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Abstract 
The discharge of nitrogen contaminated groundwater to the marine environment of Cockburn Sound in 

Western Australia has resulted in significant water quality decline and marine habitat loss. Eolian and 

marine deposited, organic carbon depleted, sandy, surficial sediments that occur across the coastal 

plain provide little protection to the Superficial aquifer from contamination. Despite numerous efforts to 

reduce contaminant concentrations in groundwater discharging to Cockburn Sound, sizeable historical 

contaminant plumes persist. Stratified geological sequences and very low hydraulic gradients may 

account for the longevity of these plumes. However, the exploitation of these characteristics may also 

offer the potential for successful remediation. 

 

A case study was undertaken to assess this potential in relation to a nutrient plume (ammonia and 

nitrate) at Summit Fertilisers. The study employed standard assessment methods such as 

groundwater monitoring and aquifer tests. More novel technologies in geophysics (electrical resistivity 

imaging) and mineralogy assessment (x-ray florescent analyser) have also been utilised in order to 

characterise subsurface conditions and quantify contaminant distributions. Use of these techniques, 

particularly the use of geophysics, proved advantageous by reducing requirements for expansion of 

the monitoring network offsite as well as offering increased speed of data acquisition. 

 
The bulk of contamination at the Site was found to reside in the Becher Sand of the Superficial aquifer. 

The higher proportion of fine grained sediments in the basal part of this unit, lowers its hydraulic 

conductivity so that effectively it acts as a local scale, discontinuous aquiclude. The presence of this 

aquiclude has reduced vertical migration of contaminants from the overlying Safety Bay Sand to the 

underlying Tamala Limestone at the Site.  

 

Both ammonia and nitrate were observed to behave conservatively and consequentially should be 

highly mobile in the system. Although the mobility of the contaminants was very high, the plume was 

moving at only approximately 0.02 m/day to the north. This is inconsistent with high hydraulic 

conductivities in the Superficial aquifer (10-100 m/day) and regional head gradients (~0.0001 m/m). It 

is also inconsistent with the east-west direction of regional groundwater flow. 

 

To understand these inconsistencies while making predictions of plume impacts and remediation, 

regional and local data were compiled into a conceptual model that formed the basis of a numerical 

groundwater model. This numerical model was constructed using MODFLOW 2000 coupled to 

MT3DMS in PMWIN. The aim of this modelling was to further develop our understanding of the 

system, in particular to assess the stability of the plume and its sensitivity to changes in groundwater 

use on a both a local and regional scale.  

 

While regional and local scale groundwater flow was well modelled, local site scale solute transport 

was not. This leads us to the conclusion that it must be strongly influenced by density driven flow, 
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geological heterogeneities and the first flush effect in the contamination source, none of which were 

replicated due to a lack of data. Despite this, the model was able to confirm future persistence of an 

onsite contaminant source, the sensitivity of local groundwater flow to anthropogenic factors (drainage 

basins and abstraction) and the likelihood of Site contamination negatively impacting neighbouring 

abstraction bores as well as Cockburn Sound. 

Additional research is required to improve our understanding of contaminant transport mechanisms in 

the Superficial aquifer in the Kwinana Industrial Area (KIA). This is required for prioritising 

contamination management to ultimately minimise impacts to both human and ecological receptors. 

Recommendations for further work following the outcomes of this study included: 

 improvements to onsite stormwater collection/disposal to cease additional nutrient loading to 

the Superficial aquifer; 

 expansion of the current onsite monitoring program to include sampling of water within onsite 

basins and assessment of density and viscosity, particularly during the first flush; 

 confirmation of abstraction volumes from other groundwater users within the KIA; 

 improved understanding of aquifer heterogeneities to refine our understanding of local and 

regional aquifer hydraulic properties; and 

 updating the numerical model following the collection of this additional data, incorporating 

density coupled flow at the site and salt water interface. 

  



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 | iii 

Acknowledgements 
I owe so much gratitude to so many wonderfully generous, loving and supporting people for their 

assistance, patience and shared faith during my journey to complete this ‘little’ challenge. Those I 

most wish to thank are noted below. For everyone else I’ve crossed paths with during the course of 

this thesis I thank you also for the encouragement, positivity and shared philosophical gems. There 

really is no limit to our extraordinary abilities. 

Ryan Vogwill (UWA) – So much thanks to my supervisor for his patience, acceptance of where I was 

at, no matter where that was, always understanding my work pressures and ultimately never giving up 

on me, knowing that I would eventually get there. 

Neil Milligan (CyMod Systems) – Thank you, thank you, thank you for helping me to finally get a model 

to run! Thank you for your patience and ensuing guidance. Your assistance was invaluable. 

Bishnu Gautam – Thank you for the amazing generosity of your time and knowledge assisting me to 

get the modelling process started. Thank you also for being such a calming influence in those initial 

nervous days. 

Brad Jones (Summit Fertilisers) – For allowing me to undertake this thesis based on their Site and 

commissioned works ultimately providing me with a project that tied both my background and career 

development goals. 

Paul Turner and Simon French (GHD) – For assistance with conceptualising the initial scope and brief 

and for guidance provided early on in the process. 

Fern Beavis (GHD) – For your unwavering support and positivity, being a shoulder to cry on, a willing 

ear and the endless stream of reassurance. I don’t know how you did it but you never let on that there 

would be any outcome other than this one. 

Adam Osbaldeston (GHD) – For being so generous with your time, skill and knowledge, always 

offering a grounded perception, teaching me numerous “short cuts” I’d not yet learnt, teaching me to 

not be afraid of computer software and guiding me on how to get the most out of data processing 

programs. All the while, you never made me feel second rate. For that I am most thankful. 

James Rutherford and Loong Hey Yoong (GHD) – For your unending assistance with GIS requests 

and always processing these in a timely and efficient manner. 

Anastasia Boronina and Nimal Gamage (GHD) – For an introduction to groundwater modelling and 

assistance with the development of the model.  

Yvonne Binai and Paul MacDougall (GHD) – For assistance with Esdat and resolution of the 

numerous little ‘quirky’ bugs. 

Steven Pearce (GHD) – For your willingness to discuss and share your thoughts and of course the 

original suggestion as Summit as a thesis topic. Thank you for your chemistry inputs, pushing me to 

resolve inconsistencies and for the reviews you undertook.  

Heide Mielke (SGS) – For the provision of laboratory and freezer space for sample storage and 

processing. 

Steve Norrie (Ecoprobe) – For the provision of free of charge drilling services. 

Christine Hug and Vanessa Walter (GHD) – For the wonderfully fun and exciting Geology 101 classes! 



 

| Master of Hydrogeology Dissertation - Alyssa Barron 10102681 

My employer GHD and all my work colleagues – For allowing me the freedom to take the time to 

complete this thesis and the use of company facilities/work space to help make it all that bit easier. 

Ailish O’Donoghue – For helping to keep me sane, being running partner and ensuring I moved 

somewhat and breathed fresh air occasionally. 

Debra Mullan - For review and editing assistance, maintaining a firm belief that I would of course 

complete this task even when my own belief wavered and being a breath of fresh air in the breaks 

between study. 

Lindsay Bourke (DEC) – For review and editing assistance and for leading the way, being proof that 

completing this Masters was achievable no matter how long it may take. 

Eugene Chattelle - For helping me build the confidence within myself to truly know that I can achieve 

anything I put my mind to. 

My friends and family – Thank you so very much for understanding my lack of availability (both 

mentally and physically), the acceptance of my stressed persona over the last few months, for your 

patience and for allowing me the freedom to follow and achieve my dreams. Thank you very much for 

your unwavering love. 



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 | v 

Table of Contents 
1. Introduction and Aim ................................................................................................................. 1 

1.1 Location and Background ................................................................................................ 2 

1.2 Objectives ....................................................................................................................... 2 

1.3 Contribution to Knowledge ............................................................................................... 3 

2. Setting ...................................................................................................................................... 4 

2.1 Site History ...................................................................................................................... 4 
2.2 Site Description ............................................................................................................... 4 

2.3 Climate ............................................................................................................................ 5 

2.4 Geomorphology ............................................................................................................... 7 

2.5 Topography ..................................................................................................................... 7 

2.6 Geology .......................................................................................................................... 7 

2.7 Hydrogeology .................................................................................................................. 8 

2.8 Hydrology ........................................................................................................................ 9 

2.9 Local Land Use ............................................................................................................. 10 

2.10 Local Groundwater Use ................................................................................................. 10 

2.11 Local Groundwater Quality ............................................................................................ 10 

2.12 Surrounding Receptors .................................................................................................. 11 
2.13 Nature of Contamination ................................................................................................ 11 

2.14 Conceptual Site Model .................................................................................................. 12 

3. Literature Review .................................................................................................................... 14 

3.1 Aquifer Properties .......................................................................................................... 14 

3.2 Solute Transport Mechanisms ....................................................................................... 18 
3.3 Contaminants of Concern .............................................................................................. 22 

3.4 Numerical Modelling ...................................................................................................... 32 

4. Methodology ........................................................................................................................... 35 

4.1 Topography ................................................................................................................... 35 

4.2 Geology ........................................................................................................................ 35 
4.3 Hydrogeology ................................................................................................................ 36 

5. Results .................................................................................................................................... 49 

5.1 The Physical Environment ............................................................................................. 49 

5.2 The Chemical Environment............................................................................................ 53 

5.3 Conceptual Modelling .................................................................................................... 70 
5.4 Numerical Modelling ...................................................................................................... 77 

6. Discussion .............................................................................................................................. 90 

6.1 Hydrostratigraphic characteristics of the Superficial aquifer ............................................ 90 

6.2 Regional groundwater management .............................................................................. 91 

6.3 Lateral and vertical extents of the plume ........................................................................ 91 
6.4 Chemical properties of the plume .................................................................................. 93 



 

| Master of Hydrogeology Dissertation - Alyssa Barron 10102681 

6.5 Potential for offsite impact ............................................................................................. 95 

7. Conclusions ............................................................................................................................ 98 

8. Recommendations for Further Work ........................................................................................ 99 

9. References ........................................................................................................................... 101 

Plates 1 - 23.................................................................................................................................... 111 
 

Table Index 
Table 1 Groundwater Monitoring Well Construction Details ........................................................ 36 

Table 2 Parameters for the calculation of average linear velocities as per Darcy’s Law ............... 40 

Table 3 Diffusion Coefficients for Nitrate and Ammonia in Water ................................................ 40 

Table 4 Parameters for the calculation of contaminant mass ...................................................... 41 

Table 5 Average contaminant concentrations per geological strata ............................................. 41 

Table 6 Rainfall frequency as percentage of annual total ............................................................ 41 

Table 7 Geological layer thicknesses ......................................................................................... 43 

Table 8 Net recharge based on land use .................................................................................... 44 

Table 9 Hydraulic Conductivity ................................................................................................... 45 

Table 10 Effective porosity and Specific Yield .............................................................................. 46 

Table 11 Transverse versus Longitudinal Dispersivity Ratios ........................................................ 47 

Table 12 Vertical Hydraulic Head Absolute Differences and Gradients between upper 
Safety Bay Sands and lower Tamala Limestone Formation across the Site .................... 51 

Table 13 Estimated horizontal hydraulic conductivities at monitoring location 6 ............................ 52 

Table 14 Major ion concentrations and laboratory analysed ionic balance .................................... 62 

Table 15 Average linear velocities calculated using Darcy’s Law where vx = - (K/ne)(dh/dl) ........... 67 

Table 16 Calculated Hydrodynamic and Mechanical Dispersion ................................................... 68 

Table 17 Mass contaminant loadings per geological strata ........................................................... 69 

Table 18 Estimated Storage within the Model Domain .................................................................. 72 

Table 19 Net Annual Rainfall Recharge ........................................................................................ 72 

Table 20 Annual Recharge from Through Flow Flux (Q= KIA) ...................................................... 73 

Table 21 Annual Discharge from Through Flow Flux (Q= KIA) ...................................................... 74 

Table 22 Water Balance Calculations ........................................................................................... 75 

Table 23 Recharge Flux to Ponds Pre and Post 2005 .................................................................. 76 

Table 24 Mass Flux to Ponds Pre and Post 2005 ......................................................................... 76 

Table 25 Seasonal Variation of Concentrations in the Persisting Plume ........................................ 88 

 



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 | vii 

Figure Index 
Figure 1 Mean monthly rainfall (Kwinana) and pan evaporation (Perth) for the period 

from 1981 to 2012 ........................................................................................................... 6 

Figure 2 Annual rainfall for Kwinana showing the decline in rainfall levels since 1975 .................... 7 

Figure 3 Pourbaix diagram showing the metastable boundaries for nitrite (dashed lines) 
at 25 °, [PN2] = 0.77 and an activity of dissolved species of 10-3 unless 
otherwise specified (Source: Appelo and Postma, 1994) ................................................ 28 

Figure 4 Vertical Hydraulic Head Differential between upper Safety Bay Sands and lower 
Tamala Limestone Formation in the northeast of the Site (monitoring location 6) ........... 51 

Figure 5 Total nitrogen concentration contours (minimum curvature) showing 
contaminant plume in the Safety Bay Sand. Concentrations are in mg/L. 
Impacts are concentrated in the north of the Site demonstrated by 
concentrations >300 mg/L ............................................................................................. 53 

Figure 6 Nitrate concentrations versus ammonia concentrations in Safety Bay Sand 
(MB06) and Tamala Limestone (MB06DD). Nitrate is the dominant species in 
the shallower sands while ammonia is more prevalent in the underlying 
limestone (based on September 2012 data) ................................................................... 54 

Figure 7 Total nitrogen concentrations between geological units: Safety Bay Sands 
(yellow), Becher Sand (Blue) and Tamala Limestone (Black) ......................................... 54 

Figure 8 Total nitrogen concentrations in the Safety Bay Sand unit .............................................. 55 

Figure 9 Trends in total nitrogen concentrations (averaged over the monitoring period) 
between the two sand units with distance from the source ............................................. 55 

Figure 10 Nitrogen concentrations within impacted well MB06D showing the very low 
concentration of nitrite compared to ammonia and nitrate .............................................. 56 

Figure 11 Graph showing the strong correlation of electrical conductivity to total nitrogen 
concentrations. .............................................................................................................. 58 

Figure 12 Piper Plot demonstrating the dominance of calcium and bicarbonate ............................. 61 

Figure 13 Frequency distribution of ion balance results over the monitoring period ........................ 63 

Figure 14 Concentrations (ppm) of calcium, potassium and sulfur, respectively in core 
samples as gauged by an XRF analyser. The graphs show the correlated 
prevalence of calcium and potassium and the absence of sulfur in samples 
Core 1 (blue), Core 2 (red) and Core 3 (green) at depth and the reverse 
signature in Core 4 (yellow). .......................................................................................... 63 

Figure 15 Concentration of titanium in care samples as gauged by an XRF analyser 
showing greater frequency in impacted samples ............................................................ 64 

Figure 16 Depth profiles for ammonia and bicarbonate in MB06DD showing high 
correlation and likely base pairing between the two species. Depth presented in 
metres below ground level. ............................................................................................ 64 

Figure 17 Conductivity versus depth for monitoring location MB14(6DD). The profile 
shows strong correlation to that in Figure XX. (Source: from GroundProbe, 
2011a) ........................................................................................................................... 65 



 

| Master of Hydrogeology Dissertation - Alyssa Barron 10102681 

Figure 18 Interpreted extent of plume showing slow migration to the north northeast. 
(Source: from GroundProbe, 2011b) .............................................................................. 66 

Figure 19 Conceptualized model of solute transport representing density driven flow (large 
arrow), diffusion (small arrows) and advective flow (dashed arrows) .............................. 68 

Figure 20 Increasing significance of solute transport via diffusion (right axis) relative to 
mechanical dispersion (left axis) in lower permeability media ......................................... 69 

Figure 21 Estimated mass contaminant inputs to ground as a function of rainfall ........................... 70 

Figure 22 Calculated and observed heads (m AHD) versus time (days) in MB03 ........................... 78 

Figure 23  Improved seasonal amplitude correlation in MB06 ........................................................ 78 

Figure 24 Head versus time plot in MB02 showing an initial large discrepancy between 
calculated and observed heads ..................................................................................... 78 

Figure 25 Normalised distribution of residuals about a mean of -0.2 .............................................. 79 

Figure 26 Calculated concentrations in MB03D remain 3 to 4 times below those observed 
onsite despite mass loading occurring directly in layer 3 as a result of hydraulic 
mixing. .......................................................................................................................... 80 

Figure 27 Calculated concentrations in MB04D simulate seasonal recharge fluxes in the 
absence of density and viscosity. ................................................................................... 81 

Figure 28 Calculated and observed concentrations in MB06D showing the inadequate 
representation of contaminant impacts in the Becher Sand unit with distance 
from a single onsite source. ........................................................................................... 82 

Figure 29 Calculated and observed concentrations are well correlated at monitoring 
location MB03. .............................................................................................................. 83 

Figure 30 Calculated concentrations are approximately double observed levels in MB04. 
Seasonal trends generated in the model are not representative of onsite 
conditions. ..................................................................................................................... 83 

Figure 31 Good correlation is observed between calculated and observed concentrations 
in MB06. ........................................................................................................................ 84 

Figure 32 Calculated concentrations significantly underestimated in the Tamala Limestone 
at monitoring location MB06DD(14). .............................................................................. 85 

Figure 33 The simulated plume area is approximately seven times larger than the plume 
depicted by geophysical surveys undertaken at the Site. ............................................... 85 

Figure 34 Calculated concentrations in monitoring wells MB01 (top left), MB05 (top right), 
MB05D (bottom left) and MB10 (bottom right) far exceed concentrations 
observed onsite ............................................................................................................. 86 

Figure 35 Calculated concentrations in monitoring wells MB09 (left) and MB09D (right) are 
one to two orders of magnitude below those observed onsite......................................... 86 

 

Appendices 
Appendix A DoW WRL Groundwater Allocation within 5km of the Site 

Appendix B DoW WIN Bore Data 



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 | ix 

Appendix C Onsite Bore Logs 

Appendix D DoW WIN Bore Hydrographs 

Appendix E Hazen Hydraulic Conductivity Results 

Appendix F GroundProbe Down hole Conductivity Report 

Appendix G GroundProbe ERI Report 

Appendix H BoM Rainfall Data 

Appendix I DoW WRL Groundwater Allocation within the Model Domain 

Appendix J Regional and Site Groundwater Contours 

Appendix K Horslev and Bouwer-Rice Hydraulic Conductivity Results 

Appendix L Water Quality Parameter Results 

Appendix M Conceptual Groundwater Model 

Appendix N Calibration Hydrographs 

Appendix O Head Scatter Plot 

Appendix P Model Outputs 

 
 





 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 |1 

1. Introduction and Aim 
Groundwater is a precious natural resource recognised throughout the world for its drinking potential as well 

as for its use as process, irrigation and livestock water (Fetter, 1999). In Perth, Western Australia (WA) 

groundwater provides up to 50 per cent of the Integrated Water Supply System and up to 80 per cent of the 

total water requirement of the Perth Region (DoW, 2008). Perth's groundwater resources are under 

pressure from a drying climate reducing recharge, while the presence of multiple salt water interfaces and/or 

potential acid sulfate soils require drawdown management. All of these factors are reducing both the 

quantity and quality of available water and the pressure to conserve water supplies is heightening (DoW, 

2010).  

 

Point source contamination resulting from anthropogenic activities (predominantly poor storage and 

handling) (Appleyard, 2003) has been under increased scrutiny by the Department of Environment and 

Conservation (DEC) since the passing of the Contaminated Sites Act 2003 in late 2006. As a result, private 

industry is being more forcibly challenged to improve their operation/s and reduce impacts to the 

environment. The pressure on private industry is felt even more intensely where pollution has the potential 

to compromise natural environments of recognised significance (Appleyard, 2003).  

 

Within the Perth region, some of the most significant incidences of groundwater contamination have 

occurred in the coastal industrial precinct of Kwinana where groundwater discharges to the marine 

environment of Cockburn Sound (Appleyard, 2003). The migration of contaminated groundwater to sea has 

led to excessive nutrient loading (nitrogen specifically) of the sheltered bay and resulted in the subsequent 

loss of approximately 80% of sea grass biomass since the 1950s (Loveless and Oldham, 2010; CSMC, 

2007). The significant reduction in habitat has threatened a plethora of marine species (including seahorses, 

dolphins and penguins) that inhabit the Sound for shelter, feeding and breeding (CSMC, 2007). 

 

Nitrogen contamination throughout the Cockburn Sound Catchment predates the 1980s (Trefry et al. 2006). 

Given the industrial setting, numerous groundwater contaminants, including hydrocarbons, heavy metals, 

pesticides and herbicides have been identified in local groundwater, however, nitrogen contamination is 

considered to pose the greatest threat to the marine environment (Trefry et al. 2006). Much research has 

been undertaken to quantify risks to Cockburn Sound from a review of the Kwinana Industrial Area (KIA) as 

a whole (Appleyard, 1994; Smith et al. 2003; Smith and Johnston, 2003; Trefry et al. 2006). This study 

focuses specifically on one identified point source contributor where nitrogen contamination (ammonia and 

nitrate) has been detected at concentrations an order of magnitude higher than those reported elsewhere in 

the KIA (Loveless and Oldham, 2010). 

 

Further, advances in geophysics and groundwater modelling capabilities have enabled the mapping of 

contaminant plumes, modelling of chemical transport pathways and predictions as to the fate of potential 

pollutants, such as nitrogen in the KIA. These tools are becoming increasingly relied upon by environmental 

managers and regulators to prioritize both the urgency and application of remedial options to resolve 
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instances of groundwater pollution. This report provides a case study for the application of such assessment 

techniques within the stratified (sand and calcarenite) phreatic Superficial aquifer of the Swan Coastal Plain, 

where most contamination is present. 

 

The fertilizer storage and transfer site (hereafter referred to as “the Site”) operated by Summit Fertilizers Pty 

Ltd has been used since 1993 for the storage and transfer of fertilizer products from Fremantle port to farm, 

and later expanded into liquid fertilizer manufacture. Prior to government intervention and private consultant 

advice, fertilizer products were stored uncovered and nutrient rich storm water was directed to onsite sumps. 

Groundwater is less than 5 m below ground surface so rapid infiltration of contaminants occurs. This study 

has investigated the extent of groundwater contamination within the Superficial aquifer and the potential 

plume migration pathway/s. The main aim of the current study is to assess the likelihood that contamination 

at the Site will impact neighbouring groundwater users and Cockburn Sound. 

 

This study has been undertaken in conjunction with commissioned services provided by private consulting 

firm GHD Pty Ltd (GHD). GHD has been involved with groundwater management activities at the Site since 

2002 and has undertaken regular groundwater monitoring at the Site since 2005. The scope of field work 

undertaken and the volume of data available for review in this study have only been possible as a result of 

recommendations made by GHD to Summit Fertilizers and Summit Fertilizers’ willingness to address and 

rectify groundwater pollution identified at their Site. 

1.1 Location and Background  
The Site is located at 29 Ocean Street, Kwinana Beach approximately 32 km south of Perth CBD, 3 km west 

of the Kwinana Town Centre and 2 km east of Cockburn Sound. The facility operates under a Works 

Approval (Category 75) issued by the DEC, however, the Site is not licensed under the Environmental 

Protection Act 1986 to discharge to the environment. 

 

Groundwater beneath the Site has been the topic of investigation since 2002. Such investigations have 

identified nutrient contamination of soil and groundwater, linked to storm water runoff generated from roofs 

and hardstand. Historical onsite monitoring has identified that a significant ammonia and nitrate plume 

occurs within the Superficial aquifer. 

 

In a report prepared by the Commonwealth Scientific and Industrial Research Organisation (CSIRO), 

Summit Fertilizers was identified, along with numerous industries operating within the Kwinana Industrial 

Area (KIA), as a major point source risk to the marine environment of Cockburn Sound (CSIRO, 2006). This 

risk was based on the magnitude of nitrogen concentrations documented in onsite groundwater and the 

proximity of the Site to the coast. 

1.2 Objectives 
To close the gaps regarding groundwater and plume migration at the Site, this Masters Research aims to 

meet the following objectives: 
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1. Establish and define the hydrostratigraphic characteristics of the Superficial aquifer at the site 

through development of a conceptual model; 

2. Characterize the lateral and vertical extents and the chemical properties of the plume; and 

3. Evaluate the potential for impact to offsite receptors. 

1.3 Contribution to Knowledge 

1.3.1 Significance and Benefit 

Summit Fertilizers has been identified as a potential contributory source of nutrient impacts to Cockburn 

Sound. This research will assist in assessing the probability of identified contamination from the Site actually 

impacting Cockburn Sound. A number of other industries in the area have also been identified as potential 

sources of contamination of a similar nature. The development of the numerical model for the Summit Site 

may allow for an integrated approach to the evaluation of contamination risks for the industrial area as a 

whole.  

1.3.2 Innovation of Concept 

Application of coupled flow and solute transport modelling is a significant contribution to knowledge and 

innovation through applying industry standard techniques to a new site. This study however also documents 

stratification of contaminants with respect to physico-chemical properties of the contaminants.  
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2. Setting 
2.1 Site History 

Summit Fertilizers has operated at the Kwinana Site since 1993, originally as a fertilizer supply depot 

and later expanding into fertilizer manufacture. The Site has predominantly been used for the bulk 

storage of fertilizer constituents and products. The Site operates under a Category 75 Works Approval 

issued by the DEC. Under the Environmental Protection Act 1986, the Site is not licensed to discharge 

to the environment. 

 

Prompted by public complaints regarding a spillage outside the Site, the DEC made an inspection of 

the Site on 12 April 2002. The DEC subsequently identified the need for improved environmental 

management practices onsite. Among the DEC requirements, Summit Fertilizers was requested to 

develop and undertake a groundwater monitoring program. GHD Pty Ltd (GHD) was then engaged 

and has been responsible for the development of the monitoring program since 2002. 

 

Storm water and drainage assessments undertaken by GHD in 2002-2003 identified that storm water 

from roofed and hardstand areas of the Site contained elevated concentrations of nutrients, 

particularly ammonia (GHD, 2004a). At the time of the assessments, all storm water from the Site was 

directed to onsite drainage basins (soak-away type). Nutrient (nitrogen species) and sulphate 

contamination was also identified in the soil and groundwater local to these drainage basins. 

 

Drainage basins were originally lined with 10% red mud and gypsum sand approximately 1m depth 

(GHD, 2009). In May 2003, at the request of the DEC, the lining of the primary receiving basin, Basin 

1, (receiving approximately 70% of the Site runoff) was replaced with a new impervious clay layer 

(GHD, 2009). In addition, following recommendations by GHD, the hardstand area between the two 

onsite warehouses was roofed in 2005 to reduce the volume of nutrient enriched runoff being 

produced (Plates 1 and 2). To allow for the installation, Basin 1 was modified and significantly reduced 

(approximately 60-70% reduction) in size and capacity. Basin 2 was concurrently extended and clay 

lined to maintain storm water infiltration capacity at the Site. 

 

As mentioned above, early groundwater monitoring undertaken at the Site (2002-2004) identified 

elevated nitrogenous and sulphate concentrations local to Basin 1. Such impacts were not delineated 

(both vertically and horizontally) within the extent of the monitoring well network at the time.  

2.2 Site Description 
The Summit Fertilizer facility encompasses an area of approximately 8 ha in the southeast of the KIA 

located approximately 32 km south of Perth, 3 km west of the Kwinana Town Centre and 2km east of 

Cockburn Sound (Plate 3). The Site houses three main storage sheds that lie in an approximate 

northeast-southwest orientation and occupy the majority of the Site (Plate 2). The western and central 

sheds are used for bulk storage of fertilizers prior to shipment and distribution. The western shed is 

primarily used for the storage of ammonium phosphate fertilizers while the central shed is generally 
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used for the storage of urea nitrogen and ammonium sulphate products. The more recent construction 

of the most eastern shed allowed the business to expand further into liquid fertilizer production. 

Between the western and central sheds are administration offices, toilet facilities and a Site canteen.  

 

Site activities include the loading and unloading of bulk constituents via heavy haulage vehicles, the 

transfer of materials between storage sheds using loaders, blending of products and bulk bagging of 

fertilizers (GHD, 2002b). Fertilizers handled at the Site consist primarily of ammonia, nitrate, 

potassium, phosphorus and sulphate compounds with a number of trace metal additives/impurities 

including copper, zinc, manganese and molybdenum. 

 

Six basins are located across the Site, four at the back (northeast) and two at the front (southwest) 

(Plate 2). Basin 1 was originally approximately three times its current size and collected an estimated 

70% of the runoff generated at the Site. Basin 1 is clay lined (since 2003) and collects runoff from 

roofed and hardstand areas. A vehicle wash down bay is centrally located along the northern 

boundary of the Site. Waste water from the wash down bay drains to Basin 2 which is also clay lined. 

Basin 1 and Basin 2 overflow to the unlined Basin 3 where water infiltrates to ground. Basin 4 is lined 

with an impervious synthetic liner and receives storm water from the onsite fuel storage bund. Basin 4 

also overflows to Basin 3. Basins 5 and 6, at the front of the Site, are small and shallow in comparison 

to the other basins onsite and only receive runoff from the warehouse roofs. Soak wells are located 

along the eastern and western boundaries of the Site and also collect runoff from the roofs. 

 

Strips of landscaped garden line the southern face of the Site and a row of small trees line the back of 

the property towards the north-western corner of the Site. In addition, thin segments of unsealed soil 

border the western and eastern boundaries of the Site. The remainder of the Site is covered by a 

trafficable hardstand. 

 

Two onsite groundwater abstraction bores are used for irrigation purposes. A groundwater production 

bore is located adjacent to the northern end of the central shed and has historically served to provide 

a source of water for mixing operations. In late 2011, an additional production bore was also installed 

within the area of impacted groundwater in an effort to retract the plume and utilize the nitrogen rich 

water in the production of liquid fertilizers. This bore was installed in substitution of the original bore, 

however, given the bore was originally installed with a stainless steel pump and the highly corrosive 

nature of the water, this bore has been in limited use. Finally, there are currently 25 groundwater 

monitoring wells installed across the Site, predominantly lining Site boundaries. The location of onsite 

monitoring wells is shown in Plate 4.  

2.3 Climate 
Climate data (temperature and rainfall) for the Site have been obtained from the Bureau of 

Meteorology’s weather station, site number 009064, located at the Kwinana BP refinery, less than 1 

km to the northwest of the Site. Not all weather stations, including the Kwinana station, provide 
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measurements for pan evaporation therefore this data was obtained from the Perth Airport weather 

station, site number 009021, located approximately 40 km from the Site 

 

Kwinana Beach has a Mediterranean climate characterized by warm summers (November –April) and 

cool winters (June-September) (Loveless and Oldham, 2010). Temperature fluctuations are 

moderated by proximity to the ocean with mean summer temperatures ranging from 16.9 to 29.5°C 

and winter temperatures ranging from 10.6 to 18.8°C (BoM, 2012). Evaporation measurements, 

observed in a Class A evaporation pan have measured high evaporation occurring during warm 

summer periods and low evaporation occurring during cool winters (Figure 1).  

 

The winter period is distinctly wet in comparison to the summer months (Loveless and Oldham, 2010). 

The mean annual rainfall approximates 750 mm with over half this (>400 mm) occurring in the winter 

months of June, July and August (BoM, 2012). Mean monthly rainfall and evaporation for the period 

from 1981 to 2012 is presented in Figure 1. The period where rainfall is greater than evaporation (May 

to September) highlights the period when groundwater recharge predominantly occurs. 

 

 

Figure 1 Mean monthly rainfall (Kwinana) and pan evaporation (Perth) for the period from 

1981 to 2012 

 

A declining trend in annual rainfall levels post 1970 is observed (Figure 2) as reported by Davidson 

(1995) and Commander (2003).  
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Figure 2 Annual rainfall for Kwinana showing the decline in rainfall levels since 1975 

2.4 Geomorphology 
The Site is situated within the Swan Coastal Plain, specifically within a relic (Holocene) fore dune 

plain, referred to as the Quindalup Dunal System (McArthur and Bettenay, 1960). The Quindalup 

Dunes are a series windblown dunes and ridges generally oriented parallel to the coast (Davidson, 

1995). The fore dune plain is bound to the east by the Spearwood Dune System and to the west by 

the Indian Ocean (Plate 5).  

 

The Spearwood Dune System form a sharp ridge (35-40 m AHD) to the east of the KIA at the base of 

which lies a natural linear depression (<5 m AHD). No natural surface water drains are present in the 

study area due to the permeability of the coastal sands (Trefry et al. 2006). The most significant 

surface water feature in the area, Lake Cooloongup, is situated more than 3.7 km south of the Site.  

 

Approximately 9 km off the coast lies Garden Island, a north/south extending island approximately 15 

km long. Garden Island shelters a body of water (16 km long and 9 km wide), known as Cockburn 

Sound from the wider ocean. At its deepest point, the Sound extends 22 m below mean sea level 

(Trefry et al. 2006).  

2.5 Topography 
Surface elevation is at its highest (35-40 m AHD) within the Spearwood Dunes, approximately 1.5 km 

east of the Site. Surface topography decreases sharply (gradient of 0.07) at the base of the 

Spearwood Dunes and remains relatively low (~5m AHD) until the coast. Local topography is relatively 

flat, however, a slight gradient (0.003) to the west occurs across the Site.  

2.6 Geology 
The study area lies in the Perth Basin on late Tertiary to Quaternary superficial formations, a collective 

term coined by Allen (1976). The Perth Basin comprises a series of deep (more than 12,000 m) 

sedimentary rock that extends west of the Darling Scarp and continues offshore (Playford et al.1976). 
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The superficial formations consist of Safety Bay Sands unconformably overlying Tamala Limestone 

(MacPherson and Jones, 2005; Smith et al. 2011). Directly along the coast, to the west of the Site, a 

third lithology, known as the Becher Sand occurs between the Safety Bay Sands and Tamala 

Limestone. 

 

Superficial formations unconformably overlie sandstone, siltstone and shale members of the 

Leederville Formation (Davidson, 1995; Smith et al. 2011). Potential for discontinuous coverage exists 

in areas where Rockingham Sands occupy eroded valley incisions in the Wanneroo Member of the 

Leederville Formation (Davidson, 1995; Plate 6). This occurrence is spatially limited to the centre and 

eastern area of the Quindalup Dunes and does not occur within the area of interest of this study (DoW, 

2008) 

 

Safety Bay Sand is derived from eolian processes and formed from sediments of marine origin 

(Davidson, 1995). It is described by Davidson (1995) as white, unlithified, calcareous, fine to medium 

grained sand and shell fragments with traces of fine, black, heavy minerals. The unit is further 

described by Commander (2003) to contain minor feldspar and a calcium carbonate content of over 

fifty per cent. The Safety Bay Sands reportedly have a maximum thickness of 24 m (Davidson, 1995; 

DoW, 2008).  

 

The discontinuous Becher Sand occurs between the Safety Bay Sand and Tamala Limestone, 

Semeniuk and Searle (1985), along the coastal margin between Woodman Point to Rockingham. The 

Becher Sand was previously referred to as part of the Safety Bay Sand, however distinction was made 

on the basis of its near-shore marine origins (Davidson, 1995). It is a fine to medium grained quartz 

sand that is predominantly structureless and bioturbated with lenses of silty calcareous and shelly clay 

(predominantly at its base) (Semeniuk and Searle,1985). It is reported to be of a general thickness of 

10 to 15 m up to 20 m in the Rockingham area (Semeniuk and Searle,1985). 

 

Previously known as coastal limestone, the Tamala Limestone forms a coastal strip of carbonate 

eolianites stretching from Cape Range on the Central Coast of Western Australia to Albany on the 

south coast (Smith et al. 2011). It is creamy white to yellow or light-grey in colour and highly variable in 

composition (quartz sand, shell fragments and minor clay lenses) and form ranging from limestone 

through calcarenite to sand, with minor calcareous siltstone or marl (Klenowski, 1976). The Tamala 

Limestone is reported to have a maximum thickness of 110 m and is underlain by the Pinjar Member 

of the Leederville Formation (Davidson, 1995; DoW, 2008). 

2.7 Hydrogeology 
Three main aquifers exist within the Perth Basin; the Superficial, Leederville and Yarragadee 

(Commander, 2003). The Superficial aquifer occurs across most of the Swan Coastal Plain and 

provides groundwater supply to many areas (Commander, 2003; Trefry et al. 2006). It is a major 

unconfined aquifer that extends considerably beyond the study area bound to the north by the 

northern boundary of the Gingin Groundwater Area, to the south by the Murray River, to the east by 



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 |9 

the Gingin Scarp/Darling Fault and to the west by the Indian Ocean (DoW, 2008). Within the study 

area, the aquifer predominantly comprises a dual system of sands overlying limestone (Saftey Bay 

Sand, Becher Sand and Tamala Limestone). The surface sands allow direct recharge of the aquifer by 

rainfall infiltration (Commander, 2003).   

 

The Superficial aquifer overlies the Leederville Aquifer, a major confined aquifer spanning the coastal 

plain (Davidson, 1995). The Leederville Aquifer is a multilayer system, about 300 m thick in the vicinity 

of the Site and comprised of the Osborne and Leederville Formations (Davidson, 1995). It is typically 

confined by shales of the Osborne Formation, however, this confinement is not continuous and where 

the shale has eroded the Superficial aquifer is in hydraulic connection (Davidson, 1995). According to 

Davidson (1995), such connection occurs within the KIA beneath the Site (Plate 7). Downward 

leakage from the superficial to the Leederville occurs within the eastern margin of the coastal plain, 

while upward leakage is reported to occur within the study area. The decline in heads in the 

Leederville Aquifer (resulting from abstraction and reduced rainfall recharge) has resulted in a 

reduction in upward leakage, potentially to the point of a reversal in the direction of leakage (Davidson, 

1995). The confined Yarragadee aquifer occurs beneath the Leederville aquifer but is not relevant to 

the current study.  

 

Variability in depth to groundwater in the Superficial aquifer predominantly reflects changes in land 

surface (topography) but is also influenced by formation permeability (Davidson, 1995). Groundwater 

beneath the area is generally shallow (approximately 4 m below ground level at the Site) with 

groundwater elevations ranging from approximately 3 m AHD to below 1m AHD towards the coast 

(WRC, 1997). Water levels also fluctuate seasonally peaking around October following the winter 

rainfall period and decreasing during and post- summer to a low around April (Davidson, 1995). 

 

On a regional scale, groundwater within the catchment is recharged by through- flow from the east and 

discharges under the influence of gravity to Cockburn Sound in the west (Davidson, 1995; Trefry et al. 

2006). As a result of very low hydraulic gradients, local recharge and discharge strongly influences 

groundwater flow on a local scale (Trefry et al. 2006). Sumps and drainage basins are the main form 

of storm water disposal in the KIA and abstraction rates for industrial processing purposes are high. 

Flow regimes across the region therefore appear to be highly variable at the local scale. 

2.8 Hydrology 
As stated earlier, no natural surface waters have been identified proximal to the Site. The most 

significant surface water feature in the area, Lake Cooloongup, is situated more than 3.7 km south of 

the Site. Rainfall is expected to infiltrate sandy soils (where exposed) or drain to local sumps and 

compensating basins (via storm water drainage systems) in sealed areas. A natural surface water sink 

is apparent to the east of the Site where the elevation is low and natural vegetation is present (DoW, 

2012). 
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Storm water at the Site is generated from the shed roofs and hardstand areas and is collected in 

infiltration basins in the north and south of the Site (Plate 2) as well as soak wells located along the 

eastern and western boundaries. The disposal of storm water to drainage basins has historically 

influenced recharge to groundwater in terms of both of quality and quantity. Storm water from the Site 

typically displays elevated concentrations of nutrients and local groundwater mounding occurs from 

the excess recharge. 

2.9 Local Land Use 
The Site is located within the southeastern extent of the KIA which extends west to the coast, 

approximately 1.8 km, and more than 4 km to the north. Dominant industries in the area include 

numerous refineries, fertilizer and chemical storage and manufacture, ship yards and sewerage and 

wastewater treatment plants.  

 

The area south of the Site is dominated by partially cleared open space extending for approximately 

3 km. Directly east (less than 500 m from the site) is a heavily vegetated reserve orientated directly 

north-south, approximately 800 m in width and over 5 km long. More than 1 km directly east of the Site 

is the Kwinana Golf Course and beyond this is the residential and commercial area of the City of 

Kwinana. 

2.10 Local Groundwater Use 
The unconfined aquifer is the most intensely used aquifer in Perth and provides more than a third of 

the total groundwater use (Appleyard et al. 1999). Details provided by the Water Register and 

Licensing Division of the DoW indicate 35 licences allocating approximately 12 GL of groundwater per 

annum from the Superficial aquifer have been granted within a 5 km radius of the Site. 

 

The DoW’s online Water Register shows groundwater is abstracted via some 89 draw points 

throughout the area (DoW, 2012). The large allocation is indicative of maximum abstraction and may 

not reflect actual abstraction as users may not be using their full allocation. Individual users, draw 

points and allocation volumes are presented in Appendix A. 

2.11 Local Groundwater Quality 
Elevated nutrient levels have been characteristic of groundwater within the Cockburn Catchment for 

more than three decades resultant from both point and non-point (diffuse) contamination sources 

(Trefry et al. 2006). In a 1979 report by the DEC, then the Department of Conservation and 

Environment (DoCE), estimations of nutrient fluxes to Cockburn Sound were calculated in the order of 

thousands of tonnes per year (DoCE, 1979). Since that time, numerous re-estimates have been made 

predicting annual inputs are in the order of hundreds of tonnes of nitrogen and less than 25 tonnes of 

phosphorus (Appleyard, 1990 & 1994; DEP, 1996; Smith et al. 2003; Smith and Johnston, 2003). 

 

High nutrient loadings within the Superficial aquifer have been attributed to various industrial sites 

including sewerage and wastewater treatment plants and fertilizer storage and production industries 
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(Trefry et al. 2006). A survey of local industries in the KIA undertaken by Trefry et al. (2006) identified 

25 sites were undertaking active groundwater monitoring. Of these, 16 had reported elevated nutrient 

levels in groundwater beneath their sites (Trefry et al. 2006). Other contaminants recorded included 

hydrocarbons, heavy metals, pesticides and herbicides. 

 

Further, groundwater entering the catchment from the north and east has been shown to have 

elevated ammonia concentrations, tens to hundreds and thousands µg N/L, respectively (Trefry et al. 

2006). The marine trigger level for ammonia nitrogen, based on ANZECC & ARMCANZ (2000), is 910 

µg N/L (DEC, 2010) hence background concentrations commonly exceed this environmental 

threshold. While nitrous oxide species were found at much lower concentrations (generally less than 

30 µg N/L), these levels also exceeded ANZECC & ARMCANZ (2000) marine trigger levels (5 µg N/L) 

(Trefry et al. 2006). Although background concentrations exceed marine criteria, they are not reported 

to exceed the Department of Health’s (DOH) criteria for domestic non-potable groundwater use as 

stated in the DEC’s Contaminated Site Management Series Guidelines (2010). 

2.12 Surrounding Receptors 
Cockburn Sound is the most prominent environmental receptor of contaminated groundwater beneath 

the Site given its proximity (approximately 2 km) and location (down hydrogeologic gradient). No 

surface water systems have been identified in the vicinity of the Site that may be impacted. 

 

Groundwater at the Site is used for manufacturing and on-site irrigation purposes. Surrounding 

properties are also known to abstract groundwater from the Superficial aquifer for industrial (washing, 

irrigation, cooling etc.) and irrigation use. Appleyard (2003) reported the potential for human contact 

based on these uses is minimal but does exist. Therefore, workers and visitors to the area are 

identified as human health receptors of contaminated groundwater that may be intercepted by local 

abstraction wells. Drinking water throughout the catchment is supplied by scheme water, hence risks 

to human health from a drinking water perspective are not considered further. 

2.13 Nature of Contamination 
Laboratory analysis of groundwater samples collected from the Site to date have indicated elevated 

concentrations of some nutrients, major ions and heavy metals related to the production, storage and 

transfer of fertilizers at the Site. Of particular note are the nutrient loadings of both ammonia and 

nitrate. Whilst sulphate, phosphorous, potassium, chloride, copper, molybdenum and zinc have also 

been detected historically at significant levels they are not the focus of this study and are not 

considered further. 

 

Elevated nitrogen concentrations (exceeding both marine and domestic non potable groundwater use 

guidelines) have been recorded across the Site. However a plume, with significantly higher 

contaminant concentrations, has been identified in the north of the Site in the vicinity of the current 

retention pond and former drainage basin. Within the plume, nitrate and nitrite concentrations are 2-5 

times greater than concentrations elsewhere across the Site and ammonia concentrations an order of 
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magnitude (10+ times) higher. The identified plume appears to be orientated in a north/south 

alignment and migrating offsite in a northerly direction. 

 

Significant vertical stratification of groundwater contamination appears to have occurred with generally 

higher concentrations of key contaminant species being recorded at depths between 10 to 15 m bgl, in 

groundwater monitoring wells screened within the Becher Sand. This stratification may be attributed to 

the lenses of silty calcareous and shelly clay characteristic of the unit (Semeniuk and Searle, 1985) 

and the rapid vertical migration of highly contaminated, hence higher density, water. 

2.14 Conceptual Site Model  
A Conceptual Site Model (CSM) explaining the identified contamination source/s at the Site, pathways 

of contaminant migration and potential nearby receptors is presented below.  

2.14.1 Sources 

The historical source of nitrogen contamination at the Site is attributed to impacted storm water 

infiltrating to groundwater through onsite drainage basins, specifically Basin 1. Numerous reports have 

documented the frequency of nitrogen point source pollution being associated with a hydraulic 

surcharge that drives the contaminant into the sub surface (Harmen et al. 1996, Lyngkilde and 

Christensen, 1992). The Site has undergone upgrades to reduce (1) the incidence of stormwater 

intercepting chemical products and (2) the volume of potentially impacted stormwater infiltrating into 

the ground. The first was addressed by the construction of roofed sheds while the second was 

addressed through separation of stormwater generated from roofs and hardstand from the front and 

rear of the Site. Stormwater from the front of the Site is less likely to be impacted based on the storage 

position of chemical products.  

 

As discussed in Section 2.2, Basin 1 has been reduced to approximately a third of its original size and 

lined with clay as an improved retention mechanism. The clay liner was installed in 2003 following a 

request of the then Department of Environment (DoE) (GHD, 2005a). The material was clay of the 

Guildford Formation sourced from the Red Hill Landfill Facility (Davidson, 1995). GHD (2005a) 

reported the ongoing potential for groundwater contamination local to the drainage basins as a result 

of the collection of stormwater from roofs and a hardstand area that collects settled fertilizer dust en-

route and hence continues to contaminate. 

 

By design, soak –away type basins develop a hydraulic surcharge that drives solutes through the 

unsaturated zone delivering contaminant loadings to the Superficial aquifer (Environment Agency, 

2005). Clay liners were constructed in an attempt to create a physical barrier (low hydraulic 

conductivity) and reduce infiltration, effectively creating an evaporation pond. However, the clay 

material used in these ponds (Guildford Formation) is reactive, prone to swelling upon wetting and 

shrinking and cracking on drying (Hillman et al. 2003). Cracks within the clay liners onsite are evident 

on inspection. Even when undisturbed, clay does not provide a fully impervious barrier to flow. 

However the presence of cracks and fissures in the clay further reduce its retention effectiveness by 

providing preferential flow pathways to the underlying sandy soils.  
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Clay liners are also used as a chemical barrier for their ability to attenuate contaminant species. 

Cation exchange sites within clay structures and the negatively charge surfaces of clay minerals 

provide the potential for positively charged contaminant species to be retained through exchange and 

adsorption (Appelo and Postma, 2007). Clay liners therefore provide some ability to retain the ionised 

ammonia form, ammonium (Thornton et al. 2001). However, Thornton et al. (2001) reported such 

adsorption capacity is finite and once exhausted ammonium was found to pass through clay liners at 

concentrations found in landfill leachate. Noting, the finite adsorption capacity of clay and the age of 

the clay liners (approximately 10 years), little active retention of current and future stormwater 

additions is considered likely to occur. 

 

The reduced flow of fluids through clay occurs as a function of their very fine pore size. However, the 

ability of clay to retard the movement of negatively charged ions is a product of the ability of the anion 

species to react with the exchange complexes within the clay and form precipitates (Stumm, 1992). 

Phosphate is one such anion known to react with aluminium exchangers in clay and form aluminium 

phosphate (Stumm, 1992; Clark and McBride, 1984). While numerous reports document greater 

retention of nitric oxide species in clay versus coarser sediments (Islam et al. 2008; Gaines and 

Gianes, 1994; Rao, 1998), the propensity of nitrate to be unreactive, weakly held and mobile within 

low organic matter matrices is commonly recognised (Environment Agency, 2005; Burt et al. 1999; 

Katou et al. 1996; Korom, 1992). 

 

Yong et al. (1999) concluded the use of clay in isolation for the construction of basal liners should only 

occur at low risk sites where groundwater resources are not at risk. In summary, although efforts have 

been made to reduce contaminant migration to groundwater, current storm water disposal to onsite 

basins is considered a potential ongoing source of contamination and therefore incorporated in the 

CSM.  

2.14.2 Pathways 

Pathways for the migration of impacted groundwater include: 

 Lateral and vertical migration via inter-granular flow within the shallow sand aquifer; and 

 Lateral and vertical migration via inter-granular and possible secondary porosity flow within the 

deeper limestone aquifer. 

2.14.3 Receptors 

Identified receptors on and off site include: 

 Users of groundwater abstraction bores in the vicinity of the Site; and 

 The marine environment of Cockburn Sound.  

Given the nature of the hydrogeology beneath the Site a valid source-pathway-receptor linkage 

(SPRL) is evident that connects the listed potential sources with the identified potential receptors. 

Potential risks posed to receptors are, however, a function of the degree to which the SPRL is 

connected. This degree of inter-connection is the focus of this investigation.   
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3. Literature Review 
Following a voluntary survey undertaken by the CSIRO, the plume beneath the Summit Fertilizer 

premises was identified as an “assessment priority plume” along with twelve others within the KIA 

“priority plumes” (Trefry et al. 2006). Trefry et al. (2006) reported that investigation of these plumes 

requires assessment of groundwater pathways (flow properties), the size and scale of the plume and 

the potential mobility and reactivity of the contaminant species (transport properties).  

 

This chapter aims to present a comprehensive review of groundwater within the Superficial aquifer of 

the KIA and the attenuation and transport properties of the contaminants of concern (ammonia and 

nitrate).  

3.1 Aquifer Properties 
The superficial formation comprises the uppermost, and youngest, portion of the Perth sedimentary 

basin sequence with sediments aging from late Tertiary to Quaternary (Davidson, 1995). As stated in 

Section 2.6, sedimentary formations within the area of interest comprise Safety Bay and Becher Sands 

overlying the Tamala Limestone Formation (Davidson, 1995). Hydraulic properties vary significantly 

between lithologies resulting in a variation in hydraulic properties with depth. Additionally, like many 

limestone deposits, significant variability exists within the Tamala Limestone itself as a result of its 

highly heterogeneous nature (DoW, 2008). Large matrix variability creates challenges for 

characterizing hydraulic properties on the whole and often results in the estimation and application of 

regionally representative parameters (Domenico & Schwartz, 1998). Documented regional parameters 

pertaining to the hydrogeology of Cockburn Sound catchment are presented below. 

3.1.1 Effective Porosity 

The porosity of a geologic formation is the volume of pore space, or voids, between solid fragments 

compared to the total volume occupied by the formation. Porosity is proportional to the volume of fluid 

in the system be it water or air. In a saturated system water has displaced air as the predominant fluid 

(Fetter, 2001). In order for flow to occur between pores they need to be interconnected therefore it is 

the proportion of connected pore space, termed effective porosity (ne), which is of interest when 

assessing flow properties. Effective porosity (ne) can be estimated from field and laboratory 

assessments of the mean velocity of a conservative tracer (v) and the specific discharge (q) (Bear and 

Verruijt, 1987): 

ne = q/v 
The porosity of sediment is affected by grain size, sorting, shape, packing and compaction. Large, 

uniform, spherical grains in a cubic packing arrangement that have not undergone compaction exhibit 

the highest effective porosity (approximately 50%) (Fetter, 2001). A reduction in grain size or sorting, a 

departure from the spherical shape or cubic packing arrangement or increased compaction results in 

decreased porosity and ultimately reduced fluid flow. The porosity of sediment containing a mixture of 

grain sizes is lower than that of sediment of uniform grain size because the smaller particles fill the 

voids between larger particles (Fetter, 2001). 

 



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 |15 

Effective porosities in the Superficial aquifer have been estimated to range between 20 and 30% 

(Thierrin et al. 1993; Davidson, 1995; Trefry et al. 2006). This is an averaged range that may not best 

represent effective porosities on a local scale, especially within the Tamala Limestone (where ne may 

be higher or lower for reasons outlined below) and within the finer basal sediments of the Becher Sand 

(where ne may be significantly lower). Semeniuk (2007) described the basal Becher Sand sediments 

as a thin layer of clay that was an effective barrier to vertical mixing. Smith and Hick (2001) described 

the basal Becher Sand as silty calcareous clay rich in shell fragments and further noted its presence 

was not continuous throughout the Kwinana area. The effective porosity of this layer is estimated to be 

in the order of 0.01 to 0.18 (McWorter and Sunada, 1977). 

 

Sedimentary rocks are formed from sediments that have consolidated and/or cemented under a 

process known as diagenesis (Fetter, 2001). Diagenesis occurs as a result of burial, as sediments are 

subjected to increasing temperatures and pressures, as well as chemical changes, with depth 

(Grotzinger and Jordan, 2010). Physiochemical reactions between sediments and fluids in the pore 

spaces also induces solidification via cementation as minerals in the dissolved phase precipitate and 

act as binding agents (Grotzinger and Jordan, 2010). Compaction and cementation decrease porosity 

by reducing void space physically and chemically. Sedimentary rocks therefore normally exhibit lower 

porosity than their loose particulate origins. The exception occurs, however, when the solid form is 

prone to dissolution, erosion by groundwater, and the formation of secondary porosity features such 

as those inherent to karst limestone (Grotzinger and Jordan, 2010). Limestone, or calcium carbonate, 

is a relatively soluble rock in carbon dioxide-rich and/or sulfur dioxide-rich water (Grotzinger and 

Jordan, 2010). Consequentially limestone aquifers such as the Tamala Limestone are prone to particle 

dissolution increasing both total and effective porosity. 

 

Tamala Limestone is a collective term applied to the highly variable, in both composition and form, 

calcium carbonate materials lining the Western Australian coast (Klenowski, 1976). The formation 

consists of calcium carbonate cemented rock, calcretised limestone, cavernous and vugular limestone, 

quartz sand and thin layers of silt and clay (Semeniuk, 2007). Carvernous features are characteristic 

of the formation to the north of Perth. Such large scale features are not observed in the south, 

however significant core loss has been reported during drilling of sites within the KIA and therefore the 

presence of cavernous vugs is considered synonymous with the Site (GHD, 2008 and 2009b).  It  is  

important to restate, however, unless interconnection between these vugs exists they do not increase 

effective porosity, forming dead ends to groundwater flow rather than increasing flow. The porosity of 

the Tamala Limestone is therefore highly variable as a reflection of large scale heterogeneity but is 

regionally estimated to be between 30 and 50% (Davidson, 1995). 

3.1.2 Hydraulic Conductivity 

Hydraulic conductivity is a measure of a medium’s ability to transmit water (Fetter, 1999; Domenico 

and Schwartz, 1990). Estimates of hydraulic conductivity can be made using Darcy’s Law that states 

the discharge of water from an aquifer (Q) is proportional to the groundwater gradient as defined by 

the change in hydraulic head over distance (dh/dl), the cross-sectional area water is discharging 
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through (A) and a conductance constant (K) that is synonymous with hydraulic conductivity. Darcy’s 

equation can be rearranged to solve for hydraulic conductivity: 

K = -Q/A(dh/dl) 
where the negative sign indicates movement from greater to lesser potential and can effectively be 

ignored. The units of K utilized in the current study are m/day and the units of Q are m3/day, but 

m/second and m3/second are also commonly applied. An aquifer that has equal K regardless of the 

direction of interest is isotropic while an aquifer displaying variable K is termed anisotropic. Anisotropic 

aquifers typically have greater K in the horizontal direction (parallel to bedding) (Fetter, 1999). The 

sand units in the current study are anticipated to be anisotropic as a result of depositional bedding 

planes. The Tamala Limestone is highly heterogeneous and also likely to be anisotropic.  

 
The heterogeneity in the Tamala Limestone occurs typically as digenetic matrix variability and creates 

challenges for characterizing hydraulic conductivity. Areas having undergone larger degrees of 

diagenesis and/or cementation are likely to exhibit relatively lower permeability (Fetter, 2001). 

Conversely, areas subject to high rates of dissolution leading to the creation of secondary porosity 

features can exhibit highly increased conductivities (Fetter, 2001; Domenico & Schwartz, 1998) or 

possibly even exhibit conduit flow. Hydraulic conductivities within the Tamala Limestone are therefore 

broad ranging and not well understood (DoW, 2008). The DoW (2010) confirmed the occurrence of 

conduit flow, in addition to Darcian flow, in the Tamala Limestone on the basis of heterogeneity in the 

distribution of calcite saturation indices. Trefry et al. (2006) also noted flow in the formation to be 

highly variable, very high through secondary voids and solution channels and low in well cemented 

zones. 

 

Hydraulic conductivity of the Tamala Limestone in areas containing numerous voids and solution 

channels has been estimated between 100 and 1000 m/day (DoW, 2008; Davidson, 1995). Neild 

(1999) presented a larger range of horizontal K for the unit within the Cockburn Sound catchment from 

as low as 6 to as high as 3000 m/day. However, an average K of 50 m/day has been estimated due to 

the presence of low conductivity beds or sandy facies within the formation (Davidson and Yu, 2007; 

DoW, 2010). In addition, the DoW (2008) noted almost impermeable areas where high localized 

cementation existed. It is clear that estimates of flow on a catchment scale within the Tamala 

Limestone benefit from data and aquifer testing collected across multiple locations. 

 
While hydraulic conductivities of the Safety Bay and Becher sands are not fraught with the degree of 

variability encountered within the limestone formation some variability is inherent due to differing 

proportions of sand, shell, clay and degree of cementation within the matrix (Davidson, 1995; Gordon, 

2003). Trefry et al. (2006) reported hydraulic conductivity in the Safety Bay Sand to range from 1 to 50 

m/day while an average horizontal conductivity of 15 m/day was presented by Commander (2003) and 

included in the Perth Regional Aquifer Modelling System (PRAMS) (DoW, 2008). Commander (2003) 

made no distinction between K in the Safety Bay and Becher Sand units however a reduced 

conductivity of 8 m/day for Becher Sands is utilized in the PRAMS model (DoW, 2008). The basal 

sediments of the Becher Sand unit are anticipated to act as an aquitard to flow and therefore display 
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much lower conductivities than the overlying sands. Domenico and Schwartz (1990) provide 

representative horizontal hydraulic conductivities for silt and clay of less than 2 m/day. 

 

The above values represent average horizontal conductivities. Hydraulic flow in layered sediments is 

typically not observed to be isotropic. Davis (1969) reports on several cases where hydraulic 

conductivity is greater in the direction of stratification in bedded sediments than across bedding plains. 

Todd (1980) presented anisotropy ratios ranging between 0.1 and 0.5 for alluvium and possibly as low 

as 0.01 when clay layers are present. 

3.1.3 Specific Yield 

Specific yield (Sy) is the ratio of the volume of water that drains freely under the force of gravity to the 

total volume of the rock (Fetter, 2001; Domenico & Schwartz, 1998). Specific yield increases with 

increasing grain size as surface tension forces are reduced with decreasing surface area to volume 

ratio (Domenico & Schwartz, 1998). Specific yield increases dramatically as the amount of sand 

increases and the proportion of silt and clay decrease (Domenico & Schwartz, 1998). 

 

Specific yield can be determined in the laboratory however saturated sediments must be allowed to 

drain for months before equilibrium is reached hence such laboratory measurement is not always 

practical (Prill et al. 1965). It can also be assessed in the field by undertaking aquifer tests or, in the 

case of coarser sediments (e.g. sand), it can be equated to the effective porosity, as specific retention 

is small (Bear, 1979). 

 

Davidson (1995) provided an estimate of specific yield of 30% for both the Tamala Limestone and 

Safety Bay Sand. In the development of PRAMS, specific yields of 20% were used for both the Safety 

Bay and Becher Sand and a range from 20-30% for the Tamala Limestone (DoW, 2008). 

3.1.4 Storativity and Specific Storage 

Storativity (S) is the term used to describe the amount of water per unit volume of saturated formation 

that is stored or expelled from storage per unit surface area per unit change in hydraulic head (Fetter, 

2001). The storage capacity of an unconfined aquifer is proportional its porosity however is also 

influenced by the ability of the mineral skeleton to expand and contract in response to pressure as 

occurs in a confined aquifer.  

 

The specific storage (Ss) is the amount of water per unit volume of saturated formation that is stored or 

released from storage due to the compressibility of the mineral skeleton and the pore water per unit 

change in hydraulic head (Fetter, 2001). The value of specific storage is very small and has the 

dimensions 1/m. Davidson (1995) estimated the specific storage of aquifers in the Perth region to be 

0.0001 1/m or less. 

 

In a confined aquifer the storativity is the product of the specific storage and the thickness of the 

aquifer: 
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S = b Ss 

where the water is stored and released by the compressibility of both the aquifers mineral skeleton 

and the pore water, as the aquifer always remains saturated (Fetter, 2001). In an unconfined aquifer, 

the level of saturation changes with the amount of water in storage. The release of water is due to the 

specific yield and the specific storage of the unit: 

S = Sy + b Ss 

Where the specific yield is several orders of magnitude greater than the specific storage factor, the 

storativity is typically equated to the specific yield. In fined grained units, such as clay, the specific 

yield may approach the same order of magnitude as the specific storage and thus this factor becomes 

important to the overall equation. Storativity of unconfined aquifers ranges from 0.02 to 0.3 (Fetter, 

2001). 

3.1.5 Transmissivity 

Transmissivity is a measure of the amount of water that can be transmitted horizontally through the 

saturated thickness of the aquifer through a unit width under a hydraulic gradient of 1 (Fetter, 2001). 

Transmissivity is a useful measure where flow through an aquifer is predominantly in the horizontal 

plane. Transmissivity can be calculated by the product of the hydraulic conductivity and the saturated 

thickness of the aquifer: 

T = bK 

where T is transmissivity (m2/day), b is the saturated thickness of the aquifer (m) and K is the hydraulic 

conductivity (m/day). For a multilayered aquifer, the total transmissivity is calculated as the sum of the 

individual transmissivities for each layer (Fetter, 2001). 

 

The Superficial aquifer within the KIA typically exhibits very high transmissivity due to secondary 

porosity in the Tamala Limestone (Smith and Hick, 2001). Reflecting the variability in estimates of 

hydraulic conductivity, estimates of transmissivity in the limestone unit also vary widely. Bodard (1991) 

reported a range of 1700 to 2600 m2/day while Smith et al. (2012) reported much higher values of 

7200 to 18, 000 m2/day. Transmissivity in the Safety Bay Sand is estimated to range from 190 to 235 

m2/day (Bodard, 1991). No estimates for transmissivity in the Becher Sand unit were found in 

literature, however, based on an average thickness of 10 m (Davidson, 1995) and a horizontal 

conductivity of 8 m/day (DoW, 2008), transmissivities in the order of 80 m2/day are considered likely. 

3.2 Solute Transport Mechanisms 
Solutes dissolved in groundwater move by three basic mechanisms: advection, dispersion and/or 

diffusion. Via advection and dispersion, solutes move as a function of groundwater flow whereas the 

process of diffusion is driven by solute concentration gradients (Kasenow, 2001). 

3.2.1 Advection 

In flowing water, the process of advection dominates transport of dissolved solutes in aquifers 

(Environment Agency, 2005). Advection describes mass transport as a consequence of the bulk flow 

of groundwater. The direction and rate of solute transport is consistent with that of groundwater, 

unless the density of the contaminated groundwater differs significantly from that of ambient 
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groundwater (Domenico and Schwartz, 1998). The velocity of advective transport, as described by 

Darcy’s Law, is proportional to the hydraulic gradient. This relationship is true as long as the flow is 

laminar (Domenico and Schwartz, 1998). Darcy’s law can be expressed as follows: 

vx = - (K/ne)(dh/dl) 

where the average linear velocity (vx) equates to the hydraulic conductivity (K) divided by the effective 

porosity (ne) times the hydraulic gradient (dh/dl). The negative sign indicates that movement is from 

greater to lesser potential (Fetter, 2001). In most circumstances, advection is the primary process by 

which solutes move in groundwater (Domenico and Schwartz, 1998).  

The velocity described above is an average velocity representing the overall gross flow of 

groundwater. However, at the pore size scale, the velocity of water is variable. 

3.2.2 Mechanical Dispersion 

Dispersion is the second most important transport mechanism and occurs at the moving front of a 

solute plume (Environment Agency, 2005; Domenico and Schwartz, 1998). Dispersivity is a 

characteristic of the porous medium and a function of variability in flow path length and pore scale 

velocities (Kasenow, 2001). Water must move around solid sediments and in doing so solutes within 

groundwater may follow different pathways (Kasenow, 2001). The convergence and divergence of 

groundwater caused by solid barriers and the variability in pathway lengths (tortuousity) allow for 

groundwater mixing (Fetter, 2001). Mixing also occurs due to variability in local flow velocities as a 

function of pore size. Greater volume can flow through larger pores. Larger pores, as a result of 

reduced surface area, also generate less flow loss due to friction. Friction between water and solute 

particles in contact with sediment retards flow while particles further from pore walls are less impeded 

and therefore flow at greater velocities. The resultant spreading and mixing is termed mechanical 

dispersion (Fetter, 2001; Kasenow, 2001). Mechanical dispersion (DL) is the product of the average 

linear velocity (vx) and a dispersivity factor ( L): 

DL = ( L) (vx) 

The dispersivity in the direction of flow (longitudinal dispersivity) is typically larger than the 

dispersivities in the directions perpendicular to the flow direction. Units of dispersivity are expressed as 

a length (e.g. meters). 

A number of methods have been described for the calculation of the dispersivity factor. Neuman 

(1990) described the dispersivity factor as a constant of plume length expressed by: 

L = 0.0175L1.46 

where L is dispersivity in the longitudinal direction of the plume (direction of advective flow) and L is 

the length of the flow path. The dispersivity factor therefore also has units of lengths, typically metres. 

Batu (2006) clarifies that the most common approach is to use the maximum extent of the plume from 

the source as the length of the flow path. Neuman (1990) refined the above mentioned function (R2 = 

0.74) in order to account for greater magnitudes of scale: Where L > 100 m: 
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L = 0.32L0.83 

and where L < 100 m: 

L = 0.0169L1.53 

Gelhar et al. (1992) disputed Neuman’s approach of applying standard linear regression to conclude 

on a single universal line citing a failure to account for different degrees of heterogeneity between 

aquifers as well as within an aquifer at different scales. Gelhar et al. (1992) speculated an expectation 

that multiple curves would be required to reflect such degree of variability. 

Xu and Eckstein (1995) also disputed Neuman’ s conclusions on the basis that low end data, not 

conforming to the quasi-linear function was omitted in assigning lines of best fit. Xu and Eckstein 

(1995) argued such data should be incorporated as an account of the effects of scale in which the 

nature of dispersion is dependent. By assigning a log factor, Xu and Eckstein (1995) were able to 

incorporate Neuman’s full data set: 

L = 0.83(log L)2.414 

In the near homogenous sand aquifers of the Perth coastal plain, dispersion effects are very small, of 

the order of millimetres to centimetres (Thierrin et al. 1995; Prommer et al. 2002). Low dispersion 

leads to limited mixing and dilution of contaminant plumes and can therefore lead to well preserved 

plumes with high core concentrations (Trefry et al. 2006). Conversely highly heterogeneous aquifers, 

such as those exhibiting secondary porosity and/or channel features can cause groundwater to flow 

along preferential pathways and in such cases simple dispersion concepts may not apply (Trefry et al. 

2006). Trefry et al. (2006) considered this was the case in the Tamala Limestone. 

3.2.3 Diffusion 

Diffusion is the process by which dissolved species move in water from areas of higher concentration 

to areas of lower concentrations in order to achieve equilibrium within a system (i.e. equal 

concentrations throughout) (Fetter, 2001). Diffusion occurs as long as a concentration gradient exists 

even if the fluid in which the species is dissolved is not moving and will cause solute to spread away 

from a location where it was introduced (Fetter, 1999). The diffusion of a solute in open water is 

described by Fick’s Laws. Fick’s first law states that the flux of a solute under steady-state conditions 

is the product of the concentration gradient (dC/dx) and a constant known as the coefficient of 

diffusion (D): 

F = - D dC/dx 

The diffusion coefficient is solute specific and can be determined by analytical assessment. Diffusion 

coefficients for major cations and anions in water are commonly available in literature and range from 

1 x 10-9 to 2 x 10-9 m2/s (Fetter, 2001). The free water diffusion coefficient of nitrate is reported by Milo 

et al (2010) to be 1.5 x 10-5 m2/day. Free water diffusion coefficients for ammonia were found to vary in 

literature between 1 x 10-4 –  5  x  10-5 m2/day (Treybal, 1955; Milo et al. 2010). As these very small 

numbers suggest, diffusion is a very slow process and does not proceed in porous media as fast as it 
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would in open water. The presence of solid particles requires contaminants to navigate around them 

thus flow path lengths are increased and pathways become tortuous (Fetter, 2001). In order to 

account for the reduction in the rate of diffusion due to interference of the solid phase a second term, 

known as the effective diffusion coefficient (D*), can be determined to represent diffusion effects within 

aquifers: 

D* = wD 

where w is an empirical coefficient determined in laboratory experimentation (Fetter, 2001). The 

empirical coefficient for species that are not adsorbed onto the mineral surface has been determined 

to range from 0.5 to 0.01 (Freeze and Cherry, 1979). For chemical species that do undergo sorption to 

mineral surfaces the empirical coefficient would potentially be much lower. The process of diffusion is 

also complicated by the fact that ions must maintain electrical neutrality as they diffuse (i.e. cations 

cannot diffuse faster than their base paired anions) (Fetter, 2001).  

 

The spreading of contaminant plumes due to diffusion can result in significant dilution and can 

potentially be an important contributor to overall attenuation (Environment Agency, 2003). However, 

diffusion is usually a smaller scale process than dispersion with timescales for equilibrium potentially 

being decades to centuries (Trefry et al. 2006; Wiedemeier et al. 1998). Molecular diffusion therefore 

has very little direct impact relative to dispersion at groundwater flow velocities in typical aquifers. The 

effect of diffusion in non-fractured porous aquifers is considered insignificant and is often neglected in 

comparison to other effects (Trefry et al. 2006; Environment Agency, 2005). In low permeability porous 

media, however, where advective velocities are low (i.e. clayey aquitards), diffusion may be the 

dominant solute transport mechanism (Rowe et al. 1988; Wiedemeier et al. 1998). 

3.2.4 Hydrodynamic Dispersion 

In flowing groundwater, the processes of diffusion and mechanical dispersion are difficult to separate 

(Fetter, 2001). Hydrodynamic dispersion is the termed used to describe a coefficient representing their 

combined spreading and mixing effects (Environment Agency, 2003). The coefficient of hydrodynamic 

dispersion is therefore calculated by the following: 

DL = ( L*vx) + D* 

where DL is the coefficient of hydrodynamic dispersion in the longitudinal direction (m2/day), ( L*vx) is 

the representative effect due to mechanical dispersion in the longitudinal direction (m2/day) and D* is 

the effective diffusion coefficient (m2/day). 

The one dimensional equation for hydrodynamic dispersion has been described by others (Beruch and 

Street, 1967; Hoopes and Harleman, 1967) as: 

dC/dt = DL (d2C/dx2) - vx (dC/dx) 
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In this equation, C is the solute concentration and t is the time since the start of solute entering 

groundwater. Otaga (1970) described the following equation for calculating the concentration at a 

distance (L) from a constant contamination source: 

C = C0/2 {[erfc(L - vxt)/(2√DLt)] + [exp(vxL/DL)erfc(L + vxt)/(2√DLt)]} 

where C0 is the initial solute concentration at t = 0 and t is the time since the source began and erfc is 

the complimentary error function. The second term of the equation is often very small and removed 

from the equation as a result (Domenico and Schwartz, 1990). 

3.2.5 Sorption 

Sorption presents an opposing retarding force to the movement of solute in groundwater. Sorption 

describes the process by which solute within groundwater partitions between the solid and aqueous 

phases (Environment Agency, 2003). It is a general term that incorporates the mechanisms of 

adsorption, absorption and ion exchange. 

 

Sorption is dependent on the presence of a preexisting solid surface (Appelo and Postma, 1994). 

Adsorption is the attachment of solute particles to solid surfaces by the action of van der Waals forces, 

hydrogen bonding, ligand exchange, surface complexation, diploe forces or hydrophobic forces. 

Absorption refers to the diffusion of solute into the structure of a porous medium while ion exchange 

occurs as a result of electrostatic attraction between oppositely charged ions. Soil minerals generally 

display negative surface charge and as a result cation exchange is the more commonly observed 

sorption mechanism affecting the transport of contamination in groundwater (Environment Agency, 

2003). 

 

The extent of a chemical’s sorption is represented by a partition or distribution coefficient, Kd 

(Domenico and Schwartz, 1990). Increasing values of Kd are indicative of a greater tendency for 

sorption and thus a greater of proportion of mass to be retarded (Domenico and Schwartz, 1990). Kd 

values can be obtained by undertaking column experiments in a laboratory (Environment Agency, 

2003) with values being specific to the sediment and fluid being tested (Christensen et al. 1994; 

Bethke and Brady, 2000; Thorton et al. 2001). Consequentially their extrapolation of Kd values beyond 

the systems in which they were derived may not be appropriate (Christensen et al. 1994; Bethke and 

Brady, 2000; Thorton et al. 2001).  

3.3 Contaminants of Concern 
Making assessments of risk to Cockburn Sound is an important environmental management function 

that facilitates the prioritized application of limited resources (Trefry et al. 2006). Any risk assessment 

must consider not only the size and scale of subterranean contamination, but also potential mobility 

and reactivity of contaminant species as well as the implications of exposing receptors to 

contaminants of concern (Trefry et al. 2006). This section presents a review of the contaminants of 

concern, nitrate and ammonia in order to assess there likely mobility and reactivity within the 

groundwater system but does not asses the severity of impacts to Cockburn Sound. 
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3.3.1 Sources 

Nitrate and ammonia 1are widespread contaminants in groundwater most often associated with 

diffuse, non-point source pollution from agricultural fertilizer application. However point source 

groundwater contamination of these species is not uncommon, resulting from leaks from septic tanks 

and sewers, leachate seepage from landfills and spillage from industrial sites such as coking works, 

gasworks and fertiliser plants (Wakida and Lerner, 2005). 

3.3.2 Implications 

In both fresh and marine surface water bodies, where adequate flushing does not occur, excessive 

nitrate and ammonia concentrations can cause eutrophication as a result of increased algal growth 

(WHO, 1999). Prolific algal respiration increases competition for available oxygen indirectly resulting in 

fish asphyxiation and leading to the effective choking of these environments (WHO, 1999). High levels 

of nitrogen (particularly ammonia) can also cause direct fish asphyxiation by physically clogging or 

damaging their gills (WHO, 1999).  

 

In addition, some algal species, such as freshwater cyanobacteria and marine dinoflagellates produce 

toxins that directly affect the health of mammals, birds and fish (WHO, 1999). Eutrophication also 

creates additional undesirable changes to aquatic environments including increased turbidity, 

discolouration, odour generation, and slime and foam formation (Environment Agency, 2005).  

 

Excess nitrogen loading in Cockburn Sound has negatively impacted native seagrass populations and 

degraded the natural habitat. Nitrate, unlike ammonia, is not considered a toxicant but a nutrient 

source that poses as a potential disturbance hazard to the ecology of Cockburn Sound (Trefry et al. 

2006). 

 

Human exposure to nitrate and ammonia can also have harmful effects and lead to health 

complications. High nitrate levels in drinking water have been associated with adverse health effects. 

While not directly toxic to humans in its three oxygenated form, once consumed and exposed to strong 

reducing conditions in the gut, nitrate reduces to a two oxygen form, nitrite. Nitrite is toxic to humans 

due to its ability to enter the bloodstream, compete with oxygen in bonding with haemoglobin 

molecules (the body’s oxygen transporters) and inhibit the transport of oxygen throughout the body 

(Environment Agency, 2005). This condition is known as methaemoglobinaemia or more commonly in 

infants, blue baby syndrome (Fan and Steinberg, 1996). Over exposure to ammonia can cause soft 

tissue (i.e. eye, nose and throat) irritation, skin burns and vesiculation (blistering), lung conditions 

including dyspnea, bronchospasms, chest pain, pulmonary edema and production of pink frothy 

sputum (mucus) (Budavari et al. 1996). 

3.3.3 Background Levels 

In a study by Heathwaite et al. (1996), a worldwide average nitrate concentration for pristine waters 

was calculated to be approximately 0.1 mg N/L. Background nitrate concentrations in groundwater 

                                                   
1 The term ammonia includes the non-ionized (NH3) and ionized (NH4

+) species (WHO, 2003). 
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across Australia are reported to be less than 2 mg N/L (Bolger and Stevens, 1999). Similar 

concentrations are reported, usually below 0.2 mg/L, as natural levels for ammonia and up to 3 mg/L 

in the case of anaerobic conditions (WHO, 2003).  

 

In Western Australia, nitrate and ammonia concentration limits in the marine environment for the 

protection of marine waters are set at 5 µg N/L and 910 µg N/L, respectively (ANZECC and 

ARMCANZ, 2000). The DOH has also provided concentration limits for the use of domestic non-

potable groundwater for the protection of human health. The concentration limit for nitrate and 

ammonia are 500 mg/L and 5 mg/L, respectively (DEC, 2010). 

 

Results of groundwater monitoring at the Site have indicated persistent levels of nitrogen species, 

principally nitrate and ammonia, an order of magnitude higher than worst case values reported by 

Loveless and Oldham (2010) for the KIA. Nitrate and ammonia concentrations at the Site are up to 10 

times above marine water guidelines and one to three orders of magnitude higher than human health 

guidelines for domestic non-potable use. 

 
The principle processes governing the persistence, mobility and attenuation of chemicals in 

groundwater are: 

 Groundwater flow (advection);  

 Dilution processes such as dispersion (occurs with groundwater flow) and diffusion (occurs 

regardless of groundwater flow); 

 Volatilisation; 

 Retardation via sorption onto the mineral matrix; 

 Abiotic reactions (reactions that occur without microbial action and may lead to precipitation, 

degradation or transformation); and 

 Microbially mediated reactions that may biodegrade or transform some chemicals and may 

lead to precipitation or entrapment of other chemicals (Trefry et al. 2006; Environment 

Agency, 2003). 

3.3.4 Nitrate Attenuation 

Nitrate is highly soluble in water and does not precipitate into insoluble minerals (Appelo and Postma, 

1994). It is largely un-retarded by sorption (given its negative charge), is non-volatile and does not 

biodegrade under aerobic conditions (Environment Agency, 2005). It is conservative in groundwater 

much like chloride with the exception being that it may undergo denitrification (Environment Agency, 

2005). Nitrate is therefore considered highly mobile and able to move with groundwater flow 

(Environment Agency, 2005). Trefry et al. (2006) confirmed this general assessment also holds true 

within the study area, reporting nitrate is not readily retarded (adsorbed) in the sand and limestone 

aquifers of Cockburn Sound. 

 

Contaminant partitioning between solid and aqueous phases during migration through porous medium 

occurs when chemicals diffuse into the soil matrix, partition onto organic matter or are attracted by an 
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electrical charge to mineral surfaces (Environment Agency, 2005). The sorption of anions under typical 

groundwater conditions is complex and tends to only occur to specific species such as phosphate and 

to a lesser extent sulphate (Stumm, 1992). The sorption of halides, such as chloride and bromide, and 

nitrate is not usually observed (Environment Agency, 2005). However, sorption of nitrate and chloride 

has been reported in soils containing allophone, imogolite and other poorly-crystallised oxide or 

hydroxide materials (Katou et al. 1996). These minerals tend only to be present in soils and not at 

depth or in rock aquifers. 

 

Apart from physical attenuation processes such as dispersion, attenuation of nitrate in groundwater 

almost always occurs by its reduction, a process termed denitrification (Environment Agency, 2005; 

Davidson et al. 2003; Appelo and Postma, 1994). Denitrification is a predominantly microbe mediated 

reaction. It can proceed abiotically however such reactions under subsurface conditions are minor in 

comparison with biological denitrification (Beauchamp et al. 1989). Biotic reduction requires the 

presence of nitrate, denitrifying bacteria, a biodegradable electron donor (preferably organic carbon 

otherwise reduced iron or sulphur), anaerobic conditions (dissolved oxygen concentrations <2 mg/L) 

and a favourable environment in terms of temperature, pH, and other nutrients and trace elements 

(Environment Agency, 2005; Burt et al. 1999; Korom, 1992). In the case of a nitrate contaminant 

plume the first of these requirements has been met, and as denitrifying bacteria are considered 

ubiquitous the second requirement is also met (Beauchamp et al. 1989). In most circumstances, 

therefore, the critical limiting factors to denitrification are the presence of anaerobic conditions and the 

prevalence of suitable electron donors, in particular organic carbon (Pabich et al. 2001; Devito et al. 

2000; DeSimone and Howes, 1998; Jacinthe et al. 1998; Starr and Gillham, 1993; Smith and Duff, 

1988). 

 

In the presence of excess organic carbon, nitrate is known to denitrify to nitrogen gas by the following 

reaction (Trefry et al. 2006): 

5CH20 + 4NO3
-→2N2+4HCO3

-+CO2+3H20 
By mediating the transfer of electrons in the oxidation of organic and inorganic compounds, bacteria 

obtain energy (Environment Agency, 2005). Denitrifying bacteria obtain their energy for metabolism 

and growth from the oxidation of organic carbon, sulphide minerals or reduced species of iron and 

manganese (Environment Agency, 2005). The selection of compounds as electron donors and 

electron acceptors follows oxidation and reduction preferential sequences that occur on the basis of 

greatest energy derivation. 

 

Bacteria preferentially consume oxygen (an electron acceptor) in order to break down organic carbon 

(an electron donor) as oxygen yields the greatest energy return (Appelo and Postma, 1994). When 

oxygen becomes limiting, then the reduction of other electron acceptors becomes energetically 

favourable such as that of nitrate, hence denitrification, is limited in oxygenated environments (Appelo 

and Postma, 1994). The sequential consumption of oxygen, through nitrate, manganese oxide, iron 

oxides and sulphurous compounds is commonly observed along flow lines in aquifers (Edmunds et al. 

1982; Bishop and Lloyd, 1990) and in leachate plumes (Christensen et al. 2000; Bjerg et al. 1995; 
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Lyngkilde and Christensen, 1992). However, it is noted that such redox reactions tend to be slow 

(Environment Agency, 2005).  

 

Korom (1992) reported that the first-order half-life of the denitrification reaction was 1.2-2.1 years 

however this is considered short in comparison to rates presented in other literature. In a UK case 

study, the timescale for observable improvement in nitrate contaminated groundwater following 

improved management practices and a reduction in nitrate leaching to ground was estimated to be 

more than 30 years (Silgram et al. 2005). There is significant field evidence of high nitrate 

concentrations persisting in UK aquifers (chalk and sandstone) suggesting denitrification processes 

are slow in these environments (British Geological Survey, 1999). Still, sustained degradation rates 

can be effective if source-receptor timescales of migration are long (>10 years) (British Geological 

Survey, 1999). Decade and longer travel times in many aquifer systems provide the time necessary to 

more fully understand subsurface nitrate attenuation (Environment Agency, 2005). 

 

Depending on temperature, dissolved oxygen concentrations in groundwater have an upper limit 

around 10 mg/L (Environment Agency, 2005). Air within pores of the unsaturated zone can, however, 

provide a readily replenished supply of dissolved oxygen to groundwater with infiltrating rainfall. 

Superficial sandy aquifers such as the Superficial aquifer within the KIA are readily replenished with 

dissolved oxygen because of their shallow settings. Denitrification in the upper levels of such aquifers 

is therefore not commonly observed except where the exchange of air is limited by low permeability 

lithologies or where there are very high concentrations of electron donors such as organic wastes 

(Environment Agency, 2005). 

 

A negative correlation between denitrification and sulphate/thiosulphate concentrations was reported 

by Kowalenko (1979). In a typical (non-contaminated) groundwater, concentrations of sulphate are 

usually much greater than nitrate (natural source) (Environment Agency, 2005). In certain lithologies, 

oxidised iron and manganese may also be abundant (Environment Agency, 2005). Despite the 

reduction of nitrate being the more energetically favoured anaerobic redox process, the dominance 

(abundance and availability) of lesser energetically favoured electron acceptors such as sulphate, iron 

and manganese may limit the degree of observable denitrification. 

 

Rates of denitrification are most dependent on the amount of dissolved organic carbon (DOC) in 

groundwater (Environment Agency, 2005). Several studies assessing the influence of DOC have been 

undertaken. DeSimone and Howes (1998) found that organic compounds in a waste water plume were 

completely mineralised before denitrification started and the in situ electron donors in the host sandy 

aquifer could only contribute a 2% decrease in nitrogen load. Spalding et al. (1993) studied a plume 

from a sewerage sludge disposal facility and found that it did not contain sufficient labile bioavailable 

organic carbon to be used for denitrification. Tartakovsky et al. (2002) and Bates and Spalding (1998) 

introduced ethanol to nitrate contaminated groundwater as a DOC substitute to fast-track 

denitrification for remedial purposes. Natural attenuation was initially not effective because of aerobic 
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conditions in the aquifer, but the addition of ethanol depleted the dissolved oxygen and provided an 

electron donor for the denitrification reaction (Tartakovsky et al. 2002; Bates and Spalding, 1998).  

 
Carbon for the synthesis of nitrate can also be provided by dissolved bicarbonate, though this will be 

of much lesser preference due to its lower energy yield compared to organic carbon sources 

(Environment Agency, 2003). This electron donor is not limiting in the calcareous aquifer in the KIA. 

However, in systems where carbon is limited the oxidation of sulphur, from iron or manganese 

sulphides has been observed to provide an alternative electron donor source (Moncaster et al. 2000; 

Kelly, 1997; Robbertson et al. 1996; Kolle et al. 1985; Tesoriero et al. 2000; Broers, 2005). It is noted 

that the susceptibility of pyrite to oxidation depends on its microscopic structure thus not all pyrite in 

sediment may be available (Kolle et al. 1985). 

 
Other factors influencing denitrification include temperature, pH and salinity. Optimum temperatures 

for denitrification range between 25 and 35°C, which are warm for typical groundwater (Brady and 

Weil, 2002). The process is still observed to proceed between 2 and 50°C but at slower rates (Brady 

and Weil, 2002). Heterotrophic micro-organisms generally prefer pH environments ranging from 5.5 to 

8 but optimal pH conditions are site-specific because of the effects of acclimation on the microbial 

ecosystem (Rust et al. 2000). Strongly acidic environments (pH<5) inhibit rapid denitrification and 

arrest the process with formation of nitrite or N20 (Brady and Weil, 2002). Rust et al. (2000) reported 

an upper limit of 8.3 above which denitrification ceases. The denitrification process itself can increase 

pH through release of carbon dioxide (CO2) and hydroxide (OH-). These often combine to form 

bicarbonate (HCO3
-) but if hydroxyl ions exceed carbon dioxide, the pH can rise (Environment Agency, 

2005). Dincer and Kargi (1999) observed the inhibition of denitrification due to high salt levels 

(concentrations >20000mg/l NaCl, 57% sea water). Ukisik and Henze (2004) reported a 90% 

reduction in denitrification reaction rates with chloride concentrations between 4800-97000 mg/L (22-

440% sea water). 

 

Denitrification generally proceeds through some combination of the following intermediate forms : NO3
- 

→ NO2
- → NO  → N2O  → N2 (Kelso et al. 1997). The transformation product nitrite (NO2

-) is 

significantly more toxic that nitrate but is also significantly more reactive in the subsurface 

(Environment Agency, 2005). Nitrite is only stable in a very limited range of redox conditions and 

hence is not persistent in groundwater environments (Figure 3) (Fetter, 1993). 
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Figure 3 Pourbaix diagram showing the metastable boundaries for nitrite (dashed lines) at 

25 °, [PN2] = 0.77 and an activity of dissolved species of 10-3 unless otherwise 

specified (Source: Appelo and Postma, 1994) 

 

Nitrite is also more commonly observed to undergo sorption in groundwater containing dissolved 

organic matter (DOM), hence it may be important to incorporate in the nitrate attenuation process 

where high amounts of DOM is present (Davidson et al. 2003; Fitzhugh et al. 2003). It is theorised that 

nitrite reacts with aromatic rings of dissolved organic matter to produce dissolved organic nitrogen 

compounds which may be absorbed to soil or taken by plants and bacteria (Davidson et al. 2003), 

however low amounts of DOM are characteristic of the Superficial aquifer in the KIA (Trefry et al. 

2006). 

 
Nitrogen gas (N2) is a stable and benign end product however intermediary gases, the nitrogen oxides 

are environmentally harmful (Environment Agency, 2005). Free NO is rarely observed as transfer to 

N2O is very favourable. The denitrification process can be arrested at the N20 stage where nitrate 

levels are very high or in low pH. Both gases contribute to acid rain and global warming. N2O is also 

particularly destructive to the ozone layer. N20 is equally produced as an intermediate product in the 

nitrification of ammonium (Environment Agency, 2003). 

 

In addition to denitrification, nitrate can also undergo reduction to ammonium by a process termed 

dissimilatory nitrate reduction to ammonium or DNRA (Korom, 1992). The process is instigated by 

fermentative bacteria with a NRF gene (Korom, 1992). Robertson et al. (1996) presented the following 

stoichiometric equation for the DNRA process: 

2H++NO3
-+2CH2O→NH4

++2CO2+H2O 

Elevated nitrite levels do not tend to occur by denitrification, however they are common if nitrate 

reduction to ammonium is occurring. DNRA occurs when high concentrations of nitrate inhibit the 
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nitrite reductase enzyme. Therefore high levels of nitrite may be indicative that DNRA is the dominant 

nitrate reduction process in a system (Environment Agency, 2005).  

 
DRNA occurs under much the same conditions as denitrification but is less commonly observed 

(Environment Agency, 2005). The partitioning of nitrate between denitrification and reduction to 

ammonium is believed to be controlled by the availability of organic matter. Ammonium production is 

favoured when nitrate (an electron acceptor) supplies are limiting whereas denitrification is favoured 

where carbon (an electron donor) supplies are limiting (Korom, 1992; Kelso et al. 1997). However, 

DNRA is rarely considered the dominant nitrate reduction mechanism in groundwater (Environment 

Agency, 2005). 

 
In most catchment modelling and assessment approaches, nitrate has been assumed to be a 

conservative (non-degradable and non-retarded) pollutant (Burt et al. 1999; Korom, 1992). Howard 

(1985) concluded that lower nitrate concentrations detected along flow lines in a limestone aquifer 

were the result of dilution (mixing of waters) rather than significant denitrification. Further, nitrate 

penetration depths within unconfined aquifers can be significant, particularly where unsaturated zones 

are thin and influenced by large abstractions (Environment Agency, 2005). For example, nitrate was 

detected at depths of around 100m within a major UK sandstone well field (BGS, 1985; Parker et al. 

1991).  

 
The shallow Superficial aquifer within the KIA is recharged via direct infiltration of rainfall and is 

therefore reasonably well oxygenated (Trefry et al. 2006). Further, a source of organic carbon is not 

naturally occurring within the aquifer. Conditions are therefore not considered conducive to nitrate 

reduction and provide reason why denitrification is not commonly observed in Cockburn Sound (Trefry 

et al. 2006). 

3.3.5 Ammonia Attenuation 

Like nitrate, ammonia is also highly soluble in water. While ammonia readily volatilises at surface, 

volatilization is reported to not be significant under ambient subsurface conditions (Christensen et al. 

2000, 2001). Similarly to nitrate reduction, abiotic degradation of ammonia contamination is also not 

considered to be a major factor in its attenuation (Christensen et al. 2000, 2001). However, unlike 

nitrate, ammonia is prone to being removed from the dissolved phase by sorption processes (Trefry et 

al. 2006). The principal sorption process for ammonia attenuation is cation exchange at mineral 

surfaces (Trefry et al. 2006). At neutral pH in typical aquifers, oxide and silicate minerals exhibit 

negative surface charge and therefore attract cations (Environment Agency, 2005 and 2003). 

 

The bonding involved in ion exchange tends to be electrostatic and is weaker than the covalent or full 

ionic bonding of other sorption reactions (Environment Agency, 2003). As a result, sorption via ion 

exchange is often temporally variable with cations being replaced by those of stronger affinity when 

available. The relative strength with which cations bond to a mineral surface is determined by the 

charge of the mineral surface and the cation species present in solution (Appelo and Postma, 1994; 

Dzombak and Morel, 1990). In most circumstances ions with higher valencies preferentially occupy 
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exchange sites (Environment Agency, 2003). Selection between cations of equal charge occurs on the 

basis of size where those with smaller hydration shells will sorb more strongly (Environment Agency, 

2003). 

 

Domenico and Schwartz (1998) presented the following series of relative cation selectivity, in order of 

decreasing affinity, for mineral exchange sites: 

Al3+ > Ca2+ > Mg2+ > NH4
+ > K+ > H+ > Na+ 

Caezan et al. (1989) further noted that an abundance of one cation may cause preferential sorption 

over another of greater affinity if it is of much lower abundance. Hence given the abundance of 

calcium in the calcium carbonate aquifer of the Cockburn Sound catchment, the sorption and 

retardation of ammonia is expected to be limited. 

 

The cation exchange capacity (CEC) of a material is a measure of the quantity of sites available to 

retain cations by electrostatic forces (Environment Agency, 2003). Breeuwsma et al. (1986) reported 

CEC was proportional to the clay and organic carbon content of the material as presented by the 

following equation: 

CEC (meq/100 g) = 0.7 (% clay) + 3.5 (% C) 
where C is organic carbon content. CEC is therefore considered limited in sandy (low clay content) 

aquifers with low organic carbon content as Trefry et al. (2006) described the Superficial aquifer in the 

KIA. 

 

The effect of sorption is to slow or retard the rate of chemical migration relative to advection alone 

(Trefry et al. 2006). Cation exchange can result in the dilution of contamination however the effect is 

not complete attenuation as sorbed species have not undergone degradation or transformation. 

Desorption occurs when chemicals are displaced by molecules or ions with higher affinity for sorption 

sites or in order to maintain equilibrium with the solution with which the solid phase is in contact. Ion 

exchange ultimately results in a time delay in the discharge of ammonia to receiving receptors (Trefry 

et al. 2006). Christensen et al. (1994) indicated that such retardation is higher in the dilute parts of 

plumes than in concentrated areas due to limited cation exchange sites and increased competition in 

cation concentrated water. 

 

Lower Kd values, and hence retardation, are observed when cation concentrations are high 

(Environment Agency, 2003). Acidic solutions in groundwater can dissolve base cations from rock 

(e.g. calcium from calcite) and increase competition with ammonia for exchange sites (Environment 

Agency, 2003).The Environment Agency in the UK published Kd values for a range of geology types 

and reported values to be low (<2 ml/g) in cases where clays were absent. Kd values were also low for 

many of the clay types presented but ranged up to 6.5 ml/g in one scenario (Gault Clay - Environment 

Agency, 2003). 

Biological attenuation of ammonia occurs via its oxidation in a process termed nitrification. Nitrification 

is the most important process for the elimination of ammonia contamination in the subsurface (Erskine, 
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2000; USEPA, 1993). Nitrification is generally a two stage process performed by different 

microorganisms collectively known as nitrifiers: 

NH4
+ + 1.5 O2 → NO2

-+ H2O + 2H+ and NO2
-
 + 0.5 O2 → NO3

- 

As evident by the reaction, the requirement for oxygen is high hence nitrification has historically been 

considered as an aerobic process relying on rainfall infiltration and diffusion of oxygen from the 

atmosphere to replenish oxygen supplies (Environment, 2003). Christensen et al. (2001) reported the 

biodegradation of ammonia tended to consume oxygen more readily than it could be replenished and 

therefore significant nitrification was confined to plume margins where mixing with uncontaminated, 

oxygenated groundwater could occur. 

However, Mulder et al. (1995) and van de Graaf et al. (1995) observed the oxidation of ammonia in 

anaerobic wastewater treatment processes and concluded the process was able to proceed by the 

consumption of nitrate or manganese oxides that behaved as oxidants: 

5NH4
+ + 3NO3

-→ 4N2+ 9H2O + 2H+ 

or 

2NH4
+ + 2MNO2 → N2+ 4H2O + 2Mn2+ 

The process, termed annammox, has also been demonstrated to occur in soils and sediments (Schidt 

et al. 2001, Thamdrup and Dalsgaard, 2002). 

 

As previously described in the denitrification process, energy is obtained from these reactions for 

microbial growth and metabolism (Environment Agency, 2003). However the yield of energy from 

nitrification is low and the growth of bacteria is therefore very slow (Environment Agency, 2003). Bitton 

and Gerba (1984) noted that the growth of nitrifying bacteria in groundwater is constrained by the 

limited supply of other mineral nutrients. The rate and performance of biological nitrification in aquifers 

is known to be generally much lower than in topsoils (Bitton and Gerba, 1984). 

 

As with all redox reactions, nitrification is considered to be relatively sensitive to environmental 

conditions such as temperature, pH and salinity (Environment Agency, 2003). Optimal temperatures 

for nitrate are reported to be between 20 and 25°C (Grundmann et al. 1995). The rate of nitrification is 

reported to drop dramatically with temperatures above 42°C and below 5°C (Russell et al. 2002). 

Typical temperatures in the Superficial aquifer in the Cockburn Sound catchment (18-22°C) are 

therefore considered conducive to nitrification.  

 

Nitrification proceeds at the greatest rate when pH lies between 6.5 and 8.5 but the process itself 

tends to reduce pH as a result of releasing carbon dioxide (Environment Agency, 2003; USEPA, 

1993). Sensitivity to pH may in part be due to the generation of free ammonia (NH3) under alkaline 

conditions and nitrous acid (HNO2) under acidic conditions, as both substances inhibit nitrifying 

bacteria (USEPA, 1993).  
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Nitrifying bacteria appear to be relatively sensitive to sudden changes in salt concentration rather than 

by the salt concentration itself (Environment Agency, 2003). Flowers and O’Callaghan (1983) and 

Mahli and McGill (1982) both demonstrated that the inhibition of nitrification at high concentrations of 

inorganic ammonium salts was due to osmotic shock rather than the presence of ammonium ions. The 

US EPA (1993) also reports that rapid changes in salinity can affect the rate of nitrification but 

adaption to elevated salinity occurs relatively readily. 

 

Despite environmental sensitivity, nitrification appears most sensitive to the presence of free ammonia 

(NH3) (Kim et al. 2006; Yang et al. 2004; Smith et al. 1997). Free ammonia affects the second stage of 

the nitrification process by inhibiting Nitrobacter bacteria from oxidising nitrite (Kim et al. 2006; Smith 

et al. 1997). The oxidation of ammonium by Nitrosmonas, however, is not inhibited and hence leads to 

an accumulation of nitrite in the system (Kim et al. 2006; Smith et al. 1997). High nitrite concentrations 

can therefore be indicative of the presence of free ammonia. Yang et al. (2006) reported complete 

inhibition of nitrite at free ammonia concentrations above 10 mg/L. Free ammonia is also more likely to 

exist, over the ionic form, at higher pH (Kim et al. 2006). 

 

Nitrification conserves the nitrogen mass within groundwater (Environment Agency, 2003). In the 

absence of free ammonia, the nitrite and nitrate degenerated are vulnerable to denitrification under 

anaerobic conditions. If the nitrogen gas end product is able to diffuse to the atmosphere, the nitrogen 

mass in groundwater drops. However, if subsequent denitrification does not proceed, nitrification can 

generate greater environmental harm by the build-up of toxic nitrite in groundwater systems 

(Environment Agency, 2003). Trefry et al. (2006) reported that in the Superficial aquifer in the KIA 

nitrification generally proceeds to the formation of nitrate however denitrification does not readily occur 

and nitrate levels are preserved and mobile. 

3.4 Numerical Modelling 
Replicating groundwater processes of interest with numerical groundwater models can be used to 

complement monitoring and laboratory studies in evaluating and forecasting groundwater flow and 

transport (Spitz and Moreno, 1996). Estimating groundwater flow and solute transport is important for 

the conservation, management and protection of aquifers from contamination (Ghasemizadeh et al. 

2012). However, once contamination has occurred, the estimation of flow and transport is essential to 

the protection of groundwater receptors, both environmental and anthropogenic. Numerical models 

can provide additional insight into conceptual understanding of these complex groundwater systems 

(Barnett et al. 2012). 

 

The recreation of groundwater systems using numerical models is a relatively recent technology 

having been applied since the 1960s (Ghasemizadeh et al. 2012). The use of numerical modelling for 

the simulation of solute transport is an even more recent development coming into practice post 1970 

(Spitz and Moreno, 1996). Advances in computer technology has seen the use of such tools become 

standard practice for assisting understanding and management of groundwater flow and mass 

transport problems (Spitz and Moreno, 1996). 
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Recreating realistic groundwater models is a challenging process that relies on the Principle of 

Parsimony in their design to ensure confidence in their predictive ability as well as their limitations. 

Modelling is a simplification process where only the dominant processes in affect in a more complex 

reality are replicated in order to generate greater understanding of the system in question (Barnett et 

al. 2012). Over complication by incorporation of numerous processes can lead to greater uncertainty 

and limit the usefulness of the model developed. 

 

Numerical models discretize time and space which allows continuous partial differential equations to 

be reduced to the simultaneous solution of a set of algebraic equations that can be solved by matrix or 

iterative methods (Konikow and Reilly, 1990). A groundwater flow model simulates hydraulic heads 

and groundwater flow rates within specified model boundaries (Barnett et al. 2012). A solute transport 

model simulates the concentrations of substances dissolved in groundwater with (Barnett et al. 2012). 

 

MODFLOW is a computer program that simulates three-dimensional ground-water flow through a 

porous medium by using a finite-difference method (McDonald and Harbaugh, 1988). It was originally 

developed by the US Geological Survey to describe and predict the behavior of groundwater flow 

(McDonald and Harbaugh, 1988). Since the computer code was first published in 1984 it has been 

complemented by additional codes that have increased its application across a range of groundwater 

scenarios and it has become accepted as the industrial standard world-wide (DoW, 2008).  

 

The program represents an assembly of single cell models (Spitz and Moreno, 1996). The array of 

nodes and associated grid blocks attempt to represent the continuous hydrogeologic domain. 

Computations are carried out by reading information entered into a finite difference grid and solving 

three-dimensional partial differential equations with block centered approach (Mohan and 

Muthukumaran, 2004). 

 

Although originally conceived solely as a groundwater-flow simulation code, MODFLOW’s modular 

structure has provided a robust framework that has allowed for the integration of additional simulation 

capabilities that build on and enhance its original scope (USGS, 2011). MODFLOW is capable of 

communicating through data files, with other programs or models that are not embedded in 

MODFLOW to enhance numerical modelling capabilities. A family of MODFLOW-related programs 

now includes capabilities to simulate coupled groundwater/surface-water systems, solute transport, 

variable-density and unsaturated-zone flow, aquifer-system compaction and land subsidence, 

parameter estimation, and groundwater management (USGS, 2011). 

 

The solute transport program Modular Three Dimensional Multispecies Transport Model (MT3DMS) 

was developed by Zheng and Wang (1999). MT3DMS is capable of solving for advective, dispersive 

and reactive transport (Zheng and Wang, 1999). It is a further development to Modular Three 

Dimensional Single Species Transport Model (MT3D) and builds in the capacity to model transport of 

multiple interactive species. It is capable of modelling in steady state and transient flow fields, 
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anisotropic dispersion, first-order and zero-order irreversible decay and production reactions, and 

linear and non-linear sorption. However, as eluded to previously, solute transport processes are 

usually reduced to a few transport mechanisms that are considered dominant and that allow an 

accepted level of certainty to be maintained (Spitz and Moreno, 1996). Awareness of the limitations of 

a designed model can often generate great intrinsic understanding of reality. Heterogeneity is also 

difficult to incorporate in numerical models due to data density required.  

 

Groundwater modelling has been proven to be an interactive and predictive tool for quantitative 

groundwater resource assessment, evaluating environmental impacts of land and water use options, 

and providing scientific data for the development of sustainable water allocation and environmental 

protection plans (DoW, 2008). 
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4. Methodology 
This section presents the methodology used for data collection, collation and analysis for each aspect 

of the conceptual and numerical model. Due to the private nature of most of the surrounding land 

tenure, no study specific data collection has occurred offsite. Apart from the data collected on site, all 

other data is available in the public domain.  

4.1 Topography 
Surface elevation point source data was attained by undertaking a search of the DoW’s Water 

Information (WIN) database. Location records within a 2 km radius of the Site were reviewed in 

Australian Height Datum (m AHD). 82 records were returned (Appendix B). Those, east of the 

Spearwood Dunes were disregarded as not representative of the coastal plain. In addition, some 

outliers were deemed erroneous and purged from the dataset. Thus the dataset was reduced to 47 

representative records in which to calculate an average surface elevation for the development of a 

conceptual hydrogeological model. In addition, 27 surveyed site locations (23 monitoring wells and 4 

soil sampling) were also included.  

 

More accurate regional topographic contours (at 1 m intervals) were obtained from the Department of 

Climate Change and Energy Efficiency’s National Elevation Data Framework (NEDF) portal (DCCEE, 

2012) and imported into the numerical model. This data was then averaged on a cell by cell basis to 

give a single topographic elevation for each cell.  

4.2 Geology 
Drilling undertaken for the purpose of characterizing hydrostratigraphy and the groundwater regime at 

the Site are spatially limited to within the boundaries of the Site. Knowledge of conditions beyond site 

boundaries have been extrapolated on basis of site data, data extracted from the WIN database and 

cross sections from Davidson (1995).  

 

The 47 records attained from the WIN database where reviewed to ascertain unit elevation and 

thicknesses for the Safety Bay Sand, Becher Sand and the Tamala Limestone. In addition, borehole 

logs from onsite drilling were reviewed and the compatibility of onsite and offsite records assessed. 

Greater confidence was attributed to onsite drilling records versus WIN data given the geological 

information was recorded by trained environmental scientists and greater detail was provided. 

 

The bore logs of the twenty five onsite monitoring wells (Appendix C) were also reviewed to ascertain 

screened intervals and contacts between intercepted geological units. Fourteen wells (MB01, MB02, 

MB03, MB04, MB05, MB06, MB07, MB08, MB09, MB10, MB11, MB12, MB13 and MB15) are 

screened within the upper Safety Bay Sand. Three wells (MB03D, MB04D and MB06D) are screened 

within the Becher Sand unit. Their locations target the location of the former drainage basin in the 

north of the Site (Basin 1; Figure 2). Eight wells (MB02D, MB05D, MB06DD or MB14, MB07D, 
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MB09D, MB11D, MB12D and MB15D) are screened within the underlying Tamala Limestone unit. 

Well construction details are presented in Table 1. 

 

Table 1 Groundwater Monitoring Well Construction Details 

Well 
Identification 

Year of 
Installation 

Easting  
(MGA 50) 

Northing 
(MGA 50) 

Elevation 
(m AHD)* 

Depth 
(m 
BGL**) 

Screen 
Interval 
(m BGL**) 

MB01 2002 384700.095 6431531.019 5.108 5.0 2.0 - 5.0 
MB02 2002 385010.660 6431457.550 5.463 7.0 3.0 - 7.0 
MB02D 2008 385009.269 6431457.261 5.361 19.5 16.5 - 19.5 
MB03 2003 384803.802 6431527.060 4.213 6.0 2.5 - 6.0 
MB03D 2007 384802.687 6431526.185 4.249 15.0 12.0 - 15.0  
MB04 2003 38433.114 6431550.146 4.339 6.0 2.0 - 6.0 
MB04D 2007 384833.871 6431549.578 4.302 15.0 12.0 - 15.0 
MB05 2005 384758.231 6431617.636 5.228 6.0 2.0 - 6.0 
MB05D 2008 384757.583 6431616.861 5.189 18.5 15.5 - 18.5 
MB06 2005 384864.908 6431557.538 5.088 6.0 2.0 - 6.0 
MB06D 2007 384863.950 6431557.894 5.088 15.0 12.0 - 15.0 
MB07 2005 384878.731 6431260.018 5.312 6.0 2.0 - 6.0 
MB07D 2008 384868.423 6431254.055 5.965 19.5 13.5 - 19.5 
MB08 2007 384879.327 6431451.220 5.671 6.5 3.5 - 6.5 
MB09 2007 384934.592 6431509.537 5.817 7.0 4.0 - 7.0 
MB09D 2009 384941.388 6431505.244 5.150 16.4 13.4-16.4 
MB10 2007 384803.499 6431598.774 4.224 7.0 4.0 - 7.0 
MB11 2008 384629.628 6431425.873 5.042 6.5 3.5 - 6.5 
MB11D 2008 384628.990 6431424.254 5.026 19.5 16.5 - 19.5 
MB12 Unknown 384712.95 6431363.94 - 6.0 3.0 - 6.0 
MB12D Unknown 384714.45 6431361.63 - 20.0 14.0 - 20.0 
MB13 2008 384923.572 6431327.808 5.045 5.8 2.8 - 5.8  
MB14  2009 384862.749 6431558.741 4.513 22.2 19.2 - 22.2 
MB15 2008 384771.444 6431309.181 4.768 6.0 3.0 - 6.0 
MB15D 2008 384770.515 6431309.766 4.744 20.0 14.0 - 20.0 
* m AHD – metres Australian Height Datum 
**m BGL – metres below ground level 
- Survey details not known 

4.3 Hydrogeology 

4.3.1 Regional Groundwater Elevations  

Regional groundwater elevation data was attained by undertaking a search of the DoW’s Water 

Information (WIN) database. A search within a 6 km radius of the Site produced 18 records (Appendix 

D) with useable groundwater data (i.e. groundwater level records in m AHD). Water levels post 1975 

were collated and assessed to produce time series hydrographs, average water levels contours, 

average maximum water level contours (October/November) and average minimum water level 

contours (March/April).  
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4.3.2 Onsite Groundwater Monitoring 

The onsite monitoring well network was installed in stages and expanded over time therefore not all 25 

wells have been sampled during each monitoring event since 2002. Due to an inability to access data 

prior to 2005, only depth to groundwater information post 2005 has been collated and reviewed in this 

study. Depth to groundwater was monitored on almost a monthly basis in 2005 and reduced to a 

general biannual basis thereafter. Monitoring of groundwater levels were undertaken in February 

2005, March 2005, April 2005, May 2005, June 2005, July 2005, August 2005, October 2005, 

November 2005, December 2005, January 2006, October 2006, August 2007, April 2008, November 

2008, December 2008, March 2009, September 2009, December 2009, March 2010, March 2011, 

September 2011, April 2012 and September 2012. 

 

Depths to groundwater were averaged through time to generate average post summer (March/April) 

minimum elevations and average post winter (October/November) maximum elevations for both the 

upper sand aquifer and lower limestone aquifer for conceptual modelling. Transient numerical 

groundwater modelling has utilized the full time series of available data.  

4.3.3 Groundwater Flow 

Groundwater flow directions for conceptual modelling were estimated from groundwater elevation data 

contoured using kriging with an isotropic variogram. Groundwater gradients were calculated using the 

rise over run method where the rise (change in hydraulic head) is divided by the run (horizontal or 

vertical distance over which the change in hydraulic head occurs). The numerator and denominator 

are required to be in the same units which cancel during the division resulting in a ‘unitless’ gradient. 

4.3.4 Aquifer Testing 

Slug testing is a type of aquifer test where a known volume is quickly added or removed from an 

aquifer, and the rapid change in hydraulic head is monitored through time, to determine the near-well 

aquifer characteristics. Given the contaminated nature of groundwater on the site it was not possible to 

conduct long duration aquifer tests. Consequentially slug tests were undertaken on wells MB06, 

MB06D and MB14(6DD) as a means of assessing hydraulic conductivity of the three lithologies 

underlying the Site.  

 

Water levels were gauged in each well prior to the start of each test. Pressure transducers were used 

to monitor the rapid change in groundwater level, during both rising and falling head tests. A 35 mm 

solid cylinder slug was lowered into the water (to achieve a rise in groundwater level) and removed 

(resulting in a fall in groundwater level).  Groundwater levels were allowed to equilibrate between 

tests.  This process was repeated in each well. Data was downloaded from the pressure transducers 

and converted to relative water levels. Water levels were plotted against time (semi-logarithmic grid) 

and solved using the Bouwer-Rice and Hvorslev Slug Test Method equations, which are appropriate 

for unconfined aquifers and partially penetrating well scenarios (Fetter, 2001).  
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Only falling-head data were assessed in MB06 and MB06D as the screened interval in MB06 

traverses the water table. The loss of water to the vadose zone during water level rise can result in 

erroneous (overestimated) calculations of conductivity (Fetter, 2001). In addition, the initial pressure 

change generated from the thrust of the slug entering the water column, rather than from the 

displacement of the water itself, created disturbance in which the initial water displacement was 

difficult to identify. A horizontal to vertical anisotropy ratio of 10:1 was assumed for the calculation and 

a correction factor for the gravel pack enveloping the well was applied in the Bouwer-Rice method 

where the gravel was assigned an effective porosity of 0.35 (Fetter, 2001).  

 

Slug tests conducted in MB14(6DD) failed to yield useable data attributed to the very high conductivity 

of the limestone formation.  

 

Hydraulic conductivity of sandy sediments can also be estimated from particle size distribution (PSD) 

data using the Hazen method (Hazen, 1911). The Hazen approximation is  

K = C(d10)2 

where K is hydraulic conductivity, d10 is the effective grain size and C is a grain size coefficient (see 

tables in Appendix E). Particle size analysis has not been undertaken for onsite sediments. However, 

a review of GHD geotechnical assessments undertaken within the KIA identified two sites (GHD, 2008 

and 2009b) where PSD had been assessed. The two sites are located in the north of the KIA (Figure 

XX) and are reported to have comparable geological sequences to the Site (i.e. Safety Bay Sand 

overlying Becher Sand overlying Tamala Limestone). In each instance, PSD analysis was undertaken 

for quality assurance purposes hence few samples (3 Safety Bay and 2 Becher Sand samples) were 

submitted for laboratory analysis. Though the small sample size precludes an assessment of aquifer 

heterogeneity, the data was assessed using the Hazen method and allowed some comparison of 

onsite slug test results and offsite conductivities. 

4.3.5 Groundwater Quality Monitoring 

Groundwater monitoring was undertaken at the Site in accordance with DEC Development of 

Sampling and Analyses Program Guidelines (DEP, 2001) and Australian Standard AS 4482. Water 

was removed from the wells using a portable, high flow (>2 L/Min), electrical pump. Prior to sample 

collection, the following water quality parameters were recorded using a portable water quality meter: 

 Temperature; 

 pH; 

 Electrical conductivity; 

 Dissolved oxygen; and  

 Oxidation/reduction potential (Redox). 

Stabilisation of these parameters confirmed the successful removal of any stagnant water within the 

well and the collection of samples representative of the aquifer at each sampling location. 

Groundwater samples were collected in laboratory supplied (sterilised) sampling containers and 

submitted to laboratories accredited by the National Association of Testing Authorities (NATA) for the 

following analyses: 
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 Alkalinity (as calcium carbonate, bicarbonate and carbonate); 

 Major ions (calcium, chloride, magnesium, potassium, sodium and sulphate); 

 Ionic balance; and 

 Nutrients (total nitrogen, ammonia, nitrate and nitrite). 
Laboratory analytical data, post 2005, was collated and reviewed for the purpose of characterising 

groundwater quality at the Site.  

 

In addition, concentration profiling was undertaken to assess the extent of geochemical variation with 

depth within the aquifer at the location of monitoring well MB14(6DD). Groundwater samples were 

collected at 1 m intervals from the top of the water table (4 m BGL) to the bottom of the hole (22 m 

BGL) during drilling of the well. Groundwater samples were submitted to a NATA accredited laboratory 

for the following analytical suite: 

 Total nitrogen; 

 Ammonia-nitrogen; 

 Nitrate-nitrogen; 

 Nitrite-nitrogen; 

 pH; and  

 Alkalinity.  

4.3.6 Geophysical Profiling 

GroundProbe Geophysics Pty Ltd (GroundProbe) were contracted to undertake down-hole 

conductivity logging and Electrical Resistivity Imaging (ERI) in order to delineate the vertical and 

spatial extent of the contaminant plume both on and off-site. Geophysical profiling provided a means 

of offsite sub aerial investigation without the need for more intrusive works (i.e. drilling) which was a 

requirement of Summit Fertilizers.   

Down Hole Conductivity Logging 

Down hole logging provides detailed logs of the vertical profile of the material surrounding monitoring 

wells. Logging was undertaken at 10 cm intervals. Conductivity logging measured detailed variations 

in groundwater conductivity (similar to ERI, relating to groundwater contamination concentrations). 

Thirteen boreholes were surveyed (MB01, MB02D, MB04D, MB05D, MB07D, MB08, MB09D, MB10, 

MB11D, MB12D, MB13, MB14 (6DD) and MB15D) using a 2PIA-1000 Poly Induction Probe. The 

methodology used and results generated are detailed in (Appendix F). 

Electrical Resistivity Imaging 
ERI is a geophysical method that produces detailed two-dimensional cross-sections of the electrical 

resistivity of the subsurface. In this application, variations in resistivity were used to assess variations 

in contaminant concentrations of groundwater beneath the Site. The method works by placing a series 

of electrodes in the ground and measuring the resistance between electrode pairs. By performing 

several thousand of these measurements, an image of the electrical structure of the subsurface can 

be made, consequentially estimates of contaminant concentrations generated. 

 



 

| Master of Hydrogeology Dissertation - Alyssa Barron 10102681 

Three ERI transects were conducted across the Site (Figure XXX). Two lines were orientated 

perpendicular to each other, running roughly north-south and east-west. Both lines were positioned 

central to the identified plume location with the north-south transect extending from plume source and 

offsite into the neighbouring property. The east- west line ran parallel to the northern Site perimeter. A 

third transect was undertaken, outside the identified plume area, for quality assurance purposes and 

ran roughly north south along the western boundary of the Site. The methodology and results are fully 

detailed in (Appendix G). 

4.3.7 Average Linear Velocity and Dispersivity Factor Calculations 

Back calculations using the interpreted length and area of the plume presented in the ERI cross-

sections were undertaken using Darcy’s (Equation 1) Law to assess the weighted effect of advection.  

vx = - (K/ne)(dh/dl) 

The parameters used to calculate average linear velocities within each geological strata are presented 

in Table 2. 

Table 2 Parameters for the calculation of average linear velocities as per 
Darcy’s Law 

 Strata 
Parameter Safety Bay Sand Becher Sand Tamala 

Limestone 
Hydraulic Conductivity (K) * (m/day) 15  8  100  
Effective Porosity (ne) 0.3 0.25 0.3 
Gradient (dh/dl) 0.0003 – 0.0005 0.0003 – 0.0005 0.0003 – 0.0005 
*Average hydraulic conductivities as presented in Davidson (1995) 

 

A dispersivity factor was calculated using the method outlined by Xu and Echstein (2005) where 

dynamic dispersivity in the longitudinal direction ( L) is represented by the following equation: 

L = 0.83(log L)2.414 

and a plume length of 120 m based on that interpreted from the ERI cross-sections. Hydrodynamic 

and mechanical dispersion were calculated using the product of estimated average linear velocities 

(vx) and dynamic dispersivity ( L) with and without the addition of diffusion coefficients, respectively. 

Diffusion coefficients for nitrate and ammonia in water are presented in Table 3. Effective diffusion 

coefficients were not determined by laboratory experimentation. 

Table 3 Diffusion Coefficients for Nitrate and Ammonia in Water 

 Nitrate Ammonia 
Diffusion Coefficient (D)* (m2/day) 1.5*10-5 1*10-4 – 5*10-5 
* Diffusion Coefficient for nitrate sourced from Milo et al (2010). Diffusion Coefficients for ammonia sourced from Treybal (1955) 

and Milo et al (2010).  

4.3.8 Contaminant Mass Calculations 

Mass contaminant loadings in each geological strata were calculated on the basis of plume 

dimensions presented in the ERI cross-sections (Table 4) and average contaminant concentrations as 
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per the September 2012 monitoring event (most recent) for the purpose of estimating source additions 

over time (Table 5). Average contaminant concentrations were generated for the Safety Bay Sand 

using concentrations detected in monitoring wells MB03, MB04 and MB06. Average contaminant 

concentrations were generated for the Becher Sand using concentrations detected in monitoring wells 

MB03D, MB04D and MB06D. Mass loading in the Tamala Limestone was based on the concentration 

detected in MB14(6DD) as this is the sole impacted monitoring location within this strata. Mass 

calculations were undertaken using the equation presented in Spitz and Moreno (1996): 

M = CnV 

where M is the contaminant mass, C is the concentration in groundwater, n is the porosity and V is the 

volume being considered. 

Table 4 Parameters for the calculation of contaminant mass 

 Strata 
Parameter Safety Bay Sand Becher Sand Tamala 

Limestone 
Length (m) 50 120 80 
Width (m) 30 80 80 
Depth (m) 5 5 5-10 
Effective Porosity (ne) 0.3 0.25 0.3 
 

Table 5 Average contaminant concentrations per geological strata 

 Strata 
Parameter Safety Bay Sand Becher Sand Tamala 

Limestone 
Nitrate (mg/L) 1432 5211 217 
Ammonia (mg/L) 263 4250 328 
 

Annual masses were calculated based on a 19 year source life with the start date attributed to the 

opening of the Site (1993). Annual masses were further apportioned to monthly estimates the basis of 

rainfall for the generation of winter high fluxes and summer lows (Table 6).  

Table 6 Rainfall frequency as percentage of annual total 

Month November - March April and October May and September June - August 
Rainfall (%) 2.6 3.5 10 20 

4.3.9 X-Ray Florescent Mineralogy Assessment  

Soil sampling was undertaken at four onsite locations as depicted in Plate 8. Soil sampling locations 

were selected relative to the location of the plume. One sample location was positioned down gradient 

(west) of the plume (Core 1), two locations were positioned within the plume (Core 2 and Core 3) and 

one location up gradient (east) of the plume (Core 4). The Two locations within the plume were also 

positioned up and down of the observed concentration gradient. 

 

Core samples were retrieved using a Geoprobe© track mounted drill rig using direct push drilling 

techniques. Drilling continued to refusal, approximately 13-14 m bgl and coincided with the top of the 

Tamala Limestone formation in these locations. Soil samples were collected in designated 1.5 m 
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polyethylene tubing and transported directly from Site to SGS Environmental Laboratory Pty Ltd and 

stored in an industrial size freezer until analysis. 

 

In the laboratory, a portable x-ray florescence (XRF) analyser (Thermo Scientific Niton ® XLt) was 

used to provide an indicative measure of metal/metalloid concentrations in the solid phase of the 

collected samples. The XRF provided an efficient and cost effective means of analysing sediment 

mineralogy both within and outside of the identified contaminant area. Calibration of the XRF was 

conducted using blank (SiO2) and laboratory prepared standards at the start and end of testing and 

following analysis of every twenty samples in accordance with US EPA Method 6200 (US EPA, 2007). 

 

Two sample windows were cut into the polyethylene tubing of each 1.5 m core length at 0.5 m and 1.0 

m intervals to allow sample access. A thin plastic sleeve protector was layered over the sample 

window to protect the analyser. Three readings within each window were taken reading to account for 

potential heterogeneities. Calculated averages were plotted with depth and compared. 

 

As no confirmative lab analyses was conducted (5% confirmatory analysis recommended), XRF 

results have not been relied upon for their absolute values instead gauged concentrations have been 

reviewed on the basis of  their relative proportions between sampling locations (spatially and 

vertically). Further, a recognised limitation of the XRF is its inability to account for interference in 

saturated soils, which may result in underestimated analyte concentrations. As results are only being 

used for comparative proposes between saturated samples this is not considered a limitation for the 

purposes of this interpretation. 

4.3.10 Flow and Transport Modelling 

A conceptual model was developed, Section 5.3, to facilitate development of a numerical model. A 

numerical flow model was simulated using MODFLOW 2000. A numerical solute transport model for 

nitrate was simulated using MT3DMS. Both models were constructed via a PMWIN interface.  

Model Domain 

The model area incorporates the southern portion of the KIA and covers an area of approximately 6.5 

km2 (Plate 9). The domain is roughly rectangular with an eastern boundary approximately 2.2 km long, 

a southern boundary approximately 3.3 km long, a northern boundary approximately 2.8 km long and 

a western boundary that follows the coastline connecting the southern and northern boundaries. 

Boundary Conditions 
Model boundaries were set proximal to the Site at a scale appropriate to the observed plume. 

Regional groundwater contours were generated as previously stated and used to determine the 

upslope (eastern) and lateral (northern and southern) boundaries using average levels, post 1975. 

(Appendix J). The eastern boundary of the model was set as a general head boundary, approximately 

0.9 km from the Site, in correlation with an equipotential line of approximately 1.8 m AHD. The 

boundary lay at the base of the ridge and within the natural linear depression correlating to the 



 

Master of Hydrogeology Dissertation - Alyssa Barron 10102681 |43 

termination of the Spearwood Dune System where the groundwater gradient is steep and a consistent 

westerly flow direction is observed. 

 

Southern and northern model boundaries lay approximately 0.8 and 0.9 km from the Site, respectively 

and cross regional lines of groundwater equipotential at right angles. As such no flow is considered to 

occur across these boundaries and the lateral boundaries set as no flow (inactive cells). The western 

boundary of the model aligns with that of the coast. A time variant specified head boundary of 0.2 m 

AHD was set to avoid the potential for dry cells in the model. 

Grid Design 

The grid was designed with 139 rows and 159 columns. Cells within the Site boundaries are set at a 5 

m resolution with an interval of 1.5 to 50 m cell size beyond the vicinity of the Site. Vertically, the 

aquifer was divided into seven layers as presented in Table 7. Safety Bay Sands were represented in 

the upper two layers with an average thickness of approximately 11 m however this varies on the 

basis of surface topography. The Becher Sand unit was represented by two layers to distinguish 

between the sand (3 m thick) and finer basal sediments (silt/clay of 1 m thickness). The Tamala 

Limestone was represented across the three lower layers with a total thickness of 15 m. The primary 

purpose of generating multiple layers per strata was to allow vertical migration of the solute within the 

aquifer. 

 

For simplification, layers were assigned uniform horizontal thicknesses with the exception of layer 1 

where thickness varied due to the top of the layer corresponding to topography. Topography (1 m 

accuracy) was obtained from the Department of Climate Change and Energy Efficiency’s National 

Elevation Data Framework (NEDF) portal (DCCEE, 2012). 

Table 7 Geological layer thicknesses 

Layer Geological 
Strata 

Top of Layer  
(m AHD) 

Bottom of Layer 
(m AHD) 

Layer 
Thickness 
(m) 

1 Safety Bay Sand Topography -2.5 Variable 
(approx. 7.5) 

2 Safety Bay Sand -2.5  -6 3.5 
3 Becher Sand -6 -9 3 
4 Becher Sand -9 -10 1 
5 Tamala 

Limestone 
-10 -15 5 

6 Tamala 
Limestone 

-15 -20 5 

7 Tamala 
Limestone 

-20  -25 5 

Stress Periods and Time Steps 
The simulation was run over 84 stress periods with four time steps per stress period (total of 345 time 

steps). Period 1 represented the 13 year interval (4745 days) of Site operation prior to groundwater 

monitoring (1993-2005). Monthly stress periods (average of 30.44 days per period) were applied from 

periods 2 through 84 and represented the 6 years of groundwater data collection at the Site (2006-
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2012). Period 1 was run under steady state conditions in the absence of calibration data. Periods 2 

through 84 were run under transient conditions, calibrated to onsite wells and two DoW WIN bores 

(2997 and 3001) located within the model domain. 

Recharge 

Recharge into the model was simulated by inflow at the eastern general head boundary and, 

predominantly, via net recharge (initially) based on rainfall (Appendix H). Rainfall data was obtained 

via the Bureau of Meteorology website from the weather station nearest (<1 km) to the Site (BoM 

Station number 009064) located at the Kwinana BP refinery (BoM, 2012). Average rainfall for the 

period (1993-2005) was applied during stress period 1 while real time monthly rainfall was applied to 

all remaining periods. 

 

The model domain was separated into three different areas based on land use: industrial, uncleared 

native vegetation and cleared open space (Plate 10). A recharge factor was applied to rainfall to 

account for loss due to evapotranspiration.  

Net Recharge = Gross Recharge x Recharge Factor (%) 

The recharge factors applied to each land use area were based on those used in the development of 

PRAMS (Table 8). A fourth area was created representing the location of the source (former and 

current Basin 1). Basin 1 was represented by 22 cells (approximate area of 192 m2) in period one and 

four cells thereafter representing the reduction in the pond’s size (approximate area of 64 m2) following 

the construction of additional roofing in 2005. Recharge was not applied (effectively zeroed) across the 

remainder of the Site on account of its sealed surface and the infiltration of storm water to the onsite 

basin. 

Table 8 Net recharge based on land use  

Land Use Industrial Uncleared, 
Natural 
Vegetation 

Cleared, Open 
Space 

Drainage Basin 1 

Recharge 
Factor  
(% 
Rainfall) 

75 10 30 200 

 

Following convergence of the model, net recharge was amended to gross recharge (100% rainfall) 

and evapotranspiration incorporated into the model. 

Discharge 
Discharge from the model occurs via evapotranspiration, groundwater abstraction and discharge to the 

ocean. Potential evapotranspiration was estimated at 50% pan evaporation based on measurements 

from the Mount Lawley weather station (station number 009225), noting that pan evaporation is not 

recorded at the Kwinana BP refinery weather station Evapotranspiration extinction depths were set to 

0.5, 2 and 4 m for the industrial, cleared/open space and uncleared natural vegetation land use areas, 

respectively.. 
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Groundwater abstraction data was obtained from the Department of Water’s Water Registration and 

Licensing database (WRL). Thirty-six (36) registered abstraction bores were identified within the model 

boundaries with a total allocation allowance of 6.8 GL/yr (Appendix I). No scaling factor was applied to 

abstraction on the assumption groundwater in the area is predominantly for industrial/commercial 

purposes and the seasonal variation would be small. Very large allocation volumes (2.5 and 1.9 GL/yr) 

were noted to the northwest of the Site (20 Port Road, Kwinana Beach) registered to CSBP Limited 

(GWL 000100798 and GWL 000100799). Abstraction in these bores was reduced to 75% of the 

allocation on the assumption of one or a combination of the following being true: 

 Larger allocations have been provided on request but requested volumes are overestimated 

compared to what is actually required for use thus full allocations are not being abstracted;  

 The potential for recycling of groundwater to occur on high water-use sites (i.e. water required 

as coolant may be disposed to onsite sumps recharging the aquifer); and  

 Groundwater abstraction is fed radially. The proximity of the CSBP bores to the northern no-

flow boundary is likely to induce non-representative over draw in the south. Reducing the 

abstraction will negate the potential for over abstraction occurring to the south. Given the 

focus of the model is on contaminant transport, this is considered an appropriate 

simplification. 

Parameters 
Hydraulic conductivity parameters were estimated based on reported literature and field test results. 

Hydraulic conductivity parameters were varied during the calibration process however final 

conductivities are presented in Table 9. Vertical conductivities were further reduced local to the Site in 

order to replicate the discontinuous basal clay, referred to by Smith and Hick (2001) in layer 4 (base of 

Becher Sand unit). The discontinuity of these low conductivity sediments is supported by the lack of a 

permanent vertical head between the Safety Bay Sand and Tamala Limestone. Given the layer is 

reported as discontinuous, (Smith and Hick, 2001), the lack of this basal clay layer in other parts of the 

model domain is considered conservative and appropriate. 

Table 9 Hydraulic Conductivity 

Layer Horizontal Hydraulic 
Conductivity 
(m/day) 

Vertical Hydraulic 
Conductivity (m/day) 

Anisotropy Ratio 

1 20 10 2:1 
2 20 10 2:1 
3 8 4 2:1 
4 2 1 (localised 0.01) 2:1 (localised 200:1) 
5 100 10 10:1 
6 100 10 10:1 
7 100 10 10:1 

 

Specific storage and bulk density were set uniformly throughout the modelling domain at 0.0001 1/m 

and 2000 g/m3, respectively. Specific storage equates to that estimated by Davidson (1995) for the 

Superficial aquifer. Bulk density is representative of wet, packed sand. 
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Parameters for effective porosity and specific yield were based on values presented in the literature 

review (Table 10). 

Table 10 Effective porosity and Specific Yield 

Layer Effective Porosity Specific Yield) 
1 0.3 0.3 
2 0.3 0.3 
3 0.25 0.25 
4 0.2 0.2 
5 0.3 0.3 
6 0.3 0.3 
7 0.3 0.3 

Flow Modelling  

The following MODFLOW flow packages were incorporated into the model: 

 Evapotranspiration (EVT); 

 General Head Boundary (GBH); 

 Recharge 

 Time Variant Specified Head (TVSH); and 

 Well 

Flow simulations were undertaken using MODFLOW’s Preconditioned Conjugate Gradient Package 2 

(PCG2) solver with the Modified Incomplete Cholesky preconditioning method. 

Solute Transport 

Solute transport simulations were generated for nitrate only on the basis that transport mechanisms for 

nitrate and ammonia at the Site are considered comparable and observed trends in contaminant 

concentrations and distribution are also comparable. Nitrate transport was simulated in a constant 

density mode with no kinetic reactions. Although there is potential for density driven flow effects in high 

concentrations following the first flush of stormwater, no data exists on this, hence it cannot currently 

be modelled. Background nitrate concentrations were not modelled and initial concentrations were 

therefore set at 0 g/m3. 

 

The following MT3DMS solute transport packages were incorporated into the model: 

 Advection; 

 Dispersion; and 

 Mass-Loading Rate. 

Advective transport was calculated using the finite difference method with an upstream weighting and 

a Courant number (PERCEL) of 0.75. Longitudinal dispersivity was set at 20 m uniformly throughout 

the model domain. Transverse dispersion ratios used for the simulation were based on those 

presented in Gelhar et al. (1992) and are presented in Table 11. Molecular diffusion was not 
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represented in the model as advection and dispersion are considered the dominant transport 

mechanisms and effects due to diffusion are therefore considered negligible. 

Table 11 Transverse versus Longitudinal Dispersivity Ratios 

Layer Horizontal Transverse 
Dispersivity/ Longitudinal 
Dispersivity  

Vertical Transverse 
Dispersivity/ Longitudinal 
Dispersivity 

1 0.3 0.1 
2 0.3 0.1 
3 0.3 0.1 
4 0.3 0.01 
5 0.3 0.01 
6 0.3 0.01 
7 0.3 0.01 

 

Initial mass loads calculated on the basis of Site field observations (10 000 g/day) were applied to the 

model across 22 cells in Layer 1 representing the historical Basin 1 in Period 1 (455 g/day/cell) and 4 

cells in Layer 1 representing the current Basin 1 in all subsequent periods (2500 g/day/cell).  

Data Processing 

Datasets were generated in Microsoft access and imported to PMWIN compatible matrix files using 

PramView Pre-processor (developed by Neil Milligan). 

Calibration 

Calibration of the model was undertaken by trial and error. The model was run originally based on 

initial parameter estimates and the modelled heads and nitrate fluxes compared to observation data. 

Calibration locations for the flow output included offsite DoW wells 2997 and 3001 and all onsite wells. 

Calibration locations for the solute output included those wells located within the existing plume onsite 

(MB03, MB03D, MB04, MB04D, MB06, MB06D and MB06DD) and those peripheral to the plume 

(MB05, MB05D, MB09, MB09D and MB10) to allow calibration of where contamination should and 

should not be detected. 

 

The following inputs were adjusted during the flow calibration process: 

 Horizontal hydraulic conductivity; 

 Vertical hydraulic conductivity; and 

 Recharge. 

 

The following inputs were adjusted during the solute transport calibration process: 

 Horizontal hydraulic conductivity; 

 Vertical hydraulic conductivity; and  

 Mass Loading. 
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Predictive Scenarios 
Two predictive numerical model simulations were undertaken to assess the effect of current 

abstraction on the plume’s travel direction and time as well as the potential for remedial pumping to 

recover the plume. Future scenarios were simulated for a 20 year period with initial conditions equal to 

those at the end of the original model run (Period 84, Time Step 4). In the first scenario all abstraction 

wells were removed and the plume direction tracked to observe the time taken for the plume to 

intercept the ocean. In the second scenario a two recovery wells were installed within the modelled 

plume adjacent monitoring wells MB04 and MB06. The recovery bores were screened in layer 3 and 

set to each remove 100 m3/day. 

 

Recharge for the 20 year period was based on rainfall from 1990 to 2010. Recharge zones and 

scaling did not vary from the original model. Contaminant sources were removed from both future 

scenarios to allow observation of the effects of each scenario on the current plume only. Estimating 

future contamination occurring at the Site is considered beyond the scope of this study. All other 

parameters were consistent with the original model. 
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5. Results 
5.1 The Physical Environment 

5.1.1 Geology 

Onsite drilling records describe the following general lithological sequence beneath the Site: 

 Topsoil: dark brown, fine to medium grained, quartz sand with varying proportions of organic 

matter; 

 Safety Bay Sand: white/pale yellow, fine to coarse grained calcareous sand with quartz sand 

and shell fragments and occasional black heavy minerals; 

 Becher Sand: grey/pale grey, fine to medium grained calcareous and quartz sand with shell 

fragments, limestone cobbles and minor silt and/or clay, typically at the base;  

 Tamala Limestone: white/pale grey calcarenite, limestone and sand variably cemented with 

shell fragments. 

 

Topsoil extended to depths of less than 1 m and was not uniformly recorded across the Site. The 

occurrence of a topsoil layer predominantly coincided with unsealed areas of the Site being sampling 

locations 2, 5, 7, 8, 9, 11 and 13. A thinner fill layer (<0.5 m) was generally encountered beneath 

sealed areas of the Site. Reference to topsoil and/or fill layers was not recorded within DoW WIN 

supplied data records.  

 

The base of the Safety Bay Sand unit was estimated from 47 WIN sites and 22 onsite locations. 

Onsite elevations ranged from -1.2 to -6.6 m AHD and averaged -3.02 m AHD. Onsite elevations were 

comparable to WIN data with WIN site elevations ranging from -0.1 to -11.62 m AHD and averaging -

3.25 m AHD. The large degree of variability is expected given the undulating nature of the eolian 

depositional environment. 

 

The base of the Becher Sand unit was estimated from 34 WIN sites and 12 onsite locations. It is noted 

that the reduced number of information points is the result of boreholes terminating before the base of 

the layer and the discontinuous presence of this unit across the Site (i.e. Becher Sand was not present 

at sampling location 9). Onsite base of layer elevations ranged from -7.4 to -11 m AHD and averaged -

9.2 m AHD. Onsite elevations were comparable to WIN data with WIN site elevations ranging from -

7.65 to -14.65 m AHD and averaging –10.8 m AHD. 

 

The base of the Tamala Limestone Formation was estimated from 17 WIN sites and 1 onsite location. 

Again, the reduced number of data points is the result of boreholes terminating before the base of the 

layer. The base of the formation onsite (MB06DD/MB14) was found to be at -17.69 m AHD and 

underlain by clay of the Pinjar Member of the Leederville Formation. This elevation is comparable to 

WIN data with WIN site elevations ranging from -15.68 to -24.84 m AHD and averaging -21.16 m AHD.   
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5.1.2 Hydrogeology 

The hydrostratigraphy of the Superficial aquifer in the KIA is the Safety Bay and Becher Sand aquifer 

underlain by the Tamala Limestone aquifer. It will have a high horizontal hydraulic conductivity 

(greatest in the Tamala Limestone) with a reduced (~10x) vertical hydraulic conductivity. In the sands 

this is due to the presence of slightly finer material typical of bedding planes but in limestone, this is 

due to both bedding planes and lateral preferential flow paths. The presence of a discontinuous layer 

of clay at the base of the Becher Sand will act as a local aquitard to aquiclude. Consequentially some 

areas, such as the Site, will have reduced flow (and contaminant exchange) between the Sands and 

underlying Tamala Limestone. 

Groundwater Elevations and Flow 

A review of available WIN data indicates groundwater elevations (post 1975) in the KIA range from 0.4 

to 3 m AHD increasing in elevation with distance from the coast. Seasonal variations of approximately 

0.2 to 0.5 m are observed between the post-summer (April/May) and post-winter periods 

(October/November).  

 

Groundwater contours indicate regional groundwater flow is predominantly to the west, tending 

northwest in the north of the study area. The horizontal groundwater gradient across the coastal plain 

is very low ranging from 0.0003 to 0.0005. 

 

Onsite, average groundwater elevations vary considerably from 0.9 to 1.7 m AHD (post 2005). The 

large degree of local variability is likely a result of local abstraction and/or recharge (infiltration basins) 

effects. The occurrence of seasonal fluctuations in onsite water table levels is consistent with regional 

observations (Davidson, 1995), peaking around October following the winter rainfall period and 

decreasing during and post- summer to a low around April. However, the degree of variation is slightly 

larger ranging from 0.4 to 0.6 m and averaging 0.5 m. Again, this is consistent with the influence of 

anthropogenic effects and increased recharge in industrial areas. Average post-winter (maximum) 

elevations range from 1.42 to 1.95 m AHD while average post-summer (minimum) elevations range 

from 0.87 to 1.47 m AHD.  

 

A vertical hydraulic head difference approximating 0.1 m is evident between the shallow (screened 

within sands) and deep (screened within calcarenite/limestone) onsite wells suggesting downward flow 

(Figure 4). Vertical gradients are greatest in the north east of the Site at monitoring locations 2, 6 and 

9 averaging approximately 0.007, 0.01 and 0.006, respectively (Table 12). Vertical head differential 

was very low (approximating zero) and only intermittently evident in the south of the Site at monitoring 

location 15. 
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Figure 4 Vertical Hydraulic Head Differential between upper Safety Bay Sands and lower 

Tamala Limestone Formation in the northeast of the Site (monitoring location 6) 

 

Table 12 Vertical Hydraulic Head Absolute Differences and Gradients 
between upper Safety Bay Sands and lower Tamala Limestone 
Formation across the Site 

Monitoring 
Identification 

Position Onsite Average Vertical 
Head Differential 
(m) 

Vertical Gradient 

2 East 0.1 0.007 
5 North  0.07 0.005 
6 North east 0.1 0.006 
7 South east 0.05 0.003 
9 North east 0.13 0.01 
11 West 0.06 0.004 
15 South 0 0 
 

Groundwater flow across the Site is highly variable and with distinctly different flow directions in the 

shallower sands and underlying limestone aquifer. Water level contours are presented in (Appendix J).  

 

Groundwater flow in the upper sand aquifer tends west across the northern portion of the Site to south 

west across the southern portion of the Site in post summer months. Flow reverts to an overall 

westerly direction in post winter months. Horizontal groundwater gradients are low and seasonally 

consistent at 0.001. Groundwater flow in the upper aquifer of the Site is controlled by low groundwater 

levels in the south of the Site (MB15) attributed to the neighbouring abstraction bore. The influence of 

the infiltration basin/s is considered minor in comparison.  

 

Average groundwater flow in the lower limestone aquifer is also dominated by abstraction effects in 

the south of the Site (MB15D). In general, flow is to the south-southwest however flow lines converge 

around MB15D drawing water radially hence flow from the east and west also occurs. Consistent with 

gradients in upper aquifer, the average north/south gradient in the lower aquifer is low (0.002). Post 
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summer, groundwater flow in the lower limestone occurs to the north at a gradient of 0.001 and post 

winter flow is to the northwest at a gradient of 0.002. 

 

To assess the influence of the nearby abstraction point, average and post summer average 

groundwater contours were recalculated at the exclusion of MB15 and MB15D recognizing the limited 

availability of data pertaining to this location (only four rounds of monitoring). Flow directions in the 

upper aquifer remained relatively consistent with that previously documented as did the post summer 

contours in the deeper aquifer. However, average contours in the deeper aquifer changed to a 

northwest flow direction. 

 

Establishing groundwater flow direction in the Becher Sands is restricted by the low number (three) 

and linear orientation of wells intercepting this layer (MB03D, MB04D and MB06D). It is therefore 

recognised that any flow directions depicted may not accurately represent flow conditions. Regardless, 

the upper part of this unit is likely to be in hydraulic connection with the Safety Bay Sand and should 

behave similarily. Tentative south westerly flow directions and gradients of 0.001 and 0.002 were 

established for average and post winter average conditions, respectively. Post summer, flow tended 

west at a gradient of 0.001. 

Aquifer Properties  
Onsite hydraulic conductivities were estimated in the range of 18 - 32 m/day in the Safety Bay Sand 

and 2.7 - 3.5 m/day in the Becher Sand unit (Table 13). Conductivities were consistently higher using 

the Horslev method as opposed to the Bouwer-Rice method. Conductivities in the Safety Bay Sand 

were comparable to values (10 - 30 m/day) reported by Bodard (1991). Conductivities in the Becher 

Sand were slightly lower than those reviewed in literature (8 m/day; Davidson, 1995). Lines of best fit 

are presented in Appendix K. 

 

PSD data from offsite locations allowed comparative estimates of hydraulic conductivity in the Safety 

Bay and Becher Sands using the Hazen Method. In the locations tested, fines content was less than 

10% in the Safety Bay Sand and greater than 10% in the Becher Sand (consistent with onsite logs that 

noted an increase in silt and clay in the Becher unit). This resulted in a deceased conductivity in the 

latter (1.7 - 4.3 m/day) by an order of magnitude less than the Safety Bay Sand (14.5 - 17 m/day). 

Calculated offsite conductivities were slightly lower than onsite estimates. Particle size distribution 

curves are presented in Appendix E. 

Table 13 Estimated horizontal hydraulic conductivities at monitoring 
location 6 

 Safety Bay Sand 
(m/day) 

Becher Sand 
(m/day) 

Bouwer-Rice Method 18.28 - 29.23 2.78 - 2.85 
Horslev Method 23.73 - 31.51 3.36 - 3.47 
Hazen Method 14.60 - 16.93 1.75 - 4.23 
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The high conductance of the Tamala Limestone prevented estimates of onsite hydraulic conductivities 

in this formation from being assessed via the methods available at the time of testing (slug and high-

flow pumping). However, the inability to generate measurable drawdown in this formation confirmed a 

conductivity greater than that observed in the overlying sand units (>32 m/day). 

5.2 The Chemical Environment 
Nitrogen species have been detected in all onsite wells over the monitoring period at levels exceeding 

DEC (2010) guidelines for ecological (marine) and human health (domestic non potable use). 

However, localized onsite contamination has been distinguished from ‘background’ by the magnitude 

of concentration. Background values in the KIA rarely exceed 100 mg N/L compared to concentrations 

in excess of 300 mg N/L, and up to 7000 mg N/L, detected in the north of the Site, hereafter referred 

to as ‘the plume (Figure 5). 

 

 

Figure 5 Total nitrogen concentration contours (minimum curvature) showing contaminant 

plume in the Safety Bay Sand. Concentrations are in mg/L. Impacts are 

concentrated in the north of the Site demonstrated by concentrations >300 mg/L  

 

The plume is orientated in a general northeast/southwest alignment extending from the source (Basin 

1). Impacted wells include MB03, MB03D, MB04, MB04D, MB06, MB06D and MB14(6DD) with 

monitoring well 3 located at the former source and locations 4 and 6 occurring progressively to the 

north. Monitoring wells MB09, MB09D and MB10 are located on the periphery of the plume and show 

some level of impact.  
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The dominant nitrogen species are nitrate and ammonia, however, their relative abundance is not 

consistent between lithologies. Nitrate-nitrogen concentrations (Figure 6) are considerably higher in 

the Safety Bay Sand (oxidizing environment) while ammonia-nitrogen is generally more prevalent at 

depth in the Becher Sand and Tamala Limestone (reducing environments). 

 

Figure 6 Nitrate concentrations versus ammonia concentrations in Safety Bay Sand (MB06) 

and Tamala Limestone (MB06DD). Nitrate is the dominant species in the shallower 

sands while ammonia is more prevalent in the underlying limestone (based on 

September 2012 data)  

The highest overall concentrations of nitrogen are recorded in the Becher Sand in wells MB03D, 

MB04D and MB06D (blue lines in Figure 7). Total nitrogen concentrations within the Becher unit are 

an order of magnitude higher than those recorded in the Safety Bay or Tamala Limestone aquifers. 

This is likely due to the presence of the clay layer at the base of the Becher Sand acting as a barrier to 

vertical contaminant movement. Increasing trends in nitrogen concentrations within the Becher Sand 

unit are evident at monitoring locations MB04D and MB06D, and indicate the plume is relatively slow 

moving (approximately 6 to 9 m/year) and the bulk mass of the plume has not yet (or has only very 

recently) migrated offsite.  

 

Figure 7 Total nitrogen concentrations between geological units: Safety Bay Sands (yellow), 

Becher Sand (Blue) and Tamala Limestone (Black) 
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Total nitrogen concentrations in the overlying Safety Bay Sand have, as expected, been the highest in 

MB03, closest to the source (Figure 8). Concentrations at this location peaked in September 2009 

(862 mg/L) and have decreased since, suggesting the contaminant loading has been reduced. 

Concentrations in proximity to MB04 appear to be rising but levels have not exceeded the peak 

concentration recorded at MB03 as yet. 

 

  

Figure 8 Total nitrogen concentrations in the Safety Bay Sand unit 

 

Along with the very slow lateral movement of the plume active vertical (downward) migration of the 

plume is also apparent. Within the two sand units concentrations decrease with distance from the 

source in the Safety Bay Sand and increase with distance from the source in the Becher Sand (Figure 

9). 

 

Figure 9 Trends in total nitrogen concentrations (averaged over the monitoring period) 

between the two sand units with distance from the source 
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Nitrite concentrations are generally very low with occasional spikes being recorded (Figure 10). 

However, such occurrences are not persistent. In general, concentrations are lowest and least 

persistent in the Safety Bay Sand, Becher Sand and Tamala Limestone, respectively. 

 

 

Figure 10 Nitrogen concentrations within impacted well MB06D showing the very low 

concentration of nitrite compared to ammonia and nitrate  

5.2.1 Water Quality Parameters 

Water quality parameters are presented graphically in Appendix L. 

pH 
Background pH levels range from 7.2-7.8, typical of a mildly calcareous environment (Davidson, 

1995). On-site groundwater pH is observed to increase or decrease depending on the dominant 

nitrogen form (i.e. nitrate versus ammonia) and the aquifer in which the monitoring well is screened. At 

concentrations above 200 mg/L, there is generally a negative correlation between total nitrogen 

concentration and pH in the Safety Bay Sands where alkalinity is observed to be lower and nitrate, an 

acidifier, is dominant. Conversely, a positive linear correlation is evident in the Becher Sand and 

Tamala Limestone where alkalinity is higher and ammonia, an alkaliser, is dominant. The Safety Bay 

Sand represents the most weathered and leached geology in the formation and hence, not 

surprisingly, offers the least pH buffering potential. The Becher Sand and Tamala Limestone likely owe 

their increased buffering capacity to high shell (carbonate) and calcarenite contents, respectively. 

 

The lowest pH is observed in MB03 (6.68), the identified ‘entry point’ of contamination, where oxidizing 

conditions in the shallow sediments are conducive to nitric/nitrous acid production. Oxidizing 

conditions combined with the reduced alkalizing potential of this geological unit (in comparison to 

lower units) are considered able to account for the drop in pH at this location.  

 

The highest pH levels (9.01) are observed in the Becher Sand (MB04D and MB06D), consistent with 

higher nitrogen (ammonia) concentrations, bicarbonate concentrations and shell content. The high 
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ammonia concentrations are considered to drive the dissolution of calcium carbonate (chemical 

weathering of shell) by the following displacement reaction: 

CaCO3 + 2NH3 + H20 → Ca(OH)2 + (NH4)2CO3 

Alternatively, in the case of the ammonium ion the reaction would be: 

CaCO3 + NH4
+ + H20 → Ca(OH)2 + (NH4)HCO3 

The second reaction is considered more likely given the general dominance of bicarbonate to 

carbonate in groundwater. Bicarbonate concentrations are 4-6 times higher in MB04D and MB06D, 

respectively compared to MB03D and are an order of magnitude higher than concentrations in all 

other wells. This supports the occurrence of vigorous matrix weathering as a result of high 

contaminant loadings. Further, the absence of calcium in groundwater in these two locations (lowest 

concentrations onsite, 1-2 orders of magnitude below all other locations) supports the precipitation of 

calcium hydroxide and the removal of calcium from the dissolved phase. 

Temperature 

Background groundwater temperatures (represented by non-impacted sampling locations) range from 

18 to 22 °C and are comparable to the reported average temperature of 21 °C for the superficial 

formation (Davidson, 1995). While temperatures from a number of locations across the Site deviate 

from this range, a clear correlation between groundwater temperature and contaminant concentrations 

is not consistently apparent. Less variation in groundwater temperature is observed lower in the 

formation (Becher and Tamala Limestone units), with greater temperature fluctuation being 

characteristic of shallower groundwater (within Safety Bay Sand unit). The highest temperature 

(23.9°C) was recorded at monitoring location MB04 simultaneously with the highest total nitrogen 

loadings in this unit.  

 

The lowest temperature (14.9 °C) was recorded at monitoring location MB09. The very low 

temperature in this well in the upper sand persists lower in the profile with MB09D recording the 

second lowest onsite temperature (17.4 °C). The low temperatures are coupled with high pH (8.2) and 

greater prevalence of ammonia-nitrogen to nitrate-nitrogen. In addition, ionic profiles in this location 

are strongly dominated by bicarbonate and carbonate suggesting active dissolution of calcarenite 

resulting in the increased pH. The reduced temperature at this location is considered to be linked to its 

presence adjacent an onsite drainage basin (Basin 3) and the fact that the dissolution of calcium 

carbonate is an endothermic reaction, absorbing heat and resulting in lower temperatures in the 

surrounding environment (Mohamed et al. 2012).  

 

The cut away wall of the drainage basin allows increased gas diffusion to and from the atmosphere. 

The supply of oxygen would favour nitrification (Step 1) and drive the dissolution of calcite (Step 3) by 

the generation of carbonic acid (Step 2) (Grotzinger and Jordan, 2010). 

NH4
+ +2O2 → NO3

- + H2O + 2H+     (Step 1) 

2H+ + CO3
2-→ H2CO3      (Step 2) 

CaCO3 + H2CO3 → Ca2+ + 2HCO3
-    (Step 3) 
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Nitrification in groundwater tends to reduce pH as a result of CO2 production (Environment Agency, 

2003), however the diffusion of generated CO2 via the unsealed surface and basin wall would prevent 

its build up and maintain high pH. The generation of carbonic acid may also favour the denitrification of 

nitrate to nitric oxide or nitrogen gas by the following reactions, respectively: 

H2CO3 + NO3
-→ NO + CO2 + H2O + O2 

H2CO3 + 2NO3
-→ N2 + CO2 + H2O + 3O2 

The diffusion of nitric oxide and nitrogen gas may account for historically reducing contaminant 

concentrations and the relatively reduced prevalence of nitrate to ammonia at this location. The 

production of oxygen via these reactions may present an additional source of oxygen (or alternative to 

atmospheric diffusion) that drives further nitrification. The production of carbon dioxide also provides 

an additional source for the generation of carbonic acid (or alternative to atmospheric diffusion) that 

drives further calcite dissolution and consequential heat absorption. The lowered temperatures are not 

evident elsewhere onsite due to limited gas diffusion preventing the conversion of dissolved nitrogen 

species to gas proceeding in full. 

Electrical Conductivity 
Electrical conductivity (EC) concentrations show a positive correlation to total nitrogen concentrations 

at the Site (Figure 11). EC concentrations are higher in impacted wells versus non impacted wells. 

Concentrations in non-impacted wells (400-1,300 µS/cm) indicate relatively fresh background 

groundwater conditions while levels in impacted wells range from brackish to saline (2,500-28,000 

µS/cm). EC is highest in the Becher Sand consistent with the occurrence of greatest impact (14,000- 

28,000 µS/cm) while concentrations in the Safety Bay Sand and Tamala Limestone are an order of 

magnitude lower (2,500-6,500 µS/cm).  

 

The strong correlation (r2 = 0.99) presented by the polynomial relationship (Figure 11) has the 

potential to offer a means of reducing future monitoring costs at the Site if confirmed to remain true 

over time. 

 

Figure 11 Graph showing the strong correlation of electrical conductivity to total nitrogen 

concentrations. 
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Oxidation Reduction Potential 
Oxidizing conditions are observed in shallow wells screened within the Safety Bay Sand and are 

coupled with the dominance of nitrate-nitrogen versus ammonia-nitrogen. Conversely, reducing 

conditions occur in deeper wells screened within Becher Sand and Tamala Limestone where 

ammonia-nitrogen is more prevalent than nitrate-nitrogen. Oxidizing conditions are strongly dependent 

on available oxygen (dissolved oxygen >20%), hence the occurrence of such conditions at shallow 

depths and the existence of reducing conditions lower in the profile as oxygen becomes limiting. The 

preferential occurrence of nitrogen species (i.e. nitrate or ammonia) results from the presence/or lack 

of oxygen in the system. Available oxygen in the Safety Bay favors the nitrification of ammonium by 

the following reaction: 

NH4
+ +2O2 → NO3

- + H2O + 2H+ 

Conversely, the absence of oxygen at depth may favor dissimilatory nitrate reduction to ammonium 

(DNRA) by the following reaction: 

NO3
- + 2HCO3

- + 8H+ → NH4
+ +2CO3

- + 3H2O 

 

Throughout the monitoring period (2006-2012), a number of locations have not consistently conformed 

to these general trends. Reducing conditions have been observed on occasion (September 2009, 

March 2011 and/or September 2012) in shallow monitoring wells MB02, MB09, MB10, MB12 and 

MB13. Short term variability in oxidation reduction potentials in locations MB02, MB10, MB12 and 

MB13 are attributed to temporal oxygen depletion as reducing conditions are recorded when dissolved 

oxygen concentrations fall below below 20%. Historically, oxidizing conditions have been observed in 

MB09 however this was not the case in the last monitoring round in September 2012. The same 

change has also occurred in MB09D where historically oxidizing conditions prevailed (despite greater 

prevalence of ammonia-nitrogen to nitrate-nitrogen at depth). Past oxidizing conditions may be 

attributed to denitrification (as discussed above in Temperature) or linked to the onsite location being 

adjacent an excavated drainage basin which may allow greater gas (oxygen) diffusion or greater 

penetration of oxygenated rainwater to depth. Contamination levels at this location have shown a 

general decreasing trend for both nitrate and ammonia since 2009. However in September 2012, 

ammonia concentrations were observed to increase while nitrate concentrations continued to decline. 

This chemical change may account for the change in oxidation state witnessed at this location. 

Whether such conditions are intermittent or persisting, can only be determined by ongoing monitoring.  

 

A few non conformities (MB03D, MB14(6DD) and MB11D) occur at depth and are worth noting. Strong 

oxidizing conditions in the overlying unit (MB03) combined with high sulfate loadings and the short 

residence time of contamination (recognised as the entry point of contamination to the aquifer), are 

considered responsible for the prevailing and consistent oxidizing conditions recorded at MB03D.  

 

Historically consistent oxidizing conditions at depth in the system have been observed in MB14(6DD) 

(impacted) and MB11D (non-impacted), in contradiction to otherwise reducing conditions observed at 

these depths. The highest concentrations of dissolved oxygen within the Tamala Limestone are 

recorded at MB11D, although these still remain low at 1.6%. Drilling logs note the increased porosity 
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of limestone drilled at MB11D and that texturally it resembles tufa (Appendix C). Organic matter was 

also noted at depth in this location. Degradation of organic matter and/or natural weathering of the 

limestone in this location may be responsible for the oxidation state in this location. It is further noted 

that ammonia levels, if present are below laboratory detection at this location. 

 

In the case of monitoring location MB14(6DD) screened in the Tamala Limestone, nitrogen 

concentrations decrease sharply (20 fold) in comparison to the overlying Becher Sand. The sharp 

reduction in contaminant loading is mirrored in the decreased concentrations of bicarbonate. However, 

such decrease is not observed in relation to sulfate where only a twofold decrease is observed. The 

conserved sulfate concentrations despite the large reduction in nitrogen may be responsible for the 

reversed oxidation state at this location. Alternatively, increased hydraulic conductivity in the Tamala 

Limestone may support a higher rate of fresh groundwater flow resulting in mixing and increased 

dilution (i.e. reduced contamination). 

Dissolved Oxygen 
Dissolved oxygen trends generally correlate to redox conditions. Dissolved oxygen concentrations are 

greatest in the overlying Safety Bay Sands (>20%) and become depleted at depth. Within the upper 

Safety Bay Sands, dissolved oxygen is also generally depleted in impacted wells versus non- 

impacted. Albeit low (3.5%), the highest oxygen level in the Becher Sands aquifer is observed in 

MB03D. The availability of oxygen at depth in this location may correlate to its position adjacent to 

Basin 1, an entry point for storm water. However elevated dissolved oxygen is not detected in the 

overlying site (MB03), hence this is considered an unlikely source. While contaminant concentrations 

are greater in the overlying unit (which may account for greater oxygen consumption), it is the larger 

concentrations of bicarbonate, carbonate and sulfate (and their potential decomposition) in MB03D 

compared to MB03 that are considered responsible for the increased dissolved oxygen at depth.  

5.2.2 Major Ions Ratios 

Excluding the ionic forms of the nitrogen contaminant species, the dominant ions observed in 

groundwater at the Site are calcium (Ca2+) and bicarbonate (HCO3
-) (Figure 12 Piper Plot demonstrating 

the dominance of calcium and bicarbonate). This dominance is typical for fresh groundwater (low in sodium 

and chloride) in coastal areas and is a direct reflection of the geology (calcium carbonate) of the 

aquifer (Appelo and Postma, 2007).  
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Figure 12 Piper Plot demonstrating the dominance of calcium and bicarbonate 

 

Interactions with contaminant species appear variable and thus complex. Generally, calcium is the 

dominant cation, however in heavily impacted wells (MB03D, MB04D and MB06D) all major cations 

appear absent in the water types and indicate the increased significance of non-major cations (not-

analyzed) in this environment. 

 

Bicarbonate and sulfate are the dominant anions in impacted areas. The sulfate ion is generally the 

more dominant anion in impacted, shallow wells (MB03, MB04, MB06) as well on the periphery of the 

plume to the west (MB05, MB05D and MB10). However, this trend does not persist with depth in the 

location of MB04D, MB06D and MB14(6DD). The reduction in sulfate and absence of calcium in 

groundwater of the Becher Sand unit (MB04D, MB06D) may be explained by the precipitation of 

gypsum: 

Ca2+ + SO4
2- → CaSO4 

 

A comparison of major cations and anions (Table 14 Major ion concentrations and laboratory 

analysed ionic balance) shows an imbalance in ion charge favouring anions (approximately 0.7 to 1). 

Attributing concentrations of nitrate and ammonia to their ionic form only marginally bridges this 

apparent imbalance (approximately 0.8 to 1), therefore it must be concluded that other cation species 

are present in the dissolved phase in significant proportions. Ionic balances presented in Table 14 are 

those provided by the laboratory that account for total ionic charge (i.e. all charged species, major and 
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minor ions) however only major ion concentrations were reported by the laboratory. Ion balance 

results over the monitoring period approach a normalized distribution (Figure 13). Outliers may have 

resulted from inaccurate analysis or miscalculation of dilution factors as a result of very high 

concentrations in impacted samples. In general, the data suggests the results are of a reliable 

accuracy to draw conclusions from. 

Table 14 Major ion concentrations and laboratory analysed ionic balance 

Analyte Ca2+ Mg2+ K+ Na+ SO4
2- Cl- HCO3

- CO3
- Ionic Balance 

Units mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L % 
MB01 65 8 3.2 18 40 35 180 <1 -5 
MB02 150 19 5.1 80 52 96 380 <1 7 
MB02D 68 35 2.6 43 70 63 300 <1 0 
MB03 770 130 160 48 1400 200 520 <1 0 
MB03D 190 71 240 42 1600 260 2100 <1 8 
MB04 520 70 87 30 450 130 460 <1 3 
MB04D 2.2 1.5 360 29 1600 430 8900 <1 7 
MB05 170 13 14 26 200 48 170 <1 -1 
MB05D 130 46 11 45 300 68 290 <1 -1 
MB06 240 32 26 21 380 56 420 <1 -1 
MB06D 1.7 0.2 290 29 860 250 12000 <1 -1 
MB06DD 30 35 30 31 430 65 660 <1 1 
MB07 94 18 7 75 88 110 260 <1 -1 
MB07D 56 40 1.3 41 60 64 300 <1 0 
MB08 130 8.7 2.1 8.6 72 18 160 <1 1 
MB09 80 5.6 5.9 7.6 96 20 220 <1 -1 
MB09D 34 40 7.6 6.9 89 18 290 <1 5 
MB10 300 150 160 79 700 200 240 <1 0 
MB11 78 28 16 34 74 44 320 <1 -1 
MB11D 120 45 8.9 54 200 85 300 <1 0 
MB11 170 31 29 17 230 52 280 <1 -2 
MB12D 68 36 2.9 51 110 88 300 <1 -4 
MB13 150 11 5.4 19 41 37 350 <1 0 
MB15 160 28 15 71 140 100 270 <1 3 
MB15D 64 36 3.4 88 130 130 320 <1 1 
Data from September 2012 groundwater monitoring event 

 

This charge imbalance requires cations to be present than have not been analyzed for. Titanium (Ti4+), 

iron (Fe2+ or  Fe3+) and strontium (Sr2+) are all common in sediments of marine origin (Ehrlich, 2010) 

and observed in significant proportion in sediment during the mineralogy assessment (Section 5.2.3). 

Confirmation of their presence is the dissolved phase is speculated but cannot be verified without 

undertaking further groundwater analyses. 
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Figure 13 Frequency distribution of ion balance results over the monitoring 
period 

5.2.3 Sediment Mineralogy  

Metal and metalloid profiles of core samples were generated using an XRF analyzer and reinforce the 

dominance of calcium in the system. Secondary to calcium is the occurrence of sulfur and potassium, 

respectively, however their concentrations are one to two orders of magnitude below that of calcium 

(Figure 14). Elemental concentration peaks are observed close to surface (2 m bgl) and at depth (8 to 

13 m bgl). Shallow peaks (2 m bgl) occur within the unsaturated zone of all four samples and reflect 

the analyzer’s inability to account for interference in saturated soils. Elevated concentrations of 

calcium and potassium are observed at depth (8 to 13 m bgl) in both samples from within the plume 

(Core 2 and 3) as well as the sample ‘down gradient’ to the west (Core 1), corresponding to the area 

of greatest impact (Becher Sand unit). The highest peaks are observed at the source (Core 2), 

however their occurrence in Core 1 indicate the geochemical effects induced by the plume are not 

inherent to the high impacted area within the identified plume but are also occurring at the lower 

concentration margins.  

  

Figure 14 Concentrations (ppm) of calcium, potassium and sulfur, respectively in core 

samples as gauged by an XRF analyser. The graphs show the correlated prevalence 

of calcium and potassium and the absence of sulfur in samples Core 1 (blue), Core 2 

(red) and Core 3 (green) at depth and the reverse signature in Core 4 (yellow). 
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High calcium and potassium concentrations in the three impacted samples are paired with an absence 

of sulfur at the same depth. This absence is further highlighted by the large increase in potassium in 

the up gradient sample (Core 4). In addition, high concentrations of titanium, again at corresponding 

depths (8-12 m bgl), are recorded in the more heavily impacted samples (Core 2 and 3) and are not 

repeated in the up and down gradient samples (Figure 15). As such, the presence of free ionic 

titanium may be a possible trace for severe nitrogen contamination in the Superficial aquifer as rutile 

(TiO2) dissolution could occur. 

 

Figure 15 Concentration of titanium in care samples as gauged by an XRF analyser showing 

greater frequency in impacted samples  

5.2.4 Concentration Profiling 

Concentration profiling undertaken during drilling of MB14(6DD) shows the bulk of contamination 

within the Becher Sand unit (silty sand from 10 to 15 m bgl). A strong correlation is recorded between 

contaminant concentrations and the margins of this unit. Clear correlation is also evident between 

ammonia and alkalinity concentrations and is indicative of a strong geochemical relationship. This 

correlation supports earlier assessments of ammonia driving calcite dissolution and forming ionic base 

pairs within bicarbonate ions (Figure 16).  

 
Figure 16 Depth profiles for ammonia and bicarbonate in MB06DD showing high correlation 

and likely base pairing between the two species. Depth presented in metres below 

ground level.  
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Nitrogen concentrations are shown to increase with depth within the overlying sands. They decrease 

sharply, once the underlying limestone is reached where they remaining fairly stable with depth. These 

decreased levels are attributed to retention effects in the Becher Sand and dilution effects in the 

Tamala Limestone. The less permeable silty sands are observed to act as a partial aquitard, reducing 

vertical flow to underlying strata.  

 

The increased surface area of the silt present at the base of the Becher Sands also increases surface 

tension (friction) through greater contact between the solid and fluid phases, as well as exposing a 

larger number of possible sorption sites. That said, cation exchange is not considered to be a 

significant retarding factor in this instance given the magnitude of contaminant concentrations as well 

as ammonium’s lesser affinity for exchange sites compared to other cations in the system (calcium 

and magnesium) (Environment Agency, 2003). Conversely, the increased hydraulic conductivity and 

groundwater through flow rates in the Tamala Limestone would allow greater dilution of the 

contaminant source. 

5.2.5 Geophysical Profiling 

Down Hole Conductivity Logging 
Down-hole conductivity logging confirmed generally low background conductivities (<100 mS/m) in the 

area as well as high conductivities local to the identified plume (~1000mS/m). Highest conductivities 

were consistently detected at depths between 10 and 15 m (in those wells that extended to these 

depths) corresponding to the Becher Sand (Appendix F). Further, the overall log for MB14(6DD) 

strongly correlates to the vertical contaminant profile shown in Figure 17. 

 

 

Figure 17 Conductivity versus depth for monitoring location MB14(6DD). The profile shows 

strong correlation to that in Figure XX. (Source: from GroundProbe, 2011a) 
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It is noted that negative conductivities were recorded below the water table for logs MB09D and MB13. 

GroundProbe attributes such results to highly conductive layers thinner than the measuring probe or 

metal objects within or immediately adjacent to the boreholes.  No discernible features are noted in the 

drilling logs, and therefore such results are attributed to buried infrastructure, noting the proximity of 

most monitoring locations to the Site’s metal fence lines.  

Electrical Resistivity Imaging 

Cross-sectional images of the ERI inversion from all three transect lines show good correspondence to 

onsite groundwater monitoring data (Appendix G). Dark blue colouring represents more resistive 

ground and in this instance pertains to the upper unsaturated sediments. Warmer colours are 

indicative of more conductive areas, and those shown in orange and red show good correlation to the 

location of contaminant plume. Such areas do not extend beyond the lengths of lines 1 and 2 

indicating the plume extents were defined at the time of the survey and confirm slow contaminant 

migration.  

 

The plume was interpreted to extend approximately 100 m along line 1 (northwest/southeast 

orientation) and approximately 120 m along line 2 (north northeast/south southwest orientation), 

spreading beyond the Site’s boundary (Figure 18). The minimal lateral migration of the plume (1993-

2011) supports its containment within the sand strata of the aquifer. The limited lateral elongation of 

the plume (i.e. radial shape) is supportive of very low hydraulic gradients at the Site. Hydrodynamic 

dispersivity would also contribute to a more radial configuration driving contaminant movement equally 

in all directions in the sand aquifer. 

 
 

Figure 18 Interpreted extent of plume showing slow migration to the north northeast. (Source: 

from GroundProbe, 2011b) 

 

The data indicates that, vertically the plume is constrained between 5 to 15 m depth below ground 

level except to the north of monitoring location 6 (approximately 15-20 m). Beyond monitoring location 
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6 the highly conductive feature is interpreted to extend vertically beyond 15 m. The apparent deeper 

penetration of the plume at this location may indicate the discontinuation of the Becher Sand, the 

presence of an undulose contact between the Becher Sand and Tamala Limestone or a secondary 

porosity feature. 

 

Identified features denoted as A, B and C in the interpreted data from line 2 are not considered 

isolated but instead are considered to be a continual feature corresponding to the former overlying 

basin (Basin 1). The loss of sensitivity at the southern end of this line is attributed to metallic 

interference generated by the presence of the building foundations (buildings are steel frame 

structures and therefore footings may be conductive).   

5.2.6 Advection, Dispersion and Diffusion 

Calculations based on the interpreted length of the plume from geophysics and groundwater 

monitoring data were undertaken using Darcy’s Law to assess the weighted effect of advection. 

Average linear velocities were calculated to be highest in the Tamala Limestone and one to two orders 

of magnitude lower in the Becher Sand (Table 15Error! Reference source not found.). 

 

Estimated groundwater migration distances were relatively comparable to the plume length interpreted 

based on ERI in the Safety Bay and Becher Sand units but appeared grossly exaggerated in the 

Tamala Limestone. The apparent overestimation of the plume’s migration within the Tamala 

Limestone may have resulted from no account being made for vertical migration within this unit. It is 

also noted that significantly large migratory distances calculated for the Tamala Limestone are based 

on a regional hydraulic conductivity (100 m/day) which may not be applicable on a local scale. 

Table 15 Average linear velocities calculated using Darcy’s Law where vx = - 
(K/ne)(dh/dl) 

 Strata 
Parameter Safety Bay Sand Becher Sand Tamala 

Limestone 
Calculated Average Linear Velocity 
(vx) (m/day) 

0.015-0.025  0.0096-0.016  0.1-0.16  

Estimated Groundwater Migration 
Distance* (m) 

104-174  67-111  694-1156  

Interpreted Plume Length from Site 
data (m) 

120  120  120  

Proportion of current plume (%) 87-144 55-92 578-963 
*Calculated distance estimated on the basis of 6935 days, 19 years since Site opened. 

 

However, it is important to note that there is significant potential for the geophysics to be an inaccurate 

representation of the full extent of the plume. Electrical resistivity imaging does not retain accuracy in 

where contaminated concentrations have been diluted such as at the peripheries of a plume or where 

advective flow has become active. Therefore estimates of plume length are considered indicative of 

the highly concentrated extents only. 
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In the highly concentrated area, field data suggests the transport of solute is primarily controlled by 

density effects. Hence rapid vertical displacement is observed. As a result of its greater density, the 

contaminated fluid has an increased viscosity relative to the surrounding fresher water. This retards 

the ability of the viscous, contaminated groundwater to move with advecting groundwater (Figure 19). 

A plume length of 120 m and a 19 year period of migration equates to a linear velocity of 0.017 m/day. 

The absence of density and/or viscosity factors in the estimation of vx may account for the discrepancy 

in estimates of migration distances. 

 

 

Figure 19 Conceptualized model of solute transport representing density driven flow (large 

arrow), diffusion (small arrows) and advective flow (dashed arrows) 

 

A dispersivity factor of 4.86 m was calculated using the method outlined by Xu and Echstein (2005) 

and used in the calculation of hydrodynamic dispersion and mechanical dispersion (Figure 16).  

 

Table 16 Calculated Hydrodynamic and Mechanical Dispersion 

 Strata 
Parameter Safety Bay Sand Becher Sand Tamala 

Limestone 
Calculated Hydrodynamic 
Dispersion (m) 

0.0730-0.1216 0.0467-0.0778 0.4859-0.8098 

Calculated Mechanical Dispersion 
(m) 

0.0728-0.1214 0.0466-0.0777 0.4858-0.8096 

Difference due to Diffusion Factor 
(%) 

0.12-0.2 0.19-0.31 0.02-0.03 

 

Diffusion coefficients are two to three orders of magnitude below average linear velocities in the Safety 

Bay Sand, one to three orders of magnitude below average linear velocities in the Becher Sand and 

three to four orders of magnitude below average linear velocities in the Tamala Limestone.  

A comparison of diffusion coefficients hydrodynamic dispersion calculations show diffusion accounts 

for less than 0.5% of the migration rate in the Safety Bay Sand and Becher Sand and less than 0.05% 

of the migration rate in the Tamala Limestone. Although transport effects due to diffusion are small 

relative to dispersion the relative significance of diffusion increases as mechanical dispersion 

decreases (Figure 20). As mechanical dispersion is a function of advection, it can also be said that the 

effects of diffusion increase in significance as advective flow is reduced. 
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Figure 20 Increasing significance of solute transport via diffusion (right axis) relative to 

mechanical dispersion (left axis) in lower permeability media 

 

It is recognised that the diffusion coefficients used may be exaggerated based on their applicability to 

open water rather than porous media. 

5.2.7 Estimates of Contaminant Mass  

Based on the results of the ERI inversion and the September 2012 groundwater monitoring event, 

approximately 70 t of nitrate and 57 t of ammonia are present within the Superficial aquifer in the area 

denoted as the plume. Approximately 90% of this is held within the Becher Sand unit (Table 17). The 

volume of impacted groundwater is estimated to be in the range of 24 to 34 ML, varying predominantly 

due to the loss of sensitivity in the ERI at depth and thus being unable to clearly depict the true extent 

of impact in the Tamala Limestone. 

Table 17 Mass contaminant loadings per geological strata 

 Strata 
Parameter Safety Bay Sand Becher Sand Tamala 

Limestone 
Nitrate (t) 3 63 2-4 
Ammonia (t) 1 51 3-6 
 

Assuming constant annual inputs to groundwater that began with the opening of the Site and ceased 

with the construction of roofed storage areas, annual inputs equate to 5 t/year of ammonia and 6 

t/year of nitrate. This estimate is based on the conservation of chemical form and does not account for 

the reactivity of the contaminants (e.g. loss of nitrate to nitrogen gas). Given a rainfall driven source 

(i.e. dissolution and infiltration at surface controlled by precipitation events), daily inputs to ground are 

estimated to have been approximately 5 kg NO3/day and 4 kg NH4/day during summer and 40 kg 

NO3/day and 30 kg NH4/day during winter (Figure 21).  
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Figure 21 Estimated mass contaminant inputs to ground as a function of rainfall 

5.3 Conceptual Modelling 
A cross sectional diagram showing the conceptual model for the Site and adjacent KIA is presented in 

Appendix M and draws together information presented in this study thus far. Spatially the model 

extends from the base of the Spearwood Dunes in the east to Cockburn Sound in the west and 

approximately 1 km beyond the Site to the north and south incorporating an area of approximately 6.5 

km2 (Plate 9). The eastern boundary is approximately 2.2 km long, the southern boundary 

approximately 3.3 km long, the northern boundary approximately 2.8 km long and the western 

boundary approximately 1.8 km long following the coastline 

5.3.1 Saturated Thickness 

The saturated thickness of the Superficial aquifer within the KIA is reported by Davidson (1995) to 

average approximately 20 m, while Smith and Hick (2001) have reported 25 to 30 and Commander 

(2003) indicates 25 m. Drilling undertaken at the site indicated a saturated thickness of approximately 

18 to 20 m underlain by a clay aquitard. Consequentially the Superficial aquifer is represented as 

approximately 30 m thick in conceptual model, varying due to surface elevation. 

 

Safety Bay Sands are reported to have a maximum thickness of 24 m (Davidson, 1995; DoW, 2008). 

However, a review of local drilling records obtained from WIN indicates thicknesses in the KIA range 

from 1 to 38 m. Onsite drilling confirmed thicknesses beneath the Site ranged from 6 to 12 m. The unit 

is represented as approximately 10 m thick in the conceptual model and thins towards the coast as 

surface elevation decreases. The unsaturated zone within the Safety Bay Sand is represented in the 

graphical conceptualization however explicit modelling of the unsaturated zone is considered 

unnecessary given the following: 

 the shallow depth to water (<5 m); 

 the high conductivity and poor water retention capabilities of the surficial sediments unit,  
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 the redirection of storm water to sumps and drainage basins within the KIA which promote 

rapid movement of water through the unsaturated zone due to the developed hydraulic 

surcharge. 

Otto and Carlile (1999) came to the same conclusion in their studies reporting the heavily leached 

sands and very low organic matter content allowed for little to no water storage (poor water retention 

capacity) in the unsaturated zone. 

 

The Becher Sand unit is described by Semeniuk and Searle (1985) to have a general thickness of 10 

to 15 m but can be up to 20 m thick in the Rockingham area. A review of local drilling records from the 

WIN database indicates local thicknesses range from 2 to 12 m thick. Drilling onsite indicated Becher 

Sands ranged in thickness from 3 to 8 m beneath the Site. Becher Sand is represented by a 4 m thick 

unit in the conceptual model. Further distinction has been made within the unit to separate the coarser 

sand facies (the upper 3 m) and the finer silt/clay facies the base of the deposit (the lower 1 m). The 

1 m thickness of the basl clay is consistent with that reported by Smith and Hick (2001) and supported 

by the thin layer of clay described by Semeniuk (2007). 

 

The Tamala Limestone is reported to have a maximum thickness of 110 m (Davidson, 1995; DoW, 

2008). However, a number of reports have indicated that the Tamala Limestone within the KIA ranges 

from approximately 10 to 15 m thick (Bodard, 1991; Smith and Hick, 2001). A review of local drilling 

records from the WIN database indicates local thicknesses range in the order of 6 to 44 m. Drilling 

onsite to the base of the limestone was only undertaken in one location (MB06DD/MB14) and 

indicated a thickness of approximately 7 m. Tamala Limestone intercepted beneath the Site comprised 

various proportions of calcareous sand, calcarenite and limestone in various degrees of cementation. 

The Tamala Limestone is represented by the lower 15 m of the Superficial aquifer in the conceptual 

model.  

 

WIN data reports that the Tamala Limestone underlain by clay, sandstone, siltstone and/or shale of 

the Leederville Formation. Drilling onsite indicated the formation was underlain by clay, presumably 

the top of the Pinjar Member of the Leederville Formation. The conceptual model terminates at the 

base of the Superficial aquifer although there is possibility for minor groundwater exchange between 

the Leederville and Superficial aquifers.  

5.3.2 Storage 

Storativity in the Superficial aquifer is equated to specific yield. Specific yield estimates are based on 

those taken from literature (see Section 3 Literature Review). Estimates of water stored in the system 

were calculated by the product of the unit volume and the specific yield factor (Table 18). 
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Table 18 Estimated Storage within the Model Domain 

 Strata 

Parameter Safety Bay 
Sand 

Becher Sand 
(Upper) 

Becher Sand 

(Lower) 

Tamala 
Limestone 

Specific Yield (%) 0.3 0.25 0.2 0.3 

Saturated Thickness (m) 7 3 1 15 

Area (m2) 6,500 6,500 6,500 6,500 

Total Volume (m3) 45,500 19,500 6,500 97,500 

Storage (m3) 13,650 4,875 1,300 29,250 

5.3.3 Recharge 

Recharge to the Superficial aquifer occurs predominantly via direct infiltration of rainfall through the 

sandy soil profile. The DoW (2010) estimated average recharge across the Superficial aquifer to be 

about 11% of rainfall north of Perth and 5.5% to the south of Perth (DoW, 2010). However, in built up 

areas such as the KIA, disposal of storm water to unlined sumps and drainage basins result in much 

higher rates of recharge, in the order of 60-70% (DoW, 2009). Inflow also occurs from groundwater 

flowing from the east (Commander, 2003). The potential occurrence of upward leakage from the 

Leederville Aquifer, where hydraulic connectivity between the two aquifers has been reported by 

Davidson (1995), is considered negligible given declining pressure heads in the Leederville Aquifer 

resulting from abstraction and reduced rainfall recharge. 

 

Three recharge zones are identified within the conceptual model domain and pertain to the industrial 

area in the north, the cleared, sparely vegetated open space area in the south and the densely 

vegetated strip at the base of the Spearwood Dunes (Plate 10) The vertical flux model developed as 

part of PRAMS, indicates net recharge in low density vegetated areas and high density vegetated 

areas to be approximately 10 and 38%, respectively. Estimates of recharge volumes by recharge zone 

are presented in Table 19. 

Table 19 Net Annual Rainfall Recharge 

 Recharge Zone 

Parameter Industrial Cleared/Open Space Uncleared/Native 
Vegetation 

Area (m2) 3,600,000 2,500,000 700,000 

Recharge Factor (%) 70 38 10 

Annual Rainfall (m) 0.75 0.75 0.75 

Recharge Volume (m3) 1,890,000 712,500 52,500 
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Recharge in the coastal plain is usually episodic, occurring during/post periods of high-volume winter 

rainfall when evapotranspiration is low. The nature of groundwater recharge via direct infiltration of 

rainfall lends the Superficial aquifer to be easily contaminated from above ground sources such as 

spills, leaks and waste disposal (Commander, 2003). The accumulation of storm water in drainage 

basins and sumps creates hydraulic surcharges (positive water heads) which actively drive water 

infiltration (Environment Agency, 2005; Commander, 2003). Any dissolved solutes within storm water 

are thus also driven into the subsurface (Environment Agency, 2005).  

 

Estimates of inflow to the conceptual model domain, based on Darcy’s Law, are presented in Table 

20. Horizontal hydraulic conductivity in the Safety Bay Sand was estimated in field tests to average 22 

m/day. Horizontal hydraulic conductivity in the Becher Sand was lower in field tests (average 4 m/day) 

than that reported in literature. However, this is considered to be influenced by the finer basal 

sediments of the unit that seem to be unaccounted for in literature where conductivity estimates within 

this unit were presented (e.g. DoW, 2008). The average conductivity of 8 m/day provided by DoW 

(2008) is therefore considered representative of the upper sands of this unit. Attempts to estimate 

hydraulic conductivity in the Tamala Limestone were not successful and therefore a generally 

accepted average has been taken from literature (100 m/day). 

 

As, discussed previously groundwater gradients across the KIA are low (0.0003-0.0005). However, at 

the upslope inflow boundary groundwater gradients steepen as a result of topography with an 

approximate gradient of 0.001. 

Table 20 Annual Recharge from Through Flow Flux (Q= KIA) 

 Strata 

Parameter Safety Bay 
Sand 

Becher Sand 

(Upper) 

Becher Sand 
(Lower) 

Tamala 
Limestone 

Hydraulic Conductivity 

(m/day) 

22 8 4 100 

Cross Sectional Area (m2) 15,400 6,600 2,200 33,000 

Hydraulic Gradient 0.001 0.001 0.001 0.001 

Flux (m3/day)  338.8 52.8 8.8 3,300 

Annual Flux (m3) 123,662 19,272 3,212 1,204,500 

5.3.4 Discharge 

Groundwater release from the KIA area occurs predominantly via abstraction for industrial processing 

purposes and as groundwater flow to the west which discharges into the Indian Ocean. Thirty-six (36) 

registered abstraction bores were identified within the model boundaries with a total annual allocation 

allowance of 6.8 GL (Appendix I). Approximately two thirds of this (4.4 GL) is attributed to bores 

registered to CSBP Limited (GWL 000100798 and GWL 000100799). The allocation volumes are 

considered very large and potentially not representative of actual onsite use. Therefore, a factor of 
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0.75 has been applied to these bores in water balance calculations resulting in a revised total 

abstraction volume of 5.7 GL. 

 

Discharge estimates based on Darcy’s Law are presented in Table 21. Groundwater gradients also 

steepen along the coastal boundary as is typical of a water table where groundwater discharges into 

the ocean. However, just prior to this steepening the gradient is consistent with that across the KIA 

(0.0003). Cross sectional areas are reduced, compared to the up gradient inflow side, as a result of a 

thinning of aquifer as well as a shorter discharge boundary (1.8 km versus 2.2 km). Consequentially 

groundwater outflows are slightly smaller than inflows.   

Table 21 Annual Discharge from Through Flow Flux (Q= KIA) 

 Strata 

Parameter Safety Bay 
Sand 

Becher Sand 

(Upper) 

Becher Sand 
(Lower) 

Tamala 
Limestone 

Hydraulic Conductivity 

(m/day) 

22 8 4 100 

Cross Sectional Area (m2) 3,600 5,400 1,800 27,000 

Hydraulic Gradient 0.0003 0.0003 0.0003 0.0003 

Flux (m3/day)  23.76 12.96 2.16 810 

Annual Flux (m3) 8,672 4730 788 295,650 

 

Loss due to evapotranspiration is limited to small vegetated pockets in a largely cleared built up area. 

Evapotranspiration, as reflected by the reduced recharge factors in Section 5.3.3, is of greater 

significance in the cleared, open space area and the un-cleared, native vegetation strip. Evaporative 

losses are also expected to occur from the numerous drainage basins within the industrial area, 

however, such losses are considered minimal given the highly conductive sands and hydraulic 

surcharges occurring at storm water collection points. 

 

Loss due to downward leakage has been referred to in some literature where hydraulic connection 

exists between the Superficial and Leederville aquifers (Davidson, 1995). Historically, limited upward 

leakage from the Leederville Aquifer has been reported however a possible reversal in flow as a result 

of declining pressure heads in the Leederville has also been proposed. While Davidson (1995) 

suggests this, no other reference has been found in other studies of the KIA. For the purposes of 

conceptual and numerical modelling it is assumed that no exchange occurs.  

5.3.5 Water Balance 

A summary of the water balance is given in Table 22. Outflows are greater than inflows (43%), despite 

the 25% reduction the two highest allocations (2.5 GL/yr and 1.9 GL/yr), suggesting that abstraction is 

substantially lower than allocation. Otherwise groundwater levels would be declining and salt water 

incursions into the aquifer would be occurring. Falling groundwater levels on a regional scale due to 
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declining rainfall is well documented (Commander, 2003; Yesertener, 2008). According to Yesertener 

(2008), the decline in the Superficial aquifer is also the result of over abstraction. However, significant 

decline in groundwater levels within the KIA has not been observed over the monitoring time frame 

and is assumed, for the purposes of this study, to not be occurring. Salt water incursion is possible but 

it is outside the scope of this study to asses this. In the absence of additional data on actual 

abstraction it is difficult to be any more precise, both in this water balance and the numerical 

modelling. Incorporation of any existing abstraction metering data would assist but is not available due 

to confidentiality. 

Table 22 Water Balance Calculations 

 In (GL/year) Out (GL/year) 

Recharge 2.9 0 

Through Flow 1.3 0.3 

Abstraction 0 5.7 

Total 4.2 6 

Discrepancy -1.8 

5.3.6 Solute Transport 

Uncontained ammonia and nitrogen present at the Site are considered to dissolve in storm water 

during precipitation events, which are then directed along with storm water into the onsite drainage 

basin (Basin 1). Given the high concentrations of ammonia and nitrogen measured onsite, the 

potential for dissolution of calcium carbonate present in the aquifer, the preferential selectivity of 

available cations (predominantly calcium) ammonia is considered to behave comparably to nitrate in 

the system, being highly mobile, un-retarded and conserved (see Section 3.3). 

 

Advection will be the dominant solute transport mechanism where it is active (see Section 5.2.6). 

Dispersion is considered to account for small scale transport at the plume edges. Density coupled flow 

effects are likely active at the contaminated site but not at a scale relevant for assessment of offsite 

impacts. Diffusion is likely small but relevant at the Site scale. The small distance travelled by the 

plume to date is considered a reflection of the very low hydraulic gradient and the high viscosity of the 

contaminated fluid. Local groundwater gradients are very low (0.0004 to 0.0005) and, proximal to the 

Site, gradients are so low as to present the appearance of stagnancy. Changes in the local 

hydrogeological regime could however alter local hydraulic gradients and rapid off site movement of 

the contaminants could occur. 

 

The vertical distribution of the plume is heavily influenced by the geology and density coupled flow 

effects. The relatively high vertical hydraulic conductivity in the Safety Bay Sand allows contaminants 

to migrate relatively rapidly lower depths. Migration is restricted, however, in the Becher Sand due to 

the low permeability of the basal sediments (clay) that effectively form a local aquitard/aquiclude 

(Semeniuk and Searle, 1985). 



 

| Master of Hydrogeology Dissertation - Alyssa Barron 10102681 

 

The clay layer is known to be discontinuous, (Smith and Hick 2001), a characteristic which is 

supported by the absence of such sediments at onsite monitoring locations MB09 and MB09D. This is 

further supported by a lack of consistent vertical head differences across the site area and in the ERI 

results. In the ERI results the contaminant plume was not depicted within the limestone onsite, 

however, was observed to penetrate the limestone just offsite due to the lack of the underlying clay 

layer. 

 

The direction of the plume (to the north northeast) is noted to contradict the regional groundwater flow 

direction but is considered the result of mounding recharge through the drainage basin and effects of 

large abstractions to the north. Commander (2003) noted that the relatively flat topography and highly 

transmissive aquifer resulted in a particularly flat groundwater gradient in the KIA that is easily 

influenced by anthropogenic factors.  

 

Estimates of recharge fluxes through the drainage basin are provided in Table 23. Fluxes have been 

estimated on the basis of roof areas and pond sizes pre and post 2005. Mass loading to the basin has 

been estimated based on the results of the ERI inversion and the September 2012 groundwater 

monitoring event as per Section 5.2.7. Mass fluxes through the drainage basin are provided in  

Table 24. 

Table 23 Recharge Flux to Ponds Pre and Post 2005 

Parameter Pre 2005 Post 2005 

Roof Area (m2) 24,200 29,000 

Monthly Rainfall (m) 0.0625 0.0625 

Storm Water Runoff (m3) 1512.5 1812.5 

Pond Area (m2) 192 64 

Flux (m/day) 7.9 28 

 

Table 24 Mass Flux to Ponds Pre and Post 2005 

Parameter Pre 2005 Post 2005 

Nitrate (g/day) 10,951 10,951 

Ammonia (g/day) 8213 8213 

Pond Area (m2) 192 64 

Nitrate Flux (g/m2/day 57 171 

Ammonia Flux (g/m2/day) 43 128 
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5.4 Numerical Modelling 

5.4.1 Flow Model 

Good representation of the regional flow regime was achieved in the numerical model. A general 

westerly groundwater flow direction was simulated (Plate 11).. Locally flow directions are influenced by 

high volume abstractions and recharge mounding due to onsite storm water disposal (Basin 1). 

Groundwater mounding in around Basin 1 induced flow to the northwest, west and southwest. 

Mounding is more pronounced in the upper aquifer (Safety Bay and Becher Sand) (Plate 12) while 

less evident in the underlying aquifer (Tamala Limestone) as expected due to the presence of the 

semi-confining layer at the base of the Becher Sands (Plate 13). 

 

The high volume of groundwater abstraction (3.3 GL) occurring to the northwest of the Site (CSBP 

Limited) strongly influences the groundwater flow at the Site. The cumulative effect of onsite storm 

water recharge and offsite abstraction strengthens the north-westerly flow direction is observed. 

Southerly flow resulting from onsite recharge is small in magnitude does and persist offsite. An 

abstraction bore located in the southwest (BHP Billiton Nickel West Pty Ltd; GWL 000095474) (0.2 

GL) of the model domain induces some south westerly flow in the corner of the model. However such 

influence was not sufficient to affect groundwater flow at the Site.  

 

Overall, observed groundwater heads correlated well to the predicted heads. Calibration hydrographs 

pertaining to all monitoring locations are presented in Appendix N. Modelled heads produced a better 

fit in the transient period of the model compared to the steady state period of the model where 

predicted groundwater levels were consistently too low (Figure 22). Seasonal trends in water levels 

were well represented in the model and improved seasonal amplitude was also observed over time 

(Figure 23). Consequentially calibration improved over time in all locations. Poor calibration during the 

initial stages of the model is likely due to a combination of inaccurate initial conditions and reduced 

historical abstraction. The DoW’s WRL database only contains current allocation/abstraction 

preventing modelling of historically accurate abstraction.  

 

The improving calibration through time was most obvious at monitoring location MB02 (Figure 24). The 

initial observed heads (~2.2 m AHD) do not reflect general groundwater levels at the Site nor do they 

align with ensuing measurements at this location. The elevated heads may be related to an isolated 

event or may possibly result from recording errors. Further, the large degree of discrepancy at MB02 

was not replicated elsewhere in the model and for this reason MB02 residuals were excluded from the 

statistical assessment as they are considered a potential outlier. 
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Figure 22 Calculated and observed heads (m AHD) versus time (days) in MB03 

 

 

Figure 23  Improved seasonal amplitude correlation in MB06 

 

 

Figure 24 Head versus time plot in MB02 showing an initial large discrepancy between 

calculated and observed heads  
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The root mean square error (RMSE) of observed versus predicted heads was 3.43%. Calibrations 

achieving RMSE’s below 5% are considered reasonable (Barnett et al. 2012). The frequency of 

residuals approaches a normalised distribution around a mode of -0.2 (Figure 25). This likely reflects 

the general under prediction of heads during the early time steps of the model. Given issues with 

inaccurate abstraction in the early part of the model this is considered unavoidable and the flow model 

is considered well calibrated. The head scatter plot is presented in Appendix O. 

 

Figure 25 Normalised distribution of residuals about a mean of -0.2 

 

Water balance calculations are presented in Appendix P. Volumes calculated within the model are 

comparable to those calculated in the sanity check (same order of magnitude). The larger inflow 

volume (7.5 GL) generated in the model is the result of salt water incursion through the ocean 

boundary (3.3 GL) in response to high abstraction. 

5.4.2 Solute Transport Model 

Initial mass load estimates were found to considerably underestimate contaminant loadings required to 

replicate the concentrations observed onsite. Mass loadings were approximately doubled in the steady 

state scenario (920 g/day/cell) in order to bring concentrations at the Site to the same magnitude as 

observed concentrations. In the absence of comparable observed data during the steady state period 

further refinement was not possible. 

 

Through a process of trial and error, final mass loading rates in the transient simulation reached 

60,000 g/day (15,000 g/day/cell), six times that estimated based on Site data. Spitz and Moreno 

(1996) recognised a similar inadequacy in the case of an extensively monitored plume where only a 

few per cent of the total volume of the contaminant source was calculated from observed 

concentrations. 

 

However, despite this increase, representative concentrations could not be generated at depth (within 

the Becher Sand unit) suggesting density coupled flow effects are occurring at the source. The first 

flush of contaminants in the first significant rainfall event following an extended dry period, would likely 

create storm water effluents with concentrations sufficient to induce density coupled flow (>10,000 
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mg/l). No data currently exists on this hence these effects cannot be explicitly modelled. In the current 

model, density is constant and contaminant mass is mixed uniformly throughout each cell effectively 

simulating complete hydraulic mixing. However, the conserved concentrations observed onsite do not 

support the occurrence of such mixing especially in the vertical plane. In the absence of available 

density data, it was concluded that concentrations at depth could not be created based on constant 

concentration inputs at the surface. Mass loading concentrations were removed from layer 1 (all but 1 

g/day/cell to account for some surface contribution) and injected directly into layer 3. Introducing 

contaminates directly to layer 3 is considered to be an appropriate simplification given the situation 

and required outcomes of the modelling (off site fate and transport). 

 
Following the application of mass loading to layer 3, calculated concentrations close to Basin 1 

(MB03D and MB04D) approached the same order of magnitude of observed concentrations but 

However, calculated concentrations remained three to four times below observed concentrations in 

MB03D (Figure 26). 

 

Figure 26 Calculated concentrations in MB03D remain 3 to 4 times below those observed 

onsite despite mass loading occurring directly in layer 3 as a result of hydraulic 

mixing.  

 
Low predicted concentrations have resulted due to a lack of fluid density and viscosity in the current 

model. Instead, in the absence of retarding viscous effects, rapid dilution of contaminant mass occurs 

via hydraulic mixing. Hydraulic mixing in the horizontal plane is of greater significance within the 

Becher Sand unit given its low permeability reducing the influence of vertical effects. Calculated 

concentrations in MB04D were more comparable to observed concentrations however the slowly 

increasing trend was not replicated by the seasonally representative recharge fluxes (Figure 27). 
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Figure 27 Calculated concentrations in MB04D simulate seasonal recharge fluxes in the 

absence of density and viscosity.  

 

The results in MB04D support the increased contaminant loading but dispute the delivery of a constant 

source load with seasonal recharge through the drainage basin. The data instead suggests the 

occurrence of density coupled flow and a viscous plume that is conserved due its thickness migrating 

at a slower rate than that presented in the model (i.e. regional freshwater preferentially flows around 

the plume limiting the occurrence of mixing and dilution). This supports the ‘first flush’ scenario where 

potential solutes accumulate in the drainage basin during smaller rainfall events and are flushed to the 

aquifer with the first significant rainfall event where density dependant flow occurs. 

 

Despite groundwater mounding resulting from recharge through the drainage basin, northerly flow 

effects in the lower sand layer are only of short duration. As a result, contaminant migration reverts to 

the northwest in model prior to impacts reaching the northern boundary of the Site (MB06D). 

Correlation between calculated and observed concentrations was therefore not achieved in monitoring 

well MB06D due to the increased distance from the source entry point (Figure 28). Calculated 

concentrations remained an order of magnitude below observed levels but given the assumptions 

made and available data no better calibration could be attained. 
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Figure 28 Calculated and observed concentrations in MB06D showing the inadequate 

representation of contaminant impacts in the Becher Sand unit with distance from 

a single onsite source.  

 

These results also may also point to an additional point source of contamination in close proximity to 

the northern boundary of the Site. It is considered plausible that Basin 2 (receiving overflow from Basin 

1) is an additional point source at the Site. A secondary source adjacent the boundary of the Site may 

also account for the apparent north-northeast migration of the plume observed onsite contradictory to 

regional flow. However, it is noted that the flow path of a dense, viscous plume is more likely to be 

directed by heterogeneity in the geological matrix than influenced by advective groundwater flow and 

again no data is available on this to explicitly model it. 

 

Correlation between calculated and observed concentrations in the upper part of the Safety Bay Sand 

unit varied spatially. The model achieved reasonable to good correlation in MB03 (Figure 29) and 

MB06, respectively, while concentrations in MB04 (Figure 30) were considerably over predicted. 

Seasonal trends predicted in the model are not observed in reality. Instead contaminant additions to 

the aquifer are occurring at higher mass loadings on a less frequent basis further supporting a ‘first 

flush’ and density coupled flow scenario. 
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Figure 29 Calculated and observed concentrations are well correlated at monitoring location 

MB03. 

 

 

Figure 30 Calculated concentrations are approximately double observed levels in MB04. 

Seasonal trends generated in the model are not representative of onsite conditions. 

 

Over predicted concentrations at MB04 result from the simulation of active advective flow that is not 

observed onsite. Hydraulic mixing and diffusion generates upwards transport from layer 3 to overlying 

layers 1 and 2 in the model. It is likely that the density of the contaminated fluid reduces upward 

transport and results in a sinking plume.  

 

Seasonal amplitude in the calculated concentrations at MB04 is again not reflective of onsite trends. 

Seasonal amplitude results from the constant mass loading entering groundwater with regular 

recharge events. The lack of seasonal trend in the observed data suggests contaminant additions to 

the aquifer are occurring on a less frequent basis but cannot be modelled without more explicit data.  
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Good correlation between observed and calculated concentrations is seen at monitoring location 

MB06 (Figure 31) and does not support a secondary source at Basin 2. Seasonal trends are also well 

replicated with the exception of a spike in observed data recorded in Period 18 (Time 6601). Given the 

inconsistency of this record to historical trends it is considered likely that this measurement is 

erroneous. The model was able to achieve a good fit between predicted and observed seasonal 

trends at this location. The lower density groundwater therefore moves with advective flow once 

concentrations are reduced to the point where density effects become ineffective. 

 

Figure 31 Good correlation is observed between calculated and observed concentrations in 

MB06.  

 

The reduced permeability in the basal Becher Sand sediments (layer 4) appeared to adequately 

prevent excessive infiltration of contaminants to the lower limestone. However, calculated 

concentrations in the Tamala Limestone do not reflect those observed onsite in monitoring well 

MB06DD (Figure 32). This is expected given large concentrations were not predicted in the model in 

the overlying Becher Sand at this location. The discontinuous clay layer was replicated in the model as 

a uniform thickness across the entire Site which is unlikely to be a true representation of reality. The 

absence of this clay layer may allow increased migration of solute to depth but without data on its 

presence/absence, it cannot be accurately included in the model. 

 

In reality, the concentrations observed in the Tamala Limestone are also considered a function of 

diffusion. Large concentration gradients are maintained by a dense viscous fluid (vertically and 

horizontally) as well as the Becher confining layer (horizontally) and sustain continual diffusion. This is 

also unable to be represented in the model and accounts for some of the disparity in observed and 

predicted concentrations in the limestone. Further, given the potential for conduit flow and 

heterogeneity in the Tamala Limestone, and the fact calibration in this unit is to a single impacted well, 

the large disparity is not surprising. One observation point in a highly heterogeneous, possibly conduit 

driven aquifer is not considered to be an appropriate calibration dataset. 
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Figure 32 Calculated concentrations significantly underestimated in the Tamala Limestone at 

monitoring location MB06DD(14).  

 

The rapid spread of contaminants in the model results in a larger area of impact compared to that 

presented by field data (Figure 33). The simulated plume covers an area of approximately 82,500 m2 

(250 x 330m), almost seven times larger than the plume delineated by geophysical surveys 

undertaken at the Site (12, 000 m2; 100 x120 m). It is important to note that there is significant 

potential for the geophysics to be an inaccurate representation of the full extent of the plume.  

  

 

Figure 33 The simulated plume area is approximately seven times larger than the plume 

depicted by geophysical surveys undertaken at the Site.  

The modelled plume is oriented in a northwest/southeast direction that is not representative of the 

northeast/southwest orientation described by field data. This is likely due to the density driven plume 

morphology which cannot be accurately represented with the available data. As a consequence of the 

modelled orientation and migration rate, calculated concentrations in monitoring wells on the periphery 
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of the plume are not comparable concentrations observed onsite. Monitoring wells to the west of the 

onsite plume (MB01, MB05, MB05D, and MB10) are engulfed by the modelled plume and calculated 

concentrations far exceed observed concentrations (Figure 34). 

  

  

Figure 34 Calculated concentrations in monitoring wells MB01 (top left), MB05 (top right), 

MB05D (bottom left) and MB10 (bottom right) far exceed concentrations observed 

onsite 

 

Monitoring wells on the eastern edge of the onsite plume (MB09, MB09D) are not in the vicinity of the 

impact in the modelled scenario and calculated concentrations fall below those observed in reality one 

to two orders of magnitude (Figure 35). 

 

Figure 35 Calculated concentrations in monitoring wells MB09 (left) and MB09D (right) are 

one to two orders of magnitude below those observed onsite  
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High resolution hydrostratigraphy, contaminated groundwater density and aquifer heterogeneity data 

will all be required to improve the solute transport models calibration. Consequentially, statistical 

analysis of the solute transport model was not undertaken as it would just further reflect these issues. 

Further refinement of the model and its calibration is required to improve solute transport predictions at 

the scale of the Site but is unlikely to change off site dynamics significantly. In the context of the 

model’s use to predict regional scale impacts these differences are not considered a barrier its 

usefulness. 

5.4.3 Predictive Scenarios 

With increased distance from the concentrated plume, diluted concentrations are observed to flow via 

advection. In addition, the generation of appreciable head gradients onsite by the installation of 

abstraction bores within the plume is anticipated to increase the significance of advective flow. Given 

the flow model was well calibrated, the solute transport model is considered useful if not conclusive for 

the prediction of contaminant transport offsite and onsite under active abstraction.  

Remediation Scenario - Flow 
To recap, in the remedial scenario two abstraction bores pumping 100 KL/day each were constructed 

in layer 3 (Becher Sand) of the model. The addition of onsite pumping is observed to negate recharge 

effects previously observed as mounding around Basin 1. Instead a sink is observed within the first 

year of pumping in layers 1 through 4 (Period 4; Plate 14). 

 

Pumping effects are not observed in the Tamala Limestone, as expected given the shallow screening 

of the abstraction bores and the effective barrier to flow in layer 4 (basal clay of the Becher Sand unit). 

Groundwater flow in the limestone is to the northwest and is dominated by the abstraction occurring in 

the north-northwest of the model domain (CSBP Limited bores GWL 000100798 and GWL 

000100799). Onsite pumping contributes to the overall northwest groundwater flow direction across 

the Site in the upper sand units (Plate 15). Draw down generated from onsite pumping intersects 

cones of depression of the offsite CSBP Limited bores. 

Remediation Scenario - Solute Tracking 

As per the end of the calibration model run, impacts are not observed at depth in the Tamala 

Limestone (layer 7) and do not appear throughout the predictive simulation due to the high horizontal 

permeability of this unit facilitating lateral movement. Comparatively smaller concentrations a 

magnitude below those observed in the upper sand units are present in the upper limestone (layers 5 

and 6). In both layers, impacts are not recovered by onsite pumping and instead flow with regional flow 

to the northwest towards the CSBP Limited bores. The migrating plumes in layers 5 and 6 are diluted 

by fresher water as they migrate and, with no contributing source, are attenuated to below background 

levels (<100 mg/l) within 3 (Period 27) and 2 (Period 18) years, respectively. Prior to their attenuation 

the plumes are simulated travel 200 to 300 m offsite.  

 

Complete attenuation is not observed within the 20 year simulation period in the upper sand units 

(layers 1 through 4) however that which is not attenuated by dilution is recovered to within the Site 
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boundaries. One could assume with continued pumping it would all be recovered and contaminant 

concentrations reduced to background levels. Onsite abstraction presents a competing force to 

regional groundwater flow and, with the source discontinued, results in the plume splitting in two 

during years 7 to 9 of the simulation (Plates 16 and 17). 

 

The front of the plume migrates offsite to the northwest as is attenuated by dilution over time (years 8 

and 9 of the simulation). The Site end of the plume (still in connection with the former source) is 

recovered to within the Site boundaries in all four layers within the same period of time. Maximum 

attenuation is achieved first in layer 4 in year 8 of the simulation, as the plume is of lesser aerial extent 

in this layer. Maximum attenuation is achieved across the 3 upper layers after 9 years. In all four 

layers, maximum attenuation equates to the persisting plume being reduced to approximately 10% of 

its size, compared with the size at the end of the calibration period (Plate 18). Concentrations are 

reduced by an order of magnitude in winter months in layers 3 and 4. Beyond this the plume is 

conserved for the remainder of the simulation (11-12 years) and is held stationary by ongoing 

abstraction and recharge. Seasonal swelling and constriction of the plume is observed. Pumping is 

maintained continuously and the input of uncontaminated recharge through Basin 1 during the winter 

months dilutes the plume. The absence of recharge in summer months means that pumping is more 

effective resulting in reduction of the size of the plume (Table 25 Seasonal Variation of Concentrations 

in the Persisting Plume). 

 

Table 25 Seasonal Variation of Concentrations in the Persisting Plume 

Layer Maximum Winter 
Concentration 
(mg/l) 

Maximum Summer 
Concentration 
(mg/l) 

1 115 230 
2 170 400 
3 700 1300 
4 650 1200 

No Abstraction Scenario - Flow 
The removal of abstraction in the KIA results in resumption of a more uniform westerly groundwater 

flow across the model domain, including the Site, compared to the calibration model (Plate 19). Local 

scale seasonal mounding is more evident near Basin 1 as a result of all pumping being removed and 

acts to increase westerly regional flow near the Site (Plate 20). A south-westerly flow direction persists 

in post winter months with westerly flow resuming over the summer period. The south-westerly flow 

gradient is greatest in the region to the south west of the Site while to the northwest of the Site 

groundwater mounding temporally induces a slightly north-westerly flow. Flow to the northwest is 

smaller in magnitude and less persistent than seasonal effects in the south. Flow directions are 

relatively consistent in all layers despite mounding effects due to recharge only being visible in the 

Safety Bay and Becher Sand units. 
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No Abstraction Scenario - Solute Tracking 

The plume is not present in layer 7 at the beginning of the predictive model scenario and does not 

appear at depth for the duration of the simulation. The bulk of the plume is held in the upper 4 layers 

with a smaller, less concentrated (<400 mg/l) plume present in layer 5 and 6. Due to the reduced size 

of the plume in these layers and greater through flow, full attention (by dilution) is observed in shorter 

time frames (8 years in layer 6 and 11 years in layer 5) compared to that observed in the top four 

layers (not attenuated within 20 year simulation). Prior to attenuation the plume in layers 5 and 6 is 

observed to migrate from the north west of the Site to the south west. The alignment of the plume also 

adjusts from a northwest to a westerly orientation. Attenuation to below background levels (100 mg/l) 

in layer 6 is achieved within approximately 500 m of the Site. Full attenuation in layer 5 is achieved 

within approximately 300 m of the Site. 

 

Dilution effects from freshwater recharge through Basin 1 are observed almost immediately in the top 

four layers of the model proximal to the basin (Plate 21). While diluting the tail end of the plume 

(portion in the vicinity of the basin), recharge through the basin also rapidly drives this portion of the 

plume to the southwest compared to the front of the plume that more slowly migrates with regional 

flow to the west (Plate 22). Spreading of the plume is observed as it migrates. This effect is larger in 

the Safety Bay Sands where the area of the plume increases by approximately 50% over the 20 year 

period compared to a 20% increase in the Becher Sand. 

 

Within the 20 year period concentrations are reduced in all four layers to below 1000 mg/l. However 

concentrations above 500 mg/l are observed at the end of the model period in all four layers, hence 

the plume remains significant. Based on concentrations, approximately 75% of the plume is attenuated 

within layer 3 compared to approximately 60% in layers 2 and 4 and 50% in layer 1. 

 

With increasing distance from the Site, the driving effects of storm water recharge are reduced and the 

plume migrates at a more uniform rate towards the coast. At the end of the model simulation 

approximately two thirds of the plume lay offsite beneath neighbouring sites to the west and 

approximately 1.5 km east of Cockburn Sound (Plate 23).Based on the results of the 20 year 

simulation it is considered reasonable to assume the modelled plume would be attenuated within the 

next 5 to 10 years and across a distance of less than 500 metres. Thus, attenuation to background 

levels would be achieved before the plume could be observed to reach the coast. However, dilution 

does not reduce contaminant mass and therefore, while impacts are not considered likely to reach 

Cockburn Sound as a concentrated plume (>100 mg/l), they are considered likely to reach the Sound 

in diluted form (in the absence of pumping) and contribute to the overall mass loading of the marine 

environment. 
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6. Discussion 
The discussion presented in this section is structured in response to the overall objectives of the study 

as presented in Section 1. 

6.1 Hydrostratigraphic characteristics of the Superficial aquifer 
The hydrostratigraphy of the Superficial aquifer in the KIA is the Safety Bay and Becher Sand aquifer 

underlain by the Tamala Limestone aquifer. Horizontal hydraulic conductivities are high especially in 

the Tamala Limestone. Vertical conductivities are reduced (~10x) as result of bedding planes and 

other depositional features (Davis, 1969) as well as lateral preferential flow paths in the limestone. 

This existence of this anisotropy is supported by the good calibration of the groundwater flow model. 

 

The upper (sand) and lower (limestone) aquifers are in hydraulic connection but the degree of 

connection is variable throughout the KIA reflecting the discontinuous presence of the lower 

permeability Becher Sand facies. These basal sediments (silty clay) in the Becher Sand are observed 

to act as a local aquitard to flow and solute migration beneath the Site, consistent with Semeniuk 

(2007) and Passmore (1970). This hypothesis is supported by this study as a discontinuity in this layer 

is likely to occur immediately north of the Site where geophysical surveys indicate breakthrough of 

contamination from the Site into the limestone. 

 

The relatively flat topography and high transmissivity of the Superficial aquifer result in a particularly 

flat groundwater gradient that is easily influenced by natural and anthropogenic factors (Commander, 

2003). Smith and Hick (2001) reported gradients as low 0.0002 as characteristic of the coastal plain. 

The natural groundwater discharge point is the ocean however high abstraction rates within the KIA 

alter flow directions and redirect potential submarine groundwater discharge to production bores. 

Smith and Johnston (2003) concluded licensed abstraction from the Superficial Aquifer equal or 

greater than 1.5 GL/yr will have the potential to perturb natural groundwater flow regimes. This current 

study has particularly highlighted the dominating effect of groundwater abstraction in the northwest of 

the KIA (CSBP Limited) which has the potential to influence groundwater flow at the Site and across 

the whole KIA.  

 

A slight downward head gradient is observed between the upper sand aquifer and lower limestone 

aquifer. Onsite, the vertical head varies spatially and temporally due to the discontinuous nature of the 

Becher silty clay and the seasonal nature of hydraulic surcharges at storm water collection points 

(drainage basins). The downward head contributes to significant vertical stratification of the plume 

observed onsite however is considered secondary to the effects of density. 

 

Due to the intermittent presence of the Becher silty clay (and in fact the Becher Sand itself) and the 

highly heterogeneous nature of the Tamala Limestone (inherent to carbonate rock) there is potential 

for large regional scale variability in hydraulic flow regimes throughout the KIA. Trefryet al. (2006) 

noted the assessment of anthropogenic impact within the KIA is difficult due to the stratigraphic 
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relationship between the sand and limestone. In a further conclusion, the general uncertainty 

associated with the Tamala Limestone formation was considered fundamental to all aspects of 

groundwater contamination in the area (Trefryet al. 2006). However, heterogeneity in the underlying 

limestone is not considered fundamental in this case study given the inferred density and viscosity of 

the plume resulting in its near total containment in the upper sand aquifer. 

 

Seasonal variability in groundwater flow throughout the area is increased by storm water recharge and 

abstraction which is observed to result in local flow directions that can contradict regional flow. 

Regional averaging has proved adequate and useful for the purpose of this study however it is 

recognised that further understanding of such variability within the KIA would benefit the construction 

of more representative regional scale groundwater models. 

6.2 Regional groundwater management 
On the basis of water balance calculations for the KIA and supported by the numerical model, the 

assumption of abstraction volumes based on allocations appears to result in an overestimation of 

abstraction related outflow. Water balance outflows were greater than inflows by 43%, despite the 

25% reduction the two highest allocations (2.5 GL/yr and 1.9 GL/yr), suggesting that abstraction is 

actually substantially lower than allocation. Conversely, if allocation is representative of abstraction 

volumes either declining groundwater levels and/or salt water incursion into the aquifer from the ocean 

would result, either way the aquifer system is over allocated.  

 

Declining water levels are occurring across the state in response to a drying climate (Commander, 

2003; Yesertener, 2008). However, Yesertener (2008), reports the decline in the Superficial aquifer of 

the Perth area is also the result of over abstraction. A significant decline in groundwater levels at the 

Site was not observed but may be a reflection of the short monitoring period (6 years) as well as the 

additional recharge from storm water infiltration onsite buffering these regionally driven declines. 

Conversely, declines in hydraulic head may be negated by saltwater intrusion. Smith and Hick (2001) 

report the occurrence of salt water intrusion up to 2 km from the coast in the Superficial aquifer.  

 

High abstraction in the numerical model resulted in three times as much recharge occurring through 

the ocean boundary as discharge, which can be interpreted as salt water incursion. To accurately 

estimate this, a density coupled flow model of the salt water interface would be required. The 

assessment of both change in groundwater storage and salt water incursion are outside the scope of 

this study but findings of the current study support a high risk of salt water incursion. Further, in the 

absence of additional data on actual abstraction it is not possible to draw definitive conclusions or 

further refine the numerical model at a regional scale. 

 

6.3 Lateral and vertical extents of the plume 
Results of groundwater monitoring at the Site have indicated persistent very high levels of nitrogen 

species, principally nitrate and ammonia, in excess of ecological (marine) and human health (domestic 
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non potable use) guidelines (DEC, 2010). Nitrogen concentrations within the plume are an order of 

magnitude higher than worst case values reported for the KIA by Loveless and Oldham (2010). 

Despite the additional roofing and clay lining of Basin 1, increasing trends in nitrogen concentration 

are observed down gradient from the source (monitoring locations 4 and 6), so the plume is still 

mobile. While the migration of the plume is slow, it is recognised that, the reduction in size of Basin 1 

is likely to have increased hydraulic heads in the basin. These increased heads will increase the rate 

of groundwater recharge highly loaded with dissolved contaminants. Diversion of and treatment of the 

first flush of stormwater following extended dry periods may help reduce contaminant loading to 

groundwater but currently data does not exist which can confirm or deny this. 

 

Geophysical survey results correlate well to onsite monitoring data and estimate a plume 

approximately 120 m long and 100 m wide in the north of the Site and extending offsite. The plume is 

observed to be vertically constrained at a depth of approximately 15 m correlating to basal sediments 

of the Becher unit (Smith and Hick, 2001). The use of ERI technology has proved highly useful in 

defining the highly contaminated extent of the plume. However, contaminant mass estimates based on 

these extents and observed concentrations onsite are largely conservative. This results from the 

unaccounted contaminant mass in the diluted peripheries of the plume and that mass which has been 

removed from the plume via advective flow. Spitz and Moreno (1996) also recognised this limitation. 

They reported on similar occurrences where in the extreme only a few per cent of the total mass were 

estimated. The large disparity in contaminant mass in this study was highlighted in attempts to 

calibrate the solute transport numerical model. The potential for numerical modelling to enhance and 

improve our understanding of the real world was recognised first hand in both cases. 

 

The sharp decrease in contaminant concentrations between the Becher Sand (~1000 mg/l) and 

Tamala Limestone (~100 mg/l) is indicative of the effective confinement by lower permeability 

sediments at the base of the Becher unit. The lower concentrations in the limestone are considered 

the effect of slow transport of solute through the basal sediments combined with the rapid dilution of 

contamination due to the high hydraulic conductivity of the limestone. Solute transport to the limestone 

is recognised to occur via diffusion, slow percolation and/or flow through discontinuities in the Becher 

unit (offsite). The containment of the bulk of the contamination in the upper sand aquifer is considered 

key to the successful recovery of the plume by potential abstraction methods. Successful recovery is 

not possible once contaminants have entered the limestone aquifer. 

 

The reduced permeability in the Becher Sand unit does account for the significant stratification of the 

plume within the upper sand aquifer. The relatively rapid vertical migration of contamination must 

result from density driven flow. This is most apparent at the source of the contamination, monitoring 

location 3 where concentrations in the lower sands (Becher) far exceed (>2x) concentrations in the 

shallower sands (Safety Bay).  

 

Storm water effluents with concentrations sufficient to induce density coupled flow (>10,000 mg/l) are 

unlikely to occur as the result of a constant, consistent source load with seasonal recharge through the 
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drainage basin. Instead, the high density of the contaminated fluid entering the aquifer is likely the 

result of a ‘first flush’ effect. The first flush occurs where solutes accumulate, on the site and in the 

drainage basin, during the relatively dry period and are flushed to the aquifer with the first significant 

rainfall event. The accumulation of solute over time is fundamental to the generation of the necessary 

fluid mass in which density coupled flow results. The occurrence of the ‘first flush’ scenario at the Site 

is supported by the arrangement of the plume as well as concentrations trends that do not reflect 

seasonal recharge. 

 

Density coupled flow effects were not identified in conceptualisation and therefore were not included in 

the numerical model. According to Spitz and Moreno (1996), the neglect of density effects are one of 

the most commonly overlooked factors in solute transport modelling. As per the feedback loops in the 

groundwater modelling process presented in the Australian Groundwater Modelling Guidelines 

(Barnett et al. 2012), completion of the numerical model has identified the need for revision of the 

conceptual model, particularly if the focus is on predicting solute concentrations at a site scale. 

However, no data characterising the density and viscosity of the infiltrating fluid currently exists, so it 

could not be explicitly included in the current study regardless. In the context of the lack of density 

coupled flow modelling and the focus on predicting regional impacts, introducing the majority of the 

contaminant loading in layer 3 of a non-density coupled flow model is considered a parsimonious 

solution.  

 

Numerical modelling also raised the potential for Basin 2 to be an additional contaminant source. 

Supporting evidence was observed deeper in the sand aquifer (MB06D) but not at reduced depths 

(MB06). Based on the current model this occurrence is speculative only. Assessment of this potential 

could be an objective of future modelling of the Site following the incorporation of density and viscosity 

effects. 

6.4 Chemical properties of the plume 
In addition to the physical stratification of the plume, chemical stratification is also apparent. Chemical 

stratification is the result of the oxidation of ammonia to nitrate in the oxygenated upper aquifer (Safety 

Bay Sands) and relative conservation at depth (Becher Sand) where oxygen is limited. The presence 

of oxygen in the upper aquifer, along with the lack of organic matter in the substrate is considered to 

have strongly influenced the conservation of nitrate and the overall conservation of nitrogen mass. 

This has been observed elsewhere by Trefry et al. (2006) who noted that denitrification is not 

commonly observed in the KIA. 

 

Nitrate and ammonia behave similarly within the concentrated plume being predominantly un-retarded 

by sorption, while also being non-volatile and non-degrading. The negative ionic charge of nitrate 

negates its ability to adsorb to similarly charged mineral sites while the abundance of greater affinity 

cations (specifically calcium) outcompete ionic ammonia for available sorption sites. While ammonia is 

known to readily volatilise at surface, this is not observed to significantly occur within the subsurface. 

This observation is also noted by Christensen et al. (2000; 2001). Very high nitrate and ammonia 
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concentrations within the plume are likely to exceed toxic thresholds for degrading microbes. However 

in areas of reduced concentration (plume edges), the lack of available organic carbon in the substrate 

and unconducive redox conditions are considered the controlling factors inhibiting the reduction of 

nitrate (within the shallow sand aquifer) and the oxidation of ammonia (within the deeper sand aquifer). 

 

The addition of ethanol has been proved elsewhere to be successful in accelerating denitrification of 

nitrate contaminant plumes (Tartakovsky et al. 2002; Bates and Spalding, 1998). In similar 

environments where the rate of denitrification is inhibited by the availability of oxygen and the absence 

of organic carbon, the addition of ethanol was observed to deplete dissolved oxygen and provide an 

electron donor for the denitrification reaction. The addition of ethanol may form part of a viable water 

treatment remediation strategy for the plume at the Site. 

 

Dilution via hydraulic mixing is considered the most viable form of contaminant attenuation in 

groundwater although this is recognised to not be a true form of attenuation given the overall 

contaminant mass is conserved (Environment Agency, 2003). There is little evidence that such 

attenuation is occurring at the site due to continual source additions despite efforts to reduce 

contamination occurring at the Site (roofing, clay lined drainage basins). Groundwater monitoring is 

limited to within the Site boundaries and therefore no data sufficiently down gradient (~100m) from the 

identified plume is available to assess potential dilution rates. However, given the high background 

levels of contaminants of concern throughout the KIA the availability of such data is unlikely to provide 

much clarification. Appleyard (2003) recorded the mixing of contaminated and native groundwater 

within the KIA noting that groundwater transport generated plumes from a few metres to kilometres 

long. An investigation by Hirschberg (1993) into ammonia plumes in the Superficial aquifer identified 

plumes ranging from 500 to 1500 m in length and 400-700 m in width. 

 

Despite the requirement for further refinement, the solute transport model was considered useful for 

the propagation of dilute transport offsite on the basis of a well calibrated flow model. Once diluted, 

density no longer significantly affects the flow of solute with groundwater. The presence of the dense 

plume effectively creates a barrier to advective flow of the plumes high density core. Migrating fresher 

groundwater will predominantly flow around the plume. Dilution of the plume will occur via dispersion 

and diffusion at the interface of contaminated and fresher groundwater. This high density plume will 

function as a secondary source feeding the advective flow of solute to a secondary plume originating 

from the high density plume. This secondary plume is likely to approximate plume lengths reported by 

Hirschberg (1993) however, high background concentrations would make conclusions of such extents 

difficult in the absence of a highly detailed holistic study of the KIA.  

 

Groundwater within the KIA is generally alkaline reflecting the geology of the aquifer. Maintenance of 

alkaline conditions onsite despite the presence of potentially acidifying contaminants highlights the 

high buffering capacity of the aquifer. The accelerated dissolution of carbonate generates significant 

bicarbonate concentrations while comparative calcium concentrations are not observed. The relative 

absence of calcium in the dissolved phase reflects its greater affinity for sorption and precipitation over 
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ammonia resulting in the enhanced mobility of ammonia, comparable to the highly mobile nitrate within 

the system.  

 
Groundwater temperatures were generally increased due to contaminant loadings and subsequent 

geochemical reactions however exception to this was observed (MB09). The exception is considered 

likely the result of the diffusion of carbon dioxide to the atmosphere. The dissolution of calcium 

carbonate and release of carbon dioxide is an endothermic reaction which results in the absorption of 

heat hence lowering of temperature (Mohamed et al. 2012). Significant decreases in water 

temperature were observed in locations adjacent to drainage basin dug outs suggesting the release of 

carbon dioxide is occurring predominantly via excavation walls. 

 
Strong correlation between electrical conductivity and total nitrogen concentrations was observed and 

described by a polynomial model. Further work is required to further statistically prove this relationship 

however the potential exists for substantial savings in ongoing monitoring costs at the Site and other 

sites within the KIA. A negative correlation between titanium in sediment and nitrogen concentrations 

was also observed. Further work, including sediment analysis and the assessment of titanium 

dissolved in groundwater is required to confirm this. However, this finding presents the potential for 

rapid on site screening of sediment to delineate nitrogen contamination within calcareous aquifers of 

marine origin. 

6.5 Potential for offsite impact 
The current plume appears relatively stable, weighted by density and retarded by viscosity which 

prevents movement with advective flow with the exception of diluted concentrations at the fringes. In 

this regard plume appears to behave like a slowly leaking tap. Continual additions from the above 

ground source maintain the density of the plume recharging any loss that takes place at the plume’s 

margins. If all remains constant, the current scenario presents a long term source of nitrogen 

contamination within the KIA adding to the degradation of groundwater, reducing the quality of 

groundwater available to resident users and contributing ongoing effects to the degradation of 

Cockburn Sound. The dense plume is now (post 2011) entering the Tamala Limestone where the 

increased groundwater flow presents an increased capacity for offsite advective transport.  

 

Numerical modelling has confirmed the predominant receptors of such impacts are offsite abstraction 

bores. Specifically, in the scenario modelled, high use bores to the north west of the Site. However, 

confirmation of receiving bores cannot be concluded with the current model given the ambiguity 

surrounding actual abstraction. Based on the models predictions the direction of groundwater flow at 

the Site appears deviated from the east west regional trend by the large abstraction from the CSBP 

Limited site. However solute drawn in this direction may be intercepted by the numerous smaller 

abstraction bores en route. 

 

It is also recognised that the simulated flow direction is the result of homogenous conditions within the 

model. Heterogeneity and the presence of preferential flow paths may result in the redirection of 

advecting contamination, particularly in the Tamala Limestone. Trefry et al. (2006) also recognised the 
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inherent difficulty in the assessment of impacts in groundwater within the KIA, stating its difficulty is 

due to the stratigraphic relationship between the sand and limestone formation and the general 

uncertainty associated with the limestone itself. 

 

The simulated flow direction is slightly different to the observed alignment of the onsite plume. The 

alignment of the current plume may result from one or a combination of the following: 

 recharge through Basin 1 combined with the reduction in offsite abstraction; 

 recharge through Basin 1 combined with increased offsite abstraction to the north-northeast;  

 density driven plume morphology following preferential pathways through silty/clay lenses in 

the upper sands; and 

 density driven plume morphology following a slightly inclined aquitard (basal Becher silt/clay). 

There is also the potential for the highly concentrated plume to create its own preferential pathway by 

the active dissolution of the calcium carbonate matrix. 

 

In the absence of abstraction across the KIA, the plume is observed to contribute nutrient loading in 

the Cockburn Sound albeit by diffuse additions. The main body of the plume is only observed to 

migrate a short distance offsite (<500m) within a 20 year period and it is considered likely the plume 

will dissipate to background concentrations prior to reaching the ocean. Background levels are 

however 100 mg/l, much higher than any appropriate guideline for discharge to a marine environment. 

Given the absence of density and viscosity effects, the simulated travel distances are considered 

representative of worst case scenarios. Regardless, the endpoint receptor of contamination from the 

Site, which is not intercepted by abstraction bores, will be the ocean. This will contribute to the serious 

cumulative impacts already experienced by biodiversity assets of Cockburn Sound.  

 

The prevention of further contamination of Cockburn Sound can be achieved by onsite recovery of the 

plume. Its slow migration and confinement at the base of the Becher unit allow for targeted 

abstraction. The favourable hydrogeochemical conditions for abstraction are however contrasted with 

the unfavourable generation of large volumes of contaminated effluent (7300 KL/yr). The simulated 

recovery increased abstraction 20 times higher than the current site allocation without achieving 

complete recovery and in the absence of any further contributing source (unlikely under current 

management). Summit Fertiliser currently uses their allocation for garden irrigation and their minimal 

processing requirements. They do not currently utilise their full allocation. The high volume of effluent 

would require disposal options to be explored. Most beneficial to the Site operators would be the 

incorporation of the effluent into current liquid fertiliser production. Alternatively, water sharing, 

especially with other fertiliser producers in the area could be viable. As suggested previously, 

abstraction could be combined with onsite treatment, such as ethanol, and allow disposal back to the 

aquifer however this is likely to be the least cost effective option.  

 

Regardless of the disposal option employed remedial efforts are likely to be a long term commitment 

(>20/yr). This would be required to form part of the commonplace management of the Site. In support 

of any remediation attempts, redesign of the current storm water collection system is required to 
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prevent future contaminant additions to groundwater beneath the Site. The existing model could 

predict the implications of additional contamination at the Site simultaneously combined with 

remediation, but this was outside the scope of this study. 

 

One potential upgrade of the stormwater disposal system would be the conversion of Basin 1 and 2 to 

concrete and synthetically lined storage cells that allow product to settle out and fresher water to 

overflow to Basin 3. The accumulation of product in Basin 1, and potentially 2, would require removal 

on a regular basis. The lining of Basin 3 with a clay or impervious synthetic liner or out planting with 

high water use, nutrient tolerant natives would also be beneficial to ensuring the protection of the 

groundwater resource. 
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7. Conclusions 
Fertilizer storage and handling combined with the disposal of stormwater to drainage basins has 

resulted in a significant nitrate and ammonia plume beneath the Summit Fertiliser site. The 

accumulation of contaminant dry fertiliser on the Site, particularly in drainage Basin 1, results in a “first 

flush” of highly concentrated contaminated fluid to groundwater. This would occur during and after 

large rainfall events which occur at the end of prolonged dry periods. Although efforts to reduce 

groundwater contamination have been undertaken, consequential reduction of the size of the receiving 

drainage basin has led to further exaggeration of hydraulic surcharges and the swift delivery of solute 

to the subsurface. 

 

The low advective environment within the KIA has supported the conservation of the dense, viscous 

onsite plume. The preservation of the plume has also been maintained by the geochemical 

environment that does not support the chemical degradation of nitrate and ammonia. In the absence 

of any changes to current management, the plume is likely to persist as an ongoing source of nitrogen 

to the KIA with contaminant loss via peripheral advective flow being balanced by continual additions 

from Site activities. Like a leaking tap, the plume will serve as a contaminant source degrading the 

quality of groundwater in the KIA as well as contributing to ongoing nutrient loading of Cockburn 

Sound. 

 

The hydrgeochemical characteristics of the plume present a near ideal scenario for its effective 

recovery by abstraction. The recovered effluent has the potential to be incorporated into onsite liquid 

nitrogen production however the high volume generated is unlikely to be fully utilised in this manner. 

Other disposal options would need to be explored such as water sharing or onsite treatment and 

reinjection. However, pivotal to the success of any remedial effort is the cessation of the source. 

Hence changes in onsite dry fertiliser storage and stormwater management are critical. 

 

Despite the restricted ability of the groundwater model to replicate the plumes solute concentrations 

onsite, mainly due to a lack of density coupled flow, it has greatly increased our understanding. The 

process of model development and testing proved necessary to the furthering of understanding of the 

hydrostratigraphy at the Site and the hydrogeochemical nature of the plume. Revisiting and revising 

preconceptions or assumptions are recognised as valid and often necessary outcomes of a sound 

groundwater modelling process (Barnett et al. 2012; Spitz and Moreno, 1996). Overall, the generated 

numerical model presents useful information for decisions regarding ongoing management at the Site, 

which are highly feasible based on the outcomes of this study. It is also clear from the model that 

without active management the plume will impact offsite receptors, if it hasn’t already, for many years 

to come. 
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8. Recommendations for Further Work 
A common challenge in groundwater modelling is limited data availability. In this case study, ambiguity 

surrounding abstraction within the KIA has been highlighted. Any future attempts to improve the 

accuracy of the model, will be severely hampered by unavailability of metered bore data. Further, in 

recognition of the potential for unregistered bore use, neighbours to the north-northeast of the Site 

should be investigated to see if there is any abstraction inducing the plume’s migration in this direction. 

 

Simulation of density coupled flow within the solute transport model requires the assessment of 

density of the contaminated fluid. Additional sampling and analysis of stormwater in the onsite basin/s, 

particularly following a significant rainfall event is therefore required. Such analysis will also serve to 

assess the accuracy of the hypothesised ‘first flush scenario’. 

 

Additional data that would prove beneficial to refining the current groundwater model also include 

assessment of onsite and offsite geological heterogeneity as well as the dependant hydraulic 

properties. It is recognised, given the large number of contaminated Sites within the KIA, that such 

data is likely to exist but does not lie in the public domain. Collaboration between commercial residents 

and the sharing of individually developed knowledge would prove advantageous to future 

investigation, assessment and overall management of the industrial area, potentially through regulator 

intervention. 

 

Following satisfactory calibration of the numerical model a sensitivity analysis is required to assess the 

model’s response to changes in any parameters that remain uncertain. Prevailing uncertain 

parameters are likely to include variability in horizontal and vertical hydraulic conductivities at a local 

scale resulting from the discontinuous nature of the Becher confining layer and inherent heterogeneity 

in the Tamala Limestone. Given the outcomes of the current study, this should be undertaken before 

any management intervention occurs at the site and should preferably be coupled to predictive 

uncertainty analysis.  

 

Ethanol has been presented as a possible bioremediation and/or water treatment tool. The 

effectiveness of use of ethanol as a bioremediation tool can also be modelled prior to undertaking field 

tests and may be a viable future task should bioremediation be decided as the preferred remedial 

strategy. Further, the potential for electrical conductivity and the presence of titanium to act as nitrogen 

contamination tracers has been raised. The benefit of both includes the reduction in onsite sampling 

requirements and ongoing management costs. Given, both are new concepts further analysis and 

verification is required in the short term to confirm their accuracy and applicability prior to committing 

to such practices in the long term. 

 

Finally, as noted by Appleyard (2003), most effective way of managing groundwater contamination is 

by its prevention. To bring this about at the Site improvements to the current stormwater collection and 
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disposal system are necessary. Such improvements lie in the effective retention of contaminated 

stormwater within storage bunds, the recovery of solute at surface and the reduction of hydraulic 

surcharges at the Site. 
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Plates 1 - 23 
  



 Plate 1 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Pre 2005 showing original extent of 
Basin 1 (adjacent MB3) and shed 
roofing. 



 

 

 

Legend 

Site Boundary 
 

Plate 2 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Post 2005 showing reduced extent of Basin 1 and the extended shed roof. 
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Site Boundary 
 

Plate 3 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Site Location 
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Site Boundary 
 

Plate 4 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Monitoring Well Locations 



 

Legend 

Plate 5 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Surface Geology and Geomorphology (Source: DoW, 2008) 
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Plate 6 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Geological Cross Section showing limited extent of Rockingham 
Sand (Source: DoW, 2008) 
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Plate 7 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Hydraulic Connection between the Superficial Aquifer and the 
Leederville Aquifer (Source: Davidson, 1995) 
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Plate 8 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Mineralogy Assessment Sampling 
Locations 

Core 1 

Core 2 

Core 4 

Core 3 

Core Sample 

Legend 



 

Plate 9 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Model Domain 

Site Boundary 
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Model Extent 
 



 

Plate 10 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Recharge Zones 

Site Boundary 
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Industrial Area 
 

Cleared/Open Space Area 
 

Uncleared/Native 
Vegetation Area 
 



 

Plate 11 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Groundwater Contours 
Period 6, Step 3 Time 4889 

Site Boundary 
 

Legend 

Groundwater Flow 
Direction 
 

Groundwater Contour 
 



 
Plate 12 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Recharge causing groundwater 
mounding at Basin 1 
Period 69, Step 4 Time 6819 

Site Boundary 
 

Legend 

Groundwater Contour 
 

Groundwater Flow 
Direction 
 



 

Plate 13 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Groundwater Contours in the Tamala 
Limestone 
Period 69, Step 4 

Site Boundary 
 

Legend 

Groundwater Contour 
 



 Plate 14 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Groundwater Sink at Basin 1 
Period 4, Step 2, Time 105 

Site Boundary 
 

Legend 

Groundwater Contour 
 



 

Plate 15 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Northwest Groundwater Flow 
Period 4, Step 2 Time 105 

Site Boundary 
 

Legend 

Groundwater Contour 
 

Groundwater Flow 
Direction 
 



 

Plate 16 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Splitting of Plume 
Period 95, Step 4 Time 2891 



 

 

Plate 17 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Migration of Secondary Plume 
Period 100, Step 4 Time 3044 



 

Plate 18 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Onsite Plume 
Period 240, Step 4  

Site Boundary 
 

Legend 



 
Plate 19 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Westerly Groundwater Flow 
Period 1, Step 4 Time 30 

Site Boundary 
 

Legend 

Groundwater Contour 
 

Groundwater Flow 
Direction 
 



 Plate 20 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Onsite Groundwater Mounding 
Period 5, Step 2 Time 136 

Site Boundary 
 

Legend 

Groundwater Contour 
 



 
Plate 21 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Dilution of Plume at Basin 1 
Period 38, Step 4 Time 1156 



 

Plate 22 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
South-westerly and westerly 
migration of the plume 
Period 103, Step 4 Time 3135 



 

Plate 23 

Summit Fertilizers Site 
29 Ocean Street Kwinana Beach 
Cross section of plume at end of 
model run 
Period 240, Step 4 Time 7305 
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Appendix A DoW WRL Groundwater Allocation 
within 5km of the Site 

  



Easting Northing License 
Drawpoints/Li
cense

License 
Allocation

Drawpoint 
Assigned 
Allocation Owner Site

383141.9 6433671.7 60605 6 2329700 388283 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383135.68 6433603.28 60605 6 2329700 388283 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383135.68 6433509.99 60605 6 2329700 388283 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383452.89 6433049.71 60605 6 2329700 388283 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383931.83 6433074.59 60605 6 2329700 388283 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383558.63 6432757.38 60605 6 2329700 388283 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383428.01 6431967.45 65541 1 10000 10000 Fremantle Port Authority Lot 497 On Plan 35196 - Volume/Folio 2564/971 - Lot 497 Port Rd Kwinana Beach

382889.32 6431420.09 54366 1 710500 710500 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

382022.31 6429970.85 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham
382121.83 6429759.37 170732 1 15000 15000 Co-Operative Bulk Handling Ltd Lot 500 On Plan 52881 - Volume/Folio Lr3154/706 - Lot 500  East Rockingham

381537.16 6428820.16 65106 3 2725900 908633 City of Rockingham
Lot 1511 On Plan 213615 - Volume/Folio Lr3103/848 - Lot 1511 Leghorn St Rockingham - 
Soccor Club

382351.96 6428297.69 65106 3 2725900 908633 City of Rockingham
Lot 1511 On Plan 213615 - Volume/Folio Lr3103/848 - Lot 1511 Leghorn St Rockingham - 
Soccor Club

382911.76 6428347.45 171093 1 400 400 Southerly Ocean Pty Ltd T/A Coastal Waste Management Lot 501 On Plan 40052 - Volume/Folio 2600/861 - Lot 501 Morgan St Rockingham
382551 6429000.54 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham

382718.94 6428981.88 65106 3 2725900 908633 City of Rockingham
Lot 1511 On Plan 213615 - Volume/Folio Lr3103/848 - Lot 1511 Leghorn St Rockingham - 
Soccor Club

382824.68 6429112.5 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham
382917.98 6429243.12 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham
383216.53 6429398.53 150390 1 30000 30000 Chemeq Ltd Lot 1492 on Plan 213090, Volume 2157 Folio 167, Office Road, East Rockingham 6168
383322.27 6429647.41 55078 1 15000 15000 Australian Fused Materials Pty Ltd 6, ZIRCONIA DR, EAST ROCKINGHAM
383222.75 6428652.23 51401 1 5650 5650 Rockingham Golf Driving Range Crown Reserve 30623, LR3000/858 - Ennis Avenue, Rockingham, 6168
383490.21 6428440.75 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham
383869.63 6428397.21 171373 1 3300 3300 Boral Resources (WA) Ltd Lot 14 On Plan 12620 - Volume/Folio 1527/817 - Lot 14 Crompton Rd Rockingham
383844.27 6428446.97 59117 1 10000 10000 Holcim (Australia) Pty Ltd Lot 500 On Diagram 75014 - Volume/Folio 1821/352 - Lot 500 Crompton Rd Rockingham

384329.9 6428695.77 59166 2 13910 6955 Pike, Mavis Elizabeth 1, DAY RD, EAST ROCKINGHAM
384765.29 6428471.85 167217 1 4870 4870 Western Australian Land Authority East Rockingham - Road Reserve Adjacent To Lot 1 Evinrude Bend

384609.8 6429062.74 63395 2 5000 2500 Jandakot Wool Washing Pty Ltd 13, LODGE DR, EAST ROCKINGHAM
384634.68 6428851.26 63395 2 5000 2500 Jandakot Wool Washing Pty Ltd 13, LODGE DR, EAST ROCKINGHAM
384777.73 6428664.67 59166 2 13910 6955 Pike, Mavis Elizabeth 1, DAY RD, EAST ROCKINGHAM

385262.89 6428235.49 95114 2 24000 12000 Ahern, Michael Robert

Lot 51 On Diagram 58419 - Volume/Folio 2118/332 - Lot 51 Dixon Rd East Rockingham
Lot 51 On Diagram 58419 - Volume/Folio 2118/332 - Lot 51 Dixon Rd East Rockingham - 
Rockingham Holiday Village

385331.31 6428216.83 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham

385418.39 6428422.09 59114 2 24000 12000 Ahern, Michael Robert

Lot 51 On Diagram 58419 - Volume/Folio 2118/332 - Lot 51 Dixon Rd East Rockingham
Lot 51 On Diagram 58419 - Volume/Folio 2118/332 - Lot 51 Dixon Rd East Rockingham - 
Rockingham Holiday Village

385082.51 6429286.66 162476 2 6000 3000 Trecap Pty Ltd 224 Mandurah Rd East Rockingham
385169.59 6429591.43 162476 2 6000 3000
385947.08 6430344.05 155853 1 20075 20075 CSBP Limited Lot 77 On Diagram 68183 - Volume/Folio 1744/157 - Lot 77 Wellard Rd Leda
385275.33 6430847.86 153280 7 79385 11341 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham

387470.96 6429591.43 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

387377.66 6429983.29 159979 1 12975 12975 Department of Education
Lot 1007 On Diagram 80418 - Volume/Folio 1919/848 - Lot 1007 Feilman Dr Leda - Leda 
Primary School

387582.92 6430051.71 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

387128.87 6430605.28 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

387694.88 6430443.56 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

387900.14 6430182.33 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

388217.35 6430082.81 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

388260.89 6429914.87 171543 2 19500 9750 Georgiou Group Pty Ltd Lot 9019 On Plan 64917 - Volume/Folio 2736/567 - Lot 9019  Wellard

388291.99 6429746.93 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

388808.24 6429019.2 171543 2 19500 9750 Georgiou Group Pty Ltd Lot 9019 On Plan 64917 - Volume/Folio 2736/567 - Lot 9019  Wellard
386861.41 6431320.57 49526 4 262500 65625 Kwinana Golf Club (Inc) Lot 486 on Plan 221410- Calista-Crown Reserve 25039
386618.83 6431364.11 49526 4 262500 65625 Kwinana Golf Club (Inc) Lot 486 on Plan 221410- Calista-Crown Reserve 25039
386712.13 6431668.89 49526 4 262500 65625 Kwinana Golf Club (Inc) Lot 486 on Plan 221410- Calista-Crown Reserve 25039
386960.93 6431774.63 49526 4 262500 65625 Kwinana Golf Club (Inc) Lot 486 on Plan 221410- Calista-Crown Reserve 25039

387371.44 6431886.59 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

386712.13 6433074.59 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

386525.53 6434007.58 109202 2 81000 40500 Town of Kwinana
Lot 339 On Plan 49439 - Volume/Folio Lr3136/716 - Lot 339  Kwinana Beach - Thomas Rd 
Entry

385835.12 6433939.16 109202 2 81000 40500 Town of Kwinana
Lot 339 On Plan 49439 - Volume/Folio Lr3136/716 - Lot 339  Kwinana Beach - Thomas Rd 
Entry

384989.21 6434399.43 59069 4 26500 6625 Wesfarmers Lpg Pty Ltd Lot 14 On Plan 39572 - Volume/Folio 2230/47 - Lot 14  Kwinana Beach
384802.61 6434554.93 59069 4 26500 6625 Wesfarmers Lpg Pty Ltd Lot 14 On Plan 39572 - Volume/Folio 2230/47 - Lot 14  Kwinana Beach
384802.61 6434449.19 59069 4 26500 6625 Wesfarmers Lpg Pty Ltd Lot 14 On Plan 39572 - Volume/Folio 2230/47 - Lot 14  Kwinana Beach
384721.76 6434318.58 59069 4 26500 6625 Wesfarmers Lpg Pty Ltd Lot 14 On Plan 39572 - Volume/Folio 2230/47 - Lot 14  Kwinana Beach
384838.38 6432327.42 48917 1 11250 11250 Nalco Australia Pty Ltd Lot 1 On Diagram 58692 - Volume/Folio 1566/172 - Lot 1 Richardson St Kwinana Beach

384329.9 6432167.07 100798 (2) 3 1900000 1266667 CSBP Limited 20 Port Road Kwinana Beach
384329.9 6432167.07 100799 1 2500000 2500000 CSBP Limited 20 Port Road Kwinana Beach

384620.29 6432146.07 100798 3 1900000 633333 CSBP Limited 20 Port Road Kwinana Beach

384606.3 6432048.11 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384823.22 6431974.64 99425 1 5000 5000 Hanson Construction Materials Pty Ltd 2, BEACH ST, KWINANA BEACH
385092.62 6431652.76 170486 1 3000 3000 Wesfarmers Kleenheat Gas Pty Ltd Lot 434 On Plan 3837 - Volume/Folio 1301/782 - Lot 434 Beach St Kwinana Beach
385173.09 6431229.41 162087 2 5120 2560 Gilderoy Pty Ltd, Winiam Pty Ltd, Dyinda Pty Ltd Lot 424 On Plan 3837 - Volume/Folio 2110/780 - Lot 424  Kwinana Beach
384560.82 6431057.98 59055 2 2500 1250 John Holland Construction & Eng 428 Ocean St Kwinana Beach

383850.58 6431915.16 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
383493.71 6430988 95474 1 200000 200000 BHP Billition Nickel West Pty Ltd 5 Patterson Rd Kwinana Beach

383990.53 6431638.76 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384158.46 6431897.67 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384235.44 6431271.4 54366 10 710500 71050 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

384256.43 6431386.85 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384315.91 6431512.81 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384326.4 6431733.21 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384473.35 6431733.23 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384627.29 6431533.8 59055 2 2500 1250 John Holland Construction & Eng 428 Ocean St Kwinana Beach
384742.75 6431435.84 165997 3 3500 1167 Summit Rural WA Pty Ltd Lot 1001 On Plan 40194 - Volume/Folio 2228/885 - Lot 1001 Ocean St Kwinana Beach.
384788.23 6431309.88 165997 3 3500 1167 Summit Rural WA Pty Ltd Lot 1001 On Plan 40194 - Volume/Folio 2228/885 - Lot 1001 Ocean St Kwinana Beach.

384879.2 6431246.91 162087 2 5120 2560 Gilderoy Pty Ltd, Winiam Pty Ltd, Dyinda Pty Ltd Lot 424 On Plan 3837 - Volume/Folio 2110/780 - Lot 424  Kwinana Beach
384889.69 6431488.32 165997 3 3500 1167 Summit Rural WA Pty Ltd Lot 1001 On Plan 40194 - Volume/Folio 2228/885 - Lot 1001 Ocean St Kwinana Beach.
384886.19 6431719.23 164847 3 5700 1900 A.K.C. Pty Ltd Lot 432 On Plan 3837 - Volume/Folio 1949/132 - Lot 432 Beach St Kwinana Beach
384963.17 6431813.7 164847 3 5700 1900 A.K.C. Pty Ltd Lot 432 On Plan 3837 - Volume/Folio 1949/132 - Lot 432 Beach St Kwinana Beach
384914.18 6431841.69 164847 3 5700 1900 A.K.C. Pty Ltd Lot 432 On Plan 3837 - Volume/Folio 1949/132 - Lot 432 Beach St Kwinana Beach

384497.84 6431883.67 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384588.8 6431883.67 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384571.31 6431831.19 110302 11 197792 17981 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

382526.12 6430393.8 152703 1 27000 27000 Co-Operative Bulk Handling Limited
Lot 1304 on Plan 173579; Certificate of Title Volume 1925 folio 396 -  Lot 1304 Rockingham 
Beach Road East Rockingham
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Appendix B DoW WIN Bore Data 

  



WIN Site IdNumbering SystemReference Zone Easting Northing Longitude Latitude Datum Plane Elevation Datum
Elevation 
Reliability Elevation (m) Measurement Method Date Established Date Reliability Comment

2978 AWRC 61410016 50 380885 6428486 115.7352 -32.274 Australian Height Datum Top of casing ~ 4.564 Surveyed 20/12/1983 0:00 Unknown
2978 AWRC 61410016 50 380885 6428486 115.7352 -32.274 Not Applicable Ground level ~ 0 (none) 20/12/1983 0:00 Unknown
2978 AWRC 61410016 50 380885 6428486 115.7352 -32.274 Standard Level Elevation Top of casing ~ 100 (none) 20/12/1983 0:00 Unknown
2985 AWRC 61410023 50 382791 6430077 115.7556 -32.2599 Australian Height Datum Top of casing ~ 4.373 Surveyed 20/12/1983 0:00 Unknown
2985 AWRC 61410023 50 382791 6430077 115.7556 -32.2599 Not Applicable Ground level ~ 0 (none) 20/12/1983 0:00 Unknown
2985 AWRC 61410023 50 382791 6430077 115.7556 -32.2599 Standard Level Elevation Top of casing ~ 100 (none) 20/12/1983 0:00 Unknown
2995 AWRC 61410033 50 384864 6428724 115.7775 -32.2723 Australian Height Datum Ground level = 6.08 Surveyed 26/06/1975 0:00 Unknown RECORDED AS NATURAL SURFACE GROWLS MICROFICHE
2995 AWRC 61410033 50 384864 6428724 115.7775 -32.2723 Australian Height Datum Top of casing ~ 6.64 Surveyed 26/06/1975 0:00 Unknown GROWLS MICROFICHE
2995 AWRC 61410033 50 384864 6428724 115.7775 -32.2723 Not Applicable (none) ~ 0 (none) 26/06/1975 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
2995 AWRC 61410033 50 384864 6428724 115.7775 -32.2723 Standard Level Elevation Top of casing ~ 100 (none) 26/06/1975 0:00 Unknown
2996 AWRC 61410034 50 384875 6428754 115.7776 -32.272 Australian Height Datum Ground level = 6.24 Surveyed 1/08/1975 0:00 Known month RECORDED AS NATURAL SURFACE ON GROWLS MICROFICHE
2996 AWRC 61410034 50 384875 6428754 115.7776 -32.272 Australian Height Datum Top of casing = 6.55 Surveyed 1/08/1975 0:00 Known month RECORDED AS TOP; GROWLS MICROFICHE
2996 AWRC 61410034 50 384875 6428754 115.7776 -32.272 Standard Level Elevation Top of casing = 100 (none) 1/08/1975 0:00 Unknown Added to match Datum pair.
2996 AWRC 61410034 50 384875 6428754 115.7776 -32.272 Not Applicable (none) ~ 0 (none) 16/09/1975 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
2997 AWRC 61410035 50 383407 6431631 115.7624 -32.2459 Australian Height Datum Ground level = 4.201 Surveyed 30/08/1983 0:00 Unknown SITEPLANS
2997 AWRC 61410035 50 383407 6431631 115.7624 -32.2459 Australian Height Datum Top of casing ~ 4.566 Surveyed 30/08/1983 0:00 Unknown
2997 AWRC 61410035 50 383407 6431631 115.7624 -32.2459 Not Applicable (none) ~ 0 (none) 30/08/1983 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
2997 AWRC 61410035 50 383407 6431631 115.7624 -32.2459 Standard Level Elevation Top of casing ~ 100 (none) 30/08/1983 0:00 Unknown
2999 AWRC 61410037 50 383621 6431476 115.7646 -32.2474 Australian Height Datum Top of casing ~ 3.749 Surveyed 20/12/1983 0:00 Unknown
2999 AWRC 61410037 50 383621 6431476 115.7646 -32.2474 Not Applicable Ground level ~ 0 (none) 20/12/1983 0:00 Unknown
2999 AWRC 61410037 50 383621 6431476 115.7646 -32.2474 Standard Level Elevation Top of casing ~ 100 (none) 20/12/1983 0:00 Unknown
3000 AWRC 61410038 50 384247 6431240 115.7712 -32.2496 Australian Height Datum Top of casing ~ 3.896 Surveyed 20/12/1983 0:00 Unknown
3000 AWRC 61410038 50 384247 6431240 115.7712 -32.2496 Not Applicable Ground level ~ 0 (none) 20/12/1983 0:00 Unknown
3000 AWRC 61410038 50 384247 6431240 115.7712 -32.2496 Standard Level Elevation Top of casing ~ 100 (none) 20/12/1983 0:00 Unknown
3001 AWRC 61410039 50 383449 6432526 115.7629 -32.2379 Australian Height Datum Ground level = 4.522 Surveyed 1/02/1982 0:00 Unknown SITEPLANS
3001 AWRC 61410039 50 383449 6432526 115.7629 -32.2379 Australian Height Datum Top of casing ~ 4.956 Surveyed 1/02/1982 0:00 Unknown
3001 AWRC 61410039 50 383449 6432526 115.7629 -32.2379 Not Applicable (none) ~ 0 (none) 1/02/1982 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3001 AWRC 61410039 50 383449 6432526 115.7629 -32.2379 Standard Level Elevation Top of casing ~ 100 (none) 1/02/1982 0:00 Unknown
3008 AWRC 61410046 50 383778 6435382 115.7667 -32.2121 Australian Height Datum Ground level = 3.563 Surveyed 1/12/1982 0:00 Unknown SITEPLAN
3008 AWRC 61410046 50 383778 6435382 115.7667 -32.2121 Australian Height Datum Top of casing ~ 4.002 Surveyed 1/12/1982 0:00 Unknown
3008 AWRC 61410046 50 383778 6435382 115.7667 -32.2121 Not Applicable (none) ~ 0 (none) 1/12/1982 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3008 AWRC 61410046 50 383778 6435382 115.7667 -32.2121 Standard Level Elevation Top of casing ~ 100 (none) 1/12/1982 0:00 Unknown
3013 AWRC 61410051 50 385779 6428149 115.7871 -32.2776 Australian Height Datum Ground level = 4.359 Surveyed 3/07/1970 0:00 Unknown SITEPLAN
3013 AWRC 61410051 50 385779 6428149 115.7871 -32.2776 Australian Height Datum Top of casing ~ 4.359 (none) 3/07/1970 0:00 Unknown
3013 AWRC 61410051 50 385779 6428149 115.7871 -32.2776 Not Applicable (none) ~ 0 (none) 3/07/1970 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3013 AWRC 61410051 50 385779 6428149 115.7871 -32.2776 Standard Level Elevation Top of casing ~ 100 (none) 3/07/1970 0:00 Unknown
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Australian Height Datum Top of casing ~ 14.42 Surveyed 10/06/1975 0:00 Unknown From GW field reading file
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Not Applicable (none) ~ 0 (none) 10/06/1975 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Standard Level Elevation Top of casing ~ 100 (none) 10/06/1975 0:00 Unknown
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Australian Height Datum Ground level = 13.88 Surveyed 1/08/1975 0:00 Known month RECORDED AS NATURAL SURFACE
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Standard Level Elevation Ground level ~ 99.46 (none) 1/08/1975 0:00 Unknown Estimated from GL AHD
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Australian Height Datum Ground level = 13.87 Surveyed 24/05/1995 0:00 Known day RECORDED AS NATURAL SURFACE
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Australian Height Datum Top of casing = 13.927 Surveyed 24/05/1995 0:00 Known day RECORDED AS TOP OF 80mm PVC
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Standard Level Elevation Ground level ~ 99.45 (none) 24/05/1995 0:00 Unknown Estimated from GL AHD
3014 AWRC 61410052 50 386106 6432195 115.7911 -32.2411 Standard Level Elevation Top of casing ~ 99.507 (none) 24/05/1995 0:00 Unknown Estimated from TOC AHD
3015 AWRC 61410053 50 386126 6432194 115.7913 -32.2411 Australian Height Datum Ground level = 15.32 Surveyed 1/08/1975 0:00 Known month RECORDED AS NATURAL SURFACE; GROWLS MICROFICHE
3015 AWRC 61410053 50 386126 6432194 115.7913 -32.2411 Australian Height Datum Top of casing = 15.66 Surveyed 1/08/1975 0:00 Known month RECORDED AS TOP
3015 AWRC 61410053 50 386126 6432194 115.7913 -32.2411 Standard Level Elevation Top of casing = 100 (none) 1/08/1975 0:00 Unknown Added to match Datum pair.
3015 AWRC 61410053 50 386126 6432194 115.7913 -32.2411 Not Applicable (none) ~ 0 (none) 8/06/1976 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3017 AWRC 61410055 50 384990 6433610 115.7794 -32.2283 Australian Height Datum Top of casing ~ 10.207 Surveyed 1/12/1982 0:00 Unknown
3017 AWRC 61410055 50 384990 6433610 115.7794 -32.2283 Not Applicable (none) ~ 0 (none) 1/12/1982 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3017 AWRC 61410055 50 384990 6433610 115.7794 -32.2283 Standard Level Elevation Top of casing ~ 100 (none) 1/12/1982 0:00 Unknown
3028 AWRC 61410066 50 386719 6433249 115.7977 -32.2317 Australian Height Datum Ground level ~ 3.904 (none) 3/07/1970 0:00 Unknown GL estimated to be same as TOC.
3028 AWRC 61410066 50 386719 6433249 115.7977 -32.2317 Australian Height Datum Top of casing ~ 3.904 (none) 3/07/1970 0:00 Unknown WATER LEVEL MONITORING SHEETS
3030 AWRC 61410068 50 387464 6435175 115.8058 -32.2144 Not Applicable (none) ~ 0 (none) 16/09/1974 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3030 AWRC 61410068 50 387464 6435175 115.8058 -32.2144 Standard Level Elevation Top of casing ~ 100 (none) 16/09/1974 0:00 Unknown
3030 AWRC 61410068 50 387464 6435175 115.8058 -32.2144 Australian Height Datum Ground level = 14.38 Surveyed 1/11/1974 0:00 Known month RECORDED AS NATURAL SURFACE GROWLS MICROFICHE
3030 AWRC 61410068 50 387464 6435175 115.8058 -32.2144 Australian Height Datum Top of casing = 14.68 Surveyed 1/11/1974 0:00 Known month RECORDED AS TOP OF CASIN GROWLS MICROFICHE
3030 AWRC 61410068 50 387464 6435175 115.8058 -32.2144 Australian Height Datum Top of casing = 14.692 Surveyed 1/01/1980 0:00 Known month WATER LEVEL MONITORING SHEETS; NEW RL
3030 AWRC 61410068 50 387464 6435175 115.8058 -32.2144 Standard Level Elevation Top of casing = 100 (none) 1/01/1980 0:00 Known month
3038 AWRC 61410076 50 389076 6429275 115.8222 -32.2678 Australian Height Datum Ground level = 11.18 Surveyed 1/06/1975 0:00 Known month RECORDED AS NATURAL SURFACE GROWLS MICROFICHE
3038 AWRC 61410076 50 389076 6429275 115.8222 -32.2678 Australian Height Datum Top of casing ~ 11.57 Surveyed 15/04/1976 0:00 Unknown GROWLS MICROFICHE & SITEPLAN
3038 AWRC 61410076 50 389076 6429275 115.8222 -32.2678 Not Applicable (none) ~ 0 (none) 15/04/1976 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3038 AWRC 61410076 50 389076 6429275 115.8222 -32.2678 Standard Level Elevation Top of casing ~ 100 (none) 15/04/1976 0:00 Unknown
3407 AWRC 61415007 50 383439 6434823 115.7631 -32.2172 Australian Height Datum Ground level = 3.99 (none) 24/04/1980 0:00 Unknown GROWLS MICROFICHE - 'ARTESIAN MONITORING NETWORK'
3407 AWRC 61415007 50 383439 6434823 115.7631 -32.2172 Australian Height Datum Top of casing = 4.75 Surveyed 24/04/1980 0:00 Unknown Microfiche & Metropolitan gwater monitoring sheets
3407 AWRC 61415007 50 383439 6434823 115.7631 -32.2172 Not Applicable (none) ~ 0 (none) 24/04/1980 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
3407 AWRC 61415007 50 383439 6434823 115.7631 -32.2172 Standard Level Elevation Top of casing ~ 100 (none) 24/04/1980 0:00 Unknown

3408 AWRC 61415008 50 383444 6434830 115.7631 -32.2171 Australian Height Datum Ground level = 4.112 Surveyed 19/01/1983 0:00 Unknown
SURVEYED IN 1996 BY 'WHEELANDS SURVEY AND MAPPING' -in TRIM FILE
WAS ORIGINALLY RECORDED AS 3.99mAHD - GROWLS MICROFICHE

3408 AWRC 61415008 50 383444 6434830 115.7631 -32.2171 Australian Height Datum Top of casing = 4.34 Surveyed 19/01/1983 0:00 Unknown METROPOLITAN GWATER MONITORING SHEETS & GROWLS MICROFICHE
3408 AWRC 61415008 50 383444 6434830 115.7631 -32.2171 Not Applicable (none) ~ 0 (none) 19/01/1983 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()



3408 AWRC 61415008 50 383444 6434830 115.7631 -32.2171 Standard Level Elevation Top of casing = 100 (none) 19/01/1983 0:00 Unknown
3408 AWRC 61415008 50 383444 6434830 115.7631 -32.2171 Australian Height Datum Top of casing = 4.861 Surveyed 13/04/1995 0:00 Known day HEADWORKS RAISED - TRIM FILE
3408 AWRC 61415008 50 383444 6434830 115.7631 -32.2171 Standard Level Elevation Top of casing = 100.521 (none) 13/04/1995 0:00 Known day HEADWORKS RAISED - TRIM FILE

13669 AWRC 6142508 50 386659 6426949 115.7963 -32.2885 Australian Height Datum Permanent mark ~ 4.843 Surveyed 4/03/1927 0:00 Unknown
13669 AWRC 6142508 50 386659 6426949 115.7963 -32.2885 Not Applicable (none) ~ 0 (none) 4/03/1927 0:00 (none) Depth Reference Point added to cater for historical samples with Depth Reference Point of ()
13669 AWRC 6142508 50 386659 6426949 115.7963 -32.2885 Standard Level Elevation Permanent mark ~ 101.634 (none) 4/03/1927 0:00 Unknown
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BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

Easting: Northing:
Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1

Client:
Project:
Job No.:
Location:
Date Drilled:

Drilling Co.:
Rig Type:

Logged by: Checked by:
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor

Components.
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

20
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB02-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

17/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Loamy Sand
Friable, fine grained sand, moderately to
poorly sorted with orgranic matter (roots).
Dark brown colour.
Sand
Beach sand, fine to medium grained,
moderately sorted, sub-angular grains with
shell fragments. Beige/yellow colour.

Sand
Fine to medium grained beach sand, sub-
angular grains, moderately sorted and
interbedded with moderately cemented
calcarenite. Beige colour.

Sand  Calcarenite
Fine to medium grained sand, poorly sorted
with shells (bivalves) and heavy minerals, sub-
rounded grains with a CaCO3 matrix and
bands of moderately cemented calcarenite
(harder to drill). Grey/beige colour.

Calcarenite
Moderately to well cemented calcarenite,fine
to medium grained, subrounded grains, with
bands of sand (beach sand) & heavy
minerals/shell fragments. Grey/beige colour.

Calcarenite
Well cemented calcarenite, fine to medium
grained and subrounded.
Calcarenite
Poorly to moderately cemented calcarenite
with sand/shale.

Dry

Wet

0.00
0.00

-1.00
1.00

-9.00
9.00

-11.50
11.50

-16.00
16.00

-19.30
19.30



Borehole No.:

Page: 1 of 1

CLIENT:

PROJECT:

LOCATION:

JOB No.:

COMMENCED:

COMPLETED:

TOTAL DEPTH (m):

LOGGED BY:

CHECKED BY:CONTRACTOR: EQUIPMENT:

DIAMETER (mm):R.L. SURFACE (m): VERTICAL DATUM:

EASTING: NORTHING: HORIZONTAL DATUM:

KEY TO THE LOG

METHOD

HA           Hand Auger
SFA        Solid Flight Auger
HFA        Hollow Flight Auger
DHH        Down Hole Hammer
WB         Wash Boring
RM          Rotary Mud

WATER
SWL: Static water Level
WS: Water Strike

GNE          Groundwater Not Encountered
CONSISTENCY INDEX
S                Soft
F                 Firm
ST              Stiff

DENSITY INDEX
FB              Friable
VL              Very Loose
MD            Medium Dense
D                Dense
VD             Very Dense

PLASTICITY INDEX
LP              Low Plasticity
MP            Moderately Plastic
HP             Highly Plastic
MOISTURE CONDITION
D               Dry
M              Moist
W              Wet

WEATHERING

F                Fresh
SW            Slightly Weathered
DW           Distinctly Weathered
EW            Extremely Weathered

BOREHOLE LOG
GROUNDWATER BORE
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GHD Soil Classification: The GHD Soil
Classification is based on Australian
Standards AS 1726-1993.

MB3

Summit Fertilizers

Bore Installation

29 Ocean Street, Kwinana Beach, WA

61\15881\01

18/02/05

18/02/05

6

G Busby

L JefferysEcoprobe Direct Push

50

 sumfa

 sumfa

 sumfa

 sumfa

 sumfa

 sumfa

0.00
0.00

-0.50
0.50

-3.00
3.00

-5.50
5.50

-6.00
6.00

Ground Surface
Sand
Fine sand with silty clay; brown; soft

Sand
Fine; pale yellow and orange; soft; traces of shell particles

Sand
Medium; coarse; pale yellow; small shell particles; quartz

Sand
Fine; pale brown; small shell particles

Dry

Moist

Wet

MB3



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
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Northing:

Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1

Client:
Project:
Job No.:
Location:
Date Drilled: to:

Drilling Co.:
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Rig Type: Grid Ref:

Logged by: Checked by:
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

15
50

0
0

Class 18 PVC Class 18 PVC 0.5

MB3-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/18556
29 Ocean St Kwinana Beach

20/8/2007

DPP
Peter Grimwood

Hollow stem auger

CH DP

D
ep

th
 d

ril
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r n
ot

ed
 w

at
er

Ground Surface
Bitumen
Fill
Yellow/cream, very fine grained "beach" sand
with limestone cobbles up to 2 cm
Silty sand
Dark brown fine silty sand
Sand
yellow/cream, fine grained "beach" sand.
Shelly sand with concretions up to 1 cm and
occasional limestone cobble up to 5 cm

Sand
Cream/grey, very fine to medium grained,
shelly sand with limestone conglomerates up
to 1 cm

Sand
Same but with approximately 2 % very fine
black grains

Sand
Grey, very fine to medium grained sand with
occasional pieces of shell <1 cm.
Approximately 2 % very fine black grains.

Limestone
Still predominantly grey, very fine to medium
grained sand but with limestone present.
Driller noted it was getting harder to drill

Clayey Sand
White, medium grained clayey sand and
limestone pebbles approximately 3 mm in size

Wet

0.00
0.00
-0.50
0.50

-6.50
6.50

-8.00
8.00

-9.00
9.00

-13.30
13.30

-14.50
14.50
-15.00
15.00

Driller noted an ammonia smell while pulling out the drill pieces.



Borehole No.:

Page: 1 of 1

CLIENT:

PROJECT:

LOCATION:

JOB No.:

COMMENCED:

COMPLETED:

TOTAL DEPTH (m):

LOGGED BY:

CHECKED BY:CONTRACTOR: EQUIPMENT:

DIAMETER (mm):R.L. SURFACE (m): VERTICAL DATUM:

EASTING: NORTHING: HORIZONTAL DATUM:

KEY TO THE LOG

METHOD

HA           Hand Auger
SFA        Solid Flight Auger
HFA        Hollow Flight Auger
DHH        Down Hole Hammer
WB         Wash Boring
RM          Rotary Mud

WATER
SWL: Static water Level
WS: Water Strike

GNE          Groundwater Not Encountered
CONSISTENCY INDEX
S                Soft
F                 Firm
ST              Stiff

DENSITY INDEX
FB              Friable
VL              Very Loose
MD            Medium Dense
D                Dense
VD             Very Dense

PLASTICITY INDEX
LP              Low Plasticity
MP            Moderately Plastic
HP             Highly Plastic
MOISTURE CONDITION
D               Dry
M              Moist
W              Wet

WEATHERING

F                Fresh
SW            Slightly Weathered
DW           Distinctly Weathered
EW            Extremely Weathered

BOREHOLE LOG
GROUNDWATER BORE
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GHD Soil Classification: The GHD Soil
Classification is based on Australian
Standards AS 1726-1993.

MB4

Summit Fertilizers

Bore Installation

29 Ocean Street, Kwinana Beach, WA

61\15881\01

18/02/05

18/02/05

6

G Busby

L JefferysEcoprobe Direct Push

50

 sumfb

 sumfb

 sumfb

 sumfb

 sumfb

 sumfb

0.00
0.00

-0.50
0.50

-3.00
3.00

-5.40
5.40

-6.00
6.00

Ground Surface
Sand
Fine sand with silty clay; brown; soft

Sand
Fine; pale yellow, pale brown at depth; soft; traces of shell particles

Sand
Fine to medium; coarse; pale yellow; small to larger shell particles at depth; quartz

Sand
White; moderately cemented

Dry

Moist

Wet

MB4



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

B.C.L. No.:

Easting:
Northing:

Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1

Client:
Project:
Job No.:
Location:
Date Drilled: to:

Drilling Co.:
Driller:
Rig Type: Grid Ref:

Logged by: Checked by:

NOTES:
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor

Components.
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

15
50

0
0

Class 18 PVC Class 18 PVC 0.5

MB4-D

Summit Fertilizer
Biannual Groundwater Monitoring Program
61/18556
29 Ocean St Kwinana Beach

21/8/2007

DPP
Peter Grimwood

Hollow stem auger

CH DP

D
ep

th
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r n
ot

ed
 w

at
er

Ground Surface
Bitumen
Fill
Yellow/limestone road base. Fine grained with
limestone cobbles up to 3 cm
Sand
Darkbrown, fine grained sand
Sand
Light brown, fine grained sand. Smells like
diesel
Sand
Yellow/brown/cream, fine to medium grained
sand
Sand
Yellow/cream, fine to coasre (2%) grained

Sand
Yellow/cream (a bit lighter than previous
layer), fine to coarse grained sand with some
shell fragments up to 1 cm (majority 3-5 mm)

Sand
Grey/cream, very fine grained sand with some
coarse grains and shell fragments up to 1 cm
(majoruty 5 mm)
Sand
Grey very fine to coarse grained sand with
some shell fragments approximately 5 mm

Dry

Wet

0.00
0.00-0.30
0.30

-1.00
1.00

-3.00
3.00

-4.00
4.00

-8.00
8.00

-9.00
9.00

-15.00
15.00

Drill encountered occasional "bands" of limestone from approximately 5 m



Borehole No.:

Page: 1 of 1

CLIENT:

PROJECT:

LOCATION:

JOB No.:

COMMENCED:

COMPLETED:

TOTAL DEPTH (m):

LOGGED BY:

CHECKED BY:CONTRACTOR: EQUIPMENT:

DIAMETER (mm):R.L. SURFACE (m): VERTICAL DATUM:

EASTING: NORTHING: HORIZONTAL DATUM:

KEY TO THE LOG

METHOD

HA           Hand Auger
SFA        Solid Flight Auger
HFA        Hollow Flight Auger
DHH        Down Hole Hammer
WB         Wash Boring
RM          Rotary Mud

WATER
SWL: Static water Level
WS: Water Strike

GNE          Groundwater Not Encountered
CONSISTENCY INDEX
S                Soft
F                 Firm
ST              Stiff

DENSITY INDEX
FB              Friable
VL              Very Loose
MD            Medium Dense
D                Dense
VD             Very Dense

PLASTICITY INDEX
LP              Low Plasticity
MP            Moderately Plastic
HP             Highly Plastic
MOISTURE CONDITION
D               Dry
M              Moist
W              Wet

WEATHERING

F                Fresh
SW            Slightly Weathered
DW           Distinctly Weathered
EW            Extremely Weathered

BOREHOLE LOG
GROUNDWATER BORE
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GHD Soil Classification: The GHD Soil
Classification is based on Australian
Standards AS 1726-1993.

MB5

Summit Fertilizers

Bore Installation

29 Ocean Street, Kwinana Beach, WA

61\15881\01

18/02/05

18/02/05

6

G Busby

L JefferysEcoprobe Direct Push

50

 sumfc

 sumfc

 sumfc

 sumfc

 sumfc

 sumfc

0.00
0.00

-0.50
0.50

-1.80
1.80

-5.80
5.80
-6.00
6.00

Ground Surface
Sand
Fine sand with silty clay; brown; soft

Sand
Fine; pale yellow,slight orange; soft

Sand
Fine to medium; coarse; pale yellow / orange; small to larger shell particles at depth

Sand
Fine to medium grain; grey; traces of shell particles

Dry

Moist

Wet

MB5



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

Easting: Northing:
Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1
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Project:
Job No.:
Location:
Date Drilled:

Drilling Co.:
Rig Type:

Logged by: Checked by:

NOTES:
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SOIL DESCRIPTION
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Components.

M
oi

st
ur

e

C
on

si
st

en
cy Comments

D
ep

th
/

El
ev

at
io

n 
(m

)

GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19.76
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB05-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

16/9/08

DPP
Hollow stem auger

LG AO

Ground Surface
Loamy Sand
Fine grained sand, moderately sorted with
organic matter (roots). Dark grey colour.
Sand
Fine to medium grained sand, poorly sorted,
angular to sub-angular grains with shell
fragments. Buff/grey colour.
Sand
Fine to medium grained beach sand, sub-
angular grains, poorly sorted with larger shell
fragments (~2mm dia). Buff/grey colour.

Sand
Fine to medium grained beach sand
subangular, poorly sorted with larger shell
fragments (~2mm dia). Buff/grey colour with
brown/black fine grained layer.

Clayey Sand
Slightly clayey layer.

Sand
Fine to medium grained sand, poorly sorted
with shell fragments and layers of fine black
heavy minerals. Khaki/grey colour.

Calcarenite
Semi consolidated calcarenite/limestone.

Sand  Calcarenite
Unconsolidated layer of fine to medium
grained, poorly sorted sand with shells and
weathered calcarenite.

Calcarenite
Consolidated limestone/calcarenite,
calcareous plant material.
Calcarenite
Semi consolidated limestone/calcarenite. (No
Sample)

Dry

Wet

0.00
0.00

-1.00
1.00

-2.00
2.00

-6.00
6.00

-8.00
8.00

-10.00
10.00

-12.00
12.00

-13.00
13.00

-15.00
15.00

-16.00
16.00

-20.00
20.00



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

B.C.L. No.:

Easting:
Northing:

Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1

Client:
Project:
Job No.:
Location:
Date Drilled: to:

Drilling Co.:
Driller:
Rig Type: Grid Ref:

Logged by: Checked by:
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

15
50

0
0

Class 18 PVC Class 18 PVC 0.5

MB6-D

Summit Fertilizers
Biannual groundwater monitoring program
61/18556
29 Ocean St Kwinana Beach

20/9/2007

DPP
Peter Grimwood

Hollow stem auger

CH DP

D
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Ground Surface
Topsoil
Grassand topsoil with organic matter
Sand
Brown. fine to medium grained sand with
some rootlets
Sand
Yellow/cream, fine to medium grained sand

Sand
Yellow/cream, fine to coarse (~1 mm) grained
sand with some shell fragments (~1 mm)

Sand
Grey, fine to medium grained sand with some
coarse grains (~1 mm), shell fragments (~1
mm) and some limestone cobbles (~2-3 cm)

Limestone
Limestone encountered

Dry

Wet

0.00
0.00-0.35
0.35

-4.00
4.00

-9.00
9.00

-14.50
14.50
-15.00
15.00



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

Easting: Northing:
Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1
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Date Drilled:
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Rig Type:
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19.5
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB07-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

16/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Loamy Sand
Fine grained sand, poorly sorted with organic
matter and silt/clay. Brown colour
Sand
Fine to medium grained sand (beach sand),
moderately to poorly sorted, feldspar and
quartz rich sand with subangular grains.
Orange/beige colour.

Sand
Fine to medium grained sand, poorly sorted
with shells (bivalves) and heavy minerals,
subrounded grains with CaCO3 matrix.
Grey/khaki colour.

Calcarenite  Sand
Fine to medium grained sand, subrounded
grains, moderately to poorly sorted with
moderately to slightly weathered calcarenite,
moderately cemented.

Calcarenite
Moderately cemented calcarenite, with fine to
medium grained, subrounded grains of sand
(beach sand). Grey/yellow colour.

Calcarenite
Moderately to well cemented calcarenite with
fine to medium grained, subrounded sand.
Beige/grey colour.

Dry

Wet

0.00
0.00

-1.00
1.00

-9.50
9.50

-14.00
14.00

-16.00
16.00

-17.50
17.50

-20.00
20.00



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

B.C.L. No.:

Easting:
Northing:

Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1

Client:
Project:
Job No.:
Location:
Date Drilled: to:

Drilling Co.:
Driller:
Rig Type: Grid Ref:

Logged by: Checked by:

NOTES:
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

6.5
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Class 18 PVC Class 18 PVC 0.5

MB8

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/18556
29 Ocean St Kwinana Beach

21/8/2007

DPP
Peter Grimwood

Hollow Stem Auger

CH DP
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er
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Ground Surface
Fill
Yellow/brown road base. Fine to medium
grained with some limestone cobbles up to 3
cm. Limstone rocks up to 10 cm were present
on the surface
Sand
Dark brown, fine grained sand

Sand
Yellow/cream, fine grained sand

Sand
Yellow/cream, fine to coarse grained sand
with shell fragments up to 5 mm. Well sorted,
majority of sand coarse grained

Sand
Yellow/cream, fine to coarse grained sand
with shell fragments up to 1 cm. Majority of
sand med grained

Dry

Wet

0.00
0.00

-0.50
0.50

-1.00
1.00

-5.00
5.00

-6.00
6.00

-7.00
7.00



BOREHOLE LOG
ENVIRONMENTAL - GROUNDWATER

Total Depth (m):
Diameter (mm):

B.C.L. No.:

Easting:
Northing:

Collar RL:

Casing Material: Screen Material: Screen Slot Size (mm):

Bore No.:

Page: 1 of 1

Client:
Project:
Job No.:
Location:
Date Drilled: to:

Drilling Co.:
Driller:
Rig Type: Grid Ref:

Logged by: Checked by:

NOTES:

DRILLING
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SOIL DESCRIPTION
Soil Type (Classification Group Symbol);
Particle Size; Colour; Secondary / Minor

Components.
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

7
50

0
0

Class 18 PVC Class 18 PVC 0.5

MB9

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/18556
29 Ocean St Kwinana Beach

21/8/2007

DPP
Peter Grimwood

Hollow stem auger

CH DP

D
ep
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er

Ground Surface
Topsoil
Topsoil with rootlets
Sand
Dark brown, fine grained sand
Sand
Dark brown, fine grained sand grading to
Yellow/cream fine grained sand

Sand
Yellow/cream, fine to medium grained sand
with teh occasional (~1%) coarse grain

Sand
Yellow/cream, fine to coarse grained sand
with shell fragments 2-3 mm

Sand
Yellow/cream/brown, fine to coarse sand with
shell fragemts 2-3 mm and occasional whole
shell ~1 cm. Higher coarse fraction that above
layer
Sand
Yellow/cream, fine to coarse (~50 % coarse)
grained sand with shell fragments to 5 mm

Dry

Wet

0.00
0.00

-0.50
0.50

-1.00
1.00

-4.00
4.00

-5.00
5.00

-5.50
5.50

-7.00
7.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

16.5 m
50 mm

384943 6431502

PVC PVC 5 mm

MB9D

Summit Fertilisers
Groundwater Investigation
61/24547
Kwinana Beach

9/9/09

Proline
Air Core

AB AO

Ground Surface
TOPSOIL
Dark brown, quartz sand with high OM
fraction, medium grained, moderately-well
sorted.

SAND
Grey/beige, medium grained, minor calcium
carbonate fraction, moderately-well sorted.
SAFETY BAY SAND
Cream, medium grained, calcium carbonate
sand with minor quartz fraction, moderately-
well sorted.

SAFETY BAY SAND
Cream, coarse grained, calcium carbonate
sand with minor quartz fraction, moderate-well
sorted, subangular-subrounded.
SAFETY BAY SAND
Cream/pale yellow, coarse grained, calcium
carbonate and quartz sand, shell, angular-
subangular, moderately sorted.

SAFETY BAY SAND
Cream, medium grained, moderate-well
sorted.
LIMESTONE
Cream, weakly cemented (friable), mix with
coarse sand and shell fraction.

2 - 4m Increasing
coarseness and shell
fraction.

4 - 6.5m Decreasing
coarseness.

0.00
0.00

-0.70
0.70

-1.20
1.20

-2.50
2.50

-3.00
3.00

-6.40
6.40

-6.80
6.80
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

16.5 m
50 mm

384943 6431502

PVC PVC 5 mm

MB9D

Summit Fertilisers
Groundwater Investigation
61/24547
Kwinana Beach

9/9/09

Proline
Air Core

AB AO

LIMESTONE
Mixed with Safety Bay Sands, fine-medium
grained, high shell fraction, poorly sorted.
Sand within pores of cemented limestone.

LIMESTONE
Cream/yellow, moderately-highly cemented.

11 - 13m Grey sand and
shell increasing
coarseness. Increasing
limestrone fraction.

-10.60
10.60

-13.20
13.20

-16.50
16.50
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

7

0
0

Class 18 PVC Class 18 PVC 0.5

MB10

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/18556
29 Ocean St Kwinana Beach

20/8/2007

DPP
Peter Grimwood

Hollow stem auger

CH DP

D
ep

th
 d

ril
le

r n
ot

ed
 w

at
er

Ground Surface
Bitumen
Fill
Yellow sand - road base
Sand
Brown, fine to medium grained sand with
limestone cobbles up to 3 cm
Sand
Light brown/cream, fine grained sand
Sand
Yellow/cream, fine to medium grained sand

Sand
Yellow/cream, fine to coarse grained (~1 mm)
with some shell fragemtns (2-5 mm)

Sand
Same as above but with a higher coarse grain
percentage

Sand
Same as above but with conglomerates ~ 1
cm

0.00
0.00

-0.50
0.50
-0.75
0.75

-2.50
2.50

-3.50
3.50

-5.50
5.50

-7.00
7.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19.76
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB011-S

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

15/9/08

DPP
Hollow stem auger

LG AO

Ground Surface
Loamy Sand
Fine grained sand, moderately sorted with
organic matter (roots). Bright/dark grey colour.

Sand
Fine to medium grained sand, moderately to
poorly sorted with shell fragments. Buff/grey
colour.

Sand
Medium to coarse grained sand, poorly sorted
with larger shell fragments (~2mm dia).
Buff/grey colour.

Dry

Wet

0.00
0.00

-1.00
1.00

-2.00
2.00

-8.00
8.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19.76
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB011-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

15/9/08

DPP
Hollow stem auger

LG AO

Ground Surface
Loamy Sand
Fine grained sand, moderately sorted with
organic matter (roots). Bright/dark grey colour.
Sand
Fine to medium grained sand, moderately to
poorly sorted with shell fragments. Buff/grey
colour.
Sand
Medium to coarse grained sand, poorly sorted
with larger shell fragments (~2mm dia).
Buff/grey colour.

Clay/Silt
Brown silt/clay.

Calcarenite
Semi-consolidated calcarenite with fine to
medium grained sand, subangular grains,
poorly sorted with large shells (bivalves).
Khaki/grey colour.

Calcarenite
Weathered calcarenite, light grey/white
colour, poorly sorted with consolidated clay
matter (tufa) and plant matter.

Dry

Wet

0.00
0.00

-1.00
1.00

-2.00
2.00

-7.00
7.00

-8.50
8.50

-13.00
13.00
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21.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

6
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB012-S

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

15/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Bitumen
Clayey Sand
Fine grained sand with clay, subangular
grains, brown colour

Sand
Fine to medium grained sand, quartz and
feldspar rich with shell fragments, subangular
grains. Beige/tan colour.

Dry

Wet

0.00
0.00-0.20
0.20

-1.00
1.00

-6.00
6.00
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ENVIRONMENTAL - GROUNDWATER
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19.76
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB12-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

15/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Bitumen
Sandy Clay
Fine grained sand with clay, brown colour
Clayey Sand
Fine grained sand, tan brown colour.
Clayey Sand
Fine to medium grained sand (beach sand),
moderately to poorly sorted feldspar and
quartz rich sand, subangular
grains.Orange/beige colour.

Sand
Fine to medium grained sand (beach sand)
with minor lenses of calcarenite (poorly
cemented). Beige colour.

Sand  Calcarenite
Poorly sorted sand with shells and heavy
minerals, subrounded grains, fine to medium
grained with CaCO3 matrix and lenses of
poorly to moderately cemented calcarenite.
Beige/grey colour.

Calcarenite
Moderately cemented calcarenite with lenses
of fine to medium graind sand, moderately to
poorly sorted with heavy minerals. Beige/grey
colour.

Dry

Wet

0.00
0.00
-0.60
0.60

-6.00
6.00

-8.00
8.00

-14.50
14.50

-21.00
21.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

20
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB13

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

17/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Loamy Sand
Fine to medium grained sand, moderately to
poorly sorted with organic matter. Brown
colour.

Sand
Fine to medium grained sand, subangular
grains, moderately sorted with shell
fragments, quartz and feldspar rich sand.
Beige/yellow sand.

Dry

Wet

0.00
0.00

-1.00
1.00

-6.00
6.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

22.4 m
50 mm

384863 6431557

PVC PVC 5 mm

MB14

Summit Fertilisers
Groundwater Investigation
61/24547
Kwinana Beach

9/9/09

Proline
Air Core

AB AO

GW-4

GW-5

GW-6

GW-7

GW-8

GW-9

GW-10 / QA1 / QA2

Ground Surface
TOPSOIL
Dark brown, quartz sand with high OM
fraction, medium-coarse grained.
ROADBASE
Limestone/sand mix.
SAFETY BAY SAND
Grey/beige, fine-medium grained, moderate-
well sorted, quartz with minor calcium
carbonate fraction.
SAFETY BAY SAND
Cream, limestone sand, fine-medium grained,
moderate-well sorted, quartz and shell, minor
limestone.

LIMESTONE
Friable with medium grained limestone sand
fraction.

SAFETY BAY SAND
Grey sand and limestone gravel mix, medium-
coarse grained, high shell content.
SAFETY BAY SAND
Grey, calcium carbonate sand, fine-medium
grained, well sorted, subrounded-rounded.

SILTY SAND
Grey, fine-medium grained.

1.5 - 4.3m Increasing
coarseness and shell
fraction.

4.5 - 5.5m Return to
medium grain size.

Chemical odour.

Strong odour.

0.00
0.00

-0.60
0.60

-1.20
1.20

-4.80
4.80

-7.40
7.40
-7.80
7.80

-10.00
10.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

22.4 m
50 mm

384863 6431557

PVC PVC 5 mm

MB14

Summit Fertilisers
Groundwater Investigation
61/24547
Kwinana Beach

9/9/09

Proline
Air Core

AB AO

SILTY SAND
Grey, possible minor clay fraction, high shell
content.
SILTY SAND
Grey, high limestone gravel content, lesser
whole shell fraction.
LIMESTONE
Limestone/shell gravels with some grey silty
sand.
LIMESTONE
Highly cemented.

LIMESTONE
Limestone and shell gravel mix with some
coarse limestone sand.

LIMESTONE
Limestone and strongly cemented clay mix.
LIMESTONE

CLAY
Blue/grey with green/brown mottling.

Oxidising at surface -
bubbling and white film
forming on water surface.

Strong ammonia odour.

High water yielding. Very
cavernous.

-14.50
14.50

-15.00
15.00

-15.50
15.50

-16.00
16.00

-19.80
19.80

-20.80
20.80
-21.10
21.10

-22.20
22.20
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB014-S

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

17/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Bitumen

Roadbase
Limestone roadbase

Loamy Sand
Fine to medium grained sand with subangular
grains with silt/clay.
Sand
Fine to medium grained beach sand,
subangular grains, moderately sorted with
shell fragments. Beige/yellow colour.

Dry

Wet

0.00
0.00
-0.20
0.20

-0.60
0.60

-1.00
1.00

-6.00
6.00
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GHD Soil Classifications: The GHD Soil Classification is based on Australian Standards AS 1726-1993.

19
50

0 0

Class 12 PVC Class 12 PVC 0.5

MB14-D

Summit Fertilizers
Biannual Groundwater Monitoring Program
61/22452
29 Ocean St Kwinana Beach

17/9/08

DPP
Hollow stem auger

CJ AO

Ground Surface
Bitumen
Roadbase
Limestone roadbase
Loamy Sand
Fine to medium grained sand with subangular
grains with silt/clay.
Sand
Fine to medium grained beach sand,
moderately sorted with silt, feldspar and
quartz rich sand with shell fragments.
Beige/yellow colour.

Sand
Fine to medium grained sand (beach sand),
subangular grains with shell fragments and
lenses of calcarenite (poorly cemented).
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Calcarenite
Moderately cemented calcarenite with lenses
of fine to medium graind sand, subrounded
grains with shell fragments. Beige colour.
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Medium to well cemented calcarenite with
lenses of sand (beach sand), fine to medium
grained, moderately sorted, subrounded
grains. Beige colour.

Dry

Wet
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Summary 

A Borehole Conductivity Logging survey was conducted at Summit Fertilizer’s Kwinana 

Beach.  The objective of the survey was to assist GHD in monitoring a local ammonia plume. 

Thirteen boreholes were surveyed, with results in two of these consistent with results 

expected from ammonia-polluted groundwater. In four of the boreholes, the information is 

inconclusive as the boreholes do not reach the depth at which ammonia is seen. It is 

recommended that these areas are investigated further (e.g. by ERI and/or deeper 

boreholes). It is also recommended that borehole MB3 be conductivity surveyed, as this is in 

proximity to the boreholes showing increased conductivity. 

 

1. Introduction 

In February 2011, Groundprobe Geophysics conducted a Borehole Conductivity Logging 

survey at Summit Fertilizer’s Kwinana Beach plant. The purpose of this survey was to assist 

GHD in monitoring a previously identified ammonia plume. Thirteen boreholes were logged, 

with four boreholes of depth approximately five metres, while all others reached between 16 

and 22 metres.  

 

2. Survey Methodology 

On the 16th and 17th of February, Groundprobe Geophysics conducted a Borehole 

Conductivity Logging survey of thirteen boreholes using a 2PIA-1000 Poly Induction Probe, 

manufactured by Mt Sopris Instruments. The probe operates on the principle of 

electromagnetic induction.  An AC current in a transmitter coil generates an alternating 

primary magnetic field, which in turn induces current flow in the material surrounding the 

borehole.  The secondary magnetic fields associated with the induced currents are detected 

at the receiver coil, and may be used to infer the conductivity.  Conductivity is calculated 

according to the so-called low induction number (LIN) approximation, whereby there is a 

linear relationship between conductivity and the measured secondary magnetic field.  The 

main probe parameters (frequency, transmitter-receiver separation etc) have been chosen so 

that he LIN approximation is valid for conductivities less than ~1000 mS/m.  At conductivities 

higher than this the LIN assumption causes the probe to underestimate the actual ground 

conductivity.  A correction is applied during post-processing to compensate for the 

underestimation of high conductivities.  To avoid spurious results due to the presence of 
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conductive water in the borehole, the probe is not sensitive to material within 10 cm of the 

probe axis. The radius of maximum sensitivity is 28 cm from the probe axis.  Vertical 

resolution is approximately 65 cm. 

Conductivity measurements are highly sensitive to temperature changes as thermal 

expansion and contraction causes slight changes in the transmitter-receiver geometry. To 

minimize the effect of temperature variations, the probe was lowered to the bottom of each 

borehole and left to reach thermal equilibrium. Measurements were then taken as the probe 

was slowly removed from the hole. A calibration measurement was conducted after each 

hole had been logged, using a calibration jig supplied by the manufacturer.  The calibration 

information was used to make final corrections to the measured conductivities during post-

processing.  The first borehole log measured (MB15D) was re-logged at the end of the 

survey to ensure repeatability of measurements.  A plot showing the original and repeat logs 

is provided at the end of this report. 

It should also be noted that borehole 3D was scheduled to be surveyed, but was inaccessible 

due to the presence of stockpiled product that could not be re-located. 

 

3. Results and Interpretation 

Data processing included application of the calibration corrections based on the calibration 

data collected in the field.  A low induction number correction (see Section 2 above) was 

applied to those logs showing conductivities in excess of several hundred mS/m, so that high 

conductivities are correctly represented in the final dataset. 

Thirteen conductivity versus depth logs are provided with this report.  The logs show the 

generally low conductivities found in the area (≤100 mS/m), as well as the high conductivities 

likely to denote the ammonia plume (≈1000 mS/m).  Some logs (e.g., MB2D, MB9D, MB13) 

show thin zones of negative conductivity. These are artifacts of the inductive conductivity 

method, and are due either to highly conductive layers significantly thinner than the probe 

transmitter-receiver separation (50 cm), or possibly to metal objects either in or immediately 

adjacent to the borehole. 

 

4. Conclusions 

The Borehole Conductivity Logging survey at the Summit Fertilizers Kwinana Beach plant 

successfully identified boreholes with high conductivity, indicative of high Total Dissolved 

Solids and therefore of ammonia concentration. High conductivity was only identified in two 
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boreholes central to the northeastern boundary of the property, MB4D and MB6DD. In six 

other boreholes, low conductivities indicate a low TDS, and therefore low ammonia 

concentration. Four boreholes were of insufficient depth and so useful data could not be 

gathered. We have provided an image below which shows the relative locations of boreholes 

with high conductivities, normal conductivities and those of insufficient depth. Groundprobe 

recommends further monitoring be conducted via extending the depth of shallow boreholes, 

as well as characterising the plume along the northeastern boundary using Electrical 

Resistivity Imaging.  

 

5. Disclaimer 

The interpretations contained in this report are based on the training and experience of the 

author and information passed on during the course of the investigation.  As with all 

geophysical data, multiple interpretations are possible.  The client is advised to consider 

information from all available sources prior to making a decision on how to proceed. 

 

Sean Simpson 

Geophysicist 
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Conductivity vs Depth for Borehole MB1
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Conductivity versus Depth for Borehole MB2D
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Conductivity versus Depth for Borehole MB4D
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Conductivity versus Depth for Borehole MB5D
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Conductivity versus Depth for Borehole MB6DD
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Conductivity versus Depth for Borehole MB7D
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Conductivity versus Depth for Borehole MB8
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Conductivity versus Depth for Borehole MB9D
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Conductivity  versus Depth at Borehole MB10
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Conductivity versus Depth for Borehole MB11D
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Conductivity versus Depth for Borehole MB12D
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Conductivity versues Depth for Borehole MB13
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Conductivity versus Depth for Borehole MB15D
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Borehole MB15D - Original log (dashed line) vs Repeat log at end of survey (solid line)
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11 April 2011 

 

Attn: Alyssa Barron 

Environmental Scientist 

GHD Pty Ltd 

GHD House 

239 Adelaide Terrace 

PERTH  WA  6233 

 

Dear Alyssa, 

RE: AMMONIA PLUME MONITORING, SUMMIT FERTILIZER PLANT, KWINANA 

BEACH, WA 

Please find attached our report on ERI surveys conducted at the Summit Fertilizer Plant to 

assist with ammonia plume resistivity monitoring. 

If you have any questions in relation to the report or its findings, or if we can be of further 

assistance, please do not hesitate to contact the undersigned or Dr. Greg Turner. 

Best regards, 

 

 

TRISTAN KEMP 

OPERATIONS MANAGER 
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Disclaimer 

The interpretations contained in this report are based on the training and experience of the 

author and information passed on during the course of the investigation. As with all 

geophysical data, multiple interpretations are possible. The client is advised to consider 

information from all available sources prior to making a decision on how to proceed. 

 

Michelle Byett 

Geophysicist 
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Summary 

The March 2011 ERI survey conducted by GroundProbe Geophysics Pty Ltd at the Summit 

Fertilizers Plant in Kwinana Beach was successful in imaging a conductive feature consistent 

with concentration plots provided of a known ammonia plume in the north-east of the site. 

Based on the lines surveyed, the conductive feature does not extend beyond lines 1 and 2, 

or to line 3. This feature appears to be constrained to a depth range of between 5 – 15m 

below the survey lines, except to the north-east of borehole MB6D, where high conductivities 

extend to greater depths. 

Three conductive features were identified at the south-western end of line 2 that are 

apparently discrete, however as seen in the LCI inversion, it seems that these features may 

actually be a continuation of the predominant conductive feature. Ground truthing including 

on-site inspection and a drilling program is recommended to establish whether these features 

represent ammonia plumes and whether they are indeed connected to the predominant 

conductive feature. 

The ERI sections showed very good correlation with the downhole conductivity logging 

acquired by GroundProbe in February 2011. It is recommended that further conductivity 

logging and ERI surveys be performed on a 6 monthly basis to monitor groundwater 

conductivity variations and to track any migration of the conductive feature. 
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1 Introduction 

In March 2011, GroundProbe Geophysics Pty Ltd (GroundProbe) conducted electrical 

resistivity imaging (ERI) around the Summit Fertilizers Plant in Kwinana Beach to assist with 

monitoring of a previously identified ammonia plume. Downhole conductivity logging of 

13 boreholes in February 2011 (GroundProbe report reference LI1358GH_3.1) showed high 

conductivities coincident with the plume to the north-east of the plant, providing the basis for 

this ERI survey. 

The ERI data was acquired over two days in March 2011. Please refer to Appendix A for the 

logistics summary. No health, safety, lost time injury or environmental incidents occurred 

during the data acquisition period. 

Figure 1.1 shows the location of the ERI survey lines with respect to the Summit Fertilizer 

Plant. 

 

Figure 1.1: Site map showing surveyed ERI lines in red. 
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2 Survey methodology 

Electrical Resistivity Imaging (ERI) is a geophysical method that produces detailed two-

dimensional cross-sections of the electrical resistivity of the subsurface.  

The method works by the injection of a direct current into the ground via two current 

electrodes and measurement, using a pair of potential electrodes, of the potential difference 

resulting from the flow of current in the subsurface. 

A series of such measurements at a range of current and potential electrode separations 

and/or geometries can be used to reconstruct the distribution of electrical resistivity (or its 

reciprocal, conductivity) beneath the electrode array. Measurements at small electrode 

separations and/or small offsets between the current and potential dipoles provide 

information on the shallow subsurface, while larger spacings and offsets provide deeper 

information. 

Choice of the optimal electrode spacing is a trade off between signal-to-noise characteristics, 

resolution and depth penetration. The resulting cross-sectional images show changes in 

resistivity both laterally and with depth. Subsurface resistivity variations may relate to 

variations in lithology, porosity, water saturation, water salinity or clay content. 

Data acquisition was performed using a Syscal Pro 10 channel ERI system with up to 72 

electrodes recording at any one time using a 3 cable spread (24 electrodes to each cable). 

During each cable move-up along the survey line, 2 cables remained in place to ensure data 

overlap occurred with each measurement. The electrodes were spaced at 2m intervals. 

Measurements were performed using a combination of the dipole-dipole and reverse 

Schlumberger electrode arrays. Due to the presence of asphalt and hard-packed dirt, holes 

were drilled for the ERI electrodes across most of the survey area. 

ERI acquisition parameters are summarized in Table 2.1. 

Table 2.1: ERI acquisition parameters 

Instrumentation Syscal Pro (10 channel) 

Survey spread 72 electrodes (stainless steel) @ 2m spacing 

Array 2D (Combined Dipole-Dipole and reverse Schlumberger) 

 

Please refer to Appendix C for a more detailed technical description of the ERI method. 
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3 Data processing 

The ERI data acquired was processed to eliminate noise and erroneous data and inverted 

using two independent methods to produce final resistivity cross-sections. 

3.1 Editing data 

Noise and erroneous data can adversely affect the inversion process, and so are edited out 

prior to inversion. Editing was performed using two approaches: 

• Automated removal of data points where the standard deviation, voltage, current and 

resistivity values fell outside specific ranges. These ranges were selected on the 

basis of system specifications and site conditions. 

• Manual removal of individual data points identified by plotting the data as 

pseudosections and sounding curves. 

3.2 Inversion process 

The edited ERI data was inverted using the Loke resistivity inversion software for a 2D 

model, and separately using the Aarhus Workbench inversion software for a 1D LCI (laterally 

constrained inversion) model. These two inversion techniques are complimentary and 

comparison of inversion results allows for easy identification of any inversion artefacts that 

may have been introduced during the inversion process. 

GroundProbe’s experience with Loke’s 2D inversion software has shown that for sharply 

defined bodies and high contrasts, better results can be obtained with L1 norm or robust 

inversions and this approach was used for this data set. The inversion produces a resistivity 

cross-section, which is an averaged indication of the true electrical resistivity of the 

subsurface.  

In the Aarhus Workbench software, the ERI data is inverted using a smooth 19-layer model. 

Each individual sounding was inverted to obtain a best fit 1D (layered) model. Quasi-2D 

resistivity cross-sections were constructed by stitching together a series of adjoining 1D 

inversion models. The 1D models are “laterally constrained” to minimise jitter between 

neighbouring soundings and improve depth sensitivity in shallow dipping layered or semi-

layered media.  

3.3 Sensitivity 

All Loke ERI inversion cross-sections were then clipped based on sensitivity. The pattern of 

sensitivity distribution in a cross-section is slightly different for each electrode array. 
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Sensitivity indicates to what degree the potential measured by the array is influenced by a 

change in the resistivity of a portion of the subsurface. Where sensitivity is high, the 

subsurface region has a greater influence on the measurement. In areas of high sensitivity, 

high confidence is placed in the inversion result as the higher sensitivity indicates more 

reliable model resistivity values, with the opposite true as well. Areas of low sensitivity are 

therefore edited out of the cross-section, as the confidence in the inversion result at this point 

is low.  

Sensitivity information is produced by the Aarhus Workbench software for the LCI inversion 

results, however at present the software does not allow for exporting of this information and 

so the data has not been clipped based on sensitivity. The sensitivity pattern of each LCI 

inversion result was found to agree reasonably well with the sensitivity pattern produced from 

the Loke inversion (in reality showing higher sensitivities for a greater depth than the Loke 

inversion). As such, it is acceptable to project the sensitivity profile used to clip the Loke 

inversion result onto the LCI inversion cross-section to give an indication of the reliability of 

the inversion result at depth. 

 



Report to GHD 

on ammonia plume monitoring, Summit Fertilizers, Kwinana Beach 

LI1358GH_4 

COMMERCIAL IN CONFIDENCE 5 

4 Results and interpretation 

Cross-sectional images of the ERI inversion results are presented in Appendix B. Both the 

Loke and LCI inversion results are presented for each line, and generally show good 

agreement between the two inversion results. 

The ERI colour scale has been designed to show dry surface material as light to dark blue 

(more resistive). Warmer colours (oranges to reds) denote areas of increased conductivity. 

The conductivity logs of the monitoring bores previously surveyed have been projected onto 

the survey lines. The ERI lines did not exactly intersect all of the surveyed monitoring bores 

and as such some have been projected from approximately 15m onto each ERI line. 

Based on records from the Bureau of Meteorology there was no rainfall in the time between 

the conductivity logging and the ERI survey being undertaken (Figure 4.1). Groundwater 

recharge of the region can impact on the concentration of the ammonia plume and therefore 

observed conductivity may increase in times of low rainfall. The lateral extent of a conductive 

feature may also be influenced by rainfall as increased groundwater recharge carries the 

conductive plume further.  

A three-dimensional view of the ERI sections is shown in Figure B4. Orthogonal lines show 

excellent agreement where they intersect. There is generally very good agreement between 

the borehole resistivity logs and the nearest ERI sections. 

 

Figure 4.1: Annual rainfall for the Kwinana region. 
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The ERI cross-sections illustrate some interesting features. In general, most sections show a 

resistive near-surface layer corresponding to unsaturated sands. 

Intersecting ERI lines 1 and 2 both show a predominant conductive feature in excess of 

300 mS/m at 5m depth extending beyond 10m depth. This conductive feature corresponds 

well to the concentration plots provided by the client of a known ammonia plume. Based on 

the lines surveyed, it does not extend beyond lines 1 and 2, or to line 3. The lateral extent for 

this predominant conductive feature is 100m in a NE-SW direction between 384820 and 

384910 mE along line 1, with a section of highly elevated conductivity (≥ 600 mS/m) 

identified between 384835 and 384885 mE along line 1.  

The predominant conductive feature that is seen on line 1 is likewise observed to the south-

west of 6431580 mN on line 2, extending for approximately 120m in a south-westerly 

direction. There are also three apparently discrete conductive features observed at the south-

west of line 2. The entire conductive region of lines 1 and 2 appears to be constrained to a 

depth range of between 5 – 15m below the survey lines, except north-east of borehole MB6D 

on line 2, where the predominant conductive feature seems to extend to greater depths. In 

the likely event that this conductive feature represents an ammonia plume, this increased 

conductivity at depth could represent a seepage path for the ammonia plume. 

The three additional conductive features observed on line 2 are identified as A, B and C, with 

centre points as recorded in Table 4.1. Especially apparent in the LCI inversion result, it 

seems that these conductive features may actually be a continuation of the predominant 

conductive feature rather than isolated features. Ground truthing including on-site inspection 

and a drilling program is recommended to establish whether these features represent 

ammonia plumes and whether they are indeed connected to the predominant conductive 

feature. 

The lack of sensitivity at the south-western end of line 2 is a result of proximity to building 

foundations, and as such the depth of investigation for the ERI survey is greatly reduced. 

Table 4.1: Centre points of conductive features identified on ERI line 2. 

Point Easting (mE) Northing (mN) 

A 384837 6431530 

B 384828 6431520 

C 384817 6431505 
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5 Conclusions 

The ERI lines acquired showed very good correlation with the borehole conductivity logs that 

were acquired by GroundProbe Geophysics in February 2011. 

The predominant conductive feature that was observed in lines 1 and 2 shows good 

correlation with the concentration plots provided of a known ammonia plume in the north-east 

of the site. This conductive feature appears to be elongated slightly in a NE-SW direction, as 

shown in Figure 5.1. At its widest, it measures 120m in a NE-SW direction and 100m in a 

NW-SE direction.  

Three conductive features were identified in line 2 that are apparently discrete, however as 

seen in the LCI inversion, it seems that these features may actually be a continuation of the 

predominant conductive feature. These conductive features have been included in the 

interpreted extent of the overall conductive region illustrated in Figure 5.1. 

The overall conductive region appears to be constrained to a particular depth range of 

between 5 – 15m below the survey lines, with the exception of an area extending north-east 

from borehole MB6D. In this location high conductivities appear to extend to greater depths. 

In the likely event that the predominant conductive feature represents an ammonia plume, 

this increased conductivity at depth could represent a seepage path for the ammonia plume. 

No conductive features were observed on line 3 at the western edge of the plant buildings. 

 

Figure 5.1: Interpreted extent of conductive region located at north-east of site. 
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6 Recommendations 

Ground truthing in the form of on-site inspection and a drilling program is recommended to 

determine the cause of a number of apparently discrete conductive features that were 

observed at the south-west of line 2, and to determine any possible connection they may 

have to the main conductive plume. 

We recommend the ERI surveys are conducted again at 6 and 12 month intervals to assess 

both seasonal and yearly variations. 

We also recommend the repeat conductivity logging of boreholes MB4D, MB6D, and MB9D 

and the additional logging of boreholes close to the south-western extent of line 2 (for 

instance the existing MB3) to assist in confirming groundwater conductivity variations and to 

track any migration of the plume. 
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Logistics summary 



 

 

 

WEST COAST 
ABN 89 102 329 484 

 
1/288 Victoria Road, Malaga 
Western Australia 6090 
Tel:  +61 (0) 8 9378 8000 
Fax: +61 (0) 8 9378 8001 
 
info@groundprobe.com 

ERI WEEKLY LOGISTICS SUMMARY 

CLIENT:   Alyssa Barron (GHD Pty Ltd) 

JOB #: LI1358GH 

REPORTING PERIOD: Tuesday, 22/03/2011 – Wednesday, 23/03/2011 

PRODUCTION SUMMARY 

LOCATION PROPSECT DISTANCE SURVEYED 

Kwinana Beach Summit Fertilizer Plant 3 lines 

 TOTAL 3 lines 

PRODUCTION ISSUES 

• 22/3/2011 Ground very hard – second drill required to achieve production rate 

EHS AND OTHER ISSUES 

• Nil 

 

INVOICING SUMMARY – PRODUCTION 

Amount Item Cost

1 Delivery of scope of work $22,500.00 lump sum $22,500.00

TOTAL (EXCL. GST) $22,500.00

Rate

 

 

LOGISTICS  

DATE PERSONNEL ACTIVITY CHARGES 

22/03/2011 SL MN WM Production 
ERI survey Line 1 
Drilling and laying Line 2 
 

lump sum 

23/03/2011 SL MN WM Production 
ERI survey Lines 2 and 3 
 

lump sum 
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1 Electrical Resistivity Imaging Survey method 

Electrical geophysical approaches are widely applicable to mining, geotechnical and 
environmental applications. Electrical resistivity imaging (ERI) is used to produce 
detailed cross sections of the subsurface resistivity distribution, laterally and with 
depth, in either two or three dimensions (2D or 3D). Changes in resistivity may 
indicate: 

• conductive or resistive bodies (i.e. resistive pisolite CID ore bodies); 

• changes in lithology, mineral or clay content; 

• changes in groundwater saturation (i.e. porosity); and/or 

• changes in groundwater conductivity (i.e. pore fluid conductivity). 

ERI can also monitor changes in groundwater conditions to very high precision, 
which is particularly useful for tracking saline water and/or pollutants. 

Acquisition for electrical resistivity surveying begins by injecting current into the 
ground via current electrodes (C1 and C2) and measuring the instantaneous voltage 
response between voltage electrodes (P1 and P2). In theory it would be ideal to 
place electrodes as closely as possible, and to acquire data for every conceivable 
electrode configuration. In practice, this would take far too long for production 
surveys. To determine the most suitable line length, electrode spacing and electrode 
array to use trade-offs must be made between signal-to-noise characteristics, 
resolution and depth penetration. Some commonly used electrode arrays and their 
associated characteristics include: 

• Dipole-dipole: very high resolution but with limited depth penetration and poor 

signal-to-noise ratio; 

• Pole-pole: much better depth penetration with good signal-to-noise ratio but at 

the expense of resolution; and 

• Wenner: provides a compromise between these two with good signal-to-

noise, intermediate depth penetration and resolution. 

Figure 1.1a shows how a pseudo-section is created for a Wenner array, 
demonstrating how increasing the spacing between the electrodes increases the 
measurement depth and shifting the electrodes laterally relates to lateral shifts in the 
measured data points. 

Individual ERI measurements are made as per past electrical sounding and profiling 
techniques using multiple electrode arrays. Combining these techniques has recently 
been made possible by using computer-controlled acquisition equipment that can 
accommodate large numbers of electrodes in large numbers of combinations. 
Sophisticated computer algorithms process the data, producing cross sectional and 
3D views of the electrical resistivity of the subsurface. 

Variations in the resistivity can be seen in the cross sectional plots, such as Figure 
1.2.  The output can thus provide assessments of geometric and material properties 
of potential ore zones – or other features – with significantly greater confidence than 
achieved by electromagnetic methods. 
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Part a: sequence of measurements to build a pseudo-section for a Wenner array. 
All possible measurements are made with electrode spacing of ‘1a’ (plotted on data 
level n=1). For the first measurement electrodes 1, 2, 3 and 4 are used for electrodes 
C1, P1, P2 and C2, respectively. For the second measurement the electrodes are 
laterally shifted to positions 2, 3, 4 and 5, and so on. After completing this sequence 
for all possible ‘1a’ combinations, ‘2a’ combinations are then used (plotted on data 
level n=2). The first measurement electrodes used are 1, 3, 5 and 7, the second set 
of electrodes used are 2, 4, 6 and 8, and so on. This process is repeated for 
measurements with ‘3a’, ‘4a’, ‘5a’, and ‘6a’ spacings (plotted on subsequent data 
levels). Increasing the ‘a’ spacing increases the measurement depth and laterally 
shifting electrodes laterally shifts the measured data. 

 

 

 

 

 

 

 

 

 

 

 

Part b: coverage provided by individual sequences of 2 and 3 cable spreads 
(triangular areas) is linked to produce extended data lines. 

Figure 1.1: Schematic of ERI data acquisition 

Individual 2-cable 
datasets 

Individual 2-cable 
dataset 

‘Roll-along’ 3-
cable datasets 
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Figure 1.2: 2D cross section of ERI 

 

1.1   Capabilities and Limitations 

The key capabilities and limitations of ERI are: 

• The technique is typically applicable from surface to depths of 10 to 100 m, 

depending on electrode spacing. Below 100 m, it is difficult to obtain sufficient 

data density and signal strength to collect reliable data; 

• Vertical resolution is typically 10 to 15% of depth (e.g. 4 to 6 m accuracy at 40 

m depth). Given optimum conditions, a 10 m spaced electrode array would 

have acceptable vertical resolution to approximately 80 to 100 m, below this 

depth resolution would deteriorate more rapidly; 

• Lateral resolution is typically similar to the depth of burial (e.g. variations in an 

undulating layer will be averaged out over a distance of about 20 m, for a 20 

m depth of burial); 

• Resolution and penetration depth are very dependent on local ground 

conditions (e.g. conductive overburden can significantly reduce the depth of 

penetration); 

• The approach relies on there being an electrical contrast associated with the 

features to be mapped. If there is no electrical contrast, nothing will be seen in 

the cross-section. 

• ERI images are obtained by mathematical inversions that compute a best-fit 

model of electrical structure to the measured data. It is possible that more 

than one model will fit the data equally well. The risk of this is minimised by 

the collection of high data densities. The use of other a-priori information such 

as borehole lithology logs can assist in producing an accurate subsurface 

representation. 
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1.2 Acquisition 

GroundProbe uses either a hand held GPS (absolute accuracy of approximately ±5 
m) or a RTK DGPS (centimetre accuracy) to locate the start and end of cables along 
the survey lines. The RTK DGPS can also be used to provide topographic 
information to centimetre accuracy if required. 

The method proceeds by inserting stainless steel electrodes into small hyper-saline 
filled moats in the ground along a line at designated electrode spacings of typically 
1 to 10 m. These electrodes are linked up to a central control unit (Iris Instruments 
Syscal Pro transmitter and receiver unit) using 24 channel multicore cables, which 
allow electrodes to be individually addressed (Figure 1.3). GroundProbe’s system 
allows up to 72 electrodes to be connected concurrently. The Syscal Pro is a fully 
automatic imaging system that collects data by cycling through preset combinations 
of current and potential electrodes. 

 

 
 

Figure 1.3: Photo of ERI field data acquisition system 

 

The contact resistance of each electrode with the ground is checked at the Syscal 
Pro and, if necessary, remedial action is taken to improve the electrical ground 
contact of individual electrodes. 

Resistivity measurements are made by injecting current of up to 2.5 Amps (at a 
maximum of 800 V) into the ground through current electrodes (C1 and C2). The 
resulting voltage difference between potential electrodes (P1 and P2) is then 
measured. This process is sequentially repeated for a number of different electrode 
combinations or ‘quadripoles’ (set of 4 electrodes). From the current (I) and voltage 
(V), an apparent resistivity value (ρa) is calculated by ρa = kV/I, where k is the 
geometric factor which depends on the position of the four electrodes. 

Data is acquired using a large number of non-standard quadripole combinations 
derived from 1, 2 or 3 cable spreads using a maximum of 72 electrodes at a time 
(e.g. a 3 cable spread with 24 electrodes per cable at 10 m station spacing would 
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provide a 710 m spread length and yield a theoretical depth penetration of up to 120 
m, with an effective depth penetration of 80 to 100 m). 

Several different electrode array combinations are used to achieve different 
outcomes relating to lateral and vertical resolution, with the survey design tailored to 
maximise the imaging accuracy of the designated target. For surface ERI 
GroundProbe typically uses the Schlumberger-Gradient array (good signal-to-noise) 
in combination with the dipole-dipole array (excellent lateral resolution). This 
combination has been optimised for rapid 10 channel collection of data. 
GroundProbe’s processing approach processes non-standard arrays and combined 
arrays concurrently. 

To acquire data beyond the initial cable spread, a roll along technique is employed, 
where lengths of cable are added to the survey line. Figure 1.1b shows how the roll 
along sections are combined along the survey line. This involves rolling up the trailing 
cable and removing the associated electrodes, laying down a new cable and 
associated electrodes, moving the control box along and repeating the process until 
the desired line length is achieved. 

Data is then quality checked and backed up. Internal checks of the pseudo-section 
data are also carried out periodically (or where deemed necessary) in order to detect 
potential cable integrity issues. Any logistical and productivity issues are noted and 
included in regular logistics reports. 

 

1.3 Processing 

The ERI data acquired was processed to eliminate noise and erroneous data and 

inverted using two independent methods to produce final resistivity cross-sections. 

1.3.1 Editing data 

Noise and erroneous data can adversely affect the inversion process, and so are 

edited out prior to inversion. Editing was performed using two approaches: 

• Automated removal of data points where the standard deviation, voltage, 

current and resistivity values fell outside specific ranges. These ranges were 

selected on the basis of system specifications and site conditions. 

• Manual removal of individual data points identified by plotting the data as 

pseudosections and sounding curves. 

 

1.3.2 Inversion process 

The edited ERI data was inverted using the Loke resistivity inversion software for a 

2D model, and separately using the Aarhus Workbench inversion software for a 1D 

LCI (laterally constrained inversion) model. These two inversion techniques are 

complimentary and comparison of inversion results allows for easy identification of 

any inversion artefacts that may have been introduced during the inversion process. 

GroundProbe’s experience with Loke’s 2D inversion software has shown that for 

sharply defined bodies and high contrasts, better results can be obtained with L1 

norm or robust inversions and this approach was used for this data set. The inversion 
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produces a resistivity cross-section, which is an averaged indication of the true 

electrical resistivity of the subsurface.  

In the Aarhus Workbench software, the ERI data is inverted using a smooth 19-layer 

model. Each individual sounding was inverted to obtain a best fit 1D (layered) model. 

Quasi-2D resistivity cross-sections were constructed by stitching together a series of 

adjoining 1D inversion models. The 1D models are “laterally constrained” to minimise 

jitter between neighbouring soundings and improve depth sensitivity in shallow 

dipping layered or semi-layered media.  

 

1.3.3 Sensitivity 

All Loke ERI inversion cross-sections were then clipped based on sensitivity. The 

pattern of sensitivity distribution in a cross-section is slightly different for each 

electrode array. Sensitivity indicates to what degree the potential measured by the 

array is influenced by a change in the resistivity of a portion of the subsurface. Where 

sensitivity is high, the subsurface region has a greater influence on the 

measurement. In areas of high sensitivity, high confidence is placed in the inversion 

result as the higher sensitivity indicates more reliable model resistivity values, with 

the opposite true as well. Areas of low sensitivity are therefore edited out of the 

cross-section, as the confidence in the inversion result at this point is low.  

Sensitivity information is produced by the Aarhus Workbench software for the LCI 

inversion results, however at present the software does not allow for exporting of this 

information and so the data has not been clipped based on sensitivity. The sensitivity 

pattern of each LCI inversion result was found to agree reasonably well with the 

sensitivity pattern produced from the Loke inversion (in reality showing higher 

sensitivities for a greater depth than the Loke inversion). As such, it is acceptable to 

project the sensitivity profile used to clip the Loke inversion result onto the LCI 

inversion cross-section to give an indication of the reliability of the inversion result at 

depth. 
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Appendix H BoM Rainfall Data 

  



Product code
Station 
number Year Month

Monthly Precipitation 
Total (mm)

Product 
code

Station 
number Year Month

Monthly Precipitation 
Total (mm)

IDCJAC0001 9064 1993 1 2.6 IDCJAC0001 9064 1999 1 44.8
IDCJAC0001 9064 1993 2 20.4 IDCJAC0001 9064 1999 2 0
IDCJAC0001 9064 1993 3 14 IDCJAC0001 9064 1999 3 17.6
IDCJAC0001 9064 1993 4 7.4 IDCJAC0001 9064 1999 4 19.1
IDCJAC0001 9064 1993 5 126.4 IDCJAC0001 9064 1999 5 92.4
IDCJAC0001 9064 1993 6 92.9 IDCJAC0001 9064 1999 6 224.7
IDCJAC0001 9064 1993 7 124.8 IDCJAC0001 9064 1999 7 106.8
IDCJAC0001 9064 1993 8 100.5 IDCJAC0001 9064 1999 8 112.6
IDCJAC0001 9064 1993 9 98.6 IDCJAC0001 9064 1999 9 98.4
IDCJAC0001 9064 1993 10 24.3 IDCJAC0001 9064 1999 10 85.2
IDCJAC0001 9064 1993 11 10.7 IDCJAC0001 9064 1999 11 3.6
IDCJAC0001 9064 1993 12 3 IDCJAC0001 9064 1999 12 5.6
IDCJAC0001 9064 1994 1 1 IDCJAC0001 9064 2000 1 77
IDCJAC0001 9064 1994 2 0.2 IDCJAC0001 9064 2000 2 0.2
IDCJAC0001 9064 1994 3 6.4 IDCJAC0001 9064 2000 3 9.6
IDCJAC0001 9064 1994 4 5 IDCJAC0001 9064 2000 4 36.6
IDCJAC0001 9064 1994 5 110.3 IDCJAC0001 9064 2000 5 55.2
IDCJAC0001 9064 1994 6 186.8 IDCJAC0001 9064 2000 6 108.4
IDCJAC0001 9064 1994 7 130.9 IDCJAC0001 9064 2000 7 220
IDCJAC0001 9064 1994 8 138.8 IDCJAC0001 9064 2000 8 127.6
IDCJAC0001 9064 1994 9 47.2 IDCJAC0001 9064 2000 9 31.8
IDCJAC0001 9064 1994 10 25.4 IDCJAC0001 9064 2000 10 10.2
IDCJAC0001 9064 1994 11 4.6 IDCJAC0001 9064 2000 11 13
IDCJAC0001 9064 1994 12 0 IDCJAC0001 9064 2000 12 0.2
IDCJAC0001 9064 1995 1 0.4 IDCJAC0001 9064 2001 1 0.2
IDCJAC0001 9064 1995 2 1.8 IDCJAC0001 9064 2001 2 0.6
IDCJAC0001 9064 1995 3 4.4 IDCJAC0001 9064 2001 3 5.2
IDCJAC0001 9064 1995 4 17.6 IDCJAC0001 9064 2001 4 5
IDCJAC0001 9064 1995 5 111 IDCJAC0001 9064 2001 5 112.2
IDCJAC0001 9064 1995 6 102.6 IDCJAC0001 9064 2001 6 77.2
IDCJAC0001 9064 1995 7 188.8 IDCJAC0001 9064 2001 7 121.2
IDCJAC0001 9064 1995 8 63.2 IDCJAC0001 9064 2001 8 120.2
IDCJAC0001 9064 1995 9 94.8 IDCJAC0001 9064 2001 9 90.6
IDCJAC0001 9064 1995 10 88.8 IDCJAC0001 9064 2001 10 38.2
IDCJAC0001 9064 1995 11 43.4 IDCJAC0001 9064 2001 11 22.6
IDCJAC0001 9064 1995 12 7.8 IDCJAC0001 9064 2001 12 5.6
IDCJAC0001 9064 1996 1 2.2 IDCJAC0001 9064 2002 1 25.4
IDCJAC0001 9064 1996 2 0.2 IDCJAC0001 9064 2002 2 0
IDCJAC0001 9064 1996 3 13.8 IDCJAC0001 9064 2002 3 5.4
IDCJAC0001 9064 1996 4 27 IDCJAC0001 9064 2002 4 63.6
IDCJAC0001 9064 1996 5 40.8 IDCJAC0001 9064 2002 5 44
IDCJAC0001 9064 1996 6 181.6 IDCJAC0001 9064 2002 6 158.4
IDCJAC0001 9064 1996 7 179.2 IDCJAC0001 9064 2002 7 120.8
IDCJAC0001 9064 1996 8 96.6 IDCJAC0001 9064 2002 8 101.2
IDCJAC0001 9064 1996 9 116.8 IDCJAC0001 9064 2002 9 34.2
IDCJAC0001 9064 1996 10 36.4 IDCJAC0001 9064 2002 10 45.2
IDCJAC0001 9064 1996 11 41.8 IDCJAC0001 9064 2002 11 19.4
IDCJAC0001 9064 1996 12 0 IDCJAC0001 9064 2002 12 4.2
IDCJAC0001 9064 1997 1 0.2 IDCJAC0001 9064 2003 1 1
IDCJAC0001 9064 1997 2 7.4 IDCJAC0001 9064 2003 2 21
IDCJAC0001 9064 1997 3 58.6 IDCJAC0001 9064 2003 3 44.8
IDCJAC0001 9064 1997 4 15.1 IDCJAC0001 9064 2003 4 85.4
IDCJAC0001 9064 1997 5 84.5 IDCJAC0001 9064 2003 5 92.8
IDCJAC0001 9064 1997 6 98.9 IDCJAC0001 9064 2003 6 148
IDCJAC0001 9064 1997 7 108.4 IDCJAC0001 9064 2003 7 130.4
IDCJAC0001 9064 1997 8 97.6 IDCJAC0001 9064 2003 8 115.2
IDCJAC0001 9064 1997 9 65.2 IDCJAC0001 9064 2003 9 74.2
IDCJAC0001 9064 1997 10 24.4 IDCJAC0001 9064 2003 10 31
IDCJAC0001 9064 1997 11 9.8 IDCJAC0001 9064 2003 11 16.6
IDCJAC0001 9064 1997 12 0 IDCJAC0001 9064 2003 12 1.2
IDCJAC0001 9064 1998 1 0.4 IDCJAC0001 9064 2004 1 0
IDCJAC0001 9064 1998 2 0.2 IDCJAC0001 9064 2004 2 0.2
IDCJAC0001 9064 1998 3 63.5 IDCJAC0001 9064 2004 3 1
IDCJAC0001 9064 1998 4 15.8 IDCJAC0001 9064 2004 4 21.2
IDCJAC0001 9064 1998 5 75.7 IDCJAC0001 9064 2004 5 75
IDCJAC0001 9064 1998 6 126 IDCJAC0001 9064 2004 6 95.6
IDCJAC0001 9064 1998 7 75.8 IDCJAC0001 9064 2004 7 106.8
IDCJAC0001 9064 1998 8 114.4 IDCJAC0001 9064 2004 8 121.2
IDCJAC0001 9064 1998 9 92.5 IDCJAC0001 9064 2004 9 44.2
IDCJAC0001 9064 1998 10 32.7 IDCJAC0001 9064 2004 10 33.8
IDCJAC0001 9064 1998 11 38.4 IDCJAC0001 9064 2004 11 18.8
IDCJAC0001 9064 1998 12 22.8 IDCJAC0001 9064 2004 12 4.2



Product code
Station 
number Year Month

Monthly Precipitation 
Total (mm)

Product 
code

Station 
number Year Month

Monthly Precipitation 
Total (mm)

IDCJAC0001 9064 2005 1 0 IDCJAC0001 9064 2011 1 17.6
IDCJAC0001 9064 2005 2 1 IDCJAC0001 9064 2011 2 3.2
IDCJAC0001 9064 2005 3 21.4 IDCJAC0001 9064 2011 3 0
IDCJAC0001 9064 2005 4 37.2 IDCJAC0001 9064 2011 4 25.8
IDCJAC0001 9064 2005 5 185 IDCJAC0001 9064 2011 5 81.2
IDCJAC0001 9064 2005 6 219.6 IDCJAC0001 9064 2011 6 133.6
IDCJAC0001 9064 2005 7 63.6 IDCJAC0001 9064 2011 7 196.6
IDCJAC0001 9064 2005 8 108 IDCJAC0001 9064 2011 8 78.7
IDCJAC0001 9064 2005 9 74.2 IDCJAC0001 9064 2011 9 72
IDCJAC0001 9064 2005 10 50.6 IDCJAC0001 9064 2011 10 29.3
IDCJAC0001 9064 2005 11 15 IDCJAC0001 9064 2011 12 50.1
IDCJAC0001 9064 2005 12 11.2 IDCJAC0001 9064 2012 1 15.6
IDCJAC0001 9064 2006 1 48.8 IDCJAC0001 9064 2012 2 13.5
IDCJAC0001 9064 2006 2 4.2 IDCJAC0001 9064 2012 3 0
IDCJAC0001 9064 2006 3 9.4 IDCJAC0001 9064 2012 4 49
IDCJAC0001 9064 2006 4 19.8 IDCJAC0001 9064 2012 5 113.7
IDCJAC0001 9064 2006 5 38.9 IDCJAC0001 9064 2012 6 144.1
IDCJAC0001 9064 2006 6 26.2 IDCJAC0001 9064 2012 7 30.6
IDCJAC0001 9064 2006 7 87.4 IDCJAC0001 9064 2012 8 86.2
IDCJAC0001 9064 2006 8 144
IDCJAC0001 9064 2006 9 31.2
IDCJAC0001 9064 2006 10 20.6
IDCJAC0001 9064 2006 11 16.8
IDCJAC0001 9064 2006 12 3.6
IDCJAC0001 9064 2007 1 21.8
IDCJAC0001 9064 2007 2 9.6
IDCJAC0001 9064 2007 3 6.2
IDCJAC0001 9064 2007 4 96.6
IDCJAC0001 9064 2007 5 48.4
IDCJAC0001 9064 2007 6 90.8
IDCJAC0001 9064 2007 7 173
IDCJAC0001 9064 2007 8 104.4
IDCJAC0001 9064 2007 9 81.8
IDCJAC0001 9064 2007 10 63.2
IDCJAC0001 9064 2007 11 2.8
IDCJAC0001 9064 2007 12 13.2
IDCJAC0001 9064 2008 1 0
IDCJAC0001 9064 2008 2 51
IDCJAC0001 9064 2008 3 13.4
IDCJAC0001 9064 2008 4 124.8
IDCJAC0001 9064 2008 5 62.2
IDCJAC0001 9064 2008 6 136.6
IDCJAC0001 9064 2008 7 181
IDCJAC0001 9064 2008 8 31.6
IDCJAC0001 9064 2008 9 57.8
IDCJAC0001 9064 2008 10 25
IDCJAC0001 9064 2008 11 56.6
IDCJAC0001 9064 2008 12 28.2
IDCJAC0001 9064 2009 1 18.6
IDCJAC0001 9064 2009 2 4.2
IDCJAC0001 9064 2009 3 3.8
IDCJAC0001 9064 2009 4 3.4
IDCJAC0001 9064 2009 5 43.6
IDCJAC0001 9064 2009 6 118.4
IDCJAC0001 9064 2009 7 102.2
IDCJAC0001 9064 2009 8 93.4
IDCJAC0001 9064 2009 9 71.2
IDCJAC0001 9064 2009 10 9.6
IDCJAC0001 9064 2009 11 41.2
IDCJAC0001 9064 2009 12 2
IDCJAC0001 9064 2010 1 0
IDCJAC0001 9064 2010 2 1.2
IDCJAC0001 9064 2010 3 17.2
IDCJAC0001 9064 2010 4 25.6
IDCJAC0001 9064 2010 5 74
IDCJAC0001 9064 2010 6 53
IDCJAC0001 9064 2010 7 111.6
IDCJAC0001 9064 2010 8 64.8
IDCJAC0001 9064 2010 9 30.4
IDCJAC0001 9064 2010 10 22.4
IDCJAC0001 9064 2010 11 10
IDCJAC0001 9064 2010 12 7
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Appendix I DoW WRL Groundwater Allocation within 
the Model Domain 

  



Easting Northing License 
Drawpoints/
License

License 
Allocation 
(KL/yr)

Drawpoint 
Assigned Allocation Owner Site

383452.89 6433049.71 60605 6 2329700 388283.33 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383931.83 6433074.59 60605 6 2329700 388283.33 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383558.63 6432757.38 60605 6 2329700 388283.33 BP Refinery (Kwinana) Pty Ltd Lot 18 On Plan 17311 - Volume/Folio 2058/310 - Lot 18  Kwinana Beach
383428.01 6431967.45 65541 1 10000 10000.00 Fremantle Port Authority Lot 497 On Plan 35196 - Volume/Folio 2564/971 - Lot 497 Port Rd Kwinana Beach

382889.32 6431420.09 54366 1 710500 710500.00 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

385275.33 6430847.86 153280 7 79385 11340.71 City of Rockingham Lot 1575 On Plan 12620 - Volume/Folio Lr3083/522 - Lot 1575 Cort Wy Rockingham
384838.38 6432327.42 48917 1 11250 11250.00 Nalco Australia Pty Ltd Lot 1 On Diagram 58692 - Volume/Folio 1566/172 - Lot 1 Richardson St Kwinana Beach

384329.9 6432167.07 100798 (2) 3 1900000 1266666.67 CSBP Limited 20 Port Road Kwinana Beach
384329.9 6432167.07 100799 1 2500000 2500000.00 CSBP Limited 20 Port Road Kwinana Beach

384620.29 6432146.07 100798 3 1900000 633333.33 CSBP Limited 20 Port Road Kwinana Beach
384606.3 6432048.11 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384823.22 6431974.64 99425 1 5000 5000.00 Hanson Construction Materials Pty Ltd 2, BEACH ST, KWINANA BEACH
385092.62 6431652.76 170486 1 3000 3000.00 Wesfarmers Kleenheat Gas Pty Ltd Lot 434 On Plan 3837 - Volume/Folio 1301/782 - Lot 434 Beach St Kwinana Beach
385173.09 6431229.41 162087 2 5120 2560.00 Gilderoy Pty Ltd, Winiam Pty Ltd, Dyinda Pty Ltd Lot 424 On Plan 3837 - Volume/Folio 2110/780 - Lot 424  Kwinana Beach
384560.82 6431057.98 59055 2 2500 1250.00 John Holland Construction & Eng 428 Ocean St Kwinana Beach
383850.58 6431915.16 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
383493.71 6430988 95474 1 200000 200000.00 BHP Billition Nickel West Pty Ltd 5 Patterson Rd Kwinana Beach
383990.53 6431638.76 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384158.46 6431897.67 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384235.44 6431271.4 54366 10 710500 71050.00 Town of Kwinana
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina
Lot 309 On Plan 217955 - Volume/Folio Lr3096/362 - Lot 309  Medina - Medina Centre

384256.43 6431386.85 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384315.91 6431512.81 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384326.4 6431733.21 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384473.35 6431733.23 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384627.29 6431533.8 59055 2 2500 1250.00 John Holland Construction & Eng 428 Ocean St Kwinana Beach
384742.75 6431435.84 165997 3 3500 1166.67 Summit Rural WA Pty Ltd Lot 1001 On Plan 40194 - Volume/Folio 2228/885 - Lot 1001 Ocean St Kwinana Beach.
384788.23 6431309.88 165997 3 3500 1166.67 Summit Rural WA Pty Ltd Lot 1001 On Plan 40194 - Volume/Folio 2228/885 - Lot 1001 Ocean St Kwinana Beach.

384879.2 6431246.91 162087 2 5120 2560.00 Gilderoy Pty Ltd, Winiam Pty Ltd, Dyinda Pty Ltd Lot 424 On Plan 3837 - Volume/Folio 2110/780 - Lot 424  Kwinana Beach
384889.69 6431488.32 165997 3 3500 1166.67 Summit Rural WA Pty Ltd Lot 1001 On Plan 40194 - Volume/Folio 2228/885 - Lot 1001 Ocean St Kwinana Beach.
384886.19 6431719.23 164847 3 5700 1900.00 A.K.C. Pty Ltd Lot 432 On Plan 3837 - Volume/Folio 1949/132 - Lot 432 Beach St Kwinana Beach
384963.17 6431813.7 164847 3 5700 1900.00 A.K.C. Pty Ltd Lot 432 On Plan 3837 - Volume/Folio 1949/132 - Lot 432 Beach St Kwinana Beach
384914.18 6431841.69 164847 3 5700 1900.00 A.K.C. Pty Ltd Lot 432 On Plan 3837 - Volume/Folio 1949/132 - Lot 432 Beach St Kwinana Beach
384497.84 6431883.67 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach

384588.8 6431883.67 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
384571.31 6431831.19 110302 11 197792 17981.09 Coogee Chemicals Pty Ltd Lot 3 On Diagram 79782 - Volume/Folio 1909/130 - Lot 3 Kwinana Beach Rd Kwinana Beach
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Appendix J Regional and Site Groundwater 
Contours 
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Appendix K Horslev and Bouwer-Rice Hydraulic 
Conductivity Results 
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WELL TEST ANALYSIS

Data Set:  G:\61\28133\AB 2012\Aquifer tests\MB6\test 6 final.aqt
Date:  11/22/12 Time:  20:01:24

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  0.1

WELL DATA (New Well)

Initial Displacement:  0.056 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  2.43 m Screen Length:  2.43 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Hvorslev

K  = 31.51 m/day y0 = 1.254E+9 m
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WELL TEST ANALYSIS

Data Set:  G:\61\28133\AB 2012\Aquifer tests\MB6\test 4 final.aqt
Date:  11/22/12 Time:  19:56:57

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  0.1

WELL DATA (New Well)

Initial Displacement:  0.033 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  2.43 m Screen Length:  2.43 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Hvorslev

K  = 27.91 m/day y0 = 1.007E+6 m
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WELL TEST ANALYSIS

Data Set:  G:\61\28133\AB 2012\Aquifer tests\MB6\Test 2 final.aqt
Date:  11/22/12 Time:  19:43:40

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  0.1

WELL DATA (New Well)

Initial Displacement:  0.021 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  2.43 m Screen Length:  2.43 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Hvorslev

K  = 23.73 m/day y0 = 5.553 m
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WELL TEST ANALYSIS

Data Set:  G:\61\28133\AB 2012\Aquifer tests\MB6\Test 2 final.aqt
Date:  11/22/12 Time:  19:44:38

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  0.1

WELL DATA (New Well)

Initial Displacement:  0.021 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  2.43 m Screen Length:  2.43 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Bouwer-Rice

K  = 18.28 m/day y0 = 10.4 m
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WELL TEST ANALYSIS

Data Set:  G:\61\28133\AB 2012\Aquifer tests\MB6\test 6 final.aqt
Date:  11/22/12 Time:  19:59:55

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  0.1

WELL DATA (New Well)

Initial Displacement:  0.056 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  2.43 m Screen Length:  2.43 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Bouwer-Rice

K  = 29.23 m/day y0 = 7.235E+12 m
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WELL TEST ANALYSIS

Data Set:  
Date:  11/21/12 Time:  19:27:31

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  1.

WELL DATA (New Well)

Initial Displacement:  0.35 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  0.55 m Screen Length:  0.55 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Bouwer-Rice

K  = 19.93 m/day y0 = 811.6 m
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WELL TEST ANALYSIS

Data Set:  G:\61\28133\AB 2012\Aquifer tests\MB6\test 4 final.aqt
Date:  11/22/12 Time:  19:55:28

PROJECT INFORMATION

Company:  GHD
Client:  Summit
Project:  61/28133
Location:  Kwinana
Test Well:  MB06
Test Date:  20/11/2012

AQUIFER DATA

Saturated Thickness:  22. m Anisotropy Ratio (Kz/Kr):  0.1

WELL DATA (New Well)

Initial Displacement:  0.033 m Static Water Column Height:  0.55 m
Total Well Penetration Depth:  2.43 m Screen Length:  2.43 m
Casing Radius:  0.048 m Well Radius:  0.048 m

Gravel Pack Porosity:  0.35

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Bouwer-Rice

K  = 20.96 m/day y0 = 4.195E+6 m
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Appendix L Water Quality Parameter Results 
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Appendix M Conceptual Groundwater Model 
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Appendix N Calibration Hydrographs 
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Appendix O Head Scatter Plot 
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Appendix P Model Outputs 



FLOW MODEL 

CUMULATIVE VOLUMES      L**3       END OF TIME STEP    4, STRESS PERIOD   84 

 

 IN OUT 

STORAGE 5306696.0000                5819051.5000                

CONSTANT HEAD 38617244.0000          1062.0870          

WELLS 0.0000                  33308456.0000                  

ET 0.0000                     84613504.0000                     

HEAD DEP BOUNDS 63193996.0000        19456066.0000        

RECHARGE 36079720.0000               0.0000               

TOTAL 143197664.0000               143198144.0000              

IN - OUT -480.0000               

PERCENT DISCREPANCY 0.00      

 

SOLUTE MODEL 

CUMMULATIVE MASS BUDGETS AT END OF TRANSPORT STEP   12, TIME STEP    4, STRESS 
PERIOD   84 

 

 IN OUT 

CONSTANT 
CONCENTRATION 

0.000000                     0.000000     

CONSTANT HEAD 0.000000                   -0.1904481E-11 

WELLS 0.000000                   -0.6218401E+08 

HEAD-DEPENDENT 
BOUNDARY 

0.000000                   -0.1830651E-06 

RECHARGE 0.000000                     0.000000     

EVAPOTRANSPIRATION 0.000000                    0.1217923     

MASS LOADING 0.2476500E+09                 0.000000     

MASS STORAGE (SOLUTE) 0.1385483E+09               -0.3196677E+09 

TOTAL 0.4190224E+09     -0.4189119E+09     

NET (IN - OUT) 110464.0 

DISCREPANCY (PERCENT) 0.2636579E-01 

 

  



Predictive Scenario – Remediation 

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP    4, STRESS PERIOD 240 

CUMULATIVE VOLUMES      L**3        

 IN OUT 

STORAGE 15377909.0000                14992318.0000                

CONSTANT HEAD 29413216.0000          458.1921          

WELLS 0.0000                  47451984.0000                  

ET 0.0000                     53107772.0000                     

HEAD DEP BOUNDS 55928000.0000        20004348.0000        

RECHARGE 34837100.0000               0.0000               

TOTAL 135556224.0000               135556880.0000              

IN - OUT -656.0000               

PERCENT DISCREPANCY 0.00      

 

CUMMULATIVE MASS BUDGETS AT END OF TRANSPORT STEP   19, TIME STEP    4, STRESS 
PERIOD  240 

 

 IN OUT 

CONSTANT 
CONCENTRATION 

0.000000                     0.000000     

CONSTANT HEAD 0.000000                   -0.2742858E-10 

WELLS 0.000000                   -0.3180747E+09 

HEAD-DEPENDENT 
BOUNDARY 

0.000000                   -0.4403920E-06 

RECHARGE 0.000000                     0.000000     

EVAPOTRANSPIRATION 0.000000                    0.8898749E-02 

MASS LOADING 0.1455022E+09                 0.000000     

MASS STORAGE (SOLUTE) 0.2125509E+09               -0.4982603E+08 

TOTAL 0.4014888E+09     -0.4015489E+09     

NET (IN - OUT) -60128.00     

DISCREPANCY (PERCENT) -0.1497514E-01 

 

  



Predictive Scenario – No Pumping 

VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP    4, STRESS PERIOD 240 
CUMULATIVE VOLUMES      L**3        

 IN OUT 

STORAGE 19492798.0000                19423086.0000                

CONSTANT HEAD 17278726.0000          697852.3750          

ET 0.0000                     79011272.0000                     

HEAD DEP BOUNDS 48122288.0000        20598794.0000        

RECHARGE 34837100.0000               0.0000               

TOTAL 119730912.0000               119731000.0000              

IN - OUT -88.0000               

PERCENT DISCREPANCY 0.00      

 

CUMMULATIVE MASS BUDGETS AT END OF TRANSPORT STEP   12, TIME STEP    4, STRESS 
PERIOD  240 

 IN OUT 

CONSTANT 
CONCENTRATION 

0.000000                     0.000000     

CONSTANT HEAD 0.000000                   -0.4044570E-08 

HEAD-DEPENDENT 
BOUNDARY 

0.000000                   -0.4165903E-07 

RECHARGE 0.000000                     0.000000     

EVAPOTRANSPIRATION 0.000000                    3.323809     

MASS STORAGE (SOLUTE) 0.3755861E+09               -0.3817625E+09 

TOTAL 0.5719800E+09     0.5719809E+09     

NET (IN - OUT) -960.0000     

DISCREPANCY (PERCENT) -0.1678379E-03 

 


