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SHOT SCHEDULING LIMITS FOR SEISMIC
ACQUISITION WITH SIMULTANEOUS SOURCE SHOOTING

10001}

Technical Field
|00‘02]' This invention relates to the general. subj'éct of seismic: explo'ra't-ion and, In
particular, to methods for estimaling seismic and other signals ‘that ‘are. representative of the
subsurface.

Background of the Invention
[0003] A seismic survey represents an attempt to image or map the subsurface of the
earth by sending sound energy down into the ground and recording the “echoes” that return from
the rock layers below. The source of the down-‘g.,oing. sound energy might come, for example,
from explosions or seismic vibrators on land, or air guns in marine environments. During a
seismic survey, the energy source is placed at various locations near the surface of the earth
above a geologic structure of interest. Each time the source is activated, it generates a seismic
signal that travels downward through the carth, is reflected, an'd, upon its return, is recorded at a
great many locations on the surface. Multiple ‘sourceé / recording combinations are then
combined to create a near continuous profile obl’ the subsurface that can extend for many miles.
In a two-dimensional (2-D) seismic survey, the recording locations are generally laid out along a
single line, whereas.in a three dimensional (3-D) survey the recording locations are distributed
across the surfacc m a grid pattern. In simplest terms, a 2-D seismic line can be thought of as

giving a cross sectional picture (vertical slice) of the earth layers as they exist directly beneath
l
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the recording locations. A 3-D survey produces a data “cube” or volume that is, at least
conceptually, a 3-D picture of the subsurface that lies bencath the survey area. In reality,
though, both 2-D and 3-D SUrveys Interrogate some volume of -earth lying beneath the area
covered by the survey.- Finally, a time lapse (often referred to as a 4-D) survey.- 18 one that is
taken over the same subsurface target at two or more different times. . Thi'_s might be done for
many reasons but often it is done to measure changes in subsurface reflectivity over time which -
might be caused by, for example, the -prqgr_‘e‘ss_ of a fire flood, movement of a. gas / otl or
oil/water contact, etc. Obviously, if successive images of the subsurface are compared any
changes that are observed (assuming differences in the source signature, réceivers, recorders,
ambient noise 'conditions, etc., are accounted for) may be attributable to the progress -of the
subsurface processes that is at work.

[0004] A seismic survey is composed of a very large number ofzindividu‘al' seismic
recordings or traces. In a typical 2-D survey, there may usually be several tens of thousands of
traces,- whereas in a 3-D s\'irvey' the number of individual traces may run.into the multiple
millions of traces. Chapter 1, pages 9 — 89, of Seismic Data Processing by Ozdogan Yilmaz,
Society of Exploration Geophysicists, 1987, c’oﬁta‘ins general information relating to
conventional. 2-D, processing General
background information pertaining to 3-D data acquisition and processing may be found in

Chapter 6, pages 384-427, of Yilmaz

[0005] A seismic trace is a digital recording of the acoustic energy reflecting from
inhomogeneities or discontinuities in the subsurface, a. partial reflection occurring each ti}né
there i1s a change in the éiastic properties of the subsurface materials. The digital samples are
usually acquired at 0.002 second. (2 millisec’on‘dfor “ms”) intervals, although 4 milliseconds and

1 mithisecond sampling intervals. are also common. Each discrete sample in a conventional

CA 2823701 2017-11-01



CA 02823701 2013-07-03
WO 2012/097122 PCT/US2012/021031

digital seismic trace.is associated with a travel time, and in the case of reflected energy, a two-
way travel time from the source to the reflector and back to the surface again, assuming, of
course, that the source and receiver are both located on the surface. Many variations of the
conventional source-receiver arrangement aré used. in practice; e.8: VSP “(:Vcrt}ib'al ‘seismic
profiles) survéys, ocean bottom surveys, etc. Further, the surface location of evéry. trace in a
seismic survey is carefully tracked and is ggnera‘ll'y made a part of the trace itself (as part of the
trace header information). This allows the seismic information contained within the traces to be
later correlated with specific surface and subsurface locations, thereby iproviding a means for
posting and contouring seismic data — and attributes extracted thérefrom — on a map (i.e.,
“mapping”).

[0006] The data in a 3-D survéy are amenable to viewing in a number. of different ways.
First, horizontal “constant time slices™ may be extracted from a stacked or unstacked seismic
volume by collecting all of the digital samples‘that occur at the same travel time. This operation
results: in.a horizontal 2-D plane of seismic data. By animating a series of 2-D planes 1t 1s
possible for the interpreter to pan through the volume, ‘gi.v'ingfth_e_ impression that successive
layers are being stripped away so that ‘the information that li€s underneath may be observed.
Similarly, a vertical plane of seismic data may be taken at an arbitrary azimuth through the
volume by collecting and displaying the seismic traces that lie along a particular line. This
operation, in effect, cxtj_ra.cts'an" individual 2-D seismic line from within the 3-D data volume. It
should also be noted that a 3-D dataset can be thought of as being made up of a 5-D data set that
has been reduced in dimensionality by stacking it into a 3-D image. The dimensions are
typically time (or depth “z2”), “x” (e.g., North-South), “y” (.e.g.,‘ East-West),, source-recelver
offset in the x direction, and source-receiver offset in the y direction. While the examples here
may focus on the 2-D and 3-D cases, the extension of the process to four or five dimensions is

straightforward.
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[0007] Seism_icf data that have been -properly acquired and processed can provide a
wealth of information to the explorationist, one of the individuals within an oil company whose
job 1t is to focate potential drilling sites. For example, a seismic profile gives the explorationist
a broad view of the subsurface structure of the rock layers and often reveals important features
associated with the.entrapment and storage of hydrocarbons stuch as faults; folds, -anticlines,
unconformities, and sub-surface salt domes and reefs, among many others. During the computer
processing of seismic data, estimates of subsurface rock velocities are routinely generated and
near surface inhomogeneities are detected and displayed. In some cases, seismic data can be
used to directly estimate rock porosity, water 'satura’tioﬁ, and hydrocarbon content. Less
obviously, seismic waveform attributes such as phase, peak amplitude, peak-to-trough ratio, and
a host of others, can often be empirically correlated. with known hydrocarbon occurrences and
that correlation applied to seismic data collected over new exploration targets.

[0008] Of course, one well-known problem with seismic .data is that it is can be
expensive to acquire. Indeed, in some cases the cost of the survey may determine whether or
not the economics of the proposed target are favorable. Thus, techniques that tend to reduce the
cost of such surveys are always weicome.

[0009] Spaced firing of two .or more sources has been recognized. as one strategy for
reducing the cost of seismic data acquisition. The basic idea behind this approach is. that a
receiver line or patch may be deployed and that multiple sources may be sequentially or
simultancously activated during a:single recording period. Thus, subsurface reflections from an
early source excitation may ‘be comingled with those that have been sourced later, i.c., a
“blended source” survey is acquired. Note that this is in stark contrast to conventional
surveying techniques, wherein the returning subsurface reflections from one source would never

be allowed to overlap the reflections.of another.
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0010} Although the b]eﬁded source approach has the potential to dramatically reduce
the time in the field, thereby reducing the ‘cost of the survey proportionally, one abvious
problem is that it can be difficult to separate the individual shots thereafler. Said another way,
what is of critical importance. in interpreting -seismic data .is the depth .of each reflector.
Generally speaking, depth of a reflector is determined by reference to its two-way seismic travel
time. So, in a multiple source survey it is of the highest priority to determine which of the
observed subsurface reflections is associated with each source, otherwise its two-wave travel
time cannot be reliably determined.

[0011] In addition to planned. blended s"our”cg surveys, In some cases unplanned multiple
source recordings may be acquired. For example, in areas: of intense exploration activity there
may be several crews shooting m the same general area. This may be of particular concern.in
marine areas where multiple seismic boats may be active simultaneously. Traditionally when a
seismic record contains energy from a third party source some attempt is made to mute the part
of the signal that contains the unwanted source so that it does not spread to adjacent records via
multi-trace processing algorithms such as migration. However, such muting eliminates both the
interfering noise and useful reflections that might occur at or near the same reflection time.
A‘lthough it 1s kﬁown to try to replace the muted regions by interpolation from unmuted data,
such is at best-an approximation to the data that have been lost,

[0012] Separating the two or more shots from a single seismic recording has been
predictably problematic. Shot scheduling during acquisition has shown some promise in terms
of improving the separability of simultaneously acquired shots, and this has been especially so
where the time interval betWeen successive shots is at least somewhat random. However, this
approach has not proved to be as useful, at least in part because heretofore there has not been a
reliable way to determine how much “randomness” in the time separations would produce an

optimal (or even a good) result. Further refinements of this approach are clearly necessary.
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[0013] Heretofore, as is well known in thé seismic acquisition, proceésihg,- and
interpretation arts, there has been a need for a method of separating two or more seismic sources
that have been activated during a single recording. Accordingly, it should now be recognized,
there exists, and has existed for some time, a very real need for a method of seismic data
processing that would address and solve the above-described problems.

[0014] Before proceeding to a description of the present invention, however, it should be
noted and remembered that the description of the invention which', follows, together with the
accompanying drawings, should not be con'str’ued as Iimitiﬁg the invention to the examples. (or
embodiments) shown and described. This is so because those skilled in the art to which the
invention pertains will be able to devise other forms of this invention within the ambit of the

appended claims.
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Summary of the Invention

[0015] According to an aspect of the instant invention, there is provided a system and
method for simultaneously operating multiple seismic sources during acquisition in such a way
that post-survey shot.separation: can be more -eXpe‘ditidusiy performed. In particular, in one
variation this inverition utilizes a measure of the lowest expected or desired frequency in the
survey to determine an accéptable minimum random component to the time separation between
successive shot activations. In some embodiments the distribution of uniformly distributed shot
time separations will be -cho'se!n in such a way that ©.> 1/(2 f), where:t is-the half-width of the
uniform distribution and f is the lowest frequency of interest. In some embodiments, the half
width will be centered about zero (or otherwise include zero) so that both positive and negative
values could potentially be obtained. In other embodiments, the uniform distribution might
cover only positive values.

10016] During acquisition and according to one embodiment_, source excitations that
occur within the same recording may be Separated by random time intervals, where the interval
between successive shots is some function of the expected frequency content of the data. When
overlapping sources are acquired according to embodiments of the method, the energy from near
éoincident shots will be less likely to contain coherent energy, thus making them more likely to
be -separable thereafter. By activating the shots:at random times, when these shots. are corrected
to thc;:ir individual time-zeros they will have signals that are coherent from source point to source
point, while the interfering shots will tend to be incoherent and may be separated by, for
example, an inversion process. This strengthens the operation of’the-.;c_:oher’e:ncy' measures 1n the
instant separation process.

(0017} Thus, in the one embodiment, the application of the. instant .acquisition method
provides reasonably clean shot gathers that may be used both for imaging and prestack analysis

such as AVO (Amplitude Vs. 'Offset) analysis.
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[0018] Acquiring seismic data with shots where the recorded information fr’dn_i one shot

“aa "

shooting a seismic survey. This approach might also allow more closely spaced shot point
intervals (e.g:, during a marine-survey) which could potentially provide better seismic images
that would improve, the chances of discovering economic quantities of oil and/or gas.

[0019] In an embodiment, a method of seismic ‘exploration above a region of the
subsurface containing structural or stratigraphic features conducive to the presence, mi'gration,
or accumula'tion of hydrocarbons comprises (a) determining a lowest frequency of interest in a
blended source seismic.survey. The method also éompriées (b) using said lowest frequency of
interest to determine a value representative of variability of a probability distribution. The
‘method- additionally comprises: (c) initiating a recording of at least one seismic receiver
positioned proximate to the region of the subsurface. Furthermore, the method comprises (d)
activating a first seismic source. Moreover, the method comprises (e) recording the first seismic
source through the at least one of seismic receiver. The method also comprises (f) determining a
random period of time using the probability distribution, and the d‘etermine'd’ variability. The
method further comprises (g) waiting a period of time at least approximately equal to the
random period of time after the first seismic source activation and then activating a second
seismic source. Additionally, the method comprises (h) recording the second .seismic SOUrce
through the at least one seismic receiver. The method also coniprises performing at least (d)
through (_'h) a plura'lity of :times, thereby acquiring a blended source seismic survey; and, using
the blended source seismic survey to explore for hydrocarbons within the region of the
subsurface.

[0020] In an embodiment, a method of acquiring a blended source seismic survey above a
region of the subsurface containing structural or stratigraphic features conducive to the presence,

migration, or accumulation of hydrocarbons comprises (a) determining a lowest frequency of
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interest in the blended source seismic survéy. The method also comprises using thc“ lowest
frequency of interest to. determine a value representative of at least one parameter of a
probability di‘strib'uti_oni The method further comprises-(c) i'nitiating a.recording of at least one
seismic receiver Situated proximate to the region of the subsurfa'cc‘ In addition, the method
comprises (d) activating-a first seismic source. The method also comprises (e) using the at least
one seismic receiver to record one or more reflections sourced by the first seismic source
activation. Moreover, the method comprises (f) using the probability distribution and'the value
representative-of at least-one parameter of the probability distribution to determine a time delay.
The method also comprises (g) waiting‘a period of time at least approximately equal to the time
delay‘aﬁer-the first source activation before activating a second seismic source. The m_et,h.b.d
comprises (h) recording the second séismic source through the at least one seismic receiver.
Furthermore, the method copmrises performing at least (d) through (h) a plurality of times,
thereby acqu'irin"gf a. ble-ndéd.soufcie seismic survey; and, using at least a portion of the blended
source seismic survey to explore for hydrocarbons within the region of the subsurface.

[0021] In another embodiment, a method of simultaneous source seismic acquisition comprises
‘postionihg a ‘piural”ity of seismic ’sdurce‘s proximate to one or more, subterranean formations.
The method also comprises determining a pseudo-random distribution of time intervals between
initiation. of each seismic source: based on a lowest frequency of interest. The method
additionally comprises firing the seismic sources according to the pseudo-random time
distribution. Furthermore, theé method cbmprises recording a plurality of seismic s-ig'nals
retlected from thé one or. more sublerranean formations; and, forming a visually perceptible
image-of any of said recorded plurahty of seismic signals.

|’0022'[ In yet another embodiment, -a*me_'thdd of seismic exploration, compriSes,(a)’ accessing at
least a portion of a blended source seismic survey taken above a region of the subsurface

containing structural or stratigraphic features conducive to the presence, migration, oOr
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accumulation of hydrocarbons, wherein the blended source seismic survey is collected by (1)
determining a lowest ﬁtequency‘ of interest in the blended source. seismic survey, (2) using\ the
lowest frequency of interest to determine a value representative 'p'f variability of a probability
distribution; (3) initiating a recording of at least one seismic'receiver positioned proximate to the
region of the subsurface; (4) activating a first seismic sourcei( 5) recording the first seismic,
source through the at Jeast one .o'f seismic receiver; (6) determining a random period of time
using the probability -distribw:_ion and the determined variabi'lity;'.‘(?)- waiting a period of time at
least approximately equal to the rah.dt)m period of time after the first seismi¢ source activation
and then activating a second seismic source; (8) reci)rd'ingfthe second seismic source through the
at least one seismic receiver; and, (9) performing at least (4) through (8) a plurality of times,
thereby acquiring the blended source seismic survey. The method also ;compri_ses, (b) using at
least a portion of the blended source seismic survey to explore for hydrocarbons within the
region. of the subsurface.

10023] In an embodiment; a.seismic system comprises -a plurality of seisthic sources; and a
controller operatively coupled to each of the seismic sources The corntroller is programmed to
fire the seismic. sources according (o a pseudo-random distribution of time intervals between
initiation of each seismic source.. The pseudo-random time distribution being chosen based on a
lowest frequency of interest.

0024] The foregoingfhas outlined in broad terms the more important features of the invention
disclosed herein so that the detailed description that follows may be more clearly understood,
and so that the contribution of the instant inventor to '-t'he"art-’may be better appreciated., The
Instant invention is not to be limited in its application to the details of the construction-and to the
arrangements of the components set forth in the following description or illustrated in the
drawings. Rather, is the disclosed method is capable of other embodiments and of being

practiced and carried out in various other ways not specifically enumerated herein. Finally, it
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should be understood that the phraseology-and tenninology employed herein are for the purpose
of description and: should not. be regarded as limiting; unlegs the: specification specifically so

limits the invention.
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Brief Description of the Drawings
[0025] Other objects and advantages of the invention will become apparent upon reading the

following detailed description and upon reference to the drawings in which:

10026} Figure 1 illustrates the general environment of embodiments of the disclosed
method.
10027} Figure 2 1llustrates a. seismic processing sequence suitable for use with

embodiments of the method.

10028] Figure 3 contains a plot-of crosstalk strength versus 7w for a-single frequency.
[0029] Figure 4 contains a generalized plot of © = 1/ (2 f) which shows the limits of
separation with respect to fr:eq_p_enicy and tau,

[0030] Figure 5 contains the results of ‘a numerical simulation to determine crosstalk
strength as a function of 7 and £ The curve that is shown in Figure 4 is superimposed on this
figure. Residuals are plotted in DB,

10031) Figure 6 contains a plan view schematic of a typical blended source survey.
[0032] Figure 7 illustrates schematically how different shots may be -identified and

extracted from within the blended source survey.
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DETAILED DESCRIPTION

10033} While this invention‘is susceptible of embodiment in many different forms, there
is shown in the drawings, and will herein be described hereinafter in detail, some specific
embodiments of the instant invention. It should be understood, however, that the present
disclosure is to be considered an exemplification of the principles of the invention and is not

intended to limit the invention to the specific embodiments or algorithms so described.

GENERAL ENVIRONMENT OF THE INVENTION

[0034] Figure 1 illustrates the general environment in which embodiments of the instant
invention may. typically be used. A seismic survey is designed 110 by the explorationist tc
cover an area of economic interest. Field acquisition parameters (e.g., shot. spacing, line
spacing; fold, etc.) are typically selécted in conjunction with this step, although it is common 1o
modify the ideal design parameters slightly {or substantially) in the field to accommodate the
realities of conducting the survey.

10035] Seismic data (i.e., seismic tracés) are collected in the field 120 over a subsurface
target of potential economic importance and are typically sent thereafter to a processing center.
150 where the traces will be subjected to various algorithms to make them more suitable for use
in exploration. In some cases, there may be some amount of initial data processing performed
while the data are still in the field and this is becoming more common and feasible given the
computing power that is available to field crews.

[0036] Note that embodiments of the method may be utilized during step 110 (i.e., the
survey design) or during the acquisition (step 120) depending on whether the time separations
between successive shots are determined in the exploration._ist’s office, in the ﬁeld,_ or some

combination of the two locations.
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(0037] In the processing center a variety of preparatory jprocesses, 130 are typically
applied to the seismic traces to make them ready for use by the explorationist. The processed
traces would then be made available for use by embo’dim,en't's of the method and .rni-g_htt be stored,
by way of example only, on hard disk, magnetic tape, magneto-optical disk, DVD disk; or other
mass storage means.

[0038] The methods disclosed herein would best be implemented in the form of a
computer program 140 that has been loaded onto a programmable computer 150 where it is
accessible by a seismic interpreter or processor. Note that a computer 150 suitable for use with
embodiments of the method would typically include, in addition to mainframes, servers, and
workstations, super computers aﬁd, more generally, a computer or network of computers that
provide for parallel and massively parallel computations, wherein the computational load is
distributed between two or more processors. AsS is also illustrated in Figure 1, in one
arrangement some sort of digitized zone of interest model 160 may be specified by the user and
provided as input to the processing computer program. In the case of a 3-D'seismic section, the
zone of interest model 160. would typically LinC]lude specifics -as to the lateral extent and
thickness _(whidh m'igh't'be:-‘Vari'ablé-.;and-COuld'b'e measured in time, depth, frequency, etc.) of a
subsurface target. The exact means by which such zones are created, picked, ‘digitized_, stored,
and later read during program execution is unimportant to the instant invention and those skilled
in the art will recognize that this might be done any number of ways.

(0039} A program 140 embodying embodiments of the method might be conveyed into
the computer that is to execufe it by means of, for example, a floppy disk, a magnetic disk, a
magnetic tape, a magneto-optical disk, an optical disk, a CD-ROM, a DVD disk, a RAM card,
flash RAM, a RAM card, a PROM chip, or loaded over a network. In a typical seismic
processing environment, the methods of the instant invention would be made part of a larger

package of software modules that is designed to perform many of the processing steps listed 1n
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Figure 2. ‘Aftér processing by the instant methods, the resulting-traces would:then typically be
sorted into gathers, stacked, and. displayed either at a high -resolution color computer monitor
170 or in: hard-copy. form as a printed seismic section or a map 180. The .S,QiSmi'c-‘interpréter
would ‘ﬂfié_n use the displayed images to-assist him or her n idcntifying subsurface features
conducive to the generation, migration, or accu mulation-of hydrocarbons.

10040} As was indicatéd ‘previously, embodiments of ‘the method may, but not
exclusively, be made a paft of and .incorporated into a.conventional seismic processing sequence
of the sort. generally described in Figure.2.. Those of ordinary skill in the art.will recognize-that
the processing steps illustrated in Figure 2 are only broadly representative of the sorts of
processes that fr‘n’igﬁt bé applied to such data and the choice and order: of the processing steps,
and the p'articv.ilar.algorithms._ involved, may vary*-markedlY"dépein'diqg on the individual seismic
Pprocessor, the signal -source: (dynamite, vibrator, Sosie™, mini-Sosie™, :etc.), the survey
locafion',.(-land,, sea, .‘et(:,) of the data, the company that processes the data, etc.

10041 As a first step, and as is generally illustrated in’F-igur‘e 2. a 2:D .or 3-D seismic
survey is conducted. over a particular volume of the earth’s subsurface (step 210). The data
collected in the. field cansist of unstacked (i.e:., unsummed) seismic ttac‘é's which contain digital
information representative of the volume of the earth Iying:ffbenea_th the survey: Any methods
known to.those of skill in the art may be used to obtained and process data i"nto-.fa: form suitable
for use by setsmic processors and.interpreters. No{e that for purposes of the instant disclosure,
the séismic survey may be a blerided source survey wherein reflections from a later source
activation may interfere with ’(.e.‘g., may overlap or coincide in. time with) reflections .from -an
carlier one. After the shots have been separated according to the instant invention, the
unstacked seismic traces rc'sulting from that. operation are useable as would be any other

collection of seismic traces.
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|’0042] The purpose of a seismic survey is to acquire a collection of spatially related
seismic traces over a subsurface target of some potential economic importance. Data that are
suitable for analysis by the methods disclosed herein imight consist of, for purposes of
illustration only, an unstacked 2-D seismic line, an unstacked 2-D seismic line extracted from a
3-D seismic survey or, an unstacked 3-D portion of a. 3-D seismic. survey. Thé invention
disclosed herein is most effective when applied to a group of stacked seismic traces that have an
underlying spatial relationship with respect to some subsurface geological feature. ‘Again for
purposes of illustration only, the discussion ‘that.follows will be couched in terms -of traces
contained within a 3-D survey (stacked or unstacked as the discussion warrants), although any
assembled group of spatially related seismic traces could conceivably be used.

[0043) After the seismic data are acquired (step 210), they are. typically taken to a
processing center. where some initial or preparatory processing steps are applied to them. As is
illustrated in Figure 2, a common early step 215 is designed to edit the input seismic data in
preparation for subsequent processing (e.g., demux, gain recovery, wavelet shaping, bad trace
removal, etc.). Thig_ might be followed by specification of the geometry of the survey (step 220)
and storing of a shot./ receiver number and a surface location as part of each seismic trace
header. Once the geometry has been specified, it 15 customary to perform a velocity analysis
and apply an NMO (normal move out) correction to correct each trace in time to account for
signal arrival time delays caused by offset.

[0044] In some arrangements, the method may be utilized in connection with the
preprocessing step 215, i.e., in conjunction with or in place of the wavelet shaping / Vibroseis®
correlation steps, although it could certainly be utilized elsewhere within this generalized
processing scheme,

[0045] After the initial pre-stack processing is completed,. it is customary to condition

the seismic signal on the unstacked seismic traces before creating stacked (or summed) data
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volumes (step 230). In Figure 2 step 230 contains a typical “Signal Processing / Conditioning /
Imaging” processihg”‘s'equer‘we, but those skilled in the art will recognize, that.many alternative
processes could be used in .pl'a‘ce.-'o'f the ones listed in the figure. In any case, the ultimate goal
from the standpoint of the explorationist is the production of a stacked seismic volume or; in the
case of 2-D data, a stacked seismic.line for use in the exploration for hydrocarbons within the
subsurface of the earth.

0046} As is further suggested in.Figure 2, any digital sample within a stacked seismic
volume 1s uniq_uely. identified by a (X, Y, TIME) triplet, with the X -and Y coordinates
representing some position on the surface of the earth, and the time coordinate measuring a
recorded arrival time within the seismic trace (step 240). For purposes of specificity, it will be
assumed that the X direction corresponds to the “in-line” direction, and the Y measurement
corresponds to the “cross-line” direction, as the terms “in-line” and *‘cross-line” are generally
understood in the art. Although time is the most common vertical axis unit, those skilled in the
art understand that other units are certainly possible might include, for example, -depth or
frequency. Addit‘ionally, it is possible to convert seismic traces from one axis unit (e.g., time)-to
another. (e.g., depth) using any standard mathematical conversion techniques known to those of
ordinary skill in the art.

[0047] The explorationist may do an initial interpretation 250 of the resulting stacked
volume, wherein he or she locates and identifies the principal reflectors and faults wherever they
occur in the data set. This might be followed by additional data enhancement 260 of the stacked.
or unstacked seismic data and/or attribute generation (step 270) therefrom. In many cases the
explorationist will revisit his or her original interpretation in light of the additional information
obtained from the data enhancement and attribute-generation steps (step 280). As a final step,
the explorationist will typically use information gleaned from the seismic data together with

other sorts of data (magnetic surveys, gravity surveys, LANDSAT data, regional geological
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studies, well logs, well cores, etc.) to locate subsurface structural or 'slrafjgraphic features
conducive to the generation, accumulation, or ‘migration of hydrocarbons (i.e., prospect
generation 290).

EMBODIMENTS OF THE INSTANT INVENTION
{0048] Tuming next to Fig‘ures 6 and 7, a blended source land survey is typically
collected by first:laying out a number of receivers 610 in a 2-D configuration over a target of
exploration interest. In some embodiments there may be only & few or as many as several
thousand receivers 610 in the .suwey. The receivers 610 might be connected by cables to a
central recording unit, they might use wireless transmission to same, or each receiver might
contain some amount of internal data storage in which to record the seismic signals received
thereby. Those of ordinary skill in the art will be quite familiar with these sorts of receiver
variations and how this approach might be modified for a marine survey.
[0049] I[n one embodiment, the receivers 610 will be continuously recorded for an
¢xtended period of time. In some variations, the receivers might be recorded for a few hours,
one-half day, a full day, multiple days; iultiple moriths, etc. The recording may caplure at least
two source excitations. This is in contrast to the usual seismic survey, wherein the réceivers arc
recorded for only a few seconds after the activation o:f. a source.
10050} During the time period that the receivers are being recorded, a number of seismic
sources 620 may be activated at different locations within the survey area 600. In an
embodiment two or more sources may be used. In the case of a marine survey, it.1s likely that
two different sources (often being towed by two différent vessels) may be used but that
obviously is something that is left to the discretion of the survey designer. Further, in some
embodiments the source dctivations may be separated in time by random time periods selected
a(:cording to the methads discussed herein. In some variations the sources may be activated

close enough in time that there may be some overlap or blending between the shots. That is, for
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example in the ¢ase of a land survey where each source 620 is a Vibroseis® unit, it is
anticipated that the source activations might be'separated by a few seconds in some cases. Note
that Figure 6 is not intended to suggest that each source 620 may be activated simultaneously
but instead is indicated to indicate that each source is located at a. different location within. the
survey area 600. During some surveys, ten or more different sources might be used. More
particularly, fifteen or more sources may be used, alternatively twenty or more sources may be
used.

0051} When the data. are acquired in a marine setling, the time intervals between
successive shots may typically be designed to be random. More p_art'icu-l.ar_ly, some amount -of
randomness may be introduced by. shooting on position (i.e., activating the source.when the boat
reaches a predetermined prit,ion), since the exact -arrival time at a shot point 1s at least
somewhat random. However, this may not be a reliable way to introduce randomness into the
activation times since the boat speed tends to be ‘r’eia’ti'vel’y constant and the shot points are
typically evenly spaced. That being said, shooting exclusively on position may introduce
sufficient randomization when the distance between shot points is large. As 1s explained in
greater detail below and in accordance with one variation of the instant Invention, sSOmMe
parameter associated with the dis.tributio'n, from which the randomness is introduced into the shot
timing may be controlled by the lowest frequency of interest in the survey, and the expected
variation of the shots from a regular interval should be at least one or more of such wave-
lengths. Thus, 1f the lowest 'f’requemy of interest produces a seismic wave that is on the order of
200 ms in length, the shot time-separation could be a constant. plus some random amount which
might be, again, on the order of 200 ms or more.

[0052} In some embodiments, randomly spaced shot times and positions may be
scheduled, with the shooting boat increasing or decreasing its speed as necessary to be at the

chosen location at the assigned time. In other embodiments, the boat -may be shooting on
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position, with the shot times being monitored for.randomness.. In this Scenario, the boat may
approach a designated position and then, rather than firing exactly on position, it may add or
subtract some amount of time (e.g.,.a randomly generated time ,adjus_\l'mentlz)j to the anticipated
arrival time so that the boat in’tel}tignally_shootSr-ajbi.tc_arl_){ or late. The timé adjustment may be.
chosen to ensure that the distribution of shot times.are at least approximately random. Also, the
random increment may be chosen so that the boat is within some specified distance tolerance of
the intended shot point. Finally, the increment may be chosen such‘that:theu-maximum delay
does.not interfere with the movement of the other sources to the next short position. This might
oe done, for example, by checking the delay from the last shot to assure that it is not'too close to
the delay between the previous shot§ or by keeping track of the distribution of the shot times to
check for and correct non-random patterns.

[0053] In some cases, the software that controls the airguns or other seismic sources
(e.g., gas gun, marine vibrator, etc.) may need to determine the ship’s location (e.g., via GPS),
its anticipated arrival time, and the time since the previous shot(s) in order 10 creafe a
distﬁbu_tion’_ of shot -activation times (or shot time. intervals) with & ¢ormponent that is at least
pseudo-random. Alternatively, this may be done without allowing more than two shots (o
overlap. That being said, embodiments of the method are fully general and can accommodate
multiple shots that.overlap.

(0054} Tumning next to Figure 7, this figure suggests in a general way what the data from
a blended source survey might look like: Note that although each of the source activations in
Figure 7 are shown as distinct signals, in reality successive-shots.each would overlap each other
to somé extent. However, the sources have separated here to make clearer the concepts that are
discussed below,

[0055] Each receiver 610 may. give rise to a seismic trace (e.g., trace 705) that could

potentially be tens of minutes or several hours (or days, months, etc.) in length. In this figure,
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the trace 705 is shown schematically as containing récorded signals from four different source
excitations which, 1n a blended source survey. Associated. with. each receiver 610. may be a
location .on the surface of the. earth. When the signials-that have been recorded: fromi each
receiver 610 are .pmpérif\:y arraniged and _di'sfpl']ﬁ'yf‘ed-, inone embodiment a' 3:D volume may be
produced with each receiver 610 being associated. with: an “X” and.a “Y"” location, to include
locations based on latitude and longitude, etc.

[0056] Duiring a blénded soufcé survey according to one aspect of the disclosed method,
the time at which -each source 620 is activated f-mayélbesfnoie.d and. re'corded; which sources might
be located inside or outside of the receiver field. In Figure 7, T and T represent the known
times (as.measured. from an ‘a’fbitraary zero time) at which two sources were-activated, with the
pafaﬂrhétér-‘"“N"' indicating. in' a general way the ‘length of time (number of samples) after the
source activation during which reflections from’ the subsurface from a source-might be sensed.
The time separations between successive shotstare denoted.as 7,72, €tc:

{0057 Turning now to a discussion of how the random spacing may. be determined,
according to a first embodiment of the instant invention, there is provided a niethod of acquiring
contemporaneously activated seismic sources such that they can be more readily and accurately
separated. thereafter. In brief, the disclosed method creates time spacing between overlapping
sources, wherein the-spacing is randomized based on the expected fréquency content.of the data.
(0058} Although there has been much discussion about what.f.inagn'itudes of the random
time separations produce the best results, there.is l'i'ttl,e_-.,q’panti'tat'ive:-.;.guidan‘ce as to-how much
randomness should be implemented. However, the; embodiments of the disclosed method,
without being limited byfl‘heory; show that the quality of the separation of the 'shots may depend
to a large extent on the lowest frequency desired and the size of the random shifts between shots

within a:given analysis window.
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[0059] It has been shown that, for the blending of data: used for speeding up migration
imaging, there is a crosstalk strength term which varies as a function of frequency (@) and the
time separation between traces (7):

sinfflwt)/ (wt)?,
Figure 3 contains a plot of crosstalk strength versus. @ 1. In this figure the crosstalk strength is
the vertical axis and w T is the horizontal axis. Note that the first zero of this equation occurs at
@ t=mn. This valueof o T makes a reasonable limiting_val'fue for the power of the crosstalk with
respect to w and 1. Since /= 27 w, it follows that the theoretical value of 1 to obtain zero
crosstalk for a given frequency is

=1/2 f)

This equation 1s plotted in Figure 4.
[0060] This equation defines a quantitative ‘model. for choosing a workable time
separation between successive / overla._pping shots in a blended source survey. As can be seen
from Figure 4, fora given frequency, a uniform random distribution with a’half-width of at least
T is usually a very good or near optimal choice for good quality separation of sources. ‘The aréa
in the zone below the curve shows where a combination of @ and T would be éxpected to give
poor results. The area above the curve is where the combination of @ and t would be predicted
to produce good results.
{0061} For example, if very good separation is desired, the value of tau might be chosen
to be well above the curve. If poorer separation is acceptable, the value of tau might be chosen
to be somewhat below the curve to .allow a more flexible acquisition schedule. The trade off, of
course, is that the larger tau is the longer the survey may take and the more it may cost. Thus,
the maximum acceptable value of -fau may, practically speaking, be constrained by economic
considerations and there may typically an incentive to chose tau to be as close to the curve of

Figure 4 as is possible for a given data set.
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(0062} Figure § illustrates the results of some numerical experiments where synthetic
data were created with a range of frequencies and blended these data with a range of time shifts
with a uniform distribution half-width of T. An inversion was calculated for each .corribinat_ion
of tau and frequency and the residual, which is a measure of the difference between the
calculdted data and the data before blending, is displayed in this figure. It can be seen that,
generai'.ly speaking, ‘the sebara‘tibn quality Toughly follows the limits above (e.g., the smallest
values tend to be found in the upper right comer, whereas the larger. values tend to be found in
the lower left corner). This observation is consistent with the discussion associated with Figure
4, wherein it was shown that the best results were like’i’y to-be found above and/or to the right of
the curve that has been drawn there. As an aid to understanding Figure S, the curve from Figure
4 has been superimposed on this figure. The residuals in Figure 5 are plotted in DB.

[0063] In practice, there is likely to be some randomness in the shot time that allows
separation using a coherency criterion, in view of the foregoing a purely random sequence Is
unlikely to be optimal, especially with the large number of shots used on a typical seismic
survey. Random sequences may contain undesiréd random ,r‘egularit_.\i‘es that may affect the
separation quality. Since the coherency is calculated within a limited window in space, a series
of random numbers of only a limited length is needed. This set of random numbers in some
embodiments may be chosen from a large sample of sequences of uniform random number
series (or generated using, for example, a pseudo-random number generator) to oroduce the best
separation.

10064] As an example of how this might be done, a series of random numbers, say 101
long, might be picked out of a collection of 100000 sets of 101 random number series. Each of
the 100000 sets of 101 random numbers could be examined for how good a separation it
produces. The: best series would be used 1n creating the random time shifts. used to acquire the

simultancous source survey.
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[0065] Continuing with the previous example, for 2D datasets the series-would be reused
along the line, cycling thought the 101 numbers along the shot line. For 3D datasets using the
same set of random numbers on gach shot line would create undesired regularities in the
crossline direction. One method of avoiding this regularity would be to create'a random set of
indices into ‘the series of 101 random numbers. These indices would be ‘used to choosé the
starting random number from the serics for each line. Oné meéthod of avoiding- undesired
regularities in-the random sét. of indices would be to constrain each index to be outside a given
range of the last several lines, For example, if the coherency window-is 8 traces in the crossline
direction and 10 in the inline direction, each index would. be constrained to not repeat within 8
lines, and each index would :not be-within 10 elements of anothef index. Another method of
choosing indices would be to choose a set of random numbers and simply test a large number of
random sets of indices to see which produces the best separation. While this would be
computationally expensive, it would need to be done only once.

(0066 In practice, in instarices where the random or otherwise obtained adjustment
value is negdtive, the operator may fire the shot ahead of the planned time. For example, ina
mar_ine setting if the adjustment were to be prescribed to be -0.2 seconds, the ship might be
either be slightly accelerated to.reach the next shot point ahead of its scheduled (for example) 5
second shot intérval. Alternatively, the shot might be fired early, e.g., before the actual shot
point is reached. Given that marine location / positioning technology is accurate to only about 1
meter, firing slightly early (or late) could very well still be seen as firing on the shot point for
purposes of positioning the recorded traces. Finally, delays and early arrivals due to wind,
waves, etc., may swamp the small time adjustments of the instant methods but, in some
embodiments, the crew may be instructed to shoot as close to the prescribed time as is possible.
[0067] As an alternative to scheduling times, random times may be obtained by adding

randomness to the actual shot positions. Assuming, in the case of a marine survey, that the boat
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speed is constant, the randomness in times could be controlled by the randomness in. position.
One advantage of this approach is that the survey could be feacquired; say for time-lapse
measurements, with the same random shot positions. It is likely to be easier to repeat shot
positions than random times. Another advantage of ;th'is method 15 that it would not require any
changes to the gun control software as would be needed to introduce:random times.
[0068] After the data have been acquired, the recordings may typically be separated into
Indrvidual traces by inversion using the method disclosed in; U.S. Patent Application No.
12/542,433, Method for separating independent simultaneous sources, filed on.August 17, 2008,
although other
methods of separating or stacking out interference would require similar limits to the random
time perturbations.
[0069] In some embodiments the method may be adapted for use ‘with a VSP, checkshot, or
stimilar downhole survey. By way of explanation, those of ordinary skill in the art may
understand. that VSP acquisittan can be very expensive in terms of rig down time. Shooting
faster VSPs with overlapping sources could be used to significantly reduce.the: costs of such
surveys. Thus, when the phrase “blended seismic survey” is used herein, that phrase should be
broadly interpreted to include both land and marine 2D and 3-D surveys as well as VSPs, cross
hole surveys, etc..
[0070] Note that when the 'phra_s_es such as “lowest frequency of interest;” “lowest desired
frequency,” etc., are used he‘,r‘e,in, those phrases should be broad] y construed to mean a frequency
that is within the seismic source and/or recordirig bandwidths and that is, practically speaking,
likely to be the lowest useful frequency returned from the seismic survey.
0071} Additionally, although the preferred embodiment utilizes the relationship 7 = 1/
2 /) as a means of defining the minimum acceptable time separation as a function of frequency,

it should be noted that there are many other curves that might approximate this relationship over
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some range of frequencies. For example; between 1 Hz and 6 Hz, the equation the tau /
frequency relationship can be acceptably approximated by a second or higher degree polynomial
In frequency (e.g., -obtained via standard least squares or other fitting techniques). Higher
polynomia1s (or other funct.i'onal..forms such as exponentials, logs, etc.) could provide a better
fit. Over other frequency ranges, (e.g:, 3 Hzto 6 Hz) even a linear approximation could provide
useful information. Thus, it should be understood for purposes herein that when it is said that
the above-identified equation is used to find an acceptable tau, that language should be broadly
interpreted to include instances where functional ‘or numerical approximations (o that curve
(over short intervals or its entire length) are used instead.

[0072) Further, 1t should be noted that the figures and examples: that are included
herewith Wwere generated ﬁrﬁ‘der"the, assumption that the random time séparations between
successive source activations were drawn from a uniform probability distribution centered about
zero with a half-width of tau. The fact that the distribution was centered -about zero (i.e., the
uniform distribution ‘has an expected value equal to zero) 1s ouly one approach and the
distribution certainly could be shifted (either toward positive or negative values) by having the
distribution centered around a non-zero value,. thereby producing random time separations that
are biased toward positive (or negative) values.

[0073] Still further, note that different probability.mnctions could be used instead of the
uniform in order to generate the random time separations. In such an instance, it may be
advantageous to select a parameter of thé distribution such as the standard deviation (or variance
or other measure of variability or spread or some other measure of central tendency such as a
mean; median, etc.)) to be some function of (/). In the case of the. e'xa'm_p'le discussed
previously, a uniform distribution centered about zero with half-width equal to tau may have a

variance s> equal to:
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Said another way, this equation indicates that if tau is chosen to be on the //2f curve, the
variance of the associated uniform distribution is 1/(12f%).

[0074] This suggests that, gcnerall‘y speaking, the lowest frequency of interest should be
related to a parameter of the probability distribution from which the random time differences are
drawn. More.particularly and by way of example, in some embodiments the variability of the
distnibution from which the random times are drawn should be related to (pr()p'ortional to, a
function of, etc.) the inverse of the lowest frequency of interest in the survey (e.g., [//Cf,] where
C is'a constant). An acceptable relationship between variability and frequency may likely need
to be determined on a casé-by-case basis depending on the choice of the probability density
function and by trade-offs due to economic reasons. .By way of example only, one way to
develop the curve.of Figure 5. for a non-uniform distribution ‘would be to calculate the surface of
Figure 4 and identify an iso-residual curve that more or less divides the acceptable from non-
acceptable residuals. That being said, one of ordinary skill in the art would be readily capable of
devising other ways to obtain such a curve (e.g., Monte Carlo simulation).

10075] In the previous discussion, the language has been expressed in terms of operations
performed on conventional seismic data. But, it is understood by those skilled in the art that the
invention herein described could be applied 3dvantag_eously in other subject matter areas, and
used to locate other subsurface minerals besides hydrocarboris.

[0076) While the inventive device 'has been described and illustrated herein by reference
to certain embodiments in relation ‘to the drawings attached hereto, various Chang‘es and further

modifications, apart from those shown or suggested herein, may be made therein by those
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skilled in the art, without departing from the spirit of the inventive concept, the scope of which

is to be determined by the following claims.
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The Claims

WHAT IS CLAIMED IS:

1. A method of seismic exploration above a region of the subsurface containing structural

or stratigraphic features conducive to the presence, migration, or accumulation of

hydrocarbons, comprising:

d.

b.

determining a lowest frequency of interest in a blended source seismic survey;
using said lowest frequency of interest to determine a value representative of
variability of a probability distribution;

Initiating a recording of at least one seismic receiver positioned proximate to the
region of the subsurface;

activating a first seismic source;

recording said first seismic source through said at least one of seismic receiver;
determining a random period of time using said probability distribution and said
variability;

waiting a period of time at least equal to said random period of time after said

first seismic source activation and then activating a second seismic source;
recording said second seismic source through said at least one seismic receiver;

performing at least (d) through (h) a plurality of times, thereby acquiring a
blended source seismic survey; and,

using said blended source seismic survey to explore for hydrocarbons within said

region of the subsurface.
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2. The method of Claim 1, wherein said probability distribution is a uniform probability

distribution.

3. The method of Claim 2,
wherein said uniform probability distribution has a half-width of tau,
wherein said tau is said value representative of a variability of said uniform probability
distribution, and
wherein
t=1/(2 /),

with £ being said lowest frequency of interest.

4, The method of Claim 3, wherein said uniform probability distribution is centered about
Zero.
5. The method of seismic exploration according to Claim 1, wherein said at least one

seismic receiver comprises a plurality of seismic receivers.

0. The method of Claim 1 wherein the first seismic source and the second seismic source

are both impulsive sources.

7. The method of Claim 1 wherein the first seismic source and the second seismic source

are both marine sources.
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8. The method of Claim 1 wherein the first seismic source and the second seismic source

are land sources.

9. The method of Claim 7, wherein the first seismic source and the second seismic source

are selected from a group consisting of an airgun, a gas gun, and a marine vibrator.

10. The method of Claim 8, wherein the first seismic source and the second seismic source

are selected from a group consisting of a dynamite source and a vibrator source.

I1.  The method of seismic exploration according to Claim 1, wherein said first seismic

source and said second seismic source are a same seismic source.

2. A method of acquiring a blended source seismic survey above a region of the subsurface
containing structural or stratigraphic features conducive to the presence, migration, or
accumulation of hydrocarbons, comprising:

a. determining a lowest frequency of interest in said blended source seismic survey;
b. using said lowest frequency of interest to determine a value representative of at

least one parameter of a probability distribution;

C. Initiating a recording of at least one seismic receiver situated proximate to the
region of the subsurface;
d. activating a first seismic source:

€. using said at least one seismic receiver to record one or more reflections sourced

by said first seismic source activation;
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f. using said probability distribution and said value representative of at least one
parameter of said probability distribution to determine a time delay;

g. waiting a period of time at least equal to said time delay after said first source
activation before activating a second seismic source:

h. recording said second seismic source through said at least one seismic receiver:

1. performing at least (d) through (h) a plurality of times, thereby acquiring a
blended source seismic survey; and,

]. using at least a portion of said blended source seismic survey to explore for

hydrocarbons within said region of the subsurface.

13. A method of seismic exploration, comprising;

a. accessing at least a portion of a blended source seismic survey taken above a
region of the subsurface containing structural or stratigraphic features conducive
to the presence, migration, or accumulation of hydrocarbons, wherein said
blended source seismic survey is coilected by:

(1)  determining a lowest frequency of interest in the blended source seismic
survey;

(2)  using said lowest frequency of interest to determine a value representative
of variability of a probability distribution;

(3) Initiating a recording of at least one seismic receiver positioned proximate
to the region of the subsurface;

(4) activating a first seismic source;

(5)  recording said first seismic source through said at least one seismic

recetver:;
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(6) determining a random period of time using said probability distribution
and said variability;

(7)  waiting a period of time at least equal to said random period of time after
sald first seismic source activation and then activating a second seismic
source;

(8)  recording said second seismic source through said at least one seismic
recelver; and,

(9) performing at least (4) through (8) a plurality of times, thereby acquiring
said blended source seismic survey; and,

b. using at least a portion of said blended source seismic survey to explore for

hydrocarbons within said region of the subsurface.
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