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1.0 EXECUTIVE SUMMARY 
Golder Associates Pty. Ltd. was commissioned by Woodside Energy Ltd. (Woodside) to complete an 
independent review of the air quality monitoring programme outlined in the Woodside Pluto LNG Plant Air 
Quality Management Plan (AQMP), in accordance with Section 10.2 of the AQMP.  

Specifically, Sections 10.1 and 10.2 of the AQMP required a review of:  

 12 months of particulate matter with an equivalent aerodynamic diameter less than 2.5 microns (PM2.5) 
and benzene/toluene/xylene isomers (BTX) monitoring data  

 24 months of NOx and ozone monitoring data  

 24 months of nitrogen deposition monitoring data. 

As the Pluto LNG Plant began commissioning in December 2011, this report provides a review of 12 months 
operational data associated with PM2.5 and BTX only.  

A review of the NOX, ozone and nitrogen deposition data will be the subject of a separate report.  

The scope of the review was limited to a desk top assessment of air quality monitoring reports prepared by 
consultants on behalf of Woodside for the period December 2011 to December 2012.  In particular the 
accuracy and consistency of data was assessed and compared with the results of previously completed 
sampling and monitoring in order to confirm the understood relative risk and expected impacts as presented 
in approvals documentation.  

The review did not assess the accuracy of emission estimates for the purposes of initial modelling and risk 
assessment, nor does it seek to identify any additional point sources.  In addition the review did not assess 
other AQMP aspects or other environmental monitoring programmes being undertaken.  

The objective of the review was to ensure that documentation submitted to regulatory authorities contained 
adequate and verifiable information to enable assessment of compliance with statutory and other 
requirements/commitments relating to environmental management of the Pluto LNG project. This review has 
confirmed that the data provided in the ambient air quality monitoring reports demonstrates material 
compliance with the National Environment Protection (Ambient Air Quality) Measure (Air NEPM) and the 
National Environment Protection (Air Toxics) Measure (Air Toxics NEPM). 

The review also confirmed that the assessment of risk based on the estimated or predicted emissions of 
PM2.5 and BTX and documented in the works approval for the LNG Plant is consistent with the data obtained 
from the 12 month ambient air quality monitoring programme. With respect to protection of environmental 
values namely:  

a) Human health and well-being 

b) The health and well-being of other forms of life, including native flora and fauna and agricultural 
products; and 

c) Visibility, local amenity and aesthetics.  

there is sufficient evidence to demonstrate that emissions are below current standards set to protect human 
health and well-being, but insufficient evidence is available to categorically state that all environmental 
values are being protected.  
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In completing the independent review, a number of recommendations have been made in relation to data 
collection and validation. These recommendations are listed below and are not considered to have a material 
impact on the interpretation of data collected during the review period.  The recommendations have been 
forwarded to Woodside for consideration and include that:  

 future reports include a statement regarding compliance of monitoring locations against the 
requirements of AS/NZS 3580.1 

 meteorological equipment be assessed against the requirements of AS 3580.14 as opposed to AS 2923 

 calibrations are undertaken in accordance with DR AS/NZS 3580.9.12 for beta attenuation monitors 

 NATA accreditation for BTX by GC/PID should be confirmed.  

 in collating data for consolidation within reports, truncation of data should be avoided 

 BTX data to be subject to further validation given the significant differences between monitors 

 in relation to the negative offset applied to BTX data to bring the baseline back to zero, given the limit of 
detection needed to meet Air Toxics NEPM requirements and the differences between co-located 
instruments at Burrup Road, a comment on the magnitude of the offset and the effect on the data set is 
required.  
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2.0 INTRODUCTION 
Woodside Energy Ltd. (Woodside) received approval for the construction of facilities for the development of 
the Pluto Gas Field on the North West Shelf, and the processing and export of the gas at a liquefied natural 
gas (LNG) plant on the Burrup Peninsula, in Ministerial Statement No 757 dated 24 December 2007.  

Storage and export facilities are located at what is known as Site “A”. The production of LNG and 
condensate at “Site B” involves the following processes:  

 gas receivable and inlet separation 

 acid gas removal unit (AGRU) 

 gas dehydration 

 mercury removal 

 liquefaction 

 end flash and nitrogen removal 

 fractionation/heavies removal 

 refrigerant storage 

 condensate stabilisation and export.  

A high level process flow diagram for LNG production in shown in Figure 1. 

Implementation of the project was subject to a number of conditions, including the preparation of an Air 
Quality Management Plan (AQMP) to the requirements of the Minister for the Environment.  

The AQMP was required to include:  

 cumulative air quality modelling, using data from the Front End Engineering Design Report and 
emissions from approved industrial sources at Cape Preston and Barrow Island 

 proposed targets and standards 

 an emissions monitoring programme which included nitrogen compounds, butene, toluene, ethylene, 
xylene, ozone, acrylene and hydrogen sulphide emissions from the plant 

 an ambient air quality and nitrogen deposition monitoring programme 

 annual reporting. 

The AQMP was submitted to the Environmental Protection Authority (EPA) on 23 September 2010. The plan 
was subsequently revised and Revision 1 endorsed on 10 October 2011.  

Section 2 of the AQMP notes that “butene, ethylene and acrylene initially specified in the Ministerial 
Statement 757 are not present in the feed gas stream, nor produced or emitted by the Pluto LNG processing 
system and will not be monitored as part of this plan” 

In accordance with Section 10 of the AQMP dated 7 September 2011 (Revision 2: Reference No: 
X0000AH0002), Woodside is required to review results of ongoing emissions monitoring and ambient air 
monitoring programmes and compare the results with previously completed sampling and monitoring results 
and risk and impact assessments presented in approvals documentation.  
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Figure 1: Pluto LNG Plant High Level Process Flow Diagram 
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Specifically, Sections 10.1 and 10.2 of the AQMP required a review of:  

 12 months of particulate matter with an equivalent aerodynamic diameter less than 2.5 microns (PM2.5) 
and benzene/toluene/xylene isomers (BTX) monitoring data  

 24 months of oxides of nitrogen (NOx) and ozone monitoring data  

 24 months of nitrogen deposition monitoring data.` 

The reviews were to be undertaken by an independent peer reviewer, subject to approval by EPA.  

In this regard, Dr Helen Murphy of Golder Associates Pty. Ltd. (Golder), an Environmental Auditor appointed 
pursuant to the Victorian Environment Protection Act 1970, was engaged by Woodside for the purpose of 
providing an independent review of the ambient air quality data.  EPA endorsed the appointment on 21 
August 2012. 

Your attention is drawn to the document “Limitations”, which is included as Appendix A to this report.  The 
statements presented in this document are intended to advise you of what your realistic expectations of this 
report should be.  The document is not intended to reduce the level of responsibility accepted by Golder, but 
rather to ensure that all parties who may rely on this report are aware of the responsibilities each assumes in 
so doing. 
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3.0 ENVIRONMENTAL REVIEW OBJECTIVE AND SCOPE 
As requested by Woodside, Environment Protection Authority of Victoria (EPAV) Publication No. 952.31 has 
been used as the basis for describing the components of the review.  

The following information is provided in response to these requirements. 

3.1 Objective  
The objective of the review is to ensure that documentation submitted to regulatory authorities contains 
adequate and verifiable information to enable assessment of compliance with statutory and other 
requirements/commitments relating to environmental management of the Pluto LNG project. 

3.2 Scope  
The scope was outlined in the proposal to Woodside dated 17 April 2012.  

Specifically the scope would include an independent review of the Pluto LNG Plant AQMP ambient air quality 
and nitrogen deposition monitoring programmes and reports, noting that this is a two year monitoring 
programme with Sinclair Knight Merz (SKM) managing the ambient air quality monitoring component and 
CSIRO undertaking the nitrogen deposition study. 

The proposed approach to address the scope of work was a desktop review of key documents with review of 
additional documentation/information limited to points of clarification where necessary.   

3.3 Elements  
An element is defined in the Victorian Environment Protection Act 1970 as any of the principal constituent 
parts of the environment including waters, atmosphere, land, vegetation, climate, sound, odour, aesthetics, 
fish and wildlife.  

The scope of the review was limited to the atmosphere. 

3.4 Segment 
The aforementioned EPAV Publication No. 952.3 states that the segment of the environment must be 
described in terms of, but not limited to: 

 The geographical extent, including: 

 The boundaries of the premises or land area (such as a catchment) on which the activity is 
conducted. 

 That portion of the surrounding environment to which the activity may pose a risk that will be 
considered. 

 The time-frame to which the environmental audit applies. 

The geographical area considered for assessment of ambient air quality is the local and regional airshed 
surrounding the Pluto LNG Plant and the potential impact on environmental values or the health, welfare or 
amenity of the people and surrounding land uses.  

The timeframe to which the review applies is intended to cover 12 months of ambient air quality monitoring 
data for PM2.5 and BTX. The data covers the period 1 December 2011 to 31 December 2012 for PM2.5 and 1 
January 2012 to 31 December 2012 for BTX. 

                                                     
1  “Environmental Auditor Guidelines for the Preparation of Environmental Audit Reports on Risk to the Environment”, Environment Protection Authority of Victoria, Publication No. 
952.3, October 2012 
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3.5 Beneficial Values 
Section 3A of the Western Australia Environment Protection Act 1986 describes environmental harm to 
mean direct or indirect -  

a) harm to the environment involving removal or destruction of, or damage to — 

 i) native vegetation; or 

 ii) the habitat of native vegetation or indigenous aquatic or terrestrial animals; or 

b) alteration of the environment to its detriment or degradation or potential detriment or degradation; or 

c) alteration of the environment to the detriment or potential detriment of an environmental value; or 

d) alteration of the environment of a prescribed kind; 

material environmental harm means environmental harm that — 

a) is neither trivial nor negligible; or 

b) results in actual or potential loss, property damage or damage costs of an amount, or amounts in 
aggregate, exceeding the threshold amount; 

serious environmental harm means environmental harm that — 

a) is irreversible, of a high impact or on a wide scale; or 

b) is significant or in an area of high conservation value or special significance; or 

c) results in actual or potential loss, property damage or damage costs of an amount, or amounts in 
aggregate, exceeding 5 times the threshold amount. 

EPA has prepared a draft State Environmental (Ambient Air) Policy 2009. The draft Policy identifies 
environmental values to be protected which are:  

d) Human health and well- being 

e) The health and well-being of other forms of life, including native flora and fauna and agricultural 
products; and 

f) Visibility, local amenity and aesthetics.  

The risks presented in the local and regional airshed are documented in the EPA’s report and 
recommendations for the Pluto LNG Development dated July 2007 (pg 22): 

The EPA’s environmental objective for this factor is to ensure that emissions do not adversely affect 
environmental values or the health, welfare or amenity of the people and land uses by meeting statutory 
requirements and acceptable standards. 

The EPA notes the air dispersion modelling predicts compliance with the NEPM criteria for NO2 and O3 
during normal operations. For non-routine or process upset conditions, some exceedences of the NEPM 
criteria are predicted, although these do not occur near residential areas or sensitive receptors. The 
emissions of other pollutants during process upset conditions are unlikely to cause significant impacts. The 
EPA notes that the effect on regional air quality is predicted to be negligible.  

The EPA notes that the proposed use of best practice for fugitive emission control and the use of natural gas 
fired gas turbines results in ambient air quality that meets the NEPM criteria and the WHO criteria (for 
deposition).  

Having particular regard to the: 

a) best practice control of fugitive emissions; 

b) recommended condition requiring a Front End Engineering Design (FEED) report; and 
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c) recommended condition requiring an AQMP, 

It is EPA’s opinion that the proposal can be managed to meet the EPA’s environmental objectives for this 
factor [Air quality], provided the recommended conditions are made legally enforceable. 

This review assesses whether the data provided in the ambient air quality monitoring reports demonstrate 
compliance with the environmental values set in the draft State Environmental (Ambient Air) Policy and the 
National Environment Protection (Ambient Air Quality) Measure (Air NEPM) and National Environment 
Protection (Air Toxics) Measure (Air Toxics NEPM) standards for the identified beneficial uses.  

3.6 Expert Support Team 
The expert support team to Dr Helen Murphy was utilised, specifically Mark Tulau for data validation and 
Frank Fleer and Jonathan Medd of Golder Melbourne for peer review. Anthony Stuart of the Golder Perth 
office was Project Manager providing client liaison and local support.   

3.7 Stakeholder Involvement 
As the environmental regulator and instigator of this review, EPA was a key stakeholder and was consulted 
initially to confirm the appointment of the independent peer reviewer and the review methodology.  

The review scope did not include direct consultation with key stakeholders other than Woodside staff. 
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4.0 METHODOLOGY  
Section 10 of the AQMP indicates that the review process methodology will be agreed upon prior to the first 
review with EPA, Woodside and the independent peer reviewer. Woodside advised that the methodology 
adopted should be consistent with EPAV Publication No 952.3.  

The methodology adopted incorporated a desk top review of the following:  

 Review of background information provided by Woodside for the purposes of providing context to the 
ambient air quality data 

 Review of ambient air quality modelling results presented in the Public Environmental Report (PER) and 
other reports 

 Review of risk assessment completed as part of the EPA approval documentation 

 Review of air quality data: 

 12 months PM2.5 data 

 12 months BTX data 

 24 months NOx and ozone monitoring data 

 24 months nitrogen deposition data 

 Review of ambient air quality reports for consistency of reported data collection with Australian 
Standards 

 Review ambient air quality reports for any inconsistencies in data or gaps in data 

 Review ambient air quality data for trends 

 Assess consistency of data with that presented in the PER and subsequent air quality modelling reports 

 Assess consistency of data with the EPA’s assessment of risk, which was based on Air NEPM and 
EPAV objectives for BTX and, in the case of nitrogen dioxide (NO2), World Health Organisation2 (WHO) 
estimates for protection of vegetation.  

In addition, discussions were held with Mr Maris Steel (Woodside Environmental Team Leader) for the 
purposes of clarification. 

Wherever possible, verification of primary data (original data) is the preferred approach. Secondary sources 
are based on primary sources; in as much as they analyse and evaluate primary sources.  

Secondary sources are represented by the spreadsheet data generated from data collected from ambient air 
quality monitoring. This data has been reproduced in the reports provided by SKM and CSIRO. By assessing 
and repackaging this information, secondary sources make the primary information more accessible. These 
secondary data sources will be reviewed but verification of primary data is outside the scope of this audit.  

The independent collection of data to verify the information presented was excluded from the audit scope.  

The methodology proposed to EPA indicated that 12 months of monitoring data would be reviewed for PM2.5, 
BTX and a 24 month period for NOx and ozone covering the operational phase of the Pluto LNG project.  For 
nitrogen deposition, 24 months of monitoring data would be reviewed.  

                                                     
2 World Health Organisation (2000). Air Quality Guidelines for Europe, WHO regional publications. European series Number 91  
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Noting that the Pluto LNG project was commissioned in December 2011, the selection of the appropriate 12 
and 24 month monitoring data collection periods was a key consideration.  

PM2.5 monitoring commenced in early December 2011 to coincide with Pluto’s commissioning. 
Commissioning continued until April 2012 when the plant became fully operational. 

Although the PM2.5 monitoring incorporates over 12 months of data, it does not incorporate 12 months of 
steady state operations. As such, the four months of data gathered during commissioning may not be 
representative of steady state conditions. For PM2.5, as the data coincides with a time when the emission 
reduction system was not in operation (refer Section 7.6.2), it is anticipated that the data reflects a 
conservative worst case operation scenario.  

For simplicity, all monitoring data for PM2.5 has been reviewed which incorporates 13 months as opposed to 
12 months to incorporate any variations in emissions associated with the start up phase. The appropriate 
review period is therefore: 

 PM2.5   1 December 2011 to 31 December 2012 

 BTX 1 January 2012 to 31 December 2012 

Given the need to review 24 months of operational data, NOx, ozone and nitrogen deposition data, cannot be 
included at this point in time. As such, this report only relates to PM2.5 and BTX data.   

The methodology was endorsed by EPA on 16 October 2012.  
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5.0 DOCUMENTATION REVIEWED 

5.1 Background Information 
The following information was provided for review by the independent peer reviewer and, where appropriate, 
various members of the expert support team. 

 

Background Information 

 SKM: Pluto LNG Development Cumulative Air Quality Study. Dated October 2006 

 Environmental Protection Authority: Pluto LNG Development, Burrup Peninsula. Report and 
recommendations of the Environmental Protection Authority. Dated July 2007 

 SKM: Pluto LNG Development. Pluto Works Approval Supporting Study: Air Quality Study of Revised 
Plant. Dated December 2007 

 Department of Environment and Conservation: Works Approval W4444/2008/1 Pluto LNG Project. 
Dated 28 August 2008 

 Woodside: Pluto LNG Project Air Quality Management Plan Dated September 2011 

 Airlabs Environmental, 2013, Report on Emissions Monitoring Conducted at Woodside Pluto LNG 
Plant in Burrup, WA, Test Report No. JAN12002A, 5 March 2013 

PM2.5 and BTX Data: January 2010 – December 2012 

 SKM: Burrup Ambient Air Monitoring, 2010 Annual Report. Dated March 2011 

 SKM: Burrup Ambient Air Monitoring, 2011 Annual Report. Dated July 2012 

 SKM: Burrup Ambient Air Monitoring, 2012 Annual Report Dated May 2014 

 SKM: Burrup Ambient Air Monitoring, Quarterly Report October – December 2011. Dated March 
2012 

 SKM: Burrup Ambient Air Monitoring, Quarterly Report January – March 2012. Dated 16 July 2012 

 SKM: Burrup Ambient Air Monitoring, Quarterly Report April – June 2012. Dated 27 July 2012 

 SKM: Burrup Ambient Air Monitoring, Quarterly Report July - September 2012. Dated 31 October 
2012 

 SKM: Burrup Ambient Air Monitoring, Quarterly Report October - December 2012. Dated 25 March 
2013 

Supporting Data 

 DRIMS-#8116920-v3-Pluto_-_2012_Startup_smoke_reporting_against_flowrates.XLS   
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5.2 Reference Documentation 
 

Western Australia 

 Draft State Environmental (Ambient Air) Policy 2009. 

 Guidance for Risk Assessment and Management: Off-site Risk from Hazardous Industrial Plant, 2000, 
Guidance Statement No 2 

 Guidance for the Assessment of Environmental Factors, 1998, Guidance Statement No 34 

 

Victoria 

 Environmental Auditor Guidelines for the Preparation of Environmental Audit Reports on Risk to the 
Environment (EPA Publication 952.3, October 2012). 

 Environmental Auditor Guidelines for Conducting Environmental Audits (EPA Publication 953.2, August 
2007). 
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6.0 INITIAL ESTIMATES OF EMISSIONS 
The Pluto LNG Development Draft PER dated December 2006 describes in detail the LNG plant (comprising 
two trains) and associated emission sources. Section 5.1.2.3 of the report references the October 2006 
report by SKM entitled: Pluto LNG Development Cumulative Air Quality Study and describes the criteria upon 
which initial estimates of air quality environmental impact were based.  

These were:  

 Annual LNG production of 5.9 Mt per annum per train (note: the PER indicates a maximum total 
capacity of approximately 12 Mt per annum at full production and assumes 95% utilisation) 

 Sources associated with gas turbines, wet and dry flares, marine flare and acid gas recovery unit 
(AGRU) 

 Normal operating emissions of 69 grams per second of NOx 

 Two non-routine scenarios representing  

 a 1 in 30 year upset case which is considered to be the worst credible case and relates to a 
blocked mixed refrigerant compressor outlet leading to flaring from the Cold Dry Flare for 
approximately 15 minutes duration and  

 an annual shut down event relating to depressurising of the propane compressor circuit resulting in 
flaring for up to 10 hours and  

 all equipment on the train shutting down corresponding to total NOx emissions for each upset event 
of 226 grams per second for 15 minutes and of 147 grams for up to 10 hours respectively.  

The estimated annual emissions from the LNG Development Point Sources are shown in Table 1. 

Table 1: Estimated Annual Emissions from Development Point Sources (source: PER) 

Species Gas Turbines 
Flares (Pilot Flames) 

(tpa) 

Total Estimated Emissions 

(tpa) 

NO2 2163.4 28.4 2191.8 

SO2 305.9 0.0 305.9 

PM10 0.0 4.5 4.5 

CO 1380.1 155.6 1536.7 

VOC 0.0 58.7 58.7 

Benzene 2.7 0.049 2.8 

Toluene 2.7 0.024 2.8 

Ethylbenzene 1.4 0.0 1.4 

Xylene 4.1 0.0 4.1 

Formaldehyde 0.0 0.5 0.5 

Acetaldehyde 0.0 0.05 0.05 

 

Details of existing sources and inputs to the air dispersion model TAPM were also detailed in Sections 
5.1.2.2 and 5.1.2.5 of the PER. On the basis of these estimates, the TAPM results for normal operations 
were represented as detailed in Table 2. 
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Table 2: Comparison of Predictions with Standards and Guidelines (Source: PER) 

Air Pollutant 
Averaging 

Period 
Standard 

Predicted Maximum Concentration for 
Pluto LNG Development/Associated 

Results 

NO2 
1 hour 
Annual 

120 ppb 
30 ppb 

89 ppb 
9 ppb 

O3 
1 hour 
4 hours 

100 ppb 
80 ppb 

79 ppb 
67 ppb 

Particles as PM10 24 hours 50 µg/m3 Many exceedences due to iron ore handing 

Particles as PM2.5 
24 hours 
Annual 

25 µg/m3 
8 µg/m3 

(advisory – gather 
data) 

Probable exceedences near Dampier due 
to iron ore handling (assuming PM2.5 ~ 20% 

of PM10 on windy days) 

SO2 
1 hour 
Annual 

200 ppb 
20 ppb 

110 ppb 
6 ppb 

SO2 deposition Annual 
WHO (2000): 8-
16 kg/ha/annum 

Typical high 2 kg/ha/annum 

NO2 deposition Annual 
WHO (2000): 49-
66 kg/ha/annum 

Typical high 4 kg/ha/annum 

All other pollutants Various Various 
All significantly less than EPA goals, for 

example, EPAV and NSW DEC 

 

The December 2007 report by SKM entitled: Pluto Works Approval Supporting Study: Air Quality Study, 
noted that “The Environmental Protection Authority assessment of the draft PER recommended that 
modelling should include emissions from other significant industrial sources planned for the region including 
the Gorgon Gas Development at Barrow Island and the proposed Austeel Direct Reduced Iron plant at Cape 
Preston”.  

The SKM study, in addition to including further sources, reviewed the configuration of the proposed LNG 
plant and emission source data.  

Changes included a reduction in nominal capacity of each train to 4.7 Mt per annum as well as modifications 
to turbine configuration and revisions to emissions sources as detailed below.  

 Five Frame 6 turbines replaced with four Frame 6  Dry Low NOx turbines with waste heat recovery units 
plus two Frame 7 DLN gas turbines for process refrigeration   

 Deletion of one Frame 6 power generation turbine and substitution of one Frame 5 extended 
liquefaction turbine for a Frame 6 extended liquefaction turbine 

 Deletion of a fired heater unit 

 Updated source emission data 

 Turbine vendor emission data for Frame 6 and Frame 7 units 

 Updated regenerative thermal oxidation fuel gas composition data 

 Updated flaring emissions  

 Updated source locations 

 Source elevations adjusted to 56.5 m above terrain file sea level.  
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The report notes that “compared to the original configuration of the Pluto Plant, these revisions do not 
significantly change the plant operational capacity and as such the overall environmental impact of these 
changes is not expected to be significant”. 

The Department of Environment and Conservation in its Environmental Assessment Report (August 2008) 
noted that modelling included a range of receptors not limited to sensitive residential receptors. As such, it 
utilised the maximum predicted ground level concentration for residential sensitive sources only. It also 
considered the one in 30 year event to be well beyond the ‘95th percentile worst case operating conditions’ 
and did not utilise these values in the environmental risk assessment. 

The subsequent works approval granted on 28 August 2008, noted that approval was for one train (refer 
Section 1.3.2 page 7 of 28) and hence modelling estimates represented higher emissions than would be 
expected from single train operation.  

A summary of the predicted maximum concentrations versus the actual data is presented in Section 7.0.  
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7.0 AMBIENT AIR QUALITY MONITORING 
The Environmental Assessment Report undertaken by the Department of Environment and Conservation 
outlined its assessment of the Pluto LNG development based on predicted/actual ambient concentrations of 
pollutants as a percentage of emission standards together with an assessment of socio-political risk and 
level of community interest or concern. The resultant risk reduction matrix was utilised to determine the 
overall risk and the recommended strategy for managing emissions to air.   

The ambient air quality monitoring network was installed at the end of 2008, comprising four monitoring 
stations located at Burrup Road (commissioned October 2008), Dampier (commissioned December 2008), 
Wickham (commissioned October 2008) and Karratha (commissioned September 2008).  

Based on recommendations contained in the 2009 Burrup Ambient Air Monitoring Background Report, the 
Wickham station was decommissioned at the end of April 2010 and BTX monitoring was discontinued at the 
Dampier and Karratha stations. Currently there are only two BTX monitors co-located at Burrup Road; the 
second monitor installed to avoid data loss and facilitate more frequent span checks and improve data 
capture rates.  

PM2.5 monitoring equipment (commissioned in late November 2011) is located at Burrup Road, Dampier and 
Karratha. 

As noted under Section 5, verification of primary data was not possible. However, secondary data from 
ambient air quality monitoring stations as represented by the air quality spreadsheet data together with the 
summary reports provided by SKM were reviewed including the methodologies adopted, calibration of 
equipment and data checks.  

7.1 Siting of Equipment 
The monitoring stations were reportedly established in accordance with the standard of the day namely, 
AS2922-1987 Ambient Air – Guide for the Siting of Sampling Units. 

This standard has since been replaced with AS3580.1.1:2007. Whilst it is noted that any non-compliances 
identified based on either standard would be similar, the report should still contain a statement as to whether 
monitoring locations are compliant with the requirements of AS/NZS 3580.1.1 “Methods for Sampling and 
Analysis of Ambient Air - Guide to Siting Air Monitoring Equipment” and whether these non-compliances are 
significant.  

Recommendation 1: It is recommended that future reports include a statement regarding compliance of 
monitoring locations against the requirements of AS/NZS 3580.1. 

7.2 Meteorological Monitoring 
Meteorological monitoring is reported to be monitored in accordance with the following standards: 

 AS 2923 1987 “ Ambient Air – Guide For Measurement of Horizontal Wind For Air Quality Applications”  

 USEPA 450/4-87 “On-Site Meteorological Program Guidance for Regulatory Modeling Applications” 

AS 2923 has been superseded by AS/NZS 3580.14 “Meteorological Monitoring and Analysis for Ambient Air 
Quality Monitoring Applications – 2011”.  AS/NZS 3580.14 also contains requirements for the other 
meteorological parameters listed in USEPA 450/4-87 (ambient temperature, relative humidity, solar radiation, 
atmospheric pressure and precipitation). Table 3 lists the main differences between AS2923 and AS/NZS 
3580.14 with respect to the measurement of wind speed and wind direction. 

Recommendation 2: it is recommended that meteorological equipment be assessed against the 
requirements of AS/NZS 3580.14 as opposed to AS/NZS 2923. 
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Table 3: Comparison between AS 2923 and AS/NZS 3580.14 

Parameter AS 2923 AS/NZS 3580.14 

   

Anemometers supported Mechanical anemometers only 
Mechanical and ultrasonic 
anemometers 

Anemometer classes 3 1 

Calibration frequency  6-12 months (Class 1) Initial then every 2 years 

Calibration standard Not specified 
External authority traceable to the 
international system of units (SI) 

Wind tunnel calibration Not specified 10 point calibration 

Wind Speed Systems   

Accuracy  
±0.2 to ±0.5 m/s (below 10 m/s) 
±0.5 to ±1.0 m/s (10 m/s and above) 

1% or ±0.2 m/s whichever is greater 

Starting threshold ≤ 0.5 m/s ≤ 0.4 m/s 

Distance constant < 2m ≤ 3 m  

Wind Direction Systems   

Total accuracy ± 3o ± 3o 

Threshold < 0.3 m/s 0.5 m/s at 10o 

Damping ratio 0.4 to 1.0 0.25 to 0.6 

 

7.3 Equipment Calibration and Maintenance 
7.3.1 Particulate Matter  
Particulate matter (as PM2.5) is reported to be monitored in accordance with the equipment manufacturer’s 
instructions (OPSIS SM200 User’s Guide). The OPSIS SM200 uses the beta attenuation method to measure 
and report PM2.5 concentrations. The draft Australian and New Zealand standard DR AS/NZS 
3580.9.12 “Methods for sampling and analysis of ambient air - Part 9.12: Determination of suspended 
particulate matter - PM2.5 beta attenuation monitors” should be considered as the appropriate standard to 
follow. 

The draft standard specifies the calibration and maintenance requirements for beta attenuation monitors as 
shown in Table 4. 

The SKM reports refer to calibration on installation in November 2011 and again in July 2012. This is not 
consistent with three monthly calibrations required for operational mass precision and volumetric flow rates.  

Recommendation 3: It is recommended that calibrations are undertaken in accordance with DR AS/NZS 
3580.9.12 for beta attenuation monitors. 
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Table 4: Beta Attenuation Monitors Calibration Requirements 

Calibration Component  Frequency 

Operational mass precision check  ≤ 3 months 

Particle mass calibration ≤ 12 months 

Multipoint particle mass precision check ≤ 12 months 

Volumetric flow rate check ≤ 3 months 

Volumetric flow rate calibration  ≤ 12 months 

Pressure transducer check and calibration  ≤ 12 months 

Temperature sensor check and calibration ≤ 12 months 

Zero check  ≤ 12 months 

 

7.3.2 Benzene, Toluene and Xylene Isomers (BTX) 
BTX monitoring was conducted using a gas chromatograph fitted with a photoionization detector (GC/PID).  

Schedule 3 of the Air Toxics NEPM lists the following reference methods for BTX ambient air quality 
monitoring: 

 United States Environmental Protection Agency (USEPA) Method TO-14A “Determination Of Volatile 
Organic Compounds (VOCs) In Ambient Air Using Specially Prepared Canisters With Subsequent 
Analysis By Gas Chromatography” (January 1999) 

 USEPA Method TO-15 “Determination Of Volatile Organic Compounds In Air Using Specially-
Prepared Canisters And Analysed By Gas Chromatography/Mass Spectrometry (GC/MS)” (January 
1999) 

 Alternative sampling and analytical methods may be used where equivalence can be 
demonstrated, in accordance with either USEPA or NATA requirements.   

USEPA Method TO-17 “Determination of Volatile Organic Compounds in Ambient Air Using 
Active Sampling onto Sorbent Tubes” is specifically noted in the Air Toxics NEPM as an 
alternative method, provided that equivalence can be demonstrated.  Alternative methods that 
do not meet USEPA or NATA equivalence requirements may be approved by the National 
Environment Protection Council (NEPC) provided that the method has been developed or used 
by a recognised agency. 

Table 8.4 of the AQMP identified the Synspec GC955 gas chromatograph as the equipment to be utilised for 
BTX analysis and references the Synspec GC955 series manual as the monitoring standard. Although EPA 
endorsed the AQMP, the BTX monitoring method is not a reference method specified in the Air Toxics 
NEPM, nor the only alternative method specifically noted.   

Documentation available from the manufacturer (Synspec b.v., Netherlands) does however note that the 
GC955 Series 600 BTEX analyser has Conformité Européenne approval for European Standard EN 14662-
3:2005 “Ambient air quality: Standard method for measurement of benzene concentrations - Automated 
pumped sampling with in situ gas chromatography”, suggesting compliance with the requirements of that 
method.  In the absence of any specific NEPC guidance, the Synspec GC955 gas chromatograph is 
consequently considered an acceptable alternative method for the monitoring of BTX.   

 



WOODSIDE AIR QUALITY MANAGEMENT PLAN REVIEW 

  

July 2014 
Report No. 127643046-001-R-Rev2 21 

 

7.4 National Association of Testing Authorities (NATA) 
The SKM document “Burrup Ambient Air Monitoring - Maintenance and Breakdown Response Plan” states 
that Ecotech Pty. Ltd (Ecotech) is the appointed sub-contractor and will operate the monitoring stations in 
accordance with their NATA accreditation.  

Ecotech holds NATA accreditation for all the parameters listed with the exception of BTX by GC/PID. 
Ecotech do, however, hold NATA accreditation for BTX by Differential Optical Absorption Spectroscopy 
(DOAS). Ecotech’s scope of NATA accreditation is attached for reference in Appendix B. 

Recommendation 4:  NATA accreditation for the test method should be confirmed.  

7.5 Data Validation 
Data checks were conducted on the annual reported maximum concentrations at each monitoring station for 
the years 2010 and 2011 (SKM reports “Burrup Ambient Air Monitoring 2010 Annual Report” and “Burrup 
Ambient Air Monitoring 2011 Annual Report”, as well as the quarterly reports for 2012 (SKM report “Burrup 
Ambient Air Monitoring. Quarterly Report January – March 2012; April – June 2012, July – September 2012 
and October-December 2012).  

There were some inconsistencies associated with data resulting in some minor variances in the reported 99th 
percentiles and 95th percentiles for toluene and xylene for the January to March 2012 and April to June 2012 
quarterly reports. In some cases it appears to be due to truncation of data as opposed to data being rounded 
up to the nearest first decimal place. These inconsistencies are not considered to be material in the datasets 
reviewed. 

The identified errors are noted in Table 5. 

Table 5: Toluene and Xylene Reporting Errors 

Parameter Report SKM Reported Results Actual Results 

  Burrup 1 Burrup 2 Burrup 1 Burrup 2 

Toluene Jan to March 2012     

 99th percentile 2.0 3.7 1.77 3.6 

 April to June 2012     

 99th percentile 0.4 0.4 0.48 0.54 

 95th percentile  0.1  0.21 

Xylene Jan to March 2012     

 99th percentile 2.1 3.8 2.28 3.6 

 95th percentile 1.2 0.3 1.35 0.2 

 Average  0.2  0.1 

 April to June 2012     

 99th percentile 0.1  0.18  

 

Recommendation 5: In collating data for consolidation within reports, truncation of data should be avoided.  

7.5.1 Benzene, Toluene and Xylene Isomers (BTX) Data 
Burrup Road monitoring station has had two BTX monitors installed since May 2010. A comparison of the 
reported 1 hour averages for the two monitors from May 2010 to December 2012 showed good correlation 
between the two monitors for the majority of the time with less than 1 ppb difference. Table 4 reports the 
occasions where the observed difference between monitors was greater than 1 ppb (shaded cells highlight 
where the measured concentration on monitor 2 was greater than 1 ppb different from monitor 1). 
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Given the Air Toxics NEPM monitoring investigation level for benzene is only 3ppb (annual average) and that 
there are significant differences between the two monitors, it is considered that reporting the average 
concentration from the two instruments may not correctly represent benzene levels at the Burrup Road 
station. Similarly, whilst all xylene readings are substantially below the Air Toxics monitoring investigation 
level (annual and 24 hour average) there are a number of occasions when the variations between the 
monitors are statistically different (p<0.5).   

Recommendation 6: It is recommended that this data undergo further validation to confirm what data should 
be included in the report. 

Table 6: BTX Monitors Comparison – Burrup Road AAQMS 

Date Benzene-1 Toluene-1 Xylene-1 Benzene-2 Toluene-2 Xylene-2 

28/07/2010 16:00 0.00 0.00 0.38 0.02 0.02 2.26 

29/07/2010 14:00 0.00 0.00 0.30 0.01 0.00 2.13 

29/07/2010 16:00 0.00 0.00 0.18 0.02 0.03 1.46 

22/08/2010 14:00 0.00 0.02 0.55 0.03 0.02 2.29 

22/08/2010 15:00 0.00 0.01 0.42 0.01 0.01 1.50 

22/08/2010 16:00 0.00 0.01 0.71 0.02 0.02 3.51 

23/08/2010 14:00 0.03 0.02 0.32 0.06 0.06 1.41 

31/08/2010 9:00 0.00 0.01 1.25 0.04 0.02 4.22 

31/08/2010 10:00 0.00 0.02 1.54 0.03 0.06 4.17 

31/08/2010 11:00 0.01 0.01 0.75 0.02 0.03 2.11 

31/08/2010 12:00 0.06 0.08 1.49 0.11 0.13 3.85 

31/08/2010 13:00 0.01 0.01 1.99 0.02 0.04 6.24 

31/08/2010 14:00 0.02 0.02 2.75 0.02 0.05 7.77 

31/08/2010 15:00 0.02 0.01 1.18 0.03 0.03 3.49 

31/08/2010 16:00 0.00 0.01 1.62 0.00 0.00 4.96 

31/08/2010 17:00 0.00 0.00 1.78 0.01 0.01 5.11 

1/09/2010 11:00 0.00 0.02 5.34 0.03 0.11 19.64 

1/09/2010 12:00 0.00 0.00 2.01 0.06 0.10 9.91 

1/09/2010 13:00 0.00 0.00 0.70 0.01 0.01 3.44 

1/09/2010 14:00 0.00 0.00 0.27 0.02 0.03 1.54 

1/09/2010 16:00 0.00 0.01 0.33 0.01 0.04 1.48 

2/09/2010 16:00 0.00 0.00 0.72 0.00 0.00 3.41 

2/09/2010 17:00 0.00 0.00 0.54 0.01 0.00 2.67 

10/10/2010 16:00 0.68 4.12 0.87 1.11 9.71 4.09 

8/01/2011 21:00 3.2 2.0 0.6 1.8 1.6 0.4 

9/01/2011 3:00 3.2 1.7 0.4 1.7 1.2 0.4 

29/01/2011 19:00 3.2 1.9 0.6 2.2 1.6 0.4 

29/01/2011 20:00 3.0 1.6 0.5 2.0 1.3 0.4 

18/02/2011 10:00 1.1 2.2 0.6 0.6 1.2 0.4 

19/02/2011 20:00 3.3 2.8 1.5 2.0 1.7 0.6 

7/03/2011 19:00 1.9 3.8 1.4 0.9 1.8 0.5 
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Date Benzene-1 Toluene-1 Xylene-1 Benzene-2 Toluene-2 Xylene-2 

25/05/2011 10:00 0.6 3.7 1.3 0.2 1.3 0.4 

20/07/2011 23:00 6.6 5.4 2.4 6.2 3.5 1.0 

30/07/2011 9:00 0.1 0.1 2.6 0.1 0.0 1.0 

30/07/2011 10:00 0.0 0.1 2.1 0.0 0.0 0.8 

1/08/2011 9:00 0.0 0.2 7.9 0.1 0.1 4.8 

1/08/2011 10:00 0.0 0.1 4.3 0.0 0.1 2.3 

11/08/2011 10:00 0.0 0.1 1.8 0.1 0.0 0.5 

12/08/2011 9:00 0.0 0.4 9.8 0.0 0.2 6.7 

3/09/2011 13:00 0.1 0.1 4.1 0.1 0.0 1.5 

6/09/2011 8:00 0.1 0.2 1.8 0.0 0.1 0.7 

6/09/2011 19:00 2.3 2.3 1.1 1.1 0.9 0.3 

6/09/2011 20:00 1.7 1.7 0.8 0.6 0.7 0.2 

20/09/2011 9:00 0.0 0.0 1.5 0.0 0.0 0.4 

28/09/2011 9:00 0.0 0.1 3.1 0.0 0.1 1.0 

2/10/2011 9:00 0.0 0.0 0.0 0.0 0.0 1.2 

6/10/2011 10:00 0.0 0.0 0.0 0.1 0.1 1.2 

6/10/2011 11:00 0.0 0.0 0.0 0.0 0.1 2.6 

15/10/2011 2:00 0.0 0.0 0.0 0.7 1.0 1.0 

20/10/2011 7:00 0.0 0.0 0.0 0.0 0.1 1.1 

1/11/2011 10:00 1.2 2.3 11.5 0.4 2.5 9.8 

1/11/2011 11:00 0.4 0.9 6.8 0.1 0.4 2.3 

1/11/2011 20:00 1.2 2.0 0.4 0.4 0.6 0.2 

2/11/2011 9:00 0.2 1.0 1.6 0.0 0.3 0.5 

2/11/2011 10:00 0.3 0.6 4.2 0.0 0.3 1.4 

2/11/2011 11:00 0.1 1.0 2.4 0.1 0.2 0.5 

2/11/2011 23:00 0.1 0.1 1.8 0.0 0.1 0.4 

16/11/2011 0:00 1.5 0.9 0.1 0.4 0.4 0.2 

22/11/2011 2:00 0.1 0.0 0.0 0.4 0.9 1.4 

22/11/2011 16:00 0.4 0.6 1.1 0.1 0.1 0.0 

22/11/2011 18:00 3.7 6.7 1.7 1.3 1.8 0.7 

22/11/2011 19:00 1.3 2.3 0.5 0.5 0.6 0.2 

23/11/2011 8:00 0.1 0.0 1.7 0.1 0.0 0.5 

23/11/2011 9:00 0.1 0.0 3.3 0.1 0.0 1.0 

24/11/2011 8:00 0.1 0.0 8.4 0.0 0.0 3.8 

24/11/2011 9:00 0.0 0.0 7.3 0.0 0.1 3.0 

24/11/2011 10:00 0.0 0.0 2.5 0.0 0.1 0.9 

24/12/2011 4:00 3.2 5.4 2.4 0.2 0.1 0.0 

24/12/2011 7:00 1.1 1.7 0.4 0.4 0.5 0.2 

24/12/2011 10:00 1.9 2.8 0.7 0.9 1.3 0.4 
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Date Benzene-1 Toluene-1 Xylene-1 Benzene-2 Toluene-2 Xylene-2 

19/01/2012 12:00 10.6 11.5 11.5 6.5 6.8 7.2 

19/01/2012 13:00 17.8 19.2 17.7 20.5 20.6 20.4 

20/01/2012 2:00 0.0 0.0 0.0 6.5 6.9 7.0 

20/01/2012 3:00 0.0 0.1 0.1 11.6 12.8 13.2 

20/01/2012 10:00 2.1 2.5 2.1 0.1 0.0 0.0 

20/01/2012 11:00 13.5 12.0 13.3 0.0 0.0 0.0 

20/01/2012 12:00 10.0 12.0 10.9 0.0 0.0 0.0 

20/01/2012 14:00 4.4 8.2 5.7 0.1 0.0 0.0 

20/01/2012 15:00 2.2 3.3 4.4 10.1 11.1 11.1 

20/01/2012 16:00 0.0 0.1 0.1 13.3 14.7 14.4 

20/01/2012 17:00 0.0 0.0 0.1 14.1 14.6 15.5 

20/01/2012 18:00 0.0 0.0 0.0 14.2 15.1 15.8 

20/01/2012 19:00 0.0 0.0 0.0 14.2 15.3 15.7 

20/01/2012 20:00 0.0 0.0 0.0 14.2 14.9 15.6 

20/01/2012 21:00 0.0 0.0 0.0 6.4 6.9 7.6 

30/01/2012 18:00 2.8 2.4 0.4 1.3 1.6 0.3 

30/01/2012 19:00 3.2 2.0 0.3 1.9 1.0 0.0 

30/01/2012 21:00 2.8 1.4 0.2 0.5 0.4 0.1 

30/01/2012 22:00 5.0 4.2 0.9 2.3 2.2 0.7 

30/01/2012 23:00 6.7 5.2 0.6 3.8 2.4 0.8 

9/02/2012 1:00 0.3 1.5 0.4 0.5 0.3 0.4 

9/02/2012 12:00 0.1 0.0 0.0 1.2 0.5 0.7 

9/02/2012 17:00 1.6 0.7 0.5 0.0 0.1 0.1 

9/02/2012 18:00 7.1 2.1 1.6 3.2 2.0 1.2 

9/02/2012 19:00 8.6 2.8 2.3 3.2 2.6 0.6 

9/02/2012 20:00 2.3 1.2 0.6 0.5 0.7 0.2 

12/02/2012 0:00 0.3 0.2 7.9 0.7 0.4 3.1 

19/02/2012 20:00 1.8 2.7 0.5 0.9 1.2 0.2 

21/02/2012 8:00 0.0 0.4 3.6 0.1 0.2 2.3 

21/02/2012 9:00 0.2 0.8 9.0 0.2 0.3 4.6 

21/02/2012 10:00 0.0 0.3 1.7 0.2 0.3 2.8 

21/02/2012 20:00 0.1 4.7 13.4 0.2 1.9 7.7 

21/02/2012 21:00 0.1 3.5 10.9 0.1 1.3 5.7 

21/02/2012 22:00 0.1 4.2 13.0 0.2 1.7 7.5 

21/02/2012 23:00 0.1 4.1 12.8 0.2 1.6 7.0 

22/02/2012 0:00 0.0 2.5 8.7 0.1 0.9 4.3 

22/02/2012 1:00 0.0 2.4 8.6 0.2 0.9 4.4 

11/05/2012 20:00 0.2 0.4 0.1 1.0 2.5 0.9 

11/05/2012 21:00 0.1 0.3 0.0 0.7 1.7 0.7 
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Date Benzene-1 Toluene-1 Xylene-1 Benzene-2 Toluene-2 Xylene-2 

11/05/2012 22:00 0.1 0.2 0.0 0.6 1.4 0.7 

24/07/2012 18:00 15.0 14.0 4.6 9.7 6.6 1.6 

24/07/2012 19:00 4.3 3.5 1.0 1.9 1.3 0.3 

4/08/2012 19:00 2.8 2.0 0.8 0.7 0.7 0.3 

29/08/2012 22:00 2.0 2.6 2.0 0.6 1.3 0.8 

10/09/2012 0:00 5.3 9.7 6.3 2.3 9.3 3.9 

14/09/2012 21:00 4.9 8.1 3.4 1.6 2.6 1.3 

 

The Synspec GC955 calibration procedure outlined in Section 2.1 of the quarterly monitoring report (SKM 
report “Burrup Ambient Air Monitoring Quarterly Report October – December 2012” states that a negative 
offset is applied to the data to bring the baseline back to zero.  

Recommendation 7: Given the limit of detection needed to meet Air Toxics NEPM requirements and the 
differences between co-located instruments a comment on the magnitude of the offset and the effect on the 
data set is required.  

7.6 Review of Results against Predictions 
SKM monitoring data was presented in terms of maximum, 99th, 95th, 90th, and 70th percentiles, median, 
minimum and, where appropriate, annual average. 

As the Air Toxics NEPM and Air NEPM ambient air quality criteria are based on annual averages or 
maximum levels achieved and number of exceedences, the comparison against predictions is limited to 
these results. 

7.6.1 Particulate Matter 
The Environmental Assessment Report prepared by the Department of Conservation and Environment 
(August 2008) notes that:  

“….while PM10 appears to be reasonably significant from the values presented….the modelling did not 
predict any increase in PM10 emissions from the Pluto LNG development above the existing ambient levels. 
As such, PM10 emissions from the proposal have been assessed as being insignificant”.  

The assessment report also refers to a predicted/actual ambient concentration of 6 µg/m3 for PM10 (24 hour 
average), attributable to iron ore handling near Dampier.  No licence condition or monitoring was required.  

In relation to PM2.5, it was noted that there was an uncertain contribution to particulate matter less than PM10 
associated with flaring. Whilst the environmental risk was low there was a medium level of public interest 
with respect to the potential for reduced visual amenity and public nuisance. The licence requires reporting 
on black smoke generation and continual implementation and review of flaring mitigation measures.  

A review of PM2.5 data against the Air NEPM advisory reporting standards is presented in  
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Table 7, indicating the maximum concentrations measured at each monitoring station. 

It should be noted that the Burrup Road OPSIS SM 200 monitor was flat lining after maintenance in late 
March, culminating in its removal in May 2012 for repairs. It was returned to operational status on 9 July 
2012.  
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Table 7: PM2.5 Maximum Concentration Summary 

Averaging Period NEPM Standard Karratha Burrup Rd Dampier 

24 hour (µg/m3) 25    

2012* (µg/m3)  310 74 72 

Annual (µg/m3) 8    

2012* (µg/m3)  10 8 5 

* Note: this contains data from December 2011 

Whilst the Air NEPM does not specify an acceptable maximum number of exceedences, the dates on which 
the 24 hour average was exceeded and the corresponding concentration during that period is noted in Table 
8. 

As the data corresponds to two distinct operating periods of the plant, the data has been separated into two 
periods: December 2011 through to March 2012, representing the commissioning and start up phase, and 
April 2012 through to December 2012 representing the ramp up and LNG production phase. A comparison of 
the data is provided in Table 9 and Table 10, indicating no significant differences between the two phases.   

 
Table 8: PM2.5 Exceedences 

Date Karratha Burrup Road Dampier 

01/12/2011   31.2 

12/12/2011  46.4  

16/12/2011  32.6  

17/12/2011 29.9 33.4  

18/12/2011 37.4   

19/12/2011 40.4   

21/12/2011 71.9   

22/12/2011 25.2   

20/02/2012  72.4  

12/04/2012   72.1 

26/06/2012 67.5   

17/09/2012  30.8 29.1 

09/10/2012 29.9   

10/10/2012 58.0   

11/10/2012 309.5 74.3 31.2 

12/10/2012 134.3 43.6  

13/10/2012 29.3 26.7  

25/10/2012 28.0   

26/10/2012 27.3 26.2  

20/12/2012   34.6 

21/12/2012   33.3 
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Table 9: PM2.5 Data from 1 December 2011 to March 2012 

 

PM2.5 Concentration (µg/m3) 

Karratha Dampier Burrup 

Average 8.33 6.96 6.30 

100th percentile 71.89 31.21 72.41 

99th percentile 39.99 21.37 51.90 

95th percentile 21.63 14.75 24.76 

Air NEPM 24h 25 25 25 

Air NEPM annual 8 8 8 

Exceedences 24 h 5 1 4 

Exceedences annual 1 0 0 

 

Table 10: PM2.5 Data from April 2012 to December 2012 

 

PM2.5 Concentration (µg/m3) 

Karratha Dampier Burrup 

Average 9.16 7.06 9.66 

100th percentile 309.53 72.07 74.30 

99th percentile 61.42 31.96 34.49 

95th percentile 19.99 18.17 21.41 

NEPM 24h 25 25 25 

NEPM annual 8 8 8 

Exceedences 24 h 8 5 5 

Exceedences annual 1 0 1 

 

The Pluto LNG Development Cumulative Air Quality Study notes that “particulate matter as PM10 and PM2.5 
currently present the most significant air quality impacts in the Burrup Peninsula region. Primarily the higher 
PM10 levels are observed on days of high wind speeds and on these days the PM2.5 fraction is reduced from 
approximately 50% to approximately 20% of the PM10 mass concentration. This indicates that wind-blown 
dust is a key cause of PM10 impacts and these emissions have been attributed to iron-ore handling activities 
in Dampier…..”  

A report on concentrations of air pollutants on the Burrup Peninsula3 undertook limited PM10 monitoring 
which was specifically undertaken to produce a fingerprint for particulate originating from the Parker Point 
iron ore loading facilities. This same report indicates that TSP concentrations considered to represent 
background levels were approximately 22 µg/m3. These background locations were distant from industrial 
development and anthropogenic influences. Measurements taken during August 2004 to September 2005 at 
the lower Burrup Peninsula indicate higher averages of 36 µg/m3 (range 12.1 µg/m3 to 135.2 µg/m3) with 
higher monthly averages in January 2005 and February 2005. 

Hence, whilst there is background data available for the region it relates to TSP or PM10 or PM2.5. Without 
detailed analysis and correlation between these fractions, or a robust minimum 12 month period of PM 2.5 
background monitoring, it is not possible to interpret the results obtained for PM2.5 at Karratha, Dampier and 
Burrup.  
                                                     

3 Burrup Peninsula Air Pollution Study: Interim Report on Concentrations of Air Pollutants on the Burrup Peninsula July 2007. Rock Art 
Monitoring Management Committee 
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Nonetheless, at this stage, annual average data for PM2.5 is largely compliant with the annual advisory 
reporting standard (with the exception being 8.3 µg/m3 at Burrup Road).  

It should be noted that the PM2.5 advisory reporting standard is a health-based standard to assess the results 
of monitoring for particles as PM2.5.  These standards do not have a timeframe for compliance associated 
with them. The current review of the Air NEPM indicates that the PM2.5 advisory reporting standard will be 
revised to a compliance standard4.   

Figures 2 to 5, plot the 13 months of PM2.5 data by location. Based on the limited data set, there would 
appear to be seasonal differences at all sites with elevated emissions over the Summer period, however, this 
could be related to drier conditions and higher levels of road dust. Burrup Road data would appear to 
suggest a slightly increasing trend compared to December 2011 to March 2012 data, however with four 
months data missing, it is difficult to identify any particular trend at this stage.  

 

 

Figure 2: PM2.5 24 Hour Average - Karratha 

                                                     
4 Review of the National Environment Protection (Ambient Air Quality) Measure. Draft Discussion Paper Air Quality Standards. National 
Environment Protection Council February 2010. 
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Figure 3: PM2.5 24 Hour Average - Burrup Road 

 
Figure 4: PM2.5 24 Hour Average - Dampier 
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Figure 5: PM2.5 24 Hour Average - All Sites 

 

The SKM 2012 Annual Report includes back trajectory plots for the days that PM2.5 concentrations exceeded 
the Air NEPM Standard.  

For Karratha, the wind roses indicate that the highest concentrations are strongly associated with westerly 
and easterly daily mean winds with the maximum concentrations associated with easterly winds from 10 to 
12 October 2012.  

For Burrup Road, the wind roses indicate that the highest concentrations are strongly associated with south-
westerly to westerly and easterly daily mean winds with the maximum concentrations associated with north-
easterly winds on 20 February 2012 and easterly winds on 10 October 2012.  

For Dampier, the wind roses indicate that the highest concentrations are strongly associated with westerly 
and easterly daily mean winds with the maximum concentrations associated with easterly winds on 12 April 
2012.  

The SKM 2012 Annual Report also notes (refer pg 62) that high concentrations were not associated with 
flaring emissions or episodes of observed black smoke from the Woodside LNG Plant. A review of 
Woodside’s start up smoke conditions against firing rate indicated no dark smoke events associated with the 
days of PM2.5 exceedence for the period 1 January 2012 to 21 December 2012.  

Although elevated PM 2.5 levels were recorded in December 2011, Woodside reported that flaring at this time 
was limited to a very small flare rate through a temporary flare set up near ground level adjacent to the main 
flare tower, No smoke was recorded during 2011. Smoke was first recorded from the Pluto (Site B) flare 
systems on 24 January 20125.   

 

                                                     
5 Email dated 27 June 2014. Robert Hearn 
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Woodside provided a timeline of flaring applicable to the PM2.5 monitoring period as follows:  

 2012: Flaring commenced from the storage and loading flare (at Site A) on 14 January 2012, but did 
not produce smoke. The cold dry flare (Site B) was first used to commission the propane system which 
resulted in smoke on 24 January 2012 and was not substantially required again until 25 March 2012. 

 March 2012 to May 2012: Commissioning required higher rates of flaring to continue, with LNG 
produced in May 2012. 

 May 2012 to February 2013: LNG production continued during the broader start-up phase, with some 
periods of continuous flaring. Smoke production was only intermittent, associated with upsets, 
recommissioning of some systems and restart activities. 

Whilst a relationship between the rate of flaring and dark smoke produced from the flare would be expected, 
the data does not support a direct correlation between flare rate and smoke production.  Regression 
analyses between the variables PM2.5 concentration and combined plant flare rate indicated correlation 
coefficients of R2 equal to 0.0004, 0.0013 and 0.015 for Karratha, Dampier and Burrup respectively, 
indicating no relationship.  

Based on the back trajectories on the days of concern and the lack of correlation between the flare rate, 
black smoke and PM2.5 concentrations, there is sufficient evidence to suggest that air emissions from the 
Pluto LNG Project were not associated with the observed exceedences.  

On this basis, if these days of elevated levels are removed from the data set, then the PM2.5 concentrations 
would be as indicated in Table 11.  

 

Table 11: PM2.5  All Data (with significant outliers removed) 

 

PM2.5 Concentration (µg/m3)1 

Karratha Dampier Burrup 

Average 6.8 6.5 7.3 

100th percentile 24.2 23.3 24.3 

99th percentile 22.8 21.1 22.7 

95th percentile 14.9 14.9 17.4 

NEPM 24h 25 25 25 

NEPM annual 8 8 8 

Exceedences 24 h 0 0 0 

Exceedences annual 0 0 0 
NOTE: 

1. Micrograms per cubic metre at 0oC and 101.3 kPa 
 

As noted earlier, the key issue raised by DEC was the contribution of flaring to particulate matter less than 
PM10.  The analysis above indicates no apparent relationship between flaring load and PM2.5 concentrations. 
In addition, the separation distance of the monitoring stations from the site together with the wind and 
pollution roses would suggest that the sources of particulate matter are from sources other than the LNG 
plant.  As such, this confirms the initial environmental risk rating of low.   

It is noted, however, that the measured PM2.5 concentrations at all stations approach the Air NEPM 24 hour 
average and annual average advisory reporting standards, albeit without any apparent significant 
contribution from the Woodside LNG Plant. 
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7.6.2 Benzene, Toluene and Xylenes (BTX) 
The Department of Environment and Conservation Environmental Assessment Report (August 2008) 
indicated that benzene, toluene, and xylene isomers (BTX), were assessed using TAPM which indicated that 
the predicted concentrations did not exceed 1% of the assessment criteria. BTX emissions were considered 
to be of low risk but of medium level of public interest with respect to the potential for public health impacts. 
The Air Toxics NEPM notes that for toluene and xylene isomers, the annual average and 24 hour monitoring 
investigation levels have been derived independently for different (chronic and acute) health endpoints. 

It was also indicated that the thermal oxidiser would remove approximately 99% of BTEX from the feed gas.  
Airlabs Environmental Pty. Ltd. (Airlabs) was commissioned by Woodside to conduct a series of emission 
tests on process source exhausts on 19 to 22 November 2012, 11 to 14 December 2012 and 5 February 
20136. BTEX emission tests were conducted on the inlet and outlet sampling planes of the A1251 
Regenerative Thermal Oxidiser (RTO) on 5 February 2013, with the report concluding that, based on the 
average total BTEX concentrations measured, the measured RTO destruction efficiency was 99.0%, thereby 
complying with the destruction efficiency objective.  Destruction efficiencies are however based on mass 
rates, not concentrations, due to the dilution effect that occurs in the RTO with the introduction of fuel and 
the associated products of combustion.  There is no RTO inlet sampling plane flowrate data contained within 
the report to enable calculation of the actual destruction efficiency.  

Nonetheless, the RTO was not yet commissioned during the BTX monitoring period, as such BTX source 
emissions were not destroyed in the RTO and results are therefore representative of worst-case7. 

7.6.3 Benzene 
The data for benzene is summarised in Table 12. In reviewing the SKM monitoring reports it is noted that a 
15 minute maximum concentration was reported for benzene. This is not discussed herein as there is no 
corresponding Air Toxics NEPM monitoring investigation level (MIL). 

The data is consistent with the background benzene levels for the period 2009 to 2011, in as much as the 
annual average concentration is approximately 0.1 ppb or below. The data indicates that the 2012 annual 
average benzene concentration is 3.5% of the Air Toxics NEPM MIL as opposed to the target level of 1%. 
However, the risk remains commensurate with the initial risk rating of low. 

Table 12: Benzene Annual Concentration Summary 

Averaging 
Period 

Air Toxics 
NEPM MIL 

Wickham Karratha Burrup Rd Dampier 

Annual (ppb) 3     

      

2009 (ppb)  0.025 0.033 0.122 0.023 

2010 (ppb)  0.034 0.053 0.019 0.035 

2011 (ppb)    0.050  

2012 (ppb)    0.106  

 

  

                                                     
6  Airlabs Environmental, 2013, “Report on Emissions Monitoring Conducted at Woodside Pluto LNG Plant in Burrup, WA”, Test Report No. JAN12002A, 5 March 2013 
7 Review of plant data printouts for the period of 1 January 2012 to 31 December 2013 confirmed that the RTO was not operational. 
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7.6.4 Toluene 
The data for toluene is summarised in Table 13 and Table 14.  

The data is consistent with the background toluene levels for the period 2009 to 2011 in as much as the 
annual average concentration is in the order of 0.1% of the Air Toxics NEPM MIL.  The maximum 24 hour 
average remains less than 1% of the 24 hour MIL hence the risk level is commensurate with the initial risk 
rating of low. 

Table 13: Toluene 24 Hour Data Summary 

Averaging 
Period 

Air Toxics 
NEPM MIL 

Wickham Karratha Burrup Rd Dampier 

24 hour (ppb) 1000     

      

2009 (ppb)  2.295 1.777 3.102 0.103 

2010 (ppb)  0.527 0.499 0.761 0.527 

2011 (ppb)    0.513  

2012 (ppb)    3.617  

 

Table 14: Toluene Annual Data Summary 

Averaging 
Period 

Air Toxics 
NEPM MIL 

Wickham Karratha Burrup Rd Dampier 

Annual (ppb) 100     

      

2009  0.099 0.064 0.112 0.019 

2010  0.092 0.098 0.025 0.097 

2011    0.044  

2012    0.108  

 

7.6.5 Xylene Isomers 
The data for total xylene isomers is summarised in Table 14 and Table 15. The data confirms that the 
maximum total xylene isomer concentrations are less than 1% of the annual average MIL but the 2012 - 24 
hour average maximum concentration at Burrup Road of 3.57 ppb is slightly higher at 1.4%. Nonetheless, 
the 24 hour and annual averages are commensurate with the initial risk rating of low.  

Table 15: Total Xylene Isomers 24 Hour Data Summary 

Averaging 
Period 

Air Toxics 
NEPM MIL 

Wickham Karratha Burrup Rd Dampier 

24 hour (ppb) 250     

      

2009(ppb)  11.069 0.183 1.030 0.065 

2010 (ppb)  0.147 0.279 1.519 0.147 

2011 (ppb)    0.895  

2012 (ppb)    3.573  
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Table 16: Total Xylene Isomers Annual Data Summary 

Averaging 
Period 

Air Toxics 
NEPM MIL 

Wickham Karratha Burrup Rd Dampier 

Annual (ppb) 200     

      

2009 (ppb)  0.066 0.036 0.068 0.015 

2010 (ppb)  0.029 0.037 0.031 0.031 

2011 (ppb)    0.050  

2012 (ppb)    0.093  
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8.0 SUMMARY OF OUTCOMES 
In accordance with Section 10 of the AQMP dated 7 September 2011, Woodside is required to review results 
of ongoing source emission monitoring and ambient air quality monitoring programmes and compare the 
results with previously completed sampling and monitoring results and risk and impact assessments 
presented in approvals documentation. Specifically, Sections 10.1 and 10.2 of the AQMP required the 
reviews to be undertaken by an independent peer reviewer. 

The objective of the review was to ensure that documentation submitted to regulatory authorities contained 
adequate and verifiable information to enable assessment of compliance with statutory and other 
requirements/commitments relating to environmental management of the Pluto LNG project. This review has 
confirmed that the data provided in the ambient air quality monitoring reports demonstrates material 
compliance with the National Environment Protection (Ambient Air Quality) Measure (Air NEPM) and the 
National Environment Protection (Air Toxics) Measure (Air Toxics NEPM). 

The review was unable to confirm consistency of reported data with Australian Standards and a number of 
recommendations have been made to ensure that monitoring information is collected according to the 
appropriate standards.  

The review also confirmed that the assessment of risk based on the estimated or predicted emissions of 
PM2.5 and BTX and documented in the works approval for the LNG Plant is consistent with the data obtained 
from the 12 month ambient air quality monitoring programme. 

Overall, BTX values were typical of background levels: 

 benzene annual average concentration approximately 0.1ppb or below; 

 toluene annual average concentration approximately 0.1% of the Air Toxics NEPM Monitoring 
Investigation Level (MIL) with 24 hour average concentrations less than 1% of the 24 hour MIL; and 

 xylene isomers concentrations less than 1% of the annual average MIL with the 24 hour average 
maximum concentration at 1.4% of the 24 hour MIL. 

Given the lack of background data for PM2.5, no similar comparison can be made, however, the analysis of 
data indicated no apparent relationship between flaring load and PM2.5 concentrations and the separation 
distance of the monitoring stations from the site, together with the wind and pollution roses, would suggest 
that the sources of particulate matter are from sources other than the LNG plant.  Nonetheless, it is noted 
that the measured PM2.5 concentrations at all stations approach the Air NEPM 24 hour average and annual 
average advisory reporting standards, albeit without any apparent significant contribution from the Woodside 
LNG Plant. 

With respect to protection of environmental values namely:  

a. Human health and well-being 

b. The health and well-being of other forms of life, including native flora and fauna and agricultural 
products; and 

c. Visibility, local amenity and aesthetics.  

the standards established for PM2.5 and BTX relate to human health and well-being.  PM2.5 emissions are 
also associated with visibility and hence local amenity as the fine particles cause atmospheric deterioration 
through light extinction.   
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The standards for human health are generally assumed to protect other forms of life including native flora 
and fauna and agricultural products, although this is not stated within the Air NEPM or Air Toxics NEPM. The 
US EPA National Ambient Air Quality Standards include “secondary standards” to provide for public welfare 
protection, including protection against decreased visibility and damage to animals, crops, vegetation and 
buildings. For PM2.5, the secondary standard has been established as 15 µg/m3 (annual mean, averaged 
over three years).  
 
While PM2.5 values are compliant with the current standards, there is insufficient evidence to suggest that 
environmental values have been protected to the extent that the National Environment Protection (Ambient 
Air Quality) Measure Review (May 2011) indicated. The Review notes that “…the results of the health 
reviews show that there are significant health effects at current levels of air pollution in Australian cities. 
These findings indicate that the current standards are not meeting the requirement for adequate protection of 
human health”. Subsequently, on 29 April 2014, Ministers signaled their intention to vary the National 
Environment Protection (Ambient Air Quality) Measure “for particles reflecting the latest scientific 
understanding on health risks arising from particle pollution. The Measure seeks to establish a more 
stringent reporting standard for particle pollution (PM2.5 and PM10)”. 
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APPENDIX A  
Limitations 
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About Environmental Audit Reports for Evaluating Environmental Risk 

The Environmental Audit report is prepared in a manner that can be read and understood by a person with 
legitimate interest in the site, such as the site owner or occupier and EPA, for determining whether risks to 
the environment were being adequately managed and compliance with regulatory requirements was being 
achieved.  The Environmental Audit Report relates specifically to the Environmental Audit scope provided in 
Section 1.4. 

The Environmental Audit report is not intended for use by other parties or for other purposes.  Anyone who 
uses the Audit report for purposes other than specified in the report does so at their own risk.   

The Environmental Auditor and Golder Associates Pty. Ltd. are only responsible for the issuing of the 
Environmental Audit report.  The Environmental Auditor and Golder Associates Pty. Ltd. accept no liability for 
the costs incurred in the implementation of any recommendations or measures.  The Environmental Audit 
provides a snapshot of the site conditions at the time of the site investigation.  Consequently, the 
Environmental Audit report may not be valid at a later time if there has been any change to operations at the 
site in that time.  Verification of the status of the site may be required in cases where significant time has 
elapsed, or site operations have changed since the assessment and Audit. 

Audit evidence collected during the Environmental Audit will inevitably be only a sample of the information 
available, partly due to the Audit being conducted during a limited period of time and with limited 
resources.  There is therefore an element of uncertainty inherent in all environmental audits and all users of 
the results of environmental audits should be aware of this uncertainty.  

The Environmental Audit report is not intended to be a comprehensive analysis of the presence and 
associated risk of asbestos in buildings and services.  Where asbestos in buildings and services is noted, the 
report may only caution that an appropriately qualified person be engaged to prepare a detailed asbestos 
management plan. 
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APPENDIX B  
NATA Scope of Accreditation - Ecotech 
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7.65 Air  
   .01 Industrial emissions  

Continuous monitoring of stack emissions- 
in-house methods 9.5 and 6.1- Oxide of nitrogen by chemiluminescence 
in-house methods 9.5 and 6.4- Carbon dioxide by IR  
in-house methods 9.5 and 6.3- Carbon monoxide by IR 
in-house method9.1- Benzene; carbon dioxide; carbon monoxide; formaldehyde; oxides of nitrogen; 
sulfur dioxide by Differential Optical Absorption Spectroscopy (DOAS) techniques  
in-house method 9.2- Gas flow by ultrasonic techniques 
in-house method 9.3- Temperature by instrumental techniques 
in-house method 9.4- Particulate- PM2.5, PM10, total suspended by TEOM  
in-house method 9.6- Oxygen by fuel cell 
 

   .02 Ambient air  
Continuous monitoring of ambient air- 
AS 3580.5.1 and in-house method 6.1- Oxides of nitrogen by chemiluminescence 
AS 3580.4.1 and in-house method 6.2- Sulfur dioxide by fluorescence 
AS 3580.7.1 and in-house method 6.3- Carbon monoxide by IR  
AS 3580.11.1 and in-house method 6.6- Hydrocarbons - methane, non-methane, total by FID 
AS3580.6.1 and in-house method 6.7- Ozone by chemiluminescence 
in-house method 6.4- Carbon dioxide by IR  
in-house method 6.5- Hydrogen sulfide by fluorescence 
 
Continuous monitoring of particulates in ambient air- 
AS 3580.9.3 and AS3580.9.6- Particulates - PM10, total suspended by high volume sampler and 
gravimetric techniques 
AS 3580.12.1 and in-house method 7.2- Particulates - visibility reduction by nephelometer 
AS3580.9.8- Particulates - PM10 by TEOM 
in-house method 7.1- Particulates - PM2.5, PM10, total suspended by high volume sampler and 
gravimetric techniques 
in-house method 7.3- Particulates - PM2.5, PM10 by TEOM 
AS 3580.9.11 and in-house method 7.5 - Particulate - PM10 by beta attenuation monitor (BAM) 
In-house method 7.5 - Particulate - PM2.5, total suspended by beta attenuation monitor (BAM) 
 
Continuous monitoring of ambient air- 
in-house method 10.1- Benzene; sulfur dioxide; toluene; para-xylene by Differential Optical 
Absorption Spectroscopy (DOAS) 
 
Type approval tests- 
EN 14211 (excluding section 9) Standard method for the measurement of the concentration of 
nitrogen dioxide and nitrogen monoxide by chemiluminescence 
EN14212 (excluding section 9) Standard method for the measurement of the concentration of 
sulphur dioxide by ultraviolet fluorescence 
EN14625 (excluding section 9) Standard method for the measurement of the concentration of ozone 
by ultraviolet photometry 
EN 14626 (excluding section 9) Standard method for the measurement of the concentration of 
carbon monoxide by non-dispersive infrared spectrometry 

   .06 Meteorological monitoring  
AS3580.14 and in-house method 8.1- Wind Speed (Horizontal) by anemometer 
AS3580.14 and in-house method 8.3- Wind direction by anemometer 
AS3580.14 and in-house method 8.4- Temperature - ambient by thermoelectric techniques 
AS3580.14 and in-house method 8.5- Relative humidity by hygrometer 
AS3580.14 and in-house method 8.6- Solar radiation - global exposure by pyranometer  
In-house method 8.6- Solar radiation - net exposure by net pyrradiometer 
AS3580.14 and in-house methods 8.7 and 8.8- Rainfall 
AS3580.14 and in-house method 8.9- Barometric Pressure 
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.71 Sampling  

For sub-classes of test 7.65.01, 7.65.02 
in-house method 9.5- Gas dilution system for continuous monitoring work of stack emissions 

 
7.75 Calibration of instruments  
   .01 Gas analysers  

Calibration in the laboratory 
by the methods of- 
in-house method 5.9 
for the following determinations- 
Ozone analyzer analyser (ultraviolet absorption) calibration in the range 20ppb - 520ppb  
Ozone analyser (chemiluminescence) calibration in the range 20ppb - 520ppb  
With least uncertainties of measurement of 6.8ppb or 1.8% (whichever is greater) 

 
7.81 Constituents of the environment  

 
   .21 Air  

As listed under 7.65.02 
   .71 Sampling  

For sub-class of test 7.81.21 
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The Manager,
Compliance Branch
Office of the Environmental Protection Authority
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Locked Bag 10, East Perth WA 6892
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Woodside Energy Ltd.
ACN 005 482 986
Woodside Plaza
240 St Georges Terrace
Perth WA 6000
GPO Box D188
Perth WA 6840
Australia
t: +61 8 9348 4000
f:+61 8 9214 2777

I www.woodside.com.au

30 December 2014

Dear Mr Inglis,

PLUTO LNG PROJECT AIR QUALITY MANAGEMENT PLAN - INDEPENDENT REVIEW OF
NITROGEN DEPOSITION MONITORING

As you are aware, Woodside is required to undertake an Ambient Air Programme in accordance with the
Pluto LNG Project Air Quality Management Plan (AQMP) prepared in compliance with Ministerial
Statement 757 (MS757). Condition 11-2. The AQMP includes a commitment to commission an
independent peer review of twenty four months of nitrogen deposition monitoring data as part of this
programme. Monitoring results are to be compared with both impact assessments prepared for Pluto
LNG Development approvals, and previous Burrup Rock Art Monitoring Management Committee
(BRAMMC) commissioned studies to assess whether the assumptions presented in approvals
documentation are consistent with measured results. Following the twenty four month review a decision
was to be made on the continuation of the nitrogen deposition monitoring requirement. The programme
and review process follows the AQMP and the review methodology endorsed by the Office of the
Environmental Protection Authority (0 EPA).

This letter provides reports which include data analysis, reporting and independent review findings.
These documents support that risk assessments outlined in approvals documentation are consistent with
measured results, and that any nitrogen deposition due to Pluto LNG emissions is insignificant. As such,
Woodside proposes that the study findings support the cessation of monitoring of nitrogen deposition
associated with the Pluto LNG Development. Woodside also requests that this component of the
programme prepared in accordance with MS757 Ambient Air Monitoring Condition 11-2, point 4 be
confirmed as Completed.

In summary, the independent review confirmed that there had been no significant change to the total
nitrogen deposition rate following commissioning of the Pluto LNG project and the depositional fluxes
measured during 2012 and 2013 are consistent with BRAMMC commissioned studies (which determined
that 2004-2008 deposition levels were unlikely to cause any deleterious effects to rock art on the Burrup
Peninsula). Furthermore, the independent review concluded that the data provided in the CSIRO
nitrogen deposition monitoring report demonstrates compliance with the World Health Organisation
critical load for the protection of lowland dry heathland ecosystems (in the absence of Australian
ecosystem classifications), together with a criterion for the protection of soil buffering capacity. The
review confirmed that further monitoring is not considered justified.

Enclosed are:

1. Enclosure 1: Independent Review Report - Review of Air Quality Management Plan - Nitrogen
Deposition, report prepared by Golder Associates Pty Ltd (2014)

2. Enclosure 2: Nitrogen Deposition Study - Final Report prepared by CSIRO Marine and Atmospheric
Research for Woodside (2014).



Woodside trust that this submission meets OEPA's requirements in order to demonstrate completion of
the AQMP nitrogen deposition monitoring study, as a component of MS757 Condition 11-2, point 4, and
look forward to your consideration of this matter.

If you have any queries in relation to the programme, or would like to meet to discuss the report
outcomes, please do not hesitate to contact Rob Hearn on (08) 9159 0097 or
Robert. Hearntwoodside.com au.

Yours sincerely,

Kate Yates
Asset Manager Pluto

Enclosure:
1. Independent Review Report - Review of Air Quality Management Plan - Nitrogen Deposition, report prepared by Golder

Associates Pty Ltd (2014).
2. Nitrogen Deposition Study - Final Report prepared by CSIRO Marine and Atmospheric Research for Woodside (2014).
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DEPOSITION

1.0 EXECUTIVE SUMMARY
Golder Associates Pty. Ltd. (Golder) was commissioned by Woodside Energy Ltd. (Woodside) to complete
an independent review of the air quality monitoring programme outlined in the Woodside Pluto LNG Project
Air Quality Management Plan (AQMP).

Specifically, Sections 10.1 and 10.2 of the AQMP required a review of:

•	 12 months of particulate matter with an equivalent aerodynamic diameter less than 2.5 microns (PM2.5)
and benzene/toluene/xylene isomers (BTX) monitoring data

• 24 months of oxides of nitrogen (NO,,) and ozone monitoring data

• 24 months of nitrogen deposition monitoring data.

The outcomes of the independent review of the PM 10 , PM25, BTX, NO and ozone monitoring data have been
reported previously in Golder Report No.'s 127643046-005-R-RevO (PM 10 , PM25 and BTX) and 127643046-
008-R-RevO (NO, and ozone). Consequently this report examines the 24 months of nitrogen deposition
monitoring data only.

Prior to commissioning of the Pluto LNG project in December 2011 nitrogen deposition monitoring was
conducted by CSIRO Marine and Atmospheric Research in 2004/2005, 2007/2008 and 2008/2009. These
works were commissioned by the Burrup Rock Art Monitoring Management Committee (BRAMMC).
Subsequent to plant commissioning, Woodside commissioned CSIRO Oceans and Atmosphere Flagship
(CSIRO)to conduct further monitoring in 2012/2014 in line with the AQMP. The scope of the review was
limited to a desk top assessment of the nitrogen deposition monitoring report prepared by CSIRO covering
the period February 2012 to June 2014. In particular the consistency of data was assessed and compared
with the results of previously completed nitrogen deposition sampling and monitoring in order to confirm the
understood relative risk and expected impacts as presented in approvals documentation.

The review did not assess the accuracy of emission estimates for the purposes of initial modelling and risk
assessment, nor does it seek to identify any additional sources. In addition the review did not assess other
AQMP aspects or other environmental monitoring programmes undertaken. It is however noted that. in
addition to previous nitrogen deposition studies. BRAMMC commissioned a range of studies to evaluate the
potential impact of industrial emissions on aboriginal petroglyphs (rock art), including air dispersion modelling
and the monitoring of air quality, microclimate, dust deposition. colour change, mineral spectrometry,
accelerated weathering and microbiological analyses. It was subsequently concluded by BRAMMC that, as
at March 2009, 'there was no scientific evidence to indicate that there is any measurable impact of
emissions on the rate of deterioration of the Aboriginal rock art in the Burrup".

The objective of the review was to ensure that documentation submitted to regulatory authorities contained
adequate and verifiable information to enable assessment of compliance with statutory and other
requirements/commitments relating to environmental management of the Pluto LNG project.

This review has confirmed that the data provided in the CSIRO nitrogen deposition monitoring report
demonstrates compliance with both the World Health Organisation critical load for the protection of lowland
dry heathland ecosystems (utilised in the absence of Australian ecosystem classifications) together with a
criterion for the protection of soil buffering capacity. Similar to previous studies, criteria were not identified
that specifically related to the protection of rock art.

The review also confirmed that there had been no significant change to the total nitrogen deposition rate
following commissioning of the Pluto LNG project and, in line with BRAMMC recommendations based on
previous studies, further monitoring is not considered justified.

In completing the independent review, a number of recommendations have been made in relation to data
collection and validation. These recommendations are listed below and are not considered to have a material
impact on the interpretation of data collected during the review period or affect the validity of the programme
findings.

December 2014	
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The recommendations have been forwarded to Woodside for consideration and include that:

•	 should future sampling programmes be conducted, consideration should be given to the inclusion of
organic nitrogen in the scope

•	 CSIRO provide an explanation for the data gaps and varying sample periods in the report and provide a
commentary on the impact of non-concurrent sample periods for the various components of the
calculated deposition

•	 future reports include a statement regarding compliance of monitoring locations against the relevant
requirements of AS/NZS 3580.1.1 and AS/NZS 3580.14

•	 CSIRO confirm that all low volume sampler (LVS) equipment was calibrated in accordance with the
methodology and frequency noted in AS/NZS 3580.9.9 and that the results complied with the specified
acceptance/rejection criteria

•	 CSIRO confirm that total suspended particulates (TSP) and gaseous data has been averaged on a
time weighted basis

•	 CSIRO provide an explanation where no sample" has been recorded.

December 2014 Golder
Report No. 127643046-009 . R-RevO	 2	 Associates
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2.0 INTRODUCTION
Woodside Energy Ltd. (Woodside) received approval for the construction of facilities for the development of
the Pluto Gas Field on the North West Shelf, and the processing and export of the gas at a liquefied natural
gas (LNG) plant on the Burrup Peninsula, in Ministerial Statement No 757 dated 24 December 2007.

Storage and export facilities are located at what is known as Site A". The production of LNG and
condensate at "Site B" involves the following processes:

.	 gas receivable and inlet separation

• acid gas removal unit (AGRU)

• gas dehydration

• mercury removal

•	 liquefaction

• end flash and nitrogen removal

• fractionation/heavies removal

•	 refrigerant storage

•	 condensate stabilisation and export.

A high level process flow diagram for LNG production in shown in Figure 1.

Implementation of the project was subject to a number of conditions, including the preparation of an Air
Quality Management Plan (AQMP) to the requirements of the Minister for the Environment.

The AQMP was required to include:

•	 cumulative air quality modelling, using data from the Front End Engineering Design Report and
emissions from approved industrial sources at Cape Preston and Barrow Island

• proposed targets and standards

• an emissions monitoring programme which included nitrogen compounds, butene, toluene, ethylene,
xylene, ozone, acrylene and hydrogen sulphide emissions from the plant

•	 an ambient air quality and nitrogen deposition monitoring programme

•	 annual reporting.

The AQMP was submitted to the Environmental Protection Authority (EPA) on 23 September 2010. The plan
was subsequently revised and Revision 1 endorsed on 10 October 2011.

Section 2 of the AQMP notes that "butene, ethylene and acrylene initially specified in the Ministerial
Statement 757 are not present in the feed gas stream, nor produced or emitted by the Pluto LNG processing
system and will not be monitored as part of this plan'

In accordance with Section 10 of the AQMP dated 7 September 2011 (Revision 2: Reference No:
X0000AH0002), Woodside is required to review results of ongoing emissions monitoring and ambient air
quality monitoring programmes and compare the results with previously completed sampling and monitoring
results and risk and impact assessments presented in approvals documentation.

December 2014	 Golder
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Figure 1: Pluto LNG Plant High Level Process Flow Diagram
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Specifically, Sections 10.1 and 10.2 of the AQMP required a review of:

•	 12 months of particulate matter with an equivalent aerodynamic diameter less than 2.5 microns (PM 2 5)

and benzene/toluene/xylene isomers (BTX) monitoring data

• 24 months of oxides of nitrogen (NOr) and ozone monitoring data

•	 24 months of nitrogen deposition monitoring data.

The reviews were to be undertaken by an independent peer reviewer, subject to approval by EPA.

In this regard, Dr Helen Murphy of Golder Associates Pty. Ltd. (Golder), an Environmental Auditor appointed
pursuant to the Victorian Environment Protection Act 1970, was engaged by Woodside for the purpose of
providing an independent review of the ambient air quality data. EPA endorsed the appointment on 21
August 2012.

The outcomes of the independent review of the PM 10 , PM25, BTX, NO x and ozone monitoring data have been
reported previously in Golder Report No's 127643046-005-R-RevO (PM 10 , PM 25 and BTX) and 127643046-
008-R-RevO (NOr and ozone). Consequently this report examines the 24 months of nitrogen deposition
monitoring data only.

Your attention is drawn to the document "Limitations, which is included as Appendix A to this report. The
statements presented in this document are intended to advise you of what your realistic expectations of this
report should be. The document is not intended to reduce the level of responsibility accepted by Golder, but
rather to ensure that all parties who may rely on this report are aware of the responsibilities each assumes in
so doing.
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3.0	 ENVIRONMENTAL REVIEW OBJECTIVE AND SCOPE
As requested by Woodside, Environment Protection Authority of Victoria (EPAV) Publication No. 952.31 has
been used as the basis for describing the components of the review.

The following information is provided in response to these requirements.

3.1	 Objective
The objective of the review is to ensure that documentation submitted to regulatory authorities contains
adequate and verifiable information to enable assessment of compliance with statutory and other
requirements/commitments relating to environmental management of the Pluto LNG project.

3.2	 Scope
The scope was outlined in the proposal to Woodside dated 17 April 2012.

Specifically the scope would include an independent review of the Pluto LNG Plant AQMP ambient air quality
and nitrogen deposition monitoring programmes and reports, noting that this is a two year monitoring
programme with Sinclair Knight Merz (SKM) managing the ambient air quality monitoring component and
CSIRO Oceans and Atmosphere Flagship undertaking the nitrogen deposition study.

The proposed approach to address the scope of work was a desktop review of key documents with review of
additional documentation/information limited to points of clarification where necessary.

3.3	 Elements
An element is defined in the Victorian Environment Protection Act 1970 as any of the principal constituent
parts of the environment including waters, atmosphere, land. vegetation, climate, sound, odour, aesthetics,
fish and wildlife.

The scope of the review was limited to the atmosphere.

3.4	 Segment
The aforementioned EPAV Publication No. 952.3 states that the segment of the environment must be
described in terms of, but not limited to:

.	 The geographical extent, including:

• The boundaries of the premises or land area (such as a catchment) on which the activity is
conducted

•	 That portion of the surrounding environment to which the activity may pose a risk that will be
considered

• The time-frame to which the environmental audit applies.

The geographical area considered for assessment of ambient air quality is the local and regional airshed
surrounding the Pluto LNG Plant and the potential impact on environmental values or the health, welfare or
amenity of the people and surrounding land uses. Specifically for nitrogen deposition, the potential impact
on aboriginal rock art (petroglyphs) on the Burrup Peninsula was assessed.

The timeframe to which the review applies is intended to cover 24 months of nitrogen deposition data. The
data supplied covers the period February 2012 to June 2014.

Environmental Auditor Guidelines for the Preparation of Enwonmenral Audi Repoirs on Fisk to the Environment. Environment Protection Authority of Victoria, Publication No
0523. October 2012
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3.5	 Beneficial Values
Section 3A of the Western Australia Environment Protection Act 1986 describes environmental harm to
mean direct or indirect -

a) harm to the environment involving removal or destruction of, or damage to -

I)	 native vegetation; or

ii) the habitat of native vegetation or indigenous aquatic or terrestrial animals; or

b) alteration of the environment to its detriment or degradation or potential detriment or degradation: or

C)
	

alteration of the environment to the detriment or potential detriment of an environmental value; or

d)
	

alteration of the environment of a prescribed kind;

material environmental harm means environmental harm that -

a) is neither trivial nor negligible; or

b) results in actual or potential loss, property damage or damage costs of an amount, or amounts in
aggregate, exceeding the threshold amount;

serious environmental harm means environmental harm that -

a)	 is irreversible, of a high impact or on a wide scale; or

b)	 is significant or in an area of high conservation value or special significance: or

c)	 results in actual or potential loss, property damage or damage costs of an amount, or amounts in
aggregate, exceeding 5 times the threshold amount.

EPA has prepared a draft State Environmental (Ambient Air) Policy 2009. The draft Policy identifies
environmental values to be protected which are:

a) Human health and well- being

b) The health and well-being of other forms of life, including native flora and fauna and agricultural
products; and

C)
	

Visibility, local amenity and aesthetics.

The risks presented in the local and regional airshed are documented in EPA's report and recommendations
for the Pluto LNG Development dated July 2007 (pg 22):

The EPA's environmental objective for this factor is to ensure that emissions do not adversely affect
environmental values or the health, welfare or amenity of the people and land uses by meeting statutory
requirements and acceptable standards.

The EPA notes that the proposed use of best practice for fugitive emission control and the use of natural gas
fired gas turbines results in ambient air quality that meets the NEPM criteria and the WHO criteria (for
deposition).

Having particular regard to the:

a) best practice control of fugitive emissions:

b) recommended condition requiring a Front End Engineering Design (FEED) report; and

C)
	

recommended condition requiring an AQMP,

It is EPA's opinion that the proposal can be managed to meet the EPA's environmental objectives for this
factor [Air quality], provided the recommended conditions are made legally enforceable.

December 2014	 ': 'Go1der
Report No. 127643046-009-R-RevO	 7	 Associates



REVIEW OF AIR QUALITY MANAGEMENT PLAN - NITROGEN
DEPOSITION

This review principally assesses whether the data provided in the CSIRO 2012/2014 nitrogen deposition
monitoring report are consistent with data obtained by CSIRO Marine and Atmospheric Research, on behalf
of the Burrup Rock Art Monitoring Management Committee (BRAMMC), in 2004/2005, 2007/2008 and
2008/2009. The review also compares the measured deposition rates with the modelling undertaken for the
Draft Public Environment Report/Public Environmental Review (PER) and subsequently utilised by the
Department of Environment and Conservation in their environmental assessment report.

	

3.6	 Expert Support Team
The expert support team to Dr Helen Murphy was utilised, specifically Frank Fleer of Golder Melbourne office
for peer review. Anthony Stuart of the Golder Perth office was Project Manager providing client liaison and
local support.

	

3.7	 Stakeholder Involvement
As the environmental regulator and instigator of this review. EPA was a key stakeholder and was consulted
initially to confirm the appointment of the independent peer reviewer and the review methodology.

The review scope did not include direct consultation with key stakeholders other than Woodside staff.

December 2014	 (Cok1cr
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4.0	 METHODOLOGY
Section 10 of the AQMP indicates that the review process methodology will be agreed upon prior to the first
review with EPA, Woodside and the independent peer reviewer. Woodside advised that the methodology
adopted should be consistent with EPAV Publication No. 952.3.

The methodology adopted incorporated a desk top review of the following:

• Review of background information provided by Woodside for the purposes of providing context to the
nitrogen deposition data

•	 Review of nitrogen deposition modelling results presented in the CSIRO report

• Review of risk assessment completed as part of the EPA approval documentation

• Review of 24 months nitrogen deposition data

•	 Review of nitrogen deposition report for any inconsistencies in data or gaps in data

•	 Review of nitrogen deposition data for trends

• Assess consistency of data with that presented in the PER and air quality modelling reports

• Assess consistency of data with EPA's assessment of risk.

In addition, discussions were held with Mr Rob Hearn (Woodside Environmental Engineer - Operations) for
the purposes of clarification.

Wherever possible, verification of primary data (original data) is the preferred approach. Secondary sources
are based on primary sources: in as much as they analyse and evaluate primary sources. Secondary
sources are represented by the spreadsheet data generated from data collected

In this instance the review was limited to consideration of the data contained in the final report.
Consequently primary and secondary data has not been verified and is considered outside the scope of this
audit. The independent collection of data to verify the information presented was also excluded from the
audit scope.

The methodology proposed to EPA indicated that 24 months of nitrogen deposition data would be reviewed.

Prior to commissioning of the Pluto LNG project in December 2011, nitrogen deposition monitoring was
conducted by CSIRO Marine and Atmospheric Research in 2004/2005, 2007/2008 and 2008/2009. These
works were commissioned by BRAMMC. Subsequent to plant commissioning, Woodside commissioned
CSIRO Oceans and Atmosphere Flagship (CSIRO) to conduct further monitoring in 2012/2014, in line with
the AQMP.

The review methodology was endorsed by EPA on 16 October 2012. Woodside requested an amendment to
the EPA submission timeframes (to 31 December 2014) in correspondence dated 1 May 2014 in light of
difficulties in locating and agreeing on access to a suitable nitrogen deposition background monitoring site.
This amendment was endorsed by EPA on 14May 2014.

December 2014	 (Golder
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5.0 DOCUMENTATION REVIEWED

	

5.1
	

Background Information
The following information was provided for review by the independent peer reviewer and, where appropriate,
members of the expert support team.

Background Information

	•	 Environmental Protection Authority: Cumulative Impacts of Oxides of Nitrogen Emissions from
Existing and Proposed Industries, Burrup Peninsula, Bulletin 1124, January 2004

	

•	 SKM: Pluto LNG Development Cumulative Air Quality Study, October 2006

	

•	 Woodside: Pluto LNG Development - Draft Public Environment Report/Public Environmental
Review, EPBC Referral 2006/2968, Assessment No. 1632, December 2006

	

•	 Environmental Protection Authority: Pluto LNG Development, Burrup Peninsula. Report and
recommendations of the Environmental Protection Authority, Bulletin 1259, July 2007

	

•	 Department of Environment and Conservation: Works Approval W4444/2008/1 Pluto LNG Project,
28 August 2008

	

•	 CSIRO Marine and Atmospheric Research: Burrup Peninsula Air Pollution Study: Report for
2004/2005 and 2007/2008, 10 September 2008

	

•	 Burrup Rock Art Management Committee: Report and Recommendations to the Minister for State
Development, April 2009

	

•	 CSIRO Marine and Atmospheric Research: Burrup Peninsula Air Pollution Study: Report for
2004/2005, 2007/2008 and 2008/2009, 9 February 2010

	

•	 Woodside: Pluto LNG Project Air Quality Management Plan, September 2011

	

•	 An Acid Deposition Study in a Remote Area of North-Western Australia, Gillett. R.W.. Selleck, P.W.
and Powell, J.C., Air Quality and Climate Change Journal, Volume 46, No. 3. August 2012

	

•	 Woodside: Correspondence to EPA, 1 May 2014

	

•	 Environmental Protection Authority: Correspondence to Woodside, 14 May 2014
Nitrogen Deposition Data: February 2012— June 2014

	

•	 CSIRO: Woodside Nitrogen Deposition Study Final Report, 10 October 2014

	

5.2
	 Reference Documentation

U
	 Environmental Auditor Guidelines for the Preparation of Environmental Audit Reports on Risk to the

Environment (EPAV Publication 952.3, October 2012)2

LI
	 Environmental Auditor Guidelines for Conducting Environmental Audits (EPAV Publication 953.2,

August 2007).

Superseded by EPAV Pub:oatjo,1 No 9524. April 2013

December 2014	 ("Go1der
Report No. 127643046-009-R-RevO 	 10	 Md'Associates



REVIEW OF AIR QUALITY MANAGEMENT PLAN - NITROGEN
DEPOSITION

6.0 BACKGROUND
In 2002 the Western Australian Government established the Burrup Rock Art Monitoring Management
Committee (BRAMMC), in response to concerns expressed about possible adverse impacts on rock art by
industrial emissions to air. This Committee commissioned a range of studies to evaluate the potential impact
of industrial emissions on aboriginal rock art, including air dispersion modelling and the monitoring of air
quality, microclimate, dust deposition, colour change, mineral spectrometry, accelerated weathering and
microbiological analyses.

EPA assessed the cumulative impacts of oxides of nitrogen emissions from existing and proposed industries
on the Burrup Peninsula in their report dated January 2004. The report notes that both dry and wet
deposition of acid gases, oxides of nitrogen (NO,,) and sulphur dioxide (SO 2 ) has potential impacts on
vegetation, terrestrial aqueous systems, fauna, molluscs, soil acidity and rock surface erosion, with the latter
potentially impacting on aboriginal rock art found on the Peninsula. The Burrup Peninsula rock art was
included on the National Heritage List in 2007.

Potential vegetation impacts include visual effects, growth depression or stimulation, altered root to shoot
ratios, plant reproduction effects and changes to algal communities. Nitrogen deposition could also result in
nutrient enrichment of the soil, with associated changes to plant species, distribution, abundance and
diversity. It is noted however that there is no specific information relating to the effects of acid gas deposition
on vegetation present on the Burrup Peninsula.

CSIRO modelling conducted in October 2003 estimated that the maximum dry deposition of NO. and SO 2 on
land in the region was 1.94 kg nitrogen dioxide (NO 2 ) per hectare per year and 1.0 kg SO 2 per hectare per
year, due to emissions from existing and proposed industries. SKM modelling was also reported, with
deposition rates of 2.1 kg NO 2 per hectare per year and 2.6 kg SO 2 per hectare per year.

One of the conclusions of the 2004 EPA report was that, given NO,, emissions from existing and proposed
sources, the potential impacts of nitrogen deposition on vegetation and rock art should be assessed through
monitoring, noting the investigations of BRAMMC into the effects of air pollutants on rock art and suggesting
that these be extended to include an evaluation of the effects of pollutants on vegetation.

Whilst noting that further work was required to address the uncertainties of deposition modelling, the Pluto
LNG Development PER (December 2006) describes the outcomes of SKM TAPM modelling (October 2006),
with the highest deposition predictions of 1 to 2 kg SO 2 per hectare per annum and 3 to 4 kg NO 2 per hectare
per annum.

The uncertainties associated with modelled deposition rates are due to the water, soil and vegetation surface
resistances assumed in the calculations. SKM note that the deposition rates are consequently indicative
only and recommend the conduct of deposition monitoring.

An international Working Group reviewed progress in the monitoring and modelling of atmospheric nitrogen
deposition on a regional and global scale 3 . The Group confirmed that the modelling of dry deposition fluxes
is very uncertain and can seldom be compared to measurement, due to factors that include incompleteness
of observations, uncertainties of chemistry schemes and the sparseness of measurements, with reliance of
inferential modelling (combining ambient air concentrations with exchange rates) and a lack of direct dry
deposition flux measurements to test the inferential models.

The World Health Organisation (WHO)4 defines a critical load of acidity as "the highest deposition of
compounds that will not cause chemical changes leading to harmful effects on ecosystem structure and
function" with the nitrogen critical load dependent on the:

a ecosystem type

'Progress in Nitrogen Deposition Monitoring and MOd.elhng, Aas. W at at. Proceecangs of the International 	 Initiative wofttsriop hnhiing experts of the Convention on Long-
range Transbourtdary Air Pollution and the Convention on Biological Dweroity. Sponger SoenceBusiness Mona Dordrecht, 2014

Air Quality Guidelines for Europe. 2' Edition, World Health Orgarusat,on Regional Publica5ons. European Senes No 91 Copenhagen. 2000
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past and present land use and management

abiotic conditions, especially those that influence the nitrification potential and immobilization rate in the
soil.

WHO guidelines for nitrogen deposition to natural and semi-natural freshwater and terrestrial ecosystems
include 15 to 20 kg nitrogen (N) per hectare per annum (corresponding to 49 to 66 kg NO 2 per hectare per
annum) for lowland dry heathiand. In the absence of a classification applicable to ecosystems on the Burrup
Peninsula, this is considered appropriate. This value was used by SKM in assessing the results of the 2006
nitrogen deposition modelling assessment, resulting in the conclusion that nitrogen deposition, due to
emissions to air from both existing sources and the proposed Pluto LNG project, was insignificant.

EPA Bulletin 1259 (July 2007) considered the potential impact of air emissions on Burrup Peninsula rock art
and concluded that "the data collected so far by the Burrup Rock Art Monitoring Management Committee
suggests that there is no link between current emission levels and effect on rock art. EPA considers that the
insignificant increase in cumulative deposition rates from the Pluto LNG Development is unlikely to change
this conclusion'.

In Condition 11-2 of Statement No. 757 (24 December 2007), the Office of the Appeals Convenor required
Woodside to prepare an AQMP for the Pluto LNG project, which included the conduct of a nitrogen
deposition monitoring programme.

In April 2009 BRAMMC issued a report to the Minister for State Development, summarising the results of a
number of environmental studies. The acidity of rainfall on the Burrup Peninsula was found to be generally
similar to other remote areas, with small increases in levels of nitrogen and sulphur at sites close to industrial
sources. Rock samples were exposed to high concentrations of pollutants (five to ten times the estimated
maximum concentrations) in a laboratory environment, with no detectable change to the rock surface colour.

Several examples of rock art on the Peninsula were also examined over a four year period, indicating no
perceptible colour change and no change to surface mineralogy. The report concluded that no specific
environmental management measures were required to protect the rock art from air pollutants, with
BRAMMC noting that there are no known criteria for assessing the impact of air pollution on rock types
associated with the rock art.

As part of the study. CSIRO conducted an analysis of air pollution, rainwater composition and acid
deposition on the Burrup Peninsula to assess the likelihood that air pollution from the industrial
area was damaging rock art. Monitoring was conducted from August 2004 until September 2005
(2004/2005) and from February 2007 until September 2008 (2007/2008). This study concluded that nitrogen
and sulphur deposition fluxes were tens of milliequivalents per square metre per year which would only affect
soil or rock in the most sensitive class of critical loads. As the Burrup area is in a critical load class that can
cope with a deposition flux of about 200 milliequivalents per square metre per year. acid deposition to the
Burrup area was considered unlikely to cause any deleterious effects to rock or rock art on the Burrup
Peninsula.

The Woodside AQMP for the Pluto LNG project (2011) proposed the conduct of nitrogen deposition
monitoring at six locations on and adjacent to the Burrup Peninsula between the end of 2011 and the end of
2013, before and during operation of the Pluto LNG project.
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7.0 AMBIENT AIR QUALITY MONITORING
7.1
	

Monitoring Programme Scope
The Woodside AQMP noted that rainwater, total suspended particulate matter (TSP) and NO 2 (passive)
samples would be collected at each location, with ammonium (NH 4 ) and nitrate (NO) ion analyses
conducted on the rainwater, particulate matter and passive (NO 3 only) samples. The AQMP also noted that
particle size distributions, over the range 0.056 l.Lm to 10 ).tm, were to be determined by collection of weekly
samples at one location for a period of three weeks, to enable calculation of nitrogen deposition of particles.

In addition to the scope outlined in the AQMP, CSIRO monitored ammonia (NH 3) and nitric acid (HNO 3) in
the gaseous phase at each of the locations. The range for the particle size distribution analyses was also
extended to include particles up to 18 pm.

In their review of dry deposition monitoring methods", Alberta Environment note that species commonly
measured for the inference method used by CSIRO are NO 2 , gaseous HNO3 and HNO 2 and particulate NH4*
and NO 3', together with particulate base cations, as their co-deposition results in a reduction in the amount of
deposited acidity. Monitoring of NH 3 was not listed.

Cheng et a16 recommend that NH 3 is not considered when estimating dry deposition, as sufficient
understanding of its biochemistry is yet to be achieved.

The international Working Group 3 recommended that the number of nitrogen species routinely measured be
increased to include organic nitrogen, NH 3 , HNO 3 and NO 2 in ambient air quality measurements to enable a
more comprehensive estimate of dry deposition. Organic nitrogen species include peroxyacetyl nitrate
(PAN), peroxypropionyl nitrate (PPN) and amines.

The organic nitrogen contribution may be high (10% to 40%) in some areas, for example in parts of China.
This is consistent with the results of a study conducted by Duce et a1 7 , which estimated that about a third of
the ocean's external nitrogen supply is entering the open ocean via deposition of atmospheric anthropogenic
nitrogen, with approximately 30% of that being organic nitrogen.

WHO also note the potential contribution of nitric oxide (NO). dinitrogen pentoxide (N 205) and nitrous oxide
(N 20) to nitrogen deposition. Wesely and Hicks 8 however note that nitric oxide (NO) dry deposition is usually
negligible, due to its low solubility and low oxidizing capacity. The exclusion of NO from the CSIRO nitrogen
deposition monitoring programme is therefore considered appropriate and the difficulty in measuring N205
and N 20, especially in remote locations, is acknowledged.

Despite the concerns raised by Cheng et al, it is considered that the inclusion of NH 3 provides a conservative
basis for the CSIRO assessment and is consistent with the international Working Group recommendation.

Organic nitrogen has not however been measured in any of the studies conducted to date on the Burrup
Peninsula. Future sampling programmes should consider its inclusion, if only to confirm on a limited basis
that it does not represent a significant load.

Recommendation 1: It is recommended that, should future sampling programmes be conducted,
consideration should be given to the inclusion of organic nitrogen in the scope.

The measurement of particulate base cations is used to calculate dry deposition acidity, rather than total
nitrogen deposition, which was the objective of the Woodside monitoring programme. Consequently the
analysis is not considered critical to the current programme.

Dry Deposition Monitoring Methods in Nberta. Aibeila EnrroiYnentai, March 2006

Acidic Deposition Monitoring and Cato.abons in Aibena. Chang L at at. AJberla Enwonmenfat. 2001

Impacts of Atmospheric Anthropogenic Nogen on the Open Ocean. Duce. R.A at at, Science, 320, 893.897 (2008)

A Review of inn Current Status of Knowledge on Dry Deposition Wesey M L and N0k5 B B Atmospheric Er.wonrm,nt. 34 2000
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7.2	 Sampling Period
Nitrogen deposition monitoring was actually conducted during the period February 2012 to May 2014,
following the commencement of Pluto LNG plant commissioning, and into operations. Previous monitoring
had, however, been conducted by CSIRO (then CSIRO Marine and Atmospheric Research) in 2004/2005,
2007/2008 and 2008/2009, providing suitable comparative data prior to the plant commencing
commissioning and operations.

CSIRO noted difficulty in gaining access to the various sampling locations during the current programme,
consequently the period over which sampling was conducted varied between sites:

i Sites 1 t 3— February 2012 to June 2014

•	 Site 4— June 2012 to June 2014

•	 Site 5— May 2012 to June 2014

•	 Site 6— April 2013 to June 2014.

Site 6 was the designated background site, located approximately 33 km south-west of Karratha.

Data covering a minimum period of 24 months was therefore generally available for review at Sites 1 to 5
and 14 months at Site 6 (background site). Background data obtained was however consistent with the
results of previous monitoring programmes in 2004/2005, 2007/2008 and 2008/2009.

There are however some inconsistencies between the commencement and completion dates for various
components of the monitoring programme. as highlighted in Table 1.

Table 1: Nitrogen Deposition Sampling Periods

Site No.	 TSP	 Gaseous Species	 Rainwater

1	 1 Feb l2- Jun l4 1 Mar l2- Jun l4 1 Feb l2- Jun l4

2	 Feb 12 -Jun l4	 Mar l2- Jun l4	 Feb l2- Jun l4

3	 Feb l2- Jun l4	 Mar l2- Jun l4	 Feb i2- May i4

4	 Jun l2- Jun l4	 Jun l2- Jun l4	 Nov l2- Jun l4

5	 Jun i2- Jun l4	 Jun i2- Jun l4	 May i2- May l4

6	 Jul 13- Jun 14	 Apr 13- Jun 14	 May 13- May 14

In addition there are some unexplained data gaps, for example, no rainfall data is reported for:

•	 Site 1:12 March 2012 to 2 May 2012: 9 July 2012 to 16 November 2012: 14 March 2013 to 12 April
2013; 10 July 2013 to 9 October 2013; 13 February 2014 to 27 March 2014

•	 Site 2: 2 May 2012 to 16 November 2012; 14 December 2012 to 2 January 2013: 14 March 2013 to 12
April 2013; 10 July 2013 to 10 October 2013

•	 Site 3: 9 July 2012 to 2 January 2013; 8 February 2013 to 12 April 2013; 13 May 2013 to October 2013;
21 November 2013 to 13 December 2013: 13 February 2014 to 27 March 2014

•	 Site 4:14 December 2012 to 2 January 2013; 14 March 2013 to 12 April 2013; 10 July 2013 to 10
October 2013: 21 November 2013 to 13 December 2013

December 2014	 (GoJder
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Site 5:12 June 2012 to 15 November 2012: 14 December 2012 to 2 January 2013; 8 February 2013 to
12 April 2013; 10 July 2013 to 12 December 2013: 14 February 2014 to 27 March 2014

U
	

Site 6:11 July 2013 to 9 October 2013: 21 November 2013 to 12 December 2013: 13 February 2014 to
15 April 2014.

It could be assumed that no rainwater was collected by the samplers during these periods: however this
should be stated in the report. The impact of varying data periods should also be described, with data
averages for the measured components not concurrent in some instances.

Recommendation 2: It is recommended that CSIRO provide an explanation for the data gaps and varying
sample periods in the report and provide a commentary on the impact of non-concurrent sample periods for
the various components of the calculated deposition.

It is also noted that the data is summarised in the CSIRO report as "annual" averages whereas the actual
averaging periods are greater.

7.3	 Equipment
Rainwater samples were collected utilising an N-Corn Systems automatic rainwater sampler. There is no
Australian Standard covering the collection of rainwater samples for subsequent analysis, with AS 3580.14
referring to the measurement of precipitation using tipping bucket rain gauges only. The equipment utilised
in the nitrogen deposition study is, however, considered acceptable.

TSP samples were collected on PTFE filters utilising an Ecotech MicroVol 1100 low volume sampler (LVS).
The equipment complies with the requirements of Australian Standards AS/NZS 3580.9.910 and AS/NZS
3580.9.1011 for the collection of PM 10 and PM 2.5 samples in ambient air, however the only recognised
procedure for determining TSP in ambient air is AS/NZS 3580.9.312.

The MicroVol PM 10 LVS contains an impactor plate for size selection which is removed when measuring
TSP. Whilst the equipment manufacturer claims in promotional material that the equipment is suited to the
determination of TSP, there are no validation studies available to demonstrate equivalence to the TSP high
volume sampler.(HVS)

It is acknowledged however that the use of a TSP HVS in a remote location is impractical, with 240 V power
required for operation, and that a LVS represents the only realistic solution.

NO 2 , NH 3 and HNO 3 gas samples were collected utilising passive samplers based on the IVL Swedish
Environmental Institute design. There is no Australian Standard for the measurement of gaseous air
pollutants using passive sampling methods. The technique relies on molecular diffusion, with gas molecules
diffusing from a region of high concentration (sampler open end) to a region of low concentration
(impregnated filter) in accordance with Fick's Law.

A validation study has been conducted on the NO 2 passive samplers, with samplers exposed for one week
over a 19 to 21 week period at two different sites in Melbourne 13 . The correlations between the passive and
active samplers showed slopes of 0.98 and 1.04, together with corresponding coefficients of determination of
0.81 and 0.89, indicating that the samplers are providing quantitative measurements. Sampler precision,
expressed as a mean percentage difference between duplicates, was in the range 5% to 10%.

Methods for Sampling and Analysis of Ambient Air . Meteorological Monitoring for Ambient Air Quality Monitoring AppIiCa00ns. Standards Australia, ASINZS 3580 14, 2011

Methods for Sampling and Analysis of Ambient Air . Determination of Suspended Particulate Matter - PMIO Low Volume Sampler . Gre vimetnc Method. Standards Australia.
AS/NZS 358099, 2006

Methods for Sampling and Analysis of Ambient Air . Determination of Suspended Particulate Matter - PM, 5 Low Volume Sampler- Grairmetnc Method. Standards Australia.
AS/NZS 35809 10. 2006

Methods for Sampling and Analysis of Ambient Air . Determination of Suspended Particulate Matter - Total Suspended Particulate Matter (TSP) - High Volume Gravsnselnc
Method. Standards Australia. AS/NZS 3580 93. 2014,3 

Validation of Passive Ddfusion Samplers for SO, and NO Ayers GP et 51 AtnSpherlC Enwori,rsirrl VOlume 32 Issue 20 SoplerrCer 1908
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A further study compared the results obtained from ten NH 3 passive samplers 14 , including samplers similar in
design to the CSIRO/IVL Swedish Environmental Institute samplers, with those from a wet annular denuder.
Although the performance of individual samplers could not be determined from the reported results, the
journal article concluded that most of the passive samplers could be recommended for further use.

A study comparing the results from the HNO3 IVL Swedish Environmental Institute passive sampler and a
sodium chloride annular denuder in Greece, Italy and Sweden 15 found that, for monthly monitoring, the
accuracy of the passive sampler was approximately ±25%. with a coefficient of variation of 0.16 g per cubic
metre. Due to the random scatter between the passive sampler and denuder results it was also concluded
that the comparison was improved with longer term averages, with an accuracy of ±18% for bimonthly
average concentrations.

On the basis of the available information, the passive samplers utilised by CSIRO in the nitrogen deposition
monitoring programme are considered acceptable.

	

7.4	 Siting of Equipment
The monitoring sites noted in the AQMP were Woodside East, Burrup Road, Water Tank. King Bay South,
Karratha and Mardie Station, with associated coordinates. As reported by CSIRO, there were some
changes to site names and slight location changes in comparison with previous monitoring programmes, with
the background site relocated due to the separation distance from recently installed third party emission
sources, and access constraints. The changes noted were not considered to significantly alter the outcomes
of the nitrogen deposition study.

AS/NZS 3580.1.116 contains guidelines for the siting of air quality monitoring equipment, including TSP
(although as noted above the referenced standard is AS/NZS 3580.9.3). The Standard recommends that the
TSP sampler inlet is within the range 1.0 m to 5.0 m above ground level, there are no extraneous sources
nearby and that there is unrestricted air flow of 180° around the sampler inlet with no obstruction between
the major source and the sampler.

For NO 2 , although the referenced Australian standard is not the method that was utilised. compliance with
AS/NZS 3580.1.1 guidelines for NO, neighbourhood and background sites should be assessed. These
include a sampler inlet height of 2.0 m to 15 m above ground level, a minimum clear sky angle of 120°, an
unrestricted airflow of 270° around the sampler inlet (or 180 0 if on the side of a building), a minimum of 10 m
from the dripline of trees (higher than 2 m below the sampler inlet height) and greater than 10 m from roads,
with no extraneous sources nearby.

As noted previously there are no Australian Standards specifically relating to rainwater samplers, however.
AS/NZS 3580.14 does contain siting requirements for tipping bucket rain gauges which could be used.
These include a minimum height of 300 mm above ground level and a surrounding surface of grass or gravel
to reduce in-splashing, with other objects no closer than twice their height above the sampler inlet. A
windshield around the sampler, or other method for reducing the effects of wind, should also be used.

The CSIRO report does not contain a statement as to whether the sampling equipment locations are
compliant with these requirements and whether these non-compliances are significant.

Recommendation 3: It is recommended that future reports include a statement regarding compliance of
monitoring locations against the relevant requirements of AS/NZS 3580.1.1 and AS/NZS 3580.14.

	

7.5	 Sample Analyses
The AQMP suggests that rainwater and TSP soluble ion (NH 4 and NO3 ) contents were to be determined by
ion chromatography, with the TSP filters analysed gravimetrically prior to soluble ion extraction. The passive
samplers were to be analysed for NO 3 content by colorimetric spectrophotometry following extraction.

F,ed Intervomparison of Diffusive Samplers for Measuring Ammonia, Kirchner. M et N. Journal of Ensirovnental Monitoring, 1, 1999

Nitric Acid Mesurmnts in Connection with Corrosion Studios. Ferrn, M . De Santis. F. and Varotsos. C, Atmospheric Enatronment, 39. 2005

' Methods for Samoing and Analysis of Ambient Air . Guideto Siting Air Monitoring Equipment. Standards Australia, ASINZS 3580 1 1 2007
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TSP samples were analysed gravimetrically and all samples were analysed for the required soluble ion
content.

CSIRO hold NATA Chemical Testing Accreditation No. 245, with the scope of accreditation including
gravimetric analysis of filters from LVS PM 10 and PM 25 samplers (in accordance with AS/NZS 3580.9.9 and
AS/NZS 3580.9. 10 respectively) and for analysis of aerosol, rainwater and solutions from passive badge
sampling for NH 4 " and NO3'content. The lack of accreditation for gravimetric analysis of filters from LVS
TSP samplers is considered of little relevance.

NATA accreditation provides a means of determining, recognising and promoting the competence of facilities
to perform specific types of testing, measurement, inspection and calibration. To maintain this recognition,
laboratories are re-evaluated periodically by NATA to ensure their continued compliance with requirements,
and to check that their standard of operation is being maintained.

A review of CSIRO quality systems and laboratory records is beyond the scope of the current review, with
NATA accreditation for the required parameters considered to be sufficient endorsement of the laboratory's
capabilities.

	

7.6	 Equipment Calibration and Maintenance
It is noted that the nitrogen deposition sampling programme was conducted by Ecotech Pty. Ltd. on behalf of
CSIRO, with CSIRO conducting subsequent sample analyses.

No details are provided in the report concerning TSP LVS calibration and maintenance. Confirmation should
be obtained from Ecotech that all LVS equipment was calibrated in accordance with the methodology and
frequency noted in AS/NZS 3580.9.9 and that the results complied with the specified acceptance/rejection
criteria.

Recommendation 4: Obtain confirmation that all LVS equipment was calibrated in accordance with the
methodology and frequency noted in AS/NZS 3580.9.9 and that the results complied with the specified
acceptance/rejection criteria.

	

7.7	 Data Validation
The CSIRO report contains data sets for each site in Appendix B. It is noted that sample periods typically
ranged from approximately three to six weeks, extending to six weeks in one instance (Site 2 TSP LVS from
5 May 2012 to 9 July 2012), rather than the stated monthly period. This is not considered an issue as the
nitrogen deposition criteria are expressed on an annual basis, however, it is unclear whether the TSP and
gaseous data has been averaged on a time weighted basis to derive the correct average results for each
site. This should be confirmed. Rainwater soluble ion content data has been correctly averaged on a
volumetric basis.

Recommendation 5: Confirm if TSP and gaseous data has been averaged on a time weighted basis.

In a number of instances there were data gaps with "no sample" recorded. In a small subset this was noted
as being due to storm damage, however reasons should be provided for all missing samples. The method of
determining annual averages when data gaps were present should also be specified.

Recommendation 6: Provide an explanation where "no sample" has been recorded.

	

7.8	 Review of Results against Predictions
The results of the nitrogen deposition monitoring programme indicated annual averages ranging from 9.8
milliequivalents per square metre per year at the background site (Site 6) to 28.8 milliequivalents per square
metre per year at Site 3, corresponding to a range of 4.5 to 13 kg NO 2 per hectare per annum. As noted in
Section 6, 5KM TAPM modelling (2006) predicted 3 to 4 kg NO 2 per hectare per annum, assessing the
impact of oxides of nitrogen only. The modelling and measured values are therefore consistent.
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CSIRO suggest an alternative criterion for the protection of rock art, based on the work of Cinderby et a117,
which considers soil buffering capacity. The criterion of greater than 200 milliequivalents per square metre
per annum (essentially no critical load), corresponds to a value of greater than 92 kg NO 2 per hectare per
annum.

As noted previously the WHO critical load for the protection of vegetation, based on the limited information
available, is 49 to 66 kg NO 2 per hectare per annum, which therefore represents the most conservative
criterion, with measured values in the range 7% to 27% of the critical load.

It is also noted that the nitrogen deposition rate measured during the 2012/2014 monitoring programme are
consistent with those obtained prior to the Pluto LNG plant commissioning.

Nitrogen deposition consisted of:

• Dry deposition of NO 2 , NH 3 and H NO 3: 78% to 90%

• Wet deposition of NO 3 and NH4 : 9% to 22%

•	 Particulate NO3'and NH 4 : 3%.

The dominance of dry over wet nitrogen deposition on the Burrup Peninsula is consistent with observations
in other areas of the world, for example California, northern Africa, parts of South America and Asia.

In Africa the estimated total deposition (dry plus wet) is typically between 7 tolO kg N per hectare per year 
(23 to 33 kg NO 2 per hectare per year). For Oceania the total N deposition (wet. dry, oxidized nitrogen and
reduced nitrogen) is reported to be typically less than 5 kg N per hectare per year' (16 kg NO 2 per hectare
per year), consistent with the results of the CSIRO study. The proportion of oxidised nitrogen in the total is
reported to be dominant in North America, Europe, northern Asia and northern Africa, with reduced nitrogen
dominant in South America, Asia and Africa.

Global Assessment of ecosystem Sensitivity to Acidic Depos.too CnderOy S et al 19
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8.0 SUMMARY OF OUTCOMES
In accordance with Section 10 of the AQMP dated 7 September 2011, Woodside is required to review results
of ongoing source emission monitoring and ambient air quality monitoring programmes and compare the
results with previously completed sampling and monitoring results and risk and impact assessments
presented in approvals documentation. Specifically, Sections 10.1 and 10.2 of the AQMP required the
reviews to be undertaken by an independent peer reviewer.

The objective of the review was to ensure that documentation submitted to regulatory authorities contained
adequate and verifiable information to enable assessment of compliance with statutory and other
requirements/commitments relating to environmental management of the Pluto LNG project.

Based on the limited summary of field data presented in Appendix B of the CSIRO report it is not obvious
that data was captured for a period of 24 months or greater for all parameters at all sites. This is not
considered to have significantly impacted on the outcomes of the monitoring programme and the conclusions
drawn. The most impacted site in this regard was the background Site 6, with only 11 months of TSP data,
12 months of rainfall data and 14 months of gaseous species data. The data generated at Site 6 was,
however, consistent with the background data obtained during previous nitrogen deposition monitoring
programmes (2004/2005, 2007/2008 and 2008/2009). Further, it is noted that comparison against
background is not a key focus in the design of the monitoring programme, which was aimed at comparing
nitrogen deposition results pre- and post- commissioning of the Pluto LNG project.

This review has confirmed that the data provided in the CSIRO nitrogen deposition monitoring report
demonstrates compliance with the World Health Organisation critical load for the protection of lowland dry
heathland ecosystems, in the absence of Australian ecosystem classifications, together with a criterion for
the protection of soil buffering capacity. Similar to previous studies, criteria were not specifically identified
that related to the protection of aboriginal rock art.

The review also confirmed that there had been no significant change to the total nitrogen deposition rate
following commissioning of the Pluto LNG project and, in line with BRAMMC recommendations based on
previous studies, further monitoring is not considered justified.

In completing the independent review, a number of recommendations have been made in relation to data
collection and validation. These recommendations are listed below and are not considered to have a material
impact on the interpretation of data collected during the review period or affect the validity of the programme
findings. The recommendations have been forwarded to Woodside for consideration and include that:

•	 should future sampling programmes be conducted, consideration should be given to the inclusion of
organic nitrogen in the scope

•	 CSIRO provide an explanation for the data gaps and varying sample periods in the report and provide a
commentary on the impact of non-concurrent sample periods for the various components of the
calculated deposition

•	 future reports include a statement regarding compliance of monitoring locations against the relevant
requirements of AS/NZS 3580.1.1 and AS/NZS 3580.14

•	 CSIRO confirm that all LVS equipment was calibrated in accordance with the methodology and
frequency noted in ASINZS 3580.9.9 and that the results complied with the specified
acceptance/rejection criteria

• CSIRO confirm that TSP and gaseous data has been averaged on a time weighted basis

•	 CSIRO provide an explanation where "no sample" has been recorded.
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APPENDIX A
Limitations
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About Environmental Audit Reports for Evaluating Environmental Risk

The Environmental Audit report is prepared in a manner that can be read and understood by a person with
legitimate interest in the site, such as the site owner or occupier and EPAV, for determining whether risks to
the environment were being adequately managed and compliance with regulatory requirements was being
achieved. The Environmental Audit Report relates specifically to the Environmental Audit scope provided in
Section 3.3.

The Environmental Audit report is not intended for use by other parties or for other purposes. Anyone who
uses the Audit report for purposes other than specified in the report does so at their own risk. The
recommendations or measures stipulated in the Environmental Audit report are the responsibility of
Terminals Pty. Ltd. to implement.

The Environmental Auditor and Golder Associates Pty. Ltd. are only responsible for the issuing of the
Environmental Audit report. The Environmental Auditor and Golder Associates Pty. Ltd. accept no liability for
the costs incurred in the implementation of any recommendations or measures. The Environmental Audit
provides a snapshot of the site conditions at the time of the site investigation. Consequently, the
Environmental Audit report may not be valid at a later time if there has been any change to operations at the
site in that time. Verification of the status of the site may be required in cases where significant time has
elapsed, or site operations have changed since the assessment and audit.

Audit evidence collected during the Environmental Audit will inevitably be only a sample of the information
available, partly due to the audit being conducted during a limited period of time and with limited resources.
There is therefore an element of uncertainty inherent in all environmental audits and all users of the results
of environmental audits should be aware of this uncertainty.

Where changes to industrial process or associated pollution control equipment occur subsequent to the
issue of the Environmental Audit report, the Environmental Auditor should be permitted to make an
interpretation of these facts in relation to the Environmental Audit report. Consequently. Terminals Pty. Ltd.
should inform the Environmental Auditor and seek their opinion. The Environmental Auditor and Golder
Associates Pty. Ltd. accept no liability for costs incurred due to such unexpected occurrences, given the
inherent uncertainties in the assessment process.

The Environmental Audit report is not and does not purport to be anything other than an assessment of
whether risks to the environment were being adequately managed and compliance with regulatory
requirements was being achieved.

The Environmental Audit report is not intended to be a comprehensive analysis of the presence and
associated risk of asbestos in buildings and services. Where asbestos in buildings and services is noted, the
report may only caution that an appropriately qualified person be engaged to prepare a detailed asbestos
management plan.

December 2014	
GAAssociatesGoIder

Report No. 127643046-009-R-RevO 	 22 



;*•-

-

Golder Associates Pty Ltd

Building 7, Botanicca Corporate Park

570 - 588 Swan Street

Richmond, Victoria 3121

Australia

1: +61 3 8862 3500

1 
14

Golder
Associates



OCEANS AND ATMOSPHERE FLAGSHIP

S110



© 2014 CSIRO To the extent permitted by law, all rights are reserved and no part of this publication
covered by copyright may be reproduced or copied in any form or by any means except with the written
permission of CSIRO.

In	 t mit disc Iiimvr

CSIRO advises that the information contained in this publication comprises general statements based on
scientific research. The reader is advised and needs to be aware that such information may be incomplete
or unable to be used in any specific situation. No reliance or actions must therefore be made on that
information without seeking prior expert professional, scientific and technical advice. To the extent
permitted by law, CSIRO (including its employees and consultants) excludes all liability to any person for
any consequences, including but not limited to all losses, damages, costs, expenses and any other
compensation, arising directly or indirectly from using this publication (in part or in whole) and any
information or material contained in it.



Contents

Acknowledgments.............................................................................................................................................iv

Glossary..............................................................................................................................................................v

Executivesummary ........................................................................................................................................... Vii

1	 Introduction ..........................................................................................................................................1

	

1.1	 Objective.....................................................................................................................................1

	

1.2	 Background .................................................................................................................................1

	

1.3	 The nitrogen deposition cycle.....................................................................................................2

	

1.4	 Deposition fluxes of nitrogen......................................................................................................3

	

1.5	 Critical load .................................................................................................................................4

2	 Methods ................................................................................................................................................5

	

2.1	 Site locations ............................................................................................................................... S

	

2.2	 Sample collection........................................................................................................................7

	

2.3	 Analysis .......................................................................................................................................8

3	 Results .................................................................................................................................................11

	

3.1	 Total suspended particulate mass concentrations ...................................................................11

	

3.2	 Total suspended particulate nitrate and ammonium concentrations......................................12

	

3.3	 Nitrogen dioxide concentrations ..............................................................................................12

	

3.4	 Ammonia concentrations..........................................................................................................13

	

3.5	 Nitric acid concentrations.........................................................................................................14

	

3.6	 Nitrate and ammonium concentrations in rainwater...............................................................15

	

3.7	 Particle size distributions ................ .......................................................................................... 15

4	 Discussion............................................................................................................................................18

	

4.1	 Nitrogen deposition fluxes........................................................................................................18

	

4.2	 Comparison with nitrogen deposition fluxes measured at other locations .............................19

	

4.3	 Comparison with critical loads..................................................................................................19

	

4.4	 Comparison of nitrogen deposition flux before and after commissioning of the Pluto LNG

Plant 20

5	 Summary and conclusions .................................................................................................. ................. 22

6	 References...........................................................................................................................................24

	

Appendix A	 NATA Scope of Accreditation....................................................................................................26

	

AppendixB	 Monthly data sets ................................................................ ..................................................... 27

	

Appendix C	 Gas concentrations...................................................................................................................33

	

AppendixD	 Time line graphs .......................................................................................................................44

Woodside Nitrogen Deposition study



Figures
Figure 1: Total nitrogen deposition observed on the Burrup Peninsula. The box is defined by the lower
and upper quartiles, lines in the boxes are median fluxes and the whiskers are the minimum and
maximum fluxes. No upper stems are shown for 2004/05 and 2007/08 because they are within the box. . viii

Figure 2: A typical example of Burrup Peninsula rock art ..................................................................................2

Figure 3: The cycle of nitrogen compounds through the atmosphere ..............................................................3

Figure 4: The process used to estimate deposition fluxes of nitrogen. N is nitrogen, NH 3 is ammonium,
NO 2 is nitrogen dioxide, HNO 3 is nitric acid, NH 4 ' is ammonium and NO 3 is nitrate . ....................................... 5

Figure 5: Location of the sampling sites on the Burrup Peninsula.....................................................................7

Figure 6: TSP mass concentrations observed on the Burrup Peninsula from 2004/05 to 2012/14. The box
is defined as the lower and upper quartiles, the line is the median and the whiskers are the minimum
and maximum concentrations..........................................................................................................................12

Figure 7: Nitrogen dioxide concentrations observed on the Burrup Peninsula from 2004/05 until
2012/14. The box is defined as the lower and upper quartiles, the line is the median and the whiskers
are the minimum and maximum concentrations.............................................................................................13

Figure 8: Ammonia concentrations observed on the Burrup Peninsula from 2004/05 until 2012/14. The
box is defined as the lower and upper quartiles, the line is the median and the whiskers are the
minimum and maximum concentrations. The minimum concentrations for 2007/08 and 2008/09 are
withinthe lower quartile..................................................................................................................................14

Figure 9: Nitric acid concentrations observed on the Burrup Peninsula from 2004/05 until 2012/14. The
box is defined as the lower and upper quartiles, the line is the median and the whiskers are the
minimum and maximum concentrations . ........................................................................................................ 15

Figure 10: Particle mass distributions ..............................................................................................................16

Figure 11: Particle nitrate size distributions.....................................................................................................16

Figure 12: Particle ammonium size distributions .............................................................................................17

Figure 13: Map showing critical loads and sensitivity classes of ecosystems to acid deposition (from
Cinderbyetal. 1988)........................................................................................................................................20

Figure 14: Total nitrogen deposition observed on the Burrup Peninsula. The box is defined by the lower
and upper quartiles, lines in the boxes are median fluxes and the whiskers are the minimum and
maximum fluxes. No upper stems are shown for 2004/05 and 2007/08 because they are within the box. .21

Figure 15: Time series of TSP concentrations...................................................................................................44

Figure 16: Time series of nitrogen dioxide concentrations..............................................................................44

Figure 17: Time series of ammonia concentrations .........................................................................................45

Figure 18: Time series of nitric acid concentrations ......................................................................................... 45

Figure 19: Monthly percentage contribution of each component to the total nitrogen deposition flux at
site 	 .................................................................................................................................................................46

Figure 20: Monthly percentage contribution of each component to the total nitrogen deposition flux at

site 	 .................................................................................................................................................................46

UI



Tabie
Table 1: Locations of the seven sampling sites ..................................................................................................6

Table2: MOUDI sampling periods......................................................................................................................8

Table 3: Average annual mass concentration of TSP, nitrate and ammonium ................................................11

Table 4: Average annual concentrations of nitrogen dioxide, ammonia and nitric acid .................................13

Table 5: Volume weighted mean concentrations of ammonium and nitrate in rainwater .............................15

Table 6: Annual averaged wet, dry (gas and particle phase) and total nitrogen deposition fluxes at sites 1

to 6. NH 3 is ammonium, NO 2 is nitrogen dioxide, HNO 3 is nitric acid, NH 4 is ammonium and NO 3 is

nitrate. ......................................... ......... ............................................................................................................ 18

Woodside Nitrogen Deposition Study



Acknowledgments

This study was carried out by CSIRO Oceans and Atmosphere Flagship. The study team included Dharma
Ariaratnam, Kate Boast, Melita Keywood, Paul Selleck, Jane Sellenger and Rob Gillett.

We gratefully acknowledge the financial support from Woodside. In particular we thank Mans Steele and
Robert Hearn, who organised the contract, chose the study sites and assisted in collecting MOUDI data by
changing the filters after each week.

We also thank Neil O'Grady and Nuno Rodrigues, the Field Service Technicians from Ecotech Pty Ltd who
installed the instruments and carried out the monthly sampling.



Burrup Peninsula	 A peninsula extending north-east of Dampier, Western Australia.

Confidence level	 Values, such as means, can be estimated by taking subsets of an entire population. A

95% confidence level means that 95% of the subsets include the true mean of the

population.

Critical load	 A quantitative estimate of an exposure to one or more pollutants below which

significant harmful effects on specific sensitive elements of the environment do not

occur according to present knowledge.

CSIRO	 Commonwealth Scientific and Industrial Research Organisation (http://www.csiro.au ).

Deposition flux	 Deposition of mass in the form of gas, aerosol or rainwater to an area of ground over a

specific period of time, in units of meq m 2 yr'.

HNO 3	Nitric acid.

hydroxyl radical 	 The neutral form of the hydroxide ion (H0); highly reactive and consequently short-
lived; produced by the reaction of excited atomic oxygen with water.

LNG	 Liquefied natural gas. It is composed mainly of methane.

LPG	 Liquefied petroleum gas. It is composed mainly of propane.

meq m 2 yr'	 Deposition flux units, milliequivalents per square meter per year. A milliequivalents is

one thousandth of a chemical equivalent. An equivalent of an ion is the mass in grams

of the ion divided by its molecular weight and multiplied by the charge on the ion.

MicroVol sampler 	 A low flow rate sampler used to collect TSP samples for measurement of gravimetric

mass and ion concentrations.

Milli-Q water	 High purity water having resistivity of 18 MQ•cm.

MOUDI	 Multi-Orifice Uniform Deposit Impactor, a sampling system designed to separate

aerosol into size fractions on 12 stages ranging from 0.056 pm to 20 pm.

NATA	 National Association of Testing Authorities, Australia.

NH 3	Ammonia.

rim	 Nanometre; one billionth of a metre (1 nm = 10 metre = 0.000000001 metre).

NO 2	Nitrogen dioxide.
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Pluto LNG	 The name of the project that transports LNG from the Carnarvon Basin to Karratha,

where it is processed by Woodside.

PM 10	Aerosol mass in the air. That selection of particles with an aerodynamic diameter of

10 pm (micrometres) or less.

ppb	 Parts per billion (by volume); a unit for the concentration of a gas in the atmosphere.

A concentration of 1 ppb is equivalent to a volume of 1 cubic metre of pure undiluted

gas in 1 thousand million cubic metres of air. The expression ppb is without dimensions.

The ppb unit is useful because its value is unaffected by changes in temperature and

pressure, and also because many sampling techniques are based on volume

concentrations. Concentrations of gaseous compounds can be converted from ppb units

(volumetric) to density units (e.g. .ig m 3, mass/volume) using the formula:

273.15 x	 x C
C (i.igin3 ) = 22.4136 x (273.15 + T)

where C is the concentration (ppb), M is the molecular weight of the gas, and T is the

ambient temperature in degrees Celsius.

Tg	 Teragram, a unit of mass equal to 1012 (one trillion) grams.

TSP	 Total suspended particulate; mass of aerosol below about 50 .im in diameter suspended

in the atmosphere.

pg	 Microgram; one millionth of a gram (1 Vg = 104 gram = 0.000001 gram)

Jim	 micrometre; one millionth of a metre (1 pm = 10 metre = 0.000001 metre).

pg m 3	microgram per cubic metre; 1 pg m 3 = one millionth of a gram per cubic metre of air.

Volume weighted	 The total number of moles of an ion in a number of rainwater samples divided by the

mean	 total volume of rain that falls.



Executive summary

CSIRO Oceans and Atmosphere Flagship was contracted by Woodside to carry out a study to determine the
nitrogen deposition flux at six locations in the Burrup Peninsula before and after the commissioning of the
Pluto Liquid Natural Gas (LNG) Plant.

The onshore facilities of the Pluto LNG Plant commenced operating in late 2011, with the first LNG cargo
shipped in May 2012. The study of nitrogen deposition fluxes was carried out between February 2012 and
June 2014 and involved monthly collection of gas, particulate and rainwater samples. The gas samples were
used to determine the concentration of nitrogen dioxide, ammonia and nitric acid. The particulate samples
were used to determine the concentration of total suspended particulate (TSP) mass, TSP nitrate and TSP
ammonium. The rainwater samples were used to determine the concentration of nitrate and ammonium.
In addition, particle samples were collected with a cascade impactor to determine the concentrations of
particulate nitrate and ammonium as a function of particle size during one of the sampling months.

The concentrations of nitrogen species in the gas and particle samples were used to calculate the nitrogen
dry deposition fluxes. Dry deposition from the gas phase was determined from the product of the nitrogen
species in the gas phase, the sampling period and the dry deposition velocity. Dry deposition from the
particle phase was determined from the application of the size-dependent deposition velocity to the nitrate
and ammonium concentrations measured in particles. The wet deposition fluxes were calculated from the
rainfall amount and the concentrations of ammonium and nitrate in the rainwater samples.

The total nitrogen deposition fluxes ranged from 9.8 meq m 2 yr' at the background site (site 6) to 28.8 meq
m 2 yr' at site 3. The dry deposition of nitrogen dioxide, ammonia and nitric acid gases accounted for 78 to
90% of the total deposition flux, wet deposition accounted for 9 to 22% and the dry deposition of particles
accounted for only 3% of the total nitrogen deposition flux.

The concept of critical loads is used in this study as an objective measure with which the measured nitrogen
deposition fluxes can be compared. Critical loads for a region are based on a ranking of soil buffering
capacity. As data on the acid buffering capacity of the rock on the Burrup Peninsula are not available we
use critical loads defined in a global assessment of ecosystem sensitivity to acidic deposition for comparison
with nitrogen deposition fluxes measured in this study. The Burrup Peninsula area lies in the least sensitive
class, with a critical load of greater than 200 meq m 2 yr 1 (or effectively no critical load). This means that
for acid deposition to have a negative impact on the surface (rock or soil) in the Burrup, the acid deposition
flux would need to exceed 200 meq m 2 yr 1 . The annual nitrogen deposition fluxes measured in this study
of about 10— 30 meq m 2 yr' are considerably lower than 200 meq m 2 yr 1 , suggesting that the deposition
of nitrogen is unlikely to cause any deleterious effects to rock or rock art on the Burrup Peninsula.

The 2012 - 2014 sampling program began after the commencement of LNG production by the Pluto LNG
plant, so the nitrogen deposition fluxes determined during this sampling program are representative of
nitrogen deposition fluxes post Pluto LNG Plant commissioning. We can assume that nitrogen deposition
flux measurements made during similar earlier studies are representative of nitrogen deposition fluxes
prior to the Pluto LNG Plant commissioning. A comparison of the nitrogen deposition fluxes determined
during the present study with those determined during earlier studies provides an indication of nitrogen
deposition fluxes before and after commissioning of the Pluto LNG Plant. There was no significant change in
the total nitrogen deposition flux since the Pluto LNG plant was commissioned. The total nitrogen
deposition flux, give in Figure 1, shows that there are no significant differences in the nitrogen deposition
fluxes over the first three sampling periods (2004/05, 2007/08 and 2008/09) and the current sampling
period (2012/14), suggesting that there has been no change in the deposition of nitrogen to the Burrup
Peninsula since the commissioning of the Pluto LNG Plant.
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2004105	 2007/08	 2008/09	 2012/14

Figure 1: Total nitrogen deposition observed on the Burrup Peninsub. J he box is defined by the lower and upper
quartiles, lines in the boxes are median fluxes and the whiskers are the minimum and maximum fluxes. No upper
stems are shown for 2004/05 and 2007/08 because they are within the box.
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1	 Introduction

The study reported in this document was undertaken to determine the deposition of nitrogen at six
locations on the Burrup Peninsula in Western Australia before and after the commissioning of the Pluto
LNG Development. The study resulted from an agreement between CSIRO Ocean and Atmosphere Flagship
(previously Marine and Atmospheric Research) and Woodside Burrup Pty Ltd, signed on 25 October 2011.
CSIRO sub-contracted Ecotech Pty Ltd to install and maintain equipment at the six locations and collect
monthly samples between February 2012 and June 2014.

1.1 Objective

The overall objective of this study was to determine nitrogen deposition fluxes at six locations on the
Burrup Peninsula, before and after the commissioning of the Pluto LNG development. The onshore facilities
of the Pluto LNG Plant commenced operating in late 2011, with the first LNG cargo shipped in May 2012
(Ransom 2013). This study began in February 2012 so there are insufficient data to allow a comparison of
the nitrogen deposition flux before and after the Pluto LNG Plant was commissioned. However, we
compare the total nitrogen deposition fluxes measured during the present study (post Pluto LNG Plant
commissioning) with those measured during three previous studies (2004/05, 2007/08 and 2008/09, prior
to Pluto LNG Plant commissioning) carried out under the Burrup Rock Art Monitoring Management
Committee (Gillett et al. 2010).

1.2 Background

The Burrup Peninsula is a thin finger of land to the northeast of Dampier, Western Australia in an area
bounded by latitude 20.42 °S and 20.65 °S and longitude 116.71 °E and 116.90 °E. The main peninsula area
is about 27 km long and 5 km wide, and includes a collection of over 40 small islands. Karratha, now a city,
had a population of 25,907 in 2013 and a population density of 0.02 people ha -'. The two adjacent towns of
Dampier and Roebourne had populations of 1,341 in 2011 and 857 in 2006 respectively.

The Burrup Peninsula has several large industrial complexes including iron ore, liquefied natural gas (LNG)
production and salt production. All are located around Dampier and the southern area of the Peninsula.
Iron ore is mined at several locations inland from Dampier and transported by rail to Dampier where it is
loaded into ships for export to Asia.

Pipelines transport hydrocarbons to the coast for processing. Infrastructure includes complex LNG
processing plants, liquefied petroleum gas (LPG) extraction facilities, a domestic gas plant, storage tanks
and ship loading facilities. The Burrup industries also include an ammonia plant, and export facility. Other
industries include port, logistics terminals, shipping and a rail industry.

The Burrup Peninsula is well known for its large collection of aboriginal rock etchings. The etchings, dated
to the Pleistocene era, (about 10,000 to 20,000 years before present) are of great cultural significance to
Australia (McDonald and Veth 2009; Mulvaney 2011). Over 1,000,000 individual etchings may be located on
the Burrup Peninsula. Figure 2 shows a typical example. For a fuller discussion of the origins of the etchings,
the methods used to produce them and a descriptive analysis, refer to papers by Vinnicombe (2002) and
McDonald and Veth (2009). The Burrup Rock Art Monitoring Management Committee (BRAMMC) was
established in 2002 in response to concerns about possible adverse impacts of industrial emissions on the
rock art. To investigate whether this was the case, the BRAMMC commissioned a number of environmental
studies that included measurements of air quality, microclimate, dust deposition, colour change, mineral
spectrometry, microbiological analyses, accelerated weathering studies and air dispersion modelling
studies (BRAMCC 2009).
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One of these studies measured acid deposition on the Burrup Peninsula to assess the likelihood that air
pollution from the industrial area may damage the rock art. Monitoring was carried out from August 2004
until September 2005 (2004/05), from February 2007 until September 2008 (2007/08) and August 2008
until July 2009 (2008/09). The deposition fluxes of nitrogen were around 20 meq m 2 yr 1 and so
significantly below the critical load threshold of 200 meq m 2 yr 1 assigned to the rock type in Burrup area
(Cinderby etal. 1998), suggesting that the nitrogen deposition to the Burrup area was unlikely to cause any
damage to rock or rock art (Gillett 2010).

The BRAMMC 2009 reviewed the information from all of the environmental studies it commissioned to
reach the overall conclusion that there was no evidence that industrial emissions from the Burrup region
would have a measureable impact on deterioration of the Aboriginal rock art in the Burrup, and
recommended the suspension of monitoring of ambient air quality. However, the BRAMMC recommended
that in the event of a major expansion or change in emission characteristics, ambient air quality monitoring
should recommence. The current study was initiated as a result of a ministerial statement, and not as a
result of any major expansion or change in emissions. In fact, the BRAMMC 2009 report noted that the
increases due to future emissions were modest.

Figure 2: Atypical example of Burrup Peninsula rock art

1.3 The nitrogen deposition cycle

Nitrogen in the atmosphere can be categorised into non-reactive species, such as nitrogen and nitrous
oxide gases, or reactive nitrogen. This study considered reactive nitrogen species such as nitrogen dioxide
gas, ammonia gas, nitric acid gas, nitrate and ammonium ions in rainwater, and nitrate and ammonium ions
in the particle phase.

Figure 3 presents an overview of various reactive nitrogen species and the way they cycle through the
atmosphere, hydrosphere and soil. Nitrogen in the atmosphere is oxidised at high temperature (>1000 °C)
in motor vehicles, power stations, and other industrial and natural processes to produce nitrogen dioxide.
Nitric acid is produced as a secondary product when nitrogen dioxide reacts with hydroxyl radicals. The
atmospheric lifetime of nitric acid is slow, about 100 days due to hydroxyl radical and about 15 to 80 days
due to photolysis (Jacobson 2005), depending on season and latitude, and nitrogen dioxide is a major
product. Nitric acid is also lost by wet and dry deposition of the gas and in the particle phase if it reacts with
ammonia gas or condenses on particles.

Ammonia gas is produced from fertiliser use, from animals and plants and their waste products, and from
biomass burning which emit 22, 7, 6, 6 and 2 Tg yr' respectively. On a global scale, the emissions of
ammonia gas are estimated to be about 45 to 58 Tg yr 1 as nitrogen (Dentener and Crutzen 1994; Warneck
and Williams 2012; Galloway etal. 2004).



The atmospheric reaction of ammonia with hydroxyl radicals is slow and indicates that ammonia gas has a
long atmospheric lifetime of about 73 days. This suggests that the chemical loss of atmospheric ammonia is
small compared with the loss by wet and dry deposition.

Ammonia can react in an acid base reaction to form ammonium nitrate, ammonium sulfate or ammonium
bisulfate in the particle phase. These particulate nitrogen species can be incorporated in rain, and
transported to the ground as wet deposition. They can also be dry deposited to the ground in the form of
ammonium salts.

THE NITROGEN CYCLE
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Figure 3: The cycle of nitrogen compounds through the atmosphere

1.4 Deposition fluxes of nitrogen

The deposition flux of nitrogen is the sum of wet and dry deposition fluxes, with the dry deposition flux in
turn being the sum of deposition in the gas and particle phases.

During wet sampling periods, nitrogen wet deposition fluxes are calculated in meq m 2 from the rainfall
amount (mm) and the concentrations of nitrate and ammonium in units of ieq F' in the rainwater samples
collected at each site.

Deposition in the gas phase is determined from the product of the nitrogen species in the gas phase, the
sampling period and the dry deposition velocity. Deposition velocities used here were 0.0090 m s', and
0.0021 m s' for nitric acid and nitrogen dioxide (Manins 1994). The dry deposition velocity of 0.0095 m s
for ammonia was taken from Puxbaum and Gregori (1998). Inferred deposition velocities from such studies
as Meyers et al. (1991) show annual average deposition velocities can vary by about 10%. Since the
deposition flux is the product of the deposition velocity and gas concentration this variability flows through
to the deposition flux so that it has at least a 10% uncertainty.

Deposition of nitrogen from the particle phase is determined from the application of the size-dependent
deposition velocity (Slinn etal. 1978) to the nitrate and ammonium concentrations measured in particles.
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Sampling did not begin at the same time at each site (see section 2.1). There were some missing data due
to equipment malfunctions, and the sampling period at the background site was less than the other sites.
However, this was not a critical factor to the objective to determine nitrogen deposition fluxes, before and
after the commissioning of the Pluto LNG development.

1.5 Critical load

The rock on the Burrup Peninsula is Archean (about 2.7 billion years old) and consists of intrusive igneous
rocks including granophyre, gabbro, dolerite and granite (Donaldson 2011; Mulvaney 2011). Whether or
not deposition of acids will have a negative impact on these surfaces depends on the balance between the
deposition of the acids (in this case nitrogen) and the acid buffering capacity of the surface. The concept of
critical loads is used in this study as an objective measure with which the measured nitrogen deposition
fluxes can be compared. Critical loads for a region are based on a ranking of soil buffering capacity
(Cinderby et 0/. 1998) and have been defined as 'a quantitative estimate of an exposure to one or more
pollutants below which significant harmful effects on specified elements of the environment do not occur
according to our current knowledge' (Nilsson and Grennfelt 1988). As data on the acid buffering capacity of
the rock on the Burrup Peninsula are not available (collection of such data would require measurements of
base saturation and the cation exchange capacity of the soil types in the region) we use critical loads
defined in a global assessment of ecosystem sensitivity to acidic deposition (Cinderby etal. 1998) for
comparison with nitrogen deposition fluxes measured in this study. Cinderby etal. (1998) have determined
a critical load or deposition flux of 200 meq m 2 yr 1 for the Western Australian region that includes the
Burrup Peninsula. This means that depositions of greater than 200 meq m 2 yr' could have a detrimental
effect on the rock and soil surfaces in this region.
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2 Methods

Monthly samples of wet-only rainwater, total suspended particulates (TSP) and nitrogen dioxide, ammonia
and nitric acid gases were collected at six locations on the Burrup Peninsula. In addition, weekly size-
resolved particulate samples were collected at one location, the MOUDI sampling site, for three periods
during the 2013 dry period. Sample collection occurred for 24 monthly periods between 1 December 2011
and 15 June 2014.

A summary of the process used to measure deposition fluxes of nitrogen at the sites on the Burrup
Peninsula is presented in Figure 4. Details of the methodologies used to collect and analyse samples are
presented below.

Select site
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Figure 4: The process used to estimate deposition fluxes of nitrogen. N is nitrogen, NH 3 is ammonium, NO, is

nitrogen dioxide, HNO, is nitric acid, NH 4 * is ammonium and NO, is nitrate.

2.1 Site locations

The locations of the six sites used in this study, and the MOUDI site, are listed in Table 1 and shown in
Figure 5. The sites were selected by Woodside and are within 1000 m of the sites used in the 2004/05,
2007/08 and 2008/09 studies (Gillett 2010). Due to difficulties in locating and gaining land access to the
sites, sampling did not commence at the same time at each site. Sampling commenced in February 2012 at
sites 1 to 3, in June 2012 at sites 4 and 5 and July 2013 at site 6. Sampling was completed at each site in
June 2014.
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Site 1 emulates the original Karratha site; however, for logistical reasons, is located about 1 km from the
western edge of Karratha, in the grounds of the Gap Ridge Karratha camp. Site 2, located 450 m from the
original site 6, is immediately south of Village Road, about 840 m north-east of Burrup Fertilisers ammonia
plant. Site 3 is located on the north side of Dampier Harbour, north-north-east of Rio Tinto's Dampier iron
ore export facility, and close to King Bay Industrial Estate. Site 4 is about 200 m east of the Pluto Woodside
LNG plant, and about 580 m from the original site 4. Site S is located 1500 m east of the Port of Dampier,
220 m from the original site 5. Site 6 is the background site and is located about 33 km south-west of
Karratha, away from the industrial complex on the Burrup Peninsula.

1	 Gap Ridge	 207564	 116.7870	 477827.407	 12295202.749

2	 Fertiliser Plant	 20.6192	 116.7889	 478025.191	 12295202.490

3	 BMF	 20.6306	 116.7513	 474089.784	 12281285.823

4	 KGP	 20.6033	 116.7769	 476752.727	 12278260.706

5	 Dom	 20.6204	 116.7672	 475744.679	 12280154.551

6	 Background	 20.8942	 116.5189	 449964.423	 12310568.793

7	 MOUDI	 20.6096	 116.7593	 476659.905	 12278958.045

6
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Figure 5: Location of the sampling sites on the Burrup Peninsula

2.2 Sample collection

Ecotech Pty Ltd was sub-contracted to supply the rainwater and particle samplers, install the six sampling
sites and to carry out monthly sample collection.

2.2.1 RAINWATER

Wet-only rainwater samples were collected using automatic rainwater samplers from N-Corn systems. The
mass of rainwater sampled was measured by weighing the sampling bucket before and after the monthly
sample collection. Thymol was added to the rainwater sampler before sample collection to ensure ions
were not lost by bacterial action (Gillett and Ayers, 1991). An aliquot of the rainwater sample was decanted
into a 100 cm 3 bottle containing 40 mg of thymol. The bottle was labelled and sent to CSIRO with a record
sheet that included the on/off times, dates and the sample volume.

2.2.2 GAS

Nitrogen dioxide, ammonia and nitric acid gases were collected using passive samplers in duplicate (Ferm
1991). The passive samplers were held in a metal holder under an aluminium lid to protect them from rain.
Details of the analysis and calculations are presented in Gillett, (2010).

Passive samplers were sent to Ecotech on a monthly basis and stored in a refrigerator until they were
deployed at the sites. They were handled using nitrile gloves, to avoid contamination. At the site, samplers
were removed from their container and placed in the metal holder, under a rain shield. At the end of the
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sampling period they were removed from the rain shield, sealed in their containers and sent to CSIRO with
a record sheet that included the on/off times and dates.

2.2.3 PARTICLES

TSP samples were collected on stretched Teflon filters using a MicroVol 1100 sampler. The unexposed
Teflon filters were sent to Ecotech loaded into filter holders, ready to connect to the MicroVol samplers.
They were stored in a refrigerator until they were deployed at the sites. After deployment the filter holders
were wrapped in baked aluminium foil and sent to CSIRO with a record sheet that included the on/off
times, dates and sample volumes.

The monitoring scope included observations of particle size distributions from 0.056 pm to 10 pm on three
occasions on the Burrup Peninsula. To be effective, the particle size distributions were measured in dry
conditions. For this reason, and for logistical considerations, three samples were collected over consecutive
weekly periods during August/September 2013 at the MOUDI sampling site.

The Multi-Orifice Uniform Deposit Impactor (MOUDI) was employed to collect ambient particle samples on
12 nuclepore filters over the size range of 0.056 to 18 pm aerodynamic diameter. The MOUDI operated by
inertial impaction of particles onto the nuclepore filter. During sampling, air approached the impaction
plate and particles with larger diameters than the cut-size of the stage cross the air-flow streamlines, and
impact on the nuclepore filter. Particles with diameters smaller than the cut-size of the stage did not cross
the streamlines and proceeded to the next impaction stage. At each stage, the nozzle diameter became
progressively smaller, resulting in an increase in air velocity, so that smaller diameter particles were
collected. This is repeated for each stage until the smallest particles are collected by a final filter. For more
detail of the operation of the MOUDI see Hering and Marple (1986) and Marple etal. (1991).

During August 2013 the MOUDI was used to collect three particle samples over weekly periods. The
sampling location is shown in Table 1 and Figure 5, and the sampling details in Table 2.

Table 7: r1OuDI srnpng percd

	

14/08/13 08:15	 21/08/13 07:20	 9725	 292.836	 30.1

	

21/08/13 07:25	 28/08/13 07:05	 10060	 305.282	 30.3

	

28/08/13 07:30	 04/09/13 07:05	 10055	 299.002	 29.7

2.3 Analysis

The chemical laboratory at CSIRO Oceans and Atmosphere Flagship is accredited by NATA (National
Association of Testing Authorities, Australia) to carry out measurements of gravimetric mass, soluble ion
concentrations in rainwater, soluble ion concentrations in particles after aqueous extraction of filters,
nitrite ion derived from the nitrogen dioxide passive sampler, ammonium ion derived from the ammonia
passive sampler and nitrate ion derived from the nitric acid passive sampler. The current accreditation is
presented in Appendix 1.

2.3.1 RAINWATER

The concentrations of ammonium and nitrate in the rainwater samples were measured using ion
chromatography with a Dionex ICS-3000 reagent free ion chromatograph with conductivity detection.
Anions are separated using a Dionex AS17c analytical column (2 x 250 mm), an ASRS-300 suppressor and a
gradient eluent of 0.75 mM to 35 mM potassium hydroxide. Cations are separated using a Dionex C512a



column (2 x 250 mm), a CSRS-300 suppressor and an isocratic eluent of 20 mM methanesulfonic acid. A
range of standards were prepared and analysed along with the samples and used to calculate the aqueous
concentrations of the ions. Various quality assurance checks, such as ion balance checks, were carried out
to ensure the data conforms to quality assurance.

2.3.2 GAS

Nitrogen dioxide was collected by passive samplers with a filter impregnated with sodium hydroxide and
sodium iodide. Nitrogen dioxide reacted with the sodium hydroxide and sodium iodide to form nitrite ions.
The nitrite ions were extracted into a Mill-Q water solution and a diazonium derivative was formed after
reaction with N-1-naphthyl ethylenediamine dihydrochloride. The concentration of the resulting solution
was measured by UV/VIS spectrometer at 540 nm.

Ammonia gas was collected by passive samplers with a filter impregnated with citric acid. Ammonia gas
reacted with citric acid to form ammonium, and after sampling the filter was extracted in Milli-Q water. The
aqueous concentration of the ammonium ion formed on the filter was measured by ion chromatography,
as described for cations in 2.3.1.

Nitric acid gas was collected on passive samplers with a filter impregnated with sodium hydroxide. Nitric
acid reacted with sodium hydroxide to form nitrate. After sampling, filters were extracted into Milli-Q
water and the nitrate ion concentration was measured by ion chromatography, as described for anions in
section 2.3.1.

The ambient concentrations of the three gases were calculated as shown in the general equation below.

C 1 x EV x Res x R x Temp x 106
7) =

D x Time

Where:

Ca (,, = aqueous analyte concentration (mol )
EV = extraction volume (I)
Res = resistance (m1)
R = gas constant I atm (K' mol ')
Temp average sampling temperature (K)
D = diffusion coefficient of the gas in air (m2 s)

= 1.32 x 10-1m2 s for HNO 3 at 20 °C. (Ferm 1991)
= 1.54 x io m 2 s 1for NO 2 at 21 °C. (Ferm 1991)
= 2.54 x 10 m 2 s 1 for NH 3 at 25 C (Ferm 1991)

Time = sample period in seconds
10 6 = conversion to ppb

2.3.3 PARTICLES

TSP mass was determined gravimetrically by weighing the stretched Teflon filters on a Mettler
microbalance before and after the sample period. After weighing, the hydrophobic filters are wetted with
150 Ml of methanol and then extracted in S ml of 18.2 mO de-ionized water in clean plastic bags. The
sample is then preserved using 1% chloroform and analysed by ion chromatography for cation and anion
concentrations including ammonium and nitrate, as described in section 2.3.1.

The nuclepore filters used in the MOUDI were weighed on a Mettler niicrobalance before and after the
sample period, resulting in particle mass as a function of particle size. After weighing, the filters are
extracted in 5 ml of 18.2 mU de-ionized water in clean plastic bags. The sample is then preserved using 1%
chloroform and analysed by ion chromatography for cation and anion concentrations, including ammonium
and nitrate, as described in section 2.3.1. After the masses and chemical composition were measured on
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each of the stages, the atmospheric concentrations were calculated and the data were inverted using a
non-linear iterative inversion technique to produce a smooth particle size distribution (Twomey and
Zabalski 1981; Winkelmayr etal. 1990).

The observations of particulate size distributions of nitrate and ammonium were used to determine the
contribution to the particulate nitrogen deposition to the overall nitrogen deposition flux on the Burrup
Peninsula by applying the appropriate deposition velocities for the particular size range to the average
nitrate and ammonium TSP concentrations of the three samples collected at the MOUDI site. The
deposition velocities ranged from 1 x 10-1 to 4 x 102 m S-1 for particle sizes of 0.01 pm and 35 pm diameter
respectively (Slinn etal. 1978). The deposition flux in each size range was summed and expressed as an
annual total.

10



3	 Results

3.1 Total suspended particulate mass concentrations

TSP mass concentrations were measured at sites 1 to 6. The annual average mass concentrations observed
at sites 1 to 6 are presented in Table 3 and the monthly averages in Appendix B The annual average mass
concentrations at the six sites range from 24.2 tg m 3 at the background site to 53.8 Vg m 3 at site 3.

lable t: /'.vrrae	 TUaI fll2SS (or On ! ralrnn ni 1t, nitrate and "n-. 	 I I !_;!1,

1	 Gap Ridge	 33.8 ± Sb	 556 102	 31 b

2	 Fertiliser Plant 	 41.1 ± 7.2
	

654 ± 142
	

38 ± 11

3	 BMF	 53.8 ± 9.6
	

615 ± 122
	

38 ± 7

4	 KGP
	

28.9 ± 7.1
	

524 ± 113
	

44 ± 16

5	 DOM	 28.0 ± 4.3
	

538 ± 115
	

34 ± 7

6	 Background
	

24.2 ± 6.1
	

780 ± 292
	

49 ± 17

Note: the uncertainties are 95% confidence levels.

The TSP observations presented here are consistent with the results found in previous studies on the
Burrup Peninsula (Gillett 2010; Gillett etal. 2012) as shown in Figure 6, which compares the annual average
TSP concentrations for the four periods where observations have been carried out on the Burrup Peninsula.
Although a slight increase in TSP mass concentrations was observed during this study, the difference in the
means is not significant at the 95% confidence level. The annual average TSP mass concentration measured
at the background sites in this, and previous, studies was 19.9 ig m 3, significantly less at 95% confidence,
than the non-background sites in all four sampling periods.

The observations of TSP in this study can be compared with TSP and PM 10 at sites that have climates similar
to the Burrup Peninsula. Comparisons with PM 10 are included here because TSP is not routinely measured
in other studies, and because PM 10 is less than TSP. For example, at three sites in southern Arizona, where
the climate is arid with an annual rainfall of about 250 mm, average PM 10 mass concentrations of 30.6, 66.6
and 45.5 ig m 3 (Clements et al. 2014). Note that TSP by definition includes all particle size ranges, so PM10
is a subset of TSP. The study found that crustal material (soil dust) contributed about 50% of the mass.
Cartagena, Spain, has an arid climate with an annual rainfall of 400 mm and an average PM 10 mass
concentration of 47 Vg m 3 (Negral et al. 2008); about 23% of this was soil dust. TSP measurements in arid
regions are sparse and often made in very dusty environments. In one such study, very high TSP annual
average mass concentrations of 280 to 700 ig m 3 were measured in Urumqi, China, a semi-arid area with
an annual rainfall of about 300 mm (Zhang etal. 2014). The concentrations of TSP measured in this current
study in the Burrup Peninsula are lower than the concentrations of PM 10 measured in Arizona and
Cartagena, and considerably lower than the concentrations of TSP measured in Urumqi.

Woodside Nitrogen Deposition Study	 11
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Figure 6: TSP mass concentrations observed on the Burrup Peninsula from 2004/05 to 2012/14. The box is defined
as the lower and upper quartiles, the line is the median and the whiskers are the minimum and maximum
concentrations.

3.2 Total suspended particulate nitrate and ammonium concentrations

Table 3 presents the annual average concentrations of nitrate and ammonium in TSP samples collected at
sites 1 to 6; the monthly results are presented in Appendix B The annual average nitrate concentrations
range from 524 ng m 3 at site 4 to 780 ng m 3 at the background site (site 6). The annual average
ammonium concentrations range from 31 to 49 ng m 3 at sites 1 and 6 respectively. Although the
concentrations of nitrate and ammonium tend to be higher at the background site, the differences are not
significant at the 95% confidence level.

3.3 Nitrogen dioxide concentrations

Table 4 presents the annual average concentrations of nitrogen dioxide gas at sites 1 to 6, and the monthly
observations are presented in Appendix C (C]. to C6), and the time series in Appendix D.

The lowest annual average nitrogen dioxide concentration of 0.5 ± 0.1 ppb was observed at the background
site (site 6) and was significantly lower than concentrations measured at the other sites. The nitrogen
dioxide annual average concentration of 3.6 ± 0.3 ppb at site 3 was significantly higher than at any other
site.

12



I	 Gap Ridge	 2.0+-0.2	 1.1--0.2	 0.3 0.1

2	 Fertiliser Plant 	 1.5 ± 0.2	 1.0 ± 0.3	 0.2 ± 0.03

3	 BMF	 3.6 ± 0.3	 1.2 ± 0.3	 0.4 ± 0.1

4	 KGP	 1.9 ± 0.2	 0.5 ± 0.2	 0.3 ± 0.04

5	 DOM	 2.2 ± 0.2	 0.5 ± 0.2	 0.3 ± 0.05

6	 Background	 0.5 ± 0.1	 0.3 ± 0.2	 0.1 ± 0.04

Note: the uncertainties are 95% confidence levels.

The average nitrogen dioxide concentrations measured during the present study (post the commissioning
of the Pluto LNG Plant) can be compared with results found in previous studies on the Burrup Peninsula
carried out before the commissioning of the Pluto LNG Plant (Gillett 2010; Gillett etal. 2012).

Figure 7 shows, there has been no significant change in nitrogen dioxide concentration during 2012/14
compared with the three previous periods (2003/04, 2006/07, 2008/09), suggesting that at the 95%
significance level there has been no significant change in nitrogen dioxide concentrations since the
commissioning of the Pluto LNG Plant in 2012.

6

annual average nitrogen dioxide
• background nitrogn dioxide
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Figure 7: Nitrogen dioxide concentrations observed on the Burrup Peninsula from 2004/05 until 2012/14. 1 h box is
defined as the lower and upper quartiles, the line is the median and the whiskers are the minimum and maximum
concentrations.

3.4 Ammonia concentrations

Table 4 presents the annual average concentrations of ammonium gas at sites 1 to 6. The monthly
observations are given in Appendix C (Cl to C6), and the time series in Appendix D. The lowest annual
average ammonia concentration of 0.3 ± 0.2 ppb was observed at the background site (site 6) and the
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highest was 1.2 ± 0.3 ppb at site 3. Annual average concentrations of ammonia at sites 1, 2 and 3 are
significantly higher, at 95% confidence level, than at sites 4, 5 and 6. There are no significant differences, at
the 95% confidence level, between ammonia concentrations at sites 4, 5 and 6.

Figure 8 shows the annual average concentrations of ammonia observed on the Burrup Peninsula during
this study (2012/14) and the three previous periods (2004/05, 2007/08, 2008/09).

The average ammonia concentrations measured during the present study can be compared with results
found in previous studies on the Burrup Peninsula carried out before the commissioning of the Pluto LNG
Plant (Gillett 2010; Gillett etal. 2012). Figure 8 shows that during 2004/05 the concentrations of ammonia
averaged 0.4 ± 0.1 ppb, and this was almost identical to the background concentration observed on the
Burrup Peninsula. Since 2004/05, there has been a slight increase in ammonia concentration to 0.7 ± 0.1,
0.8 ± 0.3 and 0.9 ± 0.1 ppb for the periods of 2007/08, 2008/09 and 2012/14 respectively, although none of
these annual average concentrations are significantly different from each other at the 95% confidence level
(Gillett 2010). This suggests there has been no significant change in ammonia concentrations since the
commissioning of the Pluto LNG Plant in 2012.

Figure 8: Ammonia concent tions cPservd on the Burrop Peninsula from 2004/05 until 2012/14. The box is

defined as the lower and upper quartiles, the line is the median and the whiskers are the minimum and maximum
concentrations. The minimum concentrations for 2007/08 and 2008/09 are within the lower quartile.

3.5 Nitric acid concentrations

Table 4 also presents the annual average concentrations of nitric acid gas at sites 1 to 6. The monthly
observations are given in Appendix C (Cl to C6), and the time series in Appendix D. The annual average
nitric acid concentration was 0.6 ppb at site 6, significantly lower, at the 95% confidence level, than the
other five sites. The annual average concentrations at sites 1, 2, 4 and 5 ranged from 0.2 to 0.5 ppb and
were significantly lower, at the 95% confidence level, than site 3 which averaged 0.4 ppb.

The average nitric acid concentrations measured during the present study can be compared with results
found in previous studies on the Burrup Peninsula carried out before the commissioning of the Pluto LNG
Plant (Gillett 2010; Gillett et al. 2012).

Figure 9 presents the average nitric acid concentrations observed during this study (2012/14) and for the
three previous periods (2004/05, 2007/08, 2008/09). The concentrations during these four periods, shown
in Figure 9, were not significantly different from each other at the 95% confidence level, suggesting there
has been no significant change in ammonia concentrations from the three previous periods and the
commissioning of the Pluto LNG Plant in 2012.

14
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Figure 9: Nitric acid concentrations obse!ved on the Burrup PeninsuLi horn 2004/05 until 2012/14. 1 he box is

defined as the lower and upper quartiles, the line is the median and the whiskers are the minimum and maximum

concentrations.

3.6 Nitrate and ammonium concentrations in rainwater

Table 5 presents the rainwater volume and the volume weighted mean concentrations of nitrate and
ammonium at the six sites. The monthly data is presented in Appendix C7. The highest concentrations of
both nitrate and ammonium occur at site 2. The lowest nitrate concentrations were observed site 5, while
the lowest ammonium concentrations were observed at site 3. The volume weighted mean concentrations
of nitrate at sites 1, 3, 4 and 5 were not very different from that observed at the background site (site 6).
The volume weighted mean ammonium concentrations at sites 1, 3 and 5 were similar to those observed at
site 6.

VcHr	 mc'p con CC' ntr;tcns of ; iOflfliLfl	 rd ntr1t	 r,w.ter

1	 Gap Ridge	 53	 4.0

2	 Fertiliser Plant	 12.5	 6.5

3	 BMF	 5.4	 1.9

4	 KGP	 4.0	 4.6

5	 DOM	 3.2	 3.1

6	 Background	 4.5	 3.8

3.7 Particle size distributions

Figure 10, Figure 11 and Figure 12 show the concentrations of particle mass, nitrate and ammonium as a
function of particle size measured in the three samples collected with the MOUDI. The three mass
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distributions in Figure 10 show that most of the mass is in the range of 1 to 12 pm, with the mode centred
at about 7 pm, and there are two small peaks in the mass distribution at about 0.08 and 0.4 pm. The
distribution of nitrate (Figure 11) shows a mode at 5 rim, similar to the mass mode. The presence of nitrate
in the large particles arises because of the reaction of nitric acid with the weakly alkaline materials (such as
soil dust and sea salt) that make up these large particles. The distribution of ammonium, however, is
centred between 0.2-0.4 pm (Figure 12). This is because ammonium neutralises the sulfate in the small
particles.
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Figure 12: Particle ammonium size distributions

Woodside Nitrogen Deposition Study 	 17



4	 Discussion

Nitrogen deposition is the sum of both wet and dry deposition of nitrogen. This includes wet deposition of
ammonium and nitrate ion in rainwater, dry deposition in the form of nitrogen dioxide, ammonia and nitric
acid gases, and nitrate and ammonium deposition in the particle phase. In this section we present the total
deposition flux of nitrogen at each site. We also compare the total deposition fluxes to those measured at
other locations, and discuss the nitrogen deposition fluxes measured in this study in the context of critical
loads (i.e. the ability of the surface rocks and soils to buffer the impact of acidity associated with the
nitrogen deposition and thus avoid degradation). Finally, we compare the total deposition fluxes from this
study to those measured previously on the Burrup Peninsula in order to determine if there was a change in
nitrogen deposition after the commissioning of the Pluto LNG Plant.

4.1 Nitrogen deposition fluxes

The wet deposition fluxes at each site are shown in Table 6. The largest annual wet deposition fluxes for
nitrate and ammonium were observed at site 2 and the lowest nitrogen deposition flux was observed at
site 5, which was significantly less than at the background site at the 95% confidence level.

The largest dry deposition of nitrogen dioxide, ammonium and nitric acid gas was observed at site 3 and the
lowest flux was observed at the background site (site 6). The nitrogen deposition fluxes due to ammonia
gas were generally higher than those from nitrogen dioxide gas, and the nitrogen deposition flux from nitric
acid was lower than either nitrogen dioxide or ammonia.

The dry deposition fluxes of nitrate and ammonium in the particulate phase are also shown in Table 6. The
nitrate and ammonium deposition flux due to particles is similar across the sites and are very low relative to
the nitrogen deposition fluxes from gas and rainwater. This suggests that dry deposition of particulate
nitrate and ammonium has a minor influence on the total nitrogen deposition fluxes on the Burrup
Peninsula.

Table 6: Annual averaged wet, dry (gas a:d particle phase) and total nitrogen deposition fluxes at sites 1 to 6 from
2Of2c2C.. NH	 is nitric acid NHi crnm::... . r4 .:flinitrtp

1	 1.6	 1.24.4	 13.3	 3.4

2	 2.6	 2.1	 4.0	 11.5	 2.5

3	 1.0	 0.7	 7.7	 14.3	 4.0

4	 1.4	 2.3	 4.4	 6.0	 3.1

5	 0.7	 0.7	 5.8	 6.0	 3.1

6	 1.5	 1.1	 1.3	 3.9	 1.7

Note: the uncertainties are 95% confidence levels.

	

0.7	 <0.1
	

24.1 ± 2.6
	

89

	

0.9	 <0.1
	

23.7 ± 4.3
	

80

	

0.8	 <0.1
	

28.6 ± 4.4
	

94

	

0.7	 <0.1
	

18.0 ± 3.5
	

79

	

0.7	 <0.1
	

17.1 ± 3.2
	

92

	

0.7	 <0.1
	

10.3 ± 2.7
	

75

The annually averaged total nitrogen deposition fluxes at each site are also listed in Table 6, along with the
fraction of the flux attributed to dry deposition. The highest deposition flux of 28.6 meq m 2 yr 1 was

18



observed at site 3, which also showed the highest percentage of dry deposition. The observed nitrogen
deposition at sites 1, 2 and 3 are not significantly different from each other at the 95% confidence level;
however, they are significantly greater, at the 95% confidence level, than measured at sites 4 and 5. The
lowest nitrogen deposition flux of 10.3 meq m yr in this study was observed at the background site (site
6), which was significantly lower, at the 95% confidence level, than any of the other five sites.

Table 6 shows that dry deposition fluxes of nitrogen are much larger than wet deposition, ranging from 75
to 94%. The average is dry deposition is 85% of the total and is significantly higher than wet deposition at
95% confidence level. This is probably due to the low rainfall amounts on the Burrup Peninsula compared
with the constant deposition of gas to the land surface during monthly periods. The monthly percentage
contribution of each component to the total nitrogen deposition flux at sites 3 and 6 are shown in Appendix
D.

4.2 Comparison with nitrogen deposition fluxes measured at other
locations

The annual nitrogen deposition fluxes measured at the Burrup sites can be compared to previous studies
carried out in polluted and unpolluted sites in Malaysia and Indonesia, and a remote site in Australia. The
wet plus dry deposition flux of nitrogen was about 7 meq m 2 yr t at the relatively unpolluted Indonesian
GAW station site at Bukit Koto Tabang (Ayers etal. 2000; Gillett et al. 2000) and 33 meq rn 2 yr 1 at a
relatively undisturbed site in the Cameron Highlands, north of Kuala Lumpur (Ayers etal. 2000). In
Australia, rainwater composition and gas concentrations were measured at Charles Point, about 13 km
west of Darwin, where the annual deposition flux of nitrogen was about 13 meq m 2 yr (Ayers et. al.
2000).

Meyer et al. (2000) presented nitrogen deposition fluxes for several air-sheds in Australia. The measured
nitrogen deposition fluxes were 2.1 meq myr', 14.3 meq m 2 yr', 35.7 meq m 2 yr 1 and 78.6 meq m2yr1
for oceanic, remote/rural, coal-fired power stations and urban air-sheds, respectively. The nitrogen
deposition flux on the Burrup Peninsula is similar to the remote/rural areas cited in this study and is much
less than in coal-fired power station and urban air-sheds.

The nitrogen deposition fluxes estimated for all of the Burrup sites are very low when compared to polluted
areas in Malaysia and Indonesia. In the heavily polluted urban site at Petaling Jaya, near Kuala Lumpur, the
total deposition flux of nitrogen ranged from 134 meq m 2 yr 1 to 268 meq m 2 yr 1 over five consecutive
years from 1990 to 1998 (Ayers et al. 2000). Gillett etal. (2000) estimated a total nitrogen deposition flux
of 129 meq m 2 yr' at Jakarta and Bogor during 1992 and 1996. In contrast to this, a site in the Rocky
Mountains National Park, Colorado recorded a total nitrogen deposition flux of 26.6 meq m 2 y(', very
similar to the Burrup Sites. This area has a rainfall amount of 533 mm, and the study showed that wet
deposition of nitrate and ammonium contributed 35% and 19% respectively to the total nitrogen
deposition flux.

In a recent publication Vet et al. (2014) modelled the wet and dry deposition of fluxes of nitrogen around
the world. They found that total wet and dry deposition fluxes of nitrogen in the Burrup Peninsula area
ranged from 5.7 to 7.1 meq m 2 yr'. This is quite comparable with the background flux of 9.8 meq m yr
observed during this study.

4.3 Comparison with critical loads

The global assessment of ecosystem sensitivity to acidic deposition by Cinderby etal. (1998) identified five
sensitivity classes of ecosystems to acid deposition 25, 50, 100, 200 and >200 meq m 2 yr', and are shown
in Figure 13. The Burrup Peninsula area is in the least sensitive class, with a critical load of greater than 200
meq m 2 yr' (or effectively, no critical load). This means that for acid deposition to have a negative impact
on the surface (rock or soil) in the Burrup, the acid deposition flux would need to exceed 200 meq m 2 yr1.
The annual nitrogen deposition fluxes measured in the Burrup Peninsula in this study and reported here
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ranged between 17.1 to 28.6 meq m 2 yr 1 , with an average of 22.4 meq m 2 yr' from January 2012 to June
2014. The background site was significantly lower, at 10.3 meq m 2 yr'. These values are considerably
lower than 200 meq m 2 y( 1 , suggesting that the deposition of nitrogen is unlikely to cause any deleterious
effects to rock or rock art on the Burrup Peninsula.

Figure 13: Map showing critical loads and sensitivity classes of ecosystems to acid deposition (from Cinderby etal.
1988).

4.4 Comparison of nitrogen deposition flux before and after
commissioning of the Pluto LNG Plant

The total nitrogen deposition fluxes measured during the present study (post the commissioning of the
Pluto LNG Plant) are compared with results from previous studies on the Burrup Peninsula which were
carried out before the commissioning of the Pluto LNG Plant (Gillett 2010; Gillett etal. 2012) to determine
if nitrogen deposition fluxes changed from before and after the commissioning of the Pluto LNG Plant.
Figure 14 presents the average total nitrogen flux observed during this study (2012/14), and for the three
previous periods (2004/05, 2007/08, 2008/09). Figure 14 also shows the average nitrogen deposition fluxes
at the background sites observed during 2012/14 and the three previous years (2004/05, 2007/08,
2008/09. The average background nitrogen deposition flux over the four periods was 15.9 meq m 2 yr1.
The details are presented in Appendix C8.
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The nitrogen deposition fluxes at individual background sites on the Burrup Peninsula range from 10.3 meq
m 2 yr 1 during the current study to 24.4 meq m 2 yr' at site 1 in 2008/09, with an average of 15.5 meq m2
yr t . Total nitrogen deposition fluxes at the background site (site 6) employed during this study are lower
than the background sites 1 and 3 used previously, suggesting that sites 1 and 3 may have been influenced
slightly by industrial emissions. The average nitrogen deposition flux observed at the non-background sites
during the first three study periods was 22.7 meq m 2 yr 1 , ranging from 16.9 to 32.9 meq m 2 yr 1 . This is
similar to the current study where the average nitrogen deposition flux was 22.4 meq m 2 yr 1 at sites 1 to 5
with a range of 17.1 to 28.6 meq m 2 yr t , suggesting there has been no significant change in total nitrogen
deposition to the Burrup Peninsula since the commissioning of the Pluto LNG Plant in 2012.
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5 Summary and conclusions

Measurements of the deposition of nitrogen at six locations on the Burrup Peninsula in Western Australia
have been carried out in order to determine whether the flux of nitrogen in the region has changed since
the commissioning of the Pluto LNG Plant in 2012. Measurements were taken between February 2012 and
June 2014, and included the monthly collection of gas, particulate and rainwater samples. Gas samples
were used to determine the concentration of nitrogen dioxide, ammonia and nitric acid. The concentration
of TSP mass, TSP nitrate and TSP ammonium was determined from the particulate samples. The
concentration of nitrate and ammonium was determined from the rainwater samples. In addition, particle
samples were collected with a cascade impactor to determine the concentrations of particulate nitrate and
ammonium as a function of particle size during one of the sampling months.

The average TSP mass concentrations ranged from 24.2 ± 6.1 ig m 3 at the background site (site 6) to 53.8
± 9.6 ig m 3 at site 3. TSP mass concentrations at sites 2 and 3 are significantly higher, at the 95%
confidence level, than those at sites 1, 4, 5 and 6, and there are no significant differences between site 4, 5
and 6 at the 95% confidence level. The TSP mass concentrations observed here showed no significant
differences at the 95% confidence level, from three previous studies (2004/05, 2007/08 and 2008/09)
conducted on the Burrup Peninsula. The TSP mass concentrations measured during this study, and the
three previous periods, were significantly higher, at the 95% confidence level, than 19.9 ig m 3 , the average
background determined from measurements during this and the three previous studies.

The concentrations of nitrogen dioxide, ammonia and nitric acid gases vary from site to site. The lowest
average nitrogen dioxide concentration of 0.5 ± 0.1 ppb was observed at site 6. This is significantly lower, at
the 95% confidence level, than the highest average concentration of 3.6 ± 0.3 ppb observed at site 3. The
nitrogen dioxide concentrations observed during this study were not significantly different, at the 95%
confidence level, to those observed during the three previous studies (Gillett etal. 2010). The background
nitrogen dioxide concentration measured over the four study periods was 0.6 ppb, much less than in the
industrial area of the Burrup Peninsula.

The average ammonia gas concentration ranged from 0.3 ± 0.2 ppb at site 6 to 1.2 ± 0.3 ppb at site 3. There
are no significant differences, at the 95% confidence level, between the concentrations observed in this
study and those from the three previous studies on the Burrup Peninsula (Gillett et al. 2010). The
background concentration of ammonia is 0.4 ± 0.1 ppb, the same as observed in the industrial area in
2004/05. Although there was an increase in ammonia concentrations after 2004/05, there have been no
significant increases, at the 95% confidence level, over the last three measurement periods.

The lowest average nitric acid concentrations of 0.1 ± 0.04 ppb were observed at site 6; at the other five
sites the concentrations were 0.2 to 0.4 ppb, which was significantly higher than the background at the 95%
confidence level. The data from the three previous studies is presented and compared with the results from
the current study, but no increases were found over those periods. The background concentration over the
four periods was 0.2 ppb which is less than in the industrial areas.

The concentrations of nitrogen species in the gas and particle samples were used to calculate the nitrogen
dry deposition fluxes. Dry deposition from the gas phase was determined from the product of the nitrogen
species in the gas phase, the sampling period and the dry deposition velocity. Dry deposition from the
particle phase was determined from the application of the size-dependent deposition velocity to the nitrate
and ammonium concentrations measured in particles. The wet deposition fluxes were calculated from the
rainfall amount and the concentrations of ammonium and nitrate in the rainwater samples.

The total nitrogen deposition fluxes ranged from 10.3 meq m 7 yr at the background site (site 6) to
28.6 meq m 2 yr' at site 3. The dry deposition of nitrogen dioxide, ammonia and nitric acid gases
accounted for 75 to 94% of the total deposition flux, wet deposition accounted for 6 to 25% and the dry
deposition of particles accounted for only 3% of the total nitrogen deposition flux.
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The concept of critical loads is used in this study as an objective measure with which the measured nitrogen
deposition fluxes can be compared. Critical loads for a region are based on a ranking of soil buffering
capacity As data on the acid buffering capacity of the rock on the Burrup Peninsula are not available we
use critical loads defined in a global assessment of ecosystem sensitivity to acidic deposition for comparison
with nitrogen deposition fluxes measured in this study. The Burrup Peninsula area lies in the in the least
sensitive class with a critical load of greater than 200 meq m -2 yr 1 (or effectively no critical load). This
means that for acid deposition to have a negative impact on the surface (rock or soil) in the Burrup, the acid
deposition flux would need to exceed 200 meq m 2 yr t . The annual nitrogen deposition fluxes on the
Burrup Peninsula are about 10 - 29 meq m 2 yr 1 and are considerably lower than 200 meq m 2 yr1,
suggesting that the deposition of nitrogen is unlikely to cause any deleterious effects to rock or rock art on
the Burrup Peninsula.

The sampling program began after the commencement of LNG production by the Pluto LNG plant, thus the
nitrogen deposition fluxes determined during this sampling program are representative of nitrogen
deposition fluxes post Pluto LNG Plant commissioning. We can assume that nitrogen deposition flux
measurements made during similar earlier studies to be representative of nitrogen deposition fluxes prior
to the Pluto LNG Plant commissioning. There was no significant change in the total nitrogen deposition flux
since the Pluto LNG plant was commissioned.
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Appendix A kV , TA. Scope of AccrethtaUon

A
Scope of Accreditation NATA
ACCREDITATION NO: 245

CSIRO

Marine and Atmospheric Research
107-121 Station Street
ASPENDALE VIC 3195

CONTACT. Ms J Powell
PHONE: (03) 9239 4400 FAX: (03) 9239 4444 MOBILE
EMAIL Jennifer, Powell @csiro.au
WEB SITE. wwwcmar Csiro.au

FACILITIES Conditionally available for public testing

This facility complies with the requirements of ISO/IEC 17025:2005

7.65 Air
02 Ambient air

Analysis of filters by gravimetric technique
by the methods-
AS/NZS 3580 9.6, in-house method CAR-NATA-WI-AM-04 - Suspended particulate matter PM15
ASINZS 3580.9.9; in-house method CMAR-NATA-WI-AM-06 - Suspended particulate matter
PM10
ASINZS 3580.9.10; in-house method CMAR-NATA-WI-AM-06 - Suspended particulate matter
PM25

.71 Sampling
Sampling of air
listed by technique(s) using method(s)-
Passive sampler using in-house CMAR-NATA-WI-WC-15

7.66 Waters
.99 Other waters

Analysis of aerosol, rainwater and solutions from passive badge sampling
listed as determination(s) by technique(s) using method(s)-
Anions: Acetate, bromide: chloride: fluoride: formate: methane sulfonale; nitrate; nitrite: oxalate;
phosphate: sulfate by IC using in-house method CMAR-NATA-WI-WC-09
Cations sodium; ammonium: potassium: magnesium; calcium by IC using in-house method
CMAR-NATA-WI-WC-09
Conductivity by classical using in-house method CMAR-NATA-WI-WC-21
Nitrite by spectrophotometry using in-house method CMAR-NATA-WI-WC-08
pH by classical using in-house method CMAR-NATA-WI-WC-1 1

Accreditation No: 245
(Scope Last Changed 13/03/14)
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Appendix B MorthEy data sets

b:iI nitrate and mmonium concentrations in

Site 1

16/02/12 10:30	 12/03/12 11:50	 16.9	 1166	 44

12/03/12 13:15	 02/05/12 10:45	 29.4	 837	 69

02/05/12 11:00	 08/06/12 09:45	 43.4	 582	 49

08/06/12 10:00	 09/07/12 15:40	 17.1	 369	 23

09/07/12 15:50	 09/08/12 10:20	 25.0	 569	 23

09/08/12 10:30	 04/09/12 16:30	 31.2	 1006	 33

04/09/12 16:30	 16/10/12 16:15	 50.9	 474	 20

16/10/12 16:15	 16/11/12 16:15	 84.5	 934	 24

16/11/12 16:20	 14/12/12 12:20	 41.0	 673	 41

14/12/12 12:25	 02/01/13 14:05	 35.0	 757	 58

02/01/13 14:10	 08/02/13 12:25	 50.8	 608	 29

08/02/13 12:25	 14/03/13 08:00	 36.1	 496	 35

14/03/13 08:00	 12/04/13 08:20	 43.8	 585	 49

12/04/13 08:20	 14/05/13 07:20	 36.9	 749	 19

14/05/13 07:20	 13/06/13 17:10	 16.2	 229	 33

13/06/13 17:00	 10/07/13 09:35	 30.9	 390	 38

10/07/13 09:35	 14/08/13 14:40	 23.4	 290	 12

14/08/13 14:40	 19/09/13 16:35	 24.3	 325	 20

19/09/13 16:30	 09/10/13 16:15	 32.1	 378	 26

09/10/13 16:15	 21/11/13 09:25	 30.0	 759	 35

21/11/13 09:30	 12/12/13 15:05	 38.5	 448	 41

12/12/13 15:10	 20/01/14 11:00

22/01/14 16:30	 13/02/14 17:00	 30.8	 822	 36

13/02/14 17:05	 27/03/14 10:50	 25.7	 404	 10

27/03/14 10:55	 15/04/14 11:05	 17.4	 250	 23

15/04/14 11:10	 22/05/14 11:25	 46.4	 245	 9

22/05/14 11:25	 27/06/14 14:35	 21.8	 120	 8

Mean	 33.8	 556	 31

Standard deviation 	 14.5	 265	 15

95% confidence	 ±5.6	 ±102	 ±6
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B.2	 t n 1; nftrc nd m monium	 ncnnions in TSP

Site 2

16/02/12 17:20	 12/03/12 15:15	 71.3	 1234	 53

12/03/12 15:25	 02/05/12 13:00	 60.4	 1837	 93

05/05/12 13:08	 re-used next sample

12/06/12 15:45	 09/07/12 13:35	 62.1	 780	 40

09/07/12 14:00	 09/08/12 13:00	 16.9	 472	 140

09/08/12 13:15	 04/09/12 14:20	 21.8	 1015	 45

05/09/12 14:20	 16/10/12 14:00	 41.7	 487	 22

16/10/12 14:00	 16/11/12 13:55	 55.7	 829	 24

16/11/12 13:55	 14/12/12 10:30	 34.0	 647	 51

14/12/12 10:40	 02/01/13 10:40	 26.7	 748	 72

02/01/13 10:40	 08/02/13 09:50	 27.6	 567	 29

08/02/1309:50	 14/03/1209:30	 37.3	 526	 37

14/03/13 09:30	 12/04/13 10:40	 43.6	 649	 41

12/04/13 10:40	 13/05/13 15:20	 70.0	 506	 25

13/05/13 15:20	 14/06/13 09:30	 15.7	 262	 29

14/06/13 09:30	 10/07/13 13:35	 77.3	 1216	 40

10/07/13 13:35	 14/08/13 10:25	 71.6	 327	 12

14/08/13 10:25	 19/09/13 11:10	 46.4	 360	 25

19/09/13 11:15	 10/10/13 09:40	 42.7	 365	 32

10/10/13 09:40	 21/11/13 10:20	 33.3	 753	 35

21/11/13 10:25	 13/12/13 08:30	 32.1	 432	 44

13/12/13 08:40	 22/01/14 00:00	 44.6	 735	 29

22/01/14 15:20	 13/02/14 16:05	 25.4	 865	 39

13/02/14 16:10	 27/03/14 12:55	 26.6	 426	 11

27/03/14 12:55	 15/04/14 13:00	 17.0	 250	 21

15/04/14 13:00	 22/05/14 12:45	 48.4	 607	 7

22/05/14 12:45	 29/06/14 14:15	 18.1	 120	 5

Mean	 41.1	 654	 38

Standard deviation	 18.8	 368	 28

95% confidence	 ±7.2	 ±142	 ±11
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25.6

35.7

45.2

29.0

52.1

57.5

74.7

95.9

45.6

36.6

47.9

59.2

51.7

48.1

1283

78

601

424

669

1184

540

865

684

777

637

553
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514

50

23

35

26

50

49

25

30

59

73

37

66

57

34

B.3 Site 3 nitnie and ammonium conrcntrrn in TSP

Site 3

16/02/12 15:30

12/03/12 16:40

02/05/12 14:30

08/06/12 12:20

10/07/12 16:00

09/08/12 12:05

04/09/12 15:45

16/10/12 14:40

16/11/12 14:45

14/12/12 10:50

02/01/13 13:10

08/02/13 10:45

14/03/13 13:00

12/04/13 09:00

No sample

No sample

18/07/13 13:00

19/09/13 09:35

10/10/13 10:20

21/11/13 12:50

13/12/13 09:00
Storm damage

22/01/14 14:10

13/02/14 15:30

27/03/14 12:33

15/04/14 14:25

23/05/14 08:50

Mean

Standard deviation

95% confidence

12/03/12 16:20

02/05/12 14:15

08/06/12 12:10

10/07/12 15:55

09/08/12 11:55

04/09/12 15:45

16/10/12 14:50

16/11/12 14:44

14/12/12 10:45

02/01/13 13:05

08/02/13 10:45

16/02/13 13:00

12/04/13 09:00

13/05/13 12:00

19/09/13 09:30

10/10/13 10:20

21/11/13 12:45

13/12/13 09:00

22/01/14 14:00
No sample

13/02/14 15:20

27/03/14 12:20

15/04/14 14:25

23/05/14 08:50

28/06/14 13:40

	

72.1	 429
	

22

	

60.1
	 391	 44

	

70.1	 808
	

35

	

39.9
	 448	 50

45.0	 901	 47

57.8	 428	 13

24.4	 241	 23

127.5	 899
	

8

34.7	 124	 18

53.8
	

615
	

38

23.4
	

297
	

17

± 9.6	 ± 122
	

±7
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14.2

20.2

27.3

27.7

34.4

48.0

27.2

23.8

17.0

56.0

12.9

28.9

16.3

± 7.1

256

309

346

704

292

716

814

408

249

485

115

524

258

± 113

18

31

38

35

81

33

41

13

25

6

9

44

37

± 16

Site	 nitrte nd ammorniun rccentations in TSP

Site 4

08/06/12 13:10

10/07/12 11:30

09/08/12 16:40

04/09/12 09:40

16/10/12 09:35

15/11/12 09:20

14/12/12 08:25

No sample

No sample

14/03/13 10:30

12/04/13 10:00

No sample

No sample

10/07/13 12:55

14/08/13 09:45

19/09/13 10:40

10/10/13 09:10

21/11/13 12:10

13/12/13 08:05

22/01/14 12:10

14/02/14 09:50

27/03/14 11:50

15/04/14 13:20

23/05/14 10:00

Mean

Standard deviation

95% confidence

10/07/12 11:23

09/08/12 16:35

04/09/12 09:30

16/10/12 09:30

15/11/12 09:20

14/12/12 08:20

02/01/13 11:40

12/04/13 10:00

13/05/13 14:35

14/08/13 09:45

19/09/13 10:35

10/10/13 09:10

21/11/13 12:05

13/12/13 08:00

22/01/14 12:05

14/02/14 09:50

27/03/14 11:45

15/04/14 13:20

23/05/14 10:00

29/06/14 09:40

30

6.6
	

222	 22

14.0	 514	 50

18.2	 994	 52

38.7	 501	 22

54.3
	

887	 29

65.9
	

779	 125

33.9
	

867	 154

	

22.3	 611	 51

	

15.6	 409
	 42



[.h	 Site 5 nitatc ald ammoniurn 	 :n nii.n in

Site 5

12/06/12 15:10	 10/07/12 14:00	 21.4	 394	 31

10/07/12 14:15	 09/08/12 15:35	 19.6	 543	 56

09/08/12 15:40	 04/09/12 10:35	 23.7	 1020	 46

04/09/12 10:45	 16/10/12 10:10	 40.8	 492	 22

16/10/12 10:10	 15/11/12 18:30	 53.8	 878	 27

15/11/12 09:20	 14/12/12 09:15	 31.3	 667	 49

14/12/12 09:30	 02/01/13 09:30	 26.2	 788	 73

02/01/13 09:35	 08/02/12 08:10	 52.1	 1138	 32

08/02/1308:10	 14/03/13 12:05	 28.4	 531	 40

14/03/13 12:05	 12/04/13 14:45	 30.2	 635	 48

12/04/13 12:45	 13/05/13 13:20	 23.1	 452	 30

13/05/13 13:20	 14/06/13 13:00	 11.8	 255	 32

No sample

No sample

14/08/13 08:55	 20/09/13 08:10	 19.0	 241	 23

20/09/13 08:15	 10/10/13 08:25	 27.0	 310	 36

10/10/13 08:25	 22/11/13 08:00	 29.4	 676	 34

22/11/13 08:00	 12/12/13 10:00	 27.2	 415	 50

12/12/13 07:45	 21/01/14 15:15

Storm damage	 No sample

24/01/14 12:10	 14/02/14 08:20	 27.9	 744	 36

14/02/14 08:25	 27/03/14 07:30	 27.7	 444	 12

27/03/14 07:30	 17/04/14 07:55	 19.7	 243	 21

17/04/14 07:55	 22/05/14 14:50	 27.4	 303	 12

22/05/14 14:50	 25/06/14 07:50	 20.0	 123	 9

Mean	 28.0	 538	 34

Standard deviation	 10.2	 269	 16

95% confidence	 14.3	 ±115	 ±7
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B.6 S ic	 :n no1 mnoiiium ccncn	 inns in TSn

Site 6

11/07/13 14:00	 14/08/13 13:25	 13.1	 493	 24

14/08/13 13:25	 19/09/13 08:00	 15.2	 528	 49

19/09/13 08:05	 09/10/13 13:10	 18.1	 570	 45

09/10/13 13:15	 21/11/13 08:15	 28.5	 1343	 64

21/11/13 08:20	 12/12/13 10:00	 27.5	 818	 102

12/12/13 10:05	 23/01/14 10:00	 50.1	 1335	 59

23/01/14 10:05	 13/02/14 13:45	 28.2	 1772	 91

13/02/14 13:45	 27/03/14 09:40	 26.9	 738	 22

27/03/14 09:40	 15/04/14 10:00	 15.7	 446	 40

15/04/14 10:00	 23/05/14 07:20	 20.9	 337	 22

23/05/14 07:20	 27/06/14 12:30	 21.7	 204	 18

Mean	 24.2	 780	 49

Standard deviation	 10.3	 494	 28

95% confidence 	 ±6.1	 ±292	 ±17
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0.3

0.2

0.2

0.1

0.6

0.1

0.5

0.2

0.3

0.1

0.6

0.2

0.3

0.2

± 0.1

1.3

0.4

0.4

0.6

0.2

0.7

1.1

1.3

1.5

1.1

1.5

1.7

1.7

0.7

1.2

0.9

1.1

1.3

0.3

0.6

1.3

1.1

1.2

2.1

0.7

1.1

0.5

± 0.2

Appendix C Gas concentrations

(i.	 .	 ..	 ..-..-,-	 ..,....

Site 1

12/03/2012 12:30

02/05/2012 11:20

08/06/2012 10:30

09/07/2012 16:15

09/08/2012 10:45

04/09/2012 16:15

16/10/2012 16:25

16/11/2012 15:20

14/12/2012 12:15

02/01/2013 14:15

08/02/2013 12:40

14/03/2013 08:20

12/04/2013 08:15

14/05/2013 07:30

13/06/2013 07:20

10/07/2013 09:45

14/08/2013 14:40

19/09/2013 16:30

09/10/2013 16:25

21/11/2013 09:35

12/12/2013 15:15

22/01/2014 16:35

13/02/2014 17:15

27/03/2014 11:00

15/04/2014 11:15

22/05/2014 11:10

Mean

Standard deviation

95% confidence

02/05/2012 11:20

08/06/2012 10:15

09/07/2012 16:00

09/08/2012 10:40

04/09/2012 16:15

16/10/2012 16:25

16/11/2012 15:20

14/12/2012 12:15

02/01/2013 14:15

08/02/2013 12:25

14/03/2013 08:20

12/04/2013 08:15

14/05/2013 07:30

13/06/2013 07:20

10/07/2013 09:45

14/08/2013 14:40

19/09/2013 16:30

09/10/2013 16:25

21/11/2013 09:35

12/12/2013 15:15

22/01/2014 16:35

13/02/2014 17:15

27/03/2014 11:00

15/04/2014 11:15

22/05/2014 11:10

27/06/2014 14:20
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1.2

0.7

1.1

1.8

2.1

1.5

1.7

1.4

1.5

1.2

1.3

1.4

2.0

0.9

0.9

2.0

1.9

2.3

1.8

1.6

1.6

1.4

1.3

1.5

1.5

1.1

1.5

0.4

± 0.2

0.4

0.2

0.2

0.2

0.4

0.3

0.3

0.2

0.2

0.3

0.2

0.3

0.3

0.1

0.3

0.2

0.3

0.2

0.3

0.1

0.2

0.2

0.1

0.2

0.1

0.2

0.1

± 0.03

1.1

0.3

0.4

0.2

0.4

0.2

0.6

0.4

0.8

2.1

1.3

1.6

1.0

0.3

1.1

1.0

3.8

2.7

0.6

0.4

1.1

0.4

0.7

1.4

0.1

1.0

0.9

± 0.3

C.2	 te n ogen dioxide, m m cni	 nd nitric acid concentrations

Site 2

12/03/2012 15:00

02/05/2012 13:30

08/06/2012 11:15

09/07/2012 14:30

09/08/2012 13:20

04/09/2012 14:50

16/10/2012 14:15

16/11/2012 14:20

14/12/2012 10:20

02/01/2013 13:45

08/02/2013 10:10

14/03/2013 09:50

12/04/2013 10:35

13/05/2013 15:30

14/06/2013 09:40

10/07/2013 13:25

14/08/2013 10:25

19/09/2013 11:10

10/10/2013 09:50

21/11/2013 10:30

13/12/2013 08:45

22/01/2014 15:30

13/02/2014 16:15

27/03/2014 13:05

15/04/2014 12:40

22/05/2014 12:50

Mean

Standard deviation

95% confidence

02/05/2012 13:30

08/06/2012 11:00

09/07/2012 14:15

09/08/2012 13:15

04/09/2012 14:50

16/10/2012 14:15

16/11/2012 14:20

14/12/2012 10:20

02/01/2013 13:40

08/02/2013 09:45

14/03/2013 09:50

12/04/2013 10:35

13/05/2013 15:25

14/06/2013 09:30

10/07/2013 13:25

14/08/2013 10:25

19/09/2013 11:10

10/10/2013 09:50

21/11/2013 10:30

13/12/2013 08:45

22/01/2014 15:30

13/02/2014 16:15

27/03/2014 13:05

15/04/2014 12:40

22/05/2014 12:50

29/06/2014 14:20
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C.3 Stc nH	 dioxide, an	 cnn and nHic acid ccncenrH.ions

Site 3

12/03/2012 16:30	 02/05/2012 14:50 	 3.1	 0.6	 1.2

02/05/2012 14:50 	 08/06/2012 12:00 	 2.6	 0.2	 0.7

08/06/2012 12:00 	 09/07/2012 16:00 	 3.8	 0.3	 1.0

10/07/2012 16:20	 09/08/2012 12:10	 4.1	 0.3	 0.5

09/08/2012 12:20 	 04/09/2012 15:30	 5.6	 0.6	 1.2

04/09/2012 15:30	 16/10/2012 15:00	 4.1	 0.4	 0.8

16/10/2012 15:00	 16/11/2012 14:45 	 4.1	 0.4	 1.2

16/11/2012 14:45 	 14/12/2012 10:50	 3.1	 0.3	 1.5

14/12/2012 10:50	 02/01/2013 13:15	 3.3	 0.3	 2.5

02/01/2013 13:15	 08/02/2013 10:40	 3.1	 0.4	 1.4

08/02/2013 10:45	 14/03/2013 13:00	 2.8	 0.3	 1.6

14/03/2013 13:15	 12/04/2013 09:00	 3.3	 0.9	 1.2

12/04/2013 09:00	 13/05/2013 12:20	 5.1	 0.6	 0.9

13/05/2013 12:25	 14/06/2013 14:25	 2.9	 0.3	 3.6

14/06/2013 14:30	 08/07/2013 12:55	 3.8	 0.5

08/07/2013 12:55	 14/08/2013 11:30	 1.6

14/08/2013 11:30	 19/09/2013 09:30	 3.8	 0.2	 0.4

19/09/2013 09:30	 10/10/2013 10:15 	 4.3	 0.3	 0.2

10/10/2013 10:15	 21/11/2013 13:55	 4.1	 0.4	 1.2

21/11/2013 13:55	 13/12/2013 09:10	 3.3	 0.1	 0.9

13/12/2013 09:10	 22/01/2014 14:15	 3.0	 0.3	 0.4

22/01/2014 14:15	 13/02/2014 15:35 	 3.5	 0.4	 1.2

13/02/2014 15:35	 27/03/2014 12:30	 3.3	 0.3	 0.3

27/03/2014 12:30	 27/03/2014 12:30	 3.7	 0.2	 0.2

15/04/2014 14:35	 23/05/2014 08:40	 2.9	 0.3	 2.2

23/05/2014 08:40	 28/06/2014 14:00	 2.6	 0.1	 1.1

Mean	 3.6	 0.4	 1.2

Standard deviation	 0.7	 0.2	 0.7

95% confidence	 ± 0.3	 ± 0.1	 ± 0.3
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C.	 Se . ntrogcn rrHce,	 noni	 nitric	 cnccntons

Site 4

08/06/2012 13:10	 10/07/2012 11:35 	 1.4	 0.2	 0.2

10/07/2012 11:50 	 09/08/2012 16:30	 1.8	 0.2	 0.2

09/08/2012 16:30	 04/09/2012 09:45	 3.0	 0.5	 2.5

04/09/2012 09:45	 16/10/2012 09:40	 2.2	 0.3	 0.1

16/10/2012 09:40	 15/11/2012 09:45 	 2.1	 0.4	 0.4

15/11/2012 09:45	 14/12/2012 08:15 	 1.7	 0.2	 0.2

14/12/2012 08:15	 02/01/2013 11:45	 1.7	 0.2	 0.6

02/01/2013 11:50	 08/02/2013 08:50	 1.8	 0.3	 0.3

08/02/2013 09:00	 14/03/2013 10:45	 1.6	 0.4	 0.9

14/03/2013 10:45	 12/04/2013 10:00	 1.8	 0.3	 0.9

12/04/2013 10:00	 13/05/2013 14:35	 2.2	 0.4	 0.8

13/05/2013 14:40	 14/06/2013 11:03	 0.8	 0.3	 0.1

14/06/2013 11:10	 10/07/2013 12:55	 1.0	 0.4

10/07/2013 12:55	 14/08/2013 08:50	 2.6	 0.2	 0.6

14/08/2013 08:50	 19/09/2013 10:35	 3.1	 0.3	 0.1

19/09/2013 10:35 	 10/10/2013 09:20	 3.1	 0.3	 0.1

10/10/2013 09:20	 21/11/2013 13:15	 2.3	 0.4	 0.8

21/11/2013 13:15	 13/12/2013 08:10	 1.3	 0.1	 0.1

13/12/2013 08:10 	 22/01/2014 13:15 	 1.9	 0.2	 0.2

22/01/2014 13:15	 14/02/2014 10:00	 1.7	 0.3	 0.9

14/02/2014 10:00 	 27/03/2014 11:55 	 1.6	 0.3	 0.1

27/03/2014 11:55	 15/04/2014 13:30	 1.8	 0.2	 0.2

15/04/2014 13:30	 23/05/2014 09:50 	 1.8	 0.2	 1.1

23/05/2014 09:50	 29/06/2014 09:20 	 1.0	 0.1	 0.1

Mean	 1.9	 0.3	 0.5

Standard deviation	 0.6	 0.1	 0.6

95% confidence 	 ± 0.2	 ± 0.04	 ± 0.2

Cm



1.5

2.7

4.0

2.3

2.0

1.8

1.8

1.7

1.7

1.7

2.6

1.5

2.2

2.6

2.6

2.9

2.2

1.8

2.1

2.2

1.9

2.1

2.2

1.6

2.2

0.6

±0.2

0.2

0.2

0.5

0.3

0.3

0.2

0.3

0.4

0.3

0.3

0.4

0.2

0.6

0.2

0.3

0.1

0.3

0.1

0.3

0.3

0.2

0.2

0.3

0.1

0.3

0.1

± 0.05

0.2

0.3

0.5

0.2

0.2

0.2

1.1

0.4

0.6

1.1

0.8

0.8

0.6

0.2

0.2

1.2

<0.1

0.2

0.8

0.2

0.4

1.2

0.2

0.5

0.4

± 0.2

C.5 Site 5 nitrogen dioidc:, Prnrnon il	 n C itrc cic concentntions

Site 5

08/06/2012 15:10

10/07/2012 14:30

09/08/2012 15:45

04/09/2012 10:50

16/10/2012 10:20

15/11/2012 08:45

14/12/2012 09:10

02/01/2013 11:10

08/02/2013 08:20

14/03/2013 12:20

12/04/2013 12:40

13/05/2013 13:25

14/06/2013 13:30

10/07/2013 07:30

14/08/2013 08:50

19/09/2013 08:20

10/10/2013 08:30

22/11/2013 08:05

12/12/2013 08:00

21/01/2014 15:25

14/02/2014 08:35

27/03/2014 07:40

17/04/2014 08:05

22/05/2014 14:40

Mean

Standard deviation

95% confidence

Woodside Nitrogen Deposition Study

10/07/2012 14:20

09/08/2012 15:30

04/09/2012 10:50

16/10/2012 10:20

15/11/2012 08:45

14/12/2012 09:10

02/01/2013 11:00

08/02/2013 08:00

14/03/2013 12:20

12/04/2013 12:40

13/05/2013 13:20

14/06/2013 13:20

10/07/2013 07:30

14/08/2013 08:50

19/09/2013 08:20

10/10/2013 08:30

22/11/2013 08:05

12/12/2013 08:00

21/01/2014 15:25

14/02/2014 08:35

27/03/2014 07:40

17/04/2014 08:05

22/05/2014 14:40

25/06/2014 08:10

37



open dioxide, mmonta	 Concentrations

Site G

11/04/2013 12:20 	 14/05/2013 09:30	 0.5	 0.2	 0.5

14/05/2013 09:35	 14/06/2013 08:20	 0.7	 0.2	 <0.1

14/06/2013 08:30 	 11/07/2013 14:00	 0.7	 0.2

11/07/2013 14:00	 14/08/2013 13:25	 0.4	 0.1	 0.1

14/08/2013 13:25	 19/09/2013 08:00	 0.3	 0.1	 0.2

19/09/2013 08:00	 09/10/2013 13:15	 0.3	 0.1	 0.1

09/10/2013 13:15	 21/11/2013 08:25	 0.5	 0.2	 0.4

21/11/2013 08:25	 12/12/2013 10:15 	 0.3	 0.1	 0.1

12/12/2013 10:15	 23/01/2014 10:10	 0.5	 0.2	 0.1

23/01/2014 10:10	 13/02/2014 13:55 	 0.7	 0.2	 0.9

13/02/2014 13:55	 27/03/2014 09:50	 0.4	 0.2	 0.1

27/03/2014 09:50	 15/04/2014 10:15	 0.5	 0.1	 0.3

15/04/2014 10:15	 23/05/2014 07:30	 0.7	 0.1	 1.2

23/05/2014 07:30	 27/06/2014 12:20	 0.1	 <0.1	 0.2

Mean	 0.5	 0.3	 0.3

Standard deviation	 0.2	 0.1	 0.3

95% confidence	 ± 0.1	 ± 0.05	 ± 0.2



(1.7	 mmon	 oncr	 in rnv'.ter

Gap Ridge	 17/02/12	 12/03/12	 42.5	 5.2	 1.3

02/05/12	 08/06/12	 49.6	 6.4	 2.6

08/06/12	 09/07/12	 9.8	 13.6	 9.4

16/11/12	 14/12/12	 1.0	 124.0	 234.5

14/12/12	 02/01/13	 1.9	 65.7	 26.1

02/01/13	 08/02/13	 50.9	 8.7	 8.3

08/02/13	 14/03/13	 4.8	 61.7	 7.2

12/04/13	 14/05/13	 45.1	 7.8	 2.5

14/05/13	 13/06/13	 29.0	 5.3	 3.2

13/06/13	 10/07/13	 183.6	 1.4	 3.8

09/10/13	 21/11/13	 1.9	 150.5	 84.6

12/12/13	 22/01/14	 86.5	 1.9	 1.5

22/01/14	 13/02/14	 31.0	 6.3	 2.1

27/03/14	 15/04/14	 13.3	 14.5	 14.4

15/04/14	 22/05/14	 153.6	 2.4	 2.3

22/05/14	 27/06/14	 2.2	 52.7	 19.8

Volume weighted mean	 5.3	 4.0

2	 Fertilizer plant	 17/02/12	 12/03/12	 71.3	 14.0	 3.3

12/03/12	 02/05/12	 32.9	 2.9	 2.7

16/11/12	 14/12/12	 2.0	 53.4	 35.5

02/01/13	 08/02/13	 106.6	 6.6	 7.1

08/02/13	 14/03/12	 3.8	 41.9	 24.7

12/04/13	 13/05/13	 5.2	 19.7	 7.8

13/05/13	 14/06/13	 40.2	 4.5	 7.2

14/06/13	 10/07/13	 213.8	 1.9	 7.2

10/10/13	 21/11/13	 2.0	 64.1	 40.9

13/12/13	 22/01/14	 85.2	 1.3	 15.5

22/01/14	 13/02/14	 24.3	 9.6	 5.0

13/02/14	 27/03/14	 1.3	 41.6	 16.5

27/03/14	 15/04/14	 25.8	 5.6	 2.5

15/04/14	 22/05/14	 143.8	 41.7	 1.4

22/05/14	 29/06/14	 2.3	 35.3	 15.5

Volume weighted mean	 12.5	 6.5
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3	 BM[	 17/02,J2	 l2/O3i2	 79.5	 3.3	 2.1

12/03/12	 02/05/12	 32.5	 <0.1	 4.5

02/05/12	 08/06/12	 39.2	 6.1	 3.3

08/06/12	 09/07/12	 12.1	 15.6	 4.1

02/01/13	 08/02/13	 127.7	 6.7	 5.4

12/04/13	 13/05/13	 8.5	 7.2	 3.0

10/10/13	 21/11/13	 4.8	 39.9	 33.5

13/12/13	 22/01/14	 92.3	 1.4	 0.1

22/01/14	 13/02/14	 22.2	 11.2	 5.4

27/03/14	 15/04/14	 4.4	 17.5	 9.4

15/04/14	 23/05/14	 5.6	 12.2	 6.0

Volume weighted mean 	 5.4	 1.9

4	 KGP	 15/11/12	 14/12/12	 2.4	 138.3	 415.8

02/01/13	 08/02/13	 140.0	 0.7	 1.9

08/02/13	 14/03/13	 31.6	 31.7	 15.7

12/04/13	 13/05/13	 5.6	 15.1	 6.1

13/05/13	 14/06/13	 32.7	 4.3	 3.5

14/06/13	 10/07/13	 213.8	 1.3	 1.4

10/10/13	 21/11/13	 1.0	 74.6	 58.8

13/12/13	 22/01/14	 103.3	 1.2	 6.0

22/01/14	 14/02/14	 20.9	 8.7	 4.8

14/02/14	 27/03/14	 0.7	 40.4	 17.8

27/03/14	 15/04/14	 17.3	 6.9	 2.7

15/04/14	 23/05/14	 135.5	 1.9	 1.3

23/05/14	 29/06/14	 2.9	 26.8	 11.0

Volume weighted mean	 4.0	 4.6

5	 DOM	 02/05/12	 12/06/12	 40.8	 3.8	 2.4

15/11/12	 14/12/12	 4.7	 36.8	 28.5

02/01/13	 08/02/13	 127.9	 6.2	 3.9

12/04/13	 13/05/13	 8.5	 6.4	 1.6

13/05/13	 14/06/13	 25.1	 4.6	 8.5

14/06/13	 10/07/13	 213.8	 1.5	 3.6

12/12/13	 21/01/14	 92.5	 <0.1	 0.1

21/01/14	 14/02/14	 24.1	 9.1	 5.0
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27/03/14	 17/04114	 7.1	 166	 6.2

17/04/14	 22/05/14	 128.3	 1.6	 1.2

Volume weighted mean	 3.2	 3.1

6	 Background	 14/05/13	 14/06/13	 8.6	 18.0	 2.4

14/06/13	 11/07/13	 109.6	 2.6	 5.7

09/10/13	 21/11/13	 5.5	 72.0	 51.8

12/12/13	 23/01/14	 5.6	 24.7	 0.1

23/01/14	 13/02/14	 7.4	 41.5	 11.1

15/04/14	 23/05/14	 46.6	 8.9	 3.6

Volume weighted mean	 4.5	 3.8
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C.8 Total nitrogen deposition fluxes observed during this study and
PrEVIOUS sude.

2004/2005
3b	 0.6	 0.7	 2.3	 6.5

	
2.1
	

0.8	 <0.1
	

13.1
	

90.0

5' 0.8	 0.9	 7.3	 5.5
	

3.1
	

0.8	 <0.1
	

18.5
	

90.8

6' 2.0	 3.6	 5.5	 6.9
	

3.1
	

0.8	 <0.1
	

22.0
	

74.5

7' 1.8	 1.7	 4.2	 5.7
	

2.6
	

0.8	 <0.1
	

16.9
	

79.2

8' 1.0	 1.1	 6.4	 6.0
	

3.2
	

0.8
	 <0.1
	

18.6
	

88.7

2007/2008
1h	 0.8	 3.2	 1.6	 3.9

	
1.8
	

0.8	 <0.1
	

12.2
	

67.1

3'	 1.9	 3.6	 2.2	 3.8
	

1.8
	

0.8	 <0.1
	

14.2
	

61.1

4'	 3.5	 3.6	 5.3	 5.7
	

2.5
	

0.8	 <0.1
	

21.5
	

66.9

6' 1.0	 1.1	 4.5	 11.1
	

2.4
	

0.8	 <0.1
	

21.0
	

90.0

7' 1.6	 2.4	 3.5	 7.7
	

2.0
	

0.8	 <0.1
	

18.1
	

77.8

8' 6.7	 4.3	 5.7	 7.6
	

2.9
	

0.8	 <0.1
	

28.1
	

60.8

2008/2009

1.1	 11.8	 1.7	 6.6
	

2.3
	

0.8	 <0.1
	

24.4
	

47.0
3b	 5.0	 2.4	 2.3	 5.5

	
3.2
	

0.8	 <0.1
	

19.3
	

61.6

4'	 3.2	 1.3	 6.9	 7.6
	

4.2
	

0.8	 <0.1
	

24.1
	

81.3

5'	 4.3	 4.4	 9.1	 10.6
	

3.6
	

0.8	 <0.1
	

32.9
	

73.5

6'	 1.1	 1.0	 5.4	 16.6
	

3.1
	

0.8	 <0.1
	

28.1
	

92.5

7'	 1.1	 1.0	 3.8	 7.6
	

4.0
	

0.8	 <0.1
	

18.4
	

88.6

8'	 3.8	 1.3	 6.5	 11.4
	

3.3
	

0.8	 <0.1
	

27.2
	

81.2

2012/2014
11	 2.2	 1.4	 4.4	 13.3

	
3.4
	

0.7	 <0.1
	

25.5
	

85.7

2	 2.6	 2.3	 4.0	 11.5
	

2.5
	

0.9	 <0.1
	

23.9
	

79.2

3' 1.2	 0.8	 7.7	 14.3
	

4.0
	

0.8	 <0.1
	

28.8
	

93.1

4' 1.9	 1.8	 4.4	 6.0
	

3.1
	

0.7	 <0.1
	

17.9
	

79.4
51	 0.7	 0.7	 5.8	 6.0

	
3.1
	

0.7	 <0.1
	

17.1
	

91.5
6b	 1.2	 0.9	 1.3	 3.9

	
1.7
	

0.7	 <0.1
	

9.8
	

78.3

'denotes sites in the industrial area
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Appendix D	 Fiie graphs
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Figure 15: Time series of TSP concentrations
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Figure 19: Monthly percentage contribution of each component to the total nitrogen deposition flux at site 3
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Figure 20: Monthly percentage contribution of each component to the total nitrogen deposition flux at site 6

46



This page is intentionally left blank

Woodside Nitrogen Deposition Study 	 47



'FCI	 )

I	 1


	UnEncrypted
	TP 3412b
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86


