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Abstract

Subsurface characterization of gas-hydrate reservoirs is crucial for global energy potential, but
requires accurate imaging of highly variable and complex structures, such as co-existing pore-
filling and fracture-filling hydrates. The resolution required to delineate these structures is often
challenging for single geophysical methods, particularly the diffusive electromagnetic (EM)
technique. While seismic methods offer high resolution, and EM methods provide sensitivity to
hydrate saturation, fully integrated imaging of both properties, especially at sharp structural
boundaries, remains an unresolved problem. This paper sets out to validate a novel workflow that
uses structurally constrained multi-physics inversion to leverage the high resolution of seismic
models, specifically first-arrival traveltime and amplitude attenuation, to sharpen the resolution of
the electrical resistivity model for complex gas-hydrate geometries. Three synthetic reservoir
models (Fracture-Filling, Pore-Filling, and Composite) were created for forward modeling. The
inversion utilized an unstructured finite element mesh, optimized based on the Gauss-Newton
inversion scheme, and solved iteratively using the Conjugate Gradient Least Squares (CGLS)
method. Despite the fact that the unconstrained initial inversions didn't struggle to resolve sharp
boundaries for seismic approaches, the resistivity models indicate limitations to recover assumed
gas-hydrate geometries. However, the final structurally constrained models successfully recovered
the distinct geometric features of all three scenarios, including the localized deep anomaly and the
laterally extensive shallow layer, achieving robust statistical fits (y4 ~ 1 and rRMS error < 10%).
The final models validate the effective transfer of structural information from the seismic domain
to the diffusive EM domain. This approach provides a significant advancement in the reliable
characterization and delineation of complex, multi-geometry gas-hydrate accumulations, offering
a critical tool for detailed reservoir assessment and exploration planning.

Keywords: Gas-Hydrate Reservoirs, Fracture-Filling, Pore-Filling, Seismic, Electromagnetic
Technique, Inversion.
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1. Introduction

Gas hydrates represent naturally occurring, ice-like compounds formed from water molecules
encasing gas, predominantly methane, under specific pressure and temperature conditions
prevalent in marine and permafrost environments (Ruppel, 2018). These deposits occur primarily
in polar regions associated with permafrost and in deep ocean sediments beyond 300-500 meters
water depth, where they harbor an estimated carbon volume roughly twice that of all conventional
fossil fuels combined (Collett, 2001). Their multifaceted importance draws scientific attention
across energy resource potential, contributions to global climate dynamics through methane
release, and influences on seafloor stability during geological processes (Kvenvolden, 1993).
Despite this promise, substantial technical hurdles persist in extraction and utilization,
necessitating advanced investigative approaches to overcome environmental and operational
complexities (Moridis et al., 2011).

Marine gas hydrate accumulations manifest in distinct forms, broadly categorized as deep-seated
stratigraphic deposits and shallower structural types often linked to gas chimney features, with the
latter showing particular viability for production (Matsumoto, 2009). Fracture-filling gas hydrate
(G.H.F) emerges within near-vertical fractures in unconsolidated fine-grained sediments,
extending over meters and influenced by factors such as methanogenesis, methane solubility, fluid
flow variations, and formation kinetics modulated by disturbance rates or chemical promoters
(Brunet et al., 2025). In contrast, pore-filling gas hydrate (G.H.P) occupies sediment pore spaces,
forming connected three-dimensional networks that provide mechanical reinforcement and
dramatically reduce permeability, especially in quartz sands and arenite sandstones, with effects
varying by saturation levels and directional orientations (Guan et al., 2024; Lei et al., 2022).

Geophysical investigations have emerged as the cornerstone for detecting, characterizing, and
differentiating gas hydrate morphologies in marine sediments. Seismic reflection surveys,
particularly through the identification of bottom-simulating reflectors and anomalous velocity
increases, have traditionally provided the first indirect evidence of hydrate presence, while
controlled-source electromagnetic methods exploit the pronounced resistivity contrast induced by
hydrate saturation (Hyndman et al., 2013; Weitemeyer et al., 2006). Integrated analyses of P-wave
velocity and electrical resistivity have proven especially powerful for discriminating fracture-
filling from pore-filling hydrates, as the former typically exhibit markedly higher resistivity yet
lower compressional-wave (P-Wave) velocity at equivalent saturation levels, yielding distinct
signatures in cross-plots that enable morphological identification and quantitative saturation
estimation (Liu et al., 2020). Such joint approaches, validated in permafrost settings through
coupled geophysical-geothermal schemes that predict hydrate saturation from elastic wave
velocities and effective thermal conductivity, highlight the complementary nature of elastic and
electrical properties in resolving ambiguities where single-method techniques fall short
(Vasheghani Farahani et al., 2021).

To achieve the high-resolution imaging required for complex marine hydrate reservoirs, this
study employs three specific tomographic techniques. The first implemented method is first-arrival
traveltime tomography. Seismic traveltime tomography is a non-destructive imaging technique that
generates cross-sectional pictures of geological structures by analyzing seismic wave travel times
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through subsurface media (Shi & Wang, 2024). This method has evolved from traditional ray-
based approaches to advanced wave-equation methods, which establish linear relationships
between traveltime residuals and velocity perturbations using finite-frequency sensitivity kernels
(Taillandier et al., 2009; Tong et al., 2014). For large datasets, modern implementations prioritize
computational efficiency through gradient-based algorithms, often leveraging the adjoint-state
method, where computational cost is independent of data size (Tryggvason et al., 2009). The
complementary technique, seismic amplitude attenuation tomography (AAT), maps energy
dissipation within the subsurface, typically quantified by a dimensionless parameter typically
called as seismic quality factor Q. AAT is crucial for detecting faults, fractures, and visco-acoustic
effects (Quan & Harris, 1997; Watanabe & Sassa, 1996). Recent progress in AAT includes
improved centroid-frequency-shift algorithms and the expansion to 3D tomographic methods that
compensate for interference factors, providing comprehensive attenuation characterization (Hu et
al., 2011; Xin et al., 2008). Finally, electromagnetic (EM) diffusion-time tomography utilizes time-
domain EM signals to reconstruct electrical conductivity distributions (Lee & Xie, 1993). This
method is particularly effective in conductive marine environments where it transforms the
diffusive EM field into an analyzable wavefield. By applying ray tomography to the low-frequency
EM data, the minimum diffusion time is used as a robust estimator of average conductivity,
offering improved resolution in complex conductivity regions (Yu & Edwards, 1997). These
integrated methods, when combined, offer a powerful suite for detailed reservoir characterization.

Among the various configurations, cross-borehole geophysical techniques offer particularly high
resolution for imaging the shallow to intermediate subsurface where most exploitable hydrate
accumulations reside. Cross-hole seismic traveltime and attenuation tomography, combined with
electrical resistivity and low-frequency electromagnetic surveys, have demonstrated superior
capability to delineate thin hydrate-bearing layers and fracture networks that are frequently below
the detection threshold of surface-based methods (Miyairi et al., 1999; Pratt et al., 2003). Recent
developments in cross-hole electromagnetic resistivity tomography simulation frameworks,
capable of distinguishing high-resistivity targets through optimized electrode configurations and
3D modeling of borehole-to-surface responses, address ongoing challenges in precise reservoir
characterization within complex geological formations (Liu et al., 2022; Omisore et al., 2022).
These evolutions, building on decades of progress from early resistivity profiling to integrated
multi-parameter studies, collectively advance the refinement needed for reliable assessment of
hydrate morphology, resource potential, and production feasibility in marine environments (Bialas
et al., 2020; Riedel et al., 2010).

Despite significant progress in geophysical imaging, the accurate characterization of
morphologically complex gas-hydrate reservoirs—especially those containing thin fracture
networks or coexisting pore- and fracture-filling hydrate facies—remains a persistent challenge
when relying on single-method approaches. To address this limitation, this study introduces a
sequential multi-physics imaging workflow. First, independent inversions of seismic traveltime
and amplitude attenuation data are performed on fully unstructured triangular meshes, producing
high-resolution P-wave velocity and attenuation models that robustly resolve stratigraphic layering
and key structural geometries. These seismically derived results are then employed as a
geologically consistent structural prior to inform a subsequent inversion of electromagnetic
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diffusion time data. This third-stage, structurally constrained inversion capitalizes on the distinct
sensitivity of electrical resistivity to hydrate occurrence mode, whether pore-filling or fracture-
hosted, while preserving lithological boundaries that conventional regularization techniques tend
to oversmooth (Fig. 1).

Any geophysical inversion inherently struggles with ambiguity and diminishing resolution,
particularly with increasing depth. To mitigate this issue, structural information can be integrated
to provide valuable constraints on sharp geological boundaries within the subsurface. This
structural information is typically derived from wave-based methods that naturally offer superior
resolution, such as seismic surveys (Tanner et al., 2020), ground-penetrating radar (Doetsch et al.,
2012; Jiang et al., 2020), or discrete data from boreholes (Wunderlich et al., 2018). These
constraints can be applied as boundary conditions, whether extracted from 2D lines (Jiang et al.,
2020) or 3D facets (Doetsch et al., 2012), enabling the inversion of less-resolved parameters (like
electrical resistivity) to honor the sharp structural features identified by the high-resolution survey
(like seismic P-wave velocity).

Building upon the established forward modeling capabilities of the pyGIMLI library, which
provides a robust ray-based shortest path operator for seismic refraction traveltimes, we have
developed two novel forward operators specifically tailored for cross-borehole applications. The
first operator extends the framework to model seismic amplitude attenuation with a visco-acoustic
frequency-domain approach, while the second formulates the propagation of electromagnetic
waves in the diffusive regime. These operators were implemented through rigorous mathematical
conversions that translate the original ray-tracing kernel into physically consistent formulations
for amplitude decay and EM diffusion, as detailed in the Methodology section. In this work, we
systematically examine the performance of these operators by simulating three distinct physical
parameter datasets—P-wave traveltime, amplitude attenuation (quality factor Q), and
electromagnetic diffusion time—across three different cross-borehole subsurface scenarios. All
simulations are performed on high-resolution unstructured triangular meshes that accurately honor
borehole geometries and stratigraphic interfaces. Following the generation of these synthetic
datasets, we carry out independent inversions for each parameter. Subsequently, we investigate the
potential for improving electromagnetic inversion results by imposing structural constraints
derived from the two seismic models. This sequential multi-physics strategy aims to transfer the
high-resolution structural information inherent in seismic models to guide and regularize the
inherently smoother electromagnetic inversion, thereby enhancing the delineation of complex
hydrate morphologies.

2. Methodology

This section outlines the numerical framework developed for the sequential multi-physics imaging
workflow. Forward modelling of seismic and electromagnetic responses is performed on high-
quality unstructured triangular meshes that favor the acquisition geometry and known stratigraphic
boundaries. Inversion is conducted in two stages: first, independent smoothness-constrained
reconstruction of seismic velocity, amplitude attenuation, and EM diffusion times; second,
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structurally constrained inversion of EM diffusion-time data guided by the seismic results. The
following subsections describe the forward operators, and inversion schemes in turn. The main
computational framework of this study has been implemented using pyGIMLIi open-source library
(Riicker et al., 2017). In addition, it is presumed that the cross-hole geophysical surveys are
conducted in open holes or within non-metallic casings of the well bore to minimize signal
attenuation, particularly for EM waves.

2.1.  Forward Modeling

Accurate reservoir characterization fundamentally depends on reliable forward models that
precisely simulate the physics of wave propagation and EM diffusion within complex subsurface
structures. This requires numerically stable and efficient solvers capable of handling the highly
heterogeneous media associated with gas hydrate accumulations, particularly the sharp interfaces
between hydrate-bearing fractures and the surrounding sediment.

2.1.1. Seismic P-wave velocity and amplitude attenuation

The seismic forward problem is addressed by computing both first-arrival traveltimes ¢ and
amplitude attenuation Q°!, which provide complementary information on elastic properties and
energy dissipation. Both are crucial for robust discrimination of gas hydrate morphologies.
Traveltimes are computed by solving the Eikonal equation (a high-frequency approximation of the
wave equation) using Dijkstra's shortest-path algorithm (Dijkstra, 1959) on a triangular mesh. This
approach efficiently calculates the minimum time required for the wave front to propagate from
the source to all receiver locations. The unstructured mesh enables accurate representation of sharp
geological boundaries and minimizes numerical artifacts that often plague regular grids,
particularly in regions of high-velocity contrast.

The traveltime, ¢, for a single ray propagating through N discrete cells (or model elements) is
given by the sum of the traveltimes through each element (Moser, 1991):

N N

D)
t = —_ = lisi

RO

i=1

&)

where [; is the segment length of the ray within the i-th cell, v; is the P-wave velocity while s; is
the slowness (reciprocal of velocity, s; = 1/v;) in that cell. To improve angular coverage and
numerical accuracy of traveltime calculations, a few secondary nodes can be applied the corner
points (cell edges).

For all ray paths, the forward calculation can be expressed as a linear matrix-vector product:

t=W.s 2)

where t is the observed traveltime vector, s is the slowness model vector, and W is the modeling
matrix (or ray-length matrix) where each element Wj; represents the length of the j-th ray within
the i-th cell.
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The presence of gas hydrates, especially when highly saturated or fractured, introduces
significant visco-acoustic effects that cause pronounced energy loss. This loss is quantified by the
seismic quality factor Q (defined as the ratio of the energy stored to the energy dissipated per cycle
of oscillation, thus it is a dimensionless parameter), where its inverse Q' (attenuation factor),
serves as the inversion model parameter in the case of amplitude attenuation. High Q! values
correspond to high energy loss and strongly suggest hydrate presence, complementing the velocity
information.

For a single ray, the amplitude decay, A, is governed by the relation to the source amplitude, Ao:

A= Ay.exp (— %ﬂ) 3)

where f is the dominant frequency of the seismic wavelet. When the ray passes through M discrete
elements, the total attenuation is multiplicative across the segments:

u Tl.'fliSl' (4)
A=A0.1_[exp (- 0, )
i=1 L

Taking the natural logarithm of the normalized amplitude (A/4,) transforms this non-linear
product into a linear sum:

()= 2

i=1

&)

This expression can be rearranged to define the attenuation forward problem in a linear form. If
we define the model parameters as m = {mi =1 / Q-}’ the forward function, f(m), is given by the
L

matrix-vector product:

f(m) =A.m =W.diag(—nfs).m (6)

Here, A is the effective attenuation modeling matrix, constructed from the ray-length matrix W,
the frequency f, and s is the previously inverted slowness model. The s values are derived from the
traveltime inversion, making the attenuation inversion dependent on the velocity model. As a
result, the seismic process can be assumed as a sequential framework, enhancing the overall
resolution while also getting validated to play a very crucial role as a robust structural constraints
on other models (Watanabe & Sassa, 1996).

2.1.2. Electromagnetic Geometrical Diffusion Time

The low-frequency EM response in the conductive marine environment is fundamentally governed
by the diffusion equation, which characterizes the propagation of the magnetic field H through the
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medium. In the absence of displacement currents, this physics contrasts sharply with the wave
propagation observed in seismic methods.

In a uniform, 2D medium, the behavior of the magnetic field due to a transient point source is
governed by the diffusion equation (Bohm et al., 2015):

J0H 7
Where D = 1/uo is the magnetic diffusivity, u is the magnetic permeability, o is the electrical
conductivity, M, is the source strength, and & is the Dirac delta function applied at the source
location x; and the time t=0.

The solution to this equation, expressed via Green's function, defines the physical diffusion of
the EM energy. For cross-borehole inversion, the complexity of solving the full diffusion equation
is circumvented by leveraging the theoretical link to seismic traveltime. This link is derived from
the high-frequency asymptotic solution of the diffusion equation, which establishes a direct
analogy to Fermat's Principle (Berryman, 1989). Crucially, the path of earliest arrival for the
diffusing EM energy can be approximated as the trajectory of minimum diffusion time tgm.

This relationship dictates that the square root of the diffusion time is linearly related to the
integral of the reciprocal of the square root of diffusivity along the path from the source x; to the
receiver xa:

— _ 1fo dx ®)
EM — 2 x \/D

The EM forward operator has been created based on Eq. 8 and assumed resistivity model. In this
operator, the magnetic permeability value has been set to u = 4 X 1077,

2.2.  Multi-Physics Inversion Strategy

The reconstruction of subsurface property models (velocity, amplitude attenuation, and electrical
resistivity) from observed data relies on solving a highly non-linear, ill-posed inverse problem.
This challenge is addressed through an iterative, regularized approach based on the Gauss-Newton
optimization framework. The core of this process is the minimization of a global objective
function, ¢ (m), which balances the fidelity of the model to the measured data with the requirement
for geological plausibility and stability.

The objective function is composed of two primary components: the data misfit term ¢4, which
measures the difference between the observed and predicted data, and the model regularization
term ¢,,,, which incorporates a priori information about the expected model structure. These terms
are balanced by the scalar regularization parameter A:
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p(m) = @q + Apy, — min 9

For both the data misfit and the model regularization, the L, norm is employed. The L, norm
penalizes large errors or large variations in the model quadratically, leading to a unique, stable,
and smooth solution space. This choice ensures the optimization problem remains convex and
amenable to efficient iterative solution found via the conjugate gradient least squares (CGLS)
method. The L, norm is defined as the square of the Euclidean norm (|| x |?= Y, x?), providing a
computationally robust metric for minimization (Li & Oldenburg, 1996).

The data misfit term, ¢4, quantifies the disagreement between the observed data d,;,s and the
data predicted by the forward operator f(m) for a given model m. Since the measurements are
subject to noise and errors, the misfit is weighted by the inverse of the data covariance matrix,

-1/2 . . ..
C, / , which incorporates data uncertainties &;:

0a =1l €;%(dops — F(M)) 113 (10)
C;1? = diag(1/e) (11)

The inversion seeks to reduce this term, driving the synthetic data to match the measured data
within the bounds of the assigned uncertainties.

The model regularization term, ¢,,, addresses the ill-posed nature of the inverse problem by
restricting the solution space. This term enforces a measure of smoothness on the resulting model,
ensuring stable inversion results and suppressing high-frequency artifacts that are often introduced
by noisy data. This study employs a first-order smoothness-constrained Tikhonov regularization
(Tikhonov& Arsenin, 1977):

Om =l Wy (m — mref) ”% (12)

where W, is the combined regularization and weighting matrix. Since no explicit reference model
is imposed (m,.. =0 is implicitly assumed), this term minimizes the model's structural complexity,

promoting the 'flattest' structure that fits the data (Giinther et al., 2006).

The matrix W, is further decomposed to incorporate both spatial derivatives and directional
weighting:

W,, = diag(w;)C (13)

Here, C is the constraint matrix. This matrix represents the spatial derivative operator, specifically
a finite-difference operator that minimizes the first spatial derivative (gradient or slope) of the
model between adjacent cells. This promotes the smoothest possible reconstruction. Furthermore,
diag(w;) is the directional regularization weighting. This diagonal matrix allows the

8
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regularization penalty to be customized based on direction or geological structure. For all
inversions, an isotropic weighting is employed, meaning the penalty applied to model differences
between adjacent cells is the same in both lateral (horizontal) and vertical directions. This has
mostly been conducted because of the crosswell nature of the designed survey in this study. The
magnitude of the weights is dependent on the distance between the cell centers, normalizing the
penalty by cell size (Giinther & Riicker, 2019; Mollaret et al., 2020). Also, the regularization
parameter, A, is the crucial scalar that controls the trade-off between minimizing the data misfit
and the model structure. A large A heavily penalizes complexity, resulting in a very smooth, stable
model that may underfit the data. A small A emphasizes fitting the data closely, which can lead to
unstable, rough models and the amplification of noise. The appropriate 4 is typically chosen
iteratively, often aiming for a data misfit that equals the expected noise level in the data, thus
preventing the over-interpretation of noise. It has been implemented empirically here via parameter
sensitivity testing and has resulted in acceptable nearly perfect fits.

The utilized strategy employs a sequential approach, designed to maximize the resolution gained
from each geophysical domain (see workflow shown in Fig.1). Seismic slowness and attenuation
are inverted separately using the standard isotropic smoothness constraint described above. The
resulting high-resolution velocity, and amplitude models are particularly effective at delineating
the primary geological layering (i.e., the background structure) and the overall structural
boundaries of the hydrate bodies. The final stage EM-based conductivity inversion leverages the
structural information from the seismic results to selectively modify the regularization matrix W,,.
The seawater layer, presenting the first 300 meters of the geometry domain, has been considered
as a single and separated zone throughout all inversions. Physical properties within this zone have
been fixed during inversion procedure since no source (transmitters) and receivers assumed on
two sides of this layer. This region-specific modification (structural constraining) allows the EM
inversion to recover the necessary high-contrast sharp boundaries, sharp physical characteristic of
gas hydrate, without applying excessive smoothing regularization across those critical interfaces.

To exploit the computational efficiency of the existing shortest-path solver (developed for
seismic traveltimes), the EM problem is transformed into a linear traveltime inversion. This is
achieved by defining a new model parameter, m, such that:

_ 11 (14)
m_zJD_Z\/”U

The forward problem then becomes a linear matrix-vector product operating on the square root of
the measured diffusion time ¢/ ./, enabling the use of the pre-existing ray length matrix W:
tgyy =W.m (15)

The inverted model m is subsequently used to extract the high-resolution conductivity ¢ and, thus,

resistivity (p = 1/ o) model, effectively leveraging the inherent sensitivity of electrical properties
to the highly resistive gas hydrate zones.
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To assess the inversion fit quality statistically, the y4 parameter has been used which yields the
degree of freedom N (i.e., number of data) and can be shown:

X2 = <Pd/N ~1 (16)
3. Synthetic Gas Hydrate Test Reservoirs

The present study systematically evaluates the performance of integrated tomographic techniques
in characterizing diverse gas hydrate morphologies by employing three progressively complex
synthetic models. These scenarios represent a typical deep-water setting comprising two vertical
boreholes separated by 1000 m and penetrating to 2000 m below sea level, with the uppermost 300
m occupied by seawater. Beneath the seafloor, the section is divided into an upper hemipelagic
mud-rich sediment layer (300 to 1500 m depth) and a deeper turbiditic silty-sand unit (1500 to
2000 m depth). Figure 2 showcases a detailed schematic of the present study.

The core of this evaluation lies in the distinct elastic (V},), inelastic (Quality Factor, Q), and
electrical resistivity (p) properties assigned to each material. The inversion relies on leveraging
these complementary sensitivities to differentiate hydrate styles, as the Q factor is crucial for
mapping energy dissipation while V, maps stiffness, and p highlights the dramatic electrical
contrast induced by hydrate saturation. The specific properties for the background layers
(Seawater, Upper Sediment, Deeper Sediment) and the three hydrate scenarios are detailed in
Tables 1, 2, and 3. For all three amplitude attenuation scenarios a constant frequency of 50 Hz has
been considered which is logical (e.g., a velocity of 2000 m/s would imply a wavelength of 40 m)
based on the designed survey geometries.

The first scenario, detailed in Table 1 and depicted in Fig. 3, investigates a single fracture-filling
hydrate zone (G.H.F) hosted within the upper mud-rich unit, characterized by sub-horizontal
fractures (dip less than 20°) and a significant volume fraction of 0.6. The G.H.F anomaly is
expected to exhibit a substantial increase in electrical resistivity alongside a high velocity and low
Q signature, making it a target for both electrical and attenuation methods.

The second scenario, summarized in Table 2 and showed in Fig. 4, models a single, horizontally
extensive pore-filling hydrate body (G.H.P) located slightly shallower in the same upper sediment
unit. This body is modeled with a volume fraction of 0.4. The G.H.P anomaly typically shows a
less pronounced resistivity increase than the G.H.F type, alongside an increased V), and a reduced
Q, providing a distinct signature for comparison.

The final scenario, presented in Table 3 and visualized in Fig. 5, tests a composite case containing
both hydrate morphologies simultaneously. The G.H.P anomaly is modeled with a higher volume
fraction of 0.5 and remains shallower, while the G.H.F anomaly, with horizontal fractures (dip less
than 20°) and an increased volume fraction of 0.7, is positioned deeper within the mud-rich layer.
This controlled progression of complexity allows systematic evaluation of each geophysical
method’s ability to detect and distinguish the two end-member hydrate styles under realistic marine
acquisition geometry.

10



342
343
344

345

346
347
348
349
350
351
352
353
354
355
356

357
358
359
360
361
362
363
364
365
366
367
368
369
370

371
372
373
374
375
376
377
378
379

The synthetic data sets derived from the simulation of these constructed forward models, which
accurately capture the geophysical responses of the modeled reservoirs, serve as the "observed"
data for the subsequent joint tomographic analysis.

4. Results and Discussion

The validity of the proposed multi-physics workflow is first examined through the G.H.F. scenario,
where the inversion performance is assessed against synthetic data contaminated with 3% random
Gaussian noise (Fig. 6). In this simulation, the physical coupling between high-velocity hydrate
anomalies and lower attenuation (high Q) was explicitly modeled, a relationship that the inversion
successfully recovers as demonstrated by the seismic amplitude ratio predictions. The quality of
the data fitting is visualized through absolute misfits for the seismic traveltime and attenuation
domains, while relative misfits are utilized for the electromagnetic diffusion times to accommodate
the parameter's larger dynamic range. Due to the comprehensive nature of the synthetic setup and
the absence of field-data gaps, the inversion algorithms achieved robust convergence,
characterized by a Y2 ~ 1 and a relative Root Mean Square (rRMS) error of < 10% across all three
physical measurements.

The initial unconstrained inversion results for the G.H.F. scenario are presented in Fig. 7, where
panels (a), (b), and (c) correspond to the P-wave velocity (V,), the seismic quality factor (Q), and
the electrical resistivity (p), respectively. The traveltime tomography result (Fig. 7a) successfully
delineates the high-velocity G.H.F. zone, positioned in the central part of the survey area, and
accurately recovers the general trend of the background layering. Correspondingly, the amplitude
attenuation tomography (Fig. 7b) effectively images the fracture, showing a zone of lower Q (more
dissipative) which aligns with the high-velocity zone, consistent with the expected physical
relationship between seismic properties in hydrate-bearing fractured media. Figure 7c shows the
primary electrical resistivity inversion result, which was generated using a standard isotropic
smoothness constraint. While this p model indicates a broad, high-resistivity anomaly
corresponding to the hydrate zone, its boundaries are overly smooth, reflecting the limitations of
isotropic regularization. These three models serve as the essential starting points for the subsequent
structurally constrained inversion, where the structural information from the better-resolved
seismic models (Vp, Q) will be later imposed onto the resistivity model.

The data fitting for the G.H.P. scenario (Fig. 8) confirms the robustness of the multi-physics
inversion across different target geometries. Unlike the localized anomaly in the G.H.F. case, the
G.H.P. model yields broader, shallower patterns in the seismic travel time and amplitude
attenuation data, characteristic of a horizontally extensive layer. The observed data (panels a, d, g)
is accurately reproduced by the predicted data (panels b, e, h) for all three modalities. The resulting
misfit plots (panels c, f, 1) for seismic absolute misfit and EM relative misfit are uniformly random,
validating that the inversion converged to the 3% noise level. Like the first case, the statistical
convergence metrics were exceptionally strong, with y# ~ 1 and rRMS error < 10% across all
datasets.
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Figure 9 displays the initial, unconstrained inversion results for the G.H.P. scenario, providing
P-wave velocity (V)), seismic quality factor (Q), and electrical resistivity (p). In contrast to the
deep, vertical anomaly recovered in the G.H.F. case, the traveltime tomography (Fig. 9a)
successfully delineates the high-velocity G.H.P. zone as a laterally extensive, shallower layer
characteristic of pore-filling saturation. The corresponding attenuation map (Fig. 9b) confirms this
interpretation by resolving the same horizontal layer as a zone of lower Q (higher attenuation or
dissipation), consistent with the expected physical signature. Similar to the previous case, the
primary electrical resistivity result (Fig. 9c), generated with isotropic regularization, captures the
broad, high-resistivity zone associated with the hydrate layer. While the general location is correct,
the inversion result remains overly smoothed and diffusive at the boundaries. These three single-
physics models are combined to form the crucial input for the subsequent structural constraint step,
aiming to sharpen the poorly-resolved resistivity boundaries using the structural information
derived from the seismic data.

Figure 10 presents the multi-physics data, predictions, and misfits for the composite gas-hydrate
scenario, which combines the structural features of both the fracture- and pore-filling layer. The
observed data (panels a, d, g) now display a superposition of the kinematic and dynamic signatures
from both anomalies, demonstrating a more complex pattern compared to the single-feature cases.
Crucially, the inversion successfully models this increased complexity, as confirmed by the
excellent visual match with the predicted data (panels b, e, h). Consistent with the previous two
scenarios, the resulting misfit plots (panels c, f, i) for seismic travel time and attenuation (absolute
misfit) and EM diffusion time (relative misfit) exhibit random distributions, confirming that the
data was fit to the 3% noise level. This final data fitting exercise validates the ability of the multi-
physics forward and inverse models to accurately handle complex reservoir geometries involving
simultaneous fracture- and pore-filling hydrate occurrences, while maintaining the high statistical
rigor (x4 =~ 1 and rRMS error < 10%).

The initial inversion results for the composite gas-hydrate scenario, which contains both a deep,
narrow G.H.F. zone and a shallower, horizontal G.H.P. anomaly, exhibit the necessity of structural
constraints. The P-wave velocity map (Fig. 1la) successfully resolves both high-velocity
anomalies simultaneously, clearly delineating the sharp, high-aspect-ratio boundary of the deep
fracture and the diffuse, laterally-extensive nature of the shallow layer. This dual-anomaly
recovery is mirrored in the attenuation map (Fig. 11b), where both zones are resolved as areas of
lower Q (higher dissipation). However, the primary electrical resistivity model (Fig. 11c¢),
produced using standard isotropic regularization, struggles to differentiate these two features
effectively. While the plot captures a broad, high-resistivity anomaly corresponding to the
combined hydrate presence, the shallow and deep features are blurred together, and the sharp
localized contact of the G.H.F. is entirely absent. The failure of the isotropic first-order smoothed
resistivity inversion to resolve these distinct geometries clearly underscores the necessity of
implementing the structurally constrained inversion step, which utilizes the superior resolution of
the seismic models (i.e., Vp, Q) as prior guiding information.

The final, high-resolution electrical resistivity models for all three scenarios are shown in Fig.
12, demonstrating the success of the structurally constrained multi-physics approach. The
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sequential inversions in this study were implemented region-wise, and a specific inter-region
constraint was applied at the boundary between the seawater and the hemipelagic mud layer.
Rather than setting the constraint weight to zero, which would impose a 100% sharp boundary, a
non-zero weight was maintained to account for the seawater layer perturbation, leading to more
realistic electrical resistivity models. This effect is visible in the results, where the influence of the
seawater region causes a decrease in resistivity that extends into the upper subsurface layer.
Furthermore, the interface constraint weight of the structural constraints themselves was carefully
set to 0.1 (not zero) to account for inherent uncertainty in the derived constraints by 10%, thereby
preventing artificial sharpness. For the G.H.F. case (Fig. 12a), the structurally constrained p model
successfully recovers the sharp boundaries and the high-resistivity contrast of the deep, narrow
anomaly, which the unconstrained isotropic inversion failed to delineate. The G.H.P. case (Fig.
12b) accurately resolves the laterally extensive, moderate-to-high resistivity layer characteristic of
pore-filling saturation, achieving significantly sharper layer boundaries than the initial model. The
composite case (Fig. 12c¢) provides the most comprehensive validation, demonstrating the
method's ability to simultaneously and distinctly delineate both the localized, high-resistivity
G.H.F. anomaly and the broader, more diffuse G.H.P. layer.

The final step in this study would be analyzing the resolution and reliability of the seismic
inversions involves examining the data density and ray coverage. Figure 13 presents density plots
showing the total number of seismic rays (from both traveltime and attenuation surveys) that have
traversed each cell of the unstructured mesh for the three synthetic cases. These plots confirm that
the survey design provides adequate and consistent illumination across the zones of interest for all
scenarios.

5. Conclusion

This study successfully demonstrated the utility of a structurally constrained multi-physics
inversion approach for accurately characterizing complex gas-hydrate reservoirs. By utilizing
high-resolution seismic models (V, and Q) to impose structural constraints on the more diffusive
electrical resistivity (p) model, the method was able to overcome the limitations of isotropic first-
order smoothness constrained regularization. The results across three distinct synthetic scenarios
— Fracture-Filling (G.H.F.), Pore-Filling (G.H.P.), and Composite —showed that sharp
boundaries and complex coexisting structures could be recovered with high fidelity, achieving
strong statistical convergence (y4 ~ 1 and rRMS error < 10%) in all cases. This methodology
offers a significant improvement in reservoir delineation, particularly for high-aspect-ratio features
that challenge conventional geophysical imaging.

Based on these findings, several avenues can be suggested for future related research to further
enhance reservoir characterization. Moving beyond structural constraints, future studies should
explore structurally coupled inversion or full joint inversion methods, such as cross-gradient or
petrophysical joint inversion, for a truly integrated resolution enhancement across all models.
Integrating empirical petrophysical and hydrogeophysical relations is essential. Future research
should focus on the development of secondary petrophysical models—such as porosity and water
saturation—to refine estimates of hydrate saturation. Additionally, integrating key reservoir
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parameters, including hydraulic permeability and seawater salinity, will be essential for advancing
the physical realism of reservoir simulations. The adoption of full-waveform inversion (FWI) in
seismic imaging is also recommended, given its capability to deliver higher-resolution velocity
models and more robust quantitative updates compared to conventional traveltime and amplitude
attenuation approaches. Consequently, FWI can yield more reliable structural constraints, which
may subsequently be applied to other geophysical properties (e.g., electrical resistivity) to enhance
resolution and delineate sharp lithological boundaries with greater confidence.
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620  Figure Captions

621

622 Fig. 1 Workflow of structurally constrained electromagnetic data inversion through cross-
623 borehole seismic and amplitude attenuation survey.

624
625
626
627

628

19



629
630
631
632
633
634
635
636

Fig. 2 Schematic representation of the three synthetic gas hydrate reservoir models used for cross-well
simulation. (a) Single Fracture-Filling Hydrate (G.H.F.); (b) Single Pore-Filling Hydrate (G.H.P.); and (c)
Composite scenario featuring both G.H.F. and G.H.P. (Depth range: 0-2000 m).

20



637
638
639
640

641
642
643

Fig. 3 Reference forward models for the Fracture-Filling Gas Hydrate (G.H.F.) scenario overlaid with fine
triangular mesh implemented in forward modeling. (a) P-Wave Velocity (V}), showing a high-velocity
anomaly; (b) Seismic Quality Factor (Q), highlighting the high amplitude attenuation (low Q) of the
fractured zone; and (c) Electrical Resistivity (p), illustrating the sharp, high-resistivity contrast.
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Fig. 4 Reference forward models for the Pore-Filling Gas Hydrate (G.H.P.) scenario overlaid with fine
triangular mesh implemented in forward modeling. (a) P-Wave Velocity (V}), showing a high-velocity
anomaly; (b) Seismic Quality Factor (Q), highlighting the high amplitude attenuation (low Q) of the
fractured zone; and (c) Electrical Resistivity (p), illustrating the sharp, high-resistivity contrast.
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Fig. 5 Reference forward models for the Composite (G.H.F. & G.H.P.) scenario overlaid with fine
triangular mesh implemented in forward modeling. (a) P-Wave Velocity (V}), showing a high-velocity
anomaly; (b) Seismic Quality Factor (Q), highlighting the high amplitude attenuation (low Q) of the
fractured zone; and (c) Electrical Resistivity (p), illustrating the sharp, high-resistivity contrast.
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Fig. 6 Multi-Physics Data, Predictions, and Misfits for the Fracture-Filling Hydrate (G.H.F.) Scenario. (a-
c¢) Seismic Travel Time Data (¢): Observed data (a), predicted data (b), and the absolute misfit (c) between
the observed and predicted travel times; (d-f) Seismic Amplitude Attenuation Data (In(A/Ao)): Observed
data (d), predicted data (f), and the absolute misfit (f) for the logarithm of the normalized amplitude ratio,
which is proportional to the total attenuation. (g-i) EM Diffusion Time Data (fgm): Observed data (g),
predicted data (h), and the relative misfit (i) for the square root of the geometrical diffusion time.
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Fig. 7 Inversion Results for the Fracture-Filling Hydrate (G.H.F.) Scenario. (a) P-Wave Velocity (V}):
Inversion result from seismic traveltime tomography, effectively delineating the high-velocity G.H.F.
zone and background layering; (b) Attenuation Factor (Q™'): Inversion result from seismic amplitude
attenuation tomography, showing the highly dissipative nature of the fracture zone; (c) Electrical
Resistivity (p): Primary Inversion Result from the electromagnetic geometrical diffusion time
tomography. This initial model was generated using a standard isotropic smoothness constraint and serves
as the starting point, along with the results from (a) and (b), for the subsequent structurally constrained
inversion.
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Fig. 8 Multi-Physics Data, Predictions, and Misfits for the Pore-Filling Hydrate (G.H.P.) Scenario. (a-c)
Seismic Travel Time Data (¢): Observed data (a), predicted data (b), and the absolute misfit (c) between
the observed and predicted travel times; (d-f) Seismic Amplitude Attenuation Data (In(A/Aq)): Observed
data (d), predicted data (f), and the absolute misfit (f) for the logarithm of the normalized amplitude ratio,
which is proportional to the total attenuation. (g-i) EM Diffusion Time Data (fgm): Observed data (g),
predicted data (h), and the relative misfit (i) of the geometrical diffusion time.
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Fig. 9 Inversion Results for the Pore-Filling Hydrate (G.H.P.) Scenario. (a) P-Wave Velocity (V,):
Inversion result from seismic traveltime tomography, effectively delineating the high-velocity G.H.F.
zone and background layering; (b) Attenuation Factor (Q™!): Inversion result from seismic amplitude

attenuation tomography, showing the highly dissipative nature of the pore zone; (c) Electrical Resistivity
(p): Primary Inversion Result from the electromagnetic geometrical diffusion time tomography. This
initial model was generated using a standard isotropic smoothness constraint and serves as the starting
point, along with the results from (a) and (b), for the subsequent structurally constrained inversion.
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Fig. 10 Multi-Physics Data, Predictions, and Misfits for the Composite Gas-Hydrate (G.H.F. & G.H.P.)
Scenario. (a-c) Seismic Travel Time Data (¢): Observed data (a), predicted data (b), and the absolute misfit
(c) between the observed and predicted travel times; (d-f) Seismic Amplitude Attenuation Data (In(A/Ao)):

Observed data (d), predicted data (f), and the absolute misfit (f) for the logarithm of the normalized
amplitude ratio, which is proportional to the total attenuation. (g-i) EM Diffusion Time Data (tem):
Observed data (g), predicted data (h), and the relative misfit (i) of the geometrical diffusion time.
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Fig. 11 Inversion Results for the Composite Gas-Hydrate (G.H.F. & G.H.P.) Scenario. (a) P-Wave
Velocity (V;): Inversion result from seismic traveltime tomography, effectively delineating the high-
velocity G.H.F. zone and background layering; (b) Attenuation Factor (Q™'): Inversion result from seismic
amplitude attenuation tomography, showing the highly dissipative nature of the pore zone; (c) Electrical
Resistivity (p): Primary Inversion Result from the electromagnetic geometrical diffusion time
tomography. This initial model was generated using a standard isotropic smoothness constraint and serves
as the starting point, along with the results from (a) and (b), for the subsequent structurally constrained
inversion.
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Fig. 12 Final Structurally Constrained Electrical Resistivity Inversion Results. (a) Fracture-Filling
Hydrate (G.H.F.), Final constrained p model, showing the recovery of the sharp boundaries and high-
resistivity contrast of the near-vertical fracture zone; (b) Pore-Filling Hydrate (G.H.P.), Final constrained
p model, accurately resolving the laterally extensive, moderate-to-high resistivity layer characteristic of
pore-filling saturation; (c) Composite Case (G.H.F. and G.H.P.), Final constrained p model, demonstrating
the method's ability to simultaneously delineate both the sharp, high-resistivity fracture and the broader,
more diffuse pore-filling layer.
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Fig. 13 Density plots showing the total number of seismic rays (from both traveltime and attenuation
surveys) that have traversed each cell of the unstructured mesh for the three synthetic reservoir cases; (a)
G.H.F. Case, Ray coverage plot demonstrating high resolution and intersecting coverage across the
central zone between the boreholes. (b) G.H.P. Case, Ray coverage plot detailing the data density across
the shallower, horizontally extensive target layer. (c) Composite Case, Ray coverage plot reflecting the
combined ray path density needed to image both the shallow pore-filling and the deeper fracture-filling
targets.
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Table Captions

Table. 1 Geophysical and Geological Properties of Fracture-Filling test reservoir.

Layer/Unit | Material | Thickness/Depth | P-Wave | Quality | Electrical Dip Volume
(m) Velocity | Factor | Resistivity Fraction
(m/s) ) (©2m)
Layer 1 Seawater 300 1500 500 0.3 - -
(0-300)
Layer 2 hemipelagic 1200 2100 150 1 - -
mud-rich (300-1500)
sediment
Layer 3 turbiditic 500 2250 100 3 - -
silty-sand (1500-2000)
Anomaly Fracture- 100 2350 80 30 Horizontal 0.6
filling (900-1000) fractures
massive <20°
Gas
Hydrate
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Table. 2 Geophysical and Geological Properties of Pore-Filling test reservoir.

Layer/Unit | Material | Thickness/Depth | P-Wave | Quality | Electrical Dip Volume
(m) Velocity | Factor | Resistivity Fraction
(m/s) ) (Qm)
Layer 1 Seawater 300 1500 500 0.3 - -
(0-300)
Layer 2 hemipelagic 1200 2150 180 1.5 - -
mud-rich (300-1500)
sediment
Layer 3 turbiditic 500 2200 80 2 - -
silty-sand (1500-2000)
Anomaly Hydrate- 100 2300 60 15 - 0.4
bearing (800-900)
Silty-Sand
(Pore-
filling)
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Table. 3 Geophysical and Geological Properties of Composite test reservoir.

Layer/Unit | Material | Thickness/Depth | P-Wave | Quality | Electrical Dip Volume
(m) Velocity | Factor | Resistivity Fraction
(m/s) Q) (Qm)
Layer 1 Seawater 300 1500 500 0.3 - -
(0-300)
Layer 2 hemipelagic 1200 2225 250 2.5 - -
mud-rich (300-1500)
sediment
Layer 3 turbiditic 500 2300 80 4 - -
silty-sand (1500-2000)
Anomaly 1 Hydrate- 100 2700 100 40 - 0.5
bearing (800-900)
Silty-Sand
Anomaly 2 Fracture- 100 2600 120 50 Horizontal 0.7
filling (1300-1400) fractures
massive <20°
Gas
Hydrate
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