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Abstract  In addition to de-spiking, gun delay correction, correction for spherical spreading and earth’s absorption, 
gun and cable correction, zero-phasing, noise attenuation and correction for time shifts between sail lines due to 
changes in velocity of the water column, multiple elimination is the other important true relative amplitude 
processing routine desired to produce seismic gathers consistent with DHI and AVO analysis to de-risk the presence 
of hydrocarbon interpreted from seismic data. Multiple problems associated with seismic data acquired in the Niger 
Delta offshore are those due mainly to the free air-water interface and the seabed, and their presence constitute noise 
in the seismic dataset. In this study, we employed an approach in which we convolved all possible source and 
receiver peglegs for every multiple event that strikes the free surface irrespective of its path in the subsurface to 
model the multiple wave field in a 3D sense, in a partially processed pre-migration seismic data acquired in the 
Niger Delta deep offshore. The method of adaptive subtraction was then used to eliminate the modeled multiples 
from the dataset. Un-like other demultiple techniques such as tau-p deconvolution and radon, our multiple modeling 
and subtraction techniques do not require prior knowledge of the subsurface geology in terms of the velocity and 
reflectivity of the multiple wave field. The aim of the study was to improve the overall quality of the seismic data 
and signal-to-noise ratio, in addition to the DHI and AVO compliant gathers output from the process. The approach 
was successful and effective in removal of the free, air-water surface multiples from the dataset. 
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1. Introduction 

Multiple reflections are considered noise in seismic 
data [1]; they reduce signal-to-noise ratio, interfere 
identification of primary reflections and cause difficulty in 
velocity analysis, resulting in spurious seismic images, 
amplitudes and stratigraphic interpretation uncertainties 
[2]. It is therefore expedient that they are removed, 
especially before velocity analysis and/or modeling prior 
to imaging in order to obtain geologically representative 
velocity that would give accurate image of the subsurface.  

Multiples can be classified as surface related multiples 
and internal multiples based on where the downward 
reflection of the raypath occurs [3,4]. Surface related 
multiples, sometimes referred to as free surface or surface 
multiples, are multiples that have at least one downward 
reflection at the free air-water surface in marine and 
offshore operations. These multiples are due to the large 
negative reflection coefficient at the free air-water 

interface, arising from the large acoustic impedance 
contrast across the interface. They include reflections 
generated from the water-bottom and reverberations which 
impact marine and offshore seismic data. Multiples which 
have all of their downward reflections below the free air-
water surface are classified as internal multiples. These 
multiples strongly affect land data, and only a few 
techniques exist to eliminate them from the seismic record 
[5]. They get more attention in marine and offshore 
operations when imaging subsalt targets.  

Several techniques have been employed in the literature 
to suppress multiples. The various techniques can  
be divided into three broad groups which include 
deconvolution, filtering and wave field prediction and 
subtraction [1] based on criteria to differentiate multiples 
from primary reflections. The choice of technique largely 
depends on the effectiveness of the technique in 
suppressing the multiples, its cost in terms of computation 
time and objective of the processing. Deconvolution 
techniques utilize the periodic characteristic of the 
multiples to predict them, assuming that the interface 
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generating the multiples (e.g. the water-bottom) is flat. 
This assumption could be valid for shallow marine but 
would most likely fail in deep offshore acquisition where 
spatial variation in the depth to the water-bottom could be 
enormous. The deconvolution techniques have been 
successful in suppressing short period multiples from field 
data [6-7]. The filtering methods include filtering in the f-
k and tau-p domains, and parabolic radon filtering. These 
methods utilize the differences in moveout to differentiate 
multiples from the primaries. Differential moveout 
between primary reflections and multiples is minimal in 
shallow water acquisitions, but could be quite large for 
moderate to deepwater data. Consequently, the filtering 
methods are not suitable for shallow water seismic 
demultiple but have been successful for moderate to 
deepwater data [8,9,10]. The wave field prediction and 
subtraction methods predict multiples from either 
modeling or inversion of the recorded wave field, based 
on wave equation concepts, and then match and subtract 
the modeled or inverted multiples from the seismic data 
[11,12,13], leaving ideally, seismic free of multiple energy. 
The wave equation methods do not require prior 
knowledge of the subsurface geology, and do not 
coincidentally attenuate primary energy in any form and 
as such, they are most suitable when the processing 
objective is to preserve relative amplitudes for quantitative 
seismic interpretation. 

Surface related multiples are very dominating multiples 
in seismic data [2]. Theoretical work on multiple 
modeling and elimination of these multiples began with 
the works of [14,15,16] and [17,18] suggested the 
adaptive approach of eliminating them with application to 
field data [2]. Success in the application of conventional 
surface related multiple elimination techniques to 3D 
seismic data require that the dataset is densely sampled, 
such that there is a source at every receiver location. 
Typical marine or offshore acquisitions are often 
inadequately sampled in the crossline shot direction, and 
this introduces aliasing in the demultipled data [19] if not 
addressed. Various strategies have been suggested to 
address this, such as shot interpolation [20,21,22], 
interpolation of the missing contributions from the 
multiple model [23] and dense acquisition, all of which 
would raise hardware compute capacity and run time and 
therefore operational costs. 

In this paper, we applied the 3D surface related multiple 
elimination (3D SRME) technique to successfully remove 
surface multiples from 3D seismic data from offshore 
Niger Delta. The implementation combines both shot 
interpolation and extrapolation of near offsets to zero, 
with no interpolation in the crossline direction which 
saves compute time and cost. 

2. Basic Theoretical Consideration 

In the presence of a free surface, an up-going wave 
reflects at the air-water interface (free surface), and is 
transformed into a down-going wave. In Figure 1a, for 
example, the free surface multiple SABCR is generated at 
source S and received at receiver R after a bounce at point 
B on the free surface. Reference [24] presented a method 
of predicting the free surface multiple by convolution of 

the sub-events SAB and BCR (Equation 1), assuming B is 
known. 

 ( ) ( ) ( )mult SABCR P SAB * P BCR=  (1) 

 
Figure 1. 3D SRME theory and method (a) Free surface multiple 
SABCR (modified from [24], in [1] (b) and inclusion of aperture of all 
possible free surface multiples  

Our 3D SRME approach in this paper uses convolution 
to model the free surface multiples following the [24], but 
with modification to map an aperture for all possible 
downward bounce locations on the free surface over 
which the convolution process is carried out (Figure 1b). 
The size and shape of this aperture depend on data 
acquisition geometry and geologic complexity. Using this 
method, the predicted multiple in Equation 1 becomes the 
summation of the convolution of all possible sub-events 
within the pre-determined aperture as shown in Equation 2. 
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where SABI, II, , ,n and BCRI, II, ,,, ,n are additional, possible 
sub-events within the multiple area. In this perspective, 
each multiple is regarded as a combination of primary 
events to facilitate its prediction. The practical 
implementation of the above in the offshore dataset used 
in this study is given in detail in the next section. 

3. Location and Geology 

The study area is located in the western part of the 
Niger Delta offshore (Figure 2). The area occupied by the 
present day Niger Delta was the site of a triple junction 
that formed pre-initiation of the south American plate 
from the African plate around the bay head of the Gulf of 
Guinea [25]. The delta receives its sediments from rivers 
Benue and Niger through the Anambra basin, with major 
regressive sediments being built up in Tertiary times. 
Structural styles in the Niger Delta are due to differential 
loading of the prodelta shales which underlie the deltaic 
succession. This has been linked to three basic elemental 
deformations which include megastructure bounding fault 
in the north, counter-regional terminating fault and/or  
toe thrust belt in the south and a central rigid block 
intervening between the two faults systems; these 
deformational patterns divide the delta into five depobelts, 
namely, northern delta, greater Ughelli, Central, Coastal 
and Shallow offshore/offshore depobelt, each of which  
has common characteristics in terms of charge and 
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hydrocarbon occurrence [26]. The Niger Delta is divided 
into three lithostratigraphic units namely, Benin, Agbada 
and Akata Formations. The Benin Formation is dominated 
by fluviatile sands of the Coastal Plain facies of the Niger 
Delta. Its base is diachronous and ranges in age from 
Oligocene to Recent [27]. The Agbada Formation consists 
of alternating sand and shale sequence, and is believed to 
be the main reservoir unit in the Niger Delta. The Akata 
Formation, which comprise mainly marine shales with 
few sand intercalations, underlie the Tertiary Niger Delta. 
Its age ranges from Eocene to Recent. It is believed to be 
the major hydrocarbon source rock in the Niger Delta. 

 
Figure 2. Niger Delta map showing area of study 

4. Materials and Methods 

4.1. Materials 

 
Figure 3. Shot gathers before 3D SRME (a) and 3D stack of shot gathers 
input to 3D SRME. The display has been zoomed to 1.8 s – 8.0 s for the 
deep offshore dataset. 

The input dataset for the 3D SRME comprise 
approximately 570 km2 fairly processed shot gathers 
acquired in offshore Niger Delta. The data were acquired 
at a bin size of 6.25 m x 25 m, using a streamer length  
of 5 km. Processing objectives were enhancement of 
signal-to-noise ratio, true relative amplitude products and 
products consistent with DHI and AVO, potentially to 
enhance data quality and predict accurate reservoir 
properties in the area. 3D SRME was key to addressing 
these issues. Prior signal processing on the dataset  
include shot and channel amplitude editing, de-spiking, 
Butterworth band pass filtering, gun timing delay 
correction, bulk static shift of the data to mean sea level 
thereby removing the effect of gun and cable depths, true 

amplitude recovery gain correction, zero-phasing, noise 
attenuation, water column statics and receiver motion 
correction. The signal processing was retained at the 
acquisition sample rate of 2 ms. Figure 3a shows shot 
gathers input to 3D SRME and Figure 3b shows 3D stack 
of the input. The stack reveals significant contamination 
of the data with free surface multiples. 

4.2. Data Preparation 
In the first step of data preparation for the 3D SRME, 

we created a single cube which contains 50 offsets ranging 
from 0 – 5000 m, with an offset spacing of 100 m. This 
cube contained one trace per bin per offset, and as the data 
was loaded into the cube, the trace was chosen such that it 
was the closest to the bin center. Shot interpolation 
between every shot was also carried out while the data 
was being loaded into the cube. This was done to infill 
missing traces and ensure that there was a trace in every 
bin. Priority was given to the primary (non-interpolated) 
traces in the trace assignment to the bin center; for every 
bin where there was an acquired shot, the acquired trace 
was assigned to the bin while interpolated trace was 
assigned to a bin only in the case of missing traces. 

The second stage of data preparation involved 
extrapolation of near offsets to 0, followed by infill of 
holes or missing traces within an offset using linear tau-p 
interpolation. Trace infill for this study was limited to not 
more than 3 traces, and primary area of focus in data 
interpolation was the water bottom extending down to the 
top of the first water bottom multiple. No infill was done 
for holes larger than 3 traces to avoid aliasing. The 3D 
SRME was carried out at the acquisition grid of 6.25 m x 
25 m. This bin size was considered adequate for multiple 
prediction and as such, no crossline interpolation was required. 

4.3. Prediction Aperture 
Optimal apertures for multiple prediction in the inline 

and crossline directions were determined based on offsets 
for the near, mid and far channels. The determination of 
the optimum aperture was predicated on testing on key 
test sail lines and analysis of multiple contribution gathers 
for the near (0-1,500 m), mid (1,500 – 2,500 m) and far 
offsets (>3,000 m). Apertures of 500 – 1,500 m, 1,500 – 
2,500 m and greater than 2,500 m were tested for the near, 
mid and far offsets respectively and an optimum aperture 
chosen for the respectively offsets. 

4.4. Multiple Prediction 
Multiple prediction was carried out with the optimum 

aperture for the near, mid and far offsets. To predict the 
multiple, every source and receiver combination in a given 
sequence was split into a source- midpoint wave-path and 
receiver-midpoint wave-path. These two components were 
then convolved to generate the multiple model for the 
midpoint bin for this primary source and receiver. Thereafter, 
all source and receiver pair traces with the selected 
aperture for every offset and bin related to the primary  
are convolved to create the multiple model for the 
bin/midpoint relating to the primary source and receiver. 
In other words, the multiple prediction interpolated aperture 
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values in-between the near, mid and far offsets in both 
inline and crossline directions. This could involve thousands 
of convolutions as shown in Equation 2, so the predicted 
multiple could be significantly higher in amplitude than 
the original primary data. The predictions were done for each 
sequence and multiple model was output for each sequence. 

4.5. Multiple Subtraction 
We used two (2) passes of least squares adaptive 

subtraction to subtract the predicted multiples from the 
multiple-contaminated input data. The first pass used a 
global match over a large time and trace window to 
correct the predicted multiples so that they match in 
amplitude and time with the input on a global scale. The 
second pass was a local adaptive match carried out over a 
smaller time and trace window whereby the predicted 
multiple model was adaptively subtracted from the input 
data. The process was such that for each of the defined 
time and space window, a temporal filter was designed in 
order that after convolving this filter with the predicted 
multiples, the subtraction of the result from the input 
would yield the multiple-free data. 

5. Results and Discussion 

Figure 4 shows the NMO-corrected input gathers for 
the 3D SRME, ordered in CDP track, before and after 
linear tau-p interpolation, preparatory to 3D SRME. 
Figure 4a shows evidence of hole in the near offsets which 
were completely filled by the linear tau-p interpolation 
method used in this study as is shown in Figure 4b. Hole 
infill and interpolation of near offsets are routine 
procedures in 3D SRME. The conventional parabolic and 
f-k interpolation methods were applied to the data prior to 
the linear tau-p methods. Whereas it was observed that the 
parabolic interpolation was not able to interpolate to zero 
offset correctly without introducing aliasing in amplitudes, 
the f-k interpolation was optimal only for interpolation of 
a single trace between primary traces, it introduced linear 
dip smearing across interpolated events if the number of 
traces were more (up to 3). The linear tau-p interpolation 
was observed to be capable of creating a copy of the 
nearest trace for each near offset bin to populate, in 
addition to its ability to handle multiple trace interpolation 
better and as such, it was preferred for this study. 

 
Figure 4. NMO-corrected, CDP track ordered input shot gathers for 3D 
SRME: (a) gathers before linear tau-p interpolation (b) gathers after 
linear tau-p interpolation 

The 3D SRME multiple modeling tests carried out 
show that increasing or decreasing the aperture size of the 
multiple model in the inline direction with respect to the 
crossline direction or in the crossline direction with 
respect to the inline direction did not have any additional 
advantage in the multiple modeling. Consequently, the 
same aperture size was tested to model the multiples in 
both directions. Table 1 shows the summary of the result 
of inline and crossline aperture parameters used for the 
multiple modeling and Table 2 shows the multiple 
prediction parameterization. Figure 5 shows a stack of the 
interpolated shot gathers input for 3D multiple model 
prediction and a model of the predicted multiples for a test 
sequence in the study. The figure shows that the 3D 
SRME approach was effective in free surface multiple 
prediction in most areas of the survey. Table 3 shows the 
adaptive predicted 3D multiple subtraction parameterization. 

Table 1. Selected parameterization for free surface multiple 
prediction 

Offset Name Offset (m) Aperture (Inline/Xline) 

Near offset 500 1,250 m x 1,250 m 

Mid offset 2,750 1,500 m x 1,500 m 

Far offset 4,750 
level-3 heading, 2,000 m x 2,000 m 

Table 2. 3D SRME multiple prediction parameters 

Parameter Value 

Grid size 6.25 m x 25 m 

Shot interpolation 2:1 

Inline/Xline aperture   

Near offset 1,250 m x 1,250 m 

Mid offset 1,500 m x 1,500 m 

Far offset 2,000 m x 2,000 m 

 
Figure 5. 3D multiple modeled with the parameterization in Table 2 for 
a test input sequence in the survey 

Table 3. Predicted 3D free surface multiples adaptive subtraction 
parameterization 

Subtraction
/Adaptation Domain Frequency 

Band (Hz) 

Filter 
Length 
(ms) 

Time 
Window 

Spatial 
window 

Global Shot All 20 1,875 400 

Local Shot 

0 – 60 12 300 100 

60 – 88 24 300 50 

88 - 250 30 150 8 
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Figure 6a. Inline stack before 3D SRME multiple modeling and adaptive 
subtraction 

 
Figure 6b. Inline stack after 3D SRME multiple modeling and adaptive 
subtraction 

Figure 6a shows stack before the 3D SRME adaptive 
subtraction and Figure 6b shows the stack after the 
subtraction. The difference between these datasets is a 

measure of the effectiveness of the multiple suppression 
technique when compared to the multiple model. The 
results show good correlation between the difference and 
the multiple model. 

The 3D SRME was effective in attenuating multiples 
from 0 to 60 Hz. The results, however, show some 
residual high-frequency multiples above 40 Hz in the data 
after application of the 3D SRME. As expected, this 
occurred mainly around data boundary areas where the 3D 
SRME had limited aperture. This is a limitation in 3D 
SRME. To address this issue, we deployed a damper tool 
which compares free surface multiple amplitudes in 
frequency panels to amplitudes in a reference window, 
such that amplitudes in a given sample can be clipped to 
the amplitude of a reference window if it becomes 
necessary. This tool was effective in removing the residual 
free surface multiples in the dataset. Figure 7 shows 2D 
stack of a given sequence before and after 3D SRME and 
the result of application of the post 3D SRME free surface 
multiple removal and Figure 8 shows time slice of the data 
at 4.5 s before the 3D SRME and after application of post 
3D SRME residual free surface multiple attenuation. 

The free surface demultiple technique applied in this 
study is a primary reflection-conscious-based method of 
removing free surface multiples as it aims to remove only 
the multiple energy without impacting primary signals. 
The true relative amplitudes of the primary signals are 
preserved, making the method to be DHI and AVO 
consistent. In addition, the approach ensures full 
interpolation of the near offset, which is often a concern in 
3D SRME. This is an added advantage because using the 
dataset as input for imaging would result in final products 
that are consistent for improved structural and 
stratigraphic interpretation, and attribute analysis. 

 
Figure 7. Comparison of the multiple elimination products – stack input to 3D SRME multiple modeling and subtraction (a), stack after adaptive 
subtraction (b) showing evidence of residual high frequency multiples, and stack after attenuation of residual multiples (c). The 3D SRME behaved as 
expected in leaving some high-frequency residuals in the data. This is a limitation in the procedure due to limited aperture around data boundaries. The 
post 3D SRME demultiple was effective in eliminating the residuals 
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Figure 8. Time slice at 4.5 s showing (a) input dataset to 3D SRME and (b) post 3D SRME residual demultiple product. The displays show 
effectiveness of the method in attenuating free surface multiples in the dataset 

6. Conclusion 

The foregoing is a case study of free surface multiple 
modeling and removal on partially processed 3D seismic 
data from the Niger Delta offshore using the method of 3D 
SRME. The technique we employed enabled us to derive 
an aperture for all possible downward bounce locations on 
the air-water interface to carry out convolution. We also 
deployed a multiple trace interpolation technique which 
resulted in complete and successful infill of the near 
offsets prior to the multiple modeling and subtraction. The 
method was successful in attenuating multiples up to 60 
Hz, but had limitation in completely attenuating some 
high frequency free surface multiples around data 
boundaries where the 3D SRME had limited aperture. The 
residual multiples were eliminated by the deployment of a 
technique which compares amplitudes of the multiples in 
frequency panels to some reference thresholds in such a 
way that the amplitudes can be clipped when necessary. 
The 3D SRME demultiple approach used in this case 
study produce final deliverables that are consistent  
for DHI/AVO analyses, structural and stratigraphic 
interpretation and attribute analyses. 
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