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Abstract:

Three dimensional (3D) seismic survey was acquired and processed in Bornu-Chad basin, Nigeria with the aim of detecting and attenuating multiples to
aid proper imaging of the subsurface. The 25.5km2 volume was processed using SeisUp processing software on a 32-Node Cluster Infrastructure (CI)
hardware. Considering the imaging objectives and depth of interest of 1.2s-4.5s, the minimum, middle and maximum offsets were set at 500-2300m, 2500-
4300m and 4500-7300m respectively. Since the study area comprised of dry open land and swampy Lake Chad, vibroseis and dynamite sources were used
respectively. Charge depth was Om (surface) for vibroseis and 25m dynamite. The dataset was first pre-conditioned, normalized, regularized before
application of demultiple process. The detection and demultiple processes based on multiple characteristics of periodicity and velocity discrimination were
applied as the multiples have comparable velocity with the primaries. The near-surface reverberations and short-period multiples were attenuated using
predictive deconvolution and radon transform algorithms. High resolution radon was performed on post-migrated common-mid-point (CMP) gathers and
stacked with 1kmx1km target line velocities. Internal multiples were detected and attenuated using data-driven methodology of extended internal multiple
prediction (XIMP). Multiples detected were short, long period and interbed multiples on all frequencies ranges of 0 - 90Hz but useful seismic frequency
range was between 20Hz and 70Hz. The frequencies and amplitudes of the primaries and multiples were very comparable, therefore great care was taken
in the attenuation processes. The results of this work has produced better seismic section for interpretation of subsurface geology in the study area.
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1.0. Introduction:
A Multiple reflection is a seismic energy which is reflected at more than one interface [1 - 13]. A primary reflection is an event that is considered to be the

seismic signal. Primaries experience one upward reflection and no downward reflections. The direct wave travels horizontally from the source to receivers
without hitting any reflector. A multiple is a recorded event that can be decomposed into a number of other events that appear within the same data set.
Multiple reflection results from the difference in impedance across layers (Figure 1).

Multiples are problems for both land and marine seismic acquisitions. They are not easy to discriminate from primary reflections in land data. On land,
multiples usually lack the familiar periodicity accompanying marine multiples [1, 14 - 18]. The problem to address on land is to prove that multiples exists
[13] Most of the technical literatures on multiple detection and attenuation are mostly for multiple reflections in the marine environment [19, 20, 20].
George-Best [21] observed that Agbada Formation is the multiple-generators in the onshore (land) Niger Delta. He failed to validate his method with other
algorithms.

Since multiples are undesirable, a large variety of methods has been developed to detect, predict and attenuate them since late 1940s based on the
properties of multiples [22, 23]. The first property of primaries is that multiples tend to have more moveout than primaries [24, 25, 26, 27]. Secondly,
multiples have more curvature than primaries [28, 29, 25, 30, 31]. This is because multiples have longer arrival-times than primaries. The third property
of multiples that forms the basis of suppression is periodicity [32, 24, 33]. Many orders of multiples could be generated in a seismic experiment, whereas
primaries only arrive once from each reflector. As a result, multiples tend to be periodic whereas primaries are not [24, 34, 35, 36]. In this Paper, 3D land
seismic data is processed to detect and attenuate multiple reflections.
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Figure 1: Example of Refraction, Primary and Multiple Reflections
1.1.Area of Study

The Chad basin is situated in N-E Nigeria. The basin extends to the Republic of Niger, Chad, Sudan and the northern Cameroon and Nigeria within latitudes
10°N to 14°N and longitudes 12°E to 15¢E (Figure 2). The Bornu basin is in Nigeria with latitudes 11°N and 14°N and longitudes 9°E and 14°E. The Nigerian
Chad Basin is one inland basins. It occupies the north-eastern part of Nigeria. It shares boundaries with Bornu State, Jigawa and Yobe States [37, 38]. It
belongs to the West Central African Rift System (WCAS) [39]. The basin occupies one-tenth of Lake Chad (Figure 2). It is the largest inland basin in Africa.
Its geographical surface area is approximately 2,500, 000 km?2. Its elevation is 300m within Lake Chad and about 530m [37, 38].
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Figure 2: Map of Nigeria showing Bornu-Chad Basin [40].
2.0. Materials and Methods

2.1. Data Acquisition and Processing

The Chad Basin 3D prospect covers approximately 25.5km? surface area, near-offset of 500-2300m, mid-offset 2500-4300m, and far-offset of 4500-6300m.
An orthogonal cross-spread configuration was adopted for the survey. The survey template consists of 6 receiver lines at 120 shots per salvo and a source
and receiver azimuth of 10° and 100° respectively. The source/receiver geometry generated full-fold coverage of seventy two (72). The data set was
acquired using a dual source of dynamite and vibroseis. Rigorous processing algorithms was applied to correct for statics, remove powerline, ground roll
and other random noise.

2.1.1. Multiple Detection and Attenuation by Predictive Deconvolution

Multiple Prediction and attenuation method [41, 42] based on the Weiner-Levenson method was applied to this data set to predict and attenuate mainly
short period multiples and as well collapse reverberation trains in the T-X domain. Prior to application of predictive deconvolution, suitable suites of noise
attenuation algorithm were applied on this data to improve the signal-to-noise-ratio. Series of tests were carried out to ensure optimal result. Prediction
lag (ms), window length (ms) and pre-whitening (%) were tested.

2.1.2. Multiple Detection and Attenuation by Radon Transformation

Weighted Least Squares Radon transform [43, 44, 45, 46] seeks to improve the focusing of events in the Radon domain over that provided by conventional
transforms. This improved resolution is achieved by including prior information about desirable characteristics of the model into the transform. The prior
information was in the form of weights in the model domain, chosen to improve trace sparseness of the model whilst still modelling all of the data. Improved
focusing in the Radon domain improves identification and separation of signal and noise trends, with reduced artifact levels.

The transform used the parabolic or pseudo-hyperbolic moveout functions the Radon domain to move the mute closer to the primary events. This allowed
separation of primary and multiple events with very little moveout discrimination. Radon Multiple Attenuation is principally a subtraction process [47, 48].
Unwanted coherent noise was isolated in the tau-p domain, inverse transformed to the x-t domain, and then subtracted from the original data. Multiple
energy was then isolated in the tau-p domain because events with different velocities mapped to different parts of the domain. Parameters for the Radon
processing is as shown in Table 1. Moveout used in making intermediate p-traces were linearly interpolated between the minimum and maximum moveout.

Table 1: Radon Parameters

Parameters Values
Reference Offset 6000m
Window Moveout Parabolic

Multiple Velocity (V)  90% of the primary velocity field

Number of p-traces 250

generated

Minimum  moveout -300 ms

(i.e. for the first p-

trace)

Maximum moveout +700 ms

(ie. for the last p-

trace)

Velocity field used for ~PSTM 1kmx1km smoothed velocity field
NMO correction

Signal Protection

Definition: Min. Moveout (ms);Max. Moveout (ms)
Time (ms) -300 300

0 -300 300

8000

2.1.3. Multiple Detection and Attenuation by Extended Internal Multiple Prediction (XIMP)

XIMP predicted internal multiples using horizon-based approach or layer-based approach picking any horizon. The horizon-based method [23, 49, 50]
detects internal multiples related to one or more specific generator horizons at a time and the picked generating horizon times are required to be available
as input to this Seismic Processing Module (SPM). The layer-based method does not require any generator horizon to be picked and it predicted internal
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multiples for user-defined generator zone. In SMP mode, XIMP predicted surface-related multiples by using the generating horizon at free surface without
requirement for user-supplied horizon times.

The objective of deploying XIMP was to detect interbed multiples from strong multiple generating horizons or layers on the 3D Chad basin dataset. Steps
used to run XIMP were as follows:

0] Data preconditioning,

(ii)  Horizon layers time mapping of multiple generating surfaces,

(iii) Multiple modelling and finally,

(iv)  Adaptively subtract the modelled multiple layer from the input seismic dataset,

(v)  Pre-processing to attenuate noise and improve signal-to-noise (S/N) for input shot gathers,

(vi)  Apply shallow mute to remove far offset and eliminate noise,

(vii) Apply both refraction and residual statics for correct positioning,

(viii) Remove previously applied NMO correction,

(ix) Remove time function gain and automatic gain control (AGC) from data,

(x)  Apply spatial amplitude balancing to input data and

(xi) Remove direct arrivals to ensure good multiple prediction.

Horizon was picked over the entire volume on an unmigrated stack for the horizon-based modelling using Petrel software. This ensured identification of
interbed multiple generator interval. The output from this process contains the predicted internal multiple model associated with the picked generator
horizon or the surface multiple model if it is running with SMP mode. The adaptive subtraction techniques [2] was then used to subtract the multiple model
from the seismic data.

3.0. Results and Discussion
3.1. Multiples Detection and Attenuation

3.1.1. Multiples Detection and Attenuation using Predictive Deconvolution

Predictive deconvolution was tested on the datasets. Various values of deconvolution operator, operator length, deconvolution window, and frequency
range were tested. Figures 3a shows dataset without autocorrelation. Figures 3b, 3¢ and 3d show autocorrelation with different operator lengths and
deconvolution windows. The autocorrelation function designed and tested with operator lengths of 120, 160, and 240, and tested with gaps of 4, 8, 16 and
24.

)
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Figure 3: (a) Pre-Deconvolution Autocorrelation with Automatic Gain Control Applied; (b) Post-Deconvolution Autocorrelation with Operator Length 120
and Gap 4.

1010 i
‘mwwwwnh

Mlmm.,u numur ( ¢ Vi
Euv m‘ﬂ P ?"Iv.hn*‘m,\n“ﬁln it M.\ﬂl o A9

‘
i
i

G (d)

Figure 3: (c) Post-Deconvolution Autocorrelation with Operator Length 120 and Gap 8; (d) Post-Deconvolution Autocorrelation with Operator Length
120 and Gap 16.

Figure 4 show spectral analysis for various Gaps and Operator Lengths. The test results show significant improvement. Predictive
deconvolution differentiated the raw data masked with multiples into primaries and multiples, and attenuated the multiple reflections and alters the
spectrum of the input data to increase resolution. Raw CMP data showing pre and post deconvolution stacks are presented in Figures 5a and Figure 5b
while Figure 5c is the multiples and other noises removed from the dataset. It is very clear from the spectrum that whilst deconvolution broadens the
spectrum of the input seismic data by collapsing reverberations, the spectrum of the multiple energy attenuated was also broadened prior to being collapsed
during the process leaving only the true primary energy with a lower amplitude value post deconvolution (Figure 6).
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Figure 4: (a) Spectral analysis: for Gap 4,8 & 16ms Operator Length 120; (b) Spectral analysis: for Gap 4, 8 & 16ms Operator Length 160; (c) Spectral
analysis: for Gap 4,8 & 16ms Operator Length 240.
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Figure 5: (a) Inline 20885 before Deconvolution; (b) Inline 20885 after Deconvolution; (c) Inline 20885 Difference - showing
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Figure 6: Spectral analysis showing pre- and post deconvolution with difference (multiples).
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Figure 7: (a) Inline 20885 showing datasets masked by reverberated multiple energy; (b) showing Inline 20885 with multiple reverberations attenuated.

3.1.2. Multiples Detection and Attenuation by High Resolution Radon and Velocity Discrimination

Figure 8 is 1km x 1km velocity panel before Radon was applied to the migrated common mid-point (CMP) gathers. In order to have a true representation
of the subsurface velocity, the velocity was picked on migrated gathers. The CMPs show a strong reflector at about 1.5s and series of under-corrected events
beyond 1.5s. These under-corrected events are multiples. Multiples events have lower velocities (see semblance of the velocity panel of Figure 8) in
comparison with primaries. Multiples deviate from the primary velocity trend. Multiples record longer period than primaries on a given reflector since
they have lower velocities than primaries. Thus, seen as under-corrected gathers when primary stacking velocity is applied on CMP gathers containing both
primaries and multiples. Difference in normal moveout between primaries and multiples is utilised in removing the under-corrected events (multiples)
from the seismic data in the study area. After Radon demultiple is applied to the seismic gathers, the multiple events seen in the semblance and gathers
(Figure 9) are removed. Having seen significant improvements in the test line 20885, a full demultiple process was applied to the migrated dataset and
compared with migrated volume without demultiple. It was clear that the data with full demultiple processess presented a cleaer representation of the
geology with well defined faults. The result of additional test lines are here presented along with the time slices.

The spectral analysis (Figure 10) confirms that amplitude of multiples is slightly higher than those of primaries. Figures 11a and 11b are stack sections
shows impact of attenuating long wavelength multiples from the Chad Basin with the application of high-resolution radon demultiple. Figure 11a is the
dataset without application of radon while Figure 11b is the primaries alone with multiples removed. The multiple free data is a better representation of
geology. Figure 11c is the removed multiples.
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Figure 8: Velocity analysis panel of line 20885 with Radon applied to predict multiples. Multiples stacked out on lower velocities.
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Figure 10: Amplitude Spectra showing Primaries and Multiples with and without Radon demultiple.
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Figure 11: (a) Inline 20885 dataset masked by long period Multiples; (b) dataset with multiples attenuated after application of Radon demultiple; (c) Inline
20885 Post-Radon Demultiple Difference (Multiples).
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3.1.3. Multiples Detection by Extended Interbed Multiple Prediction (XIMP)

Extended internal multiple prediction (XIMP) is a data-driven demultiple algorithm that attenuates interbed multiples. Interbed multiples appear similar
to the primaries because of their comparable velocities. They are therefore difficult to differentiate, especially in areas with relatively flat geology. XIMP
handled this problem by generating a true azimuth interbed multiple model that was removed using adaptive subtraction techniques. XIMP was able to
handle the Chad basin acquisition geometry and predicted multiples at true azimuth was applied after techniques, the result was a much better
representation of the primary energy. Figures 12a and 12b show the effect of attenuating interbed multiples on shot gathers. Figures 13a and 13b are stack
displays of XIMP application on stacked section. This was performed post migration as the velocities of the primary energy are now a reflection of the
subsurface geology. Figure 18 is a display of spectral analysis of both datasets with and without XIMP application. Amplitude of the data with multiple was
slightly higher than the dataset with multiples removed.

(a) (b)

Figure 12: (a) Inline 20880 Raw Shots Record with Extended Interbed Multiple Prediction (XIMP); (b) Inline 20880 Shot Record without Extended Interbed
Multiple Prediction (XIMP).
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Figure 14: Inline 20880 Extended Interbed Multiple Prediction (XIMP) Spectral Window on stack.

3.1.4. Spectral Analysis of Primaries and Multiples
Amplitude and frequency response for the data sets are as shown in Figures 10 and 14. The trend indicates that the processing preserved true amplitudes
as there were no change in the spectrum. It is very clear from the spectrum that whilst deconvolution broadens the spectrum of the input seismic data by
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collapsing reverberations. The spectrum of the multiple energy attenuated is also broadened prior to being collapsed. During the process, the true primary
energy is left with a lower amplitude value.

(@) (b)

Figure 16: Inline 20895 Migrated Stack Comparison: (a) data without application of demultiple processes; (b) data with all demultiple processes applied.

3.2.Signal-to-Noise Ratio before and after Demultiple

The datasets were completely masked by multiple energy as shown in Figures 11a, 13a, 15a and 16a. Applying appropriate multiple attenuation methods
helped to unmask the data from the multiples. Predictive Deconvolution, Radon and XIMP demultiple tools along with velocity discrimination were useful
as demultiple techniques for dataset because of the predominant near surface reverbration and interbed multiples (Figures 14b,16b, 18b and 19b).

3.3.Velocity Response of Primaries and Multiples
From the velocity analysis spectrum and semblance stack, it was clear that the velocities of multiples were much lower than those of primary events. This
is why the multiple energy was easily attenuated when the datasets were stacked with higher velocities.

4.0.Conclusion

Multiples were detected using predictive deconvolution, high resolution Radon and XIMP algorithms, and adaptively subtracted from the dataset. All the
methods yielded primaries and the multiples. The very fact that the raw data could be separated into primaries and multiples (difference) implies the
occurrence, prediction and attenuation of the multiples. Useable frequency in this data is between 20Hz and 70 Hz.
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