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Summary
We present a non-linear iterative inversion method to simultaneously estimate both velocity and
earth reflectivity. The core of the inversion workflow is a novel wave-equation that provides the
full acoustic wavefield, parameterized in terms of velocity and vector reflectivity. A key aspect is
the separation of the low- and high-wavenumber components of the gradient based on inverse
scattering theory, enabling the sensitivity kernels to update the velocity and the vector reflectivity,
respectively. Our approach is equivalent to performing Full Waveform Inversion (FWI) and LeastSquares Reverse Time Migration (LSRTM) in a single framework using the full wavefield. The
output of the inversion is an updated and more well resolved velocity model together with an
accurate estimate of the earth reflectivity with compensation for incomplete acquisition, poor
illumination, and multiple crosstalk. This new approach has the potential to reduce the turnaround
time of imaging projects by combining velocity model building (FWI) and imaging (LSRTM) into a
single inversion process with minimal data pre-processing. Additional properties such as relative
density can be directly estimated from the inversion outputs. The application of this inversion
method is demonstrated using 3D seismic data from the Orphan Basin, offshore Newfoundland
and Labrador, Canada.

Theory
We use the following acoustic wave-equation based on velocity and vector reflectivity for our
modeling procedure (Whitmore et. al, 2020):
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where 𝑃(𝒙, 𝑡) is the total pressure wavefield which is a function of space and time, 𝑉(𝒙, 𝑡) is the
! #$(𝒙)
velocity, 𝑹(𝒙) = " $(𝒙) is the vector reflectivity in which 𝑍(𝒙) is the acoustic impedance and 𝑆(𝒙, 𝑡)
is the source. Using this representation, the velocity and reflectivity are directly set as the model
parameters and are updated using their appropriate kernels after scale separation based on
inverse scattering theory (Ramos-Martinez et al., 2016; Whitmore and Crawley, 2012). The
inversion scheme updates both velocity and reflectivity simultaneously during each iteration and
the inversion workflow is summarized in Figure 1. For the starting reflectivity model, a zeroreflectivity model could be assumed, and the first iteration is similar to reverse time migration
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(RTM) image, with the caveat that might contain the free-surface effects in case raw pressure
data are used.
If only the impedance kernel is used, the workflow is then similar to data-domain LS-RTM. If the
reflectivity model is not updated, the flow reduces to an FWI procedure to update the velocity
model (Yang et al., 2020).

Figure 1 A schematic of the full wavefield velocity and reflectivity simultaneous inversion
approach.

Case Study Details
The study area for illustrating the benefits of the inversion method is in the Orphan Basin, offshore
Newfoundland and Labrador, Canada. The contributing 3D survey is PGS’ Blomidon 3D acquired
in 2020. This narrow azimuth (NAZ) data was acquired with 16 cables, 100 m streamer separation
and 8 km streamer length. The inversion started from an inaccurate initial velocity model. The
objective of this study was to build a reliable velocity model and to improve imaging of the Tertiary
(~1 km – ~6 km) and Jurassic sections (> ~6 km) (see Figure 2).

Results
The initial velocity model for the inversion was a time velocity model converted to depth. Figure
2a shows the reflectivity from the first iteration of the inversion, which is equivalent to performing
RTM with the initial model. In this image, note the key areas in Tertiary and rift sections that are
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not well imaged. The results from the simultaneous inversion are shown in Figures 2b and 2c.
The inverted velocity model shows significant improvement with details in the shallow section
driven by diving waves and a geologically consistent velocity model in the deeper sections
achieved using reflection data. The inverted reflectivity shows uplift in imaging allowing for a better
interpretation of the key lead (top arrow) and understanding of the petroleum system. Obtaining
reflectivity directly from the simultaneous inversion in a data-driven approach and has the
potential to significantly reduces turnaround time for imaging and potentially for subsequent
exploration activities.

Figure 2 Orphan Basin field data example (a) First iteration and (b) Inverted reflectivity (c)
Inverted velocity model. Areas highlighted by yellow arrows show significant imaging
improvements after inversion.
Figure 3 shows an estimate of relative density on a depth slice derived directly from the inverted
velocity and reflectivity. The relative density estimate is structurally consistent and can be
potentially used for prospectivity analysis. Note the high-wavenumber nature of the relative
density compared to the inverted velocity showing effective scale separation of the inversion
approach. The inversion outputs, in addition to individual lead evaluation, also give a better overall
geologic understanding via enhanced imaging and property constraints throughout the entire
seismic section.
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Figure 3 (a) Relative density estimated from inverted velocity and reflectivity and (b) Inverted
velocity model.

Conclusions
An iterative inversion method to simultaneously estimate velocity and earth reflectivity was
introduced. This inversion methodology was successfully applied to a field dataset from offshore
Newfoundland and Labrador, Canada. The results show that while the background velocity model
is iteratively updated, an accurate estimate of the earth reflectivity is simultaneously generated,
thereby significantly reducing the turnaround time for an imaging project. The inverted parameters
can be used to calculate additional properties such as relative density, which is useful for
prospectivity analysis.
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