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Introduction

The Australian Cooperative Research Centre for @rease Gas Technologies (CO2CRC) is currentlyciimjg 100,000 tons
of CO, in a large scale test of storage technology iilcd project in South Eastern Australia called @@2CRC Otway Basin
Project (Otway). The Otway Basin with its natur&@J{accumulations and many depleted gas fields, offarappropriate site
for such a pilot project. An 80% GQtream is produced from a well (Buttress) neath&odepleted gas reservoir (Naylor)
used for storage. The goal of this pilot projedbislemonstrate that G@an be safely transported , stored undergroundtsind
behaviour tracked and monitored. The monitoring eerification framework has been developed to narfior the presence
and behaviour of CQn the sub-surface reservoir, near surface andshere. This monitoring framework has been salecte
to address the areas identified by a rigorous pad risk assessment and subsequently verify cmafoce to clearly
identifiable performance criteria. These criteréavér been agreed with the regulatory authoritieaanage the project through
all phases addressing responsibilities, liabiligesl to provide assurance of safe storage to tiefasdion of the public at
large.
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Figure 1. Site location showing location of Buttres s CO; producer 3 km from Naylor-1 observation well Nay  lor 1, 2-3 km distance
away. The Otway field is a gas producing field onsh  ore Otway Basin in South-Eastern Australia.

Many aspects of the proposed monitoring will becdésed and this paper will provide an overviewhef whole plan, with
reference to progress in baseline measurementexfansive range of established direct and rematsirsg technologies
deployed on surface and in the borehole are begsegl dor repeat assessments from a reservoir, ocomtait, wellbore
integrity, near surface and atmospheric perspecflfeese involve seismic, microseismic, petrophysieell logs and
geochemical sampling including tracer and isotopalysis, plus associated forward modelling. Thes@nee of naturally
occurring CQ in the Otway area makes it more difficult to idgninjected CQ. A regional survey of the distribution, type
and origin of existing COwill be carried out through soil gas sampling. eTéreal consequences of £figration and
trapping are being addressed through charactenzafithe hydrodynamic properties of the regione Tbhnnectivity and fluid
migration time scales of the potential fresh watservoirs are being established using all avalg¢hhd appropriate) well
pressure and geological information. The Otway gubhas been selected as one of the Carbon Seatimstteadership



Forum (CSLF) projects reflecting its global stargdin

Backround

The commercial oil and gas leases (tenements)henQtway Basin in Victoria, selected for the pifwbject, are in an
undeveloped CO field (Buttress), which is the source of €Cand a depleted gas field (Naylor), which is the
injection/containment site (fig 2). The extractedl separated CCstream is transported by pipeline and injected anew
well (CRC-1); drilled down-dip of the existing welhto the depleted Waarre reservoir in the Nayleld at a depth of
approximately 2000 metresThe existing shut-in production well (Naylor-1) keing used as the monitoring well.
Characterization of the site has involved the ctibe of a large quantity of geological, geophykiaad other regionally
relevant data and the construction of static anthdhyc reservoir models. The regional formationsv/jgl® an excellent porous
and permeable geological formation that providdsghly suitable reservoir system for g6&torage. In summary, the site
assessment results, indicating that the Waarre &@mis a suitable site for GGstorage, conclude the following key
attributes of the site. There are no significanttiaevident in the wells at the Waarre C levegréhis a fairly uniform Waarre
C thickness. The local and regional seals haveagwad a number of natural G@ccumulations in the eastern Otway Basin
over geological time. The storage reservoir hasigh@orosity and permeability to be able to actieptnjected CQat rates
forecast. The injected GQOs predicted to move updip from the injector lé@atand migrate to the crest of the fault block and
accumulate below the residual methane gas capeinitinity of the existing Naylor-1 well. The seted site has the major
advantage of being onshore rather than offshol@yig the project research teams to test and duntéfine the monitoring
and verification techniques at a more accessilaiation.
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Figure 2 Top Waare sand structure map. Compartmenta  lised field provides a nearly pure CO2 source in Bu ttress and within 2-3 Km a
gas reservoir with old producer, Naylor 1. This lat  ter well became the monitoring well.

Pilot Project Risk Assessment

A comprehensive risk assessment has been underfakell stages of the Otway before commencing, @@ection. A
systematic approach has been taken to risk assesfn¢he Otway considering both the engineeratirzatural systems. The
engineered systems consist of the wells, the plwet,gathering line while the natural system inekidhe geology, the
reservoir, the overlying and underlying formatiarsl the groundwater flow regimes. Under the qualgarisk assessment
approach, a listing of the potential risks, thgiedfic issues and potential consequences waseckektitigation measures
were then defined to bring the risk levels dowmatceptable levels. This was supplemented by a iatire risk assessment
(QRA) where probabilities assessed through MontéoGamulation were assigned to specific risk esearid simulations run



to consider the range of impacts.

The qualitative assessment is developed througiisk register” designed to cover all aspects ofghgect from the initial
planning and pre-implementation , production, pssa&y, transportation, drilling and injection sskas well as personnel and
decommissioning risks. Extensive geoscience wogdgssted that the source and sink are able to hegtrbject demands
with high certainty. The area is not new for pettwh-type activities and there are several prodnatiells, a gas injection
and storage site and processing plants in the inatgedicinity of the project site that have beerrkitng safely for years and
that are accepted by the local community. Long-teomtainment needs were assessed through an évalodthe potential
natural and man-made leakage pathways, their tiketl of being activated, and an assessment ofntloeig and duration of
any leaked volumes. Natural pathways include pebieezones in the seal, faults either existing arsea by regional over-
pressurisation or earthquakes. Incorrect mappirntgemigration direction and exceeding the spiihpcan also be causal in
allowing the CQ to migrate beyond its intended area. This risknisimal as Naylor is a depleted oil/gas field whiths
previously held more fluids than are being injecaéd probably for many millions of years. There als® multiple barriers
between the storage reservoir and shallow watefeagu

The quantitative risk assessment follows the RIS@uiEhod (Bowden et al, 2004), which is a systenmaticess that uses a
formal group of experts to provide quantitativelgments that are incorporated into a risk analgsid management
framework.The basic approach to this process is to charaetand quantify risk both in terms of likelihoodidéntified risk
events and also their consequenc&be “expert panel” assesses all available inforomatigainst a list of containment risk
issues. This list is used consistently for différgites, and hence provides a means to quantitatbeenpare different sites for
containment risk. Overall, the risk analysis denti@tes that the Otway has low risk events with madi consequences. The
planned monitoring addressed risks by monitorinthatwells, for the potential of overpressurisatiosd by monitoring for
the plume migration pathway.

Monitoring and Verification Role

The goals of a monitoring framework is to provideamprehensive set of information from direct measwents and remote
sensing of the process of injection and storageé®f such that we can appropriately document the cet@torage process
to establish the safe transport, injection, comt&nt of CQ and the subsequent safe abandonment and restovation site.
Within this function we must meet the requiremeotshe Regulatory Impact Statement 2004 from then@onwealth
Organization of Australian Governments (COAG) (MaltyG., 2006) that for the purposes of monitorargl verification, a
regulatory framework should:

° Provide for the generation of clear, comprehendivegly and accurate information that is used feaively and
responsibly manage environmental, health, safetlyemonomic risks and to ensure that set performatagelards are being
met; and

] Determine to an appropriate level of accuracy thentjty, composition and location of gas captuteahsported,
injected and stored and the net abatement of emissi This should include identification and acdmm of fugitive
emissions

The range of monitoring technologies comprises raagrated framework of diverse methods and measnesystems
crossing many disciplinary boundaries. We havegmteed them by their means of measurement; ertémote, or direct
sampling, or by their domain of operation, of whtblere are three. The first is thebssurface domain to monitor and verify
the deep injection and migration behaviour of itédcCQ, from the surface or borehole. The second is #ear-surface
domain comprising sampling and remote measurentent®rify the non-seepage to shallow zones and swhin from
surface and borehole. Finally the atmospheric domedmprising a baseline characterization of seslsand diurnal
variation of existing gas distribution and compiesitaccumulated over suitable time which can beitoced by point source
gas sampling, coupled with dispersion modeling pispectral absorption and infra red detectors lpeal by aircraft and
satellite. The monitoring technologies are deployeé& number of modes across the project lifetiMenitoring can be
categorized into baseline and operational monitpriwhile verification monitoring consists of bothubsurface and
environmental confirmation of performance crite(feg 3)
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Figure 3. Monitoring and verification domain of app lication. There are three domains for monitoringand multiple pathways from
reservoir; up the borehole, around and through the seal into potential potable aquifers an possibly to surface.

Pilot Project Phasing and Regulatory Performance I ndicators
In discussion with the appropriate government refguy authorities the project work scope has béedetl into four project

phases which reflect the focus of the project onaste and related monitoring activities. Each phasmpletion is assessed
by verification of performance against objectives:

e Phase 1A Pre-Injection
o Establish injection and migration models and uraieties
o Establish the baseline measurements data base.
e Phase 1B Production and Injection
o Environmental impacts within regulatory bounds
o0 Injection/Migration within model prediction bounds
e Phase 2 Post Injection
o Verified stable plume within model prediction.
0 Appropriate decommissioning certificate(s) from guthorities
o0 Wells decommissioned as per regulation
o Sites restored as per regulation
e Phase 3 Post Closure
o No evidence of injected GQuithin specified period.
e Phase 4 Longer Term
o No evidence of injected GQwithin specified period.

The role of monitoring and verification of perfornt@ for Phases 1A, 1B and 2 will require a contmuwaf high intensity
monitoring activities. The transition from one pbae another will be dependent on well defined eagiing determinants.
Phase 2 will see post injection closure (or safe)he CQ production Buttress well and decommissioning @& urface
facilities. Monitoring tasks will be ongoing in tidaylor site to validate the transition criteriaRbase 3. The validation that
the plume is now stable will come from log baseelasurements showing no evidence of,@®Dthe overlying formation
beyond secondary containment. In addition fluid gl collected from existing deep water wells sti@iiow no evidence of
the injected CQ@ There are four such wells. Soil and air samptélected in the proximity of the monitoring well éilor-1)
and the injector (CRC-1) wells also show no eviden€ the injected CO Phase 3 is focused on public assurance and
monitoring for long-term storage security. It isphed to augment an existing program of water melhitoring by the local
water authority with testing of soil samples ndase wells for evidence of injected £@ no evidence of the injected GG
detected in 2 years, then this phase can transitiinPhase 4. Monitoring for Phase 4 will conénio focus on public
assurance through the augmented testing prograheideep wells as described above. Again, where feeno evidence of
injected CQ for a further 2 years, this phase can terminabese€ time-scales are pertinent for this projectraag be longer
for large scale storage projects. The project isecily at the beginning of Phase 1B. The injed@&d} is magmatic in origin



and consequently it has a quite different isotgminature than for CQOgenerated biologically and from fossil fuels, dhce
can be discriminated.

Otway Subsurface M onitoring

The first task was to refine the uncertaintiesaservoir properties. There has been a reasonapeesl time between the
original acquisition of 3D seismic and the subsefiygoduction and shut-in of the Naylor-1 well. Tdds residual gas
within the Naylor reservoir with uncertainty astte gas-water contact. The presence of residisapgavides a significant
challenge to direct detection of the £@ume by seismic once it migrates out of the itipgcwell water zone. More precise
understanding of these properties will determire ifonitoring options we have. Naylor-1 has beeantered to establish
gas water contacts with reference to a reservairation log and the integrity of the cement botld®ugh casing and
cement inspection logs. This provided the oppotyuta test the viability of vertical seismic prad (VSP) methods . A new
injection well (CRC-1) has been drilled within 3@0of the monitoring well (Naylor-1). Data gatheriagtivities include
extensive coring above and through the top sealrasdrvoir. Openhole wireline logs, pressure meamants and fluid
samples from the reservoir have also been takesssBre transient testing has been used to detethenbydrogeologic
characteristics prior to injection of GOT'he results have been used to modify the injagtimtocol. Cement inspection logs
have evaluated, the integrity of the bonding of ¢eenent. Downhole pressure and temperature gehees been run to
monitor injection conditions. Seismic geophysicainitoring for the Otway Basin Pilot Program (Otwéy/being carried out
in three distinct phases: prior to injection toabdish baseline data; during injection ie betweagadtion and breakthrough
and post injection for comparison against the lasealata sets. The baseline data consists of auBlace seismic and
3DVSP acquisition. In collaboration with CO2CRC,wrance Berkeley National Laboratories designed boidt an
integrated seismic and geochemical sampling complethich was installed in the Naylor 1 monitoringll late in 2007.
This equipment allows us to obtain both geochendadl seismic data during the injection period. @&)ig(Kepic et al 2007)
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Figure 4. Integrated Seismic and Geochemical Comple tion showing U-tube downhole sampling, surface mani fold and the integrated
completion with diagrammatic u-tubes, seismic and o ther sensors. The horizontal line represents the me  thane water interface prior to
injection.

This completion is designed to provide geochemiampling at three distinct levels, combined witleéh types of
geophysical monitoring activities. The geochemgaipling occurs through three sets of “U-Tubeshwiitlets above and
below the gas contact. There are also two setgesspre and temperature sensors in these localibessampling occurs
through one-way valves and the fluids are liftednlityogen to the surface retaining reservoir caodg. The first seismic
activity addressed is an array of geophones attai@im above the reservoir to provide the mearactpire walkaway data
during injection The second is a set of threetalageophones within 300m above the reservoimimaay to monitor for any
microseismic events which signal changes in ststste associated with the injection and detectute out any signs of
reactivation of the bounding fault ahead of time=Third consists of a set of hydrophones and gamghwvithin the reservoir
to look at high resolution travel times and changgesociated with the changing fluid level at thenitaying well. The whole
assembly was together with surface pressure comied brought together for deployment in October 7208nd was



successfully assembled and lowered over a 10 déydoi@ quite advers weather conditions (fig 5).
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Figure 5. Assembling and deployment of the complete system was a complex and successful operation, the  se figures show the
wellhead with flow tubes and cable connections, whi le on the right shows control of the u-tubes while inserting the integrated
assembly

Preliminary VSP Acquisition

In favourable conditions surface and borehole seisme important survey tools, as the geologicainfitions and structures
can be defined and quite subtle changes associatiedhe presence of the supercritical fluid casoabe detected. We have
forward modeled the expected seismic responseef &l, 2006) and predicted the travel time diffeenassociated with the
CO, plume with the gas, well below the detectabilifyconventional acquisition. We have studied in ldtmoratory the elastic
response of the reservoir under different effecstesses and for sub and supercritical, Cfogether with methane in
comparison to Gassman prediction (Siggins, 20069r Bo acquiring the 3DVSP we calibrated the parfance of borehole
data carrying out walkaway VSPs with multicompanerface lines to tie back to the existing 3Dssec. The VSPs have
provided higher resolution imaging (bandwidth upl#®Hz at target) and in particular help us toririfieid properties from
elastic amplitude versus offset (AVO) data. Corridections of the VSP traces, surface seismic resspand synthetics show
the resolution compared to the surface seismicwW&fe also able to extract very valuable shear in&tion from the VSPs
which is also displayed on the left with the conggienal (P) response is compared to fast and dleargesponse.{&nd %)

in depth. (Fig 6)(Urosevic et al, 2007a)
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Figure 6. Surface seismic with inserted compression al and shear VSP stacks, the whole package is from 1500 — 1600 msecs

Downhole fluid sampling at the monitoring well tiigh the integrated system’s geochemical “U-tubediding carried out
before, during, and after G@njection. Both chemical and isotopic analysibésng carried out of both fluids and gases. The
changes in the elemental and isotopic compositaresbeing used to monitor the geochemical reactimusirring in the
reservoir, to establish the nature and amount o€lgemical trapping of CQ(Perkins et al, 2006). The analytical results for
tracers (both injected and natural) are used tdircorthe arrival of the C@plume at the monitoring well. In addition, their
relative retardation provide a means to determaterations in the region swept by the g@ume, thereby showing the extent
of gravity override versus uniform volumetric swedpacers are also being inserted in the injectatbhan dioxide stream.
These will be significant in detecting movement diey and through the seal, into overlying aquifes) leakage and
atmosphere where that may occur. It is expectedetheh tracer will uniquely partition between tlggi@ous and supercritical
CGO, phases. If the partitioning between the phasagsopriate, the tracer may act as a precursdretanfection stream and
provide an early signal of movement. A number oérofcal tracers are currently being evaluated f¢ection in the
supercritical carbon dioxide stream with detecfiamt, suitability, availability and health and s&§ as the primary concern,
(Perkins et al 2006)

The presence of naturally occurring subsurface i@@he Otway sub-basin makes identifying the itgdocCQ more complex.
A regional survey of the distribution, type andgimiof existing CQis being carried out through an integrated progo&soil
gas sampling, hydrogeology, water chemistry andafrheric measurements. Sampling is carried out @asfined grid and
repeated several times per year (to account faosed effects), before, during and after injectidhe areal consequences of
CO, migration and trapping is being addressed throthiracterization of the hydrodynamic propertieghef region. The
connectivity and fluid migration timescales of #dsting fresh water reservoirs is establishedgiaiveilable hydraulic head,
well pressure and geological information. This padeg input into establishing fluid pathways, flaméscales and identifying
flow barriers due to facies changes and faultseAtinel network of atmospheric monitoring equipmeas been set up to
provide the environmental background against whicbmalous sources of G@an be detected. The proposed location and
layout in the Otway Project has some significantaaages for the assessment of possible impattraispheric monitoring.
Itis in a rural region with the coast only 4 kmth@ southwest. SW winds are prevalent. The sketchfacross mainly pasture
or lightly forested land will minimise the G@oncentration variations resulting from ecologieathange. The CGsource
well (Buttress), and other sources of £@nd their associated infrastructure, which mdgase CQ and other gases, are
downwind of the proposed geosequestration well wB&h winds prevail. The Cape Grim Baseline AtmosighPollution
Station, (a WMO Global Atmosphere Watch stationeraged jointly by CSIRO and the Bureau of Meteogg)ohas
monitored atmospheric composition for decades arm e used as a baseline reference. A @t@lyser system , LoFlo
(Francey et al 2003), which provides high precigontinuous C@measurements, provides the data stream from Cape G
which will be compared with a similar system inktdl at the Otway site. The origin of observed,@an be determined
through use of atmospheric dispersion analysisléyiet al, 2005). The strategy consists of meaments of C@and tracer
gas concentrations up- and down-wind of the sophge an understanding of the dispersion at smalkesc(tens to hundreds
of metres, influenced by micrometeorology) to largeales (several kilometers, influenced additignay mesoscale and
synoptic winds). The CQOs of magmatic origin and can be distinguishedt®gnriched*C isotopic content compared to that
derived from ecological exchange, biomass burnimjfassil fuel. (fig 7) (Watson et al, 2008)
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Figure 7. Soil sampling showing predominant biologi cal signature

Establishing Repeatability for Time-Lapse Seismic (4D)

We established a test sequence to benchmark tfermpance of sources intended for use in both VSIP samface seismic.
The first source, a minivibrator, was used for W&P and a seismic line in 2006. The second wasydrahlic weight drop
mountable onto a locally hired “Bobcat”. The choafesources was primarily driven by being abledproduce sources and
locations over the lifetime of the project. Init@dmparison of weight drop data in 2007 with thaimbrator data acquired in
2006 along the same line and occupying the sam#@sshowed a 12 dB decrease in energy. (fidJ8dgevic et al, 2007b)
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Figure 8. Comparison 2006 minivibrator source (wet) with 2007 weight drop data (dry)

Since we had already compared both systems in WieBigstralia showing very little difference in fregncy response and
energy, then we immediately drew conclusions thesrrsurface conditions were responsible for théedihce. The major
difference, besides not reoccupying positions gedgj was that the 2006 data was acquired aftemmal wet season while
the 2007 data was acquired after a prolonged dtougfact the water table had dropped several reetln order to establish
this supposition we then proceeded to retest the fiow using the minivibrator. Near identical résutonfirmed the
environmental problem of water table change was dhiprit. (fig 9). The operational consequencesthaé trial were
substantial. Given the considerable drop in energyto water table drop, we were no longer abientmge the target horizon
well, and consequently, we postponed the 3D suteeyhen the environmental conditions were more ganmable to when
we acquired the initial survey in 2006. This wasewtthere was more soaking rain to provide bettepliag of the source
signal to the subsurface. An important scientifidccome was to document the influence of the nediasel on the data
repeatability. This is critically important for tenlapse-surveys, since we are looking for the diffees from two identically
acquired surveys, before and after injection.
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Figure 9. Comparison 2007 minivibrator source (dry) with 2007 weight drop data (dry)

Conclusion

The Otway Basin Pilot Project is currently prowigithe opportunity to comprehensively test all qgsaof a large scale
geosequestration project. The project also addses=sar-term and long-term monitoring issues ralsethe necessary time of
containment. This monitoring provides confirmatioihperformance objectives necessary to transitomfphase to phase.
The monitoring comprises established technology,hais also provided the opportunity to developrarovative integrated
geochemical and geophysical completion for the tooinig well. A comprehensive program of surface dadehole 3D
seismic as baseline has been acquired in anticipafisubsequent time-lapse surveys. Managemeheafuality of the time-
lapse data has been achieved by thorough pregdestirrepeatability factors. The latter testing gmam has shown that the
repeatability of subsequent surveys as well as\waitkl are critically dependent on repeating therreesface environmental
conditions of water saturation.
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