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ABSTRACT

Liu, Y.H. and Tsvankin, 1., 2021. Methodology of time-lapse elastic full-waveform inversion for
VTl media. Journal of Seismic Explorarion, 30:257-270.

Time-lapse seismic processing can provide important information about the
variations of reservoir properties during hydrocarbon production and CO, injection.
High-resolution results for time-lapse seismic can potentially be obtained from full-
waveform inversion (FWI), but most existing time-lapse FWI methods are limited to
isotropic and, often, acoustic media. Extension of these techniques to more realistic
anisotropic elastic models is hampered by the trade-offs between the medium parameters
and significantly increased computational cost. Here, we develop a time-lapse FWI
algorithm for VTI (transversely isotropic with a vertical symmetry axis) media and
evaluate several strategies of applying it to multicomponent and pressure data. The
adjoint-state method and a nonlinear conjugate-gradient technique are employed to derive
the gradient of the objective function and update the model parameters. We test the
algorithm on a relatively simple VTI graben model using the parallel-difference,
sequential-difference and double-difference time-lapse methods. The results confirm the
ability of the proposed technique to reconstruct localized time-lapse parameter variations
in anisotropic media with sufficient spatial resolution. The double-difference approach
proves to be more accurate than the other methods in reconstructing the time-lapse
variations from noise-free multicomponent data. When FWI operates with clean pressure
data, the parallel-difference method is generally more accurate than the other techniques,
especially in estimating the shear-wave vertical velocity Vso. For multicomponent and
pressure data contaminated with realistic noise, the double-difference method produces
large errors in the temporal variations of the VTI parameters. The parallel-difference
technique outperforms its sequential-difference counterpart in reconstructing the time-
lapse variations inside the target zone from the noisy data while the latter approach
performs better in suppressing the false artifacts outside the “reservoir”. The tests also
demonstrate that including more information in time-lapse FWI does not always improve
the inversion results, likely due to the increased multimodality of the objective function.

KEY WORDS: time-lapse seismic, full-waveform inversion (FWI), multicomponent data,
elastic inversion, anisotropy, VTI media.
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INTRODUCTION

Time-lapse (4D) seismic has become a common tool for optimizing
hydrocarbon reservoir production and CO; injection (Lumley, 2010; Smith,
2013, 2016; Pevzner, 2017). Processing of time-lapse data can provide
important information about the variations of the reservoir properties, such
as pressure and fluid saturation.

Full-waveform inversion has been successfully applied to velocity
analysis and reservoir characterization (Vigh, 2014; Asnaashari, 2015; Singh,
2018) and can potentially provide estimates of time-lapse parameter
variations with high spatial resolution. Among the proposed strategies of
time-lapse FWI are the parallel-difference (Plessix, 2010), sequential-
difference, and double-difference methods (Watanabe, 2004; Denli, 2009),
as well as joint (Alemie, 2016) and simultaneous (Maharramov, 2014)
inversion techniques. The parallel-difference method uses the same initial
model for the baseline and monitor inversions, while the sequential-
difference method employs the inverted baseline data to build the initial
model for the inversion of the monitor data. The double-difference technique
directly estimates the time-lapse data difference starting with the inverted
baseline model.

However, most published time-lapse FWI algorithms are limited to
isotropic and, sometimes, acoustic media. Extension of these methods to
more realistic anisotropic models involves serious challenges, including the
much higher computational cost and the trade-offs between multiple
parameters needed to describe anisotropic formations (Kamath, 2016; Singh,
2018).

Here, we present a time-lapse FWI methodology for VTI media and
test it on a relatively simple graben model, where the “reservoir” is located
in thin dipping layers. Three most common time-lapse approaches are
applied to estimate the temporal variations of the VTI parameters using both
multicomponent and pressure data. Analysis of the inversion results reveals
the advantages and shortcomings of the employed strategies in
reconstructing the time-lapse VTI model.

METGODOLOGY OF TIME-LAPSE FWI FOR VTI MEDIA

The goal of time-lapse FWI is to estimate the temporal variations of
the medium parameters using seismic data before (baseline survey) and
during or after (monitor survey) hydrocarbon production or CO, injection.
We parameterize VTI media by the velocities Vp, (P-wave vertical velocity),
Vo (S-wave vertical velocity), Viop (P-wave horizontal velocity), Vymop (P-
wave normal-moveout velocity from a horizontal reflector), and density p.
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These parameters fully describe the properties of P- and SV-waves for
vertical transverse isotropy. The advantages of this notation for elastic FWI
of multicomponent reflection data are discussed by Kamath et al. (2017).
The velocities Vyerp and Vignep are expressed through the Thomsen
parameters € and § as follows (Thomsen, 1986; Tsvankin, 2012):

Vhor,P = VPO V1 + 2¢ ’ (1)
Van,P = Vpo \' 1 + 26 . (2)

Typically, a conventional FWI algorithm is applied to the baseline
data, while the monitor survey can be processed using several different
approaches mentioned above. Here, we focus on the parallel-, sequential-,
and double-difference methods, which share the same L,-norm objective
function (e.g., Tarantola, 1984) for the inversion of the baseline (subscript b)
data:

1 .
Sy(m) = = [|Wp[d5™ (my) — d5™]|I* . ®

where d§™ is the data simulated for the baseline model my, d2°S is the

observed data, and Wy, is the weighting data-misfit operator.

To simulate multicomponent seismic data, we solve the 2D elastic
wave equation for arbitrarily heterogeneous VTI media with a fourth-order
finite-difference algorithm. Model updating based on the objective function
in eq. (3) is performed with the conjugate-gradient technique, and FWI is
implemented using a multiscale approach (Bunks, 1995).

The three strategies examined here differ in the way they handle the
monitor survey or the time-lapse data difference, as described in more detail
below.

Parallel-difference method

In the parallel-difference approach (Plessix et al., 2010), the baseline
and monitor inversions are performed independently but with the same
initial model. Then the time-lapse variation in each parameter is obtained by
subtracting the inversion results for the two surveys. If the errors in the
inverted baseline and monitor models are similar (for example, have the
same sign), they will be reduced (partially canceled) by the subtraction. In
that case, the time-lapse model produced by the parallel-difference method
may remain sufficiently accurate.
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Sequential-difference method

The sequential-difference strategy (Asnaashari et al., 2012) uses the
inverted baseline model as the initial model in FWI of the monitor data.
Because the time-lapse variation is largely confined to the reservoir, the
baseline model should provide a good approximation for the parameters
obtained from the monitor data outside the target area. Then, as in the
parallel-difference method, the inverted baseline parameters are subtracted
from those for the monitor survey.

By starting the reconstruction of the time-lapse parameters with the
inverted baseline model, the sequential-difference method speeds up the
convergence of the updating algorithm and partially mitigates parameter
trade-offs and problems caused by local minima of the objective function.
However, this approach relies on an accurate estimation of the baseline
model, which might be problematic, for example, if the baseline data are
noisy.

Double-difference method

In the double-difference method (Watanabe et al., 2004; Denli and
Huang, 2009), FWI is first applied to the baseline data d3° to obtain the
inverted baseline model m{)“". Next, the so-called “composite” data set d .,
is generated by adding the observed time-lapse variations d3S — d3PS to the
wavefield simulated for the inverted baseline model. Then FWI operates
directly with the time-lapse response by minimizing the difference Ad
between the “composite” data d,,, and the simulated monitor data d3™,
starting from the inverted baseline model:

Ad = (dR>° — d5"°) — (5™ — df™) = deom — d7™ (D)
deom = dys —dP>s +d5i™ . (5)
Finally, the time-lapse parameter variations are obtained by

subtracting the inverted baseline model from the reconstructed “composite”
(i.e., monitor) model.
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SYNTHETIC EXAMPLES

The proposed time-lapse FWI algorithm is tested on a 2D VTI model
that includes a graben structure (Figs. la, 1d, 1g, 1j, 1m). The time-lapse
parameters for the monitor survey are obtained by reducing the baseline
velocities Vpy and Vg in the target area (i.e., in the dipping layer segments)
by approximately 13%, and density p by 10% (Figs. Ic, 1f, 1i, 1/, 10). The
initial baseline parameters are computed by Gaussian smoothing of the
actual parameter distributions (Figs. 1b, le, 1h, 1k, 1n).

The elastic wavefield is excited by 116 shots (which represent point
explosions) placed with a constant increment along a horizontal line at a
depth of 40 m. The source signal is a Ricker wavelet with a central
frequency of 10 Hz. We employ 400 receivers evenly distributed along the
horizontal line at a depth of 100 m (Fig. 1a).
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Fig. 1. Parameters of the baseline model with a grid size of 10x10 m: (a) the P-wave
vertical velocity (Vpo), (d) the S-wave vertical velocity (Vso), (g) the P-wave horizontal
velocity (Vherp), (j) the P-wave normal-moveout velocity (Vumop), and (m) the density (p).
The initial baseline model of: (b) Vpo, (€) Vso, (h) Vierp, (K) Vimop, and (n) p. The actual
time-lapse differences for (¢) Vo, (£) Vso, (i) Viorp, (1) Vimop, and (0) p.






