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Abstract. Seismic prospecting for oil and gas exploration and development is limited by seismic data resolution. Improving
the accuracy of quantitative interpretation of seismic data in thin layers, thereby identifying effective reservoirs and deline-
ating favorable areas, can be a key factor for successful exploration and development. Historically, the limit of seismic
resolution is usually assumed to be about 1/4 wavelength of the dominant frequency of the data in the formation of interest.
Constrained seismic reflectivity inversion can resolve thinner layers than this assumed limit. This leads to a series of high-
resolution quantitative interpretation methods and techniques have been developed. Case studies in carbonates, clastic,
and unconventional reservoirs indicate that the application of quantitative interpretation techniques such as high-resolution
seismic frequency and phase attribute analysis can resolve and allow/or allow quantitative estimation of rock and fluid
properties in such seismically thin layers. Band recovery using high resolution seismic processing technology can greatly
improve the ability to recognize geological details such as thin layers, faults, and karst caves. Multiscale fault detection
technology can effectively detect small-scale faults in addition to more readily recognized large-scale faults. Based on
traditional seismic amplitude information, high-resolution spectral decomposition and phase decomposition technology ex-
pands seismic attribute analysis to the frequency and phase dimensions, boosting the interpretable geological information
content of the seismic data including subsurface geological characteristics and hydrocarbon potential and thereby improv-
ing the reliability of seismic interpretation. These technologies, based on high-resolution quantitative interpretation tech-
niques, make the identification of effective reservoirs more efficient and accurate.
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Pe3rome. Ceiicmmyeckue uccneaoBaHus Ans passeiky u paspaboTku MecTopoXAeHWUI He(hTH U ra3a orpaHUYEHbl paspe-
LatLLern cnocobHOCTLI0 CENCMUYECKMX AaHHbIX. B AaHHOM criyyae knoyeBbiM (pakTOpOM YCMeELLHON pasBeaku 1 paspa-
BOTKM MECTOPOXAEHUN MOXET CTaTb MOBLILIEHNE TOYHOCTU KOMMYECTBEHHOW MHTEPMPETALMM CENCMUYECKUX AaHHbIX B
MasoMOLLHbIX NacTax, No3BonstLLee BbiBUTb 3 EKTUBHBLIE pe3epByapbl M 0603Ha4YMThL BnaronpusTHble yyactku. Mc-
TOPUYECKU CIIOXKUNOCH Tak, YTO Npeaen CecMMYEcKOro paspeLLeHnst 0BbIYHO CHMTaeTCsl paBHbIM NMPUMEPHO 1/4 AnuHbI
BOJHbI JOMVHUPYHIOLLEN YaCcTOTbl AaHHbIX B MHTepecytowem nnacte. C NOMOLLbI OrpaHNYeHHON UHBEPCUI CENCMUYECKON
oTpaxaTenbHol cnocoGHOCTU MOXHO pacno3HaTb 6oree TOHKME Cou, YeM 3TOT MpeAnonaraemMblii npegen, 4to NpuBeso
K pa3paboTke psiaa METOAO0B U NPMEMOB BbICOKOpa3peLlatoLlen KONMMYeCTBEHHOW UHTepnpeTaumn. MNpeameTHble uccne-
[10BaHUs1 kapboHaTHbIX, 06NIOMOYHBIX M HETPAAMLIMOHHBIX 3aNeXeln NOKa3biBaoT, YTO NPUMEHEHUE METOA0B KONNYECTBEH-
HOW MHTepnpeTaLum, Takux Kak CEeMCMNYECKMIA BbICOKOPa3peLLaoLLMA YaCTOTHLIM aHanu3 1 aHanus gasoBbix aTpubyToB,
NO3BOMNSET Pacno3HaTh M pa3peLlnTb KONMMYECTBEHHYHO OLEHKY CBOMCTB FOpHbIX NOPOA U (OrioUA0B B TaKUX CEMCMUYECKM
TOHKMX cnosix. BocctaHoBneHwe gnanas3oHa 4acToT C MCMOMNb30BaHMEM TEXHOMOTMKM BbICOKOpa3speLuatLein obpaboTku
CENCMUYECKMX AaHHBIX MOXET 3HAa4YUTENbHO YY4LIUTL CNOCOBHOCTL pacno3HaBaHUA TakUX reosiormyecknx Aetanen, kak
TOHKME CMOM, Pa3noMbl U KapCTOBbIE MeLLepbl. TeXHONOrMs MHoromacwTabHoro o6HapyeHus pa3noMoB MOXeT adhdek-
TWBHO BbISIBNSATb MENKKUE Pas3noMbl Hapsay ¢ bonee nerko pacno3HaBaeMbiMW KpynHoMacLITabHbIMK pa3pbiBaMu. TexHo-
NOTVS BbICOKOPa3peLLatoLLEro CNEKTPanbHOrO PasnoXeHUs n ha3oBoro pasnoxeHus, OCHOBaHHAs Ha TPaaWLMOHHON UH-
chopmaLmm 0 CENCMUYECKOI aMNNUTYAE, PacLUMPSIET CeNCMMUYECKMA aTpUBYTHBLIN aHanu3 4o pasmepa 4YactoTbl U dasbl,
YeM paclUMpsieT COAEPXKaHNE MHTEPNPETUPYEMON reonormieckon MHopMaLmm 0 CEMCMUYECKNX JaHHbIX, BKIOYas reo-
NorNyeckne XxapakTepucTuKM U NOTEHLMAnN yrneBogOPOLOB, U TEM CamMbiM MOBLILIAET HAAEXHOCTb CENCMUYECKON MHTEP-
npeTaumn. 3T TEXHONOTMK, OCHOBaHHbIE HA METOAAX KONMYECTBEHHON MHTEPNPETALMM C BbICOKUM paspeLleHneMm, nos-
BonstoT 6onee aheKTMBHO 1 TOUHO OBHapPYXMBaTb NPOSYKTUBHbLIE KOMNEKTOPbI.

Knroyesnie cnosa: BbICOKOpa3pellawLlee cencmmyeckoe CneKkTpanbHOE pa3fioXeHune, ¢Ja3OBOG pa3nioxeHne, BoccTa-
HaBlnBatwLllee gmana3oH 4YacToT yCuUIieHNe BbICOKOro pa3peLueHuns, MHOromacLtabHoe 06Hapy>|<eHV|e pasnomoB

bnazodapHocmu: Pepkonnerns GnarogapuT pepakumio xypHana Earth Science Frontiers 3a npepocTtaBneHue
maTtepuana B pamkax CorfalleHust Mexay pefakumsimu VpkyTCcKoro HaumMoHanbHoro UCCneaoBaTenbCckoro TEXHUYECKOTO
yHuBepcuteTa (r. Upkytck, Poccns) n Kutanckoro yHmBepcuTeTa reonorndeckux Hayk (r. MekvH, Kutan) o6 obmeHe
Hay4HbIMU CTaTbSAMU OTKPLITOrO AOCTYyNa.
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C. 324-344. https://doi.org/10.21285/2686-9993-2022-45-4-324-344.

Introduction

Quantitative seismic interpretation utilizes
the characteristics of reflected seismic waves to
infer geological features and rock/fluid properties
of subsurface strata [1-3]. In the field of petro-
leum exploration and development, two issues
are particularly important: first, the resolution of
seismic data does not always meet exploration
and development needs; second, the incomplete-
ness and complexity of information in seismic sig-
nals lead to a strong ambiguity of scales of geo-
logical interpretation based on seismic attributes.

Resolution of seismic data. As exploration
and development of petroleum fields and basins
mature and has entered the stage of detailed and
refined exploration and development, especially
after the oil and gas fields have entered the mid-
dle and late stages of development, the require-
ments for the vertical identification, delineation
and exploitation of stratigraphic units are increas-
ing, the need to make geological inferences
for seismically thin reservoirs or flow units (indi-
vidual sand formations, reefs, highly permeable

carbonate formations, etc.) has increased. Many
individual sand formations around 10 m or even
thinner in China have become the main reservoir
interval for development. However, due to the 1/4
wavelength limitation of conventional seismic
data it is typical to be able to resolves only layers
of several tens of meters, which may not meet the
requirements of oil and gas field production.

There are two commons to improve the verti-
cal resolution of seismic data: one is to perform
high-resolution acquisition using equipment and
geometries to maximize high frequency signal,
and the other is to digitally process the seismic
data in such a way as to maximize the breadth of
the spectral bandwidth. High-resolution seismic
acquisition not only increases the cost and time
greatly, but also suffers from physical limitations
that may prevent the acquisition of the required
frequency content. Therefore, the development
of theories and methods to improve the resolution
processing of conventional seismic data has be-
come a subject of research among geophysicists
[4, 5].
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A variety of methods to improve seismic res-
olution have been, including various processing
of seismic signals and compensation of high-fre-
quency signals using well data [e.qg., 6]. However,
there is an obvious problem with all these meth-
ods at present, namely the fidelity of the pro-
cessing results. Does the extra reflected wave af-
ter processing have a geological meaning? Does
it correspond to the wave impedance contrast of
the stratum interface? Are the vertical and lateral
variations of seismic reflections a true indication
of the stratigraphy? If the processing results in
distortion of the seismic signal, it will not only not
help geological research, but also lead to wrong
interpretation and judgment, and reduce the suc-
cess rate of drilling. Therefore, how to improve
the resolution with high fidelity and thus truly en-
hance the thin layer identification is the biggest
challenge to improve seismic resolution pro-
cessing technology.

In a blocky earth impedance structure, the
simple assumption of sparsity of reflection coeffi-
cient pairs at layer boundaries can be used to ex-
tend the seismic bandwidth and improve seismic
resolution [4, 5] based on the characteristics of
the reflection coefficient spectrum of stratigraphic
reflection coefficient pairs with periodic oscilla-
tions in the frequency domain. When the assump-
tion of a sparse number of layers realistically cap-
tures the true reflectivity series, this can signifi-
cantly improve the resolution of seismic data with
good fidelity, and has been verified in numerous
oil and gas production applications [e.g., 4, 5, 7].

Non-uniqueness of seismic reflection wave
properties. Even with perfect noise-free data, an
infinite number of earth models can result in the
same band-limited reflection seismogram. The
use of various attributes of seismic reflection
waves to study the geological characteristics of
subsurface reservoirs has been the main content
of geological research in oil and gas fields. How-
ever, the complexity of the subsurface geological
situation leads to numerous factors affecting the
seismic attributes, and the seismic data acquisi-
tion and processing also affect the attributes of
seismic reflection waves, so there are indeed
many solutions to the inversion problem and un-
certainty of inverted impedance has been a great
factor limiting the work of predicting reservoir
characteristics using seismic attribute parameters,

Hayku o 3emne n Heppononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

especially below seismic tuning. It is the goal of
many geophysicists to mine seismic attributes
from seismic reflection waves that are less poly
synthetic and more closely and directly related to
the geological characteristics of reservoirs, to
carry out more in-depth, specific and accurate
prediction of subsurface oil reservoirs. Practical
applications show that increasing the dimension-
ality of seismic attributes is a very effective
method. Ultimately, prior information is required
to constrain the possible solutions, and how this
information is employed has a great influence on
the resolution of the inversion result. As dis-
cussed in [5, 7], there are a few common means
of employing a priori information (1) using a start-
ing earth impedance model, (2) assuming a
sparse number of reflection-coefficients, and (3)
qualifying the inversion objective function in
terms of deviation from prior assumptions such
as rock physics relationships etc. Method (1) nec-
essarily biases the inversion result greatly to-
wards pre-conceived

Seismic reflections have three basic attrib-
utes: amplitude, frequency, and phase. Spectral
decomposition provides the time-localized fre-
quency dependence of amplitude and phase. If
we decompose the seismic reflection waves ac-
cording to different frequencies or phases, ana-
lyze the distribution characteristics and differ-
ences of reflection energy (amplitude) at different
frequencies or phases, and find out the “charac-
teristic frequency” or “characteristic phase”, it is
possible to reduce the multiplicity of seismic prop-
erties. This reduction can result in improved vis-
ualization of geological features.

The research and prediction of reservoir prop-
erties through the distribution characteristics and
rules of seismic wave propagation in the fre-
quency and phase domains increases the dimen-
sionality of the analysis of seismic attributes. This
does not increase the information content of the
seismic data, but rather subsets it in different
ways, to make specific information more appar-
ent and interpretable.

To analyze the reflected energy of seismic re-
flection waves in different “domains” (frequency
or phase domains) from a multidimensional per-
spective, and to identify the characteristic fre-
quencies or phases of different geological units,
special algorithms are needed to decompose the
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seismic reflection wave signals with high resolu-
tion and high fidelity, so that the information con-
tained in the original seismic signals can be re-
vealed. Constrained-least squares spectral anal-
ysis [8] and subsequent phase decomposition [9]
makes the multidimensional information content
more interpretable in terms of rock and fluid char-
acteristics.

Technical approach

Spectrum recovery technology to improve
resolution. Conventional understanding of seis-
mic resolution is largely based on the Widess
model [10] and deconvolution theory based on
the Fourier convolution theorem. Over 60 years
ago, Widess [10] calculated synthetic seismo-
grams for a thinning wedge layer with exactly
equal and opposite reflection coefficients en-
cased in two-half spaces. Generalizations from
this model are unfortunately highly misleading, as
it is a unique case where the even part of the re-
flectivity series is exactly zero. Forthe more gen-
eral case of a non-zero even part, as the layer
thins, the even part becomes more significant
while the odd part tends to cancel. According to
the Widess model, below 1/8" of a wavelength
(A), for all practical purposes, only the amplitude
of the composite waveform changes with thick-
ness following a tuning curve, but the peak/trough
time separation, and therefore the dominant fre-
quency of the reflection is almost invariant. More
specifically, the dominant frequency for a Widess
thin-layer approaches that of the derivative of the
seismic wavelet as thickness goes to zero. This
means that it is impossible to determine whether
an amplitude change of a thin layer well below
tuning is due to a time-thickness change for the
layer or a change in layerimpedance. Ininversion
for a thin layer with exactly equal and opposite

Density 1, Velocity 1

Density 2, Velocity 2

Density 3, Velocity 3
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reflection coefficients, layer thickness and imped-
ance will trade off and in the presence of even a
small amount of noise inversion will be unstable.
Many conventional inversion algorithms thus are
designed to not even attempt to invert for very
thin layers. Again, as a practical matter, in the
presence of noise, and as side-lobe interference
effects may further confuse the signal, the actual
limit of seismic resolution is often considered to
be A/4 3, 10].

But Tirado [3] in 2004, modeling a more real-
istic wedge model derived from a sonic log, found
that, contrary to the Widess model, the dominant
frequency decreased systematically as the layer
thickness thinned below A/8; when the layer thick-
ness is less than a certain thickness (tuning fre-
quency turning point), the main frequency starts
to decrease and coincides with the main fre-
quency of the wavelet (rather than the derivative
of the main frequency of the wavelet) at a layer
thickness of 0. This conclusion is just the oppo-
site of Widess's predicted conclusion for thin lay-
ers.

Puryear and Castagna [4] argued that in prac-
tice, the reflection coefficients at the upper and
lower stratigraphic interfaces are not typically the
same as in the Widess model, but more of a lam-
inar distribution with different impedance of the
upper and lower media, which can be decom-
posed into an “odd” reflection coefficient pair and
an “even” reflection coefficient pair (Fig. 1). The
Widess model is a special, which means that the
resolution limit of the Widess model is not limited
as long as the “even” reflection coefficient pair is
not zero. As the variation in dominant frequency
is a continuous quantity, this means that layer
thicknesses that are even smaller than the sam-
pling interval of the seismic signal can theoreti-
cally be predicted.

Fig. 1. Strata model and its reflectivity (modified after [4])
Puc. 1. Modenb nnacmoe u ee ompaxameJsibHasi cClocCO6HOCMb (CO2/1aCHO UCMOYHUKY [4] ¢ u3meHeHuUsIMU)
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According to odd/even analysis, the variation
characteristics of peak amplitude and frequency
of odd and even reflection coefficient pairs with
layer thickness are represented separately (Fig.
2). The total reflection response is a combination
of odd and even responses. Note that below A/8,
for this particular case there is a 5 Hz change in
peak frequency at thickness for which the Widess
model (odd part) suggests that the waveform fre-
quency will not change appreciably. As an even
reflection coefficient pair is, by definition, zero-
phase, one can see that if there is any even part
to the reflectivity series, the thin layer response
should go to zero phase as the thickness ap-
proaches zero, rather than 90° phase as pre-
dicted by the Widess model.

The spectral recovery resolution enhance-
ment technique uses reflection coefficient pairs,
rather than a single reflection-coefficients, to rep-
resent stratigraphic units, which can achieve im-
proved detail identification and lateral stability.
Sparse-spike inversion finds the reflection coeffi-
cient series that minimizes the sum of the reflec-
tion coefficient magnitudes while also reproduc-
ing the data. This has the effect of minimizing the
time thickness of odd reflection coefficient pairs,
as the smallest pair will occur at the greatest layer
thickness. Parameterizing the inversion differ-
ently [e.g., 7] one can minimize, for example, the
number of reflection coefficient pairs summing
to form the reflectivity series. We refer to this
approach as sparse layer inversion. Note that
with this approach, there is no built-in bias
against thin layers in the inversion objective func-
tion. Unlike traditional sparse spike inversion,
sparse layer inversion uses the sparsity of layers

Hayku o 3emne n Heppononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)
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as a constraint, unlike sparse spike inversion
which is sensitive only to thick strata and ignores
thin layers. According to the generalized reflec-
tion coefficient model, both the odd and even
parts of a stratigraphic reflection coefficient de-
composition can be considered as a pair of re-
flection coefficients (spikes) of equal magnitude
at top and base of a layer. When sinusoidal of dif-
ferent frequencies and such a pair of spikes are
convolved, some frequencies constructively in-
terfere while others destructively interfere, and
periodic peaks and troughs appear in the fre-
quency domain (Fig. 3). The periodicity in the fre-
quency domain (quefrency) is only related to the
thickness of the reflection coefficient pair. Based
on the fact that the distance between the peak
and the trough on the frequency spectrum is a
deterministic function of the thickness of the for-
mation, a new algorithm for reflection coefficient
inversion in the frequency domain using a sum-
mation of constant periodic values can be de-
rived. The coefficients of the real part of the com-
plex spectrum are exactly equal to the even part
of the generic reflection coefficient model, and
the coefficients of the imaginary part are equal to
the odd part of the reflection coefficient model.
Using this property, a simultaneous coupling of
the odd and even parts of the thin-layer reflection
record can be optimally fitted to obtain the thin-
layer thickness and the odd and even reflection
coefficients. For the multilayer case, a matrix
equation system consisting of several sequences
of thin-layer even part, odd part, and thickness is
formed, and the spectrum of the stratigraphic re-
flection coefficients can be obtained by inversion
solution of the simultaneous search-and-fit [5, 7, 8].
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Fig. 2. Peak frequency and peak amplitude vs. thickness variation (modified after [4])
Puc. 2. 3asucumocmb nukoeoli Yacmombl U MUKOEOoL aMniaumy0dbl 0m usMeHeHUsi MoUUHbI
(coznacHo ucmoyHuky [4] ¢ usameHeHuUsIMu)
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Fig. 3. Schema of band recovery high resolution processing (modified after [5])
Puc. 3. Cxema ebicokopa3peuiarowieli 06pabomku eoccmaHoeJsieHus1 duana3oHa yacmom
(coaznacHo ucmo4Huky [5] ¢ usmeHeHusIMU)

Traditional spectral analysis based on the
Fourier Transform suffers loss of temporal and
frequency resolution due to windowing the data.
In essence, the Fourier Transform yields the
spectrum of the windowed data. Similarly, reso-
lution of Wavelet Transform spectral analysis is
controlled by the resolution of the analyzing
wavelets and suffers from the Heisenberg Uncer-
tainty Principle which states that the product of
temporal and frequency resolution for any given
wavelet dictionary is a constant; one must always
pay the price of reduced resolution in one do-
main, when attempting to increase resolution in
the other domain. A sparse wavelet approach can
be applied to the problem of spectral decomposi-
tion and improve frequency resolution without de-
grading time resolution [6]. The result is an esti-
mate of the spectrum of the data within the win-
dow, rather than the spectrum of the windowed
data. This provides high-resolution spectral de-
composition which improves sparse-layer inver-
sion and thus spectrum recovery; recovering and
using the high-frequency information of the data
from the original seismic data, thereby making an
overcoming the defects of the Fourier transform,
so that the seismic resolution after sparse-layer
inversion breaks through the seismic resolution of
the traditional Widess model. Unlike deconvolu-
tion, which at any frequency boosts the noise the
same amount as the signal at the frequency, this
approach benefits from the S/N ratio of the main
band of the seismic data, and thereby boosts the
signal more than the noise on the spectral tail at
high frequency. The seismic resolution can reach

1/8 to 1/16 of the original seismic signal wave-
length [4]. Its resolution, fidelity and reliability are
significantly advanced and improved compared
with the previous techniques, and it has unique
advantages for the interpretation and identifica-
tion of thin reservoirs.

High resolution spectrum decomposition
technology. Due to the sensitivity of amplitude
variation with frequency, different geological ob-
jects have different response characteristics in
different frequency bands. More detail, more def-
inite, and more localized reflection attributes and
identification can be obtained in different fre-
quency bands. Therefore, through spectrum de-
composition, the frequencies that best convey the
information of interest can be preferentially se-
lected, and the characteristics of reservoirs can
be interpreted and studied more clearly and ac-
curately. In the past two decades, the spectrum
decomposition technique has been widely used
in fine geological interpretation, however, tradi-
tional seismic spectrum decomposition has lim-
ited resolution in either the time or frequency do-
mains [3, 8], and the temporal resolution and fre-
quency resolution cannot be maximized at the
same time, so a method optimized for seismic in-
terpretation purposes is needed.

This spectral decomposition technique is im-
plemented by the constrained least squares com-
plex spectral decomposition (CLSSA) method [8].
Compared to other methods (Fig. 4), the CLSSA
method is a high-resolution spectral decomposi-
tion method with high temporal and frequency
resolution at the same time. Performed as an
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Fig. 4. CLSSA (Constrained Least Squares Complex Spectral Decomposition), STFT (Short-time Fourier Transform)
and CWT (Continuous Wavelet Transform) spectral decomposition of a seismic trace (modified after [8])
Puc. 4. CnekmpanbHoe pa3ssnoxeHue celicMuveckoll mpaccbl CLSSA (komnneKkcHoe criekmpasibHoe pa3sioxeHue
MemodoM HauMeHbWUX Kkeadpamoe ¢ oepaHuyeHusimu), STFT (kpamkoepeMmeHHoOe npeobpa3osaHue Pypbe)

u CWT (HenpepbieHoe eelisiem-npeobpasoeaHue) (coaaacHO UCMOYHUKY [8] ¢ u3MeHeHusIMu)

inversion process, it is possible to fit the broad-
band output results to the input data as a super-
position of wavelet dictionary atoms. This pro-
cess uses temporally and spatially varying wave-
lets, which is important for large data sets with
spatial wavelet variations, so that the output
spectrum is stable (in a statistical sense) in time
and space.

Spectral decomposition using the least
squares method (CLSSA) has unique ad-
vantages. For a given time window, it reduces the
temporal and spectral smoothing effect of the
window in contrast to the discrete Fourier trans-
form. The reduced spectral smoothing ensures
better identification of the reflection spectral prop-
erties within the short-time window. The temporal
resolution is equal to the resolution of the data,
rather than that of the window. The degree of fre-
quency resolution improvement of the CLSSA
method relative to the short-time Fourier trans-
form increases with the reduction of the time win-
dow length. In addition, the CLSSA method sub-
stantially improves the temporal resolution, espe-
cially at low frequencies, compared to the contin-
uous wavelet transform which utilizes long low-
frequency wavelets. Therefore, the least-squares
method for spectral decomposition is superior to
both the short-time Fourier transform and the
continuous subwave transform.

The CLSSA output has the temporal resolu-
tion of the seismic data itself, without being lim-
ited by the temporal resolution of the window or
the analyzed wavelets, while maintaining the nec-
essary frequency resolution. This technique ena-
bles a variety of previously unattainable applica-
tion ideas, including finer stratigraphic and struc-
tural imaging, detection and quantification of frac-
tures and faults, expansion of the bandwidth of
seismic data, and more accurate reservoir predic-
tion or direct detection of hydrocarbons.

Phase decomposition technique. Phase de-
composition [9] is a new and unique application.
Seismic impedance anomalies caused by pore
fluids as well as lithological variations are often
difficult to observe using conventional seismic
profiles as they are masked by other lithological
impedance variations unrelated to hydrocarbons
or reservoir rock. However, impedance variations
in seismically thin layers can result in more dis-
tinctive amplitude variations in the different phase
components of the seismic response. By decom-
posing the seismic traces into different phase
components while suppressing the unwanted
phase components, subtle features can some-
times be more clearly identified. For example, a
weak seismic reflection amplitude anomaly re-
sponse caused by hydrocarbon changes, lithol-
ogy changes, or sedimentary unit changes may
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show significant amplitude on a desired phase
component. Using this technique, a completely
different but more accurate map of the extent of
the thin reservoir and its location can sometimes
be generated.

Different from the instantaneous phase attrib-
ute which conveys no reflection strength infor-
mation and phase rotation which does not
change the amplitude envelope of events, seis-
mic phase decomposition is a new technique to
study subsurface geological targets by expand-
ing seismic trace amplitudes in the phase domain
on the basis of high-resolution time-frequency
analysis to obtain the energy distribution of seis-
mic reflections related to phase only, and then
analyze the energy changes in the phase domain
for different geological features and differences in
lithology and physical properties.

By spectral decomposition, seismic trace am-
plitude can be decomposed into a three-dimen-
sional function of amplitude versus frequency and
phase. A seismic trace is a one-dimensional func-
tion of amplitude with time S(f). The amplitude
spectrum is a two-dimensional function A(f, f) of
amplitude with time and frequency, and the phase
spectrum is a two-dimensional function 6(f, t) of
phase with time and frequency. If we form the am-
plitude spectrum and phase spectrum as a func-
tion A(f, f)*cos[8(f, t)], then the two-dimensional
function representing the reflection amplitude
as a function of phase and time can be obtained

Seisiiic chavaal Amplitude spectrum

800
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by the following equation:

$'(6,6) = [ A(f, )cosO(f, D)df.
where f1 and f are the start and cutoff frequen-
cies of a selected frequency band. We refer to
this function as the phase channel set. Any de-
sired phase component in the specified fre-
quency band is extracted by the following equa-
tion:
S'(6) = J,*5'(0,6) d8,

where 61 and 62 are the onset and cutoff phases
of the phase interval. In this way, the seismic re-
flection homogeneous axis with specific spectral
characteristics can be suppressed or enhanced.
The process of decomposing seismic traces into
a two-dimensional function of amplitude with time
and phase is called phase decomposition (Fig. 5).

The change in amplitude for a specific phase
with time is called the phase component. Itis pos-
sible to amplify the seismic reflection energy
changes caused by small impedance changes in
strata below the tuned thickness, making specific
geological features more easily detectable. Any
pair of reflection coefficients can be expressed as
a sum of the odd and even components [3, 11,
12]. Even-component reflection coefficients have
the same magnitude and sign, and odd-compo-
nent reflection coefficients have the same magni-
tude and opposite sign [3, 12]. In an isolated thin
layer, the change in impedance changes the odd
component of the reflectivity and thus the phase

Phase gathers
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Fig. 5. Schema of phase decomposition of a seismic trace
Puc. 5. Cxema ¢ha308020 pa3noxeHus celicMu4eckoli mpaccbl
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of the local reflectivity, while the even component
remains almost constant. When the phase of
seismic data is filtered according to the above
method, the odd component of the phase may ex-
hibit a stronger apparent amplitude anomaly at
the location of the original amplitude. In particular,
in the case of low-impedance thin-layered gas-
bearing sandstones (bright spots), the amplitude
anomalies corresponding to the gas saturation will
appear in the -90° phase component if the seismic
wavelet is zero phase. Therefore, the reconstruc-
tion of specific phase bands of the superimposed
data can be used as a means of hydrocarbon de-
tection or physical prediction of seismic thin layers.

As an example, Figure 6, a shows the top and
bottom interface reflection coefficient pairs of a
formation without oil and gas, and the seismic re-
sponse, with 0° and -90° phase components. Fig-
ure 6, b shows that the top and bottom interface
reflection coefficient pairs of the formation are
slightly changed after containing oil and gas, with
the top interface reflection coefficient becoming
smaller and the bottom interface reflection
coefficient becoming larger. However, because
the impedance difference is small, the seismic

Wave impedance Reflection coefficient Seismic channel

Hayku o 3emne n Heppononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

o

response is almost the same as that without oil
and gas. After the phase decomposition, it can be
found that the seismic response of the 0° phase
component is almost the same as that of the for-
mation without oil and gas; while the seismic re-
sponse of the -90° phase component is signifi-
cantly amplified.

When the seismic impedance anomalies
caused by pore fluid and lithological changes are
not obvious, the energy distribution on different
phase components may be significantly different.
The phase decomposition technique originally
decomposes each seismic trace into different
phase components, and by analyzing the seismic
reflection energy on different phase components,
some subtle anomalous responses caused by
pore fluid (containing oil and gas) changes and
lithology changes can possibly be identified. The
phase decomposition technique can decompose
and reconstruct the seismic traces to extract the
most sensitive part of the seismic signal for oil
and gas response, so that the weak anomalies
caused by reservoir physical changes or oil and
gas-bearing can be more apparent and improve
the accuracy of oil and gas prediction.

0° phasecomponent -90° phase component

100 100 100 100 100
20 120 120 120 120
z 40 140 - 140 140 140
a E 60 2 160 p— 160 160 160
.80} sandstone 180 180 180 180
200 200 200 200 200
6000 7000 8000 01 O 01 -5 0 5 5 0 5 - 0 1
Wave impedance g/cc*m/s  Amplitude (db) Amplitude (db) Amplitude (db) Amplitude (db)
Original model
100 100 100 100 100
20 120 120 120 120
Z 40 140 140 140 140
':g 60 i 160 : 160 160 160
b 80} GasSand 180 180 180 180
200 200 200 200 200
6000 7000 8000 01 O 01 5 0 5 5 0 5 -1 0 1

Wave impedance g/fcc*m/s  Amplitude (db) Amplitude (db) Amplitude (db) Amplitude (db)

Disturbance model
(Small change in impedance)
Fig. 6. Schema of phase decomposition of a seismic trace:
a — original model, b — disturbance model
Puc. 6. Cxema ¢ha308020 pa3soxeHus celicMu4yeckoli mpaccbi:
a — ucxoOHasi modesib, b — Modesib OMKIOHEeHUU
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Multi-scale fault detection (FaultDetect) tech-
nology. The accurate interpretation of fault sys-
tems, especially the identification and interpreta-
tion of complex fault systems, hidden faults and
small faults, etc., has been a difficult problem in
geological studies of oil and gas reservoirs. Cur-
rently, fault detection techniques commonly use
geometric attributes such as coherence, dip, azi-
muth and curvature [13-17]. Since the coherence
technique was proposed, it has been a hot topic
in interpretation techniques and has been very
helpful for fault interpretation [18-20].

However, these common fault detection
techniques are used to determine the distribution
of the spatial continuity of seismic attributes by
calculating the similarity of adjacent seismic
traces. The calculation results are all affected by
the calculation time window and dominant fre-
quency of the seismic data, which makes the cal-
culated fault location deviate from the actual fault
location in the plane, resulting in the detected
fault location being somewhat erroneous on a
time slice.

Large-scale faults with large fault displace-
ment can be identified using conventional tech-
niques such as coherence and curvature attrib-
utes on conventional seismic data, but high-angle
faults or tiny faults with insignificant displacement
are difficult to be accurately identified and de-
scribed on conventional seismic profiles [21, 23].
New fault detection and processing techniques
are needed to accurately identify the location of
breakpoints of tiny faults, so that the spatial con-
tinuity and extension of the section can be dis-
played more clearly and accurately.

In the frequency domain, the seismic re-
sponse of different geological features in the sub-
surface has the most obvious response at differ-
ent characteristic frequencies. It is the trend of
seismic exploration technology development to
extend the traditional seismic imaging and inter-
pretation work in the time domain to the fre-
quency domain.

Similar to the principle of focused imaging,
there are significant differences in the accuracy
and clarity of different scales of faults reflected in
different frequency bands of seismic signals [23-
27]. In imaging and interpreting the temporal
thickness and geological discontinuities of 3D
seismic data, the corresponding most sensitive

2022;45(4):324-344

attributes of seismic response imaging in different
frequency bands can be analyzed in the fre-
quency domain by high-resolution time-fre-
quency analysis, and the faults can be finely im-
aged by the changes of seismic information in dif-
ferent frequency bands. The seismic phase dis-
continuity caused by the vertical displacement of
a fault is most obvious when the seismic record
time change from traces on either side of the fault
is equal to a half-period of the dominant fre-
quency of the seismic data. As a corollary, the
phase discontinuity caused by a fault of any
throw, is maximized at the spectral decomposi-
tion frequency corresponding to a vertical dis-
placement in seismic record time of a half-period
of that frequency. In this way, high resolution
spectral and phase decomposition can be used
to find the frequency at which maximum phase
and amplitude discontinuity will occur for any
fault. Various seismic discontinuity measures as
a function of frequency can be thus combined to
form an optimized discontinuity attribute.

Specific implementation process: First, the
3D seismic data set is decomposed into a high-
resolution time-localized complex spectrum to
generate a series of single-frequency data sets,
and the amplitude and phase data sets of the cor-
responding multiple frequencies are obtained.
Then, edge enhancement is performed on the
amplitude and phase data sets of different fre-
quencies, and the fault detection attribute data
sets reflecting different scales are obtained by
identifying various preferred discontinuity attrib-
utes such as waveform, amplitude and phase at
different frequencies. These data are then com-
bined using adaptive principal component analy-
sis to form the final comprehensive fault detection
attribute. This is readily followed by automatic
fault tracking and identification.

The frequency-domain multiscale fault detec-
tion (FaultDetect) technology has the following
features: (1) Starting from the frequency domain,
it can realize the identification of weak seismic re-
sponse discontinuities, provide more accurate
fracture information, and improve the interpreta-
bility of the fault grid system; (2) The identification
results have a very high vertical resolution, and
the fault location and fault displacement can be
accurately carved in 3D. The frequency-domain
multidimensional multiscale fault detection tech-
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nique is particularly useful for strike slip faults
with small vertical displacement, which are diffi-
cult to be recognized by human eyes. Geological
variations across the fault, however, may pro-
duce subtle seismic character changes which are
detected by this algorithm.

The biggest technical advantage of fre-
quency-domain multiscale fault detection (Fault-
Detect) technology is that it adds a variety of dis-
continuity attribute information in the frequency
domain, so that the discontinuity in seismic reflec-
tion can be reflected and described more accu-
rately and clearly. It can map the complex mul-
tiscale fault network and produces geological
meaningful vertical and lateral slices through the
3D fault attribute volume. It consequently has
higher resolution and reliability than traditional
fault identification methods such as coherence
and curvature, and is thus a true three-dimen-
sional fault detection technology. Compared with
other fault detection methods, the frequency do-
main fracture detection technique detects fault
breaks with higher accuracy and has stronger
recognition ability for shear faults, high-angle
faults and micro faults (Fig. 7).

Application examples
Application examples in the Tarim Basin. The
Tarim Basin is a hydrocarbon-rich basin with
many types of hydrocarbon reservoirs. Among
them, carbonate reservoirs are mainly of cave
and fracture types; how to accurately describe
the caved and fractured reservoir system and

FaultDetect |
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predict the hydrocarbon-bearing formations is the
key for accurate exploration and development. In
contrast, clastic reservoirs are characterized by
large changes in reservoir properties, and it is a
major challenge to conduct detail reservoir stud-
ies for oil and gas-bearing reservoirs. A number
of studies have been carried out in the Tarim Ba-
sin using the above-mentioned new techniques,
all of which have achieved good results.

The reservoir unit in the target area of marine
carbonate in Tarim Basin is dominated by the
cave system controlled by the fault and fracture
system, especially as caverns often form highly
productive oil and gas reservoirs. However, due
to the complex surface conditions, coupled with
the large burial depth of the target layer and seri-
ous absorption and attenuation, it leads to the low
original dominant frequency of the target layer of
seismic data, weak high-frequency signals, and
inconspicuous imaging of caves and small frac-
tures, resulting in certain difficulties in the accu-
rate identification and interpretation of cave sys-
tems. Therefore, it is necessary to improve the
resolution of seismic data through reliable and ef-
fective means to obtain a high-resolution seismic
dataset and improve the recognition and interpre-
tation capability of seismic data in faulted sys-
tems and karst (cave) type reservoirs.

Firstly, in response to the problems of low res-
olution of the original seismic data, unclear break-
points on the profile, and difficult interpretation of
the faults (Fig. 8, a), the resolution enhancement
processing was carried out by using the spectrum

w1 W2

Coherent body l;'r.. g w3

Fig. 7. 3D views of Faultdetect and Coherence volumes:
a — multi-scale fracture detection body 3D result map; b — coherent body fracture detection 3D result map
Puc. 7. TpexmepHbie usobpaxeHusi momoe Faultdetect u Coherence:
a — MHoeomacwmabHasi 3D-kapma pe3ynbmamoe 06HapyxeHUs pa3fioMoe mena; b — mpexmepHasi kapma
pe3ynbmamoe Ko2epeHmMHo20 0bHapyXeHuUs pa3fioMmos mena
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Fig. 8. Seismic sections before and after high resolution processing:

a — conventional seismic profile; b — seismic profile after improved resolution processing
Puc. 8. Celicmuyeckue y4acmku 0o u nocJsie ebicokopaspewarouieli o6pabomku:
a — ycrosHbIl ceticmuyeckull npogburb,; b — celicMudeckul npoghusnb nocne yayYweHHou
8bICOoKopaspewarouieli obpabomxu

recovery to improve the seismic resolution pro-
cessing technique, and the main frequency of the
processed seismic data was greatly improved,
and the bandwidth became wider. At the same
time, the fault boundary information was high-
lighted and the ability to identify faults was effec-
tively enhanced (Fig. 8, b).

Due to the low resolution of the original seis-
mic data, the imaging of the caves on the profile
is not clear and difficult to interpret the display.
After improving the resolution processing, the
main frequency of seismic data is increased and
the bandwidth becomes wider. At the same time,
the boundary of the cave is more accurately im-
aged, the recognition ability is obviously en-
hanced, and the multiphase cave is well reflected.

The oil and gas reservoir in an area of Tarim
Basin is a cave type reservoir, and the spatial dis-
tribution of the cave reservoir is mainly controlled
by faults, and the accurate identification and in-
terpretation of the fault system is the key to the
design of the exploration and development plan
of the reservoir. However, due to the multi-period
tectonic movements, the fault system is very
complex, and multiple phases and multiple sets
of faults are developed, making the accurate in-
terpretation of the fault system one of the main
challenges in the geological research of the area.

The 3D seismic data in this area have under-
gone several re-processing and interpretations,
but due to the limitations of previous research
methods, they basically can only satisfy the inter-
pretation of the main fault, and it is difficult to

meet the requirements of interpretation of small
micro-faults within the main fault and fine descrip-
tion of faults [21]. To address this problem, the
seismic data in the area were processed and sys-
tematically interpreted using frequency-domain
multiscale fault detection. Comparing the coher-
ent and frequency-domain multiscale fault detec-
tion data profiles (Fig. 9), the coherence dataset
contains some footprints and linear interference
along the layer affecting the fault identification,
while the frequency-domain multiscale fault de-
tection dataset strengthens the discontinuity of
seismic data while removing footprints and linear
interference along the layer, and the predicted
results have clear fault plans, good continuity,
and good matching relationship with the caved
reservoir.

At the same time, the multiscale fault detec-
tion with a variety of sensitive seismic attributes
in the frequency and phase domains can provide
a clearer picture of the common “fault-solution”
system in the west part. As shown in Fig. 10, the
color in the figure represents the caved reservoir,
and the black color represents the development
and distribution of different scale of faults.

Some carbonate caved type oil and gas res-
ervoir development areas have been disco-
vered in Tarim Basin, but drilled wells have found
that the oil and gas properties of different cave
bodies in the same area vary greatly, and there
are both highly productive oil and gas producing
wells and water only producing wells. How to use
seismic data to identify oil-bearing cave and
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Fig. 9. Sections of Coherence and FaultDetect:
a — coherent body profile; b — multi-scale fracture detection body profile
Puc. 9. Yyacmku e Coherence u FaultDetect:
a — yenocmHbili npoghusnis mena; b — MHoeoMacwmabHbil npoghunns mena 0515 06HapyxeHUs pa3riomMmos

Fig. 10. Slice of Faultdetect overlay on Amplltude attnbute(dellneate caves)
Puc. 10. ®pacmeHm HanoxeHus Faultdetect Ha ampubym Amplitude (0o603Ha4eHue nonocmeli)

improve the exploration success rate is one of the
main tasks of geological research on cave-type
oil and gas reservoirs.

Due to the large burial depth of caved oil and
gas reservoirs in the Tarim Basin, the seismic sig-
nal absorption and attenuation are severe, result-
ing in low original primary frequency of the target
layer of seismic data. Conventional seismic attrib-
ute analysis techniques and frequency absorp-
tion and attenuation techniques are difficult to
achieve satisfactory results. In the conventional

frequency absorption and attenuation attributes,
both oil-bearing beads and water-bearing beads
show strong absorption and attenuation charac-
teristics (Fig. 11, a, b). To address this problem,
research work on the detection of oil-bearing gas
properties in caves was conducted using the
above-mentioned phase decomposition tech-
nique. The results show that the oil- and water-
bearing caved targets can be accurately distin-
guished on the -90° phase dataset profile after
phase decomposition (Fig. 11, c).
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Fig. 11. Sections of raw seismic (top), frequency absorption decay (middle) and -90° phase component (bottom):
a — original seismic profile; b — frequency absorption attenuation profile; ¢ — -90° phase component body comparison profile
Puc. 11. Yyacmku ucxoOHbIx celicMu4eckux aHHbIX (88epxy), 3amyxaHusi 4acClmomHo20
nozsnoweHusi (8 yeHmpe) u gpazoeoli cocmasnsirouseli -90° (8Hu3y):

a — UCXO0HbIU celicMuyecKuli Mpoghusb; b — yacmomHbil npogub 3amyxaHusi Mo2oweHus;
¢ — npochburib cpasHeHuUs1 hazneo20 KoMnoHeHma mena -90°

The reservoir of the Kepingtag Formation of
the Silurian System in an area on the north slope
of the Tarim Basin is a clastic reservoir with wide
lateral variation in reservoir properties. In order to
improve the development effect and optimize the
development well deployment, the lateral varia-
tion of reservoir properties needs to be finely de-
lineated. However, due to the large burial depth
of the target layer, which is below 5,000 m on av-
erage, and the poor reservoir properties, thin
thickness of the target layer, and small difference
in wave impedance between the reservoir and
non-reservoir, coupled with the low resolution of
conventional seismic data, reliable reservoir pre-
diction cannot be performed using conventional
techniques. In response to the demand of devel-
opment and production in this area, the spectrum
recovery resolution enhancement technique was
used for processing, and the resolution of the pro-
cessed seismic data was significantly improved
(Fig. 12). The overlay before and after resolution
enhancement of seismic lines over SS9 well
shows the profile (variable density is shown be-
foreprocessing, variable area is shown after pro-
cessing, and well curve is GR), and the Paleozoic
clastic reservoir can be clearly reflected at the tar-
get layer lateral variation.

It can be seen from the seismic profiles before
and after improving the resolution of the main sur-
vey line over SS9 well: the geological features of

reservoir thickness gradually thinning laterally
are completely not reflected in the conventional
seismic data, but are more clearly reflected in the
high-resolution problem, and the seismic data
have effectively improved the vertical and lateral
resolution of the thin layer.

Fan delta identification in a North American
block. The main producing layer of a North Amer-
ican block, the P formation, is a sedimentary unit
compounded by multiple submerged fan deltas
with complex reservoir lateral variations. Previ-
ous studies have confirmed that this reservoir is
mainly a lithological reservoir controlled by litho-
logical pinchout, and the reservoir is a fan delta
sedimentary sand body. Several wells have been
drilled in the main hydrocarbon-bearing objective,
and although the wells drilled in different struc-
tural areas have similar trap conditions and have
found reservoir sands, the hydrocarbon-bearing
properties vary greatly. Some of the wells are
highly productive, while others are mainly dry, re-
sulting in a low drilling success rate. Previous re-
search work has also been done, especially res-
ervoir prediction studies using various seismic in-
version techniques, hoping to accurately identify
different reservoir units and predict the reservoir
properties of different fan bodies, but all failed to
solve the problem well.

Since different fans were formed at different
times and under different depositional environ-
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Fig. 12. Seismic sections of high-resolution processing (wiggle) overlay on raw (color)
Variable area is shown for conventional profiles, variable density is shown for profiles
after resolution enhancement processing; well log is gamma-ray
Puc. 12. CelicMuyeckue y4acmku HasioxeHust 06pabomaHHbIX C 8bICOKUM pa3peuwieHuem GaHHbIX
CuHycoudHble KoslebaHusi)) Ha Heob6pabomaHHble (4eemHbie)
lNepemeHHas nnowadb nokasaHa 07151 0bbIYHbIX Npoghuied, nepemeHHass NomHOCMb fokasaHa 0ns npogurnel
rocne yny4weHHoU 06pabomku ¢ 8bICOKUM pa3pewieHUeM; KapomaxHasi Kpueasi 0aHa 8 2amma-U3sslyyeHuu

ments, their rock components, lithological as-
semblage characteristics, monolayer thickness,
and sand-mud interstratification frequencies are
different. And the frequency attributes in the seis-
mic signal are most sensitive to this difference in
response. Therefore, we can start from the fre-
quency domain of the seismic signal to identify
and classify different fans more accurately.

On the RMS amplitude map picked up along
the top surface of the P-layer on the original full-
band seismic data (Fig. 13, a), multiple strong
amplitude zones representing sandstone devel-
opment areas can be observed. In the strong am-
plitude zones, although the amplitude intensity
varies, the overall distribution is contiguous,
which is interpreted as a reservoir distribution
feature with multiple stacked fans lateral distribu-
tion. However, this amplitude feature is difficult to
distinguish different fans, and it is impossible to
accurately identify the fans with favorable reser-
voir development and their boundaries. Using
CLSSA high-resolution spectral decomposition
technique, the original seismic data is decom-
posed into multiple single frequency datasets and
the amplitude map is extracted separately for
each single frequency. Different geological units
can be clearly identified in the RMS amplitude
maps of different single-frequency along the lay-
ers. In the 10 Hz single-frequency along-layer
RMS amplitude map (Fig. 13, b) multiple sub-
merged fans are identified separately and are

more clearly shown. Rather, on the 20 Hz and 30
Hz single-frequency along-layer RMS amplitude
maps (Fig. 13, c, d) the delta plain channel and
delta plain deposits are more clearly reflected.
This result improves a strong support for optimiz-
ing the well deployment plan and improving the
drilling success rate.

Identification of gas-bearing properties of tight
sandstone gas reservoirs in Ordos Basin. Ordos
Basin is one of the important hydrocarbon-bear-
ing basins in China, and the main reservoir is tight
sandstone, which is difficult and risky to explore
and develop. Due to the large variation of lateral
properties, uneven gas abundance, and complex
gas-water relationship, seismic data is needed to
identify and predict productive areas to reasona-
bly deploy development wells. However, due to
the high hardness of the reservoir skeleton in the
area and the weak difference in seismic response
between the gas formation and the surrounding
rocks, studies have been conducted several
times using conventional oil and gas identification
techniques, but the results are not obvious.

To accurately identify gas-productive areas,
phase decomposition was applied. As shown in
Figure 14, conventional seismic amplitudes did
not distinguish gas from wet wells (Fig. 14, a, b),
while amplitudes on the -90° phase component
clearly do so (Fig. 14, c, d). These results were
eventually verified from gas logging and actual
well test results.
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b) clssalOHz

a) Original seismic

Delta plain channel

d) clssa30Hz

Fig. 13. Slices of root-mean-square amplitude on P layer in iso-frequency volumes
Puc. 13. Cpe3bi cpedHeksadpamuyHoU aMmiumyobl Ha cjioe P 8 uzoyacmomHbix 06bemax

TWT(ms)

conventional seismic section

\Well A Well B

-90° Phase component seismic section

Well C

ater layer with high amplitude

conventional seismic section

Well C

Water layer with low amplitude

B Gaslayer

Gas water

B Veterlaver

-90° Phase componentseismic section

Fig. 14. Sections of raw seismic and -90° phase component:
a — over well A and B conventional seismic profile; b — over well C conventional seismic profile;
¢ — over well A and B -90° phase profile; d — over well C -90° phase profile
Puc. 14. Yuacmku HeobpabomaHHbIX celicMu4ecKux 0aHHbIX U ¢ha308020 KoMnoHeHma -90°:
a — ycnosHbIl celicmuyeckul Mpoghusb Mo ckeaxuHam A u B; b —ycnoeHbil celicmMuyeckuli npogusb o ckeaxuHe C;
¢ — ¢hasoenili npoghurib -90° no ckeaxuHam A u B; d — ¢basoenbiti npogpusnb -90° o ckeaxure C

Bohai Bay faulted lacustrine shale oil predic-
tion. Bohai Bay basin is a Cenozoic terrestrial
faulted lacustrine basin developed in a regional
extensional context, in which the shale oil explo-
ration and development has achieved a major
breakthrough with high and stable production
from lacustrine shale for the first time in China.

The studied area has 7 oil-rich layers, which can
be further divided into 21 small layers with a sin-
gle layer thickness of 10~30 m. Since horizontal
well development requires a more accurate un-
derstanding of each oil-rich single layer, the ex-
isting seismic data resolution is difficult to achieve
direct identification and interpretation of indivi-
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dual layers, which makes it difficult to trace the
precise desired path of horizontal wells. There-
fore, it is necessary to reasonably improve the
resolution of seismic data, clarify the lithological
sweet spot distribution, and ensure that the de-
signed horizontal section passes through the
sweet spot layer to achieve single well production
enhancement and stable production.

According to the log characteristics of the
shale oil reservoir, the sweet spot section of the
target layer is mainly characterized by low imped-
ance. The seismic data were processed with im-
proved resolution by applying the spectrum re-
covery improved resolution technique, so that
each oil-rich thin layer has a corresponding re-
flector. As shown by extracting the well-side seis-
mic traces at well Z, the impedance prediction re-
sults from improved resolution processing corre-
spond well with the logged reservoir, and the ver-
tical and lateral impedance characteristics of the
layer and the thickness variation of the individual
layers can be clearly identified (Fig. 15).

Conclusion
Throughout the history of global reservoir ex-
ploration and development, every breakthrough
and development is associated with the develop-
ment and application of new technologies. Seis-

Hayku o 3emne u Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

mic data is one of the most important foundations
in geological research of oil and gas exploration
and development, and the development and
breakthrough of seismic data processing technol-
ogy will certainly greatly improve the success of
oil and gas exploration and development.

Spectrum recovery high-resolution processing
technology has dramatically improved the ability
of seismic data to identify stratigraphic units,
making it possible to directly identify and study
individual reservoir layers. The multiscale fault
detection technology (FaultDetect) makes some
small faults and complex fault systems that are
difficult to interpret more clearly reflected, and im-
proves the reliability of structure interpretation.
Spectral decomposition and phase decomposi-
tion techniques have improved the dimensionality
of seismic attribute studies and brought new per-
spectives and means for reservoir studies and
hydrocarbon properties prediction.

From several application examples men-
tioned above, it can be seen that the application
of new technologies has further refined and ra-
tionalized the reservoir research based on seis-
mic data. Whether it is for reservoir thickness
below the tuning thickness, which cannot be iden-
tified and interpreted by conventional seismic
methods, or for the fine description of complex
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Fig. 15. Seismic sections before and after high-resolution processing
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reservoirs, as well as a variety of geological and
geophysical difficulties such as unconventional
hydrocarbon enrichment segment carving, the
use of high-resolution special processing tech-
nology and analysis from multiple dimensions of
amplitude, frequency and phase will be a very
cost-effective solution.

The quality of seismic data has a great influ-
ence on these methods, especially the signal-to-
noise ratio and fidelity of seismic data. In the cur-
rent conventional seismic processing work, some
frequency lifting methods are often used to broaden
the bandwidth of seismic data, but because these
methods often have poor fidelity, the correspond-
ence between seismic signals and subsurface

2022;45(4):324-344

geological units is changed and destroyed, which
leads to unreasonable and reliable results when
the new techniques in this paper are used for pro-
cessing. Therefore, fidelity in conventional seis-
mic processing should receive more attention.

The techniques presented in this paper have
been successfully applied in many oil and gas re-
gions around the world, and have helped to im-
prove the exploration success rate and optimize
the development plan. With the continuous devel-
opment and promotion of these and other new
technologies, it will effectively promote the oil and
gas exploration and development work in the di-
rection of more detailed, deeper and more effi-
cient progress.
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B YHuBepcutete Oknaxombl (1997 r.); 3aHMMan HeKOTOpble MHXEHEPHbIE U PYKOBOASALLME JOMKHOCTU B HECKOSIbKMX
MeXayHapoaHbIX HE(TSAHBIX KOMMaHUSX; OCHOBan komnaHuio «JliomuHa TexHonomxus» B XbtocToHe (CoeanHeHHble
WraTbl AMepukun) n komnaHuo «bugxuHr Kapn Opuentan MNetponeym Texnonogxu» B MekuHe (Kutan). Kpome Toro,
nmeet bonee yem 30-neTHMIA GoraTbii oNbIT paboTbl B 06MacTu ynpaBneHns, akcniyaTaumum, TEXHNYECKUX UCCneaoBa-
HUIA. Ero nHXeHepHble HaBblk B OCHOBHOM OTHOCATCS K 06nacTy reonorum, reousnky, yBenmyeHns Hedpteotaauu,
MHCTPYMEHTOB NS 3aKaHYMBaHWS FOPU3OHTAsIbHbIX CKBaXWH M MMApopaspbiBa nnacra.
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