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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical sciences
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics
to be accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and
the Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases.
The inclusion of News of NAS RK. Series of geology and technical sciences in the
Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of geology and engineering sciences to our community.

Kazaxcman Pecnyonuxacol ¥nmmoix eoiivim akademusicol « KP ¥£A Xabapnapwi. 'eonoeusi scane
MEXHUKATLIK bLIBIMOAD CepUsiCbly bliblMU JcypHaabinbiy Web of Science-miy oicananranzan
nyckacol Emerging Sources Citation Index-me undexcmenyee kabviioaneanvlH xabapiaiiovl.
byn unoexcmeny 6apwicoinoa Clarivate Analytics komnanusicol JcypHandvl 00au api the Science
Citation Index Expanded, the Social Sciences Citation Index oicone the Arts & Humanities
Citation Index-xe xabwvL10ay macenecin xapacmoipyoa. Webof Science szepmmeyuiinep,
asmopnap, bacnawbliap MeH meKkemenepee KOHmMeHm mepenoici MeH canacvih Ycovlnaowvl. KP
¥F'A Xabapnapwi. I'eonocus scane mexnuxanvlk eviiimoap cepusicol Emerging Sources Citation
Index-xe enyi 6i30iy KoeamoacmvlK yulik ey 63eKkmi Jicane 6e0eN0l 2e0N102Usl HCIHE MEXHUKATBIK
2LILIMOAp OOUbIHULA KOHMEHMKE A0ai0bleblMbl30bl OLI0IPEOi.

HAH PK coobwaem, umo nayunoiii sicypran « zeecmuss HAH PK. Cepusi eeonocuu u mexnuueckux
HayK» 6vL1 npunam 0ns undexcuposanus 6 Emerging Sources Citation Index, 06noenennoii éepcuu
Web of Science. Cooepoicanue 6 3mom uHOEeKCUpOBaHUuU HAXOOUMCS 8 CMAOUl paccMOmMpeHUs
rxomnanueu Clarivate Analytics ons danvheiiueeo npunsmus scypHana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index. Web
of Science npeonacaem xavecmeo u enyOuHy KOHmMeHmMa Ol UCCledosamelell, asmopos,
uzoamenei u yupescoenuil. Brmouenue Hzeecmusi HAH PK. Cepus eeonoecuu u mexHuueckux
nayx 6 Emerging Sources Citation Index demoncmpupyem nauty npugepiceHHocms K Haubonee
AKMYANIbHOMY U GIUAMENbHOMY KOHMEHMY NO 2€0102Ul U MEXHUYECKUM HAYKAM Olsl HAule2o
coobwecmaa.



Bac penakrop

KYPBIHOB Mypar KypbiHYJIbI, XUMHUS FBUIBIMIAPBIHBIH TOKTOpBI, Tpodeccop, KP ¥FA
akanemuri, Ka3zakcran PecnyOmukackl YarTeik FwutbiM  akagemusichiHbIH mpesuneHTi, AK «/1.B.
CoOKONBCKHI aTBIHAAFBI OTHIH, KaTaln3 jKOHE MEKTPOXUMHS HHCTUTYTBIHBIH» 0ac TUPEKTOpHI (AJIMATHI,
Kazakcran) H =4

FplabiMu XaTiibl

ABCAJIBIKOB BaxbiT Hapukaiiyabl, TeXHUKa FRUIBIMIApBIHEIH JTOKTOpHI, podeccop, KP ¥FA

JKayanThl XaTIbIChl, A.b. BekTypoB aTbIHAaFBI XUMUS FBUTBIMIAPEI HHCTUTYTHI (AnMarsl, Kazakcran) H=5
PepnakunusaablK ajka:

OBCAMETOB Mauic Kyasicyiabl (6ac penakTopablH OpbIHOAcaphl), T€OJOTHS-MHHEPATOTUS
FBUIBIMJIAPBIHBIH  TOKTOpBI, mpodeccop, KP ¥FA akamemnri, «Y.M. Axmencaduna aTbIHAAFBI
THIIPOTCOIOTHS KOHE T€OIKOOTH MHCTUTYTHIHBIHY) TUPEeKTophl (AnMarel, Kazakcran) H = 2

JKOJITAEB Tepoii JKoaraiiynel (6ac pemakTopiblH OpBIHOAcCAPhI), TEONOTUS-MHHEPAIOTHS
FBUTBIMJIAPBIHBIH JOKTOPHI, mpodeccop, K.M. CaTmnaeB ThIHIAFBI T€ONIOTHS FHUIBIMIAPH HHCTUTYTHIHBIH
nupektopsl (Anmarsl, Kazakcran) H=2

CHOY [Ipuuen, Ph.D, kaybiMaacteipbutran npogeccop, Hebpacka yuuBepcuteTinid Cy FhUIBIMIAPDI
3eprxaHachlHbIH qupekTops! (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, taburu tapux Mmypaxaiieinsiy JKep Typassl FbutbiMaap Oestiminjae
TIETPOJIOTHS XKOHE Taiiiasbl Ka30aap KeH OpBIHAAPBI CalachIHAAFEl 3epTTeyIepain kerekmrici (Jlonmomn,
Anrnus) H =37

MMAH®UJIOB Muxaua BopucoBud, TeXHUKa FRUIBIMIAPBIHBIH JOKTOPEI, Hancn yHHBepcHuTeTIHIH
npodeccopsl (Hancu, @panrms) H=15

HIEH IMun, Ph.D, KeITaii reoIorusuIbIK KOFaMBIHBIH Tay T€0JIOTHSACH KOMUTET] TUPEKTOPEIHBIH OPbIH-
Gacapbl, AMEpHKaH/IbIK YKOHOMHKAIBIK Teosiortap KaybiMaacToirbiHbIH Mytieci (ITexun, Kpitait) H = 25

OUIIEP Axkcean, Ph.D, [/IpesneH TeXHUKAIBIK YHUBEPCUTETIHIH KaybIMAACTHIPBLUIFAH Ipodeccopsl
(dpesnen, bepnun) H=6

KOHTOPOBUY Anekceii IMHIbeBHY, T€OJOTUS-MHHEPAIOTNs FHUIBIMAAPLIHBIH JIOKTODBI,
npodeccop, PFA akamemuri, A.A. Tpodumyka arblHIaFbl MyHai-ra3 TeOJIOTHSCHI JKoHEe reodusuka
nHcTuTyTH (HOoBOCHOMpCK, Peceit) H = 19

ATABEKOB Baanuvup EHokoBHY, XUMUs FBUIBIMAAPBIHBIH J10KTOpHI, benapycs ¥FA akanemuri,
YKana matepuanap XUMHACHI MHCTUTYTBIHBIH KYPMETTi aupektopsl (Munck, berapycs) H =13

KATAJUIUH Credan, Ph.D, J/[pe3neH TeXHUKaJIBIK yHUBEPCUTETIHIH KaybIMaCTBIPBUIFaH Podeccopbl
(dpesnen, bepmun) H = 20

CEMTMYPATOBA Dieonopa FOcymoBHA, reoioris-MHHEPANOTHS FHUTBIMIAPHIHBIH JOKTOPHI,
npodeccop, KP ¥FA xoppecnonaent-mymeci, K.J. Carnaes arsiaaarsl [ €0m0Tus FRUTBIMIAPEI HHCTUTYTHI
3epTXaHachIHbIH MeHrepyiici (Anmarsl, Kazakcran) H=11

CATYBIHTAEB Kanaii, Ph.D, xaysimmacteipsuiran npogeccop, Hazapbaes ymmsepcureti (Hyp-
Cyurran, Kazakcran) H =11

DOPATTUHMU IMaouo, Ph.D, bukokk Munian yHHBEpCUTETI KaybIMAACTHIPBIIFAH mpodeccopsl (MmumaH,
Uranus) H = 28

«KP ¥F'A Xa6apaapsl. ['eosiorusi xoHe TEXHUKAJIBIK FHUIBIMAAP CEPUsIChD».
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I'naBHBIii penaxkTop

KYPUHOB Mypar ’KypuHOBHY, TOKTOp XMMHUYECKHX HayK, mpodeccop, axagemuk HAH PK,
npesuseHT HanmonanpHoi akagemun Hayk PecryGnmkm Kasaxcran, reHepanbHblii pupextop AO
«MHCTUTYT TOTUIMBA, KaTaiau3a U anekTpoxuMun uM. J1.B. Cokonbckoro» (Anmarsl, Kazaxcran) H = 4

YueHHBIIi cekpeTapb

ABCAJIBIKOB BaxbiT HapukéaeBu4, TOKTOp TEXHHYECKHX HAyK, Mpodeccop, OTBETCTBEHHBIN

cexperaps HAH PK, UucTnTyT XuMnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenaknuoHHasg KodJgerus:

ABCAMETOB Masuc KyapicoBud, (3aMeCTUTEINb ITTABHOTO PEAKTOPA), JOKTOP I'€0JIOTOMHUHEPAIIO-
THYECKHX HayK, mpodeccop, akaaemuk HAH PK, mupextop MHCTUTYTA THAPOTE€OIOTHU U TEOIKOTOTUH M.
V.M. Axmencaduna (Anmarsl, Kazaxcran) H =2

JKOJITAEB TI'epoii KoaraeBuu, (3aMeCTUTENb INIABHOTO PENAKTOpa), JOKTOP T'€OJOTOMHHEpAo-
THYeCKUX Hayk, mpodeccop, mupekrop MHcruryrta reonmornueckux Hayk nm. K.M. CarmaeBa (AmnMarsl,
Kazaxcran) H=2

CHOY Jpuuen, Ph.D, acconnupoBanHslii mpodeccop, aupexrop JlabopaTopun BOTHBIX HayK YHHBED-
cutera Hebpacku (mrar Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pyxoBoauTes HCCIEI0BaHIH B 00JIACTH IIETPOJIOTHU  MECTOPOXKIACHHI
M0JIe3HBIX CKomaeMbIX B OTaene Hayk o 3emie Myses ecrectBenHol uctopuu (Jlonnon, Aurmus) H = 37

IMAH®HWJIOB Muxana BopucoBud, T0KTOp TEXHHYECKNX Hayk, mpodeccop Yansepcutera Hancn
(Hancu, ®dpannus) H=15

HIEH ITun, Ph.D, 3amecturens qupexropa Komutera o ropxoii reosornu Kuraifickoro reooruaeckoro
o01ecTBa, wieH AMEepUKaHCKOW acconmanuy skonomudeckux reoioros (ITexun, Kurait) H = 25

OUIIEP Axkceab, accouunpoBaHHBIA mpodeccop, Ph.D, TexHmueckmit yHuBepcurer [pesneH
(dpesnen, bepnun) H=6

KOHTOPOBUY Aunekceli DMUIbeBHY, TOKTOP TI'eOJIOTO-MHHEPAIOTHIECKUX HAyK, Ipodeccop,
akagemuk PAH, Uuctutyr HedrerasoBoit reomornu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H=19

AT'ABEKOB Baagumup EHokoBHY, TOKTOp XMMUUECKUX HayK, akageMuk HAH benapycu, moueTHsIi
mupekTop MHCTHTYTa XUMHUU HOBBIX MarepuaiioB (Munck, benapycs) H =13

KATAJIUH Credan, Ph.D, accouuuposanusiii mpodeccop, Texuuueckuit yausepcuret (pesneH,
Bepnmun) H = 20

CEMTMYPATOBA Dieonopa FOcynoBHa, TOKTOp reonoro-MAHEPAIOrHYECKHX HayK, Tpodeccop,
uneH-koppecnionneHT HAH PK, 3aBenyromas naGoparopun MHcTHTyTa Teonormdecknx Hayk um. K.
CarnaeBa (Anmatsl, Kazaxcran) H=11

CAT'MHTAEB Kanuaii, Ph.D, accormmupoBannslit mpodeccop, Hazapdaes yausepcuter (Hypcynras,
Kazaxcran) H=11

D®PATTUHU IMaoso, Ph.D, accounmmpoBanHBIil mpodeccop, MuUIaHCKUH yHHBEPCHUTET BHKOKK
(Munan, Utamns) H = 28
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Editorial chief

ZHURINOYV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, president
of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC “Institute of
fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) H = 4

Scientific secretary

ABSADYKOYV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive secretary of

NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H=5
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of hydrogeology and
hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEYV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H = 32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the Earth
sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, professor,
academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS (Novosibirsk,
Russia) H=19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, honorary
director of the Institute of chemistry of new materials (Minsk, Belarus) H= 13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H =20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, professor,
corresponding member of NAS RK, head of the laboratory of the Institute of geological sciences named
after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan)
H=11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H =28
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UDK 550.3
Z. Katrenov'’, A. Abetov!, Z. Meng?, T. Jiang?

'Kazakh National Research Technical University named after K.I. Satpayev,
Almaty, Kazakhstan;
’In-Depth Geophysical, Inc, Houston, USA;
*In-Depth Compressive, Inc, Houston, USA.
E-mail: zhanibekk@gmail.com

MODERN SEISMIC ACQUISITION METHODS BASED ON
COMPRESSIVE SENSING, SIMULTANEOUS SOURCE RECORDING
AND COMPRESSIVE RECONSTRUCTION

Abstract. Field seismic records are often incomplete due to missing
data. Recovery of missing seismic data is necessary for the processing and
interpretation of seismic data. As an effective solution to this problem, the paper
considers reflection seismic methods for acquisition and processing based on
Compressive seismic acquisition (CSA), compressive seismic reconstruction
(CSR) and simultaneous source shooting (blended). The capabilities and
geological problems that can be solved by each of the above methods are
considered separately, as well as in the case of their complex application.

The factual basis of the conducted research was made up of a wide range of
scientific publications, including the experimental results of the application of
these methods.

The method of CSA is based on the principle of compressive sensing (CS),
allows to carry out seismic survey with irregular indexing (arrangement of
receiver and shot points) and is applicable to any geometry and design of survey.
The fundamental concept behind CS is non-uniformly sampling the seismic data
to let normally coherent aliased energy become incoherently sampled while
maintaining the coherent sampling of seismic signal.

The method of reconstructing seismic data from insufficiently selected or
missing traces is based on the extension to POCS (Projection Onto Convex Sets)
interpolation method. The main idea of this approach differs significantly from
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many previous interpolation methods, since it considers the reconstruction of
seismic data as a task of obtaining high-resolution images in «computer vision»
and directly indicates the hidden relationship between incomplete and complete
seismic data, even with irregular indexing, according to a number of specific
criteria and algorithms. Thus, compressive reconstruction of seismic data helps
to convert incomplete input seismic data into complete ones.

With the simultaneous source shooting method several sources of seismic
energy located at various shot points get triggered one after another within few
seconds allowing to save enormous time resources by eliminating the wait time
between source recordings.

All three methods described in this paper standout due to their focus on
optimizing the production of field seismic surveys and improving image quality
even with a smaller number of receiver stations for elastic vibrations and
overlaying signal from various source points. Given the significant advantages
of these methods, they can be considered as next generation reflection seismic
technologies for operational effectiveness and high-resolution seismic recording.

Key words: seismic acquisition, compressive sensing, compressive
reconstruction, simultaneous source shooting, deblending.

K.C. Karpenos!", A.E. Aderos', 7K. Menr?, T. Jl:kaur?

'K.H. CorbaeB arbinaarbl Ka3ak YITTBIK TEXHHKAIBIK 3€PTTEY YHUBEPCHUTETI,
Anmarel, Kazakcran;
In-Depth Geophysical, Inc, Xsrocton, AKIII;
’In-Depth Compressive, Inc, Xprocton, AKII.
E-mail: zhanibekk@gmail.com

KOMIPECCHSIJIBIK 30H/TAY, BIP ME3T'UIJIE TIPKEY KOHE
CEMCMUKAJBIK JEPEKTEPII KOMITPECCHUSIJIBIK KAJIBIHA
KEJITIPYAIH HETT3IHETT CEHCMHUKAJIBIK BAPTAYIBIH
KA3IPTT OICTEPI

AnHoTamus. Jlananblk celcMHKAIBIK jka3bamap keOiHece IepeKTepiiH
OonMaybIHa OalIaHBICTBI TOJIBIK eMec. JKeTiCIEHTIH CeCMUKAIIBIK JAepeKTep/Ii
KAJIIIBIHA KEJTIPY CEHCMHUKAIBIK IEPEKTEPl OHICY KOHE TYCIHIIPY YIIIiH KaXeT.
byn moceneniH THiMIl mIemIiMi peTiHIE Makajaga ChIFBIMIAY CEHCMHUKAIIBIK
xuHarbiHa (CSA), ceirbiMaay celicMukanblK KaiTa Kypyra (CSR) sxone Oip
yakpiTTa Ko31i Ttycipyre (blended) Heri3menreH WIarbLIbICy CEHCMHUKACHIH
KUHAY JKOHE OHJIEY SJicTepl KapacThipbliaabl. JKorapblaa aTairaH oiCTep/iH
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OpKaWChIChl WIelIe ajaThblH MYMKIHIIKTEp MEH TIeOJOTMsUIBIK Mpobiemarnap
OeJek, COH/Iali-aK oJap/abl KeIIeH 1 KOJIaHy KaFaalbIHa KapacThIPbUIAIbI.

3epTTeyaiH HAKThl HETi3iH FBUIBIMH >KAPUSUTAHBIMAAPABIH KEH CIEKTpI,
COHBIH IIIIHJAE OChl 9AICTEepAl KOJAAHYIABIH SKCIEPUMEHTTIK HOTIKEIepl
kypaael. CSA omici kommpeccusiblK 30HATaY (CS) MpUHIUITIHE HETi3[eTeH,
ceificMuKasblK Oapiayibl Aypblc €MeC HHAEKCTEYMEH JKYPri3yre MyMKIHAIK
Oepeni (KaObUIIAFBIIITHIH JKOHE TYCIPY HYKTEJEpiHIH OpHAJIacybl) JKOHE Ke3
KeJIreH TEeOMETPHsl MEH TyCipy KOHCTPYKIMsChIHA KosgaHbuiagsl. CS-TiH
HET13T1 TYXKBIPbIM/IaMachl CEHCMUKAIIBIK CUTHAJIJIBIH KOT€PEHTT] YITICIH caKTal
OTBIPBIII, 9JIETTE KOTEPEHTTI ICEBAOHUM/IIK SHEPTHSHBI TEPEPEHTTI eMeC YriHi
aJlyFa MYMKIHJIK OepeTiH CeHCMUKaIbIK MIJIMETTepAiH OIpKeIKi eMec YIricl
00JIBII TaOBLIABI.

XKetkinikci3 TaHJalFaH HEMece JKOK Tpaccaiap OOMbIHIIA CeCMUKaIbIK
JIepeKTepAl KaJmblHA KeNTIpy ofici KEHEWTy WHTEPHOALUACH OJliCiHe
nHeriznenren POCS (menec >xubiHmapra IIpoekuwms). Byn Ttocinnmin Herisri
UAEACHl AJJBIHFB MHTEPIONSLIUSHBIH KONTETeH OIICTepiHeH aWTapibIKTai
epeKIleieHell, OUTKeHI O CeHCMUKaJIbIK JepeKTepll KajlblHa KeJITIpy.l
“KOMITBIOTEPIIIK KOpY’’ K€31H]I€ )KOFaphl aXKbIPaThIMIbUIBIKTAFbl KECKIHIAEPII Ty
MIHZETI PeTiH/AE KapacThIpalbl kKOHE TOJIBIK €MeC CEHCMMKAIBIK MAIIMETTEp
apachIHIAFbl JKaChIPbIH KaTbIHACTBI, TINTI TYPaKTbl eMeC MHJEKCTeYy Ke3iHJe
OipkaTap HAaKTbl KpUTepuilliep MeH anroputmuep kepcereni. Ocbuiaiiiia,
CeMCMUKaJIBIK IEPEKTEP/Ii CHIFbUIFaH KalTa KYpy TOJIBIK eMeC Kipic CeHCMHUKAIIBIK
JIepEKTEeP/l TOIBIK AEPEKTEPTe alfHAIIBIPYFa KOMEKTECEI.

Ke3ni 61p yakbITTa TYCIpY 97ICIMEH op TYPJIi TYCIpY HYKTEJIEpiH 1€ OpHAIACKaH
OipHelIe CelCMHKAIBIK SHEPTHUs Ko37epl OipHele CeKyH I iiHae OipiHeH COH
0ipi iICKe KOCBIIA I, OYJI OacTamKhl jka30aiap apachlHIAFbl KYTY YaKbITBIH KOO
apKbUIbI YJIKEH YaKbIT pecypcTapblH YHEMACHII.

Ocpl Makanajga cHUMaTTadFaH OapiblK YII OIC JalaliblK CEHCMHUKAIbBIK
Oapiay eHIIpiCiH OHTaWIaHIBIPyFa YKOHE CEepIiMJi TepOeicTep MEH KO3JiH
OpTYpIIl HYKTENEPIHeH CHTHAI Oepy YIIiH KaObuilay CTaHIUsIaphl a3 OoJFaH
Ke3Jle i€ KeCKIH calachlH KakcapTyra OarbiTTanFaH. Ocbl 9NICTEPIIH eleyil
APTHIKIIBUTBIKTAPBIH €CKEPE OTHIPHIN, OJIAPABI OTICPAMSIIBIK THIMILTIKTI KOHE
AKOFapbl AKbIPAThIMJIBUIBIKTAFbl CEHCMUKAIIBIK a30aHbl KAMTaMachl3 €Ty YILiH
Keneci OybIHAAFbl CeHCMUKAIBIK Oapliay/IblH AFbUIBICY TEXHOJIOTHICHI PeTiH/Ie
KapacThIpyFa 00JaIbl.

Tyiiin ce3mep: celicMUKAIBIK Oapiay, KOMIIPECCHUSUTBIK 30HATAY, KOMIIPEC-
CHUSUIBIK KaliTa Kypy, Ke3/11 0ip yakpITTa TYCipy, CYWbUITY.
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COBPEMEHHBIE METO/Ibl CEICMOPA3BEJIKH HA OCHOBE
KOMIIPECCUOHHOI'O 30H/IMPOBAHUSI, OJHOBPEMEHHO
PETMCTPALIMM 1 KOMIIPECCHOHHO# PEKOHCTPYKIIAU
TAHHBIX CEICMOPA3BEIKHT

AnHoTauus. [ToneBrle celficMUUECKHEe 3alMCU YacTO OBIBAIOT HEMOJHBIMU
13-32 OTCYTCTBHsI HEKOTOPBIX JaHHBIX. BoccTaHOBIEHUE MPOMYIIEHHBIX Ceic-
MHYECKHMX JTaHHBIX HEOOXOIUMO AJisi 00pabOTKU U MHTEpIpeTaluu celicMuyue-
CKUX JIaHHBIX. B KkauecTBe 3()eKTHBHOTO pelIeHus JaHHOM 3a7auu B CTaTbe
paccMOTpEeHbl METO/IbI CeHICMOpPa3BEIKU HA OTPAKEHHBIX BOJHAX, IIOJTy4aeMble
u o0pabaTbIBaeMble 110 KOMILIEKCY METO/IOB, COCTOSIEMY U3 KOMIIPECCUOHHON
cericmopaszBenku (Compressive Seismic Acquisition - CSA), koMIpeccCHOHHON
PEKOHCTPYKLMHU JaHHBIX cericMopasBeniku (Compressive Seismic Reconstruction
- CSR) u meTos1a OJHOBPEMEHHOW PETUCTPALIMN HECKOJIBKUX UCTOUHUKOB (ITyH-
KTOB BO30YXJeHHs). PaccMOTpeHBI BOSMOKHOCTH U PEIIaeMbIe T€0JIOTHYECKIE
3aJ]a4M KaXK10TO U3 BBIILICTIEPEUNCIEHHBIX METOIOB 10 OT/AEIBHOCTH, a TAKXKE B
Cllydae X KOMILJIEKCHOTO MTPUMEHEHHUS.

dakrorpaduyeckuii 0a3uc MPOBEJCHHBIX UCCIEIOBAHUN COCTABUIIM HIMPO-
KHUH CIIEKTP HAYYHBIX MyOIMKALMM, BKIIIOUAs SKCIIEPUMEHTAIbHbIE PE3YIbTaThl
IIPUMEHEHUS ITUX METOOB.

Metoa KOMIPECCHOHHOM CeMCMOpPa3BEeIKM OCHOBAH Ha MPUHIIMIIE KOMIIpEC-
CHOHHOTO 30HAHMPOBAaHUS, IMO3BOJSIIOT OCYIIECTBUTh CEUCMOCHEMKY C
HEpEeryJIsipHOM HMHJIEeKcanued (paccTaHOBKOW ITyHKTOB TpUeMa MW BO30yXkKie-
HUS) U IPUMEHHUMBI JUTS JTIOOOH TeOMEeTpUH M TU3aiiHa PacCTaHOBKH ITyHKTOB
npuema. OyHIaMeHTaNbHAsT KOHIETIHNS, JIe)Kalasi B OCHOBE KOMIIPECCHOHHO-
ro 30HAMPOBAHMS, 3aKJIIOYaeTCs B HEPABHOMEPHON BBIOOPKE CEMCMUYECKHX
JTAHHBIX, YTOOBI MTO3BOJIUTH OOBIYHO KOTEPEHTHOIN HAJOKEHHOM SHEPrHM CTaTh
HEKOT€pEeHTHO! BBIOOPKOM, COXpaHss TP 3TOM KOTEPEHTHYO BEIOOPKY ceficMHu-
YEeCKOIo CUTHAJIA.

MetoJ peKOHCTPYKIMHM CEHCMUYECKHUX JaHHBIX 110 HEJOCTATOYHO BBIOpaH-
HbIM WJIN OTCYTCTBYIOLIMM TpaccaMm Oa3upyercs Ha METOAE WHTEPHONIALUN
POCS. OcHoBHast uyest TaKOTO MOIX0/Ia CYIIECTBEHHO OTIMYAETCSI OT MHOTHUX
IPEIbIAYIINX METOIOB MHTEPIONIALINH, TOCKOJIBKY PaCCMAaTPUBAET PEKOHCTPYK-
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LU0 CECMHUUYECKUX NaHHBIX KaK 3a/lady IMOJNy4eHHUs H300pa’kKeHUI BBICOKOTO
paspelieHuss B «KOMIBIOTEPHOM 3PEHHMW» W HAIPSAMYK YKAa3bIBa€T Ha CKpbI-
TYIO CBSI3b M€Ky HETMOJHBIMH U MOJHBIMU CEHCMUUYECKUMU JAHHBIMU IO PSILy
crenu(puUIecKuX KpUTEpUEB U aJropuTMoB. TakuMm 00pa3om, KOMIIPECCUOHHAs
PEKOHCTPYKLHS JaHHBIX CEHCMOpa3BEeIKH MMOMOTaeT MpeoOpa3oBbIBaTh HEMOJ-
HbIE BXOJIHBIE CEICMUYECKUE IAHHBIEC B TIOJIHBIE.

B meTone onHOBpEMEHHOM PEernucTpalui CUTHala TPYIIIBI TyHKTOB BO30YkK-
JICHUs1, PACIIOJIOKEHHBIE B Pa3HBIX TOUKaX IUIOIIaA1 HAOII0ACHH, CpadaThIBaIOT
OJIMH 3a JIPyTMM B HMHTEPBAJE MEPBBIX CEKYHJ, YTO IO3BOJISIET COIKOHOMHTH
3HAUUTEIIbHBIE BPEMEHHBIE PECYPCHI 3a CYET YCTPAHECHUS BPEMEHU OKUJIAHUS
MEX/1y 3aITUChI0 TYHKTOB BO30YKIECHUSI.

Bce Tpu MeTona, OnMCaHHBIE B 3TOM CTAThe, OTIMYAKOTCS HAIIPABIEHHOCTHIO
Ha ONTHMH3AIMIO IPOU3BOJACTBA TOJEBBIX CEHCMOpA3BEJOYHBIX pPabOT H
yAy4lIeHHe KayecTBa H300pakeHUH Jake MPH HCIOJIb30BAHUM MEHBIIETO
KOJIMYECTBA PErMCTPUPYIOLINX IMyHKTOB MpUeMa yNpyrux KoneGaHuil u Hayo-
JKEHUSI CUTHAJla C Pa3HBIX MYHKTOB BO30YXICHUS. YUUTHIBAas 3HAYUTEIIHHBIC
MPEUMYIIIECTBA YKa3aHHBIX METOJOB, KX MOXKHO PACCMATPUBATh KaK TEXHOJIOT MU
CEHCMOpPa3BEIKM Ha OTPAKCHHBIX BOJIHAX CJEAYIOLIErO IOKOJEHUS M Ul
MOJTYYECHUS CECMUYECKOM 3aIIMCH BBICOKOTO pa3peIeHus.

KuroueBble cioBa: ceiicMopa3Beka, KOMIPECCHOHHAs ceilcMopa3Beika,
KOMIIPECCUOHHAsA PEKOHCTPYKIUS JAaHHBIX CEMCMOpPAa3BENKH, METOZ OJHOBpE-
MEHHOM perucTpanuend HECKOJIBKUX UCTOYHUKOB.

Introduction. The seismic acquisition is one of key geophysical surveys to
measure the earth’s properties with certain benefits that make it the most demanded
and advanced among other methods in the upstream oil and gas - it produces
detailed images of the subsurface, in cases can directly detect hydrocarbons, and
used to delineate stratigraphy. Nevertheless, modern-day exploration industry
demands even more advanced and efficient technologies to look deeper into
the subsurface and understand formations with higher complexity, in terms of
structure, stratigraphy, mineral and fluid content, saturation type, etc. There are
several key factors that impact the quality of raw seismic data including survey
design, source of energy, recording equipment and others. Present high density
seismic acquisition designs are attractive because they provide high resolution
anti-aliased seismic data which is particularly helpful for imaging and inversion.
Although such acquisition designs provide the best imaging quality, the costs
of conventional acquisition rise as trace density increase, especially when the
target object is deeper and has a complexity due to shape, structure, lithology
and reservoir properties. Furthermore, it is common that acquired field seismic
data has uneven coverage due to various surface obstacles and acquisition issues,
often due to infrastructure safety offsets, permitting limitations, landscape and
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natural challenges etc. This paper provides an overview on the modern seismic
survey methods, such as Compressive seismic acquisition (CSA), compressive
seismic reconstruction (CSR) and simultaneous source shooting (blended)
seismic acquisition.

Compressive seismic acquisition (CSA). The review of various modern
seismic survey methods and their comparison to conventional methods revealed
a competitive advantage of the Compressive seismic acquisition (CSA) design.
This method is based on compressive sensing (CS) theory which is mathematically
proven to diminish the acquisition of unnecessary information and reconstruct the
under-sampled data with a high degree of accuracy (Candgs et al., 2006; Donoho,
2006). The basic principle of CS is to sample the wavefield irregularly so that the
spatial aliasing patterns are rendered incoherent and faded, which allows inversion
solvers to predict the coherent signal. Figure 1 illustrates how significantly the
amount of receiver and source stations can be reduced from the survey design
when CSA approach is applied. Noticeably this approach increases the overall
seismic productivity, as less equipment will be deployed in the field, while
providing full set of traces for interpretation after special processing is applied.

Acquire this in the field ) Figure 1. Basic illustration of Compressive seismic
i acquisition (CSA) to increase the overall seismic
productivity by non-uniformly sampling the earth

Apply
processing

ssssssssee

sssseses
smsssscssssse
sssssee

sssse
[TT]
Isssee

Product to interpret

B - Source location (red)
® - Receiver location (blue)

Compressive Seismic (CS) is a relatively new approach to seismic data
acquisitions first introduced by Hennenfent and Herrmann (Hennenfent and
Herrmann, 2008). It was somewhat known at a theoretical level before, but
applying it in real life surveys was problematic. Large-scale seismic surveys
with compressive sensing (CS) have been made affordable recently due to the
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optimizations in CS algorithms and increasing computation power needed for
seismic signal processing (Mosher, 2014; Li, 2013).

As mentioned above, the fundamental concept behind CS is to non-uniformly
sample the seismic data to let normally coherent aliased energy become
incoherently sampled while maintaining the coherent sampling of seismic signal.
For example, CS technology provides the ability to acquire the same fold for
significantly less equipment and costs or more fold on the same bin size using
the same costs and equipment.

There was a test of Compressive Sensing undertaken on a recent explosive-
source based 3D seismic survey to evaluate the technology and its ability to
save costs and/or increase resolution (Jiang, 2018). Two scenarios assessed:
economically efficient “cost” option with reduced number of traces and
conventional regularly gridded “base” option. Basically, to test the genuineness
of the CSA design a noteworthy amount of receiver and source stations were
intentionally removed and later reconstructed during pre-processing with CSR.

Figure 2 is an example of the before and after reconstruction of “cost” shots
and comparison with “base”. In figures 2a and 2b, the left shot had missing
receivers, and the right shot a whole missing shot. The difference plot (Figure
2d) indicates that “cost” CS-R is comparable to “base” case, with most reflection
energy preserved and incoherent noise attenuated. In other words, the primary
signal of interest was not negatively impacted due to reduction of receiver and
shot points, but even improved due to less background noise.

As per conclusion of this field study the reconstructed trace does not exactly
recreate the acquired field data; rather it recreates the most coherent signal but
cannot recreate the incoherent components such as background noise that occurs
during a survey. This causes some noticeable variations between real data and
reconstructed data.

It is observed that compressive seismic acquisition (CSA) can considerably
reduce time and costs when combined with seismic de-blending and especially
compressive seismic reconstruction (CSR).

Figure 2a. Shots of “cost” survey: the
left shot has missing receivers, and
the right shot shows a whole missing
shot
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== Figure 2b. Shots of “cost” survey
after applying CS-R: missing
receivers in the left shot were
reconstructed, and a whole missing
shot was reconstructed in the right
shot

Figure 2c. Shots of “base” survey
using conventional design, i.e. not
applying CS and not skipping source/
receiver stations

bl

Figure 2d. Shots difference of “base’
survey (Fig.2c) and “cost” survey
CS-R (Fig.2b). (Seismic Data

Courtesy of TGS)

Compressive seismic reconstruction (CSR). In the past few years, the
economic drivers and rapidly growing data volumes increased the value of
compressive seismic (CS) method in the oil and gas industry. Several field
trials and full-scale production acquisitions utilizing CS technology have been
conducted by oil companies (Mosher, 2014; Li, 2013). An essential portion of
CS process requires a reconstruction step to recreate the missing trace data in the
input data volume.

129



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

By utilizing the coherency of seismic signals in sparseness promoting domains,
seismic records compressed to lower than Nyquist rate can be recovered near
perfectly with sparse inversion (Duarte, 2005; Donoho, 2006). Many methods
have been studied extensively, such as sparse inversion (Candes, 2008) for Basis
Pursuit De-Noise problem (BPDN), Minimum Weighted Norm Interpolation
(MWNI) (Liu, 2004), Anti-Leakage Fourier Transform (ALFT) (Xu, 2010), and
Projection Onto Convex Sets (POCS) (Stasinski, 2000 and 2002; Abma, 2006).
Each CSR method has its own advantages and drawbacks: sparse inversion is
not easy to set up the parameters and converges slowly. MWNI tends to produce
linear artifacts if not set up carefully. ALFT’s performance can degrade for data
with sampling showing limited irregularity. POCS requires input on regular
grids where data is jittered under-sampled (Hennenfent, 2008; Mosher, 2012).

An extension to POCS method which was discussed in details in 2017,
enables to avoid its main problem and make it possible to be used for CSA in
production. This extension to POCS (EPOCS) by incorporating an interpolator
is proposed to fundamentally expand its capability to do compressive seismic
reconstruction in production from arbitrarily irregular under-sampled input. The
proposed CSR-EPOCS is free from a predefined nominal grid and capable of
reconstructing input data to any given grids. Jiang (2017) provides 2D examples
representing its superior signal-to-noise ratio and amplitude conserving capability
compared to traditional POCS. Also, the real 3D land data examples demonstrate
its effectiveness and potential to improve shallow image under acquisition gaps.
For instance, the above field trial example (Figure 2b) used CSR workflow with
Extended-POCS as the reconstruction method. Another CS processing tests were
run on blended vibroseis data from a recent very high-density wide azimuth land
seismic survey from Oman and proved its credibility (Jiang et al, 2019). For
example, it is observed that CS reconstruction reduces aliasing of ground roll
noise and facilitates its removal, and the comparison of the final migrated stacks
shows that the CSR image is generally comparable to Full data image, even
though the CSR data set had just 25% of the trace density of the Full data set.

Figure 3 shows CSR example for a 3D land data using the CSR-EPOCS method.
At the time slices raw data has random missing data across the whole area with
acquisition gaps. To compare, the sparse Tau-P based interpolation which is data
regularization algorithm combining a sparse T — p inversion scheme with low-
rank optimization was tested. The sparse Tau-P improves the image, but there are
obvious acquisition footprints and noise. The CSR-EPOCS, with or without anti-
alias FK mask, provides a much better reconstruction. It has higher signal to noise
ratio, less footprints from irregular data and clearer geological structures. The
inline cross-section close to the acquisition gaps show under-migrated diffractions,
especially at the near surface. CSR makes the events more continuous, reduces
diffraction noise from the missing traces, and recovers the amplitude.
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It is worth to mention that this CSR with extended POCS (CSR-EPOCS)
method expands the usability of POCS and can be used with any chosen transform
and thresholding model.

Time slice at 0.63s

Inline x-section

Figure 3. Land data example of reconstruction with different methods. From left to right, the
first row are the time slices (0.63s) of one common offset gather (1500ft) for (a) raw data, (b)
sparse Tau-P, (¢c) CSR, and (d) CSR with anti-alias FK mask, respectively; and the second row
are one inline of stack images near holes for (e) raw data, (f) sparse Tau-P, (g) CSR, and (h)
CSR with anti-alias FK mask, respectively

Simultaneous source shooting acquisition. Among variety of approaches
aimed to optimize seismic acquisition and improve the imaging capabilities
the simultaneous source shooting (or blended) seismic acquisition stands out;
especially as computing resources advance and the need for economic efficiency
increase. Many studies and tests have been done for independent simultaneous
source seismic acquisition, which is a type of high-efficiency survey with multiple
sources recording in parallel. Essentially, several sources of seismic energy
located at various shot points get triggered one after another with few seconds
delay. This approach can save enormous time resources, and consequently bring
cost efficiency by eliminating wait time between source recordings. Since there
will be several source signals overlapping each other the deblending process,
in other words removing blending interference from other sources, needs to be
done before processing and imaging. In combination with CS acquisition and CS
reconstruction methods the blended seismic acquisition can be considered as the
most applicable one for high-efficiency seismic surveys.

Through the last fifteen years the blended acquisition concept was actively
developing and maturing. There are many papers dedicated to this technology.
For example, Delphi consortium started to formularize the inversion problem
from blended acquisition in matrix format (Berkhout, 2008), which was studied
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and tested in details later (Mahdad, 2011); BP pioneered the advancement and
commercialization of the deblending inversion by a series of field trials (Abma
and Yan, 2009; Alexander et al., 2013; Zhang et al., 2013; Abma, 2014, 2015).
The deblending methods can be viewed from two sides: one treats the blending
interference as noise and uses a denoise method, and the other treats the blending
interference as signal from another source, and then uses an inversion method.

Figures 4 and 5 show an example of blended shot from the case-study survey
in the deep-water Argentina Basin (Jiang, 2021). The B1 and C1 indicate direct
arrivals from the first and the following shot accordingly, while B2 and C2
correspond to water bottom reflections (Figure 4).

2000

1400

Figure 4. Sample shot gather with successive shots self-blending. The traces start at time
zero of the current shot, with a length of 15sec and 2ms sampling rate. The marked events are:
A2: previous shot water bottom; B1: current shot direct arrival; B2: current shot water bottom;

C1: next shot direct arrival; C2: next shot water bottom; N1: swell noise; N2: cable strike
noise; N3: trace edge noise (Jiang, 2021)

132



ISSN 2224-5278 4.2022

(a) original shot (b) deblended shot (c) shot deblend residual
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(d) original receiver (e) deblended receiver (f) receiver deblend residual

Figure 5. Results and QC for the deblending of the 2D marine dataset with self-blending. All
the plots show the whole length of 15sec. (a)(b)(c) are the input/deblend/residual for shot
domain; (d)(e)(f) are the input/deblend/residual for receiver domain (Jiang, 2021)

Examples shown above are from a deblending study of a common marine 2D
survey with single-source self-interference. Author states that this survey was
challenging to work with because of the low dimensionality, spliced shots with
time error and edge artifact, and no special shot time schedule. Even with such
data the inversion-based deblending with EPOCS kernel showed to be effective
in solving this problem and produced a satisfactory result.

Discussion. It is well known that seismic image quality greatly depends
on survey design, source and receiver parameters, signal-to-noise level and
data processing flow. In search of efficient high-density seismic acquisition
methods to study deep-lying and complex structured oil and gas formations this
paper reviews and demonstrates the Compressive Sensing (CS) concept and
simultaneous source recording method as an optimal solution. Given that CS
approach supports irregular grid and flexible in dealing with “no permit” zones,
there could be any type of 3D design, from orthogonal to random, implemented.

It worth to mention that Compressive seismic acquisition and processing
getting a vast amount of attention in the seismic industry and are often regarded
as the next generation for cost-effectiveness.
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Conclusions. The combination of Compressive seismic acquisition (CSA)
along with Compressive seismic reconstruction with extended POCS (CSR-
EPOCS) and blended seismic acquisition method can be considered as an
optimal combination for seismic acquisition design. These were tested at various
field trials, separately and in combination, and proved to be an accurate and fast
algorithm suitable for industry-scale data processing.

In general, seismic survey takes a huge portion in exploration and field
development for oil and gas industry, therefore the benefit of above methods to
cut cost (with less equipment required, blended sources and faster acquisitions)
and increase resolution makes them even more admired, and impacts the business
decision in new seismic acquisitions.
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