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Summary

Elastic full-waveform inversion (FWI) is now emerging as an industrial tool for the compressional
velocity (Vp) model build, driven mainly by diving and reflected P waves. On the other hand, the
inversion of S waves in elastic FWI to update shear velocity (Vs) models is more challenging due to the
limitations of data acquisition and reduced sensitivity of surface seismic to Vs. In this paper, we propose
a practical methodology for low-wavenumber Vs updates by elastic FWI, driven mainly by converted
waves in multi-component ocean-bottom seismic data. The first key step of our methodology builds a
high-quality VVp model from elastic Vp FWI using the hydrophone and vertical geophone data. The
second key step is the use of horizontal geophones to reconstruct the low wavenumbers of the Vs model
from the kinematics of the converted waves. We show a field application of our approach highlighting
improved PS reverse time migration (RTM) imaging, and better consistency with the PP RTM, coming
from the elastic Vs FWI. In addition, a Vs update from a Born-based PS-reflection FWI method also
shows a good PS RTM uplift, although the elastic FWI model generated the better PS RTM image.
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Introduction

Recent applications have shown the success of elastic full-waveform inversion (FWI) as a
compressional velocity (Vp) model building tool in areas with large impedance contrasts (Plessix and
Krupovnickas, 2021; Wu et al., 2022; Masmoudi et al., 2023; Richardson et al., 2023) or for directly
estimating elastic properties (Vp, shear velocity (Vs) and density) for detailed reservoir characterization
(Wang et al., 2021). Both applications, so far, are mainly driven by diving and reflected P waves.
Indeed, in marine applications the predominant elastic approach inverts Vp using hydrophone data,
hence with minimal contamination from converted waves, assuming a fixed Vs/Vp derived from
petrophysics relations and geological/well information. Despite the inherent uncertainty in Vs/Vp, the
success of these applications indicates the robustness of Vp inversions to errors in the background Vs
models (Cho et al., 2022; Masmoudi et al., 2022).

Ocean-bottom seismic (OBS) surveys with hydrophone and three component geophones record both P-
and S-waves. Deriving accurate Vs background models is particularly pertinent when migrating PS
converted-wave data, where these PS images can help characterize the elastic properties of reservoirs,
identify fluid contacts, and illuminate targets beneath gas zones. Traditional approaches to Vs model
building include PP-PS event registration and joint tomography. However, these techniques are often
impeded by the lack of a reliable PS image in the shallow part of the model due to the sparse-receiver
acquisition of typical OBS surveys and face the traditional limitations of ray-based tomography. The
prospect of using elastic FWI to update Vs is highly attractive (Sears et al., 2008; Vigh et al., 2014), but
comes with its own challenges: 1) the computational cost of shear-wave simulation, 2) the lack of
sensitivity of surface seismic to long Vs wavelengths, and 3) multi-parameter crosstalk (Cao et al.,
2022). To mitigate some of these challenges, Masmoudi et al. (2021) proposed a PS-reflection FWI
(PS-RFWI) method for updating the background Vs using processed PS data and acoustic Born
modelling. More recently, Cho et al. (2022) proposed an elastic Vs FWI strategy driven by the reflected
converted-waves from the top salt interface recorded in horizontal OBS components.

In this abstract, we extend the elastic FWI of Masmoudi et al. (2023) to multi-component geophone
data, with an emphasis on the horizontal components for Vs updates. Our method assumes good Vp
reconstruction from FWI of hydrophone and, optionally, vertical geophone data. Similar to Cho et al.
(2022), our method uses converted waves generated from a strong and fixed elastic boundary, a chalk
package in our field data example, to drive the Vs update. Our application on a North Sea OBS data set
shows improvement in the PS reverse-time migration (RTM) image in terms of event continuity and
alignment with the PP RTM. Further, a comparison of our elastic Vs FWI against the acoustic-based
PS-RFWI shows that elastic FWI consistently gives a better result.

Elastic Vs FWI methodology using multi-component OBS data

Carefully designed synthetic experiments allow Vp and Vs reconstruction from FWI using geophone,
or even hydrophone, data alone (Sears et al., 2008). For field data applications, many challenges arise
due to acquisition and data limitations, making workflows essential for successful inversions of both
parameters. Robust Vp FWI reconstruction can be obtained from marine seismic surveys (including
OBS) due to long offsets, low frequencies, and the strong data sensitivity to Vp. Obtaining an equivalent
Vs model from FWI requires much longer offsets and recording times to capture the S-diving waves
essential for background reconstruction, and even lower frequencies to accommodate the shorter spatial
wavelength due to the slower Vs. Hence, the long-wavelength model is a key challenge of Vs inversions.

Given these issues, the first step in our Vs inversion workflow is to obtain an accurate Vp model, for
both low- and high-wavenumber components, through an elastic FWI of hydrophone and vertical
geophone recordings. The starting Vs/Vp for this inversion is built from petrophysics relations and
adjusted according to geological knowledge and any available well information. This Vp inversion is
generally robust to Vs/Vp inaccuracies. However, when excessive Vs errors exist around large velocity
contrasts, this can damage the elastic Vp inversion (Masmoudi et al., 2022). Throughout this first
inversion, Vs is updated passively via the velocity ratio, allowing the reconstruction of an initial Vs
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model that is appropriate for the second step of the workflow. Additionally, the velocity ratio can be
improved in this first step, especially when converted waves are generated by strong model contrasts.

The second step in our workflow is a Vs reconstruction using elastic FWI of horizontal geophone data.
The observed geophone data has minimal processing and contains converted waves and multiples.
Similar events generated in the modelled data can help stabilize the Vs inversion. Hence, deriving an
initial Vs model with sufficiently high-wavenumber components from the first step is a central point in
our proposed workflow. Since the Vs inversion is mainly driven by the PS reflection data, a scattering
angle filter approach (Alkhalifah, 2015) is used to enhance the tomographic components in the Vs
gradient. Finally, a time-lag cost function is adopted as it can provide a more robust inversion of the
kinematics of PS reflections compared to the classical least-squares cost function (Zhang et al., 2018).

North Sea field data example

We applied our elastic Vs FWI methodology on a multi-component ocean-bottom-node (OBN) survey
from the North Sea, with node spacing of 50 m by 300 m in x and y, respectively. The source is located
at 7 m depth with a spacing of 25 m by 50 m in x and y, respectively. This area is characterized by a
shallow water environment with a water depth of approximately 100 m, and a hard water bottom
contrast creating favourable conditions for a strong P-to-S conversion. Additionally, the model included
shallow complexities typical of this region: layers with gas charged accumulations, injectites, and
cemented pipes. Finally, the presence of a highly reflective, strong contrast, chalk package at
approximately 2800 m depth limited the P-diving wave penetration depth but presented an opportunity
as a potent source for generating converted waves.

As a first step, a 25 Hz Vp FWI model was derived from both hydrophone and geophone data (see
Figure 1a), where the Vs/Vp ratio was obtained from geological and well information. Figures 1b-1le
show examples of x and y particle velocity data (Vx and Vy) at 4 Hz, illustrating observed and modelled
data from the starting model. Converted waves from the shallow overburden and the deeper chalk layer
are indicated by green arrows. These events, in addition to surface waves (blue arrows), are present in
the modelled and observed data. Following the Vp model reconstruction, elastic Vs FWI was run in a
test area up to 10 Hz, utilizing both horizontal geophone components. We initially ran separate Vx and
Vy updates but achieved better results by simultaneously using both components, hence justifying the
extra computational cost needed for the reciprocity scenario that is typlcally used in OBS acquisitions.

:
Figure 1 (a) The 25 Hz Vp FWI model derived from step 1 of the workﬂow Observed and modelled
receiver gathers comparison at 4 Hz corresponding to: (b,d) Vx, and (c,e) Vy components, respectively.

The 10 Hz elastic Vs FWI velocity perturbation in Figure 2a shows mainly “rabbit-ear” like low-
wavenumber updates driven by the kinematics of the converted waves, with the perturbation also
picking some of the shallow anomalies (indicated by the yellow arrow) and the deeper chalk
heterogeneities between 1800 m and 3000 m depth. The impact of the Vs update is assessed on the
migrated PS image, shown in Figures 2a and 2b, where some PP interpreted horizons have been overlaid
to facilitate the results interpretation. These images, along with the PP-PS interleaved displays in
Figures 2c and 2d, clearly show an improved PS RTM following the elastic Vs FWI update revealing
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some of the thin reflectors inside the chalk package, improving the event continuity, as well as yielding
better alignment with the PP image (red versus green arrows).

a = b

Figure 2 PS-RTM images using Vs with key PP horizons overlaid: (a) before, and (b) after elastic FWI.
The elastic Vs FWI perturbation is overlaid on the PS RTM in panel (a). Interleaved display of the PP
RTM and PS RTM images where the PS RTM used the Vs model: (c) before, and (d) after elastic FWI.

Discussion and comparison with the acoustic-based PS-RFWI

Our proposed elastic Vs FWI workflow uses some key learnings from PS-RFWI (Masmoudi et al.,
2021). In PS-RFWI, the background Vs is inverted using radially rotated data processed to keep PS-
reflections only. Also, PS-RFWTI is based on scale separation where a perturbation image and smooth
velocity models are provided to an acoustic-based PS Born modelling, allowing explicit computation
of the tomographic “rabbit-ear” kernel. To mitigate velocity and reflector depth ambiguity, PS-RFWI
assumes accurate (low wavenumber) Vp models and a migrated PP image for the (high wavenumber)
perturbation. Similar to PS-RFWI, our elastic Vs FWI assumes good reconstruction of Vp, ideally both
low- and high-wavenumbers, such that the high-wavenumbers can play the role of the PS-RFWI
reflectivity and generate converted waves via Gardner’s density and velocity ratio relationships. Despite
the similarities, there are several benefits of elastic Vs FWI over PS-RFWI. For one, it is a fully elastic
scheme. Also, it uses raw geophone data with minimal processing, hence is not limited by a Born
(single-scattering) approach and can use multiples and all converted waves — this can yield improved
resolution especially in the shallow. Finally, in theory, there are no wavenumber restrictions with elastic
Vs FWI as it can naturally update both low- and high-wavenumber components, although we note that
PS-RFWI was recently extended to generate explicit high-wavenumber updates (Peiro et al., 2022).

We assessed the PS-RFWI update of the Vs background model on the same field data. When compared
with the same interleaved PP-PS RTM display in Figure 2c (using the Vs starting model), Figure 3a
demonstrates an improved PS image following PS-RFWI. The comparison of Figures 3a and 3b shows
that both PS-RFWI and elastic FWI technologies, using different data types, achieve similar outcomes.
However, the elastic FWI in Figure 3b reveals slightly superior results (green versus orange arrows).

Conclusions

We proposed a Vs inversion method based on elastic FWI of multi-component data. Key aspects of the
method involve the use of P-waves in hydrophone and vertical geophone recordings for the derivation
of a detailed and accurate Vp model, followed by the use of converted waves in the horizontal
components for a Vs update. The success of the method lies on fixing the PS reflectors depth and
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promoting the tomographic components of the Vs gradient. A North Sea OBN application showed
improved PS RTM imaging, and better consistency with the PP RTM. A comparison of elastic Vs FWI
against PS-RFWI reveals a similar PS RTM uplift. This highlights the potential of both technologies to
yield reliable Vs models, although the elastic Vs FWI model generated the best PS RTM image.
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Figure 3 PP and PS RTM interleaved display where PS RTM used the Vs model from: (a) PS-RFWI of
the processed radial component, and (b) elastic FWI of the raw horizontal components.
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