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Summary

The virtual source method has been applied suadbsss
retrieve the impulse response between pairs ofwersein
the subsurface. This method is further improvedabyup-
down separation prior to the crosscorrelation tppsess
the reflections from the overburden and the freéase.

In a reversed situation where the sources are & th
subsurface and receivers are on the surface, ntiple,
one can apply the same logic to retrieve the Miregsponse
between pairs of sources by source-receiver regigro
turning the physical borehole sources into virteakivers.
However, since the up-down separation is not agplecon
the source side, the simple crosscorrelation of ttial
fields results in spurious events due to the indetep
receiver coverage around the sources. We show aith
numerical example that for this configuration ofrdtwle
sources and surface receivers, one can replaceasuab-
down separation at the source side by that of tteetdand
reflected waves as a first order approximation. sThi
procedure produces the virtual receiver data tlet i
adequate for local imaging below the source depth ia
completely independent of the accuracy of the avetkn
velocity model. We implement this inter-source type
interferometry by multidimensional deconvolution ).
Further, if the conventional surface survey datavalable,
we test the methodology from source-receiver
interferometry (SRI) for this reverse configuratievith
borehole sources to retrieve the virtual receivaadvith
reflections coming from above, using also only the
separation of the direct and reflected waves. Bgrating
the two sets of virtual receiver data, one canteraaocal
image around the borehole sources in a deep arém wi
better focusing and localization without a sophatd
velocity model.

Introduction

Most seismic exploration images are made usingasarf
seismic data. In deeper areas with a complex oveey)
borehole seismic data can provide the extra straictu
information that is hard to extract from surfacetada
Seismic interferometry (Sl) (Schuster et al., 2004;
Wapenaar and Fokkema, 2006; Curtis et al., 20Q8&eh®
possibilities for transforming borehole seismic adanto
various forms of acquisition geometries, providiextra
illumination of the subsurface structures.

The virtual source method is first illustrated bakBlin and
Calvert (2004, 2006), who use crosscorrelation um t

receivers in a horizontal borehole below a complex
overburden into virtual sources, removing intemees
from the overburden. The process does not requise a
knowledge of the material parameters of the ovetbur If

the dual-field measurements is available in theehole, a
p-z (pressure and vertical velocity component) cotion
can be used to separate the upgoing from downgeavgs
before crosscorrelation, an approach illustrated/lietha et

al. (2007) to improve the virtual source data. \d@&elos

et al. (2008) introduce target-oriented interfertmneby
selecting the directions of waves between receiusing
shot-domain  wavenumber separation. All  above
implementations can be referred as inter-receiVeassthe
virtual response is retrieved between receiverariSps
events are introduced because in practice the sourc
aperture is limited and there is only one-sideghiiihation
from the sources (Snieder et al., 2006).

In a reversed situation where the virtual respoise
retrieved between sources, this type of interfetomes
referred as inter-source Sl (Curtis et al., 2009)s type of
interferometry can be used to transform a reverSE ¥hto
a survey with both sources and receivers in thewstitice.
However, as the correlation gather is summed oker t
receivers on the surface in this case and one lysoas
more receivers than sources, the stationary paas be
more easily captured. Liu et al. (2013) show a mizak
example of this type of interferometry, implementas
interferometry by multidimensional deconvolution ).

Curtis and Halliday (2010) propose SRI to constrilngt
wavefield between a source and a receiver usingdetgs
to or from the two surrounding boundaries. It aboane to
incorporate the more conventional seismic datauf® in
interferometry. Poliannikov (2011) uses SRI to regathe
reflection from above the borehole receivers.

By extending the idea behind the virtual source hoet
(Bakulin and Calvert, 2006) to a reverse configoratvith
borehole sources, we use a representation ofsoteice
S| by MDD (Liu et al., 2013; van der Neut et &Q11;
Wapenaar et al., 2011) to create the virtual reredata
with reflection from below. Further, by adding theore
commonly available surface seismic data for useRh, we
show that one can also retrieve the virtual recedeta
with reflections from above. This process, as pmesiy
mentioned, does not require any model parametetheof
medium, and is completely data driven. It only ieggithe
separation of the direct arrivals from the reflect in the
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data. Compared with a conventional surface seismage,
the virtual receiver data can produce a local imafgthe
deeper part of the model without any velocity imfiation
of the overburden.

Theory

We start with an acquisition geometry shown in fegda.
The sources in the borehole are denotedx aasnd the
receivers on the surface asLiu et al. (2013) derived the
representation for inter-source S| by MDD for suah
geometry in the frequency domain as

G"(r1x) =[ 6" T X kX @

where the superscript andout denotes the direction of the
waves to or from the sources, as illustrated irufégla.
G, is the dipole Green’s function from to x and the bar

above means that the medium above the sources is
homogeneous. Interferometry by MDD aims at

resolvinge_d‘" from equation (1).

As a complete separation of the incoming and outgoi
waves at the source levels not available, we approximate
the outgoing component with the direct waves, dmel t
incoming component with the remaining data, a simil
approach as in Bakulin and Calvert (2006). Then by
adopting the same matrix convention (Berkhout, 1982
used in Wapenaar et al. (2008), where each column
represents one source and each row representeagiear,

one can replace the integral by matrix multiplicati

Gin :G outé o (2)

Here we rewrite the unknown dipole Green'’s functam
G ,,, to distinguish from the known quantities. To soitve

with a least square’s approach, we write the normal
equation as

outf ~in _~ outt ~ ou=
G"'G" =G"G"G,,, ©)
where tdenotes the complex conjugate transpose. This

also allows us to see the connection between MDODGO,
which says that the CC result (the left-hand sisl€qual to
G,,, Pblurred by the point spread function (PSF)

represented byG °'G °"'in this formulation. By making
the direct arrival approximation explained abovee @an
see that the left side of the equation is exattty gource-
receiver reciprocity counterpart of the virtual sm
method (Bakulin and Calvert, 2006) and it also mases
the representation for the perturbation wavefield
interferometry by Vasconcelos (2008). The unknown c
be solved by matrix inversion with a stabilizatjperameter
€%, and it contains the correct amplitude and phdsthe
reflections from below the sources:

EMDD — [G outTG out 4 €2|]—1G outTG in (4)

Next, we consider the acquisition geometry in Fégab,
where a surface survey is included. The sourcaecelver
in the surface survery data are denoted asdr. Using a
similar approach as Poliannikov (2010) under
framework of SRI (Curtis and Halliday, 2010), aruation
for retrieving the reflections from above the sasrcan be
written as

G™ (x| o) =—“G°“’ ( [X)G™(5|X. )35 ¢ [s)d & (5)

whereout is still used with respect to the borehole source
surface 0x ; G*® denotes the reflections from above the
borehole source depth, with the direct arrivalsMeenr
and s removed; and * denotes complex conjugate. In
practice, G" is approximated with the direct arrivals from
borehole sources to the surface receivers, afidisG
approximated by selecting the arrivals within tlséreated
two-way travel time from the borehole source deptlthe
surface. As the borehole depth and the averageve-wa
velocity of the medium are available, such an estiion
can be made. Again, using the matrix notation,dbeble
integral in equation (5) can be computed efficiertly
matrix multiplication as

G =-G™ (GFG™) ®)

Here the superscript denotes transpose. This scheme can
be understood intuitively from Figure 1b, where theerel
time along the red path is subtracted from thah@lthe
blue paths.

the

out
SRI

Figure 1: lllustration of the survey geometriesThe acquisition
geometry for the inter-source SI by MDD scheme. Tie
acquisition geometry for the SRI scheme. The starote sources
and the triangles denote receivers. The color gieédicates the
propagation path for the retrieved virtual response
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Numerical example

We test the method with a numerical example. Theeho
size is 5 by 5 km with a grid sampling of 5 metets.the
borehole case, there are 41 shots evenly placea in
horizontal borehole at a depth of 3.8 km, with atih
interval of 25 meters. The first shot is at x=2008@&nd the
last at x=3000 m. The modelled pressure responses a
recorded by 101 evenly placed receivers at thaserfwith

a spatial interval of 50 meters. The first receigest x=0 m
and the last is at x=5000 m. To model the datalferSRI
scheme, 101 shots at the same spatial locationtheas
surface receivers are used. The data are modedied a
finite difference code presented by Thorbecke and
Draganov (2011). The source signal is a Ricker Vehave
with 15 Hz peak frequency. The P-wave velocity nidsle
shown in Figure 2, where the locations of the sesirand
receivers in both cases are indicated.

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
x(m)

Figure 2: Geometry of the numerical experimenhulite velocity
model used. The blue triangles denote receiverstented stars
denote sources.

Figure 3 shows the comparison between the reference
response and the retrieved virtual response by MDD
SR, respectively. In Figure 3a, the reference apsp is
modelled with a source at x=2500 m, z=3800 m and
recorded by receivers located from x=2000 m to X3

at the depth of 3800 m, essentially turning allrses in the
borehole into receivers. However, the overburderthia
reference state is homogeneous, with the sameitelEs
the layer where the borehole sources are locateBigure

3b, the reference response is modelled with theesam
geometry as the MDD case, but with the underbubdmng
homogeneous. The overall match is quite good, With
phase information of the reflectors near the bdesho
sources all captured.

It is suspected that the major descrepancies, Setween

0 s and 0.25 s in Figure 3a and between 1.5 sbte
Figure 3b, occur as the consequence of approximdatia
outgoing waves with the direct waves, instead oftla
outgoing waves from the borehole. As the interfeeen
from two elliptical shaped high velocity anomaliesthe
overburden is much stronger than the other outgoing
internal multiples, neglecting them contributed tteese
artifacts in the virtual response.

Figure 4 shows the migrated image using the virtizd,
together with the velocity model representing thegesin
which the virtual data is retrieved as the backgtbuA
one-way prestack depth migration is used (Thorbetla.,
2004). We see in Figure 4a, that indeed one doesess
any information of the overburden to image thetfaelow

the sources in the borehole. Figure 4c combined bot
images in Figure 4a and 4b together, and showsathat
reflectors near the borehole sources are well iposit
using the two sets of retrieved virtual receivetad&or a
general comparison, the surface seismic imageag/stin
Figure 4d. Note that in order to position the desffectors
correctly, the surface image is migrated using wele
true velocity model and a denser source and receive
sampling of the surface than the data used in the
interferometry experiments.

Conclusions

Inter-source seismic interferometry by multi-dimiensl
deconvolution allows one to retrieve the impulsgpmnse
between pairs of sources in the subsurface ag ifrbdium
outside of the source surface is homogeneous. The
interferometry process does not require any inféionaof

the model parameters of the overburden. One adyarmt
this geometry is that it is easier to have a sidfficreceiver
coverage on the surface such that the stationagseph
positions are covered in order to illuminate thegea
below. It also might be possible to use the metttth
active drilling sources for imaging locally whileilting .

By applying both classic interferometry of interusce type
and source-receiver interferometry, we present ekflaov

for turning borehole sources into virtual receivensd
imaging around the deep borehole sources. The tresul
shows a well-positioned image in the deep subserfac
without a complete velocity model of the overburden
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Figure 3: Comparison between the virtual respargkthe reference response. a) Retrieved respansed] by inter-source Sl using MDD
compared with the reference response (in blue) heatleith a homogeneous overburden. b) Retrievegarse (in red) by SRI compared with
the reference response (in blue) modelled withradgeneous underburden. The direct waves are renio\mdh panels.
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Figure 4: Migration images. a) Migration image tbe reflectors below the sources, using the retdevirtual response by MDD. The
background represents the state in which the dattrieved. b) Migration image of the reflectob®ees above the sources, using the retrieved
virtual response by SRI. The background represéststate in which the data is retrieved. c) Couim of both images above and below. The
background shows the true velocity model. The [iylaf the image above the sources is flipped fansistency with the surface image. d) The
migration image using the surface seismic data. titree velocity model is used and a denser sourdeeceiver sampling is used in modelling
the data.
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