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1-D Controlled source electromagnetic forward modeling for
marine gas hydrates studies*

Zhao Luanxiao', Geng Jianhua', Zhang Shengye?, and Yang Dikun?

Abstract: We discuss the feasibility of using controlled-source electromagnetic (CSEM)
in the frequency domain for prospecting marine gas hydrates. Based on the Ocean Drilling
Program (ODP) Leg 164 log data, we have established several 1-D resistivity models which
have different gas hydrate concentrations. Meanwhile, we analyzed the electromagnetic

_ response of marine gas hydrates in the frequency domain based on these models. We also
studied the relationship between electrical field magnitude or phase and parameters such as
receiver-transmitter distance and frequency. Our numerical modeling results provide us with
a quantitative reference for exploration and resource evaluation of marine gas hydrates.
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Introduction

Gas hydrates are ice-like white solids composed of
natural gases and water which occur under appropriate
conditions of high pressure and low temperature. They
are a potential energy source for the 21st century and
are getting more study. The lower boundary of the gas
hydrate zone is generally identified on seismic sections
by the bottom simulating reflector (BSR). However,
the upper boundary of the hydrate bearing sediment is
not clearly defined on reflection seismic sections. The
total volume of hydrate and its resource value can not
be evaluated accurately from seismic data alone. Gas
hydrate, like ice, is an insulating material, so it naturally
has a large contrast of physical properties for using EM
methods for detection (Song et al., 2002; Ma et al., 2000;
Song et al., 2001; Song et al., 2003).

Previously, many researchers have evaluated gas
hydrates using marine EM methods (Yuan and Edwards,
2000; Edwards, 1997; Chave and Cox, 1982; Constable
and Weiss, 2006), most of them only using transient

fields and only a few discussions were related to the
electromagnetic response of marine gas hydrates with
varying reservoir properties and detection device
parameters in the frequency domain.

In this paper, the controlled source electromagnetic
method uses an electric dipole as the electric-field source
and several 1-D resistivity models with different gas
hydrate concentration were established using ODP log
data. Modeling results indicate that the calculated E-field
magnitude and phase vary with parameters such as
receiver-transmitter distance, frequency, and thickness.
The calculated results provide reference information
for the quantitative analysis of prospecting marine gas
hydrates.

Method principles

The instrument configuration of the marine controlled-
source electromagnetic method is different than the
onshore configuration in that the discrete frequency
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signals are transmitted by an electric dipole-dipole
transmitter. The excited electromagnetic fields spread
to the bottom and are measured by receivers located at
different distances from the transmitting source. These
receivers are linked in a linear array.

Assuming the vector direction of the electric dipole is
along the x-axis, the E-field excited by the dipole source
in the sea floor horizontal layers is expressed as (Tan et
al,, 2004):
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If the sea floor is divided into N layers, then ¥, and Z,
can be calculated by the following recursive formulas:
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These formulas, based on the digital filtering methods
of the fast Hankel transform, are used to calculate the
electric field amplitude and phase (Anderson, 1989;
Constable and Weiss, 2006).

1-D-resistivity layer model building

The electrical conductivity of marine sediments is
caused by the movement of particles in pore fluids. The
empirical relationship between formation conductivity o,
and porosity ¢ follows Archie’s law:

0, =¢"8"c,/ A, (15)

where m is the sediment cementation factor in the range
of 1.5 <m <3, 4 is a constant in the range of 0.5 < 4
< 2.5, S is the water saturation in the pores, n is the
saturation exponent, and o, is the conductivity of the
pore water. If we assume that 4, m, and n are 2, then
equation 15 can be rewritten as

o, =¢'S *c /2. (16)
/ W w

We established the 1-D gas hydrate resistivity models
based on the electric log data from Wells 994, 995, and
997 of the Ocean Dirilling Program Leg 164 (Figure 1).
Gas hydrate samples were taken from the drilled BSR
zones in the Blake Ridge area off the east coast of North
America during ODP Leg 164 and their average porosity
is about 60% (Lu and McMechan, 2002; Hyndman et
al., 1999). There are four models: MO is the resistivity
model with no gas hydrate in its marine sediments, while
M1, M2, and M3 are models containing gas hydrate.
We divided the gas hydrate bearing layer into four sub-
layers, S1, S2, and S3 represent the hydrate saturation
of the first, second, and third layers, respectively, while
S4 is the gas saturation in the free gas layer (see Table
1). We suppose that the sediments with a thickness of 0
- 100 m overlying the hydrates have the same resistivity
variation as the sea floor. The depth intervals of 100
- 170 m, 170 — 250 m, and 250 — 450 m are the first,
second, and third layers and the 450 — 500 m interval is
considered to be the free gas zone with lower resistivity.
We consider 450 m to be the BSR depth.

Table 1 Gas hydrate saturation in each layer for modeling

Model S1 S2 S3 S4
MI 20% 25% 30% 3%
M2 10% 15% 20% 2%
M3 5% 8% 10% 1%
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Fig. 1 1-D gas hydrate resistivity models.

Frequency domain electromagnetic response
of marine gas hydrates

The variation of E-field magnitude with receiver-

transmitter distance

We find that the E-field magnitude decreases with
increasing receiver-transmitter distance in the four
models and the gas hydrate model curves decay slower
than the half-space model. As for the three gas hydrate
models: M1, M2, and M3, the greater the gas hydrate
concentration, the slower the decay of the E-field
magnitude curve (Figure 2).
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Fig.2 E-field curves versus receiver-transmitter distance for a
frequency of 1 Hz.

The variation of E-field phase with receiver-

transmitter distance

From Figure 3 we see that E-field phase in the four
models increases with increasing receiver-transmitter
distance at different frequencies, although the increase
rate decreases at higher distances. The distinction
between the model curves at a given frequency is not
very clear. For a frequency of 1 Hz, the greater the
concentrations of gas hydrate, the faster the E-field
phase will increase with receiver-transmitter distance.
For a frequency of 10 Hz, at shorter distances the greater
the gas hydrate concentrations, the faster the E-field
phase will increase with increasing receiver-transmitter
distance. However, at larger receiver-transmitter
distances, lower concentrations of gas hydrate, results
in higher E-field phase will increase with increasing
receiver-transmitter distance.
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Fig. 3 E-field phase curves versus receiver-transmitter distance.

The variation of E-field magnitude with
frequency

In Figure 4, we find that at low frequencies the
E-field magnitude gradually decreases with increasing
frequency. It reaches a minimum and then gradually
increases with increasing frequency. For constant
receiver-transmitter distance, greater gas hydrate
concentrations result in slower E-field magnitude
decrease with increasing frequency but after reaching
the magnitude minimum, the increasing magnitude will
increase relatively faster. Comparing the three panels
in Figure 4, we see that for the same concentration of
gas hydrate, at greater receiver-transmitter distances the
minimum E-field magnitude is at lower frequencies.
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(a) Receiver-transmitter distance is 400 m.
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(c) Receiver-transmitter distance is 600 m.
Fig.4 E-field magnitude versus frequency at different receiver-
transmitter distances.

The variation of E-field phase with frequency
Figure 5 shows E-field phase versus frequency at
three different receiver-transmitter distances. (1) E-field
phase increases with increasing frequency and the
amount of curve separation is greater than E-field phase
versus receiver-transmitter distance.; (2} In the case
of shorter receiver-transmitter distance, the greater the
gas hydrate concentration, the faster the E-field phase
will increase; (3) Under greater receiver-transmitter
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(b) Receiver-transmitter distance is 500 m.

distance and higher frequency, lower concentrations of
the gas hydrate result in faster E-field phase increase.
Comparing the three cases, we can also conclude that,
at greater receiver-transmitter distance, the extent where
E-field phase varies with frequency is greater.
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Fig. 5 The variation of E-field phase with frequency (d is the
receiver-transmitter distance).

The variation of E-field magnitude and phase
with the thickness of gas hydrate

Figure 6 shows that E-field magnitude and phase show
an approximate linear increase with the thickness of the
reservoir. This relationship E-field magnitude and phase
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Fig. 6 (a) E-field magnitude versus gas hydrate thickness for
model M1 with 1 Hz frequency and 1 km receiver-transmitter

distance.
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Fig.6 (b) The variation of E-field phase for model 1 with 1 Hz
frequency and 1 km receiver-transmitter distance.

to gas hydrate thickness provides useful information for
evaluating resource volume and thickness.

Conclusions

Through the 1-D forward modeling study of gas
hydrates using the controlled source electromagnetic
method, we computed features of the electromagnetic
response of marine gas hydrates versus reservoir

parameters and acquisition parameters in the frequency
domain. The results provide an important quantitative
analysis reference for prospecting gas hydrates using
CSEM methods.

The 1-D forward modeling study is insufficient to
describe the actual distribution of gas hydrates, so 2-D
and 3-D forward modeling studies will be needed in
the future. In addition, the generation of gas hydrates is
closely related to water pressure and temperature, so it
will be necessary to use continuous anisotropic models
and computations.
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