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AbSTRACT

Uncertain physical properties of methane hydrate (MH) above a bottom simulating reflector should be estimated for 
detecting MH-bearing formations. In contrast to general marine sediments, MH-bearing formations have a relatively high 
electrical resistivity. Therefore, marine electrical resistivity imaging (MERI) is a well-suited method for MH exploration. The 
authors conducted sensitivity testing of sub-seafloor MH exploration using a two-dimensional (2D) inversion algorithm with 
the Wenner, Pole-Dipole (PD) and Dipole-Dipole (DD) arrays. The results of the Wenner electrode array show the poorest 
resolution in comparison to the PD and DD arrays. The results of the study indicate that MERI is an effective geophysical 
method for exploring the sub-seafloor electrical structure and specifically for delineating resistive anomalies that may be pres-
ent because of MH-bearing formations at a shallow depth beneath the seafloor.
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1. INTRODUCTION

MH is thought to be widely distributed within the con-
tinental margins and permafrost regions of the Earth (Lin et 
al. 2006). These deposits were formed in sub-seafloor sedi-
ments at relatively high pressure, low temperature condi-
tions and have the potential to become a significant energy 
resource in the future (e.g., Kvenvolden 1988; Johnson and 
Max 2006; Lin et al. 2006). Gaseous methane is a green-
house gas released potentially at the sub-seafloor level 
through the dissociation of gas hydrate along fault ruptures 
(Schwalenberg et al. 2010) and through other mechanisms. 
Therefore, studying MH is a possible solution for depleted 
energy resources and the impact of current energy resources 
on climate change.

Over the past few decades, active offshore seismic sur-
veys have associated bottom simulating reflectors (BSRs) 
with the occurrence of MH-bearing formations (Shipley et 

al. 1979; Hyndman et al. 1992). The BSRs correspond to the 
base of the phase boundary that exists between free gases 
and the solid hydrates indicative of an MH deposit. BSRs 
provide constraint on the solid-gas boundary that occurs 
at the base of MH deposits. However, approximately 90% 
of potential fields explored by BSRs are filled with saline 
water (Thirud 2002). In addition, MH deposits have been 
located in areas which do not show a BSR indicator (Paull 
et al. 2000).

Typically, MH resistivity is within the range 3 - 10 
ohm-m in-field (Schwalenberg et al. 2010). In contrast, the 
resistivity of marine sediments generally ranges from 0.8 
to 1.5 ohm-m, and the resistivity of seawater (although de-
pendent on salinity and temperature variations) is generally 
within the range of 0.286 to 0.33 ohm-m. Therefore, the 
large resistivity contrast that exists between these features 
may provide an excellent opportunity to image electrical 
resistivity anomalies beneath the seafloor (Von Herzen et 
al. 1996; Goto et al. 2008; Chiang et al. 2011). However, 
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inversion studies concerning sensitivity have not yet been 
completed, and past studies have been based on one-dimen-
sional data-processing methods (Francis 1985; Von Herzen 
et al. 1996; Goto et al. 2008; Schwalenberg et al. 2010), 
which are unable to account for lateral variations in the sub-
seafloor structure.

To investigate the sensitivity of the MERI method, 
three traditional land electrical resistivity imaging (LERI) 
arrays: Wenner, PD, and DD were evaluated using a 2D in-
version algorithm. A conventional non-linear least-squares 
2D inversion algorithm (Griffith and Barker 1993) was 
used to test the resolution of the MERI method for various 
electrode arrangements. Based on the inversion results of 
the numerical study, the effectiveness of using deep-towed 
MERI to image a buried MH zone can be well understood 
and further determine the optimum array configuration.

2. GEOMETRIC FACTOR OF MERI

General LERI prospecting is widely applied to inves-
tigate electrical resistivity structures through the controlled 
injection of a current into the subsurface and measurement 
of the potential difference between pairs of electrodes at the 
surface. The apparent resistivity is then determined using 
the following equation:

K I
V

at =          (1)

where at : apparent resistivity, K: geometric factor, V: po-
tential, and I: electrical current. For LERI applications, the 
geometric factor is determined for a half-space defined by 
the boundary between (insulating) air and the conductive 
ground (Fig. 1). The Wenner, DD, and PD array geometric 
factors for LERI are shown in the following equations:

K a2r=        (2a)

K n n n a1 2r= + +^ ^h h       (2b)

K n n a2 1r= +^ h        (2c)

In contrast, in MERI applications the geometric factor 
is defined for quasi-space encompassing both the conduc-
tive seawater and sub-seafloor (Fig. 1). The Wenner DD, 
and PD array geometric factors for MERI are derived from 
the following equations:

K a4r=        (3a)

K n n n a2 1 2r= + +^ ^h h       (3b)

K n n a14r= +^ h        (3c)

In these equations, “a” represents the spacing of re-
ceiver electrodes and “n” represents current sources and re-
ceiver offset. The three configurations of MERI are shown 
in Fig. 2.

 3. TWO-DIMENSIONAL INVERSION

Previous MERI experiments (Francis 1985; Von Her-
zen et al. 1996; Goto et al. 2008; Chiang et al. 2011) did 
not check their imaging abilities with an inversion algo-
rithm which realistically accounted for noise effect; thus, 
this study used conventional Wenner, PD, and DD arrays 
to ensure that this effect was accounted for. The synthetic 

Fig. 1. Diagram of the difference between LERI and MERI exploration. R: large resistor; r: small resistor. The electric currents were all injected into 
the ground for the LERI (a), while the electrical current passed to both resistors for the MERI (b).

(a) (b)
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model is shown in Fig. 3. The resistivity of the sedimentary 
layer and the MH are each changed to 1 ohm-m in 50 m in 
thickness, 10 ohm-m in 30 m in thickness, and 195 m in 
horizontal width. The electrode dipole length (“a” in Fig. 2)  
can be sequentially changed from 20 to 200 m in 20 m steps 
(11 receiver electrodes). For the source-receiver offset (“n” 
in Fig. 2), a long offset generates a small S/N ratio (Loke 
and Barker 1996). In general, the DD array on LERI was 
limited within a factor of 6 due to the concern of S/N ra-
tio (Loke and Barker 1996), yet the Wenner array does not 
have such “n” factor limitation. Therefore, the “n” factor 
has been restricted from 1 to 3 in this study. The shortest 
cable length is 60 m for the DD and Wenner arrays, and  
40 m for the PD array (when n = 1 and a = 20 m); the longest 
cable length is extended to 1000 m for the DD array, 800 m 
for the PD array, and 600 m for the Wenner array (where  
n = 3 and a = 200 m). The induced current is set 16 amperes 
for the Wenner and the DD arrays and 8 amperes for the 
PD array. The lower current amplitude selected for the PD 
array is due to excess heat generated in the cables for this 
array configuration (Goto 2009, personal communication). 
To test the sensitivity of the various electrode arrays, 30 μV 
of Gaussian noise was added to the synthetic modeling re-
sults, based on a field experiment (Goto et al. 2008; Goto 

2009, personal communication). The apparent resistivities 
for Wenner, PD, and DD array with and without noise are 
shown in Figs. 4 to 6 as pseudo-sections.

Figure 4b shows that both the shape and magnitude 
of the apparent resistivity are relatively insensitive to the 
presence of noise for the Wenner array calculated from 
Eq. (3a). In contrast, the PD array of the pseudo-sections 
is strongly influenced by the presence of noise with the 
varying source-receiver offsets (n = 1 to 3), as shown in 
Figs. 5b, d, and f, respectively. The non-symmetric pseudo-
sections “without noise” appear at the all source-receiver 
offsets (Figs. 5a, c, and e) that are related to a single electri-
cal source of the PD array. The symmetric pseudo-sections 
of the DD array appear in the “without noise” section for all 
the source-receiver offsets (Figs. 6a, c, and e), whereas the 
pseudo-sections of the DD array are moderately affected 
by the presence of noise (Figs. 6b, d, and f), but to a less-
er degree compared to the PD array with noise. Since the 
pseudo-sections show average values of resistivity that are 
insufficient to show which array is better than the others. 
Therefore, we performed a 2D inversion to distinguish the 
advantage and disadvantage between these arrays as shown 
in Figs. 7 to 9 for the different configurations and the 
source-receiver offsets. All of the arrays are fitted “without 

Fig. 2. Illustration of traditional LERI arrays. Fig. 3. Initial model in 2D inversion.

Fig. 4. Pseudo-section of the Wenner array. (a) “Without noise,” (b) with 30 μV noise. The white solid line indicates the seafloor and the dotted line 
shows the MH block.

(a) (b)
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Fig. 5. Pseudo-section of the PD array. (a) Source-receiver offset n = 1 “without noise,” and (b) with 30 μV noise. (c) Source-receiver offset n = 1 
to 2 “without noise,” and (d) with 30 μV noise. (e) Source-receiver offset n = 1 to 3 “without noise,” and (f) with 30 μV noise. The white solid line 
indicates the seafloor and the dotted line shows the MH block.

Fig. 6. Pseudo-section of the DD array. (a) Source-receiver offset n = 1 “without noise,” and (b) with 30 μV noise. (c) Source-receiver offset n = 1 
to 2 “without noise,” and (d) with 30 μV noise. (e) Source-receiver offset n = 1 to 3 “without noise,” and (f) with 30 μV noise. The white solid line 
indicates the seafloor and the dotted line shows the MH block.

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)
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Fig. 6. (Continued)

(e) (f)

Fig. 7. 2D inversion of the Wenner array. (a) “Without noise,” and (b) with 30 μV noise. The white solid line indicates the seafloor and the dotted 
line shows the MH block.

(a) (b)

noise” interference and the root mean square (r.m.s.) misfit 
is 0.18% for the Wenner array (Fig. 7a), 0.15% - 0.22% for 
the PD array (Figs. 8a, c, and e), and 0.12% - 0.14% for the 
DD arrays (Figs. 9a, c, and e). The results from the Wenner, 
PD, and DD arrays all perform a low r.m.s. misfit of less 
than 0.3%. The results of adding Gaussian noise to all the 
arrays are shown in Figs. 7b (Wenner array), 8b, d, and 
f (PD arrays), 9b, d, and f (DD arrays). These inversions 
represent significant results both in spatial resolution and 
resistivity value. The r.m.s. misfit is 0.27% for the Wenner, 
0.87% - 2.45% for the PD, and 0.40% - 1.56% for the DD 
arrays. The r.m.s. misfits increase in long source-receiver 
offsets for the PD and the DD arrays which indicate that 
the current amplitude was reduced by large source-receiver 
offsets and produced large noise levels. Therefore, either 
selecting a large current amplitude or short source-receiver 
offset should be required to avoid the noise phenomenon in 
realistic explorations.

These results indicate that short source-receiver offset 
(n = 1) provides shallow depth resolution and long source-
receiver offsets (n = 1 to 3) images deep structure in the PD 
and the DD arrays. The PD arrays seem to have a deeper 
penetration depth than the DD arrays (Figs. 8 and 9), which 
correspond to the geometric spreading of direct current 
sounding.

The difference of resistivity anomalies is shown in 
Table 1. For the source-receiver offset n = 1, the resistiv-
ity anomalies of the PD and DD arrays are similar at ap-
proximately 3.0 - 3.8 ohm-m, whereas spatial resolution of 
the DD array is significantly higher than the PD array both 
with (Figs. 8b and 9b) and “without noise” (Figs. 8a and 
9a). For the source-receiver offsets n = 1 to 2, the resistiv-
ity anomaly of the PD array is approximately 6.5 ohm-m 
(Fig. 8c), and the DD array is close to 7.2 ohm-m (Fig. 9c)  
“without noise;” resistivity of the PD array is approximately 
3.6 ohm-m (Fig. 8d) and the DD is approximately 7.0 ohm-m  
(Fig. 9) with noise. The difference of spatial resistivity 
anomalies obviously appears with noise data between the 
two arrays. The MH block (resistivity anomaly) of the PD 
array is migrated a half size above the seafloor (Fig. 8c), and 
the DD array (Fig. 9c) also appears similarly, but is slightly 
less than the PD array. For the source-receiver offsets n = 1 
to 3, the resistivity of the PD is approximately 6.0 ohm-m 
(Fig. 8e) and the DD array is close to 9.0 ohm-m (Fig. 9e) 
“without noise.” The resistivity of the PD array is approxi-
mately 5.5 ohm-m (Fig. 8f), and the DD is close to 8.5 ohm-
m (Fig. 9f) with noise. The spatial resolution of the DD is 
higher than that of the PD array. These results indicate that 
the DD arrays provided the best resolution in the study both 
with and without noise.
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Fig. 8. 2D inversion of the PD array. (a) Source-receiver offset n = 1 “without noise,” and (b) with 30 μV noise. (c) Source-receiver offset n = 1 to 
2 “without noise,” and (d) with 30 μV noise. (e) Source-receiver offset n = 1 to 3 “without noise,” and (f) with 30 μV noise. The white solid line 
indicates the seafloor and the dotted line shows the MH block.

Fig. 9. 2D inversion of the DD array. (a) Source-receiver offset n = 1 “without noise,” and (b) with 30 μV noise. (c) Source-receiver offset n = 1 to 
2 “without noise,” and (d) with 30 μV noise. (e) Source-receiver offset n = 1 to 3 “without noise,” and (f) with 30 μV noise. The white solid line 
indicates the seafloor and the dotted line shows the MH block.

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)
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4. CONCLUSION

The Wenner array shows the poorest resolution, where-
as the PD and DD arrays perform better according to the 
results. However, realistic MERI exploration is limited by 
the number of electrodes. Thus, the Wenner array should be 
eliminated in fields that have a limitation of source-receiver 
configurations and poor resolution. Changing the source-
receiver offsets could greatly improve depth resolution of 
the PD and the DD arrays, where long offset provides bet-
ter resolution than short offset both in spatial and resistiv-
ity values. Generally, the noise level of MERI is generated 
by data errors, tides, electrode spacing, altitude, and towed 
movement, among others. The noise-level range suggested 
by Goto et al. (2008) is 10% - 15%. Therefore, the authors 
suggest that static measurement and development receivers 
on seafloor are required to reduce noise levels.
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