HPHT Arena 2009

PETROLEUM
GROUP

Society of Petroleum Engineers
RNroesan S ticr

HPHT Arena 2009

A One Day Workshop Dedicated to
t he North Seads Hott

11 December 2009

The Petroleum Group would like to thank
ConocoPhillips, Maersk Oil, Shell and the
University of Aberdeen for their support of this
event:

>,
ConocoPhillips MAERSK OIL

U

%UN[VERSITY
of ABERDEEN

December 2009 Page 1



HPHT Arena 2009

On behalf of the workshop convenors, welcome to Aberdeen!

This one day event is dedicated to HPHT subsurface challenges and opportunities.
The workshop will bring together geoscientists and engineers to engage in
multidisciplinary discussions spanning exploration, appraisal, development and
production of HPHT resources.

The HPHT arena represents one of the key areas for growth in the North Sea and
beyond and this workshop intends to facilitate knowledge sharing between a wide
audience of industrial (oil companies and service companies) and academic workers.
We have a full program of 16 talks, 4 posters and an optional tour during lunch. As
you will see, the abstracts are extended to two pages and we have encouraged the
addition of a colour figure to make the abstract book a useful record of the workshop's
technical content.

Thanks for your attendance, we hope you enjoy the day!

Stuart Archer, Matthew Allen, Tom McKie, Heather Auld, Fazrie Wahid,
Peyman Nurafza

Petroleum Group and SPE convenors
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PROGRAMME
0800 | Registrabn and Coffee
08.50| Welcome and Opening
09:05| M. Hayes (BG Group)
Keynote: Key Learnings from an Integrated HPHT Portfolio
09:30| S. Ward (ConocoPhillips)
The Jasmine Discovery, Central North Sea, UKCS
09.55| S. Kape (BG Group)
Predicting Recoverynfideep HPHT Triassic Reservoirs
10.20| N. Grant (ConocoPhillips)
Skagerrak Fm. Reservoir Property Trends frBlodk@dd Norwegian Shelf, HP|
Province, Central North Sea
10:45| Coffee and Poster Session
11.05| R. MiltoAWorsell (DECC)
Potential tor&ductionConvent i onal HPHT (300e¢ekF
15,000psi), on the UKCS
11.30| J. Volke(Shell)
Integrated Pore Pressure Prediction in the North Sea
1155 R. Swarbrick, S. OdConnor (Geopres
Pressure PredictiotHPHT Environments Incorporating Deep Generation Pro
12.20| Lunch
1250 Optional |l unch time tour of the ET
facilities at the University of Aberdeen led by Dr Neil Renton
13.20| P. Schutjens (Shell)
HPHTOverburden Mechanics: Drilling Pancakes or Arches?
13.45 J. Fuller (Schlumberger)
Geomechanical Considerations for a HPHT System
14.10| A. Bruce (ConocoPhillips)
An Integrated Team Approach to Drilling a Challenging HPHT Infill Well
1435 | G. Holm (Totpl
Elgin/FranklirDrilling into Highly Depleted Reservoirs
15:00| Coffee and Poster Session
15.35| J. Zaske (Chevron)
Geophysical Challenges at the HPHT Erskine Field, North Sea
16.00| A. Grandi (Total)

Time Lapse Monitoring of Highly Depleted HBHhd-Elgin Case
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16.25| G. Affleck (Weatherford)

Use of High Temperature Image Logging in Well to Well Correlation, a Case
16.50| S. Frederiksen (Maersk)

Cretaceous Pressure Ramp and Leak Off Test/Formation Integrity Test Valy
17.05| M. Samir (Sétimberger)

HPHT Openhole Fluid Sampling Application in the North Sea
17.20| Closing Remarks
17.30| Workshop Ends

Poster Programme

M. Norris (Schlumberger)
Productiontiulation Aspects of HPHT Reservoirs

E. Shearer (Halliburton)
Pushing the Envedap HPHT Drilling Systems

A. Hurst (Aberdeen University)
Porosity and Saturation Prediction in HPHT Wells Using Hgdsoaadobtud
Logging Data

S. Archer (Aberdeen University)
Triassic Clastic Research Capabilities at Aberdeen University
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Learningdés from an I ntegrated HPHT Port
M. Hayes, BG Group

As the industry pursues deeper and more challenging prospects and developments the
traditional definition of HPHT (Tier | above 10,000 psi and 300 deg F) have been
extended to include Tier Il (extreme) and Tier Il (Ultra) HPHT [ref 1]. The limits of
current UKCNS Developments and discoveries is generally within Tier Il. For some
Extreme and much of Ultra HPHT significant developments in the areas such as
completions design and formation evaluation technology will be required to bring these
opportunities to production.
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The presentation will review the key learning from an integrated HPHT portfolio across
Exploration, Appraisal and Development assets. Such a portfolio allows the transfer of
|l earningdés from the Producing Fields i
Some of the key learning to be reviewed include:-

¢ Reservoir Geomechanics - HPHT reservoirs are generally developed
through depletion drive leading to large changes in pore pressure and
considerable stress changes. Overburden casing deformation has been
observed in a number of wells leading to concerns around future well
integrity and an inability to access to reservoir interval.

e Dirilling into Depleted Reservoirs - There are significant technical
challenges when drilling into a depleted HPHT reservoir, where the
formation fracture gradient reduces with declining reservoir pressure, while
maintaini ng the stability of the <cap
reservoir pressure. Traditionally UKCS development (eg Elgin Franklin,
Shearwater, Erskine) were progressed by pre drilling all the development
wells. Progress in well design and mud systems has allowed a number of
more recent infill production wells to be drilled.
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e Reservoir Imaging i HPHT opportunities can often combine the
challenges of complex structural setting and relatively poor seismic imaging
as a result of deep depth and destructive multiple interference from
shallower horizons. Progress is being made with 4D time lapse imaging
although the reliance on indirect 4D effects such as velocity changes in the
overburden limit its resolution.

¢ Formation Evaluation T temperatures in excess of 350 deg F pose
considerable challenges in formation evaluation and extended wireline
logging tools such as imaging tools & CMR/NMR suites are not generally
available. LWD is also likely to suffer limited operational times above 350
deg F. The paper will review recent operational success using formation
sampling tools to both estimate reservoir permeability and recover low
contamination samples to surface.

e Reservoir Description - Reservoir Effectiveness is recognized as a critical
risk for the Triassic / Jurassic HPHT prospects in the UKCS and Norway.
The Triassic reservoirs encountered to date in the UKCS J Block fields
show strong porosity depth trends and can contain a significant pore
vol ume at relatively |l ow per mastabding i t yo6s (
of the performance of the higher permeability channel systems and tighter
matrix is critical to predicting production well performance.

e Completions Design - In HPHT wells the stresses resulting from the
combination of high axial loads and pressure differentials begin
encroaching on materials limitations of standard subsurface equipment.
High temperatures cause the well to operate with either significant pipe
movement, or high compressional loads at the packer. HPHT completions
require a rigorous engineering analysis with the aid of modern thermal and
stress analysis software to perform a full triaxial design analysis. A number
of projects have experienced failures as a result of metallurgy problems, in
particular with downhole equipment.

e Subsea Trees i Subsea trees and control systems have limited capability
for HPHT mainly as a result of the challenges of qualifying non metallic
elements in the trees. As a result a number of HPHT developments have
been progressed with with head platforms and dry surface production trees.

e Production Chemistry - HPHT fields tend to have large temperature and
pressure changes and can also be subject to exotic water chemistries. This
can pose significant challenges in terms of scale precipitation, potential salt
deposition reducing well productivities and asphaltene deposition.

Reference[1]]OTC 17927, dAUltradeep HP/HT Completions: CI a
Met hodol ogi es, and TeB.Maldooaad, A.@Qtrazdld, &nd B. dsrtod, by
Baker Oil Tools, prepared for the 2006 Offshore Technology Conference, Houston, 11 4 May.
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The Jasmine Discovery, Central North Sea, UKCS

S. Ward?, S. Archer?, S. Menad3, |. Shahim4, N. Grant?, H. Sloan?, A. Cole?

1 ConocoPhillips Petroleum Company U.K. Limited, Rubislaw House, Anderson Drive,
Aberdeen AB15 6FZ, UK

2 Department of Geology & Petroleum Geology, Meston Building, Kings College, Aberdeen,
AB24 3UE

3 ConocoPhillips Pty Ltd, 53 Ord St, Perth 6005, Australia

* ConocoPhillips Company, Subsurface Technology Group, North Dairy Ashford, Houston
Texas 77079, USA

The Jasmine Field is located in blocks 30/6 and 30/7a on the J Ridge, the
southeastern extension of the Forties-Montrose High which separates the eastern and
western basins of the UK Central North Sea. The field was discovered in 2006 and is
close to two ConocoPhillips producing fields, Jade and Judy, which serve as useful
local analogues. The main West Limb structure is a turtle-back faulted anticline
northwest of the Joanne salt pillow. The primary reservoir is Triassic in age and
consists of stacked fluvial sandstones of the Joanne Member of the Skagerrak
Formation.

The HPHT exploration wells 30/6- 06 and geological sidetrack 30/6- 06Z discovered a
rich gas condensate column of 2300 ft, some 1100ft deeper than the mapped
independent structural closure of the prospect, and achieved good flow rates on test.
To appraise the discovery and assess the potential for significant additional volumes in
an adjacent downfaulted terrace, a programme of a main well and two sidetrack wells
was initiated in 2007. Appraisal well 30/6- 07 discovered a 550 ft hydrocarbon column
in the Northern Terrace with a HWC shallower than that observed in the West Limb
thereby proving structural compartmentalisation between the two fault blocks. Good
flow rates were achieved from a drill stem test (DST) in mechanical sidetrack well
30/06- 07Z.

Sidetracks 30/6- 7Y and 30/6- 7X were drilled to confirm the northwestern extension of
the West Limb discovery and to test the northern extent of the Northern Terrace
accumulation respectively. This programme has reduced volumetric uncertainty but the
trapping mechanism and the ultimate extent of the Jasmine accumulation remain
unknown.

Comprehensive data acquisition throughout the exploration and appraisal phases,
including drill stem testing, core recovery and seismic data reprocessing has facilitated
a detailed reservoir characterisation programme. Jasmine represents a significant new
HPHT resource in the mature Central North Sea and is currently undergoing
development planning.
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The Jasmine Discovery

Jasmine discovered in 2006 by exploration wells

30/6-6 & 30/6-6Z

A faulted, turtle back anticline adjacent north west of the
Joanne salt pillow on the west flank of the J-Ridge

A thick hydrocarbon column, trapped in the Triassic
Skagerrak Joanne Sandstone Fm sealed by the Jonathan
(top) and Julius (base) mudstones

HPHT environment

Jasmine
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Predicting Recovery from Deep HPHT Triassic Reservoirs.
S. Kape, O. Diaz de Souza, I. Bushnag, M. Hayes, I|. Turner, BG Group

The Triassic Skagerrak Fm forms one of the main reservoirs in the High Pressure High
Temperature (HPHT) province of the UK and Norwegian sectors of the North Sea ; BG
with its partners Conoco Phillips (operator), ENI, Chevron & OMV, has produced over
240 mmboe gross from the Skagerrak Fm. reservoirs in the Judy and Jade Fields
since 1995. BG's exploration portfolio contains a number of deep Skagerrak Fm
opportunities this study has been used to understand the likely production behaviour of
these deep prospects.

The Skagerrak Fm comprises two main reservoir sandstones, the Judy Member and
the overlying Joanne Member. Despite their similar character on wireline logs the two
reservoirs often exhibit different production behaviour. Integration of the production
behaviour from the Jade and Judy fields with the sedimentology has enabled the
causes of this different production behaviour to be better understood, allowing the
controls on production performance to be better understood.

Reservoir Models derived from workflows successfully used for the currently producing
fields has been carried through to a predictive phase of simulation and modelling to
predict the range of likely production behaviours expected for a deeper exploration
portfolio. Clear compaction related porosity depth trend exists within the Skagerrak Fm
and this has been used to translate the robust history matched reservoir models from
the producing fields to the depth of the prospects. Sensitivity to hydrocarbon fluid,
porosity depth trend and permeability of the deep reservoirs has been evaluated, and
a range of likely production rates and behaviours established.

Understanding the range of expected production performance will allows the design of
the exploration and appraisal program to be optimised.

Top Triassic- perspective view showing relative structural depths
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Deep Joanne mid case perme
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Skagerrak Fm. Reservoir Property Trends from the J-Block and Norwegian Shelf,
HPHT Province, Central North Sea

N. Grant, J. Middleton, H. Sloan, ConocoPhillips

The Central Graben Triassic Skagerrak play has proven to be very prolific in recent
years but has also presented several challenges. Success requires an in-depth, and
predictive, understanding of the complete petroleum system. An important part of this
is an ability to predict reservoir quality through an understanding of depositional
patterns, subsidence history and associated compaction and diagenesis.

In most basins deep burial is usually synonymous with low porosity and tight
reservoirs. However where fluid overpressures are high, the early arrestment of
compaction can allow preservation of high porosity and permeability to depths normally
considered uneconomic in better drained, more permeable basins. The Pre-
Cretaceous of the Central Graben is a hydrocarbon province where the presence of
good top seals (in particular low permeability chalk), rapid Tertiary burial and late stage
gas generation in hydrocarbon kitchens combine to produce and trap very high
overpressures. What are the reservoir property trends developed in this complex
setting and are they predictable?

This presentation will present one simple and largely empirical approach to this
question, which is to evaluate the controls on reservoir properties using average trends
from wells and fields. The results show that the Skagerrak Fm in the J Block and
Norwegian shelf areas in the UK/Norway Central Graben have strong but complex
relationships between porosity and depth. The Norwegian shelf wells for example
show markedly poorer reservoir properties at a given depth than the corresponding UK
J-block wells.

Top seal strength increases with depth and, thus so does the length of the trapped
hydrocarbon columns in the J-block. For example, at a depth of 10500ft, the Judy Field
has a 900ft hydrocarbon column while at 14500ft the Jade field has a column in excess
of 3000ft. Associated with these large columns is a marked degradation of reservoir
quality with depth. To understand these trends better, data from the region has been
analysed by normalising it against vertical effective stress. The use of vertical effective
stress allows direct comparison to be made between the fields regardless of their
depth of burial.

Results show that both porosity and fractional effective reservoir (the proportion of net
sand with porosity greater than a predetermined cut-off) decrease almost linearly with
vertical effective stress and that data from different fields and wells define common
trends that imply a common compactional history. These trends apply to both water
saturated and hydrocarbon-bearing formations. The main effect of the hydrocarbon
charge is the buoyancy of the large hydrocarbon column helping to reduce vertical
effective stress. In other words, this analysis supports the contention that compaction
is the primary control on overall reservoir properties. In these reservoirs, temperature
activated diagenesis appears to play a subordinate role due to the suppression of
quartz cementation by chlorite and clay grain coatings, and by the relatively low
ambient effective stresses reducing the deleterious effects of grain-contact pressure
solution.
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What is Vertical Effective Stress?

The weight of the overburden not supported by fluid pressure
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Potential to Production i Conventional HPHT (300¢~ 10,000psi) to Extreme HPHT
(350¢F 15,000psi), on the UKCS

R. Milton-Worsell, Exploration Central North Sea, Department of Energy and Climate Change,
London SW1A 2HD

In this talk | will first address the definitions of High Pressure-High Temperature
(HPHT) and extreme HPHT (eHPHT) as conventionally applied on the UKCS. HPHT
conditions are considered to apply where pressures exceed 10,000 psi (689 bars) and
where temperatures exceed 300°F (150°C). Extreme HPHT conditions are determined
as where pressures exceed 15,000 psi (1034 bars) and where temperatures exceed
350°F (177°C), in the reservoir.

| will then review what has been learnt from the forty years of exploration within the
HPHT domain on the UKCS since it started in 1970. The HPHT domain of the UK
North Sea as we currently define it was first encountered by well 29/3-1 during 1970
whilst pioneering drilling in the pre-Cretaceous. Although the well was not logged over
the reservoir section, a thirty-foot core was recovered in glauconitic Jurassic sandstone
at 13,100 feet. It was closely followed in 1971 by well 30/18-2 which targeted a similar
structure, and reached TD at 15,050 feet. This well encountered hydrocarbons in the
Palaeocene, but disappointingly found only water- wet Jurassic sand. Also in this early
exploration period, well 30/2-1 tested a closure at the northern end of the J Ridge,
encountering Jurassic sandstone resting unconformably upon Zechstein strata. On the
western side of the basin, well 22/21-1 drilled to the base of the Cretaceous and
reached TD after penetrating 60 feet of Upper Jurassic Kimmeridge Clay Formation
mudstones. After this somewhat poor start, in the next period of exploration from the
mid-1980s, the Franklin (1986) and Shearwater (1988) and Elgin (1991) fields were
discovered, and the UK North Sea HPHT domain has been subject to active
exploration ever since. Exploration and exploitation within the HPHT domain has been
achieved by remarkable developments in seismic, drilling and development
technologies. These advances have provided predictive geological models to address
significant multiple risk elements, and the ability to drill and develop reservoirs safely
under HPHT conditions. | will look at some of the key issues that still remain to be
solved within the area of the HPHT overprint, such as accurately predicting pressure
cell boundaries and temperatures in an area with such a complex geological history.

I will present an assessment of the hydrocarbon discoveries and reserves size within
the UK North Sea HPHT domain, showing analyses of i) discoveries that have
progressed to development stage and exploited as Fields, ii) discoveries that have
been appraised but have not yet been developed, iii) significant discoveries which
have not yet been appraised, and iv) less significant discoveries which have not yet
been appraised.

To complete this assessment | will look at the HPHT potential, addressing the undrilled
prospectivity of the HPHT domain. For this | will be draw on information contained
within the Department of Energy and Climate Change (DECC) database of undrilled
prospects.

Other important factors relating to current HPHT exploration and development
opportunities on the UKCS will be discussed, such as ongoing relinquishments due to
1" and 2" Round License determinations, the Fallow Block initiative, and other
licensing activities. This is releasing sometimes for the first time in forty years areas of
the HPHT heartland that may have had only one previous operator. A snapshot of the
licensed acreage taken on the 1st November 2009 shows that only 85% of fields and
significant discoveries are licensed, and in terms of prospects only 88% are licensed,
leaving 15% and 12% available as future licensing opportunities (Fig. 1). It should be
noted thatthesear e Aby count o percentages and do not
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a) Proportion of HPHT fields and b) Proportion of HPHT prospects
discoveries in licensed and in licensed and open acreage
open acreage

Licensed

-

85% 88%

Figure 1
Proportion fiby counto of a) HPHT fields and discov:«
licensed and open acreage at 1* November 2009 (This will be revised for the presentation)
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Integrated Pore Pressure Prediction in the Central North Sea
G. S. Yardley, Shell, UK

Pore pressure prediction is required for both well design and for risking exploration
prospects in terms of their seal integrity and reservoir quality. Shell supports the view
that the most robust pressure predictions can be achieved by integrating a range of
methodologies including: (1) geological framework (2) seismic velocity based pressure
prediction and (3) basin modelling. The exact workflow depends on the geological
environment, calibration data availability and the required deliverable. In this
presentation, examples are shown of the application of this integrated workflow to
specific studies from the Central North Sea.

The first step in the integrated workflow, and a pressure prediction method in its own
right, is the definition of the geological framework. In the context of the Central North
Sea this has been called pressure cell mapping (e.g. Gaarenstroom et al., 1993), but
the same concept can be more generally applied to a range of depositional
environments (Yardley & Farris, 2008). Essentially, the integration of known pressures
with the geological model (distribution of permeable and tight facies, and burial
histories) yields many of the geological factors that define the pressure system such as
lateral and vertical pressure seals. Between these pressure barriers it may be
expected that overpressures are relatively constant and limited well data may be
meaningfully extrapolated over a large sub-surface volume. In the Central North Sea
Winefield et al. (2005) indicate that the deep pressure seal is in the Cretaceous (Chalk
Group and to lesser extent Cromer Knoll Group) and the lateral seals are major
structural faults and Jurassic/Triassic thins over salt ridges. Once this understanding of
the pressure system is in place, it is then possible to:

e Predict pressures anywhere within a defined pressure cell.

e Determine appropriate analogue wells for calibration of pressure prediction by
other means (e.g. seismic pressure prediction).

e Build an appropriate geological model in basin modelling software.

One of the chief advantages of this method is that it does not rely on assumptions
about the overpressure generating mechanism. However, quantitative use of this
method is limited to pressure cells with known pressures. Examples where it is move
difficult to apply include:

¢ Rotliegend targets. The relatively few Rotliegend penetrations mean that there
are insufficient data to build a model of pressure distribution.

e Thick Jurassic shales sequences above target reservoirs. Recent work (e.g.
Swarbrick et al., 2008 and Casabianca & Cosgrove, 2009) supports the
conclusion that the Chalk Group is the ultimate top seal for hydrocarbons in the
deep Jurassic/Triassic pressure system, but the exact pressure profile through
thick Jurassic shale sections is not well understood.

Other pressure prediction techniques also encounter problems in the Central North
Sea e.g. seismic pressure prediction is subject to poor sub-chalk velocity quality and
the lack of a simple relationship between seismic velocity and the stress state. Basin
modelling relies on a quantitative understanding of the processes behind overpressure
generation and the need to define the geological model and rock property models.

A case study of pressure prediction for the Quasimodo prospect is presented. The

exploration well (29/10-7) targeted the Rotliegend Formation. Pressure cell mapping
was not possible due to the lack of pressure control at the target level and a
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combination of seismic pressure prediction (conducted by Schlumberger) and in-house
basin modelling was used for pre-drill pressure prediction.

The seismic pressure prediction determined the pressures at the Base Cretaceous
Unconformity, but relied on extrapolation of these pressures deeper into the
Rotliegend. A range of basin models was generated based on plausible geological
scenarios for connectivity within the Rotliegend and between the Rotliegend and
younger sediments. The modelled pressure distributions were then compared with the
seismic pressure prediction volume as a consistency check between the two methods.
This integration allowed some geological scenarios to be de-emphasized, as their
modelled pressures were incompatible with the seismic derived pressures. There was
broad agreement between the seismic and basin model derived pressures. However,
the basin model approach gave rise to higher possible pressures associated with
geological scenarios with limited vertical connectivity between the Rotleigend and
shallower pressure cells. The observed well pressures were at the high end of the
predicted range indicating limited vertical connectivity of the Rotliegend target with the
shallower pressure system.
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Pressure Prediction in HPHT Environments Incorporating Deep Generation
Processes

R. E. Swarbrick', R. W. Lahann*?,S. A. O% Connor

! GeoPressure Technology Ltd, Stockton Road, Durham, DH1 3UZ, England
®Indiana University, Bloomington, Indiana, USA.

Accurate pore pressure prediction is not trivial anywhere, but becomes especially
challenging in HPHT environments, where many geological processes commence and
make rock properties inherently less predictable. In such an environment the
traditional methods to estimate pore pressures ahead of the bit must be modified, and
in some cases replaced. Heavy reliance on seismic-derived pore pressures is HPHT
environments is likely to lead to unacceptable uncertainties, and should be replaced by
models based on geological processes.

The traditional approach to pore pressure predictions, which works well in young,
rapidly deposited and low temperature sediments, such as occur in Tertiary Deltas
(e.g. Gulf of Mexico, Nile Delta, Malay Basin), is based on principles which govern
compaction of compressible sediments such as shales. During burial, as compaction
proceeds, porosity is reduced in the sediment, driven by stress. If sediments are not
sufficiently permeable to allow complete dewatering within the time frame that a stress
is imposed (for example during and after addition of load during sedimentation) the
increment of additional stress is distributed only partially on the grains and the
remainder on the fluids. Incomplete dewatering leads to the overpressure mechanism
termed compaction disequilibrium where the magnitude of overpressure is controlled
by the weight of the added load (vertical stress), as well as rock properties such as
compressibility and permeability. Typically, pore pressure profiles evolve with depth to
be overburden-parallel.

Current pore pressure prediction capability is well optimised for these where
compaction disequilibrium is the primary source of overpressure. However, as industry
drills deep targets where temperatures typically exceed 100-120°C and often much
higher, the ability for conventional porosity-based pore pressure prediction methods to
deliver satisfactory results diminishes. Above this threshold temperature pore
pressures are likely to be underestimated, as techniques using interval velocities,
wireline or Logging While Drilling data such as sonic and resistivity become
increasingly unreliable.

In these higher temperature conditions, additional pore pressure can also be
generated by fluid expansion mechanisms (aquathermal pressuring, hydrocarbon
maturation, inter-granular water released during clay diagenesis) and framework
weakening/load transfer (the modification of the load-bearing part of the sediment such
that the rock becomes weaker/more compressible, for example when smectite re-
crystallises as illite or when kerogen transforms to oil/gas and residual kerogen). Fluid
expansion and framework weakening can causes the pore pressure to increase at a
faster rate than overburden stress. When these mechanisms are active, the velocity
decreases as burial increases, producing anomalously slow velocities with only small
change in density. However, not all velocity reversals are produced by these
mechanisms as velocity will also change in response to lithology changes and at
boundaries between normally-pressured and overpressured intervals.

Overpressures generated by compaction disequilibrium and fluid expansion methods
have been quantified by Swarbrick et al. (2002). Load transfer/framework weakening
has been quantified in in Lahann et al. (2001) using data from the Gulf of Mexico. Our
recent work in the High Pressure/High Temperature region of Mid-Norway estimates a
contribution to pore pressures of approximately 170 bar (3000 psi) overpressure at
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depths of 4500m (15,000 feet) through the mechanism of framework weakening. In
HP/HT environments, therefore, very significant contributions of secondary
overpressure (in addition to that from compaction disequilibrium) can be expected as
temperatures well in excess of 100-120°C are encountered. If not anticipated prior to
drilling, this additional overpressure can lead to major drilling surprises with
implications for health and safety (as well as geological implications such as hydraulic
failure of top-seals in reservoirs and re-migration of hydrocarbons). Steps towards an
improved understanding of these processes and their contribution to overall sediment
overpressure would provide a significant contribution to pore pressure prediction
modelling in deep and hot environments.
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>0 o RFTmeasurements
in sands
Topol(:)verpmuu
‘B 1000 [Feesss s s s mnn
S’ !
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| ' transition zone
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Figure 1 RFT data from LA-3, Malay Basin. Below 100°C i sot her m, significant

overpressure is measured in deep reservoirs additive to that predicated by compaction
disequilibrium (see text for explanation).

Therefore, this paper is designed to bring together some new research results from
Gulf of Mexico, SE Asia and Northern Europe to develop a workflow and methodology
to characterize and quantify pore pressure in deep targets and inform the next
generation of pore pressure prediction capability in HPHT environments.
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HP-HT Overburden Geomechanics: Drilling Pancakes or Arches?
P. Schutjens, S. de Gennaro, J. Ita, P. Fokker, M. Frumau, M. Fuery, ShellE & P

Basin-scale finite-element geomechanical models were made to investigate the
dependence of reservoir size, depth and structure on deformation and stress change in
the overburden. Regarding stress change, the model results indicate relatively small
total stress changes (< 1 MPa) in laterally extensive, shallow (< 3 km), low-depletion
reservoirs. In contrast, an HP-HT reservoir buried at a depth of 5.5. kilometers showed
total stress changes up to 10 MPa in its 500-feet thick caprock composed of
mudstones and siltstones. Because the effective stress state in the caprock before
production was of the same order of magnitude, such stress changes could affect the
stability of infill wellbores drilled through the caprock, as well as its sealing capacity.

Our geomechanical analysis reveals that the large stress change, modeled and

observed in the caprock of the HP-HT field, has several causes. These include (1) the

large depletion of about 60 MPa, in combination with (2) the high reservoir uniaxial-

strain bulk-volume compressibility of about 1.5 x 10*/MPa, leading to a downward

displacement at top reservoir of about 65 cm, (3) the small lateral extent of the field

compared to its depth of burial, giving rise to large changes in total stress orientation

and magnitude (Astress archingo), and (4) t he
chalk above the caprock. Regarding the latter effect, this was a surprise to us, yet our

models clearly showed that the thick chalk @af
and siltstones of the caprock, rather than taking up part of the stress change. This

resulted in a sharp stress-change discontinuity at base-chalk (Figure 1), that was

probably not present before production.

Our paper describes the construction of the geomechanical models, shows examples

of the overburden stress change, and presents its application in the reservoir

development workflow. An analogy is made with pancakes and arches, to visualise the
geomechanical effect of the overburden stress transfer in response to reservoir

deformation (see Figure 2). For the HP-HT r eser voi r (which resembl
model 0, i ntegr at ed agsignificaetapbrational égngpactmihe model

results helped to anticipate and mitigate the stress changes during infill-drilling

operations.
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HP-HT Reservoir Depletion-induced stress change in overburden
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How can we envisage the stress redistribution in the overburden ? |

Model 1. Model 2.

Pancake Stress arch:
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Figure 2
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Geomechanical Considerations for a HPHT System

J. Fuller, Schlumberger

When any reservoir is depleted its state of stress changes. Drillers frequently observe
this effect as a reduction in the fracture gradient; the least principal stress in the
reservoir. Correctly selecting the casing point at the top of the reservoir often becomes
a critical issue to avoid mud losses in many older fields. To maintain overall stress
equilibrium in the subsurface, a reduction in the total stress in the reservoir is
compensated by increases in stress in the adjacent formations. As a result the
immediate overburden, under additional stress, can become more unstable as
reservoir pressure drops. This will affect both wellbore stability during drilling and
casing integrity.

These stress changes are far more extreme in HPHT reservoirs since the initial
reservoir pressure is much closer to the total stress acting on the formation. In such
cases the fluid pressure is supporting much of the load on the reservoir, and the
effective stress acting on the reservoir rock will be minimal. This means that the
reservoir can be very porous and under-compacted. As the reservoir is produced and
the pressure declines, the loadbearing capacity of the fluid will be reduced, transferring
more load to the weak rock and causing the reservoir to compact. HPHT reservoir
pressure changes can also be quite rapid, therefore the effect of changes in stress are
seen very early in the life of the field, often before the initial phase of development
drilling is complete.

This discussion will explain the mechanical behaviour of a reservoir during depletion
and will look at the specific problems associated with drilling, completion and well
integrity as an HPHT field is produced, as preparation for broader discussion on ways
in which these mechanical problems could be mitigated and perhaps turned to
advantage
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An Integrated Team Approach to Drilling a Challenging HPHT Infill Well

A. Bruce, A. Ferguson, S. Urban, J. Blackburn, A. MacMillan, J. Herrera, A. Gunn, |. Milne,
ConocoPhillips

The Jade Field is located in Block 30/2c in the UK Central North Sea and was
discovered by well 30/2c-3 in 1996. It was appraised by well 30/2c-4 in 1997, with first
production in 2002. The field produces gas and condensate from the Triassic Joanne
and Judy Sandstones and is classified as a high pressure/high temperature (HPHT)
field with a wet gas in place estimate for the Joanne Sandstone of 1000 bcf and 150
bcf for the Judy Sandstone (Jones et al, 2005).

Five development wells within the central horst block have provided the majority of the
field production to date. In 2006 an opportunity was identified to drill an infill well into
the under-developed Judy formation, which at the time was drained solely by the J6
well.

Figure 1: Top Joanne Sandstone depth-structure map

Given that J6 was not optimally positioned for the Judy reservoir and production is
comingled with the overlying Joanne reservoir, it was recognised that an up-dip Judy
target could significantly increase recovery. However the proposed well would have a
large number of challenges;

e The Joanne member at the new well location was expected to include severely
depleted zones, leading to concerns on the available drilling mud-weight
window between the pore pressure and the minimum fracture gradient. In
addition, the level and variability of depletion in the Judy Sandstone target was
unknown.

e The stratigraphy above the reservoir was uncertain, with the potential to have
high pressure Jurassic sands directly overlying the depleted Joanne reservaoir.

e Reservoir quality proximal to a nearby salt wall was difficult to predict, and
volumetric were complicated by poor fault imaging.

December 2009 Page 33



HPHT Arena 2009

e Given the perceived geological issues, formation evaluation was key to
improving overall understanding, but data acquisition in severely depleted
conditions posed significant risk.

e Since several other HPHT fields in the area had encountered significant liner
deformation or casing collapse, long term mitigation measures were also an
important consideration as part of the overall well design.

The standard well design employed on the early Jade wells was considered

i nadequate for managing this range of potentia
well design was proposed, introducing an additional casing string which would allow

successful completion of the well in the case where high pressure Jurassic sands and

a severely depleted Joanne reservoir were encountered.

The well was successfully drilled in late 2008 to early 2009, with no indications of any
losses in either the Joanne or Judy reservoirs. This was due to both detailed
geomechanics pre-well planning, which calculated the zone beyond which catastrophic
permanent losses can occur and the use of well bore strengthening material in the
mud, to increase the drilling window and reduce the risk of severe mud losses and
ensuring the effective mud circulating pressure was below the fracture gradient loss
zone.

Key decisions during the drilling phase included a 9 7 ¢aSiny pick in the uppermost
Joanne reservoir, in order to successfully isolate potential high pressure zones in the
Chalk, Jurassic (if present) and stringers in the Cromer Knoll Group. Good
communication and pre-work between the onshore and offshore teams, including early
engagement of all team members, enabled efficient decision making. Similarly, close
co-operation with the wireline contractor resulted in the formation evaluation objectives
for the depleted Judy Member being achieved, in challenging circumstances.

Wireline logs showed the well to have better reservoir quality and higher pressure than
predicted in the Judy target reservoir. The completion strategy allowed the well to be
perforated under-balance in base oil, with a gun drop technique, that resulted in a
rapid well clean-up during the well test flow. Ultimately the well is expected to
significantly increase the overall recovery factor from the Judy reservoir.

The success of this challenging well was largely due to integration of all disciplines and
good communication between all those involved in the well operation. In particular,
early involvement of key staff and contractor personnel facilitated good understanding
of key uncertainties and enabled efficient decision making. This resulted in the
successful drilling of a very challenging well.
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Elgin/Franklin - Drilling into Highly Depleted Reservoirs

G. Holm. V. Neillo, S. Lott, F. Millancourt, O. Rahmanov, A. Grandi, O-P. Hansen
Total E&P UK Ltd

The Elgin Franklin Field is an extreme HPHT field with initial pressures and
temperatures of 1100Bars and 190-200°C. The fields were developed by drilling from
wellhead platforms located on both Elgin (22/30c) and Franklin (29/5b). The fields were
brought into production in 2001 and have since remained at plateau. Drilling all the
producers before production start-up was considered essential at the time of
development, as differential pressure between the undepleted caprock, and the
depleted reservoir would be too great to allow a suitable mud weight window for
successful drilling.

Since that time warnings occurred:
e Constrictions within t he 7 i producti on
encountered at
shallower depths in the well, preventing entry to the perforated intervals
e Three earthquakes centred on the Elgin boundary fault in 2007/2008;

These elements showed that probable stress reorganisation was occurring, with
compaction in the reservoir and expansion in the overburden. 4D results obtained
inverting a base seismic acquired before production and a monitor shot in 2005,
confirmed the stress reorganization with a resulting time shift over both Elgin and
Franklin Fields. Thus the threat of well failure could become a reality and the decision
was taken to plan for infill well drilling.

The first well 29/5b-F8Z was drilled in 2007 on the Franklin Field where the depletion,
at 660bar was predicted to be less than Elgin. Planning of this well was a coordinated
team approach to allow a feasible casing design and mud system to be created from
the prediction of pore pressure, reservoir pressure and the fracture gradient. Drilling of
this well then encountered unforeseen events which had not previously been observed
in the development wells. This included a high pressure, tight gas bleed into the well
from the Herring Formation, losses in the Plenus Marl and only limited depletion in the
uppermost sand of the Fulmar Formation. The well was eventually successfully
completed and then brought into production.

The second well, 22/30c-G11, was drilled in 2009 into the Elgin Field with a depletion
in the order of 700bars. This well planned for the events that occurred in 29/5b-F8Z,
but also contingency planning for high gas levels in the cap rock as this had been
encountered in a number of the development wells. Whilst drilling, gas events were
encountered much higher and more continuously, from the top of the Hod Formation
and at further intervals throughout this Formation. The origin of these unexpected gas
events is still under investigation. One of them coincides with fractures or fault seen on
image logs and potentially represents an extension of the field bounding fault identified
on the seismic. No gas events were encountered in the Herring Formation although
after setting casing, gas occurred at the base of the Hidra Formation at the top of the
cap rock. This well was eventually successfully completed and brought into production
in October 2009.

The conclusions drawn from the experience of infill drilling into depleted
1. The stress reorganisation linked to the depletion of the deeply buried |[HP/HT

reservoirs may lead to a reduction in the fracture gradient and an increase in
the pore pressure within the overburden;
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2. Despite the above problems in the overburden likely due to stress
reorganization and the loss of the mud window between the undepleted
overburden and deple ed reservoir, wells can successfully be drilled into highly
depleted HPHT fields with careful well design and the use of specialised mud.
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Figure: Time Strain-section through G11, overlaid with well Pressure Profile.
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