Bioavailability of sediment associated metals using simultaneously extracted metal and acid volatile sulphide in Lake Burragorang, Sydney, Australia
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ABSTRACT 
The accumulation of heavy metals in the bottom sediments of water bodies and the remobilization of these substances from the latter are two of the most important mechanisms in the regulation of pollutant concentrations in an aquatic environment. In anaerobic conditions the sulphide phase is act as an important sink for metals in sediments. The measure of acid volatile sulphide (AVS) and simultaneously extracted metal (SEM) method have gained wide acceptance to predict the availability of various heavy metals for different organisms. Sediment core samples from Lake Burragorang, were subjected to speciation using SEM and AVS ratio to determine the potential toxicity of sediments due to metals. The results showed that these simultaneously extracted metals at all stations were higher than AVS and their ratio was found greater than 1, which indicates that available AVS is not sufficient to bind with the extracted metals for Lake Burragorang sediments and possibly contained metals potentially bioavailable to benthic organisms, however, SEM/AVS ratio was low owing to relatively low AVS values and not necessarily high concentrations of metals. Even though these investigated metals were bioavailable in the sediment their individual metal concentrations are not expected to be toxic to benthic organisms as all locations had SEM concentrations lower than their threshold effects level (TEL).

INTRODUCTION
Sediments are an integral component of aquatic ecosystems. On one hand it promotes self purification of aquatic environment because of depositing pollutants, but under certain conditions the bottom sediments can be a strong source of secondary water pollution.  Sediment analysis has become the focus of study for the last two -three decades. Within sediments, heavy metals pollution is a major concern due to their toxicity and ability to accumulate in the biota. In oxic sediments, the most important phases for metals are those containing hydrous iron and manganese oxides(Yu, Tsai et al. 2001). In anoxic sediments, sulphide phases dominate and the bioavailability of heavy metals is largely controlled by the absorption and coprecipitation of the metals with sulphide minerals. 


(Di Toro, Mahony et al. 1990; DiToro, Mahony et al. 1992; Ankley, Di Toro et al. 1996; Cooper and Morse 1998) ADDIN EN.CITE . In late nineties, the acid volatile sulfide (AVS) concept has been introduced in a number of risk assessment studies of anaerobic, heavy metal–polluted freshwater sediments (van den Hoop, den Hollander et al. 1997; Buykx, van den Hoop et al. 2002).
Acid-volatile sulfide (AVS) is operationally defined as those sediment sulfides that are soluble in hydrochloric acid (Jingchun, Chongling et al. 2010). AVS, comprising essentially iron monosulphides in sediments, are available for binding divalent cationic metals through the formation of insoluble metal-sulphide complexes 


(Di Toro, Mahony et al. 1990; Allen, Fu et al. 1993.; Huerta-Diaz, Tessier et al. 1998) ADDIN EN.CITE , thereby controlling the metal bioavailability and subsequent toxicity for benthic biocommunities. The AVS-bound metals, with environmental concern (usually Cd, Cu, Ni, Pb and Zn), are extracted at the same time and are called simultaneously extracted metals (SEM). The ratio or the difference between AVS and SEM gives an indication of the potential sediment toxicity.

In light of the importance of the AVS- SEM concept for assessing the ecological risk of metals in sediments it was considered necessary to evaluate the bioavailability of heavy metals in lake Burragorang sediments and determine if there is any relationship between human land use pattern and AVS-SEM values. There is a lack of information with respect to levels of SEM and AVS in marine and freshwater sediments of Australia.
Lake Burragorang in south west of Sydney, Australia, is one of the largest domestic water supply storages in the world, holding 2,057,000 million liters of water. The lake is located within the Greater Blue Mountains Area World Heritage Site 

The lake is fed by several major rivers (Fig.1). The catchments of these rivers have differing geological, topographic and land use characteristics, which result in contributions of varying water quality to Lake Burragorang. This study examined the spatial distribution of AVS and SEM in the sediments of the lake Burragorang in order to elucidate the influence of catchment activities on AVS and SEM distribution and assess the potential toxicity of heavy metals
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Fig 1.  Lake Burragorang showing sampling locations
MATERIALS AND METHODS
Recommendations of (Batley 1989) have been followed in this study for sample collection, handling and storage. Four cores (Fig. 1) were collected during November 2005 for AVS-SEM study (a) Site DWA2 (300 m upstream of Dam wall): This is an important location as most of the water is extracted near this point and supplied to Sydney Water, (b) DWA18: It is located at the inflow site of the Cox and Kedumba River (36 km upstream), (C) DWA27: It is located in the middle of lake and (d) DWA35: It is at the inflow site of the Nattai river. Sediment cores were collected using KB messenger-operated gravity type core sampler. The sediment corer enabled sediment cores up to 45cm in length and 4.3cm in diameter. Each sediment cores were sliced at 5 cm interval throughout the entire length using sediment core extrusion device. All sediment samples were wet sieved through 63 (m nylon mesh screen and homogenised. Analyses of AVS and SEM concentrations in sediments followed the cold-acid purge-and-trap method of Allen et al. (1993) and were conducted within two weeks of sample collection. All AVS determination was performed in nitrogen gas filled glove box. Simultaneously extracted metals (SEM) were extracted in 1M HCl (DiToro, Mahony et al. 1992) for 30 min at room temperature. Metal concentrations in all solutions were determined using ICP-AES and ICP-MS. The content of total organic matter was estimated according to the loss on ignition (Dean 1974). 
The analytical procedure for the determination of acid extractable metal concentrations was checked by means of analysis of standard reference samples- AGAL-10 (reference sediments from Hawkesbury River, NSW) and AGAL-12 (biosoil, a mixture of soil and dried sewage sludge). These reference samples were obtained from the Australian Government Analytical Laboratories (Pymble, NSW). The data obtained from the analysis of the reference materials is reported in Table 2.1. The observed values obtained were within, or close to certified values. The percentage recovery for all metals ranged between 75% and 107%.All results presented and discussed are the mean and standard deviation (S.D.) of three replications. The relationships among different variables were determined by calculating Pearson’s coefficient of correlation. 
RESULTS AND DISCUSSION
The distribution of AVS and SEM with depth in sediment cores are presented in Fig. 1 and Table 1.Sediment samples at all sites and depth contained AVS concentrations above the lower limit (0.01 µmol/g Table 1; (Allen, Fu et al. 1993.)). The highest sulphide levels were obtained from site DWA2 (range from 0.59 to 0.12 µmol/g), while lowest levels were obtained from site DWA35 (range from 0.25 to 0.09 µmol/g). AVS concentration at all four sites was low at surface (5 cm) compare to intermediate depths. Two peaks of AVS were found at 10 and 20 cm layers in cores from DWA2 (near dam wall) and at 10 and 25cm in core DWA27 and DWA35. In core DWA18, two peaks at 15 cm and 25 cm were identified. From the above distribution patterns, it appears that the AVS contents generally decrease along the profile with peaks at various depths. These results are consistent with the findings of other studies indicated that surficial concentrations of AVS were smaller than those in deeper sediments 


(Howard 1993; Leonard E. N. 1996; Liber, Call et al. 1996; Peterson, Ankley et al. 1996; Oehm 1997; Jingchun, Chongling et al. 2010; Hansen, Berry et al. 1996) ADDIN EN.CITE . The factors affecting the AVS contents in sediment are organic matter, the rate of sulphate reduction and redox status of sediments (Fang, Li et al. 2005). There were no correlation exit between AVS and organic matter at all locations (Table 2). So, organic matter may not be major controlling factor for AVS content. Relatively high Eh at surficial sediment (Jeroen, Jack et al. 2001) and downward diffusion of O2 to several centimeters of the sediment–water interface cause the depletion of AVS by oxidation (Song and Mu¨ ller 1999).  Therefore, the AVS content was very low in the top 5–10 cm of the sediment cores. Below this depth the peaks of AVS content in the profiles may be due to lower Eh, increased sulfate bacterial activity (Nedwell 1978) and sudden change in depositional conditions (Matisoff and Holdren 1995). At greater depth, the activities of sulfate reducing bacteria would decrease and AVS become reduced to FeS2, therefore, AVS concentration decreased gradually with the sediment depth (Jingchun, Chongling et al. 2010).
In all the sites among HCl-extractable metals (SEM) the Cd concentrations were lowest and Zn was highest. Cu, Ni and Pb were intermediate. Vertical distribution of SEM is shown in Table 1 and Fig 2. No significant variation found in Cd concentration with depth in all the four sites. Concentrations of Cu, Ni and Pb at all stations are more or less same at all depths. Zn concentration generally decreased with depth except few peaks in cores DWA2, DWA27 and DWA35. 
SEM-metal concentrations and their percentages to SEM value are presented in Table 3. The concentrations of five acid extracted-metals differed considerably, zinc accounted for approximately 47– 69% of the total amount of the acid extracted-metals, whereas the contribution of cadmium to SEM was only 0.17- 0.63%. 
Table 1    Concentrations of AVS and SEM in sediments of Lake Burragorang
	Depth (cm)
	AVS           µ mol/g
	Cd         µ mol/g
	  Cu             µ mol/g
	Pb           µ mol/g
	Ni            µ mol/g
	Zn            µ mol/g
	SEM           µ mol/g
	SEM/AVS

	DWA2
	
	
	
	
	
	
	
	

	5
	0.50
	0.0015
	0.075
	0.077
	0.065
	0.34
	0.56
	1.1

	10
	0.59
	0.0017
	0.086
	0.087
	0.075
	0.35
	0.60
	1.0

	15
	0.28
	0.0017
	0.055
	0.068
	0.06
	0.29
	0.47
	1.7

	20
	0.45
	0.0018
	0.071
	0.063
	0.053
	0.28
	0.46
	1

	25
	0.29
	0.0016
	0.046
	0.058
	0.053
	0.21
	0.37
	1.3

	30
	0.12
	0.0015
	0.071
	0.053
	0.039
	0.14
	0.30
	2.6

	35
	0.18
	nd
	0.077
	0.045
	0.037
	0.14
	0.30
	1.7

	DWA18
	
	
	
	
	
	
	
	

	5
	0.35
	0.0018
	0.057
	0.053
	0.065
	0.26
	0.44
	1.2

	10
	0.38
	0.0017
	0.035
	0.053
	0.06
	0.31
	0.45
	1.2

	15
	0.50
	0.0030
	0.039
	0.063
	0.082
	0.29
	0.48
	1

	20
	0.30
	0.0019
	0.049
	0.042
	0.044
	0.23
	0.37
	1.2

	25
	0.40
	0.0016
	0.088
	0.044
	0.056
	0.40
	0.59
	1.5

	30
	0.13
	0.0013
	0.069
	0.048
	0.049
	0.31
	0.47
	3.7

	DWA27
	
	
	
	
	
	
	
	

	5
	0.31
	0.0014
	0.097
	0.087
	0.12
	0.38
	0.69
	2.2

	10
	0.17
	0.0011
	0.074
	0.087
	0.107
	0.37
	0.64
	3.7

	15
	0.18
	0.0011
	0.066
	0.072
	0.082
	0.28
	0.50
	2.8

	20
	0.20
	0.0013
	0.058
	0.072
	0.078
	0.25
	0.45
	2.3

	25
	0.33
	0.0012
	0.088
	0.077
	0.077
	0.28
	0.52
	1.6

	30
	0.26
	nd
	0.049
	0.063
	0.058
	0.25
	0.41
	1.6

	DWA35
	
	
	
	
	
	
	
	

	5
	0.21
	0.0012
	0.072
	0.068
	0.073
	0.28
	0.49
	2.3

	10
	0.25
	0.0012
	0.052
	0.063
	0.058
	0.25
	0.42
	1.7

	15
	0.14
	0.0013
	0.077
	0.082
	0.072
	0.31
	0.54
	3.9

	20
	0.10
	0.0015
	0.047
	0.047
	0.043
	0.18
	0.32
	3.1

	25
	0.17
	nd
	0.077
	0.068
	0.066
	0.28
	0.49
	2.9

	30
	0.09
	nd
	0.036
	0.042
	0.034
	0.18
	0.30
	3.4

	35
	0.10
	0.0012
	0.035
	0.042
	0.036
	0.14
	0.25
	2.5





Table 2   Correlation coefficient between AVS and organic matter


	            Site
	Organic Matter

	            DWA 2   
	-0.14

	DWA 18
	-0.68

	DWA 27  
	-0.28

	DWA 35 
	0.42
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Fig 2.   SEM distribution
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Fig 3.  AVS distribution
Table 3    Percentage of SEM-metal and total metal 
	Depth (cm)
	SEM-Cd ΣSEM
	SEM-Cu ΣSEM
	SEM-Pb ΣSEM
	SEM-Ni ΣSEM
	SEM-Zn ΣSEM

	
	
	
	
	
	 

	DWA2
	
	
	
	
	 

	5
	0.27
	13.39
	13.75
	11.61
	60.71

	10
	0.28
	14.33
	14.50
	12.50
	58.33

	15
	0.36
	11.70
	14.47
	12.77
	61.70

	20
	0.39
	15.43
	13.70
	11.52
	60.87

	25
	0.43
	12.43
	15.68
	14.32
	56.76

	30
	0.50
	23.67
	17.67
	13.00
	46.67

	35
	0.00
	25.67
	15.00
	12.33
	46.67

	DWA18
	
	
	
	
	 

	5
	0.41
	12.95
	12.05
	14.77
	59.09

	10
	0.38
	7.78
	11.78
	13.33
	68.89

	15
	0.63
	8.13
	13.13
	17.08
	60.42

	20
	0.51
	13.24
	11.35
	11.89
	62.16

	25
	0.27
	14.92
	7.46
	9.49
	67.80

	30
	0.28
	14.68
	10.21
	10.43
	65.96

	DWA27
	
	
	
	
	 

	5
	0.20
	14.06
	12.61
	17.39
	55.07

	10
	0.17
	11.56
	13.59
	16.72
	57.81

	15
	0.22
	13.20
	14.40
	16.40
	56.00

	20
	0.29
	12.89
	16.00
	17.33
	55.56

	25
	0.23
	16.92
	14.81
	14.81
	53.85

	30
	0.00
	11.95
	15.37
	14.15
	60.98

	DWA35
	
	
	
	
	 

	5
	0.24
	14.69
	13.88
	14.90
	57.14

	10
	0.29
	12.38
	15.00
	13.81
	59.52

	15
	0.24
	14.26
	15.19
	13.33
	57.41

	20
	0.47
	14.69
	14.69
	13.44
	56.25

	25
	0.00
	15.71
	13.88
	13.47
	57.14

	30
	0.00
	12.00
	14.00
	11.33
	60.00

	35
	0.48
	14.00
	16.80
	14.40
	56.00




Table 4.  Guidance on determining metal toxicity to benthic organisms in freshwater sediments (values in 

	   Metal
	Threshold effects level (TEL)
	Upper effects threshold (UET)

	
	
	

	    Cd
	0.596
	3

	    Cu
	35.7
	86

	    Pb
	35
	127

	    Ni
	18
	43

	    Zn
	123.1
	520




The SEM/AVS ratio presented  in Table 1 showed that these simultaneously extracted metals at all stations were higher than AVS and their ratio was found greater than 1, which indicates that available AVS is not a major metal binding component for Lake Burragorang sediments and possibly contained metals potentially bioavailable to benthic organisms. However, the levels of AVS concentrations measured in the Lake Burragorang sediments is low compared to values reported in the literature for fresh water sediments (Machesky, Holm et al. 2004). AVS concentration depends on season and depth. Many researchers observed variation in AVS levels with season 


(Aller 1977; Grabowski, Houpis et al. 2001; Machesky, Holm et al. 2004; Morse and Rickard 2004) ADDIN EN.CITE . Major decrease occurred in the winter because in colder temperatures, FeS formation rates were lower and a smaller supply of FeS-rich particles was brought up from below by bioturbation (Aller 1977). 
For the present study, sediments for SEM and AVS were collected for analysis in winter season and hence the low level of AVS was found. Low AVS concentrations indicate that most metals are bound by sediment constituents other than AVS (Allen, Fu et al. 1993). A study conducted by Lawrence Berkeley National Laboratory (LBNL) also had sites with SEM-AVS values greater than one due to relatively low AVS values and not necessarily high concentrations of metals. No toxicity to benthic organisms was observed from these LBNL sites (Grabowski, Houpis et al. 2001). Other constituents in the sediment, such as iron and manganese oxides and organic matter, may have decreased the bioavailability of heavy metals (Di Toro, Mahony et al. 1990). The unbound metals toxicity to benthic organisms can be explained by analyzing individual SEM concentrations according to their threshold effects level (TEL) and upper effects threshold (UET) levels (Table 4). All the locations had individual SEM concentrations lower than their TEL. Even though these investigated metals were bioavailable in the sediment their individual metal concentrations are not expected to be toxic to benthic organisms.
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