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Abstract Measurement of elevated trace elements is an
important component of environmental assessment and
management of estuarine marine sediments in systems
adjacent to concentrated human activity. The present study
surveys the estuarine sediments in selected tributary bays,
creeks, and the upper segments of the Georges River sys-
tem, NSW, Australia, which flows into the Tasman Sea
through Botany Bay. A total of 146 surface sediment
samples were analysed by X-ray fluorescence. Potential
pollution of sediments was evaluated using potential load
index, modified degree of contamination, and potential
ecological risk index. The spatial distribution of trace
elements varies between sites. Variable sources of con-
tamination, including runoff from catchment areas, and
emissions from watercraft and boatyards are contributing
sources. Bay morphologies and their interactions with
catchment and tidal flows play significant roles in the
distribution of trace elements. The greatest concentration
of trace elements occurs around discharge points and in the
inner parts of bays that have high percentages of mud
particles and organic matter. The lowest contamination by
trace elements was found in sandy sediments along the
shoreline and edges of the bays. Trace element

< Yasir M. Alyazichi
yasira@uow.edu.au

! GeoQuEST Research Centre, School of Earth and
Environmental Sciences, Wollongong University,
Wollongong, NSW 2522, Australia

Dams and Water Resources Research Centre, Mosul
University, Mosul, Iraq

Maritime Military, Geospatial Information & Services
Directorate, RAN Australian Hydrographic Office, 8 Station
Street, Wollongong, NSW 2500, Australia

distributions decline in concentration in residential-free
areas and reach background levels in deeper sediment
cores. The concentrations of trace elements were controlled
by discharge points from the catchment area, marine boat
activities, bay morphology, and sediment types (sand, silt,
and clay). The highest pollutant concentrations are the
result of past legal, but uncontrolled, discharge of waste
from manufacturing into Salt Pan Creek.

Coastal and estuarine ecosystems can play a significant role
as reservoirs for many persistent organic and inorganic
contaminants, such as nutrients and trace elements, through
adsorption onto suspended matter and subsequent sedi-
mentation (Zhan et al. 2010; Junakova et al. 2015). The
main sources of contamination in estuaries are derived
from catchment area runoff and include mining, industries,
commercial waste, urban development, sewage discharge,
agricultural and irrigation runoff, and atmospheric depo-
sition (Karageorgis et al. 2012; Cheng et al. 2015; Sin-
govszka et al. 2015; Kim et al. 2016). In addition,
contamination may come from boat moorings and boat-
yards within bays, dredging, localized oil pollution, and the
use of antifouling products, anticorrosive paints and met-
allurgical processing (Attia et al. 2012; Tarique et al. 2012;
Zhang et al. 2012). Areas surrounding many industrial and
commercial centres contain particularly high concentra-
tions of trace elements. These concentrations result from
the inflow of untreated or poorly treated runoff onto the
land or waterways (Martley et al. 2004). As a result, the
global distribution of toxic trace elements, such as Hg, As,
Pb, Cu, Zn, Cd, Ni, and Se, are considered to represent one
of the environmental crises associated with rapid economic
development around the entire world. Marine sediments in
estuaries, lagoons, and bays effectively act as sinks and/or
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a secondary source for anthropogenic pollutants compris-
ing trace elements and organic matter (Qiu et al. 2011).
Trace elements are released again into the water column
when there are changes in chemical, physical, and bio-
logical process, such as pH, Eh, and bioturbation. Conse-
quently, premeditated and/or unintentional human
activities, such as waste disposal and discharge of waste
into the marine system (estuaries, lagoons, and bays),
causes contamination and often disperses into the vicinity
of the marginal marine setting.

The distribution of trace elements in surface sediments
from Izmit Bay, Turkey, was evaluated by Pekey (2006a)
and found to be influenced by contamination in a local
stream. The results demonstrated that the most concen-
trated element was Sn. Moreover, trace elements, such as
Cd, As, Pb, and Zn, were considered to be moderately
concentrated within the bay. In contrast, only background
concentrations of elements, such as Co, Cr, Cu, Fe, Mg,
Mn, and Ni, were found. The study suggested that the
increased concentration of some trace elements coincides
with an increased source of anthropogenic pollution, which
arises from increased urbanization and industrialization,
and organic matter from industrial plant developments and
shipping traffic.

Assessment of contamination by trace metals, such as
Cr, Pb, Zn, and V, in soils at the Jahmau and Unnao areas
of the Ganga Plain, India, was completed by Gowd et al.
(2010). The results showed that the impact of anthro-
pogenic activities increased the amount of heavy metals in
the soils of the study areas. They were found to be extre-
mely contaminated because of many years of random
dumping of hazardous waste and the free discharge of
drains by a number of industries, such as cotton and wool
textile mills, tanning and leather manufacturing, fertilizer
factories, and several arms factories.

Estimation of enrichment factors for contamination by
trace metals, such as Pb, Cu, Ni, and V, in the surface and
subsurface sediments of Koumounfourou Lake, Greece,
was investigated by Karageorgis et al. (2009). The sources
of these heavy metals were various industries and oil
refineries. Furthermore, the lake receives freshwater from
underwater springs and water outlets from an industrialised
catchment and the Athens landfill. Another study per-
formed by Amin et al. (2009) also evaluated the concen-
tration and distribution of trace elements to determine the
pollution status of the coastal surface sediments near
Dumai, Indonesia. The results showed that the sediments in
Dumai City and its vicinity had higher trace element
concentrations compared with other sites in the area. The
concentration of trace elements was compared to other
regions of the world by using the standard sediment quality
guidelines; trace elements were not deemed to be signifi-
cant pollutants in this moderately polluted coastal
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environmental. Research has suggested that the main
source of contamination from trace elements in coastal
sediments emanates from human activities and industrial
development (Romano et al. 2004; Amin et al. 2009).
Moreover, coastal topography and transfer by water cur-
rents have an important role in the concentration of trace
element contaminants in sediment, especially in the eastern
Dumai coastal lagoon.

These contaminants are rapidly transported and adsor-
bed onto sediments, especially fine particles, such as clay
minerals and organic matter, via chemical, physical, and
biological processes. When changes in environmental
conditions occur, the resultant chemical (pH and Eh),
physical (temperature and turbidity), and biological pro-
cesses can release contaminants back into the water col-
umn. This secondary contamination can have a significant
effect on marine ecosystems (Karageorgis et al. 2012;
Naser 2013). Accumulation of trace element pollution
occurs in the upper layer of sediments in aquatic environ-
ments through geochemical and biological processes and
may become toxic to sediment-dwelling organisms and fish
(Cosentino et al. 2013; Li et al. 2013). As a consequence,
trace element pollution is one of the largest problems in
coastal marine ecosystems causing potential bio-accumu-
lation and bio-magnification, resulting in long-term impli-
cations, because it can enter the human body via the food
chain. Coastal environments (estuaries and embayments)
are important, because they act as a sink for sediments and
trap large quantities of fine particles. These sediments are
related to pollution, because the fine particles have charged
surfaces and occur in a protected environment, sheltered
from fast currents, waves, tides, and wind activities (Duan
et al. 2011). Both the sediment particles and pollutants may
be derived from the adjacent land and transported by run-
off, stormwater outlets, tidal activity, and waves. The
entrapment is due to estuarine environments having a cir-
culatory current activity, which can inhibit the sediment
particles from escaping the estuary. Depositional processes
for sediments within the estuaries are controlled by floc-
culation and transportation by tidal current activity and
nontidal waves. Sediment size has an important role in the
depositional processes, because fine particles can be moved
in suspension (McLusky 1989; Palinkas et al. 2014).

The deposition of fine sediment particles can be inhib-
ited by strong tidal activities and large river flow dis-
charges, which occur at the mouth and head of the bay,
respectively. Away from the mouth of the bay, the strength
of tidal currents and waves declines into the side embay-
ments. As a consequence, the deposition of sediment par-
ticles occurs gradually in the inner parts of bays mainly as a
result of flocculation. Originally, the coarse sediment
fractions comprising pebbles and coarse sands are depos-
ited close to river and stormwater discharge points. The
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deposition of coarse to fine sand also can occur near the
shoreline where the sediment is reworked by wave action.
Fine to very fine sediment particles (<63 pm) are con-
centrated in the inner and upper reaches of the estuary and
bays, which contain organic matter (McLusky 1989; Hein
et al. 2013). The objectives of this study were to determine
the spatial distribution of trace elements, identify pollution
sources, and assess potential risks from sediments in the
Georges River system, NSW, Australia.

Study Area

The Georges River system is located approximately 15 km
south of the central business district of Sydney (33°55'S,
151°11 E; Fig. 1) and is classified as a drowned river
valley estuary, discharging into a broad bay (Botany Bay)
with an unrestricted entrance to the ocean (Roy 1984). The
smaller Cooks River also drains into Botany Bay to the
north of the Georges River. The whole system of the two
river estuaries and Botany Bay form an area of approxi-
mately 49 km? with a mouth, approximately 1.1-km wide
(Fraser et al. 2006). The system is partly protected from the

oceanic waves by headlands. Both main rivers entering the
bay have catchment areas that extend into Sydney; thus
they have large discharges of urban and industrial
stormwater, feeding Botany Bay with an annual water
runoff of approximately 520 x 10°® m® (Fraser et al. 2006).
This study investigates selected sub-environments in the
Georges River estuary comprising Woolooware Bay,
Kogarah Bay, Oyster Bay, Oatley Bay, Woronora River,
Salt Pan Creek, and the main arm of the upper Georges
River estuary (Fig. 1).

Materials and Methods
Sample Collection and Analyses

A total of 146 surface sediment samples from different
water depths were collected using a Van Veen grab sam-
pler during summer 2013, and they were combined with
179 samples from previous work (Fig. 1; Pease 2007,
Alyazichi et al. 2015a; Alyazichi et al. 2015b). The surface
5 cm of sediment was reserved for analysis. Water depth
and sample locations were recorded at each site using echo-
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Fig. 1 Sample locations from the Georges River system, NSW, Australia
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sounding (sonar) and a Geographical Position System
(GPS). Grain size analyses were conducted using a Mal-
vern Mastersizer 2000, and classified according to Folk
(1974). Trace elements were measured using an XRF
Spectro-Xepos energy dispersive spectrometer fitted with a
Si-docile detector, following an established standard pro-
cedure (Norrish and Chappell 1977). While a full spectrum
of trace elements was determined by the XRF analyses,
only chromium (Cr), nickel (Ni), arsenic (As), copper (Cu),
zinc (Zn), lead (Pb), rubidium (Rb), and bromine (Br) are
presented because of limited space. The other elements
exhibited similar spatial distributions. International refer-
ence standards (G-2, BIR-1 and AC-G) were analysed to
calibrate the precision and accuracy of the analytical pro-
cedure. Detection limits for lead and bromine were 1 mg/
kg and 0.5 mg/kg, respectively.

Subsurface sediment samples from deeper cores (75 mm
diameter and 2.5 m below the sediment surface) were used
to assess the more stable pre-European background sub-
surface trace element concentrations (Pease 2007). These
background concentrations were used to determine the
amount of trace element contamination in the samples.

Sediment Risk Assessments

Assessment factors used to evaluate sediment quality in
this study include the modified degree of contamination
(mCy), potential load index (PLI), and potential ecological
risk index (RI). Abrahim and Parker (2008) introduced a
modified and generalised formula based on Hakanson’s
(1980) original formula to calculate the modified degree of
contamination for trace element pollution in estuarine
sediments.

CF[ = Csample/ Cbackground (1)
S CF

Cq="= 2

mCq - (2)

CF' is the contamination factor, Csample 18 the measured
concentration of each trace element, Cpackground 18 the
concentration of the trace elements in a vibracore (75 mm
diameter at 2.5 m depth), mCy is the modified degree of
contamination, and 7 is number of trace elements analysed.

The potential load index (PLI) was proposed by Shep-
pard (1998) to calculate contamination, because it allows
comparison of contaminant concentrations between loca-
tions at different times. The PLI was calculated by using
the following formula, and the PLI values were classified.

PLI = (CF} x CF} x CFi...CFi)'/" (3)

The potential ecological risk index (RI) was used to assess
the effects of the trace element pollution in the study area.
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The RI was originally defined by Hakanson (1980) and was
calculated using Reboredo’s (1993) modification:

E. =T x CF' (4)
RI=>)E (5)

CF' is the contamination factor; E; is the monomial
potential ecological risk factor; T is the response coeffi-
cient for the toxicity of a single trace element, which was
adopted as the evaluation criterion, ie., Cr =2,
Ni=Cu=Pb=5, Zn=1 and As = 10 (Hakanson
1980; Mei et al. 2011); and RI is the sum of all risk factors
for trace elements in the sediments. According to Hakanson
(1980), the RI values are rated in four classes from low to
very high risk.

Geostatistical Analyses

ArcGIS desktop software, version 10.2, was used to create
contour maps for the variables measured for the sediment
samples from each bay. For each of the variables analysed
(e.g., water depth, mud particles, and trace elements),
values between the sampled sites were interpolated using
the “Spline with Barriers” method from the ArcGIS Spatial
Analyst Toolbox. Raster layers were created for each
variable for analysis and mapping purposes. The final maps
are presented as contour plots of relevant variables (Duan
et al. 2015).

Results and Discussion
Grain size Analysis

The results of the grain size analyses provide information
to classify the sedimentary environments and to assist in
the evaluation of depositional processes (Folk 1974). The
grain size ternary diagram for the Georges River system is
based on Folk’s 1974 classification and shows a continuum
of sizes from sandy silt to clean sand with a few samples in
the clay and silty clay zone (Fig. 2). The textural distri-
butions in the estuary samples are related to the source
rocks in the catchment, which are predominantly
sedimentary.

The spatial distribution of the textural classifications is
made using a classification presented by Blott and Pye
(2012) and is illustrated in Fig. 3a. Muddy (silt+clay)
particles dominate the central parts of the tributary bays
where grain size ranges between mud and very fine sand.
Fine and medium sands become dominant close to the
shallow margins. The sand content ranges from O to 100%
(Fig. 3b). The highest percentages of sand have
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Fig. 2 Classification of surface sediments in the Georges River
system after Folk (1974). Where S sand, s sandy, Z silt, z silty,
M mud, m muddy, C clay and c clayey

accumulated in shallow water, especially at the mouth and
along the edges and shoreline of each bay, where wave
activity is highest, causing transport of fine particles and
leaving medium and coarse particles close to the shoreline.
High percentages of sand also were found in the Woronora
River and the previously dredged main channel of Georges
River below Salt Pan Creek (Fig. 3b).

In general, the deepest water areas have the lowest
percentages of sand. This is related to low current activity
at depth within the bays where waves do not disturb the
bottom sediments. Fine particles such as silt and clay can
be transported by the currents and tides into the deeper
water and then gradually settle and concentrate in these
deeper areas (Fig. 3c, d).

The percentages of mud particles in the Georges River
system also range between 0 and 100% (Fig. 3c). The clay
particle percentages are low compared with those of silt
and sand (Fig. 2). The highest percentages of mud accu-
mulate in the inner and middle sites of the bays, such as
Kogarah Bay, Oyster Bay, Oatley Bay, and Woolooware
Bay, because the wave and current activity is less com-
pared with the main channel. Mud content is low in the
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main channel of the Woronora River, as well as around the
edges and mouths of the bays, where local wind waves
prevent deposition of fine particles or resuspended them;
these sites are dominated by sand (Alyazichi et al. 2015b).
The percentage of mud declines as depth becomes shal-
lower along the shoreline (Fig. 3c). Fine organic matter
also can stay undisturbed in deeper water areas, because
current velocities and waves are less effective (Fig. 4h).
Exceptions to this pattern included Salt Pan Creek and
Oyster Bay, which had shallow water depths (<1.5 m;
Fig. 3d) but also low percentages of sand. Their sediment
consisted of high percentages (approximately 80%) of fine
to very fine particles, which may have been because of the
low wave and current activity in their sheltered environ-
ments; consequently, the fine particles do not escape from
Salt Pan Creek and Oyster Bay.

Spatial Distribution of Trace Elements

The trace element concentrations Cr, Ni, As, Cu, Zn, Pb,
Rb, and Br in the surface sediments within the inner parts
of the Georges River system are illustrated in (Table 1).
Generally, it was found that concentrations of trace ele-
ments had similar patterns in most embayments in the
Georges River system with the highest concentrations at
the head and in the middle of the bays (Figs. 4a—h). Trace
elements, such as Cu, Zn, and Pb, are concentrated within
the deeper inner portions of the bays. In addition, trace
elements were concentrated around harbours and marinas
where many boats are moored.

The concentrations of trace elements declined markedly
towards the edges and mouths of the bays as well as in the
main Georges River channel and Woronora River where
the sandy sediments had the lowest concentrations of trace
elements. These oxidising environments had a high sand
content and low percentages of mud particles and organic
matter (Fig. 3b). Most of the bays had their highest con-
centrations of trace elements located around drains and
discharge points and within the inner parts of the bays.
There are several reasons for this pattern. First, surface
sample sites close to discharge points and stormwater
drains from roadways and residential areas have sediment
particles combining with trace elements, flocculating and
settling close to the discharge points due to the mixing of
fresh and salt water. Second, samples that are close to
boatyards where boats are painted to prevent fouling have
high contaminant concentrations. There also are large
numbers of moored watercraft with potential contaminant
spills. Third, the high percentages of mud (Fig. 3c),
including clay minerals, such as illite, kaolinite, and
chlorite, at the surface sample sites can accumulate and
trap trace elements through absorption, ion exchange, and
metal substitution with muddy particles (Karageorgis et al.

@ Springer

2012; Gunawardana et al. 2014; Xu et al. 2014; Alyazichi
et al. 2015a). The high clay content is shown by the high
concentrations of Rb between 50 mg/kg and 90 mg/kg in the
inner parts of the bays (Fig. 4g) that are typically associated
with the aluminosilicate mud particles. Finally, increased
percentages of organic matter (total carbon) also were higher
at these deeper muddy sites (Sansalone and Kim 2008). The
concentration of Br, which has a positive relationship with
organic matter, ranged from 100 to 500 mg/kg in the inner
parts of the bays, and it exceeded 300 mg/kg in some bays,
such as Kogarah Bay and Woolooware Bay (Fig. 4h). These
sites represent anoxic conditions, allowing trace elements to
be captured by the minerals and organic matter (Zhao et al.
2014). According to previous studies (Sansalone and Kim
2008; Zhao et al. 2014), organic matter has an affect on
chemical speciation transformation and the absorption of
trace elements in sediments and can affect the toxicity and
bioavailability of trace elements. Finally, increased per-
centages of organic matter (total carbon) may be correlated
with anoxic environments in which trace elements can be
captured (Sansalone and Kim 2008; Nath et al. 2013). Salt
Pan Creek is considered to be a very highly polluted creek
and has the highest concentrations of trace elements in the
analysed samples from the Georges River. Concentrations
ranged between 24 and 86 mg/kg for Cr; 17 and 30 mg/kg
for Ni; 74 and 138 mg/kg for Cu; 349 and 788 mg/kg for Zn;
11 and 26 mg/kg for As; and 138 and 268 mg/kg for Pb.
Historical location of industries using or generating
various chemicals in the catchment of Salt Pan Creek had
previously produced and discharged large amounts of trace
elements into both the creek and the Georges River, as well
as discharges from stormwater and wastewater that are
thought to be an important ongoing contributor to the
general pollution of these waterways. Second, Salt Pan
Creek contains high percentages of mud particles, ranging
from 70 to 96%. Finally, the high percentages of pyrite
(1.6-3.6%) and the high Br contents (organic matter) rep-
resent anoxic conditions in which trace elements tend to be
concentrated (MacDonald et al. 2004; Nath et al. 2013).

Correlation Between Sediment Particle Size
and Trace Elements

A correlation matrix was constructed to search the rela-
tionship between sediment particle size and trace elements.
Table 2 summarizes the correlation matrix results for the
Georges River samples. There is a strongly significant
correlation between Cr, Ni, Cu, Zn, As, and Pb, muddy
particles (clay and silt), and organic matter, as shown by
the regression values. The correlation coefficients also
support the previously described relationship between trace
elements and mud particles. Muddy particles can be indi-
cated by Rb while organic matter can be indicated by Br. It
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Table 1 Comprise of trace elements in the Georges River system

Study area Cr (mg/kg) Ni (mg/kg) Cu (mg/kg) Zn (mg/kg) As (mg/kg) Pb (mg/kg) Rb (mg/kg) Br (mg/kg)
Georges River
Range 3-126 0.7-38 2-138 7-788 0.8-27 3-267 3-92 10-566
Mean + SD. 39 £27 13 £+£38 30 +£ 23 157 + 127 11 +£7 67 + 56 45 + 27 127 + 89
Table 2 Correlation Sand Silt Cay C Ni Cu Zn As Br Rb Pb
coefficients for sediment
particles and trace elements of Sand 1.00
sediment samples in the . N
Georges River system Silt —0.99 1.00
Clay —0.87 0.82°% 1.00
Cr —0.36 0.36 0.33 1.00
Ni —-0.76 0.76 0.67 0.61 1.00
Cu —0.63 0.65 0.47 0.42 0.79 1.00
Zn —0.69 0.70 0.55 0.45 0.85 0.93 1.00
As —0.80 0.83 0.56 0.14 0.59 0.53 0.55 1.00
Br —0.61 0.62 0.52 0.42 0.66 0.55 0.61 0.41 1.00
Rb —0.89 0.89 0.76 0.30 0.82 0.71 0.77 0.82 0.66 1.00
Pb —0.76 0.78 0.57 0.13 0.64 0.74 0.76 0.83 0.41 0.84 1.00
* P <0.05

is apparent that the concentrations of trace elements
increase with increasing percentages of mud particles and
organic matter (Table 2). This represents an anoxic envi-
ronment, which can absorb and accumulate trace elements.
Trace elements have a negative relationship with increased
sand fraction (Table 2). This is because sand is left as a
residual deposit where local waves become more active in
shallow marginal areas, reworking finer sediments and
trace elements, which will then deposit in calmer and/or
deeper sections of the creeks and bays.

Assessment of Sediment Contamination

As outlined previously, three parameters, the potential load
index (PLI), modified degree of contamination (mCy), and
potential ecological risk index (RI) were applied to eval-
uate sediment contamination by trace elements (Hakanson
1980; Mmolawa et al. 2011). The potential ecological risk
index (RI) is the most popular method used in order to
evaluate the hazards of trace elements for both human and
environmental ecosystems. It indicates the concentration of
trace elements that may cause adverse effects in biological
toxicology, environmental chemistry, and ecology (Fig. 5c;
Guo et al. 2010; Jiang et al. 2014).

The values of the three contamination factors were
found to vary between samples in the same bay and from
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one bay to another in the surface sediments. The values
vary from very low risk and/or unpolluted to a high degree
of contamination or pollution (Fig. Sa—c) and are con-
trolled by variables, such as distance from source of pol-
lution, sediment grain size, and the type and amount of
various minerals. Higher degrees of contamination indi-
cated by highly polluted and very high risk values (ex-
ceeding and/or slightly less than 120 RI) indicate that some
sites in Kogarah Bay, Oyster Bay, and Salt Pan Creek are
highly polluted. This is because these sites are close to
discharge points, stormwater outlets, watercraft, or boat-
yards, as well as having sediment types that are dominated
by muddy particles in the inner parts of the bays where they
are unaffected by active waves and currents. In contrast,
other nearby sites in the study areas have low degrees of
contamination, are not polluted, and have low risk values.
These were found along the shorelines, edges and in the
mouths of bays, such as in Oyster Bay, Georges River, and
Woronora River that are dominated by coarse particles
(sand and/or coarse silt). At these sites, currents and waves
are more active, leading to transportation of fine particles
and trace elements toward deeper areas. The highest values
PLI, mCy and RI for Cu, Zn, and Pb, respectively, all occur
in the very highly contaminated Salt Pan Creek, which
includes contamination from previous manufacturing and a
waste dump (Fraser et al. 2006).
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Fig. 5 a Potential load index. b Modified degree of contamination. ¢ Potential ecological risk for marine sediments in the Georges River system

Comparison with Australian Estuaries
and Sediment Quality Guidelines

In this study, the range and mean values of the trace ele-
ment concentrations in marine sediment samples were
compared with the Australian New Zealand Environment
and Conservation Council (ANZECC) and Natural Health
and Medical Research Council (NHMRC) (ANZECC and
NHMRC 2000) sediment and water quality guidelines
(Table 3). Some additional elements are included in this
table for illustration. This comparison determined whether
the trace elements were within acceptable ranges (low
risk), between low and high triggers values, or exceeded
the high trigger values that require further investigation
according to the national guidelines. Adverse biological
effects of trace elements are occasionally detected between
the low and high values in the ANZECC and NHMRC
(2000) guidelines.

According to ANZECC and NHMRC (2000) protocols,
the anthropogenic pollution of trace elements, such as Cr,
Ni, Cu, Zn, As, and Pb, within the sediments of the study
sites were generally below the interim sediment quality
guideline values (ISQG-low) except for elements, such as
Pb in Kogarah Bay, Oyster Bay, and Salt Pan Creek; Cu

and Ni in Salt Pan Creek; and Zn in Oyster Bay and Salt
Pan Creek (Table 3). Table 3 is divided into sections: the
study sites in the Georges River system and, for compar-
ison, other estuaries where comprehensive trace element
studies have been completed.

For the Georges River system, the trace element con-
centrations were noted to be between the ISQG-low
ANZECC and NHMRC (2000) and high values at some
sites in all bays. These concentrations depend on the
sources and discharge points as well as boatyards and
watercraft. Salt Pan Creek is the most highly polluted by
trace elements in the study area. The levels can be corre-
lated with both water depth and muddy particles but show
the highest concentrations in the study areas. This can be
attributed to historical dumping of waste into the creek and
chemical industry (e.g., oil refinery) discharged waste
within it. The mean values of trace element pollution for
Cu, Zn, and Pb in the surface sediments of the study areas
generally had higher concentrations compared with the
more pristine environments in both Burrill Lake and the
Huon estuary (Killian 1999; Jones et al. 2003b). The sur-
face sediments in both the Huon estuary and Burrill Lake
are dominated by clean sand fractions and low percentages
of organic matter, and their catchment areas are non
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Table 3 Comparison of sedimentary trace element concentrations in the study areas with previous studies in Australian estuaries and interim

sediment quality guideline values

Trace elements Sites Cr (mg/kg) Ni (mg/kg) Cu (mg/kg) Zn (mg/kg) As Pb (mg/kg) References
(mg/kg)
Woolooware Bay
Range 6-99 1.1-26 9-58 8-314 1.2-22 3.3-104 Present study
Mean + SD 43 £ 24 12+7 21 +£2 116 + 74 11+£6 37+24
Woronora River
Range 4-84 0.7-24 3-55 9-329 1-19 4-105 Present study
Mean + SD 33 £ 25 10 £7 19 + 16 92 + 87 6E5 30 £ 28
Georges River
Range 4-68 1.3-27 3-60 11-431 2-20 4-154 Present study
Mean + SD 27 £ 19 10+£7 23 £ 17 132 £ 113 8+6 48 + 54
Salt Pan Creek
Range 24-86 17-30 74-138 349-789 11-26 138-268 Present study
Mean + SD 57 £23 23+5 102 £+ 21 556 £+ 144 16 =4 188 £ 38
Kogarah Bay
Range 7-91 1-28 5-100 11-433 2-28 5.4-235 Alyazichi et al. (2015a)
Mean + SD 33 £ 24 12 £7 37 £ 24 158 + 99 12+8 87 £ 60
Oyster Bay
Range 9-127 7-39 10-63 43-386 1.9-26 14-198 Alyazichi et al. (2015b)
Mean + SD 51 +£32 19+7 35+ 13 204 £+ 84 I5+£6 98 +48
Oatley Bay
Range 7.9-130 6.6-30 7-156.6 38-915 6-42 14-582.2 Pease (2007)
Mean + SD 40 +£ 22 145+£5 40 £ 25 196 £+ 134 23 +£8 117 £ 81
Botany Bay
Range NA NA <50 to >200 <200 to >1500 NA <100 to >400 Birch et al. (1996)
Sydney Harbour
Range 7-698 17-86 13-1078 46-2246 NA 44-1319 Irvine and Birch (1998)
Mean 118 38 124 548 268
Derwent estuary
Range <5-183 <2-35 <2-1182 <2-22,593 1-657 4-3866 Jones et al. (2003a)
Mean + SD 63 £+ 33 16 £ 1 106 + 184 2103 + 3897 51 +£97 580 &+ 763
Huon River
Range 50-80 <2-28 7-32 <2-66 4-25 <2-48 Jones et al. (2003a)
Mean + SD 71 £ 8 20+ 6 17+ 6 40 + 18 166 25+12
Burrill Lake
Range NA 3-20 5-80 3-82 29-22 0-32 Killian (1999)
Mean + SD 11 +4 32 +£24 29 £ 23 I11+£6 13£9
Port Hunter 21-167 44-156 19-283 32-5161 NA 25-843 Birch et al. (1997)
ISQG/low 80 21 65 200 20 50 ANZECC and NHMRC (2000)
ISQG/high 370 52 270 410 70 220 ANZECC and NHMRC (2000)

NA not available

industrialised and lightly developed (Killian 1999; Jones
et al. 2003a). The results for the current study are slightly
higher than for a previous study in Botany Bay (Birch et al.
1996). Trace element concentrations for Cr, Ni, and As in
surface sediments from the Huon River were similar to all
the present study areas, except for Ni in Salt Pan Creek and

@ Springer

As in Oatley Bay (Table 3). This is because of the large
amount of dolerite in the source rock in the Huon River
releasing trace metals as it weathers. Thus, it is important
to understand the natural contributions from the catchment
geology when assessing the amount of pollution in any
area. This factor has been overcome for the Georges River
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sites by using local background trace element concentra-
tions from a time prior to significant anthropogenic
pollution.

Surface sediments in Salt Pan Creek were more con-
centrated in trace elements compared with the Huon estu-
ary and Burrill Lake (e.g., 3x times for Cu, 14x times for
Zn, and 7x times for Pb). This was caused by dumping
waste from an oil refinery and other waste disposal sites;
for this reason, Salt Pan Creek is markedly more polluted
compared with other parts of the study areas. However, the
values of trace elements in surface sediments from the
current study area had low concentrations in comparison to
previous studies in Port Hunter, Sydney Harbour, Port
Kembla, Griffins Bay, and the Derwent River, except for
Zn and Pb in Salt Pan Creek. Surface sediments in Sydney
Harbour (Irvine and Birch 1998) and the Derwent River
(Jones et al. 2003a) have been subject to large amounts of
contamination from wurban, industrial and commercial
activities, such as a zinc refinery, stormwater runoff, mine
discharges, vehicles exhausts, sewage effluent, and water-
craft, as well as leaching from reclamation areas.

Comparison with Estuaries Worldwide

Most estuaries and embayments located near population
concentrations around the world are typically polluted by
trace elements derived largely from human activity.
Selected examples of trace element concentrations in other
locations are summarized in Table 4. There is considerable
variation between trace element concentrations in the study
areas and trace elements in the estuaries around the world
for several reasons: the sediment types; chemical, physical
and hydrological characteristics of the water; the sources
and amounts of pollution discharged into the bays (e.g.,
industrial activities, farming, fishing, and transportation as
well as residential, commercial, and agricultural runoff);
background concentrations of trace elements; and possibly
the use of different analytical methods to estimate the

concentrations of trace elements. As a result, the behaviour
of trace elements is varied in many estuaries and bays
around the world. The different concentrations of trace
elements in the various countries in Table 4 reflect differ-
ing industrial and other use concentrations in source areas
with varying concentrations of development, as well as
pollutant control measures. These average figures do not
provide information on the distribution of trace elements
with these systems. Detailed mapping of pollutant distri-
bution within bays and estuaries is required before any
management or remediation action can be considered.
Limited comparison could be made if distributions are
linked to morphological or hydrodynamic properties as a
system example but detailed spatial mapping is far more
effective.

Summary of the Differences Between Bays

The distribution pattern of sediment particles and trace
elements in the different bays in this study appears to be
related to different bay morphologies and their interactions
with catchment and tidal flows. In wide bays with wide-
open mouths (Kogarah Bay and Oyster Bay) deposition of
trace elements generally follows the current and tide tra-
jectories, with secondary concentrations in boatyards and
under moored boats where leaching, anti-fouling and fuel
spillages add to the pollutant sources. Linear and elongated
bays usually have a single major point source for water and
thus pollutant flows show trace element distributions that
are constrained by the narrow bay form. Trace element
pollution is concentrated in Salt Pan Creek, which has the
highest concentrations of trace elements around the Geor-
ges River, with the concentrations significantly declining
when the creek joins with the main Georges River channel.
The current velocities are faster in this creek compared
with other bays, largely because the creek has a narrow,
elongated channel form, aiding distribution of trace ele-
ments well away from initial discharge points.

Table 4 Comparison of trace elements (mg/kg) in sediments with various other coastal regions around the world

Location Country Cr Ni Cu Zn Pb References

Bremen Bay Germany 131 60 87 790 122 (Hamer and Karius 2002)

Gulf of Naples Italy NA 6.93 27.2 602 221 Romano et al. (2004)

Bengal Bay India 194.8 38.6 506.2 126.8 323 Raj and Jayaprakash (2008)
Masan Bay Korea 67.1 28.8 433 206.3 44 Hyun et al. (2007)

Estero Salado, Ecuador South America 94.5 82.2 253.8 678.3 81.3 Fernandez-Cadena et al. (2014)
Izmit Bay Turkey 74.3 NA 67.6 930 102 Pekey (2006b)

Georges River—Range Australia 3-126 0.7-38 2-138 7-788 3-267

Mean £ SD 39 £ 27 13£8 30+23 157 £12 67 £56  Present study

NA not available
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Conclusions

Chemical composition of sediments can be used as a sen-
sitive indicator for both spatial and temporal trend moni-
toring of contaminants in the coastal marine environment.
Marginal marine sediment contamination is considered to
be one of the main environmental concerns for marine
ecosystems. A combined total of 325 surface sediments
were analyzed from the Georges River system, NSW,
Australia. Highly polluted and high risk sites were in Salt
Pan Creek and some locations within other bays. However,
low polluted and low-risk sites were found in Woronora
River and close to shoreline areas in bays. Toxic pollutants,
such as trace elements, and organic matter originating from
human activities like transport, industry, stormwater runoff
drains, boatyards, and watercraft, are continuing to be
introduced to aquatic environments through rivers, waste
dumping, and emission processes. They are then deposited
in marine sediments, which act as both a sink and source of
pollution in the aquatic environment. This study provides
useful baseline information to contribute to future man-
agement and water quality planning. It is necessary to
investigate the distribution and degree of trace element
pollution in order to protect environmental ecosystems
from accumulating pollution and to provide basic infor-
mation for coast utilization and management.
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