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SEISMIC COHERENCE MEASURE IN PRESENCE OF RESIDUAL
TRACE-TO-TRACE TIME DELAY VARIATIONS

B pa60Te IIOCJIE COIIOCTAaBHUTCIBHOI'O aHAJIN3a MEPbl KOTCPECHTHOCTHU U HPGHHOHaFaGMOfI MOICIIN
CEMCMHMYECKON 3alucHu MMPEIAJIOKCH HOBBIN MCTOA OLCHKHN KOTI'CPCHTHOCTH. MCTOJ_'[ obecrneynBaer
60J'II)IHYIO YYBCTBUTCJIIBHOCTH KOTCPECHTHOCTU B IPUCYTCTBHUU OCTATOYHBIX BPEMCHHBIX CABUI'OB I10-
CJIC y4CfTa JIOKAJIbHOI'O HAKJIOHA B OKHC aHalin3a. On ocHOBaH Ha Ooliee peaHHCTHqHOﬁ MoAa€CIn
ceCMHUYECKOU 3aIMcCHu, KOTOpass AJOITYCKACT IPOM3BOJIbBHBIC BapHallUW aMIUIMTYAbl CUT'HAJIa, JUC-
NepCun NMOMEXHU U OCTATOYHBIX BPECMCHHBIX CIABHUIOB. HoBrrit METO anp061/1p0BaH Ha TCOPCTUYC-
CKHX U PCaJIbHbIX NaHHBIX.

B po6oTi micist mopiBHIOBAJIBHOI'O aHaNI3y MipH KOT€pEHTHOCTI Ta nependadyBaHoi MoJieli cei-
CMIYHOI'O 3alIMCYy 3alpOIIOHOBAHO HOBUM METOJI OLIHKM KOT€PEHTHOCTI. MeToa 3abe3neuye OuIbILy
YYTIUBICTh KOTEPEHTHOCT] y MPUCYTHOCTI 3aJIMIIKOBUX YaCOBUX 3CYBIB MiCJsl BPaXyBaHHS JOKaJb-
HOTO HaXWJy y BIKHI aHai3y. BiH rpyHTyeTbCsl Ha OUIBII peaTiCTUYHIN MOJEN CEHCMIYHOTO 3aIu-
Cy, sIKa IOMyCKae JOBUIbHI Bapiallii aMIUIITyId CUTHAIY, AUCTIepCii 3aBaii Ta 3aIUIIKOBUX YACOBUX
3cyBiB. HoBiil MeTo anpoOoBaHO HA TEOPETUYHUX Ta PEATIbHUX JaHUX.

In the paper after analyzing the relation of coherence to the supposed mathematical model of
seismic data, a new method is presented. It makes coherence more sensitive to the presence of re-
sidual time delay fluctuations of the signal after removal of its average local dip in the analysis
window. The method is based on a more realistic data model that permits arbitrary trace-to-trace
variations in signal amplitude, signal time delay and noise variance. The novel method is tested and
compared with conventional approaches on synthetic and field data sets.

Introduction. Analysis of seismic attributes is a key element in interpretation of
reflection data for various geoscience applications. Attributes used for qualitative and
quantitative characterization of wavefields and the objects they represent are increas-
ingly growing in number and variety as advanced computing facilities allow ever
more rapid computation and sophisticated visualization. Research in this line devel-
ops either by using new attributes or by making simultaneous use of multiple or com-
posite (hybrid) attributes combined through geostatistics or other multiattribute anal-
ysis tools. The choice of attributes depends on the target. For instance, reflector dip
and azimuth, curvature, and coherence are used to identify and image lateral for-
mation variations and stratigraphic features such as buried river channels, pinch-out,
faults and fractures, etc. The choice of attributes depends on the target. For instance,
reflector dip and azimuth, curvature, and coherence are used to identify and image
lateral formation variations and stratigraphic features such as buried river channels,
pinch-out, faults and fractures, etc.

The coherence measure was first suggested by Norbert Wiener in 1930, and
since then its theoretical background has been developed and applied to many fields
of knowledge, including seismic exploration. Coherence has been largely and suc-
cessfully used in seismic interpretation. The measure is a useful tool intended for im-
proving images of discontinuities caused by spatial variations in geology, such as
structure, stratigraphy, lithology, porosity, and the presence of hydrocarbons. Low-
coherence zones associated with small-scale faulting, fracturing, pinch-out, and bur-
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led channels result from destructive interference of reflected and diffracted waves.
For several reasons, this effect eludes attenuation by migration which, among other
purposes aims at removing diffraction. Thus, discontinuities appear as local lows of
seismic amplitude, signal-to-noise (S/N) ratio, and coherence.

Various methods have been devised to measure coherence. They utilize a normalized
crosscorrelation between adjacent traces, a multitrace semblance measure, an eigendecom-
position of the data covariance matrix, a local structural entropy, higher-order-statistics and
supertraces, dip-scanning eigenstructure analysis and supertraces, predictive painting [1-4].
In order to improve the technology, we analyzed the relation of this attribute to the supposed
mathematical model of seismic data and presented a new method for calculating coherence
[5]. It is based on a more realistic data model that permits arbitrary trace-to-trace variations
of signal amplitudes and noise variances.

In the present paper, in order to further improve this method, we generalize the data
model by introducing into consideration residual trace-to-trace signal time delay fluctua-
tions within the analysis window. We describe how these time delay fluctuations can be cal-
culated and taken into account when computing coherence. The advanced method is then
tested and compared with conventional approaches on synthetic and field data sets.

Purpose. Improvement of coherence measure by development of the modified method
which is based on more realistic model of seismic data and is included residual time-delay
correction.

Generalized data model. Most if not all of the above methods define coherence as the
ratio of the signal energy to the total energy. This implies either direct or indirect signal
evaluations and therefore requires a proper mathematical data model to be formulated. Let
the data in a sliding window wherein coherence is calculated be given as

Xik = &iSk_r, + My, 1)

where &, 7 (i=1, .., M)and S (k =1, ..., N) are, respectively, the trace-
dependent amplitudes, the residual (after removal an average local dip) trace-to-trace
variations of time delays and the trace-independent waveform of a signal; M and N
are, respectively, the number of traces and the number of samples per trace in the
window; N; is additive noise. The signal is thus assumed to have an identical wave-
form on each trace, with arbitrary trace-dependent amplitudes and residual time de-

lays. Also, we suppose that N;, is independent of the signal and between channels
stationary Gaussian random noise with a zero mean and identical to within a scale

factor, the variance Giz, autocorrelations on different traces. The presence of coherent
noise is thus neglected because it is supposed to be pre-subtracted.

Dependence of seismic coherence definition on a prespecified data model. Let us start
with the conventional case when the signal time delay variations t; are neglected.

Depending on the model assumptions, various methods for computing coherence may
be appropriate. Consider some of them (Table 1).

If both &; and Giz are trace independent, the best (in a least-squares sense) approxi-
mation of the signal is the mean of traces, which entails the coherence measure known as
semblance [1].
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If all @; are permitted to vary in an arbitrary manner across the traces, which is more

geologically meaningful, provided that all Giz are trace independent, this entails the eigen-
structure-based coherence measure [2].
In order to improve the coherence measures still further, we introduced a more realis-

tic data model that permitted arbitrary trace-to-trace variations of both @; and Giz. The cor-

responding method was called generalized (Table 1) and successfully tested on synthetic
and field data sets [5,6].

Table 1
Dependence of seismic coherence definition on a prespecified data model
Signal Signal time | Noise variance Method
amplitude delay
constant constant constant Semblance
(Marfurt et al., 1998)
variable constant constant Eigenstructure-based
(Gersztenkorn and Marfurt, 1999)
variable constant variable Generalized
(Tyapkin and Mendrii, 2012)
variable variable variable Further generalized
(in the present paper)

Figure 1 borrowed from [2] compares horizontal slices through coherency cubes generated
by two algorithms (semblance and eigenstructure-based) for a salt dome in the Gulf of Mex-
ico. Sediments around the stock are heavily faulted and fractured. The image of the features

obtained using a more complex record model and, correspondingly, eigenstructure-based
method instead of semblance-based method, is of a superior quality in terms of noise and
resolution. Therefore, it is reasonable to make the record model for coherence computation
more sophisticated and realistic.

Theory and method. Since deviations from local planar behavior can be crucial in un-
raveling complex fault patterns, improving interpretations, and delineating reservoir extent
[1,2], it is beneficial to progress to the more general case when the signal time delay varia-

tions (i) are considered. To optimally estimate the unknown vectors a=(ay, ..., &y )",

T= (rl, vy Ty )T and S = (Sl, cey SN )T of equation (1) from the data X, where T denotes
transposition, we adopt the theoretical basis from Tyapkin [7]. He presents statistically and
deterministically regularized iterative solutions to the problem. The first of them, which
takes into account statistical information about the sought-for quantities, is a maximum a
posteriori probability estimate. Since a, = and s are supposed independent random variables,
this solution satisfies the criterion

max {P(X|as)P(a)P(x)P(s); 2)

a,r,s
where P(X|a,t,s) is the likelihood function, whereas P(a),P(t) and P(s) are density
functions of @, T and s, respectively.
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Fig. 1. Horizontal slices through seismic (a) and respective coherence cubes calculated by
semblance (b) and eigenstructure-based (c) algorithms borrowed from [2]

It is, however, more convenient for us to use the deterministically regularized solu-
tion. It is a maximum likelihood estimator that introduces a priori information about
a, T and s via the technique of convex projections.

Once a,T and s, have been calculated, any coherence measure from Table 1 can be
further improved. This can be done via introducing an additional factor that accounts for the

presence of the time delays ;. For this purpose, we make use of the ratio of the signal en-
ergy after out-of-phase summation ( t; # 0) to that after in-phase summation (t; =0):

S acosonel s asmonc)/ . @

where ®, is the most energetic frequency. Note this |mpI|es that the signal is of nar-
row band.
For semblance, which implies that a; are trace independent, expression (3)

turns into
M‘z{[Zcoswr] [Zsm(or]}. (4)

Hereafter, these coherence measures are referred to as modified. Note that when

the additional factor equals unity, i.e. T; are neglected, the modified attributes turn
into conventional ones.

Synthetic data experiments. To demonstrate the merits of the new method, one of the
simplest coherence measures, semblance, is chosen for comparing with its modified ana-
logue. In the first experiment, the results of which are shown in Figure 2, we create a syn-
thetic seismic image of 31 traces and a 1 ms sampling rate. The signal waveform is chosen
identical for all the traces and modeled as a zero-mean stochastic process convolved with a
20 Hz Ricker wavelet. The signal is aligned all over the image except for the central 10
traces delayed in time in a saw-like manner (x 7 ms) (Fig. 2a). For simplicity, no random
noise is added to the signal. In this test, a sliding window of M =5 and N = 100 is used.
Figure 2b shows that modified semblance reacts much more intensely and abruptly to the
presence of the anomalous interval than conventional semblance does.
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Fig. 2. Synthetic seismic image Fig. 3. Depth-velocity model
(a)and comparison between semblance with a color velocity scale in km/s at
and modified semblance determined the bottom(a), depthmigrated image
from this image (b) (b), and comparison between sem-

blance and modified semblance deter-
mined from this image (c)

The merits of the modified coherence measure are also demonstrated in Figure 3 on a
synthetic data set obtained using 2-D finite-difference modeling software of Tesseral Tech-
nology Inc. We run the software with the depth-velocity model shown in Figure 3a. This
model consists of horizontal layers with random velocities evenly distributed between 3.9
and 4.1 km/s. Also, one can see three vertical zones mimicking fracture corridors of height 1
km, width 50 m and velocity 3.7 km/s. After depth migration, the image from Figure 3b was
obtained. To derive semblance and modified semblance shown in Figure 3c, a sliding win-
dow of M =5 and N = 100 centered at the image middle is used. Both types of coherence
demonstrate three intervals of relatively low values, which coincide reasonably well with
the low-velocity vertical zones in Figure 3a. However, as well as in the previous test, the
response of modified semblance to the presence of the anomalous zones is much more in-
tense and abrupt than that of conventional semblance.

Field data experiment. The new (further generalized) method was compared with its
precursor (Table 1) on 3-D seismic data from the Krasnolimanska coalfield in the Donets
Basin. Both coherence cubes were derived with pre-compensation for reflector dip. Figures
4a and 4b present portions of stratigraphic slices through both cubes at the level of the I3
coal seam, currently the most productive seam of the Krasnolimanska coalmine. This mine
is among the most dangerous in Ukraine due to methane concentrations which can lead to
explosions. On May 23, 2008, a disaster caused by a methane explosion happened when
mining the Iz coal seam. The location of this fatal accident, marked with a star, coincides
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with a NW-SE trending zone of low-coherence lineations. This zone can be associated with
a set of subtle strike-slip faults parallel to the zone trend and show in Figure 4. This strike-
slip faulting can be considered a concentrator of fractures, which are possible Riedel shears,
containing methane. One of such fracture swarms is encountered in the mine just at the ac-
cident point. A careful review of both coherence slices shows that en echelon structure of
discontinuities, most pronounced on the curvature slice (Fig. 4d), is highlighted and more
easily recognized after using the modified coherence measure. The explanation lies in this
attribute being ‘strengthened’ by accounting for residual time delay variations (Fig. 4c). In-
teresting anomalies highlighted by the modified attribute are seen at the upper right corner.
This feature is worthy of further investigation.

Conclusions. We have presented a new method for improving seismic coherence
measures that makes them more sensitive to the presence of residual time delay fluctuations
of the signal after removal of its average dip in the analysis window. The method is based
on a more realistic mathematical model of seismic data that permits arbitrary trace-to-trace
variations in signal amplitude, signal time delay and noise variance. The new method has
been tested on synthetic and field data sets.
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Fig. 4. Stratigraphic slices through cubes of coherence (a), modified coherence (b),
factor that accounts for time delay variations (c) and curvature (d) at the level of the I3
coalseam in the Krasnolimanska coalfield. The last slice depicts most negative curva-
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tures in black and most positive curvatures in grey. Subtle strike-slip faults outlined
after mining and drilling are shown as lines
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OCOBEHHOCTH 1 3BAKOHOMEPHOCTHU UBSMEHEHUA
BOCCTAHOBJIEHOCTH YI'JIEA BAIIKUPCKOI'O SIPYCA 3AIIAJTHOI'O
JOHBACCA

B cratbe mpuBeseHa aeranpHas neTporpadudeckas XapakKTepUCTHKA Yriied OalKupcKoro spyca
3anagnoro Jlonbacca. [IpoBeneHa kinaccudukaiys mo BOCCTAHOBIEHOCTH B COOTBETCTBUU C TETPO-
rpadM4eCKUMHU TUIIAMU. Y CTAHOBJICHBI CTpaTUrpadUUecKue U IJIOUIaJHbIC 3aKOHOMEPHOCTH H3Me-
HEHUS CTETIEHU BOCCTAHOBJIEHOCTH

VY cTarTi HaBe/ieHa JAeTanbHa neTporpadidyHa xapakTepucTHUKa BYrLIs OAIKUPCHKOTO sipycy 3a-
xigHoro Jlonbacy. IlpoBenena knacudikailis BiTHOBICHOCTI, 3TiHO 3 MeTporpadiyHUMUA THITAMH.
Bcranosieni ctpaturpadiddi Ta MpocTOpOBi 3aKOHOMIPHOCTI 3MiHHU CTYIIEHIO BiTHOBJICHOCTI.

The article gives detailed petrographic characteristics of coal of Bashkirian formation of Western
Donbas. The classifications for recovery in accordance with petrographic types are given. The strat-
igraphic and areal patterns of change in the degree of recovery are established.

Bcerymiienune. B YkpaunHe 3anacbl BBICOKOKQYECTBEHHOT'O YIJIS HA OTHOCHUTEINb-
HO HE3HAUYUTENIbHBIX IIYOMHAX MpakTH4eckHu ucyeprnanbl. K orpaboTke mocreneHHo
OyayT NpUBIIEKAIOTCA MOJS MaxT ¢ Oosee HU3KOCOPTHBIM YyriieM. Bo3MOXHOCTH
paciupeHus ChIpbeBOi 0a3bl YKpauHbI BO3MOXKHO 3a CYET BBOJAA B AKCILTyaTalUIO
yriist JIo30BCKOro paioHa.

Ha cerogusmnumii neHp, NpuUOOpeTaeT aKkTyalbHOE 3HAUE€HHE BCECTOPOHHEE
KOMIUIEKCHOE U3Y4YE€HHE U CUCTEMHOE 00OOIICHHE MOKa3aTeseil cocTaBa U KauecTBa
yrist JI030BCKOro paiioHa, yCTAaHOBJIIEHHE MX M'€HETHYECKUX OCOOEHHOCTEH, ompene-
JIEHUs CTpaTUrpapuuecKuX U JIaTepalibHbIX 3aKOHOMEPHOCTEW MX MU3MEHEHUs, C I0-
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