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Abstract

High-resolution 3D (HR3D) seismic
data are important for hydrocarbon
exploration of shallow reservoirs, site
characterization, and geohazard assessments. The goal of this contribution is
to identify and quantify the parameters
to increase the resolution of HR3D
seismic data to meter scale. The main
acquisition parameters controlling the
resolution of the collected data are the
spectrum of the seismic source, sourcereceiver offset range, and trace density.
An evolution to one-meter-scale resolution of 3D seismic will rely on combining
a reproducible seismic source with high
frequencies up to at least 600 Hz, a high
uniform trace density of more than
4 million traces per square kilometer,
and an offset range shorter than approximately 200 m. The resulting 3D seismic
data volume will reach meter-scale resolution for water and target depths of less
than 600 m. The proposed HR3D system
will be suitable for 3D and 4D characterization of seabed properties and Figure 1. Comparison of P-Cable 3D and conventional 3D seismic data from the southwest Barents Sea.
shallow stratigraphy, the identification (a) P-Cable 3D seismic cube (left) and continuation of the same cube by conventional 3D seismic data (right).
Glacial unconformity is marked by red in both data sets. (b) Structure map of glacial unconformity for the same
of geohazards and hydrocarbon leakage,
area based on the P-Cable 3D (left) and on the conventional 3D (right). Data courtesy TGS and WGP.
and monitoring the environmental
impact of offshore activities. The P-Cable 3D system is an excellent towed streamer spread with a seismic source directly above the
starting point for achieving one-meter-scale resolution due to its spread (Whaley, 2017); and a combination of a higher density
flexible and tight meter-scale shot and receiver spacing.
streamer spread with wide towing sources (Widmaier et al., 2017).
However, these acquisition technologies are based to some extent
Introduction
on the conventional seismic 3D designs.
Recent technological development of high-resolution seismic
The P-Cable technology (Planke and Berndt, 2004) is another
from 2D to 3D acquisition systems has significantly improved direction in HR3D seismic acquisition design based on short
imaging of the subsurface geology. These improvements have been streamers that has been developed over the years (Planke et al.,
applied primarily to hydrocarbon exploration and geohazard 2009). P-Cable 3D images of the seabed have a similar quality
assessment (Ebuna et al., 2013). High-resolution 3D (HR3D) to multibeam echo sounders (Bellwald et al., 2018b) and display
seismic imaging of shallow targets in shelf environments requires more detail than conventional HR3D seismic data (Figure 1).
short offsets, but these are difficult to obtain with most current For example, in surveys from the Barents Sea, polygonal faults
acquisition systems (Widmaier et al., 2017). Several HR3D seismic below a glacial unconformity and internal reflections within the
acquisition and processing technologies are being developed to glacial package (e.g., top moraine and associated mass transport
address this problem: shortening of near offsets and bin size in deposits [Bellwald and Planke, 2018]) can be seen in P-Cable
conventional 3D seismic acquisition; use of dual-sensor streamers data but not in conventional HR3D data (Figure 1a). The morpholand separated wavefield imaging (Whitmore et al., 2010); a deeply ogy of the glacial unconformity interpreted from P-Cable seismic
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data (Figure 1b) is so detailed that we can identify meter-scale
glacial landforms such as plow marks and rhombohedral ridges
(Bellwald et al., 2018a). Similarly, surveys from the Gulf of Mexico
show much more detail in the P-Cable data when compared to
conventional 3D technologies, which can be explained by higher
recorded frequencies and a smaller bin size (Brookshire et al.,
2015, 2016; Meckel and Mulcahy, 2016).
The aims of our contribution are (1) to identify and quantify
the parameters controlling the resolution of 3D seismic data
for shallow targets in shallow water and (2) to propose a meterscale data resolution acquisition setup for future HR3D technologies. For these purposes, we first review the theory of
seismic wave propagation from the seabed down to approximately

600 m below seafloor (bsf) before the first seabed multiples.
Secondly, we compare P-Cable HR3D and conventional-based
HR3D seismic technologies. Finally, we suggest a meter-scale
HR3D acquisition setup for shallow targets in shallow water.

Acquisition geometry

Conventional 3D seismic technology is designed to efficiently
collect vast amounts of seismic data covering large areas. The
conventional 3D seismic technologies use powerful air-gun arrays
with shot spacing of about 12–25 m and custom-built seismic
vessels. The conventional 3D systems collect the seismic data
using several kilometer-long streamers towed about 100 m apart
with hundreds of channels per streamer. The resulting natural

Figure 2. Comparison of 3D seismic acquisitions. (a) Conventional 3D (C1) and P-Cable 3D (HR14) acquisition setups at a similar scale. Arrows mark the streamer
lengths and minimum offsets. Blue line marks P-Cable cross-cable. (b) Short-offset distribution for P-Cable 3D and C1 per shotpoint for acquisition parameters given in
Table 1. (c) Zoom in of (b) for P-Cable 3D offset ranges.
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Table 1. P-Cable (HR14 and HR16) and conventional (C1) 3D seismic acquisition parameters.

Acquisition parameters of 3D seismic

HR14

HR16

C1

16 × 9.5 m × 25 m

18 × 12.5 m × 100 m

8 × 100 m × 6000 m

2.5 m

2m

8–12 m

8 × 16 = 128

16 × 18 = 288

480 × 8 = 3840

3.125 m

6.25 m

12.5 m

Offset range for central streamer

122–147 m

55–155 m

178–6178 m

Offset range for all steamers

Streamer spread
(Number of streamers × streamer separation × streamer length)
Streamer tow depth (dr)
Number of channels
(channels per streamer × streamers)
Group interval

122–163 m

55–188 m

178–6180 m

Source volume

300 in3

300 in3 (two sources)

3400 in3 (two sources)

Source depth (ds)

2.5 m

3m

6m

Shotpoint interval

12.5 m

6.25 m

18.75 m

Sail-line distance

71.25 m

112.5 m

350 m

Dominant frequency of the source

approx. 145 Hz

approx. 110–130 Hz

50–70 Hz

Bin size (m)

6.25 × 4.75 m

3.125 × 3.125 m

25.00 × 6.25 m*

4

4

93

Average common midpoint full trace fold

*The bin size slightly varies within the area. Given parameters are relevant for the example in Figures 10 and 11.
bin size of the collected data is commonly in a range of 12–50 m
and down to 6.25 m in inline direction. The conventional 3D
seismic systems are usually adjusted for data acquisition in shelf
environments by shortening shotpoint intervals and near offsets
(Figure 2a).
The P-Cable 3D seismic technology has been developed since
2004 (Planke and Berndt, 2004) and consists of a light seismic
acquisition system (Figure 2a) to collect high-resolution seismic
data using 12.5–100 m long streamers at about 10 m separation.
Each streamer has eight to 16 channels with a group interval of
1.525–6.5 m. The main component of the P-Cable seismic system
is a cross-cable towed perpendicular to the steaming direction of
the vessel. The cross-cable provides power and communication
for up to 24 active streamer sections and alleviates the need for
towing all streamers directly from the vessel, which is impossible
for large numbers of streamers or for smaller vessels. The highfrequency sources comprise small-volume air guns at water depths
of approximately 2 m and allow shooting intervals of 6–12 m at
every 3–6 s for an acquisition speed of about 4.5 knots, resulting
in a natural bin size of 3–6.25 m.
The resolution comparisons in this study are based on actual
3D seismic acquisition parameters (Table 1) used in conventional
dual-source acquisition (C1) and in P-Cable single- and dual-source
acquisitions (HR14 and HR16, respectively) in a shelf environment.
The bivariate plots in Figures 2b and 2c, based on the parameters
in Table 1, show the importance of short-offset distribution for
imaging shallow targets and cumulative curves of collected data
per shotpoint for the P-Cable and C1 HR3D acquisitions.

Theoretical analysis

In this section, we analyze the controlling parameters of the
seismic data resolution and the attenuation of the seismic signal
for shallow geologic targets at less than approximately 600 m bsf
before the first seabed multiple. We also study the influence of
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acquisition parameters (offsets and trace density) on the data
resolution. We used two simplified geologic models presented in
Table 2 to evaluate the data resolution. Model G1 has four layers,
whereas the two-layered model G2 is a simplification of model
G1. The attenuation factor Q corresponds to the relative energy
loss per cycle (one wavelength).
In this study, we do not analyze the results of signal-processing
techniques, such as deconvolutions, nonstretching normal
moveout (NMO) correction of prestack time-migrated data (Zhang
et al., 2013), etc. Processing results do not always improve the
signal and may adversely introduce artifacts that are difficult to
differentiate from real events. The nonstretching NMO correction
has been tested mostly on synthetic data and some real data; both
data sets have dominant frequencies of 50–60 Hz and require very
careful data preparation (Mutlu and Marfurt, 2015). We believe
in acquiring the best possible signal with good data coverage, as
opposed to recovering the seismic signal during processing.

Resolution

Resolution was defined by Sheriff (1991) as the minimum
distance between two distinct objects before their individual
identities are lost. The vertical resolution of the seismic data is
approximately a quarter of the wavelength (e.g., Yilmaz, 2001).
The first Fresnel zone defines the horizontal resolution, but the
horizontal resolution of migrated reflection data is a quarter of
the wavelength (e.g., Yilmaz, 2001). These definitions are valid
for dominant and maximum frequencies, thus the quarter of the
wavelength in turn provides an estimate of the smallest possible
objects to be resolved in the seismic data.
Another limit for the horizontal resolution of seismic data is
trace spacing, corresponding to bin size in processed data (Table 1
and Figure 3). A bin size of 3–6 m in P-Cable 3D data corresponds
to vertical and horizontal resolution limits of 4–5 m for dominant
source frequencies of approximately 110–140 Hz for model G1.

Table 2. Parameters of the simplified geologic models.

Layers

Depth (m)

Depth bsf (m)

Unit thickness hsed (m)

Interval velocity V
(m/s)

Q

400

0

400

1500

-

Model G1
Water
Quaternary

450

50

50

1700

70

Cretaceous

600

200

150

2300

70

Jurassic (target)

750

350

150

2800

30

Vav = 2430

Qav =52

400

1500

-

350

2400

50–150*

Model G2
Water

400

0

Sediments
750
350
Q is attenuation factor
Vav is average velocity for the entire sedimentary package
Qav is average attenuation factor for entire sedimentary package
*50–150 is typical Q range for sediments (Sheriff and Geldart, 1995)

frequency. The horizontal detection limit is more challenging
to estimate (Planke et al., 2015) due to dependence on both the
size and dip of an object. Two-dimensional seismic model
experiments by Pant and Greenhalgh (1989) show that an object
as small as 1/30 of the wavelength can be detected laterally by
reflected and diffracted waves on reflection seismic data.
Finally, resolution is also strongly dependent on the quality
of the collected data, which is controlled by the signal-to-noise
ratio and by the roughness of the geologic boundaries that can
reflect scattered seismic waves back to the receivers. Therefore,
seismic data can image and detect structures and objects that are
bigger than the theoretical limits, but not smaller.

Attenuation

Figure 3. Resolution limits based on quarter of wavelength for three sedimentary
units of model G1 (Table 2). The brown box marks the dominant frequency range
and resolution for P-Cable 3D data; the black box shows the same for conventional
3D seismic (Table 1).

The bin-size range of 6–25 m in conventional 3D seismic data is
wider than the resolution limits for dominant frequencies of
approximately 30–60 Hz. Therefore, the horizontal resolution of
seismic data is either limited by the bin size or frequency content
of the data.
The limit of resolution is different from the limit of detection
(or visibility). The detection limit is the ability to identify the
presence of an object without the ability to estimate its size, and
hence the detection limit is smaller than the limit of resolution
(e.g., Yilmaz, 2001). According to different authors (Widess,
1973; Kallweit and Wood, 1982; Zhang and Castagna, 2011),
the vertical limit of detection can be down to 1/32 of the wavelength. Another aspect of vertical detection limit is the sampling
rate of the collected data, which in turn is limited by the Nyquist

Maximum possible recording frequency. Amplitude attenuation
limits the frequency range of the recorded data. The attenuation
can be estimated using the equation (adopted after Hedlin and
Margrave, 2004):
A(F, x) = A 0 (F )e−πFxʹ/ VQ ,

(1)

where A 0 (F ) is the amplitude of the frequency F of the source, x'
is the signal’s travel distance through an attenuating media, V is
the interval velocity of the media, and Q is the attenuation factor
of the signal.
Travel distance x' through sediments can be calculated as:
x′ = 2

hsed
cosθ

(2)

and
⎛
⎞
x
,
θ = arctan ⎜
⎟
⎝ 2 ( hsed + hW ) ⎠
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where x is offset, hW is water depth, hsed is sedimentary thickness,
and θ is the angle at which the wave travels through the sediments
measured from the vertical axis (Figure 4a). To simplify the estimates
of the angle θ and x', we consider that waves do not significantly
change direction at the seafloor according to Snell’s Law and that
x' does not significantly change due to the low velocity contrast.
We estimate the maximum frequency (Fmax) potentially
recorded in the data by solving equation 1 for A(Fmax, x) = −20 dB.
The value of −20 dB is commonly used as the minimum reliable
amplitude of the seismic signal. For solving equation 1, we assume
a velocity V = 1.7 km/s for the uppermost 50–100 m of sediments
and V = 2.4 km/s for the rest of the sedimentary section. We further
assume no signal attenuation in the 400 m of water column.
Figure 4b shows Fmax for a sedimentary thickness between 50
and 600 m, with offsets of 100 and 800 m and attenuation factors
of 50 and 110. The maximum recorded frequencies vary broadly
from approximately 300 Hz to more than 1000 Hz for sediments
down to approximately 150 m bsf and strongly depend on offsets
and attenuation factor Q. Fmax is converging to a narrow range of
50–150 Hz for target depths deeper than approximately 600 m bsf.
Signal attenuation for uniform source spectrum. The amplitude
of the received signal (equation 1) depends on the sediment properties (thickness, velocity, and attenuation factor), source signature
(frequency and amplitude), and acquisition parameters (travel
distance of the signal). The impact of these parameters can be
ranked by assuming a uniform spectrum with A0 = 1 in equation 1
for the whole range of frequencies in the two-layer model G2.
Attenuation in water is negligible. However, the water depth
controls the signal travel distance through the sediments
(equations 2 and 3). The amplitudes of the signal attenuate faster
with longer offsets in shallow water because the signal travels
mainly through sediments (Figure 5a). Attenuation is less dependent on offsets when the water depth is greater than 300 m.
Instead, the amplitude attenuation is strongly dependent on
frequency (Figures 5b and 5c) and the attenuation factor Q in the
sediments. For instance, a signal with a frequency of 200 Hz is
above −20 dB when the offsets are less than 2.5 km and the
attenuation Q factor is 100–150 (Figures 5b and 5c). However, a
signal with the same frequency is below the reliable seismic signal

range when Q = 50. A signal with higher frequencies can be
recorded where sediments are closer to the seafloor and have high
Q. Thus, the velocity, sedimentary thickness, and short offsets
have less influence on amplitude attenuation (Figure 5c) in comparison to the signal frequency and attenuation factor for
shallow targets.
Signal attenuation for nonuniform seismic source spectrum.
The recorded seismic signal also depends on the depths of both
source and receivers. Using the formula from Landrø and
Amundsen (2010) and Amundsen and Landrø (2013), the frequency spectrum of emitted and recorded composite signal (primary and ghost) is:
|G(F)| = 2 sin(2πFd V −1 cos(θʹ)),

(4)

where d is the source or receiver depth, V is the seismic velocity in
the medium (water), and θʹ is the offset angle of the initial downward primary pulse in the water measured from the vertical axis,
which is similar to θ (Figure 4a). The spectrum is affected by ghost
notches at frequencies Fn for n = 0 and positive integers (Landrø
and Amundsen, 2010; Amundsen and Landrø, 2013):
Fn = n

V
.
2d cosθ ′

(5)

Receiver correction for the signal Ar (F, x) can be calculated
as in Amundsen and Landrø (2013):
Ar (F, x) = A(F, x) |Gr (F)| ,

(6)

where Gr (F) is calculated for the receiver using equation 4.
We use the source spectra of HR14 and C1 derived from
Gundalf gun-array modeling (Figure 6) using source depths of
2 and 7 m, respectively. The modeled HR14 gun array consists of
one 8-gun subarray with a pressure in each gun of 2000 psi and
a total volume of 300 in3. The modeled C1 array consists of two
18-gun subarrays with a pressure in each gun of 2000 psi and a
total volume of 2965 in3. We calculated the signal attenuation

Figure 4. Frequency attenuation. (a) Sketch representing the path of the signal from source to receiver through the water and sediments. Refraction at the seafloor is
assumed to be negligible (see text). Equations 1 and 7 refer to equation numbers in the text for calculating the composite signal. “ds” is depth of the source; “dr” is receiver
depth. The arrows (dashed for P-Cable, solid for conventional seismic acquisition) represent the path of the signal from a source to a receiver (triangles). (b) Dependence of
maximum possible recording frequency (Fmax) on sedimentary thickness at water depth of 0.4 km for offsets of 100 and 800 m and attenuation factors Q of 50 and 110.
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A(F, x) for x = 0 and Q = 55 (equation 1) for the whole spectra
using model G2. Subsequently, we calculated the recorded spectra
using equations 4–6. The C1 source spectrum is characterized by
higher amplitudes than the HR14 source for both the 5–100 and
110–200 Hz frequency ranges. However, ghost notches at
107 and 214 Hz contaminate the conventional source spectrum
(gray curve in Figure 6b). Notches from the receiver also affect
the recorded C1 spectrum (black curve in Figure 6b). The HR14
source spectra has a flat spectrum without notches from 6 to 310 Hz
and with an amplitude variation of −10 dB from the maximum
amplitude (brown curve in Figure 6b). The recorded HR14 spectrum mimics the signature of the source with its typical smooth
slope (red curve in Figure 6b).
We calculated the recorded signal for selected frequencies
(Figure 7) at 0–2 km offset range for model G2 and Q = 55 using
modeled HR14 and C1 source spectra from Figure 6b. All of

Figure 5. Amplitude attenuation with offsets for uniform A0 = 1 for whole
frequency range. (a) A(F, x) is calculated for two sedimentary layers of 100 and
350 m in thickness and velocities of 1.7 and 2.4 km/s for three selected water
depths. Q = 100, F = 100 Hz. (b) A(F, x) is calculated for model G2 and sampling
frequencies from 25 to 400 Hz with Q = 50 and 150. (c) A(F, x) is calculated for
constant Q = 100 for sedimentary thicknesses of 100, 350, and 600 m at a water
depth of 400 m and sampling frequencies from 25 to 400 Hz. Brown box marks
P-Cable offset range.

Figure 6. Sources and spectra from Gundalf modeling for C1 and HR14.
(a) Array geometry of C1 and HR14 in the same scale. Gray rectangles are C1 gun
locations; orange are HR14 guns; arrows mark distance between gun centers;
Arabic numbers are gun volumes in in3. (b) Modeled source signatures A 0 for HR14
and C1 sources. A(F, x) is amplitude attenuation in model G2 using equation 1 for
x = 0 and Q = 55. Ar is recorded spectra at x = 0, calculated using equation 6.
Gray arrows mark ghost notches of the source at 7 m depth, and black arrows
mark ghost notches of the receiver at 9 m depth on C1 spectrum.
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the calculated amplitudes are normalized using the maximum
amplitudes of the recorded spectra at 70 and 30 Hz for HR14
and C1 recorded spectra, respectively. In addition, we tested
Q = 110 for F = 150 Hz of C1 and for F = 220 Hz of HR14
spectra. The C1 recorded spectrum has a frequency range of up
to approximately 100 Hz for Q = 55 and may reach higher frequencies (approximately 150 Hz) if the attenuation factor in sediments
is higher. In contrast, the P-Cable recorded frequency range is
up to approximately 220 Hz for low Q, and the recorded spectrum
has higher frequencies for higher Q.
The results show that signal frequency and attenuation factor
in sediments have the largest influence on the recorded spectra
for shallow targets. Therefore, a uniform broad-ranged source
spectrum from a few Hz to 600–1000 Hz is ideal for a crisp
imaging of targets down to approximately 350 m bsf.

that the P-Cable data have an offset range of approximately
55–190 m, and therefore the NMO frequency stretch is not more
than 10% for the water depth and sedimentary thickness of 100 m,
and it is negligible for deeper water.

Normal moveout

The NMO stretch decreases the frequencies of the recorded
signal on farther offsets (Figure 8). Following Yilmaz (2001), the
NMO stretched frequency (F NMO) can be estimated as:

ΔF = F0
thus
F NMO = F 0 – ΔF,

Δt NMO
t0

THE LEADING EDGE

Figure 7. Recorded signal Ar (F, x) for sampling frequencies are calculated
for model G2 using spectra from Figure 6b for HR14 (brown box) and C1. The
amplitudes are normalized on maximum amplitudes at x = 0.

(8)

where ΔF is the amount of NMO
stretch in Hz, F 0 is the frequency at
offset x = 0, t 0 is the two-way traveltime
(TWT) to reflection at x = 0, and t NMO
is TWT at x.
The NMO stretch can significantly
reduce the frequencies of the signal or
even destroy the signal for shallow
targets when applying the NMO as
shown in Figure 8a on synthetic data
at F 0 = 70 Hz for model G1. A signal
of 70 Hz from a source at zero offset
stretches to approximately 30 Hz at
1.2 km offset for a target depth at
100 m bsf (Figure 8b), which is related
to a reflection at 0.65 s TWT on
Figure 8a. The signal is less stretched
(from 70 to 51 Hz) for deeper targets
at 350 m bsf (0.85 s) for the same 1.2 km
offset (Figure 8c).
The NMO stretch depends on offsets and t 0 , corresponding to seafloor
and target depths (equation 7). Figure 8d
summarizes the amounts of NMO
stretch ΔF in relation to F 0 for variable
water depths and shows that the NMO
stretch is greater for shallow water and
longer offsets. This figure also shows
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(7)

Figure 8. NMO frequency stretch with offset. (a) Synthetic data for model G1 and F0 = 70 Hz with applied NMO. The
arrows mark examples of NMO frequency stretch on the data at 0 versus 1.2 km offsets for target depths at 100 and
350 m bsf. (b) Calculated NMO frequency stretch with offsets using equation 8 for shallow target at 100 m bsf with
Vint = 1.7 km/s. (c) Calculated NMO frequency stretch with offsets using equation 8 and target at 350 m bsf with
Vint = 2.4 km/s. (d) NMO frequency stretch for offsets 150 and 800 m in percent to frequency at 0 offsets for different
water depths using equation 7 for Vint of 1.7 and 2.4 km/s for target depths of 100 and 350 m bsf, respectively.
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density with offsets for C1, HR14, and
HR16. The trace density of HR14 and
HR16 is about 146 and 412 thousands
traces per one square kilometer (×1000
tr/km 2), respectively. The trace density
is about 102 × 1000 tr/km 2 for C1 with
100% NMO mute. Figure 9c shows that
the trace density of conventional near
offset data for 100% NMO muting
represents approximately 70% of HR14
trace density, and approximately 25%
of HR16 traces. C1 trace density for
NMO muting of 30% is down to about
5% in relation to HR16.
The earlier calculations show that
the trace density of P-Cable HR3D is
approximately two 20 times higher than
conventional 3D for shallow targets due
to a denser acquisition pattern. The short
offsets up to approximately 200 m are
not impacted by NMO stretch and mute.

CMP fold

The signal-to-noise ratio in the
seismic data can be improved by increasing the common-midpoint (CMP) trace
fold for stack. The fold can be increased
with a higher trace density during
acquisition and/or binning to greater
bin size during data processing.
Figure 9. NMO mute. (a) Velocity analysis with applied NMO for synthetic data as in Figure 8a for model G1. NMO
However, larger bin size implies a
muting of 30%, 50%, and 100% and offset ranges for P-Cable 3D and C1. (b) Offset distribution per square
kilometer for P-Cable 3D and C1. Muting offsets are calculated using equation 9 for model 2. (c) Cumulative curves
decrease in horizontal resolution. The
of C1 trace density for near offsets in relation to trace density of HR14 and HR16 for (b).
C1 acquisition provides a CMP fold of
about 90 traces or more (Table 1).
The NMO mute moderates the impact of NMO frequency However, the whole fold cannot be used for shallow targets due
stretch, and the data are muted out at offsets where NMO stretch to NMO mute (Figure 9). By comparison, the HR14 fold of four
is greater than selected percentage of the stretch (Figure 9a). The to eight traces with offsets less than 200 m is enough for crisp
NMO muting offsets xmute can be calculated using Vermeer (2012): seismic imaging of shallow sediments (Figure 1) with a smaller
bin size and uniform offsets in the fold (Figure 10).
We rebinned the HR14 acquisition geometry to 25 × 6.25 m
2
xmute = Vrms t 0 Smax
−1 ,
(9) for direct comparison with C1 (Figure 10). The results of this
exercise show almost double median fold of HR14 traces over an
area of 1 × 1 km compared to the fold in C1 with broad offset
where Smax is the stretch factor, t 0 is the TWT at x = 0, and Vrms range up to approximately 1200 m. Also, the HR14 fold consists
of very short uniform offsets, which provides near vertical reflecis the root-mean-square velocity.
NMO muting improves the frequency content of the stacked tions with almost no shadow zones.
data. However, an adverse side effect of the NMO mute is the
significant decrease in the number of useful traces in the stack Case study
We compared our analytical estimates with raw P-Cable data
for shallow targets (Figures 8c and 9). For instance, offsets greater
than approximately 1.2 km have a corresponding NMO stretch based on HR14 acquisition settings. The HR14 modeled source
larger than 30% and are totally muted for targets at 350 m bsf spectrum (Figures 6b and 11b) have slightly lower amplitudes at
(Figure 9a). The remaining traces represent about 17% of the data frequencies higher than approximately 175 Hz to the direct water
collected with conventional 3D, while all of the P-Cable traces wave in the P-Cable raw data (Figure 11a).
The calculated spectrum for model G2 with Q = 110 in
are useful with 55–190 m offsets (Figures 2b and 2c).
NMO muted offsets are shorter for shallower targets equation 6 is in very good agreement with the observed raw data
(Figure 9a), thus the amount of useful data from conventional spectrum for a Jurassic target at a depth of about 350 m bsf within
3D is lower (Figure 2b). Figure 9b shows histograms of the trace frequencies ranging from 20 to 220 Hz. The calculated spectrum
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requires higher values of the attenuation
factor Q for frequencies outside this
range. We calculated the amplitude
attenuation using a constant value of Q.
However, the attenuation factor Q is
anisotropic (Maultzsch, 2005; Liu et
al., 2007; Guo and McMechan, 2017)
and increases proportionally to 1/F for
low frequencies and proportionally to
F 1/2 at high frequencies (Quintal et al.,
2011). Thereby, analytical estimates
provide lower amplitude values than
observed in real data for frequencies
higher than approximately 250 Hz.

Evolution of 3D seismic to onemeter-scale resolution

Our analysis of maximum possible
recording frequencies (Fmax) for shallow
targets in shallow water shows that a
signal can be recorded with much
higher frequencies than provided by
commonly used seismic sources. The
seismic signal with Fmax strongly attenuates when offsets become greater than
about 400 m. The resulting frequency
content (Fmax +NMO) decreases due to
NMO stretch at offsets greater than
about 200 m for a target at 100 m bsf
(Table 3). Attenuation with offsets and
NMO stretch impacts the seismic
signal less for targets at about 350 m
bsf. In addition, analytical estimates of
Fmax provide minimum estimates for
frequencies higher than about 220 Hz
when compared to raw HR14 data due
to an unaccounted nonconstant attenuation factor.
When planning seismic acquisition
surveys, the bin size should be adjusted
to the resolution limit of the quarter of
the wavelength (1/4 λ) and related
source frequencies (Fs ). We calculated
Fs for interval velocities in sediments
from 1.7 to 2.4 km/s (Table 4).
Estimated Fs are consistent with Fmax
from Table 3. Furthermore, the CMP
fold of four traces for natural bin size
ensures a high-quality imaging of shallow targets (Figure 1). Therefore, Table
4 provides a minimum uniform trace
density for natural bin size from 1 × 1 m
to 12 × 12 m, assuming that the CMP
fold has at least four traces per bin.
The results from the theoretical
calculations and case study show that
HR3D data are able to achieve
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Figure 10. Comparison of CMP folds and near offsets (less than 1200 m) distribution over an area of 1 × 1 km for
acquisition parameters from Table 1. Dots in (a) are shotpoint locations.

Figure 11. Comparison of P-Cable 3D raw data and analytically calculated spectra. (a) Raw HR14 data from one
channel at a central streamer. Blue and red boxes mark spectral sampling of 20 traces for (b) of direct water wave
and Jurassic sediments at approximately 350 m bsf, respectively. (b) Spectra of raw data from (a), HR14 model
source signature and calculated spectra Ar(F, x) as for Figure 6b. Data courtesy TGS and WGP.
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meter-scale resolution of shallow targets Table 3. Maximum possible recording frequency (Fmax) versus offsets for water depth of 0.4 km and target depths of
in shallow water. This resolution cannot 0.1 and 0.35 km bsf.
be achieved using an acquisition system
Offsets (m)
0
100
200
400
800
1200
based on the conventional 3D design
hsed = 0.1 km, V = 1.7 km/s, A(F, x) = -20 dB, Q = 110
(e.g., C1 in Table 1; Whitmore et al.,
686
682
672
637
535
439
Fmax (Hz)
2010; Whaley, 2017; Widmaier et al.,
2017). In contrast, flexibility and high
686
679
659
588
385
193
Fmax+NMO (Hz)
trace density with only short offsets are
hsed = 0.1 km, V = 1.7 km/s, A(F, x) = -20 dB, Q = 55
an integral parts of the P-Cable 3D
343
341
336
318
268
219
Fmax (Hz)
system (Table 1 and Figure 2). Modern
+NMO
(Hz)
343
339
330
294
193
96
F
max
P-Cable design (HR16) can acquire data
hsed = 0.35 km, V = 2.4 km/s, A(F, x) = -20 dB, Q = 110
with natural bin size of 3 × 3 m. Our
first pilot reprocessing of P-Cable 3D
265
264
263
256
234
207
Fmax (Hz)
data shows that we can image the upper
265
264
260
248
204
151
Fmax+NMO (Hz)
100 m bsf with a vertical resolution at
hsed = 0.35 km, V = 2.4 km/s, A(F, x) = -20 dB, Q = 55
submeter scale (Polteau et al., 2018).
(Hz)
133
132
131
128
117
103
F
max
Therefore, the meter-scale resolution can
133
132
130
124
102
76
Fmax+NMO (Hz)
be reached with minimum modifications
of the P-Cable acquisition system.
However, the proposed one-meter-scale resolution requires Table 4. Bin size, required source frequencies for sufficient resolution of 1/4 λ, and
corresponding navigation accuracy to prevent wrong bin assign- minima uniform trace density for planned natural bin size.
ment and related reduction of lateral resolution. In addition, the
Bin size (m)
Fs (Hz)
Trace density
increased frequency range implies a smaller sampling interval of
(in 1000 per 1 km2)
the recorded data resulting in bigger data volumes compared to
1×1
600–425
4000
current data volumes. Finally, data processing techniques have to
3×3
200–140
444
be updated to deal with and to assist with the new level of seismic
data resolution and data volumes.
6×6
100–70
111

Conclusions

Our study identified and quantified the main parameters that
control the resolution of 3D seismic data for shallow targets (less
than approximately 600 m bsf) above the first seafloor multiple.
Our theoretical analyses are consistent with the results from the
case study.
The data resolution is controlled by source spectrum, signal
attenuation, NMO stretch at long offsets, and trace density. The
key parameters for a successful crisp 3D/4D imaging of shallow
targets with one-meter vertical and horizontal resolution are
the following:
•
•
•

a repeatable seismic source with a flat spectrum from a few Hz
to approximately 600 Hz
a CMP fold with a uniform offset distribution up to approximately 200 m
a uniform trace density of not less than 4 million traces per
square kilometer for a natural bin size of 1 × 1 m

Our study shows that there are no physical limitations for
reaching the targeted one-meter resolution in 3D seismic data.
The P-Cable 3D technology provides an optimal platform for
proposed meter-scale resolution of 3D seismic data due to its
flexibility and high trace density with short offsets in the
original system design. The suggested HR3D system will have
a wide range of applications relevant for hydrocarbon exploration, site characterization, geohazards assessment, and environmental monitoring.

12 × 12

50–35
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