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ABSTRACT
Curvature attributes are a powerful tool for the struttumt@rpretation of seismic
data. These attributes measure the degree of curvatarsuoface and/or volume, and
because the more curved a surface is the more likelysthiece is deformed,
curvature attributes enhance subtle structural featurespamdit the mapping of
subtle faults and fractures below the resolution of seisiata, thereby reducing the
time required to identify and map structures in largenseislatasets. Identifying and
mapping these structures will help determine the size, gegnand degree of
compartmentalization of hydrocarbon reservoirs.
The datasets used in this study are two 3D time migratsohisevolumes from the
Tertiary deepwater fold and thrust belt in the Nigerajdahese areas are part of the
seaward extent of the outer compressional fold behefNiger Delta. The geology is
characterized by large and complex distal NW — SE tngntbe-thrusts terminating
against another set of E — W trending thrust faults detham top of the prodelta
Akataclays.
The seismic volume has been subject to several stHgesst-stack processing to
enhance discontinuities. First, a dip-steering volums evaated. Several dip-steered
filters were then applied to enhance faults and frastuFinally, similarity and
curvature attributes were calculated on the dip-steenddfault enhanced volume.
These final attributes show detailed geometry of thesthfault system and the
numerous subtle lineaments in the study area. The ititayraf the attributes has
increased confidence in the seismic mapping of the tHeudts and the other
numerous subtle lineaments which were difficult to idgnbn the input data.
Similarity and curvature attributes of the seismic wwdupreserve subtle structural
details and permits a more robust interpretation othestures.
We present two case examples of the application mwilasity and volumetric
curvature attributes and the values it adds to seisr@goretation using two seismic
datasets from the distal Niger delta (Joint Develogrdene).
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Introduction

Seismic attributes have been used for many years tocowapthe structural and
stratigraphic interpretation of seismic data and the @dveBD seismic technology
and powerful workstation computers has made it possiblexteact as much



information as possible from the character of seismageform for the generation of
several attributes. Hydrocarbon exploration in geoldlygicacomplex and
technologically challenging environment is perhaps theirdyivorce for the use of
these attributes for seismic data interpretationrolento minimize the exploration
risks of drilling very expensive wells. It is well knowratlthe most tasking work of a
structural geologist is mapping and interpreting faultsréservoir characterization.
These attributes therefore provides a quick way of visnglithe trends of faults and
fractures, particularly those beyond seismic resolutiah are important in reservoir
engineering. Abundance of information on fault size andngdry will help
explorationists determine suitable well locations.

Seismic attributes are a quantitative measure of seigmairacteristic of interest to the
seismic interpreter. Several classification scherhage been made for seismic
attributes and described in detail by Chopra & Marfurt (200&8)ndret. al, (1994)
divided seismic attributes into two general groups; geometd physical. Geometric
attributes such as dip, azimuth and continuity enhances visibility of the
geometrical characteristics of seismic data, while hysattributes such as
amplitude, phase, and frequency relate to the litholelgthe subsurface. Chen &
Sidney (1997) provided a classification based on the wanaaridtic/dynamic groups
and geologic reservoir feature groups. They divided tindaties into instantaneous,
single trace and multi-trace. Another classificatadncomplex trace attributes is by
Barnes (1997); he classified seismic attributes basedhenrdlationship among
different attributes and seismic data. Brown (2004),sdladl attributes into, time,
frequency and attenuation, according to the informatii®y give. Time attributes
provide information on structure, and amplitude attribute=d smore light on the
stratigraphy and reservoir. Linet. al (2004) classified seismic attributes into general
and specific categories. General attributes such ast@flamplitude, reflector time,
reflector dip and azimuth, complex amplitude and frequencyergézed Hibbert
attributes, illumination, edge detection/coherence, AVi@| spectral decomposition
are measures of geometric, kinematic, dynamic, oisttatl features derived from
seismic data. These attributes are based on the phgsic®rphological character of
the data that is related to lithology. Specific atttéds have a less well defined basis in
physics or geology and are localized in their applidgti geologic settings. Chopra
& Marfurt (2005) added composite attributes as the third cateégdhge classification
of Liner et. al.,(2004). They described composite attributes as those usesbtaydi
more than one attribute at a time (meta-attributex] those combined using
geostatistics, neutral nets, or other classificatichrtelogy. Their preference is to use
attributes that individually correlate to only one geadogr physical variables of
interest, followed by geostatistics, neutral networkgstering, or visualization to
combine several attributes in a meaningful manner.

Description of curvature

Curvature is commonly defined as the reciprocal of Hulius of a circle that is
tangent to the given curve at any point (Roberts, 20019refdre, the smaller the
radius of curvaturgthe more bent the curve is and hence the largecuheature.
Consider a 2D cross-section through a mapped surfaceethars, which are normal
to the surfaces are drawn in red at roughly regular inteteag the surface. Where
the surface is either flat or planar dipping the corresipgndectors are all parallel
and thus the surface has a zero curvature at that pdirgre the surface is anticlinal,
the vectors all diverge and the curvature at that poipbs#tive. Where the surface is
synclinal, the vectors all converge and the curvaturegstive (Figure 2).



Two-dimensional curvature can be extended to explain curvatuheee-dimensions
(Figure 3). A curve can be constructed by mathematicallynguthe surface with a
plane. The intersection the plane makes with thesarfiescribes a curve from which
the curvature can be calculated at any point alonguhecThe most useful subsets
of curvature are those defined by the planes which @ahegonal to the surface and
these are calledormal curvaturesFrom the infinite number aformal curvatures
which pass through a particular point on a surface,nth&mum curvaturekmax
defines the largest absolutervature The curve perpendicular to..yx is called the
minimum curvaturekmin. These two surface attributes are referred to apriheipal
curvatures

Normal curvatureis an inherent property of surfaces that can be deduced fr
geological and field measurements. Curvature analygjeabgical surfaces has been
used to describe the geometry of strata (e.g. Bevis, 198&, L1992; Lisle &
Robinson, 1995; Ansell & Banister, 1996; Roberts, 2001), to quahefydegree of
deformation or strain in a deformed strata (e.g. Ekri888; Lisle, 1994; Notharelt
al., 1996; Samson and Mallet, 1997; Johnson & Johnson, 2000; Ra@bi ), and to
predict fracture orientation and densities of foldedtat(e.g. Murray, 1968; Thomas
et al, 1974; Lisle, 1994; Fischer & Wilkerson, 2000; Henniregsal, 2000). The
validity of curvature analysis as a tool for predictindpd@ation has been doubted by
several authors (e.g. Schultz-Ela & Yeh, 1992; Gibbal, 1997; Jamison, 1997).
Whereas some authors concluded curvature analysis isicateal for predicting
deformation (e.g. Ewy & Hood, 1984; Lisle, 1994).
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Figure 1. Mathematical definition of curvature. For a pautar pointP on a curve, the curvature can be defined in tesfithe
radius of curvatureR of the osculating circle with a tangehtwith the curveN is the vector normal to the curve at pamt
which defines the local dip angke The curvature at poir® is defined as the reciprocal of thadius of curvature(From
Roberts, 2001).
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Figure 2. Sign convention for curvature attributes in twoaadnsions. The black arrows represent vectors, wdielnormal to
the surface. When the vectors are parallel oroflalanar dipping surfaces, the curvature is zeteere the vectors diverge over
anticlines, the curvature is positive and wherg thenverge over synclines, the curvature is definedegative ( From Roberts,
2001).
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Figure 3. Curvature in three dimensions, showing maximumnmvature Kna, minimum curvaturekyin, dips curvatureks, and
strike curvaturd,. Other curvature measures can be derived frosetbervatures (From Roberts, 2001).

Curvature attributes

Curvature attributes have been used for many years by wsalgeologists to
delineate faults, fractures and other structural featureseismic data that are
commonly too difficult to map on amplitude seismic dathede attributes reveal
startling images of structures that are below the rasalatff seismic data. Curvature
attributes are based on the morphology of seismic feewe and they give
supplementary structural information on coherencebates. Roberts (2001) defined
several curvature attributes from fig. 3 to include:

Mean Curvature This is the average of any two Normal Curvatures thraugbint
on the surface is constant. The mean curvature istladssum of thévlinimum and
Maximum Curvature Several other attributes can be derived from the nMea
Curvature; it is not considered a useful attribute fervisualization of structures.



Maximum CurvatureThe maximum curvature defines the largest absolute curvature
The plane of this curvature is orthogonal to the ptainne minimum curvature. This
attribute is particularly good at delimiting faults andlfayeometries.

Minimum CurvatureThe minimum curvature defines the smallest absoluteature.
The plane of this curvature is orthogonal to the pldneemaximum curvature. This
curvature is often noisy but can be used to identify frastur

Dip Curvature This is the curvature extracted along the dip directiod B a
measure of the rate of change of dip in the maximum dexwn. This attribute is
good at showing the throw and direction of faults. Trenelof the dip curvature is
orthogonal to the plane of the strike curvature.

Strike Curvature This is the curvature extracted along the strike doact
perpendicular to the dip curvature. This attribute desetibe shape of the surface. It
is good at showing the connection between the highsoarglof a structure.

Most Positive and Most Negative Curvaturéhese attributes return the most positive
and negative curvatures from an infinite number of Nouaatures that exists. The
most positive curvature does show anticlinal structuresugnthrown fault blocks,
while the most negative curvature shows synclines and tthoowan fault blocks.
Gaussian CurvatureThe Gaussian curvature is the product of the Minimuwh an
Maximum Curvature (Total Curvature) and gives a measurtheofdistortion of a
surface. Lisle (1994) has used the measure of this atttibudentify the location of
fractures on outcrop buckled-folds.

Shape IndexThis is a combination of Maximum and Minimum Curvaturel a
describes the local morphology of the surface indepdrafestale. The attribute can
be used to show if a surface is a ridge, valley, bowmedor is flat. It has been
reported to display lineation.

Regional geologic setting

The study area is located in the distal Niger deltaater depths ranging from 1500m
in the north to more than 4000m in the southwest (Figute).Niger Delta is located

in the Gulf of Guinea and is one of the largest regresteltas in the world (Doust &

Omatsola, 1990) and a classical province for shale tect@iMesand Bally, 2000).
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Figure 4. Map of the Gulf of Guinea showing the location of the NiDefta and the Joint Development Zone.
The JDZ is the distal extension of the Niger Delta (F@orredoret. al, 2005).

The delta sequence comprises an upward-coarsening regressiceton of Tertiary
clastics up to 12km thick. The stratigraphy is divided integrdiachronous units of
Eocene to Recent age reflective of a regressive megeeisee. The type sections of
these formations have been described by many authgrsSfeort & Staeuble, 1965;
Avbovbo, 1978; Evamet. al, 1978; Doust & Omatsola, 1990; Morgan, 2003; Kulke,
1985).

The Benin Formationis the uppermost unit of the Cenozoic Niger Delta sedliang
sequence. It is primarily 90% sands and sandstones theotal upper deltaic plain
environment, and contains a few shale intercalatiores,stiale content increases
towards the base of the sequence. The age span afrthatibn has been given as
Miocene-Recent (Short and Staeuble, 1967). Agbada Formationunderlies the
Benin Formatiorand forms the second of the three diachronous Nigéa@omplex
formations (Short and Staeuble; Frankl & Cordry, 1967). dibscsts mainly of
alternations of sands and sandstones and siltstortesarsists of several offlap
rhythms, the sandy parts of which are the main hydrocadsmrvoirs, the shales are
the main seals to the reservoirs. The formationble@s described as being laid under
a variety of depositional environmental conditions suchraskish to marine, coastal
and fluvio-marine settings (Short & Staeuble, 1967). Itbeen reported to be 3km
thick or more (Doust & Omatsola, 1990). TA&ata Formationis the basal time-
transgressive lithological unit of the Niger Delta g@dex. It is made up mainly of
marine shales with sand and silt beds thought to haae lb&d down as turbidites and
continental slop channel fill. The age of the formatiange from Eocene to Present
(Short & Staeuble, 1967). The shales are overpressured arféhmeally weak and
have deformed in response to delta progradation (Doust &t$0faa 1990). The



regional detachment in the mobile shale zone links sktencontraction and strike-
slip in this gravity-driven system. The detachment carhbegh of as the base of a
ductile shear zone (ref). This formation has been teddo be 3-4km thick. (Doust &
Omatsola, 1990), and is recognised on seismic data by itefegtivity.
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Figure 5. Stratigraphic column of the Niger Delta. The red dashedrmigates the approximate position of the
JDZ, deeppwater Niger Delta (From Doust & Omatsola, 1990)

The structure of the Niger delta has been described byadenghors (e.g. Evanst.
al., 1978; Doust & Omatsola, 1990; Damuth, 1994) A much recergiftidasion by
Corredoret. al. (2005) subdivided the Niger Delta into five major structa@es
based on structural styles imaged in seismic data andésglution bathymetry. The
structural zones include 1) an extensional province benkeatbantinental shelf that
is characterized by basinward-dipping and counter reggnoath normal faults and
associated roll over depocentres; 2) a mud-diapir zocatdd beneath the upper
continental slope, which is characterized by passiug/ea@nd reactive mud diapirs
(Morley & Guerin, 1996); 3) the inner fold and thrust belt, abhis characterized by
basinward-verging thrust faults and associated folds, imdudome detachment
folds; 4) a transitional detachment fold zone beneaHaWwer continental slope that
is characterized by the large areas of little or nomedtion interspersed with large,
broad detachment folds above structurally thickeAgdta Formation and 5) the
outer fold and thrust belt characterized basinward andrkginteverging thrust faults
and associated folds. Deformation across this struczared is still active today and
this results in pronounced bathymetric expression of strestthat have not been
buried by recent sediments. The Sedimentary pile ilNiger delta is deposited on a
gently ocean ward slope that facilitates the moveroéttie sediments downslope by



gravity, this downslope gravitational movement is fac#itatoy a regional and
decollement within the ductile and overpressuk&dtashales.
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Figure 6: Classification of the structural domains in the Nigezlt® (1) an extensional province
beneath the continental shelf, (2) a mud-diapir beltied beneath the upper continental slope, (3) the
inner fold and thrust belt, (4) a transition zone ben#athlower continental slope, and (5) the outer
fold and thrust belt. The green box indicates the total B8O®IC3D JDZ PGS survey, this area is
within the inner and outer fold belts, with a detachnmovince in between (From Corredet. al,
2005).

Dataset

The dataset used in this study are two subsets of a lanffe@lent 3000k 3D
Seismic survey in the deepwater fold and thrust beheNiger delta (Figure 7). It is
the southern extension of the distal Niger delta angpsoximately 180km offshore
in the Gulf of Guinea in a water depth ranging from 15068nthe north to over
3500m in the south (Figure ). The seismic survey was sh®Gfy and processed
using full Kirchhoff pre-stack time migration (KPSTM). &bin spacing of the data is
25m by 12.5m and record length is 8s. These MC3D data havedoguired with
two sources, 8 or 10 streamers 6km in length with spaxfidiOm to give a fold of
60. Examination of the seismic data indicates thaséismic data quality is generally
good.
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Figure 7. Survey grid of the 3000KhPGS Multi Client 3D Seismic dataset. Seismic volums e imput for the
calculation of the several curvature attributes desciiib@dse study Il, while seismic volume A is the input for
the calculation of the curvature attributes described ia sagly I.

M ethods

The methods are divided into three stages. In theshegfe a steering cube of the dip
of the seismic events in inline and cross line direciibevery sample point is created
from the seismic amplitude volume. The dip is itselfagéimibute that is used for the
structurally oriented filteringBG algorithm is the used and because it is sensitive to
noise, a median filter was applied to the steering énbeach case. ThBG Fast
Steering algorithm was developed B¢ based on analysis of the gradient of the
amplitude data in the horizontal and vertical domains.Teerisig cube forms the
foundation for the structural oriented filtering of seismolumes, enhancing multi-
trace attributes and eventually curvature attribute gaoaran dip steering, attributes
are guided along a three dimensional surface on whichsé@mic phase is
approximately the same (Figure) In this process, a vitiagkon is created at each
position by following the dip/azimuth information from teeering cube from trace
to trace The dip steered data is the used as a filtetp @alculate the attribute
response (reference). The filter sizes applied istirsted to see the size that gives the
best filter without introducing artifacts or removing inngamt geological details. The
dip steered seismic volume is then used as noise filter noise filtering is achieved
by applying four dip-steered-median filters of differemtesi -in-step-out- to the dip-
steered cube using th&G algorithm. The median filter removes random noise and



enhances laterally continuous seismic events by filtenmige along the structural
dip. In median filtering, the center amplitude in a dipeséd circle is replaced by the
median amplitude within the extraction volume; the effes an edge-preserving
smoothing of the seismic data (reference). Two dip-steélters are used, the dip-
median and the dip-diffusion filters. The combinatmmnthe two filters produces a
dip-steered attribute volume with a lot of structunébrmation.
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Figure 8. Workflow of the processing stages of the seismic volufie stage on the left is primarily a fault
enhancement process. The similarity volume is calculated fhe fault enhanced and background smoothened

volume. The curvature attributes are calculated from ttedlelé steering cube. The description of these attributes
is given in the proceeding sections.
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Figure 9. Schematic illustration of the seismic trace dip-steepragess. A seismic event is followed from the

central position by tracking the local dip and azimuth infoionain the steering cube (From De Grat al,
2008).




Figure 10. Schematic illustration of the dip steering of threers@draces. The dashed lines represent
the local dip and azimuth, while the solid lines betwéenttaces represent the steering path. In (a) the
azimuth of the local dip and azimuth are followed frdra first trace to the adjacent trace on the path
towards the target trace. In (b), the aperture centamethe intercept time is searched for the same
phase similar to the first trace, if the phase is fowitdin the aperture, the time is adjusted to the time
of equal phase, and if not the intercept time is assumed tioebleest available estimate. In (c), the
local dip and azimuth is calculated at the intercept tinteisrfollowed along the path towards the
target trace. The procedure of calculating the local digp @aximuth, following its direction and
optionally phase lock is repeated along the path ttattget trace (From de Rooij & Tingdahl, 2002).
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Figure 11. Schematic illustration of the modes of seismic datarstg processes. In (a), there is no
steering, in (b), the dip and azimuth of the seismsices at the evaluation point is followed to find all
the trace segments needed to define the attribute resfpemseal steering), in (c), the dip and azimuth
is located and updated t every trace position (full sigeriThe full steering process provides the
optimal dip/azimuth definition of the seismic traces amdpreferred for dip-steering attributes
generation. These processes are carried out in a 3Doemént in the seismic volume. The steering
cube is computed i@pendTectising a sliding 3D Fourier analysis technique (Franw.dgbes.com

The step-outs, time gate and steering define the volamdich the input attribute is
evaluated. The position of the median of the inputhatte is selected for the best
evaluation. Full steering is preferred because all tpatitrace values are collected
along a curved surface. The full block extension is usedefme all possible trace
pairs in the rectangle defined by the Inline/cross linp-siut

In the second stage of the pre-stack processing, sexanadture attributes of the
seismic volume is calculated from the detailed stgeralume. The methods used for
the computation of these volumetric attributes are desdrby Al-Dossary & Marfurt
(2006). The similarity attribute volume of the full-difesred, median and diffusion-
filtered seismic volume is then generated. In full-stipering process, the local dip
and azimuth of the seismic traces are being mapped frace to trace, thereby
reducing background noise significantly. The similarityriladte is a form of
"coherency" that expresses how much two or more seigage segments look alike
in waveform and amplitude.
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Figure 12. Sketch of the definition of trace positions relative & reference point 0, 0 (From
www.dgbes.com)

Finally, several volumetric dip-steered-curvature attels were computed from the
seismic volume. The methods used for the computatidgheovolumetric curvature
attributes have been described by Al-Dossary & Marfurt (20063his method, a
moving sub-volume of data is used to compute curvature measusyvery point in
the 3D seismic cube. The dataset is first filtered apdstker computed, this process
is followed by the computation of fractional derivativeghin the sub-volume to
analyze curvature in multiple wavelengths. Shorter \eawghs denote intense and
highly localized fracture patterns and longer wavelengtirsespond to broader
fractures. The dip information of between 9-25 tracessed for short wavelengths
and 400 or more for long wavelength. Fractional derivataee then applied along
each time slice with the previously computed dip steeael seismic bin to yield the
estimates of curvature.

The fractional derivative is defined as

Fo (Udx) = -i (ko)* F (u) (2)

whereF is the Fourier transform operator, u is an inline assline component of
reflector dip andx is a fractional real number of the dip. This new atbar by Al-
Dossary & Marfurt (2006) provides estimates of reflect@apghon a complete seismic
volume without the need for prior interpretation, traiding the need to pick
reflectors that may be contaminated by noise or not simi over the area of
interest. This new approach is a modification of an exantiethod by Roberts (2001)
in which there has to be a prior interpretation of céfles. Curvature attributes have
been shown to relate to deformation measured on out¢eagpsLisle, 1994; Hareét.
al., 2001, Massafereet. al, 2003). The applicability of some of the volumetric
curvature attributes are described in detail in the case@e&a in the proceeding
sections of this paper.

Discussion of results

Case study |

The data for this study is a 264kseismic volume subset located in the NW flank of
the 3000kr PGS Multi Client 3D JDZ Seismic data. The seismitun® has been
subject to several pre-stack processing to generate lin@eftoic curvature measures
of the seismic traces. The prominent structure seesesmic amplitude volume is a
large segmented 15km thrust fault bounded on the hangingbyadl large fault
related anticline. The calculation of the curvatureilattes has revealed structural
details not seen on similarity and amplitude seismiare.

12



Fault enhancement filter: Figures 13a and b shows the amplitude timeslice extracted
from the seismic volume at 4000ms. Figure 13a is the rsam&edata, while figure
13b is the same timeslice after the application cdudt fenhanced filter (dip median
and diffusion). We can clearly see how the filter halsamced the edges and focus of
the faults, especially the N-S faults at the middlehef survey. The fault enhanced
seismic volume forms the input for the calculationtbé dip-steered similarity
volume.

Similarity attribute: The similarity attribute is a form of "coherency"trddute
expresses how much two or more trace segments look Alikenilarity of 1 means
the trace segments are completely identical in Veawe and amplitude and a
similarity of 0 means they are completely dissimil@&his attribute is particularly
effective at highlighting small faults and fracturexhuse faults tend to similarity by
juxtaposing out-of-phase amplitudes. Figure 14 shows thdasim attribute at
4000ms, and clearly visible is the main NW-SE thrust $aalhd the numerous
fractures that have offset the main thrust structures.

Curvature attributes: Several curvature attributes volume have been calcudated
the applicability of these attributes described in tlee@ding sections.

The most positive and negative curvatuge®e derived by searching all normal
curvatures for the most positive and most negative valBetause positive
curvatures tend to define anticlines and most negative tcmegadefine syncline, the
upthrown and downthrown fault blocks can distinguish symo@dt from
asymmetrical structures. Figure 16a shows the most positivvature display at
4000ms. High most positive curvature values indicate upthrfawih block and in
figure 16b high most negative curvature values indicatediatthrown fault block.
Dip curvature:This is the curvature extracted in the maximum dip tdoacand is a
measure of the rate of change of dip in the maximum dgzigon. Figure 17a shows
the dip curvature extracted from the dip curvature volab®000ms. This attribute is
good at showing the local relief of an area. The domnattire indicated by the red
arrow in figure 17a is clearly defined by this attribute.

Strike curvature: This is the curvature extracted in the strike directam is
perpendicular to the dip curvature. Note in figure 17b havgd values of this
attribute defines the faults. This large curvature valuegdcbe correlated to open
fractures (Haret. al, 2002).

Maximum curvatureMaximum curvature defines the largest absolute curvature and
is orthogonal to minimum curvature. This attribute sh@fault by the juxtaposition
of positive curvature values and negative curvature vathes, the orientation and
position of the upthrown and downthrown fault blocks casilg be defined. Roberts
(2001) describe this delimiting property of maximum curvaturaraartefact of the
curvature calculation process (Figure 12). This artefatltsefrom the smoothening
effect of the pre-filtering and least square approximatiorabrupt changes due to
faults. The curvature The smoothening creates higher cwevatalues on the
upthrown side and lower negative curvatures on the doamthside.

13
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Figure 12. Diagram illustrating the effect of the quadratic approxiam of surfaces in curvature
calculation. The mapped surface is a smoothened fothreddriginal surface curvature, this results in
anomalous high curvature values on the upthrown side hagld negative curvatures on the
downthrown side. This anomaly enables the faulted rock blocks identified using the most positive
and most negative curvature attributes respectivefurEi12A illustrates the artefact phenomenum in
extensional structures (Roberts, 2001), while figure 12Bpicable to contractional structures.
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Figure 13. Amplitude time slices extracted at 4000ms frioenseismic volume in NE JDZ. Figure is the raw
amplitude time slice and b is the same timeslice afteappécation of fault enhanced filter (median and diffusion
filters). Note the more coherent and sharper structuraimgaof the faults indicated by block arrow colours after
the fault enhancement process. This fault enhanced volummeiisput for the calculation of similarity volume.
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Background dip steering
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Figure 14. Background dip-steered timeslice extracted at 4000mste background steered volume in NE JDZ.
Note the highly smoothened background structure that has défieegtometry of the main faults. Note also the
relay ramp indicated with the red block arrow. This volusnene of the input data for the calculation of simiarit
volume.

- Fault enhanced similarity
Low

Figure 15. Fault enhanced similarity attribute timesliceragked from the similarity volume in NE JDZ. The
similarity attribute is a form of "coherency” that expessfiow similar seismic waveforms are. Low similarity
represents faults and fractures. Note how this attribludevs the faults and the ramps in circles. The red arrows
indicates the fault related folds. Note also the numeruissfat the top of the fold in the center of the timeslice
Numerous E-W faults are also visible.
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Figure 16. Maximum curvature attribute timeslice exgddtom the maximum curvature volume in NE JDZ. In
extensional tectonics this attribute should show the upthrowindawnthrown fault blocks, but here only the
upthrown fault block can be identified probably because theniests compressional and the downthrown block
is behind the fault plane.
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Figure 17: Most positive curvature (a) and most negativeature (b) timeslices at 4000ms extracted from the
most positive and negative volumetric curvature attribuvbbsme. These attributes are second derivatives of edge
attributes. The high most positive curvature values inelicéihe up throw fault blocks, while the high most
negative curvature values shows the downthrown fault bloakt® tNe numerous N-S lineaments that have offset
the main fault at the centre of the timeslice.
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Figure 18: Dip curvature (a) and strike curvature (b) tiimes at 4000ms extracted from the dip and strike
curvature volumetric volume. Note the exaggerated |l@efiin the dip curvature attribute that makes it possible
to identify the domal structure indicated by the green arfidve. edges of the faults can be clearly seen perhaps
because the faults are perpendicular to strike. The siukeature attribute on the left is tangential to the dip
curvature. Note the red highs that could be elevated ridgetha dark lows that probably indicates the throw of
the faults.

Case study 1

The data for this study is a 100kseismic volume subset located in the NE flank of
the 3000kr PGS Multi Client 3D JDZ Seismic data. The seismitun® has been
subject to several pre-stack processing to generate lin@eftoic curvature measures
of the seismic traces. The prominent structure seeseismic amplitude volume is a
large arcuate shaped thrust fault. The calculationhef durvature attributes has
revealed structural details not seen on similarity anglitude seismic volume.
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Figure 23. Maximum curvature attribute timeslice exgddtom the maximum curvature volume in NE JDZ. In
extensional tectonics this attribute should show the upthrowindawnthrown fault blocks, but here only the
upthrown fault block can be identified probably because theniests compressional and the downthrown block
is behind the fault plane.

Conclusions

The introduction of curvature attributes has added moraev&d the structural
interpretation of seismic data and add provides the imenpithe opportunity to
extract as much information available as possible moae thhat the traditional
coherence/similarity attribute can provide. Thus when ature attributes are
interpreted alongside coherence/similarity attributése confidence of the
interpretation is increased. Curvature attributes provides atditional shape
information that enables these attributes to be usedifterentiate symmetrical
features like ridges and valleys from assymetrical featlike faults.

Roberts (2001) introduced the method of calculating the tuneveof surfaces, Al-
Dossary and Marfurt (2006) improved this method by introducingva method of
calculating the curvature of seismic volumes. The athges of the volumetric
method is that the need to pick inconsistent and noistaamated reflectors is
avoided, surface can simply be extracted out of the tunevaolume generated. Most
of the literature on the application of curvature btites to seismic interpretation
have used examples from extensional tectonics. Ro001) demonstrated that the
ability of maximum curvature attributes to show the upwn and downthrown fault
blocks is a result of an artifact introduced as a testithe approximation of a
guadratic surface. We have seen that in contractionaictstes where the
downthrown fault block is behind the fault plane, the mmaxn curvature may not
show the at the same time the upthrown and downthrawih lblocks. However, the
most positive and the most negative curvatures will shiiber upthrown and
downthrown fault blocks respectively. The dip curvatwealso seen to define the
local relief so that anticlines and synclines can gdlmapped. The strike curvature
defines the highs and lows of the relief and can be usethporidges and valleys.
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The fault enhanced filter provides a better focus of thectres and when used to
calculate similarity attribute, value is added to sessinierpretation. The two case
examples described in this paper has highlighted the appligabili curvature
attributes in the structural interpretation of corica@l structures in the deepwater
Niger Delta.
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