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Executive Summary 
 

Introduction 

The Bell Bay Pulp Mill Project includes the discharge of final (treated) effluent to Bass 
Strait, about 3km offshore of Five Mile Bluff. Hydrodynamic modelling has suggested 
that the key effluent constituent that requires the highest number of dilutions to meet its 
water quality objective (or trigger value for ecosystem protection) is chlorate. The 
Commonwealth Department of the Environment and Water Resources (DEW) has 
queried conclusions about the persistence and fate of effluent-derived chlorate and its 
toxicity to potential chlorate-sensitive brown algae in Commonwealth waters. This report 
reviews the toxicity and fate of effluent-derived chlorate in the marine environment and 
responds to those queries.  

A relatively large body of historical information on the effects of effluents produced from 
older technology pulp mills is available (Solomon, 1996). Most of the observed adverse 
effects of chlorate on receiving water environments are historical (1980s) and were 
associated with coastal pulp mills without a chlorate-reduction stage in their effluent 
treatment plants. It was only after the identification of chlorate as the effluent constituent 
responsible for toxic effects on brown algae in the Baltic Sea (Rosemarin et al., 1985; 
Mattsson et al., 1984; Lehtinen et al., 1988) that chlorate reduction treatments of 
effluents were carried out. The Bell Bay Pulp Mill Project includes a chlorate-reduction 
stage in its effluent treatment plant. 

Chlorate Chemistry 

Information on chlorates is summarised below: 

• Chlorate is highly soluble in water (95.7 g/100 ml at 20°C) (Robbins et al., 1942) and 
will therefore be uniformly distributed in groundwater or surface waters and be 
readily presented to aquatic organisms.  

• The high solubility of chlorate implies that it does not easily adsorb to particulates 
nor bioaccumulate in biota (van Wijk and Hutchinson, 1995).  

• The chlorate anion is chemically stable under environmental conditions (Urbansky, 
1998). 

• Chlorate is a nitrate analogue, i.e., once chlorate is in the marine environment, it can 
be taken up by microalgae and macroalgae using the same mechanism as nitrate 
(Aberg, 1947). 

• There is no documented evidence that there are natural sources of chlorate in the 
environment. 

The above combination of chlorate solubility, stability, and mobility creates the potential 
for both localised and area-wide potential effects of ecotoxicological interest (MDEP, 
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2005). As such, the chlorate anion is a relatively non-reactive and is a kinetically stable 
contaminant, with low biodegradation rates under many natural conditions. However, this 
report identifies biological processes that attenuate the concentrations of chlorate in the 
marine environment (see below). 

Effluent Treatment and Quality 

The effluent treatment plant at the proposed Bell Bay Pulp Mill will include an anoxic 
selector, which is anticipated to reduce chlorate levels by a minimum of 98% for an 
hydraulic retention time (HRT) of between 1 and 3 hours (with a design HRT of 2.3 
hours). This proposed secondary biological treatment system (anoxic selector) will 
reduce chlorate concentrations to environmentally safe levels for discharge. 

Predicted Effluent Chlorate Concentrations 

The chlorate concentration in the final (treated) effluent is predicted to be a mean of 
1.9 mg/L, with a range of between 1.0 mg/L and 3.7 mg/L. For the purposes of this 
report, the maximum predicted effluent chlorate concentration has been used in a worst-
case scenario in order to be conservative. This was also the case in the hydrodynamic 
modelling of the fate of chlorate in the effluent. 

The premise of the argument is that if there are no predicted residual impacts of effluent-
derived chlorate on potentially sensitive marine life under the worst-case scenario, it is 
highly unlikely that residual chlorate impacts will arise during typical operating conditions 
(more reasonable-case scenarios). 

Hydrodynamic Modelling of the Fate of the Effluent 

The adopted hydrodynamic model (i.e., Delft 3-D model) is known to be a well-tried and 
proven model. It is noted that the Government and public comments about potential 
inadequacies of the hydrodynamic model have been addressed separately in the 
responses to public submissions (Gunns, 2007a). This report is based on the most 
recent hydrodynamic modelling work (GHD, 2007). 

The mass solution rates and the initial plume buoyancy predicted by the hydrodynamic 
model underpin this report’s assessment of the residual impacts of effluent-derived 
chlorate in the marine environment.  

Initial Dilution 

After discharge, the effluent becomes entrained with surrounding seawater as it rises to 
the surface of the sea and mixing occurs. This process dilutes the effluent, and which 
then travels in the direction of superimposed wave-driven or tidal currents and becomes 
progressively more dilute. 
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Secondary Dilution 

Due to the positively buoyant plume created by the initial effluent discharge, secondary 
mixing will normally be restricted to the upper layers of the sea until the relative densities 
are such that mixing can take place vertically throughout the water column. It is only 
when the diluted effluent plume becomes fully mixed throughout the water column that 
bottom-living brown algae will be exposed to chlorate concentrations in the diluted 
effluent plume. 

Under worst-case scenarios, the hydrodynamic modelling indicates that the locally 
derived trigger value of 8 µg/L (which could be increased to 52 - 60 µg/L if Baltic Sea 
Fucus spp. toxicity data are excluded (Toxikos, 2007b)) for the protection of the marine 
ecosystem can be readily met by a combination of appropriate level of effluent treatment 
(i.e., anoxic selector for 98% chlorate removal) and initial and near-field dilution of the 
treated effluent after discharge. 

Predicted Chlorate Concentrations in Bass Strait 

Outside the edge of the mixing zone and up to 1000-fold dilution, the predicted 
maximum chlorate concentrations are in the range 3.7 to 8  µg/L in surface waters. The 
high dilution afforded by the receiving waters of this area of Bass Strait is predicted to 
further reduce effluent-derived chlorate concentrations rapidly in the surface waters to 
<1 µg/L within a few kilometres of the diffuser outfall and in the direction of ambient flow.  

Very low chlorate concentrations of <1 µg/L are predicted in the shallow intertidal and 
bottom waters where benthic macroalgae may be present. These predicted effluent-
derived chlorate concentrations are highly conservative given that maximum effluent 
chlorate concentrations and minimum dilution were used in the hydrodynamic modelling, 
as well as an assumption of no decay (biodegradation or uptake) of chlorate in the 
marine environment.  

Under typical pulp mill operating conditions and effective effluent treatment (i.e., ≥98% 
anoxic chlorate removal), predicted concentrations of effluent-derived chlorate in the 
shallow waters and bottom waters (where chlorate-sensitive brown algae are located) 
are likely to be less than 0.1 µg/L. 

The direction and duration of the diluting and dispersing effluent plume will vary on a 
daily basis and affect different areas of the sea bottom along the coast and in offshore 
waters.  

Persistence and Fate of Chlorate in the Marine Environment 

DEW has queried whether or not effluent-derived chlorate is persistent in the marine 
environment after discharge. A review of the scientific literature revealed that there is 
ambiguity in whether or not the chlorate anion is persistent in the marine environment. 
Despite some authoritative sources to the contrary, this report considers that chlorate 
anion is relatively stable in the water column but considers the chlorate anion as ‘non-
persistent’ due to the presence of natural biological processes that attenuate chlorate 
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concentrations in the water column or that remove chlorate from the bottom waters 
overlying seabed sediments. 

Chlorate Attenuation – Physical Processes 

The physical process of effluent dilution and dispersion in the direction of superimposed 
ambient currents is the principal mechanism for attenuating the concentrations of 
effluent-derived chlorate in the water column with distance from discharge. While the 
chlorate anion in seawater is stable, there are biological processes that will act to 
attenuate the concentrations of effluent-derived chlorate in the marine environment (see 
below). 

Chlorate Attenuation – Physicochemical Processes  

Loss to the atmosphere of chlorate in seawater by volatilisation does not appear to be a 
mechanism of chlorate attenuation. 

The degradation by sunlight of effluent-derived chlorate in the water column does not 
appear to be a mechanism for chlorate attenuation. Therefore, photodecomposition of 
effluent-derived chlorate is unlikely to occur in the surface waters of Bass Strait, where 
solar irradiation is highest. 

Chlorate Attenuation – Biological Processes  

The attenuation of chlorate concentrations by means of biological uptake via 
phytoplankton and benthic macroalgae has been considered as a potential chlorate sink.  

Chlorate Uptake by Phytoplankton  

Biological uptake of chlorate by phytoplankton appears to be a potential and significant 
sink for effluent-derived chlorate. Since chlorate is an analogue of nitrate, chlorate will be 
taken up by the phytoplankton. This presents a mechanism or pathway by which 
effluent-derived chlorate may be attenuated in the water column. However, given the low 
nutrient status of Bass Strait with nitrate levels typically <5 µg/L (range <5 to 16.5 µg/L 
near the proposed effluent outfall) and consequential low chlorophyll a content in the 
summer (0.16 µg/L) and winter (0.20 µg/L)(Gibbs et al., 1986), the rate of chlorate anion 
uptake and concentration attenuation is expected to be limited by low phytoplankton 
biomass. Nevertheless, chlorate uptake by phytoplankton does present a sink and a 
process by which chlorate concentrations will attenuate in the water column 
independently of dilution. 

Chlorate Uptake by Benthic Algae 

Once chlorate is in the marine environment, it can be taken up by macroalgae using the 
same mechanism as nitrate (Aberg, 1947). In brown algae, the uptake of nutrients is an 
active process and does not simply rely on the slow diffusion of seawater (Edwards, 
2002). Nitrate and chlorate are structurally analogous to each other and may potentially 
be incorporated into the same enzyme active site, as is evidenced by the fact that 
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chlorate can be used as a substrate by various nitrate reductases (Chaudhuri et al., 
2002). 

There is competition for the active sites on the enzyme system and if nitrate is abundant, 
it prevents too much chlorate from being reduced. If nitrate concentrations are just high 
enough to induce the nitrate reductase system, but not high enough to out-compete 
chlorate for all the active sites, then chlorate may be reduced to chlorite at a maximal 
rate. 

The presence of healthy standing crops of benthic algae on the low- and high-profile 
reefs in the vicinity of the effluent outfall diffuser indicates the plants are able to utilise 
the available nitrogen in the water body, that is, they have active nitrate reductase 
activity. As a consequence the plants will be able to actively take up chlorate from the 
water via this biochemical pathway. The amount of nitrate in the water will remain low, 
even after the diffuser becomes operational and will not competitively inhibit chlorate 
uptake by the plants.  

The presence of ubiquitous and healthy standing crops of benthic macroalgae on the 
low- and high-profile reefs in the vicinity of the effluent outfall diffuser location and 
nearby Commonwealth waters indicates that nitrate in the water column is not limiting 
and that nitrate reductase activity can be induced. Bass Strait waters contain between 
<5 and 16.5 µg/L of nitrate (depending on season), which will also be added to by 
nitrates in the pulp mill effluent (predicted maximum of 1.93 mg NO3/L). Therefore, there 
is expected to be sufficient nitrate in the water column to activate the nitrate reductase 
system of benthic macroalgae, such that there will be an active uptake of effluent-
derived chlorate. 

Derivation of a Local Chlorate Trigger Value 

New chlorate toxicity data for local brown algal species (Ecotox, 2007) have been used 
to recalculate an interim trigger value for marine ecosystem protection that is applicable 
to the Tasmanian north coast marine environment. The original trigger value of 8 µg/L 
increases slightly to 10 µg/L, provided Baltic Sea Fucus spp. toxicity data are included. 
However, if Baltic Sea toxicity data are excluded, the trigger value increases from 8 µg/L 
to 52 or 60 µg/L. This shows how much the Baltic Sea toxicity data biases the derivation 
of a local trigger value for chlorate in Tasmanian waters. 

This report is in agreement with Toxikos (2007) that the Baltic Sea Fucus spp. toxicity 
data should not be included in the derivation of a Tasmanian trigger value, owing to the 
fact that fucoid brown algae (Fucus spp.) are not present in Tasmanian waters, and the 
fact that local brown algal species have been tested and found to be significantly less 
sensitive to chlorate toxicity.  

Chlorate Toxicity to Marine Algae 

Studies of incidences of chlorate pollution of the marine environment have revealed that 
certain groups of marine algae are sensitive to the chlorate anion (ClO3

-) when present 
at high enough concentration in the water column. Chlorate has been shown to be 
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relatively toxic to benthic brown macroalgae, compared to other algae, bacteria, 
phytoplankton, invertebrates and fish (van Wijk and Hutchinson, 1995).  

Chlorate toxicity to brown algae was based on a literature review as well as the chlorate 
toxicity testing of species known to be present in Tasmanian waters, such as Neptune’s 
necklace, Hormosira banksii (Ecotox, 2006a,b) and leather kelp, Ecklonia radiata 
(Ecotox, 2007).  

Mechanism of Toxicity to Brown Algae 

Chlorate is a nitrate analogue: that is, once chlorate is in the marine environment, it can 
be actively taken up by macroalgae using the same mechanism as nitrate. The toxicity of 
chlorate is coupled to its reduction to chlorite and this reduction is linked to an active, 
functioning nitrate reductase system. Chlorite is toxic to the algae, which do not contain 
the enzyme chlorite dismutase to convert chlorite into innocuous chloride and oxygen. 

Chlorate Toxicity to Baltic Sea Brown Algae 

The effluent from one pulp mill (Mönsterås) caused a major field incident in the northern 
Kalmar Strait, when it was recorded that bladderwrack (Fucus vesiculosus), a major 
component of brackish water communities in Sweden, had disappeared from an area of 
12 km2 (Lindvall and Alm, 1983). The effluent contained up to 53 mg/L of chlorate and 
the average chlorate concentration in the receiving water where the brown algae were 
affected was around 6 µM or 500 µg/L (Lehtinen et al., 1988). 

It was subsequently demonstrated in laboratory experiments and model ecosystems 
(mesocosms) that chlorate was the responsible effluent constituent (Rosemarin et al., 
1985; Lehtinen et al., 1988). Mesocosm experiments with bladderwrack transplants were 
carried out for 6 months using chlorate alone or pulp mill effluent containing various 
concentrations of chlorate. The 6-month trials gave a No Observable Effects 
Concentration (NOEC) of 5 µg/L of chlorate for bladderwrack. This NOEC value of 
5 µg/L was adopted by the Government of British Columbia (2002) as a chlorate trigger 
value to protect the marine ecosystem of the west coast of Canada, and is the only 
published water quality criterion for chlorate in seawater. 

Chlorate Toxicity to Tasmanian Brown Algae 

The NOEC of 5 µg/L chlorate for growth inhibition of the Baltic Sea bladderwrack (Fucus 
vesiculosus) observed by Rosemarin et al. (1994) is in marked contrast with the 
experimentally derived NOECs of 100 µg/L and 1,000 µg/L respectively for chlorate 
induced growth inhibition of local brown algae Neptune’s necklace (Hormosira banksii) 
and leather kelp (Ecklonia radiata) determined by Ecotox (2006a,b; 2007) for the Bell 
Bay Pulp Mill Project.  

The data show Tasmanian brown algae to be much less sensitive to the effects of 
chlorate than the Baltic Sea fucoid (i.e., Fucus spp.) brown algae. This is consistent with 
the Tasmanian species having much less nitrate reductase activity than the fucoids. 
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Predicted Chlorate Impacts on Local Brown Algae 

Under a worst-case scenario, predicted effluent-derived chlorate concentrations in the 
receiving water column are between 0.52 and 0.61 µg/L within inshore intertidal areas 
where potentially sensitive brown algae (Phaeophyta) are located in shallow water.  
Within this intertidal zone and the subtidal inshore zone, these low predicted chlorate 
concentrations are between 13 and 15 times below the locally derived chlorate trigger 
value of 8 µg/L (which could be increased to 52 or 60  µg/L if Baltic Sea Fucus sp.. 
toxicity data are excluded) and 160 to 190 times less than the NOEC for growth 
inhibition of the local brown algal species Hormosira banksii (chlorate NOEC= 100µg/L). 

By the time full vertical mixing of the diluted effluent in the water column is achieved, 
chlorate concentrations in bottom waters (where benthic chlorate-sensitive brown algae 
are located) have been diluted by more than 5,000-fold to values <1 µg/L, which is well 
below the trigger value of 8 µg/L.  

Under a more reasonable-case scenario of a mean effluent chlorate concentration of 
1,900 µg/L, median dilution and some biodegradation of chlorate in the water column 
(e.g., phytoplankton uptake being the main sink), predicted chlorate concentrations may 
be more typically <0.1 µg/L. 

Overall, effluent-derived chlorate is not predicted to impart toxicity to local species of 
brown algae located within both the State and Commonwealth waters of Bass Strait. 

Environmental Monitoring 

The project will implement a comprehensive water quality and biological effects 
monitoring program, which will be mutually agreed between Gunns and the Environment 
Division of the Tasmanian Department of Tourism, Arts and the Environment (DTAE). 

During start-up and early operations, the size of the mixing zone and fate of chlorate in 
the discharged effluent will be ascertained by implementing a validation monitoring 
program. The use of a conservative effluent constituent to determine actual dilution may 
be required, as the predicted low chlorate concentrations in seawater water cannot be 
measured with currently available analytical methods. 

Long-term marine biological effects monitoring will provide an early warning of any 
unforeseen effects of the effluent discharge, so that remedial corrective action may be 
taken in a timely manner. 

Conclusions 

This report acknowledges that effluent-chlorate anions are relatively stable in seawater 
but consider that they should not be classified as ‘persistent’ as there exist marine 
biological processes that attenuate the concentrations of chlorate in the water column 
and seabed sediments. However, there appear to be few physicochemical processes 
that may attenuate the concentrations of effluent-derived chlorate in the water column. 
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Marine biological processes, such as biological uptake of chlorate by phytoplankton and 
benthic algae, and chlorate reduction by dissimilatory perchlorate- and chlorate-respiring 
anaerobic bacteria in the marine sediments of Bass Strait (via diffusion and the settling 
of dead or dying water column organisms) offer pathways for chlorate attenuation and 
degradation in the marine environment. These are slow processes, and the greatest 
factor in attenuating the concentrations of effluent-derived chlorate in the water column 
is the physical process of dilution and dispersion with distance from the effluent outfall. 

For the worst case scenario of assuming the maximum effluent chlorate concentration of 
3.7 mg/L, low dilution (i.e. 5-percentile effluent dilution) and no chlorate decay, the 
predicted chlorate concentrations in inshore surface waters where potentially sensitive 
brown algae (Phaeophyta) are located are between 13 and 15 times below the chlorate 
trigger value of 8 µg/L (which could be increased to 52 or 60  µg/L if Baltic Sea Fucus 
sp.. toxicity data are excluded) and 160 to 190 times less than the NOEC for growth 
inhibition of the local brown algal species Neptune’s necklace, Hormosira banksii.   

No significant impacts on brown algae located in intertidal and inshore waters are 
anticipated under this worst-case scenario. Consequently, at more typical effluent 
chlorate concentrations (mean of 1.9 mg/L), median dilutions and some attenuation of 
chlorate by biological uptake by phytoplankton and benthic algae, potential adverse 
effects of surface chlorate concentrations on intertidal and subtidal inshore brown algae 
are also not anticipated. 

When the effluent plume touches the seabed (high dilution of about 5,000 times), the 
predicted chlorate concentrations are between 8 and 10 times less than the chlorate 
trigger value of 8 µg/L (which could be increased to 52 or 60  µg/L if Baltic Sea Fucus 
sp.. toxicity data are excluded) and more than 100 times less than the NOEC for growth 
inhibition of local brown algae. Furthermore, exposure of benthic brown algae to these 
very low chlorate concentrations is not continuous but intermittent, as touchdown of the 
diluting and dispersing effluent plume will vary on a daily basis and affect different areas 
of the sea bottom along the coast and offshore waters. 

Overall, effluent-derived chlorate is not predicted to impart toxicity to local species of 
brown algae located in both the State and Commonwealth waters of Bass Strait in the 
short or long term. This will be confirmed by implementing the validation and long-term 
environmental monitoring programs. 
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1. Introduction 

1.1 Background 
Gunns Limited (Gunns) proposes to construct and operate a Kraft Pulp Mill at Bell Bay in 
northern Tasmania. Final (treated) effluent from the pulp mill will be discharged by 
pipeline to a diffuser outfall located about 3-km offshore of Five Mile Beach. Prior to 
discharge, pulp mill process effluents, disinfected sanitary sewage effluent and other, 
minor wastewater streams will receive primary and secondary biological treatment in an 
effluent treatment plant. 

The subject of this review is chlorate and its likely toxicity and fate in the marine 
environment. This review also addresses matters raised by the Department of the 
Environment and Water Resources of the Commonwealth Government (see Chapter 8).  

1.2 Commonwealth Government Issues 
DEW suggested that the behaviour and fate of chlorate in the marine environment 
needed to be examined further: 

• DEW requested information about the degradation of chlorate in the marine 
environment and, in particular, the statement that chlorate is unstable and converts 
to hypochlorite and oxygen. DEW suggests that this aspect needs to be examined 
further as they are unconvinced.  

• DEW considered that the reference to the Mönsterås pulp and paper mill in Sweden 
and the observed impact of chlorate on brown algae could be evidence that chlorate 
does not degrade readily. 

• The issue of chlorate production together with the review of the GHD hydrodynamic 
modelling creates uncertainty with the DEW. This interacts with the toxicity of 
chlorate to algae and the distribution and biomass of algae present. 

The remainder of this report reviews the behaviour, toxicity and fate of chlorate in the 
final (treated) effluent to be discharged to Bass Strait, and addresses outstanding DEW 
issues. A review of the hydrodynamic modelling is addressed separately (Gunns, 
2007a). 
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2. Chlorate in the Environment 

2.1 General 
Table 1 provides information on the oxidation state of various inorganic oxidised forms of 
chloride and their stability in water (EurChlor, 2004; Kang et al., 2006).  

Table 1 Oxidation state and stability of oxyhalide anions in water. 

Formula Name Oxidation 
state 

Free energy change 
∆ƒG° (kJ/mol) 

Stability in water 

Cl- chloride -1 -131 stable 
ClO- hypochlorite +1 -37 unstable* 
ClO2

- chlorite +3 17 unstable* 
ClO3

- chlorate +5 -3 stable 
ClO4

- perchlorate +7 -9 very stable 
Notes: * Chlorite and especially hypochlorite react with many reducing species and disproportionate under 
receiving water environmental conditions. 

Oxidation state is an indicator of the degree of oxidation of an atom in a chemical 
compound. In general, those chlorine oxyanions with lower oxidation numbers are 
progressively stronger oxidisers (e.g., hypochlorite and chlorite) and are less stable. In 
general, the kinetic lability of chlorine oxyanions runs counter to thermodynamic stability. 

Of all the chlorine-containing oxyanions, chloride (Cl-) is the most stable. Chloride [∆ƒG° 
(Cl-) = –131 kJ/mol] has the lowest energy level among the compared species in Table 
1, suggesting it is thermodynamically a very favourable species for chemical reactions of 
chlorine-containing oxyanions. 

Perchlorate [∆ƒG° (ClO4
-) = –9 kJ/mol] is thermodynamically a very stable species at 

ambient conditions once it is formed. Perchlorate is the weakest oxidizer of the chlorine 
oxyanions. Perchlorate has the highest redox potential, but is a closed shell species 
and, as such, is sluggish to oxidize other species. 

Chlorate [∆ƒG° (ClO3
-) = –3 kJ/mol] is thermodynamically less stable than perchlorate 

(Kang et al., 2006). Independent of thermodynamic considerations, Sidiqqui (1996) 
found that aqueous chlorate concentrations were kinetically stable in various source 
waters for up to four weeks. Similarly, Couture (1998) found that chlorate concentrations 
in artificial and natural seawater did not change over a 32-day test period. 

The following sections consider both perchlorates and chlorates, as many perchlorate-
reducing bacteria can also reduce chlorate, and natural sources of perchlorate are 
anticipated to be present in Bass Strait seawater and bed sediments. In addition, there 
are expected to be natural sources of perchlorates in the marine environment of Bass 
Strait (see Section 2.2.1.2). 
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2.1.1 Chemistry of Perchlorates 

Perchloric acid and most perchlorate salts will readily dissolve in water, generating the 
perchlorate anion (Cl04

-), a tetrahedral array of 4 oxygen atoms around a central chlorine 
atom. Perchlorate is thus a highly soluble oxyanion (solubility of 200,000 mg/L) that is 
very stable and non-reactive in aqueous environments (Longmire et al., 2005; Long et 
al., 1998; Urbansky, 1998). Perchlorate salts also have a very low volatility (CCRR, 
2006).  

Although a strong oxidizing agent, the perchlorate anion is stable in the environment, 
due to the high activation energy associated with its abiotic reduction to chlorate (Cl03

—). 
Moreover, given its relatively low charge density, perchlorate does not form complexes 
with metals in the same manner as other anions, and it does not readily sorb to 
environmental media (Urbansky, 2002). Longmire et al. (2005) confirm that perchlorate 
does not adsorb onto inorganic surfaces, including hydrous ferric oxide, smectite, and 
manganese oxide. These are characterised by net-negative surface charges at pH of 6.5 
to 9.0. 

This combination of perchlorate solubility, stability, and mobility creates the potential for 
both localised and area-wide potential effects of ecotoxicological interest. As such, it is a 
relatively non-reactive and kinetically a very stable contaminant, with very low 
biodegradation rates under many natural conditions. Biodegradation of perchlorate in the 
natural environment (e.g., sediments) will not occur unless significant levels of organic 
carbon are present, oxygen and nitrate are depleted, and perchlorate-degrading 
anaerobic bacteria are present.  

2.1.2 Chemistry of Chlorates 

A review of the literature revealed the following general information on chlorate salts and 
the chlorate anion: 

• Chlorate is highly soluble in water (95.7 g/100 ml at 20°C) (Robbins et al., 1942) and 
will therefore be uniformly distributed in groundwater or surface waters and be 
readily presented to aquatic organisms.  

• The high solubility of chlorate implies that it does not easily adsorb to particulates 
nor bioaccumulate in biota (van Wijk and Hutchinson, 1995).  

• The chlorate anion is chemically stable under environmental conditions (Urbansky, 
1998). 

• Chlorate is a nitrate analogue, i.e., once chlorate is in the marine environment, it can 
be taken up by microalgae and macroalgae using the same mechanism as nitrate 
(Aberg, 1947). 

The above combination of chlorate solubility, stability, and mobility creates the potential 
for both localised and area-wide potential effects of ecotoxicological interest (MDEP, 
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2005). The chlorate anion is a relatively non-reactive and is a kinetically stable 
contaminant, with low biodegradation rates under many natural conditions. 

Up to the mid-1990s, van Wijk and Hutchinson (1995) state that there were no data 
available on the persistence of chlorate in the water column. Investigations for the 
present report also found no information on chlorate persistence. However, biological 
processes that result in the attenuation of chlorate anion concentrations in the natural 
marine environment were identified, which indicates that the chlorate anion may not be 
persistent (see Section 4.3). 

2.2 Sources of Perchlorates and Chlorates 

2.2.1 Sources of Perchlorate 

The occurrence of both natural and anthropogenic sources of perchlorate in the natural 
environment has become more evident since the detection limit was reduced from 400 
µg/L to approximately 1 µg/L in 1997, as a result of improved analytical methodology 
(Trumpolt et al., 2005). 

2.2.1.1 Anthropogenic Sources 

High concentrations of perchlorate contamination of groundwater, surface water and 
soils have been identified and found to be associated with sites involved in the 
manufacture, testing, or disposal of solid rocket propellant, the manufacture of 
perchlorate compounds, and industries where perchlorate compounds were used as 
reagents.  

Implications for the Bell Bay Pulp Mill Project 

No existing anthropogenic sources of perchlorate are expected to be present in the 
Tamar Valley or along the northern Tasmanian coast, owing to the absence of industries 
dealing with perchlorates.  

2.2.1.2 Natural Sources of Perchlorate 

Most naturally occurring sources of perchlorate appear to be geographically limited to 
arid and semi-arid environments. The highest natural perchlorate concentrations are 
found in the Chilean caliche (precipitated salts in soil from evaporated wetting fronts), as 
well as some potash ores. 

The origin of naturally occurring perchlorate in the environment centres on natural 
atmospheric processes (Trumpolt et al., 2005). While the exact mechanism for the 
creation of perchlorate is unknown, it is suggested that chloride, possibly in the form of 
sodium chloride from the sea, reacts with atmospheric ozone. This process probably 
occurs over much of the earth and is analogous to nitrate formation in the atmosphere 
(Walvoord et al., 2003). 
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Martinelango (2006) conducted experiments designed to produce perchlorate from 
chloride aerosols using high-energy electrical discharges. He detected perchlorate in 
nine out of the ten experiments. Therefore, there is the possibility that lightning may play 
a role in the creation of some atmospherically produced perchlorate (Dasgupta et al., 
2005). The rate of perchlorate creation in the atmosphere has not been determined, 
although it is thought to be a relatively slow process. Renner (2005) reports that 
perchlorate can be created in lab experiments simulating tropospheric processes. For 
example, when researchers passed a sodium chloride (NaCl) aerosol through an electric 
discharge, which simulated lightning, they detected perchlorate each time, with a ratio of 
perchlorate to chloride that was two orders of magnitude greater than the control. 
Perchlorate also formed when salt solutions were exposed to ozone and ultraviolet (UV) 
light, simulating desert conditions. 

Dasgupta et al. (2005) found natural perchlorates in 70% of rain and snow samples with 
a range of less than the detection limit (0.01 µg/L) to 1.6 µg/L in the USA. Similarly, 
Barron et al. (2006) measured perchlorate concentrations in rainwater in Ireland. The 
concentrations of perchlorate present ranged from the detection limit (0.07 µg/L) for four 
rainwater samples, with another three samples showing perchlorate present at between 
0.07 µg/L and 0.1 µg/L, and one sample showing perchlorate present at 2.8 µg/L.  

Martinelango (2006) measured detectable perchlorate concentrations in seawater 
offshore of Maine (USA) and showed that perchlorate is present in seawater at an 
average concentration of around 0.1 µg/L (range 0.078—0.26 µg/L). The analytical limit 
of detection of perchlorate in seawater was 0.07 µg/L. This is the first unambiguous 
confirmation of the presence of perchlorate in seawater. 

Perchlorate has also been found in seaweeds (Renner, 2006). Orris et al. (2005) 
detected perchlorate in commercial kelp at concentrations between 8 and 90 ppb. It is 
likely that other types of seaweed may contain perchlorate. 

The widespread presence of micro-organisms capable of reducing perchlorate (and 
chlorate), further supports the concept of naturally occurring perchlorate (Coates et al., 
1999). 

Implications for Bell Bay Pulp Mill Project 

Given the presence of natural atmospheric sources of perchlorates (e.g., Dasgupta et 
al., 2005; Barron et al. 2006) and in seawater (Martinelango et al. 2006), it is reasonable 
to assume that there will also be natural background concentrations of perchlorate in the 
waters of Bass Strait, including the coastal waters in the vicinity of the outfall diffuser. 
For the purposes of this review report, a natural background perchlorate concentration of 
0.1 µg/L in seawater has been assumed, consistent with the findings of Martinelango et 
al. (2006). 

Many species of perchlorate-reducing bacteria also reduce chlorate. The anticipated 
presence of natural perchlorates in the sea implies that there will be natural 
assemblages of perchlorate- and chlorate-reducing marine bacteria, which present a 
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pre-existing reservoir of marine bacteria available to reduce effluent-derived chlorate 
under anaerobic conditions. Anaerobic environments will be present in the marine 
sediments of Bass Strait. Section 4.3.2.4 of this review report provides a more detailed 
assessment of the potential role of marine anaerobic bacteria in reducing chlorate 
concentrations in bottom waters intimately in contact with bed sediments (i.e., diffusion 
of chlorate into sediment pore waters and reduction by bacteria). 

2.2.2 Sources of Chlorates 

Consideration is given to anthropogenic and natural sources of chlorates in the 
environment. 

2.2.2.1 Anthropogenic Sources 

Most occurrences of chlorate in the natural environment are anthropogenic in origin, 
such as incidences of pollution relating to the manufacture of chlorine and chlorine 
derivatives (oxyanions) and their use as bleaching agents, disinfectants and herbicides. 
Examples of man-made sources of chlorates in the environment are: 

• Chlorates can be formed as a result of the ozonation of drinking waters that are 
treated with chlorine for disinfection (Siddiqui, 1966).  

• Chlorate is a disinfectant by-product when using hypochlorite (ClO-) as a drinking 
water disinfectant (van Ginkel et al., 1995).  

• Chlorate is applied in agriculture as an herbicide or as a defoliant (Logan, 1998). 

• Chlorate is manufactured for the production of chlorine dioxide, which is used as a 
bleaching agent in the pulp and paper industry. After use, residual chlorate 
concentrations are present in pulp mill wastewaters, which have to be treated (as in 
the case of the Bell Bay Pulp Mill Project) prior to effluent discharge to reduce 
residual chlorate concentrations. 

Chlorate Pollution in Surface Freshwaters 

The Government of British Columbia (2002) and Stauber (1998) quote water quality 
monitoring data by Versteegh et al. (1993) and state that typical surface water 
concentrations of chlorate are about 40 µg/L in the River Meuse and about 20 µg/L for 
the Rhine and Ijssel rivers in the Netherlands. However, there appears to be some 
confusion in the scientific literature as Wolterink (2004), for example, also quotes 
Versteegh et al. (1993) and states that the chlorate concentrations are 0.38 mM (i.e., 
millimoles) in the River Meuse and 0.19 mM in the Rhine and IJssel rivers, which would 
convert to 31,712µg/L and 15,856 µg/L, respectively. These values appear to be too 
high. However, if the ‘mM’ values of Versteegh et al. (1993) were wrongly abbreviated 
for micromoles (µM), then the values should be 0.38 µM (31.7 µg/L) and 0.19 µM (15.8 
µg/L), respectively, and which appear to be more reasonable. The paper by Versteegh 
et al. (1993) could not be obtained to verify the units of concentration; therefore, a 
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search of the literature was conducted for more recent surface-water chlorate 
concentration data in The Netherlands. 

More recent data for the Rhine River (actually Rhine River water flows in the 
Amsterdam-Rhine Canal at Nieuwersluis) reveals that the 50- and 90-percentile 
concentrations of chlorate were respectively 5.9 and 9.27 µg/L in 2001, and 6.1 and 7.82 
µg/L in 2002 (RIWA, 2003). Similarly, the 50- and 90-percentile concentrations of 
chlorate were 10.0 and 15.2 µg//L in 2005 for the same location (RIWA, 2006). The 
reported analytical limit of detection of chlorate in river water was 5 µg//L (RIWA, 2003, 
2006). These surface-water quality data for chlorate represent Dutch and German 
pollution sources from industries and drinking water treatment in the River Rhine 
catchment, which also have very large populations.  

Versteegh et al. (1993) noted that there are few data on chlorate levels in brackish or 
marine waters. 

Implications for Bell Bay Pulp Mill Project 

Given the absence of chlorate use in Tamar Valley industries (Levy, 2007), the small 
population of the Tamar Valley (i.e., small water treatment capacity) and high discharge 
(dilution) of the River Tamar, it is unlikely that the River Tamar discharge to Bass Strait 
would be a significant source of background chlorates from anthropogenic sources.  

Historical Pollution from Pulp Mills without Anoxic Chlorate Treatment 

In Sweden during the 1980s, Lehtinen et al. (1988) observed that chlorate 
concentrations in effluent discharges from coastal pulp mills ranged from 12 to 840 µM 
(10 mg/L to 70 mg/L).  

A major field incident occurred in Sweden in the early 1980s, when it was recorded that 
the bladderwrack (Fucus vesiculosus), the major component of intertidal macroalgal 
communities in Sweden, had disappeared from a 12-km2 area within shallow coastal 
waters of the northern Strait of Kalmar, where the effluent from a pulp mill (Mönsterås 
Bruk) was discharged (Lindvall and Alm, 1983). It was subsequently demonstrated in 
laboratory experiments and model ecosystems (mesocosms) that chlorate was the 
responsible effluent constituent (Mattson et al., 1984; Rosemarin et al., 1985, 1986; 
Lehtinen et al., 1988).   

Rosemarin et al. (1985, 1994) and Lehtinen et al. (1988) found that mean effluent 
chlorate concentrations of up to 53 mg ClO3

-/L were discharged into the northern Strait of 
Kalmar in the Baltic Sea by the Mönsterås Bruk pulp mill. The mean effluent-derived 
chlorate concentration in the receiving water at the location where bladderwrack 
disappeared was around 6 µM (500 µg/L) during the period of discharge (Lehtinen et al., 
1988). The effluent treatment plant was retrofitted with an anoxic chlorate reactor to 
remove the bulk of the chlorate, such that the mean chlorate concentration in the final 
effluent was reduced to <2 mg/L. As a consequence, there was a recovery in the 
standing crops of bladderwrack once the source of chlorate toxicity was reduced. 
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Furthermore, since the late 1980s, there has been a Swedish Government requirement 
that pulp mills treat their wastewaters to reduce chlorate in final effluents discharged to 
the marine environment, which has removed the problem of chlorate toxicity to 
macroalgae (Landner et al., 1995). 

Implications for Bell Bay Pulp Mill Project 

The observations by Lehtinen et al. (1988) and Rosemarin et al. (1985, 1994) confirm 
that effluent treatment by anoxic chlorate removal was effective in eliminating chlorate 
toxicity to sensitive brown algal species. The reduction of mean chlorate concentrations 
in the Mönsterås Bruk pulp mill from around 53 mg/L to <2 mg/L eliminated effluent-
derived chlorate toxicity to sensitive brown algae. The predicted mean chlorate 
concentration in the Bell Bay Pulp Mill effluent is 1.9 mg/L, which is similar to the treated 
effluent of the Swedish pulp mill and which proved not to be toxic to brown algae. In 
addition, the chlorate-sensitive fucoid macroalgae are not present in Tasmanian waters. 
The sensitivities of local brown algal species to chlorate toxicity has been assessed by 
Ecotox (2007) and Toxikos (2007), and includes more recent toxicity tests (see Table 6 
in Section 5.3.1). 

2.2.2.2 Natural Sources of Chlorate 

A thorough review of the scientific literature undertaken for the present report failed to 
find any natural sources of chlorate in the marine environment. This finding is reaffirmed 
by the observations of other scientists working in this area (Table 2). 

Table 2 Literature reaffirming the apparent absence of natural sources of 
chlorate in the environment. 

Citation on background chlorate Reference 
A thorough literature review could not identify any publications 
reporting the natural occurrence of chlorate in the environment. 

Levy (2007), GHD (2007) 

A literature search was conducted but no information was found 
on background levels or on the existence of chlorate in the 
marine environment. 

Toxikos (2006, 2007) 

In general, chlorate is not formed naturally. Thorell et al. (2004) 
So far, no natural sources of chlorate have been found and 
therefore the presence of this compound is believed to be due 
to anthropogenic activities. 

Wolterink (2004) 

Chlorate does not occur naturally Urbansky et al. (2001) 
Chlorate is not a naturally occurring compound in nature NSF (2000) 
In general, oxyanions of chlorine are not formed naturally, but 
are introduced into the environment in large quantities in the 
form of disinfectants, bleaching agents and herbicides. 

Coates et al. (1999) 

Chlorate is not known to occur naturally in the environment. Couture (1998) 
Chlorate does not occur naturally. Malmqvist et al. (1991) 
 

While natural atmospheric sources of perchlorates have been demonstrated by 
Dasgupta et al. (2005) and Barron et al. (2006), no atmospheric sources of chlorate 
have been demonstrated. Wolterink (2004) attempted to produce chlorate in 
experiments using an electric spark generator but was unable to demonstrate lightning-
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induced chlorate formation. However, the presence of natural chlorate in the 
environment has been implicated by the presence of an enzyme (chlorate reductase) in 
bacteria sampled from pristine environments, where anthropogenic sources of chlorate 
are absent. 

Coates et al. (1999) enumerated the perchlorate- and chlorate-reducing bacteria in very 
diverse environments, including pristine and hydrocarbon-contaminated soils, aquatic 
sediments, paper mill waste sludges, and farm animal waste lagoons. Of interest, were 
the counts (most probable number, MPN) of chlorate-reducing micro-organisms in 
pristine aquatic sediments of 4.62 x 103, which are generally assumed not to have been 
exposed to chlorine oxyanions. Early studies suggested that microbial chlorate reduction 
may simply be a competitive reaction for the nitrate reductase system of denitrifying 
bacteria in the environment (Stouthamer, 1967). However, this suggestion does not 
explain the presence of chlorate reductase enzymes, which can only use chlorate as a 
substrate (Oltmann et al., 1976). The study by Coates et al. (1999) was the first to 
demonstrate that micro-organisms with perchlorate- and chlorate-reducing ability can be 
readily isolated from pristine environments. 

A recent study (Wu, 2000, as reported in Logan et al., 2001) found that there were 
consistently higher numbers of chlorate-respiring than perchlorate-respiring bacteria in 
several soil, water, and wastewater samples. This implies not only that there are 
differences in respiratory enzymes for perchlorate and chlorate respiration, but that 
chlorate reducers are more abundant than perchlorate reducers in the natural 
environment. 

Implication for the Bell Bay Pulp Mill Project 

The above information points to a possible natural source of chlorate in the environment, 
although no scientific evidence is yet available. While analytical methods of chlorate in 
freshwaters and drinking waters have achieved low detection limits for chlorate of 0.06 
µg/L, monitoring of pristine freshwater sources have not yet revealed the presence of 
chlorates.  

There have been few analyses of background chlorate concentrations in seawater, 
owing mainly to the previously high detection limit of 2 mg/L for chlorate analyses and 
interference from the chloride (Cl-) anion. However, this should now be achievable as 
limits of detection as low as 2.5 µg/L for natural seawater have been available for over 8 
years (Couture, 1998). Notwithstanding this, this review report adopts a zero (0 µg/L) 
natural background level of chlorate in Bass Strait seawater. This is supported by the 
fact that if the very stable perchlorate anion is naturally present in seawater at a mean 
concentration of <0.1 µg/L (Martinelango et al. 2006) then the less stable chlorate anion 
would be expected to be significantly less—either zero or in the low parts per trillion 
(nanogram) range, due to biological uptake or natural degradation processes in the 
water column (e.g., the phytoplankton uptake) and marine sediments (e.g., anaerobic 
microbial reduction of chlorates).  
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2.3 Background Chlorate Concentrations in Bass Strait 
In general, most background levels of many contaminants are rarely zero and in 
calculating the potential to meet a water quality objective (WQO), background levels 
should be measured and allowed for. However, in the case of chlorate, there is no 
reason to expect that chlorate is present in the marine environment offshore of Five Mile 
Bluff. There are no pulp or paper mill or other industrial discharges along the coast or 
estuaries likely to contain chlorates (Levy, 2007). 

Aquenal (2005a—Appendix 24, Volume 11, Draft IIS) did not detect chlorate in seawater 
offshore of Five Mile Bluff. However, the limit of detection for the chlorate analytical 
method used— Method 300.1 (USEPA, 1997)—was 2 mg/L (2,000 µg/L). The 
hydrodynamic modelling team (GHD, 2006a,b) initially adopted a background chlorate 
concentration of zero (0 mg/L), based on the non-detection of chlorate in seawater by 
Aquenal (2005a), who reported the chlorate concentration as zero rather than <2 mg/L. 
Subsequently, the hydrodynamic modelling team (GHD, 2007) revised the background 
chlorate value and adopted a conservative value of 2.5 µg/L based on a ‘precautionary 
approach’. This precautionary approach was based on selecting ‘half of the lowest 
trigger value’ for chlorate found in the literature which, in this case, was the water quality 
criterion for chlorate of 5 µg/L (for Aquatic Marine Life protection) published by the 
Government of British Columbia (2002). The assumption by GHD (2007) was that: 

if algae are currently present on site, then the chlorate concentration will be lower than 
the toxicity trigger value, hence a conservative background of 2.5 µg/L was adopted. 

This background chlorate value appears to have been adopted in the absence of any 
actual detectable measurements of chlorate in Bass Strait and contrary to the weight of 
evidence from the scientific literature of a zero or extremely low natural background 
chlorate concentration. The Government of British Columbia (2002) adopted the 5 µg/L 
trigger value (i.e., NOEC value of 5 µg/L observed for bladderwrack, Fucus vesiculosus, 
in the Baltic Sea, Rosemarin et al., 1994) because fucoid macroalgae (Fucus spp.) also  
predominate in Canadian west coast waters. Note that the chlorate-sensitive fucoid 
macroalgae are absent in northern Tasmanian coastline. Nevertheless, an interim locally 
derived trigger value of 8 µg/L was adopted (Toxikos, 2007), which incorporated Baltic 
Sea algal chlorate NOEC data. Section 2.2.2.2 above presents the rationale for adopting 
a zero background chlorate concentration. 

2.4 Chemical Analysis of Chlorate 

2.4.1 General  

Chemical analyses of chlorate in the proposed pulp mill effluent and receiving water will 
require analytical methods capable of detecting environmentally relevant concentrations. 
The following ranges of effluent and receiving water chlorate concentrations in the 
marine environment are predicted: 

• Effluent chlorate concentrations of 1,900 µg/L (range 1,000 to 3,700 µg/L). 



Bell Bay Pulp Mill Project  11 
Review of Chlorate in Effluent Discharge 
________________________________________________________________________________________ 
 
 

EnviroGulf Consulting July 2007 

 

•  Maximum chlorate concentrations >37 and <3,700 µg/L in surface waters (top 5 m) 
within the zone of initial dilution (ZID), the edge of which represents about 1% 
effluent (100-fold dilution). 

• Receiving water chlorate concentrations of about 8 µg/L at the edge of the mixing 
zone (463-fold dilution), assuming a background chlorate concentration of zero (0 
mg/L). 

• A general range of chlorate values between <1 and <8 µg/L beyond the mixing zone. 

• Very low chlorate concentrations (<1 µg/L) in intertidal surface waters and subtidal 
bottom waters, where marine brown algae are potentially located and exposed to 
these low chlorate concentrations.  

The predicted low chlorate concentrations of <1 µg/L in shallow and bottom waters are 
highly conservative given that maximum effluent chlorate concentrations and minimum 
dilution were used in hydrodynamic modelling, as well as an assumption of no decay 
(biodegradation or uptake). Under typical pulp mill operating conditions and effective 
effluent treatment (i.e., ≥98% anoxic chlorate removal), predicted concentrations of 
effluent-derived chlorate in the shallow waters and bottom waters (where chlorate-
sensitive brown algae are located) are likely to be less than 0.1 µg/L. During start-up and 
early operations, this can be verified indirectly by using a conservative effluent 
constituent to determine actual dilution as such low chlorate concentrations in seawater 
water cannot be measured with currently available analytical methods (see Section 2.4.3 
below). 

Given the wide range of predicted chlorate concentrations in the effluent and the diluting 
and dispersing effluent plume, analytical methods with different sensitivities for 
determining chlorate will be required. 

2.4.2 Effluent Chlorate Analysis 

The RPDC (2005) recommended the following method for the analysis of chlorate in the 
final (treated) effluent: 

• TAPPI method T700 om-93 (TAPPI is Technical Association for the Pulp and Paper 
Industry).  

This method has an analytical detection limit of around 1 mg/L, without pre-concentration 
steps. 

2.4.3 Seawater Chlorate Analysis 

While low analytical detection levels are readily obtained for chlorate analysis of 
freshwater, the same is not true for chlorate analysis of saline waters (including 
seawater) due to the presence of the chloride anion (Cl-), which interferes with the 
analysis. In the late 1990s, Couture (1998) stated that there were no analytical methods 
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for determining chlorate in seawater at environmentally relevant concentrations of 
between 0 to 20 µM (0 to 1,670 µg/L).  

Seawater analyses conducted by Aquenal (2005a – Appendix 24, Volume 11, Draft IIS) 
used US EPA Method 300.1: Determination of inorganic anions in drinking water by ion 
chromatography (USEPA, 1997) to determine chlorate in seawater samples drawn from 
Bass Strait. This method has an analytical detection limit of 2 mg/L (2,000 µg/L) of 
chlorate in seawater samples, compared to a detection level of chlorate in freshwater of 
about 1 µg/L. However, interference from chloride ion (Cl-), which is abundant in 
seawater, renders USEPA Method 300.1 inappropriate for chlorate analysis of seawater 
in Bass Strait because of its low sensitivity. 

GeoSynctec Consultants (2006) state that USEPA Method 314, which is based on ion 
chromatography, can measure perchlorate and chlorate concentrations in groundwater 
down to 4 µg/L. However, in those groundwater wells with chloride concentrations 
greater than around 4,000 mg/L, the chlorate detection limits were reduced to <0.2 mg/L 
(200 µg/L). Therefore, USEPA Method 314 does not appear to be suitable chlorate 
analysis of seawater, where chloride concentrations (19,000 mg/L) are well in excess of 
4,000 mg/L. 

Cancho and Ventura (2005) suggest that EPA Method 326 (USEPA, 2002) can detect 
chlorate levels in freshwater down to 1.7 µg/L; however, the method's applicability to 
seawater samples is not known. 

Couture (1998) modified the colourimetric method of Urone and Bonde (1960) for 
determining chlorate in well waters. Couture’s improved colourimetric method for the 
measurement of chlorate (and chlorite) in seawater included the options of batch or 
continuous modes. Under either mode, Couture (1998) achieved a limit of detection of 
chlorate in natural seawater of 0.03 µM or 2.5 µg/L. This method appears to be suitable 
for determining chlorate in natural seawater at environmentally relevant concentrations. 

Implications of Bell Bay Pulp Mill Project 

USEPA Method 300.1 should not be used for the determination of chlorate in seawater.  
It is recommended that the colourimetric method of Couture (1998) with a limit of 
detection of 2.5 µg/L, be used. This method should readily be capable of analysing 
chlorate concentrations at the edge of the proposed mixing zone, where an interim water 
quality guideline or trigger value for chlorate of 8 µg/L has been selected to protect the 
marine ecosystem.  

Potentially more sensitive analytical methods for chlorate analysis of natural seawater 
should be investigated further. For example, Snyder et al. (2005) have developed a 
simple and rapid method to determine very low levels of chlorate in freshwater with an 
analytical limit of detection of 0.045 µg/L. This method may have some merit for chlorate 
analysis of natural seawater samples. Recently, a new technology based capillary 
electrophoresis has the potential to measure chlorate rapidly and inexpensively in water 
samples, but its adaptability to seawater samples requires further investigation. 
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3. Effluent Treatment and Quality 

3.1 Effluent Treatment and Discharge Quality 
All processed effluent at the proposed Bell Bay Pulp Mill, excluding uncontaminated 
cooling water, will be subject to primary and secondary treatment. Primary treatment of 
the effluent involves clarification to remove suspended sediments and cooling the 
effluent to approximately 35°C to enable the growth of microbes during secondary 
treatment. 

Secondary treatment of the effluents will comprise an anoxic chlorate removal stage, 
aerobic AS (activated sludge) selector basins, a final aeration basin, and two secondary 
clarifiers. The total volume of the anoxic chlorate reactor will be up to 8,000 m3 and have 
a hydraulic retention time of between 1 and 3 hours. The volume of the aeration basin 
will be up to 87,500 m3. The diameter of the secondary clarifiers will be up to 68 m each.  

The design chlorate-removal efficiency will be 98% but optimal anaerobic conditions will 
be achieved by controlling the reduction oxidation (redox) potential. The exact 
configuration of the effluent treatment plant will be determined as part of detailed 
engineering design. 

3.2 Anoxic Reduction of Chlorate 
A relatively large body of historical information on the effects of effluents produced from 
older technology is available (Solomon, 1996). Most of the observed adverse effects of 
chlorate on receiving water environments are historical (1980s) and were associated 
with coastal pulp mills without a chlorate-reduction stage in their effluent treatment 
plants. It was only after the identification of chlorate as the effluent constituent 
responsible for toxic effects on seaweeds, particularly brown algae (Rosemarin et al., 
1985; Mattsson et al., 1984; Lehtinen et al., 1988), that chlorate reduction treatments of 
effluents were carried out. 

It has been known for over 40 years that chlorate can easily be removed under anoxic 
conditions by mixed microbial cultures. There are numerous strains of micro-organisms 
capable of reducing both chlorate and perchlorate under anoxic conditions (Logan and 
Kim, 1998). Chlorate is non-toxic to wastewater bacterial assemblages at concentrations 
<1,000 mg/L (Logan and Kim, 1998). Due to the low oxygen concentration in anoxic 
selector basins, facultative anaerobic bacteria use the oxygen bound in chlorate for 
respiration, and reduce chlorate in the process. Under anaerobic conditions, chlorate 
(ClO3

-) is first converted to chlorite (ClO2
-) by the enzyme chlorate reductase, which is 
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present in perchlorate- and chlorate-reducing bacteria. In the second step, chlorite is 
disproportionated to chloride (Cl-) and molecular oxygen (O2) by the non-respiratory 
enzyme chlorite dismutase1, which catalyses the reaction (Logan, 2001). The presence 
of chlorite dismutase is a prerequisite for the growth of perchlorate- and chlorate-
reducing bacteria as chlorite is toxic due to its high reactivity (Thorell et al., 2004). The 
chlorite dismutase enzyme is present in all dissimilatory perchlorate- and chlorate-
reducing bacteria (SERDP, 2002).  

Malmqvist and Welander (1994) and others have demonstrated that chlorate can be 
effectively removed from pulp mill effluent through microbial reduction to chloride. In 
bench-scale tests, it has been shown that anaerobic bioreactors can achieve 90 to 100% 
chlorate reduction with hydraulic retention times of approximately 20 to 60 minutes. The 
anoxic selector planned for the Bell Bay Pulp Mill Project has chlorate-removal efficiency 
of about 98% with a hydraulic retention time (HRT) of between 1 and 3 hours, the design 
HRT being 2.3 hours.  

Implications for the Bell Bay Pulp Mill Project 

The effluent treatment plant at the proposed Bell Bay Pulp Mill will include an anoxic 
selector, which is anticipated to reduce chlorate levels by 98% for a hydraulic retention 
time of between 1 and 3 hours. This proposed secondary biological treatment system 
(anoxic selector) will reduce chlorate concentrations to environmentally safe levels for 
discharge, that is, a predicted mean chlorate concentration of 1.9 mg/L (range 1.0 to 3.7 
mg/L) in the final effluent. For the purposes of this review report the maximum predicted 
effluent chlorate concentration of 3.7 mg/L has been used, conservatively, to assess 
potential impacts on the marine environment. This maximum effluent chlorate value of 
3.7 mg/L was also used by the hydrodynamic modelling team (GHD, 2006a,b and 2007) 

Bright et al. (1997) consider that there is negligible ecological risk from chlorate in 
treated effluent from modern pulp mills in which anoxic chlorate reduction occurs at 
concentrations much lower than those associated with biological effects in receiving 
water environments (Solomon et al., 1993). The remainder of the present review report 
comes to a similar conclusion, which is also confirmed by studies by Rosemarin et al., 
(1985,1994) and Lehtinen et al. (1988) of a Swedish pulp mill that retrofitted an anoxic 
selector treatment plant to significantly reduce chlorate in the final treated effluent. 

3.3 Predicted Effluent Chlorate Loads and Concentrations 
Table 2 gives predicted effluent loads and concentrations of the principal constituents of 
the proposed Bell Bay Pulp Mill effluent. 

                                                        

1 The term ‘chlorite dismutase’ is misleading as the reaction does not involve dismutation or disproportionation. The enzyme 
has been given the name ‘chlorite O(2)-lyase’ (Bairoch and Axelsen, 2003). 
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Table 2 shows that the chlorate concentration in the final (treated) effluent is predicted to 
be a mean of 1.9 mg/L, with a range of between 1.0 mg/L and 3.7 mg/L.  The remainder 
of the current report assesses the potential impacts of the maximum effluent chlorate 
concentration of 3.7 mg/L (3,700 µg/L) at minimum dilutions and assumes no attenuation 
in concentration (decay, biodegradation or uptake by bacteria, phytoplankton and algae) 
and, therefore, presents the worst-case scenario. The premise of the argument is that, if 
there are no predicted residual impacts of effluent-derived chlorate on sensitive marine 
life under the worst-case scenario, it is highly unlikely that residual chlorate impacts will 
arise during typical operating conditions (more reasonable-case scenarios). 

Table 2 Predicted effluent constituent loads and concentrations 

Predicted effluent 
loads 

Predicted effluent 
concentrations 

Parameter 
(Concentration unit) 

Kg/ADt Kg/d t/d Mean Min. Max. 
pH (pH units)    6.5 6.0 8.5 
TDS (mg/L) 38.5 121,00

9 
121 2,253 1,800 2,600 

TSS (mg/L) 0.41 1,275 1.3 20 5 30 
COD mg/L 0.9 23,010 23 466 220 650 
BOD5 (mg/L) 0.22 688 0.69 11 5 30 
AOX (mg/L) 0.14 436 0.44 6.8 4.0 9.0 
Chlorate (mg/L) 0.19 119 0.119 1.9 1.0 3.7 
Colour (mg Pt/L) 10 31,429 31.4 493 400 650 
Total nitrogen (mg/L) 0.08 255 65 2.5 1 5 
Nitrate (mg/L)    0.98 0.49 1.93 
Nitrites (mg/L)    0 0 0.02 
Ammonia (mg/L)    0.02 0.01 0.05 
Organic Nitrogen (mg/L)    1.5 0.5 3.0 
Total phosphorus [P] (mg/L) 0.02 51 30 0.8 0.5 1.8 
Inorganic P (mg/L)    0.5 0.3 1.0 
Organic P (mg/L)    0.3 0.2 0.8 
PCDD/PCDF (mg/L) <LOR <LOR <LOR    
Notes: Source: Gunns (2007b), Table 6-1, page 77. TDS – Total dissolved solids; TSS – Total suspended 
solids; COD–Chemical Oxygen Demand; BOD5 – 5-day Biochemical Oxygen Demand; PCDD/PCDF – dioxins 
and furans. 
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4. Fate of Effluent-derived Chlorate 

4.1 Hydrodynamic Modelling 

4.1.1 General 

The prediction of marine ecological and ecotoxicological impacts of chlorates in the 
effluent discharge of the proposed Bell Bay Pulp Mill project relies on there being an 
accurate understanding of the following: 

• Accurate modelling of the final effluent discharge to Bass Strait in terms of defining: 

— the zone of initial dilution. 

— near-field behaviour of the effluent plume 

— far-field behaviour of the effluent plume. 

— the dimensions of the proposed mixing zone based on effluent constituent(s) of 
key concern. 

The mass solution rates and the initial plume buoyancy predicted by the latest 
hydrodynamic model underpin this report’s assessment of the aquatic environmental 
impacts of chlorates in the final (treated) whole mill effluent discharged to Bass Strait.  

The adopted hydrodynamic model (i.e., Delft 3-D model) is known to be a well-tried and 
proven model.  

4.1.2 Initial Dilution 

After discharge, the effluent becomes entrained with surrounding seawater as it rises to 
the surface of the sea and mixing occurs. This process dilutes the effluent, which then 
travels in the direction of superimposed wave-driven or tidal currents and becomes 
progressively more dilute. 

Careful design of the type and position of the outfall diffuser can maximise the initial 
dilution that is achieved and hence minimise the environmental impact of the discharge.  
In order to do this, numerical hydrodynamic modelling was undertaken at both coarse 
and fine resolution scales. The hydrodynamic modelling assisted in determining the 
shape and dilution potential of the proposed mixing zone, which was based on chlorate 
as the effluent constituent requiring the highest number of dilutions. 

4.1.3 Secondary Dilution 

Subsequent or secondary mixing of the diluting effluent with the receiving water occurs 
away from the diffuser outfall location and is generally slower with the rate depending on 
hydrographic conditions.  
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Due to the positively buoyant plume created by the initial effluent discharge, secondary 
mixing will normally be restricted to the upper layers of the sea until the relative densities 
are such that mixing can take place vertically throughout the water column. It is only 
when the diluted effluent plume becomes fully mixed throughout the water column that 
bottom-living brown algae will be exposed to chlorate concentrations in the diluted 
effluent plume. 

4.2 Chlorate Dilution and Dispersion after Discharge 

4.2.1 General 

Several dilution and concentration maps were generated to understand the patterns of 
the effluent plume composition around the diffuser outfall. GHD (2007) conducted three-
dimensional (3D) simulations covering five modelling depth layers. The effluent density 
was assumed to be 1 t/m3 with a constant discharge rate of 0.738 m3/s. The simulation 
was conducted for conditions occurring between the 10th April 2005 and 10th May 2005. 
This period was considered conservative due to the non-representation of waves or 
significant wind events (GHD, 2007). Additional simulation runs for some aspects have 
been undertaken since that time, which reaffirm that the model is working well and 
appropriate to the task in hand (Gunns, 2007b). 

Dilution and concentrations maps are provided in Chapter 4 of the main hydrodynamic 
modelling report (GHD, 2007) and additional larger-area dilution maps are provided in 
Appendix 7 of Toxikos (2007). 

4.2.2 Predicted Chlorate Concentrations in Receiving Waters 

Figures 1 and 2 show the dilution and concentrations of chlorate in surface water and 
bottom water, respectively, after discharge to Bass Strait offshore of Five Mile Bluff. 
These figures are based on the dilution maps provided in Appendix 7 of Toxikos (2007). 
Note that on this occasion the effluent is diluting and dispersing towards the west in the 
direction of superimposed longshore wave-driven or tidal currents. 

The predicted chlorate concentrations in Figures 1 and 2 are based on an absolute 
worst-case scenario that uses a predicted maximum effluent chlorate concentration of 
3,700 µg/L and a minimum dilution, and assumes that chlorate behaves conservatively 
and does not decay (i.e., assumes it is persistent). 

4.2.2.1 Predicted Surface-water Chlorate Concentrations 

Figure 1 shows predicted concentrations of chlorate in the surface waters (modelling 
layer 1 of GHD (2007)) near the site of the proposed outfall diffuser after effluent 
discharge. 



Bell Bay Pulp Mill Project  18 
Review of Chlorate in Effluent Discharge 
________________________________________________________________________________________ 
 
 

EnviroGulf Consulting July 2007 

 

 

Figure 1 Predicted chlorate concentrations in surface waters for absolute worst-case 
scenario of maximum chlorate concentration in discharge, minimum dilution in 
the receiving water environment, and no chlorate degradation. Units ppb=µg/L. 

 

Figure 2 Predicted chlorate concentrations in bottom waters for absolute worst-case 
scenario of maximum effluent chlorate concentration in discharge, minimum 
dilution in the receiving water environment, and no chlorate degradation. Units 
ppb=µg/L. 
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Figure 1 reveals the small size of the mixing zone based on chlorate as the effluent 
constituent requiring the highest number of dilutions to meet the locally derived trigger 
value of 8 µg/L. In GHD (2007), a background chlorate concentration of 2.5  µg/L was 
assumed and the dilution required to meet the trigger value of 8 µg/L was 673-fold. In 
Figure 1, the dilution required to meet the 8 µg/L trigger value is 463-fold, which is based 
on assuming a zero (0 µg/L) background chlorate concentration (see Sections 2.3.2.2 
and 2.4). 

The high dilution afforded by the receiving waters of Bass Strait, is predicted to reduce 
effluent-derived chlorate concentrations rapidly in the surface waters to <1 µg/L within a 
few kilometres of the diffuser outfall and in the direction of ambient flow. Outside the 
edge of the mixing zone and up to 1000-fold dilution, the predicted maximum chlorate 
concentrations are in the range 3.7 to 8 µg/L in surface waters. 

The predicted chlorate concentrations in surface waters are in the low parts-per-billion 
range with values <1 µg/L within the shallow inshore areas (see Figure 1), where 
potentially sensitive brown algae (Phaeophyta) are present (Aquenal, 2005b and 2007). 
Under more typical effluent chlorate concentrations (mean of 1.9 mg/L rather than the 
maximum of 3.7 mg/L) and median dilution (rather minimum), surface water chlorate 
concentrations in these inshore shallow waters will be reduced further. 

Note that Figure 1 represents a snapshot in time for a hydrodynamic modelling run with 
ambient currents flowing in a westward direction. At other times, the effluent plume may 
be diluting and dispersing to the east. Hence, the direction and duration of the diluting 
and dispersing effluent plume will vary on a daily basis and affect different coastal water 
areas and offshore waters. 

4.2.2.2 Predicted Bottom-water Chlorate Concentrations 

Figure 2 shows predicted chlorate concentrations in bottom waters (modelling layer 5 of 
GHD (2007)). By the time full vertical mixing of the diluted effluent in the water column is 
achieved, effluent-derived chlorate in bottom waters (where benthic brown algae are 
located) will typically be diluted more than 4,000-fold to very low concentrations 
(<1 µg/L). 

Furthermore, direction and duration of the diluting and dispersing effluent plume will vary 
on a daily basis and affect different areas of the sea bottom along the coast and offshore 
waters.  

4.3 Persistence of Chlorate in the Marine Environment 

4.3.1 General 

As described in Section 1.1 above, the Commonwealth Department of Environment and 
Water Resources (DEW) requested additional information about whether or not effluent-
derived chlorate is persistent in the marine environment after discharge. This section of 
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the report addresses this issue and identifies factors that may account for either chlorate 
persistence or attenuation.  

A number of literature sources appear to indicate quite categorically that chlorate is non-
persistent in the aquatic environment. Table 3 gives some examples. 

Table 3 Literature sources stating that chlorate is unstable or non-
persistent in the aquatic environment. 

Source Quotation 
Government of British 
Columbia (2002) – Ambient 
Water Quality Guidelines for 
Chlorate 

Chlorate is a strong oxidant and should be non-persistent in 
water with organic material present. The chlorate anion is 
unstable in water and decomposes to form [hypochlorite] OCl- 
and oxygen (Environment Canada, 1985; CRC Handbook, 
1993; Hayes, 1982; Herbicide Handbook, 1983; Worthing and 
Walker, 1987; Armour, 1991; Merck Index, 1989; NRC, 1987; 
Spencer, 1982). 

Couture (1998) Chlorate is a strong oxidant and is therefore not expected to 
persist in the presence of material that can be easily oxidised. 

Stauber (1998) Because chlorate is easily biodegraded and reacts readily 
with organic material in sunlight, it is unlikely to persist in 
natural waters. 

Van Wijk and Hutchinson 
(1995) 

Chlorate is highly soluble, non-persistent and does not adsorb 
to sediment particles or bioaccumulate in biota. 

 

However, Table 4 gives some examples stating that chlorate is stable or persistent in the 
aquatic environment  

Table 4 Literature sources stating that chlorate is stable or persistent in 
the aquatic environment. 

Source Quotation 
USEPA (1999) Once formed, chlorate is stable in finished drinking water. No 

known treatments exists for removing chlorate once it has 
formed. 

Urbansky (1998) The chlorate anion is chemically stable under environmental 
conditions 

WHO (1986) Once chlorate ion is present in water, it is very persistent and 
very difficult to remove. 

Gallagher et al. (1994) Chlorate is stable in water. 
 

In Table 1 (Section 2.1 above), chlorine oxyanions with a higher oxidation state are more 
stable, which indicates that chlorate with an oxidation state of +5 should be relatively 
stable in water. The perchlorate anion with an oxidation state of +7 is very stable.  

This report considers that chlorate anion is relatively stable in the water column but ‘non-
persistent’ in the sense that there are biological mechanisms or processes that attenuate 
chlorate concentrations in the water column or that remove chlorate from the water 
column (including sediment pore waters) in the marine environment. Natural factors 
involved in potential chlorate persistence in Bass Strait are discussed and assessed in 
the next section. 
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4.3.2 Factors Involved in Potential Chlorate Persistence 

4.3.2.1 General 

This section considers the role of perchlorate- and chlorate-reducing marine 
bacterioplankton and marine sediment microbial populations, which may attenuate the 
concentrations of effluent-derived chlorate in the marine environment. The uptake of 
chlorate by phytoplankton and benthic algae are assessed in Sections 4.3.4.1 and 
4.3.4.2, respectively. 

Hypotheses for why chlorates may persist in the marine environment may include: 

a) Absence of suitable electron donor (substrate). 

b) Competitive inhibition by alternate electron acceptors. 

c) Lack of indigenous marine bacteria capable of chlorate reduction. 

d) Unfavourable environmental conditions. 

The above hypotheses are considered in more detail below and their implications for the 
Bell Bay Pulp Mill project are discussed. 

4.3.2.2 Absence of Suitable Electron Donors (substrates) 

Biodegradation in the marine environment may be limited in part by the availability of 
suitable electron donors (i.e., carbon sources) for both anaerobic perchlorate- and 
chlorate-reducing bacteria, especially within marine sediments where anoxic conditions 
prevail in the deeper layers. 

Humic substances are ubiquitous in the environment and can be readily isolated from 
nearly all soils, waters and sediments. Coates et al. (2002) investigated the diversity and 
ubiquity of bacteria capable of using humic substances as electron donors for anaerobic 
respiration. Their studies involved a diversity of environments, including marine 
sediments. Coates et al. (2002) found that the perchlorate-reducing bacterium 
Dechloromonas agitata can use reduce humic substances as an electron donor for 
carbon assimilation and growth. The Dechloromonas genus belongs to the beta 
subclass of Proteobacteria, a group of bacteria primarily known for their ability to grow 
by the dissimilatory reduction of perchlorate and chlorate. Bacteria in the beta (β) 
subdivision of Proteobacteria are found in marine sediments (Wise et al., 1997; Bowman 
et al., 1997; Tian et al., 2005).   

Many perchlorate- and chlorate-reducing bacteria can grow anaerobically by coupling 
complete oxidation of acetate to reduction of perchlorate or chlorate (Coates et al., 
1999). Most dissimilatory perchlorate-reducing bacteria can alternatively use chlorate 
(Coates and Achenbach, 2004).  

Implications for the Bell Bay Pulp Mill Project 



Bell Bay Pulp Mill Project  22 
Review of Chlorate in Effluent Discharge 
________________________________________________________________________________________ 
 
 

EnviroGulf Consulting July 2007 

 

There appears to be limited use of dissolved organic matter present in the final effluent 
as a substrate (electron donor) source on the basis of COD (predicted mean 
concentration of 466 mg/L). The ratio of the predicted mean COD (466 mg/L) to BOD5 
(11 mg/L) is 42, which means that this effluent-derived organic matter is refractory and 
poorly biodegradable, since poorly biodegradable effluents are classified as having 
COD/BOD5 ratios of >12 (Raghavacharya, 1997). 

Nevertheless, the presence of natural (e.g., biotic extracellular polymeric and 
macrocyclic ligands, humic and fulvic acids) and effluent-derived dissolved organic 
carbon (e.g., more readily biodegradable BOD5 sources), as well as humic substances, 
present a number of diverse sources of suitable electron donors to perchlorate- and 
chlorate-reducing bacteria in seawater and marine sediments. Therefore, an absence of 
suitable electron donors is unlikely to occur in the water column and marine sediments of 
Bass Strait.  

4.3.2.3 Competitive Inhibition by Alternate Electron Acceptors 

Chlorate reduction does not normally take place in aerobic environments, which 
indicates that (dissolved) oxygen is preferred to chlorate as a terminal electron acceptor 
in complex microbial systems that occur in natural seawater and shallow marine 
sediments. However, the high reduction potential of perchlorate (ClO4

-/Cl- E°=1.287 V) 
and chlorate (ClO3

-/Cl- E°=1.03 V) makes them ideal electron acceptors for microbial 
metabolism under anaerobic conditions (Coates and Achenbach, 2004).   

Nitrate as an alternate electron acceptor can competitively inhibit chlorate reduction by 
perchlorate- and chlorate-reducing bacteria in the deeper (anoxic) marine sediments. 
Generally, nitrate levels are low in Bass Strait seawater (<5 µg/L) which may, therefore, 
be categorised as a nitrogen-limited system. However, nitrates will be discharged in the 
effluent of the proposed Bell Bay Pulp Mill at a predicted mean concentration of 0.98 
mg/L (range 0.49 to 1.93 mg/L)(Gunns, 2007), which is lower than the predicted mean 
concentration of chlorate in the effluent predicted to be 1.9 mg/L (range 1.0 to 3.7 mg/L). 
After discharge, nitrate concentrations in the effluent will be diluted 100-fold in the zone 
of initial dilution (ZID), such that effluent-derived nitrate concentrations in the surface 
water will be around 193 µg/L, based on the maximum effluent nitrate concentration of 
1.93 mg/L.  At the edge of the mixing zone that will be based on chlorate (about 1000-
fold dilution), nitrate concentrations will have reduced to around 2 µg/L, which is similar 
to background seawater nitrate concentrations (range <5—16.5 µg/L). By the time full 
vertical mixing of the diluting and dispersing effluent plume is achieved, bottom-water 
nitrate concentrations will be considerably attenuated, if not already consumed by 
bacterioplankton and phytoplankton. The proposed effluent discharge is not expected to 
be a significant source of nitrates, which can act as an alternate electron acceptor for 
perchlorate- and chlorate-reducing bacteria in marine sediments. 
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Implications for the Bell Bay Pulp Mill Project 

The attenuation of effluent-derived chlorate in the water column of Bass Strait by 
perchlorate- and chlorate-reducing bacterioplankton is unlikely to occur, owing to the 
presence of oxic conditions. 

4.3.2.4 Lack of Indigenous Marine Chlorate-reducing Bacteria 

A thorough search of the scientific literature did not reveal any information on the 
presence of distribution of perchlorate- or chlorate-reducing bacteria or micro-organisms 
in Bass Strait. This is probably due to a lack of historical perchlorate or chlorate pollution 
in these waters which, otherwise, would have a triggered investigations or research. 
Notwithstanding this, the scientific literature was searched for evidence of perchlorate- 
and chlorate-respiring bacteria in marine environments. 

Bacterioplankton 

Natural attenuation of perchlorate and chlorate in the water column is dependent on the 
presence and activity of dissimilatory perchlorate and chlorate-reducing bacteria within 
the marine environment (Bender et al., 2004). Wise et al. (1997), Bowman et al. (1997) 
and Tian et al. (2005) have confirmed the presence of a diverse and ubiquitous array of 
perchlorate- and chlorate-reducing bacteria in natural seawater. 

While chlorate is readily biodegraded by bacteria under anaerobic conditions (Malmqvist 
et al., 1991; van Ginkel et al., 1995), the presence of dissolved oxygen in the water 
column is likely to inhibit the bacterial reduction of chlorate (Malmqvist et al., 1991; 
Coates and Achenbach (2004). Couture (1998) noted that chlorate concentrations in 
aerated natural seawater with bacteria did not decrease over a 32-day period. NSF 
(2000) considers that, under fully aerobic conditions, even capable bacteria do not 
reduce chlorate. 

Implications for the Bell Bay Pulp Mill Project 

Under the aerobic (oxic) conditions present in Bass Strait water column, marine bacterial 
reduction of chlorate is not expected to occur, owing to lack of favourable anaerobic 
conditions. Therefore, bacterioplankton is unlikely to be a significant sink for effluent-
derived chlorate in the water column of Bass Strait. 

Marine Sediment Anaerobic Bacteria 

Many studies (Wise et al., 1997; Bowman et al., 1997) have shown that members of 
Proteobacteria dominate seawater (68.2%), and the widespread occurrence of members 
of the Bacteroides was also described in studies of marine sediments (Yanagibayashi et 
al., 1999; Li et al., 1999).  

Tian et al. (2005) conducted investigations of saline groundwater at a seashore landfill 
receiving chlorate-containing dumped pesticides in China, which showed the presence 
of perchlorate- and chlorate-reducing bacteria. The majority of the micro-organisms 
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belonged to marine bacteria (95.9%), with Proteobacteria (63.5%) being the dominant 
division. Bacteria belonging to the following phylogenic groups were identified by Tian et 
al. (2005): Bacteroidetes (20.3%), beta (β), gamma (γ), delta (δ) and epsilon (ε) 
subdivisions of Proteobacteria (47.3%, 9.5%, 5.4% and 1.3%, respectively), Firmicutes 
(1.4%), Actinobacteria (2.7%), and Cyanobacteria (2.7%). Members of the β-subdivision 
of the Proteobacteria were relatively the most abundant.  Coates and Achenbach (2004) 
also include the alpha (α) subdivision of the Proteobacteria in their classification 
(phylogeny) of perchlorate- and chlorate reducing bacteria (Figure 3). 

 

Figure 3 Perchlorate- and chlorate-reducing bacteria (bold) and chlorate-reducing 
bacteria (denoted by asterisks) typically found in the alpha (α), beta (β), gamma 
(γ) and epsilon (ε) subdivisions of the Proteobacteria. After Coates and 
Achenbach, (2004). 

Tian et al. (2005) noted that a significant number of perchlorate- and chlorate-reducing 
micro-organisms have close relatives in marine or hypersaline environments and they 
considered that seawater influenced the microbial communities in the aquifers of their 
landfill study site in China. The percentages of Proteobacteria and Bacteroides in 
seawater were greater than those in the groundwater from a non-seashore landfill, 
indicating a possible influence of seawater. This finding is consistent with the high 
salinity content (15.5 g NaCl/L) of the groundwater contaminated by seawater at the 
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landfill site. Tian et al. (2005) surmised that only halophilic or halo-adapted bacteria 
could remain active in such a saline-influenced groundwater environment. 

In marine sediments, a large variety of metabolic pathways has been reported (Fenchel 
and Blackburn, 1979) and specific processes, such as sulphate respiration and 
denitrification, occur under anaerobic conditions in the deeper sediment layers 
(Sørensen et al., 1979; Jørgensen, 1980). Graf (1986) investigated redox profiles in 
marine sediments of Kiel Bay (Germany) and showed the presence of anoxic conditions 
(Redox – Eh=<+100 mV) below 1 to 2 cm sediment depth. In general, reducing 
conditions in Bass Strait sediments may also be expected at depths below the redox 
(Eh=+100 mV) layer, which is likely to be greater than 2 cm, owing to the presence of 
fine and very fine sands. In offshore Commonwealth waters, the marine sediments 
become progressively finer, with fine sands and mud predominating (Aquenal, 2007; 
NSR, 2001). It is within these shallow and deeper sediment layers that reducing 
conditions (i.e., low dissolved oxygen concentrations and negative redox potentials) are 
naturally present, and under which conditions, microbial chlorate reduction can readily 
take place. 

Implications for the Bell Bay Pulp Mill Project 

Given the presence of perchlorates in rainwater (Dasgupta et al., 2005; Barron et al., 
2006) and in the global marine environment from natural sources (Martinelango et al., 
2006), a diverse and ubiquitous assemblage of perchlorate- and hence chlorate-
reducing bacteria are expected to be already present in the marine sediments of Bass 
Strait. In the medium- and longer-term, perchlorate- and chlorate-reducing bacteria in 
the marine sediments are expected to show higher population densities in response to 
the intermittent inputs of effluent-derived chlorate, albeit at low levels, by diffusion (i.e., 
concentration gradient across sediment pore waters and the overlying seawater. 
However, this diffusion pathway for chlorate removal is considered a minor process as it 
involves only near-bottom waters. This chlorate removal process is also minor compared 
to potential for chlorate uptake by phytoplankton (see Section 4.3.4.1) and benthic algae 
(see Section 4.3.4.2). 

Since organic matter reaches the seafloor by sedimentation, lateral advection or active 
incorporation by filter feeders (Graf, 1986), any residual chlorate and transient reduced 
chlorate metabolites (e.g., chlorite) in bacterioplankton, phytoplankton, microalgae and 
macroalgae, will ultimately end up in the marine sediments (death and decay of these 
organisms and their consumers such as zooplankton). It is within the marine sediments 
that any residual chlorate and chlorate metabolites will be subject to perchlorate- and 
chlorate-reducing bacteria, which will disproportionate chlorate (chlorate reductase) into 
chlorite, and dismutate chlorite (chlorite dismutase) into innocuous chloride and 
molecular oxygen within the bacteria. 

In conclusion, there is unlikely to be a lack of indigenous marine chlorate-reducing 
bacteria in the marine sediments of Bass Strait, which may be an ultimate sink for 
effluent-derived chlorate taken up by marine plankton in the medium to long-term. In the 
short term, the main sink for chlorate in the water column is considered most likely to be 
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the phytoplankton (see Section 4.3.4.1). Note that as chlorate does not readily adsorb or 
partition onto suspended sediments, the settling of suspended sediments is not a 
pathway for chlorate removal from the water column.  

4.3.2.5 Unfavourable Environmental Conditions 

As noted above, the aerobic conditions of the Bass Strait water column and surface 
sediment pore waters present no potential for anaerobic reduction of chlorate by 
perchlorate- or chlorate-reducing bacteria. Hence, the oxic waters of Bass Strait present 
unfavourable conditions for chlorate attenuation via microbial pathways in the water 
column and in the top layer (<2 cm depth) of marine bed sediments. 

Implications for Bell Bay Pulp Mill Project 

The prevailing oxic conditions of the Bass Strait water column and upper bed sediment 
pore water presents unfavourable environmental conditions for the reduction of chlorates 
by perchlorate- and chlorate-reducing bacteria. Chlorate reduction will only take place 
when sediment pore waters contain low dissolved oxygen concentrations and when 
anaerobic conditions prevail in the deeper sediment layers.  

4.3.3 Chlorate Attenuation by Physicochemical Processes 

Consideration has been given to physicochemical processes that may cause attenuation 
of effluent-derived chlorate in the marine environment. 

4.3.3.1 Volatilisation 

CCRR (2006) state that perchlorates have a very low volatility, and a similar situation for 
chlorate anions in seawater is expected to be the case. Couture (1998) found that 
chlorate concentrations over a 32-day test period did not decrease in artificial seawater 
or filter-sterilised natural seawater, which may indicate a lack of volatility of the chlorate 
anion. 

Implications for the Bell Bay Pulp Mill Project 

Loss to the atmosphere of chlorate in seawater by volatilisation does not appear to be a 
mechanism of chlorate attenuation. 

4.3.3.2 Photodecomposition 

The literature was searched for evidence of photolysis or photodecomposition of the 
chlorate anion in natural freshwater, brackish and marine waters, as well as 
experimental treatments. Couture (1998) conducted experiments with simulated sunlight 
over natural seawater samples containing chlorates over a 32-day test period and found 
no photodecomposition of chlorate.  Similarly, Kang et al. (2006) found that there was no 
significant change in test chlorate concentrations before and after ultraviolet lamp or 
solar radiation treatments over a 7-day period.  

Implications for the Bell Bay Pulp Mill Project 
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The degradation by sunlight of effluent-derived chlorate in the water column does not 
appear to be a mechanism for chlorate attenuation. Therefore, photodecomposition of 
effluent-derived chlorate is unlikely to occur in the surface waters of Bass Strait, where 
solar irradiation is highest. 

4.3.4 Chlorate Attenuation by Biological Processes 

The attenuation of chlorate concentrations by means of biological uptake via 
phytoplankton and benthic marine macroalgae has been considered as potential 
chlorate sinks.  

4.3.4.1 Uptake of Chlorate by Phytoplankton 

The molecular structure of chlorate resembles nitrate and thus chlorate has been used 
as a nitrate analogue for the study of nitrate uptake in marine phytoplankton (Balch, 
1987). Once chlorate is in the marine environment, it can be taken up by phytoplankton 
(microalgae) using the same mechanism as nitrate (Aberg, 1947). 

Couture (1998) investigated various potential chlorate sinks in the water column using 
two experimental treatments that included a natural assemblage of phytoplankton and 
an inoculum of the marine diatom Phaeodactylum tricornutum. Initial chlorate 
concentration in both tests was 18 µM (1,500 µg/L) and nitrate concentration was kept 
below 8 µM (about 500 µg/L) to simulate natural concentrations and to minimise 
inhibition of chlorate uptake.  

In the experimental treatments with a natural assemblage of phytoplankton present in 
natural seawater, decreases in chlorate concentrations were observed over a 32-day 
test period. A rate of decrease of 0.04 µM/day (3.3 µg/day) was observed. Similarly, 
chlorate concentrations in the experimental treatment of a culture of the marine diatom 
Phaeodactylum tricornutum, showed decreases of between 0.27 µM/day (22.5 µg/day)  
and 0.35 µM/day (29.2 µg/day). These results appear to indicate that the higher the 
phytoplankton population is then the higher the chlorate decay rate will be. The results 
were qualitative and Couture (1998) concluded that phytoplankton is a biological sink for 
chlorate under the experimental conditions tested. 

Implications for Bell Bay Pulp Mill Project 

Biological uptake of chlorate by phytoplankton appears to be a potential and significant 
sink for effluent-derived chlorate. Since chlorate is an analogue of nitrate, chlorate will be 
taken up by the phytoplankton. This presents a mechanism or pathway by which 
effluent-derived chlorate may be attenuated in the water column. However, given the low 
nutrient status of Bass Strait with nitrate levels typically <5 µg/L (range <5 to 16.5 µg/L 
near the proposed effluent outfall) and consequential low chlorophyll a content in the 
summer (0.16 µg/L) and winter (0.20 µg/L)(Gibbs et al., 1986), the rate of chlorate anion 
uptake and concentration attenuation is expected to be limited by phytoplankton 
biomass. Notwithstanding, chlorate uptake by phytoplankton does present a sink and a 
process by which chlorate concentrations will attenuate in the water column 
independently of dilution. 
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4.3.4.2 Uptake of Chlorate by Brown Algae 

Once chlorate is in the marine environment, it can be taken up by macroalgae using the 
same mechanism as nitrate (Aberg, 1947). In brown algae, the uptake of nutrients is an 
active process and does not simply rely on the slow diffusion of seawater (Edwards, 
2002). Nitrate and chlorate are structurally analogous to each other and may potentially 
be incorporated into the same enzyme active site, as is evidenced by the fact that 
chlorate can be used as a substrate by various nitrate reductases (Chaudhuri et al., 
2002). Thus, chlorate and nitrate interact such that cells do not discriminate between the 
two (Heiskanen and Solimini, 2005).  

Chlorate and nitrate compete for uptake at the cell surface and chlorate is then 
converted by the enzyme nitrate reductase to the more toxic chlorite (Stauber, 1998, 
2000). The nitrate reductase enzyme system in benthic algae is an inducible enzyme 
system that requires a certain minimum threshold level of nitrate in order to become 
activated. It then reduces nitrate (NO3

-) to nitrite (NO2
-) and ultimately to ammonium 

(NH4), which is the preferred form of nitrogen used by marine macroalgae. If there is 
sufficient nitrate in the water column, the nitrate reductase system is activated and it also 
takes up chlorate, reducing it to the toxic chlorite (ClO2

-).  

There is competition for the active sites on the enzyme system and if nitrate is abundant 
it prevents too much chlorate from being reduced. If nitrate concentrations are just high 
enough to induce the nitrate reductase system, but not high enough to out-compete 
chlorate for all the active sites, then chlorate may be reduced to chlorite at a maximal 
rate (Government of British Columbia, 2002). 

Implications for the Bell Bay Pulp Mill Project 

The presence of ubiquitous and healthy standing crops of benthic macroalgae on the 
low- and high-profile reefs in the vicinity of the effluent outfall diffuser location and 
nearby Commonwealth waters, indicate that nitrate in the water column is not limiting 
and that nitrate reductase activity can be induced. Bass Strait waters contain between 
<5 and 16.5 µg/L of nitrate (depending on season), which will also be added to by 
nitrates in the pulp mill effluent (predicted maximum of 1.93 mg NO3/L). Therefore, there 
is expected to be sufficient nitrate in the water column to activate the nitrate reductase 
system of benthic macroalgae, such that there will be an active uptake of effluent-
derived chlorate. Combined background and effluent-derived nitrate concentrations are 
not high enough to inhibit chlorate uptake (see Bass Strait nitrate levels Section 5.3.2). 
This biological uptake process presents another means of attenuating effluent-derived 
chlorate concentrations in the water column. 

4.4 Conclusions on Chlorate Persistence 
Section 2.1 indicated that chlorate anions are stable in seawater. The physical process 
of effluent dilution and dispersion in the direction of superimposed ambient currents is 
the principal mechanism for attenuating the concentrations of effluent-derived chlorate in 
the water column with distance from discharge. 
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Section 4.3.3 above indicates that there appear to be few physicochemical processes 
that may attenuate the concentrations of effluent-derived chlorate in the water column. 
However, the literature and published experimental work indicates that both 
phytoplankton (see Section 4.3.4.1) and benthic macroalgae (see Section 4.3.4.2) act as 
sinks for chlorate (biological uptake), which should serve to remove some residual 
chlorate anions from the water column. 

Implications for the Bell Bay Pulp Mill Project 

This report acknowledges that effluent-chlorate anions are relatively stable in seawater 
but consider that they should not be classified as persistent as there exist chlorate 
removal mechanisms or processes that attenuate the concentrations of chlorate in the 
water column and seabed sediments. The greatest factor in attenuating the 
concentrations of effluent-derived chlorate in the water column is the physical process of 
dilution and dispersion. Superimposed upon this process will be biological processes, 
such as biological uptake of chlorate by phytoplankton and benthic algae, and chlorate 
reduction by dissimilatory perchlorate- and chlorate-respiring anaerobic bacteria in the 
marine sediments of Bass Strait (via diffusion and the settling of dead water column 
organisms). 
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5. Toxicity of Chlorate to Marine Life 

5.1 General 
Studies of incidences of chlorate pollution of the marine environment have revealed that 
certain groups of marine algae are sensitive to the chlorate anion (ClO3

-) when present 
in the water column. Chlorate has been shown to be relatively toxic to algae, compared 
to bacteria, invertebrates and fish (van Wijk and Hutchinson, 1995).  

The toxicity of chlorate to other forms of marine life is low. For example, the following No 
Observable Effect Concentrations (NOECs) or LC50 values are noted: 

• Seagrasses: chlorate 6-month NOEC concentration for the seagrass (Zostera 
marina) is 290 µg/L (Rosemarin et al. (1994). 

• Sheephead minnow: NOEC of up to 10,000 mg/L (USEPA, 2006). 

• Mysid shrimp: 96-hour LC50 of chlorate was not calculated because it was close to 
the highest chlorate concentration tested of 1,000 mg/L (USEPA, 2006). 

• Rainbow trout (Oncorhynchus mykiss)–an international test fish species–showed a 
56-day chronic NOEC of 48,000 µg/L. Although a freshwater species, rainbow trout 
is often used as a test organism because responses of marine and freshwater fish to 
chemical toxicants are expected to be similar (Government of British Columbia, 
2002; van Wijk and Hutchinson, 1995). 

Hydrodynamic modelling indicates that the locally derived trigger value of 8 µg/L for the 
protection of marine ecosystem can be readily met by a combination of appropriate level 
of effluent treatment (i.e., anoxic selector for 98% chlorate removal) and initial and near-
field dilution of the treated effluent after discharge. Within the mixing zone, passing 
phytoplankton in ambient currents will be exposed to maximum (worst-case scenario) 
chlorate concentrations ranging from 3,700 µg/L (i.e., effluent at the diffuser outfall ports) 
and reducing to 8 µg/L at the edge of the mixing zone (463-fold dilution). This range of 
chlorate concentrations overlaps the known chronic threshold concentrations of chlorate 
to phytoplankton and benthic brown algae. Therefore, the following sections refer only to 
chlorate toxicity to these potentially chlorate-sensitive marine plants. 

Chlorate toxicity to brown algae was based on a literature review as well as the chlorate 
toxicity testing of species known to be present in Tasmanian waters, such as Neptune’s 
necklace, Hormosira banksii (Ecotox, 2005, 2007) and leather kelp, Ecklonia radiata 
(Ecotox, 2007).  
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5.2 Chlorate Toxicity to Phytoplankton and Microalgae 
There is limited information on chlorate toxicity to marine phytoplankton and microalgae 
in the water column (Stauber, 1998). What information exists tends to indicate that 
phytoplankton and microalgae are not sensitive to low parts-per-billion concentrations of 
chlorate in the water column. Table 5 presents chronic No Observable Effects 
Concentrations (NOECs) for various marine diatoms and microalgae in the water 
column. 

Table 5 Chlorate chronic toxicity thresholds to phytoplankton and 
microalgae. 

Taxon Test duration 
and endpoint 

Chronica 
NOECb 
(µg/L) 

References 

Phaeodactylum 
tricornutum 
(diatom) 

72-hr 
growth 

50,000 Hutchinson (1994) 

Nitzschia closterium 
(diatom) 

72-hr 
growth 

200c Stauber (1998) 

Dunaliella tertiolecta 
(unicellular green 
microalga) 

72-hr 
growth 

2,000c Stauber (1998) 

Notes: NOEC – No Observable Effects Concentrations. 

a Algal growth inhibition tests conducted for exposure periods greater than 12 hours are considered chronic 
tests (Rand, 1995; ECETEC, 2003; ANZECC/ARMCANZ, 2000b). 

b Where a study did not identify adverse effects to a species at the highest concentration tested, this 
concentration was selected as the NOEC. 

c Stauber (1998) reported a Lowest Observable Effect Concentration (LOEC) of 500 and 5,000 µg/L for N. 
closterium and N. tertiolecta, respectively. These values were converted to the NOEC values of 200 and 2,000 
µg/L respectively by applying a 2.5-fold factor (ANZECC/ARMCANZ, 2000c). 

Rosemarin et al. (1994) found that the toxicity of chlorate to a mixed phytoplankton 
community was low with a lowest observable effect concentration (LOEL) level of 50,000 
µg/L in the presence of less than 39 µg/L of nitrate (Rosemarin et al., 1994). Table 5 
shows that diatoms and microalgae are far less sensitive to chlorate than bladderwrack 
(Fucus vesiculosus), which has a NOEC of 5 µg/L (Rosemarin et al., 1994). 

Since effluent-derived chlorate concentrations are predicted to be around a maximum of 
37 µg/L in surface water within the mixing zone (100-fold dilution) and 8 µg/L at the edge 
of the mixing zone, it is unlikely that residual chlorate toxicity to phytoplankton will occur. 

5.3 Chlorate Toxicity to Benthic Macroalgae 

5.3.1 General 

Historical water pollution events have generally identified a higher sensitivity of benthic 
brown algae (Phaeophyta) to chlorates compared to green algae (Chlorophyta) and red 
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algae (Rhodophyta). Table 6 presents chlorate chronic toxicity data for a range of 
benthic macroalgae. 

In the Baltic Sea, bladderwrack (Fucus vesiculosus) is widespread on hard substratum 
and often dominates shallow macroalgal communities (Martin, 2006). This brown alga 
lives close to its tolerance limit of salinity of around 4 psu (practical salinity units), with 
occasional reports of isolated and sparse populations at salinities down to 2 psu. 

Table 6 Chlorate chronic toxicity thresholds to benthic macroalgae. 

Taxon Test duration 
and endpoint 

Chronica 
NOECb 
(µg/L) 

References 

Chlorophtya (green algae): 
Various green macroalgae 
(Cladophora glomerata, C. 
rupestris, Enteromorpha 
ahineriana, Spirogyra sp., and 
Uropsora sp.) 

6-month 
growth 

290 Rosemarin et al. (1994) 

Phaeophyta (brown algae): 
Fucus vesiculosus 
(bladderwrack) 

6-month 
growth 

5 Rosemarin et al. (1994) 

Fucus serratus 
(serrated wrack) 

6-month 
growth 

60 Rosemarin et al. (1994) 

Hormosira banksiic 
(Neptune’s necklace) 

21-day 
growth 

100d Ecotox (2006) 

Hormosira banksiic 
(Neptune’s necklace) 

21-day 
growth 

100d Toxikos (pers. com.) 
Ecotox (2006b) 

Ecklonia radiatac 
(leather kelp) 

21-day 
growth 

1,000 Toxikos (pers. com.) 
Ecotox (2007) 

Notes: NOEC – No Observable Effect Concentration. Further preliminary information on new toxicity data is 
given in Toxikos (2007b). 

a Algal growth inhibition tests conducted for exposure periods greater than 12 hours are considered chronic 
tests (Rand, 1995; ECETEC, 2003; ANZECC/ARMCANZ, 2000b). 

b Where a study did not identify adverse effects to a species at the highest concentration tested, this 
concentration was selected as the NOEC. 

c This species occurs in the intertidal zone of Tasmanian coastal waters. 

d There was some uncertainty associated with the toxicity data obtained in October 2006 and the test was 
repeated in November 2006. However, the results were similar.  

In Sweden during the 1980s, Lehtinen et al. (1988) observed that chlorate 
concentrations in coastal discharges from coastal pulp mills ranged from 12 to 840 µM 
(10 mg/L to 70 mg/L). The effluent from one pulp mill (Mönsterås) caused a major field 
incident in the northern Kalmar Strait, when it was recorded that bladderwrack (Fucus 
vesiculosus), a major component of brackish water communities in Sweden, had 
disappeared from an area of 12 km2 (Lindvall and Alm, 1983). This created a great deal 
of concern at the time, since bladderwrack has an important structural and functional 
role in the Baltic Sea ecosystem (Lehtinen et al., 1988). The affected area had been 
receiving the discharge of a chlorate-untreated effluent from a coastal pulp mill 
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(Mönsterås). The effluent contained up to 53 mg/L of chlorate and average chlorate 
concentrations in the receiving water where the algae were affected was around 6 µM or 
500 µg/L (Lehtinen et al., 1988).  

It was subsequently demonstrated in laboratory experiments and model ecosystems 
(mesocosms) that chlorate was the responsible effluent constituent (Rosemarin et al., 
1985; Lehtinen et al., 1988). Mesocosm experiments with bladderwrack transplants were 
carried out for 6 months using chlorate alone or pulp mill effluent containing various 
concentrations of chlorate. These experiments resulted in a 1-month EC50 for apical 
frond growth of 100 µg/L of chlorate. The 6-month trials gave a Lowest Observable 
Effect Concentration (LOEC) of 15 µg/L (range 10-20 µg/L) for chlorate and a No 
Observable Effects Concentration (NOEC) of 5 µg/L. The effects on toothed wrack 
(Fucus serratus) were also measured and resulted in a 1-month chlorate EC50 for apical 
frond growth of 130 µg/L. Transplantation to sites affected by the untreated pulp mill 
effluent gave similar results.  

The solution to the pulp mill chlorate pollution was the installation of an anoxic chlorate 
reduction selector in the mill’s effluent treatment plant. Once the anoxic chlorate 
reduction plant was installed, the chlorate was largely removed from the effluent (3 t/d 
before compared to <0.2 t/d after installation), and the bladderwrack began a slow 
process of recolonisation, growth and productivity. The requirement to treat wastewater 
from all Swedish coastal pulp mills to reduce chlorate to chloride diminished the brown 
algal toxicity problem (Landner et al., 1995). Landner et al. (1994) noted that no direct 
detrimental effects on benthic flora or fauna could be ascribed to the effluent discharge 
after installation of the chlorate removal plant. Instead, a clear recovery of the 
bladderwrack community, although not yet completed (as at 1994-95), could be 
demonstrated. 

The NOEC of 5 µg/L chlorate for growth inhibition of the Baltic Sea bladderwrack (Fucus 
vesiculosus) observed by Rosemarin et al. (1994) is in marked contrast with the 
experimentally derived NOECs of 100 µg/L and 1,000 µg/L respectively for chlorate 
induced growth inhibition of local brown algae Neptune’s necklace (Hormosira banksii) 
and leather kelp (Ecklonia radiata) given in Table 6. The data show Tasmanian brown 
algae to be much less sensitive to the effects of chlorate than the Baltic Sea Fucus sp. 
This is consistent with the Tasmanian species having much less nitrate reductase 
activity than Fucus sp. 

5.3.2 Mechanism of Chlorate Toxicity to Brown Algae 

Liljeström and Aberg (1966) concluded that the toxicity of chlorate is coupled to its 
reduction to chlorite and that this reduction is linked to an active, functioning nitrate 
reductase system. Solomonsson and Vennesland (1972) also suggested that chlorite is 
the toxic agent based on observations that the addition of chlorite inactivated some 
enzymes to the same extent as chlorate. 

In brown algae, chlorate is rendered toxic by conversion to chlorite via nitrate reduction. 
Baltic Sea algae are mostly nitrogen limited and chlorate can easily take the place of 
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nitrate. Chlorate and nitrate interact such that cells do not discriminate between the two 
(Heiskanen and Solimini, 2005). 

Chlorate inhibits nitrate uptake, and vice versa. Nitrate and chlorate are structurally 
analogous to each other and may potentially be incorporated into the same enzyme 
active site, as evidenced by the fact that chlorate can be used as a substrate by various 
nitrate reductases (Chaudhuri et al., 2002). The following are noted: 

• The toxic effect of chlorate depends on nitrate reductase activity. 

• Chlorate, acting as an analogue of nitrate, can be reduced to chlorite by nitrate 
reductase. This paradox was explained by LaBrie et al. (1991). 

• The Michaelis-Menten constant (Km) value of nitrate reductase for chlorate is 50 to 
100 times greater than for nitrate (Solomonson and Vennesland, 1972). Hence, 
nitrate protects marine plants by acting as a strong competitive inhibitor of chlorate 
reduction.   

• Nitrate acts as both a nitrate reductase inducer and a chlorate competitor (Lin and 
Cheng, 1997). 

The fate of chlorates and their toxicity is linked closely to nitrate levels in the water 
receiving chlorate-containing effluents (Government of British Columbia, 2002).  

Nitrate Levels in Bass Strait 

Because of chlorate’s relationship with nitrate, it is important to know the level of nitrate 
in the receiving waters offshore of Five Mile Bluff and in the vicinity of the proposed 
diffuser outfall within which potential chlorate toxicity will be assessed. Nitrate 
concentrations determine the activity of the nitrate reductase system and in turn the level 
of conversion of chlorate to chlorite. 

In Bass Strait, nutrient concentrations are low throughout the year but show evidence of 
at least a weak upwelling on the eastern boundary of nutrient-rich sub-Antarctic water 
travelling northwards. In winter, surface water from the Great Australian Bight moves 
eastwards through Bass Strait (Gibbs et al., 1986) and also carries nutrient-rich waters 
from the Bonney upwelling.  

Gibbs et al. (1986) found that seasonal average nitrate concentrations in Bass Strait 
(year 1980) are low (0.15 µg/L) in the summer months (e.g., January) but increase to 1.6 
µg/L in the winter months (e.g., June). These values appear to be low and may be a 
reflection of the analytical methods employed in 1980s. Wear et al. (2006) measured 
concentrations of nitrate-nitrogen on southeast South Australia (offshore of Beachport) 
and showed average values of around 4 µg/L in spring and elevated values in the 
autumn of between 20 and 25 µg/L due to nutrient-rich waters of the Bonney upwelling. 
The Bonney upwelling represents the most significant coastal upwelling along the whole 
of the Southern Australian coastline (Edyvane, 1999), and is considered to contribute 
greatly to the considerable coastal productivity of the region.  
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Limited seawater nutrient data from the area of the proposed effluent outfall (Gunns, 
pers. com.) showed low summer (December—February 2006/7) values of <5 µg/L and 
slightly elevated values of <7.25 µg/L during autumn (March–April, 2007). During spring 
(October 2006), surface-water and bottom-water average nitrate concentrations were 
9.25 µg/L and 16.5 µg/L, respectively. 

Overall, background nitrate concentrations are low in Bass Strait water, which may be 
categorised as nitrogen-limited system (i.e., <5 µg/L). The low nutrient status of Bass 
Strait waters is also reflected in low chlorophyll a content in the summer (0.16 µg/L) and 
winter (0.20 µg/L) (Gibbs et al., 1986). 

Young et al. (2007) examined nitrogen metabolism in the intertidal seaweeds 
bladderwrack (Fucus vesiculosus), toothed wrack (Fucus serratus), spiral wrack (Fucus 
spiralis) and oarweed (Laminaria digitata) in a temperate Irish sea lough. Internal nitrate 
(NO3

-) storage, total nitrogen content and nitrate reductase activity (NRA) were most 
affected by ambient NO3

-, with highest values in winter, when ambient NO3
- was 

maximum, and declined with NO3
- during summer. In all species, NRA was six times 

higher in winter than in summer, and was markedly higher in Fucus spp. (e.g. 
256 ± 33 nmol NO3

- min/g in F. vesiculosus versus 55 ± 17 nmol NO3
- min/g in L. digitata). 

Implications for the Bell Bay Pulp Mill Project 

Preliminary results from the testing of chlorate toxicity by Ecotox (2007) indicate that the 
toxicity of chlorate concentrations (up to 1,000 µg/L) to leather kelp (Ecklonia radiata) is 
not affected by relatively low nitrate levels at the background level (about 40 µg/L) or at 
the experimental nitrate concentrations of 50 µg/L. The background levels of nitrate in 
Bass Strait at the proposed effluent outfall location range from <5 µg/L to 16.5 µg/L and 
the predicted effluent-derived nitrate concentrations in bottom waters (where benthic 
brown algae may be present) is <0.25 µg/L (assuming a mean effluent nitrate 
concentration of 0.98 mg/L and a minimum 4,000-fold dilution for the worst-case 
scenario). The low levels of combined natural background and effluent-derived nitrates 
are unlikely to affect chlorate uptake or toxicity.  

5.4 Receiving Water Guideline Value for Chlorate 

5.4.1 General 

For the purpose of hydrodynamic modelling, it was essential to determine a background 
concentration for each chemical of interest. This can only be achieved through the use of 
background data collected locally or inferred from similar areas. The 
ANZECC/ARMCANZ (2000) water quality guidelines do not provide a trigger value for 
chlorate in seawater. 
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The ANZECC/ARMCANZ (2000) water quality guidelines recommend that:  

A minimum of two years of contiguous monthly data at the reference site is required 
before a valid trigger value can be established. (see Volume 1, Section 7.4.4.1 of 
ANZECC/ARMCANZ, 2000). 

The background chlorate concentration in seawater data available at the time of 
preparing January 2007 hydrodynamic modelling report (GHD, 2007) was limited to five 
sampling events undertaken from April 2005 to October 2006 and does not cover all 
potential seasonal variations. Furthermore, all chlorate in seawater samples were non-
detects (<2 mg/L). 

5.4.2 Published Guideline Values for Chlorate 

The Government of British Columbia (2002) published a technical document supporting 
its ambient water quality guidelines for chlorate and adopted a value of 5 µg/L (Aquatic 
Marine Life), which was based on the Swedish studies: 

This guideline is based on the NOEC of 5 µg/L chlorate which resulted from a 6 month 
chronic study on the growth of Fucus vesiculosus (Lehtinen et al., 1988; Rosemarin et al., 
1994). 

This guideline value was adopted as two fucoid species of brown algae, spiral wrack 
(Fucus spiralis) and rockweed (F. gairdneri), are the most conspicuous macroalgal 
species in British Columbian coastal waters (Bates, 2001).  

5.4.3 Derivation of a Chlorate Trigger Value  

5.4.3.1 Australian Water Quality Guidelines 

The ANZECC/ARMCANZ (2000) water quality guidelines state that:  

The recommended trigger-based approach for physical-chemical stressors may be stated 
as follows: A trigger for further investigation will be deemed to have occurred when the 
median concentration of n independent samples taken at a test site exceeds the eightieth 
percentile of the same indicator at a suitably chosen reference site. Where suitable 
reference site data do not exist, the comparison should be with the relevant guideline 
value published in this document. [Volume 1, Section 7.4.4.1].  

Given the absence of analytically detectable background chlorate concentrations, the 
recommended trigger-based approach of ANZECC/ARMCANZ (2000) cannot be 
followed. When analytical results are below the detection limit for a particular chemical 
species, as in the case of chlorate, then a value of half the detection limit was included in 
the calculation. This approach is one of the four approaches recommended by the Water 
Quality Monitoring and Reporting guidelines (ANZECC/ARMCANZ, 2000, section 6.2.1).  
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It is also understood that this approach has limitations, in particular, when over 25 % of 
the data is below the detection limit. Since 100% of chlorate data are below the detection 
limit, this trigger-based approach is untenable. 

5.4.3.2 Derivation of a Local Trigger Value for Chlorate 

Toxikos (2007a) has assessed the toxicity of the effluent on the ambient flora and fauna.  
According to their work, the principal toxicant of concern will be chlorate, due to its 
elevated concentration and potential toxicity to local species of brown algae and the fact 
that Baltic Sea bladderwrack (Fucus vesiculosus) has a NOEC of chlorate of 5 µg/L 
(Rosemarin et al., 1994; van Wijk and Hutchinson, 1995; Lehtinen et al., 1988). 

Brown algae have been reported to be present in the proposed outfall area, hence a 
series of ecotoxicological tests were undertaken in support of the Draft IIS to determine 
an appropriate trigger value for the outfall area. These tests were undertaken by Ecotox 
(Appendices 58, 59 and 60, Volume 17, Draft IIS) and the results were assessed by 
Toxikos (Toxikos, 2007a). Toxikos (2007a) derived a local trigger value of 8 µg/L for 
95% protection level (central estimate) determined from a species sensitivity distribution 
that includes three species local to Tasmanian coastal waters. This value considers and 
takes account of toxicity studies undertaken on European brown algae species, which 
are more sensitive to chlorate than local Australian species.  

At this juncture (July 2007), preliminary results from further toxicity testwork using the 
brown alga leather kelp (Ecklonia radiata), which occurs on the seabed within the 
proposed effluent outfall area, indicate that this species has less sensitivity to chlorate 
inhibition of growth than does Neptune’s necklace—Hormosira banksii (NOEC of 1,000 
µg/L, Toxikos, pers. com.). The NOEC of chlorate to Hormosira was 100 µg/L (see Table 
6), which may be compared to the NOEC of chlorate to the Swedish brackish water 
bladderwack (Fucus vesiculosus) of 5 µg/L (Lehtinen et al., 1988; Rosemarin et al., 
1994).  

Locally Derived Chlorate Trigger Value Update (July 2007) 

New chlorate toxicity data for local brown algal species (Ecotox, 2007) have been used 
to recalculate an interim trigger value for marine ecosystem protection that is applicable 
to northern Tasmanian coastal marine environment. Table 7 presents the original and 
recalculated locally derived trigger values for chlorate. The trigger values have been 
recalculated on the basis of using the original data set described in Toxikos (2007b) but 
including the new data for local brown algae. This makes only a small difference to the 
trigger value, raising it from 8 µg/L to 10 µg/L.  However, if the Baltic Sea Fucus data are 
excluded, the trigger value increases from 8 µg/L to 52 or 60 µg/L. This shows how 
much the Swedish Fucus data biases the derivation of the trigger value for chlorate. 

This review report has nevertheless accepted the originally derived chlorate trigger value 
of 8 µg/L for marine ecosystem protection, which has been put forward by the Director of 
Environmental Management, Department of Tourism, Arts and the Environment as an 
interim water quality objective (WQO) for the Bell Bay Pulp Mill Project, which to be met 
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at the edge of the designated mixing zone. Therefore, the 8 µg/L used in this report may 
be considered most stringent.  

Table 7 Derivation of a local trigger value for chlorate 

Description of data used in calculations 
(including sources) 

Trigger value 
(µg/L) 

Data set from Table 12.1 in Toxikos (2007) 8 
Data set from Table 12.1 in Toxikos (2007) plus 
repeat of Hormosira banksii test (NOEC = 100 µg/L) a 

9 

Data set from Table 12.1 in Toxikos (2007) plus 
repeat of Hormosira banksii test (NOEC = 100 µg/L) plus 
Ecklonia radiata tests (NOEC = 1,000 µg/L) b 

10 

Without Baltic Sea Fucus sp. NOEC of 5 µg/L c 60 
Without all Baltic Sea data (Rosemarin et al., 1994) d 52 
Notes: 
a Ecotox (2006) 
b Ecotox (2007b) 
c For reason cogently reasoned in Section 12.5.4 of Toxikos (2007a), the Baltic Sea fucoid brown algae (Fucus 
vesiculosus and F. serratus) are of questionable relevance to Tasmanian waters, where fucoid brown algae do 
occur. 
d The study by Rosemarin et al. (1994) was conducted with water of low salinity (7‰) and many of the end-
points considered were evaluated qualitatively. Therefore, it is questionable whether any of these data are 
transportable to Tasmanian waters (35‰ salinity), and whether they should be included in a species sensitivity 
distribution used to derived a trigger value for chlorate in Tasmanian waters that do not have the same 
characteristics as the brackish-water Baltic Sea. 

5.5 Predicted Chlorate Impacts on Brown Algae 

5.5.1 General 

Figures 1 and 2 in Section 4.2.2 give predicted surface and bottom water chlorate 
concentrations, which are based on a worst-case scenario of maximum effluent chlorate 
concentration (3.7 mg/L), minimum dilution and assumption of no decay in chlorate 
concentration (i.e., it is ‘persistent’). However, periods of minimum dilution are of a very 
short duration, thus reducing potential exposure times of the low chlorate concentrations 
to sensitive brown algae. Therefore, a more reasonable case is to consider low dilution, 
as represented by the 5-percentile dilution, which means that for 95% of the time the 
effluent will be more dilute than that shown for the 5-percentile value.  

The predicted chlorate concentrations in Figures 4 and 5 are based on the worst-case 
scenario of assuming the maximum effluent chlorate concentration of 3.7 mg/L, low 
dilution (i.e., 5-percentile effluent dilution) and no chlorate decay.  

5.5.2 Predicted Surface-water Chlorate Concentrations 

Reference to Figure 4 reveals the small size of the mixing zone based on chlorate as the 
effluent constituent requiring the highest number of dilutions to meet the locally derived 
trigger value of 8 µg/L. In GHD (2007), a background chlorate concentration of 2.5  µg/L 
was assumed and the dilution required to meet the trigger value of 8 µg/L was 673-fold.   
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Figure 4 Predicted worst-case scenario chlorate concentrations in surface waters for 
maximum effluent chlorate concentration in discharge, 5%-ile minimum dilution 
in the receiving water environment, and no chlorate attenuation.  

 

Figure 5 Predicted worst-case scenario chlorate concentrations in bottom waters for 
maximum effluent chlorate concentration in discharge, 5%-ile minimum dilution 
in the receiving water environment, and no chlorate attenuation.  



Bell Bay Pulp Mill Project  40 
Review of Chlorate in Effluent Discharge 
________________________________________________________________________________________ 
 
 

EnviroGulf Consulting July 2007 

 

In Figure 1, a zero background chlorate concentration has been assumed, based on 
weight of evidence presented in this report (see Section 2.4), and the dilution required to 
meet the 8 µg/L trigger value is therefore 463-fold. High dilution afforded by the receiving 
waters of Bass Strait, reduces effluent-derived chlorate concentrations rapidly in surface 
waters to <1 µg/L within a few kilometres of the diffuser outfall and in the direction of 
ambient flow. 

In Figure 4, the predicted chlorate concentrations in surface waters are in the low parts-
per-billion range with values between 0.52 and 0.61 µg/L within inshore areas where 
potentially sensitive brown algae (Phaeophyta) are located in shallow water.  Within the 
intertidal zone and the subtidal inshore zone, these low predicted chlorate 
concentrations are between 13 and 15 times below the chlorate trigger value of 8 µg/L 
and 160 to 190 times less than the NOEC for growth inhibition of the local brown algal 
species Hormosira banksii (chlorate NOEC= 100µg/L—see Table 6). Note that Figure 4 
represents a snapshot in time for a hydrodynamic modelling run. At other times, the 
effluent plume may be travelling to the east, hence exposure of intertidal brown algae to 
very low chlorate concentrations (typically <1 µg/L) in surface waters will be intermittent 
rather than continuous.  

Overall, no significant impacts on brown algae located in intertidal and inshore waters 
are anticipated under this worst-case scenario. Consequently, at more typical effluent 
chlorate concentrations (mean of 1.8 mg/L), median dilutions and some attenuation of 
chlorate by biological uptake by phytoplankton and benthic algae, potential adverse 
effects of surface chlorate concentrations on intertidal and subtidal inshore brown algae 
are also not anticipated. 

5.5.3 Predicted Bottom-water Chlorate Concentrations 

By the time full vertical mixing of the diluted effluent in the water column is achieved, 
chlorate concentrations in bottom waters (where benthic chlorate-sensitive brown algae 
are located) are less than 1 µg/L, which is well below the trigger value of 8 µg/L. Figure 5 
reveals that vertical mixing of the effluent with receiving waters has not occurred at the 
diffuser outfall. It is not until the effluent has been diluted more than 5,000-fold that it 
interacts with the bottom layer of seawater. In Figure 5, the distance to the centre of 
where full vertical mixing occurs and the diluted effluent plume reaches bottom waters is 
about 4 km to the west of the effluent outfall. When the effluent plume touches the 
seabed (high dilution of about 5,000 times), the predicted chlorate concentrations are 
typically less than 1 µg/L (between 0.74 and 0.92 µg/L). Within this bottom water 
location, brown algae would be exposed to these very low chlorate concentrations, 
which are between 8 and 10 times less than the chlorate trigger value of 8 µg/L and 
more than 100 times less than the NOEC for growth inhibition of local brown algae. 
Furthermore, exposure of benthic brown algae to these very low chlorate concentrations 
is not continuous but intermittent, as touchdown of the diluting and dispersing effluent 
plume will vary on a daily basis and affect different areas of the sea bottom along the 
coast and offshore waters. 
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Overall, no significant impacts on brown algae located in intertidal and inshore waters 
are anticipated. Consequently, at more typical effluent chlorate concentrations (mean of 
1.8 mg/L) and median dilutions, potential adverse effects of bottom water chlorate 
concentrations on benthic brown algae are also not anticipated. 
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6. Chlorate and Commonwealth Waters 

6.1 General 
Consideration has been given to DEW issues associated with the marine environment 
located within Commonwealth waters 

6.2 Predicted Impacts of Chlorate on Water Quality 
Hydrodynamic modelling indicates a predominance of longshore ambient currents and 
current-flow reversals parallel to the coast. However, with greater distances from the 
diffuser outfall, effluent-derived chlorate is expected to enter Commonwealth waters at 
very dilute concentrations. For example, under the worst-case scenario of a maximum 
effluent chlorate concentration of 3,700 µg/L, minimum dilution and no biodegradation of 
chlorate (assumes persistence), vertical mixing will be complete, resulting in chlorate 
concentrations in Commonwealth waters that will have been diluted by more than 7,000-
fold (see Figures A7.1–7.5 in Appendix 7 of Toxikos, 2007a).  

Even under conditions of offshore ambient currents, southerly wind-induced waves or 
northerly flowing subsurface surface water movements, the effluent plume would 
typically be diluted at least 5,000-fold. Such conditions result in residual chlorate 
concentrations of typically <1 µg/L in the water column of Commonwealth waters. Under 
a more reasonable-case scenario of a mean effluent chlorate concentration of 
1,900 µg/L, median dilution and some biodegradation of chlorate in the water column 
(e.g., phytoplankton uptake being the main sink), predicted chlorate concentrations may 
more typically be <0.1µg/L. 

In conclusion, residual chlorate concentrations in the diluting and dispersing effluent 
plume within Commonwealth waters are expected to be less than 1 µg/L. This value is 
used in subsequent sections to assess residual chlorate impacts on phytoplankton and 
brown algae. 

6.3 Predicted Impacts of Chlorate on Phytoplankton 
For much of the time, the phytoplankton of Commonwealth waters immediately offshore 
of the proposed effluent diffuser outfall location is unlikely to be exposed to effluent-
derived chlorate concentrations in the water column.  

The predicted very low residual concentrations of chlorate (<1 µg/L) in Commonwealth 
waters are well below chronic toxicity thresholds for phytoplankton (see Section 5.2). 
Therefore, the residual impacts of effluent-derived chlorate on phytoplankton in 
Commonwealth waters is assessed to be negligible (not significant) in the short term or 
longer.  
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6.4 Predicted Impacts of Chlorate on Brown Algae 

6.4.1 Distribution of Brown Algae in Commonwealth Waters 

Aquenal (2005b) assessed the distribution of benthic algae in the vicinity of the proposed 
effluent diffuser outfall location. The benthic algae were dominated by foliose forms of 
red algae (Rhodophyta). 

Aquenal (2007) assessed the distribution of brown algae in Commonwealth water in 
proximity to the proposed effluent outfall site offshore of Five Mile Bluff. Marine biological 
surveys were conducted at three underwater video transects: one centred on the 
proposed diffuser outfall location, one located at the 3-nautical mile imit demarcating 
Commonwealth and Tasmania waters, and the remaining one located 1 km beyond the 
3-nm limit and within Commonwealth waters. Aquenal (2007) noted the following with 
respect to benthic macroalgal distribution: 

Seaward of the diffuser only sand with no algal cover was observed until at the northern 
end, 1 km into Commonwealth waters, in water depths exceeding 45 m, the sand 
became muddy, and small sponges were observed. No algae were observed in 
Commonwealth waters. 

However, the conclusion by Aquenal (2007) that ‘no algae were observed in 
Commonwealth waters’ relates only to the observations of benthic macroalgal presence 
or absence at the selected video transects. Figure 6 shows the distribution of low-profile 
and high-profile reefs offshore of Five Mile Bluff (based on NSR, 2004), which shows 
that there are significant areas of suitable macroalgal seabed habitat (i.e., low- and high-
profile reefs) within Commonwealth waters. For example, in Figure 6, there is a large 
area of low- and high-profile reefs located between 6 km and 12 km to the northeast of 
the diffuser outfall. These seabed types provide suitable habitat for benthic macroalgae 
and, as such, brown algae are expected to be present. 

6.4.2 Chlorate Impacts on Brown Algae in Commonwealth Waters 

There are very few brown algae on the seabed to the north of the diffuser outfall 
location, which is comprised mainly of sands progressing into mud further offshore 
(Aquenal, 2007). The principal area of brown algae (and other macroalgae) in 
Commonwealth waters comprises an approximate 15-km2 area of suitable seabed 
habitat located to the northeast of the effluent outfall location.  Given that under the 
worst case scenario dilutions of the effluent travelling westwards (see Figure A7.1 in 
Appendix 7 of Toxikos, 2007a) are a minimum of 5,000-fold at a distance of 6 km from 
the effluent outfall, a similar scenario may be postulated for effluent diluting and 
dispersing towards the northeast and at a point 6-km from the effluent outfall. Thus, by 
the time effluent reaches the large macroalgal seabed area in Commonwealth waters to 
the northeast of the effluent outfall, a similar minimum dilution of around 5,000-fold may 
be reasonably expected. 
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Figure 6 Seabed habitat types in Commonwealth and State waters. 

After 5,000-fold dilution of the effluent, chlorate concentrations are predicted to be less 
than 0.74 µg/L or <1 µg/L, assuming no decay. Section 4.3 has indicated that chlorate 
removal and concentrations processes are anticipated via biological uptake processes, 
with phytoplankton being a principal sink for chlorate. Therefore, by the time effluent-
derived chlorate reaches the Commonwealth macroalgal beds, concentrations in the 
water column area expected to be a fraction of a part-per-billion, say <0.1 µg/L. 

In conclusion, the predicted extremely low residual chlorate concentrations in 
Commonwealth waters are too low to impart any toxicity to any potentially chlorate-
sensitive benthic brown algae in the short, medium or long term. In addition, the diluting 
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and dispersing effluent will vary in its direction on a daily basis, which will depend on the 
direction superimposed ambient wave-induced and tidal currents. Thus exposure of the 
principal 15-km2 area of low- and high-profile reef (potential brown algal habitat) in 
Commonwealth waters will be intermittent rather than continuous. Overall, no significant 
impacts on brown algae in Commonwealth waters from effluent-derived chlorate are 
anticipated. 
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7. Monitoring 

7.1 Monitoring of Chlorate in Seawater 
Careful design of the type and position of the outfall diffuser can maximise the initial 
dilution that is achieved and hence minimise the environmental impact of the discharge.  
In order to do this, numerical hydrodynamic modelling was undertaken at both coarse 
and fine resolution scales (GHD, 2007). The hydrodynamic modelling assisted in 
determining the shape and dilution potential of the mixing zone. Predictions of the size of 
the mixing zone and fate of the diluting and dispersing effluent under different scenarios 
are based on modelling exercises. However, during early operations, the size of the 
mixing zone and fate of the discharged effluent will be ascertained by implementing a 
validation monitoring program.  

7.2 Confirmation of the Mixing Zone Dimensions 
The potential dilution, shape and orientation of the mixing zone under various 
hydrographic conditions will be defined by site-specific monitoring of the receiving water.  
This will be achieved for the project’s early operations monitoring program. In general, 
conservative effluent constituents will be used to determine receiving water dilution and 
dispersion of the effluent after discharge. The use of a rhodamine dye tracer may be a 
suitable alternative  or supplement during project start-up. 

During the early operations, the monitoring of actual chlorate concentrations in the 
receiving water should be attempted using one of the more modern methods of chlorate 
analysis of seawater. For example, Couture (1998) modified the method of Urone and 
Bonde (1960) and determined chlorate in seawater with a detection limit of 2.5 µg/L.  

The monitoring program will be agreed between Gunns and the Environment Division of 
the Tasmanian Department of Tourism, Arts and the Environment (DTAE). 

7.3 Compliance with Water Quality Objectives 
The concentration of dispersing effluent must be such that the adopted Water Quality 
Objective (WQO) for the contaminant at issue is not exceeded outside the designated 
mixing zone. Compliance must take account of the individual water quality criteria, which 
may be expressed as an annual mean value, or as a percentile exceedence value, or as 
a maximum allowable concentration. Guidance on WQOs and discharge consent 
conditions will be provided by the Director of Environmental Management, Environment 
Division of the DTAE. DTAE have already provided interim water quality objectives and 
interim mixing zone requirements to Gunns, which have been set under the State Policy 
on Water Quality Management, 1997. 
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7.4 Long-term Monitoring program 
After the validation monitoring program is completed, a long-term environmental 
monitoring program will be undertaken by Gunns. This program will be mutually agreed 
between Gunns and DTAE.  In general, the suite of physicochemical variables to be 
monitored and their sampling frequency will be reviewed on a regular basis. As a 
comprehensive dataset is built up, it is expected that monitoring parameters will be able 
to be reduced to key variables and monitoring frequency may also be able to be 
reduced. 

Biological effects monitoring will generally be undertaken on a long term basis, since 
marine organisms act as integrators of their environment and provide early warning of 
unforeseen effects. 

Guidance on the long term monitoring program will be provided by the Director of 
Environmental Management, Environment Division, DTAE. 
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8. Summary Responses to DEW  

Summary responses to various issues raised by the DEW are given in Table 7 below. 

Table 7 Response to DEW issues relating to chlorate. 

No. Issue/Concern Response 
1 DEW queried current predictions about the 

degradation of chlorate in the marine 
environment. 

Physicochemical and biological degradation 
mechanisms and processes that may 
attenuate effluent-derived chlorate in Bass 
Strait are assessed in Section 4.3 of this 
report. The principal short-term sinks or 
attenuation processes for chlorate are 
biological uptake by bacterioplankton, 
phytoplankton, microalgae and macroalgae. 
In the medium and longer term, chlorate 
and transition metabolites in dead and 
decaying marine organisms will be 
transferred to bed sediments, where 
anaerobic perchlorate- and chlorate-
reducing bacteria will further 
disproportionate any residual chlorate and 
dismutate chlorites to innocuous chlorides 
and oxygen. In addition, a chlorate 
concentration gradient in bottom waters 
overlying marine sediments is expected to 
be an attenuation pathway (diffusion) as 
anaerobic perchlorate- and chlorate-
reducing bacteria break down the chlorate 
into innocuous end-products. Therefore, in 
the medium and longer term, chlorate is not 
persistent. 

2 DEW queried the statement that chlorate is 
unstable and converts to hypochlorite and 
oxygen 

The stability of chlorate has been reviewed 
in this report (see Sections 2.2.2 and 4.3 
above). The original statement of chlorate 
being unstable and breaking down to 
hypochlorite and oxygen was a direct 
quotation from Government of British 
Columbia (2002):  
 
“The chlorate anion is unstable in water and 
decomposes to form OCl- [hypochlorite] 
and oxygen (Environment Canada, 1985; 
CRC Handbook, 1993; Hayes, 1982; 
Herbicide Handbook, 1983; Worthing and 
Walker, 1987; Armour, 1991; Merck Index, 
1989; NRC, 1987; Spencer, 1982).”  
Note: see Government of British Columbia 
(2002) for these aforementioned 
references. 
 
However, this present report has reviewed 
the scientific literature and confirms that 
chlorate in seawater is relatively stable (see 
Section 2.1.2 above), which is contrary to 
what is said by the Government of British 
Columbia (2002). Therefore, this report is in 
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No. Issue/Concern Response 
agreement with the Commonwealth 
Government’s view about the stability of 
chlorate in the marine environment. 
However, chlorate concentration 
attenuation mechanisms and processes are 
present in Bass Strait, which will remove 
chlorate from the water column. The fate of 
chlorate is assessed in Chapter 4 of this 
report. 

3 The reference to the Mönsterås pulp and 
paper mill in Sweden and the observed 
impact of chlorate on brown algae could be 
evidence that chlorate does not degrade 
readily. 

The observed impact of chlorate on Baltic 
brown algae near the Mönsterås Bruk pulp 
and paper mill in Sweden was attributable 
to the discharge of chlorate-untreated 
effluent, which contained high levels of 
chlorate of up to 53 mg/L or 53,000 µg/L 
(Rosemarin et al., 1985,1990), which 
resulted in (toxic) damage to brown algae at 
the prevailing ambient chlorate 
concentrations of around 6 µM or 500 µg/L 
(Lehtinen et al., 1988). The toxic impact on 
brown algae was not a question of “chlorate 
not degrading” but one of high chlorate 
content (3.0 t/d compared to Bell Bay Pulp 
Mill of 0.115 t/d) in the continuously 
discharged untreated effluent (i.e., chlorate 
inputs), despite high dilution in the water of 
northern Kalmar Strait. Subsequent 
installation of an anoxic selector treatment 
plant at the pulp mill reduced chlorate 
production from 3 t/d to less than 0.2 t/d) 
and mean effluent chlorate concentrations 
to < 2 mg/L, and a recovery of chlorate-
sensitive benthic brown algae followed. 
This new effluent chlorate concentration is 
similar to the predicted mean chlorate 
concentration of 1.8 mg/L predicted for the 
Bell Bay Pulp Mill effluent (see Table 2). 

4 The GHD hydrodynamic modelling coupled 
with the toxicity of chlorate to algae and the 
distribution and biomass of algae present. 

GHD (2007a,b) have given an updated 
response with respect to hydrodynamic 
modelling, including modelling runs with 
more historical data. The distribution of 
brown algae in the vicinity of the proposed 
diffuser outfall site has been addressed by 
Aquenal (2007), which is described in 
Section 6.4.1 of this report. The present 
report concludes that residual chlorate 
toxicity to brown algae in Bass Strait is 
most unlikely to occur (see Chapter 8 
above). 
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9. Conclusion 

This report acknowledges that effluent-chlorate anions are relatively stable in seawater 
but consider that they should not be classified as ‘persistent’.  Although  there appear to 
be few physicochemical processes that can attenuate the concentrations of effluent-
derived chlorate in the water column, there are marine biological processes that could 
attenuate the concentrations of chlorate in the water column and seabed sediments.  

Marine biological processes, such as biological uptake of chlorate by phytoplankton and 
benthic algae, and chlorate reduction by dissimilatory perchlorate- and chlorate-respiring 
anaerobic bacteria in the marine sediments of Bass Strait (via diffusion and the settling 
of dead or dying water column organisms) offer pathways for chlorate attenuation and 
degradation in the marine environment. These are slow processes, and the greatest 
short-term factor in attenuating the concentrations of effluent-derived chlorate in the 
water column is the physical process of dilution and dispersion with distance from the 
effluent outfall. 

For the worst case scenario of assuming the maximum effluent chlorate concentration of 
3.7 mg/L, low dilution (i.e. 5-percentile effluent dilution) and no chlorate decay, the 
predicted chlorate concentrations in inshore surface waters where potentially sensitive 
brown algae (Phaeophyta) are located are between 13 and 15 times below the chlorate 
trigger value of 8 µg/L and 160 to 190 times less than the NOEC for growth inhibition of 
the local brown algal species Hormosira banksii.   

No significant impacts on brown algae located in intertidal and inshore waters are 
anticipated under this worst-case scenario. Consequently, at more typical effluent 
chlorate concentrations (mean of 1.8 mg/L), median dilutions and some attenuation of 
chlorate by biological uptake by phytoplankton and benthic algae, potential adverse 
effects of surface chlorate concentrations on intertidal and subtidal inshore brown algae 
are also not anticipated. 

When the effluent plume touches the seabed (high dilution of about 5,000 times), the 
predicted chlorate concentrations are between 8 and 10 times less than the chlorate 
trigger value of 8 µg/L and more than 100 times less than the NOEC for growth inhibition 
of local brown algae. Furthermore, exposure of benthic brown algae to these very low 
chlorate concentrations is not continuous but intermittent, as touchdown of the diluting 
and dispersing effluent plume will vary on a daily basis and affect different areas of the 
sea bottom along the coast and offshore waters. 

Overall, effluent-derived chlorate is therefore predicted to not impart toxicity to local 
species of brown algae in either State and Commonwealth waters of Bass Strait in the 
short or long term. This will be confirmed by implementing a validation and long-term 
environmental monitoring program. 
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