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LITHOPROBE, VANCOUVER ISLAND INTERVAL VELOCITY
CASE STUDY

Istvan KESMARKY* and Zoltan HAIJNAL**

A seismic interval velocity study was carried out in the central part of Vancouver
Island Line No.l of the LITHOPROBE project. Independently of other methods, we
concentrated on amore accurate estimation ofthe ‘high velocity region’, which is probably
the most interesting part of the subduction zone.

The main point of our effort was to carry out a series of high precision stacking
velocity analyses along the line (including several neighbouring CDPs, similarly to
applying ‘vertical stacking’ prior to velocity analysis), by taking into consideration the
dips and curvatures observable on the time section. The interval velocity calculations were
based on a 2-D model containing plane and curved dipping interfaces.

Besides interval velocity calculation, the reliability (standard deviation) of the
estimates was also strictly controlled. Taking into account the arrival time uncertainties
ofthe individual traces (standard deviation of the remaining trim statics, not decomposable
into shot and receiver components), the reliability of the estimated parameters could be
calculated via the error propagation law. This theoretical model showed that in spite of
the relatively small normal moveouts, the interval velocities could be estimated with
appropriate accuracy if 50-150 neighbouring CDPs were considered simultaneously.

The model studies carried out parallely with the data processing clearly showed the
practical limits of the accuracy of the interpretation and the achievable lateral resolution.
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1. Introduction

LITHOPROBE, a multidisciplinary earth science research program, is
investigating fundamental questions concerning the structure of the litho-
sphere in Canada [CLOWES et al. 1984]. A part of the program was the
Vancouver Island Seismic Project conducted in 1980 to study the subduct-
ing oceanic plate and the overriding continental America plate. The prin-
cipal refraction and reflection lines were shot perpendicular to the
continental margin (Fig. 1).

Fig. 1. Map of offshore-onshore study area, with the major survey lines. N-A-F, ‘USGS’ and
P-P’-J’-J are refraction lines (ocean bottom seismographs were applied in the P-J” interval). Li-
nes 1-4 are onshore reflection seismic lines [CLOWES et al. 1984]

1 abra. A tengeri és szarazfoldi kutatasi tertlet térképe a fontosabb vonalakkal. Az N-A-F,
USGS és aP-P’- J’-J vonalakon refrakciés mérések torténtek (a P-J’ szakaszon dceanfenékre he-
lyezett szeizmografokkal). Az 1-4 vonalakon szarazfoldi mérések térténtek [CLOWES et al. 1984]

Puc. 1. KapTa HaseMHbIX 1 MOPCKMNX MCCNef0BaHWUA C OCHOBHbIMU npotunsamu. Mo
npopunsam N-A-F, USGS u P-P’-J%-J 6b1711 BbINOHeHbI n3MepeHuss MIB (Ha oTpeske
npocuns P-J’ - c celicMonpueMHUKaMn Ha fHe okeaHa). Mo npounsam 1- 4 BbINOSHEHbI
HaseMHble n3MepeHns [Clowes et al. 1984]
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Fig. 2. Map of Vancouver Island survey area describing onshore reflection seismic lines 1-4
[Clowes et al. 1984]

2. abra. A kutatasi teriilet Vancouver szigeti részének térképe az 1-4 szarazfoldi vonalakkal
[Crowes et al. 1984]

Puc. 2. KapTa y4yacTka uccnefoBaHuii Ha 0-Be BaHKyBep ¢ Ha3eMHbIMUW npodunamu 1-4
[Clowes et al. 1984]

To study the subduction zone, a special 30-fold VIBROSEIS* section
was recorded along Line No. lacross Vancouver Island using 10.8 km long
spread lengths (Fig. 2). Additional details of the survey procedures were
described by CLOWES [1987].

Trademark of Continental Qil Co.
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A combined interpretation of the region using the described data and
additional geophysical information was attempted by SPENCE et al. [1985].
A very high density and velocity (7.7 km/s) rock mass was placed above
the subducting plate as a consequence of a gravity high and anomalous
refraction arrival times observed along a segment of Vancouver lIsland
(Fig. 3).

West DISTANCE (km) Vancouver Island East
N-s CM. Mainland

Fig. 3. Structural cross section and regional velocity segments according to SPENCE et al. [1985]
3. 4bra. SPENCE és munkatarsai altal 1985-ben publikalt szerkezeti szelvény a feltételezett inter-
vallumsebességekkel

Puc. 3. CTPYKTYpHbIii pa3pe3, ony6/nMKoBaHHbIN CrieHCcOM ¢ coTpyaHMKamu SPENCE et al.
[1985] ¢ npegnonaraeMbIMU MOUHTEPBA/IbHbIMU CKOPOCTAMMU

The reflection portion of the data set became available to institutions
for reprocessing and interpretation. At the seismic laboratories of the
University of Saskatchewan, an interval velocity study was undertaken on
a portion of this information covering the central segment of Line 1. This
investigation concentrated on establishing a more accurate estimate of the
acoustic properties of the high velocity region.

2. Theoretical background

The main point in establishing the reliability of the estimated velocities
is quite simple. Assuming identical waveforms roughly positioned along a
nearly hyperbolic reflection arrival time curve, the arrival times of these



L1THOPROBE... 61

wavelets can be treated as random variables [AL-CHALABI 1974] due to
the effect of noise and some deterministic but unknown effects. The zero
offset arrival time tOand the stacking velocity vscan be estimated as the
parameters of a hyperbola, fitted to these random arrival times by the least
squares method. It is important to note that even the arsenal of the more
advanced and more general information theory gives almost the same result
as this simple heuristic least squares approach [KESMARKY 1985].

In the case of hyperbolic arrival times, this statistical model would
provide absolutely correct results for noise free traces. In other words this
would mean infinite resolving power and complete discrimination between
any possible velocities. In practical cases however, the possible effects of
the above mentioned ‘noise’ must be taken into consideration.

Using the data acquisition parameters (cable length, geophone and shot
spacing, coverage number, etc.) and the standard deviation of the random
arrival time shifts, the standard deviations of the resultant tOand vsparame-
ters can be calculated via the error propagation law [HAIJNAL and SERADA
1983 and KESMARKY 1985]. The results confirm the well known rule of
thumb that, in general, the reliability of the stacking velocity quickly
deteriorates for depths greater than the cable length. (The relevant formulae
can be found in the above mentioned references.)

Neglecting the non-hyperbolic components of the reflection arrival
times, the most straightforward way to improve the reliability of stacking
velocities would be the application of longer and longer cables. The
designer of the LITHOPROBE Vancouver Island survey [CLOWES 1987]
employed a cable length (10.8 km) significantly longer than the usual
lengths deployed in oil exploration. Once the data acquisition parameters
had been fixed, the only way to further improve the reliability of the
estimated velocities was to increase the signal to noise ratio by including
numerous neighbouring CDPs into the computations or in other words to
increase the quantity of input data considered. For example, a conventional
velocity spectrum calculated from a single CDP set may show uninterpret-
able results. A commonly applied practice is the vertical stacking ofagroup
of neighbouring CDP sets, prior to the velocity analysis, which means an
averaging of data along the common offset profiles. This process profo-
undly influences the reliabilities of the estimates. The noise suppression
ability of this method and the exact semblance is discussed in the Appendix.
The more stable exact semblance function has been used in the following
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investigation. Of course, these methods need special care in the case of
dipping reflections as will be discussed later.

After obtaining the estimates of the stacking velocity and its standard
deviation, the interval velocities and their standard deviations could be
calculated [KESMARKY 1985]. The estimated interval velocities are even
more sensitive to the random time shifts. In the case of thin layers the
interval velocity estimates become very unreliable and highly correlated.
Fortunately the ‘high velocity zone’ to be examined has significant dimen-
sions. It has roughly a 3000 ms interval in the time section between 4200
and 8800 ms.

Two cases for random time shifts have to be considered:

— The random time shifts have a ‘static’ nature or, in other words, for

a given trace the random shifts are the same for each horizon.
Because of these correlated shifts, the hyperbolae fitted to the
different arrivals will have the same residual NMO values. This
situation influences the estimated interval velocities in a special
way: the interval velocity errors of all layers due to this uniform
residual NMO will have the same sign. The magnitude of the
interval velocity errors will increase with depth since this ambigu-
ous residual NMO becomes larger and larger relative to the NMO
itself. There will be a positive correlation between all estimated
interval velocities.

— The case of totally random time shifts is more problematic and
generally results in much larger interval velocity errors. In this case
the random time shifts and the resultant residual NMOs are inde-
pendent for each horizon. The residual NMO ofa given horizon will
influence only the two interval velocity estimates below and above
the given interface, but a strong negative correlation will exist
between them.

An analysis was carried out to find out which extreme case outlined
previously is closer to the real situation. First, the trim statics of the upper
and lower boundary of the ‘high velocity region’ were determined. The
correlation between the trim statics of the two horizons was quite low, so
the hypothesis of the random model was accepted. If these statics were
decomposed into shot and receiver components separately, and the resul-
tant components were subtracted from the original trim statics, the residual
could be considered as representing the random time shift of the original
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reflection arrival model. The estimated standard deviation of the trim statics
was 8-10 ms (rather high) for both the upper and lower boundaries. Using
only asingle 30-fold CDP set, the standard deviation of the interval velocity
of the ‘high velocity layer’is about 205 m/s standard deviation. The vertical
stacking of more and more neighbouring CDP sets is equivalent with the
existence of fewer and fewer random time shifts due to the effect of noise
suppression. The deviation is inversely proportional to the square root of
the number of neighbouring CDP-s involved in the vertical stacking.
Consequently, the vertical stacking of 100 neighbouring CDP-s results in
ten times smaller deviations. Smaller deviations mean better resolving
power and more reliable discrimination between two different hypothetical
interval velocities.

3. Data processing

Three zones of Line No. 1 were selected for velocity analysis, shot-
points 1323-1438, 1169-1263 and 835-901. These correspond to CDP
intervals 50-250, 350-501 and 919-1040 with widths of 8955, 6750 and
3600 meters respectively (Fig. 4).

The velocity analysis using the semblance function (Appendix) was
carried out along the dipping horizons D1 and EIl of time section 1,
interpreted as the top and bottom reflectors of the underplated ‘high
velocity’ layer.

The survey fold is high (86) in zone 1, due to the special acquisition
process adopted at the west end of the line. The fold in the central and east
zones reached the range of 30-40. The reprocessing of the data set was
extended to the time section generation. The top and bottom horizons of
the ‘high velocity region’ were carefully picked. The dips and parabolic
curvatures of both horizons were compensated (flattened) by applying
appropiate bulk static corrections to the unstacked traces. An iterative
process was applied to make certain that each selected dip and curvature
resulted in the largest semblance peak in the velocity spectra. Significant
curvature was detected only at zone 3. This operation resulted in six
separate ‘super CDP gathers’, one for the upper and one for the lower
horizon of each zone for the semblance calculation. The six velocity
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spectra computed from these super gathers were focused to the correspon-
ding six reflection horizon segments.

This manipulation of data introduces errors since the reflection hyper-
bolae on the neighbouring CDP sets are not identical after compensating
for the dip visible on the time section. An analysis examined the errors
introduced by this form of data handling, which works similarly to the slant
stack, applied to common offset gathers along a certain dip. A simple 2-D
model consisting of homogeneous layers divided by dipping and bending
interfaces was subjected to the same procedure. The results reveal that these
systematic errors are much smaller than a quarter of the dominant wave-
length. In this particular case the reflection hyperbolae on the neighbouring
CDP profiles were fairly similar. The velocity spectra calculated for the
upper and lower horizon of zone 2 and 3 are shown in Figs. 5 and 6,
respectively.

The unique, well detectable peaks of the velocity spectra of zone 2 are
quite convincing in Fig. 5. The velocity spectrum of the upper horizon of
zone 3 (in the upper part of Fig. 6) contains a high velocity peak probably
related to some uninterpretable interference, so a smaller, more reasonable
local maximum has been picked. As zone 1 resulted in uninterpretable
stacking velocities, probably due to the more complex subsurface condi-
tions, it was discarded from the case study.

The interval velocity and depth calculations were based on a simple
2-D model containing dipping curved interfaces. The algorithm (recours-
ive stripping, using iterative calculation of the normal incidence path) is
the generalized form of the well-known Dix’s formula, described in KREY
and HUBRAL [1980]. The curvatures are characterized by a single radius.
The input features of the velocity spectra and the time section (t0 and
stacking velocity vs>the dip and the parabolic term p of the time horizon)
and the interpretation results (estimated depth, spatial dip, interval velocity
and radius of the reflector) are summarized in Tables I and Il, for zones 2
and 3 respectively.

The t0and depth values are related to the center of the zone. The dips
and curvatures show characteristic differences in the two zones considered.



66

I. Késmarky — Z. Hajnal

*0

Fig. 5. Upper (a) and lower (b) spectra of zone 2
5.4bra. A 2. zéna fels6 (a) és alsé (b) horizontjara szamitott sebességspektrum
Puc. 5. CnekTp ckopocTeli ans BepxHero (a) U HMXHero (b) ropnsoHTa 30HbI 2
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Fig. 6. Upper (a) and lower (b) spectra of zone 3
6. dbra. A 3. zéna fels6 (a) és als6 (b) horizontjara szamitott sebességspektrum
Puc. 6. CnekTp ckopocTeii 4na BepxHero (a) u HMxHero (b) ropusoHTa 30HbI 3

67



68 I. Késmarky — z. Hajnal

input output
hor. to Vi todip termp depth vim dip curvature
ms m/s ms/m ms/km2 m m/s degree Um
upper 4200 4250 0.0044 0.000 8930 » 0.5 0
4895
lower 7380 4550 0.0313 0.000 16750 43 0

Neglecting the dip, the resultant interval velocity would be 4920 m/s.

Table 1. Interpretation results for zone 2
I. Tablazat. A 2. z6na kiértékelési eredményei
Tabn. |. PesynbTaTbl MHTepnpeTaLnm no 30He 2

input output
hor. to vs to dip termp depth vint dip curvature
ms m's ms/m ms/km’ m m/s degree 2m
upper 4640 4550 0.0215 7.472 10600 10 0.00024
4905**
lower 8760 5150 0.0639 1.851 21300 23 0.00006

**Neglecting the curvature, the resultant interval velocity would be 5643 m/s. Neglecting both
the dip and curvature, the resultant interval velocity would be 5750 m/s. So, the curvature really
gives a significant effect (16-17%o)!

Table Il. Interpretation results for zone 3
Il. Tablazat. A 3. zéna kiértékelési eredményei
Tab6n. Il. PesynbTaTbl HTepnpeTaLumn no 3oHe 3

4. Conclusions

The almost identical (-4900 m/s) interval velocities estimated from
the reflection seismic data of zones 2 and 3 are much lower than those
derived by CLOWES et al. [1984] (7700 m/s). Such a significant difference
(2800 m/s) can reliably be detected since the moveout even at the lower
horizon is not less than 200 ms and, in principle, the 1-2% relative accuracy
of the interval velocity is attainable because of the extensive vertical
stacking and the significant thickness of the layer considered. As the
standard deviation of the interval velocity estimated by our statistical
approach is only about 20 m/s because of the extensive vertical stacking in
this particular case, the interval velocity calculated from the velocity
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spectrum is in considerable discordance with the prior postulation of a high
velocity (7700 m/s) rock mass above the subducting slab. In other words,
no reflection seismic evidence of such a high velocity formation at the
previously defined depth was found.

Both observational [ODP Leg 110 Scientific Party 1978, PEARCE
1983] and seismic evidence [NELSON et al. 1985a and 1985b] attest that in
zones of tectonic convergence, sedimentary strata may be subducted to
crustal levels. At these depths, the acoustic properties of these rocks may
be highly anomalous, and depend on local effects. Recent drilling investiga-
tions [STILLER 1990, KOZLOVSKY 1984] reveal that considerable porosity
and fluid content can exist in greater than expected crustal depths. Thus
zonal material heterogeneity, with properties comparable to the results of
this investigation, can be expected to the considerable depth above the
decollment zone of the subducting slab.

The geological ambiguity of this segment of the continental margin is
further increased by the reinterpretation by DREwW and CLOWES [1990] of
the original data set. This new model subdivides the earlieranomalous zone
into a four layer structure where two thin low velocity (6350 m/s) and two
thick higher velocity layers (7100-7180 m/s) alternate with each other. The
average compressional velocity of this complex crustal interval has been
significantly reduced although it is still higher than portrayed by the
reflection data alone.

The results of this investigation are further supported by the refraction
data based model of FOWLER and PANDIT [1990]. This new crustal section
explains the relevant refraction arrival time differences by introducing a
simple anomalous segment in a portion of the subduction zone itself. The
fitting of the existing gravity data to this most recent model of the plate
convergence under Vancouver Island requires further investigation.
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APPENDIX

Noise suppression properties of the correct semblance and the
semblance after vertical stacking in the common offset domain

The semblance function has the following, well-known form:

O < (Al)

where Xykrepresents a sample of a given seismic trace (after NMO correc-
tion), index iruns from 1to/ along a time window, offset indexj runs from
1to the coverage numberJ, and CDP index k runs from 1to K. Our ultimate
aim is to improve the resultant spectra by using a larger number of CDPs.

The following formula is generally used if vertical stacking is carried
out in the ‘common offset’ domain prior to the calculation of the semblane:

Since the numerators are the same in both cases, it is enough to deal with
the denominators to show the difference. The behaviour of the two func-
tions is compared when the input traces Xy contain only pure uncorrelated
‘white’ noise n of zero mean with standard deviation a:

X;j K~ Rijk (A3)

The expected value of the denominator of eq. (Al) is:
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E (denominator of 5) = 1J XK 202 (Ad)
E (denominator of 5 ") =1JXKa2 (A5)
In contrast with (A4), the expected value of the denominator of eq.

(A2) is:

It could easily be demonstrated that in the case of pure signal xijk=Si,
the two functions S and S “have identical unit values. Since in the previous
case of pure noise the denominator of S is K times larger than that of S it
can be concluded, that the noise suppression characteristics of S is more
favourable than that of S’. Unfortunately, the calculation of S needs
significantly more computation time.

LITHOPROBE, INTERVALLUM SEBESSEG MEGHATAROZASI
ESETTANULMANY VANCOUVER SZIGETEN

KESMARKY Istvan és HAJNAL Zoltan

A LITHOPROBE projekt (kanadai multidiszciplinaris litoszférakutatasi program)
keretében intervallumsebesség meghatarozast végeztiink a Vancouver-szigeti 1-es szamu
szeizmikus vonal kdzépsd szakaszan. Els6dleges célunk a feltételezett "nagysebességl
Osszlet" minél pontosabb, mas mddszerektél fliggetlen megismerése volt, mely a szub-
dukciés zdna modelljének legérdekesebb, legvitatottabb része.

A feladatmegoldas lényege, hogy nagypontossagi szeizmikus sebességanalizisek
sorozatat készitettik el a vonal mentén a vertikalis stackinghez hasonl6an szamos (a
szokasosnal joval tdbb) szomszédos CDP csatorna csoport bevonasaval, figyelembe véve
az id6szelvényen is lathaté horizontok gorbiiletét és d6lését. Az intervallumsebesség
becslést d6lt és gorbiilt réteghatarokat tartalmazd kétdimenzids modell alapjan végeztiik.

Az intervallumsebesség szamitasa mellett a becslések megbizhatésadganak (sz6rasa-
nak) meghatéarozasat is elvégeztiik. Az egyes csatornakon mert beérkezési id6k hibainak
(a szamitott maradék statikus toldsok geofonponti és robbant6ponti komponensre nem
bonthat6é részének) szorasabdl, a hibaterjedési térvény alapjan szamitottuk a becsilt
intervallumsebességek szérasat. Az elméleti modell alapjan a viszonylag kis moveout-ok
ellenére is megfelel pontossag volt elérhet6 100-150 szomszédos CDP figyelembe vétele
esetén. Eredményeink nem tdmasztottak ala a "nagysebességl dsszlet" létezését.

Az adatfeldolgozéssal pArhuzamosan elvégzett modellezés vildgosan mutatta a kiér-
tékelés pontossaganak és az oldaliranyu felbontés elvi hatarait.
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OMPEAE/NIHVE NMOUHTEPBA/IBHbIX CKOPOCTE HA O-BE BAHKYBEP,
MPOEKT /NTOMPOB

NwTBaH KELLULMAPKW, 3onTtaH XANHAN

B pamkax npoekta JIMTOMPOB (KkaHaAckas MexAucuunanHapHas nporpamma
no uccnepgoBaHnio nutocdepsl) ObIN BbINOMHEHbI OMpeAesieHNs NOUHTepBabHbIX
CKOpOCTell Ha cpefHeMm OTpe3ke cecliMuyeckoro npounas 1 Ha o0-Be BaHkysep.
MepBuYHaA Lenb 3aKYanach B KaK MOXXHO 60/1ee TOYHOM, He 3aBUCUMOM OT APYruX
MeTOA0B, U3YYeHUU npeanonaraemMoli "ToMWmM BbICOKMX CKOPOCTEW", npeAcTaBnato-
el Hanbonee NHTEPECHYIO M Hanbosee CNOPHYIO YacTb MOAENMN 30HbI CYB6AYKLMN.

CyLlHOCTb pelleHuns 3afaymn 3aknyanacb B TOM, YTO 6blna BbINOJIHEHA Cepus
BbICOKOTOYHbIX aHa/lM30B CeMCMUYECKNX CKopocTel BAONb NPOgMAsA, NOAO6HO CT3-
KWUHTY, C 00beAMHEHNEM MHOTOYUCEHHbIX (HAMHOrO 60/blle 06bIYHOM0) COCefHMUX
Tpacc CDP, yuuTbiBas KpUBU3HY U HaK/NOH FOPU30HTOB, Hab6MOA4aeMbIX HA BPEMEH-
HbIX pa3pe3ax. OueHKa NOMHTepBabHbIX CKOpOCTel 6blna NpoBefeHa Ha OCHOBaHMUM
LBYMEPHOIM MOZENN C HAaKNOHHBIMU U UCKPUBEHHbIMU FTOPU30HTaMU.

MoMuMo pacyeTa NOMHTEPBaNbHbLIX CKOPOCTEl 6blia TaKXe BbINOMHEHA OLeHKa
HageXHoCTK (Aucnepcumn) NoayYeHHbIX faHHbIX. o pa3bpocy owmnbOoK BCTYNeHUN
MO KOHKPeTHbIM TpaccaM (TOW 4YacTW pacyeTHbIX OCTATOYHbIX CTAaTUYECKUX CMe-
WEeHWA, KOTOpPble He MOTYT ObITb pa3foXXeHbl Ha KOMMOHEHTbI NPW B3PbIBMNYHKTE U
celicMonpueMHUKe) Ha OCHOBaHMMW 3aKOHa pacnpocTpaHeHUs OWKN6H0K Obinn onpea-
eneHbl Aucnepcuyn MoayyYeHHbIX MOWHTEpPBaNbHbIX CKopocTeld. Ha OCHOBaHUM Teo-
peTu4ecKo MoLenun, HeCMOTPS Ha CPaBHUTENIbHO Masble 3HaYEHUA Moveout -OB MpU
06bveanHeHnn 100-150 cocegHux CDP MOXXHO 6b1710 4OCTMYb Hagnexall el TOYHOCTH.
MonyyYyeHHbIMW HAMK pe3ynbTaTamMy He NOATBEPXKAAETCb HanuuMe "TONWMN BbICOKNX
cKopocTein".

Mpv MogennpoBaHWMMK, BbINOMHEHHOM OAHOBPEMEHHO C 06paboTKOM AaHHbIX,
YeTKO OblM BbISBIEHbI NPUHUUNWANBHBIE Npedenbl TOYHOCTU MHTepnpeTauum u
natepanbHOIN paspeluaroLein cnocobHOCTH.






