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ABSTRACT

Aganoba field, located in deepwater offshore on the continental slope off the coast of Nigeria is in water depths ranging
from 950 meters to 1,500 meters. The field is known to have oil and gas accumulations stratigraphically / structurally
trapped within mud rich unconfined turbidite channel systems of Miocene age. Regional studies around Aganoba
highlighted potentials for some Near Field Exploration (NFE) Opportunities that required screening for Probability of
Success (PoS) using a combination of screening criteria. Seismic Amplitude Variation with Offset (AVO) is one of the
Direct Hydrocarbon Indicators used as discriminator for fluid presence in a reservoir rock. The pore fluid type in a
reservoir has a measurable impact on the rock bulk density and velocity response which are key drivers of the rocks AVO
response (AVO Class). Also, the depth of burial of a reservoir rock below the sea floor (mudline) introduces a compaction
effect (depth trend) on the velocity and density of the reservoir thereby introducing a variation in the AVO response with
change in reservoir depth below the seafloor. A successful application of the AVO response for screening Aganoba Near
Field Opportunities required a good understanding of the expected AVO classes with respect to depth below the sea floor
for the respective fluid fill types in the reservoir rock. This paper shows how a robust Seismic AVO response atlas was
developed using regional rock property trends and deployed for screening of the identified Near Field Opportunities
around the Aganoba Field.
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INTRODUCTION

Aganoba, a pseudonym used to describe a field located in
deepwater offshore on the continental slope off the coast of
Nigeria is in water depths ranging from 950 meters to
1,500 meters. The field is known to have oil and gas
accumulations stratigraphically / structurally trapped
within mud rich unconfined turbidite channel systems of
Miocene age. Regional studies around Aganoba
highlighted potentials for some Near Field Exploration
(NFE) Opportunities that required screening for
Probability of Success (PoS) using a combination of
screening criteria. One fundamental screening criteria is
the seismic Amplitude Variation with Offset (AVO)
attribute.

Seismic Amplitude Variation with Offset (AVO) is one of
the Direct Hydrocarbon Indicators used as discriminator
for fluid presence in a reservoir rock. The pore fluid type in
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a reservoir has a measurable impact on the rock bulk
density and velocity response which are key drivers of the
rocks AVO response (AVO Class). Also, the depth of
burial of a reservoir rock below the sea floor (mudline)
introduces a compaction effect (depth trend) on the
velocity and density of the reservoir thereby introducing a
variation in the AVO response with change in reservoir
depth below the seafloor.

A successful application of the AVO response for
screening Aganoba Near Field Opportunities required a
good understanding of the expected AVO classes with
respect to depth below the sea floor for the respective fluid
fill types in the reservoir rock. This paper shows how a
robust Seismic AVO response atlas was developed using
regional rock property trends and deployed for screening
of the identified Near Field Opportunities around the
Aganoba Field.

Deep Water Offshore Nigeria Study Area

Aganoba is in mid slope — basinal setting offshore Nigeria
(Figure 1). Water depths range from 950 to 1,500m.
Hydrocarbon accumulation is trapped mainly within
turbiditic deposits. The known reservoirs contain mainly
gas and oil in varying proportions. Regional studies
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around the Aganoba area revealed potentials for some
Near Field Opportunities (NFE) which required screening
for Probability of Success (PoS).
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Figure 1: Aganoba Study Location Offshore Nigeria.

Theoretical Concepts

Seismic AVO attribute is one of the popular Direct
Hydrocarbon Indicators (DHI) used as a discriminator for
fluid presence in a reservoir rock.

Pore fluid type in a reservoir has a measurable impact on
the rock bulk density and velocity response which are the
key drivers of the rocks AVO response (AVO Class).

Also, the depth of burial of a reservoir rock below the
seafloor (mudline) introduces a compaction effect (depth
trend) on the velocity and density of the reservoir thereby
introducing a variation in the AVO response with change
in depth below mudline (DBML).

The Zoeppritz equations show the link between seismic
AVO response of a reservoir, the angle of incident seismic
wave and the velocity and density contrast between the
reservoir rock and the overburden layer.

Polarity Convention

Polarity convention is a means of representing the sign of
seismic wave energy as it travels through the earth in
response to acoustic contrast between two layers. Seismic
wave energy traversing from an acoustically softer (lower
acoustic impedance) material to an acoustically harder
(higher acoustic impedance) medium is a positive
reflection. The society of Exploration Geophysics (SEG)
convention for displaying this positive reflection is a
positive wiggle (peak). Conversely, the European
convention ( REVERSE SEG) would display it as a
trough. Figure 2 illustrators the polarity conventions for
SEG and REVERSE SEG for seismic energy traversing
from an acoustically softer medium to an acoustically
harder medium.
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Figure 2: Seismic Polarity Conventions

AVO Class Reference

Seismic reflectivity amplitude varies with the offset
distance from the energy source to the receiver. Seismic
Amplitude versus Offset (AVO) is a useful technique in for
rock pore fill discrimination. Four types of AVO response
pattern have been categorized based on near-offset
amplitude, polarity and far offset amplitude as Class I,
Class II, Class III and Class IV. Following the Society of
Exploration Geophysics (SEG) polarity convention, Class
I AVO typically has a large positive amplitude which falls
with increasing offset. Class I AVO has a small near-offset
amplitude which falls with increasing offset. Depending
on the polarity of the near offset amplitude, the Class II
AVO can further be subdivided into Class II and Class IIP
where the 'P' indicates a change in polarity at the farther
offsets. The Class II AVO has a small negative near offset
amplitude and a large negative amplitude at the far offset.
The Class IIP AVO has a small positive near-offset
amplitude which falls and subsequently flips to negative
polarity with increasing offset. Figure 3. shows a graphical
illustration of the amplitude profiles with offset for the 4
AVO classes.
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Figure 3: Classes of AVO Responses.



Zoeppritz Equations.

The Zoeppritz equations are four mathematical
expressions that describe the relationship between
seismic wave energy propagation (transmission and
reflection) through the boundaries of rocks with different
materials. The Zoeppritz equations are detailed and
accurate, however due to its complexity, and high
computational requirements, it is very challenging to
implement without simplification. Figure 4 shows the
Zoeppritz equations.
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METHODOLOGY

Regional Rock and fluid property models were built using
well and reservoir data from across the Aganoba area.
Brine trends for compressional velocities (Vp), shear
velocities (Vs) and density (Rho) as a function of depth
below mud line (DBML) were generated using the
respective rock property model equations. The modelled
brine trends were subsequently substituted to the different
scenarios for oil and gas by means of the Gassmann
equations and compared with actual log data from
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Rp, Rg, Tp, and Tg, are the reflected P, reflected S, transmitted P, and transmitted S-wave amplitude coefficients, respectively, 61
=angle of incidence, #a=angle of the transmitted P-wave, ¢»; =angle of reflected S-wave and ¢, =angle of the transmitted S-wave
Inverting the matrix form of the Zoeppritz equations give the coeflicients as a function of angle.
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Figure 4: Zoeppritz Equations

Shuey 3-Term Equations

The Shuey equations of are a simplified form of the
Zoeppritz equations. The Shuey equations are an
approximation for incident angles less than 30 degrees.
Though less accurate when compared to the Zoeppritz
equations, their simplification makes it easier to apply.
Figure 5 shows the Shuey equations.

representative wells. AVO responses were subsequently
modelled for angle ranges from 0 to 45 degrees for the
respective fluid scenarios with respect to depth below
mudline. A tabulation of expected AVO responses for the
different fluid scenarios at respective depth intervals was
done to serve as quick reference guide for AVO screening
ofthe Aganoba Near Field Opportunities.

2D Cross Plot and Modelling Assumptions

Compressional Velocity (VP), Shear Velocity (Vs) and
Density (Rho) Rock Property trend with respect to true

R(0) = R(0) + Gsin® 8 + F(tan® § — sin® 6)
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y For small incident angles less than 30 degrees, this can
further be simplified to :
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where f=angle of incidence; V;, = P-wave velocity in medium AV;ﬁ = P-wave velocity contrast across interface, V; = S-wave velocity
in medium; AV, = S-wave velocity contrast across interface; p = density in medium; Ap = density contrast across inferface
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Figure 5: Shuey Equations.
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vertical depth below mudline (TVDBML) were taken
from existing 2010 /2011 Aganoba Rock Property
models. These models were built using quality checked
regional data from 20 wells distributed across the
Aganoba region. The Vp trend model was built as a
function of true vertical depth below the mudline. The
density trend model was built as a function of
compressional velocity while the shear velocity model
was built as a function of compressional velocity.

The input data for the property model were measured from
depths ranging from ~1500m (TVDBML) to ~3000m
(TVDBML). The rock models are therefore ~1500m to
~3000m TVDBML to avoid errors arising from
extrapolation outside calibration data area.

Three sand facies type present in the Aganoba area are the
channel axis, channel margin and the thin beds. This study
focused on channel axis property trends for sand based on
facies 428 (Channel Axis) being the best quality sands and
more predominant in the area. The channel axis is also the
main flow pathway for sediment transportation and
deposition.

Acoustic fluid properties namely, compressional velocity,
modulus and density are based on FLAGI14 (Fluid
Application of Geophysics) outputs from a
comprehensive 2015 rock and fluid model work. The
Aganoba A3 A reservoir oil property which has a gas-oil-
ratio (GOR) of 606 cft/bbl was used as representative
sample for the modelling. Figure 6 shows the
representative fluid and mineral set values for Aganoba
region.

Facies 428: Channel Axis
Compressional Velocity = +1.411651 * True Vertical
Depth Below Mudline + 866.1643

Facies 454: Channel Margin

Compressional Velocity = +1.231326 * True vertical
Depth Below Mudline +1635.007

Facies 460 : Thin Beds

Compressional Velocity = +1.127827 * True Vertical
Depth Below Mudline +2024.313

Bulk Density =0.1216588 * VP 0.316231

Shear Velocity =+0.915457 * Compressional Velocity —
3840.955

Rock Trend Models For Aganoba Regional Shales

End Member Bounding Shales (1500m — 3000m
TVDBML)

Compressional Velocity = +244.6249 * True Vertical
Depth Below Mudline * 0.406124

Bulk Density =0.05824702 * VP 0.408312

Shear Velocity =+ 0.8087493 * Compressional Velocity —
3022.498

A plot of acoustic impedance (Al) versus TVDBML sands
and shale data points showed appreciable depth trends
both for the sands and the shales (figure 7). The trend
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Figure 6: Representative Fluid and Mineral Set Values for Aganoba Region.

Rock Trend Models For Aganoba Regional Sands

The trend models built for the respective facies made use
of data samples measured from depth intervals ranging
from 1500m — 3000m true vertical depth below mudline
(TVDBML).

models for channel axis (Facies 428) were fluid
substituted for brine, oil and gas fill cases. The brine
substituted trends were compared with brine substituted
logs form three representative wells, each located at
different parts of the region.



The modelled acoustic impedance versus TVDBML
regional trend aligned closely with the Aganoba-SW-01
well end member brine sands for depths within the 1500m
—3000m TVDBML range. Similarly, the regional brine
sand trends are in close agreement with the Aganoba-
00land Aganoba-21 well end member brine sands
respectively. The substituted gas trend appeared to have
some errors at depths beyond 2800m TVDBML for
Aganoba-001 well. Figures 8 to 10 show the Al versus
TVDBML trends for Aganoba-SW-1, Aganoba-001 and
Aganoba-21 wells respectively.

In general the evaluated trends indicate that brine sands
are softer than shales for depths less than 1700m
TVDBML and become harder than shales for depths
greater than 1700m. Oil sands are softer than shales for
depths less than 2000m TVDBML and become harder for
depths greater than 2000m TVDBML. Gas sands are
softer than shales for depths less than 2200m TVDBML
and become harder for depths greater than 2200m
TVDBML. A summary of reservoir acoustic impedance
versus depth response is shown in figure 11.
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AVO Versus TVDBML Models From Regional Trends

Models based on rock property trends for Shale/Brine
sand, Shale/Oil sand and Shale/Gas sand reservoir
configurations predicted the expected AVO pattern with
respect to depth below mud line.

At a depth of 1500m TVDBML, a Class III AVO is
expected for both brine and oil scenarios. A Class [l AVO
pattern is expected for the brine case. Fluid type
discrimination can be done on stack (up dip / down dip)
response. Fluid type discrimination is not definitive on
AVO response. Figure 12.

At a depth of 2000m TVDBML, a Class Il AVO is
expected for gas case while the oil case would be
expressed as a Class II AVO. A Class I AVO would be
expected for the brine case. Fluid type discrimination can
be done on stack (up dip / down dip) response as well as on
AVOresponse. Figure 13
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Figure 8: Aganoba-SW-1 AI-TVDBML Regional Trend for Brine Oil and Gas Sands.
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Figure 9: Aganoba-01 AI-TVDBML Regional Trend for Brine Oil and Gas Sands.
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Figure 10: Aganoba-21 AI-TVDBML Regional Trend for Brine Oil and Gas Sands
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%+ Brine sands are softer than shales for depths less than 1700m TVDBML and become harder than shales for depths greater than 1700m
++ Oil sands are softer than shales for depths less than 2000m TVDBML and become harder for depths greater than 2000m TVDBML.
% Gas sands are softer than shales for depths less than 2200m TVDBML and become harder for depths greater than 2200m TVDBMI

Figure 11: Summary of Reservoir Acoustic Impedance Versus TVDBML Response.
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< At 1500m TVDBML, Class IIl AVO for oil and gas expected. Class Il
AVO expected for brin€luid type discrimination can be done on

stack (up dip / down dip) response. Fluid type discrimination is not

definitive on AVO response.

Figure 12: Aganoba AVO response prediction model for brine, oil and gas scenarios at 1500m true vertical depth below mudline.
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“+ At 2000m TVDBML, Class Ill AVO expected for gas, Class Il AVO expected for 5
oil, Class | AVO expected for briféuid type discrimination can be done on

stack (up dip / down dip) response as well as on AVO response.

Figure 13: Aganoba AVO response prediction model for brine, oil and gas scenarios at 20000m true vertical depth below mudline.
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<+ At 2500m TVDBML, Class IIP AVO expected for gas and oil while brine is class |
| AVOFluid type discrimination can be done on stack (up dip / down dip)
response. Fluid type discrimination based on AVO may be tricky especially at
far offsets.

Figure 14: Aganoba AVO response prediction model for brine, oil and gas scenarios at 25000m true vertical depth below
mudline.
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< At 2700m TVDBML, Class IIP AVO expected for gas and oil while brine is class
I AVCFluid type discrimination can be done on near stack (up dip / down

Figure 15: Aganoba AVO response prediction model for brine, oil and gas scenarios at 27000m true vertical depth below

mudline.
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close to the Class | model based on the catalogue.

4+ Blind test of the regional AVO catalogue for Aganoba SW-01 A8A oil reservoir matched the in-situ Class Il response for
Oil and the strong Class II/ Il for the gas case. The brine case modelled from well suggested a Class IIP which is quite

5 Note: Attribute measurement done on seismic interface charactef
by maximum peak (soft) response on seismic reflectivity (resegse,

Figure 16: Aganoba-SW-1 AVO Response Blind Test Using ASA Reservoir.

1500m 2000m 2500m 2700m
Depth: 1500m Depth: 2000m Depth: 2500m Depth:  2700m
Brine:  Class Il Brine: Class| Brine: Class | Brine:  Class |
Oil: Class Ill Oil: Class Il Oil: Class IIP Oil: Class IIP
Gas: Class I Gas: Class I Gas Class IIP Gas:  ClasslIP
4 This catalogue provides a reasonable guide to the to know the type of AVO response to expect from target levels
the Aganoba Area.

Figure 17: Catalogue of Expected Aganoba AVO Responses Per Depth TVDML (m).
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Table 1: Table of Expected Aganoba AVO Responses Per Depth TVDML (m)

[son | _oi-co | eooc s | oo s | oo e |

TVDBML Q:;’:jg; AVO Class s:;’:;:;e AVO Class Q:;’:j:ge AVO Class
1 1500 Soft I Soft i Soft M
2 1700 Hard =1 Soft il Soft M
3 2000 Hard | Hard I Soft M
4 2200 Hard I Hard WP Hard I
5 2500 Hard I Hard P Hard IIP
6 2700 Hard | Hard P Hard IIP

the Aganoba Area.

% This catalogue provides a reasonable guide to the to know the type of AVO response to expect from target levels

At a depth of 2500m TVDBML, Class IIP AVO expected
for gas and oil while brine is class I AVO. Fluid type
discrimination can be done on stack (up dip / down dip)
response. Fluid type discrimination based on AVO may be
tricky especially at far offsets. Figure 14.

At a depth of 2700m TVDBML, Class IIP AVO expected
for gas and oil while brine is class I AVO. Fluid type
discrimination can be done on near stack (up dip / down
dip) response. Figure 15.

A blind test using the in-situ forward model for A8A oil
bearing reservoir which is at a depth of 2136m TVDBML
gave a Class Il AVO response matching the prediction
results from the catalogue. The modelled responses for
A8A brine and gas cases gave a Class IIP and a Class II/111
response respectively for brine and gas. This results is also
in close alignment with the prediction results from the
catalogue. Figure 16. Figure 17 and Table 1 show at a
glance, a catalogue of expected AVO responses with
respect to depth below mudline for identified
opportunities in the Aganoba area.

CONCLUSION

A comprehensive catalogue for expected AVO response
for different fluid scenarios was successfully built using
regional rock property and fluid models for Aganoba. A
calibration test of the regional rock property trends against
actual well data for Aganoba-SW-01, Aganoba -01 and
Aganoba -21 wells was successful. A blind test using the
in-situ forward model for Aganoba SW-01 A8A oil
bearing reservoir which is at a depth of 2136m TVDBML
gave a Class Il AVO response matching the prediction
results from the AVO catalogue. The Aganoba AVO
catalogue provides a quick guide to know what type of
AVO response is expected from target levels within the
Aganoba Area and should be used for AVO screening of
the various opportunities identified at the respective target
levels around Aganoba.
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