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Summary

Understanding subsurface fracture dynamic changes is
crucial for optimizing fossil and geothermal energy
production and assessing the safety of carbon sequestration.
However, a conventional time-lapse-3D (4D) seismic survey
is expensive for capturing dynamic fracture changes at short
time intervals (~hours) within a typical production cycle (~
days). To address this challenge, we propose a cost-effective
yet reliable solution using a novel repeated source time-lapse
seismic acquisition combined with the elastic double-beam
(EDB) method. This approach utilizes spatially sparse 3-
component seismic nodes and a single permanent source.
The EDB method, applied to this seismic acquisition
geometry, can effectively detect spatial variations in
subsurface fracture properties. We evaluate this solution
using elastic synthetic datasets from layered models
containing two different fracture sets: one horizontally
extended and the other depth extended. The results
demonstrate that the EDB method, when applied to this cost-
effective 4D seismic setup, can accurately resolve both
fracture sets and their spatial variations. This innovative and
affordable solution holds significant potential for
applications in energy production optimization and carbon
sequestration monitoring.

Introduction

Dynamic changes of subsurface fractures caused by energy
production and CO?2 injection are a key indicator to evaluate
the production efficiency and guide the drilling strategies
(Hubbert and Willis 1957, Barton et al. 1995, Nelson 2001,
Montgomery and Smith 2010, Shukla et al. 2010, Orangi et
al. 2011, Caulk et al. 2016). Subsurface fractures can
introduce seismic anisotropy in reflected/transmitted elastic
waves and fracture-related scattered waves. This
relationship between subsurface fractures and seismic waves
can be used to characterize the fractures. Commonly used
seismic methods for fracture characterization utilize seismic
anisotropy, including the AVO/AVAZ analysis (amplitude
variation with offset and azimuth) for the reflected waves
(e.g., Riiger and Tsvankin 1997, Lynn et al. 1999, Perez et
al. 1999, Thomsen 1999, Stewart et al. 2002, 2003,
Vasconcelos and Grechka 2007, Far et al. 2014) and shear-
wave splitting (e.g., Crampin 1985, Tatham et al. 1992, Vetri
et al. 2003, Long 2013, Verdon and Wustefeld 2013).
However, such anisotropy-related methods assume the
fractures are spatially uniformly alligned, which may not
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hold true for natural fractures (e.g., David et al. 1990). Non-
uniformly distributed fractures could generate strong
multiply-scattered seismic waves that may introduce errors
in the AVAz analysis (Fang et al. 2017).

Another category of fracture characterization methods is
imaging-based, which uses scattered waves from the
fractures to image the fracture networks, including stacking-
based methods (e.g., Willis et al. 2006, Fang et al. 2014a)
and migration methods (e.g., Landa et al. 2008, Landa et al.
2011, Klokov and Fomel 2012, Landa 2012, Landa et al.
2013, Schoepp et al. 2015, Protasov et al. 2016, Silvestrov
et al. 2016, Hu et al. 2023). However, imaging-based
methods often suffer from high computational costs or
limited spatial resolution, restricting their practical
applicability in complex subsurface structures.

Besides the seismic anisotropy-related methods and
imaging-based methods, the double-beam (DB) method has
been developed to characterize fractures by using the
interference pattern of multiply-scattered waves among
fractures (e.g., Zheng, Fang, and Fehler 2013, Zheng, Fang,
Fehler, etal. 2013, Hu and Zheng 2017,2018, Hu et al. 2018,
Hu et al. 2021). This method has been validated through
various synthetic models containing multiple sets of
fractures with random spacings and complex compliance
patterns (Hu and Zheng 2017, 2018, Hu et al. 2018). In
addition, Hu et al. (2021) extended the DB method to use
elastic waves (also called elastic DB) that can further self-
cross-validate the results for enhancing accuracy and
reliability.

In the meantime, time-lapse seismic acquisition, processing,
and imaging have been developed to understand and monitor
the subsurface changes due to the production activities (e.g.,
Johnston 1997, Harvey et al. 2022). However, due to the
expensive cost of 3D seismic acquisition, the conventional
time-lapse (4D) seismic monitoring only took a few times of
data acquisition at the same region over specific intervals
during production. To reduce the cost of 4D seismic survey,
Shang and Huang (2012) optimized the seismic survey for
the time-lapse monitoring using elastic wave sensitivity
analysis. Oghenekohwo et al. (2017) employed the
distributed compressive sensing to reduce the density of
geophones. Such 4D seismic surveys can only provide the
subsurface changes at a limited number of time points.
Permanent source seismic acquisition has emerged as a
method for real-time and continuous monitoring of the
subsurface reservoir dynamic changes through using
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repeated sources and long-term deployed seismic nodes
(Meunier et al. 2000, Arts et al. 2013, Berron et al. 2015,
Spackman and Lawton 2018, Spackman et al. 2019). For
example, White et al. (2015) monitor changes in surface
waves from a permanent source; Nakatsukasa et al. (2016)
measure the time shifts and amplitude differences in the
recorded data from a permanent source. While 4D seismic
with permanent sources and sparsely distributed seismic
nodes could be a feasible and cost-effective solution for
monitoring projects in a short period (~months), this
approach may have limited angular coverage for deep
subsurface reservoirs.

In this study, we propose integrating the elastic DB (EDB)
method with cost-effective 4D seismic acquisition using a
single permanent source to monitor subsurface fracture
dynamic changes. During production, the primary focus is
on regions surrounding the well at the production depth. This
localized targeting makes 4D seismic acquisition with a
single permanent source a viable approach for capturing
fracture dynamic changes using the EDB method. To
optimize illumination of production-relevant targets, the
permanent source can be strategically positioned near the
wellhead, while seismic nodes should be distributed with a
sufficient offset range to enhance the monitoring aperture.

In this abstract, we provide a concise overview of the elastic
double-beam (EDB) method. We then evaluate the
feasibility and accuracy of our proposed cost-effective
solution using two synthetic models with fracture sets of
varying depths and lateral extents. Subsequently, we apply
the EDB method to these models, analyze the results, and
discuss the applicability and accuracy of the proposed
approach.

Method: Elastic double-beam

Zheng, Fang, Fehler, et al. (2013) proposed the DB method
using seismic acoustic waves (P-P waves) to invert for the
distribution of subsurface fractures via two focused beams,
source side and receiver side, from the acquisition surface to
subsurface targets. Hu and Zheng (2018) and Hu et al. (2018)
developed the DB method for non-flatten fractured
reservoirs and tested its feasibility for fractures with random
spacings. Hu et al. (2021) further developed the DB method
for elastic waves from 3-component recordings. The elastic
DB (EDB) method theoretically utilizes the relationship
between the incident P waves and the scattered P waves and
S waves:
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where K37 and k§iF are the horizontal components of P-

wave wavenumber from the receiver beam center (K3°¥) and
source beam center k3", respectively; kg5 is the horizontal
component of scattered S-wave wavenumber from the
receiver beam center (Kgi”); @ is the fracture orientation
vector that is perpendicular to the fracture plane; a is the

spacing between fracture plans.

These relations (Eq (1) and (2)) link the subsurface fracture
geometry to the surface seismic data at varying source beam
locations, receiver beam locations, and time. We then can set
up the subsurface targets with interests and scan the fracture
orientation, spacing, and the beam centers based on the
velocity model to extract the possible scattered signals from
the seismic records. For each target, the extracted signals
could be stacked to form an interference pattern image (DB
image) as a function of fracture spacings and orientations.
Additionally, amplitudes in the DB image are proportional
to the energy strength of the fracture-related scattered waves
that are related to the fracture’s local physical property (e.g.,
compliance) (e.g., Zheng, Fang, and Fehler 2013, Fang et al.
2014b, Hu et al. 2018). The implementation details can be
found in Zheng, Fang, Fehler, et al. (2013) and Hu et al.
(2021).

Examples
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Figure 1. The velocity model contains the subsurface fractures and
surface seismic acquisition. The red dot on the surface is the source,
and the blue dots are the seismic receivers. (a) show the fracture set
# 1. These fracture plans are perpendicular to the x-axis at a spacing
of 100 m, with depths from 3000 m to 3300 m and y-extent from -
150 m to 150 m; (b) shows the fracture set #2, with depths from
3000 m to 3900 m and y-extent from -450 m to 450 m.

Numerical models and synthetic datasets

To assess the ability of single source acquisition in detecting
fracture changes, we analyze two fracture models,
horizontally extended fractures (Fracture set #1 in Figure 1a)
and vertically extended fractures (Fracture set #2 in Figure
1b). A total of 961 3-component seismic nodes are
distributed over a 3km x 3km rectangular area with a 100 m
x 100 m spacing, while an explosive source is located at the
center (Figure 1). The layered P-velocity, S-velocity, and
density models are constructed based on a real well-log
profile, with both fracture sets beginning at a depth of 3000
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m. The synthetic data is generated using a 3D staggered-grid
finite difference method for the elastic particle-velocity-
stress wave equation (Fang et al. 2013, Fang et al. 2017).
Fractures are modeled using the linear-slip boundary
conditions with a constant compliance of 5x10°'° m/Pa
(Schoenberg 1980, Schoenberg and Douma 1988). Figure 2
shows the recorded particle velocities (v: and vy) along two
different profiles for the horizontally extended fractures
(Figure 1a). In addition to hyperbolic reflection waves from
layer discontinuities, fracture-related scattered waves are
observed, with the horizontal components exhibiting
relatively stronger amplitudes.
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Figure 2. The synthetic common shot gathers. (a) and (b) are
recorded z-components of particle-velocity (v,) along y = 1500 m
and x = 1500 m, respectively. (c¢) and (d) are recorded x-component
of particle-velocity (v,) along y = 1500 m, and x = 1500 m,
respectively.

EDB results

We define the subsurface targets uniformly within a 3D
volume, ranging from -400 m to 400 m in the x-direction, -
600 m to 600 m in the y-direction, and 2500 m to 4000 m in
depth (z), with a spacing of 50 m X 50 m X 50 m. We then
apply the EDB method to each subsurface target and extract
maximum amplitudes from each P-P and P-S; DB image.
Since the amplitude of the DB image is linearly proportional
to the subsurface fracture compliance, it can be used to
represent the inverted fracture relative “compliance”.
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To visualize the results, we present two cross-sectional
profiles (one vertical and one horizontal) of the inverted
fracture relative compliance in Figures 3 and 4, for two
different fracture models, respectively. The results show
strong agreement between the inverted fracture compliance
maps and the actual spatial distribution of fractures in the
model. From the comparison between Figures 3a and 4a, we
can clearly observe changes in the horizontal extent of
fractures. Similarly, Figures 3b and 4b effectively capture
variations in fracture depth extent. It is worth pointing out
that the EDB method cannot accurately invert targets located
directly beneath the source, as the horizontal component of
the vertically downgoing beam from the source become
vanished. However, such cases are rare in field applications.
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Figure 3. The inverted fracture compliance strength maps for the
model in Figure 1a with horizontally extended fracture set #1. From
P-P waves, (a) is the inverted compliance map for the horizontal (x-
y) profile at the depth of 3150 m and (b) is the map for the vertical
(x-z) profile at the y =-100 m. (c) and (d) are two profiles of inverted
compliance maps from P-S; waves. The white bars with black
outlines indicate the true fracture planes.

Additionally, we present two examples of the EDB images
at different subsurface targets in Figure 5. In Figures 5a and
Sc, the absence of consistent and focused bright spots
indicates a lack of preferentially aligned fractures at this
target. Conversely,Figures 5b and 5d show well-focused and

10.1190/image2025-4301170.1
Page 2857

Downl oaded from http://pubs. geosci encewor| d. or g/ segeab/ pr oceedi ngs- pdf / SEGEAB. 44/ 1/ 2855/ 7754061/ i mage2025- 4301170. 1. pdf by Xi nding Fang on 21 May 2026



Cost-effective time-lapse seismic characterization of fracture dynamic changes

consistent bright spots with a normal direction of 0° and a
spacing of approximately 100 m, which aligns with the
fracture distribution in the model. These results confirm the
effectiveness of the EDB method in accurately identifying
fracture orientations and spatial extents.
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Figure 4. The inverted fracture compliance strength maps for the
model in Figure 1b with vertically extended fracture set #2. (a) and
(b) are the inverted compliance maps for the horizontal (x-y) profile
at the depth of 3150 m and for the vertical (x-z) profile.

Discussion and Conclusions

The results from numerical simulations demonstrate the
feasibility and reliability of the EDB method for detecting
and characterizing subsurface fractures using a cost-
effective 4D seismic acquisition with a single permanent
source. By applying the EDB method to synthetic models
containing distinct fracture sets, we successfully
demonstrated its ability to resolve the spatial distribution of
fractures and capture both horizontal and vertical fracture
extents. Additionally, the observed variations in EDB
images confirm the method’s capability to differentiate
between regions with and without preferentially aligned
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fractures. These results highlight the robustness of the EDB
approach in  providing  high-resolution  fracture
characterization, even with a spatially sparse seismic
acquisition setup featuring only one permanent source.
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Figure 5. Inverted DB images for two selected targets in Model #2
with a beam width of 100 m at 45 Hz. (a) to (b) show the DB images
of P-P, P-S¢ waves for the target (x,y,z) at
(=200 m, —300 m, 3150 m), respectively. In this target, there is no
fracture in the model. The radius in the polar plot indicates the
fracture spacing while the angle denotes the fracture plane’s normal
direction. (c¢) and (d) show the DB images of P-P and P-S; waves for
the target (x,y, z) at (—200 m, =100 m, 3600 m), respectively.

While the EDB method, combined with a cost-effective 4D
seismic survey, presents a promising approach for
monitoring subsurface fracture changes, certain limitations
must be considered. The accuracy of the inverted fracture
properties depends on the quality of seismic data and the
accuracy of the velocity model. Additionally, the resolution
of fracture characterization may be influenced by the
complexity of subsurface structures and the level of noise
present in real-world datasets. Further investigations should
explore the integration of field data with more complex
geological settings to assess the practical applicability of this
approach.

In conclusion, the proposed solution integrating the EDB
method and a cost-effective 4D seismic survey offers a
reliable and cost-effective approach for monitoring dynamic
changes in subsurface fractures. Its ability to accurately
characterize fractures using a single repeated source and
sparsely distributed seismic nodes makes it well-suited for
applications such as reservoir monitoring, geothermal
energy production, and carbon sequestration. Future work
can focus on refining this method for real-world
implementations and optimizing acquisition strategies to
further enhance detection resolution, accuracy, and
reliability.
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