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1. EXECUTIVE SUMMARY 

The Mandurah Aquatic and Recreation Centre (MARC) Redevelopment Project was divided 
into two (2) stages that encompassed the upgrade, refurbishment and addition of aquatic 
elements, multi-purpose sports courts with show court, wet and dry change rooms, health and 
fitness, and storage and office space. 
 
Stage 1: Aquatic Redevelopment 
Stage 2: Stadium Redevelopment 
 
As part of the Stage 1 works the City of Mandurah decided to develop a geothermal heating 
system to provide water and air heating.  The key purpose of the geothermal project was to 
provide heating for the aquatic facilities (3 pools plus spa lounge) and the centre’s mechanical 
services.   In line with this vision, objectives were set to achieve a geothermal heating system 
that met the requirements of the MARC facility. 
 
The following report outlines the objectives, the communications, the project ups and downs 
and the key results. 
 
The project objectives outlined in Section 2 include the development of an energy source for 
water and air heating, reducing greenhouse gases and the City’s carbon footprint and reducing 
the costs for rate payers.  These outcomes have all been achieved with some issues encounter 
and resolved along the way. 
 
The construction and testing of the pilot hole was more difficult than expected due to the 
geological conditions encountered.  As a result changes were made to the project such as 
construction of a new pilot hole, increased drilling depths and as a result, increased costs.  
Other issues included problems with the screens and broken down machinery.  These issues 
were resolved via the formation of an alternative design which still resulted in a viable 
geothermal project. 
 
Prior to the project a substantial list of risks were each addressed with a detailed risk 
management plan.  An extensive communications plan outlined the marketing process, the 
staff redeployment strategy and the public consultation.  Immaculate planning was essential 
and paid off resulting in funding from CEEP and the consequent delivery of an efficient, clean 
and renewable energy source that produces around the clock. 
 
The cost savings that will be passed onto the rate payers of Mandurah will be beneficial to 
residents, particularly the low income residents who rely of this community facility for lost cost 
recreation and physical activity.  Local industry also benefited from the project through 
increased employment opportunities and spending in the community. This is outlined further 
in the attached report. 
 
The learnings from the ups and downs encountered created invaluable knowledge for the 
industry as these projects continue throughout the region.  The flow on effects from this project 
to the next mean that future projects can be better prepared to deal with unexpected geological 
conditions.   
 
This project has the potential to meet the geothermal industry’s urgent need to access more 
information in order to better define potential targets, which will help reduce the risks and costs of 
future geothermal exploration. 
 
 

 
The CEEP project was to provide pool and space heating through a geothermal technology at 
Mandurah Aquatic and Recreation Centre.  The pool and space heating aspect of the project 
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has not yet been accomplished due to technical issues associated with the construction of the 
geothermal system.  
 
A viable geothermal system, however, has been established with works for its connection to 
the heating system completed. 
 
As such, the project has fulfilled CEEP’s objectives to: 
 

 Support a range of local councils and community organisations increase the energy 
efficiency of different types of non-residential council and community-use buildings, 
facilities and lighting; and 
 

 Demonstrate and encourage the adoption of improved energy management practices 
within councils, organisations and the broader community. 

 
Any future work on the geothermal heating system will be at the Council’s expense and 
considered outside the CEEP project. 
 
The views expressed herein are not necessarily the views of the Commonwealth of Australia, 
and the Commonwealth does not accept responsibility for any information or advice contained 
herein. 
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2. PROJECT OBJECTIVES 

The objectives and outputs of the Mandurah Aquatic and Recreation Centre Redevelopment 
were as follows: 
 

Objectives:  

 To develop a sustainable energy source for the heating of the pool water and air for 
the MARC facility. 

 To reduce energy consumption and associated greenhouse gas pollution. 

 To benefit the community by reducing cost pressures on rate payers in an environment 
where utility costs are rapidly increasing. 

 To build the knowledge and capacity of industry to deliver further geothermal energy 
solutions.  

 To provide the basis for expanded service delivery to the Mandurah region  
 
Outputs:  

 A viable geothermal heating system that meets the space and pool heating 
requirements of the MARC facility and provides superior energy efficiency, low 
maintenance costs, long life cycle, ease of operation and improved amenity.  

 A demonstration of a viable geothermal project that showcases Australian products and 
expertise in implementing innovative and energy efficient technology that can be 
promoted through local government and industry networks.  

 
These objectives align with the CEEP objectives (below) as CEEP provided $2,000,000 in 
funding support to increase the energy efficiency of a large community-use building through 
the development of the sustainable energy source for the heating of the pool water and the air. 
 
The CEEP objectives were to: 
 

 Support a range of local councils and community organisations increase the energy 
efficiency of different types of non-residential council and community-use buildings, 
facilities and lighting; and 
 

 Demonstrate and encourage the adoption of improved energy management practices 
within councils, organisations and the broader community. 
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3. PROJECT ENERGY EFFICIENCY ACTIVITIES 

The Geothermal Project was undertaken at the Mandurah Aquatic and Recreation Centre.   

The Centre contains: 

 An outdoor 50m pool 

 An indoor heated 25mx 8 lane pool 

 An indoor leisure pool and aquatic playground 

 Change rooms/toilets 

 Wellness Centre with spa and sauna 

The Geothermal Project provides heating to both the indoor pools and the ventilation system 

inside this Centre. 

Geothermal energy uses the earth's natural internal heat to generate electricity and heating. 

Geothermal energy may be stored in granite rocks (often called 'hot rocks') or trapped in liquids 

such as water and brine (hydrothermal process). 

The geothermal system that was developed during the preliminary and detailed design stages 

of this project was based on a 35l/s bores with submersible pumps, pipeline and heat 

exchanger. This included a production bore to a depth of 1,000m and an injection bore to a 

depth of 700m. 

Geothermal heat pump systems consist of basically three parts: the ground heat exchanger, 

the heat pump unit, and the air delivery system (ductwork). The heat exchanger is basically a 

system of pipes called a loop, which is buried in the shallow ground near the building. A fluid 

(usually water or a mixture of water and antifreeze) circulates through the pipes to absorb or 

relinquish heat within the ground. 

In the winter, the heat pump removes heat from the heat exchanger and pumps it into the 

indoor air delivery system. In the summer, the process is reversed, and the heat pump moves 

heat from the indoor air into the heat exchanger. The heat removed from the indoor air during 

the summer can also be used to heat water, providing a free source of hot water. 

Geothermal heat pumps use much less energy than conventional heating systems, since they 

draw heat from the ground. They are also more efficient when cooling a building. Not only does 

this save energy and money, it reduces air pollution. 

The project itself was purely focused on installation of the Geothermal System however it will 

be used in conjunction with other energy efficient systems at the Mandurah Aquatic and 

Recreation Centre including: 

 Solar Hot water systems 

 Energy Efficient Lighting systems 

 Water efficient taps and showers 

These were included to compliment the Geothermal System and increase the energy 
savings, decrease the environmental impact and further reduce greenhouse gas emissions. 
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The City procured consultancy services to develop the geothermal heating option for the 

swimming pool and air heating of the MARC. This was undertaken in stages.  

Stage one (Preliminary Design) delivered; 

 A review of boreholes in the Yarragadee (Cattamara) aquifer within 5kms of the MARC 
depending on access 

 Clearance from utilities including issue of 26D licence from the Department of Water 

 Obtained approvals for water disposal during flow testing 

 Assessment of noise parameters 

 Assessment of plant access requirements 

 Assessment of construction compound and layout 

 Preparation of an outline design based on information from the above review 

 Preparation methodology for flow testing of the pilot hole 

 Preparation of risk assessment 

 Preparation of due diligence report 

 Preparation of Technical Specification documentation for the tender 

 Compilation of tender documentation and pre-qualification requirements 

 Tender was reviewed 

 Contract was awarded 
 

Stage two (Pilot Hole and Final Design) delivered; 

 Drilling, geological logging and sieve analyses of samples from the pilot bore 

 Daily on-site supervision with weekly progress reports 

 Preparation of weekly cumulative costs for the drilling contractors and consultant 
services 

 Geophysical logging of the pilot hole 

 Installation of casing, screens and gravel pack 

 Bore development and measurement of sand and silt concentrations and length of time 
for bore water to reach a clear, sediment-free state 

 Preliminary testing of groundwater temperature, salinity, step-rate pump test, pumping 
and injection testing, major ion and metals analyses and palynology and mineralogy 
analyses 

 Installation of pipe network, in-line infiltration system, heat exchanger, electrical system 
and bore monitoring equipment, controls and metering. 

 

Stage three (Construction) delivered; 

 A factual bore completion and pump testing report 

 An H2 Level of hydrogeological assessment meeting the requirements of the 
Department of Water 

 Groundwater Licence Operating Strategy meeting the requirements of the Department 
of Water 

 5C Groundwater licence 

 Practical Completion of the bores and pipe network 
 
Those processes yet to be completed at the time of this report include: 
 

 Works to connect the pipework 

 Commissioning of the system 

 Monitoring of the energy consumption, production, costs, emissions and efficiency. 

 Extraction of reports from the Utilities Reporting Platform 
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Picture: Completed Pilot Hole 

 

Picture: Drilling Rig – During construction of the production bore 
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Picture: Drilling Rig – During construction of the production bore 

Significant planning and research commencing years in advance ensured the success of the 
project.  Options were thoroughly explored and detailed risk management plans put into 
place.  

Planning 

A business case was prepared evaluating the options using financial and quadruple bottom 
line analysis together with risk and affordability. The outcome was the identification of direct 
geothermal as the recommended option for heating.  
 
There are however a number of significant risks that required careful management and 
monitoring to make sure that the expected outcomes were achieved. In particular, there was 
the possibility that the required water temperatures and flow rates would not be obtained.  
 
While this was considered to be a low technical risk, the financial risk was significantly higher 
due to the significant expenditure (around 30% of the total construction cost) that would have 
taken place up to the stage when this can be verified.  
 
For this reason, it was also recommended that stop points were used at key stages of the 
design and construction process to minimise further exposure to costs should it become clear 
that it was disadvantageous to proceed. 

Option Evaluation 

In order to identify a preferred option for swimming pool and air heating financial and quadruple 
bottom line impact analysis has been used. Financial impacts were analysed using life cycle 
cash flows (ie. Discounted Cash Flow Analysis presented in Net Present Value). Expected 
quadruple bottom line impacts were analysed on a life cycle basis using Multiple Criteria 
Analysis including monetary impacts (ie. Cost Benefit Analysis presented in Net Present 
Value), and also non-monetary quantifiable impacts (ie. Measures) and non-monetary 
unquantifiable impacts (ie. Descriptions). The weighted scores of the financial and quadruple 
bottom line impacts were then calculated and combined, and the preferred option identified.  
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Risk Management 

The following high level risks and treatment and control strategies were identified following a 
risk analysis on the identified preferred option. 
 
 
 
 
 
 
During the implementation of these activities the following issues were faced: 

 a gravel pack required for the injection bore due to the finer grained materials which 
were encountered.  Required to reduce the likelihood of screen clogging; 

 Drilling and conditioning of the pilot hole has proven to be difficult due to the 
geological conditions encountered.  A production bore depth of up to 1500m was 
required due to lower than expected temperatures encountered; 

 extra work time related to additional testing requirements which were required to 
improve design certainty eg. to confirm the suitability of a reduced production bore 
depth); and 
longer bore development time required as additional bore development was required 
to reduce the likelihood of bore clogging 

 

Tender Process 

The tender of KH Adams & Sons Pty Ltd was ranked first having offered the lowest lump sum 
tender price. The price differential between the first ranked tender of KH Adams & Sons Pty 
Ltd and the second ranked tender of JSW Australia Pty Ltd was sufficient to overcome the 
higher qualitative ranking of the JSW Australia Pty Ltd tender. The tender of KH Adams & Sons 
Pty Ltd was also deemed to be the only tender to offer the required goods and services within 
the budget allocation and at an affordable price. 
 
Based on the panel’s evaluation, the submission from KH Adams & Sons Pty Ltd was 
considered to be the most advantageous tender based on its performance in the price criteria 
and was therefore recommended as the Preferred Tenderer. 
 
In May 2013, Council approved the City’s Direct Geothermal Heating project and estimated 
the costs, including design at $3.6m.  This estimate was based on a conservative approach 
estimating a bore depth of round 1,000 metres. 
 
On 22 May 2013 the City’s application for funding of $2M from the Community Energy 
Efficiency Program was approved. The existing Mandurah Aquatic and Recreation Centre re-
development budget at the time of this report had a provision for $600,000 for heating which 
meant that a further $1,000,000 was required from City funds. 

Use of Local Industry 

Local contractors, job seekers and suppliers in the Mandurah community saw a number of 
benefits for the duration of the project.  Examples include the requirements to utilise local traffic 
management contractors and local fencing contractors for site fencing. The contractor was 
able to access local staff where required and external contract staff who worked on the project 
injected money into the local community via spending on food and accommodation. 
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Issues 

All the anticipated issues for the project were outlined in the risk management documentation 
and primarily involved difficult-to-predict geological conditions which occur naturally.  In all 
cases, the strategies to overcome the anticipated issues involved the use of various 
technologies. 

Issues due to Geological Conditions 

The construction and testing of the pilot hole was more difficult than expected due to the 
geological conditions encountered. In particular, zones of reactive shales and siltstones 
resulted in significant time spent reconditioning the pilot hole and ultimately, led to hole 
instability and wash outs. It was advised (by the hydro geologists) that these difficulties were 
the most significant factor in the inability to obtain test results. It was also understood that 
similar difficulties have been encountered in recent projects where drilling has been 
undertaken into the Yarragadee (Cattamarra) Aquifer. This problem was overcome through 
the following: 
 

 Instead of converting the pilot hole into the production bore (as originally intended) it 
was decided to convert the pilot hole into the injection hole. This reduced the risk of 
constructing the production bore in unstable conditions and in particular, the 
associated increased risk at the deeper sections. 
 

 To minimise the risk of instability and associated impacts on construction of the 
injection bore, officers approved the construction of the injection bore under an 
amended final design. 
 

 The construction of a new pilot hole with an option for testing as part of the 
construction of the new production bore. This increased the level of certainty in 
respect to the design parameters due to data currently only being available from one 
location within the production zone. 
 

 The construction of a new pilot bore allowed potassium chloride additive to be used in 
the drilling mud from the outset to minimise swelling of the reactive shales and 
increase bore hole stability. This was not used initially as its addition can affect the 
test results but given the difficulty of the geotechnical conditions encountered this 
approach formed part of the risk mitigation strategy. 

Increasing the Pilot Hole Depth 

The first stage of the works involving the drilling and testing of the pilot hole (expected to be to 

a depth of 1,100m) commenced in November 2014. Preliminary data from the pilot hole 

indicated that there was an insufficient aquifer of suitable temperature, within 1,100m depth. 

Given advice by the expert hydrogeologists (Rockwater Pty Ltd) and that the estimated 

construction cost of $140,000 (supplied by the Contractor Adams Drilling), was within the 

project’s contingency allowance, the City approved a variation for the completion of the pilot 

hole, including associated testing, to a depth of 1,500m. 

Over the following two months, and despite the best endeavours of all concerned, all efforts to 

complete important packer testing* between 1,100m and 1,500m were unsuccessful. 

Ultimately, two packer test results were achieved at depths of 777m to 780m (mid-point of the 

production zone) and at 384m to 387m (mid-point of the injection zone). 

*Packer Testing: where a section of aquifer is isolated for testing through the use of a three 

metre stainless steel screen separated at each end by an inflatable rubber packer and holds 

the sensors to measure water quality, water temperature and hydraulic conductivity. 
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These results indicated a water temperature of around 41.5 °C at a flow rate of 42 L/s should 

be achieved through the construction of a production bore of around 960m depth and an 

injection bore of around 570m depth. Advice from the mechanical engineering consultant (NDY 

Management Pty Ltd) indicated that this would supply around 1,025 kW of heat energy. 

Based on the advice of the mechanical engineering consultant, with upgrades to heat 
exchangers, pumps and other mechanical plant and equipment, (i.e. enhanced final design), 
the heat energy output should be increased to 1,150 kW. Further, should marginally higher 
temperatures be obtained, ie. 43 °C (which was highly probable), this together with the 
proposed mechanical services upgrades would increase the heat energy to around 1,330 kW. 

 
The geotechnical conditions encountered resulted in significantly greater time being taken to 
complete the pilot hole with the costs associated with the construction of the pilot hole down 
to 1,100m being borne by the Contractor under the original contract sum. 
 
The costs for the extension of the hole and associated testing between 1,100m and 1,500m 
were a variation to the work. Three attempts were made to test the deeper sections.  The 
increase to the project budget included subcontractor costs associated with packer testing 
(which included repair to damaged equipment) and the contractor was only seeking to recover 
actual costs and profit was not included. 
 
The contractor also advised that it was continuing negotiations with the subcontractor for the 
packer testing in respect to further cost reductions and committed to passing on any such 
reductions to the City. These costs were independently reviewed by the expert hydrogeologists 
and were considered to be representative of the reasonable and actual costs that had incurred 
for the works. 
 
As mentioned above, a number of elements were incorporated into the final design to mitigate 
project risk. Collaboration between the hydrogeologists and the Contractor identified cost 
savings within the materials selections, including the use of chromium stainless steel casing 
which was sourced from an existing supply at Naval Base (at reduced cost and lead times), 
and other design optimisations that mitigated some of the cost and time impacts. The outcomes 
of this resulted in reductions in the cost of the production and injection bores from the original 
contract sum. 
 
Notwithstanding this, there was an additional cost for the new pilot hole (for the production 
bore). This included an amount for additional testing which, although optional, was considered 
important to provide a high level of certainty for the final outcome and allow any final minor 
amendments to the design to be made in order to maximise the heat energy outcomes for the 
project. 
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Options for Construction and Testing of Production Bore Explored 

 
The base case for the construction of the production bore, including the drilling of a new pilot 
hole (and including testing) to 980m depth and subsequent conversion into a production bore 
of 960m depth, was expected to deliver water at a temperature of 41.5°C with heat energy of 
1025kw and provide forecast annual heat saving costs of $460,000 pa. 
 
There was a further option to extend the pilot hole up to 1,250m and undertake additional 
testing to establish whether or not this would offer greater long term cost benefits to the City. 
In particular, it was noted that a deeper production bore should yield higher temperatures, 
however, given that no packer test results were currently available at this depth there was no 
certainty that a deeper production hole would be advantageous and further testing (at 
additional cost) would be required to establish its viability. In addition, the construction of a 
deeper production bore would also incur greater construction costs.  
 
Given the significant additional costs, and as there was an opportunity to withhold a final 
decision on the additional testing until further information was available, (i.e. preliminary 
temperature measurements) this was put on hold following completion of the pilot hole to 
980m.  At this time, officers prepared a report for Council consideration that included a revised 
business case in respect to the production bore options and considered costs associated with 
supplementary heat energy options as provided below. 
 

Potential Supplementary Heat Energy Options 

Current information at the time suggested that there will be a deficit in available heat energy in 
order to maintain the swimming pool water and air temperatures at optimum levels. While the 
final heat energy output would not be known until the completion of the geothermal bores and 
commissioning of the mechanical systems for swimming pool water and air heating, there was 
a number of options available to enhance the heat output which included: 
 

The upgrade of heat exchangers, pumps and ancillary items under the Mandurah 
Aquatic and Recreation Centre Redevelopment Contract to improve efficiency and 
maximise heat energy outputs from the Direct Geothermal Heating Project (estimated 
cost in the order of $150,000). This would safeguard against lower water temperatures 
and offered no dis-benefits should higher temperatures be realised. This decision 
needed was made immediately to avoid delays to commissioning as part of the MARC 
Aquatic Redevelopment, and the associated costs for using back-up natural gas boilers 
for heating in the interim, and to avoid additional costs for replacing equipment. 

Note: 
The reduction of swimming pool water and air heating temperatures. This was likely to 
result in increased complaints from users and may have reduced the utilisation of the 
aquatic facilities but was considered in the context of increased operational costs, i.e. 
added use of natural gas boilers to supplement direct geothermal heating, should 
sufficient heat energy not be available. It was noted that a back-up natural gas boiler 
heating system to meet the peak period heat energy requirements was available and it 
was expected that there would be periods where regardless of the heat energy 
available from direct geothermal heating these boilers will provide some heat energy 
‘top up’. 

 
However, the extent to which the natural gas boilers are used would have a substantial impact 
on the operation costs of the aquatic facilities and their use should be minimised to the extent 
that this is practicable and cost efficient. 
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In July 2015, in order to optimise the chances of the drilling operations to find higher 
temperature water with sufficient flow rate, Council approved additional funding in total for 
$180,000. This covered the cost of extending the pilot hole including testing and extension of 
the production bore to a deeper level. 
 
Construction of the injection bore was completed in accordance with the target depth of 575m 
(with screens and interspaced casing located between a depth of 322m and 570m).  
 
Construction of the production bore was also completed with intermediate casing installed to 
a depth of 760m. The final significant stage of construction for the production bore was the 
installation of the screens below the completed intermediate casing. 
 
During installation, the screens became lodged at a depth of 850m, being 192m above the 
target depth of 1042m. The Contractor successfully recovered most of the screens (being 
those that were located above the bottom of the intermediate casing between a depth of 570m 
and 760m) and these were in a satisfactory condition to be reused. Overall, approximately 
100m of usable screens were recovered and 38m of screens were lost (being, for the most 
part, those that were located below the bottom of the intermediate casing i.e. between a depth 
of 760m and 850m). 
 
To reduce the construction risks and additional costs and time associated with reattempting a 
depth of 1042m, including the need to source replacement screens, it was proposed to reduce 
the depth of the production bore to 945m. This was achieved using the screens that were 
recovered and through drilling a new section of the production bore hole, slightly offset to the 
original hole, to avoid the compromised section. 
 
The alternative design involved milling through the side of the intermediate casing, at a depth 
of between 745m and 755m, to allow access outside the intermediate casing to drill a new 
bore hole offset to the original hole and install the screens (to a depth of 945m). This avoided 
the section of screen and casing that remains lodged in the original bore hole between 760m 
and 850m. 
 
The contractor engaged a specialist subcontractor to complete the milling works. The 
alternative design also minimised the additional costs and time associated with achieving a 
depth of 1042m, including the need to source replacement screens. 
 
It is noted that while there was expected to be some loss of heat energy due to the reduction 
in the production bore depth, the consultant hydrogeologists, engaged by the City, were 
confident that a viable geothermal project could be achieved. Relevant mechanical plant and 
equipment had already been upgraded to maximise heat energy. 
 

Other issues 

One other issue faced during implementation that impacted on patrons was a reduction in 

some parking for customers that then resulted in some traffic congestion. To reduce this traffic 

congestion a temporary car park was set up in the reserve across the road.  This created 

additional parking space for patrons during the construction of the Geothermal bores. 
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4. PROJECT DEMONSTRATION AND COMMUNICATIONS 

ACTIVITIES   

The City developed a communication plan that outlined all the communication activities that 

would take place during the re-development of the aquatic facilities in conjunction with the 

Geothermal Project.  Its purpose in connection to the Geothermal Project was to demonstrate 

the energy efficiency activities and their effectiveness via a number of mediums and targeted 

a number of key groups in the City.  The comprehensive MARC Redevelopment – Stage 1: 

Aquatic Redevelopment Communication Plan ensured effective communication prior, during 

and after the redevelopment with all stakeholders.  As well as the geothermal project the City 

of Mandurah promotes energy efficiency in general and led by example by upgrading 

numerous public buildings. 

A mix of communication activities was used to reach the largest amount of community 

members possible including fixed visual messages (including signage, TV screen, flyers and 

letters) and electronic mediums (including emails, websites and social media). 

The groups targeted in as part of the communication plan included: 

 Staff affected by the project 

 Elected members for well informed 

 Customers directly impacted by the project 

 Community groups impacted by the project 

 Key Stakeholders – Funding partners and VIP’s 

 General public (ie ratepayers) 

 

MARC Redevelopment – Stage 1: Aquatic Redevelopment Communication Plan 

(incorporating the Geothermal Project) 

Workforce Planning 

Significant communication occurred with staff affected by the project.  Meetings with staff 

occurred on the:  

 5 June 2013 

 19 June 2013 
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 22 January 2014 

 5 March 2014 
 
During meetings staff were presented with timelines, methods to keep informed and find out 
answers and possible impacts on their lives.  Strategies to minimise the impacts were put 
forward and staff were kept involved in the process along the way.  During construction staff 
were redeployed to many areas of Council.  Lifeguards were utilised at the nearby Murray 
Leisure Centre where some of the swim programs were also relocated.  A construction 
schedule was provided to staff as well as a Frequently Asked Questions handout. 
 
The planning paid off and was very successful.  Some casual staff obtained permanent 
positions obtained and it enabled staff to remain in paid work during construction. 

Elected Members 

Regular updates were provided to the City of Mandurah Elected Members. Ten different 

updates were sent between the 31 July 2014 and 19 June 2015.  These updates kept Elected 

Members up to date so that they could make informed decisions relating to the project. 

As a result they were well informed and were also able to disseminate information to the wider 

community.  

Customers and Community Groups 

Regular planning meeting were held to keep regular hirers of the facilities informed and FAQs 

were provided to the customers and the swim clubs at the venue.  Signage was erected to 

inform people passing or entering the building of the project.  Current members were sent 

regular email communications to keep them informed. 

Feedback was that the project was excellent due to the savings and in particular savings to 

their rates.  Excitement about the environmental benefits received from numerous customers.  

Customer Service Officers were kept informed and were knowledgeable on the project so able 

to answer questions on the spot and not have to get back to people which assisted with 

communications. 

 

Geothermal Signage at the front entrance 
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Key Stakeholders 

Key Stakeholders including funding partners, contractors, City of Mandurah staff and media 

were invited to a Turning of the Sod Event.  They also attended a site tour of the facilities on 

10 December 2014.  Approximately every three months during the project tours kept them 

informed and they could see the project first hand. 

Visual messages 

Messages were displayed on the two plasma’s at MARC reception entrance, giving the public, 

workforce, customers and elected members information if they entered the facility.  Use of this 

media added to information and messages provided.  It proved to be very effective with positive 

customer feedback received by customer service staff. 

Public Consultation 

The public were consulted via “Have Your Say Mandurah”, a website set up to inform the 

public of Council Projects and receive feedback via surveys 

Updates were provided regularly via a news feed prior to the project commencement and 

during the project. 

Letter drops also occurred to 2000 residents surrounding the site for the project.  Four letter 

drops in total occurred during 2015.

 

Examples of information on Have Your Say Mandurah 
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Source:  Have Your Say Mandurah Website statistics 

 

FAQ’s were provided for customers and the Community Services and Infrastructure Projects  
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Key date were also provided to keep the public informed. 

 

 

The project was also featured on a number of external websites including: 

 WALGAclimatechange.com.au 

 Donavanpayne.com.au 

Here are some examples (below) where external websites showcased the project to the 

world. 
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Energy Efficiency Communications 

The Mandurah community consider the natural environment as one of their proudest and most 
important features of their city.  Naturally they place high importance on its protection and 
promotion of conservation. 
 
The City of Mandurah Strategic Plan was developed through an Elected Member and 
community consultation process, culminating in a two-day workshop attended by around 100 
community and business representatives. The consultation process yielded the following vision 
for Mandurah: vibrant, prosperous, connected and sustainable…excited about our future!  
 
The Strategic Plan has five strategic goals:  
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1. A vibrant city;  
2. A prosperous city;  
3. A connected city;  
4. A sustainable city;  
5. A city excited about its future.  

 

The CEEP Geothermal Project aligned with the City’s Strategic goal 1.4 To become a leader 

in proactive and innovation environmental management.  

Energy efficiency programs are promoted to residents.  

 

The City of Mandurah has a Climate Change webpage. To ensure our community has easy 
access to accurate, easy-to-understand information surrounding climate change the City of 
Mandurah has developed an e-book 'Shaping Local Solutions: Mandurah’ s Response to 
Climate Change.' This easy-to-read e-brochure sheds light on the process and impacts of 
climate change. It also provides handy tips for reducing your greenhouse emissions to assist 
in the prevention of further changes in climate. 

This can be found at http://www.mandurah.wa.gov.au/climate/climate-ebook.htm#9/z  It 
includes information about Energy Efficiency. 

There is also a range of Community Education Programs run by the City that encourage people 
to save energy.  

The City uses social media, websites (Have Your Say) and media releases in order to 
communicate messages to the wider community in Mandurah and the Peel Region.  The 
Mandurah Aquatic and Recreation Centre is a regional facility used by residents from the Peel 
Region so it was appropriate to make the use of technology to reach more people. 

 

http://www.mandurah.wa.gov.au/climate/climate-ebook.htm
http://www.mandurah.wa.gov.au/climate/climate-ebook.htm
http://www.mandurah.wa.gov.au/climate/climate-ebook.htm#9/z
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Social Media 

The City of Mandurah uses Facebook, Twitter and You Tube to communicate to the public.  
Throughout the project a number of regular updates kept the Mandurah community informed.  
This was considered an effective way to reach people as the Mandurah Recreation Centres 
site had over 2000 likes at the time and the City of Mandurah Facebook site had over 5000 
followers. 

 
Example of Facebook post – 13 November 2014 

 
 

 
Example of YouTube post – 15 June 2015 
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Example of Twitter post – 14 April 2015 

Media 

The City used print media via local newspapers including local newspapers who print stories 

and also put them on their social media sites. 

 

Mandurah Coastal Times  is distributed to Mandurah, Melros, Madora Bay, 

Yunderup, Singleton, Ravenswood, Pinjarra, San Remo, Dwellingup, Falcon, North 

Dandalup and  Florida.   

It has nearly 7000 Facebook followers and 1000 Twitter followers. 

 

Mandurah Mail   is distributed to Mandurah, Pinjarra, Golden Bay, Singleton, 

Madora, San Remo, Falcon, Dawesville, Dwellingup, North Dandalup and  

Keysbrook.   

It has 18,000 Facebook followers and 2000 Twitter followers. 

 

Media releases were also sent to the local radio stations including Coast FM which has 

34,000 followers and 900 Twitter followers. 

http://www.newspapers.com.au/exit/57674
http://www.newspapers.com.au/exit/57478
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Example of Newspaper Story – Mandurah Mail 
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5. OUTCOMES AND BENEFITS OF THE PROJECT 

The project commenced in late 2014 and was completed in late 2016.  The changes to the 

site over this time are shown below. 

               

 

 

              

 

 

 

November 2014 February 2015 

May 2015 September 2015 
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The objectives of the program have now been met and environmental outcomes achieved. 

Objective What is met? 
To develop a sustainable energy source for 
the heating of the pool water and air for the 
MARC facility 

The project has overcome a number of set-
backs but in the end, succeeded in the 
supply of geothermal energy. 

To reduce energy consumption and 
associated greenhouse gas pollution 

The project has reduced energy 
consumption by providing a source of 
energy to heat the pool air and water and 
thus decreased the use of gas significantly. 

To benefit the community by reducing cost 
pressures on rate payers in an environment 
where utility costs are rapidly increasing. 

The substantial saving will reduced the City 
of Mandurah costs which will be passed on 
to members, customers and the community. 

To build the knowledge and capacity of 
industry to deliver further geothermal 
energy solutions 

There was a lot learnt from this project that 
the contractors will use in the future. 

To provide the basis for expanded service 
delivery to the Mandurah region  
 

The Centre is very busy offering extended 
services. 

 

The objectives of the Community Energy Efficiency Program are to: 

 Support a range of local councils and community organisations to improve the energy 

efficiency of different types of non-residential council and community use buildings, 

facilities and lighting 

 Demonstrate and encourage the adoption of improved energy management practices 

within councils, organisations and the broader community. 

 
The CEEP Funding will enable the City of Mandurah to achieve the objectives of the project 
and in doing so achieve the CEEP objectives. 
 
In developing a sustainable energy source, namely the geothermal heating system, the City 
will increase the energy efficiency of a community-use building, namely the Mandurah Aquatic 
and Recreation Centre (MARC). 
 
Through the installation of the Geothermal heating system and other energy efficient systems 
at the MARC, the City will vastly improve the energy management practices in this council 
owned and managed building which is a huge role model to our community.   
 
This project has promoted energy efficient systems to the community through advertising and 
social media.  The leadership by example has paid off, with Mandurah residents being some 
of the highest users of solar panels in the state. Some of the smaller recreation clubs have 
also started to ask for assistance, leading to the growing momentum in the use of renewable 
energy.  In May 2015, Mandurah was number one in the top 20 for number of rooftops installed 
with solar.    The same top five postcodes appeared in 2015 as they did 2014 however they 
increased their number of Small Generating Units (SGU) by a massive average of 20% in one 
year. 
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May 2015 – Top 5 Solar postcodes – by number installed

As well as the MARC, the City of Mandurah has also installed solar systems on other major 
public buildings since 2015 including: 
 

Rushton Park Sports Facility City of Mandurah Administration 

Meadow Springs Sports Facility Halls Head Bowling and Recreation Club 

Mandurah Bowling and Recreation Club Merlin Street Reserve Club Rooms 

Mandurah Performing Arts Centre  

Falcon e-Library  

 
Increased use of energy efficient systems in Mandurah together with the community driving 
environmental friendly practices has seen the development of local industry.  The demand for 
solar panels has resulted new businesses based in the Peel Region such as Green Sun Solar.   
 
Another example of growth of local industry is a recent proposal for new eco-friendly 
recreational hire boats with solar-electric propulsion.  Mandurah Cruises was awarded EcoPlus 
accreditation for sustainable business practices. Builders have also developed eco-friendly 
practices with an entire retirement village in Greenfields designed to be an eco-friendly village 
in harmony with the surrounding environment. 

Energy Efficiency outcomes 

The MARC Direct Geothermal Heating Project is the City’s largest greenhouse gas emissions 
reduction project and is expected to significantly lower the operating costs of the new and 
redeveloped aquatic facilities. 
 
The estimated projected energy efficiency improvements from the business case were: 
 

 90 kW absorber power pump 

 Peak heating load of pools and associated air heating 1565 kW 

 Requires a geothermal duty of 35.6L/s@160m head 

 Pump duty absorbs approximately 87 kW (assumed combined pump and motor 

efficiency of 65%) 

 Coefficient of Performance of 1565 ÷ 87 = 18.0 kW heat/kW of electrical power at full 

load 

 Annual heating requirements for the pool: 2,649,000 kWh peak and 4,970,000 kWh off 

peak 
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 This will draw electrical power of 2,649,000 ÷ 18.0 = 147,200 kWh on peak and 

4,970,000 kWh off peak, or 1,523,500 MJ 

 Predicted energy efficiency of 494 MJ/m3/annum, compared to 9040 MJ/m3/annum  

 Energy source is now electrical and not gas, gas used as a backup – estimate use 

approximately 10 days per year 

 Gas usage changes to 9,290,000 x 0.027 x 3.6 = 903,000 MJ 

 Geothermal electric 1,523,500 x 0.973 = 1,482,000 MJ 

 Total 2,385,000 MJ or energy efficiency of 774 MJ/m3/annum 

 
The predicted cost savings from the business case are outlined below: 
 

 Predicted baseline cost 

 MJ Cost* 

Pool heating baseline energy use 27,870,000 $ 671,945,000 

 

*Current price paid ($24.11/GJ) 

 

 Predicted energy cost using Geothermal 

 On Peak 

(kWh) 

Off 

Peak 

(kWh) 

Total 

(kWh) 

On Peak 

(Cost) 

Off 

Peak 

(Cost) 

Total 

(Cost) 

Geothermal 

Pool heating 

energy use 

(93% of the 

year) 

143,225 268,548 411,773 $50,6010 $33,004 $83,605 

 

*R3 tariff 2013 as peak 35.33 cents/kWh and off peak 12.29 cents/kWh  

 Predicted gas cost using Geothermal 

 MJ Cost* 

Gas Consumption 903,000 $ 21,770,000 

 

 Total predicted cost using Geothermal 

$ 105,376,000 

 Total predicted savings using Geothermal 

$671,945 - $105,376 = $566,569 

 

Energy efficiency outcomes will continue to be monitored and measured over the next six 
months to determine whether the energy efficiency objectives have been met. 
 
The final consultant hydrogeologist report has stated that a viable geothermal project has now 
been achieved.  Upon completion of the geothermal bore development, the testing results have 
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indicated that the system will generate water temperatures of approximately 43 °C with a flow 

rate of 25L/sec.  This will ensure that the system operates initially at 70% of its optimum 
efficiency.    With continued monitoring and enhancements, it is predicted that this percentage 
can be improved over time. 
 
The bore construction completion summary is outlined in the table below: 

 

The return on investment by the community that is excluding the grant funding, can now be 
assessed for the payback. For these purposes, this is expressed in payback terms when 
compared with the base case. Constructing the bore at a cost of $4,400,000 with the City 
paying $2,400,000 then payback is estimated at 10 years.  

It is estimated that the City will require 5,075 GJ of gas per annum to augment the heating 
provided by the geothermal system. Based on the unit prices applied in the original business 
case this would result in annual expenditure of $127,500. The operating costs for year 1 of the 
project are therefore assessed as:  

 $’000  

Electricity 60.0  

Gas 127.5  

Loan interest 35.2  

Planned maintenance 10.0  

Unplanned maintenance 7.0  

Total  239.7  

It is also noted that currently there is a significant divergence between the actual unit cost of 
natural gas and that used in the business case. The current gas market is operating at much 
reduced prices. This is due in part to aggressive competition between Alinta and Kleenheat 
and may intensify when AGL enters the market shortly. Part of the reduction is also due to a 
general reduction in market prices for many forms of energy such as oil and LNG. Whether 
either or both of these factors represent a longer term trend remains uncertain. Given the 
current short term nature of this price movement, its inclusion into a revised business case is 
not recommended until there is more clarity regarding the energy market.  

The revised predicted cost saving using the geothermal are: $671,945 - $239,700 = $432,245 

Despite all of the project challenges and delays it is clear that the decision to proceed with the 
direct geothermal project has represented the best economic value for the City. 
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6. BUDGET 

Budget Issues Summary 

The original budget for the Geothermal Heating Project was $3,600,000, however this was 

updated to $3,843,000 prior to commencement based on revised cost estimates. 

The final cost of the project was $4,400,160.  The cost increase was as a result of a number 

of construction issues during the development leading to cost variations. 

The City of Mandurah’s total Capital contribution to the project was $2,400,160. 

Under the CEEP Funding Agreement, the City’s contribution to the project was $1,575,000. 

The City has spent an additional $825,160 on the project that originally estimated. 

The changes to the budget were caused by: 

 Additional funds required during the project due to adverse geological conditions and 

an increase in bore depth. 

 Additional funds required for completion of the production bore using an offset drilling 

methodology. 

 Increases in consulting fees relating to the extended construction programme. 

The City sourced loan funding for the budgeted contribution of $900,000. Rather than increase 
borrowings further it provided the additional funding of $1,500,140 from the City’s Building 
Reserve.   
 
A full summary of the budget is outlined below. 
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The table below show a summary of budget changes:  
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7. PROJECT OPERATION, MECHANISMS AND 

PROCESSES 

The project was managed internally (by the City’s project management team) with expert 

technical support from mechanical and hydrogeological engineering consultants. The project 

team met regularly to closely monitor project with reports tabled each meeting from relevant 

contractors. 

GANNT charts were used to plan and progress each stage of the works which was a 

requirement of the tender process.  The tender process also required the meeting of 

milestones and reporting requirements.  Strict guidelines required: 

- Risk Management Plans 

- Safety Plans 

- Compliance and Certification at various stages 

Regular inspections and independent reviews of works were carried out during the works to 

ensure guidelines were being followed. 

The City appointed the following Project Team to manage the delivery of the geothermal 
heating at the Mandurah Aquatic and Recreation Centre; 
 
Role: Project Director 
Name: Allan Claydon FAICD CPEng MIEAust MEM BE(Hons) Grad Dip Bus Grad Dip Eng 
Grad Cert Trans 
 
Profile: Allan has over 40 years civil engineering experience, the last 16 years of which have 
been as Director of Works and Services at the City of Mandurah. He has held various roles in 
both metropolitan and rural local governments together with a period of ownership of a small 
business. 
 
 
Role: Project Leader 
Name: Matthew Hall MIEAust BE(Hons) DipPM GCPubSecMgmnt 
 
Profile: Matthew has over 18 years of project management experience within the local 
government sector. This includes major building, civil construction and landscaping projects. 
Recently, Matthew was responsible for project management of the $9 million Rushton Park 
Sports Facility and the $8 million Mandurah Bowling and Recreation Club. 
 
 
Role: Project Manager 
Name: Simon Hudson TMIEAust BEng(Hons) BSc(Hons) 
 
Profile: Simon has over 14 years civil engineering experience in the sectors of project 
management, building construction and maintenance, highways maintenance and 
reconstruction, flood risk management and land redevelopment. 
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Role: Service Director 
Name: Lesley Wilkinson MLM BA GradDip Arts 
 
Profile: Lesley is the Director of People and Communities at the City of Mandurah. She has 
held management positions in aged care and disability services in WA, operated her own 
consultancy and lectured in the Masters of Leadership and Management course with Curtin 
University. 
 
Role: Service Manager 
Name: Craig Johnson BBus 
 
Profile: Craig has worked in the sport and recreation industry for over 15 years, with the last 
12 years being in local and municipal governments in Western Australia and British Columbia. 
Craig has a wide range of experience in planning, managing and operating private and public 
community based facilities including leisure centres, sports centres and complexes, sporting 
clubrooms, senior citizens centres, halls and pavilions. 
 
Role: Architect 
Company: Donovan Payne Architects 
 
Profile: Donovan Payne are the principal architects for the Mandurah Aquatic and Recreastion 
Centre Redevelopment project. The City is currently negotiating to engage Donovan Payne to 
undertake the preliminary design and approvals for the Geothermal Heating project. Donovan 
Payne have considerable experience in the design and installation of geothermal heating for 
public and private aquatic facilities including most recently St Hilda’s Anglican School. 
 
Name: Carl Payne MRAIA MARI BARCH 
Role: Lead Architect 
 
 
 
Role: Hydroegeologist 
Company: Rockwater 
 
Profile: Rockwater is a consultancy in groundwater science and engineering, and 
environmental science.  They specialise in water supplies, mine dewatering, geothermal, 
aquifer recharge, groundwater-related investigations, and environmental assessments. 
 
Name: Grant Bolton PresidentIAH DipAppSc(Geol) 
Role: Principal Hydroegeologist 
 
 
Role: Mechanical Engineer 
Company: Norman Disney Young 
 
Profile: Norman Disney & Young is a global engineering firm which specialises in vast number 
of areas including sustainability and in particular renewable energy and water conservation 
and reuse. Norman Disney & Young will sub-consult to Donavan Payne throughout the 
Preliminary Design and Approval process. 
 
Name: Jeff Dusting MIEAust MAIRACH MASHRAE BEng 
Role: Lead Mechanical Engineer 
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Lessons Learnt 
 

There were both industry learnings and lessons learnt from a local government perspective. 

Industry learnings involved the large amount of knowledge regarding geotechnical conditions 

of the region that the contractor can apply to future projects. The outlook for all renewable 

energies is on the upswing and Australia can only strive to be amongst the top geothermal 

countries of the world if it continues to undertake projects such as this one. 

There is now more information available on the local hot sedimentary aquifer utilised for our 

project, which was not available before our work commenced. Should this information have 

been available at the time this may have resulted in some changes to the construction 

methodology. In particular, difficult drilling conditions were encountered as a result of reactive 

shales and siltstones.   

The learnings from a Council perspective will be further analysed following a full project debrief.  

The debrief will cover everything from the planning to the implementation of the project 

including an analysis of the initial figures, the investigations into previous projects undertaken 

and  the processes followed leading up to the project.  A summary of the interim findings have 

been outlined below; 

 

1. Hydrogeological conditions 
 
Going into the planning stage of the project, the City was acutely aware of the lack of 

information currently available on the hydrogeological conditions of the area in which the 

drilling of the bores was to occur.  However, despite this fact the City’s hydrogeological 

contractor had a significant amount of data from similar projects developed over the last 10 

years that should have assisted to reduce the risks associated with the issues that were 

experienced in the drilling process.  

 

The key lesson that was learnt was that in areas where the exact details of the geological 

conditions are not known, project plans should be developed and employed that expect the 

worst possible conditions with the flexibility to wind back the contingencies if conditions are 

more favourable. 

2. Drilling Procedure 
 
When drilling in hydrogeological conditions where the exact details of the formations are 

not known, an extremely conservative approach is required in all aspects of the drilling 

process.  This is necessary from the selection of the drilling contractor (relevant previous 

experiences) through to the methodology of the drilling procedures. 

 

The key lesson that was learnt was that the drilling fluids used for the pilot hole and 

ultimately the injection bore should have been aligned to encountering the worst possible 

geological conditions.   
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3. Contingency Planning 
 
The City clearly understood the associated risks for the project, however it also recognised 

the substantial financial and environmental benefits that could be achieved if the project 

was successful.  Whilst the cost variations have been significant, the overall payback period 

for the project still represents a sound investment by the City.  Whilst managing the requests 

for additional project expenditure was challenging once the contingency funds had been 

exhausted, the positive environmental impacts of the ensured that community and Council 

support remained.  

  

The key lesson that were learnt was that project timelines need to be overestimated so as 

not to create unrealistic expectations on when a project is likely to be completed. 

4. Risk Analysis 
 
The risks associated with the project were identified and were foreseen.  The City took on 

the project knowing the risks so when issues were encountered processes were in place to 

deal with them. A detailed review will be carried out over the coming months to identify and 

document further lessons learnt.  Sufficient internal resources were allocated to the project 

via the City’s project management team and other key staff.  There was no significant 

change in the City’s ability to manage projects because of this project. 

The external resources used appear to have been adequate. 

 

8. CONCLUSION 

The MARC Direct Geothermal Heating Project is the City’s largest greenhouse gas emissions 

reduction project and was predicted to significantly lower the operating costs of the new and 

redeveloped aquatic facilities. The project involved the construction of two deep bores (a 

production bore and an injection bore) into the hot sedimentary aquifer, known as the 

Yarragadee (Cattamarra) Aquifer.  

The production bore was expected to extract heated water at around 46 °C at a flow rate of 36 

L/s and pass the heated water through a primary heat exchanger to create around 1,565kW of 

heat energy. This would meet the peak heating demands to maintain the swimming pool water 

and air temperatures at optimum levels. 

Construction and testing of the pilot hole under Contract 07/2014 (Construction and Testing of 

Geothermal Bores for the MARC) was completed. Test results confirmed that the MARC Direct 

Geothermal Heating Project was viable and offered significant long term cost benefits including 

expected annual savings in operating costs and reductions in greenhouse gas emissions to 

the City. Construction of the injection bore (one of two bores being the injection bore and the 

production bore) then commenced. 

The need to explore hydrogeological conditions to a depth greater than initially contemplated 

and the difficult geological conditions encountered resulted in cost and time implications to the 

project, resulting in a significant increase in costs. 

Construction of the injection and production bores was completed despite a number of 
variations along with way.  These variations included a new pilot hole, deeper drilling depths 
of the pilot hole and production bore, machinery break down and difficulties inserting casing 
and screens. 
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The final hydrogeologist reports confirm that a viable geothermal system has now been 
developed and although it will not initially operate at its optimal level, a water temperature of 
40°C with a flow rate of 25 litres/second has been achieved.  
 
The outcome was expected to make annual savings of up to $566,569 per annum and the final 
outcome achieved was a cost saving of $432,245per annum. 
 
Those processes yet to be completed at the time of this report include: 
 

 Works to connect the pipework 

 Commissioning of the system 

 Monitoring of the energy consumption, production, costs, emissions and efficiency. 

 Extraction of reports from the Utilities Reporting Platform 
 
There is now more information available on the local hot sedimentary aquifer utilised for the 
City’s project, which was not available before work commenced.  The key findings and 
outcomes would mean a different construction methodology would be applied should the 
project be repeated or another similar project be undertaken in the region. 
 
Despite the increased costs the option to install Geothermal Heating was the most cost 
effective and environmentally friendly option.  The lower socio-economic section of community 
will benefit due to cost savings that can be passed onto rate payers.  The local community who 
support preservation of our environment will benefit and local business will continue to follow 
the example of the City with eco-friendly tourist encounters, environmentally friendly building 
options and sustainable energy choices for housing. 
 
In conclusion the Geothermal Heating and Cooling Project has been extremely challenging 

with many learning opportunities but well worth the final outcomes and significant flow-on 

effects for years to come. 
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9. PROJECT ENERGY EFFICIENCY IMPROVEMENT 

TEMPLATE 

Project Energy Efficiency Improvement and cost benefit data template for Mandurah 
Aquatic and Recreation Centre 

 
Project Energy Efficiency Improvement Template (DRAFT) 

PROJECT TITLE  

The Mandurah Aquatic and Recreation 

Centre (MARC) Geothermal installation  

 

PROJECT 

ID 
CEEP2097 

FUNDING RECIPIENT 

 

City of Mandurah 

 

DATE 

 

13 January 

2017 

 

 

Building, Facility or Site 1 

Name of Building, Facility  
The Mandurah Aquatic and Recreation Centre 

 

Location (address) 303 Pinjarra Road, Mandurah  WA  6210 

Type of building, facility or site Public Aquatic and Recreation Centre 

Activity Type and Measure Installation of Geothermal heating system 

Energy Efficiency Estimate 

Method 

Monthly calculations of heat loss from pool water undertaken 
based on ambient temperature for indoor pools and average 
wind velocity for external pools. Separate calculation 
undertaken for each pool and pool hall where applicable. 
Results also compared to existing energy use and found to 
be accurate.  

Baseline Energy Usage 7,742,000 kWh or 27,870,000 MJ of Gas use  

Baseline Energy Efficiency 27,870,000 MJ ÷ 3082 m3 = 9,040 MJ/m3/annum  

Energy Efficiency Improvement 

Reduce energy use from 9,040 MJ/m3/annum to 774 
MJ/m3/annum which includes for the system still running on 
gas for 10 days per year as back up – refer NDY consultant 
Advice A-004  

Reporting Data (Measuring 

Energy Efficiency and Additional 

Data) 

A total pool water volume of 3083 m3 is heated. 
A total pool hall area of 3500 m2 is heated. 
The pool water and pool halls are kept heated for 365 days a 
year and 24 hours per day. 

Cost of Activity $4,400,160 

Estimated Cost Savings 

When project completed 
$432,245 per annum  
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SAND

CALCARENITE

SANDSTONE

SHALE

SANDSTONE

SANDSTONE/
SHALE

SILTSTONE

SHALE/
SANDSTONE

SANDSTONE

SANDSTONE
SHALE

SANDSTONE

SHALE
SANDSTONE

SHALEY
GRAVEL
SHALE

SHALEY
SANDSTONE

SHALE/
SANDSTONE

SANDSTONE/
SHALE

SHALE

SANDSTONE

SHALE

SHALE/
SANDSTONE

SHALE

SHALEY
GRAVEL

GRAVELY
SANDSTONE

White/ cream, quartz, calcite and aragonite, medium to coarse grained sand, moderately sorted, sub angular to sub
rounded, in parts weakly cemented

White/ cream , quartz, calcite and aragonite, medium to very coarse grained sand and shell fragments, poorly sorted,
angular to rounded, well cemented yet vuggy, large amounts of mud loss to the formation
White/ grey quartz with minor amount of carbonate minerals, fine to medium grained sand, rounded to sub rounded, well
sorted, unconsoldiated sand

Black shale, massive, with very fine grained sand

Light grey, quartz, fine grained sand, rounded, well sorted, with about 20% massive black shale

Interbedded pale grey, fine to medium grained, poorly sorted, weakly cemented, subangular quartz, dark brown / grey,
pyritic shale, minor amounts of well-rounded fine grained quartz sand

Grey/ brown, fine grained quartz sand within 60% siltstone matrix, gravel to pebble sized fragments of massive pyrite

Dark brown / grey, pyritic shale, silt/ fine grained sand throughout and occasional clasts of massive pyrite, green-clay
marker horizon 111 m

Grey/ brown, medium grained sand (predominantly medium with coarser angular quartz), rounded to angular, poorly sorted

Grey/ brown quartz and carbonate, very coarse grained, well sorted, rounded to angular quartz sand and shell fragments
up to 4mm diameter, traces of glauconite and pyrite
Dark grey, shale, with about 20% coarse angular quartz grains, poorly sorted

Brown/ grey quartz and feldspar, coarse sand to gravel, angular to sub-rounded grains, no shell fragments observed in
this interval

Dark grey, shale, with about 20% angular quartz grains, poorly sorted
Grey, quartz dominated gravelly sand, minor feldspar, moderately sorted, angular to sub rounded with about 10% clay
Dark grey, coarse grained quartz sand in about 40% shale/clay matrix, poorly sorted with angular grains
Dark grey, very fine grained clay, with about 20% angular quartz grains, poorly sorted

Dark grey, coarse grained quartz sand in about 40% clay matrix, poorly sorted with angular grains

Interbedded, grey, quartz dominated gravelly sand with minor feldspar and finer particles, moderately sorted, angular to
sub rounded grains, weakly cemented with traces of pyrite, dark grey minor shale, @207m on large pyrite fragment

Interbedded grey medium to coarse grained, poorly sorted, weakly cemented, dark grey shale with angular quartz grains,
poorly sorted increasing toward base of interval

Dark grey/ brown, pyritic shale, minor amounts of fine grained quartz sand, pyrite fragments throughout interval

Light grey quartz gravel, minor shale, poorly sorted, well rounded with traces of pyrite

Dark grey, shale, well sorted with traces of pyrite

Interbedded dark grey, shale with about 40 % fine grained quartz sand, poorly sorted

Dark grey, shale, well sorted with traces of pyrite

Dark grey quartz gravel/ coarse grained sand with about 40% shale, poorly sorted, angular quartz grains

Grey, very coarse quartz sand/ gravel with minor amounts of fine to medium grained sand and clay, moderately sorted
with angular to sub rounded grains and traces of pyrite
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SHALE

GRAVELY
SANDSTONE

SHALE

SANDSTONE

SANDSTONE/
SHALE

SANDSTONE/
SILTSTONE/

SHALE

SANDSTONE

SHALE

SHALE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE/
SANDSTONE

Grey, shale, massive with minor amounts of fine grained quartz sand, moderately sorted

Grey, very coarse quartz sand/ gravel with minor amounts of fine to medium grained sand and clay, moderately sorted
with angula

Light grey, shale, soft matrix with more competent, harder layers

Light grey, very fine grained, lightly cemented, minor shell fragments

Interbedded light grey, fine grained quartz sand layers within shale, well rounded, poorly sorted

Dark grey/ black, shale, compacted and competent with a minor mount of well-rounded fine grained quartz sand, from
524-527m shale has puggy consistency

Grey, very coarse quartz sand/ gravel with minor amounts of fine to medium grained sand and clay, moderately sorted
with angular to sub rounded grains

Black, micaceous shale, compacted and competent

Light grey, soft puggy shale with some harder, more compacted shale fragments

Black shale/ siltstone, rounded clasts of  hardened shale, up to 30 mm in diameter within soft clayey matrix

Grey, coarse grained /sand/ gravel within clay matrix, poorly sorted, with angular to sub rounded grains

Black shale/ siltstone, rounded clasts of  hardened shale, up to 30 mm in diameter within soft clayey matrix

Grey, coarse grained /sand/ gravel within clay matrix, poorly sorted, with angular to sub rounded grains

Interbedded dark grey, shale, very weak, very coarse to medium grained sand, angular to sub rounded, poorly sorted
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SHALE

SHALE

SANDSTONE

SHALE
SANDSTONE
SANDSTONE/

SHALE
SANDSTONE
SANDSTONE/

SHALE
SANDSTONE/

SHALE

SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

Dark grey, shale, very weak with < 1% quartz grains fine to coarse sand, poorly sorted, angular to sub rounded, light grey

Dark grey, shale, very weak with 2 to 5% quartz grains fine gravel to medium sand, poorly sorted, angular to sub rounded,
light grey

Yellow/ light grey, medium to very fine grained, moderately sorted, sub rounded.

Dark grey, shale, very weak with 1% quartz grains light grey, medium to coarse sand, poorly sorted, angular to sub
rounded
Yellow/ light grey, medium to very fine grained sand, moderately sorted, sub angular to sub rounded.
Interbedded Yellow/ light grey, medium to very fine grained sand, moderately sorted, sub angular to sub rounded, 30 %
shale (dark grey, very week)
Yellow/ light grey, medium to very fine grained sand, moderately sorted, sub rounded to rounded
Interbedded light grey, very coarse to fine grained sand, poorly sorted, sub angular to sub rounded, 50 % shale (dark grey,
very weak and massive)
Interbedded dark grey, shale, very weak, light grey, medium to coarse sand, poorly sorted, angular to sub rounded

Dark grey, shale, very weak with 1% quartz grains (light grey, fine gravel to medium sand, poorly sorted, angular to sub
rounded)

Interbedded light grey, fine gravel to medium sand, poorly sorted, angular to sub rounded weakly cemented, with minor
dark grey fissile shale

Interbedded pale to mid-grey, coarse sand to granule sized sub-angular to rounded quartz with minor dark grey, fissile
shale, weakly cemented
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SHALE/
SANDSTONE

SANDSTONE/
SILTSTONE

SANDSTONE/
SHALE

SANDSTONE/
SILTSTONE

SANDSTONE

SILTSTONE

SANDSTONE

SILTSTONE

SANDSTONE

SANDSTONE

Dark grey, shale, interbedded with various intervals of sandstone (1257-1263m, and 1269 to 1272m)

Dark grey, laminated shale / siltstone, with traces of interbedded sandstone, moderately cemented

Dark to pale grey, medium to granule sized quartz, traces of feldspar, interbedded with massive and fissile shale

Dark to mid grey, siltstone interbedded with fine to very fine grained quartz sand, well sorted in a silt matrix, siltstone is
hard and well cemented

Pale to mid grey, coarse grained to granule sized quartz and feldspar, angular, poorly sorted and weakly cemented

Dark grey/ green, very fine grained micaceous siltstone with several interbedded layers of medium to coarse grained
angular quartz sand, poorly sorted

White/grey, medium to coarse grained quartz sand, sub angular to sub rounded, poorly sorted, traces of feldspar and
minor amounts of interbedded siltstone, weakly cemented

Mid grey to reddish brown, very fine grained micaceous siltstone with minor amounts of shale, traces of sandstone,
moderately cemented

Pale grey, fine to coarse grained quartz sand with minor feldspar and garnet, sub angular grains, poorly sorted with
interbedded siltstone and weakly cemented

Pale grey, pink, brown, coarse to granule sized quartz sand, minor garnet and traces of feldspar, sub-rounded to sub
angular, poorly sorted, interbedded with siltstone, weakly cemented
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SAND

CALCARENITE

CALCARENITE
AND SHALE

SANDSTONE

SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SANDSTONE/
SHALE

SHALE

SANDSTONE/
SHALE

SHALE

SANDSTONE

SHALE

SANDSTONE

Yellow/ white medium to coarse grained sand, well sorted, sub-rounded to well rounded, unconsolidated
quartz and calcareous minerals, with some iron staining in the upper 6 m.

White/cream, fine to medium grained sand, well sorted sub-rounded to rounded grains, partially
consolidated, in calcium carbonate cement. Quartz and calcareous minerals.
Light grey, medium to coarse grained sand, well sorted, sub-angular to rounded grains, unconsolidated,
interbedded with dark grey/black clay.

Dark grey, coarse to very coarse grained sand, well sorted, sub-rounded to well rounded. Quartz and
minor calcareous minerals with interbedded pyritic shale bands.

Dark grey-black clayey pyritic shale with about 5% medium to coarse grained quartz sand.

Dark grey, medium to very coarse grained sand, sub-angular to rounded grains. Predominantly quartz and
minor calcareous minerals, interbedded with dark grey soft, puggy, pyritic and micaceous shale. Sandy
interval at 78- 81 m.

Dark grey, medium to very coarse grained quartz sand, sub-angular to rounded grains.
Predominantly quartz and carbonate minerals interbedded with dark grey, soft, puggy

micaceous shale. Green-clay marker horizon at 105-108 m. 50% sand 50% shale.
Grey, fine to very coarse grained sand, moderate to poorly sorted sub-angular to rounded grains.
Predominantly quartz and carbonate grains with minor amounts of garnet, glauconite and pyrite nodules.
About 10-20% interbedded soft, puggy shale.

Dark, yellow-grey, very coarse grained sand to granules, moderate to poorly sorted, sub-angular to
well-rounded grains. Predominantly quartz with minor feldspar and shell fragments, (bi-valves), traces of
garnet, glauconite and heavy minerals, and small amounts of interbedded shale.

Dark, yellow-grey, very coarse grained sand to granules, fining upwards. Moderate to well sorted,
sub-angular to well-rounded grains. Predominantly quartz with minor feldspar, garnet and glauconite and
traces of heavy minerals.  Trace amounts of interbedded shale.

Shale with dark, yellow-grey, very coarse grained sand to granules with occasional pebbles, moderately
sorted, sub-angular to sub-rounded grains, unconsolidated, trace of cement on some of the larger grains.
Predominantly quartz with minor feldspar, traces of garnet, glauconite heavy mineral and pyrite.

Shale with yellow-grey, coarse to very coarse grained sand, with occasional pebble. Moderate to well
sorted, sub-angular to rounded grains. Predominantly quartz with minor feldspar and glauconite, traces of
garnet and pyrite.  Trace of carbonate cement on some grains.

Dark grey, coarse to very coarse grained sand, with occasional granules, moderately sorted sub-angular
to sub-rounded grains. Predominantly quartz, minor feldspar, carbonate minerals and pyrite, interbedded
with 40% dark grey clay/shale.

Grey, medium grained sand to granules, moderately sorted, sub-angular to rounded grains. Predominantly
quartz, minor feldspar, glauconite and garnet, trace of pyrite. About 5-10% interbedded shale.

Dark grey, coarse to very coarse grained sand, with occasional granules, moderately sorted sub-angular
to sub-rounded grains. Predominantly quartz, minor feldspar, carbonate minerals and pyrite, interbedded
with 40% dark grey clay/shale.

Dark grey/yellow puggy clay (shale) minor amount (<10%) coarse grained quartz sand.

Dark grey/black interbedded shale and quartz sand. Alternating beds of dark grey-black fissile shale and moderate to
poorly sorted medium to very coarse grained sand, sub angular to rounded grains. Predominantly quartz, feldspar and

minor glauconite and pyrite. Grading from 40% interbedded shale at top of interval to 10% at base.

Dark grey/yellow puggy clay (shale) minor amount (<10%) coarse grained quartz sand.

Grey, medium grained sand to granules, moderate to poorly sorted, sub-rounded to well-rounded grains.
Predominantly quartz, minor feldspar, trace of garnet and heavy minerals. Small beds of dark grey fissile
shale throughout interval About 10-20% interbedded clay and 80-90% sand.
Dark grey/yellow puggy clay (shale) minor amount (<10%) coarse grained quartz sand.

Light grey/white, medium grained to coarse grained sand with occasional granules, moderate to poorly
sorted, sub-angular to sub-rounded grains. Predominantly quartz, minor feldspar, trace of garnet. Small
beds of dark grey fissile shale throughout interval About 10-20% interbedded clay and 80-90% sand.
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SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

Dark grey/black fissile shale with interbedded clay and minor amount (10-15%) well sorted, well rounded
medium grained quartz sand. Fairly uniform composition with a sand layer at 462- 465 m.

Light grey/white, medium grained to coarse grained sand with occasional granules, moderate to poorly
sorted, sub-angular to sub-rounded grains. Predominantly quartz, minor feldspar, trace of garnet. Small
beds of dark grey fissile shale throughout interval About 10-20% interbedded clay and 80-90% sand.

Light and dark grey shale, competent and hard cuttings of fissile shale, with soft, more reactive layers.

Grey medium to very coarse grained sand, with a small amount of fine grained sand, Moderate to well
sorted, sub-rounded  to well-rounded grains. Predominantly quartz, garnet, and heavy minerals. Small
amount (10-15% ) interbedded clay.

Dark grey, fissile shale, laminated drill cuttings with minor (<10%) medium to coarse grained sand,
moderately sorted, sub-rounded to well-rounded  grains, predominantly quartz.

Grey coarse to very coarse grained sand, with a small amount of fine to medium grained sand. Moderate
to well sorted, sub-rounded  to well-rounded grains. Predominantly quartz, with trace amounts of garnet
with about 10%  interbedded clay.
Dark grey, hard competent shale, minor (10-20%) coarse  to very coarse grained sand, moderately sorted,
sub-rounded to well-rounded  quartz grains.
Grey medium to very coarse grained sand. Moderate to well sorted, sub-rounded  to well-rounded grains.
Predominantly quartz, with minor amounts  feldspar, garnet, and pyrite. Small amount (10-20%)
interbedded clay. With up to 30% shale at 642 to 645 m and less <10% shale from 645 to 651 m.
Dark grey shale, hard, fissile drill cuttings with minor (<10%) poorly sorted medium grained sand to
granules in samples. Predominantly quartz.

Grey, fine to very coarse grained, poorly sorted, sub-rounded to well-rounded grains, predominantly quartz
with traces of feldspar, garnet and pyrite, and about 10-15% dark grey/black interbedded shale.

Dark grey shale, hard, fissile drill cuttings with minor (<10%) poorly sorted medium grained sand to
granules in samples. Predominantly quartz.

Grey, fine to very coarse grained, poorly sorted, sub-rounded to well-rounded grains, predominantly quartz
with traces of feldspar, garnet and pyrite, and about 10-15% dark grey/black interbedded shale.

Dark grey, hard, competent cuttings of shale, with only trace amounts of sand in the sample.
Dark grey, hard, competent cuttings of shale, with about 30% medium to coarse grained quartz sand in the
sample.

Dark grey, hard, competent cuttings of shale, with only trace amounts of sand in the sample.

Grey, fine to very coarse grained, poor to very poorly sorted, sub-rounded to well-rounded grains.
Predominantly quartz with minor feldspar and garnet and about 10 to 15% interbedded dark grey shale.

Dark grey, hard, competent cuttings of shale, with about 10-15%  poorly sorted fine to coarse grained
quartz sand in the sample.

Grey, fine to very coarse grained, poor to very poorly sorted, sub-rounded to well-rounded grains.
Predominantly quartz with minor feldspar and garnet (about 5%) and about 10 to 15% interbedded dark
grey shale.
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SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

SHALE

SANDSTONE

Dark grey, hard, competent cuttings of shale, with only trace amounts of sand in the sample.

Dark grey fine to very coarse grained, white grey quartz sand , poorly sorted  sub-angular to rounded
grains, interbedded with some traces of cementation on some grains. Predominantly quartz, minor
feldspar, and traces of heavy minerals with about 10-15% dark and light grey interbedded shale.

Dark and light grey shale, hard, competent cuttings with some light grey, softer puggy cuttings with a
laminated fabric, an in part with a fissile texture.

White/grey medium grained sand to granules. Poor to very poorly sorted, sub-rounded to rounded grains,
with some traces of cementation on some grains. Predominantly quartz, minor feldspar, and traces of
heavy minerals with about 10-15% dark and light grey interbedded shale.

Dark and light grey shale, hard, competent cuttings with some light grey, softer puggy cutting. Interbedded
with about 20 to 25% medium grained sand to granules. Poor to very poorly sorted, sub-rounded to
rounded grains,
White/grey medium grained sand to granules. Poor to very poorly sorted, sub-rounded to rounded grains,
with some traces of cementation on some grains. Predominantly quartz, minor feldspar, and traces of
heavy minerals with about 10-15% dark and light grey interbedded shale.

Dark grey shale, hard, competent cuttings with some softer, light grey and red cuttings. Little to no sand in
samples, small amount of sand in the  sample at 1008 m. Very hard, slow drilling 999-1008 m.

White/grey medium to very coarse grained sand. Moderately sorted, sub-rounded to well-rounded grains,
partially cemented. Predominantly quartz, minor feldspar (and kaolinised feldspar), and traces of heavy
minerals with about 5 to 10% dark and light grey interbedded shale.

Dark grey shale with medium to very coarse sub-angular sand, increasing sand in samples from 1062 –
1068 m.

Grey medium to coarse grained, sub-rounded to sub-angular, moderately sorted sand with ~10%
interbedded shale.
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1 INTRODUCTION 

 

The City of Mandurah (CoM) has recently constructed a geothermal bore to provide heating 

for its Mandurah Aquatic and Recreation Centre (MARC) swimming pools and potentially 

space heating of associated buildings. The project also included the construction of an 

injection bore to return the heat-depleted water back into the source aquifer. The drilling, 

construction and testing programme results are described herein.  

 

1.1 PROJECT SETTING AND BACKGROUND 

 

The MARC is located at 303 Pinjarra Road, Mandurah, Western Australia; a locality map is 

provided in Figure 1. The bore locations are on the north-western corner of the MARC as 

shown in Figure 2.  

 

The Department of Water (DoW) issued CoM with a Section 26D licence to construct the 

bores. A requirement of the licence was that CoM submits an H2 level hydrogeological 

assessment in support of the application for a groundwater licence for both supply and 

injection. This level of assessment requires an assessment of potential impacts from the 

proposed geothermal system. The Section 26D licence is provided in Appendix I. 

 

The CoM commissioned Rockwater to prepare this H2 level hydrogeological assessment 

which is in accordance with the DoW Operational Policy No. 15-12 – hydrogeological 

reporting associated with a groundwater licence. The assessment scope includes:  

 bore completion and H2 level reporting, as described in DoW (2009) 

 additional project-specific information requested by DoW, with particular focus on the 

impact of pumping and injection on the Yarragadee (Cattamarra) aquifer. 

 

1.2 GROUNDWATER REQUIREMENTS 

 

Groundwater from the Yarragadee (Cattamarra) aquifer will be pumped from geothermal 

bore, MARC 2(g) through an insulated pipeline to a primary heat exchange unit where heat is 

transferred to the pool heating loop. The heat-depleted water will be returned to source aquifer 

via injection bore MARC 1(i).  

 

Based on the heating requirements for the pools and space provided by the Mechanical 

Engineer, Norman Disney and Young (NDY) in November 2016, it is estimated that the 

groundwater requirements will be 385,000 kL/annum for a peak duty pumping rate of 25 L/s 

and up to 430,000 kL/annum for up to 30 L/s. This equates to the system running for about 

50% of the year, but the actual operational demand might greater depending on the heat load 

on the system year on year. To allow for contingencies, a groundwater circulation of 

650,000 kL/annum is likely to be required for the MARC.  
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2 CLIMATE AND RAINFALL 

 

The Mandurah area has a Mediterranean climate with hot, dry summers and cool wet winters. 

Average monthly rainfall data for the closest rainfall station (Mandurah BoM Station 9977) 

are provided in Table 1. The recorded average annual rainfall for the years 2001 to 2015 is 

671 mm, with the majority of the rainfall recorded over the months May to September. The 

long-term average annual rainfall for Mandurah is 880 mm, but over the last ten-year period 

the average rainfall has declined to 660 mm. 

 

Annual potential evaporation at Perth Airport averages 2044 mm annually, with evaporation 

generally exceeding rainfall from September to April. 

 

Table 1 – Average monthly rainfall and evaporation data 

Parameter Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Ann. 

Rainfall (mm) 15.1 8.4 16.2 42.9 96.2 119.6 118.7 91.7 72.7 32.3 26.3 18 671.2 

Evaporation (mm) 316.2 268.8 241.8 150.0 93.0 66.0 65.1 80.6 108.0 164.3 222.0 279.0 2044.0 

1. Mandurah rainfall - BoM Station 9977 (2001–2015) 

2. Perth Airport evaporation – BoM Station 9021 (1981–2015) 

 

3 HYDROGEOLOGY 

3.1 GEOLOGICAL SEQUENCE 

 

The MARC site is located in the Perth Sedimentary Basin and it is underlain by about 10 km 

of Phanerozoic sedimentary rocks. The sequence of formations has been determined from 

geophysical logs obtained from production bores, artesian monitoring bores and other projects 

designed and supervised by Rockwater.  

 

The regional stratigraphy is derived from the Murray drainage Managed Aquifer Recharge 

(MAR) Feasibility study (DoW 2012), recent stratigraphic interpretation report (Jackson 

2015), unpublished Alcoa numerical modelling studies (2016) and the feasibility study reports 

for the MARC geothermal project (Rockwater 2013, 2014). The geological sequence beneath 

the MARC is provided in geological sections shown in Figure 3 and Figure 4. 

 

The stratigraphy at the site is based on MARC 1(i) pilot hole composite log presented in 

Figure 5; stratigraphic data are summarised in Table 2. As expected given the 37 m horizontal 

separation between the two bores, the MARC 2(g) pilot hole stratigraphy is very similar to 

that of MARC 1(i) and is presented in Figure 6. Geophysical correlations between the two 

pilot holes are shown in Figure 7 together with geophysical data from MARC 2(g) side-track 

hole (Section 5.4.3). The correlation shows that the sandstone, siltstone and shale units are 

considered to be mostly laterally continuous at the scale of the project and are sub-horizontal 

with a small apparent dip towards the north-west (5 m apparent vertical displacement between 

sandstone units in MARC 1(i) and MARC 2(g) side-track hole). Some of the shale and 
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interbedded siltstone however do not appear to be regionally extensive as observed by others 

(Crostella & Backhouse 2000; Davidson 1995) and lenses are postulated in Figure 7. 

 

Table 2 – Interpreted geological sequence and groundwater occurrence beneath MARC  

Age Formation 

Approximate 

depth below 

surface 

Approximate 

thickness 
Generalised 

hydrostratigraphy 

Water 

Level 

(m vertical)* (m) (m AHD) 

Quaternary 
Superficial Formations 

(TQ) 
0–30 30 Superficial aquifer 1

^
 

Early 

Cretaceous 

Leederville Formation 

(Kwl) 
30–182 152 Leederville aquifer -2

#
 

South Perth Shale (Kws) 182–242 60 Aquiclude n/a 

Gage Formation (Kwg) 242–271 29 
Yarragadee aquifer 

(Cattamarra) 
+3

~
 

Jurassic 

Cattamarra Coal 

Measures (Jc) 
271–1436 1165 

Eneabba Formation (Je) Absent
!
 

Triassic Lesueur Sandstone (Tl) 1436–1500 64 
Yarragadee aquifer 

(Lesueur) 
? 

* All depths are m below surface, estimated to be about 7 m AHD  
^ From DoW Perth Groundwater Atlas (2012) 
# From DoW Report No. 38 (2011) 
~
 Equivalent freshwater head accounting for increasing salinity with depth in the aquifer (see Section 3.5) 

! As interpreted by Jackson (2015) the Eneabba Formation is absent to the west of a possible south extension of the Serpentine Fault 

 

Superficial sediments of Quaternary age, comprising eolian and estuarine deposits extend up 

to -23 m AHD. They unconformably overlie the Leederville Formation, the South Perth Shale 

and Gage Formation which are all of Cretaceous age. The Osborne Formation, which 

normally overlies the Leederville Formation, has been eroded out at the site. 

 

The Yarragadee Formation and Cattamarra Coal Measures (CCM) of Jurassic age, 

unconformably underlie the Gage Formation however at the MARC the Yarragadee 

Formation is juxtaposed in adjacent fault blocks and is absent. 

 

The Lesueur Sandstone of Triassic age underlies the CCM unconformably, but the Eneabba 

Formation is absent. 

 

3.1.1 Quaternary 

 

The superficial formations at the site comprise variably lithified dune sand and limestone. A 

detailed description of the superficial formations in the Mandurah-Pinjarra area is provided in 

Hall et al. (2010). Quaternary sediments were intersected from surface to 30 m depth at the 

MARC. 
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3.1.2 Osborne Formation 

 

The Cretaceous aged Osborne Formation has only a very limited extent in the Mandurah-

Pinjarra region’s south-western corner, mostly under Point Grey Peninsula and west of the 

Peel and Harvey estuaries. The formation is absent at the MARC site. 

 

3.1.3 Leederville Formation 

 

The Leederville Formation comprises interbedded sandstone, siltstone and shale. These 

sediments are usually glauconitic and pyritic, and include hard, well-cemented calcareous 

sandstone of up to 9 m thick. It was intersected from 30 to 182 m depth at the MARC. 

 

The Leederville Formation is generally subdivided into the Mariginiup (lower), Wanneroo 

(middle) and Pinjar (upper) members. 

 

The Pinjar Member has either been eroded or was never deposited in much of the Mandurah-

Pinjarra region. However, it is still found in a narrow section in the region’s north between the 

Mandurah and Serpentine faults, and also under the Peel Inlet and surrounding area. At the 

MARC much of the Pinjar Member has been eroded. 

 

In the central and western areas of the Mandurah-Pinjarra region, the upper-most Cretaceous 

layer is the Wanneroo Member, while in the eastern areas it is the Mariginiup Member; with 

both increasing in thickness and depth from east to west.  

 

The sandstone of the Wanneroo Member are beige to dark grey, and occasionally green with 

glauconite, weakly consolidated, poorly sorted, fine- to medium-grained quartz with feldspar 

and traces of heavy minerals. The siltstone and shale beds are generally dark grey, black, 

mottled olive green or brown. They are usually micaceous, with minor carbonaceous material, 

and commonly associated with pyrite and glauconitic grains (Davidson & Yu 2008). 

 

The Mariginiup Member is similar to the Wanneroo Member but the proportion of siltstone 

and shale beds to sandy beds is much higher. It can be identified in resistivity logs by sharp 

resistivity spikes from cemented carbonate layers. 

 

3.1.4 South Perth Shale 

 

The Cretaceous aged South Perth Shale conformably underlies the Leederville formation over 

most of the Mandurah-Pinjarra region.  

 

The South Perth Shale underlies the Leederville Formation and is about 60 m thick. It 

comprises predominantly of shale, glauconitic in part, with minor sandstone and siltstone 

interbedded. It was intersected from 182 to 242 m depth at the MARC.  
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3.1.5 Gage Formation 

 

The Gage Formation conformably underlies the South Perth Shale. It comprises an 

interbedded sequence of sandstone and siltstone. The sandstone is generally moderately 

sorted, fine- to very coarse grained, sub-angular to sub-rounded quartz and are interbedded 

with some fine- to medium-grained, and minor shale beds near the top of the formation. It was 

intersected from 242 to 271 m depth at the MARC. 

 

3.1.6 Cattamarra Coal Measures 

 

The Lower Jurassic Cattamarra Coal Measures underlies the Cretaceous units. It 

unconformably underlies the Gage Sandstone or South Perth Shale. It directly underlies the 

superficial formations on the eastern side of the Serpentine fault. Oil exploration well, 

Pinjarra 1, intersected the Cattamarra Coal Measures to 1,203 m depth where it was underlain 

by the Eneabba Formation (Crostella & Backhouse 2000).  

 

It consists of non-marine interbedded probably fluvial sandstone, siltstone and shale beds, 

with minor dark carbonaceous fine-grained clastic rocks and coal seams (Crostella & 

Backhouse 2000; Davidson 1995). The geophysical logs indicate the sandy beds are up to 

50 m thick, being predominantly composed of medium- to very coarse-grained sub-angular to 

sub-rounded quartz with occasional siltstone and minor shale. Separating the sandstone beds 

are silt and shale layers, usually less than 30 m thick, although these are not thought to be 

extensive at a regional scale. It was intersected from 272 to 1,436 m depth at the MARC. 

 

3.1.7 Eneabba Formation 

 

The Jurassic aged Eneabba Formation has been eroded to the west of the Mandurah fault and 

north of a possible extension of the Serpentine fault (Jackson 2015). The formation is absent 

at the MARC site. 

 

3.1.8 Lesueur Sandstone 

 

The Middle to Late Triassic Lesueur Sandstone was intersected from 1,436 to 1,500 m depth 

in the MARC 1(i) pilot hole. It consists of light-grey, medium-to very coarse-grained, cross-

bedded quartz sandstone with siltstone and conglomerate.  

 

Palynology results from MARC 1(i) pilot hole are in general agreement with the interpreted 

stratigraphy above. A summary of the results is provided in Table 3 below. The palynological 

report is presented in Appendix II. 
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Table 3 – Summary of palynology results 

Age Formation 

Approximate 

depth below 

surface (m)* 

Comments 

Hauterivian 
Leederville Formation 

(Kwl) 

36–39 
Assemblage association suggesting a shallow 

marine environment. 

189–195 
Marine environment typical of the base of the 

Leederville Formation (i.e. Mariginiup Member) 

Jurassic 
Cattamarra Coal 

Measures (Jc) 

420 Typical of the Corollina torosa biostratigraphic 

zone (typically Eneabba Formation* elsewhere in 

the Basin).  

 

The presence of both Corollina torosa and 

Callialasporites turbatus zones is typically more 

characteristic of the Cattamarra Coal Measures. 

1278 

1407–1410 

* Little is known about the biostratigraphic characteristics of the Eneabba formation as oxidative conditions have resulted in the removal of 

the vast majority of palynomorphs (Jackson 2015) 

 

3.2 GROUNDWATER OCCURENCE 

 

The depth to suitably warm geothermal groundwater is dependent on the geological sequence 

and structures and aquifer properties. 

 

Three major aquifers underlie the MARC, in descending order; the unconfined Superficial 

aquifer, and confined Leederville and Yarragadee (Cattamarra) aquifers (Table 2). The 

Yarragadee (Cattamarra) aquifer is considered to be the most favourable for supply and 

temperature. The Leederville and Yarragadee (Cattamarra) aquifers are separated by the 

South Perth Shale, a hydraulic confining sequence of siltstone and shale.  

 

The interpreted geological sequence and groundwater occurrence beneath the MARC are 

summarised in Section 3.1 and in Table 2 above.  

 

3.3 YARRAGADEE (CATTAMARRA) AQUIFER  

 

The transmissivity values of the Yarragadee (Cattamarra) aquifer at the MARC derived from 

the analysis of the second pumping test undertaken December 2016 (Section 0) is 360 m
2
/d in 

the injection zone (i.e. 322.6 to 567.7 m bgl) and 60 m
2
/d in the production zone (i.e. 835.3 to 

851.0 m and 876.7 to 914.6 m bgl); the calculated hydraulic conductivity is 2.3 m/d for the 

injection zone and 1.3 m/d for the production zone. This equates to intrinsic permeability 

values of 1000 to 1750 milliDarcies (mD) given the groundwater salinity and temperature.  

 

The results are summarised in Table 4 and are provided in Appendix III. They generally agree 

with: 

 intrinsic permeability measured on cores in Pinjarra 1 oil and gas exploration bore 

(Jones & Nicholls 1966) 

 average upper- aquifer transmissivities in the Pinjarra area (Commander 1973) 

 average upper- aquifer transmissivities used in the PRAMS 3.2 model (DoW 2009) 
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 aquifer transmissivities used by Alcoa in a regional modelling assessment (2016). 

Table 4 – Yarragadee (Cattamarra) aquifer parameters from pumping tests 

Parameter Symbol Unit MARC2(g) MARC1(i) Pinjarra1 Commander 
PRAMS 

3.2 
Alcoa 

Transmissivity T m
2
/d 60 360 168–240 200 180 120–600 

Horizontal 

hydraulic 

conductivity 

K* m/d 1.3 2.3 1.1–1.6 1.3 1.2 0.8–4.0 

Aquifer 

thickness 
h m 46.5 160 150* 150* 150* 150* 

Estimated 

temperature 
Temp °C 43 N/A

#
 50 30 35 30 

Estimated 

salinity 
Sal mg/L 36,000 N/A

#
 10000 1000 4000 300–600 

Intrinsic 

permeability 
k mD 1000 1750 750–1050 1300 1100 800–3850 

Storativity S – 1.5×10
-4

 9.0×10
-3

 N/D N/D 2.5×10
-5

 3×10
-3

 
*: Unless otherwise specified, assumes 150 m aquifer thickness for comparative purposes  
#: injection test data 

N/D: no data available 

 

Table 5 – Yarragadee (Cattamarra) aquifer parameters from interval testing 

Parameter Symbol Unit 
Test #1 

777–780 m 

Test #2 

384–387 m 
Pinjarra1 Commander 

PRAMS 

3.2 
Alcoa 

Horizontal 

hydraulic 

conductivity 

K m/d 0.65 3.50 1.1–1.6 1.3 1.2 0.8–4.0 

Estimated 

temperature 
Temp °C 41.1 36.3 50 30 35 30 

Estimated 

salinity 
Sal mg/L 26260 10600 10000 1000 4000 300–600 

Intrinsic 

permeability 
k mD 500 3000 750–1050 1300 1100 800–3850 

See Figure 5 for test depths 

 

Results from airlift recovery tests conducted as part of the interval testing (straddle-packer) 

undertaken in January 2015 at 384–387 m and 777–780 m in the pilot hole (see Section 5.1.4) 

are summarised in Table 5. They are in general agreement with data from the pumping tests. 

 

The hydraulic conductivity range derived from the field investigation (0.65 to 3.50 m/day) is 

slightly greater than that derived from previous studies. However, the values should be 

considered in the context of a heterogeneous aquifer, where highly transmissive lensoidal 

sandstone beds occur within less permeable strata occurring both laterally and vertically 

(Figure 7); the assumptions associated with the standard analytical methods are therefore not 

always met and the results should be viewed as indicative and suitable for use as starting 

parameters for a hydrogeological assessment. The average regional hydraulic conductivity is 

likely to be within the lower part of that range with an arithmetic mean dominated by areas of 

low hydraulic conductivity because of the lenticular bedding of the sand intervals within the 

Cattamarra Coal Measures (Commander 1973).  
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3.4 AQUIFER MINERALOGY 

 

Five samples were collected for mineralogical analyses during the drilling of the pilot hole as 

part of the field investigations (Section 5). The primary aim of the analyses was to determine 

the clay minerals present to enable drilling fluid engineers to design a suitable programme to 

inhibit reactive sediments such as shale as described in Sections 5.1.2 and 5.3.2. 

 

The mineralogical analyses are provided in Table 6 and the mineralogy report is presented in 

Appendix IV. 

 

Table 6 – Semi quantitative XRD results 

See Figure 5 for sample depths 

 

The XRD results show that the samples consist mostly of varying amounts of quartz, feldspar 

and clay minerals.   

 

Sample 2 is predominantly a sandstone, comprising quartz (80%) with minor feldspar (10.7%) 

mostly K-feldspar, and clay minerals (6%) mostly kaolinite and minor mica (2.9%).  

 

Samples 1, 3, 4, and 5 are predominantly shale, comprising quartz, feldspar and clay minerals. 

Kaolinite is the dominant clay mineral and K-feldspar is the dominant feldspar mineral. They 

also contain small amounts of chlorite and pyrite. Traces of talc and calcite are possibly due to 

contamination from drilling fluids additives. 

 

3.5 POTENTIOMETRIC SURFACE AND GROUNDWATER FLOW  

3.5.1 Potentiometric surface at the site 

 

The potentiometric surface or Static Water Level (SWL) in MARC 2(g) was 20.22 m below 

ground level (m bgl) or about -13.22 m above the Australian Height Datum (AHD) at start of 

the constant-rate pumping test (Section 0). Given the pumped groundwater salinity of 

36,000 mg/L and the elevation of the top of the perforations of 835.3 m vertical, the corrected 

freshwater head is +5.8 m AHD. 

 

The Static Water Level in MARC 1(i) was 11.22 m bgl or about -4.22 m AHD at the start of 

the constant-rate pumping test (Section 0). Given the injected water salinity of 36,000 mg/L 

and the depth to the top of the screens (322.6 m), the corrected freshwater head is 

Sample  Quartz Albite Illite Kaolin Chlorite Microcline Montmorillonite Pyrite Calcite Talc Mica Anorthoclase 

1 22.3 5.2 3.5 25.8 4.9 18.6 3.8 2.1 0.4 1.0 5.7 6.6 

2 80.0 1.4 0.4 5.1 0.0 7.1 0.5 0.0 0.0 0.0 2.9 2.2 

3 25.6 1.9 1.9 45.3 1.1 10.6 9.6 0.0 0.0 0.0 2.9 0.9 

4 42.2 5.8 1.4 17.6 0.8 3.0 19.9 0.0 0.3 0.0 2.0 7.0 

5 25.8 1.5 1.8 34.7 1.0 0.5 25.7  0.0 0.8 0.3 2.6 5.4 
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+2.8 m AHD. The calculations of these heads are approximations and do not consider density 

variations with depth. They indicate a small upward-head gradient within the aquifer and 

limited hydraulic connectivity between the production and injection zones. This is consistent 

with the occurrence of interbedded shale within the aquifer (Figure 7). 

 

3.5.2 Potentiometric head contours and groundwater flow 

 

Prior to substantial groundwater extraction by Alcoa in the Pinjarra area, the groundwater was 

under pressure and flowed westwards from the main recharge area in the north east toward the 

ocean (Davidson & Yu 2008). Regional bore locations showing cross section lines are 

provided in Figure 8. 

 

Recent increased extraction from the Yarragadee aquifer (Cattamarra) to meet demands for 

water supply during an extended period of low rainfall has created an area of reduced 

hydraulic pressure (potentiometric head) focused around Alcoa’s refinery in Pinjarra. 

Cattamarra aquifer water level contours are presented in Figure 9.  

 

The apparent poor hydraulic connection between the cone of depression and other monitoring 

bores to the west may be due to low permeability sediments associated with a possible 

southern extension of the Serpentine Fault as postulated by Jackson (2015) and a leaky barrier 

associated with possible folded shale beds west of Alcoa’s refinery in Pinjarra (Alcoa 2016) 

as shown in Figure 9.  

 

Potentiometric heads in the western fault block, where the MARC is located, are generally 

lower and show a north-south flow trend. The gradient is <0.0001 but it is difficult to estimate 

because the bores are screened at different depths and have varying salinities. 

 

Beneath the MARC the groundwater flow is estimated to be <0.1 m/year based on the inferred 

groundwater gradient (<0.0001) and average hydraulic conductivity at the site (1 to 2 m/d). 

 

3.5.3 Hydrographs 

 

Water level data from DoW monitoring bore AM 67, provided in Figure 10, which is located 

in the same geological fault block as MARC 2(g) and MARC 1(i), indicate that the 

potentiometric surface has fallen by about 4.4 m in the past 36 years; from 8 m AHD in 

August 1980 to 3.6 m AHD in August 2016. Assuming that the potentiometric surface 

continues to decline at up to 0.15 m/year, it is estimated that it might decline by a further 5 m 

after 30 years at the MARC.  

 

Extraction from a geothermal bore at the site would also contribute to the declining water 

levels but this would be mainly offset by an increase in levels associated with injection of the 

groundwater back in to the aquifer once it has passed through a heat-exchange unit.  
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3.6 GROUNDWATER RECHARGE AND STORAGE 

 

Recharge to the aquifer occurs along areas where the South Perth Shale is absent and where 

the Cattamarra Coal Measures is overlain by either the Leederville Formation or directly 

overlain by the superficial formations as shown in Figure 3 and Figure 4). Most of the 

recharge appears to occur to the east of a possible southern extension of the Serpentine fault 

(Figure 9) as interpreted by Jackson (2015). 

 

Groundwater discharge from the aquifer occurs into the overlying Leederville aquifer where 

the South Perth Shale has been removed by erosion (Allen 1979) and there is an upwards 

hydraulic head gradient; most of the discharge occurs offshore. 

 

3.7 GROUNDWATER TEMPERATURE 

3.7.1 Temperature at the site 

 

MARC 1(i) pilot hole 

 

Temperature surveys conducted in the pilot hole before it was cased were used to estimate the 

Bottom Hole Temperature (BHT). Temperature readings in a mud-filled hole are less than 

aquifer true temperature because of the cooling effect of the drilling fluids. During the 

surveys, the temperature of the mud-filled hole gradually rises as the aquifer temperature 

heats it.  

 

Temperature data from geophysical surveys conducted on 11 and 16 December 2014 to 1300 

and 1478 m in the mud filled hole were used to calculate BHT. The results are presented in  

Table 7 below. The Horner Equation is applied to determine true BHT, whereby the time 

since the start of drilling fluid circulation at the bottom of the hole (t1) and since the cessation 

of circulation (t2) along with BHT data at various times were recorded. A typical Horner 

correction for water bores in the Perth Basin was used to calculate the true BHT. 

 

Table 7 – Temperature surveys results – MARC 1(i) pilot hole 

Date Event 
t1 

(hours) 

t2 

(hours) 

Depth 

(m) 

BHT 

(C) 
t2/t1 

11 December 

2014 

Start circulating 

drilling fluids 
0 0 N/A N/A N/A 

Stop circulating 

drilling fluids 
6 0 N/A N/A N/A 

BHT 9 3 1300 47.0 0.33 

16 December 

2014 

Start circulating 

drilling fluids 
0 0 N/A N/A N/A 

Stop circulating 

drilling fluids 
6 0 N/A N/A N/A 

BHT 9.5 3.5 1478 49.3 0.37 

Extrapolated 
Horner-

corrected BHT 

∞ ∞ 1300 >54.4 1 

∞ ∞ 1478 >56.6 1 
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The Horner-corrected BHT was 54.4°C at 1300 m and 56.6°C at 1478 m, with an average 

gradient for the entire hole of 24.8 to 26.5°C/km assuming a groundwater temperature of 

20°C at the water table. These gradients are in agreement although slightly lower than those 

measured in MARC 2(g) at 905 m vertical (see below) suggesting a declining geothermal 

gradient with depth. However this could also be attributed to inaccuracies with the Horner 

correction method given that only one temperature reading was taken to estimate the BHT. 

 

MARC 2(g) 

 

A temperature survey was conducted in MARC 2(g) on 14 August 2016 following the initial 

development of the bore. The uncorrected BHT from that survey was 44.2°C near the base of 

the production zone (905 m vertical depth) with an overall geothermal gradient of 27.3°C/km 

assuming a temperature of 20°C at the water level. The water temperature at surface measured 

during pumping tests was 43°C, indicating that up to 1.2°C is lost through conduction through 

the casing walls during pumping (in practice it is probably less because up to 22% of the flow 

is provided by the uppermost and slightly cooler perforation interval at a depth of 835–850 m 

vertical; see Section 0). 

 

3.7.2 Regional geothermal gradient 

 

The occurrence of geothermally heated groundwater in the aquifer results from the flow of 

heat from the centre of the earth and radioactive decay of radiogenic minerals. The 

geothermal gradient, whereby the temperature increases with depth, is higher beneath 

insulating layers (e.g. the South Perth Shale) or where there is upward groundwater flow from 

deeper sections of an aquifer. 

 

Geophysical surveys of DoW monitoring bores AM 67 and AM 68 (Figure 8), logged by the 

Geological Survey of Western Australia in 1980 and 1982, were digitised by the Western 

Australian Geothermal Centre of Excellence (Reid 2011); the average thermal gradient is 

28°C/km in the upper part of the Yarragadee aquifer (Cattamarra) in very good agreement 

with the gradient measured at the MARC. 

 

The uncorrected temperature obtained from the Pinjarra 1 pilot borehole was 50°C at 920 m 

depth (i.e. -915 m AHD). The true groundwater temperature is likely to be higher, and 

probably range from 50°C to 56.4°C based on Horner Corrections applied to the uncorrected 

temperature data (GSWA 2008). This suggests the geothermal gradient might be higher to the 

east of the site. 
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4 EXISTING GROUNDWATER USE  

 

There are no licensed Yarragadee (Cattamarra) production bores within a 15 km radius from 

the MARC. The nearest users are located around Alcoa’s refinery near Pinjarra; to the east of 

a possible southern extension of the Serpentine fault (Figure 9).  

 

Therefore, no adverse impacts on existing groundwater users are expected because the aquifer 

has not been exploited in the vicinity of the MARC. Furthermore no net groundwater will be 

extracted (i.e. all extracted water will be returned to the aquifer via the injection bore). This is 

discussed further in Section 8. 

 

5 GROUNDWATER INVESTIGATIONS, DRILLING AND 

CONSTRUCTION 

 

The contract to undertake the drilling construction and testing of the geothermal and injection 

bores was awarded to Adams Drillers from Wangaratta in Victoria. Adams mobilised an Atlas 

Copco RD 20 rig in November 2014 to undertake the works. The drill sites are located in a 

CoM carpark at the north-western corner of the MARC on the corner of Pinjarra and 

Cemetery Roads (Figure 2). The geothermal production bore, MARC 2(g) and Injection bore 

MARC 1(i) are located at 381399 mE, 6399376 mN, and 381363 mE, 6399369 mN, 

respectively, and the headworks are spaced 34 m apart. 

 

The bores were constructed within the Yarragadee (Cattamarra) aquifer from November 2014 

to November 2016. A summary of construction is provided in Table 8. Bore construction 

diagrams showing vertical depths are presented in Figure 11 and Figure 12. 

 

The bores are located in the northwest corner of the MARC grounds (Figure 2). The bore 

drilling and construction programme is described below and included in Appendices V and 

VI. 
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Table 8 – Bore construction completion summary 

Bore  
MGA coordinates TOC 

Drill 

depth 

Cased 

depth 

Screened/ 

perforated 

interval 

SWL 

Nov 2016 
Temp* 

m East m North m agl m vertical
#
 m bgl ºC 

MARC 2(g) 381399 6399376 0.6 943.8 930.0 

835.3–851.0 

876.7–880.1 

880.1–886.1 

886.1–897.1 

898.3–914.6^ 

20.22 43.0 

MARC 1(i) 381363 6399369 0.7 1500 573.4 

322.6–340.5 

350.3–368.2 

376.1–411.7 

426.4–438.3 

468.0–503.7 

526.2–567.7  

11.22 29.0 

AHD: Australian Height Datum; TOC: Top of Casing; SWL: Static Water Level;  

bgl: below ground level; agl: above ground level 
# MARC 2(g) is not vertical. For measured depths refer to Appendix VI 

* Groundwater temperature at surface (test pumping for MARC 2(g), extrapolated from geophysics for MARC 1(i)) 

^ MARC 2(g) is perforated; refer to Appendix VI for details 

 

5.1 DRILLING OF MARC 1(I) PILOT HOLE 

5.1.1 Drilling progress 

 

Drilling of the pilot hole commenced on Tuesday 11 November 2014. A 200 mm diameter 

hole was drilled to 6 m depth and then reamed to 311 mm diameter. The hole was then lined 

with 281 mm OD, 10.7 mm WT, class 9 uPVC casing, and the annulus was sealed with 

cement. Due to loss of cement to the karstic (cavernous) limestone formation, it was decided 

to remove the temporary casing and install concrete well liners instead. A hole was excavated 

to 2.7 m depth to accommodate the 900 mm diameter well liners and the annulus of the hole 

was filled with cement.  

 

The drilling of the pilot hole continued on Thursday 13 November with a 445 mm pilot hole 

being extended to 33 m, this was then reamed at 660 mm diameter to 32 m depth. Drilling 

progression was slow, owing primarily to mud losses in the cavernous formation. Following 

reaming, 508 mm OD, 9.53 mm WT, steel casing was installed to 32.5 m depth and the 

annulus was cement grouted. Drilling of a 216 mm pilot hole resumed following surface 

casing installation.  

 

5.1.2 Drilling difficulties 

 

The following drilling difficulties were encountered during the drilling of the pilot hole: 

 reactive shale beds within the Cretaceous beds of the South Perth Shale 

 sloughing shale beds within the Cattamarra Coal Measures. 

 

Mud engineers (AMC and Mudex) were unable to address both issues with conventional 

Bentonite/PAC based drilling fluids, and it was then decided to recondition the fluids for the 
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pilot hole with a potassium chloride (KCl) type solution. Adams Drillers elected to continue 

working with Mudex for the remainder of the project. 

 

It was necessary to drill deeper than that estimated in the preliminary study (Rockwater 2014) 

because the lithological data showed that a large part of the upper Cattamarra Coal Measures 

contained insufficient sandstone beds for injection. The pilot hole was drilled to 1,500 m 

depth, about 36% deeper than the provisional depth of 1,105 m, because insufficient aquifer 

thickness to accommodate both the production and injection zones was intersected, based on 

lithological logging of drill cuttings. It has since been determined that the drill cuttings were 

not representative of the actual lithologies because of the drilling fluid problems encountered 

in the pilot hole. 

 

5.1.3 Geophysical logs and verticality surveys 

 

Rockwater conducted gamma and temperature surveys on the hole within the drill string prior 

to the retrieval of the 1,500 m drill string. Resistivity surveys were also undertaken open-hole 

down to 730 m but could not be run deeper because of the instability of the hole. Geophysical 

logs are presented in Figure 5.  

 

The pilot hole verticality at 467 m depth is acceptable with a maximum deviation of 1 degree 

and a horizontal distance from collar of 1.9 m (Table 9; survey from Surtech on 25 November 

2014). 

 

Table 9 – MARC 1(i) (pilot) verticality survey (Surtech) 

Measured 

depth 
Inclination Azimuth 

True 

vertical 

depth 

Horizontal 

distance 

from collar Method 

m ° ° m m 

0 0.00 0.0 0.0 0.0 Slang angle / azimuth 

100 0.36 183.3 100.0 0.0 Slang angle / azimuth 

200 0.43 327.1 200.0 0.1 Slang angle / azimuth 

300 0.35 289.1 300.0 0.7 Slang angle / azimuth 

400 0.30 286.0 400.0 1.3 Slang angle / azimuth 

467.3 1.00 336.9 467.3 1.9 Slang angle / azimuth 

 

5.1.4 Aquifer sampling 

 

It was proposed to collect groundwater samples from the aquifer by isolating discrete sections 

using dual inflatable packers with a screen set between them. Installation of the packer 

assembly was undertaken following the geophysical surveys, however, they were restricted to 

1,320 m depth due to hole-instability and a high risk of bogging the string. Washouts in the 

hole also made it difficult to seat the packers successfully at numerous depths. Inflatable 

packers were set over discrete sections of the aquifer to sample the groundwater and test the 
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hydraulic conductivities. Unfortunately only one sample could be collected from each of the 

anticipated production and injection zones due to wash-outs which prevented the packers 

from seating against the hole. The results of the packer tests are provided in Section 3.3 

(Table 5) and Section 6 (Table 17). The hydraulic conductivities for the tested sections 

projected over the entire screen intervals were favorable for both production and injection. 

 

5.2 CONSTRUCTION OF MARC 1(I) 

5.2.1 Construction progress 

 

The pilot hole was reconditioned and a cement plug was installed from 606 to 620 m depth 

following the packer testing. The cementing operations were undertaken in two stages 

because much of the slurry was lost into the formation or washout zones during the first 

attempt.  

 

Following the curing of the cement plug, the pilot hole was reamed from 216 mm diameter to 

311 mm to a depth of 606 m. A final wiper run to condition the drill hole, ahead of installation 

of screens and casing was conducted. 

 

Installation of the casing and screens began on 12 June 2015. The injection string is from 322 

to 568 m depth and consists 160.5 m of 196 mm ID, 217 mm OD, 904L grade 0.4 mm 

aperture wire-wound stainless steel. The individual screen lengths were joined with threaded 

couplings and interspaced with 84.6 m of 194 mm OD, 11 mm WT, Chrome 13 (Cr13) 

threaded blank casing. The intermediate casing comprise 283 m of 172 mm ID, 194 mm OD, 

Cr13 threaded blank casing from 40 to 322 m depth. The injection column (upper 40 m of the 

bore) are constructed from 220 mm ID, 245 mm OD, Cr13 threaded blank casing. The threads 

on the Cr13 are New VAM type and the screens threads are API. Further construction details 

are presented in Figure 11 and in Appendix V.  

 

5.2.2 Bore verticality 

 

The constructed bore verticality is in close agreement to the pilot hole verticality data (Section 

5.1.3). The average Dog Leg Severity (DLS) is 0.35°/30 m indicative of a smooth trajectory 

(i.e. less than 0.60°/30 m). The maximum DLS is 0.72°/30 m at 100 m depth. Survey data 

from Downhole Surveys (11 December 2016) is provided in Appendix VII. 

 

5.2.3 Bore development 

 

Bore MARC 1(i) was developed from 3 July 2015 to 19 August 2015. It was developed by 

injecting a solution (500 mg/L) of Sodium-Hypochlorite, then allowing it to reside for at least 

24 hours before removing it using mechanical methods (combined airlifting and jetting). The 

final air-lift rate was about 48 L/s; details are given in Table 10. The airlifted water could not 
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be discharged to the environment because of its high salinity, therefore it was necessary to 

store the water in above ground tanks, then filtering and re-injecting it.  

 

Salinities calculated from measured electrical conductivities (EC) gradually decreased from 

12,100 mg/L Total Dissolved Solids (TDS) to 7,900 mg/L TDS at the end of development, 

which is similar to the laboratory analysed sample (8,050 mg/L TDS; Table 16). 

 

Table 10 – Development data for MARC 1(i)  

Date 

Sediment 

content 

Measured 

electrical 

conductivities 
pH 

Temperature Airlift rate 
Calculated 

salinities 

mL/L mS/cm C L/s mg/L TDS 

14 July 2015 N/R 15.9 7.10 22 10 9400 

25 July 2015 N/R 20.5 7.85 18 10 12100 

27 July 2015 5 19.6 7.87 27.9 10–15 11600 

9 August 2015 0.1–2.0 16.40 N/R 26.0 20–25 9700 

11 August 2015 0.1–0.9 16.8 N/R 26.8 42 10000 

13 August 2015 0.3–0.6 15.2 N/R 26.6 48 8900 

15 August 2015 0.1–1 14.2 N/R 27.0 48 8400 

19 August 2015 0.0–0.2 13.2 N/R 27.7 48 7900 

 

5.2.4 Downhole CCTV Survey 

 

MARC 1(i) was CCTV surveyed by Water Bore Redevelopers on the 22 September 2016. 

The survey was undertaken to determine the general condition of the bore following 

construction, particularly that of the screened interval. Rockwater reviewed the CCTV video 

which is provided in Appendix VIII. The survey showed that the bore was in good structural 

condition. However, many of the screens appeared to be coated with bacterial colonies. The 

uppermost 70 m of the screen assembly is predominantly open (80–90%) while the remainder 

is partially blocked, and screens between 500 to 530 m depth appear to be severely clogged 

(80–90%). The basal 6 m screen was infilled with sediments. However post CCTV 

disinfection (Section 5.2.5) and injection tests (Section 0) showed that the bore efficiency was 

adequate for the project requirements. 

 

5.2.5 Post CCTV disinfection 

 

The bore was disinfected with a 400 mg/L solution of sodium hypochlorite on 22 October 

2016. It was left overnight to eliminate bacteria. The bore was airlifted for 90 min on 

25 October, to remove any residual chlorine and sediments. Initially the discharge water was 

dirty and orange in colour but after about 20 min of airlifting clean, sediment-free water was 

produced.  
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5.3 DRILLING OF MARC 2(G) PILOT HOLE 

5.3.1 Drilling progress 

 

Drilling of the pilot hole for the production bore MARC 2(g) commenced on Wednesday 

2 September 2015. A 660 mm diameter hole was drilled to 30 m depth and lined with 610 mm 

OD, 9.53 mm WT, steel casing. Drilling of a 216 mm pilot hole resumed following surface 

casing installation and was completed to 1,150 m by Friday 18 September 2015.  

 

5.3.2 Drilling difficulties 

 

Despite the changes to the drilling fluid programme by the mud engineer (Mudex), further 

drilling difficulties were encountered during the drilling of the pilot hole: 

 reactive shale beds within the Cretaceous beds of the South Perth Shale 

 sloughing shale beds within the Cattamarra Coal Measures 

 differential sticking because of the increased mud weight (i.e. Bentonite/PAC system 

with ~8% KCl and xanthan gum for sweeps and barite to maintain density) 

 over-pull up to 35T when removing tools from the hole 

 mud filtrate (fluid loss) of +/- 13 ml/30 min.  

 

The mud filtrate was later further reduced (down to 6 ml/30 min) to reduce associated fluid 

loss to the formation which was likely responsible for the sloughing shale and over-pull 

issues. Increased PAC and calcium carbonate to seal the sandstone porosity was also 

recommended for the end of the drilling programme.  

 

5.3.3 Geophysical logs and verticality surveys 

 

Westlog conducted a gamma, neutron and temperature survey within the drill string to 

1,124 m. Resistivity surveys were also undertaken open-hole down to 700 m but could not be 

run deeper because of the instability of the hole. Geophysical correlations are provided in 

Figure 7.  

 

The pilot hole verticality at 675 m depth was acceptable with a maximum deviation of 

0.8 degree and a horizontal distance from collar of 9.2 m (Table 11; survey from Westlog on 

the 11 September 2015). 
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Table 11 – MARC 2(g) (pilot) verticality survey (Westlog) 

Measured 

depth 
Inclination Azimuth 

True 

vertical 

depth 

Horizontal 

distance from 

collar Method 

m ° ° m  m  

0 0.00 0.0 0.0 0.0 Slang angle / azimuth 

75 0.70 N/D 75. 0.5 Magnetic deviation 

200 0.80 N/D 200.0 2.0 Magnetic deviation 

300 1.00 N/D 300.0 3.7 Magnetic deviation 

400 0.60 N/D 400.0 5.1 Magnetic deviation 

500 0.8 N/D 500.0 6.3 Magnetic deviation 

600 1.1 N/D 600.0 7.9 Magnetic deviation 

675 0.8 N/D 675.0 9.2 Magnetic deviation 

 

5.4 CONSTRUCTION OF MARC 2(G) 

5.4.1 Construction progress 

 

The pilot hole was reamed to 543 mm diameter to 194 m depth and lined with 457 mm OD, 

6.35 mm WT, steel casing. The pilot hole was reamed from 194 m depth to 311 mm diameter 

to 760 m depth and then lined with 194 mm OD, 11 mm WT, Cr13 casing. The annulus of the 

194 mm OD casing was cement grouted back to 177 m depth by circulating excess cement 

with a tremmie pipe. A 165 mm diameter hole was drilled from the base of the Cr13 casing 

down to 1,046 m depth in preparation for running the production string.  

 

The production string consisting, 135 mm ID, 145 mm OD, 904 L grade stainless steel 

screens interspaced with 139.7 mm OD, 9.2 mm WT, Cr13 casing was being installed 

telescopically through the intermediate casing, about 100 m into the open hole when it 

became stuck. The installation string comprised 114 mm OD drilling rods set above the 

production string, 60 mm OD tubing set within the production string and an inflatable packer 

set within the sump. 

 

5.4.2 Retrieval of stuck screens 

 

Several attempts were made to clear the obstruction by pumping drilling fluid through the 

wash-down shoe at the base of the sump but unfortunately the production string could not be 

lowered below 849 m depth. The driller then attempted to retrieve the production string by 

pulling back the rods but they remained firmly stuck. An attempt was then made to retrieve 

the rods with two grab-packers and the basal inflatable packer. A vibrating jack assembly 

attached to a 130 tonne capacity crane was also used to try to free the casing. The casing was 

pulled for several hours while applying vibration through the string however the cross-over 

sub between the 60 mm OD tubing and 114 mm OD rods eventually sheared. The 114 mm 

drill string was then removed from bore, leaving the tubing and packers behind.         
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Several attempts were made to connect to the severed joint but the inflation control lines had 

tangled and had formed a “birds-nest” above the severed tool joint preventing further retrieval 

of the rods. A cable-spear was used to retrieve the control-lines. Following the removal of the 

control lines, the drill string was backed off at 762 m depth and the production string was 

separated at 755 m depth using an abrasive casing cutter, within a section of 139.7 mm OD 

Cr13 casing. An additional fishing run resulted in the recovery of 6.5 m of casing and 6 m of 

screen and leaving the top of the production string resting at 768 m depth.  

 

5.4.3 Installation of a whip-stock and drilling of a new side-track hole 

 

Adams Drillers demobilised the Atlas Copco RD 20 rig and replaced it with a WEI D 50S rig 

for the remainder of the project. The WEI rig has a greater draw-works capacity and top-head 

drive torque. 

 

Adams Drillers sub-contracted Weatherford to undertake the installation of a whip-stock 

deviation tool, milling of a window through the 194 mm OD Cr13 casing above the 

obstruction, and drilling and under-reaming of a side-track hole to bypass the remaining 

production string lost in the hole.  

 

The whip-stock was successfully installed on Sunday 6 June 2016 within the 194 mm OD 

Cr13 casing and a window was milled through the casing from 735.7 to 738.7 m depth. A 

171.4 mm side-track hole was drilled through the window to bypass the remaining string from 

735.7 to 1031.7 m and was reamed to 216 mm to 1016.7 m using a Weatherford RipTide 

under-reamer.  

 

To mitigate the potential for galvanic corrosion between the Cr13 casing and 4140 steel whip-

stock, a sacrificial zinc anode was welded onto the whip-stock. In addition, Weatherford bow-

spring type centralisers were later incorporated to the production casing to minimise contact 

with the whipstock as recommended by SVT corrosion engineers (Appendix IX).   

 

While drilling the side-track hole, the drilling string became stuck as a result of differential 

sticking because of the high mud weight necessary to inhibit reactive shale. The string was 

eventually freed by circulating thinner mud after an attempt to recover the Bottom Hole 

Assembly (BHA) by firing jars failed. 

 

5.4.4 Reamed hole and side-track hole verticality 

 

The reamed hole verticality was surveyed by WellServ on Monday 7 June 2016 using the 

north seeking gyro method. The survey showed that the reamed hole deviation had built up 

regularly from around 300 m depth and probably exceeded 50 degrees at TD and horizontal 

distance from collar of 300 m. The survey results are presented in Table 12. 
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The survey showed that the reamed hole deviated by up to 40.8° from the pilot hole. The 

resulting drag in the highly deviated hole is the likely cause of the lost screen string in the 

original hole. It also confirmed that running screens in the side-track hole was probably 

unachievable and the production string design was amended as a consequence (Section 5.4.5). 

 

Following the installation of the whip-stock, the side-track hole deviation stabilised at (36.6° 

at 780 m and HD of 251.2 m). No data were obtained below 780 m because of the perceived 

risk of differential sticking during the in-rod surveys. 

 

Table 12 – MARC 2(g) reamed hole verticality survey (WellServ) 

Measured 

depth 
Inclination Azimuth 

True 

vertical 

depth 

Horizontal 

distance from 

collar Method 

m ° ° m  m  

0 0.00 0.0* 0.0 0.00 North seeking gyro 

100 1.30 247.30 100.0 1.13 North seeking gyro 

200 3.20 252.10 200.0 5.05 North seeking gyro 

300 8.20 252.30 299.4 14.98 North seeking gyro 

400 15.50 250.20 397.2 35.50 North seeking gyro 

500 23.60 249.80 491.3 68.93 North seeking gyro 

600 23.60 249.80 583.0 108.95 North seeking gyro 

710 38.30 254.00 677.1 165.32 North seeking gyro 

720 39.20 254.80 684.9 171.57 North seeking gyro 

730 40.80 253.10 692.5 177.99 North seeking gyro 

740 40.10 254.10 700.1 184.48 North seeking gyro 

750 39.10 251.60 707.8 190.85 North seeking gyro 

760 38.70 250.10 715.6 197.13 North seeking gyro 

770 37.90 249.80 723.5 203.32 North seeking gyro 

780 36.60 251.20 731.4 209.37 North seeking gyro 

*: 0 degree azimuth is the direction MARC 1(i) to MARC 2(g) (e.g. approx. 80 degree from N or to the East) 

 

5.4.5 Revised bore design and production casing installation 

 

The bore design was revised and casing was selected as a lower risk option for the production 

string instead of stainless steel screens. The Chrome 13 (Cr13) casing was sourced from a 

second hand steel merchant, therefore it was necessary to inspect and test the material before 

it was selected for MARC 2(g). The chemical composition of the casing was analysed by 

Bureau Veritas using the Xray – Fluorescence (XRF) method. Bureau Veritas measured the 

casing thicknesses and inspected the New Vam threads and reported that the Cr13 would be 

suitable for reuse. Corrosion engineering consultant, SVT, advised that the Cr13 was suitable 

for the slightly alkaline geothermal environment with significant chloride content, provided 

that there is no oxygen present. SVT and Bureau Veritas reports are included in Appendix IX.  

 

It was recommended that the amount of non-condensable gas (O2, CO2, NH3, H2S) be 

accurately assessed. Sampling with a flow-cell during pumping test showed that dissolved 
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oxygen levels were low (0.1 mg/L) while CO2 was above average (102 to 350 mg/L) and 

traces of H2S were observed (Section 7). Corrosion rates under these conditions are estimated 

to be acceptable at about 0.01 mm/yr based on Vallourec corrosion charts. This compares to 

0.09 mm/yr for carbon steel (Appendix IX). 

  

The production string comprising 121 mm ID, 139.7 mm OD, 9.2 mm WT Cr13 casing was 

installed telescopically into the side-track hole from 725.9 to 1020.7 m depth. Following 

installation, the casing was partially cemented from 954.7 to 1020.7 m by pumping 3.2 m
3
 of 

slurry mixed to a weight of SG 1.58 through 89 mm ID drill rods screwed to the Cr13 casing. 

The cement grout was then chased with 5.6 m
3 

of water to displace residual cement in the rods 

and casing.  

 

A float shoe containing a backpressure valve was incorporated at the base of the Cr13 casing 

to prevent cement from flowing back in the casing. A cement ball supplementing the float 

valve was also used to separate the cement and displacing fluid. Westlog was also contracted 

to perforate the casing below the 89 mm rods and through the Cr13 casing cross-over to 

mitigate the risk of cementing the rods in the hole. Following cementing and perforating, 

drilling fluids were circulated within the annulus and the rods removed from the bore, leaving 

the Cr13 casing cemented in place. Despite these mitigation measures some cement remained 

inside the casing. It was then necessary to drill out the excess cement at the base of the Cr13 

casing after it had cured. Cleaning of the cement residue was undertaken using a sulfamic acid 

solution at 15% (Section 5.4.10). 

 

5.4.6 Constructed bore verticality 

 

The constructed bore verticality is in close agreement to the reamed hole and side-track 

verticality data presented above. Below the whip-stock, the side-track hole drilled with 

Weatherford RipTide under-reamer was steered in order to reduce the deviation. At 1,000 m 

MD the deviation had stabilised to 24.4°.  

 

However, the average Dog Leg Severity (DLS) of 1.97°/30 m for the hole is excessive and is 

indicative of a tortuous trajectory (i.e. more than 1.00°/30 m). The maximum DLS is 

8.22°/30 m at 730 m depth where the Whip-stock is set. Survey data from Downhole Surveys 

(11 December 2016) are provided along with 3-dimensional plots of the trajectories in 

Appendix VII.  

 

The deviation of the constructed bore showing both measured depths (MD) and the true 

vertical depths (TVD) is provided in Appendix VI. The cased depth of 1,019.2 m MD is 

equivalent to a TVD of 930.0 m. 
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5.4.7 Geophysical logs 

 

Westlog conducted a gamma survey within the cased bore to pick intervals for the 

perforations. The log is correlated to geophysical data from MARC 1(i) and MARC 2(g) pilot 

holes (Figure 7). 

 

The perforated sandstone units in MARC 2(g) side-track (Table 13) have similar geophysical 

characteristics to sandstone units at 840 to 852 m vertical and 892 to 922 m vertical in 

MARC 1(i) pilot hole and appear to be relatively continuous. 

 

5.4.8 Perforation of production casing 

 

The 139.7 mm OD Cr13 casing installed in the side-track hole was perforated by Westlog to 

allow groundwater production. The perforations were undertaken in several stages with bore 

development and testing between each stage. The perforation intervals are provided in 

Table 13. 

 

Table 13 – MARC 2(g) perforation intervals 

Run 

# 

Measured 

depth 

True vertical 

depth Gun type Phasing 

Entry hole 

diameter 

Penetration 

depth 

Number 

of shots 

m brp* m  mm mm shots/m 

5 917.2–935.2 835.3–851.0 Semi-

expandable 

0 degree in-

line phasing 

15.7 330 13 

3 964.1–968.0 876.7–880.2 15.7 330 13 

2 968.0–974.6 880.1–886.1 15.7 330 13 

1 974.6–987.0 886.1–897.4 Hollow-

carrier 

60 degree 

phasing 

8.1 711 20 

4 988.0–1006.0 898.3–914.6 6.1 483 20 

*: reference point is the drill table (3.3 m above the ground level) 

 

5.4.9 Pump chamber liner installation 

 

The 194 mm OD casing was removed from the hole by unscrewing a low, rotationally-

torqued New Vam thread at 177 m depth. A 379 mm OD, 37 mm WT, FRP liner was then run 

inside the 457 mm OD casing. The FRP to Cr13 casing was joined to the 194 mm OD Cr13 

casing via a 300 × 200 mm FRP cross-over and an acetyl slip-over packer assembly. Details 

are provided in Appendix VII. 

 

5.4.10 Bore development 

 

The bore was developed using chemical (chlorine – 375 mg/L for 20 h, sulfamic acid – 15% 

for 18 h) and mechanical methods (combined airlifting and surge-block).  
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The bore was developed in five stages from 16 August 2016 to 24 November 2016: 

 1
st
 stage (following perforation runs #1, #2 and #3) from 16 August 2016 to 

20 August 2016 – airlifting 

 2
nd

 stage (following pump chamber liner installation) from 12 October 2016 to 

16 October 2016 – airlifting 

 3
rd

 stage (following perforation run #4) on 17 October 2016 – airlifting  

 4
th

 stage (following re-development of perforation runs #1, #2 and #3) from 

18 October 2016 to 22 November 2016 – combined airlifting and surge-block, 

sulfamic acid and chlorine (NB: chlorination 20 October 2016) 

 5
th

 stage (following perforation run #5) on 24 November 2016 – airlifting. 

 

The final air-lift rate was about 28.5–31 L/s; details are given in Table 14. Because of its 

salinity the airlifted water could not be discharged to the environment. Instead storage in 

above ground tanks and carting of water away was undertaken.  

 

Table 14 – Development data for MARC 2(g) 

Stage Date 

Sediment 

content 

Measured 

EC pH 
Temperature Airlift rate 

Calculated 

salinity 

mL/L mS/cm °C L/s mg/L TDS 

1 16 August 2016 >10 41.2 9.55 33.0 18 26800 

18 August 2016 5 46.5 7.67 37.8 18.5 30200 

19 August 2016 0.5 44.7 7.71 38.0 20 29000 

20 August 2016 <0.5 44.2 7.49 37.5 26.5 28700 

2 12 October 2016 0.1 47.3 7.90 33.0 13 30700 

3 17 October 2016 0.1 57.0 7.58 40.0 19 37000 

4 20 October 2016 0.1 60.5 6.21 33.5 N/R 39400 

22 October 2016 0.1 55.5 7.20 37.0 22 to 44 36100 

5 24 November 2016 0.1 48.0 7.07 37.7 28.5 to 31 31200 

 

The salinity calculated from measured electrical conductivity (EC) gradually increased from 

26,800 mg/L TDS to 36,100 mg/L TDS at the end of development, which is similar to the 

laboratory analysed sample (36,200 mg/L TDS; Table 16). 

 

5.4.11 Downhole CCTV Survey 

 

A downhole CCTV survey was conducted on MARC 2(g) by Water Bore Redevelopers on 

8 November 2016. The survey was undertaken to determine the general condition of the bore 

following construction, particularly that of the perforated intervals. Rockwater reviewed the 

CCTV video, which is provided in Appendix VIII. 

 

Structurally the bore looks reasonably sound with some signs of erosion of casing from the 

tricone drill bit and the drilling rods on low side. There is also some cement residue on the 

high side of the bore. Around 60% of the perforations below about 961 m bgl MD (runs #1–4, 
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Table 13) are open in sandstone. The remainder below 964 m are in lower permeability 

formation or show biological growth. Water was relatively clear throughout the entire depth 

of the bore. Around 13 m of sediment and debris was present in the base of the bore at the 

time of the survey, however these have been subsequently removed in development stages 4 

and 5 (Section 4.10).  

 

Perforations between 914 and 932 m bgl MD (run #5) were not CCTV surveyed as the 

additional perforations were shot after the survey date.  

 

Bacterial presence in the bore was confirmed by the CCTV survey and subsequently a 

corrosion engineer was engaged (Extrin) to document the necessary changes to the design to 

monitor and minimise corrosion. The implications of the presence of bacteria and mitigation 

measures are discussed further in Sections 8.3 and 8.5.  

 

6 PUMPING TESTS 

 

Initial pumping tests were carried out in November 2016 and final tests were undertaken in 

December 2016 after further perforations (run #5) were shot into the casing and additional 

bore development and disinfection. During the tests, water pumped from the production bore 

(MARC 2(g)) was discharged directly into the injection bore (MARC 1(i)). 

 

The tests were conducted to evaluate bore efficiencies and sustainable yields, determine if 

there was any vertical leakage between the aquifer screened in the injection bore and that 

screened in the geothermal bore (i.e. pressure support/recharge boundary), and to provide 

aquifer coefficients for subsequent groundwater assessments (Table 4).   

 

Early-time data from the first pumping test (November 2016) were difficult to interpret 

because of inaccurate flow measurements resulting from degassing of dissolved gasses in the 

water. Late-time data, however, provided a better match to the aquifer model selected 

(Dougherty and Babu) which incorporates the following factors but is based on single phase 

flow (i.e. no dissolved gas): 

 aquifer losses (function of transmissivity T and storativity S) 

 well losses (function of Rorabaugh well-loss factor C) 

 skin losses (function of skin factor Sw) 

 storage effect (early-time data storage effect). 

To minimise degassing during the second pumping test (December 2016) a Variable Speed 

Drive (VSD) pump was used to control the flow and minimise purging of the pump chamber 

during early stages of the test. Furthermore a positive injection pressure was maintained using 

a combination of throttled valve and small diameter injection column. Due to the use of a 

VSD the data from the second test is more accurate and aquifer parameters have been derived 

from this second test only. Calculated aquifer parameters are included in Table 4.  
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6.1 INITIAL PUMPING TEST 

 

Resource Water Group was contracted by Adams Drillers to undertake the first pumping test. 

A Grundfos SP215 6 stage pump with a 150 kW electrical submersible motor was installed 

with an inlet of 167 m depth. The tests were undertaken from 1 to 5 November 2016 under the 

partial supervision of Rockwater.  

 

The pumping tests comprised: 

 MARC 2(g) step-rate pumping test; pumping at variable discharge rates of 15, 20 and 

22.5 L/s 

 MARC 1(i) step-rate injection test; injecting at variable discharge rates of 15, 20 and 

22.5 L/s 

 MARC 2(g) constant-rate test; pumping at a constant discharge rate of about 17.0 L/s 

for 48 hours, and simultaneously injecting the water into MARC 1(i) 

 a 2-hour recovery test, involving measurement of water level rises in the geothermal 

bore and falling heads within the injection bore, following the cessation of the 

constant-rate test. 

 

The results indicated that the sustainable yield would be about 15 to 17 L/s at a temperature of 

43.5°C and the transmissivity was calculated to be about 60 m
2
/day. The results were 

considered to be inadequate for the heat requirements for the MARC, therefore it was 

necessary to shoot additional perforations through the casing (run #5 = 835.3–851.0 m TVD) 

to improve the bore yield. 

 

6.2 FINAL PUMPING TEST 

 

Following perforation run #5 and further bore development, a final pumping test was 

undertaken. Airwell Group was contracted by Adams Drillers to undertake final pumping 

tests. A Grundfos 160 8 stage pump with a 150 kW electrical submersible motor was installed 

with an inlet of 169.7 m depth. The final tests were undertaken from 19 to 21 December 2016 

under the partial supervision of Rockwater.  

 

The pumping tests comprised: 

 MARC 2(g) step-rate pumping test; pumping at variable discharge rates of 13, 17, 25 

and 30.0 L/s 

 MARC 1(i) step-rate injection test; injecting at variable discharge rates of 13, 17, 25 

and 30.0 L/s 

 MARC 2(g) constant-rate test; pumping at a constant discharge rate of about 25.0 L/s 

for 24 hours, and simultaneously injecting the water into MARC 1(i) 

 a 2-hour recovery test, involving measurement of water level rises in the geothermal 

bore and falling heads within the injection bore, following the cessation of the 

constant-rate test. 
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The step-rate test was carried out primarily to determine a suitable rate for the 24-hour 

constant-rate test. The step rate test indicated that a discharge rate of 25 L/s would likely be 

sustainable. The constant rate test results at 25 L/s showed an improvement in yield since the 

first pumping test. At the end of the constant rate test drawdown in MARC 2(g) had reached 

94.8 m, equating to a pumping water level of about 122 m bgl. The aquifer transmissivity and 

hydraulic conductivity was calculated to be 60 m
2
/d and 1.3 m/day, respectively (Table 4). 

The skin factor, between the first and second pumping tests, reduced from 21 to 4. This shows 

that the efficiency of the bore had improved following the additional perforation run #5 and 

subsequent development. There was no evidence of vertical leakage between MARC 2(g) and 

MARC 1(i) during testing (i.e. no pressure support/recharge boundary was identified during 

the 24-hour test). 

 

MARC 2(g) produced clear, sediment-free water and following testing remained open to 

1,009 m MD (917.4 TVD m bgl). The final test results indicate a sustainable yield of 25 L/s at 

a temperature of 43°C. Higher rates of pumping (i.e. up to 30 L/s) may be achievable for short 

duration. 

 

Injection bore MARC 1(i) water level mounded 10.5 m by the end of the 24-hour constant 

rate test, equating to about 1.5 m below the ground surface. An injection at a rate of 25 L/s is 

considered to be sustainable. The transmissivity and hydraulic conductivity were calculated to 

be 360 m
2
/d and 2.3 m/day, respectively, in MARC 1(i). The injection results were similar for 

both pumping tests. Detailed pumping test analyses are included in Appendix III and 

calculated aquifer parameters are included in Table 4. 

 

6.3 FLOW LOGGING 

 

Downhole flow logging was undertaken during the final tests by Westlog; recording speeds of 

6, 12 and 18 m/min for each of the four step-rates (13, 17, 25 and 30 L/s; see Section 6) 

Stationary readings were also obtained at 10 m intervals during the 25 L/s constant-rate test. 

Results are summarised in Table 15 below and in Appendix X.   

 

The results show that 17 to 22% of the flow is provided by the uppermost perforation interval 

(run #5). The vertical flow is up to 0.4 L/s/m for this interval. The average porosity for that 

interval is 19% consistent with porous and slightly consolidated sandstone. 

 

Perforation intervals #2 and #3 provide little to no flow (0 to 6%) probably because the 

formation is shaley at this depth (Appendix X). The vertical flow is less than to 0.2 L/s/m for 

these intervals. The average porosity for these intervals ranges from 5 to 14% and is 

consistent with cemented consolidated sandstone and siltstone. 
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Table 15 – Flow logging results  

Perforation 

run # 

Depth to top Thickness 
Average 

porosity# 

Level 

flow 

(13 L/s) 

Level 

flow 

(17 L/s) 

Level 

flow 

(25 L/s) 

Level 

flow 

(30 L/s) 

Westlog* m MD m TVD m MD m TVD % % % % % 

#5 920.0 917.2 835.3 18.0 15.7 19 17 22 22 22 

#3 967.0 964.1 876.7 3.9 3.5 14 5 5 5 6 

#2 970.9 968.0 880.1 6.6 6.0 5 0 0 0 0 

#1 977.5 974.6 886.1 8.3 7.3 16 2 3 3 3 

#1 985.8 982.8 893.4 4.2 3.7 17 10 10 12 12 

#4 991.0 988.0 898.3 18.0 16.3 22 64 60 58 57 

Gross thickness (m) 59.0 52.5  
 

Net thickness (m) 52.4 46.5  

*: Westlog depth has to be corrected because of a small depth encoder error 

#: Derived from MARC 2(g) pilot hole Neutron porosity survey scaled between 0.01% and 30% porosity 

 

Perforation run #1 also provides little flow (2 to 3%) from 974.6 to 982.8 m MD (886.1 to 

893.4 m TVD) probably because the perforations are partially blocked by what appears to be 

manganese-related deposits inside the perforations (Appendix XI). The vertical flow is less 

than to 0.2 L/s/m for this interval. However, the base of perforation run #1 provides 10 to 

12% of the vertical flow; nearly 1 L/s/m. The average porosity for that interval is 16 to 17% 

consistent with porous and slightly consolidated sandstone. 

 

The lowermost perforation interval (run #4) provides 57 to 64% of the vertical flow; about 

1 L/s/m. The average porosity for that interval is 22%, consistent with porous and poorly 

consolidated sandstone. 

 

The results also seem to show that increased flow will result in a greater contribution of the 

uppermost interval. Also, apart from the top of the perforation run #1, the flow is 

homogeneous within each perforated interval and is higher in more porous intervals. 

 

7 GROUNDWATER CHEMISTRY 

7.1 GROUNDWATER CHEMISTRY AT THE SITE 

 

Water samples were collected from both the production and injection bores, and they were 

submitted to NATA registered ALS Laboratories for comprehensive analyses. Laboratory 

certificates are included as Appendix XII. 

 

Water quality results from bore MARC 1(i) and MARC 2(g) are presented in Table 16.  
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Table 16 – Major ion analyses for bore MARC 1(i) and MARC 2(g) 

Analyte Units LOR MARC 1(i) MARC 2(g) 

F
IE

L
D

 

Field (flow-cell) pH   pH Unit 0.01 - 6.74  

Field (flow-cell) Temperature °C 0.1 - 44.1 

Field (flow-cell) ORP mV 1 - -107 

Field (flow-cell) O2 mg/L 1 - 0.1 

Field (bubble-point cell) gas kPa 10 - 80 

Field (bubble-point cell) gas mg/L 50 - 350 

P
H

Y
S

IC
A

L
 

pH pH Unit 0.01 8.02 7.93 

Electrical Conductivity @ 25°C µS/cm 1 13,600 51,000 

Total Dissolved Solids @180°C mg/L 10 8,050 36,200 

Total Hardness mg/L 1 654 6010 

Carbonate Alkalinity mg/L 1 < LOR < LOR 

Bicarbonate Alkalinity mg/L 1 285 113 

CO2  mg/L 1 - 102 

M
A

JO
R

 

Chloride mg/L 1 4,080 17,800 

Calcium mg/L 1 107 1,560 

Magnesium mg/L 1 94 514 

Sodium mg/L 1 2,440 11,200 

Potassium mg/L 1 191 84 

M
IN

O
R

 

Aluminium mg/L 0.01 < LOR < LOR 

Arsenic mg/L 0.001 0.004 < LOR 

Cadmium mg/L 0.0001 < LOR < LOR 

Chromium mg/L 0.001 < LOR < LOR 

Iron mg/L 0.05 0.13 4.20 to 5.40 

Lead mg/L 0.001 < LOR < LOR 

Manganese mg/L 0.001 0.104 7.79 to 9.03 

Mercury mg/L 0.0001 - < LOR 

Selenium mg/L 0.01 < LOR < LOR 

Zinc mg/L 0.005 0.01 < LOR 

O
T

H
E

R
 

Ammonia mg/L 0.01 2.40 6.43 

Nitrate mg/L 0.05 < LOR 0.07 

Nitrite mg/L 0.05 < LOR < LOR 

Phosphorus mg/L 0.01 0.08 0.17 

Sulphate mg/L 1 496 1,720 

Sulfur  as S mg/L 1 - 627 

Hydrogen Sulphide mg/L 0.1 - < LOR 

Silica mg/L 0.10 11.4 17.1 

B
IO

 

Iron-related bacteria (IRB) at 22°C pac/mL 25 9,000* 9,000* 

Iron-related bacteria (IRB) at 44°C pac/mL 25 - 140,000 

Sulphate-reducing bacteria (SRB) 

at 22°C 
pac/mL 20 20* <20* 

Sulphate-reducing bacteria (SRB) 

at 44°C 
pac/mL 20 - <20 

Manganese-related bacteria (MRB) pac/mL 20 -  

*: values after chlorination. Prior to chlorination IRB were up to 35,000 pac/mL in MARC 2(g) and 140,000 pac/mL in MARC 1(i), and SRB 

were up to 115000 pac/mL in MARC 1(i) and 75 pac/mL in MARC 2(g) 

LOR: Limit of reporting 
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At the site, the groundwater is salty near the top of the aquifer (about 8,000 mg/L Total 

Dissolved Solids (TDS) in MARC 1(i)) and increasingly saline with depth to about 

36,000 mg/L TDS in MARC 2(g). 

 

The high sulphur and ammonia concentrations are likely to be due to bacterial activity. The 

high iron (4.2 to 5.4 mg/L) and very high (7.79 to 9.03 mg/L) manganese concentrations in 

MARC 2(g) are likely to promote the growth of bacteria. The bacterial activity in the aquifer 

(post chlorination) ranged from passive concentrations of <20 Predictive Active Cells 

(pac)/mL for Sulphate Reducing Bacteria (SRB) to aggressive concentrations of 

9,000 pac/mL for Iron Reducing Bacteria (IRB). 

 

Dissolved CO2 (gas) occurs in above-average concentrations in MARC 2(g) (i.e. 102 mg/L 

versus 1 to 16 mg/L in AM 70 – Table 18). Field assessments (bubble-point of 80 kPa) 

indicate total dissolved gas may have been as high as 350 mg/L during the first pumping test. 

This suggests that either the MARC 2(g) laboratory CO2 concentration is underestimated 

possibly because of degassing at the time of sampling or that there are some other dissolved 

gasses present. Sampling of gasses in the field indicated the presence of H2S and possibly 

small amounts of combustible gas (H2, NH3, CO, CH4).  

 

However, during the final pumping test, gas concentrations have decreased suggesting that the 

above average gas concentrations may have been caused by either bacterial activity that has 

since been reduced following chlorination and bore development or possibly by the release of 

gas produced by the reaction between sulfamic acid and cement residue in the production 

casing during the final development stages (Section 5.4.10), and that background levels are 

lower and closer to regional values. 

 

Despite the reduction in gas concentrations, the minimum required operating pressure of the 

geothermal system to prevent degassing is proposed to be kept at 80 kPa based on bubble 

point field assessment during the 1
st
 pumping test. This is discussed further in Section 8.3.2. 

 

Iron-reducing and sulphate-reducing bacteria species are naturally present in the groundwater. 

As a consequence, corrosion monitoring will be required to monitor corrosion of the bore 

casing and pipeline from bacteria related corrosion and clogging of the perforated sections of 

MARC 2(g) and the production screens in MARC 1(i). This is discussed further in 

Section 8.3.3. 

 

7.2 GROUNDWATER CHEMISTRY FROM FORMATION SAMPLING 

 

The water quality results from MARC 2(g) and MARC 1(i) above (Table 16  
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Table 16) agree with water quality results from dual inflatable packer testing in the pilot hole 

(Table 17).  

 

Table 17 – Dual inflatable packer testing results 

Test interval Airlift rate 
Calculated 

salinity pH 
Chloride Iron Calcium 

Comment 

(m TVD) (L/s) (mg/L TDS) (mg/L) (mg/L) (mg/L) 

777–780 1.0 26260 7.8 12,800 4 550 
Temperature from 

logger 41.1°C 

384–387 2.8 10600 8.3 4,200 1.7 200 
Temperature from 

logger 36.3°C 

See Figure 5 for test depths in measured depth below ground 

 

7.3 REGIONAL GROUNDWATER CHEMISTRY 

 

The groundwater salinity in the Yarragadee aquifer (Cattamarra), in the Mandurah-Pinjarra 

region, ranges from saline to fresh. In bore AM 67, 3.5 km north-west of the project site 

(Figure 8), the measured salinity is brackish at 5,120 mg/L TDS (the bore is screened 

from -331 m AHD to -336 m AHD). In AM 70, 18 km east of the project site (Figure 8), the 

groundwater is fresh at about 229 mg/L TDS (the bore is screened from -435 m AHD 

to -443 m AHD).   

 

The aquifer becomes increasingly brackish with depth further from the sources of recharge. 

Salinities derived from Spontaneous Potential (SP) data in a Pinjarra oil and gas exploration 

hole are about 1,800 mg/L TDS from 225 to 305 m, 1,800 to 5,000 mg/L TDS from 305 to 

410 m, 5,000 to 16,000 mg/L TDS from 410 to 850 m and 16,000 to 34,000 mg/L TDS from 

850 m to the base of the aquifer. In Mandurah 1 bore, salinities derived from resistivity data 

range from 3,000 mg/L near the top of the Yarragadee aquifer (Cattamarra) to 5,200 mg/L at 

366 m depth.  

 

Given the brackish nature of the aquifer beneath the MARC, injection is highly unlikely to 

have adverse environmental impacts. Geochemical modelling is undertaken in Section 8.3.1 

to investigate potential geochemical reactions between the heat-depleted water and natural 

groundwater in the injection zone. In addition, iron concentrations in the upper part of the 

Yarragadee aquifer (Cattamarra) tend to be relatively low (0.13 mg/L) mitigating problems 

with iron oxide and oxide hydroxide (goethite) precipitation, which are the most likely 

chemical reaction to be of concern with regard to clogging of geothermal injection bores as 

observed in Perth region (Pujol et al. 2015). Iron concentrations in MARC 2(g) however are 

high. Geochemical modelling is undertaken in Section 8.3.1 to assess the potential for 

precipitation of iron minerals. 
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Table 18 – Major ion analyses for bore AM 67 and AM 70 

Analyte Units LOR 

AM 67 

(1980) 

(1984) 

 

AM 70  

(1985) 

(1992) 

(2008) 

min max min max 

P
H

Y
S

IC
A

L
 

pH pH Unit 0.01 7.9 8.8 6.0 7.3 

Electrical Conductivity @ 25°C µS/cm 1 8710 9290 444 1440 

Total Dissolved Solids @ 180°C mg/L 10 5120 5230 229 790 

Total Hardness mg/L 1 202 261 72 97 

Carbonate Alkalinity mg/L 1 < LOR 60 < LOR < LOR 

Bicarbonate Alkalinity mg/L 1 198 210 40 85 

CO2  mg/L 1 1 7 7 16 

O2 mg/L 0.01   2.34 2.65 

M
A

JO
R

 

Chloride mg/L 1 2660 2690 205 390 

Calcium mg/L 1 28 37 9 37 

Magnesium mg/L 1 32 41 1 38 

Sodium mg/L 1 1820 1880 45 210 

Potassium mg/L 1 41 41 5 6 

M
IN

O
R

 

Aluminium mg/L 0.01   0.009 1.1 

Arsenic mg/L 0.001 < LOR < LOR < LOR < LOR 

Boron mg/L 0.01 1.3 1.8   

Bromide mg/L 0.01   1.1 1.1 

Chromium mg/L 0.001   < LOR < LOR 

Cobalt mg/L 0.005   < LOR < LOR 

Copper mg/L 0.001 < LOR 0.04   

Fluoride mg/L 0.2 1.1 1.1 0.2 0.2 

Iron mg/L 0.05 0.06 0.09 11 14 

Lead mg/L 0.001 < LOR < LOR < LOR < LOR 

Manganese mg/L 0.001 0.03 0.06 0.25 0.49 

Selenium mg/L 0.01 < LOR < LOR < LOR < LOR 

Zinc mg/L 0.005 < LOR < LOR 0.018 0.018 

O
T

H
E

R
 

Ammonia mg/L 0.01 1.6 1.6 0.094 0.094 

DOC mg/L 0.01   4.7 4.7 

Nitrate mg/L 0.05 < LOR < LOR < LOR < LOR 

Nitrite mg/L 0.05 0.02 0.05 < LOR < LOR 

Phosphorus mg/L 0.01 0.01 0.02 < LOR 0.08 

Sulphur mg/L 0.01 < LOR < LOR 4.4 4.4 

Sulphate mg/L 1 314 317 18 59 

Reactive Silica mg/L 0.10 12 12 5 57 

 

8 ASSESSMENT OF POTENTIAL IMPACT 

8.1 GROUNDWATER MOUNDING AND CHANGES IN FLOW PATHS 

 

To calculate the extent of drawdown or mounding that may be seen on a regional scale, the 

Thiem equation (Kruseman & de Ridder 2000) for steady-state flow in a confined aquifer was 

applied: 

 

h- h0 = Q/2πT ln(r/R) 
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where:  

h0 = background hydraulic head 

h- h0 = drawdown at the radial distance r from the pumping well 

Q = discharge rate of the pumping well (at the origin) 

T= transmissivity 

R = radius of influence or the distance at which there is no drawdown 

 

The assessment used the transmissivity and storativity values derived from the pumping test 

data and assumes a radius of influence of 5,000 m (i.e. more than 10 times the separation 

between the production and injection zones – see Appendix VII) for an average flow of 

20.3 L/s (or 650,000 kL/annum; see Section 1.2). 

 

Predicted groundwater drawdown and mounding in the vicinity of the geothermal and 

injection bores are summarised in Table 19 below.  

 

Table 19 – Predicted radial drawdown and mounding in the vicinity of the geothermal 

and injection bores at MARC 

Distance from 

bore (m) 

MARC 2(g) 

 

T= 60 m
2
/d 

R = 5000 m 

MARC 1(i) 

 

T= 360 m
2
/d 

R = 5000 m 

Drawdown (m) Mounding (m) 

1 39.6 6.6 

10 28.9 4.8 

100 18.2 3.0 

1000 7.5 1.2 

2000 4.3 0.7 

5000 0 0 

10000 0 0 

15000 0 0 

 

Pumped groundwater is returned to the aquifer and on a regional scale, the calculated amount 

of drawdown and mounding, attributed to the geothermal borefield alone is likely to be 

negligible; most of the predicted water level changes are centred at the proposed borefield and 

are unlikely to adversely impact groundwater flow paths. There are no other Yarragadee 

(Cattamarra) aquifer users within 15 km of the MARC, and it is highly unlikely that anyone 

else would consider exploiting this saline aquifer for a future development.  

 

Drawdown and mounding are unlikely to occur for at least 5 years of continuous pumping and 

injection at a radial distance of 15 km from the MARC. In the vicinity of the bores the 

drawdown and mounding are predicted to be less than 39.6 m and 6.6 m, respectively.  
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Given the depth to the confining layer of 242 m, the predicted maximum drawdown of 39.6 m 

will not cause the aquifer to be dewatered and pumping is thus unlikely to have any 

detrimental impacts in the vicinity of the bore. Also, the predicted maximum mounding of 

6.6 m will not cause the aquifer to be hydraulically fractured (this would require in excess of 

100 m of mounding) and injection is thus unlikely to have any detrimental impacts in the 

vicinity of the bore. 

 

On a regional scale, the calculated drawdown and mounding, attributed to the geothermal 

bores alone, are likely to be negligible; most of the predicted water level changes are centred 

on the proposed bores and are unlikely to adversely impact groundwater flow paths.  

 

8.2 PUMPING AND INJECTION CAPACITY 

 

Pumping and injection capacity are often discussed in terms of specific drawdown and 

specific mounding which are calculated by dividing the total drawdown or mounding in a 

bore by the pumping rate. Specific drawdown and mounding were calculated at the end of the 

final 24-hour pumping and injection test. MARC 2(g) had a specific drawdown of about 

3.79 m/L/s for a perforated length open to 46.5 m of permeable formations. This equates to 

about a 50% decrease in specific drawdown compared to the initial pumping tests, i.e. the 

bore is 50% more efficient. 

 

Experience shows that specific drawdowns calculated from similar geothermal bores in the 

Perth Basin remain fairly stable over time (Rockwater 2016a, b). If the specific drawdown is 

calculated using a (conservative) 20% greater value (i.e. 4.55 L/s/m), the predicted 

drawdowns in MARC 2(g) are 114 m and 136 m at 25 and 30 L/s, respectively. The building 

contractor plans to set the pump inlet around 173 m bgl and at least 8 m of water is required 

above the inlet to prevent degassing. This equates to a maximum allowable drawdown of 

about 145 m or a pumping water level of about 165 m. At a pumping rate of 25 L/s a decrease 

in pumping capacity of up to 20% is within the operational requirements for the bores and is 

unlikely to affect the viability of the borefield.  

 

The specific mounding in MARC 1(i) was calculated to be about 0.416 m/L/s for a screen 

length open to 160 m of permeable formations. Specific mounding values were similar for 

both the constant rate pumping tests, indicating a negligible loss in injection capacity between 

the two tests.  

 

Unlike specific drawdown, specific mounding commonly increases as injection bores become 

clogged (Rockwater 2016a, b, c). Injection studies elsewhere, show that a three to four fold 

increase in specific mounding correlates to a high level of clogging. If the calculated specific 

mounding value is quadrupled (i.e. 1.67), the predicted mounding levels in MARC 1(i) are 

41.75 m and 50.10 m, at 25 and 30 L/s respectively, equating to injection pressures ranging 

from 300 to 400 kPa which meet the design criteria’s for the borefield.  
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A conservative value for aquifer mounding to prevent hydraulic fracturing in the aquifer is 

one-third of the depth to the top of the injection screens (Olsthoorn 1982) or about 100 m 

above GL, equivalent to about 900 kPa at the bore-aquifer interface. The system design 

parameters would not allow for injection pressures to attain this value in the bore itself which 

negates the potential for hydraulic fracturing. 

 

8.3 CHANGES IN GROUNDWATER QUALITY 

8.3.1 Geochemical modelling 

 

Geochemical modelling was conducted using the geochemical modelling software PHREEQC 

for windows from the US Geological Survey (Parkhurst & Appelo 1999) to evaluate the 

potential impact of mixing heat-depleted groundwater from MARC 2(g) with natural 

groundwater in MARC 1(i). The assessment is based on water quality data, physical 

parameters and bore-head temperatures measured during pumping tests for the geothermal 

bore, MARC 2(g) and injection bore, MARC 1(i).  

 

Saturation indices (SI) calculated by PHREEQC, where positive values indicate a potential for 

mineral precipitation and negative indicating a potential for mineral dissolution. SI are 

provided in Table 20. 

 

It is assumed that the natural groundwater within the Yarragadee aquifer is under anoxic 

conditions with a Redox potential (pe) of -3.8 (i.e. Eh of -240 mV) for the initial step of the 

simulation. While this is a slightly more reductive environment than measured with a flow 

cell in the field (i.e. Eh of -100 mV) possibly because of CO2 degassing and O2 contamination 

during the sampling, it is in agreement with the field pH (6.7) and yields a realistic partial 

pressure of 0.1 bar for CO2 and H2S naturally present in the groundwater (or 105 and 

250 mg/L for CO2 and H2S, respectively, in close agreement with laboratory and field 

measurements from the 1
st
 pumping test; Table 16). 

 

For the remainder of the simulation it is assumed that the geothermal system is sealed (i.e. not 

open to atmosphere). 

 

A three-step simulation process was run: 

1. equilibration of the raw groundwater chemistry (e.g. the laboratory results) for 

MARC 2(g) and MARC 1(i) with the aquifer (anoxic conditions) 

2. cooling of MARC 2(g) groundwater to 33.8ºC to simulate cooling through the heat 

exchangers 

3. mixing of the heat-depleted water with natural MARC 1(i) groundwater. Identifying 

reactions with potential for mineral precipitation and aquifer clogging for silica 

minerals (chalcedony and SiO2a), iron minerals (goethite and Fe(OH)3) and sulphur 

minerals (pyrite and mackinawite). 

Calculated SI for Steps 1, 2 and 3 are shown in Table 20. Positive values indicate saturated 
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conditions (potential for mineral precipitation) and negative values indicate under-saturated 

conditions (potential for mineral dissolution). 

 

The model results for both MARC 2(g) and MARC 1(i) indicate that most of the minerals 

considered are under-saturated or near equilibrium in the natural groundwater, however, it 

appears to be super-saturated with respect to pyrite. Given that the groundwater is likely to be 

at equilibrium with the aquifer this suggests there are some kinetic or other factors that 

prevent the pyrite from precipitating. 

 

After the groundwater from MARC 2(g) is passed through the heat exchange unit (Step 2) and 

mixed with the natural groundwater in the MARC 1(i) (Step 3), model results show very little 

changes to SI at the injection temperature, suggesting mineral reactions will be minimal.  

 

Table 20 – Calculated mineral saturation indices using PHREEQC (anoxic conditions) 

*: uses highest pumping water temperature recorded during 1st pumping test 

 

The same simulation was run for a system open to atmosphere (Table 21). In that instance 

there is a very high probability that pyrite (i.e. iron sulphide) will dissolve. The ferrous ion 

released from the dissolved pyrite and mackinawite (i.e. an iron-nickel sulphide) would be 

oxidised by reaction with dissolved oxygen and goethite and/or Fe(OH)3 would precipitate. 

This would likely pose clogging risks and this highlights the need for the system to be sealed. 

 

 

 

Mineral species 

Step 1 Step 2 Step 3 
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pH 6.7 6.5 6.7 7.0 -0.2 

pe -3.8 -3.4 -3.6 -3.5 +0.3 

Temp 44.1°C* 29.0°C 33.8°C 31.4 +2.4 

chalcedony SiO2 -0.1 -0.2 -0.0 -0.1 +0.0 

SiO2(a) SiO2 -0.9 -1.0 -0.8 -0.9 +0.0 

goethite FeOOH -3.8 -5.8 -4.2 -4.5 -0.7 

Fe(OH)3 Fe(OH)3 -10.3 -11.8 -10.4 -10.6 -0.3 

mackinawite FeS 0.1 -1.3 0.1 -0.1 -0.2 

pyrite FeS2 10.4 9.9 11.0 10.9 +0.5 
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Table 21 – Calculated mineral saturation indices (open to atmosphere) 

 

Therefore, it is predicted that in a fully closed geothermal system (i.e. not open to 

atmosphere), mineral precipitation is unlikely to pose clogging risks. Should oxygen be able 

to enter the system, through inadequately sealed pipe-lines for example, then mineral 

precipitation of iron oxi/hydroxides and subsequent clogging are more likely, as shown 

below.   

 

Also, the potential for the mobilisation of heavy metals and arsenic, associated with pyrite 

mineral dissolution, are unlikely to be a risk-factor for the project given the calculated 

Saturation Indices at the end of the simulation which indicate that the groundwater will 

remain saturated with respect to pyrite.  

 

8.3.2 Dissolved gas 

 

Dissolved CO2 (gas) occurs in MARC 2(g). During the 1
st
 pumping test, a field assessment of 

the pressure at which degassing occurs showed that a minimum pressure of 80 kPa should be 

maintained at all times in the geothermal system to minimise degassing. 

 

This has implications on some of the key design criteria: 

 The maximum allowable pumping water level shall not be within 8 m (i.e. 80 kPa 

head pressure) of the pump inlet currently proposed to be at 173 m depth. Thus the 

maximum allowable pumping water level is 165 m depth. 

 The minimum injection pressure shall not be less than 80 kPa. 
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pH 6.7 6.5 6.8 7.0 -0.2 

pe -3.8 -3.4 5.1 -3.5 +0.3 

Temp 44.1°C 29.0°C 33.8°C 31.4 +2.4 

chalcedony SiO2 -0.1 -0.2 -0.0 -0.1 +0.0 

SiO2(a) SiO2 -0.9 -1.0 -0.8 -0.9 +0.0 

goethite FeOOH -3.8 -5.8 8.7 8.9 +12.7 

Fe(OH)3 Fe(OH)3 -10.3 -11.8 2.5 2.6 +12.9 

mackinawite FeS 0.1 -1.3 -66.7 -62.2 -62.3 

pyrite FeS2 10.4 9.9 -108.8 -101.5 -111.9 
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 The minimum injection column depth shall not be less than 8 m below the long-term 

static water level (i.e. 16 m). Thus the minimum injection column depth is 24 m depth. 

The above design criteria have been incorporated into MARC geothermal system. 

 

8.3.3 Bacteria and corrosion 

 

Corrosion specialist, Extrin Consultants was commissioned to undertake a review of the 

corrosion risks. The report is provided in Appendix XI. 

 

Reviewing the corrosion enhancing bacterial results, Extrin concluded that it remained correct 

to identify microbially influenced corrosion as a risk to the service life of the bore.  

 

However, with the additional pumping tests performed in December 2016 and further 

analytical and microbial testing repeated to better quantify the numbers and types of 

bacterium present in the bores, the corrosion risk seems reduced when compared to the 

original information. Extrin concluded that high corrosion rates (2–3 mm/yr) did not seem to 

be supported by the most recent bacterial enumeration.   

 

Recommendations include corrosion monitoring using coupons at the borehead but risks are 

considered acceptable given the materials selected for the construction of the bores. Bacteria 

and dissolved/total iron and manganese monitoring have also been recommended. There are 

several general techniques for preventing microbiologically influenced corrosion which could 

also be investigated if monitoring shows that actual corrosion rates exceed 0.1–0.2 mm/yr.   

 

8.4 GROUNDWATER TEMPERATURE CHANGES 

8.4.1 Thermal breakthrough 

 

The production and injection zones are separated by low permeability interbedded sediments 

composed of predominantly of siltstone and shale. This will minimise the potential for the 

cooled groundwater injected in MARC 1(i) from travelling vertically within the aquifer 

towards the production bore MARC 2(g) production zone.  

 

No interference drawdown or mounding were observed during the 48 hour pumping test 

suggesting that the interbedded shale is laterally extensive. This concurs with the geophysical 

correlations observed between MARC 1(i) pilot hole, MARC 2(g) pilot hole and MARC 2(g) 

side-track hole (Figure 7). 
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8.5 INJECTION BORE CLOGGING 

 

The greatest risk to the long term operation of an open-loop geothermal system is clogging of 

the injection bores either through suspended solids, air-entrainment, bio-fouling and/or 

chemical reactions. Injection bores require routine maintenance to ensure that they are 

efficient and have minimal clogging. Severe clogging can be irreversible. 

 

8.5.1 Suspended solids 

 

Suspended solids are a major cause of clogging, either through the filtration and accumulation 

of suspended solids present in the injected water at the bore/aquifer interface, or through 

mobilisation of fines within the aquifer, resulting in reduced aquifer permeability in the 

immediate vicinity of the injection bore.  

 

A mitigation strategy will be in place to reduce the risk of clogging through suspended solids 

as specified in the Groundwater Licence Operating Strategy (GLOS). A 25 µm filter will be 

installed between the geothermal and the injection bores to reduce particle concentrations in 

the injected water.  

 

Particle size analysis was conducted on one sample from MARC 2(g) at the end of the second 

pumping test and two samples from MARC 1(i) at the start of the development, results are 

included in Appendix XII.  

 

Reported particle sizes for MARC 2(g) ranged from <0.4 to 11 μm, however these results are 

questionable given the absence of the coarser fraction typically encountered in perforated 

sandstone aquifers. Furthermore the total suspended solids concentration is not provided. 

Total suspended solids (TSS) were less than 1 mg/L based on Imhoff flask field sampling. 

Laboratory measured TSS was higher possibly because of dissolved iron precipitate after 

sampling. 

 

The two samples taken from the MARC 1(i) have a much wider range of particle sizes 

ranging 0.3 to 600 μm, with 20 to 40% greater than 25 μm, typical of a naturally developped 

sandstone aquifer. The calculated TSS ranged from 0.44 to 1.18 ppm in volume or 1.16 to 

3.13 mg/L assuming a constant grain density of 2.65 g/cc. The calculated TSS for particulates 

finer than 25 μm is lower, 0.93 to 2.50 mg/L. 

 

The geothermal system is fitted with an inline automatic self-cleaning mechanical filter with a 

25 µm mesh. It will mitigate the potential for injection bore clogging through suspended 

materials greater than this size. However, if smaller particulates are present in the 

groundwater, a finer mesh (2, 5 or 10 µm) basket filter could be installed downstream from 

the automatic backwash filter. This is discussed in the GLOS (Rockwater 2017).   
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Injection pressures will be monitored by the Building Management System (BMS) and if they 

exceed a trigger level then it will probably be necessary to redevelop the injection bore. Bore 

redevelopment will be conducted routinely to remove accumulated fine particles.  

 

8.5.2 Air-entrainment 

 

Air-entrainment during recharge can occur as a result of water cascading in the bore and/or 

the release of dissolved gasses in the aquifer. Air-entrainment can also occur if any leaks 

occur in the geothermal loop. Air-entrainment can lead to a reduction in recharge bore 

efficiencies as air bubbles trapped in the aquifer plug the formation pores, resulting in 

additional resistance to flow and often a sudden increase in the potentiometric surface 

(hydraulic head). Air-entrainment can lead to the precipitation of iron oxi/hydroxides in the 

groundwater in various sections of the geothermal loop. 

 

Air-entrainment is managed with an automatically adjusting injection valve installed at the 

base of the injection column at 24 m depth to ensure water is released under a positive head to 

prevent cascading in the injection column.  

 

8.5.3 Microbiological clogging 

 

Microbiological clogging can occur when bacteria introduced during drilling or naturally 

occurring in the aquifer undergo increased growth as a result of injection. An accumulation of 

impermeable slimes and a mat of dead cells can build up in and around the bore screens and 

lead to clogging and reduction of the injection capacity of the bore (Pyne 2005). The degree 

of biological growth is directly related to the amount of assimilable organic carbon and 

nutrients present. Given that the recharge water will have more or less the same composition 

as the groundwater present in the aquifer no additional biological growth risk is expected 

under constant Redox conditions (i.e. sealed system). 

 

Iron related bacteria have been identified in the groundwater and manganese related bacteria 

may also be present. They have the potential to contribute to the clogging of the screens and 

deposits on the bore casing due to the insoluble ferric oxide which can present as tubercles or 

a brown gelatinous slime in waters containing as low as 0.1 mg/l of iron. However, at least 

0.3 ppm of dissolved oxygen is needed to carry out oxidation (Appendix XI).  

 

Flow-cell sampling during the pumping test indicated that natural dissolved oxygen 

concentration is about 0.1 ppm (Table 16). Therefore, in a sealed system, microbiological 

clogging is unlikely to be a major risk factor for the proposed recharge to the Yarragadee 

(Cattamarra) aquifer.  
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8.5.4 Chemical reactions 

 

Geochemical modelling (Section 8.3.1) indicates there are few, if any adverse implications of 

injection of heat-depleted water from MARC 2(g) on the geochemistry of the Yarragadee 

(Cattamarra) aquifer, assuming the reinjected water does not introduce oxygen (i.e. fully 

sealed system). 

 

If the temperature of the injection water is ca. 33.8°C, it is unlikely that any material change 

to aquifer geochemistry and associated clogging though chemical reactions will occur.  

 

8.6 GROUNDWATER VOLUME WITHIN THE GEOTHERMAL SYSTEM 

 

The volume of groundwater that will be out of the aquifer and within the geothermal system 

at one time was estimated by Rockwater and the mechanical engineer. The estimated volume 

of water contained in the pipe and fittings between the bore heads – including the borehead 

themselves – is 2,610 L (NDY; January 2017). This includes water contained within the in 

line filter and the heat exchanger. 

 

This equates to about 0.0004% of the annual water supply requirements.  

 

9 GROUNDWATER MONITORING 

 

Groundwater monitoring and long term management of the bores are detailed in the GLOS 

prepared by Rockwater on behalf of the City of Mandurah (Rockwater 2017). The following 

monitoring schedule is proposed as part of the GLOS (Table 22).  

 

There are five main record types for the monitoring programme: 

 water levels in geothermal and injection bores pumped and injected groundwater 

temperatures 

 field parameters (i.e. EC, pH and temperature) 

 water quality analysed by a NATA registered laboratory 

 corrosion indicators and corrosion coupon measurements 

 production history – flow rate and cumulative flow readings. 

 

There are four main frequencies for the monitoring programme: 

 continual – measurements will be logged automatically via the BMS 

 monthly – measurements will be taken at a nominated day each month 

 quarterly – measurements will be taken in March, June, September and December if 

practical 

 annually – measurements will be taken within the first week of February if practical. 
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Table 22 – Proposed monitoring schedule (commissioning onwards) 

Frequency MARC 2(g) MARC 1(i) 
AM 67 

(regional bore) 

Continuous 

Groundwater abstraction flow rate Groundwater injection flow rate 

none 

Check pipelines for leaks and pressure loss 

Pump ‘on’ or ‘off’ 
Injection pressure/injection water level 

(head if above ground) 

Pumping water levels/resting water 

level Groundwater injection temperature 

Groundwater supply temperature 

Monthly 

Groundwater abstraction cumulative 

flow readings, include meter serial no. 
Groundwater injection cumulative 

flow readings, include meter serial 

number 

none 

Iron concentration monitoring  

Quarterly Corrosion coupon monitoring none 
Groundwater 

levels 

Annually 

Groundwater sample* via a sampling 

tap at the headworks 

Groundwater sample* via a sampling 

tap after the heat exchange unit 
none 

EC, pH, Temperature, Eh, DO and 

sediment content 
EC, pH, Temperature 

*Water samples will be collected from the production bore for chemical analyses via a sampling tap at the geothermal bore headworks and 

after the heat exchangers, see Table 23 for a list of analytes 

NB. Monitoring for these items has been allowed for in the current design specification of the project. 

 

Table 23 – Proposed groundwater sample analytes 

Analytes – physical parameters 
EC, pH, borehead temperature, TSS (low level), Turbidity, TDS 

and Hardness 

Analytes – major ions Ca, Mg, Na, K, Cl, SO4 Turbidimetric, sulphide and Alkalinity  

Analytes – dissolved metals Fe, Al, Mn, Zn, S, Cr 

Analytes – total metals Fe, S, Mn, Cr 

Analytes – other 
Reactive SiO2, Total Organic Carbon, Total Nitrogen, Total 

Phosphorus, Total Kjeldahl Nitrogen and Reactive Phosphorus 

Analytes – bacteria 
Iron related bacteria, sulphate reducing bacteria and manganese 

related bacteria  

 

 

10 SUMMARY AND CONCLUSIONS 

 

The City of Mandurah (CoM) has recently constructed a geothermal bore to provide heating 

for its Mandurah Aquatic and Recreation Centre (MARC) swimming pools and potentially 

space heating of associated buildings. The project also included the construction of an 

injection bore to return the heat-depleted water back into the source aquifer. 

 

Hydrogeological conditions at the MARC have been assessed via a drilling and aquifer testing 

programme which included the collation of palynological, mineralogical, geophysical, 

lithological and geochemical data. Regional hydrogeological conditions have been collated 

from a variety of studies and a comprehensive hydrogeological assessment has been 

undertaken. The assessment included prediction of aquifer mounding and drawdown, 
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determination of bore pumping and injection capacities from pumping tests, geochemical 

modelling and assessment of potential changes in groundwater quality, thermal breakthrough 

assessments, and clogging and corrosion potential review. These assessments were made for a 

proposed maximum 650,000 kL/annum pumping and injection volume.  

 

Pumped groundwater is returned to the aquifer and on a regional scale, the calculated amount 

of drawdown and mounding, attributed to the geothermal borefield alone is likely to be 

negligible; most of the predicted water level changes are centred at the proposed borefield and 

are unlikely to adversely impact groundwater flow paths. There are no other Yarragadee 

(Cattamarra) aquifer users within 15 km of the MARC, and it is highly unlikely that anyone 

else would consider exploiting this saline aquifer for a future development.  

 

The predicted drawdowns in the geothermal bore (MARC 2(g)) after five years of operation 

are 114 m and 136 m at 25 and 30 L/s, respectively, and are within the operational 

requirements for the bore. The predicted mounding in the injection bore are 41.75 m and 

50.10 m at 25 and 30 L/s, respectively, equating to injection pressures ranging from 300 to 

400 kPa, which meet the design criterion for the borefield.  

 

In the fully closed geothermal system (i.e. not open to atmosphere), mineral precipitation is 

unlikely to pose clogging risks. Should oxygen be able to enter the system, through 

inadequately sealed pipe-lines or fittings, then mineral precipitation of iron oxi/hydroxides 

and subsequent clogging is more likely. Monitoring will ensure air-entrainment can be 

prevented. 

 

Dissolved CO2 (gas) occurs in MARC 2(g). During the initial pumping test, a field assessment 

of the pressure at which degassing occurs showed that a minimum pressure of 80 kPa should 

be maintained at all times in the geothermal system to minimise degassing. However, 

dissolved gasses were minimal during the final pumping tests. 

 

Corrosion specialist, Extrin Consultants, determined that high bacteria induced corrosion rates 

(2–3 mm/yr) did not seem to be supported by bacterial enumeration. In the sealed system 

(with less than 0.3 ppm of dissolved oxygen), microbiological clogging is unlikely to be a 

major risk factor for the proposed recharge to the Yarragadee (Cattamarra) aquifer. 

 

The production and injection zones are separated by low permeability, interbedded sediments 

composed of predominantly of siltstone and shale. They will minimise the potential for the 

injected, heat-depleted groundwater from travelling vertically within the aquifer towards the 

production bore zone.  

 

The greatest risk to the long term operation of an open-loop geothermal system is clogging of 

the injection bores either through suspended solids, air-entrainment, bio-fouling and/or 
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chemical reactions. Injection bores require routine maintenance to ensure that they are
efficient and have minimal clogging.

The following recommendations are provided:

 A monitoring programme will be established in accordance with Department of Water
guidelines. Monitoring for these items has been allowed for in the current design
specifications of the project.

 A downhole injection valve will be used to prevent oxygen from entering the system
and maintain a 80 kPa pressure at all points in the system to prevent degassing of
dissolved gases. A Pro-Eng valve has been incorporated in the design of the injection
column.

 Corrosion monitoring program will be established in accordance with the
recommendations from the corrosion engineer. There are several general techniques
for preventing microbiologically influenced corrosion, which could also be
investigated if monitoring shows that actual corrosion rates exceed 0.1–0.2 mm/yr.

 An automatic self-cleaning mechanical filter with a 25 µm mesh will mitigate the
potential for injection bore clogging through suspended materials greater than this
size. An Amiad 25 µm automatic self-cleaning filter has been incorporated in the
design of the system. However if significant clogging occurs, despite mitigation
measures in place, a basket filter with a finer mesh (2, 5 or 10 µm) could be installed
downstream from the automatic backwash filter.

 Routine maintenance of the bores is recommended to ensure that they are efficient.
This has been incorporated as part of the GLOS commitments.

Dated:  13 January 2017 Rockwater Pty Ltd

R Hamilton
Project Hydrogeologist

M Pujol
Senior Geothermal Hydrogeologist

M Taylor
Senior Geothermal Hydrogeologist

G Bolton
Principal
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Information to be provided on completion of an artesian well 
 

Information to be provided to the Department of Water under the Water Agencies (Powers) Act 1984 and 
Section 26E of the Rights in Water and Irrigation Act 1914 and Regulation 38 of the Rights in Water and 

Irrigation Regulations 2000 
 

Please note:  
• All information is to be written clearly and in block letters. 
• If insufficient room please use a separate piece of paper. 
• It is the responsibility of the person carrying out the works to fill out this form. 

Part 1: Details of licence granted under section 26D of the RIGHTS IN WATER AND IRRIGATION ACT 1914                          
 

     Licence number CAW 

 Individual                   Company 

        Licensee’s  full name 
 

 

Part 2: Details of person carrying out the works                         

Company   

  Driller  

  Driller licence number 
(if known) 

 Driller classification  
(if known) 

 

  
Postal address 

 

 

  Telephone  Facsimile  

  Email  

Part 3: Location of well                         

Property  address of well 
 

 

                      Well coordinates  GPS reading                   Estimate 

Zone  Easting/  
latitude 

               Northing/  
longitude 

 

  Datum 
(e.g. GDA94/WGS84)   

 GPS 
reliability 

 
 

 

 
  

 

 

 

 

 

 

 

 

 
 
 
     

  
 

A 26D licence will list the 
premises on which well 
construction is to occur. 
 
If the physical address of 
the well is different from 
the physical address 
listed on the licence, 
contact the Department of 
Water prior to the 
commencement of 
construction. 
 
  Location plan – in the box below please sketch a plan showing position of bore in relation to building, boundaries, road, nearest 

cross road and any additional information to assist in locating the well. 

S h e d  

S A M P L E  

N e w  

E x i s t i n g  

In the box to the right, please sketch a plan showing: 
- location of all wetlands / watercourses / wells / soaks 
(existing and proposed). 
- major improvements (house, large sheds etc). 
- dhaded sections to indicate areas under development. 

 
 
 
  OFFICE USE ONLY 

Form  
2A 
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Part 4: Construction Details (all measurements are to be taken from ground level) 
Please complete bore construction diagram in box provided 
below. If insufficient room please attach on a separate piece 
of paper. 
 

 
Screens/slots 

Screens/slot 
(Type) 

Diameter 
O.D (mm) 

Aperture 
(mm) 

Top of 
screen 

Bottom 
of 

screen 
     

     

     

  
                                           Annular fill 

    Material 

From 
(metres) To (metres) 

  
  
  

 
 
 
 
 

 
Cementing  detail 

 Pressure cement grouted    Tremmie 

Hole diameter 
(mm) 

Casing 
diameter  
(mm O.D) 

Depth  
From 

(metres) To (metres) 

    

    

    

 

Total depth drilled  
(from ground level) 

 
 

Geophysical log required 
as condition of licence?   Yes      No 

Geophysical log taken? 
(attach log and contractor 

details) 
 Yes      No 

Casing detail 

Material 
Nominal  
bore 
 

Diameter 
O.D 

(mm) 
 

Wall 
thickness 

(mm) 
 

Depth 

From 
(m) To (m) 

      

      

      

Gravel pack details 

Gravel Size (mm) 
From (m) To (m) 
  

From (m) To (m) Strata description 
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Part 5: Particulars of well                     
 

Bore name / number  

  Drilling start  
date (dd/mm/yy) 

 Drilling completion  
date (dd/mm/yy) 

 

   
  Drilling method used  

 Rotary air        Cable tool        Auger       Rotary mud        

 Sludge            Other (specify) __________________________ 
  

Final status of well 
 Ready to operate        Decommissioned 

 Other (specify) _______________________________________ 

  
Purpose (use) of well 

 Production                 Investigation      Monitoring      

 Other (specify) _______________________________________ 
 

Part 6: Well development 

Date (dd/mm/yy)   

 

Duration of 
development hours 

Method          Airlift                  Pump              Jetting                Surging 
 

Development pump rate 
(e.g. L/s, m3/day) 

 
 
 
 
 
 
 

 
 Part 7:  Pump testing (if applicable) 

 
Date start 
(dd/mm/yy) 

 
 

 Date end 
(dd/mm/yy) 

 
 

  Duration of test 
 

                hours 

  Step test              Constant rate               Other 
 

        
  

 

 

Constant rate - 
Pump rate (e.g. 

m3/day) 

 
 

 
Pump type (e.g submersible)  

 

   Water rest level 
prior to test (m) 

 
 

 Measurements taken from   top of casing (TOC)      ground level (GL) 

                                                other (specify) ______________________________________________ 
  

Elevation of measurement 
reference point if known 
(metres AHD) 

 

 GPS      Estimate 

 other (specify) ____________________________________ 

 
Final drawdown  m 

 

Recommended supply (e.g. m3/day) 
 

 

 
Part 8: Field samples 

 

 
 
 
 

Collection method (e.g. pump test, 
airlift) 

 

    Conductivity 
(e.g. mS/m)  

  

         Temperature compensated                              pH 
 Temperature uncompensated 

 

 
 

 
 Water temperature 

 at test 
 

 

 
 
 

 

 
 

Drilling start date refers 
to the date drilling 
begins. Do not include 
set up date. 
 
Drilling completion date 
includes well 
development and 
testing. 

Specify unit 
measurements.  

Final drawdown is the 
distance between the 
static water level 
measured prior to the test 
and the water level 
measured at the end of 
the pumping test. 
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Part 9:  Lab samples 

Part 10: Water levels  
SWL 

(Static water level)  m Water cut at  m 

    
Measurements taken from 

 top of casing (TOC)      ground level (GL) 

 other (specify) _______________________________ 
    Date of reading 

(dd/mm/yy) 
   

 
Comments                                                  ..................... 

............................................................................................................................................................................................................................ 

Part 11: Headwork  construction 

Type of headworks fitted  
(please specify)  

    
                                                

Pressure  
                                                       

KPA Flow Rate L/h 

    

Comments                                                         

                                                             . 

 

Part 12: Declaration and signature  
 

Capacity of person 
making declaration:  An individual who carried out the work 

  An officer who is a director or secretary of a corporation that carried out the work. 

  Other (describe)                                  . 

 
 

I, _________________________________________________________(name of person making declaration) declare that the information  

provided on this form is true and correct. 

 

 
  

Important information 
 

• All information must be completed on the form unless otherwise indicated as optional for example; provision of 
the drillers licence number and classification fields are not mandatory and can be filled in at the drillers 
discretion. Provision of these details would greatly assist the department in completion of its data set.  

 

• Failure to submit this form is an offence under the Rights in Water and Irrigation Act 1914 
 

• Under section 26E and regulation 38 within 1 month of completion of the construction of or deepening of the 
well, the person applying for the licence must submit this form. 

 
 
 
 
 
 
 
 

Lab samples 
taken  

(Please attach) 

 Yes 

 No 
 

      TDS (e.g. mg/l)  Please submit samples separately to form if not  
received within 1 month. 

Please retain a copy of this form for your records 
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Where and how to submit this form 

 

This form can be submitted by fax, post or in person to the appropriate Department of Water regional office.  For assistance in 
completing this form contact your regional office. 

Kimberley Region Kwinana Peel Region South Coast Region Warren Blackwood District 
Kununurra Regional Office 
27 Victoria Hwy 
Kununurra WA 6743 
Tel: 08 9166 4100     
Fax: 08 9168 3174 
PO Box 625 
Kununurra WA 6743 

Mandurah Regional Office 
107 Breakwater Parade 
Mandurah WA 6210 
Tel: 08 9550 4222      
Fax: 08 9581 4560 
PO Box 332  
Mandurah WA 6210 

Albany Regional Office 
5 Bevan Street 
Albany WA 6330 
Tel: 08 9842 5760     
Fax: 08 9842 1204 
PO Box 525 
Albany WA 6331 

Manjimup Regional Office 
52 Bath Street 
Manjimup WA 6528 
Tel: 08 9771 1878 
Fax: 08 9771 4335 

Midwest Gascoyne Region South West Region Pilbara Region 
Geraldton Regional Office 
94 Sandford Street 
Geraldton WA 6531 
Tel: 08 9965 7400      
Fax: 08 9964 5983 
Po Box 73 
Geraldton WA 6531 

Bunbury Regional Office 
35-39 McCombe Road 
Bunbury WA 6230 
Tel: 08 9726 4111     
Fax: 08 9726 4100 
PO Box 261 
Bunbury WA 6231 

Karratha Regional Office 
Lot 4608 Cherratta Road 
Karratha Industrial Estate 
Karratha WA 6714 
Tel: 08 9144 0200      
Fax: 08 9144 2610 
PO Box 836 
Karratha WA 6714 

Carnarvon Busselton Swan Avon Region 
Carnarvon District Office 
211 Robinson Street 
Carnarvon WA 6701 
Tel: 08 9941 6100      
Fax: 08 9941 4931 
PO Box 81 
Carnarvon WA 6701 

Busselton District Office 
Suite 2, 72 Duchess Street 
Busselton WA 6280 
Tel: 08 9781 0188      
Fax: 08 9754 4335 
PO Box 269  
Busselton WA 6280 

Victoria Park Regional Office 
7 Ellam Street 
Victoria Park WA 6100 
Tel: 08 6250 8000      
Fax: 08 6250 8050 
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Government of Western Australia 
Department of Water 

• 

looking after all our water needs 

Our ref: 	WT11162 

Enquiries: Steve O'Brien 6364 6865 

Mr Dale Robinson 
City of Mandurah 
PO Box 210 
MANDURAH WA 6210 

 

CM OF MANDURAH 

RECEIVED 

18 MAR 2016 

 

Dear Sir 

Re: 	Issue of a Licence to Construct or Alter a Well 

Property: Mandurah Aquatic and Recreation Centre (MARC) Aquatic 
Redevelopment - Lot 4340 Pinjarra Road, Mandurah 

Please find enclosed your licence CAW 182527(1), authorising you to Construct or Alter a 
Well, subject to certain terms, conditions or restrictions and a Form 2a "Information to be 
provided on completion of an artesian well". 

Please note: the Department of Water advises that you should seek advice from the 
Department of Environmental Regulation's Contaminated Sites Branch prior to 
constructing the wells, as there is an indication of possible contaminated sites in 
the proximity of the location. 

Under Regulation 38 of the Rights in Water and Irrigation Regulations 2000, a Form 2a is 
to be completed and submitted by you to the Department of Water within one month of 
completion of the well. 

Hydrogeological Assessment 
As identified in Licence CAW 182527(1) a detailed H2 level of assessment, is required in 
support of a 5C Licence application for your geothermal proposal. A hydrogeological 
report is to be presented in accordance with the Department's Operational Policy No.5.12 
— Hydrogeological reporting associated with a Groundwater Well Licence, with additional 
considerations specific to geothermal projects to also be covered in the report. The 
additional considerations to be include, but not limited to are: 

• The abstraction and injection volumes should be estimated and included in the 
hydrogeological report. 

• The volume of groundwater that will be out of the aquifer (i.e. in the pipes and heat 
pump) at any one time should be calculated and included in the hydrogeological 
report. 

• Pumping and injection capacity — to be determined through test pumping. 
Appropriate injection pressures must be determined to avoid potential damage to 
aquifers (e.g. fracturing). 

• Groundwater mounding — should be limited to the immediate vicinity of the 
injection bores and not pose a risk to nearby structures, other bores, the 
environment or human health. 

• Changes in groundwater flow paths — should be localised. The proponent needs to 
ensure that groundwater flow is not reversed by pumping in the vicinity of 
contaminated areas. The application may need to be referred to the Department of 
Environment and Conservation if contamination issues come to light. 

168 St Georges Terrace Perth Western Australia 6000 
PO Box K822 Perth Western Australia 6842 

Telephone (08) 6364 7600 Facsimile (08) 6364 7601 
www.water.wa.gov.au  



• Changes in groundwater temperature: 
reinjection of warmer water may result in a build-up of heat in the aquifer; 
which may result in changes in pH levels or the solubility of minerals, 
and/or reduce the efficiency of the heat exchange system. The groundwater 
through flow needs to be sufficient to ensure that these effects are 
manageable. 
reinjection of cooled or heated water into different levels within the aquifer 
may also result in geochemical changes, and the proponent needs to 
demonstrate that these potential changes will be acceptable. 

• Changes in groundwater quality — geochemical modelling and/or groundwater 
sampling may be used to determine whether potential changes to groundwater 
chemistry present a risk to the aquifer, the environment, or human health. 

• Potential for chemical clogging of injection bores — a key geochemical risk to these 
projects over time resulting from dissolution and precipitation of minerals. A fully 
closed system design which maintains an anoxic (oxygen free) environment, 
should minimise the potential for clogging. 

• Long-term management of bores/wells — the condition of bores/wells may 
deteriorate over time and result in adverse impacts such as mixing of aquifer 
waters. It is the proponent's responsibility to ensure that adequate monitoring, 
testing and maintenance is undertaken to prevent this in the long-term. These 
requirements should form part of the Operating Strategy. 

• Contingency plans — these may include drilling of backup bores in case bores 
become clogged or decommissioning and replacement of bores where failure 
occurs. In more extreme scenarios where bore failure results in aquifer 
contamination, remediation may be required. 

It must be demonstrate that any potential impacts upon the groundwater system, 
environment and other groundwater users are acceptable. There is no guarantee 
that a 5C licence will be issued unless these issues are satisfactorily addressed. 

Investigations to assess potential impacts may include drilling, test pumping, hydraulic 
modelling, thermodynamic modelling and geochemical analysis. 

Operating Strategy 
An Operating Strategy will also be required in support of the 5C licence application in 
accordance with the Department's Operational Policy No.5.08 — Use of operating 
strategies in the water licensing process. In addition to the information outlined in the 
policy, the operating strategy must address issues specific to geothermal operations, 
including: 

• Reinjection 
• Details of any chemical use associated with pipe work in contact with the 

environment. 
• Measures taken to prevent leakage of groundwater from the open-loop system. 
• Contingency plans for events such as significant leaks or clogging of bores 

particularly in relation to safety and aquifer protection, discharge to stormwater 
drains is not considered an acceptable end use of abstracted groundwater or 
geothermal fluids, and will not be supported by the Department under normal 
circumstances. 

• Monitoring of flow rates, flow pressures and water temperature. 
• Long term management of bores/wells —the condition of bores/wells may 

deteriorate over time and result in adverse impacts such as mixing of aquifer 
waters or leakage of hydrocarbons into aquifers. 

• Contingency measures should injection bores become inoperable. 



• Details of meters fitted to all abstraction and injection bores that includes 
information on meter type, make and serial number. 

Compliance with the terms, conditions or restrictions of this licence does not absolve the 
licensee from responsibility for compliance with the requirements of all Commonwealth 
and State legislation. 

If you have any queries relating to the above matter, please contact Steven O'Brien on 
telephone number 08 6364 6865. 

Yours faithfully 

Matt Viskovich 
Program Manager 
March 15, 2016 

Attached: 	Licence CAW182527 (1) 
2 x Form 2A 

Cc: Ian Brandes de Roos — Rockwater Proprietary Limited 



City of Mandurah Licensee(s) 

Description of Water 
Resource 

South West Coastal 
Perth - Cattamarra Coal Measures. 

Location of Well(s) Lot 4340 On Plan 219655 - Volume/Folio Lr3109/881 - Lot 4340 Pinjarra Rd Mandurah 

Authorised Activities Activity Location of Activity 

Construct 2 artesian well(s). Lot 4340 On Plan 219655 - Volume/Folio Lr3109/881 
- Lot 4340 Pinjarra Rd Mandurah 

Duration of Licence From 15 March 2016 to 16 March 2017 

File No: WT11162 Page 1 of 2 

Instrument No. CAW182527(1) LiGovernment of Western Australia 
Id& 	Department of Water 

LICENCE TO CONSTRUCT OR ALTER WELL 
Granted by the Minister under section 26D of the Rights in Water and Irrigation Act 1914 

This Licence is subject to the following terms, limitations and conditions: 

1 
	

The well must be constructed by a driller having a current class 3 water well drillers certificate issued by the Western 
Australian branch of the Australian Drilling Industry Association or equivalent certification recognised nationally by the 
Australian Drilling Industry Association. 

2 	The clearance (annulus) between the casing and the side of the borehole shall be cement grouted above the production 
zone using methods described in "Minimum construction requirements for water bores in Australia, 3rd edition, National 
Uniform Drillers Licensing Committee (2012)". 

3 	The casing(s) shall be equipped with centralisers not less than one per six metres of casing length to ensure that the casing 
remains central to the borehole. 

4 	The well shall be constructed with a clearance (annulus) of at least 30mm between the casing and the sides of the 
borehole. 

5 	The licensee shall construct the well using materials and methods for artesian bores described in "Minimum construction 
requirements for water bores in Australia, 3rd edition, National Uniform Drillers Licensing Committee (2012)". 

6 	The City of Mandurah is to provide a 112 level Hydrogeological Assessment Report in accordance with the Department of 
Waters Operational Policy 5.12, the report is to include additional considerations specific to geothermal projects to the 
Department of Water at the completion of drilling. 

7 	The licensee prepares and submits an operating strategy in accordance with the Department of Water's Operational Policy 
5.12, the strategy is to include additional considerations specific to geothermal projects to the Department for approval by 
16 April, 2017. 

8 	The licensee shall provide to the Department of Water within 30 days of drilling, the results of down-hole geophysical 
logging of the borehole. The results must contain resistivity data data in the format of a hard copy geophysical log.. 

9 	The meter(s) must be installed in accordance with the provisions of the document entitled "Guidelines for Water Meter 
Installation 2009" by 30 days after completion of the well. 

This Licence is granted subject to the Rights in Water and Irrigation Regulations 2000. 



File No: WT11162 Page 2 of 2 

Instrument No. CAW182527(1) 
) 	Government of Western Australia 

Departm ent of Water 

LICENCE TO CONSTRUCT OR ALTER WELL 
Granted by the Minister under section 26D of the Rights in Water and Irrigation Act 1914 

This Licence is subject to the following terms, limitations and conditions: 

101 The licensee must install an approved meter to each well, and provide evidence of the installation to the Department of 
Water within 30 days of completion of the well. 

End of terms, limitations and conditions 

This Licence is granted subject to the Rights in Water and Irrigation Regulations 2000. 
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BB483: Palynology results from MARC01 I borehole, Mandurah

Summary of results

Depth (m)
Cutts

Palynological Zone Age Suggested unit

36-39 ?Aprobolocysta alata to
Phoberocysta lowryi

?Hauterivian Warnbro Group (?Leederville Fm)

189-195 Phoberocysta lowryi Hauterivian Warnbro Group (?Leederville Fm- South
Perth Fm)

420 ?Corollina torosa* ?Toarcian – Hettangian
(Early Jurassic)

Probably just into Eneabba Fm

800 Coal sample

1200 Coal sample

1278 Corollina torosa* Toarcian – Hettangian
(Early Jurassic)

Eneabba Fm

1330 Coal sample

1407-1410 Corollina torosa* Toarcian – Hettangian
(Early Jurassic)

Eneabba Fm

1500 Indeterminate

*Spore-pollen zone

INTRODUCTION

Samples: Nine cuttings samples from MARC01 I (Mandurah Recreation Centre injection bore),
near the junction of Pinjara Road and Dower Street, Mandurah, were submitted for
palynological analysis. However, it was decided that 3 samples would not be processed
as they consisted entirely of coal chips and would be unlikely to yield good
palynomorph assemblages.

Location: The Mandurah Aquatic and recreation Centre,GDA94 Zone 50: 381378 mE,
6399390 mN.

The zones used are outlined in Helby et al. (1987) and Backhouse (1988).

Table 1: MARC01 I range chart.

PALYNOLOGY

36-39 m: ?Aprobolocysta alata to Phoberocysta lowryi Dinocyst zones

Yield. High, with an assemblage dominated by spore-pollen.
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Zone. Nearly all dinocyst species present are Circulodinium hirtellum and C. attadalicum, an
assemblage association that suggests a shallow water marine environment. Diagnostic species are
absent, but the absence of Muderongia australis Zone species suggests this assemblage is below that
zone. The Phoberocysta lowryi Zone below limits the possible zonal range of this sample.

The spore-pollen assemblage belongs in the Balmeiopsis limbata Spore-pollen zone of Backhouse
(1988).

Suggested stratigraphic unit. This sample is likely to be from the Leederville Formation or an age
equivalent unit.

189-195 m: Phoberocysta lowryi Dinocyst zone

Yield. High, with a slightly more marine assemblage.

Zone. Index marine dinocyst species present are Senoniasphaera tabulata and Phoberocysta lowryi.
Other species present are consistent with the P. lowryi Zone.

As above, the spore-pollen assemblage is consistent with the Balmeiopsis limbata Spore-pollen zone
of Backhouse (1988).

Suggested stratigraphic unit. In the Perth area this biostratigraphic level is in the upper South Perth
Formation and lower Leederville Formation.

420 m to 1407-1410 m: Corollina torosa Spore-pollen zone

Yields. The 420 m and 1278 m samples gave high yields, but also contained a lot of caved material
from the Warnbro Group. The 1407-1410 m sample gave a lower yield, but with almost no caving
from the Warnbro Group.

Zone. The presence of moderately common C. torosa in the 420 m cuttings sample suggests the C.
torosa Spore-pollen zone has been reached at this depth, even though the majority of the spore-
pollen assemblage is from the Warnbro Group and dinocysts are also present. Many of the C. torosa
specimens appear darker and more mature the other components of the assemblage. There are few
Callialasporites turbatus in this sample and none that apear slightly darker. This seems to eliminate
the possibility that the sample is in the C. turbatus Spore-pollen zone.

The 1278 m cuttings sample contains a similar assemblage, but with a higher proportion of C. torosa.

The 1407-1410 m cuttings sample appears to contain no caved material and C. torosa comprises
about 95% of the assemblage. This is very typical of the C. torosa Zone.

The absence of all but the occasional specimen of Callialasporites turbatus and no specimens of
Exesipollenites tumulus in any of the three samples suggests the Callialasporites turbatus Spore-
pollen zone is not present in the borehole. The C. turbatus Zone zone is usually associated with the
Cattmarra Coal Measures in the Perth Basin. This seems counterintuitive to the occurrence of coal in
this borehole, as represented in the three samples that were not processed.
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Suggested stratigraphic unit. Based on the current knowledge of the ages of formations in the Perth
Basin, but not necessarily in the southern Perth Basin, the best correlation is with the Eneabba
Formation. However, the presence of coal suggests either that some part of the interval below
189-195 m is in the Cattamarra Coal Measures, or that coal occurs in the Eneabba Formation, or that
the C. torosa Zone can extend into the Cattamarra Coal Measures. It should be pointed out that
because of the preponderance of red bed strata in the Eneabba Formation in the southern Perth Basin,
very little is known of of its biostratigraphic characteristics.

1500 m: Indeterminate

Yields. The sample gave a moderate yield of almost entirely Warnbro Group forms (see Table 1).

Zone. This assembage appears to be from the Warnbro Group, depite the depth. Every spore-pollen
and dinocyst recorded is associated with much younger zones than the C. torosa Zone of the sample
above. Therefore, it is concluded that this sample is not actually from 1500 m, or represents a
massive caving event. It is noted that the rock sample appears to be a mixed mass of different
coloured fragments, some medium grey and others darker grey.

Suggested stratigraphic unit. No stratigraphic position is suggested.

REFERENCES

Backhouse, J., 1988, Late Jurassic and Early Cretaceous palynology of the Perth Basin, Western
Australia. Geol. Survey W. A. Bulletin 135, 233p.

Helby, R., Morgan, R., and Partridge, A. D., 1987, A palynological zonation of the Australian
Mesozoic. In P. A. Jell (ed.) Studies in Australian Mesozoic Palynology, Assoc. of
Australasian Palaeontologists, Memoir 4, 1–85.
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2nd PUMPING TEST (MARC 2g) 20/12/2016

1. 10. 100. 1000. 1.0E+4
0.

30.

60.

90.

120.

150.

Time (min)

D
is

pl
ac

em
en

t (
m

)

Obs. Wells
MARC2G

Aquifer Model
Confined

Solution
Dougherty-Babu

Parameters
T  = 60.09 m2/day
S  = 0.00015
Kz/Kr = 1.
Sw  = 4.
r(w)  = 0.108 m
r(c)  = 0.216 m
C  = 9.175 min2/m5
P  = 2.



2nd PUMPING TEST (MARC 1i) 20/12/2016
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Semi Quantitative XRD Report 2015-147

Page 1 of 7 12/01/2017 Michael Verrall CSIRO-ARRC XRD laboratory Ph +61 8 6436 8658

1. Sample Preparation:
The samples received were from a various depths down a drill hole and consisted of
agglomerated quartz and clay rich material with an off white to grey colour and labelled
as follows:

A. 189-195m South Perth Shale
B. 402-408m Representative injection zone sandstone
C. 430m Cattamarra Coal Measures Shale
D. 786-789m Representative production zone sandstone
E. 1451-1500m Lesueur Sandstone?

For the clay separation work a sub sample was carefully broken up using an agate mortar
pestle to liberate mineral grains without crushing them. For sample A there was only
10.6g of material so only 8.5g was used for the clay separation work, for the remaining
samples 50.0g was used. This material was mixed with DI water and a 0.6% calgon
solution was added where necessary to prevent flocculation. The mixtures were agitated
for 15 minutes in an ultrasonic bath, after settling for several hours the clay fraction
(nominally less than 2 microns) was removed and the process of agitation and settling
repeated until no further clay was recovered. A pipette was used to transfer the suspended
clay fraction on to a porous corundum plate; vacuum was applied to remove excess water
resulting in a thin layer of oriented clay suitable for X-Ray Diffraction (XRD) analysis.

The remainder of the samples were crushed using a ring and puck mill. The resulting fine
powder was back packed into a standard X-Ray Diffraction (XRD) sample holder for
quantitative analysis.

A sub sample was also mounted on double sided tape for examination in the Scanning
Electron Microscope (SEM).

2. Experimental Method:
XRD data was collected using a Bruker D4 XRD fitted with a Co tube and Fe filter, and a
Lynxeye position sensitive detector, using the following settings:

Random powder settings
2-theta range = 5–90o, Step size = 0.02o, Divergence slit = 1 Degree
Orientated clay settings:
2-theta range = 2–35o, Step size = 0.02o, Divergence slit = 20mm variable divergence

For identification of the clay minerals the XRD measurements were repeated after the
oriented clay samples were air dried, treated with MgCl and expanded with ethylene
glycol.

SEM analysis was performed on a FEI XL40 controlled pressure SEM fitted with a
Bruker SDD EDS. The instrument was operated at an accelerating voltage of 30kV and a
chamber pressure of 0.5mBar allowing examination of non conductive uncoated samples
without excessive charge build-up.
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4. Results and Discussion:
The aim of this work was to identify the clays in the samples and to give a semi-
quantitative analysis of the minerals phases. The clay separation work shows that all
sample contained significant amounts of clay and that smectites were present in all
samples.  The mass of clay recovered is shown in table 1 and gives a rough indication of
the total amount of clay present in each sample however samples C and E had significant
amounts of agglomerated material remaining and the recovery for these samples is likely
to be incomplete due to trapped clays.

Table 1: clay recovery weights
Sample Starting weight Weight-clay Clay %
A 8.5g 6.4g 25%
B 50g 48.2g 4%
C 50g 44.8g 10% (incomplete recovery)

D 50g 40.7g 19%
E 50g 47.6g 5% (incomplete recovery)

The XRD results show that the samples consist mostly of varying amounts of quartz
feldspars and clays.  The feldspars present appear to be mostly K feldspar with some Na
and very little Ca feldspar. For the purposes of modelling in the Rietveld refinement used
to determine the abundance of the feldspars Albite, Microcline and Anorthite were used
as a starting model, however significant adjustments were required and it is likely that the
feldspars present in the samples are not end members and probably consist of a mixture
of mostly K rich feldspar with lesser amounts of Na and very little Ca. The Muscovite
and Illite peaks overlap and determination of the relative amounts is therefore difficult,
however, it was noted that there was very little concentration of illite in the clay fraction
and it is likely that the illite content is low. Kaolinite was the dominant clay in samples
A, B and C while smectite was the dominant clay in samples D and E.  All samples had
some smectite and the smectite appears to be mostly montmorillonite. Sample B was
mostly quartz and contained very little clay.

Table 2: Semi quantitative XRD results

Sample Quartz Albite Illite Kaolin Chlorite Microcline Montmorillonite Pyrite Calcite Hydrotalcite Mica Anorthoclase

A 22.3 5.2 3.5 25.8 4.9 18.6 3.8 2.1 0.4 1 5.7 6.6
B 80 1.4 0.4 5.1 7.1 0.5 2.9 2.2
C 25.6 1.9 1.9 45.3 1.1 10.6 9.6 2.9 0.9
D 42.2 5.8 1.4 17.6 0.8 3 19.9 0.3 2 7
E 25.8 1.5 1.8 34.7 1 0.5 25.7 0.8 0.3 2.6 5.4

The SEM EDS results show that the samples are mostly SiO2 and Al2O3, there is
significant amounts of Fe present in most samples however there were very few Fe
containing minerals present based on the XRD results. Sample A had traces of Pyrite but
the majority of the Fe is believed to be amorphous in nature. Some small magnetic flakes
of what appears to be corroded metal were found in samples C and E.
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Table 3: SEM EDS results
Spectrum O Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO

A 1.spx 0.5 1.1 1.5 23.2 57.5 3.5 3.2 1.3 0.9 7.3
B 1.spx 1.0 5.3 91.4 1.2 1.2
C 1.spx 0.4 0.9 1.5 24.7 58.7 4.2 1.2 8.4
D 1.spx 0.6 1.8 1.4 16.6 71.6 2.7 0.8 4.5
E 1.spx 0.0 1.6 2.3 22.8 59.6 2.6 1.3 1.1 8.8

5. Diffraction Data files:
Diffraction data files in the original binary format (with the file extension .raw) are
available on request. Images of the diffraction patterns with markers lines for the main
minerals are shown below.

 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
 12- 219 MONTMORILLONITE-18A
 19- 932 MICROCLINE, INTERMEDIATE
 16- 351 CLINOCHLORE-1MIB, FERROAN
 42- 1340 PYRITE
 89- 460 HYDROTALCITE, SYN
 89- 6216 MUSCOVITE-2M1
 5- 586 CALCITE, SYN
 74- 1784 KAOLINITE 1A
 75- 1631 ANORTHOCLASE

File Name: c:\data\michael\rachelwroe\a.xpt

Sample A (south Perth Shale 189-195m)
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 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
 14- 164 KAOLINITE-1A
 19- 932 MICROCLINE, INTERMEDIATE

File Name: c:\data\michael\rachelwroe\b.xpt

Sample B injection Zone 402-408m
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 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
 14- 164 KAOLINITE-1A
 19- 932 MICROCLINE, INTERMEDIATE
 33- 664 HEMATITE, SYN
 13- 259 MONTMORILLONITE-14A

File Name: c:\data\michael\rachelwroe\c.xpt
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 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
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 19- 932 MICROCLINE, INTERMEDIATE
 33- 664 HEMATITE, SYN
 13- 259 MONTMORILLONITE-14A
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 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
 12- 219 MONTMORILLONITE-18A
 46- 1212 CORUNDUM, SYN
 14- 164 KAOLINITE-1A

File Name: c:\data\michael\rachelwroe\a-c.xpt c:\data\michael\rachelwroe\a-c2.cpi

Sample A (south Perth Shale 189-195m) clay fraction
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 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
 12- 219 MONTMORILLONITE-18A
 14- 164 KAOLINITE-1A
 19- 932 MICROCLINE, INTERMEDIATE
 16- 351 CLINOCHLORE-1MIB, FERROAN
 51- 1525 QUINTINITE-3T
 24- 1035 BARITE, SYN
 42- 1340 PYRITE

File Name: c:\data\michael\rachelwroe\b-c.xpt c:\data\michael\rachelwroe\b-c2.cpi c:\data\michael\rachelwroe\b-mgcl.cpi
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 46- 1045 QUARTZ, SYN
 9- 466 ALBITE, ORDERED
 70- 3754 ILLITE
 14- 164 KAOLINITE-1A
 19- 932 MICROCLINE, INTERMEDIATE
 33- 664 HEMATITE, SYN
 13- 259 MONTMORILLONITE-14A
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 46- 1045 QUARTZ, SYN
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 19- 932 MICROCLINE, INTERMEDIATE
 33- 664 HEMATITE, SYN
 13- 259 MONTMORILLONITE-14A
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MARC 1i bore completion details



Geothermal Bore Completion Data – MARC 1(i)

Bore Designation: MARC 1(i)

Status: Geothermal Injection Bore

Coordinates (m MGA): 381363 mE; 6399369 mN (handheld GPS)

Ground Elevation: 7 m AHD (approximate)

Drilling Commenced: 11 November 2014

Bore Completed: 4 November 2016 (pumping injection test), airlifting was
completed on 19/08/2015

Drilling Contractor: Adams Drilling

Drilling Rig: Atlas Copco RD20 Hydraulic Rotary Rig

Depth Drilled: 1500 m

Drilling Details: 0 – 32 m bgl, reamed to 660 mm mud rotary
32 – 590 m bgl, reamed to 311 mm mud rotary
590 – 1500 m bgl, reamed to 216 mm mud rotary

Superficial Casing: +0.2 – 32.5 m bgl, 489 mm ID, 508 mm OD, Schedule 20, steel
casing, with cement grouted annulus

Injection Chamber: +0.7 – 35.1 m bgl, 220 mm ID, 245 mm OD, Chromium 13,
steel casing, with cement grouted annulus

Intermediate Casing: 35.1 – 322.6 m bgl, 172 mm ID, 194 mm OD, Chromium 13,
steel casing, with partially cement grouted annulus (cement
basket were utilised as large washouts in hole)

Injection String: 322.6 – 567.7 m bgl, 0.4 mm aperture, 904L grade stainless
steel, wire-wound screens, 196 mm ID, 217 mm OD, 150 API
male/female threads, heavy duty 7.4 MPa external collapse
resistance. Screen intervals: 322.6 to 340.5 m, 350.3 to 368.2 m,
376.1 to 411.7 m, 426.4 to 438.3 m, 468.0 to 503.7 and 526.2 to
567.7 m. Total length of the screened sections are 160.5 m.



Interspaced with 172 mm ID, 194 mm OD, Chromium 13 steel
casing. Blank Intervals: 340.5 to 350.3 m, 368.2 to 376.1 m,
411.7 to 426.4 m, 438.3 to 468.0 m and 503.7 to 526.2 m.

Top of Casing: 0.72 m above ground level

Static Water Level
(2/11/16): 11.9 m below top of casing (0 m AHD)

Water Salinity (19/08/16): 8050 mg/L TDS (final airlift sample)

Water pH (19/08/16): 8.02



Pilot Hole Lithology

Depth
From
(m)

Depth
To
(m)

Stratigraphy Lithology Description

0 6 BASSENDEAN
SAND

SAND
White/ cream, quartz, calcite and aragonite, medium to
coarse grained sand, moderately sorted, sub angular to sub
rounded, in parts weakly cemented

6 22
TAMALA

LIMESTONE

CALCARENITE

White/ cream , quartz, calcite and aragonite, medium to
very coarse grained sand and shell fragments, poorly sorted,
angular to rounded, well cemented yet vuggy, large
amounts of mud loss to the formation

22 30 SANDSTONE
White/ grey quartz with minor amount of carbonate
minerals, fine to medium grained sand, rounded to sub
rounded, well sorted, unconsoldiated sand

30 42

LEEDERVILLE
FORMATION

PINJAR
MEMBER

SHALE Black shale, massive, with very fine grained sand

42 50

LEEDERVILLE
FORMATION

WANNEROO
MEMBER

SANDSTONE
Light grey, quartz, fine grained sand, rounded, well sorted,
with about 20% massive black shale

50 78
SANDSTONE/

SHALE

Interbedded pale grey, fine to medium grained, poorly
sorted, weakly cemented, subangular quartz, dark brown /
grey, pyritic shale, minor amounts of well-rounded fine
grained quartz sand

78 82 SILTSTONE
Grey/ brown, fine grained quartz sand within 60% siltstone
matrix, gravel to pebble sized fragments of massive pyrite

82 112
SHALE/

SANDSTONE

Dark brown / grey, pyritic shale, silt/ fine grained sand
throughout and occasional clasts of massive pyrite, green-
clay marker horizon 111 m

112 132

LEEDERVILLE
FORMATION

MARIGINIUP
MEMBER

SANDSTONE
Grey/ brown, medium grained sand (predominantly
medium with coarser angular quartz), rounded to angular,
poorly sorted

132 136 SANDSTONE

Grey/ brown quartz and carbonate, very coarse grained,
well sorted, rounded to angular quartz sand and shell
fragments up to 4mm diameter, traces of glauconite and
pyrite

136 139 SHALE
Dark grey, shale, with about 20% coarse angular quartz
grains, poorly sorted

139 165 SANDSTONE
Brown/ grey quartz and feldspar, coarse sand to gravel,
angular to sub-rounded grains, no shell fragments observed
in this interval

165 173 SHALE
Dark grey, shale, with about 20% angular quartz grains,
poorly sorted

173 175 SANDSTONE
Grey, quartz dominated gravelly sand, minor feldspar,
moderately sorted, angular to sub rounded with about 10%
clay

175 182
SHALEY
GRAVEL

Dark grey, coarse grained quartz sand in about 40%
shale/clay matrix, poorly sorted with angular grains

182 186

SOUTH PERTH
SHALE

SHALE
Dark grey, very fine grained clay, with about 20% angular
quartz grains, poorly sorted

186 199
SHALEY

SANDSTONE
Dark grey, coarse grained quartz sand in about 40% clay
matrix, poorly sorted with angular grains

199 242
SHALE/

SANDSTONE

Interbedded, grey, quartz dominated gravelly sand with
minor feldspar and finer particles, moderately sorted,
angular to sub rounded grains, weakly cemented with traces
of pyrite, dark grey minor shale, @207m on large pyrite
fragment



242 271 GAGE
FORMATION

SANDSTONE/
SHALE

Interbedded grey medium to coarse grained, poorly sorted,
weakly cemented, dark grey shale with angular quartz
grains, poorly sorted increasing toward base of interval

271 292

CATTAMARRA
COAL

MEASURES

SHALE
Dark grey/ brown, pyritic shale, minor amounts of fine
grained quartz sand, pyrite fragments throughout interval

292 339 SANDSTONE
Light grey quartz gravel, minor shale, poorly sorted, well
rounded with traces of pyrite

339 357 SHALE Dark grey, shale, well sorted with traces of pyrite

357 367
SHALE/

SANDSTONE
Interbedded dark grey, shale with about 40 % fine grained
quartz sand, poorly sorted

367 377 SHALE Dark grey, shale, well sorted with traces of pyrite

377 399
SHALEY
GRAVEL

Dark grey quartz gravel/ coarse grained sand with about
40% shale, poorly sorted, angular quartz grains

399 410
GRAVELY

SANDSTONE

Grey, very coarse quartz sand/ gravel with minor amounts
of fine to medium grained sand and clay, moderately sorted
with angular to sub rounded grains and traces of pyrite

410 426 SHALE
Grey, shale, massive with minor amounts of fine grained
quartz sand, moderately sorted

426 436
GRAVELY

SANDSTONE

Grey, very coarse quartz sand/ gravel with minor amounts
of fine to medium grained sand and clay, moderately sorted
with angula

434 470 SHALE
Light grey, shale, soft matrix with more competent, harder
layers

470 504 SANDSTONE
Light grey, very fine grained, lightly cemented, minor shell
fragments

504 507
SANDSTONE/

SHALE
Interbedded light grey, fine grained quartz sand layers
within shale, well rounded, poorly sorted

507 561
SANDSTONE/
SILTSTONE/

SHALE

Dark grey/ black, shale, compacted and competent with a
minor mount of well-rounded fine grained quartz sand,
from 524-527m shale has puggy consistency

561 567 SANDSTONE
Grey, very coarse quartz sand/ gravel with minor amounts
of fine to medium grained sand and clay, moderately sorted
with angular to sub rounded grains

567 578 SHALE Black, micaceous shale, compacted and competent

578 589 SHALE
Light grey, soft puggy shale with some harder, more
compacted shale fragments

589 630 SHALE
Black shale/ siltstone, rounded clasts of  hardened shale, up
to 30 mm in diameter within soft clayey matrix

630 640 SANDSTONE
Grey, coarse grained /sand/ gravel within clay matrix,
poorly sorted, with angular to sub rounded grains

640 647 SHALE
Black shale/ siltstone, rounded clasts of  hardened shale, up
to 30 mm in diameter within soft clayey matrix

647 675 SANDSTONE
Grey, coarse grained /sand/ gravel within clay matrix,
poorly sorted, with angular to sub rounded grains

675 855
SHALE/

SANDSTONE

Interbedded dark grey, shale, very weak, very coarse to
medium grained sand, angular to sub rounded, poorly
sorted

855 871 SHALE
Dark grey, shale, very weak with < 1% quartz grains fine to
coarse sand, poorly sorted, angular to sub rounded, light
grey

871 884 SHALE
Dark grey, shale, very weak with 2 to 5% quartz grains fine
gravel to medium sand, poorly sorted, angular to sub
rounded, light grey

884 919 SANDSTONE
Yellow/ light grey, medium to very fine grained,
moderately sorted, sub rounded.

919 924 SHALE
Dark grey, shale, very weak with 1% quartz grains light
grey, medium to coarse sand, poorly sorted, angular to sub
rounded



924 928

CATTAMARRA
COAL

MEASURES

SANDSTONE
Yellow/ light grey, medium to very fine grained sand,
moderately sorted, sub angular to sub rounded.

928 935
SANDSTONE/

SHALE

Interbedded Yellow/ light grey, medium to very fine
grained sand, moderately sorted, sub angular to sub
rounded, 30 % shale (dark grey, very week)

935 937 SANDSTONE
Yellow/ light grey, medium to very fine grained sand,
moderately sorted, sub rounded to rounded

937 945
SANDSTONE/

SHALE

Interbedded light grey, very coarse to fine grained sand,
poorly sorted, sub angular to sub rounded, 50 % shale (dark
grey, very weak and massive)

945 956
SANDSTONE/

SHALE

Interbedded dark grey, shale, very weak, light grey,
medium to coarse sand, poorly sorted, angular to sub
rounded

956 996 SHALE
Dark grey, shale, very weak with 1% quartz grains (light
grey, fine gravel to medium sand, poorly sorted, angular to
sub rounded)

996 1134
SANDSTONE/

SHALE

Interbedded light grey, fine gravel to medium sand, poorly
sorted, angular to sub rounded weakly cemented, with
minor dark grey fissile shale

1134 1250
SANDSTONE/

SHALE

Interbedded pale to mid-grey, coarse sand to granule sized
sub-angular to rounded quartz with minor dark grey, fissile
shale, weakly cemented

1250 1276
SHALE/

SANDSTONE
Dark grey, shale, interbedded with various intervals of
sandstone (1257-1263m, and 1269 to 1272m)

1275 1291
SANDSTONE/
SILTSTONE

Dark grey, laminated shale / siltstone, with traces of
interbedded sandstone, moderately cemented

1291 1298
SANDSTONE/

SHALE
Dark to pale grey, medium to granule sized quartz, traces of
feldspar, interbedded with massive and fissile shale

1298 1323
SANDSTONE/
SILTSTONE

Dark to mid grey, siltstone interbedded with fine to very
fine grained quartz sand, well sorted in a silt matrix,
siltstone is hard and well cemented

1323 1342 SANDSTONE
Pale to mid grey, coarse grained to granule sized quartz and
feldspar, angular, poorly sorted and weakly cemented

1342 1366 SILTSTONE
Dark grey/ green, very fine grained micaceous siltstone
with several interbedded layers of medium to coarse
grained angular quartz sand, poorly sorted

1366 1383 SANDSTONE

White/grey, medium to coarse grained quartz sand, sub
angular to sub rounded, poorly sorted, traces of feldspar
and minor amounts of interbedded siltstone, weakly
cemented

1383 1436 SILTSTONE
Mid grey to reddish brown, very fine grained micaceous
siltstone with minor amounts of shale, traces of sandstone,
moderately cemented

1436 1457

LESUEUR
SANDSTONE

SANDSTONE
Pale grey, fine to coarse grained quartz sand with minor
feldspar and garnet, sub angular grains, poorly sorted with
interbedded siltstone and weakly cemented

1457 1500 SANDSTONE

Pale grey, pink, brown, coarse to granule sized quartz sand,
minor garnet and traces of feldspar, sub-rounded to sub
angular, poorly sorted, interbedded with siltstone, weakly
cemented

EOH

NB: Lithology log has been correlated against geophysical data
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Geothermal Bore Completion Data – MARC 2(g)

Bore Designation: MARC 2(g)

Status: Geothermal Production Bore

Coordinates (m MGA): 381399 mE; 6399376 mN (handheld GPS)

Ground Elevation: 7 m AHD (approximate)

Drilling Commenced: 3 September 2015

Bore Completed: 22 December 2016 (2nd pumping injection test), airlifting was
completed on 24 November 2016

Drilling Contractor: Adams Drilling

Drilling Rig: Atlas Copco RD20 Hydraulic Rotary Rig, side track hole drilled
with WEI D50S

Depth Drilled: 1155 m

Drilling Details:
NB: MD drill table = measured depth below drill table which was 3.3 m above ground level
(See Appendix VIII for construction diagram)

NB: TVD = true vertical depth m below ground level calculated using gyroscope survey data
(See Figure 11 for construction diagram)

0 – 1155 m MD drill table (3 – 1024 m bgl TVD), 216 mm mud
rotary pilot hole (abandoned below 739 m MD drill table)
0 – 33 m MD drill table (3 – 30 m bgl TVD), reamed to 508 mm
mud rotary
33 – 198 m MD drill table (30 – 194 m bgl TVD), reamed to 543
mm mud rotary
198 – 763.3 m MD drill table (194 – 710 m bgl TVD), reamed to
311 mm mud rotary
739 to 1035 m MD drill table (691 – 928 m bgl TVD), side-
track hole 171.4 mm mud-rotary hole
1020 to 1035 m MD drill table (916 – 928 m bgl TVD), side-
track hole under-reamed to 216 mm mud-rotary



Superficial Casing: 3.0 – 33.0 m MD drill table (0 – 30.0 m bgl TVD), 591 mm ID,
610 mm OD, Schedule 20, steel casing, with cement grouted
annulus

External Pump Chamber: 3.3 to 193.0 m MD drill table (0 – 189.7 m bgl TVD),, 444 mm
ID, 457 mm OD, Chromium 13, steel casing, with cement
grouted annulus

FRP Pump Chamber
Liner: Stainless riser 2.7 to 5.1 m MD drill table (+0.6 – 2.4 m bgl

TVD)

Stainless steel cross-over 5.7 to 6.3 m MD drill table (2.4 – 3.0

m bgl TVD)

FRP Liner 6.3 to 177.6 m MD drill table (3.0 – 174.2 m bgl

TVD), 305 mm ID, 379/376 mm OD, Chromium 13, cement
plug between base of FRP liner and external pump chamber

FRP Reducer to Acetal
slip-over: 177.6 to 180.5 m MD drill table (174.2– 177.1 m bgl TVD), see

Appendix VIII for more details

Intermediate Casing: 180.5 to 739 m MD drill table (177.1 – 691.3 m bgl TVD), 172
mm ID, 194 mm OD, Chromium 13, steel casing, with cement
grouted annulus

Production Casing: 729.2 to 1024.0 m MD drill table (683.9 – 919.2 m bgl TVD),
121 mm ID, 140 mm OD, Chromium 13 steel casing

Perforations in Production Casing:
Perforations:

Run 1 : 974.6 to 987.0 m MD drill table (886.1 – 897.4 m bgl TVD)

(Hollow-carrier, 8.1 mm, 28", 6 shots/ft)
Run 2 : 968.0 to 974.6 m MD drill table (880.1 – 886.1 m bgl TVD)

(Semi-expandable, 15.7 mm, 13", 4 shots/ft)
Run 3 : 964.1 to 968.0 m MD drill table (876.7 – 880.2 m bgl TVD)

(Semi-expandable, 15.7 mm, 13", 4 shots/ft)
Run 4 : 988.0 to 1006.0 m MD drill table (898.3 – 914.6 m bgl TVD)

(Hollow-carrier, 6.1 mm, 19", 6 shots/ft)
Run 5 : 917.2 to 935.2 m MD drill table (835.3 – 851.0 m bgl TVD)

(Semi-expandable, 15.7 mm, 13", 4 shots/ft)



Top of Casing: 0.61 m above ground level

Static Water Level
(2/11/16): 21.36 m below top of casing (10.36 m AHD)

Water Salinity (4/11/16): 36,200 mg/L TDS

Water pH (4/11/16): 7.93



Pilot Hole Lithology
Depth
From
(m)

Depth
To
(m)

Stratigraphy Lithology Description

0 15 BASSENDEAN
SAND

SAND

Yellow/ white medium to coarse grained sand, well
sorted, sub-rounded to well rounded, unconsolidated
quartz and calcareous minerals, with some iron
staining in the upper 6 m.

15 21
TAMALA

LIMESTONE

CALCARENITE

White/cream, fine to medium grained sand, well
sorted sub-rounded to rounded grains, partially
consolidated, in calcium carbonate cement. Quartz
and calcareous minerals.

21 33
CALCARENITE

AND SHALE

Light grey, medium to coarse grained sand, well
sorted, sub-angular to rounded grains, unconsolidated,
interbedded with dark grey/black clay.

33 51

LEEDERVILLE
FORMATION

PINJAR
MEMBER

SANDSTONE
Dark grey, coarse to very coarse grained sand, well
sorted, sub-rounded to well rounded. Quartz and
minor calcareous minerals with interbedded pyritic
shale bands.

51 63

LEEDERVILLE
FORMATION

WANNEROO
MEMBER

SHALE
Dark grey-black clayey pyritic shale with about 5%
medium to coarse grained quartz sand.

63 87
SANDSTONE/

SHALE

Dark grey, medium to very coarse grained sand, sub-
angular to rounded grains. Predominantly quartz and
minor calcareous minerals, interbedded with dark
grey soft, puggy, pyritic and micaceous shale. Sandy
interval at 78- 81 m.

87 107
SANDSTONE/

SHALE

Dark grey, medium to very coarse grained quartz
sand, sub-angular to rounded grains. Predominantly
quartz and carbonate minerals interbedded with dark
grey, soft, puggy micaceous shale. Green-clay marker
horizon at 105-108 m. 50% sand 50% shale.

107 117

LEEDERVILLE
FORMATION

MARIGINIUP
MEMBER

SANDSTONE/
SHALE

Grey, fine to very coarse grained sand, moderate to
poorly sorted sub-angular to rounded grains.
Predominantly quartz and carbonate grains with
minor amounts of garnet, glauconite and pyrite
nodules. About 10-20% interbedded soft, puggy
shale.

117 138
SANDSTONE/

SHALE

Dark, yellow-grey, very coarse grained sand to
granules, moderate to poorly sorted, sub-angular to
well-rounded grains. Predominantly quartz with
minor feldspar and shell fragments, (bi-valves), traces
of garnet, glauconite and heavy minerals, and small
amounts of interbedded shale.

138 176
SANDSTONE/

SHALE

Dark, yellow-grey, very coarse grained sand to
granules, fining upwards. Moderate to well sorted,
sub-angular to well-rounded grains. Predominantly
quartz with minor feldspar, garnet and glauconite and
traces of heavy minerals.  Trace amounts of
interbedded shale.

176 222 SOUTH PERTH
SHALE

SHALE

Shale with dark, yellow-grey, very coarse grained
sand to granules with occasional pebbles, moderately
sorted, sub-angular to sub-rounded grains,
unconsolidated, trace of cement on some of the larger
grains. Predominantly quartz with minor feldspar,
traces of garnet, glauconite heavy mineral and pyrite.



222 250
SANDSTONE/

SHALE

Shale with yellow-grey, coarse to very coarse grained
sand, with occasional pebble. Moderate to well
sorted, sub-angular to rounded grains. Predominantly
quartz with minor feldspar and glauconite, traces of
garnet and pyrite.  Trace of carbonate cement on
some grains.

250 276 GAGE
FORMATION

SANDSTONE/
SHALE

Dark grey, coarse to very coarse grained sand, with
occasional granules, moderately sorted sub-angular to
sub-rounded grains. Predominantly quartz, minor
feldspar, carbonate minerals and pyrite, interbedded
with 40% dark grey clay/shale.

276 298

CATTAMARRA
COAL

MEASURES

SANDSTONE/
SHALE

Grey, medium grained sand to granules, moderately
sorted, sub-angular to rounded grains. Predominantly
quartz, minor feldspar, glauconite and garnet, trace of
pyrite. About 5-10% interbedded shale.

298 310
SANDSTONE/

SHALE

Dark grey, coarse to very coarse grained sand, with
occasional granules, moderately sorted sub-angular to
sub-rounded grains. Predominantly quartz, minor
feldspar, carbonate minerals and pyrite, interbedded
with 40% dark grey clay/shale.

310 328 SHALE
Dark grey/yellow puggy clay (shale) minor amount
(<10%) coarse grained quartz sand.

328 346
SANDSTONE/

SHALE

Dark grey/black interbedded shale and quartz sand.
Alternating beds of dark grey-black fissile shale and
moderate to poorly sorted medium to very coarse
grained sand, sub angular to rounded grains.
Predominantly quartz, feldspar and minor glauconite
and pyrite. Grading from 40% interbedded shale at
top of interval to 10% at base.

346 362 SHALE
Dark grey/yellow puggy clay (shale) minor amount
(<10%) coarse grained quartz sand.

362 374 SANDSTONE

Grey, medium grained sand to granules, moderate to
poorly sorted, sub-rounded to well-rounded grains.
Predominantly quartz, minor feldspar, trace of garnet
and heavy minerals. Small beds of dark grey fissile
shale throughout interval About 10-20% interbedded
clay and 80-90% sand.

374 382 SHALE
Dark grey/yellow puggy clay (shale) minor amount
(<10%) coarse grained quartz sand.

382 417 SANDSTONE

Light grey/white, medium grained to coarse grained
sand with occasional granules, moderate to poorly
sorted, sub-angular to sub-rounded grains.
Predominantly quartz, minor feldspar, trace of garnet.
Small beds of dark grey fissile shale throughout
interval About 10-20% interbedded clay and 80-90%
sand.

417 477 SHALE

Dark grey/black fissile shale with interbedded clay
and minor amount (10-15%) well sorted, well
rounded medium grained quartz sand. Fairly uniform
composition with a sand layer at 462- 465 m.

477 510 SANDSTONE

Light grey/white, medium grained to coarse grained
sand with occasional granules, moderate to poorly
sorted, sub-angular to sub-rounded grains.
Predominantly quartz, minor feldspar, trace of garnet.
Small beds of dark grey fissile shale throughout
interval About 10-20% interbedded clay and 80-90%
sand.

510 538 SHALE
Light and dark grey shale, competent and hard
cuttings of fissile shale, with soft, more reactive
layers.



538 582

CATTAMARRA
COAL

MEASURES

SANDSTONE

Grey medium to very coarse grained sand, with a
small amount of fine grained sand, Moderate to well
sorted, sub-rounded  to well-rounded grains.
Predominantly quartz, garnet, and heavy minerals.
Small amount (10-15% ) interbedded clay.

582 622 SHALE

Dark grey, fissile shale, laminated drill cuttings with
minor (<10%) medium to coarse grained sand,
moderately sorted, sub-rounded to well-rounded
grains, predominantly quartz.

622 628 SANDSTONE

Grey coarse to very coarse grained sand, with a small
amount of fine to medium grained sand. Moderate to
well sorted, sub-rounded  to well-rounded grains.
Predominantly quartz, with trace amounts of garnet
with about 10%  interbedded clay.

628 637 SHALE
Dark grey, hard competent shale, minor (10-20%)
coarse  to very coarse grained sand, moderately
sorted, sub-rounded to well-rounded  quartz grains.

637 648 SANDSTONE

Grey medium to very coarse grained sand. Moderate
to well sorted, sub-rounded  to well-rounded grains.
Predominantly quartz, with minor amounts  feldspar,
garnet, and pyrite. Small amount (10-20%)
interbedded clay. With up to 30% shale at 642 to
645 m and less <10% shale from 645 to 651 m.

648 656 SHALE
Dark grey shale, hard, fissile drill cuttings with minor
(<10%) poorly sorted medium grained sand to
granules in samples. Predominantly quartz.

656 678 SANDSTONE

Grey, fine to very coarse grained, poorly sorted, sub-
rounded to well-rounded grains, predominantly quartz
with traces of feldspar, garnet and pyrite, and about
10-15% dark grey/black interbedded shale.

678 727 SHALE
Dark grey shale, hard, fissile drill cuttings with minor
(<10%) poorly sorted medium grained sand to
granules in samples. Predominantly quartz.

727 744 SANDSTONE

Grey, fine to very coarse grained, poorly sorted, sub-
rounded to well-rounded grains, predominantly quartz
with traces of feldspar, garnet and pyrite, and about
10-15% dark grey/black interbedded shale.

744 752 SHALE
Dark grey, hard, competent cuttings of shale, with
only trace amounts of sand in the sample.

752 758 SANDSTONE
Dark grey, hard, competent cuttings of shale, with
about 30% medium to coarse grained quartz sand in
the sample.

758 773 SHALE
Dark grey, hard, competent cuttings of shale, with
only trace amounts of sand in the sample.

773 792 SANDSTONE

Grey, fine to very coarse grained, poor to very poorly
sorted, sub-rounded to well-rounded grains.
Predominantly quartz with minor feldspar and garnet
and about 10 to 15% interbedded dark grey shale.

792 804 SHALE
Dark grey, hard, competent cuttings of shale, with
about 10-15%  poorly sorted fine to coarse grained
quartz sand in the sample.

804 828 SANDSTONE

Grey, fine to very coarse grained, poor to very poorly
sorted, sub-rounded to well-rounded grains.
Predominantly quartz with minor feldspar and garnet
(about 5%) and about 10 to 15% interbedded dark
grey shale.

828 843 SHALE
Dark grey, hard, competent cuttings of shale, with
only trace amounts of sand in the sample.



843 852

CATTAMARRA
COAL

MEASURES

SANDSTONE

Dark grey fine to very coarse grained, white grey
quartz sand , poorly sorted  sub-angular to rounded
grains, interbedded with some traces of cementation
on some grains. Predominantly quartz, minor
feldspar, and traces of heavy minerals with about 10-
15% dark and light grey interbedded shale.

852 891 SHALE
Dark and light grey shale, hard, competent cuttings
with some light grey, softer puggy cuttings with a
laminated fabric, an in part with a fissile texture.

891 941 SANDSTONE

White/grey medium grained sand to granules. Poor to
very poorly sorted, sub-rounded to rounded grains,
with some traces of cementation on some grains.
Predominantly quartz, minor feldspar, and traces of
heavy minerals with about 10-15% dark and light
grey interbedded shale.

941 957 SHALE

Dark and light grey shale, hard, competent cuttings
with some light grey, softer puggy cutting.
Interbedded with about 20 to 25% medium grained
sand to granules. Poor to very poorly sorted, sub-
rounded to rounded grains,

957 966 SANDSTONE

White/grey medium grained sand to granules. Poor to
very poorly sorted, sub-rounded to rounded grains,
with some traces of cementation on some grains.
Predominantly quartz, minor feldspar, and traces of
heavy minerals with about 10-15% dark and light
grey interbedded shale.

966 1020 SHALE

Dark grey shale, hard, competent cuttings with some
softer, light grey and red cuttings. Little to no sand in
samples, small amount of sand in the  sample at 1008
m. Very hard, slow drilling 999-1008 m.

1020 1035 SANDSTONE

White/grey medium to very coarse grained sand.
Moderately sorted, sub-rounded to well-rounded
grains, partially cemented. Predominantly quartz,
minor feldspar (and kaolinised feldspar), and traces of
heavy minerals with about 5 to 10% dark and light
grey interbedded shale.

1035 1092 SHALE
Dark grey shale with medium to very coarse sub-
angular sand, increasing sand in samples from 1062 –
1068 m.

1092 1155 SANDSTONE
Grey medium to coarse grained, sub-rounded to sub-
angular, moderately sorted sand with ~10%
interbedded shale.

EOH

NB: Lithology log has been correlated against geophysical data
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CONSTRUCTION DETAILS

App VI

417-0/Surfer/App VI

400

600

Stainless steel riser
2.7 to 5.1 m MD

Hole drilled 660 mm diameter, 3.3 to 33 m MD

610 mm OD, 9.53 mm WT
Steel casing, cement-grouted, 3.0 to 33.0 m MD

Stainless Steel cross-over 5.7 to 6.3 m MD
FRP liner, 379 mm OD, 37 mm WT
6.3 to 177.6 m MD, cement-plug base between
FRP liner and external pump chamber

457 mm OD, 6.5 mm WT
Pump chamber external steel casing, cement-grouted, 3.3 to 193.0 m MD

Hole reamed 216 x 543 mm diameter
33 to 198 m MD

FRP reducer 300 x 200 mm, FRP 200 mm and Acetal slip-over
177.6 to 177.9 m MD and 177.9 to 180.4 m MD and 180.4 to 180.5 m MD

194 mm OD, 11 mm WT
Chrome 13 casing, 180.5 to 739 m MD (top of Whipstock window),
cement grouted

Notes on Depth

Measured Depth (MD) are below Drill Table

Drill Table Height = 3.3 m above ground level
Top of Casing = 0.61 m above ground level

MD has been converted to Total Vertical Depth (TVD)
using gyroscope survey data (See Appendix X)

Side-track hole reamed 171.4 x 216 mm diameter
739 to 1025.52 m MD

Side-track hole drilled 171.4  mm diameter
1025.52 to 1037.57 m MD

Original 311 mm reamed hole
194 mm OD, 11 mm WT Chrome 13 casing,
177.8 to 762.2 MD
(now abandonned - see Appendix X)

Top of Weatherford Whipstock window
739 m MD

800

Perforations:
Run 1 : 974.6 to 987.0 m MD (Hollow-carrier, 8.1 mm, 28", 6 shots/ft)

Run 2 : 968.0 to 974.6 m MD (Semi-expandable, 15.7 mm, 13", 4 shots/ft)
Run 3 : 964.1 to 968.0 m MD (Semi-expandable, 15.7 mm, 13", 4 shots/ft)

Run 4 : 988.0 to 1006.0 m MD (Hollow-carrier, 6.1 mm, 19", 6 shots/ft)
Run 5: 917.2 to 935.2 m MD (Semi-expandable, 15.7 mm, 13", 4 shots/ft)

139.7 mm OD, 9.2 mm WT,
Chrome 13 casing, 729.2 to 1022.5 m MD

cement-grouted annulus 958.0 to 1022.5 m MD

original
216 mm pilot hole
(now abandonned  - see Appendix X) Cement plug base
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Appendix VII - MARC 1i Gyroscope Survey Data

Hole ID Station Dip Azimuth Easting Northing Elevation DLS *QA Easting Northing Elevation
Final Metres Degrees Degrees Metres Metres Metres Coordinates Metres Metres Metres

MARC 1i 0 -89.720 281.750 381361.0000 6399373.0000 7.0000 IN 381360.2 6399374 -322.996
MARC 1i 10 -89.770 314.900 381360.9619 6399373.0191 -2.9999 0.46 OUT 381360.1 6399374 -322.996
MARC 1i 20 -89.810 298.250 381360.9330 6399373.0412 -12.9998 0.22
MARC 1i 30 -89.900 247.990 381360.9103 6399373.0457 -22.9998 0.44
MARC 1i 40 -89.920 115.920 381360.9085 6399373.0394 -32.9998 0.49
MARC 1i 50 -89.870 356.260 381360.9141 6399373.0477 -42.9998 0.55
MARC 1i 60 -89.770 36.000 381360.9251 6399373.0752 -52.9997 0.46
MARC 1i 70 -89.880 354.070 381360.9358 6399373.1019 -62.9997 0.49
MARC 1i 80 -89.850 269.430 381360.9217 6399373.1122 -72.9997 0.55
MARC 1i 90 -89.880 246.410 381360.8990 6399373.1079 -82.9997 0.18
MARC 1i 100 -89.760 322.540 381360.8766 6399373.1203 -92.9996 0.72
MARC 1i 110 -89.650 295.900 381360.8364 6399373.1503 -102.9995 0.52
MARC 1i 120 -89.670 303.100 381360.7848 6399373.1793 -112.9993 0.14
MARC 1i 130 -89.780 297.040 381360.7436 6399373.2038 -122.9992 0.34
MARC 1i 140 -89.730 308.640 381360.7081 6399373.2272 -132.9991 0.21
MARC 1i 150 -89.780 301.530 381360.6733 6399373.2520 -142.9990 0.18
MARC 1i 160 -89.780 307.590 381360.6418 6399373.2737 -152.9989 0.07
MARC 1i 170 -89.800 293.280 381360.6105 6399373.2923 -162.9989 0.17
MARC 1i 180 -89.720 308.300 381360.5753 6399373.3144 -172.9988 0.30
MARC 1i 190 -89.710 318.840 381360.5395 6399373.3486 -182.9987 0.16
MARC 1i 200 -89.540 339.240 381360.5086 6399373.4052 -192.9984 0.64
MARC 1i 210 -89.730 311.740 381360.4768 6399373.4584 -202.9982 0.76
MARC 1i 220 -89.640 336.810 381360.4468 6399373.5030 -212.9981 0.49
MARC 1i 230 -89.790 332.640 381360.4260 6399373.5481 -222.9980 0.45
MARC 1i 240 -89.710 305.040 381360.3969 6399373.5789 -232.9979 0.43
MARC 1i 250 -89.690 300.160 381360.3528 6399373.6070 -242.9977 0.10
MARC 1i 260 -89.730 318.280 381360.3137 6399373.6382 -252.9976 0.30
MARC 1i 270 -89.640 330.200 381360.2824 6399373.6831 -262.9975 0.33
MARC 1i 280 -89.630 330.010 381360.2507 6399373.7383 -272.9973 0.03
MARC 1i 290 -89.630 343.090 381360.2251 6399373.7971 -282.9971 0.25
MARC 1i 300 -89.580 359.680 381360.2155 6399373.8647 -292.9968 0.37
MARC 1i 310 -89.620 354.370 381360.2121 6399373.9343 -302.9966 0.16
MARC 1i 320 -89.550 336.040 381360.1929 6399374.0032 -312.9963 0.45
MARC 1i 330 -89.550 332.660 381360.1589 6399374.0740 -322.9960 0.08

*Positional difference between IN and OUT surveys.

Downhole Surveys Confidential
© DHS (Aust) Pty Ltd 2014

* Dog Leg Severity Calculation (DLS)
The DLS calculation used by Downhole Surveys is reported
in the oil industry standard of degrees per 30m.
When a survey interval of less than 2m is selected the
dogleg severity calculation becomes dramatically affected
by the resolution of the survey instrument rather than the
actual true dog leg (degrees per 30m) of the drill hole. Thus
creating an artificial DLS report.

 Eg, A variation of just  0.7 degrees in Az per Metre will
produce DLS of 11.00 assuming dip is constant at -66
So..
Using an SPT tool with a resolution in Azimuth of 0.5
degrees, high artificial DLS will occur and may not truly
represent
the dog leg of the hole.

XYZ Positions (Eastings, Northings, Elevation) are
calculated using the Minimum Curvature method.
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Appendix VII - MARC 2g Gyroscope Survey Data

Hole ID Station Dip Azimuth Easting Northing Elevation DLS *QA Easting Northing Elevation
Final Metres Degrees Degrees Metres Metres Metres Coordinates Metres Metres Metres

MARC2G 0 -89.250 269.830 381397.0000 6399381.0000 7.0000 IN 381094.2 6399233 -905.545
MARC2G 10 -88.970 277.570 381396.8455 6399381.0116 -2.9988 0.91 OUT 381084.1 6399262 -906.305
MARC2G 20 -88.840 280.080 381396.6567 6399381.0412 -12.9970 0.42
MARC2G 30 -88.750 274.970 381396.4484 6399381.0684 -22.9947 0.42
MARC2G 40 -88.780 267.500 381396.2334 6399381.0732 -32.9924 0.49
MARC2G 50 -88.950 266.110 381396.0356 6399381.0623 -42.9905 0.52
MARC2G 60 -89.160 261.630 381395.8717 6399381.0454 -52.9891 0.67
MARC2G 70 -89.430 264.000 381395.7497 6399381.0296 -62.9883 0.81
MARC2G 80 -89.270 267.760 381395.6365 6399381.0219 -72.9877 0.50
MARC2G 90 -89.120 268.860 381395.4961 6399381.0179 -82.9867 0.45
MARC2G 100 -89.140 264.580 381395.3446 6399381.0092 -92.9855 0.20
MARC2G 110 -89.210 262.330 381395.2016 6399380.9929 -102.9845 0.23
MARC2G 120 -89.450 259.330 381395.0861 6399380.9749 -112.9838 0.73
MARC2G 130 -89.100 265.830 381394.9606 6399380.9603 -122.9830 1.08
MARC2G 140 -88.650 268.700 381394.7645 6399380.9519 -132.9811 1.36
MARC2G 150 -88.350 260.570 381394.5047 6399380.9256 -142.9776 1.10
MARC2G 160 -87.820 259.430 381394.1757 6399380.8671 -152.9720 1.59
MARC2G 170 -87.230 257.320 381393.7530 6399380.7792 -162.9626 1.79
MARC2G 180 -87.170 252.010 381393.2825 6399380.6499 -172.9507 0.80
MARC2G 190 -86.240 251.850 381392.7361 6399380.4715 -182.9341 2.79
MARC2G 200 -85.680 251.070 381392.0683 6399380.2472 -192.9092 1.69
MARC2G 210 -85.540 250.240 381391.3461 6399379.9936 -202.8798 0.46
MARC2G 220 -84.760 250.690 381390.5492 6399379.7111 -212.8440 2.34
MARC2G 230 -84.350 249.780 381389.6563 6399379.3900 -222.7988 1.26
MARC2G 240 -83.900 249.960 381388.6952 6399379.0378 -232.7463 1.35
MARC2G 250 -83.350 249.530 381387.6536 6399378.6532 -242.6844 1.66
MARC2G 260 -82.820 249.380 381386.5263 6399378.2306 -252.6116 1.59
MARC2G 270 -82.260 249.160 381385.3120 6399377.7710 -262.5269 1.68
MARC2G 280 -81.690 248.660 381384.0096 6399377.2684 -272.4290 1.72
MARC2G 290 -81.050 248.580 381382.6123 6399376.7214 -282.3157 1.92
MARC2G 300 -81.060 247.675 381381.1694 6399376.1422 -292.1941 0.42
MARC2G 310 -80.360 247.055 381379.6796 6399375.5206 -302.0629 2.12
MARC2G 320 -79.860 246.545 381378.1010 6399374.8438 -311.9142 1.52
MARC2G 330 -79.130 246.395 381376.4294 6399374.1158 -321.7466 2.19
MARC2G 340 -78.310 246.665 381374.6352 6399373.3370 -331.5533 2.47
MARC2G 350 -77.640 246.585 381372.7228 6399372.5104 -341.3338 2.01

*Positional difference between IN and OUT surveys.

Downhole Surveys Confidential
© DHS (Aust) Pty Ltd 2014

* Dog Leg Severity Calculation (DLS)
The DLS calculation used by Downhole Surveys is reported
in the oil industry standard of degrees per 30m.
When a survey interval of less than 2m is selected the
dogleg severity calculation becomes dramatically affected
by the resolution of the survey instrument rather than the
actual true dog leg (degrees per 30m) of the drill hole. Thus
creating an artificial DLS report.

 Eg, A variation of just  0.7 degrees in Az per Metre will
produce DLS of 11.00 assuming dip is constant at -66
So..
Using an SPT tool with a resolution in Azimuth of 0.5
degrees, high artificial DLS will occur and may not truly
represent
the dog leg of the hole.

XYZ Positions (Eastings, Northings, Elevation) are
calculated using the Minimum Curvature method.
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Appendix VII - MARC 2g Gyroscope Survey Data

Hole ID Station Dip Azimuth Easting Northing Elevation DLS *QA Easting Northing Elevation
Final Metres Degrees Degrees Metres Metres Metres Coordinates Metres Metres Metres

MARC2G 360 -76.990 246.355 381370.7096 6399371.6336 -351.0897 1.96
MARC2G 370 -76.060 245.935 381368.5786 6399370.6910 -360.8143 2.81
MARC2G 380 -75.440 245.155 381366.3381 6399369.6716 -370.5066 1.95
MARC2G 390 -74.540 244.715 381363.9923 6399368.5742 -380.1653 2.72
MARC2G 400 -73.720 244.475 381361.5222 6399367.4009 -389.7840 2.47
MARC2G 410 -73.060 243.935 381358.9487 6399366.1568 -399.3667 2.03
MARC2G 420 -72.420 243.535 381356.2880 6399364.8436 -408.9164 1.95
MARC2G 430 -71.340 242.715 381353.5142 6399363.4372 -418.4203 3.33
MARC2G 440 -70.660 243.135 381350.6153 6399361.9556 -427.8754 2.08
MARC2G 450 -69.690 243.145 381347.5897 6399360.4233 -437.2827 2.91
MARC2G 460 -68.910 242.425 381344.4466 6399358.8064 -446.6370 2.46
MARC2G 470 -67.960 242.045 381341.1943 6399357.0940 -455.9369 2.88
MARC2G 480 -67.020 241.695 381337.8183 6399355.2888 -465.1750 2.85
MARC2G 490 -66.180 241.235 381334.3294 6399353.3914 -474.3524 2.58
MARC2G 500 -65.240 241.415 381330.7204 6399351.4177 -483.4671 2.83
MARC2G 510 -64.450 241.045 381326.9945 6399349.3717 -492.5186 2.42
MARC2G 520 -63.950 241.265 381323.1822 6399347.2721 -501.5218 1.53
MARC2G 530 -63.300 241.555 381319.2814 6399345.1463 -510.4808 1.99
MARC2G 540 -62.890 242.425 381315.2863 6399343.0215 -519.3984 1.71
MARC2G 550 -62.890 244.025 381311.2183 6399340.9688 -528.2999 2.19
MARC2G 560 -62.560 245.135 381307.0794 6399339.0020 -537.1881 1.82
MARC2G 570 -61.860 245.595 381302.8414 6399337.0588 -546.0347 2.20
MARC2G 580 -61.200 245.995 381298.4934 6399335.1045 -554.8253 2.06
MARC2G 590 -60.480 246.095 381294.0406 6399333.1262 -563.5579 2.16
MARC2G 600 -59.370 246.375 381289.4542 6399331.1069 -572.2114 3.36
MARC2G 610 -58.670 246.775 381284.7311 6399329.0608 -580.7849 2.19
MARC2G 620 -58.400 246.825 381279.9334 6399327.0045 -589.3144 0.81
MARC2G 630 -57.280 247.195 381275.0333 6399324.9259 -597.7800 3.41
MARC2G 640 -56.530 247.575 381269.9929 6399322.8264 -606.1576 2.33
MARC2G 650 -55.910 247.915 381264.8470 6399320.7208 -614.4693 1.94
MARC2G 660 -54.850 247.955 381259.5818 6399318.5866 -622.6986 3.18
MARC2G 670 -54.090 247.895 381254.1966 6399316.4026 -630.8366 2.28
MARC2G 680 -53.160 247.925 381248.7013 6399314.1723 -638.8881 2.79
MARC2G 690 -52.290 247.965 381243.0882 6399311.8982 -646.8454 2.61
MARC2G 700 -51.290 247.925 381237.3554 6399309.5756 -654.7028 3.00
MARC2G 710 -50.680 247.875 381231.5227 6399307.2071 -662.4726 1.83
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Appendix VII - MARC 2g Gyroscope Survey Data

Hole ID Station Dip Azimuth Easting Northing Elevation DLS *QA Easting Northing Elevation
Final Metres Degrees Degrees Metres Metres Metres Coordinates Metres Metres Metres

MARC2G 720 -48.110 248.565 381225.4791 6399304.7934 -670.0641 7.83
MARC2G 730 -50.350 246.145 381219.4525 6399302.2826 -677.6375 8.22
MARC2G 740 -51.410 245.405 381213.6986 6399299.6942 -685.3957 3.47
MARC2G 750 -51.380 245.275 381208.0281 6399297.0909 -693.2103 0.26
MARC2G 760 -51.910 245.155 381202.3944 6399294.4896 -701.0521 1.61
MARC2G 770 -53.480 244.585 381196.9075 6399291.9164 -709.0061 4.82
MARC2G 780 -53.930 244.285 381191.5676 6399289.3620 -717.0659 1.45
MARC2G 790 -53.960 243.875 381186.2741 6399286.7894 -725.1504 0.73
MARC2G 800 -54.330 242.985 381181.0353 6399284.1697 -733.2555 1.92
MARC2G 810 -54.630 242.505 381175.8705 6399281.5091 -741.3946 1.23
MARC2G 820 -56.030 241.955 381170.8371 6399278.8592 -749.6188 4.30
MARC2G 830 -56.370 241.765 381165.9317 6399276.2356 -757.9287 1.07
MARC2G 840 -56.490 241.855 381161.0581 6399273.6235 -766.2608 0.39
MARC2G 850 -56.500 241.975 381156.1879 6399271.0247 -774.5992 0.20
MARC2G 860 -57.340 241.885 381151.3719 6399268.4565 -782.9782 2.52
MARC2G 870 -57.780 241.605 381146.6469 6399265.9172 -791.4177 1.39
MARC2G 880 -57.950 241.415 381141.9718 6399263.3800 -799.8857 0.59
MARC2G 890 -57.900 241.275 381137.3119 6399260.8335 -808.3592 0.27
MARC2G 900 -58.400 240.515 381132.7013 6399258.2670 -816.8535 1.92
MARC2G 910 -59.010 240.165 381128.1874 6399255.6966 -825.3986 1.91
MARC2G 920 -59.690 239.645 381123.7766 6399253.1406 -834.0015 2.19
MARC2G 930 -60.960 238.385 381119.5321 6399250.5930 -842.6899 4.24
MARC2G 940 -62.290 237.035 381115.5143 6399248.0554 -851.4883 4.43
MARC2G 950 -62.790 236.845 381111.6495 6399245.5399 -860.3616 1.52
MARC2G 960 -63.680 236.075 381107.8959 6399243.0522 -869.2902 2.87
MARC2G 970 -64.830 234.245 381104.3304 6399240.5723 -878.2975 4.19
MARC2G 980 -65.150 233.815 381100.9088 6399238.0891 -887.3599 1.10
MARC2G 990 -65.430 233.305 381097.5458 6399235.6062 -896.4442 1.06
MARC2G 1000 -65.600 233.305 381094.2226 6399233.1296 -905.5449 0.51

r Rockwater Pty Ltd I:\417-0\Data\Gyro
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Cr 13 suitability assessments (SVT Engineering and Bureau Veritas)
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Principal - Director 
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RE: SUITABILITY OF 13 CR STAINLESS STEEL FOR GEOTHERMAL WATER 

CITY OF MANDURAH 

MANDURAH AQUATIC AND RECREATION CENTRE 

GEOTHERMAL PROJECT PRELIMINARY CORROSION ASSESSMENT 

 

Dear Grant 

Presented below is our assessment of the suitability of 13 Cr stainless steel for prospective use in 

geothermal water application. Our assessment was limited only to this material specification. 

 

SUMMARY: 

 In term of internal corrosion, the 13 Cr steel is suitable for slightly alkaline geothermal 

environment with significant chloride content, provided that there is no oxygen present (either 

intrinsically from the geothermal water or as a contamination from above ground facility). In 

particular, great caution is to be given to ensure that no oxygen contamination shall enter the 

injection zone. 

 Molybdenum bearing 13 Cr is preferred as it provides limited resistance to pitting corrosion if 

there is small contamination of oxygen (process upsets/interruption). 

 In term of external corrosion, no corrosion is anticipated as the pipe external will be concrete 

lined as per received drawing.   

 
RECOMMENDATIONS: 

 To properly asses the pipe material, it is crucial that that the amount of non-condensable gas 

(O2, CO2, NH3, H2S) in the water is accurately assessed. Particularly for the use of 13 Cr 

stainless steel in chloride containing water, measurement of dissolved oxygen (DO) is strongly 

recommended. 
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 It is also critical to ensure that the 13 Cr steel pipes are re-passivated prior to use. 

 

MATERIAL ASSESMENT PROCESS 

 
Received Information: 

SVT received the following information as the basis for determination of 13 Cr stainless steel 

suitability: 

 Water quality – detailed in Appendix A. Pertinent water parameters are: 

o Water is slightly alkaline (7.5 < pH < 8.5) 

o Temperature is less than 50 C 

o Amount of chloride is up to 12.8 g/L ( as a  comparison, sea water content is 19.1 

g/L) 

 Dwg No: 417-0/15/ Drawing 1 & 2: Geothermal Bore Design. 

 

Assumptions/Limitations in assessment: 

 The 13 Cr SS pipe will be thread jointed (no weld joint) 

 The annulus between the casing and the hole will be pressure cement-grouted to exclude direct 

contact of the pipe external with the soil and groundwater  

 Microbiological corrosion has not been taken into consideration. 

 No information is available on the amount of typical corrosive non-condensable gas in 

geothermal water (O2, CO2, NH3 and H2S). 
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Identification of potential corrosion and damage mechanisms: 

Integrity of 13 Cr SS for well casing in the particular environment will be affected by the following 

factors: 

 
Chemical 

Content 

Possible Corrosion/ 

Damage Mechanism 
Likelihood of Failure 

a 

Water + CO2 + 12.8 g/L 

chloride 

(No oxygen) 

Corrosion by CO2 occurs only above 150 C. Very low 

b. 

Water + O2 + 4 to 12.8 g/L 

Chloride 

With or without CO2 

Just a small amount of oxygen will cause severe pitting corrosion at 

low threshold temperature. 

Depending on oxygen content, Molybdenum alloying to 13 Cr steel 

may slightly increase critical (threshold) pitting temperature. 

Not yet determined as there is no info 

on oxygen content in water or Mo 

content in material 

c. Water + H2S  

Risk of H2S stress corrosion cracking if  there is high tensile stress 

(incl. weld residual stress) 

 

Very Low,  

since pH > 6 and there will be no weld 

joint. 

 

Additional industrial experiences/considerations: 

1) 13 Cr is known to be un-suitable for marine application (containing oxygen and high chloride). 

2) Within oil/gas industry, retrievable 13 Cr steel components (non-welded) is suitable for downhole 

primary producing environment with CO2 as primary corroding agent because no oxygen is 

present in the formation gas/oil in sufficient amount to cause internal corrosion.  We believe that 

13 Cr steel is used as first annular tube, where the external surface will not be in contact with 

sea water.  

3) Our review on geothermal water is that in general the non-condensable gas that causes issues 

are CO2, H2S, and NH3. Oxygen in general is considered as contamination from 

surface/atmosphere. However, a minority of geothermal sites (such Island and Mexico) has 

significant oxygen content (in the order of 0.1 to 4 g/L). Therefore, it is crucial that the non-

condensable gas of the water is accurately assessed. 

4) Water with level of pH above 8, and potentially containing carbonate in excess of 400 ppm, weld 

joined carbon steel is susceptible to carbonate stress corrosion cracking. Therefore, 13 Cr SS 

threaded pipe is more suitable than weld joined carbon steel even if the amount of O2 and CO2 

content is insignificant. 

Yours sincerely 

 

 

Iman Maroef 

Principal Materials Consultant 

Revision control 

Rev Date Created by Check by 

0 13 February 2015 Iman Maroef Dean Parker 
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19th February 2015   
   
Rockwater   
76 Jersey Street  Client REF: TBA 
Jolimont, WA 6014 Test Date: 19th February 2015 
Attention: Mr Grant Bolton 
 

Report No.:  

   
POSITIVE MATERIAL IDENTIFICATION (PMI) 

 
DESCRIPTION OF COMPONENTS: 
 

   Various Pipes – See schematic of yard 
   A random selection of 5 pipes was analysed from each pile 

 
TEST METHOD: 
 
 
SURFACE PREPARATION: 
 
SERIAL NUMBERS: 

 
Chemical Analysis was conducted by portable Olympus XRF  

 
 

  None  
 
 N/A 
 

Results of Chemical Analysis 
 
The results of the chemical analyses are tabulated below:  
 

Chemical Composition (Wt %) 
Pile No. Pipe Size Cr Ni Mo 

1 

7 5/8” 

12.17 0.117 0.005 
12.57 0.090 0.000 
12.14 0.084 0.004 
12.20 0.112 0.005 
12.08 0.104 0.004 

5 1/2” 

12.21 0.000 0.010 
12.51 0.082 0.018 
12.45 0.000 0.005 
12.80 0.087 0.009 
12.29 0.115 0.004 

2 7 5/8” 

12.24 0.094 0.004 
12.13 0.095 0.003 
12.09 0.117 0.005 
12.49 0.115 0.004 
12.18 0.127 0.039 
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Chemical Composition (Wt %) 

Pile No. Pipe Size Cr Ni Mo 

3 7 5/8” 

12.43 0.101 0.004 
12.18 0.094 0.006 
12.24 0.105 0.000 
12.79 0.117 0.004 
12.41 0.103 0.004 

4 (Second Yard) 7” 

11.55 0.221 0.003 
12.62 0.198 0.006 
12.60 0.168 0.020 
12.55 0.197 0.050 
12.21 0.218 0.018 

 
 
 
Remarks: The analysed components had all been manufactured from a martensitic type stainless steel, 
consistent with ASTM A268, grades TP405 & TP410. 
 
Schematic of Yard: 
 
 
 
 
 
 

Yard Entry 

Pile 1 

Pile 2 
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SVT Report No: Rpt01-1400626.2 Rev A Initial Inspection Results 

 

Mr. Grant Bolton 

Principal - Director 

Rockwater Pty Ltd 

  

RE: SUITABILITY OF 13 CR STAINLESS STEEL FOR GEOTHERMAL WATER 

CITY OF MANDURAH AQUATIC AND RECREATION CENTRE 

Visual Inspection of 7 5/8” casing – Initial Report 

 

Introduction 

SVT Engineering Consultants (SVT) were asked by Rockwater Pty Ltd to visually examine 

a quantity of used 7 5/8” casing pipe for the potential use by Rockwater. This is an initial 

brief report and a fuller report will be prepared next week. 

The pipe was inspected in a yard at Naval Base in WA which is approximately 5km from 

the sea. It was reported that the pipe had been stored there for a number of years but 

no more history was known. 

Initial Inspection (Thursday 19th February 2015) 

General 

The pipes were found to be stored in a number of separate stacks typically as shown in 

Figure 1. 

 

Figure 1 Typical pipe stacking (Stack 1) 
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Figure 2 – Stack 1 

It can be seen that the bottom layers of pipe are less than 500mm as recommended in 

API RP5C1. API RP5C1 also requires at least 3 spacing strips between pipe layers. In the 

present case only 2 were found but no obvious pipe bending was observed. 

The majority of the pipes were covered with red/brown deposits indicating light general 

corrosion. However it was observed that some pipes in another stack had less surface 

corrosion. (See below) 

 

Figure 3 – Stack 2 

No deep pits were found and even around tong marks, no significant corrosion was 

noted. (The positions of the U/T wall thickness measurements can also be seen).  



 

SVT Engineering Consultants Page 3 

 

Figure 4 – Tong marks 

Pipe Ends 

No pipe end protectors were noted to be fitted to the pipes and all pipe ends had been 

exposed to the elements.  This had resulted in minor corrosion of all pipe ends both male 

and female. A typical male end can be seen below: 

 

Figure 5 – Thread corrosion 

Variability in the degree of corrosion was noted between stacks and can be seen in the 

male end  in Figure 5 compared with a male end in Figure 6.  
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Figure 6 – Cleaner thread on Stack 2. 

 

Figure 7 – Coupling condition 

Female ends also showed varying degrees of corrosion. The remains of copper was also 

evident indicated by the light green colour. 
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Internal 

 

Figure 8 – Internal corrosion 

Corrosion product was noted on the internal surface of all pipes although this was light 

and not of significant depth.  There were also a number of light longitudinal marks 

probably made by internal tools. 

The internal surface (up to a meter from the end) was also viewed with a ‘snakeye’ 

borescope on a number of pipes. Only light corrosion products were observed. 

Wall Thickness 

The pipe wall thickness was measured using an ultrasonic thickness gauge on three 

pipes. 

Position (O’clock) Wall thickness (mm) 

12 10.4 10.5 10.6 

10 10.6 10.4 10.7 

9 10.6 10.4 10.6 

7 10.6 10.5 10.5 

6 10.6 10.6 10.6 

5 10.6 - - 

2 10.4 - - 

Table 1 Select wall thickness measurements 
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Conclusions 

• All the pipes had light general corrosion on their outer surfaces although there were 

a number of pipes which were in far better condition than others. No deep pitting 

was observed on the pipes viewed. 

• Pipe ends showed minor corrosion. The ends of the better condition pipes showed 

far less corrosion. 

• Minor corrosion was also observed on the internal surfaces although no pitting could 

be felt. 

• An average wall thickness of 10.6mm was measured on three separate pipes. 

 

Recommendations 

1) The pipes which are in better condition than others should be chosen in preference 

to the others. 

2) The male and female threaded ends should cleaned to ensure a good fit.  

3) A trail fit should be made to ensure that the full integrity of the joint can be obtained 

for the well conditions envisaged. 

 

Alastair Tawns 

Principal Consultant 



 

 

www.svt.com.au 

 Perth ǀ Brisbane ǀ Melbourne   Noise ǀ Vibration ǀ Corrosion ǀ Pressure 

  Safety ǀ Reliability ǀ Integrity ǀ Training 

 Asset  Support  ǀ Design Support  ǀ Troubleshooting 

 

 
14 June 2016 

 

SVT Report No: Rpt01 1400626.4 Rev 0 

 

Mr. Martin Pujol 

Senior Hydrogeologist 

Rockwater Pty Ltd 

  

 

RE: CITY OF MANDURAH, MANDURAH AQUATIC AND RECREATION CENTRE, 

GEOTHERMAL PROJECT PRELIMINARY CORROSION ASSESSMENT - GALVANIC 

COUPLING BETWEEN 13 CR STEEL AND 4140 STEEL 

Dear Martin. 

Presented below is our assessment of the risk of galvanic corrosion between 13 Cr steel (casing) and 

4140 steel (Whip Stock) components. 

Although the Mandurah geothermal water (Appendix A) is negligible in the amount of oxygen and hence 

reducing in nature, the presence of CO2  (1-7 mg/L) and significant salinity still is classifies it as mildly 

corrosive (which can produce a corrosion rate of 0.0875 mm/year on carbon steel1). Such condition can 

still pose a risk of galvanic corrosion between 13 Cr steel and 4140 steel. In this coupling, the 4140 

steel is the anodic (more electronegative/less noble) component and can corrode faster than its own 

normal rate. On the other hand, the 13 Cr steel will be cathodic (more electropositive/more noble) and 

will corrode slower than normal. Therefore, localized accelerated corrosion on the 13 Cr steel casing is 

unlikely. 

Although corrosion of the 4140 steel Whip Stock in this application is not a major issue, mitigation of 

galvanic corrosion may still considered necessary in order to: 

- Minimise iron-oxide (rust) contamination of the 13 Cr steel surface. Rust contamination from 

the corroding 4140 steel is highly electropositive, and when deposit on the 13 Cr metal 

surface may cause pitting corrosion. The corrosion pitting would be more widely scattered 

around the coupling interface and therefore pose a less severe risk to the integrity of the 13 

Cr steel casing relative to that by galvanic corrosion (should 13 Cr steel being the less noble 

component).  

- Minimise the potential of hydrogen cracking of 13 Cr steel when electrically coupled with 

lesser noble material (in this the 4140 steel). In combination with other factors (such as the 

presence of Sulphur or H2S), such coupling can potentially result in hydrogen absorption 

                                                

1 Source: H.H Uhlig, Iron and Steel in the Corrosion handbook, H.H. Uhlig Ed. John Wiley and Sons, New York, 1948. 
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brought about by galvanic enhanced cathodic reaction on the 13 Cr steel surface, particularly 

considering the reducing environment.  

 
Industrial practice to mitigate galvanic corrosion are as follows: 

- Minimise the exposed surface area of the 13 Cr steel adjacent to dissimilar metal interface, by 

coating with water immersion grade coating system (2 pack epoxy or similar). The extent of 

coating on 13 Cr steel should be approximately 2 times diameter of the casing.  

o The purpose of coating is to minimize the surface area of the 13 Cr steel rather than 

for full protection. 

- If there is a necessity for a thread connection, the 4140 steel should as much as possible 

being the female (internal) thread so it can be made thicker than the 13 Cr steel at the 

thread joint. 

- Adding insulation seal packing to contact surfaces between the dissimilar metal.  

- Local sacrificial anode protection on the 4140 steel, by zinc/aluminium spray coating or by 

placement of small zinc sacrificial anode at location which will not impede water flow. 

 

We trust this is suitable to your requirements, please do not hesitate to contact us should you need 

any further details or wish to discuss this further. 

Yours sincerely 

 

 

Iman Maroef 

Principal Consultant 
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APPENDIX X:
Downhole Flow logging (Westlog)
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APPENDIX XI:
Corrosion Assessment (Extrin)
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1 INTRODUCTION 
 
At the request of Mr. Martin Pujol, Senior Hydrogeologist for the Mandurah Geothermal 
Doublet, Rockwater Pty Ltd, Extrin Consultants were requested to comment on sample test 
results in relation to possible corrosion mechanisms in the geothermal doublet bores, most 
notably Microbially-Influenced Corrosion (MIC). 
 
Groundwater at many Australian sites are a contributor to steel corrosion. Gaining a more 
complete picture of the causes and modes of corrosion can assist in determining corrective 
action and subsequent reductions in costly maintenance work and down time.  
 
Bore tubing materials are exposed to an inherently aggressive service environment and 
means and methods for asset protection need to be carefully considered, and more 
importantly, correctly implemented. This document provides information on microbial 
corrosion and the testing procedures used to ascertain MIC numbers. Remedial options are 
then discussed and recommendations put forward. 
 
 

2 BACKGROUND 
 
2.1 Mandurah Aquatic and Recreation Centre Geothermal Doublet  
 
The Mandurah geothermal doublet consists of two bores, MARC1i and MARC2g. The MARC1i 
is the injection bore, which injects the pumped groundwater back into the aquifer after heat 
exchange. The MARC2g is the production bore, which pumps the groundwater from the 
aquifer for heat exchange. The production bore is at a depth of approximately 1 km whilst the 
injection bore lies at roughly 570 m below ground surface.  
 
The groundwater is at a temperature of 43oC (obtained from Ryznar/Langellier indices 
spreadsheet calculation) and will be pumped at a rate of about 30 L/s for heating purposes in 
the Mandurah Aquatic and Recreation Centre. 
 
Supporting documentation files provided for review of the bore conditions included were – 
1.      CCTV Summary.xlsx has a description of the CCTV files and depths surveyed 
2.      The latest WQ from both bores including all bacteria sampling and COC’s. EP1610551. 
3.      Bore construction diagrams 
4.      Corrosion Scales spreadsheet – calculated Langelier/Ryznar indices 
5.      Please note a lot of grease was used in MARC1(i) to assist in doing up the casing threads, 
perhaps this is providing the bacteria with food, attached is a MSDS (ZN-50.pdf) for the grease 
used.  
6.      Screenshots from MARC2(g) CCTV  
7.      Screenshots from MARC1(i) CCTV  
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2.2 Material Selection  
 
The materials used for the bore is predominantly a martensitic stainless steel, Chrome 13 
(Cr13) as per the Bureau Veritas Certificate of Analysis dated 19th February 2015.  The wall 
thickness was 10.4 – 10.6mm and the pipe spools exhibited minor corrosion prior to 
installation as they may have been previously used.  There was some comment about a light 
green corrosion product indicating copper (SVT Report No. 01-1400626.2 Rev.2 dated 19th 
February 2015). 
 
A summary of expected properties include: 
 

 Martensitic, good for high CO2, medium to high chlorides and low H2S. 

 Sulphide stress cracking can occur in presence of acidic H2S+NaCl solutions. 

 Presence of thiosulphate and chlorides in acidic conditions can cause pitting and 
production of FeS scale. 

 Sulphate reducing bacteria (SRB) can produce H2S and possibly FeS as well.  
 
The suitability of the pipe material for geothermal use was addressed (SVT Report No: Rpt-01 
1400626.1 Rev 0 dated 13th February 2015).  This report summarised the material selection 
in terms of internal corrosion thus: 
 

 The 13 Cr steel is suitable for slightly alkaline geothermal environment with significant 
chloride content, provided that there is no oxygen present (either intrinsically from the 
geothermal water or as a contamination from above ground facility). In particular, 
great caution is to be given to ensure that no oxygen contamination shall enter the 
injection zone. 

 Molybdenum bearing 13 Cr is preferred as it provides limited resistance to pitting 
corrosion if there is small contamination of oxygen (process upsets/interruption). 

 
It also advised that the 13 Cr steel pipes were re-passivated prior to use and that 
microbiological influenced corrosion (MIC) has not been taken into consideration.  
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2.3 Bore Design & Construction Details 

 
Figure 1: MARC1i Injection Bore Design 
  



 

 Rockwater Pty Ltd  Rev 1  Page 7 

 

 
Figure 2: MARC2g Production Bore Design 
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Figure 3: MARC2g Construction Details 
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3 SCOPE AND LIMITATIONS 
 

3.1 Limitations 
 
The scope of this investigation was to comment on the visual assessment using borehole 
videos as well as sample analytical test results received for bores MARC1i and MARC2g in 
relation to possible corrosion mechanisms involving Sulphate Reducing Bacteria (SRB) and 
Iron Reducing Bacteria (IRB) as these are known contributors to Microbially-Influenced 
Corrosion (MIC). To achieve this Extrin undertook a number of approaches to collect 
information including: 
 

 Receipt of sample test results and bore design and construction details 

 Review of down hole videos 

 Reporting of review findings 

The limitations of this report are based on the assumption that the sample information 
provided to Extrin at the time of the assessment is true, accurate and pertain to the MARC1i 
and MARC2g bores. It is assumed that information provided by all parties, and any 3rd party 
laboratory testing are accurate.  
 

To this end another set of water samples were collected from MARC2(g) on 21st December 

2017 where: 

 Collection of samples and storage at cool temperature was undertaken. 

 Transport to the test laboratory was performed as quickly as possible for inoculation 

and incubation. 

 Testing to both clear water streams and any particulate matter collected.  

These results are also reported in Sec. 4. 
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4 SAMPLING & VISUAL ASSESSMENT 
 
4.1 Water Sampling 
 
Extrin received water quality sample test results for MARC1i and MARC2g, as well as 
MARC2g design and construction details. CCTV footage was provided with a description 
based upon the footage and the depths surveyed.  
 
The latest water samples, with samples collected on the 26th of October, the 2nd, 3rd and 4th 
of November (EP1610551-001 to 004) and the 21st December 2016 (see EP1612923-
001/002). This entailed collection and storage at cool temperatures, quick transport to the 
test laboratory for inoculation and incubation as well as testing of particulate matter in 
addition to clear water. A short summary of the results for each bore are provided in tabular 
form below: 
 

Analyte Unit LOR MARC1i MARC2g 
Field pH pH Unit 0.01 - 6.74 

Field ORP mV 1 - -107 

Field O2 mg/L 1 - 0.1 

Electrical Conductivity @ 
25C 

µS/cm 1 13600 51000 

Total Dissolved Solids @ 
25C 

mg/L 10 8050 36200 

Chloride mg/L 1 4080 17800 

Iron mg/L 0.05 0.13 4.20 

Sulphate mg/L 1 496 1720 

Sulphur mg/L 1 - 627 

Hydrogen Sulphide mg/L 0.1 - <0.1 

Iron Related Bacteria  pac/mL 25 140000 9000 

Sulphate Reducing Bacteria pac/mL 20 20 20 

 
Note: The sampling for MARC1i was conducted on the 19th of August (EP1513077 in testing); 
however the bacterial results are from the 26th of October. See EP1610551 for 2nd and 3rd 
Nov bacteria. 
 
The water quality in the geothermal heating system is sufficient to support microbial growth 
and with the high sulphate levels and the presence of the sulphate reducing bacteria 
demonstrated, these bacteria were initially thought to present the highest MIC risk.  
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4.2 Visual Assessment 
 
Water pumping rates of 25 - 30L/s are expected. Downhole flow logging has been 
undertaken and it shows that 20% of the flow is attributed to the new uppermost 
perforation while most of the flow can be attributed to the basal 30 m of perforations 
 
CCTV footage shows growth in casing perforations in direction of water flow with 
debris/product falling through line as camera moved downward. Not adhered to surface.  
 
Shown below are three still photos from the inspection videos of both the injection (MARC1) 
and production (MARC2) bores, showing apparent debris on the internal surface of the bores. 
 

 
Figure 1: MARC1i Sediment 

 

 

 

 



 

 Rockwater Pty Ltd  Rev 1  Page 12 

 

 

 

 

 

 

Figure 3: MARC2g Perforation Growth 

Figure 2: MARC2g Perforation Debris 
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5 TEST RESULTS 
 
5.1 Microbial Test Results 
5.1.1 Sulphate Reducing Bacteria (SRB) Testing Results 
 

 SRB count of 115,000 pac/ml at MARC1(i) from 14th July EP1609405 

 No SRB present according to testing, <20 and 20 pac/ml recorded (LOR is 20). 
EP1610551 

 Calculated ORP, high sulphate level, presence of sulphur and hydrogen sulphide do 
not reinforce latest test results of 20 SRB. 

 Interestingly, again no SRB present according to testing, <20 pac/ml recorded (LOR is 
20). (see EP1612923-001/002 for 21 Dec 2016) 
 

Earlier testing results from 14-Jul received indicating 115,000 pac/ml SRB population 
estimate (EP1609405 in testing), but subsequent testing after chlorination suggest 
20pac/ml.  Although no H2S was reported in the analytical testing, it was advised that in-situ 
testing indicated the presence of H2S in the water stream. 
 
Given that high levels of sulphate are available, the Redox potential is quite low (-107 to -
240 mV), the low levels of SRB is questionable and needs to be confirmed.  The additional 
pump testing would allow this. 
 
The bores MARC2(g) was again sampled on 21st December 2016 for Iron Related bacteria, 
SRB and Mn bacteria just before and the results reported (see EP1612393-001/002 for 21 
Dec. 2016). The water was free of sediment, therefore no material could be collected for 
XRD analysis. 
 
5.1.2 Iron Related Bacteria (IRB) Testing Results 
 

 IRB count of 140,000 for MARC1i on 26th October. 

 Reduced to 9,000 pac/ml 2nd and 3rd Nov. 

 9,000 pac/ml 4th Nov for MARC2g and again on 21st Dec for MARC2(g) when 
incubated at 22°C.  However, when incubated at a temperature close to natural 
(44°C) the IRB results increased to 140,000pac/ml suggesting some thermophilic 
activity. (see EP1612393-001/002 for 21 Dec. 2016) 

 Higher dissolved iron in MARC2g compared to MARC1i, 4.20 mg/L and 0.13 mg/L 
respectively. 

 
5.1.3 Manganese Related Bacteria (MRB) Testing Results 
 

 No MRB results have been obtained for the MARC@ testing performed in December 
2016, but the water chemistry results do suggest that they would be present.   

 
The most recent final report from the lab (EP1612393-001 gave manganese (as Total 
Metals) of 7.79mg/l, but no information on the Mn bacterial levels. 
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5.2 Analytical Test Results 
 
Extrin received water quality sample test results for MARC1i and MARC2g, as well as 
MARC2g design and construction details. CCTV footage was provided with a description 
based upon the footage and the depths surveyed.  
 
Langelier and Ryznar corrosion indices were provided and had been calculated as LSI: -
0.046, suggesting slight corrosion but no scale formation expected.  However, the RI: 7.7, 
suggested heavy corrosion, so some aqueous corrosion is anticipated.  It is important to 
note that some factors had to be assumed for the calculation of the Scaling indices, so 
ongoing monitoring to confirm these results would be prudent 
 

The most recent final analytical report (EP1612393-001 gave iron and manganese (as Total 

Metals) of 5.40 and 7.79mg/l respectively. 
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6 DISCUSSION & RECOMMENDATIONS 
 
Reviewing the corrosion enhancing bacterial results that was obtained for MARC1I & 
MARC2G, it remains correct to identify microbially influenced corrosion as a risk to the 
service life of the bore.  
 
However, with the additional pumping tests performed in December 2016 and further 
analytical and microbial testing repeated to better quantify the numbers and types of 
bacteria present in the bores, the corrosion risk seems reduced when compared to the 
original information collected on 14th July 2016 (see EP1609405). 
 
The filtering of water from particular depths (based on water production rates and the time 
taken to get to the surface) was requested so that the filtrate could then be subjected to X 
Ray Diffractometry and EDS to try to characterise the debris material within the bore.  
However, the water samples obtained in December 2016 were clear and this activity could 
not be performed as no debris/corrosion product was collected.  
 
Interestingly, with the MARC2G bore operating at 43°C, water samples were also incubated 
at the higher temperature to encourage any thermophilic bacteria that could be present, so 
potentially upping the numbers.  This did give a positive response for the Iron Related 
bacteria of 9,000pac/ml and when incubated at 44°C the IRB results were 140,000pac/ml 
suggesting some thermophilic activity.  However, the sulphate reducing bacteria were quite 
low (<20pac/ml), with no difference shown with higher incubation temperature.  
 
It was thought that the use of ZN-50 Grease may evolve carbon oxides and hydrocarbons 
when heated to decomposition and heat should be avoided. However, bore water 
temperatures at 43°C are probably not high enough for this to be an issue. 
 
From the information available, it is difficult to clearly define a corrosion risk in terms of 
mm/year.  Looking at the use of the 13 Chrome material and its corrosion performance 
relative to carbon steel, the aqueous corrosion risk for this would be lower than carbon 
steel, but it would remain high for MIC attack once the suitable conditions for bacterial 
growth reappear.  Likely corrosion rates based on prior experience could be as high as 2 - 
3mm/yr under perfect storm conditions.  This does not seem to be supported by the most 
recent bacterial enumeration results from 21 December 2016, where SRB levels have 
remained low <20pac/ml for incubation at both 22°C and 44°C (see EP1612393-001/002), 
giving us a second low point on the SRB risk curve. 
 
It has been advised based on the 21st December testing that the current partial pressure of 
CO2 and H2S is probably around 0.1 bar however this could increase with biological activity 
(particularly SRB), so the corrosion monitoring recommendation is strongly supported. 
 
There are several general techniques for preventing microbiologically Influenced corrosion.  
Below is some general information on the mitigation of MIC however please note that some 
of these recommendations may not be viable for the MARC1i and MARC2g bores.  
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6.1 Iron Relating Bacteria Control 

The results to date seem to suggest that the IRB are likely to be the dominant corrosion 
enhancing bacteria in the system.   

Iron related bacteria have been identified in the groundwater and have the potential to 
contribute to the clogging of the screens and deposits on the bore casing due to the insoluble 
ferric oxide which can present as tubercles or a brown gelatinous slime in waters containing 
as low as 0.1 mg/l of iron. However, at least 0.3 ppm of dissolved oxygen is needed to carry 
out oxidation. 

However, in a sealed system, although it is thought unlikely that the IRB population will 
increase and microbiological clogging is also unlikely to be a major risk factor for the proposed 
recharge to the Yarragadee (Cattamarra) aquifer, this certainly prompts the proposed regular 
bacterial monitoring of the system. 

Iron bacteria are considered a source of microbial corrosion in many environments as they 
are thought to provide a suitable environment for the sulphate reducing bacteria to occur.  
Treatment techniques which may be successful in removing or reducing iron bacteria include 
physical removal, pasteurisation, and chemical treatment. Treatment of heavily infected 
areas may be difficult, expensive, and only partially successful. 

Physical removal, where practical, is typically done as a first step in heavily infected areas. 
Equipment must be removed and cleaned/scrubbed by use of brushes or other tools. Physical 
removal is usually followed by a chemical treatment.  

Pasteurisation has been successfully used to control iron bacteria. This involves a process of 
applying steam or hot water onto the equipment and maintaining a water temperature in 
excess 60°C for 30 minutes. Pasteurisation can be effective; but the process may be expensive 
and impractical. 

Chemical treatment is the most commonly used iron bacteria treatment technique. The three 
groups of chemicals typically used include: surfactants; acids (and bases); and disinfectants, 
biocides, and oxidising agents. 

 Surfactants are detergent-like chemicals such as phosphates. Surfactants are 
generally used in conjunction with other chemical treatment. It is important to use 
chlorine or another disinfectant if phosphates are used, since bacteria may use 
phosphates as a food source. 
 

 Acids have been used to treat iron bacteria because of their ability to dissolve iron 
deposits, destroy bacteria, and loosen bacterial slime. Acids are typically part of a 
series of treatments involving chlorine, and at times, bases. Extreme caution is 
required to use and properly dispose of these chemicals.  Acid and chlorine should 
never be mixed together. Acid treatment should only be done by trained 
professionals. 
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 Disinfectants are the most commonly used chemicals for treatment of iron bacteria, 
and the most common disinfectant is household laundry bleach, which contains 
chlorine. Chlorine is relatively inexpensive and easy to use, but may have limited 
effectiveness and may require repeated treatments. Effective treatment requires 
sufficient chlorine strength and time in contact with the bacteria, and is often 
improved with agitation. Continuous chlorine injection into the well has been used, 
but is not normally recommended because of concerns that the chlorine will conceal 
other bacterial contamination and cause corrosion and maintenance problems. 

In-line sterilisation where UV Water Purification systems use special lamps that emit UV light 
of a particular wavelength that have the ability, based on their length, to disrupt the DNA of 
micro-organisms. These UV light waves are also referred to as the Germicidal Spectrum or 
Frequency. As water passes through a UV water treatment system, living organisms in water 
are exposed to UV light which attacks the genetic code of the microorganism and rearranges 
the DNA /RNA, eliminating the microorganism's ability to function and reproduce. If a 
microorganism can no longer reproduce, it cannot replicate, therefore it cannot infect other 
organisms with which it has contact. This process of exposing water to UV light is simple but 
effective, destroying 99.99 percent of harmful microorganisms without adding any chemicals 
to water. 
 
 
6.2 Sulphate Reducing Bacteria Control 
 
Although high SRB numbers of 115,00pac/ml was found, this was from MARC1 and the high 
numbers only observed once.  All other test results have returned low <20 or 20 pac/ml results 
suggesting that SRB may not be the dominant bacteria in the system under review. 
 
Cathodic protection has been used to prevent microbiological corrosion and is especially 
effective when used with coatings. However, although the mechanism by which the 
protection is provided remains imprecise, the technique can be used safely in a geothermal 
service.  
 
In some cases it is possible to alter the environment and thereby reduce the effects of 
microbiological corrosion. For example, sulphur and sulphur-containing compounds can be 
frequently removed by aeration. Also, corrosion inhibitors can be added, and germicides 
such as chlorine and chlorinated compounds can be employed in recirculating systems but 
this needs to be considered carefully as it may affect the plant process.  
 
 
6.3 Recommended Strategy 
The most precise / technical recommendation as a way forward from here would be the 

utilisation of a watching brief, given the significant changes in sulphate reducing bacterial 

numbers collected at site.  It would be prudent to: 

 

Stage 1 – Monitor every 3 months (Initial inspection period) 

https://www.espwaterproducts.com/ultraviolet-uv-systems/
https://www.espwaterproducts.com/uv-lamps-sleeves/
https://www.espwaterproducts.com/ultraviolet-uv-systems/
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Given the analytical and microbial results to date, it is recommended that regular 
monitoring to the production bore MARC2(g), including corrosion rate, chemical and 
microbial  is the initial response to the situation at present.  Active steps for corrosion 
protection should only be considered if the corrosion monitoring, including water and 
bacterial assessments suggest action is required.  The initial inspection period should be 
every 3 months,, but this can be increased to 6 months if the initial results show minimal 
corrosion. 
 
The use of a side-stream corrosion coupon facility for the bores once they are in operation is 
strongly recommended.  The corrosion monitoring using weight loss/LPR coupons placed in 
a small side stream off the manifold from MARC2(g) to determine if corrosion is occurring 
(using weight loss and/or Linear Polarisation resistance measurements). 
 

In order to monitor the expected corrosion and corrosion rates at the MARC2(g) manifold, a 

corrosion coupon setup can be installed, similar to that shown in Fig. 6 below. The setup 

consisted of bypassing the water from MARC2 through the setup which would have the Cr13 

weight loss coupons within the clear tubing. The coupons could then be visually monitored, 

removed and cleaned after the exposed period (initially 3 months) and the calculated 

corrosion rates could be assessed. 

The corrosion rate results and comments about localised versus general corrosion can be 

identified and recorded in a tabular manner and a threshold corrosion rate of  0.1 – 

0.2mm/yr nominated. 

The weight loss coupons can be rotated through the system over a long period of time (e.g. 

6-12 months) and also used to perform microbial corrosion test on the surface of the 

couponds to determine the presence and severity of MIC.  
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Figure 6: Weight Loss Corrosion Coupon Setup 

 

Stage 2 – Inhibitor & Biocide Dosing 

Should the corrosion monitoring show internal corrosion is occurring, then the corrosion 

protection of the pipework and injection bore by use of an appropriate corrosion inhibitor at 

the production bore headworks will need to be considered, but that will only occur if the 

corrosion monitoring results require it. 

Depending on the outcome from Stage 1, this stage may require the sequential dosing of an 

appropriate corrosion inhibitor or biocide injected via a small diameter stainless steel 

tubing.  Rockwater have provided some pertinent information about downhole corrosion 

inhibition where a corrosion inhibitor was injected downhole using a service pressure 

sufficient to inject the product at depth via a corrosion resistant tubing that was 

unsupported but weighted.  This is a viable option for corrosion control if the corrosion 

monitoring results reflect a likely issue. 

 

Stage 3 – The use of other prevention techniques such as UV Sterilisation and Pasteurisation 

through pump can be considered for this stage, but this would need to be discussed with 

the mechanical consultant.  
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7 APPENDIX A – OVERVIEW OF MICROBIAL INFLUENCED CORROSION (MIC) 
 
This form of corrosion occurs when micro or macro organisms are present and tend to create 
non-uniform surface conditions, localized attack might start at some points on the surface 
leading to localized corrosion, usually in the form of pitting. Industrial systems are likely to 
contain various structures where microbiologically Influenced corrosion (MIC) and bio-fouling 
can cause problems: cooling water systems, storage tanks, filtration systems, potable water 
distribution systems and debris encrusted structural steel. 
 
MIC is a type of electrochemical corrosion which is initiated and/or accelerated by the action 
of certain micro-organisms such as, but not limited to, bacteria. There are many classes of 
these corrosion-enhancing bacteria such as Sulphate Reducing Bacteria (SRB), Sulphur 
Oxidising Bacteria (SOB), Iron Oxidising Bacteria (IOB), Iron Reducing Bacteria (IRB), nitrifying 
bacteria, to name a few. Most metals and their alloys (including HDG, stainless steel, 
aluminium and even copper alloys) can be attacked by micro-organisms.  
 
The figure below illustrates a possible bacterial consortia which can be established between 
SRB and IRB, resulting in iron sulphide as the “rust” or corrosion product. It must also be 
observed that produced iron sulphide has an autocatalytic effect on pitting. 
 

 
Appendix A Figure 1 -Schematic of a microbial consortia consisting of SRB and IRB. 

The SRB are organisms which reduce sulphate to sulphide in the absence of oxygen.  The most 
common organisms of this type associated with contamination of industrial environments are 
found in the general Desulfovibrio and Desulfotomaculum.  

Anaerobic Sulphate Reducing Bacteria are ubiquitous in the environment. They are found in 
secondary oil recovery effluents, estuarine waters, deep wells, cooling waters, metal working 
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fluids, water-based hydraulic fluids, and petroleum based products that in some way become 
contaminated with water. During their growth they are responsible for fouling, objectionable 
hydrogen sulphide odours, corrosion of metals and pitting of concrete. It is important that 
these organisms are monitored and controlled to prevent damage caused by their metabolic 
activities.  

   
Appendix A Images 1 and 2 – Right is a vial before inoculation and Left is a vial that has reacted. 

 
The above (left) tubes are of a culture media that is specifically formulated to promote the 
growth of anaerobic SRB, which are probably the most prevalent form of Corrosion Enhancing 
Bacteria (CEB).  
 
The medium contains reducing agents that maintain a low oxidation reduction potential and 
thus allows for maximum growth. When the organisms grow in this medium, sulphate is 
reduced to sulphide and a black precipitate of iron sulphide (above right) is formed. The 
degree and rate of blackening through the medium is directly proportional to the amount of 
SRB growth.  A table for interpreting SRB numbers is listed below. 
 

Appendix A Table 1 –Guideline of Desulfovibro desulfricans (SRB) numbers 

DESCRIPTOR FOR SRB NUMBERS 

Sulphate Reducers / ml   Interpretation 

≥105 (100,000) or more / ml = Heavy  

≥104 (10,000) or more / ml = Moderate 

≥103 (1,000) or more / ml = Low 

≥102 (100-10) or more / ml = Very Low 

<101 (10) or more / ml = Generally Insignificant 

 
Corrosion Enhancing Bacteria (CEB) is the umbrella term used to describe microbial life that 
contributes, either directly or indirectly, to the accelerated corrosion of materials, both 
metallic and non-metallic.  
 
The presence of Corrosion Enhancing Bacteria (CEB) has been positively identified at the site 
process plant.  Through both on site and external testing, it has been determined that high 
numbers of Sulphate Reducing Bacteria (SRB) are present in site process water particularly 
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where nutrients that sustain CEB existence are present. This testing confirms what the 
anecdotal site evidence, in the form of localised pitting of steel tank internals and pipe line 
internal debris, has already suggested.  
 
Usually, micro-organisms are classified according to their ability to grow in the presence or 
absence of oxygen. Organisms that require oxygen in their metabolic processes are termed 
aerobic: they grow only in nutrient mediums containing dissolved oxygen. Other organisms, 
called anaerobic, grow most favourably in environments containing little or no oxygen. 
 
Probably the most important anaerobic bacteria that influence the corrosion behaviour of 
steel structures are the sulphate reducing types (Desulfovibrio desulfuricans). These reduce 
sulphate to sulphide according to the following schematic equation: 
 
SO₄²ˉ + 4H₂→ S²ˉ + 4H₂O       
 
The source of hydrogen shown in the above equation can be that evolved during the corrosion 
reaction or that derived from cellulose, sugars, or other organic products present in the micro-
environment. 
 
Appendix A Table 2 – Parameters for different types of MIC. 

Group 
and Type 

Oxygen 
Requirement 

Soil 
components 
reduced or 
oxidised 

Major 
end 
products 

Habitat 
Approximate 
optimum 
reaction pH 

Temperature 
Limits °C 

Sulphate 
Reducing 
Bacteria 

Anaerobic 

Sulphates, 
thiosulphates, 
sulphites, 
sulphur, 
hyposulphides 

Hydrogen 
Sulphide 

Water, muds, 
sewage, oil 
wells, soils, 
bottom 
deposits, 
concrete 

Optimum:  
6 - 7.5     
Limits - 5 - 9.0 

Optimum  
25 - 30  
Maximum  
55 - 65 

Iron 
Oxidising 
Bacteria 

Aerobic 

Ferrous 
carbonate, 
ferrous 
bicarbonate, 
manganese 
bicarbonate 

Ferric 
hydroxide 

Stagnant and 
running water 
containing 
iron salts and 
organic 
matter 

Very adaptable  
Optimum: 24         
Limits: 5-40 

Sulphate-reducing bacteria are most prevalent under anaerobic conditions. Rather than 
using oxygen they use sulphate, which occurs widely in seawater, sediment, or water rich in 
decaying organic material. SRB are capable of causing severe corrosion of steel because they 
produce enzymes which have the power to accelerate the reduction of sulphate compounds 
to the corrosive iron sulphide. The presence of sulphide ions markedly influences both the 
cathodic and anodic reactions occurring on steel surfaces.  

Sulphide tends to accelerate anodic dissolution. Under most conditions, the acceleration of 
dissolution is the most pronounced effect, which causes increased corrosion, in the form of 
steel pitting. 

In order for this process to occur however, four components must be present: 
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 The Sulphate Reducing Bacteria must be present 

 Sulphates must be present 

 The temperature of the water preferably less than 65°c 

 An appropriate pH range 

    
Appendix A Images 3 and 4 – Sulphate Reducing Bacteria seen magnified under a microscope 

 
The presence at the site of nutrients such as activated carbon, soluble sulphates (in the 
process water), combined with favourable water/slurry temperatures and pH’s create an 
environment conducive to sustenance of the Sulphate Reducing Bacteria. 

Iron Oxidising Bacteria are micro-organisms which oxidise soluble ferrous iron into insoluble 
ferric iron which then precipitates out of solution. This promotes the growth of thread-like 
slimes which together with the ferric iron, form a voluminous mass.  

The resultant growth of iron bacteria can reduce plant efficiency and cause maintenance 
headaches by clogging screens, filters, pumps and other equipment and causing inefficiency 
or blockage of pipes. 

    
Appendix A Images 4 and 5 – Twisted stalk characteristics of Galionella, an Iron Oxidising bacteria. 

Onsite observations and analytical results tend to indicate that iron bacteria may be present 
in tanks, equipment or piping include: 
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 Iron bacteria often produce unpleasant odours 
 Iron bacteria will usually cause yellow, orange, red, or brown stains 
 Iron bacteria produce tubercles which are typically “rusty” in colour 
 A feathery or filamentous growth may also be seen, particularly in standing water 
 Significant build-up of brownish debris (see photograph below) 

 
Appendix A Image 3 - A section of 100mm pipe showing severe Iron Bacteria build up on the pipe walls. 

Serious problems occur with iron bacteria build up. Elimination of iron bacteria once a pipe is 
heavily infested can be extremely difficult. Normal treatment techniques may only be partly 
effective. 

These types of bacteria, though anaerobic and aerobic respectively, co-exist in a symbiotic 
manner in a Biofilm -surface-mounted, integrated communities of cells. Biofilms are capable 
of wreaking havoc in industrial environments as steel surfaces act as a substrate for microbial 
communities to form biofilms. 

Owing to oxygen consumption by aerobic micro-organisms, biofilms are largely anaerobic at 
the metal surface, which creates a niche for anaerobic bacteria. Microbially Influenced 
corrosion of steel can result.  

Essentially what is occurring in the case of the two key micro-organisms identified at the site 
is the Iron Oxidising Bacteria attaches itself to the steel tank in a suitable aerobic 
environment, while the Sulphate Reducing Bacteria exist beneath this Iron Bacteria, where 
protection from the aerobic environment occurs. The SRB essentially live in an anaerobic 
micro-environment, converting sulphates to hydrogen sulphide, the presence of which 
accelerates anodic dissolution at the steel surface, causing localised corrosion at this anodic 
site in the form of pitting. 

At the steel surface a combination of complex chemical reactions occur resulting in electro-
chemical corrosion. Chemical dissolution of steel then results in the formation of hydrogen. 
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Appendix A Figure 2 – The ecology and biotechnology of sulphate-reducing bacteria, Gerard Nuyzer and 
Alfoms J. M. Stams.  

 
SRB consume hydrogen and influence the equilibrium of the chemical dissolution. Iron 
sulphide is formed as a product of chemical dissolution and sulphate reduction.  

Sulphate Reducing Bacteria alone demonstrate higher corrosion rates than Iron Oxidising 
Bacteria alone, but combinations of Sulphate Reducing Bacteria and Iron Oxidising Bacteria 
demonstrate higher corrosion rates than either the SRB or IOB only.  Iron-oxidizing bacteria 
produce some corrosion, but they are considered particularly deleterious, mainly because 
they cover SRB colonies and protect them from attack with bactericides. 
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Scott James Laboratory Manager Perth Inorganics

NATA Accredited Laboratory 825

Accredited for compliance with 

ISO/IEC 17025.
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Work Order :

:Client

EP1513077

Mandurah Geothermal:Project

ROCKWATER PTY LTD

General Comments

The analytical procedures used by the Environmental Division have been developed from established internationally recognized procedures such as those published by the USEPA, APHA, AS and NEPM. In house 

developed procedures are employed in the absence of documented standards or by client request.

Where moisture determination has been performed, results are reported on a dry weight basis.

Where a reported less than (<) result is higher than the LOR, this may be due to primary sample extract/digestate dilution and/or insufficient sample for analysis.

Where the LOR of a reported result differs from standard LOR, this may be due to high moisture content, insufficient sample (reduced weight employed) or matrix interference.

When sampling time information is not provided by the client, sampling dates are shown without a time component.  In these instances, the time component has been assumed by the laboratory for processing purposes.

CAS Number = CAS registry number from database maintained by Chemical Abstracts Services. The Chemical Abstracts Service is a division of the American Chemical Society.

LOR = Limit of reporting

^ = This result is computed from individual analyte detections at or above the level of reporting

ø = ALS is not NATA accredited for these tests.

Key :
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Work Order :

:Client

EP1513077

Mandurah Geothermal:Project

ROCKWATER PTY LTD

Analytical Results

----------------MARCliClient sample IDSub-Matrix: WATER

 (Matrix: WATER)

----------------19-Aug-2015 09:30Client sampling date / time

--------------------------------EP1513077-001UnitLORCAS NumberCompound

Result Result Result Result Result

EA005P: pH by PC Titrator

8.02 ---- ---- ---- ----pH Unit0.01----pH Value

EA010P: Conductivity by PC Titrator

13600 ---- ---- ---- ----µS/cm1----Electrical Conductivity @ 25°C

EA015: Total Dissolved Solids

8050^ ---- ---- ---- ----mg/L10----Total Dissolved Solids @180°C

EA025: Suspended Solids

41^ ---- ---- ---- ----mg/L5----Suspended Solids (SS)

EA065: Total Hardness as CaCO3

654^ ---- ---- ---- ----mg/L1----Total Hardness as CaCO3

ED037P: Alkalinity by PC Titrator

<1Hydroxide Alkalinity as CaCO3 ---- ---- ---- ----mg/L1DMO-210-001

<1Carbonate Alkalinity as CaCO3 ---- ---- ---- ----mg/L13812-32-6

285Bicarbonate Alkalinity as CaCO3 ---- ---- ---- ----mg/L171-52-3

285 ---- ---- ---- ----mg/L1----Total Alkalinity as CaCO3

ED041G: Sulfate (Turbidimetric) as SO4 2- by DA

496Sulfate as SO4 - Turbidimetric ---- ---- ---- ----mg/L114808-79-8

ED045G: Chloride by Discrete Analyser

4080Chloride ---- ---- ---- ----mg/L116887-00-6

ED093F: Dissolved Major Cations

107Calcium ---- ---- ---- ----mg/L17440-70-2

94Magnesium ---- ---- ---- ----mg/L17439-95-4

2440Sodium ---- ---- ---- ----mg/L17440-23-5

191Potassium ---- ---- ---- ----mg/L17440-09-7

EG020F: Dissolved Metals by ICP-MS

<0.01Aluminium ---- ---- ---- ----mg/L0.017429-90-5

0.004Arsenic ---- ---- ---- ----mg/L0.0017440-38-2

<0.0001Cadmium ---- ---- ---- ----mg/L0.00017440-43-9

<0.001Chromium ---- ---- ---- ----mg/L0.0017440-47-3

<0.001Lead ---- ---- ---- ----mg/L0.0017439-92-1

0.104Manganese ---- ---- ---- ----mg/L0.0017439-96-5

<0.01Selenium ---- ---- ---- ----mg/L0.017782-49-2

0.010Zinc ---- ---- ---- ----mg/L0.0057440-66-6

0.13Iron ---- ---- ---- ----mg/L0.057439-89-6
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Work Order :

:Client

EP1513077

Mandurah Geothermal:Project

ROCKWATER PTY LTD

Analytical Results

----------------MARCliClient sample IDSub-Matrix: WATER

 (Matrix: WATER)

----------------19-Aug-2015 09:30Client sampling date / time

--------------------------------EP1513077-001UnitLORCAS NumberCompound

Result Result Result Result Result

EG035F: Dissolved Mercury by FIMS

<0.0001Mercury ---- ---- ---- ----mg/L0.00017439-97-6

EG052G: Silica by Discrete Analyser

11.4 ---- ---- ---- ----mg/L0.05----Reactive Silica

EK055G: Ammonia as N by Discrete Analyser

2.40Ammonia as N ---- ---- ---- ----mg/L0.017664-41-7

EK057G:  Nitrite as N by Discrete Analyser

<0.01Nitrite as N ---- ---- ---- ----mg/L0.0114797-65-0

EK058G:  Nitrate as N by Discrete Analyser

<0.01^ Nitrate as N ---- ---- ---- ----mg/L0.0114797-55-8

EK059G:  Nitrite plus Nitrate as N (NOx)  by Discrete Analyser

<0.01 ---- ---- ---- ----mg/L0.01----Nitrite + Nitrate as N

EK061G: Total Kjeldahl Nitrogen By Discrete Analyser

2.5 ---- ---- ---- ----mg/L0.1----Total Kjeldahl Nitrogen as N

EK062G: Total Nitrogen as N (TKN + NOx) by Discrete Analyser

2.5^ ---- ---- ---- ----mg/L0.1----Total Nitrogen as N

EK067G: Total Phosphorus as P by Discrete Analyser

0.08 ---- ---- ---- ----mg/L0.01----Total Phosphorus as P

EK071G: Reactive Phosphorus as P by discrete analyser

<0.01Reactive Phosphorus as P ---- ---- ---- ----mg/L0.0114265-44-2

EN055: Ionic Balance

131^ ---- ---- ---- ----meq/L0.01----Total Anions

124^ ---- ---- ---- ----meq/L0.01----Total Cations

2.76^ ---- ---- ---- ----%0.01----Ionic Balance
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Environmental

CERTIFICATE OF ANALYSIS
Work Order : Page : 1 of 6EP1610551

:: LaboratoryClient ROCKWATER PTY LTD Environmental Division Perth

: :ContactContact  RACHEL HAMILTON Customer Services EP

:: AddressAddress 1ST FLOOR, 76 JERSEY ST

WEMBLEY WA, AUSTRALIA 6014

10 Hod Way Malaga WA Australia 6090

:Telephone +61 08 9284 0222 :Telephone +61-8-9209 7655

:Project Mandurah Geothermal Date Samples Received : 04-Nov-2016 15:05

:Order number ---- Date Analysis Commenced : 04-Nov-2016

:C-O-C number ---- Issue Date : 15-Nov-2016 18:44

Sampler : RACHEL HAMILTON

Site : ----

Quote number : ----

4:No. of samples received

4:No. of samples analysed

This report supersedes any previous report(s) with this reference. Results apply to the sample(s) as submitted. This document shall not be reproduced, except in full. 

This Certificate of Analysis contains the following information:

l General Comments

l Analytical Results

l Surrogate Control Limits

Additional information pertinent to this report will be found in the following separate attachments: Quality Control Report, QA/QC Compliance Assessment to assist with 

Quality Review and Sample Receipt Notification.

Signatories
This document has been electronically signed by the authorized signatories below. Electronic signing is carried out in compliance with procedures specified in 21 CFR Part 11.

Signatories Accreditation CategoryPosition

Bek Simpfendorfer Inorganic Supervisor Perth Inorganics, Malaga, WA

Canhuang Ke Metals Instrument Chemist Perth Inorganics, Malaga, WA

Dilani Fernando Senior Inorganic Chemist Melbourne Inorganics, Springvale, VIC

Gerrad Morgan Asbestos Identifier Newcastle - Inorganics, Mayfield West, NSW

Jeremy Truong Laboratory Manager Perth Inorganics, Malaga, WA

Rassem Ayoubi Senior Organic Chemist Perth Organics, Malaga, WA

Tyrone Cole Inorganics Preparation Supervisor Perth Inorganics, Malaga, WA

Vinitha Kesavan Analyst Perth Microbiology, Malaga, WA
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Work Order :

:Client

EP1610551

Mandurah Geothermal:Project

ROCKWATER PTY LTD

General Comments

The analytical procedures used by the Environmental Division have been developed from established internationally recognized procedures such as those published by the USEPA, APHA, AS and NEPM. In house 

developed procedures are employed in the absence of documented standards or by client request.

Where moisture determination has been performed, results are reported on a dry weight basis.

Where a reported less than (<) result is higher than the LOR, this may be due to primary sample extract/digestate dilution and/or insufficient sample for analysis.

Where the LOR of a reported result differs from standard LOR, this may be due to high moisture content, insufficient sample (reduced weight employed) or matrix interference.

When sampling time information is not provided by the client, sampling dates are shown without a time component.  In these instances, the time component has been assumed by the laboratory for processing purposes.

Where a result is required to meet compliance limits the associated uncertainty must be considered. Refer to the ALS Contact for details.

CAS Number = CAS registry number from database maintained by Chemical Abstracts Services. The Chemical Abstracts Service is a division of the American Chemical Society.

LOR = Limit of reporting

^ = This result is computed from individual analyte detections at or above the level of reporting

ø = ALS is not NATA accredited for these tests.

~ = Indicates an estimated value.

Key :

TKN & TP conducted by ALS Melbourne, NATA accreditation no. 825, site no 13778l

Sizing in water conducted by ALS Newcastle, NATA accreditation no. 825, site no 1656.l

ALS is not NATA accredited for the analysis of Bifenthrin in soils when performed under ALS Method EP068Dl

It is recognised that Total Kjeldahl Nitrogen (EK061G) is less than Ammonia (EK055G) for sample ‘MARC 2(g)’'. Results confirmed by re-analysis.l

EG020: Metals LOR raised due to high TDS content.l

EK061G: EP1610551-004 Total Kjeldahl Nitrogen as N (TKN) results have been confirmed by re-digestion and re-analysisl
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Work Order :

:Client

EP1610551

Mandurah Geothermal:Project

ROCKWATER PTY LTD

Analytical Results

----MARC 2 (g)MARC 1 (i) airliftMARC 1 (i) headworksMARC 1 (i) headworksClient sample IDSub-Matrix: WATER

 (Matrix: WATER)

----04-Nov-2016 09:4526-Oct-2016 08:2003-Nov-2016 11:2002-Nov-2016 11:00Client sampling date / time

--------EP1610551-004EP1610551-003EP1610551-002EP1610551-001UnitLORCAS NumberCompound

Result Result Result Result ----

EA005P: pH by PC Titrator

---- ---- ---- 7.93 ----pH Unit0.01----pH Value

EA010P: Conductivity by PC Titrator

---- ---- ---- 51000 ----µS/cm1----Electrical Conductivity @ 25°C

EA015: Total Dissolved Solids dried at 180 ± 5 °C

---- ---- ---- 36200 ----mg/L10----Total Dissolved Solids @180°C

EA025: Total Suspended Solids dried at 104 ± 2°C

---- ---- ---- 8 ----mg/L5----Suspended Solids (SS)

EA045: Turbidity

---- ---- ---- 26.0 ----NTU0.1----Turbidity

EA065: Total Hardness as CaCO3

---- ---- ---- 6010 ----mg/L1----Total Hardness as CaCO3

EA165: CO2 - Free and Total

----Free Carbon Dioxide as CO2 ---- ---- 3 ----mg/L185540-96-1

----Total Carbon Dioxide as CO2 ---- ---- 102 ----mg/L185540-96-1

ED037P: Alkalinity by PC Titrator

----Hydroxide Alkalinity as CaCO3 ---- ---- <1 ----mg/L1DMO-210-001

----Carbonate Alkalinity as CaCO3 ---- ---- <1 ----mg/L13812-32-6

----Bicarbonate Alkalinity as CaCO3 ---- ---- 113 ----mg/L171-52-3

---- ---- ---- 113 ----mg/L1----Total Alkalinity as CaCO3

ED040F: Dissolved Major Anions

----Sulfur as S ---- ---- 619 ----mg/L163705-05-5

ED040T: Total Major Anions

----Sulfur as S ---- ---- 627 ----mg/L163705-05-5

ED041G: Sulfate (Turbidimetric) as SO4 2- by DA

----Sulfate as SO4 - Turbidimetric ---- ---- 1720 ----mg/L114808-79-8

ED045G: Chloride by Discrete Analyser

----Chloride ---- ---- 17800 ----mg/L116887-00-6

ED093F: Dissolved Major Cations

----Calcium ---- ---- 1560 ----mg/L17440-70-2

----Magnesium ---- ---- 514 ----mg/L17439-95-4

----Sodium ---- ---- 11200 ----mg/L17440-23-5

----Potassium ---- ---- 84 ----mg/L17440-09-7

EG020F: Dissolved Metals by ICP-MS
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Work Order :

:Client

EP1610551

Mandurah Geothermal:Project

ROCKWATER PTY LTD

Analytical Results

----MARC 2 (g)MARC 1 (i) airliftMARC 1 (i) headworksMARC 1 (i) headworksClient sample IDSub-Matrix: WATER

 (Matrix: WATER)

----04-Nov-2016 09:4526-Oct-2016 08:2003-Nov-2016 11:2002-Nov-2016 11:00Client sampling date / time

--------EP1610551-004EP1610551-003EP1610551-002EP1610551-001UnitLORCAS NumberCompound

Result Result Result Result ----

EG020F: Dissolved Metals by ICP-MS - Continued

----Aluminium ---- ---- <0.10 ----mg/L0.017429-90-5

----Arsenic ---- ---- <0.010 ----mg/L0.0017440-38-2

----Cadmium ---- ---- <0.0010 ----mg/L0.00017440-43-9

----Chromium ---- ---- <0.010 ----mg/L0.0017440-47-3

----Lead ---- ---- <0.010 ----mg/L0.0017439-92-1

----Manganese ---- ---- 9.03 ----mg/L0.0017439-96-5

----Selenium ---- ---- <0.10 ----mg/L0.017782-49-2

----Zinc ---- ---- <0.050 ----mg/L0.0057440-66-6

----Iron ---- ---- 4.20 ----mg/L0.057439-89-6

EG035F: Dissolved Mercury by FIMS

----Mercury ---- ---- <0.0001 ----mg/L0.00017439-97-6

EG052G: Silica by Discrete Analyser

---- ---- ---- 17.1 ----mg/L0.05----Reactive Silica

EK055G: Ammonia as N by Discrete Analyser

----Ammonia as N ---- ---- 6.43 ----mg/L0.017664-41-7

EK057G:  Nitrite as N by Discrete Analyser

----Nitrite as N ---- ---- <0.01 ----mg/L0.0114797-65-0

EK058G:  Nitrate as N by Discrete Analyser

----Nitrate as N ---- ---- 0.07 ----mg/L0.0114797-55-8

EK059G:  Nitrite plus Nitrate as N (NOx)  by Discrete Analyser

---- ---- ---- 0.07 ----mg/L0.01----Nitrite + Nitrate as N

EK061G: Total Kjeldahl Nitrogen By Discrete Analyser

---- ---- ---- 3.9 ----mg/L0.1----Total Kjeldahl Nitrogen as N

EK062G: Total Nitrogen as N (TKN + NOx) by Discrete Analyser

----^ ---- ---- 4.0 ----mg/L0.1----Total Nitrogen as N

EK067G: Total Phosphorus as P by Discrete Analyser

---- ---- ---- 0.17 ----mg/L0.01----Total Phosphorus as P

EK071G: Reactive Phosphorus as P by discrete analyser

----Reactive Phosphorus as P ---- ---- <0.01 ----mg/L0.0114265-44-2

EK084: Un-ionized Hydrogen Sulfide

---- ---- ---- <0.1 ----mg/L0.1----Unionized Hydrogen Sulfide

EP080/071: Total Petroleum Hydrocarbons

---- ---- ---- <20 ----µg/L20----C6 - C9 Fraction
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Work Order :

:Client

EP1610551

Mandurah Geothermal:Project

ROCKWATER PTY LTD

Analytical Results

----MARC 2 (g)MARC 1 (i) airliftMARC 1 (i) headworksMARC 1 (i) headworksClient sample IDSub-Matrix: WATER

 (Matrix: WATER)

----04-Nov-2016 09:4526-Oct-2016 08:2003-Nov-2016 11:2002-Nov-2016 11:00Client sampling date / time

--------EP1610551-004EP1610551-003EP1610551-002EP1610551-001UnitLORCAS NumberCompound

Result Result Result Result ----

EP080/071: Total Petroleum Hydrocarbons - Continued

---- ---- ---- <50 ----µg/L50----C10 - C14 Fraction

---- ---- ---- <100 ----µg/L100----C15 - C28 Fraction

---- ---- ---- <50 ----µg/L50----C29 - C36 Fraction

----^ ---- ---- <50 ----µg/L50----C10 - C36 Fraction (sum)

EP080/071: Total Recoverable Hydrocarbons - NEPM 2013 Fractions

----C6 - C10 Fraction ---- ---- <20 ----µg/L20C6_C10

----^ C6 - C10 Fraction  minus BTEX 

(F1)

---- ---- <20 ----µg/L20C6_C10-BTEX

---- ---- ---- <100 ----µg/L100---->C10 - C16 Fraction

---- ---- ---- <100 ----µg/L100---->C16 - C34 Fraction

---- ---- ---- <100 ----µg/L100---->C34 - C40 Fraction

----^ ---- ---- <100 ----µg/L100---->C10 - C40 Fraction (sum)

----^ ---- ---- <100 ----µg/L100---->C10 - C16 Fraction minus Naphthalene 

(F2)

EP080: BTEXN

----Benzene ---- ---- <1 ----µg/L171-43-2

----Toluene ---- ---- <2 ----µg/L2108-88-3

----Ethylbenzene ---- ---- <2 ----µg/L2100-41-4

----meta- & para-Xylene ---- ---- <2 ----µg/L2108-38-3 106-42-3

----ortho-Xylene ---- ---- <2 ----µg/L295-47-6

----^ Total Xylenes ---- ---- <2 ----µg/L21330-20-7

----^ ---- ---- <1 ----µg/L1----Sum of BTEX

----Naphthalene ---- ---- <5 ----µg/L591-20-3

MM669: Sulphate Reducing Bacteria

<20 <20 20 20 ----pac/mL20----Sulphate Reducing Bacteria Population 

Estimate

Not Aggressive Not Aggressive Not Aggressive Not Aggressive -----1----Aggressivity

MM673: Iron Related Bacteria using Biological Activity Reaction Test (BART)

Aggressive Aggressive Aggressive Aggressive ----------Aggressivity

9000 9000 140000 9000 ----pac/mL25----Iron Related Bacteria Population Estimate

EP080S: TPH(V)/BTEX Surrogates

----1.2-Dichloroethane-D4 ---- ---- 97.2 ----%217060-07-0

----Toluene-D8 ---- ---- 106 ----%22037-26-5

----4-Bromofluorobenzene ---- ---- 83.5 ----%2460-00-4
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Work Order :

:Client

EP1610551

Mandurah Geothermal:Project

ROCKWATER PTY LTD

Surrogate Control Limits

Recovery Limits (%)Sub-Matrix: WATER

Compound CAS Number Low High

EP080S: TPH(V)/BTEX Surrogates

1.2-Dichloroethane-D4 17060-07-0 61 141

Toluene-D8 2037-26-5 73 126

4-Bromofluorobenzene 460-00-4 60 125
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CERTIFICATE OF ANALYSIS
Work Order : Page : 1 of 2EP1612393

:: LaboratoryClient ROCKWATER PTY LTD Environmental Division Perth

: :ContactContact  RACHEL HAMILTON Customer Services EP

:: AddressAddress 1ST FLOOR, 76 JERSEY ST

WEMBLEY WA, AUSTRALIA 6014

10 Hod Way Malaga WA Australia 6090

:Telephone +61 08 9284 0222 :Telephone +61-8-9209 7655

:Project 417-0 Mandurah Geothermal Date Samples Received : 21-Dec-2016 16:30

:Order number ---- Date Analysis Commenced : 22-Dec-2016

:C-O-C number ---- Issue Date : 12-Jan-2017 11:14

Sampler : RACHEL HAMILTON

Site : ----

Quote number : EP/330/16 V3

2:No. of samples received

2:No. of samples analysed

This report supersedes any previous report(s) with this reference. Results apply to the sample(s) as submitted. This document shall not be reproduced, except in full. 

This Certificate of Analysis contains the following information:

l General Comments

l Analytical Results

Additional information pertinent to this report will be found in the following separate attachments: Quality Control Report, QA/QC Compliance Assessment to assist with 

Quality Review and Sample Receipt Notification.

Signatories
This document has been electronically signed by the authorized signatories below. Electronic signing is carried out in compliance with procedures specified in 21 CFR Part 11.

Signatories Accreditation CategoryPosition

Jeremy Truong Laboratory Manager Perth Inorganics, Malaga, WA

Vinitha Kesavan Analyst Perth Microbiology, Malaga, WA

R I G H T   S O L U T I O N S   |   R I G H T   P A R T N E R
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Work Order :

:Client

EP1612393

417-0 Mandurah Geothermal:Project

ROCKWATER PTY LTD

General Comments

The analytical procedures used by the Environmental Division have been developed from established internationally recognized procedures such as those published by the USEPA, APHA, AS and NEPM. In house 

developed procedures are employed in the absence of documented standards or by client request.

Where moisture determination has been performed, results are reported on a dry weight basis.

Where a reported less than (<) result is higher than the LOR, this may be due to primary sample extract/digestate dilution and/or insufficient sample for analysis.

Where the LOR of a reported result differs from standard LOR, this may be due to high moisture content, insufficient sample (reduced weight employed) or matrix interference.

When no sampling time is provided, the sampling time will default 00:00 on the date of sampling. If no sampling date is provided, the sampling date will be assumed by the laboratory and displayed in brackets without a 

time component.

Where a result is required to meet compliance limits the associated uncertainty must be considered. Refer to the ALS Contact for details.

CAS Number = CAS registry number from database maintained by Chemical Abstracts Services. The Chemical Abstracts Service is a division of the American Chemical Society.

LOR = Limit of reporting

^ = This result is computed from individual analyte detections at or above the level of reporting

ø = ALS is not NATA accredited for these tests.

~ = Indicates an estimated value.

Key :

MM673:Bacteria able to grow aerobically and anaerobically, often dominated by enteric bacteria. There was no presence of manganese oxidsing organisms. The reaction at 44degrees was faster than the 

22degrees incubation, where the IRB test had become positive within 48 hours of incubation at 44 degrees.

l

Analytical Results

------------MARC2(g)

44 Degrees

MARC2(g)

22 Degrees

Client sample IDSub-Matrix: WATER

 (Matrix: WATER)

------------21-Dec-2016 13:4021-Dec-2016 13:40Client sampling date / time

------------------------EP1612393-002EP1612393-001UnitLORCAS NumberCompound

Result Result ---- ---- ----

EG020T: Total Metals by ICP-MS

7.79Manganese ---- ---- ---- ----mg/L0.0017439-96-5

5.40Iron ---- ---- ---- ----mg/L0.057439-89-6

MM669: Sulphate Reducing Bacteria

<20 <20 ---- ---- ----pac/mL20----Sulphate Reducing Bacteria Population 

Estimate

Not Aggressive Not Aggressive ---- ---- -----1----Aggressivity

MM673: Iron Related Bacteria using Biological Activity Reaction Test (BART)

Aggressive Aggressive ---- ---- ----------Aggressivity

9000 140000 ---- ---- ----pac/mL25----Iron Related Bacteria Population Estimate



 

 

Australian Laboratory Services Pty Ltd 

ABN 84 009 936 029 
Part of the ALS Laboratory Group 

5/585 Maitland Rd, Mayfield West NSW 2304 Australia 
Phone +61 2 40142500  Fax +61 2 49677382  www.alsglobal.com 

Environmental Division 
 
 
 
Work Order:   EP1610551                           
 
Client:    ROCKWATER PTY LTD                        
 
Address:   1ST FLOOR, 76 JERSEY ST 

WEMBLEY WA, AUSTRALIA 6014                               
                                             
                                             
Contact:   RACHEL HAMILTON     
 
Project:   Mandurah Geothermal               
 
Report Date:   14/11/2016                
 
Samples Submitted:  4/11/2016     
 
 
Report: 
 
The particle size distribution of these samples was determined by Light-Scattering using a 
Mastersizer 3000 instrument. 
 
Lab ID Client ID 
EP1610551-004 MARC 2 (g) 
 
A detailed report for each sample is attached. 
Sampled by RACHEL HAMILTON; analysed as received. 
 

 
 
 
 
 

 
Gerrad Morgan 
Laboratory Analyst 
Soils and Sizings 
 



Malvern InstrumentsAnalysis

EP1610551

Malvern Instruments Ltd.

www.malvern.com

Mastersizer - v3.40

Page 1 of 1

Created: 3/11/2016

Printed: 14/11/2016 9:43 AM

Measurement Details

Operator Name gerrad.morgan 

Sample Name EP1610551-001 

SOP File Name HydroLV.cfg 

Measurement Details

Analysis Date Time 14/11/2016 9:40:12 AM 

Measurement Date Time 14/11/2016 9:40:12 AM 

Result Source Averaged 

Analysis

Particle Name ALS 

Particle Refractive Index 1.550 

Particle Absorption Index 0.100 

Dispersant Name Water 

Dispersant Refractive Index 1.330 

Scattering Model Mie 

Analysis Model General Purpose 

Weighted Residual 0.94 % 

Laser Obscuration 3.03 % 

Result

Span 1.765 

Uniformity 0.519 

Specific Surface Area 1903 m²/kg 

D [3,2] 3.15 µm 

D [4,3] 5.89 µm 

Dv (10) 1.30 µm 

Dv (50) 5.38 µm 

Dv (90) 10.8 µm 

Frequency (compatible) and Undersize

[Frequency] - [11] EP1610551-001-14/11/2016 
9:40:12 AM

[Undersize] - [11] EP1610551-001-14/11/2016 
9:40:12 AM
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Size Classes (µm)

0.01 0.1 1.0 10.0 100.0 1,000.0 10,000.0

Result
Size (µm)

0.0100

0.0113

0.0128

0.0144

0.0163

0.0184

0.0208

0.0235

0.0266

0.0300

0.0339

0.0383

0.0433

0.0489

% Volume Under

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Size (µm)

0.0552

0.0624

0.0705

0.0796

0.0900

0.102

0.115

0.130

0.147

0.166

0.187

0.211

0.239

0.270

% Volume Under

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Size (µm)

0.305

0.345

0.389

0.440

0.497

0.561

0.634

0.717

0.810

0.915

1.03

1.17

1.32

1.49

% Volume Under

0.00

0.00
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Australian Laboratory Services Pty Ltd 
ABN 84 009 936 029 

Part of the ALS Laboratory Group 
5/585 Maitland Rd, Mayfield West NSW 2304 Australia 

Phone +61 2 40142500  Fax +61 2 49677382  www.alsglobal.com 

Environmental Division 
 
 
 
 
 
Work Order:   EP1513077 
 
Client:    Rockwater Pty Ltd 
 
Address: 1st Floor, 76 Jersey St 

Wembley, WA 
 

Contact:   Rachel Wroe 
 
Project:   Mandurah Geothermal 
 
Report Date:   26/8/2015 
 
Samples Submitted:  19/8/2015 
 
 
Report: 
 
The particle size distribution of this sample was determined by Light-Scattering using a 
Mastersizer 3000 instrument with Calgon to aid dispersion. 
 
Lab ID Client ID 
EP1513077-001 MARCli 

 
 
A detailed report for the sample is attached. 
 
Sampled by Rockwater Pty Ltd; analysed as received. 
 
 
 

 
 
Hamish Murray 
Laboratory Supervisor 
Soils and Sizings 
 
 
 
  



Measurement Details

Sample Name EP1513077-001 Measurement Date Time 26/08/2015 12:22:55 PM 

Operator Name hamish.murray Analysis Date Time 26/08/2015 12:22:55 PM 

SOP File Name HydroLV.cfg Result Source Averaged 

Analysis

Particle Name ALS Particle Refractive Index 1.550 

Dispersant Name Water Dispersant Refractive Index 1.330 

Particle Absorption Index 0.100 Laser Obscuration 4.33 % 

Weighted Residual 0.62 % Scattering Model Mie 

Analysis Model General Purpose Analysis Sensitivity Normal 

Result

Concentration 0.0044 % Span 12.198 

Uniformity 3.253 Result Units Volume 

Specific Surface Area 279.4 m²/kg Dv 10 3.63 µm 

D [3,2] 8.10 µm Dv 50 15.5 µm 

D [4,3] 58.0 µm Dv 90 193 µm 

Frequency (compatible) and Undersize

[Frequency] - [41] EP1513077-001-26/08/2015 12:22:55 PM[Undersize] - [41] EP1513077-001-26/08/2015 12:22:55 PM
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Analysis Report

Particle Analysis Service

Sample Name: MARC 1i

Batch No: R1514284

PAS ID No: P80495

Dispersant: Water RI/ABS: 2.74 / 1

Additives: 0 ml Calgon Analysis Model: General purpose

Sonication: 0 minutes in ultrasonic bath Result units: Volume

Concentration: 0.0118 % vol Vol. Weighted Mean D[4,3]: 16.144 µm d(0.1): 2.49 µm

Obscuration: 17.91 % Surface Weighted Mean D[3,2]: 5.051 µm d(0.5): 10.776 µm

Weighted Residual: 0.423 % Specific Surface Area: 1.19 m
2
/cc P80: 23.77 µm

d(0.9): 36.458 µm

Size (µm) Vol Under % Size (µm) Vol Under % Size (µm) Vol Under % Size (µm) Vol Under % Size (µm) Vol Under % Size (µm) Vol Under %

0.020 0.00 0.142 0.00 1.002 3.73 7.096 32.97 50.238 94.87 355.656 100.00

0.022 0.00 0.159 0.00 1.125 4.32 7.962 37.36 56.368 96.16 399.052 100.00

0.025 0.00 0.178 0.00 1.262 4.94 8.934 42.03 63.246 97.22 447.744 100.00

0.028 0.00 0.200 0.00 1.416 5.61 10.024 46.89 70.963 98.08 502.377 100.00

0.032 0.00 0.224 0.00 1.589 6.33 11.247 51.85 79.621 98.75 563.677 100.00

0.036 0.00 0.252 0.00 1.783 7.13 12.619 56.79 89.337 99.26 632.456 100.00

0.040 0.00 0.283 0.02 2.000 8.00 14.159 61.63 100.237 99.63 709.627 100.00

0.045 0.00 0.317 0.08 2.244 8.99 15.887 66.25 112.468 99.87 796.214 100.00

0.050 0.00 0.356 0.22 2.518 10.12 17.825 70.60 126.191 99.98 893.367 100.00

0.056 0.00 0.399 0.42 2.825 11.41 20.000 74.63 141.589 100.00 1002.374 100.00

0.063 0.00 0.448 0.68 3.170 12.93 22.440 78.30 158.866 100.00 1124.683 100.00

0.071 0.00 0.502 0.99 3.557 14.70 25.179 81.61 178.250 100.00 1261.915 100.00

0.080 0.00 0.564 1.35 3.991 16.79 28.251 84.58 200.000 100.00 1415.892 100.00

0.089 0.00 0.632 1.76 4.477 19.22 31.698 87.21 224.404 100.00 1588.656 100.00

0.100 0.00 0.710 2.20 5.024 22.05 35.566 89.54 251.785 100.00 1782.502 100.00

0.112 0.00 0.796 2.68 5.637 25.29 39.905 91.58 282.508 100.00 2000.000 100.00

0.126 0.00 0.893 3.19 6.325 28.93 44.774 93.35 316.979 100.00

12/01/2017

Wednesday, 29 July 2015
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