
21 August 2017 

The Honourable Justice Rachel Pepper 
Hydraulic Fracturing Task Force 
GPO Box 4393 
Darwin NT 0801 

The Honourable Justice Rachel Pepper 

Santos welcomes the opportunity to provide a further written submission to the Northern Territory 
Government’s Scientific Inquiry into Hydraulic Fracturing of Onshore Unconventional Reservoirs 
and Associated Activities in the Northern Territory. 

This submission addresses a range of issues raised in your Interim Report, many of which were 
discussed at Santos’ appearance before the Scientific Panel on 2 August 2017. It includes answers to 
the questions taken on notice at that appearance as well as answers to questions raised in your 
correspondence to Santos, dated 25 July 2017. 

This submission has been structured into the following components: 

A. Responses to the Information Request date 25 July 2017, across ten headings:
1. Flowback and produced water,
2. Spills,
3. Groundwater systems,
4. Solid waste management,
5. Infrastructure requirements,
6. Baseline data,
7. Traffic,
8. Health assessment,
9. Greenhouse gas emissions,
10. Further information;

B. Responses to questions Santos took on notice at the public hearing on 2 August 2017; and
C. Concluding remarks regarding the Scientific Inquiry into Hydraulic Fracturing in the Northern

Territory - Interim Report (NT Hydraulic Fracturing Inquiry Scientific Panel, July 2017).

If you require any other information, Santos is happy to assist. 

Yours sincerely, 

Bill Ovenden   

Executive Vice President – Exploration and Appraisal 

Santos 
Submission #420



Response to information request 

The following provides answers to the questions raised in the correspondence to Santos, dated 25 July 
2017. 

1. Flowback and produced water

Santos provided a proposed scope of work for undertaking human health and ecological risk 
assessments as part of the initial written submission to the Scientific Panel (Santos Ltd, April 2017; 
Submission #168, Appendix B).  

The scope of work describes how geogenic constituents are presented within the assessment reports 
and how they are subsequently incorporated into the human health and ecological risk assessments. 
This includes the incorporation of empirical data when it becomes available following well testing.  

Similar chemical risk assessments are currently publically available on the Santos website for other 
Santos projects as provided by Santos’ response to the Scientific Inquiry Chair’s request for information 
dated 26th May 2017 (Santos Ltd, June 2017; Submission #280). 

Accordingly Santos is supportive of presenting geogenic constituents as a component of such risk 
assessment reports. 

2. Spills

The assessment of the potential risks associated with spills to surface water, groundwater and terrestrial 
systems is evaluated in the human health and ecological risk assessments as provided within the initial 
written submission to the Scientific Inquiry (Santos Ltd, April 2017; Submission #168, Appendix B).  

The human health and ecological risk assessments are supported through the use of a series of models 
to assess runoff potential for a range of spill scenarios and subsequent potential for leaching to 
groundwater.  

A part of the assessment process, the risk assessments calculate the magnitude of the dilution 
attenuation factor necessary to mitigate the risk associated with hypothetical release scenarios and 
potential migration to surface water. This is then used in combination with the attributes of the water 
(size, flow etc) to determine the potential impact that the hypothetical spill scenarios may have on a 
receiving water body.  

Further, biodegradation, photodegradation, dissociation, cation exchange and other transformation 
processes in surface water and soils are then evaluated to determine whether the chemical 
concentrations attenuate over time (or are persistent in the environment), and the nature and toxicity of 
any by-products.  

The output of the assessment and magnitude of the risk is then considered in the engineering design 
to ensure that the combination of engineering and management controls (commensurate with the risks) 
are implemented.  

As demonstrated in the hydraulic fracturing risk assessments completed for Santos’ operations in 
Queensland (Santos Ltd, June 2017; Submission #280), biological degradation and other processes 
are shown to very important in attenuating the concentrations of constituents that pose the greatest 
hazard, such as biocides which have very short degradation half-lives (should a spill occur). In terms of 
the potential impacts to groundwater, the assessments consider the potential risk associated with 
surface releases, drilling processes and hydraulic fracturing within the target units.  

The assessments conducted in Queensland have demonstrated that: 

• the hydraulic properties of the materials (i.e. much of the upper formation / unsaturated zone
exhibits low permeability) would limit the vertical movement of water and chemical constituents



and in combination with the capacity of the formation to retain water, any vertical flux is small 
and the travel times to groundwater long.  

• in the unsaturated zone, a range of process decrease the concentrations over time. These
include, biodegradation and sorption processes for the majority of organic constituents and
cation exchange and complexation for inorganic constituents.

• In the unlikely event that infiltration did reach shallow groundwater, a combination of dilution
with groundwater and advection, dispersion, diffusion, sorption (including ion exchange) and
biodecay would all occur in the saturated zone, attenuating groundwater concentrations and
that no adverse impact is expected.

Assessment for the prospective area within the Greater Beetaloo Basin, NT 

The prospective area of the Greater Beetaloo Basin is typically characterised by low permeability in the 
upper near surface formations (surface/near surface aquitard) which serves to limit infiltration to and 
confine groundwater in the deeper water bearing units (shallow aquifer – typically the Cambrian 
Limestone aquifer). This therefore limits the potential for surface releases to impact on the underlying 
groundwater system.  

To demonstrate this, the potential for impacts from hypothetical surface spills was modelled (a scenario 
in which no management, mitigation or containment was implemented, or spill response actions 
undertaken). The management of drilling materials was also assessed. This methodology is consistent 
with the assessment methodologies used for Queensland and other Santos projects. The assessment 
is included as Appendix A. 

In summary, this assessment included an evaluation of: 

1. The area over which a range of surficial releases would spread before infiltrating into surface
soils (with no management controls or spill response implemented);

2. The time period over which releases would remain at surface before infiltrating into surface
soils (with no management controls or spill response implemented);

3. The travel time for the released fluids to infiltrate through the unsaturated zone to groundwater
(with no management controls or spill response implemented); and

4. The potential leaching of constituents from drilling muds and potential changes in pore water
and groundwater concentrations (if constituents leach to sufficient depth).

Three separate hypothetical release scenarios (1,000 litre, 100,000 litre and 1,000,000 litre) were 
evaluated (with no management controls or spill response implemented). The outcome of this 
assessment demonstrated that the spill area would range from < 0.1 ha to 24 ha (for 1,000 litre to 
1,000,000 litre respectively in silty clays) with the size directly a function of the volume of the spill and 
infiltration rates. The releases were shown to persist at surface from < 1 hour (sand and 1,000 litre spill) 
and 6 days (1,000,000 litre spill and silty clay).  

The output of the assessment of infiltration demonstrated that (conservatively) the fluids would take 
approximately 690 years to migrate to groundwater (Cambrian Limestone Aquifer). Further however, 
given the volume of water that can be retained in the unsaturated zone (from 0 to 52 m bgs) it is unlikely 
the release would ever make it to the groundwater.  

On the basis of these calculations and assessment undertaken and also in consideration of flux dilution 
and other processes that would occur within the unsaturated and saturated zones, it is considered 
highly unlikely that any surface release would migrate and result in an adverse impact on groundwater 
quality (Note: this is even without any management or mitigation controls in place or spill response 
actions under taken). 

A similar assessment was conducted for the drilling muds that may be managed at a well lease such 
as blended with native soils. Modelling using the USEPA VLeach model demonstrated that the 
placement of these materials in shallow soils would similarly not pose a risk of adverse impact to 
groundwater quality (Appendix A). 



Remedial Technologies 

The United State Environmental Protection Authority (US EPA) reports a variety of technologies that 
can be used to ensure contaminants are either removed from a site or treated so they no longer pose 
a risk to human health and the environment (United States Environmental Protection Agency, 2000).  

This US EPA report is based on the implementation of over 600 field projects and is supported by a 
technology screening tool matrix. This tool currently contains 64 soil and groundwater remedial 
technologies supported by 209 cost and performance reports written by members of the Federal 
Remediation Technologies Roundtable. 

The assessments includes in Appendix B have demonstrated that the proposed activities have limited 
potential to impact on groundwater quality, with the primary focus (consistent with the risk assessments 
conducted by Santos) on avoiding and managing the risk of releases. 

However, to assist with a response to the information request received, and the unlikely event that 
impacts were to occur, then remedial efforts would likely be focuses on water soluble constituents. This 
is because non-water soluble compounds and compounds with high retardation coefficients would not 
migrate.  

A quick screening of remedial alternatives was conducted using the USEPA Remedial Technologies 
Forum framework and screening tables. Based on the physical properties of the chemicals with the 
greatest potential for migration and based on the hydrogeological setting (a relatively deep and 
extensive aquifer system), groundwater extraction and water treatment provides the best means of 
mass removal, hydraulic containment of groundwater impacts (if needed) and ultimately aquifer 
restoration. 

Considering the physical properties of the constituents with the greatest potential for migration, a broad 
range of treatment options were identified for the extracted water. These include open air storage to 
facilitate natural dissociation and photodegradation, biological treatment for alcohols, glycols, 
glutaraldehyde (they biodegrade rapidly in the presence of oxygen), activated carbon absorption for 
removal of non-polar organics and ion exchange for removing of metals and inorganics. All of these 
technologies are readily available and could be quickly implemented. 

The long travel times as provided by the infiltration assessment (Appendix A) provide more than ample 
time for systematic management/monitoring and remediation (if required) program to be implemented 
to mitigate any potential impacts. 

3. Groundwater Systems

Limited data is available regarding deeper groundwater quality or availability within the Greater Beetaloo 
Basin. Available information suggests that these groundwater(s) are hyper-saline and yields are 
significantly lower than the Cambrian Limestone Aquifer (CLA). Santos plans to acquire pressure and 
permeability data through the exploration and appraisal stages that will help assess the feasibility of 
deeper groundwater systems as a water source.  

Given the average and peak industry water demand has been quantified as 2.5GL/year and 5GL/year 
respectively in the Interim Report, and that the sustainable recharge is estimated at 100 GL to 
330GL/year for the shallower aquifer systems, no adverse impact from the take of water can be 
expected.  

While it is acknowledged that there is scientific uncertainty in relation to the actual recharge rates, since 
the take of water is two orders of magnitude lower than the uncertainty range, Santos agrees with the 
findings of the Interim Report (NT Hydraulic Fracturing Inquiry Scientific Panel, July 2017)- that 
modelling and monitoring can effectively manage the risk of adverse impact to water availability.  



4. Solid waste management

In onshore Australian drilling operations it is typical to dig a pit on the drill site to collect drill cuttings. 
The spoil material dug from the pit is retained nearby ready to back-fill the pit.  

Drilling pits are designed as turkey- nest structures that is, they only capture incidental rainfall. The 
depth and size of the pit is designed to allow for the drill cuttings, drilling fluids and incidental rain water 
that may occur during the drilling operation.  

When operating continuously during the development phase, the volume of drilling fluid can be 
minimised by recycling on the next well or storing in separate tanks for future use.  

The water based drilling fluids currently proposed for drilling shale wells, consist mainly of water that 
evaporates from the pit, and specific additives like clay stabilisers (potassium chloride), bentonite and 
barite and traces of biodegradable additives such as guar, biocides, cellulose and polymers.  

After the drilling has been completed, in dry weather the water is evaporated and the drill cuttings back 
filled with the original material dug from the pit. After back-fill, the pit will contain a layer of rock drilled 
from the well, consisting of shale, sandstone and limestone covered with the native material from the 
area.  

Alternative options for the management of drilled cuttings may also be considered. Cuttings dryers can 
be used to centrifuge out the fluid from the cuttings, the dry cuttings can then be collected in skips for 
beneficial re-use such as for road fill material or fill material in concrete, bricks or block manufacturing. 
Should organic constituents such as petroleum hydrocarbons be present, then the material may be land 
farmed (biodegradation) prior to beneficial re-use.    

At this stage, it is assumed that drill cuttings will be collected in cuttings pits and backfilled after 
evaporation of fluids.  

Regardless of whether localised management or a centralised options is adopted, management of solid 
waste will be supported by human health and environmental risk assessments as described in items 1 
& 2 in this response and supported by Appendix A of this response. As detailed in Appendix B of Santos 
initial written submission (Santos Ltd, April 2017), these assessments are supported by a series of tools 
and models to assess the potential for leaching and migration through the unsaturated zone. 

The outputs of these assessments will inform location selection, engineering design and other 
management controls and options. Examples of such outputs were provided in the Santos submission 
#280 (Santos Ltd, June 2017). 

5. Infrastructure requirements

The experience of shale gas development in the United States provides a reference for gas 
development in the Northern Territory and Australia. It is important for the Scientific Panel to carefully 
compare and contrast the US experience to that of Australia. Production from shales in the US began 
in the 1820s, but as technology has developed there has been significant step-up in shale gas 
development from the late 1970’s culminating in a large increase in activity from 2000 (King, 2010). 
Shale gas in Australia is relatively new, however the advantage is that Australia can learn from the US 
experience.  

Shale gas plays can be characterised by well and field production decline over time and wells are drilled 
to meet the required production capacity. Shale gas well rates decline substantially early in life, with 
rate of decline reducing over time. Figure 1, taken from King (2010) illustrates the typical behaviour of 
a shale gas well in the Marcellus Shale. 



Figure 1 – Model curve of a shale gas decline showing very large initial production rate in early 
time. The decline rate is 75% in the first year and decreases over time. (King, 2010) 

An ideal economic scenario for any resource development would focus on an area of optimum geology, 
where the economic return is maximised. In many basins in the US an extensive database from previous 
drilling assisted in identifying trends that were potentially prospective for shale plays. At this early 
exploration stage for the McArthur and Greater Beetaloo Basin, there is a very low level of 
understanding around the character and variables of the shales to understand their production 
behaviour. Optimisation of a shale gas development is not possible until many wells have been drilled 
and supported with years of production. The areal variability of the shale play in the Greater Beetaloo 
is also poorly understood at this time. 

Santos provided in its initial written submission a graphical representation of the annual drilling rate for 
its conceptual development scenario in Figure 21 (Santos Ltd, April 2017). This figure shows the 
number of wells drilled hits a peak of 35 wells in Year 5 and stabilises to between 10 and 11 wells per 
annum from Year 8 to sustain a production plateau of 400 terajoules per day. In this case production 
plateau is maintained by a stable annual drilling rate. 

If an optimal development (or core) area is identified through the better understanding of the geology 
or improvements in technology and engineering, the annual drilling rate to maintain plateau may 
decrease as observed in US production data. This is presented graphically for Marcellus Basin well 
production where decline profiles group by vintage (Figure 2) show a significant improvement in 
production performance through time as technology improved.  



Figure 2 - Marcellus Basin Normalised rate vs time by well vintage illustrating improvement from 
2008 to 2010. Taken from Swindell (2015) 

The scale of development taken from submission the Energy Division of the NT Department of Primary 
Industry and Resources estimates 15,506 wells for the McArthur Basin and 6,250 wells for the Greater 
Beetaloo Basin will be drilled (Energy Division Department of Primary Industry and Resources Northern 
Territory, April 2017, p. 51). The assumptions and context around these well figures need to be 
highlighted. These figures are taken from the Australian Council of Learned Academies (ACOLA) 
Report titled ‘Potential Geological Risks Associated with Shale Gas Production in Australia’ (Australian 
Council of Learned Academies, 2013).  This report provides a hypothetical estimate to the potential 
water needed to hydraulically fracture wells.  

The calculation of wells in the ACOLA Report assumes 5% of each basin is developed (‘fairways’) over 
25 years and wells have spacing of 800m. The accessed area of each well is therefore 0.64 km2 (0.8km 
x 0.8km), which is around half the area provided by three petroleum companies which range from 1-
1.33 km2 accessed per well (e.g. 300 wells over 400km2 area in the Santos case = 1.33km2 accessed). 
This would then imply that only half as many wells would be required.  

The total number of wells estimated by ACOLA is also highly sensitive to the area that provides the 
fairway. In the report a basic assumption of 5% of the basin area is taken to be the basin fairway. The 
Greater Beetaloo is still in the exploration phase so making an assessment as to the area of the basin 
that provides a developable area is difficult to predict. 

The estimates for accessed area per well pad provided in the submissions by the three petroleum 
companies (Origin, Santos and Pangaea) are relatively consistent in assessment of between 8.3 – 12.1 
km2 per well pad (e.g. 500km2 for 50 well pads equates to 10 km2 per well pad). The ACOLA Report 
(Australian Council of Learned Academies, 2013) did not consider the use of well pads for the drilling 
of horizontal wells. Using the data from Origin, Santos and Pangaea and assuming isotropic (equal) 
spacing of well pads, the centre of each pad would be approximately 2.9km – 3.5km from the centre of 
an adjacent well pad. This degree of well pad spacing is consistent with Scenario 2 described in the 
Scientific Panel’s Information Request dated 25th July 2017. There is however, greater subsurface 
complexity that affects the development plan that must be considered prior to any regulatory limitation 
on well pad spacing.  



The optimal development plan for a shale gas project will need to consider the anisotropic (non-equal) 
nature of the subsurface, particularly in regard to subsurface stress. Subsurface stresses will have 
impact on horizontal well and well pad design and placement. The optimal development plan for spacing 
and design of well pads given the current state of exploration is highly uncertain. Therefore both 
Scenarios 1 and 2, if implemented on an isotropic grid, could result in the sub-optimal recovery of 
hydrocarbons through an increase to well count, well pad count and the total surface area being used. 
Santos, therefore strongly supports an objective based regulatory framework for petroleum 
development where surface impact of a development project area is minimised.  

Technology development will be the key driver to reducing overall surface infrastructure requirements. 
Based on US shale gas development studies, such as that provided by Swindell (2015), Expected 
Ultimate Recovery (EUR) per well has increased with improvement in subsurface understanding and 
drilling technology to drill and hydraulically fracture longer horizontal wells. This improvement in 
horizontal well length reduces the number of wells and well pads and reduces surface infrastructure 
including roads and pipelines.  

Santos provided development scenarios in its initial written submission (Santos Ltd, April 2017). The 
area of land use for the well pad associated with the ten-well lease scenario is illustrated in Figure 3. 
During the Development Phase (or Initial phase as referred to in the Information Request of 25th July 
2017) the area of well pads totals 0.082 km2. This includes area for the well pad for drilling and fracture 
stimulation activities (0.032 km2), as well as a temporary area for storage of water and materials (0.05 
km2). During the Production Phase, the water and materials areas are revegetated and the remaining 
(operational) area is 0.032 km2, an area slightly larger than a football ground (Figure 3).  

In Santos’ initial written submission (Santos Ltd, April 2017) the Middle Velkerri Shale Prospect Area of 
Interest of 1800km2 was quoted, however the potential development area within this AOI is 630km2. 
The total land use during the development phase, including well pads, flowlines, processing facilities 
and access roads is 9km2. This excludes the land requirements for trunklines, for the transport of 
processed gas to market, which are almost entirely outside the potential development area. Therefore 
the total proportion of land use during the construction phase within the development area is 1.4%, 
which is consistent with Table 8.1 of the Interim Report  (NT Hydraulic Fracturing Inquiry Scientific 
Panel, July 2017). In the production phase, when temporary areas are rehabilitated, the total land use 
within the potential development area reduces to 7.3 km2 (1.2% of the total development area).     

Figure 3 - Land use for 10-well pad scenario during Development and Production Phases and 
comparison to Darwin’s TIO Stadium 

Infrastructure was described in Santos submission and further details are provided herein. To address 
the specific information request regarding pipeline infrastructure, please refer to Figure 22 in Santos’ 
initial written submission (Santos Ltd, April 2017) and the table below. 



Pipeline Type Right of Way / clearing width 
(metres) 

Total Length 
(kilometres) 

8” Pipeline  20 67.3 
10” Trunkline 30 90 
Export Pipeline 40 TBD 

 
To address the specific information request regarding road infrastructure, please refer to the table 
below. 

Pipeline Type Right of Way / clearing width 
(metres) 

Total Length 
(kilometres) 

Road for upstream development phase 
(suitable for trucks) 

7.5 15 

Access tracks associated with Export 
Pipeline (suitable for 4WD) 

5 192  

 
The Interim Report (NT Hydraulic Fracturing Inquiry Scientific Panel, July 2017) correctly points out that 
the scale of development is difficult to establish at the current time. In the lifecycle of exploration to 
production, the purpose of the appraisal phase is to assess the optimal development plan through the 
acquisition of information. In the case of shale gas appraisal, the key information will be on the spacing 
of wells to deliver optimal hydrocarbon recovery. 

Following this phase of appraisal, a development plan will be defined that will provide the basis for the 
application for a production licence as required under Division 4, Section 45 of the NT Petroleum Act 
(2016).  

6. Baseline data 

Santos is in the early planning phase of exploration within the Greater Beetaloo Basin. A considerable 
amount of data is required from exploration and well testing prior to any commercial decisions on larger 
scale development and planning.  

An indicative lifecycle of a potential development is shown in Figure 4. This includes key company 
decision points, namely the decision to continue exploration and well testing, through the appraisal 
phase followed by a commercial investment decision that leads to construction and operations.   

 

Figure 4 - High-level Exploration to Production lifecycle activities for a shale gas development 
project 





• Assessment of groundwater recharge and age for the Cambrian Limestone Aquifer  

This groundwater study builds upon groundwater studies and monitoring and localised baselines 
studies already undertaken by Santos and Origin in 2014 and 2015. 

Groundwater Bore Baseline 

Santos has also commissioned a groundwater bore baseline study. The purpose of this study is to 
locate and survey all existing groundwater bores within proximity of the prospective portion Santos’ 
tenement in the Greater Beetaloo Basin. In summary, this scope comprises: 

• Collation of registered bore records: 
o Bore location, age, construction, geophysical logs and records 
o Historical water level, quality and source aquifer 

• Acquisition of bore coordinates and elevation 
• Assessment of casing / headworks and bore infrastructure 
• Determining feasibility / suitability for future monitoring 
• Acquiring groundwater level and depth measurements 
• Undertaking groundwater sampling 

7. Traffic and Transport 

Santos is in the early planning phase of exploration; while highly preliminary conceptual development 
modelling and evaluation has been conducted, no associated operational activities are being 
undertaken. The use of rail to support supply line and logistics has been scoped at a very preliminary 
level. Santos will however consider the use of rail for transportation where technically and economically 
feasible, should development activities proceed. 

Similarly, location of supply hubs, or local materials supply or traffic movements to support development 
have not been quantified nor potential impacts assessed beyond some highly preliminary scoping 
considerations. Road / traffic impact assessments for developments however are readily undertaken. 

Road / traffic assessments typically comprise the following: 

• Acquisition and characterisation baseline / background traffic and road use data 
• Quantification of number and type of project vehicle movements – in consideration of starting 

location and timing of traffic movements. 
• Assessment of safety risks 
• Assessment of pavement impacts 
• Assessment traffic impacts – trip duration, speed impairment and amenity 
• Identification of potential upgrades – such as pavements, lane widening, overtaking lanes, 

turning lanes etc. 
• Identification of impact management and maintenance 

To assist the Scientific Inquiry in assessing potential risks, links are provided below to publically 
available road use and traffic impact assessments for other Santos developments.  

• Santos GLNG Gas Field Development Project -  Traffic and transport assessment report 
• Santos Narrabri Gas Project – Traffic Impact Assessment 

These assessments indicatively show the nature and quantum of vehicles, including duration of 
movements. It is important to note that the majority of vehicle movements is during the early 
construction phase or a development (years 1 to 3). This traffic is associated with the movement of 
modular compression, equipment and facilities as well and drilling and completion equipment and 
materials, and their corresponding workforce. 

Following construction (years 4 to 25+), vehicle movements are reduced to operations and maintenance 
activities and their associated workforce as well as on-going well drilling and completion activities.  



8. Health assessment 

As per the Santos submission (Santos Ltd, April 2017), Santos supports the use of HHRAs. Santos 
provided a proposed scope of work for completing such HHRAs and included links and references to 
actual examples of assessment completed for other Santos projects. 

The Interim Report notes a concern regarding the potential for volatile organic constituents to be present 
in produces waters. A range of techniques are available to assess the potential volatilization of volatile 
organic constituents (i.e. BTEX) within flow back or produced water associated as stored within tanks 
or open top water storage structures. The US EPA has developed a series of models for the assessment 
of volatile constituent losses from tanks and open structures and more simply, fundamental principles, 
for example use of Henry’s Law Coefficients, can be used to assess the flux of volatile constituents from 
the aqueous phase into the vapour phase. 

Where concentrations are low, simple mass partitioning (assuming 100% of the mass dissolved in water 
partitions into air) can be used to estimate vapour concentrations and assess potential risks. This simple 
assessment methodology has been provided at an assumed concentration of BTEX constituents (see 
Appendix B) and demonstrated the absence of risk. Similarly calculations using the California 
Department of Toxic Substances and Control and California Regional Water Quality Control Board 
empirical partitioning equations (used to assess risk to recreational receptors above pools or ponds) 
indicated orders of magnitude lower concentrations than that calculated from the conservative 
partitioning model. 

Once operational, air monitoring can be conducted to verify and validate the modelling outputs, if 
required. However, given the conservative nature of the assessments, monitoring data will generally 
show concentrations considerably lower (and typically one order of magnitude lower) than that 
estimated by models. 

9. Greenhouse gas emissions 

Since exploration is a small, one-off activity and does not comprise production of natural gas (only data 
acquisition and testing), emissions monitoring is not justified. During exploration however, baseline 
assessment should be undertaken to support future development and production activities, should they 
occur. 

Santos is supportive of acquiring baseline data prior to development. As per the Santos initial written 
submission (Santos Ltd, April 2017), Santos envisages that CSIRO scientists (or other suitable qualified 
experts) will undertake these assessment with our support.  

The CSIRO led Gas Industry and Social Environmental Research Alliance (GISERA), have commenced 
a project to detect and measure methane seepage in the Surat Basin of Queensland. A range of 
technologies and techniques to detect and measure methane, to quantify methane sources and the 
fluxes across a region was reviewed by Day, et al., (2015) in Phase 1 of the Surat Basin project. An 
interim report describing the progress and results of the Surat Basin project has just been published by 
Etheridge, et al., (2017).  Further information on baseline studies and technologies being applied in 
Queensland is available through the GISERA website: https://giser org.au/project/methane-seepage-
in-the-surat-basin/. 

Santos again reiterates the importance of objective based regulation rather than prescriptive regulation. 
Accordingly, should development occur, then Santos proposes that any emissions reduction program 
be aligned with, or developed in consideration of the Queensland Government’s Code of Practice for 
Leak Management, Detection and Reporting for Petroleum facilities (Department of Natural Resources 
and Mines - Queensland Gov't, 2017). This code of practices defines emission limits with justification 
for their adoption.  

As examples, two technologies currently available for the implementation of leak detection and repair 
program include a FLIR GF 320 infrared camera to detect leaks and an Eagle portable gas monitor to 
quantify leaks. Additional details of these instruments are provided in Appendix C. 



Santos however does not support the prescription or limitation of individual pieces of equipment or 
technologies. This is important as emissions monitoring is an area of significant development and 
innovation and the potential for future advancement must be considered. 

10. Further information 

The reference made in Santos’ submission to the Exploration Environmental Plan – Beetaloo Basin 
Northern Territory is incorrectly referenced.  We refer the Scientific Panel to the following correct 
reference: 

Origin Energy (2016), 2016 Hydraulic Stimulation and Well Testing EP. 

This document is publically available from the following link: 
https://dpir.nt.gov.au/ data/assets/pdf file/0004/428575/Amungee-nw-1h-hydraulic-fracture-
stimilation-and-well-testing-full.pdf   



 Responses to questions on notice 

Relationship with Pastoralists 

At the public hearing in August, the Scientific Panel was advised of Santos’ position around the 
relationship with pastoralists. Santos encourages the Scientific Panel to consider the recently published 
report by the GasFields Commission Queensland entitled ‘On New Ground: Lessons from the 
development of the world’s first export coal seam gas industry.’  

The Scientific Panel asked for a description of the types of compensation paid to landholders. In our 
Santos Cooper Basin operations the following items are the main areas covered by compensation; 

• Loss of land i.e. wells, borrow pits and roads 
• Pipeline construction & rehabilitation 
• 3D and 2D seismic surveys 
• Livestock management impacts 
• Management time 
• Extraordinary disturbances 

Queensland's land access laws set out a process for negotiating conduct and compensation 
agreements (the 'statutory' process). Parties do not need to follow the statutory process and can follow 
their own negotiation process if they choose. However, it is negotiated, and agreement must be in place 
before a resource company can enter a landholder's land to conduct advanced activities. 

To begin negotiations under the statutory process, the resource company may give the owner or 
occupier a negotiation notice. There is a minimum negotiation period of 20 business days, followed by 
a conference and alternative dispute resolution process of 20 business days. Following that, if 
agreement hasn't been reached, either the resource company or the landholder can apply to the Land 
Court for a determination. 

The GasFields Commission Queensland report indicates that some landholders are intimidated by a 
process that leads to adjudication by the Land Court, whilst others feel empowered by it. Santos’ 
position is always to try to reach agreement, and that’s what we’ve been able to do, to date, without 
exception.  

Since January 2011, Santos in Queensland has secured about 1650 agreements with about 650 
landholders for long-term gas infrastructure alongside their farming businesses; including temporary 
activities such as exploration and pipeline easements, the number of agreements is more than 2000. 
This is the result of a proven approach based on respect and openness at all times. Santos engages 
early and extensively throughout the working relationship with landholders, as evidenced by the 15,000 
discrete interactions with landholders that Santos has recorded since January 2011, when the GLNG 
project in Queensland was formally sanctioned. This includes group briefings, one-on-one meetings, 
phone calls, SMS messages and emails. 

Decommissioning, Well Abandonment and Legacy Liabilities 

At the public hearing in August, we advised we would detail Santos’ position regarding long term 
decommissioning and well abandonment risks.  

All onshore petroleum and mineral resources in Australia are owned by the State (or Territory) in which 
they occur.  By issuing a licence under the relevant resource legislation, the State has decided not to 
develop its gas resource but allow a non-government owned entity to explore and produce the resource 
for the benefit of the State.  In return, the State receives a 10% royalty payment on production.  While 
monetising that resource for the State, the licensee and operator is regulated and is required to comply 
with the terms of the licence, the guiding resource legislation, the secondary approvals that are activity 
specific, environmental and safety legislation as well as environmental policies and guidelines and 
industry codes and standards. 



For petroleum operations, onshore operators provide financial security to the State for each step or 
phase of the resource recovery process.  The security aligns with the environmental impact proposed 
by the operator, which is approved by the State. The security may take the form of a bank guarantee, 
bond or cash but in each case the amount required to be provided is determined by a specially 
developed calculator that correlates impact with the cost of rehabilitation should the State need to step 
in to rehabilitate.   

In the event of an incident occurs that causes unauthorised environmental impact, the State may rely 
on certain powers it has under relevant legislation to penalise the operator and require that any impact 
is managed and rehabilitated at the cost of the operator.  

Legacy environmental liabilities from historic resource activities have occurred where a regulator has 
allowed operators to relinquish licences without adequate rehabilitation and remediation of their impact.  
Various models are now being developed and implemented by State governments to manage these 
legacy impacts but all are being funded by current operators that, in most instances, have no 
relationship or connection to those legacy impacts.  Examples of the models being used by government 
to fund legacy impacts include the WA Mining Rehabilitation Fund and the Queensland Government’s 
proposal to amend the Financial Assurance model to facilitate the remediation of legacy environmental 
impacts by current operators.  To expand on this point, the Queensland Government manages over 
15,000 legacy sites as part of its Abandoned Mines Program. It is important to note that none of these 
15,000 sites are the result of petroleum development including natural gas. This fact highlights the low 
risk of petroleum developments when compared to other extractive resources developments such as 
mining.   

At the end of life of operations, an operator is required to remediate and rehabilitate the environment to 
a standard prescribed by the regulator.  While some negligible alteration to the land will remain, for 
example, a plugged and abandoned well or a buried pipeline, the government is able to manage this 
risk by prescribing how decommissioning and abandonment is to occur.  This is typically done by 
developing or adopting and implementing a code which is based on best practice well construction and 
design, and decommissioning / abandonment principles that ensures the outcome is safe, stable and 
non-polluting, and meets international standards, legislative requirements and stakeholder 
expectations.   

It is important to note that unlike other resource development projects, petroleum developments do not 
leave legacy issues to manage into the future such as voids from open pits or long term subsidence 
issues from underground mining.  It is Santos’ position that by adopting existing best practice 
operational and decommissioning / abandonment practices and environmental remediation impacts, 
the NT Government stands to receive safe, stable and non-polluting assets that do not have an ongoing 
unacceptable risk of failure.  It is at this point that the NT Government should rescind the petroleum 
licence and release the security to the operator.    

Through appropriate management of the security provided to the NT Government and utilising NT 
Government developed or adopted best-practice engineering standards and abandonment and 
decommissioning practices, the NT Government should be satisfied that future risk of failure is 
negligible and there is adequate funding in place to rehabilitate minor unforeseen legacy impacts should 
they ever occur. 

Social Licence to Operate 

Also, during the Santos appearance in August, there was the inference that the industry (Santos) did 
not have a social licence to operate (as evidenced by various industry moratoria across multiple 
Australian jurisdictions). Santos argues strongly that wherever we have activities, we work tirelessly to 
secure legitimacy, credibility and trust through early engagement with relevant stakeholders and by 
building relationships on a foundation of respect and openness. We aim to ensure that those 
stakeholders are fully informed of our proposed activities, and that we properly understand and manage 
their interests and concerns. However, where our social licence is under threat, as an industry, is those 



areas where we do not have activities. It is here the industry must do more to engage and inform to 
gain broader public acceptance. 

With regard to a social licence relating to our exploration activities in the Northern Territory, specifically, 
we have focussed our initial engagement through the early exploration phase on our local stakeholders 
(pastoralists, traditional owners, local communities, the regulators and the government). There is a clear 
inference from the Scientific Panel that we need a much broader acceptance with immediate effect. But 
it should be acknowledged that we cannot invite ourselves onto land, in particular native title and 
Aboriginal Land, where we have no activities, and this makes telling our story and sharing information 
about our industry more challenging. We are unlikely to change the perspective of the anti-fossil fuel 
lobby, who have been vocal participants in this local debate. However, we will, in the event of 
commercial success and a viable project, actively work to extend our social licence to a broader 
community. We commit to this. 

  



 Concluding remarks  

A recurring theme in the Interim Report is the requirement for a robust regulatory regime and Santos 
strongly supports this position.  

The exploration and appraisal phase of a project is aimed at acquiring data and removing uncertainty.  
Santos is concerned that the regulatory response to this uncertainty, both in the subsurface and surface 
aspects of a prospective shale gas industry, combined with significant misinformation from a number of 
groups, will be a proscriptive management of risk rather than objective risk management. There are 
some areas where it makes sense to be prescriptive (e.g. well integrity code of practice) but proscriptive 
over-regulation could make any exploration, development and production opportunity in the McArthur 
and Greater Beetaloo Basins cost-prohibitive and stifle innovation. Innovation may include projects that 
harvest surface water for a sustainable water supply, capturing water that would otherwise be lost to 
evaporation from the large volume of precipitation in the wet season. 

Sustainability is an integral part of Santos. Santos is committed to managing environmental impact, 
working in partnership with communities and focussing on the health, safety and wellbeing of all 
stakeholders across all of our business operations. Our operations in Queensland demonstrate our 
commitment to work and invest in the local communities in which we operate.  

Uncertainty can only be addressed through the acquisition of new data to improve understanding of the 
areas of perceived risk. Through the exploration and appraisal phases in the Greater Beetaloo, Santos 
is committed to gathering the necessary data to assess environmental, social and economic impact. 
Data acquisition for subsurface data and surface baseline data can proceed in parallel, best supported 
by and objective based regulatory framework. The output from the baseline data and impact 
assessment studies can then be used to inform development planning and engineering design that 
ultimately provide the basis for applications for development and regulatory approvals. 

The Northern Territory presents a unique environment and Santos appreciates the community 
sensitivity for disturbance over the short and long term. Santos has integrated systems and procedures 
to manage our activities responsibly and find new ways to further reduce our environmental impacts. 
Santos has processes for decommissioning, including the abandonment of wells, relinquishment of 
leases, demolition and removal of facilities and remediation of environment once the asset has come 
to the end of its operating life.  

In summary, Santos has over 60 years of experience in exploring, developing and operating some of 
Australia’s most important oil and gas resources, working alongside traditional owners, agriculture and 
other land users for everyone’s benefit, and we will continue to operate safely and sustainably in the 
NT should the moratorium be lifted.  

   



References 

Australian Council of Learned Academies. (2013). Potential Geological Risks Associated with Shale 
Gas Production in Australia.  

Day, S., Ong, C., Rodger, A., Etheridge, D., Hibberd, M., van Gorsel, E., . . . Barrett, D. (2015). 
Characterisation of Regional Fluxes of Methance in the Surat Basin, Queensland; Phase 2: A 
pilot study of methodology to detect and quantify methane sources. CSIRO. Retrieved from 
https://gisera.org.au/wp-content/uploads/2016/04/ghg-emission-proj-methane-seeps.pdf 

Department of Natural Resources and Mines - Queensland Gov't. (2017). Code of Practice for leak 
management, detection and reporting for petroleum production facilities,. Queensland 
Govenrment. Retrieved from 
https://www.dnrm.qld.gov.au/__data/assets/pdf_file/0009/1258038/code-of-practice-leak-
management.pdf 

Energy Division Department of Primary Industry and Resources Northern Territory. (April 2017). DPIR 
Submission to the Scientific Inquiry into Hydraulic Fracturing of Onshore Unconventional Shale 
Gas Reservoirs within the Northern Territory 2016 (Submission #226).  

Etheridge, D., Luhar, A., Loh, Z., Noonan, J., Spencer, A. A., Day, S., . . . Barrett, D. (2017). 
Characterisation of Regional Fluxes of Methane in the Surat Basin, Queensland. CSIRO. 
Retrieved from https://gisera.org.au/wp-content/uploads/2013/08/GHG-1-Phase-3-Milestone-
3.2-report-Aug2017.pdf 

King, G. E. (2010). Thirty Years of Gas Shale Fracturing: What have we learned? SPE, 1-50. doi:SPE 
133456 

NT Hydraulic Fracturing Inquiry Scientific Panel. (July 2017). The Scientific Inquiry into Hydraulic 
Facturing in the Northern Territory - Interim Report.  

Santos Ltd. (April 2017). Responding submission into the Scientific inquiry into hydraulic fracturing in 
the Northern Territory (Submission #168).  

Santos Ltd. (June 2017). Hydraulic Fracturing Inquiry Correspondence - Request For Information 
Resoponse (Submission #280).  

Swindell, G. S. (2015). Marcellus Shale in Pennsylvania: a 2600 well study of Estimated Ultimate 
Recovery (EUR) - 2015 Update. 

United States Environmental Protection Agency. (2000). Innovative Remediation Technoilogies: Field-
Scale Demonstration Projects in North America, 2nd Edition. Retrieved from 
https://www.epa.gov/sites/production/files/2015-04/documents/nairt_2000.pdf 

 

  



Appendix A. Preliminary groundwater impact assessment for a potential spill of fluids 
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1. INTRODUCTION

The following memorandum provides an assessment of the potential for impacts on groundwater associated 
with hypothetical shale gas activities in the Northern Territory. For the purpose of this assessment two 
primary modes of potential impact were identified (releases to the land surface and the strategic burial of 
drilling mud) and technical assessment and modelling is provided in the sections below. 

1.1. OBJECTIVE 

The objective of this assessment is to define the potential extent of the area impacted by a release or “spill” 
of fluids. Specifically, the following questions were addressed: 

1. Using three spill scenarios (1,000L; 100,000L and 1ML), determine the maximum pooled area in
which a spill would inundate;

2. Over the size of the pooled area, determine infiltration rates to gain an understanding of vertical
groundwater movement and associated travel times;

3. Evaluate the potential impacts on groundwater from burial/management of drilling muds at the well
sites (where muds are blended and buried with soils); and.

4. Provide a description of what remedial actions could be implemented if impacts to groundwater
were observed.

1.2. SCOPE OF WORK 

To meet the objectives described above, the following work tasks were undertaken: 
1. Establishment of applicable soil/aquifer characteristics within the area of interest based on a

literature review and geological log from Santos exploration bore Tanumbirini-1;
2. Assessment of the water pooling area on a flat surface using the formulae proposed by Grimaz et

al. (2007);
3. Assessment of the infiltration capacity of surface soils and ponding time using the analytical Green

and Ampt infiltration equation;
4. Evaluation of potential migration and attenuation of common drilling fluid constituents if materials

were buried below surface as part of the management of drilling muds; and
5. Discuss the remedial technologies that would be employed if impacts to groundwater occurred due

to surficial releases and associated infiltration.

2. OVERVIEW OF HYDROGEOLOGY/GEOLOGY

The area of interest where this assessment will occur is within Santos exploration areas of the Beetaloo 
Sub-Basin (refer Figure 1). 

The hydrogeological unit of interest is the Cambrian Limestone Aquifer (CLA) defined as the Top Springs 
Limestone (also commonly referred to as the Tindal Limestone or Gum Ridge Formation) depending on 
which part of the basin you are in. The unit comprises massive and commonly dolomitised (and often 
fractured and karstic) limestone beds with minor siliclastic mudstone. Results from Santos exploration bore 
Tanumbirini-1 (refer Figure 1 for location and Figure 2 for stratigraphy), reveal that the Top Springs 
Limestone can be found at a depth of 52mbgl with a thickness of 150m.  For detailed broad scale geological 
interpretation of the regions geology refer to Fulton, 2009; Kruse et al, 2013. 

In the vicinity of exploration bore, Tanumbirini-1, the CLA is confined by Cretaceous siltstones mudstones. 
The permeability of the CLA is highly dependent on the development of dissolution and fracture features 
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(Fulton and Knapton, 2015). A review of water bores that intersect cavities or record circulation loss during 
drilling suggests that the karst development is widespread across the Beetaloo Sub-Basin and that aquifer 
permeability is generally not spatially correlated.  Within the broader basin over 415 operational and 
abandoned water bores screen the CLA, with bore depths ranging from 34 – 221 m (average 105 m) (ibid).  

Fulton and Knapton, (2015), reported airlift yields range from 0.3 – 20 l/s (average 3.5 l/s), with the standing 
water level (SWL) in the Gum Ridge Formation ranging from 23 to 155 metres below ground level (mBGL). 
Water levels along the Carpentaria Highway on Amungee Mungee and Tanumbirini stations are reported 
to be (125 mBGL) (ibid). Results from 21 pumping tests undertaken by WRD report a Transmissivity (T) 
range of 3 – 3377 m2/d. The lowest T values (<50 m2/d) occur in the northwest of the basin where the CLA 
has limited saturated thickness and aquifer development is restricted to the unconformity with the 
underlying Antrim Plateau Volcanics (Yin Foo, 2002).   

Figure 1. Location of the Beetaloo Basin along with Santos assets, stratigraphy and a north-south 
section. Reference used to create Figure 1: Silverman et al. (2008) [geological cross-section], and 

Close et al: 2016 [SEEBASETM depth-to-basin image & stratigraphic column] 
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Figure 2 Shallow Lithology from Santos well “Tanumbirini-1 

3. ANALYTICAL ASSESSMENT (METHODOLOGY)

3.1. WATER POOLING ON FLAT SURFACES 

For instantaneous releases on flat surfaces, the formulae (Equation 1) proposed by Grimaz et al. (2007) 
was used to estimate the area of the pool of liquid on flat ground. This method is used for oil spills but can 
allow for water by varying the liquid properties (primarily viscosity and permeability). 

௣௢௢௟ܣ ≅ 2.3782
ொర ఱ⁄

ሺ௞೔௞ೝሻభ ఱ⁄  (1) 

Where: ܣ௣௢௢௟ is the area of the pool of liquid on the surface [m2]; ݍ is the flow rate of release [m3 s-1]; Q 
is the total amount of liquid released [m3]; ߴ is the kinematic viscosity of the liquid [m2 s -1]; g is the 
gravitational acceleration [ms-2]; ki is the intrinsic permeability of soil [m2]; kr, is the relative 
permeability of the liquid [-] 
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3.2. TIME FOR WATER TO REMAIN ON SURFACE 

Equation (2) taken from Grimaz et al. (2007), can be used to estimate the duration of the pool on the surface 
 .௘௣. and can be considered equal to the time of complete infiltration of the fluid into the porous mediumݐ
The method (Equation 2) is based on Darcy’s Law and considers a theoretical depth of water pool and the 
seepage velocity at complete saturation: 

௘௣ݐ ൌ
௛೟೛
௩೛,ೞ

ൌ
௏ೞ೛೔೗೗
஺೛೚೚೗

ఏ

௄ೢ௄

∅೑೗ೠ೔೏
∅ೢೌ೟೐ೝ

	 (2) 

where; ݐ௘௣ is the estimated duration of the liquid pool on the surface [s]; ݄௧௣ is the depth of the liquid pool 
[m]; ݒ௣,௦ is the velocity of penetration of the liquid into soil in saturated conditions [ms-1]; ௦ܸ௣௜௟௟ is the 
volume of the liquid spilt [m3 ]; K is the soil hydraulic conductivity [ms-1]; ߠ	is the porosity of soil [-], 
∅	the kinematic viscosity [m2 s -1]; and ܭ௪ is the is the relative permeability of the liquid [-]. 

Then, in order to estimate the percentage of fluid evaporated from the pool in ݐ௘௣ the daily pan evaporation 
rate can be applied. (Fulton and Knapton, 2015) report pan evaporation ranges between 5 and 11 mm/d 
(average about 7-8 mm/d) in the region. 

3.3. INFILTRATION INTO UNSATURATED ZONE 

The spilt fluid will not only tend to spread out over the surface of the soil and evaporate, but will also 
penetrate into the ground (unless it is impermeable). Infiltration to the unsaturated zone, and in particular 
infiltration capacity and time for ponding to occur can determined using the infiltration equation of Green 
and Ampt (1911).  

The infiltration rate actually experienced in a given soil depends on the amount and distribution of soil 
moisture and on the availability of water at the surface with a maximum rate at which the soil in a given 
condition can absorb water. This upper limit is called the infiltration capacity, fc and is a limitation on the 
rate at which water can move into the ground. If surface water input is less than infiltration capacity, the 
infiltration rate will be equal to the surface water input rate (w). If irrigation (analogous to a release) 
intensity exceeds the ability of the soil to absorb moisture, infiltration occurs at the infiltration capacity rate 
until the soil is saturated and ponding and associated runoff occurs. Infiltration capacity declines over time 
until a steady state is reached.  

Several processes combine to reduce the infiltration capacity. The filling of fine pores with water reduces 
capillary forces drawing water into pores reducing the storage potential of the soil. Clay swells as it becomes 
wetter and the size of pores is reduced. Coarse-textured soils such as sands have large pores down which 
water can easily drain, while the fine pores in clays retard drainage. If the soil particles are held together in 
aggregates by organic matter or a small amount of clay, the soil will have a loose, friable structure that will 
allow rapid infiltration and drainage. 

The calculation of infiltration at a point combines the physical conservation of mass (water) principle 
expressed through the continuity equation with quantification of unsaturated flow through soils, expressed 
by Darcy's equation. The downward hydraulic gradient inducing infiltration is from a combination of the 
effect of gravity, quantified by the elevation head, and capillary surface tension forces, quantified by the 
pressure head (negative due to suction) being lower at depth due to lower moisture content. If the water 
input rate is greater than the saturated hydraulic conductivity (i.e. w > Ksat), at some point in time the water 
content at the surface will reach saturation. At this time, the infiltration capacity drops below the surface 
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5. REMEDIAL OPTIONS OF GROUNDWATER

Based on the modelling provided above and considering the retardation processes in the formation, only 
water soluble constituents have the potential to migrate to and impact on groundwater. As demonstrated in 
the assessment above, the potential for impact on groundwater is considered limited and travel times are 
sufficient slow (>500 yrs to travel 50m) that management/monitoring and remediation (if required) could 
be implemented. 

In the context of this hydrogeologic system, which has deep and prolific aquifer systems and considering 
the constituents of potential concern are soluble compounds, groundwater extraction and water treatment 
provides the best remedial option (if needed). 

Based on the drilling fluid constituents that may impact on groundwater a range of treatment options are 
available including open air storage to facilitate natural dissociation, photodegradation, etc, biological 
treatment for alcohols, glycols, glutaraldehyde (they biodegrade rapidly in the presence of oxygen), 
activated carbon absorption (non-polar organics) and ion exchange. All of these technologies are readily 
available and could be quickly implemented. 
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Focus of Analysis 

This document seeks to understand and evaluate potential risks based on the potential that benzene may be 
present in the shale gas production water. It should be noted that in addition to benzene, other volatile 
organic compounds may be present including toluene, ethylbenzene and xylene however; these 
constituents are less toxic than benzene and therefore pose lesser risks.  

This assessment has hypothetically but conservatively estimated benzene feed loadings in produced water. 
It is likely that the concentrations of benzene in the water will be lower than estimated and potentially not 
present.  

A source water characterisation and mass balance calculation were performed to estimate a hypothetical 
benzene feed concentration entering into a storage tank or pond. This output was used as the basis for a 
Human Health and Environmental Screening Assessment to determine if there was a potential 
unacceptable risk to operators or other human receptors such as trespassers from the inhalation of vapour. 

Methodology 

To support an assessment of potential risks associated with the revised water management strategy, a 
quantitative screening level risk assessment was completed against applicable criteria. This risk 
assessment involved the following key assessment steps which are summarised below and discussed in 
further detail in the following sections: 

Step 1 – Identification of Constituents of Potential Concern 

Step 2 – Development of Conceptual Exposure Model 

Step 3 – Calculation of Exposure Point Concentrations 

Step 4 - Identification of Relevant and Applicable Criteria 

Step 5 – Screening Assessment 

Step 1: Identification of Constituents of Potential Concern. 

The primary constituent of concern is benzene with an adopted hypothetical concentration of 50 ppb (for 
the purpose of undertaking this assessment). 
Step 2: Development of Conceptual Exposure Model 

In order to assess potential exposures, the physiochemical properties of benzene must be considered. 
Select attributes on benzene are discussed below: 

• Henrys Law constant for benzene is 5.5 x 10-3 atm – m3/ mole at 25C indicating that benzene partitions readily to the
atmosphere. .

• Log Kow (octanol – water partition coefficient) value for benzene indicates that it will preferentially bind to organic
matter (carbon in soils and biomass) limiting it movement in environment.

• Benzene undergoes indirect photolysis in open sunlit especially in the presence of photosensitisers like humic and
fulvic acids which are likely present in produced waters. Photodegradation half-lives are estimated at 16.9 days with
degradation occurring within the open top storage tanks (residence time of up to 11 days)

• Benzene is easily degraded in water in aerobic conditions. Biodegradation half-lives of 16 days have been reported
under aerobic conditions and 120 weeks under anaerobic conditions. Degradation within the storage tank will likely be
limited (due to anaerobic conditions).
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Based on the physiochemical properties of benzene described above, likely modes of transport within the 
environment from the storage of produced water is limited to ambient air, with volatilization into the 
atmosphere from the storage tank and from the application of water for beneficial uses. Potential exposure 
points for ambient air include the spatial area above the tank or pond. Potential exposure routes include 
inhalation by workers and trespassers. 

The assessment is conservative as the potentially complete exposure pathways are limited by a 
combination of management and operational controls. These controls include: 

• Occupational controls to prevent entry into confined spaces (including the water storage tank)
• Occupational exposure controls including use of PPE (for example gloves) to prevent incidental dermal contact with

produced water.
• Occupational exposure monitoring and testing to assess long term exposures to workers.
• Signage and security to prevent entry of trespassers into irrigation areas

Step 3 – Calculation of Exposure Point Concentrations 

Exposure Point Concentrations in Air 

As described above operational controls limit potential exposures within the tank or pond area and 
potential exposures are limited to fugitive emissions. To be conservative a work area (and area in which a 
worker may be present in an average work day has been assumed to be 30 ha. The following key 
assumptions were used in the calculation to estimate the theoretical concentration of benzene in an air 
volume 1m high above the 30ha exposure area during the flow of production water to the tank or pond: 

1. 100% benzene volatilisation in produced water each day (this is highly conservative as the Henry Law and
surface area of the water/air contact will constrain benzene flux into the air)

2. Application of 12g benzene per day (based on producing 240KL per day of water to a tank or pond at 50
µg/L)

3. The vapours are dispersed throughout entire workers exposure area (assumed to be a 30 ha worker exposure
area in which the benzene vapours are dispersed)

4. No photodegradation or biodegradation of benzene occurred in the storage tank or pond
5. No air exchanges within the area and outside area (air movement is likely to decrease concentrations 1 order

of magnitude)

The calculation output indicated a benzene concentration of 0.44 mg/m3. 

As an alternative methodology the Department of Toxic Substances and Control (DTSC) in California 
developed a methodology to assess the volatilization of benzene from an open pond or pool. In this 
calculation, the air concentration of constituents of potential concern above the pool or pond was 
calculated to evaluate swimmer inhalation of VOCs.  Given the assumed half-life of 3.5 days for VOC 
volatilization from a pond or pool water, and considering the Henry’s Law partition coefficients for a 
wide range of VOCs, the average emission rate of VOCs from a pool containing 1 ug/L of VOC is 
calculated as 0.0127 ug/s with an adjusted concentration of 0.000977 ug/m3 (considering temperature and 
air movement) above the water body.  

Based on a 50 ug/L benzene and the assumptions contained within the model (air flow of 4 m/s etc) the 
calculated concentration is 0.05 ug/m3 or 0.00005 mg/m3 which is orders of magnitude below the 
conservative calculation methodology provided above. 

Step 4 - Identification of Relevant and Applicable Criteria for Air 

To assess the potential risks to workers from occupational exposures, the applicable OSHA standards 
were selected for screening. The Time Weight Average (TWA) exposure limit for benzene is 3.2 mg/M3 
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or 1 ppm as stated in “Exposure Standards for Atmospheric Contaminants in the Occupational 
Environment’ May 1995 and gazetted updates. A TWA limit applies to an exposed worker over an eight-
hour workday, five days a week, over an entire working life. This limit is also endorsed by USEPA and 
the World Health Organisation (WHO).  

The TWA benzene exposure limit has been reduced to 0.5 ppm or 1.6 mg/m3 using the ‘Brief and Scala 
Method’ in order to compensate for the 12 hour work operator shifts . Other potentially applicable 
regulatory standards are summarised in Figure 1 below. 

Figure 1 USEPA Exposure Standard Summary 

Step 5: Screening Assessment 

On the basis of the site setting, exposure model and screening level assessment no unacceptable risks were 
associated with the hypothetical scenario of associated with storage and handling of production water 
containing up to 50 ppb Benzene.  

Considering the highly conservative nature of the assessment and multiple mechanisms of degradation in 
the environment including volatilisation, biodegradation and photolytic degradation the majority of the 
BTEX mass will be attenuated.  
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Appendix C. Greenhouse Gas (Methane) Monitoring Technology 







Features: 

 Monitor up to 6 different autoranging gases
 PPM / LEL hydrocarbon detection
 PID (Photo Ionization Detector) low and high range for VOC

detection
 Infrared Sensors available for CO2, % LEL CH4,

% Vol. CH4, % LEL HC, % Vol. HC
 TC (Thermal Conductivity) sensor available for % Vol. H2 or %

Vol. CH4

 Plug and play, smart toxic sensors
 Hundreds of configurations
 Displays in 5 languages
 Powerful long-life pump up to 38m range
 Low flow pump shut off and alarm
 Methane elimination for environmental use
 Alkaline 16 hours or Ni-MH 20 hours capability
 Password protection
 Datalogging standard
 IrDA communications port
 Autocalibration
 Internal hydrophobic dust filter
 External probe with hydrophobic filter
 Ergonomic RFI / EMI / chemical / weather resistant enclosure
 Intrinsically safe design, CSA approval

ONE TO SIX GAS PORTABLE MONITOR 

The popular EAGLE 2 portable gas detector is a powerful instrument that does more than just offer the standard confined space 
protection for LEL, O2, H2S and CO. The EAGLE 2 portable gas detector is equipped with features that are not available on competitive 
units. 

The EAGLE 2 features include a PID sensor for detecting low and high ppm levels (0-50ppm & 0-2,000ppm) of VOC gases; % volume 
capability for CH4 and H2 using a TC (thermal conductivity) sensor; PPM or LEL hydrocarbon detection at the push of a button; infrared 
sensors for CO2, methane or hydrocarbons in LEL and % volume ranges; methane elimination feature for environmental applications; 
and a variety of super toxic gases and measurable ranges. 

The EAGLE 2 has a strong internal pump with a low flow auto pump shut off and alarm, which can draw samples from up to 38 
metres. This allows for quick response and recovery from distant sampling locations. The EAGLE 2 will continuously operate for over 
16 hours on alkaline batteries or 20 hours on Ni-MH. A variety of accessories are also available to help satisfy almost any application 
such as long sample hoses, special float probes for tank testing, and dilution fittings, to name a few. Datalogging is a standard feature 
for all sensors on all versions.  With its ergonomic design and large glove friendly buttons, the EAGLE 2 offers easy access to controls 
such as autocalibration, alarm silence, demand zero, peak hold, methane elimination, and a wide variety of other features. 

Each channel has two alarm levels plus TWA and STEL alarms for toxic channels. The two alarm levels are adjustable and can be 
latching or self resetting. Rugged, reliable, easy to operate and maintain, the EAGLE 2 is the solution for just about any portable gas 
monitoring situation. 

LEADERS IN GAS DETECTION Eagle 2 Model 
Since 1977 

Control Equipment Pty Ltd  ABN 23 009 838 582

Head Office: 

Unit 1 / 3 Deakin St  

Brendale  Qld  4500 

Phone: (07) 3481 9000 

Fax: (07) 3481 9088 

Postal Address: 

PO Box 5904  

Brendale  Qld  4500 

sales@controlequipment.com.au 

www.controlequipment.com.au 

Offices/Agents in: 

Sydney  

Melbourne  

Adelaide  

Perth 

Hobart 

Auckland 

Wellington 

Christchurch 

 OIL & GAS         CONFINED SPACE          HVAC       MINING            LABORATORIES      COUNCILS           DEFENCE             SHIPPING           FUMIGATION 






