10 cm the constant activities of
1%y, are indicative of sediment mixing. In all the cores, the low **’Cs activities in the top 30-40
cm (Fig. 4) do not show the typical atmospheric testing fallout (Longmore et al., 1983; Simms et
al., 2008). In core G16 *'Cs was only detected in surface sediments (0.4 + 0.2.Bg/Kg) and at 81 cm
(0.6 + 0.3 Bg/kg). Activities of **’Cs were very low in G14 surface sediments (0.8 + 0.3 Bg/kg) and
in core G21 (0.5 + 0.2 Bg/kg), but were below detection in core G29. In core G32, **'Cs ranged
from 1 + 0.2 Bg/kg to 1.8 + 0.4 Bg/kg. The peak in *¥'Cs (1.8 + 0.4 Bg/kg) at 15 cm could
correspond to ~1963, suggesting sediments are at least younger than 1963, although this cannot be

conclusively stated due to the lack of >:°Pb data.

3.3 Sediment source and geochemistry

Intertidal Moreton Bay sediments are more enriched in Al,O3, CaO and Na,O than K,0 (A-CN-K
Nesbitt and Young, 1984) and are geochemically similar to the Marburg Formation, a mixture of
meta-sedimentary Jurassic feldspathic sandstone, siltstone and shale (Fig. 5). Sediment
geochemistry is also influenced by the Basaltic VVolcanics, the Main Range Volcanics (Miocene
alkali-olivine basalts) and the Neranleigh Fernvale Beds (Devonian/Carboniferous shale, mudstone
argillite, chert and greywacke) in agreement with previous studies on Moreton Bay sediment
sources (Caitcheon et al., 2001; Douglas et al., 2003).

Average concentrations of PAAS-normalized REE (PAAS-Post Archean Australian Shale, Taylor
and McLennan, 1985) in each core (Fig. 6) show that sediments are slightly enriched in Eu

(Eupaas) = 0.23-0.74) and in HREE (heavy REE) relative to LREE (light REE). In Deception Bay



(G9) sediments are enriched in Gd and the weathered clay at'the base of G9 has a distinctive LREE
enrichment relative to HREE (La/Lupaas)=1.18), a positive Gd anomaly (Gd/Lupaas)=1.88) and a
Eu negative anomaly. The northern part of Waterloo Bay (G14) is characterized by similar REE
patterns as Bramble Bay (G16, G26, G24) and enrichment in MREE (Gd/Lupaas)=1.46) compared
to Tingalpa Creek (G21, G23). Sediments in South Moreton Bay (G29 and G32) are characterized
by MREE enrichment over HREE.

Figure 7 shows that the La, Sc, Th and Co concentrations of Moreton Bay sediments cluster around
the PAAS and MUQ composition. Ratios of La/Sc and Th/Sc are low for the bottom sediments of
Deception Bay (G34 and G37) and Waterloo Bay (G14) while Bramble Bay (G24, G26, G16) and
Waterloo Bay (G14 top 100 cm) sediments are characterized by the highest ratios of Co/Th (>3).
Barium and Rb range between 51.8 and 357.6 ug/g, and between 5.7 and 74.6 pg/g, respectively
(Tab. 1) and are enriched in sediments of cores G29, G32, G21, G6 (Fig. 7).

Depth profiles of trace metals are shown in Fig. 8. Concentrations are normalized against Al to
account for variations in the mineral fraction and grain size (Loring and Rantala, 1992). Metal
concentrations vary between 10-82 ug/g for Zn, 4-17 ug/g for Pb, 3-27 ug/g for Cu, and 3-52 pg/g
for Ni. Increasing concentrations of Zn and Pb towards the surface are found in cores G16, G24 and
G14. Similar trends are observed in the Al-normalized profiles at site G21 (Zn/Al and Cu/Al) and
G23 (Pb/Al) showing that the increasing profiles are not an artefact of variable grain size. In
contrast, high Zn concentrations (~62 ug/g), Pb (~12 pg/g) and Cu (~16 pg/g) found in the top 5 cm
in South Moreton Bay (G29) are associated to an increase in the fine fraction. Maximum
concentrations of Zn, Pb, Cu and Ni at 40 cm in core G26 and at 75 cm in core G24 are associated

with a high LOI (~10%).

4. DISCUSSION

4.1 Spatial and temporal variability of the depositional environment
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Results of sediment geochemistry and their relationship with source rocks are consistent with earlier
observations suggesting a mixed sedimentary source for Moreton Bay (Morelli et al., 2012). The
little variations among the sites of the PAAS-normalized REE patterns (Fig. 6) are associated either
to a lack of REE variability of the source material, or more likely to REE homogenization following
weathering, sediment transport and deposition. Lanthanum, Sc, Th, and Co cluster around the
Australian Post Archean Shale composition (PAAS, Taylor and McLennan, 1985) and around the
average values for sediments in Queensland -MUQ (MUd from Queensland; Kamber et al., 2005).
The ratios La/Sc, Th/Sc, and Co/Th are often used to distinguish mafic from felsic sources (Taylor
and McLennan, 1985; Singh, 2009; Singh, 2010). Sedimentation in the northern part of Moreton
Bay (Deception Bay and Bramble Bay) is more influenced by mafic sources, while the southern part
of the bay (Waterloo Bay and South Moreton Bay) is dominated by felsic materials and
characterized by enrichment in Ba and Rb. Nevertheless, as shown by the core stratigraphy (Fig.3)
the depositional patterns are unique to each site and correlation across Moreton Bay cannot be
easily made. Once sediments are deposited, several reworking processes at a local scale may result
in geochemical signatures that differ from the original input in terms of compositional variability
and degree of homogenisation.

In Bramble Bay the top 1.50 meters of the intertidal flats are dominated by relatively homogeneous
very fine- to fine sand, in contrast with the sediment distribution map of Heggie et al. (1999), where
the south west coast of Bramble Bay is mostly characterized by mud deposition. Bramble Bay is
characterized by the longest water residence time in Moreton Bay (over 60 days) and fine sediments
on the seabed are easily resuspended (Dennison and Abal, 1999). Hence, the low content in mud
(~10%) found along the three cores (G26, G24, G16) suggests that tidal currents transport silt and
clay materials outside of the intertidal area. Compared to the other embayments, sediments are more

enriched in Co and La, suggesting a dominantly mafic source.

11



Sedimentation in the northern and southern part of Waterloo Bay shows compositional and textural
differences. The top 100 cm of core G14 are geochemically close to the mafic composition of
Bramble Bay (high Co/Th and Sc/Th ratios). In the southern part of Waterloo Bay (G21 and G23),
the lower Co/Th and Sc/Th ratios suggest that sedimentation from the Tingalpa Creek is more
influenced by felsic sources. The area is characterized by high depositional variability as shown by
the different grain size and stratigraphy of the two nearby cores as well as by the marked difference
in the Rb/Al vs Ba/Al ratios. Sedimentation is most probably driven by small-scale hydrodynamic
processes. Strong currents, different tidal inflow/outflow or floods may erode, re-suspend and re-
deposit sediments resulting in preferential deposition of fine particles, for example at site G23.

In Southern Moreton Bay (G32, G29), the dominance of fine to medium sand and the similar
geochemistry indicate that the recent sedimentation is affected by strong hydrodynamic conditions,
not allowing most of the fine sediments transported by the Logan River to deposit. The different
La/Sc and Co/Th ratios and the predominant clay to sandy silt at site G31 could thus represent the
finer sediment fraction from the Logan River carried northward by currents. The quartzose marine
sand characterized by low ratios of La/Sc and Th/Sc, typical of felsic rocks, found in the lower
sediments of cores G29 and G32, is associated to the opening of the Jumpinpin Bar in 1896, when
high-energy marine sand transported from the ocean into the bay deposited over the fine sediments
rich in organic matter typical of the old low energy tidal environment.

The only common sedimentary feature found across Moreton Bay is the weathered clay at the base
of cores G9, G15, G27 and G30. This layer is correlated to the Pleistocene sub-aerial weathering
surface exposed during the period of lowered sea level (Jones et al., 1978; Hekel et al., 1979; Clark,
1998) and constrains the deposition of the sediments considered in this study to the Holocene.
Consequently, a qualitative correlation of the mud-clay deposits found below 100 cm in cores G37,
G34 (Deception Bay), and G14 (Waterloo Bay) and their similar Sc/Th and Co/Th ratios, suggests
that they may correlate to the sedimentation of the quiescent basins formed during the Holocene

transgression (described by Flood, 1978, Jones et al. 1978, and Hoffman, 1980) filling the
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depressions of the pre- Holocene topography.-\We infer that in the area of G37, G34 and G14, the
weathered clay is found at the base of mud deposits (dashed grey line in Fig. 3). The lack of marine
mud above the Pleistocene surface on the west side of Deception Bay (core G9) highlights the
variability of the depositional environment characterized here by higher energy, erosion and

preferential deposition of sand.

4.2. Implications for sediment mixing

Profiles of #*°Pb suggest that post-depositional diagenetic processes have influenced sediment
accumulation in most of the Moreton Bay intertidal areas, although the sites considered in this study
were selected as the most likely to have preserved their original stratigraphy. Sediment mixing
occurred at least in the top 10-15 cm and it can affect deep sediments. For example in core G16
20, activities are constant to a maximum depth of about 80 cm and *¥'Cs is recorded at 85 cm.
Where #%Pb activities have an exponential decay below the surficial mixing layer (core G14, G29,
G32), it is conceivable that those sediments were deposited at least in the last 100-150 years
(Appleby and Oldfield, 1992). However, the low “°Pby activities in the surface sediments (less
than 10 Bg/kg) do not allow derivation of a sufficiently accurate age model. A peak in *¥'Cs activity
(1.8 £ 0.4 Bg/kg) at 15 cm in core G32 constrains the deposition of the sediments to the last 50-60
years, yet for this core it is difficult to infer where 210ph,ns and ¥'Cs activities reach close to zero
values because no samples were analysed below 30 cm. A profile with these characteristics may
result from the combination of low ?°Pb activities, bioturbation, physical mixing or sediment loss
caused by waves and tidal action, responsible for transporting radionuclides downward in the
sediment column, as commonly occurs in such environments (Heijnis et al., 1987; Crusius et al.,
2004; Ruiz-Fernandez et al., 2009). As discussed by Palinkas and Nittrouer (2007), variations in
219pp activities can also be related to episodic delivery of sediments, such as flood sediments

supplied in higher concentrations that commonly preclude particles from scavenging the usual
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amount of ?°Pb. The overall low-amount:of mud content is also consistent with low *°Pb activities
and the variability of mud/sand fraction along the cores is also known to cause differences in
activities (e.g., He and Walling, 1996; Ruiz-Fernandez et al. 2009). Numerous studies have
documented the partitioning of **’Cs and other radionuclides among different particle size fractions
of soils and sediments (e.g. Walling and Woodward, 1992; He and Walling, 1996; Dubrulle et al.,
2007; Korobova et al., 2014) and how the mineralogical composition of suspended and bottom
sediments may affect the fate of **’Cs (Lujaniene et al., 2005). For example, Walling and
Woodward (1992) found that the activities of **'Cs decrease with increasing particle size. The
variability of **'Cs found in Moreton Bay sediments coupled with the absence of marked increases
are possibly explained by the combination of a non-homogenous grain size together with the low
137Cs activities typical of the southern hemisphere, since original **'Cs fallout here is five times
lower than in the northern hemisphere (UNESCAR, 2000; Pfitzner et al., 2004).

In the absence of a reliable temporal record the observed metal trends are associated to either a
recent metal contribution from anthropogenic inputs, or to the homogenization of the sediment
profile and the redistribution of metals induced by mixing processes. For example, in Bramble Bay
similar concentrations of Zn, Pb, Ni and Cu are found in core G16 and G24, but metals show no
consistent vertical trends along the intertidal area with only Zn/Al increasing towards the surface in
both cores. Surface sediments at these sites were classified as only moderately contaminated with
Ni and As (Morelli and Gasparon, 2014). Bramble Bay is one of the most environmentally degraded
parts of Moreton Bay (Healthy Waterways, 2012), with the Brisbane River, Kedron Brook and Pine
River delivering nutrients and suspended sediments into the tidal region from their highly urbanized
catchments. However, as shown by the #°Pb activities and by the grain size variability, metals
distribution in this intertidal area is controlled more by the hydrologic regime and by mixing
processes than by the direct recent accumulation of metals in the sediments. In Waterloo Bay, core
G23 sediments have significantly higher concentrations of Pb, Zn and Cu and increasing trends

towards the surface of their metal/Al profiles compared to sediments of core G21. The shallow
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bathymetry of Waterloo Bay and restricted water exchange with the open ocean probably induce
different small scale hydrodynamic processes at the two sites, contributing to the distinctive metal
trends, as also suggested by the *°Pb activities, the geochemistry and the grain size distribution.

At site G14 in the northern part of Waterloo Bay, the top 40 cm of sediments were deposited in the
last 100 years based on #°Pb results. The observed increase in Zn/Al, Pb/Al and Cu/Al in this
interval is correlated to the development of the refinery located in Lytton and established in the
1960’s, to the runoff from the Brisbane airport, and to the nearby wastewater treatment plants. The
increase of the Al-normalized As profile from 80 cm to 20 cm, followed by a decrease in the top 20
cm is possibly associated to the same industrial development around the area. Surface sediments at
this site are contaminated with As (Morelli and Gasparon, 2014). Thus, following sediment mixing
further ecosystem deterioration could be induced by the redistribution towards the surface of the As
found below 20 cm. In South Moreton Bay (cores G29 and G32) metal distribution is more strongly
influenced by tidal exchange from the ocean rather than by the Logan River, as indicated by the
lack of well-defined metal profiles. Although the data set shows some compositional variability,
trace metal abundances do not differ substantially from the MUQ composition (Zn=73.47 mg/Kkg;
Pb=20.44 mg/kg; Cu=32.36 mg/kg; Ni=31.57 mg/kg). In contrast, at site G31 increasing
concentrations of Zn, Cr, Cu Cd and Pb in the top 60 cm were correlated to the anthropogenic
development occurred in the last 100 years (Morelli et al., 2012) and surface sediments are
contaminated with Ni and As (Morelli and Gasparon, 2014). These results suggest that the finer and
more contaminated sediment fraction from the Logan River is transported northward by currents
and deposited in a less mixed location, as also shown by the different grain size distribution in the
three cores.

A comparison of cores collected in different areas of Moreton Bay suggests that post-depositional
diagenetic processes and mixing are most likely responsible for vertical re-distribution of metals in
the sediment column. Hence, the majority of the sites can provide information only on existing

metal loads, but not on their temporal trends. There are, however, exceptions to this observation:
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previous work showed that four of the sites (G37, G34, G6-and G31) have preserved an undisturbed
sedimentation record for at least the last 100 years (Morelli et al., 2012).

Assessment of the anthropogenic contribution of metals in sediments is often achieved by
comparison to geochemical backgrounds estimated using elemental concentrations in the
continental crust, or in local, non-contaminated sites, or in the deepest sediments of cores (Reimann
and de Caritat, 2005). However, as found in Moreton Bay, metal distribution in sediment cores does
not always reflect a record of temporal contamination, as rapid sediment accretion or vigorous
mixing often cause metal redistribution in the sediment column (e.g. Lee and Cundy, 2001; Cundy
et al., 2003; Rosales-Hoz et al., 2003). Profiles of heavy metals and elemental ratios are unique to
each site, reflecting the different depositional environments. Intertidal sedimentation is mostly
driven by the hydrodynamic conditions of the bay, climate, topography of the catchment area as
well as regional geology. However, at each site the depositional variability is often overprinted by
localized factors: local tidal and wind conditions, different vegetation cover, variable rainfalls,
and/or different urbanization and industrialization of each catchment. Results from the present study
highlight the geochemical and depositional variability of Moreton Bay intertidal areas (summarized
in Fig.9) showing that simplistic generalizations of temporal and spatial trends of metals in similar

estuaries may lead to an incorrect assessment of current and past environmental impacts.

5. CONCLUSIONS

This sedimentary and geochemical investigation of Moreton Bay intertidal sediments provides
critical information for the understanding of estuarine sedimentation processes and metal
distribution. Sediments are made of sand to sandy silt and their geochemical signature reflects a
mixture of different source rocks outcropping within the Moreton Bay region. The processes that
may influence metals’ behaviour in intertidal areas were identified. Physical and/or biological

mixing disturbs the sediment sequence of the intertidal mudflat at least in the top 10 cm of most of
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the sites, and up to a maximum depth of 80 cm. When interpreting increasing Pb, Zn and Cu
concentrations towards the surface in the sediment column, it is difficult to discern the contribution
of anthropogenic contamination from that caused by post-depositional diagenetic processes.
Following mixing induced either by natural causes (e.g., flooding events) or by anthropogenic
activities (e.g., dredging) long-term pollution problems could be induced by the release of metals
associated with previously contaminated sediments. Further, with this contribution we have
highlighted that sediment cores from intertidal areas of large estuarine embayments are often
representative of a local depositional environment and may not always allow extensive spatial

correlation over larger areas.

17



Acknowledgments

This study was carried out while G. Morelli was a PhD student at The University of Queensland,
with the financial support of a University of Queensland International Postgraduate Research
Scholarship (IPRS). The authors would like to thank The Australian National Centre for
Groundwater Research and Training for finacial support; ANSTO (Australian Nuclear Science and
Organization) for the AINSE -Australian Institute of Nuclear Science and Engineering- grants
AINGRA08094 and AINGRA0908 for !%Pb and **’Cs dating. Thanks to Sunny Hu for assistance
with geochemical analyses, and to Atun Zawadzki and Henk Heijnis for generating the #*°Pb and
137Cs data and assisting with their interpretation. Thanks also to four anonymous Reviewers for

insightful comments, corrections and suggestions for an earlier version of this manuscript.

18



REFERENCES

Appleby, P.G., Oldfield, F., 1992. Application of lead-210 to sedimentation studies. In: lvanovich
M. and Harmon, R.S. Editors, Uranium-series disequilibrium applications to earth, marine and
environmental sciences, Clarendon Press, Oxford (1992), pp. 731-778.

Boyle, J., 2004. A comparison of two methods for estimating the organic matter content of
sediments. Journal of Paleolimnology 31: 125-127.

Brady, J. P., Ayoko, G.A., Martens, W.N., Goonetilleke, A. 2014a. Enrichment, distribution and
sources of heavy metals in the sediments of Deception Bay, Queensland, Australia. Marine
Pollution Bulletin, 8, 1, 248-255.

Brady, J. P., Ayoko, G.A., Martens, W.N., Goonetilleke, A. 2014b. Temporal trends and
bioavailability assessment of heavy metals in the sediments of Deception Bay, Queensland,
Australia. Marine Pollution Bulletin, 89, 1-2, 464-472.

Caitcheon, G., Prosser, 1., Douglas, G., Wallbrink, P., Olley, J., Hancock, G., Hughes, A., Scott, A.,
Stevenson, J., 2001. Sources of sediment in South East Queensland Final Report.Report on
project SS, phase 3. South East Queensland Regional Water Quality Management Strategy,
CSIRO Land and Water.

Capelin, M., Kohn, P. and Hoffenberg, P., 1998. Land use, land cover and land degradation in the
catchment of Moreton Bay. in Tibbets I.R., Hall N.J.& Dennison W.C., 1998, Moreton Bay and
catchment, School of Marine Science, The Univerity of Queensland, Brisbane: 55-66.

Cearreta, A., Irabien, M.J., Ulibarri, 1., Yusta, 1., Croudace, I.W., Cundy, A.B., 2002. Recent salt
marsh development and natural regeneration of reclaimed areas in the Plentzia estuary, N.
Spain. Estuarine Coastal Shelf Sci. 54, 863-886.

Church, J.A., 1979. An investigation of the tidal and residual circulations and salinity distribution in
Moreton Bay. PhD Thesis, Department of Physics, The University of Queensland, Brisbane,

Australia.

19



Clark, M.W., 1998. Management-implications of metals transfer pathways from a refuse tip to
mangrove sediments. Science of the Total Environment, 222: 17-34.

Cox, M.E., Preda, M., 2005. Trace metal distribution within marine and estuarine sediments of
western Moreton Bay, Queensland, Australia: relation to land use and setting. Geographical
Research, 43(2): 173-193.

Crusius, J., Bothner, M.H., Sommerfield, C.K., 2004. Bioturbation depths, rates and processes in
Massachusetts Bay sediments inferred from modelling of 2°Pb and #**?*®Pu profile. Estuarine,
Coastal and Shelf Science, 61: 643-655.

Cundy, A.B., Croudace, 1.W., Cearreta, A., Irabien, M.J., 2003. Reconstructing historical trends in
metal input in heavily-disturbed, contaminated estuaries: studies from Bilbao, Southampton
Water and Sicily. Applied Geochemistry, 18: 311-325.

Dean, W.E.J., 1974. Determination of carbonate and organic matter in calcareous sediments and
sedimentary rocks by loss on ignition: Comparison with other methods. Journal of Sedimentary
Petrology, 44: 242-248.

Dennison, W., Abal, E.G., 1999. Moreton Bay study: a scientific basis for the Healthy Waterways
Campaign. 0958636818, South East Queensland Regional Water Quality Management
Strategy, Brisbane, Qld.

Department of Natural Resources and Mines, DNMR, http://www.dnrm.gld.gov.au/

Douglas, G., Palmer, M., Caitcheon, G., 2003. The provenance of sediments in Moreton Bay,
Australia: a synthesis of major, trace element and Sr-Nd-Pb isotopic geochemistry, modelling
and landscape analysis. Hydrobiologia, 494: 145-152.

Douglas, G., Palmer, M., Caitcheon G., 2007. Identification of sediment sources to Lake Wivenhoe,
south east Queensland, Australia. Australian Marine and Freshwater Research, 58: 1-18.

Dubrulle, C., Jouanneau, J.M., Lesueur, J.F., Bourillet, P., Weber. O., 2007. Nature and rates of
fine-sedimentation on a mid-shelf: ‘‘La Grande Vasiere’’ (Bay of Biscay, France). Continental

Shelf Research, 27: 2099-2115.

20



Duke, N. C., Lawn, P.T., Roelfsema, C.M., Zahmel,-K.N.,-Pederson, D.K., Harris, C., Steggles, N.,
Tack, C., 2003. Assessing historical change in coastal environments. Port Curtis, Fitzroy River
estuary and Moreton Bay regions. Report for the Cooperative Research Centre (CRC) for
Coastal Zone Estuary and Waterway Management. Marine Botany Group. Centre for Marine
Studies, The University of Queensland. Brisbane. p. 225

Eslami-Andargoli, L., Dale, PerSipe, N., Chaseling, J., 2009. Mangrove expansion and rainfall
patterns in Moreton Bay, Southeast Queensland, Australia. Estuarine, Coastal and Shelf
Science, 85(2): 292-298.

Ewart, A., Chappell, B.W., Le Maitre, W., 1985. Aspects of the mineralogy and chemistry of the
intermediate-silicic Cainozoic volcanic rocks of eastern Australia. Part 1: introduction and
geochemistry. Australian Journal of Earth Sciences, 32: 359-382.

Eyre, B., McConchie, D., 1993. Implications of sedimentological studies for environmental
pollution assessment and management: examples from fluvial systems in North Queensland
and Western Australia. Sedimentary Geology, 85: 235-252,

Flood, P.G., 1978. The significance of two contrasting sedimentary environments (the fringing coral
reef and the tidal mud flat) presently in juxtaposition along the south-western shore of Moreton
Bay, Queensland. Pap.Dep.Geolo.Univ.Qd, 8(2): 44-63.

Forstner, U., Wittman, G. T. W., 1981. Metal pollution in the aquatic environment, Springer-
Verlag, Berlin.

Forstner, U., Salomons, W., 2008. Trends and challenges in sediment research the role of sediments
in river basin management, 8, 281-283.

Google map, 2014

Ham, J.E., 1993. The genesis and structural and metamorphic evolution of the Rocksberg area (3km
SW of Mt Mee). Honours Thesis. Department of Earth Sciences. The University of

Queensland. Australia.

21



He, Q., Walling, D.E., 1996. Interpreting particle size effects'in the adsorption of **'Cs and
unsupported °Pb by mineral soils and sediments. Journal of Environmental Radioactivity,
30(2): 117-137.

Healthy Waterways, 2012. www.healtywaterways.org.

Heggie, D., Holdway, D., Tindall, C., Fredericks, D., Fellows, M., Berelson, W., Longmore, A.,
Cowdell, R., Nicholson, G., Lowering, M., Udy, J., Logan, D., Prange, J., Watkinson, A.,
Schmidt, A., Capone, D., Burns, J., 1999. Task Sediment Nutrient Toxicant Dynamics (SNTD)
Phase 2 Final Report. South East Queensland Regional Water Quality Management Strategy.
Brisbane, 222 p.

Heijnis, H., Berger, J.W., Eisma, D., 1987. Accumulation rates of estuarine sediments in the
Dollard area: comparison of ?°Pb and pollen influx method. Netherlands Journal of Sea
Research, 21(4): 295-301.

Heim, J., 2002. Characterisation of a "Bioregional Land Zone", Brisbane, The University of
Queensland, Brisbane.

Heiri, O., A. F. Lotter, G. Lemcke 2001. Loss on ignition as a method for estimating organic and
carbonate content in sediments: reproducibility and comparability of results. Journal of
Paleolimnology, 25: 101-110.

Hekel, H., Ward, W.T., Searle, D.E., Jones, M., 1979. Geological development of Northern
Moreton Bay. In: A.Bailey and Neville C.Stevens, B. (Editor), Northern Moreton Bay
Symposium. Royal Society of QLD, Brisbane, pp. 7-18.

Hofmann, G.W., 1980. Quaternary sediments and geological history of the Pine rivers Area,
Southeast Queensland. Queensland Government Mining Journal: 502-512.

Jones, M., Hekel, H., Searle, D.E., 1978. Late quaternary sedimentation in Moreton Bay.

Pap.Dep.Geolo.Univ.Qd, 8(2): 6-17.

22



Kamber, B.S., Greig, A., Collerson, K.D.; 2005. A new estimate for'the composition of weathered
young upper continental crust from alluvial sediments, Queensland, Australia. Geochimica et
Cosmochimica Acta, 69(4): 1041-1058.

Korobova, E.M., Linnik, V.G., Chizhikova, N.P. Alekseeva, T.N., Shkinev, V.M. Brown, J.,
Dinu, M.1., 2014. Granulometric and mineralogic investigation for explanation of radionuclide
accumulation in different size fractions of the Yenisey floodplain soils. Journal of Geochemical
Exploration, 142: 49-59.

Larrose, A., Coynel, A., Schafer, J., Blanc, G., Masse', L., Maneaux, E., 2010. Assessing the current
state of the Gironde Estuary by mapping priority contaminant distribution and risk potential in
surface sediment. Applied Geochemistry, 25, 1912-1923.

Lee, S.V., Cundy, A.B., 2001. Heavy metal contamination and mixing processes in sediments from
the Humber Estuary, Eastern England. Estuarine, Coastal and Shelf Science, 53(5): 619-636.

Logan, B., Taffs, K.H., Cunningham, L., 2010. Applying paleolimnological techniques in estuaries:
a cautionary case study from Moreton Bay, Australia. Marine and Freshwater Research, 61(9):
1039-1047.

Lohe, E.M., 1980. The Neranleigh-Fernvale Beds of south- east Queensland; Petrology,
Sedimentology, Structure, Metamorphism and Tectonic Evolution. PhD Thesis. University of
Queensland, Brisbane.

Loring, D.H., Rantala, R.T.T., 1992. Manual for the geochemical analysis of marine sediments and
suspended particulate matter. Earth Science Reviews, 32: 235-283.

Lujaniene, G., Silobritiene, B.V., Joksas, K., 2005. Influence of particle size distribution on the
behaviour of **Cs in the Baltic Sea. Recent advances in multidisciplinary applied physics :
proceedings of the first international meeting on applied physics (APHYS-2003) : 13-18th
October 2003, Badajoz, Spain. London:Elsevier, 2005. p. 895-908.

Maxwell, W.G.H., 1970. The sedimentary framework of Moreton Bay, Queensland. Australian

Journal of Marine Freshwater Res., 21: 71-88.

23


http://www.sciencedirect.com/science/article/pii/S0375674214000946
http://www.sciencedirect.com/science/article/pii/S0375674214000946
http://www.sciencedirect.com/science/article/pii/S0375674214000946
http://www.sciencedirect.com/science/journal/03756742
http://www.sciencedirect.com/science/journal/03756742
http://www.sciencedirect.com/science/journal/03756742/142/supp/C
https://getinfo.de/app/subject-search?action=search&author=%22Logan%2c+B.%22&form=advanced
https://getinfo.de/app/subject-search?action=search&author=%22Taffs%2c+K.H.%22&form=advanced
https://getinfo.de/app/subject-search?action=search&author=%22Cunningham%2c+L.%22&form=advanced

Milford, S.N., Church, J.A., 1976. Simplified-circulation and mixing models of Moreton Bay,
Queensland. Australian Journal of Marine and Freshwater Research 28(1): 23-34.

Morelli, G. and Gasparon, M. 2014. Metal contamination of estuarine intertidal sediments of
Moreton Bay, Australia. Marine Pollution Bulletin 89, 435-443.

Morelli, G., Gasparon, M., Fierro, D., Hu, W.-P., Zawadzki, A., 2012. Historical trends in trace
metal and sediment accumulation in intertidal sediments of Moreton Bay, southeast
Queensland, Australia. Chemical Geology, 300-301: 152-164.

Neil, D.T., 1998. Moreton Bay and its catchment: seascape and landscape, development and
degradation. in Tibbets et al., 1998, Moreton Bay and catchment, School of Marine Science,
The University of Queensland, Brisbhane. 3-54.

Nesbitt, H.W., Young, G. M., 1984. Prediction of some weathering trends of plutonic and volcanic
rocks based on thermodynamic and kinetic considerations. Geochimica and Cosmochimica
Acta, 48, 1523.

Newell, B.S., 1971. The hydrological environment of Moreton Bay, Queensland, 1967-1968,
Technical paper n.30. CSIRO Division of Fisheries and Oceanography.

Palinkas, C.M., Nittrouer, C.A., 2007. Modern sediment accumulation on the Po shelf, Adriatic Sea.
Continental Shelf Research, 27(3-4): 489-505.

Patterson, D., 1992. Hydraulic processes in Moreton Bay. In: Crimp, O.N.A.L.S., Australian
Marine Science Consortium.Moreton Bay in the balance. Moorooka, Qld. pp.25-39 (Ed.).

Pfitzner, J., Brunskill, G., Zagorskis, I., 2004. **’Cs and excess **°Pb deposition patterns in
estuarine and marine sediment in the central region of the Great Barrier Reef Lagoon, north-
eastern Australia. Journal of Environmental Radioactivity, 76(1-2): 81-102.

Pirrie, D., Camm, G.S., Sear, L.G. and Hughes, S.H., 1997. Mineralogical and geochemical
signature of mine waste contamination, Tresillian River, Fai Estuary, Cornwall, UK.

Environmental Geology, 29, 58-65.

24



Reimann, C. and P. de Caritat, 2005. Distinguishing-between natural and anthropogenic sources for
elements in the environment: regional geochemical surveys versus enrichment factors. Science
of the Total Environment, 337,1-3, 91-107.

Rosales-Hoz, L., Cundy, A.B., Bahena-Manjarrez, J.L., 2003. Heavy metals in sediment cores from
a tropical estuary affected by anthropogenic discharges, Coatzacoalcos Estuary, Mexico.
Estuarine Coastal and Shelf Science 58, 117-126.

Ruiz-Fernandez, A.C., Hillaire-Marcel, C., 2009. **°Pb-derived ages for the reconstruction of
terrestrial contaminant history into the Mexican Pacific coast: Potential and limitations. Marine
Pollution Bulletin, 59(4-7): 134-145.

Schorer, M., 1997. Pollutant and organic matter content in sediment particle size fractions.
Freshwater Contamination-Proceedings of Rabat Symposium S4, April-May 1997(243).

SEQ cathment, 2008. Seafloor Map of Moreton Bay, 1:250,000.

Siegel, F.R., 2002. Environmental geochemistry of potentially toxic metals. Springer. Berlin.
pp.218.

Singh, P., 2009. Major, trace and REE geochemistry of the Ganga River sediments: influence of
provenance and sedimentary processes. Chemical Geology, 266: 242-255.

Singh, P. 2010. Geochemistry and provenance of stream sediments of mainstream Ganga
River and its major tributaries in the Himalayan region. Chemical Geology, 269, 220-236.

Smith, J., Douglas, G.B., Radke, L.C., Palmer, M., Brooke, B.P., 2008. Fitzroy River Basin,
Queensland, Australia. I11. Identification of sediment sources in the coastal zone.
Environmental Chemistry, 5, 231-242. CSIRO Publishing.

Steele, J.G., Mendoza, N. C., 1993. Data from the Logan Delta, 1990-1991, University of
Queensland, Dept. of Physics, St.Lucia, Brisbane.

Stephens, A., 1992. Geological evolution and earth resources of Moreton Bay, Moreton Bay in the
balance. Crimp, Olwyn N. Australian Littoral Society. Australian Marine Science Consortium,

Moorooka, Qld., pp. 3-23.

25



Swales, A., Williamson, R.B., Van'Dam, L.F., Stroud M.J:,; McGlone, M.S., 2002. Reconstruction
of urban stormwater contamination of an estuary using catchment history and sediment profile
dating. Estuaries, 25(1): 43-56.

Taylor, S.R., McLennan, S.M., 1985. The continental crust: its composition and evolution. An
examination of the geochemical record preserved in sedimentary rocks. Blackwell scientific
publications, Oxford Edinburgh.

Tessier, A., Campbell, P., 1988. Partitioning of trace metals in sediments. In: Kramer, J.R., Allen,
H.E. Metal Speciation: Theory, Analysis and Application. Lewis Publishers, Chelsea, Mi.
USA. pp.183-199.

UNSCEAR, 2000. Sources and effects of ionizing radiation. United Nations Scientific Committee
on the Effects of Atomic Radiation, Report to the General Assembly, VVolumel.

Walker, T., 1998. The Somerset Dam Igneous complex, South-east Queensland. Honours Thesis.
Department of Earth Sciences, The University of Queensland, Australia, Brisbane.

Walling, D.E., Woodward, J.C., 1992. Use of radiometric fingerprints to derive information on
suspended sediment sources. Erosion and Sediment Transport Monitoring Programmes in River
Basins. Bogen, J., Walling, D.E., Day, T.J. (eds). IAHS Publication 210. IAHS Press:
Wallingford. 153 — 164.

Willmott, W., 2004. Rocks and Landscapes of the National Parks of Southern Queensland.

Geological Society of Australia, Queensland Division, Brisbane.

HIGHLIGHTS

Sediment cores from intertidal estuarine areas represent local depositional sedimentation
and/or metal accumulation

Sediment deposition across the intertidal flats is affected by reworking and mixing at different
depths (up to 80 cm)

Vertical variability of Pb, Zn and Cd is associated to both anthropogenic and natural sources
Sediment remobilization caused by future developments (e.g. dredging) might induce metals
redistribution
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Table

Core  G37 G34 G9 G6 G24
Al 35 + 1.9 47 + 26 23 + 0.8 47 + 14 56 + 0.7
6.8 - 0.7 92 - 09 42 - 12 6.5 - 3.0 64 - 3.7
Fe 22 + 1.1 32 + 1.7 12 + 06 23 + 15 3.0 + 04
41 - 05 6.1 - 0.6 23 - 04 41 - 07 3.7 - 26
Mn 0.0 + 0.0 0.03 + 0.02 0.0 % 0.01 0.0 + 0.0 0.1 + 0.01
0.0 - 0.0 0.1 - 001 003 - 0005 0.0 - 0.0 0.1 - 0.03
K 0.6 + 0.2 0.8 + 04 0.5 + 0.1 13 + 0.1 15 + 0.2
1.0 - 0.2 13 - 02 0.6 - 0.3 15 - 12 16 - 1.1
Na 0.9 + 1.0 10 + 0.7 10 + 0.2 09 + 0.2 15 + 0.2
3.7 - 0.1 26 - 02 13 - 07 13 - 06 18 - 1.1
Ca 11 + 06 13 + 06 04 + 04 16 + 05 20 + 03
21 - 03 24 - 04 15 - 0.1 24 - 1.0 24 - 13
Ti 04 + 0.2 05 + 0.2 0.2 + 0.1 04 + 02 0.5 + 0.1
06 - 0.1 0.8 - 0.2 04 - 0.1 0.7 - 01 0.7 - 0.2
Sc 8.8 + 52 102 + 6.3 42 + 1.7 8.7 + 55 91 + 15
173 - 15 204 - 1.0 73 - 1.7 159 - 27 109 - 55
Co 8.6 + 4.3 123 + 57 72 + 34 105 + 5.7 19.2 + 2.1
156 - 25 203 - 35 139 - 3.7 177 - 37 220 - 127
Ni 146 + 8.3 211 £ 119 76 + 2.8 151 + 100 17.7 % 3.2
298 - 27 406 - 37 125 - 41 285 - 3.9 249 - 126
Cu 103 + 57 155 + 8.2 51 + 14 12.8 + 9.2 94 + 36
20.3 - 2.0 301 - 43 78 - 29 271 - 29 224 - 741
Zn 302 + 154 472 + 267 224 + 59 489 * 332 427 * 106
563 - 55 103.0 - 104 321 - 157 944 - 149 570 - 17.3
As 112 + 34 140 * 6.1 6.9 + 1.8 9.0 + 47 118 + 37
172 - 4.8 29.0 - 59 93 - 37 164 - 2.9 240 - 89
Rb 294 + 133 411 + 219 212 + 4.1 581 + 8.9 573 + 6.3
56.2 - 7.7 746 - 79 271 - 128 741 - 465 667 - 410
Sr 100.1 + 73.9 1176 + 627 772 + 22.8 1479 + 264 2066 * 21.2
256.7 - 188 2387 - 334 1335 - 458 1901 - 1147 2359 - 136.1
Cd 007 +003 ~ 010 + 007 004 + 001 007 + 004 006 * 0.02
0.12 - 0.02 035 - 002 006 - 003 0.15 - 003 0.12 - 0.04
Ba 1292 + 445 1609 * 554 1471 + 32.0 2547 + 187 3165 * 334
204.2 - 557 2404 - 701 2244 - 1062 2952 - 2139 357.6 - 230.7
La 136 + 44 169 + 65 126 + 438 135 + 7.3 18.2 + 2.1
236 - 7.4 271 - 71 243 - 74 229 - 52 20.7 - 12.0
Ce 276 93 361 + 138 280 * 114 271 + 157  39.0 % 4.1
485 - 140 571 - 147 566 - 157 472 - 95 443 - 27.3
Pr 34 £ 12 43 + 1.7 31 + 14 34 + 20 47 + 06
6.1 - 1.7 70 - 1.6 6.6 - 1.7 6.0 - 1.2 54 - 3.1
Nd 136 + 5.0 172 + 70 123 + 53 128 + 7.7 199 * 25
245 - 6.3 277 - 63 258 - 6.7 227 - 44 227 - 13.3
Sm 2.8 + 1.1 09 + 04 25 + 1.0 0.8 + 04 12 + 0.1
50 - 1.2 16 - 03 51 - 1.3 13 - 04 13 - 08
Eu 0.7 + 0.3 37 + 1.6 05 + 0.2 28 + 1.7 43 + 05
13 - 0.2 6.1 - 1.3 1.0 - 03 50 - 1.0 50 - 2.9





