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Executive Summary

As part of the Talinga Development Project, coal seam gas (CSG) production wells are being developed
to deliver up to 90 terajoules per day (TJ/d) of CSG to the Talinga Gas Plant. Extraction of CSG from
these wells cannot be accomplished without removing water from the coal seam. Water produced from
the wells as a result of gas production is sent to the Talinga Water Treatment Facility (TWTF). This
untreated water is referred to as Associated Water or Source Water throughout this Report. The TWTF
is capable of treating up to 20 megalitres per day (ML/d) of Associated Water.

The TWTF involves an effective multi-barrier approach to water treatment including precipitation,
pond settling and buffering, chloramination of water to control microbiological activity,
microfiltration, reverse osmosis (RO) treatment, removal of monochloramine, Filtered Water addition
to ensure final water pH will remain stable after discharge and pH adjustment. This water is referred
to as TWTF Permeate. The TWTF Permeate then undergoes final hardness conditioning with calcium
and magnesium salt immediately prior to discharge. This final treated water is referred to as discharge
water for the purposes of this Report.

In order to obtain final approval to discharge into the Condamine River, condition C34 of the Talinga
Environmental Authority, PEN100067807 (the Talinga EA) requires Source Water and TWTF Permeate
characterisation data be submitted to the Office of Water Supply Regulator (OWSR). To satisfy this
condition, this comprehensive report presents all available data for Source Water and TWTF permeate
characterisation including results obtained from the Sampling Program and recognised published data.

The Sampling Program for the source water was undertaken over a five week period from 16 June to 21
July 2010. The Program entailed sampling of forty seven wells and two storage ponds; and analysis of

all the samples for approximately 200 analytes, including an ICP-MS screen of the entire periodic table.
The resulting source water data set has over 9,000 results. Sampling was undertaken by Bureau Veritas
and analysis was undertaken by Queensland Health, Forensic and Scientific Services (QHFSS) laboratory.

The Sampling Program for the TWTF Permeate included sampling after the Microfiltration Unit, Primary
Reverse Osmosis unit and within the Export Tank. Sampling of the Discharge Permeate cannot be
undertaken until Approval to Discharge to Condamine River is granted. This is due to the location of
the final calcium and magnesium dosing plant, which is located along the discharge pipeline,
immediately downstream of the Export Tank. The resulting TWTF data set has over 750 results.

A comparison of the monitoring results obtained for the Source Water and the TWTF Permeate
demonstrates that the TWTF is effective in treating Associated Water from the Talinga Development
Project to meet the required Talinga EA Permeate Limit provided in the Talinga EA. This is evident by
comparing monitoring results obtained from the sampling program and recognised published data for
the Source Water and TWTF Permeate.

Raw water samples taken from CSG wells and ponds showed elevated levels of aluminium, iron and
fluoride. Aluminium and iron are typically the suspended solids produced from the coal seam while the
fluoride is a dissolved solid. Comparison of these element concentrations at the well compared to the
ponds clearly shows the ponds are effective at buffering / averaging water quality. Further comparison
of the pond concentrations with the TWTF Permeate, shows the TWTF process removes aluminium and
iron to below detection limits the microfiltration unit.

Slightly elevated levels of N-Nitrosodimethylamine (NDMA) were found in the TWTF Permeate samples.

This is not unusual given NDMA is a typical by-product of the chloramination process used to control bio
film growths in the TWTF and reduce organic contamination. The NDMA is expected to rapidly degrade

in the environment due to the availability of UV irradiation.

This Report demonstrates the TWTF, through analysis of Source Water (including CSG wells and pond
water) and TWTF Permeate, is effective in treating Source Water to comply with DERM discharge
licence requirements and poses no additional public health risk to the downstream township water
supplies.
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Abbreviations, Acronyms & Definitions

Abbreviation / Acronym

Definition

ug Microgram(s)

pm Micro meters

Alkalinity The ability of water to maintain a pH
APLNG Australia Pacific LNG Pty Limited

Associated Water

Water produced from the Coal Seam.

BTEX

Benzene, Toluene, Ethyl benzene and Xylene

C6-C9

Semi volatile hydrocarbons

Chloramination

Disinfection process via the injection of
ammonia and chlorine.

CSG Coal Seam Gas
d Day
DERM Department of Environment and Resource

Management

Discharge Permeate

TWTF Permeate which has been conditioned
with calcium and magnesium

EA

Environmental Authority PEN100067807

EDC

Endocrine Destructing Compound(s)

Effluent Steam

Waste stream from cleaning of TWTF
components

Feed water

Water held in the Feed Pond.

Filtered water

Water filtered by the microfiltration unit

HDPE High Density Polyethylene
HDPE High Density Poly Ethylene
hr Hour(s)

L Litre(s)

m3 Cubic metre(s)

MF Microfiltration

mg/L Milligrams per litre

ML Mega litre (one million litres)
mL Millilitres

mSv/year milliSieverts per year
NDMA N-Nitrosodimethylamine.
ng/L Nanograms per litre
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Abbreviation / Acronym

Definition

NORMS Naturally Occurring Radioactive Materials

OWSR Office of the Water Supply Regulator

PAH Poly Aromatic Hydrocarbons

Permeate Water downstream of the reverse osmosis
treatment.

PET Polyethylene Terephthalate

pH Logarithmic scale of concentration of hydrogen
ions

PRO Primary Reverse Osmosis

QHFSS Queensland Health Forensic and Science
Services

RO Reverse Osmosis

Source Water

Water extracted from coal seams, including
water stored in ponds prior to being processed
by the TWTF

SRO

Secondary Reverse Osmosis

Talinga EA Permeate Limit

Refers to Talinga EA Permeate Limits as
provided in Schedule C Table 2 and / or Table 3
as relevant

TDS Total Dissolved Solids

T) Terajoules

TPH Total Petroleum Hydrocarbons
TWTF Talinga Water Treatment Facility
uv Ultraviolet Spectra

VOoC Volatile Organic Compound(s)
WAC Weak Acid Cationic ion exchange
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3.Introduction

The Talinga Development Project has a gas production capacity of up to 90 TJ/d consisting of
approximately 110 CSG production wells and associated infrastructure, including the TWTF.

CSG development differs significantly from developing conventional natural gas. To produce gas from a
coal seam, normally the water associated with the gas in the reservoir must first be withdrawn using
artificial lift (pump) installed in the well at the depth of the coal seam being targeted. This reduces
the pressure within the coal seam and liberates the adsorbed gas from the coal.

Figure 1 shows the extraction of gas and Associated Water from the coal seams. This includes the well
bore to the depth of the coal seams, a well head with a pump to draw down the water and a separator
to remove the Associated Water from the gas.

Figure 1 Extraction of CSG and Associated Water from coal seams
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The gas and water extracted from these wells are separated at the well site and transported to a
central location by underground water and gas pipelines called “gathering systems’. These gathering
systems are connected via trunk lines which deliver water / gas to a main processing facility.

Produced water from the gathering system is delivered to the TWTF's Feed Pond. The Feed Pond is a
lined water storage reservior that has been constructed to DERM’s specific requirements. At this
location, the Associated Water is treated using a variety of processes including Microfiltration, RO
treatment for the removal of dissolved salts in order to make the water suitable for a variety of uses.

RO treatement is a specialised microfiltration process used for water treatment, where pressure forces
a solution through a membrane that traps most of the dissolved solid components. The result is a low
salinity water stream, while the dissolved salts are separated into a a concentrated saline solution
(brine stream).

Ref: Q-4120-95-TP-0001 Revision 0

Australia Pacific LNG ABN 68 001 646 331 e Level 3, 135 Coronation Drive Milton QLD 4064
GPO Box 148, Brisbane QLD 4001 e Telephone 07 3858 0600 e Facsimile 07 3369 7840 e originenergy.com.au

Page 7 of 36



3.1.

3.2.

Talinga Development Source Water and Permeate Characterisation Report /‘\\

(S
origin

Associated Water is primarily sodium bicarbonate, sodium carbonate and sodium chloride (or common

salt) with some other dissolved minerals. The TWTF can recover up to 90% of the Associated Water.
The TWTF Permeate will have a typical salt content of less than 0.15 grams per litre.

Objectives of Report
The objectives of this Report are to:

a. Support notification of intention to commence discharge from the TWTF to Condamine
River.

b. Provide to the Office of Water Supply Regulator Source Water and TWTF Permeate
characterisation data, collected in accordance with Condition D12 of the Talinga EA.

c. Provide details for data gaps and exceedances detected in Source Water and Permeate.

d. Provide recommendations for refining EA conditions for future sampling and analysis
requirements for Talinga Source Water characterisation.

e. Provide confirmation that no credible public health risk is associated with TWTF
Permeate and final discharge approval be granted.

Scope of Report

The information and data presented in this report includes Associated Water from CSG wells located
within the Talinga Development Project and the TWTF Permeate.
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4.Process Description

4.1.

4.2.

4.3.

Overview

Water management for the Talinga Development Project involves water gathering systems, storage and
treatment facilities.

Water Handling System

The water handling system, depicted in Figure 2 below, allows for the Associated Water from the
Talinga gas fields to be managed in one central location.

Figure 2 Talinga Development Project Water Handling System
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Operational Philosophy

During operations, Associated Water from individual CSG wells is collected by the low pressure
gathering system. This gathering system (via trunk lines) discharges into temporary holding storages
and finally into the polyethylene-lined TWTF Feed Pond. Water is pumped from the Feed Pond (TWTF
Feed Water), chloraminated and delivered to the TWTF for treatment.

The purpose of this treatment is to control microbiological activity which would be detrimental to the
TWTF process. Monochloramine in TWTF Permeate intended for discharge is then broken down
immediately after leaving the RO units by the addition of sodium bisulphite.

Permeate from RO units is further conditioned to meet Talinga EA discharge requirements. This
conditioning includes:
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e Addition of membrane Filtered Water to adjust alkalinity to ensure final water pH will remain
stable after discharge;

e pH adjustment with dilute sodium hydroxide or hydrochloric acid; and

e Addition of calcium and magnesium chloride.

Critical water quality parameters, which provide an instant appraisal of the operational integrity of the
TWTF, are monitored continuously at the Export Tank. These parameters include total chlorine, pH,
conductivity, temperature, and dissolved oxygen. The TWTF control system will raise an alarm in the
event any of these parameters approach the Talinga EA Permeate limit for that parameter. Upon a
high-high alarm, the discharge pipeline will be isolated. Any TWTF Permeate not discharged will be
recycled to the TWTF Feed Pond via an overflow line off of the Export Tank.

All water destined for discharge is dosed with calcium and magnesium chloride to meet DERM discharge
licence requirements. Due to the system design, calcium and magnesium dosing can only be achieved
as the water is discharged, thus the TWTF Permeate data is missing this component.

Reject brine is immediately stored within a designated cell in Pond B. Plant effluent which includes
Weak Acid Cation (WAC) regeneration acid and clean in place by products is intermediately stored in
the effluent pond and then transferred as required to a designated cell in Pond B.

Talinga Water Treatment Facility (TWTF) Process

Figure 3 provides an overview of the TWTF process, with key monitoring/sampling points indicated.

Figure 3 Talinga Water Treatment Facility Process Schematic
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Associated Water from the wells enters the Feed Pond and by design the water maintains a retention
time that provides stable water that has been fully contacted with atmospheric oxygen and is
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homogenous, the long contact time also allows for precipitation of metals such as aluminium, iron and
manganese.

The Boat Ramp monitoring point is located at the Feed Pond immediately adjacent to the TWTF Feed
Water pump. The Boat Ramp was selected as an appropriate sampling location with consideration
being given for accessibility, safety, good reach and sample depth.

Monochloramination Biological Control

Monochloramine, preformed from chlorine and ammonia gas applied to membrane Filtered Water, is
dosed at a level between 1.0 and 2.5 mg/L (as chloride) immediately upstream of the TWTF Raw Water
Feed pumps. Chlorine to ammonia-N dosage ratio is nominally 3.5. Average contact time for
monochloramine prior to RO treatment is 1.5 hours with plant operating normally. The chloramination
process is monitored via online instrumentation downstream of the Microfiltration Unit (MF Unit).

Filtered Water Conditioning

Raw water is screened to 400um prior to the MF Unit. Samples taken from the MF Unit sampling point
contained no detectable aluminium and iron.

The MF Unit filtrate (also referred to as Filtered Water) can be optionally treated by a weak acid cation
(WAC) exchange process to reduce levels of soluble divalent cations (calcium, magnesium, barium, and
strontium) to reduce their potential to form mineral scales in the downstream RO process, which can
reduce production. Cations removed are replaced by sodium ions. The WAC exchange is regenerated
using hydrochloric acid, with all high salinity wastes directed to the Effluent Pond, and subsequently to
Pond B.

Following WAC exchange is a multi-stage single pass RO treatment system, comprised of Primary RO
(PRO) and Secondary RO (SRO) units. This process will produce a raw combined Permeate stream with
a total dissolved salt (TDS) level less than 150mg/L year-round.

It is a discharge requirement to provide sufficient alkalinity and take other steps as necessary to
achieve a stable pH within the acceptable range. This is achieved via the addition of a small amount of
Filtered Water downstream of the MF Unit and WAC Unit. This is balanced by dilute sodium hydroxide
and dilute hydrochloric acid to maintain a pH between 6.5-8.5. Only small flows (typically less than 2%
of TWTF Permeate flow) of water conditioning are required to achieve the required alkalinity increase
given the very high levels of sodium bicarbonate in the Feed Water.

Safeguards which will prevent discharges containing excessive proportions of Filtered Water include:

e Continuous monitoring of pH levels and conductivity within the Export Tank, allowing the
TWTF to be shutoff if excessive Filtered Water is introduced via the Filtered Water conditioning
line; and

e Flow through the Filtered Water conditioning line control valve is hydraulically limited by
design (approximately 30 m/hr).

TWTF Permeate from PRO and SRO units are combined and analysed upstream of any conditioning
processes. Parameters measured by analysers at this point are used to control the dechlorination,
Filtered Water conditioning line, and final pH adjustment control systems.

Discharge Conditioning

The Export Tank provides a holding point for completion of dechlorination, stabilisation of pH, and
dampening of any final TWTF Permeate quality variations. The Export Tank is continuously monitored
at a point adjacent the discharge outlet. In the event water quality approaches allowable discharge
parameters, the TWTF control systems will isolate the discharge pipeline and stop water discharge to
the Condamine River. Once the Export Tank’s maximum working level is achieved, TWTF Permeate
will be recycled to the TWTF Feed Pond via the overflow. Parameters monitored and those that will
isolate the discharge pipeline are as follows:
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e pH (high and low);

e Conductivity (high);

e Temperature (high and low);
e Total chlorine (high);

e Dissolved oxygen (low); and
e Ammonia (high).

4.4.4. Calcium and Magnesium Dosing

Dosing facilities for calcium and magnesium are located downstream of the Export Tank just prior to
the TWTF discharge point into the Condamine River. This is the last and final step of water conditioning
before discharge and will be fully commissioned once the water discharge commences.
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5.Source Water and Permeate Characterisation
Sampling Program

5.1.

5.2.

5.3.

5.3.1.

Overview

The Talinga Development Project’s Source Water and Permeate Characterisation Sampling Program
(Sampling Program) covered extensive sampling at all operational wells, Pond A, Feed Pond and TWTF
Permeate. The sampling period for the Source Water covered 16 June 2010 to 23 July 2010 and
resulted in comprehensive data set being collected. The location of the sample/monitoring points is
shown in Figure 2 and Figure 3.

APLNG contracted Bureau Veritas to undertake the independent sampling, manage data collection and
interface with the Queensland Health Forensic and Science Services (QHFSS) laboratory. While all
samples collected were sent to QHFSS laboratory for analysis, duplicate samples for the TWTF
Permeate were also sent to LabMark in an effort to reduce turnaround timeframes.

Regulatory Requirement

Water quality monitoring is based on the conditions specified in the Talinga EA. Specifically, condition
D12 of the Talinga EA states:

“Prior to discharge and until such time as approval is gained from the Office of the Water Supply
Regulator to discharge, the holder of this authority must undertake a water quality monitoring
program (the program). The program must include:

(@ twice weekly monitoring of the feed pond(s) for the parameters stated in Schedule C -
Table 3, at varying locations to ensure an indicative characterisation of the feed water
(care should be taken to avoid sampling in close proximity to the Permeate discharge
location);

(b) twice weekly 10% rotational monitoring of all active wells for the parameters stated in
Schedule C - Table 3 (excluding those parameters identified in Schedule C -Table 3 as
disinfection by-products), expanding to include additional wells as they commence supply
of CSG water to the feed ponds;

(© Twice weekly monitoring of the final water quality for the parameters stated in Schedule
C - Table 3 at the location indicated in condition (C36);
(d) In addition to Schedule C - Table 3, the following analysis must be undertaken on the

samples collected under this condition:
a) an ICP-MS screen of the whole periodic table;
b) Screening for organics including:
a. PAHs including methylated and heteroatom analogues
b. Phenols, including chlorophenols and nitrophenols
c. Petroleum hydrocarbons and heteroatom analogues
c) Characterisation of radioisotopes
d) Microbiological characterisation
e) submission of the initial monitoring data from a), b), c¢) and d) to the Office of the Water
Supply Regulator to gain approval to discharge.

Sampling Methodology and Analysis

Methodology for Monitoring of Wells
Monitoring of 47 wells was undertaken during the Sampling Program.

The standard design of the Talinga CSG wells includes a sample collection point via a 2 inch valve
located just after the separator vessel. Samples were collected using a metal bucket with earthing
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connection so as to avoid any static build up. Half the sample was then transferred to a plastic bucket
that has a convenient spout. The contents of both buckets were swirled around to remove any
contamination or previous sample and then discarded. This procedure was repeated twice for a total
of three rinses. The operator then filled the bucket a fourth time and the entire contents were
transferred to a plastic bucket.

Sample bottles that have been lined up on the back of the operator’s utility vehicle were then filled in
turn by pouring the contents from the plastic bucket into each. Extra care was taken for the Radon
and Volatile sample bottles to ensure that they were filled with zero headspace.

Any preservatives required were added to the sample bottle prior to the sample being introduced.
Microbiological bottles and volatile sample bottles were placed in an insulated container with ice bricks
to preserve the sample integrity during transport and delivery to the laboratory.

Methodology for Monitoring of Ponds
Sampling of Talinga Pond A in addition to the TWTF Feed Pond was undertaken to:

e provide a clear understanding of how the TWTF Feed Pond acts as a buffer for source water
quality; and
e ensure data for the “worst case” Feed Water quality was obtained.

Monitoring of Talinga Pond A and the TWTF Feed Pond were undertaken on a weekly basis. Samples
were collected from the Ponds at a point which offered the most practical access with regard to safety,
accessibility and sampling depth.

Samples were taken using a one litre container on the end of a 1.5 metre pole. The sample container
was submerged in an inverted position to an appropriate depth (deep enough so as not to take too
much surface water but not so deep as to take sediment) at which point it was turned 180 degrees
back to an upright position to collect the sample. The sample was then brought to the surface and
transferred to a plastic bucket. To avoid sample contamination, the bucket was rinsed three times
before filling. Sample bottles were set up, filled and preserved as per the well procedure detailed in
the previous section.

Methodology for Monitoring of TWTF Permeate

Monitoring of TWTF Permeate occurred at the Export Tank close to the point from which the discharge
water will be drawn. Samples were taken from a continuously flowing line which also supplies the
TWTF’s export analysers.

Quality Assurance

QHFSS supplied four, 10L containers of trip blank water. Trip Blanks 1 and 2 were poured into sample
bottles the day before sampling. Trip Blanks 3 and 4 were taken into the field and left open during
sampling. Once sampling was complete, Trip Blanks 3 and 4 were transferred to sample bottles at the
sampling site.

Sample Bottles

Care was taken to ensure that sample bottles were appropriate for the nature of the sample being
collected, as well as the type of analysis to be performed. This was undertaken in consultation with
QHFSS. To ensure containers were clean and contaminant free, they were washed and maintained by
QHFSS accordingly.

Table 1 below summarises the details for Sample Bottles used during the Sample Program for the
various tests undertaken.

Ref: Q-4120-95-TP-0001 Revision 0
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Table 1 Sample Bottles for Water Monitoring
Size Type Wash Preservative Test
250mL HDPE Detergent - Anions
1L HDPE Detergent Sodium Hydroxide Cyanide
250mL HDPE Acid Nitric acid (HNO3) Total metals (not filtered)
200mL Amber glass Acid Nitric acid / Dichromate | Mercury
1L HDPE Detergent - Standard Waters
4x1L Amber glass Solvent - TPH, PAH, Phenols, EDCs
2 x 40mL Amber vial Detergent + RO Sodium Bisulphite VOC/BTEX/C6-C9
Water
5x250mL | PET Sterile 25mg Sodium Micro organisms
Thiosulphate
500mL HDPE Acid - Alpha & Beta activity
200mL Amber glass RO Water - Radon 222

Ref: Q-4120-95-TP-0001 Revision 0
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6.Source Water and TWTF Permeate Characterisation
Analysis and Discussion

6.1. Summary

The results of the Sample Program demonstrate the TWTF effectively treats Associated Water collected
from the Talinga CSG wells, to produce TWTF Permeate that meets the required Talinga EA Permeate
Limits. A summary of monitoring data collected to date is provided below for both Source Water and
TWTF Permeate for comparison.

Raw water samples taken from CSG wells and ponds showed particularly high levels of aluminium,
fluoride and iron. These chemical compounds were reduced to below the Talinga EA Permeate Limits.

A summary of the maximum concentrations for source water and TWTF Permeate is summarised in
Table 2 below.

Table 2 Summary of Maximum Concentrations Recorded for Source Water and TWTF Permeate

Compound / Talinga EA . Maximum Result Recorded (ug/L)
Element Pernlizt/eL)Umn Well Pond TWTF Permeate
Aluminium 200 8971 1467 <5
Barium 700 981 688 24
lodine 60 74 68 No result available
Iron 300 9885 1623 <100
Lead 10 19.3 1.4 <5
NDMA 0.01 Not tested Not Tested 0.013
TPH 200 (total) 930 86 Below detection
limit
Fluoride 1500 5300 5100 <0.5
Nickel 20 21.1 0.8 <0.5

It should be noted that N-Nitrosodimethylamine (NDMA) within the TWTF Permeate tested above the
Talinga EA Permeate Limit of 0.010 pg/L (10 ng/L) in two out of three samples analysed. NDMA is a by-
product of the chloramination process. NDMA levels will be monitored throughout the TWTF process.

Ref: Q-4120-95-TP-0001 Revision 0
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Forty seven wells were sampled within the Talinga gas field, resulting in a source water data set
consisting of over 9,000 results (Refer Attachment 1). A summary of the well sample results is shown in

Table 3 below.

Table 3 Well Water Characterisation Statistics

Chemical Compounds Mean Value % of Data below Detection
(ug/L) Limits
2,4,5-Trichlorophenol <0.3
2,4,6-Trichlorophenol <0.3
2-Chlorophenol <0.3
4-Methylphenol <0.3
4-Nitrophenol <0.26
4-Nonylphenol 0.2
Acenaphthene <0.01
Acenaphthylene <0.01
Aluminium 1159
Anthracene <0.01
Antimony 0.1
Arsenic 0.5
Barium 618
Benzene <1
Benzo(a)pyrene <0.01
Bisphenol A 18
Boron 427
Bromate <50 98%
Bromine 959
Cadmium 0.5
Chlorate <50
Chromium (as Cr(VI)) 1.1
Copper 9
Cyanide <10
Ethylbenzene <2
Fluoride 4140
lodine 55
Iron 1324
Lead 2.8
Manganese 211
Mercury <0.1
Molybdenum 0.3
Nickel 2.7
Nitrate 5000
Phenanthrene <0.01
Phenol <0.3
Pyrene <0.01
Radiological Compounds Refer to Attachment 3.

Ref: Q-4120-95-TP-0001 Revision 0
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Chemical Compounds Mean Value % of Data below Detection
(ug/L) Limits
Selenium 0.4
Silver 0.2
Strontium (Stable)(Total) 488
Sulphate <20 000
Thallium (Stable)(Total) <0.1
Titanium (Total) 23.8
Toluene <2
Total Petroleum Hydrocarbons (reported as separate
fractions)
TPH (C6-C9) <25

TPH (C10-C14) 83.4

TPH (C15-C28) 74.7

TPH (C28-C36) 94.3
Uranium 0.2
Vanadium 2.1
Xylene (Meta, Para, Ortho) <6
Zinc 0.8

Ref: Q-4120-95-TP-0001 Revision 0
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Feed Pond and Pond A Water Characterisation

Feed Pond and Pond A monitoring results are based on 8 samples taken during a two month period
between June and August 2010. Refer to Attachment 1 for the complete raw data set. A summary of
these results is shown in Table 4 below.

Table 4 Feed Pond and Pond A Characterisation Statistics

Chemical Compounds Mean Value % of Data below Detection
(ug/L) Limits

2,4,5-Trichlorophenol <0.25
2,4,6-Trichlorophenol <0.25
2-Chlorophenol <0.25
4-Methylphenol <0.25
4-Nitrophenol <0.25
4-Nonylphenol 98
Acenaphthene <0.01
Acenaphthylene <0.01
Aluminium 530
Anthracene <0.01
Antimony <0.1
Arsenic 0.5
Barium 553
Benzene <1.0
Benzo(a)pyrene <0.01
Bisphenol A 46
Boron 424
Bromate <50 100%
Bromine 889
Cadmium 0.1
Chlorate <500
Chromium (as Cr(VI)) 0.6
Copper 1.25
Cyanide <10
Ethylbenzene <2.0
Fluoride 4300
lodine 51.3
Iron 546
Lead 0.5
Manganese 8.5
Mercury <0.1
Molybdenum 0.4
Nickel 0.5
Nitrate <1000
Phenanthrene <0.01
Phenol <0.01
Pyrene <0.01
Radiological Compounds Refer Attachment 3.
Selenium 0.4
Silver <0.1

Ref: Q-4120-95-TP-0001 Revision 0
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Chemical Compounds Mean Value % of Data below Detection
(ug/L) Limits
Strontium (Stable)(Total) 463
Sulphate <20 000
Thallium (Stable)(Total) <0.1
Titanium (Total) 12.4
Toluene <2.0
Total Petroleum Hydrocarbons (reported as separate fractions)
TPH (C6-C9) <25

TPH (C10-C14) <10

TPH (C15-C28) 18

TPH (C28-C36) 30
Uranium <0.1
Vanadium 1.2
Xylene (Meta, Para, Ortho) <6.0
Zinc 8.6

Ref: Q-4120-95-TP-0001 Revision 0
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6.4. TWTF Permeate Characterisation

TWTF Permeate monitoring results are based on three TWTF Permeate samples taken in August 2010.
A summary of these results is shown in Table 5 below.

Table 5 TWTF Permeate Characterisation Statistics

Chemical Compound / Element Talinga EA Mean Value % of Data that % of Data
Permeate Limit (na/L) meets Talinga below
(ug/L) EA Permeate Detection
Limit Limits
1, 1 Dichloroethene 30 <5.0 100%
1, 2 Dichlorobenzene 1500 <5.0 100%
1, 2 Dichloroethane 3 <5.0 100% 100%
1, 2 Dichloroethene (Cis) 60 <5.0 100%
1, 4 Dichlorobenzene 40 <5.0 100%
2,4,5-Trichlorophenol 350 <2 100%
2,4,6-Trichlorophenol 20 <2 100%
2,4-Dichlorophenol 200 <2 100%
2-Chlorophenol 300 <2 100%
4-Methylphenol 600 <4 100%
Acenaphthene 20 <1.0 100%
Acenaphthylene 0.014 <1.0 100%
Aluminium 200 4.8 100%
Ammonia 500 <1000 100% 100%
Anthracene 150 <1.0 100%
Antimony 3 <0.1 100% 100%
Arsenic 7 <0.1 100%
Barium 700 21.4 100%
Benzene 1 <0.5 100%
Benzo(a)pyrene 0.01 <1.0 100% 100%
Boron 4000 206 100%
Bromate 20 <500 100% 100%
Bromide 7000 <500 100%
Bromochloromethane 40 <5 100%
Bromodichloromethane 6 <5 100%
Bromoform 100 <5 100%
Cadmium 2 <0.1 100%
Chlorine 5000 760 100%
Chlorobenzene 300 <5 100%
Chloroform (Trichloromethane) 200 <10 100%
Chromium (as Cr(VI)) 50 <5 100%
Copper 2000 0.1 100%
Cyanide 80 <10 100%

Ref: Q-4120-95-TP-0001 Revision 0
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Chemical Compound / Element Talinga EA Mean Value % of Data that % of Data
Permeate Limit (ug/L) meets Talinga below
(ng/L) EA Permeate Detection
Limit Limits
Dibromochloromethane 100 <5 100%
Ethylbenzene 300 <1.0 100%
Fluoride 1500 <500 100%
lodide 100 <500 100% 100%
Iron 300 6 100%
Lead 10 <0.1 100%
Manganese 500 <5 100%
Mercury 1 <0.1 100%
Molybdenum 50 <5 100%
Nickel 20 0.03 100%
Nitrate 50000 <100 100%
Nitrite 3000 <200 100%
N-Nitrosodiethylamine (NDEA) 0.01 <0.015 100% 100%
N-Nitrosodimethylamine (NDMA) 0.01 0.008 50%
Phenanthrene 150 <1.0 100%
Phenol 150 <2 100%
Pyrene 150 <1.0 100%
Selenium 10 0.1 100%
Silver 100 <0.1 100%
Strontium (Stable)(Total) 4000 19 100%
Sulphate 500 000 500 100%
Detection
Thallium (Stable)(Total) limit <0.1 100%
Detection
Titanium (Total) limit 0.2 100%
Toluene 800 <1 100%
Total Petroleum Hydrocarbons
(reported as separate fractions) (Total) 200
TPH (C6-C9) <20 100%
TPH (C10-C14) <50 100%
TPH (C15-C28) <100 100%
TPH (C28-C36) <100 100%
Uranium 20 <0.1 100%
Vanadium 50 <0.1 100%
Xylene (Meta, Para, Ortho) 600 <3 100%
Zinc 3000 0.5 100%

Ref: Q-4120-95-TP-0001 Revision 0

Australia Pacific LNG ABN 68 001 646 331 e Level 3, 135 Coronation Drive Milton QLD 4064

GPO Box 148, Brisbane QLD 4001 e Telephone 07 3858 0600 e Facsimile 07 3369 7840 e originenergy.com.au

Page 22 of 36



6.5.

/"\\

(S
origin

Talinga Development Source Water and Permeate Characterisation Report

Data Gaps

A summary of gaps in monitoring data for Source Water and TWTF Permeate is summarised in Table 6
below followed by a detailed description of each gap in the following discussions.

Table 6 Summary of Source Water and TWTF Permeate Data Gaps

Chemical Compound Talinga EA Data Gaps Description
Permeate
L () Well Pond Permeate
Not Recorded | Not Data pending Sampled but not
Acrylamide (2-propenamide) 0.2 Recorded analysed.
Not Recorded | Not <1000 Sampled but not
Ammonia 500 Recorded analysed.
Not Recorded | Not <500 Sampled but not
Bromide 7000 Recorded analysed.
Not Recorded | Not 760 Sampled but not
Chlorine 5000 Recorded analysed.
Not Recorded | Not Not recorded Outside the original scope
Recorded of parameters to be
Hydrazine 0.01 tested.
Not Recorded | Not <500 Sampled but not
lodide 100 Recorded analysed.
Not Recorded | Not <200 Sampled but not
Nitrite 3000 Recorded analysed.

Radiological Compounds

0.5 mSvl/year
for the total
radionuclide
exposure

Not Recorded | Not
Recorded

Not Recorded

Sampled but not
analysed. Refer to
NORMS Survey provided
as Attachment 3.

Microbiological Data

Not Applicable

Refer to Attachment 1 for raw
data. No colonies detected in
samples analysed.

No colonies
detected in all
samples.

Limited data available for
Source Water. Not all
samples were analysed
by QHFSS given limited
capability to process large
volume of samples.

Metals

Not Applicable

Polonium, Francium, Radium, Actinium and

Protactinium

Not analysed by QHFSS.

6.5.1.

6.5.2.

The missing data identified in Table 6 include:

Acrylamide (2-propenamide)

Samples were taken and this test was included on the original testing request. However, analysis was
not able to be performed by QHFSS. The presence of Acrylamide is not expected as the TWTF uses NSF
approved treatment chemicals.

Ammonia

Samples were taken and despite being included on the original testing request, the test for ammonia
was not performed. Results are now available on TWTF Permeate and all subsequent samples collected
after August 16th 2010. All results for the TWTF to date have been recorded as below the limit of

detection.

The TWTF utilises an industry standard monochloramine and ammonia analyser (HACH APA6000) which

determines total and free ammonia via a modified phenate method.

Ref: Q-4120-95-TP-0001 Revision 0
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Bromide

Samples were taken and despite this test being included on the original testing request, it was not
performed. Results are now available on TWTF Permeate and all subsequent samples collected after
August 16th 2010. All TWTF Permeate results have been recorded as below the limit of detection.

Chlorine

Sampled were taken and despite this test being included on the original testing request, it was not
performed. Results are now available on TWTF Permeate and all subsequent samples collected after
August 16th 2010. All TWTF Permeate results to date have been less than the Talinga EA Permeate
Limit.

Total chlorine is currently measured online by Amperometric and the DPD colourimetric method with
the HACH CL17 online instrumentation.

Hydrazine

The Talinga EA Permeate Limit for hydrazine is below detection limits. As hydrazine readily reacts with
oxygen, accurate testing must be conducted on site.

APLNG has a spectrophotometer on site and is in the process of procuring the reagents to perform the
hydrazine analysis. Modelling work has also been done by I. Najm, 2006, American Water Works
Association demonstrating the possible formation of hydrazine during the production of
monochloramine. The report concludes that at a free ammonia level below 0.2 mg/L, the hydrazine
concentration drops below detection levels. APLNG intends to operate its monochloramination system
with a free ammonia level below 0.2 mg/L.

lodide
lodide was sampled but not analysed by QHFSS. This test was included on the original testing request
but not performed.

Nitrite
Nitrite was sampled but not analysed by QHFSS. This test was included on the original testing request
but not performed.

Radiological

Alpha and beta emitters were sampled but QHFSS could not complete analysis for raw feed water due
to the interference from the total dissolved solids. APLNG engaged Australian Radiation Services in
February 2010 to conduct a comprehensive NORMS survey throughout its operating assets. The NORMS
survey found below background radiation levels in Associated Water at Talinga, Spring Gully and
Condabri gas fields.

Microbiological

Microbiological characterisation is largely unknown due to the anaerobic nature of the coal seam and
pertinent applicable testing for the bacteria in the coal seam has not been developed. Attached is a
paper in Attachment 2 that highlights work done on microbiological activity in the coal seam.

Elements by ICP-MS

Metals Polonium, Francium, Radium, Actinium and Protactinium were not screened by QHFSS.

Ref: Q-4120-95-TP-0001 Revision 0

Australia Pacific LNG ABN 68 001 646 331 e Level 3, 135 Coronation Drive Milton QLD 4064
GPO Box 148, Brisbane QLD 4001 e Telephone 07 3858 0600 e Facsimile 07 3369 7840 e originenergy.com.au

Page 24 of 36



Talinga Development Source Water and Permeate Characterisation Report /‘\\

(.
origin
6.6. Key Data Discussion

A summary of elevated levels for analytes is presented in Table 7 below. This summary clearly shows:

e The ponds are effective at buffering and averaging elevated levels of compounds/elements recorded
for individual wells;

e Elevated levels of compounds/elements within source water primarily consist of heavy metals, with no
man made compounds recorded. This is expected as source water is a haturally occurring resource,
with little possibility of contamination.

e The TWTF is an effective barrier in treating source water to meet Talinga EA Permeate Limits.

Ref: Q-4120-95-TP-0001 Revision 0
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Table 7 Summary of Key Data

Chemical Wells Feed Pond and Pond A TWTF Permeate
Compounds Talinga EA
Permeate Limit|Mean Value| % of Data | Mean Value | % of Data | Mean Value | % of Data % of Data
(Hg/L) (ng/L) below (ng/L) below (ug/L) that meets below
Detection Detection Talinga EA Detection
Limits Limits Permeate Limits
Limit
Aluminium 200 1159 530 4.8 100%
Barium 700 618 553 21.4 100%
Bromate 20 <50 98% <50 100% <500 100%
Fluoride 1500 4140 4300 <500 100%
lodine 60 55 51.3 15.1 100%
Iron 300 1324 546 6.0 100%
N- 0.01 Not tested Not tested 0.008 50%
Nitrosodimethylamine
(NDMA)
Lead 10 2.8 0.5 <0.1 100%
Nickel 20 2.7 0.5 0.03 100%
Total Petroleum (Total) 200
Hydrocarbons
(reported as separate
fractions)
TPH (C6-C9) <25 <25 <20 100%
TPH (C10-C14) 83.4 <10 <50 100%
TPH (C15-C28) 74.7 18 <100 100%
TPH (C28-C36) 94.3 30 <100 100%

Ref: Q-4120-95-TP-0001 Revision 0
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6.6.1. Well Data Discussion

A discussion of the key parameters is provided in the following sections.

6.1.6.1. Aluminium

The wells in the Talinga gas field produce a noticeable amount of solids which contributes to the high
Aluminium content. Aluminium is expected to drop out of suspension with pond retention time and be
fully removed by the MF unit and RO unit.

6.2.6.1. Barium

The wells produce a background of barium which is expected to level out in the ponds and be fully
mitigated by the RO barrier as shown in the Permeate data.

6.3.6.1. Bromate

Only one sample result was recorded above the Talinga EA Permeate Limit, being Well 35 with a result
of 50ug/L. However, it should be noted that the Talinga EA Permeate Limit for Bromate is below the
detection limit. APLNG believes that this exceedance is a false positive result, particularly given that
ozonation is not used upstream or in the TWTF process and therefore there is no possibility of Bromate
compounds existing in the TWTF Permeate.

6.4.6.1. Fluoride

The wells produce a background of fluoride which is expected to level out in the ponds and be fully
mitigated by the RO barrier as shown in the TWTF Permeate data.

6.5.6.1. lodine

The wells produce a sporadic background of iodine which is expected to level out in the ponds and be
fully mitigated by the RO barrier as shown in the TWTF Permeate data.

6.6.6.1. Iron

High iron levels in CSG water at the wells is likely due to the noticeable amount of solids produced by
the Talinga wells. The iron is expected to drop out of suspension with pond retention time and be fully
removed by the MF system and RO barrier.

6.7.6.1. Lead

The wells produce a sporadic background of Lead which is expected to level out in the ponds and be
fully mitigated by the RO barrier as shown in the TWTF Permeate data.

6.8.6.1. Nickel

Of the 47 wells sampled, well 27 exceeded the Talinga EA Permeate Limit for Nickel. However, the
mean data for CSG well water was recorded as 2.7ug/L, which is below the Talinga EA Permeate Limit
of 20ug/L. Given no exceedance of Nickel was noted in the pond or TWTF Permeate, APLNG believes
that the TWTF process is capable of removing this metal.

6.6.2. Feed Water and Pond A Data Discussion

Key parameters from Feed Water and Pond A data is discussed in the following sections.

Ref: Q-4120-95-TP-0001 Revision 0

Australia Pacific LNG ABN 68 001 646 331 e Level 3, 135 Coronation Drive Milton QLD 4064
GPO Box 148, Brisbane QLD 4001 e Telephone 07 3858 0600 o Facsimile 07 3369 7840 e originenergy.com.au

Page 27 of 36



Talinga Development Source Water and Permeate Characterisation Report ’/‘\\

(.
origin

6.1.6.2. Aluminium

Aluminium levels in pond samples tested were generally below levels measured directly from CSG wells
at Talinga. This would tend to demonstrate effective settling of solids in the Ponds. Any remaining
aluminium is expected to be fully removed by the MF unit and RO barrier.

6.2.6.2. Fluoride

Fluoride levels in the ponds were also generally below the levels measured at the wells. Further
treatment in the Talinga TWTF ensures fluoride levels are fully mitigated by the RO unit. Effective
removal of fluoride by the TWTF is shown in the resulting RO Permeate data.

6.3.6.2. lodine

The sporadic levels of iodine observed at the wells are shown to level out in the ponds. Residual levels
of iodine are expected to be fully mitigated by the RO unit.

6.4.6.2. lron

Any residual iron in the ponds will be fully removed by the MF unit and RO unit. This can be confirmed
by referring to the monitoring results of the TWTF Permeate.

6.6.3. TWTF Permeate Data Discussion

6.1.6.3. Nitrosodimethylamine (NDMA)

Permeate samples analysed tested triggered the reportable specification of 0.001 ug/L (10 ng/L) for N-
Nitrosodimethylamine (NDMA). NDMA is a by-product of the chloramination process. The World Health
Organisation (WHO) drinking water guideline for NDMA is 0.1 pg/L (100 ng/L).

Chloramination is used to treat the Feed Water with a monochloramine disinfectant. At the Talinga
TWTF, chloramination is used to prevent fouling of the RO membranes. Chloramination also reduces
the overall levels of regulated contaminants compared to chlorine. Both chlorine and small amounts of
ammonia are added to the water one at a time which react together to form monochloramine (also
called combined chlorine), a long lasting disinfectant. Chloramination provides effective residual
disinfection with minimal risk to public health. Chloramine reacts with other compounds in the water
to form what are called “disinfection by-products” such as NDMA.

The most common method for NDMA removal is by UV irradiation therefore NDMA is expected to rapidly
degrade in the environment with a reported half life of less than 24 hours.

Further, background samples of the receiving water were taken at the Chinchilla and Condamine Weirs.
NDMA concentrations at these locations were found to be 0.011 pg/L and 0.012 pg/L (or 11 and 12ng/L)
respectively. Mean NDMA concentration for the TWTF Permeate is 0.008 pg/L (8 ng/L) which is below
the Talinga EA Permeate Limit.

7.Conclusion

This Report clearly demonstrates the ability of the TWTF to effectively treat Source Water to comply
with the Talinga EA and pose no additional public health risk to the water supplies downstream of the
discharge.

Use of monochloramine produces a disinfection by-product called NDMA. The levels of NDMA recorded a
mean result of 0.008 pg/L (8 ng/L) which is below the Talinga EA Permeate Limit.

There is currently no guideline value for NDMA in the Australian Drinking Water Guidelines (ADWG), but
a Talinga EA Permeate Limit of 0.010 pg/L (10 ng/L). The low level of NDMA in TWTF Permeate is
expected to rapidly degrade in the environment by UV irradiation.
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8.Recommendations

Following on from the data analysis, it is recommended that the on-going requirements for
demonstrating compliance with the Talinga EA be refined to provide assurance of safe and compliant
operations while focusing on meaningful data collection and analysis.

(S
origin

Suggested improvements to the current sampling program would involve exclusion of those chemical
compounds and elements that:

are not likely to be introduced by the TWTF process;
have been shown to be below detection limits;
require specialised testing not widely offered by commercial laboratories; and / or
other constraints preventing safe, efficient and accurate monitoring.

Based on the sampling and analysis conducted in relation to the Talinga Source Water and TWTF
Permeate, recommendations are given for each chemical / compound / element analysed.
Recommendations are summarised in Table 8 below.

Table 8 Recommendations

Chemical Compounds Talinga EA Recommendation Detection limit Justification
Permeate Limit comments
(Hg/L)
1, 1 Dichloroethene 30 Remove D'S.SOIVed ethane extremely
unlikely
1, 2 Dichlorobenzene 1500 Remove Benzene precursor less than
lpg/L
1, 2 Dichloroethane 3 Remove D'S.SOIVed ethane extremely
unlikely
1, 2 Dichloroethene (Trans Dissolved ethene extremely
. 60 Remove -
and Cis) unlikely
1, 4 Dichlorobenzene 40 Remove Benzene precursor less than
lpg/L
2, 2 Dichloropropionic Acid Not able to be analysed by
(DPA) 500 Remove QHFSS
) Phenol precursor less than
2,4,5-Trichlorophenol 350 Remove 0.25 pg/L
) Phenol precursor less than
2,4,6-Trichlorophenol 20 Remove 0.25 g/l
. Phenol precursor less than
2,4-Dichlorophenol 200 Remove 0.25 pg/L
Phenol precursor less than
2-Chlorophenol 300 Remove 0.25 g/l
Not able to be analysed by
4-Chlorophenol 10 Remove QHESS
Phenol precursor less than
4-Methylphenol 600 Remove 0.25 g/l
. Phenol precursor less than
4-Nitrophenol 30 Remove 0.25 pglL
Phenol precursor less than
4-Nonylphenol 500 Remove 0.25 g/l
Acenaphthene 20 Keep
Acenaphthylene 0.014 Clarification Detection limit at Talinga EA Permeate Limit

1pg/L

below detection limit.
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Chemical Compounds Talinga EA Recommendation Detection limit Justification
Permeate Limit comments
(Hg/L)
Acrylamide (2- 0.2 Remove Not Performed by QHFSS
propenamide)
Aluminium 200 Keep
. I Detection limit at Talinga EA Permeate Limit
Ammonia 500 Clarification 1000pg/L below detection limit.
Anthracene 150 Keep
Antimony 3 Keep
Arsenic 7 Keep
Barium 700 Keep
Benzene 1 Keep
Benzo(a)pyrene 0.01 Keep
Bisphenol A 200 Keep
Boron 4000 Keep
I Detection limit at Talinga EA Permeate Limit
Bromate 20 Clarification 50pg/L below detection limit.
Bromide 7000 Keep
Bromine 7000 Keep
Bromochloroacetic acid 0.014 Clarification Detection limit at Talinga EA Permeate Limit
5ug/L below detection limit.

o Not able to be analysed by
Bromochloroacetonitrile 0.7 Remove QHFSS
Bromochloromethane 40 Keep
Bromodichloromethane 6 Keep
Bromoform 100 Keep
Cadmium 2 Keep
Chlorate 800 Remove N_Io_nochlprammaﬂon used as

disinfection
Chlorine 5000 Keep
Chlorine dioxide 1000 Remove l\/_lo_nochl_oramlnatlon used as
disinfection
Chlorite 300 Remove (l;/_lo_nochl_oramlnatlon used as
isinfection
Chloroacetic acid (Mono) 150 Keep
Chlorobenzene 300 Keep
Chloroform
(Trichloromethane) 200 Keep
Chromium (as Cr(VI)) 50 Keep
Copper 2000 Keep
. I Detection limit at Talinga EA Permeate Limit
Cyanide 80 Clarification 100ug/L below detection limit.
Dibromoacetic acid 0.014 Clarification Detection limit at Talinga EA Permeate Limit
1ug/L below detection limit.
Dibromochloromethane 100 Keep
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Chemical Compounds Talinga EA Recommendation Detection limit Justification
Permeate Limit comments
(Hg/L)
Dichloroacetic acid 100 Keep
Dichloroacetonitrile 2 Remove (N;:;Sblse to be analysed by
Ethylbenzene 300 Keep
Fluoride 1500 Keep
Hydrazine 0.01 Remove tl-é)écti:%iine unstable, difficult to
lodide 100 Keep
lodine 60 Keep
Iron 300 Keep
Lead 10 Keep
Manganese 500 Keep
Mercury 1 Keep
Molybdenum 50 Keep
Monochloramine 3000 Keep Handled on site g:zesent atapprox. 1Img/L. as
Nickel 20 Keep
Nitrate 50000 Keep
Nitrite 3000 Keep
(I\I’\]glér;\))sodlethylamme 0.01 Keep
(N'\—Iglthxodlmethylamme 0.01 Keep
Phenanthrene 150 Keep
Phenol 150 Remove ggﬁ?&l I\(levsas;é}:.an 0.25ug/L in
Pyrene 150 Keep
Pending approval from OWSR
Radiological Compounds 0.5 mSvl/year Clarification :)hrit/itcri]: d'\li(sjsci'vleiusaut:ev.e()ll?efer
Attachment 3).
Selenium 10 Keep
Silver 100 Keep
Strontium (Stable)(Total) 4000 Keep
Sulphate 500 000 Keep
Thallium (Stable)(Total) Detection limit Keep
Titanium (Total) Detection limit Keep
Toluene 800 Keep
Total Petroleum
Hydrocarbons (reported as (Total) 200 Remove Below detection limit at ponds.
separate fractions)
TPH (C6-C9) Remove Below detection limit at ponds.
TPH (C10-C14) Remove Below detection limit at ponds.
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Chemical Compounds Talinga EA Recommendation Detection limit Justification
Permeate Limit comments
(Hg/L)
TPH (C15-C28) Remove Below detection limit at ponds.
TPH (C28-C36) Remove Below detection limit at ponds.
Trichloroacetic acid 100 Keep
Uranium 20 Keep Covered by radiological
compounds.
Vanadium 50 Keep
Xylene (Meta, Para, Ortho) | 600 Keep
Zinc 3000 Keep
Inclusions

Source water only

Dimethylamine (DMA) (Feed Pond)
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Attachment 1 -Talinga Water Treatment Facility Water Characterisation Data Set (Q-4120-95-TR-002)
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Attachment 2 - Microbiology Report (Li, Hendry and Faiz, 2008)
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ARTICLE INFO ABSTRACT
Article history: Isotopic data indicate that coalbed methane (CBM) in many Australian reservoirs comprise secondary
Received 31 October 2007 biogenic gas, however, little is known of the microbes active in these reservoirs. Therefore, for the first time
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in Australia, a preliminary culture-independent survey of the prokaryotic microbial composition of some of
these reservoirs was undertaken to provide a basis for an understanding of the origin of the observed
biogenic gas. Four water and three coal samples from the east coast of Australia were examined for their
prokaryotic diversity by 16S rDNA analysis. DNA was extracted from the samples and amplified using

Ic(?:llgirjsrﬁethane bacterial- and archaeal-selective primers, and the resulting amplicons were cloned and sequenced. DNA
Biogenic gas amplicons derived from Gram-negative bacteria predominated; relatively few archaeal and Gram-positive
Prokaryotes bacterial sequences were amplified from the original samples. By-and-large coal samples yielded almost
Sydney Basin exclusively archaeal and o-proteobacterial amplicons, whereas the water samples contained amplicons
Port Phillip Basin derived from the remaining proteobacteria (3-&) and bacteroidetes. Amplicons from three genera of archaea

Surat Basins were observed, none of which were genuine methanogens, although the dominant genus, Archaeoglobus, is

reported to have some weak methanogenic activity. Further integrated studies of microbiology,
hydrochemistry, gas geochemistry and geology of CBM reservoirs are continuing in order to better
understand the parameters for methane production in eastern Australian basins.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction 1.2. Origin of gas in Australian coals and implications for CBM
exploration
1.1. Coalbed methane in Australia
The main gases encountered in Australian coal seams comprise
Australia is the second largest coalbed methane (CBM) producer in CH4, C5Hg, CO,, and Ns. These gases are derived from multiple sources
the world behind the U.S.A. with ~70 Petajoules (P]) produced in 2006. (Faiz et al., 2003), including:
The current commercial CBM production in Australia is confined to
coal seams of the Bowen, Surat and Sydney Basins along the eastern
seaboard of Australia (Fig. 1). The total number of proved and probable
CBM reserves identified in prospective areas of these basins is over
6000 PJ (A. Parker, Personal communication, 2007). Over 90% of the
current CBM production comes from Queensland and ~45% of
Queensland's natural gas consumption is derived from this source.

1. gas formed as a by-product of coalification due to both microbial
activity and thermal alteration of coal,

2. secondary microbial gas formed due to the alteration of coal after
basin uplift,

3. gases derived from inorganic sources such as igneous intrusions
and thermal decomposition of carbonates.

Extensive exploration and testing of potential reservoirs is also being Understanding the origin of these gases is critical for success-
conducted in other Permian bituminous coals of Clarence-Moreton, fully identifying CBM production ‘sweet spots’. The Bowen, Sydney,
Gloucester, and Gunnedah Basins; and in the Tertiary brown coals of and Surat Basins are the most active CBM-producing basins in
Port Phillip Basin along the eastern coast of Australia. Australia and contain a mixture of both thermogenic and

secondary biogenic gases (Fig. 2). Molecular and stable isotope

composition data for CH4 and CO, in these basins indicate that

shallow coals (generally <650 m) contain considerable secondary

biogenic gas, which has formed since basin uplift after the Late

* Corresponding author. Tel.: +61 2 9490 5099: fax: +61 2 9490 5010. Cretaceous and is associated with meteoric water flow (Faiz and
E-mail address: phil.hendry@csiro.au (P. Hendry). Hendry, 2006).

0166-5162/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.coal.2008.04.007
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Fig. 1. Map of eastern Australia showing sample locations.

The main pathways of biogenic methane generation in coal are the
carbon dioxide (CO,-reduction) and acetate-dependent (acetoclastic-
reaction) methanogenesis implemented by archaea (Games and
Hayes, 1978; Jenden and Kaplan, 1986). Methanogenic archaea,
however, utilize relatively few small organic molecules and rely on
other organisms to break down the coal to simple substrates. These
organisms are generally bacteria that breakdown the coal by
fermentation. Thus, successful conversion of coal to methane relies
on the presence of both methanogenic archaea and fermentative
bacteria.

Carbon and deuterium isotope data for CH4 and CO, indicate that
the main mechanism of secondary biogenic methane generation, in all
Australian coals, is CO, reduction (Fig. 2). ‘Sweet spots’ for CBM
production in the Sydney and Surat Basins are confined to relatively
permeable coal seams where microbial activity has increased CHy
content and saturation levels relative to adsorption isotherms (Faiz
and Hendry, 2006).

1.3. Aim of study

Geochemical and isotopic analyses have provided indirect evi-
dence that widespread secondary biogenic gas generation occurs in

Australian CBM reservoirs (Faiz and Hendry, 2006). However, it is
uncertain if biogenic gas generation is currently occurring in these
reservoirs. Furthermore, to date, microorganisms contributing to this
process have not been recorded from any deep coal seams in Australia.
This study presents data from preliminary experiments conducted in
Australian CBM reservoirs. The aim was to amplify prokaryotic
Deoxyribonucleic acid (DNA) from coal seams and associated forma-
tion water samples from three coalfields, and from that information
make inferences about the likely composition of the bacterial and
archaeal populations present with a view to better understand the
processes of biogenic gas generation in the subsurface.

2. Samples and methods
2.1. Sampling

Coal and formation water samples were obtained from three
coalfields in eastern Australia. The samples included bituminous coal
from CBM exploration boreholes in the Sydney Basin, formation water
samples from the Sydney and Surat Basins, and a brown coal sample
from the Port Phillip Basin where CBM testing is currently ongoing
(Tables 1 and 2). The boreholes were drilled using standard water
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Fig. 2. Plot of 6'3C and 6D isotopes for CBM from the Sydney, Bowen and Powder River
Basins. Compositional fields based on Whiticar et al. (1986). Sydney and Bowen Basin
data from Smith et al. (1985) and Faiz et al. (2003); Surat Basin data from Boreham et al.
(2004); Powder River Basin data from Rice (1993); Gorody (1999). VPDB — relative to
Vienna Pee Dee Belemnite Standard VSMOW — relative to Vienna Standard Mean Ocean
Water.

based drilling fluid and core samples were collected at the drill site in
gas-tight steel canisters. The ends of the canister were fitted with gas-
tight valves which enable flushing of the canister with inert gas to
maintain the coal sample under anaerobic conditions. The brown coal
sample from the Port Phillip Basin was retrieved from a deep
unexposed part of an open-cut coal mine and was immediately sealed
in a plastic bag. In order to minimize contamination sub-samples of
coal were taken from the centre of each core for microbiological
analyses. The water samples were collected in clean, sterile glass
bottles.

2.2. Coal petrology

Vitrinite reflectance and maceral analyses were performed on the
samples to characterise rank and organic matter composition of the
coals as the microbial ecology of coal seams are expected to be related
to these properties.

Vitrinite reflectance analyses were performed using a Zeiss
microscope with a 40x oil-immersion objective and an interference
filter having a passband peak of 546 nm; the measurements were
carried out in accordance with AS2456.3 (Standards Association of
Australia, 2000). Using plane-polarised light, the maximum reflec-
tances of 50 vitrinite particles were measured on each sample and the
average reported as ‘mean maximum vitrinite reflectance’ (R,).

Maceral analyses of the samples were made in accordance with AS
2865.2 (Standards Association of Australia, 1998). The minimum
number of points counted was 500 and the amounts of organic and
mineral components determined from point-counting are given as
volume percent (%).

Table 1
Location, depth and petrology for the coal samples

Sample Basin Depth Ro% Maceral composition
no. (m)

Vit/hum* % In % Lip % M %
CSR5 Port Phillip 20 0.23 81.7* 13 0.6 16.4
CSR 6 Sydney 494.3 1.28 88.7 6.8 <01 45
CSR7 Sydney 497.3 1.29 96.2 1.8 <0.1 2.0

R, — mean maximum reflectance of vitrinite; Vit — vitrinite; hum — huminite;
In — inertinite; Lip — liptinite; M — minerals.
*Huminite in CSR5; vitrinite in CSR6 and CSR7.

Table 2
Origin and properties of sample sites

Sample Type Basin/location Depth Approximate pH Approximate
ID (m) reservoir Ro% for coal
temp °C seam
CSR1 Formation Surat Basin/Talinga 325 25 na 04
water seam
CSR2 Formation Sydney Basin/ 638 35 8.0 12
water EM18, Bulli seam
CSR3 Formation Sydney Basin/WG3, 543 32 79 12
water Bulli seam
CSR4 Formation Sydney Basin/RP10, 581 33 8 12
water Bulli seam
CSR5 Coal Port Phillip Basin/ 20 20 na 02
Bacchus Marsh
CSR6 Coal Sydney Basin/West 495 30 na 13
Cliff 61, Bulli seam
CSR7 Coal Sydney Basin/West 493 30 na 13

Cliff 58, Bulli seam

na: not available.

2.3. Culture

One formation water sample from the Surat Basin (CSR1) and three
from the Sydney Basin (CSR2, CSR3, and CSR4) were collected. The
formation water samples were cultured in anaerobic conditions in
minimal salts plus yeast media (MSY). MSY medium was prepared as
NH4CI 0.1 g, K;HPO4-3H,0 0.4 g, MgCl,-6H,0 0.1 g, yeast extract 1 g,
and trace element solution SL-10 1.0 ml (www.dsmz.de/media),
combined in 1 I deionised water. The medium was autoclaved and
transferred into an anaerobic chamber (Coy, Michigan, USA) with an
atmosphere of N, and up to 2% H,, and cooled to about 50 °C,
whereupon resazurin (1 ml of 0.1% stock) and cysteine hydrochloride
(1 ml of 20 mM stock) were added and the solution was left to
equilibrate for several hours. The formation water samples were
opened inside the anaerobic chamber, and 10 ml of each sample was
mixed with 90 ml of MSY medium in a 250 ml screw-top flask with
silicone stopper lids. Duplicate cultures were incubated at 37 °C with
gentle shaking.

2.4. DNA extraction

One millilitre of each the formation water samples (CSR1-4) were
centrifuged at 16000 xg for 10 min to pellet the bacteria and archaea,
washed with water, recentrifuged, and the final pellets were
resuspended in to 100 pl of water and frozen at -20 °C. Subsequently,
2 ul of thawed suspension was used as template for polymerase chain
reaction (PCR) studies, assuming that freeze/thaw and subsequent
heating step in the PCR would lyse the cells and liberate the DNA.
Supernatant from the cultured samples was transferred directly from
the culture vessels into the PCR to provide template DNA. DNA was
extracted from coal samples using a bead-beating method slightly
modified from (Yeates et al., 1998). About 5 g of coal (gouged with a
sterile implement from the interior of the core samples or lumps) was
mixed with 10 ml of extraction buffer (100 mM Tris HCI, pH 8.0,
100 mM EDTA, pH 8.0, and 1.5 M NaCl) and 2 g of 0.1 mm zirconia
beads (Daintree Scientific, Australia) in a 25 ml stainless steel grinding
jar containing a 15 mm stainless steel grinding ball. The samples were
milled for 1 min at 25 Hz in the Mixer Mill MM300 (Retsch, Germany).
The ground coal was removed from the grinding jar and sodium
dodecyl substrate was added to a final concentration of 2% and the
suspension was incubated at 65 °C for 1 h. The suspended coal was
pelleted by centrifugation at 4500 xg and the nucleic acid in the
supernatant precipitated by the addition of 0.8 M PEG-8000; the
pellet was redissolved in TE buffer (10 mM trishydroxymethylamino-
methane, 1.0 mM ethylenediaminetetraacetic acid, pH 8.0) and the
protein and polysaccharides were precipitated by addition of
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potassium acetate to a final concentration of 0.5 M. The DNA
remaining in the supernatant was cleaned up by phenol/chloroform/
isoamyl alcohol extraction and precipitated with isopropanol as
described by Sambrook et al. (1989). The DNA concentration was
measured with a Nano-Drop ND-1000 spectrophotometer (Wilming-
ton, Delaware, U.S.A.) and between 20 and 30 ng of DNA was used as
template for each PCR reaction. All reagents employed in the DNA
extracted were confirmed to be free of amplifiable DNA under the
conditions used.

2.5. PCR, cloning and DNA sequencing

To amplify bacterial DNA, bacterial universal primers, 165-U1
CCAGCAGCCGCGGTAATACG and 16S-U2 ATCGGCTACCTTGTTAC-
GACTTC (Lu et al, 2000), were used. The primers extend from
positions 512 and 1511 in the E. coli 16S rDNA gene. The amplification
program consisted of 30 cycles of 95 °C for 30 s, 55 °C for 30's, 72 °C for
45 s, and a final 7 min extension at 72 °C.

To amplify archaeal DNA, the archaea-specific degenerate primers
A751F (CCGACGGTGAGRGRYGAA) and UA1406R (ACGGGCGGTGW-
GTRCAA) (Baker et al., 2003) were used. The amplification program
consisted of 30 cycles of 95 °C for 30's, 52 °C for 30s, 72 °C for 30 s, and a
final 7 min extension at 72 °C.

In these PCR reactions, GoGreen PCR master Mix (Promega) and
1 pl of 10 mM 16S-U1 and 16S-U2 (bacterial) or 2 pl of 10 mM A751F
and UA1406R (archaeal) degenerate primers were used in a 25 ul
reaction. Negative controls were included in all experiments by
replacing the DNA template with 2 pl of sterile water.

PCR products were analysed by 1% agarose gel electrophoresis and
the expected bands were gel-purified with Wizard SV gel clean-Up
system (Promega). The purified PCR products were cloned into pCR®4-
TOPO vector according to the manufacturer's instructions (Invitrogen,
Carlsbad, CA). Some 8-16 colonies from each amplification were
picked; their plasmid DNA was extracted with Wizard plasmid mini-
prep (Promega, Madison, WI) and cut with the restriction enzyme
EcoRI to check the insert size. The purified plasmid DNAs were
sequenced with M13 forward and reverse primers at the Australian
Genome Research Facility (AGRF), Queensland, Australia.

2.6. Sequence analysis

DNA sequences were edited to remove vector-derived sequences,
then used as queries to search for homologous sequences in GenBank
with the program BLASTn using the facilities of the Australian National
Genomic Information Service (www.angis.org.au). Nucleotide
sequences were aligned with Clustal W and phylogenetic trees were
created with MEGA 3.1 software using maximum parsimony; the
significance of the junctions was established using the bootstrap
method (1000 replicates; Kumar et al., 2004). All significant sequence
data has been deposited in Genbank under accession number-
sEU481632-EU481780

3. Results and discussion
3.1. Coal petrology

The sample, CSR5, from the Port Phillip Basin coal is a Tertiary soft
brown coal with a R, value of 0.23%. The Permian Sydney Basin coals,
CSR 6 and CSR 7, are medium volatile bituminous in rank with VR of
1.28 and 1.29%, respectively. The R, values for the coal seams from
where water samples were collected were ~0.4% for the Surat Basin to
~1.2% for the Sydney Basin (Table 1).

The Port Phillip Basin coal is primarily composed of huminite
including both humo-telinite and humodetrinite (Fig. 3 a). The main
inertinite macerals in the Port Phillip Basin coal are funginite
(scleorintie) and semifusinite. The Sydney Basin samples mainly

Fig. 3. (a) Photomicrograph showing Huminite (Hu), funginite (Sc), sporinite (Sp) in Port
Phillip Basin coal (BMC1); reflected white light, oil immersion; and field width is
0.25 mm. (b) Photomicrograph showing vitrinite (Vit), inertinite (In) and minerals (M)
in Sydney Basin coal (SBC1); reflected white light, oil immersion; and field width is
0.25 mm.

contain vitrinite with telovitrinite being the dominant component
(Fig. 3 b). The main intertinite macerals in the Sydney Basin coals are
semifusinite, fusinite, and macrinite. Liptinite in both Port Phillip and
Sydney Basin coals are <1% and it mainly comprised sporinite.

3.2. Microbiology

3.2.1. Analysis of the amplicons using the culture-independent method

Three coal samples from the Port Phillip and Sydney basins were
surveyed for prokaryotic microbial diversity using PCR, cloning, and
DNA sequencing. Four formation water samples from Sydney and
Surat basins were similarly analysed. Since this study was a
preliminary survey rather than an exhaustive analysis, a manageable
number of clones were sequenced from each source and, therefore, it
is clear that not all of the microbial diversity has been sampled from
each source. While it is understood that this methodology detects only
DNA and not living organisms, we have inferred from that, the
presence of contemporary functional prokaryotic communities since,
in these environments (moist, temperate, porous, and with available
nutrients) that free DNA would be rapidly recycled by any endemic
microflora.

Specific PCR products (amplicons) were obtained from the
formation water samples with bacterial universal primers but not
with archaeal specific primers. Eight clones from each sample were
sequenced. Their homologies to publicly available sequences
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Table 3
Summary of amplicons from water and coal samples
Sample/ PCR Clone Size % Accession Closest match Gram
basin primer ID bp Identity no. (16S rRNA)
set
CSR 1 Bacterial B1-1 991 99 EU481632 Hydrogenophaga N
Surat B1-3 991 99 EU481634 defluvii; A]585993
Basin B1-2 776 98 EU481633 Hydrogenophaga N
B1-4 991 98 EU481635 sp.; AY168755
B1-5 770 92 EU481636 Cytophaga sp.; N
B1-8 782 92 EU481639 AJ431254
B1-6 996 100 EU481637 Thauera sp.; N
B1-7 728 100 EU481638 AJ315678; AM231040
CSR2  Bacterial B2-3 572 97 EU481659 Beta N
Sydney proteobacterium;
Basin AY429717
B2-1 995 99 EU481657 Gamma N
B2-2 996 99 EU481658 Proteobacterium;
AY972868
B2-4 823 99 EU481660 Methylobacter sp.; N
B2-5 760 99 EU481661 AF016981
B2-6 916 99 EU481662 Pseudomonas sp.; N
B2-7 755 100 EU481663 DQ168644
CSR 3 Bacterial B3-1 991 100 EU481680 Azoarcus sp.; N
Sydney B3-2 994 99 EU481681 DQ851175
Basin B3-3 524 97 EU481682 Methylotenera N
mobila; DQ287786
B3-4 806 100 Nitrincola N
B3-5 770 95 EU481683 lacisaponensis;
EU481684 AY567473
B3-6 709 100 EU481685 Pseudomonas N
stutzeri; Y18006
B3-7 742 95 EU481686 Clostridiales sp.; P
AB218661
B3-8 773 95 EU481687 Fusibacter paucivorans; P
AF050099
CSR4  Bacterial B4-1 997 98 EU481704 Nitrincola N
Sydney B4-5 997 100 EU481708 lacisaponensis;
Basin B4-8 774 100 EU481711 AY567473
B4-2 808 100 EU481705 Pseudomonas N
B4-4 825 100 EU481707 stutzeri; Y18006
B4-3 994 99 EU481706 Marinobacter sp.; N
AB052100
B4-6 998 100 EU481709 Beta N
B4-7 998 100 EU481710 proteobacterium;
DQ664239
CSR 5 Bacterial B5-6 98 Methylocapsa N
Port B5-8 800 98 EU481747 acidiphila;
Phillip 996 EU481749 AJ278726
Basin B5-5 996 99 EU481746 Acidocella sp.; N
AF531477
B5-4 97 Labrys sp.; N
997 EU481745 DQ062742
B5-1 999 98 EU481742 Acidiphilium sp.; N
DQ168464
B5-3 992 100 EU481744 Thiomonas sp.; N
B5-7 991 99 EU481748 AJ8799984
B5-2 980 97 EU481743 Rhodobacter N
litoralis; AY563033
Archaeal A5-4 664 96 EU481729 Archaeoglobus
A5-8 664 96 EU481733 fulgidus; Y00275
A5-9 665 96 EU481734
A5-15 666 96 EU481740
A5-6 664 99 EU481731 Thermococcus
litoralis; AY099180
A5-7 657 99 EU481732 Acidocella sp.; N
A5-16 99 EU481741 DQ419950
A5-2 635 97 EU481727 Rhodobacter sp.; N
AF468358
A5-1 657 97 EU481726 Methylocapsa N
A5-5 657 97 EU481730 acidiphila;
A5-10 657 97 EU481735 AJ278726
A5-12 657 98 EU481737
A5-13 657 97 EU481738
A5-3 635 98 EU481728 Pseudorhodobacter N
A5-11 635 95 EU481736 incheonensis;
DQ001322
A5-14 658 100 EU481739 Cellulomonadaceae sp.; P

AB078852

Table 3 (continued)

Sample/ PCR Clone Size % Accession Closest match Gram
basin primer ID bp Identity no. (16S rRNA)
set
CSR 6 Bacterial B6-6 760 99 EU481765 Phyllobacterium N
Sydney B6-7 836 99 EU481766 myrsinacearum;
Basin B6-8 835 99 EU481767 AY785332
B6-1 746 99 EU481760 Geobacillus sp.; P
DQ642095
B6-2 710 98 EU481761 Marinobacter sp.; N
Y16735
B6-4 725 100 EU481763 Halomonas sp.; N
AY347310
B6-3 788 99 EU481762 Eschericia coli; N
783204
B6-5 798 98 EU481764 Afipia sp.; U87763 N
Archaeal A6-3 665 97 EU481752 Archaeoglobus
A6-9 665 96 EU481758 fulgidus; Y00275
A6-10 666 97 EU481759
A6-5 98 EU481754 Sulfophobococcus
A6-6 664 97 EU481755  Zzilligii; X98064
A6-7 665 97 EU481756
A6-8 654 97 EU481757
558
A6-2 658 99 EU481751 Bradyrhizobium sp;. N
A6-4 659 98 EU481753 794823
A6-1 659 97 EU481750 Alpha N
proteobacterium;
DQ123621
CSR7  Bacterial B7-1 759 99 EU481778 Marinobacter sp.; N
Sydney B7-2 759 99 EU481779 DQ658972
Basin B7-3 677 100 EU481780
Archaeal A7-9 665 96 EU481776 Archaeoglobus
fulgidus; Y00275
A7-2 675 93 EU481769 Archaeoglobus
profundus; AF322392
A7-7 213 90 EU481774 Sulfophobococcus
zilligii; X98064
A7-10 663 99 EU481777 Thermococcus
litoralis; AY099180
A7-3 658 99 EU481770 Halomonas sp.; N
DQ489548
A7-1 635 97 EU481768 Rhodobacter sp.; N
AF468358
A7-4 636 96 EU481771
A7-6 635 97 EU481773
A7-8 657 97 EU481775 Methylocapsa N
acidiphila; AJ278726
A7-5 659 100 EU481772 Rhizobium sp.; N
AF331662

N: Negative, P: Positive.

(GenBank) were compared using the BLASTn program and their
closest matches are listed in Table 3. Authentic amplicons were
obtained from the three coal samples with both bacterial universal
and archaeal specific primers. Between four and eight bacterial clones
and 10-16 archaeal clones were sequenced. The sequence IDs and
their closest matches in GenBank are listed in Table 3. It is apparent
from those results that the archaeal primer set is not completely
specific for archaea, and in these samples, which appear to contain a
large excess of bacteria over archaea, some bacterial sequences are
being amplified using the archaeal primer set.

3.2.2. Analysis of the amplicons from different locations using the
culture-dependent method

The four formation water samples were cultured anaerobically in
duplicate at 37 °C for three weeks. After that time, 2 pl from each
culture was subjected to PCR using both bacterial and archaeal primer
sets. No archaea were amplified with the archaeal primer pair and
only bacterial amplicons are reported. The amplicons were cloned and
8 or 9 colonies from each culture were sequenced. Their closest
homologs are listed in Table 4.
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Table 4
Microbial analysis of cultured formation water samples
Sample  Clone Size % Accession  Closest match and Gram
ID bp Identity no. accession number
CSR1-C1 B1C1-1 997 100 EU481640 Gamma N
Surat B1C1-2 574 100 EU481641 Proteobacterium;
Basin B1C1-5 774 100 EU481644 AY972868
B1C1-6 808 99 EU481645
B1C1-7 783 99 EU481646
B1C1-8 997 100 EU481647
B1C1-3 994 100 EU481642 Achromobacter sp.; N
B1C1-9 994 99 EU481648 AF227159
B1C1-4 984 91 EU481643 Bacteroidetes sp.; AF524856 N
CSR1-C2 B1C2-2 820 92 EU481649 Fusibacter paucivorans; P
Surat B1C2-3 820 92 EU481651 AF050099
Basin B1C2-5 994 92 EU481653
B1C2-6 791 92 EU481654
B1C2-7 791 93 EU481655
B1C2-1 985 98 EU481649 Uncultured coal seam P
bacterium; AB294310
B1C2-8 757 88 EU481656 Bacteroidetes sp.; AF524856 N
B1C2-4 800 100 EU481652 Gamma Proteobacterium; N
AY972868
CSR2-C1 B2C1-3 996 99 EU481666 Clostridium sticklandii; P
Sydney  B2C1-7 794 97 EU481670 M26494
Basin B2C1-1 792 100 EU481664 Aeromonas sp.; DQ659047 N
B2C1-5 777 100 EU481668
B2C1-6 800 99 EU481669
B2C1-2 998 100 EU481665 Beta proteobacterium; N
DQ664239
B2C1-4 993 99 EU481667 Arcobacter sp.; AM084114 N
B2C1-8 997 98 EU481671 Shewanella putrefaciens; N
AB057660
CSR2-C2 B2C2-1 996 99 EU481672 Clostridium sticklandii; P
Sydney  B2C2-3 560 99 EU481674 M26494
Basin B2C2-5 715 98 EU481676
B2C2-6 797 99 EU481677
B2C2-7 996 99 EU481678
B2C2-2 997 95 EU481673 Aeromonas sp.; DQ659047 N
B2C2-4 571 100 EU481675
B2C2-8 997 100 EU481679
CSR3-C1 B3C1-2 798 99 EU481689 Clostridium sp.; DQ852338 P
Sydney  B3C1-8 704 98 EU481695
Basin B3C1-5 935 97 EU481692 Uncultured low G+C P
Gram-positive bacterium;
DQ206415
B3C1-1 806 99 EU481688 Pseudomonas stutzeri; N
B3C1-3 800 100 EU481690 Y18006
B3C1-4 820 100 EU481691
B3C1-7 668 100 EU481694
B3C1-6 984 92 EU481693 Bacteroides sp.; A]518874 N
CSR3-C2 B3C2-1 766 100 EU481696 Exiguobacterium P
Sydney B3C2-6 996 100 EU481701 aurantiacum; DQ019166
Basin B3C2-5 605 94 EU481700 Soehngenia P
saccharolytica; AY353956
B3C2-7 995 93 EU481702 Clostridium hastiforme; P
X80841
B3C2-2 701 100 EU481697 Pseudomonas stutzeri; N
B3C2-3 805 100 EU481698 Y18006
B3C2-4 771 100 EU481699
B3C2-8 998 100 EU481703
CSR4-C1 B4C1-1 993 100 EU481712  Fusibacter sp.; AF491333 P
Sydney  B4C1-3 770 99 EU481714
Basin B4C1-4 817 95 EU481715
B4C1-5 993 100 EU481716
B4C1-2 809 93 EU481713  Pseudomonas stutzeri; N
B4C1-6 997 100 EU481717 Y18006
CSR 4-C2 B4C2-1 411 99 EU481718  Clostridium sticklandi; P
Sydney  B4C2-2 572 98 EU481719 M26494
Basin B4C2-4 684 99 EU481721
B4C2-5 787 99 EU481722
B4C2-7 766 99 EU481724  Fusibacter sp.; AF491333 P
B4C2-8 669 100 EU481725 Acetobacterium P
wieringae; X96955
B4C2-3 997 100 EU481720 Pseudomonas stutzeri; N
Y18006
B4C2-6 999 99 EU481723 Geobacter metallireducens; N

L07834

N: Negative, P: Positive.

The cultured formation water samples were also examined
microscopically. Under transmitted light microscopy, >10” cells/ml
were typically observed showing a variety of morphotypes (data not
shown). Similarly, negatively stained (Phosphotungstic acid) transmis-
sion electron micrographs showed a range of morphologies.

3.2.3. Phylogenetic analysis of amplicons from the formation water and
coal samples

The amplicons from all the samples, formation water, coal and
cultures were divided into three groups: archaea, Gram-positive
bacteria, and Gram-negative bacteria. The relationships between the
members of each class were displayed on phylogenetic trees in Figs. 4-6,
respectively. The trees were constructed as described in the Samples and
methods section, using the maximum parsimony method. Only
sequences longer than 600 base pairs were used to compile the trees,
thus not all the sequences represented in the tables appear in the trees.

3.2.3.1. Phylogenetic relationships among archaea. The coal samples
provided 16 sequenced archaeal amplicons, but the PCR of the
formation water and cultured samples using the archaeal-selective
primers, A751 and uA1406R did not yield any authentic amplicons.
The concentration of DNA in the formation water was probably very
low, and although sufficient bacteria were present to allow their DNA
to be amplified, the archaea were probably too rare to observe.

A phylogenetic tree was created of all the archaeal amplicons
(Fig. 4), the most abundant amplicons are related to Archaeoglobus.
Among the Archaea, Archaeoglobus species are the only known
hyperthermophilic, strictly anaerobic, sulfate reducers which can
grow in the range of 60-95 °C (Reed and Hartzell, 1999). They can
grow on Hj as the electron donor for sulfate reduction, but can also
grow on a number of organic compounds such as sugars, organic acids
(lactate), starch and peptides. Archaeoglobus are thought to represent
a transitional form between an anaerobic thermophilic sulfur-based
type of metabolism and methanogensis (Achenbach-Richter et al.,
1987). Of particular interest in this study is the fact that they are able
to produce methane, although at a level of 0.1% or less of that expected
for a typical methanogen. Archaeoglobus can also form biofilms when
subjected to environmental stresses such as extreme pH or tempera-
ture, high concentrations of metal, or the addition of antibiotics,
xenobiotics, or oxygen (Lapaglia and Hartzell, 1997). Archaeoglobus
fulgidus has been isolated from hot North Sea oil field waters (Beeder
et al., 1994) and has a moderate optimum growth temperature (76 °C).
A. fulgidus, Archaeoglobus lithotrophicus, and Archaeoglobus profundus
have also been isolated in reservoir fluid from the Thistle platform in
the East Shetland Basin of the North Sea (Stetter et al., 1993).

Several amplicons with high similarity to Sulfophobococcus Zzilligii
were identified from the coal samples of Sydney and Port Phillip basins.
S. zilligii, a hyperthermophilic crenarchaeon, is a strictly anaerobic coccus
between 3-5 pm in diameter. It grows fermentatively on yeast extract
between temperatures of 70 and 95 °C, within a pH range of 6.5 to 8.5.

In the coal samples, CSR5 and CSR7, sequences with high homology to
the euarchaeote Thermococcus litoralis were observed. The genus Ther-
mococcus are strictly anaerobic obligate heterotrophs growing on
complex proteinaceous substrates, and their growth is strongly asso-
ciated with the reduction of elemental sulfur. Alternatively, with a few
exceptions, they are capable of gaining energy by fermentation of
peptides, amino acids, and sugars, forming acids, CO,, and H, in the
absence of elemental sulfur. Their temperature optima range between 75
and 93 °C; pH optima between 5 and 9 (optimum=6.5; Fukui et al., 2005).

The archaeal sequences derived from the coal samples all showed
homology to thermophilic or hyperthermophilic archaea. However,
the temperature in which the coal samples were collected was
between 20 and 35 °C in situ. Thus, either the coal samples
unexpectedly harbour hyperthermophilic archaea, or the amplicons
represent mesophilic relatives of the hyperthermophiles. This latter
option is possible given the level of sequence identity between the
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Archaeoglobus- and Sulfophobococcus-related amplicons and their
closest matches in the database, around 96 and 97% respectively;
>97% identity is considered typical for intraspecies variation.

No sequences corresponding to genuine methanogens were
observed in this study. While it is possible that their absence is an
artifact of the PCR protocol and primers used, we believe that this is
unlikely because the primers had been designed to amplify DNA from
all four methanogenic genera (Baker et al, 2003), and we have
successfully amplified Methanococcus and Methanothermococcus
sequences from other samples (data not shown) using this primer set.

3.2.3.2. Phylogenetic relationship among Gram-positive bacteria. The
phylogenetic relationships between the Gram-positive bacteria are
shown in Fig. 5. The great majority of these sequences were observed
in the cultured water samples. The dominant Gram-positive bacteria
belong to the Clostridiales family. They are diverse family of obligate
anaerobes capable of producing endospores.

Fusibacter-like sequences were observed in two of the cultured
water samples. Fusibacter species are halotolerant, thiosulfate-redu-
cing bacteria. Fusibacter paucivorans, a strictly anaerobic, halotolerant,
spindle-shaped rod, was isolated from an African saline oil-producing
well (Ravot et al.,, 1999). In our study, two distinct clusters of Fusi-
bacter-like sequences were observed: those cultured from Surat Basin
(CSR 1), which displayed about 92% identity with F. paucivorans, and
those derived directly from CSR 3 or cultured from CSR 4 (both from
Sydney Basin), which were about 96% identical with F. paucivorans but
more closely related (98-100% identity) to Fusibacter sp. SA1.

Several Clostridium species have been isolated from coal sources.
Clostridium BC1 (Francis and Dodge, 1988), with the ability to reduce
heavy metals and fix Ny, was isolated from coal-cleaning residues, and
Clostridium scatologenes is an acetogen found in an acid coal mine
pond (Kusel et al., 2000). In our study, two groupings of amplicons
related to Clostridium sticklandii were observed, all derived from
cultured water samples from the Sydney Basin. C. sticklandii is
commonly found in the rumen of sheep and cattle and are noted for
their ability to produce ammonia. Other members of the Clostridiales
inferred were related to Acetobacterium wieringae and Tissierella
praeacuta (Syn: Clostridium hastiforme).

Three occurrences of sequences related to the Bacillales order were
observed. Two, closely related to Exiguobacterium aurantiacum, are

from a cultured sample of CSR3. E. aurantiacum are non-spore forming
alkaliphilic rods, capable of aerobic or anaerobic growth at 20-41 °C
(Fruhling et al., 2002; Rodrigues et al., 2006). They have been found in
environments as diverse as lakes and human blood (Lopez et al., 2005;
Pitt et al.,, 2007). A single amplicon related to a Geobacillus species was
observed in a coal sample, CSR 6. Geobacilli are typically thermophilic
and often found in soil, geological formations and oil reservoirs.

Three sequences related to Gram-positive bacteria not belonging to
the Bacillales or Clostridiales classes were observed in this study; their
closest matches in the database were isolated from a soda lake
(Hollibaugh et al., 2006), coal formation water (Shimizu et al., 2007),
and a rice paddy (Akasaka et al., 2003) respectively. The homologue of
the rice paddy derived sequence was amplified directly from the
brown coal from Port Phillip Basin, and is closely related to a Cellu-
lomonadaceae strain. The Cellulomonadaceae are bacteria within the
order Actinomycetales whose DNA has a high G+C content, and which
can typically degrade cellulose and other polysaccharides.

The great majority of the Gram-positive bacteria inferred in this
study were from the cultured samples of the formation water. This
observation probably reflects the relative ease of culturing of the Ba-
cillales and Clostridiales under conditions in this experiment.

3.2.3.3. Phylogenetic relationship among Gram-negative bacteria. The
predominant group of organisms inferred in this study were Gram-
negative bacteria, their phylogenetic relationships are shown in Fig. 6.
They come from all five groups (a-¢) of the proteobacteria and the
bacteroidetes. With only a few exceptions, the amplicons derived from
the coal samples belonged to the archaea and a-proteobacteria, and
those from formation water (and cultures thereof) did not. The
dichotomy is quite striking, and deserves much closer examination
using a less potentially biased approach, i.e. one independent of
sequence dependent amplification and cloning.

Starting with the o-proteobacteria, many of the coal-derived
amplicons derive from the order Rhizobiales. These organisms,
especially those of the genus Rhizobium, Labrys, and Bradyrhiziobium,
are often associated with living plants or the soil surrounding them.
Since all of the coal samples appeared to be free of soil, it was unexpected
to observe these organisms not only in brown coal but also in the higher
rank Sydney Basin samples. A large number of amplicons, mainly from
the Port Phillip Basin (CSR 5), were related to Methylocapsa acidiphila. M.
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acidiphila was initially isolated from an acidic Sphagnum peat bog. They
are aerobic, colourless, non-motile, curved coccoids that form conglom-
erates covered by an extracellular polysaccharide matrix. They use
methane and methanol as sole sources of carbon and energy (Dedysh
etal., 2002). The brown coal sample CSR 5 also returned four amplicons
belonging to the order Rhodospirillales, an Acidiphilium sp and three
Acidocella sp. Organisms from both these genera are acidophiles,
commonly found in acidic mining sites, but unlike the well-known
Acidithiobacillus ferrooxidans, they are heterotrophic. The prevalence of
acidophiles in the CSR5 sample is likely to be related to the possible
abundance of humic acids in huminite-rich soft brown coal.

Three amplicons from CSR7 (A7-1, A7-4 and A7-6) and 1 from CSR5
(A5-2) share 96-97% identity with DNA from a bacterium belonging to
the Rhodobacter genus. The amplicons are also clustered closely with

three other amplicons from CSR5 (A5-3, A5-11 and B5-2), which have
high sequence identities (95-98%) with Rhodobacter and Pseudorho-
dobacter. Pseudorhodobacter and Rhodobacter are photosynthetic,
purple nonsulfur bacteria (Okubo et al., 2006). Rhodobacter's diverse
modes of respiration and metabolism allow it to survive in a wide
range of habitats, and its members differ from other nonsulfur purple
bacteria in that they can grow in both the light and the dark. The most
studied example, Rhodobacter sphaeroides, possesses a broad spec-
trum of lifestyles including photosynthesis, lithotrophy, and aerobic
and anaerobic respiration.

A small number of amplicons from coal samples was not related to o~
proteobacteria. Amplicons A5-3 and A5-7 from CSR5 are closely related
to Thiomonas, sulfur oxidisers, and amplicons, B7-1, B7-2 and B7-3 have
high identities with Marinobacter sp. commonly found in seawater.
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Two amplicons from one of the CSR1 cultured samples showed
100% identity (over 994 nucleotides) with Achromobacter, a -
proteobacterium; unexpectedly, however, the phylogenetic analysis
showed the sequencing clustering with the a-proteobacteria. Closer
inspection of the sequences showed that they were 99% identical to

Pannonibacter phragmitetus, an a-proteobacterium belonging to the
Rhodobacterales. Therefore it is clear that the results based solely on
partial 16S ribosomal DNA (rDNA) sequences must be treated with
some caution, and that 16S rDNA sequences are not perfect phylo-
genetic anchors.
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In contrast to the coal samples, which were relatively tightly
clustered phylogenetically in the oi-proteobacteria, the water samples
and their cultures yielded amplicons characteristic of Gram-positive
bacteria and of all the remaining (3, v, 6, and &) proteobacteria and the
bacteroidetes. Among them, the dominant class (over 50%) of the
Gram-negative bacteria are y-proteobacteria, of which Pseudomonas
was the most represented genus. Pseudomonas is a very diverse and
widespread genus and its members are typically aerobic. Pseudomo-
nas stutzeri has been shown to degrade the organic matter of lignite
and subbituminous coals (Machnikowska et al., 2002).

Another well-represented genus, 6 amplicons from Sydney Basin
(CSR 3 and CSR 4), is Nitrincola. The genus has only recently been
described; Nitrincola lacisaponensis, a novel alkaliphilic bacterium,
was isolated from decomposing wood taken from the shore of Soap
Lake, U.S.A. (Dimitriu et al., 2005). The isolate can utilize only a limited
range of organic acids as carbon and energy sources and has a pH
optimum around 9 (Dimitriu et al., 2005).

Several amplicons from CSR 2, and one from CSR 6 (both Sydney
Basin), showed homology to sequences from Aeromonas. Aeromonas sp.
are facultative aerobic rods that morphologically resemble members of
the family Enterobacteriaceae. The organisms are ubiquitous in fresh
and brackish waters and are pathogenic to a wide range of organisms
(Gilardi, 1967).

Of the other classes of proteobacteria, there is a single amplicon
representing the 6-proteobacteria; it has homology to rDNA from Geo-
bacter metallireducens, an anaerobic metal-reducing organism of intense
interest because of its potential use in bacterial fuel cells (Min et al., 2005).

A number of amplicons mainly from water samples appear to
belong to PB-proteobacteria. They cover several genuses including
Hydrogenophaga, Azoarcus, Thauera, Thiomonas and some unclassified
3-proteobacteria. Members of the genus Hydrogenophaga are typically
described as facultative autotrophs capable of fixing CO, while
utilizing molecular hydrogen as the electron donor and oxygen as
the terminal electron acceptor for growth (vanden Hoven and Santini,
2004;Willems et al., 2005). Arsenite oxidation by species of Hydro-
genophaga isolated from gold mines has recently been reported
(vanden Hoven and Santini, 2004). Thiomonas species are obligate
aerobes and facultative chemolithoautotrophs with the ability to
oxidise a range of reduced sulfur compounds (Kelly and Wood, 2005).

The diazotrophic proteobacteria, Azoarcus is a diverse genus and
species have been identified from several habitats including grass
roots, soil and fungus (Hurek et al., 1997; Reinhold-Hurek and Hurek,
2000; Hurek and Reinhold-Hurek, 1995). The closely related Thauera
genus was also inferred, like Azoarcus, they are able to degrade a wide
variety of aromatic compounds using oxygen or nitrate as a terminal
electron acceptor (Mechichi et al., 2002).

The e-proteobacteria were represented by a single amplicon with
homology to rDNA from Arcobacter. The genus Arcobacter was previously
found in significant numbers in activated sludge (Snaidr et al., 1997), and
denitrifying Arcobacter strains are known (Heylen et al., 2006). Their
growth temperature ranges from 15 to 30 °C, and their habitat is ex-
tremely diverse: intestinal tracts and carcases of animals, water reservoirs,
sewage, oil fields and saline environments (Vandamme et al., 2005).

Finally, the Bacteroidetes were represented by two amplicons
from CSR1 having homology with Cytophaga, a genus of Gram-
negative gliding bacteria found in soil, decomposing organic matter,
and freshwater and marine habitats, and three amplicons obtained
from cultured water samples (CSR1 and CSR3) with homology to
rDNA from an unclassified member of this phylum. The major role of
Cytophaga cells in the environment is likely to be the mineralization
of organic matter. Cytophaga are chemoheteroorganotrophs, and
many of them are able to degrade biomacromolecules such as
protein, DNA, ribonucleic acid (RNA), chitin, pectin, agar, starch, or
cellulose. Most are strict aerobes, but microaerophiles and faculta-
tive anaerobes are known, and nitrate respiration has been detected
in some strains of Cytophaga (Okabe et al., 2003).

4. Conclusions

This study showed a distinct segregation of prokaryotic groups between
the water and coal samples. With a few exceptions, the amplicons derived
from the coal samples yielded only archaea and a-proteobacteria, whereas
water samples (and cultures thereof) yielded amplicons derived only from
gram-positive species, proteobacteria (except o), and bacteroidetes.

The uncultured coal and water samples were dominated by Gram-
negative bacteria, which accounted for 95% and 91% of bacterial clones
from the two sources, however, in the cultured water samples the Gram-
negatives and positives were evenly represented, apparently due to the
good growth of members of the Clostridiales under the culture conditions.

Studies such as this, of prokaryotic populations in difficult matrices
like coal, are complicated by the fact that the PCR step introduces a bias
into the results that may have a significant bearing on the outcome of the
study. There are no completely effective universal primers for all
prokaryotes or even for all bacteria, and ideally this study would be
conducted using methods that were independent of any assumptions
regarding the sequences to be detected or any bias introduced by the
requirement to clone them. For example, analysis by high through-put
sequencing of uncloned DNA should be more representative. Not
withstanding the potential for bias in the current study, a great deal of
diversity was observed, with about 40 different genera of bacteria and
archaea being represented in the cloned amplicons.

The PCR results suggest that members of the domain Archaea were
relatively rare in the coal samples and absent from the water samples. The
dominant archaeal species belonged to the genus Archaeologlobus, an
anaerobe with very weak methane generating capacity. No genuine
methanogens were detected in this study, and we are confident that this
was not due to primer bias because subsequent studies with DNA from
another source resulted in the amplification of DNA with high homology
to Methanococcus and Methanothermococcus species (data not shown).
The lack of true methanogens in our survey was unexpected, since
methane from both the Sydney and Surat Basins has a very significant
biogenic component. If this observation is confirmed by further study, it
suggests that there is potential to enhance, by artificial means, the
biogenic production of methane from these coal samples.

An unexpected observation was the detection, from coal with
reservoir temperatures of between 20 and 30 °C, of archaeal
amplicons with homology to thermophiles and hyperthermophiles.
Some possible explanations have been offered earlier, however, other
possibilities also need to be discounted, that is, that the presence of
DNA from these organisms reflects the high temperature history of the
coal reservoirs. The thermal history of the Sydney Basin suggests deep
burial and temperatures above 80 °C within the last 50 Ma (Faiz et al.,
2003). Thus, either the amplicons could derive from mesophilic
descendants of ancient thermophiles, or are remnant DNA fragments
trapped and protected in vitreous inclusions in the coal. Further work
is required to distinguish between the various possibilities.

In the eastern Australia coal basins many of the ‘sweet spots’ for
CBM production appear to be related to regions with secondary
biogenic gas generation. Further coal and formation water samples
collected from these regions are being studied in detail to determine
the mechanisms of secondary biogenic gas generation.
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Executive Summary

Australian Radiation Services Pty. Ltd. (ARS) conducted a radiological survey of the Origin Coal Seam Gas
operations in Queensland for the presence Naturally Occurring Radioactive Material (NORM) between 22"
and 24" February 2010 in the Spring Gully and Talinga regions.

The radiological survey of gas installations, including gas plants, field wells and water treatment faculties
indicated the absence of elevated external gamma radiation levels which could be attributable to NORM
within the process equipment. Survey measurements (cps) and doses rates recorded for all sites were
comparable with the natural background measurements. No radioactive contamination was identified in any
of the process items surveyed, which is consistent with the external survey results. Analysis of process
waters and scales identified activity concentrations consistent with levels encountered in the natural
environment.

Consequently there is currently a negligible external radiation hazard to personnel working in any areas of
those facilities assessed, when compared with an individual's exposure to natural background radiation
levels, and there is no reason to suggest there is any internal ingestion/or inhalation hazard from a radiation
exposure perspective as a result of handling process equipment from any of the Origin sites.

Unlike conventional gas production, the potential for NORM to accumulate in a coal seam gas installation
over an extended period of time is relatively unknown. It may depend on several factors including local
geology and the extraction and processing techniques utilised. Several recommendations have been made
to regulate any potential accumulation of radioactive scale in the gas facilities over the coming years.
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1.0 Introduction

Following a request from Oskar Jarvie, Chemist with Origin Energy Australia Ltd. (Origin), Australian
Radiation Services Pty. Ltd. (ARS) attended the Coal Seam Gas Operations in Queensland to conduct
monitoring for Naturally Occurring Radioactive Material (NORM) within its gas producing installations.

Mr. Darren Billingsley, Senior Health Physicist and Mr. Michael Bernardo, Health Physicist with ARS,
conducted radiation monitoring between 22" and 24" February 2010 on facilities in the Spring Gully and
Talinga areas in the south-west region of Queensland. This incorporated gas plants, field wells and water
treatment facilities.

This report presents the findings and associated recommendations from the site visit.

2.0 Scope of work

Scope of work for the visit was to:

) conduct a radiological survey for external gamma radiation of the Spring Gully, Strathblane, Taloona
and Talinga gas plant installations where NORM could potentially be present. Fifteen (15)
representative wells, and water treatment plants at the Spring Gully and Talinga sites were also

assessed;

. monitor spool items removed from service internally for radioactive contamination where possible, thus
identifying the internal inhalation/ingestion hazard present; and

. collect and conduct gamma ray spectrometry analysis of production water and coal silt samples
collected.

A full scope of works was provided by Origin (Work scope-ARS-feb2210).

3.0 Site details

Sites: Spring Gully Gas Plant, including select field wells
Strathblane gas plant, including select field wells
Taloona gas plant, including select field wells
Spring Gully RO water treatment plant
Talinga gas plant, including select field wells
Talinga temporary water treatment plant

4.0 Natural background radiation levels in Australia

Humans are exposed to natural radiation to a greater, or lesser extent, from a number of sources. For
example, cosmic radiation from outer space; the presence of uranium, thorium and potassium-40 (*°K) in the
Earth’s crust; and radon gas released from the decay of uranium.

The total average dose to an individual from natural background radiation is about 2.4 mSv per year, but
varies widely throughout the world depending on altitude at which people live, the local geology, the type of
housing lived in, and the food consumed. In some countries the average annual dose received from natural
background radiation is in excess of 10 mSv. Due to the local geology and our mode of living, average
annual doses in Australia are generally below the worldwide average and closer to 1.7 mSv. The natural
background radiation level from external gamma radiation sources only in Australia is approximately 0.9 mSv
per person per year primarily from cosmic and terrestrial sources, which equates to ~0.10 pSv-h™ averaged
over the year. Typical background dose rates can vary from ~0.05 to ~0.15 uSv-h™ depending on the above
mentioned factors and may be even higher in some instances.

Uranium and thorium are dispersed throughout rocks and soils in low concentrations of a few parts per
million (ppm). Naturally-occurring uranium-238 and thorium-232 are parents of separate long-lived series of

ARS Job No.:10-1562 Page 1 of 13
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radionuclides of several elements, which decay in succession until stable lead is formed. In addition,
radioactive potassium, K is present with stable potassium, which is a common element in the Earth’s crust.
A number of radionuclides in both natural decay series emit gamma radiation, as does “°K, and this leads to
external and internal irradiation of people. The incorporation of these elements into building materials also
leads to exposure indoors. Radioactive elements of the uranium and thorium natural series also can be
incorporated into food and drinking water, which results in internal exposures to radiation from the
consumption of foodstuffs.

Radon and thoron gas are a particularly significant source of exposure to natural radiation, especially radon
(*’Rn) from the decay of **Ra from the **®U series. Build-up of radon gas inside houses can lead to an
accumulation of radon indoors if a dwelling is not well ventilated. Exposure to radon gas can contribute to
more than half the overall dose to individuals from natural sources in some countries.

Uranium and thorium are present in some minerals and ores at higher concentrations than are found in soil,
but not necessarily at levels that could be exploited for the elements themselves. The processing of these
ores can lead to additional radiation exposure of workers and the public during operations or from
management of waste materials.

The presence of Naturally Occurring Radioactive Material (NORM) in the conventional gas producing
industry is included in Appendix A as additional background information. The potential for the presence of

NORM in the extraction of the natural gas from underground coal beds is relatively unknown and not widely
recognised or reported within the radiation safety industry.

5.0 Radiation monitoring equipment

The radiation monitoring equipment used during the site visit is listed in Table 1.

Table 1: Radiation monitoring equipment — February 2010.

Monitor Serial No(s). Mode/Radiation Type Measurement units
_ Survey mode (gamma) cps
Exploranium GR-130 9676 =}
Dosemeter mode (gamma) nSv-h
; Alpha cps
Thermo 1A with DP2R/4A 3512/10650 P P
probe Beta cps
HPI Cypher 5000 with 5505 a
PGM probe 501129/1124 Alpha, Beta and Gamma cps

a. Integrated ‘counts’ over a 30-second period are displayed and converted to a cps equivalent.

The Exploranium GR-130 mini-spectrometer (see Figure 1) is used to search, locate and identify gamma ray
emitting radionuclides. This instrument is suitable for a ‘search and locate’ exercise as it contains a highly
sensitive Nal scintillation detector. Efficiency tests have identified that the mini-spectrometer can “see” a
planar surface of diameter 2 metres from a height of 30 cm from the ground. They can also identify gamma
ray emitting radionuclides to a depth of approximately 10 cm to 50 cm in soil depending on the gamma ray
energies.

Figure 1:  Exploranium GR-130 minispectrometer — February 2010.

ARS Job No.:10-1562 Page 2 of 13
Date: February 2010



¥\ AUSTRALIAN

B|RADIATION

Y/ SERVICESI:
——'/

Keeping people safe.

Origin Energy Australia Ltd.
Radiological survey of Coal Seam Gas operations for NORM

The GR-130 instrument has been calibrated in terms of ambient dose equivalent rate and has a resolution of
0.001 pSv-h™. Due to the excellent resolution and fast response to radiation, this instruments is ideal for
large scale environmental radiation surveys. GR-130 instrument was used for the external survey of the
process equipment.

The Bicron Electra 1A with Model DP2A/4R alpha-beta dual phosphor probe is suitable for measuring alpha
and beta radioactive contamination in units of counts per second. The HPI Model 5505 probe contains a
geiger-muller pancake detector when connected to the HPI Cypher 5000 is suitable for detecting alpha, beta
and gamma radiation in total counts or counts per second.

All radiation monitoring equipment has been calibrated within the past twelve (12) months to a Cs-137
source whose output is traceable to the Australian Primary Standard of Exposure maintained by the
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA).

6.0 Methodology
6.1 Testing protocol

Prior to commencing any survey work, discussions were held with Origin management and process
personnel to identify key equipment to be included in the survey. Site specific inductions were completed by
Mr. Billingsley and Mr. Bernardo as required.

The radiation monitoring equipment used is not intrinsically safe and hence a ‘hot work’ permit and gas
detector were required before any survey work could be conducted at any of the monitoring sites.

At all locations, with the exception of the field wells in the Spring Gully region, an Origin representative
accompanied ARS to assist with identification of the process equipment.

6.2 Background measurements

Background measurements were performed at each gas plant and field well location prior to conducting the
survey with the GR-130 instrument. This included measurements in the survey mode (cps) and the dose rate
modes (nSv-h™). The ability of the GR-130 meter to measure very low, background radiation levels means
that readings are displayed in nSv-h. However, for the purpose of this report, all measurements are
reported in uSv-h, the standard unit for reporting occupational dose rates (1000 nSv = 1 uSv).

Background levels recorded at each site are presented with the survey results in Appendix B. The stated
uncertainties are one standard deviation calculated from a data set of a minimum of five measurements.

Background levels varied considerably between sites and are dependant on several factors most notably the
presence of naturally occurring radionuclide present in the soils and/or cover material (e.g. natural soil,
gravel road base, concrete, or an elevated walkway). Generally, background count rates measured on land
with the Gll?-130 meter are in the range 50 — 120 cps, and typical dose rates vary between 0.05 and
0.15 uSv:h™.

Background measurements were also conducted for the contamination monitoring equipment used. A
pass/fail criterion value was developed for each radiation monitoring instrument used based upon the sum of
the mean background count rate and three standard deviations of this mean. Items which record radiation
count rates in excess of a criterion value are considered to contain detectable radioactive contamination.

6.3 Count-rate survey

Using the GR-130 meter in ‘survey’ mode, key process items and spool identified were checked for the
presence of NORM. Sweeping measurements were conducted with the instrument in direct contact or close
proximity to the outside surfaces of the process equipment (Figure 2). The instrument display current and
historical count rates enabling a ‘spike’ in gamma radiation levels to be readily observed. Counts rates
observed were recorded as a range for each process item or section of the plant surveyed (see Appendix B).
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Particular consideration was given to sections of the process where NORM scale could potentially
accumulate including pumps, valves, sharp bends in spool, etc..

Figure 2. External survey of field well in Talinga region — February 2010.
6.4 Dose rate survey

Using the GR-130 instrument, limited dose rate measurements were also performed in close proximity to the
process equipment.

The number of dose rate measurements conducted is dependent on the levels identified during the count
rate survey.

The purpose of obtaining dose rates is to quantify the dose an individual would receive as a result of any
external radiation exposure. For this survey it was to quantify the count rate survey results, and provide
confirmation that there was no external radiation exposure hazard present. The number of dose rate
measurements collected was minimal due to the count rate levels encountered during the survey being
comparable to background levels.

6.5 Contamination measurements

Direct measurements for the less penetrating alpha and beta contamination on internal surfaces of process
equipment was limited to items that had been removed from service previously (Figure 3). Internal monitoring
of in-line spools and equipment was not possible as all plants and equipment were sealed or in operation at
the time of the survey. An additional consideration was that external survey results provided no indication
that internal contamination would be present and consequently extensive contamination monitoring was not
considered warranted at the time of the survey.
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Figure 3:  Contamination monitoring of spool — February 2010.

6.6 Sample analysis

Samples were collected for radionuclide analysis by the ARS radionuclide analysis laboratory. Process water
samples were collected from the Spring Gully RO Water Treatment Plant (Pond 1) and from the Talinga
temporary RO Plant. A sample containing a mixture of sand and coal fines from the Condabri lease was also
provide to ARS for radionuclide analysis.

The solid sample was prepared for analysis by drying, grinding and homogenising, and a portion transferred
to a standard plastic container and analysed by high-resolution gamma ray spectrometry. Water samples
were subject to preliminary radiochemical treatment to isolate specific radionuclides and then analysed by
gamma ray spectrometry for their soluble and insoluble components. Radionuclide concentrations were
determined for key radionuclides from the uranium and thorium radioactive decay series including uranium-
238 (as thorium-234), radium-226, lead-210, radium-228 and thorium-228, and other detectable natural
radionuclides.
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7.0 Results

7.1 External survey

Radiation monitoring results for the external radiological survey of the gas installations, including background
measurements are presented in Appendix B.

7.2 Internal contamination measurements

Results from the internal assessment of process equipment removed form service is provided in Table 2.

Table 2: Results from the NORM monitoring of the internal surface of process items removed from
services — February 2010. The results have not been corrected for background radiation levels.

Iltem Electra 1A/ Electra 1A/ HPI Cypher /
DP2R/4A DP2R/4A PGM

alpha beta (cps)
(cps) (cps)

Spring Gully Gas plant

Background <0.1 1.8+0.1 0.6+0.1

Scrap valve <0.1 1.2+0.1 0.3+£0.1

Talinga site

Background <0.1 2.3+0.1 0.7+£0.1

Removed spool from tie-in sales gas line <0.1 2.3+0.1 0.6+0.1

Old Talinga well water line 0.0 1.5+£04 0.7+0.1

Old Talinga well gas line <0.1 1.8+0.1 05+0.1

7.3 Sample analysis
Gamma ray spectrometry sample analysis results are provided in Appendix C.

Section 10 of the Queensland Radiation Safety Regulations (1999) prescribes limits for the disposal of
radioactive material in water. Considering total activity concentration of radionuclides in the naturally
occurring radium and thorium identified in samples collected at the ‘Talinga RO Plant’ and the ‘Spring Gully
RO plant’, average activity concentrations are well below prescribed limits for disposal, and consequently
exempt from regulation from a radioactivity perspective.

The scale sample ‘DM10’ and the ‘Condabri coal fines’ are not considered ‘radioactive substances’ in
Queensland as average activity concentrations are well below the prescribed limits for mineral substances as
outlined in Section 5 of the Regulations. In fact, the radionuclide activity concentrations of both samples are
consistent with the typical concentrations found normally in uncontaminated soil worldwide. For instance, the
radium-226 concentrations identified from both samples (0.021 Bqg-g™* and 0.061 Bq-g™) are consistent with
this worldwide natural soil radioactivity range of 0.017-0.060 Bg-g™ (UNSCEAR 2000).

8.0 Discussion

The radiological survey of the gas installations, including gas plants, field wells and water treatment plants
indicated the absence of elevated external gamma radiation levels attributable to NORM. Survey
measurements (cps) and doses rates recorded for all sites were comparable with the natural background
measurements.

The highest count rates observed during the survey were contributable to natural radioactive material
present in the underlying soil. Due to the in-growth period for the formation of radon gas from radium-226, it
was expected there may have been notably elevated levels within the vicinity of the equipment temporarily
not in use; including gas plant compressors that had been off-line for up to 5 days, or the field wells that had
been shut-in. This was shown not to be the case.
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Consequently there is a negligible external radiation hazard to personnel working in any areas of those
facilities assessed, when compared with an individual’'s exposure to natural background radiation levels. All
ambient dose rate measurements are comparable or less than those levels normally encountered as a result
of other sources of natural background radiation.

No radioactive contamination was identified in any of the process items surveyed, which is consistent with
the external survey results. Consequently there is no reason to suggest there is any internal ingestion/or
inhalation hazard from a radiation exposure perspective as a result of handling process equipment from any
of the Origin sites.

The reasons for the presence of NORM in the extracted gas or produced water, can be due to several
factors including the geophysical nature of the reservoir, extraction techniques, etc. In conventional gas
production, newly operational plants may have insignificant levels of NORM during initial stages of
commissioning, but can accumulate NORM over a period of time, sometimes within a few years. The rate of
accumulation can depend on many factors. However, the potential for NORM to accumulate in a coal seam
gas installation over an extended period of time is unknown.

9.0 Conclusions

The results obtained during the radiological survey of gas installations in the Spring Gully and Talinga
regions indicate that the levels of NORM at the time of assessment were negligible comparable to natural
background radiation levels. The measurements collected from this survey provides good baseline data
should NORM be identified in the future. Recommendations have been included in this report relating to
future assessments.

10.0 Recommendations

. Based on the monitoring results, a repeat survey of the gas plants and installations assessed during
this visit is not warranted for a period of at least 2 years. This survey should include a repeat external
survey of identical plant equipment and wells assessed during this survey.

) If new Origin gas plants are established, a baseline external survey should be conducted within the
first 3-months of operation similar to the surveys conducted during this visit.

. Origin could consider scheduling the survey during a major maintenance shutdown. This would enable
potential NORM contamination levels on internal surfaces of operational process equipment to be
assessed. The key radionuclides targeted would be Pb*® and the associated progeny which cannot
be identified externally due the low penetrating power of the associated radiation, and are prevalent in
conventional gas producing facilities (Appendix 1). The likelihood of these radionuclides being present
is low (considering the external survey failed to identify its parent, an), internal measurements
inside key process equipment would provide confirmation of this. This could be conducted in the next
1-2 years depending on the Origin shutdown schedule.

. Ra?*® and Ra’*® concentrations in the produced water and scale samples analysed were at negligible
concentrations, suggesting that mobilisation of these key radionuclides is minimal in the existing fields,
unlike problems that can be encountered in the conventional gas producing industry (Appendix A).
The decision to conduct sample analysis in the future would depend on the outcome of radiation
measurements results at the time.

Reference

UNSCEAR 2000. Sources and Effects of lonising Radiation, UNSCEAR, 2000

ARS Job No.:10-1562 Page 7 of 13
Date: February 2010



R\ AUSTRALIAN
B RADIATION

§ SERVICES™

—

Keeping people safe.

Origin Energy Australia Ltd.
Radiological survey of Coal Seam Gas operations for NORM

Appendix A: NORM in the ‘conventional’ gas industry

Formation water present within oil and gas reservoirs contains cations of calcium, strontium, barium and
radium which are dissolved from the reservoir rock. As a consequence, under certain temferature, pressure
and chemical conditions, formation water contains the radium radioisotopes radium-226 (“*Ra) and radium-
228 (**Ra).

Radon gas (**Rn) is generated in the reservoir rock through the decay of *Ra. Mixed gas / water streams
extracted from the reservoir blend with the produced radon gas. When radon decays, short-lived decay
products (radon progeny) are generated which plate out on the internal surfaces of process pipes and
vessels. These short-lived radionuclides emit high-energy gamma radiation which can be readily identified on
external surfaces of equipment.

In gas processing product streams, radon generally follows the dry gas stream. De-ethanisors, fractionators,
condensers and storage tanks are all considered items where radon gas may accumulate. Radon has a
boiling point between that of propane and ethane and consequently can also be expected to be more
concentrated in propane and ethane circuits.

Due to the short half-life of radon and its progeny, 99% of these radionuclides will have decayed to the
longer-lived metal lead-210 (**°Pb) within 25 days. *°Pb undergoes further decay to the other short-lived
radionuclides bismuth-210 (**°Bi) and polonium-210 (**°Po). Concentrations of ?*°Pb and its decay products
can be expected to increase over time in gas producing facilities. None of these radionuclides have strong
gamma radiation emissions and cannot be identified externally. The main radiation hazard from these
deposits are generally due to the inhalation of internal radioactive contamination removed or disturbed during
maintenance works. The opening of process equipment whilst the plant is shutdown provides a unique
opportunity to identify if 2pp js present on the internal surfaces.

The extent of mobilisation of *°Ra and ?*®Ra from gas reservoirs and its appearance in produced water can
vary considerably. Generally speaking, lower concentrations are expected in scales and sands extracted
during gas processing, in comparison with oil producing installations where concentrations are generally
higher.
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Appendix B: External radiological survey results — February 2010
Exploranium Exploranium GR-130
Item Description GR-130 survey data external dose rate
(counts per second) (uSv-h™

Taloona Gas Plant (22/2/10)

Background (gas plant entrance) 40+5 0.024 + 0.005

Inlet risers 20-40 -

Inlet separators 20-35 -

Raw water inlet from separators 25-45 -

Flare controller 20-35 -

Suction header 25-45 -

K3 Compressor (online)

- inside 10-25 -

- outside 20- 40 -

K2 Compressor (offline 5 days)

- inside 10-25 -

- outside 20-35 -

K1 Compressor (online)

- inside 15-30 -

- outside 10-30 -

Fuel gas skid 2 (online) 25-45 -

Fuel gas skid 1 (offline) 20-45 -

Glycol skid 1 10- 25 0.010 - 0.035

Particulate filters from Glycol skids 30-45 0.020 - 0.035

Dehydration skid, ground 10-20 -

Dehydration skid, upper 15-25 -

TEG contactor (base) 15-35 -

Sales gas line/skid 30 — 60* 0.030 — 0.045

Strathblane Gas Plant (22/2/10)

Background (gas plant entrance) 95+5 0.059 + 0.009

Inlet risers 40 - 80 -

Inlet separators 30-50 -

Raw water inlet from separators 45 - 80 -

Flare controller 35-55 -

Suction header 20 — 80* -

K1 Compressor (online)

- inside 10- 30 -

- outside 40-70 -

K2 Compressor (online)

- inside 10-30 -

- outside 30-280 -

- suction line inlet 25-40 -

- soil, beside compressor 110 + 5* 0.068 + 0.008

K3 Compressor (offline 1 day )

- inside 10-25 -

- outside 45-70 -

- suction line inlet 25-30 -

Fuel gas skid 2 (online) -

Fuel gas skid 1 (offline) -

Glycol skid (TEG regeneration) 20- 50 0.017 + 0.007

Dehydration skid, ground 10-35 -

Dehydration skid, upper 25-45 -

TEG contactor (base) 25-45 -

Degasser drum 25-45 -

Produce water pumps skid 25-35 -

Sales gas line 40 — 80* -

Spring Gully Gas Plant (22/2/10)

Background (gas plant entrance) 70+10 0.040 + 0.002
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Exploranium Exploranium GR-130
Item Description GR-130 survey data external dose rate
(counts per second) (uSv-h™
Inlet risers 30 - 60 -
Inlet separators 30-45 -
Raw water inlet from separators 40 - 60 -
Flare controller 30-45 0.027 + 0.004
Suction header 35-60 -
K4 Compressor (offline)
- inside 10-40 -
- outside 30-65 -
K3 Compressor (online)
- inside 10-35 -
- outside 25-50 -
- suction line 20-35 -
K2 Compressor (online)
- inside 10-20 -
- outside 35-55 -
Fuel gas heater skid 1 40 - 60 0.035 + 0.007
Glycol skid (TEG regeneration) 20- 40 -
Dehydration skid 2, ground 20-35 -
Dehydration skid 2, upper 20-35 -
TEG contactor (base) 30-45 -
Sales gas line/skid 35-60 -
Spring Gully field wells (23/2/10)
Well SG10 (operating, high gas rate)
Background 0+5 -
Well 40-75 -
Well DM3 (operating, high gas rate)
Background 80+5 -
Well 35-65 -
Well DM42 (operating, high water rate)
Background 705 -
Well 35-85 -
Well DM13 (operating, internal scale identified during w/o)
Background 60 + 10 -
Well 35-50 -
Well DM10 (closed, internal scale identified during w/o)
Background 85+5 -
Well 40-70 -
Well DM64 (operating)
Background 80+5 -
Well 50- 75 -
Spring Gully RO Water Treatment Plant (23/2/10)
Background 35+5 -
Arkal filters 20-35 -
MF racks 15-35 -
Reverse osmosis skid A (online) 20-35 -
CIP-to-filtrate tank area 20-40 -
RO feed filter 20- 30 -
Talinga Gas Plant (24/2/10)
Background (gas plant entrance) 80+5 0.053 + 0.005
Inlet risers 55-80 -
Silt traps 40-70 -
Suction header 45-75 -
Screw compressor 7 (online)
- inlet/outlet 50 - 65 -
- oil and gas scrubbers 20- 45 -
Screw compressor 4 (offline 2 days)
- inlet/outlet 45-75 -
- oil and gas scrubbers 20- 40 -
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Exploranium Exploranium GR-130
Item Description GR-130 survey data external dose rate
(counts per second) (uSv-h™
Screw compressor 1 (online)
- inlet/outlet 45 — 80* -
- oil and gas scrubbers 15-35 -
We gas line collection point 55 — 85* -
Reciprocating compressor 1 (offline 1 hour)
- inlet/outlet 45 - 65 -
- skid 15-30 -
Wet gas sales pipeline 55 — 95* -
Glycol skid, ground 50 - 65 -
Glycol skid, upper 35-55 -
TEG filter skid 2, ground 15-40 -
TEG filter skid 2, upper 25-40 -
Sales gas line/skid 45-70 -
Pigging pipeline 55-75 -
Talinga field wells (24/2/10)
Well Talinga 9 (operating)
Background 85+ 10 0.076 + 0.017
Well 45-85 -
Well Talinga 22 (operating)
Background 705 -
Well 35-75 -
Well Talinga 39 (operating, high flow)
Background 75+5 -
Well 45-70 -
Well Talinga 18 (operating, free flowing
and minimal gas)
Background 80 +£10 0.056 + 0.008
Well 55 - 80 -
Well Talinga 13 (shut in)
Background 85+ 10 -
Well 55-70 -
Well Talinga 12 (operating)
Background 80+5 -
Well 55-75 -
Well Talinga 10 (shut in)
Background 80+5 -
Well 60 - 80 -
Talinga RO plant (temporary)
Background 80+5 -
Micro filtration system 35-50 -
Filtrate water tanks 40-70 -
Reverse osmosis 35-60 -
Permeate/Service water tanks and waste 45-75 -
* elevated levels due to underlying soils only
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Appendix C: Radioactivity analysis report — February 2010
To: Origin Energy Resources Ltd. Report No.: 10-1562-R1

339 Coronation Drive
Milton QLD 4064

Contact: Mr. Oskar Jarvie

Sample description:
Number of samples:
Submission date:
Analysis required:

Analytical method:

Water, sludge and scale samples

Four

1% March 2010

Determination of the activity of naturally-occurring radionuclides.

Pretreatment:

A. Solids — samples dried and homogenised, and apportion of each sample was
encapsulated in resin in a standard container for measurement.

B. Water — Samples filtered and radiochemical treatment to isolate naturally-

occurring radionuclides

Measurement: High resolution gamma ray spectrometry used to determined
radionuclide content.

AUSTRALIAN RADIATION SERVICES PTY. LTD.

Report prepared by:

Reviewed by:

Date:

~

i .

|/
Mr. Michael Gilhen Signed: (\tuimd L
Health Physicist

Dr. Malcolm Cooper Signed: (2
Consultant Environmental Scientist é b

10™ May 2010

)
fl

/L/ 5\,
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Results:
Radioactivity Concentrations (Solids - Bq.g™; Liquids - BgeL™)

Note:
a) Radioactivity concentrations are expressed in becquerel (Bqg) per gram of dry solid or
becquerel per litre for water. One becquerel equals one nuclear transformation per second.
b) Less than (<) values indicate the limit of detection for each radionuclide for the measurement
system.
c) The reported uncertainty in each result is the expanded uncertainty calculated using a
coverage factor of 2, providing a level of confidence of approximately 95%.

Client Sample ID (ARS Lab. ID)

U (RO [ SlpIng L (50 Condabri coal fines DM10 Scale
Wateg Plant We}ter (Bq-g™) (Bq-g™)
(Bg-L™) (Bg-L™)
Radionuclide (10-1562-01) (10-1562-02) (10-1562-03) (10-1562-04)
Naturally-occurring uranium (U-238) series
Thorium-234 <0.14 <0.13 0.025 + 0.021 <0.03
Radium-226 <0.08 <0.08 0.021 + 0.003 0.061 + 0.006
Lead-210 <0.15 <0.14 0.025 + 0.019 <0.03
Naturally-occurring thorium (Th-232) series
Radium-228 <0.07 <0.08 0.033 + 0.006 0.050 + 0.009
Thorium-228 <0.07 <0.06 0.033 + 0.004 0.052 + 0.005
Other naturally-occurring radionuclides
Potassium-40 Not determined Not determined 0.48 £ 0.05 <0.04
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1 Abbreviations, Acronyms & Definitions

Abbreviation / Acronym Definition

ug Microgram(s)

pm Micro meters

Alkalinity The ability of water to maintain a pH

APLNG Australia Pacific LNG Pty Limited

CSG Water Water produced from the Coal Seam also referred
to as associated water.

BDL Below Detection Limit

BTEX Benzene, Toluene, Ethyl benzene and Xylene

c6-C9 Semi volatile hydrocarbons

Chloramination

Disinfection process via the injection of ammonia
and chlorine.

CSG Coal Seam Gas

d Day

DERM Department of Environment and Resource
Management

Talinga EA Environmental Authority PEN100067807

EDC Endocrine Destructing Compound(s)

Effluent Steam

Waste stream from cleaning of TWTF components

Feed water

Water held in the Feed Pond.

Filtered water

Water filtered by the microfiltration unit

HDPE High Density Polyethylene

HDPE High Density Poly Ethylene

hr Hour(s)

L Litre(s)

m3 Cubic metre(s)

MF Membrane Filtration

mg/L Milligrams per litre

ML Mega litre (one million litres)

mL Millilitres

mSv/year milliSieverts per year

NDMA N-Nitrosodimethylamine.

ng/L Nanograms per litre

NORMS Naturally Occurring Radioactive Materials
NTU Nephelometric Turbidity Units
OWSR Office of the Water Supply Regulator
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Abbreviation / Acronym

Definition

PAH

Poly Aromatic Hydrocarbons

Permeate Water downstream of the reverse osmosis
treatment.

PET Polyethylene Terephthalate

pH Logarithmic scale of concentration of hydrogen ions

PRO Primary Reverse Osmosis

QHFSS Queensland Health Forensic and Science Services

RO Reverse Osmosis

Source Water

Water extracted from coal seams, including water
stored in ponds prior to being processed by the
TWTF

SRO

Secondary Reverse Osmosis

Talinga EA Release Limit

Refers to Talinga EA Release Limits as provided in
Schedule C Table 2 and / or Table 3 as relevant

TDS Total Dissolved Solids

TJ Terajoules

TPH Total Petroleum Hydrocarbons
TWTF Talinga Water Treatment Facility

Treated CSG Water

TWTF Permeate which has been conditioned with
calcium and magnesium

uv Ultraviolet Spectra
VOC Volatile Organic Compound(s)
WAC Weak Acid Cationic ion exchange
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2 Introduction

The key objective of the Source Water and Permeate Characterisation Report is to provide analysis
data of the source water and permeate water prior to discharge to the Condamine River.

The Source Water and Permeate Characterisation Report has been prepared to supplement the
Commissioning Verification Plan which meets conditions C38 and C39 of the Environmental Authority
Permit Number PEN100067807 (Talinga EA) issued to Australia Pacific LNG Pty Ltd (APLNG) for the
Talinga Development Project. APLNG is a 50/50 joint venture between Origin Energy and
ConocoPhillips; Origin operates the Coal Seam Gas (CSG) fields and CSG water treatment facilities
(WTFs), including Talinga.

This report covers the data collected from the wells, feed ponds and released treated CSG water
from the 16 June 2010 to 17 December 2010.
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3 Source Water and Permeate Characterisation Sampling Progra

3.1 Overview

The Talinga Development Project’s Source Water and Permeate Characterisation Sampling Program
(Sampling Program) covered extensive sampling at all operational wells, Pond A, Feed Pond and
TWTF Export Tank. The sampling period for the Source Water covered 16 June 2010 to the date of
this report and resulted in comprehensive data set being collected. The location of the
sample/monitoring points is shown in Figure 1.

Australia Pacific LNG contracted Bureau Veritas to undertake the independent sampling, manage
data collection and interface with the Queensland Health Forensic and Science Services (QHFSS)
laboratory. While all samples collected were sent to QHFSS laboratory for analysis, duplicate
samples for the TWTF Permeate were also sent to LabMark in an effort to reduce turnaround
timeframes.

3.2 Sampling Points

The sampling points for the Source water and Permeate characterisation were chosen as in Figure 1
below.

Figure 1 - Diagram showing approximate Sample Point Locations
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3.3 Sampling Methodology and Analysis

3.3.1 Methodology for Monitoring of Wells
Monitoring of 47 wells was undertaken during the Sampling Program.

The standard design of the Talinga CSG wells includes a sample collection point via a 2 inch valve
located just after the separator vessel. Samples were collected using a metal bucket with earthing
connection so as to avoid any static build up. Half the sample was then transferred to a plastic
bucket that has a convenient spout. The contents of both buckets were swirled around to remove
any contamination or previous sample and then discarded. This procedure was repeated twice for a
total of three rinses. The operator then filled the bucket a fourth time and the entire contents were
transferred to a plastic bucket.

Sample bottles that have been lined up on the back of the operator’s utility vehicle were then filled
in turn by pouring the contents from the plastic bucket into each. Extra care was taken for the
Radon and Volatile sample bottles to ensure that they were filled with zero headspace.

Any preservatives required were added to the sample bottle prior to the sample being introduced.
Microbiological bottles and volatile sample bottles were placed in an insulated container with ice
bricks to preserve the sample integrity during transport and delivery to the laboratory.

3.3.2 Methodology for Monitoring of Ponds
Sampling of Talinga Pond A in addition to the TWTF Feed Pond was undertaken to:

e provide a clear understanding of how the TWTF Feed Pond acts as a buffer for source
water quality; and
e ensure data for the “worst case” Feed Water quality was obtained.

Monitoring of Talinga Pond A and the TWTF Feed Pond were undertaken on a weekly basis. Samples
were collected from the Ponds at a point which offered the most practical access with regard to
safety, accessibility and sampling depth.

Samples were taken using a one litre container on the end of a 1.5 metre pole. The sample container
was submerged in an inverted position to an appropriate depth (deep enough so as not to take too
much surface water but not so deep as to take sediment) at which point it was turned 180 degrees
back to an upright position to collect the sample. The sample was then brought to the surface and
transferred to a plastic bucket. To avoid sample contamination, the bucket was rinsed three times
before filling. Sample bottles were set up, filled and preserved as per the well procedure detailed in
the previous section.

3.3.3 Methodology for Monitoring of TWTF Permeate

Monitoring of TWTF Permeate occurred at the Export Tank close to the point from which the
discharge water will be drawn. Samples were taken from a continuously flowing line which also
supplies the TWTF’s export analysers.

3.3.4  Quality Assurance

QHFSS supplied four, 10L containers of trip blank water. Trip Blanks 1 and 2 were poured into sample
bottles the day before sampling. Trip Blanks 3 and 4 were taken into the field and left open during
sampling. Once sampling was complete, Trip Blanks 3 and 4 were transferred to sample bottles at the
sampling site.

3.3.5 Sample Bottles

Care was taken to ensure that sample bottles were appropriate for the nature of the sample being
collected, as well as the type of analysis to be performed. This was undertaken in consultation with
commercial-in-confidence Q-4120-95-TR-0001
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QHFSS. To ensure containers were clean and contaminant free, they were washed andmaintained by
QHFSS accordingly. Table 1 below summarises the details for Sample Bottles used during the Sample
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Program for the various tests undertaken.

Table 1 Sample Bottles for Water Monitoring

LNG

Size Type Wash Preservative Test

250mL HDPE Detergent - Anions

1L HDPE Detergent Sodium Hydroxide Cyanide

250mL HDPE Acid Nitric acid (HNO3) Total metals (not filtered)

200mL Amber glass Acid Nitric acid / Dichromate | Mercury

1L HDPE Detergent - Standard Waters

4x1L Amber glass Solvent - TPH, PAH, Phenols, EDCs

2 x 40mL Amber vial Detergent + RO Sodium Bisulphite VOC/BTEX/C6-C9
Water

5x250mL | PET Sterile 25mg Sodium Micro organisms

Thiosulphate
500mL HDPE Acid - Alpha & Beta activity
200mL Amber glass RO Water - Radon 222
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4 Characterisation Data Summaries

4.1 Well Water Characterisation

Forty seven wells were sampled within the Talinga gas field, resulting in a source water data set
consisting of over 15,000 results (Refer Attachment 1). A summary of the well sample results is
shown in Table 5 below.

Table 5 Well Water Characterisation Statistics

QHFSS Analyte Unit R,\:a?s.u?tfs Min Max Mean Median Pergcsetrr\]tile
Bromate mg/L 47 0.01 0.05 0.03 0.03 0.05
Chlorite mg/L 36 BDL BDL BDL BDL BDL
Chlorate mg/L 36 BDL BDL BDL BDL BDL
Cyanide mg/L 47 0.02 0.02 0.02 0.02 0.02
Chloride mg/L 47 249.00 | 395.00 | 315.53 | 316.00 344.10
Fluoride mg/L 47 3.70 5.30 4.14 4.00 4.85
Nitrate mg/L 47 BDL BDL BDL BDL BDL
Sulphate mg/L 47 BDL BDL BDL BDL BDL

Aluminium ug/L 47 71.93 | 8970.89 | 1159.32 | 524.76 3723.15
Antimony ug/L 47 0.10 0.17 0.13 0.12 0.16
Arsenic pg/L 47 0.14 3.66 0.52 0.39 0.92
Barium Hg/L 47 230.26 | 980.86 | 617.64 | 625.99 814.80
Beryllium pg/L 47 0.11 0.37 0.18 0.11 0.34
Bismuth pg/L 47 BDL BDL BDL BDL BDL
Boron Hg/L 47 226.84 | 573.90 | 426.73 | 433.33 535.20
Bromine Hg/L 47 613.02 | 1435.22 | 959.24 | 970.43 1196.62
Cadmium pg/L 47 0.11 1.62 0.48 0.15 1.37
Calcium mg/L 47 1.30 3.00 2.41 2.40 2.80
Cerium pg/L 47 0.11 21.43 3.06 1.67 9.92
Cesium pg/L 47 0.28 1.46 0.67 0.63 1.18
Chromium pg/L 47 0.13 18.67 1.10 0.47 2.92
Cobalt Hg/L 47 0.11 8.66 0.66 0.33 1.69
Copper pg/L 47 0.30 67.21 9.04 4.11 35.34
Dysprosium pg/L 47 0.11 0.80 0.23 0.15 0.51
Erbium Hg/L 47 0.11 0.28 0.17 0.15 0.27
Europium ug/L 47 0.10 0.43 0.21 0.16 0.39
Gadolinium pg/L 47 0.10 1.52 0.31 0.21 0.71
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QHFESS Analyte Unit Rl\(laos.ucljtfs Min Max Mean Median Pergc5et:11til &

Gallium Hg/L 47 45.61 | 257.52 | 119.08 | 116.26 159.82
Germanium ug/L 47 2.55 48.40 25.01 23.16 42.21
Gold ug/L 47 0.11 1.44 0.33 0.24 0.90
Hafnium pg/L 47 0.50 0.50 0.50 0.50 0.50
Holmium ug/L 47 0.11 0.11 0.11 0.11 0.11
Indium pg/L 47 BDL BDL BDL BDL BDL
lodine Hg/L 47 32.78 74.11 54.46 55.77 70.26
Iridium pg/L 47 BDL BDL BDL BDL BDL

Iron Hg/L 47 202.88 | 9885.24 | 1324.23 | 895.62 | 3123.23
Lanthanum ug/L 47 0.11 8.99 1.32 0.79 4.13
Lead Hg/L 47 0.14 19.34 2.77 1.09 14.25
Lithium Hg/L 47 24.38 55.77 41.27 41.75 52.12
Lutetium pg/L 47 BDL BDL BDL BDL BDL
Magnesium mg/L 47 0.40 1.00 0.73 0.80 0.87
Manganese ug/L 47 2.60 162.39 21.05 12.05 82.19
Mercury pg/L 47 BDL BDL BDL BDL BDL
Molybdenum Mg/L 47 0.12 0.75 0.32 0.28 0.66
Neodymium pg/L 47 0.12 8.76 1.08 0.66 3.47
Nickel Hg/L 47 0.21 21.11 2.72 1.48 8.15
Niobium Hg/L 47 0.13 0.56 0.34 0.34 0.54
Osmium ug/L 47 BDL BDL BDL BDL BDL
Palladium Hg/L 47 BDL BDL BDL BDL BDL
Platinum Hg/L 47 BDL BDL BDL BDL BDL
Potassium mg/L 47 2.60 7.00 3.26 3.20 3.80
Praseodymium Hg/L 47 0.10 2.05 0.42 0.28 1.26
Rhenium ug/L 47 BDL BDL BDL BDL BDL
Rhodium Hg/L 47 BDL BDL BDL BDL BDL
Rubidium Hg/L 47 2.50 9.76 4.67 4.37 6.61
Ruthenium pg/L 47 BDL BDL BDL BDL BDL
Samarium Mg/L 47 0.10 1.79 0.34 0.23 0.82
Scandium Mg/L 47 0.10 5.05 0.68 0.35 2.32
Selenium Mg/L 47 0.10 2.24 0.42 0.30 0.88
Silver Hg/L 47 0.12 0.39 0.21 0.12 0.36

Sodium mg/L 47 110.00 | 1180.00 | 944.66 | 972.00 1097.00
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QHFESS Analyte Unit Rl\(laoslucljtfs Min Max Mean Median Pergc5(:rt:til &
Strontium Hg/L 47 273.23 | 662.36 | 487.84 | 490.87 591.92
Tantalum pg/L 47 BDL BDL BDL BDL BDL
Tellurium pg/L 47 BDL BDL BDL BDL BDL
Terbium pg/L 47 0.18 0.18 0.18 0.18 0.18
Thallium pg/L 47 BDL BDL BDL BDL BDL
Thorium ug/L 47 0.11 3.51 0.59 0.39 1.89
Thulium ug/L 47 BDL BDL BDL BDL BDL
Tin Hg/L 47 0.14 0.14 0.14 0.14 0.14
Titanium Hg/L 47 1.18 586.38 23.85 6.75 53.89
Tungsten ug/L 47 0.11 2.38 0.74 0.68 2.03
Uranium pg/L 47 0.11 0.41 0.22 0.19 0.38
Vanadium ug/L 47 0.17 16.63 2.09 0.93 6.96
Ytterbium ug/L 47 0.15 0.18 0.16 0.16 0.18
Yttrium ug/L 47 0.10 1.84 0.33 0.21 0.90
Zinc Hg/L 47 4.50 330.06 68.10 53.66 162.34
Zirconium ug/L 47 0.11 12.04 0.77 0.46 1.14
Benzo[ghi]perylene Hg/L 47 BDL BDL BDL BDL BDL
Dibenz[a,h]anthracene ug/L 47 0.01 0.01 0.01 0.01 0.01
Indeno([1,2,3-cd]pyrene Hg/L 47 BDL BDL BDL BDL BDL
Benzo[a]pyrene ug/L 47 BDL BDL BDL BDL BDL
Benzo[b+k]fluoranthene Ho/L 47 0.01 0.03 0.02 0.01 0.03
Chrysene pg/L 47 0.02 0.02 0.02 0.02 0.02
Benz[a]anthracene Hg/L 47 BDL BDL BDL BDL BDL
Pyrene Hg/L 47 0.01 0.01 0.01 0.01 0.01
Fluoranthene Hg/L 47 BDL BDL BDL BDL BDL
Anthracene Hg/L 47 BDL BDL BDL BDL BDL
Phenanthrene Hg/L 47 0.01 0.02 0.01 0.01 0.02
Fluorene ug/L 47 BDL BDL BDL BDL BDL
Acenaphthene ug/L 47 BDL BDL BDL BDL BDL
Acenaphthylene pg/L 47 BDL BDL BDL BDL BDL
Naphthalene ug/L 47 0.01 0.05 0.02 0.02 0.04
Phenol ug/L 47 BDL BDL BDL BDL BDL
2-Chlorophenol ug/L 47 BDL BDL BDL BDL BDL
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QHFSS Analyte Unit Rl\(laoslucljtfs Min Max Mean Median Pergc5(:rr:tile
2-Methylphenol Hg/L 47 BDL BDL BDL BDL BDL
4-Methylphenol Hg/L 47 BDL BDL BDL BDL BDL
2-Nitrophenol pg/L 47 BDL BDL BDL BDL BDL
2,4-Dimethylphenol pg/L 47 BDL BDL BDL BDL BDL
2,4-Dichlorophenol pg/L 47 BDL BDL BDL BDL BDL
2,6-Dichlorophenol pg/L 47 BDL BDL BDL BDL BDL
4-Chloro-3-methylphenol pg/L 47 BDL BDL BDL BDL BDL
2,4,6-Trichlorophenol pg/L 47 BDL BDL BDL BDL BDL
2,4,5-Trichlorophenol pg/L 47 BDL BDL BDL BDL BDL
2,4-Dinitrophenol pg/L 47 BDL BDL BDL BDL BDL
4-Nitrophenol pg/L 47 BDL BDL BDL BDL BDL
2,3,4,6-Tetrachlorophenol pg/L 47 BDL BDL BDL BDL BDL
2-Methyl-4,6-dinitrophenol pg/L 47 BDL BDL BDL BDL BDL
Pentachlorophenol ug/L 47 BDL BDL BDL BDL BDL
Benzene ug/L 14 BDL BDL BDL BDL BDL
Toluene ug/L 14 BDL BDL BDL BDL BDL
Ethylbenzene Mg/L 14 BDL BDL BDL BDL BDL
Meta & Para -Xylenes ug/L 14 BDL BDL BDL BDL BDL
Ortho-Xylene Hg/L 14 BDL BDL BDL BDL BDL
Styrene pg/L 14 BDL BDL BDL BDL BDL
Isopropylbenzene ug/L 14 BDL BDL BDL BDL BDL
n-Propylbenzene ug/L 14 BDL BDL BDL BDL BDL
1,3,5-Trimethylbenzene ug/L 14 BDL BDL BDL BDL BDL
sec-Butylbenzene Hg/L 14 BDL BDL BDL BDL BDL
1,2,4-Trimethylbenzene Hg/L 14 BDL BDL BDL BDL BDL
tert-Butylbenzene Hg/L 14 BDL BDL BDL BDL BDL
p-lsopropyltoluene Hg/L 14 BDL BDL BDL BDL BDL
n-Butylbenzene ng/L 14 BDL BDL BDL BDL BDL
Acetone ug/L 14 BDL BDL BDL BDL BDL
Vinyl acetate ug/L 14 BDL BDL BDL BDL BDL
2-Butanone (MEK) pg/L 14 BDL BDL BDL BDL BDL
B v T 14 BDL | BDL BDL BDL BDL
2-Hexanone (MBK) pg/L 14 BDL BDL BDL BDL BDL
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Methyl t-butyl ether Hg/L 14 BDL BDL BDL BDL BDL
Methyl methacrylate pg/L 14 BDL BDL BDL BDL BDL
Ethyl methacrylate pg/L 14 BDL BDL BDL BDL BDL
Carbon disulfide ug/L 14 BDL BDL BDL BDL BDL
2,2-Dichloropropane pg/L 14 BDL BDL BDL BDL BDL
1,2-Dichloropropane pg/L 14 BDL BDL BDL BDL BDL
cis-1,3-Dichloropropene ug/L 14 BDL BDL BDL BDL BDL
trans-1,3-Dichloropropene | pg/L 14 BDL BDL BDL BDL BDL
1,2-Dibromoethane (EDB) | ug/L 14 BDL BDL BDL BDL BDL
Dichlorodifluoromethane ug/L 14 BDL BDL BDL BDL BDL
Vinyl Chloride Hg/L 14 BDL BDL BDL BDL BDL
Trichlorofluoromethane ug/L 14 BDL BDL BDL BDL BDL
1,1-Dichloroethene Hg/L 14 BDL BDL BDL BDL BDL
lodomethane Hg/L 14 BDL BDL BDL BDL BDL
(Vothylons ehiodey | HOL | 14 | BDL | BDL BDL BDL BDL
trans-1,2-Dichloroethene ug/L 14 BDL BDL BDL BDL BDL
1,1-Dichloroethane ug/L 14 BDL BDL BDL BDL BDL
cis-1,2-Dichloroethene ug/L 14 BDL BDL BDL BDL BDL
1,1,1-Trichloroethane ug/L 14 BDL BDL BDL BDL BDL
1,1-Dichloropropene Mg/L 14 BDL BDL BDL BDL BDL
Carbon tetrachloride ug/L 14 BDL BDL BDL BDL BDL
1,2-Dichloroethane ug/L 14 BDL BDL BDL BDL BDL
Trichloroethene ug/L 14 BDL BDL BDL BDL BDL
Dibromomethane ug/L 14 BDL BDL BDL BDL BDL
1,1,2-Trichloroethane ug/L 14 BDL BDL BDL BDL BDL
Tetrachloroethene ug/L 14 BDL BDL BDL BDL BDL
1-Chlorobutane ug/L 14 BDL BDL BDL BDL BDL
Allyl chloride ug/L 14 BDL BDL BDL BDL BDL
Bromochloromethane ug/L 14 BDL BDL BDL BDL BDL
1,3-Dichloropropane Mg/L 14 BDL BDL BDL BDL BDL
1,1,1,2-Tetrachloroethane ug/L 14 BDL BDL BDL BDL BDL
trans-14-Dichloro-2- hgiL 14 BDL | BDL BDL BDL BDL
1,1,2,2-Tetrachloroethane ug/L 14 BDL BDL BDL BDL BDL
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QHFSS Analyte Unit Rl\(laoslucljtfs Min Max Mean Median Pergc5(:rr:tile
1,2,3-Trichloropropane ug/L 14 BDL BDL BDL BDL BDL
Hexachloroethane pg/L 14 BDL BDL BDL BDL BDL
Pentachloroethane pg/L 14 BDL BDL BDL BDL BDL
Shiororonane ug/L 14 BDL | BDL BDL BDL BDL
Hexachlorobutadiene ug/L 14 BDL BDL BDL BDL BDL
Chlorobenzene ug/L 14 BDL BDL BDL BDL BDL
Bromobenzene ug/L 14 BDL BDL BDL BDL BDL
2-Chlorotoluene ug/L 14 BDL BDL BDL BDL BDL
4-Chlorotoluene ug/L 14 BDL BDL BDL BDL BDL
1,3-Dichlorobenzene ug/L 14 BDL BDL BDL BDL BDL
1,4-Dichlorobenzene ug/L 14 BDL BDL BDL BDL BDL
1,2-Dichlorobenzene ug/L 14 BDL BDL BDL BDL BDL
1,2,4-Trichlorobenzene ug/L 14 BDL BDL BDL BDL BDL
1,2,3-Trichlorobenzene ug/L 14 BDL BDL BDL BDL BDL
Chloroform ug/L 14 BDL BDL BDL BDL BDL
Bromodichloromethane ug/L 14 BDL BDL BDL BDL BDL
Dibromochloromethane ug/L 14 BDL BDL BDL BDL BDL
Bromoform ug/L 14 BDL BDL BDL BDL BDL
Naphthalene ug/L 14 BDL BDL BDL BDL BDL
TPH (C6-C9) mg/L 14 BDL BDL BDL BDL BDL
TPH (C10-C14) mg/L 47 15.00 | 290.00 79.27 29.00 234.00
TPH (C15-C28) mg/L 47 10.00 | 380.00 70.26 40.00 250.00
TPH (C28-C36) mg/L 47 11.00 | 660.00 85.44 45.00 406.00
4-t-Octylphenol ug/L 47 4.00 19.00 11.19 12.50 17.50
Nonylphenol ug/L 47 35.00 620.00 197.75 125.00 549.00
Bisphenol A ug/L 47 5.00 70.00 17.85 15.00 37.00
Estrone ug/L 47 BDL BDL BDL BDL BDL
17-B-Estradiol pg/L 47 BDL BDL BDL BDL BDL
Estriol pg/L 47 BDL BDL BDL BDL BDL
17-a-Ethynylestradiol Hg/L 47 BDL BDL BDL BDL BDL
Norgestrel ug/L 47 BDL BDL BDL BDL BDL
Testosterone pg/L 47 BDL BDL BDL BDL BDL
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Androsterone pg/L 47 BDL BDL BDL BDL BDL
Etiocholanolone ug/L 47 BDL BDL BDL BDL BDL
Cholesterol (not an EDC) ug/L 47 20.00 | 2900.00 | 396.95 225.00 788.50
Alpha Emitters mSv/yr 0 BDL BDL BDL BDL BDL
Beta Emitters mSv/yr 0 BDL BDL BDL BDL BDL
Radon Bg.L” 23 BDL 0.10 BDL BDL BDL
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Feed Pond and monitoring results are based on up to 15 samples taken from June and to the date of
this Report. Refer to Attachment 1 for the complete raw data set. A summary of these results is
shown in Table below.

Table 6 Feed Pond and Pond A Characterisation Statistics

QDHAFTS/A? Analytes Unit Sp%r;:ft’ée MIN MAX | MEDIAN | MEAN Pe?fgzt" .
Alkalinity mg/L CaCOs 14 806.00 | 1760.00 | 1255.00 | 1245.14 | 1630.00
Aluminium mg/L 15 0.04 0.28 0.13 0.12 0.22
Ammonia mg/L as N 15 0.00 0.27 0.04 0.08 0.22
Antimony mg/L 12 BDL BDL BDL BDL BDL
Arsenic mg/L 12 0.00 0.00 0.00 0.00 0.00
Barium mg/L 12 0.25 0.55 0.40 0.39 0.53
Bicarbonate mg/L 14 894.00 | 1900.00 | 1375.00 | 1360.79 | 1744.00
Boron mg/L 15 0.55 1.00 0.60 0.67 0.97
Bromate by IC mg/L 13 BDL BDL BDL BDL BDL
Bromide by IC mg/L 13 0.08 1.20 0.99 0.86 1.14
Cadmiun mg/L 12 0.00 0.00 0.00 0.00 0.00
Calcium mg/L 14 1.00 9.80 1.90 2.49 5.64
Carbonate mg/L 14 44.00 124.00 74.50 77.57 120.75
Chloramine mg/L 13 BDL BDL BDL BDL BDL
Chlorate by IC mg/L 13 BDL BDL BDL BDL BDL
Chloride mg/L 14 180.00 | 2200.00 | 278.50 | 397.64 983.85
Chlorite by IC mg/L 13 BDL BDL BDL BDL BDL
Chromium mg/L 12 0.00 0.00 0.00 0.00 0.00
Conductivity uS/cm 14 2060.00 | 9070.00 | 3120.00 | 3339.29 | 5631.50
Copper mg/L 15 0.00 0.03 0.00 0.01 0.02
Cyanide (Colourimetric) mg/L 13 BDL BDL BDL BDL BDL
Figure of Merit 14 BDL BDL BDL BDL BDL
Fluoride mg/L 14 2.00 5.30 3.25 3.20 4.52
Free Chlorine mg/L 13 BDL BDL BDL BDL BDL
Hydrogen mg/L 14 BDL BDL BDL BDL BDL
Hydroxide mg/L 14 0.10 0.20 0.20 0.16 0.20
lodide by IC mg/L 13 0.10 0.10 0.10 0.10 0.10
Iron mg/L 15 0.02 0.21 0.10 0.10 0.19
Lead mg/L 12 0.00 0.00 0.00 0.00 0.00
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QDHAFT? Analytes Unit Sp%r;:ft’ée MIN MAX | MEDIAN | MEAN Pe?fgzt" .
Magnesium mg/L 14 0.30 3.30 0.60 0.80 1.87
Manganese mg/L 15 0.00 0.04 0.00 0.01 0.03
Mercury by Cold Vapour mg/L 12 0.00 0.00 0.00 0.00 0.00
Mole Ratio 14 0.70 1.50 0.80 0.83 111
Molybdenum mg/L 12 0.00 0.00 0.00 0.00 0.00
Nickel mg/L 12 0.00 0.00 0.00 0.00 0.00
Nitrate mg/L 14 BDL BDL BDL BDL BDL
Nitrite mg/L 0.01 0.01 0.01 0.01 0.01
pH 14 8.94 9.09 9.03 9.01 9.08
Potassium mg/L 14 1.80 14.00 2.50 3.33 6.98
Residual Alkalinity meq/L 14 16.00 34.00 25.00 24.71 32.05
Selenium mg/L 12 BDL BDL BDL BDL BDL
Silica mg/L 14 10.00 21.00 15.00 14.71 19.70
Silver mg/L 12 0.00 0.01 0.01 0.01 0.01
Sodium mg/L 14 487.00 | 2110.00 | 745.00 | 803.07 | 1328.70
Sodium Absorption 14 | 90.00 | 15240 | 117.30 | 117.55 | 150.00
Strontium mg/L 12 0.06 0.79 0.54 0.53 0.76
Sulphate mg/L 14 1.70 1.70 1.70 1.70 1.70
Temporary Hardness mg/L CaCOs; 14 3.70 38.00 7.30 9.56 21.75
Thallium mg/L 12 BDL BDL BDL BDL BDL
Titanium mg/L 12 0.00 0.02 0.00 0.00 0.01
Total Dissolved lons mg/L 14 1610.00 | 6330.00 | 2475.00 | 2646.43 | 4178.50
Total Dissolved Solids mg/L 14 1170.00 | 5380.00 | 1790.00 | 1968.57 | 3313.00
Total Hardness mg/L CaCO3 14 3.70 38.00 7.30 9.56 21.75
True Colour Hazen 14 1.00 22.00 5.00 5.69 14.20
Turbidity NTU 14 2.00 23.00 5.50 6.50 13.25
Uranium mg/L 10 BDL BDL BDL BDL BDL
Vanadium mg/L 12 0.00 0.00 0.00 0.00 0.00
Zinc mg/L 15 0.00 0.03 0.00 0.01 0.02
NDMA ng/L 14 BDL BDL BDL BDL BDL
NDEA ng/L 14 BDL BDL BDL BDL BDL
Nitroso-piperidine ng/L 14 BDL BDL BDL BDL BDL
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Nitroso-pyrrolidine ng/L 14 BDL BDL BDL BDL BDL
NDBA ng/L 14 BDL BDL BDL BDL BDL
Nitroso-morpholine
(NMOR) ng/L 14 BDL BDL BDL BDL BDL
4-t-Octylphenol ng/L 9 BDL BDL BDL BDL BDL
Nonylphenol ng/L 9 52.00 120.00 96.00 91.00 117.00
Bisphenol A ng/L 9 110.00 | 260.00 140.00 158.33 240.00
Estrone ng/L 9 BDL BDL BDL BDL BDL
17-B-Estradiol ng/L 9 BDL BDL BDL BDL BDL
Estriol ng/L 9 BDL BDL BDL BDL BDL
17-a-Ethynylestradiol ng/L 9 BDL BDL BDL BDL BDL
Norgestrel ng/L 9 BDL BDL BDL BDL BDL
Testosterone ng/L 9 BDL BDL BDL BDL BDL
Androsterone ng/L 9 BDL BDL BDL BDL BDL
Etiocholanolone ng/L 9 BDL BDL BDL BDL BDL
Cholesterol (not an EDC) ng/L 9 46.00 570.00 120.00 168.44 418.00
Predicted estradiol
equivalent* ng/L 9 BDL BDL BDL BDL BDL
Benzene pg/L 9 BDL BDL BDL BDL BDL
Toluene pg/L 9 BDL BDL BDL BDL BDL
Ethylbenzene pg/L 9 BDL BDL BDL BDL BDL
Meta & Para -Xylenes ug/L 9 BDL BDL BDL BDL BDL
Ortho-Xylene pg/L 9 BDL BDL BDL BDL BDL
Styrene pg/L 9 BDL BDL BDL BDL BDL
Isopropylbenzene pg/L 9 BDL BDL BDL BDL BDL
n-Propylbenzene Mg/l 9 BDL BDL BDL BDL BDL
1,3,5-Trimethylbenzene pg/L 9 BDL BDL BDL BDL BDL
sec-Butylbenzene pg/L 9 BDL BDL BDL BDL BDL
1,2,4-Trimethylbenzene pg/L 9 BDL BDL BDL BDL BDL
tert-Butylbenzene ug/L 9 BDL BDL BDL BDL BDL
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p-lsopropyltoluene pg/L 9 BDL BDL BDL BDL BDL
n-Butylbenzene pg/L 9 BDL BDL BDL BDL BDL
Acetone pg/L 9 BDL BDL BDL BDL BDL
Vinyl acetate pg/L 9 BDL BDL BDL BDL BDL
2-Butanone (MEK) Mg/L 9 BDL BDL BDL BDL BDL
4-Methyl-2-pentanone
(MIBK) ug/L 9 BDL BDL BDL BDL BDL
2-Hexanone (MBK) pg/L 9 BDL BDL BDL BDL BDL
Methyl t-butyl ether pg/L 9 BDL BDL BDL BDL BDL
Methyl methacrylate pg/L 9 BDL BDL BDL BDL BDL
Ethyl methacrylate ug/L 9 BDL BDL BDL BDL BDL
Carbon disulfide pg/L 9 BDL BDL BDL BDL BDL
2,2-Dichloropropane ng/L 9 BDL BDL BDL BDL BDL
1,2-Dichloropropane pg/L 9 BDL BDL BDL BDL BDL
cis-1,3-Dichloropropene ug/L 9 BDL BDL BDL BDL BDL
trans-1,3-
Dichloropropene ug/L 9 BDL BDL BDL BDL BDL
1’2'D‘b(fE°|5”B°)ema”e ug/L 9 BDL BDL BDL BDL BDL
Dichlorodifluoromethane pg/L 9 BDL BDL BDL BDL BDL
Vinyl Chloride pg/L 9 BDL BDL BDL BDL BDL
Trichlorofluoromethane pg/L 9 BDL BDL BDL BDL BDL
1,1-Dichloroethene pg/L 9 BDL BDL BDL BDL BDL
lodomethane pg/L 9 BDL BDL BDL BDL BDL
Dichloromethane
(Methylene chloride) ug/L 9 BDL BDL BDL BDL BDL
trans-1,2-Dichloroethene ug/L 9 BDL BDL BDL BDL BDL
1,1-Dichloroethane pg/L 9 BDL BDL BDL BDL BDL
cis-1,2-Dichloroethene pg/L 9 BDL BDL BDL BDL BDL
1,1,1-Trichloroethane pg/L 9 BDL BDL BDL BDL BDL
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1,1-Dichloropropene ng/L 9 BDL BDL BDL BDL BDL
Carbon tetrachloride ug/L 9 BDL BDL BDL BDL BDL
1,2-Dichloroethane pg/L 9 BDL BDL BDL BDL BDL
Trichloroethene pg/L 9 BDL BDL BDL BDL BDL
Dibromomethane pg/L BDL BDL BDL BDL BDL
1,1,2-Trichloroethane pg/L 9 BDL BDL BDL BDL BDL
Tetrachloroethene pg/L 9 BDL BDL BDL BDL BDL
1-Chlorobutane pg/L 9 BDL BDL BDL BDL BDL
Allyl chloride pg/L 9 BDL BDL BDL BDL BDL
Bromochloromethane ug/L 9 BDL BDL BDL BDL BDL
1,3-Dichloropropane ng/L 9 BDL BDL BDL BDL BDL
1.1,1,2- I 9 BDL BDL BDL BDL BDL
Tetrachloroethane HO
trans-14-Dichloro-2- ug/L 9 BDL BDL BDL BDL BDL
L.1,.2,2- I 9 BDL BDL BDL BDL BDL
Tetrachloroethane HO
1,2,3-Trichloropropane ug/L 9 BDL BDL BDL BDL BDL
Hexachloroethane pg/L 9 BDL BDL BDL BDL BDL
Pentachloroethane pg/L 9 BDL BDL BDL BDL BDL
1,2-Dibromo-3-
chloropropane ug/L 9 BDL BDL BDL BDL BDL
Hexachlorobutadiene ug/L 9 BDL BDL BDL BDL BDL
Chlorobenzene pg/L 9 BDL BDL BDL BDL BDL
Bromobenzene pg/L 9 BDL BDL BDL BDL BDL
2-Chlorotoluene pg/L 9 BDL BDL BDL BDL BDL
4-Chlorotoluene pg/L 9 BDL BDL BDL BDL BDL
1,3-Dichlorobenzene ug/L 9 BDL BDL BDL BDL BDL
1,4-Dichlorobenzene pg/L 9 BDL BDL BDL BDL BDL
1,2-Dichlorobenzene pg/L 9 BDL BDL BDL BDL BDL

commercial-in-confidence

Australia Pacific LNG Pty Limited ABN 68 001 646 331

Level 3, 135 Coronation Drive, Milton, Qld, 4064

Q-4120-95-TR-0001

GPO Box 148, Brisbane, Qld, 4001 « Telephone (07) 3858 0280+ Facsimile 1300 863 446 « www.aplng.com.au

20




Commissioning Verification Program:

Talinga Water Treatment Facility (A
Source Water and Permeate Characterisation Report (
LMNG
QHFSS . Sample 95th
DATA Analytes Unit points MIN MAX MEDIAN | MEAN Percentile
1,2,4-Trichlorobenzene pg/L 9 BDL BDL BDL BDL BDL
1,2,3-Trichlorobenzene pg/L 9 BDL BDL BDL BDL BDL
Chloroform pg/L 9 BDL BDL BDL BDL BDL
Bromodichloromethane pg/L 9 BDL BDL BDL BDL BDL
Dibromochloromethane pg/L 9 BDL BDL BDL BDL BDL
Bromoform pg/L BDL BDL BDL BDL BDL
Naphthalene pg/L 9 BDL BDL BDL BDL BDL
Benzo[ghi]perylene ug/L 10 BDL BDL BDL BDL BDL
Dibenz[a,h]anthracene ug/L 10 BDL BDL BDL BDL BDL
Indenol[1,2,3-cd]pyrene Mg/L 10 BDL BDL BDL BDL BDL
Benzo[a]pyrene pg/L 10 BDL BDL BDL BDL BDL
Benzo[b+k]fluoranthene ug/L 10 BDL BDL BDL BDL BDL
Chrysene ug/L 10 BDL BDL BDL BDL BDL
Benz[a]anthracene Mg/l 10 BDL BDL BDL BDL BDL
Pyrene pg/L 10 BDL BDL BDL BDL BDL
Fluoranthene pg/L 10 BDL BDL BDL BDL BDL
Anthracene pg/L 10 BDL BDL BDL BDL BDL
Phenanthrene pg/L 10 BDL BDL BDL BDL BDL
Fluorene pg/L 10 BDL BDL BDL BDL BDL
Acenaphthene pg/L 10 BDL BDL BDL BDL BDL
Acenaphthylene ug/L 10 BDL BDL BDL BDL BDL
Naphthalene pg/L 10 BDL BDL BDL BDL BDL
Phenol pg/L 10 BDL BDL BDL BDL BDL
2-Chlorophenol pg/L 10 BDL BDL BDL BDL BDL
2-Methylphenol ug/L 10 BDL BDL BDL BDL BDL
4-Methylphenol ug/L 10 BDL BDL BDL BDL BDL
2-Nitrophenol pg/L 10 BDL BDL BDL BDL BDL
2,4-Dimethylphenol pg/L 10 BDL BDL BDL BDL BDL
2,4-Dichlorophenol pg/L 10 BDL BDL BDL BDL BDL
2,6-Dichlorophenol Mg/L 10 BDL BDL BDL BDL BDL
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4-Chloro-3-methylphenol pg/L 10 BDL BDL BDL BDL BDL
2,4,6-Trichlorophenol ng/L 10 BDL BDL BDL BDL BDL
2,4,5- Trichlorophenol pg/L 10 BDL BDL BDL BDL BDL
2,4-Dinitrophenol pg/L 10 BDL BDL BDL BDL BDL
4-Nitrophenol pg/L 10 BDL BDL BDL BDL BDL
Tetrachiaranhenol Mg/L 10 BDL BDL BDL BDL BDL
Stronhanal hg/L 10 BDL BDL BDL BDL BDL
Pentachlorophenol pg/L 10 BDL BDL BDL BDL BDL
TPH (C6-C9) ug/L 10 BDL BDL BDL BDL BDL

TPH (C10-C14) Hg/L 10 14.00 16.00 15.00 15.00 15.90
TPH (C15-C28) Hg/L 10 10.00 44.00 36.00 31.57 43.70

TPH (C28-C36) Hg/L 10 26.00 160.00 57.00 65.30 125.80
Alpha Emitters mSv/yr mSv/yr 0 BDL BDL BDL BDL BDL
Beta Emitters mSv/yr mSv/yr 0 BDL BDL BDL BDL BDL
(Bg.L-1) 10 BDL BDL BDL BDL BDL
e uncerainty | g BOL | BDL | BDL | BDL BDL
Monochloroacetic Acid pg/L 3 BDL BDL BDL BDL BDL
Dichloroacetic Acid pg/L 3 BDL BDL BDL BDL BDL
Trichloroacetic Acid pg/L 3 BDL BDL BDL BDL BDL
Bromochloroacetic Acid pg/L 3 BDL BDL BDL BDL BDL
Monobromoacetic Acid pg/L 3 BDL BDL BDL BDL BDL
Dibromoacetic Acid pg/L 3 BDL BDL BDL BDL BDL
Chloroform pg/L 3 BDL BDL BDL BDL BDL
Bromodichloromethane pg/L 3 BDL BDL BDL BDL BDL
Dibromochloromethane pg/L 3 BDL BDL BDL BDL BDL
Bromoform pg/L 3 BDL BDL BDL BDL BDL
Total Trihalomethanes pg/L 3 BDL BDL BDL BDL BDL
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TWTF Permeate Characterisation
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TWTF Permeate monitoring results are based on three TWTF Permeate samples taken in August 2010.
A summary of these results is shown in Table 7 below.

Table 7 TWTF Permeate Characterisation Statistics

82‘?,? S untt Ig;s:ucl)tfs Min Max Median | Mean S:[ac\i/ Pe?cst;[rr:tile
Alkalinity s 13 45.00 | 83.00 | 62.00 | 63.77 | 11.09 | 82.40
Aluminium mg/L 13 BDL 0.01 0.00 0.00 0.00 0.01
Ammonia mg/L 14 0.03 0.38 0.23 0.24 0.07 0.35
Antimony mg/L 13 BDL BDL BDL BDL BDL BDL
Arsenic mg/L 13 BDL BDL BDL BDL BDL BDL
Barium mg/L 13 0.01 0.02 0.01 0.01 0.00 0.02
Bicarbonate mg/L 13 55.00 | 100.00 | 74.00 74.46 8.22 98.20
Boron mg/L 13 0.25 0.76 0.49 0.50 0.10 0.75
Bromate by IC mg/L 14 BDL BDL BDL BDL BDL BDL
Bromide by IC mg/L 14 0.04 0.07 0.05 0.05 0.01 0.07
Cadmium mg/L 13 BDL BDL BDL BDL BDL BDL
Calcium mg/L 13 BDL 0.90 0.10 0.17 0.32 0.48
Carbonate mg/L 13 0.20 8.90 0.40 1.60 3.25 7.52
Chloramine mg/L 14 0.90 0.90 0.90 0.90 0.00 0.90
Chlorate by IC mg/L 14 BDL BDL BDL BDL BDL BDL
Chloride mg/L 13 12.00 | 23.00 17.00 17.23 2.57 22.40
Chlorite by IC mg/L 14 BDL BDL BDL BDL BDL BDL
Chromium mg/L 13 0.00 0.00 0.00 0.00 0.00 0.00
Conductivity usfem 13| 160.00 | 272.00 | 198.00 | Y998 | 2105 | 241.40
Copper mg/L 13 BDL BDL BDL BDL BDL BDL
(Col‘;yuar?rf;ric) mg/L 14 BDL | BDL BDL BDL | BDL BDL
Fluoride mg/L 13 0.08 0.20 0.12 0.14 0.02 0.20
Free Chlorine mg/L 14 BDL BDL BDL BDL BDL BDL
Hydrogen mg/L 13 BDL BDL BDL BDL BDL BDL
Hydroxide mg/L 13 BDL 0.30 0.00 0.05 0.11 0.30
lodine / lodide by IC mg/L 14 BDL BDL BDL BDL BDL BDL
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Iron mg/L 13 0.02 0.09 0.05 0.05 0.00 0.09
Lead mg/L 13 0.00 0.00 0.00 0.00 BDL 0.00
Magnesium mg/L 13 BDL 0.10 0.10 0.05 0.05 0.10
Manganese mg/L 13 0.00 0.00 0.00 0.00 BDL 0.00
Mercury by Cold
Vapour mg/L 14 BDL BDL BDL BDL BDL BDL
Mole Ratio 13 0.50 2.20 1.80 1.65 0.56 2.14
Molybdenum mg/L 13 BDL BDL BDL BDL BDL BDL
Nickel mg/L 13 0.00 0.00 0.00 0.00 BDL 0.00
Nitrate mg/L 13 BDL BDL BDL BDL BDL BDL
Nitrite mg/L as N 11 BDL 0.00 0.00 0.00 0.00 0.00
pH 13 7.80 9.36 7.92 8.18 0.54 9.24
pH (Saturation)* 13 9.80 11.20 10.60 10.58 0.45 11.08
Potassium mg/L 13 0.20 0.60 0.30 0.35 0.13 0.54
Residual Alkalinity meq/L 13 0.90 1.60 1.20 1.26 0.21 1.60
Saturation Index 13 -3.10 -1.40 -2.50 -2.40 0.57 -1.52
Selenium mg/L 13 BDL BDL BDL BDL BDL BDL
Silica mg/L 13 1.00 2.00 2.00 1.54 0.38 2.00
Silver mg/L 13 BDL BDL BDL BDL BDL BDL
Sodium mg/L 13 34.00 58.00 43.00 42.31 4.34 52.00
Sodium Absorption 13 | 10.00 | 57.00 | 27.00 | 28.54 | 1554 | 46.20
Strontium mg/L 13 0.01 0.03 0.01 0.02 0.00 0.03
Sulphate mg/L 13 1.40 14.70 8.20 7.95 2.44 14.60
temp - BDL BDL BDL BDL BDL BDL
mg/L as
Temporary Hardness CaCo3 13 0.10 2.60 0.50 0.62 0.86 1.58
Thallium mg/L 13 BDL BDL BDL BDL BDL BDL
Titanium mg/L 13 BDL BDL BDL BDL BDL BDL
- . 143.0
otal Dissolved lons mg/L 13 115.00 | 194.00 | 142.00 0 13.21 178.40
Total Dissolved | oy 13 | 80.00 | 14500 | 106.00 | '%® | 948 | 120.40
mg/L as
Total Hardness Caco3 13 0.10 2.60 0.50 0.62 0.86 1.58
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QHSS . No. Of . : Std. 95th
DATA Sample ID unit Results LA bR Median = Dev. Percentile
True Colour Hazen 13 BDL 17.00 5.50 6.50 4.86 14.80
Turbidity NTU 13 BDL 4.00 1.00 1.83 1.41 3.75
Uranium mg/L 13 BDL BDL BDL BDL BDL BDL
Vanadium mg/L 13 BDL BDL BDL BDL BDL BDL
zZinc mg/L 13 BDL 0.03 0.00 0.01 0.00 0.02
NDMA¥ ng/L 12 BDL 110.00 24.50 39.90 | 41.15 102.80
NDEA ng/L 12 BDL BDL BDL BDL BDL BDL
Nitroso-piperidine ng/L 12 BDL BDL BDL BDL BDL BDL
Nitroso-pyrrolidine ng/L 12 BDL BDL BDL BDL BDL BDL
NDBA ng/L 12 BDL BDL BDL BDL BDL BDL
Nitroso-morpholine
(NMOR) ng/L 12 BDL BDL BDL BDL BDL BDL
4-t-Octylphenol ng/L 10 BDL BDL BDL BDL BDL BDL
Nonylphenol ng/L 10 BDL BDL BDL BDL BDL BDL
Bisphenol A ng/L 10 BDL 23.00 14.00 15.25 #DI'V/O 22.10
Estrone ng/L 10 BDL BDL BDL BDL BDL BDL
17-B-Estradiol ng/L 10 BDL BDL BDL BDL BDL BDL
Estriol ng/L 10 BDL BDL BDL BDL BDL BDL
17-a-
Ethynylestradiol ng/L 10 BDL BDL BDL BDL BDL BDL
Norgestrel ng/L 10 BDL BDL BDL BDL BDL BDL
Testosterone ng/L 10 BDL BDL BDL BDL BDL BDL
Androsterone ng/L 10 BDL BDL BDL BDL BDL BDL
Etiocholanolone ng/L 10 BDL BDL BDL BDL BDL BDL
Cholesterol (notan | gy 10 | 1000 | 53000 | 5850 | 3% | 14860 | 440.00
Predicted estradiol
equivalent* ng/L 10 BDL BDL BDL BDL BDL BDL
Monochloroacetic ug/L 12 BDL | BDL BDL | BDL | BDL BDL
Dichloroacetic Acid Hg/L 12 BDL BDL BDL BDL BDL BDL
Trichloroacetic Acid ug/L 12 BDL BDL BDL BDL BDL BDL
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DATA Sample ID unit Results LA bR Median = Dev. Percentile
Bromochloroacetic ug/L 12 BDL | BDL BDL BDL | BDL BDL
M°“°b/ffc’i‘jj°a°e“c ug/L 12 BDL BDL BDL BDL BDL BDL
Dibromoacetic Acid Hg/L 12 BDL BDL BDL BDL BDL BDL
Benzene ug/L 9 BDL BDL BDL BDL BDL BDL
Toluene ug/L 9 BDL BDL BDL BDL BDL BDL
Ethylbenzene pg/L 9 BDL BDL BDL BDL BDL BDL
Meta & Para -Xylenes pg/L 9 BDL BDL BDL BDL BDL BDL
Ortho-Xylene ug/L 9 BDL BDL BDL BDL BDL BDL
Styrene ug/L 9 BDL BDL BDL BDL BDL BDL
Isopropylbenzene ug/L 9 BDL BDL BDL BDL BDL BDL
n-Propylbenzene pg/L 9 BDL BDL BDL BDL BDL BDL
1,3,5- 1L 9 BDL BDL BDL BDL BDL BDL
Trimethylbenzene Ko
sec-Butylbenzene ug/L 9 BDL BDL BDL BDL BDL BDL
1,2,4- 1L 9 BDL | BDL BDL BDL | BDL BDL
Trimethylbenzene HO
tert-Butylbenzene pg/L 9 BDL BDL BDL BDL BDL BDL
p-lsopropyltoluene ug/L 9 BDL BDL BDL BDL BDL BDL
n-Butylbenzene pg/L 9 BDL BDL BDL BDL BDL BDL
Acetone ug/L 9 BDL BDL BDL BDL BDL BDL
Vinyl acetate ug/L 9 BDL BDL BDL BDL BDL BDL
2-Butanone (MEK) ug/L 9 BDL BDL BDL BDL BDL BDL
4-Methyl-2-
pentanone (MIBK) ug/L 9 BDL BDL BDL BDL BDL BDL
2-Hexanone (MBK) pg/L 9 BDL BDL BDL BDL BDL BDL
Methyl t-butyl ether pg/L 9 BDL BDL BDL BDL BDL BDL
Methyl methacrylate ug/L 9 BDL BDL BDL BDL BDL BDL
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DATA Sample ID unit Results LA bR Median e Dev. Percentile
Ethyl methacrylate ug/L 9 BDL BDL BDL BDL BDL BDL
Carbon disulfide ug/L 9 BDL BDL BDL BDL BDL BDL
2,2-Dichloropropane Mg/L 9 BDL BDL BDL BDL BDL BDL
1,2-Dichloropropane ug/L 9 BDL BDL BDL BDL BDL BDL
cis-1,3- I 9 BDL | BDL BDL BDL | BDL BDL
Dichloropropene H9
trans-1,3-
Dichloropropene ug/L 9 BDL BDL BDL BDL BDL BDL
1'2'Dib(gg“80)e‘ha”e ug/L 9 BDL BDL BDL BDL BDL BDL
Diehlorodifluorometh |- yq). 9 BDL | BDL BDL BDL | BDL BDL
Vinyl Chloride ug/L 9 BDL BDL BDL BDL BDL BDL
Triehlorofluorometha | g 9 BDL | BDL BDL BDL | BDL BDL
1,1-Dichloroethene ug/L 9 BDL BDL BDL BDL BDL BDL
lodomethane ug/L 9 BDL BDL BDL BDL BDL BDL
Dichloromethane I 9 BDL | BDL BDL BDL | BDL BDL
(Methylene chloride) Ho
trans-1,2-
Dichloroethene ug/L 9 BDL BDL BDL BDL BDL BDL
1,1-Dichloroethane ug/L 9 BDL BDL BDL BDL BDL BDL
cis-1,2- I 9 BDL | BDL BDL BDL | BDL BDL
Dichloroethene H9
1,1,1-Trichloroethane ug/L 9 BDL BDL BDL BDL BDL BDL
1,1-Dichloropropene ug/L 9 BDL BDL BDL BDL BDL BDL
Carbon tetrachloride ug/L 9 BDL BDL BDL BDL BDL BDL
1,2-Dichloroethane ug/L 9 BDL BDL BDL BDL BDL BDL
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Trichloroethene ug/L 9 BDL BDL BDL BDL BDL BDL
Dibromomethane ug/L 9 BDL BDL BDL BDL BDL BDL
1,1,2-Trichloroethane ug/L 9 BDL BDL BDL BDL BDL BDL
Tetrachloroethene ug/L 9 BDL BDL BDL BDL BDL BDL
1-Chlorobutane ug/L 9 BDL BDL BDL BDL BDL BDL
Allyl chloride ug/L 9 BDL BDL BDL BDL BDL BDL
Bromochloromethan | g, 9 BDL | BDL BDL BDL | BDL BDL
1,3-Dichloropropane Mg/L 9 BDL BDL BDL BDL BDL BDL
11,1,2- 1L 9 BDL BDL BDL BDL BDL BDL
Tetrachloroethane Hg
trans-La-Dichloro-2- |4 9 BDL | BDL BDL BDL | BDL BDL
L.1,2,.2- 1L 9 BDL BDL BDL BDL BDL BDL
Tetrachloroethane H9
1.2,3- 1L 9 BDL BDL BDL BDL BDL BDL
Trichloropropane HO
Hexachloroethane ug/L 9 BDL BDL BDL BDL BDL BDL
Pentachloroethane ug/L 9 BDL BDL BDL BDL BDL BDL
1,2-Dibromo-3-
Shloronranane hg/L 9 BOL | BDL | BDL | BDL | BDL BDL
Hexachlorobutadien |4 9 BOL | BDL | BDL | BDL | BDL BDL
Chlorobenzene ug/L 9 BDL BDL BDL BDL BDL BDL
Bromobenzene ug/L 9 BDL BDL BDL BDL BDL BDL
2-Chlorotoluene ug/L 9 BDL BDL BDL BDL BDL BDL
4-Chlorotoluene ug/L 9 BDL BDL BDL BDL BDL BDL
1,3-Dichlorobenzene ug/L 9 BDL BDL BDL BDL BDL BDL
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1,4-Dichlorobenzene Hg/L 9 BDL BDL BDL BDL BDL BDL
1,2-Dichlorobenzene ug/L 9 BDL BDL BDL BDL BDL BDL
124 L 9 BDL BDL BDL BDL BDL BDL
Trichlorobenzene Hg
12,3 I 9 BDL BDL BDL BDL BDL BDL
Trichlorobenzene Hg
Chloroform pg/L 9 BDL BDL BDL BDL BDL BDL
Bromodichlorometha g 9 BDL | BDL BDL BDL | BDL BDL
Dibromochiorometha | g 9 BDL | BDL BDL BDL | BDL BDL
Bromoform ug/L 9 BDL BDL BDL BDL BDL BDL
Naphthalene ug/L 9 BDL BDL BDL BDL BDL BDL
Chloroform pg/L 12 BDL 3.00 3.00 3.00 0.00 3.00
Br°m°dicr?é°r°metha ug/L 12 BDL BDL BDL BDL BDL BDL
Dibromochiorometha | g 12 BDL | BDL BDL BDL | BDL BDL
Bromoform ug/L 12 BDL BDL BDL BDL BDL BDL
Total L 12 BDL BDL BDL BDL BDL BDL
Trihalomethanes Hg
Benzo[ghi]perylene ug/L 10 BDL BDL BDL BDL BDL BDL
D‘benz[a'hga”‘hface” ug/L 10 BDL BDL BDL BDL BDL BDL
Indeno[1,2,3-
cdlpyrene Hg/L 10 BDL BDL BDL BDL BDL BDL
Benzo[a]pyrene pg/L 10 BDL BDL BDL BDL BDL BDL
Be”ZO[b;‘;]g'“‘"a”‘h ug/L 10 BDL BDL BDL BDL BDL BDL
Chrysene ug/L 10 BDL BDL BDL BDL BDL BDL
Benz[a]anthracene ug/L 10 BDL BDL BDL BDL BDL BDL
Pyrene Hg/L 10 BDL BDL BDL BDL BDL BDL
Fluoranthene ug/L 10 BDL BDL BDL BDL BDL BDL
Anthracene ug/L 10 BDL BDL BDL BDL BDL BDL
Phenanthrene ug/L 10 BDL BDL BDL BDL BDL BDL
Fluorene ug/L 10 BDL BDL BDL BDL BDL BDL
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Acenaphthene pg/L 10 BDL BDL BDL BDL BDL BDL
Acenaphthylene pg/L 10 BDL BDL BDL BDL BDL BDL
Naphthalene ug/L 10 BDL BDL BDL BDL BDL BDL
Phenol ug/L 9 BDL BDL BDL BDL BDL BDL
2-Chlorophenol ug/L 9 BDL BDL BDL BDL BDL BDL
2-Methylphenol ug/L 9 BDL BDL BDL BDL BDL BDL
4-Methylphenol pg/L 9 BDL BDL BDL BDL BDL BDL
2-Nitrophenol ug/L 9 BDL BDL BDL BDL BDL BDL
2,4-Dimethylphenol ug/L 9 BDL BDL BDL BDL BDL BDL
2,4-Dichlorophenol ug/L 9 BDL BDL BDL BDL BDL BDL
2,6-Dichlorophenol ug/L 9 BDL BDL BDL BDL BDL BDL
4-Chloro-3-
methylphenol ug/L 9 BDL BDL BDL BDL BDL BDL
2,4,6-Trichlorophenol ug/L 9 BDL BDL BDL BDL BDL BDL
2,45 I 9 BDL | BDL BDL BDL | BDL BDL
Trichlorophenol Ko
2,4-Dinitrophenol ug/L 9 BDL BDL BDL BDL BDL BDL
4-Nitrophenol ug/L 9 BDL BDL BDL BDL BDL BDL
2,3,4,6- I 9 BDL BDL BDL BDL BDL BDL
Tetrachlorophenol Ko
2-Methyl-4,6-
dinitrophenol ug/L 9 BDL BDL BDL BDL BDL BDL
Pentachlorophenol ug/L 9 BDL BDL BDL BDL BDL BDL
TPH (C6-C9) ug/L 9 BDL BDL BDL BDL BDL BDL
TPH (C10-C14) ng/L 9 BDL 14.00 14.00 14.00 BDL 14.00
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TPH (C15-C28) ug/L 9 BDL 120.00 23.00 42.80 23.09 104.00
TPH (C28-C36) ng/L 9 BDL 32.00 17.00 21.00 BDL 30.50
E.Coli mpn/t0omL | MPM100 14 BDL | BDL BDL BDL | BDL BDL
Clostridium cfu/100m
perfringens L 14 BDL BDL BDL BDL BDL BDL
cfu/100mL
Somatic coliphages pfy/100m
ofu/100mL L 14 BDL BDL BDL BDL BDL BDL
F-RNA (male-
specific) coliphages | P™/100™ 14 BDL | BDL BDL BDL | BDL BDL
pfu/100mL
Enterococci cfu/100m
fu100mL L 14 BDL 7.00 BDL BDL 0.00 7.00
Alpha Emitters mSviyr 10 BDL | BDL BDL BDL | BDL BDL
mSv/yr y
Beta Emitters mSviyr 10 BDL BDL BDL BDL BDL BDL
mSv/yr Y
Radon Bq.L-1 10 BDL BDL BDL BDL BDL BDL
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5 Source Water and TWTF Permeate Characterisation Analysis an

Discussion

5.1 Public Health Summary
This section discusses the key findings regarding to the parameters of interest to public health.

The results of the Sample Program demonstrate the effectiveness of the TWTF to treat CSG Water
collected from the Talinga CSG wells and into the Feed Ponds. A summary of the key parameters of
interest to public health from the monitoring data collected to date is provided below for both
Source Water and TWTF treated CSG water for comparison.

Raw water samples taken from CSG wells and ponds showed particularly high levels of aluminium,
fluoride and iron. These chemical compounds were reduced to below the Talinga EA Permeate

Limits.

A summary of the Health Concerns for source water and TWTF Permeate is summarised in Table 2

below.

Table 2 Summary of Health Concerns for Source Water and TWTF Permeate

Compound / Talinga EA Mean Result Recorded (ug/L)
Element Permeate Limit
Pond TWTF Permeate
(Mg/L)
Aluminium 200 1467 BDL
Iron 300 1623 BDL
NDMA 0.01 Not required 0.050
Sulphate 3000-9000 BDL 11.7
Fluoride 1500 5100 <0.5
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5.2 Data Gaps

Commissioning Verification Program:
Talinga Water Treatment Facility

A summary of gaps in monitoring data for Source Water and TWTF Permeate is summarised in below
followed by a detailed description of each gap in the following discussions.

Table 3 Summary of Source Water and TWTF Permeate Data Gaps

Chemical Compound Talinga EA Data Gaps Description
Permeate
e (L) Pond Permeate
Not Available Not Available Laboratory are not
capable of completing
2,2 Dichloropropionic Acid 500 test.
Not Available Not Available Laboratory are not
capable of completing
4-Chlorophenol 300 test.
Not Available Not Available Laboratory are not
capable of completing
Acrylamide (2-propenamide) 0.2 test.
Not Available Not Available Laboratory are not
capable of completing
Bromochloroacetonitrile 0.7 test.
Not Available Not Available Laboratory are not
capable of completing
Dichloroacetonitrile 2 test.
Not Available Not Available Outside the original scope
of parameters to be
Hydrazine 0.01 tested.

The missing data identified in include:
5.2.1 2,2 Dichloropropionic Acid

Samples were taken and this test was included on the original testing request. However, analysis
was not able to be performed by QHFSS.

5.2.2 4-Chlorophenol

Samples were taken and this test was included on the original testing request. However, analysis
was not able to be performed by QHFSS.

5.2.3 Acrylamide (2-propenamide)
Samples were taken and this test was included on the original testing request. However, analysis
was not able to be performed by QHFSS. The presence of Acrylamide is not expected as the TWTF
uses NSF approved treatment chemicals.

5.2.4 Bromochloroacetonitrile

Samples were taken and this test was included on the original testing request. However, analysis
was not able to be performed by QHFSS.

5.2.5 Dichloroacetonitrile

Samples were taken and this test was included on the original testing request. However, analysis
was not able to be performed by QHFSS.
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5.2.6  Hydrazine

The Talinga EA Discharge Limit for hydrazine is below detection limits. As hydrazine readily reacts
with oxygen, accurate testing must be conducted on site.

This is due to the required low detection limits, a highly accurate site test is not possible
5.2.7 Quantitative analysis of metals

Queensland Health laboratories advised Origin Energy that quantative analysis will be supplied
instead of the semi-quantitative ICP-MS scans of the periodic table to give more accurate results on
the metals of concern.

The requirement of ICP-MS scans was intended to provide a screening to determine metals present in
the water and then to do quantitative analysis of the common metals. There is little point in doing
rare earth metals and lanthanides and actinides as they are either extremely rare of do not occur in
nature.

5.3 Key Data Discussion
A summary of elevated levels for analytes is presented in Table 4 below. This summary clearly shows:

o The ponds are effective at buffering and averaging elevated levels of compounds/elements
recorded for individual wells;

o Elevated levels of compounds/elements within source water primarily consist of heavy
metals, with no man made compounds recorded. This is expected as source water is a
naturally occurring resource, with little possibility of contamination.

Table 4 Summary of Key Data

Feed Pond
Wells and Pond A TWTF Permeate
Chemical Talinga EA
Compounds Release Limit Mean Value Mean Value Mean Value (ug/L)
(Hg/L) (Hg/L) (Hg/L) Ho
Aluminium 200 1159 120 0
Barium 700 618 390 10
Fluoride 1500 4140 3200 140
lodine 60 55 51.3 BDL
Iron 300 1324 100 50
N-
Nitrosodimethylamin 0.01 Not tested Not tested 0.040
e (NDMA)
Lead 10 2.8 0 BDL
Nickel 20 2.7 0 BDL
Total Petroleum
Hydrocarbons
(reported as (TOtal) 200 235 112 77.8
separate fractions)
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5.3.1 Well Data Discussion
A discussion of the key parameters is provided in the following sections.

5.3.1.1  Aluminium

The wells in the Talinga gas field produce a noticeable amount of solids which contributes to the high
Aluminium content. Aluminium is expected to drop out of suspension with pond retention time and
be fully removed by the MF barrier and RO barrier.

5.3.1.2 Barium
The wells produce a background of barium which is expected to level out in the ponds and be fully
mitigated by the RO barrier as shown in the Permeate data.

5.3.1.3 Fluoride
The wells produce a background of fluoride which is expected to level out in the ponds and be fully
mitigated by the RO barrier as shown in the TWTF Permeate data.

5.3.1.4 lodine

The wells produce a sporadic background of iodine which is expected to level out in the ponds and be
fully mitigated by the RO barrier as shown in the TWTF Permeate data.

5.3.1.5 Iron

High iron levels in CSG water at the wells is likely due to the noticeable amount of solids produced by
the Talinga wells. The iron is expected to drop out of suspension with pond retention time and be
fully removed by the MF system and RO barrier.

5.3.1.6 Lead
The wells produce a sporadic background of Lead which is expected to level out in the ponds and be
fully mitigated by the RO barrier as shown in the TWTF Permeate data.

5.3.1.7 Nickel

Of the 47 wells sampled, well 27 exceeded the Talinga EA Permeate Limit for Nickel. However, the
mean data for CSG well water was recorded as 2.7ug/L, which is below the Talinga EA Permeate
Limit of 20ug/L. Given no exceedance of Nickel was noted in the pond or TWTF Permeate, APLNG
believes that the TWTF process is capable of removing this metal.

5.3.2 Feed Water and Pond A Data Discussion
Key parameters from Feed Water and Pond A data is discussed in the following sections.

5.3.2.1  Aluminium

Aluminium levels in pond samples tested were generally below levels measured directly from CSG
wells at Talinga. This would tend to demonstrate effective settling of solids in the Ponds. Any
remaining aluminium is expected to be fully removed by the MF barrier and RO barrier.

5.3.2.2 Fluoride

Fluoride levels in the ponds were also generally below the levels measured at the wells. Further
treatment in the Talinga TWTF ensures fluoride levels are fully mitigated by the RO barrier. Effective
removal of fluoride by the TWTF is shown in the resulting RO Permeate data.

5.3.2.3 lodine

The sporadic levels of iodine observed at the wells are shown to level out in the ponds. Residual
levels of iodine are expected to be fully mitigated by the RO barrier.

commercial-in-confidence Q-4120-95-TR-0001

Australia Pacific LNG Pty Limited ABN 68 001 646 331
Level 3, 135 Coronation Drive, Milton, Qld, 4064
GPO Box 148, Brisbane, Qld, 4001 « Telephone (07) 3858 0280+ Facsimile 1300 863 446 « www.aplng.com.au 36



Commissioning Verification Program: 4

Talinga Water Treatment Facility 4 e
Source Water and Permeate Characterisation Report ,{

\LNG
5.3.2.4 lron

Any residual iron in the ponds will be fully removed by the MF barrier and RO barrier. This can be
confirmed by referring to the monitoring results of the TWTF Permeate.

5.3.3 TWTF Permeate Data Discussion

5.3.3.1 Nitrosodimethylamine (NDMA)

Permeate samples analysed tested triggered the reportable specification of 0.001 pg/L (10 ng/L) for
N-Nitrosodimethylamine (NDMA). NDMA is a by-product of the chloramination process. The World
Health Organisation (WHO) drinking water guideline for NDMA is 0.1 pg/L (100 ng/L).

Chloramination is used to treat the Feed Water with a monochloramine disinfectant. At the Talinga
TWTF, chloramination is used to prevent fouling of the RO membranes. Chloramination also reduces
the overall levels of regulated contaminants compared to chlorine. Both chlorine and small amounts
of ammonia are added to the water one at a time which react together to form monochloramine
(also called combined chlorine), a long lasting disinfectant. Chloramination provides effective
residual disinfection with minimal risk to public health. Chloramine reacts with other compounds in
the water to form what are called “disinfection by-products” such as NDMA.

The most common method for NDMA removal is by UV irradiation therefore NDMA is expected to
rapidly degrade in the environment with a reported half life of less than 24 hours.

Further, background samples of the receiving water were taken at the Chinchilla and Condamine
Weirs. NDMA concentrations at these locations were found to be 0.011 pg/L and 0.012 pg/L (or 11
and 12ng/L) respectively.

An update has been provided with in the Report on Water Quality Exceedances (Q-4120-15-RP-0001)

6 Conclusion

This Report clearly demonstrates the effectiveness of the TWTF to treat Source Water to a consistent
high quality prior to discharge to the Condamine River.

While exceedances of NDMA were recorded during the source water and permeated characterisation
monitoring, APLNG has undertaken an investigation and appropriate corrective actions to minimise
the risk of reoccurrence.
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ARTICLE INFO ABSTRACT
Article history: Isotopic data indicate that coalbed methane (CBM) in many Australian reservoirs comprise secondary
Received 31 October 2007 biogenic gas, however, little is known of the microbes active in these reservoirs. Therefore, for the first time
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in Australia, a preliminary culture-independent survey of the prokaryotic microbial composition of some of
these reservoirs was undertaken to provide a basis for an understanding of the origin of the observed
biogenic gas. Four water and three coal samples from the east coast of Australia were examined for their
prokaryotic diversity by 16S rDNA analysis. DNA was extracted from the samples and amplified using

Ic(?:llgirjsrﬁethane bacterial- and archaeal-selective primers, and the resulting amplicons were cloned and sequenced. DNA
Biogenic gas amplicons derived from Gram-negative bacteria predominated; relatively few archaeal and Gram-positive
Prokaryotes bacterial sequences were amplified from the original samples. By-and-large coal samples yielded almost
Sydney Basin exclusively archaeal and o-proteobacterial amplicons, whereas the water samples contained amplicons
Port Phillip Basin derived from the remaining proteobacteria (3-&) and bacteroidetes. Amplicons from three genera of archaea

Surat Basins were observed, none of which were genuine methanogens, although the dominant genus, Archaeoglobus, is

reported to have some weak methanogenic activity. Further integrated studies of microbiology,
hydrochemistry, gas geochemistry and geology of CBM reservoirs are continuing in order to better
understand the parameters for methane production in eastern Australian basins.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction 1.2. Origin of gas in Australian coals and implications for CBM
exploration
1.1. Coalbed methane in Australia
The main gases encountered in Australian coal seams comprise
Australia is the second largest coalbed methane (CBM) producer in CH4, C5Hg, CO,, and Ns. These gases are derived from multiple sources
the world behind the U.S.A. with ~70 Petajoules (P]) produced in 2006. (Faiz et al., 2003), including:
The current commercial CBM production in Australia is confined to
coal seams of the Bowen, Surat and Sydney Basins along the eastern
seaboard of Australia (Fig. 1). The total number of proved and probable
CBM reserves identified in prospective areas of these basins is over
6000 PJ (A. Parker, Personal communication, 2007). Over 90% of the
current CBM production comes from Queensland and ~45% of
Queensland's natural gas consumption is derived from this source.

1. gas formed as a by-product of coalification due to both microbial
activity and thermal alteration of coal,

2. secondary microbial gas formed due to the alteration of coal after
basin uplift,

3. gases derived from inorganic sources such as igneous intrusions
and thermal decomposition of carbonates.

Extensive exploration and testing of potential reservoirs is also being Understanding the origin of these gases is critical for success-
conducted in other Permian bituminous coals of Clarence-Moreton, fully identifying CBM production ‘sweet spots’. The Bowen, Sydney,
Gloucester, and Gunnedah Basins; and in the Tertiary brown coals of and Surat Basins are the most active CBM-producing basins in
Port Phillip Basin along the eastern coast of Australia. Australia and contain a mixture of both thermogenic and

secondary biogenic gases (Fig. 2). Molecular and stable isotope

composition data for CH4 and CO, in these basins indicate that

shallow coals (generally <650 m) contain considerable secondary

biogenic gas, which has formed since basin uplift after the Late

* Corresponding author. Tel.: +61 2 9490 5099: fax: +61 2 9490 5010. Cretaceous and is associated with meteoric water flow (Faiz and
E-mail address: phil.hendry@csiro.au (P. Hendry). Hendry, 2006).

0166-5162/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.coal.2008.04.007
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Fig. 1. Map of eastern Australia showing sample locations.

The main pathways of biogenic methane generation in coal are the
carbon dioxide (CO,-reduction) and acetate-dependent (acetoclastic-
reaction) methanogenesis implemented by archaea (Games and
Hayes, 1978; Jenden and Kaplan, 1986). Methanogenic archaea,
however, utilize relatively few small organic molecules and rely on
other organisms to break down the coal to simple substrates. These
organisms are generally bacteria that breakdown the coal by
fermentation. Thus, successful conversion of coal to methane relies
on the presence of both methanogenic archaea and fermentative
bacteria.

Carbon and deuterium isotope data for CH4 and CO, indicate that
the main mechanism of secondary biogenic methane generation, in all
Australian coals, is CO, reduction (Fig. 2). ‘Sweet spots’ for CBM
production in the Sydney and Surat Basins are confined to relatively
permeable coal seams where microbial activity has increased CHy
content and saturation levels relative to adsorption isotherms (Faiz
and Hendry, 2006).

1.3. Aim of study

Geochemical and isotopic analyses have provided indirect evi-
dence that widespread secondary biogenic gas generation occurs in

Australian CBM reservoirs (Faiz and Hendry, 2006). However, it is
uncertain if biogenic gas generation is currently occurring in these
reservoirs. Furthermore, to date, microorganisms contributing to this
process have not been recorded from any deep coal seams in Australia.
This study presents data from preliminary experiments conducted in
Australian CBM reservoirs. The aim was to amplify prokaryotic
Deoxyribonucleic acid (DNA) from coal seams and associated forma-
tion water samples from three coalfields, and from that information
make inferences about the likely composition of the bacterial and
archaeal populations present with a view to better understand the
processes of biogenic gas generation in the subsurface.

2. Samples and methods
2.1. Sampling

Coal and formation water samples were obtained from three
coalfields in eastern Australia. The samples included bituminous coal
from CBM exploration boreholes in the Sydney Basin, formation water
samples from the Sydney and Surat Basins, and a brown coal sample
from the Port Phillip Basin where CBM testing is currently ongoing
(Tables 1 and 2). The boreholes were drilled using standard water
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Fig. 2. Plot of 6'3C and 6D isotopes for CBM from the Sydney, Bowen and Powder River
Basins. Compositional fields based on Whiticar et al. (1986). Sydney and Bowen Basin
data from Smith et al. (1985) and Faiz et al. (2003); Surat Basin data from Boreham et al.
(2004); Powder River Basin data from Rice (1993); Gorody (1999). VPDB — relative to
Vienna Pee Dee Belemnite Standard VSMOW — relative to Vienna Standard Mean Ocean
Water.

based drilling fluid and core samples were collected at the drill site in
gas-tight steel canisters. The ends of the canister were fitted with gas-
tight valves which enable flushing of the canister with inert gas to
maintain the coal sample under anaerobic conditions. The brown coal
sample from the Port Phillip Basin was retrieved from a deep
unexposed part of an open-cut coal mine and was immediately sealed
in a plastic bag. In order to minimize contamination sub-samples of
coal were taken from the centre of each core for microbiological
analyses. The water samples were collected in clean, sterile glass
bottles.

2.2. Coal petrology

Vitrinite reflectance and maceral analyses were performed on the
samples to characterise rank and organic matter composition of the
coals as the microbial ecology of coal seams are expected to be related
to these properties.

Vitrinite reflectance analyses were performed using a Zeiss
microscope with a 40x oil-immersion objective and an interference
filter having a passband peak of 546 nm; the measurements were
carried out in accordance with AS2456.3 (Standards Association of
Australia, 2000). Using plane-polarised light, the maximum reflec-
tances of 50 vitrinite particles were measured on each sample and the
average reported as ‘mean maximum vitrinite reflectance’ (R,).

Maceral analyses of the samples were made in accordance with AS
2865.2 (Standards Association of Australia, 1998). The minimum
number of points counted was 500 and the amounts of organic and
mineral components determined from point-counting are given as
volume percent (%).

Table 1
Location, depth and petrology for the coal samples

Sample Basin Depth Ro% Maceral composition
no. (m)

Vit/hum* % In % Lip % M %
CSR5 Port Phillip 20 0.23 81.7* 13 0.6 16.4
CSR 6 Sydney 494.3 1.28 88.7 6.8 <01 45
CSR7 Sydney 497.3 1.29 96.2 1.8 <0.1 2.0

R, — mean maximum reflectance of vitrinite; Vit — vitrinite; hum — huminite;
In — inertinite; Lip — liptinite; M — minerals.
*Huminite in CSR5; vitrinite in CSR6 and CSR7.

Table 2
Origin and properties of sample sites

Sample Type Basin/location Depth Approximate pH Approximate
ID (m) reservoir Ro% for coal
temp °C seam
CSR1 Formation Surat Basin/Talinga 325 25 na 04
water seam
CSR2 Formation Sydney Basin/ 638 35 8.0 12
water EM18, Bulli seam
CSR3 Formation Sydney Basin/WG3, 543 32 79 12
water Bulli seam
CSR4 Formation Sydney Basin/RP10, 581 33 8 12
water Bulli seam
CSR5 Coal Port Phillip Basin/ 20 20 na 02
Bacchus Marsh
CSR6 Coal Sydney Basin/West 495 30 na 13
Cliff 61, Bulli seam
CSR7 Coal Sydney Basin/West 493 30 na 13

Cliff 58, Bulli seam

na: not available.

2.3. Culture

One formation water sample from the Surat Basin (CSR1) and three
from the Sydney Basin (CSR2, CSR3, and CSR4) were collected. The
formation water samples were cultured in anaerobic conditions in
minimal salts plus yeast media (MSY). MSY medium was prepared as
NH4CI 0.1 g, K;HPO4-3H,0 0.4 g, MgCl,-6H,0 0.1 g, yeast extract 1 g,
and trace element solution SL-10 1.0 ml (www.dsmz.de/media),
combined in 1 I deionised water. The medium was autoclaved and
transferred into an anaerobic chamber (Coy, Michigan, USA) with an
atmosphere of N, and up to 2% H,, and cooled to about 50 °C,
whereupon resazurin (1 ml of 0.1% stock) and cysteine hydrochloride
(1 ml of 20 mM stock) were added and the solution was left to
equilibrate for several hours. The formation water samples were
opened inside the anaerobic chamber, and 10 ml of each sample was
mixed with 90 ml of MSY medium in a 250 ml screw-top flask with
silicone stopper lids. Duplicate cultures were incubated at 37 °C with
gentle shaking.

2.4. DNA extraction

One millilitre of each the formation water samples (CSR1-4) were
centrifuged at 16000 xg for 10 min to pellet the bacteria and archaea,
washed with water, recentrifuged, and the final pellets were
resuspended in to 100 pl of water and frozen at -20 °C. Subsequently,
2 ul of thawed suspension was used as template for polymerase chain
reaction (PCR) studies, assuming that freeze/thaw and subsequent
heating step in the PCR would lyse the cells and liberate the DNA.
Supernatant from the cultured samples was transferred directly from
the culture vessels into the PCR to provide template DNA. DNA was
extracted from coal samples using a bead-beating method slightly
modified from (Yeates et al., 1998). About 5 g of coal (gouged with a
sterile implement from the interior of the core samples or lumps) was
mixed with 10 ml of extraction buffer (100 mM Tris HCI, pH 8.0,
100 mM EDTA, pH 8.0, and 1.5 M NaCl) and 2 g of 0.1 mm zirconia
beads (Daintree Scientific, Australia) in a 25 ml stainless steel grinding
jar containing a 15 mm stainless steel grinding ball. The samples were
milled for 1 min at 25 Hz in the Mixer Mill MM300 (Retsch, Germany).
The ground coal was removed from the grinding jar and sodium
dodecyl substrate was added to a final concentration of 2% and the
suspension was incubated at 65 °C for 1 h. The suspended coal was
pelleted by centrifugation at 4500 xg and the nucleic acid in the
supernatant precipitated by the addition of 0.8 M PEG-8000; the
pellet was redissolved in TE buffer (10 mM trishydroxymethylamino-
methane, 1.0 mM ethylenediaminetetraacetic acid, pH 8.0) and the
protein and polysaccharides were precipitated by addition of


http://www.dsmz.de/media

D. Li et al. / International Journal of Coal Geology 76 (2008) 14-24 17
a

potassium acetate to a final concentration of 0.5 M. The DNA
remaining in the supernatant was cleaned up by phenol/chloroform/
isoamyl alcohol extraction and precipitated with isopropanol as
described by Sambrook et al. (1989). The DNA concentration was
measured with a Nano-Drop ND-1000 spectrophotometer (Wilming-
ton, Delaware, U.S.A.) and between 20 and 30 ng of DNA was used as
template for each PCR reaction. All reagents employed in the DNA
extracted were confirmed to be free of amplifiable DNA under the
conditions used.

2.5. PCR, cloning and DNA sequencing

To amplify bacterial DNA, bacterial universal primers, 165-U1
CCAGCAGCCGCGGTAATACG and 16S-U2 ATCGGCTACCTTGTTAC-
GACTTC (Lu et al, 2000), were used. The primers extend from
positions 512 and 1511 in the E. coli 16S rDNA gene. The amplification
program consisted of 30 cycles of 95 °C for 30 s, 55 °C for 30's, 72 °C for
45 s, and a final 7 min extension at 72 °C.

To amplify archaeal DNA, the archaea-specific degenerate primers
A751F (CCGACGGTGAGRGRYGAA) and UA1406R (ACGGGCGGTGW-
GTRCAA) (Baker et al., 2003) were used. The amplification program
consisted of 30 cycles of 95 °C for 30's, 52 °C for 30s, 72 °C for 30 s, and a
final 7 min extension at 72 °C.

In these PCR reactions, GoGreen PCR master Mix (Promega) and
1 pl of 10 mM 16S-U1 and 16S-U2 (bacterial) or 2 pl of 10 mM A751F
and UA1406R (archaeal) degenerate primers were used in a 25 ul
reaction. Negative controls were included in all experiments by
replacing the DNA template with 2 pl of sterile water.

PCR products were analysed by 1% agarose gel electrophoresis and
the expected bands were gel-purified with Wizard SV gel clean-Up
system (Promega). The purified PCR products were cloned into pCR®4-
TOPO vector according to the manufacturer's instructions (Invitrogen,
Carlsbad, CA). Some 8-16 colonies from each amplification were
picked; their plasmid DNA was extracted with Wizard plasmid mini-
prep (Promega, Madison, WI) and cut with the restriction enzyme
EcoRI to check the insert size. The purified plasmid DNAs were
sequenced with M13 forward and reverse primers at the Australian
Genome Research Facility (AGRF), Queensland, Australia.

2.6. Sequence analysis

DNA sequences were edited to remove vector-derived sequences,
then used as queries to search for homologous sequences in GenBank
with the program BLASTn using the facilities of the Australian National
Genomic Information Service (www.angis.org.au). Nucleotide
sequences were aligned with Clustal W and phylogenetic trees were
created with MEGA 3.1 software using maximum parsimony; the
significance of the junctions was established using the bootstrap
method (1000 replicates; Kumar et al., 2004). All significant sequence
data has been deposited in Genbank under accession number-
sEU481632-EU481780

3. Results and discussion
3.1. Coal petrology

The sample, CSR5, from the Port Phillip Basin coal is a Tertiary soft
brown coal with a R, value of 0.23%. The Permian Sydney Basin coals,
CSR 6 and CSR 7, are medium volatile bituminous in rank with VR of
1.28 and 1.29%, respectively. The R, values for the coal seams from
where water samples were collected were ~0.4% for the Surat Basin to
~1.2% for the Sydney Basin (Table 1).

The Port Phillip Basin coal is primarily composed of huminite
including both humo-telinite and humodetrinite (Fig. 3 a). The main
inertinite macerals in the Port Phillip Basin coal are funginite
(scleorintie) and semifusinite. The Sydney Basin samples mainly

Fig. 3. (a) Photomicrograph showing Huminite (Hu), funginite (Sc), sporinite (Sp) in Port
Phillip Basin coal (BMC1); reflected white light, oil immersion; and field width is
0.25 mm. (b) Photomicrograph showing vitrinite (Vit), inertinite (In) and minerals (M)
in Sydney Basin coal (SBC1); reflected white light, oil immersion; and field width is
0.25 mm.

contain vitrinite with telovitrinite being the dominant component
(Fig. 3 b). The main intertinite macerals in the Sydney Basin coals are
semifusinite, fusinite, and macrinite. Liptinite in both Port Phillip and
Sydney Basin coals are <1% and it mainly comprised sporinite.

3.2. Microbiology

3.2.1. Analysis of the amplicons using the culture-independent method

Three coal samples from the Port Phillip and Sydney basins were
surveyed for prokaryotic microbial diversity using PCR, cloning, and
DNA sequencing. Four formation water samples from Sydney and
Surat basins were similarly analysed. Since this study was a
preliminary survey rather than an exhaustive analysis, a manageable
number of clones were sequenced from each source and, therefore, it
is clear that not all of the microbial diversity has been sampled from
each source. While it is understood that this methodology detects only
DNA and not living organisms, we have inferred from that, the
presence of contemporary functional prokaryotic communities since,
in these environments (moist, temperate, porous, and with available
nutrients) that free DNA would be rapidly recycled by any endemic
microflora.

Specific PCR products (amplicons) were obtained from the
formation water samples with bacterial universal primers but not
with archaeal specific primers. Eight clones from each sample were
sequenced. Their homologies to publicly available sequences
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Table 3
Summary of amplicons from water and coal samples
Sample/ PCR Clone Size % Accession Closest match Gram
basin primer ID bp Identity no. (16S rRNA)
set
CSR 1 Bacterial B1-1 991 99 EU481632 Hydrogenophaga N
Surat B1-3 991 99 EU481634 defluvii; A]585993
Basin B1-2 776 98 EU481633 Hydrogenophaga N
B1-4 991 98 EU481635 sp.; AY168755
B1-5 770 92 EU481636 Cytophaga sp.; N
B1-8 782 92 EU481639 AJ431254
B1-6 996 100 EU481637 Thauera sp.; N
B1-7 728 100 EU481638 AJ315678; AM231040
CSR2  Bacterial B2-3 572 97 EU481659 Beta N
Sydney proteobacterium;
Basin AY429717
B2-1 995 99 EU481657 Gamma N
B2-2 996 99 EU481658 Proteobacterium;
AY972868
B2-4 823 99 EU481660 Methylobacter sp.; N
B2-5 760 99 EU481661 AF016981
B2-6 916 99 EU481662 Pseudomonas sp.; N
B2-7 755 100 EU481663 DQ168644
CSR 3 Bacterial B3-1 991 100 EU481680 Azoarcus sp.; N
Sydney B3-2 994 99 EU481681 DQ851175
Basin B3-3 524 97 EU481682 Methylotenera N
mobila; DQ287786
B3-4 806 100 Nitrincola N
B3-5 770 95 EU481683 lacisaponensis;
EU481684 AY567473
B3-6 709 100 EU481685 Pseudomonas N
stutzeri; Y18006
B3-7 742 95 EU481686 Clostridiales sp.; P
AB218661
B3-8 773 95 EU481687 Fusibacter paucivorans; P
AF050099
CSR4  Bacterial B4-1 997 98 EU481704 Nitrincola N
Sydney B4-5 997 100 EU481708 lacisaponensis;
Basin B4-8 774 100 EU481711 AY567473
B4-2 808 100 EU481705 Pseudomonas N
B4-4 825 100 EU481707 stutzeri; Y18006
B4-3 994 99 EU481706 Marinobacter sp.; N
AB052100
B4-6 998 100 EU481709 Beta N
B4-7 998 100 EU481710 proteobacterium;
DQ664239
CSR 5 Bacterial B5-6 98 Methylocapsa N
Port B5-8 800 98 EU481747 acidiphila;
Phillip 996 EU481749 AJ278726
Basin B5-5 996 99 EU481746 Acidocella sp.; N
AF531477
B5-4 97 Labrys sp.; N
997 EU481745 DQ062742
B5-1 999 98 EU481742 Acidiphilium sp.; N
DQ168464
B5-3 992 100 EU481744 Thiomonas sp.; N
B5-7 991 99 EU481748 AJ8799984
B5-2 980 97 EU481743 Rhodobacter N
litoralis; AY563033
Archaeal A5-4 664 96 EU481729 Archaeoglobus
A5-8 664 96 EU481733 fulgidus; Y00275
A5-9 665 96 EU481734
A5-15 666 96 EU481740
A5-6 664 99 EU481731 Thermococcus
litoralis; AY099180
A5-7 657 99 EU481732 Acidocella sp.; N
A5-16 99 EU481741 DQ419950
A5-2 635 97 EU481727 Rhodobacter sp.; N
AF468358
A5-1 657 97 EU481726 Methylocapsa N
A5-5 657 97 EU481730 acidiphila;
A5-10 657 97 EU481735 AJ278726
A5-12 657 98 EU481737
A5-13 657 97 EU481738
A5-3 635 98 EU481728 Pseudorhodobacter N
A5-11 635 95 EU481736 incheonensis;
DQ001322
A5-14 658 100 EU481739 Cellulomonadaceae sp.; P

AB078852

Table 3 (continued)

Sample/ PCR Clone Size % Accession Closest match Gram
basin primer ID bp Identity no. (16S rRNA)
set
CSR 6 Bacterial B6-6 760 99 EU481765 Phyllobacterium N
Sydney B6-7 836 99 EU481766 myrsinacearum;
Basin B6-8 835 99 EU481767 AY785332
B6-1 746 99 EU481760 Geobacillus sp.; P
DQ642095
B6-2 710 98 EU481761 Marinobacter sp.; N
Y16735
B6-4 725 100 EU481763 Halomonas sp.; N
AY347310
B6-3 788 99 EU481762 Eschericia coli; N
783204
B6-5 798 98 EU481764 Afipia sp.; U87763 N
Archaeal A6-3 665 97 EU481752 Archaeoglobus
A6-9 665 96 EU481758 fulgidus; Y00275
A6-10 666 97 EU481759
A6-5 98 EU481754 Sulfophobococcus
A6-6 664 97 EU481755  Zzilligii; X98064
A6-7 665 97 EU481756
A6-8 654 97 EU481757
558
A6-2 658 99 EU481751 Bradyrhizobium sp;. N
A6-4 659 98 EU481753 794823
A6-1 659 97 EU481750 Alpha N
proteobacterium;
DQ123621
CSR7  Bacterial B7-1 759 99 EU481778 Marinobacter sp.; N
Sydney B7-2 759 99 EU481779 DQ658972
Basin B7-3 677 100 EU481780
Archaeal A7-9 665 96 EU481776 Archaeoglobus
fulgidus; Y00275
A7-2 675 93 EU481769 Archaeoglobus
profundus; AF322392
A7-7 213 90 EU481774 Sulfophobococcus
zilligii; X98064
A7-10 663 99 EU481777 Thermococcus
litoralis; AY099180
A7-3 658 99 EU481770 Halomonas sp.; N
DQ489548
A7-1 635 97 EU481768 Rhodobacter sp.; N
AF468358
A7-4 636 96 EU481771
A7-6 635 97 EU481773
A7-8 657 97 EU481775 Methylocapsa N
acidiphila; AJ278726
A7-5 659 100 EU481772 Rhizobium sp.; N
AF331662

N: Negative, P: Positive.

(GenBank) were compared using the BLASTn program and their
closest matches are listed in Table 3. Authentic amplicons were
obtained from the three coal samples with both bacterial universal
and archaeal specific primers. Between four and eight bacterial clones
and 10-16 archaeal clones were sequenced. The sequence IDs and
their closest matches in GenBank are listed in Table 3. It is apparent
from those results that the archaeal primer set is not completely
specific for archaea, and in these samples, which appear to contain a
large excess of bacteria over archaea, some bacterial sequences are
being amplified using the archaeal primer set.

3.2.2. Analysis of the amplicons from different locations using the
culture-dependent method

The four formation water samples were cultured anaerobically in
duplicate at 37 °C for three weeks. After that time, 2 pl from each
culture was subjected to PCR using both bacterial and archaeal primer
sets. No archaea were amplified with the archaeal primer pair and
only bacterial amplicons are reported. The amplicons were cloned and
8 or 9 colonies from each culture were sequenced. Their closest
homologs are listed in Table 4.
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Table 4
Microbial analysis of cultured formation water samples
Sample  Clone Size % Accession  Closest match and Gram
ID bp Identity no. accession number
CSR1-C1 B1C1-1 997 100 EU481640 Gamma N
Surat B1C1-2 574 100 EU481641 Proteobacterium;
Basin B1C1-5 774 100 EU481644 AY972868
B1C1-6 808 99 EU481645
B1C1-7 783 99 EU481646
B1C1-8 997 100 EU481647
B1C1-3 994 100 EU481642 Achromobacter sp.; N
B1C1-9 994 99 EU481648 AF227159
B1C1-4 984 91 EU481643 Bacteroidetes sp.; AF524856 N
CSR1-C2 B1C2-2 820 92 EU481649 Fusibacter paucivorans; P
Surat B1C2-3 820 92 EU481651 AF050099
Basin B1C2-5 994 92 EU481653
B1C2-6 791 92 EU481654
B1C2-7 791 93 EU481655
B1C2-1 985 98 EU481649 Uncultured coal seam P
bacterium; AB294310
B1C2-8 757 88 EU481656 Bacteroidetes sp.; AF524856 N
B1C2-4 800 100 EU481652 Gamma Proteobacterium; N
AY972868
CSR2-C1 B2C1-3 996 99 EU481666 Clostridium sticklandii; P
Sydney  B2C1-7 794 97 EU481670 M26494
Basin B2C1-1 792 100 EU481664 Aeromonas sp.; DQ659047 N
B2C1-5 777 100 EU481668
B2C1-6 800 99 EU481669
B2C1-2 998 100 EU481665 Beta proteobacterium; N
DQ664239
B2C1-4 993 99 EU481667 Arcobacter sp.; AM084114 N
B2C1-8 997 98 EU481671 Shewanella putrefaciens; N
AB057660
CSR2-C2 B2C2-1 996 99 EU481672 Clostridium sticklandii; P
Sydney  B2C2-3 560 99 EU481674 M26494
Basin B2C2-5 715 98 EU481676
B2C2-6 797 99 EU481677
B2C2-7 996 99 EU481678
B2C2-2 997 95 EU481673 Aeromonas sp.; DQ659047 N
B2C2-4 571 100 EU481675
B2C2-8 997 100 EU481679
CSR3-C1 B3C1-2 798 99 EU481689 Clostridium sp.; DQ852338 P
Sydney  B3C1-8 704 98 EU481695
Basin B3C1-5 935 97 EU481692 Uncultured low G+C P
Gram-positive bacterium;
DQ206415
B3C1-1 806 99 EU481688 Pseudomonas stutzeri; N
B3C1-3 800 100 EU481690 Y18006
B3C1-4 820 100 EU481691
B3C1-7 668 100 EU481694
B3C1-6 984 92 EU481693 Bacteroides sp.; A]518874 N
CSR3-C2 B3C2-1 766 100 EU481696 Exiguobacterium P
Sydney B3C2-6 996 100 EU481701 aurantiacum; DQ019166
Basin B3C2-5 605 94 EU481700 Soehngenia P
saccharolytica; AY353956
B3C2-7 995 93 EU481702 Clostridium hastiforme; P
X80841
B3C2-2 701 100 EU481697 Pseudomonas stutzeri; N
B3C2-3 805 100 EU481698 Y18006
B3C2-4 771 100 EU481699
B3C2-8 998 100 EU481703
CSR4-C1 B4C1-1 993 100 EU481712  Fusibacter sp.; AF491333 P
Sydney  B4C1-3 770 99 EU481714
Basin B4C1-4 817 95 EU481715
B4C1-5 993 100 EU481716
B4C1-2 809 93 EU481713  Pseudomonas stutzeri; N
B4C1-6 997 100 EU481717 Y18006
CSR 4-C2 B4C2-1 411 99 EU481718  Clostridium sticklandi; P
Sydney  B4C2-2 572 98 EU481719 M26494
Basin B4C2-4 684 99 EU481721
B4C2-5 787 99 EU481722
B4C2-7 766 99 EU481724  Fusibacter sp.; AF491333 P
B4C2-8 669 100 EU481725 Acetobacterium P
wieringae; X96955
B4C2-3 997 100 EU481720 Pseudomonas stutzeri; N
Y18006
B4C2-6 999 99 EU481723 Geobacter metallireducens; N

L07834

N: Negative, P: Positive.

The cultured formation water samples were also examined
microscopically. Under transmitted light microscopy, >10” cells/ml
were typically observed showing a variety of morphotypes (data not
shown). Similarly, negatively stained (Phosphotungstic acid) transmis-
sion electron micrographs showed a range of morphologies.

3.2.3. Phylogenetic analysis of amplicons from the formation water and
coal samples

The amplicons from all the samples, formation water, coal and
cultures were divided into three groups: archaea, Gram-positive
bacteria, and Gram-negative bacteria. The relationships between the
members of each class were displayed on phylogenetic trees in Figs. 4-6,
respectively. The trees were constructed as described in the Samples and
methods section, using the maximum parsimony method. Only
sequences longer than 600 base pairs were used to compile the trees,
thus not all the sequences represented in the tables appear in the trees.

3.2.3.1. Phylogenetic relationships among archaea. The coal samples
provided 16 sequenced archaeal amplicons, but the PCR of the
formation water and cultured samples using the archaeal-selective
primers, A751 and uA1406R did not yield any authentic amplicons.
The concentration of DNA in the formation water was probably very
low, and although sufficient bacteria were present to allow their DNA
to be amplified, the archaea were probably too rare to observe.

A phylogenetic tree was created of all the archaeal amplicons
(Fig. 4), the most abundant amplicons are related to Archaeoglobus.
Among the Archaea, Archaeoglobus species are the only known
hyperthermophilic, strictly anaerobic, sulfate reducers which can
grow in the range of 60-95 °C (Reed and Hartzell, 1999). They can
grow on Hj as the electron donor for sulfate reduction, but can also
grow on a number of organic compounds such as sugars, organic acids
(lactate), starch and peptides. Archaeoglobus are thought to represent
a transitional form between an anaerobic thermophilic sulfur-based
type of metabolism and methanogensis (Achenbach-Richter et al.,
1987). Of particular interest in this study is the fact that they are able
to produce methane, although at a level of 0.1% or less of that expected
for a typical methanogen. Archaeoglobus can also form biofilms when
subjected to environmental stresses such as extreme pH or tempera-
ture, high concentrations of metal, or the addition of antibiotics,
xenobiotics, or oxygen (Lapaglia and Hartzell, 1997). Archaeoglobus
fulgidus has been isolated from hot North Sea oil field waters (Beeder
et al., 1994) and has a moderate optimum growth temperature (76 °C).
A. fulgidus, Archaeoglobus lithotrophicus, and Archaeoglobus profundus
have also been isolated in reservoir fluid from the Thistle platform in
the East Shetland Basin of the North Sea (Stetter et al., 1993).

Several amplicons with high similarity to Sulfophobococcus Zzilligii
were identified from the coal samples of Sydney and Port Phillip basins.
S. zilligii, a hyperthermophilic crenarchaeon, is a strictly anaerobic coccus
between 3-5 pm in diameter. It grows fermentatively on yeast extract
between temperatures of 70 and 95 °C, within a pH range of 6.5 to 8.5.

In the coal samples, CSR5 and CSR7, sequences with high homology to
the euarchaeote Thermococcus litoralis were observed. The genus Ther-
mococcus are strictly anaerobic obligate heterotrophs growing on
complex proteinaceous substrates, and their growth is strongly asso-
ciated with the reduction of elemental sulfur. Alternatively, with a few
exceptions, they are capable of gaining energy by fermentation of
peptides, amino acids, and sugars, forming acids, CO,, and H, in the
absence of elemental sulfur. Their temperature optima range between 75
and 93 °C; pH optima between 5 and 9 (optimum=6.5; Fukui et al., 2005).

The archaeal sequences derived from the coal samples all showed
homology to thermophilic or hyperthermophilic archaea. However,
the temperature in which the coal samples were collected was
between 20 and 35 °C in situ. Thus, either the coal samples
unexpectedly harbour hyperthermophilic archaea, or the amplicons
represent mesophilic relatives of the hyperthermophiles. This latter
option is possible given the level of sequence identity between the
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Archaeoglobus- and Sulfophobococcus-related amplicons and their
closest matches in the database, around 96 and 97% respectively;
>97% identity is considered typical for intraspecies variation.

No sequences corresponding to genuine methanogens were
observed in this study. While it is possible that their absence is an
artifact of the PCR protocol and primers used, we believe that this is
unlikely because the primers had been designed to amplify DNA from
all four methanogenic genera (Baker et al, 2003), and we have
successfully amplified Methanococcus and Methanothermococcus
sequences from other samples (data not shown) using this primer set.

3.2.3.2. Phylogenetic relationship among Gram-positive bacteria. The
phylogenetic relationships between the Gram-positive bacteria are
shown in Fig. 5. The great majority of these sequences were observed
in the cultured water samples. The dominant Gram-positive bacteria
belong to the Clostridiales family. They are diverse family of obligate
anaerobes capable of producing endospores.

Fusibacter-like sequences were observed in two of the cultured
water samples. Fusibacter species are halotolerant, thiosulfate-redu-
cing bacteria. Fusibacter paucivorans, a strictly anaerobic, halotolerant,
spindle-shaped rod, was isolated from an African saline oil-producing
well (Ravot et al.,, 1999). In our study, two distinct clusters of Fusi-
bacter-like sequences were observed: those cultured from Surat Basin
(CSR 1), which displayed about 92% identity with F. paucivorans, and
those derived directly from CSR 3 or cultured from CSR 4 (both from
Sydney Basin), which were about 96% identical with F. paucivorans but
more closely related (98-100% identity) to Fusibacter sp. SA1.

Several Clostridium species have been isolated from coal sources.
Clostridium BC1 (Francis and Dodge, 1988), with the ability to reduce
heavy metals and fix Ny, was isolated from coal-cleaning residues, and
Clostridium scatologenes is an acetogen found in an acid coal mine
pond (Kusel et al., 2000). In our study, two groupings of amplicons
related to Clostridium sticklandii were observed, all derived from
cultured water samples from the Sydney Basin. C. sticklandii is
commonly found in the rumen of sheep and cattle and are noted for
their ability to produce ammonia. Other members of the Clostridiales
inferred were related to Acetobacterium wieringae and Tissierella
praeacuta (Syn: Clostridium hastiforme).

Three occurrences of sequences related to the Bacillales order were
observed. Two, closely related to Exiguobacterium aurantiacum, are

from a cultured sample of CSR3. E. aurantiacum are non-spore forming
alkaliphilic rods, capable of aerobic or anaerobic growth at 20-41 °C
(Fruhling et al., 2002; Rodrigues et al., 2006). They have been found in
environments as diverse as lakes and human blood (Lopez et al., 2005;
Pitt et al.,, 2007). A single amplicon related to a Geobacillus species was
observed in a coal sample, CSR 6. Geobacilli are typically thermophilic
and often found in soil, geological formations and oil reservoirs.

Three sequences related to Gram-positive bacteria not belonging to
the Bacillales or Clostridiales classes were observed in this study; their
closest matches in the database were isolated from a soda lake
(Hollibaugh et al., 2006), coal formation water (Shimizu et al., 2007),
and a rice paddy (Akasaka et al., 2003) respectively. The homologue of
the rice paddy derived sequence was amplified directly from the
brown coal from Port Phillip Basin, and is closely related to a Cellu-
lomonadaceae strain. The Cellulomonadaceae are bacteria within the
order Actinomycetales whose DNA has a high G+C content, and which
can typically degrade cellulose and other polysaccharides.

The great majority of the Gram-positive bacteria inferred in this
study were from the cultured samples of the formation water. This
observation probably reflects the relative ease of culturing of the Ba-
cillales and Clostridiales under conditions in this experiment.

3.2.3.3. Phylogenetic relationship among Gram-negative bacteria. The
predominant group of organisms inferred in this study were Gram-
negative bacteria, their phylogenetic relationships are shown in Fig. 6.
They come from all five groups (a-¢) of the proteobacteria and the
bacteroidetes. With only a few exceptions, the amplicons derived from
the coal samples belonged to the archaea and a-proteobacteria, and
those from formation water (and cultures thereof) did not. The
dichotomy is quite striking, and deserves much closer examination
using a less potentially biased approach, i.e. one independent of
sequence dependent amplification and cloning.

Starting with the o-proteobacteria, many of the coal-derived
amplicons derive from the order Rhizobiales. These organisms,
especially those of the genus Rhizobium, Labrys, and Bradyrhiziobium,
are often associated with living plants or the soil surrounding them.
Since all of the coal samples appeared to be free of soil, it was unexpected
to observe these organisms not only in brown coal but also in the higher
rank Sydney Basin samples. A large number of amplicons, mainly from
the Port Phillip Basin (CSR 5), were related to Methylocapsa acidiphila. M.
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acidiphila was initially isolated from an acidic Sphagnum peat bog. They
are aerobic, colourless, non-motile, curved coccoids that form conglom-
erates covered by an extracellular polysaccharide matrix. They use
methane and methanol as sole sources of carbon and energy (Dedysh
etal., 2002). The brown coal sample CSR 5 also returned four amplicons
belonging to the order Rhodospirillales, an Acidiphilium sp and three
Acidocella sp. Organisms from both these genera are acidophiles,
commonly found in acidic mining sites, but unlike the well-known
Acidithiobacillus ferrooxidans, they are heterotrophic. The prevalence of
acidophiles in the CSR5 sample is likely to be related to the possible
abundance of humic acids in huminite-rich soft brown coal.

Three amplicons from CSR7 (A7-1, A7-4 and A7-6) and 1 from CSR5
(A5-2) share 96-97% identity with DNA from a bacterium belonging to
the Rhodobacter genus. The amplicons are also clustered closely with

three other amplicons from CSR5 (A5-3, A5-11 and B5-2), which have
high sequence identities (95-98%) with Rhodobacter and Pseudorho-
dobacter. Pseudorhodobacter and Rhodobacter are photosynthetic,
purple nonsulfur bacteria (Okubo et al., 2006). Rhodobacter's diverse
modes of respiration and metabolism allow it to survive in a wide
range of habitats, and its members differ from other nonsulfur purple
bacteria in that they can grow in both the light and the dark. The most
studied example, Rhodobacter sphaeroides, possesses a broad spec-
trum of lifestyles including photosynthesis, lithotrophy, and aerobic
and anaerobic respiration.

A small number of amplicons from coal samples was not related to o~
proteobacteria. Amplicons A5-3 and A5-7 from CSR5 are closely related
to Thiomonas, sulfur oxidisers, and amplicons, B7-1, B7-2 and B7-3 have
high identities with Marinobacter sp. commonly found in seawater.
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Two amplicons from one of the CSR1 cultured samples showed
100% identity (over 994 nucleotides) with Achromobacter, a -
proteobacterium; unexpectedly, however, the phylogenetic analysis
showed the sequencing clustering with the a-proteobacteria. Closer
inspection of the sequences showed that they were 99% identical to

Pannonibacter phragmitetus, an a-proteobacterium belonging to the
Rhodobacterales. Therefore it is clear that the results based solely on
partial 16S ribosomal DNA (rDNA) sequences must be treated with
some caution, and that 16S rDNA sequences are not perfect phylo-
genetic anchors.
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In contrast to the coal samples, which were relatively tightly
clustered phylogenetically in the oi-proteobacteria, the water samples
and their cultures yielded amplicons characteristic of Gram-positive
bacteria and of all the remaining (3, v, 6, and &) proteobacteria and the
bacteroidetes. Among them, the dominant class (over 50%) of the
Gram-negative bacteria are y-proteobacteria, of which Pseudomonas
was the most represented genus. Pseudomonas is a very diverse and
widespread genus and its members are typically aerobic. Pseudomo-
nas stutzeri has been shown to degrade the organic matter of lignite
and subbituminous coals (Machnikowska et al., 2002).

Another well-represented genus, 6 amplicons from Sydney Basin
(CSR 3 and CSR 4), is Nitrincola. The genus has only recently been
described; Nitrincola lacisaponensis, a novel alkaliphilic bacterium,
was isolated from decomposing wood taken from the shore of Soap
Lake, U.S.A. (Dimitriu et al., 2005). The isolate can utilize only a limited
range of organic acids as carbon and energy sources and has a pH
optimum around 9 (Dimitriu et al., 2005).

Several amplicons from CSR 2, and one from CSR 6 (both Sydney
Basin), showed homology to sequences from Aeromonas. Aeromonas sp.
are facultative aerobic rods that morphologically resemble members of
the family Enterobacteriaceae. The organisms are ubiquitous in fresh
and brackish waters and are pathogenic to a wide range of organisms
(Gilardi, 1967).

Of the other classes of proteobacteria, there is a single amplicon
representing the 6-proteobacteria; it has homology to rDNA from Geo-
bacter metallireducens, an anaerobic metal-reducing organism of intense
interest because of its potential use in bacterial fuel cells (Min et al., 2005).

A number of amplicons mainly from water samples appear to
belong to PB-proteobacteria. They cover several genuses including
Hydrogenophaga, Azoarcus, Thauera, Thiomonas and some unclassified
3-proteobacteria. Members of the genus Hydrogenophaga are typically
described as facultative autotrophs capable of fixing CO, while
utilizing molecular hydrogen as the electron donor and oxygen as
the terminal electron acceptor for growth (vanden Hoven and Santini,
2004;Willems et al., 2005). Arsenite oxidation by species of Hydro-
genophaga isolated from gold mines has recently been reported
(vanden Hoven and Santini, 2004). Thiomonas species are obligate
aerobes and facultative chemolithoautotrophs with the ability to
oxidise a range of reduced sulfur compounds (Kelly and Wood, 2005).

The diazotrophic proteobacteria, Azoarcus is a diverse genus and
species have been identified from several habitats including grass
roots, soil and fungus (Hurek et al., 1997; Reinhold-Hurek and Hurek,
2000; Hurek and Reinhold-Hurek, 1995). The closely related Thauera
genus was also inferred, like Azoarcus, they are able to degrade a wide
variety of aromatic compounds using oxygen or nitrate as a terminal
electron acceptor (Mechichi et al., 2002).

The e-proteobacteria were represented by a single amplicon with
homology to rDNA from Arcobacter. The genus Arcobacter was previously
found in significant numbers in activated sludge (Snaidr et al., 1997), and
denitrifying Arcobacter strains are known (Heylen et al., 2006). Their
growth temperature ranges from 15 to 30 °C, and their habitat is ex-
tremely diverse: intestinal tracts and carcases of animals, water reservoirs,
sewage, oil fields and saline environments (Vandamme et al., 2005).

Finally, the Bacteroidetes were represented by two amplicons
from CSR1 having homology with Cytophaga, a genus of Gram-
negative gliding bacteria found in soil, decomposing organic matter,
and freshwater and marine habitats, and three amplicons obtained
from cultured water samples (CSR1 and CSR3) with homology to
rDNA from an unclassified member of this phylum. The major role of
Cytophaga cells in the environment is likely to be the mineralization
of organic matter. Cytophaga are chemoheteroorganotrophs, and
many of them are able to degrade biomacromolecules such as
protein, DNA, ribonucleic acid (RNA), chitin, pectin, agar, starch, or
cellulose. Most are strict aerobes, but microaerophiles and faculta-
tive anaerobes are known, and nitrate respiration has been detected
in some strains of Cytophaga (Okabe et al., 2003).

4. Conclusions

This study showed a distinct segregation of prokaryotic groups between
the water and coal samples. With a few exceptions, the amplicons derived
from the coal samples yielded only archaea and a-proteobacteria, whereas
water samples (and cultures thereof) yielded amplicons derived only from
gram-positive species, proteobacteria (except o), and bacteroidetes.

The uncultured coal and water samples were dominated by Gram-
negative bacteria, which accounted for 95% and 91% of bacterial clones
from the two sources, however, in the cultured water samples the Gram-
negatives and positives were evenly represented, apparently due to the
good growth of members of the Clostridiales under the culture conditions.

Studies such as this, of prokaryotic populations in difficult matrices
like coal, are complicated by the fact that the PCR step introduces a bias
into the results that may have a significant bearing on the outcome of the
study. There are no completely effective universal primers for all
prokaryotes or even for all bacteria, and ideally this study would be
conducted using methods that were independent of any assumptions
regarding the sequences to be detected or any bias introduced by the
requirement to clone them. For example, analysis by high through-put
sequencing of uncloned DNA should be more representative. Not
withstanding the potential for bias in the current study, a great deal of
diversity was observed, with about 40 different genera of bacteria and
archaea being represented in the cloned amplicons.

The PCR results suggest that members of the domain Archaea were
relatively rare in the coal samples and absent from the water samples. The
dominant archaeal species belonged to the genus Archaeologlobus, an
anaerobe with very weak methane generating capacity. No genuine
methanogens were detected in this study, and we are confident that this
was not due to primer bias because subsequent studies with DNA from
another source resulted in the amplification of DNA with high homology
to Methanococcus and Methanothermococcus species (data not shown).
The lack of true methanogens in our survey was unexpected, since
methane from both the Sydney and Surat Basins has a very significant
biogenic component. If this observation is confirmed by further study, it
suggests that there is potential to enhance, by artificial means, the
biogenic production of methane from these coal samples.

An unexpected observation was the detection, from coal with
reservoir temperatures of between 20 and 30 °C, of archaeal
amplicons with homology to thermophiles and hyperthermophiles.
Some possible explanations have been offered earlier, however, other
possibilities also need to be discounted, that is, that the presence of
DNA from these organisms reflects the high temperature history of the
coal reservoirs. The thermal history of the Sydney Basin suggests deep
burial and temperatures above 80 °C within the last 50 Ma (Faiz et al.,
2003). Thus, either the amplicons could derive from mesophilic
descendants of ancient thermophiles, or are remnant DNA fragments
trapped and protected in vitreous inclusions in the coal. Further work
is required to distinguish between the various possibilities.

In the eastern Australia coal basins many of the ‘sweet spots’ for
CBM production appear to be related to regions with secondary
biogenic gas generation. Further coal and formation water samples
collected from these regions are being studied in detail to determine
the mechanisms of secondary biogenic gas generation.
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Executive Summary

Australian Radiation Services Pty. Ltd. (ARS) conducted a radiological survey of the Origin Coal Seam Gas
operations in Queensland for the presence Naturally Occurring Radioactive Material (NORM) between 22"
and 24" February 2010 in the Spring Gully and Talinga regions.

The radiological survey of gas installations, including gas plants, field wells and water treatment faculties
indicated the absence of elevated external gamma radiation levels which could be attributable to NORM
within the process equipment. Survey measurements (cps) and doses rates recorded for all sites were
comparable with the natural background measurements. No radioactive contamination was identified in any
of the process items surveyed, which is consistent with the external survey results. Analysis of process
waters and scales identified activity concentrations consistent with levels encountered in the natural
environment.

Consequently there is currently a negligible external radiation hazard to personnel working in any areas of
those facilities assessed, when compared with an individual's exposure to natural background radiation
levels, and there is no reason to suggest there is any internal ingestion/or inhalation hazard from a radiation
exposure perspective as a result of handling process equipment from any of the Origin sites.

Unlike conventional gas production, the potential for NORM to accumulate in a coal seam gas installation
over an extended period of time is relatively unknown. It may depend on several factors including local
geology and the extraction and processing techniques utilised. Several recommendations have been made
to regulate any potential accumulation of radioactive scale in the gas facilities over the coming years.
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1.0 Introduction

Following a request from Oskar Jarvie, Chemist with Origin Energy Australia Ltd. (Origin), Australian
Radiation Services Pty. Ltd. (ARS) attended the Coal Seam Gas Operations in Queensland to conduct
monitoring for Naturally Occurring Radioactive Material (NORM) within its gas producing installations.

Mr. Darren Billingsley, Senior Health Physicist and Mr. Michael Bernardo, Health Physicist with ARS,
conducted radiation monitoring between 22" and 24" February 2010 on facilities in the Spring Gully and
Talinga areas in the south-west region of Queensland. This incorporated gas plants, field wells and water
treatment facilities.

This report presents the findings and associated recommendations from the site visit.

2.0 Scope of work

Scope of work for the visit was to:

) conduct a radiological survey for external gamma radiation of the Spring Gully, Strathblane, Taloona
and Talinga gas plant installations where NORM could potentially be present. Fifteen (15)
representative wells, and water treatment plants at the Spring Gully and Talinga sites were also

assessed;

. monitor spool items removed from service internally for radioactive contamination where possible, thus
identifying the internal inhalation/ingestion hazard present; and

. collect and conduct gamma ray spectrometry analysis of production water and coal silt samples
collected.

A full scope of works was provided by Origin (Work scope-ARS-feb2210).

3.0 Site details

Sites: Spring Gully Gas Plant, including select field wells
Strathblane gas plant, including select field wells
Taloona gas plant, including select field wells
Spring Gully RO water treatment plant
Talinga gas plant, including select field wells
Talinga temporary water treatment plant

4.0 Natural background radiation levels in Australia

Humans are exposed to natural radiation to a greater, or lesser extent, from a number of sources. For
example, cosmic radiation from outer space; the presence of uranium, thorium and potassium-40 (*°K) in the
Earth’s crust; and radon gas released from the decay of uranium.

The total average dose to an individual from natural background radiation is about 2.4 mSv per year, but
varies widely throughout the world depending on altitude at which people live, the local geology, the type of
housing lived in, and the food consumed. In some countries the average annual dose received from natural
background radiation is in excess of 10 mSv. Due to the local geology and our mode of living, average
annual doses in Australia are generally below the worldwide average and closer to 1.7 mSv. The natural
background radiation level from external gamma radiation sources only in Australia is approximately 0.9 mSv
per person per year primarily from cosmic and terrestrial sources, which equates to ~0.10 pSv-h™ averaged
over the year. Typical background dose rates can vary from ~0.05 to ~0.15 uSv-h™ depending on the above
mentioned factors and may be even higher in some instances.

Uranium and thorium are dispersed throughout rocks and soils in low concentrations of a few parts per
million (ppm). Naturally-occurring uranium-238 and thorium-232 are parents of separate long-lived series of

ARS Job No.:10-1562 Page 1 of 13
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radionuclides of several elements, which decay in succession until stable lead is formed. In addition,
radioactive potassium, K is present with stable potassium, which is a common element in the Earth’s crust.
A number of radionuclides in both natural decay series emit gamma radiation, as does “°K, and this leads to
external and internal irradiation of people. The incorporation of these elements into building materials also
leads to exposure indoors. Radioactive elements of the uranium and thorium natural series also can be
incorporated into food and drinking water, which results in internal exposures to radiation from the
consumption of foodstuffs.

Radon and thoron gas are a particularly significant source of exposure to natural radiation, especially radon
(*’Rn) from the decay of **Ra from the **®U series. Build-up of radon gas inside houses can lead to an
accumulation of radon indoors if a dwelling is not well ventilated. Exposure to radon gas can contribute to
more than half the overall dose to individuals from natural sources in some countries.

Uranium and thorium are present in some minerals and ores at higher concentrations than are found in soil,
but not necessarily at levels that could be exploited for the elements themselves. The processing of these
ores can lead to additional radiation exposure of workers and the public during operations or from
management of waste materials.

The presence of Naturally Occurring Radioactive Material (NORM) in the conventional gas producing
industry is included in Appendix A as additional background information. The potential for the presence of

NORM in the extraction of the natural gas from underground coal beds is relatively unknown and not widely
recognised or reported within the radiation safety industry.

5.0 Radiation monitoring equipment

The radiation monitoring equipment used during the site visit is listed in Table 1.

Table 1: Radiation monitoring equipment — February 2010.

Monitor Serial No(s). Mode/Radiation Type Measurement units
_ Survey mode (gamma) cps
Exploranium GR-130 9676 =}
Dosemeter mode (gamma) nSv-h
; Alpha cps
Thermo 1A with DP2R/4A 3512/10650 P P
probe Beta cps
HPI Cypher 5000 with 5505 a
PGM probe 501129/1124 Alpha, Beta and Gamma cps

a. Integrated ‘counts’ over a 30-second period are displayed and converted to a cps equivalent.

The Exploranium GR-130 mini-spectrometer (see Figure 1) is used to search, locate and identify gamma ray
emitting radionuclides. This instrument is suitable for a ‘search and locate’ exercise as it contains a highly
sensitive Nal scintillation detector. Efficiency tests have identified that the mini-spectrometer can “see” a
planar surface of diameter 2 metres from a height of 30 cm from the ground. They can also identify gamma
ray emitting radionuclides to a depth of approximately 10 cm to 50 cm in soil depending on the gamma ray
energies.

Figure 1:  Exploranium GR-130 minispectrometer — February 2010.

ARS Job No.:10-1562 Page 2 of 13
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The GR-130 instrument has been calibrated in terms of ambient dose equivalent rate and has a resolution of
0.001 pSv-h™. Due to the excellent resolution and fast response to radiation, this instruments is ideal for
large scale environmental radiation surveys. GR-130 instrument was used for the external survey of the
process equipment.

The Bicron Electra 1A with Model DP2A/4R alpha-beta dual phosphor probe is suitable for measuring alpha
and beta radioactive contamination in units of counts per second. The HPI Model 5505 probe contains a
geiger-muller pancake detector when connected to the HPI Cypher 5000 is suitable for detecting alpha, beta
and gamma radiation in total counts or counts per second.

All radiation monitoring equipment has been calibrated within the past twelve (12) months to a Cs-137
source whose output is traceable to the Australian Primary Standard of Exposure maintained by the
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA).

6.0 Methodology
6.1 Testing protocol

Prior to commencing any survey work, discussions were held with Origin management and process
personnel to identify key equipment to be included in the survey. Site specific inductions were completed by
Mr. Billingsley and Mr. Bernardo as required.

The radiation monitoring equipment used is not intrinsically safe and hence a ‘hot work’ permit and gas
detector were required before any survey work could be conducted at any of the monitoring sites.

At all locations, with the exception of the field wells in the Spring Gully region, an Origin representative
accompanied ARS to assist with identification of the process equipment.

6.2 Background measurements

Background measurements were performed at each gas plant and field well location prior to conducting the
survey with the GR-130 instrument. This included measurements in the survey mode (cps) and the dose rate
modes (nSv-h™). The ability of the GR-130 meter to measure very low, background radiation levels means
that readings are displayed in nSv-h. However, for the purpose of this report, all measurements are
reported in uSv-h, the standard unit for reporting occupational dose rates (1000 nSv = 1 uSv).

Background levels recorded at each site are presented with the survey results in Appendix B. The stated
uncertainties are one standard deviation calculated from a data set of a minimum of five measurements.

Background levels varied considerably between sites and are dependant on several factors most notably the
presence of naturally occurring radionuclide present in the soils and/or cover material (e.g. natural soil,
gravel road base, concrete, or an elevated walkway). Generally, background count rates measured on land
with the Gll?-130 meter are in the range 50 — 120 cps, and typical dose rates vary between 0.05 and
0.15 uSv:h™.

Background measurements were also conducted for the contamination monitoring equipment used. A
pass/fail criterion value was developed for each radiation monitoring instrument used based upon the sum of
the mean background count rate and three standard deviations of this mean. Items which record radiation
count rates in excess of a criterion value are considered to contain detectable radioactive contamination.

6.3 Count-rate survey

Using the GR-130 meter in ‘survey’ mode, key process items and spool identified were checked for the
presence of NORM. Sweeping measurements were conducted with the instrument in direct contact or close
proximity to the outside surfaces of the process equipment (Figure 2). The instrument display current and
historical count rates enabling a ‘spike’ in gamma radiation levels to be readily observed. Counts rates
observed were recorded as a range for each process item or section of the plant surveyed (see Appendix B).
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Particular consideration was given to sections of the process where NORM scale could potentially
accumulate including pumps, valves, sharp bends in spool, etc..

Figure 2. External survey of field well in Talinga region — February 2010.
6.4 Dose rate survey

Using the GR-130 instrument, limited dose rate measurements were also performed in close proximity to the
process equipment.

The number of dose rate measurements conducted is dependent on the levels identified during the count
rate survey.

The purpose of obtaining dose rates is to quantify the dose an individual would receive as a result of any
external radiation exposure. For this survey it was to quantify the count rate survey results, and provide
confirmation that there was no external radiation exposure hazard present. The number of dose rate
measurements collected was minimal due to the count rate levels encountered during the survey being
comparable to background levels.

6.5 Contamination measurements

Direct measurements for the less penetrating alpha and beta contamination on internal surfaces of process
equipment was limited to items that had been removed from service previously (Figure 3). Internal monitoring
of in-line spools and equipment was not possible as all plants and equipment were sealed or in operation at
the time of the survey. An additional consideration was that external survey results provided no indication
that internal contamination would be present and consequently extensive contamination monitoring was not
considered warranted at the time of the survey.
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Figure 3:  Contamination monitoring of spool — February 2010.

6.6 Sample analysis

Samples were collected for radionuclide analysis by the ARS radionuclide analysis laboratory. Process water
samples were collected from the Spring Gully RO Water Treatment Plant (Pond 1) and from the Talinga
temporary RO Plant. A sample containing a mixture of sand and coal fines from the Condabri lease was also
provide to ARS for radionuclide analysis.

The solid sample was prepared for analysis by drying, grinding and homogenising, and a portion transferred
to a standard plastic container and analysed by high-resolution gamma ray spectrometry. Water samples
were subject to preliminary radiochemical treatment to isolate specific radionuclides and then analysed by
gamma ray spectrometry for their soluble and insoluble components. Radionuclide concentrations were
determined for key radionuclides from the uranium and thorium radioactive decay series including uranium-
238 (as thorium-234), radium-226, lead-210, radium-228 and thorium-228, and other detectable natural
radionuclides.
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7.0 Results

7.1 External survey

Radiation monitoring results for the external radiological survey of the gas installations, including background
measurements are presented in Appendix B.

7.2 Internal contamination measurements

Results from the internal assessment of process equipment removed form service is provided in Table 2.

Table 2: Results from the NORM monitoring of the internal surface of process items removed from
services — February 2010. The results have not been corrected for background radiation levels.

Iltem Electra 1A/ Electra 1A/ HPI Cypher /
DP2R/4A DP2R/4A PGM

alpha beta (cps)
(cps) (cps)

Spring Gully Gas plant

Background <0.1 1.8+0.1 0.6+0.1

Scrap valve <0.1 1.2+0.1 0.3+£0.1

Talinga site

Background <0.1 2.3+0.1 0.7+£0.1

Removed spool from tie-in sales gas line <0.1 2.3+0.1 0.6+0.1

Old Talinga well water line 0.0 1.5+£04 0.7+0.1

Old Talinga well gas line <0.1 1.8+0.1 05+0.1

7.3 Sample analysis
Gamma ray spectrometry sample analysis results are provided in Appendix C.

Section 10 of the Queensland Radiation Safety Regulations (1999) prescribes limits for the disposal of
radioactive material in water. Considering total activity concentration of radionuclides in the naturally
occurring radium and thorium identified in samples collected at the ‘Talinga RO Plant’ and the ‘Spring Gully
RO plant’, average activity concentrations are well below prescribed limits for disposal, and consequently
exempt from regulation from a radioactivity perspective.

The scale sample ‘DM10’ and the ‘Condabri coal fines’ are not considered ‘radioactive substances’ in
Queensland as average activity concentrations are well below the prescribed limits for mineral substances as
outlined in Section 5 of the Regulations. In fact, the radionuclide activity concentrations of both samples are
consistent with the typical concentrations found normally in uncontaminated soil worldwide. For instance, the
radium-226 concentrations identified from both samples (0.021 Bqg-g™* and 0.061 Bq-g™) are consistent with
this worldwide natural soil radioactivity range of 0.017-0.060 Bg-g™ (UNSCEAR 2000).

8.0 Discussion

The radiological survey of the gas installations, including gas plants, field wells and water treatment plants
indicated the absence of elevated external gamma radiation levels attributable to NORM. Survey
measurements (cps) and doses rates recorded for all sites were comparable with the natural background
measurements.

The highest count rates observed during the survey were contributable to natural radioactive material
present in the underlying soil. Due to the in-growth period for the formation of radon gas from radium-226, it
was expected there may have been notably elevated levels within the vicinity of the equipment temporarily
not in use; including gas plant compressors that had been off-line for up to 5 days, or the field wells that had
been shut-in. This was shown not to be the case.
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Consequently there is a negligible external radiation hazard to personnel working in any areas of those
facilities assessed, when compared with an individual’'s exposure to natural background radiation levels. All
ambient dose rate measurements are comparable or less than those levels normally encountered as a result
of other sources of natural background radiation.

No radioactive contamination was identified in any of the process items surveyed, which is consistent with
the external survey results. Consequently there is no reason to suggest there is any internal ingestion/or
inhalation hazard from a radiation exposure perspective as a result of handling process equipment from any
of the Origin sites.

The reasons for the presence of NORM in the extracted gas or produced water, can be due to several
factors including the geophysical nature of the reservoir, extraction techniques, etc. In conventional gas
production, newly operational plants may have insignificant levels of NORM during initial stages of
commissioning, but can accumulate NORM over a period of time, sometimes within a few years. The rate of
accumulation can depend on many factors. However, the potential for NORM to accumulate in a coal seam
gas installation over an extended period of time is unknown.

9.0 Conclusions

The results obtained during the radiological survey of gas installations in the Spring Gully and Talinga
regions indicate that the levels of NORM at the time of assessment were negligible comparable to natural
background radiation levels. The measurements collected from this survey provides good baseline data
should NORM be identified in the future. Recommendations have been included in this report relating to
future assessments.

10.0 Recommendations

. Based on the monitoring results, a repeat survey of the gas plants and installations assessed during
this visit is not warranted for a period of at least 2 years. This survey should include a repeat external
survey of identical plant equipment and wells assessed during this survey.

) If new Origin gas plants are established, a baseline external survey should be conducted within the
first 3-months of operation similar to the surveys conducted during this visit.

. Origin could consider scheduling the survey during a major maintenance shutdown. This would enable
potential NORM contamination levels on internal surfaces of operational process equipment to be
assessed. The key radionuclides targeted would be Pb*® and the associated progeny which cannot
be identified externally due the low penetrating power of the associated radiation, and are prevalent in
conventional gas producing facilities (Appendix 1). The likelihood of these radionuclides being present
is low (considering the external survey failed to identify its parent, an), internal measurements
inside key process equipment would provide confirmation of this. This could be conducted in the next
1-2 years depending on the Origin shutdown schedule.

. Ra?*® and Ra’*® concentrations in the produced water and scale samples analysed were at negligible
concentrations, suggesting that mobilisation of these key radionuclides is minimal in the existing fields,
unlike problems that can be encountered in the conventional gas producing industry (Appendix A).
The decision to conduct sample analysis in the future would depend on the outcome of radiation
measurements results at the time.

Reference

UNSCEAR 2000. Sources and Effects of lonising Radiation, UNSCEAR, 2000
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Appendix A: NORM in the ‘conventional’ gas industry

Formation water present within oil and gas reservoirs contains cations of calcium, strontium, barium and
radium which are dissolved from the reservoir rock. As a consequence, under certain temferature, pressure
and chemical conditions, formation water contains the radium radioisotopes radium-226 (“*Ra) and radium-
228 (**Ra).

Radon gas (**Rn) is generated in the reservoir rock through the decay of *Ra. Mixed gas / water streams
extracted from the reservoir blend with the produced radon gas. When radon decays, short-lived decay
products (radon progeny) are generated which plate out on the internal surfaces of process pipes and
vessels. These short-lived radionuclides emit high-energy gamma radiation which can be readily identified on
external surfaces of equipment.

In gas processing product streams, radon generally follows the dry gas stream. De-ethanisors, fractionators,
condensers and storage tanks are all considered items where radon gas may accumulate. Radon has a
boiling point between that of propane and ethane and consequently can also be expected to be more
concentrated in propane and ethane circuits.

Due to the short half-life of radon and its progeny, 99% of these radionuclides will have decayed to the
longer-lived metal lead-210 (**°Pb) within 25 days. *°Pb undergoes further decay to the other short-lived
radionuclides bismuth-210 (**°Bi) and polonium-210 (**°Po). Concentrations of ?*°Pb and its decay products
can be expected to increase over time in gas producing facilities. None of these radionuclides have strong
gamma radiation emissions and cannot be identified externally. The main radiation hazard from these
deposits are generally due to the inhalation of internal radioactive contamination removed or disturbed during
maintenance works. The opening of process equipment whilst the plant is shutdown provides a unique
opportunity to identify if 2pp js present on the internal surfaces.

The extent of mobilisation of *°Ra and ?*®Ra from gas reservoirs and its appearance in produced water can
vary considerably. Generally speaking, lower concentrations are expected in scales and sands extracted
during gas processing, in comparison with oil producing installations where concentrations are generally
higher.
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Appendix B: External radiological survey results — February 2010
Exploranium Exploranium GR-130
Item Description GR-130 survey data external dose rate
(counts per second) (uSv-h™

Taloona Gas Plant (22/2/10)

Background (gas plant entrance) 40+5 0.024 + 0.005

Inlet risers 20-40 -

Inlet separators 20-35 -

Raw water inlet from separators 25-45 -

Flare controller 20-35 -

Suction header 25-45 -

K3 Compressor (online)

- inside 10-25 -

- outside 20- 40 -

K2 Compressor (offline 5 days)

- inside 10-25 -

- outside 20-35 -

K1 Compressor (online)

- inside 15-30 -

- outside 10-30 -

Fuel gas skid 2 (online) 25-45 -

Fuel gas skid 1 (offline) 20-45 -

Glycol skid 1 10- 25 0.010 - 0.035

Particulate filters from Glycol skids 30-45 0.020 - 0.035

Dehydration skid, ground 10-20 -

Dehydration skid, upper 15-25 -

TEG contactor (base) 15-35 -

Sales gas line/skid 30 — 60* 0.030 — 0.045

Strathblane Gas Plant (22/2/10)

Background (gas plant entrance) 95+5 0.059 + 0.009

Inlet risers 40 - 80 -

Inlet separators 30-50 -

Raw water inlet from separators 45 - 80 -

Flare controller 35-55 -

Suction header 20 — 80* -

K1 Compressor (online)

- inside 10- 30 -

- outside 40-70 -

K2 Compressor (online)

- inside 10-30 -

- outside 30-280 -

- suction line inlet 25-40 -

- soil, beside compressor 110 + 5* 0.068 + 0.008

K3 Compressor (offline 1 day )

- inside 10-25 -

- outside 45-70 -

- suction line inlet 25-30 -

Fuel gas skid 2 (online) -

Fuel gas skid 1 (offline) -

Glycol skid (TEG regeneration) 20- 50 0.017 + 0.007

Dehydration skid, ground 10-35 -

Dehydration skid, upper 25-45 -

TEG contactor (base) 25-45 -

Degasser drum 25-45 -

Produce water pumps skid 25-35 -

Sales gas line 40 — 80* -

Spring Gully Gas Plant (22/2/10)

Background (gas plant entrance) 70+10 0.040 + 0.002
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Exploranium Exploranium GR-130
Item Description GR-130 survey data external dose rate
(counts per second) (uSv-h™
Inlet risers 30 - 60 -
Inlet separators 30-45 -
Raw water inlet from separators 40 - 60 -
Flare controller 30-45 0.027 + 0.004
Suction header 35-60 -
K4 Compressor (offline)
- inside 10-40 -
- outside 30-65 -
K3 Compressor (online)
- inside 10-35 -
- outside 25-50 -
- suction line 20-35 -
K2 Compressor (online)
- inside 10-20 -
- outside 35-55 -
Fuel gas heater skid 1 40 - 60 0.035 + 0.007
Glycol skid (TEG regeneration) 20- 40 -
Dehydration skid 2, ground 20-35 -
Dehydration skid 2, upper 20-35 -
TEG contactor (base) 30-45 -
Sales gas line/skid 35-60 -
Spring Gully field wells (23/2/10)
Well SG10 (operating, high gas rate)
Background 0+5 -
Well 40-75 -
Well DM3 (operating, high gas rate)
Background 80+5 -
Well 35-65 -
Well DM42 (operating, high water rate)
Background 705 -
Well 35-85 -
Well DM13 (operating, internal scale identified during w/o)
Background 60 + 10 -
Well 35-50 -
Well DM10 (closed, internal scale identified during w/o)
Background 85+5 -
Well 40-70 -
Well DM64 (operating)
Background 80+5 -
Well 50- 75 -
Spring Gully RO Water Treatment Plant (23/2/10)
Background 35+5 -
Arkal filters 20-35 -
MF racks 15-35 -
Reverse osmosis skid A (online) 20-35 -
CIP-to-filtrate tank area 20-40 -
RO feed filter 20- 30 -
Talinga Gas Plant (24/2/10)
Background (gas plant entrance) 80+5 0.053 + 0.005
Inlet risers 55-80 -
Silt traps 40-70 -
Suction header 45-75 -
Screw compressor 7 (online)
- inlet/outlet 50 - 65 -
- oil and gas scrubbers 20- 45 -
Screw compressor 4 (offline 2 days)
- inlet/outlet 45-75 -
- oil and gas scrubbers 20- 40 -
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Exploranium Exploranium GR-130
Item Description GR-130 survey data external dose rate
(counts per second) (uSv-h™
Screw compressor 1 (online)
- inlet/outlet 45 — 80* -
- oil and gas scrubbers 15-35 -
We gas line collection point 55 — 85* -
Reciprocating compressor 1 (offline 1 hour)
- inlet/outlet 45 - 65 -
- skid 15-30 -
Wet gas sales pipeline 55 — 95* -
Glycol skid, ground 50 - 65 -
Glycol skid, upper 35-55 -
TEG filter skid 2, ground 15-40 -
TEG filter skid 2, upper 25-40 -
Sales gas line/skid 45-70 -
Pigging pipeline 55-75 -
Talinga field wells (24/2/10)
Well Talinga 9 (operating)
Background 85+ 10 0.076 + 0.017
Well 45-85 -
Well Talinga 22 (operating)
Background 705 -
Well 35-75 -
Well Talinga 39 (operating, high flow)
Background 75+5 -
Well 45-70 -
Well Talinga 18 (operating, free flowing
and minimal gas)
Background 80 +£10 0.056 + 0.008
Well 55 - 80 -
Well Talinga 13 (shut in)
Background 85+ 10 -
Well 55-70 -
Well Talinga 12 (operating)
Background 80+5 -
Well 55-75 -
Well Talinga 10 (shut in)
Background 80+5 -
Well 60 - 80 -
Talinga RO plant (temporary)
Background 80+5 -
Micro filtration system 35-50 -
Filtrate water tanks 40-70 -
Reverse osmosis 35-60 -
Permeate/Service water tanks and waste 45-75 -
* elevated levels due to underlying soils only
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Appendix C: Radioactivity analysis report — February 2010
To: Origin Energy Resources Ltd. Report No.: 10-1562-R1

339 Coronation Drive
Milton QLD 4064

Contact: Mr. Oskar Jarvie

Sample description:
Number of samples:
Submission date:
Analysis required:

Analytical method:

Water, sludge and scale samples

Four

1% March 2010

Determination of the activity of naturally-occurring radionuclides.

Pretreatment:

A. Solids — samples dried and homogenised, and apportion of each sample was
encapsulated in resin in a standard container for measurement.

B. Water — Samples filtered and radiochemical treatment to isolate naturally-

occurring radionuclides

Measurement: High resolution gamma ray spectrometry used to determined
radionuclide content.

AUSTRALIAN RADIATION SERVICES PTY. LTD.

Report prepared by:

Reviewed by:

Date:

~

i .

|/
Mr. Michael Gilhen Signed: (\tuimd L
Health Physicist

Dr. Malcolm Cooper Signed: (2
Consultant Environmental Scientist é b

10™ May 2010

)
fl

/L/ 5\,
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Results:
Radioactivity Concentrations (Solids - Bq.g™; Liquids - BgeL™)

Note:
a) Radioactivity concentrations are expressed in becquerel (Bqg) per gram of dry solid or
becquerel per litre for water. One becquerel equals one nuclear transformation per second.
b) Less than (<) values indicate the limit of detection for each radionuclide for the measurement
system.
c) The reported uncertainty in each result is the expanded uncertainty calculated using a
coverage factor of 2, providing a level of confidence of approximately 95%.

Client Sample ID (ARS Lab. ID)

U (RO [ SlpIng L (50 Condabri coal fines DM10 Scale
Wateg Plant We}ter (Bq-g™) (Bq-g™)
(Bg-L™) (Bg-L™)
Radionuclide (10-1562-01) (10-1562-02) (10-1562-03) (10-1562-04)
Naturally-occurring uranium (U-238) series
Thorium-234 <0.14 <0.13 0.025 + 0.021 <0.03
Radium-226 <0.08 <0.08 0.021 + 0.003 0.061 + 0.006
Lead-210 <0.15 <0.14 0.025 + 0.019 <0.03
Naturally-occurring thorium (Th-232) series
Radium-228 <0.07 <0.08 0.033 + 0.006 0.050 + 0.009
Thorium-228 <0.07 <0.06 0.033 + 0.004 0.052 + 0.005
Other naturally-occurring radionuclides
Potassium-40 Not determined Not determined 0.48 £ 0.05 <0.04
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