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Abstract. The self-potential (SP) method is a sensitive geo-
physical technique to locate seafloor polymetallic sulfide de-
posits. Reasonable SP forward modeling can provide a good
foundation for the inversion and interpretation of the mea-
sured data. Based on the mirror image theory, we proposed
a method to derive the three-dimensional analytical solution
of the SP generated by regularly polarized bodies in lay-
ered media, which is explained in detail within the context
of the models. We discussed the analytical solutions for dif-
ferent types of layered models, considering variations in the
number of layers and the distribution of sources. A lab-based
oxidation–reduction experiment was conducted to record SP
data. These data are used to simulate the SP generated by
seafloor massive sulfide (SMS) deposits and validate the pre-
vious analytical solution. The result shows that the measured
SP data match the analytical solution well, demonstrating the
correctness of the proposed method and the corresponding
analytical solution. This approach is significant for achiev-
ing fast and precise forward modeling and inversion in SMS
explorations.

1 Introduction

Seafloor massive sulfide (SMS) deposits are an important
strategic resource because of their rich gold, silver, copper,
zinc, and other high-value metal ores (Mendonca, 2008).
Research into submarine hydrothermal vents at the Galápa-
gos Islands in 1977 marked the beginning of investigating

the seafloor massive sulfide, which continues today (Corliss
et al., 1979). More than 700 submarine hydrothermal anoma-
lies have been identified, with over 100 regions currently
recognized as having significant exploration potential (Han-
nington et al., 2011). The seafloor acts as a unique redox in-
terface, where electrical conductors formed by mineral de-
posits generate electric currents as they traverse this bound-
ary (Sato and Mooney, 1960; Jones, 1999). The self-potential
(SP) method is a passive source method and needs no power
source under natural conditions. SP surveys exhibit a distinct
sensitivity to the anomalous electric currents, allowing for
the rapid identification of SMS deposits. Corwin (1976) was
the first to attempt to measure the SP signal in marine min-
erals with an offshore SP array and recorded an abnormal
signal of up to 300 mV. Safipour et al. (2017) recorded both
horizontal components of a known site containing an SMS
occurrence and proved that the SP method is an effective ex-
ploration tool in SMS areas with hydrothermal activity. Both
Kawada and Kasaya (2017) and Constable et al. (2018) ob-
served SP signals of SMS with a deep-tow handled AUV (au-
tonomous underwater vehicle), which further proved the SP
method is useful in SMS exploration. Zhu et al. (2020) re-
ported a deep-sea self-potential investigation at the Yuhuang
hydrothermal field, where a horizontal array of electrodes
detected negative self-potential anomalies (ca. −27 mV) and
high electrical conductivities (up to 12 Sm−1), attributed to
sulfide mineralization and the corrosion of polymetallic sul-
fides. Su et al. (2022) used an autonomous underwater ve-
hicle to conduct an SP survey on the ultraslow-spreading
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Southwest Indian Ridge with a water depth from 1300 to
2200 m. Additionally, 3D SP tomography was used to reveal
an ore body with a vertical extent of 100 m. The above re-
search suggests that the self-potential method contributes to
seafloor massive sulfide surveys.

In addition to field studies, laboratory experiments have
been instrumental in advancing our understanding of self-
potential phenomena. Castermant et al. (2008) explored how
redox potential distributions are inferred from self-potential
measurements during the corrosion of buried metallic bod-
ies in a controlled sandbox experiment. Martínez-Pagán et al.
(2010) investigated the use of self-potential monitoring to de-
tect and track the leakage and migration of a salt plume in a
sandbox experiment. Fachin et al. (2012) presented a labo-
ratory experiment exploring SP signals generated by a bio-
geobattery model, simulating electron transfer between or-
ganic matter and oxygen-rich sediments. Vasconcelos et al.
(2014) examined the relationship between self-potential sig-
nals and streaming potentials generated by water flow in
porous media using laboratory experiments. Given the com-
plexity of layered seafloor environments, validating analyt-
ical solutions through controlled laboratory experiments is
crucial. By creating a controlled, layered model structure in
the laboratory, we can systematically test and validate our an-
alytical solution under known conditions. This approach al-
lows us to bridge the gap between theoretical modeling and
measured SP data, ensuring the reliability and applicability
of our method to more complex seafloor scenarios.

The forward-modeling process simulates interaction be-
tween current sources and ore bodies, which can be used to
predict the self-potential distribution. This enables more pre-
cise interpretation of observed data and improves the inver-
sion of subsurface mineral deposits’ geometry and electrical
properties (Minsley, 1997). The forward methods commonly
used for self-potential methods include numerical solutions
and analytical solutions (Xie et al., 2023; Minsley et al.,
2007). Numerical solutions employ qualitative (or semi-
quantitative) techniques (Wei et al., 2023), which include the
finite-element method (Alarouj and Jackson, 2022; Bérubé,
2007), the finite-volume method (Sheffer and Oldenburg,
2007), the finite-difference method (Mendonca, 2008), the
natural–infinite-element coupling method (Xie et al., 2020a)
and the finite–infinite-element coupling method (Xie et al.,
2020b). Numerical modeling applies to any complex model.
Xie et al. (2021) proposed a finite–infinite-element coupling
method to calculate a numerical model of the marine SP from
seafloor hydrothermal sulfide deposits. However, the results
of numerical methods are obtained by approximate calcula-
tion under certain conditions (Chandra et al., 2020). The con-
ductivity structure of complex media will affect the compo-
sition of the stiffness matrix. For anomalous sources that are
not uniformly polarized, their uncertainty will also impact
the construction of the source term in the finite-element sys-
tem equations. The complex artificial boundary conditions
also limit its development. Compared to numerical methods,

analytical solutions are strict formulas that can overcome the
difficulties in solving the Poisson equation. In most studies,
the polarization structure of ore bodies can be equivalent to
special geometric shapes (Yungul, 1950; Ai et al., 2024). The
analytical solution of polarized geometry body is significant
in mineral exploration (Luo et al., 2023; Liu et al., 2023).
Yungul (1950) discussed the analytical solution of a polar-
ized sphere, and other researchers obtained the analytical so-
lution of the SP anomaly along a profile passing over the
center of the sphere or along the strike of a horizontal cylin-
der (Bhattacharya and Roy, 1981; El-Araby, 2004). Satya-
narayana Murty and Haricharan (1985) discussed the ana-
lytical solution of the SP anomaly at any point on a profile
perpendicular to the strike of a 2D inclined thin sheet. Fur-
ther, Biswas and Sharma (2014) derived the expression of
the SP anomaly analytical solution when the sheet parame-
ters were described with respect to one edge of the sheet and
in terms of the x and y coordinates of the top and bottom
edges of the sheet. Dmitriev (2012) derived the analytical so-
lution of the SP anomaly due to a thick dipping body which
could represent an ore body. In marine fieldwork, it is a chal-
lenge to determine the center or strike of subsurface geomet-
ric bodies accurately. The survey lines do not typically pass
directly over the anomaly. Two-dimensional analytical solu-
tions, while useful for simplified scenarios, may fall short in
large-scale forward and inverse modeling. The inferred loca-
tion and polarization angle of an anomalous source based on
2D solutions may not correspond to the true source proper-
ties. Furthermore, existing analytical solutions are predomi-
nantly based on homogeneous half-space conditions, assum-
ing a uniform subsurface medium. Unlike terrestrial environ-
ments, most current marine self-potential measurement sys-
tems struggle to achieve full ground contact (Safipour et al.,
2017; Kawada and Kasaya, 2017, 2018; Constable et al.,
2018). When the measurement system is positioned within
seawater, deriving analytical solutions for layered media be-
comes crucial. To address this, we proposed a 3D analyti-
cal solution based on the mirror image method for layered
SMS models. The analytical solution serves as benchmarks
for numerical simulations, enabling us to identify and correct
deviations in numerical approaches. Moreover, in scenarios
where the analytical model is applicable, it offers faster com-
putations compared to numerical methods. This not only en-
hances computational efficiency but also provides a founda-
tion for the inversion and interpretation of measured data.

2 The mirror image method of electric dipole

The mirror image method is based on the uniqueness the-
orem. It can be used to solve electrostatic field problems
such as some special problems of the conductor boundary
with the point source or line source (Stephenson, 1990). By
introducing a virtual image dipole on the other side of the
medium boundary, the boundary conditions for the electric
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Figure 1. Sketch of SMS simplified model. The model includes air,
seawater and seafloor. The z axis points down towards the seafloor.
The black sphere represents the simplified sulfide ore body, and the
black arrow indicates its polarization direction.

field and potential are satisfied. This allows the originally
complex multilayer medium problem to be treated as a prob-
lem in a uniform half-space medium. The uniqueness theo-
rem states that there is only one solution in the electrostatic
system when the boundary conditions are uniquely deter-
mined (Wang et al., 2019). A seafloor massive sulfide model
which meets the uniqueness theorem is built as shown in
Fig. 1. The xOy surface is the boundary between the sea and
the air. We denote the depth of seawater D and the depth of
the seafloor L. A three-dimensional coordinate system is es-
tablished with the downward vertical sea level as the z axis.
We use ε, µ and σ to denote the medium permittivity, mag-
netic conductivity and conductivity and use subscripts 0, 1
and 2 to denote air, seawater and seafloor. We assume there
is an electric dipole P = Idl oriented in any direction at (x0,
y0, z0, with z0<D), and the measuring point is at (x, y, z).
If z ≤ 0, the measuring point is in the air or on the sea sur-
face. If 0<z<D, the measuring point is in seawater. We
decompose the electric dipole, oriented in any direction, into
a horizontal dipole parallel to the z= 0 plane and a vertical
dipole parallel to the z axis. The following derivation pro-
cess is based on the example of a horizontal electric dipole
Px = Ixdl.

2.1 Potential equivalence of the sphere and the electric
dipole

An uneven double electric layer forms on the surface of the
polarized sphere. The potential difference 1ε varies linearly
with the direction of polarization, which can be expressed as

1ε =1U0cosθ, (1)

where 1U0 is the maximum potential difference. θ is the
angle between the polarization axis and the line from the
measuring point to the sphere center. In a uniformly polar-

ized sphere, the external potential U is distributed symmet-
rically about the polarization axis and is independent of the
azimuthal angle. This specific symmetry leads to a simplified
form of the Laplace equation:

∂

∂R

(
R2 ∂U

∂r

)
+

1
sinθ
·
∂

∂θ

(
sinθ

∂U

∂θ

)
= 0. (2)

The general solution of potential can be solved by the sep-
aration of variables as

U =

∞∑
n=0

(
AnR

n
+Bn/R

n+1
)
Pn(cosθ), (3)

where Pn(cosθ) is the Legendre polynomial of n and An and
Bn are undetermined coefficients. As R→∞, the potential
outside the sphere U1→ 0. As R→ 0, the potential inside
the sphere U2→ 0. The potentials outside (U1) and inside
(U2) the sphere can be expressed as

U1 =

∞∑
n=0

(
Bn

Rn+1

)
Pn(cosθ), (4)

U2 =

∞∑
n=0

(
AnR

n
)
Pn(cosθ). (5)

Depending on the boundary conditions, the following can
be stated:

1. There is a potential jump on both sides of the sphere.
When R = r0, we have

1ε = U2−U1 =1U0 cosθ, (6)

where U1 and U2 are the potential outside and potential
inside the sphere.

2. The current density normal vectors are continuous on
both sides of the sphere. When R = r0, we have

1
ρ1

∂U1

∂R
=

1
ρ2

∂U2

∂R
. (7)

It can be obtained that

A1 =−
2ρ2

2ρ2+ ρ1
·
1U0

r0
,

B1 =
ρ1

2ρ2+ ρ1
·1U0 · r

2
0 . (8)

For the self-potential generated by a simplified polarized
body in a uniform half-space, we can directly handle the in-
terface effects by doubling (Li, 2005; Biswas, 2021). From
Eq. (5), we obtain

U = 2 ·U1 =
2ρ1

2ρ2+ ρ1
·
r2

0
R2 ·1U0 cosθ =M ·

cosθ
R2 ,

M =
2ρ1

2ρ2
+ ρ1r

2
01U0, (9)
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where θ is the polarization angle, R is the distance between
the measuring point and the center of the sphere, ρ1 is the
resistivity of the medium, ρ2 is the resistivity of the sphere,
and r0 is the radius of the sphere. The scalar potential caused
by a constant electric dipole is given by the formula

U =
Idl

4πσ
·
(−x)

R3 =−P0
x

R3 , (10)

where x
R
= cosθ . In Eqs. (9) and (10), R = r and P0 =M .

We establish that the potential distribution along the surface
of a uniformly polarized sphere is equivalent to an electric
dipole.

2.2 Two layers of media

When there is a two-layer medium model, we discuss the air–
seawater model and the seawater–seafloor model. In the first
model, we suppose the location of the image of the source
P ′x = I

′
xdl is (x0,y0,−z0) when the measuring point is in the

sea (z > 0). It is assumed that the whole space is filled with
seawater. We have the scalar potential of the source and the
image:

Usea = Ux +U
′
x =

Ixdl(x− x0)

4πσ1R
3
1
+
I ′xdl(x− x0)

4πσ1R
3
0

(z > 0),

(11)

where R0 = (x−x0)i+(y−y0)j+(z+z0)k and R1 = (x−

x0)i+ (y− y0)j + (z− z0)k.
If the measuring point is in the air (z ≤ 0), the boundary

condition requires that the potential in the air matches the
potential just below the interface in the seawater. The key
boundary conditions that need to be satisfied at the air–sea in-
terface include the continuity of the electric potential across
the interface and the continuity of the normal component of
the electric field (or current density) across the interface. So
the location of the image of the source is (x0, y0, z0), which
coincides with the source. We suppose the whole space is
filled with air. The combined dipole moment P ′′x = I

′′
x dl is

Uair =
I ′′x dl(x− x0)

4πε0R
3
1

(z ≤ 0), (12)

where R1 = (x− x0)i+ (y− y0)j + (z− z0)k.
The following can be obtained from the boundary condi-

tions of the mirror image theory:

1. The potential of both sides of the surface is continuous
((Usea|z→0+ = Uair|z→0−)). We have

I ′′x

ε0
=
I ′x + Ix

σ1
. (13)

2. The current normal vectors on both sides of the
interface are continuous and satisfy the bound-
ary condition j1z|z→0+ = j0z|z→0− . We have

σ1
∂Usea
∂z
|z→0+ = σ0

∂Uair
∂z
|z→0− . Because in the air

σ0 = 0, only σ1
∂Usea
∂z
|z→0+ = 0 can satisfy the boundary

condition, and we have

I ′x = Ix . (14)

Using Eqs. (12) and (13), we obtain

I ′′x =
2ε0

σ1
Ix . (15)

The above analysis shows the horizontal dipole has two
situations when it is in the air–seawater model. If the mea-
suring point is in the sea, the location of the mirror image
I ′xdl is (x0,y0,−z0). If the measuring point is in the air, the
mirror image coincides with the source (x0,y0,z0) and the
combined dipole is 2ε0

σ1
Ixdl. In the seawater–seafloor model,

we can perform calculations like in the first model. We sup-
pose the electric dipole source Ixdl is at (x0,y0,z0). If we
measure in the seawater, we can establish that the mirror im-
age σ1−σ2

σ1+σ2
Ixdl is at (x0,y0,−z0). If the measuring point is

on the seafloor, the mirror image is at (x0,y0,z0), which for
the combined dipole is equivalent to 2σ2

σ1
+ σ2Ixdl. To verify

the correctness of the mirror image method, we compare the
2D analytical solution in homogeneous half-space and the
analytical solution of the seawater–seafloor model when the
measuring lines fully contact seafloor. Based on the deriva-
tion above, the potential anomaly measured in the seawater
of the seawater–seafloor model can be expressed as

U =
Ixdl(x− x0)

4πσ1
[
(x− x0)2+ (−z+ z0)2

]3/2
+

σ1−σ2
σ1
+ σ2Ixdl(x− x0)

4πσ1
[
(x− x0)2+ (z− z0)2

]3/2 . (16)

The 2D analytical solution in the homogeneous half-space
can be expressed as (Xie et al., 2021)

φ =M ·
x cosa−h0 sina(
h2

0+ x
2
)3/2 , (17)

where M is the electric dipole moment, a is the polarizing
angle and h0 is the depth of the electric dipole.

When σ2 = σ1, the electrical conductivity of the two media
(seawater and air or seawater and seafloor) becomes equal.
This effectively means that there is no boundary between
the two media, and the system behaves as a single uniform
medium. The comparison results are shown in Fig. 2. The
two solutions appear to coincide closely, indicating that the
mirror image method accurately reproduces the traditional
analytical solution. This proves that the mirror image method
is correct in calculating the polarization self-potential.

2.3 Three layers of media

The actual ocean environment can be reduced to a three-layer
model consisting of air, seawater and seafloor. The source
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Table 1. Locations and dipole moments of the source and mirror images.

Location Dipole moments The position vector between the measuring
point and the source

1 (x0,y0,2mD− z0)
(
σ1−σ2
σ1+σ2

)m
Ixdl = η

mIxdli(m= 1,2, . . .) r1m = (x−x0)i+(y−y0)j+(z−2mD+z0)k

2 (x0,y0,2mD+ z0)
(
σ1−σ2
σ1+σ2

)m
Ixdl = η

mIxdli(m= 1,2, . . .) r2m = (x−x0)i+(y−y0)j+(z−2mD−z0)k

3 (x0,y0,−2nD+ z0)
(
σ1−σ2
σ1+σ2

)n
Ixdl = η

nIxdli(n= 0,1, . . .) r1n = (x−x0)i+ (y−y0)j + (z+2nD−z0)k

4 (x0,y0,−2nD− z0)
(
σ1−σ2
σ1+σ2

)n
Ixdl = η

nIxdli(n= 0,1, . . .) r2n = (x−x0)i+ (y−y0)j + (z+2nD+z0)k

Figure 2. The comparison of the analytical solution of the seawater–
seafloor model. The analytical solution of the mirror image method
is consistent with the 2D analytical solution.

“generates” countless mirror images among the three me-
dia. The source point generates corresponding images in the
other two media. The generated images in turn create new
images in the other medium. For instance, an image dipole
generated in the air by the source point will produce a sec-
ond image dipole in the seafloor medium; similarly, an im-
age dipole generated in the seafloor medium will produce an-
other second image dipole in the air. This process continues,
generating an infinite number of image dipoles. In the ocean
model shown in Fig. 3, the potential produced by an elec-
tric dipole in the seafloor medium can be equivalent to the
superposition of the source and an infinite number of mir-
ror images. The potential is generated by each image point
in a manner similar to that of the two-layer model, based
on the same boundary conditions. Upon solving for differ-
ent image points, we divide mirror images into four cate-
gories for their different locations and dipole moments. The
locations and potentials of these mirror images are shown
in Table 1. The coordinates of the first type of image dipole
are (x0,y0,2mD−z0,m= 1,2, . . .), with the corresponding
dipole moment solved as (σ1−σ2

σ1+σ2
)mIxdl = η

mIxdli and the

position vector as r1m = (x−x0)i+(y−y0)j+(z−2mD+
z0)k. The coordinates of the second type of image dipole
are (x0,y0,2mD+z0,m= 1,2, . . .), with the corresponding
dipole moment solved as (σ1−σ2

σ1+σ2
)mIxdl = η

mIxdli and the
position vector as r1m = (x−x0)i+(y−y0)j+(z−2mD+
z0)k. The coordinates of the third type of image dipole
are (x0,y0,−2nD+ z0,n= 1,2, . . .), with the correspond-
ing dipole moment solved as (σ1−σ2

σ1+σ2
)nIxdl = η

nIxdli and
the position vector as r1n = (x−x0)i+(y−y0)j+(z+2nD−
z0)k. The coordinates of the fourth type of image dipole
are (x0,y0,−2nD−z0,n= 1,2, . . .), with the corresponding
dipole moment solved as (σ1−σ2

σ1+σ2
)nIxdl = η

nIxdli and the
position vector r2n = (x−x0)i+(y−y0)j+(z+2nD+z0)k.
The source dipole is included in the third type of image
dipole (n= 0). These four different types of image dipoles
do not have physical differences; rather, they are classified
based on their mathematical similarity observed during the
actual solution process.

The scalar potential of the horizontal electric dipole Px =
Ixdli at the measuring point for any dipole moment in the
seafloor can be expressed as

8x(x,y,z)=

∞∑
m=1

[
ηmIxdl(x− x0)

4πσ1r
3
1m

+
ηmIxdl(x− x0)

4πσ1r
3
2m

]

+

∞∑
n=0

[
ηnIxdl(x− x0)

4πσ1r
3
1n

+
ηnIxdl(x− x0)

4πσ1r
3
2n

]
.

(18)

The expression of r1m, r2m, r1n and r2n is shown in Ta-
ble 1. The electric dipoles in the other two directions Py =
Iydlj and Pz = Izdlk can be expressed by the same method.
Therefore we can obtain the potential of the electric dipole
P = Ixdli+ Iydlj + Izdlk in any direction, which can be
equivalent to the superposition of the source and the count-
less mirror images:
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Figure 3. Sketch of three layers of media in the SMS model. The yellow point represents the measuring point; the arrows in different colors
represent different kinds of electric dipoles.

U(x,y,z)= Ux(x,y,z)+Uy(x,y,z)+Uz(x,y,z)=

∞∑
m=1


ηmIxdl(x−x0)

4πσ1r
3
1m
+
ηmIydl(y−y0)

4πσ1r
3
1m

−
ηmIzdl(z−2mD+z0)

4πσ1r
3
1m

+
ηmIxdl(x−x0)

4πσ1r
3
2m

+
ηmIydl(x−x0)

4πσ1r
3
2m
+
ηmIzdl(z−2mD−z0)

4πσ1r
3
2m

+

∞∑
n=0


ηmIxdl(x−x0)

4πσ1r
3
1n
+
ηnIydl(y−y0)

4πσ1r
3
1n

+
ηnIzdl(z+2mD−z0)

4πσ1r
3
1n

+
ηnIxdl(x−x0)

4πσ1r
3
2n

+
ηnIydl(y−y0)

4πσ1r
3
2n
−
ηnIzdl(z+2mD+z0)

4πσ1r
3
2n

 . (19)

3 Analytical calculation of electric dipole potential
distribution in SMS

In this section, we perform numerical simulations of dipoles
in different orientations based on the image method. Addi-
tionally, we plot slices of the self-potential signals at various
depths to investigate the impact of measurement depth on the
observed potential signals. We suppose the seawater depth is
100 m and the seafloor extends indefinitely along the z axis.
The electric dipole simplified by spherical SMS is at the
seafloor surface with location (0,0,−100). The conductivity
of the seawater (σ1) and the seafloor (σ2) is 4 and 0.4 Sm−1.
The dipole moments of both the horizontal and the vertical
dipoles are 3× 105 Cm. An inclined dipole can be decom-
posed into an x-direction horizontal dipole (3× 105 Cm),
a y-direction horizontal dipole (3× 105 Cm) and a vertical
dipole (3× 104 Cm). In the infinite summation, the compu-
tation will terminate when the difference between consecu-
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Figure 4. Three-dimensional potential distribution diagrams for different orientations of electric dipoles. (a) A horizontal electric dipole
and its potential slices at z=−60, z=−80 and z=−99 m. (b) A vertical electric dipole and its potential slices at z=−60, z=−80 and
z=−99 m. (c) An inclined electric dipole, which is tilted 45° horizontally and 45° vertically, and its potential slices at z=−60, z=−80 and
z=−99 m.
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Figure 5. Three-dimensional potential distribution diagrams for multi-electric dipoles. (a) Two horizontally polarized electric dipoles. (b) A
horizontally polarized electric dipole and an inclined polarized electric dipole.

Figure 6. (a) A sphere composed of copper and iron, with the black part being insulating tape. (b) The sphere after the experiment showing
significant oxidation and rust formation on the iron at the upper part of the sphere. (c) The redox process of the sphere and its electrochemical
half-cell reactions.

tive terms is less than 10−10. The three-dimensional potential
distribution diagrams presented in Fig. 4 illustrate the self-
potential fields generated by different orientations of elec-
tric dipoles within a medium. Each panel provides a com-

prehensive visualization of the potential distribution and in-
cludes specific slices at various depths (z coordinates) to of-
fer detailed insights into the spatial variations in the poten-
tial. The horizontal electric dipole produces a positive SP
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Figure 7. (a) Labeled photograph and (b) sketch of the SP measuring system. An Fe–Cu sphere was placed at the interface of the saline
water and the sand. According to the time-lapse data, the redox process was stable after 20 h. We used the stabilized polarization data for
analysis.

anomaly and a negative SP anomaly on either side of it.
The absolute values of the exceptions are equal. There is a
negative anomaly caused by a vertical electric dipole. The
tilted electric dipole produces a positive and a negative SP
anomaly like the horizontal electric dipole. The self-potential
signals increase along the polarization angle of the dipole,
reflecting the combined effects of the horizontal and verti-
cal components of the dipole’s orientation. From the depth
analysis, it is evident that at z=−99 m, the potential distri-
bution displays a distinct dipole field. The horizontal elec-
tric dipole field symmetrically extends along the horizontal
axis. The vertical electric dipole field is concentrated around
the dipole axis. The inclined electric dipole field is oriented
along the dipole’s tilt direction. At z=−80 m, the poten-
tial distribution shows a more diffused pattern, and the po-
tential is generally discernible. At z=−60 m, the potential
field further attenuates. Due to the complexity of mineral-
ization, actual seafloor polymetallic sulfide deposits often
manifest as multi-source polarized bodies. To study the char-
acteristics of self-potential signals from multi-source polar-
ized bodies, we perform forward modeling on a multi-source
polarized body model. Under the same conditions, we as-
sume (a) anomaly source 1 is located at (−25,0,−100) and
anomaly source 2 is located at (25,0,−100), both being hor-
izontally polarized, and (b) anomaly source 1 is located at

(−25,0,−100) and is horizontally polarized, while anomaly
source 2 is located at (25,0,−100) and is inclined polarized
(with the same polarization angle as previously described).
The forward-modeling results are shown in the Fig. 5. The
slices demonstrate that the inclined polarization results in
(scenario b) an elongated and distorted SP pattern compared
to the symmetrical pattern observed in scenario (a). Over-
all, the self-potential signals generated by the multi-source
model are more complex, making it difficult to discern the
trends of subsurface anomaly sources from the self-potential
signals.

4 An experimental verification of the 3D analytical
solution of the mirror image method

We built a three dimensional system for self-potential mea-
surements from a laboratory perspective (shown in Fig. 7)
to prove the analytical solution. A tank, with a scale of
50 cm× 50 cm× 100 cm, was filled with sand and saline wa-
ter to simulate the ocean environment. A 10 cm thick layer
of quartz sand (average grain size 0.4 mm, porosity 0.51)
was laid at the bottom of the tank. Ag–AgCl electrodes
were used due to their lower noise and more stable measure-
ments compared to other non-polarizing electrodes (Rowan
et al., 2023). A system of 120 Ag–AgCl non-polarizing elec-
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Figure 8. Experimental measurements of the self-potential and comparison with forward-modeling results. The dashed white circle indicates
the projection position of the sphere. (a) Measurement results for the inclined sphere. (b) Forward modeling for the inclined dipole. (c) Com-
parison of modeling results for the inclined model. (d) Measurement results for the vertically placed sphere. (e) Forward modeling for the
vertical dipole. (f) Comparison of modeling results for the vertical model.

Table 2. Comparison between numerical simulation and experimental results.

Inclined polarized Forward modeling of Vertical polarized Forward modeling of
sphere the inclined dipole sphere the vertical dipole

x0 48 48 48 48
y0 12 12 12 12
z0 16 16 16 16
Ixdl – 0 – 0
Iydl – 0 – 664
Izdl – −759 – 660
n – 15 – 15
σ2 – 106 – 106

ME 0.049 1.309
SD 2.62 2.86
R2 0.68 0.67
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trodes, each with a diameter of 6 mm, was embedded in a 3D-
printed measurement device. The electrodes were arranged in
a 24× 5 grid, with lateral spacing of 4 cm and longitudinal
spacing of 6 cm. The measurement instrument used for the
experiment was a multi-channel self-potential monitor with
a sensitivity of 0.01 mV. To fully saturate the quartz sand at
the bottom, saline water (maintaining the same salinity as
seawater at 35 ‰) was injected through the bottom inlet of
the tank, reaching a depth of 15 cm. After allowing the tank
to settle for 4–5 d, the suspended sand in the water settled.
The water level was recorded every 2 d, and saline water was
added to prevent changes in salinity due to evaporation. The
room temperature was maintained at 26± 2 °C throughout
the experiment.

A sphere made of copper and iron was placed between
the sand and the saline water. When a copper–iron sphere
is immersed in water, the iron acts as the anode and under-
goes oxidation, releasing electrons. Oxygen acts as the cath-
ode and undergoes reduction, consuming electrons. Copper
does not participate in the chemical reactions but serves as
a medium for electron transport. Electrons within the sphere
are transferred from the iron hemisphere to the copper hemi-
sphere, while electrons on the exterior surface migrate from
the copper hemisphere to the iron hemisphere. This process
ultimately results in the formation of a self-potential. Redox
reactions occurred on the surface of the sphere with the elec-
tronic transfer. Therefore we can control the polarization ori-
entation of the electric dipole by changing the polarization
angle of the sphere. We measured the SP signal when the
Cu–Fe interface and the xOy plane were at an angle of 0 and
45° to simulate a vertical and an inclined electric dipole. The
spheres before and after the experiment are shown in Fig. 6.
Between the two sets of experiments, we thoroughly washed
and polished the rusted sphere until all rust was removed.
The measurement results and forward-modeling results are
shown in Fig. 8. The dashed white circle marks the projec-
tion position of the sphere. The red line represents the best-fit
linear regression, indicating the correlation between the ex-
perimental data and the model predictions. It can be seen that
the self-potential signal characteristics of the experimental
results and the forward-modeling simulations are generally
consistent. The inclined sphere clearly shows potential char-
acteristics corresponding to the polarization direction of the
sphere, while the vertically placed sphere exhibits a signifi-
cant negative potential characteristic at the sphere’s location.
We present the differences between the forward-modeling
parameters and the experimental parameters in Table 2. ME
and SD represent the mean error and the standard deviation
of error. Since the dipole moment of the sphere is an esti-
mated value, the coefficient of determination (R2) is 0.68 for
the vertical sphere and 0.67 for the inclined sphere, which
nonetheless reflects a good correlation between the experi-
mental data and the model predictions. The expression forR2

is as follows:

R2
= 1−

∑n
i=1
(
yi − ŷi

)2∑n
i=1(yi − y)

2 , (20)

where yi is the observed value, ŷi is the model-predicted
value, y is the mean of the observed values and n is the num-
ber of samples.

5 Conclusions

The three-dimensional (3D) self-potential (SP) analytical so-
lution for regularly polarized bodies in a layered seafloor
model is pivotal for advancing mineral exploration and en-
hancing the forward-modeling capabilities of the SP method.
In this study, we derived a comprehensive 3D analytical so-
lution using the mirror image method. This approach effec-
tively reflects the self-potential signal characteristics of sim-
ply polarized bodies in layered media while also addressing
the issue of field survey lines not necessarily being directly
above the polarization center. By examining the equivalence
between a sphere and an electric dipole, we derived formu-
las for two-layer and three-layer models by superposing the
scalar fields generated by the source and mirror images in
different media. The validity of the mirror image method was
confirmed through a comparison of the two-layer model’s an-
alytical solution with the 2D analytical solution for a uniform
space, demonstrating remarkable consistency. We conducted
a laboratory experiment simulating a simplified SMS model.
By varying the angle of a Fe–Cu sphere interface with respect
to the xOy plane, we investigated different electric field dis-
tributions. The comparison between the measured data and
the 3D analytical solution showed a high degree of agree-
ment. This indicates that the analytical solution based on the
mirror image method is highly effective for forward mod-
eling in SMS exploration. This method not only provides a
rigorous solution but also ensures faster computational per-
formance compared to iterative numerical methods. Conse-
quently, it offers a solid foundation for the inversion and in-
terpretation of measured SP data, ultimately contributing to
more accurate and efficient exploration of seafloor massive
sulfide deposits.
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