wo 2023/00901 1 A1 |0 000 KA 0 OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
02 February 2023 (02.02.2023)

(10) International Publication Number

WO 2023/009011 Al

WIPO I PCT

(51) International Patent Classification:
GO1V 1/38 (2006.01)

(21) International Application Number:
PCT/NO2022/050184

(22) International Filing Date:
29 July 2022 (29.07.2022)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/227,636 30 July 2021 (30.07.2021) UsS
(71) Applicant: REFLECTION MARINE NORGE AS

[NO/NOJ; Damsgardsveien 135, 5160 Laksevag (NO).

(72) Inventors: ELBOTH, Thomas; Blabarsvingen 20, 0789
Oslo (NO). AUNE, Hikon;, Akersbakken 25 A, 0172
Oslo (NO). IRANPOUR, Kambiz, Agmund Bolts vei
46, 0664 Oslo (NO). JAFARGANDOMI, Arash; Flat

(74)

@81)

4, Victoria Court, Willicombe Park, Tunbridge Wells
Aberdeenshire TN2 3GD (GB). LAWS, Robert Mont-
gomery, Cliftonville, George Street, Cambridge Glouces-
tershire CB4 1AJ (GB). NILSEN, Tore Andre; Gronsund-
veien 71, 1394 Nesbru (NO).

Agent: ACAPO AS; P.O. Box 1880 Nordnes, 5817 Bergen
(NO).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE,
KG, KH, KN, KP, KR, KW,KZ, LA, LC,LK,LR, LS, LU,
LY, MA, MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,

(54) Title: SYSTEM AND METHOD FOR ACQUIRING MARINE SEISMIC DATA USING A VIBRATOR

Fig. 1
(PRIOR ART)

(57) Abstract: Described herein is a method for acquiring data using a marine vibrator towed by a vessel, the method comprising:
obtaining data comprising at least one nominal pre-plot position in a horizontal plane; monitoring a position of the marine vibrator in
the Sand a speed of the vessel; determining an offset between the position of the marine vibrator and the nominal pre-plot position in
the towing direction; based on the offset and the vessel speed, adjusting one or more survey parameters and driving the vibrator with
a series of one or more sweeps so that a predetermined frequency in the sweep or a subsequent sweep is emitted when the position of
the vibrator is Owithin a maximum distance of the nominal pre-plot position.

[Continued on next page]



WO 2023/0090 11 A1 [0} 0000000 OO0

TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

25

30

WO 2023/009011 PCT/NO2022/050184

System and Method for Acquiring Marine Seismic Data using a Vibrator

The present invention relates to systems and methods for acquiring marine seismic
data using a vibrator, and particularly to system and methods for acquiring 4D

compatible seismic data with a vibrator.

In oil and gas exploration and development, marine seismic surveys are an important
tool in terms of making drilling related decisions. Seismic data acquired during such
a survey is processed to generate a profile (i.e., an image), which is a three-
dimensional approximation of the geophysical structure under the seafloor. This
profile enables those trained in the field to evaluate the presence or absence of oil
and/or gas reservoirs, which leads to better management of reservoir exploitation.

Improving marine seismic data acquisition and processing is an ongoing process.

An example configuration for a marine seismic survey with a towed streamer is
shown in Figure 1. This figure illustrates a vertical-plane view of one possible marine
survey setup 100, which can be used with the methods described below. A vessel
101 tows a seismic source 102 (note that, for simplicity, the source's full
configuration is not shown) and zero or more streamers (only one streamer 104 is
visible in this view) are pulled by the vessel in the inline towing direction. When the
seismic source is activated, seismic/acoustic energy 108 is emitted into the water
and propagates into the rock formation under the seafloor 110. This seismic energy
is partially reflected and partially transmitted at interfaces where the acoustic
impedance changes, such as at the seafloor 110 and at an interface 112 inside the
rock formation. Reflected energy 114 may be detected by sensors or receivers 106.
The term sensor, as used herein, is understood to mean a physical device that
records seismic data, and a receiver is understood to mean a unit that includes one
or more sensors for which the signals measured by the one or more sensors are
combined and represent the signal of the receiver. These receivers are carried by
the streamers or are located on the sea floor within nodes or cables. A sensor may
be a hydrophone, geophone, DAS fiber and/or accelerometer. The acquired or

recorded seismic dataset represents the detected energy.
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Marine surveys typically comprise a vessel towing one or more seismic sources and
possibly one or more streamers towed by the same or a different vessel in the

towing (inline) direction.

In marine seismic acquisition, airgun sources are commonly used. Airguns work by
releasing high-pressure air to generate an acoustic pulse (Parkes and Hatton; 1986).
Technically this works well, however there is a concern regarding the possible
environmental effect that the use of airguns might have on parts of the marine fauna.
This concern is attracting interest from regulators and has already resulted in
legislation that controls, limits, or in some cases completely excludes, the use of
airgun sources in some areas. It is anticipated that further regulations will be

introduced in the future.

Compared to airguns, vibrators are perceived as being less environmentally intrusive
sources. This is mainly because they emit their signal as a low and near-continuous
hum instead of a spike. Both the peak amplitude and, in most cases, the overall
energy emitted is significantly reduced compared with that of an airgun source. Even
with the same energy output, a continuous signal is probably less injurious than an

impulse one (Southall et al. 2007).

Vibrators also have some interesting geophysical benefits that have sparked new
interest in this technology (see Laws et al. 2019 for details). Especially interesting is
the ability to accurately control the phase and amplitude of the emitted signal. Some
applications that take advantage of these features are described in the patents
US9618636B2, AU2015261675B2, US10928535B2, US9547097B2.

When carrying out a seismic survey, it is normally a requirement for the survey to be
4D compatible. 4D compatible refers to the fact that the survey is acquired in such a
way that it can form a baseline for a future repeat survey (forward compatibility) or
can be used as a repeat /monitor of an existing vintage survey in the same area
(backward compatibility). 4D surveys are used to monitor/repeat or look for changes

in the subsurface resulting from human activity. Typically, 4D signals are used to
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understand how the oil or gas moves in a reservoir due to production activities, or to

monitor the long-term stability of, for example, CO:2 at a subsurface storage site.

In order to detect a normally weak 4D signal, one needs to repeat the source (and
receiver positions), as well as the output of the source, throughout the survey area.
To facilitate this, surveys are normally acquired on a nominal pre-plot grid, meaning
that the seismic vessel aims to activate the source(s) at pre-defined nominal
positions in space. This is achieved by having an inline shot/sweep point interval
(SPI) corresponding to a predetermined distance, usually measured in meters,
between each source activation. We refer to the distance between the nominal
preplot position (aimpoint) and the actual position where a source was initiated as an

offset.

The positioning accuracy requirements relating to the source (and receiver) positions
in a repeated survey depend on the incidence angle and the wavelength of the
incoming signal. The geophysical theory is explained by Monk D; 2010. In order to
get a good 4D signal, it is more important to match the source (and receiver)
positions for a high frequency signal than for a low frequency signal. In typical airgun
surveys where all frequencies are emitted from the same point, this translates into a
requirement that source (and receiver) positions should typically be repeated to
within an rms-accuracy of a few meters. Mismatches or errors of more than 5-10m in
the horizontal plane are typically seen as unacceptable. For vibrators, the situation is
a bit different. For a low frequency vibrator operating in the 3-20Hz range, the
requirement on positioning accuracy of the source positions is typically in the order
of tens of meters. At the other, high frequency, end of the seismic spectrum, the
positioning accuracy requirements are much tighter, typically the same as that of an

airgun source.

As an example, using the well-known formula A=Cw/f, where Cw = 1500m/s is the
speed of sound in water, A is the wavelength and f is frequency, at 10 Hz and 75Hz
an acoustic wave traveling through water has a wavelength of 150m and 20m,

respectively. To get a good 4D signal in the presence of noise it is typically
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necessary to match the phase of these sinusoids to within a given percentage of this
wavelength. Typically, this might be within 10 to 20%. At a zero-degree incidence
angle the phase will be most sensitive to mismatch in the vertical (z) direction. Such
errors will introduce a phase error in the signal. However, most marine seismic data
is recorded at an offset, where the horizontal mismatch also becomes important.
This is not straightforward to compensate for, and in practice one has to

interpolate/extrapolate the missing data.

Geophysically, the subsurface tends to absorb high frequencies quicker than low
frequencies. In a typical seismic bandwidth of 3-250Hz or higher, the seismic energy
above around 100Hz can normally only be used to image the first few hundred
milliseconds of the subsurface. In the North Sea, reservoirs typically sit at around
2sec two-way traveltime (TWT). At this level, there is normally little usable energy
above 50-80Hz. In sub-salt reservoirs in the Gulf of Mexico (GoM), the highest
usable frequencies can be as low as 15-20Hz. The highest usable frequency of

interest in a given target area can be identified from the seismic data.

Figure 2A shows a typical example of a 5 second vibrator sweep going from ~30 to
150Hz, while Figure 2B shows its spectrogram. In this case we have an upsweep
(going from lower to higher frequencies). It is also possible to construct a down-
sweep, which means that we go from higher to lower frequencies in a sweep.
Following both the Fresnel-zone argument of Monk D 2010 and the fact that high
frequencies are absorbed more quickly than low frequencies, a high frequency
sweep should ideally be short and should be repeated often. A low frequency sweep,

in contrast, can be longer and does not need to be repeated so often.

When we refer herein to a vibrator or a vibrator source, this can mean a single
vibrator unit or an array of vibrators working together. When two or more vibrators
operate together, they normally have a common aimpoint, which is the normally

defined as the geometrical center.
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A vibrator sweep is normally part of a sweep sequence. In such a sequence, a
vibrator will emit consecutive sweeps that are similar or identical in terms of duration
and emitted energy. Within the sweep sequence, however, the phase of the
individual sweeps might be varied. As explained in Laws et al. 2019, such variations
are of value since they can, among other things, enable efficient residual shot/sweep
noise attenuation or deblending. Reference to residual shot/sweep noise attenuation
is to the ability to remove the noise signal from the previous shot/sweep (shot
number N-1). Deblending refers to separating signals that are overlapping in both

time and frequency.

In order for the residual shot/sweep noise attenuation and/or deblending to be
effective, consecutive sweeps should ideally have the same length. The only way to
achieve this is to sweep on time, however this is not 4D friendly since variations in
the vessel speed will it make it difficult to follow a pre-plot given in spatial
coordinates. This is why seismic surveys are normally acquired on a preplot (they
are shot based on spatial positions). In a marine seismic survey, sources are
normally towed behind a vessel with a speed of around 5 knots, which roughly
corresponds to ~2.5m/s. At this speed, the example source in Figure 1 will move
around 5s x 2.5m/s =12.5m during each sweep. This means that the high-frequency
end and the low-frequency end of the example sweep is spatially separated by
around 12.5m. Consequently, it is impossible to match the source position of an

airgun sweep for all frequencies when using a vibrator as the source.

As such, there is a need for new technology that can help make vibrator surveys 4D
compatible, both as a baseline survey and as a repeat/monitor survey. A particularly
challenging problem is how to make a repeat vibrator survey compatible with a

vintage air-gun survey.

Brief Description of the Invention

According to a first aspect of the present invention, there is provided a method for

acquiring marine seismic data using a vibrator towed by a vessel on a pre-plot grid
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comprising a nominal pre-plot position, the method comprising: monitoring a position
of the marine vibrator and the speed of the vessel; determining an offset between the
position of the marine vibrator and its nominal pre-plot position in the inline

direction; based on said offset and the vessel speed, adjusting one or more survey
parameters and driving the vibrator with sweeps so that a predetermined frequency
is emitted when the position of the vibrator is within a maximum distance of the

nominal pre-plot position.

The subsequent sweep will usually refer to the sweep directly following (in time) the
sweep at issue, but may be a sweep later in the sweep sequence. The offset may be
measured in a direction along the tow direction, i.e. in the direction of movement of
the vessel and the vibrator or the inline direction. For a baseline survey comprising a
plurality of nominal pre-plot positions, the offset will relate to the next pre-plot
position in the inline direction and will be the pre-plot position through which the

vibrator will pass next.

In embodiments, the data comprises a plurality of nominal pre-plot positions spaced
at regular shot/sweep point intervals, and determining the offset comprises
determining an offset between the position of the marine vibrator and the next

nominal pre-plot position in the inline direction.

In embodiments, the maximum distance is less than 5 meters, and preferably less
than 3 meters, or less than 2 meters. Preferably, the maximum distance is

negligible, substantially zero, or zero.

In embodiments, adjusting one or more survey parameters comprises adjusting the
length of the sweep. In embodiments, the predetermined frequency is the starting
frequency for a subsequent sweep. The next sweep will therefore begin when the
vibrator is coincident with the nominal pre-plot position (or within a specified
distance of this position). The length of the subsequent sweep can be set so that, at
the current vessel speed, the time taken for the vessel to travel one SPI is equal to

the sweep length.
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In embodiments, the sweep comprises an active portion, during which a signal is
emitted, followed by a silent portion, during which no signal is emitted. The silent
portion therefore represents “white space” or a time period where the vibrator is
inactive. The silent portion may always be applied at the end of the sweep, with the
active portion at the start, or vice versa. More than one silent period can be included,
and these may be applied at different stages during the sweep. Usually, the active

part of the sweep will not be interrupted, but this may not always be the case.

In embodiments, adjusting the length of the sweep comprises adjusting the length of
the silent portion. Only the length of the silent portion may be adjusted, and the
active portion may remain the same length (potentially with the same frequency
components) for each sweep. The active portion may be identical for the different
sweeps in the sequence. The length of the active portion and an initial length for the
silent portion may each be set at the start of the survey based on an initial speed of
the vessel and a SPI (distance between adjacent nominal pre-plot

positions in the baseline survey in a towing direction). The combined length of the
active portion and the silent portion may be initially set so that the vessel travels one
SPI in one sweep length. The adjustment to the length of the sweep (such as by
adjusting the length of the silent portion) may be carried out every Nt sweep, where
N > 1, if the start of the sweeps is beginning to drift from the nominal pre-plot

positions.

In embodiments, the predetermined frequency is the starting frequency for a
subsequent sweep, and the method comprises adjusting the speed of the vessel,
based on a current speed of the vessel and the determined offset, so that the

subsequent sweep is initiated when the vibrator is at the nominal pre-plot position.

In embodiments, adjusting the length of the sweep comprises truncating the sweep
or extending the sweep to higher or lower frequencies. The sweep may comprise the
same set of frequencies, but may be cut-short before the end of the predetermined

sequence. For an up sweep or a down sweep, therefore, the highest or the lowest

PCT/NO2022/050184
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frequencies (those to be emitted last) may be discarded. Of course, any part or parts
of the frequency range making up the sweep can be discarded in order to truncate

the sweep, if desired.

In embodiments, adjusting the length of the sweep comprises stretching or

contracting at least part of an active portion of the sweep. Stretching or contracting
refers to extending or reducing the time within which a set number of periods of the
waveform are emitted. This will result in a stretching or contracting of the waveform

which will mean that the overall length of the sweep will change.

In embodiments, the method comprises adjusting the amplitude of at least part of the
sweep based on the adjusted length of the sweep such that the energy emitted is
substantially the same for each sweep. The energy emitted may be controlled by
adjusting the amplitude so that it is equal to a fixed value for the sweep, and for
every subsequent sweep. For a sweep with a shorter active portion, this will mean
increasing the amplitude to compensate, and for a sweep with a longer active
portion, this will mean decreasing the amplitude for the sweep. The amplitude of all
or only a select part of the sweep can be adjusted. Only the amplitude of a range

including the highest frequency of interest may be adjusted in some cases.

In embodiments, the method comprises adjusting the amplitude so that it is inversely

proportional to the length of the sweep.

In embodiments, the vibrator emits the highest frequency of interest at or close to the
nominal pre-plot position. In embodiments, the predetermined frequency is a
frequency within the range of frequencies that the vibrator can emit, which is either
equal to or is closest to the highest frequency of interest. The highest frequency of
interest refers to the highest frequency of reflected seismic signal that is received
from a predetermined reservoir depth/target area. This can be determined from the

power spectrum of the seismic signal for any particular region.

In embodiments, the method comprises, based the speed of the vessel and the
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offset, initiating the sweep before the vibrator reaches the nominal pre-plot position
so that the predetermined frequency, which may be the highest frequency of interest,

is emitted when the vibrator is at the nominal pre-plot position.

In embodiments, the method comprises initiating the sweep as an up sweep at the
predetermined frequency and continuing the sweep to a maximum frequency, or
initiating the sweep as a down sweep at the predetermined frequency and continuing

the sweep to a minimum frequency.

In embodiments, the method comprises terminating an active portion of the sweep
at the maximum or minimum frequency. This way, if a down sweep is used initially
no frequencies above the highest frequency of interest are emitted, which can be
beneficial since it maximizes the signal-to-noise by emitting more energy in the

frequency range of most interest.

In embodiments, once the maximum or minimum frequency is reached, the method
comprises sweeping in the opposite direction from the highest frequency of interest

to fill in the remaining portion of the sweep.

In embodiments, once the minimum frequency is reached, the method comprises
emitting an up sweep starting at the highest frequency of interest and ending at a
maximum frequency. This way the whole frequency range can still be covered, whilst

ensuring that the best match for a baseline airgun survey is achieved.

In embodiments, the method comprises driving the vibrator with a sequence of
sweeps, wherein the steps of determining and adjusting are carried for every Nth
sweep in the sequence, and N is more than or equal to 2. This ensures that the
length of the sweep is not changed for every sweep, which can be important for
residual shot/sweep noise attenuation and deblending.

In embodiments, the method comprises identifying a highest frequency of interest
with respect to a 4D signal in existing marine seismic data, and applying the highest

frequency of interest as the predetermined frequency.
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According to a second aspect of the present invention, there is provided a method
for acquiring marine seismic data with a vibrator towed by a vessel, the method
comprising: obtaining data comprising a plurality of nominal and regularly spaced
pre-plot positions; monitoring the speed of the vessel and a position of the vibrator;
based on the speed of the vessel, setting an initial sweep, comprising an active
sweep period and zero or more silent portions, wherein the total length of the sweep
is equal to the time taken for the vibrator to travel from one nominal pre-plot position
to the next nominal pre-plot position; driving the vibrator with the initial sweep
parameters; at the start of every Nt sweep, where N is equal to or greater than one,
determining an offset between the actual vibrator position the nominal pre-plot
position in the inline direction; if the offset is above a threshold distance, adjusting
the length of the sweep so that the subsequent sweep is started within a
predetermined distance of its nominal pre-plot position. The offset may be between
the actual vibrator position and the next nominal pre-plot position in the online

direction.

In embodiments, N is equal to or greater than 2. N may be greater than or equal to 5,

greater than or equal to 10, or greater than or equal to 30.

In embodiments, the length of the one or more silent portions is between 0 ms and

2000 ms, preferably between O ms and 1000 ms.

In embodiments, adjusting the length of the sweep comprises adjusting the length of

the silent portion.

In embodiments, adjusting the length of the sweep comprises adjusting the length of
the active portion. To adjust the overall sweep length, either only the silent portion of
the adjusted sweeps can be changed, only the active portions of the adjusted
sweeps can be changed, or both the active and silent portions can be adjusted
(either for each sweep where the sweep length is changed or with a different type

of adjustment being applied to each adapted sweep).
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In embodiments, the method comprises adjusting the amplitude of the sweep such

that the energy emitted at each sweep is substantially the same.

According to a third aspect of the present invention, there is provided a method for
acquiring a vibrator monitor survey on an air-gun survey baseline, the method
comprising: identifying a highest frequency of interest with respect to a 4D signal in
existing marine seismic data; and designing a vibrator sweep based on a speed of
the vessel towing the vibrator so that the highest frequency of interest is emitted at
the time when the vibrator source passes over a nominal source point position of the

baseline survey.

In embodiments, the method comprises applying a time shift to the start of the sweep

to ensure the highest frequency of interest is emitted at the nominal pre-plot position.

In embodiments, the sweep starts at the nominal pre-plot position.

In embodiments, the designed sweep does not include frequencies above the

highest frequency of interest.

According to a fourth aspect of the present invention, there is provided a non-
transitory computer readable medium including computer executable instructions,
wherein the instructions, when executed by a processor, cause the method of the

above aspects to be performed.

In any of the examples described above, the phase of consecutive sweeps can be

the same for each sweep, or the phase can be varied between sweeps.

Detailed Description of the Invention

Embodiments of the present invention will now be described, by way of example

only, with reference to the following diagrams wherein:



10

15

20

25

30

WO 2023/009011 PCT/NO2022/050184

12

Figure 1 illustrates a possible survey configuration;

Figure 2A shows a normalized 5 second notional source seismic sweep shown in the

time-domain; and

Figure 2B shows the spectrogram of the sweep shown in figure 2A.

As mentioned above, vibrators offer good control of both phase and amplitude.
Phase encoding can, for example, be used to attenuate residual shot/sweep noise
and/or for deblending. However, for this to be possible consecutive vibrator sweeps

either need to be identical in terms of length or be dithered.

The use of continuous sweeps is beneficial from an energy point of view, since it
allows the maximum amount of energy to be output. However, in order for the survey
to be 4D compatible, meaning that it can be repeated or can act as a repeat of an
earlier survey, the sweeps also need to be actuated on a regular nominal spatial grid

(i.e. to shoot on position and not on time).

In a real-life setting, these requirements (continuous and identical sweeps + shoot on
pre-plot position) cannot be fully accommodated at the same time. The main reason
for this is that the vessel speed over the ground continuously fluctuates due to
variations in ocean currents, waves, and winds. These speed variations are normally
small, and they change relatively slowly (in the order of tens of seconds or minutes).
However, the combination of constant sweep length (in time) and a fluctuating vessel
speed makes it impossible to consistently hit the nominal start-of-sweep position for
each sweep. If the vessel is going just a bit too slow or too fast, the positioning error
with respect to the nominal start-of-sweep positions on a regular grid will accumulate

from sweep-to-sweep. This is unacceptable from a 4D perspective.

A solution to this problem is described herein, and this involves ensuring that a

particular frequency in the active portion of the sweep is emitted as the vessel
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crosses the nominal pre-plot position, or when its position coincides with the nominal
pre-plot position in an inline direction. This coordination should generally be carried
out at least every few sweeps, but preferably not too often, as changing the sweep
length will make it difficult to do deblending or residual shot noise attenuation. The
source position is monitored and compared with the nominal positions on a pre-plot
grid, and adjustments are made to ensure that when the source is coincident with the
nominal position, a particular point in the active portion of the sweep has been
reached, i.e. a particular frequency in the active portion of the sweep is being

emitted.

This co-ordination of the pre-plot position with the sweep can be achieved by
constructing a sweep sequence that is made up of one or more active sweeps and
zero or more short silent periods, which may be in the order of 100ms. A “silent
period”, as used herein, refers to a period where the source is not active, or where
no signal is emitted by the source, between, before, or after the active sweeps.
These silent periods will vary, but may each be in the order of 100ms in length. The
length of each of the silent periods (or the mean length of the silent periods for a
number of consecutive sweeps) may be between Oms and 2000ms in length, more
preferably between 50ms and 1000ms in length, more preferably between 50ms and
500ms in length, and most preferably between 100ms and 300ms in length. The total
length of an active sweep and one or more silent periods together can be set to be
equal to the time it takes the vessel to move (at a predetermined speed) to its next
sweep/shot point. The active sweeps may always have a constant length, and the
silent periods are normally also kept at a constant length, enabling efficient residual

shot noise attenuation/deblending.

At regular intervals, a check is performed to determine how far away the start of the
next sweep is from its nominal pre-plot source position. If it is too far away, one or
more sweep parameters, such as the length of the silent period(s), are adjusted,
and/or the speed of the vessel is adjusted, to re-align the start of the next sweep or a

subsequent sweep with its nominal pre-plot source position. Adjustment of the speed
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of a vessel may need to be carried out over a period of time, particularly for large

vessels.

Each time such an adjustment is made, the ability to use the phase encoding in
order to carry out residual shot/sweep noise attenuation for that particular sweep is
lost. This is unfortunate, but can be acceptable provided that the adjustment is not
required too often. In a typical survey, one may want to limit this adjustment to
ensure that the non-attenuated residual shot noise only affects every 5th, 10th or
even every 30th sweep. When the data is sorted away from common shot gathers,
traces coming from these adjusted sweeps will stand out as intermittent and noisy.

These noisy traces can be handled by any standard industry de-noising method.

As an illustrative example, one can assume a nominal vessel speed of 4.7kn
(equivalent to around 2.42m/s), a minimum vessel speed of 4.6kn (equivalent to
around 2.37m/s) a maximum speed 4.8kn (equivalent to around 2.47m/s), and a
nominal shot/sweep-point-interval (SPI) for the vibrator of 12.5m. At 4.7kn, it takes
5.17 seconds to travel 12.5m. An initial active sweep length of 5 seconds and a silent
period of 0.17 seconds are therefore initially chosen, so that the combined length of

the active sweep and subsequent silent period is 5.17 seconds.

Provided that the vessel speed can be maintained at 4.7kn, this ensures that every
sweep is started at the nominal pre-plot position. However, if the speed varies and
the vessel is only travelling at 4.6kn during a series of sweeps, each sweep will be
~25cm short (i.e. the second sweep in the series will begin 25cm ahead of the
nominal pre-plot position). Unless the vessel speed is quickly adjusted, these errors
will accumulate, and after around 10 sweeps the start of the next sweep will be
~2.5m away from the nominal pre-plot position. At this point an alarm mechanism
can be used to alert personnel of the error between the start-of-sweep position and
the nominal pre-plot position. To adjust for this error, the length of the silent period
after the active sweep can be adapted. In the above example assuming 4.6kn vessel
speed, the silent period can be enlarged in order to prevent further errors from

accumulating.

PCT/NO2022/050184
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In addition to this adjustment to the silent period, a single long silent period can be
included in order to bring the start of the next sweep level with the nominal pre-plot
position again. The silent period can also be made slightly longer than would be
required to simply prevent further increase in the error, which will then start to bring
the start-of-sweep positions closer to the nominal positions again with each

subsequent sweep.

Rather than travelling below the nominal speed, it could be that the vessel is
traveling faster than the nominal speed of 4.7kn. If the vessel is travelling at the
maximum speed of 4.8kn, for example, this will also cause an error of ~25cm per
sweep to accumulate. This time, however, the start of the sweeps will be increasingly
further ahead of the nominal positions. As for the situation where the vessel is
travelling too slowly, an alarm may trigger once a threshold error is reached, and a
re-computation of the length of the silent periods to be applied at the end of each
active sweep can be carried out. If the vessel is travelling too fast, it could then make
sense to overcompensate the new silent period to ensure that the correct pre-plot
positions for the new sweeps are gradually approached. Instead, or at the same
time, the vessel speed could also be gradually reduced. Alternatively, one could drop
one or more sweeps, and bring the start-of-sweep position back to a position that is

coincident with the nominal pre-plot position again.

The numbers used in the above examples are for the purpose of illustration only.
The speed of the vessel, the shot/sweep interval (SPI), the active sweep lengths, the
lengths of the silent periods, and the acceptance criteria for how far away from the
nominal pre-plot position the actual position is allowed to diverge can each vary from
survey to survey. Further, in a survey with multiple vibrators, the different
numbers/requirements can also vary for the different vibrators in the survey. For
example, vibrators operating in the low frequency (LF) bands can be set to have
longer sweeps than vibrators operating in higher frequency (HF) bands. One may

potentially want to have many vibrators, each operating in their own frequency band,



10

15

20

25

30

WO 2023/009011 PCT/NO2022/050184

16

with their own sweep length. The positional accuracy requirements for the individual

vibrators might also depend on the frequency band they operate in.

Another solution to the problem of hitting the correct nominal pre-plot source
positions, in a situation where continuous sweeps are used and the vessel speed is
varied, is to provide a list of available sweeps which can be selected from, either at
the start of each sweep or at another interval. All of the sweeps in the list can have
the same frequency content, but the length of each sweep is different. For each pre-
plot position a sweep can then be selected which has the appropriate length to
match the time it will take the vessel, and thus the vibrator, to reach its next pre-plot
position. To allow for efficient residual shot/sweep noise attenuation and/or
deblending using phase encoding, limits can be set on how often the system can
change the sweep length. After the sweep length has changed, the system can be
prevented from changing the sweep length again for another whole number of
sweeps (e.g. 2, 3, 5, 10 or 20 sweeps), for example. In an example, the sweep
length could be allowed to change only every 5™ or every 10" sweep. The analysis
of the vessel speed and the selection of a sweep can also be carried out at the start

(or end) of every sweep, every second sweep, or every third sweep, for example.

In this case, the sweeps each represent a period of time throughout which the
source is active, and each sweep is activated directly following the end of the
previous sweep (i.e. there is no silent period included). A benefit of this solution is
that it ensures that sweeping is carried out 100% of the time. This maximizes the
energy output for the vibrators. The energy output of each individual sweep may,
however, vary slightly (this would essentially depend on the instant vessel speed).
From a 4D point of view this is not ideal. The residual source noise (RSN) may also
be deconvolved into a ‘chirp’ (short sweep) every time a different sweep is selected,
instead of a spike. This could potentially cause some problems for the subsequent

processing of the data.

In some cases, the amplitude of the sweeps can be adjusted inversely to the sweep

length. The shorter sweeps will therefore have a slightly larger amplitude compared
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to the longer sweeps, ensuring that all sweeps emit the same total energy. The cost
of this adaption is that the vibrators will operate a few percent below their maximum

capacity most of the time.

Another possibility is to introduce non-linearities into the sweeps. This can be done
by constructing the sweeps so that they all have an identical output (phase and
amplitude) in a given frequency range. Outside of this frequency range the sweeps
can be adjusted separately in order to fill in the remaining part of the frequency in the

available time.

All sweeps may be identical, with a length based on the nominal vessel speed, and
adjustment of the sweep length can be carried out as required. If the vessel is
determined to be travelling too slowly, the sweep can be extended. On the other
hand, if the vessel is travelling too fast, the sweep can be cut short or truncated. This
is exemplified below, for a nominal up-sweep going from 3 to 20Hz with a nominal
sweep-length of 10 seconds (with a vessel speed of ~4.8kn and a 25m pre-plot grid
size). If the vessel is going slower than 4.8kn, the sweep can be extended upwards
in frequency, meaning that it will continue to higher frequencies (above 20Hz) at the
end of the nominal sweep such that the sweep continues for longer than 10 seconds.
If the vessel is going too fast, the sweep can be cut short after the vessel has
travelled the nominal 25m. As with the earlier examples, there can be a limitation
introduced to require that the sweep-length cannot be changed at the start of every

sweep.

The nominal sweep can in some cases be squeezed or extended so that its length
corresponds to the time it will take the source to reach its next pre-plot position.
Squeezing or extending refers to compressing or stretching the sweep so that the

same number of cycles or periods fit into a shorter or longer time frame.

This will alter the frequency content of the individual sweeps, but only by a small
amount. As with the earlier examples, a limitation can be set on how often the sweep

length is allowed to change. A requirement that the sweep length cannot change at
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each sweep, or cannot change for two consecutive sweeps, can be introduced, for
example. The sweeps can also be made to be non-linear, by for example only

squeezing or extending certain parts of the sweep, whilst leaving other parts of the
sweep unchanged. This way the effect of the change can on the frequency can be

limited to one, perhaps less useful, region of the spectrum.

An interesting advantage or side-effect, which applies to all the above approaches
where the sweep-length is adapted, is that the adjustments will work to randomize (in
time) the arrival of the residual shot/sweep noise and/or blending noise. This is

advantageous in terms of processing when the noise is to be attenuated.

It should be understood that many of the above embodiments can be combined. For
example, it is possible to combine non-linear sweeps with sweep squeezing, so that

only certain parts of the sweep (some frequencies) are squeezed/extended.

In marine seismic acquisition, airguns have dominated the market since the late
1960s. As such, itis likely that there will be a future need to acquire a 4D monitor
survey with vibrators on an existing airgun baseline survey. To do this, each vibrator
sweep will need to be matched against an airgun pulse in the best way possible.
This can be achieved in a survey including a plurality of vibrators operating in
different frequency bands. As an example, one or more LF vibrators can be included
in the survey, operating from 3-20Hz, and one or more HF vibrators can be included,

each operating in the range 20-150Hz.

A source being towed at 5kn will move around 25m during a 10 second sweep. In
comparison, an airgun pulse is nearly instant, having a main pulse of just a few
milliseconds, and a much suppressed bubble that lasts a second or two. In practice
this means that a vibrator sweep cannot match the spatial position of all frequencies

in an airgun baseline shot (which are coincident in terms of position).

As mentioned above, the wavelength A of a signal is given by the well-known formula

A = Cw/f, where Cy is the speed of sound and f is the frequency of the signal. A high
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frequency signal (short wavelength) is therefore rather more sensitive to positioning
inaccuracies as compared to a low frequency signal. Consequently, in a 4D setting it
may be more important to match the positions of the higher frequencies (HF) than
the lower frequencies (LF). Geophysically, HF signals are absorbed more quickly in
the subsurface than LF signals. This means that at a typical O&G reservoir, sitting a
few km below the surface, only frequencies up to an upper limit are present in the
reflected data. It is typically at a known reservoir area/level that an O&G company

will look for a 4D signal.

The highest frequency of interest in the target area can be determined, and then this
particular frequency can be matched at the nominal source point position. The
highest frequency of interest does not necessarily refer to the highest detectable
frequency, but rather to the highest frequency with a meaningfully strong amplitude,
i.e. the frequency that is typically most sensitive to 4D changes. This highest
frequency of interest is a quantity that is relatively easy to determine from a seismic
image. In practice, this can be achieved by selecting a narrow time window around
the reservoir, computing a Fourier transform of the selected data and examining the
power spectrum. By studying the slope of this spectrum, it is possible to determine
the highest frequency of interest, which will correspond to the frequency associated
with the highest power. This parameter can be established for a baseline survey
taken in a particular location, and then used to design repeat surveys to be

completed using the same nominal start-of-sweep positions.

In an example, 70-80Hz is identified as the highest frequency of interest for the 4D
survey. In this case, at the nominal position, the sweep is started at around 80Hz
(the highest frequency of interest in this case) and then sweeps down to, for
example, 20Hz. If the highest frequency of interest is identified as 40-50Hz. The
sweep can be started as an up-sweep at 40Hz, and can be swept up to 150Hz, for
example. The sweep can then jump to 40Hz and sweep down to 20Hz for the last
part of the composite sweep. The emitted signal that has a higher frequency than the
highest frequency of interest might still have some value in for example imaging the

shallow part of the subsurface. The sweep therefore starts at the highest frequency
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of interest, and then sweeps up or down to a maximum or minimum frequency before
filling in any missing frequency range in the sweep. This process can be applied for
any identified highest frequency of interest, which may vary between surveys, by

beginning the sweep at this frequency as described above.

In another embodiment, no signal at all is emitted above the highest frequency of
interest for the reservoir. The sweep may be started at the highest frequency of
interest and then swept downwards in frequency to the end of the sweep, for
example. An added benefit of limiting the output frequencies is that it allows more
energy to be emitted in the more interesting frequency bands, thereby increasing the

signal-to-noise (SNR) in these regions.

The individual vibrator units in a survey comprising multiple vibrators may be set to
emit different frequencies. For example, an LF vibrator may only operate in the 3-
20Hz range. 20Hz might be well below the highest frequency of interest for a given
reservoir target. In such a case, it is possible to select the highest frequency which
that particular vibrator emits (whether this is 20Hz or a different frequency) as the
highest frequency of interest. For LF vibrators, the positioning inaccuracies relative
to the wavelength are normally small, however, to get the best possible 4D match it
would still make sense to start at the nominal pre-plot position with a down-sweep
(i.e. matching 20Hz to the pre-plot), and then sweep down to, for example, 3Hz. This
is because 20Hz will be more sensitive than 3Hz to positioning inaccuracies in terms

of a 4D survey.

In another embodiment, a normal up or down sweep is used. At the same time,
based on vessel velocity, a time-shift is computed which allows the sweep to be
started a bit ahead of the nominal pre-plot position. The goal is to make sure that the

sweep hits the highest frequency of interest at the nominal pre-plot position.
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Claims

A method for acquiring marine seismic data using a vibrator towed by a vessel
on a pre-plot grid comprising a nominal pre-plot position, the method
comprising:

monitoring a position of the marine vibrator and the speed of the

vessel;

determining an offset between the position of the marine vibrator and
its nominal pre-plot position in the inline direction;

based on said offset and the vessel speed, adjusting one or more
survey parameters and driving the vibrator with sweeps so that a
predetermined frequency is emitted when the position of the vibrator is within

a maximum distance of the nominal pre-plot position.

The method of claim 1, wherein the pre-plot grid comprises a plurality of
nominal pre-plot positions spaced at regular shot/sweep point intervals, and
determining the offset comprises determining an offset between the actual
position of the marine vibrator and the nominal pre-plot position in the inline

direction.

The method of any of claims 1 and 2, wherein the maximum distance is less

than 3 meters.

The method of any of claims 1 to 3, wherein adjusting one or more survey

parameters comprises adjusting the length of the sweep.

The method of any of claims 1 to 4, wherein the predetermined frequency is

the starting frequency for a subsequent sweep.

The method of claim 4, wherein the sweep comprises an active portion, during
which a signal is emitted, and one or more silent portions, during which no

signal is emitted.

PCT/NO2022/050184
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The method of claim 6, wherein the active portion is separated into at least

two sub-portions separated by one or more silent portions.

The method of any of claims 6 and 7, wherein the sweep comprises two or

more silent portions.

The method of any of claims 6 to 8, wherein adjusting the length of the sweep
comprises adjusting the length of one or more of the one or more silent

portions.

The method of claim 5, wherein the method comprises adjusting the speed of
the vessel, based on a current speed of the vessel and the determined offset,
so that the subsequent sweep is initiated when the vibrator is at or within a

maximum distance of the nominal pre-plot position.

The method of claim 4, wherein adjusting the length of the sweep comprises

truncating the sweep or extending the sweep to higher or lower frequencies.

The method of claim 4, wherein adjusting the length of the sweep comprises

stretching or contracting at least part of an active portion of the sweep.

The method of claim 12, comprising stretching or contracting only a part of the

active portion of the sweep.

The method of claim 4, comprising adjusting the amplitude of at least part of
the sweep based on the adjusted length of the sweep such that the energy

emitted is substantially the same for each sweep.

The method of claim 14, comprising adjusting the amplitude so that it is

inversely proportional to the length of the sweep.
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The method of any of claims 1 to 15, wherein the predetermined frequency is
a frequency, within the range of frequencies that the vibrator can emit, which

is either equal to or is closest to the highest frequency of interest.

The method of claim 16, comprising, based the speed of the vessel and the
offset, initiating the sweep before the vibrator reaches the nominal pre-plot
position so that the predetermined frequency is emitted when the vibrator is at

or at a predetermined distance from the nominal pre-plot position.

The method of any of claims 1 to 17, comprising initiating the sweep as an up
sweep at the predetermined frequency and continuing the sweep to a
maximum frequency, or initiating the sweep as a down sweep at the

predetermined frequency and continuing the sweep to a minimum frequency.

The method of claim 18, comprising terminating an active part of the sweep at

the maximum or minimum frequency.

The method of claim 18, wherein the sweep is initiated as an upsweep and
the method comprises, once the maximum frequency is reached,

downsweeping from the highest frequency of interest to a minimum frequency.
The method of any of claims 1 to 20, comprising driving the vibrator with a
sequence of sweeps, wherein the steps of determining and adjusting are
carried for every N sweep in the sequence.

The method of claim 21, wherein N is more than or equal to 2.

The method of any of claims 1 to 22, wherein the method is a method for

acquiring 4D compatible seismic data.

The method of claim 23, wherein the method comprises: identifying a highest

frequency of interest with respect to a 4D signal in existing marine seismic
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data; and applying the highest frequency of interest as the predetermined

frequency.

A method for acquiring marine seismic data with a vibrator towed by a vessel,
the method comprising:

obtaining data comprising a plurality of nominal and regularly spaced
pre-plot positions;

monitoring the speed of the vessel and a position of the vibrator;

based on the speed of the vessel, setting an initial sweep, comprising
an active sweep period and zero or more silent portions, wherein the total
length of the sweep is equal to the time taken for the vibrator to travel from
one nominal pre-plot position to the next nominal pre-plot position;

driving the vibrator with the initial sweep parameters;

at the start of every Nt sweep, where N is equal to or greater than one,
determining an offset between the actual vibrator position the nominal pre-plot
position in the inline direction;

if the offset is above a threshold distance, adjusting the length of the
sweep so that the subsequent sweep is started within a predetermined

distance of its nominal pre-plot position.

The method of claim 25, wherein N is equal to or greater than 2.

The method of any of claims 25 and 26, wherein the length of the silent

portions is between 0 ms and 2000 ms.

The method of claim 27, wherein the length of the silent portions is between0

ms and 1000 ms.

The method of claim 25, wherein adjusting the length of the sweep comprises
adjusting the length of one or more of the one or more silent portions of the

sweep.
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The method of any of claims 25 to 29, wherein adjusting the length of the

sweep comprises adjusting the length of the active portion of the sweep.

The method of any of claims 25 to 30, comprising adjusting the amplitude of
the sweep such that the energy emitted at each sweep is substantially the

same.

The method of any of claims 25 to 31, wherein the method is a method for

acquiring 4D compatible seismic data.

A non-transitory computer readable medium including computer executable
instructions, wherein the instructions, when executed by a processor, cause

the method of claim 1 or claim 25 to be performed.
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