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Abstract

In Northwest China, igneous rocks are widely developed within the Permian
strata. Their high velocities and rapid lateral variations degrade the imaging of the
underlying strata, producing structural distortions and weakened reflections that
can be misinterpreted as faults or low-relief structures. Moreover, conventional
model building struggles to recover their velocity field. To address this challenge, we
present a two-step velocity-model-building workflow that combines offset vector
tile (OVT) domain reflection tomography with full-waveform inversion (FWI) to
characterize the Permian igneous rocks. In the first step, after five-dimensional data
regularization and OVT sorting, full-azimuth OVT-domain reflection tomography
was used to build the velocity model, constraining lateral velocity variations in the
igneous interval that conventional offset-domain tomography leaves unconstrained.
This yields an initial model accurate enough for the subsequent inversion. In the
second step, FWI with an edge-preserving total-variation regularization was applied.
The regularization retains the blocky boundaries of the igneous body in place of
structure-oriented smoothing, and the inversion successfully characterizes the
velocity structure of the Permian igneous rocks. The effectiveness of the inversion
is demonstrated by comparisons of common-image-point gathers, well velocities,
and pre-stack depth migration images. The workflow provides a practicable route to
velocity modeling and imaging in land igneous-rock settings.

Keywords: Full-waveform inversion; Offset vector tile; Reflection tomography; Velocity
model building; Igneous rocks; Tarim Basin
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1. Introduction

Permian igneous rocks are widely developed in the
sedimentary basins of northwest China. Characterized
by high velocities, strong internal heterogeneity, and
blocky, irregular boundaries, these bodies are difficult to
resolve with conventional velocity modeling and severely
distort the seismic response of the underlying strata.
Forward modeling in this region shows that inaccurate
igneous velocity and geometry produce imaging pull-up,
weakened sub-igneous reflections, and chaotic diffraction
zones easily misinterpreted as faults or fracture corridors,’
a misinterpretation confirmed by drilling.* Furthermore,
even moderate smoothing of the igneous velocity field
generates spurious faults and false low-relief structures
below the body** The accuracy of the igneous velocity
model therefore directly governs sub-igneous imaging
quality.

Conventional velocity modeling in igneous provinces
faces intrinsiclimitations. Ray-based reflection tomography
suffers from illumination shadows beneath high-velocity
bodies: the strong impedance contrast reflects most of
the incident energy, producing quasi-total reflection in
ray tracing and leaving the interior and flanks of the body
poorly constrained.® The difficulty is compounded by the
rapid lateral variation of igneous velocities, which smooth,
long-wavelength conventional tomographic updates
cannot adequately track. Interpretation-constrained
tomography, which feeds horizon and attribute
interpretation back into the tomographic update, has
proven effective in suppressing igneous-induced artifacts.?
Its accuracy, however, is governed by the reliability of the
prior geological information and the accuracy of horizon
picking. Compared with common-offset tomography,
full-azimuth tomography in the offset vector tile (OVT)
domain® can delineate small-scale velocity variations in
finer detail.” It inverts the residual moveout as a function of
both offset and azimuth, and the azimuthal variations left
unused by common-offset analysis thus provide additional
constraints on laterally varying velocity fields. However,
such methods are constrained on land by the irregular
acquisition geometry. The single-fold content of each OVT
gather also leaves the signal-to-noise ratio low, which
hampers the tomographic inversion.

Full-waveform inversion (FWI) is generally considered
the most accurate velocity modeling method available
at present, since it exploits the kinematic as well as the
dynamic content of the recorded wavefield.®* Its application
to land data, however, remains demanding: limited low-
frequency content, strong near-surface complexity, and a
strong dependence on initial-model accuracy aggravate
the nonlinearity of the inversion and increase the risk

of cycle skipping,>® motivating continued development
of cycle-skipping-resistant misfit functions.'*'? Land
applications have nonetheless received growing attention
in recent years."” Cui et al.’ combined refraction-waveform
inversion of the shallow section with reflection FWT of the
deeper section, and imaged the deep carbonate reservoirs
beneath the igneous rocks of the Tarim Basin. Hu et al."
applied reflection FWT under structural constraints to land
data from northwest China, characterizing the velocity of
deep weathering crusts and improving the imaging of the
reservoirs beneath them. In these applications, the velocity
model serves as a target in the deep section. Igneous bodies
lying above such targets, whose velocity changes rapidly
over short distances and which themselves distort the
underlying image, have rarely been treated as the object of
characterization.

In this study, we present a practical two-step velocity-
model-building  workflow, combining OVT-domain
reflection tomography with FWI, to characterize an
igneous complex in a land survey. The first step yields the
initial model that the inversion requires. Five-dimensional
(5D) data regularization and OVT sorting deliver
regularized, azimuth-preserving gathers with an improved
signal-to-noise ratio. Full-azimuth tomography then uses
these gathers to constrain lateral velocity variation around
the igneous body that a common-offset workflow leaves
unresolved. The resulting model is benchmarked against a
conventional tomography within the same framework.

The tomography step thus supplies the initial model
from which the subsequent FWI recovers the velocity of
the igneous body. The strong surface waves in the land
records are muted from the input shot gathers to avoid
contaminating the inversion. A classical least-squares
FWTI is then applied in a single stage without wave-type
separation, enabled by the accuracy of the OVT-derived
initial model. Multiscale frequency continuation®
mitigates the nonlinearity of the inversion. An edge-
preserving regularization'®” is imposed to retain the
blocky boundaries of the igneous body. Quality control
(QQ) includes interleaved shot-gather QC, common image
point (CIP) gather QC, well-velocity QC, and pre-stack
depth migration (PSDM) QC. By applying this workflow
to a land dataset in Northwest China, we obtained a more
accurate velocity model of the Permian igneous rocks,
removed structural distortions in the underlying strata, and
provided a practical reference for other igneous provinces.

2. Methods

In this study, we applied our velocity-model-building
workflow to a three-dimensional land survey in the Tarim
Basin, Northwest China. The main acquisition parameters
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of the survey are summarized in Table 1. The survey area
features simple surface conditions with small elevation
variation, and its shallow-to-middle section consists mainly
of near-horizontal, layered strata. Beneath this otherwise
simple overburden, however, lies a Permian igneous
complex (Figure 1) that makes velocity model building
difficult and degrades the image of the underlying strata.
On an amplitude slice through the igneous interval (Figure
1A), the smooth, high-amplitude response on the left gives
way, across a sharp sinuous boundary, to a chaotic, short-
wavelength response on the right that is characteristic of
igneous rocks. On a representative time-migrated section
(Figure 1B), the reflectors below approximately 3 s exhibit
pronounced structural undulations where they cross
this boundary, consistent with the strong lateral velocity
contrast introduced by the igneous body.

The workflow adopted in this study is summarized in
Figure 2, from the statics-corrected shot gathers to the final
velocity model. Common-offset tomography constrains
the lateral velocity variation of the igneous interval only
weakly. The velocity model was therefore first built in the
OVT domain, where the offset and azimuth of every trace
are preserved. 5D data regularization preceded this step so
the OVT gathers were usable for tomography. The resulting

model then served as the starting point for a classical least-
squares FWI, in which edge-preserving regularization
retained the boundaries of the igneous body sharp.

Table 1. Acquisition parameters of the three-dimensional
land survey

Parameter Value
Source type Dynamite
Source point interval 50 m
Source line interval 300 m
Receiver point interval 50 m
Receiver line interval 300 m

Receiver patch 36 lines x 264 channels

Bin size 25m x 25 m

Nominal fold 396 (22 in-line x 18 cross-line)

Maximum in-line offset 6,575 m
Maximum cross-line offset 5,375m
Maximum offset 8,492 m
Aspect ratio (cross-line to in-line) 0.817
Full-fold area 548.82 km?

Figure 1. Igneous rocks in the study area. (A) Amplitude slice through the Permian igneous interval at a two-way time of 2.8 s from the pre-stack time
migration (PSTM) volume. (B) Representative PSTM section across the igneous complex.
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Figure 2. Two-step velocity model building workflow
Abbreviations: FWTI: Full-waveform inversion; OVT: Offset vector tile.

2.1. Five-dimensional data regularization

Full-azimuth velocity model building in the OVT domain
succeeds only where the OVT gathers sample each
subsurface bin uniformly in offset and azimuth. Land
acquisition, however, is often constrained by surface
obstacles and operational limitations, which leave the
source-receiver geometry irregular and the signal-to-
noise ratio relatively low. To make the OVT gathers more
uniform in offset and azimuth and to raise their signal-to-
noise ratio, 5D data regularization was performed prior to
OVT-domain velocity model building.

Multidimensional seismic data regularization has
been approached in the Fourier domain by minimum
weighted-norm interpolation'® and by the anti-leakage

Fourier transform," among other schemes. In this study,
we applied matching pursuit Fourier interpolation,**
which reconstructs the recorded wavefield in 5D (inline,
crossline, offset, azimuth, and time) by iteratively
selecting its dominant Fourier components. Specifically,
the reconstruction minimizes the objective function
(Equation 1):

J(x)=|d-TFx|; (1)

where d denotes the irregularly sampled input data, x is the
vector of Fourier coeflicients to be estimated, F is the 5D
Fourier synthesis operator, and T is the sampling operator
that maps the synthesized wavefield onto the actual
acquired trace locations. Equation 1 was solved using
a greedy approach. At each iteration, the most energetic
Fourier component was identified using anti-aliasing
priors derived from the unaliased low-frequency part of
the spectrum and subtracted from the residual. Retaining
only coherent spectral components, matching pursuit
Fourier interpolation interpolated the data onto a regular
grid, attenuated random noise, and remained robust where
acquisition gaps were large. After regularization, the data
were sorted into OVTs,® each of which is a single-fold
subset of a cross-spread with a limited spread in offset
and azimuth, so that both are preserved through pre-stack
depth migration.

Figure 3 shows the source point distribution and
the common midpoint gathers before and after 5D
regularization. The source points became more regularly
distributed across the survey, while the events in the
common midpoint gathers became more continuous and
had a higher signal-to-noise ratio. Figure 4 displays the
offset and azimuth attributes of the OVT tiles within a
representative cross-spread; each tile spans a narrow and
nearly constant range of both. Together, the tiles cover the
offset-azimuth plane without overlap or gaps.

2.2. Initial model building with offset vector tile-
domain reflection tomography

Full-waveform inversion can refine a velocity model only
within the convergence basin of the starting model. If the
long-wavelength background velocity is in error, simulated
events may shift by more than half a cycle relative to the
observed ones, and the inversion converges to a cycle-
skipped local minimum.? This requirement is particularly
demanding in the presence of the igneous complex, whose
strong and short-wavelength lateral velocity variations are
precisely the components that conventional model building
struggles to recover. Conventional reflection tomography
is performed on common-offset CIP gathers, in which
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Figure 3. Comparison before and after five-dimensional regularization. Source point distribution (A) before and (B) after regularization. Common
midpoint gathers (C) before and (D) after regularization.

Figure 4. Offset and azimuth attributes of the offset vector tiles (OVTs) within a representative cross-spread after regularization. (A) Offset distribution.
(B) Azimuth distribution.
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migration loses azimuthal information, so the inversion
resolves only relatively large-scale velocity variations.”
Such a model provides little of the detail required over the
igneous interval.

We therefore performed reflection tomography in the
OVT domain, so that the resulting initial model would
be accurate enough for the inversion that follows.” The
tomography started from a velocity model obtained by
smooth interpolation of well velocities under horizon
control. OVT-domain pre-stack depth migration then
delivered full-azimuth CIP gathers that preserve both
offset and azimuth. Figure 5A and 5B shows CIP gathers
migrated with this starting model in the two domains. The
full-azimuth gathers revealed clear azimuth-dependent
residual moveout near the igneous body. Such moveout
is invisible to the conventional workflow and therefore
cannot be corrected by it. Residual moveout was picked
automatically on these three-dimensional gathers, and the
ray-tracing and tomographic equations for all azimuths
were then solved jointly for the velocity under the
isotropic acoustic approximation. After the OVT-domain
update, the azimuth-dependent moveout is substantially
reduced (Figure 5C). For comparison, we ran conventional
common-offset tomography within the same framework,
differing only in the gather domain used for residual-
moveout picking. Figure 6 shows the two tomographic
models over the igneous interval. The OVT-domain model
reproduced the lateral velocity variation of the igneous
body in greater detail, whereas the conventional model
recovered mainly the large-scale background trend. This
OVT-domain model was adopted as the initial model
for the multiscale FWL It provides the long-wavelength

background, while the inversion itself resolves the sharp
boundaries of the igneous body.

2.3. Full-waveform inversion with edge-preserving
regularization

Full-waveform inversion recovers the velocity model
by iteratively reducing the misfit between observed and
simulated data.®*® Each iteration consisted of four steps:
the wave equation was solved in the current model to
generate the simulated wavefields,” the data residual
was formed into an objective function, the adjoint-state
method yielded its gradient, and the model was updated
accordingly. The cycle was repeated until convergence. We
adopted the conventional least-squares waveform objective
function (Equation 2):

u(x,_,t;m)—d(x,_,t)‘zdt (2)

Jo(m)=3 23S

where m denotes the velocity model, and d and u are the
data observed and simulated for source s and receiver r.®
The complete recorded wavefield, transmitted and reflected
energy alike, enters Equation 2 in a single inversion stage,
so that the gradient remains the standard adjoint-state
full-wavefield kernel. An objective function of this form
demands an initial model that already lies close to the true
long-wavelength velocity structure. The OVT-derived full-
azimuth tomographic model meets this requirement, since
the events simulated in it are already well aligned with the
observed records.

Gradient conditioning, by contrast, must be adapted
to the target geometry. Structure-oriented smoothing,

Figure 5. Comparison of the common image point (CIP) gathers. (A) Conventional common-offset gather and (B) full-azimuth gather, both migrated with
the starting velocity model. (C) Full-azimuth gather migrated with the final offset vector tile (OVT) domain tomographic model.
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Figure 6. Comparison of the velocity models. (A) Conventional common-offset reflection tomography. (B) Full-azimuth reflection tomography in the

offset vector tile (OVT) domain.

effective for layered targets,”* would smear the blocky,
discordant boundaries of the igneous body if applied here.
Instead, an edge-preserving anisotropic total-variation
term was appended to the objective function'®':

J(m)=Jys(m)+&(|D, m], +[D, m], (3)

where D and D, denote the horizontal and vertical
gradient operators, |-l is the € norm, and ¢ is the trade-off
parameter. Penalizing the £, norm of the model derivatives
in both directions promotes internal homogeneity of the
high-velocity body while keeping its boundaries sharp. The
€ term was not differentiable where a model derivative
vanishes, so its gradient contribution was evaluated as
a subgradient, with the sign taken as zero at that point.
Rather than being assigned directly, ¢ was obtained from
a dimensionless ratio between the data misfit and the
regularization term, both evaluated in the initial model.'s

Consistent with this scheme, the inversion operates
directly on the statics-corrected, unregularized shot
gathers, retaining the full record length and muting surface
waves. These records retain usable low-frequency signal,
which sets the lowest band used in the inversion.” In
addition, the maximum offset of approximately 8.5 km is
large relative to the target burial depth of approximately 3.5
km, so that the igneous interval was sampled over a wide
range of reflection angles and constrained at long offsets.

The nonlinearity of the inverse problem was mitigated
further by proceeding as a multiscale continuation from
low to high frequency bands, with adequate wavenumber
overlap between neighboring bands.*** The source wavelet
was estimated with a shaping-operator approach. We
extracted an initial wavelet from the field data and then
applied the operator, derived by matching simulated near-
offset traces to the corresponding observed traces.”

Regarding the wave equation used in the modeling, the
igneous interval forms a strong impedance contrast with
the surrounding strata, and elastic waveform inversion
offers advantages in this setting. It reproduces the mode
conversions generated at the top and base of the interval
and describes the reflection amplitudes that these contrasts
control. Researchers have applied this type of inversion
to land data sets in recent years.”® An acoustic wavefield
carries no shear energy, so the amplitude signature of
these conversions enters the data residual.® Part of that
residual is then absorbed by the least-squares objective as a
velocity perturbation. The survey here, however, recorded
a single vertical component and carried no information
on shear velocity. An elastic inversion also couples several
parameters in a single update, increasing the inverse
problem’s nonlinearity and raising computational cost.’
To establish a more practical workflow, the wavefield was
modeled under the isotropic acoustic approximation. The
total-variation prior on the model side then enforced sharp
igneous boundaries rather than relying on data amplitudes.
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3. Results and discussion

The inversion was carried out in three frequency bands,
with high-cut frequencies of 3, 4, and 5 Hz. We performed
six iterations within each band before proceeding to the
next. The parameters of the inversion are summarized
in Table 2. Figure 7 presents the shot-gather QC for this
configuration. Figure 7A shows the observed record for
a representative receiver line, Figure 7B shows the record

Trace number

(A) 1 132 264 (B) 1
0 0

Time (s)

Trace number
(D) 1 132
0

Time (s)

Trace number
132 264 (C) 1 132 264
0

simulated in the OVT-derived initial model, and Figure 7C
shows the record simulated in the final FWI model. Figure
7D and 7E interleaves the observed traces with these two
simulated records. In Figure 7D, the events simulated in
the OVT-derived initial model are already well aligned
with the observed traces, which confirms the adequacy
of that model as a starting point for the inversion. After
the multiscale inversion (Figure 7E), the alignment
improved further, and the interleaved events became more
continuous and coherent over the displayed window.

Trace number

Time (s)

Trace number

264 (E) 1 132 264
0

Time (s)

Figure 7. Shot-gather quality control. (A) Observed record. (B) Record simulated before full-waveform inversion (FWI). (C) Record simulated after FWI.
(D) Observed data interleaved with (B). (E) Observed data interleaved with (C).
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Figure 8. Comparison of the velocity model, each overlaid with the corresponding pre-stack depth migration (PSDM) stacked section. (A) Interpolated
starting model. (B) Offset vector tile (OVT) domain tomographic model. (C) Final full-waveform inversion (FWI) model.
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Figure 9. Comparison of the common-offset common image point (CIP) gathers. (A, C) Migrated with the offset vector tile (OVT)-derived initial model.

(B, D) Migrated with the final full-waveform inversion (FWI) model.

The velocity model was tracked through the workflow.
Figure 8 shows the interpolated starting model (Figure 8A),
the OVT-domain tomographic model (Figure 8B), and the
final FWI model (Figure 8C) along a representative section
crossing the igneous complex, each of them overlaid on
the corresponding migrated section. As the workflow
progressed, the velocity model became progressively more
detailed, and its structure agreed increasingly well with
the subsurface image. The starting model reproduced only
the background trend of the high-velocity interval, which
appears as a single band of nearly uniform velocity, and
the tomographic model added a large-scale lateral gradient
to that band while leaving it internally smooth. In the
final FWI model, the interval instead consisted of discrete

high-velocity patches of limited lateral extent, separated by
zones of lower velocity, and the anisotropic total-variation
term kept the boundaries between these patches sharp. The
top and base of the interval coincided with the reflectors
imaged in the migrated section, whereas in the two
preceding models, they fell within a gradational transition
that has no counterpart in the image.

Gather flatness provides an image-domain check on the
velocity update. Figure 9 compares CIP gathers generated
with the initial model against those generated with the final
FWI model. With the initial model, the reflections beneath
the igneous interval remain discontinuous at far offsets
(Figure 9A). With the final FWI model, these far-offset
events aligned better and became more continuous, and the
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gathers beneath the igneous body were correspondingly
flatter (Figure 9B). At greater depth, a reflection at about
6.9 km was distorted by the velocity anomaly of the
igneous body and was not level across offsets with the
initial model (Figure 9C). With the final FWI model, it
became essentially level (Figure 9D), indicating that the
FWI velocity update is effective within the igneous body
itself.

Figure 10 shows the sonic velocity at a well location
together with three velocity profiles. These profiles
correspond to the interpolated starting model, the OVT-
domain tomographic model, and the final FWI model. The
starting model, constructed by interpolating well velocities
under horizon control, reproduced the background trend
of the section but varied smoothly across the igneous
interval. The tomographic model improved background
velocity accuracy, but it still lacked detail across the igneous
interval. The final FWI model developed a local velocity
high at the depth at which the sonic log records one. As
a result, the velocity magnitude of the interval and the
positions of its top and base were delineated more sharply
than in the two preceding models. Away from this interval,
the log varied on a finer scale than the inversion represents,
and the comparison was correspondingly limited to the
general trend.

Table 2. Parameters of the full-waveform inversion

Parameter Value

OVT-domain full-azimuth

Initial model tomographic model

Wave equation Isotropic acoustic

Forward modeling scheme Time-domain finite difference

Grid spacing 50 m

797 x 596 x 301 grid points in x, y, and

Model dimensions 2 (39.8 km x 29.8 km x 15.0 km)

Time step 3 ms

Statics-corrected, unregularized shot

Input data .
P gathers with surface waves muted

Shaping-operator estimate from the

Source wavelet field data

Objective function Least squares (Equation 2)

Anisotropic total variation (Equation

Regularization 3)
Frequency bands (high-cut) 3,4,and 5 Hz
Iterations per band 6

Abbreviation: OVT: Offset vector tile.

Figure 11 shows the Kirchhoff PSDM images obtained

with two velocity models: the conventional common-
offset tomography model and the final FWI model. In the
conventional-tomography image, the reflectors beneath
the igneous complex were poorly continuous and exhibited
spurious structural distortions induced by the velocities of
the overlying igneous rocks (Figure 11A). The comparison
shows that the FWI model removes these distortions
and that the underlying reflectors can be followed more
consistently (Figure 11B). The change is not confined to
the section immediately below the igneous rocks. For the
bead-like reflection at a depth of about 9.4 km, the event
was more tightly focused and laterally compact in the FWI
image (Figure 11D) than in the conventional tomography
image (Figure 11C). Overall, the complete two-step
workflow yields a clearly improved image of the section
beneath the igneous complex.

Figure 10. Comparison of the sonic log and model velocities at a well
location

Abbreviations: FWI: Full-waveform inversion; OVT: Offset vector tile.
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Figure 11. Kirchhoff pre-stack depth migration (PSDM) images from two velocity models. (A) Conventional-tomography velocity model. (B) Final full-
waveform inversion (FWI) model. (C, D) Enlargements of (A) and (B) over the depth interval 8.8-10.2 km.

4, Conclusion

In the Tarim Basin, Northwest China, Permian igneous
rocks are widespread, and the high-velocity complex they
form distorts the image of the underlying strata. Although
conventional tomography recovers the large-scale
background trend, it leaves the lateral velocity variations
of the igneous interval poorly constrained. To address this,
we present a two-step workflow in which FWT refines the

velocity of the igneous complex, starting from an initial
model built by OVT-domain reflection tomography. The
field application shows that both the velocity model and
the depth image over the igneous interval are improved.

In the first step, 5D data regularization improved offset-
azimuth uniformity in the OVT gathers and increased their
signal-to-noise ratio. Full-azimuth reflection tomography
was performed on these gathers to build the initial model.
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By preserving the azimuth constraint on lateral velocity
variations in the igneous interval, it recovered the body
velocity in greater detail than conventional common-offset
tomography.

In the second step, a classical least-squares FW1, driven
by the full recorded wavefield after surface-wave muting,
was applied to the initial model built in the first step. A
multiscale frequency continuation was combined with
an edge-preserving total-variation regularization, which
refined the velocity of the igneous body while keeping its
boundaries sharp. Finally, we derived a detailed velocity
model of the igneous complex.

With this workflow, the depth image removes spurious
structural distortions induced by inaccurate igneous
velocities, and the reflectors beneath the igneous complex
are followed more consistently. The bead-like reflection
from the deeper target is also more tightly focused. These
results indicate that the two-step workflow effectively
characterizes igneous velocities in land seismic data. The
workflow can therefore be extended to other land surveys
in which igneous rocks impede velocity model building
and imaging. Future work can explore applying elastic
FWI in igneous settings to characterize the velocity of the
igneous body more accurately.
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