....................................................................................................

SPECIAL TOPIC: LAND SEISMIC @

...............................................................................

High-frequency acoustic land full-waveform
inversion: a case study from the Sultanate of Oman

A. Sedova'*, G. Royle', T. Allemand', G. Lambaré' and O. Hermant' demonstrate the ability of
acoustic land FWI to recover a high-resolution velocity model on a case study, using reflected
waves in addition to diving waves and inverting up fo 13 Hz.

Introduction

Applications of full-waveform inversion (FWI) to land seis-
mic data exhibit specific challenges, largely associated with
elastic effects and near-surface heterogeneities. This explains
why only a few land FWI case studies have been published
to date (Mothi et al.,, 2012; Mei et al., 2014). In recent
years, the acquisition design of land surveys has improved
dramatically and now offers ideal conditions for FWI: dense
sampling, long offsets and full azimuths (FAZ), and very low
frequencies down to 1.5 Hz (Mahrooqi et al., 2012). The first
published application of 3D land FWI to this new, ultra-low
frequency, data set was encouraging (Stopin et al., 2014). The
authors demonstrated the capability to recover the long spatial
wavelength components of the velocity model, robustly and
efficiently, using diving wave FWI and basic data pre-pro-
cessing. It was proposed that the resulting velocity model
be used as a starting model for reflection-based tomography.
Limitations in obtaining a high-resolution velocity model
(> 6 Hz) from FWI were identified, and attributed to the acous-
tic assumption and a weak signal-to-noise ratio.

13 Hz FWI
Diving + refl. waves

9Hz FWI
(Diving waves)

Figure 1 Our acoustic land FWI workflow. We propose a two-stage FWI approach
which initially focuses on refractions and diving waves and subsequently
incorporates reflections with a maximum frequency of 13 Hz. The long spatial
wavelength components of the velocity model are recovered before the shorter
spatial wavelengths fo reduce the likelihood of cycle-skipping and allow the
algorithm to obtain high-resolution details typically observed only in marine case
studies.
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In this paper, we demonstrate the ability of acoustic land
FWI to recover a high-resolution velocity model on a similar
case study, using reflected waves in addition to diving waves
and inverting up to 13 Hz. A critical step is the pre-processing
of the diving and reflected waves, which aims to enhance data
coherency at low frequencies and remove surface-related noise.
Rather than applying multi-parameter FWI as used in Stopin et
al. (2014), we estimate anisotropy using joint first break and
reflected wave tomographic inversion. From our point of view,
this solves the trade-off between anisotropic and velocity param-
eters more effectively. We show a significant uplift in velocity
model resolution after the incorporation of reflected wave energy
into FWI. The resulting model resolution is comparable to that
obtained in marine case studies.

Application of FWI to land data remains challenging due
to the low signal-to-noise ratio, the presence of surface waves,
near-surface heterogeneities, topography, and elastic effects. Over
the past decade, Shell and Petroleum Development Oman (PDO)
have investigated acquisition opportunities (Ten Kroode et al.,
2013; Baeten et al., 2013a, 2013b; Plessix et al., 2012) leading to
viable industrial solutions for broadband (> 1.5 Hz), long-offset
and full-azimuth (FAZ) onshore acquisitions (Mahroogi et al.,
2012). Following these developments, several case studies have
been published by Shell and PDO (Stopin et al., 2014, among
others) showing great potential for FWI applications, particularly
in Oman where standard migration velocity analysis is chal-
lenging due to a lack of strong reflections at depths shallower
than one kilometre. In Stopin et al. (2014) it is proposed that
the resulting FWI velocity model be used as a starting model
for reflection-based tomography. Despite the undisputed success
of the FWI case study, reliable model updates above 6 Hz were
not obtained. The acoustic approximation was identified as the
bottleneck (Solano et al., 2013), prompting investigations into the
reliability of acoustic FWI (Plessix and Solano, 2015).

Here, rather than moving to elastic FWI, we investigate
the impact of an improved acoustic FWI workflow to offset
the prohibitive computational cost. We demonstrate that a
high-resolution velocity model is obtainable with acoustic land
FWI using reflected waves in addition to diving waves. Our
land FWI workflow uses dedicated pre-processing of diving and
refracted waves. We propose a two-stage approach (Figure 1),
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initially focusing on refractions and diving waves to reconstruct
the long-wavelength components of the velocity model, and
subsequently incorporating reflection energy to recover the
medium-to-short spatial wavelength information, resulting in a
model resolution comparable to marine FWI results.

We applied this workflow to a large broadband full-azimuth
land data set acquired in the Sultanate of Oman by PDO. The
data were acquired in 2014 using an acquisition design developed
by PDO and Shell (Mahrooqi et al., 2012). The broadband 3D
vibroseis survey used a nine-second sweep from 1.5 to 86 Hz,
with full azimuths and large offsets.
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Figure 2 Close-up of the acquisition geometry of the survey. It is a full-azimuth,
large-offset (up fo 30 km acquired, though we only use up to 15 km in this study)
and high-density acquisition. The source is vibroseis with a 9-second sweep of 1.5
to 86 Hz.
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The dense acquisition design is very similar to that of Stopin
et al. (2014) with a shot spacing of 50 m x 50 m, a receiver line
interval of 250 m, a receiver spacing of 25 m (Figure 2) and
distance-separated simultaneous sweeping (Bouska, 2010). The
maximum offset recorded in the field is approximately 30 km
but we limited it to 15 km for the processing of diving waves in
order to ensure good signal-to-noise ratio for this application. The
surface area imaged in this study spans 800 km?.

Our FWI workflow retains some steps of reflection tomog-
raphy, which provided velocity model updates in areas where
conventional FWI fails, i.e. below or out of the limit of penetra-
tion of recorded diving waves. For the anisotropy estimation we
do not rely on an anisotropic multi-parameter FWI as in Stopin
et al. (2014). We believe that the anisotropy distribution should
be obtained through a process that fits the kinematics of the
diving and reflected waves jointly in order to better decouple the
vertical and horizontal components of the velocity. We used a
joint reflection and first-break tomographic inversion (Allemand
etal., 2017) and then kept the anisotropic parameters fixed during
the FWI update.

The FWI workflow presented here contains two main stages.
We demonstrate in the first stage that the quality of the acoustic
FWI velocity model, based on transmitted energy, can be
improved by investing more effort into the refraction/diving wave
pre-processing, up to 9 Hz. The second stage of the workflow
(refraction and reflection FWI) incorporates more reflection data,
which dramatically increases the subsurface resolution of the
velocity model (up to 13 Hz).

High-frequency acoustic land FWI of

diving waves

Our objective was to increase the resolution of the veloci-
ty model obtained by FWI while maintaining the acoustic
approximation. This is possible if we incorporate reflection

Figure 3 Removing ground roll. Application of surface
wave attenuation to the first octave (0-2 Hz) of the
land data; input (left) and output (right); the data are
sorted in the cross-spread domain.

Figure 4 Mitigating simultaneous source cross-talk
and near-surface noise. Application of joint low-rank
sparse inversion to the second octave (2-4 Hz) of the
land data; input (left) and output (right); the data are
sorfed in the cross-spread domain.



Shot o~

Time

Offset o

Depth

Snail CIG
Figure 6 Joint reflection and diving wave tomography. Common receiver gather
with first-break picking (top left) and corresponding diving ray paths (fop right);
Snail (pre-stack depth migrated traces sorted by increasing offset and azimuth)
Common Image Gather (CIG) with residual moveout picks (bottom left) and
corresponding reflected ray paths (bottom right) used jointly in reflection — diving
wave tomography.

data and higher data frequencies into the inversion. Stopin et
al. (2014) observed strong artifacts when incorporating data
frequencies above 5.5 Hz, which were attributed to limitations
of the acoustic assumption. We first investigated if more
effective denoising could produce a reliable FWI result for
diving waves at higher frequencies. The critical aspect of the
broadband pre-processing sequences was the tuning of pro-
cessing parameters at each frequency octave (Retailleau et al.,
2014).

The raw data were strongly polluted by ground roll which
could not be inverted by an acoustic FWI. In the first octave
(0-2 Hz), ground roll energy dominates the signal. The appli-
cation of adaptive surface wave attenuation (Le Meur et al.,
2008) efficiently suppressed the ground roll at low frequencies
(Figure 3).

Another challenge of the pre-processing sequence was the
elimination of strong shot cross-talk (Figure 4 (left)), notably at
long offsets, caused by simultaneous vibroseis sweeping (Bouska,
2010). This pre-processing step is not a part of the conventional
reflection data pre-processing workflow which focuses on shorter
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Figure 5 Enhancing lateral coherency. The final signal
enhancement step was achieved by application of 3D
linear noise filtering; full-bandwidth data input (left)
and output (right); the data are sorted in the receiver
domain.
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Figure 7 Joint tomography model. The velocity (fop) and ¢ (right) models obtained
by joint first-break and reflection tomographic inversion, with additional well
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Figure 8 CIGs in the joint fomography model. For comparison purposes, we show
a snail CIG: with the initial model (left); with the velocity model resulting from
reflected wave fomography (centre); with a velocity model resulting from joint
reflection - first-break fomography (right).

offsets. To preserve our offset range we applied joint low-rank
sparse inversion (Sternfels et al., 2015), which also eliminates
noise resulting from human and industrial activity (Figure 4).

Finally, we used 3D linear noise filtering (Hugonnet et al.,
2012) to eliminate residual noise (Figure 5).

At this point we were ready to apply diving wave FWI.
Following Stopin et al. (2014), we applied an acoustic VTI for-
mulation parameterized in pressure. The insertion of vector forces
at source positions, and the conversion of pressure to particle
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Figure 9 QC of diving waves after joint tomography. We superimpose the observed
data (muted around diving waves) as black wiggle-traces with the synthetic
wavefield obtained by acoustic wave propagation in blue/red using: the initial model
(left); the velocity model resulting from reflected wave fomography (centre); the
velocity model resulting from joint reflection - first-break tomography (right).

velocities at receiver positions, was managed by artificially sub-
merging the source and receiver positions slightly below the free
surface (Stopin et al., 2014; Sedova et al., 2017). Source-receiver
reciprocity is implemented in order to optimize efficiency.

As FWI is driven mainly by the kinematics of diving waves,
the resulting velocity models do not always flatten common
image gathers. This is generally interpreted as the result of
poorly estimated anisotropic parameters (Mothi et al., 2014).
To estimate them, we used ray-based tomography to jointly
invert for first breaks and the residual moveout representing
the curvature of reflected events (Allemand et al., 2017). Joint
tomography, taking into account a wide variety of ray paths
(first breaks contain information from rays travelling mostly
horizontally and reflected events from rays travelling nearly
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vertically), efficiently decouples the velocity and anisotropic
parameters (Figure 6). The use of a non-linear algorithm for the
joint inversion, based on non-linear slope tomography (Guil-
laume et al., 2008), is a key component ensuring the efficiency
and accuracy of this approach.

Our model is parameterized in vertical velocity (V) and
Thomsen’s anisotropy parameters ¢ and d. Figure 7 shows a
section of the velocity and € models obtained by joint reflection
and first-break tomography (& was obtained from well calibra-
tion). For comparison purposes, tomography was applied twice
to update V, and ¢ from the same initial models: initially using
reflections only, and subsequently using reflections and first
breaks jointly. CIGs are shown in Figure 8. Acoustic diving
wave synthetics are shown in Figure 9, where the observed
data (black wiggle) is superimposed over the wave-equation
modelling (red-white-blue). A good kinematic fit is obtained
when the red is hidden below the black wiggle making the blue
predominant. Both reflection tomography and joint reflection
and first-break tomography achieve flat gathers, but only the
latter correctly recovers the diving wave kinematics. This gives
us confidence in the method: flat CI1Gs and honoured first-break
travel-times indicate that the estimated V and ¢ are reliable. We
used the model obtained by joint tomography as an input for
the first FWI step (the anisotropic parameters were kept fixed
during FWI).

We applied tight inner and outer mutes to select refraction/
diving waves for the first stage of the FWI workflow. The mutes
applied at the second stage (refraction/reflection FWI) were much
less selective (Figure 10). A maximum offset of 15 km was used
for the first stage and 8 km for the second stage of FWI.

We incremented the maximum frequency from 3 to 9 Hz with
1 Hz steps and performed seven iterations at each frequency. The
FWI convergence was good up to 9 Hz, as illustrated by the QCs

Figure 10 Data selection for FWI. Here we present
the data selection and mute applied at different steps
in the FWI workflow: refraction FWI at 9Hz (left);
refraction/reflection FWI at 9 Hz (right).

Figure 11 QC of diving waves after diving wave FWI
at 9 Hz. We superimpose the observed data (muted
around diving waves) as black wiggle-fraces with

the synthetic wavefield obtained by acoustic wave
propagation in blue/red using: the initial model (leff),
the velocity model resulting from joint tomography
(centre) and the velocity model resulting from FWI at
9 Hz (right).




10 km

850 m

2=

Depth (km)

R

s g ity
b T

comparing the real data and synthetics generated with the corre-
sponding FWI model (Figure 11). Here again, a good kinematic
fit is obtained when the black wiggle covers the red colour and
the blue is predominant.

The resolution of the FWI result, even at 9 Hz, is limited
because we used only refracted and diving waves (Figure 10,
left). To increase the resolution we incorporated reflected energy,
which is the second stage of the workflow.

High-frequency acoustic land FWI of diving and
reflected waves

The second stage of our high-frequency land FWI workflow
incorporated reflected waves. The input data were taken through
a conventional depth migration data pre-processing workflow
tailored for reflection energy. The maximum offset was reduced
to 8 km (as in conventional pre-processing) and we adapted the
mute applied (Figure 10) to preserve the diving and refracted
wave content while adding reflected wave energy. The output
FWI result from the first stage (9 Hz FWI) was used as the
starting model for the second stage of FWI. The deeper part of
the model not illuminated by recorded diving waves (shown in
the top image of Figure 6) was updated by reflection tomography.
FWI was applied to reflection/refraction data from 6 to 13 Hz,
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Figure 12 Common depth slice at Z=850 m. Top

left: velocity model obtained by 9 Hz diving wave

- refraction FWI. Top right: 13 Hz FWI result which
incorporates reflections. The bottom images show the
migrated stack using the 13 Hz FWI result, and the
overlay highlights the degree fo which it aligns with
the velocity model.

Figure 13 Snail CIGs before and after 13 Hz FWI. The
snail CIGs migrated with the 9 Hz FWI velocity model
obtained by inverting diving/refracted waves (left).
The snail CIGs migrated with the 13 Hz FWI model
obtained by inverting diving/refracted and reflected
waves (right). We observe a significant increase in the
flatness of the reflector, which we can interpret as a
result of the high-resolution velocity structures added
in the velocity model (see Figure 12).

incremented by 1 Hz and with seven iterations at each frequency
range.

Adding reflected data and increasing the data frequencies
significantly improved both the resolution of the velocity model
(Figure 12, top right) and the focusing of the migrated image.
Figure 13 shows a comparison of snail CIGs before and after our
second stage of FWI (9 Hz FWI versus 13 Hz FWI). We observed
that the reflector (indicated by the red arrow) is significantly
flatter and more coherent when these details are added in the
velocity model.

We compared migrated stacks generated using the legacy
velocity model obtained by conventional ray-based tomography
through Migration Velocity Analysis (MVA) to migrated stacks
generated using the 13 Hz FWI result. A stacked cross-line is
shown in Figure 14. We observe an improvement in reflector
continuity and focusing, particularly below the faulted structures
(see red arrows on Figure 14) and in the deeper part of the section.
In particular, the stack migrated with the 13 Hz FWI model
resolved deeper faulting structures that are not apparent using the
conventional velocity model building approach.

We observed a consistent alignment between details shown
by the depth-migrated stack and the 13 Hz FWI velocity model.
In Figures 15 and 16, we show depth slices of the final velocity
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model and migrated stack at 1000 m and 1500 m, respectively.
We see that our 13 Hz FWI result has recovered fine details such
as buried channels and faults that align well with the migrated
image.

Conclusions

We present an innovative acoustic land FWI workflow. Its
application on a broadband FAZ land data set from the Sultanate
of Oman illustrates the ability of acoustic FWI to deliver
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Figure 14 Comparison of legacy and 13 Hz FWI
migration stacks. Cross-line of the migrated stack
using: the legacy velocity model obtained by
conventional MVA (left); the 13 Hz FWI velocity model
(right).

Figure 15 Common depth slice at Z=1000 m. From
left to right: the final velocity (13 Hz FWI) model, the
final velocity model overlaid on the depth-migrated
stack, and the depth-migrated stack.

Figure 16 Common depth slice at Z=1500 m. From
left to right: the final velocity (13 Hz FWI) model, the
final velocity model overlaid on the depth-migrated
stack, and the depth-migrated stack.

high-resolution, high-quality results that rival those typically seen
from marine acquisitions. This success is attributed to improved
data pre-processing, which aims to enhance the coherency of
diving and refracted waves and remove ground roll, and to the
introduction of carefully pre-processed reflection energy into
FWI. The estimation of anisotropy by joint reflected and diving
wave tomography to build the initial model was also essential as
it jointly recovers the diving wave kinematics and flattens the
ClGs.



This case study demonstrates that acoustic FWI, when com-
bined with a workflow designed to enhance data quality, recover
diving wave and reflection kinematics and flatten CIGs simulta-
neously, is a capable and computationally feasible tool for onshore
full-azimuth surveys. The higher frequencies possible with acoustic
FWI relative to elastic FWI lead to high-resolution and high-quali-
ty results, conventionally only seen in offshore acquisitions.
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