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Conponent Segregati on and Redetermi nati on BACKGROUND [0001]MmﬂwmmmMHmmmns
used for exploration, archaeol ogical studies, and engi neeri hat
requi re geol ogi cal information. Exploration seisnology providess=@ata that,
when used in conjunction wth other avail abl e_geophysical, borehole, and
geol ogi cal dat a, c&“%@?%lmﬁ%ﬂgﬁyﬁmmcﬂ[ﬁ&%@ wWithre and
distribution of rock types and their contents. Such information greatly
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to select sites in which to drill exploratory oil wells. [0002] Exploration
sei smol ogy enploys artificially generated seismc waves to map subsurface
structures. The seism c waves propagate froma source down into the earth
and reflect from boundaries bet WBACKGROUMNIAce structures. Surface
receivers detect and record reflected seismc waves for |ater analysis.
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enployed in a related fashion. In both cases, nultiple sources can be
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conjunction with other available geophysical, borehole, and geological data, can provide

information about the structure and distribution of rock types and their contents. Such
information greatly aids searches for water, geothermal reservoirs, and mineral deposits such
as hydrocarbons and ores. Most oil companies rely on exploration seismology to select sites
in which to drill exploratory oil wells.

[0002] Exploration seismology employs artificially generated seismic waves to map
subsurface structures. The seismic waves propagate from a source down into the earth and
reflect from boundaries between subsurfacé structures. Surface receivers detect and record
reflected seismic waves for later analysis. Where seismic waves are deemed inadequate,
electromagnetic waves may be employed in a related fashion. In both cases, multiple sources
can be employed to expedite the survey process by generating overlapping yet. separable

wave fields.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] A better understanding of the various disclosed embodiments can be obtained when

the following detailed description is considered in conjunction with the attached drawings, in
which:

[0004] Figs. 1-2 are views of an illustrative marine geophysical survey system.
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[0003] A better understanding of the various disclosed enbodi ments can be
obt ai ned when the followi ng detailed description is considered in
conjunction with the attached draw ngs, in which: [0004] Figs. 1-2 are
views of an illustrative marine geophysical survey system

of an IPHSEie 7 b smirererh gk, e St ApcSleguler a8 er g Hrehons an
illustrative set of recorded signals.

system.

[0006] Fig. 4 shows an illustrative set of recorded signals.

[0007] Fig. 5 shows an illustrative midpoint pattern provided by a given source-receiver

geometry.

[0008] Figs. 6A-6B show illustrative firing sequenées, before aﬁd after alig;lment.

[0009] Fig. 7 is a flowchart for an illustrative imaging method.

[0010] Fig. 8 is a flowchart illustrating a source wave-field separation method.

[0011] It should be understood that the drawings and corresponding detailed description do

not limit the disclosure, but on the contrary, they provide the foundation for understanding all

modifications, equivalents, and alternatives falling within the scope of the appended claims.

DETAILED DESCRIPTION

[0012] Accordingly there are disclosed herein various subsurface imaging systems and
methods that estimate and refine the wave fields for each source in a multi-source survey. In
at least some method embodiments, signals are obtained from a geophysical survey acquired
with multiple geophysical energy sources actuated in a plurality of firing sequences, each
sequence having a known, different time delay between a signal recording start time and a
firing time of each source. The survey signals are organized into gathers of signals from
multiple firing sequences. Each gather is then processed to form initial estimates of the wave
fields for each source, which are then used to provide quieted signals from which refined
estimates of the source wave fields can be obtained. A subsurface image can then be derived
based on the refined estimates of the component signals.

[0013] Fig. 1 shows an illustrative geophysical survey system that, in this case, collects

marine seismic survey data using multiple seismic sources with a variable firing sequence. A
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[0007] Fig. 5 shows an illustrative mdpoint pattern provided by a given

source-recei ver geonetry. [0008] Figs. 6A-6B showillustrative firing
sequences, before and after alignnment. [0009] Fig. 7 is a flowhart for an
illustrative imaging nethod. [0010] Fig. 8 is a flowhart illustrating a

source wave-field separation t hod. [ 00 It .shoul.d be_understood that
the dr SRISAESSUKEY w@g%@%ﬁﬁ ng¢ %?qréiaeiié&f@&pﬁmhyateﬁé spghasia lakg.or

di scl osure, but on the contrary, they provide the foundation for

under sttherd¢eag. Gh¢ venseli ¥4 tyaicaby sncludgs iequipmenisshoamozeactally whd 2 wad refgrred ty

wi thin the scope of the appended clains. DETAI LED DESCRI PTI ON [ 0012]
Accor difogtonviehienee av & “chicendigs edtdaet. dihe recordiag Systedsiy mmag éndludegdevices st ens
and nethods that estimate and refine the wave fields for each source in a

nul ti - selbheelp taemeezn%]ws@fc dnRAS! soufdds 1B hOfbr aBheEh TR Focofdifl) BleSsigials
obt ai ned from a geophysi cal survey acquired with nultiple geophysical
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and a fjri time.of each source h uryey si | s e oygani zed. i.nt o
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processed to forminitial estimates of the wave fields for, each s?,urc ,

whi ch acedetarpsiioa Pl yrserlilQethg seismisoensrgyrsepreces | drhoamdeach ef 2 Pl lé%?f mat es
of the source wave fields can be obtained. A subsurface image can then be
der i vedelsasesensorstoheccenfersfht@sy timet es of the conponent signals. [0013]
Fig. 1 shows an illustrative geophysical survey systemthat, in this case,
col | ect[8014] The vessel 10 is shown towing two seismic energy sources 14, 16. The seismic energy

sources 14, 16 can be any type of marine energy source including but not limited to air guns
and water guns, or arrays of such energy sources. In the illustrative system shown in Fig. 1,
the sources 14, 16 are towed at substantially the same distance behind the vessel 10 and at
different depths in the water 11. In other examples, the sources 14, 16 may be towed by a
different vessel, or may be in a fixed position. Some contemplated systems tow the sources
with different vessels, and may furthér employ more than two sources.

[0015] The vessel 10 is also shown towing an array of seismic streamers 18 (see also Fig. 2).
The towed-streamer configuration is shown for illustrative purposes. Other suitable sensor
array configurations can also be employed including, e.g., ocean bottom cable and borehole-
deployed sensors. Any suitable sensors for seismic or other geophysical energy signals can be
employed, including but not limited to pressure sensors, pressure time gradient sensors,
velocity sensors, accelerometers, and any combination thereof.

[0016] During operation, the illustrative geophysical survey system, at selected delay times
relative to start of the seismic recording the acquisition system 12-, actuates a first one of the
seismic energy sources, e.g., source 14. Energy from the first source 14 travels outwardly

therefrom as shown at 24. Some of the energy travels downwardly where it is reflected at
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(arine seismc survey data using nmultiple seismc sources with a variable
firing sequence. A seismc survey vessel 10 noves along the surface 11A of
a body of water 11 such as a | ake or the ocean. The vessel 10 typically

i ncl udes equi pnment shown generally at 12 and referred to for conveni ence as

a "recording systenl. The recording system12 y i.ncl ude deyices fo

sel ect iaRISICIRNFRIGEPARAATNSe Cefive ngﬁnﬁ’egemlﬂ? apg, ot G et%?é’f’é%ﬂ‘isnb{ f
recordi ng the signals generated by the sensors or receivers 20 in response
to sei dehwecardiffergnt mplafarmatipn 1, 2heOnlyttee water hefépm reftestigng are ghovae jo Fig.
formations 19, 21 below the water bottom 13, and for determ ni ng geodetic

posi ti dnfopfcldring of/ thesBhstihfion t Stmes of Bwicnergy drayy tisofirst ssurdel] 4 trévasndpeadly of a
plurality of seismic sensors or receivers 20 at any time. [0014] The vessel

10 is shuneitti@vdflRetel HOnS BeSwater @Bﬁean&%f&@&a%ng%wnml?%_& MteraCigs 9y
sources 14, 16 can be any type of marine energy source including but not

limted,; th%if5m9alﬁ%ﬁbgﬂgda‘ﬁ%%ﬁﬁqpﬁgﬁgﬁ%%iﬂb%ﬁyS of such energy sources. In

the illustrative system e sources 14, 16 are towed at
subst a #%§¢I t he sane d%sti?c behi nd the v&ssel %ﬁ and at different

dept hs MG EQAIng, Sysie ¢ Al 3uRtss) B acCopd O of o SIRIC FTEEPUEESt oned
by a different vessel, or may be in a fixed position. Sone contenplated
syst enss-§-oWusfel & ¢t seleatedidelny dinges aelative tpcthis stagt ofthe spisiq data Fesordin®I By nore
than two sources. [0015] The vessel 10 is also shown tow ng an array of

sei sni altstmatwehyr st d@eqtsbdelay sondsi hefo) or Fier thewetiuationeafinthe fishkouroe ddi on i s
shown for illustrative purposes. O her suitable sensor array configurations

can al Stnebgy froml thy eecondBoutbe NG, trével. outwadiy aloag siimilaalakls &ndbes the energy
bor ehol e- depl oyed sensors. Any suitable sensors for seismc or other

geophy st&akn SRR Wardd BN ShGalL KL OV Ftheh WBGLHGH HObdit thd st Addidcsh t O

pressure sensors, pressure tine gradi ént sensors, velocity sensors,

accel ergnet.er Y, [ ' . 20f 6 i tiop,. ihe
T ast raTUE e feeh R P L A0 SReliBR! G deRUE Rl nBRALE 4 Shind UG
start of the seismc recording the acquisition system12, actuates a first
one of SCARENSE- &?Pél%ﬁw @ fewdining Fauenss i S acduenes By2 KRR 1REOm; 1 st
source 14 travels outwardly therefromas shown at 24. Sone of the energy

t r avel sseohbvandemd oy syiiematid manner; Bypieadlyethegime delays are less than one second, but

may also be longer. It is also desirable for the time delays for the firing of the sources to be
different in each firing sequence. The difference in time delay between firing the first source
and the second source should also vary in a known manner which may be random, semi-
random or systematic.

[0018] Fig. 2 shows the illustrative geophysical survey system of Fig. 1 in plan view to
illustrate the towing of a plurality of laterally spaced apart streamers 18. The streamers 18 can
be maintained in their relative lateral and longitudinal positions_with respect to the vessel 10
using towing equipment 23 of types well known in the art. What is also shown in Fig. 2 is
that the first source 14 and the second source 16 can be laterally displaced (and/or
longitudinally displaced in other examples) to avoid, in the case the sources 14, 16 are air
guns or arrays thereof, having dispersed air in the water 11 from first source 14 affect the
seismic energy from the second source 16 and vice versa. Lateral and/or longitudinal
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acoustic inpedance boundaries, e.g., the water bottom 13 and at the
boundaries 15, 17 between different rock formations 19, 21. Only the water
bottomreflections are shown in Fig. 1 for clarity of the illustration.
Sone of the energy fromthe first source 14 travels upwardly where it is
reflectgd.fromthe water surface 11A before.traveli ng downward and

|t er koS RB T FoReiBe i dxr Piogr SEOHT A HBrRIRL TR BEaSD ey 1 7)
The recording system 12 al so_actuates a second one of the sejsm c energy
sour ced4 &6 grovides srapial gnergyt disEibubenaquwaient to beiwg that|vehick wopld qasur ith ¢~ of
the seismc data recording, or, alternatively, at selected delay tines

bef or e sourcas$ 14y 16 Wereaotthasime verfiicslhdard ast atsbeisare lehgitEdiaplgistanombehied
second source 16 travels outwardly along sim | ar paths as does the energy
from t RRe Wedssl, o8 @pressedAliffaensioaresadntidy ithe Firge gdodelia ositiohUBYiavpidig bot h
the first and second seismc energy sources with the above described tine
del ays.Ha%inrgeéi%érfeq 5iP ABEVEHHR QR0 shirtd N8 WRAVGHGSed, hRCHdciBoOflcaY eV ary

fromfiring sequence to firing sequence in a known random sem -random or
systenmat i er...typically, .the tine delays are |le han _one.se , but
. a1 SyBef TR Fie D VR o aghiBei R, S FlS G e RO AR Thg
of the sources. tq be different in each firing sequence. The difference in
tine déﬁﬁﬁo WEE%“ﬁPWFﬂé the first source and the second source shoul d

al so vary in a known manner which nmay be random sem -random or systenatic.
[0018] #0181 4 feisins-tioek dipgnast phthevilusfeasivhyascpphyisioglipwagy systereris shovm gt 1 in
plan viewto illustrate the towng of a plurality of laterally spaced apart
st r eandhig. 18It ifdiedestreedvars 20 Bupled tbe bosi 3% & c@dmunichteadigital sigtalsvie dat er al
and | ongitudinal positions with respect to the vessel 10 using tow ng

equi pMeRtordmgAirch¥ETe Yette VeBRIMOI Posititsh Mfdrmatibatand StiRk pArafilkBMRedsdrs34. 2
is that the ﬁlrst source 14 and the second source 16 can be laterally

di spl ac rql i i . i i r & . kd, in
he caclt ahg Eled 12 0 g Blike MABACRE BT GEPRLA LRRPHS

di spersed air.in the water 11 .from.first.source 14 affect. the sejsmi

ener gy SE?TS rﬁdf‘H@n%tbftefﬂlaﬂaé%S’Br‘éSé*f% oéﬁﬂtemrﬁténglg}es Eﬁcoﬁgﬁe‘iaiﬁ- I&Hgtf%lrve ¥, suc

| ongi tudi nal _di splacenent is contenplated as being on the order of only a
f ew netaddiional ipfarmatipn mayr snsludes geodstiprpasitips infeppation) famthegyowrest Aidut i on
equi val ent to being that which would occur if the sources 14, 16 were in

t he sanecaiedrs,iasatellpsavmattenadndiseatdordisiane | ongi t udi nal di st ance behind the
vessel, or expressed differently, at essentially the sane geodetic

posi ti quo20ByA axeabdi Parpasy dipgtall dstpesreedsiag Isyabaves i shaac onplabty ¢ ddta when
actuated, the effects of the water surface (11 Ain Fig. 1) wll be,

adj ust mdﬁp . Ll | SHIE3 o8 i on

t he fiﬁggﬁggﬁﬁ%%ﬁ{ ) f%@i&?ﬂﬁﬁéﬁﬁé¥?éﬁ¥ %g§¥§dla5?§ 0§K11§g%$r%€?§gﬁ§ve
geophysi cal. survye temis.shq i R Fi i . [ Y .

doupl s SR Bk SioS e et ht cbBRLSEET by ity
circuitry 36 on the vessel 10. _ Pasition infornation and othgr par.anet er
sensor s3B3positigniae dsvice A%-cMd; SisiHe saurces Al desgrding sirfutry S8 geqyres s e
the data recording circuitry to store additional information useful for

i nt er priggh speadndata steanasll figat receivietsu2 patoi & apyvolafile istaragti miedinal suohf ar #rat i on
may i nclude geodetic position information for the sources and receivers, as
wel | asstovagé huerayaof] opteal cangiaghaies disk9 @2 Ofapds. das@foaingp deviosse 28i @ndladinglat a
processi ng system 38 is shown coupled to the data recording circuitry 36,

and i s fidptahfRabid AVerieAUBLE depthdcditolRR) tdnREB iid PBifich A ViecaFerd 2R BRI
seism c sources 14, 16. Processing system 38 configures the operation of

recor di LrGUkET it i.Qni I: { S € - r .14, 16.
Recor di arer 1a1 B, Yhefushie SRR Gt iGGR & WBP InBAThEIRPY hich
receivet.s .20 ont nonvql ati] e storage di um.such as orage. array of
oot § cal GSMAYAG At Ak IPGHE ol BeHBEE: F Grremsnb oo Bet ShE e g
progranmmabl e diverters and depth controllers) control the position of

recei veengbles an gaergion femeniter and@ontrpldhe pperatiomef the suryey gtamur t her i ncl udes a
user interface having a graphical display 39 and a keyboard or ot her

mechani sm for accepting user input. The user interface enabl es an operator
to nmonitor and control the operation of the survey system
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[ 0021] The geophysical survey system may include additional conponents not
shown here. For exanple, each streaner may have an i ndependent bus 32 for
coupling to the data recording circuitry 36. Processing system 38 may
further include a network interface for comunicating stored seisn c survey
data t central conputing facility havin werful conputi respur ces
for pr i@ggsﬁﬁ‘ﬁ &eﬂghgé‘n%%g Fr‘ilrcYg% 5?{%%‘9 “a%éi ’él,‘:i{lélﬁ g'dﬁgﬁon?le%oé?mn%%s %g%ﬂ%ﬁgei nmages
or other representations of the acquired data fromthe central conputing
facil i ther xewpln cpple sfreamen mayi havegam pndeperdent bys d2nfaceqrptiag to e data ces
and signal recording as explained above for a plurality of firing sequences
whi | e trberdieg sardcuiiy, 36 oRnocessing4systeér dRdnay fetheeriscldd aoneeworkr imtayface Her wat er
11. The signal recordings nade for each firing sequence by the recording

syst emchAntBycabifg 'sefred keimicosidseyadatsota epaar eompiting fasilif h@dhp eowerfand
each such shot record will include, for each receiver 20, traces (i.e.

recei v%@hﬁﬂgk&wﬁ RGN Bio¢Esshiy theseRfis @Lfvgg fzhga]ia%nerfeii YERAiRY sthuffatde

first source 14 and the second source 16. Fig. 4 shows illustrative
signals_(RO R represe iLve af l,anal s_recor ded by.t he

" ecor vaPeE e oties St BRERCSE het el gptalfort U R SSRANEE s Ty be
digitized signal. voltages, but they normally represent sqnme geophysi cal
vave atlt®flhkhe dinshatys geapbysical, syplamy @etugtes HBE SOuFCS |39 ,Sl@vaéchFgéYn& & d
strength, or magnetic field strength. Each signal is associated with the
posi t i eAplained eabpye fayou plawalitp of firingdseawenceh whpe she venselof0, shercee dbi 16 erg
receiver at the tine the source was fired. In other words, each recorded
trace kasamérsll8asdvetthroagh dspeattsi 1. §hsgighakrepadintgs arade ffareaelh iing sequeage a
receiver position, and a tine-based signal waveform Fromthese three

aspect sy the SHcBRTinMBRtdn 1 9 tndyHeQlrBRicl 96 af A PsHR rébBFd Vs th “sh&Czlert;iagid eactshows
an overhead view of the positions 500 of a set of receivers at the tine a

sour e o5 Uich SABEEHiIPfnciRS! fof QMnI0ivdiTaof e tbo UGS RRITBIE QLYY S are

| argel y horizonta sei smc energy that reaches t VErs does so

oy elLECLioa Lo o o0l cholt, Moy, bel cen e satige apd Tecetver
"aYS S0Gs ik 4 shows ilusirative signals (RO, R1c R2S | Spesentative of tha signals <
recorded by the receivers in response to an actuation of the sources. The signals may be
digitized signal voltages, but they normally represent some geophysical wave attribute such
as pressure, velocity, acceleration, electric field strength, or magnetic field strength. Each
signal is associated with the position where the source was fired and the position of the
acquiring receiver at the time the source was fired. In other words, each recorded trace has at
least three aspects: a source position (for each source), a receiver position, and a time-based
signal waveform. From these three aspects, a great wealth of information can be derived.
[0024] Fig. 5 shows an overhead view of the positions 500 of a set of receivers at the time a
source is triggered at position 504. If the subsurface formation layers are largely horizontal,
the seismic energy that reaches the receivers does so by reflecting from a point about midway

between the source and receiver positions. Thus, if a ray is traced from the source to each

receiver (e.g., rays 506, 508), the midpoints 502 of those rays represent the approximate
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position of the reflections that resulted in the recorded signal waveform
Wth this understanding, it becones possible to convert the tinme-based

si gnal waveforns to depth-based signal wavefornms using a pre-existing or a
derived velocity nodel. [0025] Each firing of a source results in a pattern
of mdpoints 502 assqciated with the received signals. (The m dpojnt.

pat t er Popigen gl fhe irFﬁ?f‘gﬁmP% that, é?SPitE‘ia‘Pet eﬁ‘F‘i"E‘I}doFlgPﬂe Wﬁfgf’yer Hhs?ﬂ"ﬁ on
pattern.) As the survey proceeds, the sources are fired repeatedly and the
r ecei vemdersiandingeitshegames passbleitataavert the Hew-based sighalnWapdpmssta Henth-

| argely overlap previous sets of mdpoints. Al of the depth-based

wavef ohasedasigiot wavefdrms tdinga grosedistingdpai detivedvelbatyadddd. or "st acked” to
increase their signal-to-noise ratio and provide a nore accurate picture of

t he suhlgoasif atRh SARME b hescted RBAIPH BlpattkR03H nidysihl 022860 éTRieh atish that
enpl oy thi's processing approach typically group the received signals

accordi . -hej 1 b Ot: S, 1 . 1 ! i " or
“ovp giPRii . SOR. (ThORANIE pddil R ERLES: o BT BRI ROREE oved
for converting recejved signals tq subsurface i es. Such at her approaches
oy onpOYOBIIERTG A e S pRat s saureS s HTd Fieatsl S Be e

recei ver position gathers a,k.a. "copmpn statjon" gathers, and common

of f set agatiFeFignals jasspciaigshvih newasate Pt gudnints that)latgsty ovsrla muevigns: frey of

t hese various types of gathers group together signal fromdifferent firing
sequenaeilpoin@) A1) offthg deph-tabalwaaforny asseqiated wethsegiverf midpodnti gan defadded
signals that m ght be associated with a common channel gather having

si gnal sorfc@aoked ftd Giceeuse thein digh3-e61ueRE eftio aldeprovidehin@s aaci@ate piahrecdb{fhs) |
where i is a given receiver nunber and j is a given firing sequence nunber.

The tingbifpese S@edulRe9iHAt fbint he recording start time and show a firing tine
Ti for a first source and a firing time T2 for a second source. The del ay

bet wee i.ring. tines.vari Q . ; i S r to
a1 gn 0SS L SRGROE D A s GRS, BepEh o BERLP" B I
actuation times of the other source. renpin uncorre|lated. This tim of the
firing resdyfseHeras Aegosding fo Hedism p@lrtt%qg%fs gffrgn%%ecmen Frigpejat gihelsch
sour ce when grocessin t he signals as outlined bel ow [OOégL Fiﬁi 71s a

f | owc hatrt “@¥1Pagathers’isOF gowrve Sup¢assiag appryiepkpsnare Ho@ wahand, coplpyse for

i npl enented by general purpose processing system 308 or by a separate

pr ocessiongertiag irkdeivedt digtals ecambwefact imagesoShyts othat asroachys day enfplayrotigst em
308. It begins in block 702 with the obtaining of geophysical survey data
usi ng ngigral pér@uﬁﬁﬁ%@' G@sh as! Wil edh LRh¥a! icBkinforl rédel@r SRAMRACEShas dkscri bed
above. In block 704, the system pre-processes the data to, e.g., suppress

certain -] 0t e | a1z e e e lL\er
Cont 1 bobHRED, SaublL SHETIAR Snbp GRRELACH AL SRMIGE Al gk
acconpl ished_b 1 SSin

Yy, €. interpolation ta fj.ll in for ensar.s and
compensAeEDt B ShayEhias PiittrRegs s eIt Grue foestist siged) BoReRgRmat
referred to as the "initial" receive signals.

firing sequences.

[0027] Fig. 6A shows an illustrative set of timelines for signals that might be associated with
a common channel gather having signals from different firing sequences. The timelines are
labeled RiSj, where i is a given receiver number and j is a given firing sequence number. The
timelines each begin at the recording start time and show a firing time T1 for a first source
and a firing time T2 for a second source. The delay between the firing times varies so that

when the signals are processed to align the firing times of a given source (as indicated in Fig.

6B), the actuation times of the other source remain uncorrelated. This timing of the firing
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[0029] In block 706, the system processes the initial receive signals to
separate out the contributions of each source. These contributions are
referred to herein as the wave fields for a given source, i.e., the wave
field for the first source (aka the first source wave field) and the wave
field for the second sourc aka the seco source wave field). In | east
Sone. sy SHume PRESODapeiue T téhitit Dl Beles PhrER SRS oH mbsetadber T
enabl e de-ghosting of the wave fields in a |later stage. The initial receive
signal§umﬁgﬁﬁd@ﬂvﬁ@bﬁhW% fields fromeach source and a residual conponent.
In this block, the systemforns an initial estimte of the source wave

fi el ds,[002BerFigefiines floachare of | anmail e stoatbedsubsurdace cimzEgiveg methodf whivh @mebé ous
estimate with the current residual conponent. This block will be described

i N nor endnddnted\by BereRdlgnepsse précekiifg sﬁst&ﬂlmwor[t@f)a?sﬂfpafdﬂe proeeksingOfRcilitye

separated conponents are re-sumed wth appropriate firing tinme delays and

conpar etﬂ%tvldeaavéshﬁei&@éélgﬁgzlaf SGFLY Bard AR Fotert BORBMAISGR ik A5 Gmldal the

bul k of the recelv energy .been associ at €d e source wave

fields, ,whereas. a mismatch indicates that. a significant, portion, of -the
recei verbHBRE ot FaPhY T oV delDiRem Rp? SR Bih oo il o6
is repeated with different settings until an adequate separatjon of the

r ecei vesegueRsat ag shepahed aboye h’ch{g’é ed4, [t Sygtem rprBiERgesses othe tdatr &b ad-at ed
wave fields for those systens having sources at different depths are

conbi nexippress centaimdypesheft ingdrfeméneatand tohreguletize thegbomee @id @eceivengiosibions i on
of the signal attributable to the source energy reflecting fromthe water's
sur f acegssodiied withtthdsigndle Such aepldrizadias can Bxestcompidhed®ane.gt, istbrpolatibnltd
deghosting of OBC data with over/under source acquisition”, 2007 Annual
Meet | ngg1) pRfor MEGRY Sensdi@%and c&%?bl?stabé fof algyxﬂxlié%li Brkts CaRPAM Bk I 3hiS bldtis

ot hers exist and nay be used. In block 712, the system further processes

t he degggﬁgg&g &@%ﬁﬁghgbgﬁm}qehggggggﬁges of the subsurface structure. In

sonme enbodl nents, emmg he de- ghosted source downwar ds

(e.g., W ve e tion propagation). fromthe receiver positions.t

b i 1 LT B e B el Rasseh e, TR (oo Som ERA0S 1€ RERHRE (H8. The
reflected energy wave fields may then be conbined with associated

t r ansmi eongribusinas gieaghveurce.elhbse aeritributions @re wifradda betaie as e vorvedishds fot her
imaging criterion that yields a volunetric map of the subsurface

r ef | ectd givery soufbxe i.egtheawtvevidly fordhs fifst sonrck (ake tlenfirssfvotre wave fididnandghe
stacked to yield an i mage of the subsurface structure. The systemthen

nmakes awiesidldl foraRé Seond ahuirbe(akh thResidurdears el TRQECIPAIEEE sdthEsyistend, USer ,
usually with tools that enable the user to interact with the visua

repr esetEIE gBhrngl gr%a&ﬂoé/gd Gt Hifﬁ%%t Qi@gm?@ﬁltl}/ezﬁattep?o SRFaL- H@sgfng{%gﬁgé Wadetail.

[ 0032] wchart an illustrative source

separ at j met hod t hat..may. be inpl enent ed, b he system.in block 706. .1n

b1 ook 90 Py stedfh T HingEreoPRe SERM: Fictte b ol Bl R §outeind

mul ti-shot gather domain, i.e. roupi ng the signals into gathers having

si gnal s Esiupk eampanepie dn dhis black, E%Ffsi’%?‘@ PIIRg AR Hﬁtl%lefiﬁﬂ’élﬁ@e@%hSﬁ?‘fré?Jl"Vévﬁat her
dormai ns are those that enable the energy froma given source to be coherent
when t higelfls, themyrefinge saaf estimate basad ov aaccenlzihatgmdfg thisifreviokreestimatgyyithrtben t he
ot her source(s) is rendered incoherent. Suitable gather domains include,

Wi t hout curieiit fesidulincongyaiemn This isukntillgrt deecribed G0 ope dsthid withnrefpaénze ts Figand

8 below.

[0030] In block 708, the separated components are re-summed with appropn'ate.ﬁn'ng time
delays and compared with the initial receive signals. A close match indicates that the bulk of
the receive signal energy has been associated with the source wave fields, whereas a

mismatch indicates that a significant portion of the receive signal energy is not accounted for.
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conmon channel gathers. The systemthen iterates through the gathers,
carrying out the followi ng operations for each gather. [0033] In block 804,
the system processes the signals in a manner that aligns the firing tines
of a first source, e.g., by tinme-shifting the received signals. Aligning
the signals to the firi tinmes of the first source_in this manner causes

t he enng]g/e I PR U psated QLG Btons et AarGihen AReoaI B alien o) or
the other sources is rendered incoherent. On this basis, the system applies
a cohertbaireceive sigaalaomponentyis ashissedit i on operation in bl ock 806. Suitable

techni ques for doing this are known and they include, e.g., the nethods
di scl oJen31jbyin Bldek NKY therseparatedés gyiet fisidsSfoa tiosStsgstkmb-haviAg tsevrded atrdiffSentsm ¢

Noi se", U S. Pat. 6,574,567, P. Akerberg, et al., "Sinultaneous source
separ atdepths e eoRbMEd iRAANakdcf Mt MitinatédR D o¥efle, NMat perfion/9 o
Nev., Society of Exploration Geophysicists; and S° Spitz, "Sinultaneous

Veet | ng o tnerpRille TRRLEbEEL Merey SHRAE HOR, ARRABS PR QBB o
filterin t. ilt hat .m ni
Sl et HBREnR PRTTG Brv sep by Bl Ao 0B e i o P m

approach condenses coherent energy intog identifiable peaks in the

phase- SPOBIR et usHIR n 206 hnish Megtmgs S8 Seioaiat I #g g@ﬁé‘r}’e At Fewigragjon
conponents fromincoherent energy conponents offer a relatively |ow

conput db¢ophasicistsnipitenthary esintandamai be psed. dn béatkf W2, thei systemafuther pogessehel ess
ot her coherency screening operations could al so be enpl oyed. [0034] The

coher enhe gaghetedswavafiddot farmeslagds dflthesubSbacestrictufs o ethbedimests) mat e
of the first source wave field, this estimate being tenporarily stored in

bl ock §fdsfsim hitfGles Hafde-fibsRldQ6trc8 ABwnhaRisT¥ &, SMH WA RSequbifor fophiskisR)
energy signals and re-aligns themto synchronize the firing tines of the
second 1?(%“ & ecLiQ/e{)l)gsqgon%ltg’obttgg T ﬁ’escke%n%r?eg QafP l d@sast hﬁmcti n of position
coher ent 7T HCORST &8 energy separation operation. 8 herent enBrgy

si gnal s qbt ai ned re serve as [nitial estinpte of the second saource
vave fi@Adme fhe r%@ﬁﬁﬁﬁsrgyémg%%r%w fhign b rermkingd githgsqciaied Tensauitivd,

bl ock 812, the systemtakes the incoherent energy signals from block 810
and r e-caeTgyrisavieHeaidls wsing i ehirelation funigion pr poge pihepBnaging prétefipy that yisldsce.
These incoherent energy signals are added to the initial estimte of the
first seolumerivavap d¢fi tht duisurfacditefiestidti4 The réftactivinhataps Srohediéferent shiote dan
"quieted" signals for the first source, i.e., a representation of the

i ni ti althéLb@itiekeditd Eﬁl&aﬂﬁnﬁﬁg% Jriee fbburfRe8tusiant Tho Whan tenamaKds a veeepnd
source. [0035] Bl ock 820 represents a group of operations 822-834 that may

be per fr%éﬂ@?&tz{tﬁgeo%ﬁéjé%s&??&nﬁlagé‘ 58&?5%13 L gBRS ﬁ&l{allg inlﬂfe ﬁogfsttpﬁt%gfaﬁl% dfd th

reference to t estinate for tHe second sourcé wav ock 822,
the system applies the coherent/incgherent ener separ ation, operation to
Lhe quitsebls BRgAd s e PREIEPeb iR oo chati Tong bR dPe LRy
signals forma refined estimate of the first source wave field, and they
are stomsgefiode®ilit ure use in block 830. In block 824, the incoherent energy
signals from bl ock 822 are re-aligned to synchronize the firing tinmes of

t he sedB3d] siigr & s afldwabiate df an ilustative semte wavd freld sepdratitremsthodrtbiatsnay ce
wave field to formquieted signals for the second source, in this case a

r epr esesy miplomettd bRahé Ridtémlin B6E Y86, Th BIedkS 800, THS s§dién Gldfan 86t theShitiaRt e of
the contribution fromthe first source. The system applies the

coher enfeldipe QQ&H? fHio & @ﬁ&lﬁ)ﬁh@@é@l’i&@oﬁﬁhﬂ Rer, %"réd'ﬂih gameis{gnm iHﬂo%%e?@ﬁaviﬁ@ e
coherent energy signals forma refined estimate of the second source wave

field f atlsha?c\ﬁ ﬁ&? ins;eg oen%e it(r)-I dﬁ'%e?grh é%%e%egﬁegcgé.tg ita ?%%kgﬁg%klnggég{hggg 828,

u
t he systemre-alrgns the Inconereént e y srgnars

synchroni ze the firing.tinmes of the first source. The re-aligned i ncoherent
ener gy tgﬁtg%ablg th EACKEHEEOM Sl LSO @ e CRLETPRiaY Benhe FFae Fifles ©f St FeEcSay o
field fromblock 830 to forman inproved version of the quieted signals for
t he firase afgnadcehilq thesnergl f8ga the gtgersgpyr@m) tis Engene anqohershe Suitable gathgy
signals to determ ne whether the operations of block 820 should be

r epeat edthmalteinckdetwithomn limatatibe, cbemn@dmidwintaathers, tommog.statioh gathesst gnyd of
the incoherent signals is falling relative to previous incoherent energy
signals. Alternatively, if the energy of gthe



| ngoherent energy signals is above a predeterm ned threshold, the
repetition may be deemed desirable. Alternatively, the peak arrpl i tudes of
the incoherent energy signals nay be used to nake these determ nations. As
yet another alternative, a fixed or mninmm nunber of repetitions may be
deenmed desirable. Once the system determ nes adequate estimates of the
sour ce cammen change! gafhersndbe SyHemi thew 1@54‘6%&31’1“& thengathers.nearying Bt ieocess
progresses to block 708 of Fig. 7. [0037] If in block 708, it is deened
necessdpowiog cppretiensionedchzbiert he coherent/incoherent energy separation
operations in Fig. 8 may be applied with different paranmeters to alter the
pr opor 0003] dh biek8gY, theaysterd processts ttioe dignatolres mahndrahat afjpivethe SoingaamesThe
repetition criterion in block 834 may also be altered to attenpt a better

conver geRGgsfoutdiee. go |b‘§rttlrﬁélshlhﬂ%3@]e r&%%a%egntanemghﬁlgah@ Sighat B e ry in
the determ nation of sOurce wave fields (i.e., V\,hether the wave field for

the fi I Q f t jve
enbodi nlgél Sstoﬁ gt%g&%f) g%gggﬁ}rll%%&?lh} g%tsgﬁd Be'en {Qg ass aV| ng @ttggtm?dﬁﬁ%r%aﬁ
refined e es t ed sour.ce wave fiel ds eat, the esti

(bl ockSohgmE3hYe T fL Kot Eer ot lamﬁ‘efﬂq Lyt O B el

results of the two estimations may then be averaged to qbtain unbi ased

est i natsysenf apphiss o gehegeniaRceheneal agergy COBYPtioth @PFIaHeR dR MboknBeki MEble of a
met hod for determ ning which conponents of a seismc signal are a result of
a part itechnaguenfir &fing tips areaknawn aiid geyphylsdeal.g.s hermethodadistlaka bh& Por m of
a conputer programstored in a conputer readable nedium The nedi um may be

a vol atvréingx diweiphted HlarsStack BRANterudtRAN e W ke Y&NSr Pit. 6/574,567; P
nonvol ati |l e nmedi um (such a magnetic disk, optical disk, or a flash nenory

chi p) . Algodk 04T RM S iGlIHES s/ BEE s gﬁffam @%%rgéﬁasn QraHé’fQHﬁ’a@@j@@lﬁﬁm‘ﬁQl”pUt er
to performtRe operatlons expl ai ne bove With respect to Flg 7 he

ol or naVFinky Lict e Ui 8t BRpoic F8pEE crI% ’@5 T S8Fo T @ﬁ%seﬁa%ot

be perforned strictly in the order described a The pethod c be
per f or FRRICEyPCRATatigy | EPsAisHER s srbtrgstion apprqagh’s sk Yleeting. Las ﬂﬁgﬁ% cases
it would be perfornmed by nultiple processors in a Iocallzed or
al t er n¥dvwelogidtnobExplotation ieephysivigieit Bradictiers erarrfilteTing gsneretes adilies modabl oy
one or nore output devices (such as a printer or display screen) to nake
r esul t shgeningmpizeblaamtan stp@resersar dubict tdeynstrintsrom ithicofiltéhdesipmo evdsseas it
eval uate the final product.
Radon transform approach condenses coherent energy into identifiable peaks in the phase-
slowness domain. Such approaches to separating coherent energy components from
incoherent energy components offer a relatively low computational complexity and may be
preferred for this reason. Nevertheless other coherency screening operations could also be
employed.
[0034] The coherent energy signals obtained in block 806 serve as an initial estimate of the
first source wave field, this estimate being temporarily stored in block 814 for later use. In
block 808, the system takes the incoherent energy signals and re-aligns them to synchronize
the firing times of the second source. In block 810, the system again applies the

coherent/incoherent energy separation operation. The coherent energy signals obtained here

serve as an initial estimate of the second source wave field, this estimate being stored in
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[ 0Q40] Numerous other nodifications, equivalents, and alternatives, wll
becone apparent to those skilled in the art once the above disclosure is
fully appreciated. The foregoing disclosure can be applied, for exanple, to
systens having two substantially-collocated sources at different depths, or
systens _havi nhg w _del y-separated sources. The techni ques can al so _be applied
tg sy's tbAeRK mgf%datﬁb%e- i Blockudl 25 S exstem fakes the incabprent eogedy sigrals Hlomowi ng
clainms be interpreted to enbrace all such nodifications, equivalents, and
al t er ndlocke810\iand acapipns dzxm do symthapnige WATiring t@hey RELhe Sirst sourgk. Sgswr f ace
| magi ng method that conprises: obtaining initial signals froma geophysica
sur vey inajeteneenatty ighalk atepddded ao fhieyisitabbstibmuge gf the diistc@daraovaiat fiddd iflona
plurality of firing sequences, each sequence having a known, different tine

del ay hgsanegIy do St MvRatSisORGkin REAES I “Qbiefddar dighdl o2 Bt Ardti LR, tleEs Of
each source; formng gathers of the initial signals, each gather conprising

s gnal §oReatdidd JriRd i tddhR diddalRirks WL SRtedMhtribution from the second

source.
[0035] Block 820 represents a group of operations 822-834 that may be performed repeatedly
on the quieted signals for the first source with reference to the estimate for the second source
wave field. In block 822, the system applies the coherent/incoherent energy separation
operation to the quieted signals for the first source. The resulting coherent energy signals.
form a refined estimate of the first source wave field, and they are stored for future use in
block 830. In block 824, the incoherent energy signals from block 822 are re-aligned to
synchronize the firing times of the second source and added to the current estimate of the
second source wave field to form quieted signals for the second source, in _this case a
representation of the initial receive signals minus the current estimate of the contribution
from the first source. The system applies the coherent/incoherent energy separation operation
again in block 826. The coherent energy signals form a refined estimate of the second source
wave field and they are stored in block 832 for future use.

[0036] In block 828, the system re-aligns the incoherent energy signals from block 826 to
synchronize the firing times of the first source. The re-aligned incoherent energy signals are
added to the current estimate of the first source wave field from block 830 to fom an
improved version of _the quieted signals for the first source. In block 834, the system tests the
incoherent energy signals to determine whether the operations of block 820 should be
repeated. The repetition may be deemed desirable if, e.g., the energy of the incoherent signals

is falling relative to previous incoherent energy signals. Alternatively, if the energy of the
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for, each gather: determining initial estimates of a first source wave field
and a second source wave field; generating first source quieted signals
representing the initial signals mnus a current estinate of the second
source wave field; and applying a coherent energy separation operation to
obtain.a refined estimate of the first .source.wave field.fromthe first
Sour ce iapAnEtah oten stegars 55 ey KaprEmiRct IERHR Sl eBr ol B P Sevple | o
each gather: cal culating second source quieted signals representing. the

i ni tialdesiraphelAltamativsly Fe neak applitusss pﬁ&wén@ﬂlef%emqrgx sigaysmay beatpgd 19 el d;
and using the coherent energy separation operation to obtain a refined

est i matmeakef thebe dsonimtiemurise yokarothére plerhatore, tah Exed oo rmiingmumc sugbérepbd
signals. 3. The nethod of claim1, further conprising deriving a

subsur frageitiofB gtayfHeodBefrelli desiehbis (Ove RS systerh ldetchhingt adaphateadndtsafithe wave
fields; and rendering the subsurface inmage in a perceptible form

source wave fields have been obtained for each of the gathers, the process progresses to block
708 of Fig. 7. |

[0037] If in block 708, it is deemed necessary to repeat block 706, the coherent/incoherent
energy separation operations in Fig. 8 may be applied with different parameters to alter the
proportion of energy that is found to be coherent to a given source. The repetition criterion in
block 834 may also be altered to attempt a better convergence of the solution.

[0038] Because there is a certain asymmetry in the determination of source wave fields (i.e.,
whether the wave field for the first or second source is estimated first), contemplated
alternative embodiments of the foregoing method will, after having determined and refined.
the estimated source wave fields, repeat the estimation process (blocks 804-834) with the
sources being taken in a different order. The results of the two estimations may then be
averaged to obtain unbiased estimates of the source wave fields.

[0039] The foregoing embodiments of a method for determining which components of a
seismic signal are a result of a particular one of a plurality of geophysical sources can take
the form of a computer program stored in a computer readable medium. The medium may be
a leatile medium (such as an SRAM or DRAM computer memory) or a nonvolatile medium
(such a magnetic disk, optical disk, or a flash memory chip). The program includes logic
operable to cause a programmable computer to perform the operations explained above with
respect to Fig. 7. The operations may be performed sequentially as explained above, but they
may alternatively be performed in a pipelined or parallel fashion, and need not be performed

strictly in the order described above. The method can be performed by a single processor, but
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4. ,The nethod of claim1, wherein the geophysical survey is a marine
seism c survey, wherein the geophysical energy sources include two
substantially collocated narine seisnmc sources at different depths, and
wherein the method further conprises processing refined estimtes of the

conponent signals to. separate up-goin d down-gojn ve fields and to
- contl e SOREMBALY oA T ARSHERE Jor Ry dady SoTiPERes oY iRl Frepess RN 2
suppresses ghosting. 5. The nethod of claim1, wherein the coherency
separ atlpeptizesher altqraptivelycin aodistribris epinpyting faskiencThoprosessen(Qcamimeoy proeedur e
to separate spatially coherent signal energy fromincoherent signal energy.
6. The mutlotbudfledtes (such aswhprimtenor displey berear) dy nsdkp aesults parcoptéblata wsers

i ncludes transformng the signals into a domai n where peaks represent

spat i alsb)th£ IS I mdhBoahe BRREGYnaRMaIRAR RS £l ipRddu¥t. at t enuat i ng non- peak
values in the transformdomain. 7. The nethod of claim?2, further

conpr i %@())dl?]u ;}t@nﬁgé-%{rﬁ;?tlhéﬁin‘édﬂi%%&& E&Ol?vatlﬁrfe{?,}%h %gtem(ﬁgl/&u WA BQ&’m atht PP

steps t r ne estimates Irst and sécond sour wave

fields., 8. T{]e rretFod f cl 'mg further conprising repeating.said

det er mi RP$FgSetEh, Tt %rﬁé’n%%@%é‘ bYeaElésr‘quSHrealsg?‘fI}yera ° g’ge&,het IR

obt ai ni pg. additional estimates of the first and, second source waye fields.
disclosure can be applied, for example, to systems having two substantially-collocated
sources at different depths, or systems having widely-separated sources. The techniques can
also be applied to systems having more than two sources. It is intended that the following

claims be interpreted to embrace all such modifications, equivalents, and alternatives where

applicable.
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9. ,The nethod of claim8, further conprising providing inproved estinates
of the first and second source wave fields by averagi ng source wave field
estimates obtai ned by taking the sources in different orders. 10. The

met hod of claim11, wherein the form ng gathers operation provides conmnon
station gathers or common m dpoi nt ggé&@$s. 11. A subsurface inmaging
systemthat conprises: a conputer r e nmedi um havi ng subsurface i nmagi ng
software; one or nore processors configured to execute the software,
mhereiﬁVHW@7§b€LﬁéN%ﬂ%§%figures the one or nore processors to: obtain
initial signals froma geophysical survey acquired with nmultiple

geophy sli. dasubsuréacg ymaging aesha@kthetadoatbrises:a plurality of firing sequences,
each sequence having a known, different time delay between a seismc signa
recor di nghtSihet inftidlBsigith fofd hi Rt@phidi®a] GhrnRICALqEREd GAth multiple geophysical

energy sources actuated in a plurality of firing sequences, each sequence having a known,
different time delay between a seismic signal recording start time and a firing time of each
source;
forming gathers of the initial signals, each gather comprising signals acquired from multiple
firing sequences; and
for each gather:
determining initial estimates of a first source wave field and a second source wave field;
generating first source quieted signals representing the initial signals minus a current
estimate of the second source wave field; and
applying a coherent energy separation operation to obtain a refined estimate of the first
source wave field from the first source quieted signals.
2. The method of claim 1, further comprising, for each gather:
calculating second source quieted signals representing the initial signals minus the refined
estimate of the first source wave field; and
using the coherent energy separation operation to obtain a refined estimate of the second
source wave field from the second source quieted signals.
3. The method of claim 1, further comprising deriving a subsurface image from refined
estimates of the first and second source wave fields; and rendering the subsurface image in a
perceptible form.
4. The method of claim 1, wherein the geophysical survey is a marine seismic survey,

wherein the geophysical energy sources include two substantially collocated marine seismic
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formgathers of the initial signals, each gather conprising signals
acquitTed frommultiple firing sequences; and for each gather: determ ne
tnitial estimates of a first source wave field and a second source wave
field; generate first source quieted signals representing the initial
signals mnus a _current estimate of the second source wave field; and apply

a cohersepicee Ak Aifjerant gpthsi and syheran iths, meghadhtusthr somprisesderoesssingdelingt t he

first source wave field fromthe first source quieted signals. 12. The
syst emesfimegtes ofrithelcomypracal nignalstosssparaterup-gaing hnd dewnigdoing wave fidddspaed &r nore
processors to, for each gather: calcul ate second source qui eted signals
r epr esgsicbm®irelthe iptghinglandidgwal going wanke fidlds mef amtér it buppressedf ghobing. i r st
source wave field; and
5. The method of claim 1, wherein the coherency separation operation includes employing a
prediction-subtraction procedure to separate spatially coherent signal energy from incoherent
signal energy.
6. The method of claim 1, wherein the coherency separation operation includes transforming
the signals into a domain where peaks represent spatially coherent signal energy and
preferentially attenuating non-peak values in the transform domain.
7. The method of claim 2, further comprising repeating said generating, applying, calculating,
and using steps to further refine estimates of the first and second source wave fields.
8. The method of claim 2, further comprising repeating said determining step with the sources
taken in a different order, thereby obtaining additional estimates of the first and second
source wave fields.
9. The method of claim 8, further comprising providing improved estimates of the first and
second source wave fields by averaging source wave field estimates obtained by taking the
sources in different orders.

10. The method of claim 1, wherein the forming gathers operation provides common station

gathers or common midpoint gathers.
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use the coherent energy separation operation to obtain a refined estimate
of the second source wave field fromthe second source quieted signals.

13. The system of claim 12, wherein the software further configures the one
or nore processors to derive a subsurface inmage fromthe refined estimates
and to rende ]EPe subsurface |nage in a formperceptible to a user. 14.
The sydt eﬁlsb}{’ age Hpaging fystsethat ¢MRPTSSFt war e further configures the one or
nore processors to inplenent the coherent energy separation operation as a
pr edi ct i prpmmerreadeblormestive daving subsusapaimaginggdtvasel y coherent si gnal
energy fromincoherent signal energy. 15. The system of claim 11, wherein
t he sof tomeroe nidre proeessomdonfigured té beecoregho software, whaeatbosstwae comfigment t he
coherent energy separation operation by transform ng the quieted signals

into a degmdde WMIESre pRR_]Y®1rSBPr esent spatial |y coherent signal energy and by
preferentially attenuatl ng non-peak values in the transformdomain. 16.

The syst emipliy 1hﬁlams%\alsmﬁ§xﬁe5g @%’sﬁﬁf SYRE ac&ﬁl} kltﬁofﬁﬁltgag%%é%ﬁﬂ}%cglne or

more processors appty, cul ate e’steps to

further refine esti mates of the econd ource wave field 17.
The: avs: e e SIS GoRpRd 1 5 AR oF RERE SPrrRey <GonFreres BovBE dhe or

nore processors to repeat the step of determning initial estimates with
the sour ce@pynewfﬁewnatlmeréeéaerlPﬁtwsffrué BEISHIKEY ISR TeAording skt timaiand arfging
refined estimates of the first and second source wave fields.

time of each source;

form gathers of the initial signals, each gather comprising signals acquired from multiple
firing sequences; and |
for each gather:
determine initial estimates of a first source wave field and a second source wave
field;
generate first source quieted signals representing the initial signals minus a current
estimate of the second source wave field; and
apply a coherent energy separation operation to obtain a refined estimate of the first
source wave field from the first source quieted signals.
12. The system of claim 11, wherein the software further configures the one or more
processors to, for each gather:
calculate second source quieted signals representing the initial signals minus the refined
estimate of the first source wave field; and
use the coherent energy separation operation to obtain a refined estimate of the second

source wave field from the second source quieted signals.
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18., The systemof claim 17, wherein the software further configures the one
or nore processors to provide inproved estimates of the first and second
source wave fields by averaging refined estimates of the first and second
source wave fields obtained by taking the sources in different orders.

13. The system of claim 12, wherein the software further configures the one or more
processors to derive a subsurface image from the refined estimates and to render the
subsurface image in a form perceptible to a user.

14. The system of claim 11, wherein the software further configures the one or more
processors to implement the coherent energy separation operation as a prediction-subtraction
procedure to separate spatially coherent signal energy from incoherent signal energy.

15. The system of claim 11, wherein the software further configures the one or more
processors to implement the coherent energy separation operation by transforming the
quieted signals into a domain where peaks represent spatially coherent signal energy and by
preferentially attenuating non-peak values in the transform domain.

16. The system of claim 12, wherein the software further configures the one or more
processors to repeat the generate, apply, calculate, and use steps to further refine estimates of
the first and second source wave fields.

17. The system of claim 16, wherein the software further configures the one or more
processors to repeat the step of determining initial estimates with the sources taken in a
different order, thereby obtaining additional refined estimates of the first and second source
wave fields.

18. The system of claim 17, wherein the software further configures the one or more
processors to provide improved estimates of the first and second source wéve fields by
averaging reﬁrned estimates of the first and second source wave fields obtained by taking the

sources in different orders.
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