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EXECUTIVE SUMMARY 
This investigation of aquifer storage and recovery (ASR) of stormwater at Rossdale Golf Club 
in Aspendale, a south-eastern suburb of Melbourne, is unique in that the aquifer has the 
lowest known transmissivity of any aquifer used for ASR. The Werribee Formation target 
aquifer was absent in that location and the underlying fractured bedrock containing brackish 
groundwater was used instead. This highly challenging aquifer restricts the rate and volume 
of recharge, requires a high quality of water for injection and produces a blend of recovered 
water of a salinity that requires dilution in the stormwater harvesting dam to enable its use for 
irrigation.  

Urban stormwater was harvested from the Centre Swamp Drain using a sump with pumps to 
fill a stormwater dam with about 10ML of active capacity. The stored water could be pumped 
into the irrigation system that watered the golf course, or alternatively it could be used to 
recharge the aquifer for subsequent recovery to the dam.  

After a successful ASR trial with cartridge-filtered mains water, a series of candidate 
treatments was tested and ultimately a cartridge filter, ultrafiltration and granular activated 
carbon filtration were selected and installed in a package treatment plant provided by Orica.   

Although there were typical teething problems with the treatment plant and also with well 
head instrumentation that provided a web-based data acquisition system that allowed remote 
observation of the performance of the ASR system, these were overcome and operations 
normalised.    

The project is the first ASR system in Victoria to be technically successful. Injection rates 
were maintained (0.4 L/s) during 3.3 ML stormwater recharge over two cycles in 2008-2010 
and 2.31 ML was recovered (at 0.5L/s) and used for irrigation. The most likely annual storage 
and recovery target  is 4 ML/yr, around 10% of the golf club’s requirements.  

The potential for ASR based on actual well yield at this site was classed as ‘very low’. This 
suggests that there are prospects for ASR over a much larger part of the metropolitan area of 
Melbourne than the 25% of area identified as having high potential based on mapping 
performed in a preceding part of this Smart Water Fund project.   

With continued effective management of the recharge system and treatment plant by 
Rossdale Golf Club staff, this ASR system can be effectively operated into the future. The 
costs of this water going through the ASR system are higher than costs of water used directly 
from the stormwater dam. For example, harvesting and use of 44 ML/yr stormwater via only 
surface detention has unit costs of $1.56/KL (accounting for capital amortisation and 
operating and maintenance costs) whereas 40 ML/yr of supply from surface detention only 
and 4 ML via ASR would have a unit cost of  $2.32/KL. This is comparable with the 2009/10 
residential charge for mains water of $2.43/KL in this area.  

This report describes the investigations undertaken to perform managed aquifer recharge in 
a highly challenging aquifer including a pragmatic method to evaluate water quality 
requirements for injection, methods to characterise the aquifer and synthesis using a 
parsimonious solute transport model that fits the hydraulic head data, showing the change in 
permeability that has occurred and faithfully predicting the salinity of recovered water.   

A preliminary hazard assessment performed in consideration of an earlier part of this Smart 
Water Fund project (Dillon and Molloy, 2006) and a human and environmental risk 
assessment that conforms with national guidelines for managed aquifer recharge (NRMMC–
EPHC–NHMRC 2009a) are also described. The web-based monitoring approach offers 
promise of improved diagnostics for operators and regulators in future. 
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1. INTRODUCTION 
In 2004 CSIRO and SKM received funding from the Smart Water Fund (SWF) to investigate the 
potential opportunities for Aquifer Storage and Recovery (ASR) across the greater Melbourne 
area.  

The ‘Developing Aquifer Storage and Recovery (ASR) Opportunities in Melbourne’ project has 
three major components: 

The initial stage of the project was a broad scale mapping exercise to determine potential sites 
within the greater Melbourne area that would be suitable for Aquifer Storage and Recovery. The 
Report on Broad Scale Map of ASR Potential for Melbourne was produced by SKM and CSIRO 
and published by Smart Water Fund in 2006 (Dudding et al., 2006). 

The second stage of the project was to develop a set of operational and regulatory protocols for 
the best practice use of ASR including the treatment, storage and reuse parameters to ensure fit 
for purpose use of the stored water. The Technical Guidance for ASR was published by Smart 
Water Fund in 2006 (Dillon and Molloy, 2006). 

The third stage, funded in 2006, was to develop a working demonstration site to inject, store and 
recover treated urban stormwater for reuse in irrigation around Melbourne. A suitable site was 
chosen at the Rossdale Golf Club for the first demonstration of ASR technology in Victoria; the 
sequence of development of this site is summarised in Section 1.1 below. This report is the final 
report for the Rossdale ASR demonstration project, and a detailed description of each stage can 
be found in the following sections. 

1.1. Site selection 
Prospective demonstration sites for a Smart Water Fund ASR demonstration project needed to: 
use more than 30,000 kL/year of mains water for irrigation supplies; be willing to replace mains 
water with stormwater; contribute to costs of maintaining and operating the site; have a strong 
commitment to water conservation and environmental sustainability of their operations; and 
commit to operate ASR for a period of ten years, subject to demonstration of technical feasibility, 
economic viability and environmental sustainability. A call was issued for expressions of interest 
firstly from public organisations and subsequently from private organisations. Although there was 
wide interest, few prospective sites were located where aquifers were likely to be suitable based 
on Dudding et al. (2006). 

Rossdale Golf Club in Aspendale (Figure 1-1) was selected out of a number of potential sites, as 
it was located in an area identified as having moderate potential for ASR; had obtained a 
diversion licence for harvesting stormwater out of the Centre Swamp Drain in winter, and had 
commenced construction of a stormwater storage dam. The existing irrigation system was from 
tanks filled from mains supply, and hence could be easily configured to use groundwater. An ASR 
scheme at Rossdale had the potential to increase storage capacity, effectively providing more 
irrigation water particularly during the summer months. 

1.2. Sequence of development 
A 10 ML stormwater dam was constructed at Rossdale Golf Club in 2004, and a permit was 
granted for the golf club to harvest 40 ML of water per annum from the Centre Swamp Drain. In 
2005 Rossdale was selected as an ASR demonstration site for the Smart Water Fund project 
“Developing ASR Opportunities in Melbourne”.  

Although the broad scale mapping component of the Smart Water Fund project indicated that the 
hydrogeology at this site had a moderate potential for ASR (Dudding et al., 2006), there was 
uncertainty in the reliability of this assessment due to the absence of nearby hydrogeological data 
(Lennon et al., 2006). To investigate the hydrogeology at the Rossdale Golf Club drilling and 
pumping tests were undertaken to identify the most suitable aquifer for ASR. The investigation 
was undertaken in two main stages, with the first focussing on the Werribee Formation. Two wells 
(BH1 and BH2) were drilled in the Werribee formation in 2005, but were found to be unsuitable for 
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ASR due to low yields and the presence of very fine grained lignitic material that had the potential 
to increase water treatment costs for injected stormwater.  

The second investigation focussed on the Bedrock that underlies the Werribee Formation. BH3 
and BH4 were drilled in the bedrock in December 2005 and June 2006 to depths of 127 m and 
146 m respectively. Below the pressure cemented casing both wells were completed as open-
hole (i.e. without a screen), and pumping tests and water quality sampling and analyses were 
performed. The best well yield (BH3) was 1.1 L/s, transmissivity 1.35 m2/day, and hydraulic 
conductivity of storage zone 0.04 m/d. Ambient groundwater salinity was ~1,500 mg/L TDS. 

BH3 was identified as the most appropriate ASR well, with BH4 and BH2 respectively becoming 
observation wells. Construction of well-head infrastructure and instrumentation occurred in 2006, 
and an injection and recovery trial with mains water occurred from December 2006 to April 2007 
(Dillon et al., 2007). 

Stormwater pre-treatment studies were performed in 2007 and 2008 to determine the most 
appropriate method of treating the stormwater prior to injection to avoid clogging of the ASR well. 
An Ultrafiltration and Granular Activated Carbon treatment unit was installed in October 2008, and 
after a successful two month field trial, the treatment unit was connected to the injection line, and 
injection of treated stormwater began in December 2008 (Levett et al., 2009). Two cycles of 
injection and recovery were completed by March 2010. 

An evaluation of changes in permeability of the well, the salinity of recovered water, and the costs 
of operating the system were undertaken, and incorporated in this report. 

1.3. Site configuration 

 
Figure 1-1 Map showing location of Rossdale Golf Course in Aspendale, Victoria (top) and layout of 
ASR site in south eastern corner of the golf course (bottom). Note: line marked A-B denotes cross 
section line in Figure 2-1. 
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The Rossdale ASR system is located near the eastern boundary of the Rossdale Golf Club 
approximately 1.2 km from Port Phillip Bay (Figure 1-1). The system consists of a stormwater 
drain, an off-take pumping system, a dam (10 ML capacity), an Ultra-Filtration Granular Activated 
Carbon (UF-GAC) pre-treatment unit, an ASR well (BH3) and two observation wells (BH2 and 
BH4) (Figure 1-2). Water is pumped from the dam, through the UF-GAC unit, and into the ASR 
well. An injection pipe with a diameter of 20mm extends below the well-head to a depth of 5 m to 
avoid cascading and rapid clogging of the well. Water is recovered from the ASR well back into 
the stormwater dam, using a submersible pump installed in the ASR well at a depth of 80 m. 

On-line flow rate, pressure and water quality data (electrical conductivity, turbidity, temperature 
and water level) is received via a web-based telemetry system and supplemented by manual 
readings by on-site personnel from the Rossdale Golf Course. 
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Figure 1-2 Schematic illustration of ASR system for the mains water trial (first stage) and 
stormwater trial (second stage) 
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2. AQUIFER CHARACTERISATION 
The hydrogeological investigations at Rossdale Golf Club were undertaken by SKM, and involved 
drilling and pumping tests in the Werribee Formation and the underlying bedrock. In total four 
investigation wells were drilled at the Rossdale GC (Table 2-1). Two of them (BH1) and (BH2) are 
screened within the Werribee Formation which was initially targeted for ASR operations. BH1 and 
BH2 revealed relatively low yields and coloured water due to occurrence of peat in the aquifer. 
Further investigations were carried out in the underlying Bedrock Formation in which BH3 and 
BH4 were drilled. A lithological profile of the site is synthesised in Table 2-2. A cross-section 
through the area in shown in Figure 2-1.    

 

Table 2-1 Summary of bore construction details for bores at Rossdale GC 

Characteristic BH1 BH2 BH3 BH4 

Target aquifer 
Werribee 
formation 

Werribee 
formation 

Bedrock Bedrock 

Date drilling completed 17 June 2005 24 June 2005 2 December 2005 2 June 2006 
Location (Northings & 
Eastings) 

5789209 N 
334797 E 

5789203 N 
334680 E 

5789197 N  
334666 E 

5789192.5 N 
334656 E 

Total drilled depth below 
ground surface (bgs) 

84 m 102 m 127 m 146 m 

Cased interval / Internal 
diameter (bgs) 

0-70 m 0-69 m 
0–93 m / 
150 mm 

0–103 m / 
140 mm 

Final open interval (bgs) 
70–73 m 

(screened) 
69–78.5 m 
(screened) 

93–123.5 m 103–117 m 

Drilled diameter of uncased 
interval 

100 mm 100 mm 125 mm 125 mm 

Well yield (airlifting) 0.03 L/sec 0.3 L/sec 1.25 L/sec 1.1–1.2 L/sec 
Transmissivity not calculated 1.8 m2/day 1.4 m2/day 1.1 m2/day 
Groundwater EC 2800 µS/cm 2700 µS/cm 2400–2700 µS/cm 2400–2700 µS/cm 

Depth to standing water level 
0.8 m 

(June 2005) 
0.5 m 

(June 2005) 
1.32 m 

(June 2006) 
1.13 m 

(June 2006) 
 
 

Table 2-2 Geological profile intersected at Rossdale Golf Club 

Depth (m)  Formation  Description of material  

0 – ~40  
Brighton 
Group 

silty sand and clayey sand interbedded with sand and gravel, ranging in 
colour from yellow brown to grey brown. 

~40 – 68 
Fyansford 
Formation   

silty clay with minor fine sand grains, minor limestone of grey colour. 

68 – 72 (BH1, BH2, BH4) 
60 – 73 (BH3) 

Older 
Volcanics  

basalt, grey silty sandy clay within fine sand grains. 

72 - 77 (BH1) 
72 - 81 (BH2) 
73 - 79.5 (BH3) 
72 – 78 (BH4) 

Werribee 
Formation  

interbedded peat, sand and coal, grey brown sand, red brown peat with 
coal and clay. 

below 77 (BH1) 
below 81 (BH2) 
below 79.5 (BH3) 
below 78 (BH4) 

Bedrock 
(Siluro-
Devonian 
Flysch) 

interbedded siltstone and sandstone layers with sub-vertical bedding 
planes, fractured, interbedded with grey clay. 
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Figure 2-1 Hydrogeological cross-section at the Rossdale ASR site. Line of cross-section is marked 
A-B in Figure 1-1. 

2.1. Werribee Formation 
The target aquifer for investigations was the Werribee Formation, which comprises sand, gravel, 
clay and coal (Leonard, 1992). The Werribee Formation is one of the most significant aquifers in 
the Port Phillip Basin. The aquifer is confined to semi-confined and the hydraulic conductivity is 
estimated to be about 5 m/day. Nevertheless, bore yields vary significantly ranging from 0.6 L/sec 
to over 50 L/sec. The average groundwater salinity for the aquifer in this region is around 
1,500 mg/L TDS, but can range between from 200 mg/L TDS due to freshening of the aquifer 
from infiltration of precipitation to 4,000 mg/L due to existence of stagnant hydrogeochemical 
zones (Leonard, 1992). 
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At the Rossdale GC, the drilling of BH1 and BH2 was undertaken between 14th and 23rd June 
2005 using mud rotary technique. Details of the bore construction are provided in Table 2-1.  

The investigations carried out in BH1 and BH2 revealed the following hydrogeological 
characteristics: 

 transmissivity values encountered in BH2 are in the range 1.9-2.0 m2/d,  

 specific yields in BH1 were 0.03 L/sec (2 L/min) and BH2 were 0.3 L/s (18 L/min) 

 groundwater salinity is in the range of 2,800 EC (~1,680 mg/L TDS) in BH1 and 2,700 EC 
(1,620 mg/L TDS) in BH2, 

 groundwater levels in both bores are very shallow, with water levels within 1 metre of the 
surface, 

 there is a substantial amount of organic material (peat) in sediments of Werribee Formation, 
which could significantly impact on water treatment cost following storage in the aquifer. 

Relatively low yields combined with a large amount of peat in sediments which could pose a 
problem in clogging of well screens by lignite fragments on recovery, led to further feasibility 
studies for ASR operation being conducted in the underlying Bedrock Formation.  

 

2.2. Bedrock Formation 
The Bedrock Formation of Silurian age consists of interbedded siltstone and fractured sandstone 
layers and with sub-vertical bedding planes. Siltstone is more prevalent than sandstone. 
Generally, the primary porosity of the aquifer is thought to be of low permeability, however 
secondary features such as bedding planes and fractures impart secondary porosity that can lead 
to higher permeability and result in modest well yields (Whiting, 1967; Leonard, 1992). 
Regionally, the structure of the Silurian bedrock formation resembles a tight, concertina-type 
folding pattern, with a general strike direction of NNE (Whiting, 1967). The nearest major fault is 
the Selwyn fault, situated around 10 km south of the study site. 

The two investigation wells, BH3 and BH4, were drilled in December 2005 and June 2006 to 
depths of 127 m and 146 m, respectively (Table 2-1; Figure 2-1). These wells were drilled, cases 
and pressure cemented to depths of 93 and 103 m, respectively, before drilling deeper. This 
prevented smearing the target interval in competent bedrock with clay from layers above. The 
wells were completed as open-hole (i.e. without a screen), with initial open intervals of 34 and 43 
m respectively. They are located near the south-eastern boundary of the Rossdale Golf Club, only 
11 m apart and approximately 1 km from Port Phillip Bay (Figure 1-1). BH4 was drilled to greater 
depth and completed over a larger open interval than BH3 in the expectation that a greater well 
yield would result from intersecting a higher number of fractures. This did not transpire and BH3 
was selected as the ASR well and BH4 as the observation well. Geophysical logs are described 
in Section 2.3 and presented in Figure 2-3 and Figure 2-4. 

 

The initial investigations of Bedrock Formation aquifer revealed: 

 transmissivity values ranging from 1.1–1.4 m2/day estimated with the use of Theis formula,   

 yields increased with depth and were estimated to be 0.7 L/s at 115 m up to 1.5 L/s at 125 
m in BH3, and from 0.3 L/s from 109 to 120 m to about 1.1 L/sec at 146 m in BH4 

 the depth to standing water level is shallow (1.1-1.3m),  

 low regional hydraulic gradient (0.004) believed to be towards Port Phillip Bay and subdued 
due to proximity to the sea and minimal pumping from the aquifer,  

 salinity of background groundwater in the range of 2400–2700 µS/cm, 

 no hydraulic connections between the Bedrock aquifer and the Weribee formation.   



 

Rossdale ASR demonstration project final report Page 7 

2.3. Supplementary investigations performed in the Bedrock 
aquifer 

Supplementary investigations carried out in BH3 and BH4 included: 

 downhole geophysical logging 

 radon-222 measurements 

 analysis of intact cores 

 mineralogical analysis 

 clay dispersion tests 

Methods and results are discussed in the following sections. 

 

2.3.1. Methods 

2.3.1.1. Downhole geophysical logging 

Downhole geophysical logging was performed on BH3 and BH4 by the Geophysical Technical 
Services section of the SA Department of Water, Land and Biodiversity Conservation on 21 and 
22 June 2006. The suite of logs performed on each well included three-arm calliper, natural 
gamma, neutron, density, resistivity, fluid electrical conductivity (EC), fluid temperature, 
electromagnetic flowmeter (EMF) and acoustic televiewer (ATV). On 23 June calliper logging was 
repeated for BH3, immediately after a reaming operation had been performed earlier that day to 
address the slumping observed during the initial logging runs. The other logs were not repeated 
as reaming had failed to restore BH3 to its original depth and suggested the lower section of the 
well was potentially unstable.  

2.3.1.2. Radon-222 

Radon-222, a radioactive noble gas, is relatively ubiquitous in groundwater since it is derived from 
radioactive decay of uranium-series isotopes that are commonly found in aquifer materials.  
Measurement of the concentrations of radon within diffusion chambers positioned at varying 
depths within a well offers a method of estimating the relative groundwater flow rate since the 
relatively short half-life of radon (3.8 days) provides a sensitive measure of groundwater flow. An 
abundance of radon tends to be indicative of rapid throughflow whilst depletion of radon due to 
natural decay indicates reduced throughflow (Cook et al., 1999; Cook, 2003). 

Two clusters of 50 mL diffusion chambers filled with radon-free deionized water were lowered into 
the open interval of BH3 and BH4 on a stainless steel trace at 2 m spacings on the afternoon of 
23 June. Chambers remained undisturbed until their retrieval 66 days later on 28 August. Over 
the elapsed time period within the well the isotopic composition of the fluid within the chamber 
would have fully equilibrated. At equilibration, the concentration of radon-222 within the chamber, 
would have reached only 66% of the value of the local groundwater within the well due to the time 
taken for exchange to occur across the membrane (Cook et al., 2006).   

Recovery of chambers from BH3 revealed that the upper section of the trace had become 
severely entangled leading to a reduction in the monitored depth range from 26 m to 13.1 m. This 
is suspected to have been caused by one or more chambers becoming temporarily caught on a 
protrusion from the well-face during the initial descent (see Appendix B.3). The actual depths of 
the chambers were corrected from the chamber positions following recovery. Note that the cluster 
in BH4 were recovered without such incident.   

Using the procedure outlined by Cook et al. (2006), 14 mL sub-samples were collected by syringe 
directly from each chamber and transferred to pre-weighed 22 mL Teflon-coated PTFE 
scintillation vial containing 6 mL Packard NEN mineral oil and transported overnight to the CSIRO 
Isotope Analytical Service in Adelaide. Radon data was corrected for the time-lag between 
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collection and analysis and was adjusted to account for diffusive exchange across the membrane 
since differences in relative activity were the primary interest.  

2.3.1.3. Core analysis 

Analysis of intact cores was performed during drilling of BH4 in a depth interval of 102.8 and 
110.5 m bgs using a HQ (63.5 mm diameter) core barrel. In total, 5.8 m of core was recovered 
from the 7.7 m cored interval (75% core recovery). Recovered core samples were logged, 
photographed, wrapped in cling wrap then placed in air-tight PVC tubes by SKM and transported 
to CSIRO, Adelaide for analysis.  

Six sub-samples from the BH4 cores were chosen to reflect the variability observed in the 
lithological, hydraulic conductivity and gamma logs. An aggregate sub-sample of sediment 
recovered during the BH3 reaming operation described earlier was also collected. A range of 
physico-chemical and mineralogical properties were tested on all seven sub-samples as follows: 

 Quantitative XRD analysis was performed by the CSIRO Mineralogical and Geochemical 
Services Group on a ground, 1 g sub-sample using a Philips PW1710 microprocessor-
controlled diffractometer and the software package SIROQUANT. 

 Electrical conductivity 1:5 soil:water (EC1:5), pH 1:5 soil:water (pH1:5) as well as with 0.01M 
CaCl2 (pH0.01M CaCl2), organic carbon (OC), calcium carbonate (CaCO3), exchangeable cations 
and cation exchange capacity (CEC) were determined by the CSIRO Land and Water Analytical 
Chemistry Unit. 

 Particle size distributions were determined on sub-samples that were oven-dried, ground, and 
the >2 mm fraction removed. The sand fractions were characterised using sieves ranging in size 
from 53 µm to 2 mm. The silt and clay contents were calculated from suspension settling tests 
based upon Stokes’ Law.  

 Clay dispersion tests with four types of water using the ‘Emerson’ method (described below in 
Section 2.3.1.4). 

In addition, three intact sub-samples, ranging in effective lengths from 6 to 10 cm, were chosen 
for analysis of total porosity and dry bulk density. Porosity was derived from the measured total 
water loss determined by oven drying overnight at 105 °C and bulk volume determined from the 
volumetric displacement of water. Bulk density was derived from the ratio of the oven-dry mass to 
the bulk volume. 

Photographic images of the eight core tubes are given in Appendix B.1. The intervals identified for 
sub-sampling are indicated. Geological logs for the core samples are given in Appendix D.  

2.3.1.4. Clay dispersion tests 

Deterioration in the hydraulic properties of an aquifer may occur during ASR as a result of clay 
dispersion (movement of interstitial clay particles) or clay swelling, when the solid phase is 
exposed to water of a different ionic strength.  Aquifers that exhibit this tendency are described as 
being ‘water sensitive’ (Brown and Silvey, 1977).  Clay dispersion and swelling arise from cation 
exchange reactions between ions in solution and those associated with the clays within the 
aquifer. This is known to be most prevalent where reactive clay minerals are present (particularly 
montmorillonite); where there is a large decrease in the salinity of the injected water compared to 
the ambient groundwater; and where the sodium adsorption ratio (SAR) of the recharge water is 
greater than that of the pore-water (Brown and Silvey, 1977; Gray and Rex, 1990; Scheuerman 
and Bergersen, 1990; Konikow et al., 2001).  The exchange of divalent calcium and magnesium 
ions with monovalent sodium ions strengthens the ionic ‘double layer’ around clay particles and 
tends to prohibit the clustering of clay particles and encourage clay dispersion.  Dispersion is 
probably more serious than swelling since it results in the physical movement and repacking of 
clay particles within the aquifer, and is thus largely irreversible. 

Laboratory tests were performed to assess the potential for various types of potential ASR source 
waters to cause clogging of the clay minerals within the Silurian aquifer due to dispersion using a 
modified version of the ‘Emerson’ method reported by Standards Association of Australia (1980).  
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Briefly, the approach relies on applying replicate batch tests of solid and liquid mixtures to 
characterize dispersion by measuring the increase in the turbidity of the supernatant, relative to 
that of the water (i.e. in the absence of solids).   

Batch clay dispersion tests were performed to test the reactivity of the seven samples previously 
discussed in Section 2.3.1.3. Sub-samples were oven-dried at 45 °C and homogenized by hand 
grinding to ensure uniformity of solid media replicates.  

Four types of water were tested: 1) mains (tap) water, 2) stormwater, 3) ambient groundwater and 
4) distilled water (Table 2-3). Mains water, collected from the Rossdale site, was selected since 
any ASR testing would be expected to initially utilize this water source. Stormwater was obviously 
selected as it is the primary source water for ASR, whilst ambient groundwater was selected 
since it represents the baseline conditions within the aquifer. Distilled water, due to the very low 
concentration of solutes, was selected to mimic reverse osmosis pretreatment of stormwater 
which would reflect a worst-case scenario for injection.  

100 mL of water was added to beakers containing a 0.6 g sub-sample of aquifer material in each. 
Three replicate beakers were prepared for each sediment-water combination. A beaker that 
contained only water was used as a control for each of the four water types. The turbidity of the 
solution was measured after a period of 48 hours to ensure that equilibrium conditions had 
established.  

Electrical conductivities ranged from 21 µS/cm for the distilled water through to 2850 µS/cm for 
the groundwater with a sodium adsorption ratio (SAR) ranging from 0.6 for mains water to 14.9 for 
groundwater (SAR was not determined for the distilled water) (Table 2-3).  

 

Table 2-3 Composition of the different types of water used in the test 

Analyte Distilled water Mains water Stormwater Groundwater 

Na+ (mg/L) N/A 5.5 56 465 
Ca2+ (mg/L) N/A 4.7 21 88.5 
Mg2+ (mg/L) N/A 1.5 6.6 27.1 
K+ (mg/L) N/A <1 5.9 5.5 

SAR N/A 0.6 2.7 14.9 
EC (µS/cm) 20.5 A 118.3 575 2850 

pH 6.6 6.51 7.53 7.29 
Temp (°C) 22 22.2 22.1 22.1 
Eh (mV) 274 270 190 176 

DO (mg/L) 5.3 5.8 5.9 5.5 
A Milli-Q water used that was allowed to stabilized prior to test, thereby allowing enrichment of ionic strength due to 
atmospheric exchange 
 

2.4. Results 

2.4.1. Analysis of Core Samples 

2.4.1.1. General observations 

Core logging indicates that the bedrock aquifer is comprised of approximately 75% siltstone and 
25% sandstone. The aquifer generally became less weathered/easily eroded and more 
competent with depth, although less competent sections are also encountered in the lower 
sections (refer to section 2.4.7). The sandstone was more highly fractured than the siltstone, with 
the latter having few (if any) fractures. The fractures were generally quite fine and closely spaced, 
although in places larger fractures were observed. In terms of strength the material ranged from 
relatively weak (i.e. “easily broken by hand”) to moderate (“broken by hand with difficulty”), with 
the latter being more dominant. Breakup of the core material was usually possible by applying 
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manual force along bedding planes and the cleavage planes oriented approximately orthogonal to 
the bedding planes.   

The core samples suggest that the greater proportion of groundwater throughflow will be derived 
from the sandstone, however this generalization neglects the contribution from bedding and 
cleavage planes. 

The cores were typically grey to black in colour, indicating the presence of organic matter (Blatt et 
al. 1980), and verified by the data presented in Table 2-5. Bedding plane surfaces were frequently 
associated with ‘speckled’ deposits, characteristic of pyrite, and in-filled with light coloured clays 
thought to be kaolin.  

 

2.4.1.2. Physico-chemical analyses 

The mineralogical composition data presented in Table 2-4 shows that the target aquifer is 
dominated by quartz, SiO2 (48–73%), with lesser amounts of kaolin, Al2Si2O5(OH)4 (13–23%) and 
muscovite, KAl2(AlSi3O10)(F,OH)2 (7–18%), and trace amounts of siderite, FeCO3 (0–11%), and 
chlorite, (Fe,Mg,Al)6(Si,Al)4O10(OH)8 (0–6%) and pyrite, FeS2 (0.3–1.3%). Sandstone samples are 
associated with higher levels of quartz (>70%) and lower levels of kaolin (<20%), muscovite 
(<10%) and siderite (<2%). Chlorite is a silicate mineral commonly present in igneous rocks that 
does not contain chloride, and so would not detract from the use of chloride as a tracer of the 
injected water during an ASR trial (the name apparently originates from the Greek word for 
green). 

The mineralogical characteristics of the bulk sample from BH3 are largely intermediate to the BH4 
core sub-samples, suggesting a mix of sandstone and siltstone in the extracted sediment. During 
reaming, distinctive brassy-yellow cubic crystals characteristic of pyrite were clearly evident within 
the recovered sediment (Appendix B). 

 

Table 2-4 Mineralogy data for the six sub-samples from BH4 and one bulk sample from BH3 

Depth Quartz  Muscovite Kaolin Siderite Pyrite Orthoclase Chlorite 
Sample Well 

(m bgs) 
Lithology 

(%) (%) (%) (%) (%) (%) (%) 

1 BH4 103.85 A sandstone 72 8 15 1 0.9 3 - 

2 " 104.2 A sandstone 70 7 19 - 1.3 2 - 

3 " 107.45 A siltstone 48 18 23 2 0.3 4 5 

4 " 108.3 A siltstone 50 13 18 11 1.2 4 3 

5 " 109.15 A sandstone 73 7 13 - 0.7 3 3 

6 " 109.8 A siltstone 51 16 21 <1 1.0 5 6 

7 BH3 93-124 B 
sandstone 
& siltstone 

61 12 19 1 1.3 4 2 
    A core sample from BH4 
    B bulked sample from reaming of BH3 
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Table 2-5 Physico-chemistry data for the 6 sub-samples from BH4 and 1 bulk sample from BH3 

Depth EC1:5 OC Exch.Cat.TOT CEC CaCO3 d50 Sample 
(m bgs) 

Lithology 
(µS/cm) 

pH1:5
pH 

0.01M CaCl2 (%) (cmol(+/-)/kg) (cmol (+/-)/kg) (%) (m) 

1 (BH4) 103.85 sandstone 140 8.6 7.9 0.13 1.6 1.5 <0.5 106–180 
2 (BH4) 104.2 sandstone 170 8.5 7.9 0.12 2.4 2.2 <0.5 180–250 
3 (BH4) 107.45 siltstone 230 8.8 8.2 0.70 3.8 3.2 <0.5 500–1000
4 (BH4) 108.3 siltstone 170 9.1 8.3 0.48 4.6 4.0 1.5 250–500 
5 (BH4) 109.15 sandstone 190 8.8 8.1 0.14 4.4 4.1 <0.5 250–500 
6 (BH4) 109.8 siltstone 130 8.9 8.0 0.21 3.5 3.8 <0.5 250–500 

7 (BH3) 93–124 
sandstone & 

siltstone 
310 7.6 7.2 0.23 3.9 3.7 <0.5 250–500 

 

The physico-chemical properties of the six core sub-samples and one bulk sample are presented 
in Table 2-5. Samples described as siltstone are substantially higher in OC, marginally higher in 
pH, and generally higher in CEC and exchangeable cations. CaCO3 was detected at trace 
amounts in only one sample (sample 4, siltstone, 108.3 m depth). Particle size data, although 
presented, are ambiguous because of the observed dependence of the effective grain size on the 
intensity of grinding. 

The total porosity and bulk density are remarkably consistent between the three samples from 
BH4 (Table 2-6). Porosities were consistently 22–23%. Since there was no visible evidence of 
fractures on the three test cores, the measured values are considered representative of the 
porosity of the aquifer matrix. These results do not conform with the view that the basement rocks 
are of low porosity (Leonard, 1992), possible suggesting that pores are not well connected. 

The measured bulk densities from cores of 2.3–2.4 g/cm3 are marginally higher than the 
geophysical log inferred values of 2.0–2.2 g/cm3 at identical depths (refer to Section 2.4.2).  

 

Table 2-6 Porosity and bulk density data for three intact core sub-samples from BH4 

Well 
Depth   

(m bgs) 
Lithology 

Porosity 
(%) 

Dry bulk density  
(g/cm3) 

BH4 103.7 sandstone 22 2.33 
BH4 107.6 siltstone 23 2.31 
BH4 109.2 sandstone 22 2.36 

 

 

2.4.1.3. Clay dispersion tests 

Values of turbidity for each of the sediment-water solutions and control waters are presented in 
Figure 2-2. Values for the control waters ranged from 0.5–0.7 NTU compared with 0.8–8.4 NTU 
for the sediment-water solutions, indicating that the presence of aquifer material consistently 
produced higher turbidity waters. Values of turbidity were sufficiently low such that visible signs of 
clouding in the solutions was minimal in most cases (Appendix B).  

Differences were observed between the behaviour of each of the aquifer samples. Dispersive 
behaviour was highest in sample #6 and lowest in sample #1. Turbidities for sample #7 were 
largely intermediate of the other samples, as expected for an integrated sample from the entire 
aquifer profile. Interestingly, broad lithological class alone was not a reliable indicator of 
dispersion. For example, both the low dispersion sample #1 and high dispersion #5 are broadly 
described as sandstones but have an almost three-fold difference in cation exchange capacity 
(CEC) values (Table 2-5). 

The net dispersive potential of each water type can be expressed in terms of the increase in 
turbidity relative to the control. For any water type this increase could be approximately described 
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from the CEC of the aquifer with linear correlation coefficients with respect to CEC that ranged 
from 0.37 for distilled water to 0.59 for groundwater. The slopes of this relationship offer a 
measure of the sensitivity of the water types to dispersion. The values of the slope obtained were: 
1.1 for distilled water, 0.4 for mains water, 0.3 for stormwater and 0.3 for ambient groundwater.  
Thus the dispersive tendency of the waters can be ranked as follows:  distilled water >> mains 
water > stormwater ~ ambient groundwater.   

The measured turbidity increases are estimated to have caused between <0.01% and 0.26% of 
the solid phase to have dispersed into solution (Table 2-7). The hydraulic impacts of this degree 
of mobility are difficult to assess in the absence of column experiments. Substantial dispersion-
related permeability declines have been reported for lab columns filled with sandy aquifer 
sediments with as little as 2% montmorillonite (Brown and Silvey, 1977; Konikow et al., 2001).  
These authors found that the declines were inversely correlated to the chloride concentration of 
the source water.   

In aquifers where significant clay dispersion is expected as a result of freshwater injection into 
more saline aquifers, Brown and Silvey (1977) showed that an initial pre-flush of calcium-chloride 
solution was successful in avoided the problem by increasing the availability of calcium ions on 
the surface of the clay minerals. The viability of this treatment over the longer term is unknown.  

Previous dispersion tests using an identical experimental approach to that described here were 
performed on core samples from a brackish sandstone (and siltstone) aquifer with CEC values 
ranging from 1.8 to 29 cmol(+)/kg (Pavelic et al., 2001). Turbidity increases were found to be less 
than 0.5 NTU for distilled water and up to 10 NTU for the low salinity injectant. Although the 
greater dispersion of the injectant relative to the distilled water is in contrast to the findings of this 
study, differences between the two studies are apparent. The CEC values in the previous study 
were typically higher than values reported here of 1.5–4.1 cmol(+)/kg, which is consistent with the 
presence of higher CEC smectites (montmorillonite) in the previous study. The salinity contrast 
between the two waters tested in the previous study was significantly less than for this study 
(<80 µS/cm cf 2800 µS/cm). The previous study was equilibrated with similar ambient 
groundwater EC (2400 µS/cm) but substantially lower SAR (~4) than the present study. The SAR 
value of ~2 for the injectant in the previous study was similar to the present study.  

If the dispersion-induced turbidity increase is assumed to relate to permeability decline, then this 
study shows a trend between clogging and salinity, as was found by Konikow et al. (2001). This 
does not, however, concur with the findings of the study by Pavelic et al. (2001) due, presumably, 
to the differences in the concentration and types of cations in the source and receiving waters, as 
well as the higher potential reactivity of the aquifer minerals, that are constrained by their initial 
equilibrium with lower SAR groundwater.  
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Figure 2-2 Results of clay dispersion tests for the seven samples of aquifer material in the presence 
of four water types (sample details are given in Table 4.1). The shaded bars give the mean values 
are overlain by errors bars that give the standard deviations. 

 

Table 2-7 Change in turbidity of the dispersed sample and the estimated proportion of aquifer 
sample mobilised during the test 

Water Type 
EC 

(S/cm) 
Turbidity A 

(NTU) 
Dispersed portion of 
aquifer sample B (%) 

Distilled water 20.5 0.5 – 7.9 0.02 – 0.26 
Mains water 118 0.1 – 3.3 <0.01 – 0.11 
Stormwater 575 0.2 – 1.5 0.01 – 0.05 

Groundwater 2850 0.4 – 1.7 0.01 – 0.06 
A turbidity of sediment:water value minus the control value 
B estimated from ‘turbidity’ using TSS vs turbidity relationship  
 

 

2.4.2. Conventional geophysical logging 

The following descriptions are drawn from the composite geophysical plots presented in Figure 
2-3 and Figure 2-4. Data are presented with respect to the depth below the local ground surface 
elevation.  The difference in elevation between the two wells was determined by surveying to be 
0.29 m, with BH3 situated on slightly higher ground than BH4. 

 

2.4.2.1. Calliper 

Calliper log data indicates that the average effective diameter of BH3 ranged from 145 to 
215 mm; values similar to, or greater than, the internal diameter of the casing. For BH4, the 
corresponding range was from 130 to 150 mm below 104.2 m bgs. The top 1 m of the open 
interval of BH4 was of distinctly larger diameter (up to 360 mm), presumably as a result of the 
rotary mud drilling and casing installation procedure (i.e. to allow for fluid recirculation during 
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pressure cementing of the casing). Some minor slumping causing partial blockage of the open-
hole was evident directly beneath this zone at a depth of around 104 m.  

The total depth of BH3 on 20 June 2006 was 117.1 m bgs; 9 m less than the total depth of 
completion. For BH4 the depth was 116.7 m bgs; a shortfall of 29 m. Slumping reduced the open 
interval by approximately 30% for BH3 and 70% for BH4, thus denying the opportunity to log the 
lower portions of both wells.  

In strongly cemented ‘hardrock’ formations, calliper logs are often used to identify the locations of 
fractures (e.g. Hess, 1986; Muldoon and Bradbury, 2005). However, for this variably cemented 
and highly weathered aquifer, the cavity features evident throughout the profiles appear to be 
unrelated to the presence or absence of fractures, and most probably represent the most easily 
eroded layers within the aquifer that contribute most to the sediment recovered during well 
development. 

 

2.4.2.2. Gamma 

Gamma ray logs are indicative of clay content and are hence useful for defining changes in 
lithology. In this setting lower counts are indicative of lower clay content (i.e. a tendency towards 
sandstone) and higher counts are indicative of higher clay contents (i.e. a tendency towards 
siltstone). Average values vary from 90 to 160 API in BH3 and from 100 to 160 API in BH4. Zones 
most clearly suggestive of sandstone occur at around 100–102 m and 114–115 m for BH3, and 
103–105 m for BH4.  

 

2.4.2.3. Neutron 

Neutron logs are indicative of the total porosity and clay content (since clays contain bound 
water). Higher counts are indicative of lower porosity. Greater variability is observed in BH3 than 
BH4, with average values ranging from 200 to 350 CPS in BH3 and from 200 to 450 CPS in BH4. 
Zones with lowest porosity and thus most suggestive of sandstone, occur at around 100, 114, 116 
and 117 m for BH3, and 105 and 115 m for BH4. This partly agrees with inferences drawn from 
the gamma log. 

 

2.4.2.4. Density 

Densities range from 1.7 to 2.2 g/cm3 for BH3 and from 1.9 to 2.3 g/cm3 for BH4. Distinct declines 
in density at 101 m in BH3 and 103 m for BH4 are indicative of void space observed in calliper 
logs, and possibly the presence of major fractures. 

 

2.4.2.5. Resistivity 

Electrical resistivity logs are indicative of the combined effect of matrix and fluid resistivity. Values 
range from 50 to 170 Ohm/m for BH3 and from 100 to 200 Ohm/m for BH4. Note that 
perturbations at the uppermost interval of BH4 reflect variations in well diameter. Given the 
uniformity of fluid conductivities (see section 2.4.2.6), the variability must be largely ascribed to 
variations in matrix resistivity. 

 

2.4.2.6. Groundwater EC 

Downhole EC profiling indicates consistent values of around 2900 µS/cm in both test wells. The 
uniformity in EC with depth contrasts with changes of up to 300 µS/cm observed during aquifer 
pump testing of BH3 and BH4. Groundwater drawn from the more permeable zones of the aquifer 
during pumping may differ in EC to that measured within the open-hole during ambient conditions. 
The relative uniformity in the vertical EC profile contrasts with the core EC1:5 values that varied by 
a factor of 2 or more, which agrees with the mechanism proposed.  
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2.4.2.7. Groundwater temperature 

Groundwater temperatures steadily increase with depth as a result of the geothermal gradient 
from 18.6 °C at 93 m to 19.3 °C at 117 m bgs at an average rate of 0.029 °C/m. Temperature 
profiles for BH3 and BH4 are consistent. 

Subtle perturbations in the thermal gradient over specific depth intervals have been shown to be 
reflective of the presence of hydraulically active fractures in uncased wells (e.g. Cook et al., 
1999). The technique was initially applied to the data with poor results due to the relatively low 
sensitivity of the Hydrolab MS4A sonde used (0.01 °C resolution; 0.1 °C accuracy), even when 
the integration range was increased from 0.1 m to 1 m intervals.   

Temperature measurements were repeated on 28–29 August 2006 using a Seabird SBE 39 
sonde, an instrument with a resolution of 0.004 °C. The temperature gradient profiles, presented 
in Figure 2-3 and Figure 2-4, reveal a oscillatory fluctuation pattern in both wells, with amplitudes 
that are typically <1m. Fluctuation ranges are typically ~0.15 °C/m for BH3 and ~0.2 °C/m for 
BH4.  

Perturbations in excess of 0.1 °C/m appear not to be random noise associated with the accuracy 
of the instrument. They occur at five locations in BH3 at depths of 90.9 m, 98.8 m, 101–102 m, 
104.0 m and 108.2 m and at four locations in BH4 at depths of 102.8 m, 105.1 m, 107.1 m and 
115.2 m.   
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Figure 2-3 Composite geophysical logs for BH3 

Gamma Calliper Neutron Resistivity Density BH image Fractures Fracture 
Azimuth 

Temp 
Gradient Ki/Kavg Radon Fracture 

Frequency 
Aperture 

Thickness

Ambient 
Flow 

Pumped 
Flow 

Temp 

EC 
  0    AH   200  50  mm  250  0       cps    500  1       g/cc      3  0  ohm/m   200 

0° 0°180°90° 270°

0 750
0° 0°180°90° 270°

0 750  0                  90  0      perm     10  0       cm         6  -0.1  L/min  0.1  0    L/min     20  0                    3 

 18      °C     20 

2.5  mS/cm  3.5 

Depth 
 

m bgs 

 0      Bq/L     4 -0.2   °C/m   0.3 
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Figure 2-4 Composite geophysical logs for BH4

Gamma Calliper Neutron Resistivity Density BH image Fractures Fracture 
Azimuth 

Temp 
Gradient Ki/Kavg Radon Fracture 

Frequency 
Aperture 

Thickness

Ambient 
Flow 

Pumped 
Flow 

Temp 

  0    AH   200  50  mm  250  0       cps    500  1       g/cc      3  0  ohm/m   200 
0° 0°180°90° 270°

0 750
0° 0°180°90° 270°

0 750  0                  90  0      perm     10  0       cm         6  -0.1  L/min  0.1  0    L/min     20  0                    3 

 18      °C     20 

2.5  mS/cm  3.5 

Depth 
 

m bgs 

 0      Bq/L     4 -0.2   °C/m   0.3 
EC 
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2.4.3. Downhole electromagnetic flowmeter logging 

2.4.3.1. Principles of the electromagnetic flowmeter 

A downhole electromagnetic flowmeter (EMF; Quantum Engineering Corporation, TN, USA) 
was used to measure vertical flow rates within the well, from which relative hydraulic 
conductivity (K/Kave) profiles are derived. The procedure involves measuring ambient flow 
rates within the contributing interval(s) of the well and then repeating the measurements at 
the same depths under pumped conditions that cause water to flow upwards to the pump 
inlet situated within the cased zone. All the flow through the cross-sectional area of the well 
at each targeted depth is channelled through the flowmeter fitted with an inflatable packer 
(Appendix B). The difference between the ambient and induced (pumped) flow rates between 
two adjacent depths gives the net induced flow contribution within that interval (or layer). 
Since flow paths in the aquifer due to pumping tend to become more horizontal as vertical 
gradients diminish, the amount of water entering the well during steady-state conditions is 
directly proportional to the hydraulic conductivity of that interval (Molz et al., 1994; Pavelic et 
al., 2006). K/Kave in the horizontal plane for each interval, i, was calculated from the following 
equation: 

K/Kave = (Qi / zi ) / (Qp / zi )     (1) 

where Qi is the net flow contribution, zi is the thickness of the layer and Qp is the pumping 
rate, as derived in Molz et al. (1994). 

 

2.4.3.2. Field testing 

The calliper log was run prior to EMF testing to determine the variability in the diameter 
within the uncased interval from which to identify depths that the flowmeter and packer 
assembly could be reliably positioned without compromising data quality or the equipment.  
Nine depths were selected for testing within the exposed formation of BH3 plus one within 
the cased zone, resulting in an average measurement spacing of 2.7 m. For BH4, seven 
depths were identified with an average measurement spacing of 2.0 m. Next, EMF 
measurements were made at the selected depths under ambient (i.e. static) conditions. 
Finally, the EMF measurements were repeated under induced (i.e.  pumped) conditions once 
quasi steady-state conditions had been reached. To create the induced conditions a 
Grundfos MP1 monitoring pump was lowered into the cased zone to a depth of about 30 m 
bgs and operated at a constant rate of around 0.25 L/s. Representative values were 
collected after the perturbation caused by moving and repositioning the tool had dissipated to 
the point where the standard deviation between readings was less than the accuracy quoted 
by the manufacturer (0.02 L/min).   

 

2.4.3.3. Electromagnetic flowmeter results 

The flow profiles for ambient and induced conditions are presented in Figure 2-3 and Figure 
2-4. It should be noted that a positive flow rate is indicative of upward flow in the well (e.g. 
due to pumping), whilst a negative flow rate indicates downward flow.  

Ambient flow rates for BH3 are low (-0.10 to +0.03 L/min) and for BH4 are even lower (-0.04 
to -0.03 L/min).  This conforms with expectation, given the limited groundwater withdrawal 
from the basement aquifer and the low hydraulic gradient due to the proximity to the coast. 
The predominance of downward ambient flow could be indicative of a net contribution 
towards deeper zones of the aquifer.  

Induced flow rates gradually increase toward a value approximating the pumped rate at the 
top of the formation and within the cased zone. Variations in the flow gradient (Qi/bi) are 
indicative of contrasts in K/Kave as described in the proceeding section.   

The contribution at the lowest measureable depth (around one metre from the bottom of the 
well), was 34% of the pumped flow for BH3 and 78% for BH4, indicating that a significant 
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proportion of the flow arises from lower depths. Given that in both cases this contribution is 
approximately proportional to the backfilled length of the open interval of the well, it is 
possible that the slumped interval remains hydraulically active and continues to contribute to 
flow. If sediment at the base of the well consolidates during injection then access to this zone 
may not continue during ASR operations. 

Since the net flow contribution between successive intervals must either remain unchanged 
or increase during logging in the ascent mode, the occurrence of 2 out of 3 adjacent 
measurements that deviate from this trend between depths of around 102 to 107 m bgs for 
BH3 strongly suggests the occurrence of bypass flow around the packer within this zone. 
The calliper reveals nothing unusual at these depths, providing evidence that the bypass flow 
is occurring within the adjacent formation along fractures rather than within the well itself due 
to incomplete sealing around the perimeter of the packer. Interestingly, the ambient profile 
also showed the highest flow gradients at a similar depth.  

 

2.4.3.4. K/Kave profiles 

The flowmeter-derived K/Kave profiles are shown in Figure 2-3 and Figure 2-4. The range in 
hydraulic conductivity observed at BH3 was 10-fold (K/Kave = 0.25–2.5) and at BH4 was 29-
fold (K/Kave = 0.07–2.0). The greater variability of BH4 is most likely reflective of the smaller 
average spacing of measurements, which conforms with a number of studies that indicate 
the degree of heterogeneity observed is strongly affected by the scale of measurement. As 
the resolution of the measurement interval decreases there is less integration over 
contrasting units and more of the variability is revealed, right down to the smallest 
measurement scale.  This has been demonstrated in both porous media aquifers (Pavelic et 
al., 2006) and hardrock aquifers (Novakowski and Lapcevic, 1999).  

Hydraulic conductivity in fractured rock typically varies by around six orders of magnitude 
(Novakowski and Lapcevic, 1999; Muldoon and Bradbury, 2005; Lemieux et al., 2006). 
Flowmeter-derived K profiles from this study vary by less than two orders of magnitude, and 
are comparable to similar tests for non-karstic sandy limestone aquifers (Pavelic et al., 
2006). These data also deviate from the classical fractured rock response in the sense that 
pumping-induced changes are steady rather than the abrupt discontinuities encountered at 
individual fractures, which is more indicative of porous media. 

 

2.4.4. Comparison between the well yield testing during drilling and 
electromagnetic flowmeter data 

Drilling of BH3 was stopped for airlift discharge testing of well yield at three depths within the 
bedrock aquifer (105, 115 and 125 m bgs). This allowed the relative contribution to the total 
discharge rate for the three, approximately equal intervals to be calculated and compared to 
the results from the EMF survey (Table 2-8). The yields were <0.1, 0.7 and 1.5 L/s at the 
three depths respectively. Recall for comparison that the pumping rate of the EMF tests was 
around 0.25 L/s. 

The airlift test results suggest that the relative flow contribution increases with depth, with the 
lower two sections of the aquifer substantially higher than the upper section. In contrast, the 
EMF results suggest the highest contribution occurs within the upper section, with higher 
uniformity observed between the three intervals. Incomplete development of the well prior to 
airlift testing of the two uppermost intervals could possibly explain the divergence between 
the two methods.  
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Table 2-8 Comparison of percent flow contribution of BH3 between airlift well yields during 
drilling and EMF profile 

% flow contribution: Depth interval  
(m bgs) Drilling EMF 

93–105 <7 41 
105–115 40 26 
115–125 53 33 

 

2.4.4.1. Estimated fracture apertures from electromagnetic 
flowmeter data  

Assuming that fractures can be represented as a planar void between two flat parallel 
surfaces, then the transmissivity of the aquifer can be used to derive the equivalent fracture 
aperture thickness by applying the cubic law.  This is given by Cook (2003) as: 

Tf = b3g/12µ        (2) 

where Tf  is the transmissivity of an individual fracture , b is the fracture aperture,  is the 
density of water, g is acceleration due to gravity and µ is the viscosity of water.  

Incremental transmissivities for the eight intervals from each well were determined from the 
K/Kave (Figure 2-3 and Figure 2-4) and bulk aquifer transmissivity (Table 2-1) data and 
assumed to equate to Tf  from a single fracture occurring in each interval. 

Calculated apertures vary from 0.4–2.4 mm overall, with the geometric mean of 1.2 mm for 
BH3 and 0.8 mm for BH4 (Table 2-9). These values are an upper limit of the aperture of 
individual fractures since they assume the transmissivity within each interval arises from just 
a single fracture and that the matrix is impermeable.  

 

Table 2-9 Calculated values of fracture aperture (b) from incremental transmissivities 
determined from flowmeter and pumping test data 

Well Increment 
Depth interval   

(m bgs) 
zi 

(m) 
K/Kave 

Tf 
(m2/d) 

b 
(mm) 

BH3 1 93–95.33 2.33 0.25 0.024 0.70 
BH3 2 95.33–96.93 1.60 0.92 0.061 0.95 
BH3 3 96.93–101.43 4.50 1.14 0.211 1.44 
BH3 4 101.43–108.53 7.10 0.68 0.198 1.41 
BH3 5 108.53–111.93 3.40 0.38 0.053 0.91 
BH3 6 111.93–114.03 2.10 2.48 0.214 1.45 
BH3 7 114.03–115.33 1.30 2.13 0.114 1.17 
BH3 8 115.33–127 11.67 0.99 0.476 1.89 
BH4 1 102.6–104.61 2.01 0.89 0.050 0.89 
BH4 2 104.61–106.41 1.80 0.07 0.003 0.36 
BH4 3 106.41–108.21 1.80 0.19 0.010 0.51 
BH4 4 108.21–110.21 2.00 0.86 0.048 0.88 
BH4 5 110.21–112.11 1.90 2.02 0.106 1.15 
BH4 6 112.11–113.81 1.70 0.18 0.009 0.50 
BH4 7 113.81–115.21 1.40 0.79 0.030 0.76 
BH4 8 115.21–146 30.79 1.11 0.948 2.38 
 

2.4.5. Acoustic televiewer logs  

Acoustic televiewer (ATV) logs are widely used to locate and characterise fractures. The tool 
comprises of an acoustic scanner that uses a rotating, pulsed sound source (magnetometer) 
and a piezometric transducer for sending and receiving the sound signal to produce a very 
dense, magnetically oriented, visual image of acoustic reflectivity of the borehole wall and the 
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two-way travel time.  Fracture signatures can be identified and the fracture depth, orientation, 
dip and apparent aperture determined.   

The image data from both wells reveal steeply dipping fractures to the E-NE relative to 
magnetic north (typically 75°), at dip angles that average between 73° and 74° for both wells 
(Figure 2-3 and Figure 2-4).  Fractures typically run parallel to the bedding planes. Dip angle 
and orientation conform with the regional structure determined by Whiting (1967). 

In BH3, eight large continuous fractures are identified at depths of 100.9 m, 101.6 m, 
102.7 m, 103.7 m, 106.0 m, 107.9 m, 113.6 m and 115.6 m. In BH4, nine large continuous 
fractures occur at 104.4 m, 105.6 m, 106.3 m, 108.0 m, 109.5 m, 110.4 m, 111.3 m, 115.1 m 
and 116.0 m. Apparent aperture thicknesses vary from 10 to 50 mm in BH3 and from 10 to 
100 mm in BH4. Other smaller, discontinuous fractures occur at densities ranging from 0 to 6 
per metre in BH3 and from 1 to 4 per metre in BH4. Since the vertical resolution of the 
acoustic scanner tool is quoted to be around 1 mm, only macro-scale features can be 
detected. ATV fractures apertures are 1–2 orders of magnitude larger than that determined 
from the EMF data based on the cubic law analysis, and a similar order greater than typical 
values for fractured rock aquifers (Cook, 2003). 

Comparing the ATV logs and temperature gradient profiles indicates that at three of the five 
depths in BH3 and at only one of four depths in BH4 did the temperature anomaly coincide 
with fractures identified from the ATV logs. 

 

2.4.6. Radon profiles  

Radon concentrations range from 2.1–3.6 Bq/L in BH3 and from 2.3–3.4 Bq/L in BH4. Radon 
concentrations in BH3 exceed BH4 over the three depth increments with overlapping 
measurements from 104–107 m. This is suggestive of higher groundwater velocities at BH3 
which concurs with the slightly higher transmissivity value determined for that well. 
Differences in radon concentration within a well exceed the differences between wells, which 
could also be driven by varying source concentrations as a result of aquifer heterogeneity.  

In BH4, where there was no ambiguity on the depth of the radon diffusion chambers, the 
highest concentration coincided with the interval where EMF measured the highest inflow 
rate. 

 

2.4.7. Well stability 

There is concern regarding the stability of the target formation for an uncased (open-hole) 
completion, which is reinforced by evidence of slumping in the lower sections of both 
investigation wells and the detection of high particulate concentrations in the extracted 
waters during pumping. 

As previously stated, the total depths of BH3 and BH4, as measured on 21–22 June 2006, 
were 9 m and 29 m less than the total drilled depths respectively. BH3, the more productive 
of the two wells (Table 2-1), was selected for reaming operations. The change in the total 
depth and diameter of BH3 as a result of the development is clearly illustrated in Figure 2-5. 
The depth was increased from 117.1 m to 123.5 m, but still remained 3.5 m short of the 
reamed depth of 127 m bgs (i.e. the original drilled depth).  

The development increased the average effective diameter of the well from 152.7 mm to 
163.3 mm over the common depth interval of 93.1 m to 117.1 m. The expansion in well 
diameter was not uniform, with differences before and after reaming ranging from -15mm to 
+123 mm (Figure 2-5). The three most pronounced zones of erosion were from 93–95 m, 
99–106 m and 115–116 m, with a clear bias towards the upper half of the formation. In 
contrast, the regional study by Leonard (1992) indicates the lower rather than the upper part 
of the bedrock aquifer is more highly weathered. The zones of greatest erosion include both 
of the lithologic classes (Figure 2-3 and Figure 2-4) and may be most susceptible to future 
erosion. No significant correlation was observed between the change in well dimensions and 
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the corresponding natural gamma count, reaffirming that clay content was not the major 
influence on the stability of the formation. 

The quantity of sediment that would have been recovered to account for the 11 mm increase 
in well diameter (7% increase in well volume) is calculated as 150 kg for the measured  bulk 
density value of 2.3 g/cm3 (Table 2-6). This appears reasonable from observations of 
quantity of sediment recovered from the well.  

Erosion of the weathered bedrock sediments produced high particulate concentrations in the 
extracted water. During pump testing, TSS levels in the extracted groundwater were around 
two orders of magnitude higher in BH3 compared to BH4. Values for BH3 commenced at 
150 mg/L, declining to 64 mg/L by the end of the test; whilst for BH4, TSS values were 
initially 2 mg/L and declined to < 1 mg/L. The additional 10 m of open interval between 93 m 
and 103 m consisting of highly weathered bedrock (that had been cased-off in BH4) may 
have been mobilised during pumping.  The data presented in Figure 2-5 indicate that this 
interval was responsible for much (although not all), of the increase in well diameter due to 
the reaming operation of 23 June.   

The high particulate concentrations observed in BH3 constitute a risk to ASR as a result of 
mechanical clogging caused by particle mobilisation and redeposition. Before injection 
commences this well should be developed by high rate pumping or air jetting until TSS levels 
are reduced to those comparable to BH4; notionally <5 mg/L.  

If water treated by reverse osmosis was injected it is expected that dispersion may occur in 
some layers, however stormwater at the salinity tested is unlikely to contribute to dispersion, 
and hence clogging or well instability. 

 

 

 
Figure 2-5 Calliper logs of BH3 well before and after well development (left), and the resultant 
difference in well diameter (right) 

2.5. Discussion 
Examination of the core samples suggested that most of the flow in the aquifer would be 
derived from the sandstone due to its higher fracturing and higher matrix permeability. 
However at field scale this appeared to not necessarily hold true as the degree of weathering 
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within the aquifer and subsequent location, density and interconnectedness of fractures 
appeared to be the main factor controlling groundwater inflows. 

The EMF results indicate little or no consistency in the K/Kave profiles between the two wells, 
and no general image emerges when the two profiles are compared, apart from the aquifer 
appearing to be a succession of alternating sequences of high and low hydraulic 
conductivity, of a thickness typically less than the 2–3 m measurement scale.  

Comparison of the K/Kave profiles with the distribution of fractures identified from the ATV 
logging suggests some correlation between fracture occurrence and hydraulic conductivity.  
For BH3, the two main fracture zones (100–107 m and 113–115 m) also conform with higher 
values of K/Kave. Effective fracture apertures are estimated to be far smaller than suggested 
from the ATV data, implying that most of the fractures are hydraulically inactive. 

Radon data also lend support to the EMF data, with radon concentrations positively 
correlated to K/Kave data in both wells, with R2 values of 0.37 for BH3 and 0.43 for BH4.  

From the above it can be seen that a useful and reliable characterisation  of the Silurian 
aquifer is difficult to achieve from any of the characterisation methods individually, but may 
be gained by an approach that combines various methods used. 

The target aquifer may be classified as a dual-porosity fractured rock with small fracture 
apertures and relatively high matrix porosities and low matrix permeability. In light of the 
moderate degree of variability in K/Kave profiles, and the general absence of distinct 
signatures in the temperature gradient and radon concentration profiles, it would appear that 
the aquifer exhibits either a low degree of aquifer heterogeneity, or more likely, heterogeneity 
at scales less than the scales of measurement. 

Given the apparent low degree of aquifer heterogeneity, combined with the low hydraulic 
conductivity and low hydraulic gradients and brackish groundwater salinity, if this behaves as 
a single-porosity aquifer ASR operations are unlikely to be impinged by low recovery 
efficiencies (Pavelic et al., 2006). However, the dual-porosity characteristics of the target 
aquifer, and particularly the degree of dispersive and diffusive interaction between the low 
salinity recharge water migrating along fractures with the high salinity ambient groundwater, 
would imply a lower recovery efficiency (Wright and Barker, 2001). Ultimately, verification 
would require conducting cycle testing during the field trial.  

The Silurian aquifer has been shown to be susceptible to erosion, which could cause 
mobilisation and recovery of aquifer fines (note that the weathering of siltstone mobilises clay 
and weathering of sandstone mobilises sand). Clay dispersion tests reveal that no significant 
dispersion was observed for either mains water or stormwater relative to that of the ambient 
groundwater. In contrast, distilled water had higher dispersive potential that was reasonably 
correlated with the CEC of the aquifer samples. Without amendment, water of this quality 
should not be injected into the Siluran aquifer.  

The low transmissivity, small fracture apertures and small pore sizes in the matrix suggest a 
high potential for clogging unless the stormwater injectant is treated to near-potable 
standards. Water quality data (Appendix A) indicate that the injection of oxygenated potable 
water into the anaerobic aquifer that contains an abundance of iron minerals (e.g. pyrite, 
siderite) could lead to clogging by precipitation of iron oxides, which would require routine 
backwashing and possibly more rigorous treatments such as acidisation (Pérez-Paricio and 
Carrera, 1999). 

 

2.6. Conclusions from aquifer characterisation 
ASR into the weathered bedrock aquifer at Rossdale is not without risk and should only 
proceed with caution.   

1. BH3 is the most productive of the two investigation wells and the more prospective to 
serve as the ASR well.  BH4, situated 11 m from BH3, would therefore serve as an 
observation well.   
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2. Prior to initiating the ASR trial, further development of BH3 is required to reduce TSS 
levels in extracted water to <5 mg/L, as has been achieved for BH4.  If BH3 cannot be 
stabilised, then BH4 should be used as the ASR well and BH3 used as an observation 
well. 
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3. PRELIMINARY WATER QUALITY ASSESSMENT 
A preliminary assessment of potential water quality issues at the Rossdale site that relate to 
well clogging was undertaken. Specifically, the available stormwater, mains water and 
groundwater data was reviewed with respect to clogging potential and pre-treatment needs 
to minimize well clogging. Considerations for aquifer protection and the quality of recovered 
water are described in Section 4. 

Grab samples of stormwater were collected from the retention dam by CSIRO on two 
occasions; 20/11/05 and 21/6/06, and transported overnight to the AWQC and CSIRO Land 
and Water labs in Adelaide for analysis. A mains water sample was also collected on 21/6/06 
from a tap located within the fenced enclosure situated between the retention dam and test 
wells, after allowing 30 minutes of flow to purge the pipeline. Groundwater sampling of BH3 
and BH4 was performed by SKM during aquifer pump testing and samples analysed by 
LabMark Pty Ltd in Melbourne (a NATA accredited lab). Aquifer core samples were collected 
by SKM from BH4 on 30/5/06 for mineralogical analysis by CSIRO Mineralogical and 
Geochemical Services in Adelaide. 

A summary of the physical, chemical and biological parameters of the stormwater, mains 
water and ambient groundwater is given in Appendix A. The stormwater is fresher and has 
higher levels of nitrogen, phosphorus, and organic carbon than the ambient groundwater. 
Relative to stormwater quality data reported by Duncan (1999) from residential or highly 
urbanised catchments in Melbourne, the Rossdale stormwater is of higher quality in terms of 
suspended solids, nitrogen, phosphorus, organic carbon and metals. The local mains water 
was of better quality than the stormwater for all measured parameters, with the exception of 
turbidity.  

The major clogging risks at the Rossdale site relate to physical clogging due to injection of 
particle-rich waters and to microbial clogging due to proliferation of bacteria and associated 
biofilms in and around the well.  

The data clearly show that clogging by particulates will be an issue if either raw storm- or 
mains- water is injected due to the high Membrane Filtration Index (MFI) values (155-
371 s/L2), exacerbated by the low transmissivity of the target aquifer (1.4 m2/day). The 
physical quality of the source water for injection would need to be improved to achieve an 
MFI value < ~5 s/L2 in order to achieve viable injection rates and avoid frequent backflushing. 
This target value is drawn from many years of Dutch research for the avoidance of physical 
clogging in silicious aquifers (Olsthoorn, 1982), and is considered a minimum treatment 
requirement due to the low aquifer transmissivity at this site. 

The high MFI of the mains water is surprising, but consistent with the high turbidity and 
suspended solids content of the water. The rates of settling of both water types were 
determined from suspension stability tests, using methods reported by Lin et al. (2006). 
Settling velocities were found to be sufficiently high to remove ~40% of the turbidity from the 
mains water within 5 hours (Figure 3-1). Corresponding tests with stormwater show only 
~10% removal over the corresponding period, presumably due to the higher proportion of 
lower density organic particles than in the mains water.  
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Figure 3-1 Changes in turbidity over time for mains water and stormwater samples during 
settling tests 

 

Relatively high levels of particulate iron and manganese, which could be clearly seen from 
the colloidal discolourations in the water, suggests that the particulate matter is composed of 
iron and manganese (oxy)hydroxides. However, a more complex array of inorganic and 
organic particles is inferred, given the high proportion of volatile suspended material in the 
water.  Given the implication for pre-treatment prior to injection, follow-up sampling of the 
mains water is warranted to confirm the consistency of (oxy)hydroxides in the mains water. 

The bacterial regrowth potential (BRP) provides an indicator of the bio-available organic 
carbon that may support biofilm activity around the ASR well. High BRP values occur for the 
stormwater (57-1520 μg/L). Values were 30-fold greater during the warmer sampling, without 
a significant difference in DOC levels in the stormwater. If the stormwater was injected into 
the bedrock aquifer without any further treatment, clogging of the ASR well and the adjacent 
aquifer by biofilm growth is highly likely.  BRP levels of mains water were far lower than 
stormwater as anticipated (35 μg/L) and do not warrant immediate concern. 

It is worthwhile to briefly review the composition of the recharge water and hydrogeological 
conditions for the failed stormwater ASR trial that took place at Urrbrae, SA in the late 1990s. 
The MFI of the wetland-treated stormwater injectant ranged from 90-390 s/L2, and the BRP 
from 40-290 μg/L. These values are on-par with the Rossdale stormwater. The initial 
transmissivity of the confined silicious aquifer, although low (6 m2/day), was 4-fold higher 
than at Rossdale. Failure occurred due to rapid and irreversible reduction in injection rates, 
which was, in part, attributed to the high levels of suspended solids and nutrients in the 
source water. Many of the lessons learnt from Urrbrae have been incorporated into the 
investigations at the Rossdale site, including the water quality requirements for injection. 

 

3.1. Geochemical modelling  
Preliminary geochemical modelling was undertaken using the equilibrium model PHREEQC 
(Parkhurst and Appelo, 1999) primarily to examine the behaviour of iron and the potential for 
iron oxide precipitation. A comprehensive review of the processes discussed in this section 
can be found in Appelo and Postma (1999). 

As with all modelling, the reliability of the output is dependent on the quality of the input data. 
For speciation and mineral equilibrium, essential input parameters are pH, temperature and 
Eh (all measured in situ). DO (measured in situ) is also useful to compliment the Eh 
measurement. As Eh measurements were not available, the oxygenated mains and storm 
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water samples were assigned an estimated pE of 6 (Eh~400 mV). Based on the absence of 
dissolved oxygen and nitrate but presence of sulphate the groundwater was considered to be 
anoxic but sulphate-stable and attributed a pE of 1 (Eh 50-00 mV). Given that iron is a redox 
sensitive species, the redox state estimated had a large impact on the model output for 
dominant mineral phases influencing the solution composition. 

Groundwater water quality reported for BH3 was chosen for examination as this is 
representative of the entire storage zone. While the groundwater contains 0.78 mg/L iron, it 
is not known what portion of this total iron is soluble and typical of the ambient condition, or is 
derived from particulates dislodged from the aquifer matrix during sampling. The sample from 
BH4 apportions only 20% of the total iron to the soluble phase. Soluble Fe(II) will be oxidised 
to insoluble Fe(III) oxides by the injection of oxygenated source water (mains or stormwater) 
into the aquifer. However, without a clear indication of the soluble iron concentration it is not 
possible to rate the importance of this process. 

Reduced iron rapidly oxidises after sampling and as a result is lost through filtration in the 
laboratory. Dissolved iron samples should be filtered through 0.45 µm in the field immediately 
after sampling and prior to acidification. These should be collected in conjunction with total 
iron samples, which are acidified after sampling. 

Aquifer mineralogy indicates the presence of reactive iron bearing-minerals, pyrite (FeS2) 
and siderite (FeCO3), within the sediments (Table 2). Injection of mains or storm water will 
oxygenate the storage zone and potentially oxidise Fe(II) within these mineral phases to 
produce Fe(III) oxides.  

Pyrite oxidation has received a lot of attention in ASR schemes in the USA due to the release 
of arsenic (Arthur et al., 2003). This is not likely to breach irrigation quality guidelines but is a 
concern for more stringent drinking water targets. Nonetheless, the modelling indicates pyrite 
oxidation soon after injection, suggesting iron oxide precipitation would also occur in the near 
well zone, leading to well clogging. This would need to be managed by regular backwashing 
of the ASR well. 

Water in contact with a mineral phase will tend toward equilibrium with that phase, either 
through dissolution or precipitation of that phase. The mineral saturation index (SI) of a 
solution can indicate if mineral equilibrium processes are expected. For some minerals, such 
as silicates, equilibrium processes are slow, but for others such as carbonates, equilibrium 
can be quite rapid. In this system, injection of water that is not in equilibrium with siderite 
(FeCO3) may lead to dissolution soon after injection. The water quality data available for the 
mains water indicates dissolution is likely. As the two stormwater samples have varied pHs 
(7.4 and 9.1), the SIs suggest opposing processes. Following dissolution, the fate of the iron 
released will depend upon the prevailing pH and redox condition, either remaining as soluble 
Fe(II) or precipitating as Fe(III) oxide. Dissolution may serve to offset the effect of 
precipitation of iron oxides, however it may also enhance the erosion of aquifer sediments 
and lead to well instability problems. 

3.2. Conclusion 
From the clogging studies conducted at CSIRO it was concluded that mains water was the 
preferred recharge source for the most immediate ASR trial to test the hydraulic 
characteristics of the aquifer without confounding by clogging, due to the less advanced 
treatment that would be required than for the stormwater. 

Pre-treatment of the mains water was required to reduce the turbidity of the injectant, and 
could be achieved by the installation of a simple inline filter. Nutrient and turbidity removal 
would be essential to avoid clogging of the ASR well on injection of stormwater should the 
mains water trial prove successful. Further information would be needed at that stage to 
evaluate potential for geochemical clogging, primarily by iron or manganese precipitation 
during stormwater injection. 
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4. HEALTH AND ENVIRONMENTAL RISK ASSESSMENT 
This was performed in two phases. The first is a preliminary hazard assessment and the 
second follows the staged risk assessment approach of the Australian Guidelines for Water 
Recycling: Managed Aquifer Recharge (‘MAR Guidelines’; NRMMC–EPHC–NHMRC 2009a). 

4.1. Preliminary hazard assessment 
Prior to any injection occurring at the site, a hazard assessment was completed by SKM 
(Molloy et al., 2006) in line with Technical Guidance for ASR (Dillon and Molloy, 2006) that 
aimed: 

 To identify environmental and human health risks related to the use of urban stormwater 
runoff as the source of water for injection in the ASR project; 

 To identify potential sources of contamination to the storm waters and hence protect the 
beneficial uses of the aquifer; 

 To identify quality control points and supporting programs aimed at minimising the 
likelihood of contaminated source waters entering the aquifer; 

 To recommend a monitoring program aimed at assessing whether the beneficial uses of 
the aquifer are being protected; 

 To outline contingency plans in the event of unacceptable levels of contaminants being 
detected. 

The hazard assessment noted that the golf club already irrigated with raw stormwater, and 
the quality of the treated stormwater was expected to be significantly higher than the raw 
stormwater as a high level of treatment was required prior to injection in order to prevent 
clogging of the well. 

The preliminary assessment addressed: 

 The stormwater catchment 

 Stormwater entering the storage dam 

 Groundwater 

These are discussed in more detail below.  

 

4.1.1. Stormwater catchment hazards 

The Kingston City Council (KCC) completed a stormwater quality plan (KCC, 2000) and the 
Kingston Industrial Stormwater Project (KCC, 2002). The Rossdale Golf Course is located in 
the Centre Swamp Drain sub-catchment within the main Mordialloc Creek catchment (Figure 
4-1). The Centre Swamp Drain extends from Patterson Lakes to Mordialloc Creek and is 
owned, maintained and operated by Melbourne Water (KCC, 2002). 

Rossdale Golf Club diverts stormwater from a collection pit connected to the Centre Swamp 
Drain during high flows. Before being pumped by the storage dam at Rossdale Golf Club, the 
stormwater passes through a basket to remove gross litter and pollutants. 

Residential housing dominates the majority of the sub-catchment, followed by public parks 
and open land which cover a large amount of land through the centre of the catchment. 
Parks of significance include the Edithvale – Seaford Wetlands Environmental Area and 
Bicentennial Park, which has previously been used as a landfill. 

Whilst commercial and industrial activity is widespread through the City of Kingston, there is 
only minor industrial activity within the Centre Swamp drainage sub-catchment. Figure 4-2 
indicates a ‘Business 3 Zone’ in the east of the catchment. This business zone (commonly 
known as the Ashley Business Park and Sixth Avenue Industrial Area) is considered the 
main potential point sources of pollution. 
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Figure 4-1 Catchment and sub-catchment boundaries within the City of Kingston (KCC 2002) 

 

 
Figure 4-2 Rossdale Golf Course Planning Zone with the approximate stormwater drainage 
catchment area highlighted 
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4.1.2. Stormwater quality 

Filtered stormwater from the collection pit is pumped into the 10 ML storage dam where 
some suspended sediments will settle out. A shallow sump is also located on the fairway 
adjacent to the ASR system which is designed to collect surface water and potentially any 
shallow groundwater, which will also be pumped into the storage dam. However, this will be 
a very minor volume of the total storage dam. The ASR scheme will pump water from the 
dam (via a treatment plant), as described in Section 1.3. 

Stormwater quality monitoring has been conducted within the City of Kingston, however this 
monitoring has focused on the large industrial areas outside of the Centre Swamp drainage 
catchment. Therefore this monitoring data is not considered characteristic of the water quality 
within the project area.  

Deletic & Fletcher (2004) undertook a monitoring program of stormwater quality across the 
Greater Melbourne area. Their work included distinguishing between water quality during 
high flow and low flow events. Given water is only diverted during high flow events at 
Rossdale, the results for high flow events are particularly relevant for this project. Seven sites 
across Melbourne were monitored. From this study it is estimated that typical stormwater 
diverted into the storage dam is likely to have: total suspended solids (TSS) = 50–100 mg/L; 
total nitrogen (TN) = 1–2 mg/L; total phosphorous (TP) = 0.1–0.3 mg/L. High levels of iron, 
zinc and aluminium and slightly elevated levels of lead, manganese, copper and arsenic are 
also probable. The potential pathogen and organic chemical loads are unknown. 

Preliminary sampling data of the dam water at Rossdale Golf Course (Table A-1) indicates 
that stormwater diverted from the Centre Swamp drainage catchment is of comparable or 
better quality than that reported at various sites across Melbourne in Deletic & Fletcher 
(2004). TSS (median 2 mg/L; maximum 24 mg/L) was lower than the range reported above 
and TN (median 1.0 mg/L; maximum 15.4 mg/L), TP (median 0.07 mg/L; maximum 0.5 mg/L) 
and all sampled metals where comparable to those reported. The stormwater from the dam 
will also undergo pre-treatment to improve the quality of the stormwater prior to injection, to 
reduce the risk of well clogging (Section 3.2). 

 

4.1.3. Effects on groundwater quality 

The Rossdale ASR scheme involves injecting fresh water into a brackish aquifer which 
cannot be productively used in this location. The radius of influence is expected to be 30 m 
from the injection bore (Figure 4-3). Groundwater users in both the bedrock aquifer and the 
overlying Werribee Formation will not be impacted by the injected water. The nearest known 
user in bedrock aquifer is 2.5 km to the north and there are no known groundwater users in 
the Werribee Formation. The bedrock acts as an effective confining layer between the 
Werribee Formation and the fractured bedrock.   
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Figure 4-3 Radius of influence from the ASR well, for mains water trial (assuming 1300 m3 
injected) and stormwater trial (assuming 7800 m3 injected)  
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The ASR scheme is also very unlikely to cause discharge to the bay. Port Phillip Bay is 
located 1.2 km to the west of the site, and given the very low hydraulic conductivity of the 
aquifer and low hydraulic gradient, the travel time would very large. The injected water will 
also be recovered on a seasonal basis. 

The quality of groundwater in Victoria is protected under the 1997 State Environment 
Protection Policy ‘Groundwaters of Victoria’ (Groundwaters of Victoria SEPP) (Victorian 
Government 1997), issued under the Environment Protection Act 1970 and administered by 
the Environment Protection Authority. The Groundwaters of Victoria SEPP (1997) defines a 
range of protected beneficial uses for defined segments of the groundwater environment, 
which are based on groundwater salinity. The EPA considers that groundwater is polluted 
where current and/or future protected beneficial uses for the relevant segment are precluded.  
Beneficial uses of groundwater are considered to be precluded when relevant groundwater 
quality objectives set out in the Groundwaters of Victoria SEPP (1997) for those beneficial 
uses have been exceeded. 

The salinity of the aquifer is around 1,500 mg/L TDS.  On this basis, groundwater quality at 
the site is classified as Segment B (1,001 – 3,500 mg/L TDS) and must be protected for the 
following beneficial uses: 

 Maintenance of ecosystems; 

 Potable mineral water supply; 

 Agriculture, parks and gardens; 

 Stock watering; 

 Industrial water use;  

 Primary contact recreation (eg. bathing, swimming); and 

 Buildings and structures. 

Of these, the following beneficial uses have not been considered as part of this investigation: 

Maintenance of ecosystems – the only connected ecosystem is the actual aquifer. As 
discussed, discharge to the bay is not considered to be applicable at this location. The 
injected water will be of lower salinity than the groundwater and would enable irrigation with 
recovered water, which is not possible with native groundwater. 

Potable mineral water supply –  since the site or surrounding areas are not within an existing 
or potential mineral water production zone as recognised by the Victoria Mineral Springs 
Committee (Shugg pers. comm., 2002) nor is background groundwater typical of Victorian 
mineral waters, which is in general naturally effervescent and/or contains high bicarbonate 
concentrations (Shugg pers. comm., 2002). 

The next highest beneficial use requiring protection is agriculture, parks and gardens. The 
stormwater is suitable for controlled irrigation without any treatment; however, the stormwater 
will be treated prior to injection in order to meet the ASR water quality requirements. 

Groundwater samples have been collected from the injection bore (BH3) and the observation 
bore (BH4) and the results are presented in Table A-2.  Based on a comparison of 
stormwater quality, groundwater quality at Rossdale and the relevant irrigation guidelines 
(long term trigger values (LTV) are based on loading over 100 years of irrigation and short 
term trigger values (STV) are based on 20 years of irrigation), the following preliminary 
conclusions can be drawn:  

 TDS is significantly lower (fresher) in the injectant (dam water) than in the groundwater. 

 TSS is expected to be variable and there are insufficient data to enable an evaluation.  
However the treatment will be designed to ensure TSS is very low with the aim to reduce 
clogging of the aquifer and hence there will be no detrimental impacts with respect to TSS. 
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 TN in the stormwater is above levels in the aquifer but both concentrations are well within 
tolerable limits for irrigation.  

 TP is likely to be comparable with levels in the aquifer however further monitoring will be 
required. Total phosphorus concentrations in the groundwater are slightly higher than the 
LTV for irrigation, but significantly less than the STV.  The LTV is provided to prevent 
bioclogging of irrigation equipment.  

 Organic carbon is slightly higher in the groundwater compared to the stormwater. There are 
no irrigation guidelines for organic carbon.   

 With the exception of iron, heavy metal concentrations in both the stormwater and the 
groundwater are within the LTV for irrigation. Groundwater concentrations of iron are 
marginally higher than the LTV, but well within the STV. High iron concentrations have the 
potential to cause clogging in fine dripper irrigation systems.   

No short or long term adverse impacts on the aquifer are considered likely, primarily because 
of the high pre-treatment requirements to prevent clogging in both the bore and the aquifer. 

 

4.1.4. Conclusions 

The preliminary hazard assessment, performed before the release of the MAR Guidelines 
(NRMMC–EPHC–NHMRC 2009a) determined that this project has a low risk potential. Whilst 
this is the first ASR scheme to be established in Victoria, many similar schemes have proven 
successful in other parts of Australia.   

There are several barriers in place to detect contamination of the stormwater from potential 
unexpected events in the catchment including: 

 Stormwater is collected during high flow events which typically carry less contaminants 
than the ‘first flush’ of stormwater; 

 Stormwater is diverted to a collection pit where it is filtered through a basket to remove 
gross litter and pollutants; 

 Stormwater will be held in the storage dam to allow sediments to settle; and 

 Water from the storage dam will be treated prior to aquifer injection, to further reduce 
contaminants.  

If all of these barriers fail and polluted stormwater is injected into the aquifer, the water would 
be recovered and pumped into the dam where it would be treated with the remainder of the 
polluted stormwater. 

 

4.2. Pre-commissioning risk assessment 
Although the preliminary risk assessment had been completed, in 2010 CSIRO completed a 
risk assessment on the Rossdale ASR site, in accordance with the procedures of the 
Australian Guidelines for Water Recycling: Managed Aquifer Recharge (‘MAR Guidelines’; 
NRMMC–EPHC–NHMRC 2009a) to demonstrate compliance of this site. The MAR 
Guidelines recommends risk assessments are undertaken at each stage of project 
development; an entry level risk assessment (Section 4.2.1), and maximal and residual pre-
commissioning risk assessments have been completed. For full details see the Rossdale 
ASR case study in Page et al. (2010). 

 

 



 

Rossdale ASR demonstration project final report Page 33 

4.2.1. Stage 1 Entry level assessment 

Table 4-1 and Table 4-2 show the completed entry-level risk assessment for the Rossdale 
ASR project, as per section 4.3 of the MAR Guidelines (NRMMC–EPHC–NHMRC 2009a). 
Table 4-2 also provides a summary of Stage 2 investigations required as identified in the 
Stage 1 assessment. 

 

 

Table 4-1 Rossdale ASR entry level assessment part 1 – Viability 

 Attribute  Answer 

1 Intended water use  
  Is there an ongoing local demand or clearly 

defined environmental benefit for recovered 
water that is compatible with local water 
management plans?  

 Recovered water intended for irrigation of 
golf course, to replace irrigation by mains 
water. 

2 Source water availability and right of access  
  Is adequate source water available, and is 

harvesting this volume compatible with 
catchment water management plans? 

 Rossdale Golf Course has licence to 
harvest an adequate quantity of stormwater 
from Centre Swamp Drain. 

3 Hydrogeological assessment  
  Is there at least one aquifer at the proposed 

managed aquifer recharge site capable of 
storing additional water?   

 Site is in area with moderate ASR potential 
according to regional mapping. 

  Is the project compatible with groundwater 
management plans?  

 Licence to inject and recover up to 10 ML 
per annum granted by Southern Rural Water. 

4 Space for water capture and treatment   
  Is there sufficient land available for capture 

and treatment of the water? 
 Existing dam on golf course to be used for 
harvesting stormwater. 

5 Capability to design, construct and operate  
  Is there a capability to design, construct and 

operate a managed aquifer recharge project? 
 Through SWF, CSIRO to plan and design 
project. SKM to oversee drilling and pumping 
tests. Orica assisted with treatment plant. 
Rossdale Golf Club use programmable logic 
controllers in managing their irrigation systems 
so have potential for managing the ASR pre-
treatment and injection and recovery systems 
and field supervisor received training in 
operating, monitoring and maintaining system. 
Continue to entry level assessment (Table 
4-2) 
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Table 4-2 Rossdale ASR entry level assessment part 2 – degree of difficulty 

Question Rossdale answers Investigations 
required 

1  Source water quality with respect to groundwater environmental values 
Does source water quality meet the 
requirements for the environmental values of 
ambient groundwater? 
 

Yes – environmental values of ambient 
groundwater exclude drinking or irrigation 
due to high salinity. 

None 

2  Source water quality with respect to recovered water end use environmental values 
Does source water quality meet the 
requirements for the environmental values of 
intended end uses of water on recovery? 
 

Yes – source water meets current irrigation 
requirements (before ASR). 

None 

3  Source water quality with respect to clogging 
Is source water of low quality, for example:  
total suspended solids, total organic carbon or 
total nitrogen >10 mg/L, 
And is soil or aquifer free of macropores? 

Yes – source water has moderate TSS 
(5 mg/L) and high TOC (10 mg/L). Require 
Stage 2 investigations to assess clogging 
potential and pre-treatment options. 

Clogging 
evaluation 

4  Groundwater quality with respect to recovered water end use environmental values 
Does ambient groundwater meet the water 
quality requirements for the environmental 
values of intended end uses of water on 
recovery?  

No – ambient groundwater salinity is above 
irrigation standards. Require Stage 2 
investigations into recovery efficiency. 

Recovery 
efficiency 
evaluation 

5  Groundwater and drinking water quality   
Is either drinking water supply, or protection of 
aquatic ecosystems with high conservation or 
ecological values, an environmental value of 
the target aquifer?  

No – target aquifer is too saline for use as a 
drinking water supply, and does not support 
aquatic ecosystems with high conservation 
value. At least 1 km from coast with shallow 
hydraulic gradient and thick confining layer. 

None 

6  Groundwater salinity and recovery efficiency 
Does the salinity of native groundwater 
exceed: 
(a) 10000 mg/L, or  
(b) the salinity criterion for uses of recovered 
water? 

Yes to (b) – ambient groundwater salinity 
above irrigation standards. Require Stage 2 
investigations into recovery efficiency. 

Recovery 
efficiency 
evaluation 

7  Reactions between source water and aquifer 
Is redox status, pH, temperature, nutrient 
status and ionic strength of source water and 
groundwater similar? 

No – redox status, nutrient status and ionic 
strength of source water and groundwater 
are different. Require Stage 2 investigations 
to assess impacts of reactions on recovered 
water quality and aquifer integrity. 

Geochemical 
evaluation 

8  Proximity of nearest existing groundwater users, connected ecosystems and property boundaries 
Are there other groundwater users, 
groundwater–connected ecosystems or a 
property boundary near (within 100–1000 m) 
the MAR site?  

No other groundwater users exist within 
1000 m of the site. Groundwater is not 
suitable for stock and domestic use. 

None 

9  Aquifer capacity and groundwater levels 
Is the aquifer confined and not artesian? Or is 
it unconfined, with a watertable deeper than 
4 m in rural areas or 8 m in urban areas? 

Yes – target aquifer is confined and not 
artesian, however expected to become 
locally artesian during injection. Requires 
stage 2 investigations to assess artesian 
zone. 

Evaluate 
potential for 
upward leakage  

10  Protection of water quality in unconfined aquifers 
Is the aquifer unconfined, with an intended 
use of recovered water being drinking water 
supplies?  
 

No – target aquifer is confined and 
recovered water intended for irrigation uses. 

None 
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Question Rossdale answers Investigations 
required 

11  Fractured rock, karstic or reactive aquifers 
Is the aquifer composed of fractured rock or 
karstic media, or known to contain reactive 
minerals? 

Yes – target aquifer is fractured rock, and 
contains pyrite and siderite. Require Stage 
2 investigations to evaluate migration and 
hydrogeochemical reactions. 

Recovery 
efficiency and 
geochemical 
evaluations 

12  Similarity to successful projects   
Has another project in the same aquifer with 
similar source water been operating 
successfully for at least 12 months?  

No, first of its kind. 
Require Stage 2 investigations. 

All  

13  Management capability   
Does the proponent have experience with 
operating MAR sites with the same or higher 
degree of difficulty, or with water treatment or 
water supply operations involving a structured 
approach to water quality risk management?  

Yes – Rossdale Golf Club has experience 
with programmable logic controllers in 
managing irrigation systems and will 
manage the ASR and pre-treatment 
systems with training and service contracts. 

None (specific 
training to be 
provided by 
CSIRO and 
Orica) 

14  Planning and related requirements    
Does the project require development 
approval? And is it in a built up area; on 
public, flood-prone or steep land; close to a 
property boundary; contain open water 
storages or engineering structures; likely to 
cause public health, safety or nuisance 
issues, or adverse environmental impacts?   

No – project site approval granted by 
Rossdale Golf Club. Site set back from 
property boundary and screened with brush 
fencing. Met low acceptable noise level 
from players and neighbours. Avoid well 
construction and transport of treatment unit 
on site in winter to prevent wheel ruts in soft 
soil. Uses a pre-existing dam. 

None 

 

In summary of the Stage 1 assessment the following investigations were identified in 
proceeding to Stage 2 (Table 4-3). Each of these investigations had already been planned 
and most had been executed before the degree of difficulty assessment was undertaken. 
This provides affirmation of the scope of work already agreed amongst project partners. 

 

Table 4-3 Summary of Stage 2 investigations required for Rossdale ASR 

Issue Investigations required at stage two 
3 Source water quality with respect to clogging Clogging evaluation 
4 Groundwater quality with respect to recovered 

water end use environmental values 
Recovery efficiency evaluation 

6 Groundwater salinity and recovery efficiency Water quality assessment  
7 Reactions between source water and aquifer Geochemical evaluation 
9 Aquifer capacity and groundwater levels Evaluate potential for upward leakage 
11 Fractured rock, karstic or reactive aquifers Recovery efficiency and geochemical 

evaluations 
12 Similarity to successful projects None, first of its kind in the region 
 

 

4.2.2. Stage 2 Pre-commissioning investigations 

A series of studies were performed to inform the Stage 2 pre-commissioning assessment.  
The geochemical and clogging evaluations are described in Sections 3 and 5.4, the recovery 
efficiency evaluation is discussed in Section 5.5, and the data for the water quality 
assessment is presented in Tables A-1 and A-2.  
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4.2.3. Stage 2 Pre-commissioning risk assessment 

4.2.3.1. Maximal risk assessment 

The risk assessment is presented in the order of the twelve key hazards outlined in the MAR 
Guidelines (NRMMC–EPHC–NHMRC 2009a). A semi-quantitative risk assessment was 
performed for each of the hazards for human health and environmental endpoints, with 
green, orange and red indicating low (acceptable), uncertain and high (unacceptable) risks 
respectively (Table 4-4). The white boxes indicate that that hazard does not apply to that 
endpoint (hazards 8 to 12 for the human and irrigation endpoints). 

The maximal risk assessment for the human health end point was conducted by comparing 
the water quality data for untreated stormwater for hazards 1 to 7 to the Stormwater 
Harvesting and Reuse Guidelines (NRMMC–EPHC–NHMRC 2009b) for irrigation exposure. 
For the irrigation end point, hazards 1 to 7 were compared to the short term values (STV) for 
irrigation guidelines (ANZECC–ARMCANZ 2000). For the aquifer endpoint, the aquifer’s 
beneficial use was conservatively assumed to be for irrigation supplies (even though the 
salinity of the groundwater would not support irrigation), and for hazards 1 to 7 the quality of 
raw stormwater was again compared to the irrigation guidelines (ANZECC–ARMCANZ 
2000). 

As there are no guidelines for hazards 8 to 12, the risks were assessed based on their 
impacts on the operation of the ASR system or on the biosphere as described in the MAR 
Guidelines.   
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Table 4-4 Maximal risk assessment for Rossdale ASR 

MAR Hazards 
Human 

endpoint – 
ingestion of sprays

Environmental 
endpoint – golf 

course irrigation 

Environmental 
endpoint – 

aquifer 

1. 
Pathogens – stormwater already 
approved for green space irrigation 
by the health department 

L L L 

2. 
Inorganic chemicals – unlikely to be 
present at levels unsuitable for 
irrigation 

L L L 

3. 
Salinity and sodicity – unlikely to be 
present at levels unsuitable for 
irrigation, subject to mixing 

L U L 

4. 

Nutrients: nitrogen, phosphorous and 
organic carbon – unlikely to be 
present at levels unsuitable for 
irrigation 

L L L 

5. 
Organic chemicals – unlikely to be 
present at levels unsuitable for 
irrigation 

L L L 

6. 
Turbidity and particulates – unlikely to 
be present at levels unsuitable for 
irrigation 

L L L 

7. 
Radionuclides – unlikely to be 
present at levels unsuitable for 
irrigation 

L L L 

8. 
Pressure, flow rates, volumes and 
groundwater levels – potential for 
upward leakage 

  H 

9. 
Contaminant migration in fractured 
rock and karstic aquifers – potential 
migration via fractures 

  U 

10. 
Aquifer dissolution and stability of 
well and aquitard – potential for well 
stability issues 

  H 

11. 
Aquifer and groundwater-dependent 
ecosystems – none in the anoxic 
aquifer 

  L 

12. 
Energy and greenhouse gas 
considerations – unknown 
 

  U 

L low risk; U uncertain risk; H high risk. 

 

The maximal risk assessment shows a low risk to human health from pathogens and organic 
chemicals if used for controlled irrigation. There were no high levels of inorganic chemicals, 
nutrients, salinity, turbidity or radionuclides likely to be present in the stormwater based on 
the catchment risk assessment (Molloy et al., 2006). Risks from upward leakage will need to 
be monitored (using BH2), as well as well stability and effects of the ASR operation on 
groundwater levels. Energy considerations remain uncertain until treatment for injectant is 
selected. 

 

4.2.3.2. Residual risk assessment 

Following the maximal risk assessment a semi-quantitative residual risk assessment was 
performed including all preventive measures identified in the Stage 2 investigations: pre-
treatment of stormwater using the UF-GAC system; control of timing of irrigation to limit 
exposure to pathogens, as per the Stormwater Harvesting and Reuse Guidelines (NRMMC–
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EPHC–NHMRC 2009b); and mixing recovered water with stormwater in the dam. The 
residual risk assessment compares the recovered stormwater quality to the environmental 
values; in this case, irrigation of the golf course green spaces. The residual risk assessment 
was found to be acceptable for all of the twelve hazards. The stormwater pre-treatment 
system (UF-GAC) (Section 6.4) was a suitable pre-treatment for removal of turbidity and 
nutrients such as BDOC which could cause clogging. 

Monitoring of salinity of the recovered water showed that it could be managed by blending 
with the dam water (Section 5.8). No inorganic chemicals such as arsenic were observed to 
be released during recovery and the well remained stable throughout the operation. There 
was no evidence of excessive upward leakage at the site and energy use was minimised by 
pumping and treating stormwater on demand. 

 

4.2.4. Stage 3 Operational residual risk assessment 

Monitoring of the recovered water in 2009-2010 showed that recovered water met irrigation 
requirements and that salinity of recovered water was the tightest constraint. Returning 
recovered water to the dam enabled mixing and dilution to allow a higher proportion of 
injected water to be productively used. 

 

4.2.5. Stage 4 Operation-refined risk management plan 

Based on the identified risks in the Stage 3 operational residual risk assessment, the key 
components required within a risk management plan for the Rossdale ASR site are outlined 
in Table 4-5. Additional details on all of the elements required within a risk management plan 
are available in the MAR Guidelines (NRMMC–EPHC–NHMRC 2009a). 

 

Table 4-5 Key components required within the Rossdale ASR risk management plan likely to 
arise from the Stage 3 operational residual risk assessment 

Element and key components 
Element 3: Preventative measures for recycled water management 

 Document UF-GAC pre-treatment procedures and validate performance of pre-treatment  
 Assess critical control point and quality control point limits and trigger values (e.g. conductivity 

of recovered water) and link to operational procedures 
Element 4: Operational procedures and process control  

 Define operational procedures for operation of the source water pre-treatment, back-washing 
of the injection well and cessation of recovery upon reaching the salinity limit  

 Operational monitoring is required to ensure source water quality meets target values 
 Operational monitoring is required to ensure no well clogging occurs 
 Corrective actions required if operational procedures are not met  
 Establish a program for regular inspection and maintenance of all equipment 
 Establish documented procedures for evaluating chemicals, materials and suppliers 
 Establish reporting requirements for EPA. 

Element 5: Verification of recycled water quality and environmental 
performance  

 Monitor volumes injected and recovered 
 Monitor recovered water quality to ensure it meets irrigation quality guidelines 
 Monitor impacts on receiving environment; hydraulic head in target aquifer and in overlying 

aquifer and groundwater quality 
Element 7: Operation, contractor and end user awareness and training 

 Ensure that operators, contractors and end users maintain the appropriate experience and 
qualifications 

 Identify training needs and ensure resources are available to support training 
 Document training and maintain records of training 

Element 9: Validation, research and development 
 Validation of critical control points and quality control points related to the control of clogging 
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4.2.6. Conclusions 

While this irrigation MAR project would not normally be especially complex, the particular 
hydrogeology at the project site has required some advanced water treatment to ensure well 
clogging is not an issue. The treatment required to avert clogging is much more onerous than 
would be required for aquifer protection or ensuring adequate quality of recovered water. 
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5. MAINS WATER TRIAL FOR AQUIFER EVALUATION 
Mains water was the preferred recharge source for the first stage of the ASR trial to test the 
hydraulic characteristics of the aquifer without the confounding effects of physical and 
biological clogging (Section 3.2). The objectives of the trial with mains water were: 

 to establish if potable water that contains negligible levels of particulate matter and bio-
available nutrients, could be injected into the bedrock aquifer at sustainable rates, 

 to establish the likely storage capacity of the aquifer, 

 to refine operating systems and ASR well redevelopment procedures to ensure injection 
rates were maintained, and 

 to verify that the quality of the recovered water was suitable for irrigation supplies and not 
adversely impacted by geochemical reactions arising from water-matrix interactions. 

5.1. ASR system design 
The ASR system for the mains water trial was the same configuration as the final setup 
described in Section 1.3, with a few small exceptions. In the initial phase of testing, source 
water for injection was drawn directly from a mains water pipeline situated within close 
proximity to the ASR well (BH3). The possibility of ASR water entering the mains water 
distribution system was eliminated by a backflow prevention assembly already in place at the 
upstream-end of the Rossdale Golf Course pipe network. 

The pre-treatment system consisted of an in-line filter to remove colloidal material known to 
be present in the mains water to mitigate physical forms of clogging.  

Pumping ceased when the salinity of the recovered water, as measured by EC, reaches the 
background concentration of 2400-2700 µS/cm or exceeded a blending threshold acceptable 
to Rossdale Golf Club.  

 
Figure 5-1 Photographic images of the Rossdale ASR system configured for mains water 
injection and recovery (images taken in December 2006 prior to installation of security fencing) 
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5.2. ASR test program with mains water 
A Groundwater Licence was issued by Southern Rural Water (Approval Number: 9029419) 
for 2-year period to enable the ASR trial to be conducted at the Rossdale Golf Course.     

The trial was conducted over four cycles of injection, storage and recovery, which increased 
in duration from three hours, three days, three weeks to three months. Each cycle consisted 
of approximately equal times of injection, storage and recovery (Table 5-1). In this staged 
approach, technical risks were minimised, any ways of resolving any issues could be 
identified and implemented before the problem became acute.  

 

Table 5-1 Mains water ASR test schedule, December 2006 to April 2007 

 
ASR cycle 

no 

 
Phase 

 
Period 

 
Duration* 
(d-hr-min) 

 
Avg. Flow 
Rate*  (L/s) 

 
Volume 

(m3) 

      

1 Injection 8 Dec06@12:57–8 De 06@13:57 1hr 0.51 1.82 
(3-hour test) Storage 8 Dec06@13:57–8 Dec06@14:57 1hr - - 

 Recovery 8 Dec06@14:57–8 Dec06@15:57 1hr 0.52 1.86 
      

      

2 Injection 8 Dec06@17:00–9 Dec06@17:00 1d 0.40 35.0 
(3-day test) Storage 9 Dec06@17:00–10 Dec06@17:00 1d - - 

 Recovery 10 Dec06@17:00–11 Dec06@17:03 1d-0hr-3min 0.59 50.8 
      

      

3 Injection 13 Dec06@08:00–15 Dec06@08:35 
18 Dec06@14:35–23 Dec06@11:25 

6d-21hr-25min 0.32 190 

(3-week test) Storage 23 Dec06@11:25–2 Jan07@10:55 9d-23hr-30min - - 
 Recovery 2 Jan07@10:55–9 Jan07@10:50 6d-23hr-55min 0.49 293 

      

   
   

4 
(3-month test) 

Injection 23 Jan07@07:20–25 Jan07@12:55 
25 Jan07@13:00–29 Jan 07@06:25 
29 Jan07@06:30–30 Jan07@11:06 
30 Jan 07@11:40–1 Feb07@08:30 
2 Feb 07@08:40–5 Feb07@08:10 
5 Feb 07@08:15–9 Feb07@08:10 

9 Feb 07@08:12–13 Feb07@08:15 
13 Feb07@08:17– 22 Feb07@13:50 

29d-5hr-27min 0.46 1151 

 Storage 22 Feb07@13:50–19 Mar07@13:53 25d-0hr-3min - - 
 Recovery 19 Mar07@13:53–13 Apr07@08:45 24d-12hr-52min 0.50 1055 

      

  * ‘pauses’ have been omitted  
 

The first two cycles were intended to test the performance of the operating and monitoring 
equipment; and provide preliminary data on the likely water quality changes and recovery 
efficiencies. The third and fourth cycles occurred at scales 7 and 30 times greater than that 
of the second cycle.  

Water level, flow rates, turbidity, EC and temperature were measured on a daily basis by on-
site personnel to backup and verify the data from the on-line sensors. 

The observation well (BH4) was profiled on four occasions using a YSI 600XLM downhole 
water quality sonde to establish whether breakthrough had reached the observation well.  

The EC of the water within the dam was monitored on a weekly basis during injection and on 
a daily basis during recovery to ensure that the salinity of the water within the dam was 
sufficiently low to allow irrigation. 
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Field testing commenced with the pumping of the ASR well on 7 December 2006 for five 
hours to purge particulate matter from the well that was mobilised during reaming operations 
performed in June (as discussed in Section 2.4.7). By the end of the pumping, measured 
total suspended solids (TSS) levels had receded to 73 mg/L from an earlier peak of 
8000 mg/L.  

Cycle testing with mains water commenced on 8 December 2006, and continued until 13 
April 2007 (Table 5-1). In total, 1378 m3 was injected and 1401 m3 was recovered over the 
four cycles.  

 

5.3. Performance of 5-micron cartridge filter  
The life-span of the 5-micron ‘SPS Simple Pleated Filter’ used to pre-treat the injectant was 
found to be only two to three days (i.e. 70-90 m3/filter) in the first three cycles and extended 
to five days with the inclusion of a 5-micron prefilter in the fourth cycle. 

Performance specifications provided by the manufacturer indicate that around 200 g of 
material may be captured per filter, which implies that the estimated concentration of TSS 
captured by the filters is 2-3 mg/L TSS.  Rapid clogging of the filter in the initial cycles 
caused the reduction in average injection pressures and injection rates but was resolved in 
the fourth cycle as indicated by the higher injection rates and extended filter life.  

The filtration system employed for the mains water trial was intended to be an interim 
measure that would not be utilised during trials with stormwater or over the longer term.   

5.4. Well efficiency / clogging 
The most significant risk of operational failure over the short-term is excessive deterioration 
in the hydraulic performance of the ASR well due to near-well clogging or well slumping (as 
previously reported). The efficiency of the ASR well can be expressed in terms of its specific 
capacity (SC). SC is a widely used measure of well performance/clogging since it is 
particularly sensitive to the well-loss component of piezometric head buildup or drawdown.  
SC is defined as the flow rate divided by the piezometric head difference. Any apparent 
decline in well efficiency due to clogging would be expressed as a downward shift in the 
temporal SC ‘curves’ for the injection and recovery phases over successive tests. That is, 
comparisons are made at the same elapsed time, as SC will decline with time even without 
clogging due to changing the hydraulic gradient within the aquifer.  

For the injection cycle data (Figure 5-2) no such trend is observed and it appears that 
although the data is noisy for reasons given below, the performance of the well over the four 
cycles is unchanged.  

The short-term variability in SC appear to be largely the result of flow rate variations in the 
mains water flow. Operating pressures measured at the Rossdale pumping station by Paul 
Kortholt (RGC) on a sub-minute frequency over a 35 minute period during the fourth cycle 
were found to oscillate with an average amplitude of 24 m and recurrence interval of 6 
minutes, apparently in response to frequent activation and deactivation of the Rossdale 
booster pumps. This translated to measured variability of a similar magnitude at the ASR 
well. Variability in injection rates and hydraulic head at the ASR well are thought to be further 
enhanced by differential clogging of the pre-filter(s). Stable conditions were observed during 
the recovery phase due to the constant extraction from the submersible pump and the 
absence of prefilters.  

The SC curves during the recovery phase (Figure 5-3) indicate evidence of clogging of the 
well-face with reduced SCs in the first day of recovery for the fourth cycle. This is largely as 
expected given that no backwashing had occurred over the course of the injection cycles. 
Hence the recovery phase effectively served to unclog the well, removing particulate material 
that had become mobilized during injection. Elevated particulate concentrations in the initial 
water recovered from the well are discussed in Section 5.6 below. Although there is a slight 



 

Rossdale ASR demonstration project final report Page 43 

increase in SC from the pre-ASR pump-out to the first cycle, the SC curves do show a slight 
decrease in subsequent recovery cycles, although this diminishes with duration of recovery. 
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Figure 5-2 Changes in specific capacity of the ASR well during injection over the four mains 
water test cycles 
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Figure 5-3 Changes in specific capacity of the ASR well during recovery over the four mains 
water test cycles 
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5.5. Recovery efficiency 
Poor recovery efficiency is considered the second-most significant risk of operational failure 
after well clogging. Recovery efficiency is defined as the proportion of recovered water that is 
of suitable quality for its intended use, expressed as a percentage of the injected volume.  

Recovery efficiencies (REs) based on the use of electrical conductivity (EC) data have been 
calculated for the maximum permissible concentration for irrigation at the site of 800 μS/cm, 
as well as two other criteria: 1500 μS/cm and 2000 μS/cm (Table 5-2). The two higher criteria 
were also considered since the 800 μS/cm limit applies to the water quality within the dam 
and some account could be made for blending recovered water with fresher water in the 
dam.  

For the 800 μS/cm criterion, REs were only 2-5% (neglecting the cycle 1 data due to the 
small scale of the test where bore casing volume is significant). Higher RE values of 17-30% 
were achieved for the 1500 μS/cm criterion, and values were higher again for the 2000 
μS/cm criterion at 61-99%. Recovery efficiencies were poorest in cycle 2 and improved in 
subsequent cycles. Results for cycles 3 and 4 were indistinguishable when data are plotted 
in the normalized form of the mixing fraction (f) versus ratio of recovered to injected volumes 
(Vr /Vi) (Figure 5-4). The rapid early decline in mixing fraction of cycles 2–4 is typical of 
fractured or karstic systems. 

Cycle 4 is the closest approximation of the REs likely to be achieved at an operational scale 
with stormwater, but a scale approximately 6-fold lower than the annual operational scale 
(~7ML for 6 months of injection). The estimated effective radial distance of displacement of 
the front of recharge water for cycle 4 was just 5 m, and therefore not expected to have 
necessarily reached BH4.  This was verified by downhole sonding measurements in BH4. 
Full breakthrough of injected water front at BH4 would require in excess of 6 months of 
injection. 

The cycle testing results would imply that low values of recovery efficiency could be 
anticipated in the initial cycle but would improve in subsequent cycles as the residual 
injectant entrained in the aquifer from previous cycles provides a buffer against mixing with 
the brackish ambient groundwater. The regional hydraulic gradient and ambient TDS of the 
groundwater are considered too low for advective or density affects to significantly affect 
recovery efficiency. Fractured rock aquifers with initially low values of RE have been 
successfully flushed over several cycles. However, it is of interest that there was no increase 
in recovery efficiency between the 3rd and 4th cycles. 

The actual criteria cannot be determined explicitly a priori since it is seasonally dependent 
upon the volume and salinity of dam water prior to pumping, and the amount of flushing with 
low salinity runoff during pumping. The level of mixing between the pumped water and 
stormwater within the holding dam would ultimately define the RE. As an indication of the 
likely recoveries, calculations were made on the final water quality within the dam at the end 
of an ASR pumping cycle in relation to the initial volume stored in the dam for recovered 
volumes ranging from 1ML to 7ML. It was assumed that the maximum capacity of the dam 
was 10ML; the initial TDS of dam water = 400 mg/L (worst-case scenario); the mean TDS of 
recovered ASR water = 900 mg/L (from cycle 4) and that the two water sources become 
rapidly mixed within the dam. The results indicate that a RE of >86% (i.e. >6ML) is feasible 
where the initial storage volume exceeds around 15%. If the initial storage exceeds 40% 
(4 ML) then RE of 100% is expected.  

Although the calculations simplify the system by not fully considering that the capacity of the 
dam is exceeded in the scenarios where initial dam storage is high, given that pumping from 
the dam to supply irrigation demand would occur concurrently, and that TDS levels are least 
problematic when storage volumes are high, this is not considered an impediment to defining 
the minimum RE. It is further assumed that over the course of pumping, there is no 
stormwater runoff to dilute the dam water and therefore the REs quoted above represent a 
lower limit. 
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Table 5-2 Summary of recovery efficiencies for each of the four cycles 

Cycle Length 
RE for 800 

µS/cm (%) (1) 
RE for 1500 
µS/cm (%) (2) 

RE for 2000 
µS/cm (%) (3) 

    1 (4) 3-hour 50 65   79 
2 3-day   3 17   61 
3 3-week   2 30   99 
4 3-month   5 28 >92 

(1) 800 µS/cm = 70% injectant & 30% ambient groundwater; 
(2) 1500 µS/cm = 41% injectant & 59% ambient groundwater 
(3) 2000 µS/cm = 21% injectant & 79% ambient groundwater 
(4) RE for cycle 1 high due to small scale of test (high dilution effect associated with fresh water within casing) 
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Figure 5-4 Composite plot of f  VS Vr /Vi for the four ASR cycles 
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Figure 5-5 Calculated relationship between final water quality in dam vs initial percent capacity 
of dam for recovered volumes ranging from 1ML to 7ML. Initial TDS of dam water is assumed to 
be 400 mg/L and the mean TDS of recovered water is 900 mg/L (from cycle 4) 

 

5.6. Turbidity of the recovered water  
The aquifer characterization work has shown the target aquifer is susceptible to erosion, 
which during ASR, could cause mobilization of aquifer particulate materials resulting in 
elevated turbidity in recovered water or leading to well slumping.  

During cycle testing the turbidity of the withdrawn water was initially high and declined over 
time. Peak values in early stages of pumping occasionally exceeded the 50 NTU limit of the 
on-line sensor. The period of the pumping duration over which turbidities were in excess of 
the apparent ambient level for the groundwater of <1-2 NTU was 100% for the second cycle, 
20% for the third cycle and 30% for the fourth cycle. During the 4th cycle a secondary pulse of 
turbid water arose from an overnight cessation in pumping (Figure 5-6). It was clearly evident 
from observations of the size and colour of the sediment in the recovered water that it had 
originated from the aquifer.  

The maintenance of injection and recovery rates in each successive cycle (Table 5-1) is 
strong evidence that well slumping has not occurred. 
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Figure 5-6 Changes in the turbidity of the recovered water during cycle 4 

 

5.7. Geochemistry / water quality  
Changes in the quality of the recovered water as a result of water-mineral interactions can 
occur. Apart from the high salinity of the recovered water owing to the practice of extending 
the duration of pumping for the purposes of the trial, the recovered water meets the 
ANZECC–ARMCANZ (2000) irrigation-related ‘trigger value’ guidelines for all parameters 
tested (Table A-2).  

Some mobilization of arsenic from the aquifer sediments was observed, with concentrations 
peaking at 0.049 mg/L. Although this is above the drinking water limit of 0.007 mg/L, it 
remains well within the irrigation long-term trigger value of 0.1 mg/L and short-term trigger 
value of 2.0 mg/L.  

5.8. Salinity of stormwater within dam  
The dam water EC remained less than 500 μS/cm for the first three cycles of the trial. The 
salt contribution to the dam from pumping of brackish groundwater was small and was 
diluted by summer rainfall events. In the fourth recovery cycle pumping was halted several 
days prior to the anticipated cessation date when the 800 μS/cm limit within the dam had 
been reached. Pumping was not continued as the test was sufficiently well advanced to 
adequately assess the risks, and the residual injectant within the aquifer would only serve to 
improve recovery efficiencies in any subsequent ASR cycles.  

5.9. Groundwater levels in the Werribee formation 
The groundwater level response within BH2, the observation well completed within the 
overlying Werribee formation, situated 15 metres from the ASR well, showed a small but 
consistent response to ASR during cycle 4. In previous cycles the tests were of too small a 
duration to discern whether the small scale fluctuations (<0.15m) could be attributed to ASR 
testing in the Silurian aquifer. Cycle 4 injection caused groundwater levels to steadily rise 
over time by up to 0.14 m, whilst recovery caused a steady fall of 0.20 m. Groundwater level 
changes were sufficiently subdued to remain more than 0.5 m below ground level. Some 
slight hydraulic connection between the Silurian target aquifer and the Werribee formation is 
inferred from the data. The impact of this connection on movement and mixing of the injected 
water is anticipated to be small.  
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Figure 5-7 Groundwater level variations in BH2 (Werribee formation) during the mains water 
trial 

 

5.10. Conclusions 
Clogging was shown by the mains water trials to not adversely impact of injection rates, 
suggesting that the quality of water injected may be a suitable target for the quality of 
stormwater to be injected into the aquifer. 

Recovery efficiency is low due to the fractured nature of the bedrock in the target storage 
zone. It did not change between the 3rd and 4th cycles. However, taking account of mixing of 
recovered water with fresh stormwater in the dam, a very high percentage of injected water 
can be used in irrigation.  

Based on these results it appears that the “aquifer”, although of very low permeability, 
susceptible to clogging and prone to low recovery efficiency could still potentially provide 
useful storage for adequately treated stormwater with recovery to the dam. Hence treatment 
trials for stormwater prior to injection were considered by project partners to be warranted. 
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6. PRE-TREATMENT TRIALS 
The quality of stormwater collected at the RGC intended for injection into the ASR system is 
not of suitable quality without pre-treatment. Without suitable pre-treatment there is a high 
likelihood of irreversible clogging of the injection well as has been observed for other ASR 
schemes in unconsolidated aquifers (Pavelic et al. 2006). During the mains water trial, there 
was little evidence of irreversible clogging; notably due to the low levels of particulate matter 
and BDOC. It was concluded that the use of stormwater as a recharge water requires the 
removal of suspended solids and turbidity as well as reduction of BDOC to be sustainable. 
Without the time or budget to run column tests with cores of aquifer material, the average 
quality of the mains water of turbidity (0.6 NTU); DOC (1.7 mg/L) and BDOC (0.2 mg/L) was 
therefore adopted as the treatment target for the stormwater to avoid clogging. This takes 
into account the very low yielding nature of the target aquifer at Rossdale and knowledge of 
the quality of water that has been successfully and unsuccessfully injected into aquifers at 
other ASR sites.  

Table 6-1 indicates that the stormwater required treatment to remove total suspended solids 
and turbidity as well as nutrients such as biodegradable dissolved organic carbon, which 
cause physical and biological clogging respectively. 
 

Table 6-1 Comparison of the raw stormwater quality and the mains water quality required for 
injection 

Parameter  
(mg/L unless indicated otherwise) 

Mains  
Water 
Quality 

Raw  
Stormwater 
Quality 

Injection Suitability 

Physical    

Conductivity 66 378  

pH 7.6 9.0  

Turbidity 0.58 2.8 X –will lead to physical clogging 

Suspended Solids 2 6 X – will lead to biological clogging 

True Colour (456nm) 2 20 X – caused by high levels of DOC and iron 

Microbiological    

Bacterial Regrowth Potential 35 543 X – will lead to biological clogging 

Nutrients    

Total Nitrogen 0.07 2.3 X – will lead to biological clogging 

Total Phosphorus 0.0130 0.137 X – will lead to biological clogging 

Biodegradable Dissolved Organic Carbon <0.2 3.9 X – will lead to biological clogging 

Dissolved Organic Carbon 1.7 8.3 X – will lead to biological clogging 

Total Organic Carbon 1.7 10.2 X – will lead to biological clogging 

 
A number of pre-treatment options were investigated in different studies, which are reported 
in the following sections. These include biofiltration, chemical coagulation and filtration, 
microfiltration and granular activated carbon (GAC) filtration. 

6.1. Biological pre-treatment options 
Of the currently-available treatment technologies, biofiltration was identified as being a 
potential treatment process. Slow sand filtration (SSF), a simple and reliable process that 
remains the preferred method of treatment in many European cities today, has the ability to 
remove both high levels of particulates that cause physical clogging, as well as nutrients and 
DOC that cause bio-clogging. Clogging in SSF is also analogous to the clogging that occurs 
during ASR in aquifers due to similarities in media characteristics, microbiology, and clogging 
mechanisms.  

During SSF, water is passed through a bed of sand media (effective size 0.1–0.3 mm) with a 
filtration rate of 0.1–0.3 m/hr. While SSF involves a depth of granular media (sand), most 
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treatment occurs near the top/surface in association with a biomass layer often termed the 
schmutzdecke. SSF is grouped with other water treatment technologies more generally 
termed biofiltration, with differences relating primarily to media type, hydraulic flow rates, and 
operational procedures such as cleaning. A review of the biofiltration processes relevant to 
water reclamation via aquifers was recently performed by Page et al. (2006) and the 
fundamental processes which occur during biofiltration and are only briefly repeated here. 

Biofiltration performance is influenced by source water characteristics, temperature, and the 
microbiological community that exists in the biofilm attached to the media. Biofiltration 
treatment can be classified as ‘physico-biological’ as both processes drive treatment. 
Biological processes are associated with organic carbon transformations and or 
mineralisation (e.g. removal of DOC) which fuels the growth of the biofilm and co-production 
of extra cellular polymeric substances (EPS), which are an important factor in bio-clogging 
(Page et al. 2006). 

Previous work on stormwater treatment in Australia has focussed on use of roughing filtration 
to remove suspended solids (Lin et al. 2006; Hatt et al. 2007). Roughing filtration is a 
commonly used treatment prior to biofiltration which can greatly extend the operational life of 
the biofilters.  

6.1.1. Biofiltration trials 

Biofilters were commissioned at the Urrbrae wetlands, South Australia, for comparison of 
Urrbrae and Rossdale water quality and treatment performance as a precursor to ASR. 
Roughing filter pre-treatment systems have been the site of previous ASR investigations and 
are described in detail by Lin et al. (2006).  

 

 

Figure 6-1 Conceptual water treatment train at the Urrbrae field site. Water was also collected 
from Rossdale stormwater dam and carted to Urrbrae. 

 

Briefly, stormwater was pumped to a raised storage tank at the biofiltration facility. Water was 
then passed through roughing filters (Lin et al. 2006) prior to being supplied to the biofilters 
(Figure 6-1). Biofiltration experiments were performed through 2006-2007. From January to 
March 2006, 16 biofilter columns (180 cm long, 6 cm internal diameter) were designed, 
constructed from acrylic plastic, hydraulically tested at laboratory scale, and installed at the 
Urrbrae facility (Figure 6-2). 
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a) b) 

c) d) 

Figure 6-2 Biofiltration columns 

Clockwise from top left; a) basic design; b) completed columns installed at Urrbrae for Trial A; c) flange to 
facilitate sampling of the biofilm; d) sampling ports; underdrain and valve for back filling of the column. 

 

Each column included a flange at 90 cm from the top to facilitate collection of biofilm material 
and cleaning of biofilter at completion of a trial (Figure 6-2c). Sampling ports were included at 
85, 95, 105 and 135 cm from the top of the column. In Trials B and D, these ports were also 
used as piezometers (for depths of 5, 15, 45, 80 cm) to determine hydraulic conductivity of 
the column sections. 

Biofilters require a ripening period during which the biofilm establishes (Page and Dillon 
2007). Sand filters were determined to be “ripe” when treated water turbidity was < 0.5 NTU 
and the underdrain valve was fully in the open position. Other media types (anthracite and 
GAC) were determined to be ripe when the target turbidity was < 1 NTU or after 2 weeks 
initial operation. 

The media for biofiltration trials was characterised in terms of its effective size, density, and 
uniformity (Table 6-2). 
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Table 6-2 Biofiltration media characteristics 

Media 
Effective size 

(mm) 
Density 
(g/cm3) 

d10 d60 d90 
Uniformity 
coefficient 

Sand* 0.2 1.7 0.2 0.3 0.4 1.5 
Anthracite** 0.9 0.9 0.9 1.3 1.6 1.4 

GAC*** 1.1 0.5 1.0 1.35 1.8 1.4 
* Supplied by River Sands Pty Ltd; ** coal based anthracite supplied by United Water from the Little Para Water 
Treatment Plant, (bag number 76/04/38); *** coal based GAC supplied by PICA under the trade name Picacarb. 
 

All media had characteristics typical of types widely used in water treatment (Page et al. 
2006). In addition to the media, underdrain support consisting of 5 cm depths of 2.18, 5.18 
and 7.55 mm gravel was used in each column. Media was packed upon the underdrain to a 
height of 80 cm, (just below the flange, Figure 6-2c). The biofilters were operated at flow 
rates of ~14 L/day to achieve target hydraulic loading rates (HLR) of 0.1 - 0.3 m/hr and an 
empty bed contact time (EBCT) between 3 – 10 hours (as per standard design criteria for 
slow sand filters). While this is considered slow for standard operation of other biofilter media 
types (GAC and anthracite, HLR: 5 – 25 m/hr, EBCT: 5 – 10 mins), it allowed comparison 
with the slow sand filters which were the primary focus of the trial. The setup of the 10 filters 
is presented in Table 6-3. 

 

Table 6-3 Trial biofilter setup and media 

Filter 
number 

Media type Comments 

B 1 Sand traditional slow sand filter 
B 2 Sand traditional slow sand filter 
B 3 Anthracite from Little Para water treatment plant 
B 4 Anthracite from Little Para water treatment plant 
B 5 GAC PICARB 1020 
B 6 GAC PICARB 1020, receives Rossdale stormwater 
B 7 Sand traditional slow sand filter, receives Rossdale stormwater 
B 8 GAC PICARB 1020 

B 9 Sand 
traditional slow sand filter, used to collect water samples under the 
biofilm and destructively during experiment 

B 10 Sand 
traditional slow sand filter, used to collect water samples under the 
biofilm and destructively sampled during the experiment. 

 

Biofilters B6 and B7 received water from the 1000 L of storm water from Rossdale at a 
constant flow rate of 30 mL/min delivered via a peristaltic pump through an identical roughing 
filter attached to a constant head device. Figure 6-3 shows details of the biofilm from a sand 
filter at the end of the trial. 

 a)  b) 

Figure 6-3 Biofilters: a) Urrbrae sand filter; b) Rossdale sand filter after 41 days. 
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Table 6-4 Trial B treatment performance of biofilters†. 

Source Water Rossdale Rossdale Rossdale Urrbrae Urrbrae Urrbrae Urrbrae Urrbrae 
Treatment Raw Sand GAC Raw Roughing Sand GAC Anthracite 
         
Total Coliforms 
(cfu/100mL) 

< 1  
(0)* 

< 1  
(0) 

< 1  
(0) 

3500 
(2200) 

925  
(1300) 

94  
(120) 

120  
(100) 

1300 
(2300) 

Thermotolerant 
Coliforms 
(cfu/100mL) 

< 1 (0) < 1 (0) < 1 (0) 11 (6) <1 (0) < 1 (0) < 1 (0) < 1 (0) 

E. coli 
(cfu/100mL) 

< 1 (0) < 1 (0) < 1 (0) 11 (6) < 1 (0) < 1 (0) < 1 (0) < 1 (0) 

         
Conductivity 
(μS/cm)) 

330 (6) 420 (120) 375 (80) 200 (1) 198 (3) 219 (25) 202 (7) 207 (20) 

Total Dissolved 
Solids (mg/L) 

180 (0) 230 (65) 200 (50) 110 (0) 110 (0) 120 (10) 110 (10) 120 (10) 

Colour (HU) 11 (0.7) 7.4 (2.4) 2 (1) 12 (0.5) 10.4 (0.9) 9.8 (0.8) < 1(0) 9.6 (9) 

Turbidity (NTU) 
0.64 

(0.02) 
0.65 (0.2) 0.4 (0.1) 7.3 (4.8) 0.8 (0.3) 0.8 (0.6) 0.4 (0.1) 1.6 (1.2) 

pH 8.5 (1.2) 8.0 (0.05) 8.2 (0.3) 7.7 (0.1) 7.6 (0.1) 7.6 (0.1) 7.9 (0.2) 7.6 (0.1) 
Suspended 
Solids (mg/L) 

< 1 (0) < 1 (0) < 1 (0) 7.6 (5.4) 1.7 (1.6) < 1 (0) 1.3 (1.1) < 1 (0) 

         
Total Organic 
Carbon (mg/L) 

8.4 (0) 6.3 (1.8) 1.9 (0.8) 5.4 (0.6) 4.7 (0.3) 4.8 (0.5) 0.8 (0.2) 4.6 (0.1) 

Total 
Phosphorous 
(mg/L) 

0.02 
(0.02) 

0.01 
(0.005) 

0.015 
(0.003) 

0.09 
(0.07) 

0.06  
(0.02) 

0.04 
(0.01) 

0.03 
(0.01) 

0.04  
(0.01) 

Dissolved 
Phosphorous 
(mg/L) 

0.005 
(0.004) 

< 0.005 
(0) 

0.0095 
(0.002) 

0.04 
(0.006) 

0.04 
(0.006) 

0.03 
(0.009) 

0.02 
(0.007) 

0.02  
(0.01) 

Total Nitrogen 
(mg/L) 

0.68 (0.3) 0.47 (0.2) 
0.15 

(0.08) 
0.65 (0.2) 0.53 (0.1) 0.57 (0.1) 0.18 (0.1) 0.54 (0.2) 

Ammonia 
(mg/L) 

0.063 
(0.09) 

0.04 
(0.07) 

0.016 
(0.02) 

0.057 
(0.02) 

0.048 
(0.07) 

0.043 
(0.03) 

0.020 
(0.02) 

0.022 
(0.01) 

Nitrate + Nitrite 
(mg/L) 

0.009  
(0) 

0.04 
(0.009) 

0.046 
(0.013) 

0.07 
(0.02) 

0.15  
(0.03) 

0.13 
(0.06) 

0.046 
(0.03) 

0.15  
(0.08) 

Total Kjeldahl 
Nitrogen (mg/L) 

0.68  
(0.3) 

0.45  
(0.2) 

0.13 
(0.06) 

0.57 
(0.22) 

0.38  
(0.1) 

0.43  
(0.2) 

0.14 
(0.13) 

0.38  
(0.2) 

* brackets represent 1 standard deviation 
† N = 5 samples taken after a filter ripening period of 7 days until the end of the trial after 41 days. 

 

The biofilters all used a roughing pre-filter, with removal characteristics for particles as 
reported by Lin et al. (2006). The roughing filter removed particulate matter and reduced the 
average turbidity from 7.3 to < 1 NTU for the Urrbrae stormwater. For the Rossdale 
stormwater, the turbidity was already < 1 NTU prior to commencement of the trial. This may 
have been an artefact of the transport process as turbidity in the raw stormwater had 
turbidities in the range of 0.8 - 9.5 NTU. There were observable amounts of sediments that 
had collected at the bottom of the transport container. 

Results indicated that the biofilter-treated water met drinking water quality standards for 
thermotolerant coliform and E. coli levels. This indicates that the biofilters were operating 
similarly to other filters internationally (Page and Dillon 2007). Removals of total coliforms 
appeared to be 1-2 log10 for both trials. This is 2-log10 less than the maximum reported for 
other SSFs reviewed (Page and Dillon 2007), but the filters were not challenged during this 
trial so full treatment capability was not established. 

Similarly, turbidity removals met the Australian Drinking Water Guidelines (<5 NTU) giving 
another confirmation that the filters were functioning successfully.  

The sand and anthracite media filters did not meet the drinking water aesthetic guideline for 
colour (< 5 HU). Low removal of colour is typical for biofiltration technology and is usually 
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addressed by post treatment ozonation (Page and Dillon 2007). Ozone was not investigated 
in the current trials as it reacts strongly with DOC making it more bioavailable as measured 
by BOM studies (Page and Dillon 2007) and therefore potentially high potential to clog the 
Rossdale ASR well. Biofilters with GAC media removed nearly all colour from the 
stormwater. Of particular interest in the current study was the removal and transformations of 
DOC throughout the system which is discussed in the next section. 

 

6.1.1.1. DOC removals and transformations in biofiltration 

During biofiltration DOC is removed via both chemical and microbial processes occurring in 
the biofilm at the water-media interface. Bacteria capable of causing bioclogging vary in 
abundance depending upon the prevalent hydrological, physical and geochemical conditions. 
Most bacteria are attached to media particles (Hazen et al. 1991) and constitute biofilm. 
These bacteria receive nutrients from flowing water (van der Kooij et al. 1995) and create 
potential sorption sites for DOC by producing extracellular polymeric substances (Flemming 
1995). 

Hence DOC content may be a significant factor in controlling microbial and other processes 
in the subsurface (Aiken 2002). Bulk DOC is not easily biodegradable due to its complex 
polymeric structure with aromatic units and many types of covalent bonds and cross linkings 
within the organic macromolecular structure (Page and Dillon 2007). This complex molecular 
structure requires diverse groups of microbial organisms for stepwise biodegradation. Little is 
currently known about the micro-organisms that transform and remove DOC in aquifers used 
for ASR (Page and Dillon 2007; Wakelin et al. 2010; Vanderzalm et al. 2006). 

The removal and transformation of bulk DOC in the biofilters was modest (Table 6-5). 

 

Table 6-5 Transformation of dissolved organic carbon in Trial B 

Source 
Water 

Rossdale Rossdale Rossdale Urrbrae Urrbrae Urrbrae Urrbrae Urrbrae 

Treatment Raw Sand GAC Raw Roughing Sand GAC Anthracite

DOC (mg/L) 8.1 (0.1)* 5.9 (1.6) 1.7 (0.7) 
4.6 

(0.2) 
4.4 (0.3) 

4.3 
(0.4) 

0.7 
(0.2) 

4.3 (0.1) 

DOC 
removal (%) 

 27 79  4 7 84 7 

BDOC 
(mg/L) 

4.2 (0.3) 1.9 (0.1) 0.9 
1.8 

(0.4) 
n.d. 

1.2 
(0.1) 

< 0.2 
(0) 

n.d. 

BDOC 
removal (%) 

 55 89   33 94  

UV254 

absorbance 
(cm-1) 

0.221 
(0.023) 

0.182 
(0.025) 

0.070 
(0.020) 

0.182 
(0.016) 

0.163 
(0.005) 

0.151 
(0.011) 

0.057 
(0.002) 

0.153 
(0.004) 

UV abs. 
removal (%) 

 18 68  10 17 31 16 

BDOC/DOC 
(%) 

48 37 31 40 n.d. 28 < 15 n.d. 

SUVA 2.7 (0.23) 3.1 (0.53) 4.6 (2.4) 
3.9 

(0.40) 
3.7 (0.29) 

3.6 
(0.12) 

9.0 
(2.2) 

3.5 (0.37) 

C/N 13.4 (6.2) 15.3 (6.3) 14.3 (6.0) 
8.9 

(3.0) 
12.6 (3.6) 

11.1 
(3.7) 

7.1 
(3.3) 

12.7 (4.7) 

n.d not determined. 

*Brackets represent one standard deviation 

 

The average DOC in untreated Urrbrae stormwater was 4.6 mg/L whereas Rossdale 
stormwater had almost double this (8.1 mg/L). However removal rates (27%) for biofilters 
using the Rossdale source water were nearly four times that of the Urrbrae Filters (7%). 
Rossdale BDOC levels were similarly found to be higher both in absolute quantities and also 
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in the relative proportion of DOC. Average BDOC in the raw water was 1.8 mg/L for Urrbrae 
and again nearly double with 4.2 mg/L for Rossdale. Removal rates were higher for Rossdale 
than for Urrbrae (Table 6-5). BDOC levels were reduced by 33-94% in the biofilters with GAC 
having highest removal rates due to adsorption mechanisms over the large surface area. 
Several studies have observed a higher removal of BOM in filters with GAC compared to 
sand and anthracite media (e.g. Krasner et al. 1993; Wang et al. 1995). 

For all biofiltration there was an observed increase in SUVA, reflecting an increase in the 
relative aromaticity of the treated DOC. An increase in SUVA as a result of MAR has been 
reported by Kolehmainen et al. (2007). This is the opposite trend to observations in 
conventional treatment were SUVA decreases due to preferential removal of aromatic 
components from the DOM pool by coagulation and flocculation. 

C/N ratios showed no distinct trends indicating that there was no preferential removal of 
organic nitrogen vis a vis the organic carbon during the biofiltration treatments. 

 

6.1.2. Further biofiltration studies 

Biofiltration was also trialled by CSIRO in Melbourne. Of the two biofilters (SSF and GAC) 
used to treat Rossdale stormwater, the roughing filtration followed by GAC (B#2) produced 
water of the best quality, but neither were of an acceptable quality for injection based on 
BDOC concentrations (Table 6-11).  

 

6.2. Conventional pre-treatment options 
A number of pre-treatment options were trialled including conventional flocculation with 
different coagulants, biological filtration with different media, and membrane filtration 
technologies. Pre-treatments were chosen for their ability to remove TSS and turbidity as 
well as nutrients including DOC and BDOC. The treatment options investigated and results in 
terms of water quality are shown in Table 6-11. 

For the conventional treatments, thirteen options were trialled at batch-scale, with the best 
five reported in Table 6-11. Of those reported, C#1 and C#3-C#5 were trialled as pilot plants 
and were able to produce the water quality on a continuous basis. Of those, options C#1 and 
C#3 were capable of producing the target water quality, and potentially with further 
optimisation C#4 and C#5 also.  

Although at least two of the conventional coagulation / flocculation treatment systems 
achieved the treatment targets, they did so at the cost of producing a waste stream that 
would require a trade waste licence to dispose to sewer.  

 

6.3. Granular activated carbon (GAC) batch studies 
Microfiltration followed by GAC treatment was proposed as an alternative treatment option, 
as its waste stream can be recycled to the stormwater dam.  Rossdale source water taken 
directly from the site was used for further GAC batch studies to assess optimisation of 
treatment performance as reported in the following sections. 

 

6.3.1. Laboratory pre-treatment to remove turbidity 

An alternative to a full scale biofiltration was required to provide suitable feed water for 
evaluation of the batch tests of GAC for removing DOC. This comprised of a magnetically-
coupled feed pump and using Amazon 04P001-09NNA 1 micron pre-filter cartridge and 
Amazon 04PP00X-09NPA 0.3 micron microfiltration cartridge (by comparison a microfiltration 
unit has a pore size of 0.1 - 0.2 µm). 
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Samples of stormwater from the dam at Rossdale (100 L) were collected and transferred to 
storage in the CSIRO laboratory in Melbourne. Details of the raw stormwater quality for these 
four batches are given in Table 6-6. 

 

Table 6-6 Raw water quality characterisation 

Date 12/12/2007 16/01/2008 01/02/2008 16/02/2008 
Batch name A B C D 
Conductivity (µS/cm) 348 337 358 n.d. 
pH 8.7 8.9 7.8 n.d. 
UV254 (cm-1) 1.086 1.126 1.156 1.084 
DOC (mg/L) 6.7 6.4 10.2 n.d. 
BDOC (mg/L) n.d. n.d. 3.9 n.d. 
Turbidity (raw, NTU) 2.08 n.d. 3.3 n.d. 
Turbidity (treated, NTU)* 1.08 0.67 0.77 n.d. 
* 0.3 um filtered; n.d. not determined 
 

These water samples were used for the GAC batch studies and named batches A, B, C and 
D. 

 

6.3.2. GAC batch study methods 

Two grades of granular activated carbon were provided by the GAC importer and 
manufacturer Activated Carbon Technologies: 

 GA 1000W acid-washed, 12 x 40 mesh (0.5 - 0.7 mm) , containing very little fine 
material 

 GS 1300 8 x 30 mesh (0.8 - 1.0 mm), containing a substantial quantity of fine material 

Initial studies were performed using the 12 x 40 mesh GAC on a 4-station motorized gang 
stirrer using 2 L containers each containing 1 L of sample. These batch studies were used in 
addition to a small GAC column with a 15 minute empty bed contact time (contact time being 
based on the preliminary results of the batch studies). Measured masses of GAC were 
added to the membrane filtered water and stirred at 200 rpm for various times. Samples of 
the solution were removed at selected time intervals and analysed by UV254 and further 
samples sent for DOC analysis to EML Laboratories. 

UV-vis absorbance at 254 nm was used as a surrogate for the more expensive direct 
measurement of DOC. All samples were filtered prior to analysis using 0.45 µm Advantec 
syringe filters to remove fine GAC washings. UV-vis absorbance was measured on a Cary 
Model 1E UV-visible spectrophotometer, using light absorption at 254 nm, UV254, using 5 cm 
quartz cells. Absorbances (cm-1) quoted are for a cell length of 5 cm. 

 

6.3.3. GAC batch study results 

The initial adsorption studies were to determine the quantity of 12 x 40 mesh GAC required 
for adequate DOC removal. Initially DOC removal was estimated based on the decline in UV-
vis absorbance. Figure 6-4 shows the relationship between DOC and UV-vis absorbance (for 
all batches used in this study); the relationship is not very highly correlated (r2 =0.80), 
nevertheless UV-vis was used as a simple surrogate to monitor the removal of DOC. 
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Figure 6-4 DOC as a function of UV-vis absorbance. 

 

Figure 6-5 shows the average decline in UV absorbance (from duplicate measurement) for 
differing doses of GAC as a function of time (for water from batch A).  

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 5 10 15 20 25 30 35

Time (min)

U
V

-v
is

 a
b

s
. @

 2
5

4n
m

10 g/L

15 g/L

20 g/L

25 g/L

30 g/L

35 g/L

40 g/L

Untreated 

DOC = 6.7 

Treated DOC 

= 6.7 mg/L

Treated DOC 

= 4.9 mg/L

Treated DOC 

= 3.7 mg/L

Treated DOC 

= 3.1 mg/L

Treated DOC 

= 4.7 mg/L

Treated DOC 

= 4.0 mg/L

Treated DOC 

= 3.4 mg/L

 
Figure 6-5 Decline in UV-vis absorbance (and selected DOC values) as a function of GAC (GA 
1000W) quantity and contact time (Batch A). 

 

There was an observed rapid initial decline in UV-vis absorbance, which tailed off at both 
higher doses and contact time. An adequate GAC quantity, based on a balance between 
DOC removal and contact time was estimated to be of 20-25g GAC /L for a contact time of 
20-25 minutes.  

Figure 6-5 also shows that initial DOC of 6.7 mg/L was reduced to ~3.5 mg/L for most GAC 
doses and contact times, indicating a removal of ~50%. This is compared to the UV-vis 
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removal of ~90% for the same samples, indicating a preferential removal of the aromatic (UV 
absorbing) components of DOC by GAC. There was an observed plateau trend, higher 
doses of GAC > 20g were not capable of removing additional DOC below 3 mg/L. There was 
generally a poor correlation of DOC to UV-vis (Figure 6-4); UV-vis absorbance could not be 
used to accurately predict DOC dose. 

To test the robustness of the treatment effects the adsorption study was repeated again with 
a different source water sample (Batch B), and focused on the dose range of 15-30 g/L. The 
adsorption studies were continued for a contact time of up to two hours to determine the 
maximum UV-vis removal and if the plateau effect from Figure 6-5 recurred (Figure 6-6). 
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Figure 6-6 Decline in UV-vis absorbance as a function of GAC (GA 1000W) quantity and contact 
time (Batch B). 

 

Figure 6-6 demonstrated that no large additional removal of UV-vis absorbing compounds 
could be achieved even for contact times of up to 120 minutes. This indicated that 20 mg/L 
GAC (for 12 x 40 mesh) with a contact time of 20 minutes was an efficient level of treatment. 

The two different grades of GAC (12 x 40 and 8 x 30 mesh), 15g were compared for their 
adsorption capacity as a function of time (Figure 6-7). 
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Figure 6-7 Comparison of GAC mesh sizes using 15g GAC per litre of water (Batch B) 

 

Figure 6-7 shows the 8 x 30 mesh GAC supported a lower contact time (15 minutes, 
compared to the 12 x 40 mesh GAC (20 minutes). Furthermore the 8 x 30 mesh DOC was 
able to reduce the DOC from 6.4 to 2.0 mg/L after 15 minutes contact time. By comparison 
the 12 x 40 mesh GAC was only able to reduce DOC to 3.8 mg/L even after 120 minutes 
contact time. 

This indicates that for the 8 x 30 mesh GAC, 15 g for a contact time of 15 minutes is superior 
to the 12 x 40 mesh GAC and should be considered in preference to the 12x40 mesh for use 
in the field trial. 

A sample of water was collected from Rossdale golf course (Batch C) and was again treated 
with 15g of 8 x 30 mesh GAC for 15 minutes, the results are summarised in Table 6-7. 

 

Table 6-7 Summary of UV-vis, DOC and BDOC removal for 8 x 30 mesh GAC (GS 1300), 15 
minute contact time (Batch C) 

Batch C Untreated Treated % removed 
UV-vis (cm-1) 1.1266 0.0462 96 
DOC (mg/L) 10.2 1.6 84 

BDOC (mg/L) 3.9 0.6 85 
 

The 8x30 mesh GAC was evaluated as a function of dose and contact time with the water 
from Batch D (Figure 6-8). 
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Figure 6-8 Decline in UV-vis absorbance as a function of GAC (GS 1300) quantity and contact 
time (Batch D). 

 

The decline in UV-vis absorbance was of the same general trend but much more rapid using 
the 8x30 mesh GAC. Figure 6-8 verified the optimal dose was 15g/L GAC with a contact time 
of 15 minutes. 

Hence, for the 8 x 30 mesh GAC, the best obtained final DOC was 1.6 mg/L and turbidity 
was 0.67, very close to the water quality targets set of <1.7 mg/L and < 0.6 NTU. In contrast, 
the best value BDOC was 0.6 mg/L with Batch C water compared to the target of < 0.2 mg/L 
(8 x 30 mesh, 15 minute EBCT).  

The design of a GAC reactor based on the batch studies is shown in Table 6-8. 

 

Table 6-8 Design of GAC reactor  

GAC type 8 x 30 
Density (g/cm3) 0.5 
Best result DOC (mg/L) 1.6 
Best result BDOC (mg/L) 0.6 
Best result turbidity (NTU) 0.67 
Removal DOC/g GAC (%) 0.32 
Optimum dose (g/L) 15 
Optimum contact time (min) 15 
Target flow rate 30L /min 
Size of reactor (L) 500* 
Mass of GAC (Kg) 225 
* allows for porosity of GAC of 0.5 
 

Given the wide historical variations in stormwater DOC concentration and the range of DOC 
for the raw waters in this three month study there is considerable uncertainty of the ability of 
the GAC reactor to consistently meet its target. Poorer quality source water may potentially 
facilitate well clogging. To overcome injection of poor quality water, it is recommended that a 
UV-vis probe be made available for on-site testing of the treated water quality and no 
injections take place directly after storm events until it is confirmed that the treatment process 
is sufficiently robust to mitigate any changes in source water quality. 
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GAC bed life will depend upon the influent water quality, an estimated 10% by weight of DOC 
can be adsorbed by GAC. Assuming an average influent of 10 mg/L DOC and an injection 
rate of 0.5 L/s, the GAC will need to be replaced approximately every 50 days. This would 
require validation during a test period. A summary of the advantages and disadvantages of 
the forms of pre-treatment tested in the laboratory as well as ultrafiltration treatment are 
given in Table 6-9. 

 

Table 6-9 Advantages and disadvantages of pre-treatment options 

Pre-Treatment 
Option 

Advantages Disadvantages 

Biofiltration: roughing 
filtration and GAC 

 Excellent removals of 
DOC and turbidity 

 Low bed life of GAC due to high 
loads 

 No warning on breakthrough of 
organics when GAC is saturated*. 

 Did not meet water quality targets 
Conventional: FeCl3 

(30 mg/L), Poly 
Aluminium Chloride 
(45 mg/L), and GAC 
filtration 

 Excellent removals of 
DOC and turbidity 

 Improved bed life of GAC 
due to lower load. 

 Multiple coagulants, requires skilled 
operators. 

 Complex optimization that will 
change with differing source water 
quality. 

 Sludge waste stream, ~3 kL/day to 
sewer 

 No warning on breakthrough of 
organics when GAC is saturated*. 

Micro filtration: Micro 
and GAC filtration 

 No sludge waste stream 
 Ease of automation 
 Improved bed life of GAC 
 

 Not yet tested to achieve targets 
 Waste stream of backwashed water 

to pond. 
 No warning on breakthrough of 

organics when GAC is saturated 
(although estimate of bed-life of 
GAC can be made). 

Ultrafiltration-GAC  Best water quality 
 Ease of operation 

 Not yet tested 
 Expensive 

 
In assessing the options for pre-treatment eventually UF-GAC was chosen for field trial 
implementation, while expensive, it was an automated plant and had the best potential to 
meet the water quality targets. 

 

6.4. Field trial of UF-GAC unit 
Table 6-9 identifies treatment by a UF-GAC to be the most robust option, however it was 
untested and likely to be the most expensive option. Orica Watercare was contracted in July 
2008 to provide a unit, in an agreement signed by Smart Water Fund, Rossdale Golf Club, 
CSIRO and Orica. The unit which consists of ultrafiltration and GAC filtration (UF-GAC) was 
installed on 27 October 2008.  

The UF-GAC plant was designed to match the specifications determined by the GAC batch 
studies (Table 6-8). 

The stormwater entering the treatment plant (“raw”) and the treated stormwater exiting the 
plant (“treated”) were analysed for various physical analytes and nutrient concentrations over 
a five week period from 27 October to 2 December 2008 (Table 6-10). The first sample was 
taken approximately 1 hour after the treatment plant was started, and the high dissolved 
organic carbon (DOC), and biodegradable dissolved organic carbon (BDOC) results from the 
treated stormwater sample may be because the UF-GAC unit requires a settling-in period 
before it begins operating at full effectiveness. The subsequent four samples taken over five 
weeks show that the unit is performing well, although it does not consistently meet the 
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targets of 0.6 NTU and 1.7 mg/L set for turbidity and DOC respectively, and did not achieve 
the target for BDOC of 0.2 mg/L. Although the results fluctuate slightly over the trial, no trend 
is exhibited. The mean concentrations over the last 4 weeks of the commissioning period are 
0.47 NTU (<0.6), 1.65 mg/L DOC (<1.7mg/L). Exceedances of turbidity and DOC were all 
less than 42% and occurred in only one in four turbidity samples and two in four DOC 
samples. The UF-GAC plant removed on average 76% of the turbidity and 80% of the DOC 
present in the stormwater source. Parameters that showed even greater removal were colour 
(92%) and UV absorbance (90%).   

 

Table 6-10 Results of stormwater pre-treatment trial, 27 Oct to 2 Dec 2008 

27/10/2008 3/11/2008 10/11/2008 24/11/2008 2/12/2008 
Analyte Units 

Target  
value Raw Treated Raw Treated Raw Treated Raw Treated Raw Treated 

Suspended Solids (mg/L) mg/L  1 <1 2 <1 2 <1 1 1 20 2 
Turbidity NTU 0.6 1.5 0.85 2 0.31 1.3 0.25 1.1 0.5 3.7 0.8 
Colour - True (456nm) HU  20 2 28 2 29 2 - - - - 
UV Absorbance - 254 nm cm-1  0.166 0.008 0.216 0.018 0.242 0.028 - - - - 
Total Nitrogen mg/L  <2.0 0.09 <2.0 0.2 0.63 <2.0 15.4 0.5 1.4 <0.1 
Total Phosphorus mg/L  0.184 0.025 <0.1 0.1 0.078 0.373 0.22 0.08 0.5 <0.01 
Dissolved Organic Carbon mg/L 1.7 7.6 10.3 8.7 1.2 8.7 2.1 - 2.4 - 0.9 
Total Organic Carbon mg/L  - - - - - - 8.7 2.5 11.8 0.9 
Biodegradable Dissolved 
Organic Carbon mg/L 0.2 - 3.6 - 0.3 - 0.8 - 1.0 - 0.4 

 

Mean BDOC concentration of the four samples of product water after bedding-down of the 
plant was 0.63 mg/L which exceeds the 0.2 mg/L target.  The maximum value recorded over 
this period was 1 mg/L and the minimum was 0.3 mg/L.   

The pH values of stormwater were relatively high, but were partially mitigated during 
treatment.  Major ions, EC and TDS were unaffected by treatment as expected. Nutrients in 
source water were generally quite low, but when occasional spikes occurred in nitrogen or 
phosphorus, the treatment plant was effective in removing these.   

Recognising that the target values were conservative, although the treatment unit did not 
consistently reach those values set for turbidity, DOC and BDOC, the mean value of four 
samples taken weekly after the plant bedded down met the targets for turbidity and DOC. It 
was recognised that the BDOC target was an aspirational goal, and with plant performance 
being already high for removal of DOC, colour and UV absorbance it was unlikely that 
modifications to the operation of  the plant would be capable of reducing BDOC to the target 
value. It was considered that even though the exceedance of BDOC may adversely impact 
on clogging of the injection well, it was likely that higher values of BDOC may be tolerable in 
terms of clogging risk. To determine whether the treated water was suitable for long term 
operation, an injection and recover trial with treated stormwater was conducted and is 
detailed in the following section (Section 7). 
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Table 6-11 Assessment of different pre-treatment options 

Treatment 
type 

Treatment pH Turbidity TSS 
True 

Colour

Nitrate + 
Nitrite as 

N 

Ammonia
as N 

Total 
Kjeldahl 
Nitrogen 

Total 
Nitrogen

Filterable 
Reactive 

Phosphorus

Total 
Phos-

phorus 

Biodegradable
Dissolved  
Organic  
Carbon 

Dissolved
Organic 
Carbon 

Total 
Organic 
Carbon 

UV  
Abs 

254 nm. 

  pH units NTU mg/L HU mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L cm-1 

Conventional 
C#1 

 30 mg/L FeCl3  
 45 mg/L AlCl3  
 GAC 

6.3 0.4         <0.2 0.9  0.05 

Conventional 
C#2* 

 30 mg/L FeCl3  
 45 mg/L AlCl3 
 75 mg/L Cl2 

6.3 0.4         2.9 7.0  0.09 

Conventional 
C#3 

 30 mg/L FeCl3  
 40 mg/L AlCl3  
 GAC 

8.0 0.5          0.8  0.02 

Conventional 
C#4 

 35 mg/L FeSO4  
 40 mg/L AlCl3  
 GAC 

6.0 0.9            0.02 

Conventional 
C#5 

 70 mg/L Al2SO4  
 40 mg/L AlCl3 
 GAC 

7.7 0.2            0.01 

Biological 
B#1 

RF-SSF 7.8 0.4 < 1 6 <0.005 <0.005 0.48 0.48 <0.005 0.012 1.8 4.8 5.4 0.18 

Biological 
B#2 

RF-GAC 8.1 0.3 < 1 < 1 <0.005 <0.005 0.06 0.06 <0.005 0.013 0.9 1.4 1.6 0.07 

Membrane* MF-GAC  0.7         0.6 1.6  0.046 

Membrane UF-GAC 9.35 0.5 1 2 0.131 0.137 0.375 0.44 0.078 0.140 0.6 1.7 1.7 0.023 

* indicates a laboratory only trial otherwise set up as a pilot plant or full scale; Abbreviations: RF roughing filter; SSF slow sand filtration; GAC granular activated 
carbon; MF micro-filtration; UF ultra-filtration. Values in bold exceed the mains trial water quality target 
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7. STORMWATER TRIALS 

7.1. Schedule of trial 
Injection with treated stormwater commenced on 29 December 2008, and continued for a 
total of 28.9 days (834 m3 injected). Recovery began immediately after injection ceased on 
27 January 2009 for operational reasons, as the water level in the stormwater dam was very 
low. The recovery period ran for a total of 24.7 days, ending on 6 March 2009 (833 m3 
recovered).  

The second injection period started on 15 May 2009 and ran for a total of 73.1 days until 15 
January 2010. The five month pause was due to the treatment unit being shut down between 
12 June and 12 November 2009 due to a leaking membrane, and water damage to the 
pumps when water flowed from the ASR well into the shipping container housing the 
treatment unit when the aquifer was artesian and no pumping was occurring. A back-flow 
prevention valve was installed to avoid this happening again. A total of 2467 m3 was injected 
until 15 January 2010. An 18.7 day storage period occurred, before recovery began on 3 
February 2010 and ended on 11 March 2010, with a total of 1576 m3 recovered. The volume  
of recovered water was less than recharge (Table 7-1; Figure 7-1) due to low recovery 
efficiency and salinity constraints (discussed further in Chapter 9).  
 

Table 7-1 Summary of injection, storage and recovery dates and volumes for the stormwater 
trials at Rossdale ASR 

ASR 
cycle 
no. 

Phase 
/event 

start date stop date 
duration 
(days)* 

Ave flow 
rate (L/s) 

Volume 
(m3) 

29-Dec-2008 9:16:00 6-Jan-2009 6:22:00 
6-Jan-2009 9:16:30 21-Jan-2009 10:49:00 Injection 

21-Jan-2009 11:50:30 27-Jan-2009 10:34:30 

28.9 0.334 834 

27-Jan-2009 10:34:30 28-Jan-2009 12:02:30 
29-Jan-2009 5:33:30 2-Feb-2009 15:03:31 
4-Feb-2009 18:06:00 7-Feb-2009 18:21:01 
9-Feb-2009 12:10:01 13-Feb-2009 7:44:30 
16-Feb-2009 8:16:31 20-Feb-2009 10:24:00 
23-Feb-2009 8:04:30 27-Feb-2009 11:50:30 

SW1 

Recovery

2-Mar-2009 8:55:00 6-Mar-2009 13:22:00 

24.7 0.390 833 

15-May-2009 7:44:00 2-Jun-2009 8:58:00 
2-Jun-2009 11:54:00 12-Jun-2009 9:17:00 
12-Nov-2009 7:11:00 1-Dec-2009 7:00:00 
9-Dec-2009 11:23:00 11-Dec-2009 7:33:00 
15-Dec-2009 6:33:00 8-Jan-2010 7:00:00 
9-Jan-2010 7:06:00 9-Jan-2010 7:21:00 

Injection 

15-Jan-2010 6:59:00 15-Jan-2010 14:24:00 

73.1 0.390 2467 

Storage 15-Jan-2010 14:24:00 3-Feb-2010 7:03:00 18.7   

SW2 

Recovery 3-Feb-2010 7:03:00 11-Mar-2010 13:12:00 36.3 0.503 1576 
* ‘pauses’ have been omitted in calculation of duration 
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Figure 7-1 Cumulative volume injected, recovered and in storage during the two stormwater 
trials at Rossdale ASR 

 

7.2. Water quality results 
Water quality results are presented in Appendix A.  

The ultrafiltration-granular activated carbon (GAC) filtration treatment unit performed well, 
although it did not consistently meet the set targets (to avoid well clogging) of 0.6 NTU for 
turbidity and 1.7 mg/L for DOC, and did not achieve the target for BDOC of 0.2 mg/L.  

Figure 7-2 shows the organic carbon concentrations of raw stormwater, and stormwater 
treated by the UF-GAC unit. Although there is no consistent pattern, it appears that towards 
the end of the second injection trial, the organic carbon removal was not as effective as it 
was in the first injection trial. This suggests that replacement of the GAC media may be 
required prior to another injection period occurring. 
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Figure 7-2 Biodegradable dissolved organic carbon (BDOC), dissolved organic carbon (DOC) 
and total organic carbon (TOC) results from raw and UF-GAC treated stormwater 

 

7.3. Clogging evaluation 
The efficiency of the ASR well is often expressed in terms of its specific capacity, which is 
defined as the flow rate divided by drawdown in a well. This method of measuring clogging 
development in an ASR scheme using the Thiem’s equation was successfully applied by 
Pavelic et al. (2007). However, this approach cannot be used in the stormwater injection and 
recovery trial as it requires steady state conditions. Both injection and recovery rates were 
variable leading to confounding of results, analogous to those of specific capacity changes 
during mains water injection trials (Figure 5-2). Therefore, transmissivity values were 
evaluated on the basis of the rate of water level recovery after cessation of extraction 
pumping (Theis 1935; Cooper and Jacob 1946): 












'
log

'4

3.2

t

t

s

Q
T


        (1) 

where T is the transmissivity (m2/d), Q is the pumping rate (m3/d), Δs’ is the change in 
residual drawdown over one log cycle (t/t’) (in metres), t is the time since pumping started 
(d), and t’ is the time since pumping stopped (d). Any apparent decline in well efficiency due 
to clogging is expressed as a reduction in transmissivity over successive ASR cycles.  

Changes in transmissivity over the successive mains and treated stormwater trial were 
evident. The main trends in clogging are summarised as transmissivity declines based on the 
recovery curve calculation (Equation 1) in Table 7-2. Some clogging was observed during 
each successive ASR cycle irrespective if mains or treated stormwater was used. 
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Table 7-2 Changes in transmissivity over the six cycles of injection and recovery for mains and 
treated stormwater 

ASR cycle Average transmissivity, (m2/d) 
3 hour mains water 1.35 
3 day mains water 0.98 

3 week mains water 0.77 
3 month mains water 0.64 

1st stormwater 0.56 
2nd stormwater 0.52 

 

 

Figure 7-3 Changes in transmissivity over the six cycles of injection and recovery for mains 
and treated stormwater 

 

Average flow rates during injection for the stormwater trials were 0.33 ad 0.39 L/s, 
respectively (Table 7-1). Average recovery rates were 0.39 L/s for the first stormwater trial 
and 0.50 L/s for the second, with the latter unchanged from the 3 month mains water trial 
(Table 5-1). Therefore, while this clogging evaluation suggests a decline in transmissivity this 
is not sufficient to reduce the effectiveness of storage and recovery, and transmissivity 
appears to be stabilising (Figure 7-3). 
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8. GROUNDWATER FLOW AND SOLUTE TRANSPORT 
MODELLING 

A finite-element axi-symmetric flow model of groundwater movement and solute transport 
was used as a simulation tool to interpret the observed recovery efficiency of the ASR 
system at Rossdale Golf Club, and to further probe changes in permeability of the aquifer. It 
was also intended to determine whether the aquifer could be modelled as a porous medium 
or if it was necessary to account for fracture flow.  

To address these questions, FEFLOW 6.0 (DHI-WASY 2010) was used to simulate the 
subsurface injection, storage and recovery of freshwater in the bedrock. Although the model 
is capable of employing variable-density advective-dispersive solute transport and variable-
density groundwater flow, the low salinity contrast between injected water and ambient 
groundwater justifies neglecting variable-density in solute transport modelling (Ward et al. 
2009).   

 

8.1. Model concept and construction 
The conceptual model represents a generalised version of the bedrock at the Rossdale ASR 
site. It was developed on the basis of data obtained from lithological and geophysical logs, 
pumping tests, and injection tests during mains water trial (Section 2). According to the data 
collected during the feasibility study, a generalised representation of the aquifer conditions at 
the site can be produced using a cylindrical (axisymmetric) coordinate system (Figure 8-1). 
This representative system can be justified for the case of injection or pumping from a single 
well where regional hydraulic gradients are small and aquifer hydraulic and transport 
characteristics are assumed to be homogeneous in layers (Anderson and Woessner 1992).      

As discussed in Section 2, the bedrock at the Rossdale site is classified as a dual porosity 
fractured rock with small fracture apertures and relatively high matrix porosities and low 
matrix permeability. Geophysical logging revealed several fracture zones in BH3 that may 
contribute to preferential flow during ASR well operation. At the stage of the model calibration 
(Section 8.4), various options in terms of physical properties of model domain were tested, 
and eventually, a single fracture zone was implemented in the model. For the sake of 
simplicity, it was located in the central part of the profile (95 m AHD; Figure 8-1).    

 

 
Figure 8-1 Generalised conceptual model of the Bedrock Formation aquifer at the Rossdale GC 
ASR site. 
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Because of the contrast between BH3 and BH4 profiles suggesting that the hydrogeology is 
complex and with sparse information on the spatial variability of the hydraulic and transport 
characteristics, several assumptions were made.  

 The aquifer is assumed to be composed of a stack of horizontal layers characterised in the 
model as homogeneous with respect to their hydraulic and solute transport characteristics. 

 Two cases were considered, without and with the presence of a horizontal fracture plane at 
the aquifer mid-depth.  

 Due to the location of the site close to the sea with a hydraulic head with close to sea level, 
and no other groundwater users in close proximity, the background hydraulic gradient was 
assumed to be negligible. 

 

8.2. Spatial and temporal discretisation  
A cylindrical coordinate finite element grid was constructed (Figure 8-2) to study the 
subsurface injection, storage, and recovery cycles in the bedrock at Rossdale. The model 
grid represents a radial extension of 500 m out from the ASR well into the aquifer. The well 
occurs at the first column of nodes. The grid is finer in the vicinity of the well with the aim of 
avoiding errors associated with the numerical dispersion and large differences between sides 
of a model-grid element. Thickness and length of the elements near the ASR well (BH3) are 
0.85 m and 0.7 m, respectively. The lengths of elements gradually increase from r = 13 m to r 
= 500 m (outer vertical boundary of the model).  

     
Figure 8-2 The cylindrical coordinate finite-element grid if the Bedrock Formation at the ASR 
well site. ASR well is located at the left boundary of the model domain. A horizontal fracture 
goes through the entire domain in central part of the model. Horizontal and vertical scales refer 
to main model domain (r = horizontal extent, z = vertical extent). 

 

An initial time step size was set at 0.0001 d. This time-step was automatically adjusted by 
FEFLOW; in order to avoid numerical dispersion and excessive simulation run times an 
appropriate time step was determined based on the change in the primary variables (heads 
and concentration) between the time steps.    
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8.3. Boundary and initial conditions 
Model boundaries were set from r = 0 m to r = 500 m in the horizontal direction and at z = 
88 m and z = 122 m below sea level in the vertical direction. Specified head nodes (z = 0 m) 
were set at the vertical lateral boundary (external boundary at r = 500 m), whereas flux 
boundary condition (4th kind well boundary condition according to FEFLOW terminology) was 
set at the ASR well boundary (r = 0 m). The horizontal boundaries of the model (the upper at 
z = 88 m and the lower at z = 122 m) represent no-flow conditions. The model parameters 
are given in Appendix C. 

Electrical conductivity (EC) is modelled as a solute injected and recovered through the ASR 
well. A constant concentration boundary condition was specified at the well boundary. A 
mass constraint condition was utilised to limit the application of the flux to inflowing 
conditions. EC of injected water varied from 80 to 100 μS/cm during the mains water trial and 
ranged from 400-530 μS/cm during the stormwater trial. A flux-averaged EC value (weighted 
average concentration using flux as a weighing factor) was calculated with the use of 
simulated chloride concentration values at boundary nodes representing the well. 

The initial pressures were assumed to be hydrostatic (P = hρg) and set equal to the head 
which corresponded to static conditions prior to injection. Initial head was set as h (0, r) = 0 m. 
The electrical conductivity was set equal to the average value of the native groundwater (EC 
= 2500 μS/cm). 

A highly-permeable fracture zone was applied using the discrete feature element embedded 
in FEFLOW. The characteristics of a single fracture used in the model are given in Appendix 
C.  

 

8.4. Calibration and testing 
The calibration and testing of the model was performed using a trial-and-error method i.e. by 
adjusting the model variables within realistic limits, until a satisfactory comparison between 
the observed and simulated heads and solute breakthrough data was obtained. 
Transmissivity and porosity data used during the modelling were based on available data 
obtained during the hydrogeological investigations. The mains water trials provided data for 
model calibration, whereas stormwater trial data was used to validate the numerical model.   

Due to the uncertainty of hydrogeological characteristics of the bedrock at the Rossdale ASR 
site, the results of the simulation of three models are presented in this report. This allows a 
comparison between the concepts. Model 1 and Model 2 include a single fracture zone in the 
central part of the model domain. The reason for the implementation of the fracture was an 
inability to get a match in solute breakthrough curves within reasonable transmissivity values. 
The calibration confirmed that neither the number of fractures nor the location of the 
fractured zone along the vertical direction have a large impact on recovery efficiency of the 
ASR well. Thus, for simplicity a single fracture was used. Transmissivity of the aquifer matrix 
differs in Models 1 and 2. In Model 1 the transmissivity of the aquifer was 0.65 m2/d 
(according to the fracture zone). In Model 2 the transmissivity was reduced by 23% to 
0.50 m2/d reflecting values shown in Table 7-2. Model 3 depicts a case in which a fracture 
zone is absent and transmissivity equals that of Model 1. The calibrated values of the 
parameters of three models are given in Appendix C.  

 

8.5. Evidence of changes in transmissivity  
Modelling results confirmed the results of the clogging evaluation (Section 5.4) that the 
transmissivity of the aquifer deteriorates over time. At the beginning of the mains water trial 
(3-hour and 3-day tests carried out in December 2006), Model 1 which represents 
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transmissivity of the matrix of 0.65 m2/d fit the observed data with the highest accuracy. 
Nevertheless, through time the observed data in the ASR well go towards the heads 
generated by Model 2 which represents transmissivity of 0.5 m2/d. This suggests a 
development of the clogging layer in the aquifer during the mains water trial performed in the 
period from December 2006 to April 2007. The simulations performed using Model 3 
revealed similar heads to Model 2.      

 

 
Figure 8-3 Observed and modelled heads in ASR well during the mains water trial 

 

The models were run to predict the heads during the stormwater trial. Unfortunately, the 
actual heads during injection periods can not be compared with the modelled heads due to 
lack of readings under high pressure conditions. The comparison of observed heads and 
modelled heads during discharge periods and head recovery data implies that Model 1 is not 
a valid representation of the groundwater flow system anymore. Model 2, however, fits 
reasonably well with heads observed during the recovery period of the first stormwater trial 
(SW1) in February 2009. Recovery of water level following the injection in May and June 
2009 is also well predicted by the model. Nevertheless, the actual data from the second 
stormwater trial (SW2) exhibited much higher pressures compared with Model 2 indicating a 
further reduction in transmissivity values (clogging development).      
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Figure 8-4 Observed and modelled heads in ASR well during the stormwater trial 

 

8.6. Salinity of recovered water   
The salinity of water expressed as electrical conductivity (EC, in μS/cm) is assumed to 
behave as a conservative tracer in the system. During the fours cycles of mains water 
injection performed in the period of December 2006 to April 2007, EC of recovered water 
was measured on a regular basis. Model 1 represents the closest fit to observed values, in 
particular for the longest (1 month) period of recovery (Figure 8-5). In Model 2, relatively high 
dispersion of the plume occurs during storage periods and also much higher spreading of the 
plume during recovery. Hence Model 2 overestimates EC values at the beginning of the 
recovery period and underestimates EC values in the final stage of the recovery. Modelling 
trials in reproducing observed values without the incorporation of the fractured zone were 
carried out, but these models failed to predict the observed EC pattern. These models, 
including Model 3 (Figure 8-5) and models with heterogeneous transmissivity values, tend to 
underestimate EC values consequently over-predicting recovery efficiency of ASR well. 
Thus, the modelling exercise confirms that the bedrock behaves more like a fractured 
medium with dual porosity than as a porous medium alone.   
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Figure 8-5 Observed and modelled EC in ASR well during the mains water trial 

 

Validation of the model was performed with the use of data from the stormwater trials (Figure 
8-6). Ambient groundwater is assumed to initially fill the aquifer at the beginning of the 
stormwater trial (i.e. no residual freshwater from the mains water trials). Nevertheless, during 
the first stormwater recovery (SW1) carried out on from January to March 2009, Model 1 
over-predicts EC which suggest that some residual mains water could remain in the aquifer 
for 20 months and subsequently recovered during the stormwater trial.  

The accuracy of model calibration and validation in terms of EC is depicted in Figure 8-7. 
The simulation for the mains water trial (calibration) indicates better fit for Model 1 compared 
to Model 2. The simulation for the stormwater trial (validation) implies that Model 1 generates 
higher values than observed in reality, whereas Model 2 predicts similar values to those 
observed. The results generated by Model 3 (without a fracture) are given in Figure 8-6 for 
comparison. This shows that it is essential to include a fracture plane in order to reproduce 
the observed salinity data. 
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Figure 8-6 Observed and modelled EC in ASR well during the stormwater trial 

 

 
Figure 8-7 Comparison of modelled EC with observed EC in a) three month mainswater trial 
and b) first stormwater (SW1) trial. Since model time-stages differ from times of EC 
observation, there is some error associated with truncation. 

 

8.7. Limitations of the model 
Confidence in the model and in the resulting simulations is limited by a number of factors that 
include: 

 the lack of knowledge of the spatial variability of hydrogeological parameters of the aquifer 
(heterogeneity) 

 the lack of knowledge about the potential effect of fractures on the flow and transport 
properties 

 the lack of groundwater pressure monitoring during injection periods 

a) b) 
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 the lack of groundwater quality (EC) monitoring in the ASR well during storage periods  

 the sparse groundwater pressure (head) and groundwater quality (EC) monitoring in BH4 

 the discrete fracture network was simulated by using a single horizontal fracture element 
situated in the middle of the model domain; an extrapolation of the fractured zone 
embedded in the axisymmetric model to 3D model would give a lateral continuous 2D 
surface characterised by an increased permeability value 

 clogging development is not included in the model. 

 

Hence while the model provides reasonable fit to the available data for head and salinity it is 
not considered to be unique nor a faithful representation of the aquifer. It is, however, a 
parsimonious model and clearly demonstrates the importance of fractures to the observed 
recovery efficiency. 

8.8. Summary and conclusions 
A series of freshwater subsurface injection, storage, and recovery tests were conducted at 
the Rossdale Golf Course with a view to assessing the recoverability of injected water from 
the Silurian bedrock. This relatively poorly permeable aquifer with transmissivity < 1 m2/d is 
classified as a fractured rock with small fracture apertures and relatively high matrix porosity 
and low matrix permeability. 

The groundwater system was modelled in the axisymmetric projection with a single 
horizontal fracture zone located in the central part of the model domain. The model was 
calibrated on the basis of mains water trial conducted from December 2006 to April 2007. 
Validation was carried out against the data obtained during the two stormwater trials from 
December 2008 to March 2010.    

The assumption of the equivalent porous media approach did not give satisfactory results in 
terms of solute transport in this transient and highly pressurised groundwater system. As 
such, a single discrete fracture zone was applied which resulted in a good fit between the 
observed and modelled EC values.  

The flow component of groundwater model confirms that reduction in transmissivity of the 
aquifer as a result of ASR operation is taking place. The calibrated initial transmissivity of the 
aquifer was in excess of 0.65 m2/d, but started to deteriorate during mains water trial, 
apparently due to physical clogging, reaching a value < 0.5 m2/d in the second stormwater 
trial (SW2). In spite of continuous reduction in transmissivity of the aquifer matrix, the model 
predicts EC of the recovered water with a reasonable accuracy implying that the fracture 
zone(s) may be important in solute transport at the Rossdale GC.         

In spite of a number of limitations, the model can be used as a tool in the assessment of 
clogging development and recovery efficiencies.   
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9. ECONOMIC EVALUATION 
The stormwater trial also enabled evaluation of the costs of operating the ASR system and 
comparisons with costs of surface storage of stormwater alone and with mains water during 
periods when its use is allowed. 

Based on the results of the trials shown in Table 9-1, the calculations below are based on a 
recovery efficiency of 100%. If recovery efficiency is lower, the volume and costs of  injection 
would need to be increased.   

 

Table 9-1 Recovery efficiency for salinity threshold values during the 4th mains water trial and 
the first two stormwater trials 

Recovered volume at EC < Recovery Efficiency for Injected  
Volume  

EC 
injectant 800  

µS/cm 
1500  

µS/cm 
2000  

µS/cm 
800  

µS/cm 
1500  

µS/cm 
2000  

µS/cm 
Trial 

(m3) (µS/cm) (m3) (m3) (m3) (%) (%) (%) 

MW 3-month  1151 100 55 324 1055* 5 28 >92 
SW trial #1 834 402 60-94# 373 833* 12 45 >100** 
SW trial #2 2467 530 0 ~900 1536* <1 26 64 

* total recovered volume 
** no storage period between injection and recovery in SW trial #1  higher recovery efficiency 
# 800 EC level was reached after 60 m3, then the EC dropped, and passed 800 again after 94 m3. 
 

Table 9-2 shows costs calculated for recovered water yields of 4 ML/yr and 6 ML/yr from the 
ASR well. These represent the likely range of recovered volumes in a full year of operation.  
Firstly capital costs are shown using a discount rate of 7% and an amortisation lifetime 
commensurate with the type of asset, based on actual costs of establishing ASR at Rossdale 
Golf Club (Table 9-2). This does not include costs of land or the construction of the 
stormwater harvesting system and surface storages already established prior to constructing 
the ASTR system. These costs will be introduced later to provide a comparative cost and to 
allow calculation of an all inclusive cost based on the volumes harvestable by both surface 
and groundwater storage of stormwater.   

 

Table 9-2 Capital Costs of ASR system returning 4 and 6 ML/yr regarding existing stormwater 
harvesting facilities as a sunk cost 

Item 
Cost ($) 
(2006) 

Life 
(years) 

Annualised 
Cost ($/KL) 

Yield 4 ML/yr

Annualised 
Cost ($/KL) 

Yield 6 ML/yr 
Comments 

Land nil  0 0 

Owned by Club  ASR system and 
treatment plant has a very small 
footprint in comparison with the 
stormwater harvesting system 

Water 
harvesting 

nil 25 0 0 
No additional cost as using an existing 

facility 
Water 

treatment 
35,000 10 1.25 0.83 uF+ GAC plant 0.5L/s 

ASR 
system 

156,000 15 4.28 2.86 
2 wells, wellhead, pump, controls, 

electrical 
Distribution 

costs 
nil 15   No additional costs 

Total 191,000  5.53 3.69  
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Table 9-3 shows the calculated values of operating and maintenance costs based on data 
from Rossdale Golf Club and estimates. This is independent of recovered yield of ASR well 
for all yields up to approximately 6 ML/yr. 

  

Table 9-3 Operating and Maintenance Costs of ASR system – with existing stormwater 
harvesting 

Item 
Costs calculation 

Recharge= 0.24ML/wk 
Recovery= 0.30ML/wk 

O&M cost 
($/KL) 

Yield 4 to 8 
ML/yr 

Comments 

maintenance and 
monitoring costs- labour- 
7 hrs /wk (includes well 

rehabilitation, filter 
replacement) 

$235/wk  
= $980/ML recharge + 

$783/ML recovery 
1.76 RGC figures 

chemical and filter 
replacement costs -

during injection 

GAC=$496 per 3.5ML 
= $0.14/KL  

Cartridges 1=$29/80KL 
recharge =$ 0.36/KL 

0.50 Estimate 

repairs $400 /ML 0.40 

Estimate (eg pump repairs, 
instrumentation renewal) 

based on experience in first 
year 

electricity 
Injection treatment $5/d 

Recovery $0.04/KL 
0.18 

RGC figure 
estimate 

Licence from SRW $40 / ML 0.04 

Estimate 
 (actually a flat figure to be 

determined but approximated 
here as a cost per ML) 

Total  2.88  
 

For a yield of 4 ML/yr the annual operating costs are $11,520 and for 6 ML/yr they are 
$17,280. Hence for a yield of 4 ML/yr the levelised cost, that is the annualised capital cost 
together with operating and maintenance costs, totals $8.41/KL. If 6 ML/yr can be recovered 
the total costs are reduced to $6.57/KL.   

The largest cost component is amortising the capital cost of ASR system construction, 
followed by the labour costs in maintaining the system. Increasing the volume of recharge 
and recovery reduces unit costs but this is constrained by the rate at which the aquifer can 
accept and supply water.  At an upper limit of 6 ML/yr (180 days recharge at 0.4L/s and 145 
days recovery at 0.5L/s) the capital amortisation costs are still 56% of total water supply 
costs. Further automation of the system that could reduce staff time spent on the system 
could have a large impact by reducing the $2.26/KL currently  spent in maintenance and filter 
cartridge replacement that is required in order to avoid problems of excessive clogging of the 
ultrafiltration membrane. It is expected that this is a teething phase and that with growing 
experience these costs could be reduced, but an automatic back-flushing pre-filter would be 
needed to be purchased in order to save staff time. 

By comparison, the costs of water harvesting via the surface water storage system were 
determined taking account of capital costs (Table 9-4) and operating and maintenance costs 
(Table 9-5). 
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Table 9-4 Capital Costs of stormwater harvesting system with surface storage alone – yielding 
40 and 60 ML/yr 

Item 
Cost ($) 
(2006) 

Life 
(years)

Annualised 
Cost ($/KL) 

Yield 40 ML/yr

Annualised 
Cost ($/KL) 

Yield 60 ML/yr 
Comments 

Land nil  0 0 

Owned by Club – 
landscaped to be a water 
feature in the course. No 

extra cost to Club of 
converting this land to a 

water storage. 
Water harvesting all 

inclusive (earthworks, 
liner, connection to drain, 

sump, pumps, delivery 
pump and filter) 

550,000 25 1.18 0.79 RGC figure 

Distribution costs 25,000 15 0.07 0.04 RGC figure 
Total 575,000  1.25 0.83  

 

 

Table 9-5 Operating and Maintenance Costs of stormwater harvesting system with surface 
storage alone 

Item 
Cost calculation 

 

O&M cost ($/KL) 
Yield 40 to 60 

ML/yr 
Comments 

Management, 
monitoring and 
maintenance 

$10,000/yr @40ML/yr 
$15,000/yr @60ML/yr 

0.25 
RGC figure 

estimate 

Repairs $100 /ML 0.10 
estimate 

 (eg pump repairs) 

electricity 

Drain sump pumping to dam 
$0.03/KL 

Dam pumping through filter to 
irrigation system $0.04/KL 

0.07 
RGC figure 

 
estimate 

Licence from 
Melbourne Water 

No charge 0.00 (no resource charge) 

Total  0.42  
 

 

Hence the annual operating costs of the stormwater harvesting system including delivery to 
irrigation are $16,800 for 40 ML/yr and $25,200 for 60 ML/yr. For a yield of 40 ML/yr the 
levelised cost, that is the annualised capital cost together with operating and maintenance 
costs, totals $1.67/KL. If 60 ML/yr can be achieved the total costs are reduced to $1.25/KL.   

The combined cost of water supply taking account of surface and subsurface storage for a 
total supply of 44 ML/yr is given in Table 9-6. 
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Table 9-6 Total costs of combined stormwater harvesting system and ASR system yielding 
44 ML/yr 

Item System component $ 
Levelised cost  

($/KL) 
Volume 
(ML/yr) 

Capital Harvesting & distribution Cap 575,000 1.14 44 
“ ASR Cap 191,000 5.53   4 
“ total Cap 766,000 1.64 44 
     

O&M annual costs Harvesting & distribution 18,480 pa 0.42 44 
“ ASR 11,520 pa 2.88   4 
“ total 30,000 pa 0.68 44 
     

Total Harvesting no ASR Cap 575,000 1.56 44 
“ Harvesting with ASR Cap 766,000 2.32 44 
“ Harvesting with ASR* Cap 575,000* 1.82 44 
     

O&M † Irrigation system $55,000 pa 1.37 40 
* Considering costs to RGC only based on Smart Water Fund covering capital costs of ASR 
† This cost has increased $10,000 pa in changing from mains water to stormwater irrigation. 

 

The cost of water supply of 40ML/yr before the dam was built was $51,000, that is $1.27/KL 
in 2005 prices. This was approximately 4% of the total costs of running the golf club. The 
comparable current mains water price is $1.50/KL (non-residential charge) or $2.43/KL 
(residential charge) from July 2009, if the mains water use restrictions for golf course 
irrigation were to be relaxed.  

A statement provided by Adrian Booth, General Manager of Rossdale Golf Club, shows the 
importance the golf club places on having a reliable water supply. 

“Given that Rossdale does not have the desirable Couch grass surface; it relies very heavily 
on a reliable water supply as it has a Kikuyu grass surface which unfortunately does require 
substantially more water to keep the playing surface up at a reasonable playing standard.  

Therefore, taking into account that the success and prosperity of the club in the future 
overall, is heavily dependent on its core business; being to provide golf facilities at private 
golf club standards, members of the club obviously place a great deal of emphasis on the 
playing surface of the golf course, its consistency and durability over the summer months 
and hence evaluate their ongoing association with the club purely on the success of the 
abovementioned factors.  

This solely determines the value of a reliable water supply which is so vital to Rossdale that it 
cannot possibly be translated into a dollar amount because of its sheer magnitude, other 
than to clearly state that, without it, the club would simply not be able to exist.” 

Rossdale Golf Club was one of five national finalists in the inaugural Prime Minister's Water 
Wise Award Announced by the Federal Parliamentary Secretary for Water, Mike Kelly in 
March 2010 to showcase commercial and industry innovation in water savings and efficiency. 
The Prime Minister's Water Wise Award was developed to recognise and reward businesses 
that excel in water use efficiency and management. 
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10. CONCLUSIONS AND RECOMMENDATIONS 
The ASR investigations were initiated at Rossdale because according to the regional 
evaluation of Dudding et al. (2006) the area had moderate recharge potential in the Werribee 
Formation and this site had already invested in stormwater capture. However, when drilling 
was performed it was evident that the Werribee Formation was near its margins in this 
location and of very low permeability containing primarily organic-rich clay. Dudding et al. 
(2006) contained a warning that the map was indicative only and needed local drilling for 
reliable results. Ironically, of the 29 sites where validation of the map against independent 
pumping tests records was undertaken, 18 sites were in the category mapped, 6 were one 
category better than the map predicted, and two sites were two categories better and two 
sites were two categories worse than the map predicted. The Rossdale site was one of the 
latter, where the ‘moderate’ ASR potential predicted was revealed to be in fact ‘very low’ by 
drilling.  

Other wells to the north suggested that the underlying bedrock in places can be high yielding 
and so the drilling method was changed to case and pressure cement from the surface to the 
competent bedrock, then drill inside the casing to establish a good connection with the 
aquifer with reduced risk of smearing clay. Although airlift yields were still very low (0.5 L/s) 
the advisory committee decided to proceed at this site. This would be a test of the technical 
and economic viability of ASR in extreme formations and if successful would demonstrate a 
significantly broader opportunity for ASR than had been previously been thought possible. It 
may allow reinterpretation of the results of Dudding et al. (2006) and open up 61% of the 
metropolitan area for ASR that is currently mapped as having very low ASR potential, that is 
outside of shallow water table areas and unlikely to discharge to streams. Only about 25% of 
the area is currently estimated to have ‘high’ to ‘moderate’ ASR potential. 

Hence the project has evaluated ASR in a very low transmissivity (1.2-1.4m2/d) fractured 
rock formation. To the proponents’ knowledge this is the lowest permeability aquifer in which 
aquifer storage and recovery has been attempted. The low transmissivity of the aquifer has 
three complicating effects.   

Firstly, it restricts the rate at which water can be recharged to the aquifer. Because the native 
groundwater is too saline for irrigation, the recovered volume is related to the volume of 
water injected. As the unit cost of water depends on the volume of water that can be 
recovered for the given investment in ASR infrastructure, this makes recovered water 
relatively expensive. That is, if the aquifer had double the transmissivity and assuming twice 
the volume of water could be stored, the capital cost component of unit levelised costs would 
be halved. 

Secondly, the water must be treated to a very high quality before injection so as not to clog 
the fine grained aquifer containing small pore or fracture apertures. In particular, particulate 
and nutrient concentrations must be maintained at very low values to avoid physical blocking 
and biological growth on the perimeter of the well in the aquifer. If clogging was to occur, the 
rate of recharge would diminish further and add to costs. The cost of this treatment process 
is significant, for both capital and operating costs, including labour. At this site water passed 
through a basic filter cartridge as well as ultra-filtration and granular activated carbon (GAC) 
filtration. During the course of the study with 3.3 ML stormwater injected in total, injection 
rates have been maintained but a gradual and persistent decrease in permeability has been 
observed (by observing the rate of rise in water level in the injection well after extraction 
pumping stops). This suggests that the water quality is right at the edge of the acceptable 
range, and care will be needed to ensure treatment remains effective. This will include 
replacement of GAC from time to time, and when required, also replacing the ultra-filtration 
membranes.  

Thirdly the small injection volumes and the fractured nature of the aquifer encourages mixing 
of fresh injectant in the native brackish groundwater. This increases the salinity of recovered 
water, as has been shown at even very early stages of recovery restricting the proportion of 
injected water that can be recovered at an acceptable salinity for irrigation directly. The 
success of this ASR project continues to depend on being able to mix the water recovered 
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from the ASR well with fresh stormwater in the surface water dam, so that the blend is 
acceptable for irrigation. In the economic analysis it was assumed that 100% of injected 
water could be recovered for productive use in this way. However, in an extended drought, if 
there is little water in the dam, or the bulk of the water in the dam has been recovered from 
the aquifer, the salinity may be unacceptable for irrigation.   

The fact that this ASR system has been operated effectively is testimony to the efforts of 
Rossdale Golf Club staff, and in particular Paul Kortholt, Course Superintendent. With 
continuing diligent attention it can be effectively operated into the future. The costs of this 
water are high in comparison with costs of surface detention and use of stormwater. For 
example, harvesting and use of 40 and 44 ML/yr stormwater via only surface detention have 
unit costs of $1.67 and $1.56/KL respectively, whereas 40 ML/yr of surface detention and 
4 ML of ASR would have a unit cost of $2.32/KL ($1.82 excluding capital paid for by Victorian 
Smart Water Fund). A hydrologic analysis has not been done to determine the volume of 
water harvestable without ASR and the volume harvestable with ASR. However, with the 
substantially expanded surface water storage capacity that now exists at Rossdale (30 ML), 
it is expected that that incremental volume would be less than 4 ML/yr, due to the time 
required to transfer water to and from aquifer storage. Four megalitres takes 17 weeks to 
store and 13 weeks to recover, so it is not possible to use it to respond quickly to flow events, 
and capture from a dam-filling flow event will be reduced by any preceding ASR recovered 
volume.   

This report presents factual information that Rossdale Golf Club can take into account in 
determining the future of the ASR project beyond the trial phase. 

Of much wider value to urban water management, this report reveals the technical feasibility 
of ASR in a highly challenging target storage formation. It reviews the investigations 
undertaken and the care used so as not to clog the ASR well during preliminary trials. It 
shows a pragmatic method to evaluate water quality requirements for injection in the 
absence of sound scientific evidence (normally column studies are required). A series of 
methods to characterise the aquifer are shown and ultimately results are synthesised in a 
parsimonious solute transport model that fits the hydraulic head data, shows the change in 
permeability that has occurred and faithfully predicts the salinity of recovered water.   

A preliminary hazard assessment performed in consideration of an earlier part of this Smart 
Water Fund project (Dillon and Molloy, 2006) and a human and environmental risk 
assessment that conforms with national guidelines for managed aquifer recharge (NRMMC–
EPHC–NHMRC 2009a) were performed. The operational data recorded by Rossdale Golf 
Club was supported by a monitoring system that reported data to a web site which was 
accessible to all partners of the project and regulators, including CSIRO in Adelaide. 
Although the site was relatively rudimentary and there were problems with some sensors this 
web-based monitoring approach points the way forward to potentially very simple web-based 
systems with diagnostics for operators, water resources regulators and environmental 
agencies, and warrants further development. 
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APPENDIX A – WATER QUALITY 
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Table A - 1 Summary of source water quality for Rossdale ASR (mains water injectant, raw stormwater and treated stormwater injectant) 

Mains water injectant Raw stormwater Treated stormwater (injectant) 
Analyte Units 

LTV 
Irrigation

STV 
Irrigation n min median mean max n min median mean max n min median mean max 

Physical characteristics                   

Conductivity µS/cm 800* 800* 5 63 65 66 70 10 292 350 378 565 9 230 349 381 579 
Total Dissolved Solids (by 
EC) 

mg/L   5 35 36 36 38 7 160 193 215 310 3 190 280 263 320 

pH pH units 6-8.5 6-8.5 2 7.4   7.7 7 7.4 9.5 9.0 9.9 5 6.1 6.8 7.6 9.4 

Turbidity NTU   4 0.25 0.59 0.58 0.9 11 1.1 2.4 2.8 5.5 12 0.2 0.6 0.9 4.8 

Suspended Solids mg/L   1    2 13 <1 2 6 24 8 <1 <1 1 4 

Volatile Suspended Solids mg/L   1    <1 4 1 2 3 8      

True Colour (456nm) HU   5 1 2 2 3 8 <1 22 20 29 3 2 2 2 2 

Major ions                   

Alkalinity as Calcium 
Carbonate 

mg/L   5 15 17 17 20 7 40 57 56 68 4 31 57 52 64 

Bicarbonate mg/L   5 19 20 21 25 7 43 61 59 72 4 38 60 57 69 

Bromide mg/L   3 <0.02 <0.1 <0.1 <0.1           

Sulphate mg/L   5 2.1 2.1 2.4 3.3 4 18.6 24.2 24.5 31.2 1    16 

Chloride mg/L 175 175 5 8 9 11 21 7 39 54 68 110 4 35 81 78 115 

Fluoride mg/L   5 0.75 0.83 0.8 0.87 4 0.2 0.22 0.25 0.36      

Calcium mg/L   5 4.5 4.7 4.9 5.4 4 17.8 19.8 19.7 21.4 1    12 

Magnesium mg/L   5 1.5 1.5 1.5 1.6 4 5.0 6.0 5.8 6.1 1    4 

Potassium mg/L   5    <1.0 4 2.6 3.4 3.3 3.7 1    3 

Sodium mg/L 115 115 5 4.7 5.4 5.4 6.5 4 29.2 32.3 33.1 38.6 1    27 

Microbiological                   

Bacterial Regrowth 
Potential 

µg/L   1 35 35 35 35 3 53 57 543 1520      

Nutrients                   

Nitrate + Nitrite as N mg/L   4 0.081 0.0865 0.0873 0.095 10 <0.005 0.005 1.55 15.4 6 <0.005 0.005 0.089 0.5 

Ammonia as N mg/L   5 <0.005 0.006 0.008 0.022 8 <0.05 0.017 0.030 0.125 3 <0.005 0.024 0.092 0.25 

Total Kjeldahl Nitrogen mg/L   5 0.06 0.10 0.09 0.1 11 0.05 0.85 0.87 <2 6 <0.1 0.23 0.40 1 

Total Nitrogen mg/L 5 25-125 3 <0.005 <0.005 0.07 0.19 11 0.6 1.0 2.3 15.4 6 <0.1 0.35 0.44 1 

Filterable Reactive 
Phosphorus 

mg/L   5    <0.005 8 <0.005 0.011 0.013 0.04 4 0.005 0.053 0.048 0.08 
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Mains water injectant Raw stormwater Treated stormwater (injectant) 
Analyte Units 

LTV 
Irrigation

STV 
Irrigation n min median mean max n min median mean max n min median mean max 

Physical characteristics                   

Total Phosphorus mg/L 0.05 0.8-12 5 <0.005 0.0135 0.0130 0.02 11 0.023 0.074 0.137 0.5 6 <0.01 <0.01 0.139 0.373 

Biodegradable Dissolved 
Organic Carbon 

mg/L   1    0.2 4 0.8 4.5 3.9 6.0 11 0.2 0.6 0.9 3.6 

Dissolved Organic Carbon mg/L   4 1.6 1.7 1.7 1.7 14 4.9 8.4 8.3 14.2 13 0.4 2.4 2.6 10.3 

Total Organic Carbon mg/L   5 1.4 1.6 1.7 2 10 6.2 9.2 10.2 20.1 9 0.4 1.7 1.8 4 

Silica - Reactive mg/L   5 6 7 7 7 4 <0.1 1.0 1.0 2.0 1    1.84 

UV Absorbance - 254 nm    1    0.023 4 1.08 1.11 1.11 1.16 3 0.014 0.018 0.022 0.034 

Metals and metalloids                   

Aluminium - Soluble mg/L   2 <0.01   <0.020 5 0.031 0.046 0.070 0.177      

Aluminium - Total mg/L 5 20 5 <0.020 0.029 0.045 0.112 3 0.091 0.435 0.389 0.64      

Arsenic - Soluble mg/L   5    <0.001 5 0.001 0.002 0.002 0.003      

Arsenic - Total mg/L 0.1 2 5    <0.001 5 0.001 0.002 0.002 0.003      

Boron - Soluble mg/L 0.5 0.5 1    <0.040 4 <0.04 0.040 0.044 0.074      

Cadmium - Soluble mg/L   1    <0.0005 2    <0.0005      

Cadmium - Total mg/L 0.01 0.05 1    <0.0005 4    <0.0005      

Chromium - Soluble mg/L   1    <0.003 3    <0.003      

Chromium - Total mg/L 0.1 1 1    <0.030 5    <0.03      

Copper - Soluble mg/L   2 0.0041 0.0078 0.0078 0.0114 2 0.0043 0.0112 0.0112 0.0180      

Copper - Total mg/L 0.2 5 5 <0.030 <0.030 <0.030 0.0448 2 0.0045 0.00575 0.0058 0.007      

Iron - Soluble mg/L   4 0.011 0.015 0.019 0.033 5 0.134 0.194 0.196 0.276      

Iron - Total mg/L 0.2 10 5 <0.030 0.114 0.133 0.244 4 0.210 0.274 0.316 0.504      

Lead - Soluble mg/L   2    <0.0005 3    <0.0005      

Lead - Total mg/L 2 5 5 0.0005 0.0011 0.0020 0.0062 5 <0.0005 0.0008 0.0041 0.0180      

Manganese - Soluble mg/L   5 0.0006 0.0007 0.0012 0.003 5 0.002 0.003 0.004 0.009      

Manganese - Total mg/L 0.2 10 5 0.0007 0.0020 0.0118 0.0501 5 0.0031 0.0070 0.0142 0.0475      

Nickel - Soluble mg/L   2 <0.0005   0.0005 3 0.0012 0.0017 0.0017 0.0021      

Nickel - Total mg/L 0.2 2 5 <0.0005 <0.0005 <0.0005 0.0005 5 0.0009 0.0023 0.0060 0.022      

Zinc - Soluble mg/L   2 0.006   0.007 3 0.004 0.022 0.016 0.023      

Zinc - Total mg/L 2 5 5 0.007 0.013 0.014 0.028 5 0.010 0.020 0.023 0.036      

Algal                   

Chlorophyll a µg/L   1    0.11 5 0.55 1.22 10.324 37.2      
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Mains water injectant Raw stormwater Treated stormwater (injectant) 
Analyte Units 

LTV 
Irrigation

STV 
Irrigation n min median mean max n min median mean max n min median mean max 

Physical characteristics                   

Chlorophyll b µg/L   1    <0.1 5 0.17 3.18 3.98 8.59      

Blue Green Algae - Total cells/mL        5 ND ND ND 138      

Anabaena (straight)_spp cells/mL        2 Present Present Present 138      

Botryococcus cells/mL        1    Present      

Botryococcus cells/mL        1    Present      

Chlamydomonas cells/mL        1    Present      

Chorella cells/mL        1    24500      

Chroomonas cells/mL        3 Present Present Present 1220      

Ciliatea cells/mL        1    Present      

Cosmarium cells/mL                  

Cryptomonas cells/mL        1    Present      

Elakatothrix cells/mL        1    Present      

Oocystis cells/mL        1    56800      

Scenedesmus cells/mL        1    Present      

Schroedaria cells/mL        2 ND ND ND 120      

Sphaerocystis cells/mL        3 70 345 1985 5540      

Botryococcus cells/mL        1          

Scenedesmus cells/mL        1          

Chorella cells/mL        1    24500      

Miscellaneous                   

Langelier Index    1    -2.2 3 -1.0 0.7 0.3 1.2      

Sodium Adsorption Ratio - 
Calculation 

   1    0.57 4 1.6 1.6 1.7 1.9      

MFI (s/L2)    4 37.6 63.5 61.975 83.3 5 98.5 183.7 191.32 371      

* 800 µS/cm is the local irrigation limit for Rossdale Golf Course; ND = not detected 
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Table A - 2 Summary of groundwater quality data for Rossdale ASR 

Ambient groundwater 
(BH3) 

Recovered 
(Mains water trial) 

Recovered  
(stormwater trial)Analytes Units 

LTV 
Irrigation

STV 
Irrigation

7/12/2006 n min median mean max 12/03/2010 

Physical characteristics           

Conductivity µS/cm 800* 800* 2880 8 444 1240 1383 2380 2230 

Total Dissolved Solids (by EC) mg/L   1600 8 240 685 758 1300  

pH pH units 6-8.5 6-8.5 7.7 4 6.96 7.45 7.39 7.69  

Turbidity NTU    8 0.14 26.5 498 3800 3.3 

Suspended Solids mg/L   73       

True Colour (456nm) HU   6 8 2 4 5 10  

Major ions           

Carbonate mg/L   6 6    0 0 

Alkalinity as Calcium Carbonate mg/L   244 8 41 109.5 118 201 168 

Bicarbonate mg/L   287 8 50 133 144 246 204 

Bromide mg/L    8 0.25 0.86 0.94 1.75  

Sulphate mg/L   116 8 30.9 54.2 58.7 93.6  

Chloride mg/L 175 175 690 8 86 277 328 620 518 

Fluoride mg/L   0.21 7 0.26 0.46 0.44 0.58 0.25 

Calcium mg/L   88.5 8 14.4 34.2 39.4 70.7 58.4 

Magnesium mg/L   27.1 8 4.5 10.7 12.3 21.7 19.9 

Potassium mg/L   5.5 8 1.8 3.2 3.3 4.8 4.99 

Sodium mg/L 115 115 465 8 66 194 219 374 329 

Microbiological            

Iron Bacteria - Heterotrophic cells/mL    4 50 80 118 260  

Iron Bacteria - Microscopic examination p/a    4    ND  

Nutrients           

Nitrate + Nitrite as N mg/L   <0.005 8 <0.005 <0.005 <0.005 0.047 <0.005 

Ammonia as N mg/L   0.272 8 0.025 0.106 0.118 0.222  

Total Kjeldahl Nitrogen mg/L   0.33 8 0.12 0.22 0.77 4.72 0.3 

Total Nitrogen mg/L 5 25-125 0.34      0.31 

Filterable Reactive Phosphorus mg/L   0.044 8 0.008 0.022 0.022 0.039  

Total Phosphorus mg/L 0.05 0.8-12 0.181 8 0.06 0.09 1.35 10.1 0.082 
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Ambient groundwater 
(BH3) 

Recovered 
(Mains water trial) 

Recovered  
(stormwater trial)Analytes Units 

LTV 
Irrigation

STV 
Irrigation

7/12/2006 n min median mean max 12/03/2010 

Physical characteristics           

Dissolved Organic Carbon mg/L   5.1 8 2.4 3.2 3.8 7.0  

Total Organic Carbon mg/L   5.2 8 2.5 3.65 5.6 16 5 

Silica - Reactive mg/L   11 8 6 9 9 10  

Metals and metalloids           

Aluminium - Soluble mg/L    4    <0.01  

Aluminium - Total mg/L 5 20 0.226 8 0.027 0.157 0.883 5.46  

Arsenic - Soluble mg/L   0.002 8 <0.001 0.032 0.030 0.046  

Arsenic - Total mg/L 0.1 2 0.003 8 <0.001 0.035 0.031 0.045 0.0135 

Boron - Soluble mg/L 0.5 0.5 0.105       

Cadmium - Total mg/L 0.01 0.05 <0.0005       

Chromium - Total mg/L 0.1 1 0.003       

Copper - Soluble mg/L    4 0.002 0.0052 0.0054 0.0092  

Copper - Total mg/L 0.2 5 <0.030 8 0.0019 0.0150 0.0118 0.0158  

Iron - Soluble mg/L   <0.005 8 <0.005 <0.005 <0.005 0.015  

Iron - Total mg/L 0.2 10 0.676 8 <0.030 0.257 2.60075 16.2 0.2417 

Lead - Soluble mg/L    4    <0.0005  

Lead - Total mg/L 2 5 0.0005 8 0.0006 0.0021 0.0024 0.0062  

Manganese - Soluble mg/L   0.0619 8 0.0169 0.0551 0.0511 0.0766  

Manganese - Total mg/L 0.2 10 0.0673 8 0.042 0.074 0.0785 0.1485 0.0683 

Nickel - Soluble mg/L    4 0.012 0.0188 0.0183 0.0236  

Nickel - Total mg/L 0.2 2 0.0011 8 0.0106 0.0206 0.0207 0.0375  

Zinc - Soluble mg/L    4 0.011 0.022 0.022 0.034  

Zinc - Total mg/L 2 5 0.004 8 0.012 0.020 0.020 0.033  

Miscellaneous           

Sodium Adsorption Ratio - Calculation     8 3.9 7.4 7.5 10.1  

* 800 µS/cm is the local irrigation limit for Rossdale Golf Course 
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APPENDIX B – PHOTOGRAPHS 
1.  Intact core samples from BH4 (Source: Stephen Parsons, SKM) 
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2. Other images of aquifer material 

 

Core sample from BH4 following oven 
drying. Note the partitioning of the core 
along a bedding plane due to handling 
following oven-drying. 

Pyrite nodules extracted from BH3 during 
reaming operation shown below. 

 

Clay dispersion tests of 7 aquifer samples and 4 water types, plus 
controls (water only). All tests were performed in triplicate 

Low dispersing sample #1 with 
mains water 

Relatively high dispersing sample 
#6 with distilled water 
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3.  Well construction and testing 

 

Reaming operations in BH3 performed by Romano Grande (Borewell Pty 
Ltd) on the morning of 23 June 2006. 
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EMF testing of BH4. Don Freebairn (DWLBC) is 
shown lowering the flowmeter and packer assembly 
down the well. Two reels containing the pressure 
delivery tubing and monitoring pump can be seen on 
the bottom RHS of the image.  

 

Paul Kortholt (RGC) is shown recovering 
the diffusion chambers from BH4. Note the 
black precipitous depositions indicative of 
highly anaerobic conditions (no such 
deposits were observed in BH3). 
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APPENDIX C – MODELLING PARAMETERS 
 

Parameters FEFLOW Model 
Unsteady flow 
Flow initials h (0, r) = 0 m 
Flow boundaries:  

Time-varying well pumping rate 
q=Q/2π = from -11 m3/d (injection) to 10.4 m3/d 
(discharge) – applied to 41 nodes 

No drawdown at the outer boundary H(t, 500 m) = 0 m 

Flow materials:  

Rock transmissivity: 
T = 0.65 m2d-1 (Model 1) 
T = 0.5 m2d-1 (Model 2) 
T = 0.65 m2d-1 (Model 3) 

Fracture transmissivity T’= 0.02 m2d-1 (only Model 1 and Model 2) 

Storage coefficient (matrix and fractures) S = 0.001 1m-1; S’ = 0.0001 1m-1 

Unsteady transport 

Transport initials c (0, r) = 2500 μS/cm 

Transport boundaries:  

Constant concentration at the injection point c(t, 0) = c0 

Transport materials  

Porosity (matrix and fracture) ε = 0.225, ε’ = 1, 

Molecular diffusivity Dd = 10-9 m2s-1; Dd’ = 10-9 m2s-1 

Longitudinal, transverse dispersivity βL = 5 m, βT = 0.5 m, βL’ = 50 m, βT’ = 0 m, 

FEM Finite element quadrilateral mesh 

Time stepping regime 
Automatic step control (AB/TR)* 
t0 = 0.001 d 

Solver PCG* 

* see FEFLOW user’s manual for details 
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APPENDIX D – DRILLING LOGS 
 



Bentonite-cement
grout

SILTY SAND, brown-grey, minor clay content, shell
fragments.

SAND, grey brown, fine to medium grained sand,
no shells.

SILTY SAND, dark grey brown, shell fragments, fine
to medium sand grains, minor clay content.

SILTY SANDY CLAY, dark grey, low plasticity, very
fine sand grains.

SILTY CLAY, dary grey, higher clay content and
less sand (some very fine sand grains).

SILTY SAND, grey brown, minor clay content, fine
to coarse sand grains, some light grey clay in
sample.

CLAYEY SANDY SILT, grey brown, roughly equal
proportions, fine sand grains with minor gravel.

@14 m higher clay content and more gravels (<10
mm)

SANDY SILT, yellow and grey brown, minor clay
content, some organic material and shell fragments

drilling method, well
construction, water

and additional
observations
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SANDY SILT, yellow and grey brown, minor clay
content, some organic material and shell fragments
(continued)

CLAYEY SAND/SANDY CLAY, dark grey, fine to
coarse sand grains, minor silt content, minor
gravels.

SILTY SANDY CLAY, grey brown, fine sand grains,
low plasticity, soft.  Decreasing sand content with
depth.

drilling method, well
construction, water

and additional
observations
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SILTY SANDY CLAY, grey brown, fine sand grains,
low plasticity, soft.  Decreasing sand content with
depth. (continued)

drilling method, well
construction, water

and additional
observations
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Bentonite seal

Gravel pack

100 mm uPVC
MS screen

Gravel pack

Backfill (gravel)

SILTY SANDY CLAY, grey brown, fine sand grains,
low plasticity, soft.  Decreasing sand content with
depth. (continued)

BASALT, grey, weathers to fine to coarse sand and
gravels

PEAT, red brown, interbedded with fine to coarse
SAND, decomposed timber.

CLAY, red brown and grey, minor silt content, little
or no sand, some hard rock fragments (bedrock).

CLAY, grey, hard, some consolidated bedrock
fragments (angular and rounded)

drilling method, well
construction, water

and additional
observations
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BEDROCK, very hard to drill through, difficulty
getting samples.

End of Hole.

drilling method, well
construction, water

and additional
observations
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Bentonite-cement
grout

SAND, pale yellow brown SAND, fine to coarse
grained.

SAND, light grey brown, fine to medium grained
sand, some clayey parts, shell fragments

CLAYEY SAND, grey brown, shell fragments.

LIMESTONE, consolidated and difficult to drill
through.
SAND, orange brown, minor clay and silt content,
fine to medium grained sand, limestone fragments.

As above, but yellow brown.

SAND, light grey brown, shell fragments, fine to
coarse sand grains, some silt.

CLAYEY SAND, similar to above but higher clay
content, fine to coarse sand grains, shell fragmets.

SILTY SAND, yellow grey brown, minor clay
content, fine sand grains, some shells fragments.

Increasing clay content with depth.

CLAYEY SAND/SANDY CLAY, dark grey brown,
minor silt, sand and gravels.

Varying clay and gravel content with depth.

drilling method, well
construction, water

and additional
observations
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CLAYEY SAND/SANDY CLAY, dark grey brown,
minor silt, sand and gravels.

Varying clay and gravel content with depth.
(continued)

CLAYEY SAND with fine gravels (1-5 mm), dark
grey, clay bound sand and gravels, no mud losses.

SANDY CLAY, dark grey, less gravels, fine to
medium sand grains, minor silt, shell fragments.

drilling method, well
construction, water

and additional
observations
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SANDY CLAY, dark grey, less gravels, fine to
medium sand grains, minor silt, shell fragments.
(continued)

SILTY SANDY CLAY, similar to above but more silt
and less gravels.

Gravel content decreasing with depth.

drilling method, well
construction, water

and additional
observations
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Bentonite seal

Gravel pack

100 mm uPVC
MS screen

Bentonite seal

SILTY SANDY CLAY, similar to above but more silt
and less gravels.

Gravel content decreasing with depth. (continued)

SILTY CLAY, dark grey, increased clay content and
very minor fine sand grains.

BASALT, grey,  weathers to silty sandy clay, fine
sand grains.  Very hard to drill through (almost
refusal).

PEAT in drill cuttings, grey brown silty sandy clay.

SAND, grey, fine to medium grained sand.

PEAT & SAND, grey brown fine to coarse grained
sand, red brown peat and some coal.

drilling method, well
construction, water

and additional
observations
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Backfill (gravel)

CLAY, red brown, minor sand, fine to medium sand
grains.

MUDSTONE, weathered bedrock, drill cuttings grey
clay with rock fragments.

Grey clay interbedded with hard mudstone.

drilling method, well
construction, water

and additional
observations
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MUDSTONE, weathered bedrock, drill cuttings grey
clay with rock fragments.

Grey clay interbedded with hard mudstone.
(continued)

drilling method, well
construction, water

and additional
observations
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Sandy Clay, Grey-Brown

Sandy Clay / Clayey Sand, Brown/Grey/White

Sand, medium-coarse grain, light brown, grey, 30-50% shell fragments

Clay, grey, soft

Clay, grey with minor brown, soft

Sandy Clay, Grey light brown, 20% medium coarse sand

Sandy Clay, Grey light brown, 20-30% medium coarse sand, 10% fine
gravels
Silty Clay, grey with light brown nodules 5-10% fine grained sand

Sandy clayey gravel, light grey/white. Fine-medium quartz well rounded
gravels, 30-40% sandy clay, very fine sand, low to medium plasticity

Sandy silt, dark grey, low to medium plasticity, 20% very fine grained sand,
5-10% clay

Silty Sand/Sandy Silt, dark grey very fine grained, 30-40% silt, 5-10% clay

Silty Sand/Sandy Silt, dark grey, minor brown very fine grained, 30-40% silt,
5-10% clay
Sandy silt, dark grey, low to medium plasticity, 20-30% very fine grained
sand, 5-10% clay
Sandy silt, dark grey, low to medium plasticity, 10-20% very fine grained
sand, 5-10% clay

Sandy silt, dark grey, low to medium plasticity, 5-10% medium grained sand,
5-10% clay

Silt.  Dark Brown/dark grey, no plasticity, soft, 5-10% very fine gravel and
sand.

Silt.  Dark Brown/dark grey, no plasticity, soft, 5-10% very fine gravel and
sand.  Traces of shell fragments ~1%

Silt.  Dark Brown/dark grey, no plasticity, soft, 5-10% very fine gravel and
sand.

Bentonite Cement grout
from 93m to surface
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Silt.  Dark Brown/dark grey, no plasticity, soft, 5-10% very fine gravel and
sand, 10-20% Clay L-MP

Silt.  Dark Brown/dark grey, no plasticity, soft, <5% fine grain sand, 10-20%
Clay L-MP

Silty clay. Grey, dark grey silty clay, 5% sand

Silty clay. Grey, dark grey silty clay, 5-10% sand

Sandy silty ligneous clay with 10% dark red/brown peat, dark grey, 10%
medium grained sand, medium plasticity
Sandy silty ligneous clay with 10% dark red/brown peat, dark grey, 10%
medium grained sand, medium plasticity, 20-40% peat (red/brown)
Peat and coal, dark brown

Peat and coal, dark brown, 5-10% clay

Peat and coal, dark brown, 10-20% clay

Peat and coal, dark brown, 10-20% medium coarse sand, 20-30% ligneous
clays
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Siltstone/Mudstone. Grey, extremely weathered with occasional harder
bands, overall relatively weak (continued)

Siltstone/Mudstone. Becoming moderately competent, although likely to fret
in the long run. Micaceous

Sandstone. Grey, fine grained, fresh. Several small fractures with vein quartz
on faces, slight increase in water flow (<0.1 L/s)

Siltstone. Grey

Sandstone. Grey, fine grained, fresh. Cuttings blocky, i.e. weak along
bedding planes, rock slightly harder. Several small fractures. Some
disseminated pyrite. Flow rate on airlift 0.7 L/s

Mudstone. Grey and dark grey thinly, laminated

Sandstone. Grey, fresh, micaceous, some pyrite disseminated and granular.
Several fractures with some vein quartz >8mm thick. Hard bands

Open Hole from 93m
(125mm)
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Sandstone. Grey, fresh, micaceous, some pyrite disseminated and granular.
Several fractures with some vein quartz >8mm thick. Hard bands (continued)

Siltstone. Grey, fresh, pyritic

Sandstone, grey, fresh, pyritic. Flow rate on airlift 1.5 L/s

EOH @ 127m
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BOREHOLE No.  BH4

Unconfined Comp. (Natural)
Unconfined Comp. (Compacted)
Uncons. Undrained Triax. (Natural)
Uncons. Undrained Triax. (Compacted)
Consolidated Undrained Triaxial
with pwp measurement
Particle Size Analysis
1D oedometer Test
Laboratory Permeability
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D = Dry   M = Moist   W = Wet

Clayey Silt; dark brownish grey, trace gravel, fines at 30m

Clayey Sand; fine, dark grey, fossiliferous (shells, whole and broken), some ferruginised sand
(yellow-brown)

Sandy Clay; dark grey & brown, trace sands and gravel, fine

UQN
UQC
TQN
TQC
TRX
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CS
LPM

Clayey Silt & Silty Clay; dark greyish brown, trace gravel fines at 24m to 27m
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= Water level (static)

= Standard Penetration Test
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Clayey Silt; dark brownish grey, trace gravel, fines at 30m (continued)

Clayey Silt; grey

Silty-Clay; dark brownish grey

Carbonaceous Clay; brown (oxidising to black after 24hrs) also clay, trace gravel, fine

Siltstone; light grey & grey, highly weatehred, micaceous

Unconfined Comp. (Natural)
Unconfined Comp. (Compacted)
Uncons. Undrained Triax. (Natural)
Uncons. Undrained Triax. (Compacted)
Consolidated Undrained Triaxial
with pwp measurement
Particle Size Analysis
1D oedometer Test
Laboratory Permeability

BOREHOLE No.  BH4
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= Water level (static)

= Standard Penetration Test
(SPT top = start of N blowcount)
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= SPT Spoon Sample (Pushed)

= Pocket Penetrometer test

mN
mE
18.0GPS

co
ns

is
te

nc
y/

de
ns

ity

de
pt

h 
(m

)
gr

ou
nd

 w
at

er

fie
ld

 &
 o

th
er

te
st

s

= Water level (during drilling)

LABORATORY DATA

2

FIELD DATA SYMBOLS

Mud Rotary

(very loose)
(loose)
(medium dense)
(dense)
(very dense)
(compact)

Logged:
Checked:
Oriented:

SP, MD

90

45

50

55

60

65

70

75

80

FIELD DATA LITHOLOGICAL DESCRIPTION

< 12 kPa
12 - 25
25 - 50
50 - 100
100 - 200
> 200 kPa

GROUNDWATER SYMBOLS

FIELD DATA ABBREVIATIONS

CSIRO

gr
ap

hi
c 

lo
g

sa
m

pl
e 

ty
pe

fie
ld

 te
st

s

VL
L
MD
D
VD
CO

= Outflow / Inflow

= Undisturbed Tube Sample

VS
S
F
St
VSt
H

CONSISTENCY (Su)

soil type, unified classification, colour, structure,
particle characteristics, minor components

= Bulk Sample

Suv
Sup
N
FPM

= Uncorrected vane shear (kPa)
= Pocket penetrometer (kPa)
= SPT blows per 300mm
= Field permeability

8 May 2006 -
Northings:
Eastings:
RL:



of

0 - 4
4 - 10
10 - 30
30 - 50
50 - 100
>50/150mm

Project:
Location:
Job No:

SOIL
CONDITION

Driller:
Rig:
Surface Conditions:

drilling method, well
construction, water

and additional
observations

D = Dry   M = Moist   W = Wet

Sheet

m
oi

st
ur

e
co

nd
iti

on

(very soft)
(soft)
(firm)
(stiff)
(very stiff)
(hard)

BoreWellRossdale ASR Project
Rossdale
WC02973.004

Client:
Start - Finish Date:
Bore dia: 6.75"

co
ns

is
te

nc
y/

de
ns

ity

= Pocket Penetrometer test

S
K

M
 G

W
 T

E
M

P
  B

H
4 

B
O

R
E

 L
O

G
.G

P
J 

 S
K

M
_0

01
_2

00
60

20
9.

G
D

T 
 7

/2
1/

06

COMMENTS

= Water level (static)

Siltstone; light grey & grey, highly weatehred, micaceous (continued)

As Above, pyrite up to 3mm in size at 93m to 96m

As Above, pyrite up to 3mm in size at 102m

REFER TO CORE LOG

MOISTURE CONDITION

= Standard Penetration Test
(SPT top = start of N blowcount)

= Disturbed Sample

= SPT Spoon Sample (Pushed)
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BOREHOLE No.  BH4

Unconfined Comp. (Natural)
Unconfined Comp. (Compacted)
Uncons. Undrained Triax. (Natural)
Uncons. Undrained Triax. (Compacted)
Consolidated Undrained Triaxial
with pwp measurement
Particle Size Analysis
1D oedometer Test
Laboratory Permeability
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= SPT blows per 300mm
= Field permeability
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= Water level (static)

DENSITY (N-value)

Logging Ceased at 109.3m
Drilling continued to 146m through interbedded Siltstone & Sandstone as described above.

= Disturbed Sample

drilling method, well
construction, water

and additional
observations

Unconfined Comp. (Natural)
Unconfined Comp. (Compacted)
Uncons. Undrained Triax. (Natural)
Uncons. Undrained Triax. (Compacted)
Consolidated Undrained Triaxial
with pwp measurement
Particle Size Analysis
1D oedometer Test
Laboratory Permeability
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= Standard Penetration Test
(SPT top = start of N blowcount)

BOREHOLE No.  BH4 Core
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= SPT Spoon Sample (Pushed)

Siltstone; grey, bedding planes as above, typically with 1-5mm sandstone interbeds, micaceous,
very minor & very fine grained sulphides observed on bedding plane shear of siltstone

Sandstone; fine grained, grey, interbedded with siltstone, micaceous, bedding plane approx. 20
degrees off vertical

Core Loss

Siltstone; grey, bedding plane as above, micaceous (only fracture at 106.85m, 45 degrees)

Sandstone; fine grained, light grey-grey, bedding plane joints, sub-vertical (approx 20 degrees),
micaceous

Siltstone, with occasional Sandstone beds, grey, bedding plane  as above, 2 orthogonal fractures
observed in core

Sandstone; fine grained, light grey-grey, bedding plane joints, sub-vertical (approx 20 degrees),
micaceous

Sandstone, fine grained, grey, micaceous, sub-vertical bedding plane (approx 20 degrees), some
sub-horizontal fracturing (fractures < 1-2mm)

Core Loss

Closely Spaced fracture zone, sub-horizontal fracturing

Core Loss

REFER TO SOIL LOG

Note: W -
MW strength,
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