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Abstract

method faces a challenge for detecting thin hydrocarbon reservoirs because the airwave dominates electromagnetic

In shallow water environments, the frequency domain, marine controlled source electromagnetic (CSEM)

responses and contains little information about resistivity structure of the seabed. In this paper, airwave effects on
time domain (or transient) CSEM responses are investigated. The arrival time of the airwave depends on the water
depth. The airwave arrives earlier in shallow water and later in deep water environments and it occurs at different
time than the signals traveling through the deep resistor. Although in an intermediate water depth the airwave and
the signal from the deep resistivity arrive at about the same time, one can still see a clear anomaly compared to the
background model without hydrocarbon reservoirs. For shallow water surveys, one has the added advantage that a
surface towed system can be used.
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1 Introduction

Recently, an intense commercial interest has
arisen in applying the marine controlled-source
electromagnetic (CSEM) method to offshore hy-
drocarbon exploration. In a marine CSEM survey,
a horizontal electric dipole generally is towed at a
height of few tens of meters above the seafloor and
electromagnetic receivers typically are deployed at
the seabed. Marine CSEM surveys have been
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carried out both in the frequency and time domain.
The frequency domain, marine CSEM method has
been applied successfully in deep water areas to
detect hydrocarbon reservoirs'' and to characterize
gas hydrates'®. In shallow water areas, at water
depths of less than 300 meters, however, the
frequency domain CSEM method may face a
significant challenge because the airwave dominates
the electromagnetic response and contains little
information about resistivity structure of the seabed.

In a time domain CSEM survey, a time-varying
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current, typically a step function or a pseudo-
random binary sequence (PRBS), is injected between
two source electrodes and the time-varying voltage
response between each pair of receiver electrodes is
measured simultancously™~®. The electric field
response and its time derivative (impulse response)
can then be obtained. Schwalenberg et al.™
employed the time domain CSEM technique to
assess gas hydrates in deep water where the
airwave problem is absent. More recently, Ziolko-
wski et al. [¥
survey in the North Sea at 100 m water depth.

We have reviewed the transient 1D CSEM
forward problem and have written a new time

With the use of this code,

we studied the transient electromagnetic responses

conducted a successful transient EM

domain forward code.

of offshore hydrocarbon models. In this paper, we
present our numerical results and demonstrate the
applicability of the time domain CSEM method in
shallow water environments.

2 Methodology

The electromagnetic fields due to a dipole
source in layered conductivity media have been
investigated by Stoyer'™, Tang'®, Chave and
Cox, al. ¥ and Edwards"'*,

among others. Wannamaker et al. ' derived the

Cheessman et

tensor Green's functions for an electric dipole in a
layered conductivity earth by using vertical com-
ponents of magnetic and electric Shelkunoff vector

potentials. In our code, the expressions of kernels

1 [13]

in Wannamaker et al. are employed and the

Hankel transforms are computed numerically by

using quadrature and continued-fraction expansion

[14]

algorithm The transient electromagnetic re-

sponses can be obtained by applying a sine or

cosine transform to the frequency domain fields-'"-

E (1) — j Msmwz‘dw D
TJoO

E'() — ij Re[ E(w) Jcoswt do. (2)
TJO

where o is the angular frequency and the quantity
Re[ E (w)] is the real part of the electric field
E*(¢) and

component in the frequency domain.

E'() — oE* (D)

are the step on electric field re-

sponse and its time derivative (i. e. impulse re-

sponse) , respectively. The integrals in eqs (1) and
(2) are computed by using a lagged convolution

[16]

algorithm''®, which requires the response at a

wide range of frequencies. In our examples, the

discrete frequencies are determined within the

to 10° Hz with 10 logarithmically
equidistance frequencies per decade.

interval 1077
The step on response of the inline electric field

of a wunit source dipole at the surface of a
homogeneous half-space is given by
s — _ uz,’Z
B =52 [2 erf(f>+ } (3)

in which u = 2Lr, r = 2120t/ o s 10
r

10 "H/m, p is the resistivity of the homogeneous

= 4x X

half-space, r is the source-receiver distance and erf
is the error function.

Use of asymptotic expression of the error
function for the late time t—>co, one gets the late
time step on response (i. e. electric field of a unit
static dipole source)

E(eo) = £, (4)
r

The dimensionless (or normalized) step on

response then reads

E@w _, 1 u [ ——
E(oo) 1 Zerf(\/f)jL Znue , (5

The impulse response of the inline electric

field can be obtained by differentiating equation (3)

3/2 ) .
= M (6)

8 v/mp

The normalized step on and impulse transient

E'(p)

responses of the homogeneous half-space are

1.1
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Fig.1 The normalized step on response (a) and the
impulse response (b) of the homogeneous half-space for
a range of resistivities of the half-space
The solid lines indicate the analytic solution and the stars
are the results obtained from our 1D code.
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displayed in Figures la and 1b, respectively, for
values of resistivity of 0. 3, 1, 10, 100 Qm and
1000 Qm. Both the transmitter (Tx) and the
receiver (Rx) are on the surface and the offset is
1000 m. The solid lines indicate the analytic
solutions in equations (5) and (6) stars indicate
the results obtained by our 1D code. The agree-
ment is very good.

3 Transient Responses from a Deep-
towed Transmitter

We consider an 1D canonical model shown in
Fig. 2, which consists of 0. 3 Om sea water with
varying depth h,, a 1 Qm seafloor sediment, and a
100 m thick, 100 Qm reservoir layer at a depth of
h, below the seafloor. The inline electric field and
its time derivative (impulse response) excited by a
step on source signal were calculated by the
recently developed 1D time domain code. Note that
a unit source dipole is always used in the following
analysis, unless stated otherwise.

Sea water 0.3 Om Tx Rx !I,
S0m v 4
10m gr
Resistive target 100 Om 10'Dlm
10m

Fig. 2 The 1D canonical reservoir model

Fig. 3 shows the time derivative of the electric
field response for five water depths (h,=100, 200 m,
300, 500 m and 1000 m) and the reservoir layer is
at a depth of A, =1000 m below the seafloor. The
horizontal electric dipole (Tx) is located at a
height of 50 m above the seafloor and the receiver
is at the seafloor. The transmitter (Tx)-receiver
(Rx) offset is 4 km. The solid lines are the
impulse response of the reservoir model with the
resistive layer and the symbols are those of the
background model (without the resistive layer). In
the shallowest water (100 m depth), the impulse
response of the reservoir model (red line) shows
two peaks. The first one marks the arrival of the
airwave and the second one the arrival of the field
diffusing through the reservoir layer. This can be
clearly seen when we compare it with the response
of the corresponding background model (red stars).
As sea water depth increases, the airwave arrives
later and the amplitude becomes smaller-because of
its decay in the deepening water layer. The
presence of the airwave increases the electric field
amplitude measured at receivers. When the water

depth is 500 m, the impulse response of the
reservoir model shows only one clear maximum.
This means that the airwave and the signal from
the deep resistivity layer arrive at about the same
time, but one can still see a clear anomaly
compared to the background model. In deep water
(1 km depth) the impulse response shows two
peaks again, but the first one marks the arrival of
the field diffusing through the reservoir layer and
the second one the arrival of the airwave.

The time derivative of the electric field
response is displayed in Fig. 4 for five offsets (1,
2, 3, 4 km and 6 km ) in the shallow water (100 m
depth) case. The source (Tx) is located at height
of 50 m above the seafloor and the receivers are
positioned at the seafloor. Again the reservoir
layer is buried at a depth of A,= 1000 m below the
seafloor. At an offset of 1 km, the impulse
response (blue line) of the reservoir model with
the resistive layer is almost identical with that of
the background model (blue stars) and the effect
of the resistive layer is hardly recognizable. At an
offset greater than 2 km, the effect of the deep
resistive layer is clearly noticeable and one can see
a clear anomaly compared to the background
model. With the increase of the transmitter (Tx)-
receiver (Rx) offset, the arrival of the target
response shifts toward a later time and the
amplitude of the response decreases. Fig. 5b shows
the impulse response for a shallow target (h, =500 m).
In comparison with the impulse response for the
deep target (Fig. 4), one can observe that, as the
depth of the reservoir layer gets shallower, the
offset at which the effect of the resistive layer is
recognizable gets smaller and the arrival of the
target response comes earlier, and the amplitude of
the target response gets bigger, so one can see a
bigger anomaly.

4 Transient Responses from a Surface-
towed Transmitter

In a marine CSEM survey, the horizontal
electrical dipole source is often towed a few tens of
meters above the sea floor and an array of receivers
is positioned on the seabed. In this section, we
investigate the possibility of using a surface-towed
system in a shallow water survey. The horizontal
electrical dipole source is towed at near the sea-
surface and receivers may be towed at the sea
surface behind the transmitter or positioned on the
seafloor. One of the advantages of the surface-
towed transmitter is that GPS recorders can be
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Fig. 5 Step on response (a) and impulse response (b) for various offsets over the canonical 1D model as shown
in Fig. 2 (solid lines) and the half-space without the reservoir (symbols)
The water depth is ~,=100 m and the transmitter is located at a depth of 50 m below the sea surface;
The resistive layer is buried at a depth of A,=500 m below the seabed.
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Fig. 6 The transient response of the 1D reservoir model (Figure 2)
for the deep reservoir (A, =1000 m) in the shallow water (A, =100 m)
The transmitter is moved to the sea-surface and the receiver is located on the seabed or the sea-surface. The source(Tx)-receiver(Rx) offset
is 4 km. (a) The impulse response; (b) The normalized field by the impulse response of the background model without the reservoir layer.
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attached to the antenna to provide an accurate
navigation. Tow speeds can be higher than for
deep-towed transmitters, and no time is spent
deploying and recovering instruments.

Here we present the transient response over
the previously mentioned 1D canonical model (Fig.
2) for the deep reservoir target (h, = 1000 m), but
now the transmitter is moved to the sea surface and
the receiver is located on the seabed or at the sea-
surface. Fig. 6a shows the impulse response at an
offset of 4 km in the shallow water case (100 m water
depth). The blue line indicates the impulse
response when both the transmitter and the
receiver are located at the sea surface, and the red
line indicates the impulse response when the
transmitter is at the sea surface and the receiver is
still on the seabed. The impulse response (green
line) of the convenient deep-towed marine CSEM
configuration (i. e. , the transmitter is at a height
of 50 m above the seabed and the receiver is on the
seabed) is also illustrated. For comparison, the
impulse responses of the backgrounding model
without the resistive layer are also displayed
(symbols). From Figure 6a, one can see that the
early time impulse response curves of the three
transmitter-receiver configurations are much differ-
ent, while those at late times (¢>>1 s) are almost
identical in amplitude and shape and they f{fall
together on the plot. One can see also that the
anomalies of the three different configurations are
very similar. The impulse response of the reservoir
model (solid lines in Figure 6a) is divided by the
corresponding response of the background model
(symbols in Figure 6a) and illustrated in Figure
6b. One can see that the normalized responses of
the three configurations are very similar in the
shape and range. One gets the maximal anomaly,
when both the transmitter and the receiver are
located on the sea surface.

5 Practical Application

In addition to the impulse response, Fig. 5a
also shows the integrated, or step-on, response.
This represents the measurement that would be
made in practice, using a low frequency square
wave transmission. Using this result, we can
address several issues associated with practical
applications, such as the switch-on speed required
for the transmission current, the appropriate
repetition rate for the transmission waveform, and
the required signal to noise ratios for the receivers
at various source-receiver offsets.

The noise threshold for seafloor electromagne-
tic receivers is around 107" to 107" V/(Am?)
using a transmitter with a source dipole moment of
around 100 kAm. Clearly, the expected signals are
well above the noise, even for the larger source-
receiver offsets. For all but the shortest source-
receiver offset (1 km), the separation between the
reservoir and no-reservoir case is discernible, from
about a factor of 2 at 2 km offset to over half a
decade at 6 km. In all cases the signal asymptotes
to a late-time, DC response which is sensitive to
the presence of the reservoir, but the transient
response starting around 0.1 s has a larger
separation between the reservoir and background,
making the case for the time domain (versus DC
resistivity) measurement,

The switch-on time for our EM transmitter
was measured at about a millisecond over a 400A
transition during a recent experiment using a 50 m
antenna. Since the step on response does not rise
above the noise floor until after 3~10 ms (depend-
ing on offset and, to a lesser extent, the noise
floor chosen), and the separation between the
background and target response does not develop
until about 100 ms, this would appear adequate.
Our transmitter uses bipolar transistors for
switching, allowing a single transition between a
negative peak current of —500 A and a positive
peak current of 500 A to achieve a total transient of
1000 A. Some commercial transmitters using thy-
ristor/SCR technology require an off state between
polarities, but have larger peak current capabilities
which compensates for the reduced step size.
Except at the longest offset, the signal has reached
the DC level by a few 10's of seconds, suggesting
that this would be an adequate repetition/stacking
frequency.

For shallow water operations, as we have
shown, seafloor receivers and transmitters do not
provide significantly better resolution than surface
systems. On the other hand, there are several logis-
tical advantages of surface-towed systems. High
transmission currents can be generated directly on
the survey vessel, without the need to use high
voltage transmission down a towing cable. Inline
receiver antennas can be hundreds, rather than
tens, of meters long to capture larger signals. Tow
speeds can be increased from 1 ~ 2 knots to 4 ~
6 knots (at a cost in stacking and/or spatial
resolution). We have experimented with various
towed electric field receiver systems, and have
found that signal to noise ratios can be achieved
which are no worse than a factor of 10 over
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deployed seafloor receivers. We are constructing a
150 kAm surface transmitter and have yet to
measure the switching times we can achieve with
this, although experience suggests they will not be
significantly slower than those quoted above.

6 Conclusions

This 1D study indicates that in both the
shallow water and deep water environments, the
airwave and the signal traveling trough the deep
Although in an
intermediate water depth the airwave and the

resistor arrive at different time.

signal from the deep resistivity layer arrive at
about the same time, one can still see a clear
anomaly compared to the background model with-
out hydrocarbon reservoirs. For shallow water,
deep-towing the transmitter near the seafloor has
no clear advantage and a surface towed system may

be used.
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