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EXECUTIVE SUMMARY 

 
 
Rapid Creek is a tropical mangrove lined tidal creek within a largely urban setting of Darwin 

in the Northern Territory.  Increasing development in the catchment has led to a significant 

number of diffuse pollutant sources to the creek, mainly from urban stormwater discharge to 

the creek delivering elevated nutrient, hydrocarbon and metal pollutant loads to the coastal 

creek system.   

 

Estuarine sediments can accumulate pollutants, and serve to integrate variable water quality. 

Little is known of the mangrove sediment characteristics of this system and the potential for 

pollution burden in surficial sediments. Much of the monitoring undertaken on the waterway 

has typically focussed on the upper freshwater reach.  

 

The primary objective of the study was to assess whether the surficial sediments of the 

creek’s mangroves are polluted with metals, nutrients and hydrocarbons. 

 

Sediments were examined along the estuarine reach of the creek along three elevation 

transects extending from the landward to seaward edge. Each transect comprised 3 sample 

sites represented by replicate samples. 

 

The main findings were: 

 

 Metal concentrations were mainly below national ANZECC/ARMCANZ Sediment 

Quality Guidelines (SQG) except for elevated arsenic concentrations which have been 

reported previously for Darwin Harbour and are likely to be associated with local 

geology and possibly biogeochemical processes rather than any anthropogenic 

influence. Whilst not exceeding the national guideline values, sediment core profile 

data from an accompanying study suggest there has been minor increase in 

concentrations. Importantly, sediment concentrations of metals are low.   

 Nutrients showed distinct longitudinal and elevation patterns.  Nitrogen (as TKN) 

generally increased from the lower to upper reaches and was found to be higher in 

seaward edge plots across each transect.  In contrast phosphorus (P) was higher in the 

lower reaches, with landward edge plots having higher P concentrations reflecting 

mineralogy and depositional zones. Concentrations for both nitrogen and phosphorus 

did not reflect nutrient enrichment nor indicate degraded sediments. 

 Hydrocarbons (oils and petroleum products) were not detected in samples.  

Concentrations were lower than analytical detection limits for BTEX, (benzene, toluene, 
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ethylbenzene, and xylenes), total hydrocarbons and poly-aromatic hydrocarbons 

(PAH’s). 

 Overall the estuarine sediments of the Rapid Creek mangrove environment do not 

currently pose a toxic risk based on the concentrations measured. The sediments are 

probably a low risk of future toxicity, unless pollutant loads increase significantly in 

association with land-use intensification. It is possible tidal flushing of the creek system 

removes pollutants, offering a natural resilience to pollutant accumulation. Moreover, 

major storm loads of pollutants may be discharged beyond the estuary during the wet 

season.  
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1. INTRODUCTION 

 

Rapid Creek is a small seasonally flowing coastal stream in a largely urban setting of the 

Darwin Harbour region.  The creek’s catchment drains mixed commercial and urban land 

uses (Fig. 1).  The estuarine reach of the system is flanked by extensive mangrove forest 

which is followed by vine thicket forest and typical freshwater riparian vegetation upstream. 

 

Significant diffuse sources, mainly from urban stormwater discharge to the creek deliver 

elevated nutrient, metal and hydrocarbon pollutant loads during the wet season to the 

estuary. The creek typically ceases to flow by June each year (Aquatic Health Unit, 2006).  

The lower reaches are subject to tidal mixing with every high tide.  Cease to flow conditions 

in the upper reaches typically results in the deterioration of water quality in the dry season 

(Dostine, 2012; Water Monitoring Branch, 2005).  These conditions are likely to be a natural 

phenomenon.  

 

To date limited sediment monitoring has been undertaken in the estuary.  In the freshwater 

reaches, metals and nutrients have been examined by the Department of Land Resource 

Management in conjunction with pollutant load assessment (Skinner et al. 2009).  Darwin 

International Airport (DIA) has undertaken routine sampling of Rapid Creek in the freshwater 

reach downstream of airport activities for a number of years.   

 

The assessment of temporal variation and the identification of contaminant origin could 

provide a basis for an environmental archive and identify areas of risk in the region.  More 

recently, Munksgaard and Fortune (2015) explored sediments as an archive of metal history 

in Rapid Creek. This former study used selective sites of constant deposition, with no 

disturbance and not representative necessarily of all sediment. This study investigates the 

surficial sediments of Rapid Creek with a focus on spatial gradients of metals and other 

pollutants (nutrients and hydrocarbons) along the estuarine reach to assess sediment 

pollution and attempts to provide a more spatially comprehensive assessment of the surface 

sediments. 

 

Moreover this study seeks to assess whether the surface sediments of the mangrove 

environment of Rapid Creek are polluted with metals, hydrocarbons and nutrients and 

elucidate current condition along spatial and elevation gradients of Rapid Creek.  
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Figure 1.  Rapid Creek, a coastal tidal creek in the northern suburbs of Darwin, Northern Territory. 
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1.1  Mangroves of Rapid Creek  

 

The mangrove communities of Darwin Harbour are some of the most floristically diverse in 

the Northern Territory, containing over 30 species of mangroves. Based on floristic diversity 

and extent, the mangroves of Darwin Harbour are placed as one of the three most significant 

mangrove resources in the Northern Territory (Wightman, 1989).  Eight main types of 

mangrove assemblages or forest types have been identified and mapped by Brocklehurst 

and Edmeades (1996) and these constitute 80% of the total mangrove area of the harbour. 

The pattern of zonation generally evident in Darwin Harbour and Rapid Creek indicates the 

structure and extent of each of the main mangrove assemblages and their distribution in 

relation to tidal elevation.  

 

Mangrove forests are not usually homogeneous, typically comprising a number of discrete 

floristic assemblages.  Mangroves form a predictable sequence from landward to seaward 

zones beginning with the hinterland border which is typically influenced by freshwater inflow 

and is by far the most floristically diverse assemblage. At lower tidal elevation the tidal flat 

community is Ceriops australis dominated, this assemblage comprises nearly 50% of the 

total mangrove area in Darwin Harbour (Brocklehurst and Edmeades 1996). Further seaward 

is the tidal creek zone - with dense Rhizophora stylosa forests which are also the tallest 

forests within Darwin Harbour. The seaward assemblage is characterised by widely spaced 

Sonneratia alba trees and occurs intermittently on the most seaward edge of the mangroves. 

 

Major mangrove classes of Rapid Creek has been described (Heenkenda et al. 2014) and 

largely mapped (Fig. 2).  Key species include Avicenna marina, Brugiera exaristata, 

Rhizophora stylosa, Lumnitzera racemosa and Ceriops tagals. 

 

Mangrove species Ceriops tagals and Lumnitzera racemosa typically assume higher 

elevation zones of the creek region with Avicenna marina and Rhizophora stylosa dominating 

the seaward edge zones of the study area.  The presence of these communities is aligned 

with the degree of inundation experienced along the creek with 3 main elevation zones 

identified from mapping. 

 

Mangrove habitats in the region are ecologically significant and provide a variety of 

ecosystem services, including acting as a sink and source for sediments, particularly 

nutrients and metals.  They also provide important habitat for birds, fish, crustaceans and a 

number of other marine and estuarine organisms.  As the regions’ urban area grows, 

increasing pressure on these systems is likely.  At the interface of urban development and 

the marine environment they are vulnerable to anthropogenic influences such as point and 
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diffuse source pollution.  They are also increasingly susceptible to modification of local 

hydrology and geomorphology where landward and foreshore developments persist. 

 

1.2  Tidal  inundation 

 

Darwin Harbour is a tropical macro-tidal estuary which experiences tidal variations up to 7.8 

metres. The mean spring tidal ranges are approximately 6 metres, whilst mean neap tidal 

ranges are around 3 metres. The harbour’s tides are semi-diurnal, with two high tides and 

two low tides daily.  The many tidal creeks which flow into Darwin Harbour or coastal zones 

such as Rapid Creek are subject to extremes in tidal inundation.  These conditions drive the 

typical  margins observed in the mangrove communitities.  Rapid Creek is flanked by urban 

parkland and residential development with tidal inundation extending some 2.4 kilometres 

upstream to a weir where freshwater enters the system during the wet season.   

 

1.3  Objectives 

 

Objectives of the study are as follows: 

 

1.  Assess whether the surficial sediments of the creek’s mangroves are polluted with 

metals, nutrients and hydrocarbons; and 

 

2. Characterise the surficial sediments of Rapid Creek along a spatial gradient and 

mangrove zonation for particle size, metals and metalloids, rare earth elements, lead 

isotopes, hydrocarbons, total organic carbon and nutrients to provide baseline data 

for comparison with future assessments of sediment pollutant levels. 
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Figure 2.  Mangrove classes of Rapid Creek. AM =Avicennia marina, BE=Brugiera exaristata, 
RS=Rhizophora stylosa, LR=Lumnitzera racemosa, CT=Ceriops tagals (Mangrove layer source: 
Muditha Kumari Heenkenda, Charles Darwin University). 
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 2.  METHODS 

 
 

2.1 Study sites and design 

 
Study transects were allocated along Rapid creek from the estuarine mouth (LE1,M1, SE1), 

mid-way along the creek (LE2, M2,SE2)  and in the upper reaches of the estuarine section 

(LE3, M3,SE3).  Surface sediment samples were drawn from each plot (Fig. 3).  

 

For each transect three plots were sampled, each representing 3 key elevations and 

associated mangrove communities (Fig. 4).  Transect one extended 154 m from the landward 

to seaward margin, transect two 362 m whilst the upper most transect three extended 162 m 

from the landward to seaward margin. 

 

 
Figure 3.  Rapid Creek surface sediment sampling plots.  

 
 

Elevation along the creek was acquired from regional LiDAR data where major elevation 

contours were extracted for Rapid Creek to inform the positioning of monitoring sites.  Three 

elevation classes were identified which typified mangrove zonation.  These were 0.5-2m 

(Green zone), 2-2.5m (Yellow zone) and 2.5-3m (Orange zone) (Fig. 4 and Table 1).  
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Table 1. Site elevation category and typical mangrove community assemblage. 

Site Elevation Mangrove community 

SE1 0.5-2 Rhizophora stylosa, Avicennia marina, Sonneratia alba 

M1 2-2.5 Rhizophora stylosa, Ceriops tagals 

LE1 2.5-3 Ceriops tagals, Brugiera exaristata, mixed species 

SE2 0.5-2 Rhizophora stylosa, Avicennia marina 

M2 2-2.5 Rhizophora stylosa, Ceriops tagals 

LE2 2.5-3 Ceriops tagals, Brugiera exaristata, mixed species 

SE3 0.5-2 Rhizophora stylosa, Avicennia marina 

M3 2-2.5 Rhizophora stylosa, Ceriops tagals 

LE3 2.5-3 Ceriops tagals, Brugiera exaristata, mixed species 

 

Some difficulty was experienced accessing the M2 area due to in-accessible closed forest.  

This plot is therefore is not aligned with LE and SE plots but is within the representative 

elevation zone for the mid plot.   
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Figure 4.  Three elevation zones adopted for the study to represent major mangrove communities and 
tidal inundation margins. 
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2.2  Field sampling 

 
Three transects were established along 3 key mangrove community elevations.  A plot 

representing each elevation zone was designated to each transect and 5 random sample 

sites within each plot were sampled (Fig. 3). 

 

Each elevation zone was characterised by typical mangrove communities in line with tidal 

inundation (Plate 1-6).  The landward edge community was dominated by Ceriops tagal and 

other mixed species, the mid zone largely dominated by Rhizophora stylosa and the seaward 

edge plots consisting mainly of sparse Sonnereratia alba at the seaward margin, Avicennia 

marina and Rhizophora stylosa (Fig.5). 

 

 

Figure 5. Schematic of mangrove communities and elevation zones examined in this study. 
 

 
Sediment sampling was undertaken on October 8th and 9th (2014) where sites were 

accessed on foot via the landward edge.  The top 10cm of surface sediments were sampled 

in accordance with Munksguaard, (2013) from each site using a 60ml syringe cylinder.  Areas 

of bioturbation were avoided during the sampling campaign to mitigate the potentially 

confounding effects of this process on sediment characteristics, though Welch et al. (2008) 

found little difference in metal concentration between sediments impacted by bioturbation. 

 

Sediments were collected in double zip lock bags and immediately placed on ice prior to 

analysis.  Sediments were collected for Total Organic Carbon (TOC), Total Hydrocarbons, 

nutrients (phosphorus and nitrogen as TKN), metals, Rare Earth Elements (REE), Pb 

isotopes and particle size distribution (PSD).  PSD samples were collected at each plot to 

provide overall representation of particle size.  All other attributes were sampled at the five 

random sites within each plot. 
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Plate 1.  Landward edge habitat   Plate 2.  Landward edge sediments 

 

  

Plate 3.  Mid zone habitat   Plate 4.  Mid zone sediments 

 

  

Plate 5.  Seaward zone habitat   Plate 6.  Seaward sediments 
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2.2  Analytical methods 

 

Grain size analysis of sediments for each plot was carried out using a Malvern Mastersizer 

2000 Laser Diffraction Spectrophotometer. Samples were heated with hydrogen peroxide 

prior to analysis.  

 

All samples for elemental analysis (nutrients, metals) and hydrocarbons were oven dried at 

60 oC, dry sieved to < 2 mm grain size and homogenised.  

 

Samples for Inductively Coupled Plasma Mass Spectrometry (ICPMS) analysis were 

digested in open digestion tubes using concentrated nitric + perchloric acid at 200oC for 4 

hours. An Agilent 7700 ICPMS was used to analyse solutions for Mg, Al, P, S, Ca, V, Mn, Fe, 

Co, Ni, Cu, Zn, Ga, As, Se, Mo, Cd, Pb, Rare Earth Elements (La-Lu) and Pb isotope ratios 

(208Pb/206Pb and 207Pb/206Pb). Analysis of certified reference materials, blank samples and 

duplicate samples were carried out for quality control.  Analysis was conducted by the 

Environmental Chemistry and Microbiology Unit, (ECMU) of Charles Darwin University. 

 

Total Kjeldahl Nitrogen (TKN) analysis was carried out by flow injection analysis (FIA) 

following acid digestion. Total Organic Carbon (TOC) analysis was carried out with a LECO 

carbon analyser at the Environmental Analytical Laboratory (SCU, Lismore, NSW). 

 
Hydrocarbon analysis of sediments was undertaken at each plot.  Analysis was carried out at 

the Environmental Analytical Laboratory (SCU, Lismore, NSW).  Following 1:3 Nitric/HCl 

digest ICPMS and ICP-Optical Emission Spectrometer (ICP-OES) was undertaken. 

 
 
 

2.3  Analytical data representation 

 
Summary of grainsize distribution for each plot, metal and metalloid plots, ternary ACF and 

other plots were generated by Sigmplot V11.5 and Microsoft Excel software.   Pearson 

product moment correlations (Pearson’s r) were performed to measure correlation between 

metals, REE and sediment characteristics.  Means for parameters and metals were 

calculated for each plot and maps were generated using the ArcGIS spatial concentration 

mapping using ArcGIS software.  Principal coordinate analysis was carried out on Euclidean 

distance resemblance matrix of log transformed and normalised metal, nutrient and sediment 

characteristics using Primer-E software. 
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2.4  Analytical quality control and replicate sampling 

 
Data for digest blanks and reporting limits suggest satisfactory performance of analytical 

procedures (Table 2).  Table 2 also details the recovery of Mn, Fe, Co, Ni, Cu, Zn, As, Cd 

and Pb against certified reference materials (MESS-3 marine sediment).   

 

Replicates for metal analysis were undertaken for 3 sites at plots M3, SE2 and SE3 for all 

metals and metalloids analysed (Appendix 4).  Results for selected metals and the metalloid 

arsenic are detailed below in Table 2. 

 
Table 2.  Replicate Analysis and digest blank results for metals 

  Mn Fe Co  Ni Cu Zn As Cd Pb 

Replicate 1 (M3) 
         Average 88.4 24817.8 4.7 12.1 10.3 50.8 9.8 0.0 26.1 

Standard 
deviation 5.7 1449.1 0.3 0.8 0.8 3.6 0.6 0.0 2.0 

          Replicate 2 (SE2) 
         Average 153.3 31004.1 6.9 16.0 10.2 45.1 16.8 0.0 20.5 

Standard 
deviation 0.5 383.0 0.0 0.1 0.2 0.0 0.3 0.0 0.2 

          Replicate 3 (SE3) 
         Average 75.2 30242.2 5.9 17.0 18.6 81.5 10.6 0.1 46.7 

Standard 
deviation 3.3 807.5 0.1 0.3 0.0 1.5 0.3 0.0 0.4 

          Digest blank < < < < < 0.90 < 0.004 0.0 

          MESS-3 ave 310 40,141 11.4 40.8 30.3 139 18.9 0.220 19.6 

MESS-3 certified* 324 43,400 14.4 46.9 33.9 159 21.2 0.240 21.1 

*National Research Council Canada Marine Sediment 

       
 

Pb isotope ratios 208Pb/206Pb and 207Pb/206Pb were normalised to NIST 981 Standard 

Reference Material. Comparison of WA PbIR Reference average and the long term ECMU 

value suggest reliable recovery (Appendix 4). Recovery of Total Kjeldahl Nitrogen in certified 

reference material was 91%. The analytical precision for most elements was typically better 

than 5% RSD.   

 

 

 

 
 
 
 



 13 

3.  RESULTS AND DISCUSSION 

 

3.1  Sediment characteristics 

 
Grainsize distribution analysis of sediments was undertaken using wet sieving and laser 

diffraction techniques.   Laser Particle Size using a Mastersizer 2000 HydroMU analyser with 

organics sample pre-treatment and dispersion in 5% calgon was used to produce particle 

size distribution for the categories of sand >50m, sand >20m, silt 2-50m, silt 2-20m and 

clay <2 m (Table 3). 

 

Table 3.  Results of grainsize analysis for particles of less than 2mm. Standard error of mean in 

parenthesis (n=4-5).  Silt fraction has been aggregated for reporting (2-50m). 

PLOT ID 

SAND SILT CLAY 

>50µm 2-50µm <2µm 

(%) (%) (%) 

LEI-1PSD 78.0 (0.2) 16.8 (0.1) 5.2 (0.05) 

LE2-1PSD 55.7 (0.4) 37.0 (0.3) 7.3 (0.06) 

LE3-1PSD 50.6 (1.3) 40.5 (1.07) 8.9 (0.2) 

M1-1PSD 80.9 (0.4) 16.1 (0.3) 3.0 (0.06) 

M2-1PSD 33.2 (0.8) 58.8 (0.7) 8.0 (0.1) 

ME3-1PSD 61.4 (0.5) 32.3 (0.4) 6.3 (0.08) 

SE1-1PSD 34.0 (0.2) 55.9 (0.2) 10.2 (0.04) 

SE2-1PSD 20.5 (0.3) 64.9 (0.3) 14.6 (0.07) 

SE3-1PSD 39.8 (0.2) 48.8 (0.2) 11.3 (0.06) 

Note: Mean result reported.  

    

Sand assumes the largest proportion of sediments analysed at all plots with silt and clay 

constituting a smaller proportion (Fig. 6).  An increasing proportion of fines, mainly clay and 

silt can be observed in the seaward margin plots (SE1,SE2 and SE3).  These areas are 

typically depositional zones in association with fluctuating tidal inundation.  Fines were 

observed to accumulate in these fringing mangrove zones.  Particle size in landward and mid 

plots for transect 1 adjacent to the mouth of the creek notably consisted of sand type 

substrates (Fig. 6). 
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Figure 6.  Particle size distribution at landward (LE), mid (M) and outer seaward edge (SE) plots along 
Rapid Creek. 
 
 
 

Further examination of the less than <63 m fraction (Fig. 7) revealed higher proportions of 

this fraction in the seaward edge margin plots in comparison to landward edge and mid 

elevation zones (Appendix 6).  This is consistent with typical mangrove muds observed 

across Darwin Harbour and tidal inundation in the lower elevation mangrove zones 

Munksgaard et al. 2012.   
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Figure 7.  Percentage of silt and clay (fine) fraction at mangrove plots sites. 

 
 

3.2  Normative Mineralogy: Aluminium-calcium-iron composition 

 
A ternary aluminium-calcium-iron (ACF) plot presents the major element variation in 

sediments with the exception of silica.   The ACF plot presents normative (calculated) 

mineralogy only.  Determination of actual mineralogy is beyond the scope of this report. 

 

The ACF plot for sediments sampled (Fig. 8) indicates the composition of clay minerals Fe-

oxy-hydroxides and calcium carbonates which typically dominate north Australian marine 

sediments (Gingele, 2001).  Many of the sites show a combination of all three mineral 

components and are consistent with a previous study in the region (Munksgaard et al. 2012).  

Similar mineralogy was observed for other small mangrove-lined systems in Darwin Harbour 

such as Mitchell and Reichardt Creeks (Munksgaard et al. 2012).   Landward edge plots (LE1 

and LE3) indicate a predominance of clays and Fe-oxy-hydroxides (in the non-quartz 

fraction) with little calcium carbonate content.  Transect 3 plots (LE3, M3 and SE3) are 

consistent with more catchment derived sediment sources (Fe-oxy-hydroxide and Smectite).  

Seaward edge samples particularly those along the estuarine reach (SE1 and SE2) were 

similar in composition and have high calcium carbonate content indicating the influence of 

coastal marine sources.  The upper reach seaward plot indicated a dominance of clay.   
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Figure 8.  Ternary aluminium-calcium-iron (ACF) plot showing the location of all sediments (n=45) 

sorted by plot.  Shaded areas indicate the range of compositions of major mineral phases in Rapid 

Creek transects examined. 
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3.3  Total Organic Carbon  

 
Total organic carbon was analysed at each plot and represented as a percentage (%) 

concentration for each sediment sample.  Plot means and standard error (Fig.9) indicate an 

overall increasing gradient along the creek from the mouth to the upper reaches. The 

seaward edge plots exhibit higher TOC concentrations in comparison to corresponding mid 

and landward edge plots (Fig. 10). 

Plots
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Figure 9.  Total Organic Carbon (TOC %) concentration for each transect and elevation plots. 
 
 
 

The seaward edge samples typically had a higher proportion of fines (silt and clay).  Higher 

carbon stores have been reported in fringing mangrove zones of Darwin Harbour and its 

tributaries (Bai, 2012).  Sonneratia and Rhizophora communities are typically associated with 

these intertidal zones where estuarine sediments accumulate. 
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Figure 10.  Total Organic Carbon concentration map for plots as mean % concentration. 

 

 

3.4  Nutrients – Phosphorus and Nitrogen 

 
Means and standard error (Fig.11) for nitrogen (as TKN) indicate an increasing longitudinal 

pattern with distance along the creek.  Higher concentrations were observed in the upper 

reaches of the creek with the seaward edge revealing higher mean concentrations (SE1: 

1747 mg/kg, SE2: 1838 mg/kg and SE3: 2336 mg/kg), in comparison to mid and landward 

edge plots on each transect.  The exception is plot M2 (2263 mg/kg), similarly for TOC.  This 

site was characterised by more seaward edge species although elevation represented the 2-

2.5 m elevation zone (Fig. 12).     
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Figure 11.    Nitrogen (as TKN mg/kg) concentration for sediments in the Rapid Creek study site plots  
 
 
 

 
Figure 12.  TKN concentration map for plots as mean % concentration. 
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Phosphorus also indicated a longitudinal gradient with distance however the highest mean 

concentration of 310 mg/kg was observed in the landward edge plot on the estuarine mouth 

transect (Fig.13). Similarly landward edge plots had higher P concentrations than seaward 

and mid elevation plots.  Sampled concentrations decrease with distance upstream in 

contrast to nitrogen (Fig. 14).  Sediment P concentration appeared to be more consistent with 

mineralogy, principally associated with a higher proportion of Fe-oxy-hydroxides in landward 

edge sites.  
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Figure 13.    Phosphorus (mg/kg) concentration for sediments in the Rapid Creek study site plots. 
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Figure 14.  Phosphorus concentration map for plots as mean (mg/kg –dry wt) concentration. 

3.5  Metal and Metalloids 

Since grainsize separation of small core slices is impractical, normalization to the Al 

concentration was used as a proxy for fine material similar to a previous study of Darwin 

Harbour sediment (Munksgaard et al. 2012). The Al-normalised metal concentrations were 

calculated as the equivalent metal concentration at an Al concentration of 10,000 mg/kg (1% 

by weight).   

Zn/Al = [Zn] measured / [Al] measured x 10,000 mg/kg Eq.1. 

This approach to normalising metal and metalloid results was replicated with the benefit of 

reducing the often confounding effect of grainsize where spatial patterns of variability  from a 

point source is sought (Munksgaard et al. 2012). 

Mean, maximum and minimum concentrations are presented for key metals in Table 4.  

Frequency distribution for all metals (Appendix 1) show typical distribution of concentrations 

(non-normalised) and skew for metals and metalloids.  Most metals are positively skewed 

particularly V, Mn, Fe, and Mo.  In addition to the metalloid As and element S. Other metals 

such as Cd, Pb and Cu indicate moderate skew similarly with elements Mg, P and Ca.  
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Munksgaard et al. 2012 suggested that this pattern may be indicative of normal distribution 

superimposed by elevated concentrations from anthropogenic influence at a minor number of 

sites.  These concentrations reflect natural trends given the local lithology, particularly for Mn, 

Fe and As for some sites. 

 
 

Table 4. Total Arsenic and selected metal concentrations (mg/kg dry weight) in surface sediments 
along Rapid Creek (Al-normalised). 

  Mn Fe Co  Ni Cu Zn As Cd Pb 

  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

LE1 (n=5) 
         Mean 34.28 43192.50 2.19 6.50 2.38 10.25 21.80 0.01 6.92 

Min 20.44 36247.83 1.93 6.05 2.19 8.26 18.41 0.01 6.16 

Max 56.07 51184.21 2.53 8.03 2.53 15.19 25.54 0.01 8.02 

M1 (n=5) 
         Mean 54.98 18384.92 1.82 5.03 2.35 11.00 8.46 0.02 5.46 

Min 42.02 14215.04 1.61 4.20 2.29 10.52 7.16 0.01 4.78 

Max 76.78 25368.76 2.05 6.71 2.46 12.04 10.21 0.02 6.49 

SE1 (n=5) 
         Mean 41.78 6701.08 1.53 3.54 2.41 10.44 3.50 0.01 4.75 

Min 32.61 5303.12 1.51 3.48 2.19 9.91 2.58 0.01 4.50 

Max 55.05 7401.66 1.55 3.61 2.73 10.83 3.84 0.01 5.20 

LE2 (n=5) 
         Mean 115.36 9502.31 2.27 4.16 1.72 11.39 6.90 0.01 5.22 

Min 64.19 8363.13 2.15 3.94 1.65 10.26 5.38 0.01 4.35 

Max 175.01 10532.14 2.39 4.31 1.83 12.39 8.17 0.02 5.84 

M2 (n=5) 
         Mean 31.25 5740.13 1.39 3.26 1.95 9.70 2.65 0.01 3.94 

Min 28.35 5509.38 1.34 3.24 1.81 9.53 2.51 0.01 3.84 

Max 33.40 5977.72 1.43 3.27 2.11 9.98 2.80 0.01 4.03 

SE2 (n=5) 
         Mean 50.75 6393.62 1.42 3.37 2.74 12.94 2.89 0.01 6.34 

Min 45.64 6247.56 1.39 3.32 2.57 12.41 2.77 0.01 5.96 

Max 55.30 6477.00 1.44 3.41 3.02 13.37 2.99 0.01 6.96 

LE3 (n=5) 
         Mean 21.62 23034.27 1.84 4.66 2.50 18.09 11.78 0.01 6.14 

Min 13.61 17826.49 1.49 4.14 2.29 16.17 8.66 0.01 5.42 

Max 28.55 31465.00 2.16 5.31 2.76 22.04 17.38 0.01 6.96 

M3 (n=5) 
         Mean 18.96 5868.99 1.15 3.09 2.82 13.04 2.21 0.01 6.72 

Min 14.16 5378.76 1.09 3.06 2.52 11.95 1.92 0.01 6.37 

Max 22.93 6439.38 1.23 3.15 3.04 13.77 2.54 0.02 6.97 

SE3 (n=5) 
         Mean 16.55 5667.06 1.13 3.13 3.38 14.43 1.96 0.01 8.94 

Min 13.74 5425.57 1.07 3.07 3.26 13.58 1.92 0.01 8.39 

Max 18.45 6234.14 1.24 3.19 3.50 15.24 2.01 0.02 9.70 

 
Mean concentrations and standard error plots (Fig.15-17) for each site from landward to 

seaward edge were generated for all metals (Al-normalised with exception of Al).  In many 

cases clear longitudinal concentration patterns along the creek and/or elevation zone 

emerged.  These patterns are summarised in Table 5. 
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Table 5. Summary of spatial patterns observed in Rapid Creek for metals and metalloids.  

Longitudinal pattern increasing to upper reaches Longitudinal pattern decreasing to upper reaches 

 

 

Al, Cu, Pb, Cu and Zn 

 

P, Co, Ni, Ga, As, and Se 

Higher at seaward margin decreasing to landward 

edge 

Higher at landward edge decreasing to seaward 

margin 

 

Al and Cu 

 

P, Fe, Co, Ni, Ga, As and Se 

 

 

3.5.1  Magnesium 

The concentration of Mg in sediments ranged from 672 mg/kg to 4502 mg/kg.  The highest 

mean (3724 mg/kg) was observed at the Landward edge plot at LE2 (Fig. 15) where the 

highest value was also observed. The mean value for all other plots was below 2000 mg/kg 

with a slight elevation at M1.  The upper most transect indicated lower concentrations than 

those for transect 1 and 2 (Fig. 15). 

 

3.5.2  Aluminium 

Aluminium in sediments indicated an increasing concentration pattern along each transect 

toward the seaward edge plots.  Highest mean values were observed at SE1, SE2 and SE3 

(Fig. 15). The highest mean value was found at SE2 (62,346 mg/kg) and overall aluminium 

concentrations ranged from 8,964 mg/kg to 66,615 mg/kg (non-normalised).  

 

3.5.3  Sulphur 

Sulphur concentrations were not as variable ranging from 394 mg/kg at SE3 to 2,081 mg/kg 

at M1.  The highest mean concentration was also recorded at M1 (Fig.15).  M1, LE2 and M3 

had higher mean concentrations than the more seaward plots.  

 
 

3.5.4  Calcium 

Calcium concentrations were generally higher in the downstream transects 1 and 2 (Fig. 15).  

The upper most transect plots recorded the lowest concentrations.  The highest mean 

concentration was 16,223 mg/kg (M1) with an overall minimum of 411 mg/kg (SE3) and a 

maximum 29,418 mg/kg at LE2.  Results were consistent with marine deposits persisting 

closest to the mouth of the creek and decreasing with distance upstream. 
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3.5.5  Vanadium 

Concentration of Vanadium was elevated at plots LE1 (149 mg/kg) and LE3 (87 mg/kg).  The 

concentration of V ranged from 9.2 -182 mg/kg with most plots maintaining concentrations 

below 5 mg/kg (Fig. 15). 

 
 

3.5.6  Manganese 

Manganese concentration of sediments ranged from 13-175 mg/kg.  The highest mean 

concentration was observed at LE2 with a concentration of 115 mg/kg well above the mean 

concentrations observed at other sites (Fig.15). 

 

3.5.7  Iron 

Highest mean concentration was observed at LE1 (43,192 mg/kg) and followed by LE3 

(23,034 mg/kg) and M1 (18,384 mg.kg) (Fig. 15).  The overall minimum was 5,303 and 

maximum found at LE1 (51,184 mg/kg). 

 
 

3.5.8  Cobalt 

Mean concentrations of cobalt at all transect plots were low with overall concentrations 

between 1.0 mg/kg and 2.2 mg/kg (Fig. 16).  Slight elevations were observed at landward 

edge sites (LE1, LE2 and LE3). 

 
 

3.5.9  Nickel 

Nickel concentrations tended to decrease with distance upstream (Fig.16).  The highest 

mean concentration was found at LE1 (6.5 mg/kg).  The lowest concentration was observed 

at plot SE3 (3.1 mg/kg) at the uppermost transect. 

 
 

3.5.10  Copper 

Copper concentrations were generally below 2.5 mg/kg with the highest mean concentration 

found at SE3 (3.38 mg/kg).  Slightly higher values were observed at the most upstream plots 

(Fig. 16).    
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3.5.11  Zinc 

Zinc concentrations were slightly elevated in the downstream plots with an overall minimum 

of 8.26 mg/kg (LE1) and maximum of 22.04 (LE3).  The landward edge plot LE3 was 

observed to have the highest mean concentration of 18.09 mg/kg (Fig.16). 

 
 

3.5.12  Gallium 

Gallium concentrations indicated a decreasing pattern with distance downstream.  The 

highest mean concentration was observed at LE1 (4.29 mg/kg).  All landward edge plots had 

slightly higher concentrations on each transect (LE1,LE2 and LE3) (Fig.16) 

 

3.5.13  Arsenic 

A number of samples exceeded the ISQG-Low trigger value (>20mg/kg).  Individual samples 

from LE1 and LE3 ranged in concentration from 25-49 mg/kg (non-normalised).  The overall 

mean for LE1 (Fig. 16) also exceeded this threshold when normalised against aluminium.  It 

is likely that these exceedances are indicative of local geology rather than any anthropogenic 

source (Munksgaard et al 2012; Fortune, 2006).  The mean concentration of As at LE1 was 

21.8 mg/kg.   

 

 

3.5.14  Selenium  

Selenium showed a pattern of decreasing concentration with increasing distance upstream.  

The most upstream plots indicating the lowest values.  The overall range for selenium was 

0.28mg/kg to 0.94mg/kg with the highest mean found at LE1 (0.87mg/kg).  Typically 

landward edge plots had higher concentrations along each transect (Fig.16). 

 

3.5.15  Molybdenum 

Concentration of Mo ranged from 0.44 to 5.89mg/kg.  A number of samples within plots (SE1, 

LE2, M2, SE2) were below detection limits.  All sediment samples from plots M2 and SE2 

were below detection for Mo (Fig. 16). 

 

3.5.16  Cadmium 

Concentrations for Cd across all transects were variable.  Cadmium concentrations ranged 

from 0.01 to 0.018 mg/kg.  The highest value was observed at M1 (0.016 mg/kg).  Slightly 

higher values were found at plots M1, LE1 and SE3 with no observable spatial pattern (Fig. 

17).  
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3.5.17  Lead 

Pb concentration ranged from 3.84 to 9.7 mg/kg with the highest mean concentration found 

at SE3 (8.94 mg/kg).  The concentration of Pb appeared to increase with distance along the 

creek with the highest values observed upstream (Fig. 17).  Elevated concentrations present 

in the upper reaches are likely to be a consequence of diffuse catchment sources.  These 

concentrations remained below the ANZECC/ARMCANZ (2013) sediment quality guidelines 

(Table 9) and as such are unlikely to represent a toxicity risk. 
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Figure 15.  Mean and Standard Error plots for magnesium, aluminium, phosphorus, sulphur, calcium, 

vanadium, manganese and iron concentration in surface sediments of Rapid Creek. (Note:  aluminium 

– non normalised, all other elements are Al-normalised). 
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Figure 16.  Mean and Standard Error plots for cobalt, nickel, copper, zinc, gallium, arsenic, selenium 
and molybdenum concentration (Al-normalised) in surface sediments of Rapid Creek.  
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Figure 17.  Mean and Standard Error plots for cadmium and lead concentration (Al-normalised) in 
surface sediments of Rapid Creek.  
 
 
 

3.6  Spatial pattern mapping 

 
Mean concentration (Al-normalised) for metals and metalloids are also mapped and 

presented in Figures 14,15 and 16 with supplementary maps for other metalloids, elements 

(Calcium, Sulphur and Magnesium) and sediment characteristics (%sand, silt and clay) in 

Appendix 6.  Maps were generated using the ArcGIS spatial concentration function.  

 

 
Figure 18.  Concentration of manganese (mg/kg) at plots across each transect. 
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Figure 19.  Concentration of iron (mg/kg) at plots across each transect. 
 

 
Figure 20.  Concentration of cobalt (mg/kg) at plots across each transect. 
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Figure 21.  Concentration of nickel (mg/kg) at plots across each transect. 
 

 
Figure 22.  Concentration of copper (mg/kg) at plots across each transect. 
 



 32 

 
Figure 23.  Concentration of zinc (mg/kg) at plots across each transect. 
 

 
Figure 24.  Concentration of arsenic (mg/kg) at plots across each transect. 
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Figure 25.  Concentration of cadmium (mg/kg) at plots across each transect. 
 

 
Figure 26.  Concentration of lead (mg/kg) at plots across each transect. 
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3.7  Correlation analysis 

 
Aluminium had a reasonable correlation with clay+silt (r =0.67; p<0.05) whereas Fe 

concentration and the finer fraction was not well correlated (r =0.096) (Fig. 27).  Aluminium 

was highest at seaward edge plots for each transect consistent with the higher clay and silt 

fraction of sediments.   The highest Fe concentrations were recorded in plot LE1 (landward 

edge) and mid plots along each mangrove elevation zone.  Calcium was highest at seaward 

edge plots and at sites of the downstream transects where tidal influence is dominant and 

marine carbonates are more likely to be deposited.  Correlations for sediment type and 

mineralogy were limited by the PSD results which were only undertaken for one sample per 

plot to provide an indicative representation of particle size. 
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Figure 27.  Correlations between Clay+silt fraction and metals Al and Fe. 

 
 
Significant relationships were observed for some metals (Table 6, Appendix 3).  Iron had 

strong correlations with the metals nickel, copper and the metalloid arsenic, a likely reflection 

of the local geology.  Correlations were also significant between copper and lead in addition 

to cobalt and manganese. 

 
Table 6.  Pearson correlation analysis for metals.  Only those with significant correlations (p<0.05) in 

bold presented. 

  Mn Fe Co  Ni Cu Zn As Cd Pb 

Mn 1 
        

Fe -0.084 1 
       

Co  0.644 0.673 1 
      

Ni 0.135 0.963 0.800 1 
     

Cu -0.677 -0.149 -0.679 -0.300 1 
    

Zn -0.348 -0.010 -0.169 -0.124 0.492 1 
   

As 0.032 0.990 0.760 0.970 -0.246 -0.025 1 
  

Cd 0.310 -0.228 -0.069 -0.085 0.325 0.000 -0.243 1 
 

Pb -0.399 0.153 -0.276 0.026 0.842 0.490 0.097 0.413 1 
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3.8  Principal co-ordinates (PCO) analysis. 

 
Principal Coordinates analysis (PCO) was undertaken for metals, nutrients and sediment 

attributes to evaluate variation and strength of correlations. 

 

The PCO (Fig. 28 and 29) show that 78.2% of the data variability was explained by the first 

two PCO axes.  A clear separation between the seaward edge plots and other plots in the 

upper elevation zones emerged from the analysis (Fig. 28). Each sample typically aligned 

with plot area with the exception of mid plots on transects 2 and 3 which intersected with 

seaward edge plots. 

 
Figure 28.  Principal co-ordinate (PCO) plot of Rapid Creek sediment.  Plots: Landward edge (LE), 
Mid plots (M) and seaward edge (SE). 

 
 
The direction and length of vectors (Fig. 29) indicate the strength of the nonparametric 

correlations of the corresponding variables.   LE1, M2 and LE2 were separated from other 

plots by the variable sand particle size.  LE3 the upper most landward plot was closely 

associated with Fe and As with seaward edge plots closely aligned with clay, silt, TOC, TN 

and a number of metals.  Further examination of carbon and nitrogen found a strong linear 

relationship (Fig. 30) with C:N ratios typically <10.  These ratios do not suggest marine 

sources, rather terrestrial and/or vascular plant sources.  Mangroves are likely to contribute 

to the higher carbon content reflected in the ratios that ranged from 14-27.    
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Organic matter is known to be closely associated with fine grained sediments because of the 

larger surface area which provides good binding sites for organic matter (Mayer, 1994).  Fine 

sediments (<63 m) were more prevalent in the seaward edge in addition to higher 

concentrations of carbon, nitrogen and metals Al, Cu and Zn.  Plots M1 and LE2 were 

separated by Ca and sand.   

 
 
Figure 29.  PCO plot of Rapid Creek sediments.  The direction and length of vectors apply to both 
figures and indicate strength of related variables. 

 

 
Figure 30.  Relationship between carbon and nitrogen in mangrove sediments of Rapid Creek. 
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3.9  Pb Isotopes 

 
 

Lead has four stable isotopes (204Pb, 206Pb, 207Pb and 208Pb) of which 206Pb, 207Pb and 208Pb 

are radiogenic by decay of 238U, 235U and 232Th respectively.  Although the various sources of 

lead have specific isotopic signatures, stable lead isotopes have been used generally to 

distinguish between lead originating from natural or anthropogenic sources. 

 

An increase in Pb isotope ratios was observed from outer to upper reach transects along 

Rapid creek (Appendix 7).  Higher ratio’s in the upper reach transect were evident in 

comparison to average crustal Pb composition (208Pb/206Pb ≈ 2.04-2.05 and 207Pb/206Pb ≈ 

0.81-0.82) (Stacey and Kramers 1975; Munksgaard and Parry 2002).  Clear patterns in ratios 

emerge for landward samples (Fig. 31) in comparison to seaward/mid zones examined along 

Rapid Creek.  These ratios aligned with Pb concentrations where highest values were 

observed in the upper reach plots (Fig. 26).   

 
 

Pb ratio studies from top end river systems, including Rapid Creek and Darwin Harbour  

(Munksgaard and Parry 2002) were compared (Fig. 32).  Ratios in this study are similar to 

those in Darwin Harbour and nearby coastal areas particularly for landward and mid zones.  

Ratios are also consistent with results from Munksgaard and Fortune 2015 where sediment 

cores up to 1m were examined.  Ratios were higher for the more seaward edge plots which 

are subject to marine influence and associated depositional processes.  

 

Overall ratios are consistent with anthropogenic sources of pollution at seaward and 

upstream sites.  Landward, downstream sites indicate low levels of anthropogenic Pb.  The 

higher isotopic ratios in the upper reaches concurrent with increasing Pb concentrations may 

suggest some exposure to catchment land uses and anthropogenic influence.  A significant 

proportion of the Pb isotope ratios of Rapid Creek sediments indicate a trend approaching 

the Mt Isa/Broken Hill type Pb overwhelmingly used in Australia and ratios akin to petroleum 

(Fig.32).  The Broken Hill/Mt Isa and petrol ratios have 208Pb/206Pb ratios of 2.25 and 2.16 

and 207Pb/206Pb ratios of 0.95 and 0.93 respectively (Chow et al. 1974; Gulson, 1975).  If an 

anthropogenic source is present, sources and natural background ratios will show distinct 

groupings along a lead evolution curve (Munksgaard et al. 1998).  Trends from this study 

suggest anthropogenic Pb influence which is a likely reflection of historic use of Pb based 

fuel. 
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Figure 31.  Pb isotope ratios for all samples across the landward to seaward transects 
 

 

Figure 32.  Pb isotope ratios for this study in comparison to others in the Northern Territory and typical 

petrol ratio. 

 



 39 

3.10  Rare Earth Element analysis 

 
 
The distribution and accumulation of rare earth elements (REE) in sediments of Rapid Creek 

were investigated.  The Post-Archean Australian Shale (PASS) composition was used to 

normalise REE’s.  The geochemical properties of REE’s are useful to understand input 

provenance and processes associated with mobility during weathering and redistribution 

between particulate and dissolved phases in rivers and estuaries.   

 

In coastal marine sediment, the concentration and distribution of REEs are influenced by 

several factors including: (1) the supply of particulate material (from a terrestrial or marine 

source), (2) the grain size and mineral composition of the sediment, and (3) the physical, 

chemical and geological processes that occur in the sediment, including changes in pH and 

salinity, coagulation, precipitation as iron hydroxides and phosphates, erosion and 

sedimentation (Caccia and Millero, 2007). 

 

The most important source of REE’s is riverine input and hence behaviours of REEs in rivers 

and estuaries have been used to understand and correlate the geochemical exchange. 

The mean, minimum and maximum concentration of REE in sediments from Rapid Creek is 

presented in Table 7.  All results for REE analysis are reported in Appendix 1.    Sediments 

contained higher concentrations of LREEs (Lighter) than HREEs (Heavier). 

 
The concentrations of the 14 PASS normalised REEs in sediments followed the order of 

Gd>Eu>Sm>La>Tb>Pr>Ce>Nd>Dy>Ho>Er>Tm>Yb>Lu and is similar to findings reported in 

Northern Australia (Munksgaard and Parry 2002; Munksgaard and Fortune 2015). 

 
The Eu-anomaly is represented by Eu/Eu* where Eu is the concentration of Eu in the 

sediments normalised with the shale value and Eu* is a predicted value obtained by linear 

interpolation of Sm/Sm* and Gd/Gd* (Table 8).  Values greater than 1 and less than 1 

indicate positive and negative anomalies, respectively.  A value of 1 indicates no anomaly. 

Eu/Eu* is positive for transect 3 (SE3, M3 and SE3) in the upper reaches (Table 8) and 

landward to mid plots in transect 1 (LE1 and M1), and possibly due to feldspar origins 

(Deepulal et al. 2012).  The positive Eu anomaly has also been associated with the 

predominance of sand and silt (Zhang et al. 2014). 
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Table 7.  REE (PASS normalised) concentrations for study area (mg/kg) 

Element Min Max Mean 

La 0.311 1.147 0.662 

Ce 0.307 1.014 0.631 

Pr 0.315 1.078 0.636 

Nd 0.288 0.941 0.584 

Sm 0.402 1.234 0.754 

Eu 0.458 1.469 0.830 

Gd 0.442 1.457 0.884 

Tb 0.348 0.886 0.647 

Dy 0.266 0.763 0.554 

Ho 0.214 0.605 0.432 

Er 0.201 0.621 0.428 

Tm 0.171 0.535 0.371 

Yb 0.160 0.506 0.347 

Lu 0.136 0.461 0.313 

 

 

Table 8.  Mean REE (PASS normalised) ratios for sediments of Rapid Creek. 
 

Plot La/Gd La/Yb Eu/Eu* 

 LE1 0.553 1.585 1.089 

 M1 0.583 1.759 1.051 

 SE1 0.763 1.843 1.001 

 LE2 0.656 1.442 0.951 

 M2 0.779 1.748 0.974 

 SE2 0.816 1.880 0.989 

 LE3 0.729 2.916 1.050 

 M3 0.824 2.172 1.017 

 SE3 0.913 2.129 1.018 

 

      

Rare earth element La was observed to be higher in all seaward edge sites (SE1, SE2 and 

SE3).  Lowest concentrations were observed in landward and mid elevation zones (Fig. 33).  

Similar trends for LREE’s Ce, Pr, Nd and Sm were observed with similar abundances at each 

plot with seaward edge concentrations higher than landward edge sites.  La/Yb ratio 

calculated for each plot ranged between 1.58-2.92 indicating HREE are very much depleted.  

Figure 33 shows that LREE and MREE are higher in sediments examined.   
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Figure 33. PASS normalized REE pattern for sites in the study area. 

 

 

The shale normalised REE plots show that light REE (La, Ce, Pr, Nd) content is even lower 

than that of shale resulting in a sample to shale ratio of less than 1. This is the case for most 

plots examined in Rapid Creek.  Shale ratios of 1 or higher suggest the source to be 

terrigenous. LREE’s are low for most samples suggesting a marine influence. 

 

REE’s showed strong correlations with a number of metals (Appendix 3).  Correlations with 

Al and Mn indicate that the concentration of REE were of more geogenic origin and not 

influenced by anthropogenic sources 

 

LREES are preferentially scavenged on the surface of particles such as Mn-Fe 

oxyhydroxides and clay minerals or are precipitated as REE phosphates (Byrne and Kim 

1990).  Depletion of these LREE or low La/Gd ratios may indicate the prevalence of clay 

minerals. 

 

No major correlation was found with metals and Eu.  This may be due to the difference in 

origin of Eu and major trace metals.  The moderate to strong correlations with REEs, Mn and 

Al indicate that Mn or Al-oxyhydroxides may be important carriers of REE’s. 
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3.11  Hydrocarbons 

 
BTEX (Benzene, Toluene, Ethylbenzene and Xylene), total recoverable hydrocarbons and 

polyaromatic hydrocarbons (PAHs) were examined in sediments from each plot.  All results 

were below detection for all plots and transects (Appendix 5). 

 

These results indicate that there appears to be no detectable amounts of these commonly 

used hydrocarbons in sediments. 

 
 

3.12  Comparison to ANZECC/ARMCANZ guidelines levels 

 
Tables 9 compares metal and metalloid levels (non-normalised) in Rapid Creek (n=45) 

sediments with ANZECC/ARMCANZ 2013 guideline levels (Simpson et al. 2013).  The 

number of exceedances is indicated by the shaded cells.  Only arsenic (As) shows a 

substantial number of exceedances of the sediment quality guidelines (SQG) and no 

exceedance of the SQG- High level. Ni and Pb indicate minor exceedances. 

 

Elevated As concentrations in Darwin Harbour sediments have been reported previously 

Fortune (2006) and Munksgaard et al. (2012).  These instances are more likely associated 

with local geology where As-rich coastal substrata is weathered. There are no known 

anthropogenic sources in the area. 

 
Table 9.  Comparison of metal and metalloid concentrations (mg/kg dry weight) in Rapid Creek 
sediments (n=45) to ANZECC/ARMCANZ 2013 guideline levels (Exceedances shaded). 

  Ni Cu Zn As Cd Pb 

Mean 13.72 9.60 46.71 18.14 0.04 22.80 

Median 14.37 10.16 52.26 13.80 0.03 20.72 

80%percentile 17.72 16.02 68.52 25.87 0.06 35.15 

Max 22.13 20.76 83.99 49.01 0.09 50.45 

SQG-value 21 65 200 20 1.5 50 

Exceedance 3 0 0 10 0 1 

SQG-High 52 270 410 70 10 220 

Exceedance 0 0 0 0 0 0 

 

The ANZECC/ARMCANZ (2013) SQG are used to assess the likely toxicity risk for biota.  

Toxicant levels below the SQG imply a low probability of toxic effects.  It is typically 

recommended that where SQG-High levels are exceeded, further tests for bioavailability are 

pursued.  Samples collected in conjunction with this study suggest that sediments do not 

present any toxic risk. 
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4.  CONCLUSION  

 
 

Sand assumes the largest proportion of sediments analysed at all plots with silt and clay 

constituting a smaller fraction.  An increasing proportion of fines, mainly clay and silt were 

observed in the seaward margin plots. These areas are typically depositional zones in 

association with fluctuating tidal inundation.  Fines were observed to accumulate in fringing 

mangrove zones dominated by Avicennia and Rhizophora mangroves at  a lower elevation.  

Particle size in landward and mid plots adjacent to the mouth of the creek notably consisted 

of sand type substrates. 

 

Landward edge sites indicate a predominance of clays and Fe-oxy-hydroxides with little 

calcium carbonate content.  Transect 3 plots are consistent with more catchment derived 

sediment sources (Fe-oxy-hydroxide and Smectite).  Seaward edge samples particularly 

those along the estuarine reach were similar in composition indicating an influence of coastal 

marine sources.  The upper reach seaward plot indicates clay dominance.   

 

TOC concentrations indicated an overall increasing gradient along the creek from the mouth 

to the upper reaches particularly for seaward edge plots in comparison to corresponding mid 

and landward edge zones.  This is consistent with seaward edge mangrove communities 

being a significant carbon sink. 

 

TN concentrations were elevated in the upper reaches of the creek with the seaward edge 

revealing higher mean concentrations in comparison to mid and landward edge plots on each 

transect.  Nitrogen gradients increasing from landward to seaward zones were revealed 

however these concentrations were low overall and did not indicate nutrient enrichment. C:N 

ratios reflected the high carbon contribution from mangroves. 

 

Phosphorus concentrations were higher at the first transect near the mouth of the creek and 

generally decreased with distance upstream in contrast to nitrogen.  Sediment P 

concentration appeared to be consistent with mineralogy in association with the higher 

proportion of Fe-oxy-hydroxides found in landward edge zones.  Overall nutrient 

concentrations examined in sediments did not indicate nutrient enrichment or reflect 

concentrations symptomatic of degraded sediments. 
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Aluminium had a reasonable correlation with clay+silt where Fe concentration and finer 

fraction was not well correlated.  Aluminium was highest at seaward edge plots for each 

transect consistent with the higher clay and silt fraction of sediments.   The highest Fe 

concentrations were recorded in landward edge and mid plots along each mangrove 

elevation zone.  Calcium was highest at the seaward edge and at downstream transects 

where tidal influence is dominant and marine carbonates more likely to be deposited.  Iron 

had strong correlations with the metals of nickel and the metalloid arsenic, a likely reflection 

of the local geology 

 

The PCO analysis shows a clear separation between the seaward edge and plots in the 

upper elevation zones.  Upper most landward zones were closely associated with Fe and As 

with seaward edge plots closely aligned with clay, silt, TOC, TN and a number of metals.  

This relationship was agreeable with findings where fine sediments (<63 m) were more 

prevalent in the seaward edge in addition to higher concentrations of carbon, nitrogen and 

metals Al, Cu and Zn.  Plots M1 and LE2 were separated by Ca and sand substrate.   

 

An increase in Pb isotope ratios was observed from outer to upper reach transects.  Higher 

ratio’s in the upper reach transect were evident.  Clear patterns in ratios emerge for landward 

samples in comparison to seaward to mid zones examined along Rapid Creek.  These ratios 

aligned with Pb concentrations where highest values were observed in the upper reach plots. 

The higher isotopic ratios in the upper reaches concurrent with increasing Pb concentrations 

suggest exposure to catchment land uses and anthropogenic influence. 

 

The geochemical properties of REE’s are useful to understand input provenance and 

processes.   The concentrations of the 14 REE (PASS normalised) in sediments followed the 

order: Gd>Eu>Sm>La>Tb>Pr>Ce>Nd>Dy>Ho>Er>Tm>Yb>Lu and is similar to findings 

reported elsewhere in Northern Australia.  The overall REE patterns in sediments had an 

overall abundance of MREE>LREE>HREE.  REE’s showed strong correlations with a 

number of metals.  Correlations with Al and Mn indicate that the concentration of REE’s were 

of geogenic origin and not influenced by anthropogenic sources.  These results suggest that 

Mn or Al-oxyhydroxides are an important carrier of REE. 
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BTEX (Benzene, Toluene, Ethylbenzene and Xylene), total recoverable hydrocarbons and 

polyaromatic hydrocarbons (PAHs) were examined in sediments and were found to be below 

detection at all transects.  Detection limits were sufficiently lower than guidance limits to 

ensure comparative assessment of risk.   

 

Comparison of metal and metalloid levels (non-normalised) in sediments of Rapid Creek 

(n=45) with ANZECC/ARMCANZ sediment guidelines found a limited number of 

exceedances.  Only arsenic revealed a number of exceedances of the SQG’s and there were 

no exceedances of the SQG-high guideline.  Elevated As concentrations in Darwin Harbour 

sediments have been reported previously.  These instances are likely associated with local 

geology where As-rich coastal substrata are weathered and no anthropogenic sources are 

attributed to the area.  Therefore sediments do not present any toxic risk nor indicate any 

contamination from known hydrocarbons. 

 

Munksgaard and Fortune 2015 examined metal profiles in Rapid Creek estuarine sediments 

and found that the lower sections of two cores provided pre-development metal and metalloid 

baseline concentrations. Elevated metal levels in the upper sections of cores were similar to 

results of this report and also below the ANZECC/ARMCANZ sediment quality guideline 

values.  

 

Table 10 provides a range of metal concentrations for other mangrove zones in Darwin 

Harbour and Rapid Creek in comparison to this study.  Sediment concentrations for 

Vanadium are somewhat higher for this study however for the most part metal concentrations 

are comparable.  Pb concentrations were similar for Mitchell and Reichardt Creeks 

(Munksgaard et al. 2012), where these systems are similarly influenced by urban and 

commercial catchment inflows.  Lower Pb isotope ratios were found in cores (Munksgaard 

and Fortune 2015) in comparison with the higher ratio’s found in surface sediments of this 

study.  This suggests the influence of anthropogenic Pb sources in surficial sediments of 

Rapid Creek, likely from the past use of leaded petrol. However given that further 

development in the catchment is unlikely the risk of toxicity is currently low.     
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Table 10.  Comparison of metals, metalloids and Pb ratios with other studies. 

Element 

Rapid Creek Cores  

(in stream)* 

mg/kg dry wt. 

Darwin Harbour 

mangrove creeks** 

mg/kg dry wt. 

Mangrove sediments 

Rapid Creek (This study) 

mg/kg dry wt. 

V 34-51 23-150 22-385 

Co 8-13 1-9 2-9 

Ni 18-29 3-18 4-22 

Cu 6-11 4-23 2-21 

Zn 29-57 12-190 11-84 

As 12-17 4-117 8-49 

Se 1.9-3.4 No data 1-2 

Cd 0.07-0.08 0.01-0.12 0.01-0.09 

Pb 10-17 6-50 6-50 

207/206
Pb 0.81-0.82 No data 0.81-0.89 

208/206
Pb 2.03-2.05 No data 2.05-2.14 

 
*Munksgaard and Fortune 2015.  Sediment from site RC1, core slices below 15 cm depth. **Munksgaard et al. 2012, Reichardt 
Creek and Mitchell Creek intertidal flat, HNO3+HClO4 digest of <2mm grain size. 

 

There were limitations to the number of transects and plots examined to adequately address 

spatial variation in this study.  Equally it does not address the significant seasonal variation 

experienced in these small tidal creeks where hydrologic, physico-chemical, productivity and 

trophic state extremes can persist.  However it does provide valuable initial baseline data for 

future sediment monitoring efforts. 

 

Mangrove zones of small tropical tidal creeks in the region face increasing pressures at 

hinterland boundaries given landward developments and associated point and diffuse source 

inputs, though the results of this study suggest a level of resilience to pollution.  Similarly 

seaward zones are more subject to changes to hydrology which drive processes such as 

abiotic condition, nutrient and metal cycling and deposition.  The highly variable tidal 

exchange, mangrove biomass and nutrients: phosphorus, nitrogen and carbon play an 

important role in the biogeochemical functioning of these zones.   

 

The expansive mangrove forests of Darwin Harbour are an important mechanism for trapping 

sediments. Suspended sediment is introduced from the coast and by rivers and streams, 

resuspended bottom sediments and dredged material.  Although there is still much work to 

be done in order to understand the importance of mangroves and associated salt flats in the 

nutrient budget and metal cycling of coastal waters of the region, it is likely that considerable 

quantities of organic and inorganic nutrients (including N, P and C), metals and pollutants 

could accumulate in fine sediments and/or be exported to near-shore waters.  
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This study supports the notion that landward (hinterland) and seaward zones are important 

foci for future monitoring effort given their vulnerability to land use change and their potential 

as sentinel zones to measure anthropogenic influences on sediment quality and function.  
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APPENDIX 2 

 Mean, minimum and maximum metal and metalloid concentrations for Rapid Creek plots.   

 
 

 
    Mg Al P S Ca V Mn Fe Co  Ni Cu Zn Ga As Se Mo Cd Pb 

 
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

LE1 (n=5) 
                  

Mean 1557.40 16494.31 314.05 1009.98 6429.23 149.77 34.28 43192.50 2.19 6.50 2.38 10.25 4.29 21.80 0.87 4.99 0.01 6.92 

Min 913.49 13426.13 281.38 594.96 735.56 126.63 20.44 36247.83 1.93 6.05 2.19 8.26 4.09 18.41 0.79 4.15 0.01 6.16 

Max 2198.00 19780.65 353.07 1584.02 13844.89 182.99 56.07 51184.21 2.53 8.03 2.53 15.19 4.67 25.54 0.94 5.89 0.01 8.02 

M1 (n=5) 
                  

Mean 2225.57 11728.42 227.56 1597.69 16223.48 51.05 54.98 18384.92 1.82 5.03 2.35 11.00 2.93 8.46 0.81 2.42 0.02 5.46 

Min 1857.17 8964.00 182.53 1108.54 11435.96 40.10 42.02 14215.04 1.61 4.20 2.29 10.52 2.77 7.16 0.72 2.42 0.01 4.78 

Max 2669.42 14143.66 264.64 2081.18 22072.10 76.24 76.78 25368.76 2.05 6.71 2.46 12.04 3.14 10.21 0.88 2.42 0.02 6.49 

SE1 (n=5) 
                  

Mean 1979.43 44741.06 97.83 987.94 6334.50 14.05 41.78 6701.08 1.53 3.54 2.41 10.44 2.29 3.50 0.36 <d.l. 0.01 4.75 

Min 1844.77 40163.54 66.19 687.05 3375.74 9.21 32.61 5303.12 1.51 3.48 2.19 9.91 2.27 2.58 0.33 <d.l. 0.01 4.50 

Max 2071.31 50349.17 121.54 1518.48 9316.61 15.94 55.05 7401.66 1.55 3.61 2.73 10.83 2.30 3.84 0.38 <d.l. 0.01 5.20 

LE2 (n=5) 
                  

Mean 3724.50 18415.08 172.54 1103.95 15775.91 16.93 115.36 9502.31 2.27 4.16 1.72 11.39 2.44 6.90 0.66 <d.l. 0.01 5.22 

Min 2514.47 11302.65 122.29 766.57 8040.36 14.89 64.19 8363.13 2.15 3.94 1.65 10.26 2.34 5.38 0.53 <d.l. 0.01 4.35 

Max 4502.61 22082.46 238.87 1430.90 29418.46 19.64 175.01 10532.14 2.39 4.31 1.83 12.39 2.53 8.17 0.90 <d.l. 0.02 5.84 

M2 (n=5) 
                  

Mean 2038.65 54404.24 86.90 827.23 3142.90 12.01 31.25 5740.13 1.39 3.26 1.95 9.70 2.21 2.65 0.33 <d.l. 0.01 3.94 

Min 1982.40 50432.06 78.45 645.04 2477.55 11.26 28.35 5509.38 1.34 3.24 1.81 9.53 2.20 2.51 0.31 <d.l. 0.01 3.84 

Max 2100.93 57631.91 95.31 974.43 3955.50 12.71 33.40 5977.72 1.43 3.27 2.11 9.98 2.23 2.80 0.36 <d.l. 0.01 4.03 

SE2 (n=5) 
                  

Mean 1895.36 62346.46 105.54 612.97 9447.00 12.26 50.75 6393.62 1.42 3.37 2.74 12.94 2.25 2.89 0.31 <d.l. 0.01 6.34 

Min 1798.59 55843.67 99.75 511.82 7821.88 11.82 45.64 6247.56 1.39 3.32 2.57 12.41 2.23 2.77 0.28 <d.l. 0.01 5.96 

Max 2026.16 66615.71 113.16 778.67 10636.34 12.94 55.30 6477.00 1.44 3.41 3.02 13.37 2.27 2.99 0.35 <d.l. 0.01 6.96 
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Note: Aluminium non-normalised. 

 
LE3 (n=5) 

Mean 1370.26 32449.06 145.25 760.79 546.71 87.97 21.62 23034.27 1.84 4.66 2.50 18.09 3.14 11.78 0.59 6.27 0.01 6.14 

Min 1269.33 27979.69 118.98 580.67 484.37 61.37 13.61 17826.49 1.49 4.14 2.29 16.17 2.85 8.66 0.48 4.91 0.01 5.42 

Max 1530.59 38763.92 185.01 908.67 605.55 136.71 28.55 31465.00 2.16 5.31 2.76 22.04 3.61 17.38 0.86 8.90 0.01 6.96 
 
M3 (n=5) 

                  
Mean 1048.12 42748.97 82.75 1076.10 531.58 14.15 18.96 5868.99 1.15 3.09 2.82 13.04 2.31 2.21 0.35 0.53 0.01 6.72 

Min 927.84 38540.60 58.44 679.11 471.66 12.22 14.16 5378.76 1.09 3.06 2.52 11.95 2.26 1.92 0.30 0.51 0.01 6.37 

Max 1150.87 46998.05 123.59 1829.76 604.63 15.62 22.93 6439.38 1.23 3.15 3.04 13.77 2.35 2.54 0.52 0.56 0.02 6.97 

SE3 (n=5) 
                  

Mean 901.79 53152.60 79.95 602.70 432.41 13.52 16.55 5667.06 1.13 3.13 3.38 14.43 2.32 1.96 0.30 0.47 0.01 8.94 

Min 672.10 47521.56 65.22 394.12 411.37 12.49 13.74 5425.57 1.07 3.07 3.26 13.58 2.28 1.92 0.29 0.44 0.01 8.39 

Max 988.62 60149.20 92.50 794.91 457.81 16.23 18.45 6234.14 1.24 3.19 3.50 15.24 2.41 2.01 0.31 0.55 0.02 9.70 
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APPENDIX 3 

 

Metal and Rare Earth Element Correlation Matrix 
 
 

  Mn Fe Ni Cu Zn Ga Se Al Mg La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Mn 1 
                      

Fe 
-

0.267 1 
                     Ni 0.502 0.196 1 

                    
Cu 0.372 

-
0.096 0.856 1 

                   Zn 0.385 0.040 0.893 0.946 1 
                  Ga 0.405 0.197 0.981 0.900 0.921 1 

                 Se 0.319 0.474 0.817 0.593 0.701 0.815 1 
                

Al 0.527 
-

0.104 0.941 0.928 0.916 0.952 0.687 1 
               

Mg 0.865 
-

0.244 0.712 0.507 0.524 0.624 0.510 0.739 1 
              La 0.505 0.152 0.865 0.712 0.825 0.846 0.900 0.820 0.688 1 

             Ce 0.544 0.155 0.887 0.721 0.839 0.860 0.878 0.837 0.726 0.988 1 
            Pr 0.520 0.242 0.835 0.605 0.754 0.795 0.898 0.748 0.703 0.979 0.984 1 

           Nd 0.519 0.291 0.817 0.560 0.719 0.770 0.896 0.711 0.695 0.958 0.969 0.995 1 
          Sm 0.487 0.371 0.757 0.455 0.620 0.703 0.896 0.621 0.656 0.917 0.925 0.973 0.988 1 

         Eu 0.357 0.497 0.697 0.392 0.559 0.655 0.923 0.528 0.514 0.877 0.864 0.927 0.945 0.975 1 
        Gd 0.477 0.366 0.718 0.421 0.574 0.669 0.920 0.586 0.632 0.907 0.892 0.947 0.957 0.977 0.978 1 

       Tb 0.569 0.287 0.722 0.415 0.538 0.667 0.879 0.611 0.723 0.867 0.861 0.908 0.918 0.935 0.914 0.972 1 
      Dy 0.727 0.054 0.774 0.530 0.582 0.717 0.763 0.734 0.869 0.817 0.831 0.834 0.832 0.821 0.746 0.847 0.936 1 

     
Ho 0.773 

-
0.068 0.737 0.524 0.539 0.678 0.637 0.732 0.903 0.725 0.758 0.741 0.735 0.713 0.606 0.723 0.845 0.976 1 

    
Er 0.793 

-
0.120 0.762 0.578 0.582 0.705 0.612 0.775 0.921 0.726 0.764 0.733 0.723 0.689 0.569 0.687 0.807 0.960 0.994 1 

   
Tm 0.791 

-
0.127 0.737 0.552 0.549 0.680 0.579 0.751 0.913 0.690 0.734 0.701 0.692 0.660 0.536 0.655 0.784 0.947 0.992 0.996 1 

  
Yb 0.788 

-
0.135 0.761 0.577 0.576 0.704 0.592 0.778 0.926 0.708 0.751 0.715 0.705 0.669 0.544 0.663 0.786 0.949 0.990 0.999 0.996 1 

 
Lu 0.781 

-
0.135 0.771 0.593 0.586 0.716 0.589 0.789 0.919 0.705 0.749 0.710 0.699 0.661 0.536 0.651 0.775 0.943 0.987 0.997 0.996 0.998 1 
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APPENDIX 4   

 

Replicate Analysis and digest blank results for metals  and metalloids 
                Mg Al P S Ca V Mn Fe Co  Ni Cu Zn Ga As Se Mo Cd Pb 

Replicate 1 (M3) 
                  Average 4228.1 38540.6 313.2 3587.3 2104.5 60.0 88.4 24817.8 4.7 12.1 10.3 50.8 9.0 9.8 1.2 2.2 0.039 26.1 

Standard 
deviation 359.6 2745.8 24.0 335.8 132.1 2.0 5.7 1449.1 0.3 0.8 0.8 3.6 0.6 0.6 0.1 0.1 0.002 2.0 

                   Replicate 2 
(SE2) 

                  Average 8401.1 45539.8 423.9 4417.6 16667.6 68.8 153.3 31004.1 6.9 16.0 10.2 45.1 10.5 16.8 1.6 2.7 0.047 20.5 
Standard 
deviation 6.0 437.1 11.1 91.9 218.0 2.3 0.5 383.0 0.0 0.1 0.2 0.0 0.1 0.3 0.0 0.1 0.001 0.2 

                   Replicate 3 
(SE3) 

                  Average 5181.6 54736.0 462.0 3209.6 2389.2 72.6 75.2 30242.2 5.9 17.0 18.6 81.5 12.6 10.6 1.7 2.4 0.090 46.7 
Standard 
deviation 55.2 819.9 25.8 143.5 26.0 1.1 3.3 807.5 0.1 0.3 0.0 1.5 0.2 0.3 0.2 0.0 0.011 0.4 

                   Digest blank < < < < < < < < < < < 0.90 < < < < 0.004 0.0 

                   MESS-3 ave 16,147 78,441 1,132 1,817 15,004 189 310 40,141 11.4 40.8 30.3 139 19.1 18.9 2.34 2.24 0.220 19.6 
MESS-3 
certified* 16000* 85,900 1200* 1900* 14,700 243 324 43,400 14.4 46.9 33.9 159 nc 21.2 0.72 2.78 0.240 21.1 

*National Research Council Canada Marine Sediment 
                

Analysis of Pb Isotope precision       
Pb 

207/206 
Pb 

208/206 

982 ave 
 

0.4681 1.0042 

982 Certified 
 

0.4671 1.0002 

WA PbIR Ref ave 
 

0.9707 2.2201 

ECMU long term value   0.9704 2.2181 
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APPENDIX 5.   

 

 

ANALYTE METHOD Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9

Detection 

Limits Background

REFERENCE

LE1-

1TOC+HC

LE2-

1TOC+HC

LE3-

1TOC+HC

M1-

1TOC+HC

M2-

1TOC+HC

M3-

1TOC+HC

SE1-

1TOC+HC

SE2-

1TOC+HC

SE3-

1TOC+HC
(routine)

Composit

e -Column 

A

Individual 

-Column 

A

Composite -

Column B

Individual 

-Column 

B

Composite -

Column C

Individual 

-Column 

C

Composite 

-Column D

Individual 

-Column 

D Range

Job No. D7441/1 D7441/2 D7441/3 D7441/4 D7441/5 D7441/6 D7441/7 D7441/8 D7441/9 .. See note 1aSee note 1a See note 1b See note 1b See note 1c See note 1cSee note 1dSee note 1d See note 2

MOISTURE % c 16 26 44 27 56 46 52 51 49 <1 .. .. .. .. .. .. .. .. ..

HYDROCARBON ANALYSIS RESULTS

BTEX

Benzene (mg/Kg) c <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.5 0.1 0.5 .. .. .. .. .. .. ..

Toluene (mg/Kg) c <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 40 160 .. .. .. .. .. .. ..

Ethylbenzene (mg/Kg) c <1 <1 <1 <1 <1 <1 <1 <1 <1 <0.5 13.8 55 .. .. .. .. .. .. ..

Total m+p-Xylenes (mg/Kg) c <2 <2 <2 <2 <2 <2 <2 <2 <2 <1 10 40 .. .. .. .. .. .. ..

o-Xlylene (mg/Kg) c <1 <1 <1 <1 <1 <1 <1 <1 <1 <0.5 10 40 .. .. .. .. .. .. ..

nahpthalene (mg/Kg) c <1 <1 <1 <1 <1 <1 <1 <1 <1 <0.15 10 40 .. .. .. .. .. .. ..

Total BTEX (mg/Kg) c Not detected Not detected Not detected Not detected Not detected Not detected Not detected Not detected Not detected <1 .. .. .. .. .. .. .. .. ..

Total Recoverable Hydrocarbons .. .. .. .. .. .. .. .. ..

C6-C10 (Volatile) Fraction (mg/Kg) c <25 <25 <25 <25 <25 <25 <25 <25 <25 <10 200 800 200 800 200 800 200 800 ..

C10-C14 Fraction (mg/Kg) c <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 .. .. .. .. .. .. .. .. ..

C15-C28 Fraction (mg/Kg) c <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 .. .. .. .. .. .. .. .. ..

C29-C36 Fraction (mg/Kg) c <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 .. .. .. .. .. .. .. .. ..

Sum of C6-C36 (mg/Kg) c Not detectedNot detectedNot detectedNot detectedNot detectedNot detectedNot detectedNot detectedNot detected <100 .. .. .. .. .. .. .. .. ..

>C10-C16 Fraction (mg/Kg) c <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 .. .. .. .. .. .. .. .. ..

>C10-C16 less Naphthalene (mg/Kg) c <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 250 1,000 250 1,000 250 1,000 250 1,000 ..

>C16-C34 Fraction (mg/Kg) c <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 875 3,500 875 3,500 875 3,500 1,250 5,000 ..

>C34-C40 Fraction (mg/Kg) c <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 2,500 10,000 2,500 10,000 2,500 10,000 2,500 10,000 ..

Polyaromatic Hydrocarbons (PAH)

Naphthalene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Acenaphthylene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Acenaphthene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Fluorene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Phenanthrene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Anthracene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Fluoranthene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Pyrene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Benzo(a)anthracene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Chrysene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Benzo(b)&(k)flouranthene (mg/Kg) c <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.1 .. .. .. .. .. .. .. .. ..

Benzo(a)pyrene (BaP TEQ) (mg/Kg) c <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.1 0.18 0.70 0.18 0.70 0.18 0.70 0.18 0.70 ..

Indeno(1,2,3-c,d)pyrene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Dibenzo(a,h) anthracene  (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Benzo(g,h,i)perylene (mg/Kg) c <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 .. .. .. .. .. .. .. .. ..

Sum of reported PAHs (mg/Kg) c Not detected Not detected Not detected Not detected Not detected Not detected Not detected Not detected Not detected Not detected 75 300 100 400 75 300 1,000 4,000 n.d.

RECREATIONAL C  

Guideline Limit

COMMERCIAL/ 

INDUSTRIAL D 

Guideline Limit

RESIDENTIAL B  

Guideline Limit

RESIDENTIAL A  

Guideline Limit
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METHODS REFERENCE

a.   1:3Nitric/HCl digest - APHA 3125 ICPMS 

b .  1:3Nitric/HCl digest - APHA 3120 ICPOES

c .  Analysis sub-contracted - Envirolab report no. 118802

NOTES

  (REFERENCE: Health Investigation Guidelines from NEPM (National Environmental Protection, Assessment of Site Contamination, Measure), 2013; Schedule B1).

2. Environmental Soil Quality Guidelines, Page 40, ANZECC, 1992.

Additional NOTES

DW = Dry Weight.  na = no guidelines available
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APPENDIX 7 

 
 
Mean Pb isotope ratios for Rapid Creek mangrove plots 

  PbIR PbIR             

Mangrove zone plot 207/206 208/206 

Landward edge (LE1) 0.8240 2.0568 

Mid Plot (M1) 0.8407 2.0869 

Seaward edge (SE1) 0.8542 2.0963 

Landward edge (LE2) 0.8252 2.0765 

Mid Plot (M2) 0.8525 2.0967 

Seaward edge (SE2) 0.8803 2.1203 

Landward edge (LE3) 0.8524 2.0914 

Mid Plot (M3) 0.8800 2.1230 

Seaward edge (SE3) 0.8966 2.1367 

    




