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Abstract

Amplitude variation with offset (AVO) analysis is an efficient tool for hydrocarbon detection and
identification of elastic rock properties and fluid types. It has been applied in the present study using
reprocessed pre-stack 2D seismic data (1992, Caulerpa) from the northwest of the Bonaparte Basin,
Australia. The AVO response along the 2D pre-stack seismic data in the Laminaria High NW shelf of
Australia was also investigated. Three hypotheses were suggested to investigate the AVO behavior of
the amplitude anomalies in which three different factors; fluid substitution, porosity, and thickness
(Wedge model) were tested. The AVO models with the synthetic gathers were analyzed using log
information to find which of these is the controlling parameter on the AVO analysis. AVO cross plots
from the real pre-stack seismic data reveal AVO class IV (showing a negative intercept decreasing
with offset). This result matches our modelled result of fluid substitution for the seismic synthetics. It
is concluded that fluid substitution is the controlling parameter on the AVO analysis and therefore, the
high amplitude anomaly on the seabed and the target horizon 9 is the result of changing the fluid content
and the lithology along the target horizons. While changing the porosity has little effect on the
amplitude variation with an offset within the AVO cross plot. Finally, results from the wedge models
show that a small change in thickness causes a change in the amplitude; however, this change in
thickness gives a different AVO characteristic and a mismatch with the AVO result of the real 2D pre-
stack seismic data. Therefore, a constant thin layer with changing fluids is more likely to be the cause
of the high amplitude anomalies.

Keywords: AVO analysis; fluid substitutions; high amplitude anomalies; laminaria High NW shelf of
Australia; wedge model.

1. Introduction

AVO (Amplitude variation with offset) attributes can be used to analyze the type of fluids that cause
amplitude anomalies by using pre-stack seismic data. It is a commercial tool for hydrocarbon detection
(Foster et al., 2010), drilling risk (Guan ef al., 2018), and identifying elastic rock properties and fluid
types (Wandler et al., 2007). High amplitude anomalies on the seabed and at near-surface horizons
have been recognized in the Laminaria High (Figure.la) as an indication of hydrocarbon leakage
(Langhi et al. 2010 and Abdulkreem et al. 2019). These amplitude anomalies (bright spots) are
associated with the Cenozoic fault network (Figure 1. b) which was reactivated due to the oblique
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collision between the Australian and Eurasian plates in the late Miocene-Pliocene and caused
hydrocarbon leakage (Gartrell et al., 2003; Gartrell et al., 2004; Gartrell and Lisk, 2005; Gartrell et
al.,2006; Langhi et al., 2011). Many structural and trap integrity studies have investigated the cause of
hydrocarbon leakage, dry wells, and fault reactivation in the Laminaria High (De Ruig et al.,2000;
Gartrell et al.,2005; Dyt et al., 2012; Ciftci and Langhi.,2012; Saqab et al.,2015; Saqab et al.,2017)
and other studies have investigated the mechanism behind the lack of hydrocarbons and estimate the
hydrocarbon charge (Abbassi ef al., 2015). However, no studies have been carried out in this study
area to analyze the amplitude anomalies using AVO attributes and to confirm the origin of these
anomalies (bright spots).To resolve this, this study has involved re-processing of 2D pre-stack seismic
data to investigate the existence of the high amplitude anomalies that have been recognized on the 3D
stacked time migrated data in the Laminaria high (Langhi ef al. 2010 and Abdulkareem et al., 2019).
The existence of hyrocarbons has been discriminated and the AVO behavior of the high amplitude
anomalies or bright spots has been confirmed. Also, for this study, three factors (fluid substitutions,
porosity, and thickness (wedge model)) were analyzed to identify the controlling factor on AVO
behavior (Loizou et al.2008; Montazari, 2013; Sadeq et al.,2014; Bakhtiari et al., 2014; Saeed et al.,
2020).

2.  Geological setting

The Laminaria High is located in the northern part of the Bonaparte Basin (Figure.1a); it is close to the
edge of the Timor Sea. It is a small east-west oriented part of a remnant platform, surrounded by the
Nancar and Cartier Trough to the south and Flamingo syncline to the east (Smith ez al, 1996 in Langhi
et al, 2008). Reactivation of a Jurassic fault system (De Riug et al., 2000) is attributed to the collision
that happened in the late Miocene- Pliocene between the Australian plate and the SE Asian plate. The
stratigraphy of the Laminaria High in the Bonaparte Basin was affected by the Mesozoic rifting and
passive margin phase. The Plover Formation, which is Lower to Middle Jurassic in age, is a very thick
sand-dominated fluvial and deltaic unit showing the pre-rift sequence (Abbassi et al., 2015 ). The
Laminaria Formation is the reservoir section (Oxfordian to Callovian). This Formation consists of
massive sandstone with minor interbedded claystone. The Frigate Formation (Oxfordian—
Kimmeridgian), Flamingo (Tithonian-Berriasian), and Echuca Shoals (Valanginian-Barremian)
covered the Laminaria Formation and represent the open marine shaly formations. The Johnson,
Hibernia, Prion, Cartier, Oliver, and Barracouta Formations are the seal section (Mesozoic sequence)
which comprises shale and silty claystone. These formations are covered by calcarenites and calcilutite,
which show extensive coverage of the carbonate deposits (Abbassi ef al. 2015 )

3. AVO principles

AVO analysis is a commercial tool for hydrocarbon detection; it is used to identify elastic rock
properties and fluid types (Wandler et al. 2007). In addition, AVO anomalies result from the change
in acoustic impedance of the seismic reflector Chopra and Castanga, 2014). Fundamentally, AVO
behavior depends on the i) AVO intercept (A) (or Reflection coefficient) and the slope or gradient (B)
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cross plot (Eq.1), and ii) the variation in density p, P-wave velocity V p and S-wave velocity Vs
(Castagna, 1997). The main outputs from AVO analysis are to identify the AVO class (Foster and
Keys, 1999; Castagna and Swan, 1997) and the existence of hydrocarbons (Ross and Kinmann, 1995;
Verm and Hilterman, 1995).

R (6) = A + B sin2 O (Shuey’s Approximation to the Zoeppritz equation) eq.1
R = reflection coefficient

O = angle of incident

A = AVO intercept

B = AVO gradient

Rutherford and Williams (1989) have divided the AVO response of gas-sand reflections into three
classes (class I, II, and IIT) based on the location of the normal reflection coefficient. B is the gradient
and RO is the intercept (A) (zero offset reflection coefficient). A fourth AVO class (IV) has been added
by Castagna and Swan (1997), which is useful in identifying thin layers. on the location AVO
anomalies could appear as bright spots, flat spots, and dim spots which are considered to be
hydrocarbon indicators; conversely, these anomalies could also be an indication of lithology
variations.
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Fig.1. a) Location map of the study area showing the four 2D seismic lines that have been processed in
this study. b) Amplitude horizon map of the seabed showing the location of the high amplitude anomaly
and the three 2D seismic lines that cross the study are c. RMS amplitude horizon map with two-way time
structure contours for Horizon A. The black box indicates the amplitude anomalies associated with fault
10, from (Abdulkareem et al.,2019)
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The Caulerpa 2D pre-stack seismic data (1992) used in this study was acquired by Western Geophysical
Company, and the survey was conducted by Woodside Offshore Petroleum LTD. This survey consists
of 27 lines that cover about 675 Km?2 within the AC/P8, northwest of the Bonaparte Basin. The digital
streamer is about 4000 m with 240 channels, group interval from 1-180 is 13.3 m and from 180-240 is
26.6 m. A series of seismic processing procedures have been applied previously on these data. Four
2D lines were processed: C92-3326, C92-3328, C92-3329, and C92-3330 (Figure 1a). In this paper,
AVO analysis focused on the 2D line C92-3328 (28.61 km in length), which is located near to well
Coralia-1, as this line crosscuts the high amplitude anomaly on the seabed map as shown in Figures 1
a and b. Geoscience Australia supplied a set of good data (LAS files and composite images of logs). In
this study, we used density log (Rho), Gamma log, and Vp logs from well Coralina-1. For this study,
Vshale, Vs, and porosity logs were extracted from gamma, Vp, and density logs

5.  Methodology

5.1. Seismic processing for AVO analysis

Reprocessing for the 2D was done using Globe Claritas V6.2.11 software. Seismic processing includes
attenuation of the noise, enhancing the signal, and migrating seismic events to their actual location in
space. To prepare the pre-stack data for AVO analysis, extra processing steps are required. The
principal steps to achieve the desired result include 1) deconvolution; 2) pre-stack migration; 3) F-K
filter 4) Offset to angle gathers. To improve the resolution of the seismic data, deconvolution was
applied to the pre-stack data. This process compresses the seismic wavelet towards a spike by
whitening the frequency spectrum and hence improves the resolution. In addition, it recovers the higher
frequencies, attenuates short-period multiples, and generates a zero-phase wavelet that is easier for
interpretation (Yilmaz, 2001). After applying the deconvolution filter, pre-stack time migration is
applied. This process is very useful to get a better image of the stacked data as it removes the effect of
dipping layers and refraction waves (Figures 2 a and b). F-k filtering is then applied to maintain the
low frequency of the reflected wave and remove unwanted signal noise and aliased surface waves
(Figures 3a, b, c, and d).

Fig. 2. a. CDP (1300) gather before pre-stack time migration; b. CDP (1300) gather after pre-stack time
migration. Note: the effect of dipping layers and refraction waves are removed, and the reflectors are
flattened.
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Fig.3. a CDP (2060) gather before applying F.K filter; b. CDP(2060) gather after applying F.K. filter. c. the signal notse s
shown on the setsmic CDP gathers before applying F K filter; d. the signal noise is removed from the seismic CDP gathers
after applying F.K. filter .

Finally, the offset CDP gathers are converted into angle gathers by applying for the Angle job in
Claritas as shown in (Figures 4a and b ); the CDP gathers are flattened to apply the AVO analysis
around the interesting zones. AVO analysis was first applied to the raw pre-stack data (Line- C92-
3328) and second, AVO was applied using RocDoc software. Results of the AVO analysis were then
compared and discussed.

5.2. AVO analysis of the real prestack data using Claritas:

AVO analysis was applied from sqc application in Claritas by choosing a CDP gather that includes the
interesting anomalies. The AVOSTACK processer takes the CDP gathers with the corrected NMO
(Normal Moveout) and outputs AVO attributes. In our study AVA (Amplitude Variation with Angle)
attributes are displayed. AVO analysis was applied along two specified horizons (seabed and Horizon
9) (Figure 1. a and b) that show high amplitude anomalies, resulting in amplitude variation vs offset
plots.
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5.3 AVO analysis using RocDoc software
For AVO analysis, the required well data, Vp, Gamma, and density logs were imported, in addition to

Vs, Vshale, and porosity logs which were extracted from previous logs (Figure. 5a). A wavelet was
extracted to generate the synthetic gather (Figure. 5b) used

for the AVO analysis. Vp-Vs —Rho logs were grouped in one set to choose them all together as an input
in the AVO function. Fluid effects on the seismic velocity and the density were modelled using
Gassmann’s equations for different fluid saturation (Han and Batzle.,2004). Synthetic gathers with
different fluid content (oil and Gas) were generated using the Vp-Vs-Rho Ratio. The cross plots from
each gather were then used to extract the AVO attribute which includes the intercept (A) and gradient
(B) that represent the amplitude variation with offset. After extracting the synthetic gather from good
logs, a working interval was created that represents the target horizons and fluid substitution analysis

was applied with a specific percentage of oil and gas.
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g CDP 20(84 )ti ’ g Fig. 5. a. set of the logs that were used in the AVO
ather . C )
( ) gathers analysis which include (Rho, Gr, porosity,Vp and Vs)

b.Initial synthetic gather extracted from Ricker wavelet
(55) to be used in the AVO analysis.

6. Results and discussion

6.1 Comparison between AVO behavior in real data and synthetic models

Two horizons (Seabed and Horizon 9) were the central focus of this study in investigating AVO
behavior for high amplitude anomalies along these horizons. Three ranges of CDP gathers were chosen
along horizon 9, 2060-2330; 2550-2830; 2900- 3120 and the CDP range for the seabed were 1210-
1950 as shown in figures 1b and c. These ranges were chosen as they crosscut the high amplitude
anomalies along the two horizons. Amplitude variations with offset (CDP) at Horizon 9 and the seabed
for the chosen CDP gathers were plotted as shown in (Figures 6a and b ). These figures show the cross
plot of intercept (A) reflection coefficient (Ro) and gradient or slope (B). The amplitude is decreasing
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with offset as it shows negative intercept decreasing with offset. AVO results from real seismic data in
Claritas were displayed and compared with AVO results from RocDoc. The AVO cross plot from the
real seismic data matches the AVO cross plot from the synthetic models in RockDoc as it shows class
IV at horizon 9 in Figures 7 a and b and Figures 8a ad b.

6.2. Parameters that control AVO behaviour.

In this study, three hypotheses were suggested to investigate the AVO behavior of the amplitude
anomalies. Three different factors were tested and the synthetic gathers were analyzed using log
information from Coralina-1 well data, to find which of them is the controlling parameter on the AVO
analysis. These factors include:

o fluid flow (fluid Substitutions).

J porosity.

o the thickness of the layers.

6.2.1. Fluid Substitutions

The first hypothesis involved testing the impact of fluid substitution or saturation on AVO behavior
within the target horizons. For this model, the Gassmann theory was used (Smith et al., 2003). Fluid
substitution modeling determines the effect of changing fluids and the variation of petrophysical
properties (fluid saturation) on Vp, Vs, and density (Rho) based on Gassmann’s equation 1951:

2
(-2
Km

Q 1-0.%dry
KfTKm : K,zn

K — Kdry +

K is bulk modulus of reservoir rock; Kary and Ky are bulk modulus of dry rock; K is bulk modulus of
mineral content in the rock; Q is the porosity.

Inputs for this model included the target zone for fluid substitution; the Vp,Vs, Rho and porosity logs
(porosity was constant in this model); fluid saturation of the water (Sv), oil (So) and gas (Sg) and
mineral values (sued the default set). Dry rock properties (bulk modulus) were constant during running
the fluid substitution model (Smith ez al. 2003).

Different synthetic models were extracted from well logs with different percentage fluid (oil and gas)
saturation as shown in Figures 9.a and b. In this model, we focused on horizon 9. The brine content
was substituted with 40% oil and 5% gas and two synthetic gathers were generated to extract the AVO
model. AVO cross plots reveal AVO class IV because of fluid substitution and we have a negative
intercept decreasing with offset (Figure 11 a and b). This matches the AVO result from the real seismic
data, which also shows a negative intercept decreasing with offset (Figures 6 and 7).

Overall, results indicate that the AVO cross plots (Figure 9a and b) are sensitive to changes in fluid
type and saturation. Therefore, this analysis (fluid substitution) confirms that the amplitude anomalies
are controlled by fluid type or fluid content. The seismic response to the change in rock properties and
fluid content was confirmed using fluid substitution modelling (Rizwan et a/.,2018; Mughal and
Akhter,2020; Arun et al.,2020). By analogy, the amplitude anomalies on horizon 9 were interpreted as
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an indication of hydrocarbon leakage (Langhi et a/. 2010 and Abdulkreem ef al. 2019) and these results
are confirmed by fluid substitution models and AVO cross plots.
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Fig. 6. a and b shows cross plot of intercept (A) reflection coefficient (Ro) and gradient or slope (B). Note:
the amplitude is decreasing with offset as it shows negative intercept decreasing with offset.
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Fig.9. a. Synthetic gathers for fluid Substitutions (Water, 40% oil and
5% gas). b. cross plot shows the Reflection coefficient (R0) variation
with angle © within the target horizon 9.

6.2.2. Porosity

The second hypothesis involved testing the porosity. The porosity log was calculated from the density
log. Lithology at the target zone (Horizon 9) consists of carbonates and layers of sand and shale; the
differentiation of carbonate layer is complicated in seismic interpretation. This is because of the
heterogeneity of carbonate porosity (Li and Downton,2003). AVO analysis helps to understand the
relationship between carbonate rock properties and the sensitivity of fluid and porosity to rock
properties. In this model, we tested the effect of changing porosity on the density, Vp and Vs (Susan
et al,1990) and investigated its effect on the AVO behaviour in the synthetic models. First, porosity is
changed in a range of -/+ 0.1-0.2 within the target horizon (New Vp-Vs-Rho ratios were then created
with the new porosity values (Figure 10). AVO plots in Figure 11 show that changing the porosity
has little effect on the amplitude variation with offset which gives the same AVO behaviour, a negative
intercept decreasing with offset (Figures 11 a,b and c). In addition, the ratio of Vp/Vs is a constant of
a value of 0.998. This result is consistent with previous studies of carbonate rocks (Chako,1989).
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the new porosity values.

Thickness (Wedge model)

The third hypothesis suggests that AVO variation is controlled by changing the thickness of the layers.
The thickness of any geologic layer affects the seismic amplitude which in turn could affect the result
of AVO behaviour (Pan and Innanen,2013; Farfour et al,2015; Saeed et al., 2020). To test this
hypothesis, the wedge model was used in integration with the AVO analysis to investigate the effect
of tuning thickness (thin beds) on the amplitude anomalies (Widess, 1973; Puryear and Castagna,
2008).
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In this model we built 3 wedge models by changing the fluid content (water, oil and gas) (Figures 12
a,b and c ) and using the ricker 55 wavelet and GR, Vp, Vs, Rho and Porosity logs. A small change of
thickness caused a change in the amplitude; however, this change in thickness gave different AVO
characteristics (Figures 13 a and b) which is not consistent with the AVO behaviour on the original
seismic data. Therefore, a thinner layer with changing fluids is more likely to be the cause of the high

amplitude anomalies as discussed in section 6.2.1.

Reflection coeffecient (Ro)

Reflection coeffecient (Ro)

Reflection coeffecient (Ro)

Wate
oil

Gas

r

" = & 2§ @
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Fig. 11.AVO plots show the Reflection coefficient (R0) variation with angle © within the target
horizon-A with three different porosity ranges (0.2606, 0.4606,0.1606) from the original one (0.3606).
Note:that changing the porosity has little effect on the amplitude variation with offset which give the

same AVO behavior, a negative intercept decreasing with offset.
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Fig. 12. a,b and c. Synthetic seismogram for the wedge model by using zero-offset
Ricker wavelet of 55 Hz Frequency within the interesting zone. a. wedge model for
water; b. wedge model for oil; c. wedge model for gas.
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7. Conclusion

The aim of this study was to investigate the existence of the high amplitude anomaly that has been
recognised on the 3D stacked time migrated data in the Laminaria high. AVO analysis was applied to
the 2D prestack data to confirm the AVO behaviour of the high amplitude anomalies or bright spots
that have been interpreted as an indication of hydrocarbon leakage in the Laminaria High. AVO cross
plots from the real pre-stack seismic data show AVO class IV as it gives a negative intercept decreasing
with offset. This result matches our AVO result of fluid substitution for the seismic synthetics. From
this result, it is concluded the high amplitude anomaly on the seabed and the target horizon 9 is the
result of changing the fluid and the lithology content along the target horizons. It is noticed that
changing the porosity has little effect on the amplitude variation with offset. Finally, a small change of
thickness caused a change in the amplitude; however, this change in thickness gives different AVO
characteristics. Therefore, a thinner layer with changing fluids is more likely to be the cause of the high
amplitude anomalies.
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