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ABSTRACT
Vertical seismic profiling (VSP) survey acquisition geometries using distributed acous-
tic sensing systems increasingly are being used due to the relatively low cost and per-
manent nature of fiber optical cables and the ability to record with high spatial and tem-
poral resolution. While applying reverse-time migration (RTM) to this VSP data type
can generate high-quality high-resolution subsurface images, further improvements to
migration results are desired. A possible answer may be found through least-squares
RTM (LSRTM), an imaging formulation that casts the RTM scheme as an inverse prob-
lem and has been demonstrated to improve resolution and amplitude balance through-
out subsurface images and generates quantitative subsurface reflectivity models. We
discuss the RTM and LSRTM formulation and how the GPU-based implementation
reduced the computational expense. Two synthetic examples are shown, the first is
a surface source-receiver geometry test model to confirm the LSRTM improvements
and the second matching previous imaging work with RTM in a VSP acquisition ge-
ometry. RTM and LSRTM result comparisons illustrate the benefits and improvements
achieved when using a LSRTM framework.
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1 INTRODUCTION

Vertical seismic profiling (VSP) using distributed acoustic sensing (DAS) acquisition with optical fiber deployed in boreholes
increasingly is being used in the oil and gas industry. A key driver for this trend is the relatively low cost of installing optical
fiber cables within wells relative to drilling and completion costs. Using these DAS data, one can apply advanced 3-D seismic
migration algorithms and generate high-resolution subsurface imagery whose interpretations assist with developing an improved
understanding of 3-D geological structure. Additionally, having the fiber remain in the well for the project lifetime (Mestayer et al.,
2011) allows for time-lapse seismic surveying, which can be used to develop constraints on the underlying rock properties and the
dynamic responses from simulation activities.

One area where DAS 3-D VSP surveying offers clear benefits is when targeting thin units common found in, e.g., gas-hydrate
projects. As part of a collaboration among the U.S. Department of Energy (DOE) National Energy Technology Laboratory (NETL),
Japan Oil, Gas and Metals National Corporation (JOGMEC), and the U.S. Geological Survey (USGS), a DAS 3-D VSP data
set motivating the present work was acquired during Winter 2019 at the Hydrate-01 stratigraphic test well (STW) drilled in the
Prudhoe Bay Unit on the North Slope of Alaska (Boswell et al., 2022). The Hydrate-01 well and other local and regional wells
have confirmed the presence of regionally extensive gas-hydrate reservoir intervals beneath the approximately 2000 ft (600 m) thick
local permafrost layer. The two 40 ft (12 m) thick sand layers (D1 sand within regional unit D and B1 sand within unit B) (Collett,
1993) hosting the gas-hydrate deposits are interpretable from a regional 3-D surface seismic survey (Tamaki et al., 2022); however,
additional high-resolution details about the gas-hydrate system and minor near-borehole faulting near the production facility are
desired.

In previously reported work, Young et al. (2022) performed an acoustic reverse-time migration (RTM) investigation of this
DAS 3-D VSP data set to better understand two target thin-bed gas hydrate bearing sand units lying beneath thick permafrost
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units. Using the VSP geometry, this work applied a high-frequency (10-100 Hz) 3-D acoustic RTM analysis generating high-
quality imaging results that clearly show the main features of interest, including the two target gas hydrate bearing sand units
as well as minor near-well faulting. The imaged reflectors corresponding with the thin-bed D1 and B1 hydrate-bearing sands are
interpreted to be laterally continuous over the area of data coverage. In addition, the relatively consistent reflection amplitudes
suggest predominantly laterally homogeneous reservoir properties and gas-hydrate saturation levels within the imaged volume.
Despite high-frequency data and an imaging approach focused on maintaining resolution, though, the tops and bottoms of the
sand units cannot be clearly distinguished. Additionally, gaps in the survey acquisition from natural obstacles resulted in irregular
subsurface illumination and a visible acquisition footprint within the image. Thus, an important question relevant to the Alaska Gas
Hydrate project is the degree to which the RTM analysis of the acquired DAS 3-D VSP data could be further improved by more
advanced imaging techniques.

One potential approach to addressing these challenges may be through the implementation of least-squares migration (LSM).
LSM has been observed to improve resolution, balance amplitudes (Nemeth et al., 1999), and can be used to minimize the effects of
incomplete acquisition (e.g., limited offsets and acquisition holes). LSM previously has been implemented with Kirchhoff migration
(Nemeth et al., 1999; Duquet et al., 2000), phase-shift migration (Kaplan et al., 2010), and RTM (Dai et al., 2010). Over the past
decade there has been significant research interest in developing 3-D acoustic least-squares RTM (LSRTM) technology (Dai et al.,
2012; Dai and Schuster, 2013; Wong et al., 2011), which formally recasts RTM as an inverse problem that aims to minimize
the effects of incomplete acquisition (Dai and Schuster, 2013). LSRTM also can recover physical estimates of reflectivity rather
than reflector images without calibrated units (Zeng et al., 2014). By doing so, acoustic LSRTM demonstrably leads to higher-
resolution results than their RTM counterparts and potentially leads to a more quantitative interpretation of subsurface reflectivity
(Zhang et al., 2015; Zeng et al., 2016; Yao and Jakubowicz, 2016). LSRTM has been successfully applied in numerous imaging
applications including broadband (Zeng et al., 2014), ocean bottom (Wong et al., 2011), and other complex models (Zhang et al.,
2015). LSRTM has been previously applied to DAS field data with surface-based receivers (Ning et al., 2019) and in VSP walkaway
surveys (Kuehl et al., 2020); however, further resolution improvements can be achieved when using a large DAS 3-D VSP data set.

The benefits provided from the LSRTM method make it a logical next step to use to improve the previously report RTM analysis
at the Hydrate-01 well site. However, prior to undertaking a field-data LSRTM application, we first need to test and validate the
LSRTM approach with the VSP acquisition geometry on synthetic tests to confirm the realization of the expected benefits and
improved image results. The paper begins by discussing the RTM and LSRTM formulations and the improvements expected when
using the LSRTM iterative approach. Next, we highlight the GPU-based LSRTM implementation and the improved computation
efficiency. We then present two synthetic examples to highlight the improvements provided by LSRTM: (1) a surface-based source-
receiver acquisition geometry test; and (2) an example matching the Alaska North Slope project site. The paper concludes by
outlining the projected research pathway to expand our use of LSRTM to the Hydrate-01 DAS 3-D VSP field data set.

2 THEORY

Seismic imaging is an important method for understanding 3-D subsurface geological structure and constraining physical property
estimates. Seismic images can be generated using RTM schemes involving two-way propagation of source and receiver wavefields
through the subsurface by solving the acoustic wave equation. Alternatively, one can approximate full-wavefield solutions by
following different numerical schemes, including Kirchhoff (Audebert et al., 1997) and Gaussian-beam (Hill, 2001) migration
approaches. While these methods are still used due to their efficiency and flexibility when it comes to the earth model, they are
less effective for complex earth models exhibiting sharp velocity contrasts and significant structural dips. RTM naturally handles
these types of complex earth structures (Baysal et al., 1983), but remains a computationally expensive 3-D migration method when
considering the full bandwidth of exploration seismic data.

2.1 Reverse-time Migration

The standard (acoustic) RTM procedure has three fundamental steps: (1) injecting a seismic wavelet into a source wavefield S and
propagating it causally from time t = 0 s to a maximum time t = T ; (2) reconstructing the source and receiver R wavefields
through reverse-time propagation from maximum time t = T to t = 0 s; and (3) applying an imaging condition at each time
step that extracts information from the reconstructed source and receiver wavefields (Step 2) to form a single-shot image volume
(Claerbout, 1971). This three-step RTM imaging procedure is repeated for each selected shot gather in the data set, with each
single-shot image stacked together to generate the final global image volume.
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There are a number of different imaging conditions that can be applied in Step 3, the choice of which leads to different image-
domain migration results. The most commonly applied RTM imaging condition is the zero-lag correlation between the source S
and receiver R wavefields:

ICC(x) =
∑
e

∑
t

Se(x, t)Re(x, t), (1)

where ICC(x) represents the zero cross-correlation lag image volume, and e is the source index. This imaging condition is straight-
forward to implement; however, in geologic scenarios with complex structures and strong impedance contrasts, it can generate
high-amplitude low-wavenumber artifacts. To address this issue (among other challenges) an energy normalized imaging condition
(Rocha et al., 2015) can be implemented according to:
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where IEN (x) is the energy norm image, v(x) is the migration velocity, and ∇ is the spatial derivative operator. This imaging
condition computes the difference between (1) the dot product of the spatial gradients of S and R and (2) the time derivatives of S
and R scaled by the migration velocity.

A more compact notation of equation 2 can be developed when using the 4-D d’Alembertian operator □:
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where i =
√
−1 is the complex unit, and v = v(x) is the migration velocity field. With this operator, the energy-norm imaging

condition can be calculated as the 4-D dot product of □S and □R gradient wavefields:

IEN (x) = (□S)T □R, (4)

where the product of two i in the two □ operators generates the negative time derivatives found in equation 2. We note that a
summation over time t and source index e is implicit in equation 4 and is assumed hereafter.

To explicitly relate the imaging operation to the input source and receiver wavefield data, one may rewrite equation 4 as

IEN (x) = (□E+Ksds)
T □E−Krd

obs
r , (5)

where E+ and E− are causal and anticausal wavefield extrapolation operators; Ks and Kr are the source and receiver sampling
operators; and ds and dobs

r are the source wavelet and observed single-scattered receiver wavefield data, respectively.
The produced acoustic RTM energy-norm imaging condition can provide a high-resolution image volume with clearly mi-

grated reflections and minimal long-wavelength noise contamination; however, it does not provide reflectivity estimates the correct
physical unit and can suffer from the effects of surface acquisition gaps and the associated irregular subsurface illumination.

2.2 Least-squares RTM

Acoustic LSRTM addresses these adverse RTM issues by formulating the imaging procedure as an inverse problem (Dong et al.,
2012). Least-squares migration is designed to produce a migration image that has: (1) more balanced and accurate amplitudes;
(2) compensated illumination throughout; (3) reduced effects from irregular acquisition geometry; and (4) more accurately scaled
estimates of reflectivity (Chavent and Plessix, 1999; Nemeth et al., 1999; Dong et al., 2012; Yao and Jakubowicz, 2012; Dai and
Schuster, 2013).

Figure 1 illustrates the LSRTM scheme. A conventional RTM workflow inputs the recorded data to yield an image by applying
a migration operator to the source and receiver data. One then can apply a Born forward modeling operator to the current image
to obtain a forward-modeled estimate of the modeled data. One can then compute the data residual by evaluating the modeled and
observed data differences, which are input into the least-squares objective function calculation. The data residuals are then used to
compute the gradient with respect to the model parameters, which is then used in a conjugate-gradient scheme to update the model
at the present iteration (Scales, 1987). When the computed gradient has converged by reaching a tolerance criterion (or the chosen
number of iterations), the LSRTM procedure stops and the final image is produced.

A seismic migration operator can be regarded as the adjoint of a seismic forward modeling operator (Claerbout, 1992). Al-
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Figure 1. Illustration of the general LSRTM workflow. The conventional RTM formulation (shaded in green) starts the iterative LSRTM process
(shaded in blue). See description in the main text.

though an adjoint operator commonly is a useful approximation of the required inverse of the forward modeling operator, it is often
not exact because it does not pass the dot-product test (Claerbout, 1992). In such cases, an inverse operator can be approximated by
a generalized inverse, which can be formulated as a least-squares migration operator (Nemeth et al., 1999; Ji, 2009).

The acoustic RTM migration operation from equation 5 above can be defined as

m0 = LTdobs
r , (6)

where the migration operator LT, defined by

LT = (□E+Ksds)
T □E−Kr, (7)

acts on the single-scattered data dobs
r processed from the recordings to produce image volume m0. The migration operator involves

the correlation of the forward-propagated source S and the reverse-time propagated receiver R wavefields.
Assuming that the Earth is a linear system, one can define the linear Born forward-modeling operator L,

dr = Lm, (8)

where L is defined as (Rocha et al., 2015):

L = KT
r E+□

T□S, (9)

and □T□Sm acts as the effective Born source term.
The least-squares inversion framework seeks to optimize the following objective function:

E(m) =
1

2
||Lm− dobs

r ||2. (10)

To implement an iterative procedure, the model at the current iteration mi is updated to the next model iterations mi+1 using a
conjugate-gradient approach that involves computing

mi+1 = mi − αgi (11)

where α is the step-length scaling factor, and gi is the gradient of the objective function at a given iteration
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Figure 2. 2-D velocity model used for the surface-based RTM-LSRTM procedure. Model reflectivity is generated by the upper sinusoidal and lower
horizontal reflectors.

gi =
∂E(mi)

∂mi
= LT(Lmi − dobs

r ). (12)

2.3 Implementation

The source S and receiver R wavefields were calculated using a finite-difference time-domain (FDTD) solver with centered second-
order in time and fourth-order in space finite-difference (FD) stencil approximations to the derivative operators found in the acoustic
wave equation. For a VSP acquisition geometry, the energy normalized imaging condition and LSRTM framework still hold because
the source and receiver sampling operators Ks and Kr can be defined to be either on the surface or downhole.

The RTM and LSRTM schemes were optimized to run on NVidia V100 GPU hardware using CUDA-based code. This pro-
gramming framework allows us to exploit the memory hierarchy and parallelism provided by the GPU hardware and achieve rela-
tively fast and low-latency memory access between the compute cores and the stored wavefield information required for FD stencil
calculations. Compared to an (albeit suboptimally optimized) CPU implementations of the same LSRTM scheme, the CUDA-based
code resulted in a 15× speedup on a single GPU card over an eight-core CPU node. The V100 GPU hardware has four GPU cards
per single GPU cluster node, therefore up to an additional 4× speedup may be possible when using the full potential of the GPU
node. Thus, we expect that the LSRTM of the DAS 3-D VSP data set could be run in a reasonable amount of time using near-desktop
scale GPU computing resources.

3 SYNTHETIC EXAMPLES

To test the performance of the LSRTM framework, we implemented two synthetic model tests. The first uses surface sources and
receivers to confirm expected outcomes from the LSRTM scheme. The second test roughly matches the VSP acquisition geometry
and large-scale velocity characteristics of the Alaska North Slope project.

3.1 Surface Test Model

To test the LSRTM formulation, a synthetic test with surface-based source and receiver locations was performed. A simple velocity
model was created with a sinusoidal reflector and a deeper horizontal reflector (Figure 2). We forward model synthetic data through
the velocity model using an acoustic wave-equation solver assuming a 20 Hz Ricker wavelet for the forward-propagated source
wavefield. The synthetic data contain both upgoing and downgoing waves, as well as free-surface boundary reflections and therefore
need preprocessing to isolate the upgoing single-scattered waves. We used Fourier up-down separation to isolate the upgoing P
waves required by the acoustic LSRTM scheme.

Figure 3a-b present the results of the RTM and LSRTM procedures for surface-based sources and receivers, respectively. These
images are a final stacked migration results using 21 equally spaced source locations and dense receivers situated along the surface
from x = 0.0 − 3.0 km. The RTM image (Figure 3a) shows the two reflectors as well as artifacts at the source locations. The
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(a) RTM

(b) LSRTM

Figure 3. Over-under comparison of surface-based RTM and LSRTM images using 21 sources with receivers situated along the surface spaced at
5 m intervals. (a) RTM image. (b) LSRTM image after five LSRTM iterations.

LSRTM image (Figure 3b) also images the two reflectors but with enhanced resolution and improved amplitude balance throughout
the model. Additionally, the LSRTM image has reduced the near-surface source artifacts. Overall, the LSRTM image highlights the
resolution improvement over the RTM counterpart and the success in balancing image amplitudes throughout. This confirms the
expected outcomes from the LSRTM scheme and that it is ready for use in a VSP geometry.

3.2 Gas Hydrate Model

After validating the LSRTM formulation, we next examine VSP acquisition geometry that matches that used in the Alaska North
Slope gas-hydrate DAS 3-D VSP survey. This test allows for a better understanding of the challenges associated with the VSP
geometry, including how to address any potential imaging artifacts. We use a straightforward v(z) synthetic P-wave velocity model
(Figure 4) derived from mean values of the P-wave sonic logging data. Four target model horizons are included: (1) the base of
significant ice bearing permafrost (BSIBPF); (2) the base of ice bearing permafrost (BIBPF); and (3) and (4) the two target B1 and
D1 hydrate reservoir levels. The BSIBPF is a significant part of our synthetic velocity model and has a strong velocity contrast at
this reflector due to the permafrost layer having lost 90% of the ice content by this depth.

Figure 5 shows the 1-D velocity trend sprayed into a 2-D velocity at a uniform 5 m discretization. We use a 50 Hz Ormsby
wavelet to forward model synthetic data through the 2-D velocity model using the same acoustic wave-equation solver as discussed
above. We performed the same preprocessing to remove free-surface boundary reflections and isolate the upgoing single-scattered
P waves.

Figure 6a shows the RTM image generated for a single surface source, with the source location at 1.0 km and the VSP receivers
located downhole at x =2.5 km. When examining Figure 6a, the left-hand side of the image well matches the expected depths of
the four horizons of interest; however, the right-hand side has steeply dipping artifacts that clearly do not match the velocity model.
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Figure 4. 1-D velocity model derived from borehole logging data. The four observable reflectors are the four target horizons.

Figure 5. 2-D velocity model generated by laterally spraying out the 1-D velocity trend derived from Alaska North Slope borehole logging data.

This occurs when using a VSP geometry because the one-sided source wavefield propagates from the left and arrives as expected
at the receivers where it is extracted as a VSP shot gather. The wavefield, though, continues to propagate beyond the well farther
to right. The reconstructed receiver wavefield then propagates to the left and right of the well and correlates with the time-reversed
propagation source wavefield to generate the observed image artifacts.

To mitigate these artifacts different techniques can be applied including: (1) directional muting (i.e., left or right) about the
well; (2) dip-angle muting (Li et al., 2023); or (3) by exploiting source-receiver reciprocity. Here, we discuss the (de)merits of each
approach:
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(a) RTM VSP (b) RTM VSP Reciprocal Shot Location

Figure 6. (a) RTM image for a single surface source located at x =1.0 km and VSP receivers located at x =2.5 km. The artifacts on the right-hand
side are due to truncated receiver wavefield reconstruction correlating with the correct source wavefield. (b) RTM image for a single source with
reciprocal location at [x, z] = [2.5, 0.01] km and reciprocal receivers from x = 1.0 − 4.0 km. The noted artifacts from a surface source and
downhole receivers have been removed due to the reciprocal geometry.

(i) Directional muting can be applied to opposite side of the well from the source location to remove dipping artifacts. This
method eliminates a large percentage of unwanted artifacts and, when all shot location images are stacked together, imaging con-
tributions from a given side of the well will only be due to contributions from the same side as the source location. However,
difficulties with this technique can arise when handling a 3-D deviated well, which makes this approach suboptimal.

(ii) Dip-angle muting removes everything in the image within a user-specified range of dip angles. Drawbacks of this method
are that it may eliminate information about important geological features (e.g., faults) with a similar dip angle. Thus, by applying
an angle mute, one risks removing potentially important reflector information.

(iii) Exploiting reciprocity requires exchanging the source and receiver position. This modification then allows the downhole
reciprocal source wavefield to be accurately propagated over a broader area and recorded at the surficial reciprocal receiver locations
about the wellhead location. The reconstructed reciprocal receiver wavefield now accurately correlates with the source wavefield
on both sides of the well, removing the steep dipping artifacts. A further benefit of exploiting reciprocity in a VSP geometry is
that it can reduce the computational expense for scenarios where one has more sources than receivers because fewer reciprocal 3-D
wavefield simulations would be required to compute the final image stack.

Due to the advantages of reciprocity, we selected this approach for the RTM and LSRTM procedures. Figure 6b shows the RTM
image output with the reciprocal receivers from x−1.0-4.0 km and a reciprocal source location at [x, z] = [2.5, 0.01] km. Note
that the reflectors are now laterally continuous across both sides of the well and match the velocity model. Figure 7a-b respectively
present the results of the RTM and LSRTM procedures. These images are a final stacked migration results using 46 downhole
reciprocal source locations and 601 surface reciprocal receivers from x = 1.0 − 4.0 km. In the RTM image (Figure 7a), the four
horizons of interest appear to be laterally continuous. The LSRTM image (Figure 7b) also images the the four horizons of interest but
has enhanced the resolution at the reflectors and better balanced the amplitudes throughout the model. The energy normalized Born
modeling operator has maintained the extended illumination within the LSRTM model. The LSRTM image was generated using
five iterations of the iterative image scheme as the objective function stabilized. Figure 8 shows the objective function curve and its
convergence at five iterations. Overall, the LSRTM image shows resolution improvement to the RTM counterpart and succeeds in
balancing amplitudes throughout the image.

4 CONCLUSIONS AND FUTURE WORK

This work seeks to improve reverse-time migration (RTM) images in a VSP geometry by following a least-squares RTM (LSRTM)
approach. This method was selected for its expected benefits of higher resolution, potentially recovering physical estimates of reflec-
tivity, and minimizing acquisition footprint. The iterative LSRTM optimization process allows us to better match forward modeled
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(a) RTM (b) LSRTM

Figure 7. Side-by-side image comparison for RTM and LSRTM analyses using 46 VSP reciprocal source locations and the energy normalized
imaging condition. (a) RTM image. (b) LSRTM image using after five iterations.

Figure 8. Normalized objective function curve showing convergence after five iterations.

data with the input data, which leads to improved resolution and a more accurate reflectivity model image. This was confirmed in
a surfaced-based synthetic test result where the reflector resolution was improved and artifacts reduced. We performed a second
VSP geometry test with a velocity model matching the well log data from the Alaska North Slope gas hydrate project. Resolution
improvements were noted for the four reflectors in the LSRTM image when compared to the RTM counterpart. Additionally the
LSRTM approach recovered laterally extensive illumination throughout the deeper parts of the image. By using GPU based-code
formulation, we achieved a significant reduction in computational runtime.

The next research steps will be to extend the current GPU-based 2-D acoustic LSRTM code to a 3-D formulation. After
validating the code through synthetic testing, we will use the DAS 3-D VSP field data in the 3-D LSRTM scheme and analyze the
results to determine whether the expected imaging improvements are realized. To have the field data ready for input, preprocessing
will be required to isolate the P-wave data for the acoustic formulation, and convert the strain-rate data to particle velocity. This
LSRTM formulation applied to the field data set will help the larger project to establish a more effective baseline imagery of the
area and set up future time-lapse and cross-well seismic analysis when the expected follow-on seismic data acquisition is complete.
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