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Abstract: Since the ocean bottom is a sedimentary environment wherein stratification is 
well developed, the use of an anisotropic model is best for studying its geology. Beginning 
with Maxwell’s equations for an anisotropic model, we introduce scalar potentials based on 
the divergence-free characteristic of the electric and magnetic (EM) fi elds. We then continue 
the EM fi elds down into the deep earth and upward into the seawater and couple them at the 
ocean bottom to the transmitting source. By studying both the DC apparent resistivity curves 
and their polar plots, we can resolve the anisotropy of the ocean bottom. Forward modeling 
of a high-resistivity thin layer in an anisotropic half-space demonstrates that the marine 
DC resistivity method in shallow water is very sensitive to the resistive reservoir but is not 
infl uenced by airwaves. As such, it is very suitable for oil and gas exploration in shallow-
water areas but, to date, most modeling algorithms for studying marine DC resistivity are 
based on isotropic models. In this paper, we investigate one-dimensional anisotropic forward 
modeling for marine DC resistivity method, prove the algorithm to have high accuracy, and 
thus provide a theoretical basis for 2D and 3D forward modeling.  
Keywords: Electrical anisotropy, Marine DC resistivity method, Forward modeling, Field 
continuation algorithm

Introduction

The ocean bottom is rich in mineral resources, oil, and 
gas which can be exploited as effective extensions of 
land-based resources. In recent years, marine geophysical 
exploration technology has rapidly developed for use in 
seabed exploration. In one such technology—the marine 
DC resistivity method—direct current is applied to the 
sea floor, the electric field is then measured, and the 
apparent resistivity calculated. This method has been 
widely used in mineral, seafl oor permafrost, and oil and 

gas explorations.  
In the mid-1950s, the former Soviet Union carried 

out dipole electric soundings in the Caspian Sea, which 
demonstrated the feasibility of the marine DC electrical 
method (Fedynskiy, 1960). Lile et al. (1994) used the 
DC resistivity method to detect Norwegian subsea 
bedrock faults, and the authors successfully delineated 
fracture zones and mitigated risk in submarine tunnel 
construction. Von Herzen et al. (1996) used the DC 
resistivity method in submarine exploration to survey 
the distribution of sulfi de deposits in formations located 
at water depths of over 3600 m. Inoue (2005) developed 
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and improved a new marine electrical sounding system, 
which was applied in a shallow-water DC resistivity 
survey. Kwon et al. (2005) used a floating electrode 
to explore and delineate a shallow-water fault zone. 
Allen and Merrick (2007) studied the 1D inversion of 
a shallow-water towed DC resistivity system, and this 
method was shown to effectively deal with data having 
a low signal-to-noise ratio. Goto et al. (2008) developed 
a new deep-water marine DC resistivity system and used 
it to prospect for carbohydrates near the Sea of Japan. 
Tarits et al. (2012) designed a survey system that can 
map the resistivity distribution of the sea bottom and 
demonstrated good performance in the observation of 
the main lithology and free gas in shallow seas. Goto et 
al. (2013) used a remotely operated vehicle (ROV) to 
analyze the distribution of massive sulfide deposits in 
Okinawa waters off southwestern Japan. Xu and Dunbar 
(2015) digitalized irregular continuous resistivity 
profiling (CRP) data into a regular grid, thereby 
achieving a 3D shallow-sea DC resistivity inversion.

In the past, marine DC and electromagnetic (EM) 
theory has relied on an isotropic earth model. However, 
marine sedimentary strata demonstrate varying 
degrees of anisotropy. Matias and Habberjamz (1986) 
analyzed the influence of electrical anisotropy on DC 
resistivity data. Li and Pedersen (1991) used vector and 
scalar potentials to calculate the EM responses for an 
azimuthally anisotropic earth. Weidelt (1999) used the 
finite difference technique to realize an EM response 
for an anisotropic model. Yin and Weidelt (1999) 
developed an algorithm for modeling the DC resistivity 
of an anisotropic medium and studied the directional 
variation of the apparent resistivity in anisotropic media. 
In 2006, Yin investigated the characteristics of marine 
magnetotelluric (MMT) apparent resistivity and phase 
for an arbitrarily anisotropic ocean bottom. Kong et al. 
(2008) developed a marine controlled-source anisotropic 
modeling algorithm using finite element analysis, 
which can effectively reduce the near-fi eld error caused 
by the singularity of the transmitting dipole. Um et 
al. (2010) proposed a 3D finite element time domain 
(FETD) method for simulating the transient EM field 
in an anisotropic model. Compared to the original 
FDTD method, both the efficiency and accuracy were 
improved. Newman et al. (2010) used the non-linear 
conjugate gradient method to invert marine controlled-
source EM (MCSEM) data from a transversely isotropic 
medium. Wang et al. (2011) used an unstructured 
finite-element method to calculate 3D DC resistivity 
in anisotropic models and analyzed the characteristics 
of the apparent resistivity. A 3D-edge finite-element 

method was proposed by Cai et al. (2014) for modeling 
the anisotropic EM responses of the marine controlled-
sourced electromagnetic (MCSEM) method. Yin et al. 
(2014) used a 3D staggered-grid fi nite-difference method 
to study 3D MCSEM forward modeling in an arbitrarily 
anisotropic model. Zhou et al. (2015) proposed a 
method that used difference fi elds to reduce the source 
singularity of anisotropic formations. However, to date, 
there have been no forward modeling results published 
regarding the use of the marine DC resistivity method 
in an arbitrarily anisotropic model. In this paper, we 
apply the continuation algorithm developed by Yin 
and Weidelt (1999) to realize forward modeling of 
the marine DC resistivity method in a 1D anisotropic 
model. First, we introduce two scalar potentials based 
on the divergence-free properties of the electric and 
magnetic fi elds. Then, we use the continuity conditions 
of the electric and magnetic fi elds at the layer interfaces 
to achieve downward and upward continuation of the 
EM field. We couple the EM field to the transmitting 
dipole at the ocean bottom to solve the EM fi eld. Using 
a dipole-dipole array as an example, we then verify 
the effectiveness of our algorithm. We also examine 
the influence of electrical anisotropy on marine DC 
resistivity and develop a technique to identify the 
electrical anisotropy of the sea floor from the apparent 
resistivity distributions. Finally, we identify oil and 
gas reservoirs from the anisotropic seabed background 
by forward modeling in different oil and gas reservoir 
models in an anisotropic environment.  

Basic equation

In the DC resistivity method, the Maxwell equations 
are simplifi ed as follows:

                   
0, 0,

, 0,J
E J
H B  (1)

where E is the electric fi eld, H is the magnetic fi eld, J 
is the current density, and B is the magnetic induction. 

1,eJ E J , and Je is the source current density. 
For an arbitrarily anisotropic medium, the resistivity 
tensor can be expressed as follows (Yin, 2000):

                    .
xx xy xz

xy yy yz

xz yz zz

 (2)
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The symmetric positive-defi nite resistivity tensor can 
be obtained by the three Euler rotations of the principal 
electrical resistivity tensor (Yin, 2000). Due to the 
divergence-free feature of the electric and magnetic 
fields in equation (1), we introduce a toroidal and a 
poloidal scalar potential. Then, the EM fi eld is expressed 
as follows (Yin and Maurer, 2001):

          

ˆ ˆ( ),

ˆ ˆ( ).

H H

J J

T P

T P

H z z

J z z  (3)

In the above equations, TJ, TH are toroidal scalars, 
while PJ, PH are poloidal scalars. ẑ is a positive-
downward unit vector with the sea bottom as the origin 
of the Cartesian coordinate system. In the wave number 
domain, we have:  

 ( )
2

1
( , ) ( , ) ,

4
i ux vyF x y F u v e dudv  (4)

where ˆ ˆ ˆ ˆ( cos sin )u v kk x y x y , and ˆ ˆ, ,k x y are, 
respectively, the wave number and the unit vectors in the 
x-axis and y-axis directions. With equation (4), the EM 
fi eld in equation (3) is expressed as follows:
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where the prime denotes the derivative with respect to 
the z-coordinate. Using equation (1), we have:

              2 '', ,H J J H HT P T k P P  (6)

and equation (5) is then changed to:
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For a layered earth model, the resistivity changes only 
in the vertical direction. Thus, we have:

       

ˆ ˆ ( ) 0,

ˆ ˆ ( ) 0.

z E z J

z E z J  (8)

Combining equation (6) and (8), we can obtain: 
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Assuming ,z z

H H J JP A e P A e  in equation (9), 
with AH, AJ denoting the amplitudes, we obtain: 
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 (11)

Since the amplitudes of the EM fields in equation 
(11) are not vanishing, meaning that there are no 
trivial solutions for the EM fields, the determinant of 
the coefficient matrix must be zero, so we obtain the 
solutions for α (Bronstein and Semendjajew, 1979). Note 
that α has four solutions, with each positive and negative 
pair denoting upward and downward traveling waves. 
From equation (11), we can defi ne the amplitude ratio: 

-/ = 2 2( + ) / ( )
m mm m mJ HA A a k a b ic .  T h e  E M  s c a l a r 

potentials in layer l of the seafl oor medium ( 1ll zzz ) 
can be expressed as follows:

  
4 4

( ) ( )

1 1

, .ml l ml lz z z z
Hl ml Jl ml ml

m m

P A e P A e  (12)

The boundary conditions for the EM fi elds at the layer 
interfaces are as follows:

  
' '0, 0, 0, ( ) / 0,   H H J J JP P P dP eP a　 　 　

         (13)

where [ ] denotes a change of the scalar potential 
at the interface. From equations (12) and (13), we 
can use the algorithm developed by Yin and Weidelt 
(1999) to achieve the downward continuation of the 
electromagnetic fields. Similarly, we can solve for the 
EM fi eld in seawater. Assuming the seawater depth is h0, 
we have:
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Due to the presence of a transmitting dipole at the 
sea bottom, the scalar potentials are discontinuous. 
According to Yin and Maurer (2001), we have:
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In the above equations, I denotes the transmitting 
c u r r e n t ,  w h i l e  ( , , 0), ( , , 0)A A A B B Bx y x yr r
denotes the position of the two ends of the transmitting 
dipole. By inserting equations (12) and (14) into (15), 
we obtain JP  and HP  in each layer of the medium. Then, 
from equation (7) we can obtain the current density. Via 
Ohm’s law, we can further obtain the electric fi eld in the 
earth under the ocean, i.e.,

           .
xl xxl xyl xzl xl

yl xyl yyl yzl yl

zl xzl yzl zzl zl

E J

E J

E J

 (18)

Using the above mathematical formulations, we 
can model the marine DC resistivity for an arbitrarily 
anisotropic earth under the ocean. This provides the 
means for modeling a towed marine DC resistivity 
system. Weng and Zhu (2010) compared different arrays 
of the marine DC resistivity method and found that 
different arrays have different degrees of resolvability 
with respect to anomalous targets under the seafloor, 
with the dipole–dipole array being the best. Thus, in the 
following, we mainly discuss the dipole–dipole array. 
We put the transmitting dipole along the x-axis, A and B 
denote current electrodes (symmetric about the origin), 
and M and N denote potential electrodes. The distance 
between the transmitting and receiving dipoles is r0 = na. 
The apparent resistivity is as follows: 

            ( 1)( 2)a

V
n n n a

I
, (19)

where AB = MN = a.

Numerical results

Accuracy check
To verify the accuracy of the algorithm, we first 

modeled an anisotropic two-layered earth under the 
ocean, with a water depth of 1000 m and a water 
resistivity of 0.25 Ω·m. The fi rst layer under the ocean 
is transversely isotropic with ρl = 1 Ω·m and ρt = 4 Ω
·m and is 1000 m thick. The underlying half-space 
is isotropic with a resistivity of 2 Ω·m. We used our 
algorithm to calculate the electric fi eld for the TI model, 
while concurrently we used the program from Jia et al. 
(2013) to calculate the electric fi eld of 90 thin isotropic 
layers with alternative resistivities of 0.536 and 7.464 
Ω·m and a thickness of 11.111 m. Based on work by 
Yin and Hodges (2003), we can calculate the equivalent 
resistivity ρl in the horizontal direction and ρt in the 
vertical direction as follows: 

               1

1

/

N

i
i

l N

i i
i

h

h
, 1

1

N

i i
i

t N

i
i

h

h
.  (20)

The isotropic model and the equivalent TI model are 
given in Figure 1a. The transmitter is 50 m above the 
seabed, receiver is 30 m above the seabed, AB = MN = 
100 m, and the transmitting current is 500 A. As shown 
in Figure 1b, the results agree well. This confirms that 
the algorithm proposed in this paper has high precision.

Seawater
h0 = 1000 m, 0 = 0.25 m

h1 = 1000 m

h2 = , 2 = 2 m

1 = 1 m
1 = 1 m

t = 4 m

y

x

z

o

(a)
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Identification of earth anisotropy from marine 
DC resistivity

As shown in Figure 2a, we assume the seawater depth 
to be 100 m and the resistivity of the seawater to be 0.25 
Ω·m. The anisotropic formation is rotated around the 
y-axis, at the rotation angle ψ. Figure 2b shows polar 
plots of the apparent resistivity for different ψ values at 
a dipole offset of r0 = 5000 m. The length of the radial 
vector to the origin at each point in the figure is the 
apparent resistivity value, while the direction of the 
radial vector corresponds to each survey array direction. 
Figure 2c shows the variation of the apparent resistivity 
versus dipole offset for different rotation angles ψ. The 

array is aligned in the x-direction. 
From Figure 2b we can see that the apparent 

resistivity for the small dipole offset refl ects the seawater 
resistivity. As the dipole offset increases, the anisotropy 
of the sea bottom takes effect and the apparent resistivity 
becomes 2 2/ 1 ( 1)sinM .

From the polar plots in Figure 2c we can see that: 1) 
since the dipole offset is large, the marine DC resistivity 
mainly refl ects the infl uence from the anisotropic media 
under the seafloor. When the rotation angle is ψ = 0, 
the marine DC resistivity is similar to that on land 
(Shen et al., 2009). The apparent resistivity measured 
in different directions is equal to the average of the 
anisotropic resistivity ( M l t ); 2) when the 
rotation angle changes, the apparent resistivity along the 
y-axis rotation is greater than that in the perpendicular 
direction. This demonstrates an anisotropy paradox, i.e., 
the apparent resistivity axes are perpendicular to the true 
resistivity axes; 3) for this model, when the dipole array 
is aligned in the y-axis direction, the apparent resistivity 
is equal to the average resistivity M l t , and 
when the dipole array is aligned along the x-direction, 
the apparent resistivity is 2 2/ 1 ( 1)sinM  (Li, 
2005), where /t l  is an anisotropic coefficient 
and ψ is the rotation angle around the y-axis; 4) from 
these observations, we can effectively identify earth 
anisotropy and determine the principal axis orientation of 
anisotropic formations from polar plots of the apparent 
resistivity.  

Fig. 1 (a) Anisotropic model for the accuracy check; (b) 
comparison of results from this paper and those from Jia (2013).
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Fig.2(a) Dipping anisotropic earth under the ocean; (b) apparent resistivity vs. dipole offsets; (c) polar plot of apparent resistivity.

In order to review the distribution characteristics of 
the DC electric fi elds in both seawater and in the earth 
under the seafloor, we calculated the electric fields 
for the model in Figure 2a and the distributions of the 
electric fi eld and current are displayed in Figure 3. The 
anisotropic strata are rotated at 0, 45, and 90 degrees 

around the y-axis. For comparison, we also show the 
electric fi eld and current for an isotropic half-space with 
a resistivity of 1 Ω·m under the ocean. The black lines in 
the fi gure identify the horizontal electric dipole, and the 
electric fi eld is normalized by the dipole moment.
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From Figure 3, we see that: 1) the distributions of 
the electric current and electric field in an isotropic 
formation show symmetric field characteristic for a 
horizontal electric dipole. At the interface between the 
sea and the earth, the current and electric fi eld changed. 
However, the tangential component of the electric fi eld 
and the normal component of the current density are 

continuous; 2) when the rotation angle is 0 degrees, 
the horizontal current dominates; 3) when the principal 
resistivity is rotated 45 degrees, both the current flow 
and the contours of the electric field lean toward the 
current channeling direction; and 4) when the anisotropic 
formation is rotated 90 degrees, both the electric field 
and the current are squeezed to the vertical direction. 
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                                                             (c) ψ = 45°                                                                                        (d) ψ = 90°
Fig.3 Distribution of the electrical fi eld and current in an isotropic and anisotropic half-space under the ocean. The contours 
denote the electrical fi eld, while the arrows show the current fl ow; the black lines denote the transmitting electrical dipole.

                                                   (a) Isotropic formation                                                                                 (b) ψ = 0° 

Identifi cation of oil reservoirs under anisotropic 
formations

To investigate the DC resistivity method for offshore 
oil and gas exploration, we design an anisotropic 
background model with an embedded resistive reservoir. 
As shown in Fig. 4a, the resistivity of the seawater is 
0.25 Ω·m. The resistivity of the anisotropic half-space 
along and perpendicular to the stratification are 1 Ω·m 
and 4 Ω·m, respectively. The resistive reservoir is 100 m 
thick with a resistivity of 100 Ω·m and a buried depth of 

1000 m. The dipole parameters and transmitting current 
are the same as in Figure 1. To explore the effect of the 
anisotropic background on the oil and gas responses, we 
investigated the performance of the ratio of the apparent 
resistivity of an anisotropic half-space with an embedded 
reservoir to an anisotropic half-space. Figures 4b, 4c, 
and 4d show the results for rotation angles of 0, 45, and 
90 degrees, respectively. 

From the figures, we can see that: 1) in the shallow 
water area, the DC resistivity method can effectively 
identify the resistive reservoir. As the seawater depth 
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increases, the infl uence of the resistive thin layer on the 
apparent resistivity becomes weaker; and 2) due to the 
current channeling effect, the anomaly increases with 

an increasing rotation angle. This is because the current 
channeling results in more stimulation to the resistive 
reservoir.

effective for shallow-water oil and gas exploration; 2) 
as the seawater depth increases, the apparent resistivity 
ratio becomes weaker. In the present model, when the 
water depth is 1000 m and the target buried depth is 
3000 m, the apparent resistivity anomaly is greater 
than 30%. However, from Figure 5b, we can see that 
to measure the anomaly of the resistive reservoir, there 
must be a very large offset (>20 km). This is diffi cult to 
achieve in practice and implies that the DC resistivity 
method is mostly suitable for shallow-water oil and gas 
exploration.
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Fig.4 (a) Resistive reservoir in an anisotropic half-space under the ocean; (b)−(d) show the apparent resistivity ratios for different 
rotation angles and at different water depths.

(a) Resistive reservoir in an anisotropic half-space; (b) apparent resistivity ratio for ψ = 0°; (c) Apparent resistivity ratio for ψ = 45°; (d) Apparent resistivity 
ratio for ψ = 90°.

In order to study the anomalous characteristics of oil 
and gas reservoirs under the seafloor, we assumed that 
the seafloor resistivity remains constant (c.f. Figure 
4a, where ρl = 1 Ω·m and ρt = 4 Ω·m, ψ = 90°) and 
calculated the ratio of the apparent resistivity (as defi ned 
in Figure 4 ) for different water depths. The results are 
shown in Figures 5a and 5b.

From Figure 5, we can see that: 1) as the water 
depth becomes shallower or the depth of the resistive 
reservoir decreases, the apparent resistivity ratio 
increases. This means that the DC resistivity method is 

            (a) Water depth 100 m                                           (b) Water depth 1000 m
Fig.5 Apparent resistivity ratios for different water depths for different buried depths of the resistive reservoir.

Conclusions

We successfully applied the fi eld continuation method 

to model the marine DC resistivity method for an 
anisotropic earth model. A comparison of our results 
with those from other algorithms demonstrates that the 
proposed algorithm has high modeling accuracy. From 
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our numerical experiment results, we draw the following 
conclusions:

(1) Earth anisotropy under the ocean can be identifi ed 
from polar plots of the apparent resistivity. However, 
attention must be paid to the anisotropic paradox.

(2) Earth anisotropy significantly influences marine 
DC resistivity. Considering the sedimentary environment 
of the ocean, an anisotropic model is  strongly 
recommended when interpreting marine DC resistivity 
data. 

(3) The current channeling resulting from the 
anisotropy of the earth can increase the stimulation to 
the reservoir and increase the anomaly.

(4) The anomaly of the resistive reservoir is affected 
by both the water depth and the buried depth of the 
target layer. The shallower the water depth and the target 
burial depth, the greater is the anomaly.

(5) The marine DC resistivity method is especially 
suitable for oil and gas exploration in shallow-water 
areas. 
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