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Abstract 
Lake Macquarie is the largest estuarine lake in New South Wales and is located on the eastern 
seaboard of Australia, approximately 85 km north of Sydney.The study of heavy metal concentrations 
in surficial sediments, sediment cores, seagrasses and fish conducted by the New South Wales 
Department of Mines in 1974 revealed that significant heavy metal contamination of Lake Macquarie 
has occurred. The metalloid selenium was found in elevated concentrations in 1987. Selenium has a 
complex chemistry and is both an important nutrient and in high concentrations toxic. This review 
describes briefly the Lake Macquarie environment and suggests some approaches of modelling the 
remobilisation and cycling of selenium in sediment. The biogeochemical cycling of selenium in an 
estuarine environment is exceedingly complex. Factors include Eh, pH, ligand complexing ability, 
solubility of selenium containing minerals, sediment/soil characteristics, microbially-mediated 
reactions and physical reworking by biota (bioturbation). The goal of the model will be to be able to 
estimate the transport rates from a calculated value of Se concentration in sediment pore water 
resulting in a Se flux value for the interface between sediment and overlaying water.   
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1 Introduction 
Lake Macquarie and its environmental problems have been known since the mid 1970s and the 
elevated selenium concentrations were discovered in 1987. Selenium is one of the major problems and 
has been studied for some years at the Department of Chemical Engineering at the University of 
Sydney. This review adds the information concerning the modelling of selenium remobilisation and 
cycling in sediment the sediment with the impact of bioturbation. A great portion of the material for 
this review is taken from Brett Carroll’s extensive literature review of the contamination problem in 
Lake Macquarie (Caroll 1996a).  
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2 Lake Macquarie 

2.1 Geography 
Lake Macquarie is the largest estuarine lake in New South Wales and is located on the eastern 
seaboard of Australia, approximately 85km north of Sydney and 10km south of  Newcastle, a major 
industrial city. The Lake extends approximately 22km in a north-south direction and has a maximum 
width of about 10km. The maximum depth is 11m and the flat Lake floor has an average depth of 8m. 
The Lake is irregular in outline and has a foreshore of approximately 166km. The total area is 125km2. 
The Lake is linked with the Pacific Ocean via a tidal channel approximately 3.5km long and 200-400m 
wide. Three creeks, Cockle in the north, Dora in the west and Pallamananaba (Wyee) in the south are 
the main natural fluvial inputs into the Lake and account for almost 70% of the catchment area which 
is approximately 622 km2. Almost 35 % of the original wetland area (approx 1130 ha) around Lake 
Macquarie has been lost due to human activities such as ash disposal sites for the power stations 
(Caroll 1996a).   

2.2 Hydrology 
The term “lake” is considered a misnomer and should in this case more correctly be a “ large, almost 
completely landlocked estuarine lake or barrier lagoon”. The tidal range in Lake Macquarie is small, 
0.06-0.15 m, which results in an exchange of water of only 1% of the Lake’s content each tidal cycle. 
Lake Macquarie is considered homogenous in most properties both vertically and horizontally. 
Because of the narrow entrance channel and the poor tidal flushing, prolonged rainfall events may lead 
to stratification in the Lake, with a layer of freshwater overlaying the denser layer of salt water. This 
may lead to reduction in dissolved oxygen concentrations, which may have adverse affect on marine 
fauna. A gradual nutrient enrichment ( nitrogen and phosphorus) of the Lake Macquarie has been 
identified. With just a small nutrient exchange with the ocean and the input of nutrients from rural, 
urban and point sources, the Lake has an accumulation of nutrients (Caroll 1996a). 

2.3 Ecology 
Aquatic flora and fauna in Lake Macquarie have been extensively studied over the past 40-50 years. 
The food web is described as largely based on detrital matter (mostly arising from seagrass), consumed 
mainly by benthic invertebrates, which in turn are prayed upon by fish. The benthic region of Lake 
Macquarie has been classified into four zones; the entrance channel, the weed, slope, and mud zone 
(MacIntyre 1959). 

2.3.1 The entrance channel 
The floor of the entrance channel is essentially barren due to the abrasive action and movement of the 
sand during tidal flow. 

2.3.2 The weed zone 
Since there is effectively no tide within the Lake, normal intertidal species are confined to a narrow 
fringe at the upper edge of the weed zone. Rocks provide a suitable environment for species such as 
the oyster Carossotrea commercialis. Seagrasses or larger algae such as Cystophyllum and Codium on 
the rocky shores provide habitants within the weed zone for many benthic invertebrates, predominantly 
filter feeders and scavenger carnivores. Among the benthic organisms recorded are, numerous 
crustacea, molluscs, polychaete worms and sea snails. 

2.3.3 The slope zone 
Filter feeding organisms were found to dominate the slope zone including crustaceans, molluscs such 
as the mussel Trichoma hirusta, polychaete worms and filter -feeding organisms of the phylum 
Porifera  and subphylum Tunicata. 

2.3.4 The mud zone 
Occupying the largest portion by area of the Lake floor, the mud zone contains the lowest proportion 
of biomass per square meter. The dominant organisms in this zone are polychaete worms and a 
ophiurid. The dominant polychaete is Maldane sarsi, which constructs thick-walled mud pillars in the 
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sediment in which it lives. It feeds by ingestion of mud and its excretions form small mounds about the 
entrance to the borrow of the Lake floor. The impact of the sediment ingestion and excretion activities 
of these worms is to enhance particle turnover and pore water movement. This bioturbation effects the 
sediment chemistry.  

 2.3.5 Fish species 
A total of 103 fish species have been identified in Lake Macquarie and out of these 34 were considered 
to be “fishes of commerce”. The annual fish catch is 300.000 - 400.000 kg according to the most recent 
data and 20 % of the catch is sold in Sydney (Caroll 1996).  

2.4 Geology 
Lake Macquarie was formed in the last ice age by the inundation of a number of coalescing river 
valleys. These were blocked at their seaward ends by sand barriers comprised of marine quartz sand. 
The majority of the sediment under the Lake’s water body consists of Triassic sediments of the 
Narrabeen Group (conglomerate and shale). Permian sediments of the Newcastle Coal Measures 
(conglomerate, sandstone, tuff, coal and shale) have been exposed in north and north-east of the Lake 
and are now mined for coal. The Lake is a low energy mud basin environment of deposition, where 
suspended mud supplied by creeks to the Lake is dispersed by slow, mass water movements prior to 
settling to the Lake bed. Alluvial sediments deposited by rivers are comprised mainly of muddy lithic 
sand and silt. Deposition occurs more rapidly in the heads of embayments into which the larger creeks 
flow.  The water depths in these areas are shallow and becomes progressively deeper away from creek 
mouths. Sediment is not considered to be lost out to the sea. (Caroll 1996a). 

3 Selenium 

3.1 Physical properties 
Selenium (Se, Atomic number 34, Atomic Mass 78.96) was discovered by the Swedish chemists Jöns 
Jacob Berzelius and J.G. Grahn in 1827. The name is derived from selene, moon in Greek. Selenium, a 
metalloid, is very similar sulfur in its chemical properties and selenium exists in a number of oxidation 
states in elemental and combined forms: Se -II, -I, 0, I, II(not in nature) and VI. Se(0) may be found in 
either an amorphous state or in one of three crystalline states depending upon external conditions. The 
electrical conductivity is low in the dark but increases several hundredfold on exposure to light. That 
makes grey selenium useful in photoelectrical and photochemical applications such as photoelectric 
cells in photographic exposure meters and in photocopying machines (Elkin 1982).  

3.2 Chemical properties 
The chemical properties of selenium are intermediate between those of sulfur and tellurium. Selenium 
reacts with active metals and gains electrons from ionic compounds containing the selenide ion Se(-II). 
Selenium forms covalent compounds with most other substances2. In many reactions, selenium is an 
oxidant as well as a reductant. The selenides and selenium salts resembles sulphides and 
sulfur/tellurium salts respectively in appearance, composition and properties. The separation of 
selenium and sulfur in the environment is due to the differences in boiling and melting points and 
oxidation potential between the two elements (Elkin 1982). 

3.3 Biochemical properties 
Ingested selenium in an organism is not necessarily absorbed - insoluble selenium and indigestible 
selenium proteins will be excreted in the faeces. The portion that is adsorbed may be lost from the 
organism through excretion via the urinary tract. The remaining selenium is then normally metabolised 
to selenium-analogues of sulfur containing amino acids,  which then form polypeptides and proteins. 
Selenium analogues of sulfur compounds do not necessarily behave in the same manner in biological 
systems with the key differences including ease of reduction of their oxyanions and acid strengths of 
their hydrides. In biological systems selenium is ultimately reduced to selenide while sulfur is oxidised 
to sulfate for excretion. Selenium metabolism tends to more reduced states while sulfur metabolism 
tends to more oxidised states.  Selenium is an integral component of the glutathione peroxidase enzyme 
(SEGSHpx) of humans and animals  is therefore an essential nutrient. Other biological roles of 
selenium include metabolism of prostaglandin and glutathione (Caroll 1996a).    
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3.4 Occurrence 
Selenium is widely dispersed in igneous rocks as selenide minerals. A small fraction of the selenium is 
transported into the sea by weathering and erosion. The estimated selenium content in oceans is only c. 
0.090 μg/L, mainly as SeO4

2- (Elkin 1982). 
 

 3.5 Toxicity 
The toxicity of selenium varies with the chemical form, the sensitivity of the species exposed, route 
and length of exposure and other factors. Elevated levels of selenium in either water or an animal’s diet 
can result in acute toxicity, pathological changes in tissue, impaired reproduction and chronic 
poisoning of adult animals. The toxicity is caused by the oxidation of Se(IV) and /or binding to critical 
sulfhydryl groups by selenium present in excessive concentrations and the alteration of enzyme 
structure and function due to the incorporation of selenium in place of sulfur. Symptoms associated 
with acute toxicity in animals are garlic breath, lethargy, excessive salivation, vomiting, dyspnoea and 
muscle tremors which may lead to respiratory failure and death. The symptoms of sub-acute toxicity 
are mainly neurological and include blindness, ataxia and respiratory distress.  Exposure of moderate 
levels of selenium over time may lead to chronic selenosis which may cause, dermatic lesions, 
emancipation, anorexia and weight loss (Caroll 1996a). Experiments show that a mean environmental 
concentration of approximately 25 μg Se/l  may seriously affect the reproductive capacity of perch in a 
freshwater pond (Crane et al. 1992).  
 

4 Pollution 
The study of heavy metal concentrations in surficial sediments, sediment cores, seagrasses and fish 
conducted by the New South Wales Department of Mines in 1974 revealed that significant heavy metal 
contamination of Lake Macquarie has occurred (Roy and Crawford 1976). Elevated concentrations of  
selenium from two sediment cores were discovered by Batley in 1987.   

4.1 Heavy metal sources 
The contamination of Lake Macquarie is undoubtedly of human origin. Major discharges into the Lake 
have been identified as the discharges from the lead-zinc smelter containing low concentrations of 
metals: discharges from the sewage treatment work and discharges from coal mines (SPCC 1983). 
Overflow from ash-dams associated with the coal-fired power stations in operation around the Lake 
and atmospheric fly ash from their stacks are also contributors of heavy metals to the Lake.  

4.2 Selenium sources 
The contaminant sources have been determined and quantified (table 1) and the lead-zinc smelter has 
been the major contributor of selenium in the Lake. Today, however, the discharges have been reduced 
from the smelter and the two remaining power stations combined are the largest contributors of 
selenium to the Lake. Selenium in residual ash from the coal combustion processes at the two stations 
flowing to the ash dam was found in this study to be mostly in water insoluble form (97-98 %). The 
selenite ion, Se(IV), was found to account for 90 % of the species and the rest as Se(VI) The flux of 
selenium to the ash dam is approximately 30t/year for Eraring and 18t/year for Vales Point. The 
effluent concentrations from the Vales Point ash dam chronically exceeds the New South Wales Clean 
Water Act of 10μg/L. Plants downstream of the ash dam discharge from Eraring were found to contain 
approximately 150 fold increase over the surrounding water, indicating significant biological uptake. It 
is known that fly ash does escape the stacks and deposits in the Lake (Batley et al 1991).
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Table 1 Selenium sources in Lake Macquarie 
Source Discharged Se in L.M [kg/year] Time span 
Vales Point Power Station/ 400  1950- 
Eraring Power Station   
Pb-Zn smelter 200 1897-  
Sewage treatment work 10 19?? 
(Woodford 1995) 
 
The consumption of only 62g of one mullet sampled from the south of Lake Macquarie was reported to 
have the potential to cause chronic selenium toxicity. Concentrations of selenium in fish (mullet, 
silverbiddy, tarwhine) from Lake Macquarie was found to be  up to 12 times higher than the NHMRC 
standard (Roberts 1994).  
 

4.3 Selenium bioavailability 
The total selenium concentration from five sites within the Lake have been calculated as the sum of the 
selenium concentrations found within the various sediment fractions. Two different extraction 
procedures, Tessier and BCR, were applied (Caroll et al 1996b). Selenium was found to be 
predominantly bound to organic matter, 70-100 % in the top 8 cm of the sediment sample. Selenium 
present in the bioavailable form was; in the exchangeable fraction from 0-28 % and from 0-18 % in the 
carbonate-bound fraction. The mobility of selenium in Lake Macquarie is favoured by oxidising 
conditions (Peters et al, 1996).  

5 Modelling 
The goal of the model is to be able to estimate the transport rates from a calculated value of Se 
concentration in sediment pore water resulting in a Se flux value for the interface between sediment 
and overlaying water. The biogeochemical cycling of selenium in an estuarine environment is 
exceedingly complex. Factors include Eh, pH, ligand complexing ability, solubility of selenium 
containing minerals, sediment/soil characteristics, microbially-mediated reactions and physical 
reworking by biota, bioturbation (Caroll et al 1996c). In order to simplify the model the pH and Eh will 
first be considered constant within a particular compartment. Later they will be considered as variables 
dependent on bioturbation and changers of the overlying water compartments.  

Figure Fel! Okänt växelargument. Selenium biogeochemistry overview 

 

 Water Column    Se(-II,VI,IV) 
 
 Se(IV,VI)  Se(O) 
 
 

 
Aerobic Sediment 

Particulate Se(-II,O)  Se(-II,VI,IV) 
 Anaerobic Sediment 
 
 
Modified (EPRI 1991)  

5.1 Redox reactions 
Selenium is a redox-sensitive metalloid and its oxidation state governs the mobility and toxicity. Since 
Se(VI) is relatively uncommon in estuarine sediment and Se(IV) is the most mobile form the model 
will focus on it. The higher the oxidation potential of the sediment the more the reaction towards the 
right is favoured. The pH and oxygen state of the sediment is therefore important in modelling.  
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Se(-II)↔Se(0)↔Se(IV)↔Se(VI) 
 
Kinetic constants already exist in literature for most of the reactions but some additional kinetic studies 
will be performed to complete the data( EPRI 1991).  
 

5.2 Transport mechanisms 
Thomann et al. (1993) suggested a model for cadmium biogeochemistry in the Hudson Estuary, New 
York, which includes the following mechanisms.  
1. Sorption/desorption interaction between the dissolved and particulate cadmium.  
2. Diffusive exchange of dissolved chemical between the bed sediment and the overlying water 

column and between layers of the bed sediment itself. 
3. Exchange of particulate cadmium due to benthic stirring (bioturbation). 
4. Transport of total cadmium via net advective transport and dispersive exchange and mixing in the 

water column. 
5. Net deposition or burial of cadmium in the sediment. 
6. External inputs of cadmium. 
 
This list provides a useful basis for Se biogeochemical modelling. 

5.2.1 Sorption 
Important ligand reactions and microbially-mediated reactions such as  
Se(IV) + Ln ↔SeLn 
Se(-II) + Lm ↔ SeLm 
 
will be considered in the model. Selenite adsorption by alluvial soils showed a dependence on pH, with 
the greatest adsorption occurring under acidic conditions (Neal et al 1987a). The fraction of selenite 
sorbed as a function of pH show an almost linear dependence for pH 4-9 (Neal et al 1987a).  
 
When sorption occurs the total contaminant mass (WAρb )is the sum of the mass in the mobile phase 
(CAε) and the mass on the solid (WASρb) (Reible et al. 1991): 
 

Equation Fel! Okänt växelargument. 
WAρb = CAε + WASρb 
 
A coefficient of sorption (KSe,S) may be defined and since sorption depend on pH the coefficient can be 
written as, 

Equation 2 

K
W
C

k pH CSe S
AS b

A
, = = ⋅ +

ρ
ε

 

where k  and C are experimental coefficients. 

5.2.2 Diffusion 
The most basic chemical transport process within a bed sediment. The existence of a concentration 
gradient within the pore water of a porous sediment bed is sufficient to initiate transport by this 
molecular process. The magnitude of the contaminant flux is quantified by Fick’s first law and couples 
the concentration gradient to the diffusion coefficient. For molecular diffusion of a dilute contaminant 
is Fick’s first law (Reible et al. 1991): 

Equation 3 

N D
C

zA s A= −
∂
∂
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N A  is the flux rate in gAcm-3 
∂
∂
C

z
A  is the concentration gradient in the vertical z-direction, gAcm-3cm-1  

Ds  is the effective diffusivity for the molecular species A, cm2/s 

5.2.3 Bioturbation 
Bioturbation, the redistribution of sediment particulates by organisms, is a well known phenomena and 
the awareness of its importance in pollutant remobilisation in sediment modelling has increased over 
the years. Thomann et al. (1993) concluded that the most important mechanism for the remobilisation 
of cadmium was the bioturbation. Thoms et al (19??) concluded that a modified model with 
bioturbation incorporated predicted organic accumulation much better than the original model without 
bioturbation. 
 
Bioturbation is caused either when an organism construct rigid tubes in the sediment that allow free 
exchange of water and solutes from several centimetres deep to the overlying water or when organisms 
inject water directly into the sediment or pump water through their habitats during feeding, burrowing, 
and locomotory activities (Matisoff 1982). The net result of the bioturbation is the vertical and 
horizontal movement of sediment particles and pore water. Contaminant either on the particles or in the 
pore spaces are likewise transported in the bioturbation process.  
 
There are several ways of describing the bioturbation. Matisoff (1982) gives examples of several 
approaches in modelling bioturbation; diffusion models, box models, signal processing models and 
Markov models are particle transport models. He concluded that diffusion models are the most popular 
because of the degree of sophistication that can be achieved with them. Box models are popular as a 
first approximation for a bioturbation model. Signal processing and the Markov models represent a 
more mathematical and a probabilistic approach respectively.  
 
There are also fluid transport models; diffusion-reaction models and advection models. The diffusion-
reaction models are described as one or three dimensional. The choice of which to use depends on the 
accuracy required. Advection models describes how solutes are transported by advection between one 
or two reservoirs or as a function of depth and overlying water.  
  
Thomann et al. (1993) described  extensively the calibration procedure of their model. Matisoff (1982) 
concludes that the differences between the models are more pronounced in the particle transport 
problem.  
 
It is hard to make a conclusion at this stage what model is the appropriate for simulation of selenium 
remobilisation and cycling in sediment. First a simple model will be made which later will developed 
into a more complex and (hopefully) accurate one.  

5.3 A diffusion model approach 
Although diffusion characterised by a constant biodiffusion coefficient is not an adequate description 
of the actual physical process that constitute bioturbation, it can be used to correlate the overall 
characteristics of the observed contaminant transport. The key difference between biodiffusion and 
molecular diffusion is that biodiffusion include particle movement (Reible et al. 1991). 
  
Reible et al. (1991) suggests an unsteady state model considering erosion with velocity U, pore-water 
advection with velocity V and a diffusive model for bioturbation is given by, (modified)   

Equation 4 

∂ ρ
∂

∂ ρ
∂

∂
∂

∂ ρ
∂

W
t

U
W

z
V

C
z

D
W
z

A b A b A
bio

A b+ + =
2

2  

subject to,  
CA =  0 z = 0 
CA = C0 z = ∞ 
CA = C0 t = 0 
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WA is the total particle concentration (particle = interstitial fluid) 
V is a Darcy (superficial) velocity 
Dbio is an effective bioturbation coefficient 
 
Biodiffusion coefficient data is available from different locations and organisms (Matisoff 1982).  

5.3 Computer Programming 
Suggested computer programmes to be used for modelling are either Matlab™, C or native Fortran. 
The complexity of the model will decide which program to be used. 

6 Literature Sources 
Chemical Abstracts 
COMPENDEX 
Environmental Abstracts 
Fischer library at the University of Sydney  
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