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ABSTRACT

The Amplitude variation with offset (AVO) analylsisks at how the amplitude of reflection eventshsas those at
the top of reservoir intervals, change with varywffset or reflection angle. By modelling these# for different
reservoir fluids via fluid substitution, effects mfoduction can be recognised within the seismiadAmplitude
differences viewed between survey vintages canhadgdight the movement of fluid contacts and chiagdluid
compositions throughout the reservoir. AVO analygaés performed on the three wells; well A, B andT@e
analysis involves in creating a synthetic modeinfer the amplitude responses observed at a pdaiaeservoir
horizon. Four types of fluid model substitution vereated; pure brine, pure oil, pure gas and brin&x (70%
Brine, 20% Gas and 10% Oil). Prominent amplitudardes which correspond primarily to the productedfects
can be seen in the Tarbert reservoir.

Keywords: Amplitude variation with offset (AVO), fluid suligition, synthetic model, Tarbert reservoir)

INTRODUCTION

The G-field is located on the western offshore a@frwhy as illustrated in Figure 1. This field is arpof the
northern North Sea oil and gas field and is cutyeoperated by Statoil. The field was first spuddedhe late
1970s, and began its oil production in the late ddalmer of 1986 [1]. It was estimated that this fiblelars
recoverable reserves amounting to 319 MShhis amount corresponds to about 20 Mbbl of recable reserves.
However, as of 31st December 2011, a new estimatiéé recoverable reserve was calculated. Abobt\88nT of
recoverable reserves was found [1].This new eséimeftects a significant progression in the resierdevelopment.
In fact, it was through the onset of passive dmechanisms such as water injection for improvedezibvery and
through the application of time lapse seismic rtiten survey (or 4D seismic) for continuous moriigrof the
field, that has significantly improved the undenstimg of the fluid distribution in the reservoirufthermore, it has
been estimated that about 14 MSaf reserves still remains in this field which réeuthe implementation of
improved recovery methods and monitoring. The neednonitor the reservoir is indeed crucial and thins
application of amplitude versus offset analysisasded.

Selected vintages of the G-Field seismic data(4€85 3-D, 1999 3-D and 2003 3-D) were analysedafoplitude
variations with offsets. The objective of this studas to determine whether amplitude variation witfset (AVO)

analysis could confirm the interpretation of brighbts as determined from amplitude anomalies e&téd on the
3-D data volumes. Amplitude anomalies observedénthree vintages are interpreted to be causetebgftect of
fluid and pressure changes to seismic amplitudes.

148

Pelagia Research Library



Fredrick Ogochukwu Okocha and Edmund Atakpo Adv. Appl. Sci. Res., 2014, 5(5):148-164

Figure 1: The location of the G-field

Geological Settings of G-Field

The G-field is structurally deformed. It is a r@dtdomino fault block system [2] as shown in Fig@reThe
evolution of this field occurred mainly betweenelalurassic to early Cretaceous period although sSoave
documented that the rifting phase of the Permidas§ic age to some extent probably have influeticedtructural
complexity seen in this field [3]. As a result, theservoirs are highly compartmentalized and ntgrédly
continuous.

There are three main separate reservoirs foundniitle G-field; the Brent group, the Cook formatiand the
Lunde-Statfjord formation. The Lunde-Statfjord fation is the oldest and the Brent group is the gesh The
reservoir interval from the Lunde-Statfjord fornaaticomprises of alterations of mud, shale and sdirsgmi-arid
fluvial to alluvial environment. The reservoir gitlin this formation is classified as moderateviary good; it is
generally an oil bearing reservoir [3]. The nexgemwoir is from the Cook formation. It is an oildsiag reservoir
although some presence of proven gas was documantkd past [3]. The Cook formation is a partleé Dunlin

group and it comprises of mainly muddy and sandilesof marine, shoreface and marginal estuarynsgtiihe
reservoir quality is generally classified as moter® good quality. The influence of high permeibitegions

present in the Cook formation may have influendedrhigration of hydrocarbons. The next reservaitiea is the
Brent group. It is divided into four formations; rbart formation, Ness formation, Etive formatiordaRannoch
formation. The Brent group is the largest contrilbib the amount of recoverable reserves foundimvitie G-field

[3]. It comprises of mainly deltaic sandstones vgtiod to very good reservoir quality. The Brentugroeservoir is
oil filled with an initial gas cap. The reservoimramunication is non-continuous as the presencaufefd blocks
lead to complex flow pattern. A notable unconfogmithich can be seen from a seismic section repteske base
Cretaceous. This unconformity remains the domimagtonal cap rock to this field. Local seals, thoskting to

lithological changes and structural deformitiestsas faults and intercalations of impermeable riaglers, are
present though large accumulations of hydrocarlweere mainly found below this stratigraphic unconidy. The

main source rock for this field is the Draupne fatimn although for the Brent group, the source soake from
Draupne and Heather formation [2]. Both are of hggeer Jurassic to base lower Cretaceous.
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Figure 2: Complex structural deformities primarily defined by normal faulting due to extensional rifting

AVO METHODOLOGY

AVO technique is the analysis of the variationghef amplitude as a function of offset. The ampktwaries with
offset because the reflection coefficient varieewlthe angle of incidence of the wave at the iaterfvaries [4].
These variations are governed by the contraBtivave velocity ands-wave velocity at the interface. When there
is gas in the layel/, drops wherea¥; does not change. This means ttg¥/; is anomalous, and we hope to see the
effect of this anomaly in the reflection pattem.principle AVO analysis should measure amplitudgations with
angle of incidence. However, amplitude is measwvél offset because usually as offset increases,atigle of
incidence increases. We also assume that amplitiittee seismic data is proportional to the reflaetcoefficients
[5]. By modelling the AVO effects for different r@woir fluids, AVO responses in seismic data capteelicted.

The AVO response is dependent on three paraméber§-wave velocity, the S-wave velocity and thesitg in a
porous reservoir rock. Density is relatively simfdemodel as its behaviour with changing water rsdimon is linear
and can be found using the equation below

Prar = Pl — @) + pySee + o1 —5,) — (1)
Wherep is density (saturated, matrix, water, hydrocarb&ns saturation andl is porosity

However, in reality, these equations do not entiredrrectly describe the wave propagation in rotiest are
saturated with fluid. The values for density, bokdulus and shear modulus need to be replacedhage adapted
for the saturated rock, which can be done by ugiagiot-Gassmann equations [6]. Varying the fleiechtent of the
reservoir rock can produce noticeable AVO effeletsid substitution is carried out to model the effthat different
fluids or combinations of fluids will have on thenplitude response. The Biot-Gassman equations dttmwhe
original in-situ fluid to be ‘removed’ from the rk@nd another fluid or fluid combination to be puits place.

The Biot-Gassman Equations allow the density, Penavd S-wave velocity equations to be updatedke itato
account the dry and saturated rock cases. As thgmations contain a bulk modulus value (the investe
compressibility), an expression is required to wialie the saturated bulk modulus [7].

)

Ko

Koge _Kdr_}"i‘ @ +l—q:| Hdr_].' -————(2)
R:’-E Km Hrr.:

Where sat = saturated rock, dry = dry frame, mck matrix, fl = fluid and® = porosity
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In order to substitute or replace the fluids in theget reservoir for modelling, the density, P-earelocity and S-
wave velocity logs are required. By use of the Bgissman equations, these logs can be convertedwcahey
would appear for whichever fluid effect is beingdetied. These logs can be seen in Figure 3. Icdlse of the G-
field data, there was no need to calculate an Sswalocity log as this was already available frown well data.
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Figure 3: Log curves for density, P-wave velocity$-wave velocity and Poisson Ratio for pure brine,yre oil and pure gas cases for
Exploration Well B

AVO MODELLING OF THE G-FIELD DATA

In AVO analysis, the Zoeppritz equations are usedxtract S-wave type information from P-wave refitens at
different offsets/angles. In the analysis of thdig€ld data, an approximation to the Zoeppritz etpnst called the
Aki-Richards equations is used. The two-term versib this equation was selected; these two termsné B,
representing the intercept and gradient of the AM@ve respectively [8].

The Aki-Richard equations are used along with as®wavelet extracted from the seismic data to feymthetics.
These synthetics can be modeled for pure brine gas, pure oil cases or cases with a combinafitirese fluids.
The source wavelet was estimated by extractingaisgtal wavelet from the Pre Stack Time Migra{@sTM)
seismic data collected in 1985. This wavelet wa® abtated 180 degrees to match with the Europedarity
convention for the G-field data. The wavelet carsben in Figure 4
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Figure 4: Statistical wavelet extracted from the 185 vintage PSTM seismic cube

As this data has been time migrated, it contaigs lise than the near, mid and far offset dataadelet was
extracted from one of these data sets for compagasd can be seen in Figure 5

& -~ ] - -
Statistical Wawvelet —l

[revrrreTrTTTrTesT P

Amplitude and Phase

Figure 5: Statistical wavelet extracted from unmigated seismic data demonstrating the fact that it iroisier than the wavelet seen in the
previous figure

Synthetic traces are calculated using the velaity density logs as well as depth-time data andviheelet that
was extracted. It can be checked how well the sfithmatches the seismic data by examining thesssr

correlation. This correlation process will also gest whether the synthetic should be shifted i timmatch better
with the seismic data (Figure 6)
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Figure 6: Demonstrating cross correlation betweenhe synthetic and seismic data. The red traces arateacted from the seismic data at
the well location and the blue traces are copies tfie synthetic trace. The plot of the right showstte correlation coefficient between the
two sets of traces plotted against lag time. It adsgives a suggested time shift to apply so that tiaces match optimally.

Sets of synthetics for different fluid cases capnttbe generated using the altered logs calculayedluid
substitution (Figure 7)

Pure Brine

S S e,

Figure 7: Synthetics for pure brine, pure oil and pre gas cases modelled at the location of well B

Converting from Offset to Angle

For each of the vintages (1985, 1999, 2003) theeenaar, mid and far offset stacked data. By catnd the
average reflection angle for each of these offseis possible to create angle gathers. In thdeagather, each trace
corresponds to a constant incidence/reflectioneafgj!

Using the acquisition parameters and basic geomiteyreflection angles can be calculated for tharnmid and
far offset data.

288 channels with a spacing of 12.5 m give a @t#le cable length of 3600 m. The shot intervdlds’5 m and as
the shots were done flip-flop (one source fire@ntithe other) making the interval for any subsw@rftace 37.5 m.
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The shot interval is three times that of the grouprval making the fold one sixth of the numbercbénnels (288/6
= 48). Each CMP gather therefore has 48 offsetsthese have been divided into three equal grougssofAn
average depth to reservoir was used of 2860 m.a€haisition geometry and angles for the offsetstwaiseen in

Figure 8.
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Figure 8: Demonstrating the geometry used to calcate the near, mid and far offset reflection angleshown in green, blue and red
respectively
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Figure 8: Well log for well B demonstrating why this well was chosen for the Cook reservoir intervalsit is easily recognised by the
higher porosity and lower gamma ray (due to fewer adioactive materials in a clean sandstone relativ® a shale) as well as a higher
water saturation and lower clay content (seen onfg
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Figure 9: Well C logs showing the location of thet&tfjord Reservoir interval. This can be identified by low gamma ray response, higher
porosity and a lower clay fraction (show in greenn the left log)
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Figure 10: Well A logs showing the location of th@arbert reservoir interval. Higher porosities can be identified at the top of this interval
(central log) as well as lower gamma ray values timethe interval above (far right log)

Selection of reservoir intervals and wells

The wells with logs available for use in interptieta are wells A, B and C in the G- field. Well Bts through the
Cook reservoir and this reservoir unit can be tyeientified from logs. For this reason, data froiis well has
been used to study AVO effects for the top of tigiservoir unit (Figure 8). Well C cuts through tB&atfjord

reservoir, which can also be identified in the weds. For this reason, data from this well hasnbesed to study
AVO effects for the top of this reservoir unit (Big 9). In a similar manner Well A cuts through therbert

reservoir and data from this well has been usetiuidy AVO effects for the top of this reservoir tufitigure 10)
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RESULTS AND DISCUSSION

The AVO effects were modelled for the Tarbert, Caokl Statfjord reservoirs for pure brine, pureamitl pure gas
cases. An additional case with a mixture of flujd®8% brine, 20% gas and 10% oil) was modelled enTarbert
reservoir as this fluid composition is a betterresentative of that which might be found in arefgroduction. By
modelling its AVO effect, a similar response canskarched for within the seismic data to indichgefresence of

such fluid changes.

Statfjord Reservoir (Well C)
For each reservoir, the correlation between théhgyic and seismic data was tested to see howtha}l matched.
This shows whether it is reasonable to use the &¥f€crts seen in the models to look for the samecesfwithin the

seismic data. Figure 11 shows the correlation betvibe synthetic and the seismic data for Well C.
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Figure 11: correlation between the synthetic and th seismic data (well C, '85 vintage) The blue curgaepresent the synthetic, the red is
a repeated trace extracted from the seismic at theell location. The black curves are the '85 vintagangle gather. The correlation is
almost 50%
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Figure 14: AVO gradient analysis for well C (focuang on Top Statfjord reservoir) for the pure brine (red), pure oil (blue) and pure gas
(yellow) cases with the corresponding synthetics stvn on the left

Synthetics were then generated for the differarnitftases and can be seen in Figure 12. The P-\&awayve and
density logs used to generate the synthetics caede in Figure 13. The AVO response was then rieztéir the
top of the Statfjord reservoir unit at the boundbegween the shale and porous sand (Figure 14hg&oom the
pure brine to pure oil to pure gas cases, thedaprand gradient both decrease as is expectatidaddition of
hydrocarbons. As the negative amplitude increasesill appear to brighten in the seismic data. Tiheercept-
gradient cross-plot (Figure 15) shows how the @@tdhe brine case lies on the wet trendline arad for the pure
oil and pure gas move off this trendline into tlop f the lower left hand quadrant denoting a cldls$ow
impedance sand, which is expected for the G- field
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cases

Well B- Cook Reservoir

The same analysis was carried out for the Cookrveseusing data from well B. Figure 16 shows thess
correlation between the synthetic and the seisrata dt this well and Figure 17 shows the logs usetie fluid
substitution used to create the synthetics to mibaetifferent AVO fluid effects
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Figure 16: correlation for well B synthetic and '85data. Correlation is around 50%
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Figure 17: Well B - Cook Formation (yellow) - logdor pure brine, pure oil and pure gas cases used tmlculate corresponding synthetics
for these different fluid cases

Figure 18 shows the synthetics generated for #servoir. The AVO plot (Figure 19) shows similasults as were
found for the Statfjord reservoir with similar tasfor the different fluid cases. The cross-plag(fe 20) also
gives similar results to the Statfjord reservoithathe pure oil and gas points moving off the wehtl and into the
area corresponding to that expected for clasg#énvoir sand.
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Figure 18: Synthetics for the Cook reservoir interal for pure oil, pure brine and pure gas case
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Figure 19: AVO plot for well B (Top Cook reservoir) for pure brine (red), pure oil (blue), pure gas (gllow)
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Figure 21: correlation between the synthetic and th seismic data (well A, '85 vintage) The blue curgerepresent the synthetic, the red is
a repeated trace extracted from the seismic at theell location. The black curves are the '85 vintagangle gather. The correlation is
around 30%
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Figure 22: synthetics (left to right) generated forpure oil, pure gas and pure brine and a 70:20:1M(ine:oil:gas) ratio scenarios. The
Tarbert reservoir is shown in yellow

Well A — Tarbert Reservoir
The same analysis again was applied to well B btlt the additional model using a combination oidhias this
represents a more realistic situation expectedeasaundergoing production effects. The correlakietween the

synthetic and the seismic data for this well cars&en in Figure 21 and the synthetics for all flcédes in Figure
22.

The AVO plot (Figure 23) again demonstrates sim@tiects as seen for the previous two reservoitshmse are
more pronounced. The brightening effect in therseisdata would be expected to be clearer for thpedbthis
reservoir unit as shown by the steeper gradiertis. cross-plot (Figure 24) shows how the pointstlier pure oil
and the mixture of fluids have moved away from bhi@e trend to a greater extent than previous vess: These
stronger AVO effects suggest that the Tarbert wdeis cleaner and more porous sand than thej@tadtind Cook

reservoir. This agrees with porosity data rangestie three reservoirs: Statford (24-28%), Cook-3R&6) and
Tarbert (32-34%).

The Tarbert reservoir produced the strongest AVfacefin the models, even for the simulated reserflaid
expected in production areas. For this reason,a wlentified in the seismic data and the same Analysis

applied at a location where production effectseagected. The AVO effect at the top Tarbert resemvas looked
at in the angles gathers of the 1985, 1999 and 200&ys.
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Figure 25 and Figure 26 show the cross-plot andliarde versus reflection angle respectively. Thg &hd '85
surveys lie close to the brine trendline on thessplot whilst the '99 survey has moved off thentlne suggesting

the presence of hydrocarbons.
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Figure 25: cross-plot of intercept vs Gradient (weélA - Top Tarbert) for the '85 (square), '99 (triangle) and '03 (circle) angle gathers
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Figure 26: AVO gradient analysis for "85 (red), '99(blue) and '03 (yellow) angle gathers

Even though the Tarbert reservoir is not structyrtgigh at this particular well, it is valid to asse that the Tarbert
would be experiencing production effects as thermasrs are connected by faults that can act adfflebThe effect
that we witness in the AVO analysis is due to thegpession of water/brine into the reservoir, dispig
hydrocarbons and moving the oil water contact up

CONCLUSION

Detailed AVO analysis of three wells cutting acrtiss major reservoirs has been carried out in tHeel@. The
analysis involves in creating a synthetic modeinfer the amplitude responses observed at a pkaticaservoir
horizon. Four types of fluid model substitution eedso created; pure brine, pure oil, pure gasbaimg mix (70%
Brine, 20% Gas and 10% OQil). Significant amplitdt&nges which correspond primarily to the produrcgffects
can be seen in the Tarbert reservoir comparecetStatfijord and Cook reservoirs.

Conclusively, the AVO method is useful for identify the presence of different fluids throughout tegervoir and
that further analysis across the entire area a&ffeby production would be beneficial in mappingdlahanges in
the G- field that could then be utilised in imprdveservoir management.
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