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incorporated herein by reference. TECHNICAL FIELD 100021 The embodiments relates generally to
both land and marine seismic exploration, and more specifically to systems and methods for using
high definition tomography to develop enhanced velocity models.

SYSTEM AND METHOD OF HIGH DEFINITION TOMOGRAPHY AND
RESOLUTION FOR USE IN GENERATING VELOCITY MODELS AND
REFLECTIVITY IMAGES

PRIORITY INFORMATION

[6001} The present application claims priority under 35 U.S.C. § 119(¢e) to U.S. Provisional
Patent Application Serial No. 61/654,211, filed 1 June, 2012, the entire contents of which are

expressly incorporated herein by reference.

TECHNICAL FIELD

[0002] The embodiments relates generally to both land and marine seismic exploration, and
more specifically to systems and methods for using high definition tomography to develop

enhanced velocity models.

BACKGROUND

[0003] A widely used technique for searching for oil or gas is the seismic exploration of
subsurface geophysical structures. Reflection seismology is a method of geophysical exploration
to determine the properties of a portion of a subsurface layer in the earth, which information is
especially helpful in the oil and gas industry. Marine-based seismic data acquisition and
processing techniques are used to generate a profile (image) of a geophysical structure
(subsurface) of the strata underlying the seafloor. This profile does not necessarily provide an
accurate location for oil and gas reservoirs, but 1t may suggest, to those trained in the field, the
presence or absence of oil and/or gas reservoirs. Thus, providing an improved image of the

subsurface in a shorter period of time is an ongoing process.
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BACKGROUND 100031 A widely used technique for searching for oil or gas is the seismic exploration
of subsurface geophysical structures. Reflection seismology is a method of geophysical exploration to
determine the properties of a portion of a subsurface layer in the earth, which information is especially
helpful in the oil and gas industry. Marine-based seismic data acquisition and processing techniques
are used to generate a profile (image) of a geophysical structure (subsurface) of the strata underlying
the seafloor. This profile does not necessarily provide an accurate location for oil and gas reservoirs,
but it may suggest, to those trained in the field, the presence or absence of oil and/or gas reservoirs.
Thus, pfedidinglarsammiowad!inmdige piothesswbsistfadezimashg teisperiodofstine, ®andongeiig
Processy; %9%&@?&(?&%%%&@5%8%@%%e{%ﬁ%%% Sd%%%%%%%‘i%@&ﬁ%ﬁh@%@ﬁé? g ayag (L€ Sound
waves) directed toward the subsurface area, gathering data on reflections of the generated seismic
waves dt interfagsed patoradaviay eislor tlswibrudad enalidiag tiy Arg thewaratta geri@rate a profile
(mage) ghie aearnysical SEHCEnEE  INaleYRrs Ob M MESHOAEA SHRHIEC T NG VB Of
seismic exploration can bé used both on the subsurface of land areas and for exploring the subsurface
of the otERIAGSPIOES] b Esesiiethon SusHimdserobasbaarriradie ermicsibiied source that
sends epgrayanavesHotR.dhe @syth, by first generating the energy waves in or on the ocean. By
measuring the time it takes for the reflections to come back to one or more receivers (usually very

many, pedeapsiatherendenaf sevacadgozansed evean hvodreds)qitdsdiassiblietaestimaie:the depth
and/or com ositio&aof th eeg,ures causing t?#ch reflections. These features [ga%%be asso%?ted with
d

subterralian UHR S B8N e o RE Jo0B8 RO P iSRG RRE AR B it5588s s RHEWh Blgure 1, a
data acquisitiaaksy$tethd & fhchidasacship Zitbwongphiralstr eariecssGuhal inesrextend over kilometers

behind ship 2. Each of the streamers 6 can include ane qr more birds 13 that maintains, streamer 6 in a
I\B S mat%e oraer .0? sever,ﬁ&e guggﬁﬁﬁé%llrs Q%Oi_%ﬁe %Ib estmba]tee Ol}e %e %h

e dozer. or evén
known ﬁDXGCF%OSIUOn relative to other s réamers are capa mo?/mg streamer 6

as desired/accordgng tobpihedianatscormmgricdticietids. 1 Blvan feteiverfrorhaskimpia®he or more
source w{ﬁy&é@ﬁﬁgﬁmg§&%¥vg&g¥éhip 2 or another ship for generating seismic waves. Source

arrays 4a,b can be placed either In front of or behind receivers 14 (shown in Figure 2), or both behind

and in figps&f P@P@iyéﬁ&%giﬁ@iﬁgff&gs@{%ﬁ%ﬁmﬁﬁﬁ%ﬂr@% SPULELANAYS dRHepagate downward,
reflect off of, and penetrate the seafloor, wherein the refracted waves eventually are reflected by one

or morelPEREAAGIER dRIARL AR RGRATIFEfoliAd Ry haTiend ferdtilematers deing 2 aistdissed
below). B efiesieek SeismisdvA¥es PP pagatsdpwaHl Kaphaissdaiastier oy keraiver $ildiprovided
on streamers 6. This $roc ss is generally refgarj%%d éﬁo L:}s "shooti]r#g” articular seafloor area, and the
seaflooPSTBETEH B PPt B RS Cb POGoB0 g? F2ARER A Y Yle VEHSE i data
acquisitizsisysiernrith @ tdigurie: i Ghipdniacatediom doeln 3ubtase 46eqtaasaip Wa®rd; tows one or
more streamers 6é that is4cqu1§ris§d ?f C,E’;\blegélzé arid a Iur?}llit %f rc-%ceivers %‘4' Shown in Figure 2
are two SOUree S reaarrmag?s,a\’/vhlcw ihdide <6ure s}}fg, %t?gghe%%ol?egbggﬁ%a %:%fglssnffa,b. Each
source 4axess Sapaislerciyy dadmittihg wlaespadtbrestuntofver/bsiondremsimittethdighat20a,b. For the
sake of simplibing s dsanings A aulsnet deliastnarat aliiam enndlsisiansinaglife principles

involved,
arrays 4a,b propagate downward, reflect off of, and penetrate the seafloor, wherein the refracted

waves eventually are reflected by one or more reflecting structures (not shown in Figure 1) back
to the surface (see Figure 2, discussed below). The reflected seismic waves propagate upwardly
and are detected by receivers 14 provided on streamers 6. This process is generally referred to as

“shooting” a particular seafloor area, and the seafloor area can be referred to as a “cell”.

[0007] Figure 2 illustrates a side view of the data acquisition system 10 of Figure 1. Ship 2,
located on ocean surface 46 of ocean water 40, tows one or more streamers 6, that is comprised

of cables 12, and a plurality of receivers 14. Shown in Figure 2 are two source streamers, which
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only a first transmitted signal 20a will be discussed in detail (even though some or all of source 4 can
be simultaneously (or not) transmitting similar transmitted signals 20). First transmitted signal 20a
travels through ocean 40 and arrives at first refraction/reflection point 22a. First reflected signal 24a
from first transmitted signal 20a travels upward from ocean floor 42, back to receivers 14. As those of
skill in the art can appreciate, whenever a signal - optical or acoustical - travels from one medium with
a first index of refraction n1 and meets with a different medium, with a second index of refraction n2, a
portion of the transmitted signal'is reflected at an angle equal to the incident angle (according to the
well-knom8neisceady, artaalsddondspartioncobliel fahshittdd sigrat chms vepdfracted (again
accord'%%&%i%%r%%[ la éﬁ?g ,%E%%?%%m{ﬁ%f@é{{ﬁ 3olist Hangmitied 5gnal20a generates

first reflecte 24a, irst refracted signal 26a. First refracted signal 26a travels through

sedimethdayew g Whichhtlembedgepriicahaefoneantonds ivendinp ob theceripgieles 8)vsdridath ocean

floor 42,804, ¢a ﬂ%mtsa)@ggsrg@at@ih%@dﬁ@&ggéaqa%&'ﬁtﬁée%mw%mrvm%éb@f&@@ynters a
I

second medium at second refraction/reflection point 28a, a second set of refracted and reflected
signals SPhbsHmdAneRes( S8 aybERP BB 3 (raner Bedshewoh FPEighkst SragisrEtthppens to be
a signifigaphimelecacRandeprsitdd ¥othin a-idmediuerLusplidmanbirpsiiayer £&4which can be

generically referred to_as second subsurface layer 18). Consequently, refracted and reflected signals
are genBratelibyand AYRoEEBEh HEsBUHe g S MBS JER BrUERRRGARHRM S5sPark 10 to
generatgghartat. cAn thesy 8 W1l distever siciphydigeashinndepasicdd- Hritaltbessaeic Figure 2,

second refracted signal 32a encounters hydrocarbon deposit 44, at third refraction/reflection point 34a,
genoratin G il TSP S L GBS AT S St Sb 50 I BLGrer vaehted signal

20b genenatesdirsidrafteetetirafidcreiiactedpsiginal s { fren asodndd ransinitted sigdal) 24im@and 26D,
respectively, at first reflection/refracti int 22b..Secondrefracted.signal 26b encounters solid
I SRR B R RO SR e O bR e
signal 30is, temansitied s fractedrsfprad BRlse Bacornd rafitactad Sigaal 32b travels through second
layer 18 and encounters hydrocarbon deposit 44 and third reflection/refraction point 34b, and

generatb¥ 88k d benestspsigialF3eh ehdisifdeprsmaded dispm A3 gsnaaien due seikaipdsiEehrt can
appreciatg, thauab it-anpears hat1bis MACSSE LAl SRMINUEat RINIEBUCHMAY Redeghnically true

and possibi.e but with each reflection/refraction, only a certain percentage of the energy from the
impingirﬁ&@féﬁ%ﬁ??e&?@&fé&%ﬁff@%ﬂ% Hrd whrdest bngthl 61 bracaibrseamiiersés®dickly, and
can, in fagt nalieridlysaiéen ensoniRRs wWith swekdnieHacescidiminighiatbepainkthaidhmsensitivity of
receivers 14 is not large enough to distinguish the signals qver other noise in the system. Nonetheless,
1o an (AHOHRR SETLT SREGT B UG GO e RLFEHETEn ARG S Hinals fror
the noisg2toatties Qe aite siitedpnrinfessidextd0PathEhesigoals ircEded hseismierecebeeis 14 vary in
time, having ener eaks that may correspond to,reflectors between layers. In reality. since the sea
oo and B E ST L L TR R Co R o AR T S ons or

spuriousaefiegroasciibt siiowvtd eaensmatetbbefore theegddphysivalstnibtuereatadaendorrectly

(o aoet  EiLnepates RN VR IERIANIATARI SHIPRS IRBER YRR AT e Suosirtace

(e.g., first retlected signa er than primary waves are k as multiples, and more
strictly, apeuésieprsaErhaleourdergoniataibes eaheored édldriorermpslchNdraentitp dsnvaiie 4tmuch

smaller amplittide than, primary reflecied. waves shaspyse RIS ACNBlIRcioRINg.pRRlildg decreases

proportionally to the product of the reflection coefficients of the different reflectors (usually layers or

some séhiyd AefisRBoMaRlEEoRe Sl sseeryEle Wit el asiesuigarhp frapaddhird urflsesdo be
generated,[090 10t Asmiustateddadsiaiig 3iSRISIOC RouFae Jrpsorvees dinsidtransrmitiedywave 20a that

splits into a primary transmitted wave 26a (referred to also as first refracted signal), penetrating inside
first subSiRFACERIFeTatsTHehderal) ity 289 SRR ATERRTAYEY MRS LS R B A&l need to
‘be the case) sidan eseanciansd? 2anddisidiefleibd sighabdd ateal becammasi surface multiple signal

50 after it nterfaces with ocean _surface 46 (or fourth interface). Secand tragsmitted waye 20b is
electod SFEE R C RGN RGP 4B AFe) SERBAE SEEO EHEREL S B AB A on 1 reflectec

down again from ocean floor 42 to become internal



multiple signal 51. Internal multiple signal 51 and surface multiple signal 50 also reaches receiver 14,
but at different times. Thus, receiver 14 can receive at least several different signals from the same
transmitting event: second reflected signal 30a, surface multiple signal 50, and internal multiple signal
51. Multiples can also be classified as short path multiples, and long path multiples (e.qg., surface
multiples and internal multiples). Short path multiples are those whose travel path is short compared to
the primary reflections, and long path multiples are those whose travel path is long compared to the
primary reflections. One type of short path multiples include ghosts 52, in which the seismic energy or
wave istrangmitiesgal pllardsdirsd telvards sigedladingabelanblanglayeg:1ttényeolfmndraapagain to the
receive i Ei rce 4. travels u ly perfectly
%@;&%@ﬁ%%ﬁégﬁ % a@&“&%%é%ﬂﬁ%ﬁf&é/%ﬁécg%a E&%}’%, QP{@%%%&& Eﬁﬂﬁ‘%&g?ﬁ%‘&

off ocea ace 4 [ own to _ocean oor , p tq receiv ecause (0} € near perfect
reflectivitgof d6bandsilifd celnaiah el pnabpiiudé ohgtrostsiel rviis atiapnkiwersiaefibowsh signals 24 and

thus are, iypicalpy,Very }fffb‘&@é&?é%%o%ﬁ%%&%&ﬁ?ﬁ%ﬁ}&!@ﬁ%ﬂggl vESSHER GBS md SARIPR ey strong.
[00011]As is apparent from Figure 3, the timing of the receivéd signals will depend on the depth of the

ocean 4oititsite paple FatlprsionsnSingtiondoaliimie i e reEi e din snetay SiorpthsAURPRE is made of

Thus, reggivels14reaRPecPrg&enfused as eribedr uematyrsohithesuRsiageemdronmant due to
reflected signals 30, and multiple signals 50, 51, and 52. As briefly discussed above, other multiples

can alsda5t HEH SR 3B s SRR imé'ﬁcblggeﬁ%%ﬁvﬂqfﬁﬁﬁﬂ’ﬁet%%ié}ﬁ%é?}ﬁ HRHIEY tHerefore, is

any signaldhatis ot oraasnsafincied signakhMidtinieds asdés dhevip Ry thasesodiardinary skill in the
art, canbﬁausélege roblems with determinin? the true nature of the%%eolﬁg%jgf %Eeeﬁearth below the ocean
floor. MOTEPFEY €5h Bd® A0 TIRRGBY RISt HEG R P ey RIERR Y LSHeRbr third reflected
signals.rMiitiptEs:flecndtshediamonsgiehvite mndizonabputibageniable beneath the ocean floor, and
thus they are, in essence, noise, and it is desirable to eliminate them and/or substantially reduce
and/or dig{ifhihtregminscenodeihbsigaiahpeocesdsang ldf thr othenecHectaricsiganiscals alsatoreorrectly

ascertain, (e Aresenea (QL e ASENEL)0f underground/lipdenyalss oy araRan.Aenasits.

[00012]Internal multiple signals 51 typically arise due to a series of subsurface impedance contrasts.
They arbigdminBetii whsanef spisricampaed tiragiiiplardiestplatessauirasctistiguisy Basin of

Brazil. Theyais effempeatdisciminaied fomiheRriealiss dgeciieifiieseppndand i reflected
signals, among others), because they have similar movement, dips and frequency bandwidth, thereby

making Stt&H GatioPRa keflsr e Tiostian BiSHRSARITTRATpIE SR s tarsi(ag stihediastatiples 50)

one of tha k' isFUesinPHE tRGrGIeRE 9 ISA6s MRSV HafRIGIIBg Mease! itemgstrOver time,
various methods have been developed to address this difficult probl?m and most of them rely on the

ability t& TGRRHRA A HERESIE YeHBPAT PN (6 8T 3CHRB: ab RIS n B HERIES iRt e h a0 Saismic
methodsmipkially prodhcesrdifatentdesuis,ibsare fostangitfandosighatinghasedeoreghifferences in

near-surface condjtions, Further d rogessing and interpretati f seismic data requires correction
of thood TRRTUTLL 17 e WaT )4 e o R A e L AT SR ion (SRME) 1
a technipyercommoniprised sehpredict & gnud pléscoseeitbétom domverdisvatdlatstsdamer data.

- AUCNUAING,:es 10 be generated.

[00016] As illustrated in Figure 3, seismic source 4 produces first transmitted wave 20a
that splits into a primary transmitted wave 26a (referred to also as first refracted signal)
penetrating inside first subsurface layer 16 (referred to also as “sediment layer” though that does
not necessarily need to be the case) under ocean floor 42, and first reflected signal 24a that
becomes surface multiple signal 50 after it interfaces with ocean surface 46 (or fourth interface).
Second transmitted wave 20b is reflected once at second interface 48 and becomes second

reflected signal 24b, and then is reflected down again from ocean floor 42 to become internal



the surface-related multiples is based on predicting a multiples model, adapting the multiples model
and subtracting the adapted multiples model from the input streamer data. [00014]Figure 39 depicts
schematically a land seismic exploration system (system) 70 for transmitting and receiving
vibro-seismic waves intended for seismic exploration in a land environment. At least one purpose of
system 70 is to determine the absence, or presence of hydrocarbon deposits 44, or at least the
probability of the absence or presence of hydrocarbon deposits 44. System 70 comprises a source
consisting of a vibrator 71 (source and vibrator being interchangeable terms for the same device)
operablentdtipdneiate &l sdisariaiguiaip(trainaaiitedndaves)e arplitabity ofdledeiersed2héer geophones)
for receiving seismic signals and.conveting them intq electrical signals, and seisgic data acquisition
by ety e i i RV R e R i e e
generatégibyhesaiversiéhiSogroei seeonivebaed sizdddGn aogtisition Sphteipn20O0, ead be
p“'“"”ﬁ%?ﬁ‘af%ﬁkﬁ{@&%ﬁ&ﬁ95‘?%019%?1@@%&4%5‘&% ‘8%3&1%%5?9 Qﬁo afll lmﬁ{fjjﬂ%é‘,biﬁé 166, Figure 39
t d that i

further depicts a single vibrator 71, It should be understoo ource 71X can actually be
composgiitormititlpid wg- asplireditpudtises radsmemaigiiielekhowhoro pshsonkiskifiet ihabre art. As can
be furthgr,appreciatediby these ohskildndhe dHinland-salrischacaiusiion metheds incdp Al land
acquisition methods, and in particular land acquisition schemes where receivers and sources (natural
or man-FesE) YRl Batk ihions supratskiednestmacslispenastip Wit stpatmaetrlesparticular
along wajtRathshofR0O1 5 impperationSRWES LldisnRe RiedsmAR ISR RRIAIRRMIbsRIsgiISMIC signal.
This signal propagates firstly on the surface of ground 75, in the fonn of surface waves 74, and
second/{fFitFtHESIBEUIR N tHE iTh BF Rt Begro i wasEy 76 fatgRrRhig e fe gt waves 78
when they kasehsatrisieriasel ipeiveendwdigasingitablayersy cadhéaceiveicé 2geseiveshoth
surface wave 74.and reflected wave.76 and converts them into an electrical signal in which are
e Wt N St Ui (6 FA T @ TSR O D ECET HEORds to
surface 4%ave Tdaghaiiztterobbsvhichrisalntassbtednd fshotdd nediitedec d dtiaaraughcalys practically
possible, 1000161;1,An examlpltle of a .vibraii%r source 71.is Q)%\(v I C3l§ilgoure 40. Source 71 can include
n

Ver ortant {0 marie seis € . AS such.. e very strong, .
base plate~y8§r¥?1at connects to rod 80. o incltides ﬁl% On B2 inSide reaction mass 84. Insulation

devices i3y be pravie andiese pleieB todansmi et Q0lushide Thigdese alafs 88

Base plate 88 is shown in Figure 40 as lying on ground 75. The force trahsmitted to ground 75 is equal

to the nlgdhatihseqspid Battifnnssratare S0 P sy e Glop Bf 9E srdiBrerhlaysrB titnéss its

acceleration iTiBsMeight ofyehicls 73 (shawBdi FigusnaRkarexenisbase plate §8dom losing contact
with ground 75. Many designs for vibratory sources 71 exist on the market, and any one of them can

be usec*WtHTRESTBVEPRERTTHEY Hie colgiid papis 30, and multiple signals 50, 51, and 52. As

briefly discussed above, other multiples can also be generated, some of which may also travel -

through the subsurface. A multiple, therefore, is any signal that is not a primary reflected signal.
Multiples, as is known by those of ordinary skill in the art, can cause problems with determining
the true nature of the geology of the earth below the ocean floor. Multiples can be confused by
data acquisition system 10 with first, second or third reflected signals. Multiples do not add any
useful information about the geology beneath the ocean floor, and thus they are, in essence,
noise, and it is desirable to eliminate them and/or substantially reduce and/or eliminate their
influence in signal processing of the other reflected signals so as to correctly ascertain the

presence (or the absence) of underground/underwater hydrocarbon deposits.

{06012} Internal multiple signals 51 typically arise due to a series of subsurface impedance

contrasts. They are commonly observed in seismic data acquired in various places, such as the



[00017]Velocity model building remains a crucial step in seismic depth imaging for both land and
marine seismic imaging. As those of ordinary skill in the art can appreciate, in order to provide a
representative image of the geographical area of interest (GAL), i.e., in order to properly interpret the
seismic waves to provide accurate seismic images, it is necessary to have a well-defined velocity
model of the general area. However, in order to create a well-defined velocity model of the general
area, it is also sometimes, perhaps always, necessary to have an accurate description of the
geological physical structures in the area,; this presents the classic problem of what is developed first,
and hov§xansiBoestireShrasAd flovidecthBengroedtyidisrnmtioted Age ner al uhravidsack. ofednventional
tomographic ches.is . stimate Ci I ot. confo :
S g e T R S T
differenfieyerspbsudsidfadberbng)afbaoasIMpere aré oertaimnstoblefristdaaevenpiitaelermining

accuratg Velocity models USIRgGHTSR! BeINRdeANd SKRieT: SeResialivivben knowledge of the

underwater and/or underground structures is not known. Accordingly, it would be desirable to provide
method S1ETBEES SfgasytEnsseror Dairdimeh adapitaethetadgradiiyaderslensp ©ridairss direlocity
models forrgeRgraplisalareas imsresty JHA01A)BYMVARY, 190013448 shisskatthe embodiments

is to substantially solve at least one or more of the
[00013] The acquisition of data in marine-based seismic methods usually produces

different results in source strength and signature based on differences in near-surface conditions.
Further data processing and interpretation of seismic data requires correction of these differences
in the early stages of processing. Surface-Related Multiples Elimination (SRME) is a fechnique
commonly used to predict a multiples model from conventional flat streamer data. Attenuating
the surface-related multiples is based on predicting a multiples model, adapting the multiples

model and subtracting the adapted multiples model from the input streamer data.

{00014] Figure 39 depicts schematically a land seismic exploration system (system) 70 for
transmitting and receiving vibro-seismic waves intended for seismic exploration in a land
environment. At least one purpose of system 70 is to determine the absence, or presence of
hydrocarbon deposits 44, or at least the probability of the absence or presence of hydrocarbon
deposits 44. System 70 comprises a source consisting of a vibrator 71 (source and vibrator being
interchangeable terms for the same device) operable to generate a seismic signal (transmitted
waves), a plurality of receivers 72 (or geophones) for receiving seismic signals and converting
them into electrical signals, and seismic data acquisition system 200’ (that can be located in, for
example, vehicle/truck 73) for recording the electrical signals generated by receivers 72, Source
71, receivers 72, and data acquisition system 200°, can be positioﬁed on the surface of ground 75,
and all interconnected by one or more cables 72. Figure 39 further depicts a single vibrator 71,
but it should be understood that source 71 can actually be composed of multiple or a plurality of
sources 71, as is well known to persons skilled in the art. As can be further appreciated by those

of skill in the art, land related acquisition methods include all land acquisition methods, and in



problems and/or disadvantages discussed above, and to provide at least one or more of the
advantages described below. [000201lt is therefore a general aspect of the embodiments to provide a
system and method for determining a broadband high definition reflectivity based image for a
geographical area of interest that will obviate or minimize problems of the type previously described.
1000211According to a first aspect of the embodiments, a method is provided for determining a
broadband high definition reflectivity based image for a geographical area of interest (GAD, the
method comprising generating a conventional reflectivity image based on acquired seismic data for the
GAl, gepenatingr fahigicdrasjtioncyhiife} velaciteriodal afthe.2A(hased emthe asdtliad seismic data,
converting the HE velocity model intg a low frequency (LF) reflectivity image, and ada ive% merging
e L 1o T B e R T oy
image of the GAI. [00022]According to the first aspect, the conventional reflectivity image is bandwidth
limited, tAGOLE reflectMifPRITEGE. LU FYd Sta R DERP MRS FABSHT#EGe  BiastheniFsishde iy image
can alsqjg.aPrpiaek figne Migrationnage it iutheraacardingdadhefist aspegly the steps of

generating a convention reflectivity image and generating a HF velocity model include generating a
series of SERFRIASIBRSIO 1Y o h iF ot e tiecharnidry axeti fedehanberalh Wllee s & Brfality of
receiverssbeisaotibg thadgencintetl seres:of eismicosigoals Bngsaving thecsameras&aidaacquired

seismic,data. 1000231Accordjng to the first aspect, the step of adaptively merging comprises
etormiTiG TR 6L WHITBRE] HETAReIGPRTE TS IEHOEIA THGEALP s TR spectral
signal, deteupenimgaaiplite dengeacfuioctiespofifiiag ue nefctordhenco Ny antionabnefietivity image to a
create g,5econd SPEA-1onal JASHDRING PRSP T QYEHARAING TGAURNSY filtered out as

much as is practically possible.

[00016] An example of a vibratory source 71 is shown in Figure 40. Source 71 can

include base plate 88 that connects to rod 80. Rod 80 includes piston 82 inside reaction mass 84.

Insulation devices 86 can be provided on base plate 88 to transmit weight 90 of vehicle 73 to

base plate 88. Base plate 88 is shown in Figure 40 as lying on ground 75. The force transmitted

to ground 75 is equal to the mass of base plate 88 times its acceleration, plus the weight of

reaction mass 84 times its acceleration. The weight of vehicle 73 (shown in Figure 39) prevents
- base plate 88 from losing contact with ground 75. Many designs for vibratory sources 71 exist

on the market, and any one of them can be used with the novel features discussed herein.

[60017] Velocity model building remains a crucial step in seismic depth imaging for both
land and marine seismic imaging. As those of ordinary skill in the art can appreciate, in order to
provide a representative image of the geographical area of interest (GAI, i.e., in order to
properly interpret the seismic waves to ?rovide accurate selsmic images, it is necessary to have a
well-defined velocity model of the general area. However, in order to create a well-defined
velocity model of the general area, it is also sometimes, perhaps always, necessary to have an
accurate description of the geological physical structures in the area; this presents the classic
problem of what is developed first, and how can it be trusted to provide the correct information?

A general drawback of conventional tomographic approaches is that the estimated velocity



between the LF reflectivity image and the conventional reflectivity image with respect to the first and
second spectral signals, and combining said first and second spectral images in said overlapping
frequency portions along with said first and second spectral images in non-overlapping frequency
portions to generate said broadband HD reflectivity image 1000241According to the first aspect, the
step of adaptively merging comprises combining the LF reflectivity image and the conventional
reflectivity image using spectral balancing techniques, and the step of combining comprises summing
the LF reflectivity image and the conventional reflectivity image in the frequency range wherein an
overlap modelsdin reigand soracspechral tententtofesdch .chthredle gefliediyatyiniagsaed the conventional
o image: 0GR SIeeorlng 1B 408 (1L ASREL IR RIER. O SUITING. oy ses cetermining
amplitude as a function of frequency for the LF reflectivity image to create a first spectral signal,
determining amplitude as a function of frequency for the conventional reflectivity image to a create a

second B98I signdh e At RIS PO HONRLHIMHE frseapabitacsiyng wilecsymeddtond

spectraksigpalienabiecaymaatianefdhedisgt antsacond-ape o alSignalsageametical shaping the
LE reflectivity image and the conventional reflectivity image. to further facilitate summation of the LE
reflectivily THAGEAA HHBTESAY BRHIAT PRI ENade” A RBARIAY tHR TR PERSREY S mage and
the convieritonatireftestivifyrimagehhasedipishecuprishofithé:spegteahshagingland, wakRiRg steps.
Still further accor in(t%ito the fifrsttasegtect, the step of geometric shaping comprises compensating at
least one of OFBOM time an slf)laeée variant differences in the LF reflectivity image and conventional
reflectivity image in order to sum the LF reflectivity image and the conventional reflectivity image.
[00026]According to the first aspect, the step of spectral shaping comprises determining a regularity of
properties of a combined signal and using said determined regularity to combine the LF reflected
image and the conventional reflectivity image that have different phase and amplitude spectra.
According to the first aspect, the step of geometrical shaping comprises image shaping the LF
reflectivity image and the conventional reflectivity image using at least one of warping, shaping, and
morphing. Still further according to the first aspect, the step of generating a high frequency (HF)
velocity model of the GAI based on the acquired seismic data



comprises obtaining a conventional velocity model of the GAI using said acquired seismic data,
determining density of the conventional velocity model data, determining spatial wavelengths of the
velocity variations within each of the velocity model layers, determining a size of the velocity model
grid mesh according to the determined velocity model layer data density and spatial wavelengths of
the velocity variations within each of the velocity model layers, developing residual move out data and
dip data from the velocity model grid mesh according to the size of the velocity model grid mesh,
eliminating residual move out and dip data outliers that exceed a first parameter to generate a first set
of retaif@d@rEgidual move out and dip data, and inverting the first set of retained residual move out and
dip data to generate the HF velocity model of the GAL. [00027]According to the first aspect, the
method SMMEHRY comprises displaying the broadband HD reflectivity image of the GAL.
[00028]According to a second aspect of the embodiments, a system is provided for determining a
broadbgnanhigh definitipsbiefledtivitehasechimagetfondgaopiaphital areapbinierasbiEAlhdhe system
comprisin rocessor.configured to - generate a copventional reflectivity image based on acquired
cotomic TSR HHE CAASLLARS SR AEtEn ) ) YRS STOHERP R AT Dsed an the
acquireddseisnyes daseribahbelidthe HF velocity model into a low frequency (LF) reflectivity image, and
adaptively merge the LF reflectivity image with the conventional reflectivity image to form a broadband
HD reﬂ_q@ﬁyﬂg]lmagem{sthﬁ%e %%QQ&%%?EQJGt%ﬁé@&!%%cﬁﬁfé?}{gdtéﬁﬂﬁ%e@%%%%ﬂéona' reflectivity
image is bandwidth limited, the LF reflectivity image is a PreStack Depth Ml%;ltlon |ma%e, and the LF

reflectivitFitrdder daisamdeieabprdseadbishdefimganisilsnitgl, hesd3opsscordngesrarbisdcond

aspect, the systemduther goopRiisesaialibpaltiansurtesseefisumdiiaeansyate a series of
seismic signals, a plurality of receivers configured to receive raw data based on the generated series

ggf;isﬂh%éﬁTa's’ and & MR ots SRONgLer 10 RAYS NG RSV S A. N 318,85, 38]¢ gequired seismic
determining a broadband high definition reflectivity based image for a geographical area of
interest ((GAI), the method comprising generating a conventional reflectivity image based on
acquired seismic data for the GAI, generating a high frequency (HF) velocity model of the GAI
based on the acquired seismic data, converting the HF velocity model into a low frequency (LF)

reflectivity image, and adaptively merging the LF reflectivity image with the conventional

reflectivity image to form a broadband HD reflectivity image of the GAL

[060022] According to the first aspect, the conventional reflectivity image is bandwidth
limited, the LF reflectivity image is a PreStack Depth Migration image, and the LF reflectivity
imagé can also be a PreStack Time Migration image. Still further according to the first agpect,
the steps of generating a convention reflectivity image and generating a HF velocity model
include generating a series of seismic signals by a plurality of source transmitters, and receiving
raw data at a plurality of receivers based on the generated series of seismic signals and saving the

same as said acquired seismic data.

[00023] According to the first aspect, the step of adaptively merging comprises
determining amplitude as a function of frequency for the LF reflectivity image to create a first
spectral signal, determining amplitude as a function of frequency for the conventional reflectivity

image to a create a second spectral signal, determining portions of overlapping frequency



1000311According to the second aspect, the system is further configured to detennine amplitude as a
function of frequency for the LF reflectivity image to create a first spectral signal, determine amplitude
as a function of frequency for the conventional reflectivity image to a create a second spectral signal,
determine portions of overlapping frequency between the LF reflectivity image and the conventional
reflectivity image with respect to the first and second spectral signals, and combine said first and
second spectral images in said overlapping frequency portions along with said first and second
spectral images in non-overlapping frequency portions to generate said broadband HD reflectivity
image. bOEE3R tedchrdihg tioithdénsepond dspesiy thesystefleisifuryhisrgenfiguregda cothibinetthe LF
reflectivity,image,and the conyentignal reflectivity, imyage usin ectral palancing techniques. Still
fariner B L BB g B R L efectviy
image anddapponiremioealrefiectvityngrage indfoseolisrvopdapgelierainsan wverlap occurs in

regard t&@&gﬁ%&%%ﬁg&%ﬁ%p@%ﬂ%&@ 5@‘33&%\5%4586}@5 mgﬂgigpwgéy‘ional reflectivity image.

[00033]According to aspect, the processor is further configured to determine amplitude as

afu nctig@b@mequenﬁxé&rﬁhg lRHefipatidtiimanss %@%ﬁvﬁ&%&gﬁi@oﬁ@ﬁ‘ﬁbg%ﬁﬁﬁmmg
e

amplitude as a function of frequency for the conventional reflectivity image to a create a second
spectraf¥drarefestsin Spracrndshasriy g ineirel spadraragnar Becuicd BeeBfiaspectral signal to

enable sssmmakonef thesikstoindseeand-cpgsisat signals.grometdgatishana tbaddneflectivity
image and the.cg%vée?ﬁtional reflectivity image to further facilitate sumrgation of the LE reflectivity image

and the CERTRHL SO ) TRTAG AP B HGBTRTYTRNER PORERIVIR IHSLGR FdTHa Htidbnal
reflectivipeinealgehased anling outpitsdidhib speotad shapisgandivanaingriapsty10(341According
to the second aspect, the processor is further configured to compensate

[00025] According to the first aspect, the step of summing comprises determining

amplitude as a function of frequency for the LF reflectivity image to create a first spectral signal,
determining amplitude as a function of frequency for the conventional reflectivity image to a
create a second spectral signal; performing spectral shaping of the first spectral signal and of the
second spectral signal to enable summation of the first and second spectral signals, geometrical
shaping the LF reflectivity image and the conventional reflectivity image to further facilitate
summation of the LF reflectivity image and the conventional reflectivity image, and summing
the LF reflectivity image and the conventional reflectivity image based on the outputs of the
spectral shaping and warping steps. Still further according to the first aspect, the step of
geometric shaping comprises compensating at least one of or both time and space variant
differences in the LF reflectivity image and conventional reflectivity image in order to sum the

LF reflectivity image and the conventional reflectivity image.

[00026] Accbrding to the first aspect, the step of spectral shaping comprises determining a
regularity of properties of a combined signal and using said determined regularity to combine the
LF refiected image and the conventional reflectivity image that have different phase and
amplitude spectra. According to the first aspect, the step of geometrical shaping comprises
image shaping the LF reflectivity image and the conventional reflectivity image using at least
one of warping, shaping, and morphing. Still further according to the first aspect, the step of
generating a high frequency (HF) velocity model of the GAI based on the acquired seismic data

10



at least one of or both time and space variant differences in the LF reflectivity image and conventional
reflectivity image in order to sum the LF reflectivity image and the conventional reflectivity image, and
still further according to the second aspect, the processor is further configured to determine a
regularity of properties of a combined signal and using said determined regularity to combine the LF
reflected image and the conventional reflectivity image that have different phase and amplitude
spectra. According to the second aspect, the processor is further configured to image shape the LF
reflectivity image and the conventional reflectivity image using at least one of warping, shaping, and
mmphingniB8086hAntagdingntatherses cohaigspeds! thetpréchbsonisshudthergonfigined Weebtain a
conventignal velocity mod | [ ' eismic.daia, j ity. of the
convent T e R i each
of the vélocitiopiodalalyers yidisreaiheos thiecticinevedstiay aro defardnine sheaedridling to the
determipgd yglacihMeich Ryer caiaensily andspalipl naelenaibs Al ueiasit varatons within

each of the velocity model layers, develop residual move out data and dip data from the velocity model

grid me&prtebBaTHe el Sz Birgily versignmvdEngemb g winntuadditiyamove out and dip

data 0%@&&5&%%%&@@51 adivstoparameter clg) grnenate adiveisatohsiaingd resilualonpyereut and dip
data, and invert the first set of retained residual move out and dip data to&;g,nerate the HF velocity

model dhEz&Al EOssBIARSIiAG e SETURMEEERI IS EH! it LOABHYES Ddisplay
configurgddaidisplaythembroadiane i reflectivityrinage abibeaGAdy 0803 dip data, and

inverting the first set of retained residual move out and dip data to generate the HF velocity

model of the GAL

[00027] According to the first aspect, the method stil} further comprises displaying the
broadband HD reflectivity image of the GAL

[00628] According to a second aspect of the embodiments, a system is provided for
determining a broadband high definition reflectivity based image for a geographical area of
interest (GAI), the system comprising a processor configured to - generate a conventional
reflectivity image based on acquired seismic data for the GAI generate a high frequency (HF)
velocity model of the GAI based on the acquired seismic data, convert the HF velocity model
into a low frequency (LF) reflectivity image, and adaptively merge the LF reflectivity image

with the conventional reflectivity image to form a broadband HD reflectivity image of the GAL

{00029] According to the second aspect, the conventional reflectivity image is bandwidth
limited, the LF reflectivity image is a PreStack Depth Migration image, and the LF reflectivity

image can also be a PreStack Time Migration image.

[00030] According to the second aspect, the system further comprises a plurality of
transmitters configured to generate a series of seismic signals, a plurality of receivers configured
to receive raw data based on the generated series of seismic signals, and a memory configured to

save the received raw data as said acquired seismic data.

[00031] According to the second aspect, the system is further configured to determine

11



BRIEF DESCRIPTION OF THE DRAWINGS 1000371The above and other objects and features of the
embodiments will become apparent and more readily appreciated from the following description of the
embodiments with reference to the following figures, wherein like reference numerals refer to like parts
throughout the various figures unless otherwise specified, and wherein: [00038]Figure 1 illustrates a
top view of a data acquisition system for use in an underwater seismic gathering process;
1000391Figures 2 and 3 illustrate a side view of the data acquisition system of FIG. 1 and pictorially
represent transmitted, reflected, refracted and multiples sound waves; 1000401Figure 4 illustrates a

pre-stacikgiitadunigratioriimagéfof@onupder gro luild dlretiure olageographicasespoftinierest],
determine amplitude as a function of frequency for the conventional reflectivity image to a create
a second spectral signal, determine portions of overlapping frequency between the LF reflectivity
image and the conventional reflectivity image with respect to the first and second spectral
signals, and combine said first and second spectral images in said overlapping frequency portions
along with said first and second spectral images in non-overlapping frequency portions to

generate said broadband HD reflectivity image.

(00032] According to the second aspect, the system is further configured to combine the
LF reflectivity image and the conventional reflectivity image using spectral balancing
technigues. Still further according to the second aspect, the processor is further configured to
sum the LF reflectivity image and the conventional reflectivity image in the frequency range
wherein an overlap occurs in regard to a spectral content of each of the LF reflectivity image

and the conventional reflectivity image.

[00033] According to the second aspect, the processor is further configured to determine
amplitude as a function of frequency for the LF reflectivity image to create a first spectral signal,
determine amplitude as a function of frequency for the conventional reflectivity image to a create
a second spectral signal, perform spectral shaping of the first spectral signal and of the second
spectral signal to enable summation of the first and second spectral signals, geometrically shape
the LF reflectivity image and the conventional reflectivity image to further facilitate summation
of the LF reflectivity image and the conventional reflectivity image, and sum the LF reflectivity
image and the conventional reflectivity image based on the outputs of the spectral shaping and

warping steps.

[00034] According to the second aspect, the processor is further configured to compensate
at least one of or both time and space variant differences in the LF reflectivity image and
conventional reflectivity image in order to sum the LF reflectivity image and the conventional
reflectivity image, and still further according to the second aspect, the processor is further
configured to determine a regularity of properties of a combined signal and using said

determined regularity to combine the LF reflected image and the conventional reflectivity image

12



[00041]Figure 5 illustrates an image of the same geographic area of interest as in Figure 4, but using a
~ densely picked residual move-out process that can be observed on common image-point gathers;
[00042]Figure 6 illustrates a velocity model image of the same geographic area of interest as in
Figures 4 and 5, showing less velocity resolution and matching to the geologic structures than desired;
1000431Figure 7 illustrates a flowchart of a method for determining a high definition velocity model
according to an embodiment; [00044]Figure 8 illustrates a non-linear slope tomography velocity model
determined according to conventional methods using well-known Marrnousi Il synthetic data;
[00045]Eigniiev® diffstratashasHiDd/etgdity daepeltrising-veedlikn awhddarmouspébsyhthaticessor is

further configured to image shape the LF reflectivity image and the conventional reflectivity

image using at least one of warping, shaping, and morphing.

[00035] According to the second aspect, the processor is further configured to obtain a
conventional velocity model of the GAT using said acquired seismic data, determine density of
the conventional velocity model data, determine spatial wavelengths of the velocity variations
within each of the velocity model layers, determine a size of the velocity model grid mesh
according to the determined velocity model layer data density and spatial wavelengths of the
velocity variations within each of the velocity model layers, develop residual move out data and
dip data from the velocity model grid mesh according to the size of the velocity model grid
mesh, eliminate residual move out and dip data outliers that exceed a first parameter to generate
a first set of retained residual move out and dip data, and invert the first set of retained residual

move out and dip data to generate the HF velocity model of the GAL

[06036] According to the second aspect, the system further comprises a display configared
to display the broadband HD reflectivity image of the GAI,
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data determined in accordance with the method according to an embodiment described herein;
[00046]Figure 10 illustrates an actual velocity model based on the well-known Marmousi Il synthetic
data; [00047]Figure 11 illustrates a superimposition of the actual seismic data and HD tomography
velocity model data developed according to an embodiment from Figures 8-10 in one diagram;
1000481Figures 12A-D illustrate comparisons of the velocity model data profile at four locations in the
superimposed diagram of Figure 11; [00049]Figure 13 illustrates a conventionally obtained velocity
model superimposed on

[00037)

BRIEF DESCRIPTION OF THE DRAWINGS

{00037] The above and other objects and features of the embodiments will become
apparent and more readily appreciated from the following description of the embodiments with
reference to the following figures, wherein like reference numerals refer to like parts throughout

the various figures unless otherwise specified, and wherein:

[00038] Figure 1 illustrates a top view of a data acquisition system for use in an

underwater seismic gathering process;

[00039] Figures 2 and 3 illustrate a side view of the data acquisition system of FIG. 1 and

pictorially represent transmitted, reflected, refracted and multiples sound waves;

100040] Figure 4 illustrates a pre-stack data migration image of an underground structure

of a geographic area of interest;

00041} Figure 5 illustrates an image of the same geographic area of interest as in Figure
4, but using a densely picked residual move-out process that can be observed on common image-

point gathers;

[00042] Figure 6 illustrates a velocity model image of the same geographic area of interest
as in Figures 4 and 5, showing less velocity resolution and matching to the geologic structures

than desired;

[00043] Figure 7 illustrates a flowchart of a method for determining a high definition

velocity model according to an embodiment;

[00044] Figure 8 illustrates a non-linear slope tomography velocity model determined

according to conventional methods using well-known Marmousi II synthetic data;

[00045] Figure 9 illustrates a HD velocity model using well-known Marmousi II synthetic

data determined in accordance with the method according to an embodiment described herein;

[60046] Figure 10 illustrates an actual velocity model based on the well-known Marmousi
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an initial PreSDM image using actual data from a known geographical area of interest; 1000501Figure
14 illustrates a HD velocity tomography model obtained using the method according to an embodiment
discussed herein superimposed on an a final PreSDM image using actual data from the same
georaphical area of interest as shown in Figure 13; [00051]Figure 15 illustrates a common image
gather of a different marine geographical area of interest and which identifies in a white box areas of
interest from which the common image gathers in figure 16 are extracted; [00052]Figure 16A illustrates
a close up view of the common image gathers in the box of Figure 15 prior to implementation of the
method Aeenitdinigdean embodiment, and Figure 16B illustrates a close up view of the common image
gathers in the box of Figure 15 following implementation of the method according to an embodiment;
[00053]Fg04&] 17 illustiatesla IHryenizensgfshmmsiting okt skowhsinsFigutglmivifida HD velocity

lomograpi sl ARIeKDIBeSASSRIALNA 0.8 EMRREITSD! SHBSEIMBRSESL PR LRI Cata shown

in Figure 15 sented as a PreSDM stac
one diagram;

100048] Figures 12A-D illustrate comparisons of the velocity model data profile at four

locations in the superimposed diagram of Figure 11;

[00049] Figure 13 illustrates a conventionally obtained velocity model superimposed on

an initial PreSDM image using actual data from a known geographical area of interest;

[00050] Figure 14 illustrates a HD velocity tomography model obtained using the method
according to an embodiment discussed herein superimposed on an a final PreSDM image using

actual data from the same geographical area of interest as shown in Figure 13;

[00051] Figure 15 illustrates a common image gather of a different marine geographical
area of interest and which identifies in a white box areas of interest from which the common

image gathers in figure 16 are extracted;

[00052] Figure 16A illustrates a close up view of the common image gathers in the box of
Figure 15 prior to implementation of the method according to an embodiment, and Figure 16B
iltustrates a close up view of the common image gathers in the box of Figure 15 following

implementation of the method according to an embodiment;

[00053] Figure 17 illustrates a larger view of the marine data shown in Figure 15 with a
HD velocity tomography model determined according to an embodiment superimposed on the

marine data shown in Figure 15 (represented as a final PreSDM stack);

[60054] Figure 18 illustrates a comparison of preconditioned well log velocity at a well
location, a conventionally obtained velocity model data at the well location, and HD velocity
model data determined according to an embodiment also at the well location, the well location

being located in the marine GAI shown in Figure 17;

[00055] Figure 19 illustrates reliability of information obtained from surface seismic
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[00054]Figure 18 illustrates a comparison of preconditioned well log velocity at a well location, a
conventionally obtained velocity model data at the well location, and HD velocity model data
determined according to an embodiment also at the well location, the well location being located in the
marine GAIl shown in Figure 17; 1000551Figure 19 illustrates reliability of information obtained from
surface seismic measurements using conventional processes: [00056]Figure 20 illustrates a method
for determining broadband high definition pre-stack time migration or pre-stack data migration
reflectivity images of a geographical area of interest according to an embodiment; [00057]Figure 21
illustrates:psiistiktytofsimfprorattonoabiginedsfiesm surface seismic measurements using the method for

determining broadband high definition pre-stack time migration or pre-stack data migration reflectivity
images BP85§ograpFieateatBal bsirercsmatstm daisrannsnstiudivand high definition pre-stack

time migration or pre-stack data migration reflectivity images of a geographical area of interest

according to an embodiment;

[00057) Figure 21 illustrates reliability of information obtained from surface seismic
measurements using the method for determining broadband high definition pre-stack time
migration or pre-stack data migration reflectivity images of a geographical area of interest

according to an embodiment;

{00058] Figure 22 illustrates a HD velocity model using well-known Marmousi 11
synthetic data determined in accordance with a first method and step 304 of the second method

illustrated in flowchart form in Figure 20 according to an embodiment;

[6G059] Figure 23 illustrates a LF reflectivity image developed using conventional
processes but using the HD velocity model data of Figure 22 determined in accordance with step

306 of the second method according to an embodiment;

[00060] Figure 24 illustrates a conventional PreSDM HF reflectivity image developed
using conventional processes using the well-known Marmousi I synthetic data in accordance

with step 302 of the second method according to an embodiment;

[68061] Figure 25 illustrates an adaptive merge of the conventional PreSDM HF
reflectivity image developed in accordance with step 302 of the second method and the LF
reflectivity image developed in accordance with step 306 of the second method as performed in

step 308 of the second method according to an embodiment;

[00062] Figure 26 illustrates an effective spectra image derived from seismic reflectivity
and velocity data, in regards to the image shown in Figure 23 (LF reflectivity derived from HD
velocity) and the PreSDM HF reflectivity image shown in Figure 24 according to an

embodiment;

[00063] Figure 27 illustrates a HD velocity model using a first example of actual field data
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[00058]Figure 22 illustrates a HD velocity model using well-known Marmousi Il synthetic data
determined in accordance with a first method and step 304 of the second method illustrated in
flowchart form in Figure 20 according to an embodiment; [00059]Figure 23 illustrates a LF reflectivity
image developed using conventional processes but using the HD velocity model data of Figure 22
determined in accordance with step 306 of the second method according to an embodiment;
[00060]Figure 24 illustrates a conventional PreSDM HF reflectivity image developed using
conventional processes using the well-known Marmousi Il synthetic data in accordance with step 302
of the séemnclimdthnsasdandingiib afirembakiiaemnt;siOP 064 [bighe ec2bnill ustrades]antadapiive merge of

the Con\ﬁ%ﬂ}?%@ﬁl g’r%SD 4 Iﬁ'r'e: ng!l%ggly% iToa%e %%‘6‘%1'&%% | in accordance with step 302 of the second
method andthe ?‘—Hrelﬁ‘ecﬁvlty image &e ope§ In"accordance with step 306 of the second method as

performegdadion S0 alibassaeonaneipa.seeailonio.en subpant (BRQGRGIRLre 26 lustrates

an effectiv ectra image derived from seismic refléctivify
processes using the HD velocity model data of Figure 27 determined in accordance with step 306

of the second method according to an embodiment;

[00065] Figure 29 illustrates a conventional PreSDM reflectivity image developed using
conventional processes using the first example of actual field data in accordance with step 302 of

the second method according to an embodiment;

[00066] Figure 30 illustrates an adaptive merge of the conventional PreSDM reflectivity
image developed in accordance with step 302 of the second method and the LF reflectivity image
developed in accordance with step 306 of the second method as performed in step 308 of the

second method according to an embodiment;

[00067] Figure 31 illustrates a HD velocity model using a second example of actual field
data determined in accordance with the first method and step 304 of the second method

illustrated in flowchart form in Figure 20 according to an embodiment;

[00068] Figure 32 illustrates a LF reflectivity image developed using conventional
processes using the HD velocity model data of Figure 31 determined i accordance with step 306

of the second method according to an embodiment;

[66069] Figure 33 illustrates a conventional PreSDM reflectivity image developed using
conventional processes using the second example of actual field data in accordance with step 302

of the second method according to an embodiment;

[00070] Figure 34 illustrates an adaptive merge of the conventional PreSDM reflectivity
image developed in accordance with step 302 of the second method and the LF reflectivity image
developed in accordance with step 306 of the second method as performed in step 308 of the

second method according to an embodiment;

[06071] Figure 35 illustrates a effective spectra derived seismic reflectivity and velocity
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and velocity data, in regards to the image shown in Figure 23 (LF reflectivity derived from HD velocity)
and the PreSDM HF reflectivity image shown in Figure 24 according to an embodiment; [00063]Figure
27 illustrates a HD velocity model using a first example of actual field data determined in accordance
with a first method and step 304 of the second method illustrated in flowchart form in Figure 20
according to an embodiment; [00064]Figure 28 illustrates a LF reflectivity image developed using
conventional processes using the HD velocity model data of Figure 27 determined in accordance with
step 306 of the second method according to an embodiment; [00065]Figure 29 illustrates a
conventianahPreGRMisatedtivity imageinEvalopa?l (usikgticonvéntiedataropgssebdsimgnthehdirst

example, of. actual field data in accordance with, step 302 of the second method according to an
NSt e i

Ustrates an a aptive merge of the conventional PreSDM reflectivity
100072] Figure 36 illustrates a seismic data acquisition system suitable for use in
impiementing the method for determining a high definition tomography velocity model of a
geographical area of interest according to an embodiment and suitable for use in implementing
the method for developing a broadband high definition reflectivity based image for a GAI using
a HD tomography velocity model and a conventional reflectivity based image for the GAlas a

basis according to a further embodiment;

[00073] Figure 37 illustrates a side view of another embodiment of the data acquisition
system for use in an underwater seismic gathering process shown in Figure 1, wherein a curved

streamer profile is implemented according to an embodiment;

[00074] Figure 38 illustrates a multi-level source for use with the marine seismic

exploration system shown in Figure 1 according to an embodiment;

[00075] Figure 39 depicts schematically a device for transmitting and receiving vibro-

seismic waves intended for seismic exploration in a land environment;

[00076} | Figure 40 illustrates a schematic block diagram of a vibratory source as shown in
Figure 39;
[06077] Figure 41 illustrates a flow chart of a general method for seismic exploration

according to an embodiment;

[600678] Figure 42 illustrates a seismic data acquisition system suitable for use to
implement a method for determining a high definition tomography velocity model of a
geographical area of interest according to an embodiment and suitable for use in implementing
the method for developing a broadband high definition reflectivity based image for a GAI using
a HD tomography velocity model and a conventional reflectivity based image for the GAlas a

basis according to a further embodiment;

100079] Figures 43A through 43E illustrate a configuration of at least two streamers for
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image developed in accordance with step 302 of the second method and the LF reflectivity image
developed in accordance with step 306 of the second method as performed in step 308 of the second
method according to an embodiment; [00067]Figure 31 illustrates a HD velocity model using a second
example of actual field data determined in accordance with the first method and step 304 of the
second method illustrated in flowchart form in Figure 20 according to an embodiment; [00068]Figure
32 illustrates a LF reflectivity image developed using conventional processes using the HD velocity
model data of Figure 31 determined in accordance with step 306 of the second method according to
an emboginnetht; (006 ignire: §F aHatsiratpseancthaventiofighRréSDM reflectivity image developed
using conventional processes using the second example of actual field data in accordance with step
302 of tH®&&Hond mé&tigoet 44dBrdtricioranilephbb dihesst wiDob7 olrinRisei i eRrtaEs0EN adaptive

merge Qi the. copvaniirpalir e SRV slecivity imagsdeyalaped ieeeowianecepyth step 302 of the

second method and the LF reflectivity image developed in accordance with step 306 of the second
method pggagiformedsipustes 30&eithe sacendynatiadwracardingin-an ambedinesnton

system shown in Figure 1 with the ballasted keel shown in the retracted position.
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[00071]Figure 35 illustrates a effective spectra derived seismic reflectivity and velocity data, in regards
to the image shown in Figure 32 (reflectivity derived from HD velocity) and the PreSDM reflectivity
image shown in Figure 33; [00072]Figure 36 illustrates a seismic data acquisition system suitable for
use in implementing the method for determining a high definition tomography velocity model of a
geographical area of interest according to an embodiment and suitable for use in implementing the
method for developing a broadband high definition reflectivity based image for a GAI using a HD
tomography velocity model and a conventional reflectivity based image for the GAI as a basis
accordin@pfs 2] further embodiment; [00073]Figure 37 illustrates a side view of another embodiment of
the data acquisition system for use in an underwater seismic gathering process shown in Figure I,
whereinBEdASBE BIMAMIRBTER(ANS implemented according to an embodiment; [00074]Figure 38
illustrates a multi-level source for use with the marine seismic exploration system shown in Figure 1
accordingotszn embadigneriodiments are described more fully hereinafter with reference to the

accompanying drawings, in which embodiments of the inventive concept are shown. In the
drawings, the size and relative sizes of layers and regions may be exaggerated for clarity. Like
numbers refer to like elements throughout. The embodiments may, however, be embodied in
many different forms and should not be construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclosure will be thorough and complete,
and will fully convey the scope of the inventive concept to those skilled in the art. The scope of
the embodiments is therefore defined by the appended claims. The following embodiments are
discussed, for simplicity, with regard to the terminology and structure of a marine based seismic
exploration system, though the embodiments to be discussed next are not Iiinifed to these
systems but may be applied to other types of seismic exploration systems, including, for

example, land based seismic exploration systems.

[00083] Reference throughout the specification to “one embodiment” or “an embodiment”
means that a particular feature, structure, or characteristic described in connection with an
embodiment is included in at least one embodiment of the embodiments. Thus, the appearance
of the phrases “in one embodiment” on “in an embodiment™ in various places throughout the
specification 1s not necessarily referring to the same embodiment. Further, the particular feature,
structures, or characteristics may be combined in any suitable manner in one or more

embodiments.

[00084] Used throughout the specification are several acronyms, the meaning of which are
provided as follows: universal serial bus (USB); geographical area of interest (GAI); two
dimensional (2D); three dimensional (3D); pre-stack depth migrations (PreSDM); residual move-
out (RMO); pre-stack time migration (PreSTM); tilted transverse isotropy (TT1); low definition
(LDY; high definition (HD); low frequency (LF); high frequency (HF); conventional reflectivity
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[00075]Figure 39 depicts schematically a device for transmitting and receiving vibro- seismic waves
intended for seismic exploration in a land environment; [000761Figure 40 illustrates a schematic block
diagram of a vibratory source as shown in Figure 39; [00077]Figure 41 illustrates a flow chart of a
general method for seismic exploration according to an embodiment; 1000781Figure 42 illustrates a
seismic data acquisition system suitable for use to implement a method for determining a high
definition tomography velocity model of a geographical area of interest according to an embodiment
and suitable for use in implementing the method for developing a broadband high definition reflectivity
based innage {ORA)Gidhubifigitdd Delonmiggrdiebywel deitgniEdsV Rhd ad oomentioimad ge fleditvity based
image fg&f&z GAlI as a basis according to a further embodiment; [00079]Figures 43A through 43E
illustrate a configuration of at least two streamers for

[60685] As generally discussed above, the main purpose of seismic exploration 1s to
“render the most accurate possible graphic representation of specific portions of the Earth's
subsurface geologic structure (also referred to as a GAI). The images produced allow
exploration companies to accurately and cost-effectively evaluate a promising target (prospect}
for its oil and gas yielding potential (i.e., hydrocarbon deposits 44). Figure 41 illustrates a
general method for seismic exploration (method 400). There are five main steps: a detailed
discussion of any one of the process steps would far exceed the scope of this document, but a
general overview of the process should aid in understanding where the different aspects of the
embodiments can be used. Step 402 of method 400 involves positioning and surveying of the
potential site for seismic exploration. In step 404, a determination of what type of seismic
energy source should be used, and then causing seismic signals to be transmitted. While method
400 applies equally to both marine and land seismic exploration systems, each will use different
types of equipment, especially in generating seismic signals that are used to develop data about
the Earth’s subsurface geologic structure. In step 406, data recording occurs. In a first part of
this step, receivers 14,64 receive and most often digitize the data, and in a second part of the step
406, the data is transferred to a recording station. In step 408, data processing occurs. Data
processing generally involves enormous amounts of computer processing resources, including
the storage of vast amounts of data, multiple processors or computers running in parallel.
Finally, in step 410, data interpretation occurs and results can be displayed, sometimes in two-
dimensional form, more often now i three dimensional form. Four dimensional data
presentations (a 3D plot or graph, over time (the fourth dimension) are also possible, when

needed to track the effects of other processes, for example.

[00086] Method for Determining a High Defimition Tomographv Velocity Model of a
Geographical Area of Interest According to an Embodiment

{66087] According to an embodiment, several applications of an innovative high
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use in the marine seismic exploration system shown in Figure 1; 1000801Figure 44 illustrates a
tail-buoy for use with the marine seismic exploration system shown in Figure 1 with a ballasted keel
shown in the extended position; and [00081]Figure 45 illustrates a tail-buoy for use with the marine
seismic exploration system shown in Figure 1 with the ballasted keel shown in the retracted position.
[000821 DETAILED DESCRIPTION

resolution tomography system and method are presented that inverts densely picked dip and
residual move-out data to reveal detailed structurally conformable velocities. Application of the
method to synthetic 2D Marmousi Il dataset demonstrates its ability to produce structurally
conformable velocity models with a level of detail that promotes velocity attributes as an aid to
geological interpretation. As such, it is complementary to full waveform mversion for the
interpretation of reflected waves. An application to actual 3D marine dataset is shown wherein
obtained higher resolution velocity model results in improved focusing of migrated images and
an improved match to well velocities. As those of ordinary skill in the art can appreciate, wells
provide a means for ascertaining actual velocity measurements as a means for comparison to

theoretically developed velocity model data.

[80088] In recent developments, successive step changes in tomography-based migration
velocity systems and methods have resulted in much improved seismic imaging over time. As
for any inversion-based method, these step changes fall in two categories: a first one concerns
the data to invert and a second family relates to the model-space representation and the inversion
algorithms. As those of skill in the art can appreciate, inversion based systems, at their most

basic level, determine input data based on expected output data and expected models.

00089} For those methods that relate to improverﬁents concerning ascertainment of the
data, high density rich azimuth acquisition geometries have greatly increased the angular
redundancy/diversity of wave-paths that constitutes the main velocity discriminator. Systems
and methods for removing and/or isolating noise coupled with signal enhancement techniques

. have also significantly contributed to improve reliability of dense automated picking tools (see,
Siligi R., et al., 2009, “Structurally Coherent Wide Azimuth Residual Move Out Surfaces,” 79th
annual SEG meeting, SEG Expanded Abstracts, 4039-4043).

{00090} For those method that relate to improvements concerning model-space
representation and the inversion algorithms, significantly larger linear systems and associated
methods have been implemented wherein enormous amounts of data can be processed to provide

enhanced velocity models.
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1000821The embodiments are described more fully hereinafter with reference to the accompanying
drawings, in which embodiments of the inventive concept are shown. In the drawings, the size and
relative sizes of layers and regions may be exaggerated for clarity. Like numbers refer to like elements
throughout. The embodiments may, however, be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein. Rather, these embodiments are provided so
that this disclosure will be thorough and complete, and will fully convey the scope of the inventive
concept to those skilled in the art. The scope of the embodiments is therefore defined by the appended
claims. fhedollowingrinbesinTerigsareodisaugad; dapsisapheitshwithdegasddoghe dedaingiogy and
structure of a,marine based seismic explaration syste #}éou h,the embodi to be.discussed next
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Further, the particular feafure, structures, or characteristics may be’combined in any suitable manner

in one olAbke BRIbBEAISHIEPO008 Apetbedsthrstighie bemd eyderfdatiiivdeensevétedtacronyms, the

meanin%ﬁfggﬁ@m@epwi%@,sﬁg Uows niversalmariab s wﬁﬁémtﬁ!@é}&&& BreeRef interest
(OAT); two dimensional (2D)ﬁﬁthree dimensional (3D); pre-stack dept r&%ratlons (PreSDM); residual
move-o0fIRIBT: SYEhseakithae MrisatispvPré g rin it iarsirssehsolopp ¢rd bR efinition

ELD);) h;lgbhdgﬁ?it.i@)] éhﬁllﬁokawf:f;rﬁﬁwmh&)ﬁ él(’tgia feast)ige@%w(@@;mwmjpa@éezfmgvg image
CRI); hi efinition velocity reflectivity image (HDVRI); and common image gathers (CIG).
1000851%{&%5% %&ﬁﬁ%?@&ﬁgé@@%%%?f@&%ﬁﬁ%ﬁ%@%&&?ﬂ%&ﬁo afa#oﬁ%swa-g» pages

1008-1021; Lambaré, G., 2008, “Stereotomography,” Geophysics, 73, 5, VE25-VE34; and see,
Guillaume, P., et al., 2008, “Kinematic Invariants: An Efficient and Flexible Approach for
Velocity Model Building,” 78th annual SEG meeting, SEG workshop “Advanced Velocity
Model Building Techniques for Depth Imaging”) that uses a local focusing criterion with no
assumptions about the shape of the reflectors or of the RMO curves. Moreover, the physics of
wave propagation is more accurately taken into account with tilted transverse isotropy (TTT)
velocity models. Despite these advances, velocity models updated with such approaches remain
smooth and poorly conform to structures. For example, in regard to Figure 4, which illustrates a
pre-stack data migration image of an underground structure of a geographic area of interest
(GAI) and Figure 5, which illustrates an image of the same geographic arca of interest as in
Figure 4, but using a densely picked residual move-out (RMO) and dip process, there is Figure 6
that illustrates a velocity model image of the same geographic area of interest as in Figures 4 and
5, but with much less velocity resolution and matching to the geologic structures than desired.
This appears as a serious drawback considering velocity structures revealed by full waveform
inversion (see, Plessix, et al., 2010, “Application of Acoustic Full Waveform Inversion to a Low-
| frequency Large-offset Land Data Set,” 81st annual SEG meeting, SEG Exp. Abstracts 30, 930-
934). Figure 4 exhibits nice detailed features corresponding to geological structures, and in

comparison between the illustration of Figures 5 and 6 (Figure 6 being the velocity model of the

23



render the most accurate possible graphic representation of specific portions of the Earth's subsurface
geologic structure (also referred to as a GAl). The images produced allow exploration companies to
accurately and cost-effectively evaluate a promising target (prospect) for its oil and gas yielding
potential (i.e., hydrocarbon deposits 44). Figure 41 illustrates a general method for seismic exploration
(method 400). There are five main steps: a detailed discussion of any one of the process steps would
far exceed the scope of this document, but a general overview of the process should aid in
understanding where the different aspects of the embodiments can be used. Step 402 of method 400
involvespasiGaodintghangsisaying o RNEOnaténrt sdrsitelfppiagi b ekpiadkiiohe kiratep 40dea
determination of what.t of sejsmic energy source should be used, and then causing seismic signals
o be 1 R S 0L e e SO o PR3BRY  lana seiamic exploration

systemgoges) Wil U%U@ﬁﬁ@ﬁ@@&ér?Je%%E%‘fﬁ%%vﬁ?e%‘?iﬂﬂWng‘éﬁ%?%ﬁ‘%@ﬁxﬁﬁmﬁﬁjg”a's that are

used to develop data about the Earth's subsurface geologic structure. Tn step 406, data recording

occurs. o grapipasy veahiad faphpdddiemn patioamie deivided siryrostibiternfignstdanelerta, and in a
second pafaf thesigp.ARfy HierdalaisiransirrrrshiSor@sy ngnsEIRRAID BIRR 48 LAk processing

occurs. Data processing generally involves enormous amounts of computer processing resources,
includin?ﬂﬁ@%‘f@'ﬁéﬂ%W%f@%%iﬁbﬁ?ﬁé%%?&’?ﬁﬁi?ﬁﬁ@%’é%%ﬁ%%Flkﬁﬁ% %“FEM%QHSbaraIIeI.
Finally, insstepditGatiata inerpRiatiaROSCHESsardmasid s @Bpduedisp aved sometine sphy
two-dimensional form, more %ften now in three dimensional foijii. Four dimensional data presentations
(a 3D plOEHIET AR OVer I BCRARIBT Y HF ST e USeh U 3 RHEA e S drack the
effects dftwthek proeassesmianexampleyiRtiota] Methad dof Refesdining a High Definition Tomography
Velocity Model of a Geographical Area of Interest According to an Embodiment [00087]According to

an emb{HA9dht, sevdnghepplidatiotss af awicinovetivethight (e sotditmrtomngrdphly &yfsteémnand method
are pre j , | iR, idual - A | detailed structurally
confairr?a‘leg?é? %ﬁ%{%é?&%?giﬁ%f 'l[éh?e9 gnégfho tfga z;%%eg?g% hﬁgﬁrjrﬁgjagcﬁ?ga%t%g%%emonstrates its

ability tephodisenttrdctnaigecorio pnhbiinelb ddlihvdetd ywinedel avesinsfadeteat ivangtoiivies velocity
attributes, 33:a8- idil9 IROINQIGRL BIATBIATIANLAS RYStLJE BeemRiemeniar iR iy ggﬁform inversion

for the interpretation of reflected waves. An application to actual 3D marine dataset is shown wherein
obtainedPHRsheF FEsEBI RIS VERS GRS Mdordnresuite ThiAdrévsate ir st tmas dpdisdisndyddighd an
improveg:mgieh R watkvsleeiies. fsdhrae ptardinargskill hine:att caharpraciate muglls provide a

means for ascertaining actual velgcity measurements as a means for comparison to theoretically
develop& VEIBEHY MEEr thitk. fod0eBETEEE P A SroprAEfts e rbeRabe Steprcriinged
tomographyrkase igriionhiel ogitydsysieRisarnd methemisshRye ¢¢ sulite thie v idmpieresd seismic

imaging, over time. As for any.inversion- method, these step changes fall in,two categories: a

et one LB I TR S ert S CERTETTARIY TERoe s SRR dErSARY At Eibntation

and theinieisioncalgcsitimameA $those atickil indhe.afuchrappreciaibyihvargionddsed systems, at

their mogt piasicleyel SRIeITINRIRM: JaIR RESeshaN SrRRIsAAUIRYLARIA A)Y RRaIR models.
describing strong velocity contrasts can be introduced.

[00094] In step 104 the density of the data within each of the velocity models is
determined. The density of each velocity model layer will be used in determining the size of a
grid mesh, as discussed below. Following step 104, in step 106, method 100 determines the
spatial wavelengths of the velocity variations within each of the velocity model layers. Then, in
step 108, the size of the velocity grid mesh is determined according to the previously determined
velocity model layer data density and spatial wavelengths of the velocity variations within each

of the velocity model layers. Of course, each of steps 106-108 is performed for each velocity
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[00089]For those methods that relate to improvements concerning ascertainment of the data, high
density rich azimuth acquisition geometries have greatly increased the angular redundancy/diversity of
wave-paths that constitutes the main velocity discriminator. Systems and methods for removing and/or
isolating noise coupled with signal enhancement techniques have also significantly contributed to
improve reliability of dense automated picking tools (see, Siligi R., et al., 2009, "Structurally Coherent
Wide Azimuth Residual Move Out Surfaces," 79th annual SEG meeting, SEG Expanded Abstracts,
4039-4043). [00090]For those method that relate to improvements concerning model-space
represeniadio ﬂa&ﬁd(ﬂf@vlrﬁvbtﬁi@a aigdriththsesigniBoantydargey) linsarcsysie aasthasdaciated

methodg hav. bee emen ein enormous ama t 0 d can be process to provide
enhanc«f,\haE \ge%ént esfﬁ@baéxfw}%ee% Al er%?féniﬁ 0 on?%; f}r]apegjc %%%?’Séc S |n§o 8d iterative
process@ﬂamnmeetﬁepadwuéfamm}ohqgmmiaﬁhadepﬂf thigidtmast (RieSivihaesiduakmongyout (RMO)

picking, rgq near. é)gl fes X%Iq ( e i_lu Z., 1997, An Analytical Approach to Migration Velocity
Analy&o%a%op]hygcs(%lz ri%g §é9 ?n??Noodward M., et al., 1998, Automated 3D Tomographic

Velocitygyaalysis of Regf @lMﬁ\ﬂﬁc%ﬁdrﬁgpr@aﬁiﬁ%d?@&gﬁé\ﬁ'%ﬂe%?{@%Q&'Hﬁéﬂi% Foint Gathers,”

68th Annual International Meeting, SEG, Expanded Abstracts, 1218- 1221). Non-linear systems and

method&"REFELALY BEEH Y STeRRE, ﬁﬁ*ﬁhdﬁ@ a@ﬁlﬁﬁ@ar%maﬁﬁv@é%g@améﬁﬂn@ siepdtlat., 2001.

"3D finitg-efisel dorsegtapRicHRYErsian GdnPo? caniBatadWitheah Mitho Wi Anisatiapy: 14 kst annual
SEG meetlrég SEG Expanded Abstracts 20, 718-721), and more recently non-linear slope tomography

(see, BillBtteTPISEY ﬂc%éﬁ“@’?&étﬂdﬁl A@ﬁéﬁ@‘éﬁﬁ‘hbﬁﬁ*&&ﬁ]&ﬁ grediPstersdmedtaphy,”

Geophysiesr¥iak @&M&dﬂa&a&ﬂ&@&r&%abaﬂwbaﬁem&is 2008 tSiareerMOgRREY." @ophysics,
73, 5, VE25-V 3 R}IF%%@ aume, P. et 008, l:Hnem tic Inv a |a s An Efficient and Flexible
Approach ¥oP ?}e?oc U|I18||91gma?§ﬂ1°5n ua)l % %&?ﬁ ?ﬁ%ﬁ?’”ﬁcﬁ% ced Velocity

Model mairémsgo‘ﬁabdmg@uesﬂm DepthebthadgiiGIHth&tcasE s anboikh, fEYc,usnag Qﬂt@rlemﬂwthmo :
assumpligns. ghads he Miape.plihe isfactors oot RMQ ves. Moreyer, (e phsics of wave

propagation I1s more accurate y taken'into 0 accoUnt with tlted transverse |sotropy ( erlocny models.
Despltemsmaﬁvmm@scmt@@windeimpdatmmmmfﬁ‘aﬁpl(ﬁd@ﬂﬂ% b8P srfibethudind poorly
Ponfor%agka{w&ﬁcﬁgg smﬁas%@aégumé%% ﬁmvxr%m Husirat 2 SasfRffpta migration

image of an underground-structure of a geographic area of interest (GAI Figure 5, Which

illustratdéghnviiidtdotResarfrsgaisiispiiridscar ﬂPFté)rfeﬁQra@lW@@ m@al ﬂ@lﬂoﬁi Aigfia Bénvely picked
residualgnoyg:Quk M\ archin PIQcEssnibep dn higwW e B dhat diksiraies aivalogity,madst image of

the same eographlc area of interest as in Figures 4 and 5, but with much less velocity resolution and

matchinj 818 B éBIBg kg iR SRS dERMe . TFIIPARER aks L anidrll yPanReREBhsidering

velocity sigsislyrag! ievepiad try: &l iWRYEIOPOKNNEESIRN (SR sETHReSIKs e4dbe 400N a@a}mtlon of
Acoustic Full Waveform Ig rsion to a LOE/ -fre uencg Large-offset Land Data Set,” 81st annual SEG
B3,

meeting SEEIIELE TRl AUId 38 'Y3peeRRy NETiRTEA BxBTiEhied st REILAESESFfesponding to
geolog|@&bséruczturasiyamaizulhmmﬁarmgthem&mihreailthaamma sffIBgorescS @atled Figure 6 being the
velocity m I,Eof thefs e GAl), the fa id chan stln Rl\ﬁlodr}tl entI 1g£"3%th'“ beds and in the
structurbt reEa1 8Sn°ot"iransﬁ§te mtm R BB e 4Rt con\?e?l 161 t‘éemog aphy

corresponding structures.

{60096} Application of the Svystem and Method for Determining a High Definition

Tomography Velocity Model of a Geographical Area of Interest According to an Embodiment

Using Synthetic Field Data

[60097] Attention is directed to Figures 8-9. Figure 8 illustrates a non-linear slope

tomography velocity model determined according to conventional methods using well-known
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[00092]Embodiments described herein provide an innovative high definition (HD) tomography system
and method that can estimate detailed structurally-conformable velocity models. The capability of the
system and method according to embodiments to reveal detailed spatial variations of velocity and to
improve seismic imaging is first illustrated using Marmousi Il synthetic dataset. In addition, use of the
system and method for high definition tomography systems according to embodiments presented
herein is used with an actual marine dataset to illustrate its improvements over conventional systems
and methods. [00093]Figure 7 illustrates a flowchart of method 100 for determining a high definition
(HD) tommagraphiy1Vejadity indde | et igeGgiaphisal 20ed oMinterest (CAH Rlasordipgridafoembodiment.

According to an .embodiment, a.HD yelogi del me a velocity model that contains vertical
fequent LA ot or (o QA B o T . e g e & PGS e HERA reflocviy
and velooiti kasvehdiumandidéspribetd idate ftenuetd Figurerd @ndd ightiddknitetimdelogitdingadels are

obtaine lar i ] C | r . H
tomog rzgp %ﬂﬁgﬁg{%ﬁ gsfﬁsgﬂEg@g%ﬁﬁﬁ&%ﬁ%@?ﬁ%ﬁg@ﬁn a%%%??%%ﬁr%8§o$§%vﬁﬁ%%trod ucing

specific eehdmamdMurvedifbnmmesesiorn dihs inasrres o dhvighidaridendbinabsethod 100
begins wiifh,steid W MBgEEIN AdRASONRRNAcF YAl HalasityRodab IS P RiaIDRGRYcoORVRERNal

means. Such conventional velocity model can include, for example, a multi-layer velocity model

represeRtFERTSOIM RS IaYEE b BitdRrE deRg sy SR Vards) wshidiststean be introduced.
[00094] bsiannid. thedpasityeahiheidatacvitbi eachoMhenwiaaitmrigls dsgetarmingd. The

density of each velocity model Jayer will be used in determining the size of a grid mesh, as discussed
below. EENGHMY SR pABUO Y Slp o I EP A S R HH ATWIPE SRAPSHLRUISHGYEE 81 the velocity
variationgawithim edebt of thenvelocity model layers. Then, in step 108, the size of the velocity grid mesh
is determined according to the previously determined velocity model layer data density and spatial
waveleriGoi88if the ve&lguity &/dhiatiors thithilceagholithesietoeitynvodehld yeeth @ couiseaeach of
steps 1Q6-108 is per for. eloci i e coulld bedo r even
muncred B A TR e of e
high qgﬁi‘mﬁ&i\’{/@@@ﬂ@@@@@giyﬂét@wﬁh@mr@m@ﬁid@mﬁu&ﬁw%rideﬁasitigrﬂlofmhémkﬁfferent
velocities thatias RERipualmRRralsRdNthe GRNVANHAR 96V, TeRehA00RHNS1aR #4Q-RMO and

dip data are developed from the grid mesh data in a
7, RMO is picked again on high density CIGs and 1s inverted using high definition tomography.

The obtained high definition model shown in Figure 9 can readily be compared to a slightly
smoothed version of the exact model shown in Figure 10; not that improvement over the
conventional method shown in Figure 9, and the closeness between the results using the method
according to an embodiment (Figure 9) and the actual velocity model shown in Figure 10. The
results between Figures 9 and 10 are much more alike, and the improvement over the

conventional method of Figure 8 is substantial in Figure 9.

{00099] As is evident from Figures 8-10, even if the velocity model obtained by a
conventional tomography approach provides good focusing, it is quite smooth and poorly
conforms to the geological structures. The HD tomography velocity model obtained according
to an embodiment slightly improves the focusing and the positioning, but greatly improves the
structural conformity of the velocity model which now nicely fits to the PreSDM image. Bothin
shallow and deeper parts of the velocity model thin velocity layers now appear and nicely match

those of the exact model (i.e., Figures 9 and 10 are substantially similar).
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substantially continuous manner such that significant amounts of data are generated. In step 112,
method 100 reviews the RMO and dip data for outliers and disregards the same. In step 114, the now
densely picked RMO and dip data are inverted, to develop the HD velocity model. According to an
embodiment, there are at least two methods for performing RMO picking. In a first method, detailed
RMO information can be obtained by tracking local coherency in multi-dimension along common
image gathers (CIG) (see, Traonmilin, Y., et al., 2009, Multi-dip Estimation in 'N' Dimensions," EAGE
71st Conference, EAGE Extended abstract, PO83) or scanning parametric curves along common
image qaﬂt&tmlClG)t(@ﬂiqi it Alus20R9) %amphkﬂdmenstaaabmtkﬁ@ﬁpmm iHInore accurate
when the Si naI to n¢ |se rat|0d|§ ag'gl'en égah X‘{-de t e curve rggr%eﬁp g_ume (P s can be
preferre8 Whert s?@ OhOISETAtIo IS Heedause Fc%nogra FOM Surtace seismic experlments
tries to soh/&@mmtanﬂiﬁwdsimerﬁdﬁtpmbﬁ*.emnpammm M‘nhaﬁdbasvsqmie@m@atasfmortant to
make itas well:¢ ‘Ehde'téﬁ dn‘%/ ﬁ’%‘?‘? F %"o‘% o7t oRtliGrR,! éﬁy gt HE%%S Aeqych,as possible. As

can be seenin gure elocity g tomogra ormed according to the
embodlmﬁﬁéﬁm&gﬁmﬁeaadcﬂhﬁa’tenytﬁagﬁmgwéuﬁmmm&gsrﬁaﬁ%‘bé?lélll?\%éﬁh’&ﬁe’ns of RMO into

localizeg:pedyrhatignsnle/slosityyieramuch weaiersesaluon e dlisrencan ebualasith

corresponding structures. 1000961Application of t stem and Method for Determining a High

DefinitidAraisRiysdpaly ArdRitiop Mower sty @éé‘@%}bﬁ %lﬁt@@%@iﬁﬂeﬁéﬁs}&e&fewgqﬁl&n
Embodimentdising syathelisiieldRai (R8N et on issitedian el Hisyies 8«t-Felguke 8 illustrates

a non-linear slope tomography veIocrg model determined according to conventional methods using

well-knaREIMBTAOTRP TR R e’ Rvalin besngealized, vhaBs RAZHTOISELPIRAEISStic Upgrade
for Marmeusie’ o-ﬁﬁbedb@ﬂﬁm&ﬁgﬁe%éné5@n1ﬁ§u}e5m@ ﬂﬂé%ﬁt@iﬁ&e&zb@v&é@ﬁmpmﬂr&%lﬂsmg
well-known Marmous;j |l synthetic dat term ed| accordance |th th cordlng to an
oo LA Tl S AP RS 0T AL T BEATSR VBABE BROHER ERCEP R e

well- knommmomdkthwMaafﬁhmwga&ﬁ}cmllsh@mrinas the@@&(andi&mmimf about 460m. The
Marmo%sn Il model is,int restl&q be%ause |t1 09 vglout}/ dlscontln st at can % ex%ected to be
recovered With the \f—elBt gra hy velocit ylrtrlto accor cto A em ﬂ{nen? § hetlc seismic
data develdhedamathmﬂ\ﬂamblsyIttmbdi@talts@bmpltﬁﬂ’ mmumwm@@anmmsm@ atfinite
differences SHNRIG 018 Male AR AGAH TR & AU o isl.Gl Y. [00098]Figure 8

illustrates the velocity model using a conventional miethod (non-linear slope tomography), and this

produceggyiggtively smRaoibyeinsity Sodel i NRWE AW AR aSRM isciunReginning with the

velocity model shown in Flgure 8 | e., using the method accorc g to an embodlment discussed
herein. ASTRREEARAY NISeRFERMAEA 04 & g0gRaniican /adieq B, ayding doan Embodi B Hensity CIGs
and is my@ﬁgﬁmgpg?}mgmg@ﬂmtlon tomography. The obtalned hlgh deflnltlon model shown in Figure 9
can readily be compared to a sllghtly smoothed version of the exact model shown in Figure 10; not
that im% %nt ov the egnﬂ nal methog sh wn | tgqu %etween the

sin

I5¢i
results A Sk ent (}I%lgure ‘é% 5 1 d the actua Hfgcny model shown

methd accor ng %6 an embodim
in FigurenlmttmhérﬁéﬁMsmegﬁ‘Jeemﬂgm@Si@Baﬁdnl@ mewn@ﬁinmchagm hdlekieaigardlidment over

the CO”‘G%%%Q%K@%W&E&H‘ Eﬁ){%ﬁ%&%@ﬁ}gﬁ{%&@@ %gogding to an embodiment discussed

herein superimposed on an a final PreSDM image using actual data from the same GAI as shown
in Figure 13. Figure 13 illustrates a conventional velocity model building as discussed by
Guillaume, P., et al., 2008, “Kinematic Invariants: An Efficient and Flexible Approach for
Velocity Model Building,” 78th annual SEG meeting, SEG workshop “Advanced Velocity
Model Building Techniques for Depth Imaging.” The use of Guillaume’s method provided for
imaging of complex structures and used TTI to fit the image and velocity model to the wells

thanks to the introduction. As understood by those of skill in the art, the “image” is the cross-
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[00099]As is evident from Figures 8-10, even if the velocity model obtained by a conventional
tomography approach provides good focusing, it is quite smooth and poorly conforms to the geological
structures. The HD tomography velocity model obtained according to an embodiment slightly improves
the focusing and the positioning, but greatly improves the structural conformity of the velocity model
which now nicely fits to the PreSDM image. Both in shallow and deeper parts of the velocity model thin
velocity layers now appear and nicely match those of the exact model (i.e., Figures 9 and 10 are
substantially similar). 1000100]Figure 11 illustrates a superimposition of the actual seismic data and
HD tomegtagiay WetooityhaodélaatasdeveloRanieacaiding [ aar€ mbedine tiafrem R gwes 8-10 in one
diagram, and Figures 12A-D llustrate comparisons of the, velocity model data, profile at four locations
i the SUSCRHREE A B Ehchrs S BB B e CHL pP G B HEAEE o Figure 11
and showthwithegrefiteroresotiusicnh ThHidures T 2Acd(logrdlicend tieideenid] logistioétBe= Figure 12B,
and so gglhesg}ﬁ!_at a comparison between the conventional tomography, high definition tomography
and exact velocity models can be shown explicitly. According to an embodiment, improvements in
terms of resolved spatial frequency of vertical variations of velocity of between 6-8 Hz has been
realizedl WS coftvhtiantadrbresdeddisings bhipabditissistohgiereameivng rigeies 12A-D, the

exact vertigelveipeitepaiiscase Shawn: asHnesLRA6 Apth e.smaathecin adanteefit with the

resolution of the high definition togo raphic result, the conventional tomography is shown as lines

1202, aHEHENB ST ABRIES HdRPt Brdieh dstimidomrsonty aelpdispredited by those

of skill inithéyadsfhenvasistionsisgelDaitycasdd batratecthhyihadpl tembgsaptymée oaity model
accordirﬁ embo im%Iétsgre ver \{v%d tected and %linantified, especially in the shallow parts.
100010117 pp idation of the fs &M Ahd mE ég’folrgﬁrgtér ining a High Definition Tomography
velociiMatele’ 2 egganiieal (vea.atlrierest ecarlig o gEmboUmeRtbisa AGH Field

Data 1000102]Figure 1 trates a (‘?onven_tlona ained velocity model superi Sedon an
initial PrefSDiidsabRarsingeetsnbgalakont mienowiigne Hrtl ifigtnsei 4 tlostrapedesy ldDhvelocity

tomogrqalaym@%qmpﬁ@%§%2%f&%mﬁﬁmaﬁg%ﬁiaﬁﬁ9 ARAOPRABRERL SEHSHEIMGEIN

superimposed on an a final PreSDM image using actual data from the same GAl as shown in Figure

13. Figuted F3gwissteReBustesnve slpsa averse Ry odEr butifrkyasidissusstuioyosiitaume, P., et al.,

2008, "KinaemdigtnvespmismimEdiciantRRdorlgxinin ARRIAAGH oMY aRG Y MedelBuidipg.e 78th
annual SEG meeting, SEG workshop "Advanced Velocity Model Building Techniques for Depth

Imaging! ®Fhit 8o Festithat e RbtpfdSiabasbramighirsrio pER it eirssiehiifed TTI to

fit the impageransveiveisloenodehioshshwalsotaanks i thetatatuetion. As understood by those of skill
in the art, the "image" is the cross-

[000105] Figure 17 illustrates a larger view of the marine data shown in Figure 15 with a
HD velocity tomography model determined according to an embodiment superimposed on the
marine data (represented as a final PreSDM stack), and Figure 18 illustrates a comparison of
preconditioned well log velocity at a well location, a conventionally obtained velocity model
data at the well location, and HD velocity model data determined according to an embodiment

also at the well location, the well location being located in the marine GAI shown in Figure 17,

[600106] Figure 17 illustrates the HD velocity model data determined according to an
embodiment discussed herein superimposed with the final PreSDM stack image data. As can be
appreciated by those of skill in the art, the results illustrated in Figure 17 are very representative
of what can be expected from HD tomography velocity model developed according to an

embodiment as an aid to interpretation. Figure 17 shows a clear and nice delineation of the
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sectional view of the GAI and its geological features (i.e., layers, or strata), that can be most
advantageously obtained using a velocity model and further data processing. Thus, Figure 13 is both a
view of a conventional "Guillaume" velocity model, and the determined image of the same GAI.
[000103]As discussed above, both Figures 13 and 14 illustrate their respective velocity models being
superimposed with the corresponding depth migrated images. As can be understood and seen by one
of skill in the art, the high definition velocity model (Figure 14) nicely conforms to the geological
structures but also nicely improves the structures in the PreSDM image (see the bottom flat reflector in
Figure 14Jofa9QkdiReferanghowyiad-igukes:liziandeLi6ithig uppbbsiBuiskatasepoarpraninage gather

ofa dlffere ari ical ea of interest, Figu I 6A illustrates a close up view of the GIG in
the box B Fit |g{3reaf§g§%r8{gp{r;oﬁ Rlien T ersgt 8%36%? G gtgﬁﬁ? P}%‘e W, ARG Figure
16B illugtratasey cldse apdvievinof tieedGiiGiim fheHidxooidsgnhe &Edoit@mngeimquemeﬁﬁatlon of the

method ccor n hodiment. In comparin igu 16Bt re 16A ese n that
flattenln% g?ltal %%gda né n gaﬁﬁ caﬁt‘K/ |mpro§]r gash(?aexpec e ghgﬁugear orr\rlﬁr?gC ft—}l ve 00|ty
tomographjoaesoedif§rial ErcEdodingest. 0004 08 iiginacs 2 dhspatesnaolfamepviativofdieinarine

data shewn, i, EigHIE TR W AibIRMEIA@8s Fomogiapiv-mRAs! Asier quned %‘&req“&‘aﬁatg L

embodiment supérimposed on the marine ata ( represented as a final PreSDM stack), and Figure 18

illustratescl tasaisadbon Bii3eeehHiRdnew siapinyletstigeschdpal deatoed awsrdiagtionally obtained
velocity sRedehaain.abhanellp raiann anaHBovs ety Medehfais SeiarminadAgeording to an

embodiment also at the well location, the well location being located in the marine GAIl shown in Figure
17. [000106RERtRMFASHSIAtes the HD velocity model data determined according to an

[000107] Described and shown herein are two applications of an innovative HD
tomography velocity model according to an embodiment that inverts densely picked RMO data
for revealing detailed structurally conformable velocities. The application of the HD tomography
velocity model according to an embodiment to the synthetic 2D Marmoﬁsi II dataset
demonstrates the ability to produce structurally conformable velocity models with a level of
detail that promotes velocity attributes as an aid to geological interpretation. As such the HD
tomography velocity model according to an embodiment can offer an alternative to full
waveform inversion for the interpretation of reflected waves. The application of the HD
tomography velocity model according to an embodiment to a 31> marine dataset further
demonstrates the capability of the method in presence of noise. The data obtained from the HD
tomography velocity model according to an embodiment results in improved focusing as well as

an improved match to the well velocities.

[000208] Method for Developing a Broadband High Definition Reflectivity Based Image

for 2a GAJ Using a HD Tomography Velocity Model and a Conventional Reflectivity Based

Image for the GAI as a Basis According to a Further Embodiment

[000109] As those of skill in the art can appreciate, the system and method discussed above
provide for improved velocity models that can be the starting basis for improved seismic

reflectivity images of 2 GAI. However, while the improved velocity models could be used
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embodiment discussed herein superimposed with the final PreSDM stack image data. As can be
appreciated by those of skill in the art, the results illustrated in Figure 17 are very representative of
what can be expected from HD tomography velocity model developed according to an embodiment as
an aid to interpretation. Figure 17 shows a clear and nice delineation of the velocity structures along
the layers. The velocity definition appears suitable for pore pressure prediction and interpretation of
fast velocity layers (carbonates). Compared to conventional pore pressure prediction done in time
domain, the HD tomography velocity model is part of a physically valid pure depth workflow, which
improveadie Abcoraeytaimabticnated vidotitiesianddheitop singosfinatRre83 N imfagbs: Figure 18
illustrates mparison of preconditi 3 locity at [Llocati [ , a

conventi 81 r? A 3}%‘%%@? 31 e\fec%g%ys/%r:%gohcé{%%g‘t}ag %Lt!l%ﬁgv\\évge%g%%% 5%1 X(Vlﬁlwée&f §% %Qta%%etl-kigl%%% mography
velocitydeigaisbdatl adétermiletidasotrdinpie merriss diglede iseoatteciie notdsienitiihessg04), the
well locgliofReingieaisthindatiTiAling GA showiniouRhiuPAMIAIRaSEHRsH Aadcshown
herein are two applications of an innovative HD tomography velocity model according to an
emboditsBaeiniY imveses efehselrpriked RMOTdate forassoEtinggourtsrpdm@ttr AR thessetmable
velocitieg; T hesppiicatiopRiheHR: temossanhy iriocity iede! acsording i:.aa smbadiseent to the

synthetic 2D Marmousi Il dataset demonstrates the ability to produce structurally conformable velocity
models RABAY &P & ReCamEsR SFomRiteRr by Xhrib R Re i S99 Seasgical ifterpretation. As
such thediRitpmegtapinvelocity model according to an embodiment can offer an alternative to full
waveform inversion for the interpretation of reflected waves. The application of the HD tomography
velocityjoigdebhccordinghtaant ekilb adiheant tancairariarint elatasetifurthiercdeimminstratefothe capability
of the me{fiod n Piesance.of poise, Ihe daa.biaines fam he. HR lomogranly. yelocity model
according to an embodiment resultsin improved focusing as well as an im roved match to the well
velocitiesi {00008 Methos fortEeirsiopingal BrobdbannidHsg kDetinilidm Refliewtisdy Basatiinage for a
CAl Usipg A Temesrannelagitviadgland aGenventionpbReflechviBasti. pagsifor the GA
as a Basis According to a Further Embodiment [0001091As those of skill in the art can appreciate, the
system ahiileackiodvarstebsbel advaisyies foripipitehs daBbeterrbed S gratdamiBe the starting
basis fof iproyessqiania reflectiviy “magssaha il Hawever viqietlre improyed velocity models

could be used o i
Reliability of information oblained from surface seismic measurements), This concept was

described and summarized in a simple, but meaningful graph, shown in Figure 19. Figure 19
illustrates reliability of information obtained from surface seismic measurements using

conventional processes. As discussed in Mr. Claerbout’s book,

[n]ote that there is an information gap from 2-10 Hz. Even
presuming that rock physics can supply us with a relationship
between # and K, the gap seriously interferes with the ability of a
seismologist to predict a well log before the well is drilled. What
seismologists can do somewhat reliably is predict a filtered log.

The observational situation described above has led reflection
seismologists to a specialized use of the word velocity. To a
reflection seismologist, velocity means the low spatial frequency
part of ““real velocity.” The high-frequency part of the "real
velocity" isn't called velocity: it is called reflectivity. Density is
generally disregarded as being almost unmeasurable by surface
reflection seismology.

(http://sepwww stanford.edu/sep/prof/iei/xif/paper html/nodel9.ht
ml#SECTION00122300000000000000)
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therewith conventional seismic reflectivity image creating processes, according to a further
embodiment, further discussed herein are improved systems and methods that use the high definition
velocity models described herein, or other high definition velocity models as its basis for determining
broadband high definition pre-stack time migration or pre-stack data migration reflectivity images of a
geographical area of interest according to an embodiment. As those of skill in the art can appreciate,
the term "broadband" is a relative term; the initial signal can be broadband and it becomes even more
broadband when combined with low frequency (LF) velocity information 1000110]As those of skill in
the art can appreciate, the aim of inverting seismic waveforms is to obtain the "best" earth model,
which cio8ohphly beldefinkias dhevondepptitucirgréeismagrensstihatdisstafietth sswatlysunder a
least-squares,itsrion) lnogg fesorded, Rieviusiy.puBlished aricles have discussed fhesg, deas in
great detalh and one preeminent s ofar po ed ani ea, Tater veritie , that eart%ﬁlstruc%ureg
wavelenopivgeuohlyl Bereveeidigtnrasismiotrefie stibred ften sheraflcCingthofit, stemdgifgthe Earth's

Interior, 15985, RAY kg Ja %3y ReliaBility;af edermation. ahiaingd oM. sHIRC G, R IFIG ngRSUrements).
This concept was described and summarized in a simple, but meaningful graph, shown in Figure 19.
Figure Touliibastsdeaiiibined ofarhsmation obtsinesy tlergtbarate seismic measurements using
conventional processes. As discussed in Mr. Claerbout's book, [n]ote that there is an information gap

from 2-100BiZl Hven piesuniitgliatreck physids$ ¢afos dppiiopswithraaddatibhstlipldfetitieen P and K,

the gap sgriqusly inferferes with the ghility of ﬁﬁ%s%%'l%gi?t %%185%&%% ‘1&%'1'&0 beforg dhe well is
S rgdlct a ﬁfteredﬁ 'Iah

drilled. at selémo ogistscan do somewhat reliatﬁly 0g. The observational
situatiomefles@riite Haabdundsaddethedfibbioa buisrotonists 1 afspbaigiudiveentbf the word velocity. To
a reflection seismologist, velocity means the low spatial frequency part of "real velocity." The
high-fretf8h&lpart (g’lﬂﬁ@drég@é@%&ﬂw‘%ﬁt%é@@d@@l‘@&t? ﬂdﬁlééqlléal’f‘@ﬁé‘étﬁmv. BEnisity is generally

disregardedfa beingalmpstaamesaisaie By.sudpsaunfiectionsesrolemy: My entional
:/lsewn.gford.eduf/iei/xrf/ a er html/nadel19.hant m#SECTION00122300000000000000)

processing means. This reflectivity image can be referred to as a "conventional reflectivity
image" (CRI). In step 304, a HD or high frequency (HF) tomography velocity model is
generated using the same data, according to, for example, method 100 as discussed above in
regard to Figure 7. However, as those of ordinary skill in the art can appreciate, method 300 for
constructing the broadband HD reflectivity image of the GAT according to an embodiment is not
limited to use of method 100 that develops a HF tomography velocity model as described in
great detail above; other methods, both known and unknown, can be used in method 300

according to an embodiment.

[000114] Method 300 then proceeds to step 306 wherein the HF tomography velocity
model developed in step 304 is then converted into an image of the reflectivity of the subsurface
of the GAI or "low frequency (LF) Reflectivity Image” (LFRI). According to an embodiment,
the LF reflectivity image can be at least one of either a PreStack Time Migration image, and a
PreStack Depth Migration image. In step 308, the LFRI and CRI are adaptively merged
according to the following equation to obtain a broadband HD reflectivity image (BBHDRI):

BEBHDEF] = Ax LFRI(e. v, 2) + B x CRI(x, v. 23 {z),
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[000111]Thus, debate on wavelengths of earth structures resolved by reflection seismics continues to
evolve. While long wave length components of the velocity model can be solve by tomography, short
wave length components are solved from the reflectivity. As seen in Figure 19, the graph created by J.
Claerbout in 1985, between these two domains the mid wavelength could hardly be obtained, i.e. there
exists a mid-wavelengths' gap. [000112]Figure 20 illustrates a method 300 for developing a broadband
high definition reflectivity based image for a GAI using a HD tomography velocity model and a
conventional reflectivity based image for the GAI as a basis according to a further embodiment.
[000113]Method 300 begins with step 302 wherein bandwidth limited seismic data is recorded and
used to create a reflectivity image of a subsurface in a GAI using conventional processing means. This
reflectiviipihbie caneiafelreddd asatootvendiordred|entiviipalhaget{GRY)adapstépSod, a HD or

high fre ityi; is g ' rding to, for
examplg,lé r%‘%%éédlﬁ E%%Rg%%g’jégségdg&%ﬂ%%ﬁagﬁﬁgqﬁ%ﬁ%&lﬁg%%gﬁinﬁ Et{ﬁc(})%egg&%r%ﬂary skill in

the art ¢&h gippreERe b thedavos covstaiedingtthdbrodadanent DirethsedVieycimatseeBf the GAI
accordingqfo.pi annadicenkis RetimieshianseLiitaibod 100 thakdevelensd dRtameaiaphy

velocity model as described in great detail above; other methods, both known and unknown, can be

used in thiiBerS60 AtcTrR e arbntERtaRe Toler it fstipriesmo meschpisradhe Hstep 306

whereinigclt} mbamography, Y&lositunedeldaveiopandiosiepiRediritnes Genvasted #to an image of
the reflectivity fta'e subréurfa}c}% of the GAIl, or "low frequency (LF) Reflectivity Image" (LFRI).

Accordifles S SRIRRSd R R B P G ChUA S e et WPiEhar oAty htn@i& PreStack Time
Migratiofieinags: andanpaeSiact Depih, Migrationsmagenpresien 3R8mke tRhantdGRIamg adaptively

merged;aceqrding o the 9llowing eauaton [gobiaina brogdand HR rsflectiity image (BBHOR):
reflectivity. The broadband HD reflectivity image can then be displayed to portray with

substantially greater clarity and resolution the subsurface structure of the GAIL

[000116] According to an embodiment, the adaptive merge between the HD reflectivity
image and the conventional reflectivity image comprises combining two signals with disparate
signal spectra according to known combination techniques. According to a further embodiment,
a spectral balancing approach is used. As shown in Figure 26, line A and line B, whiéh represent
HD reflectivity image and the conventional reflectivity image spectra, respectively, a summation
is tuned in the frequency range where the two signals overlap; the result is that the geological
content is enhanced that facilitates interpretation of the image. According to a further
embodiment, the tuned summation can include spectral shaping as needed of each components to
facilitate summation of the two signals, and warping, or geometrical shaping of the images {as
shown in Figures 23 and 24} to the extent necessary to obtain a best superimposition of the
images (shown in Figure 25). Thus, the adaptive merge includes both signal processing of two
signals and data processing of the two images that provide the signals shown in Figure 26.
According to a further embodiment, adaptively merging the HD reflectivity image and the
conventional reflectivity image comprises combining the two reflectivity images not only in

overlapping frequency portions, but also in non-overlapping frequency portions.

[000117] According to an embodiment, “warping,” or “geometrical shaping” techniques
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BBRDRFI= A x LFP.10.x CRiet z) [000115]wherein A and B are operators, developed empirically in
order to adapt time and frequency dependent phases and amplitudes to both LFRI and CRI signals. As
those of the art can appreciate, although the figures associated with the embodiments discussed
herein are all shown in two dimensions, the embodiments can also be realized in three dimensions, as
Equation (1) indicates. According to an embodiment, the reflectivity estimates or images from the HD
velocity models are very low frequency estimates. These are then added to the reflectivity images
developed from the previously obtained seismic data, which are relatively "high frequency" in
comparigenttheresisitiig effettiiadocgmplestant dEimage boatsarthallyavauid havieideen obtained
by makipng use af the HD .velocity model to, estimate low-frequency reflectivity. The broadband HD
oot T e B e L St g S Bt S i B mciution the
subsurfspe stractordgf theo@A hsfRaQLbe A cchrdiegtedn ditibgdirpent sthé thel aptibenndetigeabetween
the HD 5‘3%‘&5%’%‘%’0'%%&%% %i%?éhf%&%ﬁ&iiﬁ%%%'ﬂl%@ %o‘if?@&ﬂ?&%%%’éﬁ%‘ 'ﬂ%éi@(g signals with
disparate signar spectra according to known combination techniques. According to a further
embodimelrties sprastrikbaiatind” apieoachyignasedni diskonvenimigliedleg Vieimagadisineg B, which

represep i 'Rn%eélie&gl‘&)r{]éﬂ%ﬁ%ﬁl?g,‘ql{h‘ SERIYRR LN (SHEFIMNHMRIE SRGCIRNIRRREGIYE]Y, 2

summation is tuned in the frequency range where the two signals overlap; the result is that the
geologié%lﬂ%ﬁfﬁt@?ﬂlﬁ%léﬁﬂm“éd that facilitates interpretation of the image. According to a further
embodiment, the tuned summation can inclyde S%ectral shaping as needed of each components to

facilitatd S Hihtion 6f thEr T LigrarecBnd Jsrpivg B reEe i & BTy BEHBY IS (as shown
in FiguresAadahst 2d)idadhenciiorieacessannigiahcinadEsy scetinpasiiinr@fthei inagas (shown in
Figure 25). Thus, th aptive.merge includes hoth sigpal processing of two signals and data
process’iﬁn%s%?tﬁé H\?&%’?#Vaa%gﬁﬂ%%%%% etafﬁlgﬁs%or% su% oW in |grﬂ?qés%.l (%Sg'r] i%tapg a further

embodimeshtydafda dtiteetyinheg Ging dben HE giefleStiitityn imagadntteend gnvientio pat-sedtdcliatity image
commises cambining, the two reflectivity i es.nat only: in.overlapping frequen ortigns, but also in
non-ovenﬁlgﬁééfﬁa %gt%gﬁcyyl%}g %r??a[é%%éf?[ap%f&ég%r}cﬁﬁéyl #glegﬁsiaﬁg@ggs %e{ﬁtgﬂv%%l%%&%f igheometrical
shapingFitehiglies Aispuseompensaing srhatiltimefonspacevasadtsditmemubprbetdeddy the images

to combipg, 3RGEH-SARRNYIESHRIGHES iR SAMBINAG.sianals Raving differeninhass and

amplitude spectra according to some assumptions on the regularity of the properties of the combined
signal atstantglteastie rembbEPemcaecordihg fearratvsrdnBsdifeptEBsHEIN shaping

includesmage-shapingdiae.Lo allestivity:inageandtee sonventionalieiiact viniaageusing at least

one of warping, shaping, an morghing, all of which are image shaping techniques known to those of
skill in tA&: &g original reliability model, and Figure 21, the reliability model derived according the

methods discussed herein according to an embodiment, result from an appreciation and
subsequently derived mathematical processes as discussed in regard to method 300, discussed
above in regard to Figure 20. The appreciation and subsequently developed method illustrate
that an overlap exists between low frequency (LF) broadband reflectivity (i.e., seismic data) and
the HF velocities. The overlap and consequent mathematical combination, described herein as
an adaptive merge, make it possible to adjust the gains or amplitudes in order to combine both

partial images (see, e.g., Figures 26 and 35).

[000119] Application of the System and Method for Developing a Broadband High

Definition Reflectivity Based Image for a GAI Using a HD Tomography Velocity Model and a
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[000118]As a result of the method described in regard to Figure 20, a new graph can be created that
indicates an improvement in imaging obtained by reflection seismology. Figure 21 illustrates reliability
of information obtained from surface seismic measurements using the method for determining
broadband high definition pre-stack time migration or pre-stack data migration reflectivity images of a
geographical area of interest according to an embodiment. In Figure 21, line A represents the original
reliability of information as described and provided by conventional processes and systems, according
to Mr. Claerbout. Line B, however, indicates the substantial increase in reliability or accuracy of the
informationwehtaimng R et surfdbeskblismie hedsuteentastordingdmihie embddiments described
herein. Ql%g'fggégpﬁeh?e Wet%@t{:i%”ﬁ %,tz}he original reliability model, and Figure 21, the reliability
model o%meém?w@‘%%—mvﬁwgvd{%mssed herein according to an embodiment, result from an
appreciation and subsequently derived mathematical processes as discussed in regard to method 300,

discusst¥@lide in rBigarasté Fiyara»e0 Thstmiprae rinsrswsdad basgusRpia e asped Athod
illustratgdfatian aysidap Ryists Between pwhteavensy dumdroadRandarailectiyity 4 & seismic data)

and the HF velocities. The overlap and consequent mathematical combination, described herein as an

adaptiv&/AiEigsi hasii-pbsEsikod 3 dtite Fahie sy dripiitids i sradt & edribihelboth partial
images (Saels@&Osekigiires 26 @atahed 00l 3dAnplicatien ofdhesSysiantandMether dandeveloping
a Broadband High Definitio flectivity Based lmage f Al Using a HD Tomography Velocity
Vool SRGUECREGHorISHER HoTSSOHE BRSO A0 T R0 Al AL RN £ urtner
Embodicaentddsing Bycdet o figl thDatd! 1000200 Frigure $l 221 ithraicgha@6rlksstrgiethevphotgsses and
improv nts of meth escribed above in regard tq Figure,19 when u on, synthetic field
ot o B S A A B P o s 2 R PO ceivers 14 as
a resultrobditynsilgzovdklismicnidamsotrsais mittbdtisydsaulgesmntibiveerrdusty isitofitfienciryeal when

using the SYInGLe siakay ELOA A4 MNPYAITRACARY B HiORal BIGSRM RlIselviy, mags deyeloped

using conventional processes using nown Marmousi || synﬂwetl ata in accordance with step

302 of seconbpdisknsd BOUzee Siimg hodAWrhvpiniamed e é ObsiisthatesHEDHBIIBCity model
using wellknownMaimarsA sunthslic gata seterminedsi pRaEdancewith irstimeathd 0P and step

304 of second method 300 illustrated in flowchart form in Figure 20 according to an embodiment. In
Figure 2¢leRBtHy Ao Aaschwsdnriad wepestianslprperaca e/ 8o Ell nebwaruariswWati-Rhown

Marmoysii-sypthatinfiata hashaemeteated bl goro23dsiraiansa bhoreflestivbrimage developed

using conventional processes using the HD velocity mode] data of Figure 22 determined, in accordance
with stefi RS BrBECEHITHEHIH ST S _R SRR Tareg MbOaIRREHE TR & 58 MYS ARS8 Y adaptive
merge qhthe aenieptdiaddisesinld vatleckiyiniivdge caveloped Fu@esoHanTR witkeatieg 302 of
second method 300 and the HD reflectivity i e.developed.in rdance with step 306 of.second
ethoc SOE A ERAE TR SR S0B BBt Ot S0P g e o

second method 300 according to an embodiment.

{000121] Figure 26 illustrates an effective spectra image derived from seismic reflectivity
and velocity data, in regards to the image shown in Figure 23 (reflectivity derived from HD
velocity) and the PreSDM reflectivity image shown in Figure 24 according to an embodiment.
The graph shown in Figure 26 shows the effective spectra derived from seismic (reflectivity) and
~ velocity data, and, according to an embodiment, that both spectra are overlapping. As a result, in
the overlapping/common part of reflectivity and velocity distribution, these attributes can be
combined, compared and processed to derive physical properties, as has been shown and
described herein according to the embodiments. The graph from Claerbout 1985 (Figure 19)

shows the historical problem; the fact that the velocity and reflectivity distributions were not
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10001211Figure 26 illustrates an effective spectra image derived from seismic reflectivity and velocity
data, in regards to the image shown in Figure 23 (reflectivity derived from HD velocity) and the
PreSDM reflectivity image shown in Figure 24 according to an embodiment. The graph shown in
Figure 26 shows the effective spectra derived from seismic (reflectivity) and velocity data, and,
according to an embodiment, that both spectra are overlapping. As a result, in the
overlapping/common part of reflectivity and velocity distribution, these attributes can be combined,
compared and processed to derive physical properties, as has been shown and described herein
accordingdgsl rpkwéimemtﬁw’éheogaa@tbfmmﬁ}aeﬂnﬁmin:g&aéséﬁmwe&hg) thewmﬁbeulnetencal

problem;. thg ge § E@g’h trée \é(eila fltgsad’]d &g&%cﬁ'lv\'fty dis rl%]tlor}? we é)c[aln prevented
conventlén CESle SO |X|ng hese quan itiés. A hé emobts) |men s SI5&8d fetein, especially

as dlscusﬁehtm vickvoafdhad, mdtﬁﬁd&stﬁetmadfzm dvsmmsedhm&eﬂanwwtﬂlﬁgwbsﬁhand 20,
respectlvel has ove ose. i esyltis the nerat n of.a hi ition broadband
oo e B i AR TR0 RS R o1 e
SystemmamdeMéthédiier Developing a Broadband High Definition Reflectivity Based Image for a GAl
Using a FID Tomography Velocity Model and a Conventional Reflectivity Based Image for the GAl as a
Basis According to a Further Embodiment Using Actual Field Data [000123]Figures 27 through 30
illustrate the zzocesses and |mprovements of method 300 descrlbed above in reard to Figure 19

when u&%% } first ERBHGSHORE Sl gasaMethod dosdevelopinea Braadband thie FPreSDM

in accorahce Wlth diment. Figure 27 illustrates
a HD versEtyt --=f A-the-f ' % th tdance with first
methodEhﬁBoénﬂesﬂd@sB&Mmﬁﬂéﬁnﬂd Bwethod 300 illustrated in flowchart form in Figure 20 according to
an embodiment. Figure 28 illustrates a LF reflectivity image developed using conventional processes

using th@gaipr¥glocity{pedehaain f d’gﬁ'%‘[ﬁx@%ﬂ@%ﬁé@fﬂ@&é&%ﬁ&qmﬁg‘é‘lﬂ%&ﬁ%%‘ﬁﬂé@&i%@econd

method 300 according to an embodiment. Figure 30 illustrates an adaptive merge of the conventional

PreSDM&ETEEHARP i iy sed dfoliet ! dctbraaned Wittt 530 srdcebid hsetet 30 ¥ad the LF

reflectivity iTRageiclevelapadiin AgserRnce Nuth ste Ml afwesondumethod 380 @sinedeuned in step
308 of second method 300Q accordln%to an embodlment [000124]F0g2ures 31 through 3%6llustrate the

pro Cesslé%néﬂiaei %F%Mﬁ&f SFW‘% % in accordance with step 302 of second method

according to an embodiment. Figure 27 illustrates a HD velocity model using the first example

mb
g

of actual field data determined in accordance with first method 100 and step 304 of second
method 300 illustrated in flowchart form in Figure 20 according to an embodiment. Figore 28
illustrates a LF reflectivity image developed using conventional processes using the HD velocity
model data of Figure 27 determined in accordance with step 306 of second method 300
according to an embodiment. Figure 30 illustrates an adaptive merge of the conventional
PreSDM reflectivity image developed in accordance with step 302 of second method 300 and the
LF reflectivity image developed in accordance with step 306 of second method 300 as performed

in step 308 of second method 300 according to an embodiment.

[000124] Figures 31 through 35 illustrate the processes and improvements of method 300
described above in regard to Figure 19 when used on a second example of actual field data.

Figure 33 illustrates a conventional PreSDM reflectivity image developed using conventional
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described above in regard to Figure 19 when used on a second example of actual field data Figure 33
illustrates a conventional PreSDM reflectivity image developed using conventional processes using
the second example of actual field data in accordance with step 302 of second method 300 according
to an embodiment. Figure 31 illustrates a HD velocity model using the second example of actual field
data determined in accordance with first method 100 and step 304 of second method 300 illustrated in
flowchart form in Figure 20 according to an embodiment. Figure 32 illustrates a LF reflectivity image
developed using conventional processes using the HD velocity model data of Figure 31 determined in
accordgnoeensith wiep 3R6abadeaasphethad d00iedatndinpte@ienbodinent 3Fipreahdlustrates an
adaptive mer 6§ the canventional PreSDM reflectiyity.image developed in accordance with step 302
o secol HEIH S5 S et ETHE Y e e e DN R BN ot second
methods8othd s parfdrméakinatep Bd8aciteensacd nd avwetidackacotirding toctwd hildodidreet 3Pgure 35,

similarly, fq EIgh ¢ el %.66’?11‘3&%@%&%? SR H%%{i?ﬁe}%ﬁ%ﬁz§%ifwﬁi£gibegﬁiﬁﬁ}ﬁo%ﬂﬁe}{ﬁ'OCiW data in
regards to the HD ref?ectlwty image eve(fope using conventional proceSses shown in Figure 32 and
the conVegiisridl iHrsSIw o bffcefivit iiabede delspag Lssing convertisrappreressesshdwn in Figure
33. WOQ&%&EM@I@%&%R%E@%PF&%I&@W@%eHﬁﬁEHiﬁﬂaI&J?HaﬂE%m\é?éf?@i@é Maodelaf a&fland for

use in Developing a Broadband High Definition Reflectivity Based Image for a GAl using a HD
Tomogré%m@e&yma&é}m@oﬁ%ﬁﬁéﬁdﬂ%fﬂéﬁiw@m@Wgﬁ@f&qﬁer@wlﬁ% Basis

according.tra fusingriombadisaent QR 1 2 alkigura 36.HH Stales B saismia SR ACIISHOmSyStem
200 suitable for use in implemen;[?ig(g,the method for determining a high definition tomo raphg velocity
s

model ofa 'GEEYFAPhIESGER PRGBS EREERING 15 SiPet B Sl R REF e ferfartioem
implemeinting Hu8 bietecdctaiddemalapiagoadaigad bashiigindafinitign-ccfie ciivitybaser gnragea,for a GAl
using a HD tomo hy velocity model and a conventional reflectjvity based image for the GAI as a
pasie ad BT 6 RN B R o et BD R AL GRS TR B e el B,
source/i¢Deiveatiténface 20k viritemial degaieornmionid aticres des shijus )12 BdupeGCeasbtl{s) 208 (those of
ordinary skill in. the art reciate that in.madem,server systems, parallel processing is becoming
rens S S B R
implemémguriah¥: or at least several functions, it is more common currently to have a single dedicated

processor for certain functions (e.g., digital signal processors) and therefore could be several
processi@¥12&ing in Tt oAt apaNag ¢ Bside. : eHudvyd L

(USB) pgid 2kQiseompasdigisko(C BN digiial 2 loppy diskette
drive 214 (though less used currently, many servers still include this device), and data storage unit
232.Da¥é—%ﬁm £ s PHREHH QIRe R etlestimi s Based dmage 1o

LOHOR —A.... (A sn 1R & Aot CHIL NG ‘!"v““ .!,'_s.'a. ¥ AN S 4 = ta el
conventipnnhmegnsiiscsioiagemetiahbutmdsdsiecoming increasingly more prevalent, can include
flash drive-type mass storage devices 224, among other types), ROM device(s) 218 (these can include
electricdifjtdiAgable (ER)rpidgitantmalle REM(BEEPRQM)tTevgasulit8-wickt efasaiiénPROM

devices.(UYPROMS), amoy he es), and.rand CCess memor AM) deviges 220. Usable
it U B e B ST 3 v
disks 2%QMMG@&W@EOBbmlmadcmmite-@b@b%abm mdﬁﬁi@h@t@mi%h@lém@mm&re floppy
diskettes, 23 7R Al NG e OB SISV 1R85 Qb NETRS ML ALO5306 J0edd (A La 8. 220,

224, 234, and 237, among other types), can contain parts or components, oOf in its entirety, executable

softwaré plegearmaamng coriecisompaieyeiascaicatiAnphpiBasartp aret anagetes hertidd$ot the method

describgddnerain: kel AacessendPRis el camcaiiaitiong dhdiflewnliwres Qkremoly storage
devices (most probably, but not in a limiting manner, RAM memory storage media 220) that can store

all or so?ﬂ’ér?ﬁ/fﬁ‘ée}é’ﬁﬁiﬁﬁﬁ%ﬁ?szg%vﬁf glgggommunications bus (bus) 204, processor(s) 208

(those of ordinary skill in the art can appreciate that in modern server systems, parallel

processing is becoming increasingly prevalent, and whereas a single processor would have been

used in the past to implement many or at least several functions, it is more common currently to
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[000127]In addition to the above described components, system 200 also comprises user console 234,
which can include keyboard 228, display 226, and mouse 230. All of these components are known to
those of ordinary skill in the art, and this description includes all known and future variants of these
types of devices. Display 226 can be any type of known display or presentation screen, such as liquid
crystal displays (LCDs), light emitting diode displays (LEDs), plasma displays, cathode ray tubes
(CRTs), among others. User console 235 can include one or more user interface mechanisms such as
a mouse, keyboard, microphone, touch pad, touch screen, voice-recognition system, among other
inter-activeel aténgloneiishicaitvec cavicies c[OOM ABlkirer capsaiei2d4i anatihitseeropoasats if separately

provide(%iint rface with server. 201 via server input/oytpu I/O%rirét rface 222, which can he an RS232,
ﬁﬂeée%r ut%[l%e severa% TOCESSOIS, actn 11[? S?EIEH Blé/&r I?C L'clll gq,aqf 6?%1011;%% ba?%hees §F§§* d further

Etherne or other type of tommunicatiorts port, or can |
includesuamiicaihey, typeecofat oema inicGidRs e, presentlyikio GV didirthed dedislo@@dDBystem 200
can further,i d unicadi ite/gl ition) (GE scel vice 238,
to Whicr?%d&ieﬂ%igallyfc%pﬁ fﬁ%ﬁ%@%ﬁ%ﬁ@ ghritg%]%?ﬁg}%c%(%%ﬁ%dto&g%t b%lé%g \é%{\,/gtﬁere would
be at leatt smduBPSipaleriveronly drtatrragantibiidadRunetewgantd Shidticd b reciosal

commuRIEAIAAS ARIEATBD PYYeHO0.L AL RREESH MR RN AL RIRSIHIRUAB.R hard wired

connection, via I/O interface 222 directly, or wirelessly via antenna 240, and transceiver 238.
[000129]SEMEIZI04T 2P BY Eeip i o Gth erEBiIRNdENG BelitesyBa crEsSAtSS tesicspeérdte or control

the equippagptRfishipes) VieoMAQhdpQRIe Netwetksas avel <Ok dravibepaHHM aslayger network
configuration as in a%obal area network (GAN) (e.g., intemet 242£; whic gel allows connection

h ulti
to varioRE AR 01 SEEAR Mg 5% wtrer Rlvissermhis é%wiz%é',(qﬁa ensibly

designeghiefig other types), and random access memory (RAM) devices 220. Usable with USB port 210
is flash drive device 224, and usable with CD/DVD R/W device 212 are CD/DVD disks 234
(which can be both read and write-able). Usable with diskette drive device 214 are floppy
diskettes 237. Each of the memory storage devices, or the memory storage media (216, 218,
220, 224, 234, and 237, among other types), can contain parts or components, or in its entirety,
executable software programming code (software) 236 that can implement part or all of the
portions of the method described herein. Further, processor 208 itself can contain one or
different types of memory storage devices (most probably, but not in a limiting manner, RAM

memory storage media 220) that can store all or some of the components of software 236.

[000127] In addition to the above described components, system 200 also comprises user
console 234, which can include keyboard 228, display 226, and mouse 230. All of these
components are known to those of ordinary skill in the art, and this description includes all
known and future variants of these types of devices. Display 226 can be any type of known
display or presentation screen, such as liquid crystal-displays (LCDs), light emitting diode
displays (LLEDs), plasma displays, cathode ray tubes (CRTs), among others. User console 235
can include one or more user interface mechanisms such as a mouse, keyboard, microphone,
touch pad, touch screen, voice-recognition system, among other inter-active inter-communicative

devices,

[000128] User console 234, and its components if separately provided, interface with server
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use in seismic exploration, will interface with one or more sources 4a,b and one or more receivers 14.
These, as previously described, are attached to streamers 6a,b, to which are also attached birds 13a,b
that are useful to maintain positioning. As further previously discussed, sources 4 and receivers 14 can
communicate with server 201 either through an electrical cable that is part of streamer 6, or via a
wireless system that can communicate via antenna 240 and transceiver 238 (collectively described as
communications conduit 246). [000131]According to further embodiments, user console 235 provides
a means for personnel to enter commands and configuration into system 200 (e.g., via a keyboard,
buttons28witzhesydoighsciesn @y ongofictizk), Pisplasadevies R2B 2abrthentscsd B showestreamer 6
position visupl tepresentations, of acquired daten source. Apdrecelver 4 stats nfomaion: survey
informa%’n; and other mrormation mpor%n'f 6 the s&ishiic data acquisition process?%yource and
receivetiptarfaoeiomiti2@2ooamreensive:shelyydoph oné&sbisrdiv datadr dipsteociircid filmhegh streamer
commugjcation. ¢ it. 248 (di i : 6 l.as streamer 6
position%%%é?n%f%%%&%ﬁ?é?%%@tﬁ%ﬂ?ﬁ @?go%%&(g%%%%%gﬁ%&ﬁ?a% %%%ﬁ%sdgg%g sg’t?% sent to birds
13 to maikdinsplopaicelireerneeqsbitidensigns eoternardl &ssivdininte AlacabailiRof. dheralso
commugpisatedyi-directionalypyith. sRUIGRS 4HURUOML NG RESAMELSRMILYNGRTOR; coRdiLA#8 that can

be part of streamer 6. Excitation signals, control signals, ou%ﬂ signals and status information related
to SoUrcE M BEAHEBECHERYRY Y StFEatHB CabATRTShIEHTBH edhdtiiloudBrEhadiveysissd 200 and

source d,{AQQ1321BYE 304 aliaws 2 dalapatbvaydRLdtema suehasidbetiansietand starage of data

that originate from either the source sensors or streamer receivers; for processor 208 to access stored
data cofgainead]in datgesterage tHibeansied 233Har psessed2asto sehdd riosadtionpatrisual
display to display.226:; or for the user,to.send commands tq system operating programs/software 236
that migh AR SHHEFIF ST abeRor S0 ST e SCTTOL hat YEaivar AN R T o3 2o
[000133itigonie cbB filpusirate asaipotlobabidemkseisin{G datalagquisiion 3ydiewhfldndtsysteln) 200' that
is also sa;ﬁitable for uggnt(goi@ﬂgrgqgﬁh%gthod for determining a high definition tomography velocity

OowWSs COnne - . . . .
model of a geograpthcal area of interest according to an embodiment and suitable for use in

mplemgiadhe meiad: (o A6V IRING anpiARARANG Gt delniian. aERi hasseimage for a GAI

using a HD tomography velocity model and a conventional reflectivity based image for the GAl as a
basis ade®iHiFfstia FplREemBGHiMERRR oSBT IRM S NE e R BH PREIBIBOTWhile the seismic

data Si%@é&@?@W%&%@Pﬁﬁﬁ@%?'ﬂ\é@éﬁ%@]ﬁ%%&ﬁ&ﬁ@@%@‘tﬂéﬁﬁi}%ﬁl@%Wﬂfé&%@e a8l while the
signal processing can, therefore, be vastly different as a consequence, the basic equipment remains

essentidH R STl b b & HigeRd WomaBdely pesEnTbngs AbiEbssPEPIRLILdEMghy of the same
compongitseds adestity insfulfilmentohthe dualgoals of mhariyanechhedity aldataigdaiscussion of
land system 200’ will be omijted (as like gbjects in Figure 42 have been r.eferencecir imilgrly to those in
Figure 357 SRET BhAHTIPHOE HartHie Qburce o7 8 U (A SRR S SH R B AL &iers 6a-n
communigateiiesdikdefiéaeiveyidtstfacd 202omacaibble 80246y ib0tthese are similar to streamers

6/246 in terms of command, control and communications functions.
[000131] According to farther embodiments, user console 235 provides a means for

personnel to enter commands and configuration into system 200 {e.g., via a keyboard, buttons,
switches, touch screen and/or joy stick). Display device 226 can be used to show: streamer 6
position; visual representations of acquired data; source 4 and receiver 14 status information;
survey mformation; and other information important to the seismic data acquisition process.
Source and receiver interface unit 202 can receive the hydrophone seismic data from receiver 14
though streamer communication conduit 248 (discussed above) that can be part of streamer 6, as
well as streamer 6 position information from birds 13, the link is bi-directional so that commands

can also be sent to birds 13 to maintain proper streamer positioning. Source and receiver
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[000134]Systems 200 and 200' can be used to implement method 100 and 300 for use in
implementing the method for determining a high definition tomography velocity model of a
geographical area of interest according to an embodiment and suitable for use in implementing the
method for developing a broadband high definition reflectivity based image for a GAl using a HD
tomography velocity model and a conventional reflectivity based image for the GAI as a basis
according to a further embodiment. Hardware, firmware, software or a combination thereof may be
used to perform the various steps and operations described herein. According to an embodiment,
softwarinzsdencat{hgoaistherabove cisdisted stepdycaitlbestored dunchdisthibsttednom multi-media
storage deyiees aHeh &%&‘gk’%&&@&z B b %%&%'ge%ﬁp&ﬁaﬂ other form
of media capable of porta fy storing In ormation e.g., Universal serial bus Oé]) asirdrive 426).
‘These steiayeignetiianthsiptoe ifsertedbintelateddaeae ¢34 dewibe sxshishead e @BIROM drive 414, the

disk dri\é%rﬂ&l%nf%'ﬁlﬁﬁ%gﬁﬁ%Q’me%m%%ﬁ%a&% deyices. 1000135]The above embodiments
: 24 < ad ;

were discussed without specifying what type of seismic receivers 14 are used to record the seismic

data. Infijygiaense, itHaknemminheat inuse, R adparinesaismic sty =ieaner sihat are
towed té)ééone or more vessels/ships 2 and the streamers 6 include seismic receivers/detectors 14. The

streamdPS'EPERIRHE Fom ARG BF SRted TP HATY SeR G Pr SR UPHRTSHS et i RTGFES37.
[000136dokbe & odishie@melat Qfdrighied hinstides A hedyrecab ot ohauing Rpredeigsnined
length; plural detectors 14 prqvided along the body 12: and plural birds 13 provided along body 12 for
TR E K SRR LA AR A F e RS rICIH AR bncorwater whor
towed sprolardmad/shépdir ality thhdeiebtoesideliarstdistlibptedeatongiherahevedipeatilé rddaevaurved profile

can als?n%e ges%il?s by as parameterized curve, e.g., a curve described by (i) a depth 43 of a first
detector (Fimeasure ‘from the water surface 46), (ii) a slope so of a first portion T of body 12 with an

axis 54 paraikg) with watar. surfage 46 and (ika. Pafrtamineghoizaniabdisianae hapetween the first

detector 14a and an end of the curved profile. It should be noted that not the’entire streamer 6 has to
have theyeisroeddfrating ismlearaitadedsr e Curppwpratifcrapbatipod dermirsgadddodalimisrapply to
the entigg R 59%'1%%5'?'@{09::1\’899%é@ﬁa@%ﬁi%&@o@%%@&%a&'&@r&ﬂ@’?@a@&ﬁ@o@ﬁ%&%&l@p”ed only

to a first portion 56 of streamer 6. In other words, streamer 6 can have (i)_(g)}gg%a first portion 56 having

the cunSd9blsHRE Bee(in Womlersarinsisormlbaddendeesiouapidiradhind gk rfipéeton 58

reflectivity based image for a GAI using a HD tomography velocity model and a conventional
reflectivity based image for the GAI as a basis according to a further embodiment. As those of
skill in the art can appreciate, while the seismic data signals themselves can represent vastly
different types of underground structure, and while the signal processing can, therefore, be vastly
different as a consequence, the basic equipment remains essentially the same, and thus, Figure 42
closely resembles Figﬁre 36, and includes many of the same components. As a result, in
fulfillment of the dual goals of clarity and brevity, a detailed discussion of land system 200’ will
be omitted (as iiké objects in Figure 42 have been referenced similarly to those in Figure 36),
other than to note that the source of the signal source/vibratofs 62 and receivers 6a-n
communicate to source/receiver interface 202 via cables 80/246, but these are similar to

streamers 6/246 in terms of command, control and communications functions.

[060134] Systems 200 and 200° can be used to implement method 100 and 300 for use in
implementing the method for determining a high definition tomography velocity model of a

geographical arca of interest according to an embodiment and suitable for use in implementing
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having a flat profile, the two portions being attached to each other. [000137]Figure 38 illustrates a
multi-level source for use with the marine seismic exploration system shown in Figure 1 according to
an embodiment. Further, the above embodiments may be used with multi-level source 60. Figure 38
illustrates multi-level source 60 for use with marine seismic exploration system 10 shown in Figure 1
according to an embodiment. Multi-level source 60 has one or more sub-arrays 62. The first sub-array
62 has a float 64 that is configured to float at the water surface 46 or underwater at a predeteimined
depth. Plural source points 66a-d are suspended from the float 64 in a known manner. A first source
point 6Ga«nayhbe Ruspecidpihelobasiitatiddirhaldffdd of kftetidet bl etiafisgt daptiGA L viisecond
source pojnt 66b may be suspended next, at a second depth z2, different fror . ird source point
G0 mag B R B R a2 G T B e A s o,
for simpiisity pawiyiftgtosofitecpeinte EBand, blardmaastlshimaie sodmtatiorr menpiranaiamy desired
numberplsQLGE RONIS A 10,007 ARRIGAIRNGEGAHSB QUGS pANIAG CARDedistiled at
different depths, the source points 66 at the different depths are not simultaneously activated. In other

words, thecsthadimertapioveynehbdnizsdriiag erdbe pbegolircaseitias rradhvaeed kiér in time (e.g., 2
ms for 3, ferth diferenceabendie 30eRelePUNENWaKEKIS 150D MIs) Suah that sosresponding

sound signals produced by the plural source points 66 coalesce, and thus, the overall sound signal

producédesyibid abpyeboantpaispaasaddpeinrrhle tiglerehin aiigitan fPoD i SBETHa 8B5tRY 21 to z4 of
the souteg Do ghe fiistisvb-Arsay B AR RRRY YR HE Tela inashipsatl) aerapnlication, the

depths of source %Eoints 66 increase from head 64a toward.the tail 64b of float 64, {Le” z1<z2<z3<z4.

In anottk g itchiBhtith SN Lo dice PO 68 Gete AR PE A e LPEa 4 ¥ IH%6ab of float 66. In

anothersapplicatigBesource points 66 are slanted, i.e., provided on an imaginary line 68. In still another
application, line 68 is a straight line. In yet another application, line 68 is a curved line, e.g., part of a
parabolH06it8i, hypéiiotapetenib@iaapplicatidisctisdepthoot Hpecidsngovineetysint 6Ganior the
sub-array 6¢ 15,3041 3 an éQ%ﬁ@?%éS{%péﬁé?fﬁ?%lg%&%%“ﬁ?% PRI ORI AhouL8 M, /g @ variation
of this embo Iment, the depth range is between about 8.5 and about 10.5 m or between about 11 and
about 1thminkseinuihenvatiatierrotth s Gatbudirmedtbwhraoneoss isssetaitiips thenddpehs of the source

points 66 narease; by A5 MM AJHLSAULS,ROID tPIRNANIARENE SONTRERAINdNGSg:skilled in the

art would recognize that these ranges are exemplary and these numbers may vary from survey to
survey. & bariaeyeadipeodiafstHBsE drdosdilietd s that source points 66 have variable depths so

that a single sub-arra%}gz exhibits multigle-le,vel source, points 66. [OOOlBQlFigures 43A through 45E
illustratd QUi gurathdly SYEfesEtaY SiPddigRre Bhingides a bodyor cable 12 having a

predetermined length; plural detectors 14 provided along the body 12; and plural birds 13
provided along body 12 for maintaining the selected curved profile. Curved streamer 6 1s
configured to flow underwater when tnwéd such that the plurality of detectors 14 are distributed
along the curved profile. The curved profile can also be described by as parameterized curve,
e.g., a curve described by (1) a depth zo of a first detector 14 (measured from the water surface
46), (ii) a slope sg of a first portion T of body 12 with an axis 54 parallel with water surface 46,
and (iii) a predetermined horizontal distance h, between the first detector 14a and an end of the
curved profile. It should be noted that not the entire streamer 6 has to have the curved profile. In
other words, the curved profile should not be construed to always apply to the entire length of
streamer 6. While this situation is possible, the curved profile may be applied only to a first
portion 56 of streamer 6. In other words, streamer 6 can have (1) only a first portion 56 having

the curved profile or (ii) a first portion 56 having the curved profile and a second portion 58
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for use in the marine seismic exploration system 10 shown in Figure 1. In Figures 43A through 43E, a
particular configuration of first and second streamers 6a, 6b are shown that illustrate several
exemplary devices that assist in maintaining directional control and stability of streamers 6 in marine
exploration system 10. The devices include spread ropes 94, that separate streamers 6, bend
restrictors 96 that join spread ropes 94 to streamers 6, and spurline 98, which connects streamer 6b to
3-Eye splice 144, which attaches to bridle block 150 and deflector 148. At least one purpose of
deflector 148 is to provide a force to said plurality of streamers 6 to maintain directional stability and
control. i Glgse fip pielQiridle plegknl SRiigshavrdnddgtieda3E. A close up view of 3-Eye splice is
shown in Figure 43D. A close up view of bend restrictor 96 is shown in Figure 43B. Head buoys 92a,
92b proid@eidijisual Mgicafidnlokthreciocation-ivstreame fobyand théy arercereaoted to streamers 6
by restriclofs ARS Sclasaip gl Whichds Shown Jn FIRUGA. [ARLAUEIR(e 44 illustrates

tail-buoy 100 for use with marine séismic exploration system 10 shown in Figure 1 with ballasted keel

162 showridithensaendecipebiish nat- Rl asdiidstRieeaal-Blsyacomstide divemafife seismic
explorafign,sysiam.10:shounin Eigwadowithkallastar kashshowp 162.indhs [stfacted position. The

purpose of tail-buoy 100 is to (a) provide a visual indicator of the end of streamers 6, and (b) to assist

in main@HiP aFrEcttHlI-LspliftraR P SR OPSIREENTBYAB aThiE is dsplBtaip titfeXithiBrdadseis

streamefzeBHgMations i RIIeS e AGcHBRIERRAtRNGtiaNs: LR NEcessprdQMainiain-girectional
control of tail-buoy 100 in much the same manner as_is done with birds 13. Therefore, ballasted keel

162 with B aHas R Ao érs fmendy! far Bedouddda AKaRr R amRTsr 154 ED A RSes most of
ballastegbkealch6rapbeitighavacloses tbetaitiepbcoomRnanhtbat aanthe eoptielieds guekuin the
same manner as aPr%?der fgr a boat, That is, when it}f deter igﬁ%to h&e tail-b 100 turn to the
left, direORBFaR YO B RIdRE SRS P &S goaP gSPéEAﬁ hOSE s BAicH COHEARE Sdwer
sourcep gk pragessing aikkiditiyx aadashiahd g detd)édfdeac fiptionl afndhihid sobee rFamnigted for
the dual,purposes of clarity. and previty), so that yaw, stahilizer 158 turns to the left, causing the nose of
ooy S B S P
in the arnyaleapdreciater dhewameogenetal lprimeipbesicbioly: Wirensit isulesipethtotimandi-buoy 100 to

the righg;. PI izeL, iSts | intain iregtl ol | X A er, but is
used to Elln%%ﬁt ?ﬁ\#ﬁ%&ﬁ% gﬁ 5%)@%%%%?& oﬂr%{}f%e81 éf)%%og}ff?%lé 3%%%9%5@5‘5%%%%‘5{%
surrounditiyjaivdteln Abeorimds 1 ancaites nEey éhibbelimahedoitch SEasivesorsl pambedrsade fixed and

not confollable Py remeis command (W Ben NaLNeRHedh QWAL SIREAgENWPRRER Rallasied keel 164

can be stored in a retracted position, as shown in Figure 45. Additional motors, servos, and

appropriaf¥ cimitreAdhah aeEssaIERrS SREPE sigts rodirsd By BrfatitiatetsELNHE®8ns, or the same

can be gsgoerap)ishegunansaliyrnitoant agediignal sieaiyiand seon Whgpsiarahdaalasted keel 162
is folded . up and a pin keeps in the retracted condition, and when placed in the water, the pin is

removed"BERERG & 162 folds down, the ballast drives ballasted keel 162 in the down position.
100014 E&i e/Offline Embodiment, 100014211t should he nated in the emhodiments described
ﬁ(;ﬂtgt eél ‘e fé)?ls Al oqqgg SQUICE POITLs ol%g}ﬁe(ﬁrsg sﬂb—ag;‘zg'%% G g%ga \aagi%ug rocessing

herein t e techniqués can be applied in either an -offline”; e.g:,

center oelahdiohiipe " Imamnamplieatiimibadepéditivh el anib 6aiiddivessdiomibaadssl foxeardn marine
app“catéﬁé‘%f % QJ%uLf?.reF?%ﬁeJdEE@E‘QZQ.hig%ﬂ%ﬂéllﬁﬁ@%@ i&%_r%@*&%}B’tﬁko&fté/oﬂ?&)edp%&i%{sase
geograp ical area of interest aécor Ing to an embodiment and suitable for use in implementing the

methodderrersediopingas Broddheih 64 gh e fifio inrefitbei/igrbageenirmrigeciopiateiil arsing a HD
tomography.yelocity-mefal At 3 canNeRianas se e clvith bR dimast. o ieqe Ak a8 Aapsis

according to a further embodiment can occur as the seismic data’is recorded on-board the seismic

vessel. iinghifossanthsrosdisnE g B0 48 Barapes! fatre StiithHRiengsthols- sEdenerated as a
measurg,tthe £ ualiti0bteeARING Mdepth of the first source point 66a for the sub-array 62 is

about 5 m and the largest depth of the last source point 66d is about 8§ m. In a variation of this

embodiment, the depth range is between about 8.5 and about 10.5 m or between about 11 and
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[000143]As also will be appreciated by one skilled in the art, the various functional aspects of the
embodiments may be embodied in a wireless communication device, a telecommunication network, as
a method or in a computer program product. Accordingly, the embodiments may take the form of an
entirely hardware embodiment or an embodiment combining hardware and software aspects. Further,
the embodiments may take the form of a computer program product stored on a computer-readable
storage medium having computer-readable instructions embodied in the medium. Any suitable
computer-readable medium may be utilized, including hard disks, CD-ROMs, digital versatile discs
(DVDs) abpiickt sioragacivicesiadomaghitietiatageadeticadistch B fiogplidisk apmaghelic tape.
Other non-IiCmitin%te ng@l_es 0 c%rr%putter-reagat%le media.intc%ude flﬁsh-t pe memaries or other known
types of mMemenes. ﬁ?o TATE et NG B GPGIAR PN el AHARTTRE RS BP e &ASBdiments
can appietiaterntiiat stchvildotiogality thanthadesignedd etevaliov sty pesohcinbeaitryhdpehiging, but not
limited ‘8&%‘9&5%9{8‘%%%?.'%9a&%&%ﬂ?&%ﬁ%ﬁ‘%&%"{%ﬁ ﬁﬁ?&%@o&‘ﬁ%ﬁ"’tga ReGIc 'B‘%ﬁ%r fed gircuitry
(ASICs), microprocessor based systems, among ot‘her types. A de Aifed QiSCUSSibN OF the Various
types ofvprigsiedepibouie il aregittibradyés nohibilb statiplelewid sonare pniést@anding of the
embodiments, and as such has been omitted for the dual purposes of brevity and clarity. However, as

well knd##Pihose dfisiEnadv hivishd BHluHe S L onfizarmiirnahodsagidesyemmereit.Eh be
implemegited-as giseuasark-angicanibrinen Neludeipragrammale deviee s J0RQ 142 SHehen

programmable devices and/or other t?/fpes of circuitry as previously discussed can include a processing

unit, a sYSte MPRIER confteny Haethtecont Tt R QR R EB M BREHIES R Iding the

system seemo ke paeeassingniisinesystamusEcanoael aoyt o savetablyRas okssiructures
includin

a memory bus ar memory conjroller, a peripheral bus, and a local bus using any of a variety
of b SRR A OV L S S 37 URTE REP PLACRAS & LRI B e GEBRTS store
progransiizké isstictotioPs tHEomp e e ¢ aciable e diz cande, any puailabis medih thahean be
accessedl by the,pigcessing. it By waviol example, 2ad not imigtion .cmputer readable media can
comprise computer's orgge media and communication media. omputer storage media includes
volatile emmipnoppsotdtielestordliitss reprovilsle fmekrionaré plovalbieoidaiarimnplementiatkin any method

or tech fil ti . ledn ions,-dat ctyres,
orogran e R D S e AR T o,

EEPRONPSfasH iermbytoie sise mshiory teéigioiisD CHROM vigieat oébsatecsisko VD) or other
optical diglSRrage. D208 lit62B561e5: NBENEHR 1aPe v MAgRRHCHisk Slaragr Ml other magnetic

storage devices, or any other medium which can be used to store the desired information and which
can be SEeRBEEPbYhE D! FERSRRGRtOCERIMEHCIIOITTHEHE dak. erplsseyr s eV bisdddable
instructigRsydal#;stiiciares, program modules or other data in a modulated data signal such as a
carrier wave or other transport mechanism and can include any suitable information delivery media.
[000140] Figure 44 illustrates tail-buoy 100 for use with marine seismic exploration system

10 shown in Figure 1 with ballasted keel 162 shown in the extended position, and Figure 45
illustrates tail-buoy 100 for use with marine seismic expioration system 10 shown in Figure 1
with ballasted keel shown 162 in the retracted position. The purpose of tail-buoy 100 is to (a)
provide a visual indicator of the end of streamers 6, and (b) to assist in maintaining directional
stability and control of streamers 6. This is especially true with Broadseis streamer
configurations. In order to accomplish both functions, it is necessary to maintain directional
control of tail-buoy 100 in much the same manner as is done with birds 13. Therefore, ballasted
keel 162 with pitch and yaw stabilizers 160, 158 have been added. Yaw stabilizer 158 comprises

most of ballasted keel 162, as it is shown to be the vertical component that can be controlled
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10001461The system memory can include computer storage media in the fonn of volatile and/or
non-volatile memory such as read only memory (ROM) and/or random access memory (RAM). A basic
input/output system (BIOS), containing the basic routines that help to transfer information between
elements connected to and between the processor, such as during start-up, can be stored in memory.
The memory can also contain data and/or program modules that are immediately accessible to and/or
presently being operated on by the processing unit. By way of non-limiting example, the memory can
also include an operating system, application programs, other program modules, and program data.
100014i#LThénphecassomenan:alsa inddatdonth boae mMbuabledhen-tembyaiaiénan thvetatile/hmywolatile
Co.mp“t%é%g&ﬂéegﬁ-d%%&?é%“ e NS RIOSESROE FaN acsess A hard disk E&‘é{sz‘%}?‘g\iﬁﬁﬁﬂs from or
writes to non-removabl€), non-volatie magnetic media, a magnetic disk Grive that reads from or writes
to a renvoutidhe pove:\solaties.rriggaigiodisin geidfoitan adticaddisiddritedtHesorat feb mibarhwrites to a
removapie Aanafeiatleantieal digslel el RPMoLONEr ARIEAl Medi, iR Mums 1o
removable/non-removable, volatile/non-volatile computer storage media that can be used in the
operatirthedaliirsmmenthaslerte el hronbblimitedns oibghtiesapetaasesas) Westiemory cards,
digital vgraafile disks, digital yideadapsiaelidhiale BANrolidelaia R %@&%ﬁ?ﬁh@aﬁe@ard disk

er

drive can be connected to the system bus through a non-removable memory interface such as an

interfacél?léﬁ(?f"ﬁ%gdﬁQﬁé@%@(ﬁ\‘ﬁ‘i’é%?@ﬁ%é%?%’l@lﬁﬁiggh‘cﬁtﬁ]é %@H@ﬁéé@é%%‘%&%tem bus by a

removahlgmgmerviriariiacensetmasen inkedacanif0l 481 Thesembegdimentadiscussed:herein can
also be embodied as computer-r§adable codes on a comguter-readab e medium. The

computdPTEHEABRTRBANTRCK P iHeiliBey EotmherrRe b S dity e &d G AREPEIne 10
computefr KeatakietiBasimiasiqrtchedibitizel hetcam putesde dttabletacarcinganasliuby ismoy data
storage device that can store which can be thereafter.rea mputer system. Examples of
the conTIRETTEa A B ST LA TR T R SnhCr AR S ess memory
(RAM), ExR&Mssahoh gendratly ioftigatedtita Sthlidigead evites, seageeticl tapespiastranvesdand floppy
disks. The, cOMPYISILeRdanieyesaiing mentim senalale AIRTRYIRD Quel aetgork coupled
computer systems $6'that the ¢ puter-rea able code is stored and executed in a distributed fashion.
The compuwiaplichebivntahsmitsiohadbdiom carirmnamiscaniahwaviesor wibasr! feg). ] Wired or

wirelessiaigdiansinieion IO s dnieihely it unational PIRGAME oM, @Dd gqde segments

to, when implemented In suitable electronic hardware, a}ccomPIis Or support exercising certain
elementsBevse. fpphesierblicelditdsioldn dnavre daihdlonttiieg Bylsrtgrieshiédsisihfedeithe art to which
the em%;mts pertains. [000149]The disclosed embodiments provide a source array, computer
software, and a

[000141] Online/Offline Embodiment

[660142] It should be noted in the embodiments described herein that these techniques can
be applied in either an “offline”, e.g., at a land-based data processing center or an “online”
manner, i.e., in near real time while on-board the seismic vessel, i.e., in marine applications. For
example, for determining a high definition tomography velocity model of a geographical area of
interest according to an embodiment and suitable for use in implementing the method for
developing a broadband high definition reflectivity based image for a GAI using a HD
tomography velocity model and a conventional reflectivity based image for the GAI as a basis
according to a further embodiment can occur as the seismic data is recorded on-board the seismic
vessel. In this case, it is possible for broad band HD reflectivity image data to be generated as a

measure of the quality of the sampling run.
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method for determining a high definition tomography velocity model of a geographical area of interest
according to an embodiment and suitable for use in implementing the method for developing a
broadband high definition reflectivity based image for a GAIl using a HD tomography velocity model
and a conventional reflectivity based image for the GAIl as a basis according to a further embodiment.
It should be understood that this description is not intended to limit the embodiments. On the contrary,
the embodiments are intended to cover alternatives, modifications, and equivalents, which are
included in the spirit and scope of the embodiments as defined by the appended claims. Further, in the
detailedj@iiscrdption ofthbemibidsmentsjanciberonsskiiéeific details tacersdddofilmtd prdviseas

compreQFglsive gn&iu%res&%nrgin of t 8lggri1ed embodiments. Ho ev%r one stléilled in the azgltritor\/}vould

% [s] & CINDO n a wireless co 1Cation CVICG, ) COITINUNIC
understand that VAroUs embodiments may be prac?lced Without suc spec?flc etais.

[00015Ci#tuokigh ahactéa&we‘mmmtamentsmmharethmbbmm d_@szxrib@tiﬁmmltﬁemem bodiments in
particulay cqminalions, eREN e AibG Ok SlARENhCAT Pe skt along, Wikiotibsaiher fagtres and

elements of tEe embodiments, or In various combinations with or without othef features and elements

disclosediipedrispoonl S ttiss heinuhatsenbtibarusks Brimpled oeenwvishjeematrdistiosed to
enable apy.RersQRRHIRE- IR NS LI RIS ThE SAME. RGN AKID thand HSie g, anyqsievices or

systems and performing any incorporated methods. The patentable scope of the subject matter is
defined Byhh@ediis ARGSHEP MenRR sinsrEbiniprédRanscba Mg insesedriied thdidt: Such
other examplesare;intandedit:-Rrwitnvihe spaps abiigclaimss[APRERdIhehVE-teseribed

embodiments are intended to be jllustrative in all respects, rather than restrictive, of the embodiments.
Thus th&&hfbBammeRE Sramagsiite BEmay VA RISHERR TRtmmles Ph SRRt A i%e derived

from therdaskripbrgenisined berenbey apensgpskifeskindhesart. No element, act, or instruction
used in the description of the present application should be construed as critical or essential to the
embodiftéhid4]nlesshexplicitticde sériddaay sulhn Alsertas tsellchboéihe threbadiclenta'tis intended to

include g ﬁ?segfa%‘ XE: EN TR ARRAL Y PIGA e HRAGAE, D APRHIGRIANS, IXRigRLagNts. and

.
publicati
not limited to field programmable gate array structures (FPGAs), application specific integrated

circuitry (ASICs), microprocessor based systems, among other types. A detailed discussion of
the various types of physical circuit implementations does not substantively aid in an
understanding of the embodiments, and as such has been omitted for the dual purposes of brevity
and clarity. However, as well known to those of ordinary skill in the art, the systems and
methods discussed herein can be implemented as discussed, and can further include

programmable devices,

[600145] Such programmable devices and/or other types of circuitry as previousiy
discussed can include a processing unit, a system memory, and a system bus that couples various
system components including the system memory to the processing unit. The system bus can be
any of several types of bus structures including a memory bus or memory controller, a peripheral
bus, and a local bus using any of a variety of bus architectures. Furthermore, various types of
computer readable media can be used to store programmable instructions. Computer readable
media can be any available media that can be accessed by the processing unit. By way of
example, and not limitation, computer readable media can comprise computer storage media and

communication media. Computer storage media includes volatile and non-volatile as well as
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discussed above are hereby incorporated herein by reference in their entireties. WE CLAIM: 1.A
method for determining a broadband high definition reflectivity based image for a geographical area of
interest (GAI), the method comprising: generating a conventional reflectivity image based on acquired
seismic data for the GAI; generating a high frequency (HF) velocity model of the GAI based on the
acquired seismic data; converting the HF velocity model into a low frequency (LF) reflectivity image;
and adaptively merging the LF reflectivity image with the conventional reflectivity image to form a
broadband HD reflectivity image of the GAL 2. The method according to claim 1, wherein the
conventignalsefleciiviyhireage ibbamndilddiiplenitad:d in any method or technology for storage of

information such as computer readable instructions, data structures, program modules or other
data. Computer storage media includes, but is not limited to, RAM, ROM, EEPROM, flash
memory or other memory technology, CDROM, digital versatile disks (DVD) or other optical
disk storage, magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the desired information and which can
be accessed by the processing unit. Communication media can embody computer readable
instructions, data structures, program modules or other data in a modulated data signal such as a
carrier wave or other transport mechanism and can include any suitable information delivery

media,

1000146] The system memory can include computer storage media in the form of volatile
and/or non-volatile memory such as read only memory {ROM) and/or random access memory
(RAM). A basic input/output system (BIOS), containing the basic routines that help to transfer
information between elements connected to and between the processor, such as during start-up,
can be stored in memory. The memory can also contain data and/or program modules that are
immediately accessible to and/or presently being operated on by the processing unit. By way of
non-limiting example, the memory can also include an operating system, application programs,

other program modules, and program data.

[000147] The processor can also include other removable/non-removable and volatile/non-
volatile computer storage media. For example, the processor can access a hard disk drive that
reads from or writes to non-removable, non-volatile magnetic media, a magnetic disk drive that
reads from or writes to a removable, non-volatile magnetic disk, and/or an optical disk drive that
reads from or writes to a removable, non-volatile optical disk, such as a CD-ROM or other
optical media. Other removable/non-removable, volatile/non-volatile computer storage media
that can be used in the operating environment include, but are not limited to, magnetic tape
cassettes, flash memory cards, digital versatile disks, digital video tape, solid state RAM, solid
state ROM and the like. A hard disk drive can be connected to the system bus through a non-

removable memory interface such as an interface, and a magnetic disk drive or optical disk drive
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3. The method according to claim 1 or 2, wherein the LF reflectivity image is one of a PreStack Depth
Migration image and a PreStack Time Migration image. 4. The method according to any one of
claims Ito 3, wherein the steps of generating a conventional reflectivity image and generating a HF
velocity model include generating a series of seismic signals by a plurality of source transmitters; and
receiving raw data at a plurality of receivers based on the generated series of seismic signals and
saving the same as said acquired seismic data, and further wherein, the step of adaptively merging
includes determining amplitude as a function of frequency for the LF reflectivity image to create a first

spectraksigratonneddaiesmiaygtamplifidesasmofuniti ornbitequency fardhescorventional reflectivity
image to a create a second spectral signal;
[000148] The embodiments discussed herein can also be embodied as computer-readable

codes on a computer-readable medium. The computer-readable medium can include a computer-
readable recording medium and a computer-readable transmission medium. The computer-
readable recording medium is any data storage device that can store data which can be thereafter
read by a computer system. Examples of the computer-readable recording medium include read-
only memory (ROM), random-access memory (RAM), CD-ROMs and generally optical data
storage devices, magnetic tapes, flash drives, and floppy disks. The computer-readable recording
medium can also be distributed over network coupled computer systems so that the computer-
readable code is stored and executed in a distributed fashion. The computer-readable
transmission medium can transmit carrier waves or signals (e.g., wired or wireless data
transmission through the Internet). Also, functional programs, codes, and code segments to,
when implemented in suitable electronic hardware, accomplish or support exercising certain
elements of the appended claims can be readily construed by programmers skilled in the art to

which the embodiments pertains.

[060149] The disclosed embodiments provide a source array, computer software, and a
method for determining a high definition tomography velocity model of a geographical area of
 interest according to an embodiment and suitable for use in implementing the method for
developing a broadband high definition reflectivity based image for a GAI using a HD
tomography velocity model and a conventional reflectivity based image for the GAI as a basis
according to a further embodiment. It should be understood that this description is not intended
to limit the embodiments. On the contrary, the embodiments are intended to cover alternatives,
modifications, and equivalents, which are included in the spirit and scope of the embodiments as
defined by the appended claims. Further, in the detailed description of the embodiments,
numerous specific details are set forth to provide a comprehensive understanding of the claimed
embodiments. However, one skilled in the art would understand that various embodiments may

be practiced without such specific details.

[000150] Although the features and elements of the embodiments are described in the
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determining portions of overlapping frequency between the LF reflectivity image and the conventional
reflectivity image with respect to the first and second spectral signals; and combining said first and
second spectral images in said overlapping frequency portions along with said first and second
spectral images in non-overlapping frequency portions to generate said broadband HD reflectivity

image, and still further wherein, the step of adaptively merging includes combining the LF
reflectivity image and the conventional reflectivity image using spectral balancing techniques. 5. The
method according to claim 4, wherein the step of combining comprises: summing the LF reflectivity

image asabihrcanyenpanaleflectvifyinagedrh thatiequensydange hwhekwiniancovethap: geeurs in

regardtoa s e%:tral cogtc?nt of eac of the 5]3 reflectivity image and .th .conve_ﬂtional reflectivity image.
6. The r%tgt roaaa%r&s_) ?gl ne ef‘me ts oI the embodi n‘cs§ OF I various comainations with or 3/1 hout. .
: g to claim’ 5, wherein e tep of summing comprises: etermining

amplitudérasfeafurestimd efefrequehoidedthedif reflectivity image to create a first spectral signal;

determining amplitude as a function of frequency for the conventional reflectivity image to a create a
second ¥§8&&HI signdlhis written description uses examples of the subject matter disclosed to enable

any person skilled in the art to practice the same, including making and using any devices or
systems and performing any incorporated methods. The patentable scope of the subject matter is
defined by the claims, and may include other examples that occur to those skilled in the art.

Such other examples are intended to be within the scope of the claims.

[06015Z] The above-described embodiments are intended to be illustrative in all respects,
rather than restrictive, of the embodiments. Thus the embodiments are capable of many
variations in detailed implementation that can be derived from the description contained herein
by a person skilled in the art. No element, act, or instruction used in the description of the
present application should be construed as critical or essential to the embodiments unless
explicitly described as such. Also, as used herein, the article “a” is intended to include one or

more items.

[600153] All United States patents and applications, foreign patents, and publications

discussed above are hereby incorporated herein by reference in their entireties.

47



performing spectral shaping of the first spectral signal and of the second spectral signal to enable
summation of the first and second spectral signals; geometrical shaping the LF reflectivity image and
the conventional reflectivity image to further facilitate summation of the LF reflectivity image and the
conventional reflectivity image; and  summing the LF reflectivity image and the conventional
reflectivity image based on the outputs of the spectral shaping and warping steps. 7. The method
according to claim 6, wherein the step of geometrical shaping comprises at least one compensating at
least one of or both time and space variant differences in the LF reflectivity image and conventional
reflectivity image in order to sum the LF reflectivity image and the conventional reflectivity image, and
image shaping the LF reflectivity image and the conventional reflectivity image using at least one of
warping®hapiagMand morphing. 8. The method according to claim 6, wherein the step of spectral
shaping comprises:  determining a regularity of properties of a combined signal and using said

determined redulérfiFteredaisirethpine ¢dreedbarrhitgl deinitencsivehtibrasetisettitpifage that
have diffesgpippiaserandamnitide Speitanethod cdhgrathod according to any one of claims 1 to 3,

wherein the step of generating a high frequency (HF) velocity model of the GAI based on the acquired
seismic, data geAYpsiaasa conventional reflectivity image based on acquired seismic data for the GAI;

generating a high frequency (HF) velocity model of the GAI based on the acquired

seismic data;
converting the HF velocity model into a low frequency (LF) reflectivity image; and

adaptively merging the LF reflectivity image with the conventional reflectivity image to

form a broadband HD reflectivity image of the GAIL

2. The method according to claim 1, wherein the conventional reflectivity image is

bandwidth limited.

3. The method according to claim 1 or 2, wherein the LF reflectivity image is one of a

PreStack Depth Migration image and a PreStack Time Migration image.

4. The method according to any one of claims I to 3, wherein the steps of generating a

conventional reflectivity image and generating a2 HF velocity model inchude
generating a series of seismic signals by a plurality of source transmitters; and

receiving raw data at a plurality of receivers based on the generated series of

seismic signals and saving the same as said acquired seismic data, and further wherein,
the step of adaptively merging includes

determining amplitude as a function of frequency for the LF reflectivity
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obtaining a conventional velocity model of the GAI using said acquired seismic data; determining
density of the conventional velocity model data; determining spatial wavelengths of the velocity
variations within each of the velocity model layers; determining a size of the velocity model grid
mesh according to the detetmined velocity model layer data density and spatial wavelengths of the
velocity variations within each of the velocity model layers; developing residual move out data and
dip data from the velocity model grid mesh according to the size of the velocity model grid mesh;
eliminating residual move out and dip data outliers that exceed a first parameter to generate a first set
of retairigd gesiduediawiiesoscatd digndhta; and inverting the first set of retained residual move out
and dip data to generate the HF velocity model of the GAL 10. The method according to any one of
claims 1 to 9, fisttheriwogmprisliyde ispldying thebisadbund ¢ Bheeflortivitynishadb of e iGAe 11. A

system for tiging.a ng%gpgh definition reflectivity based image for a geographical area of
interest GA% the system comprisin

determining portions of overlapping frequency between the LF reflectivity image and the

conventional reflectivity image with respect to the first and second spectral signals; and

combining said first and second spectral images in said overlapping frequency portions
along with said first and second spectral images in non-overlapping frequency portions to

generate said broadband HD reflectivity image, and still further wherein,
the step of adaptively merging includes

combining the LF reflectivity image and the conventional reflectivity image using

spectral balancing techniques.

5. The method according to claim 4, wherein the step of combining comprises:

summing the LF reflectivity image and the conventional reflectivity image in the
frequency range wherein an overlap occurs in regard to a spectral content of each of the LF

reflectivity image and the conventional reflectivity image.

6. The method according to claim 5, wherein the step of summing comprises:

determining amplitude as a function of frequency for the LF reflectivity image to create a

first spectral signal;

determining amplitude as a function of frequency for the conventional reflectivity image

to a create a second spectral signal;

performing spectral shaping of the first spectral signal and of the second spectral signal to

enable summation of the first and second spectral signals;

geometrical shaping the LF reflectivity image and the conventional reflectivity image to
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a processor configured to - GAI, seismic data, generate a conventional reflectivity image based on
acquired seismic data for the generate a high frequency (HF) velocity model of the OAT based on the
acquired convert the HF velocity model into a low frequency (LF) reflectivity image, and

adaptively merge the LF reflectivity image with the conventional reflectivity image to form a broadband
HD reflectivity image of the GAL 12. The system according to claim 11, wherein the conventional
reflectivity image is bandwidth limited. 13. The system according to claim 11 or 12, wherein the
LF reflectivity image is one of a PreStack Depth Migration image and a PreStack Time Migration

image. further facilitate summation of the LF reflectivity image and the conventional reflectivity image;

and

summing the LF reflectivity image and the conventional reflectivity image based on the

outputs of the spectral shaping and warping steps.

7. The method according to claim 6, wherein the step of geometrical shaping comprises
at least one compensating at least one of or both time and space variant differences in the LF
reflectivity image and conventional reflectivity image in order to sum the LF reflectivity image
and the conventional reflectivity image, and image shaping the LF reflectivity image and the

conventional reflectivity image using at least one of warping, shaping, and morphing,

8. The method according to claim 6, wherein the step of spectral shaping comprises:

determining a regularity of properties of a combined signal and using said determined
regularity to combine the LF reflected image and the conventional reflectivity image that have

different phase and amplitude spectra.

9. The method according to any one of claims 1 to 3, wherein the step of generating a

high frequency (HF) velocity model of the GAI based on the acquired seismic data comprises:
obtaining a conventional velocity model of the GAI using said acquired seismic data;
determining density of the conventional velocity model data;

determining spatial wavelengths of the velocity variations within each of the velocity -

model layers;

determining a size of the velocity model grid mesh according to the determined velocity
model layer data density and spatial wavelengths of the velocity variations within each of the

velocity model layers;
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14. The system according to any one of claims 11 to 13, further comprising: a plurality of transmitters
configured to generate a series of seismic signals; a plurality of receivers configured to receive raw
data based on the generated series of seismic signals; and a memory configured to save the
received raw data as said acquired seismic data, and wherein when the processor adaptively
merges the LF reflectivity image with the conventional reflectivity image, the system is further
configured to - deteunine amplitude as a function of frequency for the LF reflectivity image to
create a first spectral signal, determine amplitude as a function of frequency for the
conventional rg#egtivitg ireageslondwreatelasacbiig speditahsignaliocity moddetaidmiashportions of
overlapping frequency between the LF reflectivity image and the conventional reflectivity image with
stz il et nd sp

respect 16" P AN oA pe ey Sighas any combine said first and second spectral

images in said gueHappIng Eeguancy &Q%&P&‘&g'&? o‘{‘{HPergati‘E’a{é&E&”ad?%%%%?a%ﬁe%%}r%' Images in
non-overlapping frequency portions to generate said broadband HD retflectivity image, and still further
whereingenerate ajire sethid prtoumssgsiddalptivetoniansedintvataransflectivity image with the conventional

reflectivity image, the system is further configured to - _
mverting the first set of retained residual move out and dip data to generate the HF

velocity model of the GAL

10. The method according to any one of claims 1 to 9, further comprising:

displaying the broadband HD reflectivity image of the GAI.

11. A system for determining a broadband high definition reflectivity based image for a

geographical area of interest (GAI), the system comprising:
a processor configured to -

generate a conventional reflectivity image based on acquired seismic data for the

GAIL

generate a high frequency (HF) velocity model of the GAI based on the acquired.

seismic data, -
convert the HF velocity model into a low frequency (LF) reflectivity image, and

adaptively merge the LF reflectivity image with the conventional reflectivity

image to form a broadband HD reflectivity image of the GAL

12. The system according to claim 11, wherein the conventional reflectivity image is

bandwidth limited.

51



combine the LF reflectivity image and the conventional reflectivity image using spectral balancing

techniques.

15. The system according to claim 14, wherein when the processor combines the LF

reflectivity image and the conventional reflectivity image using spectral balancing techniques, the
processor is further configured to - sum the LF reflectivity image and the conventional
reflectivity image in the frequency range wherein an overlap occurs in regard to a spectral content of
each of the LF reflectivity image and the conventional reflectivity image. 16. The system according
to claim 15, wherein when the processor sums the LF reflectivity image with the convention reflectivity
image, the protksshe is/fustharcoedifigusadsio-11 or 12, vdeteimihe afmplikide iag imfgactioneeff frequency

for the Iﬂ?ﬁﬁfl C

of frequency tor

ﬁiﬁ\gt gim(gr%?tgncirrﬁ%te a H?E’%&?g&ahsri&ﬁi’%raﬁon im({_jletermine amplitude as a function

onventional r ﬁectlwty Image to a create a second spectral signal,

perform spectral shaping of the first spectral signal and of the second spectral signal to enable
summation of the first and second spectral signals, geometrically shape the LF reflectivity
image and the jgonmentienal wllsativitydmagentodithetsfaciijate summatigpafithe LF reflectivity image
and the conventional reflectivity image, and

a plurality of transmitters configured to generate a series of seismic signals;

a plurality of receivers configured to receive raw data based on the generated series of

seismic signals; and

a memory configured to save the received raw data as said acquired seismic data, and

wherein

when the processor adaptively merges the LF reflectivity image with the

conventional reflectivity image, the system is further configured to -

determine amplitude as a function of frequency for the LF reflectivity image to

create a first spectral signal,

determine amplitude as a function of frequency for the conventional reflectivity

image to a create a second spectral signal,

determine portions of overlapping frequency between the LF reflectivity image

and the conventional reflectivity image with respect to the first and second spectral signals, and

combine said first and second spectral images in said overlapping frequency

portions along with said first and second spectral images in non-overlapping frequency portions

to generate said broadband HD reflectivity image, and still further wherein

when the processor adaptively merges the LF reflectivity image with the

conventional reflectivity image, the system is further configured to -

combine the LF reflectivity image and the conventional reflectivity image using

spectral balancing technigues.
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sum the LF reflectivity image and the conventional reflectivity image based on the outputs of the
spectral shaping and warping steps. 17. The system according to claim 16, wherein when the
processor geometrically shapes the LE reflectivity image and the conventional reflectivity image, the
processor is further configured to at least one of - compensate at least one of or both time and space
variant differences in the LF reflectivity image and conventional reflectivity image in order to sum the
LF reflectivity image and the conventional reflectivity image, and image shape the LF reflectivity image
and the conventional reflectivity image using at least one of warping, shaping, and morphing. 18.
The system accordingsietetaincbedindereiginviendhergiroctsaahspectaly shapesdhie: firBt spectral

signal and of the second spectral signal, the processor is further configyred to - . _determine a
opuany SRS G B B e T o o Vot 2 Sine he L
reflectechinpageandithferdemvenfignadreflectivity image that have different phase and amplitude
spectra. 19. The system according to any one of claims 11 to 13, wherein when the processor

generates a high frequehig (HiRypletotity imsgeleofithe oayauswal opligmisicyintegeseidic data, the
processgy 'aéwm%g%kgwﬁ%%&w&&wavl%ggﬁml Velacity merslfrtbgiGAsing said acquired

seismic data, determine density of the conventional velocity model data;
reflectivity image and the conventional reflectivity image.

16. The system according to claim 15, wherein when the processor sums the LF

reflectivity image with the convention reflectivity image, the processor is further configured to -

determine amplitude as a function of frequency for the LF reflectivity image to

create a first spectral signal,

determine amplitude as a function of frequency for the conventional reflectivity

image to a create a second spectral signal,

perform spectral shaping of the first spectral signal and of the second spectral

signal to enable summation of the first and second spectral signals,

geometrically shape the LF reflectivity image and the conventional reflectivity
image to further facilitate summation of the LF reflectivity image and the conventional

reflectivity image, and

sum the LF reflectivity image and the conventional reflectivity image based on

the outputs of the spectral shaping and warping steps.

17. The system according to claim 16, wherein when the processor geometrically shapes
the LF reflectivity image and the conventional reflectivity image, the processor is further

configured to at least one of -

compensate at least one of or both time and space variant differences in the LF
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determine spatial wavelengths of the velocity variations within each of the velocity model layers,
determine a size of the velocity model grid mesh according to the determined velocity model layer data
density and spatial wavelengths of the velocity variations within each of the velocity model layers,
develop residual move out data and dip data from the velocity model grid mesh according to the size
of the velocity model grid mesh, eliminate residual move out and dip data outliers that exceed a
first parameter to generate a first set of retained residual move out and dip data, and invert the first set
of retained residual move out and dip data to generate the HF velocity model of the GAI. 20. The
system adlotding tnmeyrohecofclaimasl tdilte i@ funtree comdidsingna thsdlay ciefigunettrgcisplay the

broadbaa?lg MQ (:E)erﬁf%ﬁ%i}l&i{j@ﬁgc%i%ft}m%a%éland image shape the LF reflectivity image and the

conventional reflectivity image using at least one of warping, shaping, and morphing.

18. The system according to claim 16, wherein when the processor spectrally shapes the

first spectral signal and of the second spectral signal, the processor is further configured to -

determine a regularity of properties of a combined signal and using said
determined regularity to combine the LF reflected image and the conventional reflectivity image

that have different phase and amplitude spectra.

19. The system according to any one of claims 11 to 13, wherein when the processor
generates a high frequency (HF) velocity model of the GAI based on the acquired seismic data,

the processor is further configured to -
obtain a conventional velocity model of the GAI using said acquired seismic data,
determine density of the conventional velocity model data;

determine spatial wavelengths of the velocity variations within each of the

velocity model layers,

determine a size of the velocity model grid mesh according to the determined
~ velocity model layer data density and spatial wavelengths of the velocity variations within each

of the velocity model layers,

develop residual move out data and dip data from the velocity model grid mesh

according to the size of the velocity model grid mesh,

eliminate residual move out and dip data outliers that exceed a first parameter to

generate a first set of retained residual move out and dip data, and

invert the first set of retained residual move out and dip data to generate the HF
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velocity model of the GAL

20. The system according to any one of claims 11 to 19 further comprising:

a display configured to display the broadband HD reflectivity image of the GAL
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