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Abstract

A new method for assessing temporal and spatial anthropogenic change has
been applied to two large coastal lakes (Lake Macquarie and Pittwater) in
New South Wales. Environmental indicators are an essential part of natural
resource management and should include a wide array of biological, physical
and chemical parameters, which should be assessed in a weight-of-evidence
approach. Sedimentary metals have many advantages over other commonly
used indicators of environmental health. Sediment-bound metals provide a
simple yet effective and inexpensive indicator, which address some of the
most critical issues in natural resource assessment, i. e. natural spatial and
temporal variability and establishing the pristine condition. Two vintages of
data (1975 and 2003 for Lake Macquarie and 1992 and 2007 for Pittwater) on
surficial sediment metal (Cd, Cu, Pb and Zn) concentrations, combined with
21%pph core profiles were used to determine past changes in sediment quality
and to predict possible future relaxation/expansion rates for the entire area of
these estuaries in response to change in anthropogenic pressures. Past and
future declining sedimentary metal concentrations in the northern part of Lake
Macquarie were expected due to the closure of a nearby Pb-Zn smelter,
however, possible increases by up to 75% in Pb and Zn, and especially Cu, in
the south of the lake to the year 2020 were surprising. Rapidly increasing Cu
and Zn concentrations in surficial sediment in southern Pittwater and Careel
Bay is probably related to increasing boating activity. Declining surficial
sediment Pb concentrations relate to banning of vessel- and vehicular-leaded
petrol. Modelled changes to 2020 indicate only Cu will exceed sediment
quality guideline trigger values in this estuary. Sedimentation rates in northern
Lake Macquarie were consistent at 14 mm y* over the 55-year period
investigated and in southern Pittwater sedimentation rates were 16 mm y*
over the last 40 years.

Introduction

The use of environmental indicators as part of natural resoma@anagement and
policy making is widely recognised (Bayet al, 2008; Backer, 2008). Consensus is
that a combined, tiered approach that involves a varietywafamental indicators
should be applied to provide a robust and relevant assessmestgeAviariety of
approaches exist for assessment of coastal environments, inchidlagical (e.qg.
Fernandez-Torquemadeat al, 2008; Morenoet al, 2008; Parson®t al, 2008),
chemical (e.g. Belpairet al, 2008; Birch & Olmos, 2008), physical (e.g. Siciliagto
al., 2008; Liet al, 2008; LeMarieet al, 2006), as well as socio-economic proxies
(e.g. Mercer Clarket al, 2008). Sedimentary metals as indicators of environmental
health have many advantages over other commonly used indicaéalisment-bound
metals provide a simple yet effective and inexpensive itmlicavhich also address
one of the most critical issues, i. e. natural spatialtamgporal variability (Birch &



Olmos, 2008; Nelson & Brown, 2008; Ryahal, 2008). Sediment cores have been
used extensively to determine temporal change (Batley, 198Tisbhet al, 2003);
however this technique provides information for the location otdre site only and
fails to give spatial information unless multiple corestaken over an extensive area.
Taking multiple cores can be time consuming, difficult and expenand depending
on the extent of the study area, a large number of cores vibeulequired for
adequate spatial resolution.

The 2003 investigation of Lake Macquarie was undertaken a®fpararger coastal
ecosystem monitoring programme at the University of Sydney’s ré&mnwiental
Geology Group (USEGG), which, over the past 18 years, has umegertaking a
systematic contaminant study of sediments in coastal lakggigers of adjacent
catchments in New South Wales (NSW). This programme aimsotodpra cost-
effective, integrated and regionally consistent assessaieggtuarine health and to
provide baseline data against which future trends may lessess and with which
success of management strategies may be judged.

The objective of the current investigation was to desaib®vel technique, which
has been developed as part of the USEGG programme to plioftdmation on
temporal change in environmental condition both vertically and pdoa a large
coastal lake (Lake Macquarie) on the central coast of N®Wstralia. This
information was used to assess relaxation rates in respocisarige in anthropogenic
pressure.

Lake Macquarie is a large (120Rmshallow (max. 11m) estuary about 130 km north
of Sydney on the east coast of NSW, Australia. It has an opemw ocean entrance
with twin training breakwaters, resulting in poor tidal flughivith approximately 1%
of lake volume being exchanged with ocean waters during amageveidal cycle
(Batley, 1987; DNR, 2008). An essential requirement for effeananagement of
this system was to assess temporal change in sedimeat goatentrations and to
determine relaxation (natural clean up) rates for the wladle. It had long been
known that sediments in the lake were highly contaminated bgisn@d, Pb, and Zn)
mainly due to industrial discharge from a Pb-Zn smelter éacain the banks of
Cockle Creek entering the north east of the water body (Roy aatl BR975;
Crawfordet al, 1976; Spurway, 1982; Roy and Crawford, 1984; Batley, 1987). Early
work by Pringle (1975) indicated abnormally high metal concentratiomstar and
bottom sediment in proximity to the mouth of the Creek. Asm@sequence, Roy and
others (Crawforcet al, 1976; Roy and Crawford, 1984) undertook a comprehensive
sampling programme, including 203 surface samples and 34 coress #oe entire
lake area. This study showed the highest published concento&ti@oh (max. 660 pg
gh), and elevated concentrations of Cu, Pb and Zn in CocklekGediments (420,
7050 and 6250 ug g respectively). Metal concentrations were also high inaeste
sediments in the north of the water body (max. 340, 190, 2650 and 386D, u
respectively) and a strong contaminant gradient was observedtieomouth of the
river southwards. The Sulphide Corporation Pty. Ltd. Pb-Zn smetiermenced
operations on Cockle Creek in 1897 producing Cd, Pb, Zn and sulpbidgriarel was

in operation for more than a century. Waste effluent was disgento Cockle Creek
until the 1970s when a sludge treatment work was install@ding@y, 1982).
However, even after treatment, wastewater and dumping et@i&s containing



metals continued to contribute contaminants to the creek len@dtuary until the
smelter was closed in 2003 (Willmaseal, 2006).

Methods — Lake Macquarie

A novel GIS-based technique allowed the spatial extent and mdgnif change in
contaminant concentrations in estuarine sediments of Lake Maeqta be
determined over time. Metal concentrations of surficial sedtmtaken in the lake in
1975 and again 2003 using similar field and analytical technignabled a spatial
depiction of changed chemical conditions in the bottom environfioerthe entire
estuary over the 28-year interval to be made. Subsurfacei@tiend isotope (BH)
profiles from cores in selected areas provided a detaiktdririof chemical change
over a much longer period to be determined in calendar.years

Field and laboratory methods

The 1975 study

Samples (n=203) collected in 1975 used a pipe sampler to recovEptihem of
surficial sediment and a wedge-shaped, stainless steel boxeaiatain subsurface
samples (n=34) (max depth 100cm) (Crawfetdal, 1976). Surface and subsurface
samples were wet sieved through a nylon 67 pm nylon mesh wahiskd water
and dried samples were digested using a 1:3 volume ratidrwfperchloric acid.
Samples were heated for one hour at°’C2énd for a further 6 hours at T80 After
cooling, the samples were diluted with deionised water amdero@ to the 15 ml
mark. Analyses were performed by atomic absorption spectrpmand
concentrations were expressed on a dry-weight basis in mioregrar gram.

The 2003 investigation

Sediment samples (n=102) were again collected in the estuaP@08 using a
stainless steel boxcorer (Fig. 1) with locations selectedrding to the 1975 study
(Crawfordet al, 1976). The upper 1cm of surface sediment was taken witha- met
free polyethylene spatula and immediately transferredirtigat plastic bags and
stored at 4° C in an ice box on board prior to laboratory agslyBhree sediment
cores were taken using aluminium push corers in the mouths of migeks
discharging to the lake (Cockle and Dora Creeks), andialsioe southern part of
Lake Macquarie Fig. 2).

Total and size-normalised sediment was analysed for Cd2IC&u, Mn, Ni, Pb and
Zn. Samples were size-normalised by wet sieving through%68. nylon mesh to
reduce the confounding effects of variable grainsize (Loring &t&a 1992;
Barbanti & Bothner 1993; Birch & Taylor 2000; Birch 2003). Samplesevaggested
in aqua regia (2 ml HNO3, 2 ml HCI and 10 ml ultra-pur¢éeva8 MO/cm), and total
recoverable elements were determined using a Varian-Xkstmductively Coupled
Plasma Optical Emission Spectrometer (ICPOES) (modificatbrthe USEPA
method 200.8 Rev.4.4: USEPA 1991).

Compatibility of the 1975 and 2003 data sets
The 4 um difference in the size (67um for the 1975 data and 6®puthe 2003
survey) of the material analysed in the two studies shioaN@ negligible effect on



the results of the two studies and if any, the 1975 databeilminutely lower in
concentration due to the slightly larger sediment size.used

The different acid digestion (nitric:perchloric acid for the 19dfsey andhqua regia

for the 2003 study) and the different machines (atomic absorgtectremetry for

the 1975 study and ICP-OES for the 2003 investigation) used forsaénal the two

studies were tested for the ability to produce compatible ses@it international

reference material (MAG-1, marine mud from the Gulf ofilda United States
Geological Survey, USGS) was analysed by both methods ty teaif results from

the two techniques were statistically similar. Means fdr Cu, Pb and Zn did not
differ significantly according to the t-test performed (n =R€0.05).

Isotope dating and spatial analysis

Twelve samples from Core 3 (Cockle Creek) were dated ubi@g'®b method
(Goldberg, 1963; Oldfield & Appleby, 1984). Lead-210 occurs naturalbnasof the
radionuclides in the’*®U decay series (Appleby, 2001). TotdPb activity is
determined by measuring the granddaughter is , Which is assumed to be in
equilibrium with 2%b, while supported*®Pb is determined by measurirf§Ra
activity.

Two ?*°Pb dating models are commonly used for calculating sedirats: the CRS
(constant rate of'®Pb supply) and the CIC (constant init@dfPb concentration)
models (Appleby & Oldfield, 1978; Appleby, 2001). The basic assumptiotineof
CRS model is that the rate of supply of falléiftPb to the core site is constant,
reflecting the constant flux df°Pb from the atmosphere. The CIC model assumes
that sediments in the core had the same initial unsuppdffelal concentration at the
time the materials were deposited on the bed of the lakardiegs of differences in
sedimentation rate (Wallingt al, 2002).

Three samples from Core 3 were analysed for the anthropogeiiiisptope*'Cs, a
result of atmospheric nuclear bomb testing that may be tsedalidate ages
calculated using thé&*Pb dating method (Appleby, 2001). Caesium-137 is usually
present in environmental samples and can be used as an inel@peadfier of
sediment age. Sediments deposited prior to atomic testing in hB& 0t have a
137Cs signature. A subsurface peakifCs activity identifies the year 1963 at which
time atmospheric testing was at a maximum.

Spatial Analysis

The two measures used in the present work to evaluate temporajechgere
‘enrichment’ and ‘sediment quality’. Enrichment is expressectwasent surficial
sediment metal concentrations over pre-anthropogenic (or backgroundptrations
and provides an assessment of human-induced change. Background levelslsf
were determined by calculating mean concentration at the diage three cores
where values declined to a consistent normalised minimum. €hangediment
guality gives an evaluation in the ability of the substtatsupport a health benthic
population (Birch and OIlmos, 2008). Sediment quality guidelines protide
concentrations — Interim Sediment Quality Guidelines Low ¢S@w) and Interim
Sediment Quality Guidelines High (1ISQG-High) (ANZECC/ARMRBZ, 2000;
Simpsoret al, 2005). Concentrations below ISQG-Low values (65, 50, and 200 ug g



for Cu, Pb, and Zn, respectively) identify conditions whereeesivbiological effects
would be observed rarely; concentrations equal to or greater|8@G-Low but
below 1SQG-High (270, 220, and 410 pdg, gespectively) represent a range within
which biological effects occur occasionally; concentrationsrabove 1ISQG-High
values represent a range above which adverse biologicatsefiex frequent. Metal
concentrations above ISQG-Low values ‘trigger advanced emviental
investigations of sediments and is used in the current stidysgynificant yardstick
for managerial targets.

ArcGIS Version 9 was used for data manipulation, display anthspaalysis of Cd,
Cu, Pb and Zn for both the 1975 and 2003 datasets. Size-nodnhéagy-metal
spatial distributions were determined by ordinary kriging ushmy Geostatistical
Analyst tool in ArcGIS (ESRI, 2001).

The modelled metal distributions were analysed using the R&stieulator tool
(Spatial Analyst), which allows the use of arithmetic apmns for the addition,
subtraction, multiplication, and division of two raster layemmmbers, or a
combination of the two (ESRI, 2001). The *“absolute change” e(i. metal
concentration in 2003 minus the 1975 metal concentration) and the “peyeent
change” (i. e. the difference or “absolute change” dividedhbyotiginal value, in this
case the 1975 metal concentration) were calculated for egah me

Methods - Pittwater

Pittwater estuary, located 30 km north of Sydney, is a drowmedvalley (Fig. 2)
(Roy, 1980) about 10 km long and 1 km wide (17)kmwith a maximum water depth
of approximately 22 m. Pittwater catchment (~5Fki® highly urbanized in the
south and east with some industry in the south, while the mgsaet is a pristine
park (Ku-ring-gai National Park) (WBM Oceanics Austral@pe6).

Surficial sediment metal concentrations determined insheaey in 1992 and again

in 2007 using similar field and analytical techniques enabladgds in magnitude
and distribution of Cu, Pb and Zn to be made for the entivagsover the 15-year
interval. Subsurface metal profiles from cores (n=6) takeselected areas, combined
with isotope (PB") information from one core, provided a detailed history of
chemical change over a much longer period (102 years) in ealgedrs.

Field and laboratory methods

The 1992 study

Samples were recovered from the estuary by a diver opefadmga boat in
shallower areas (<18m) (n=107) and by a boxcorer in deepeiswat3) (Judge,
1992) in March, 1992 (Fig. 3). Containers and plastic sampkag\gere soaked for
24hrs in 10% nitric acid and rinsed twice in deionised wates. upper 2cm of
sediment was scrapped off the upper surface with a pigsttala, placed in air-tight,
metal-free polyethylene bags and stored on ice onboard af@ at the laboratory to
minimize microbiological, physical and chemical degradation.



Total and size-normalised (<62.5 pum) sediments were analyséd, ICd, Co, Cr, Cu,
Fe, Mn, Ni, Pb and Zn, however only Cu, Pb and Zn were caeside the present
work. Samples were size normalised by wet sieving throughbaué2.nylon mesh to
reduce the confounding effects of variable grain size (ForatreeWittmann, 1979;
Loring and Rantala, 1992, Barbanti and Bothner, 1993, Birch, 200&urae
analysis was for mud (62.5 pm), sand (62.5-2000 pum) and draggbns (>2mm)
and mud and total samples were digested in nitric/perctaord (1:1) and total
recoverable elements were determined using a Perkin Elmne Rtomic Adsorption
Spectrometer (AAS) (Judge, 1992).

Precision, determined by repeated analysis of Internatiefarence Material
(MAG-1), was < 5% Relative Standard Deviation (RSD) forradkals, whereas
accuracy, expressed as recoveries and established througe thiethe same
reference material, were between 95% (Zn) and 111% (Mn) (Juega).

As only one sample was collected at each location, swalit-spatial variance was
determined for the two main sedimentary facies preseheiegtuary to provide an
indication of intra-site variance and to validate estuaevdistributions. Eight
replicate samples taken within an area approximately 5x5maya&gance of 5-7%
RSD for muddy sediment and between 6-9% RSD for muddy sandb @iad., 2001)
Fluvial samples were collected from Pittwater and McE€&mneeks, the main inputs
entering Pittwater (Fig 2), in 1994 (n=13), 2002 (n=12) and 2007 (n=i@®) as
plastic spatula, pre-cleaned with 10% HN\AD rinsed with deionised water. Four
samples were taken within frat each site and combined into a single sample for
analysis to reduce small-scale spatial variance dsedionent heterogeneity (Birch et
al., 2000). River samples were stored the same manner asuariee samples.

The 2007 study

Surficial sediment samples (n=72) were taken in May, 200ig asstainless-steel
box corer. Sample density was increased in south of the ysthare contamination
is most pronounced and locations were determined by GPS. Theippér, 2cm of
sediment was collected using a plastic spoon and samplestoeyé in the same
manner as in the 1992 survey.

Tandem short (~0.75m) (n=3) and long (~1-2m) (n=4) push cores wereadjacent
to two large marinas in the south (Royal Motor Yacht CludYR) and Royal

Prince Alfred Yacht Club (RPAYC)) and a the small maimthe north (Careel Bay
Boat Services) as potential contaminant sources, as walieasom the least
disturbed part of Pittwater in the south west (McCaree&y. Short cores provided a
high-resolution metal profiles from the uppermost section of thetoogive
information on the most recent depositional history, whereas loneg evere used to
penetrate the pre-anthropogenic section to provide background omtaehtrations.

Cores were capped and stored at 4°C prior to laboratory anedysirt cores were
extruded and sampled at 2cm intervals, while long cores weig balf and one side
sampled at 2cm intervals and the other half archived. @gees described and
logged for texture, colour and structure. Samples were collactaiding to
observed micro-stratigraphy and stored in air-tight, me¢g-folyethylene bags and
stored at 2C.



Total (<2mm) and size-normalised (<62.5 pm) sediment wassesd for the same
elements as in 1992, however samples were digested in @@l HNG, 2ml
HCI, and 10ml ultra-pure water 18Mcm) and analysed using a Varian Vista-AX
Inductively Coupled Plasma Optical Emission Spectrometer-QEB) (modification
of the USEPA method 200.8 Rev. 4.4).

Precision, determined by repeated analysis of Interndtrefarence Material
(AGAL-10), was < 5% RSD for all metals, whereas accurastablished through the
use of the same reference material and expressed as resowere between 96%
(Cd) and 107% (Cr). The RSD for replicated samples (n=8) &ach digestion batch
was 1.3%, 1.1% and 2.9% for Cu, Pb and Zn, respectiveborhtory blanks were
used to detect possible contamination during pretreatment gestidn processes and
were included with each digestion batch. Metal concentratiens laelow detection
limits for all elements (<1 pg¥Y.

Compatibility of 1992 and 2007 vintage data

Although the 1992 survey used mainly diver-retrieved cores tainodediment and a
boxcorer was employed to collect material in 2007, only surfsgdiment (upper
2cm) was taken for analyses in both studies. Size norriiafizarocedures were the
same in both studies and the greatest differences betwestigations were in the
digestion medium and the type of machine used for analyse&lame AAS in 1992
and ICP-OES in 2007 (Cook et al., 1997). The compatibility of da@dused by
these two approaches was tested by running multiple analyseEy @f=an
International Reference Material (MAG-1) and of a local@sne sediment using
both methods. Student t tests showed no significant differendes iwd data sets
(p<0.05).

Isotope dating and spatial analysis

Samples from Core 1 (adjacent RMYC) were date'#8b (Goldberg, 1963;
Oldfield and Appleby, 1984). Tot&l’Pb activity is determined by measuring the
granddaughter isotoge’®Po, which is assumed to be in equilibrium wittPb,
whereas supportéd®Pb is established by measurfiftRa activity (Appleby, 2004).
Two ?*%b dating models were used for calculating sediment iageshe CRS
(constant rate df"%Pb supply) and the CIC (constant inifidPb concentration)
models (Appleby and Oldfield, 1978; Appleby, 2004). The CRS model assume
constant flux of'%Pb from the atmosphere and a regat¥b fallout rate to the
location of interest. The CIC model assumes that sedinrettie core had the same
initial unsupported**Pb concentration at deposition, regardless of the rate of
sedimentation (Walling, et al., 2002).

Samples from Core C1 were also analysed for the anthropogeliiiésptope™'Cs in
an attempt to support ti&%Pb data. Radioisotogé’Cs deposition is a result of
atmospheric nuclear bomb testing and may produce a subsurfaceaniaX’'Cs
activity in the year 1963 at which time testing was maosvec

ArcGIS Version 9 was used for data display, manipulatiorspatial analysis.
Topographic maps from Geoscience Australia covering the studyvelnereas
catchment boundaries were obtained from the NSW Departmélstofal Resources.



Textural and metal distributions were determined by Ordinary kgigsing the
Geostatistical Analyst tool in ArcGIS.

Results — Lake Macquarie

Sediment cores

Sediment cores from three selected locations showed diptinittes for Cd, Cu, Pb

and Zn. Metal concentrations in Core 1 were low and irregieoughout the

sediment profile, Core 2 showed a decrease in metal coatiens with increasing

depth, and Core 3 (Fig. 3) showed significantly greater ngetatentrations than the
other two cores and maximum concentrations for the four mets between 25
and 75cm core depth.

Isotope dating results

The ?%b activity profiles were determined in sediment from C8réo achieve
radiometric dating (Table 1). Studies have shown that thegeh®aan increase in
unsupported*®Pb activity with an increase in the specific surfacaasf sediments
(He & Walling, 1996; Birclet al, 1998). Due to varying grain size distribution in the
sediment layers, the unsupportéfPb activities for sediment core from Lake
Macquarie were normalised with mud content to calculateCtiieand CRS models
mass accumulation rates and sediment ages. The examsumportecflon profile
(plotted on a logarithmic scale) showed an overall decayl@mith depth (Figures 8
& 9). Mass depth (cumulative dry mass) was used insteadeodepth to account for
compaction effects (Abril, 2003, Laissaceti al, 2008). The'*'Cs activities were
very low and close to the limit of detection for the instemtnand were not able to be
used for marking the 1960s atomic testing period. Mass accuarulettes were
relatively uniform (~1.1 g ciy™) throughout the last ~55 years according to both
CIC and CRS models.

Heavy metal distribution

Maximum Cd, Cu, Pb and Zn concentrations were always highesite 1975
sediment than in 2003. For all four metals, concentrations viginedt in the north of
the lake in the vicinity of Cockle Creek, with a strongr@asing gradient to the south
for both vintages of data (Figs. 4 & 5).

Absolute and percentage change from 1975 to 2003

For the majority of the lake, the absolute decrease in &db&tween 0.7 and 4.3 ug
g', a decrease equivalent to 25 and 75%. In the Cockle Creek lamwever, Cd
decreased up to 373 pd,gwith a minimal increase visible in Cockle Bay and Dora
Creek (Figs. 6 & 7). Copper concentrations increased ketié and 68 pgy25

to >75% change) in most of Lake Macquarie, except in CaCkéek and adjacent
area where concentrations decreased by up to 75% (20 to 139.ugead and Zn
showed a similar decrease in concentration in Cockle GreelCockle Bay, i. e. up

to 75% (>200 pg§). The Dora Creek area decreased up to 25% for Pb and @n (1 t
49 ug ¢'). The southern part of the lake, in the vicinity of MyureyBBrightwaters
and Mannering Park, increased between 25% and 75% (51 to 100) fgr @n,

while Pb increased to >75% (21 to 50 (i4.g



Results - Pittwater

The spatial distributions of sediment texture and metal nbfde the 1992 and 2007
studies were similar and are described together.

Texture of surficial sediment

Sandy muds are confined to the central part of the estwhilg muddy sands mantle
the entrance to Pittwater and the eastern and westermsiafghe waterway.

Metal concentrations in surficial sediments

Normalised sediment Cu, Pb and Zn have similar spatialluisitns. These metals
were highly enriched in the south east of Pittwater andedeed markedly towards
the north. Concentrations of these metals were also modenaklin sediment along
the southern coastline. In the 2007 survey, Cu, Pb and Znrtamttens declined
from approximately 300, 80 and 250 Li§jig the south east to 40, 40 and 130 ftg g
in the north of Pittwater, respectively.

Metal concentrations in core sediment

In all cores Co (31 pg9, Cr (25 pg ) and Ni (12 pg g) remained constant down
core, indicating no anthropogenic enrichment and Cd was frequertly Hetection

(<0.1 pg ).

Core Site 1 (short core C1; long core C2)

Cores C1 and C2, adjacent to RMYC (Fig. 2), showed the ohsethtamination at
60cm sediment depth with strongly increasing concentrations fdPiCand Zn in the
upper section of both cores . However, within the top 10crmeased considerably
to the top of the core, whereas Pb and Zn increased sigrifitat®cm below the
water-sediment interface and then remained constant.

Core Site 2 (short core C3; long core C4)(in McCarrs Creek)

The onset of contamination was at 98cm (high sedimentatioraradd)ackground
concentrations were 11 pg 22 ug ¢ and 47 ug 9, respectively. Copper
concentrations continued to increase strongly to the top abtiee(138 pg g),
whereas Pb and Zn increased only slightly from 23cm sedimptit tiethe sediment
surface (47 uggand 162 pg g, respectively).

Core Site 3 (short core C5; long core C6)(adjacent to Careel Bay Bervices)
Onset of contamination was at 80cm sediment depth and maximund2n a
concentrations were at a sediment depth of 58cm and 45cm, reslyeétbove this
level these metals declined slightly, but constantly to abddig g and 200 pg g,
respectively. Copper showed continuous and marked increasettp thiethe core
(~550 pg §), with considerable fluctuation in the high-resolution core (C5)



Metal concentrations in fluvial sediment

Fluvial sediment samples were taken from Pittwater an@avis Creeks in 1994,
2002 and 2007.

Mean concentrations of all metals were considerably higheittwater Creek
(approximately 310 ugy 250 pg @ and 1400 pg §for Cu, Pb and Zn, respectively)
than in McCarrs Creek, (about 30 pi§ §0 pg ¢ and 270 pg g, for Cu, Pb and Zn,
respectively). Mean metal concentrations were also highgittimater Creek
sediments than in estuarine sediments.

Isotope chronology

Simular to other metals (Forstner, 1978; Forstner and Wittni®19,; Bubb, et al.,
1990), unsupportetd’Pb activity increases with decreasing grain size arida@aase
in specific surface area of a particle (He and Wallir896; Birch, et al., 1998). Due
to the varying grain size distribution in sediment layersiéndore from Pittwater, the
unsupported™°Pb activities were normalised (<62.5) to calculate the &BICCRS
models mass accumulation rates and sediment ages. The emﬂfmpportealon
profile showed an overall decay profile with depth. Masstdé@pimulative dry mass)
was used instead of true depth to account for compactioriseffduril, 2003,
Laissaouiet al, 2008). Thé*'Cs activities were very low, close to the limit of
detection for the instrument and were not able to be used feimgahe 1960s
maximum atomic testing period.

Discussion — Lake Macquarie

Background concentrations

Background concentrations were calculated as 0.4 £0.2, 8/3#11 +4.1 and 30.5
+8.2 for Cd, Cu, Pb and Zn, respectively, compared to RoyCaadford (1984) at
<20, <15 and <70 pg’gfor Cu, Pb and Zn, correspondingly. Present-day maximum
enrichment factors (EF), established by comparing background velittes2003
vintage surficial sediment concentrations, were 600, 100, 10Q&tiches for Cd, Pb,

Zn and Cu, respectively, whereas enrichment factors for 1&disents were 1650,
700, 205 and 50 times, respectively. All highly enriched sampkse located in
Cockle Creek and adjacent bay.

Interpretation of isotope dating

Independent validation of chronology is essential if a high lefetonfidence in
isotope dating results is to be assured (Appleby, 2001). The cooshonly used
method of validation is the use b¥Cs, although in many cases this proves to be
inadequate due to downward diffusion or remobilisatioff @s by post-depositional
activity within pore waters (Appleby, 2001; Liassaauial, 2008; Putyrskaya &
Klemt, 2007) (Figs. 8 & 9). Alternative methods for validatinclude pollen, diatom,
sediment geochemistry and historical records of catchmentogevent and major
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climatic events (Appleby, 2001; Kilby & Batley, 1993; Galeal, 1995; Hawortret
al., 1999).

Earlier studies of sedimentation rates in Lake Macquaaiged according to the
dating method used. Roy and Crawford (1984) determined sedimentates at
approximately 1 mm Y using*C for dating shells in deep sediments (40-90 cm),
which might be expected in pre-anthropogenic sediments (Kilby 8e¥al993).
Kilby & Batley (1993) established sedimentation rates en@ockle Creek area from
5.7 mm ¥ in the delta to 1.1 mmysouth of Cockle Creek. These sedimentation
rates were derived from geochemical profiles observed foar®l Zn in sediment
cores from the north of the lake, compared to the histonhefRb-Zn smelter in
Cockle Creek (Kilby & Batley, 1993). The smelter, which tetdroperation in 1897,
was originally intended to extract Zn from ore produced elsewfigneken Hill,
central NSW) by the electrolytic process, but this did not pomremercially viable
and the works were converted to an ordinary Pb smelting woikse (Macquarie
Council, 1985). In 1922 Pb smelting was discontinued and the placiuced
sulphuric acid, superphosphate and fertilisers (Lake Macquavienal, 1985),
however in 1962 the production of Pb and Zn was resumed. It mesfdie be
possible to use these dates in changes in operation and outphtoaslogical
markers to validate the isotope dating results.

The CIC ages, together with the Pb/Zn chronological markene wsed in the present
study to extrapolate the date back to the onset of contaonnatiCore 3. Both the
CIC and CRS methods gave similar mass accumulation f@tes 55-year period
(1952-2007), i. e. approximately 1.1 g eny’. This is the equivalent of a
sedimentation rate of 14 mm'yfor the top 75 cm of Core 3. Lead and Zn
concentrations in Core 3 were used to mark the start of snmbenations at
approximately 97 cm. The sedimentation rate from 1897 to 1962ketween 97 and
75 cm depth in Core 3) was 4 mm.y

Lead and Zn increased significantly over background concentratimng 97 cm of
sediment depth, which was between the initial smelteratipe period during 1897
and 1922. Metal concentrations increased even after theesrolsed temporarily,
suggesting that metal-rich sediment deposited in the creékupper estuary was
remobilised during high-energy/precipitation events, or that pheduction of
sulphuric acid, superphosphate and fertilisers contributecetodhtamination of the
lake during the period 1922-1962. It was during this period that Goexdtenaximum
concentrations. In 1962 the smelter resumed operation, whicttided with an
increase in Pb and Zn concentrations in the sediment proéiéad Wwas at a maximum
concentration in Core 3 in 1970, while Zn was at a maximum circa.1983
Concentrations of Cd were at a maximum during the 1990s. LeaahdCrin behaved
independently with depth in this sediment profile, having maxat different periods.
This was not the case in the other two cores taken in LakgWdae south during the
present study, where Pb and Zn, in particular, followed dagirdowncore pattern.
The fluctuating downcore metals profile may be due to variegltemoutput, or it is
possible that factors affecting metal mobility in sedimesuish as pH, organic matter,
salinity, acid volatile sulfides and redox potential, may ehaffected Core 1
3??results. However, Roy and Crawford (1984) found similar sefarlia core taken
in the Cockle Creek delta, where Pb and Zn showed independent tirends
concentration with depth.
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Temporal and spatial change

Highest concentrations for all metals were in Cockle Ceeek Cockle Bay in both
1975 and 2003 vintage data and the overall decrease of metal catiocestias
greatest in this area over this period (Fig. 10). A tempdereasing trend is
supported by previous studies in the area. Roach (2005) found thatQotkle Bay
area Pb and Cd had declined between 20-60% and 6-48% sincecaugudy by
Batley (1987), while Cu and Zn were 35-108% and 41-91% of 1987 concamstati

The high Cd, Pb and Zn concentrations in sediment adjacer¢ tadhth of Cockle
Creek decreased considerably (by approximately 75%) betvweeh975 and 2003
surveys, whereas Cu concentrations decreased only slightlyalfoyt 25%).
Declining concentrations of these metals in sediments irathes were to be expected
with closure of the nearby Pb-Zn smelter. However, largeeases (by approximately
50-75%) in Cu, Pb and Zn towards the southern part of the leke avsurprise and
the source(s) of these metals are not well understood.

Changes in Cu concentrations between 1975-2003 in the north and the sbothwes
the lake suggest Cockle Creek and Dora Creek are possiblemgmrary point
sources of this metal. Sediment in Myuna Bay also has higltddaentrations,
possibly due to activities in the adjacent catchment, i.@&bgecoal-fired power plant
and/or urban development. Copper increased in the majority dakbeby greater
than 75%, and the only area showing an improvement or decreasecientration in
this metal over this period was in the Cockle Creek and BegsaThis assessment
based on changes to surficial sediment metal concentratisnppsrted by evidence
in the top 20-30 cms of the three sediment core profilesdores 1 and 2 (southern
Lake Macquarie and Dora Creek) show an increase in Cu cosemtiwhile Core 3
(Cockle Creek) shows a decrease in concentration.

Lead and Zn exhibit similar spatial and temporal trends. Sdrfieediment
concentrations decrease from north to south in both 1975 and 2068/sswand
distributions shows a relative improvement in the Cockle CaeekBay areas over
this period. Unexpectedly, the percentage change for both PBrasidow an overall
increase in concentrations in the southern part of the lageeased concentrations of
Pb and Zn in the southern part of the lake suggest that Deek @nd possibly large
coal-fired power stations located on the southern shore of Maaguarie may be
contemporary sources of these metals. Alternatively, PbZarahriched sediment in
the north is possibly being remobilised and transported southwards.

Relaxation rates

Relaxation rates calculated for metals in Lake Macquadeate Cu would increase
considerably if 1975 to 2003 conditions remain constant over tinth, aveas 10
times greater than background increasing from less thar? InkB®03 to 36 krhby
the year 2020, particularly in the vicinity of Myuna Bay andyBtiWaters (Figs. 11
& 12). The area covered by Pb concentrations over 5 and 10 timaergtiean
background also increases steadily in the estuary. Sediougadity, however
improves for all three metals in the estuary by the year 288@nly exception being
Cu in the vicinity of Myuna Bay and Bright Waters.
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Relaxation rates for Cu, Pb and Zn have been estimatabedCockle Bay area by
using the age/depth vs. metal concentration relationship. Bhtetaxation, as well
as a prediction of time needed for metals to reach p&tienrichment and sediment
quality levels, were calculated.

Relaxation rates for the Cockle Bay area are negatiee;metal concentrations will
decrease with time, assuming current metal loadings insoat@a and dispersion
mechanisms remain constant. Current Cu concentrationscikieCBay are among the
highest in the estuary, however, 2003 and 1975 concentrationglave the 1SQG-

Low value, i. e. low risk of adverse biological effects detbw trigger levels. Lead
and Zn are greater than their corresponding ISQG-Low valued amdiid take over

100 years to reduce concentrations to below this value, asguoading remains
constant. It would take another 65 years for Cu to reach coatient two times

background at present-day input rates. Lead concentrations woulghsieanuch

faster, with two times background concentrations being reach2dlsy

A similar relaxation rate calculation was undertaken féreotareas, such as Dora
Creek and the southern part of the estuary using the 1975 and 2803 alale 5).
The area where Core 1 is located shows a slight incred®and Zn concentrations
with time. Copper, however, increased during the 1975 and 2003 pesach is
supported by the data in Core 1 profile. If Cu continues to iner@athe current rate,
this metal would reach concentrations 5 times greater thekgitmaund by 2012 in this
area. Likewise, Cu in the vicinity of Dora Creek wouldcteaoncentrations 10 times
background by 2017.

Discussion - Pittwater

Background Concentrations and enrichment

Background or pre-anthropogenic metal concentrations were requiletetoine
the onset of contamination and to estimate the magnitude oherent, i. e. the
number of times current sediment concentrations are elevated @itiree levels.
Background metal concentrations were determined by calculatingehe
normalized concentration of metals displaying consistentlyialwes towards the
base of the three cores. These data were compared honmm@enum concentrations
of surficial sediment from the most pristine part of theastand with fluvial
sediment from the creek draining the National Park (McGamregk) (Table 5).
Cobalt and Pb concentrations of surface sediment from the mststgpart of the
estuary were similar to values obtained in deep sectiothe @ores. Metals, except
Co and Cu, were elevated in fluvial sediments takendarNidtional Park, indicating
that the minimal vehicular traffic passing through the reseras sufficient to
influence sediment chemistry and that the normalised dataseasitive enough to
detect these impacts. Considering these data from diffeoeintes, most weight was
given to metal concentrations at the base of the 6 cores fiake the estuary.
Background concentrations were calculated as 4, 30, 15, 3200, 22 424 45 ugg
for Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn, respectively ardmenrichment was 2, 2, 9,
1, 8, 2, 2 and 4, respectively. The background concentratid@dfevas below the
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detection limit, enrichments for Co, Cr, and Ni were ckosgarity and Fe and Mn are
not considered anthropogenic constituents in this locality. Themresrk will thus
consider only Cu, Pb and Zn.

Contaminant chronology and sedimentation rates

Onset of contamination in the south east tributary of Pittwdéetermined by'%b
dating, was approximately 1970s. Confidence in isotope datingatygemhanced by
independent validation (Appleby, 2004), commonly usitigs dating, pollen, diatom,
sediment geochemistry, major climatic events and historicatde of catchment
development (Kilby & Batley, 1993; Gaéa al, 1995; Hawortret al, 1999).
Insufficient material precluded the use'dfCs chronological data possibly due to
remobilisation of*'Cs during post-depositional activity within pore waters (Appleby,
2004, Liassaouet al, 2008; Putyrskaya & Klemt, 2007). Historical records of
catchment development indicated substantial residential and iatlegpansion in

the south east at this time and especially a significargase in marina mooring
facilities.

Sedimentation rate determined from core C1 for the top Oe@liment depth, i. e.
anthropogenic-influenced section, was 15miNo previous estimate of
sedimentation rate is available for Pittwater, howevaearby (~40km away) Lake
Macquarie rates varied between 1 and 14riintRoy and Crawford, 1984; Kilby and
Batley, 1993; Olmos and Birch, in press) and in Sydney Harbour eetdition rates
were from 8 to 27mm/(Taylor, et al., 2004). The sedimentation rate assatisiin
the location from which core C1 was taken was high compareiti¢o developed
catchments, especially considering the small catchmen{siknf).

Temporal changes in metal distributions 1992 to 200 7

Copper concentrations have increased in sediments in &lgid?ittwater and
particularly in the south east where maximum levels lnameased from
approximately 180 pgfto 280 pg g or about 150% in the 15 years between
surveys. Lead concentrations have declined in sedimentthemajority of the
estuary by approximately 10 ug ¢p 20 pg & or up to 50%. Sediment Zn
concentrations have increased in the southern and north gaestesrof the estuary
from maximums of about 200 pg'go approximately 250 pg'gor 125% and by 70
to 100 or approximately 75% in McCarrs Creek. Zinc concentratioesdiments in
the central estuary have increased moderately by about 16tp@@ pg ¢ or 5-
10%.

The locations of the four cores taken in the estuary wégetsd to verify temporal,
estuary-wide changes determined by surficial sediment gmtaentrations obtained
in the two surveys. High-resolution, temporal data providedr®yifiterval sampling
(2cm slices) of the short cores supported changes in met#balions indicated in

the spatial surveys. Down-core metal profiles in core &ert adjacent to the RMYC,
showed strongly increasing concentrations for Cu, Pb and Zn froomgiet of
contamination in the early 1970s to approximately 1998, at whichRlmne
concentrations began to decline slightly and Zn to increasgimadly, whereas Cu
concentrations continued to increase substantially . Sedinmempper McCarrs

Creek showed slightly declining Pb concentrations at the ttpeatore (cores C3 &
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C4) with Cu and Zn concentrations increasing rapidly towardautfiece, consistent
with surficial sediment metal distributions. In this areac@ncentrations in surficial
sediment were less than Cu, reflecting the lower vesseting density in this part of
Pittwater. Sub-surface sediment (cores C5 & C6) adjacehétmarina in the north
(Careel Bay Boat Services, CBBS) showed declining Pb camatiems, slightly
decreasing Zn and strongly increasing Cu concentrations towets of the core,
consistent with changes in surficial sediment concentrations éetiive 1992 and
2007 surveys. Strongly increasing Cu concentrations in sedimeateatfo marinas
and even in relatively remote mooring areas (McCarrslkrgeto the present day,
was a feature of subsurface and surficial metal distributioR#twater.

Management Implications
Contamination and relaxation rates

Relaxation may be expressed as an acceptable enrichmenfotaheat
concentration relative to pre-anthropogenic level), or as aptaide level of
biological risk, i. e. the ISQG-L value (the ‘trigger’ valigg additional
environmental investigation).

In the current study, an acceptable enrichment value wasmee background and
the trigger concentrations are 65 |ify §0 pug g and 200 pg g for Cu, Pb and Zn,
respectively. Surficial sediment Cu concentrations in 1992 wertimes background
in the south east of Pittwater decreasing to two tinae&ground in the north. By
2007 the area mantled by sediment with 10 times background hadsextiaghe
south from 0.4 krfito 2.3 knf and is projected to be 3.9 kimy 2020, if it is assumed
that supply and dispersion will not change. Copper concentratieresakbove 1SQG-
L in 0.4 km2 in the south east and in 2007 the area had iedréa2.5 km2 and is
modelled to be 4.3 kinbut only minor (0.02 kf) area to be greater than ISQG-H.
Sediment in all of Pittwater was greater than 2 titveskground in 1992 for Pb and
most (8.5 krf) of the water way was less than this enrichment in 2007hend t
majority (11 knf) of the embayment is expected to be less than this vaR@20.
The area of sediment less than 5 times background dedrizam 0.3 krfito 0.1 knf
in 2007 and almost no sediment is expected to be greatehthamlue by 2020. The
area of sediment greater than the trigger value (ISQ®ak)small in 1992 (0.2 Kin
and is expected to be almost non-existent in 2020. Sediment istathof Pittwater
was greater than 2 times background for Zn in 1992 and it is laddkét the area 5
times background will increase from zero in 1992 to 1 Qkainly in the south east
of the embayment by 2020, however, even at this date, no sedinibe water way
is expected to be greater than the trigger value.

Temporal metal trends in sediments of Pittwater indicateGbhand Zn has increased
in concentration over the last 15 years and modelling sugesthis trend will
continue, if no preventative strategies are enacted. Hawerly Cu, and a small
area of Pb, exceeds the trigger value, but that this ar€zufwill increase
substantially, while for Pb it will decrease in time tonegligible by 2020. Therefore,
the metal of most concern is Cu and the area most atfris&logical harm is the
south east of Pittwater.
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Contamination Sources and Dispersion

Sediment Cu, Pb and Zn concentrations increased markedly towastgitheeast of
the estuary in an area of dense boat moorings and large matavesver, this is also
the location of discharge of metal-rich sediment frormwRiter Creek, which drains
the only industrialised area of the catchment. Metal signatvees used to determine
the relative magnitude of these two potential sources of mamadion to the estuary.
The Cu:Pb:Zn ratio for fluvial sediment in Pittwater Creeds 3:1:4 and for estuarine
sediment adjacent to the marinas, the ratio was 3:2:14rallung distinctly different
chemical signatures related to industry and marine aesvisediments with an
industrial-metals characteristic were confined to a sarat off the mouth of
Pittwater Creek, indicating high concentrations, but low-megals, which is
consistent with the small area of industrialization assediaith this catchment. The
industrial area comprises mainly automotive activitiesuisiclg motor repairing, car
and truck cleaning services, brake and clutch services| paater and painter
services, which may be the source of elevated Pb andflivial sediment.
Sediment with elevated Cu and Pb concentrations in the southf ¢las water way
and adjacent to the southern coast is associated with higitydeasine activities.
Marina facilities and boating activities contribute Cu to th@r®nment due to Cu-
based anti-fouling paints used to prevent colonization of aquatinisnga on boat
hulls (Turner et al., 2007). Increased sedimentary Zn, atidydarly Cu
concentrations, probably reflects the heightened use of masselseand
considerable expansion of marina and swing moorings in the sopér¢iof the
estuary. Pittwater is host to one of the largest fleedeasure craft in Australia (ref)
and caters for a large population of vessels in marifesdé&cline in Pb content of
sediments is consistent with other studies in the area (Tetyédr, 2004) and is
probably related to the withdrawal of leaded petrol in 1@8&¢&hicular use and a
move towards unleaded, four stroke marine engines.

Metal concentrations decrease rapidly within 2.5km of thehseastern and southern
coastline suggesting minimal large-scale suspended sediaespadrt in this
protected part of the embayment, however concentratioramechwell above
background in the north at the mouth of Pittwater, indicating mael&da transfer.

Conclusions — Lake Macquarie

The current study demonstrated a novel technique to provide irffomuam temporal
change in environmental condition for a large coastal lake w@agenal basis.
Surficial sediment metal distributions in Lake Macquaderived from surveys
undertaken in 1975 and 2003, were combined WitRb activity core profiles to
provide historical change and to predict relaxation rates foretitire water body.
Cadmium, Cu, Pb and Zn concentrations were considerably highsuriitial

sediment in 1975 than in 2003, and both vintages of data showszhg declining

trend southwards for all metals from maxima in the vicioitfCockle Creek. For the
majority of the lake, the absolute decrease in Cd waselem 0.7 and 4.3 pg'ga

decrease equivalent to 25 and >75%, with a minimal incieaSeckle Bay and Dora
Creek regions. Predictions of Cu Pb and Zn concentrations fgetre2020 revealed
an overall improvement in sediment quality in the northern gfatie lake, however
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the study surprisingly also identified a possible increassuificial sediment Cu
concentrations in the southern part of lake by the year 2020masy present
conditions remained constaft®Pb activity profiles revealed mass accumulation rates
were relatively uniform (14 mm™y throughout the last ~55 years for the northern
part of the lake.

Data on past and possible future changes in surficial metadentrations for the
entire lake surface has provided valuable information foraesgtstakeholders to
develop management strategies for improving ecosystem lrealike Macquarie.

Conclusions — Pittwater

Sediments mantling Pittwater estuary contain elevated caatiens of Cu, Pb and
Zn in the south east and south of the water way due to intessee recreational
activity, including boat yards, marinas, swing moorings dipdrsays. Copper-based,
anti-fouling paints are used by boats to prevent colonization ofiaquganism and
sacrificial, Zn-anodes protect engine parts, whereas mefates are zinc-plated to
prevent rust in this salt-rich marine environment. A minotrdoution of these metals
is sourced from a small industrial catchment discharging isdhéh east as indicated
by distinctive metal signatures, which differentiate nmagt and catchment-derived
materials.

Normalised metal concentrations in surficial sediment takd®92 and again in
2007 using similar field and analytical techniques, clearly inelitaat Cu, and to a
lesser extent Zn, concentrations have increased over the peyedl in this estuary,
while Pb concentrations have declined. Down-core metal prafilesres,
strategically located to verify the spatial distribas, support estuary-wide
distributions determined by the surficial surveys. A'PHated core showed the onset
of contamination in the estuary coincided with urbanisatich@tatchment and a
significant increase in boating activity in the early 197Gs8ny the results of the
1992 and 2007 surveys and assuming no change in supply and dispersitaofrme
the estuary, Cu and Zn are predicted to increase in cont@m@ad areal extent,
whereas Pb concentrations and areal cover will decre&tiee ree metals, only Cu
is of concern, especially in the south eastern and southésnopdne estuary where
concentrations are at levels that may be adversely affebenigealth of benthic
animals.

The indicators and approach used in the current investigatamoael and the only
technique to provide the pristine condition, the historical and podsiiie
magnitude of anthropogenic change, as well as the past ang fistuto benthic
populations due to sedimentary contaminants.
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Figure 1 Study area and sample locations, Lake Macquarie.
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Figure 2 Sediment texture map for the 2003 study (<10% S&8eb0% Muddy sand; 50-
90% Sandy mud; >90% Mud) and core locations.
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Figure 3 Sample locations in Pittwater

—
d)
Newcagtle
3
Soldiers °
. Point Careel
Sample locations: !
a) Study area; Towler's
b) NSW east coast; Bay @
¢) 2007 samples; L )
7 [ J
d) 1992 samples. o
/‘f\.' Taylor's
Scntland Bay
o/ B
S
RMYC
lé’lcClarrs RPAYC
~ reek Y
0 1.25 .
’ ' MONA
Km Km VALE

24



Figure 4 a) Cadmium concentrations (1g)g2003; b) Cd in 1975 (ug™¥; c) Copper
concentrations (ug§ 2003; d) Cu in 1975 (ug'y.
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Figure 5 a) Lead concentrations (ug)g2003; b) Pb in 1975 (ug™y c) Zinc concentrations
(ug g 2003; d) Zn in 1975 (ugY.
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Figure 6 Absolute change (ug™y in metal concentrations from 1975 to 2003 in Lake
Macquarie for a) Cd, b) Cu, ¢) Pb and d) Zn.

27



Figure 7 Percentage change in metal concentrations frons 182003 in Lake Macquarie
for a) Cd, b) Cu, c) Pb and d) Zn.
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Figure 8 Lead and Zinc concentrations in Core 3 (Cockleeyavith corresponding ages.

Figure 9 Copper and Cadmium concentrations in Core 3 (@oCkeek) with corresponding
ages.
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Figure 10 Change in 1) Cu over background (Bg) and 2) adngrtb ISQG-L and ISQG-
Higr21 during a) 1975, b) 2003 and c¢) 2020 predictglrowing corresponding change in area
(km?).
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Figure 11 Change in 1) Pb over background (Bg) and 2) agegrtb ISQG-L and I1ISQG-
Higr21 during a) 1975, b) 2003 and c) 2020 predictalrowing corresponding change in area
(km?).
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Figure 12 Change in 1) Zn over background (Bg) and 2) adngrtb ISQG-L and ISQG-
Higr21 during a) 1975, b) 2003 and c) 2020 predictalrowing corresponding change in area
(km?).
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