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Introduction

The discovery of giant profitable hydrocarbon reservoirs is now rarely relevant. Today, the discovered reservoirs are smaller and more heterogeneous; necessiting complex and expensive production methods, such as the injection of water, gas, or chemicals to optimize their exploitation. Thus, the exploration and discovery of new fields is profitable only when people have a detailed knowledge of the internal architecture of the reservoir.

The characterization of a reservoir is essential throughout its life, from its discovery to its exhaustion. This is where digital models called "geomodels" are used. They correspond to grids cut into elementary meshes, to which facies and associated petrophysical properties are attributed, as inputs for dynamic reservoir models.

Building a geomodel consists in numerically representing the heterogeneities on different sedimentary scales. This is done by integrating data from several disciplines: geology, geophysics, and reservoir engineering. Geology (analogs and geological concepts) provides knowledge of the reservoir sedimentary architecture by introducing process-controlled facies partitioning models.

Seismic information makes it possible not only to identify the nature of the geological layers, but also, when its quality is good, the nature of lithologies and fluids. Indeed, the identification before drilling of hydrocarbon fluids directly via seismic information. Well data provide very precise information on the nature of the geological object crossed. The incorporation of this data from different sources and scales is generally done by geostatistical methods. They complete the geomodel with key geological heterogeneities, while trying to respect the well data. At the end, the reservoir engineers perform flow simulations on the created geomodel to understand how the reservoir empties to optimize the placement of the different injector and producer wells.

However, each used data that contribute the geomodel is subject to uncertainties. Despite the considerable advances in the fields of seismic acquisition and processing there is a lack of seismic resolution at depths compatible with hydrocarbon traps. Also, well data provide precise information, but they are available only locally. These limitations induce an uncertain knowledge of the petroleum reservoir. To overcome the lack of knowledge, geoscientists rely on sedimentological concepts and multiple realizations brought by geostatistical methods (pixelbased methods, object-based, MPS, …). In geological modelling, creating a geomodel can be carried out with several methods. Here is some summary of the main families of geostatistical methods used in the petroleum industry. Pixel-based methods predict values of one point (pixel) using weighted functions of neighbors, including thresholds or not. Most famous methods are Sequential Gaussian Simulation for continuous properties (x), truncated gaussian (TGS) methods for discrete facies properties. Such methods are simple to apply and fit perfectly well constraints if they exist [START_REF] Caers | Multiple point geostatistics: a quantitative vehicle for integrating geologic analogs into multiple reservoir models[END_REF][START_REF] Gringarten | Teacher's aide variogram interpretation and Modeling[END_REF]. When seismic quality is sufficient, it is possible to use seismic information as a 3D trend. Such methods are still based on variogram calculation but use a geophysical attribute to guide the filling of heterogeneities, such as the Truncated Geophysical Estimation [START_REF] Biver | Estimation of most likely lithology map in the context of Truncated Gaussian techniques[END_REF]. Object-based methods: The focus here is TOTAL Classification: Restricted Distribution TOTAL -All rights reserved to generate realistic geological shapes using predefined geometric parameters (amplitude, wavelength, sinuosity, width, thickness) to define the output objects. Each pixel is not anymore considered alone, but as a part of a group of pixels defining an object like a channel, a lobe, or any sedimentological feature (Lantuéjoul, 2002). The drawback of object-based methods is that it sometimes fails to fit well constraints [START_REF] Caers | Petroleum Geostatistics[END_REF].

Multiples points statistics methods (MPS).

Here training images are used for identifying statistical patterns [START_REF] Caers | Stochastic Reservoir Simulation Using Neural Networks Trained on Outcrop Data[END_REF][START_REF] Caers | Multiple point geostatistics: a quantitative vehicle for integrating geologic analogs into multiple reservoir models[END_REF][START_REF] Hu | Multiple point geostatistics for modeling subsurface heterogeneity: A comprehensive review[END_REF]. The method is powerful for reproducing complex realistic shapes, while honoring well constraints. However, having access to a rich catalog of high-quality training images remain a challenge for applying the technique in an industrial way (Holden el al., 1998;[START_REF] Wiley | Static and dynamic connectivity in bed-scale models of faulted and unfaulted turbidites[END_REF][START_REF] Zhou | Comparison of sequential indicator simulation, object modelling and multiple-point statistics in reproducing channel geometries and continuity in 2D with two different spaced conditional datasets[END_REF].

The presented methods are currently used in the industry as a more automated solution to fill geomodels and generate multiple realizations overcoming the uncertainty that arouses the reservoir. However, they are not always representative of the reservoir geological reality.

In this paper we exploit the high resolution of a shallow broadband seismic where it is possible to finely observe the geometries of the bodies and the connectivity in three-dimension to create 3D seismic analogs. Thanks to broadband seismic, we observe in detail, especially in shallow seismic parts, the geometries of the bodies and three dimensional connectivities. The lithological content is not directly observed but can be proposed based on the known geological concepts.

Thus, we will give the name of "3D seismic analogs" to these three-dimensional images, stored in fine geomodels because they allow, just like the filed analogs, to understand the deposits and their history.

In this paper we propose to use a 3D high resolution seismic broadband data from shallow buried turbidite-contourite depositional systems equivalent to deep buried turbidite-contourite reservoirs of the same area, from the west-African margin in order to build 3D seismic analogs.

They include high-resolution facies and petrophysical distribution not issued from geostastistical calculation but resulting from a real sedimentary depositional process. The main advance of this contribution is to increase the confidence and resolution of reservoir models in using and adjusting by data augmentation well constrained high resolution reservoir analogs from a dedicate database instead of simple training images populated with geostatistical methods far from the reality of the reservoir.

Data presentation

Conventional seismic imaging records impedance contrasts between different geological layers in a bandwidth limited in both high and low frequencies. The low frequency limitation sometimes prevents from visualizing the envelope of sedimentary systems. While, high frequency limitation limits access to details, like channel plugs. However, advances in seismic acquisition and processing provide new seismic data called "Broadband seismic" that increases energies in low TOTAL Classification: Restricted Distribution TOTAL -All rights reserved and high frequencies (Figure 1). Broadband seismic is more effective in shallow environments where the effects of signal attenuation are still low (Figure 2).

In this paper, the construction of 3D seismic analogs relies on two shallow broadband seismic.

The first studied area is a clastic field of offshore Angola. We focus on the very shallow domain up to a depth of 500 meters. In this particular area, different kind of turbiditic systems have been observed. They are mostly erosive channel-levee systems from Pleistocene period. This work focus on a thalweg-confined erosive channel complex (Figure 3-A) equivalent to an underlying deep-buried operated reservoir. To obtain a better geometrical insight of the thalweg system, we have computed a coherency map showing the detailed geometrical architecture (Figure 3-B).

The complexity and the resolution of geometrical details seen at the scale of the shallow broadband seismic concerning the turbiditic system shown on the figure 3 makes it a good candidate to construct a realistic 3D seismic analog for the operated deep-buried reservoir.

The second case study concerns contourite deposits. Contourites are defined as sediment deposition or substantially reworked sediments by the persistent action of bottom currents To obtain a better insight of sediment-waves shape, a spectral decomposition was performed in the depositional interval. Here, the seismic signal is partitioned into different frequencies to derive only the frequency information representative of the target sedimentary object. The appropriate mixture of the different spectral decomposition maps makes it possible to obtain an RGB map (Figure 4-B) the showing with high precision sediment-waves geometry.

Methodology

Before explaining the several necessary steps to create a seismic analog, some conditions need to be followed to identify coherent geological object. Thus, the chosen system must not be:

• Highly faulted

• Subject to extreme tectonic deformations • Fluid contact disturbing the seismic amplitudes • Affected by seismic noises such as multiples However, working on very shallow seismic data limits these problems, since recent deposits are less faulted and distorted.

The workflow proposed to build the 3D seismic analogs includes three steps ; TOTAL Classification: Restricted Distribution TOTAL -All rights reserved 1) The construction of the grid (geometric support) (Figure 5).

2) The calculation of lithoseismic attribute in order to predict the lithological content of the target geological object (Figure 7). The attribute is then "painted" into the grid to obtain a continuous property called the geophysical drift (Figure 8).

3) The use of a geostatistical method named TGE (Truncated Geophysical Estimation) in order to create the 3D seismic analog (Figure 9). Broadband seismic has a good horizontal and vertical resolution, allowing access to detailed geological heterogeneities. Thus, to represent these detailed heterogeneities (sometimes even at the level of facies associations) it is necessary to create a grid whose cell size coincides with the seismic resolution; therefore, we could capture all the geological information contained in seismic data.

For the first example, we construct a stratigraphical grid surrounding the thalweg system whose cells measures 20 meter by 20 meter and their thickness is 3 ms (Figure 5).

The resolution of the broadband seismic is the key factor for accessing additional stratigraphic details. For example, depending on the interpretation of the thalweg system, we can extract different internal horizons corresponding to different depositional sequences. Further, extraction of these key horizons is integrated into the stratigraphic grid and used as limits (Figure 6).

Seismic drift creation from pseudo-impedance attribute

One specification of this new workflow is the construction of a seismic drift which is going to drive the filling of the heterogeneities into the stratigraphical grid. Unfortunately, wells are not available for this shallow seismic, so the nature of each facies composing the thalweg remains unknown.

Seismic signal gives information only about impedance contrasts between different geological layers. Without well data, it is impossible to be certain of the association between these impedances and lithologies. However, sedimentological concepts can help to propose possible filling facies according to the geometry of the geobodies. Therefore, we rely on the shallow broadband seismic high resolution to calculate detailed lithoseismic attributes. Lithoseismic allows predicting, far from wells, form example fluid content, lithology or other petrophysical TOTAL Classification: Restricted Distribution TOTAL -All rights reserved attributes.In our case, we rely on "pseudo-impedance" attribute (Figure 7) to estimate lithological content of the targeted turbiditic system.

When the pseudo-impedance is calculated from seismic, it is painted into the stratigraphical grid to obtain a continuous property called: geophysical drift (Figure 8) To be more specific, each cell composing the stratigraphical grid is represented by a mean value from the pseudo-impedance attribute . Then, we use the shapes and colors observed on the pseudo-impedance drift to define a logical association with geological facies. This association is only a possible hypothesis.

Creating the 3D seismic analog: Application of Truncated Geophysical Estimation (TGE) method

The workflow objective is to construct a 3D seismic analog predicting the confined thalweg facies from seismic. We opted for the representation of the chosen system with the following facies:

External shales, silts, internal shales, and sands. To do so, we rely on the TGE (Truncated Geophysical Estimation) geostatistical method. TGE is a variogram based facies estimation technique providing a truncated Gaussian-like facies model, consistent with seismic. It is based on the same principle than truncated Gaussian simulation but the uniform random variable to simulate stochastically facies is replaced by a geophysical attribute [START_REF] Biver | Estimation of most likely lithology map in the context of Truncated Gaussian techniques[END_REF]. The purpose of the input geophysical attribute is to drive the heterogeneities (Figure 9-A). To obtain relevant results, the geophysical attribute used for TGE need to be sensitive to facies content. Therefore, our choice was directed towards pseudo-impedance, an attribute capable of estimating/predicting lithological content.

Once TGE method is applied, we obtain a realistic 3D seismic analog of confined thalweg (Figure 9-B) constructed from real seismic data.

Results

3D seismic analog: Case of the turbidite confined thalweg

The construction of a facies model relies on several domains of expertise. In fact, seismic data provides the architectural elements (AE are the geological objects geometry at the scale of seismic). Well data gives information about lithology that is completed by sedimentological concepts. However, the lack of resolution of seismic at depths compatible with hydrocarbon traps makes it difficult to work at the scale of dynamic heterogeneities.

So, the idea of creating 3D seismic analogs from a shallow broadband seismic is to characterize dynamic heterogeneities that are not seen or only poorly characterized in deep reservoirs. As we can see on the figure 10, there is a realistic reproduction of the thalweg shape. More importantly, due to the high precision of the shallow broadband seismic it has been possible to reproduce the channel-plug geometry. Also, the 3D seismic analog could also give an insight of facies associations into the thalweg.

3D Seismic analog: Case of the contourite sediment-waves

The workflow applied on turbiditic systems is similar to sediment-waves. However, in the contourite deposits, the alternation between the layers of different facies is carried out on a fine TOTAL Classification: Restricted Distribution TOTAL -All rights reserved scale. In the absence of well data, a precise description of the lithological nature of the contourites is not possible. However, in Figure 4-A a cyclicity in the deposits on a multidecametric scale is observed. This cyclicity visible in Figure 4-A shows an alternation between areas of high impedance contrasts and areas with low impedance contrasts probably due to variation in lithology. Therefore, the objective is to give a realistic geometrical representation of the sediment-waves and to highlight the deposition cyclicity observed on the seismic scale on a 3D seismic analog.

Similarly to the process applied to turbiditic systems, there is a need to overcome the absence of well data (near-surface seismic). The calculation of a pseudo-impedance attribute to access the lithological content of the seismic cube is necessary. Then, the same process is carried out to finally obtain the result visible on the figure 11.

The Figure 11-A shows the seismic analogs super-imposed on the seismic. The latter was constructed by choosing to take sediment-waves as clay-silty deposits. The green facies show non-energetic deposits that can be associated to hemipelagic deposits (clay). The yellow facies represent energetic facies corresponding to sandy deposits. Note that the choice of a coherent geophysical attribute (pseudo-impedance) coupled with a fine seismic resolution enabled to realistically reproduce the geometry of the sediment-waves. Also, the sediment-waves cyclicity have been captured on the 3D seismic analog result (Figure 11-A). The image C shows the threedimensional rendering of the 3D seismic analog.

Seismic analogs: data augmentation by guided modification of proportion

The data augmentation approach is widely used in machine learning. Its role is to improve the predictive quality of the algorithm by artificially increasing the volume of data available. Applying simple transformation on data as rotation of the image, contrasts modifications of filter application allow the creation of several variations form the same image.

We take a similar approach based on increasing data. In geosciences, it is crucial that the volume of data generated from continuous three-dimensional analogs respects the geological concepts that we know, the deposits and their history.

However, the complexity and variability of petroleum reservoirs implies that there is a need of a large amount of 3D seismic analogs. Currently, there is no public database of seismic analogs covering the variability of petroleum reservoirs. Therefore, the proposed method brings a way to provide different geological scenarios from one single 3D seismic analog. This kind of "data augmentation" is performed on the 3D continuous seismic analogs (Figure 12) by a "guided" modification of proportions.

The pseudo-impedance attribute is a continuous representation. Therefore, the facies proportions of the seismic analog could be easily modified. For each studied system we propose to generate multiple seismic analogs with different facies proportions using the seismic drift and the TGE method. As shown on the example figure 12-B andC, the guided modification of proportion highlights different geological scenarios. The seismic analog is then stored into a numerical catalog as a geomodel in order to preserve the layers and to ensure that each layer corresponds more or less to an isochron (same time of deposits). Often, we will keep a fine image with many meshes (more than 10 million), because we do not have the constraint here to carry out flow simulations. So, the basic elements of storage are:

• A fine 3D geomodel, including many meshes in order to finely discretize heterogeneities • Associated key horizons, making it possible to delimit geological units or AEs (Architectural elements) (Figure 6).

• Continuous properties from seismic or lithoseismic attributes (Figure 8).

• A description in the form of metadata, including descriptions of category, scale, and geometry.

Conclusion

In this paper, a new methodology was developed which aim is to create 3D realistic seismic analogs. The shallow broadband seismic for turbiditic and sediment-wave deposits represent an essential component for 3D seismic analogs creation. The input of this workflow is its ability to describe the large-scale 3D sedimentary body (Architectural Element: AE) and the medium scale 3D sedimentary bodies representing depositional units (Facies Associations: AF). Unfortunately, at this time, there is no database of 3D seismic analogs covering the complexity and variability of reservoirs. So, the concept here is to apply a guided modification of proportion to create multiple geological scenarios from only one seismic analog. Performing a data augmentation could also be attended by using other geostatistical methods to create multiple realizations from one 3D seismic analog. However, there are some possible drawbacks affecting the developed workflow. First, there is a lack of available shallow broadband seismic which is considered the critical components of the created 3D seismic analog, even if, it has been noticed that there is an important grow in broadband acquisition. Second, the workflow allows to create 3D realistic seismic analogs that are not always stationary, which is sometimes essential to the success of geostatistical methods such as MPS.

These realistic 3D seismic analogs will be used to build a catalog of 3D seismic analogs. In this catalog, if we take turbidites as an example, the images will be stored according to the depositional model (erosive channel, constructive channel, …) including, key shapes parameters (sinuosity of a channel, length of the channel, …) for each studied turbiditic system and auxiliary variables (azimuth trends, …). The objective will be to use the catalog of 3D seismic analogs to populate deep reservoirs with realistic heterogeneities. The transfer of knowledge from shallow seismic analogs to deep reservoirs is not obvious. It could use MPS or other geostatistical methods to transfer geological knowledge into deep reservoirs (Figure 15). 

(

  Stow et al., 2002b; Rebesco, 2005; Stow and Faugères, 2008). Here, the specific type of contourites is known as "sediment-waves". They show transverse structures forming sedimentary waves (Tallobre, 2014). This type of structure has a wavelength ranging from one meter to ten kilometers, a pluri-kilometric length and a height of several meters (Faugères et al., 1999; Wynn and Stow, 2002; Wynn and Masson, 2008; Faugères and Mulder, 2011; Tallobre, 2014). As represented on the seismic image Figure 4-A, sediment-waves present a wavy geometry.

  3.1. Building of the reservoir grid: geometrical support for the 3D seismic analog Seismic analog creation (and more generally geomodel creation) requires a geometrical support: it represents a stratigraphic grid surrounding the geological object of interest. The stratigraphic grid is composed of elementary cells connected or not with their neighbors. Each cell constituting the grid includes discrete or continuous properties representing mean values in the small volume of the subsurface Typically, a stratigraphic grid constructed for a deep reservoir contains several million of cells. The lateral dimension of the cell range from 20 to 50 meters (depending on the reservoir type), and the thickness varies between 1 and 5 ms (equivalent to 1-3m) for a grid defined in seismic two way time (twt).

  TOTAL Classification: Restricted Distribution TOTAL -All rights reserved

  TOTAL Classification: Restricted Distribution TOTAL -All rights reserved Acknowledgments: I am grateful to TOTAL company (France) for funding my PhD and making this data available for my research.
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 1 Figure 1. Comparison between a broadband seismic section (image A) and a conventional seismic (High-resolution) section (image B). Look at the finesse of details visible on the broadband seismic section.
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 2 Figure 2. Comparison between the average seismic spectrum of the shallow broadband seismic (bleu) and the HR seismic (red). It is clear that the shallow broadband spectrum suceed in maintaning the low and high frequencies.
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 3 Figure 3. Presentation of the confined thalweg turbiditic system. The profile A highlights the thalweg seismic expression. The image B represent a coherency map. It gives a better geometrical insight of the studied thalweg.
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 4 Figure 4. Presentation of the second geological context: sediment-waves deposits. The seismic profile highlights in detail the seismic expression of sediment-waves (image A). The RGB map shows the shapes of sediment-waves deposits (image B).
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 5 Figure5. Representation of the constructed stratigraphic grid. It will be used as a geometrical support for the seismic analog. The image A corresponds to a super-imposition of the reservoir grid cells on a seismic section containing the turbiditic system of interest (confined thalweg). The image B represents the 3D stratigraphic grid cut into elementary cells built in a referential (i, j, k).
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 6 Figure 6. Numerical representation of the thalweg geometry on the stratigraphic grid. The thalweg part is represented in a yellow color and the channel levee part is highlighted with a green color.
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 7 Figure7. Super-imposition between a seismic section from the shallow broadband seismic and the lithoseismic pseudo-impedance attribute calculated from the seismic amplitudes.

Figure 8 .

 8 Figure 8. 3D seismic drift obtained from the pseudo-impedance lithoseismic attribute. Note that the red-orange colors are positioned in the meanders.
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 9 Figure 9. Conversion of the continuous property (A) (3D seismic drift) to a discrete 3D seismic analog (B). The image A is the continuous representation of the pseudo-impedance attribute on the stratigraphic grid, used to guide the filling of the heterogeneities. On the image A, green color is representative of low energy content that could be shales. Whereas the blue and red colors are descriptive of high energy content (sands, silts, …). The image B is the realistic 3D seismic analog based on the shallow broadband seismic. A different choice of color association with type of facies, adapted to our need, could have been made.
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 1011 Figure 10. A realistic 3D seismic analog "confined thalweg" based on a shallow broadband seismic Figure 11. 3D seismic analog obtained from sediment-waves case study. The image A is a representation of a projected 3D seismic analog on a seismic profile. The image B is an RGB image and the image C correspond to the 3D seismic analog result for sediment-waves.
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 12 Figure 12. Application of "Data augmentation" with TGE method. The image A is a 3D seismic drift. The continuous property help guide the filling of heterogeneities but also allow to generate with the TGE method different realization by modifying facies proportions. The images B and C are the two 3D seismic analogs with different sand proportion.
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 13 Figure13. Illustrating the data augmentation idea. From one continuous property (input) it is possible to generate on demand 3D seismic analogs. In our study, the data augmentation is performed by TGE method. However, other geostatistical methods could be used to generate different scenarios.
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 14 Figure 14. This figure represents the guideline of the actual research on the characterization of deep reservoirs using 3D seismic analog based on a shallow broadband seismic. The red rectangle shows the research part presented in this paper.
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