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Dip Constrained Tomography as Applied to
Subsalt North Sea Data

D. Carotti* (CGG), C. Brillatz (CGG), P. Guillaume (CGG), A. Prescott (CGQG)
& A. Cavalié (CGG)

SUMMARY

Developed for the shallow channel anomalies in the North Sea, the dip constrained tomography can also
be effective in subsalt areas, when geological dip constraints are known. Subsalt areas often suffer from
noisy residual move-out information and limited angular coverage. In this work, we show that the
introduction in the non-linear slope-tomography cost function of an additional term related to the offset-
dependent imaged dips helps in stabilizing the inversion and the computed velocity perturbations. We use
a North Sea example to demonstrate that the use of geological constraints in this extended tomography
below complex overburdens improves the seismic image focusing and provides a more geologically
plausible velocity model.
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Introduction

Velocity model building through non-linear slope tomography (Lambaré, 2008) aims at computing an
accurate velocity model for seismic imaging. As the inverse problem is non-linear and ill-posed, it
requires both a non-linear optimization process and the introduction of pertinent constraints. A wide
diversity of constraints has been proposed in the past. More recently, the industry focused on the
smoothness and the structural constraints on the velocity and the anisotropic model (Zdraveva et al.,
2013; Woodward et al., 2014). The offset-dependent dip information measured from migrated data
(Guillaume et al., 2013) has been introduced to solve localized lateral variations for avoiding artifacts
in the migrated image (Pape et al., 2014; Chen and Hu, 2014). The aim of this work is to demonstrate
the effectiveness of using such dip-based constraint in the subsalt area, thanks to the measured
diversity of structural dips in the offset domain.

Multi-layer dip-constrained non-linear slope tomography

Multi-layer non-linear slope tomography (Guillaume et al. 2012) was developed to model strong
velocity contrasts such as the ones found in the central North Sea. It also offers the capability to
partition the model into distinct layers, allowing high flexibility in the model and in the inversion
parameterizations, as well as the use of different geological constraints in each layer. Among all of the
geological constraints, one can be linked to the dip of the seismic image itself. In particular, we can
minimize the discrepancies between offset-dependent dips, dip;, and the reference dips of picked
reflectors, dipjer, with no assumption on the position of the reflectors themselves. For example, in the
case of the push-down distortions observed in Figure 1, we would actually expect the spatial dip to
follow the generally flat trend of the structure. The offset-dependent spatial-dip distortions that are
measured below localized velocity anomalies can be introduced in the cost function for delineating
and quantifying those velocity anomalies. As a result, the multi-layer non-linear slope tomography
cost function is extended as follows:

Cm)= Y a|RMO|" + > | dip; - dip

rmoevents dipevents

" +R(m),

where the first term represents the minimization of the residual move-out (RMO) slopes, the second is
the additional term that allows for considering the geological constraint in data domain and R(m) is a
regularization operator. Both the RMO slopes and the dip distortions can be converted into kinematic
invariants (Figure 2) as defined in (Montel et al., 2009), and they are simultaneously inverted to
update the velocity model m. The additional term allows minimizing the misfit between the offset-
dependent dip of the re-migrated facets dip; and an expected dip dipjer, With 4 denoting the weight
associated with each facet. Non-linear iterative local optimization is used to minimize the new cost
function. Note that the volumetric dip constraint is structural and does not constrain the depth location
of the seismic reflectors. The offset dependent dip distortions can result from localized strong velocity
contrasts and/or variations in the overburden. The use of the geological dip constraints in the subsalt
area, together with the simultaneous non-linear inversion of all layers in the model, brings more
information into the inversion. This should stabilize and improve the inversion and the computed
velocity perturbations. In the following example, we show that a more geologically plausible velocity
model and seismic image can be obtained with this extended tomography.

Offset cube h1 Offset cube h2 > h1

Zmig Nip]_ dip]ref

Zmig H RS -

Tomographic inversion of offset-dependent dip errors

Figure 1 Offset-dependent Dip error term added to the tomography misfit function.
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Figure 2 Kinematic invariants in un-migrated domain (left) and corresponding facet (right) in depth
migrated domain after kinematic migration. m is mid-point position in un-migrated domain, X is facet
position in migrated domain and h is the source-receiver offset. Non-linear slope tomography aims at
flattening gathers minimizing RMO slope SRMO.

A subsalt example

In this North Sea example, the model contains six layers including the water and the Zechstein salt.
Tilted fault blocks are known to exist in the sub-salt area (Figure 3). We first perform a high-
definition simultaneous inversion of all the layers using a dense set of RMO picks for each layer. The
result gives a good imaging, but there is a visible lack of focusing in the sub-salt reflectors of the
tilted faulted blocks (Figure 4 — left). This issue can be explained by the relatively small maximum
offset of the acquisition (3000 m), characterized by a too limited angular range (25 degrees), resulting
in large velocity uncertainties. For this reason, given the interpreter geological knowledge of the tilted
faulted blocks in the sub-salt area, we introduced the offset-dependent dip constraint. In practice, the
offset-dependent dips, dip;, are picked over 800 m depth from the base of salt.

o n | I Upper North Sea Group
. _ =k T Lower and Middle North Sea groups

Chalk Group
3] Rijnland Group
\ Schieland, Scruff and Niedersachsen groups
=3 Altena Group
i:‘ Lower and Upper Germanic Trias groups
§ 4- ’ ' Zechstein Group
. Lower and Upper Rotliegend groups
5 ‘ Limburg Group
0 50 km

Figure 3 SW-NE geological cross section closer to the survey showing the existence of tilted faulted
blocks in the pre-Zechstein groups (Duin et al., 2006).

The reference dip model, dipjer, has been built using the PreSDM stack and few conformal horizons
between the base of salt and a deeper horizon. Adding these dip constraints improved the overall
image focusing of the deep target (Figure 4 — right). The velocity model (Figure 5 — right) shows a
better lateral consistency in the sub-salt compared to the tomographic result without dip-constrained
tomography (DCT) (Figure 5 —left). Moreover, the PreSDM common image gathers validate the
overall improvement of the imaging results (Figure 6).

In addition, similarly to the QC of the RMO re-migrated facets, the extended tomography can also
output the re-migrated facets dips. In Figure 7, we quantify the uplift of DCT by comparing the facet
dips migrated in the final models with (Figure 7 - bottom) and without DCT (Figure 7 - top). The
colour scale represents the error, in degrees, of the migrated dips with respect to the expected dip.
Note that the success of the inversion can also be appreciated by simply looking at the migrated facet
dips. The good superposition of the migrated offset-dependent facets with the associated seismic
image confirms the effectiveness of this inversion QC.
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Figure 5 PreSDM stack with velocity model (m/s) overlaid: Left) without DCT; Right) with DCT,
showing a better lateral consistency of the velocity with the subsalt faulted tilted blocks.

z(km)

3.5

without DCT with DCT without DCT with DCT
Figure 6 Two PreSDM gathers at two locations (dashed lines in Figure 4): Left) without DCT; Right)

with DCT, showing better flattening and less noise.
Conclusions

In this work we have demonstrated how the application of dip-constrained tomography can be
successfully extended to deeper targets below complex overburden. As illustrated with this North-Sea
dataset, the offset-dependent dip-constraint formulation is fully compatible with multi-layer and high-
definition tomography.
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Figure 7 PreSDM stack with overlaid dip-error facets (in degrees): Top) without using DCT, showing
big dip errors in the subsalt faulted tilted blocks; Bottom) using DCT, the dip error is generally
reduced.
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