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SUMMARY

Seismic imaging of the subsalt medium often contains invalu-

able information that can help locate the reservoir. However, a

clear subsalt image highly relies on the accuracy of salt-body

and subsalt velocity inversion, because both of them bear the

kinematic information of seismic image at such a depth. Full

waveform inversion (FWI) is a power technique that can en-

hance our ability of salt scenario interpretation, inspired by

several successful applications. To achieve the goal of reliable

salt-body/subsalt velocity inversion, we need to obtain not only

a high-resolution interpretation of the salt structure, but also

the low-to-medium wavenumbers of the velocity that is crucial

to mitigate the notorious cycle-skipping issue. In this work we

propose a reflection full waveform inversion (RFWI) workflow

to improve the subsalt image. Instead of making FWI play the

role of correcting for salt misinterpretation among some lat-

est work, we are focused on implementing RFWI to the sub-

salt velocity building by making use of its ability of retriev-

ing low-wavenumber model update along reflection wavepath.

We introduce a RFWI workflow with a simultaneous optimiza-

tion over the model perturbations and the low-wavenumber

components, using a mixed scheme of objective function. A

streamer dataset based on the benchmark model with massive

salt body is used to validate our inversion strategy. We assume

a reasonable interpretation of the salt geometry has been pro-

ceeded prior to our inversion, while there is little knowledge

of the subsalt zone. In the situation of missing frequencies be-

low 2 Hz and a limited offset-to-depth ratio below one, our

RFWI workflow provides promising improvement in the sub-

salt imaging.

INTRODUCTION

In seismic exploration, to obtain a clear image of the subsalt

reservoir is an extremely complex task. It is not only because

of the challenge embedded in salt geometry/velocity estima-

tion, but also the yet-to-be-developed velcity model building

for the subsalt sediment Chen et al. (2018). The high-contrast

salt boundary and the near-salt structures significantly increase

the difficulty of velocity estimation, of which the study has

long been a focus in seismic community. Full waveform inver-

sion (FWI) is a technique developed to eliminate our historic

practice of separating the propagation and scattering parts of

the velocity model and produce a high-resolution delineation

of the earth’s subsurface medium Tarantola (1984). FWI is ca-

pable of handling the complex wave propagation around the

salt body, so as lately it has been applied to the salt scenario

(Huang et al., 2012; Zhang et al., 2017; Shen et al., 2018). It

provides an automatic optimization of the model parameters

by measuring an objective function in the data domain, which

makes it more meaningful in some traditionally labor-intensive

applications, still, to fully deploy FWI to the salt interpretation

a serie of practical issues need to be addressed. More recently,

Zhang et al. (2018) implemented FWI to correct the salt mis-

interpretation and proved it can effectively improve the subsalt

image. In their work, a measurement of the cost function using

traveltime information is devised to address the issue of ampli-

tude discrepancy, which has been commonly regarded as one

of the main practical issues that causes failure of FWI.

For a complete subsalt inversion, after we estimate the top ge-

ometry of the salt, usually a salt-flood inversion can be imple-

mented to initially build the salt base. However, if no further

information provided, a poor guess of the subsalt sediment ve-

locity remains a serious impact to the image quality of subsalt

reservoir. Encouraged by the successful, though limited, appli-

cations of FWI on salt structure delineation, we aim at develop-

ing a workflow in FWI framework to solve the velocity of sub-

salt sediment, which could follow the salt flood. The currently

developed FWI methods based on refraction wave has been

successfully implemented in building a high-resolution model

for the shallow zone of the subsurface medium (Pratt, 1999;

Choi and Alkhalifah, 2015). However, the practical issues like

low frequencies cutoff and limited acquisition aperture hinder

its abilities of estimating the deep model. To take advantage

of the reflections that dominate the inversion of subsalt zone, a

reliable estimation of the kinematics information of the model

is usually required by the regular FWI approaches, in order to

achieve a natural transition from the low-wavenumber velocity

to a high-resolution output (Mora, 1989; Alkhalifah and Wu,

2017; Symes, 2008; Rivera* et al., 2015; Feng and T. Schus-

ter, 2018). Xu et al. (2012), based on the work of Chavent and

Clément (1993); Plessix et al. (1995); Clément et al. (2001),

suggested a waveform-based velocity building workflow using

the reflections generated by a migration/demigration process,

referred to as RFWI. RFWI has shown considerable effective-

ness and robustness in some recent studies (Guo and Alkhali-

fah, 2017; Rivera et al., 2018; Guo et al., 2017) and, moreover,

it has been implemented to deal with the interpretation of the

salt scenario (Chen et al., 2018), and established its role in

guiding the dirty salts and near-salt sediment velocity inver-

sion.

In this work, we will demonstrate how RFWI can be used to

produce a high-resolution velocity model starting from little

knowledge of the subsalt medium. Our workflow is applied, in

both acoustic and elastic courses, to a 2D streamer benchmark

dataset from a field with massive salt body. In this example,

the target region is overlaid by a mostly homogeneous salt with

huge thickness. We assume an reasonable interpretation of the

salt body has been proceeded, e.g., by salt flood. To mimic

the practical situation, we adopt an acquisition with limited

offset (maximum of 12 km, to-depth ratio less than one) and

mute the frequency components below 2 Hz. In such case, the

FWI implementation focused on diving wave will fail to illu-

minate the subsalt, thus the reflections become the only infor-



Subsalt inversion using RFWI

mation to rely on. We apply a simultaneous optimization over

the model perturbations (image) and the low-wavenumber ve-

locity, which controls the kinematics of the wave propagation.

The estimated subsalt velocity through this workflow produces

obvious improvement to the subsalt migration. Including the

inverted model perturbation into the velocity results in a high-

resolution image of the subsalt sediment that matches the true

answer. The inversion based on acoustic approximation is not

an ideal solution to the subsalt inversion, while it performs a

plausible initial velocity building for sequential elastic inver-

sion.

REFLECTION WAVEFORM INVERSION

The general form of the objective function used in our opti-

mization can be expressed as

min E =
1

2

∑

s,r

∫

dt ‖A[u(s,x, t;c0)+ ũ(s,x, t;c0,I)]−d(s,r, t)‖2
,

(1)

which is formulated by Alkhalifah and Wu (2016); Wu and

Alkhalifah (2015), based on previous finding of Albertin et al.

(2013). Virieux et al. (2015) also proposed a similar objec-

tive function, but with a measurement split into two terms.

u(s,x, t;c0) is the source wavefield modeled using the smoothed

background model; the wavefield ũ(s,x, t;c0,I) is the first-order

scattering of Born series, which can be calculated by the mi-

gration and demigration process:

F [c0] ũ(s,x, t) =

∫

dx

∫

dxs ∇u(s,x, t)× I(xs)δ (x−xs),

(2)

where F [c0] is the wave equation operator. By producing re-

flections from the demigration process instead of the velocity

model itself, we can retrieve the low-wavenumber model up-

date along the reflection wavepath, without inducing the scat-

tering information into the velocity inversion. The gradient of

this objective used to update the velocity can be expressed as

∂E

∂c0(x)
= −

∑

s

1

c

∫

dt
[

∇2u(s,x, t)µ(s,x, t)

+ ∇2ũ(s,x, t)µ(s,x, t) + ∇2u(s,x, t)µ̃(s,x, t)
]

,

(3)

where µ and µ̃ are the adjoint wavefield calculated with the

background medium and the one scattered at the image. Since

we include both the wave propagation in the smoothed model

and the scattering one in one objective function, the gradient

actually consists of the update along the reflection wavepath as

well as the diving wavepath.

We develop a workflow of inverting for the subsalt velocity

using RFWI, which is shown in Table 1. RFWI can be im-

plemented either in time or frequency domain (Wang et al.,

2013; Wu and Alkhalifah, 2014), but the one thing in common

between these implementations is that the property of demi-

grated reflections are highly sensitive to the image quality. In

order to achieve an optimal fit of the data, a true amplitude mi-

gration is required, which can be achieved with a least-squares

optimization.

As we do a simultaneous inversion for the model perturbations

and the low-wavenumber velocity, we suggest a more flexi-

ble strategy in choosing the cost function depending on the

decoupled features of these two components (Guo and Alkhal-

ifah, 2017). For the inversion of model perturbations, we sug-

gest using the l2-norm misfit function to guarantee a wise data

match of the reflectivities at the near-zero offsets. For the

slowly varying background model, which mainly influences

the kinematic features of reflection/transmission, we suggested

using the normalized cross-correlation objective function (Choi

and Alkhalifah, 2012) to mitigate the amplitude effects. Even

though the acoustic approximation is adopted to invert for the

elastic data, its sensitivity with respect to the amplitude be-

comes relatively trivial as we are focused to the kinematics

information. As the subsalt zone is dominated by the reflec-

tions, we formulate our correlation-based objective function

using the demigrated data ũ and the recorded reflection data

dr , from which the diving wave calculated by the initial model

is subtracted, corresponding to equation 1.

min Ecorr0
=−

∑

s,r

∫

dt
ũ(s,xr, t)

‖ũ(s,xr, t)‖

dr(s,xr, t)

‖dr(s,xr, t)‖
. (4)

2D STREAMER BENCHMARK WITH MASSIVE SALT

We apply our proposed RFWI workflow to a streamer bench-

mark dataset of massive salt body (thickness over 5 km). Fig-

ure 1 shows the subsalt zone of the true elastic model. The

scale of subsalt sediment shown is 7 km from top to bottom.

The density is also included, which was built with wells and

extrapolated using existing seismic reflectivity. We generate

the shear wave velocity based on Castagna et al. (2005) in the

sediments, and using constant values in the salt body.

We use the Ricker’s wavelet with a peak frequency of 8 Hz as

our source function, and filter out the frequencies below 2 Hz

to imitate practical conditions. We start with an initial P-wave

velocity model shown in Figure 2. The velocity of zone right

below the salt is set to be a constant that is far from the true

answer. By doing so, we can verify the robustness of RFWI in

Table 1: Our suggested RFWI workflow for the subsalt inversion

Reflection

data d and

initial c0

Least-

squares

RTM using

El2−norm

Initialize

objective

function

Ecorr0

Update

c0(x)
Update

I(xs)

Evaluate

cost

functions

If satisfy the

exit

condition

Move to

next band

or scale

Velocity

c0, add I if

necessary

yes

no

optional
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dealing with such a case that no priori information is available

under the salt. As we can see in Figure 3a, the gradient of P-

wave velocity calculated using elastic FWI fails to provide any

low-wavenumber information below the salt.

(a)

(b)

Figure 1: The subsalt sediment of true model: (a) P-wave ve-

locity, (b) S-wave velocity. The density was built with wells

and extrapolated using existing seismic reflectivity. The sub-

salt zone is 7 km in size from top to bottom.

Figure 2: The initial P-wave velocity model.

First, we apply our RFWI based on the acoustic approxima-

tion, where the amplitude mismatch is supposed to be han-

dled by the correlation-based objective function. The gradi-

ent along the reflection wavepath providing a reasonably low-

wavenumber update of the background model, which is shown

in Figure 3b. After each iteration of velocity update, we mea-

sure the objective function and switch to the image update. We

run three stage of inversion. After the first stage of optimiza-

tion, we apply a smoothing with larger window size and reduce

the smoothing window as we move to the next stage. Figure 4

shows the velocity after the acoustic inversion.

Three velocity profiles of the subsalt zone, located at x= 41.5km,

45.7km and 48.5km are shown in Figure 5, which reveal the

low wavenumbers of the P-wave velocity recovered through

our optimization. The optimized image of the subsalt zone is

shown in Figure 6b. Compared to the least-squares RTM cal-

culated using the initial velocity (Figure 6a), the simultaneous

(a)

(b)

Figure 3: The gradient of regular elastic FWI (a) for P-wave

velocity; (b) gradient calculcated from acoustic RFWI, using a

smoothing window of 800m (in horizon) by 200m (in depth).

inversion results in an image with the improved resolution and

accuracy. One part of image is used for comparison with the

one calculated using the smoothed true velocity (shown in Fig-

ure 7b), which is supposed to give the accurate subsalt struc-

ture.

Figure 4: The inverted model after the last stage of the acoustic

RFWI.

(a) (b) (c)

Figure 5: Three velocity profiles of subsalt zone, located at

x=(a) 41.5 km, (b) 45.7 km and (c) 48.5 km. Inverted ones are

in blue dot dash; initial in red dash; true answer in black.

Elastic Reflection Waveform Inversion
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(a)

(b)

Figure 6: The least-squares RTM calculated using (a) the ini-

tial velocity and (b) the inverted velocity. The places where the

resolution gets improved are marked by arrows.

(a) (b)

Figure 7: The least-squares RTM of a subsalt zone calculated

using (a) the inverted velocity and (b) the smoothed version of

true velocity.

After we obtain a reasonable P-wave velocity for the subsalt

zone, we move to the elastic inversion, which is expected to

mitigate the artifacts caused by acoustic approximation and

provide more details. For the elastic course, we still rely on

RFWI based on the development of Guo and Alkhalifah (2017).

We first estimate least-squares elastic RTM based on the con-

cept of model perturbations (δVp and δVs) (Guo and Alkhali-

fah, 2017; Duan et al., 2017; Feng and Schuster, 2017). Using

the same strategy of acoustic case, we implement a simulta-

neous inversion for the velocities and the model perturbations.

Taking the elastic parameters into account enables us to better

handle the dynamic effects of the dataset. Hence, the elastic

inversion produces an image with improved resolution (show

in Figure 8b), which is supposed to help the velocity estima-

tion. The optimized model perturbations are added to the in-

verted velocity to form a high-resolution image of the subsalt

sediment. The result containing the right zone of the subsalt is

shown in Figure 9a.

DISCUSSIONS AND CONCLUSIONS

RFWI provides low-to-medium wavenumber velocity update,

benefitting from the large scattering angle along wavepath. Un-

der the challenging situation of limited offset and frequency

band, our RFWI workflow builds a reasonably accurate sub-

salt velocity that provides a good stepping stone to FWI. The

correlation-based objective function works properly with the

acoustic approximation, still it is necessary to apply smooth-

ing to guarantee a balanced update at the early stage.
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(a)

(b)

Figure 8: The least-squares acoustic RTM (a) versus least-

squares elastic RTM (b) for δVp.

(a) (b)

Figure 9: Part of the optimized P-wave velocity model (a) of

the subsalt zone with the model perturbations added to it and

(b) the true answer.
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