
energies

Article

Comparison of Detection Capability by the
Controlled Source Electromagnetic Method for
Hydrocarbon Exploration

Zhenwei Guo 1,2,3 ID , Jianxin Liu 1,2,3, Jianping Liao 4,5,* and Jianping Xiao 1,2,3

1 Key Laboratory of Metallogenic Prediction of Nonferrous Metals and Geological Environment Monitoring,
Central South University, Ministry of Education, Changsha 410083, China; guozhenwei@csu.edu.cn (Z.G.);
ljx6666@126.com (J.L.); jpxiao@csu.edu.cn (J.X.)

2 Hunan Key Laboratory of Nonferrous Resources and Geological Hazard Exploration, Changsha 410083,
China

3 School of Geosciences and Info-Physics, Central South University, Changsha 410083, China
4 State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology,

Beijing 100083, China
5 Hunan Provincial Key Laboratory of Shale Gas Resource Utilization, Hunan University of Science

and Technology, Xiangtan 411201, China
* Correspondence: 1020116@hnust.edu.cn; Tel.: +86-139-7321-5676

Received: 23 May 2018; Accepted: 3 July 2018; Published: 13 July 2018
����������
�������

Abstract: Marine controlled-source electromagnetic (CSEM) is an efficient offshore hydrocarbon
exploration method that has been developed during the last 18 years. Sea Bed Logging (SBL) and
towed streamer electromagnetic (TSEM) are two different data acquisition systems. We compared
these two methods by using 1D sensitivity modeling and 2D Occam’s inversion. Based on this
research, we tested the effect of frequency, offset range, water depth, reservoir size, and reservoir
depth on the detection capability of the two acquisition methods in terms of sensitivity. In order
to test the methodology clearly and simply, the geological model was extremely simplified for the
inversion. The effect of these parameters on resolution was checked as another purpose. To easily
evaluate our inversion results, a simple quantity was employed that we called the anomaly transverse
resistance ratio. In the shallow water environment, both the SBL and the TSEM systems had a good
sensitivity to the high resistivity targets. However, in the deep water environment, the SBL system
had a low noise floor. Then, it could provide better detectability to the deep target. The TSEM had
the advantage in terms of the horizontal resolution because of the dense in-line sampling of the
electric field.

Keywords: Seabed Logging; towed streamer electromagnetic (EM); sensitivity; inversion; anomaly
transverse resistance ratio

1. Introduction

During the past years, the marine controlled source electromagnetic (CSEM) method has been
applied for hydrocarbon exploration. This CSEM method distinguishes the difference between
hydrocarbon-saturated rocks and water-filled rocks. The electromagnetic (EM) fields propagate
into the subsurface through the sea water, and the measurements at the receivers detect the signal
reflection at different locations and depths. The history and detailed description of marine CSEM have
been given by MacGregor and Sinha [1], Edwards [2], Constable and Srnka [3], and MacGregor and
Tomlinson [4].
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In hydrocarbon exploration, marine CSEM is commonly applied as Seabed Logging (SBL) [5].
A mobile horizontal electric dipole (HED) source has been towed over an array of seafloor receivers
(Figure 1). The HED source emitted a low frequency electromagnetic signal. The signal diffused
outwards into the overlying water column, and it also diffused downwards into the seabed. Normally,
the HED source was towed 30 or 50 m above the seafloor. A shallow towed source system was also
described by Barker et al. [6]. The receiver array on the seafloor measured both the amplitude and the
phase of the received signal, which depended on the resistivity structure beneath the seabed. Each
receiver arm was 10 m in length, and the distance between the two neighbor receivers was around
1–3 km. Concerning the receiver spacing, MacGregor and Tomlinson [4] discussed this by using the
unconstrained inversion of inline synthetic data.
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Figure 1. Typical in-line towing configuration of the Sea Bed Logging (SBL) system.

A towed streamer electromagnetic (EM) data acquisition system has been applied in the North
Sea [7,8], which was suitable for characterization of the subsurface as a successful case in the Troll field,
North Sea [9]. Similar to the towed streamer seismic survey, the towed streamer electromagnetic (TSEM)
system was given as in Figure 2, which deployed a receiver streamer at a 100m depth. A powerful
HED source was towed at a 10 m depth to the surface. The offset ranged from 500–7595 m. The receiver
pair electrodes lengths were between 200–1100 m, which increased with offsets. The long receiver
bipoles provided high sensitivity measurements. The 800 m long source bipole emitted the signal with
a current of 1500 A as normal [10].

The detection capability of the two measuring systems could be estimated by sensitivity studies,
e.g., using the normalized magnitude ratio like in Mittet [11]. For our tests, the sensitivity to the target
was defined by Mittet and Morten [12] to compare the detection capability. The definition was the ratio
between the amplitude of the scattered field and the estimated measurement uncertainty. Uncertainty
in marine CSEM data included measurement noise and uncertainty of the transmitter and receiver.
These uncertainties were from the positions, directions, calibrations, timing, and so on. The noise
comes from the self noise, motion noise, swell noise, and Magnetotelluric (MT) noise. Quantitative
uncertainties were estimated as a function of offset and frequency, and analyzed by inversion [13,14].

Modeling and inversion were another way to evaluate the marine CSEM methods. Shantsev [15]
compared surface towing and deep towing source approaches for acquiring marine CSEM surveys by
using 3D modeling and 2.5D inversion, with different frequencies, target depths, and water depths.
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The detection capability of different CSEM data acquisition systems was dependent on both
environment and equipment, such as water depth, overburden depth, reservoir thickness, background
and reservoir resistivity, frequency, offset, noise floor, and uncertainties. MacGregor and Tomlinson
provided a tutorial on the marine CSEM method to show four different types of CSEM data acquisition
systems, including SBL and TSEM systems [4]. They studied the sensitivity of a CSEM survey to the
reservoir properties and background resistivity by using transverse resistance.

In this paper, the advantages of each method were compared by using 1D sensitivity modeling,
2D modeling, and inversion. An anomaly transverse resistance ratio is defined to evaluate the 2D
inversion results of resistivity. We test the comparison by using the same resistivity model to find the
sensitivity of two data acquisition systems in different environments. A thin layered 2D model is built
to test the horizontal resolution of the CSEM data inversion. Lastly, we analyze the detectability of
these two systems by using Occam’s inversion and the anomaly transverse resistance ratio.

2. Method

We simulated synthetic data by a 1D simple model to investigate the effects of parameters, such
as reservoir depth, frequency, and offset, on the CSEM data. The synthetic data were also inverted
by 2D Occam’s inversion. Firstly, we compare the sensitivity to a buried thin reservoir for various
frequencies and offsets. Then, the sensitivity to a thin reservoir is compared at different depths. Finally,
an analytic expression for depth resolution is given by using the CSEM inversion with reservoirs
buried at different depths.

2.1. Senstivity

A measure of sensitivity is defined by Mittet and Morten [16].∣∣∣∣ ∆Ex(rr|rs, ω)

δEx(rr|rs, ω)

∣∣∣∣, (1)

where ∆Ex is the scattered field, which is calculated by the target response minus the background
response; δEx is the uncertainty of measurement, rr and rs are the receiver and source positions,
respectively; and ω is the angular frequency.

An approximate formula for measurement uncertainty is given as [12,17]:

δEx =

√(
αExtar

i
)2

+ N2, (2)
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where factor α is the relative uncertainty in the electric field amplitude, and Factorαis the relative
uncertainty in the electrical field amplitude. In this paper, α ≈ 1% is given as a constant [14]. Extar

i is
the ith target response. In order to create the synthetic data, random noise N is added to the data. The
noise N is related to frequency and offset.

For the SBL system, the contributions of noise N vary with depth. Mittet and Morten presented
some typical values [16], which are used in this paper for the SBL system, and the noise N by
Mattson et al. [18] isused for the TSEM system. In their article, Mattson et al. presented the noise
reduction techniques tailored for TSEM data.

2.2. Occam’s Inversion

In order to compare the data acquired by the SBL and TSEM systems, we employed the
MARE2DEM code [19,20], which is an implementation of the Occam inversion algorithm [21]. Occam’s
inversion was introduced by Key [22] to solve the regularized problem of marine CSEM problems. The
inversion objective function and root mean squared (RMS) misfit were described by Key [22].

The objective function is given as:

U = ‖∂m‖2 + µ−1[‖W(d− F(m))‖2 − X2
∗], (3)

where W is a diagonal matrix of the data errors, ‖∂m‖2 is the roughness part to smooth the model, µ is
a parameter for the trade-off between the model and data misfit, d is the observed data, F(m) is the
forward modeling of the conductivity parameter m, and X2

∗ is the target misfit.
The normalized root-mean-squared misfit is given as:

xrms =

√
X2

n
=

√
1
n ∑n

i=1

[
di − Fi(m)

si

]2
, (4)

where si is the data uncertainty.

2.3. Anomalous Transverse Resistance Ratio

Transverse resistance is defined as the thickness times the resistivity of a resistive layer model
confined between two more conductive layers [23]. Baltar and Roth [24] defined transverse resistance
as the integral of resistivity over depth. They defined an Anomalous Transverse Resistance (ATR) of
the reservoir as:

ATR =
∫

∆R(z)dz, (5)

where ∆R is the resistivity anomaly due to hydrocarbons.
To some extent, the interest is the CSEM anomaly resistivity variation over a uniform background.

Equation (5) can be discretized and simplified to:

ATRinv = ∑(∆RCSEM ∗ ∆z) =
∫

∆RCSEM(z)dz, (6)

where ATRinv is the ATR of the resistivity image, and ∆z is the thickness of the hydrocarbon charged
reservoir interval. So, we define an ATR ratio as [25]:

ATRratio =
ATRinv

ATRtrue
=

∑(∆RCSEM ∗ ∆z)
∆Rlog ∗ ∆zlog

, (7)

where ATRtrue is the ATR of the true model, ∆Rlog is the resistivity anomaly interval, and ∆zlog is the
thickness of the hydrocarbon reservoir at the well log scale.
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3. Results

In order to compare the two systems, we generated synthetic CSEM data with the MARE2DEM
code. Six cases are considered (Table 1).

Table 1. Cases for sensitivity and resolution comparison.

Cases Goals Method

Case 1 Sensitivity with frequency and offset Sensitivity modeling
Case 2 Sensitivity with buried depth Sensitivity modeling
Case 3 Depth resolution Occam inversion
Case 4 Sensitivity VS target dimensions Occam inversion
Case 5 Horizontal resolution Occam inversion
Case 6 Detectable limitation ATR ratio

Firstly, we studied the sensitivity to a buried thin reservoir for different frequencies, offsets, and
reservoir burial depths with 1D modeling. Next, we analyzed the effects of reservoir burial depth,
reservoir length, and the distance between two adjacent thin layer reservoirs on the resolution by
inverting 2D inline synthetic data. Lastly, we studied the detectability of the two acquisition systems
by analyzing the inversion results with the help of the ATR ratio.

3.1. 1D Sensitivity Study

In order to rapidly characterize the sensitivity of marine CSEM, a layer resistivity model was built
for Case 1 and Case 2 (Figure 3). The transmitter was towed 30 m above the seafloor with a 200 m
shooting distance for the SBL system. While the transmitter was towed 10 m below the surface with a
250 m shooting distance for the TSEM system. The streamer with receivers was towed 100 m below the
surface in the TSEM system. The frequencies were chosen from 0.05 to 0.75 Hz with a 0.05 Hz interval.
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3.1.1. Case 1: Effects of Frequency and Offset

The sensitivities variation with frequency and offset are shown in Figure 4 for a reservoir depth of
2000 m. Due to the limitation of the streamer length in the TSEM system, the maximum offset was
8000 m. Figure 4a illustrates the sensitivity image as a function of frequency and offset. When the
target was buried 2000 m below the seafloor, the receivers could detect the EM signal from the target at
double the burial depth. The sensitivity was smaller than 2.0, where the offset was shorter than twice
the reservoir depth.
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The computed sensitivity for the TSEM system using Equation (1) is shown in Figure 4b.
As mentioned above, the TSEM system had an 800 m long source and source-receiver electrode
pairs with lengths between 200 and 1100 m. This meant that accurate modeling required both a bipole
source and bipole receivers in the modeling code. In this case, however, we used point dipoles to
replace the source and receivers for modeling. For the sensitivity calculations, it was sufficient to apply
this first order approximation in this paper.

The high frequency part of the EM field was suppressed by seawater, where the water depth was
larger than 500 m. Hence, the sensitivity decreased when the frequencies were larger than 0.4 Hz.

3.1.2. Case 2: Effects of Reservoir Burial Depth

The resistivity model was considered to study the relationship between sensitivity and reservoir
depth, which is shown in Figure 3. The reservoir burial depth was changing for the testing.
In these cases, the transmitter frequencies were chosen as 0.25 and 0.75 Hz. The noise N, which
was water-depth-independent, was chosen as 10−15 V/Am2 for uncertainty. The tops of reservoirs
were parameterized at depths of 1000, 1500, 2000, and 2400 m, respectively. The sensitivity and the
uncertainty model were calculated for the different burial depths. The sensitivity was related to the
transverse resistance, which was calculated from the reservoir thickness and lithology. The results
are illustrated in Figures 5 and 6. At low frequency at 0.25 Hz, Figure 5a shows that the sensitivity
curves to the target were more than twice the detection threshold by the SBL system. Yet, in the 2400 m
case, the sensitivity was below the detection threshold, as shown in Figure 6a for the TSEM system.
The sensitivity was below the detection threshold when the reservoir depth was 2400 m for the SBL
system (Figure 5b).

Figure 6 clearly shows the sensitivity of the TSEM system. In order to show the curve clearly,
the label of sensitivity differed with two frequencies. The sensitivity measured by the SBL system
was more than the detection threshold at a 2000 m depth. However, the TSEM system could provide
the sensitivity to the shallow reservoir for the detection. Figure 6b illustrates that the sensitivity was
above the detection threshold for the 1000 m deep target, which meant that the shallow target was
detectable. In other words, the sensitivity to the deep target was too small to be detected at 0.75 Hz by
the TSEM system.
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Concerning the results shown in Figures 5 and 6, the TSEM system had an advantage at a shallow
target, while the SBL system apparently had deeper target detectability. A shallow target could be
easily detected by both acquisition methods, but it was difficult to obtain a good sensitivity for a deep
target using the TSEM system. By contrast, when the frequency increased to 0.75 Hz, the deep target
was undetectable by both acquisition systems. For the TSEM system, only the 1000 m deep reservoir
showed sensitivity to the target in these cases. In other words, the sensitivity of the TSEM system was
sharply reduced. As expected, the sensitivity was below the detection threshold at a high frequency
due to the strong attenuation.

3.2. 2D Synthetic Marine CSEM Survey Examples

In this section, we studied the resolution of three cases by using Occam inversion. Cases studied
the resolution with various reservoir buried depths, reservoir lengths, and horizontal intervals between
two targets. The true resistive model was designed as a thin resistive layered embedded in a conductive
medium for cases 3 and 4 (Figure 7). The air and seawater resistivity was the same as shown in Figure 3.
The acquisition parameters were given in Table 2. All the results were shown in Figures 8–13. The
white dots in figures represented the receivers with 1 km spacing. There was a 250 m distance between
each shot of the TSEM system. The offsets of the TSEM system ranged from 883 to 7595 m.
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Table 2. The CSEM acquisition parameters.

Parameters Sea Bed Logging Towed Streamer Electromagnetic

Source distance 200 m 250 m
Frequencies 0.25 Hz, 0.75 Hz 0.25 Hz, 0.75 Hz
Noise floor 10−15 V/Am2 10−15 V/Am2

Standard error 0.1 0.2
Source length 270 m 800 m

Source location 30 m above the seafloor 10 m below the sea surface
Receivers position and spacing On the seafloor & 1 km 100 m below sea surface & 160 m
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Both the HED source and receivers streamer were towed for the TSEM system. In total, 72 shots
were located between −7.7 km and 10 km positions for all the cases. Due to the 7.7 km long streamer,
the last receiver was located at 0 km, where the system could cover the whole investigation area. The
SBL system is introduced above (Figure 7).
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distance between the two reservoirs was 2.0 km in (a) and (b), and 1.0 km in (c) and (d).

3.2.1. Case 3: Occam Inversion Results with Variation of Reservoir Depth

Case 3 studied the detectability with various reservoir depths. The synthetic data of the examples
were obtained from a simple 2D reservoir model (Figure 7). It consists of a resistive reservoir of size
3.0 km × 0.1 km along X and Z directions, respectively. The reservoir was located between 2 km and
5 km in the X direction with 100 Ωm resistivity. The target was embedded in a homogeneous and
isotropic conductive layered background (1.0 Ωm). The top of the thin resistive layer lay at a depth of
1.2 km, 1.6 km, 2.0 km, and 2.4 km below the seafloor for testing of the reservoir depth resolution. The
measuring parameters are listed in Table 2. An unstructured triangle mesh was used for the starting
model of the inversion. Three water depths were considered at 300 m, 500 m, and 700 m.

Firstly, we inverted CSEM data for testing the shallow water example (1), where the water
depth was 300 m. The resistivity images in Figure 8 show that neither SBL nor TSEM could obtain
interpretable inversion results with a 2400 m deep reservoir. The anomaly area increased with the
reservoir depth, but the value of the resistivity parameter decreased, as shown in Figure 8a,c,e,g for
the SBL system or Figure 8b,d,e,i for the TSEM system.

Moreover, CSEM inversion was also carried out to test the example (2) with an intermediate water
depth of 500 m. As shown in Figure 9, the inversion result of the synthetic data generated by the SBL
system was different from the TSEM system in the shallow reservoir case, such as 1200 m and 1600 m.
At a 2400 m reservoir depth, neither of the two systems could detect a qualified resistive image.

Finally, Occam’s inversion was also tested by an example (3) with a 700 m water depth and the
results are shown in Figure 10. Since the water depth is 700 m, the noise of the airwave was reduced
in the SBL system. The sensitivity was larger than in the shallow water case. The deep target could
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not provide a response as strong as the shallow reservoir, so the resolution of the inversion result
became worse with an increasing reservoir depth, as shown in Figure 10a,c,e,g for the SBL system or
Figure 10b,d,f,i for the TSEM system.

In order to evaluate the inversion results which can produce almost the same resistive images,
such as the results of the 2400 m reservoir depth, we used the transverse resistance to evaluate the
CSEM data inversion results in the next section.

3.2.2. Case 4: Occam’s Inversion Results with Variation of Reservoir Length

In order to study the horizontal resolution of the two acquisition methods, we tested a simple
model with various reservoir lengths of 2.0, 1.5, and 1.0 km (Figure 7). The reservoir depth was 1 km
below the seafloor, and the water depth was 300 m. An unstructured triangle mesh was used for the
starting model of the inversion.

Figure 11 illustrates the Occam’s inversion results for the variation of reservoir model length. With
the reduction of reservoir length, there were artificial anomalies in the Occam’s inversion results by
the SBL system. Results from the TSEM system had a better horizontal resolution than the SBL system.

3.2.3. Case 5: Horizontal Resolution in Occam’s Inversion of Two Reservoirs Model

In this section, the horizontal resolution was tested for a model with two close reservoirs. A model
for Case 5 (Figure 12) was created for simulation synthetic data. The 2D model consisted of two of the
same sized resistive reservoir targets of 2.0 km along X and 0.1 km along Z directions, respectively. One
target was positioned between 4 km and 6 km in the X direction with a 100 Ωm resistivity. The other
reservoir had the same burial depth and resistivity. The distances of the two targets were 2 km and
1 km. The inversion parameters are given in Table 2.

Inversion results of the synthetic data generated by the two acquisition systems are illustrated in
Figure 13. When the reservoirs spacing was 2 km in the true model, the results showed that the two
systems could detect the two resistive anomalies. The depths of the anomalies detected were shallower
compared to the true model (Figure 13a), while the clear anomalies were located at the correct depth
and lateral position by the TSEM system (Figure 13b).

Figure 13c,d showed the results by Occam’s inversion where the interval of the reservoirs was
1 km. The resistivity estimated by the SBL system in Figure 13c is illustrated as a large anomaly.
In contrast, the two resistive anomalies are clearly displayed by the TSEM system in Figure 13d.

3.3. Case 6: Anomaly Transverse Resistance Ratio

The inversion results in Case 3 were employed to study the ATR ratio. The ATR ratio is shown in
Figure 14. A ratio of 0.3 was applied as the quality criteria. When the ratio was below 0.3, the image
could be applied for interpretation. Figure 14 illustrated the various ATR ratio changes with reservoir
depth. The water depth was 300 m (Figure 14a), 500 m (Figure 14b), and 700 m (Figure 14c), respectively.

In Figure 14a, the ATR ratio varied with increasing reservoir depth at 300 m deep water. The ATR
ratio reduced with growing reservoir depth. Because of the airwave effects in the shallow target case,
the ratios in these two acquisition systems at a 1000 m reservoir depth were lower than that in the 1200
m deep reservoir case. The fact that a linear curve reflected the ATR ratio decrease with reservoir depth
indicated that the detectability of the CSEM method declined with the increasing target depth. Both of
these two systems could detect the target when the reservoir was buried shallower than 1800 m.
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For the intermediate 500 m deep water, the ATR ratio of the two systems was similar in Figure 14b.
As shown in Figure 14b, the ATR ratio value sharply declined sharply when the reservoir depth
was larger than 1600 m for the TSEM system. The CSEM inversion result could not provide a high
resolution image for a 1800 m deep target when employing the TSEM system. The ATR ratio of the
SBL system was larger than that of the TSEM system at 1800 m, where the ATR ratio was smaller than
0.3. Compared to the TSEM system, the SBL system had a detectable advantage at an intermediate
water depth.

In Figure 14c, obviously, the ATR ratio of the SBL system is higher than that of the TSEM system
in deep water of 700 m. When the reservoir was buried at 2000 m, the resistivity image obtained by the
SBL system had a high resolution.

The detectable limitation of the TSEM system decreases with increasing water depth. The ATR
ratio is illustrated in Figure 14d, where the water was 900 m deep. The TSEM system might provide a
quality resistivity image in a very shallow reservoir.



Energies 2018, 11, 1839 14 of 16

4. Discussion

Similarly to other geophysical methods, the marine CSEM method had both advantages and
disadvantages. We compared the sensitivity and resolution of the marine CSEM method for a thin
hydrocarbon reservoir for the SBL system and the TSEM system. In order to evaluate the CSEM
method, we studied the sensitivity and resolution versus the frequency, offset, buried reservoir depth,
reservoir lateral size (length), and interval of the two reservoirs models for the two data acquisition
systems. The SBL system had a wider range of frequency and offset than the TSEM system. 1D
sensitivity modeling results indicated that the SBL system could acquire qualified data at a high
frequency. However, the TSEM system had a limitation of the streamer length. Therefore, the TSEM
system method only had in-tows or out-tows data with a limited offset. In order to overcome the
reduced sensitivity, the TSEM system employed the 3 by 3 dipole source-receiver pairs to replace
the single node source-receiver pair. Both SBL and TSEM systems had a good sensitivity for shallow
targets. As the water depth increased, the depth at which a given target could be detected decreased.

The advantage of the SBL system was in the deep water environment because less EM energy
was lost during propagating. Large source-receiver offset could receive the EM signal for the low
frequency EM wave. In a shallow water environment, both acquisition systems had a good sensitivity
to the resistive targets, and the TSEM system might provide as qualified responses as the SBL system
in terms of sensitivity and inversion results.

The resistivity images from CSEM inversion illustrated that the depth resolution varies with water
depth. With increasing water depth, the SBL system had a better deep resolution than the TSEM data.

Concerning the horizontal resolution, the TSEM system had an advantage in 2D inline data
acquisition. The TSEM system provided a clear resistivity image when the reservoir size was 1 km and
was able to distinguish two shallow targets, even though the reservoirs were at a 1 km distance. The
TSEM system was considered to have an advantage of the horizontal resolution in the 2D case.

By analyzing the ATR ratio of the resistive image, we defined 30% as the criteria to evaluate
the resistivity image. The detectable limitation was dependent on the parameters like water depth,
geologic setting, frequency, and offsets. The exact target detection limitation depth was tested at the
water depths of 300, 500, 700, and 900 m. Based on these results, in a deep water environment, the SBL
system was preferable.

In this paper, we only considered the 1D and 2D cases. In 3D data acquisition cases, the SBL
system acquired both azimuth and inline data. The SBL system has been applied in the Barents Sea
since 2008. The TSEM system was also applied in 3D for the survey area covering a total of 5206 sq.
km in the Barents Sea [26]. In the 3D data acquisition cases, the parameters for the two systems
were different.

Considering the cost of the survey, these two systems had their own advantages. The SBL system
needed to drop the receivers on the seafloor, and then, the HED source would be towed above the
seafloor. When the survey was finished, the receivers should be recovered again. But, the SBL system
had an advantage in terms of the 3D survey. It could drop the receivers to acquire the signal for a
large scale survey. The TSEM could be towed by the vessel together with the seismic survey. Both
the EM and seismic systems had a similar survey design. Then, the TSEM system could save costs in
2D surveying.

5. Conclusions

In this paper, we investigated the detection capability of the marine CSEM method for
hydrocarbon offshore exploration. To compare the two systems, acquisition parameters were tested by
analyzing the sensitivity and resolution.

The resistivity images inverted by the Occam algorithm illustrated the relationship between the
depth resolution and the absolute reservoir depth. Both the systems had a good resolution in the
shallow water environment. However, in the deep water environment, the SBL system provided a
superior depth resolution to the TSEM system.
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Concerning the horizontal resolution, the TSEM system had an advantage in the dense acquisition.
The horizontal dense data acquirement provided a clear resistivity image for a small size reservoir.
It could also distinguish two shallow resistive targets when the interval was 1 km.

Here, we employed a criterion to evaluate the resistivity image. An ATR ratio was defined
to analyze the resistivity image of the subsurface. The detection capability of the CSEM method
varied with water depth and absolute target depth. Based on these results, the SBL system was
preferable in the deep water environment; by contrast, the TSEM system was preferable in the shallow
water environment.

Some limitations of these comparisons should also be introduced here. The simplified geological
model was employed to test the methodology basics. So the simple isotropic model could not describe
a 3D and anisotropic world. The broadside data was not considered in these comparisons either.
Moreover, the selected parameters for inversion might result in the different results. Finally, in 1D
sensitivity modeling cases, the lengths of the HED source and receiver electrodes were not considered.
In the future, we would study the sensitivity and resolution in 3D and anisotropic environments.

Considering the acquisition cost, the SBL system measured the 3D data by dropping and
recovering the receivers once. The TSEM system could measure the EM data with seismic data
together. Both the EM and seismic system could be towed at 4 knots.

We believe that the comparative studies can be useful for improving acquisition methods.
Our analysis can be applied to identify experimental limiting factors. It can be used to guide the survey
design for hydrocarbon exploration.
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