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Abstract

Geometric attributes such as coherence and cuevatawe been very successful
in delineating faults in sedimentary basins. Wimnitg a common exploration objective,
fractured and faulted basement forms importantrvess in Venezuela, USA (Southern
California), Brazil, Libya, Algeria, Egypt, Russiand Vietnam (Landes, 1960; Canh,
2008). Because of the absence of stratified, colheedlectors, illumination of basement
faults is more problematic than illumination of tguwithin the sedimentary column. In
order to address these problems, it is importam@atefully analyze alternative forms of
the 3D seismic data, which in this dissertation wd primarily combinations of one or
more seismic attributes, and interpret them withim context of an appropriate structural
deformation model. For that purpose, in this redeal concentrate on analyzing
structural dip and azimuth, amplitude energy gnatdieand a large family of attributes
based on curvature to better illuminate fractsw@€eet spots’ and estimate their density
and orientation. | develop and calibrate thesebati and interpretation workflows
through application to a complexly folded and fad|tbut otherwise typical, geologic
target in the Chicontepec Basin of Mexico. | theplg this calibrated workflow to better
characterize faults and build fracture models i@ ginanite basement of the Cuu Long
Basin, Vietnam, and the granite and rhyolite-megalite basement of Osage County,
Oklahoma, USA. In the Cuu Long granite basement,fatms an important
unconventional reservoir. In Osage County, we stispasement control of overlying

fractures in the Mississippian chat deposits.
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Chapter 1 Motivation and Objectives

In Vietnam, the first oil and gas discovery in tiaed granite basement rocks was
in 1987. Since that time, oil and gas productioanirfractured granite basement
reservoirs has played a very important part indihand gas industry of Vietnam, as well
as the national economy development. Although themge been exploration and
production activities in fractured basement resesvio Vietnam for over 20 years, there
are still a lot of challenging problems that remainsolved, to enhance oil recovery from
this special type of reservoir (Canh, 2008).

The illumination of faults is more problematic imagite basement than in the
sedimentary zones, for a number of reasons: igtaeite basement, faults and fractures
are more complicated, and lack horizontal, coheleygred reflectors, and the seismic
data quality is much lower.

The basement fractures increase porosity and péihtgaallowing it to serve as
a hydrocarbon reservoir. Knowing fault/fractureeiméity and orientation can guide
horizontal drilling programs, thereby increasingguction, and optimizing drainage.

In this research, | use detailed analysis of seisttributes relate to folds, faults
and fractures, including structural dip, amplitigtadients, and curvature and coherence
to better delineate structurally complex featureap density and orientation of fracture
zones.

Objective of my research is to provide methodstants to enhance the signature
of basement faults or fractures zone, to autombti@nd quickly evaluate fracture
intensity and orientation, thereby locating potainfprospects, and aiding design of

horizontal drilling programs to enhance production maximize drainage.
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Chapter 2 Introduction

The oil industry has been developing rapidly. Mafsthe conventional reservoirs
that fall within today’s environmental and politiceonstraints have been found or are
being actively explored. As the task for exploratlmecomes more difficult, we need to
look for oil and gas reservoir targets that arellemadeeper, poorly illuminated due to
complex structure, or are considered unconventjaregjuiring hydraulic fracturing, or
are “new” play concepts, such as production froseb@ent. To achieve these goals, hew
technologies are required, new research is caou¢dand new processing algorithms are
developed. In this dissertation, | summarize tiseaech and contributions | have made as
part of OU’s Attribute-Assisted Seismic Processamgl Interpretation (AASPI) research
team. | have developed my own algorithms, debugdgdrithms written by colleagues
(and my own), developed graphical user interfacasd most important, developed and
calibrated workflows in applying seismic attribsite structurally complex environments
such as the granite basement faulting in the CuglBasin, Vietnam, the faulted and
folded environment of Chicontepec Basin, Mexica amny other places.

Since my goal has been not only the developmentatsd the transfer of
technology, my dissertation will be in form of atliof scientific papers and published
expanded abstracts.

In Chapter 3, | begin with a summary of some oflthsic concepts necessary to
read the subsequent chapters — definitions of velumdip and azimuth, curvature,
reflector shapes, amplitude gradients, and so,fedime of which were developed by me
(Euler curvature and volumetric rose diagrams) afiters that were developed by

colleagues.



Chapter 4 is a paper to be submitted in May 201Bdophysic®n the Cuu Long
Basin, Vietnam, that forms the primary focus of tngsis.

Chapter 5 is a paper to be submitted in May 2040Geophysicson the
Chicontepec Basin, Mexico, which serves as thélion of my attribute interpretation
workflows on a data volume that is difficult, bubnsewhat conventional, in that the
folding and faulting occurs in the sedimentary coturather than basement.

Chapter 6 includes a suite of seven expanded absti@at have presented and
published at international meetings in the U.SAustralia, Vietnam, and Japan, as well
as a paper published in tiarst Break where Satinder Chopra applied some of my
workflows to data acquired over complex faultedlggy from Alberta, Canada.

Each of the above papers and expanded abstrachsllaveed by the appropriate
references.

| conclude this thesis with a snapshot of the Gegpluser Interfaces (GUIs) that
| have developed, along with a few representathadl scripts. | am proud to say that
these GUIs are currently being used by the 16 AAS§lonsors, representing the six
inhabited continents. Although a computer programgnexercise rather than a scientific
contribution, | wish to include it not so much besa of the considerable time invested in
their development, but rather because the ‘clietgraction’ of such software distribution

and support helped my define and clarify our attiebwork flows much more clearly.



Chapter 3 Theory and Methodology

Structural dip, amplitude gradient, and curvature — A 360 perspective

Geologically and mathematically, a planar surfasehsas a formation top, a
dipping bed or a fault surface can be represenyeithd magnitude of its true di@ and
strikeé, or dip azimutly, with respect to North. The true dfpcan be represented by
apparent dipgk and g, along thex andy axes (Figure 1). Figure 2 is an example of a
faulted surface from Phan Thiet, Vietham. The eafmn fault plane (rectangle) is
represented by striké in NE-SW direction, and dipping with magnitudkinto the
direction of unit vector dip.

Seismically, any impedance contrast can scatterggngent from the seismic
source back to receivers. The seismic responsesoiaoth reflector results in aligned
peak and troughs. We can find the dip of a reflettp searching for the dip angle
exhibits the maximum semblance (Figure 3).

There are several popular means of computing vdiienelip components,
including those based on weighted versions of tistantaneous frequency and wave-
numbers (Barnes, 2000), on the gradient strudknmsor (Randen et al., 2000) and on
discrete semblance-based dip searches (Marfur§)200

Figure 4 is a schematic diagram showing a 3D seaaslked estimate of seismic
coherence, for time-migrated seismic data, withaa@mt dip componentpy p,) along
the inline and crossline directions sfft or s/m Apparent dip components are computed
as:

p, =At/Ax, (1a)

p, =At/Dy. (1b)



For depth-migrated seismic data such as our CuugLlsurvey, we simply
computeé and 8, and display them either as components or as dgnituale, 8, and dip

azimuth, ¢, or alternatively as dimensionless apparent dippgaments (g, p,) measured

in ft/ft or m/m.
6, = atan\z/ AX) , (2a)
g =atanf\z/ Ay) . (2b)

The relationship between apparent seismic time aliypsapparent angle dips are:

p, =2Ltan@,)/v, (3a)

p, =2Ctan@,)/v, (3b)
wherev is an average time to depth conversion velocitgrdphic representation pf is
displayed in Figure 5.

Directionally, one can compute apparent dip atamyle ¢ from North through a
simple trigonometric rotation:

P, = P, COSY —¢) + p,sin@y - ¢), (4)
where @is the angle of the inline seismic axis from North

Marfurt (2006) also describes an amplitude gradsedtor attribute that has
inline and crossline componer{ty, g,). We can therefore compute an amplitude gradient

at any angley, from North:

9y =9,Cosl/ —¢) +g,sinEy —¢). (5)

To compute the apparent curvature at an argylegpm the azimuth of minimum
curvature,y, one can slightly modify Roberts’ (2001) descoptof Euler’s formula:

k; =k, Sin*d+k . cosd, (6)



wherekmin andknax are the minimum and maximum curvatures. To comfhdeapparent
curvature at an angye from North one obtains:

kz/J = kmax Sinz(l// _X) + kmin COSZ(‘// _/\/) . (7)

Using equations 4, 5, and 7, | am able to anintateugh a suite of apparent dip,
amplitude gradient, and curvature images, rotaf6f’ from the North, and examine

which perspective best illuminates structural fesguof interest. Figure 6 shows the
workflows to generate these attributes.
Curvature

Planar surface is only one special type of geokdgstrface, or reflector. In the
real world, geological surfaces are commonly fol(fedure 7).

Geometric description
Curvature at any poinE, on a 2D curve is defined by the reciprocal of tdwgius

of the osculating circleR, tangent to the curve at the analysis point (Fi@)rd=or a 3D
surface, we define curvature at a polhtby fitting two circles within perpendicular
planes tangent to that surface at the analysig (igure 9). The reciprocal of the radius
of these two circles give rise to what are callpdaaent curvatures. We rotate the two
perpendicular planes until we find the circle witle minimum radius. The reciprocal of
this radius is defined as the maximum curvatlasg, For a quadratic surface, the tangent
circle contained in the plane perpendicular to th#h the minimum radius will contain
the circle with the maximum radius, whose reciptatefines the minimum curvature,
knin. With the vertical axis being defined as positd@wvn, we will define anticlinal
features to have positive maximum curvature, anttlgyal features to have negative

maximum curvature.



Mathematical description

Fitting a quadratic surface for any point on an lgsia surface, with the
approximation

z(x,y)=axX + by’ + cxy + dx + ey + f, (8)
Based on Rich (2008), one can compute the prinogpavaturesk; and k, as the

eigenvalues of the quadratic surface:

_ a(k+e”)+b(1+d *) - cde+ (a - §)"*

kl (1+d 2 + eZ )3/2 (9)
and
K, = a(l+e’)+ b(1+d22) —chslg— (a-p)"? | (10)
(1+d % +€%)
where
o =[a(1+€)-b(1+d?)]?, (11)
§=[ 2bde—c(1+e2)][ 2ade-c(1+d?)] , (12)

Most references (in both mathematics and geologsfined the maximum
curvature to be the greater of absolute of the pwocipal curvatures; andk, (largest

absolute curvature values)

LK Tk Pl |

e Ky if [k Kk, |

(13)

and minimum curvature to be the smaller of the kibs®f the two principal curvatures

_LKif [k Bk, |

o Uit 1k Kk, | 19

The above definition is related to the definitiontlee first eigenvalue being the

largest in magnitude, regardless of the shape é&@nor convex) of the corresponding



eigenvector that best describes a quadratic surRalgerts (2001) also defines the most-

positive and most-negative curvatures

Koos=(@+b) +[(a-b)* +c*]"*, (15)
and

keg=(a+b) —[(a—h)* +C1*. (16)

In the special case of zero dip, (i.e., at thetaed troughs of synclines and at the
top and bottom of domes and bowls, we hawee = O, such that at these locations only

Koos=k1, (d=0, e=0) 17)
and

KnegK2 , (d=0, e=0). (18)
Shape index and curvedness

In principal, the geologic structure can be visedi by animating between the
two principal curvaturé; or k.. A simpler image can be obtained by combirkpgndk;
into the shape index, s

s=2ATAN 2tk |
T kl_kz

(19)
and curvedness

c= (k7 +k?)¥? (20)

where values of s = -1.0, -0.5, 0.0, +0.5, and ;tih@icate bowl, valley, saddle, ridge,
and dome quadratic shapes (Figure E®ure 11 is an example from Chicontepec basin,
displaying shape index modulated by curvednesthdiigure, ridge, valley, dome, bowl,

and saddle shape are presented.



Curvature Lineaments — Multi-attribute displays and rose diagrams

Combining multiple attributes in a single imageoal$ us to visually ‘cluster’
mathematically different attributes that are sewvisito the same underlying geology,
which in Cuu Long Basin are faults and fractureéiments. Since the ridge or the valley
component of curvature might be related to thehupvtn size or down-thrown side of
faults, and minimum curvature azimuth in this ca&sdhe strike of these features, |
combine these attributes, and represent the reatdtsatively, as a 2D color display, or
as a rose diagram. In Figure 12, | show a compasisge of the ridge component of
curvedness;,

c, =ceG(s-05), (20)
where G is a function of shape index, as plottefigure 13, and minimum azimuth of
curvature,ymin from DiamondM field, Texas. The lightness repreésethe lineament
component of curvedness, which in this case iseridgd hue represents the azimuth of
minimum curvature. The black area is where the edimess is low, or flatter zone.

For a more conventional display of these lineamemésgenerate rose diagrams
for any definedh-inline by m-crosslineanalysis window. Within each analysis window,
we threshold the ridge (or valley) componentswiednessg, (or ¢,), bin within each
voxel according to its azimutlymin, and sum the threshold-clipped values of the rioige
valley components, thereby generating volumetrse rdiagrams over a suite of windows
spanning the entire seismic volume. A 3D rose diagon a time structure map of top
reef from DiamondM field is displayed in Figure 1. this figure, locations of no
lineaments, lineaments increasing, decreasingtimgtaconstant, unidirection, bidirection

are presented.
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Summary

There are many geometric attributes that can el ue interpret geological
structure. In this chapter, | have summarized tie®rty and mathematical foundation for
apparent dip, amplitude gradient, curvature, anchlzoations of curvature attributes
such as the shape index with curvedness, ridgeedoess with minimum curvature
azimuth in multi-attribute display and rose diagsamhe applications of these methods

are presented in the subsequent chapters.
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List of Figures

w - dip azimuth

¢ : dip magnitude
&, - inline dip

6, . crossline dip
& strike

v

Figure 1. Mathematical definition of a dipping surface. Bgnvention,n = unit vector
normal to the surface = unit vector dip along the surfac®;= dip magnitudey =
dip azimuth;¢ = strike; & = the apparent dip in the plane; andd, = the apparent
dip in theyz plane (modified after Chopra and Marfurt 2007).

Ke GAé, Phan Thiet

Figure 2: Outcroprof fracture granite basement in Phan TMitnam. The exfoliation
fracture surface (rectangle) is represented btiiee & in E-W direction, dipping
@into the direction of unit vector dgp(image courtesy of PetroVietnam).
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most coherent reflector in seismic data

Instantaneous dip =
dip with highest
coherence

Dip with
maximum
coherence

Analysis Point

(modified from Marfurt et al, 1998)

Figure 3: A schematic diagram showing a 2D estimate of cateereThe high coherence
response represents a seismic reflector (modifted larfurt et al. 1998).

3D estimate of coherence and dip/azimuth
N(m)

-

]I
o

A

' t (ms)

Figure 4: A schematic diagram showing a 3D search-based &stiof coherence, in
which py indicates the inline angy, the crossline components of vector time dip
(modified after Marfurt et al. 1998).
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AX

T

v Az=(4t/2) *v py = At/ Ax
Ax = # of traces * trace spacing 6, = atan (Az/Ax)

pe=2 *tané./v

Figure 5: A schematic diagram showing the calculation ofre@gseflector dip.& = the
apparent dip magnitude in tlalirection.py = the inline components of vector time
dip. v = average time to depth conversion velocity.

a)
Inline
s AASPI dip/grad Directional
il processing software 7 dip/grad
cube i attribute
Crossline /
dip/grad | )
b)
Inline dip L
component| Directional
- MSP! curvature
processing software attribute
Crossline =
dip
‘component|

Figure 6: Processing workflow to generate directional attisu (a) Generating
directional dip or amplitude energy gradient atitédofrom seismic amplitude. (b)
Generating Euler curvature attributes from inline arossline dip attributes.
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Figure 7: Folding surface, Lago Argentino
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Figure 8: Definition of curvature. For a particular poift on a curve, green arrows
indicate normal vectors), to the curver is the vector tangent to the curve at point
P.Curvature is defined in terms of the radius of¢hele tangent to the curve at the
analysis point. Anticlinal features have positiven@ature kp>0), and synclinal
features have negative curvatukep(<0). Planar features (dipping or horizontal)
have zero curvaturd, =0) (modified after Roberts, 2001).
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Figure 9: A quadratic surface with the normal,defined at poinP. The circle tangent to
the surface whose radius is minimum defines the nhade of the maximum
curvature |Knad=1/Rnin (in blue). For a quadratic surface, the plane @edgular to
that containing the previously defined blue cirald contain one whose radius is
maximum, which defines the magnitude of the minimemnvature,|Kmin|=1/Rnax
(in red). Graphically, the sign of the curvaturellvide negative if it defines a
concave surface and positive if it defines a conwxface. For seismic
interpretation, we typically define anticlinal sacks as being convex up, such that
knax has a negative sign akgi, has a positive sign in this image.
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Figure 10: The definition of 3D quadratic shapes expressed asction of the most-
positive principal curvatureg;, and the most-negative principal curvatutg, By
definition, k; > ko. Thus, if bothk; andk; are less than zero, we have a bowl; if both
are greater than zero, we have a dome; and if &a@hequal to zero, we have a
plane.
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Attributes applied to Cuu Long Basin, Vietham
Chapter 4 Attributes applied to the Cuu Long Basin, Vietnam

Description

Oil and gas production from fractured granite basstmeservoirs plays a very
important part in the oil and gas industry of Veatm with 85% of crude oil in Vietnam
produced from the basement. Due to the complexitiiis non-layered type of reservoir,
the seismic data quality are very low. The follogvpaper, to be submitted &eophysics
journal of Society of Exploration Geophysicists May 2010, shows how seismic
modeling, careful reprocessing, and depth migratadlowed by attribute analysis can

help delineate these important basement fractures.
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Enhanced seismic data processing and interpretatiorfor fractured
basement in the Cuu Long basin, Viethnam

Ha T. Maf, Mai T. Tan, Phan T. Viehand Kurt J. Marfurt
The University of Oklahoma, USA

’Hanoi University of Mining and Geology, Vietnam
3petroVietnam, Vietnam

ABSTRACT

The fractured granite basement is the primarymil gas reservoir in the Cuu Long
Basin, Vietnam. Due to the complexity of this nagdred target, seismic data quality
within the basement is very low. For these reasdans, important to apply improved
seismic data processing workflows to improve tlaetinre imaging quality.

Our studies in the fractured granite basement efGiu Long Basin show that
application oft-p deconvolution and parabolic Radon transformsrawgs the signal-to-
noise ratio by suppressing multiples, thereby riwvgdhe top of the faulted basement.
Using a multi-arrival-solution controlled beam na@gon (CBM) further improves the
signal-to-noise ratio, and helps image steeply idgppliscrete fracture events. Applying
geometric attributes such as apparent dip, enem@pient, and curvature further delineate
these faults and fractures. Mapping fracture intgrad orientation assists in delineating

sweet spots and aids in planning horizontal wells.

LIST OF KEYWORDS

Cuu Long basin, fractured basement, beam migraseismic attributes.
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INTRODUCTION

The basement of the Cuu Long Basin is composedefCgnozoic granite rocks.
They were strongly deformed, fractured by tectaents, exposed to weathering, and
hydrothermally altered. These processes created #haictural highs and a network of
fractures with sufficient pore space and permetghbié form an economic hydrocarbon
reservoir.

Due to the complexity and non-layered nature of streicture, the seismic data
contain a lot of noise and multiples. It is thereferitical carefully process, filter, and
migrate the data to suppress multiples and othisertcains thereby revealing faults and
fractures within the upper basement reservoir.

Throughout studies, we see that applyiag deconvolution and parabolic Radon
transforms do a good job on suppressing noisegttaband removing multiples. Dealing
with complicated steeply dipping faults in the arapplying multiple-arrival migration
like controlled beam migration helps image everasffractured basements. Calculating
geometric attributes, such as apparent dips, engrgglients, and curvature, we can
generate shaded-relief maps from orthogonal ateg(Barnes 2003), hence highlighting
the faults and features perpendicular to analyisection. All of these processes help the
interpreter to create a better map of the fault &adture networks, providing better
understanding of the basement reservoir, and tgmlésgtter drilling solutions.

We begin with an overview of the unique geologiaypin Cuu Long Basin. Next,
we describe a suite of seismic models to betteerstand fracture illumination and the
effectiveness of alternative multiple suppressioatsgies. We then apply our processing

flow to depth migrate the seismic volume. We intetpour images with azimuth-
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sensitive attributes to enhance our fractures. \Weclode with a discussion on the
effectiveness of our workflow.
CHARACTERISTICS OF PRE-CENOZOIC BASEMENT IN CUU LON G BASIN

The Cuu Long Basin is located on the Southeastireamtal shelf of Vietnam
(Figure 1). Figure 2 shows a geological cross-eactindicating the sequence and
relative thicknesses of the E, D, C-Lower, Middtel &Jpper Oligocene, as well as the B-
Miocene layers. These sediment sections directigrlay the Pre-Cenozoic basement
granite rocks. Tests and production data confirat th vast reservoir exists in the
basement’s fractured granite rock, with the poracsepcontaining oil. This target is the
main exploration objective in Vietnam (Tan, 199002).

The structure of the Pre-Cenozoic basement of tha Cong Basin is very
complex, being composed of magmatic rocks formedlitierent stages. The main
lithology of the basement consists of granitesngdiorites, diorite, quartzite-diorite, and
metamorphic rocks. The age of these basement isdkse Jurassic - early Cretaceous
(97-178 Ma). The basement has been deformed antlifeal by a number of different
factors, including rifting, followed by uplift, wélaering and hydrothermal alteration
(Figure 3). Tectonomagmatic activities occurredJurassic-Cretaceous and ended in
mid-Miocene. The combined effects of tectonic defation and a subsequent diagenesis
have produced a fabric that is a mixture of fraesuwvugs, forming favorable conditions
for hydrocarbon from the Oligocene-Miocene sourgeks to migrate and accumulate
into the basement highs.

Surface weathering of the granite during exposarsub-aerial conditions prior to

the Oligocene resulted in the development of a mdm®rosity enhancement near the top
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of the basement. Weathered zones were only deteceedew wells with their thickness
varying greatly.

Where present, the weathered zone makes a significacrease to porosity and
well productivity, but its sporadic and restrictddvelopment limits the impact on the
reservoir performance as a whole. In contrast,ftheture systems in basement rocks
created favorable conditions for hydrothermal alien, and dissolution, confirmed by
the presence of secondary minerals such as caeibéite, and quartz encountered in the
fractures.

Given these characteristics, the fractured grapésement reservoir in southeast
continental shelf of Vietham is one of the more sural reservoirs in the world. For this
reason, we need to recalibrate seismic processidgréerpretation workflows that have
been perfected for more traditional reservoirs entered in layered sedimentary rocks.

SEISMIC MODELING

The pre-Cenozoic granite basement lies at greahdeqler a thick sediment cover
is structurally complex, and lacks a clear beddwatacter. The porosity of the basement
reservoir is composed of fracture porosity (inchgdvuggy and cavern fracture porosity),
which differs from the inter-granular porosity seensedimentary rocks. The unique
characteristics of the Cuu Long basement resemegjuire a careful reevaluation and
possibly a unique processing, imaging, reservoiaratterization, and exploitation
workflow. Fagin (1991) found seismic modeling to lam effective tool when
encountering new seismic structures and plays.

Based on early Kirchhoff depth migrated images &mic, it was possible to
generate a detailed model of the basement oil veserThe model was made for the

purpose of studying the wave propagation withicttreed granite, and provided a basis to
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propose an optimum seismic processing sequenc® sesmic model representing the
fractured basement is shown in Figure 4, where ote that the velocity field varies both
vertically and laterally.

The lithology can be represented by a suite ofticlawerburden layers overlying
the granitic basement. The depth of the top of itgdrmasement ranges between 2km and
6km. Where the upper Oligocene lies directly gm #b the basement, the large velocity
contrast provides a strong seismic response. Wiherdower Oligocene lies on top of
basement, the velocity contrast is small, making $signature of the top basement
seismically weak.

2D finite difference gathers were simulating usthg same source and receiver
spacing and frequency as the 3D survey. These sauticate that simple and interbed
multiples reflections are originating in the Oligne mask the much weaker internal
basement fracture response,

Figure 5a and 5b show the modeled seismic gathéis and without noise
suppression using parabolic Radon filters. Note tha basement diffraction signal is
overprinted by high amplitude multiples (Vien, 2003

SEISMIC PROCESSING AND IMAGING

Given the findings from our model study, we areedbl perfect our processing and
imaging workflow. Although Sonic log measuremeritews the granite matrix velocity to
be between 5.4-6.0 km/s, some imaging studies fabhatla velocity of 4.6 km/s was
more applicable for the migration and stacking oesg of the intra-granite fractures.
The initial velocity model was built on this premis

Velocity updating was performed using tomographgsda on residual curvature

analysis of common image gathers. While this metlsodcessfully handled the
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overburden clastics, defining the velocity for tteeper zone was difficult because of the
weaker primary reflectivity, remnant multiple comiaation and the general insensitivity
of the method to velocity perturbations at depth.

To continue the velocity update into the E-Sequeacd Basement, a stacking
velocity sweep method was used. The interpretedH tyorizon was fixed as the upper
boundary of the stack sweep. The velocity fieldwabthe Top E remained static, while
the velocity field below Top E was smoothed andduss the reference velocity.
Percentage variations around this reference vgloate calculated, generating a total of
seven different velocity models to be input intggration — in this case, beam migration,
thus generating seven controlled beam migrationMCBtacks. The seven stacks were
analyzed at each location and depth, and the peefestack response picked as one
would for any velocity analysis. The criterion foicking was based on both the quality
of the signal and the geologic plausibility of teucture. After all locations were
analyzed, the pick were smoothed and input intot@Dography to compute the final
velocity.

ENHANCEMENTS OF THE STUDIES IN FRACTURED BASEMENT

In order to enhance the data quality and imagintheffractured basement in the
Cuu Long Basin, we usedp deconvolution and parabolic Radon transformsntmlel
and remove multiple reflections, thereby revealthg weaker diffractions from the
fracture basement. We used controlled beam migratiomage steeply dipping fault and
fracture plane events. Finally, we used seismithates to further delineate and map our
fractures.

Radon and z-p filters
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Our model study shows that there are many typesultiples with different nature
and characteristics that affect the quality of pnecessed data. Two types of multiples
are particularly important: high amplitude surfastated multiple reflections from a
number of strong reflection surfaces, and intemaltiples between the strong reflection
surfaces of the Lower Miocene, Oligocene, and tagseBnent. We find that-p
deconvolution and parabolic Radon transforms doalgob in enhancing the signal-to-
noise ratio, allowing us to image the diffractiognals from the fractured basement.

Based on their properties, multiple suppressionhodg can be based on either
prediction criteria or on NMO differential. In tl&uu Long Basin, the primary reflections
in the deep part of the section are normally weakppared to multiple energy left after
applying predictive deconvolution before stack andffset traces.

In general, multiples seen on far offset traces b& periodicity seen in near offset
traces. Treitel et al. (1982) showed that this qubcity can be preserved and thereby
exploited in thet-p domain to suppress multiples. Multiples from #gi&llow section
often have a greater move-out than primaries agiat the same time. Hampson (1986)
showed that parabolic Radon transforms can effelgtimodel such events, which can
then be subtracted from the original data.

Internal reflections generated between reflectiarfages of the Lower Miocene
and Oligocene are commonly characterized by a derable residual normal move out.
Unlike F-K demultiple filters, the Radon filter athpts to more equally suppress
multiples for all traces including near- and fafset traces. Figures 6a and 6b show
prestack time migrated images without and wih deconvolution and parabolic Radon

transform filtering (Tan, 2001; Vien, 2003). We @dhat after effectively eliminating
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multiples by thet-p deconvolution and parabolic Radon transformsgsses, signals
from the basement are visible.
I mprovementsin Seismic Imaging in Fractured Basement

Both Kirchhoff and controlled beam migration (CBMgre used in the final pre-
stack depth migration. Kirchhoff migration was nanimage the shallow section and to
facilitate any possible AVA analysis, while conteal beam migration was used to image
the top of granite basement and the fracture zimsgde the basement.

Controlled beam migration has an advantage of emihgrihe signal-to-noise ratio,
particularly for steeply dipping events. In a mediof complex velocity, a subsurface
point may have multi-arrival ray paths. Since cortianal Kirchhoff migration is a
single-arrival migration algorithm, only one of seal multi-arrivals is imaged,
depending on certain predefined criteria. The remgi events are ignored, which can
result in poor imaging. Wave equation migrationslaet use ray paths to represent the
propagation of wave fronts, and thus accounts Hoaravals, and in general, produces
cleaner images. However, it does not image stediplying events such as our fault and
fracture planes.

Controlled beam migration has the advantage of HahKirchhoff migration and
wave equation migration. It can handle multi-arrivay paths, and preserve steeply
dipping reflection, resulting in a cleaner imageafR1987; Sun, 2000; Hill, 2001; Bone
et al., 2008). A good review of CBM with applicat®to this survey can be found in
Gray (2009)

Figures 7 and 8 show a comparison of the Kirchimoi§ration and the CBM
migration on vertical and depth slices. The integsdment events that were barely visible

in Kirchhoff migration are clearly imaged with CBM.
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The improvement in imaging allows a better undeiditag of the orientation,
spacing and potential connectivity of the fractmo@es within the basement. It also helps
further attribute analysis and fault interpretatisithin the basement, and improves our
confidence in targeting development well traje@syiand thus assists in optimizing
productivity.

Attribute illumination of basement faults

Geometric attributes such as coherence and cuevaare been very successful in
delineating faults in sedimentary basins. Becaudste absence of stratified, coherent
reflectors, illumination of basement faults is mpreblematic than illumination of faults
within the sedimentary column. In order to addréesse limitations we make simple
modifications to well-established vector attributesluding structural dip and azimuth
and amplitude energy gradients to provide greatesrpreter interaction (Mai et al.,
2009).

Barnes (2003) showed how volumetric estimatesratciral dip and azimuth can
be used to generate shaded-relief volumes. Basedi®idea, we could mathematically
generate simple axis rotations and project the entbogonal dip or energy gradient
components along the surface against the direofidtumination.

A planar surface such as a dipping horizon or fealt be presented by its true dip
azimuth, 8 and strike,¢s. The true dipg can be presented by apparent déhsand &,
along thex andy axes (Figure 9).

For time-migrated seismic data, it's more conventenmeasure apparent seismic
time dip components along inlin@,f and crosslineg) directions ins/ft or s/m For

depth-migrated seismic data such as our Cuu Longguwe simply computé, and§,.
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There are several popular means of computing vdhienaip components,
including those based on weighted versions of tistantaneous frequency and wave-
numbers (Barnes, 2000), on the gradient strudknmsor (Randen et al., 2000) and on
discrete semblance-based dip searches (Marfur§)200

We can compute apparent dip at any angléfrom North through a simple
trigonometric rotation

P, = P COS@ —¢) + p,sin@ —¢), (1)
where gis the angle of the inline seismic axis from North

Marfurt (2006) also describes an amplitude gradueator attribute that has inline
and crossline componenfg,, g,). We can therefore compute an amplitude gradient a
any angley, from North:

9, =9.Cosf-¢)+g,sin -¢). )

Using equations 1 and 2, we are able to animateigfir a suite of apparent dip,
amplitude gradient images at increments &t 80see which perspective best illuminates
structural features of interest.

Results

We begin by computing apparent dip and energy-wedyjramplitude-gradient
methods, near the top of basement (Figure 10).

Figure 11 shows depth slices at the top of basemeset (2850 m) through the
apparent dip volumey, as a function of azimuth, using equation 1¢or °, 3¢°, 60°,
90°, 12¢°, and 156. White arrows indicate the major NE-SW trendingmrfaults. Red
arrows indicate subtle faults running NE-SW andticgtinto the basement. Yellow

arrows indicate the faults that cut across therasg in the N-S and NW-SE directions.

31



Attributes applied to Cuu Long Basin, Vietham

The reflector dip enhances different lineamentuies as the direction of illumination is
rotated, as we can see by comparing Figures 1laladnd Since the dip attribute
measures the dip of a reflector surface, the dijbate computed on or near the top of
basement reveals lineaments well. However, if vak Ideeper inside the basement, the
dip estimates become noisier, making it hardenterpret the results (Figure 12).

In contrast, amplitude gradients are computed alongl dip and better delineate
high energy cross cutting fractures. Apparent atndli energy gradient results were
generated at the illumination directigh = @, 30°, 60°, 9¢°, 12¢°, and 158 from the
North. Figure 13 shows depth slice at 3100 m cgttimough the top of the granite
basement. White arrows indicate lineaments thatini@rpret to be indicative of the
major NE-SW trending faults that run along the katany of basement top. Red arrows
indicate subtle faults running NE-SW and cuttingoinhe basement. Yellow arrows
indicate the faults that cut across the basemem;$ and NW-SE direction.

By rotating the direction of illumination, the appat energy gradients enhance the
signature of faults or fractures that are perpandicto the illumination direction. At the
apparent direction ofDand 158, we see NE-SW fractures (Figures 13a and 13f)lewhi
at 60° and 96, we see N-S or NW-SE fractures.

CONCLUSIONS

The discovery of oil bearing reservoir in the fraed zones in basement rocks has
opened a new trend for oil and gas prospectingiegindm. The reservoirs in basement
are weathered rocks formed under the influencesctiohic deformation, hydrothermal
alteration, and weathering processes. Highly frectuzones with good reservoir

properties are usually concentrated in the basehghs, controlled by regional faults.
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Seismic modeling in Cuu Long Basin shows that tigmed from the basement
consists of weak diffractions masked by a strongecent noise. Multiple reflections in
particular significantly reduce the signal-to-nors¢gio in the deeper parts of the section.
These model studies provide guidance in selectmgfgective processing methods and
parameters to improve the seismic imaging of thetfired basement in Cuu Long Basin.
We foundt -p deconvolution and Radon parabolic transformaechs our signal-to-
noise ratio, allowing us to image the diffractesictured basement signal.

Controlled beam migration effectively images thp basement and intra-basement
events. The image quality of CBM is clearly supetio that of Kirchhoff migration.
Considerable care and multiple CBM iterations ageessary to correlate with well logs,
in order to provide an accurate migration result.

Volumetric attributes such as dip and amplitude rgnegradients, are multi-
component in nature and are thus amenable to wstiah from different user-controlled
perspectives. By defining a suite of azimuths teestigate, the interpreter can enhance
subtle faults and fractures that might otherwisartigsed, or that are more likely to be
open rather than sealed.
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generated during rifting of the basin.
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Figure 6: Time-migrated seismic section showin théJBaser(aarib
re-processing with Radon andgb filters applied.
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Figure 8: Comparison of (a) Kirchhoff depth migration and) (tontrolled beam

migration on a vertical seismic section. Yellowelimdicates location of depth slice
displayed in Figure 7.
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Definition of reflector dip

8: dip magnitude
w: dip azimuth)
0, (crossline dip)
0, (inline dip)

& (strike)

| .I'|||!|||||;l‘;'
I

Figure 9: Mathematical, geologic, and seismic nomenclatwedun defining reflector
dip. By conventionn = unit vector normal to the reflect@= unit vector dip along
the reflector;@ = dip magnitudey = dip azimuth;é = strike; & = the apparent dip
in thexz plane; andd, = the apparent dip in the plane (after Chopra and Marfurt
2007).

Depth (km)
L
w

4.0

- — _ - -
Figure 10: Vertical seismic section showing top of basememd aterpreted faults.
Depth slices shown in Figure 11-13 are indicategre@en and yellow lines.
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Flgure 11: Depth slices az-2850 m through apparent dipy, computed at apparent
direction ¢=0°, 3¢°, 60°, 9¢°, 120°, and 158 from North. White arrows indicate
lineaments were interpreted as main NE-SW faultsiing along basement top.
Red and yellow arrows indicate faults and fractuvékin basement.

Flgure 12: Depth sllces atz-3100 m through apparent d|p¢, computed at apparent
direction ¢=0° and 6& from North.
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e

R — = B ) w150 ]}
Figure 13: Depth slices atz=3100 m through apparent amplitude gradienty, g
computed at apparent directigir0°, 3¢°, 60°, 9¢°, 12, and 158 from North.
White arrows indicate lineaments were interpretednain NE-SW faults running
along basement top. Red and yellow arrows indifaidts and fractures within
basement.
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Chapter 5 Attributes applied to the Chicontepec basin, Mexico

Description
Geometric attributes such as coherence and voliomirvature are commonly

used in delineating faults and folds. While fawdttprns seen in coherence and principal
curvature measures are easily recognized on tiroesslthey are often laterally shifted
from each other. The kind and degree of laterdt shian indication of the underlying
tectonic deformation. This tutorial chapter illages some of the lateral relationships
between coherence and the various curvature measarerder to give a better
understanding of tectonic environment based onrseiattributes. The dataset used in
this research is from a high-quality, structuralmplex 3D survey acquired within the
Chicontepec basin, Mexico.

The paper is to be submitted @Geophysicsjournal of Society of Exploration

Geophysicists in May 2010.
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Attribute-aided interpretation of complex structures, an example from
the Chicontepec basin, Mexico

Ha T. Mai, Kurt J. Marfurt, University of Oklahomprman, USA
Sergio Chévez-Pérez, Instituto Mexicano del Petrdle

ABSTRACT

Geometric attributes such as coherence and volion&irvature are commonly
used in delineating faults and folds. While faudttprns seen in coherence and principal
curvature measures are easily recognized on tiroesslthey are often laterally shifted
from each other. The kind and degree of laterdt shian indication of the underlying
tectonic deformation. Unlike coherence, curvatus® amages folds and flexures that
link fault systems. With proper understanding oé ttectonic environment, a skilled
interpreter can recognize horsts and grabens, legl@tfaults, relay ramps, and pop-up
structures on simple time slices. In this tutopaper, we illustrate some of the lateral
relationships between coherence and the variovattue measures using a high-quality,

structurally-complex 3D survey acquired within theicontepec basin, Mexico.

LIST OF KEYWORDS

3D Seismic, Attributes, Curvature, Chicontepec
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INTRODUCTION

While coherence attributes measure lateral chamgtése waveform and allow us
to map reflector offsets, lateral changes in graphy, and chaotic depositional features,
volumetric curvature attributes measure lateralngkea in dip magnitude and dip
azimuth, and thus allow us to map folds, flexuresildups, collapse features, and
differential compaction. Both attributes are usedely in detecting faults, with each
attribute having its advantages and disadvanta@ekerence accurately tracks vertical
faults cutting coherent seismic reflectors. Forpthg faults, coherence often exhibits a
vertically-smeared stair-step appearance on vésiazes, due to most implementations
being computed on vertically-oriented windows pafalo the seismic traces. Where
there is fault drag, reflector offset below seismesolution, or antithetic faulting that
appears as fault drag, dip-steered coherence ntajumsinate the fault at all. For faults
with very small displacement, the reflectors apptathave a subtle change in dip,
resulting in the lack of a coherence anomaly; mattieese features appear as a slight
flexure resulting in a curvature anomaly.

For faults having significant offset, curvature avadies often track dip changes on
either side of a fault due to drag, antithetic fiagl, or syntectonic deposition. For this
reason, curvature anomalies are often laterallglated from the fault trace. The most
common way to calibrate attribute anomalies seertiroe slices is to visualize their
relationship with conventional vertical slices thgh the seismic amplitude data.
Typically, the interpreter animates through a soitevertical slices to better understand
the attribute anomalies. However, given an undedstg of the tectonic style, we will
show how a skilled interpreter can visualize thef80lt and fold relationships with only

a minimal amount of calibration with the verticahplitude data.
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Murray (1968) provides what we believe to be thetfpublished application of
curvature to the detection of subsurface fracturager, Lisle (1994) computed curvature
from the Goose Egg dome outcrop and correlatedfriatture density. McQuillan (1974)
showed air-photo scale of fracture patterns relatetbasement-controlled lineaments.
Roberts (2001) showed the value of curvature coetpérom interpreted surfaces from
3D seismic surfaces. Stewart and Wynn (2000) anglizeier et al. (2003) showed the
value of computing curvature at multiple scalegvpling long-wavelength and short-
wavelength images. Al-Dossary and Marfurt (2006eegded these ideas to volumetric
computations.

In this paper we emphasize the interpretationdherathan the computational
aspects of volumetric curvature and shape indsleswing how it is complementary to
the more widely-utilized coherence and other edgedion attributes.

We begin by defining several of the more commorvature attributes, and how
they can be computed volumetrically. Given thedendi®ns, we propose using the two
principal curvaturesk; andk,, rather than the more commonly used maximkig, and
minimum, Knin, curvatures or most-positivdges and most-negativekneg curvatures.
Next, we compute and interpret these attributeaafBD survey acquired over complexly
folded and faulted Mesozoic section in the deeper @f the Chicontepec basin, Mexico,
to illustrate their lateral relationships. We cam# with a summary of our findings for
this type of deformation and discuss potential facts and pitfalls in attribute
interpretation.

GEOMETRIC DESCRIPTION OF CURVATURE
Curvature at any poink, on a 2D curve is defined by the reciprocal ofrédmdius of

the osculating circleR, tangent to the curve at the analysis point (FiguceFor a 3D
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surface, we define curvature at a polihtby fitting two circles within perpendicular
planes tangent to that surface at the analysig (igure 2). The reciprocal of the radius
of these two circles give rise to what are callpdagent curvatures. We rotate the two
perpendicular planes until we find the circle wile minimum radius. The reciprocal of
this radius is defined as the maximum curvatkyg, For a quadratic surface, the tangent
circle contained in the plane perpendicular to thigh the minimum radius will contain
the circle with the maximum radius, whose reciptatefines the minimum curvature
kmin. With the vertical axis being defined as positd@wn, we will define anticlinal
features to have positive maximum curvature, anttlgyal features to have negative
maximum curvature.

The interpretation of curvature volumes computecerowylindrically-folded
geologies (i.e., those defined by a simple 2D esasdion) is straightforward. For the
anticline shown in Figure 3, the strongest maxinourvature value will be aligned with
the hinge line of the fold, resulting in positiveaanalies along the anticlinal fold axis and
negative anomalies along the synclinal fold axis.

Along planar portions of the limbs, the curvatuedues will be approximately zero.
Since the layers are continuous, the corresponsimgmic waveform for simply folded,
constant thickness layered geology would be coatisualong the fold, such that dip-
steered discontinuity measurements such as colewhanot show any anomalies.

The attribute expression of faults can be conskdgranore complicated. For
normal faults with vertical displacements greateant half a seismic wavelength, we
often see a discrete discontinuity that is cleddlineated by a low coherence anomaly.
For highly competent rocks we may see no volumetnivature if the reflector dip on

both sides are equal (Figure 4a). However, commw@\see drag on either side of the
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fault, which may be either through plastic defonorator through a suite of conjugate
faults (Figure 4b). Parallel to the fault strikeg wften have ramp structures, generating
more complicated 3D curvature anomalies. For arele@ outcrop analysis of such
features we direct the reader to a recent pubdicdiy Ferrill and Morris (2008).

Listric fault geometries associated with synteatomleposition can also be
complicated. On the footwall, we may see verydittleformation, with the sediments
maintaining their original attitude at some anglethie fault face. On the hanging wall,
the reflectors rotate with depth, often maintaingngear-normal relation to the fault face.
We may also see a positive curvature anomaly ovellaver anticline if one exists
(Figure 4c). Coherence does a good job at delimgalie fault dislocation. Deeper in the
section, as the fault begins to sole out, both mtee and curvature images become
noisy and less easily interpreted.

MATHEMATICAL DESCRIPTION OF CURVATURE

Curvature is one of the fundamental componentsiftérdntial geometry and is
used routinely in 3D computer graphics (Salomon520@nedical (Chen et al. 2007),
facial recognition (Bruner and Tagiuri, 1954; Mithm and Parker, 1977), and molecular
docking (Tripathi, 2006). Mathematicians definevaiure as the eigenvalues of a local
surface in 3D Gassmannian space (Guggenheimer).1977

In this paper we use the same nomenclature as Ro#001) who discussed
curvature computed from interpreted horizons. Afl @aur computations will be
volumetric rather than horizon-based and are laulpreviously-computed estimates of
inline and crossline dip. Currently, there are edst four well-established means of
computing volumetric dip based on complex tracalyamis (Barnes, 2000), the gradient

structure tensor (Randen, 2000), coherence-basexhisg methods (Marfurt et al., 1998;
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Marfurt, 2006), and prediction error filters (Fom2002). Rather than fitting a quadratic
surface to a point on a picked surface with the@pmation
z(x,y) =ax’ +by* +cxy+dx+ey+ f | (1)

we define the quadratic surface through the irdine crossline derivatives

pX - 02(6);, y) =d ’ (2)
and
_0z(xy) _
vy oy e. 3)

Since curvature involves'@derivatives of structural elevation (or time fomé-migrated

data) one needs to compute the derivatives

oy (X Y) _

FYamRa @)
apy (X! y)
———=2b

ay ’ (5)

and

apy (. y) _ Py(xy) _
oy OX ' (6)

We improve upon Al-Dossary and Marfurt (2006) whmmputed derivatives on time
slices by using full 3D derivatives, shown in Figub. This modest improvement
significantly improves the appearance of curvaturd shape images on vertical sections.
Given these five quadratic coefficients Rich (2068jines the most-positive and most-

negative principal curvaturek; (andky) to be

_ a(+e®)+b(k+d *) - cde+(a — p)"*
(1+d 2 + e2)3/2

K, , (7)
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and

k., = a(]_+ez) + b(l+d 2) —cde- (OC - ﬁ)llz

2 (1+d 2 + eZ )3/2 ! (8)
where
a=[a(1+e*)-b(1+d?)]? (9)
B = 2bde-c(1+e2)][ 2ade-c(1+d?)], (10)

We conclude our mathematical discussion with Reb&001) definition of the shape

index,s

T kl - k2 ' (11)
and curvedness;

S=

c=(kz+ie)”. (12)

The values o= -1.0, -0.5, 0.0, +0.5, and +1.0, indicate bowalley, saddle, ridge, and
dome quadratic shapes.
MULTIATTRIBUTE VISUALIZATION

Guo et al. (2008) provide a tutorial showing haw use the HLS model to
modulate one attribute by another. Kidd (1999) stwbwow transparency (1.0-opacity)
can be used to blend two attributes. In generalfimee that blending works best when
one of the images is plotted against a polychramadlor bar, while a second is plotted
against a gray scale. Later, we illustrate thiscephin Figure 6, where we plot the shape
index modulated by curvedness against a 2D huéakgls color map co-rendered with
seismic amplitude plotted against a gray scalesatdo be 50% transparent (Figure 6c).,

and then co-rendered with coherence where highrenbe is transparent (Figure 6d).
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APPLICATION TO THE CHICONTEPEC BASIN, MEXICO

In order to illustrate the lateral relationshipafr definitions of the most positive
and most negative principal curvatures and cohereme use a 3D seismic data acquired
over the Amatitlan area of the Chicontepec basimgufie 7). The Paleocene age
Chicontepec formation consists of turbidities aresmtransport complexes derived from
the Sierra Madre Oriental to the west with perhapsinor component from the Golden
Lane high to the east. The underlying Mesozoic isects structurally deformed,
providing accommodation space for the Tertiary segas, with some faults cutting the
exploration objective. The seismic survey is ofhhiguality, with detailed mapping
complicated by difficulties in distinguishing zongsat are geologically chaotic such as
mass-transport complexes and zones that are gaoalhyschaotic, due to overlying
volcanic intrusive and extrusive rocks as well emaa of low seismic fold (Pena et al.,
2009).

Figure 8 shows the most-positive curvature anorsdgs in yellow, and the most-
positive principal curvature anomalids, in red. On the right side of the imada,
exhibits an anomaly along the axis of a dippingule (red arrow) whilé,os exhibits an
anomaly that is correlated to the axis of a lessaggcally-interesting part of the fold
with respect to the horizontal (yellow arrow). the gently dipping areas seen on the left
side of the imagek; andkps are nearly identical (orange arrow).

Multiple volumetric attributes (most-positive cutuee k,,s most-negative
curvature, kyeg maximum curvature kmax Mminimum-curvature, kmin, mMost-positive
principal curvaturek;, most-negative principal curvatur&, azimuth of minimum

curvatureymin, and energy ratio coherencgwere calculated from the seismic volume.

53



Attributes applied to Chicontepec Basin, Mexico

The appearance of anticlines and synclines

Figure 9a shows a cartoon of the anticlinal featuneesponding to the green picks
line in Figure 9b. Since there are no discreteepddir offsets present along the interpreted
horizon, there are no significant coherence an@saeen in Figure 9c. However, the dip
along the interpreted horizon varies laterallyog the axis of the anticlinal fold, we see
anomalies in the most-positive principal curvatgire red). Where the reflectors are
synclinal, we see anomalies in the most-negativecipal curvature (in blue). Along
planar dipping areas of the interpreted horizon,s&e no curvature anomaly. In the
vertical section, the most-positive principal cutra defines the anticlinal fold axis. The
most-negative principal curvature anomalies detime edges of the folded anticline.
Figure 9d shows the curvature anomalies as visdhliusing modern 3D interpretation
software. On the time slice, we are able to trdee dnticlinal fold axis in NW-SE
direction. Figure 9e shows the shape index modiilaie curvedness that provides an
image of a long (yellow-brown) ridge on the tim&aslof the large anticline seen on the
vertical section. Synclinal features bracketing Hrgicline appear as (cyan) valleys.
Coupled with an appropriate deformation model, Masa (2003) showed how maps of
the axial folds can be used to predict fractures.
The appearance of reverse faultsin a pop-up block

Figure 10 shows several reverse fault featuresnfe a center pop-up block, with
the reflectors bent down along the hanging walk ©flthe faults. At the top left corner,
the fault shows simple displacement with no dragtloa reflector; we only see a
coherence anomaly (in green). At the right sid€igure 10c, where we note fault drag,
the coherence anomaly (in green) are bracketed tmpst-positive principal curvature

anomaly (in red) on the hanging wall, and a mosgfatige principal curvature anomaly
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(in blue) on the foot wall. At the bottom left dfe figure, we only see reflector drag on
the hanging wall side, which results in the mosiHpee principal curvature and
coherence anomalies. Figure 10e shows the shapg mddulated by curvedness. The
faults (grey arrows) are bracketed by long lineasai (cyan) valleys, and (yellow-
brown) ridge. There is a deformation on the stnetareating a (red) dome in the middle
of the pop-up block.
The appearance of a graben

Figure 11a and b show normal faults delineatingaden. In Figure 11c, we see a
pair of most-positive principal curvature anomalasd coherence next to each other,
with a most-negative principal curvature lineaménther away. These are the same
geometries discussed by Sigusmondi and Soldo (2008}ically, curvature anomaly
appears to be more continuous, and more easilgpneted than the coherence anomaly
which tends to be discontinuous and vertically segaFigure 11d shows the curvature
anomalies and coherence as visualized in 3D. Otirtieeslice, we are able to trace the
faults as they are laterally extended in the NWegEction. In Figure 11le, we display
the shape index modulated by curvedness co-renderdtd the seismic amplitude
providing further insight into the shape of the bewaped graben.
The appearance of seismic noise

Like other attributes, curvature is sensitive tdéadquality. Falconer and Marfurt
(2008) show how consistent errors in velocities @ause very subtle, periodic,
acquisition footprint anomalies in travel time, wiiare enhanced by dip component
attributes, and further enhanced by curvaturebaties. At the Mesozoic level of the
Amatitlan survey presented here, the overlying geanin lateral velocity are so great

that any footprint periodicity is destroyed. Thesmuisition and processing artifacts —
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most commonly associated with migration aliasingjive rise to curvature artifacts
(Figure 12).
The use of image processing to enhance faults and axial planes
Recent advances in image enhancement have maddicsigt progress in

accelerating the interpretation process. One ofptiteary focuses is to skeletonize and
join up discontinuities measured by coherence fmr@pmate a more-continuous fault
plane generated by a human interpreter. One agipiedo use a suite of successive non-
linear median-family filters (e.g. Barnes, 2008Ye use a commercial implementation of
an ‘ant-tracking’ algorithm described by Pederseal ¢(2002) to improve the continuity
and sharpness of faults measured by coherencerésid3b, c, 14a, and b). We can also
apply the same algorithm to improve the contindthd sharpness of axial planes as
measured by curvature (Figures 13b and 14a).
Calibration on horizons

Our final calibration exercise is to examine cuwvatand coherence attributes
extracted on a picked horizon. Figure 13a showsnaentional time-structure map at the
top of Cretaceous enhanced with shaded relief ihation. Figure 13b shows a horizon
slice through the coherence volume co-rendered whth most-positive and most-
negative principal curvatures. Figure 13c showwsazon slice through the coherence
volume co-rendered with the shape index modulatecuyvedness. Armed with our
previous analysis of the attribute expression nfcstiral styles (normal faults, grabens,
axial planes, pop-up blocks) as well as of migraaatifacts, we can confidently interpret
the features seen on this multi-attribute horiZares

Figures 14a and b show time slices at t=1.5s atagg@oximate top-Cretaceous

level through the same co-rendered attribute voturNete that the patterns are markedly
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similar and that we can easily identify grabeng] pap-up features on the uninterpreted
attribute volumes. Pop-up blocks appear as yellidg¢) anomalies bound by two low
coherence faults. Down-dropped blocks with draghenfaults appear as low coherence
zones bracketed by a ridge on the hanging wall analley on the foot wall. By
animating through these co-rendered time and ‘atrstces, we quickly define the
structural complexity even in areas that may not&io mappable horizons.
CONCLUSIONS

Discontinuity measurements such as coherence atesaasitive to folding
continuities, and often result in anomalies tha laroken when viewed in the vertical
section. Where they are not vertically smearedy tieeurately locate the discontinuity.
In contrast, curvature lineaments are more contisuan the vertical section and map
folds and flexures. With fault drag and/or antitbdaulting, volumetric curvature will
commonly bracket faults but may not coincide wita exact fault location. Co-rendering
curvature with coherence along with the seismic laoge data provides a superior
interpretation product, allowing us to quickly védze and quantify the structural style
on uninterpreted vertical and time slices.
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Figure 1. Definition of curvature. For a particular poiRton a curve. Green arrows

indicate normal vectors, to the curver is the vector tangent to the curve at point
P.Curvature is defined in terms of the radius ofc¢hele tangent to the curve at the
analysis point. Anticlinal features have positivenvature kp>0), and synclinal
features have negative curvatukgp(<0). Planar features (dipping or horizontal)
have zero curvaturédp =0). (Modified after Roberts, 2001).

a)

b)

Figure 2. (a) A quadratic surface with the normal,defined at poinP. (b) The circle

tangent to the surface whose radius is minimumndsfithe magnitude of the
maximum curvature|kma{=1/Rnin (in blue). For a quadratic surface, the plane
perpendicular to that containing the previouslyired blue circle will contain one
whose radius is maximum, which defines the mageitidthe minimum curvature,
|kmin|=1/Rnax (in red). Graphically, the sign of the curvaturdl Wwe negative if it
defines a concave surface and positive if it defiaeconvex surface. For seismic
interpretation, we typically define anticlinal sacks as being convex up, such that
knax has a negative sign algi, has a positive sign in this image.
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kyanomaly
Koosanomaly \‘-.
iy

a " k;anomaly

m fat plane

Figure 3. Lateral displacement of most-positiygs) and most-negative curvaturedy
anomalies, correlating the crest and trough offth@éed structure from what we
denote as the most-positive and most-negative ipahcurvature anomalie&;(and
ko) which correlate to the more geologically relevanticlinal and synclinal fold
axes. For this image with approximately 2D symmaetrythe vertical plane, the
anomalies fokmax Would be identical in location and sign for thaxfek; andk,
such that the major anomalies could be efficientlgpped using a single (rather
than two) attributes.
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a)

b)

0

Figure 4. Normal faults expressing different mechanisms: gdapult showing simple
displacement with no drag, that would result iroharence anomaly, but exhibiting
no change in dip and hence no volumetric curvaannalies, (b) a fault with drag
on both sides exhibiting no coherence anomalies,abmost-positive principal
curvature anomaly on the footwall (in red) and asth@egative principal curvature
anomaly on the hanging wall (in blue), and (c) awgh fault with syntectonic
deposition, which would exhibit both a coherencemaly and a most-positive
principal curvature anomaly over the roll-over aliie (in red).

65



Attributes applied to Chicontepec Basin, Mexico
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Figure 5. A vertical slice along y=-30 m, of the 3D derivat operators (a) d/0x, (b)
oloy, and (c)olot applied to the inline and crossline components ipf ubed in
volumetric curvature computation for data sampléd\a&=30 m, Ay=30 m, and
At=2 ms. The operatod/ot is computed fromo/oz using a constant reference
velocity. The value of/dy alongy=0 is identically zero.
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amplitude

Figure 6. (a) Representative seismic amplitude vertical &inge slice. On the same
slices, | co-render (b) shape index modulated byveminess with (c) seismic
amplitude and (d) coherence and seismic. The seiamplitude is set to be 50%
transparent. White arrows indicate faults, bluews indicate valleys, and yellow
arrows indicate ridge features. (e) 2D color talded in shape index modulated by
curvedness, and color legend for coherence anchgesnplitude.

curvedness

0.0

Shapeindex
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Figure 7. Location of Chicontepec basin, Mexico. (After Salor, 1991).
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Figure 8. Most-positive curvature anomalies (yellow) co-reretl with most-positive
principal curvature anomalies (red). Note how timeraalies are aligned in the

western, flatter part of the image.
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k;anomalies
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Figure 9. (a) A cartoon of a foldAnticlinal feature with most-positive principal
curvature anomalieds;, in red, delineating the anticline’s hinge linendamost-
negative principal curvature anomaliés, in blue, corresponding to the synclinal
axes of the fold. There are no significant coheeeaicomalies. (b) Representative
vertical slice through the seismic amplitude volust®wing a fold. (c) Seismic
amplitude co-rendered with most-positive and megative principal curvatures.
(d) 3D view of a vertical and time slice througle timplitude data co-rendered with
most-positive and most-negative principal curvatufe) The shape index
modulated by curvedness, co-rendered with seismipliude. 2D color legend
same as Figure 6e.
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hanging wall
dragged down

Y

Coherence
k,and k,

Coherence
and k,
500m
EE——)

(e —

Figure 10.(a) Cartoon of a pop-up structure showing two fagitving rise to coherence
(green) anomalies separating most-positive primcguavature (red), and most-
negative principal curvature (blue) anomalies. V@rtical section through the
seismic amplitude data showing a pop-up blockS@ysmic amplitude co-rendered
with most-positive and most-negative principal @wes and coherence. (d) 3D
view of a vertical and time slice through the armyale data co-rendered with most-
positive and most-negative principal curvature aaderence. (e) The shape index
modulated by curvedness, co-rendered with coherandeseismic amplitude. 2D
color legend same as Figure 6e.
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o

coherence

?

i e v W 4

Figure 11. (a) Cartoon of a graben structure showing twot$agiving rise to coherence
(green) anomalies separating most-positive primcguavature (red), and most-
negative principal curvature (blue) anomalies. V@rtical section through the
seismic amplitude data showing graben. (c) Seisamplitude co-rendered with
most-positive and most-negative principal curvatwaed coherence. (d) 3D view of
a vertical and time slice through the amplitudeadad-rendered with most-positive
and most-negative principal curvature and cohererie¢ The shape index
modulated by curvedness, co-rendered with coherandeseismic amplitude. 2D
color legend same as Figure 6e.
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Figure 12. Seismic artifacts due to shallow volcanic and fold givin rise to curvature
and coherence anomalies.
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b)

L )“E;‘ -

Figure 13. (a) Time-structure map of the top-Cretaceous baorizb) Horizon slice
through coherence along the top-Cretaceous co-reddeth corresponding most-
positive and most-negative principal curvature eslic(c) Horizon slice through
coherence along the top-Cretaceous co-renderedhdtbhape-index modulated by
curvedness slice. 2D color legend same as Figuire 6
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Figure 14.(a) Time slice at 1.5s at the approximate top &meus level though seismic
amplitude, co-rendered with corresponding mostip@si and most-negative
principal curvature slices. (b) Time slice at 1labghe approximate top Cretaceous
level though coherence along the top-Cretaceougmdered with the shape-index
modulated by curvedness slice. 2D color legendesasrFigure 6e.
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Chapter 6 Use of seismic attributes in structural interpretaton
Summary

In this chapter, | include a suite of publishedteduds that illustrate effective
work flows using volumetric estimates of curvatws&ucture lineaments, rose diagrams
and other tools to data volumes from Canada, MeXiSA, and Vietnam:

* Mai, H. T., and K. J. Marfurt, 2008, Attribute Ithination of Basement Faults,
Cuu Long Basin, Vietnam: ¥8Annual International Meeting, SEG, Expanded
Abstract,27, 909-913.

* Mai, H. T., O. O. Elebiju, K. J. Marfurt, 2008, Atiute illumination of basement
faults, examples from Cuu Long Basin basement,ndiet and the Midcontinent,
USA: 2 International Fractured Basement Reservoir ConterePetro Vietnam,
Proceedings, 181-190.

e Mai, H. T., C.F. Russian, K. J. Marfurt, R. A. YaynA. W. Small, 2009,
Curvatures lineament and multi-attribute display fafl-stack PP, SS, and
Acoustic Impedance seismic data — Diamond-M figktest Texas: 79 Annual
International Meeting, SEG, Expanded Abstraé&{,1112-1116.

e Mai, H. T., K. J. Marfurt, S. Chavez-Pérez, 2009h€ence and volumetric
curvatures and their spatial relationship to faatsl folds, an example from
Chicontepec basin, Mexico: PAnnual International Meeting, SEG, Expanded
Abstract,28, 1063-1067.

e Chopra S., K. J. Marfurt, H. T. Mai, 2009, Using 3Rose diagrams for
correlation of seismic fracture lineaments with isamlineaments from attributes
and well log data: 79 Annual International Meeting, SEG, Expanded Alzstra

28, 3574-3578.
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Mai, H. T., K. J. Marfurt, M. T. Tan, 2009, Multiabutes display and rose
diagrams for interpretation of seismic fractureeaments, example from Cuu
Long basin, Vietnam:'9SEGJ International Symposium, SEGJ, Paper 0093.

Chopra S., K. J. Marfurt, H. T. Mai, 2009, Using@muatically generated 3D rose
diagrams for correlation of seismic fracture linests with similar lineaments

from attributes and well log data: First Break, 37-42.
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Attribute Illlumination of basement faults, Cuu Long Basin, Vietham
Ha T. Mai* and Kurt J. Marfurt, University of Oklaima, Norman, USA

Summary

Geometric attributes such as coherence and cuevatur
have been very successful in delineating faults in
sedimentary basins. While not a common exploration
objective, fractured and faulted basement forms
important reservoirs in Mexico, India, Yemen, and
Vietnam. Because of the absence of stratified,
coherent reflectors, illumination of basement faust
more problematic than illumination of faults withime
sedimentary column. In order to address these
limitations we make simple modifications to well-
established vector attributes including structudid
and azimuth, amplitude gradients, and maximum and
minimum curvature, to provide greater interpreter
interaction. We apply these modifications to better
characterize faults in the granite basement ofGhe
Long Basin, Vietnam, that form an unconventional,
but very important oil reservoir.

Introduction

Faults play an important role in forming effective
fracture porosity for hydrocarbon traps in the gen
basement of the Cuu Long Basin, Vietnam. Mapping
fault/fracture intensity and orientation can help
delineate sweet spots and better aid horizonthindyi

In the Cuu Long Basin, faults and fractures tentdo
planar and steeply dipping, such that we expeseto
them more distinctly by viewing them perpendicutar
their strike. Interactive shaded-relief maps ofkpit
horizons are provided in nearly all 3D seismic
interpretation software packages. Although most
easily understood as sun-shading with locally highe
relief features creating shadows that enhance the
appearance of subtle dips, mathematically, shaded-
relief maps comprise simple axis rotations and
projection of the two orthogonal dip components of
the surface with the direction of illumination

Barnes (2003) showed how volumetric estimates of
structural dip and azimuth can be used to generate
shaded-relief volumes. We imitate this work and
generate directional structural dip, amplitude grat]

and curvature volumes and evaluate the results in
terms of basement fault illumination in the Cuu gon
basin.

Method

A planar surface such as dipping horizon or facdts
be presented by its true dip azimufhtand strike.
The true dipd can be presented by apparent déps
and g, along thex andy axes (Figure 1).

For time-migrated seismic data, it's more convenien
to measure apparent seismic time dips (px, py)
components along inline and crossline directions in
s/ft or s/m. For depth-migrated seismic data sugh a
our Cuu Long survey, we simply compue and §,
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and display them either as components or as dip
magnitude,d, and dip azimuthy, or alternatively as
dimensionless (px, py) measured in ft/ft or m/m.

Definition of reflector dip

4

//\: o (dip magnitude)
. /Iy (dip azimuth)
el / \{:;J

0y
(inline dip)

B {strike)
Figure 1: Mathematical, geologic, and seisnjic
nomenclature used in defining reflector dip. By
conventionn = unit vector normal to the reflecta=
unit vector dip along the reflectof, = dip magnitude;

Y = dip azimuth;€ = strike; & = the apparent dip :-r{v

the xz plane; andy = the apparent dip in the yz plane.
(after Chopra and Marfurt 2007)

There are several popular means of computing
volumetric dip components, including those based on
weighted versions of the instantaneous frequendy an
wave-numbers (Barnes, 2002), on the gradient
structure tensor (Randen et al., 2000) and on etiscr
semblance-based dip searches (Marfurt, 2006). The
relationship between apparent seismic time/degih di
and apparent angle dips are:

px = 20tan@) /v, (1a)

Py = 2 Dtan(qoy)/v, (1b)

where v is an average time to depth conversion
velocity.

We can compute apparent dip at any anpglérom
North through a simple trigonometric rotation:

pw =P, cogy —p) + py sin(y - ¢), 2)

where @ is the angle of the inline seismic axis from
North.

Marfurt (2006) also describes an amplitude gradient
vector attribute that has inline and crossline
components(g,,g,). We can therefore compute an

amplitude gradient at any anglg, from North:

9y =9x COSW - ¢) + gy sin - ¢) . ®3)
To compute the apparent curvature at an aggeom

the azimuth of minimum curvaturey, we slightly
modify Roberts’ (2001) description of Euler's
formula:

.2 2
ks = Kmaxsin™ d + ki cos”™ d, (4)
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where Kpin and ks are the minimum and maximum
curvatures. To compute the apparent curvature at an
angley, from North we write:

Ky, = KmaxSin® (v = )+ kyin €05 (4 = ). 5)
Using equations 2, 3, and 5, we are able to animate
through a suite of apparent dip, amplitude gradient
and curvature images at increments of 16 see
which perspective best illuminates structural fesgu
of interest.

Application

We compute apparent dip, energy-weighted
amplitude-gradient methods, and curvature for dur 3
post-stack depth-migrated seismic dataset from the
Cuu Long basin, Vietnam.

The structure of Pre-Cenozoic basement of the Cuu
Long Basin is very complex, and is mainly composed
of magmatic rocks. Under the influence of tectonic
activity, the basement was broken into a suiteaoftf
systems. This faulting provided favorable condision
for hydrocarbons from a laterally deeper Oligocene-
Miocene formation to migrate and accumulate in the
basement high.

Since the nature of this basement is magmatic rocks
the seismic signal is very weak and noisy. Applying
different methods to enhance the faults signatwiths

aid our seismic interpretation, with the ultimatabof
estimate fracture location, density, and orientatio

:.'-‘Sﬁ.fg«‘;

!l & ]

Figure 2. Seismic section on (a) apparent dip depth
slice and (b) amplitude gradient. The white arrgws
show location where the attributes help interpeetin
fault features
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The top of basement was highly compressed, forming
a high angle push-up to about 2500 m (Figure 3 Th
top of this basement high dips to the east and atest
about 66. Faults were formed along all four sides and
cut deep into the basement (Figure 2).

In Figure 3 we display depth slices at 2750 m tgtou
the apparent dip volume,, as a function of azimuth.
We used equation 2 to compute imagespat= (°,
30°, 60°, 9¢°, 12¢°, and 158.. White arrows indicate
the major NE-SW trending main faults, while yellow
arrows indicate more subtle faults cutting acrbssit

In Figure 4 we display depth slices at 2750 m tgtou
apparent the amplitude gradient volungy, as a
function of azimuth. We used equation 3 to compute
images aty = (°, 3¢, 6¢°, 9¢°, 120, and 156.
White arrows indicate lineaments that we interpoet
be indicative of subtle faults and fractures. €los
the north azimuth, we see a suite of NE-SW dipping
features, which include faults and top basement
boundary. The basement edge is dipping rapidiynat a
angle of about 7or more at this location. There are
many faults running along this edge that propagate
into the shallower sedimentary column.

In Figures 4d and 4e, nearly perpendicular to @lin
direction, we recognize many NW-SE trending
features, which are believed to be faults cuttiogss

the basement. These features did not appear in the
apparent gradient images parallel to the features.

Apparent curvature is computed from the maximum,
minimum curvatures and the azimuth of minimum
curvature shown in Figure 5.

Conclusions

Several modern attributes, including volumetric
computation of structural dip and azimuth, struatur
curvature, amplitude gradients, and amplitude
curvature, are multi-component in nature and ams th
amenable to visualization from different user-
controlled perspectives. Precomputing every desired
azimuthal view results in consumption of signifitan
disk storage. However, through the use of ‘fastivat
spreadsheet-like attribute calculators available in
several 3D interpretation software packages, such
manipulation can now be put under user control.
Eventually, we envision generating truly interaetiv
azimuthal visualization software, thereby enabling
interpret to extract as much information from thead

as possible.
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Figure 3: Depth slices at z=2750 m through apparentgjjpromputed a=0°, 3¢, 6¢°, 9¢°, 12¢°, and 158 from
North. Block white arrows indicate lineaments thatinterpret to be associated with faults and fnast. Several
meandering channel segments can be seen in theegdry section to the SE.
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- L \ ‘ 1 : 3 - _r.;. L P e i =
Figure 4. Depth slices at z=2750 m through apparent aogsigradients,, computed ai=0°, 36, 6¢°, 9P, 120,
and 156" from North. Block white arrows indicate lineametitat we interpret to be associated with faults factures.
Several meandering channel segments can be sé@nsedimentary section to the SE.

La)

Figure 5. Depth slices at z=2750 m through (a) maximunvatre (b) minimum curvatures and () azimuth of
minimum curvature.
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Attribute illumination of basement faults, examplesfrom Cuu Long
Basin basement, Vietnam and the Midcontinent, USA

Ha T. Mai, Olubunmi O. Elebiju, and Kurt J. Marfuttiniversity of Oklahoma, Norman, USA
Abstract

Geometric attributes such as coherence and cuevatave been very successful in delineating faaltseddimentary
basins. While not a common exploration objectivactured and faulted basement forms important vegsrin

Southern California, Mexico, India, Yemen, and Yigen. Basement faulting controls hydrothermallysaliedolomite
in the Appalachian Basin of the USA, and is susgetd play a role in diagenetic alteration of cardtes in the Fort
Worth Basin of north Texas where copper has beenddn some wells, as well as in Osage County, @K far from

the classic Mississippi type lead-zinc depositcaBse of the absence of stratified, coherent tefiecillumination of
basement faults is more problematic than illumoratof faults within the sedimentary column. In arde address
these limitations we make simple modifications tellvestablished vector attributes including struatudip and

azimuth, amplitude gradients, and minimum and maxrinturvature, to provide greater interpreter irdéon. Using

this workflow, we can better illuminate fractureviset spots’ and estimate their density and oriemtaiVe apply this
workflow to better characterize faults and buildcture models in the granite basement of the CuuglBasin,

Vietnam, and the granite and rhyolite-metarhydissement of Osage County, Oklahoma, USA. Cuu Longd an

important unconventional reservoir. In Osage Coumtg suspect basement control of shallower frastunethe

Mississippi chat deposits.

Introduction

Faults play an important role in forming effectivacture porosity for hydrocarbon traps in the gmbasement of the
Cuu Long Basin, Vietnam. Mapping fault/fractureeimsity and orientation can help delineate sweetsspod better
aid horizontal drilling. In the Cuu Long Basin, feuand fractures tend to be planar and steeplyinlip such that we
expect to see them more distinctly by viewing theenpendicular to their strike. Interactive shadelief maps of

picked horizons are provided in nearly all 3D séisnmterpretation software packages. Although measily

understood as sun-shading with locally higher fdbatures creating shadows that enhance the agpamof subtle
dips, mathematically, shaded-relief maps comprisgle axis rotations and projection of the two ogbnal dip

components of the surface with the direction aflination

Barnes (2003) showed how volumetric estimates roicgiral dip and azimuth can be used to generadeshrelief
volumes. We imitate this work, and generate diogi structural dip, amplitude gradient, and dicel curvature
volumes and evaluate the results in terms of basefaalt illumination of Cuu Long Basin, Viethammain Osage
County, in the Midcontinent region of Oklahoma, USA

Recently, Singh et al. (2008) showed that the ni@joits delineated by seismic attributes may nothose associated
with fracture permeability. They used an ant-tragkiilter to highlight those faults having an azimeonsistent with
fractures seen in image logs. Here, we use a singpddional filter to illuminate faults and fracas having different
orientations in an animation loop.

Method

A planar surface such as dipping horizon or facéits be presented by its true dip azim@tind strikey. The true dip
fcan be presented by apparent dipand 8, along thex andy axes (Figure 1).

Definition of reflector dip Figure 1: Mathematical,
. 2 Lok Dagiee geologic, and seismic
est e N 5 0, : crossiine dip nomenclature used in defining

0, @ inline dip

s "’,} 2 :strike reflector dip. By conventiom =
Q . negative curvature unit vector normal to the
T I reflector;a = unit vector dip along

the reflector;@ = dip magnitude;
= dip azimuth¢ = strike; g =
Oy the apparent dip in thez plane;
e and g, = the apparent dip in the
< 4 plane. (after Chopra and Marfurt
2007)

83



Attribute illumination of basement faults, examplesfrom Cuu Long Basin basement,
Vietnam and the Midcontinent, USA

For time-migrated seismic data, it's more conveniermeasure apparent seismic time dims f§,) components along
inline and crossline directions gift or s/m For depth-migrated seismic data such as our Gung lsurvey, we simply
computed and g, and display them either as components or as dignituale, 6, and dip azimuthy, or alternatively
as dimensionlespy, p,) measured in ft/ft or m/m.

There are several popular means of computing vahicrdip components, including those based on weijversions
of the instantaneous frequency and wave-numbersméBa2002), on the gradient structure tensor ¢Raret al.,
2000) and on discrete semblance-based dip seafthesurt, 2006). The relationship between apparsgismic
time/depth dips and apparent angle dips are:
px=2*tang /v, (1a)
pc=2*tang, /v, (1b)
wherev is an average time to depth conversion velocity.

We can compute apparent dip at any aggfeom North through a simple trigonometric rotation
Py = Py COSY ~ @) + py sin@ - ), )
where gis the angle of the inline seismic axis from North

Marfurt (2006) also describes an amplitude gradietor attribute that has inline and crossline ponents(g,,g,).
We can therefore compute an amplitude gradientyaaagle,i, from North:

9y = 9x Cos(y —¢) + gy sin(y —¢). (©)
To compute the apparent curvature at an adgfeom the azimuth of minimum curvaturg, we slightly modify
Roberts’ (2001) description of Euler’s formula:
_ .2 2
Ks = KmaxSin™ d + Ky, €OS 6, (4)
wherek,i, andkq.are the minimum and maximum curvatures. To comthgepparent curvature at an anglefrom
North we write:

.2 2
k'%/ =Kmaxsin~ (w = x) + Kpin €0S" (¥ = 1) ®)

Using equations 2, 3, and 5, we are able to anithabeigh a suite of apparent dip, amplitude gradi@md curvature
images at increments of 4 see which perspective best illuminates stradtieatures of interest.

Positive curvature attribute indicate concave dowmwfeatures, and negative attribute indicate ocemaspward
features. With respect to fault plane, they arealigwn one side of the plane, where the reflecbonndary is curving
most.

positive curvature CliEratirs:k=siis

concave downward concave upward

negative curvature

Figure 2: An illustrated definition of 2D curvaturConcave downward featufes
have a positive value while concave upward feathee® a negative value.

Application

We begin by computing apparent dip, energy-weiglaegblitude-gradient methods, and curvature for Drpost-
stack depth-migrated seismic dataset from the Ganglbasin, Vietham. The structure of Pre-Cenobagement of
the Cuu Long Basin is very complex, and is mairdynposed of magmatic rocks. Under the influenceeofanic
activity, the basement was broken into a suite anfitf systems. This faulting provided favorable dtods for
hydrocarbons from a laterally deeper Oligocene-Mimformation to migrate and accumulate in therbase high.

The basement is un-layered granitic rocks, suchttieaseismic signal appears to be very weak amg/n@/e apply

our workflow to enhance the faults signatures widl our seismic interpretation, with the ultimatmabof estimating
fracture location, density, and orientation.
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The top of basement was highly compressed, formihgh angle push-up to about 2500 m (Figure 3. tolp of this
basement high dips to the east and west at abdufF&dlts were formed along all sides and cut ih bhasement
(Figure 3).

if‘_ a . |

M L e & _— #al A / ]
sitive curvature depth slice. The asretow IocatioT

Figure 3: Seismic section on (a) negative cuneatamd I(b) po
where the attributes help interpreting fault feasur

Figure 4 shows depth slices at 2750 m through piparnt dip volumep,, as a function of azimuth. We used equation
2 to compute images at = (°, 3¢°, 60°, 9¢°, 120°, and 156. White arrows indicate the major NE-SW trendingrma
faults, while yellow arrows indicate more subtlalfa cutting across them.

Figure 5 shows depth slices at 2750 m through ppar@nt amplitude gradient volungy, as a function of azimuth.
We used equation 3 to compute imagegat O°, 3¢°, 60°, 9¢°, 120°, and 156. White arrows indicate lineaments
that we interpret to be indicative of subtle fawdtsd fractures. Close to the north azimuth, weaseaite of NE-SW
dipping features, which include faults and top baset boundary. The basement edge is dipping rapidin angle of
about 76 or more at this location. There are many faulisnimg along this edge that propagate into the ctvail
sedimentary column. In Figures 5d and 5e, nearlpeyalicular to inline direction, we recognize malW-SE
trending features, which we intepret as faultsiegtacross the basement. These features did netmppthe apparent
gradient images parallel to the features.

Investigating the detail faults directia=0° from North in apparent dip image (Figure 6), & distinguesh the main
SW-NE fault trend. The major faults have a meaeddion of 74 from North, nearly perpendicular to th€ Gapparent
dip direction.

Investigating the detail faults directigg=90° from North in apperant dip image (Figure 7), 8\&/-NE fault trend
becomes less distinguisable. Insread, the faultd-81trend can be recoginized easier. The majdtsfénave a mean
strike of 162 from North, nearly perpendicular to the®aparent dip direction.

The apparent amplitude gradients maps behave analoguous facture, delineatingfeatures thatespirpendicular
to the direction of investigation.. In Figure @=0°, the major faults trend 89rom North, and aty=90° (Figure 9),
the major fault trends at 15%om North.

Figure 10 shows depth slices at 2750m through tiginal seismic, variance, most positive curvatared most
negative curvature volumes. The fractured featirsisle the basement are clearly delineated. Whiteans indicate
the major NE-SW trending main faults, parallelingd adjacent to the sides of the basement uplifiie yellow
arrows indicate more subtle faults cutting acrbgsrit. Most of the inside faults cutting across tasdment are in NW-
SE direction.

The Osage county, Oklahoma encompassing the OrdgnIReservation is located west of Ozark uptifi @ast of
the Nemaha uplift. Within the Indian reservationedambrian basement surface is an irregular erakgnface with
series of domes overlain by Paleozoic rocks (Tharmial., 1979). Precambrian structure identifiéte( Labette
fault) within the basement has a predominantly N#&nding direction (Denison, 1981).

Previous work within this areas have suggestedsaiple reactivation of these structure and othé&d2aic structures
such as the Nemaha Uplift (locally referred totes Humboldt Fault) (Luza et al., 1983). The Nemahkift consists
of complex units of crustal uplift with NE, NW tréimg structures. An E-W trending dextral strikgadtult supported
by aeromagnetic data has been inferred south ofabette fault. This structure is suggested toedfthe Nemaha
Uplift
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Figure 11 shows the complex nature of faults aactfires that plaque the Osage county sedimentetipise
Comparing the basement feature at approximatelynT®@nd networks of lineaments seen at about 63@ditates
that in addition to the NE-SW and dominantly E-\&hiding lineaments seen within the basement, NW-8@aments
predominates the sedimentary section at 630 mswhight correspond to the Arbuckle group.

The NW-SE lineaments cross cut the other lineanyaetsent and we suggest that it is younger in Hoes, the NW-
SE lineaments represent the latest event in thee @ile presence of such lineament in both baseamehsedimentary
section, suggested that they post-date both basemdrihe penetrated sedimentary section. It wilifberesting to see
if the location of such NW-SE lineaments coincidéth the weak zone of intensely sheared or mylzedi
Precambrian basement. Luza et al. (1983) have lem/tzat the Precambrian basement beneath the Nefaal is
strongly mylonitized and sheared.

Figure 12 shows a time slices at 700 ms, right wetloe Precambrian basement, through seismic, w@@jamost
positive curvature and most negative curvature melsl from Osage county. The white arrows indicagtirditive
primary fault features in NE-SW direction and yellarrows indicate the later faults in E-W or ESE-WNilirection
The faults extend upward into the sedimentary kysyove the basement. Figure 13 shows times sicé80ms,
above basement top, thought the same volumes. Weezathe same faults pattern in NE-SW and E-Wetitines, in a
higher contrast, as of the less-complexity of thdimentary layers.

Figure 14 shows an NE-SW and in E-W trending lineainover inline and crossline amplitude gradien?7@dms
(bellow basement top) and 630ms (above basement top

Evidently, we suggested that the NW-SE featurepars of the reactivated faults that crosscut inhiefdE-SW
network basement lineaments. From magnetic studhlas NW trending fault (e.g Creek County Faul)identified
southwest of the Osage Indian Reservation area.

The attribute analysis has helped us to identifyebzent lineament, which will not have been possiblerdinary
seismic data. The correlation of basement lineasneith sedimentary lineament might suggest a baseimfuence
on some of the sedimentary lineaments.

Conclusions

Volumetric computation of structural dip and azimustructural curvature, amplitude gradients, antplaude
curvature, are multi-component in nature and arg tamenable to visualization from different usemtomled
perspectives. By defining a suite of azimuths t@stigate, the interpreter can enhance subtlesfanid fractures that
might otherwise be missed, or that are more likelge open rather than sealed.
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Figure 4: Depth slices at z=2750 m through appatignp,, computed a=0°, 3¢, 6¢°, 9¢°, 12¢°, and 156" from
North. Block white arrows indicate lineaments thvatinterpret to be associated with faults and fnast. Several
meandering channel segments can be seen in theegdry section to the SE. Cuu Long basin
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Figure 5: Depth slices at z=2750 m through appamplitude gradientsy,, computed ag=0°, 3P, 60°, 9P, 120,
and 158" from North. Block white arrows indicate lineametttat we interpret to be associated with faults factures.
Several meandering channel segments can be sé®nsedimentary section to the SE. Cuu Long basin

N Y
Figure 6: (a) Depth slices at z=2750 m throughaappt dip,p, computed atyy=0° from North. (b) Major faul
frequency detected in directia=0°. Mean direction of faults detected in this casalisut 74. Cuu Long basin

[
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Figure 7: (a) Depth slices at z=2750 m throughaapmt dip,p, computed at/=90° from North. (b) Major faul
frequency detected in directia#=90°. Mean direction of faults detected in this casabisut 161 Cuu Long basin

b

2 _"r ‘. - =, i3 7, (1 '_'.-':'E'll

Figure 8: (a) Depth slices at z=2750 m throughaagpt amplitude gradientp,, computed aty=0° from North. (b
Major fault frequency detected in directigie0°. Mean direction of faults detected in this casebsut 68. Cuu Long
basin

e

B Tl Bk o e -
Figure 9: (a) Depth slices at z=2750 m throughagagpt amplitude gradientp,, computed at=90° from North. (b
Major fault frequency detected in directiger90°. Mean direction of faults detected in this casetisut 15%. Cuu Long
basin
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Y -.\I i i ‘1. L .' ‘.‘ )
Figure 10: Depth slices at z=2750 m through (&gnsie, (b) variance, (c) positive curvature, anjir{dgative curvatune
— Cuu Long basin

it ” 3 A
’ ™ i -

3 - - - 1
) positive curvature time slice. The ag@kow location

| _— . - .
Figure 11: Seismic section on (a) negative cureaand (b
where the attributes aided fault interpretati@sage county

90



Attribute illumination of basement faults, examplesfrom Cuu Long Basin basement,
Vietnam and the Midcontinent, USA

Figure 12: Time slices at z=700ms through (a)rsieis(b) variance, (c) negative curvature, andp@sitive curvaturg.
Osage county

Figure 13: Time slices at z=630 ms through (a3me@, (b) variance, (c) negative curvature, andp@hitive curvature.
Osage county
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Figure 14: Time slices at 700ms through (a) inangplitude gradient, (b) crossline amplitude gratand Time slices 3
630ms through (a) inline amplitude gradient, (ljsstine amplitude gradient. Osage county
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Curvature lineaments and multi-attribute display of full-stack PP, SS,
and acoustic impedance seismic data — Diamond-M e West Texas
Ha T. Mai*, Carlos F. Russian, Kurt J. Marfurt, RagA. Young, University of Oklahoma, Norman, USKksoh Weir

Small, Parallel Petroleum Corp.
Summary

Geometric attributes are routinely used in mapping
tectonic deformation and geomorphology. AVO and
inversion analysis is routinely used to map litlgylo
and the presence of hydrocarbons. We apply
geometric attributes to angle-stack and full-st&fk
and SS as well as acoustic impedance inversion
volumes over the Diamond M survey, Horseshoe
Atoll, west Texas, and find lineaments correspogdin
to the edges of the Pennsylvanian-age reef streictur

Introduction

The large subsurface feature termed the Horseshoe
Atoll, located in the Midland Basin of west Tex&sa
series of primarily Missourian and Virgilian-age
carbonate reservoirs (Reid, 2001). The data availab
for this research covers part of the Diamond-Mdfiel
which lies in the Scurry Reef Trend in Scurry Co.,
Texas (Figure 1). Since the development of theyKell
Snyder oil field, exploration has moved southedst o
the atoll in search of small reef bodies (Jumpeat an
Pardue, 1996). Our goal is to evaluate the
effectiveness of curvature-related lineaments ittebe
defining reef edges as well as internal fracturéghim
the reefs.

Hockley Lubbock Crosty Dickens

Terry Lynn Garza Kent

Cogdell Canyon
“ Reef Unit

_ 5. Brownfield
Field

e
Harsestoe Atoll
RS

17 Adair Field
Mungervitio Fid

OKLAHOMA

Dawson

Gaines

Location of study area, Midland basin,
Texas. (after WorldOil.com)

Figure 1:

Theory and Method

Curvature of a surface is measured by the radius of
two circles tangent to it. The circle with the tigbt
radius defines the maximum curvatukg.() while the
circle perpendicular to it defines the minimum
curvature Kyi). In further clarification, ky.x of a
surface with an anticlinal shape has a positiveie/al
while kna Of @ surface with synclinal shape has a
negative value (Figure 2). Also, the intersectiéthe
plane containing the circle defining minimum
curvature with the horizontal defines a strike, ethis
commonly referred to as the azimuth of minimum
curvature min.

93

i Svnelipe

v
negative curvature

Figure 2: An illustrated definition of 3p
curvature. Synclinal features have negative
curvature and anticlinal features have positive
curvature. (After Lisle, 1994).

A folded surface can be further defined as having a
certain shape, measured by the shape index (e.g
Roberts, 2001). Furthermore, the long axis of
elongated domes, ridges, saddles, valleys, or atedg
bowls corresponds t¢,,. By modulating the shape
indices with the curvedness, (Wherec=Kmix>+Kmas
Al-Dossary and Marfurt (2006) show how we can

generate different shape components.

Azimuth L4 o
hue w : &Y
Figure 3: 2D multi-attribute display. The ridge
component of curvedness is plotted against
lightness and modulates the azimuth of minimpm

curvaturesymn, plotted against hue.

Combining multiple attributes in a single imageals

us to visually ‘cluster mathematically different
attributes that are sensitive to the same undeylyin
geology. In Figure 3, we show a composite image of
the ridge component of curvedness andy min.

For a more conventional display of these lineaments
we generate rose diagrams for any definedline by
m-crosslineanalysis window. Within each analysis
window, we threshold the ridge or valley composent
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of curvedness;,, orc,,, bin each voxel according

its azimuth /i, and sum the threshcclipped values
of the ridge or valley components, thereby geneg:
volumetric rose diagrams over a suite of wind
spanning the entire seismic volume (Figure

H ; =

Figure 4: (a) Multiattribute display of the azimuth
minimum-curvature, y,i,, modulated by the ridg
component of curvedness and (b) the correspor
rose diagrams.

Data

We apply this simple work flow to three differerstd
types for this project: the PP full stack, the SS
stack, and the acoustic impedance (Al) derived fa
modelbased sequential inversion. The zone of inte
is isolated to a single time slice below the toptrod
Canyon Reef Formation where isolateeef build-up
structures can be found. To this end, we analyzk
the conventional P-wave and thmre experimental-
wave (SHSH) data volumes over the approximat
25 mf (~65 knf) of the Diamond M field describe
by Small et al. (2007). Both data umes have a high
signal-tonoise ratio and have been -stack time
migrated onto 7% x 75 ft (22 x 22 m) CMP bin

The Pwave data was subjected to a mw-based
impedance inversion that used the well contro
increase the overall bandwidth of theta. We
anticipate that attributes computed from this atol
impedance volume may illuminate structt
lineaments not seen on the seismic reflection «

Interpretation

The timestructure map corresponding to the top of
Canyon Reef Formation (Rige 5) gives a gener
idea of structure alignment related to the reefdoup
formation. The map shows a central big reef

expands laterally towards the eastern portion ef
survey. Also, in the SE portion of the survey wa
identify a smaller ref build up. Using the previous-
defined workflow, we are not only able to estimtite
outer most edges of the reef struc but also
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lineaments that might suggest the inner fabric
depositional control of this Pennsylvar-age reef.

Figure 5 Time structure map coresponding to tof
Pennsivanian age Canyon Reef formation, interpi
from the PP seismic data.

Nissen et al. (2007) have shown that volume
curvature can delineate kaesthanced fractures in tl
Fort Worth Basin, Central Kansas, and Wes
Kansas. Our goal here is to apply the descr
workflow to the three different data sets, ther
highlighting structural features such as minor |
build-ups or karsenhanced fractures not previou
seen.

We begin our interpretation with the PP data sed,
include interpretation of what the authors interpce
be reef associated lineaments (Figure 6). Note
correlation of the most positive curvature anons
and the edges of the central reef. Fumore,
interpretation of the western portion of the sur
suggests that the previously identified reef strie
continues to the west. This trend is also seenhei
most negative curvature image. In n-positive and
mostnegative curvature blended imi (Figure 6c),
besides edges of the reef, we see indicationsreéf
talus slope deposited in the eastern flank of grdral
reef (white arrows) correlating to high amplitt
respond on the amplitude map. In addition,
generate 2D multattribute disjay, combining ridge
curvedness with minimum curvature azimuth,
overlaying with volumetric rose diagrams (Figure.¢
This composite display, helps visualizing lineamse
with their intensity and orientation, which not wi
corresponds to the reef'gdlges, but also potential
indicates innestructure compartmentalization of t
reef.

Although the lineaments from the PP and SS

volumes are similar, detailed comparison suggéstt
lineaments differ in some areas. In Figure 7, it ba
seen thathe most westerly lineaments (green arro
cannot be detected and a central valley (blackngr
is not apparent. On the other hand, the SS de¢
allows improved interpretation of the central “nia
reef since the edges are better resolved and de
Subsequent rose diagrams (Figure 7d) better d
lineaments associated to the central
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Interpretation over acoustic impedance can lead to
more straight forward definition of lineaments, c&n
the wavelet side lobes are strongly attenuatechén t
inversion process. Hence, the better delineatioth®f
lineaments associated with the central main reef in
Figure 8 (a-d), western reef build up, valley betwe
the buildup reef previously denoted on Figure d an
SE smaller patch reef showing very symmetrical and
circular lineaments. As would be expected on the
acoustic impedance results, there is a better idefin

of intensity and orientation when analyzing theeros
diagrams (Figure 8d).

Conclusions

Volumetric curvature for lineament determinatiordan
multi-attribute display shows differences on theeéh
different surveys: PP, SS, and Acoustic Impedance.
Reef related structures were identified as thegesd
correspond to curvature lineaments. Sub-lineaments
cutting reef edges suggest the possibility of
compartmentalization, an interpretation that neteds
be confirmed with production data. Curvature
lineaments are more continuous in the acoustic
impedance inversion volume.
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Figure 6: PP data at time slite935msjust below the
top of the Canyon Reef Fm through (a) most-posjtive
and (b) most- negative curvature volumes. (c) Mylti

attribute display using transparency to show anoosl
features seen in (a) and (b) on top of the seismic
amplitude time slice. (d) Multi-attribute ridg&sin,
display described in Figure 3 overlain by rose diaty|
(in white).
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and (b) most- negative curvature volumes. (c) M

features seen in (a) and (b) on top of the sei
amplitude time slice. (d) Multi-attribute ridgesn,
display overlain by rose diagrams (in white).

Figure 7: SS data at tle sllcel 71ms(1ust below
the top of the Canyon Reef Fm and equivalent tav$
in PP data) through Reef Fm through (a) most-pas

attribute display using transparency to show anoosl

5
iti
[t

smicand (b) on top of the seismic amplitude time sl{c®

q

Figure 8 Acoustlc Impedance data at time
t=935msjust below the top of the Canyon Reef
through (a) most-positive and (b) most- nega
curvature volumes. (¢) Multi-attribute display ug,
transparency to show anomalous features seen

Multi-attribute ridgew,,, display overlain by rog
diagrams (in white).
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Fm
tive
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Coherence and volumetric curvature and their spatiarelationship to
faults and folds, an examplerom Chicontepec basin, Mexic

Ha T. Mai*, Kurt J. Marfurt, University of Oklahom&lorman, USA, Sergio Cha-Pérez, Institutc

Mexicano del Petréleo

Summary

Geometric attributes such as coherence and volin
curvature are commonly used in delines faults and
folds. While fault patterns seen in coherence, -
positive curvature and moskgative curvature a
easily recognized on time slices, they are o
laterally shifted from each other. The kind andrde:
of lateral shift is an indication othe underlying
tectonic deformation. In this tutorial, we docum
some of these relationships when applied to
structurallycomplex section within the Chicontef
Basin, Mexico.

Introduction

While coherence attributes measure lateral chaimc
the waveform and allow us to map reflector offs
lateral changes in stratigraphy, and cha
depositional features, volumetric curvature attis
measure lateral changes in dip magnitude anc
azimuth, and are thus allows us to map folds, fles}
buildups, collapse features, and differen
compaction. Both attributes are used widely
detecting faults with each attribute has its acaget
and disadvantages. Coherence accurately ti
vertical faults cutting coherent seismic reflectdfer
dipping faults, coherence exhibits a vertic-smeared
stairstep appearance, due to most implementa
being computed on vertical seismic traces. WI
there is fault drag, or sukeismic resolutiolantithetic
faulting that appears as fault drag, coheremay not
illuminate the fault at all. For faults with vegmall
displacement, the reflectors appear to have s
change in dip, have no coherence anomaly, andrr
appear as a slight flexure which appears as a s,
anomaly. For faults havingsignificant offset,
curvature anomalies track the folds on either side
fault, where drag, antithetic faulting, or syntettc
deposition results in slightly folded reflectorarRhis
reason, curvature anomalies often do not align
faults.

Since fallts are often more easily visualized
attribute time slices, we will use a complexly fedt
and faulted survey acquired in the Chinconete
Basis, Mexico, to illustrate some of the
interpretational features..

Theory

Curvature in 2D is defined by e radius of a circle
tangent to a curve (Figure 1, after Roberts, 2001
3D, we need to fit two circles tangent to a surl
(Figure 2). The circle with minimum radius is 1
maximum curvature kf,) and the circle witl

maximum radius is the minimum wature Kuyi,). In
relation to geology, anticlinal features will he
positive maximum curvature, and a synclinal fea
will have negative maximum curvatu

Positive Curvature K = /R
Curvature

Zero
Curvature
Negative
Curvature

Anticline

z Dippin

Plane
| Syncline
X

Figure T An illustrated definition of 3D curvatur
Synclinal fatures have negative curvature
anticlinal featurefiave positive curvatu

Figure 2: Mostpositive and mo-negative
curvatures (Modified from Lisle, 19¢

The interpretation of curvature volumes compt
over folded geologies is straightforward. |
anticlines, we see a positive curvature lineaméntg
the fold axis and two negative curvature lineamei
the limbs. Br synclines, we see a negative curva
lineament along the fold axis and two posi
curvature lineaments along the limbs (Figure 3)c&
the layers are continuous, the waveform is

Positive curvature
foy

Anticline

Axial Plane

Syncline

negative curvature

Figure 3 lllustration of fold with positive and
negative curvature.

continuous along the fold, such that discontin
measurementsuch as coherence do not show
anomalies.
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The attribute expression of faults can be conshdgra
more complicated. For normal faults with vertical
displacements greater than half a seismic wavdiengt
we often see a discrete discontinuity that is ¢jear
delineated by a low coherence lineament. For highly
competent rocks we may see no curvature anomalies
associated with a simple normal fault. However, enor
commonly we see drag on either side of the fault,
which may be either through plastic deformation or
through a suite of conjugate faults. Parallel & fdult
strike, we often have ramp structures. For an éxuel
outcrop analysis of such features we direct thdaea
to a recent publication by Ferrill and Morris (2008
schematic of curvature associated with normal $aslt

shown in Figure 4.

Figure 4: An illustration of normal faults with

positive and negative curvature: (a) simple
displacement with no drag, (b) fault with drag|on
one side, (c) fault with drag on two sides, and| (d)
fault with syntectonic depositions.

Listric faults geometries associated with synteicton
deposition can be considerably more complicated. On
the footwall, we may see very little deformatiorithw
the sediments maintaining their original attitude a
some angle to the fault face. On the hanging wiadl,
reflectors rotate with depth, often maintainingesamn
normal relation to the fault face. We may also aee
positive curvature anomaly over the roll-over dirie

if one exists. Coherence does a good job of delimga
the fault dislocation. Deeper in the section, a&sftult
begins to sole out, both coherence and curvature
images become noisy and less easily interpreted.

Alternative definitions of maximum and minimum
curvature

Most references (in both mathematics and geology)
define the maximum curvature to be the tightest
(highest absolute value) of the two principal
curvaturesk; andk,:

Kmax= K1 andkyi=Ko, if [ky| >[Ko|

kmax= Kz andkmi=K, if |ko| >[K4].
Many interpreters find this definition to be anestive
means of mapping fault throw from time slices (e.g.
Sigisumundi and Soldo, 2003). However, other
workers (e.g. Rich, 2008) find it to be
interpretationally useful to define,k = MAX(k,k,)
and kyin = MIN(Kq,ky).
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The second author has long favored most-positice an
most-negative curvature since they provide imagdes o
karst and differential compaction that are
interpretational simpler to understand. Rich (2008)
points out that this ™ (less common) definition,
produces images similar to most-positive and most-
negative curvature, but take account of the reflect
rotation.

| . e
Figure 5: Ant-tracking on most-positive curvature
(red, with blue arrow) and on new defined maximum
curvature (pink, with pink arrow).

Figure 5 shows the results of ant-tracking apptied
most-positive and the newly-defined maximum
curvature. The latter shows the axis of a dipping
flexure (pink arrow) while the most-positive shotlie
axis of a less geologically-interesting fold wigtspect

to the horizontal. In gently dipping areas suchras
the Fort Worth Basin, J, and ks are nearly identical
(Figure 5, yellow arrow).

Example from Chicontepec basin, Mexico

In order to illustrate the lateral relationshipoafr new
definitions of maximum and minimum curvature with
and coherence, we use 3D seismic data from
Amatitlan, Chicontepec basin.

Multiple volumetric attributes (s Kneg Kmax Kmin,
Vmin, €Nergy ratio coherence, and variance) were
calculated from the seismic volume. Where indicated
in the captions, a commercial “ant-tracking” image
processing algorithm was applied to the attributes
“skeletonize” the image, thereby increasing theiais
continuity for interpretation purposes.

Figure 6 shows an anticlinal feature. Since theneo
interruptions present along the interpreted horizon
(white dashed line), there are no significant cehee
anomalies present. However, the dip does change
along the horizon such that we see maximum
curvatures anomalies along the fold axis, and
minimum curvature anomalies along the fold limbs.
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Minimumcurvatures

Figure 6: Anticlinal feature. Minumum curvatyre
features (blue) delineate the two limbs of the fpld
while maximum curvature (red) delineate the axial
plane.. There are no significant coherence
anomalies.

For fault features, the interpretation is much more
complicated. Figures 7 and 9 show several reverse
fault features. We note a center pop-up blockh wit
the reflectors bent down along the east side of the
west fault. The maximum curvature anomaly appears
to the right of the coherence anomaly (Figureed, r
arrow). To the west side of the fault, due to falilg,

the curvature anomaly is broader, with the minimum
curvature anomaly a some distance from the faslt,
well as from maximum curvature and coherence
anomalies. Figure 9 shows the same features, with
coherence, maximum and minimum curvatures on
vertical and time slices. Following the fault t@ tbast,

the minimum curvature lineament approaches to the
most-positive curvature lineament, indicating folgli

or drag, creating a pair of maximum/minimum
curvatures with coherence in the middle, thereby
defining the fault.

Figures 8 and 10 shows normal faults delineating a
graben. Again, we see a pair of maximum curvature
and coherence next to each other, and a minimum
curvature lineament at a distance. This are theesam
geometries discussed by Sigusmondi and Soldo
(2003). Vertically, the curvatures appear to be anor
continuous, and more easily interpreted than the
coherence anomaly which tends to be discontinuous
and vertically smeared.

Conclusions

Discontinuity measurements such as coherence are no
sensitive to smooth folding, and often result in
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anomalies that are discontinuous when viewed in the
vertical section. Where they are not vertically
smeared, they accurately locate the discontinuity.
contrast, curvature lineaments are more continoous
the vertical section and maps folds and flexureghW
fault drag and/or antithetic faulting, volumetric
curvature will commonly bracket faults with
maximum and minimum anomalies but does not give
exact fault location. Co-rendering curvature with
coherence along with the seismic amplitude data
provides a superior interpretation product.
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Figure 7: Intepreted faults (yellow) on a poprup
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curvature (red), minimum curvature (blue) anomalig¢s

Figure 8: Interpreted faults (yellow) and interireyy
graben delineated by maximum curvature (red)

minimum curvature and coherence (green).
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Figur 9: A rprsentae seismic line with (@) Figre 10: Interpreted faults (yellow) ahd

interpreted faults, (b) coherence, (c) co-rendeaatt intervening graben delineated by — maximum
tracked maximum curvature, minimum curvature gnd  |curvature (red) and minimum curvature and
coherence with the vertical seismic line, and (ihan coherence (green): (a) seismic line with
itersecting time slice as well. Intepreted fautsliow) interpreted fault (b) coherence, c) ant-tracked

on a pop-up feature bound by coherence (gr¢en), [maximum curvature, minimum curvature gnd
maximum curvature (red), minimum curvature (blue) |coherence on seismic line, d) their horizontally
anomalies. extend.
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Summary

Fractures can enhance permeability in reservoics an
hence impact the productivity and recovery efficien

in those areas. Consequently, the detection and
characterization of fractures in reservoirs is ofag
interest which is driving significant improvemerits
azimuthal anisotropy velocity analysis, azimuthal
AVO, image-log breakout interpretation, and seismic
attribute analysis. Surface seismic data have bmen
used for detecting faults and large fractures,reoént
developments in seismic attribute analysis haveveho
promise in identifying groups of closely spaced
fractures or interconnected fracture networks.
Coherence and curvature are two important seismic
attributes that are used for such analysis. Curgatu
attributes in particular exhibit detailed patterfos
fracture networks that can be correlated with image
log and production data to ascertain their autbanti
One way to do this correlation is to manually pikk
lineaments seen on the curvature displays for a
localized area around the boreholes falling on the
seismic volume, and then transform these lineaments
into rose diagrams. These rose diagrams are then
compared with similar rose diagrams obtained from
image logs. Favorable comparison of these rose
diagrams lends confidence to the interpretation of
fractures.

In this work we report the automated generation of
rose diagrams from seismic attributes throughost th
3D volume which can then be ‘visualizually’
correlated to the lineaments seen on differentgeis
attributes like coherence but also be comparedheo t
rose diagrams available from image logs. Sinceethes
rose diagrams are generated at selected reguldr gri
points areally, at every time sample, these are
essentially 3D rose diagrams.  Appropriate
visualization of these 3D rose diagrams with the
seismic attribute volumes helps with interpretihg t
fracture lineaments confidently.

Coherence and curvature attributes for fracture
detection

Coherence detection has been used for detection of
faults and fractures for over a decade. With the
evolution of the eigenstructure algorithms, coheeen
is able to further improve the lateral resolutiamd a
produce relatively sharp and crisp definition aifilfa
and fractures. However, volume curvature attributes
have shown promise in helping us with fracture
characterization (Al-Dossary and Marfurt, 2006;
Chopra and Marfurt, 2007a). By first estimating the
volumetric reflector dip and azimuth that represent
the best single dip for each sample in the volume,
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followed by computation of curvature from adjacent
measures of dip and azimuth, a full 3D volume of
curvature values is produced. There are many
curvature measures that can be computed, but the
most-positive and most-negative curvature measures
are the most useful in mapping subtle flexures and
folds associated with fractures in deformed strata.
addition to faults and fractures, stratigraphictdeas
such as levees and bars and diagenetic featurbsasuc
karst collapse and hydrothermallyaltered dolomites
also appear to be well-defined on curvature display

Multi-spectral curvature estimates introduced by
Bergbauer et al. (2003) and extended to volumetric
calculations by Al Dossary and Marfurt (2006) can
yield both long and short wavelength curvature
images, allowing an interpreter to enhance geologic
features having different scales. Long-wavelength
curvature often enhances subtle flexures on thke sca
of 100-200 traces that are difficult to see in
conventional seismic, but are often correlated to
fracture zones that are below seismic resolutian, a
well as to collapse features and diagenetic aiterst
that result in broader bowils.

The quality of these attributes is directly propmral

to the quality of the input seismic data. So it is
advisable that the data going into attribute
computation is cleaned up. We make use of structure
oriented filtering (PC-filtering) for this purposand
obtain results that exhibit more coherent refledio
exhibiting sharper lateral discontinuities.

Calibration with well log data

It is always a good idea to calibrate the intemien

on curvature displays with log data if possible.eOn
promising way is to interpret the lineaments in a
fractured zone and then transform them into a rose
diagram. Such rose diagrams can then be compared
with similar rose diagrams that are obtained from
image logs to gain confidence in the seismic —td-we
calibration. Once a favorable match is obtaine@, th
interpretation of fault/fracture orientations anklet
thicknesses over which they extend can be used with
greater confidence for more quantitative reservoir
analysis. Needless to mention such calibrationsl nee
to be carried out in localized areas around thésviet
accurate comparisons.

Rose diagrams

Fractures are characterized by lineaments that are
oriented in different directions. Rather than view
individual lineament orientation at a given poitis
possible to combine the various orientations in all
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directions into a single rose diagram with angles
ranging from 0 to 180 degrees. The length of each
petal of the rose is dependent on the frequency of
lineaments falling along any angle. Rose diagraras a
commonly used for depicting orientations of specifi
lineaments and are preferred due to their ease of
comprehension (Wells, 2000).

Figure 1 shows hand-picked lineaments on the most-
positive curvature display in yellow-colored line
segments discussed in an earlier paper (Chopra and
Marfurt (2007b)). These are then transformed into a
rose diagram shown in the inset. Notice, in onglsin
display it is possible to see the orientation atfures

and their density on this surface. Ideally, thisero
diagram should be generated at a localized aremdro

a given borehole, instead of over the whole argh®f
seismic volume.

3D rose diagrams

The curvednessc, of a surface is defined ag =
kmirf+ kmaxX wherekminandkmaxare the minimum
and maximum curvature (Roberts, 2001). The
curvedness attributes that are directly related to
lineaments are the ridge and valley attributes.aSo
combination of the ridge component of curvednesds (A
Dossary and Marfurt, 2006) and axis of the folding
plane (strike, corresponding to minimum curvature
azimuthymin), can visuallyinterpret lineaments.

For a more conventional display and qualificatidn o
lineaments, we generate rose diagrams for any
gridded-square area defined by arnline by m-
crossline analysis window, for each horizontal time
slice. Within each analysis window, we bin eachepix
into rose petals according to its azimutimin,
weighted by its threshold-clipped ridge or valley
components of curvedness, then sum and scale them
into rose diagrams. The process is repeated for the
whole data volume. After that, the rose diagranes ar
mapped to a rose volume which is equivalent to the
data volume, and centered in the analysis window,
located at the same location as in input data velun
robust generation of rose diagrams for the whole
lineament volume (corresponding to the seismic
volume) is computed, vyielding intensity and
orientation of lineaments.

Thus 3D rose diagrams are generated from two
significant attributes namely the azimuth of minimu
curvature and as stated above another attribute tha
would have a good measure of the shape of the
features. This attribute could be the valley attigoor

the ridge attribute. Figure 2 shows the generatibn
the rose diagrams from these attributes as wethas
azimuth of the minimum curvature attribute. The
displays correlate well with the lineaments seen on
coherence aligning with the rose petals; conversely
where there are no lineaments seen on the coherence
display, the rose petals do not exhibit significsize.
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As the size and lateral spacing of rose generatim

be controlled, an optimum spread of the roses needs
be ascertained. To do so, in Figure 3 we show the
roses generated at a specific choice of the search
radius. In this example, the roses with a radius of
600m appear to have their spread reasonably matchin
the lineaments on the coherence. However, the
correlation of lineaments computed from curvature t
those seen on coherence depend strongly on the
tectonic deformation. For example, NS en echelon
reverse faults may be linked by nearly perpendicula
folds. Strike-slip faults may have subparallel fotgl

on one side and almost perpendicular folding on the
other (e.g. Rich, 2008).

As shown in the foregoing examples, a significant
advantage of the volumetric generation of rosegidt
nodes is that it is possible to merge them with a
suitable attribute volume. Figure 4 shows the meifge

a stratal volume from coherence with the rose velum

It is possible to animate through this volume te th
desired level and then examine how the lineaments
match the rose petals. A blowup of the rose diagram
volume is shown in Figure 5. Such 3D roses help the
interpreter notice, within the thickness of theastr
cube shown, if the orientation of the fractureshis
same or if it changes. There are at least five sose
marked with arrows that indicate changes in
orientation of fractures with depth.

Finally, another advantage of such a composite
visualization is that in multi-level fracture zone$
interest, it is possible to animate to these ddsire
fracture zones. Figure 6 shows stratslices at 5amds
100 ms below a marker horizon. Notice how niceby th
petal orientations match the low coherence lineasnen
seen on these displays.

Conclusions

3D rose diagrams can be generated as a volume using
either the ridge or the valley shape attribute in
combination with the azimuth of minimum curvature
attribute. Such a volume can be merged with angroth
attribute volume that has been generated to stoely t
fracture lineaments and their orientation. We have
illustrated this application through examples fram
real seismic data volume from Alberta, Canada.
Visualization of these volumetric 3D rose diagrams
with other discontinuity attributes lends confiderto

the interpretation of fracture lineaments. Finaflych

3D rose diagrams can be correlated with similae ros
diagrams from image logs, with azimuthal anisotropy
velocity data, with tracer data and with production
data
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A

Figure 1. Lineaments on most-positive curvature
horizon slice manually-interpreted as yellow line
segments and transformed into a rose diagram shown
in the inset.(After Chopra and Marfurt, 2007b).

Figure 2. Strat-slice from

coherence volume displayed
at a marker horizon and
merged with 3D rose
diagrams (in red) generated
with a search radius of 600
m. In (a) the rose diagrams
were generated with the
ridge attribute and in (b) the
roses were generated with
the valley attribute. Notice
that there are slight

differences in their

amplitudes but the
orientations seem to be
close.

Figure 3. Strat-slice from coherence volume displayed ateker horizon and merged with 3D rose diagramsréid)
generated with a search radius of (a) 300m, (b) 80@&nd (c ) 100m. In all cases the valley attridwis used besides
the azimuth of minimum curvature. Notice that tfisice will depend to a large extent on the feawe the horizon

or time slices being viewed.

105



Using 3D Rose diagrams for correlation of seismic fracture lineaments

- e i S8 |
Figure 4. 3D rose diagrams merged with a truncatedrigure 5. A blow up of the 3D Rose diagrams at individual
coherence volume. This composite volume can novpoints in the 3D volume. Notice the alignment efpbtals is
be animated to view the alignment and orientatibn smot the same within the thickness of the strat-cabd the
the features seen on the coherence with roses changes in orientation of fractures with time amdicated with
generated from different attributes and eventually yellow arrows.

with similar roses from image logs.

Figure 6. Strat-cube from a merged volume comprising the & diagrams as well as the coherence attributawsh

in (a) at 50 ms, and (b) 100 ms below a markerzwari This composite volume can now be animateigtothe
alignment and orientation of the features seenhencoherence with roses shown and eventually withes roses

from image logs.
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ABSTRACT

Faults and fractures play a key role in
forming effective porosity for hydrocarbon traps
in the granite basement of the Cuu Long Basin,
Vietham. Mapping the location, intensity, and
orientation of these faults and fractures can help
delineate sweet spots and aid in the positioning
of horizontal wells. We use volumetric curvature
attributes including maximum and minimum
curvature, ridge and valley shape components,
and the azimuth of minimum curvature to
provide not only good fault images but also a
guantitative estimate of fractures as a function of
strike.

In this work, we co-render multiple
attributes in a single composite volume, to
visually cluster attributes that delineate diffdren
components of the fracture system. For more
convenient display of these lineaments, we report
a new method to automatically generate
volumetric rose diagrams on user-defined n-
inline by m-crossline analysis windows spanning
the entire seismic volume. A 3D depth-migrated
seismic volume acquired over the Cuu Long
Basin in Vietham, was used to present these
analysis techniques, and show lineaments
corresponding to the granite basement's faults
and fractures.

KEYWORDS: Seismic, interpretation,
attributes, curvatures, rose diagrams.

INTRODUCTION

The granite basement of Vietham is
composed of Late-Triassic Cretaceous intrusive
batholiths. Due to tectonic rifting, the basement
is strongly faulted and fractured, with large open
fractures coupled with secondary micro-
fracturing. Together, the primary and secondary
fractures form “damaged zones”, which create
effective fracture porosity, thereby enhancing the
permeability in the hydrocarbon reservoir. In this
work, we evaluate the effectiveness of curvature-
related lineaments in defining major trends of
faults and fractures, by co-rendering of multiple
attributes in a composite display, and by
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automatic generation of 3D rose diagrams from
shape component attributes. The 3D rose
diagrams and seismic attribute volumes are
validated using the tectonic deformation model

to help us confidently interpret fracture
lineaments.
METHODOLOGY

Curvature of a surface is defined by two
orthogonal circles tangent to the surface. The
circle with the shortest radius defines the
maximum curvature kf,,) while the circle
perpendicular to it defines the minimum
curvature Knp) (Figure 1). The intersection of
the plane containing the circle defining minimum
curvature with the horizontal plane defines a
strike, which is commonly referred to as the
azimuth of minimum curvaturemin

maximum curvature
Kenax = 1/1

R R €

minimum curvature

Kenin = 1/73
Figure 1. An illustrated definition of 3D
curvature. Maximum curvature has shortest

radius and minimum curvature has largest radjus.
Minumum curvature azimuth is the direction |of
minumum curvature. (After Lisle, 1994)

Tr21e cur;/edne.:,s,, is defined as

c=k +k Q)

min max
where Kmnin and kpax are the minimum and
maximum curvature (Roberts, 2001).

Roberts (2001) also shows the usage of the
shape index and defines domes, bowls, saddles,
valleys, or ridges (Figure 2). The long axes of
these shapes corresponduyt@,. By modulating
the shape index with the curvedness, Al-
Dossary and Marfurt (2006) show how we can
generate different shape components. For a
plane, the curvatures would be zeros. For
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elongated anticlinal featureg,sis greater than
zero, antk,eq is equal to zero, and we define this
component of curvedness for this case as ridge
component,c,. Similarly, valley component of
curvedness is defined whekgsis equal to zero,
andknegis smaller than zero.

pos

< I

pos

neg

saddle
g e
HEQ‘

Figure 2. Geometry of of some folded surfaces.
By definition, Kneg < Kpos If Koos= 0 @ndkneq<0,
we have a valley shape, andkjfs> 0 andkneg=
0, we have a ridge shape. (After Bergbauer et al,
2003)

2 2 2
= kmr‘n +kmax

Combining multiple attributes in a single
image allows wus to visually ‘cluster
mathematically different attributes that are
sensitive to the same underlying geology, which
in our case are faults/fracture lineaments. Since
the ridge or the valley component of curvatures
might be related to the up-thrown size or down-
thrown side of faults, and minimum curvature
azimuth in this case is the extending direction of
faults, we are going to combine these attributes,
and represent the results with two methods, as a
2D color display (Figure 3a), and a rose diagram
(Figure 3b). We have developed a module to do
this task.

Minimum
curvature
azimuth

Valley/ridge

curvedness

Minimum
curvature
azimuth

Valley/ridge

curvedness

Figure 3 Combination of the azimuth of
minimum-curvature, wmi, and the ridg

component of curvedness to create mylti-
attribute display and rose diagrams.

In Figure 4, we show a composite image
of the ridge component of curvedness, and
minimum curvature azimuthy,. The lightness
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represents the lineament component of
curvedness, which in this case is ridge, and color
represents the azimuth of minimum curvature.

k-min azimuth
hue

F|gure 4. 2D mult| attrlbute dlsplay The ridg
component of curvedness is plotted agaijnst
lightness and modulates the azimuth of minimum
curvaturesym, plotted against hue.

@D

_ EANNEZEIFAE N
R ENNEEINE
ANNEEREE

~ x\/xxxx

ol

X\\\ \‘»;\_/
TR x\/ |~ = X ?

Figure 5. (a) Multi- attrlbute dlsplay of th
azimuth of minimum-curvaturey,;,, modulated
by the ridge component of curvedness and (b)|the
corresponding rose diagrams.

For a more conventional display of these
lineaments, we generate rose diagrams for any
definedn-inline by m-crosslineanalysis window.
Within each analysis window, we threshold the
ridge (or valley) components of curvedness,
(or ¢,), bin each voxel according to its azimuth,
wmin, @nd sum the threshold-clipped values of the
ridge or valley components, thereby generating
volumetric rose diagrams over a suite of
windows spanning the entire seismic volume. A
time slice of a representative rose diagram
volume is displayed in Figure 5.

CUU LONG BASIN

In the study area, the basement is
composed of Pre-Cenozoic magmatic rocks. Due
to special characteristics of the area, with multi-
phase deformation, the structure of granite
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basement was rifted, highly deformed, faulted
and fractured. The fractured system provides
favorable conditions for hydrocarbons from a
laterally deeper Oligocene-Miocene formation to
migrate to and accumulate in the basement high.

The most important tectonic deformation
occurred during late Oligocene — early Miocene,
creating normal faults trending NE-SW and open
fractures. A younger major event was during the
Miocene, creating strike-slip fault trends in E-W
and NW-SE direction. Figure 6a is a depth slice
through the seismic amplitude volume; the
boundary of the top basement is in white dashed
lines, while faults appear as black and yellow
dashed lines.

INTERPRETATION

Figure 6b shows a multi-attribute display
combining the ridge component of curvedness
and the azimuth of minimum curvature. The
colors represent lineament’'s azimuth, with blue
showing features in the N-S direction, pink or
red showing lineaments features in the NE-SW
direction, and green showing lineaments in the
NW-SE direction. The lightness is proportional
to the intensity of deformation. In this composite
display, we see two trends of lineament in the
NE-SW and NW-SE directions, which agrees
with the geological faulting orientation of the
area. The blended rose diagram (Figure 6c)
provides a more conventional, more easily
qguantified display of the lineaments showing the
lineament orientation and frequency of
occurrence within each analysis window. The
NE-SW faults was present along the top of
basement, while the younger faults in NW-SE
direction are more concentrated in the center
section, indicated by yellow arrows in Figure 6c.

The rose diagrams are generated in each
analysis window for the whole 3D volume, and
exported as a new 3D attribute volume; thereby
provide a means of importing them into
commercial visualization software. We are thus
able to co-render the rose diagrams with suitable
attribute volumes, and animate through these
volumes to the desired level to better understand
the lineaments. Figure 7 shows such an image,
with the 3D rose diagrams co-rendered with a
seismic amplitude sub-volume (Figure 7a) or
with a depth/structure map of top basement
(Figure 7b).

The length of the rose’s petals represents
the intensity of lineaments within the analysis
window. Notice that, in some zones above the
top of basement, the rose petal length does not
vary within a thickness (figure 7b, while arrow),
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which indicates a consistency in lineament
orientation. When the orientation of fractures is
consistent over a thickness, it implies a
consistent mechanism of fracture over a long
period of time. The intensity of lineament varies
more, when the analysis window is near the top
of basement (figure 7b, blue arrows). This
indicates a complication in fracture lineaments of
the area. The yellow arrow shows a strong NW-
SE lineament, compares with a NE-SW trend
that could indicate a big fault cutting across the
top of basement.

These results agree with previous studies of
the area. However, in order to calibrate the
results, it is necessary to compare the
interpretation with log data, if possible. When we
obtain a good match between seismic-generated
rose diagrams and image logs, interpretation of
faults/fractures orientation and their vertical
extension can be made with higher confidence,
for more quantitative reservoir analysis.

CONCLUSIONS

Volumetric curvature as displayed in multi-
attribute composite and rose diagrams can be
used to illuminate and enhance the signature of
fault/fracture lineaments. 3D rose diagrams can
be generated and merged with any other attribute
volume to study fracture lineaments and their
orientations. Calibration with well log is
necessary to validate the results. We have
implemented this new developed application
though a real seismic data volume from the Cuu
Long basin, Vietham.
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Figure 6. (a) Seismic amplitude time slice belgw
top of granite basement, (b) Multi-attribute
display of i, modulated by the ridg
curvedness, (c) the blended images with rpse
diagrams (white).
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Figure 7. 3D rose diagrams showing on (@)
truncated seismic volume, (b) depth structure
map of top basement.
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Abstract

Detection and characterization of fractures in masies is of great importance for maximizing

hydrocarbon productivity and recovery efficiencyoh@rence and curvature are two seismic
attributes that have shown promise in identifyimgups of closely spaced fractures or interconnected
fracture networks. Curvature attributes, in pafticuexhibit detailed patterns from fracture netigor
We report the automated generation of rose diagrmom seismic attributes throughout the 3D
volume which can be visually correlated to the diments seen on different seismic attributes like
coherence and quantitatively correlated to the diagrams available from image logs. Since these
rose diagrams are generated at regular grid poimtsach time slice, they are essentially 3D rose
diagrams. Visualization of these volumetric 3D rakagrams with other discontinuity attributes

lends confidence to the interpretation of fraclireaments.

Introduction

Fractures can enhance permeability in reservoids an
hence impact hydrocarbon productivity and recovery
efficiency. Consequently, the need to detect and
characterize fractures in reservoirs is of gretdrast
and is driving significant improvements in azimutha
anisotropy velocity analysis, azimuthal amplitude-
versus-offset (AVO) analysis, image-log breakout
interpretation, and seismic attribute analysis.

Surface seismic data have long been used for degect
faults and large fractures, but recent developmants
seismic attribute analysis have shown promise in
identifying groups of closely spaced fractures or
interconnected fracture networks. Coherence and
curvature are two important seismic attributes trat
used for such analysis. Curvature attributes in
particular exhibit detailed patterns for fracture
networks that can be correlated with image logs and
production data to ascertain their authenticity.eOn
way to do this correlation is to manually pick the
lineaments seen on the curvature displays for a
localized area around the boreholes falling on the
seismic volume, and then transform these lineaments
into rose diagrams. These rose diagrams are then
compared with similar rose diagrams obtained from
image logs. Favourable comparison of these rose
diagrams lends confidence to the interpretation of
fractures.

In this article we report the automated generatbn
rose diagrams from seismic attributes throughoat th
3D volume. Not only can these rose diagrams be
‘visually’ correlated to the lineaments seen on
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different seismic attributes like coherence, butyth
can also be quantitatively correlated to the rose
diagrams available from image logs. Since these ros
diagrams are generated at a selected regular §rid o
points in the horizontal plane, at every time samnpl
these are essentially 3D rose diagrams. Appropriate
visualization of these 3D rose diagrams with the
seismic attribute volumes, coupled with an appadpri
tectonic deformation model, facilitates confident
interpretation of the fracture lineaments.

Coherence and curvature attributes for
fracture detection

Coherence has been used for detection of faults and
fractures for over a decade. With the evolutiorthef
eigen-structure algorithms, coherence is able rihéun
improve the lateral resolution and produce rel&ive
sharp and crisp definition of faults and fractures.
However, volume curvature attributes have shown
promise in helping us with fracture characterizatio
(Al-Dossary and Marfurt, 2006; Chopra and Marfurt,
2007a). By first estimating the volumetric reflactip

and azimuth that represents the best single dipdoh
sample in the volume, followed by computation of
curvature from adjacent measures of dip and azimuth
a full 3D volume of curvature values is produced.
There are many curvature measures that can be
computed, but the most-positive and most-negative
curvature measures are the most useful in mapping
subtle flexures and folds associated with fractunes
deformed strata. In addition to faults and fracture
stratigraphic features, such as levees and back, an
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diagenetic features such as karst collapse and
hydrothermally-altered dolomites, also appear to be
well defined on curvature displays.

Multi-spectral curvature estimates introduced by
Bergbauer et al. (2003) and extended to volumetric
calculations by Al-Dossary and Marfurt (2006) can
yield both long- and short-wavelength curvature
images, allowing an interpreter to enhance geo#bgic
features having different scales. Long-wavelength
curvature often enhances subtle flexures on thke sca
of 100-200 traces that are difficult to see in
conventional seismic data, but are commonly associ-
ated with fracture zones that are below seismic
resolution or to collapse features and diagenetic
alterations that result in broader bowls. The dqualf
these attributes is directly proportional to thealgy

of the input seismic data, so it is advisable tiiet
data going into attribute computation is cleaned up
We make use of structure-oriented filtering (PC-
filtering) for this purpose and obtain results that
contain more coherent reflections exhibiting sharpe
lateral discontinuities (Chopra and Marfurt, 2008).

Figure 1. Horizon slice for the most-positive curvature
attribute. Lineaments interpreted as faults are marked
as yellow line segments and have been transformed
into the rose diagram shown in the inset. (After Chopra
and Marfurt, 2007b).

Calibration with well log data

If possible, it is always a good idea to calibrttie
interpretation on curvature displays with log d&dae
promising way is to interpret the lineaments in a
fractured zone and then transform them into a rose
diagram. Such rose diagrams can then be compared
with similar rose diagrams that are obtained from
image logs to gain confidence in the seismic-toFwel
calibration. Once a favourable match is obtainkd, t
interpretation of fault/fracture orientations anklet
thicknesses over which they extend can be used with
greater confidence for more quantitative reservoir
analysis. Needless to mention, such calibratiorezi ne
to be carried out in localized areas around thésviet
accurate comparisons.

Rose diagrams

Fractures are characterized by lineaments that are
oriented in different directions. Rather than view
individual lineament orientation at a given poitis
possible to combine the various orientations in all
directions into a single rose diagram with angles
ranging from O to 180°. The length of each petahef
rose is dependent on the frequency of lineaments
falling along any angle. Rose diagrams are commonly
used for depicting orientations of specific lineautse
and are preferred due to their ease of comprehensio
(Wells, 2000).

Figure 1 shows hand-picked lineaments on the most-
positive curvature display in yellow-coloured line
segments discussed in an earlier paper (Chopra and
Marfurt, 2007b). These are then transformed into a
rose diagram shown in the inset. Note that in glsin
display it is possible to see both the orientatidn
fractures and their density on this surface. |gedliis
rose diagram should be generated at a localizeal are
around a given borehole, instead of over the whole
area of the seismic volume.

Figure 2. Horizon slices from (a) coherence, (b) ridge, and (c) valley attributes.
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Figure 3. Strat-slice from a coherence volume displayed at a marker horizon and merged with 3D rose diagrams (in red)
generated with a search radius of (a) 300 m, (b) 600 m, and (c) 1000 m. In all cases, the other attribute used was the
ridge attribute. Notice that this choice will depend to a large extent on the features on the horizon or time slice being
viewed.
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3D rose diagrams
The curvedness, c, of a surface is defined by
= I(Zmin + kzmax (1)
where Kpin and k. are the minimum and maximum
curvature (Roberts, 2001). Roberts (2001) also show
how kyin and kna can be used to compute a shape
index, s, which defines dome € +1), ridge § =
+1/2), saddleq= 0), valley 6 = —1/2), and bowlq= —
1) quadratic surfaces. The curvedness defines the
intensity of deformation in generating these shapes
with a planar surface being defined as= 0. Al-
Dossary and Marfurt (2006) showed how the intensity
of deformation can be combined with the shape index
to generate shape components, with the sum of the
components equal to the curvedness. The choice of
shape depends on the geological model being used. |
Figure 2 we show a comparison of the coherence
horizon slice with the valley and the ridge horizon
slices. Note that the edges of the channel are
accentuated by the ridge attribute and the thalefeg
the channel is defined better by the valley attebu
Ridges and valleys (as well as elongated domes and
bowls) have a well-defined strike. We will therefor
interpret the azimuth of minimum curvaturg,;, to
be a direct measurement of the strike of ridges and
valleys.

Figure 4. Rose diagrams displayed 40 ms above a
marker horizon.

For a more conventional display and qualification
of lineaments, we generate rose diagrams for any
gridded- square area defined by minline by m-
crossline analysis window, for each horizontal time
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slice. Within each analysis window, we bin eachepix
into rose petals according to its azimuthyp,
weighted by its threshold-clipped ridge or valley
components of curvedness, then sum and scale them
into rose diagrams. The process is repeated for the
whole data volume. After that, the rose diagrangs ar
mapped to a rose volume which is equivalent to the
data volume and centred in the analysis window,
located at the same location as in the input data
volume. A robust generation of rose diagrams fer th
whole lineament volume (corresponding to the seismi
volume) is computed, vyielding intensity and
orientation of lineaments.

In this manner, we generate 3D rose diagrams
from either the ridge or valley component of cuwvat
and the azimuth of minimum curvature. The choice of
ridge or valley depends on the geological processes
that formed them. Thus, if we wish to generate rose
diagrams of a channel-levee system, rose diagrams
generated from the valley component of curvature
would be a direct measure of the channel axes.
Likewise, the valley component of curvature is r@ch
measure of intensity of karst-enhanced fracturesnin
otherwise planar carbonate horizon. In structurally
deformed areas, the noses of the anticlines asm oft
‘sharper’ than the valley lows, such that the ridge
component of curvature may provide more useful
images (Figure 2). Figure 3 shows the generation of
rose diagrams from the ridge component of curvature
and the azimuth of the minimum curvature. The
displays correlate well with the lineaments seen on
coherence aligning with the rose petals; conversely
where there are no lineaments seen on the coherence
display, the rose petals do not exhibit significsize.

As the size and lateral spacing of rose generatim

be controlled, an optimum spread of the roses needs
be ascertained. To do so, in Figure 3 we show the
roses generated at a specific choice of the search
radius. In this example, the spreads of roses with
radius of 600 m appear to match the lineament$en t
coherence reasonably well. However, the correlation
between lineaments computed from curvature and
those seen on coherence depend strongly on the
tectonic deformation. For example, N-S en echelon
reverse faults may be linked by nearly perpendicula
folds. Strike-slip faults may have subparallel fotgl

on one side and almost perpendicular folding on the
other (e.g., Rich, 2008). In Figure 4 we show the 3
rose diagrams 40 ms above a marker horizon, whkich i
a convenient way of correlating these with the rose
diagrams.

As shown in the foregoing examples, a
significant advantage of the volumetric generatidn
roses at grid nodes is that it is possible to méngen
with a suitable attribute volume. Figure 5 shows t
merge of a stratal volume from coherence with the
rose volume. It is possible to animate througts thi
volume to the desired level and then examine haw th
lineaments match the rose petals. A blowup of tise r
diagram volume is shown in Figure 6.
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Figure 6. A zoom of the 3D rose diagrams at individual
points in the 3D volume. Notice the alignment of the
petals is not the same within the thickness of the strat-
cube, and the changes in orientation of fractures with
time are indicated with yellow arrows.

Figure 5. 3D rose diagrams merged with a truncated
stratal coherence volume. This composite volume can
now be animated to view the alignment and orientation
of the features seen on the coherence with roses
generated from different attributes and eventually with
similar roses from image logs.

Display 50 ms below a marker horizon Display 100 ms below a marker horizon
Figure 7. Strat-cube from a merged volume comprising the 3D rose diagram as well as the coherence attribute, shown
in (a) at 50 ms, and in (b) at 100 ms below the marker horizon. This composite volume can now be animated to view the
alignment and orientation of the features seen on the coherence with roses generated from different attributes and
eventually with similar roses from image logs.
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Such 3D roses help the interpreter notice, withia t
thickness of the strat-cube shown, if the orientatf
the fractures is the same or if it changes. Theseat
least five roses marked with arrows that indicate
changes in orientation of fractures with depth.

Finally, another advantage of such a composite
visualization is that in multi-level fracture zone$
interest, it is possible to animate to these ddsire
fracture zones. Figure 7 shows strat-slices ams0
and 100 ms below a marker horizon. Notice how
nicely the petal orientations match the low coheeen
lineaments seen on these displays.

Conclusions

3D rose diagrams can be generated as a volume using

either the ridge or the valley shape attribute in
combination with the azimuth of minimum curvature
attribute. Such a volume can be merged with angroth
attribute volume that has been generated to stuely t
fracture lineaments and their orientation. We have
illustrated this application through examples fr@am
real seismic data volume from Alberta, Canada.
Visualization of these volumetric 3D rose diagrams
with other discontinuity attributes lends confiderto
the interpretation of fracture lineaments. Finadlych
3D rose diagrams can be correlated with similae ros
diagrams from image logs, with azimuthal anisotropy
velocity data, with tracer data, and with productio
data.
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Chapter 7 Conclusions

Geometric attributes related to structure suchpgs@nt dip, amplitude gradient
and curvatures help enhance the signature of gealogeflectors, especially the
reflectors related to faults and folds. While thmparent dip attribute shows a range of
value, along a dipping reflector surface, the atagé energy gradient shows a higher
resolution where the properties of the reflectoe ahanging. Rotating the apparent
illumination direction gives the interpreter a \asuool to better delineate structurally
complicated features such as faults and fractures.

Volumetric curvature attributes provide further ication of lineaments. With
respect to faults, these attributes may not comeiith the exact fault location. They
commonly bracket faults. Combining curvature wittherence and seismic amplitude,
the interpreter can quickly visualize and quansfyuctural style on an uninterpreted
seismic volume.

Combining two or more attributes and visualizingrthin the form of multi-
attribute displays or rose diagrams, allows therpreter to further delineate location of
faults or other lineament features, quantify thetensity and orientation (with rose
diagrams), or define structural shapes (shape jndex

Using a proper suite of attributes, we can genesateuperior interpretation

product, which can help in drilling or productioasign decision making.
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Appendix

Overview

As part of the effort, | have generated a compdeteof interactive Graphic User

Interfaces (GUIs), shell scripts, and documentabioow to use the AASPI software for

OU students, staff, as well as AASPI sponsors.

The AASPI software runs on a Linux system. It imigls three parts (Figure Al):

AASPI Graphic User Interfaces: provide an easy tealaunch jobs, quality
control user-defined parameters, and generate singphphical displays.
These GUIs are programmed in C++, using FOX Todakaphic libraries. |
have written 100% of the GUIs.

Shell scripts: read parameters from the GUIs, doessimple error checking
when possible, and submit a job to AASPI computapgplications in the
background, typically running in parallel under tlessage Passing Interface
(MPI). I have modified all of the shell scriptsitderface with the GUIs, and
written from scratch those that invoke the Fortfardgpplications | have
written, as well as those that convert input antpotuto and from the SEGY
standard

AASPI computing applications: The heart of AASPitwsare that perform the
actual seismic attributes computation. These agiptios are written in
FORTRAN90. | have written applications that generatse diagrams and
Euler components of curvature, and significantlydified algorithms for
multi-attribute display. | have also written theslwaconversion codes that pad

and quality control the data conversions from SEGY.
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Shell Scripts Applications

Figure Al: AASPI software workflow

generate_roses

Figure A2: AASPI software components

The interface includes one master GUI (aaspi. and 17 seismic attribute
computing and plottingsUIs (Figure A2). The attribute computir@Uls are classified

into four groups:
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* Volumetric Attributes: dip3d, image_filt3d, sof3dsimilarity3d,

curvature3d, apparent_cmpt, euler_curvature
* Formation Attributes: real_pca_spectra, real_pcaefoam

» Others: generate_roses, spec_cmp, footprint_suppregcm3d.

Plotting Tools: hiplot, hsplot, hisplot3d, spec_crp|ot
Each GUI is connected to one or more seismic atiilcomputing or displaying

application.
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Master Graphic User Interface (GUI): aaspi_util

All the seismic attribute applications can be ahligom the master GUI:
aaspi_util (Figure A3), through the drop-down méWolumetric Attributes, Formation
Attributes, Display Tools, and Others). The I/O adidplay utilities are: Segy2sep,
Sep2Segy (auto), Sep2segy (single), and SEP Viewer.

Segy2segonverts 3D seismic files in SEG-Y standard forifiBM 32bits) into
SEP format that we use internally for attribute pomation.

Sep2Segy (autgutomatically searches and converts selectedodedstributes
from SEP format to SEG-Y format for further progagsand interpretation.

Sep2Segy (singlepnverts one selected seismic file from SEP foimtatSEG-Y
format.

SepViewerdoes simple seismic data display of SEP formasfilfor quality

i WASPL - Litilities L Volumetric Attributes
|| Eile VWolumetric aftibules  Formation atiributes  Plotiing tools  Other Tools Help dip3d
Segyzsep | Sepesegy (auto) | Sep2seqy (single)]  SEP Viewer | image_filtad
| Seayzsep - Conven file rom SEGY to SEP forma S e
similarity3d
“Seqy File for Input (* say): Browse| View EBCDIC Header I Curvature3d_naw
== apparent crmpt
SEP Flle for Outpul (2F): euler_curvature
Verbose: 7
Velock [1a000 Formation Attributes
Byle loc. of line (inline) no.: [163 J4 byte int x| real_pca_spectra
Byte loc. of cdp (<ine) no.: |g1 |4 byte mtj real_pca_wavefom
Byte loc. of X-Coord: [73 [4 byt int =]
Byte loc. of Y-Coord: [77 [4 byt int =] Others
Override scalco |0 - uge value in header | gener_ate Tozes
SpEC_CHip
Vertical Unit: Ig 3 o 2
footprint_suppression
Horizontal Unit: |fl ﬂ glomad
Conver endian for Line number: [autodetect v] s0f3d (old)
Convert endian for COP nunber: [Autogetect =] SHieluzan ()
Convert endian for X-Coord: Autodetect
Convert endian for Y-Coord; Ihumuﬂant Ei Plotting Tools
Ampitude Threshold Squared:  [12+30 ot e
hsplot- 2D
Execute hisplatad - 3D
spec_cmp_plat- 4D

|(c) 2008-2010 AASF - University of Oklahoma

Figure A3: AASPI Utilities

122



The master GUI also links with an AASPI softwarenona (Figure A4), which

include the detail description of each applicatma on how to use them.

The University of Oklahoma
Attribute-Assisted Seismic Processing & Interpretation
http:aealngy. owedwaaspt

AASPI

Running AASPI Software
with GUIs

Kurt J. Marfurt
Ha T. Mai

MNorman, Oklaho ma
Nove mber 2009

Figure A4: AASPI Manual: Running AASPI Software with GUIs
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AASPI seismic attribute GUIs and computing programs

24 AnSPI - dipad
|| Eite Help

dipdd - calculate 3d dip aftributes using analytic semblance

Seismic Input (*Hj: Erowse
*Unigue Project Mame Load default values

Suffix: 0

Typical | Extanced]

Theta kax: |25
dTheta: |5

Ref. Yelocity: I‘IEII]I]D

Dip Window Height: I-w

Want Dip Components Result? 7 required
Want Kuwahara Window Result? 7 required
Want Dip Magnitude Result? [
Want Dip Azimuth Result? r
Want Dip Confidence Result? W

|(c) Z008-2008 AASPI - University of Oklahaoma Execute

Figure A5: AASPI dip3d

dip3d - compute 3D dip components using analytic sendglan overlapping

analysis windows (a Kuwahara implementation).

The program dip3d is supported by an external edipebngle estimator (Figure
AB6). This estimator helps converting the degredipping events from seismic data units
(traces and trace spacing for horizontal axis, tam& or depth for vertical axis) into

geometry unit (degree) to use as maximum dip sg#neta_max) in dip3d program.
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Figure A6: AASPI Dip Angle Estimator
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AASPI - image_filt3d
|| Eile Help

image_filt3d - calculates simple Image processing filters along
structural dip in 30

Inline Dip {*.H): l— Bruwsel
Crossline DipCH: [ Bmwsel
Dip Confidence {*.H): l— Bruwsel
*Unigue Project Name:

Suffiz: ID—

Typical IExTendedl

Alpha: |ns—
Filter [Megian =]
Window length: ln—
window width |u—
Window height: |u—

Execute |

|(c) 2006-2003 AASPI - University of Oklahoma

Figure A7: AASPI image_filt3d

image_filt3d - filters inline and crossline components of stuwal dip along the

previous estimate of dip using edge-preservingrlt

4 AnSPL - sofad BE®
“ File Help

sofdd_new - 3d structure-ariented filtering

Seismic Input (* Hy: li Browse
Inline Dip (~.H): [ Browse
Crossline Dip{*.H): l— Browse
Kuwahara Window H): li Browse
*Unigue Project Mame:

Sufiz: lmi

Typical |E>dended|

dTheta Interpolate: |1—
Filter spectral hands? Ot

T_low: |10—
t_high 100

T_taper fo——
f_width: [
Ealance speciral hands? Ot

Spectral balance time half window: [0 1

Fercent whitening: IE—

Desired attribute volumes

Want PC Filtered data? ¥ want Mean Filtered data?
Want Median Filtered data?

|(c) 2008-2010 AASFI - University of Oklahoma Execute

Figure A8: AASPI sof3d

sof3d - structure-oriented filtering of 3D data volumesjecting random noise

and presser edges.
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|| Eile Help

sitilarity3d - calculate 3d similarity-type attributes

Seismic Input (* Hy: I— Browsel

Inline Dip (H): — Browsel

Crossine DiptHy [ Bruwse|

*Unique Froject Mame: I— Load default values
Suffis: [

Typical |E>dended|

Inline Window Radius: |.1
Crossline Window Radius: |_1
Covariance Window Height: In_m

dTheta Interpolate (-0):

l‘—
Similarity Power (=0) |2—
Similarity Mean (0-=1}: Ig—
Constant Vector i

Results

Want Energy Ratio Similarity sttribute? W
Want Outer Product Similarity Attribute?
Want Sobel Filter Similarity Attribute?
Want Gradient Components Attribute? W

want Tatal Energy Attribute? r
Want Coherent Energy Aftribute? r
|(c) 2008-2009 AASF - University of Oklahoma Execute

Figure A9: AASPI similarity3d

similarity3d - calculate 3D similarity-type attributes from aignated data

volume.

BASPI - curvature3d new.
|| Eile

Help

curvaturedd_new - 3d curvature attributes

Curvature Type
Type 1: STRUCTURAL CURVATURE (K). Click here to switch to Amplitude Curvature!

Inline Catmpanent (*.Hy l— Browse

Crossline Component CHE [ Browse

“Unique Project Mame: [~ Load default values
Suffe [

Typical | Extenden]

Fractional Derivative Power: [0 5
Latibda Min: -1

Extract derivative along dip: [

Bandpass

Bandpass is OFF. Click here to Enable!

lamhdat: [o lambda2: [0 lamhdad: [o Iambdz4: [0

weight 1: [ weight 2: 7 weight 3: [1 weight 4: [3

Desired aftribute volumes

I Principal Curvatures (k1 and k2) Curvedness

Masdmum and Minimum Curvatures (absolute) Shape Index
Most Positive and Most Negative Curvatures Azim. of minimum curvature
Gaussian Curvature

r
r
r
™ Mean Curvature
-
-

Dome
Ridye
Reflector Rotation Saddle

Reflector Canvergence valley

i B i B i i

Bawl

() 2008-2010 AASPI - University of Oklahoma Execule

Figure A10: AASPI curvature3d

curvature3d - calculates curvature attributes from an inpgb&iponent vector.
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AASPI - Apparent Dip/Amplitude Gradient
|| Eite Halp

apparent_cmpt - calculate apparent dip or amplitude energy gradient

*Unigue Project Mame: I
Suffix: IU
First gutput azimuth (0-180): Iu

Last output azimuth (0-180): 135
OCutput azimuth increment {0-160) |45
Apparent Dip IApparent Amplitude Gradientl

Inline dip {*.Hj: I Browsel
Crossline dip {*.Hy: I Browsel
Executel

|(c) 2010 A&5P1 - University of Oklahoma

Figure A11l: AASPI apparent_cmpt

apparent_cmpt - calculates apparent dip and amplitude gradigénbates from

an input 2-component vector.

AASPI - euler_curyature

File Help

Structrural Curvaturel Amplitude curvaturel

euler_curvature - generate euler curvature

ki curvature l— Browsel
k2 curvature l— Browsel
minimum curvature azimuth: l— Bmwsel
“Unigue Project Mame: I—

Suffix: IU—
— Qutput parameters ————
First output azimuth (0-150: |u—
Last output azimuth (0-180): |135—
Cutput azimuth increment (0-180): |45—

Execute
ey 2010 44SPI - University of Oklzhama

Figure A12: AASPI euler_curvature

euler_curvature - calculates Euler curvature attributes friapk, and azimuth of

minimum curvature.
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AASPI - real PCA Spectra

|| Eite Halp

Extracts real PC Specira

Spectral Magnitude (*.H): I Browsel
*Unigue Project Mame: I
Suffix: IU

Typical IExTendedI
Start Time in sec: ln—
End fime in sec: ln—
Lows end frequency in Hz: lni
High end frequency in Hz: lui
Nurrber of PC to generate |5—

I

7

r

ird

p

Want real PC eigenvectors (wavelet shapas) ¥
‘Want real FC eigenvalues 7

Want PC recanstructed spectra?

Want projected PC 7

‘Want Mean of each spectral component?

|(c) Z006-2003 AASPI - University of Oklahoma Executel

Figure A13: AASPI real_pca_spectra

real_pca_spectra- extract real principal components from a vettisaite of

seismic amplitude or spectral magnitude data etedaalong an interpreted surface.

AASPI - real PCA waveform

File Help

Extracts real PC waveforms

Seismic Input .H): Bruwsel
*Unigue FProject Mame:
S 0

Typical |E><Tended|

Start Time in sec: i}
End time in sec: i}
Mumber of PC to generate 5

Want PC eigenvectors of the data?
Want PC eigenvalues of the data?
Want PC reconstructed waveform? ™
Want projected PC 7 o4

Want Mean of each time sample? ¥

|(c) 2006-2009 AASPI - University of Oklahoma Executel

Figure Al4: AASPI real_pca_waveform

real_pca_waveform- extract real principal component waveforms cgponding

to a window of seismic data extracted parallelrtorderpreted surface.
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AASPI - generate_roses

| Eie Help

Generate automatic rose diagrams out of the volumetric attributes
lineament (valley or ridge) and azimuth of lineament.
Elrowsel

Browsel

Lineament Maghitude(® H):

Lineament Azimuth(*.H):

Suffix:

|
|
“Unigue Project Mame: I
Jo

Typical IExtendedl

Maximum Rose Radius (unit2): |1uuuu

MNumber of petals per 30 degree: |5

Cumulative Magnitude Clip: |u

Maghitude Upper Threshald: |1

tagnitude Lower Threshold: |D.DEID1

Scan input data for thresholds|

|(c) 2009 AASPI - University of Oklahoma Executel

Figure A15: AASPI generate_roses

generate_roses— combine lineament curvedness and azimuth of mum

curvature components and generate 3D rose diagrams.

224 BASPI - spec_cmp 3]
|| Eile Help

spec_cmp - decomposes seismic data into either Ricker or Morlet wavelels using a
malching pursuit technique. The complex spectrum (amplitude and phase) of
each wavelet is to generate af g spectral

Seismic Input (*Hy Browse
“Unique Froject Name Load default values:
Sufis 0

Typical | Extendied]

Spectral Balaning Parameters Wavelet Tahle
Smoothing window: 5 Wavelet Type [Ficker =]
Pet for Spec. Balancing |5— Firct tabled wavelet freq ,2—
Reconstruction parameters Last tabled wavelet freq, IT
i 4 Table increment [os
1 & Temparal tapar [ooz
3 [0 Line decimation to est spectra [fo
4 120 Percentile excluded in spectral shape ,F
Frequency Increment lz—
Results
¥ want peak attributes? ¥ want flattened output? [~ Store cmpts as 4D cubes?
™ want spec mag cmpt? ™ want spec phase cmpt? [ want reconstructed data?
™ want modeled data? ™ want residual data? ™ want wavelet parameters?
[~ Want spectral shape atfributes?

| (e 2008-2003 AASFI - University of Oklahoma. Execute

Figure A16: AASPI spec_cmp

spec_cmp- decomposes seismic data into either Ricker aldflavavelets using

a matching pursuit techniqgue. The complex spectfamplitude and phase) of each

wavelet is accumulated to generate a time-frequepegtral decomposition.
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Tootprint_suppressian -

sefsmic Input CH: [T Browse
Attribute ( H) [ Brows
“Unigue Project Name

Suffix O

Step 1 - ‘enhance’vertical faotprint and suppress afiribute anomalies

Median Height: |0 25 secale: [ Bias: [1

Exzcute step 1

Step 2 - slice the smoothed aftribute volume and compute its ksky transfarm

Execute step 2

F\ep G- slice the seismic amplitude data wolume and compute its ke-ky transform 7‘

Execute step 3
Step 4 - compute notch locations In the noise slice
K Signal: [o.005 Threshold: [a Use: [median =]

Niter:  [3 6 [0 my: [10

Exzcute step 4
Step 5 - reverse keky transform the noise estimate
[ Exzcute step § ‘

Step 6 - adaptively subtractthe noise Tom the signal

mx_as: [50 my_as: [50

Exzcute step B
[ Step 7 - unslice the fitered data

Exzcute step 7 ‘

|te) 2008-2009 AASPI - University of Oklahoma

Figure A17: AASPI footprint_suppression

footprint_suppression— a processing workflow remove acquisition foatfsi

ASPI - glemad
|| Eile Help

glem3d - 3d glem

Seismic Input {*.H) l— Browsel
Inline Dig (*.H): [ Browse|
Crassling Dipf.H) [ Browse|
“Unique Project Name:

B ll]—

Typical |Extended]

Inline Window Radius: In
Crossline Window radius: In

Window height Ig—
nleval |33—
ndiv: ls—
dTheta: [
Rectangular Window: V¥

Desired attribute wolumes

[ energy ™ mean I wariance [ entropy
[ homogeneity [ dissimilarity [ contrast

Execute |

[(c) 2008-2009 AASPI - University of Oklahoma

Figure A18: AASPI glcm3d

glem3d — calculate grey level co-occurrence matrix atiils from a migrated

data volume.
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hiplat - bing two input attributes against a 2D hue and lighthess color table. The output composite
data volume ranges in values from 0 to {huetlightness} which maps one-to-one against its color
table. IESX, Landmark, Yoxelgeo, geomodeling, Kingdom, and SEP format color tables are
generated which can be loaded into commercial workstation software applications.

Hue

aftr. Against Hue (" H):

Elmwsel
Title on Hue Axis: |peak_frequency Re-scan Hue Pmrl

Range of Hues: |magenta—red—yellow—green—cyan—bluej

Aftr. value to be plotted against min_hue:

Aftr. value to be plotted against mas_hue:

Il

Lightness
Aftr. Against Lightness (" H): | Elrowsel
Title on Lightness Axis: |peak_magnitude Re-scan Lightness Attr

Aftr. walue to be plotted against min_lightness: o

|

Aftr. walue to be plotted against max_lightness: [

haxitum humber of colars (256): | 756

Colar map size: (H*L<= 258} Hue: [15  * Lightness: [12

Composite Output File (" H: |

Executel

|(c) 2005-2009 AASPI - University of Oklahoma

Figure A19: AASPI hiplot

hiplot - bins two input attributes against a 2D hue kglitness color table. The

output composite data volume ranges in values fdoto 255 (or n-color) which maps
one-to-one against color tables that range frono ®%5. Petrel, IESX, Landmark,
Voxelgeo, Geomodelling, and SEP format color tablesgenerated which can be loaded

into commercial workstation software applications.
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hsplot - hing two input aftributes against a 20 hue and satureation color table. The output composite
data volume ranges in values from 0 to 235 which maps one-to-one against its color

table. IESH, Landmark, Voxelgeo, geomadeling, Kingdam, and SEP farmat color tables are
generated which can be loaded into commercial workstation software applications.

Hue

attr. Against Hue (. H): | Brawsel
Title on Hue &xis: |peak_frequency Re-scan Hue Attrl

Range of Hues: |magenta—red—yellDw—green—cyan—bluej

Aftr. value to be plotted against min_hue: In
IU

Aftr. value to be plotted against max_hue:

Saturation
Attr. against Saturation (*.H): | Bruwsel
Title on Saturation Axis: |peak_magnitude Re-scan Saturation atr

Aftr. value to be plotted against min_saturation: Iu
Attr. value to be plotted against max_saturation: Iu

Maxitum humber of colars (2563|256

Colar map size: (H*L<= 258} Hue: [15  * Saturation: [12

Composite Output File (*.H: |

Executel

|(e) 2008-2009 AASFI - University of Oklahoma

Figure A20: AASPI hsplot

hsplot - bins two input attributes against a 2D hue sattration color table. The

output composite data volume ranges in values fdotm 255 (or n-color) which maps
one-to-one against color tables that range frono ®%5. Petrel, IESX, Landmark,
Voxelgeo, Geomodelling, and SEP format color tabkesgenerated which can be loaded

into commercial workstation software applications.
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hlsplotid - bins three input attributes against a 30 hue, lightness, and saturation color table.

The output composite data volume ranges in values from 0 to [hue®lightness®saturation} which
maps one-to-one against its color table. IESX, Landmark, Yoxelgeo, geomodeling, Kingdom, and SEP
farmat color tables are generated which can be loaded into commercial applications.

Hue

attribute Against HUe (*.H):

Browsel
Title on Hue Auxis: | dip_azimuth Re-scan Huel

Range of Hues: IbIue—cyan—green—yelluw—red—magemaj

Attr. value to be plotted against min_hue:

|

Aftr. value to be plotted against max_hue:

Lightness

Aftribute Against Lightness (~.H):

Brnwsel
coherence Re-scan Lightnessl

&ftr. value to be plotted against min_lightness: [

Title on Lightness &xis:

Attr. value to be plotted against mas_lightness: |0

|

Saturation

Attribute Against Saturation (. H):

Browsel
dip_magnitude Re-scan Saturatinnl

Attr. value to be plotted against min_saturation: {p

Title on Saturation Axis:

attr. value to be plotted against max_saturation: [p

|

Mlaximum number of colors (256): 256
Colar map size: (HL™S <= 256) H: IH5 “ L |‘4 “5 [a
Composite Output File (".H): |

Executel

|(c) 2008 &A55PI - University of Cklahoma

Figure A21: AASPI hisplot3d

hisplot3d - bins three input attributes against a 2D hughthiess, and saturation

color table. The output composite data volume range values from 0 to
(hue*lightness*saturation) which maps one-to-onairag color tables that range from O
to (hue*lightness*saturation). Petrel, IESX, Landkjavoxelgeo, Geomodelling, and

SEP format color tables are generated which cadodmed into commercial workstation

software applications.
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SEP Spectral 4D plot

SEP Spectral 4D Plot - Quick tool to display SEP spec_cmp 40 files
Flot 0: Line. Click here to switch to Frequency plot!

SEP Input {*.H): Erowsel

Colarbar file: W Ernwsel
tinimum Times Depth: IU—
kaximum Times Depth: IU—
Time/Depth Increment: lm—
First frequency: lu—
Last frequency lu—
Frequency Increment: lm—
Minimum COP: lu—
Wairum COP: lu—
CDP Increment: fo——
tinimurn ling: lu—
Iaxitum Line: lu—
Line Increment: lm—
Gain panel EVErY —

want scale har? ul

Clip: |n—

‘(c) 2008-2009 AASPI - University of Oklahoma Execute

Figure A22: AASPI spec_cmp_plot (4D)
spec_cmp_plot- quick tool to plot SEP spec_cmp 4D volume.
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