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Abstract: We investigate the feasibility of electromagnetic (EM) geophysics methods to detect the
dissociation of gas hydrate specifically from a gas hydrate deposit located in the Ulleung Basin, East
Sea, Korea via an integrated flow-geomechanics-EM geophysics simulation. To this end, coupled flow
and geomechanics simulation is first performed with the multiple porosity model employed, where a
mixed formulation with the finite volume (FV) and finite element (FE) methods are taken for the flow
and geomechanics, respectively. From the saturation and porosity fields obtained from the coupled
flow and geomechanics, the electrical conductivity model is established for the EM simulation.
Solving the partial differential equation of electrical diffusion which is linearized using the 3D finite
element method (FEM), the EM fields are then computed. For numerical experiments, particularly
two approaches in the configuration for the EM methods are compared in this contribution: the surface-
to-surface and the surface-to-borehole methods. When the surface-to-surface EM method is employed,
the EM is found to be less sensitive, implying low detectability. Especially for the short term of
production, the low detectability is attributed to the similarity of electrical resistivity between the
dissociated gas (CH4) and hydrate as well as the specific dissociation pattern within the intercalated
composites of the field. On the other hand, when the surface-to-borehole EM method is employed, its
sensitivity to capture the produced gas flow is improved, confirming its detectability in monitoring
gas flow. Hence, the EM geophysics simulation integrated with coupled flow and geomechanics can
be a potential tool for monitoring gas hydrate deposits.

Keywords: electromagnetic geophysics; coupled flow and geomechanics; gas hydrate deposits;
depressurization; Ulleung Basin

1. Introduction

Gas hydrates are one of the important future energy resources such that a vast amount
of natural gas is trapped inside its specific structure and can be produced through its disso-
ciation. Several methods to dissociate and produce gas from the hydrates were proposed in
the literature and experiments including the depressurization and thermal stimulation [1,2].
Recently, various depressurization strategies have been investigated aiming at the improved
geomechanical/wellbore stability while maintaining the productivity [3]. Because the
hydrates are buried mostly in the unconsolidated sands distributed in the deep sea or
permafrost regions over the globe, precise monitoring schemes for the gas hydrate deposits
in terms of both the fluid flow and the geomechanical responses accompanied during the
dissociation process cannot be stressed enough to enhance the productivity and safety.
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For monitoring and characterizing the subsurface flow with more accuracy, the elec-
tromagnetic (EM) methods have recently been applied to geophysics and spotlighted [4,5].
Through the EM survey, it is known that the change of various physical quantities such
as temperature and permittivity, i.e., electric polarizability, can potentially be detected
through wave inversion or the joint inversion with the seismic data (i.e., spatio-temporal
data inversion problem) and by generating electrical resistivity tomography (ERT) [6–8].
Particularly for the gas hydrate exploration, dense hydrates are found to have direct rela-
tions to the amount of electrical resistivity [9–11]. Moreover, the EM geophysical method
has the potential to complement the (micro-)seismic methods to detect subsurface geometry
or dynamics (e.g., fracture propagation) [12], because they are highly sensitive to fluids in
pores and fractures and can provide independent information about fluid flow coupled
with geomechanics [13,14].

The objective of this study is to investigate the feasibility of the EM method focusing
on the detectability of the fluid flow, i.e., the flow of dissociated methane from the gas
hydrate. To this end, we apply an integrated flow-geomechanics-EM geophysics simu-
lation to a specific gas hydrate deposit, located near the site of UBGH2-6 in the Ulleung
Basin, East Sea, Korea [3,15,16]. For coupled flow-geomechanical simulation first, depres-
surization induces the dissociation of hydrates, which results in the flow of fluids (gas
and water) in the quasi-static state assumed. The multiple porosity (MP) model [3,17]
is employed to reduce the high computational costs for the field-wide simulation, espe-
cially for the geomechanics calculation of a vertically heterogeneous deposit with a very
thin and intercalated reservoir compared to the overburden. Several simulators exist for
coupled flow and geomechanics simulation, especially for the gas hydrates which are
either based on the kinetic and equilibrium model, such as MH21 [18], STOMP-HYD-
KE [19], or TOUGH+HYDRATE [20]. In this study, we use T+MAM, which is recently
developed and validated with multiscale experiments [21]. The T+MAM simulator consists
of TOUGH+HYDRATE and ROCMECH [22], which are flow and geomechanics simulators,
respectively, for which a mixed formulation—the finite volume (FV) and finite element (FE)
methods for fluid and geomechanics, respectively—is taken [23]. In addition, the exact
formulation of axisymmetry using the cylindrical coordinate is applied for coupled flow
and geomechanics to enhance the accuracy. For the two-way coupling of geomechanics and
fluid with heat flow, we employ the fixed-stress sequential method [17,24] for the MP sys-
tem, and the coupling between fluid flow and geomechanics can be rigorously performed.
The porosity-dependent permeability model, based on a function of ice/hydrate saturation
within pore space, is also applied.

Regarding the EM simulation that follows, we employ the diffusion model [14,25]
to calculate the electric field. Hydrological and petrophysical parameters (i.e., change in
saturations of fluids and in pore volume while gas is extracted from the hydrates) com-
puted by the coupled flow-geomechanical simulation are first transformed into electrical
conductivity via Archie’s law based on the rock physics model. With the results of electrical
conductivity, the diffusive EM field is then obtained through the EM simulation. For the
EM simulation, the 3D Cartesian domain is employed, which is converted from the 2D ax-
isymmetric domain for coupled flow and geomechanics. Specifically, the 3D finite element
method (FEM) [13,25–27] with the tetrahedral unstructured grids are used to accurately
handle irregular gas hydrate plume not conforming to rectangular Cartesian grids. In
this study, two configurations for the EM method are compared: the surface-to-surface and
the surface-to-borehole methods. Numerical experiments with a series of time-lapsed data
obtained from the 3D integrated flow-geomechanics-EM simulation then substantiate the
feasibility of the EM method to detect the dissociation of gas hydrate, i.e., the gas flow.
When the marine surface-to-surface EM method is employed, the EM is found to be less
sensitive particularly for the short term of production, because of the specific dissociation
pattern within the intercalated composites shown in the field as well as the similarity of
electrical resistivity between dissociated methane (CH4) and hydrate. Meanwhile, the
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surface-to-borehole EM method is found to be more sensitive and can successfully be applied
to detect the gas flow dissociated from hydrates.

This study demonstrates that we can simulate the gas production from the hydrate
deposits in two separate spatial scales using the integrated flow-geomechanics-EM geo-
physics simulation. From coupled flow and geomechanics simulation, surface deformation
and pressure can be highlighted, particularly such responses "around" the well [28,29],
whereas through the EM method, we simulate EM fields over a larger volume of gas
hydrate deposit to monitor reservoir-scale changes. These different length scales can be
complementary to each other for more precise characterization of the gas flow. The pro-
posed EM methods can also further be expanded in various forms to estimate the bulk
amount of gas extraction/production from the gas hydrate deposits as well as evaluate any
unfavorable potential leak of methane during production. It is a promising tool that can be
applied to other subsurface flow monitoring (e.g., the CO2 geological storage [30,31]) with
an appropriate rock physics model.

2. Mathematical Formulations

In this section, the mathematical formulations for the integrated flow-geomechanics-
EM geophysics simulation are presented. In order to model the natural gas production
from gas hydrate deposits via depressurization methodology, the governing equations
for coupled flow and geomechanics are explained first in Section 2.1. In Section 2.2, we
present the constitutive relations of the MP model employed in this study. Subsequently,
the governing equation for EM geophysics and electrical conductivity model chosen for the
study are explained in Section 2.3. Lastly, in Section 2.4, the dynamic permeability model
relating to the dynamic porosity is briefly explained.

2.1. Governing Equations for Coupled Flow and Geomechanics

Gas hydrates can be dissociated via several methods, including representative ther-
mal stimulation or depressurization. For example, the depressurization makes pressure
drop below the equilibrium pressure curve, which can induce the hydrate dissociation.
Meanwhile, the dilation of the geomaterials can be induced by thermal stimulation. With
the direct thermal expansion, fluid pressure can be increased and the effective stress can
be decreased. We rely on the poromechanics theory [32] for fully coupled flow and the
geomechanics model to precisely compute and characterize the production and response of
gas hydrate deposits.

Governing equation for geomechanics is based on the momentum balance following
the quasi-static assumption,

Div σ + ρbg = 0, (1)

where ρb is the bulk density, σ is the total stress tensor, and g is the gravity vector. Note that
Div is the divergence operator. The small strain theory and infinitesimal transformation
allow us to obtain the engineering strain tensor ε, i.e., the symmetric gradient of the
displacement vector u,

ε =
1
2
(Grad u + (Grad u)T), (2)

where Grad is the gradient operator and T is the transpose operator.
Meanwhile, the fluid flow has its governing equation from the mass balance [20]:

d
dt

∫
Ω

mk dΩ +
∫

Γ
f k · n dΓ =

∫
Ω

qk dΩ, (3)

where mk, f k, and qk are its mass, flux, and source terms, respectively, and the superscript
k denotes the fluid component. With its boundary is Γ and n is the outward normal vector
to the boundary, we have Ω denoting the mathematical domain. Additionally, a physical
quantity can change, which is relative to the motion of the solid skeleton, and we take
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the time derivative, denoted with d(·)/dt. The mass of the component k within a porous
medium is expressed as

mk = ∑
J=A,G,H,I

φSJρJ Xk
J , k ≡ w, m (4)

where φ is the true porosity, i.e., the ratio of the pore volume to the bulk volume in
the current configuration. Note that only two components are considered for mass in
this study: water, H2O (k = w) and methane, CH4 (k = m). Four possible cases of
these two components for fluid phase J are aqueous (J = A), gaseous (J = G), hydrate
(J = H), and ice (J = I). Xk

J , ρJ , and SJ are then the mass fraction of component k in phase
J, density of phase J, and saturation in phase J, respectively. In this study, we consider the
hydrate just as one possible phase among the CH4·H2O system. The mass flux term f k

given in Equation (3) is
f k = ∑

J=A,G
(wk

J + Jk
J), (5)

where Jk
J and wk

J are the diffusive and convective terms, respectively, for component k in
phase J. The diffusive flow is based on the mass fraction of component k expressed as

Jk
J = −φSJτGDk

J ρJ Grad Xk
J , (6)

where Grad is the gradient operator, Dk
J and τG are the hydrodynamic dispersion coefficient

and gas tortuosity, respectively. Depending on the fluid phase, two equations are for
describing the convective flow, and for the aqueous phase, wk

A is given by the Darcy’s law:

wk
A = Xk

AwA, wA = −ρAkrA
µA

k(Grad pA − ρAg), (7)

where k is the absolute permeability tensor and µA, krA, and pA are the viscosity, relative
permeability, and pressure of the aqueous phase, respectively. For the gaseous phase, wk

G is
written

wk
G = Xk

GwG, wG = −(1 + kK
pG

)
ρGkrG

µG
k(Grad pG − ρGg), (8)

where µG, krG, and pG are the viscosity, relative permeability, and pressure of the gaseous
phase; moreover, kK is the gaseous phase of the Klinkenberg factor, respectively.

Meanwhile, the governing equation for heat or energy can be established from the
energy balance [20]:

d
dt

∫
Ω

mθ dΩ +
∫

Γ
f θ · n dΓ =

∫
Ω

qθ dΩ, (9)

where the superscript θ denotes the heat component; thus, mθ , f θ , and qθ are heat, flux, and
source terms, respectively. Especially, mθ , i.e., the heat accumulation term, is based on:

mθ = (1− φ)
∫ T

T0

ρRCR dT + ∑
J=A,G,H,I

φSJρJeJ , (10)

where ρR, CR are the density and heat capacity of the porous medium with subscript R,
and T and T0 are temperature and reference temperature, respectively. The specific internal
energy for phase J is eJ , which is calculated based on the sum of all components:

eJ = ∑
k=w,m

Xk
J ek

J . (11)

The heat flux is
f θ = −Kθ Grad T + ∑

J=A,G
hJwθ

J , (12)



Energies 2022, 15, 3823 5 of 22

where Kθ is the composite thermal conductivity of the porous medium. In addition, wθ
J is

the heat convection for phase J and hJ is the enthalpy in phase J expressed as the sum of all
components:

hJ = ∑
k=w,m

Xk
J hk

J . (13)

2.2. Multiple Porosity (MP) Materials and Constitutive Relations

We consider an MP material and its constitutive relations by restating those in [3,17].
In the coupled system of heat-flow and geomechanics, total stress σ and fluid mass ml,J
are in relations having functions of the fluid pressure pl,J , temperature Tl , and total strain
ε. Here, the super/subscript l denotes each material consisting of multiple porosity as a
subelement, with the fluid phase denoted with subscript J. We also employ the equivalent
pore-pressure (pE) for the MP material , which is introduced first with the assumption of
capillarity, defined as

pl
E = p̄l −Ul , (14)

where p̄l is the average pore-pressure, i.e., p̄l = Sl,J pl,J , and Ul is the surface (interfacial)
energy of the material. The interfacial energy for material Ul can be defined using the
incremental form

δUl = pl,JδSl,J . (15)

Note that the equivalent pore-pressure is known for yielding a well-posed problem
that is thermodynamically consistent and numerically stable even in the strong capillarity.
On the contrary, the average pore-pressure p̄l may not guarantee a well-posed problem;
thus, it can cause numerical instability [33].

In this study, we consider the one-way coupling between the heat and geomechanics,
that is, from heat flow to geomechanics only; thus, the heat flow and geomechanics are
decoupled mathematically. The total entropy S̄l is balanced in terms of mJ , Tl , pl,J , and σ.

2.2.1. MP Materials and Geomechanics Constitutive Relation

For the MP materials, the constitutive relations of geomechanics in elastoplasticity are
written

δσ = Cup : (ε− εp)︸ ︷︷ ︸
εe︸ ︷︷ ︸

δσ′

−∑
l,J

b∗l,Jδpl,J1−∑
l

b̃∗l δTl1, (16)

δκ = −H · δξ, (17)

where δ implies a variation relative to the motion of the solid skeleton. σ′ is the effective
stress and 1 the identity tensors, both of which are the rank-2 tensor. ε, εp, and εe are also
the rank-2 tensors for linearized total strain, plastic strain, and elastic strain, respectively.

For the MP, b∗l,J = −KdrblSl,J is the coupling coefficient and bl = −
αlηl
Kl

where Kl is the

bulk modulus of material l and ηl is the material l’s volume fraction. αl = 1− Kl
Ks,l

is the

Biot coefficient for material l, and Ks,l is the intrinsic solid grain bulk modulus for material

l. In addition, we have the drained isothermal bulk modulus Kdr from
1

Kdr
= ∑l

ηl
Kl

. For

the thermal coupling coefficient, b̃∗l = −Kdr b̃l , where b̃l = −3αl
Tηl and αl

T is the thermal
dilation for phase J. According to Kim et al. [17], the effective stress of the MP at a gridblock
consisting of the multiple materials is

δσ′ = ∑
l

ηlδσ′l , δσ′l = Cl : δεl , δεl =
Kdr
Kl

δε, (18)
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where Cl is the isothermal drained elasticity tensor, and σ′l and εl are the local total effective
stress and strain at each subelement, i.e., for material l, respectively. We then introduce an
upscaled drained elasticity tensor for a gridblock:

Cup = Kdr ∑
l

ηl
Kl

Cl . (19)

Equation (17) is for the hardening relation, where κ and ξ are the stress-like and strain-
like plastic internal variables, respectively. The hardening modulus H is a symmetric and
positive definite tensor.

2.2.2. MP Materials and Flow and Heat Constitutive Relations

For the same MP materials, we address the constitutive relation for flow and heat:(
δml,J

ρJ

)
= b∗l,Jδεv + ∑

m,I
L−1

l,J,m,Iδpm,I + d̄l,JδTl , (20)

δS̄l = ∑
J

s̄l,JδmJ + γl
ηl
Kl

δσl
v + ∑

J
d̄l,Jδpl,J +

ηl
Kl

γl

B̃l
δTl , (21)

where L−1
l,J,m,I represents a modulus matrix that is similar to the Biot modulus matrix for the

MP model. As an example for the dual porosity model of the matrix (M) and the fracture
(F), the inverse of the matrix (i.e., L−1) is expressed

L−1 =

[
ηM N M 0

0 ηF NF

]
, (22)

where N =
{

NJK
}

is the inverse of the Biot moduli M =
{

MJK
}

(i.e., N = M−1) and M and
N are the symmetric and positively definite second-order tensors. d̄l,J are the diagonal terms
in the coupling matrix between fluid flow and heat transfer, that is, d̄l,J = 3αl

Tαl,J − 3αl
n,J

is satisfied regardless of geomechanics [17]. Note that αl,J = SJαl and αn,J denotes the
coupling coefficient between phase pressure and temperature in the equation of state; thus,
αn,J = αφ + φαJ is satisfied, and αφ and αJ are the thermal dilation coefficients related to
porosity and fluid phase J, respectively.

As aforementioned, the total entropy variation δS̄l is then balanced in terms of the
variations of the following: mJ , Tl , pl,J , and σ. In Equation (21), s̄l,J is the internal entropy
for material l per unit mass of phase J, i.e., the specific entropy of phase J for the material.

We note that
γl

B̃l
= Kl

Cl
is

Tl
, where Cl

is is the volumetric heat capacity at constant stress [34],

and Cl
is = Cl

d + 9(αl
T)

2KlTl , where Cd is the total volumetric heat capacity; it satisfies
Cd = C + mJCp,J , where C is the volumetric heat capacity of solid skeleton, and Cp,J is the
volumetric specific heat capacity at constant pressure for phase J.

For Equation (21), note also that the volumetric strain term derived from γl
ηl
Kl

δσl
v (σl

v is

the mean stress of material l) is negligible because the heat source induced by deformation
is trivial considering the typical large heat capacity of rock. However, the heat can induce
volume change as expressed in Equations (1) and (3); thus, the “one-way” coupling is
still valid between heat and geomechanics, i.e., from heat to geomechanics only. It is then
required to calculate the variation of the Lagrangian porosity for material l, i.e., the ratio of
the material pore volume in the deformed (current) configuration to the bulk volume in the
reference (initial) configuration, for the flow simulation in each material l of the MP system,
and which is based on [17]:

δΦl =

(
α2

l
Kl

+
αl −Φl

Ks,l

)
∑

J=A,G

SJ

SF
δpl,J −

bl
ηl

δσl
v + 3αl

TαlδTl , (23)
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where SF = SA + SG, i.e., J = F indicates all of the fluid phases involved in the system.
We note that the last term in Equation (23) implies the one-way coupling from heat to
geomechanics. Thus, a coupled system between fluid flow and geomechanics is established
through Equations (16) and (23).

2.3. Governing Equations for Electromagnetic Geophysics

In this section, we introduce the governing equation and the electrical conductivity
model chosen for the EM geophysics simulation in this study.

2.3.1. Electromagnetic Methods

The vector diffusion equation for the electric fields in the frequency domain is given as

1
µo,em

Curl Curl e(r) + ĵωσeme(r) + ĵωJs,em = 0, (24)

where e(r) is the electric field at position r and Js,em is an electrical dipole source term.
(·)em denotes the EM to avoid any confusion from denoting variables of the same Greek
letters from the flow and geomechanics and Curl is the curl operator. σem(r) is electrical
conductivity, ω is an angular frequency, and µo,em is the magnetic permeability which is
assumed to be constant in this work and set to 4π × 10−7 H/m.

Numerical solutions to Equation (24) have been extensively examined in past
decades [35,36]. In this work, we numerically solve this partial differential equation (PDE)
using the Galerkin’s method with edge basis functions [37]. An earth model is discretized
using a tetrahedral meshing algorithm: TetGen [38]. The resulting sparse matrix equation
is solved for the electric fields using a parallel direct solver: MUMPS [39]. Once the electric
fields are determined on all edges of the tetrahedral meshes, the magnetic fields at an
arbitrary point are determined using Faraday’s law. For more details, we refer the reader to
the references above.

2.3.2. Electrical Conductivity Model

For realistic geophysical monitoring analysis, geophysical property models are often
derived from reservoir models that provide the information about porosity, gas and fluid
saturation, temperature, and others. In this work, our coupled flow and geomechanics
simulator provides a set of time-lapsed GH models that are converted to a set of electrical
conductivity models using Archie’s law [40]:

Ct =
1
τ

CwΦmSn
w, (25)

where Ct is a bulk electrical conductivity, having the unit of 1/(Ohm-meter) or S/m. τ is
the tortuosity factor, Cw is the electrical conductivity of the pore fluid, Φ is the porosity, and
the exponents of m and n are the cementation and saturation factors [41,42], respectively.

2.4. Porosity-Dependent Permeability

Dynamic porosity was proposed by Moridis et al. [20], and a porosity-dependent
permeability model employed in this study is:

k = k0 exp
[

γ1

(
Φ
Φ0
− 1
)](

Φa −Φc

Φ0 −Φc

)γ2

, Φa = Φ(SA + SG), (26)

where γ1 and γ2 are model parameters that are experimentally determined. Note that Φ0 is
the initial or reference porosity, whereas Φc is the critical porosity at which the permeability
is reduced to zero practically.
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3. Numerical Methods

Numerical methods chosen for the integrated flow-geomechanics-EM geophysics
simulation are briefly introduced. For the heavy nonlinearities that may occur not only in
the coupled flow and geomechanics but also in the EM geophysics simulations, the Newton
method is employed in each problem for convergence within a timestep.

3.1. Coupled Flow and Geomechanics
3.1.1. Spatial and Temporal Discretizations

In this study, we employ the finite volume method (FVM) and the finite element
method (FEM) for non-isothermal multiphase multicomponent fluid/heat flow and ge-
omechanics for their spatial discretizations, respectively. For spatial discretizations, this
pair is known for yielding better numerical stability in space [23] compared to the same
order of FEM for both flow and geomechanics. Furthermore, it is practical because the FEM
is widely adopted in the geotechnical engineering community and the FVM is chosen for
most reservoir simulators. We employ the backward Euler method for time discretization,
which is also widely used for reservoir simulation [43].

3.1.2. Fixed-Stress Sequential Method

We use a sequential method called the fixed-stress method, which is unconditionally
stable and convergent [17,24], to solve the non-isothermal flow problem. The fixed-stress se-
quential method implicitly solves the flow problem first by fixing the rate of total stress with
the variation of the strain and displacement fields allowed. It then solves the geomechanics
problem implicitly based on the intermediate solution from the previous non-isothermal
flow problem until reaching the convergence.

The fixed-stress method is modified for the MP model as in the previous study [3,17]
to solve coupled flow and geomechanics [28]. Equation (23) with the Lagrange porosity
function and its correction is then linearized as

Φl
n+1 −Φl

n + ∆Φl =

{
α2

l
Kl

+
αl −Φn

l
Ks

}
︸ ︷︷ ︸

Φn
l cp

∑
J=A,G

Sn+1
J

Sn+1
F

(
pn+1

l,J − pn
l,J

)
+ 3αl

Tαl

(
Tn+1

l − Tn
l

)
, (27)

∆Φl =
bl
ηl
(σl,n

v − σl,n−1
v ), (28)

where cp is the pore compressibility for the uncoupled flow simulation, and the superscript
n indicates the time level. Note the porosity correction term, ∆Φl , can correct the incon-
sistency (i.e., the porosity difference) between the uncoupled flow problem with the pore
compressibility and the geomechanics with the strain.

3.2. Electrical and EM Geophysical Modeling

We employ the finite element formulation [25] for solving the electric-field diffusion
equation (see Equation (24)). For the time disretization, the backward Euler method is
also employed. The resulting linearized system is then symmetric and positive definite,
which can be efficiently solved using an adaptive time-stepping algorithm with a Cholesky
factorization [44,45]. Once the potential, i.e., φem(r), at each node is determined, the electric
field, i.e., e, is calculated by dividing potential difference by their distance between two
adjacent nodes. Note that any inversion of the electrical field is not considered in this study.

4. Numerical Experiments

In this section, numerical experiments are conducted using the integrated flow-
geomechanics-EM geophysics simulation aiming at a specific heterogeneous layered gas
hydrate deposit, located near the site UBGH2-6, the Ulleung Basin, East Sea, Korea. The
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schematic flow chart of the integrated simulation proposed in this study is depicted in
Figure 1.

Figure 1. Flow chart for the integrated coupled flow-geomechanics-EM geophysics simulation.

Regarding coupled flow and geomechanics for the field-wide simulation first, we use,
respectively, the TOUGH+HYDRATE simulator [20] and the ROCMECH [22], which is an in-
house simulator. For the two-way coupling between the fluid with heat and geomechanics,
we employ the aforementioned fixed-stress sequential method—the unconditionally stable
and convergent sequential method [24]—to overcome the stability issues that may occur
for a sequential method depending on the coupling strength. To avoid further spurious
numerical instability in space at the early time of simulation, the mixed formulation,
i.e., the FEM for geomechanics and the FVM for fluid flow are employed for their space
discretizations. The implicit–implicit Euler method is applied for time discretization.
For the elastoplastic regime in the geomechanics, we employ the Mohr–Coulomb failure
model for the elastoplasticity regime in the ROCMECH within the small deformation
theory and the infinitesimal transformation. By coding the interface formulation using
Equation (28), we can then capture the changes in reservoir pressure due to compaction of
the reservoirs, such as the Mandel–Cryer effect [28,46]. Note that the heat and geomechanics
are loosely coupled with the one-way coupling, for which from heat to geomechanics only
is considered. The effects on the heat flow from geomechanics can be accounted for
through the changes in the fluid flow. Note also that the MP model [3,17] is applied,
which is straightforward due to the sequentially coupled system and particularly to the
ROCMECH’s in-house property. Specifically for the MP model in this study, the MP4 model
is used following the work in [3]. For the detailed descriptions of the MP model, we refer
the readers to [3].

Figure 2 illustrates the numerical domains for the coupled flow-geomechanical and
the EM geophysics simulations: the 2D axisymmetric and the 3D Cartesian domains, re-
spectively. To compute the stress and deformation precisely, particularly near the wellbore,
the exact 2D axisymmetric formulation for geomechanics is applied with the cylindrical co-
ordinate system for momentum balance. For the EM simulation, this cylindrical coordinate
system with the radius (r) from the z-axis is converted to the x and y based on the relation,
i.e., r2 = x2 + y2. Through the EM simulation in the 3D Cartesian domain, the diffusive
EM field is then obtained using the diffusion model (Equation (24)) for the electric field.
Note that we employ the 3D finite element method (FEM) [25,26,37] with unstructured
tetrahedral grids to accurately handle irregular gas hydrate plume not conforming to
rectangular Cartesian grids.

Numerical output from the coupled flow-geomechanical simulation while CH4 is
extracted from the hydrates is the input for the rock physics model, for which Archie’s law
is employed in this study (see Figure 1). Hydrological and petrophysical parameters, i.e.,
changes of aqueous phase saturation and porosity, are then transformed into the electrical
conductivity model.
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Figure 2. Numerical domains for the integrated coupled flow-geomechanics-EM simulation: (left)
2D axisymmetric domain with quadrilateral meshes for coupled flow and geomechanics and (right)
3D Cartesian domain with tetrahedral meshes converted for the EM simulation.

4.1. Gas Hydrate Deposit Located near the Site of the UBGH2-6 in the Ulleung Basin

For the applicability of electromagnetic (EM) geophysics methods in the field-wise
simulation, a gas hydrate deposit located near the site UBGH2-6 in the Ulleung Basin is
chosen following the previous study [3]. As shown in Figures 3 and 4, the site UBGH2-6
is near the sea floor at approximately 140 mbsf under the East Sea, South Korea. Having
a significant overburden in the deep sea with the water depth of about 2.1 km, the thick-
ness of hydrate reservoir under study is relatively thin such that the producing interval
is from 140 mbsf to 153 mbsf (13 m). Moreover, it is even heterogeneous, intercalated
with alternating hydrate-bearing sand and mud layers. This model is from the UBGH2
expedition [47–50], and the parameters were estimated from the logging and core data
obtained in the expedition.

Figure 3. The UBGH2-6 site for gas hydrate reservoirs in the Ulleung Basin, East Sea, Korea [3].
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Figure 4. (left) A schematic geological layer information of the hydrate deposit (the reservoir region
with intercalated layers colored in red) in between the overburden and underburden muds, and
(right) the numerical domain used for simulation as in [3].

We confine the heterogeneity of the hydrate reservoir to the vertical one with interca-
lated layers of two types of deposit: sand and mud. These two deposits are assumed to
have different permeabilities and geomechanical moduli as geological porous media; values
of which can change based on the hydrate saturation (SH) from zero to unity. Particularly,
the geomechanical properties can be critically dependent on hydrate saturation [51–54].
Extending the previous study for the hydrate deposits in Mallik (Canada) and Mount Elbert,
which were from the experimental results of Masui et al. [51,52] and involved a numerical
simulation [55], we follow the power law relation between the drained bulk/shear moduli
and hydrate saturation, written

Kdr(SS) = Kdr(SS = 0) + (Kdr(SS = 1)− Kdr(SS = 0))× Snk
S , SS = SI + SH , (29)

Gdr(SS) = Gdr(SS = 0) + (Gdr(SS = 1)− Gdr(SS = 0))× S
ng
S , (30)

where nk and ng are the exponents for material characterization, which are assumed to
be unity in this study. Kdr and Gdr are the drained bulk modulus and the drained shear
modulus, respectively, and SS is the saturation of solid phase consisting of the hydrate
saturation (SH) and the ice saturation (SI).

Table 1 lists the main parameters of flow and geomechanics purely following the
work in [3,15], which is not based on any direct measurement but based on a suitable
estimate. The overall deposit that includes hydrate-bearing sand layers is simplified into
four layers: overburden (Mud), (hydrate-bearing) sand interlayer (SS), mud interlayer
(Mud), and underburden (Mud) (see Figure 4). Geomechanical properties, Kdr and Gdr,
follow Equations (29) and (30), respectively. k denotes the isotropic permeability value
and Φ0 indicates the initial porosity. Within the sand layer, having its initial porosity of
Φ0 = 0.45, we set the initial hydrate saturation buried identical to 0.65 (i.e., SH0 = 0.65). For
the rest of the pore space, it is fully saturated with the aqueous phase.

Table 1. Material properties for flow and geomechanics in each type of layer for the simulation.

Layers
Kdr [MPa] Gdr [MPa] k [mD] Φ0

SH = 0.0 SH = 1.0 SH = 0.0 SH = 1.0 SH = 0.0 -

Overburden 15.55 285.0 5.185 99.75 0.02 0.76
Sand interlayer 27.0 933.33 16.0 560.0 500.0 0.45
Mud interlayer 20.0 285.0 6.667 99.75 0.14 0.67
Underburden 22.0 285.0 7.407 99.75 0.02 0.63

The computational domain for coupled flow and geomechanics simulation is two-
dimentional (2D) axisymmetric. It has the size of 250 m × 220 m in the r- and z-directions,
respectively, containing gridblocks of irregular size (160 × 140). Gas production via
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depressurization is then simulated from a vertical well with a BHP gauge assumed (colored
in orange and purple, respectively, in Figure 4). In Figure 4, the intercalated layers of the
reservoir correspond to the black-colored region, which is due to the extremely refined
gridblocks for the reservoir with hydrate zones approaching the vertical well. Employing
the MP4 model for the geomechanics following the work of [3], four vertical subelements
construct one gridblock in the geomechanics, and it has 35 layers in the z-direction; thus,
each layer has four sublayers (subelements) inside. Meanwhile, the original system of
140 gridblocks in the z-direction is still applied to the flow problem with the simulator
TOUGH+HYDRATE. The initial pressures at the top (20 mbsf) and bottom (240 mbsf)
are 23.1 MPa and 24.59 MPa, respectively, for which we follow the sign convention for
stress such that tensile stress is positive. Considering the equilibrium state, the initial
axial and radial stresses are then −23.1 MPa and −3.47 MPa, respectively, distributed
vertically with the gradients of −25.0 kPa/m and −3.47 kPa/m. The initial temperatures
are set also at the top and bottom as 6.366 ◦C and 25.480 ◦C, respectively. For the coupled
flow and geomechanics numerical simulation, we apply a constant BHP of 9 MPa for
the depressurization for 154 days of the production period. Regarding the boundary
conditions, for the flow, we have no flow (Neumann type) boundary conditions over the
entire boundary, whereas for the geomechanics, we have no displacement (Dirichlet type)
condition, which is normal to each boundary except the top boundary where we have a
traction (Neumann type) boundary condition.

4.2. Evolution of Field Variables

Upon the information for the reservoir near the site UBGH2-6 and for the simulation
of coupled fluid flow and geomechanics in Section 4.1, we first compare the evolution
of porosity and saturation from their initial states after gas production for 100 days and
154 days. The initial state for saturation demonstrates that the fluid initially consists of the
aqueous phase only, and the rest is filled with the solid phase of hydrates, i.e., SH0= 0.65
and SA0=0.35 inside the hydrate-bearing sand with the initial porosity of Φ0 = 0.45.

Figures 5–7 illustrate the distributions of (a) porosity, (b) gas saturation, (c) water
saturation, and (d) hydrate saturation at the initial time, after 100 days and after 154 days of
production, respectively. Simply for comparison purposes, relatively short periods of time
are chosen between Figures 6 and 7. The employed MP4 model is confirmed to yield reliable
results for the evolution of field variables with high computational efficiency and without
any numerical instability. In porosity and saturation, distinctive results are obtained in the
four hydrate-bearing sand layers where hydrate dissociations occur. As depressurization
proceeds along with the gas production, compaction of both the hydrate and mud layers
occurs severely, especially right next to the BHP gauge (see each (a) in Figures 5–7), and
gas saturation increases due to hydrate dissociation while hydrate saturation decreases.
Small changes in saturation are found between (b) after 100 days and (c) after 154 days of
production, which is due to a relative short time interval.

Figure 8 demonstrates the pressure and temperature distributions after 154 days of
production. From temperature, the endothermic reaction is confirmed, along with the
dissociation of gas hydrates as shown in each (c) in Figures 5–7.

Figure 9 depicts gas (Sg) and hydrate (SH) saturations in the converted 3D coordinate
system (see Figure 2) within the 22nd layer (i.e., the first hydrate zone layer or SS in Figure 4)
at the depth of 140.1 m, whereas Figure 10 is for the same at the 29th layer (i.e., the first mud
zone layer or mud in Figure 4) at the depth of 141.5 m. In each figure, (a) after 100 days
and (b) after 154 days are presented. In the mud, saturations of gas and hydrate are close to
zero, whereas in the SS, we assume that hydrates are dissociated into the gas phase. We
note that the overall saturation pattern between gas and hydrate are similar through the
dissociations, which can deteriorate the sensitivity in calculation of the electrical resistivity
field (see Section 4.3).
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Figure 5. Porosity and saturations of gas, water, and hydrate on day 0 (the initial state).

Figure 6. Porosity and saturations of gas, water, and hydrate after 100 days.
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Figure 7. Porosity and saturations of gas, water, and hydrate after 154 days.

Figure 8. Pressure and temperature distributions after 154-days of production.

(a) 100-days: (left) gas and (right) hydrate saturations

Figure 9. Cont.
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(b) 154 days: (left) gas and (right) hydrate saturations

Figure 9. Gas and hydrate saturations in the converted 3D Cartesian domain at the 22nd layer within
the SS: (a) after 100 days and (b) after 154 days. The origin is where the wellbore is located.

(a) 100-days: (left) gas and (right) hydrate saturations

(b) 154-days: (left) gas and (right) hydrate saturations

Figure 10. Gas and hydrate saturations in the converted 3D Cartesian domain at the 29th layer within
the mud: (a) after 100 days and (b) after 154 days. The origin is where the wellbore is located.

4.3. EM Monitoring Results and Detectability of Gas Flow

With the electrical conductivity field obtained via converting the hydrological and
petrophysical parameters, the EM geophysics simulations are then conducted. As shown in
Figure 2, numerical domains for the EM simulations are transformed into the 3D Cartesian
where the 3D FEM with unstructured tetrahedral grids is employed.

The evolution of electromagnetic properties is mainly governed by the fluid-filled
porosity, which is the function of porosity and hydrate saturation in hydrate deposits.
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The hydrate dissociation by depressurization can cause changes in fluid-filled porosity
via the following mechanisms [56]: (a) phase changes from solid-phase hydrates to fluid
phase gas and water will increase fluid-filled porosity, and thus electrical conductivity, (b)
the sediment softening and volume contraction due to hydrate dissociation will decrease
porosity and thus the electrical conductivity, and (c) the volume contraction under elevated
vertical effective stress from depressurization of pore pressure. These complex mechanisms
during hydrate dissociations often compensate the effect from each other, impairing the
sensitivity of electromagnetic monitoring of hydrate dissociations.

Figure 11 depicts the electrical conductivity fields converted from the flow variables
using Equation (25) at the corresponding times: (a) the initial state, (b) after 100 days, and
(c) after 154 days. From these results, it can be inferred that the electromagnetic property
changes due to the phase changes are the dominant mechanisms for this case among
the mechanisms mentioned above, showing elevated conductivity distributions near the
wellbore. Note that we can identify differences of the electrical conductivity results between
the initial time, 100 days, and 154 days as the gas hydrate deposit dissociates around the
well and subsequently the methane is extracted. However, in this very “early” production
stage, the disk-shaped changes in the electrical conductivity are highly localized around
the well. For example, on 100 days, the radius of the change in the top gas hydrate layer
is about 8 m. In the second to fourth layers, the radii are just a few meters. It is even
difficult to clearly distinguish the differences in the conductivity models between 100 and
154 days. Therefore, although the depth of the gas hydrate deposit is relatively shallow, it
is challenging to detect the subtle change around the well.

(a) (b)

(c)

Figure 11. Electrical conductivity models (unit: S/m): (a) after day 0 (the initial state), (b) after 100
days, and (c) after 154 days.

In this study, we consider two EM monitoring configurations: surface-to-surface EM
configuration utilizing a top-casing electric source and surface-to-borehole EM configuration
as illustrated in Figure 12. As the name indicates, the primary difference lies in the location



Energies 2022, 15, 3823 17 of 22

of the EM survey sensors; in our case, the surface-to-surface has it on the sea floor, i.e.,
0 mbsf, whereas the surface-to-borehole has it on the bottom of the wellbore, i.e., 140
mbsf where the BHP gauge is located. Particularly, the configuration of EM monitoring
is important for the intercalated system as the deposit at the UBGH2-6 site, because the
low conductive layer can often cloud the effect from the changes beyond the layer. For
the surface-to-surface configuration, the electric dipole source directly energizes a steel-
cased well. The EM energy, i.e., the electric current, flows along the highly conductive
metallic well and directly interacts with the gas hydrate structures around the well. The
resulting electric fields are measured on or above the seafloor. The motivation behind this
configuration is that the well plays the role of the vertical borehole electric source. The
configuration mimics a surface-to-borehole EM configuration without requiring a well
intervention. The surface-to-borehole configuration method has the horizontal electric
dipole (HED) source, and EM sensors are placed in a well close to the gas hydrate deposits
in contrast at the expense of well intervention and ensures the best possible sensitivity
to the target. Albeit its current high expense, recent advances in cable-based EM sensing
would make it economically feasible to measure EM fields inside/outside the well in the
foreseeable future as fiber optic sensing technologies do in seismic data acquisition.

(a) (b)

Figure 12. EM survey configuration: (a) the surface-to-surface monitoring, (b) the surface-to-borehole
monitoring. Each legend bar represents the electrical conductivity (unit: S/m).

Figure 13 shows the results of electric fields at the initial time and after 154 days when
the seafloor-to-seafloor configuration is employed: (a) absolute vales and (b) their relative
difference. The two results from the corresponding times are nearly identical, and we
cannot see sufficient sensitivity in the surface-to-surface configuration for detecting hydrate
dissociation. A primary reason for this low sensitivity is that the injected currents mostly
leak off from the well in shallow depth above the hydrate deposits due to high electrical
conductivity in the seafloor environment. Moreover, the low detectability using the surface-
to-surface configuration can also result from specific aspects of the study, such as small
changes in saturation due to short production time and similar electrical resistivity values
between gas and hydrate with a similar pattern of preferential horizontal dissociation, not
vertical dissociation, from the intercalated reservoir near the UBGH2-6 site.

On the other hand, we observe sufficient sensitivity when we consider the seafloor-
to-borehole configuration. In Figures 14–16, each show electric field responses at different
source positions when two different frequencies are used (10 Hz and 100 Hz at the left
and right columns, respectively). The square marker in the legend stands for the imagi-
nary (Imag) and the circle marker denotes the real (Real) for the complex numbers. Both
frequencies can clearly capture dissociation of gas hydrates at the hydrate bearing layers
(especially from 140 mbsf to 153 mbsf). Meanwhile, we observe less sensitivity between
100 days and 154 days because of very small changes in saturation during a short period of
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time (Figures 5–7 and 9), for which inverse modeling of these data can delineate changes in
the gas hydrate deposit over time.

(a) (b)

Figure 13. Comparison of electric fields between the initial time and after 154 days using the surface-
to-surface configuration: (a) absolute values and (b) their relative difference.

(a) (b)

Figure 14. Electric fields from the HED source using the surface-to-borehole method at
(x,z) = (−300 m, −5 m) with two different Hz. (a) 10 Hz. (b) 100 Hz.

(a) (b)

Figure 15. Electric fields from the HED source using the surface-to-borehole method at
(x,z) = (−200 m, −5 m) with two different Hz. (a) 10 Hz. (b) 100 Hz.
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(a) (b)

Figure 16. Electric fields from the HED source using the surface-to-borehole method at
(x,z) = (−100 m, −5 m) with two different Hz. (a) 10 Hz. (b) 100 Hz.

5. Conclusions

We study the feasibility of EM monitoring techniques for detecting dissociation of gas
hydrates when gas is produced by depressurization. For the integrated flow-geomechanics-
EM geophysics simulation, the evolution of saturation and porosity results obtained from
coupled flow and geoemechanics simulation are converted into the electrical conductivity.
Taking its inverse, the electrical resistivity and input parameter are made for the EM
simulation using the electrical diffusion equation. Unlike the work in [13,27], the inversion
of this calculated electric field is not considered in this study.

From numerical experiments with the field-wide simulation of a gas hydrate deposit
in the Ulleung Basin, East Sea, Korea for natural gas production via depressurization, we
identify that the EM survey sensitivity mainly depends on:

• Volume fraction of fluid phase and porosity change.
• EM survey configuration.
• Dissociation pattern of gas hydrates.

Although the conductivity model is uncertain, a more reliable conductivity equation is
required considering severe porosity changes (i.e., large compaction) in the unconsolidated
gas hydrate reservoir (e.g., near the site of UBGH2-6); the EM methods can further be
utilized to estimate the bulk amount of gas extraction/production from the gas hydrate
deposits and to evaluate any unfavorable potential leak of methane during production.
Although statistical results are not presented in this contribution, distinct trends can be
inferred, such as for the total average saturation rate of gas or the porosity change. It can
even be indirectly calculated from Figures 9 and 11. For example, the electrical conductivity
of the hydrate deposit around the well after 154 days shows approximately 0.3, which is
six times larger than the initial conductivity of 0.05. Similarly, the average pressure and
temperature changes can be estimated over the entire simulation.

From the integrated flow-geomechanics-EM geophysics simulation proposed in this
study, the different length scales of two simulations can be complementary to each other
for a more precise characterization of gas flow. In essence, we can simulate responses of
geomechanics and flow such as the surface deformation or pressure/failure around the well;
the reservoir-scale changes over a larger volume of gas hydrate deposit can be monitored
using the EM fields from the EM geophysics simulation. Therefore, this integrated flow-
geomechanics-EM geophysics simulation can be a promising tool to monitor the evolution
of gas hydrates, and its applicability can further reach other subsurface flow monitoring,
such as the CO2 geological storage with an appropriate rock physics model.
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