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HYDRAULIC FRACTURE STIMULATION MONITORING AT WARRO PROJECT - MID WEST, WA 

Latent Petroleum has undertaken fracture stimulation activities at the Warro tight gas field in the Perth Basin approximately 
200km north of Perth since 2009.  In concert with these activities at Warro, Latent has engaged in a process of continuous 
engagement with the local community and carried out a number of field monitoring programmes which relate directly to some 
of the assessment criteria set out in the Inquiry Issues Paper.  These programmes were designed to assess 

• The extent of fractures created underground;  
• Any associated seismicity; 
• Impacts on ground water; 
• Impacts on soil gas and atmospheric geochemistry. 

Much of this work was done by CSIRO and UWA in a scientifically robust manner with the aim of providing objective information 
on these factors to all stakeholders. 

The outcomes of this work are discussed below but can be summarised as follows: 

• The fractures created during the stimulation process are predicted accurately by modelling and field measurements 
show that they are locally constrained and stay within the target zones located 4000m below the surface; 

• There is no discernible change in seismicity during or after fracture stimulation; 
• There is no measureable impact on any aquifers in the area; 
• There is no evidence of changes in soil or atmospheric methane in the area. 

Using the “impacts table” provided by the Inquiry Issues Paper, the following seeks to allocate various aspect of the Warro 
project to the appropriate category; 

Table 1 - Warro Impacts 

  

Land Air Water Social Surrounds 

Terrestrial Environmental Quality Greenhouse Gas Emissions Quality Aboriginal Heritage 

Cleared farm land; footprint less than 1% 

Firebreaks established 

Fencing upgraded 

Below federal GHG reporting 
thresholds 

Long term monitoring shows 
no impact 

Frac mapping confirms all frac 
constrained 

Resolved with Native Title Agreement 

Biodiversity Air Pollutants Quantity Amenity and Aesthetic enjoyment 

Not affected 

Detailed mapping undertaken 

Conservation reserve established 

None detected Extraction via DoW licence – 
only 5% used 

Numerous community meetings and 
workshops to identify and address any 
concerns 

Minimal impact as Warro is distant 
from any population centres  

Beneficial Use  Beneficial Use Public Safety 

Improvement in farm amenities  Monitoring information 
provided to farmers 

Additional water bores 
provided along with storage 

No incidents, public transport given 
precedence 

   Seismicity 

   Long term monitoring shows no impact 

Surface measurements demonstrate 
fracs are imperceptible 
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NATURE OF WARRO FIELD 

The Warro field is contained within a faulted anticline formed during the Cretaceous when a structural inversion event uplifted a 
large portion of the Northern Perth Basin.  There are three types of faulting observed at Warro.  Pre Cretaceous down to the 
basin faults associated with the formation of the Dandaragan trough, faulting that occurred during the Cretaceous inversion, 
often associated with movement along older faults, and Tertiary crestal faulting.  Although this degree of faulting would 
normally raise doubts about the integrity of the trap, wells drilled in the 1970’s confirmed the presence of a substantial gas 
column and therefore showed that the faults were sealing.  However disturbances observed to affect shallow seismic events 
(interpreted to be a gas effect) suggest that at some time since the Cretaceous the anticline may have leaked a portion of its gas 
to surface.  In addition, early well results suggested that as well as large scale faults there was likely to be a pervasive, small scale 
natural fracture system in the highly indurated sands of the Lower Yarragadee.  As a result of these factors, a significant amount 
of work has been undertaken to detemine whether there are any natural gas seepages at surface and to establish whether the 
fracture stimulation events have had any impact on the natural fault and fracture systems. 

The first four wells on the structure (Warro-1 through 4) were carried out without the benefit of the 3D seismic which was 
recorded in 2011.  The 3D survey provided much higher fidelity data which could be used to differentiate the three phases of 
faulting set out above and also provide the position of the faults.  Using these data, it is clear that the first four wells were 
located on or near deep-seated faults and the fracture stimulations in Warro-2, 3 and 4 penetrated these faults.  The wells 
produced gas but with significant amounts of formation water.  Warro-5 and 6 were positioned over 1 km from faults observed 
on the 3D.  Both these wells also produced gas with significant amounts of water.  The first hypothesis was that the water was 
coming from the deep-seated faults and resulted in the Warro-5 and 6 being positioned away from fauted areas.  As both these 
wells also produced water, the most likley source of the water is thought to be a natural fracture network with perhaps a small 
contribution from faults. 

The fracture stimulations at Warro clearly penetrated both faults and natural fractures.  As set out below, these “fracks” have 
had no perceptable impact on seismic activity, near surface water systems or gas readings.  We have concluded that in the 
Warro area, where a strong compressional stress regime is in force, fracture stimulation activities can be carried out safely and 
without any unintended consequences. 

WARRO FIELD WORK – MONITORING THE IMPACT OF FRACS 

Latent are employing fracture stimulation techniques (fraccing) to liberate gas in regions of deep (~4000m), stressed massive 
sandstone reservoirs of the Yarragadee Formation.  Latent acquired the Warro project in late 2007 and quickly thereafter 
commenced extensive community consultation as well environmental studies to understand and quantify any impact fracture 
stimulation may have on the local environment.  The frac work at Warro has been underway since 2009 when Warro-3 was 
drilled.  Most recently, Latent drilled and fracced Warro-5 and 6 and the monitoring work associated with these wells provides 
important information on the scale and impact of fracture stimulation in the area.   

To do this, Latent has undertaken a number of monitoring programmes to establish the effectiveness of the fraccing and in 
particular the scale and location of any fractures created.  In addition, Latent has been working in concert with other operators 
in the Perth Basin along with CSIRO and UWA, to establish base line measurements of soil and atmospheric gases, Basin 
seismicity and water quality. 

An important side product of this work is that it provides a valuable case study on the impact of fraccing both underground and 
at the surface in the Perth Basin.  The work demonstrates the scientific rigour that is applied to fracture stimulation work and 
provides confirmation that the emplacement of fracs is discrete and controlled and surface impacts are imperceptible. 

EXTENT OF FRACS – DIRECT MEASUREMENT 

For both commercial and environmental reasons, it is important to understand the extent of any fractures created in a well.  All 
frac work conducted in a well must be constrained to the target zones otherwise the whole purpose of the work would be 
undermined and the expenditure wasted. 

The extent of fracs can be measured directly using downhole tools or estimated using seismic techniques.  Downhole 
measurements used at Warro comprised the use of temperature logging and inert traceable ceramic proppant (NRT) to show 
where fluid and proppant has been place in the rocks and by association where the fractures are located.  Temperature logging 
uses the cooling effect that frac fluid emplacement has on the rocks, while the traceable proppant is detected using standard 
neutron logging techniques. 
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Prior to attempting any fracture stimulation, all well data are incorporated into a computational simulation to predict where the 
fractures are expected to go.  These models use rock petrophysical and geo-mechanical data combined with assumptions about 
perforation intervals , proppant size and density, pumping rates and volumes, fluid properties (such as viscosity and breaking 
capacity) and fluid volumes to predict the expected geometry of fractures in the target zones. 

The output of the pre-frac model is illustrated below.  The left diagram shows some of the assumptions while the right is the 
prediction of fracture position and the concentration of proppant in the fracture. 

Prior to attempting the main phase of the fracture stimulation, the predictions from the computer simulations are tested via 
field experiments using Diagnostic Fracture Injectivity Test (DFIT) which is a very small scale frac.  The results of the DFIT’s are 
used to calibrate the computation simulations prior to the emplacement of the main frac stages. 

During the main fracture stimulation stage the pressure and rate responses are carefully monitored and varied and/or fine-tuned 
to ensure optimum fluid and proppant emplacement is achieved.  Following the stimulation, each zone is logged to determine 
height of the fractures achieved.  

All the information obtained during the frac emplacement is incorporated into the computation simulations to generate a new 
calibrated model as a check and which, when needed, can be used to guide the parameter selection for the next stimulation 
stage. 

The model below shows the results of post job computer simulation for the pre-frac model shown above.  The pre and post 
results match closely and  both conform closely with the temperature and NRT measurements thereby confirming the underlying 
assumption are appropriate..  The cooling effect of the fluid is shown in green while the presence of the NRT is highlighted in 
blue.  Both measurements show the fracture has been confined to the target zone. 

 

Figure 1 - Warro-6 Stage 3 simulated fracture stimulation assumptions 

 

Figure 2 - Predicted proppant concentrations and frac height 

 

Figure 3 - Warro-6 Stage 3 actual rates, concentrations and pressures 

 

Figure 4 - Actual proppant concentration and frac height 

12,000psi 

30bpm 

6.1ppg 

10,000psi 

50bpm 
3.6ppg 
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EXTENT OF FRACS – SEISMIC DETECTION 

Seismic mapping of fracs can been done via downhole geophones placed close to the target zones in a nearby deep well and/or 
using surface or nearsurface geophones usually in a widely spaced array.  As it was not possible to use downhole microseismic 
techniques to map fractures at depth, due to the wide well spacing and excessive depth of the gas reservoir, during the fracture 
stimulation at Warro-5 and 6, Latent tried three surface based methods in an effort to detect and locate fractures using surface 
or near surface detectors.  These three methods comprised; 

1. Sets of geophones at varying depths in three 100m boreholes 
2. Patches of geophones at 6 widely spaced locations around the field 
3. Single geophone stations buried 1m below the surface. 

The data from these systems were supplemented with data from an infield seismometer which has been recording data since 
2010. 

The map below shows the position of the various types of recording equipment.  

 

Figure 5 - Warro Monitoring Equipment Locations 
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This work was supervised by the UWA working in conjuction with SRC (Seismomology Research Centre) who provide long term 
seismic monitoring services in the Perth Basin. 

The data recodings obtained during the fracture simulation work at Warro 5 and 6 show that the frac jobs were imperceptible at 
surface (ie ML approximately < -1.0).  Interestingly, the equipment was sufficiently sensitive to detect the impact of waves 
breaking on the coastline over 60km away.  In addition, long term monitoring before and after the fracture stimulation work 
showed conclusively that there has not been any change in the intensity or frequency of the background seismicity of the area.  
The map below shows the position and magnitude of earthquakes over the last six years.  Note the low intensity of events in the 
vicinity of Warro.  The only event of interest in 2011, located 12km to the ENE, occurred 16km below the surface and is certainly 
not associated with work at Warro.  It should be noted that there has not been a change in seismicity recorded at or near the 
Warro project despite the drilling of four wells and emplacement of 18 frac stages. 

 

Figure 6 - Seismic Activity - North Perth Basin - 2011 to 2017 

WATER MONITORING AND USAGE 

As part of the environmental management process, Latent has been monitoring water quaility since 2009.  In addition, Latent 
commissioned a detailed study of the water resources of the area (updated in 2014) to understand the hydraulogy of the area 
and any risk factors to be addressed.  The hydraulogy study is included as Appendix A.   

The study concluded that “there will be no impact on the upper Yarragadee groundwater flow system from hydraulic stimulation, 
provided the well integrity is maintained.  Effects of groundwater extraction on the Parmelia aquifer are indicated to be minor 
and restricted to the project area. Similarly, any leakages from water storages would be localised and could be controlled and 
contained using a recovery bore or bores”. 

A subject that requires consideration is the identification and classification of aquifers in the Warro area.  In the resources 
description paper, an all-encompassing definition is used – any geological formation that holds and can yield useful quantities of 
water.  Such a definition could be contrued to encompass not only the shallow water bearing units but suggest much of the 
Yarragadee should be considered an aquifer.  As set out in a presentation on this subject in 2015 (see Appendix B), most of the 
Yarragadee cannot be considered to be a viable aquifer due to excessive depth and/or salinity.  It is important to recognise that 
in an objective, scientific assessment not all water bearing sands would classified as viable aquifers.  It is suggested that a water 
resource assessment approach akin to those used in the mineral and petroleum industries should be adopted to bring more 
discipline and scientific rigour to the identification of aquifers of interest. 
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As well integrity has been identified as an important factor in protecting the aquifers, it is important to understand the extreme 
efforts undertaken to ensure this achieved.  While protection of aquifers is important, an equally important driver for strong well 
integrity is to ensure drilling, fraccing and testing activities of a well are safe.  Industry experienced gained over the last 100+ 
years has developed robust, failsafe techniques which are rigidly applied in WA.  As an example, the approach used at Warro is 
set out in Appendix C. 

All water used by the Warro project has been extracted from near surface aquifers under a water licence provided by the Dept of 
Water.  Since inception the project has used 23 ML of bore water compared with the 430 ML allowed under the water licences.  
The median being 0.5 ML/frac with the maximum for any one frac being 4.2ML.  See plots below 

 

Figure 7 - Warro Water Useage 

 

Figure 8 - Warro Water Useage Per Frac Stage 

The map below shows the location of local and regional bores that Latent regularly sample and analyse to indentify any changes 
in chemistry.  The results are reported to DMIRS and the DoW on a quartery basis. While there are seasonal variations in water 
quality, none of the samples have shown any anomalous readings that could be ascribed to the contamination from the fraccing 
operations. By way of example, the table below shows the suite of inorganic compounds analysed (other analyses are done for 
organics).  Very little variation is observed.  Of import are the elelments boron and barium as both are used in the drilling and 
fraccing operations and should be an indicator of any contamination.  No significant change in the levels of either is seen.   

 

Figure 9 - Monitored Water Bores 

 

Figure 10 - Water Bore Analysis Comparison 
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ATMOSPHERIC AND SOIL FLUX STUDIES 

The Warro feature has undergone a number of tectonic phases and it is clear that during the most recent period of structural 
inversion, in the late Cretaceous – early Tertiary, some near surface faults were reactivated.  In some areas, disturbances to the 
near surface seismic reflectors could be interpreted as a “gas effect” caused by methane percolating to surface from the deeper 
rocks.  It was therefore important to establish basline surface gas readings and determine whether there are areas of elevated 
gas readings due to natural causes. 

To do this Latent, with CSIRO and UWA, undertook a widespread soil geochemistry sampling project and installed a long term 
soil gas detector site.  The sampling was concentrated around the “disturbed zone” seen on the seismic. 

This work did not detect any areas of anomalous soil gas readings indicating that the disturbed zone is presently not a source of 
methane and is probably a paleo feature.  The lack of methane also suggests that frac work at Warro has not rejuvinated any gas 
migration.  

The CSIRO also recorded atmospheric gas levels of methane using a vehical mounted picaro system. Once again no anamalous 
readings were recorded. 

These results provide valuable baseline information and importantly demonstrate that even though well and frac activities had 
taken place (Warro-3 & 4) there had not been any discernable impact on the soil or atmospheric gases. 

Please refer to the paper published by CSIRO in Appendix C for a detailed analysis of the field results 

CONCLUSIONS 

It is clear that the work carried out at Warro provides valuable information on the underground and surface impacts of fracture 
stimulation.  Important conclusions include: 

• Computational simulations provide a reliable guide on the scale and position of fracs 
• As new information is gained from rock properties and the well response to fracs, it is important to recalibrate the 

computational simulations. 
• Physical measurements confirm that the frac behaved as predicted and the growth of the fracs vertically was well 

constrained. 
• There were no perceptible seismic events observed at Warro during and after the frac work. 
• Soil geochemical measurements did not detect any anomalous readings 
• Well integrity practices ensure the protection of the aquifer systems 
• Water monitoring of nearby water bores has not detected any changes in water chemistry that could be associated with the 

frac work over a multi-year period 

ENVIRONMENTAL MONITORING 

As part of the stringent environmental requirements applied to the Warro project, a substantial amount of environmental 
assessment work, monitoring of fauna and flora and rehabilitation work has been undertaken.  The results of this work are 
provided to the relevant Government departments as required by the Regulations.  It is beyond the scope of this submission to 
reproduce this work here.  Suffice it to say that the Warro project has complied with all the regulatory requirements and, as 
illustrated with the monitoring work outlined above, often done much more than required.  
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COMMUNITY ENGAGEMENT  

The Warro Joint Venture prides itself on the high level of community engagement to date and which continues to take place.  
This was commenced in 2008, before community awareness of the unconventional gas industry had been roused. 

The engagement with the local Aboriginal groups started early in the project (2009) and culminated in a Native Title Agreement 
with the Yued in 2013. 

Warro project has been at pains to involve the local community in the project.  This has ranged from the support of the local 
school in educational projects to the employment of people from the community as part of the project workforce and using local 
firms to provide equipment and supplies.  This has resulted in an injection of over $3.8 million into the local economy and more 
than $54 million to WA based companies (over half the total expenditure). 

Warro has welcomed the local community see the project work in progress and provided numerous opportunities for site visits. 

From an early stage, the views of the local community were canvassed and wherever possible accommodated.  An example of 
this was the priority given to local traffic, particularly during school times when project operational vehicles were prohibited 
from using the roads.
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APPENDIX A – WELL INTEGRITY 
  



Warro Gas Field – Well Integrity Assurance 
Well integrity is a fundamental requirement and involves the application of technical and operational methodologies to 
reduce the risk of uncontrolled release of formation fluids. 

A loss of well integrity could result in the leakage of fracturing fluids or hydrocarbons to aquifers or escape of hydrocarbons 
to the surface. The risk is reduced to as low as practicable in the well design process and managed through operational 
monitoring during each step in the well construction. 
Well Design Warro Approach 
Well design process in 
accordance with good 
industry practice to provide 
the mechanical integrity that 
reduces risk to as low as 
practicable 

Wells are designed and constructed to ensure well integrity under all operating conditions 
that the wells are expected to experience over their life cycle which includes drilling, 
fracture stimulation, and subsequent production testing operations. 

Detailed analysis of data from other nearby wells and as the well itself is drilled and 
evaluated to develop a detailed model for the fracture stimulation treatment. 

The design process followed ensures that casing, wellhead and production equipment meet 
the stresses and loads associated with the temperature, pressures and fluids that may be 
pumped into and produced from the well. 

Refer a typical Warro well schematic with casing design shown in Figure 1.  

The casing design shown in the diagram consists of: 

• 20” conductor pipe, which is installed at the surface and set at approximately 70 m 
where it is cemented back to surface. This provides the initial stable structural 
foundation for the well. 

• 13-3/8” surface casing string, which extends from the surface to approximately 1500 m 
where it is set in a laterally continuous shale in the Yarragadee (commonly identified as 
the Ottowirri Member that acts as an aquitard) and cemented back to surface. This 
isolates the near-surface groundwater in the Parmelia that may be used for agricultural 
water bores. 

• 9-5/8” intermediate casing string, which is inside the surface casing and extends from 
the surface to approximately 3800 m. This is cemented back to approximately 2500m. 
It is not cemented back into the surface casing annulus so that pressure monitoring of 
that annulus is possible during fracture stimulation and so it is possible to confirm that 
fracture stimulation pressures or fluids are constrained in the deep reservoir and are 
not transmitted up the well into the near surface formations. 

• production casing string (typically 5-1/2” casing with high strength and high pressure 
rating), is run inside the intermediate casing from the surface to the total depth of the 
well at up to 4500m. This is cemented back 150m into the intermediate casing to 
ensure isolation of pressures seen deep underground in the reservoir from higher up 
the well. 

Selection of material and 
equipment with suitable 
ratings to meet the 
operational conditions and 
including relevant safety 
factors 

Wells are designed and constructed with multiple casing strings with their size, strength, 
coupling and material satisfying the operational conditions identified and industry standard 
design safety factors. 
The required casing, production and well head equipment is purchased from suppliers that 
have demonstrated their ability to supply the materials that meet or exceed the design 
specification with appropriate supporting certification documents. 

Detailed programme and 
procedures developed and 
are approved by the 
Regulator 

 

Well Management Plan - that includes a specific section on risk assessment of well integrity 
issues – is developed and submitted for approval by the Regulator along with range of other 
documents that must be approved including Environment Plan, Oil Spill Contingency Plan, 
HSE Management Plan and Emergency Response Plan. 

Activities on site are not commenced until all required approvals are in place. 
Casing centralisation, cement slurry design, volumes and pumping parameters are 
considered in the well design and detailed procedures to ensure the best possible cement 
job is achieved 

  



Operational Control Warro Approach 
Well construction and 
operations implemented in 
accordance with good 
industry practice 

• approved programme is implemented by competent and experienced contractors and 
activities are overseen by qualified and competent supervisory personnel (Well Site 
Managers) acting on behalf of Latent  

• pressure testing and verification against design criteria during the course of well 
construction confirms that the casing and cementing meets well design specifications  

• pressure safety trip out systems during the fracture stimulation prevent pressure limits 
of the surface pipework and downhole casing being exceeded 

• pressure monitoring at the wellhead of specific casing annulus during the fracture 
stimulation provides confirmation that the stimulation has not resulted in a well 
integrity issue with pressures or fluids being transmitted up the well. If abnormal or 
unexpected pressures are seen the stimulation operations are immediately shut down 
and reviewed. 

• pressure monitoring of injection pressures throughout the fracture stimulation 
treatment to ensure pressures are in line with the pre-job modelling and design. If 
unexpected low pressures are seen that may indicate a well integrity issue the 
stimulation operations are immediately shut down and reviewed. 

Cement and Casing Integrity  • observation of taking cement back to surface as per the cement design 

• monitoring volumes, pressures and pumping parameters during the operations and 
ensuring they are in line with the pre-job model 

• at each casing point the well is pressure tested prior to commencing the next stage of 
operations (drilling or fracture stimulation) to confirm the integrity of the casing and 
cement 

• ensuring well integrity verification criteria are detailed in the well operations 
programme with the requirement for sign-off by the key personnel involved to confirm 
the specifications are met 

• running a cement bond log of the production casing string before fracture stimulation 

• in the event that verification criteria or parameters are not met the operations will be 
reviewed and a remedial cement treatment or other measures implemented if 
required to ensure well integrity. 

Longterm Well Integrity 
Assurance 

Warro Approach 

Well inspection and pressure 
integrity verification 
performed during period 
well is suspended.  

• 6 monthly inspection of wellhead and production tree to verify pressure integrity and 
status of the wells 

• inspection reports submitted to the Regulator 

• security measures implemented to restrict access and operation of the wellhead that 
could result in unplanned release includes; handles removed to prevent easy operation 
of the production tree valves; installation of pressure isolation plugs (BPV or VR plugs) 
in the production tree; installation of a security fence around the wellhead 
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FIGURE 1 - WARRO WELL DESIGN 
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APPENDIX B – MONITORING & USING WATER 
FOR UNCONVENTIONAL WELLS 

  



Author: Stephen Keenihan





Just as there are significant differences between the 
impacts of different types of agriculture so too do the 
energy extraction businesses vary

We are not CSG

Chemical warning sign at Winery



• Stringent regulations developed and
honed over 60+years from millions of
well results.
• Must have two levels of redundancy or failsafe

(Usually three layers)
• every layer is pressure tested to prove

integrity and monitored continuously
• Everything on surface must be bunded

• All operations must be approved by the
Regulator and monitored daily. (drilling,
testing, completion plans each with an
environment management plan).

• Stepwise approach– exploration,
appraisal and development – each with
detailed approval requirements.

HEALTH & SAFETY - OUR NUMBER ONE PRIORITY



• Aboriginal Heritage Act
• Australian Heritage Council Act
• Bushfires Act
• Biosecurity and Agriculture Management Act
• Conservation and Land Management Act
• Contaminated Sites Act
• Heritage of Western Australia Act
• Land Administration Act
• Land Drainage Act
• Local Government Act
• Native Title Act
• Occupational Safety and Health Act
• Environmental Protection and Biodiversity Act
• Environmental Protection Act
• Environmental Protection Regulations – Noise
• Environmental Protection Regulations – Clearing of Native Vegetation
• Environmental Protection Regulations – Controlled Waste

Petroleum and Geothermal Energy 
Resources Act
Petroleum and Geothermal Energy 
Resources  Regulations
Rights to Water and Irrigation Act
Soil and Land Conservation Act
Wildlife Conservation Act
Migratory Bird Agreements

Japan & Australia
China and Australia
Korea & Australia

Approvals are exhaustive processes
• 2 - 3 years for seismic.
• 6 months to 2 years for wells.



• What is a Water Resource
• What work is done to monitor aquifers
• How much water does well fraccing require
• What needs to be done from now on









• Groundwater systems are like underground rivers and 
lakes

• Like surface water it is easily polluted and over exploited
• All water must be protected
• Groundwater is pure



• An aquifer is an underground layer of water-bearing permeable 
rock or unconsolidated materials (gravel, sand, or silt) from which 
groundwater can be extracted using a water well – wikipedia!

• An aquifer is a ‘‘permeable water-bearing formation capable of 
yielding exploitable quantities of water’’ (UNESCO/WMO, supra 
note 1 at 15) or as ‘‘a subsurface layer or layers of rock or other 
geological strata of sufficient porosity and permeability to allow 
either a significant flow of groundwater or the abstraction of 
significant quantities of groundwater’’ (Water Framework Directive, 
supra note 1, Article 2(11))

• Exploitable resources: according to socio-economic and 
environmental criteria



Unconventional and Tight do not flow Naturally – Fracture Stimulation is required



• Water is like any mineral or energy deposit as it can be 
mined and depleted

• Water is unlike mineral and energy resources as it can be 
replenished and its abstraction rate can be limited to 
sustainable yields dictated by environmental impacts  

• Minerals and Energy resources or reserves are defined 
according to strict rules and procedures

• What about Water?
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• Yarragadee = aquifer = must be protected
• Any risk to aquifer should be avoided
• Why trust science when it could be wrong
• Science is great but perception trumps it every time.
• How to communicate well and sort fact from fiction

• How can we define our exploitable water resources





Found the lake and can see 
the fish jumping but still need 
a boat, gear and the right bait

There could be a lake in the
area that might have fish in it

Fish in 
the boat

Fish on 
the line

Fish 
nibbling



• Measurement – thickness, porosity, permeability, yield
• Uncertainty – identifying the range of possible outcomes
• Commerciality – cost, depth, yield, distance
• What’s exploitable?

Water in North Perth Basin below 1000m is usually >2000ppm and often >8000ppm



• Exploitable Resources – Sustainability - must consider 
recharge and impact on environment 

Unrecoverable

Proven Active or Viable 
Aquifers

Unviable Proven Aquifer

Potential Aquifer

Unviable Potential Aquifer

Prospective Aquifer

Unviable Prospective Aquifer
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Yarragadee Parmelia

• Parmelia is only water source to consider.
• Located about 100m below surface.
• Surface spills are only concern if well integrity is maintained.



100 m

Total distance ~420 m potential 
plume migration over 100 years (if 
nothing is done)

1 Km





• Chemicals
• Headspace gas
• Archived samples



• To date wells in Perth Basin have used 0.2 
– 8 ML each.

• USA examples quote 12-15 ML each shale 
gas well.

• Olympic pool = 2.5ML or Backyard pool = 
.05ML.

• Total Perth Basin Water Allocation = 
216,600ML/yr.

• Geraldton Region = 80,920ML/yr.



• Frac water used approx. 6ML/well. (<3 Olympic swimming pools).
• Each development well will extract gas from 20ha area and use ~0.3ML/Ha to frac reservoir

(once-off).
• Average agricultural usage of 10-12 ML/ha/annually or 200ML per equivalent well location.
• District Water Allocation – 23,000 ML.
• Warro Water Allocation – 20 ML.

Warro



•All drilling & frac work must have a Water Licence.



• Protecting Water resources is of paramount importance
• Petroleum industry always employs measures to protect our water
• Stringent monitoring programmes are in place
• Unconventional energy water usage is minor cf agriculture

• Not all aquifers are equal, most are unviable
• Public education is required
• A way of defining viable aquifers is needed

• Scientifically robust
• Incorporates Commercial and Environmental filters
• Perhaps from the extraction industries and make fit for purpose
• Perspicuous

(clearly expressed and easily understood)



FRACTURE STIMULATION TECHNIQUES FOR WARRO TIGHT GAS RESERVOIRS  

APPENDIX C – BASELINE CHARACTERISATION 
AND MONITORING PROTOCOLS FOR 

DEVELOPMENT OF SHALE AND TIGHT GAS 
RESOURCES, NORTHERN PERTH BASIN 
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Executive summary 

The northern Perth Basin is highly prospective and offers significant potential for the 

development of shale and tight gas resources. This development requires stimulation 

methods involving fracturing gas-bearing, low permeability strata. Experience in shale and 

tight gas exploitation globally, particularly North America, has suggested that in some cases 

fugitive methane from the reservoir may migrate into near-surface environments including 

ground water or even atmosphere. While this occurrence is not typical and can be mitigated 

by good engineering practices, Australian communities, regulators and resource companies 

are aware of these potential outcomes. 

As such, CSIRO, in collaboration with UWA and four onshore gas explorers (Latent 

Petroleum, AWE Perth Pty Ltd Limited, Origin and Norwest), and the WA Department of 

Mines and Petroleum (DMP) have established a coordinated Research Program into 

methods of establishing baseline values of environmental indicators and of monitoring 

techniques for these indicators prior to and during the development of tight and shale gas 

resources. The goals of this Research Program are to improve: 1) identification of vulnerable 

aspects of environmental domains to effectively target monitoring for potential impact, and 

2) understanding of suitable methods and protocols for establishing environmental 

baselines associated with tight gas development. The Research Program will consider 

monitoring aspects in four environmental domains: deep subsurface, shallow sub surface, 

surface and near-surface atmosphere.  

The work described in this report represents the first project of the proposed Research 

Program. The most significant outcome is that this study represents the first attempt to 

gather ambient concentration values of methane in the groundwater and the near-surface 

in the northern Perth Basin. In most cases the data gathered in this study represents a 

“snapshot” of methane distribution across the area at the time of data gathering.  

With respect to the higher level goals of the proposed Research Program, this project has 

concluded that: 

1. Although there exists a good interpretation of regional flow in the northern 

Perth Basin, at this stage there is inadequate monitoring of the key aquifers 

for establishing baseline conditions. 

2. Ambient levels of CH4 across the basin were found to be consistent with the 

published values from atmospheric CH4 monitoring stations. It is 

recommended that the impacts of stationary sources (facilities, towns, lakes 

and old petroleum wells) and from mobile sources, such as cattle, be 

investigated in future studies.  
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3. The concentrated soil gas flux survey found no anomalous readings and the 

data indicated the flux was being controlled by microbial action. Additional 

sampling and modelling is recommended. 

4. Long-term monitoring of soil gas flux rates to understand seasonal variations 

are important to place the soil gas flux surveys in context and may provide 

the basis to allow predictions of changes in methane flux rates related to 

changing climatic conditions. During this project a system was developed to 

provide ongoing, continuous (every 20 minutes) measurements of soil gas 

flux. Due to ongoing system problems very little useful data was obtained, 

however, the system is now considered robust and following further testing 

will be ready for future deployment. 
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1 Introduction 

Recovery of shale and tight gas in Australia offers significant new potential for both large 

and small resource companies. The process of extraction of gas from shales and tight 

reservoirs requires stimulation methods involving fracturing gas-bearing, low permeability 

strata. Experience in shale and tight gas exploitation globally, particularly North America, 

has suggested that in some cases fugitive methane from the reservoir may migrate into 

near-surface environments including ground water or even atmosphere. While this 

occurrence is not typical of shale and tight gas development and can be mitigated by good 

engineering practices, Australian communities, regulators and resource companies are 

aware of these potential outcomes. Western Australia’s natural gas from shale and tight 

rocks industry is currently in the early stages of exploration and evaluation. As such, it is 

timely to initiate studies to understand the baseline levels of CH4 that may be present across 

the northern Perth Basin. This will provide the initial data required to understand the 

controls on the system and develop monitoring systems to effectively and efficiently 

monitor changes that may occur over time.  

As such, CSIRO, in collaboration with four onshore gas explorers (Latent Petroleum, AWE, 

Origin and Norwest), and the WA Department of Mines and Petroleum (DMP) have 

established a coordinated Research Program into methods of establishing baseline values of 

environmental indicators and of monitoring techniques for these indicators during the 

development of tight and shale gas resources.  The goals of this Research Program are to 

improve: 1) understanding of suitable methods and protocols for establishing 

environmental baselines associated with tight and shale gas development, and 2) 

identification of vulnerable aspects of environmental domains to effectively target 

monitoring for potential impact. The Research Program will consider monitoring aspects in 

four environmental domains: deep subsurface, shallow sub surface, surface and near-

surface atmosphere.  

The Project described herein represents the initial phase of this Research Program. The 

objective of this Project is to examine the three shallower domains of the subsurface: 

(groundwater), surface (soil gas) and the near-surface atmosphere. A sub-project involving a 

passive seismic survey is published as a separate report (Issa et al, 2016). The outcomes of 

this project will provide the basis for refining data collection and analysis methods for future 

projects aimed at achieving the high level goals of the Research Program.  

The study consisted of four components and was intended to build on work undertaken by 

CSIRO in the Surat Basin through GISERA and other programs. The four areas of study and 

the objectives are: 

i) Groundwater: a desktop study intended to understand the current state of 

knowledge of the hydrogeology within each of the permit areas and a review of 

the analyses and methodologies used by each 
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ii) Mobile CH4 Survey: a mobile survey of background levels of methane across the 

study area 

iii) Soil Gas Flux Survey: an intensive survey taken across one of the permit areas to 

measure the CH4 flux 

iv) Long-term Soil Gas Flux measurement: a semi-permanent installation to 

complement the soil gas flux survey by measuring the soil gas flux over an annual 

cycle.  

The methodologies used in each component and the results are discussed below. 

1.1 Study Area 

The study area was constrained by the extent of the permit areas of the four consortium 

members (Figure 1). The permit areas attributed to AWE within the study area are all 

operated by AWE, however permits L1/L2 are jointly owned by AWE 50% and Origin Energy 

50%. The permit areas were correct at the time of the study. The study area includes several 

small towns, including Dongara and Jurien Bay. The study area also includes several oil and 

gas fields and the Dongara Processing Facility (DPF). The land use is predominantly farming 

and scrubland and includes national parks and several lakes.  
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Figure 1 Study area constrained by the permit areas of the Consortium Members 
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2 Groundwater 

2.1 Introduction 

The objective of this component of the project was to review the current state of knowledge 

of the groundwater of the northern Perth Basin and to integrate where possible the regional 

hydrogeological interpretation with local data and with data being obtained by the 

consortium members. The study focused on groundwater data available within a 5 km 

radius of the permit areas.  A working knowledge of the aquifers within this area is assumed.  

2.1.1 Regional Information  

The WA Department of Water (DoW) requires that all bores have a work approval and are 

registered, regardless of the intended purpose. Under WA’s Rights in Water and Irrigation 

Act 1914, Rights in Water and Irrigation Regulations 2000 and Water Services Act 2012, a 

water access licence is required to extract water for all consumptive purposes except for 

stock and domestic purposes. The data from these bores is maintained in an online 

database, the online Water Information Reporting tool (WIR), including site details, water-

level and water quality. In addition, the DoW is finalising a report on hydrogeological and 

groundwater resources for the northern Perth Basin (Department of Water, 2016), with the 

objective of compiling and analysing hydrogeological information and knowledge reported 

in various public and private reports and databases. Under a restricted access license 

agreement, the DoW has supplied CSIRO with ArcGIS files of the figures reported in the 

northern Perth Basin Bulletin and permitted use of these figures in the current report. 

However, these ArcGIS files cannot be distributed to any third party without further 

licensing from the DoW. The datasets used for generation of figures in the northern Perth 

Basin report have undergone rigorous screening and analysis by DoW and represent the 

best available interpretation of the groundwater regime of the northern Perth Basin, 

Autumn, 2007. 

CSIRO conducted a search of the WIR online database (DoW, 2016) and identified 1896 

registered bores located within 5km of the permit areas of the consortium members (Table 

1). A hydrogeological study requires water-level and salinity data and each data point must 

be associated with an aquifer to be useful. Of the bores identified within the area of 

interest, 1383 have either water-level data (1080), salinity data (1193) or both (896). Of 

these, only 231 have a designated aquifer. However, a significant number of the remaining 

bores had construction data available (i.e. either screened interval depth or bore total 

depth). A methodology was developed to assign the data in these bores to an aquifer. The 

methodology is described below and resulted in an additional 890 bores being assigned a 

designated aquifer. Figure 2 and Figure 3 demonstrate the distribution of bores with water-

level or salinity data, respectively, after the application of the methodology. 



14   |  Final Report for the Northern Perth Basin Consortium 

According to the WIR, the current status of these bores is largely unknown. Of the original 

1896 bores, only 153 are designated as “Operational”, while the status of 1736 bores is 

“Unknown” (Table 2). The construction date associated with these bores also varies from 

1900 (likely a default value) to 2014.  The uncertainty associated with the status of these 

bores illustrates the difficulty of maintaining such a large database and demonstrates why a 

rigorous QC system is required to analyse the datasets. 

Table 1 Summary of bores with useful data (source: WIR database) 

 
Number of records 

Bores located within 5 km distance 1896 

Bores with water-level, salinity data or both  1377 

      Bores with known aquifer information    231 

      Bores with construction data    890 

Total Number of bores available for analysis 1121 

Bores with no aquifer and insufficient depth data   256 

 

Table 2 Status of groundwater bores (source: WIR database) 

Status of bores Number of records 

Abandoned 1 

Decommissioned 1 

Non-functional 4 

Not operating (historical) 1 

Operational 153 

Unknown 1736 
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Figure 2 Location of groundwater bores in WIR database with water-level records within 5 km radius of 

permit areas.  
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Figure 3 Location of groundwater bores in WIR database with salinity records within 5 km radius of permit 

areas 
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2.1.2 Localised data from consortium members 

In the WIR database there are 10 groundwater and 7 salinity readings from 15 groundwater 

bores within the permit areas (2 AWE bores, 1 Latent Petroleum bore, 1 Norwest Energy 

bore and 11 Origin Energy bores) were available (Table 3). Figure 4 shows the locations of 

the consortium members (AWE and Latent) groundwater bores.  

Data was supplied by AWE, Origin Energy and Latent Petroleum. In addition, Latent 

Petroleum provided a report commissioned from RockWater (2013). In the report, a 

MODFLOW groundwater model was developed to assess the potential impacts on the 

groundwater systems from the Warro Project activities and to inform a groundwater 

monitoring system. The results from the report indicate that there will no impact on the 

Yarragadee aquifer and a minor impact on the Parmelia aquifer due to Latent Petroleum’s 

planned activities at the Warro Project area. 

Unfortunately, we considered there was insufficient data to undertake a review of sampling 

protocols and reporting with respect to current regulations, as originally proposed. As an 

alternative, we carried out a review of the current state of the wells and monitoring data 

within the permit areas from the DoW database.  

Table 3 Summary of monitoring data supplied by consortium members 

Consortium Member Number of bores Reported Aquifer(s) Groundwater-
levels monitoring 
period 

Salinity 
monitoring 
period 

AWE 25 Yarragadee (19 bores); Eneabba 
(1 bore); Lesueur (3 bores); Bores 
with no co-ordinates (2 bores) 

2008-2015 2007 - 2015 

Latent Petroleum 14 Leederville – Parmelia and 
Yarragadee (based on 
RockWater, 2013) 

No information 2014 

Origin Energy 19 No information No information 2011-2014 
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Figure 4 Location of consortium members permit areas and groundwater bores where data was supplied 
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2.2 Methodology 

2.2.1 Methodology to assign aquifers  

The methodology to assign an aquifer to bores with water-level and/or salinity data 

compared the total depth (or screened interval) of a bore relative to the nearest overlying 

aquifer surface (Figure 5). Therefore, the first step in the methodology was to create 

surfaces of each key interval from the available information and the second to run the 

comparison and assign the aquifer according to a set of parameters described below.  

 

 

Figure 5 Schematic representation of methodology to assign aquifers 

Geological Model Building 

The DoW provided basal elevations and structural contours (isopachs) for 14 geological 

formations. These were used to create surfaces for each formation using various 

geoprocessing tools available in ArcGIS (version 10.3) software, as described below (Figure 

6). It is assumed that reader has some familiarity with ArcGIS software. Details about the 

accuracy of the data are provided in Appendix A.1. 

The base elevation/structural contours for a given formation (e.g. Yarragadee) were added 

to ArcGIS along with the fault networks present at the northern Perth Basin area. The 

contours were examined for continuity and to reflect any faulting in the area. Where 

discontinuities in the contours due to faults were observed the contours were split into 

individual fault blocks (Figure 6 (1)) for further processing. Once all the contour blocks were 

created, a rectangular raster surface for each formation was generated using Topo to Raster 

tool in ArcGIS (Figure 6(2)). The base polygon (Figure 6(3)) which covers the extent of the 

contours was split along the lines of the contour blocks and each individual polygon 

converted into a raster mask using Polygon to Raster tool (Figure 6(4)). The raster mask is 

then used to clip the generated formation surface to match the base polygon (Figure 6(5)), 

in order to generate an accurate extent of the contour block. After generation of the 
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surfaces for the individual contour blocks, formation surfaces are then mosaicked together 

(Figure 6(6)) using the Mosaic tool in ArcGIS software. 

The generated surfaces were stacked based on the geological age as reported by Davidson 

(1995).  

Table 4 presents the geological surfaces generated using the base elevation datasets 

provided by DoW.  

Table 4 Geological surfaces generated using the DoW datasets 

Stratigraphy Represented in model Represented as single layer or combined 
with other layer 

SRTM/DEM Yes Single layer 

Superficial formation No Single layer 

Molecap Greensand Yes Single layer 

Henley Sandstone No Single layer 

Coolyena No Single layer 

Leederville formation Yes Single layer 

South Perth Shale No Single layer 

Gage Sandstone No Single layer 

Warnbro group No Single layer 

Otorowiri formation No Single layer 

Parmelia Group Yes Single layer 

Yarragadee Formation Unit A Yes All the four layers are combined as single 
layer in model 

Yarragadee Formation Unit B Yes 

Yarragadee Formation Unit C Yes 

Yarragadee Formation Unit D Yes 

Lesueur Sandstone No Single layer 
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Figure 6 Methodology to generate formation surfaces 
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Figure 7 3D view of stratigraphic model generated for the northern Perth Basin 

Assigning aquifers to the additional bores 

The methodology was only applied to those bores with construction information (either 

screened interval or total depth) and water-level or salinity data. For each bore, an aquifer 

was assigned according to the following assumptions: 

1. If there is no screened interval length, it is assumed to be 5 m and 

located at the bottom of the total depth of the bore  

2. any bore with a screened interval (reported or assumed) penetrating a 

mapped formation/aquifer more than 5 m is extracting the water from 

that aquifer, and 

3. any bore penetrating a mapped formation/aquifer less than 5 m is 

assumed to be extracting the water from both formations and not used 

in the analysis 

The assumptions may not hold in all cases, so the classification is indicative, rather than 

definitive. Note that a longer interpretation of the screened interval or a requirement of a 

penetration greater than 5m will reduce the number of bores.  

Nevertheless, application of the methodology significantly increased the number of bores 

with an assigned aquifer from 231 to 1,121. The distribution of bores within each aquifer 

unit is shown in Table 5 and Figure 8. The method was applied to each of the five aquifers, 

however, only the key Leederville-Parmelia (Figure 9) and the Yarragadee aquifers (Figure 

10) are discussed here as they are the target aquifers for the AWE and Latent Petroleum 
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tight gas exploration activities. The aquifer extent in both figures is as defined in 

Department of Water (2016).  

The additional bores identified in the Leederville – Parmelia aquifer are distributed largely 

to the east of the permits areas, but extend both north and south. The additional bores in 

the Yarragadee aquifer are concentrated primarily to the north and west of the permit 

areas. There are no additional Yarragadee bores in the south east part of the study area.  

Table 5 Reclassification of groundwater bores 

Aquifer Number of bores Number of bores 
having 
potentiometric 
head records 

Number of bores 
having salinity 
records 

WIR database After GIS analysis 

Superficial and Base of Superficial 
formation 

44 423 313 363 

Leederville – Parmelia 47 217 185 179 

Yarragadee 93 407 349 339 

Cattamarra- Eneabba-Lesueur 47 74 57 50 

Total 231 1121 904 931 
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Figure 8 Distribution of bores within each aquifer 
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Figure 9 Bores located in the Leederville – Parmelia aquifer 
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Figure 10 Bores located in the Yarragadee aquifer 
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2.2.2 Potentiometric head calculation and contour generation 

There were four types of water-level measurement types recorded in the WIR database. For 

this data to be useful all measurements must be relative to a consistent datum, standard 

meters above Australian Height Datum (mAHD). Once in this format, the data can be used 

for trend analysis and for conversion to potentiometric head data. The potentiometric head 

data is then used to generate contours to determine the rate and direction of groundwater 

flow.  

The four water-level measurement types and their application are: 

i) static measurements from water-level measurement instruments; these were 

converted to mAHD (metres relative to Australian Height Datum) using the 

topography generated through the 3D modelling and used in the analysis 

ii) water-levels reported in terms of mAHD; these records were used directly as 

reported  

iii) Standard Level Elevation (SLE); this data format was used until 1998 and was 

discarded after 1998. There were 3812 groundwater-level records from 30 

bores reported with respect to local (historical) datum, Standard Level 

Elevation (SLE). SLE is a non-standard datum and was used in past to avoid 

negative groundwater-level values. It requires local (site) topographic 

knowledge to converting these values to a standard datum value (mAHD). 

Conversion of SLE to mAHD is outside the scope of this project, therefore, 

these groundwater-level readings (3812) and the associated bores were not 

considered for the analysis 

iv) datalogger readings reported as daily minimum, maximum and mean values. 

Only the only daily mean values were considered. During 2001-2016, there 

were 86,916 monitoring records obtained from data loggers, of these 28,972 

were daily mean values. 

The preferred method to present and analyse trends is to consider seasonal trends, i.e. the 

data should reflect both the minima (end of summer) and the maxima (end of winter) 

values. However, in this case there were insufficient monitoring records to produce 

meaningful results. Instead, the data from each bore for a specific year was averaged to 

create a yearly mean value. The yearly mean value was then used in the analysis. The data 

varied from one to two measurements for all bores in Leederville-Parmelia aquifer, with an 

exception of one bore which had 346 monitoring records for the 2015 monitoring year. For 

bores in the Yarragadee aquifer, monitoring records varied from one to 370 per year. 

Based on the additional data, 

 a new set of potentiometric head contours for each aquifer (Superficial, Leederville-

Parmelia, Yarragadee and Cattamarra-Eneabba-Lesueur) from the year 2010 were 

generated (Table 6), and  
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 water-level trends over time for bores with data from 2007, 2010, 2011 and 2015 for 

the Leederville-Parmelia and Yarragadee aquifers were examined 

The same process could not be applied to the salinity data as there was insufficient data 

generated after 2000 for either trend analysis or contouring. 

 Table 6 Summary of data from 2010 used to generate new potentiometric head contours 

Aquifer Number of bores Number of potentiometric head 
records (calculated) 

Direct (field) 
potentiometric head 
readings 

WIR 
database 

After GIS 
analysis 

WIR database After GIS 
analysis 

Superficial and Base of 
Superficial formation 

22 23 421 422 42 

Leederville – Parmelia 28 28 47 47 50 

Yarragadee 67 71 1492 1959 161 

Cattamarra- Eneabba-
Lesueur 

18 18 41 41 31 

 

To create the potentiometric head contours for an aquifer, a geo-referenced Surfer grid file 

is generated using default Kriging interpolation parameters. The Surfer grid files are 

exported to ArcGIS software and a set of potentiometric head contours generated using the 

Contour tool. The contours were clipped to the aquifer shapefile provided by DoW. 

2.3 Results 

The additional records obtained through the previous methodology were examined for their 

usefulness in either supplementing the interpretation provided by DoW; or providing more 

current information about the aquifers within 5 km of the permit areas. The monitoring 

results supplied by the consortium members to CSIRO as part of the project as well as the 

data in the WIR database were considered. 

2.3.1 Local vs Regional interpretation 

The current state of knowledge of groundwater flow in the northern Perth Basin is by 

Department of Water, 2016, which presents the regional hydrogeology for Autumn, 2007. 

One of the objectives of this component was to update the regional interpretation with 

additional local data from around the consortium members permit areas. However, a review 

of the monitoring records for new bores identified through the GIS analysis for the 2007 

autumn (March -May) monitoring period identified no additional data. There were 15 

groundwater-level monitoring records for 2007 in total, three records for February, one 

record in July, four in November and eight in December. Therefore, there is not sufficient 

information for 2007 autumn period to modify the existing model as presented in 

Department of Water, 2016, at the local scale for both potentiometric head and salinity 

profiles. 
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2.3.2 Number of monitoring bores and records 

Groundwater-level monitoring records for all the bores located within 5km distance from 

the consortium members permit areas where subdivided into three monitoring periods, 

1961 - 1980, 1981 – 2000 and 2001 – 2016 (Table 7). The results show that although the 

number of monitored bores within the area is declining, the number of water-level records 

from each bore is significantly increasing. This is due to the installation of data loggers and 

indicates that although the number of monitoring bores is decreasing, the resolution of the 

data from those bores that are monitored is increasing.  There is a concomitant decline in 

the number of salinity records, which may be associated with the cost of obtaining and 

analysing samples (Table 7). 

Figure 11 shows the distribution of monitoring bores for the 2000 - 2016 monitoring period. 

For this period, only 3,331 monitoring records represent the direct (field) water-level 

readings and the majority of the remaining records were calculated water-level readings 

obtained through data loggers in the bores. The number of measurements in a specific bore 

may increase from one or two per year up to 370. Installation of data loggers is relatively 

inexpensive and downloaded easily and quickly.  

Table 7 Potentiometric head and salinity monitoring records for bores located within 5 km distance 

Monitoring period Potentiometric head Salinity (TDS) 

Number of records No of bores monitored Number of records No of bores monitored 

1961 -1980 7,195 310 934 363 

1981-2000 11,632 307 104 37 

2001-2016 93,518 212 103 36 
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Figure 11 Distribution of monitoring bores for all aquifers for the period 2001 – 2016. 
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2.3.3 Groundwater Trends between 2007 and 2015 

The original potentiometric head and salinity contours developed by DoW and reported in 

Department of Water, 2016 were created using the entire regional dataset available for 

2007 autumn. Due to the scope of this project, potentiometric head contours were created 

for the Leederville-Parmelia and the Yarragadee aquifers using only bores within 5 km of the 

permit areas and data from 2010. While this limits the usefulness of the interpretation, a 

comparison of the data does highlight the importance of a regional perspective when 

considering local influences. As previously discussed, there was no salinity data available for 

this period from the publically available records. The only current data available in the 

permit areas is that being generated by the consortium members themselves.  

To highlight local variations at individual bores, water-level trend profiles for 23 Leederville-

Parmelia bores located within 5km distance from permit areas for the years 2007, 2010, 

2011 and 2015 are considered. Similarly, water-level trend profiles for 73 Yarragadee bores 

located within 5km distance from permit areas for the years 2007, 2010, 2011 and 2015 are 

considered. 

Leederville-Parmelia Aquifer 

Bores considered for trend analysis for the Leederville-Parmelia aquifer are shown in Figure 

12. During the 2007 – 2015 monitoring period, water-levels were almost constant with little 

fluctuations in all monitoring bores except ML3B (Figure 13). A significant decrease in water-

level is observed in ML3B during 2007 autumn and 2010 monitoring, however remained at a 

constant value for both 2011 and 2015 monitoring periods. At the Latent Petroleum permit 

area, Department of Water (2016) have reported that groundwater flow is south to south-

west towards the Lancelin and passes across the transition from the Leederville-Parmelia 

aquifer to the Leederville aquifer (14). Due to the consistent water-level data, it can be 

assumed that groundwater flow reported by Department of Water (2016) for 2007 autumn 

period is still valid for area surrounding these bores. Comparison of the potentiometric head 

contours for 2007 (Department of Water, 2016) and 2010 (CSIRO, Figure 15) show that both 

interpretations have almost the same number of bores within the areas and generally, flow 

is still directed south to south-west. However, the 2010 (CSIRO) contours contain a series of 

closed highs, which may be an artefact of the contouring method and the limited number of 

bores outside of the permit areas. Figure 9 shows there are a large number of additional 

bores located within the permit area which may be assigned to the Leederville-Parmelia 

aquifer. A survey of current water-levels and installation of water-level loggers across this 

area may provide a better understanding of the localised flow regime. 
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Figure 12 Locations of Leederville-Parmelia aquifer bores used for water-level time series 
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Figure 13 Water-level trends for bores in Leederville-Parmelia aquifer 

Note: Water-levels for Agaton 7, WL2, WL3 and WL4 for 2011 were taken from RockWater (2013) report and they represent a single 
monitoring value. 
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Figure 14 Leederville-Parmelia aquifer potentiometric head for 2007 autumn monitoring period (Source: 

Department of Water 2016) 
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Figure 15 Leederville-Parmelia aquifer potentiometric head for 2010 (CSIRO). Aquifer extent is from 

Department of Water, 2016.  
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Yarragadee Aquifer 

Bores considered for trend analysis are shown in Figure 16 and water-level trends were 

compared for four monitoring periods: 2007 autumn, 2010, 2011 and 2015 as shown in 

Figure 17. Fourteen bores were not monitored during the above monitoring periods. Water-

levels of AWE bores for 2010-2015 monitoring periods are also shown in Figure 17.  

Similar to Leederville-Parmelia aquifer, during 2007 – 2015, water-levels were almost 

constant with little fluctuations in all monitoring bores except WL5 (Figure 17). A significant 

increase in water-level is observed in WL5 during the monitoring periods. At the Latent 

Petroleum permit area, Department of Water (2016) have reported that groundwater flow 

is to the west and south-west towards Dongara – Arrowsmith (Figure 18). As with the 

Leederville-Parmelia aquifer, the consistency in the water-levels indicates the groundwater 

flow reported by Department of Water (2016) for 2007 autumn period is still valid for area 

surrounding these bores. The 2010 (CSIRO) contours for the Yarragadee aquifer have a 

similar number of bores and are broadly consistent with the Department of Water (2016) 

interpretation. However, there are no monitoring bores in the southern part of the permits 

areas (Figure 10) for the Yarragadee aquifer. This is due in part to the depth of the aquifer in 

this area as it is not used for groundwater supply. It is also a gas reservoir and exploration of 

the gas productivity of the Yarragadee is underway.  

The Yarragadee aquifer interval has significant depth and thickness in this area and from 

petroleum well testing is known to have low permeability and transmissivity. Hence, flow 

rates are likely to be very low. Nevertheless, consideration needs to be given to the 

installation of monitoring bores in the Yarragadee aquifer to understand the flow rates and 

directions. The installation of monitoring bores needs to be evaluated in consideration with 

the requirement to avoid intersecting a gas zone.  
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Figure 16 Locations of Yarragadee aquifer bores used for water-level time series 
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Figure 17 Water-level trends for bores in the Yarragadee aquifer 
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Figure 18 Yarragadee aquifer potentiometric head for 2007 autumn monitoring period (Source: Department 

of Water 2016) 

 



40   |  Final Report for the Northern Perth Basin Consortium 

 

Figure 19 Yarragadee aquifer potentiometric head for 2010. Aquifer extent is from Department of Water, 

2016. 
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2.4 Review of Consortium Member Groundwater Sampling 
Protocols 

Based on CSIRO request for information about the water bores, fluid analyses and chemicals 

used on their permit areas, consortium members (AWE, Latent Petroleum and Origin 

Energy) have supplied water-monitoring results for various sampling periods. AWE has also 

supplied water sampling protocols (developed by contractor Gemec Environmental 

Consultants), chemical disclosure information and hydrocarbon reservoir data for various 

well sites. The water data and protocols from each consortium member were compared to 

current regulations and guidelines referred below, to ensure consistency and best practice. 

 Australian and New Zealand Environment and Conservation Council (ANZECC) / 

Agriculture and Resource Management Council of Australia and New Zealand (ARMCANZ), 

October 2000, Australian and New Zealand Guidelines for Fresh and Marine Water Quality 

 Department of Mines and Petroleum, August 2016, Guideline for groundwater monitoring 

in the onshore petroleum and geothermal industry 

 Department of Environment Regulations, December 2014, Assessment and management 

of contaminated sites, Contaminated Sites Management Series 

 Standards Australia, Australian/New Zealand Standard AS/NZS 5667.1:1998, Water Quality 

– Sampling, Part I: Guidance on the design of sampling programs, sampling techniques and 

the preservation and handling of samples 

 Standards Australia, Australian/New Zealand Standard AS/NZS 5667.11:1998, Water 

Quality – Sampling, Part II: Guidance on sampling of water 

The field analysis and water quality parameters measured by the consortium members were 

compared with the list of parameters prescribed in the Table 2 and Table 3 of DMP (2016) 

groundwater monitoring guidelines for onshore petroleum and geothermal industry. AWE’s 

field and water quality parameters were consistent with the guidelines. The water quality 

parameters supplied by Latent Petroleum were consistent with the DMP guidelines, 

however the field analysis parameters were not supplied to CSIRO. 

AWE water sampling protocols (developed by Gemec Environmental Consultants) are also 

consistent with the current guidelines and regulations. In absence of any information on the 

water sampling protocol followed by the other consortium members, CSIRO could not make 

any comments. 

2.5 Conclusion 

The original objective of the groundwater study was to update the regional flow model 

presented in Department of Water (2016) with local data from the WIR database and the 

consortium members. Based on the structural and base elevation contours provided by the 

DoW, a geological model was developed in ArcGIS and, using records from the DoW WIR 

database, was used to assign aquifers to water bores with monitoring data, but without a 

designated aquifer in and around the permit areas.  



42   |  Final Report for the Northern Perth Basin Consortium 

Using these new datasets, water trends for 2007 – 2015 period were developed and a 

constant water-level was observed in the majority of bores located in both the Leederville-

Parmelia and Yarragadee aquifers. It can therefore be generally assumed that water flow 

directions reported by Department of Water (2016) in the permit areas is still valid and 

there have been no significant changes in the regional flow patterns since then. Due to lack 

of sufficient salinity information after 2000 in WIR database, no further salinity analysis has 

been undertaken. 

Groundwater parameters measured by the consortium members (AWE, Latent Petroleum 

and Origin Energy) were compared with the DMP (2016) guidelines. AWE’s field and water 

quality parameters were consistent with the guidelines. The water quality parameters 

supplied by Latent Petroleum were consistent with the DMP guidelines, however the field 

analysis parameters were not supplied to CSIRO. The data being obtained by the consortium 

members represents an important data source to supplement the data currently existing in 

the WIR. There is however, a lack of current monitoring data, particularly in the southern 

part of the permit areas around Latent Petroleum’s permits. 

In conclusion, the regional modelling undertaken by the DoW represents the best available 

understanding of regional water flow and trends across the northern Perth Basin. However, 

it is also clear from the analyses above that there is a lack of current monitoring data 

available in and around the areas of interest to understand local flow regimes and climactic 

impacts. It is recommended that a survey of current water-levels and installation of water-

level loggers across this southern part of the Leederville-Parmelia aquifer may provide a 

better understanding of the localised flow regime. In contrast, there are no bores in the 

Yarragadee aquifer in the southern part of the permit areas. Consideration needs to be 

given to installing monitoring bores in this area, however, this needs to be undertaken with 

caution as the aquifer is known to be gas bearing and highly cemented, i.e. to have low to 

extremely low permeability. 
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3 Mobile Surveys 

3.1 Introduction 

CSIRO undertook a series of mobile, vehicle based surveys to assess the ambient 

concentration of methane across the basin. The methodologies and technologies were 

based on those published by Day et al., 2015 in the Surat Basin, Queensland. Vehicle based 

surveys to measure near surface concentrations of CH4 have been used successfully in many 

places, including the United States and Australia. The method uses a vehicle fitted with a 

Picarro methane analyser that has sufficiently fast response time to allow the vehicle to be 

driven at normal speed along a designated transect. As this technique involves a moving 

sensor rather than a static sensor, it adds another dimension to identifying the source of any 

emissions detected, and detection will only occur if the vehicle is downwind of the source at 

the time of the survey. Mobile terrestrial methods performed by CSIRO, however, were able 

to detect elevated levels of methane in the Surat Basin, Queensland (Day et al. 2013). The 

sources detected included grazing cattle, CSG production wells and natural seeps. The Perth 

Basin, as compared to the Surat Basin, is relatively undeveloped, and background levels of 

CH4 and the potential for natural seeps and emissions is largely unknown. 

However, it is important to recognise that the concentrations of CH4 at any point are 

dependant on the source of the CH4 and the wind direction at the time of measurement. 

Stationary sources of CH4 can be traced and identified, but mobile sources, such as cattle 

can also be detected and must be considered. The survey undertaken in this project was 

carried out over five days and as such can only be considered as a “snapshot” of the 

baseline ambient CH4 levels across the basin.  

3.2 Methodology 

The measurement system consisted of a G2201-i cavity ring down spectrometer (CRDS) 

from Picarro capable of precisely and accurately measuring CO2 and CH4 concentration from 

the gas phase.  This particular system can also measure δ13C values for both CO2 and CH4.  

The Picarro system was selected for its very low measurement drift (3 ppb over 1 month for 

CH4, peak-to-peak, 50 minute average) and for meeting MIL-STD 810F test standards for 

shock and vibration.   

All of the equipment was mounted onto two wooden boards (900 mm x 600 mm and 600 

mm x 300 mm) to facilitate mobilization into and out of the vehicle. The CRDS was placed 

onto a 70 mm thick piece of foam to minimize vibration. The Picarro CRDS contains a fully 

functioning computer running Windows XP.  To make the system less cumbersome (and 

eliminate the need to attach a monitor, keyboard and mouse), a wireless router was 

hardwired to CRDS through an Ethernet cable allowing wireless access through remote 
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desktop login to the system from a laptop. This allows the passenger of the vehicle to 

readily monitor in real-time the CRDS readings.   

A Garmin GPS 18x was used to record the longitude and latitude data time stamped to 

coincide with the CRDS measurements and attached to the outside of the vehicle.  ¼” PFA 

tubing from Swagelok is used for all gas sampling lines both inside and outside the vehicle.  

The intake point was via tubing secured to the antenna mounted on the front of the vehicle 

to ensure clean air. With the exception of tubing between the vacuum pump and the CRDS 

(where Picarro’s own tubing is used), Swagelok parts are used to connect tubing to 

appropriate fittings.   

 

  

 

Figure 20 Vehicle set up for mobile survey showing (a) the intake point attached to the antenna of the 

vehicle and (b) the sensor mounting prior to loading into vehicle 

The first mobile survey was undertaken in March, 2015. This survey was short and designed 

to test the equipment and the methodology. The data reported here was from the final 

survey, which was carried out between the 23rd and the 27th of November 2015. During this 

time there was no rain and the average daily temperature was between 13 and 32 °C. The 

daily route was influenced by the prevailing wind direction. The vehicle was stopped 

periodically to measure wind direction and speed. At each stopping point a soil gas flux 

measurement was taken. The CDRS was calibrated with 1 and 5 ppm CH4 standards daily 

and a variation of less than 0.01 ppm was observed. 

The vehicle travelled at a normal speed along the road, dependant on the conditions, but 

assumed to be 100km/hour. The time taken for air to travel along the tubing from the 

intake point to the measurement point is 28 seconds. Therefore, the maximum lag 

associated with the measurement was of the order of 785 m.  

3.3 Results 

The route taken by the mobile survey was designed to cover as much area as possible in and 

around the permit areas. The survey covered approximately 2300 km’s over five days in 

November, 2015 (Figure 21). 

(b) (a) 
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The data collected each day is summarised in Figure 22 as a box and whisker plot showing 

the median, 25th and 75th percentile. The background levels across the area over the five 

days clusters around 1.77 ppm, with the median concentration varying between 1.764 and 

1.776 ppm (Figure 22). These values are reasonably consistent with the CH4 values reported 

from Cape Grim during November, 2015 of 1.796 (http://www.csiro.au/greenhouse-gases/).  

 

 

Figure 21 Route taken by mobile survey in November, 2015 

The CH4 concentrations measured along the daily routes are shown in Figure 23 to Figure 27. 

Although there are numerous small fluctuations, the majority of the data lie close to the 

mean value of 1.77 ppm. There were several events noted, for example, the higher values 

measured early on the first day, 23rd November, 2015 (Figure 23) were due to smoke from a 

bushfire encountered on leaving Perth. The largest concentration measured was on the 27th 

November, 2015 downwind of the Dongara Production Facility (Figure 27). The 

http://www.csiro.au/greenhouse-gases/)./
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measurements were taken early in the morning, before the wind had risen. The source has 

not been identified and may be due to higher density CH4 settling overnight. The 

measurements were repeated in the afternoon and had returned to background levels. 

Measurements taken around well sites (roads near the Dongara Production Facility, roads 

near the Xyris Production Facility, wells at the Woodada Gas Field, Corybas-1, Senecio-2, 

Senecio-3, Watsia-1, Watsia-2 and Irwin-1) were consistent with background levels.   

The original intention was to investigate the usefulness of isotope ratios to understand the 

source of measured CH4. Unfortunately the consistently low concentration of CH4 measured 

(maximum value was 4.5 ppm) meant that any change was insignificant to isotope ratios 

after mixing with background atmospheric.  

 

 

Figure 22 Summary of CH4 (dry) concentration values measured over the five days of the survey 

 

 

 

23/11             24/11               25/11                26/11              27/11  
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Figure 23 Mobile survey data for the 23/11/2015, showing concentration range and wind direction and 

speed. 
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Figure 24 Mobile survey data for the 24/11/2015, showing concentration range and wind direction and 

speed. 

  



50   |  Final Report for the Northern Perth Basin Consortium 

 

 
Figure 25 Mobile survey data for the 25/11/2015, showing standard deviation from mean value and wind 

direction and speed. 
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Figure 26 Mobile survey data for the 26/11/2015, showing concentration range and wind direction and 

speed. 
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Figure 27 Mobile survey data for the 27/11/2015, showing concentration range and wind direction and 

speed. 
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3.4 Conclusion 

The results from this initial survey show that the background levels of CH4 across the area 

are within the range expected for background atmospheric CH4. There are numerous small 

fluctuations which are not always attributable to a source. This method is a simple and 

effective way to measure methane concentrations across large areas.  

The limitation of this method is that it represents a snapshot across the area only at the 

time of the survey. The Picarro is extremely sensitive, however, the detection of a methane 

source away from the measurement path is dependant on the methane being carried into 

the path by the wind.  

Future investigations into the application of mobile surveys should be directed at 

understanding and quantifying the natural variation associated with these measurements. 

There were several large (up to 4 ppm) events which could easily be tracked to large 

infrastructure. However, there were a number of other minor events which caused 

fluctuations in the concentration between 1.76 and 1.79. The significance of these 

fluctuations and their source should be investigated in future studies.  
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4 Warro Soil Gas Flux Survey 

4.1 Introduction 

The project aimed to undertake an assessment of current levels of soil surface CH4 flux over 

a spatial scale around the tight/shale gas fields in the Perth Basin prior to any operational 

activities. The main objective of the CH4 flux survey was to benchmark the current level of 

CH4 flux at specific areas of interested prior to any operation.   

Key considerations for selecting the specific areas of interest were:  

(i)  Identified faults 

(ii)  Sampling points around existing wells and  

(iii)  A control site that is not anticipated to undergo any development during the lifetime 

of the field development. 

Sites were located based on available geophysical data and in consultation with rest of the 

team including the companies involved. 

Soil CH4 gas flux measurement was considered a more robust way to calibrate the processes 

controlling the ambient concentration of CH4, compared to transient measurements of gas 

concentration. However, CH4 concentrations were also catalogued during the surveys. Along 

with soil surface CH4 flux, in order to better constrain the processes controlling CH4 flux and 

identify any future anomalous CH4 response with a higher level of certainly, a suite of 

relevant soil characteristics were also accounted for. These included: carbon, carbonates, 

microbial biomass, temperature and moisture (primary abiotic drivers of CH4 evolution), pH, 

particle size analysis, bulk density, porosity. This soil physical-chemical-biological monitoring 

approach was essential for mechanistically understanding the seasonal and spatial 

variability of soil surface CH4 flux in order to better identify any future anomalous soil 

surface CH4 response.  

4.2 Methodology 

4.2.1 Soil gas flux survey  

The survey points were located based on identified fault and/or anomalous zone, survey 

points around existing wells and a set of control sites that are not anticipated to undergo 

any development during the lifetime of the field development. At each location a section of 

PVC pipe (dimensions: internal diameter 20 cm; height 12 cm; thickness 0.6 cm) serving as a 

collar for the soil-gas flux chamber was inserted into the surface soil to a depth of about 3-4 

cm (Figure 29). This was done 24 hours prior to the commencement of soil-gas flux 

measurements to allow any soil disturbance effects to settle. The soil gas flux survey was 
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carried using LICOR survey chamber connected to a LGR ultraportable GHG CH4/CO2 

analyser. Two campaigns of were conducted during May 2015 and repeated in May 2016. 

Figure 28 shows the locations of the first survey. Due to time and weather constraints and 

the difficulty of access, we were not able to get to exactly the same location for several of 

the sites. In these cases, the second survey point was within approximately 200m of the 

original. 

During these campaigns daytime measurements (morning, afternoon and evening) were 

taken with the intention of covering a whole daytime cycle. A typical measurement 

consisted of the chamber being placed over the collar for a period of 3 to 5 minutes and 

change in CH4 and CO2 concentration recorded for calculating the soil CH4 flux. At each flux 

measurement point the soil moisture and temperature data is recorded. After the flux 

measurement is completed, a sample is taken of the top 10 cm of soil within the collar and 

sealed into a plastic bag for later analysis. Soil samples were refrigerated as soon as possible 

after collection.  

 

 

Figure 28 Surface soil survey locations for 2015  
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Figure 29 Soil gas flux measuring equipment and collar 

 

4.2.2 Soil analysis  

Soil carbon and nitrogen content was analysed based on Dumas dry combustion techniques 

determined by an Elementar analyser (Germany) operating at a combustion temperature of 

1000°C resulting in production, purification and measurement when soil C and N is ignited in 

a stream of O2. Since the soil samples are quite low in carbonate minerals and charcoal most 

of the carbon can be assumed as organic carbon.  

Soil electrical conductivity was determined based on a 1:5 w/v soil/water extract with air-

dry (40°C) by end-over-end mechanically shaking at 25°C for 1 h to dissolve soluble salts 

then allowed to settle for around 20–30 min and read using a calibrated conductivity cell. 

While it is realised sparingly soluble salts will contribute to a greater extent at this ratio than 

at more concentrated ratios, the values of EC are satisfactory for most purposes.  

Soil pH was determined using dilute calcium chloride (0.01 M CaCl2 ) at a 1:5 soil/solution 

extract with air-dry (40°C) by end-over-end mechanically shaking at 25°C for 1 h to dissolve 

soluble salts then allowed to settle for around 20–30 min and read by positioning the pH 
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meter in the unstirred supernatant during measurement. The results obtained using CaCl2 

extractant are commonly 0.5 to 1.0 pH unit lower than those obtained in water but pH 

variability is lower with fluctuation in soil soluble salts, due to seasonal conditions and 

variation in fertiliser inputs. 

Soil particle size analysis was determined using a method involving dispersion and 

separation of the particles into size groups. This method is a reproducible technique that 

eliminates factors that may affect field texture such as organic matter content, clay 

mineralogy, cation composition and the presence of cementing agents. The method 

comprises two parts: (1) Dispersion and pre-treatment - Pre-treatment of the soil may be 

needed to remove organic matter and salts such as gypsum. Iron oxides, calcium carbonate 

and magnesium carbonate should also be removed as they are common cementing agents 

in Australian soils. Pre-treatment of the soil will allow it to disperse completely. (2) 

Fractionation: separating each particle size group (sand, silt and clay) from a pre-treated soil 

and water mixture by allowing the soil particles of different size to settle out of solution at 

different times (small clay particles take the longest). The fractions are subsequently dried 

and weighed and the sand, silt and clay must add up to 100%. 

Soil microbial biomass consists mostly of bacteria and fungi, which decompose crop 

residues and organic matter in soil. About half the microbial biomass is located in the 

surface 10 cm of a soil profile and generally, up to 5% of the total organic carbon and 

nitrogen in soil is contained in the microbial biomass at any one time. When microorganisms 

die, these nutrients are released in forms that can be taken up by plants. The microbial 

biomass was determined based on chloroform (CHCl3) fumigation and extraction method 

with the rationale that the fumigant lysed the soil  microbes  and  the  resulting  increase  in  

CO2  evolution  from  fumigated  soil  as  compared  to unfumigated at 25oC is directly 

proportional to the amount of microbial C. The amount of CO2 released is determined by 

absorbing in 0.5M K2SO4 determined using a total dissolved organic carbon analyser. 

4.3 Results 

4.3.1 Survey Results for soil surface CH4 flux  

The results of two soil methane surveys conducted during May 2015 and repeated in May 

2016 are shown below. For Survey 2 for logistical reasons related to timing and weather, it 

was not possible to completely duplicate each of the sites measured in Survey 1. Where the 

original site could not be measured, a new site was chosen as close as practicable to the 

first, usually within 100-200m. Figure 28 shows the relative locations of Survey sites 1 and 2 

and Figure 30 shows the differences between the flux data gathered at each site. In total, 

there were nine sites where the second survey was not taken and 20 where both surveys 

were completed. In one case, the second survey could not be completed as the site was now 

under the cement pad of one of the petroleum exploration holes.  
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Figure 30 Soil surface CH4 survey determined during the two surveys and timing details 
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The soil gas flux values measured at each site are shown in Figure 31. The intensity of the 

colour reflects the flux, which varies between positive 0.5 to negative 0.05 nmol/sec. The 

observed fluxes during the two surveys do not show any anomalous flux levels and the 

current level of background CH4 is around 1.787 µmol mol-1. 

Figure 32 (survey location 28) and Figure 33 (survey location 8) show two examples of the 

rate of change of CH4 evolving from the soil for two locations during the flux chamber 

measurement. At each location, the chamber is closed for a specific length of time (300 

seconds in this instance) and the measured data plotted per second. The two scenarios 

depicted are: 1) when CH4 rate of change shows a negative flux measurement and the 

concomitant change in CO2; 2) when CH4 rate of change shows a positive flux and the lack of 

a clear relationship with CO2, respectively. Figure 36 shows the typical mean soil methane 

flux observed (0.045 mmols m-2 s-1) across the surveys. The blue line is the 95% confidence 

level and red line 95% prediction. Overall, it can be seen there is very little variation in the 

flux across the survey site.  

Overall, the daytime soil CH4 flux measurements have a weak net sink for CH4 and follow a 

unimodal pattern, peaking during mid-day and lowest at dawn and dusk. For few 

observations, especially during early mornings and evening a slight CH4 source was also 

observed which was also associated by an absence of strong increase in CO2. 

4.3.2 CH4 flux at the control sites and well locations  

As previously mentioned, the control sites were selected at locations which are not 

anticipated to undergo any development during the lifetime of the field. The sites were 

located based on available geophysical data and in consultation with Latent Petroleum. The 

current levels of CH4 flux at the control sites is similar to the levels observed at the other 

survey locations.   
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Figure 31 Soil surface CH4 flux values at each survey location. 
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Figure 32 Weak net CH4 sink and associated increase in CO2 (Survey location: 28). The green dashed line 

indicates the current level (1.787 µ mol mol-1) of ambient atmospheric CH4  

 

Figure 33 Weak net CH4 source and absence of strong increase in CO2 (Survey location: 8). The green dashed 

line indicates the current level (1.787 µ mol mol-1) of ambient atmospheric CH4 
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Figure 34 CH4 flux in the morning, at control site 2  

 

Figure 35 CH4 flux at midday, at control site 2 
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Figure 36 Typical mean soil CH4 flux observed (0.045 mmols m-2 s-1). The blue line is the 95% confidence 

level and red line 95% prediction. 

 

4.3.3 Soil parameters 

Even though there is paucity of soil methane flux data from Australia and specifically 

Western Australia, previous studies have linked soil methane flux to predictor soil properties 

as potential surrogate soil parameters. A suite of biological and physico-chemical 

parameters were selected to investigate this relationship: carbon, carbonates, microbial 

biomass, temperature and moisture (primary abiotic drivers of CH4 respiration), pH and 

particle size analysis in order to better constrain the processes controlling CH4. The results 

for each parameter analyses are shown below  

Average soil carbon 0.84%, standard deviation of ±0.56% and average soil nitrogen values of 

0.034 % standard deviation of ±0.016% showed that these values are quite low with little 

variation at the locations surveyed. Average electrical conductivity values (27.2 µS/cm), 

pH(CaCl2) (4.2), soil microbial biomass (0.44 µg/g) and dissolved carbon (0.34 µg/g) similarly 

show a low level of variability for the surveyed locations.  
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Figure 37 Results for soil sample analysis 
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Figure 38 Soil particle size analysis 

The soil particle size values showed that the soils are uniformly sandy to sandy loam. 

4.3.4 Soil temperature and moisture 

Compared to the above mentioned soil parameters, the soil temperature and moisture 

parameters usually show a higher degree of temporal and spatial variation and thus were 

recorded at the time of each soil methane flux measurement. Not surprisingly, these values 

showed variability not only between times of the day but also between the two surveys.  

Figure 39 shows the mean soil temperature and moisture values measured at the three 

periods across the day, morning, midday and late afternoon. On average soil temperature 

was highest around midday and dropped off again towards afternoon. The soil moisture 

content was highest in the morning, when the soil was also coolest and dropped off around 

midday, rising slightly in the afternoon.  

Figure 40 shows an increase in CH4 flux with increasing soil moisture. 
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Figure 39 Daytime mean soil temperature and moisture values during the soil surface methane survey (1- 

morning, 2- mid-day and 3- evening). 

 

 

 

Figure 40 Soil moisture relationship with CH4 soil flux 
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4.4 Conclusions  

A weak net CH4 sink was observed probably due to CH4 oxidation (CH4+ + 2O2  CO2 + 

2H2O) by methanotrophic microbes occurring in aerobic condition which can be observed by 

a concomitant increase in CO2. For few observations, especially during early mornings and 

evening a slight CH4 source was also observed which was also associated by an absence of 

strong increase in CO2. 

Most of the well-drained soils globally act as sources of the greenhouse gas carbon dioxide, 

and both sinks and sources of the greenhouse gases nitrous oxide and methane (CH4), with 

well-drained aerated soils being one of the most important sinks for atmospheric CH4.  Soil 

CH4 uptake is driven by aerobic CH4 oxidation through methanotrophic bacteria that oxidize 

CH4 at atmospheric to sub atmospheric concentrations with soil gas diffusivity being one of 

the key regulators of soil CH4 uptake in these systems. Our results show that CH4 uptake was 

regulated by soil moisture with uptake rates increasing when soil moisture decreased, which 

explained the temporal variability in CH4 at the various sites studied. Soil temperature, soil 

carbon, soil microbial biomass and soil particle size distribution had a lesser control over this 

diurnal variation of observed soil surface CH4.  

Based on the two separate surveys, the CH4 flux measured at the four sites was consistent 

with expected background levels. In addition, we were not able to detect any anomalous 

CH4 concentration values at any of the survey points. The CH4 concentration measurements 

taken around the wells were consistent with atmospheric CH4 levels. CH4  levels from the 

more comprehensive survey to determine baseline levels of CH4 within the entire 

‘anomalous’ zone identified on the Warro 3D seismic data at shallow levels and control sites 

(not anticipated to undergo any development during the lifetime of the field) did not yield 

any anomalous CH4. 

Additional analyses need to be considered are the stable isotopic signature identification of 

carbon and soil microbial community studies to confirm the presence and diversity of 

methanotrophs.  Modelling near atmospheric CH4 on a landscape scale using identified 

driver variables at selected locations in the Perth Basin is also recommended. 
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5 Semi-permanent Soil Gas Flux Installation 

5.1 Introduction  

The soil gas flux survey represents a “snapshot” of the soil gas flux taken at the time of the 

survey. In order to get an understanding of the seasonal variation in the gas flux in the soil 

around the Warro field site, we set up a long-term soil gas flux monitoring station. This set-

up is unique to the best of our knowledge. There were significant difficulties associated with 

powering and maintaining the system remotely which required several trips and 

modifications. Consequently, only a small set of useful data was obtained. However, the 

system is now considered robust and will be setup locally and undergo further testing 

before installation at a future site.  

5.2 Methodology 

The station consisted of a Li-Cor long-term soil gas flux chamber connected to the LGR 

portable greenhouse gas sensor (described in the previous section). The system was 

powered by 12 solar panels connected to truck batteries (Figure 41). The Li-Cor was set to 

measure the soil gas flux every 20 minutes and remained closed for a period of two minutes 

before opening again (Figure 42). Adjacent to the long term chamber were a soil moisture 

and a soil temperature probe.  

The initial installation did not have telemetry to indicate operational status and required 

manual restart. During winter there was insufficient sunlight to charge the batteries and 

solar panels, during summer the system would overheat. In both cases the system would 

shut down.  

These issues have now been addressed through the addition of switches and telemetry to 

allow us to turn the system on and off remotely, as well as download the data. This 

modification has had to be made to both sensors, the Li-Cor chamber and the LGR. The LGR 

system is now on telemetry, however the Li-Cor still needs manual download of the data.  

The system as it is now engineered is considerably more stable. The number of solar panels 

required make it not particularly portable, however, as it is intended to remain at one site 

for an extended period, that is not necessarily an impediment. The system would be 

considerably improved by reconfiguring the LGR to enable it to shut down between 

measurements. Although we had several conversations with the manufacturer who were 

helpful and enabled us to make some modifications to the system, this particularly 

modification was not able to be implemented.  In future, if the LGR was enabled to shut 

down between measurements, the power drain on the batteries would be significantly 

reduced and hence the number of solar panels would also be reduced.   
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Figure 41 Long term chamber set up, solar panels and telemetry antenna shown 

 



Final Report for the Northern Perth Basin Consortium  |  71 

 

Figure 42 Long term chamber set up (a) open; (b) closed and sampling 
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5.3 Results 

The soil gas concentration data obtained over the period has a number of gaps due to the 

system instabilities. In total 43 days’ worth of data across June, September, October and 

November were obtained before the sensor failed (Table 8).  

Table 8 Dates of useful measurements  

Month Date Range 

June 25, 26 and 27 

September 23 – 30 (9 days) 

October 1 – 31 (31 days) 

November 1 and 2 

 

Due to the limited dataset, the gradients were not converted to flux and are presented here 

as a summary of the rate of change in CH4 concentration across the sampling period. There 

was a degree of instantaneous instrument fluctuation during the measurement period 

which produced anomalous values during the data processing. The resultant gradients for 

each day have been filtered to show only those between ±0.002 ppm/sec. The gradient data 

collected daily is summarised Figure 43 as a box and whisker plot showing the median, 25th 

and 75th percentile for selected days. There were no observable seasonal trends in this 

preliminary analysis of the data. There are some subtleties in the data obtained, but 

detailed analysis is outside the scope of this project. No significant anomalies were 

observed. 
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Figure 43 Soil gas gradient from selected days in 2015 

5.4 Conclusions  

One of the objectives of this component was to set up a long term soil gas flux monitoring 

station. Although this had a number of unexpected challenges, we were able to engineer a 

system, using off-the-shelf equipment with a number of modifications. Once the system is 

stabilised it requires very little maintenance. The sensors do not require regular calibration 

and are able to accurately measure very low flux values. The system is unique to our 

knowledge.  

The radius of investigation of the soil gas flux surveys is extremely small. The application of a 

long term monitoring station is potentially useful for two scenarios. It allows the snapshot 

values of an intensive soil gas flux survey to be put into an annual context, with seasonal 

variations accounted for. The second potential application is at a point where there is either 

a known methane flux which needs to be monitored (for example at a near surface fault or 

leaking well), or at a point of significance where the risk or consequence of an anomalous 

methane flux is high (for example a well or fault near a water source).  

The advantage of this system is that it is relatively self-sufficient, cheap to run, can be set up 

with telemetry, does not require drilling a well.  In addition, it does not require any sampling 

and therefore any analysis and associated time and costs. We have not yet proven these 
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advantages, however, we believe we have made significant progress. The system will be 

setup locally and undergo further testing to be ready for future deployment.  
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6 Conclusions and Recommendations 

There are several conclusions to be drawn from this body of work, the most significant is 

that this study represents the first attempt to gather ambient concentration values of 

methane in the near-surface in the northern Perth Basin. In most cases the data gathered in 

this study represents a “snapshot” of methane distribution across the area at the time of 

the data gathering.  

The project was envisioned as the first step in establishing a Research Program to improve: 

1) understanding of suitable methods and protocols for establishing environmental 

baselines associated with tight and shale gas development, and 2) identification of 

vulnerable aspects of environmental domains to effectively target monitoring for potential 

impact. Understanding the controls and variations of the current environmental baseline is 

necessary to achieve both of these long term objectives.  

With respect to understanding and quantifying ambient near-surface CH4 concentration, this 

project has concluded that: 

1. Although there exists a good interpretation of regional flow in the northern Perth 

Basin, at this stage there is inadequate monitoring of the key aquifers for 

establishing baseline conditions.  

2. Ambient levels of CH4 across the basin were found to be consistent with the 

expected background concentration. It is recommended that the impacts of 

stationary sources (facilities, towns, lakes and old petroleum wells) and from 

mobile sources, such as cattle, be investigated in future studies.  

3. The concentrated soil gas flux survey found no anomalous readings and the data 

indicated the flux was being controlled by microbial action. Additional sampling 

and modelling is recommended. 

4. Long-term monitoring of soil gas flux rates to understand seasonal variations are 

important to place the soil gas flux surveys in context and may provide the basis 

to allow predictions of changes in methane flux rates related to changing climatic 

conditions. During this project a system was developed to provide ongoing, 

continuous (every 20 minutes) measurements of soil gas flux. Due to ongoing 

system problems very little useful data was obtained, however, the system is 

now robust and undergoing further testing ready for future deployment. 
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Appendix A   

A.1 Data Accuracy  

A.1.1 Formation Bases 

The formation bases have been generated from structural contours with a 200m interval 
(MGA50 projection) and use AHD (Australian Height Datum) as the vertical datum. 

MGA 50 projection parameters 

 GDA_1994_MGA_Zone_50 

 WKID: 28350 Authority: EPSG 

 Projection: Transverse_Mercator 

 False_Easting: 500000.0 

 False_Northing: 10000000.0 

 Central_Meridian: 117.0 

 Scale_Factor: 0.9996 

 Latitude_Of_Origin: 0.0 

 Linear Unit: Meter (1.0) 

 Geographic Coordinate System: GCS_GDA_1994 

 Angular Unit: Degree (0.0174532925199433) 

 Prime Meridian: Greenwich (0.0) 

 Datum: D_GDA_1994 

 Spheroid: GRS_1980 

 Semimajor Axis: 6378137.0 

 Semiminor Axis: 6356752.314140356 

 Inverse Flattening: 298.257222101 
 

Bore Depths 

 
Bore depths start from ground level - this is an SRTM 3 arc second (~ 90m) surface. The 
original SRTM data has the WGS84 datum.  

SRTM Metadata 

To use C-band and X-band interferometric synthetic aperture radars (IFSARs) to acquire 
topographic data over 80% of Earth's land mass (between 60degN and 56degS) during an 
11-day Shuttle mission. Produce digital topographic map products which meet 
Interferometric Terrain Height Data (ITHD)-2 specifications (30 m x 30 m spatial sampling 
with <=16 m absolute vertical height accuracy, <= 10 m relative vertical height accuracy and 
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<=20 m absolute horizontal circular accuracy). All accuracies are quoted at the 90% level, 
consistent with National Map Accuracy Standards 

The WGS84 datum parameters are:  

 GCS_WGS_1984 

 WKID: 4326 Authority: EPSG 

 Angular Unit: Degree (0.0174532925199433) 

 Prime Meridian: Greenwich (0.0) 

 Datum: D_WGS_1984 

 Spheroid: WGS_1984 

 Semimajor Axis: 6378137.0 

 Semiminor Axis: 6356752.314245179 

 Inverse Flattening: 298.257223563  
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