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Abstract: To characterize virtual reflection images of deep subsurface by the method of seismic interferometry, we
analyzed effects of offset range, ambient noise, missing data, and statics on interferograms. For the analyses, seismic
energy was simulated to be generated by a 5 Hz point source at the surface. Vertical components of particle velocity
were computed at 201 sensor locations at 100 m depths of 1 km intervals by the finite difference method. Each pair
of synthetic seismic traces was cross-correlated to generate stacked reflection section by the conventional processing
method. Wide-angle reflection problems in reflection interferometry can be minimized by setting a maximum offset range.
Ambient noise, missing data, and statics turn to yield processing noise that spreads out from virtual sources due to stretch
mutes during normal moveout corrections. The level of processing noise is most sensitive to amplitude and duration time
of ambient noise in stacked sections but also affected by number of missing data and the amount of statics.
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Schuster (2001)°l ©J3ll A2 W E A9 7HIH (seismic
interferometry)©| & thaAtatobE o] &3to] 2|8} A A1LRE
Hele M2 AEsh Wgoltt. w989 $H(Newton’s
ring) 0 & 2 437l F3HA 7 o] dH o] 16000t S RE
o 270E v} o1k (Hooke, 1665), XX 1} Holol| A= ujAd
Aol A A E A Rluke] 27 AR AF ol 2™
3 (Green’s function)& 7+ 4~ 1SS Claerbout (1968)7}
H3l Aol 7HdeH4 wHe] GAE AZIT o] F



TG AAFE o] 83 Xz
Claerbout 7, = T $417] $IX|ollA 7|25 Ego|=E &L
2} Aasle] 3F A7) 9]0 Ao) io]j ThE A7

FAIE 71 7)1 Z(virtual record)S 9 = ke 7Hde] 4
8F4 7= Wapenaar et al. (2002)°] AASIT}.

AR} 7H3H-E Ao F57 w554 (Schuster, 2001;
Bakulin and Calvert, 2004)% =52 7HIW, A X1} F7ol
w2} 24 3 (Claerbout, 1968; Draganov er al., 2009)¢} ¥H
3H(Campillo and Paul, 2003; Kang and Shin, 2006) 7HdH,
a7 =o) whel 2% vl(Snieder, 2004; Lin et al., 2009), =
Z 9} (Bharadwaj et al., 2012; Mikesell et al., 2009), WFA}T}
(Schuster, 2009; Draganov et al., 2004) 7Hd¥ 502 U=
T Aok fF7kE AHEAR BolellX= 7P A (Bakulin and
Calvert, 2004, 2006)°. 2% Z d&#A Jon, AF I %
A ZHAl(Bakulin ef al, 2007), 4F =wWe] A
(Ferrandis et al., 2009), @&t 7]9kek x| 9] 2|5 3
3}(Hurich and Deemer, 2013), W #2](downhole) 52171 $1=]
29| 7158 BA (Mehta er al., 2010) 5 2] ool tika}
A AL=]5L 9L

olgf st A7} 7 A7k F7he
S Woln Y27t sYs}r] wiiel x|zt
o= sh= XHL AN A= A8 4 ok 20000 T
= UFE 2E3 gAPE 33k AR A
u:](Cho et al., 2013; Kim et al., 2007), 24| =7]7}
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Hut 55 o]-&3F 7Hdut v a4 AL Al vt
Al Az eEY FEsked 288 BAoR PV 28
£ o]&3to] o] JFel 5448 welaat gt
HEALDE ZHY o] o|BX i
MRS 58 A o] & (acoustic reciprocity theorem; de

Hoop, 1988; Fokkema and van den Berg, 1993)] vl&rS- F+

3L AAE g vk 23 el wheh Mg el ATk el
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A|EH, o] 5 BEAFur Aol A2 Ao AAE 7
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Fig. 1. Schematic diagram of ray paths emanating from a point
source (S) as used in both direct and reflection active-source
interferometry. Correlation of a surface-related multiple recorded at
receiver B, with a primary reflection recorded at receiver A, yields
a redatumed primary reflection. R, and R, are subsurface reflection
points.

G(XBa XAa Z‘) * S.v(t) = u(XB’ XS" l) * u(XAs XS" _t) (1)
oA7IM G= 2-FT, = F871, 23 e QgE AR
G407 913, Al 93, FAE Zhzt Eae), wa ssa): )

Fig. 2. Schematic diagrams of geometry and raypaths for (a) a real
source gather, and virtual source (VS) gathers at station locations
(b) on the left end and (c) in the middle of the profile, respectively.
For the latter case, reflected energy arrived at receivers closer to
the real source than the virtual source is negligible.
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247173284 (auto-correlation function) s(f)*s(—7), u()= 12
el Aol 3427191 G(oy*s(f)E YHERITH

WhAbste] 739, A SellA] A G A5t s(r) 7F WA R, ©]
A HAbE] o] 7] 4o =gt & oAl A EkR JhALE o]
A7 97F RyolA kAR o) 2417) Bl = -5 7HY
SkAk(Fig. 1). ©] A5, 7271 48} Bol| 7159 Efo]AE i
2} aiE Aol A a17] 479 EUg A=t et
wEbA 2 ()3 2ol wat Fad Eelas Al a4
(source wavelet)2] 2H7]°39E 7] (deconvolution)sf| 4]
7P Aol el SIXI8IAL B IX|OllA FFA1RE whakay T -Igke
£ 25 T Utk

ol AWl =
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S
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7Fs g A7) L] 2k 7
H-&(common source gather)’} AAHES =31, 2
TAZ] IA7}F 7P ] 91X]7} €k weba] o] 7} skt
2l ZA$-(Fig. 2a)ll= F417] R 10] & $2¢] 73 3%
A Am7F A 7] W] SHEE 22 IS TS
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=

s vk wab Ao e 9 ARE T AR
ek 3 AR (Fig. 2b, 207t HH, FESAERE £
7+ E-2-(common midpoint gather)e] F T},

o g whatal AeES A8
= < 7 Aok g AAANe] 7t s
o] dold, 747](stacking method)E ©]-8-3}
2l&o] #-2-4](signal-to-noise ratio, S/NYE FIA1Z = Tk
o 28 up AR 750l Ao Zleoly A7), AFHe] At
L 5ol wEt sk Hyo] dAsA] ouR, BE 7HY
1 Efo]|AE ¥ TR B73 Fo FA7|S s
Fesh= Zlo] opel, AA AEE 3 HR] dHsS A
2718k Wy o] &34 o] th(Wapenaar et al., 2010).
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Agstr] S ASEA (Fig. 32 71+

Fig. 3. Subsurface model for which synthetic seismic data were
generated by the finite difference method. The source is at the
surface and receivers are 100 m below the surface. The interfaces
at depths of 35 and 80 km represent the Moho and lithosphere-
asthenosphere boundary (LAB), respectively.
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Fig. 4. Synthetic source gathers for the subsurface model in Figure
2, (a) before and (b) after normal moveout correction. Primary
reflections reflected at the Moho (PM) and top of asthenosphere
(PA) are at approximately 11 and 22 s, respectively. The 1% (MM]1),
2" (MM2) and 3™ (MM3) surface multiples for the Moho are near
23, 34 and 45 s, respectively.

o] AAFA & g Az 248 33351% th(Kennett and
Engdahl, 1991; Dziewonski and Anderson, 1981). ©] =42
#Ag T AFo] FHOE Fo e AL 7PgshH, P
T 2 (Vy) 62 kmis, BE(p) 2,700 kg/m®, FAI(h) 35 km<l
A Zk2} Vp= 8.2 km/s, p = 3,200 kg/m>, h = 45 km?! ¢l

Eo] Vp= 8.0 km/s, p = 3,000 kg/m*¢] FHNE o] Fo]
A= Test Y2 gsieith 2 F7ke] Ar)e A
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400 km, Zl°o] 100 kmZ, A FE AFH 24, A3} 38 &
¥ 77 (absorbing boundary)= 2] 4] AtH(Clayton and
Engquist, 1977). 99 km ©oi%l 2|32 A (point source)©]
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Fig. 5. Processing flow for the stacked interferogram sections in
Figure 8.

3}, 3% S 15, A AR 2R, A7) 5 A A
g wet 7] 3k vRAPaHS 2SI TH(Fig. 5). o153
HE 7157 Alrel] HlEghe YREAR] o] 5EE 9A
AR w3l AL, Bl #53F FoX = 7 Edl
o]29] HHFA|FZ(root-mean-squared) &2 7| L=
grzo] FQt), wAlg 25T 255 YEiME 84
ko] 73S FA AR B Ao 3E718t AlA
stofok st} e} Ui R S IE o83 A geks

EHow sh= AFubatal AR e] Ag-ells SNHIZE ul-
wouq gk 3271 A olN WA ske Ml 9F
4’\5}0}71 flste, o] P Ao =M o d4
of 7ML A& 5L szt SRt
2 (D& ol&ste] BE Edolx o] wat g st
2200 719l 7P FBA E'*—7\}y_(vmual source gathers)&
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Fig. 6. Virtual source gathers at station locations (a) on the left end
and (b) in the middle of the profile, respectively.
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respectively.
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Fig. 8. Stack sections using virtual synthetic seismic data with maximum offsets of (a) 50, (b) 100, (c) 150, and (d) 200 km, respectively.
CMP folds above the stacked sections show tapers toward both ends of the profile with maximum folds in the middle. Noise near the right
edge of the section is due to the boundary used in finite-difference modeling.
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HhAtate] As =717F 27] wiizel] HE WeE 59X FF
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(Fig. 8). 7471 AZ2Y (Fig. 3)0l4 48/ ZA17F 80 km
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7] Z(Fig. 8a)2} F-(Fig. 9a left)e] x}o]& HoJFE= o]y
(Fig. 9a righty 71’ A $1X(CMP 30)25-E HA YW= 3
glo] fgo] AAE S A ole 7 A BAA
ek A7) £ 1.5 km/s(EA2]) WA 4 km/s(2712))
o3l N1FAEE 300% o|FRER A|AHINY] weltt
wabA SNH|ZF 2 AR ] 79, o] $RE S weEt
Z3AF o MIEZ} Qe AAH vEbd 7R/l Sinh E3F D <
7.5 kmQl 7= A5 A7 Hofut 13, D > 39.5 km
A A= HANEE 818 (Xonax = 50 km)E Blol57] B
o BE Ego]27} 002 7]25o] itk

o] S AFHoRE FAS] Sl FHAEAA
JHAZE Wl o] (xpo| AR )] FAlw= AE(D, ) U4
Az o] HaAFE WNE (1) ¥I(E), =

ra (2)

5 < D < 395 km 77 Edo]Xo] vx|&=
Ego]2 AA2] SN = 1.02] 35-¢] E = 0.0352tF S/
7350l E = 24745 A F7V81] SIN7} g
T2 o] B AZItKTable 1). w27+ A8 dAxkx}o]x]
RS XNz AN AES] 100 AXA] &2 olf=
T2 AR BA 2 A7) oA dAYe 37 <
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Fig. 9. Virtual stacks (left) obtained after adding noise to (a, b, and d) a single record at station 30 or (c¢) multiple records at CMPs 30 and
70, and difference plots (right) equal to the noisy minus noise-free stacks. Signal-to-noise ratios (S/N) are (a) 1.0, (b) 0.01, (c) 0.01,
respectively, for constant-amplitude noise in the entirety of the contaminated records, and (d) 1.0 with noise confined to a window covering
only 3% of that record. Relative gains were applied for each cases for display purpose.

= =47 x 10722 Egolx AAd F&S F713 4$-(Fig.
TSk g A go] ofE} ofe] 17 fIR|olA Fo] Als 92)¢] 14%ell B35t (Table 1), A 71&740]7} 7-5-¢] 3k

A5 7PIsled, 3% T 708 $1X]] $Al710) SN = < Ugke wjEo AR vekst JI-S wFith wEhA @Az

0.01°] H=5 F29] S F7sial 749 H27) A=l 7158 A Fee] YT vy 34 %S F U B

n e 43S A HEYTHFig. 9c). T 2o FA717F Fgol et

2% o] AL E = 113.89% 28] ol o IA Z718}

AEdl, 2 FH ol TF T EeAEe] Efolx & X2 &4l HEt

7} 20 Btk o] AR 7] WEo]th(Fig. 8a == Fx). WA A AA] A= o] 7] YJoE AFRE IF 7EFHA

B 7 2ole] oF 3% s)le A5 e A7l FEEN = R AP Bl 158 497t 55 Basel A2

1.0yS 35 7 308 EeRksl 7S 749-(Fig. 9dy= E Ao g ARE AHAs7|E et wEbd 72 S

Table 1. Effects (£) of ambient noise, missing data and statics on stacked reflection interferograms.

Ambient noise Missing data Statics
Number of Station ! ! ! ! 2 6 1 1 2
(100%) (100%) (100%) (3%)
S/N 1.0 0.01 0.01 1.0 - - - - -
At (ms) - - - - - - 16.13 161.29 161.29
‘E 0.03 24.74 113.89 *0.00 0.04 0.11 0.01 0.02 0.02
'E = D/l Where I, and D,,, are average root-mean-squared amplitudes for input data and the difference between output and input data,

respectively.
“0.00 means 0.0047.
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Fig. 10. Virtual stacks (left) and difference plots (right) showing the
effects of missing data for (a) one record at CMPs 30 and 70, and
(b) the three adjacent records centered on those same locations.
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E=011% 2 &3% gk 3 A== o 78S 6l
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Fig. 11. Virtual stacks (left) and difference plots (right) generated
by static shifts of (a) 16.13 ms and (b) 161.29 ms at CMP 30, and
(c) 161.29 ms at CMPs 30 and 70, respectively.
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= oF 2819] AR F7HE oI & 4 Jith
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WollAl E = 0.022 FeiAAx & zfelE HolA] gt ol=
Ao o)5xd U EFo|x 453} HHo2E AN
HRAtolHlEe] tigh 7|8l HAgo] $hHeHA| o] Foi=)A] %
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