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BOJIHOBbIX CEUCMUYECKNX
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General characterization of fault zones

strike  strike-slip faulting

hanging wall block hanging wall block

strike

dip

dip

normal faulting dip

footwall block reverse faulting

footwall block

“A planar or gently curved fracture in the rocks of the Earth’s crust,
where compressional or tensional forces cause relative displacement of
the rocks on the opposite sides of the fracture”. Encycl. Britt.



Characterization of fault zones

Significance of faults

® Geohazards
® Earthquakes
® Tsunamis
® Mass movement
® Construction

® Deposition
® Extent
® Geometry

® Subsurface fluid flow
® PetroleumE &P
® CO, storage
® Groundwater flow
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Geometric complexity of fault zones




*Heterogeneity on all scales Tectonic features

Verfical scale (m)

*Wide range of structures and 100 |
geOmEt rIeS 100 ' Seismic resolution
*Composite features 10
Fault zone elements

e...most of these features are 1
sub-seismic.... 0
*Description of sub-seismic 001 .
elements: outcrop data and U S S O S

° 0.001  0.O1 0.1 1 10 100 1000 qpo000
core samples analysis Horizontal scale (m)

(Read as thickness for fault zone elementa)
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Outcrop limitations

A TR iR

Degradation/cover

Erosion/weathering

Accessability
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tations

M

Core samples |
Core samples are rare

Risk of jamming while drilling
Pressure problems
Non-cohesive rocks

Point data

Core from a fault zone in the Triassic Stockton Fm,

(USGS)
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The whole picture?

P 2,
"1'.'.;."'!.‘:" t::*.' Footwalt oo
‘*\\\m\\ v ™
‘ B\
Kjerne
clier
S glideflate
Destricjons <y
Fossen & Gabrielsen 2005

Nobody has ever seen complete fault picture in outcrops.
A complete 3D rendering of fault zone properties can only be achieved
through modeling using compilations of empirical observations.
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Fault zone model

Fault is composed of
a fault core
and

Kjerne
eller

\_glideflate
Slepesone

a damage zone

Destruksions- (duktil)

sone (sprg)
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Geomechanical fault modelling:
discrete elements

CE

%
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Geomechanical fault modelling:
discrete elements
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Geomechanical fault modelling:
discrete elements

Porosity vs dilatation

p=p,(025¢+1)

P-wave velocity vs dilataion

. V9 (-0.258" —0.5e+1). —-1<£<0
T rl0258 052 +1). 0=e<l
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Fault zone model: Fault Facies (FF)

Deformation bands: millimeter-to-centimeter thick

tabular features developed during deformation of

porous rocks. Internal structure of the damage zone is

modeled using four explicitly rendered Fault Facies (FF)

defined by discretizing deformation band densities:

1) H>20/m (H),

2) M6-20/m (M),

3) L1-5/m (L), and

4) U:0/m (U) —these facies define undeformed
hostrock elements present in the fault zone.




Fault Zone Model

Field studies show that
deformation bands are not
uniformly distributed in fault
damage zones: Fault Facies with
high deformation band densities
are close to the main fault slip-
surface, and fault facies with low
deformation band densities are
farther away from it.

The spatial distribution of fault
facies inside the fault damage zone
is modeled using Truncated
Gaussian Simulation (TGS).

18



Fault Zone Model:

The variogram is the main input parameter of Truncated Gaussian
Simulation (TGS). The variogram of a statistically homogeneous isotropic
random function F with constant mean is described by the following
equation:

2y(h)=Var{ F(x)- F(y)}=E{(F(x)-F(y))*}

Variogram and proportion trends for TGS were constrained using an
extensive empirical data set consisting of deformation band density logs
from 106 scanlines across damage zones of extensional faults in multiple
outcrops (CIPR, Norway).



3D fault zone model used in this study:
100m x 1200 m x 600 m

h=h,=h,=5m

Total number of
cells = 2.88x10°

Fault facies [l Il [

Deformation >20 6-20 1-5
band density(/m)
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Seismic modeling

For numerical simulation of seismic wave propagation we used the
standard staggered-grid finite-difference scheme. As discussed in a
series of papers this scheme allows accurate handling of sharp
interfaces of a model, which in turn provides a correct representation of
reflection coefficients.

We use the model with spatial discretization of 1 m, which yields
approximately 10 grid points per minimal wavelength. However, to
represent the small-scale structure of the fault zone, it was necessary to
use spatial steps of 0.2 m. To preserve numerical simulation efficiency, a
local time-space mesh refinement was applied inside and adjacent to
the target object. The details of the algorithm can be found in:

Kostin, V., V. Lisitsa, G. Reshetova, and V. Tcheverda, 2015, Local time-
space mesh refinement for simulation of elastic wave propagation in
multi-scale media: Journal of Computational Physics, 281, 669—-689.




Seismic modeling

-500

= \
N

1000

Sources [recievers

<—— Fault zone

1500

2000
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

x (m)

Source function: Ricker pulse with dominant frequency 25 Hz.
Totally 83 sources spaced with 50 m, receivers along the same line with step of 25 m.
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Seismic modeling

Sources

1000
orid refi -
=“.1d S —| | Fault zone

within fault zone |

1500

2000
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

x (M)

To provide reliable numerical simulation for seismic waves’ propagation
within a fault area for a reasonable cost we perform local refinement of
a grid in time and space: from 1 m to 0.2 m (see Kostin et al., 2015).
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Seismic fault imaging

We are doing seismic
fault imaging by
diffraction/scattering
imaging procedures
based on asymmetric
summation
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Seismic fault imaging in scattered waves

We do GB tracing from the target point (x,z,) towards acquisition system
and do asymmetric summation Of data @( Xy ,Xg ; @) produced by
the source X, and recorded in the receiver X, :

fpp(Xi,zj)= ffsgb(xs;xi  Zj ;a,,B;a))Trgb(xS;xi Zita, o)
D( Xy ,Xg ;0 )dXdXsdad w

Asymptotic analysis of the right hand side proves that f,, is PP-
impedance at the target point (x,z,) .

Remarks: the image in each point is computed independently and,
hence, ensures excellent parallelization and scalability.

For details see Protasov M., Reshetova G. and Tcheverda V. Fracture detection by Gaussian beam
imaging of seismic data and image spectrum analysis // Geophysical Prospecting. — 2016. —
v.64(1). — 68 — 82.
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Numerical experiments

-500

= \
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Sources [recievers

e Fault zone

1500
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x (m)

Source function: Ricker pulse with dominant frequency 25 Hz.
Totally 83 sources spaced with 50 m, receivers along the same line with step of 25 m.
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Numerical experiments

P-impedance (Image)

3
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Numerical experiments

a), Y ' , | b),

0.8

—— Original models (£ {V, (x)})
+lmages (E, {l ()} .'

0.4
0.2}

p ey . - . b - A 4 _ .
2300 2520 2560 2580 1000 1100 1200 1300 1400 1500 1600
x(m) z(m)

0.6

0.4+

| —— Original models (E V) |

0.2 _—.— Images (E_{/ (x)})

Normalized profiles of averaged V, for the facies model and impedance
for the seismic images in the (a) x and (b) z-directions.
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Numerical experiments: variograms

2
1.9¢
o
X
— » —
< £ original models
N7 f ¥ iMages )
™ ¢ ~ow jmages, large models
0.5r§ |
100 150

0
0 50
h
Variograms in the x-direction estimated for the input model (solid line) and seismic
images: dashed line for small models and dashed-dotted line for large models.
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Tp€xmMepHbIE TOCTAHOBKM:
AnpoOanus Ha CHHTETHYECKMX
NAHHBIX IJI PEATUCTUYHOU
MOJIEJIH



ITocTtpoenue 3D momenu: cTtpykTypHas
MOJIENb
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ITocTpoenue 3D reonornyeckom MOJCIu:
Pa3JIOMbI U IIPUPA3ITOMHBIC 30HBI
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ITocTtpoenue 3D reonornyeckor Moaeiu

PA3JIOMBI U IIPUPA3TIOMHBIC 30HbI
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ITocTtpoenue 3D reonornyeckon MoOaeIu:
pPa3JIOMbI U IPUPA3JIOMHBIC 30HBI

Copockl ®W  B30pOCHl  0O0pa3yroTCsi  IpH
pPACTSDKEHUU 3€MHOM  KOpbl. llepBoHadaibHO
BO3HMKAIOT TPCIIMHBI OTPbIBA, UISI KOTOPBIX
XapaKTEepHbl HEPOBHBIC CTCHKH W HAJWYUE MEXKY
HAMHA HEKOTOPOIO ITYCTOTHOIO HPOCTPAHCTRBA.
[Ipu CMEIICHUU OJIOKOB HEPOBHOCTH
CKaJIbIBaIOTCH, a 00JIOMKH 3aIIOJIHSIOT
IPOMEKYTKH MEXKAYy CTEHKaMH TpeIMHAMHU.
BriociaenctBum 0OJIOMKH 1LIEMEHTHUPYIOTCS 0OoJiee
MEJIKMMHM MPOJYKTaMU UCTUPAHUS U MUHEpaIaMH,
OTJIOKUBIIIUMHUCS u3 TUJPOTEPMaAIIbHBIX
PacTBOPOB.
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ITocTpoenue 3D reojioruueckou
MOJICJIM: PA3JIOMBI U MMPUPA3TIOMHBIC
30HBI

Z

CiieBa: pa3jioMbl 0€3 30HBI IPOOJICHUS, CIIpaBa — C 30HOM JAPOOJICHUS
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ITocTtpoenue 3D reonornyeckon MoOaeIu:
Pa3JIOMbl U IPUPA3JIOMHBIC 30HBI

0 4 8

Cnesa: pa3ombl 0€3 30HbI IPOOJICHHUS, CIIpaBa — C 30HOM JAPOOJICHUS
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ITocTtpoenue 3D reonornyeckon MoOAeIu:
Pa3JIOMbl U IPUPA3JIOMHBIC 30HBI

CneBa: pa3iombl 0€3 30HBI APOOJICHHUS, CIIpaBa — C 30HOM ApOOICHUS
42



ITocTpoeHue 3D reojiornueckor MOACIIHN:
30HBI HOBBIIIIEHHOU KAaBEPHO3HOCTH

9%




ITocTtpoeHue 3D reojioruueckor MOACIIu:
KOPUJ0Phl TPEIIMHOBATOCTHU

| 44



KOHEYHO-pa3HOCTHOE
MOZIECJIUPOBAHUE

[lomHOMacmITaOHOE  YHUCIEHHOE  MOJCIUPOBAHUE  CHCTEMBI
MHOTOKPATHOTO TMEPEKPHITUA MPOBOIAWIOCH JJI1 (DPUKCUPOBAHHOU
CUCTEMBI TPEXKOMIIOHEHTHBIX IMPUEMHHUKOB, PACIOJIOKECHHBIX Ha
Bcel aneprype 8km X 10 kM ¢ paBHOMEpHBIM 1m1arom 25 m X 25 M.
M cTOYHMKH THIIA LIEHTPA paclIMpeHus (B3phIB) pacnoyarajnuch Ha
JTUHUAX BIOAb ocu X ¢ maroMm 50 M, a caMu JIMHUM OTCTOSUIU JIPYT
or apyra Ha 300 M. B kadecTBe curHajia B HCTOYHHUKE MBI
MCI0Jb30BaJIM UMITYJIbC Pukepa ¢ momuHupyromei yactorou 30
[

Huxe mnpuBeneHsl B3SThIE BIOJb OCH X W Y BEPTUKAILHBIC
KOMIIOHEHTHI IUIOMIAJHBIX CEUCMOTPpaMM, IIOJYUYECHHBIX IS
MCTOYHUKA, PACIIOJI0KEHHOTO B [IEHTPE AEPTYPHL.
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N300pakeHNsI B paCCEIHHBIX BOJIHAX

y
10 kM

S KM

X
4 kM hPlt £

CrneBa — MOJIHOQ3UMYTaJbHOE U300pakeHUe, CIIpaBa —
MCXOIHAS MOACIH 47



N300pakeHus B paCCEIHHBIX BOJIHAX
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N300pakeHNsI B paCCEIHHBIX BOJIHAX:
CEHMCMMYECKHUE aTpUOyThl pacCesSHUS
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ATpHUOYT CTPYKTYpPHOU AU paKIuU 49



N300pakeHNsI B paCCEIHHBIX BOJIHAX:
CEMCMHMYECKHUE aTpUOyThl pacCESHUS

10 kM
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ATpHOYT a3UMYT CTPYKTYPHOH JTUPPAKIIAU 50



N300pakeHNsI B paCCEIHHBIX BOJIHAX:
CEHMCMMYECKHUE aTpUOyThl pacCesSHUS

y
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Pe3ynbpTarhl TECTUPOBAHUS HA MOJIEBBIX JaHHBIX:
JIaOaran, apredakTsl OT pU(OB



Time slice t=1.208

PudoBble NOCTPOMNKHU

P

ApTedak#t
Time slice t=1.378




Time slice t=1.208
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[MogaBneHue
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Time slice t=1.




CymmapHbin Kyb MIPB: Tpuac (1008 mc)
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ATPUOYT «CTPYKTYPHOM» Andpakummn: Tpuac (1008 mc)

AMNANTYAZ
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A3UMYT «CTPYKTYPHOM» Andpakumm: Tpmnac (10C

CEBEP
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CymmapHbin Kyb MIPB: AptnHcKkui (1100 mc)
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Conclusion

We present results of our study of the potential for capturing
structural details in subsurface fault zones through seismic data
processing and analysis. To do this we develop 3D model of a fault
zone on the base of empirical data from fault zones:

2D/3D sesimic images, outcrops, core samples.

Our main conclusion:

The seismic imaging on the base of scattered waves reproduces
fairly accurate some statistical properties of the spatial distribution
of fault facies (variograms).
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1.

2.

[MocTpoeHune rnybnHHOM CKOPOCTHOM MOoAen No
CeMCMMNYECKNUM OaHHbIM.

PeKoHCTpYKUMA NPUPA3TOMHOMN 30HbI. [TporHos3
NPOHULAEMOCTU Pa3/I0MOB.

Mcnonb3oBaHMe TPEXMEPHbIX LMPPOBLIX Moaeneun
KepHa Npu moaenmpoBaHnmn GAtoua0NOTOKOB B
pe3epByapax C pa3sioMamm.
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biaromapHocTH.

JlanHas padoTa Ha HA4aJIbHOM JTaIle
BBIIIOJIHJIACH IpH Noaaepkke PODOU
u PHO.

BriocienctBun €€ pruHAHCUPOBAHUE

OCYIIECTBIISUIOCH B paMkax LIMII Ne6
ITAO HK PocHedTs.
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Cnacubo 3a BHUMaHue!






