
WO 2010/084095PCT/EP2010/050517 METHOD FOR WAVEFIELD SEPARATION FOR
DUAL-SENSOR DATA USING KIRCHHOFF-TYPE DATUMING AND MIGRATION Field of the
Invention [0001]This invention relates generally to the field of geophysical prospecting. More
particularly, the invention relates to the field of wavefield separation in dual-sensor data. Description of
the Related Art [0002]In the oil and gas industry, geophysical prospecting is commonly used to aid in
the search for and evaluation of subterranean formations.Geophysical prospecting techniques yield
knowledge of the subsurface structure of the earth, which is useful for finding and extracting valuable
mineral resources, particularly hydrocarbon deposits such as oil and natural gas. A well-known
technique of geophysical prospecting is a seismic survey. In a land-based seismic survey, a seismic
signal is generated on or near the earth's surface and then travels downward into the subsurface of the
earth. In a marine seismic survey, the seismic signal may also travel downward through a body of
water overlying the subsurface of the earth. Seismic energy sources are used to generate the seismic
signal which, after propagating into the earth, is at least partially reflected by subsurface seismic
reflectors. Such seismic reflectors typically are interfaces between subterranean formations having
different elastic properties, specifically sound wave velocity and rock density, which lead to differences
in acoustic impedance at the interfaces, The reflected seismic energy is detected by seismic sensors
(also called seismic receivers) at or near the surface of the earth, in an overlying body of water, or at
known depths in boreholes and recorded, [0003]The resulting seismic data obtained in performing a
seismic survey is processed to yield information relating to the geologic structure and properties of the
subterranean formations in the area being surveyed. The processed seismic data is processed for
display and analysis of potential hydrocarbon content of these subterranean formations. The goal of
seismic data processing is to extract from the seismic data as much information as possible regarding
the subterranean formations in order to adequately image the geologic subsurface. In order to identify
locations in the Earth's subsurface where there is a probability for finding petroleum accumulations,
large sums of money are expended in gathering, processing, and  WO
2010/084095PCT/EP2010/050517 interpreting seismic data. The process of constructing the reflector
surfaces defining the subterranean earth layers of interest from the recorded seismic data provides an
image of the earth in depth or time. [0004]The image of the structure of the Earth's subsurface is
produced in order to enable. an interpreter to select locations with the greatest probability of having
petroleum accumulations. To verify the presence of petroleum, a well must be drilled. Drilling wells to
detemiine whether petroleum deposits are present or not, is an extremely expensive and
time-consuming undertaking. For that reason, there is a continuing need to improve the processing
and display of the seismic data, so as to produce an image of the structure of the Earth's subsurface
that will improve the ability of an interpreter, whether the interpretation is made by a computer or a
human, to assess the probability that an accumulation of petroleum exists at a particular location in the
Earth's subsurface. [0005]The appropriate seismic sources for generating the seismic signal in land
seismic surveys may include explosives or vibrators. Marine seismic surveys typically employ a
submerged seismic source towed by a ship and periodically activated to generate an acoustic
wavefield. The seismic source generating the wavefieid may be of several types, including a small
explosive charge, an electric spark or arc, a marine vibrator, and, typically, a gun. The seismic source
gun may be a water gun, a vapor gun, and, most typically, an air gun. Typically, a marine seismic
source consists not of a single source element, but of a spatially-distributed array of source elements.
This arrangement is particularly true for air guns, currently the most common form of marine seismic
source. in an air gun array, each air gun typically stores and quickly releases a different volume of
highly compressed air, forming a short-duration impulse. [0006]The appropriate types of seismic
sensors typically include particle velocity sensors, particularly in land surveys, and water pressure
sensors, particularly in marine surveys. Sometimes particle displacement sensors, particle
acceleration sensors, or pressure gradient sensors are used in place of or in addition to particle
velocity sensors. Particle velocity sensors and water pressure sensors are commonly known in the art
as geophones and hydrophones, respectively. Seismic sensors may be deployed by themselves, but
are more commonly deployed in sensor arrays, Additionally, pressure sensors and particle velocity
sensors may be deployed together in a marine survey, collocated in pairs or pairs of spatial arrays.
[0007]A particle motion sensor, such as a geophone, has directional sensitivity, whereas 



a pressure sensor, such as a hydrophone, does not. Accordingly, the upgoing wavefielci  WO
2010/084095PCT/EP2010/050517 signals detected by a geophone and hydrophone located close
together will be in phase, while the downgoing wavefield signals will be recorded 180 degrees out of
phase. Various techniques have been proposed for using this phase difference to reduce the spectral
notches caused by the surface reflection and, if the recordings are made on the seatloor, to attenuate
water borne multiples. It should be noted that an alternative to having the geophone and hydrophone
co-located, is to have sufficient spatial density of sensors so that the respective wavefields recorded
by the hydrophone and geophone can be interpolated or extrapolated to produce the two wavefieleis
at the same location. [0008]Conventional 3D marine seismic acquisition by towed streamer usually
results in asymmetrical spatial sampling and fold between inline and cross-line directions. The
sampling density is denser in the inline direction (parallel to the towed streamers) than in the cross-line
direction (perpendicular to the towed streamers). The asymmetry is due to a wider spacing between
receivers in separate streamers than between receivers in the same streamer, This asymmetry can
lead to spatial aliasing of the sampling data in the cross-line direction. When the receivers are
deployed on the sea-bottom, the lateral distance between adjacent receivers is often larger than the
typical receiver separation in a streamer. This means that spatial a.liasing can be a problem for data
acquired with this type of receiver configuration as well. This invention considers data acquired with
hydrophones and geophones. The geophone can record one or more components of the particle
velocity vector Common are three-component geophones which record the complete particle motion
vector. Recording only the vertical component of the particle velocity is also common. Hydrophone and
geophone records together are referred to as dual-sensor data in this invention. [0009]Thus, a need
exists for a method for wavefield separation for dual-sensor data that more efficiently corrects for
spatial abasing. Preferably, the method accomplishes this in the time-space domain where irregular
receiver separations can be taken into account and does not require seismic trace interpolation.
BRIEF SUMMARY OF THE INVENTION [0010]The invention is a method for wavefield separation for
dual-sensor data. A first weighted integral operator is applied to dual-sensor data to extrapolate the
dual-sensor data to a first position above an acquisition surface, generating extrapolated data. A
second weighted integral operator is applied to the extrapolated data to extrapolate the extrapolated
data to a second position, generating wavcfield separated data. One of the integral operators  WO 20
10/084095PCT/EP20.10/050517 is applied to a scaled combination of the dual sensor data. BRIEF
DESCRIPTION OF THE DRAWINGS [0011]The invention and its advantages may be more easily
understood by reference to the following detailed description arid the attached drawings, in which:
[0012]FIG. 1 is a schematic side view of a ray from the acquisition surface; [0013]FIG. 2 is a section
showing a traveltime operator on top of a part of a common- shot pressure record; [0014]FIG. 3 is a
flowchart illustrating general embodiment of the invention for waveficki separation for dual-sensor data;



[0015]FIG. 4 is a flowchart illustrating a first embodiment of the invention for wavefield separation for
dual-sensor data; [0016]FIG, 5 is a flowchart illustrating a second embodiment of the invention for
wavefield separation for dual-sensor data; [0017]FIG. 6 is a schematic side view of a single ray
corresponding to a time sample from a trace to be migated; [0018]FIG. 7 is a flowchart illustrating a
third embodiment of the invention for wavefielcl separation for dual-sensor data; [0019]While the
invention will be described in connection with its preferred embodiments, it will be understood that the
invention is not limited to these. On the contrary, the invention is intended to cover all alternatives,
modifications, and equivalents that may be included within the scope of the invention, as defined by
the appended claims. DETAILED DESCRIPTION OF THE INVENTION [0020]The invention is a
method for wavefield separation for dual-sensor data. In the following, three embodiments of the
method of the invention for separating recorded wavefields into their up-going and down-going parts
are described. Wavefields are recorded with receivers disposed in a plurality of seismic streamers,
also known as a 3D spread, or deployed on the sea-bottom. The receivers define the acquisition
surface, which is a horizontal plane in the ideal case of flat horizontal streamers or a flat horizontal
sea-bottom. However, the acquisition surface need not be flat, as this is not a limitation of the
invention. At each receiver location on the acquisition surface, two wavelic ds are recorded or built by
WO 2010/04095vcriEP2010/050517 means known in the art from more recorded wavefields. The two
wavefields are the pressure field consisting of up-going and down-going parts (hydrophone record)
and the component of the particle velocity field normal to the acquisition surfztce (gcosensor record),
again consisting of up-going and down-going parts. The method of the invention employs a scaled
combination of the two recorded wavefields in the integral expressions that separate the wavefields.
[0021]Conventional methods consider only homogeneous media. In the method of the invention, the
earth model can be laterally heterogeneous. However, the earth model can also be replaced by a
smooth background model which correctly represents the kinematics of wave propagation and is in
accordance to the high-frequency approximation. This approximation means that wave propagation
can be described with high accuracy by zero order ray theory. All three embodiments exploit the
principle of stationary phase which automatically selects the correct obliquity factor to be applied in the
wavefield separation.  [0022] The down-going parts of the wavefield are due to the reflection of all
up-going events at the sea-surface. In the following, a hypothetical model where the sea-surface is
absent will be considered. The down-going energy will be treated implicitly as up-going energy. This
corresponds to a virtual reflection of the down-going energy at the acquisition surface without any
amplitude changes, i.e. without changes to magnitude and polarization. The only thing which happens
mathematically is a change of sign of the vertical component of the slowness vector associated with a
down-going wavefront. The space above the sea-surface, filled with air in reality, is assumed to be
filled with water such that a smooth transition of all medium properties at the sea-surface is assured.
[0023]The first embodiment of the method of the invention is wavefield separation using Kirchhoff-type
time domain or frequency domain datuming. This first embodiment extrapolates a combination of
common-shot records of the recorded wavefields to a level above the acquisition surface. The
combination of the recorded waveficlds is such that they separate into up-going and down-going parts
in this datuming step. The separated wavefields are then back-propagated to the original level,
generally to any level. The output of this first embodiment is common-shot ensembles of seismic
traces, i.e. seismic pre-stack data of separated wavefields. [0024]A pressure field p(x, to) recorded at
a point x on an cquisition surface S can be forward extrapolated in time to another point x R above the
acquisition surface us 2 the following integral equation: 



WO 2010/084095PCT/EP2010/050517     -icor (x, x fidS , (l)     where i is the imaginary unit and Oi
denotes angular frequency. The traveitime along the ray connecting x and x1 is given by rex,x ) The
term Wix, ) in Equation (1 ) is a weighing factor, which is given by COS 8 (X,XR - x ) G x
cox-) where ,o(x) is the density and c(x) is the speed of sound in the medium, The factor G. (X, ) in
Equation (2) takes into account amplitude changes due to geometrical spreading, FIG, I is a schematic
side view of a ray from the acquisition surface, 0(x, x ) denotes the angle measured at x between the
ray connecting points x and NY' and the unit normal vector to the acquisition surface, n(x), which
points towards xi< The equation of motion relates the pressure field with the three-component particle
velocity field. The component of the particle velocity field normal to the acquisition surface tit, (x, co) is
derived from a three-component particle velocity field measurement by means well known in the art.
The relationship between pressure and particle velocity fields allows using an integral equation
analogous to Equation (I) for :damming the normal component of the particle velocity: icoR 1 . ,e))---- I
kT1( x,(h) expL--(x, x ) jdS . 2-tr In a homogeneous medium with constant media properties p and , an
event in the pressure record or in the normal component of the particle velocity record can be
separated into its up-going and down-going components using the following equations: 1 



C X. CD -rCOI COSI!) (X  WO 2010/0841)95PCT/EP2010/050517  Pa. (Lon =e05H(x).1) /7 C 1
1,cosre (x)] 7.:, ca 1 ) = - - i la (x , an - 2,pc2    respectively, as is well known in the art. Here,
cos[61(x)] denotes the angle between the propagation direction of the wavefront associated with that
event and the unit normal vector rt, and v co) is the recorded component of the particle velocity field
normal to the acquisition surface S Equations (4) through (7) remain valid in slightly inhomogeneous
media within the validity range of the high-frequency approximation, in which a propagating wave
behaves locally like a plane wave, and, thus, the wavefield can be separated using the local medium
properties ,o(x) and e(x). The angle t)(x) is initially unknown, but will be automatically determined by
application of the integral equation of Equations (I) or (3), as the major contribution comes from a small
zone (Eresnel zone) around the stationary point. At the stationary point, the tat/chime surface defined
by r (x, xR) and the seismic event are tangent, i.e. both have the same dip, as is shown in FIG, 2.
Consequently, when the correct local velocity is used, cos [ 0(x.,)1 = cos [0(x)] .(8) [0025]The sum
(integal) over contributions from outside a small range around the stationary point is negligibly small.
This localness of the contributions remains valid when the wavefield is scaled by a smoothly varying
function. Thus, only the contributions close to the stationary point and scaled by obliquity factors close
to the correct obliquity factor affect the results of the corresponding integral expressions, Thus, in a
first embodiment of the method of the invention, the extrapolation of the up-going and down-going
pressure fields and niiirmal components of particle velocity fields at point xi' are estimated separately
by combining Equations (4) through (7) with Equation (I), yielding the following integral equations:  WO
2010/084095PC,T/EP2010/050517 



p(x)eix) cos[e9(x,xR  v /7 (KR ,o)=      cos r-0(x p(x, oi IR) )//S, P(x)c(x) and ,(0)      



(0026]Using the well-known relationships between the frequency domain and the time domain a io)p(x,
of) ;(-)-p(x, t) nit (13)  and p(x, co) exp(-itor (x,))  p(x, t(x, x )),114) the time-domain extrapolation
expressions corresponding to Equations (9) through (12) are obtained as:  respectively. Either the
time-domain extrapolation expressions in Equations (15) through (18) or the frequency-domain
extrapolation expressions in Equations (9) through (12) can be used for performing this first datuming
step in this first embodiment of the invention. [0027]The maximum time dip in the output is determined
by the chosen operator taper in the first datuming step, i.e. by the maximum angle 0(x, x R )
considered aiong the traveltime operator. The damming distance then controls the number of traces in
the aperture and the dip sampling as the angle 0(x, x R) generally decreases with increasing datuming
distance. FIG. 2 shows a traveltime operator on top of a part of a pressure record. At the stationary
point, the traveltime operator is tangential to the seismic event. Both have the same dip. To provide
the up-going and down-going fields at the original acquisition surface or a level near by (e.g. for
comparison with a different survey), a second damming step is required, usually a backward
propagation in time. The operation perfonning back-propagation is expressed by the adjoint form of the
above given integral Equations (9)-(12) in the frequency domain or (15)-(18) in the time domain, which
is obtained by swapping the sign of hip or the time delay function r(x,x.k ) , respectively. Thus, in the
first embodiment of the method of the invention, the up-going and down-going pressure fields at a
point IX below x K are given by W) = _La! n1 5::)7(xR ,m)exp(iortri:, x ',61,5(19)  WO
2010/084095CT/EP2010/050517  



A, a))-w(y,K ,ro)exp(i for (if ,1/4 ) )(45 in the frequency domain and by     r(i,))dS(77)  in the time
domain. The corresponding equation for up-going and down-going normal components of the particle
velocity Held read:    and I CO n .- - 114: (x')1,(xR, (2r)(iari-(i "x.R )ki'S(24) in the frequency domain
and )=fPV(X X )-1,1"T (X-R "CIS 2r,at(25) and d" (26) 



in the time domain. For i11 = x in Equations (19) through (26), the output is given at the original
acquisition surface S. Again, either the time-domain extrapolation expressions in Equations (21)-(22)
and (25)-(26) or the frequency-domain extrapolation expressions in Equations (19)-(20) and (23)-(24)
can be used for performing this second &turning step in this first embodiment of the invention.  WO
2010/084095PCl/EY20101050517 [0028]FIGS. 3---5 and 7 show flowcharts illustrating embodiments
of the invention for wavefieid separation for dual-sensor data. FIG. 3 is a flowchart illustrating a
general embodiment of the invention. FIGS. 4-5 and 7. are flowcharts further illustrating more
particular embodiments of the invention as described in FIG. 3. FIGS. l-2 and 6 are views and sections
that illustrate aspects of the invention as described in the flowcharts in FIGS. 3S and 7. [0029]FIG. 3 is
a flowchart illustrating an embodiment of the invention for \vavefielci separation for dual-sensor data.
At block 30, a first weighted integral operator is applied to dual-sensor data to extrapolate the
dual-sensor data to a first position above the acquisition surface, generating extrapolated data. The
first weighted integral operator can be applied in the time-space domain or the frequency-space
domain. [0030]At block 31, a second weighted integral operator, is applied to the extrapolated data
from block 30 to extrapolate the extrapolated data to a second position, generating wavefield
separated data, wherein one of the integral operators is applied to a scaled combination of the dual
sensor data, The second weighted integral operator can be applied in the time-space domain or the
frequency-space domain. [0031]FIG. 4 is a flowchart illustrating a first embodiment of the invention for
wavefield separation for dual-sensor data. [0032]At block 40, common-shot records of dual-sensor
data are acquired at an acquisition surface below a sea surface. [0033]At block 41, a first position level
is selected above the acquisition surface from block 40. [0034]At block 42, the dual sensor data are
extrapolated from the acquisition surface from block 40 to the first position level from block 41, by
applying a first weighted integral operator to a scaled combination of' the dual-sensor data from block
40, generating extrapolated up-going and down-going data. The first weighted integral operator can be
applied in the time-space domain or the frequency-space domain. [0035]At block 43, a second position
level is selected. The second position level can be the original acquisition surface from block 40, the
sea surface from block 40, or any other position level that is useful to select. [0036]At block 44, the
extrapolated up-going and down-going data from block 42 are extrapolated from the first position level
from block 41 to the second position level from block 43, by applying a second weighted integral
operator, generating wavefield separated 



data. The second weighted integral operator can be applied in the time-space domain or the  WO
2010/084095PCPEP2010/050517 frequency-space domain. [0037]The second embodiment of the
method of the invention is wavefield separation using vector-weighted Kirchhoff-type datuming. The
second embodiment uses only one recorded wavefield in the first damming stop, either the
hydrophone record or the geophone record. In this datuming step, the recorded wavefield is
appropriately scaled. The same recorded wavefield is datumed without the scaling. Then, both records
are back-propagated to the original acquisition surface. The ratio between the scaled record and the
unsealed record yields an estimate of the obliquity factor needed for wavefield separation. One of the
hydrophone or geophone records is scaled by the obliquity factor estimate and then added to or
subtracted from (as appropriate) the other record to yield up-going or down-going fields, respectively.
The obliquity factor estimate is an amplitude weighted average of obliquity factors associated with
several crossing events at a particular time sample and is given as a function of space and time. The
output of this second embodiment is, again, wavefield separated common-shot ensembles of seismic
traces. [0038]In this second embodiment, only one of the recorded wavefields is used in the first
damming smp corresponding to Equations (9)-(12) or (15)-(18). in the following discussion, the method
is described in terms of the pressure field for illustrative purposes only. The invention is not restricted
by this choice of field. The first datuming step is performed with a two-component vector of additional
weight functions and creates a two-component vector of output pressure fields. The vector of weight
functions is given by: w,(x,,,_-(cos[0(x,,,R)},07(27) [0039]Using the vector of weight functions from
Equation (27), the output vector of pressure fields is given by: 1" t)  Uwf(xl-pix,(-r(x,AR))dS, "fft (28)
where p,txR,i,idesitmates the two-component vector : Pd, =.1),p txR(29)  WO
2010/084095PCDEP2010/050517 [00401Each of:the two components of this vector of pressure fields
pi (icin Equation (29) is datumed back to the original acquisition surface, yielding a component of a
second vector of pressure fields. These two second datuming equations are given by: 



[00413The ratio of the two pressure fields determined in Equations (30) and (Ti) yields the obliquity
factor as a function of space and time: cos[e(x,ha. (I" 4) _P,(x,t) (32)   [0042]For stability reasons and
to avoid division by zero when p, (x,0 in the denominator in Equation (32), it is advantageous to build
the envelope of the two pressure fields prior to the division. Thus, in another embodiment of the
invention, the obliquity factor is given by: cos 0( - env  17: (x,t)1 - env[,r,7 (xi)] (33)   The term cos0(x,t)i
is used instead of cos[0(x,t)] for the obliquity factor in Equations (32) and (33) to reflect that an
amplitude weighted average of individual obliquity factors is considered in the case of conflicting dips.
This procedure provides the obliquity factor that will be used in this second embodiment of the method
of the invention. 10043;The case of three crossing events at a particular time sample and particular
position will illustrate this process of taking a weighted average of obliquity factors in more detail. The
two pressure fields from Equations (30) and (31), obtained after the two damming steps, are then
given by  



WO 2010/084095PCT/F/P2010/050517 ,))1+ bcos{0,,(x,),:0)1+ ccosK,(' tn)](34) and p2(x,1,)-=b c(35)
where a. h, and c are the amplitudes of the three crossing events, [0044]Consequently, cosia(x0,/ 0)1=
a cos[0,(x,,,t0)]+ b cos[0,,(x.",t,,cosipet,x,, , 10) ath+c (36) which is a weighted average of all three
obliquity factors with the amplitudes of the individual events as weights. [0045]Using the obliquity
factor from either Equation2)the separated wavefields are then calculated using the following
equations: p(x)c(x) (x,t) cosP(x,t)i  pd" (X^0 = -7;1 P t) P(XL)C(X) (x. t)  



COSIP (X,).1  cosi9(x.t)1 pt.x,t) p(x)c(x) and LcLosii)(x.  t)] "Jr'(xt) =v" x, tj +Liqx, t) ;p(x)c(x)"
[0046]FIG. 5 is a flowchart illustrating the second embodiment of LbLionfor C wren wavefield
separation for dual-sensor data. [0047]At block 50, common-shot records o. dual-sensordata are
acquired at an acquisition surface below a sea surface, [0048]At block 51 a first position level above
the acquisition surface from block 50 is selected, [0049]At block 52 one selected field of the dual
sensor data from block 50 is  WO 2010/084095PCT/EP2010/050517 



extrapolated from the acquisition surface from block 50 to the first position level from block 52, by
applying a first weighted integral operator to a scaled two-component vector of the one selected field,
generating extrapolated two-component data. The first weighted integat operator can be applied in the
time-space domain or the frequency-space domain. [0050]At block 53, the extrapolated
two-component data from block 52 are extrapolated from the first position level from block 51 to the
acquisition surface from block 50, by applying a second weighted integral operator, generating
two-component field data. The second weighted integral operator can be applied in the time-space
domain or the frequency-space domain. However, if the results arc in the frequency-space domain,
then the results must be transformed to the time-space domain before the division in block 54.
[0051]At block 54, a first component is divided by a second component of the two- component field
data from block 53, generating an estimated obliquity factor. [0052]At block 55, the estimated obliquity
factor from block 54 is used as a scaler in scaled combinations of the dual-sensor data, generating
wavefield separated data. [0053]The third embodiment of the method of the invention is essentially a
Kirchhoff- type depth migration with inherent wavefield separation. This third embodiment is similar to
the first embodiment in that the same combination of common-shot records of the recorded wavefields
is used, The recorded wavefields are not, however, extrapolated to a level above the acquisition
surface, but migrated into the depth domain instead. The output of this third embodiment is depth
migrated volumes and/or common-image gathers (CM). [0054]The basic principle behind
Kirchhoff-type depth migration is to sum all the samples from traces within a given aperture around the
lateral output position into the same output sample for which the recording time equals the traveltimes
along rays connecting the source positions of these traces with their receiver positions through the
output location under consideration. The region where the traveltime operator is tangent to the seismic
event in the pre-stack data contributes the major part to the output amplitude. The principle of
stationary phase thus automatically selects the correct obliquity factor. The travettime operator is
usually called diffraction traveltimc inaction as it describes the traveltimes of a seismic event related to
a diffraction point in depth. Therefore, this migration is sometimes also called diffraction stack
migration. The travelti me operator will be denoted by 771, in the following. (0055]Kirchhoff depth
migration is expressed as a weighted summation along the diffraction traveltime operator:  WO
2010/084095PCT/EP2010/050517 , s s6.7)(x ,x ,t) I (211) =  ,) t=) where Af denotes the output depth
location (the image location) under consiLeration. I is the output amplitude (the image), A is the
migration aperture, and TV(ics,x`""ki) is a weighting factor accounting for georhetricial spreading and
phase changes due to caustics. The input pre-stack pressure data is given by p(xs,xci,t). An
analogous expression for the normal component of the particle velocity field -FL, (xs, x6, t) is obtained
by replacing p(x:' , xG ,t) by voG ,1) in Equation (41). The integral above is formulated using shot ( x)
and receiver (x'1 ) coordinates, for illustrative purposes only. The choice of coordinates is not intended
to be a limitation of the invention. There exist alternative formulations in different coordinate systems
and everything following from now on applies equally well to these alternative formulations. 



[0056]Analogous to the damming in the previous section, the Kirchhoff migration in the above stated
form is based on a high-frequency approximation. Thus, the input data can be treated as being
composed of seismic events related to locally plane waves. Keeping the source position fixed and
taking the first derivative with respect to the receiver position of' the diffraction traveltime function
provides the time dip of the traveltime operator. Using the local velocity at the receiver position, this
time dip can be used to calculate the equivalent to coskx, xR )1 appearing in the time domain
datuming approach, i.e. the cosine of the emergence angle of the ray connecting the image location Al
with the receiver location x6 This is denoted by cos[0(xG,M)] in the following. This angle is more
directly obtained from ray-tracing, a common method to calculate the diffraction traveltime operator.
Using the following abbreviations FC 70 ( X S axiC _d r1(x,xC ,Ai) ox,G  WO
2010/084095PCT/EP2010/050517 cos10(xG,M) is obtained by    [00573The geometrical situation just
described is depicted in He. 6, which is a schematic side view of a single selected ray corresponding
to a time sample from a selected trace which is to be migrated. Analogous to the time domain
datuming procedure it is possible to perform the wavetield separation during Kirchhoff depth migration.
This migration is accomplished by the following integral equations    Ic 



PT7(xs , x , I 2 at 1 cog /kr('          (A-1)=    The principle of stationary phase automatically selects the
correct scaling of the particle velocity field or the pressure field in Equations (45)-(48), as only
contributions from a small zone around the stationary point constructively contribute to the integration.
[0058]FIG, 7 is a flowchart illustrating an embodiment of the invention for wavefield separation for
dual-sensor data. [00591At block 70, common-shot records of dual-sensor data are acquired at an 



WO 2010/0N4095PCT/FP2010/050517 acquisition surface. [0060]At block 71, the dual-sensor data
from block 70 are migrated from the acquisition surface from block 70 into a depth domain, by applying
a weighted integral operator to a scaled combination of the dual-sensor data from block 70 in the
time-space domain, generating wayefield separated data. [0061]For a practical implementation, all
integrations in the embodiments described above have to be replaced by discrete summations. Area
elements, which appear inside the integral expressions, are given by a multiplication of the receiver
spacings in both lateral directions for a regular LTid of receivers. In any case, including irregular
geometries, these surface elements can be calculated by means well-known to people skilled in the
art. The same applies to the weights appearing in the integral expressions. They are also well-known
in the art. The implementations can be based on standard implementations of Kirchhoff-type datuming
and migration schemes. [0062]It should be understood that the preceding is merely a detailed
description of specific embodiments of this invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here without
departing from the scope of the invention. The preceding description, therefore, is not meant to limit
the scope of the invention. Rather, the scope of the invention is to be determined only by the
appended claims and their equivalents.  CLAIMS A method for wavefield separation for dual-sensor
data, comprising: using a programmable computer to perform the following: applying a first weighted
integral operator to dual-sensor data to extrapolate the dual-sensor data. to a first position above an
acquisition surface, generating extrapolated data; and applying a second weighted integral operator to
the extrapolated data to extrapolate the extrapolated data to a second position, generating wavefield
separated data, wherein one of the integral operators is applied to a scaled combination of the dual
sensor data. The method of claim 1, wherein the applying a first weighted integra.l operator comprises:
acquiring common-shot records of dual-sensor data at an acquisition surface below a sea surface;
using a programmable computer to perform the following: selecting a first position level above the
acquisition surface; and extrapolating the dual sensor data in the time-domain from the acquisition
surface to the first position level, by applying a first weighted integral operator to a scaled combination
of the dual-sensor data, generating extrapolated up-going and down-going data. 3.The method of
claim 2, wherein the extrapolating the dual-sensor data s accomplished by applying the following
equations in the frequency-space domain: 



19  pal) ( xi) ,    pd.', to) =      COS [0(X, XR jrn (X,--; /9(X, co)i!exp(-ion(x.))6/S, p(x)c(x)  io) fif(x, 27r s'2
and  



;11!cos -0(x, xR I(x,) -1 t),(x, (0)-k-  s21p(x)c(x)      down-going component of pressure extrapolated to
x ,(x'. w) is an up-going component of normal component of particle velocity extrapolated to xR  s a
down-going  component of normal component of particle velocity extrapolated to xR x is a point on an
acquisition surface S, xR is a point above the acquisition surface S, co is angular frequency, iv (x,x1r)
is a weighting factor, p (x, co) is pressure measured at x v"(x. (o) is a normal component of particle
velocity measured at x. p(x) is density. c (x) is speed of sound, ) is an angle between a ray connecting
x andand a unit normal vector to the acquisition surface S. and) is traveltime along the ray connecting
x and xR . 20  



4.The method of claim 2, wherein the extrapolating the dual-sensor data is accomplished by applying
the following equations in the time-space domain: ,, 1 a ' fivoi,x' )(t(R px,rx.x pp(x)cfx)lz 2 at, cosr
0,,,x,,,,c.15,(x,t - r(x.x " S. L" -'2 Jur' (x." ,'a  07-(x'x R ) I ax)o(x)  2 at P(x't -r(x'xR))' cos' [e(,x,x- EH'
u(x'tXR v,".1)(x-R x,xR) I iff (x.)v (x, tXR - cos0( ")zr23tp(x) c(x) and 1  IR - 1 a F17(x, xR satp(x p(x,t
-T(x,x)) 2 )c(x) 



v"(x,t r(x,,,"")) +cos (9(x, xR where p"P (x' ,f) is an up-going component of pressure extrapolated to xR,
p!) is a down-going component of pressure extrapolated to x,(xt) is an up-going component of normal
component of particle velocity extrapolated to , ,t) is a down-going component of normal component of
particle velocity extrapolated to xR , x is a point on an acquisition surface S. xR is a point above the
acquisition surface 5, t is time, W (x, x? )is a weighting factor, p(xst) is pressure measured at x, v. (x.,t)
is a normal component of particle  a ray connecting x and X R and a unit normal vector to the
acquisition surface S, and r (X, X ) traveltime along the ray connecting x and x R .  5. The method of
claim 2, wherein the applying a second weighted inLegral operator comprises: using a programmable
computer to perform the following: selecting a second position level; and extrapolating the extrapolated
up-going and down-going data from the first position level to the second position level, by applying a
second weighted integral operator generating wavelield separated data.  6. The method of claim 5,
wherein the extrapolating the extrapolated up-going and down-going data is accomplished by applying
the following equations in the frequency-space domain: " -(x1exphicor4dS, 27n. - flifixxpirorcli, x dS
27,7, 10/R I/03)147.X )V , to) exp(ico x,)i)dS  and  



Uri 1, 7 (I: CO) - R , XYV (XIt . (o)exp(iicoin(x x ))6/5 where p''*' (10)) is an up-going component of
pressure extrapolated to 1, pd" (ii, a)) is a down- going component of pressure extrapolated to 1,(ii,tio)
is an up-going component of normal  component of particle velocity extrapolated to411' (i,cit) is a down
going component of normal component of particle velocity extrapolated to i xR is a point above an
acquisition surface S. i is a point below xR , w is angular frequency, 117( x) is a weighting factor, "Pcu)
is an up-going component of pressure extrapolated to xR ,,a) is a down- going component of pressure
extrap la normal component of particle velocity extrapolated li 'JD) is an up-going component of
(xR,(D) is a down-going  component of normal component of particle velocity extrapolated to xR , and
traveltime along the ray connecting i and x' . 7.The method of claim 5, wherein the extrapolating the
extrapolated up-going and down- going data is accomplished by applying the following equations in
the time-space domain: 1-R (x ,x)p P(x',/ +))d,S1 .  ITV 'p't rci; ,f pciS 7C j ,.. 0, "nil' CX, 0 L-- - nr 1 I Iti
(IXR . X)" I) ( Xk j + I(i, X R ))d.S1 . 



el n ., and    where p'is an up-going component of pressure extrapolated top (x () is a down- going
component of pressure extrapolated to i(1,0 is an up-going component of normal component of particle
velocity extrapolated to(i,t) is a down-going component of  normal component of particle velocity
extrapolated tox' is a point above an acquisition surface S, i is a point below x t is time ,x5,1;) is a
weighting factor,(xiis an up- going component of pressure extrapolated to x, pcht) is a down-going
component of pressure extrapolated to xu-(x' .1) is an up-going component of normal component of
particle velocity extrapolated to x12is a down-going component of normal component of particle
velocity extrapolated toncx.R ) is traveltime along the ray connecting k and xR . The method of claim 1,
wherein the applying a first weighted integral operator comprises: acquiring common-shot records of
dual-sensor streamer data at an acquisition surface below a sea surface; using a programmable
computer to perform the following: selecting a first position level above the acquisition surface; and
extrapolating one selected field of the dual sensor data in the time-domain from the acquisition surface
to the first position level, by applying a first weighted integral operator to a scaled two-component
vector of the one selected field, generating extrapolated two-component data. 9.The method of claim
8, wherein the extrapolating one selected field of the dual sensor 



data is accomplished by applying the following equations in the time-space domain:    where p,cxR,0
designates a two-component pressure vector : 24  p, (xR,O= (pi w(xR())/ x x is a weighting factor,(x) is
a vector of eight Mnetions given by: w, Of) = fcoskx, x x is a point on an acquisition surface 5, x is a
point above the acquisition surface S, p(xi) is pressure measured at x on the acquisition surface 8, A".
x , 'Es a first weighted pressure component at the point xi', li (x' ) is a first un wighted pressure
component at the point x11, ()(x, x') s al angle between a ray connecting x and xt1 and a tit normal
vector o the - acquisition surface S, and r (x,x ) is traveltime along a ray connecting x and xR.  10. The
method of claim 8, wherein the applying a second weighted integral operator comprises: using a
programmable computer to perform the following: extrapolating the extrapolated two-component data
front the first position level to the acquisition surface, by applying a second weighted integral operator,
generating two-component field data; dividing a first component by a second component of the
two-component field data, generating an estimated obliquity factor; and using the estimated obliquity
factor as a scaler in scaled combinations of the dual-sensor data, generating wavefield separated
data.  11. The method of claim 10, wherein the extrapolating the extrapolated two-component data is
accomplished by applying the following equations in the time-space domain: 25  p, (X /)- 'kV( X, X"
)-"--4.(" 



_.p x tx,x )' Or and --1-- 2 TRY (X X")-P 0 r (-7s-  where r (x,is a second weighted pressure component
at the point x, p, (X,) is a second unweighted pressure component at the point x TV (x, x`l ) is a
weighting factor, x is a point on an acquisition surface 5, xR is a point above the acquisition surffice 5,
p,")(xt) is a first weighted pressure component at the point xR ,pp (is a first unweighted pressure P.
component at the point x , and r ( x,xR  ) traveltinie along a ray connecting x and xR .  12. The method
of claim ii, wherein the dividing a first component by a second component is accomplished by applying
the following equation in the time-space domain: cos[o(x,0]-(x't) p,(x,t) where e( :LE:5(x, )] is an
estimated obliquity factor.  13. The method of claim 11, wherein the dividing a first component by a
second component is accomplished by applying the following equation in the time-space domain: -
env, p, (,X,0 



COSr e(X,01-;  -env[p2(x,f)1 26  where cog& H is an estimatedquit thutor. 14.The method of claim 10,
wherein the using the estimated obliquity factor as a scaler is accomplished by applying the following
equations in the time-space domain: and p  vi" (x. (xi) = 1 2 2 t ' firx2e(x)-iv ( x,1) '    p(x,t) 



cosp(x,t)i P(xi-?c(x)i costu(x,Oi (ixcosk(x,t)] p(x)e(x) cos[o(x..1) v "(x,0 - ,o(x)c(x)   where pu." (x,1) is
an up-going component of pressure extrapolated to x p1) is a down- going component of pressure
extrapolated to x ,(x t) is an up-going component of normal component of particle velocextrapolated to
x v1:n (x,1) is a down-going component of normal component of particle velocity extrapolated to x, x is
a point above an acquisition surface 5', p(x,t) is pressure measured at x, v, (x,t) is a normal component
of particle velocity measured at x /..)(x) is density, c(x) is speed of sound, and coskx,t).1 is an
estimated obliquity factor. 15.The method of claim 1 -herein the applying a first weighted integral
operator comprises: 27  acquiring common-shot records of dual-sensor data at an acquisition surface,
16.The method of claim 15, wherein tu applying a second weighted integral operator comprises: using
a programmable computer to perform the following: 



migrating the dual-sensor data from the acquisition surface into a depth domain, by applying in the
time-space domain a weighted integral operator to a scaled combination of the dual-sensor data,
generating wavefield separated data. The method of claim 16, whereinmigrating the dual-sensor data
is accomplished by applying the following equations: 04)- 1r1 3Mx(' )(7(x.G ) W(x ,x`p(x x6,  o2
atcos[o(x6 ,Af) = j,,x1 ,A'/)       Xt )7- 2 6/1 t)- _ co r 8(x6,41) f=f"(xs  



Lip(xs,xc,t) p(xl)c(xG)   liy!(11)-    28  where .1 (M) is an up-going amplitude of pressure at image
location Al, lid,' (Al) is a downgoing amplitude of pressure at image location Al,(Al) is an up-going
amplitude of normal particle velocity at image location Al,(Al is a down-going amplitude of normal
particle velocity at image location Al, Al is an image location, A is a migration aperture, 14/(x5,x11,A1)
is a weighting factor accounting for geometrical spreading and phase changes due to caustics, xs is a
source location, xi(' is a receiver location, t is time, p(it5,x6,t) is pressure, v rics,x(l,t) is a normal
component of the particle velocity field, p ( x) is density, e(xl is speed of sound, 0( , ) is emergence
angle of the ray connecting the image location Al with the receiver location , and c is diffraction
traveltime operator. 29 


