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Executive Summary 

The submission of the hydrogeochemical modelling and detailed design for an active treatment 

contingency measure constitutes the final technical assessment milestone for the Boundary Creek and 

Big Swamp Remediation Plan in accordance with the current Boundary Creek, Big Swamp and 

Surrounding Environment Remediation and Environmental Protection Plan (REPP).  

 

The objectives of the hydrogeochemical modelling were to: 

 Review the existing conceptual understanding of the hydrogeochemistry within Big Swamp 

 Update the conceptual hydrogeochemical model for Big Swamp based on the new 

monitoring data and investigation outcomes.  

 Review the current risks to the Barwon River associated with the quality of the water entering 

the Barwon River from Boundary Creek and Big Swamp. 

 Assess the effect of proposed remediation actions on water quality leaving Big Swamp. 

 Determine the requirements for possible active treatment contingency measures; and 

 Inform the design of an appropriate active treatment contingency measure 

 

Findings from the hydrogeochemical modelling 

Hydrogeochemical modelling has analysed the volumes and sources of acidity within Big Swamp that 

have been generated by activation of naturally occurring acid sulphate soils through a combination of 

factors including groundwater extraction from the Barwon Downs borefield coupled with a drier 

climate.   

The hydrogeochemical modelling has estimated the existing soil acidity across the swamp to be in the 

order of 3,900 tonnes (CaCO3 equivalent) and with further drying of the swamp and activation of 

potential acid sulphate soils this could double.  

Without supplementary flows and hydraulic barriers, this acidity is estimated to take 100 years to 

naturally dissipate from the swamp. The installation of the hydraulic barriers is able to reduce this to 

35 years due to an increased rate of discharge as a result of increased movement of water through the 

swamp. 

The reduction in time associated with remediation is related to a combination of: 

 Reducing the mass of potential acidity available for oxidation via accelerated improvement in 

watertable levels in the swamp and stabilisation of the seasonal drying and wetting cycles  

 An increased rate of acidity discharge from the system associated with increased groundwater 

discharge following barrier installation and enhanced flow supplementation 

These results suggest that either a downstream contingency measure or introduction of a treatment 

system upstream of Big Swamp may be required to mitigate potential risks to the Barwon River. 

Upstream treatment combined with wetting of the swamp would assist to prevent further activation of 

potential acid sulfate soils whilst also treating the source of existing acidity and significantly reducing 

the timeframes for remediation. 

Risks to the Barwon River 

A review of the potential impacts on the downstream Barwon River using the modelling package 

PHREEQC highlighted that pH, iron and aluminium pose the greatest ecological risk.  The highest risk 
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is during the months of May and June when discharge from the creek contains higher concentrations 

of parameters of concern and flows from the creek begin to increase. 

 

The analysis of the risks to the Barwon River showed that the conditions that led to the fish kill event 

in 2016 as a result of high acidity loads may be relatively infrequent. The review of the available water 

quality and flow data indicated that the conditions required in addition to low pH included: 

- Greater than 40% of the flows in the Barwon River coming from Boundary Creek; AND 

- Greater than 4 months of cease to flow events within Boundary Creek prior to a first flush 

event 

 

Despite this, the results from the hydrogeochemical modelling outlined above suggests that either a 

downstream treatment contingency measure or upstream treatment with caustic magnesia would be 

required to mitigate potential risks to the Barwon River associated with the likely increase in the rate 

of discharge of acidity from the swamp. 

 

Downstream active treatment contingency measure  

The detail design of an active treatment contingency measure is to allow the procurement and 

construction of an appropriate mitigation measure to improve pH in Boundary Creek should the short 

term risk to the Barwon River be unacceptable while other remediation actions are implemented and 

take effect. The outputs from the hydrogeochemical modelling helped inform the design 

requirements for the active treatment contingency measure.  

 

The contingency measure does not form part of the remediation actions for improved environmental 

outcomes for Big Swamp and Boundary Creek, but rather is designed as a last resort mitigation 

measure to reduce impacts on the downstream environment posed by high acidity loads leaving Big 

Swamp, if deemed to be required. 

 

The downstream active treatment contingency measure has been designed to utilise a containerised 

pH adjustment – flow (PAF) dosing plant that can be easily procured and installed, and is a proven 

method for pH correction in similar applications. This plant would be located downstream of the 

swamp to allow treatment of water leaving Big Swamp with caustic soda should it be required. If 

deployed, the containerised system would also allow for easy removal should the contingency 

measure no longer be required. 

The active treatment contingency measure would consist of the following: 

 Containerised package treatment plant for dosing caustic soda for required level of pH 

correction 

 Associated pipework to run water from the creek through the dosing system and discharge 

back to the creek 

 Bunded chemical storage tanks for storage of caustic soda and diesel for operating of a 

generator as required 

 Solar panels for provision of power when the generator is not required 

 Installation of a silt barrier within the creek to capture sediment and floc that would be 

generated through the treatment of the water 

 Telemetry control and monitoring systems with alarms to mitigate risk of dosing failures 

 

The advantages of this active treatment contingency option include: 
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 Readily available and proven method of treatment 

 Provides for treatment of water as it leaves the swamp and enters Boundary Creek 

 Utilises a treatment method and chemical that is familiar to Barwon Water operational staff 

 Can be easily removed if no longer required 

 

The disadvantages of this method of treatment include: 

 Resource intensive operation 

 Potential for overdosing if automatic shut-downs fail during a dosing failure 

 Increased chemical requirement when in operation 

 Produces sludge and floc during the treatment process that requires capture and removal 

 

 

Upstream treatment using caustic magnesia 

In addition to the above, and in response to feedback received from the Independent Technical 

Review Panel, the hydrogeochemical analysis has also provided a preliminary assessment of the 

potential for treatment of existing acidity within Big Swamp using caustic magnesia (MgO) for pH 

correction as an additional remediation action.  

 

This preliminary assessment has indicated that there is very little information publicly available on this 

method of treatment and further investigations are required to determine if this is a practical option 

that can be reliably implemented to reduce the acidity in the swamp.  However, from the information 

that is available, upstream treatment using caustic magnesia does warrant further investigation.  

 

The potential advantages of this upstream treatment option if determined to be reliable and feasible 

include: 

 Treatment of the source of acidity within the swamp 

 Lower volumes of treatment media required 

 Passive application, no active dosing required 

 Lower environmental risks and potential impacts compared to treatment with Caustic Soda 

 Lower implementation costs 

 Lower ongoing operational costs and resource commitments 

 Shorter period of implementation/treatment required 

 May significantly reduce the time taken to remove existing acidity from the swamp, which 

may take 35 years with just the barriers alone 

 

The limitations include: 

 Unproven method of treatment in this environment and therefore requires a trial to be 

undertaken as a proof of concept 

 Potential for downstream contingency measure to be required if upstream treatment turns 

out to be unsuccessful or fails to achieve treatment required 

 May require a delay in the installation of the hydraulic barriers to allow the trial to be 

undertaken and, if successful, implementation of full treatment 

 

A trial would be required to investigate: 

 If there is sufficient head to passively drive the water through the treatment media and 

distribute across the swamp 
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 If there is sufficient contact time between the water and treatment media to provide the 

required level of improvement in pH. 

 How the treated water infiltrates the swamp soils and how this water can be distributed 

across the swamp to help neutralise acidity within the soils throughout the swamp 

 Costs associated with this method of treatment based on the scale and infrastructure 

required as informed by the outcomes of the trial 

 

Recommended approach to treatment of acidity 

Based on the information available, Barwon Water believes that further investigation of upstream 

treatment with caustic magnesia is warranted as it has the potential to significantly improve 

remediation outcomes for Big Swamp and Boundary Creek. If this treatment method can be validated 

as a workable solution in this particular application, then it could: 

 significantly reduce the volume of acidity within the swamp through treatment at the source 

 reduce the ecological risks through reduced discharge of acidity and reduced risk of 

overdosing 

 significantly reduce the timeframes for remediation 

 

Barwon Water is therefore proposing to undertake the following actions: 

 Begin the approvals process for installation of the hydraulic barriers with the option to install 

this summer or at a later stage pending outcomes from an upstream treatment (caustic 

magnesia) trial. 

 Develop a trial plan for upstream treatment with caustic magnesia, including timelines and 

cost estimates. Following development of the trial plan, a decision would be made as to 

whether to proceed with the trial.  

If the trial is to proceed, Barwon Water would engage experts to begin the trial in line with the 

trial plan.  

Outcomes of the trial will then inform a decision as to whether to proceed with full 

implementation of the caustic magnesia treatment method, what implementation would look 

like and timeframes for implementation. This would also need to consider implications for 

installation of the hydraulic barriers. 

 

 With the implementation of the caustic magnesia trial, Barwon Water would hold off on 

making any decision regarding the installation of the downstream active treatment 

contingency measure until after completion of the trial. 
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Purpose of this report 
In accordance with the Boundary Creek, Big Swamp and Surrounding Environment Remediation and 

Environmental Protection Plan (REPP), this document comprises Barwon Water’s submission for the 

hydrogeochemical modelling and design of the active treatment contingency measure should it be 

deemed to be required. 

 

This work has also attempted to assess the potential for treatment of acidity within Big Swamp using 

caustic magnesia as part of the remediation strategy in conjunction with the hydraulic barriers as 

proposed by the Independent Technical Review Panel. It is important to note that while there is 

limited information publicly available regarding this method of treatment, the information and advice 

that has been available indicates that this approach could warrant further investigation. Further 

information on this method of treatment is outlined below, however based on the advice that has 

been obtained it will require further investigation and a field trial before a decision could be made as 

to whether it is a viable treatment method that can be implemented as part of the remediation 

strategy. 

 

This document is in addition to the detailed design of hydraulic barriers and success target review 

which was submitted to SRW on 1 July 2021.   

 

What has informed the process? 
The hydrogeochemical modelling and the design of the active treatment contingency measure has 

been informed by: 

 The Boundary Creek, Big Swamp and Surrounding Environment Remediation & Environmental 

Protection Plan (REPP) 

 The technical investigations undertaken to inform development of the REPP 

 The data collected since acceptance of the REPP in February 2020 

 Feedback received from our Remediation Reference Group (RRG) and their nominated experts 

regarding modelling outputs, draft hydraulic barrier designs, draft contingency measure 

design and remediation success targets 

 Feedback received from the Independent Technical Review Panel (ITRP) and SRW regarding 

modelling outputs, draft hydraulic barrier designs, draft contingency measure design and 

remediation success targets 

 The submission for the Detailed design of hydraulic barriers and success targets review 

 

The feedback received from the RRG and their nominated experts, the ITRP and SRW has played an 

important role in shaping the hydrogeochemical modelling and the design of the contingency 

measures. 
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Background 
In June 2017, Barwon Water acknowledged that historic management of groundwater pumping had 

an environmentally significant impact in the Boundary Creek catchment. Reductions in flows caused 

by groundwater extraction coupled with a drier climate and supplementary flows not reaching the 

intended area, all contributed to the drying out of Big Swamp. This resulted in the activation of acid 

sulfate soils and ongoing release of acidic water to the lower reach of Boundary Creek.  

 

In May 2018, Barwon Water established a community and stakeholder working group to participate in 

the design of a remediation plan for Boundary Creek and Big Swamp. As part of this process, Barwon 

Water invited the working group to nominate their own technical experts to help support them in 

their discussions to shape the remediation plan.  

 

Barwon Water’s commitment to undertake remedial works was legally strengthened through the 

issuing of a Ministerial Notice under section 78 of the Water Act, 1989. This notice mandated the 

development and implementation of the Boundary Creek, Big Swamp and Surrounding Environment – 

Remediation and Environmental Protection Plan (REPP) by 01 March 2020. 

 

The section 78 notice defined remediation to be the controls and actions that could be practicably 

carried out to achieve improved environmental outcomes. In order to align this with an accepted 

scientific definition for remediation, the REPP further expanded the definition to be “the controls and 

actions that could be practicably carried out to improve the ecological condition and function of areas 

confirmed to have been impacted by historical management of groundwater pumping at Barwon 

Downs, noting that this is likely to be different to the original condition due to the extent of change 

since European settlement.” 

 

In late February 2020, Southern Rural Water (SRW) accepted Barwon Water's REPP, which will be 

delivered under two parallel work packages: 

 

 The Boundary Creek and Big Swamp Remediation Plan to address remediation of confirmed 

impact in the Boundary Creek catchment resulting from historical management of groundwater 

extraction. 

 

 The Surrounding Environment Investigation to investigate whether other areas within the 

regional groundwater system have been impacted by historical management of groundwater 

extraction.  

 

Based on a wide range of technical assessments and investigations, experts from various specialist 

fields and input from the community and stakeholder working group, the plan put forward the 

following remediation actions to be implemented for the remediation of Boundary Creek and Big 

Swamp. 

 

 Continued delivery of a supplementary flow so that Boundary Creek is flowing all year round. 

 Construction of barriers within the swamp to effectively distribute flow. 

 Infilling of the existing fire trenches and the drain to allow the swamp to retain more water 

over the winter months. 

 Prevention of the spread of some dry vegetation types so that wet vegetation species can 

recolonise. 
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 Collection of ongoing monitoring data to inform any changes needed so that the remediation 

plan can adapt to how the environment is responding. 

 Assessment of contingency measures for implementation as required. 
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Objectives for remediation of Boundary Creek and 

Big swamp 
Remediation has been defined in the s78 notice as ‘the controls and actions that could be practicably 

carried out to achieve improved environmental outcomes for Boundary Creek, Big Swamp and the 

surrounding environment that has been impacted by groundwater pumping at Barwon Downs’. 

 

To provide focus and assist with decision making, Barwon Water, with input from the Remediation 

Working Group nominated experts, adopted a scientifically accepted definition of remediation (Edgar 

& Lovett, 2002) for the REPP based on the premise that the areas confirmed as requiring remediation 

have irreversibly changed due to factors notwithstanding groundwater extraction. For example, 

climate change, land clearing, farming and agricultural practices and the channelisation of rivers and 

creeks.  

 

Return of these areas to pre-European conditions is neither practicable nor achievable given 

conditions have irreversibly changed. Remediation therefore recognises that the endpoint 

environmental outcomes are likely to be different to the original condition. 

 

Therefore, without limiting the intent or extent of the s78 notice, the following definition of 

remediation was adopted for the REPP to provide further guidance for evaluating the appropriateness 

and practicality of proposed remediation actions for achieving improved environmental outcomes: 

 

 

Remediation refers to the controls and actions that could be practicably carried out to improve 

the ecological condition and function of areas confirmed to have been impacted by historical 

management of groundwater pumping at Barwon Downs, noting that this is likely to be 

different to the original condition due to the extent of change since European settlement. 

 

 

In addition to developing an agreed definition of remediation for the REPP, a set of priorities to underpin 

remediation were also developed in consultation with the Remediation Working Group and their 

nominated experts during development of the REPP. The set of agreed priorities that were developed 

were based on the protection of assets with the highest ecological values as well as consideration of 

the level of effort required to not only remediate damaged reaches but realise the benefits of 

remediation. Priorities agreed to by the Remediation Working Group and the nominated experts were:  

 

 Protect Barwon River water quality and ecological values.  

 Improve Boundary Creek stream flow and water quality.  

 Improve Big Swamp ecological values.  

 

To assist in realising the project vision, the following six project objectives were also developed and 

agreed with the Remediation Working Group and experts involved: 

 

1. Maintain groundwater levels above the top of the non-oxidised sediments in Big Swamp (to 

prevent oxidisation of deeper sediments within the swamp).  
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2. Control of the acid discharge (i.e. pH, sulfate and metals) from Big Swamp into Boundary Creek.  

 

3. Maintain at least minimum flows in Reach 3 of Boundary Creek all year round.  

 

4. Manage potential formation of acidity downstream of Big Swamp, which may be triggered as a 

result of implementation of some remediation options (i.e. swamp inundation). 

 

5. Preserve/improve the ecological values of Big Swamp and Boundary Creek. This objective is 

focused around addressing the changes to the vegetation assemblages within the swamp post 

the initial acidic event and fire. The result is a drying of the swamp, creating a more terrestrial 

soil environment that has enabled the encroachment of Swamp Ovata, reducing the density of 

existing Melaleuca communities. 

 

6. Reduce the peat fire risk in Big Swamp. 

 

Remediation strategy for Boundary Creek and Big 

swamp 
 

The Boundary Creek and Big Swamp Remediation Plan outlines an adaptive approach to improve 

flows and water quality, as well as vegetation and ecology in Boundary Creek and Big Swamp so that 

downstream impacts to the Barwon River are minimised.  

 

An adaptive approach was recommended by all the experts and specialists involved in the remediation 

options assessment and they concluded that a combination of remediation options would be required 

to meet the vision and priorities and respond to outcomes from further monitoring and technical 

assessments. 

 

The actions outlined in the remediation plan to assist with rewetting the swamp included the: 

 

 continued delivery of a supplementary flow to meet the objective of maintaining 

0.5ML/day in Reach 3 of Boundary Creek all year round (recording a flow of at least 

0.5 ML/day at the Yeodene stream gauge). 

 construction of a series of hydraulic barriers to effectively distribute flows across 

the swamp to allow for a greater area to be inundated, increasing surface water flow 

connectivity across Big Swamp and preventing progressive water table decline in the 

perched alluvial aquifer. 

 infilling the existing fire trenches and agricultural drain at the eastern end of the 

swamp to allow the swamp to retain more water over the winter months. 

 preventing the encroachment of dry vegetation classes (e.g. Swamp Gum) in Big 

Swamp to provide suitable conditions for wetland species to recolonise disturbed areas. 

 ongoing data collection to inform the adaptive monitoring approach including 

monitoring or surface water flow, groundwater levels, water quality for both 

groundwater and surface water, vegetation monitoring, macroinvertebrate survey, etc. 
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 additional data collection and testing to inform the feasibility of the other 

contingency options (e.g. ‘aerial liming’, ‘in-stream treatment’ and ‘limestone sand’) 

which is particularly important for the ‘in-stream treatment’ option in consideration of 

its higher complexity and financial implications. Subsequent refinement of the 

geochemical model will inform the feasibility, risks and trade-offs associated with the 

need for additional treatment as a contingency to manage low pH events while the re-

wetting strategy takes effect. 

 

The information presented in the following section relate to the hydrogeochemical modelling and the 

design of contingency measures proposed for installation as part of the above remediation strategy. 

 

 
Figure 1: Timeframes for implementation of the proposed remediation strategy as presented in the REPP (Barwon 

Water 2020). 
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Objectives of the hydrogeochemical modelling and 

detailed design of contingency measure 

Hydrogeochemical modelling 
The objectives of the hydro geochemical modelling in this report was to build on the Basic Conceptual 

Geochemical Modelling for Big Swamp completed by GHD in 2019, and more specifically to:  

 

1. Review and refine the hydrogeochemical conceptualisation of the Big Swamp and Boundary 

Creek System based on new monitoring data and investigations. 

2. Undertake hydrogeochemical modelling of the system to assess the effect of remediation on 

water quality in Boundary Creek and if water quality targets can be met. Integration with 

updated groundwater-surface water model outputs will also need to be considered.  

3. Provide recommendations as to the necessity of contingency measures (such as soil liming or 

water treatment) to improve water quality in Boundary Creek.  

4. Analyse contingency treatment options and develop specifications for preferred option or 

options.  

 

Detailed design of active treatment contingency measure 
The detail design of an active treatment contingency measure is to allow the procurement and 

construction of an appropriate mitigation measure to improve pH in Boundary Creek should the short 

term risk to the Barwon River be unacceptable while other remediation actions are implemented and 

take effect. The outputs from the hydrogeochemical modelling helped inform the design 

requirements for the active treatment contingency measure.  

 

The active treatment contingency measure does not necessarily form part of the remediation actions 

for improved environmental outcomes within Big Swamp, but rather is designed as a mitigation 

measure to reduce impacts on the downstream environment posed by high acidity loads leaving Big 

Swamp. 

 

Further consideration of upstream treatment within Big Swamp using caustic magnesia may be 

warranted as part of the overall remediation strategy. This would require a field trial to determine its 

viability. 
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Hydrogeochemical Modelling 
 

The following sections summarise the hydrogeochemical analysis and modelling that has been 

undertaken and which is outlined in more detail in the full report provided in Appendix A: 

Hydrogeochemical modelling of Big Swamp and Boundary Creek 

 

The hydrogeochemical analysis and modelling focussed on the following key aspects: 

 Review a 1-day surface water monitoring event in Big Swamp undertaken on April 7th 2021 

 Develop a hydrogeochemical conceptual site model (CSM) based on the results of 

groundwater-surface water monitoring (including the results of the 1-day monitoring event) 

 Understand the risks to fish in the Barwon River 

 Build a hydrogeochemical model using PHREEQC based on the CSM that is capable of 

simulating the chemistry of water monitored at the surface water gauge 233276 downstream 

of Big Swamp 

 Use the model to simulate the potential changes in water chemistry of water discharging from 

big swamp in the presence and absence of remediation (i.e. inundation) 

 Undertake modelling simulations using PHREEQC to assess the potential ecological risks and 

the risk of fish kills in the Barwon River in response to the discharge of water from Boundary 

Creek and hence, if contingency measures such as downstream treatment may be required to 

mitigate risks and ultimately improve remediation outcomes. 

 Undertake modelling simulations using PHREEQC to assess the magnitude of potential 

contingency measures to inform subsequent design  
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Surface Water Monitoring Event 
To help inform the hydrogeochemical conceptual site model, a one-day field sampling event was 

undertaken on the 7th of April 2021 to assess changes in water chemistry along surface water flow 

paths through Big Swamp. Two flow paths were observed during the event including the northern 

“primary” channel and a southern flow path which diverts through the interior of the swamp. Field 

water quality parameters were collected at 17 locations on the day and water samples collected for 

detailed laboratory analysis at 10 representative locations. These locations are illustrated in Figure 2 

below. 

 
Figure 2: Location of surface water monitoring and sampling locations in Big Swamp on April 7th 

 

During the sampling event, flowing surface water was apparent in the interior of the swamp along the 

entirety of its length (at BH15, BH10, BH07 and BH01). However, flowing surface water was only 

observed in the northern channel between the gauge upstream of Big Swamp (233275) and the 

surface water sample point BC02. Surface water monitoring points in the northern channel 

downstream of this represented discrete pools of surface water that were either remaining from 

higher flow conditions during January and early February when the pools may have been connected; 

accumulated rainfall; or the surface expression of groundwater in topographic low points.  

 

These observations suggest that the northern channel does not represent the primary flow path 

through Big Swamp to the east of BC02 and that flows through the interior of the swamp are likely to 

predominate. As a result, the representation of flows paths through the swamp will need to be re-

considered during future iterations of groundwater-surface water modelling. 

The acidity and pH within the swamp based on the results of the sampling event have been illustrated 

in figures Figure 3 and Figure 4 below. 
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Figure 3: Trends in acidity and pH downstream of gauge 233275 in the northern channel 

 

 

Figure 4: Trends in acidity and pH downstream of gauge 233275 in the interior of the swamp 
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Conceptual Site Model 
Approach for hydrogeochemical conceptualisation of Big Swamp 

While the formation and oxidation of sulfides represent a natural process, the conceptualisation of the 

hydrogeochemical process within Big Swamp has been based on a source-pathway-receptor model 

that is more commonly used for assessment of contaminated sites. This is because understanding the 

potential sources and pathways by which acidic and metalliferous water mobilises to Boundary Creek 

can aid assessment of potential remediation strategies. As such, the below conceptual site model 

(CSM) has been developed using a source-pathway-receptor model, which considers the following: 

 The potential sources of acidity including that stored as solid phase minerals in surface soils; 

that stored in pore water in the unsaturated zone; and that stored in groundwater in the 

saturated zone. 

 The potential pathways by which this can move into Boundary Creek including acidic runoff 

from surface soils, unsaturated zone flow and groundwater discharge.  

 The effects of acidic and metalliferous discharge on water quality at the receptor, which in this 

case is Reach 3 of Boundary Creek. 

 

For the purpose of the Big Swamp CSM, the primary “contaminant” that has been considered is 

acidity. This is because, while other analytes (such as dissolved metals) may also be considered as 

contaminants of concern in the system, these are secondary in nature and their concentration is 

typically related to the concentrations of acidity and the pH of the water in Big Swamp.  

 

A brief outline of the source-pathway-receptor CSM for Big Swamp is provided below. More 

comprehensive information can be found in Appendix A: Hydrogeochemical modelling of Big Swamp 

and Boundary Creek. 

 

Source of acidity 

The primary source of acidified water in Boundary Creek could be simplistically described as oxidised 

sulfides in Big Swamp. However, for the purpose of this CSM this has been considered an overly 

simplistic conceptualisation, as the oxidation of sulfides over the last 30 years has resulted in the 

movement of this acidity into different secondary stores. This includes:  

- Acidity stored in solid phase as minerals in the soils themselves 

- Acidity stored in groundwater resulting from the infiltration of acidic recharge/seepage 

- Acidity stored in the pore water of soils in the unsaturated zone 

 

The results of the analysis undertaken as part of the conceptualisation estimated that there are 

approximately 810 tonnes acidity as CaCO3 in the top 0.24m of surface soils, 126 tonnes of acidity as 

CaCO3 in groundwater and 11 tonnes of acidity as CaCO3 equivalent stored in the unsaturated zone.  

The hydrogeochemical modelling further investigates the total existing and potential soil acidity.  

 

Pathways for mobilisation 

Based on the above described sources, there are three potential pathways by which acidity may move 

into Boundary Creek. This includes: 

 

 Acidic runoff from surface soils 
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 Groundwater discharge to surface water 

 Flushing of acidity from the unsaturated zone  

 

These have each been considered in more detail in the full report in Appendix A: Hydrogeochemical 

modelling of Big Swamp and Boundary Creek. 

 

Influence on the Receptor – Reach 3 of Boundary Creek 

This section considers the effect of acidic and metalliferous discharge from Big Swamp on water 

quality in the receptor (Reach 3 of Boundary Creek) by assessing 3 key surface water quality 

characteristics: 

 

 Surface water quality entering and exiting the swamp and temporal trends in surface water 

quality in response to flow;  

 Acidity discharging from the swamp, the dominant forms of acidity and the total loads 

discharging from the swamp to help inform modelling scenarios; and 

 Surface water quality compared to water quality objectives to better understand which 

physical and chemical analytes may have a negative impact on aquatic ecosystems.     

 

 

Summary of the conceptual understanding of Big Swamp 

 The greatest store of acidity in Big Swamp appears to be soil acidity in the upper soil profile, 

which has been estimated to contain 810 tonnes of CaCO3 equivalent within the top 0.24m. 

However, the timing of acidic discharge with respect to periods of high and low runoff suggest 

this is not the primary mechanism by which acidity is discharged to Boundary Creek. 

 Groundwater acidity stored in the shallow alluvial aquifer represents the second largest store of 

acidity in Big Swamp (126 tonnes of acidity as CaCO3 equivalent) and the modelling suggests that 

this is the primary mechanism by which acidity is discharged into Boundary Creek (though this 

would be sustained by the infiltration of acidity from the upper soils). As such, the recharge of 

acidity to groundwater via overlying soils and subsequent movement of groundwater into 

Boundary Creek should represent the focus of subsequent hydrogeochemical modelling. 

 Pore water acidity in the unsaturated zone represents a minor store of acidity in Big Swamp 

(estimated to represent 11 tonnes of CaCO3 equivalent) and leaching of soil moisture from the 

unsaturated zone appears to be a negligible process for further consideration as part of 

hydrogeochemical modelling (though movement of recharge through this zone into 

groundwater would occur). 

 By combining the groundwater surface water model (GHD, 2020) with the monitored 

groundwater acidity, it is possible to characterise the discharge of acidity from Big Swamp into 

Boundary Creek under current conditions and assess how this may change in response to barrier 

installation. 

 Uncertainty in the groundwater model, adopting appropriate groundwater acidity concentrations, 

temporal variations in groundwater acidity concentrations and losses of acidity to the 

groundwater system are processes which should be interrogated as part of designing and 

calibrating the hydrogeochemical model. 
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Risks to the Barwon River 
While the discharge of acidic water from Boundary Creek into the Barwon River is relatively well 

documented, to date there has been little investigation into how this translates into risk of a fish kill 

event occurring in the Barwon River. The hydrogeochemical modelling report has attempted to 

investigate this further through: 

 

1. Reviewing the available surface water quality data available for Boundary Creek and the Barwon 

River upstream of its confluence with Boundary Creek. 

2. Identifying key analytes of concern which pose the greatest risk of toxicity to fish. 

3. Estimating the conditions under which the contribution of key analytes of concern from 

Boundary Creek are likely to result in a high risk of fish mortality in the Barwon River 

4. Assessing the flow conditions under which this is likely to occur  

 

The below summarises the outcomes of this analysis and the risk posed to aquatic ecology (principally 

fish) in the Barwon River related to the discharge of acidic water from Boundary Creek: 

 

 pH, iron and aluminium pose the greatest ecological risk to the Barwon River, including the 

greatest risk of fish kills related to acute toxicity associated with respiratory failure due to low 

pH conditions and high aluminium concentrations.  

 Simulations via the modelling package PHREEQC and comparison of flows in Boundary Creek to 

those in the Barwon River suggest that under typical conditions, ecological risks to the Barwon 

River are highest during May and June, when discharge from the creek contains higher 

concentrations of parameters of concern and flows from the creek begin to increase. Higher 

flow periods (July-August) tend to represent lower risks to the Barwon River due to the reduced 

concentration of parameters of concern under these conditions while lower flow periods 

(December-March) tend to represent lower risks to the Barwon River due to the reduced 

contribution of flows from Boundary Creek. This is consistent with sampling undertaken to date 

by Austral (2020). 

 The only recorded fish kill event in the Barwon River occurred in June 2016 when flows from 

Boundary Creek represented ≥40% of those in the Barwon River. This period represents a flow 

event following flow cessation in Boundary Creek (known as a first flush). While other first flush 

events have yielded a similar contribution of flows to the Barwon River, these were preceded by 

4 months or less of flow cessation in Boundary Creek, whereas the June 2016 event was 

preceded by more than 8 months of flow cessation in Boundary Creek. This suggests that the 

Barwon River is at the greatest risk of a fish kill event following an extended period of flow 

cessation in Boundary Creek (>4 months) when flows from Boundary Creek represent ≥40% of 

those in the Barwon River. 
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Predicted water quality outcomes of hydraulic 

barrier remediation option 
 

The predicted water quality outcomes of the hydraulic barriers were informed by the conceptual site 

model, the groundwater-surface water model (GDH, 2020) and the hydrogeochemical modelling 

software PHREEQC.  The hydrogeochemical modelling also aims to validate the CSM and 

groundwater-surface water model.   
 

The outcomes of the CSM, GW-SW model and hydrogeochemical model are combined to estimate 

the potential water quality outcomes in Boundary Creek downstream of Big Swamp in the presence 

and absence of the proposed barriers and comment on the potential implications for treatment 

options. 

 

It is recognised that this approach will not generate a fully parameterised reactive solute transport 

model but instead, represents the first step in understanding the implications of barrier installation 

versus doing nothing. In this respect, the ultimate aim of the model is to provide a first order estimate 

of how long it may take (months, years, decades) for water quality in Boundary Creek to improve in 

the presence or absence of the proposed hydraulic barriers. By doing so, the modelling aims to 

determine whether there is sufficient benefit to water quality outcomes associated with the proposed 

barriers to warrant installation, whether there is sufficient confidence to directly proceed with 

remediation or whether further investigations and detailed modelling is required to inform further 

decision making. 

 

A full report on the modelling activities can be seen in Appendix A: Hydrogeochemical modelling of 

Big Swamp and Boundary Creek.  

 

Summary 

The calibrated hydrogeochemical model was used in conjunction with the CSM presented in Section 

and the groundwater surface water model (GHD,2020) to predict the water quality changes with the 

installation of the hydraulic barrier.  The key outcomes from this modelling are: 

 

 Approximately 56 tonnes per year of acidity CaCO3 equivalent is added to the groundwater 

system via rainfall recharge, compared to 80 tonnes per year of acidity CaCO3 equivalent being 

discharged.  This suggests that the Swamp may have established a dynamic equilibrium over 

the last 30 years since acidification processes began.  

 The hydrogeochemical modelling has estimated the existing soil acidity across the swamp to be 

in the order of 3,900 tonnes (CaCO3 equivalent) and with further drying of the swamp and 

activation of potential acid sulphate soils this could double.  

 In the absence of remediation, the mass of acidity in the swamp (both existing and potential 

acidity) could take approximately 100 years to naturally dissipate from Big Swamp.  
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 Modelling indicates that concentrations of acidity discharging from Big Swamp are likely to 

increase following remediation in response to enhanced groundwater discharge from the 

western portion of the swamp, where concentrations of groundwater acidity are higher than 

those in the east.  

 The reduction in time associated with remediation is related to a combination of: 

- Reducing the mass of potential acidity available for oxidation via accelerated 

improvement in watertable levels in the swamp and stabilisation of the seasonal drying 

and wetting cycles  

- An increased rate of acidity discharge from the system associated with increased 

groundwater discharge following barrier installation and enhanced flow supplementation. 

 

 The rate of discharge of acidity from the swamp may also be increased in the absence of 

remediation through recovery of groundwater levels in the LTA in the western end of the 

swamp. This may subsequently reduce estimated timeframe for removal of acidity from the 

swamp in the absence of remediation. 

 These results suggest that either a downstream contingency measure or introduction of a 

treatment system upstream of Big Swamp may be required to mitigate potential risks to the 

Barwon River. Upstream treatment combined with wetting of the swamp would assist to prevent 

activation of potential acid sources whilst also treating the source of existing acidity and 

reducing the timeframes for improved environmental outcomes. 
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Downstream Contingency Measure 
 

The objective of the contingency measure is to improve water quality in Reach 3 of Boundary Creek 

and reduce the risk to ecology in the Barwon River.  If required, the contingency measure could be 

implemented whilst the ultimate long term remediation option is constructed and proven to be 

effective in controlling the release of acidity from the Swamp.  

 

The contingency measures that have been considered for implementation have been selected from 

several remedial actions that were assessed as potential remediation options in the Remediation and 

Environmental Protection Plan (REPP) to improve water quality in Boundary Creek. CDM Smith (2019) 

completed an options assessment as part of development of the REPP and recommended aerial 

liming and an active treatment system be investigated as contingency measures.   

 

In addition to this work, the hydrogeochemical modelling also considered the ability to treat acidity 

within Big Swamp using caustic magnesia, as was recommended by the Independent Technical Review 

Panel.  Upstream treatment could potentially reduce the need for implementation of an active 

treatment contingency measure, however field trials are required to confirm the feasibility. Further 

detail on this option is provided in the next section. 

 

The options assessment was further refined through assessment of key aspects including 

implementation, constructability and operation and maintenance.  Jacobs investigated the range of 

potential locations, application methods and chemicals that could be adopted as a contingency 

measure.   

A chemical dosing system located on the downstream (Eastern) end of the Big Swamp using sodium 

hydroxide (NaOH) as a pH correction chemical was recommended as the preferred option for the 

contingency measure.   

 

A summary is provided below, with detailed information provided in Appendix B: Design of 

Downstream Contingency Measure 

 

Initial Screening of treatment options 

The selection of the contingency measure type consisted of an initial screening process followed by 

more detailed assessment of the remaining options. 

 

A range of options were identified and considered as part of the initial option development and these 

were screened based on the functional requirements.  The initial screening process was influenced by 

the practicability of installation, assuming that the contingency measure could be installed over 

summer 2021/22 if deemed to be required. The short timeframe for installation (if required) favours 

conventional approaches with known outcomes ahead of more novel methods with uncertain 

outcomes. 

 

The options considered for the contingency measure were reviewed against three key functional 

aspects, which were: 

 Location of the works,  
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 Method of treatment/application and 

 Chemical used to improve pH in the water. 

 

Treatment location 

The location of the contingency measure to improve the pH of the water entering the Barwon River 

could be situated in the following locations: 

 Upstream of Big Swamp to pre-treat Boundary Creek flows entering the Big Swamp,  

 Within the swamp to treat surface water before it leaves the swamp, or 

 Downstream of the swamp treatment of the flow leaving the swamp. 

 

The location of the contingency measure is proposed to be downstream of Big Swamp, due to ease of 

access and certainty around ability to mix and therefore treat all flows leaving the Swamp. 

 

 
Figure 5: shows the location of the contingency measure downstream of the swamp and proposed hydraulic 

barriers.  

 

Treatment methods considered 

The different treatment methods that have been considered for pH correction are outlined below. 

 

Manual Chemical Application within Big Swamp 

Periodic manual chemical treatment to the Boundary Creek system in Big Swamp to correct the pH is a 

potential option for the contingency measure.  This could be done with dosing chemicals to the 

waterway from chemical containers to the required volume in response to pH levels of the Big Swamp.  

The dosing is proposed to be at the existing weirs as a mixing point for flows.      

This method is labour intensive and is likely to provide pH spikes into the waterway.  The operational 

cost of the labour is expected to be high and operation would be challenging to staff for long periods 

of time.  The management of chemicals with resupply, staff facilities such as toilets and lunch room 

are likely to be required to support the onsite team.  Risk management of chemical use is further 
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unlikely to support this method.  Chemical dosing at night is unlikely to be acceptable, leaving the 

Boundary Creek system vulnerable to low pH events outside of business hours.   

Lime Bed 

Lime could be placed within the Boundary Creek system, potentially downstream on a weir to provide 

a pH correction for passing flows.  This method does not allow for variable control of the pH and risks 

creating high alkaline water within the system.  It is expected to be difficult to manage replacement 

lime and to achieve a desired pH level consistently in the waterway. Lime beds are also likely to coat 

with iron and aluminium hydroxides rapidly and may require frequent ongoing maintenance and re-

supply.  

 

Chemical Dosing System 

A chemical dosing system would draw flow from the Big Swamp system via a feed pump from 

upstream of a weir where a pool of water is formed. The flow would be dosed with chemical for return 

to Big Swamp or Boundary Creek.  This operation allows for consistent dosing, chemical storage and 

operation throughout the day and night.  The system would provide for capacity to monitor dosing 

rates and volumes and responding pH levels during dosing, allowing for potential adjust by the 

system in response to pH changes in the discharge water.   

This method has a greater capital cost, however, provides for reduced operational labour costs and 

greater level of control on chemical application to waterway.    

Chemical Options 
Common chemicals used for pH correction for increasing alkalinity are provided in Table 1, together 

the amount required.  All these chemicals will neutralize acidity, so the selection of chemical to be 

used at Big Swamp was informed by Barwon Water’s current experience with chemicals to leverage off 

existing supply chains and Barwon Water current capacity. Preliminary discussions with Barwon Water 

indicated that Caustic Soda is a common chemical in use within their water treatment plants.   

Table 1: Alkalinity contributed per mg of pure product – Practical guide to the optimisation of chemical dosing, 

coagulation, flocculation, and clarification. 

Chemical Agent Alkalinity Added 

(mg CaCO3 equivalent /mg pure chemical) 

Soda Ash (Na2CO3) 0.94 

Hydrated Lime (Ca(OH)2) 1.35 

Caustic Soda (NaOH) 1.25 

Magnesium Hydroxide (Mg(OH)2) 1.72 

Sodium Bicarbonate (NaHCO3) 1.19 

  

Preferred treatment contingency option 

A review of the options considered above indicate a chemical dosing system located on the discharge 

end of the Big Swamp (Eastern) using Caustic Soda as a pH correction chemical would be 

recommended for the following reasons: 
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 Preferred location due to accessibility, limited modifications and vegetation removal, reduced 

fire risk 

 Certainty of the achieving the desired water quality outcomes downstream of the swamp and 

minimizing risk to the Barwon River 

 Caustic soda is readily available and aligns with the Barwon Water current experience. 

 

 

 
Figure 6: Chemical dosing system and associated components 

 

A number of different chemical dosing systems such as a containerised pH Adjustment - Flow (PAF) 

plant are available commercially for purchase. The design in Appendix B: Design of Downstream 

Contingency Measure shows one such plant and the componentry that would be required. Exact 

specifications and instrumentation shall be determined between Barwon Water Technical Services 

team and the preferred supplier at the time of purchase, an example of this plant is shown in Figure 7 

below.  
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Figure 7: Containerised pH adjustment – flow (PAF) plant.   

 

 

Chemical dosing requirements 

The objective of the contingency measure is to chemically neutralise low pH flows leaving the Big 

Swamp in the short term if determined to be required until other remedial actions including the 

installation of the hydraulic barriers can take effect.  Work undertaken as part of the 

Hydrogeochemical modelling calculated the dosing requirements of the downstream contingency 

measure using caustic soda, which was estimated to be up to 800L per day to achieve a pH of 7.   

The chemical dosing requirements will vary depending on the flow conditions.  A range of different 

flow rates and acidity concentrations were used to reflect the range in conditions which may occur in a 

given year and estimate the dosing requirement: 

 Initial flush: represents higher concentrations of acidity discharging from Big Swamp as flows 

return following summer low flow conditions or flow cessation. 

 Ongoing flush: represents higher loads of acidity discharging from Big Swamp as flows 

continue to increase while concentrations remain moderately high.  

 Winter-Spring high flow: represents higher flow rates in which concentrations of acidity 

decline through flushing and or dilution, though loads remain relatively high due to high flow 

rates. 

 Summer low flow: represents lower flow rates during summer when concentrations of acidity 

tend to increase while flow rates decline. 

The contingency measure is proposed to have a self-priming pump to provide feed water and to dose 

caustic soda at a rate of up to 800L day.   
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The caustic soda 40% storage will require a heating element to prevent freezing at temperature below 

15 degrees Celsius.  Consideration could be given to using caustic soda 25% to reduce the potential 

for freezing, however this will increase the required storage of chemical on site.        

The sampling periods selected to represent the above described range in conditions were April 2020, 

May 2020, October 2020 and December 2019, respectively, as illustrated in below in Figure 8. 

 

 

Figure 8: Sampling periods used to inform treatment rates (Jacobs 2021) 

Dosing rates 

The estimated monthly and annual volumes of sodium hydroxide required to yield a pH of 5 and 6 

downstream of Big Swamp are illustrated in Figure 9 and Figure 10 respectively. These indicate that 

based on the typical flow conditions and the concentrations of analytes observed during 2019-2020, 

monthly treatment rates to achieve a pH of 5 downstream of Big Swamp range from as little as 22 L in 

March to as much as 6,600 L in July. The total annual volume required to achieve a pH of 5 is 

approximately 28,000 L, with the majority (21,000 L) required between the months of May and 

September. 

To achieve a pH of 6 downstream of Big Swamp, dosing rates range from as little as 64 L in March to 

as much as 12,800 L in July. The total annual volume required to achieve a pH of 6 is approximately 

68,000 L, with the majority (47,000 L) required between the months of May and September. 
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Figure 9: Estimated monthly and annual NaOH treatment volumes to yield a pH of 5 downstream of Big Swamp 

 

Figure 10: Estimated monthly and annual NaOH treatment volumes to yield a pH of 6 downstream of Big Swamp 

 

A summary of the dosing requirements for the downstream contingency measure using sodium 

hydroxide is outlined below: 

 

 To achieve a pH of 6, dosing rates range between less 80 L/day under summer low flow and 

initial flushing conditions, to 200 L/day during winter-spring high flows conditions and 700 

L/day during ongoing flushing conditions. 

 To achieve a pH of 6, dosing rates range from as little as 64 L in March to as much as 12,800 L 

in July. The total annual volume required to achieve a pH of 6 is approximately 68,000 L, with 

the majority (47,000 L) required between the months of May and September. 

 The annual build-up of aluminium and iron hydroxide sludge in response to sodium 

hydroxide dosing is estimated to be 24 m3 assuming treatment to pH of 6. 
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Upstream treatment with caustic magnesia 
 

The hydrogeochemical modelling undertaken to inform the potential outcomes of installation of 

hydraulic barriers as a remediation action for Big Swamp indicates the water quality benefits could 

take 35 years to be realised.  This highlights the importance of either a downstream contingency 

measure or a potential upstream treatment solution to advance remediation.   

 

On June 17 2021, the Independent Technical Review Panel (ITRP) recommended that an upstream 

treatment system using magnesia (magnesium oxide, MgO) as a pH correction chemical be 

considered. The focus of this system would be to treat the acidity stored in soils and pore water 

throughout the swamp. There is limited information available in the public domain regarding this 

treatment option and therefore it was not possible for Jacobs (2021) to consider it in detail, as the 

advice that was able to be sourced on the this treatment method recommended that a field trial 

would need to be undertaken to confirm the viability of the option. 

 

Chapter 7 in Appendix A: Hydrogeochemical modelling of Big Swamp and Boundary Creek describes 

the seasonal variability in treatment rates and annual treatment loads for the upstream treatment 

option involving magnesium oxide.  

 

Summary 

The input of alkalinity into surface water upstream of Big Swamp is likely to be more effective in the 

longer term by treating acidic surface soils in the swamp which would limit the ongoing leaching of 

acidity from those soils into groundwater (provided the alkaline water could be effectively distributed 

across acidic soils).  

 

The dosing requirements for the potential upstream treatment option using magnesium oxide is 

below: 

 

 To achieve a pH of 6, mass ranges between less 16 kg/day under summer low flow and initial 

flushing conditions, to 40 kg/day during winter-spring high flows conditions and 80 kg/day 

during ongoing flushing conditions. 

 To achieve a pH of 6, the mass ranges from 13 kg in March to as much as 2,700 L in July. The 

total annual mass required to achieve a pH of 6 is approximately 14,000 kg, with the majority 

(9,500 kg) required between the months of May and September. 
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Summary, conclusion and next steps 
Conclusions 

The key conclusions drawn from the Hydrogeochemical analysis and modelling, detailed design of the 

downstream treatment contingency measure and investigation of upstream treatment with caustic 

magnesia are as follows: 

 

 Hydrogeochemical modelling has analysed the volumes and sources of acidity within Big 

Swamp that have been generated by activation of naturally occurring acid sulphate soils 

through a combination of factors including groundwater extraction from the Barwon Downs 

borefield coupled with a drier climate.   

 The hydrogeochemical modelling has estimated the existing soil acidity across the swamp to 

be in the order of 3,900 tonnes (CaCO3 equivalent) and with further drying of the swamp and 

activation of potential acid sulphate soils this could double.  

 Without supplementary flows and hydraulic barriers, this acidity is estimated to take 100 years 

to naturally dissipate from the swamp. The installation of the hydraulic barriers is able to 

reduce this to 35 years due to an increased rate of discharge as a result of increased 

movement of water through the swamp. 

 The reduction in time associated with remediation is related to a combination of: 

- Reducing the mass of potential acidity available for oxidation via accelerated 

improvement in watertable levels in the swamp and stabilisation of the seasonal 

drying and wetting cycles  

- An increased rate of acidity discharge from the system associated with increased 

groundwater discharge following barrier installation and enhanced flow 

supplementation. 

 These results suggest that either a downstream contingency measure or introduction of a 

treatment system upstream of Big Swamp may be required to mitigate potential risks to the 

Barwon River.  

 Upstream treatment combined with wetting of the swamp would assist to prevent further 

activation of potential acid sulfate soils whilst also treating the source of existing acidity and 

significantly reducing the timeframes for remediation. 

 There is very limited information publicly available on treatment methods using caustic 

magnesia, particularly in this type of environment. 

 The expert advice that was available recommended that a trial of upstream treatment using 

caustic magnesia would be required to confirm its viability. 

 

 

Given the above, Barwon Water is proposing to: 

 Continue with seeking approvals for installation of the hydraulic barriers as proposed 

 Hold off on implementation of the downstream active treatment contingency 
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 Conduct a trial of upstream treatment with caustic magnesia over the next 3-6 months to 

confirm viability 

 Confirm requirements for installation of the hydraulic barriers and downstream contingency 

measure based on the outcomes of the trial of upstream treatment with caustic magnesia. 

 

Further detail on the recommended path forward is provided below: 

 

Hydraulic Barrier Installation 

The planning permit and approvals process for the hydraulic barrier installation should still commence 

as soon as possible to allow construction to occur over summer 2021/22 if it is decided not to 

proceed with the trial or upstream treatment  

 

Should the outcome of the trial show the upstream treatment method is worth pursuing and requires 

the delay of the installation of the hydraulic barrier then the planning approvals will still be prepared 

and would be valid for 2-years. This would still allow construction to commence the summer of 

2022/23.  

 

Upstream treatment investigations 

Further investigations are required to determine if an upstream treatment method using caustic 

magnesia can be practicably implemented to reduce the acidity in the swamp. From the information 

available on the caustic magnesia treatment method, it appears to warrant further investigation. The 

required daily treatment rates appear much lower than downstream treatment (noting that 

downstream treatment may not need to be operated full time) and there is less risk associated with 

overcorrection of pH as the solution cannot go higher than approximately pH 10.  

 

 

The potential benefits of this upstream treatment option if determined to be feasible include: 

 Treatment of the source of acidity within the swamp 

 Lower volumes of treatment media required 

 Passive application, no dosing required 

 Lower environmental risks and potential impacts compared to treatment with Caustic Soda 

 Lower implementation costs 

 Lower ongoing operational costs and resource commitments 

 Shorter period of implementation/treatment required 

 May significantly reduce the time taken to remove existing acidity from the swamp, which 

may take 35 years with just the barriers alone. 

The potential limitations: 

 Unproven method of treatment in this environment and therefore requires a trial 

 Potential for downstream contingency to be required if upstream treatment turns out to be 

unsuccessful 
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 May require a delay in the installation of the hydraulic barriers to allow the trial and full 

treatment to be implemented 

 

A trial would be required to investigate: 

 If there is sufficient head to passively drive the water through the treatment media 

 If there is sufficient contact time between the water and treatment media to provide to be 

required level of improvement in pH 

 How the treated water infiltrates the swamp soils and how this water can be distributed across 

the swamp to help neutralise acidity within the soils around the swamp.  

 Costs associated with this method of treatment based on the scale and infrastructure required 

as informed by the outcomes of the trial. 

 

Before a decision is made to proceed with a trial, the first step would be to develop a trial plan to 

determine what needs to be tested and monitored, how the trial should be implemented, what 

infrastructure is required, and how long the trial should be implemented. It is envisaged that a trial 

would be conducted in a section of the swamp to test the effectiveness and if successful scaled up.   

 

If successful, the size of the treatment infrastructure could be scaled up to meet the requirements of 

the swamp and the head pressure from the stock pipeline would be used spread the solution around 

the swamp. Pipework through the swamp could spread the solution to the required location following 

the paths used for the bore installations and future installation of the hydraulic barriers. 

 

Downstream Contingency Measure 

With the implementation of an upstream treatment trial Barwon Water would hold off on making any 

decision regarding the installation of the downstream active treatment contingency measure. This is 

based on the analysis of the risks to the Barwon River that indicates that the conditions that led to the 

fish kill event in 2016 as a result of high acidity loads may be relatively infrequent. The review of the 

available water quality and flow data indicated that the conditions required in addition to low pH 

included: 

 Greater than 40% of the flows in the Barwon River coming from Boundary Creek; and 

 Greater than 4 months of cease to flow events within Boundary Creek prior to a first flush 

event. 

 

The following is also assisting to reduce this risk further: 

 Continuing to provide supplementary flows to Boundary Creek during dry periods to help 

mitigate against cease to flow events in Boundary Creek.  

 The recovering LTA levels have indicated that more of the bottom end of the swamp are 

inundated more of the time, helping to prevent further acidification of soils during summer. 

 

Should the downstream active treatment contingency be required, the detailed design that has been 

developed allows for procurement of a containerised chemical dosing system that could be easily 

procured and deployed. 
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Plan for next steps: 

 Begin approvals process and commercial agreements for hydraulic barrier with the option to 

install this summer or at a later stage pending outcomes from the upstream treatment trial 

 Develop trial plan and cost estimates of the upstream treatment - hold point / decision point 

as to whether to proceed 

 Decision will be informed by consideration of and communication of implications for broader 

timeframes for implementation of other remediation actions 

 If trial is to proceed, engage experts to begin trial of upstream treatment option, in line with 

the trial plan.  

 Outcomes of the trial will then inform another hold point / decision point regarding full 

implementation of the caustic magnesia treatment in conjunction with installation of the 

hydraulic barriers 

 

Timelines 

Given the proposed next steps, at this stage it is not possible to provide a detailed action plan with 

timeframes for implementation of remediation actions. A detailed action plan may only be finalised 

once the trial plan has been developed for upstream treatment with caustic magnesia and the trial has 

been completed. The time needed to complete the trial is currently unknown but will be informed by 

the trial plan. Time frames for implementation of upstream treatment if the trial is successful can only 

be determined once the trial has been completed. Once the trial has been completed it will then be 

feasible to confirm timeframes for installation of the hydraulic barriers and downstream treatment 

contingency measure if required.  

The updated actions and timeframes for competition (as they are determined) will continue to be 

tracked and reported in the task tracker included in quarterly updates and annual report. 
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Appendices  
 

Appendix A: Hydrogeochemical modelling of Big Swamp and Boundary Creek 
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Executive Summary 

Big Swamp is an acid sulfate soil swamp located on Boundary Creek that has become acidic through a 

combination of factors including groundwater extraction from the Barwon Downs borefield coupled with a drier 

climate and the ineffective regulation of passing flows along Boundary Creek. This has resulted in the ongoing 

discharge of acidic and metalliferous water from Big Swamp to the lower reaches of Boundary Creek and the 

Barwon River.  

In response to this, Barwon Water have commissioned numerous studies and investigations to assess potential 

options for remediating the Big Swamp and Boundary Creek system. These studies have indicated that the 

inundation of Big Swamp via the installation of hydraulic barriers and enhancing flow supplementation is the 

most effective long-term mechanism for limiting ongoing sulfide oxidation and acidification.  

This report builds on these previous studies to understand the potential hydrogeochemical outcomes associated 

with the implementation of such a remedial strategy to help inform subsequent decision making. It does so by: 

• Reviewing groundwater and surface water monitoring data and a 1-day surface water monitoring event 

in Big Swamp to develop a robust hydrogeochemical conceptual model of Big Swamp, 

• Undertaking modelling simulations to assess the potential risk of fish kills in the Barwon River in 

response to the discharge of water from Boundary Creek and hence, if contingency measures such as 

downstream treatment may be required to mitigate risks and ultimately improve remediation outcomes, 

• Building a hydrogeochemical model based on the conceptual site model that is capable of simulating 

the chemistry of water monitored downstream of Big Swamp and using the model to simulate the 

potential changes in water chemistry discharging from Big Swamp in the presence and absence of 

remediation (i.e. inundation), 

• Undertaking modelling simulations to inform the requirements of potential contingency measures to 

inform subsequent design,  

• Assessing the duration over which remediation may take to occur in response to inundation and whether 

additional measures to increase the rate of remediation warrant further consideration.    

The outcomes of the report can be summarised as follows. 

Surface water monitoring event 

A one-day sampling and field monitoring event was undertaken on the 7th of April 2021 to assess changes in 

water chemistry along surface water flow paths through Big Swamp. Two flow paths were observed during the 

event including the northern “primary” channel and a southern flow path which diverts water through the interior 

of the swamp. Surface water quality was monitored at 17 locations on the day using a field water quality meter 

and water samples were collected at 10 representative locations for detailed laboratory analysis. Field 

observations indicated that the northern flow path was not flowing on the day in question, suggesting that it is 

not the primary flow path through Big Swamp. This was a key assumption in the groundwater surface model by 

GHD (2020) and future updates to the groundwater surface water model should consider this.  

Surface water quality results indicated that the greatest increase in surface water acidity occurred in the eastern 

portion of the swamp, suggesting that increased groundwater discharge in the eastern end of the swamp was the 

primary pathway for acidity mobilisation into surface water during the sampling event.  Further, it was observed 

that surface water pH declined as water moved through the swamp and continued to decline in Reach 3 of 

Boundary Creek as the groundwater discharge from the swamp was oxidised. 
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Conceptual site model 

The hydrogeochemical conceptual site model adopts a source, pathway, receptor approach to assess the primary 

mechanisms by which acidity is discharged to Boundary Creek. To do this, it combines groundwater and surface 

water monitoring data with static soil laboratory test work undertaken by Cook et al (2020) to characterise the 

relative stores of acidity and timing at which acidic discharge is observed in Boundary Creek. 

The model highlights that the greatest store of acidity in Big Swamp appears to be soil acidity followed by 

groundwater acidity, while pore water acidity in the unsaturated zone appears to be negligible. Despite this, while 

the upper portion of the soil profile represented the greatest store of acidity in Big Swamp (810 tonnes of CaCO3 

equivalent), periods of high runoff over these soils when groundwater discharge modelled by GHD (2020) was 

low suggest that acidic runoff provides a negligible inputs of acidity into Boundary Creek.  

Conversely, by applying a reasonable range in groundwater acidity concentrations based on monitoring data to 

the estimated groundwater discharge volumes provided by GHD (2020), the discharge of acidity from 

groundwater can account for all of the acidity observed in discharge from Big Swamp. This suggests that while 

soil acidity may represent the greatest primary source of acidity in Big Swamp, groundwater discharge represents 

the primary pathway by which acidity is discharged to Boundary Creek. 

As such, the hydrogeochemical conceptual site model indicates that combining the groundwater-surface water 

model with monitoring of groundwater chemistry can be used to characterise the discharge of acidity from Big 

Swamp into Boundary Creek under current conditions and assess how this may change in response to barrier 

installation. 

Hydrogeochemical Modelling 

The modelling package PHREEQC was used to estimate the following: 

• Potential ecological impacts of acidic water in Boundary Creek to the Barwon River 

• Dosing requirements of a potential downstream contingency measure 

• The timeframe associated with water quality changes with remediation involving the installation of 

hydraulic barriers 

• Requirements of a potential upstream treatment system. 

Potential impacts to the Barwon River 

The discharge of acidic waters from Big Swamp have been documented to cause a fish kill event in the Barwon 

River downstream of its confluence with Boundary Creek in 2016 (Barwon Water, 2019). While the discharge of 

acidic water from Boundary Creek into the Barwon River is relatively well documented, to date there has been 

little investigation into how this translates into a risk of a fish kill event occurring in the Barwon River. 

To assess this risk, surface water monitoring data from Boundary Creek upstream of Big Swamp, downstream of 

Big Swamp and in the Barwon River upstream of its confluence with Boundary Creek were reviewed to assess the 

key analytes which pose the greatest risk of causing a fish kill in the Barwon River. These were identified as pH, 

aluminium and iron. 

To better understand the conditions under which these risks could be realised, a series of mixing simulations 

using the hydrogeochemical modelling package PHREEQC were undertaken to establish the proportion of flow 

from Boundary Creek relative to the Barwon River required to yield such risks. These results were subsequently 

compared to typical monthly flow conditions in both Boundary Creek and the Barwon River. This indicated that 

risks to the Barwon River are highest during May and June, when discharge from Boundary Creek contains higher 

concentrations of parameters of concern and flows from the creek begin to increase. Higher flow periods (July-

August) tend to represent lower risks to the Barwon River due to lower concentrations of parameters of concern 
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becoming diluted.  Lower flow periods (December-March) also tend to represent lower risks to the Barwon River 

due to the reduced flow contribution from Boundary Creek. These results were consistent with sampling 

undertaken to date by Austral (2020). 

The only recorded fish kill event in the Barwon River occurred in June 2016 when flows from Boundary Creek 

represented ≥40% of those in the Barwon River. This period represents a flow event following flow cessation in 

Boundary Creek (known as a first flush). While other first flush events have yielded a similar contribution of flows 

to the Barwon River, these were preceded by 4 months or less of flow cessation in Boundary Creek, whereas the 

June 2016 event was preceded by more than 8 months of flow cessation in Boundary Creek. This suggests that 

the Barwon River is at the greatest risk of a fish kill event following an extended period of flow cessation in 

Boundary Creek (>4 months) when flows from Boundary Creek represent ≥40% of those in the Barwon River. 

Downstream contingency measures 

A number of potential contingency measures to improve water quality in Reach 3 of Boundary Creek and reduce 

risks to the Barwon River have been considered as part of the Remediation and Environmental Protection Plan 

(REPP). CDM Smith (2019) completed an options assessment as part of the development of the REPP and 

recommended aerial liming and an active treatment system be investigated as contingency measures.  Jacobs 

(2021b) further refined the options assessment for the contingency measures, focusing on the implementation, 

constructability and operation and maintenance. Jacobs investigated the range of potential locations, 

application methods and chemicals that could be adopted as a contingency measure.  A chemical dosing system 

located on the downstream (Eastern) end of the Big Swamp using sodium hydroxide (NaOH) as a pH correction 

chemical was recommended as the preferred option for the contingency measure.   

To inform the potential design requirements of such a system, a series of simulations using PHREEQC were 

undertaken to achieve a variety of different pH outcomes in Boundary Creek based on the range of historically 

observed water quality analysis and flow rates. The modelling indicates that to achieve a pH of 6, NaOH dosing 

rates range from less than 80 L/day under summer low flow and initial flushing conditions, to 200 L/day during 

winter-spring high flows conditions and 700 L/day during ongoing flushing conditions. On a monthly basis, to 

achieve a pH of 6, dosing rates range from as little as 64 L in March to as much as 12,800 L in July. On an annual 

basis, the total volume required to achieve a pH of 6 is estimated to be approximately 68,000 L, with the 

majority (47,000 L) required between the months of May and September.  

Model runs were also undertaken to assess the potential build-up of aluminium hydroxide and iron hydroxide 

precipitates which may need to be managed as part of contingency operation and maintenance. The annual 

build-up of aluminium and iron hydroxide sludge in response to sodium hydroxide dosing is estimated to be 24 

m3 assuming treatment to pH of 6. 

Predicted water quality outcomes from inundation 

The installation of hydraulic barriers through Big Swamp is one of several remedial actions recommended in the 

Remediation and Environmental Protection Plan (REPP) to improve the flows and water quality, as well as the 

vegetation and ecology in Boundary Creek and Big Swamp. The predicted water quality outcomes of the 

hydraulic barriers were assessed by combining the conceptual site model, the groundwater-surface water model 

(GDH, 2020) and the hydrogeochemical modelling software package PHREEQC to estimate the magnitude and 

timing of these changes.  

Potential water quality outcomes following inundation were assessed by developing a hydrogeochemical model 

in PHREEQC and calibrating it to the observed water quality downstream of Big Swamp. This was subsequently 

used to, predict the change in water quality associated with enhanced groundwater discharge from the western 

end of the swamp as predicted by the groundwater-surface water model (GHD, 2020). This was used to estimate 

changes in the load of acidity discharging from Big Swamp. Results indicate that following inundation, the 

annual load of acidity discharging from Big Swamp may increase from approximately 80 tonnes CaCO3 

equivalent per year to approximately 160 tonnes CaCO3 equivalent per year as a result of the enhanced 

discharge of acidic groundwater. 
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The mass of acidity available for contribution to the groundwater and surface water system (both existing and 

potential) was estimated by combining the static soil test results from Cook et al. (2020) with the modelled 

depth to watertable predicted in the presence and absence of inundation by GHD (2020). The results indicate 

that while the existing acidity remains unchanged between these two scenarios (approximately 3,900 tonnes 

CaCO3 equivalent), the amount of potential acidity which may be released via oxidation is estimated to reduce 

from approximately 4,000 tonnes CaCO3 equivalent to 1,600 tonnes CaCO3 equivalent via watertable rise 

following inundation.  

Accordingly, the results indicate that in the absence of inundation, water quality improvements in Boundary 

Creek would not be expected for approximately 100 years, while improvements following inundation may occur 

in approximately 35 years (noting that this does not take into account recovery of groundwater levels in the 

Lower Tertiary Aquifer which have not been modelled by GHD (2020) due to the absence of groundwater level 

information in the LTA in the western portion of the swamp prior to the undertaking of this report). This 

highlights that a potential upstream treatment may be required to improve the timeframe for remediation. 

Potential upstream treatment option 

As water quality improvement in Boundary Creek via inundation was estimated to take decades, and the 

Independent Technical Review Panel (ITRP) recommended that an upstream treatment system using caustic 

magnesia (MgO) be considered, further investigation into accelerating remediation via the introduction of 

alkalinity (via and upstream treatment option) was deemed warranted. However, there is little information 

publicly available on this particular method of treatment and the expert advice sought recommended that an 

onsite trial would be required to determine the viability of this method of treatment. 

To inform the potential design requirements of such a system, a series of simulations using PHREEQC were 

undertaken to achieve a variety of different pH outcomes in Boundary Creek based on the range of historically 

observed water quality analysis and flow rates. 

The results indicate that to achieve a pH of 6, dissolution rates range from less than16 kg/day under summer 

low flow and initial flushing conditions, to 40 kg/day during winter-spring high flows conditions and 80 kg/day 

during ongoing flushing conditions. 

On a monthly basis, to achieve a pH of 6, dissolution rates range from 13 kg in March to as much as 2,700 kg in 

July. The total annual mass required to achieve a pH of 6 is approximately 14,000 kg, with the majority (9,500 

kg) required between the months of May and September. 

The upstream treatment option provides benefits by way of reduced sludge management and environmental 

risks associated with overdosing, however dissolution rates, alkalinity loads and the ability for alkalinity to reach 

areas of acidic discharge need to be proofed with field trials. 
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1. Introduction 

1.1 Background 

The hydrogeochemical evolution of the Boundary Creek and Big Swamp system reflects the culmination of 

numerous events throughout the catchment’s convoluted history. This includes:   

1- The initial deposition of acid sulfate soils in the swamp,  

2- The construction of nearby agricultural drains and farming in the area over 100 years ago,  

3- Step changes in climate (including the Millennium Drought),  

4- The construction of an on-stream dam upstream of the swamp,  

5- Groundwater extraction by Barwon Water and the release of supplementary flows to Boundary Creek, 

and  

6- Peat fires in the swamp and the excavation of trenches by CFA to control these fires. 

There have been numerous studies undertaken in the Boundary Creek Catchment that have focussed on 

characterising its hydrogeochemistry. A timeline of these studies and their implication for the remediation of 

Boundary Creek and Big Swamp are summarised below and in Figure 1-1. 

Davidson and Lancaster (2011) undertook a preliminary inland Acid Sulfate Soil (ASS) assessment via a 

structured sampling program. While preliminary in nature, this study represented the first ASS site investigation 

at the swamp and in doing so, was the first to identify ASS in the swamp. The program identified the occurrence 

of both actual and potential ASS in the swamp and thus, that sulfide oxidation was currently active in the swamp.  

Subsequently, Hirst et al. (2012) undertook a site investigation that specifically focussed on the effect of 

bushfires on soil geochemistry in a peat rich ASS environment. The study highlighted the formation of minerals 

a-typical to unburnt ASS environments, including maghemite and magnetite. Of interest to remediation, these 

minerals are relatively stable and less likely to participate in remedial geochemical reactions upon inundation. 

Further geochemical analysis of soils in Big Swamp were completed by Glover (2014), who characterised the 

occurrence of an oxidation profile in certain areas of the swamp (i.e. that soils higher in the profile were acidic, 

though deeper in the profile high concentrations of sulfides remained with the potential for further drying to 

cause ongoing acidification). 

In 2017, Jacobs undertook the Yeodene Swamp study. This focussed on reviewing the catchment history in 

concert with a soil, groundwater and surface water monitoring program to develop a conceptual model of the 

swamp, characterise its current hydrogeochemical state and assess the drivers of acidification in the swamp. The 

study found that the processes contributing to flow reductions in Boundary Creek (low rainfall and groundwater 

extraction) in 1990 and since 1999 were the key factors driving acidification. 

Upon recognition of this, and in response to ongoing community concern, Barwon Water sought to remediate Big 

Swamp and Boundary Creek (which was subsequently enshrined in a section 78 notice) via the Boundary Creek, 

Big Swamp and surrounding environment Remediation and Environmental Protection Plan (REPP). This lead to 

the undertaking of numerous studies including a comprehensive soil sampling program aimed at refining the soil 

geochemistry in the swamp (Jacobs, 2019a), soil incubation tests which simulated the soils geochemical 

response to inundation (Monash University, 2020), the development of a basic conceptual geochemical model  

of Big Swamp (GHD, 2019) and a preliminary groundwater-surface water model of Boundary Creek and Big 

Swamp (Jacobs, 2019b) to assess the viability of maintaining inundation in the swamp as a remediation strategy.  

Through the undertaking of these studies, the spatial distribution and concentration of ASS (both in acidified and 

potential states) in the swamp was characterised, allowing for proposed inundation to target key areas of 

concern which are susceptible to further acidification upon oxidation. Further, it was found that while inundation 

may initially raise water pH in the swamp (via iron reduction), increases in pH would not be expected 
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downstream of the swamp immediately following inundation. This is because the system appears to be sulfate 

limited with respect to sulfide formation and thus, the discharge of ferrous water from the swamp into Boundary 

Creek and its subsequent oxidation is likely to release any stored acidity, until all acidity in the system has been 

removed or treated. 

Despite this, the primary remediation strategy for Boundary Creek and Big Swamp remains inundation as the 

most effective long-term mechanism for limiting ongoing sulfide oxidation and acidification. Further refinement 

of the groundwater-surface water model was undertaken during 2020 to determine the optimal combination of 

flow delivery and augmentation (via hydraulic barriers or flow diversions) to achieve inundation in areas 

susceptible to generating further acidity upon drying. 

In parallel with groundwater-surface water modelling, ongoing groundwater and surface water chemistry have 

been monitored at monthly time intervals at 17 shallow (<6 m) bores within Big Swamp, 3 deeper nested bores 

immediately to its south east and surface water upstream-downstream of the swamp since late 2019.  

The focus of this report is to combine monitoring data with the current understanding of hydrogeochemical 

processes occurring in the swamp and the results of the groundwater surface water modelling to undertake 

predictive hydrogeochemical modelling to estimate the changes in water quality in Boundary Creek in response 

to remediation. This exercise will be key to informing: 

1- Whether the proposed remediation strategy will achieve the desired water quality outcomes  

2- The timing associated with water quality changes 

3- If additional (contingency) measures are necessary during remediation 

This study was undertaken in conjunction with the following studies as required by the Remediation and 

Environmental Protection Plan (REPP): 

• Detailed Design of the Hydraulic Barriers (Jacobs, 2021a) 

• Big Swamp Contingency Measures Design Report (Jacobs, 2021b) 

 

Figure 1-1 Summary of hydrogeochemical investigations of Boundary Creek and Big Swamp 
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1.2 Scope 

Based on the above, this report aims to: 

• Review a 1-day surface water monitoring event in Big Swamp undertaken on April 7th 2021 

• Develop a hydrogeochemical conceptual site model (CSM) based on the results of groundwater-surface 

water monitoring (including the results of the 1-day monitoring event) 

• Undertake modelling simulations using PHREEQC to assess the potential ecological risks and the risk of 

fish kills in the Barwon River in response to the discharge of water from Boundary Creek and hence, if 

contingency measures such as downstream treatment may be required to mitigate risks and ultimately 

improve remediation outcomes. 

• Build a hydrogeochemical model using PHREEQC based on the CSM that is capable of simulating the 

chemistry of water monitored at the surface water gauge 233276 downstream of Big Swamp 

• Use the model to simulate the potential changes in water chemistry discharging from big swamp in the 

presence and absence of remediation (i.e. inundation) 

• Undertake modelling simulations using PHREEQC to assess the magnitude of potential contingency 

measures to inform subsequent design  

• Assess the duration over which remediation may take to occur in response to inundation and whether 

additional measures to increase the rate of remediation warrant further consideration    

1.3 Report Structure 

• Chapter 2 describes the outcomes from the surface water monitoring event undertaken to inform the 

conceptual site model. 

• Chapter 3 outlines the current understanding of the source of acidity, mobilsation pathways and impacts 

on the receptor (Reach 3 of Boundary Creek which discharges to the Barwon River) 

• Chapter 4 discusses the potential conditions under which the Barwon River may be at greatest risk of 

ecological risks (primarily fish kills) as a result of acidic discharge from Boundary Creek 

• Chapter 5 undertakes a series of modelling simulations to inform the potential requirements (dosing 

rates, and storage volumes) which a downstream dosing plant may need to meet to mitigate risks 

(primarily fish kills) to the Barwon River. 

• Chapter 6 builds upon the conceptual site model and the groundwater surface water model developed 

by GHD (2020) to predict the water quality outcomes in Boundary Creek which may occur in response to 

remediation (barrier installation and flow supplementation) and subsequently, assess the duration over 

which remediation may take to occur. 

• Chapter 7 provides an initial review of an upstream treatment solution which may enhance remediation.     

• Chapters 8 and 9 summarise the reports conclusions and recommendations,  respectively. 
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2. Surface water monitoring event 

To help inform the hydrogeochemical conceptual site model, a one-day sampling and field monitoring event 

was undertaken on the 7th of April 2021 to assess changes in water chemistry along surface water flow paths 

through Big Swamp. Two flow paths were observed during the event including the northern “primary” channel 

and a southern flow path which diverts water through the interior of the swamp.  

Field water quality parameters were collected at 17 locations on the day and water samples collected at 10 

representative locations for detailed laboratory analysis. The sampling locations are illustrated in Figure 2-1 

below. The surface water flow rate at gauge 233276 (downstream of Big Swamp) was 1.27 ML/day on the day of 

sampling and represents a period of moderate to low flow in the Boundary Creek system that was preceded by 7 

days of no rainfall (see Figure 2-2). 

 

Figure 2-1 Location of surface water monitoring and sampling locations in Big Swamp on April 7th 
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Figure 2-2 Rainfall and surface water flow conditions during surface water monitoring event (surface water 

monitoring at gauge 233276 and rainfall monitored at gauge 233250). 

During the sampling event, flowing surface water was apparent in the interior of the swamp along the entirety of 

its length (at BH15, BH10, BH07 and BH01). However, flowing surface water was only observed in the northern 

channel between the gauge upstream of Big Swamp (233275) and the surface water sample point BC02. Surface 

water monitoring points in the northern channel downstream of this represented discrete pools of surface water 

that were either remaining from higher flow conditions during January and early February when the pools may 

have been connected, accumulated rainfall, or the surface expression of groundwater in topographic low points. 

These observations suggest that the northern channel does not represent the primary flow path through Big 

Swamp to the east of BC02 and that flows through the interior of the swamp predominate. The representation of 

flows paths through the swamp should be re-considered during future iterations of groundwater-surface water 

modelling.   

The results of the field monitoring are summarised in Table 2-1 below with detailed laboratory results provided 

in Appendix A. Trends in the concentration of acidity and pH of surface water in both the northern channel and 

interior of the swamp have been illustrated in Figure 2-3 and Figure 2-4, respectively. These figures illustrate 

that under these conditions, concentrations of acidity are significantly less in western half of the swamp 

compared to the eastern half.   

While a decline in pH was also observed along both flow paths, trends did not directly correlate with changes in 

concentrations of acidity. As indicated by Cook et al. (2020), aqueous pH values in Big Swamp can vary in 

response to iron reduction and oxidation. Given the dominance of Fe(II) derived acidity during the sampling 

event (see Appendix A), the increases in pH observed between 600-900 m is likely due to the input of reduced 

groundwater with elevated Fe(II) concentrations and higher pH values, as indicated by Cook et al. (2020). The 

subsequent decline in pH values at gauge 233276 is therefore likely to reflect the partial oxidation of dissolved 

Fe(II). It is also noted that further decline in pH was observed between gauge 233276 and 233278 at Yeodene, 

from 4.59 to 3.23, indicating further oxidation of Fe(II) through reach 3 of Boundary Creek. 

It is also noted that concentrations of acidity and pH values of surface water at BH01 (336 mg/L and 5.44, 

respectively) have been excluded from the trends illustrated in Figure 2-3 and Figure 2-4 as although surface 

water was flowing at this location, the sampling location was on the fringes of the main flow paths and is 

therefore unlikely to characterise the main flow path. It is likely that flow paths around such fringing areas of the 

swamp will have longer residence times in the swamp and greater opportunity for interaction with soils or inputs 

from groundwater, resulting in higher concentrations of acidity. Future sampling events should aim to target the 

centre of the interior flow path in this area of the swamp, perhaps at BH02 or BH03. 
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Table 2-1 Field monitoring parameters during monitoring event 

ID Time Easting Northing T DO EC pH ORP 

233275 8:30 211227 5742085 12.9 11.83 303.9 7.06 147.5 

Mon01 8:52 211253 5742042 12.8 13.47 289.8 7.09 110 

Mon02 8:58 211265 5742007 13.1 23.02 289.2 6.98 88.3 

Mon03 9:04 211304 5741992 12.9 12.65 290.9 6.76 83 

BC01 9:16 211349 5742058 12.9 7.78 292.1 6.81 87 

Mon04 9:29 211340 5742109 13.2 11.63 297.7 6.87 73.1 

Mon05 9:34 211362 5742163 13 14.18 391.3 6.66 67.6 

Mon06 9:42 211399 5742230 13.1 13.88 295.2 6.62 77.9 

BC02 10:02 211546 5742352 11.7 3.4 492 5.83 n/a 

BC03 10:36 211795 5742345 12.3 4.2 592 6.14 -17.6 

Mon07 10:56 211940 5742315 12.6 7.3 562.3 5.99 3.4 

BH15 12:50 211526 5742139 13.2 8.75 333.8 5.1 128.1 

BH10 13:10 211811 5742255 13.7 7.72 426.5 5.39 86.1 

BH07 13:27 211911 5742243 13.9 14.17 485.6 6.13 40.6 

BH01 13:50 212056 5742139 15.6 9.77 572.3 5.44 89.1 

233276 13:58 212114 5742221 15.1 11.37 638 4.59 141.1 

Yeodene 14:47 212858 5742306 14.5 12.14 723 3.23 348.5 

 

 

Figure 2-3 Trends in acidity and pH downstream of gauge 233275 in the northern channel 
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Figure 2-4 Trends in acidity and pH downstream of gauge 233275 in the interior of the swamp 
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3. Conceptual site model 

The formation and oxidation of sulfides in Big Swamp represent natural processes and evidence of acidic 

discharge from Big Swamp and have been documented as early as 1990 or even earlier (Jacobs, 2018).  

However, there is benefit in considering the system using a source-pathway-receptor model that is more 

common of contaminated sites. This is because understanding the potential sources and pathways by which 

acidic and metalliferous water mobilises to Boundary Creek can aid assessment of potential remediation 

strategies. As such, the below conceptual site model (CSM) has been developed using a source-pathway-

receptor model, which considers the following: 

• The potential sources of acidity including that stored as solid phase minerals in surface soils; that stored 

in pore water in the unsaturated zone; and that stored in groundwater in the saturated zone. 

• The potential pathways by which this can move into Boundary Creek including acidic runoff from surface 

soils, unsaturated zone flow and groundwater discharge.  

• The effects of acidic and metalliferous discharge on water quality at the receptor, which in this case is 

Reach 3 of Boundary Creek. 

For the purpose of this CSM, the primary “contaminant” considered is acidity. This is because, while other 

analytes (such as dissolved metals) may also be considered as contaminants of concern in the system, these are 

secondary in nature and their concentration is typically related to the concentrations of acidity and the pH of the 

water in Big Swamp. This is discussed further in section 3.3 below. 

It is important to note the difference between “acid” and “acidity”. While acid refers to a measure of the free 

hydrogen ions (H+) in a solution which is typically expressed as pH (by pH = -log10[H+]), acidity also considers 

additional latent H+ which may be released via the hydrolysis of various metals and precipitation of metal 

hydroxides from solution. For example, the stepwise release of H+ from pyrite in acid sulfate soils as summarised 

by reactions (1) to (3) below illustrates that the oxidation of iron (II) and precipitation of Fe(OH)3  releases an 

additional net 2 moles of latent H+ per mole of iron (II) that is oxidised. 

FeS2 + 3.5 O2 + H2O ⇔ Fe2+ + 2SO4
2- + 2H+       (1) 

Fe2+ + 0.25 O2 + H+ ⇔ Fe3+ + 0.5 H2O        (2) 

Fe3+ + 3 H2O ⇔ Fe(OH)3 + 3H+         (3) 

For the purpose of this CSM, acidity has been expressed in units of CaCO3 equivalent (per volume of water or 

mass of soil). This is a conventional unit used within the ASS and AMD community and is useful in 

conceptualising the amount of CaCO3 (as a concentration or a mass) required to neutralise the acidity present 

within a system. 

3.1 Source of acidity 

The primary source of acidified water in Boundary Creek could be simply described as oxidised sulfides in Big 

Swamp. However, for the purpose of this CSM this is an overly simplistic conceptualisation, as the oxidation of 

sulfides over the last 30 years has resulted in the movement of this acidity into different secondary stores. This 

includes:  

- Acidity stored in solid phase as minerals in the soils themselves 

- Acidity stored in groundwater resulting from the infiltration of acidic recharge/seepage 

- Acidity stored in the pore water of soils in the unsaturated zone 
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3.1.1 Soil acidity 

To characterise acidity in the solid phase, test work undertaken by Cook et al. (2020) on soil cores collected from 

the swamp have been used. The combined actual and retained acidity from the upper most sample from the soil 

profile at each of the 17 cores collected has been used to characterise the existing surface soil acidity as the 

most representative of those above the saturated zone. These soil samples were collected between 0.1 and 0.6 

m depth below surface with an average depth of 0.24 m across the 17 samples.  

The concentration of existing soil acidity in these samples ranged from 5.1 to 48.9 kg CaCO3/t with an average 

concentration of 20.8 kg CaCO3/t. The distribution of soil acidity throughout Big Swamp has been illustrated in 

Figure 3-1 below. This indicates that concentrations of acidity generally range between 10 and 30 kg CaCO3/t 

throughout the majority of the swamp, with higher concentrations observed along the southern boundary of the 

swamp (at BH11 and BH14) and in the eastern end of the swamp (at BH01 and BH02). 

The total mass of existing acidity in the surface soils of the swamp can be estimated by multiplying the average 

concentration of acidity measured in samples in each of the zones between contour intervals illustrated in Figure 

3-1 by the mass of soil in each of the zones. The mass of soil in each of these zones can be estimated by 

multiplying the average depth of sampling (0.24 m) with the surface area in each zone and adopting an 

estimated soil density. Given the soils are clay dominated we have adopted a density of 1,400 kg/m3 for dry clay 

(consistent with Cook et al., 2020). It should be noted that there is uncertainty in such an approach related to the 

heterogeneity of acidity concentrations in each of the zones as well as the density adopted (which commonly 

range from 1,200-1,600 kg/m3 for clayey soils: e.g. Hillel, 1980; Linsley, 1993). This uncertainty could be 

reduced by undertaking additional surface soil sampling and analysis of soil density and acidity.  

The mass of acidity in surface soils in Big Swamp can be summarised in each zone according to Table 3-1, which 

yields an estimated total mass of acidity of approximately 810 tonnes CaCO3 equivalent. To provide an indication 

of the uncertainty associated with this approach, upper and lower estimates of acidity based on soil densities 

ranging from 1,200-1,600 kg/m3 were made. This yields an upper acidity estimate of 920 tonnes CaCO3 

equivalent and a lower estimate of 690 tonnes CaCO3 equivalent. 

Table 3-1 Estimated mass of acidity in surface soils 

Concentrations range Average acidity (kg/t) Estimated mass of soil (t) Estimated mass of acidity (t) 

<10 5 11,525 76 

10-20 15 5,507 89 

20-30 25 9,218 258 

30-40 35 5,893 221 

40-50 45 3,430 161 

Total 35,574 807 
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Figure 3-1 Spatial distribution of soil acidity in Big Swamp 

3.1.2 Groundwater acidity 

Temporal trends in groundwater acidity in each monitoring bore have been presented for the period between 

November 2019 and February 2021 in Appendix C. While it is recognised that temporal processes may influence 

the variability of groundwater acidity at each bore, these variations tended to be less significant than spatial 

variations across the swamp. This is illustrated in Figure 3-2 which shows the average concentration of acidity in 

groundwater at each bore relative to one standard deviation. On average, the standard deviation represented 

40% of the average acidity concentration at any given bore, though this tended to be higher for bores with lower 

concentrations of acidity and lower for those with higher concentrations of acidity. Regardless, this variability is 

significantly less than the spatial variability in the average concentration of acidity across bores, which varied by 

as more than 4,000%. As such, spatial trends in groundwater acidity can be reliably made based on the average 

concentration of acidity at each monitoring bore. 

Spatial trends in the concentrations of groundwater acidity throughout Big Swamp have been illustrated in 

Figure 3-3 below. This shows that concentrations of acidity are generally higher along the southern boundary of 

the swamp, as indicated by BH14, BH11, and BH09, BH08 and BH04, though this trend is most heavily 

influenced by BH14 and BH08 which exhibit average concentrations of >2,000 mg/L CaCO3. BH04 and BH08 

exhibit reduced groundwater level fluctuations and are further from surface water flow paths than other bores. 

As such, groundwater at these bores is unlikely to be diluted or flushed by throughflow or surface water 

infiltration to the same extent as other bores.  

The lowest concentrations of acidity in groundwater in Big Swamp occur at the eastern end of the swamp across 

BH01, BH02, BH03, BH05, BH06 and BH07, in which the average concentration of acidity is <125 mg/L CaCO3. 

These bores are located close to surface water flow paths, have groundwater levels close to the ground surface 
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and groundwater is likely to be diluted or flushed by throughflow and surface water infiltration to a greater 

extent than other bores.  

The average concentration of acidity at the remaining bores (BH10, BH12, BH15, BH16, BH17 and BH18) ranges 

between 200 and 900 mg/L CaCO3. Other than BH12, these bores exhibit significant seasonal groundwater level 

fluctuations. Unlike BH14 and BH08 which are likely to be less connected to surface water, or bores at the 

eastern end of the swamp which are often likely to interact with surface wate, groundwater at these bores are 

likely to be diluted or flushed by throughflow and surface water infiltration predominantly under high rainfall 

and surface water flow conditions. 

 

Figure 3-2 Average concentration of acidity in each monitoring bore in Big Swamp by month (+/- 1SD) 
1Outlier sample May 2020 at BH8 not included in statistical analysis 

 

Figure 3-3 Average groundwater acidity concentrations in Big Swamp (based on monitoring data Nov 2019 to 

August 2020) 
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The total mass of acidity stored in groundwater in the swamp can be estimated by multiplying the average 

concentration of acidity measured in the zones between contour intervals illustrated in Figure 3-3 by the volume 

of groundwater in each of the zones. The volume of water in each of these zones can be estimated by multiplying 

saturated thickness of the affected aquifer in each zone by the aquifer porosity.  The saturated thickness was 

estimated using the average depth to watertable as represented by monitored in each zone as provided in 

Appendix B and the bottom of the screened interval of 5 m bgl, and the aquifer porosity was assumed to be 0.4 

for silty clays in accordance with Morris and Johnson (1967).  

While the porosity of the alluvial aquifer may vary spatially and the range in porosities for a silty clay may range 

beyond this value (e.g. Morris and Johnson suggest a range of 0.34-0.61 for silts and clays) the value of 0.4 

adopted here is reasonable estimate for the purpose of assessing the potential mass of acidity stored in 

groundwater compared to other sources.  It is also recognised that this is higher than the upper estimate of the 

specific yield of 0.3 set in the groundwater model (GHD, 2021), however the estimate provided here represents 

the mass of acidity that currently exists in groundwater that could be drained over time via throughflow and 

discharge and not the current volume available for drainage.  

The volume of water stored in the shallow alluvial aquifer in the swamp has been estimated at approximately 

190 ML with an estimated acidity mass of 126 tonnes CaCO3 equivalent. To provide an indication of the 

uncertainty associated with this approach, the range in the mass of acidity stored in groundwater was estimated 

by considering the range in aquifer porosities for silts and clays (0.34-0.61). This yields a potential range in the 

mass of acidity in groundwater of 107 to 192 tonnes of acidity as CaCO3 equivalent.  

It is noted that the thickness of the shallow aquifer affected by acidic infiltration could extend deeper than 5 m 

bgl. This uncertainty could be reduced by installing slightly deeper nested monitoring bores next to the existing 

bores.  

Table 3-2 Estimated mass of acidity in groundwater 

Concentrations 

range 

Adopted acidity 

(mg/L) 

Estimated volume of water 

(ML) 

Estimated mass of acidity (T 

CaCO3) 

<100 75 49 4 

100-200 150 16 2 

200-500 450 43 19 

500-1000 750 36 27 

1000-1500 1250 22 27 

1500-2000 1750 17 30 

>2000 2250 7 16 

Total 190 126 

A summary of the temporal trends in the concentration of groundwater acidity in Big Swamp is illustrated in 

Figure 3-4 below, which presents the time varying average concentration of acidity across all monitoring bores in 

Big Swamp by month. This indicates that on average, the highest concentrations of acidity occurred during 

January-February 2020 following reduced rainfall and flow cessation in the swamp. This suggests that the 

absence of recharge and ongoing sulfide oxidation during this period resulted in the input of acid into the 

groundwater system. Conversely, the lowest concentrations of acidity occurred in May 2020 after increased 

rainfall and surface water flows in the catchment returned. While this provides a reasonable representation of 

general temporal trends across the swamp, it is recognised that such trends vary at each bore as illustrated in 

Appendix C and already discussed above. 
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Figure 3-4 Average concentration of acidity across all monitoring bores in Big Swamp by month 

3.1.3 Pore water acidity 

Acidity stored in pore water in the unsaturated zone of soils in Big Swamp is the most difficult to characterise 

owing to the absence of leach test data or monitoring of the near surface groundwater (<1 m depth) which 

would be indicative of the chemistry of soil pore water. In the absence of this data, the best estimate of pore 

water acidity based on  the available data can be made from shallow groundwater in monitoring bores when the 

watertable is close to the screened section (i.e. when the watertable is low) during periods immediately following 

rainfall events, when the vertical infiltration of water through the unsaturated zone will have the greatest 

influence on shallow groundwater chemistry.  

To represent this, BH16, BH17 and BH18 have been selected as the groundwater levels in these bores fell to 

levels to 2.3, 1.9 and 1.3 mbgl over the 2019-2020 summer (see Appendix B), which is close to the top of screen 

in these bores at this time (2.0, 1.9 and 1.5 mbgl, respectively). Subsequent rainfall and surface water infiltration 

during February and March 2020 resulted in an increase in groundwater levels in these bores and as such, 

groundwater chemistry at this time may be more reflective of soil pore water than at other locations at other 

times. Furthermore, as these bores are located in the western end of the swamp, groundwater in these bores is 

less likely to be affected by geochemical processes occurring in the groundwater system (i.e. iron reduction) 

during lateral flow towards the eastern end of the swamp.      

The concentration of acidity in groundwater from these bores during February and March ranged from 117 to 

145 mg/L CaCO3 in BH16, 723 to 929 mg/L CaCO3 in BH17 and 537 to 897 mg/L CaCO3 in BH18. A more 

detailed assessment of the relative sources of acidity in groundwater from these bores was evaluated by 

reviewing the concentration of dissolved metals which typically contribute to acidity of waters. These have been 

summarised in Table 3-3 below. The potential contribution of acidity from the below metals and existing 

dissolved H+ was made by assuming that all metals are fully hydrolysed using the ABATES acidity calculator 

(Earth Systems, 2012), which provides reasonable estimates of acidity within this system (see further discussion 

in 3.3).  

Based on this assumption, the majority of acidity in water from BH17 and BH18 was derived from Fe(II) (67% on 

average), followed by Al (19%) and H+ (9%). Conversely, the majority of acidity in BH16 was derived from Al 

(43% on average) followed by Fe(II) (30% on average) and H+ (24% on average). The relative proportion of 

iron(II) and iron(III) derived acidity in these bores may reflect the stage of the pyrite oxidation reaction chain, 

with a higher proportion of iron(II) likely to be present during step (1) of the of the chain described above, and a 

higher proportion of iron(III) likely to be present during step (2) of the chain above. Additionally, as the screened 

section of these bores includes groundwater from deeper in the groundwater system, it is possible that iron 

reduction has also affected the groundwater chemistry, yielding higher concentrations of iron(II).  
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If this is the case, then it is possible that the pore water acidity estimates provided here may be higher than in 

reality. The mass of acidity stored in pore water in the unsaturated zone can be estimated by multiplying the 

volume of soil water in the unsaturated zone by the average acidity tabulated in Table 3-3 (560 mg/L CaCO3). 

The volume of water in the unsaturated zone can be estimated at a high level by assuming the soils are close to 

saturated because they are close to the watertable and adopting an estimated thickness of the unsaturated zone. 

For the purpose of this exercise we have assumed 80% saturation to reflect the shallow depth of the watertable 

in the swamp and a likely high moisture content, while the unsaturated zone thickness was estimated at the 

average watertable depth less the 0.24 thickness assumed to be exclusively soil acidity as discussed in 3.1.1. This 

yields a mass of approximately 11 tonnes of acidity as CaCO3 stored in the unsaturated zone and is significantly 

lower than that estimated in soils or groundwater.  

To provide an indication of the potential uncertainty associated with this approach, uncertainty in the porosity of 

soils (0.34-0.61) has been used to derive a range in the potential mass of acidity stored in pore water (though 

the real uncertainty may be much greater than this given that leach tests have not been undertaken). This yields 

a range in the potential mass of acidity stored in pore water of 9 to 16 tonnes CaCO3 equivalent. 

Table 3-3 Summary of typical analytes contributing to water acidity 

Analyte Unit 

BH16 BH17 BH18 BH16 BH17 BH18 

05-Feb-

20 

05-Feb-

20 

05-Feb-

20 

03-Mar-

20 

03-Mar-

20 

03-Mar-

20 

Aluminium (Al)  mg/L 10 44 30 9.4 30 13 

Iron (Fe2+) mg/L 20 420 280 23 400 180 

Iron (Fe3+)  mg/L - <0.2 - 1 70 <0.2 

Manganese (Mn)  mg/L 0.9 2.1 0.082 0.87 1.7 0.046 

Copper (Cu)  mg/L 0.006 0.11 0.031 0.005 0.14 0.026 

Lead (Pb)  mg/L 0.001 0.01 0.007 <0.001 0.014 0.003 

Zinc (Zn)  mg/L 0.23 0.42 0.4 0.21 0.32 0.21 

Arsenic (As)  mg/L <0.001 0.01 0.036 <0.001 0.007 0.032 

Nickel (Ni)  mg/L 0.066 0.14 0.085 0.064 0.11 0.056 

Cobalt (Co)  mg/L 0.038 0.06 0.013 0.041 0.046 0.006 

Chromium (Cr)  mg/L <0.001 0.01 <0.001 0.004 0.011 0.006 

Cadmium (Cd)  mg/L 0.0002 0.002 <0.0002 0.0002 0.0003 <0.0002 

Selenium (Se)  mg/L 0.002 0.04 0.002 0.002 0.027 <0.001 

Silver (Ag)  mg/L <0.001 0.01 <0.001 <0.001 <0.001 <0.001 

Antimony (Sb)  mg/L <0.001 0.02 <0.001 <0.001 <0.001 <0.001 

Acidity (CaCO3) mg/L 145 929 897 117 723 537 

pH Units 3.5 3.9 2.5 3 4 2.8 
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3.2 Pathways for mobilisation  

Based on the above described sources, there are three potential pathways by which acidity may move into 

Boundary Creek. This includes: 

• Acidic runoff from surface soils 

• Groundwater discharge to surface water 

• Flushing of acidity from the unsaturated zone via interflow or hyporheic exchange 

These have each been considered in more detail below. 

3.2.1 Runoff 

To assess the potential for acidic runoff to contribute to acidic discharge from Big Swamp, two analysis were 

undertaken. The first compares the mass of acidity discharging from Big Swamp to the mass of acidity stored in 

surface soils to assess whether the mass of acidity in this store could sustain the mass of acidity discharging from 

the swamp. Based on the source characterisation provided in section 3.1, the total mass of acidity stored in 

surface soils (upper 0.24 m) in the swamp has been estimated to be 810 tonnes of CaCO3 equivalent. The 

monthly and cumulative mass of acidity discharging from Big Swamp over a calendar year has been estimated in 

Figure 3-5 below. This has been estimated by multiplying the average monthly discharge from Big Swamp by the 

concentration of acidity recorded under similar flow conditions as evidence by the co-variance of acidity 

concentrations and flow in Figure 3-6.  

Accordingly, the annual mass of acidity discharging from Big Swamp has been estimated at approximately 80 

tonnes per year. Given this, if runoff from surface soils was the primary pathway by which acidity was discharged 

in Boundary Creek, the total mass could sustain the current discharge of acidity to Boundary Creek for a period of 

approximately 10 years. Accordingly, this suggests that it is plausible for acidic runoff from Big Swamp to 

contribute to the mass of acidity currently being discharged to Boundary Creek. 

  

Figure 3-5 Monthly and cumulative mass of acidity discharging from Big Swamp 
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Figure 3-6 Trend in acidity concentrations versus flow in water discharging from Big Swamp 2019-2021 at gauge 

233276 

Another approach to assessing the potential contribution of acidic runoff from Big Swamp into Boundary Creek is 

to compare the timing of acidic discharge to Boundary Creek to the modelled surface water runoff in the Big 

Swamp sub catchment using the GR4J model developed by GHD (2020). This can be done two ways, the first is 

to review acidic discharge to periods when runoff is negligible and thus, estimate the minimum contribution from 

other stores (i.e. groundwater or pore water). This has been done for conditions over the 2020-21 summer in 

Figure 3-7 below. Accordingly, during both the January and February sampling events, there was limited runoff 

in the Boundary Creek catchment, with runoff representing 18% of streamflow in January and 8% of streamflow 

in February. Of particular interest, the February sampling even represents the 3rd highest load of acidity 

discharged from Big Swamp of the sampling rounds undertaken (404 kg CaCO3/day). This suggests that acidic 

runoff is not the primary pathway by which acidity is discharged from Big Swamp into Boundary Creek. 

Conversely, it is possible to assess the relative contribution of acidic runoff from Big Swamp into Boundary Creek 

by reviewing acidic discharge to periods when groundwater discharge is low and runoff is high and thus, estimate 

the minimum contribution from stores other than groundwater (i.e. runoff and pore water). The modelled 

groundwater discharge from Big Swamp into Boundary Creek is discussed in more detail in section 3.2.2 below, 

however the modelling indicates that the lowest volume of groundwater discharge to Big Swamp occurred 

during the December 2019 to January 2020 period (see Figure 3-10). The surface water sampling event in 

January 2020 yielded an acidity load of 5 kg/day discharging from Big Swamp. This suggests that in the absence 

of significant groundwater discharge when runoff if high, loads of acidity discharging from Big Swamp are 

negligible and thus, the influence of runoff on the load of acidity discharging from Big Swamp can be assumed to 

be negligible.     
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Figure 3-7 Modelled runoff in Big Swamp catchment and recorded flow (surface water monitoring at gauge 

233276) during January and February 2021 sampling periods 

 

Figure 3-8 Modelled runoff in Big Swamp catchment and recorded flow (surface water monitoring at gauge 

233276) during December 2019 - January 2020 

3.2.2 Groundwater discharge 

The mechanism by which groundwater acidity may move into Boundary Creek is via groundwater discharge.  

Figure 3-9 illustrates the ground surface elevation along the internal flow path in Boundary Creek and 

interpolated groundwater level elevations for dry conditions (1st Feb 2020) and wet conditions (1st October 

2020) at bores along the flow path. Accordingly, the figure illustrates that groundwater levels in the western end 

of the swamp are typically below surface elevation (though higher than some of the surrounding topographic 

low points not on the section presented here) while groundwater elevations in the eastern end of the swamp are 

often above ground surface elevation. Accordingly, the figure suggests that groundwater discharge in the 

western end of the swamp will be minor, and dominated by the infiltration of acidic leachate, while the discharge 

of acidic groundwater to the surface will dominate the eastern end of the swamp. 
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Figure 3-9 Ground surface elevation along internal flow path in Boundary Creek (from the digital terrain model 

used in the groundwater-surface water model) and interpolated groundwater level elevations for dry conditions 

(1st Feb 2020) and wet conditions (1st October 2020). 

As illustrated in Figure 3-10, this is consistent with the modelling undertaken by GHD (2020). This shows the 

modelled volumetric discharge of groundwater in the western end of the swamp (represented by zones 1,2,3,8 

and 9 in Figure 3-11) compared to those from the eastern end of the swamp (zones 4,5,6,10, 11 and 12). The 

average rate of groundwater discharge to the eastern end of the swamp represents more than twice that 

modelled in the western end of the swamp over the model duration, though it is noted that the contribution is 

more similar (within about 25%) during the January-March 2020 period. 

 

Figure 3-10 Comparison of modelled groundwater discharge to Boundary Creek in the west and east of Big 

Swamp (GHD, 2020) 
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Figure 3-11 Groundwater zones included in groundwater-surface water model in GHD (2020) 

Based on the above, the potential load of acidity discharging from Big Swamp into Boundary Creek can be simply 

estimated by multiplying the volume of groundwater discharging from the western and eastern zones by the 

relative concentrations of acidity in each zone as discussed in section 3.1.2. At a high level, the concentration of 

acidity in groundwater can be estimated by averaging the seasonal averages in those bores which appear to 

interact with groundwater in that area. While this is a crude estimate that would need to be refined as part of the 

more detailed geochemical modelling discussed in section 6, it is able to provide a useful first pass estimate of 

the capacity of groundwater discharge to sustain the observed loads of acidity being discharged from Big 

Swamp. For the purpose of this assessment: 

• the average concentration of acidity in BH01, BH02, BH03, BH05, BH06, BH07, BH09 and BH10 has 

been used to characterise the acidity of groundwater in the eastern end of the swamp (218 mg/L CaCO3) 

• the average concentration of acidity in BH11, BH12, BH15, BH16, BH17 and BH18 has been used to 

characterise the acidity of groundwater in the western end of the swamp (644 mg/L CaCO3) 

Figure 3-12 below summarises the mass of acidity discharging from groundwater in the west and east of Big 

Swamp, and the combined total mass of acidity discharging from groundwater in Big Swamp based on the 

approach described above. Accordingly, the figure illustrates that the load of acidity derived from groundwater 

discharge from Big Swamp ranges between 40 and 990 kg CaCO3/day over the groundwater-surface water 

model period, with the majority derived from groundwater with relatively high concentrations of acidity in the 

western end of the swamp. The figure suggests that groundwater is capable of accounting for the load of acidity 

observed in surface water at gauge 233276 which ranged from 2 to 510 kg CaCO3/day over the same period, 

though it suggests that the method adopted here over accounts for acidity derived from groundwater.  

There are number of factors which could account for this, including: 

• groundwater discharge volumes are overestimated in the groundwater model 

• concentrations of groundwater acidity adopted are too high 
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• temporal variations in acidity concentrations in groundwater need to be accounted for 

• the method adopted here does not account for losses of acidity to the groundwater system (i.e. a portion 

of the acidity discharged in the western end of the swamp may be lost via seepage to groundwater along 

the flow path after becoming surface water)  

These potential sources of discrepancy will be further interrogated during geochemical model set up and 

calibration. 

Regardless, the estimates provided in Figure 3-12 below suggest that even under winter conditions when rainfall 

and runoff in the Boundary Creek catchment are high, the loads of acidity being discharge from the system are 

likely to be primarily sustained by groundwater discharge rather than surface runoff. 

 

Figure 3-12 Estimated mass of acidity attributed for groundwater discharge from Big Swamp in the west, east 

and combined (total) 

3.2.3 Unsaturated flow 

The mass of acidity stored in the unsaturated zone is estimated to be relatively negligible (~13 tonnes CaCO3) 

compared to other potential sources in the swamp (groundwater = 126 tonnes CaCO3 and soils = 810 tonnes 

CaCO3). This could be removed from the system in a month based on the estimated annual discharge rate of 80 

tonnes per year, suggesting it is not the primary mechanism by which acidity is discharged into Boundary Creek. 

This is further supported by Figure 3-12 which suggests that loads of acidity being discharge from the system 

are likely to be primarily sustained by groundwater discharge rather than leaching from the unsaturated zone. 

Given this, leaching of soil moisture from the unsaturated zone appears to be a negligible process for further 

consideration as part of hydrogeochemical modelling. 

3.3 Influence on the receptor – Reach 3 of Boundary Creek. 

This section considers the effect of acidic and metalliferous discharge from Big Swamp on water quality in the 

receptor (Reach 3 of Boundary Creek) by assessing 3 key surface water quality characteristics: 

• Surface water quality entering and exiting the swamp and temporal trends in surface water quality in 

response to flow;  

• Acidity discharging from the swamp, the dominant forms of acidity and the total loads discharging from 

the swamp to help inform modelling scenarios; and 

• Surface water quality compared to water quality objectives to better understand which physical and 

chemical analytes may have a negative impact on aquatic ecosystems.     
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The surface water quality of Boundary Creek has been monitored upstream and downstream of Big Swamp 

through (i) telemetered pH, water temperature and electrical conductivity (EC) measurements reported on a 15-

minute timestep and (ii) grab samples collected on a monthly basis between November 2019 and May 2021 

which were tested for a more complete set of water quality parameters (acidity, major anions and cations, 

dissolved metals and nutrients).  

There is generally good agreement between the telemetered pH and electrical conductivity data and results 

from grab samples (Figure 3-13). Over the monitoring period, the pH of water in Boundary Creek rises from 

slightly acidic to neutral (pH range: 5.3 to 7.8, median: 6.9) upstream of Big Swamp and falls to acidic (pH range: 

3.2 to 6.0, median: 3.7) downstream of Big Swamp. The electrical conductivity in Boundary Creek is generally 

lower upstream of Big Swamp (median EC = 431 µS/cm) than downstream of Big Swamp (median EC = 683 

µS/cm). This is consistent with the leaching and mobilisation of metals from acidified soils in the swamp and the 

input of additional ions (such as sulfate). 

 

 

Figure 3-13: Boundary Creek pH (top) and electrical conductivity (bottom) measured upstream (u/s, station 

233275) and downstream (d/s, station 233276) of Big Swamp and at Yeodene (station 233228). Lines are 

telemetered daily mean pH or electrical conductivity from data reported at 15-minute intervals from WMIS 

(https://data.water.vic.gov.au/). Squares are spot measurements collected during monitoring of surface water in 

Boundary Creek. Grey shaded areas indicate missing logger data. 
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Figure 3-14: Timing of surface water sampling events vs flow in Boundary Creek at gauge 233276 downstream 

of Big Swamp. 

The timing of surface water sampling in Boundary Creek has been illustrated in Figure 3-14 above. Results from 

sampling of surface water in Boundary Creek upstream and downstream of Big Swamp allow a more detailed 

assessment of the type of effect that acid sulfate soils in Big Swamp have on surface water chemistry in Boundary 

Creek. These data are illustrated in Figure 3-15 via statistical analysis that show: 

▪ The pH of Boundary Creek downstream of the swamp is outside the range of water quality guideline values 

(WQGVs) 

- The pH of Boundary Creek upstream of the swamp is at the lower limit of the quality objective for rivers 

and streams in the lowlands of the Barwon River catchment in the Environment Protection Act 2017 

Environment Reference Standard (ERS) (pH 6.8 – 8.0). Downstream of the swamp, all pH values were 

well below the lower limit of the ERS quality objective – this represents an increase in the risk of stress 

to aquatic ecosystems in Boundary Creek.  

- The pH of Boundary Creek downstream of the swamp is also below WQGVs provided for agriculture 

and irrigation (pH 6 - 9, ANZECC & ARMCANZ, 2000) and recreation (pH 6.5 – 8.5, NHMRC, 2008). 

▪ Concentrations of metals are higher downstream of the swamp  

- Concentrations of metals such as aluminium, nickel, selenium and zinc are generally below WQGVs for 

the protection of slightly to moderately modified freshwater ecosystems upstream of the swamp but 

above Australian and New Zealand guidelines for fresh & marine water quality (ANZG) WQGVs 

downstream of the swamp (0.055 mg/L for aluminium, 0.011 mg/L for nickel, 0.005 mg/L for 

selenium and 0.008 mg/L for zinc).1 This represents an increase in the risk of direct toxicity to aquatic 

ecosystems as wells as an increase in the potential for secondary poisoning as selenium is known to 

bioaccumulate within food webs. 

- Although not shown in Figure 3-15, concentrations of boron, cadmium, chromium, cobalt, copper, 

lead, silver and thallium above WQGVs were also reported downstream of the swamp. Concentration 

increases associated with these analytes were not as significant as others, however these have been 

discussed further in section 4 for completeness. 

- Concentrations of iron were above WQGVs upstream and downstream of the swamp (0.3 mg/L; 

ANZECC & ARMCANZ, 2000) – the increase in concentration downstream of the swamp does however 

represent an increase in the risk of direct toxicity. 

 
1 Data are plotted as provided – the high metal concentrations reported for the upstream site were from January 2020 and appear to be more similar 

to downstream concentrations from surrounding trips. Similarly, the downstream concentrations report for January 2020 are more similar to 

upstream concentrations from surrounding trips. It appears as though the metals samples for the upstream and downstream locations may have 

been mixed up for January 2020 however no corrective action has been taken. 
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▪ Concentrations of ammonia and total nitrogen are higher downstream of the swamp whilst concentrations 

of total phosphorus are lower downstream of the swamp. 

- Concentrations of ammonia above the default WQGV for protection of aquatic ecosystems downstream 

of the swamp (0.90 mg N/L at pH 8; ANZG 2018). This represents an increased risk of direct toxicity to 

aquatic ecosystems. The toxicity of ammonia is dependent on pH – at a pH of 6, the WQGV for 

ammonia becomes 2.57 mg N/L which is greater than the reported downstream concentrations. 

- Total nitrogen concentrations downstream of the swamp were above the ERS WQGV (1.1 mg N/L) 

which could increase the risk of eutrophication in receiving waters.  

- The decrease in Total Phosphorus concentrations observed downstream of the swamp could also affect 

the risk of eutrophication as the nutrient balance (nitrogen-to-phosphorus ratio) in Boundary Creek is 

altered (though risks likely to be reduced by phosphorus limitation).. 

▪ Dissolved oxygen saturation was lower downstream of the swamp 

- Dissolved oxygen saturation in Boundary Creek is generally within the ERS range upstream of the 

swamp (70 - 130%) however downstream of the swamp, dissolved oxygen saturation falls below the 

lower limit. This represents an increase in the risk of stress to aquatic ecosystems and could potentially 

lead to toxic effects should dissolved oxygen values be reduced to low levels for prolonged periods of 

time. 

- Dissolved oxygen saturation downstream of the swamp is also less than the lower limit for recreational 

water quality (>80%, NHMRC 2008) 
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Figure 3-15: Surface water quality in Boundary Creek upstream of Big Swamp (site 233275A, blue box) and 

downstream of Big Swamp (site 233276A, red box). The box plots show the 1st and 3rd quartiles (lower and upper 

limits of box), median value (line within box), minimum and maximum values (limits of whiskers) and results R 

Statistical deems to be outliers (dots). The black dashed line represents water quality guideline values for the 

protection of ecosystems from the Environment Reference Standard or Australian & New Zealand guidelines for 

fresh & marine water quality – not all parameters have a guideline value. 
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A preliminary assessment of the source of acidity in surface water in Boundary Creek was made using the Acid 

Base Accounting Tool (ABATES) from Earth Systems (Earth Systems, 2012). This tool provides an estimate of the 

acidity in a given water sample based on the assumption that all dissolved metals within the water are fully 

hydrolysed, releasing H+ in addition to the existing free H+ in the water as indicated by pH. The analysis provides 

an initial first order estimate of the relative sources of acidity in surface water to inform subsequent modelling 

and the major mineral precipitates likely to form under remediation scenarios. 

A comparison between the concentration of acidity measured in surface water samples at the laboratory and that 

estimated based on dissolved metal concentrations and pH is provided in Figure 3-16 below. The co-variance 

exhibits an R2 value of 0.95 and a good fit between the two data sets, however it is noted that the ABATES tool 

tends to underestimate the acidity in samples by around 20%. This may be related to other sources of acidity in 

the water that are not captured in the suite of metals used in the ABATES tool or analytical errors during 

laboratory analysis. Regardless, the correlation suggests that acidity estimates can be reliably made using the 

ABATES tool and a correction factor.  

 

Figure 3-16 Measured and estimated acidity concentrations in surface water 

Figure 3-17 illustrates the trends in acidity concentrations and loads downstream of Big Swamp over the 

monitoring program. The average concentration of acidity discharging from Big Swamp over this period was 

130 mg/L CaCO3. Concentrations between November 2019 and March 2020 generally increased, ranging from 

109 to 199 mg CaCO3/L as flows in Boundary Creek were low and subject to intermittent flow cessation. This is 

likely to reflect the absence of dilution effects over the period. This was also observed as flows reduced between 

October and December 2020.  

The load of acidity discharging from Big Swamp over first 12 months of monitoring (Nov 2019 to October 2020), 

ranged from 2 to 603 kg/day. In the subsequent 5 months from Nov 2020 to May 2021, loads have ranged from 

5 to 337 kg/day. During the initial 12-month period, a load of acidity of 511 kg/day was observed in May 2020, 

approximately 1 month following return to flow conditions in the system subsequent to flow cessation, 

suggesting such loads may have persisted for over a month in response to the flushing of accumulated acidity 

over dry conditions and the absence of flow. This was not observed during similar flow conditions in February 

2021, suggesting that wetter conditions and the maintenance of flows in Boundary Creek over the 2020-21 

summer may have reduced the accumulation of acidity in the system over the 2020-21 summer period to some 

extent. 
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 Figure 3-17: Concentrations and load of acidity discharging from Bid Swamp 

The ABATES tool indicates that aluminium, iron and pH almost exclusively account for the sources of acidity 

discharging from Big Swamp during the sampling periods, with only 1-2% of acidity related to other metal 

species (though this does not include the correction factor applied and does not account for other potential 

sources of acidity not captured by the tool). The relative proportion of acidity from these sources during each 

sampling period is illustrated in Figure 3-18 below. As speciated iron analysis data was not available subsequent 

to September 2020 during this analysis, the analysis has been presented as acidity attributed to total dissolved 

iron (both iron(II) and iron(III) where speciated data were available and assuming all dissolved iron is iron(II) 

where speciated data were not available).  

Accordingly, the dominant form of acidity discharging from Big Swamp is iron, which accounts for 51% of acidity 

in discharge water on average. Aluminium accounts for 34% of the acidity discharging from Big Swamp on 

average, with the remainder (14%) related to H+. The proportion of acidity related to H+ has declined from an 

average of 26% before July to an average of 3% since July 2020, as the pH of water discharging from Big 

Swamp has increased. Similarly, the proportion of acidity related to Al has decreased since July 2020, most likely 

due to the reduced solubility of Al at higher pH values. Accordingly, the proportion of acidity related to Fe has 

increased since July 2020.  

As indicated by Cook et al. (2020), iron reduction can occur in Big Swamp sediments over weeks to months 

under reducing conditions, increasing water pH and reducing the solubility of aluminium. This suggests the 

drainage of subsurface water with residence times long enough to drive iron reduction in the absence of oxygen 

inputs has predominated since July 2020 under wetter conditions and the maintenance of flows in Boundary 

Creek. 
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Figure 3-18 Relative proportion of acidity during each sampling period attributable to Al, Fe and H+ (pH). 

3.4 Summary of the conceptual site model 

The above described conceptual site model indicates the following: 

• The greatest store of acidity in Big Swamp appears to be soil acidity, and the upper 0.24 m of the soil 

profile has been estimated to contain 810 tonnes of CaCO3 equivalent. However, the timing of acidic 

discharge with respect to periods of high and low runoff suggest this is not the primary mechanism by 

which acidity is discharged to Boundary Creek. 

• Groundwater acidity stored in the shallow alluvial aquifer represents the second largest store of acidity 

in Big Swamp (126 tonnes of acidity as CaCO3 equivalent) and modelling suggests that this is the 

primary mechanism by which acidity is discharged into Boundary Creek (though this would be sustained 

by the infiltration of acidity stored in the upper soils). As such, the recharge of acidity to groundwater via 

overlying soils and subsequent movement of groundwater into Boundary Creek should represent the 

focus of subsequent hydrogeochemical modelling. 

• Pore water acidity in the unsaturated zone represents a minor store of acidity in Big Swamp (estimated 

to represent 11 tonnes of CaCO3 equivalent) and leaching of soil moisture from the unsaturated zone 

appears to be a negligible process for further consideration as part of hydrogeochemical modelling 

(though movement of recharge through this zone into groundwater would occur). 

• By combining the groundwater surface water model (GHD, 2020) with the monitored groundwater 

acidity, it is possible to characterise the discharge of acidity from Big Swamp into Boundary Creek under 

current conditions and assess how this may change in response to barrier installation. 

• Uncertainty in the groundwater model, adopting appropriate groundwater acidity concentrations, 

temporal variations in groundwater acidity concentrations and losses of acidity to the groundwater 

system are processes which should be interrogated as part of designing and calibrating the 

hydrogeochemical model. 
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4. Potential impacts on the Barwon River from Boundary Creek 

Historically, Boundary Creek was a perennial system with flows sustained during summer low flow period by 

groundwater discharge, primarily via discharge from the Lower tertiary Aquifer (LTA). Subsequent to borefield 

operation and the millennium drought, which lowered groundwater levels in the LTA, groundwater discharge to 

the creek has been reduced, resulting in flow cessation in the creek during summer low flow periods as early as 

1984. A supplementary flow release of water to the creek has been in place since 2003, however the limited 

delivery and effectiveness of this release has resulted in ongoing flow cessation during low flow periods.  As a 

result, acid sulfate soils in Big Swamp have dried out, oxidised and become acidic, resulting in the discharge of 

acidic waters to the lower reaches of Boundary Creek when it does flow. 

The discharge of acidic waters from the swamp have been documented to cause a fish kill event in the Barwon 

River downstream of its confluence with Boundary Creek in 2016 (Barwon Water, 2019). In 2016, fish deaths in 

the Barwon River upstream of Winchelsea were attributed to undiluted acidic discharge from Boundary Creek 

(Ryan, 2016, Neal, 2018). The first report of fish kills at this time was made on Friday the 17th of June. 

Similar low pH conditions in the Barwon River in 2018 were highlighted by the Corangamite Catchment 

Management Authority (Vogt, 2018). This low pH event was again attributed to discharge from Boundary Creek 

after heavy rainfall generated increased acidic discharge from Big Swamp. The first recorded pH decline 

associated with this event was made on Friday the 8th of June and while a fish kill event was not confirmed at this 

time, a pH value of 5.7 was recorded in the Barwon River downstream of its confluence with Boundary Creek.    

While the discharge of acidic water from Boundary Creek into the Barwon River is relatively well documented, to 

date there has been little investigation into how this translates into a risk of a fish kill event occurring in the 

Barwon River. This section aims to do this by: 

1- Reviewing the available surface water quality data available for Boundary Creek and the Barwon River 

upstream of its confluence with Boundary Creek. 

2- Identifying key analytes of concern which pose the greatest risk of toxicity to fish. 

3- Estimating the conditions under which the contribution of key analytes of concern from Boundary Creek 

are likely to result in a high risk of fish mortality in the Barwon River 

4- Assessing the flow conditions under which this is likely to occur  

The scope of this assessment was limited to understanding how acidic discharge from Boundary Creek could 

impact fish in the Barwon River due to community concern following the fish kill event in 2016 and low pH event 

in 2018, described above. Risks from acidic water discharge from Boundary Creek on other beneficial uses such 

as agricultural water use (stock water and irrigation), other industrial and commercial uses, recreation or 

Traditional Owner cultural values in the Barwon River were not assessed as part of the current scope of works.  

4.1 Parameters of concern  

Detailed surface water quality data for Boundary Creek was not available during the 2016 and 2018 events. As 

such, the screening level risk assessment described below includes surface water quality monitoring in Boundary 

Creek upstream and downstream of Big Swamp completed monthly since November 2019. Due to the timing 

constraints of this project, the screening level risk assessment has been based on data for Boundary Creek up to 

December 2020 (see section 3.3). Monitoring data continues to be collected and is available to inform future 

assessments.   

The assessment also uses surface water monitoring in the Barwon River upstream of its confluence with 

Boundary Creek which includes: 
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• Barwon River at Forrest - monthly samples between June 2018 and April 2021 which measured 

conductivity, pH, dissolved oxygen, temperature, aluminium (acid soluble), iron and manganese, and a 

single sample for a broader metals suite from July 2018,  

• Barwon River at Seven Bridges Road - two samples from July 2016 for major ions, pH, temperature, 

hardness, aluminium (acid soluble), iron, manganese and zinc.  

For completeness, a comparison of these water quality data with that collected during macroinvertebrate studies 

between 2019 and 2021 (Austral, 2020) at similar locations to those above indicated that both data sets were 

relatively similar, with the majority of analytes below detection in the Barwon River upstream of Boundary Creek 

except aluminium, iron, manganese and zinc. Increases in Iron, aluminium and zinc were also observed in the 

Barwon River downstream of its confluence with Boundary Creek during sampling by Austral (2020).   

4.1.1 Screening level assessment 

There are a number of potential parameters associated with the acidic discharge from Big Swamp that could lead 

to ecological impacts such as fish kills in the Barwon River. To assess these, an initial screening level risk 

assessment has been completed as follows: 

1- Comparison of water quality in Boundary Creek downstream of Big Swamp to water quality objectives for 

the protection of water dependent ecosystems and species  from the ERS or ANZG (section 3.3), which 

are assumed to be WQGVS that would ensure the protection of fish. This step reviews water quality 

indicators in Boundary Creek downstream of Big Swamp and if a water quality indicator meets the 

ERS/ANZG WQGVs, then it poses a low risk to fish and no further assessment of a given parameter is 

required. The WQGVs used in the assessment are described in full in Table 10-1 in Appendix D, as are 

the test metrics used in the assessment. 

2- Comparison of water quality in Boundary Creek upstream and downstream of Big Swamp. This step 

evaluates if water quality in Boundary Creek downstream of Big Swamp is the same or better than water 

quality in Boundary Creek upstream of Big Swamp. If so, then the residual risk posed by a parameter is 

low, and no further assessment of a given parameters is required. As above, metrics used in the 

assessment are described in Appendix D. 

3- Comparison of water quality in Boundary Creek downstream of Big Swamp to water quality in the Barwon 

River upstream of its confluence with Boundary Creek. This step evaluates if water quality in Boundary 

Creek downstream of Big Swamp is the same or better than water quality in the Barwon River upstream 

of its confluence with Boundary Creek. If so, then the residual risk posed by a given parameters is low, 

and no further assessment is required. As above, metrics used in the assessment are described in 

Appendix D. 

Subsequent to the above screening, theoretical dilution requirements for water quality in Boundary Creek to 

meet ERS/ ANZG WQGVs after mixing with passing flows in the Barwon River were calculated. Following this 

process, parameters with higher dilution requirements are likely to pose a higher level of risk to water dependent 

ecosystems and species than indicators with lower dilution requirements. 

Theoretical dilution requirements can be compared to available dilution in the Barwon River (section 4.2) to 

identify when passing flows in the river are high enough to dilute Boundary Creek inflows so WQGVs are met 

downstream of the Boundary Creek – Barwon River confluence. 

Dilution requirements (Sreq) were calculated using Equation 1 – further information for the calculation is 

provided in Appendix D. The Sreq is a ratio X:1 where X is flow in the Barwon River upstream of the Boundary 

Creek confluence. 
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Equation 1               

where,  Sreq     =  required dilution factor to meet WQGV  

CBoundary Creek    = concentration in Boundary Creek downstream of Big Swamp.  

Cwqgv   =  water quality guideline value 

CBarwon River    = ambient concentration in Barwon River, i.e. upstream of Boundary Creek confluence.  

If the concentration in the Barwon River was higher than the WQGV or no data were available for the Barwon 

River, then Sreq was calculated by simple dilution, CBoundary Creek/Cwqgv. As simple dilution does not consider the 

reduced dilution capacity of the receiving water (the Barwon River) caused by the presence of the indicator it is a 

lower limit of Sreq.  

For aluminium and iron, the ambient concentration in the Barwon River did not meet WQGVs and (interim) site-

specific WQGVs were also used to estimate Sreq. The (interim) site-specific WQGVs were 80th percentile values 

from the Barwon River upstream of the Boundary Creek confluence (n=70). Further information about setting of 

these site-specific WQGVs is provided in Appendix D. 

The following parameters in Boundary Creek downstream of Big Swamp did not meet WQGVs for the Barwon 

River (Table 4-1): 

1- Metals – aluminium, cadmium, chromium, cobalt, copper, iron, nickel, selenium, silver, thallium and zinc 

2- Nutrients – ammonia and total nitrogen 

3- Physicochemical parameters – dissolved oxygen saturation (lower limit) and pH (lower limit). 

None of these indicators were of equal or better quality than Boundary Creek upstream of Big Swamp or the 

Barwon River upstream of its confluence with Boundary Creek.  

For ammonia and nitrate, the WQGVs adopted were for protection of water dependent ecosystems and species 

from toxic effects rather than stress caused nutrient enrichment leading to eutrophication. Although there are 

WQGVs for the action of ammonia and nitrate as ecosystem stressors provided in ANZECC & ARMCANZ (2000), 

the ERS does not refer to these objectives. Instead, the ERS provides WQGVs for total nitrogen and total 

phosphorus for the geographic region of the Barwon river basin. As the WQGVs provided for ammonia and 

nitrate as ecosystem stressors in ANZECC & ARMCANZ (2000) are regional WQGVs for south-east Australia, 

adoption of the local WQGVs for total nitrogen and total phosphorus as indicators for eutrophication is in line 

with guidance provided in the ANZG (2018).2 

Table 4-1: Screening level risk assessment summary. Green cell shading indicates that the condition for ‘low risk’ is 

met and no further assessment is required. 

Parameter Unit WQGV [1] 

Boundary 

Creek 

downstream of 

swamp [2] 

Boundary 

Creek 

upstream of 

swamp [2] 

Barwon River 

upstream of 

Boundary 

Creek [3] 

Dilution 

requirement 

(Sreq, X;1)  

Aluminium mg/L 
0.055 

12.4 0.02 
0.22 230 [4] 

0.15 [1]a 0.06 136 

Ammonia (as N) mg/L 0.9 1.2 0.06 No data 1 [4] 

Antimony mg/L 0.009 0.001 WQGV met - No further assessment required 

Arsenic mg/L 0.013 0.001 WQGV met - No further assessment required 

Boron mg/L 0.94 0.21 WQGV met - No further assessment required 

Cadmium mg/L 0.0002 0.0004 <0.0002 <0.0002 [3]a 2 

 
2 https://www.waterquality.gov.au/anz-guidelines/monitoring/data-analysis/derivation-assessment 
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Parameter Unit WQGV [1] 

Boundary 

Creek 

downstream of 

swamp [2] 

Boundary 

Creek 

upstream of 

swamp [2] 

Barwon River 

upstream of 

Boundary 

Creek [3] 

Dilution 

requirement 

(Sreq, X;1)  

Chromium mg/L 0.001 0.054 <0.001 <0.001 [3]a 54 [4] 

Cobalt mg/L 0.0014 0.036 <0.001 <0.001 [3]a 86 

Copper mg/L 0.0014 0.003 <0.001 <0.001 [3]a 4 

Dissolved Oxygen % saturation 70-130 62.7 – 89.1 81.1 – 92.1 75.3 N/A [5] 

Electrical Conductivity µS/cm 2,000 1000 WQGV met - No further assessment required 

Iron mg/L 
0.3 

72.4 2 
2.9 241 [4] 

1.4 0.8 118 

Iron (total dissolved) mg/L 
0.3 

53.2 0.46 
2.9 177 [4] 

1.4 [1]a 0.8 86 

Lead mg/L 0.0034 0.002 WQGV met - No further assessment required 

Manganese mg/L 1.9 0.087 WQGV met - No further assessment required 

Mercury mg/L 0.00006 <0.0001 WQGV met - No further assessment required 

Molybdenum mg/L 0.034 0.001 WQGV met - No further assessment required 

Nickel mg/L 0.011 0.13 <0.001 <0.001 [3]a 12 

Nitrate (as N) mg/L 2.4 0.01 WQGV met - No further assessment required 

pH pH units 6.8-8.0 3.3 – 3.7 6.3 – 7.0 6.7 – 6.9 3,162 [6] 

Selenium mg/L 0.005 0.007 <0.001 <0.001 [3]a 1  

Silver mg/L 0.00005 0.004 <0.001 No data 84 [4] 

Thallium mg/L 0.00003 0.006 <0.001 <0.001 [3]a 200 [4] 

Total Nitrogen mg/L 1.1 1.4 0.9 No data 1 [4] 

Total Phosphorus mg/L 0.06 0.05 WQGV met - No further assessment required 

Turbidity NTU 25 7 WQGV met - No further assessment required 

Vanadium mg/L 0.006 0.002 WQGV met - No further assessment required 

Zinc mg/L 0.008 0.414 0.001 0.006 [3]b 203 [4] 

Notes: 

1. WQGV sources are described in Table 10-1 in Appendix D. WQGVs are default guideline values (those specified in guidance 

documents) except for parameters marked (a) which are (interim) site specific guideline values.  

2. The metric used in the assessment is specified in guidance documents, see Table 10-1 in Appendix D for more information. In general 

toxicants (metals, ammonia, nitrate) are 95th percentile values and stressors (total nitrogen and phosphorus, turbidity and electrical 

conductivity) are 75th percentile values. The pH range is 25th – 75th percentile values and the dissolved oxygen range is 25th percentile 

to maximum values. 

3. Data are generally 95th percentile values for toxicants and 50th percentile values for stressors, except for comparison of aluminium 

and iron to (interim) site-specific WQGVs (WQGV is the 80th percentile value for the Barwon River so the 50th percentile value is used 

to calculate Sreq). See Appendix D for further information. The pH range is the 25th and 75th percentile values. Metals marked (a) are 

single values and (b) is the maximum of two values. 

4. Simple dilution only – either no data for Barwon River or Barwon River concentrations is > WQGV. Simple dilution is explained below 

Equation 1. 

5. Dilution requirement for dissolved oxygen saturation cannot be calculated as dissolved oxygen saturation in freshwater is a function 

of both concentration and temperature in freshwaters. In turn, dissolved oxygen concentration is strongly controlled by processes 

such as re-aeration, photosynthesis and respiration rather than mixing or dilution. 

6. pH dilution requirement is for pH (as concentration of H+=, i.e. re-arrangement of pH = -log10[H+]) to meet the lower limit of the 

WQGV range through mixing. Buffering capacity of water and residual acidity associated with metal load is not considered. 
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Indicators with highest theoretical dilution requirements to meet WQGVs are summarised in (Table 4-1) as: 

1. For pH (lower limit), Sreq is approximately 3,000:1 

2. For Iron, Sreq is approximately 240:1 to meet the ANZECC & ARMCANZ (2000) WQGV and 

approximately 120:1 to meet the interim site specific WQGV. 

3. For Aluminium, Sreq is approximately 230:1 to meet the WQGV applicable to waters of pH 6.5 or greater 

(Barwon River) and 136:1 to meet the interim site specific WQGV. For waters of pH<6.5, Sreq would be 

15,500:1.  

4. For Zinc and Thallium, Sreq is approximately 200:1 to meet ANZG (2018) WQGVs. 

As described above, the magnitude of dilution required for these indicators to meet WQGVs in the Barwon River 

after inflow of water from Boundary Creek suggests that of the 27 indicators assessed, pH, iron, aluminium and 

zinc pose the highest risk to fish. As such, it is prudent to consider the pathways by which these can have 

ecological impacts in freshwaters – these are described in Table 4-2.  

Zinc is not included in this list of higher risk water quality parameters (or Table 4-2) because further monitoring 

data provided by Austral (2021) has shown that zinc concentrations up to 0.017 mg/L have been reported in the 

Barwon River immediately upstream of the Boundary Creek confluence. This elevated concentration was 

reported for Spring 2019 where concentrations at three additional upstream sites were also at or above the 

WQGV (concentrations ranged from 0.008 mg/L to 0.051 mg/L). Zinc concentrations reported for the Barwon 

River site immediately upstream of the Boundary Creek confluence and three additional upstream sites were 

<0.005 mg/L for trips completed in Autumn 2020 and Spring 2020 (Austral 2021). It is possible that the 

dilution requirement estimated from the maximum of two available zinc concentrations for the screening level 

analysis (0.006 mg/L) overestimates the dilution requirement for zinc.  

Further data for zinc in the Barwon River would be required to calculate a 95th percentile value or a site-specific 

WQGV to refine the theoretical dilution requirement. However, all zinc concentrations in the Barwon River both 

upstream and downstream of the Boundary Creek confluence reported by Austral (2020) are below 0.14 mg/L - 

the lower limit of acute toxicity value for Australian freshwater species compiled by USEPA (1978) and reported 

by ANZECC & ARMCANZ (2000). Bioaccumulation is not generally considered to be a problem for zinc in 

freshwaters (ANZECC & ARMCANZ 2000). As such, zinc has not been considered further in this assessment. 

Thallium is also not included in the list of indicators that pose the highest level of risk to fish (or Table 4-2). 

Although the calculated dilution requirement for thallium is similar to aluminium, the dilution requirement is 

heavily influenced by two elevated concentrations (0.006 mg/L in May and November 2020). The other 11 

thallium measurements were below the limit of reporting (<0.001 mg/L).  

As the dilution requirement for total nitrogen concentrations in Boundary Creek downstream of the swamp to 

meet the ERS WQGV is low (1:1), and total phosphorus concentrations are below the ERS WQGV (Table 4-1), the 

risk of acidic discharge from Boundary Creek causing eutrophication in the Barwon River is likely to be low. 

However, there was no nutrient data available for the Barwon River and the Sreq value estimated for total 

nitrogen is likely to be an underestimate of the true dilution requirement (any total nitrogen present in the 

Barwon River reduces its dilution capacity). To further investigate the potential for acidic discharge from Big 

Swamp to cause eutrophication in Boundary Creek or the Barwon River, nutrient concentrations for the Barwon 

River upstream of the Boundary Creek confluence would be required. If monitoring is completed to inform such 

an assessment it would be advantageous to also collect samples for chlorophyll analysis and measure dissolved 

oxygen saturation on a sub-daily basis in the Barwon River upstream and downstream of the Boundary Creek 

confluence.  
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Table 4-2: Ecological impacts of low pH and elevated concentrations of aluminium, iron and zinc in freshwaters 

Indicator Ecological impacts 

pH The ERS water quality objective for pH of waters in the Central Foothills and Coastal Plains segment (lowlands 

of the Barwon River) consists of lower and upper WQGVs (pH 6.7 – 7.7). This range was set using data from 

reference sites and is intended to protect ‘water dependent ecosystems and species’ that are ‘slightly to 

moderately modified’. 

Low pH (acidic conditions) can cause ecological impacts such as dissolution of exoskeletons, damage to gill 

epithelium, mucus formation on gills, decreased growth or reduced reproductive success, respiratory 

inhibition, impaired ionoregulatory function and mortality (USEPA, 2017). The main pathway through which 

low pH can lead to fish kills is the alteration of gill membranes and/or coagulation of gill mucus that in turn 

leads to hypoxia and death (Fromm, 1980). 

Iron The WQGV for iron (0.3 mg/L) is an indicative interim working level based upon the current Canadian 

guideline level (ANZECC & ARMCANZ, 2000). It is of unknown reliability and an unknown level of species 

protection. 

There is currently no WQGV for iron endorsed in the ANZG (2018). Iron is an essential trace element for plants 

and animals, but high concentrations can have toxic effects. Acute toxicity from iron has been reported for 

aquatic insects at concentrations ranging from 0.32 to 16 mg/L (ANZECC & ARMCANZ 2000 and references 

therein). Ecological impacts such as reduced hatching success for fish and smothering of both benthic 

habitats and organisms due to flocs of ferric hydroxides have also been reports (ANZECC & ARMCANZ 2000). 

Suspension of ferric hydroxides within the water column can also increase turbidity/ reduce light penetration 

that in turn can reduce primary production.  

Aluminium There are two WQGVs for aluminium in freshwater endorsed by ANZG (2018) – 0.055 mg/L for waters of pH 

>6.5 and 0.0008 mg/L for waters of pH<6.5. The range of pH values reported for ambient conditions in the 

Barwon River (i.e. upstream of the Boundary Creek confluence) was 6.3 to 7.2 and only 2 of the 71 results 

were <pH 6.5. The WQGV of 0.055 mg/L is appropriate for the Barwon River – this is a low reliability value 

intended to provide a 95% level of species protection from chronic toxicity. It is the recommended WQGV for 

‘slightly to moderately disturbed freshwater ecosystems’. 

Toxicity of aluminium is increased at low and high pH, e.g. pH<5.5 and pH>9. Under very acidic conditions the 

toxicity effects of elevated H+ concentrations appear to be more important than the generally low 

concentrations of aluminium found in the environment. In other systems, acidic conditions are thought to 

have altered food supply that in turn has affected numbers and densities of aquatic macroinvertebrates 

(ANZECC & ARMCANZ 2000 and references therein). 

In general, single-celled aquatic plants are the most sensitive aquatic species to aluminium toxicity. Fish are 

more susceptible to aluminium toxicity than aquatic invertebrates. Aluminium toxicity impacts fish through 

the gills by effecting both ionoregulatory and respiratory function (ANZECC &ARMCANZ 200 and references 

therein). For fish, acute toxicity (which yields adverse effects from short term exposure, usually less than 24 

hrs) has been reported at concentrations of aluminium between 600 and 106,000 mg/L whilst chronic 

toxicity (which yields adverse effects as the result of long term exposure, usually over 10% of an organisms 

lifespan) has been reported at concentrations between 0.034 to 7.1 mg/L.  

4.1.2 PHREEQC simulations 

While section 4.1.1 provides a useful estimate of the potential parameters of concern to the Barwon River and 

indicative dilution requirements for flows discharging from Boundary Creek to meet relevant WQGV’s, it does not 

account for geochemical reactions that may be occurring in the lower reaches of Boundary Creek following 

discharge from the swamp, mixing with water from the Barwon River or exchange with the atmosphere.  To 

account for this, representative waters from the Barwon River and Boundary Creek were mixed using the 

hydrogeochemical modelling software package PHREEQC in varying ratios with the inclusion of equilibrium 

phases to account for atmospheric exchange (to maintain equilibrium with CO2 and O2) and the precipitation of 

minerals found to be saturated upon atmospheric exchange and mixing (namely iron hydroxides and aluminium 

hydroxides).  

To account for sensitivity in the model and the range of precipitates that may form, two species of iron and 

aluminium hydroxides were considered during model runs. This includes amorphous aluminium hydroxide as 

Al(OH)3(am) which as a relatively high solubility and thus, will more readily yield higher pH values and high 
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aluminium concentrations and Gibbsite, which has a lower solubility and thus more readily yield lower aluminium 

concentrations and lower pH values. Similarly, the runs adopted Fe(OH)3(a)_pqe which has a high solubility and 

thus, more readily yield higher pH values and high iron concentrations and Fe(OH)3_Maj , which has a lower 

solubility and thus more readily yield lower iron concentrations and lower pH values. These have been used to 

present a range in the concentrations and pH values of mixed waters. 

The representative water qualities adopted for the PHREEQC simulations are summarised in Table 4-3 below. 

Chemistries were adopted from specific monitoring rounds instead of those based on statistical analysis of 

analyte concentrations as discussed above. While statistical analysis provides a useful indication and screening of 

analytes of concern, amalgamation of chemistries for different sampling periods can result in solutions with poor 

ionic balances that would not occur in reality, resulting in the saturation of minerals that may not form. Where 

analytes were reported below the detection limit, the detection limit of a given analyte was adopted for 

PHREEQC simulations. 

For the simulations, water quality from Boundary Creek during three periods were adopted to represent the 

seasonal variability of water quality discharging from Big Swamp under different flow conditions, including: 

• April 2020, which represents the chemistry of water discharging from Boundary Creek during autumn 

flushing events when fish kills appear to be at the highest risk of occurring. This has the highest 

concentration of acidity monitored and thus, provides an upper estimate of mixing/dilution 

requirements when the concentration of key parameters of concern (aluminium, iron, H+) are high. 

• July 2020, which represents the chemistry of water discharging from Boundary Creek during winter-

spring high flow conditions. Flows during this sampling event were 7.6 ML/day in Boundary Creek, 

similar to average discharge rates over July-October and represents more dilute concentrations of key 

parameters of concern (aluminium, iron, H+). 

• November 2020, which represents the chemistry of water discharging from Boundary Creek during low 

flow conditions in which concentration of key parameters of concern (aluminium, iron, H+) increase as 

less flows are available for dilution.  

It is noted that water discharging from Big Swamp can exhibit a higher pH than that monitored at Yeodene, a 

likely result of iron(II) oxidation in Reach 3 of boundary Creek. This has been accounted for in the mixing model 

via inclusion of the atmospheric exchange terms described above which yields oxidation of iron(II) to iron (III).  

For the Barwon River, the sample collected during the 4th of July 2018 was used as the primary solution as it 

represents the most complete analysis suite undertaken on samples collected from the Barwon River upstream 

of Boundary Creek. However, some data gaps were infilled based on samples collected during monitoring on July 

23rd 2018. In the case of sulfate and alkalinity, these analytes were infilled using data from Boundary Creek 

upstream of Big Swamp as these analytes were not monitored in the Barwon River. With respect to the 

parameters of concern, this represents a good representation of water chemistry in this section of the Barwon 

River with a pH of 6.8 (compared to a median pH of 6.9) an aluminium concentration of 0.09 mg/L (compared to 

a median of 0.06 mg/L) and an iron concentration of 0.83 mg/L (compared to a median of 0.84 mg/L) (median 

values based on 71 samples across Forrest and Seven Bridges road). 
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Table 4-3 Surface water chemistries adopted for mixing simulations in PHREEQC (all units mg/L unless specified) 

Analyte 

Barwon River 

upstream of Boundary 

Creek 

Boundary Creek Low 

flow  

(November 2020) 

Boundary Creek First 

Flush  

(April 2020) 

Boundary Creek High flow  

(July 2020) 

temp (°C) 8.5 14.5 14.3 7.8 

pH (units) 6.9 3.7 3.3 3.7 

Na 53 59 71 60 

K 2.9[1] 3.1 4.2 3.0 

Ca 6.3[1] 4.4 7.5 4.0 

Mg 9.1[1] 7.3 9.5 7.0 

Cl 99 100 140 120 

Fe 0.83[3] 24 110 2.1 

Mn 0.17 0.043 0.085 0.02 

SO4 18[2] 130 290 46 

Alkalinity (CaCO3 equiv.) 17[2] 0 0.13 0 

Al 0.09[3] 10.0 10 3.9 

Sb 0.001 0.0005 0.0005 0.0005 

As 0.001 0.001 0.001 0.0005 

Ba 0.019 0.025 0.029 0.025 

Be 0.001 0.002 0.002 0.0005 

B 0.02 0.01 0.49 0.01 

Cd 0.0002 0.0001 0.0004 0.0001 

Cr 0.001 0.0005 0.13 0.0005 

Co 0.001 0.023 0.034 0.006 

Cu 0.001 0.0005 0.001 0.003 

Pb 0.001 0.0005 0.004 0.0001 

Hg 0.0001 0.00005 0.00005 0.00005 

Mo 0.001 0.0005 0.002 0.0005 

Ni 0.001 0.059 0.16 0.017 

Se 0.001 0.002 0.004 0.0005 

Ag 0.001 0.002 0.003 0.0005 

Sr 0.062 0.049 0.088 0.048 

Tl 0.001 0.0005 0.0005 0.0005 

Sn 0.001 0.006 0.0005 0.0005 

Ti 0.005 0.0005 0.0005 0.0005 

V 0.001 0.0005 0.0005 0.0005 

Zn 0.003 0.24 0.42 0.072 

[1] Data infilled to achieve ion balance using Boundary Creek upstream gauge April 2020 as data unavailable for Barwon River. 

[2] Data infilled using July 5th 2018 data from Seven Bridges Rd as not available for July 4th 2018 at Forrest. 

[3] Data infilled from July 23rd 2018 from Forrest to reflect conditions more consistent with median conditions. 

[4] Detection limit adopted for samples reported below detection limit for PHREEQC simulations shaded in green 
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Outputs from the PHREEQC mixing simulations with respect to pH, aluminium and iron are presented in Figure 

4-1, Figure 4-2 and Figure 4-3 below, respectively. These figures illustrate that under low flow conditions similar 

to the November 2020 sampling period, surface water at the confluence of Boundary Creek and the Barwon 

River could: 

• reach the WQGV of pH ≥ 6.8 provided that discharge from Boundary Creek represents ≤5% of flows in 

the Barwon River 

• reach the WQGV of aluminium ≤ 0.15 mg/L provided that discharge from Boundary Creek represents 

≤0.5-10% of flows in the Barwon River 

• reach the WQGV of iron ≤ 1.4 mg/L provided that discharge from Boundary Creek represents ≤10-30% 

of flows in the Barwon River 

Under first flush conditions similar to the April 2020 sampling period, surface water at the confluence of 

Boundary Creek and the Barwon River could: 

• reach the WQGV of pH ≥ 6.8 provided that discharge from Boundary Creek represents ≤3% of flows in 

the Barwon River 

• reach the WQGV of aluminium ≤ 0.15 mg/L provided that discharge from Boundary Creek represents 

≤0.5-4% of flows in the Barwon River 

• reach the WQGV of iron ≤ 1.4 mg/L provided that discharge from Boundary Creek represents ≤5-10% of 

flows in the Barwon River 

Under higher flow conditions similar to those in the July sampling period, surface water at the confluence of 

Boundary Creek and the Barwon River could: 

• reach the WQGV of pH ≥ 6.8 provided that discharge from Boundary Creek represents ≤20% of flows in 

the Barwon River 

• reach the WQGV of aluminium ≤0.15 mg/L provided that discharge from Boundary Creek represents ≤1-

20% of flows in the Barwon River 

• reach the WQGV of iron ≤1.4 mg/L provided that discharge from Boundary Creek represents ≤40% of 

flows in the Barwon River 

The modelling is most sensitive with respect to aluminium owing to the large difference in solubilities in the 

mineral phases adopted. While the modelling suggests that a 99.5% contribution of flow from the Barwon River 

is required to meet the required WQGV for aluminium under some conditions, it is recognised that water samples 

collected from Boundary Creek were filtered using a 0.45 µm filter prior to analysis. Previous studies have shown 

that smaller filters (0.2-0.025µm) can significantly reduce the concentration of aluminium and iron measured in 

samples due to further removal of fine-grained particulate aluminium and iron suspended in solution, even at 

low concentrations (e.g. Wagemann and Brunskil, 1975). As such, the dilution requirement for aluminium and 

iron estimated here may be overly conservative. 
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Figure 4-1 Modelled pH values in “mixed” Boundary Creek and Barwon River water 

 

Figure 4-2 Modelled Aluminium concentrations in “mixed” Boundary Creek and Barwon River water 

 

Figure 4-3 Modelled iron concentrations in “mixed” Boundary Creek and Barwon River water 
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4.2 Flows 

This section provides a comparison of the relative contribution of flows from the Barwon River catchment 

upstream of Boundary Creek to those derived from the Boundary Creek catchment to subsequently evaluate the 

timing and conditions under which the water quality outcomes discussed above may occur. 

While streamflow data for the Boundary Creek catchment has been collected at Yeodene (gauge 233228) since   

1985, gauging in the upper catchment has been more sporadic with data available at the West Barwon River 

(gauge 233255) since February 2021, the Barwon River West branch (gauge 233203) from 1926 to 1965, the 

West Barwon River (gauge 233245) since 2000, the Barwon River east branch at Forrest (gauge 233204) from 

1926 to 1959 and the east Barwon River (gauge 233254) from July 2021.  

A complete catchment rainfall runoff model was not feasible within the time limitations associated with the 

undertaking of this project to simulate flows at the Barwon River at its confluence with Boundary Creek. As such, 

to provide an estimate of flows in the Barwon River at the Boundary Creek confluence, flow data from the Barwon 

River at Rickets Marsh (gauge 233224, which has flow data from 1971 to 2021) was scaled to the catchment 

area upstream of the confluence of Boundary Creek. The Barwon River catchment area upstream of the 

Boundary Creek confluence was estimated via a spatial topographic analysis at an area of 265.5 km2, which 

represents approximately 45% of the river catchment upstream of the Rickets Marsh gauge (Figure 4-4). In 

addition, comparison of contemporaneous flow data at the Rickets Marsh gauge with that from the east Barwon 

River (gauge 233254) and west Barwon River (gauge 233255) suggests an average lag of 1.5 days between 

flows at the Boundary Creek confluence and the Rickets Marsh gauge. As such, the Rickets Marsh flow data was 

also time shifted to account for flow lag.   

A comparison of the median daily flows in Boundary Creek and those in the Barwon River upstream of Boundary 

Creek by month is presented in Figure 4-5 below. These have been provided for data including and subsequent 

to the year 2000 to represent current conditions in the catchment (i.e. following groundwater extraction and the 

millennium drought). This shows that typically, the relative contribution of flow from Boundary Creek falls during 

the summer months, from 5% in December to 2% in January and 0% in February and March. The contribution 

remains low in April (1%) before steadily increasing from 7% in May to 16% in August (when the contribution of 

Boundary Creek to the Barwon River is the highest) and remains at 15% between September and November.  
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Figure 4-4 Topographic analysis undertaken to derive catchment area for the Barwon River upstream of Boundary 

Creek 

 

Figure 4-5 Summary of average daily flows in Boundary Creek and the Barwon River upstream of Boundary Creek 

by month 
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In addition to the above, which provides an assessment of typical flow contributions from Boundary Creek to the 

Barwon River, Figure 4-6 and Figure 4-7 below show the relative contribution of Boundary Creek to the Barwon 

River based on average daily flow rates for June 2016 and June 2018 in which fish kill and low pH events were 

recorded in the Barwon River, respectively. For both months in question, the contribution of flow from Boundary 

Creek to the Barwon River was significantly higher than typical conditions, with approximately 24% of average 

daily flows derived from Boundary Creek over the month of June 2016 and approximately 22% of average daily 

flows derived from Boundary Creek over the month of June 2018. Further, during both periods, the week leading 

up to the reported fish kill and low pH events was characterised by significantly higher than typical contributions 

from Boundary Creek, with contributions in June 2016 exceeding 40% of flows in the Barwon River and 

contributions in June 2018 exceeding 30% of flows in the Barwon River. 

 

Figure 4-6 Summary of average daily flows in Boundary Creek and the Barwon River upstream of Boundary Creek 

June 2018 

 

Figure 4-7 Summary of average daily flows in Boundary Creek and the Barwon River upstream of Boundary Creek 

June 2018 
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4.3 Risks to the Barwon River  

This section combines the outputs of the PHREEQC simulations provided in section 4.1.2 with the flows 

assessment provided in section 4.2 above to provide an assessment of the typical conditions in which aquatic 

ecology (primarily fish) in the Barwon River may be at a risk of impact from poor water quality discharging from 

Boundary Creek. It does so by comparing the predicted water quality outcomes under different mixing ratios with 

the typical mixing ratios between Boundary Creek and the Barwon River on a monthly basis.   

The proportion of flow from Boundary Creek contributing to flows in the Barwon River at their confluence based 

on section 4.2 is summarised in Table 4-4 below. The maximum proportion of flow derived from Boundary Creek 

at its confluence with the Barwon River which still achieves WQGV’s as modelled in section 4.1.2 is summarised in 

Table 4-5 below (this presents a lower value for the lower bound simulation and an upper value for the upper 

bound simulation as discussed in section 4.1.2). These have been shaded to represent different flow conditions 

in Boundary Creek including low flow (yellow shading) flushing flows (green shading) and high flow (blue 

shading) conditions. 

Table 4-4 Typical (median) proportion of flows at the Barwon River confluence derived from Boundary Creek  

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Median flow in Boundary Creek (ML/Day) 0.1 0.0 0.0 0.2 0.7 2.0 5.3 11.3 9.0 5.7 1.0 0.5 

Median flow in Barwon River U/S BC (ML/Day) 2.6 2.2 2.2 4.1 9.9 16.9 35.7 68.0 52.7 30.3 12.2 6.6 

Proportion of flow from Boundary Creek (%)[1] 2% 0% 0% 1% 7% 10% 12% 16% 15% 15% 8% 5% 

[1] Proportions only calculated for periods with synchronous data available at Ricketts marsh and Yeodene gauges 

Table 4-5 Maximum contribution to the Barwon River derived from Boundary Creek to achieve WQGV 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

pH 5% 5% 5% 3% 3% 3% 20% 20% 20% 20% 5% 5% 

Iron 10-40% 10-40% 10-40% 5-10% 5-10% 5-10% 40% 40% 40% 40% 10-40% 10-40% 

Aluminium 0.5-10% 0.5-10% 0.5-10% 0.5-4% 0.5-4% 0.5-4% 1-20% 1-20% 1-20% 1-20% 0.5-10% 0.5-10% 

Accordingly, under typical flow conditions, ecological risks to the Barwon River could be realised when the 

proportion of flow from Boundary Creek presented in Table 4-4 exceeds the proportion of flow presented in 

Table 4-5.  This has been summarised in Table 4-6 below. A risk rating has been assigned as low if WQGV’s were 

met for all simulations, moderate if they were met for the lower bound simulation but not the upper bound 

simulation and high if they were not met under any simulation. Accordingly, the table illustrates that: 

• Ecological risks associated with pH are high in June, moderate in May and November and Low for the 

remainder of the year. 

• Ecological risks associated with iron are moderate in May and June and low for the remainder of the 

year. 

• Ecological risks associated with aluminium are high in May and June, low in February and March and 

moderate for the remainder of the year. As discussed above, this may over-represent the risk associated 

with aluminium due to the presence of particulate aluminium in samples and uncertainties in the 

PHREEQC model. 

This suggests that the greatest periods of potential ecological risk to the Barwon River associated with the 

discharge of water from Boundary Creek occurs in May and June, when discharge from the creek contains higher 

concentrations of parameters of concern and flows from the creek begin to increase. Higher flow periods (July-

August) tend to represent lower risks to the Barwon River due to the reduced concentration of parameters of 
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concern while lower flow periods (December-March) tend to represent lower risks to the Barwon River due to the 

reduced contribution of flows from Boundary Creek. 

Table 4-6 Timing of ecological risks to the Barwon River based on typical flow conditions 

Analyte Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

pH Low Low Low Low Mod High Low Low Low Low Mod Low 

Iron Low Low Low Low Mod Mod Low Low Low Low Low Low 

Aluminium Mod Low Low Mod High High Mod Mod Mod Mod Mod Mod 

These results are consistent with results from Austral (2020) in which inflows to the Barwon River from Boundary 

Creek in October 2019 yielded a low ecological risk related to pH (with a fall from 7.40 upstream of Boundary 

Creek to 7.34 downstream of Boundary Creek) a low ecological risk related to iron (with a fall from 0.33 mg/L 

upstream of Boundary Creek to 0.13 mg/L downstream of Boundary Creek) and a moderate risk related to 

aluminium (which increased from <0.05 mg/L upstream of Boundary Creek to 0.09 mg/L downstream of 

Boundary Creek – above the ANZG DGV but below the interim site specific value). Similarly, ecological risks in the 

Barwon River related to Boundary Creek in March 2020 were low due to the absence of flows in Boundary Creek 

at this time. 

While the above provides an indication of when the Barwon River may be subject to ecological risks related to 

water quality, historical observations indicate that such risks do not directly translate into fish kill events, as such 

events are not documented as occurring in May and/or June of every year.  

Based on the limited reports of such events, it can be asserted that “low pH events” in the Barwon River may be 

realised when flows from Boundary Creek represent ≥30% of flows in the Barwon River, while fish kill events may 

be realised when flows from Boundary Creek represent ≥40% of flows in the Barwon River (as discussed in 

section 4.2). Based on the flow comparison undertaken in section 4.2, the probability of flows in Boundary Creek 

exceeding a given proportion of flow in the Barwon River at their confluence has been illustrated in Figure 4-8. 

This shows that between 2000 and 2021, flows from Boundary Creek have represented ≥30% of flows in the 

Barwon River 8% of the time, while flows from Boundary Creek have represented ≥40% of flows in the Barwon 

River 4% of the time. Though this would suggest that such conditions are infrequent, Figure 4-9 indicates that 

such conditions have been met almost annually since 2000. 

 

Figure 4-8 Probability of flows from Boundary Creek exceeding a given proportion of flow in the Barwon River at its 

confluence.  

A total of 21 time periods were identified in which flows from Boundary Creek represented ≥40% of flows in the 

Barwon River at their confluence. Each of these periods has been summarised in Table 4-7 below according to 
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their month, season and flow condition. The flow condition has been assigned according to the following 

descriptors: 

• Summer low flow if during summer months and flows <2.5 ML/day. 

• Winter and spring high flow during winter or spring months which exceeded flows of 15 ML/day. 

• Recession, which represents events which were preceded by higher flows before reaching ≥40% of 

flows in the Barwon River at their confluence. 

• Wet season and end of wet season, which represent events which occurred at the end of or during the 

wet season and were preceded by multiple flow events. 

• First flush, which represents the first flow event at the end of a period of flow cessation. 

For the three identified summer low flow periods, these were not preceded by significant flow cessation in 

Boundary Creek and therefore, the accumulation of stressors (acidity, iron and aluminium) in the swamp 

available for subsequent mobilisation into Boundary Creek are likely to have been reduced. The same is true of 

recession events and wet season or end of wet season conditions, which have been preceded by flows through 

Big Swamp which are likely to have removed a portion of any stressors built up in the swamp prior to flows in 

Boundary Creek representing ≥40% of those in the Barwon River. Conversely, during winter and spring high flow 

events, the high volume of water flowing through Boundary Creek is likely to dilute the concentrations of 

potential stressors and reduce the risk of fish kill events.  

Given this, the four first flush periods similar in nature to the June 2016 fish kill event include periods in 

February-March 2006, March-April 2010, April 2014, and April 2019. Of interest, the period of flow cessation 

preceding these four events varied between approximately 1 and 4 months, while the June 2016 fish kill event 

was preceded by over 8 months of flow cessation in Boundary Creek.  

These results suggests that the greatest risks of fish kill events in the Barwon River occurs when flows in 

Boundary Creek represent a relatively high portion (≥40%) of flows in the Barwon River during first flush events 

that have been preceded by extended (>4 months) periods of flow cessation in Boundary Creek, which have 

allowed for the accumulation of stressors in Big Swamp prior to flushing. 

 

Figure 4-9 Proportion of flows in the Barwon River derived from Boundary Creek at their confluence  
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Table 4-7 Timing and conditions in which Boundary Creek represents ≥40% of flows in the Barwon River 

 

 

4.4 Summary of potential impacts on the Barwon River 

The below summarises the risk posed to aquatic ecology (principally fish kills) in the Barwon River related to the 

discharge of acidic water from Boundary Creek: 

• pH, iron and aluminium pose the greatest ecological risk to the Barwon River, including the greatest risk 

of fish kills related to acute toxicity associated with respiratory failure due to low pH conditions and high 

aluminium concentrations.  

• Simulations via the modelling package PHREEQC and comparison of flows in Boundary Creek to those in 

the Barwon River suggest that under typical conditions, ecological risks to the Barwon River are highest 

during May and June, when discharge from the creek contains higher concentrations of parameters of 

concern and flows from the creek begin to increase. Higher flow periods (July-August) tend to represent 

lower risks to the Barwon River due to the reduced concentration of parameters of concern under these 

conditions while lower flow periods (December-March) tend to represent lower risks to the Barwon River 

due to the reduced contribution of flows from Boundary Creek. This is consistent with sampling 

undertaken to date by Austral (2020). 

• The only recorded fish kill event in the Barwon River occurred in June 2016 when flows from Boundary 

Creek represented ≥40% of those in the Barwon River. This period represents a flow event following 

flow cessation in Boundary Creek (known as a first flush). While other first flush events have yielded a 

similar contribution of flows to the Barwon River, these were preceded by 4 months or less of flow 

cessation in Boundary Creek, whereas the June 2016 event was preceded by more than 8 months of 

flow cessation in Boundary Creek. This suggests that the Barwon River is at the greatest risk of a fish kill 

event following an extended period of flow cessation in Boundary Creek (>4 months) when flows from 

Boundary Creek represent ≥40% of those in the Barwon River. 

Year Month Season Condition 

2000 October Spring High flow 

2001 December Summer Recession event 

2002 October Spring High flow 

2003 January Summer Low flow 

2004 January Summer Low flow 

2005 February Summer Recession event 

2005 July-August Winter Wet season flows 

2006 February-March Summer-Autumn First flush 

2006 November Spring End of wet season 

2008 August Winter High flow 

2010 March-April Autumn First flush 

2014 April Autumn First flush 

2015 September Spring End of wet season 

2016 June Winter First flush 

2016 November Spring High flow 

2017 November Spring End of wet season 

2018 January Summer Low flow 

2018 October Spring Wet season flows 

2019 April Autumn First flush 

2019 October Spring High flow 

2020 July-October Winter-Spring High flow 
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5. Downstream Contingency Measure  

The contingency measures that have been considered for implementation have been selected from several 

remedial actions that were considered as potential remediation options in the Remediation and Environmental 

Protection Plan (REPP) to improve water quality in Boundary Creek. CDM Smith (2019) completed an options 

assessment as part of development of the REPP and recommended aerial liming and an active treatment system 

be investigated as contingency measures.   

The objective of the contingency measure is to improve water quality in Reach 3 of Boundary Creek and reduce 

the risk to ecology in the Barwon River. If required, the contingency measure could be implemented whilst the 

ultimate long term remediation option is constructed and proven to be effective in controlling the release of 

acidity from the Swamp. 

Jacobs (2021b) further refined the options assessment for the contingency measures, focusing on the 

implementation, constructability and operation and maintenance. Jacobs investigated the range of potential 

locations, application methods and chemicals that could be adopted as a contingency measure.  A chemical 

dosing system located on the downstream (Eastern) end of the Big Swamp using sodium hydroxide (NaOH) as a 

pH correction chemical was recommended as the preferred option for the contingency measure.   

This section aims to inform the design of the downstream contingency measure recommended by Jacobs 

(2021b) by providing estimates on the volume/mass of treatment material that may need to be stored on site 

and the required rates of treatment. A series of treatment simulations were undertaken using the 

hydrogeochemical modelling software PHREEQC to achieve different water quality outcomes.  

5.1 Approach to estimate sodium hydroxide treatment rates 

Simulations using PHREEQC were undertaken to achieve a variety of different pH outcomes for the downstream 

contingency measure involving a chemical dosing system using sodium hydroxide. Atmospheric, aluminium 

hydroxide and iron hydroxide equilibrium terms were accounted for in the model simulations. The NaOH 

volumes provided below assume a 40% by weight concentration of sodium hydroxide in solution.  

A range of different flow rates and acidity concentrations were selected for simulations to reflect the range in 

conditions which may occur in a given year. This includes: 

• Initial flush: selected to represent higher concentrations of acidity discharging from Big Swamp as flows 

return following summer low flow conditions or flow cessation. 

• Ongoing flush: selected to represent higher loads of acidity discharging from Big Swamp as flows 

continue to increase while concentrations remain moderately high.  

• Winter-Spring high flow: selected to represent higher flow rates in which concentrations of acidity 

decline through flushing and or dilution, though loads remain relatively high due to high flow rates. 

• Summer low flow: selected to represent lower flow rates during summer when concentrations of acidity 

tend to increase while flow rates decline. 

The sampling periods selected to represent the above described range in conditions were April 2020, May 2020, 

October 2020 and December 2019, respectively, as illustrated in below in Figure 5-1.  
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Figure 5-1 Sampling periods used to inform treatment rates 

To assess the annual treatment loads, similar modelling simulations were undertaken to estimate the total 

volume of sodium hydroxide that may be required to offset potentially negative water quality impacts on 

Boundary Creek and the Barwon River. The pH endpoints adopted for these simulations included a pH of 5 and a 

pH of 6. A pH of 5 or 6 would improve water quality outcomes downstream of Big Swamp beyond current pH 

ranges and offset potentially negative water quality outcomes in Boundary Creek or the Barwon River. 

To estimate the volume of sodium hydroxide which may be utilised annually, daily dosing rates for individual 

sampling periods were multiplied by the number of days in a given month to estimate the monthly and 

subsequently, the annual total volume and mass of utilised material. This was done for the December 2019 to 

November 2020 period. Sampling events generally provided a reasonable representation of typical monthly 

conditions and therefore, were able to provide reasonable monthly dosing estimates. However, this was not the 

case for the May and August 2020 sampling periods: 

• For the May period, flows were 5.3 ML/day during sampling compared to the median monthly flow of 

0.7 ML/day and yielded unsuitably high dosing rates.  

• For the August period, flows were 1.5 ML/day compared to the median monthly flow of 11.3 ML/day, 

yielding unsuitably low dosing rates.  

For these periods, dosing rates for more representative flow conditions were adopted.  

An additional consideration for the downstream sodium hydroxide dosing plant was the potential build up of 

aluminium hydroxide and iron hydroxide precipitates which may form a sludge in response to treatment and 

hence, may require management. As such, sludge build up in response to dosing was estimated from the same 

sodium hydroxide dosing model runs by multiplying the moles of aluminium and iron removed from solution by 

the relative molar masses of aluminium hydroxide Al(OH)3 and iron hydroxide Fe(OH)3. 

5.2 Predicted sodium hydroxide treatment rates 

5.2.1 Seasonal variability in treatment rates  

The rates of sodium hydroxide treatment required to achieve different end points during initial flush, ongoing 

flush, winter-spring high flows and summer low flows is summarised in Table 5-1 and Figure 5-2 below. This 

shows that under summer low flow and initial flushing conditions, dosing rates of less than 80 L/day are required 

to achieve pH of 6.  
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Under winter-spring high flow conditions, dosing is not required to achieve pH values of 4 to 5 as discharge pH is 

already at a pH of 4.9, however rates increase up to 200 L/day to achieve a pH of 6 under these conditions. The 

highest dosing rates are required during ongoing flushing conditions, with rates increasing from around 

400L/day to achieve a pH of 5 to 700 L/day to achieve a pH of 6. 

Table 5-1 Simulated NaOH dosing rates to achieve different pH outcomes downstream of Big Swamp 

Summer Low 

0.42 ML/day 

Initial Flush 

0.06 ML/day 

Ongoing Flush 

5.3 ML/day 

Winter-Spring High 

18.87 ML/day 

pH L/day pH L/day pH L/day pH L/day 

3.7 0 3.3 0 3.3 0 3.5 0 

4 7 4 15 4 284 4 0 

4.5 11 4.5 19 4.5 332 4.5 0 

5 17 5 24 5 382 5 0 

5.5 62 5.5 29 5.5 502 5.5 138 

6 80 6 33 6 709 6 197 

6.5 84 6.5 34 6.5 771 6.5 276 

7 87 7 35 7 814 7 390 

 

Figure 5-2 Simulated NaOH dosing rates to achieve different pH outcomes downstream of Big Swamp 

5.2.2 Total annual treatment load 

The estimated monthly and annual volumes of sodium hydroxide required to yield a pH of 5 and 6 downstream 

of Big Swamp are illustrated in Figure 5-3 and Figure 5-4 respectively. These indicate that based on the typical 

flow conditions and the concentrations of analytes observed during 2019-2020, monthly treatment rates to 

achieve a pH of 5 downstream of Big Swamp range from as little as 22 L in March to as much as 6,600 L in July. 

The total annual volume required to achieve a pH of 5 is approximately 28,000 L, with the majority (21,000 L) 

required between the months of May and September. 

To achieve a pH of 6 downstream of Big Swamp, dosing rates range from as little as 64 L in March to as much as 

12,800 L in July. The total annual volume required to achieve a pH of 6 is approximately 68,000 L, with the 

majority (47,000 L) required between the months of May and September. 
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Figure 5-3 Estimated monthly and annual NaOH treatment volumes to yield a pH of 5 downstream of Big Swamp 

 

Figure 5-4 Estimated monthly and annual NaOH treatment volumes to yield a pH of 6 downstream of Big Swamp 

5.3 Predicted build-up of aluminium and iron hydroxide sludge 

The estimated monthly and annual build-up of aluminium and iron hydroxide sludge in response to sodium 

hydroxide dosing has been illustrated in Figure 5-5 and Figure 5-6 to achieve a pH of 5 and 6, respectively. 

Following treatment to a pH of 5, sludge build up was almost exclusively limited to April and May in which 

approximately 9,400 kg of sludge is estimated to build up over the 2 months, compared to the annual build-up 

of 10,000 kg.   

Treatment to a pH of 6 yielded more frequent precipitation of aluminium and iron hydroxides, though April to 

July still represented the greatest period of build up with approximately 24,000 kg occurring over that period 

compared to an annual mass of approximately 28,000 kg. 

Assuming a density of 1,200 kg/m3 for treatment sludges (Ramirez et al., 2018), these results suggest annual 

sludge volumes of approximately 8 to 24 m3 per year assuming treatment to pH values of 5 and 6, respectively. 
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Figure 5-5 Estimated monthly and annual sludge build up following treatment of discharge water to a pH of 5 

 

Figure 5-6 Estimated monthly and annual sludge build up following treatment of discharge water to a pH of 6 

5.4 Summary 

A summary of the dosing requirements for the downstream contingency measure using sodium hydroxide is 

outlined below: 

• To achieve a pH of 6, dosing rates range between less 80 L/day under summer low flow and initial 

flushing conditions, to 200 L/day during winter-spring high flows conditions and 700 L/day during 

ongoing flushing conditions. 

• To achieve a pH of 6, dosing rates range from as little as 64 L in March to as much as 12,800 L in July. 

The total annual volume required to achieve a pH of 6 is approximately 68,000 L, with the majority 

(47,000 L) required between the months of May and September. 

• The annual build-up of aluminium and iron hydroxide sludge in response to sodium hydroxide dosing is 

estimated to be 24 m3 assuming treatment to pH of 6. 
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6. Predicted water quality outcomes of inundation 

The installation of hydraulic barriers through Big Swamp is one of several remedial actions recommended in the 

Remediation and Environmental Protection Plan (REPP) to improve the flows and water quality, as well as the 

vegetation and ecology in Boundary Creek and Big Swamp.  The predicted water quality outcomes of the 

hydraulic barriers were informed by the conceptual site model (Section 3), the groundwater-surface water model 

(GDH, 2020) and the hydrogeochemical modelling software PHREEQC.  The hydrogeochemical modelling also 

aims to validate the CSM and groundwater-surface water model.   

The outcomes of the CSM, GW-SW model and hydrogeochemical model are combined to estimate the potential 

water quality outcomes in Boundary Creek downstream of Big Swamp in the presence and absence of the 

proposed barriers and comment on the potential implications for treatment options. 

It is recognised that this approach will not generate a fully parameterised reactive solute transport model but 

instead, represents the first step in understanding the implications of barrier installation versus doing nothing. In 

this respect, the aim of the model is to provide a first order estimate of how long it may take (months, years, 

decades) for water quality in Boundary Creek to improve in the presence or absence of the proposed hydraulic 

barriers. By doing so, the modelling helps to (1) determine whether there is sufficient benefit to water quality 

outcomes associated with the proposed barriers to warrant installation, and (2) whether there is sufficient 

confidence to directly proceed with remediation or whether further investigations and detailed modelling are 

required to inform further decision making. 

6.1 Hydrogeochemical model calibration  

6.1.1 Method 

As discussed in section 3, the main pathway by which acidity is discharged into Boundary Creek appears to be via 

groundwater discharge. As such, it is possible to model the surface water chemistry downstream of Big Swamp 

using a mixing model that accounts for the input of groundwater from different areas in Big Swamp, with 

different respective chemistries. The mix function in the modelling package PHREEQC was used, with the relative 

input of groundwater from different areas of the swamp represented by different mixing fractions. This has been 

done at monthly time steps over a 12-month monitoring period (November 2019-October 2020) to reflect the 

different groundwater and surface water chemistries observed over that period. 

Section 3 also indicates that temporal variations in groundwater chemistry may have significant implications on 

water chemistry discharging from Big Swamp. To account for this, the groundwater chemistries adopted for each 

modelled time step reflects those analysed in samples collected during each month of the monitoring period. 

Six monitoring bores were selected to reflect the spatial variability of groundwater chemistry throughout the 

swamp that may contribute to surface water quality downstream of Big Swamp. This included BH18, BH15, 

BH12, BH10, BH07 and BH03. These bores were selected for two reasons. Firstly, they represent a good 

longitudinal section of bores along Big Swamp, including three from the western half of the swamp (BH18, BH15 

and BH12) and three from the eastern end of the swamp (BH10, BH07 and BH03). Secondly, these bores are 

located closer to the interior flow path of Big Swamp than other bores which appears to be the primary surface 

water flow path through the swamp.  Groundwater from these bores therefore represents the chemistry of 

groundwater most likely to interact with surface water. It should be noted that this conceptual model contrasts 

with the groundwater-surface water model, which represents the primary surface water flow path as the northern 

channel.  

Following the input of groundwater fractions from each bore into the PHREEQC mixing model, equilibrium 

phases were included to account for atmospheric exchange (changing equilibrium with CO2 and O2) and mineral 

precipitation (mineral phases were included for amorphous Al(OH)3, amorphous Fe(OH)3, (ferrihydrite), gypsum 

and barite). The mass of O2 and CO2 available for equilibrium was set in excess (10.0), while the saturation index 

(SI) for CO2 was set at -3.23 (calculated from surface water upstream of Big Swamp). The saturation index for O2 

was allowed to vary between -10 and -40 to represent more oxidising and more reducing water (respectively) as 
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indicated by the relative proportion of iron (II) and iron (III) in a sample.  That is, if a sample had no iron (II) it was 

considered more oxidising and the SI for O2 was set at -10 while if the iron in a sample was dominantly iron (II) it 

was allowed to be more reducing and the SI for O2 was set as low as -40. If alkalinity was not present in a sample 

due to low pH, the total inorganic carbon of the sample was calculated by applying a CO2 SI of -1.8, estimated 

from neutral groundwater in the swamp area. 

Models were initially set up with an equal contribution of groundwater from each bore and the relative 

proportions were subsequently iterated until the resulting chemistry provided calibration to the water chemistry 

observed downstream of Big Swamp at gauge 233276. The relative contribution of groundwater from the 

eastern and western halves of the swamp were subsequently compared to those represented in the 

groundwater-surface water to provide an additional point of calibration. The model was calibrated using the 

groundwater discharge from groundwater-surface water model and 5 key analytes which were deemed to 

represent those of most concern based on discussions in Sections 3 and 4 and included acidity, pH, sulfate, iron 

and aluminium (note, acidity was estimated based on dissolved metal concentrations in the mixed water using 

the ABATES tool discussed in section 3).  

6.1.2 Results 

The modelled and measured concentrations of acidity, sulfate, iron, aluminium and pH, are illustrated in Figure 

6-1 to Figure 6-5 below, as well as the relative groundwater contribution given by the groundwater-surface 

water model and PHREEQC model in Figure 6-6. These results are also presented in co-variance plots in 

Appendix D. 

Accordingly, the mixing model provides good calibration to observed data for acidity, pH, sulfate and iron with 

R2 values (where an R2 value of 1 means that all data can be explained by the model) of 0.97, 0.89, 0.95, and 

0.98, respectively. The model provided the worst fit for aluminium with an R2 value of approximately 0.60. The 

model tends to underpredict the concentration of dissolved aluminium in surface water discharging from Big 

Swamp. As discussed in section 4, this may be the result of particulate aluminium passing through the field filter, 

resulting in aluminium concentrations in measured samples above the model results. Further investigation into 

this may be warranted. 

Figure 6-6 shows that the contribution of groundwater discharging from Big Swamp tended to be greater in the 

eastern portion of the swamp relative to the western end, particularly outside of summer low flow conditions, 

and is consistent with the groundwater-surface water model (GHD, 2020). While this may be the case 

volumetrically, the greatest input of acidity to the swamp tended to come from the western end of the swamp, 

due to the comparatively high concentration of acidity in groundwater in the western end of the swamp.  

For example, during the November 2019 time step, the volumetric contribution of groundwater in the eastern 

end of the swamp was twice that of groundwater from the western end. However, groundwater from the western 

end of the swamp accounted for approximately 85% of the sulfate and iron input into the model and 96% of the 

aluminium. While this trend was observed in general, it was not always the case. For example, the input of iron 

during the June 2020 time step was approximately equal in both the eastern and western portions of the swamp. 

This suggests that the results of the transect sampling event on the 7th of April 2021 which indicated the 

majority of acidity inputs occurred in the eastern end of the swamp may remain valid. Although temporal 

variations in both groundwater chemistry and volumetric inputs to surface water may yield highly variable 

contributions of acidity spatially along the swamp. 

These results support the notion that the introduction of alkalinity and subsequent neutralisation of acidity in the 

upstream end of the swamp is likely to yield improved water quality outcomes in surface water discharging from 

Big Swamp. This may not have been the case if the majority of acidity was being discharged via groundwater in 

the eastern end of the swamp, as the loss of alkalinity via the infiltration of alkaline water in the western end of 

swamp may have limited its effectiveness in the eastern end of the swamp. A potential upstream treatment 

option is discussed in Section 7.   
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The results presented below suggest that the time varying input of acidity from different groundwaters is a valid 

model for representing the discharge of acidity (and other parameters of concern) from Big Swamp and thus, 

presents a suitable method for predicting potential water quality outcomes in Boundary Creek in the presence or 

absence of barrier installation. 

 

Figure 6-1: Modelled versus measured acidity concentrations downstream of Big Swamp  

 

Figure 6-2: Modelled versus measured pH downstream of Big Swamp  
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Figure 6-3: Modelled versus measured sulfate concentrations downstream of Big Swamp  

 

Figure 6-4: Modelled versus measured iron concentrations downstream of Big Swamp  

 

Figure 6-5: Modelled versus measured aluminium concentrations downstream of Big Swamp  
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Figure 6-6: Modelled proportion of groundwater (Ratio of East:West) in groundwater-surface water model and 

PHREEQC model  

6.2 Predictive modelling 

6.2.1 Method 

To estimate the potential water quality outcomes in Boundary Creek downstream of Big Swamp in the presence 

and absence of the proposed barriers, this section incorporates the outcomes of the above PHREEQC modelling 

and the groundwater surface water modelling (GHD, 2020) in an acidity mass balance model. The model 

incorporates a series of mass storage and flux terms including: 

• the mass of acidity currently stored in groundwater in the swamp, 

• the mass of existing acidity stored in the soil profile above the existing watertable which may be 

mobilised into the groundwater system via groundwater recharge and watertable rise, 

• the mass of potential acidity stored in the soil profile above the predicted watertable which may be 

mobilised into the groundwater system via oxidation and subsequent groundwater recharge and 

watertable rise, 

• the rate at which acidity may be mobilised into the groundwater system via recharge, 

• the rate at which acidity may be mobilised from the groundwater system to Boundary Creek via 

groundwater discharge. 

The mass of acidity currently stored in groundwater in Big Swamp was estimated in section 3.1.2 based on the 

range of groundwater acidity concentrations measured in Big Swamp, an assumed saturated aquifer thickness 

and porosity. 

The mass of acidity stored in the soil profile above the watertable which may be mobilised into the groundwater 

system via groundwater recharge and rise in watertable can be estimated by multiplying the concentration of 

existing soil acidity above the watertable in different areas of the swamp and adopting an assumed soil density, 

similar to the estimates provided in section 3.1.1. The key difference to these estimates and those made in 

section 3.1.1 are the thickness of the soil profile assessed. Estimates in section 3.1.1 considered only the upper 

0.24 m of the soil profile available for runoff, while the total mass is much greater in some areas of the swamp 

where the watertable is greater than 2 meters below ground surface. 
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The existing depth to watertable across the swamp adopted for this assessment is based on that achieved during 

model calibration by GHD (2020) for a typical climatic scenario (Figure 6-7, left). For this assessment, areas 

where the watertable is close to the surface (i.e. approach 0 m bgl) have been ignored as these will have limited 

acidity available to for addition to the system via recharge or watertable rise. Further, areas to the north of the 

northern channel and in the south at the fire trench have been ignored as these areas are elevated and soil 

samples have not been collected in these areas and as such, it is unclear whether these areas contain acid sulfate 

soils.   

 

Figure 6-7: Modelled depth to watertable across Big Swamp under typical climatic conditions for historical (no 

barriers) and remedial (with barriers) scenarios 

The mass of potential acidity stored above the watertable can be estimated following a similar method, using the 

potential acidity results given by Cook et al., (2020) and the modelled depth to watertable under typical climatic 

conditions for current/historical conditions (Figure 6-7, left) and that modelled under barrier 

installation/remediation (see Figure 6-7, right). The resulting difference in the mass of acidity available for 

addition to the groundwater system via sulfide oxidation and subsequent recharge represents the effect of 

remediation on the mass of potential acidity available to the system. It is noted that if recovery if the LTA occurs 

in the western portion of the swamp and yields groundwater level increases in this area, it may have a similar 

effect to the installation of barriers. However, as this data is not yet available and modelling has not considered 

this to date, we have not accounted for it in the estimated remediation duration and this potential effect is not 

discussed further in this report. 

The rate at which acidity may be mobilised into the groundwater system via recharge has been estimated using 

an adopted range in potential recharge chemistries based on the assumed pore water chemistry as discussed in 

section 3.1.3. and the calibrated recharge rate in the groundwater-surface water model which equates to 40% of 

the average annual rainfall for the area (GHD, 2020). For the purpose of this assessment, it has been assumed 

that all sulfides above the watertable will oxidise and become available for addition into the system via recharge 

prior to the complete removal of existing acidity above the watertable. While there is uncertainty in this 

approach, it is reasonable for the purpose of this assessment given the mass of existing acidity estimated, its rate 

of mobilisation and duration over which it is likely to take prior to its full removal (this is discussed further in 

section 6.2.2 below).  

The rate at which acidity is discharged from Big Swamp under current conditions has been estimated using the 

observed loads at the downstream gauge. The rate at which acidity is discharged from Big Swamp under the 

remedial case has been estimated by revising the PHREEQC model outputs in 6.1.2 to account for changes in 

groundwater discharge rates associated with barrier installation as predicted by the groundwater-surface water 

model (GHD, 2020).   

6.2.2 Results 

As discussed in section 3, the mass of acidity currently stored in groundwater in Big Swamp can be estimated at 

126 tonnes of acidity as CaCO3 equivalent 

The mass of acidity stored above the watertable which may be made available to the groundwater system via 

recharge or watertable rise has been estimated in Table 6-1 below. This estimate is based on the current depth 
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to watertable across the swamp under typical climatic conditions for historical conditions as illustrated in Figure 

6-7 and the spatial distribution of existing soil acidity above the watertable throughout the swamp illustrated in 

Figure 6-8 below. Accordingly, assuming a soil density of 1,400 kg/m3, the mass of existing acidity in Big Swamp 

available for addition to the groundwater system has been estimated at approximately 3,900 tonnes of CaCO3 

equivalent, though this could range from approximately 3,300 to 4,400 tonnes of CaCO3 equivalent based on a 

range in potential soils densities (1,200-1,600 kg/m3) alone. The key difference in this estimate to that made for 

surface soils in section 3.1.1 is that this estimate takes into account thicker sections of the soil profile above the 

watertable which exceeds 2 m in some areas, while section 3.1.1 only considered the upper 0.24 m of the soil 

profile available for surface runoff estimates. 

The mass of potential acidity which may be made available via sulfide oxidation in the absence of remediation 

has been estimated in Table 6-1 below. This estimate is based on the current depth to watertable across the 

swamp under typical/historical climatic conditions as illustrated in Figure 6-7 and the spatial distribution of 

potential acidity above the modelled watertable throughout the swamp illustrated in Figure 6-9 below. 

Accordingly, assuming a soil density of 1,400 kg/m3, the mass of potential acidity in Big Swamp available for 

addition to the groundwater system has been estimated at approximately 4,000 tonnes of CaCO3 equivalent, 

though this could range from approximately 3,400 to 4,500 tonnes of CaCO3 equivalent based on a range in 

potential soils densities (1,200-1,600 kg/m3) alone. 

The mass of potential acidity which may be made available via sulfide oxidation following remediation using the 

method discussed in section 6.2.1 has been estimated in Table 6-1 below. This estimate is based on the 

predicted depth to watertable across the swamp under typical climatic conditions for the remedial scenario as 

illustrated in Figure 6-7 and the spatial distribution of potential acidity above the modelled watertable 

throughout the swamp illustrated in Figure 6-10.  Note the distribution of potential acidity in Figure 6-10 varies 

slightly to Figure 6-9 due to additional potential acidity becoming submerged below the predicted watertable. 

Accordingly, assuming a soil density of 1,400 kg/m3, the mass of potential acidity in Big Swamp available for 

addition to the groundwater system has been estimated at approximately 1,600 tonnes of CaCO3 equivalent, 

though this could range from approximately 1,400 to 1,800 tonnes of CaCO3 equivalent based on a range in 

potential soils densities (1,200-1,600 kg/m3) alone. 

This shows that following remediation with the installation of hydraulic barriers, the predicted increase in 

watertable may reduce the mass of acidity from approximately 4,000 tonnes of CaCO3 equivalent to 

approximately 1,600 tonnes of CaCO3 equivalent.  
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Figure 6-8: Spatial distribution of existing soil acidity in Big Swamp above the watertable under typical historical 

climatic conditions 

 

Figure 6-9: Spatial distribution of potential soil acidity in Big Swamp above the watertable under typical historical 

climatic conditions 
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Figure 6-10: Spatial distribution of potential soil acidity in Big Swamp above the predicted watertable under typical 

climatic conditions under remediation scenario 

The rate at which acidity may be added to the groundwater system via recharge has been estimated using the 

long-term average rainfall from the closest rainfall gauge (agroforestry site, station 233250) which has data 

from 1994 to 2021, yielding an average long term rainfall value of 609 mm/yr. As indicated by GHD (2020), the 

groundwater-surface water model was calibrated by adopting a recharge value of 40% of annual recharge. This 

yields a recharge volume of approximately 100 ML/yr across the surface area of the swamp.  

The mass of acidity recharged to the system was estimated by multiplying recharge by the concentration of 

acidity estimated in recharge water. As discussed in section 3.1.3, leachate tests have not been undertaken and 

as such, the nearest approximation of these concentrations are given by shallow groundwater responding to 

recharge, which gives a range of acidities across BH16, BH17 and BH18 of 145 to 929 mg CaCO3/L and an 

average concentration of 560 mg/L CaCO3 equivalent. Accordingly, the addition of acidity to the groundwater 

system via rainfall recharge can be estimated at 56 tonnes per year CaCO3 equivalent (though this could range 

from 15 to 93 tonnes per year CaCO3 equivalent based on the adopted range in acidity concentrations in 

recharge water). 

The mass of acidity discharged from Big Swamp under current conditions has been estimated based on the 

observed concentration and volumes as discussed in Section 3 at approximately 80 tonnes per year, and is 

primarily attributable to groundwater discharge. This is similar to the rate of acidity added to the groundwater 

system via recharge and suggests that the Swamp may have established a dynamic equilibrium over the last 30 

years since acidification processes began. Further, this suggests that significant changes in water quality would 

not be expected until the mass of acidity stored in soils in the swamp has been mobilised from the soil profile via 

recharge and subsequently discharged via groundwater discharge. 

The mass of acidity discharged from Big Swamp under remedial conditions has been estimated by revising the 

relative contribution of groundwater from different areas of the swamp based on the outputs from the 

groundwater-surface water model. Accordingly, while the model predicts a relatively high contribution of 

groundwater from the eastern end of the swamp under current conditions, the proportion becomes more even 

under remedial conditions, as illustrated in Figure 6-11. The predicted change in acidity concentrations over the 
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model period associated with this effect is illustrated in Figure 6-12 below. The modelling shows that in general, 

concentrations of acidity discharging from Big Swamp are likely to increase following remediation in response to 

enhanced groundwater discharge from the western portion of the swamp, where concentrations of groundwater 

acidity are higher than those in the east. 

The change in acidity concentrations over this period has been used to estimate the mass of acidity discharged 

from the swamp (note this also takes into account a minimum flow rate of 0.5 ML/day over low flow periods 

associated with remediation). Accordingly, the annual mass of acidity discharging from Big Swamp following 

remediation is estimated to be approximately 160 tonnes of acidity as CaCO3 and is approximately double that 

the absence of remediation. 

Based on the above, it is estimated that in the absence of remediation, the combined mass of existing acidity in 

groundwater, existing acidity in soils, and potential acidity in soils would take approximately 100 years before 

they are removed from Big Swamp. Conversely, following remediation, it is estimated that the combined mass of 

existing acidity in groundwater, existing acidity in soils, and potential acidity in soils would take approximately 

35 years to be removed from Big Swamp. The reduction in time associated with remediation is related to a 

combination (1) reducing the mass of potential acidity available for oxidation via watertable rise and (2) an 

increased rate of acidity discharge from the system associated with increased groundwater discharge following 

barrier installation and enhanced flow supplementation. This process could be accelerated by the treatment of 

acidic soils in the swamp by the introduction of alkalinity, which is discussed in the following Chapter. 

The results indicate that while the proposed remediation may reduce the duration required to improve water 

quality in Boundary Creek, it also highlights that water quality is likely to decline in the interim. This risk could be 

mitigated by the installation of a downstream contingency measure or introduction of a treatment system 

upstream of Big Swamp.  

 

 

Figure 6-11 Modelled proportion of groundwater from the eastern end of the swamp vs the western end of the 

swamp for current and remedial conditions (based on GHD, 2020) 
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Figure 6-12 Calibrated versus predicted concentrations of acidity discharging from Big Swamp (predicted 

represents initial conditions following remedial action, see text) 

Table 6-1 Estimated stores and rates of movement of acidity in Big Swamp with and without remediation 

Scenario 

Existing 

groundwater 

acidity 

Existing 

soil 

acidity 

Potential 

soil 

acidity 

Net store 

of soil 

acidity 

Discharge 

rate 

Remediation 

duration 

Unit 
Tonnes 

CaCO3 

Tonnes 

CaCO3 

Tonnes 

CaCO3 

Tonnes 

CaCO3 

Tonnes 

CaCO3 / 

year 

Years 

Current 126 3,900 4,000 8,026 80 100 

Remedial 126 3,900 1,600 5,626 160 35 

 

6.3 Model uncertainty and sensitivity 

This section considers the relative uncertainty of the components in Table 6-1 including aquifer porosity, soil 

density, the distribution of acidity concentrations applied to generate mass estimates and the modelled 

discharge water chemistry used to generate acidity discharge rates. 

As discussed in section 3.1.2, the porosity of the alluvial aquifer adopted was 0.4, however a range of 0.34 to 

0.61 is reasonable for silts and clays (Morris and Johnson, 1967). This would yield a range in the acidity stored in 

groundwater of 107 to 192 tonnes as CaCO3 equivalent. This yields a range in the remediation duration of 100-

101 years under current conditions and 35-36 years under the remedial scenario. As such, the model is relatively 

insensitive to uncertainties associated with aquifer porosity. Furthermore, this illustrates the insensitivity of the 

model to the mass of acidity stored in the groundwater system due to its relative contribution of acidity in the 

model. As such, uncertainties associated with the distribution of groundwater acidity concentrations has not 

been considered. 

The soil density adopted for the above estimates was 1,400 kg/m3.  While this is a reasonable estimate in the 

absence of site data, a reasonable range for the soil types identified in Big Swamp is considered to be 1,200 to 

1,600 kg/m3 (though densities can vary beyond this, particularly in peaty soils which may be even lower than 

this range). The range of existing soil acidity based on the range of likely soil densities is 3,300 to 4,400 tonnes 

CaCO3 equivalent. The range of potential soil acidity based on the range of likely soil densities is 3,400-4,500 
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tonnes CaCO3 equivalent under current conditions and 1,400-1,800 tonnes CaCO3 equivalent under the 

remedial scenario. This yields a range in the potential remediation duration of 85-113 years under current 

conditions and 30-40 years under the remedial scenario. As such, the model is moderately sensitive to 

uncertainties associated with soil density. This could be reduced by the collection and analysis of samples to 

characterise soil density properties. 

The uncertainty associated with the distribution of acidity concentrations applied to generate existing soil acidity 

mass estimates has been assessed by varying the adopted concentration of acidity in areas where sampling is 

more sparse, including the area to the west of BH18 and the area between and to the north of BH12 and BH10. 

In these areas, the concentration of acidity adopted the average of the interval between contours (i.e. if the area 

was in the middle of the 30 and 40 kg CaCO3/t interval, a concentration of 35 kg/t CaCO3 was adopted), however 

given the sparsity of data in these areas, concentrations could be represented by either of the upper or lower 

intervals. Accordingly, by adopting these upper and lower intervals, the mass of existing acidity may range 

between 3,100-4,300 tonnes CaCO3 equivalent. This yields a range in the remediation duration of 90-105 years 

under current conditions and 30-38 years under the remedial scenario. As such, the model is moderately 

sensitive to uncertainties associated with soil acidity concentrations. This could be reduced by the collection and 

analysis of samples to characterise soil acidity in these key areas. 

A similar approach to above was undertaken to assess the uncertainty associated with the distribution of 

potential acidity in Big Swamp. In particular, the concentration of potential acidity adopted in the area to the 

west of BH18 area was 55 kg CaCO3/t, but is potentially skewed by elevated potential acidity concentrations in 

one bore, BH18. If concentrations in this area were more consistent with the majority of the swamp 

(approximately 20 kg CaCO3/t), this would yield a reduction in the mass of potential acidity from 4,000 tonnes 

CaCO3 equivalent under current conditions to 3,300 tonnes CaCO3 equivalent and an associated reduction in 

remediation duration from 100 to 92 years. Similarly, this would yield a reduction in the mass of potential acidity 

from 1,600 tonnes CaCO3 equivalent to 1,300 tonnes CaCO3 equivalent associated with the remedial scenario 

and an associated reduction in remediation duration from 35 years to 33 years. As such, the model is moderately 

sensitive to uncertainties associated with potential soil acidity concentrations. This could be reduced by the 

collection and analysis of samples to characterise potential soil acidity in these key areas. 

The uncertainty associated with the predicted mass of acidity discharging via the groundwater system has been 

assessed by varying the solubility of key minerals participating in geochemical reactions in PHREEQC. As 

discussed in section 4, amorphous forms of iron and aluminium hydroxide minerals were selected for modelling 

simulations and are reasonable given the kinetics associated with the system. However, there is a range in 

solubility reported in the literature for the iron hydroxides and aluminium hydroxides that may form. The current 

model assumes solubilities for these minerals at the higher end of the range; using lower solubility will result in 

the simulated discharge of water with lower concentrations of iron and aluminium and lower pH values. To 

assess the effect of lower solubilities, model runs were undertaken with less soluble forms of iron and aluminium 

hydroxide minerals (Fe(OH)3_Maj and Gibbiste, respectively, as named in the PHREEQC input file). The effect of 

this on the predicted acidity concentrations over the model period is illustrated in  Figure 6-13 which shows the 

outcomes of the original predictive model compared to that associated with uncertainties related to mineral 

solubility. This indicates that the acidity in groundwater discharging from Big Swamp may be lower than 

predicted in the model. This could reduce the mass of acidity discharging from Big Swamp per annum from 

approximately 160 tonnes CaCO3 equivalent per year to approximately 140 tonnes CaCO3 equivalent per year, 

resulting in an increase in the remediation duration from 35 to 40 years.  
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Figure 6-13 Predicted concentrations of acidity discharging from Big Swamp and uncertainty associated with 

mineral solubility (predicted represents initial conditions following remedial action, see text) 

The sources of uncertainty and relative effect on remediation duration discussed above have been summarised 

in Table 6-2 below. This shows that soil density and the distribution of existing soil acidity in Big Swamp present 

the greatest level of uncertainty with respect to estimating remediation duration. 

It is noted that the kinetics associated with sulfide oxidation have not been considered in this model based on 

the assumption that the minimum remediation duration is approximately 35 years and would provide sufficient 

time for pyrite oxidation above the watertable to occur. It is possible that this is not the case and that the rate of 

acidity movement through Big Swamp exceeds the rate at which pyrite may release acidity via oxidation. If this is 

the case, it is possible that improvements in water quality could occur over a shorter timeframe than estimated 

following the removal of existing acidity (approximately 25 years) and that subsequent improvements in water 

quality would be more incremental over the following years. 

Regardless, the model provides a useful first order estimate of the relative timing of likely water quality 

improvement in Boundary Creek in the presence and absence of remediation and suggests that acidity will be 

reduced approximately 3 times quicker if remediation is undertaken.  

 

Table 6-2 Sources of potential uncertainty and relative effect on remediation duration 

Scenario 

Existing 

groundwater 

acidity 

Soil density 

Distribution of 

existing soil 

acidity 

Distribution of 

potential soil 

acidity 

Discharge rate 

Current 100-101 years  85-113 years 90-105 years 100-92 years n/a 

Remedial 35 -36 years 30-40 years 30-38 years 33-35 years 35-40 years 
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6.4 Summary 

The calibrated hydrogeochemical model was used in conjunction with the CSM presented in Section 3 and the 

groundwater surface water model (GHD,2020) to predict the water quality changes with the installation of the 

hydraulic barrier.  The key outcomes from this modelling are: 

• Approximately 56 tonnes per year of acidity CaCO3 equivalent is added to the groundwater system via 

rainfall recharge, compared to 80 tonnes per year of acidity CaCO3 equivalent being discharged.  This 

suggests that the Swamp may have established a dynamic equilibrium over the last 30 years since 

acidification processes began.  

• Modelling indicates that concentrations of acidity discharging from Big Swamp are likely to increase 

following remediation in response to enhanced groundwater discharge from the western portion of the 

swamp, where concentrations of groundwater acidity are higher than those in the east. The annual mass 

of acidity discharging from Big Swamp following remediation is estimated to be approximately 160 

tonnes of acidity as CaCO3 and is approximately double that in the absence of remediation. 

• In the absence of remediation, the combined mass of existing acidity in groundwater and soils and 

potential acidity in soils would take approximately 100 years before they are removed from Big Swamp.  

• With remediation, the time taken to remove the existing and potential acidity is reduced to 35 years.  

The reduction in time associated with remediation is related to a combination of: 

o Reducing the mass of potential acidity available for oxidation via watertable rise and  

o An increased rate of acidity discharge from the system associated with increased groundwater 

discharge following barrier installation and enhanced flow supplementation. 

• Soil density and the distribution of existing soil acidity in Big Swamp present the greatest level of 

uncertainty with respect to estimating remediation duration. 

• These results suggest that either a downstream contingency measure or introduction of a treatment 

system upstream of Big Swamp may be required to mitigate potential risks to the Barwon River. 
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7. Potential Upstream Treatment Option 

The hydrogeochemical modelling undertaken to inform the potential outcomes of installation of hydraulic 

barriers as a remediation action for Big Swamp indicates the water quality benefits could take 35 years to be 

realised.  This highlights the importance of either a downstream contingency measure or a potential upstream 

treatment solution to advance remediation.   

On June 17 2021, the Independent Technical Review Panel (ITRP) recommended that an upstream treatment 

system using caustic magnesia (MgO) as a pH correction chemical be considered. The focus of this system would 

be to treat the acidity stored in soils and pore water throughout the swamp. There is limited information 

available in the public domain regarding this treatment option and therefore it was not possible for Jacobs 

(2021a) to consider it in detail as a field trials would need to be undertaken to confirm the feasibility of the 

option. 

This section describes the seasonal variability in treatments rates and annual treatment loads for the upstream 

treatment option involving magnesium oxide.  

The input of alkalinity into surface water upstream of Big Swamp is likely to be effective in the longer term by 

treating acidic surface soils in the swamp which would limit the ongoing leaching of acidity from those soils into 

groundwater (provided the alkaline water could be effectively distributed across acidic soils).  

7.1 Approach to estimate magnesium oxide treatment rates 

The approach used to estimate the treatment rates of magnesium oxide upstream of the swamp was similar to 

the approach used to estimate the treatment rates of sodium hydroxide (summarised in Section 5.1).  PHREEQC 

was used to achieve a variety of different pH end points using the pH_fix function with magnesium oxide in 

excess. For simplicity, it has been assumed that the alkalinity released via the dissolution of magnesium oxide 

would be 100% effective in water discharging from Big Swamp. This is unlikely to be true as losses of alkalinity to 

the groundwater system will occur. As such, the mass of magnesium oxide given by these simulations are likely 

to represent minimum values and may underestimate the true masses required to achieve downstream water 

quality objectives. 

The same flow rates and acidity concentrations were selected for the simulations to reflect the range in 

conditions as shown in Figure 5-1. 

7.2 Predicted Magnesium oxide treatment rates 

7.2.1 Seasonal variability in treatment rates  

The simulated mass of magnesium oxide dissolved into Boundary Creek required to achieve different pH end 

points during initial flush, ongoing flush winter-spring high flows and summer low flows is summarised in Table 

7-1 and Figure 7-1 below.  

This shows that under summer low flow and initial flushing conditions, dissolution rates are less than 16 Kg/day 

to achieve pH 6 or less. Under winter-spring high flow conditions, dissolution is not required to achieve pH values 

of less than 5 as the discharge pH is already 4.9, however rates increase up to 40 kg/day to achieve a pH of 6 

under these conditions. The highest dissolution rates are required during ongoing flushing conditions, with rates 

increasing from approximately 80 kg/day to achieve a pH of 5 and 145 kg/day to achieve a pH of 6. 
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Table 7-1 Simulated MgO treatment rates to achieve different pH outcomes downstream of Big Swamp 

Summer Low 

0.42 ML/day 

Initial Flush 

0.06 ML/day 

Ongoing Flush 

5.3 ML/day 

Winter-Spring High 

18.87 ML/day 

pH Kg/day pH Kg/day pH Kg/day pH Kg/day 

3.7 0 3.3 0 3.3 0 3.5 0 

4 1 4 3 4 57 4 0 

4.5 2 4.5 4 4.5 67 4.5 0 

5 3 5 5 5 77 5 0 

5.5 13 5.5 6 5.5 101 5.5 28 

6 16 6 7 6 143 6 40 

6.5 17 6.5 7 6.5 155 6.5 56 

7 18 7 7 7 164 7 79 

 

Figure 7-1 Simulated MgO treatment rates to achieve different pH outcomes downstream of Big Swamp 

7.2.2 Total annual treatment load 

The estimated monthly and annual volumes of magnesium oxide required to yield a pH of 5 and 6 downstream 

of Big Swamp are illustrated in Figure 7-2 and Figure 7-3 respectively. These indicate that based on the typical 

flow conditions and the concentrations of analytes observed during 2019-2020, monthly mass estimates 

required to achieve a pH of 5 downstream of Big Swamp range from 4 kg in March to 1,400 kg in July. The total 

annual mass required to achieve a pH of 5 is approximately 6,000 kg, with the majority (4,200 kg) required 

between the months of May and September. 

To achieve a pH of 6 downstream of Big Swamp, masses range from 13 kg in March to 2,700 kg in July. The total 

annual mass required to achieve a pH of 6 is approximately 14,000 kg, with the majority (9,500 kg) required 

between the months of May and September. 
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Figure 7-2 Estimated monthly and annual NaOH treatment volumes to yield a pH of 5 downstream of Big Swamp 

 

Figure 7-3 Estimated monthly and annual NaOH treatment volumes to yield a pH of 6 downstream of Big Swamp 

7.3 Comparison of treatment options 

Following the above, this section provides a brief comparison between the potential upstream treatment system 

and the downstream contingency measure, focussing on their treatment rates, sludge management, their 

relative effectiveness and/or certainty of effectiveness and environmental risks associated with overdosing.  

As discussed in section 3, the primary pathway by which acidity is discharged to Boundary Creek appears to be 

via groundwater discharge. As such, the input of alkalinity into surface water upstream of Big Swamp may have a 

reduced effectiveness in the short term as surface water is lost to the groundwater system via infiltration. 

However, the modelling undertaken in section 6 suggests that for much of the year, the discharge of acidity from 

groundwater would occur in the western end of the swamp and be enhanced following barrier installation, so 

alkalinity inputs to the western end of the swamp may be effective. 

Additionally, an upstream system could provide benefits in the longer term by treating acidic surface soils in the 

swamp which would limit the ongoing leaching of acidity from those soils into groundwater (provided the 

alkaline water could be effectively distributed across acidic soils). In addition, alkalinity dissolution rates vary 

widely across different systems, which highlights the importance of a trial to assess the rate of alkalinity 

dissolution, as well as the overall feasibility of the treatment system.  
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Conversely, as a sodium hydroxide dosing plant would aim to treat the load of acidity discharging from the 

swamp and given such measures are implemented routinely, there is high confidence that such a system could 

be installed and operated effectively, regardless of the pathway by which acidity enters Boundary Creek. 

However, such a system would have no effect on treating the source of acidity (i.e. the soils) in Big Swamp.   

Treatment of discharge water with sodium hydroxide may result in the formation of 8 to 24 m3 of sludge 

annually via the precipitation of iron and aluminium hydroxides. Management of sludge by its collection (via the 

installation of a silt curtain, settlement pond or similar) and its subsequent removal (by a sucker truck or similar) 

may warrant consideration to prevent enhanced build-up of sludge in the lower reaches of Boundary Creek or 

the Barwon River. Conversely, the addition of alkalinity upstream of Big Swamp is likely to result in the formation 

of iron and aluminium hydroxides within the swamp itself. Precipitates are likely to be fine grained in nature and 

while minor amounts of sludge may build up in the swamp, a significant proportion are likely to be discharged to 

the Barwon River and subsequently offshore. 

Another consideration between the two systems is the relative environmental risks associated with sodium 

hydroxide and caustic magnesia, respectively. For sodium hydroxide, while its high solubility in water means it 

can effectively neutralise high concentrations of acidity discharging from the swamp, this also means that it is 

possible to overdose discharge water, resulting in a saturation pH of 14 which may cause ecological risks 

downstream of Big Swamp. Thus the system would require safety measures to ensure overdosing did not occur. 

Conversely, caustic magnesia reaches saturation at lower concentrations than sodium hydroxide with a 

saturation pH of 9.5-10.8 (Taylor et al., 2005) and thus, presents a lower ecological risk downstream of Big 

Swamp.  

The above discussed factors have been summarised in Table 7-2 below. 

Table 7-2 Overview of upstream and downstream treatment technologies 

Consideration Downstream NaOH dosing Upstream MgO leaching 

Daily treatment rates  

(pH range 5-6) 
0-700 L/day 0-140 kg/day 

Annual volume/mass 

estimate 

(pH range 5-6) 

28,000-67,000 L/year 6,000-14,000 Kg/year 

Effectiveness of alkalinity 

reaching acidity  
Effective Uncertain – would require trials 

Effectiveness in dissolving 

required alkalinity 
Effective 

Some uncertainty – would require 

trials 

Sludge management 
8-24 m3/year to be managed 

downstream of Big Swamp 

Sludge would discharge via Barwon 

River offshore with some sludge 

formation in swamp 

Environmental risks 

(overdosing) 
Higher (max pH = 14) Lower (max pH = 9.5-10.8) 
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7.4 Summary  

A summary of the potential upstream treatment option using magnesium oxide is below: 

• To achieve a pH of 6, mass ranges between less 16 kg/day under summer low flow and initial flushing 

conditions, to 40 kg/day during winter-spring high flows conditions and 80 kg/day during ongoing 

flushing conditions. 

• To achieve a pH of 6, the mass ranges from 13 kg in March to as much as 2,700 kg in July. The total 

annual mass required to achieve a pH of 6 is approximately 14,000 kg, with the majority (9,500 kg) 

required between the months of May and September. 

• The upstream treatment option provides benefits by way of reduced sludge management and 

environmental risks associated with overdosing, however dissolution rates, alkalinity loads and the 

ability for alkalinity to reach areas of acidic discharge need to be proofed with field trials. 
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8. Summary and conclusions 

The objective of this study is to combine monitoring data with the current understanding of hydrogeochemical 

processes occurring in the swamp and the results of the groundwater surface water modelling to undertake 

hydrogeochemical modelling to estimate the changes in water quality in Boundary Creek in response to 

remediation.  

A summary of the key findings is provided in the following sections. 

8.1 Surface water quality 

To help inform the hydrogeochemical conceptual site model, surface water sampling was undertaken to assess 

changes in water chemistry along surface water flow paths through Big Swamp and the key outcomes were: 

• Two flow paths were observed during the event including the northern “primary” channel and a southern 

flow path which diverts water through the interior of the swamp.  This suggests that the northern flow 

path not the primary flow path, which was a key assumption in the groundwater surface model by GHD. 

• The greatest increase in surface water acidity occurred in the eastern portion of the swamp, suggesting 

that increased groundwater discharge in the eastern end of the swamp was the primary pathway for 

acidity mobilisation into surface water during the sampling event.   

• Surface water pH declines as water moves through the swamp and continues to decline in Reach 3 of 

Boundary Creek as the groundwater discharge from the swamp is oxidised. 

8.2 Conceptual site model 

Key outcomes from the conceptual site model: 

• The greatest store of acidity in Big Swamp appears to be soil acidity in the upper soil profile, which has 

been estimated to contain 810 tonnes of CaCO3 equivalent. However, the timing of acidic discharge with 

respect to periods of high and low runoff suggest this is not the primary mechanism by which acidity is 

discharged to Boundary Creek. 

• Groundwater acidity stored in the shallow alluvial aquifer represents the second largest store of acidity 

in Big Swamp (126 tonnes of acidity as CaCO3 equivalent) and modelling suggests that this is the 

primary mechanism by which acidity is discharged into Boundary Creek and would be sustained by the 

infiltration of acidity from the upper soils.  

• Pore water acidity in the unsaturated zone represents a minor store of acidity in Big Swamp (estimated 

to represent 11 tonnes of CaCO3 equivalent) and leaching of soil moisture from the unsaturated zone 

appears to be a negligible process for further consideration as part of hydrogeochemical modelling. 

• The groundwater model combined with monitoring groundwater acidity can be used to characterise 

discharge of acidity from Big Swamp into Boundary Creek under current conditions and assess how this 

may change in response to barrier installation. 

8.3 Potential impacts on the Barwon River from Boundary Creek 

The key outcomes from a review of the potential impacts to fish in the Barwon River are: 

• pH, iron and aluminium pose the greatest ecological risk to the Barwon River, including the greatest risk 

of fish kills related to acute toxicity associated with respiratory failure due to low pH conditions and high 

aluminium concentrations.  
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• Simulations via the modelling package PHREEQC and comparison of flows in Boundary Creek and 

Barwon River suggest ecological risks to the Barwon River are highest during May and June, when 

discharge from the creek contains higher concentrations of parameters of concern and flows from the 

creek begin to increase. Higher flow periods (July-August) tend to represent lower risks to the Barwon 

River due to lower concentrations of parameters of concern due to the effects of dilution.  Lower flow 

periods (December-March) also tend to represent lower risks to the Barwon River due to the reduced 

flow contribution from Boundary Creek. This is consistent with sampling undertaken to date by Austral 

(2020). 

• The only recorded fish kill event in the Barwon River occurred in June 2016 when flows from Boundary 

Creek represented ≥40% of those in the Barwon River. This period represents a flow event following 

flow cessation in Boundary Creek (known as a first flush). While other first flush events have yielded a 

similar contribution of flows to the Barwon River, these were preceded by 4 months or less of flow 

cessation in Boundary Creek, whereas the June 2016 event was preceded by more than 8 months of 

flow cessation in Boundary Creek. This suggests that the Barwon River is at the greatest risk of a fish kill 

event following an extended period of flow cessation in Boundary Creek (>4 months) when flows from 

Boundary Creek represent ≥40% of those in the Barwon River. 

8.4 Predicted dosing requirements for the downstream contingency measure 

A summary of the dosing requirements for the downstream contingency measure using sodium hydroxide is 

below: 

• To achieve a pH of 6, dosing rates range between less 80 L/day under summer low flow and initial 

flushing conditions, to 200 L/day during winter-spring high flows conditions and 700 L/day during 

ongoing flushing conditions. 

• To achieve a pH of 6, dosing rates range from as little as 64 L in March to as much as 12,800 L in July. 

The total annual volume required to achieve a pH of 6 is approximately 68,000 L, with the majority 

(47,000 L) required between the months of May and September. 

• The annual build-up of aluminium and iron hydroxide sludge in response to sodium hydroxide dosing is 

estimated to be 24 m3 assuming treatment to pH of 6. 

8.5 Predicted water quality outcomes of inundation 

The calibrated hydrogeochemical model was used in conjunction with the CSM presented in Section 3 and the 

groundwater surface water model (GHD,2020) to predict the water quality changes following the installation of 

hydraulic barriers.  The key outcomes from this modelling are: 

• Approximately 56 tonnes per year of acidity CaCO3 equivalent is added to the groundwater system via 

rainfall recharge, compared to 80 tonnes per year of acidity CaCO3 equivalent being discharged.  This 

suggests that the Swamp may have established a dynamic equilibrium over the last 30 years since 

acidification processes began.  

• Modelling indicates that concentrations of acidity discharging from Big Swamp are likely to increase 

following remediation in response to enhanced groundwater discharge from the western portion of the 

swamp, where concentrations of groundwater acidity are higher than those in the east. The annual mass 

of acidity discharging from Big Swamp following remediation is estimated to be approximately 160 

tonnes of acidity as CaCO3 and is approximately double that the absence of remediation. 

• In the absence of remediation, the combined mass of existing acidity in groundwater and soils and 

potential acidity in soils would take approximately 100 years before they are removed from Big Swamp.  

• With remediation, the time taken to remove the existing and potential acidity is reduced to 35 years.  

The reduction in time associated with remediation is related to a combination of: 
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o Reducing the mass of potential acidity available for oxidation via watertable rise and  

o An increased rate of acidity discharge from the system associated with increased groundwater 

discharge following barrier installation and enhanced flow supplementation. 

• These results suggest that either a downstream contingency measure or introduction of a treatment 

system upstream of Big Swamp may be required to mitigate potential risks to the Barwon River. 

8.6 Predicted requirements for the upstream treatment option 

The hydrogeochemical modelling undertaken to inform the potential outcomes of installation of hydraulic 

barriers as a remediation action for Big Swamp indicates the water quality benefits could take 35 years to be 

realised.  This highlights a potential upstream treatment solution to advance remediation.  The Independent 

Technical Review Panel (ITRP) recommended that an upstream treatment system using caustic magnesia (MgO) 

as a pH correction chemical be considered. 

A summary of the requirements for the potential upstream treatment option using magnesium oxide is below: 

• To achieve a pH of 6, mass ranges between less 16 kg/day under summer low flow and initial flushing 

conditions, to 40 kg/day during winter-spring high flows conditions and 80 kg/day during ongoing 

flushing conditions. 

• To achieve a pH of 6, the mass ranges from 13 kg in March to as much as 2,700 kg in July. The total 

annual mass required to achieve a pH of 6 is approximately 14,000 kg, with the majority (9,500 kg) 

required between the months of May and September. 

• The upstream treatment option provides benefits by way of reduced sludge management and 

environmental risks associated with overdosing, however dissolution rates, alkalinity loads and the 

ability for alkalinity to reach areas of acidic discharge need to be proofed with field trials. 
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9. Recommendations 

This section provides a series of recommendations based on the above, which could be used to improve the 

hydrogeochemical understanding of Big Swamp and refine the remedial approaches considered. 

Recommendations have been made with respect to sampling, laboratory analysis, groundwater-surface water 

modelling and consideration of treatment options. 

1. Additional surface water sampling near BH02 or BH03 is recommended in preference to BH01 to 

target better mixed water along the primary flow path. 

The undertaking of surface water sampling through Big Swamp during April 2021 indicated an increase in acidity 

through the eastern portion of the swamp via groundwater discharge in this area. Modelling results suggest 

significant inputs of acidity in the western portion of the swamp. Additional sampling under different flow 

conditions is recommended to further confirm the location of acidity discharge to surface water in Big Swamp.   

2. A sampling run be undertaken using finer mesh filters for analysis of dissolved metals (0.2 µm or 

smaller) 

The hydrogeochemical modelling undertaken as part of this study underestimates the concentration of 

dissolved analytes (primarily aluminium) compared to dissolved concentrations in samples provided by 

laboratory analysis. This may be a result of fine-grained particulate matter in water samples and may result in 

overestimating the risk that such analytes pose to aquatic ecology downstream of Big Swamp. To resolve this, it 

is recommended that a sampling run be undertaken using finer mesh filters (0.2 µm or smaller) for analysis of 

dissolved metals. 

3. Collection of nutrients and chlorophyll analytical data in the Barwon River 

The assessment of broader ecological risks (such as eutrophication) in the Barwon River was impeded by the 

absence of nutrients and chlorophyll analytical data in the Barwon River. Collection of these data would enable 

this assessment if deemed warranted. 

4. Additional samples collected for chromium reducible sulfur suite of analysis 

The greatest source of uncertainty with respect to estimating the duration of remediation of Big Swamp are the 

spatial distribution of soil acidity in areas which have not been sampled and the density of the soils within the 

swamp. To resolve this, it is recommended that additional samples be collected for chromium reducible sulfur 

suite of analysis to the west of BH18 and in between (and to the north) of BH12 and BH10. In addition, the 

collection of undisturbed samples for soil density analysis is recommended. Sampling could target the upper 

3 m of the soil profile to estimate the mass of acidity stored above the watertable.  

5. Undertake soil leach tests on soil samples 

Estimates regarding the mass of acidity entering the groundwater system via recharge have been made using 

shallow groundwater concentrations during recharge conditions. This approximation could be validated by 

undertaking soil leach tests on soil samples to understand whether the system is in dynamic equilibrium or if the 

input of acidity to the groundwater system may limit the rate of acidity discharging from the system.  

6. Consider revised flow paths through Big Swamp and LTA recovery in future iterations of the 

groundwater-surface water model 

The undertaking of surface water sampling through Big Swamp during April 2021 indicated that the northern 

channel does not appear to be the primary surface water flow path through Big Swamp. The representation of 

flows paths through the swamp should be re-considered during future iterations of groundwater-surface water 

modelling.   



Hydrogeochemical modelling of Big Swamp and Boundary Creek 
 

 

80 

 

Additionally, it is recognised that if recovery if the LTA occurs in the western portion of the swamp and yields 

groundwater level increases in this area, it may have a similar effect to the installation of barriers. Future 

iterations of the groundwater-surface water model should consider these implications 

7. Assess ecological risks to the Barwon River following the installation of hydraulic barriers 

Section 4 provides an indication of potential risks to fish in the Barwon River. The subsequent modelling in 

Section 6 suggests that following the installation of barriers and enhanced flow supplementation, the 

concentrations of acidity and other analytes of concern may increase in Boundary Creek due to increased 

groundwater discharge from the western part of the swamp where concentrations of groundwater acidity are 

higher. Assessment of such risks following barrier installation may be warranted depending on the timing and 

effectiveness of contingency measure implementation. 

8. Field trials to confirm the feasibility of the upstream treatment option 

The results presented in Section 6 indicate that the installation of barriers is likely to enhance the discharge of 

acidity from groundwater in the western end of the swamp and that remediation may take decades to yield 

improved water quality outcomes in Boundary Creek, even in the presence of hydraulic barriers. As such, the 

addition of alkalinity upstream of the swamp to treat this additional acidity input and enhance the rate of 

remediation carries merit. However, given the limited literature available regarding such a system, there remains 

uncertainty in the feasibility to generate the necessary concentrations and loads of alkalinity, as well as its 

effectiveness in delivering alkalinity throughout the swamp where acidity inputs occur. As such, if this option is 

pursued, a field trial is recommended that is capable of assessing these uncertainties. 
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Appendix A. Surface water monitoring 

 

 

 

 

 

 



Hydrogeochemical modelling of Big Swamp and Boundary Creek 
 

 

84 

 

 

 

 

 



Hydrogeochemical modelling of Big Swamp and Boundary Creek 
 

 

85 

 

 

 

 

 



Hydrogeochemical modelling of Big Swamp and Boundary Creek 
 

 

86 

 

 

 

 



Hydrogeochemical modelling of Big Swamp and Boundary Creek 
 

 

87 

 

Appendix B. Groundwater-surface water hydrographs 
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Appendix C. Additional groundwater chemistry time series 

C.1 Time series plots by transect 

 

 

Figure 10-1: Time series of groundwater acidity plotted by transect. The scale of the y-axis varies by transect. 
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Figure 10-1 (continued): Time series of groundwater acidity plotted by transect. The scale of the y-axis varies by 

transect.  
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Figure 10-2: Time series of groundwater pH plotted by transect. 
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Figure 10-2 (continued): Time series of groundwater pH plotted by transect. 
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Figure 10-3: Time series of groundwater ferric iron (Fe3+) concentrations plotted by transect. The scale of the y-axis 

varies by transect. 
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Figure 10-3 (continued): Time series of groundwater ferric iron (Fe3+) concentrations plotted by transect. The 

scale of the y-axis varies by transect.  
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Figure 10-4: Time series of groundwater ferrous iron (Fe2+) concentrations plotted by transect. The scale of the y-

axis varies by transect. 
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Figure 10-4 (continued): Time series of groundwater ferrous iron (Fe2+) concentrations plotted by transect. The 

scale of the y-axis varies by transect.  
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Figure 10-5: Time series of groundwater sulphate concentrations plotted by transect. The scale of the y-axis varies 

by transect. 
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Figure 10-5 (continued): Time series of groundwater sulphate concentrations plotted by transect. The scale of the 

y-axis varies by transect. 
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Figure 10-6: Timeseries of groundwater aluminium concentrations plotted by transect. The scale of the y-axis 

varies by transect. 
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Figure 10-6 (continued): Timeseries of groundwater aluminium concentrations plotted by transect. The scale of the 

y-axis varies by transect. 
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Figure 10-7: Time series of groundwater manganese concentrations plotted by transect. The scale of the y-axis 

varies by transect. 
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Figure 10-7 (continued): Time series of groundwater manganese concentrations plotted by transect. The scale of 

the y-axis varies by transect. 
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Appendix D. Additional information for ‘Risks to fish in the Barwon 
River’ assessment 

This appendix provides more detail of the methods used to asses the nature of the risk posed by acidic discharge 

from Boundary Creek on fish, and more specifically fish kill events, in the Barwon River (section 4). 

Table 10-1 provides the WQGVs used in the assessment, as well as the source of the WQGV, potential limitations 

associated with the WQGV and the ‘test metric’.  

The ‘test metric’ is the metric of test site data which is compared to the WQGV in a water quality assessment. In 

the screening assessment, Boundary Creek downstream of Big Swamp is used as the test site. Generally, the test 

metric for toxicants (parameters that can cause toxic effects and ultimately death) is the 95th percentile value 

(ANZG 2018)3. The exception to this is when a site-specific WQGV is required because the ambient condition 

does not meet the WQGV. In the screening assessment (section 4.1.1), the 95th percentile concentration of 

aluminium and iron in the Barwon River upstream of the Boundary Creek confluence are above the ‘default’ 

WQGV. For these metals, a site-specific WQGV is required.  

The ANZG (2018) recommends that the 80th percentile of reference site data collected at monthly intervals over 

a 2-year period be used to set site specific WQGVs.4 The ANZG (2018) further recommends that for a slightly to 

moderately modified ecosystem, the median of the test site (Boundary Creek downstream of the swamp) should 

be compared to the site specific WQGV4 (80th percentile of Barwon River upstream of Boundary Creek). The site-

specific WQGV is considered as ‘interim’ as EPA Victoria requires that site-specific WQGVs only be adopted where 

default WQGVs cannot be met due to naturally high concentrations. The source of aluminium and iron in the 

Barwon River upstream of Boundary Creek is currently not characterised. 

For ecosystem stressors (parameters that cause stress but usually not death) the metric varies depending upon 

whether low or high values are the cause of stress. The test metric for ecosystem stressors used in the 

assessment comes from the ERS. 

As there are only 13 measurements from Boundary Creek downstream of the swamp there may be insufficient 

data to calculate percentiles with a 95% level of confidence. For example, Goudey (1999) states that 12 samples 

are sufficient to calculate 25th or 75th percentiles with a 95% level of confidence. Using the same method, at 

least 59 samples would be required to calculate a 95th percentile value with a 95% level of confidence.  

All data reported as below the limit of reporting was treated as 0.5 x the limit of reporting for calculation of 

percentiles using default Excel formulae. 

Table 10-1: Water quality guideline values used in ‘Risks to fish in the Barwon River’ assessment 

Parameter Type Unit Value Source Test Metric Comment 

Aluminium Toxicant mg/L 0.055 ANZG 95th percentile WQGV is for waters >pH 6.5. The pH of 

the Barwon River upstream of the 

Boundary Creek confluence (the ambient 

condition) is >pH 6.5. 

0.15 ss-

WQGV 

50th percentile 80th percentile value from Barwon River 

upstream of Boundary Creek confluence. 

Ammonia (as N) Toxicant (and 

stressor, see 

comment) 

mg/L 0.9 ANZG 95th percentile Only the WQGV from ANZG (2018) for 

action of ammonia as a toxicant is 

adopted. The WQGV for physical and 

chemical stressors for south-east 

Australia was not adopted (Table 3.3.2 

 
3 https://www.waterquality.gov.au/anz-guidelines/monitoring/data-analysis/derivation-assessment 
4 https://www.waterquality.gov.au/anz-guidelines/guideline-values/derive/reference-data 
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Parameter Type Unit Value Source Test Metric Comment 

for ANZECC & ARMCANZ 2000). The 

stressor WQGV is intended to assess the 

risk of adverse effects due to nutrients as 

ecosystem stressors (i.e. eutrophication). 

The ERS provides a WQGV for total 

nitrogen for this purpose and Table 3.3.2 

of ANZECC & ARMCANZ (2000) is not 

listed as an objective for surface waters in 

Tables 5.7 or 5.8 of the ERS. Also, ANZG 

(2018) states that “localised 

(geographically derived) guideline values 

and advice targeted to the local scale will 

always be more accurate than, and 

should take precedence over, using 

default guideline values (DGVs) provided 

in the Water Quality Guidelines”. The 

WQGVs provided in the ERS are more 

localised than the WQGVs provided in 

ANZECC & ARMCANZ (2000). 

Antimony Toxicant mg/L 0.009 ANZG 95th percentile WQGV is of unknown reliability and is 

associated with an unknown level of 

species protection. Should be considered 

an interim indictive working level until 

more data is collected. 

Arsenic Toxicant mg/L 0.013 ANZG 95th percentile WQGV is for AsV as the WQGV for AsIII is 

higher (0.024 mg/L). 

Boron Toxicant mg/L 0.94 ANZG 95th percentile  

Cadmium Toxicant mg/L 0.0002 ANZG 95th percentile  

Chromium Toxicant mg/L 0.001 ANZG 95th percentile WQGV is for CrVI as the WQGV for CrIII is 

higher (0.0033 mg/L). The CrIII WQGV is 

also of unknown reliability and is 

associated with an unknown level of 

species protection. 

Cobalt Toxicant mg/L 0.0014 ANZG 95th percentile WQGV is of unknown reliability and is 

associated with an unknown level of 

species protection. Should be considered 

an interim indictive working level until 

more data is collected. 

Copper Toxicant mg/L 0.0014 ANZG 95th percentile  

Dissolved Oxygen Stressor % 

saturation 

70-130 ERS 25th percentile 

- maximum 

 

Electrical conductivity Stressor µS/cm 2,000 ERS 75th percentile  

Iron Toxicant mg/L 0.3 ANZECC 95th percentile Iron does not appear in ANZG (2018) and 

Table 3.4.1 of ANZECC & ARMCANZ 

(2000) states there is insufficient data to 

derive a WQGV for iron. In the technical 

brief for iron in ANZECC & ARMCANZ 

(2000) (section 8.3.7), a WQGV of 0.3 

mg/L is provided as an indicative interim 

working level until more data is obtained. 

This WQGV was taken from the Canadian 

guidelines current at the time of 

publication. 
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Parameter Type Unit Value Source Test Metric Comment 

1.4 ss-

WQGV 

50th percentile 80th percentile value from Barwon River 

upstream of Boundary Creek confluence. 

Iron (total dissolved) Toxicant mg/L 0.3 ANZECC 95th percentile As above for iron. 

1.4 ss-

WQGV 

50th percentile 

Lead Toxicant mg/L 0.0034 ANZG 95th percentile  

Manganese Toxicant mg/L 1.9 ANZG 95th percentile  

Mercury Toxicant mg/L 0.00006 ANZG 95th percentile The WQGV is the value for 99% level of 

species protection. This value is 

recommended for slight to moderately 

disturbed ecosystems by ANZG (2018) 

due to the potential for bioaccumulation. 

Molybdenum Toxicant mg/L 0.034 ANZG 95th percentile WQGV is of unknown reliability and is 

associated with an unknown level of 

species protection. 

Nickel Toxicant mg/L 0.011 ANZG 95th percentile  

Nitrate (as N) Toxicant (and 

stressor, see 

comment) 

mg/L 2.4 ANZG 95th percentile ANZG (2018) refers to NIWA (2013) for 

this WQGV. The same comment as for 

ammonia applies for nitrate. 

pH Stressor pH units 6.8-8.0 ERS 25th percentile 

– 75th 

percentile 

 

Selenium Toxicant mg/L 0.005 ANZG  The WQGV is the value for 99% level of 

species protection. This value is 

recommended for slight to moderately 

disturbed ecosystems by ANZG (2018) 

due to the potential for bioaccumulation. 

Silver Toxicant mg/L 0.00005 ANZG   

Thallium Toxicant mg/L 0.00003 ANZG 95th percentile WQGV is of unknown reliability and is 

associated with an unknown level of 

species protection. 

Total Nitrogen Stressor mg/L 1.1 ERS 75th percentile  

Total Phosphorus Stressor mg/L 0.06 ERS 75th percentile  

Turbidity Stressor NTU 25 ERS 75th percentile  

Vanadium Toxicant mg/L 0.006 ANZG 95th percentile WQGV is of unknown reliability and is 

associated with an unknown level of 

species protection. Should be considered 

an interim indictive working level until 

more data is collected. 

Zinc Toxicant mg/L 0.008 ANZG 95th percentile  

Notes: 

Sources of WQGVs: 

▪ ANZG – Australian & New Zealand guidelines for fresh & marine water quality default guideline values for slightly to moderately 

modified freshwater ecosystems (https://www.waterquality.gov.au/anz-guidelines/guideline-values/default/water-quality-

toxicants/search). Last viewed 26/07/2021. The default guideline value for slightly to moderately modified ecosystems is generally 

the value associated with a 95 % level of species protection, the level of species protection specified by the ERS. 

▪ ss-WQGV – Site specific water quality guideline value. For this assessment, the 80th percentile value from the Barwon River upstream of 

the Boundary Creek confluence was used to set an interim ss-WQGV. The 80th percentile value was used in line with guidance from the 

ANZG (https://www.waterquality.gov.au/anz-guidelines/guideline-values/derive/reference-data). 

https://www.waterquality.gov.au/anz-guidelines/guideline-values/default/water-quality-toxicants/search
https://www.waterquality.gov.au/anz-guidelines/guideline-values/default/water-quality-toxicants/search
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Parameter Type Unit Value Source Test Metric Comment 

▪ ERS – Environment Protection Act 2017 Environment Reference Standard, Table 5.8: Rivers and streams – Indicators and objectives, 

Central Foothills and Coastal Plains segment, Lowlands of Barwon, Moorabool, Werribee and Maribyrnong basins and the Curdies and 

Gellibrand Rivers. 

▪ ANZECC - Australian & New Zealand guidelines for fresh & marine water quality published by ANZECC & ARMCANZ in 2000 

(superseded by the ANZG). 

Test Metric – this is the metric of test site data which is compared to the WQGV in a water quality assessment. 

Jacobs have developed a method that uses the mixing equation to assess the level of dilution required for 

concentrations of indicators in a discharge stream to meet WQGVs in a receiving water. This method is based on 

the following equations: 

Equation D1 CUPSTREAMVUPSTREAM + CDISCHARGEVDISCHARGE = CDOWNSTREAMVDOWNSTREAM 

Equation D2 VUPSTREAM + VDISCHARGE = VDOWSTREAM 

Equation 1 (section 4.1.1 and reproduced below ) is obtained by combining and re-arranging equations D1 and 

D2, and substituting the concentration in the Baron River upstream of the Boundary Creek confluence for 

CUPSTREAM, the concentration in Boundary Creek downstream of Big Swamp for CDISCHARGE and the WQGV for 

CDOWNSTREAM. 

Equation 1               

where,  Sreq     =  required dilution factor to meet WQGV  

CBoundary Creek    = concentration in Boundary Creek downstream of Big Swamp 

Cwqgv   =  water quality guideline value  

CBarwon River    = ambient concentration in Barwon River, i.e. upstream of Boundary Creek confluence.  

The test metric required for CBoundary Creek and CBarwon River varies depending upon the water quality indicator. For 

toxicants, the 95th percentile value is generally used for both CBoundary Creek and CBarwon River as (i) the ANZG (2018) 

states that the metric for comparison of toxicant concentrations at a test site (Boundary Creek) should be the 

95th percentile (as above) and (ii) using the 95th percentile for the ambient condition (Barwon River) represents a 

conversative estimate of the dilution capacity of the receiving water – the higher the concentration in the 

receiving water, the lower the dilution the dilution capacity of the receiving water. The conservative nature of the 

dilution requirement caused by using the 95th percentile value for the ambient condition is considered warranted 

given the potential effects of toxicants on aquatic biota.  

The exception to use of the 95th percentile value for CBarwon River for toxicants where the ambient condition 

(Barwon River upstream of the Boundary Creek confluence) does not meet the WQGV. Here, the 80th percentile 

value of the Barwon River upstream of the Boundary Creek confluence is adopted as the interim site-specific 

WQGV and therefore, the 95th percentile value of the Barwon River would exceed CWQGV. In this situation, the 50th 

percentile value is used for CBarwon River. The 95th percentile value of Boundary Creek downstream of Big Swamp is 

still used for CBoundary Creek in order to obtain a conservative dilution requirement. 

As discussed above, there are only 13 data points for the Boundary Creek dataset. There are also 1 or 2 data 

points for the Barwon River for most indicators other than pH, electrical conductivity, aluminium, iron and 

manganese (n=70) and dissolved oxygen (n=35). This means that for Boundary Creek and the metals in the 

Barwon River with 1 or 2 measurements that although 95th percentile values can be calculated using Excel, the 

confidence interval associated with the 95th percentile may be low. For Boundary Creek, the 75th or 95th 

percentile value calculated using Excel was used to calculate Sreq (as above for comparison to WQGVs). For 

metals in the Barwon River with 1 or 2 measurements, the single value or maximum of the two available values 

was used to calculate Sreq. 
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For ecosystem stressors, the percentile value required for comparison of a ‘test site’ to the WQGV is used for 

Boundary Creek. For example, the75th percentile would be used for total nitrogen and the 25th percentile value 

would be used for the lower limit of pH. For CBarwon River, the 50th percentile value is used for stressors in the 

calculation of Sreq as this represents a ‘typical’ concentration. 
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Appendix E. Hydrogeochemical model calibration co-variance plots 
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Executive Summary 

Jacobs has been engaged by Barwon Water to provide a design for the Big Swamp active treatment contingency 

measure under the Boundary Creek, Big Swamp and Surrounding Environment Remediation an Environmental 

Protection Plan.    

The objective of the contingency measure is to chemically improve low pH flows leaving the Big Swamp in the 

short term if determined to be required until other remedial actions including the installation of the hydraulic 

barriers can take effect. In addition to this work, the hydrogeochemical modelling undertaken by Jacobs has also 

considered the ability to treat acidity within Big Swamp using magnesium oxide, as recommended by the 

Independent Technical Review Panel.  Upstream treatment potentially could reduce the need for implementation 

of an active treatment contingency measure, however field trials are required to confirm its feasibility. 

In assessing options for an appropriate active treatment contingency measure, the type of treatment chemical 

and site location were considered as key factors.   

The contingency measure assessment found that using Caustic Soda (NaOH) through a pH adjustment – flow 

plant (PAF) within a containerised system located at the downstream end of the Big Swamp to treat discharge 

flows is recommended.  This system is a robust off the shelf solution that can be implemented in a short period 

of time, supported by existing Barwon Water operational experience.  The system also allows for easy recovery 

for decommissioning.    

A readily available off the shelf pH Adjustment – Flow (PAF) plant has been proposed.  The PAF plant is designed 

to automatically adjust and maintain the pH level of pressurised raw water, prior to discharge to environment.  

The standard treatment process includes an inline pH analyser which monitors the pH level and a dosing pump 

to automatically dose liquid alkali. The system components provides flexibility to suit the raw water flow rate and 

daily usage. Chemical storage tank(s) are provided with 110% bunding in compliance with AS1940-2004 

(relevant standard for storage and handling of flammable and combustible liquids).  PAF plants are available as 

skid mounted or containerised systems for easy deployment to remote locations.   

This system further provides for diesel generator and solar powered elements, with options for equipment 

upgrades to meet Barwon Water’s requirements. 
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Important note about your report 

The sole purpose of this report and the associated services performed by Jacobs is to document the design of the 

Boundary Creek – Big Swamp Contingency Measure. This report has been prepared in accordance with the scope 

of services set out in Contract between Jacobs and Barwon Water. 

In preparing this report, Jacobs has relied upon, and presumed accurate, any information (or confirmation of the 

absence thereof) provided by Barwon Water and from other sources.  Except as otherwise stated in the report, 

Jacobs has not attempted to verify the accuracy or completeness of any such information. If the information is 

subsequently determined to be false, inaccurate, or incomplete then it is possible that our observations and 

conclusions as expressed in this report may change. 

Jacobs derived the data in this report from information sourced from Barwon Water and available in the public 

domain at the time or times outlined in this report.  The passage of time, manifestation of latent conditions or 

impacts of future events may require further examination of the project and subsequent data analysis, and re-

evaluation of the data, findings, observations, and conclusions expressed in this report. Jacobs has prepared this 

report in accordance with the usual care and thoroughness of the consulting profession, for the sole purpose 

described above and by reference to applicable standards, guidelines, procedures, and practices at the date of 

issue of this report. For the reasons outlined above, however, no other warranty or guarantee, whether expressed 

or implied, is made as to the data, observations and findings expressed in this report, to the extent permitted by 

law. 

This report should be read in full and no excerpts are to be taken as representative of the findings.  No 

responsibility is accepted by Jacobs for use of any part of this report in any other context. 

Project specific limitations which should be considered are: 

▪ Project time limitations have not allowed ground feature survey. The design is based on Airborne Lidar 

Survey, provided by Barwon Water, and adjusted during a previous hydraulic modelling phase.  This data is 

known to be affected by the presence of thick vegetation and possibly standing water. 

This report has been prepared on behalf of, and for the exclusive use of Barwon Water, and is subject to, and 

issued in accordance with, the provisions of the contract between Jacobs and Barwon Water. Jacobs accepts no 

liability or responsibility whatsoever for, or in respect of, any use of, or reliance upon, this report by any third party. 
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1. Introduction 

Jacobs has been engaged by Barwon Water to provide a design for the Big Swamp active treatment contingency 

measure under the Boundary Creek, Big Swamp and Surrounding Environment Remediation an Environmental 

Protection Plan.    

The objective of the contingency measure is to chemically neutralise low pH flows leaving the Big Swamp in the 

short term, if determined to be required, until other remedial actions including the installation of the hydraulic 

barriers can take effect. The contingency measure has been assumed to be independent of other remedial 

actions including the installation of the hydraulic barriers. 

1.1 Previous options assessments 

CDM Smith (2019) completed a remediation options assessment to support the REPP.  Seventeen options were 

identified for preliminary screening, of which seven options were considered for a detailed assessment.  These 

included: 

• Aerial liming - direct treatment of soils with neutralising agents. 

• Flooding of Big Swamp and managing groundwater levels – create permanently waterlogged areas where 

microbially mediated iron reducing and sulfate reducing reactions increase alkalinity, raise pH and remove 

dissolved metals by precipitation. 

• Soil excavation, disposal, and rehabilitation - removal of the oxidised ASS sediments within Big Swamp. 

• Soil mixing – use large diameter hollow flight auger fitted with mixing paddles to mix neutralising agent with 

the oxidised sediments. 

• Active treatment system - treat water quality in Boundary Creek downstream of swamp. 

• Constructed aerobic wetland – remove metals by oxidisation and hydrolysis. 

• Reducing and Alkalinity producing systems – a vertical flow anaerobic wetland to increase alkalinity, raise pH 

and remove metals by precipitation of insoluble hydroxides, carbonates and sulfides. 

The options were assessed against the specified criteria and the top three options using a weighted assessment 

were: 

• Flooding of Big Swamp and managing groundwater levels 

• Wetland liming 

• Active treatment system 

The recommended preferred remediation option was flooding Big Swamp and managing groundwater levels, as 

this is the only option with the ability to achieve all three project objectives which included maintaining minimum 

groundwater levels and flow in Boundary Creek and reducing peat/fire risk (CDM Smith, 2019).  Aerial liming and 

an active treatment system were recommended as contingency measures, or alternatively to be implemented in 

conjunction with the preferred option, depending on their effectiveness. 

On June 17 2021, the Independent Technical Review Panel also recommended that an active treatment system 

upstream of the swamp using caustic magnesia (MgO) as a pH correction chemical be considered. The focus of 

this system would be to treat the acidity stored in soils and pore water throughout the swamp. This option has 
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been further reviewed as part of separate report on the hydrogeochemical assessment of the Big Swamp. There is 

limited information in the public domain to consider this upstream treatment option in detail and field trials are 

recommended to confirm its feasibility (Jacobs, 2021a).     

The objective of this study is to consider the contingency measure options to provide for pH correction on surface 

flows leaving the Big Swamp.  This is to avoid low pH flows entering the Barwon River, resulting in potential 

environmental impacts such as fish kills.  

 

Figure 1.1: Location of hydraulic barriers (GHD, 2021) 

1.2 Purpose of this report 

The purpose of this report is to document the investigations, options assessment, and design of the contingency 

measure for Big Swamp.  This information is to provide detail to allow Barwon Water to: 

• Submit the project for Southern Rural Water (SRW) review and endorsement.  

• Undertake procurement of the proposed works to construct the contingency measure if determined to be 

required.     

The following work is being undertaken in parallel, and will be reported separately:  

• Hydrogeochemical modelling of Big Swamp and Boundary Creek (Jacobs, 2021a) 

• The consideration and design of hydraulic barriers within Big Swamp (Jacobs, 2021b) 

• Relevant approvals including, but not limited to cultural heritage, flora and fauna, statutory planning, 

works on waterway and land access agreements.  

Jacobs used Barwon Water LIDAR survey information, completed a geotechnical investigation and site visit.  No 

further assessments were undertaken as part of this design process.    
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1.3 Hydrogeochemical report (Jacobs, 2021a) 

Jacobs (2021a) completed hydrogeochemical modelling to estimate the changes in water quality in Boundary 

Creek in response to remediation. A hydrogeochemical conceptual site model was developed and confirmed that 

although soils contain the majority of the acidity in Big Swamp, acidity stored in groundwater is the primary 

mechanism by which acidity is discharged into Boundary Creek. 

A review of the potential impacts on the downstream Barwon River using the modelling package PHREEQC 

highlighted that pH, iron and aluminium pose the greatest ecological risk to the Barwon River.  The highest risk 

occurs during the months of May and June when discharge from the creek contains higher concentrations of 

parameters of concern and flows from the creek begin to increase. 

This study also used hydrogeochemical modelling to confirm the likely water quality outcomes from preferred 

remediation option involving the installation of hydraulic barriers. The modelling indicated that without the 

hydraulic barriers installed, the combined mass of acidity in the groundwater and soils would take approximately 

100 years to be removed from Big Swamp.  The installation of the hydraulic barriers is predicted to reduce the 

time to remove the acidity to approximately 35 years.  

This highlights that a potential upstream treatment may be required to improve the timeframe for remediation 

and the potential dosing requirements of such a scheme were outlined in the report.  Jacobs (2021a) note that 

there is limited information in the public domain on this option and field trials would need to be undertaken to 

confirm the feasibility. 

The hydrogeochemical model was also used to confirm the dosing requirements of the downstream contingency 

measure to inform the design.  The model estimated that between 80 and 800 L/day would be required to 

improve the water quality in Boundary Creek depending on the flow, which equates to 68,000 L/year. The 

majority of this is required between May and September.   
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2. Site Conditions 

Big Swamp is located on private property approximately 2 km South West of Yeodene (refer figure 2.1).  It is 

approximately 900 m long and up to180 m wide.  The easiest access is to the south east corner via a gravel 

driveway off Colac-Forrest Road.  This continues through farmland after which it becomes heavily treed before 

continuing to the Swamp.  Several tracks were constructed on the swamp for the installation of monitoring bores 

in 2019.  The tracks are unformed earth construction and approximately 3 m wide. Two tracks run parallel to the 

Southern side of the swamp, one of which follows the fire trench that was constructed to prevent spread of a 

historical peat fire within the swamp. These tracks are suitable for occasional light vehicle (Ute) access.  The 

tracks are rutted in sections, occasionally steep and with fine sand and silt.  They may be erodible and access 

difficult during wet weather and winter.   

Big Swamp receives water from Boundary Creek, which continues along the north side of the swamp. In places 

the boundary between the creek and swamp is not distinct. At the Eastern end of the Swamp, the flow paths 

converge.  A cutting which runs along the eastern fenced boundary channels the swamp outfall back to the creek.   

Hydrographic Stations (stream gauge) in Boundary Creek immediately to the east and west measure inflow to 

and outflow from the swamp, and the respective pH, and EC.  The two monitoring stations are triangular V notch 

weirs, formed from a stainless steel plate mounted in concrete box culvert structures measuring 1.2 m wide and 

0.9 m deep. Downstream of the eastern hydrographic station the creek continues East under the Colac – Forrest 

Road bridge where a third concrete weir with monitoring station is located. 

A fire trench runs along the southern side of the swamp and then turns north along the east boundary.  A track 

runs parallel along the southern side of the trench. The trench was dry when inspected.  Historically, it would 

have acted as a flow path for surface runoff from the hill to the south of the swamp, however, it is blocked in 

places at more recently constructed track crossings. The surface soil (trench excavation) appeared as dry 

unconsolidated organic silt.  The trench was overgrown in the bed and banks. It is possible that some of the larger 

trees neighbouring the trench may have predated the trench and had spoil mounded around them. 
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Figure 2.1: Big Swamp Location Plan  

Big Swamp 

 Hydrographic Stations 

(stream gauge)  
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3. Contingency Measure - Options Assessment  

The selection of the contingency measure type consisted of an initial screening process followed by more 

detailed assessment of the remaining options. 

3.1 Initial Screening 

A range of options were identified and considered as part of the initial option development and these were 

screened based on the functional requirements.  The initial screening process was influenced by the practicability 

of installation, assuming that the contingency measure could be installed over summer 2021/22 if deemed to be 

required. The short timeframe for installation (if required) favors conventional approaches with known outcomes 

ahead of more novel methods with uncertain outcomes. 

The options considered for the contingency measure were reviewed against three key functional aspects, which 

were: 

• Location of the works,  

• Method of treatment/application and 

• Chemical used to improve pH in the water. 

3.2 Location 

The location of the contingency measure to improve the pH of the water entering the Barwon River could be 

situated in the following locations: 

• Upstream of Big Swamp to pre-treat Boundary Creek flows entering the Big Swamp,  

• Within the swamp to treat surface water before it leaves the swamp, or 

• Downstream of the swamp treatment of the flow leaving the swamp. 

Table 3.1 describes the considerations for location of the contingency measure. 

The location of the contingency measure is proposed to be downstream of Big Swamp, due to ease of access and 

certainty around ability to mix and therefore treat all flows leaving the Swamp. 

Further consideration for the location of the contingency measure may be required to support the construction of 

the hydraulic barriers if required.  The hydraulic barrier works are proposed to be constructed while the swamp is 

as dry as possible and these works may expose PASS as a result of vegetation removal and soil disturbance, 

which has the potential to cause additional acidification.  Treatment within the swamp could potentially mitigate 

some of this risk, however this option has not been considered in detail following comparison of the options as 

discussed in Table 3.1. 
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Table 3.1: Comparison of options for active treatment as a contingency measure 

 Upstream Treatment   Treatment Within Swamp Downstream Treatment  

Access Access to the entry and middle of the Big Swamp is via an 

unformed narrow rutted dirt tracks with thick vegetation 

close to the tracks, restricting vehicle turning and size.  

These tracks are likely of limited use during wet seasons.  

Upgrade works to the track are likely to require planning 

permit on vegetation removal, although it is noted that 

access to these areas will likely be improved for 

construction of the hydraulic barriers. 

Access to the Boundary Ck 

downstream of the Swamp is via 

an open farm paddock.  

Land 

ownership 

Private Land Private Land Private Land 

Ability to 

mix and 

treat all 

flows 

Pre-treatment of the flows 

entering Big Swamp are 

likely to be difficult to 

estimate due to variable 

flow paths.  This is further 

made difficult with 

potential for bypass flows 

around the Swamp to the 

Boundary Ck likely to take 

treated flows away from 

the Big Swamp area.       

Mixing within the Swamp is 

likely to be problematic 

with the pools being slow 

moving and unable to move 

treated water throughout 

the water to correct the pH.  

Using mechanical mixers is 

not recommended due to 

the environmental 

conditions of the swamp 

and additional cost and 

power demand.    

Mixing on discharge allows for 

the effective treatment of the 

surface flows on known pH 

measurements and total flow 

volume.  This allows for target 

dosing and correction of pH 

levels.  The Big Swamp 

downstream location has a weir 

that further provides a good 

location for mixing of flows to 

ensure the chemical is mixed 

through the surface flows.   

Construction The construction of the chemical treatment system at the 

entry or middle of the Big Swamp area is likely to require 

native vegetation removal, further works to improve 

access roads and may limit construction equipment such a 

crane operation near large trees.  

The open paddock on the 

discharge end of the Big Swamp 

provides a good level of access 

and working space for 

construction.   

Extreme 

Events 

 

Location of the treatment works at the entry or middle of 

the Big Swamp requires the treatment process to be 

within a potential bush fire area.  This increases the risk of 

the system being damaged during extreme events.  Staff 

operating the system have increased risk with the access 

during code red days.      

The Big Swamp discharge area is 

an open paddock with capacity 

to provide separation from 

surrounding bushland.  

Operation The operation of the treatment system at the entry or 

middle of the Big Swamp could be more challenging to 

resupply with chemical and diesel, due access issues.   

Chemical spills and vandalism are likely to be more 

difficult to manage in a site with poor access and visibility 

as it cannot be easily seen and heard compared to an 

open paddock.  Access to site during night is expected to 

be hazardous when driving on a twisting narrow track near 

a swamp.      

With the proposed site located in 

an open paddock, access for 

chemical and diesel resupply is 

easier.  Management of chemical 

spills is likely to be manageable 

with soil removal, if required.   

Night access is expected to be 

easy with a short access route 

and open terrain.  
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3.3 Treatment Methods  

The different treatment methods that have been considered for pH correction are outlined below. 

 Manual Chemical Application within Big Swamp 

Periodic manual chemical treatment to the Boundary Creek system in Big Swamp to correct the pH is a potential 

option for the contingency measure.  This could be done with dosing chemicals to the waterway from chemical 

containers to the required volume in response to pH levels of the Big Swamp.  The dosing is proposed to be at 

the existing weirs as a mixing point for flows.      

This method is labour intensive and is likely to provide pH spikes into the waterway.  The operational cost of the 

labour is expected to be high and operation would be challenging to staff for long periods of time.  The 

management of chemicals with resupply, staff facilities such as toilets and lunch room are likely to be required to 

support the onsite team.  Risk management of chemical use is further unlikely to support this method.  Chemical 

dosing at night is unlikely to be acceptable, leaving the Boundary Creek system vulnerable to low pH events 

outside of business hours.   

 Lime Bed 

Lime could be placed within the Boundary Creek system, potentially downstream on a weir to provide a pH 

correction for passing flows.  This method does not allow for variable control of the pH and risks creating high 

alkaline water within the system.  It is expected to be difficult to manage replacement lime and to achieve a 

desired pH level consistently in the waterway. Lime beds are also likely to coat with iron and aluminium 

hydroxides rapidly and may require frequent ongoing maintenance and re-supply.  

 Chemical Dosing System 

A chemical dosing system would draw flow from the Big Swamp system via a feed pump from upstream of a weir 

where a pool of water is formed.   The flow would be dosed with chemical for return to the Big swamp system.  

This operation allows for consistent dosing, chemical storage and operation throughout the day and night.  The 

system would provide for capacity to monitor dosing rates and volumes and responding pH levels during dosing, 

allowing for potential adjust by the system in response to pH changes in the discharge water.   

This method has a greater capital cost, however, provides for reduced operational labour costs and greater level 

of control on chemical application to waterway.     
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3.4 Chemical Options 

Common chemicals used for pH correction for increasing alkalinity are provided in Table 3.2, together the 

amount required.  All these chemicals will neutralize acidity, so the selection of chemical to be used at Big 

Swamp was informed by Barwon Water’s current experience with chemicals to leverage off existing supply chains 

and Barwon Water current capacity. Preliminary discussions with Barwon Water indicated that Caustic Soda is a 

common chemical in use within their water treatment plants.   

Table 3.2: Alkalinity contributed per mg of pure product – Practical guide to the optimisation of chemical dosing, 

coagulation, flocculation, and clarification. 

Chemical Agent Alkalinity Added 

(mg CaCO3 equivalent /mg pure chemical) 

Soda Ash (Na2CO3) 0.94 

Hydrated Lime (Ca(OH)2) 1.35 

Caustic Soda (NaOH) 1.25 

Magnesium Hydroxide (Mg(OH)2) 1.72 

Sodium Bicarbonate (NaHCO3) 1.19 

3.5 Summary 

A review of the options considered above indicate a chemical dosing system located on the discharge end of the 

Big Swamp (Eastern) using Caustic Soda as a pH correction chemical would be recommended for the following 

reasons: 

• Preferred location due to accessibility, limited modifications and vegetation removal, reduced fire risk 

• Certainty of the achieving the desired water quality outcomes downstream of the swamp and minimizing 

risk to the Barwon River 

• Caustic soda is readily available and aligns with the Barwon Water current experience. 
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4. Contingency Measure - Basis of Design 

The design criteria and assumptions for the contingency measures are outlined below in Table 4.1. The design 

life of the contingency measure is assumed to be 15 years on the basis that the remediation option would 

achieve the desired outcome in 10-15 years.  However it is noted that Jacobs (2021a) has estimated that the 

current preferred remediation option involving hydraulic barriers may take 30 to 40 years to improve the water 

quality in Boundary Creek downstream of the swamp.  This suggests that the remediation option may need to 

include an additional upstream or in-swamp treatment to improve the remediation timeframe. An upstream 

treatment option using magnesium oxide has been recommended by the Independent Technical Review Panel 

and is discussed in Jacobs (2021a). If the design life needs to be greater than 15 years, further consideration may 

need to given to a more permanent structure. 

Table 4.1: Design criteria 

Item: Design Parameters: Basis / Source: 

Asset Life 15 years Mechanical / Electrical design life 15 

years 

Vehicle Access Rigid Truck   Access Road width: 3m 

Maximum Length: 12.5m  

Chemical Dosing Rate Min: 0 kg/day 

Max: 150 kg/day 

Min: 0 L/day 

Max: 800 L/day 

Chemical pH Correction Caustic Soda (NaOH) 

1kg = 2.5L Chemical  

Chemical to be used is 40% (W/W) 

Weight for Weight  

Chemical Storage Volume 2,500 Litres Intermediate Bulk 

Containers (IBC) 

Minimum bund volume 2,750L 

Heating Element required 

Operational Power Supply Diesel Generator For operation of the chemical dosing 

system 

Monitoring Power Supply Solar Panels For monitoring of chemical dosing 

system 

Building Enclosure 20-foot Shipping Container Factory fitted plant 

System Recovery Design to allow for chemical dosing 

system to be removed from site.  

Avoid permanent foundation of 

concrete.  Suggest gravel pad & 

road.  

 

Operating Duration 

between Visits 

Minimum: 7 days  

Maximum: ≥40 days 

This duration may vary depending on 

dosing rate for chemical usage.   

Duty Only Duty Only It is proposed to have duty only system 

given the likely short operational life.  

Consideration could be given to having 

critical spares on site for quick 

replacement.  This may include feed 

pump and dosing pump.    
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Further functional requirements for the purpose of designing include:   

▪ Chemical Dosing  

▪ Durability 

▪ Constructability 

▪ Minimising Vegetation Disturbance 

▪ Rehabilitation 

▪ Security  

4.1 Chemical Dosing Requirements 

The objective of the contingency measure is to chemically neutralise low pH flows leaving the Big Swamp in the 

short term if determined to be required until other remedial actions including the installation of the hydraulic 

barriers can take effect.  Jacobs (2021a) calculated the dosing requirements of the downstream contingency 

measure using caustic soda, which was estimated to be up to 800L per day to achieve a pH of 7.   

The chemical dosing requirements will vary depending on the flow conditions.  Jacobs (2021) used a range of 

different flow rates and acidity concentrations to reflect the range in conditions which may occur in a given year 

and estimate the dosing requirement: 

• Initial flush: represents higher concentrations of acidity discharging from Big Swamp as flows return 

following summer low flow conditions or flow cessation. 

• Ongoing flush: represents higher loads of acidity discharging from Big Swamp as flows continue to 

increase while concentrations remain moderately high.  

• Winter-Spring high flow: represents higher flow rates in which concentrations of acidity decline through 

flushing and or dilution, though loads remain relatively high due to high flow rates. 

• Summer low flow: represents lower flow rates during summer when concentrations of acidity tend to 

increase while flow rates decline. 

The contingency measure is proposed to have a self-priming pump to provide feed water and to dose caustic 

soda at a rate of up to 800L day.  Table 4.2 to show the expected seasonal dosing rates based on the typical flow 

conditions and different pH end points. 

The caustic soda 40% storage will require a heating element to prevent freezing at temperature below 15 

degrees Celsius.  Consideration could be given to using caustic soda 25% to reduce the potential for freezing, 

however this will increase the required storage of chemical on site.        
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Table 4.2: Seasonal Summary Table of expected dosing rates of NaOH 

Summer Low 

0.42 ML/day 

Initial Flush 

0.06 ML/day 

Ongoing Flush 

5.3 ML/day 

Winter-Spring High 

18.87 ML/day 

pH L/day pH L/day pH L/day pH L/day 

3.7 0 3.3 0 3.3 0 3.5 0 

4 7 4 15 4 284 4 0 

4.5 11 4.5 19 4.5 332 4.5 0 

5 17 5 24 5 382 5 0 

5.5 62 5.5 29 5.5 502 5.5 138 

6 80 6 33 6 709 6 197 

6.5 84 6.5 34 6.5 771 6.5 276 

7 87 7 35 7 814 7 390 

4.2 Durability – Parameters for Design 

It is assumed that a maximum operational period of the contingency measure to be 15 years, which align with the 

operational life of electrical and mechanical equipment.     

4.3 Vegetation Disturbance 

The design should minimize the impact on the vegetation during construction and operation.   

4.4 Rehabilitation Potential 

It is desirable that, the contingency measure can be removed in the future with minimal disturbance. Design 

features that facilitate this are to be considered essential. 

4.5 Constructability 

The contingency measure needs to be quick and simple for installation and commissioning with operational 

activities to be minimized for delivery of chemicals, fuel, and inspections.  The works need to be easily removed 

to allow the site to be return to farming paddocks.    

4.6  Security 

The security of the equipment on site is proposed to be within a shipping container to reduce unauthorized 

access to the equipment.  For generator and chemical storage tanks, further security fencing may be considered 

necessary to provide additional level of protection.  The generator can be further purchased with a protective 

enclosure and or placed within a shipping container, depending on risk assessment of the site.          
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5. Control Philosophy  
The scope of this document is to convey the design intent for the operation of the contingency measure for Big 

Swamp under both normal and abnormal operating conditions. 

5.1 Process Description 

The active treatment contingency measure is to provide for pH correction of surface flows entering Boundary 

creek from Big Swamp to avoid environmental impacts downstream of the site.  The pH correction of surface 

flows is proposed to be by chemical dosing.  The proposed control philosophy of the plant is outlined below.  

Appendix B provides further detail on the MAK Water system.   

1) Operational Input of field results of surface volume and pH of Big Swamp surface flows.  ML/d + pH level.   

2) Determine total chemical treatment volume required to pH correct to minimum pH 5, maximum pH7.  Refer 

to field test data tables 5.1. 

3) Start plant feed pump to provide dosing flows for chemical treatment. 

4) Adjust dosing pumps within plant to achieve required chemical treatment volume for the daily flows over 

24-hour period. 

5) Monitor surface flows and pH levels at downstream station at Colac – Forrest Road bridge. 

6) Provide adjustment of chemical dosing in step 4, in response to field results at monitoring station at Colac-

Forrest Road bridge.  Allow for delays in response due to distance from chemical treatment site and location 

on monitoring station.   

Continuous monitoring is required during chemical dosing operation.  Adjustments are to respond to changes at 

downstream monitoring site.   
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6. Implementation  

As shown in figure 6.1 the contingency measure is proposed to be on the Eastern end of Big Swamp within a 

cleared paddock to facilitate  direct access to Boundary Creek and Big Swamp.   

 

Figure 6.1: Annotated site plan of Big Swamp shown the location of the Contingency Measure area in yellow  

In order to achieve a quick and simple construction process along with easy removal, a containerised package 

chemical treatment plan has been proposed with associated bunded chemical storage for caustic soda and 

diesel.  This allows for factory fitout and testing with truck delivery to site and minimum works required before 

commissioning.   

The components are proven available products that can be ordered and assembled on site for operation.  Shown 

below in figure 6.2 is the proposed layout of the chemical dosing system, storage and bunding for chemical 

deliveries.   
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Figure 6.2: Contingency Measure Description   

The contingency measure consists of the following main components: 

6.1 pH Adjustment – Flow (PAF) Plant 

pH Adjustment – Flow (PAF) plants, as illustrated in Figure 6.3 are designed to automatically adjust and maintain 

the pH level of pressurised raw water, prior to discharge to the environment.  The standard treatment process 

includes an inline pH analyser which monitors the pH level and a dosing pump to automatically dose liquid alkali. 

The system components are sized to suit the raw water flow rate and daily usage. Chemical storage tank(s) are 

provided with 110% bunding in compliance with AS1940-2004 (The storage and handling of flammable and 

combustible liquids). Optional equipment upgrades include a flow transmitter, a static mixer if required to 

improve mixing, duty standby dosing pumps, dual chemical dosing pumps (alkali).  PAF plants are available as 

skid mounted or containerised systems for easy deployment to remote locations.   

MAK Water is a manufacture of such plants and have provided a proposal which has been included in Appendix B.  

MAK Water is able to provide a turnkey solution to include chemical tank storage, diesel generator and telemetry.  

Barwon Water would be able to tailor the arrangement to meet Barwon Water preferences on the containerized 

plant.  This would further be supported with installation, commissioning, and servicing support from MAK Water.    

Further refinements and options such as containerising the diesel generator and fuel, upgrading telemetry to 

Barwon Water requirements and redundancy in equipment may be considered. 
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Figure 6.3: pH Adjustment – Flow (PAF) plant 

        

6.2 Additional Site Considerations 

In addition to the chemical dosing plant, additional site works are required for the operation of the facility.  This 

includes: 

• Bunding for Chemical Delivery – The truck delivery of caustic soda requires chemical bunding to prevent 

accidental chemical spills.  Given the nature of the works a portable chemical bund is proposed for the 

facility.  Appendix C provides supplier information of portable spill bunds that can be made to size the 

site.   The chemical storage tanks may be considered to be placed within a secondary bund.     

• Chemical Safety Shower – The delivery and handling of chemical at the site requires a chemical safety 

shower.  The ET1400 has been designed to provide remote workers with an easily deployed permanent 

or semi-permanent emergency safety shower in locations where suitable infrastructure such as power 

and water is not available. The ET1400 is a robust, reliable, and highly visible first response emergency 

shower and eye wash station.  Further information on the ET1400 safety shower is in Appendix C.   

• Silt Curtain – The use of caustic soda to correct the low pH in the flows leaving Big Swamp is expected to 

generate sediment through the chemical reaction.  In order to manage the sediment, it is proposed to 

install a silt curtain on the Boundary Creek, downstream of the treatment process.  This is expected to 

concentrate the sediment for collection using a vacuum truck.  The proposed location is shown in figure 

6.2.  The silt curtain would likely be anchored either side of the Boundary Creek with star pickets and 

hung into the water to filter flows by a cable within the silt curtain.  Weights in the bottom on the silt 

curtain shall weigh down the curtain to prevent flows passing under.  Appendix C provides supplier 

information.   

• Site Access -   Access to the location is proposed to be improve with a gravel road and turning area for 

the delivery of chemical and fuels.  The alignment of the roads is shown in appendix A.  The road is 

proposed to be removed at a future point when the chemical treatment plant is no longer required, in 

agreement with the landowner.   
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7. Summary 

The implementation of a chemical dosing system is expected to provide a suitable contingency measure to 

mitigate the risk of low pH water entering Boundary Creek, downstream of the Big Swamp, should it be required.  

The use of readily available off the shelf systems is expected to save time and cost with the implementation, 

compared to a bespoke system.  The proposed arrangement allows for removal and remediation of the site when 

the contingency measure is no longer required.       

The use of caustic soda provides for an alkali agent that can correct low pH.  However, it does have residual risk 

with overdosing into the water, which can be managed with existing pH sensors and appropriate chemical dosing, 

commissioning, and operational supervision.  While other chemicals could be used, consideration was given to 

chemicals that are already used by Barwon Water and have staff familiar and trained in the chemical use.  

The location of the contingency measure on the Eastern end of the Big Swamp provides opportunity to treat all 

flows coming from Big Swamp, prior to entering Boundary Creek.         
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Appendix A. Design Drawings
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Appendix B. MAK Water Proposal 
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Appendix C. Supplier Information  

Polymaster Tanks 
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Safety Shower 
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Portable Chemical Bund 
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Floating Silt Curtain  
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