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Seismic Characterization of Shae-Gas Reservoirs: A Review

Gwang-Hoon Lee*, Chang-Hoon Shin, Yong-Wan Kim and Young-In Kwon

Abstract : The gods of sdsmic characterization of shde-gas resarvoirs are to delineate naturd fractures and predict
the rock properties and fracability of the shaes. Faults and fracture zones can be identified from coherence-group
and curvature attributes. P and S impedances and density from pre-stack inversion can be combined to compute
Young's modulus, Poisson’s ratio, and other elastic parameters for the prediction of the brittleness and fracability
of shde-gas reservoirs. The dagtic parameters from pre-stack inversion should be calibrated to represent the vaues
a in-situ conditions. The azimuthd anisotropy due to verticd fractures causes variaions of seismic amplitude and
velocity with azimuth that can be observed from wide-azimuth seismic data. The fracture density and orientation
can be predicted from the azimuthal anisotropy. S-wave data can aso help predict the azimuthal anisotropy. The
stress state of shae-gas reservoirs estimated from wide-azimuth data can be used to identify areas for fracking.
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U @ B o] YFEHOR Ruat A9 2
JH(sweet spot)> YA o2 FF(post-stack) A 2]
eHgul 4:4(seismic atribute) © 2R E 9338 4 Qlrt
(Chopra and Marfurt, 2007a). E3+ 534 (pre-stack) &t
ot AR ERE ghale] ZhE(rock strength) S 5]
HlL7F A7) HAdS Ak o AK(Cray et al.,
2010). Z12)3 BRdnh Wb AlS 7} QIARZIE ofe) )
(azimuth)ol| whe} th=ths A4, & Ao Wl oA
(azimuthal anisotropy) 2] HaS W= Z-& 0|85l 3
9l(wide-azimuth) EHgu} HALRZRE AFdat Ao
et U, 58 AHE A5 o Ati(Gaiser, 2003).
AurA o g 341 E(3-component, 3C) ARE FESH=
| etAul gANvertica seismic profiling, VSP)Z5-
AR A W) ole f5E 4 ek
BTt AR E A7k ARere] 3 o
ok 59§ gRsttE ol §H oy
E(multi-component) eHds} Bt H5E SuK(IHh
ARBREL 24 Aol B4z St w21
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2006). 2 =Holx= AT AR E o] §dhe Tk
T L7 AR 543 71l HisiAl HESA
th Al97FA ARl B4 99 A5 EUdS
&2 Hwangt Jin(2012) 9] 7]&5d =l 34
o2 Aejso] glenz Fud 4 gk

HAr(fracture zone) X|A|XI2A{Q| EtAMm}
£M(seismic attributes)

ebdat dolgt Bdul AR 2RE Ay e 4= gl
A AL 5= Q= FFE JARA 2 Z9 A Ak
9 gz EAS Hoh & sy sto] Akm £4S
E& 4 Sl BE A& XA 3tH(Taner, 2001; Chopra
and Marfurt, 2007a). thoFet eHAdat &4 FollA QAR
gk edut Edlo|Atrace) &2 Al 2481 7]stEh
(geometrical) E4-& Alilsh= 7|5keH4 ©dal &40
M7k AFete] geat F9thE ket 2y
ojth. 718teld wtAdut &4 FollA &3] sdnt Edo]
259 FAMIE A Aleh= Ua/d(coherence) A B o] &
A IE(curvature) £/do] HEie] T R E &
Z|AJgFcH Chopra and Marfurt, 2007a). 1281} AH9]
wSoluk IH=(aperture)o] o= mm oskQl A ARt
HoF sidErF 20-30 mel gHAE Amo A= AR
21T 4= glom, mpaha] gdu) £442 AqFE TS0l
U Fgo] JeHor Hxshs Hgde +29 aat
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(cumulative effect)E A|Algk= Zlolztal & 4= Slok
(Wild, 2011). gHdmt 442 A4l FLE AR|H=|
£ IOl ANk IR g AEhe Tk o) uhg
2 wle] o&al oYk

A AGe] 42 &3 IR BEdd &A4(dis
continuity attribute)o|gtilx= sh YU34d(Bahorich and
Farmer, 1995), Al&-2 2 (semblance)(Lees, 1999), EAF
(variance)(van Bemmel and Pepper., 2000), -S-A=(simi-
larity) 5o| Sl=tl AATH HAAY G353 22 £
& EA4S A Hojgrh gubdo® o] 19 o fARE
7h FagA BE EgojAEo] FURL Aol Zho] 00]
W 2E Efo]aEo] A5 ohE Aotk Fg. 1& vl=
L ZetamtE9] Woodford A|YZ-ollA #5332+ &
dut Apmel A 9 Uiy &4 ST ghga T
o2 FERE & I 5= Uk

HE-EF|ZI(Ant-tracking)2 <3 ¥ #(Schlumberger)
AHY] 3] 71wRA A A9 £/99] 334 AR oA
aZolu HEd) = tE AFE2EE FE5e 7]

Fig. 1. Horizon dlices of (a) variance and (b) coherence
along top Woodford Shale and (c) seismic vertical section
AA’ with faults and fractures interpreted. Blue dots indicate
top Woodford Shale. Yellow arrows indicate highly de-
formed area. Green arrows indicate subtle anticline folds.
Two attributes provide good delineation of fracture distribu-
tion. From Guo et al., (2010). Image courtesy of CGGVeritas.
Used by permission.
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ok ukx] Ajul7h AR dstEA by Bnkel ARg
gt olFshs ANY BALHE| FHE ] BE
WL FAhE A sletet 4 Sltk Fig. 2% Al
53 1AM A5 wAIF=AL o]m]X|(formation micro-
scanner image, FMI) A3 Atz 25H 2 =& U=
O] FHEEEL} ME(ant) =] =& Fho] UX|sk= A
< Hoja itk

AT ABe] £4o] FEHE F53k=tl " &
gholle Etetal wEuut TR ofue) Thes] BE
TRl EHES Yehdith W] SE £4& X
W 574 AHo] duht FoiSl=rt & 229 ¥
P& U= 2 o2A Efo|lass] I B FA
At FastA XSHY 7|seha Wi AAIE 4= 8l
tH(Chopra and Marfurt, 2007a). YA A Lol &AL
AdAoz Hert & ggolu AF2EE Holg 4
UARE TE &4 GO FxoF Bt o] 3l
= AR oHE A=Y A2 55 Fx(foldt 2T
TFE(flexure) g BoiE 4 lolA TEt A A
T HES §5T 5 9k 7P ARA”L B} 4490]
tHAl-Dossary and Marfurt, 2006; Blumentritt et al.,
2006; Chopra and Marfurt, 2007a; Guo and Marfurt,
2011). gutd o R 53 vt S5 449 et =
o Aoz oA QrHLide, 1994). 1t L &4
o] FL& YA AAJskz Aol ofn] F WS} 72
W] YEsk AR Mgl Balo] 91y] ujie]
fo £2E &3 4 Yt Holth TE H4: ¥
o+ ITE, AW JE TF IJE A TE THRAIRE

(Gaussian) =+&, Z|t] 2=E(most negative curvature),

%

Fig. 2. Section view of Ant density cube with formation
micro-scanner image (FMI) interpretation of fracture density
(right track) overlain. Higher Ant density at well location
coincides with high fracture density determined from FMI
data From Godfrey and Bachrach (2008). Used by permission.
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P2y A5 & Mo S ke s 7P & 18
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Fig. 3. Time dlices through (a) seismic amplitude, (b)
coherence, and (c) most-positive curvature volumes. While
coherence display is featureless in high coherence (white)
areas, most-positive curvature reveals NS flexures in those
areas. Curvature display aso shows through-going EW
flexure in southern part of area. From Chopra and Marfurt
(2007b). Used by permission.
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Fig. 4. (8) Most-positive curvature attribute horizon slice
shown intersected with seismic section. (b) Most-negative
curvature attribute horizon slice shown intersected with
seismic section. Curvature attributes reveal very small
peaks and troughs in seismic section, which are associated
with faults and fracture zones. From Chopra and Marfurt
(2007c). Used by permission.
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ofuel ubE FAE = it de] J H=
W o= 5T 5 oy B9 gatE 24
W oA 53] date] Ao AES k=t 7
FIHH Q] 7|<&o|tHPendrel, 2006). BHdwt A4S 5]
Mt 71BF 02 ehgut eabtRsh A15F SaK(sonic)
8l Wi(density) H% Ak Basich FEE A
- oab Aakgo)] Wiwe} Pop £zo) Fel 47
2~(acoustic impedance), = P AIEARA A
& ANjeke o Feolth AYsks AR
b e §718E TRl QoA At om
e A0 gho] YK Leseth et al., 2011). E3F #+<&
ureieh 320] We P QU 3 Kol Jlow o
A lti(Rutledge and Phillips, 2003; Guo and Marfurt,
2011; Refunjol et al., 2011)(Fig. 5). 18yt P 4=d
anto g ot WdS AAske F48S 5shedl 2
20l 9E(Young's modulus) T} 3zof4H](Poisson's raio)
£ AR = gltk 952 SAAIR] oh49) A e(dtiffness)
S YRl soldul= A9 ) FHP Y vle
oft}. wEhA AU7EA AR EASE flsiM= P
AR ofye} S Yoot WEE 5 5 Qe
THA ito] HEAow S

THA ik P AHEl 28} S e as Ao r
Ak BRE P 9|, S duEls, s FA9
(smultaneous) Altbsh= o] =t W=7bA] ALt
o] 7Ps3t B4 Aol F2 o457 lriHampson-
Russell, 2007). &4 S4ke] 71 HH Al due|E
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Fig. 5. (@) Microseismic events from two hydraulic fracturing wells. (b)-(d) Acoustic impedance images from three inline
sections with miscroseismic events displayed in foreground. Majority of microseismic events are located in low impedance

zones. From Guo and Marfurt (2011). Used by permission.
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TH A B2 RE VAAGE Altel ednt 2hao
A T 3 HEF4(convolution) g F-of] A F
o eradut Aot ulste] Ajolg HASES P o
HEHAQ S Qe A BHL HEE R 0 7 A5l Ao
CHEERL, 2006). ¢4 gAto 2 AAtEl= P YJuje X,
S Qujels, WERiE ] 44(Lamé parameter)?] )

(incompressibility, B]9F=/d)2} u(rigidity, /&)= Al
AFet 4= Qlt(Goodway et al., 1997; Schmid and Schmidt,
2011). A= =) Aol WRskal ue dAEY 4
ZAAlo| Jak dr=tHDufour et al., 2002). Chopra =
(2003)-& P} £=9} Su} &% 9] wWXx}TA|(crossplot) 2}
Moo} wpl WA EAREE A FHIL Y
Barnett 4|Q21} th2 kAol = 293 2 glgle
™, Refunjol 5(2011)> Apot np@] gro] 2 SkojlA
shaftedo] Wl 2 uheehis 248 holatgick. vk of
AR egmRe HSHchE M9 Ssut A=t 9l
ong wrt eelA S Yndas Axtetel AU7LA
ARre] o 5 o83 4 ik T Bget v

2] 0.
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Aol eBiAIE Tt oS hR RRlolA] wck
IS T
GBS FYA A4 el BeFse Uz
zgozRE AAR 4= ¢lo(Schmid and Schmidt,

2011), EolH|= Pyt £} Sup £ 2R At
o} sofdH|E S W HAoA duh F gt o]
FAEEAE 2AsL GES DT Hgo] duht &
RAEHEAE AHTHRickman et al., 2009). Eol
HI7F e YES 295 949 F40l A, A
B9 7hs/del Al vty

Fig. 6. Brittleness (black) and most-negative curvature
(blue and white) of top of a reservoir. Brittle zones, marked
by red ellipses, generaly coincide with large values (blue)
of most-negative curvature. Data courtesy of Nova Scotia
Department of Energy and Canada Nova Scotia Offshore
Petroleum Board.
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A gete)

|
off o3t wajFge] & t'e“‘é&t}. ARt o= waf/do]
E HY7EE AR A4 Zokdnl= oF 0.25 o3t
PEL oF 25 GPa(2F 3.5 MMPSI) o]A} o]tHBritt and

Schoeffler, 2009; Sondergeld et al., 2010). EHdu} A&
oA Ak szolgulel FES HAl ARG 2049
Yk th=7] wigel PR HAS sFoiof gt
(Britt and Schoeffler, 2009). &3] J&2 BT A=
Oﬂ*ﬂ AR ko] A5 2ANAL] gkl Aol & wizt
E 4= 9l Fig. 62 15]]012_4 B3} zoldn|z} 2zt
25 GPa o]l 0.25 o3¢l HEy} Fo) &35 $AS
A7 EARE dl2A FHAol w2 P A 55F @
o] & FZo] A2 IdATE HoFaL QUrk

di2| o|ttM(azimuthal anisotropy)2 0|2&t
=g deF U U {F

Zo| sl 9= ¢hAL 3)sHM(transverse isotropic)
aEEA gl SHjol, 2 4210] Hof djsh
o g AR 7S 42 25 (verticaly transverse
isotropic, VTI) mjdolztal s tA=o] s=gold,
Z 2gzo]| ZusFo g Zubyo] Ao 2y 31T
(horizontally transverse isotropic, HTI) wj&lo|gt gt
thZheng, 2006). welA] <=2 wlgFe] Fdo] vrds) )
© dRHARL A7k AR HTI wdoloh ghdut
7} #Fo] w3t nfjAe o= uf FYof YAs= v
ol i} h2A 7)1SEo] dstHos dein AN
YAZHE ofLjet eiztel el grgut AlETh Het
o} 2382 A A7kA AF:elo] vl oHbAgL- o)t
W ou] Byam Qs AAdgde] WE U Bx UEs
$28 5 o saadel Wy BIE dZo] /1%
stek olegh WY oS B4 s B
e BhAkE Sasfiof sl
o] £xog YA Su} &7} ohe
S(splitting T+ birefringence) == ?;/}, 2 01:7] o]- | oj
ol VSPE E3J8h= thdE BAu BAke] Sut 7|52
2RE HU7ka ARt ol ot Faleh) 43
3} 2> glti(Kendall, 2006). 2 Z=Fo A Aj2E =9
o] AgrAel 2ol thgk W) oA §35Hs VSP
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VVAZ)2 #atgElciLynn et al., 1996; Mallick et al.,
1996; Craft et al., 1997; Riger, 1998). AVAZ2} VVAZ:=
T BT AR S 5F LZA-5-F $eiZ(common
-offset-common-azimuth, COCA) S 2 A -zt
2 QItKFig 7 and 8). EFAJu} £A4)3} ux7lx| 2 AVAZ
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0 180 0 180 0 180
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Fig. 7. Common-offset-common-azimuth (COCA) plot
illustrating traces from specific offset ranges arranged by
azimuth. In horizontally transverse isotropic (HTI) media,
horizonta reflectors appear as sinusoidal events in COCA
plot. From Close et al., (2010). Used by permission.

Fig. 8. Common-offset-common-azimuth (COCA) cube dis-
played in 3D. From Gray (2007). Used by permission.
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O} VVAZL: 7 Al #go] ofyet #ElY w4 &
I} Aito]tiGray, 2008). 3+ - Fo] FEo] AL 424
off 7HHA Wasto] AY7ks AFeke] HTI wjdo]ojof
2t} AVAZSL VVAZ 248 QJeA= 89 edat
A7 =aElojof st FYH R HEE= ARt
W919] Pot edut 2pm e} vlasto] pmed], Ay, A
g, 24 5ol A B2 Algto] Fesith | 29|
Al e W2 SAF 3x1 vl ghake) A= A
2o vFlztel W7l 30 ol Y] 'ARAY]
el 71&9 AR E B AEAYUE Fote] #AT
4= It Gray, 2008).

AVAZE @lo] wrdar qhalel 2¢ welol e
ket Rt 2 el tiald FEst W g
ato] o] geo] mot 2 WHgsly] ujie] 7%
of ureke A7l AR AR ThE e A}
g gt AR o2 eul AEoR F|BEE Holt
(Gray, 2008)(Fig. 9 and 10). AVAZ A& BEAHo o

HHE o g ke Bdut At 2 RE ¢ Al(zero-offset)
AE(E= dH), 344 HEl=(isotropic gradient), o]
A ¥3} = (anisotropic gradient), ] <(symmetry axis)
= sh= Zolti(Ruger, 2002). w+d 9] Wk 42
¢l Ao 2R e FE9) WIS f55laL oy WS}
EREE 4d UEE 58 4 Qlrk(Fig. 11 and 12).
dutd oz wreztel WMt S48 Al S dit-3H|(signd
to noise ratio, SIN)7| =04 22 AVAZ 24 A&
A=K Gray, 2008).

VVAZ 2t=(Fig. 13) E4%ell= A (1) 27 =A|
ZKnorma moveout, NMO) &=/, (2) ko] HZA|xKre-
sidua moveout) ¥, 12|31 (3) Thomsen L4 (Thomsen's
parameter §)(Thomsen, 1986) G4k o] Qich A=

AR SRRl AE R AR skt AA WS
o) 9iztel) whE FHARA S kS Sk
(Tsvarkin, 1997) 29| Q&) UwghstA olEsk= Pt
7h Ao R o) Esls Pubhct wh2y) ue] we
SHARAR Sk FAe) Wk Ui Zoleka 7}
HatcHLynn, 2004). wiebA w2 ARG} HEet
L SAARAR H20] Jo|rt FA Ve AT
t}h 18 o] ¥ gutr o g Ael &£ BAjo] 4
A ob7] o] o3 weshed) AT kS
olrk(Zheng, 2006). ko] ZRAAPEE WE o] o
WA BROR ANE B SR SRR} By
o] oloixl Wue) SARAN A ARUL Bl
AAAL] o] ARAAE ZAsH= A o|tHLi, 1999).
zto] HAZA b= g9izhell sl ARQla mekol A
FHE Hol=tl 7P 9] #hol & AEARRPL 4 A
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Fig. 9. (8 Amplitude variation with offset (AVO) for the interface between unfractured seal and an unfractured and fractured
reservoirs, assuming that the acoustic impedance of the reservoir is dightly greater than that of the seal. If the reservoir
is unfractured or the incident P-wave strike the fractures in the fractured reservoir a or near zero degree, there is little AVO
response and stacking produces a large amplitude (b). If the incident P-wave perpendicularly strike the fractures, there is
a strong AVO response, resulting in a very low amplitude in the stacked trace (c). Adapted from Williams and Jenner (2002).

Fig. 10. Common-offset-common-azimuth (COCA) data,
showing azimuthal amplitude anisotropy, displayed in 2D
with offsets increasing from right to left. Yellow lines
divide individua common-offset data sets and each common
-offset data set contains 0-180 degree azimuths. Amplitude
variation with azimuth (AVAZ) is seen at longer offsets.
From Gray (2007). Used by permission.

Fig. 12. Amplitude variation with azimuth (AVAZ) fracture
density section. Well indicated by the black line penetrated
stacked large fracture density anomalies (red). From Gray
(2008). Used by permission.

Fig. 13. Common-offset-common-azimuth (COCA) data,
showing azimutha velocity anisotropy, displayed in 2D with

Fig. 11. Fracture density and orientation predicted from
amplitude variation with azimuth (AVAZ). Well path,
marked in white, crosses reservoir at cross-hairs indicating
moderately intense fracturing with strike of NNE at well
location. Image courtesy of CGGVeritas. Used by permission.

R RE P

offsets increasing from right to left. Yellow lines divide
individual common-offset data sets and each common-offset
data set contains 0-180 degree azimuths. Velocity variations
with azimuth, observable as wobbles across reflections, are
seen at longer offsets. From Gray (2007). Used by permission.
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GAEORA FHO WS A AEk HE2AIRES] A
A7) 9 YEE AAIFTE Thomsen @4 4
(Zheng, 2006)2> w8 AFe] - AL sHE BA
o zhol AR RAREE] 2polE o835t Thomsene]
HTI 8431 65 23 dikez Axlste Aotk o4t
el S H5(CDP gather) 9] W= W43 ©
ZAlof| gk AFARte] o] gH e VVAZE L=k}
o] AAE = S A=Y vaE FAR A
Aol HatAdl E SA4S 5okt Adsi
(Xu and Tsvankin, 2007; Treadgold et al., 2008). E35}
Suke] £E71 539 7kl mEkM Foksh FHd
9 WFOR Y £F shethe AES ol8shd
Ao &8 e 5T ¢ donz st do]

Fig. 14. Fracture density from velocity variation with
azimuth (VVAZ). Fracture trends show good correlation
with faults. Image courtesy of Arcis Seismic Solutions.
Used by permission.
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F& |53t 4= 9lrt Fig. 14= VVAZ B4 02 o &3t

& otk VVAZ A9 s s B gda)
Az 8] s Eohe =S Zhs AVAZEL W
tH(Xu and Tsvankin, 2006)(Fig. 15).
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Su} AI2E 08¢t ojd {F

P} 55 o858t MU7IA AFTY HES A
shefw Bs) BAE Sl BTt WED) sug
USHA EAoF ShAIRt Suf 2FRs} glow wet 4
Ho|al g H#ES B4 4 Uk dRFoeE S
o} A2 cHYE ST FhAelA Put ARl B A
E3itk Pub} A4 RS 7S5k whEo] Subis b2
T e ASE 7| 5stug ujd o] ek o2 54
2wl 4 odek. AU ARYAHY S92
% o] 23 = WYl A Put A5 vje)
F WSS 7153kl Sut AlS= Sofl Lkt WRk
215 gl wke} Suh= tha] SHat
o Svh FEEE] SHut: vjde] 29, W, 4
7182 9o Bz Ao 4] ko2 58kl SV
st whdo] o] SAulo] FAHOIA THie] $AOR
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Fig. 15. (a) Fracture density from velocity variation with azimuth (VVAZ). (b) Fracture density from amplitude variation
with azimuth (AVAZ). Three zones, marked by A, B, and C, with large fracture density are predicted. From Wang et

al., (2007). Used by permission.
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P-Wave Source

SH-Wave Source

Fig. 16. P-, SH-, and SV-wave propagation. In SH-wave, particle motion is perpendicular to vertical plane defined by source,
receiver and reflection point. In SV-wave, particle motion is confined to plane and parallel to source-receiver line.
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Fig. 17. Swave splitting in fractured rock. S wave splits into
two components — S1 and S2 - that transmit through frac-
ture zone. Sl is fast-S mode and its particle-displacement
is parallel to fracture orientation. S2 is slow-S mode and
its particle displacement is perpendicular to fracture planes.
Adapted from Hardage (2011a).
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Slow S-Wave Velocity

Fig. 18. Relationship between slow-S velocity and fracture
density. S2 velocity decreases with increasing fracture
density. S1 velocity and P-wave velocity change little across
blocks A through E. There is no S-wave splitting in
isotropic blocks A and E. Adapted from Hardage (2011c).

h

Fig. 19. Polarization orientation (individual vectors) and
time-delay magnitude (color) predicted from multi-com-
ponent data. Rose plot illustrates distribution of fast shear
(S1) polarizations. Image courtesy of CGGVeritas. Used by
permission.
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Fig. 20. (a) Crossplot of differential horizontal stress ratio
(DHSR) versus Young's modulus. Preferred areas for
hydraulic fracturing are indicated in green, less desirable
areas in yellow, and poor areas in red. (b) Map of zones
highlighted in crossplot in (a). Fracture swarms are likely
form in green areas whereas red areas are where rocks are
more ductile and thus less likely to fracture. Yellow areas
are where aligned fractures are likely to occur. Modified
from Gray et al., (2010). Image courtesy of CGGVeritas.
Used by permission.

Fig. 21. Young's modulus and plates for differential
horizontal stress ratio (DHSR). Size of plate is proportional
to magnitude of DHSR and direction of plate shows
direction of local maximum horizontal stress. Modified
from Gray et al., (2010). Image courtesy of CGGVeritas.
Used by permission.
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