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1. Introduction 

The term anisotropy as it will be used herein refers to physical 

properties that are dependent on the direction along which measure

ments are taken. This is to be contrasted with isotropy for which 

media properties are independent of direction. The particular aniso

tropic property in which we are interested is the velocity at which 

sound waves propagate within that part of the earth subject to ex

ploration by reflection seismic techniques. 

Perhaps one of the most generalized examples of anisotropy in the 

earth sciences is the concept of an undisturbed sedimentary sequence. 

Such a sedimentary sequence is characterized by layers of large areal 

extent deposited one on top of the other. All variation within the 

section is regarded as occurring in a direction normal to the layering. 

Therefore t since the section does possess a unique direction, it may 

be regarded as being anisotropic in its large scale properties. 

Experimental evidence presented in the literature implies that 

almost all rocks are anisotropic to some extent. Velocity aniso

tropy, with which we are concerned, may occur in two principal ways. 

The material under consideration may be truly anisotropic in its 

elastic properties. This form of anisotropy arises in a variety of 

ways, such as vertical compression due to gravity, crystal structure, 

micro-orientation of grains, and horizontal or oblique compression due 

to tectonic forces. A second kind of macroscopic anisotropy results 

from an alternating series of isotropic layers overlying each other 

and \-lith the thicknesses of the individual units small compared to 
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the wavelengths traversing the section. 

Any indirect study of geological structure should take anisotropy 

into account if possible. If the possibility of anisotropy is not 

taken into account, it is quite possible to make incorrect interpreta

tions of field data and arrive at invalid conclusions concerning the 

underlying geological structure. In the particular case of seismic 

exploration, failure to consider anisotropy could result in signifi

cant errors in the determination of the thicknesses of the underlying 

lithologic units. Consequently, the study of anisotropy is of immed

iate practical significance in exploration seismology. 



2. Previous Work 

Field measurements of subsurface velocity anisotropy (hereafter 

referred to as anisotropy) have been reported in the literature since 

the early 1950's for both reflection and refraction experiments. The 

occurrence of anisotropy in surface rocks has been reported by a num

ber of investigators. McCollum and Snell (1932) reported an aniso

tropy factor of 1.4 (ratio of the velocity parallel to the velocity 

normal to the bedding) for the Lorraine shale in Canada. The Arbuckle 

limestone in Oklahoma was found to possess an anisotropy factor of 

1.3 by Weatherby, et. a1. (1934). White and Sengbush (1953) reported 

anisotropy factors at Dallas, Texas of 1.17 for the Austin chalk and 

1.33 for the Eagle Ford shale. 

Cholet and Richard (1954) noted that many geophysicists who at

tempted to evaluate anisotropy in the field provided very little in

formation concerning the methods used to record and interpret data. 

They pointed out that the determination of anisotropy is difficult and, 

if it is to be reliable, it must be measured under controlled 

conditions. If this is not done, apparent velocity changes may in 

part be assigned to anisotropy while actually being caused by other 

factors such as topography, dip, velocity increase with depth, or 

layer heterogeneity. They described measurements from the Berriane 

district in the northern Sahara where stratification may be consid

ered as strictly horizontal and velocity varies very little as a 

function of depth and is primarily dependent upon lithology. 

Variations of lithology at Berriane are discussed as a function 
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of depth. The measured geological cross section is: 

0-80 m: Hard limestones and soft chalky limestones alter

nating. 

80-310 m: Slightly sandy clays with some thin anhydrite and 

limestone beds. 

310-1225 m: Clay and sand complex, sometimes marly, with sev

eral anhydrite or limestone intercalations. Sand 

content falls to a very low value below 800 m. 

1225-1250 m: Top of Jurassic, clays, marls, limestones. 

Seismic data were recorded by placing geophones at varying depths 

within the well. A series of shots was detonated ~t successively 

greater distances from the well starting at 100 meters and continuing 

to a maximum distance of 1600 meters. The study compared actual ar

rival times at various well geophones with computed times utilizing 

different values of anisotropy. The theory of elliptical anisotropy 

was used for all computations. The anisotropy values that minimized 

the differences between actual and computed arrival times were as

sumed to be the correct values. 

Cholet and Richard concluded that an average anisotropy factor for 

the entire sedimentary section was 1.09 (ratio of velocity parallel to 

bedding to velocity normal to bedding). This value applied over a 

depth range of 1250 meters. A concluding recommendation was made that 

additional studies needed to be performed, especially concerning the 

effects of lithology on anisotropy_ 

Hagedoorn (1955) demonstrated the existence of an anisotropic 
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velocity layer by comparing the results from a number of seismic veloc

ity well logging surveys and adjacent refraction sections. Results 

were presented for studies performed at three locations about 10 kilo

meters apart. At the first location, velocity determinations ,,,ere 

made in two wells, only 1200 meters apart, one of which was situated 

at the intersection of two refraction lines. At the second location, 

only one well, situated at the intersection of two refraction lines, 

was shot. The third case concerns a well situated at a distance of 

1250 meters from a single refraction line and this case was included 

because a good velocity log was obtained in the well. 

The technique used in the detection of anisotropy utilized the 

comparison of velocity well-logging surveys and adjacent refraction 

sections. Traveltime curves were plotted and in all three cases one 

layer was found to possess different horizontal and vertical velocity 

components. The lithology of the section was not discussed. The 

thickness of the anisotropic layer was 700 meters. The vertical 

velocity was determined to be 2550m/sec and the horizontal velocity 

was 2750 m/sec. 

Studies of velocity anisotropy up to 1955 have been summarized 

by Uhrig and Van Melle (1955). A reviel;'" of surface measurements are 

included as well as studies of the type performed by Cholet and 

Richard (1954). Uhrig and Van Melle reported that velocity anisotropy 

has been widely observed. The anisotropy factor for relatively homo

geneous samples of surface outcrops from Canada, Oklahoma, and Texas 

""as reported as varying between 1.17 and 1.40, and at depths 
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of 7000 to 8000 feet in clastic and carbonate sediments, it varies 

between 1.10 and 1.19. The available data suggest that velocity aniso

tropy is common enough to be a factor of importance in seismic com

putations. Since the amount of information on anisotropy is limited, 

Uhrig and Van Melle suggest that measurements of velocity anisotropy 

be made when vertical velocity surveys are conducted. 

Postma (1955) discussed the effects of wave propagation in a 

stratified medium and showed that a periodic structure consisting 

of alternating plane, parallel, isotropic, and homogeneous elastic 

layers can be replaced by a homogeneous t transversely isotropic 

material as far as the large-scale elastic behavior of the medium is 

concerned. The five elastic moduli of the equivalent transversely 

isotropic medium are expressed in terms of the elastic properties and 

the ratio of the thicknesses of the individual isotropic layers. The 

condition that the Lame constants in the isotropic layers be positive 

is imposed, and a number of inequalities are derived which show the 

limits of the values the five elastic constants of the anisotropic 

medium can assume. The wave equation is derived from the stress

strain relations and the equation of motion. It is shown that there 

are in general three characteristic velocities~ all functions of the 

direction of propagation. A graphical procedure is given for the 

derivation of these characteristic velocities from the five elastic 

moduli and the average density of the medium. A few numerical ex

amples are presented in which the graphical procedure is applied. 

Examples are. given of cases which are likely to be encountered in 



7 

nature, as well as of cases which emphasize the peculiarities which 

may occur for a physically possible, but less likely, choice of pro

perties of the constituent isotropic layers. Postma utilized three 

main examples. In the first two cases, the isotropic layers are alter

mately limestone and sandstone. The difference between the two cases 

lies in the ratio of the thickness of the limestone layer to the 

thickness of the sandstone layer. For case 1, the ratio is 1:3, and 

for case 2, the ratio is 3:1. The third case is more extreme since the 

first layer is limestone and the second is water. The ratio of layer 

thicknesses of limestone and water is 1:0.01. This third case is in

cluded as a demonstration of the peculiarities \.Jhich may occur in ex

treme cases. One such peculiarity is that shear waves do not propagate 

in the vertical direction. Finally, a few remarks are made on the pos

sible applications of this theory to actual field problems. 

Kleyn (1956) discussed the analytical solution of refraction pro

blems in anisotropic media and presented an analysis of the anisotropic 

behavior of the sedimentary section near Betun, South Sumatra. The 

refraction theory developed is b~sed on the assumptions that the veloc

ity stratification is horizontal and that the successive strata are 

uniaxial anisotropic media with elliptical anisotropy. Theory is 

developed for the refraction angle and for the traveltime equations 

governing refraction. The sedimentary section in the Betun No. I 

well consists for the most part of Tertiary shales and sandy shales. 

The top of the igneous pre-Tertiary lies at 2075 meters below sea

level. The time-depth curve from the well velocity survey shm'l.Ts that, 
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on the whole, the vertical velocity increases steadily with depth. 

This smooth increase of the vertical velocity is interrupted by a low

velocity brown coal bed approximately 120 meters thick at 650 meters 

below sea-level, and a high velocity limestone, approximately 65 meters 

thick at 1800 meters below sea-level. The vertical velocities of the 

brown coal and of the limestone are 1530 and 5000 m/sec respectively. 

The refraction theory derived is applied to the anisotropic behavior 

of the sedimentary section in the vicinity of the well. Results from 

a refraction profile, a well velocity survey, and a radial well survey 

are used in the analysis. The results from a refraction profile across 

the Betun No. 1 well indicate that the anisotropy factor is unity or 

very close to unity immediately below the ground surface and that it 

probably increases to a maximum value of 1.13 or possible 1.15 at a 

depth of about 1300 meters below sea-level. The traveltime curve from 

the radial well survey, by including the information obtained from the 

refraction profile across the well, can be matched closely by assigning 

an overall value of 1.04 for the anisotropy factor in the section be

low 1500 meters below sea-level. Table 2-1 shows the results ob

tained for the analysis. The importance of this table is that it shows 

the details of the variation of anisotropy with depth. Unfortunately, 

there was not the corresponding amount of detail about the lithology 

in the ,,,ell. One of the alternate analyses used a constant anisot

ropy factor of 1.06 for the entire sedimentary section. This value 

is preCisely the result of averaging the interval anisotropy values. 

Jolly (1956) investigated some of the fundamental properties of 
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Table 2-1. Betun Refraction Study 

Depth Interval Vertical Velocity Horizontal Velocity Anisotropy 
Meters m/sec m/sec Factor 

0-100 1695 1695 1.00 

100-200 1795 1795 1.00 

200-300 1895 1895 1.00 

300-400 1995 1995 1.00 

400-500 2095 2221 1.06 

500-630 2207 2339 1.06 

630-750* 1530 1622 1.06 

750-800 2184 2315 1.06 

800-900 2257 2392 1.06 

900-1000 2355 2595 1.10 

1000-1100 2453 2703 1.10 

1100-1200 2551 2811 1.10 

1200-1300 2649 2995 1.13 

1300-1400 2747 3107 1.13 

1400-1500 2845 3220 1.13 

1500-1600 2933 3050 1.04 

1600-1700 3031 3152 1.04 

1700-1750 . 3105 3229 1.04 

1750-1815** 5000 5000 1.00 

1815-1900 3234 3363 1.04 

1900-2000 3325 3458 1.04 

2000-2075 3410 3346 1.04 

* Brown Coal 
** Limestone 
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shear waves and explored the possibilities of using horizontally po

larized (SH) shear waves for reflection prospecting. A special source 

was devised to produce a shearing motion which was detectable as far 

as 400 feet vertically and 1000 feet horizontally. Direct, refracted, 

and reflected SH and SV shear waves were identified on a series of 

surface and sub-surface recordings in a thick, uniform, and near 

surface shale section. A strong, highly dispersive surface wave, 

which satisfied the theoretical criteria of Love waves, was also ob

served. 

Anomalous features of Jolly's data which did not conform to the 

predictions of simple isotropic theory were readily explained by con

sidering the stratified section under observation to be transversely 

isotropic in the manner discussed by Postma (1955). It was found that 

the horizontal SH velocity exceeded the vertical SV velocity by 100 

percent in the weathered surface layer, while the corresponding com

pressional wave velocities differed by only 12 percent. Studies of 

direct and refracted SH, SV, and P waves demonstrated conclusively 

that the stratified shale section under consideration was highly 

anisotropic to shear waves while being only slightly so to P waves. 

Anisotropy of the SH wave was manifested by the fact that the hori

zontal velocity was twice the vertical velocity, and that of SV waves 

was revealed by abnormally high velocities for near-vertical ray paths 

and by the presence of what are apparently two branches of the SV 

wave. All unusual features of the data could easily be explained 

by considering the elastic symmetry to be that of a transversely 
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isotropic solid. Theoretical predictions, such as the equivalence 

of vertical SH and horizontal SV velocity, the equality of vertical 

and horizontal SV velocity, the ellipsoidal shape of SH wave sur

faces, and the complex nature of SV wave surfaces, were all con

firmed experimentally. 

The continuous velocity log (CVL) was applied to anisotropy 

measurements in the Northern Sahara by Dunoyer de Segonzac and 

Laherrere (1959). Measurements of anisotropy were made in two 

wells 300 kilometers apart in the Northern Sahara in order to im

prove the interpretation of seismic refraction surveys. These 

measurements were based on the shortening of experimental ob

lique traveltimes with respect to theoretical traveltimes com

puted by disregarding anisotropy. Because of the need for a 

precise knowledge of the velocity distribution, it was felt that 

a continuous velocity log was indispensible. 

The results for the two we1~s were in agreement, and showed 

that anisotropy is essentially a function of lithology. The 

following values for the anisotropy factor, k, were obtained: 

Sandstone, sands k 1.00 

Salt k 1.00 to 1.05 

Limestone k 1.08 to 1.12 

Anhydrite k 1.15 to 1.20 

The theoretical background for Dunoyer de Segonzac and 

Laherrere's work assumed an elliptical anisotropy such that the 
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wave surfaces in a homogeneous formation are ellipsoids of revol

ution with a vertical axis. A wave surface, as used herein, 

is defined as the loci of points which are undergoing the same 

phase of motion in a one-to-one correspondence at a given instant 

of time. Using this theory as a base, the consequences pertaining 

to seismic refraction are: Depths computed without anisotropy 

were too small by 8 to 9 percent, i. e., about 300 meters for 

this study. The error on offset distances to the point of critical 

refraction reached 70 percent. Depth computations carried out by 

assigning anisotropy factors according to the type of lithology 

gave very satisfactory results. Highly anisotropic formations with 

high interval velocities, such as anhydrite, played an important 

in the propagation of refracted waves and in interpretation. 

Some consequences pertaining to seismic relections are: an an

alysis of field data yields velocities closer to horizontal 

velocities than to vertical velocities; depth and migration 

computations are significantly influenced by high velocity, 

highly anisotropic formations such as anhydrite. 

Richards (1960) discussed velocity anisotropy in the context 

of wide angle reflections and their application to finding 

limestone structures in the foothills of western Canada. He de

veloped and used the theory of elliptical anisotropy defined 
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by the traveltime equation: 

(2-1) 

where T is the traveltime between two points whose cartesian 

coordinates are 0,0 and X,Z. Vx and Vz are the average velocities 

in the horizontal and vertical directions respectively. Earlier 

workers did not start with equation 2-1 in their theoretical 

development, but started with an ellirsoidally anisotropic version 

of Snell's law. The anisotropy factor, k, is defined as 

k ='V !V (2-2) 
x z 

and is experimentally determined in two ways. The first is the 

well-geophone technique used by Cholet and Richard (1954) and 

discussed earlier. The second approach makes use of the reflection 

traveltimes to a reflector near the horizon under consideration 

and at increasing distances from a well or point where the depth 

and velocity (V z ) are both known. The anisotropy factor follows 

2 2 from an analysis of a T -x plot and the application of the above 

traveltime equation which yields the Vx ' Near Nevis, in the Pro-

vince of Alberta, Canada, k • 1.12 in an area where the Miss-

issippian has been eroded away and the reflections appear to 

occur in a high velocity Devonian limestone at a depth of 4800 

feet. A value of k = 1.10 was reported for measurements along 



14 

the strike in a foothills section where the lithology is pre

dominantly (70%) Cretaceous shale. In two other areas where 

the depth and v~rtical velocities to the Mississippian limestone 

were also known, the k values were 1.08 and 1.06, the shale 

content being about 60% in both cases. The conclusion was drawn 

that in a general application of elliptical anisotropy of the 

foothills area, a value of k of about 1.08 should be introducec. 

An analysis of surface wave dispersion in transversely iso

tropic media has been made by Anderson (1961). He reports that 

this kind of anisotropy is "exhibited by hexagonal crystals, 

sediments, planar igneous bodies, ice sheets, and rolled metal 

sheets where the unique axis is perpendicular to the direction 

of surface wave propagation and the other axes are distributed 

randomly in the plane of the layers". Period equations have 

been derived for Rayleigh, Stone1ey, and Love waves, and 

comparisons are made, in certain cases, with ray theoretical 

and plane stress solutions. Anisotropy can have a pronounced 

effect on both the range of existence and the shape of the 

dispersion curves and can lead to an apparent discrepancy be-

Love and Rayleigh wave data. Attention has been focused 

on a ingle solid layer (a free plate ) 
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and a solid layer in contact with a fluid halfspace. The single layer 

solutions are generalized to n-layer media by the use of Haskell (1953) 

matrices. 

Rayleigh wave dispersion in plates for three materials exhibiting 

transverse isotropy was calculated. These materials were beryl, ice, 

and a laminated solid. Beryl was chosen in order to extend Stoneley 1 s 

results to a free plate. Ice was chosen as an example of a solid 

which exhibits a rather strong anisotropy and because lake ice commonly 

forms with a vertical c-axis (unique axis) orientation. The other axes 

are randomly oriented, but since they are all equivalent the result is 

a large plate having the properties of a single crystal. A finely 

laminated solid is transversely isotropic \-'lith the unique axis normal 

to the laminations. However, the effective elastic constants of a 

laminated solid must obey certain ordering rules ,.;hich restricts the 

extent anisotropy may be approximated by layering. The elastic con~ 

stants for Postrna 1 s (1955) Case 1 were used for the dispersion study 

of the laminated solid. 

Anderson (1962) analyzed Love wave dispersion in heterogeneously 

anisotropic media for a medium composed of transversely isotropic 

layers. The exact boundary value problem is solved for a simple layer 

and extended to multilayered media by a generalization of Haskell's 

(1953) technique. By a suitable redefinition of parameters, it is pos

sible to put the anisotropic problem into isotropic form so that 

existing programs, tables and graphs can be used to determine the 

structure of layered anisotropic media. I t can be shown that the LOVE~ 
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T,'lave period equation expresses the condition of constructive interfer

ence between multiply reflected SH waves with directionally dependent 

velocities. Several numerical examples were computed to illustrate 

the range of vaLidi ty of the laminated solid approximation developed 

by Postma (1955) and as an independent test of the theory developed 

within the paper. In the first example, phase velocities were 

computed for Love-type motion of a laminated, 10 layer plate and for 

the equivalent homogeneous anisotropic plate. The parameters ~re taken 

from Postma's (1955) Case 1. The difference in period for the two 

approaches is about 2.5 percent at a wavelength corresponding to about 

10 times the thickness of the largest individual layer. The dif

ference becomes more pronounced for shorter wavelengths and would be

come smaller if the laminations were made smaller. 

In the second example, a three layer half-space was constructed 

corresponding to a layer of Postma Solid lover a layer of Postma 

Solid 2 over an isotropic half-space. Dispersion was computed for 

each surface layer split into 20 laminations and then into 40 lamin

ations, and also for the equivalent anisotropic layers. As the number 

of laminations increases, the dispersion converges to the anisotropic 

case. While Anderson did not explicitly discuss layer thickness vs. 

wavelength for this second example, from his figure 4 it may be seen 

that the minimum departure from the anisotropic case occurs for a 

ratio of wavelength to lamina thickness of approximately 50.1. The 

~aximum error for the 20 lamination case is about 3 percent. It is 
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about half of that for the 40 lamination case. If we assume that the 

same 50:1 ratio of wavelength to lamina thickness yields correspondingly 

good results in the case of reflection seismology, then for a typical 

wavelength on the order of 250 feet, lamina thickness would be approxi

mately 5 feet. This is a quite reasonable scale for lamina variation. 

Helbig (1966) proposed a graphical method of interpretation for 

refraction data where there is an anisotropic overburden. He used 

the model of transverse isotropy since any more complex form of an

isotropy quickly becomes intractable. The analytical solution of the 

problem of anisotropy would involve the solution of a number of 

equations implicitly containing several parameters. The method of 

successive approximation is regarded as being rather cumbersome, 

hence the proposal of a graphical method. 

Vander Stoep (1966) studied velocity anisotropy in two wells 

located in New Mexico and Texas. Postma's (1955) work showing 

theoretically that an ellipsoidal wavefront is not to be expected in 

layered, transversely isotropic media is quoted as justification for 

redefinition of the anisotropy factor. The anisotropy factor is re

defined as "the ratio of the horizontal axis to the vertical axis of 

the ellipsoid that fits the wavefront in a limited zone about the 

vertical which is of interest in reflection seismologyi'. Two wells 

were analyzed for anisotropy, one located in Lea County, New Mexico, 

and the other 50 miles northeast of Houston, Texas. The first well 

was approximately 2400 feet deep and the second 12,000 feet deep. 
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In this latter example, data obtained outside of the zone of good el

lipsoidal fit corroborates Postma's theory for transversely isotropic 

media. The technique used was essentially that of the well-geophone 

method together with the analysis of a sonic log. 

The results Df the anisotropy analysis of the well in Texas yielded 

the following anisotropy factors vs. depth: 

k 1.00, a to 5000 feet 

k 1.10, 5000 to 7000 feet 

k 1.025, 7000 to 12000 feet 

The entire geologic section measured by this survey is predomin-

antly a sand-shale sequence of Miocene and Eocene age. The top of the 

'\.J"ilcox (Eocene) formation occurs at a depth of 6846 feet. No addition

al lithological detail is available for this well. The theory of 

elliptical anisotropy was utilized in the analysis. This theory was 

shown to be inadequate for offset distances beyond about 6000 feet 

and was believed to substantiate Postma's theory of transversely iso

tropic media. The anisotropy factor for the entire 12,000 foot sec

tion was reported as being 1.03, a figure which is obtained by an 

arithmetic average of the anisotropy over the 'iv-hole section. 

Hodgkinson (1970) developed a procedure for determining the an

isotropy of sedimentary layers by comparing actual values of normal 

moveout, as measured in a seismic field survey, with theoretical 

values of normal moveout, as computed for a layered model. The model 

is derived from a sonic log taken in a bore-hole which penetrates the 

sedimentary layers under consideration, and ,.vhich measures the vertical 
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in each layer. The anisotropy of individual model layers is 

varied until a fit is achieved between the field values of normal 

moveout and those computed from the model. The values of anisotropy 

required to achieve such a fit are considered to be those existing in 

the sedimentary layers. 

The procedure comprises three phases: 

(1) Development of layered model from a sonic , and the subsequent 

computations of theoretical traveltimes for oblique ray-paths through 

the model. 

(2) Analysis of field seismograms to determine the empirical values of 

normal moveout, and correction of these values for the effects of 

ground elevation and shot-hole depth and for variation in the thick

ness of near--sur face low-velocity layers. 

(3) Comparison of theoretical and empirical values of normal moveout, 

and the introduction of anisotropy to achieve 

two sets of values. 

The method is an extension of that deve 

and Laherrere (1959)~ who measured obI 

between these 

by Dunoyer de 

traveltimes from 

a surface source to a receiver at depth in a bore-hole. The theory 

of elliptical aniso used in the method is the same as that de-

veloped by Kleyn (1956) and Dunoyer de SegonzMc and Laherrere (1959). 

Theoretical considerations are discussed and analyzed, and the 

specific problems encountered in each of the three phases are con

sidered in detail. The field parameters necessary for a successful 

app:iication of the technique are developed from an analvsis of the 
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problems encountered in its development. Based on the velocities and 

anisotropy factors expected to be encountered in the Western Canadian 

Basin, a theore.tical model is constructed to demonstrate the effects 

on normal moveout of the introduction of into the sedimen-

tary section. 

Laboratory measurements on rocks from Western Canada have yielded 

the following anisotropy factors: 

Paskapoo sandstone 

Belly River sandstone 

Mississippian limestone 

k 

k 

k 

1.03 

1.06 

1.09 

A Su.Ir.mary of the anisotropy factors reported in the preceding dis

cussion is contained in Table 2-2. Where the information is available, 

rock type and/or the location where the data were obtained is included. 



Year 

1932 

:933 

'953 

1956 

1956 

J.959 

1960 

1966 

1970 

I 

NcCollum and Snell 

Weatherby, et. al. 

llil1i te and 

Cholet and Richard 

Dunoyer de 
and Laherrere 

Richards 

Vander Stoep 

Table 2-2. Surrnnary of Reported Anisotropv Factors 

k 

1.4 

1.3 

1.17 
1.33 

1.09 

1.00-1.13 

1.12 

1.00 
1.00-1.05 
1.08-1.12 
1.15-1.20 

1.12 

1.03 

1.03 
1.06 
1.09 

Rock e 

LorrAine shale 

Arbuckle limestone 

Austin chalk 
Ford shale 

IJs. , sand 

Shales, shales 

Shale 

Sandstone, sands 
Salt 
Limestone 

ite 

Devonian limestone 

Sand-shale sequence 

Paskapoo sandstone 
Rellv Run sandstone 
/l.fississippian li.J11E'RtoJ1e 

Location 

r:anada 

nklahoma 

las, Texas 
Jas, Texas 

Rerraine District, 
Northern Sahara 

Betun, South Sumatra 
(See Table 

nklahoma 

~orthern Sahara 
Northern Sahara 
Northern Sahara 
Northern Sahara 

Nevis, Alherta,Canada 

near Houston, Texas 

Western Canada 
Western Canada 
Western Canada 

N 
t-' 



3. Purpose of Study 

The purpose of this study is to evaluate the feasibility of deter

mining the subsurface velocity in anisotropic media using surface seis

mic reflection techniques. The elastic theory for transversely iso

tropic media will be used in the analysis of anisotropic media for two 

principal reasons: first, transverse isotropy appears to be an ac

ceptable model for some geologic applications; and second, the use of 

more complex forms of elastic anisotropy becomes computationally in

tractable because of the number of elastic coefficients that must be 

determined. 

Mathematical techniques will be developed for the analysis of 

subsurface velocity in transversely isotropic media using surface seis

mic reflection data of the type obtained in petroleum exploration. 

A number of synthetic earth models will be analyzed both for velocity 

and to determine the limits of resolution of the anisotropic analysis 

technique. These models will be uniformly anisotropic for the most 

part. In addition, the effects of a buried anisotropic interval in an 

otherwise isotropic section will be studied. A qualitative study of 

some of the effects of dipping interfaces will be made. A quantitative 

investigation of the problem of dipping interfaces is a major study in 

itself and separate from the problem of velocity anisotropy. 

A limitation will be placed on the synthetic data used in that 

it will include only primary reflections. Multiple reflections will 

not be considered. This restriction will not affect the validity of 

the results of this study. 
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4. Wave Propagation in Anisotropic Media 

4.1 Introduction 

In the general theory of anisotropic media there are 21 elastic 

constants relating stress and strain. Against this background, iso-

tropy becomes a highly degenerate case, and the s of Ivaves in 

isotropic media throws little light on tIle mathematical structure of 

the theory of waves in anisotropic media. In the follm.;ring treatment) 

the general case of anisotropy will be reviewed as well as the iso

tropic case, and selected forms of anisotropy of interest to reflec

tion seismic exploration will be derived. 

This chapter is, in general, a distillation of various works on 

the theory of wave propagation in aniso material together with 

expansions of these ideas. Section 4.3 is largely taken from Bennett 

(1968), Love (1944), and Frederick and Chang (1965). The isotropic 

case is presented in section 4.4 for purposes of comparison. Section 

4.5 is largely a unified development of material found in a variety of 

papers in the seismic literature. The theory of elliptical aniso-

tropy is of historical significance since the ority of previously 

published field studies of velocity anisotropy have relied on this 

theory for the analysis of data. The development of the theory for 

transverse isotropy in section 4.6 comes in part from Bennett (1968). 

Section 4.7 is a discussion of the theory presented Postma (1955) 

relating the elastic coefficients in this form of transverse 

isotropy. 

23 



4.2 Notation 

,. .... 

, ... , , ... 

X,Y,Z 

w 

p 

1,m,n 

v 

v 

k 

24 

Stress components (stress in x-direction across 

x-face) 

Stress components (stress in x-direction across 

y-face) 

Stress components having the same face as direction 

are compressional or tensile stresses, all others are 

shear stresses. 

Strain components 

Elastic constants or stiffness coefficients (r,s 

1,2, ..• ,6) 

Coordinate axes 

Strain energy function 

Density 

Christoffel moduli 

Direction cosines of the 
-'" 

vector V or the 

wave normal vector 

Velocity vector 

Phase velocity 

Unit vector indicat the direction normal to the 

wave front with direction cosines (l,m,n). This 
.....;,. 

vector is parallel to V and therefore indicates the 

direction of wave ion. 

\0.:1ve number Ul/V 
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-~ 

A Generalized time independent vector at the wave front 

with components (~,~,Az). 

u,v,w Displacements parallel to coordinate axes at (x,y,z) 
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4.3 The General Case of Anisotropy 

L~.3.1 Fundamental Equations 

One of the fundamental concepts used in the theory of elasticity 

of solid bodies is that of the generalized Hooke's Law. This law 

states that at any point of a body each of the nine components of 

stress (Pij) at that point is a linear function of the nine components 

of strain (ekl) at the same point. In tensor notation (Bennett, 1968; 

Frederick and Chang, 1965), this may be expressed as: 

where the elastic constants Cijkl total 81. By assuming the body to be 

in equilibrium, the stress and strain tensors become symmetrical, i.e., 

e. o. This results in the following relationship 
J1 

among the elastic constants: 

c. 'kl 1J . 
(4.3-2) 

This assumption reduces the nt~ber of elastic constants to 36 and 

results in only six independent components of stress and strain. 

In what is to follow, the notation of Love (1944) will be used to 

facilitate comparison with the literature. In this notation, the six 

components of stress may be expressed in terms of the six components 

of strain as follows: 

X cllex.x + C12eyy + c13 e zz + C14eyz + clSezx + C16exy x 

Yy c 21exx + c 22eyy + c 23e zz + c 24eyz + c2Se zx + C26exy 

Z c31exx + .)e + c 33 + c34e·yz + c3Se zx + C36 exy z .... yy 

c e '41 xx + c e 
'!~2 yy + c e 43 zz + c e 4Lt yz + c4Sezx + c e '46 xy 

(!~.3-3) 



z 
x 
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cSlexx + c S2eyy + c S3e zz + c S4eyz + cSSezx + c S6exy 

c6lexx + c62eyy + c63e zz + C64eyz + c65e zx + C66exy 

As indicated above, there are only six equations since X - Y X -~-y - x' z-

, and Yz = Zy. These equations may also be written in terms of 

particle displacements if we note the relations defining the strain 

components: 

e ax, eyy = dV/'dy, = dW/aZ, xx 

eyz dV/dZ + d\v/'dy) e zx = 3W/dX + dU/dZ, (4.3-4) 

dU/'dy + dV/'dX 

If we assume that when a perfectly elastic material is stressed, 

the change of state takes place either adiabatically or isothermally, 

Love has shmvn that a strain energy function, l\f, exists (Frederick and 

Chang, 1965). The strain energy function represents the potential 

energy per unit volume stored up in the body by the strain and is 

related to stress and strain by the following equations: 

Xx = aW/aexx "'" Yz = aW/aeyz ,···· (4.3-5) 

The existence of a strain energy function implies that the incre-

ment of energy gained or lost in going from one state of stress to a 

second state of stress is identical regardless of the stress cycle 

chosen (Bennett, 1968). If we apply these properties of the strain 

energy function, it follows that: 

therefore, the relations 

1, ... ,6 

dYZ/'de xx (4.3-6) 

(4.3-7) 
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hold for the coefficients of equations 4.3-3. The number of elastic 

coefficients is thereby reduced from 36 to 21. The general form for 

the strain energy function (Love, 1944; Frederick and Chang, 1965) is 

then: 

ltJ ' 2 + cl?e e + cl3exxezz + c14exxeyz I.cIl e xx '- xx yy 

+ cISexxezx + c16 exxexy 

I 2 + c e e + + + I C 22e yy 23 yy zz c24eyyeyz c2Seyyezx 

+ c26eyyexy 
(4.3-8) 

• 2 
+ Y C 33e zz + c34 e zzeyz + c3Se zze zx + c36e zzexy 

t 'I 

+ r C 44e "-- yz + c4Seyzezx + c46eyzexy 

.1.. 2 + Z. cSSe zx + c S6ezxexy 

+.L 2 t c66e xy 

Equations of Small Motion 

The equations of small motion may be derived by considering a 

vollrne element dxdydz and equating the force on this unit due to its 

acceleration and the force due to the stress upon it. The equations 

do not consider the forces due to gravity which are of the second 

order. Parallel to the x,y,z coordinate axes these ions become: 

~) d 2u 1 d dXx/dX + dXy/'dy + ax 13z z 

Pd 2V/?Jt 2 'dYx/'dx + 'dYy!'dy + 'dYz/'dz (4.3-9) 

0 2 w/at 2 = 'dZx /8x + 'dZy /8y + d / z 

4.3.2 Propagation of Plane Waves 

The Vlave surface normal, '~l, points in the direction of \Vave prop-
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agation and is defined as 

v ::: (l,rn,n) (4.3-10) 

where 1,m,n are direction cosines "t..,ith respect to the X,V,z axes. The 

e velocities, Vi' corresponding to the three types of body waves 

... "hich may be propagated in any general anisotropic medium may be deter-

mi.ned as follmvs. The displacements u, v, \v for plane waves propagated 

in the direction 0 are given by 

(4.3-11) 

Substituting these values into the equations of small motion (4~3-9) 

and us 

where, 

equations 4.3-3 and 4.3-4 yields 

A + x 

o 

o 

All cli + m2c66 + n2c55 + 2mncS6 + 2nlc1S + 2mlc16 

A22 12c66 + m2c22 + n2c44 + 2mnc24 + 2nlc46 + 2mlc26 

~33 12c55 + m2c44 + n2c33 + 2mnc34 + 2nlc35 + 2mlc4S 

A12 c16 + m2c 26 + n2c45 + mn(c46 + c2S) 

+ In(c14 + cS6) + Im(c12 + c66) 

13 :::: 12c1S + m2c46 + n2c35 + mn(c4S + c36) 

+ 1n(c13 + c5S) + lrn(c14 + cS6) 

\23 = 12cS6 + m2c24 + n2c34 + rnn(c44 + c23) 

+ In(c36 + c4S) + lrn(c25 + c46) 

(4.3-12) 

(4.3-13) 

In order that equation 4.3-12 have a non-zero solution for ,Ay ' 
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Az the determinant of these equations must equal zero. If the deter

minant does equal zero, a solution exists. Therefore, 

o (4.3-14) 

Since this is a cubic equation in pV2 , there are, in general, three 

possible velocities of propagation for plane "\vaves \vhose normal is 

given by v. 
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4.4 The Isotropic Case 

4.4.1 Fundamental Equations 

Love (1944) has sho\>Jn that to leave the stress-strain relations 

and the strain energy function unchanged after a rotation of the coord-

inate axes, then we require the following condition on the coefficients 

relating stress and strain: 

c· . 1J a for i ::/: j and i or j 4,5,6 

cll c33 A + 21-1 

c12 c1 3 c23 A 

c44 c55 c66 11 

Thus, t\vO elastic cons tants suffice to describe an isotropic medium. 

Therefore, equations 4.3-3 may be rewritten as 

X (A + 21-1 )e + Ae + Ae x xx yy zz 

Yy Ae + (A + 211) eyy + ),e
zz xx 

Zz Ae + Aeyy + (A + 211) e zz xx 
(4.4-1) 

y 
z 1-1 eyz 

Z )Je zx x 

Xy llexy 

4.4.2 Propagation of Plane \.Javes 

In the isotropic case, equation 4.3-14 has the solution 

') 

pV~ = A + 21-1, ll, 1-1 (4.4-2) 

Therefore, in the isotropic case we have two rather than three phase 

velocities. 
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4.4.3 Snell's Law for Isotropic Media 

Snell's law describes refraction at an interface between tlvO 

media. If elastic energy is incident on the interface in medium 1 

at an angle 81 , as measured from the vertical, the angle 

82, at \vhich the energy is refracted away from the interface in medium 

2 is given by: 

sin 82/V 2 = P = (constant) (4.4-3) 

""here p is the ray parameter or ray constant. This is the usual manner 

in ,\"hich Snell's law is stated. 

Snell's law may also be derived by using Fermat's principle of 

minimum time. It can be shown that minimization of the integral 

(Goldstein, 1950): 

o (4.4-4) 

is accomplished whenever the Euler-Lagrange equation is satisfied: 

df/ax - d (df/ax) = 0 
dz 

where i = dx/dz. 

(4.4-5) 

In our case, we wish to minimize to the traveltime given by the 

integral: 

(4.4-6) 

In the present case, f may be replaced by 

f = 11 + x?/V. (4.4-7) 

. 
Measuring angles from the vertical, we have x tan 8, and 

(4.4-8) 

In the isotropic case, V is not a function of position or orientation. 
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Therefore, substituting f into the Euler-Lagrange equation and solving, 

we have: 

df/~)x = Q 

d (8f1 - d [ x ) 
dz dX/ - dz vir=+ *2 Q 

(4.4-9) 

~ 

x constant p 
.. ~+ :{2 

. 
However, substituting x tan 8, we obtain: 

p ::: tan 8 ::: sin B/V (4.4-10) 

This is identical to the result given in equation 4.4-3. 
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4.5 Elliptical Anisotropy 

We may define elliptical velocity anisotropy by the following 

traveltime equation: 

(Richards, 1960) (4.5-1) 

where T is the traveltime between points (0,0) and (x,z). Vx and Vz 

are the velocities in the horizontal and vertical directions respec-

tively. This traveltime equation defines a certain mathematical form 

for the variation of the velocity with direction. If we change to a 

polar coordinate system with angles measured from the vertical (z-

axis), then it is possible to define the velocity for any arbitrary 

direction of propagation. Let x = r sine and z = r cos 8, then 

Di vi ding by T 2 and rearranging) \Ve have 

If we substitute for Vz in terms of Vx ' i.e., Vz = Vx/k, then 

Ve
2 = Vx 2 /Ck2cos 2e + sin2e). 

4.5.1 Snell's Law for Elliptical Anisotropy 

(4.5-2) 

(4.5-3) 

(4.5-4) 

The mathematical form of the ray parameter again may be determined 

very simply by the use of Fermat's principle of minimum time. The pro-

cedure is identical to that discussed in section 4.4. The only differ-

ence is that we are now using the elliptical velocity function defined 

by equation 4.5-4. Again, the ray par&~eter is given by: 

p = (constant) = df/dx = 3f/dtan 8. (4.5-5) 

Therefore, using 4.5-4 and 4.5-5, tve have: 
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, 
p sin 8/[Vx(k2 cos 2e + sin2e)f] (4.5-6) 

This is the resultant fonn of Snell's law for elliptical anisotropy. 

4.5.2 The Application of Elliptical Anisotropy 

The velocity funcition defined by 4.5-4 has been used extensively 

in seismic exploration studies of velocity anisotropy (See chapter 2). 

The value of k appropriate to each interval within a stratigraphic 

section is usually determined by some variation of the basic r,.;ell-

geophone technique. Geophones are placed at various depths Hithin a 

well and shots are detonated at successsively greater distances from 

the \-7ell. Usually) a sonic log of velocity within the well is avai1-

able. Then, it is primarily a matter of adjusting k values until there 

is good agreement between predicted and recorded arrival times. This 

technique allows for the detennination of anisotropy over the entire 

extent of the well. 

4.5.3 The Limitations of Elliptical Anisotropy 

Both practical and theoretical limitations apply to the use of 

elliptical velocity anisotropy. \vith this theory alone, it is imposs-

ible to determine if anisotropy is present within a stratigraphic 

section by the use of surface data alone. Well control is required for 

such an analysis, the reason being that if only surface data are used, 

then "x" (See equation 4.5-1) is the only distance parameter that is 

known. Hence an analysis, such as the T2_X2 method (Dobrin, 1960), 

cannot discriminate between the isotropic and elliptically anisotropic 

cases. 
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The definition of elliptical anisotropy given in equation 4.5-1 

is a very natural extension of the traveltime relation for an isotropic 

medium. However, no combination of elastic constants describing the 

propagation of compressional wave motion that is physically realistic 

and that will also yield a velocity function of the form given in 4.5-4 

exists. \{hen one derives the elastic conditions necessary for com

pressional \..raves to propagate at one velocity parallel to the bedding 

and at another velocity normal to the bedding, the end result is the 

theory governing wave propagation in transversely isotropic media. 

For small offset distances, elliptical anisotropy may be accurate 

enough to describe a velocity function; however, modern techniques of 

common-depth-point shooting lead to large offset distances and ellipt

ical velocity functions may not adequately describe the velocity 

anisotropy present (Vander Stoep, 1966). 
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4.6 Transverse Isotropy 

The theory of transverse isotropy describes media having only a 

single direction in which the velocity of propagation is unique. For 

the purposes of this study) this unique direction is the vertical (z) 

direction. 

4.6.1 Fundamental Equations 

Love (19!+4) has shown that if we require every direction of "lave 

propagation normal to the z-axis (unique axis) to be equivalent, then 

this requires that the stress-strain relations be unchanged and also 

that the strain energy function be unchanged. These conditions impose 

the following restrictions on the elastic coefficients as defined in 

4.3-3: 

Cij 0 for i ~ j and i or j = 4,5,6 

c22 cII, c23 = c13' c55 = c44' 

c66 = t (cil - c12) 

The stress-strain equations in 4.3-3 then reduce to 

x x 

Zx 

X 
Y 

cllexx 

cl2exx 

C13E'-xx 

C44eyz 

c44e zx 

C66exy 

+ 

+ 

+ 

Cl2eyy + cl3e zz 

clleyy + cl3e zz 

C13eyy + c33ezz 

The number of elastic coefficients is thereby reduced from 21 to 5. 
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4.6.2 Propagation of Plane Waves 

The phase velocities, Vi' corresponding to the three types of body 

waves which may be propagated can be determined as follows: The dis-

placements U,V,w for plane waves propagated in the direction v = 

(l,m,n)~ as noted earlier, are given by equation 4.3-11. For the case 

of transversely isotropic media~ all planes normal to the x-y plane 

are equivalent due to symmetry about the z-axis. Therefore, if the 

direction of propagation is chosen to be in the x-z planet nothing has 

been lost with regard to the generality of the results t and it is 

possible to simplify the algebra (Bennett, 1968). Setting m = 0, the 

resulting form for the particle displacements in the x-z plane is: 

(u , v ;tv) = (Ax' ~ ,A z ) exp [ - i k (lx + n y - V t) ] (4.6-2) 

The stress-strain equations (4.6-1) are then written in terms of the 

particle displacements 

X = clldu/dx + c12 dv / dY + C13(hv /Clz x 

y c12du/dx + c11dv/ay + c13dw/ z y 

Z c13 du / dx + c13 dv / 3y + c33 dW / dZ z 

Yz c44(dV/'dz + dtv /ay) 

z c44 (atv/ax + aU/dZ) x 

Xy c66 ('dU/dY + dV /ax) 

and these results put into the equations of small motion given by 

4.3-9 (Bennett, 1968). 

p a 2u/at2 = c a2u/3x2 11 + c66a2u/3y2 + c44d2u/3z2 
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pa 2v/3t2 = c66a2V/aX2 + cll a 2v/3 y 2 + C44a2V/3z2 

+ (c12 + c66)a 2u/axay + (c13 + c44)a 2w/8yaz 

pa 2w/ t 2 = C44a2w/dX2 + C44d 2W/ay2 + c33a2w/3z2 

+ (e13 + c44)a 2u/8zdX + (e13 + c44)3 2v/aYdZ 

(4.6-4) 

The next step is to substitute for the particle displacements in 

tenns of the plane wave solution. Since the plane wave is propagat 

in the x-z plane (m = 0), then all partials with respect to ~ are zero. 

Equations 4.6-4 then reduce to: 

o (4.6-5) 

The second of these equations is independent of ~,Az and can be 

solved immediately CAy 1 0) to give one of the three phase velocities. 

This velocity will be designated as V3 . 

\
7 2 
3 (4.6-6) 

If the de terminant of the remaining t"vo equations is set equal to zero, 

solutions may be obtained for the other phase velocities. 

Therefore, 

V 1, 

2 2 2 1 cil + n c44 - pV 
o 

12 + 2 172 c44 n c33 - 0 v 

(4.6-7) 

(4.6-8) 

Tn y]hat is to follm.4, these \-lave types tvil1 be referred to as if 
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they were pure compressional and pure shear. In fact, they are quasi-

compressional and quasi-shear since the particle motion is in general 

not exactly parallel or perpendicular to the direction of propagation 

(Bennett, 1968). 

Bennett (1968) has shown that V
2 

3 correspond to shear waves (s~r) , 
SH) and VI to a compressional (P) wave. If angles bet\.;reen the di::-ec-

tion of propagation and the vertical are measured, the direction co-

sines 1 and n may be replaced by sin e and cos 9 respectively. There-

fore~ 

V 2 
1,2 

V 2 
3 

The velocities parallel ( 8 = 0°) and normal (8 

are: 

V 2 c33 /0 Vlx 
2 

1z 

V c44/P V 2 
2z 2x 

V 2 C 44 /P V3x 
2 = 3z 

(4.6-9) 

90°) to the z-axis 

cll/O 

c44 /0 (4.6-10) 

c66 /P 

4.6.3 Snell's Law for Transversely Isotropic Hedia 

Fermat's minimum time principle will now be applied to determine 

the form that Snell's law takes for transverse isotropy. The proced-

ure is identical to that discussed in section 4.4.3. Briefly, we wish 

to minimize the traveltime 
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T = Ids/V = III + i 2dz = Ifdz (4.4-6) 

where as in 4.4.3 the minimization is accomplished by f satisfying the 

Euler-Lagrange equation (4.4-5). In the present case, the ray para-

meters corresponding to VI' V2 , and V3 are derived as follows: We may, 

for convenience~ rewrite equations 4.6-6 and 4.6-8 

VI 22 = Asin 2e + Bcos 
• + [(Csin2e- Dcos 2 e)2 + Esin2 ecos 2e]I , 

AAsin 2e + BBcos 

where, 

E (~13+c44)' AA = c66/P , BB = c44/P 
P 

Then, our f-functions become (4.4-8): 

1 + tan2 e 
[AAtanLe + BB]'l 

(4.6-11) 

(4.6-12) 

However, since f is a function of tan e alone, the ray parameters are 

again given by (4.4-9): 

(constant) 1,2,3 (4.6-13) 

Therefore, 

PI 2 = 2sin8 - 1 [Asin2e ±. Csine(Csin2e - Dcos2e)+\Esinecos~e ~ 
, 2 ~l 2 [(Csin2 e - Dcos 2 e)L + EsinL:JcosL:C~]' , , 

P3 tane[AA(tan2 e - 1) + 2BB] (4.6-14) 
(AAtan2 e + BB)'J' .. 

This is the resultant form of Snell's law for the three (P,SV,SH) wave 

components in a transversely isotropic medium. One important implica-
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tion of equations 4.6-14 is that in a layered medium, if all components 

initi.ally propagate away from the source at the same initial angle to 

the vertical, 8, then each component will follow a separate path 

through the medium. In the isotropic case, all body waves would follow 

the identical path through the medium since PI = P2 = P3. 
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4.7 Pseudo-Transverse Isotropy 

Pseudo-transverse isotropy arises with a periodic variation in the 

elastic properties of an isotropic medium. The scale of the variations 

must be small compared to the wavelengths traversing the medium. In 

the limit as the ratio of wavelength to layer thickness becomes infin

itely large, the traveltimes for events propagating in a pseudo

transversely isotropic medium become identical with those in a medium 

which is transversely isotropic at every point. This form of trans

verse isotropy has two important aspects. First, a simple mechanism 

is provided for producing anisotropic wave propagation in geologically 

realistic media. Second, the theory, as developed, allows the compu

tation of the five elastic coefficients corresponding to a given degree 

of anisotropy (anisotropy factor). 

The majority of the material that follows has been taken from 

Postma (1955) and his terminology tvill be used throughout. If \\7e 

assume the geological situation envisioned by Postma, t.Je have a strat

ified medium consisting of a large number of alternating plane, parallel 

layers of two homogeneous, isotropic materials for which the elastic 

behavior is given by Lame's constants ~l'~l and ~2'U2 respectively. 

The layer thickness for the first material is d l ; for the second it is 

d
2

" Take the z-axis perpendicular and the x and y axes parallel to the 

layers, and consider an elementary rectangular parallelopiped with 

faces parallel to the c.oordinate planes. Let the height of the paral1-

opi peel bt..~ n (drhL,), where n is an integer (See Figure 4. 7 -1) . 
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z 

J------y 

x 

Figure 4.7··-1. Elementarv Volume of Stratified \Tedium 
(Postma, 1955) 
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Suppose that on the faces perpendicular to the z-axis a normal 

stress Zz is exerted and that there are no tangential components Yz 

X. On the faces perpendicular to the x-axis we also have only normal z 

stresses, i.e., a normal stress XxI on the layers dl and a normal 

stress Xx2 on the layers d2 - Similiarly, we have on the faces perpen-

dicular to the y-axis normal stresses Yyl and Yy2 " The normal stresses 

Xxl,Xx2,Yyl,Yy2 are such that exxl = exx2 = ~x and eyyl = eyy2 = eyy ' 

where exxl is the linear dilatation of a line element in the direction 

of the x-axis in the layers dl , etc. This restriction is necessary to 

insure the continuity of the displacement as a function of the radius 

vector. The linear dilatation of a linear element parallel to the 

z-axis in the dl layers is ezzl; in the d 2 layers it is e zz 2" In 

general ezzl ~ e zz 2. 

In the first isotropic medium, Hooke's law gives: 

XxI = (AI + 2~1)exx + Aleyy + Alezzl 

Yyl Alexx + (A 1 + 211 1) eyy + "IezzI' (4.7-1) 

Zz Alexx + Aleyy + (AI + 2~1)ezzl· 

The equations for the second isotropic layer are obtained by re-

placing the index 1 by the index 2. The average stress on a face 

perpendicular to the x-axis becomes 

(4.7-2) 

and on a face perpendicular to the y-axis, 

(!~. 7-3) 
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while the stress on the face perpendicular to the z-axis is Zz. 

From the above equations, we find: 

+ eyy(Aldl + A2d 2) + ezzlAldl + ezz 2A2d2 

(d i + d2)Yy = eyy[dl(AI + 2~1) + d 2 (A2 + 2112)] 

+ (Ald l + A2d 2) + ezzlAldl + ezz 2A2d 2 

(d l + d2)Zz = exx(Aldl + A2d 2) + eyyO'ldl + A2d2) 

+ ezz1dl(AI + 2~1) + e zz 2d2(A2 + 2~2)· 

(4.7-4) 

We define e zz by 

(4.7-5) 

where is the overall dilatation of a linear element parallel to the 

z-axis, which contains an equal number of sections through the layers 

dl and d2. Solving the above equations for ezzl and e zz 2! 

(4.7-6) 
e zz 2 = ~~~ + 2UI) + (AI - A?)(ex~yylil-· 

d 1 (A 2 + 2)12) + d 2 (A 1 + 2~ 1) . 

Substituting these results into the stress-strain equations, 

~ = ~x ( (d1+d2) 2 (AI +2111) (A2+2~2 )+dl d2 { [ (AI +2111) - (A2+21l2) ] 2 
D 

- (AI -A2 ) 2 }) 

+ !::yy {AI A2 (dl +d2) 2 + 2 (AI d1 +A2 ) (~2dl +~l d2) } 
D 

(4.7-7) 
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+ ~yy(dl+d2)2(Al+2~1)(A2+2~2)+dld2{[(Al+2~1)-(A2+2~2)J2 
D 

- (Al-A 2)2}) 

+ ~zz{(dl+d2)[Aldl(A2+2~2) + A2d2(Al+2~1)]} 
D 

Zz = ~x+eyyl{(dl+d2)[Aldl(A2+2~2) + A2d2(Al+2~1)]} 
D 

+ ~zz{(dl+d2)2(Al+2~1)(A2+2~2)} 
D 

Proceeding in the same way by applying to the faces perpendicular 

to the z-axis a tangential stress Yz ' we have: 

Therefore, 

(dl + d 2)eyz = [dl/~l + d2/~2]Yz 

or Y z = i!! l--±-"<!zlJ!..l~~y z-
dl~2 + d2~1 

Similarly, we find: 

and X z 

(4.7-8) 

(4.7-9) 

(4.7-]0) 

Finally applying a tangential force to the faces perpendicular to 

the y-axis of the dl layers and to the corresponding faces of the d2 

layers and realizing that exyl must be equal to exy 2 1'n order to insure 

the continuity of the displacement, we find that ~l = ~lexy; Xy2 = 

P2exy' so that when Xy is the average tangential stress on the parall-
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(d l + d2)Xy = dl~l + d 2Xy2 = (~ldl + ~2d2)exy 

or Xy = ~l~l~~~y. 
dl + d 2 

(4.7-11) 

Comparing these results with those for the stress-strain matrix 

coefficients (equation 4.6-1), we see that, when viewed on a proper 

scale, the layered medium may be considered as transversely isotropic. 

The resulting elastic coefficients are: 

- (A 2+11 2)]} 

cl2 = !{(dl +d 2)2X l A2 + 2(Aldl+A2d2)(1l2dl+vld2)} 
D 

!{(dl +d2)2(A l +211 l ) (A 2+211 2)} 
D 

ili+d2)1l~_ 
dIll 2+d 2111 

b.'!l+1l2d L 
dl +d 2 

(4.7-12) 

Among cIl' c12' and c66 there exists the relation c66 = i(cll - c12) as 

becomes apparent by substitution. It must be noted that these coeffi-

cients are dependent upon the combined properties of the layers and 

not only upon their individual properties. Consequently, this theory 

is applicable only at wavelengths sufficiently long that a single wave-

length samples many layers simultaneously and hence "sees" a composite 

medium and not the individual layers. 
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Once we know the form of these elastic coefficients in terms of 

the properties of the individual layers and their relative thicknesses 

dl and d2 , the proper elastic coefficients may then be specified for a 

transversely isotropic medium of any degree of anisotropy. The aniso-

tropy factor was defined earlier (Chapter Z) as the ratio of the velo-

city (compressional) parallel to the layers to the velocity normal to 

the layers, i.e., 

A (':'.7-13) 

However, from equations 4.7-12, we may write: 

(4.7-14) 

'\%en it is assumed that the layer properties are fixed, then the ani so-

is solely dependent on the relative sizes of dl and d 2 0 The pro-

cedure adopted herein for purposes of calculating synthetic models is 

to set = 1, and then to solve 4.7-14 for the value of d2 necessary 

to yield the desired value of A. 

There is a limiting value of A (4.7-14) beyond which either dl or 

d2 becomes complex. If we require that dl and dZ are always real and 

positive, then an upper limit exists for A for a given set of elastic 

constant Al'~l and A2'~2. This may be demonstrated by rewriting 

4.7-14 in terms of Poisson's ratio as follows: 

A2 = 1 + 4d1E.L
2 
(~-~L + jJ2-PLl 

(d l +d Z) A 2+2jJ 2 Al +2~1) 

= I + 4d1iz-
2 
[H.1/~z-1 + ~/ll] -1) 

(d l +d 2) A2/lJ2+2 A1/~1+2 

We may now introduce the identity 

(4.7-15) 
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A/~ + 2 = 2(1 - 0)/(1 - 20) (4.7-16) 

where 0 is Poisson's ratio. 

Therefore, 

(4.7-17) 

1f t for the sake of computational ease, we let 01 02 = c, then inned-

ia tely 've may write: 

(4.7-18) 

Equations 4.7-17 and 4.7-18 have maximum values for d1 = d 2 which may 

be shown by differentiating and setting dA2 = O. If d l = d 2 , then 

A 2 = 1 + 1.1 - 20'~1~2l2 (4.7-19) max 
2 1 - 0 ~1~2 

Therefore, the maximum anisotropy is directly dependent on the differ-

ence between the shear moduli ~1 and ~2. It is also obvious that for 

both equations 4.7-17 and 4.7-18 that media properties again behave 

isotropically in the case that ~l = ~2. 

The proper scale for the application of this theory to be valid is 

such in general that the wavelength of the elastic waves propagating 

through the medium is conventionally of the order of five to ten times 

as long as the individual lithologic unit thicknesses. Furthermore, 

once we have specified the velocities of the individual isotropic lay-

ers, all that remains is to specify a value for an anisotropy factor, 

A, and then all of the relations among the individual velocities of the 

equivalent transversely isotropic section are determined. He may go 

one step further and scale the elastic coefficients either up or down. 
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Now, we have the capability of generating transversely isotropic elas

tic coefficients for any velocity range that is desired, the implica

tion being that for any given level of anisotropy we need only specify 

a single velocity component of the system to uniquely determine all 

other corresponding velocities. 
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4.8 Summary 

The theory necessary for analyzing wave propagation in anisotropic 

media has been developed for the general case and for several specific 

forms of anisotropy. The isotropic case was presented for purposes of 

comparison with the various anisotropic cases, refraction at an inter

face is no longer the simple situation that exists for the isotropic 

case since each wave component may propagate along a separate path 

through a layered medium. For the particular case of transversely iso

tropic media, techniques have been developed that allow for the compu

tation of the five elastic coefficients corresponding to a given degree 

of anisotropy. This development will later make practical the analysis 

of seismic reflection data for anisotropy without the shortcomings 

associated with the theory of elliptical anisotropy. 



5. Seismic Reflection Data 

5.1 Introduction 

The seismic reflection data used in this study are entirely syn

thetic which makes it possible to exercise complete control over the 

data. This control provides a basis for judgment of the efficiency of 

the data analysis techniques. In addition, in the early stages of de

velopment of new analytical methods, it is desirable to be able to work 

with noise-free data. This situation rarely, if ever, arises with 

field data. Coherent noise arising from ghosts, multiples, diffrac

tion, etc. was never added to the synthetic data. The analysis of 

such noise constitutes a separate problem and this omission in no way 

invalidates the analysis techniques developed in later chapters. 

A variety of synthetic earth models is studied. Each model is 

characterized by a particular form of variation of seismic velocity 

with depth. The principal reason for using such a variety of models is 

to demonstrate that the data analysis methods are independent of any 

particular model. 

53 
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5.2 Ray-Path Computation 

In reflection seismologYt the quantity of direct interest is the 

two-\.;ray reflection traveltime between shot and geophone. The mathemat-

ieal method used herein to obtain this traveltime consists of a numer-

ical integration along the ray from the shotpoint to the ref1ection-

point, and then from the reflection-point to the geophone. The equa-

tion for the total traveltime is 

T = Jds/V 
c 

(5.2-1) 

\~here T is the traveltime and c represents the path (ray) along lvhich 

Snell's law holds. V is the velocity function and ds is an element of 

arc length defined as: 

where the geometry is the same as that discussed in chapter 4. A digi-

tal computer program was written to perform the numerical integration 

indicated of equation 5.2-1 and is discussed in the Appendix (See 

subroutine DREFL in Appendix). 
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5.3 Velocity Functions 

The velocity finctions to be discussed all describe the velocity 

associated with the elastic coefficient cll' All other velocities will 

depend on the degree of anisotropy present. This choice of ell allows 

for the ready comparison of models that differ only in the amount of 

anisotropy. 

The particular velocity models chosen illustrate a reasonable di

verse range of possibilities. The five basic models to be used are a 

uniform ha lfspace, a section with veloci ty increasing linearly tvi th 

depth, a discrete stepwise increase of velocity with depth, an isotrop

ic stepwise increase of velocity containing a buried anisotropic inter-

val, and a linear increase of velocity with continuous changing dip 

as a function of depth. The velocity functions for each model are 

displayed in figures referenced in the discussions of individual mod

els. Each figure contains both interval and rms (root-mean-square) 

velocities. The interval velocity cirve represents the actual medium 

velocity variation vs. depth. The nus velocity curve represents the 

"average" velocity associated with a reflection arriving from a parti

cular depth at a specific two-way reflection time. A more complete 

discussion of the relationship between rIDS and interval velocity is 

given in chapter 6. The interval velocity plotted for the P velocity 

component is the horizontal velocity component. 

5.3.1 Single Anisotropic Layer 

This model is a homogeneous half-space. Because it is uncomp} ca-
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ted, the effects of normal moveout (isotropic or anisotropic) may he 

studied without complications due to variations of velocity. Normal 

moveout is defined, as usual, as the difference in two-,,,ay reflection 

time for a geophone located some distance away from the shotpoint as 

compared with the two-way traveltime for a normal incidence reflection. 

The velocity function used is simply: 

v = 8000 ft/sec (5.3-1) 

In order to obtain reflections within such a medium, this velocity must 

be considered as an average velocity. Small perturbations of the act

ual velocity about this average give rise to the reflections. 

5.3.2 Linear Increase of Velocity with Depth 

This velocity function has often been used to represent the varia

tion of velocity with depth of burial in sedimentary basins. The velo

city function used is (See Figure 5.3-1): 

v 8000 + z ft/sec (5.3-2) 

5.3.3 Stepwise Increase of Velocity with Depth 

This velocity model has been used extensively in synthetic model

ling for many years. The particular form of step increase used here is 

to start with a surface velocity of 8000 ft/sec and every 100 ft in 

depth to increase the velocity by an additional 100 ft/sec. This velo

city function is shown in Figure 5.3-2. 

5.3.4 Buried Anisotropic Interval 

This model was generated primarily to test the sensitivity of ~n-
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alysis methods to changes in the degree of anisotropy. The model is 

isotropic from the surface to a depth of 3000 ft and is again isotropic 

for depths greater than 4000 ft. The interval from 3000 to 4000 ft is 

transversely isotropic with an anisotropy factor of 1.10. The velocity 

function used is shown in Figure 5.3-3 and is identical to that des

cribed in 5.3.3. 

5.3.5 Continuously Changing Dip 

Two models are employed to demonstrate some of the difficulties 

encountered in the analysis of data where the strata are dipping and 

where the amount of dip continuously changes (See Figure 5.3-4). Geo

logically these models might simulate a deltaic or offshore sedimen-

tary section. In an even more general context, these models are im

portant because dipping strata are freque.ntly encountered in explora-

tion. Because the theory used in the analysis of field data generally 

assumes flat lying strata, these models will be useful in pointing out 

the limitations imposed by geologically reasonable departures from that 

assumption. The continuous increase of dip with depth is also useful 

in the determination of the maximum amount of dip that may be present 

without significantly degrading the subsequent analysis of the seismic 

data. 

The first model will be referred to as the polar velocity model and 

it has the follm...,ing velocity function: 

v = 8000 +kRB ft/sec (5.3-3) 

where 0 is the angle of dip in radians, R is the radial distance fr 
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a center of curvature, and k is a constant \.Jith fixed values for vari-

ous ranges of 8. These values are: k = 0 for < 5°, k = 0.1 for 

0.2 for 15° < 6 < 25°, k =,0.3 for 25° < 

and k = 0.4 for 35° < 6 < 45°. 

The second model will be known as the constant velocity dipp lay-

er model. The layer geometry is identical to that of the Dolar ve18-

city model and is also shown by Figure 5.3-4. The velocity fUDet:' :'"'~ 

for the constant velocity dipping layer model is: V = 8000 ft ec for 

e 5°, V 9000 ft/sec for 5° < e < 1 ,V = 10000 ft/sec for 1 

< V = 11000 ft/sec for 25° < e < 35°, and V = 12000 ft/sec for 

35° < e < 45°, The initial shotpoint used with both models is for 

R = 5000 ft. The geophones would be located at still greater values of 

R. The veloci. functions for these models are shown graphically in 

Figures 5.3-5 and 5.3-6. 
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5.4 Synthetic Seismograms 

The arrival times for reflections are computed by the techniques 

described in section 5.2. At this stage in the generation of the syn

thetic data there exists only a set of arrival times corresponding to 

a given shot-geophone distance and reflector geometry and, as such, 

these data do not constitute a seismogram. Corresponding to each re

flector there is associated a reflection coefficient. In the svnthetic 

seismograms used in this work a series of random numbers has been used 

to simulate the reflection coefficients associated with the reflectors. 

This choice of random numbers is appropriate since actual reflection 

coefficients determined experimentally from field data using continuous 

velocity well logs have been found to be approximately randomly distri

buted (Agard and Grau, 1961; Warnaca and Ferree, 1967). A seismogram 

is then created by convolving a seismic 'ivave1et (See Figure 5.4-1) with 

the reflection coefficients (See Figure 5.4-2) which are snaced at 

times corresponding to the two-way trave1times to the reflectors. If a 

sufficient number of closely spaced reflections are used, the resultant 

seismogram will be continuous rather than consisting of discrete ev

ents, and such a seismogram looks and processes much like field data. 

Finally, random noise may be added to the synthetic seismograms to 

further simulate conditions associated with field data. Figure 5.4-3 

is an example of one set of noise-free synthetic seismograms used in 

this work. 
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Figure 5.4-2. Reflection Coefficients 
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5.5 Common--Depth-Point Geometry 

Common-depth-point geometry places shotpoints and geoohones in 

such an arrangement that the reflections for each shotpoint-geophone 

combination occur at a common reflecting point. Thus, 'tvhen stacking 

traces, each trace in the stack will ideally contain the same reflector 

information. Figure 5.5-1 depicts the reflection geometry for three 

shot-geophone distances so arranged that all reflections occur at the 

same point, the Common-Depth-Point, in space. This is an example of 

common-depth-point (CDP) geometry for the case where the reflector is 

parallel to the surface. Twelve sets of CDP traces (12-fold) were gen

erated for each of the models described in section 5.3. Each of the 

shotpoint-geophone distances is a multiple of 440 feet starting with 

440 feet. 
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5.6 Summary 

The seismic modelling process discussed in section 5.2 may be used 

to obtain synthetic reflection data for arbitrarily complex models. 

For example, this process is capable of modelling lenses, faults, wed

ges, transgressive-regressive sequences, and any other type of litho

logic variation. Both isotropic and anisotropic (transversely isotrop

ic) lithology may be modelled. Reflection data have been generated for 

a variety of simple models that are often used in seismic nodel1ing 

work. Each model possesses a different form of variation of velocity 

with depth. Every set of l2-fold data so created possesses a maximum 

shotpoint-geophone distance of 5280 feet. 



6. Velocity Scan of Isotropic Data 

6.1 Introduction 

The problem of interpreting seismic reflection profile records 

consists of analyzing arrival times of reflections arriving at various 

shot-geophone distances to determine the velocity distribution of the 

transmitting medium and the depths to the subsur face horizons. Consl.G·

er a single horizontal reflector at a depth Z with a constant velocitv 

medium above (See Figure 6.1-1). The equation for the reflection tines 

as a function of shot-geophone distance is simply 

= X2/V2 + 4Z2/V2 (6.1-1) 

This equation for the reflection time is a hyperbola. If, as is the 

usual case, the velocity, V, is a function of depth, the ray paths will 

be curved and the simple relation given by equation 6.1-1 for the re

flection times will not hold. However, if the geophones are near the 

shot the reflected ray paths will be nearly vertical, and the ray paths 

may be approximated by straight lines. From equation 6.1-1 we see that 

for a given increment of distance away from the shot the reflection 

time will increase by a corresponding increment in time. For reflec

tions from successively deeper reflectors, the increment in reflection 

time will be less for the same increment in distance. The progressive 

increase of reflection time with distance for a reflection from a given 

reflector is referred to as moveout. If the reflector is horizontal, 

the increase in time is referred to as normal moveout. 

One widely used method of analyzing such a profile of reflection 

seismograms is the so-called "T2_X 2t1 method. The hyperbolic equat iCin 

77 
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Figure 6.1-1. Reflection Geometry 
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(Equation 6.1-1) may also be treated mathematically as the equation of 

a straight line with T2 and XL the dependent and independent variables 

respectively. The slope of this line is then the inverse square of the 

average velocity associated with the reflector. The analysis procedure 

entails the picking of reflection times for each geophone and the plot 

of the square of these times versus the square of the shot-geophone 

distances. The slope of this line then yields the square of the velo-

city which in turn may be used in the interpretation of geologic struc-

ture. The principal disadvantage to this analysis method is that there 

must be strong reflections present on the seismograms. If there is not 

a good contrast between a reflection and the remainder of the seisrr.o-

gram, then it is not possible to pick accurately the correspond 

arrival times across a profile of records and the method breaks do','n. 

The detenaination of seismic velocities fron surface measure~ents 

was studied by Dix (1955). Dix's analysis is important because the 

background for many of the techniques currently used in the digital 

analysis of subsurface velocity are discussed here. The initial dis-

cussion involves a single plane, non-dipping reflector. The traveltime 

equation 

(6.1-2) 

is usually referred to as the hyperbolic traveltime equation because of 

its mathematical form. Tx is the reflection time to horizontal dis-

tance X, V is the layer velocity, and To is the reflection time for 

zero offset. Equation 6.1-2 is the same as equation 6.1-1 with the 

two-way zero offset time, 2Z!V, being replaced by To' The two layer 
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case is also analyzed by Dix and the results are then generalized to 

the n-layer case. There are tvlO important results of this generaliza-

tion. The first is the form of the velocity to be used in equation 

6.1-2 for the nth layer: 

(6.1-3) 

where Viis the velocity in the nth layer and ~T i is the tHo-,.,ay re

flection time within the nth layer. Vn is the root-mean-square (rms) 

veloci.ty associated with the nth layer. The second result uses equa-

tion 6.1-3 to recover interval velociti.es: 

V 2 
n 

n 
- 2 (Vn Lt;T. 

] 1 
(6.1-4) 

Equations 6.1-2, 6.1-3, and 6.1-4 have been extensively applied in the 

digital anal~sis of subsurface velocity. 

Recently, . ne,,'" tec.hniques have been developed for the determinat ion 

of subsurface velocity. As with the T method, these neiA7er techni-

ques depend upon the analysis of nonnal moveout to yield velocities 

associated with different reflecting horizons. These techniques are 

statistical in nature, and they involve computer correlation rather 

than the vi.sual determination of reflection arrivals. 

Taner and Koehler (1969) introduced a great advance in the area of 

digital computer derivation and applications of velocity functions. 

Hultifold ground coverage by seismic techniques suc.h as the common-

depth-point (CDP) method provides a multiplicity of wave travel path 
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information which allows direct determination of root-mean~squarl2 velo-· 

cities assoc.iated with such paths. Underlying the method .is thl'.: \VeJ I .. · 

established principle of employing a correlation-like technique on an 

assemblage of se1smic traces 1;..;rhich contain redundant informa.t i ~;o 

that an improved estimate of some desired quantity may be made. 

bo11c (See ion 6.1 2) searches for correlation ar::ong 

gatht>.red arrays of traces fann the basis upon which velocttit.~s a:cE' 

estimated. Measured correlation coefficients are presented 

city spectral display. Interpretation of the information enn lve 

veloel ties itlitb accuracy for primary as well as nultiple 

events. In addition, the velocity data can help to correctlv identi 

events. TaIler and Koehler discHss tht:; undar;;ental princ.ir;les fer :I .. 

culating ve10ci spectral displays and examples Clre presented to 

J 1111 S t r a f- e t h f.:' d cpt h <J nd d eta j 1 0 f 

obtained from the interpretation of such d lays. 

Proper identification of primary reflections in a b ,.~, f 

noise and rnultipl reflections '\vas R maj or problem "';[IE:,) alI ::-:eis7:tic 

work was single coverage and is still a problem in the CDP militifold 

coverage method. Hany analog and digital t have been deve] 

oped to reduce this undesirable interference and these 

been utilized with varying degrees of success. 

The obje.ctive of improved signal-to-noise ratio and attenuation of 

multiples utilizing the (.1)P method can he accomplished on1y app 

tile proper tinle co"rrer:tions to tllP' seismic data, so tl1at th~~ l)'rj ',}, 



82 

reflection signals will be moved in-phase and stacked properly. It is 

first necessary to determine corrections for all primary reflections on 

all the traces (with different shotpoint-geophone distances) which will 

be stacked into a trace. 

Taner and Koehler discuss the velocity spectral display as a pow

erful tool for identifying both primary reflections and the velocities 

to be used for correction of traces prior to stacking in the CDP meth

od. Information relevant to lithology has also been interpreted from 

these displays. 

In the past, time corrections have been estimated from previously 

measured nearby well velocities utilizing simple straight-ray or curved 

ray methods, and resulting misalignments vlere corrected applying 

residual normal moveout corrections. This procedure is someHhat unsat

isfactory because it is time consuming and, since the data are handled 

more than once, it is costly. It becomes more unsatisfactory when 

there are no well data available. In any case) the time corrections 

are generally calculated from the simple case of horizontally layered 

media and the effects of dipping beds are not considered. 

A schematic diagram of the veloci ty scan process is ShOvlll in 

ure 6.1-2. After the alignment of the input data \,rith respect to a 

given hyperbolic delay pattern, a digital filter is computed for each 

trace that '{vauld selectively pass events common to all traces. Then, 

these are stacked together to give the best estimate of the input sig

nal. Computation of power spectra for a given set of traces is done on 
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a grid pattern. First, a reference time, To (equation 6.1-2), is cho

sen. The time is kept constant and V (rms velocity) is then varied n 

at regular intervals between a minimum and maximum V for a given area. 

Each set of To and Vn will give a particular hyperbolic pattern. Each 

trace is displaced an amount corresponding to the X distance, passed 

through the correlation filter, and output power is displayed with 

respect to its corresponding To and Vn values as shown in Figure 6.1-2. 

Peaks on the spectrum thus indicate the arrival of reflected energy at 

this particular To time with a velocity indicated by the corresponding 

Vn coordinate. 

Velocity spectra have several principal uses. They help to deter-

mine the velocity function required for optimum stacking. They may be 

used to check the final seismic section against any procedural, inter-

pretational, or computational error. Velocity spectra aid in deter-

mining the effect of multiple interference. Because they encompass 

all reflections, it is, in many cases, possible to determine the tim-

ing, order, apparent velocity, and relative power of multiples. 
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6.2 Isotropic Scan 

6.2.1 Mathematical Description of Normal Moveout 

Since, in general, the depth to various reflectors is not known, 

it will be convenient to rewrite equation 6.1-2 in terms of the rms 

velocity, V, associated with a given reflector (See equation 6.1-3). 

Therefore, equation 6.1-2 may be written as 

T 2 = T 2 + X2/V2 
x 0 (6.2-1) 

where Tx is the two-way reflection time measured at a horizontal dis-

tance X from the shotpoint. The difference between Tx and To is the 

normal moveout for the horizontal offset X. The meaning of this equa-

tion is that, for a given value of To' there will be an associated 

value of V. This is precisely the characteristic used in the T2_X2 an-

alysis. This relationship between To and V is also the basis for the 

analysis technique to be discussed in the next section. 

6.2.2 Determination of Normal Moveout 

As discussed earlier, correlation techniques form the basis in 

this work for relating To and V (See equation 6.2-1). The correlation 

measure chosen is the semblance coefficient (Taner and Koehler, 1969). 

This is a normalized correlation coefficient varying in magnitude be-

tween 0 and 1. The semblance coefficient is sensitive to variations 

in amplitude between traces as well as within traces. The mathematical 

definition of the semblance coefficient is given by: 
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(6. 

where M is the number of traces) N equals the number of samples from 

each trace, which is also referred to as the 'gate length' or 'window 

width', i is the trace number) and fi,j(i) is the amplitude of the jth 

sample in the ith trace. 

The analysis proceeds as follows: First, a value of is chosen. 

Then, while To is kept constant, V is varied at regular intervals be-

tween minimum and maximum values. The intervals that are used in the 

variation of To and V are normally referred to as 'scan intervals'. 

Semblance coefficient calculations are performed for each moveout curve 

thus defined. Figure 6.1-2 depicts three possible hyperbolic traject-

ories which are scanned. The second scan was chosen such that it was 

the correct one for the signal displayed. The plot of the semblance 

values allows the correct choice of rms velocity to be made. That is, 

the maximum semblance indicates that a particular choice of V best fits 

the observed moveout at the time specified by To' Therefore, by obser-

ving the variation of semblance values throughout a range of To and V 

values, it is possible to define the variation of rms velocity over the 

entire length of a set of records which determines the normal moveout 

associated with this data. 

The method does have one limitation. For a given spread length, 

there is a limit to the depth for which it is possible to adequately 



87 

resolve velocity structure. For To » X/V, it is difficult to resolve 

velocities since there is very little moveout. 

6.2.3 Demonstration of the Method 

The analysis of normal moveout for rms velocity as discussed above 

will be referred to as a "velocity analysis." The results of a velo

city analysis are usually in the form of a matrix of semblance coeffi

cients. Variation along one side of the matrix represents variation in 

velocity. The direction normal to this represents variation in two-way 

normal incidence reflection time. Therefore, if the semblance matrix 

is contoured, the result is a map where the highs represent the best 

choice of velocity vs. two-way time. The value of such a contour map 

for which the semblance values range between a and 1 is that the con

tour values are directly indicative of the amount of confidence that 

can be placed in the results of the analysis. The above statements may 

best be illustrated by the use of a simple model. For this model, it 

will be assumed that velocity remains constant with depth of burial in 

the manner discussed in section 5.3.1. The seismic traces for this 

model are shown in Figure 6.2-1. Figure 6.2-2 is the veloci.ty analysis 

performed on the data. It will be noted that the peaks in the analysis 

are all centered at 8000 ft/sec. For velocities either higher or lower 

than 8000 ft/sec, the semblance values rapidly decrease in magnitude. 

The magnitudes of the semblance peaks are not uniform throughout the 

analysis because the extent that moveout and hence velocity may be det

ermined depends to large extent on the contrast existing between suc-
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cessive reflection coefficients. A reflection seismogram is a super

position of many reflections so that when a good contrast between re

flection coefficients exists a particular reflection may stand out 

above the general background. This is just the characteristic that 

made the T2_X2 method workable. However, the difference here is that 

using a correlation technique, such as semblance, the reflection coeff

icient contrast need not be as great as for the T2_X2 method. In 

addition) the use of correlation methods allows for the efficient auto

mation of the rms velocity determination. 

In Figure 6.2-2 and in all other velocity analyses in this and 

later chapters, the lowest (outermost) contour level will always cor

respond to a semblance value of 0.2. The value 0.2 was chosen for 

the start of contouring because tests have shown that spurious sem

blance values up to about 0.2 may occasionally arise due to fortuitous 

lineups of non-related events on the seismic traces during scanning. 

A contour interval of 0.1 is used for all velocity analyses. The cap

tion for each velocity analysis contains all pertinent information re

lating to the analysis. The first information listed indicates \vhether 

the analysis is over the seismic P or over the SV wave component. The 

entry identified as "scan increments" gives the steps by which two-tvay 

reflection time and rms velocity are varied in the analysis. For exam

ple, in Figure 6.2-2 for an initial two-way time of 0.1 sec, each suc

cessive time differs from the preceding time by 20 ms. Similarly, each 

rms velocity after the initial value differs from the preceding value 
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by 100 ft/sec. The "window width" identifies the amount of data taken 

from each trace that is to be correlated. In Figure 6.2-2, the window 

width is 50 ms. This indicates that, for every semblance calculation, 

50 ms of data were used from every trace. The velocity analyses in the 

next chapter have two additional headings in the caption. The first, 

labelled "data anisotropy") gives the actual anisotropy factor for the 

data being analyzed. The second entry is "anisotropy scan level" which 

is the anisotropy factor utilized in that particular velocity analysis. 

Figure 6.2-3 is an enlargement of a portion of Figure 6.2-2. In this 

figure the contours are labelled to illustrate more clearly manner 

in which the semblance magnitudes vary. The significance of the con

tour plot is that the ridge and peaks identified by the semblance max

ima define the velocity function for the medium being analyzed. 
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7. Velocity Scans of Anisotropic Data 

7.1 Introduction 

Normal moveout was shown to be the key to analysis of seismic re

flection data for the isotropic case (See chapter 6). The same is true 

when the transmitting medium is anisotropic. Moveout analysis becomes 

more difficult in the case of velocity anisotropy because of the func

tional dependence of the propagation velocity on the direction of prop

agation with respect to the axis of symmetry (See section 4.6). The 

form that the moveout equations assume depends upon the kind of aniso

tropy present. The models used here are transversely isotropic. Theo

retically, transverse isotropy is a better description of anisotropic 

media than is the theory of elliptical anisotropy which has been ex

tensively used (See sections 4.5.2 and 4.5.3). This was first shown 

theoretically by Postma (1955) and field confirmation was obtained bv 

Jolly (1956) and Vander Stoep (1966). 

The practicality of using shear waves in seismic exploration has 

been demonstrated by Cherry (1968) and Erickson, ~. ala (1968). The 

results of these studies indicate that it is possible to obtain the 

same depth of penetration as with compressional waves. Horizontal 

vibrators were used as the source of energy in these experiments. The 

conclusions reached by these experimentors ,,,ere that shear waves could 

be used for exploration in much the same way that compressional waves 

are used. 

93 
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7.2 Mathematical Description of Normal Moveout 

Searches for semblance, as discussed in section 6.2.2~ utilizing 

CDP data forms the basis upon which rms velocities are estimated for 

the case of transversely isotropic media. However, in this case the 

trajectories scanned are not hyperbolic, but depend on the more complex 

velocity relationships existing in a transversely isotropic medium (See 

section 4.6). 

In a transversely isotropic medium, as has been shown earlier, 

velocity is a function of the direction of propagation with respect to 

the axis of symmetry. As in section 4.6) the axis of symmetry will be 

chosen to coincide with the vertical or z-axis. The three direction

ally dependent velocities, corresponding to P, SV, and SH are given by 

equations 4.6-6 and 4.6-8. The velocities, both parallel and normal to 

the z-axis, are given by equation 4.6-10. Since in practice we do not 

work with perfectly homogeneous and uniform materials, we will want to 

rewrite equations 4.6-10 in terms of quantities that are physically 

measureable by us. Therefore, 

@ e = 0° 

VI -+ VIz' V2 -+ V2z ' V3 -+ V3z 

@ e = 90° 

VI -+ Vlx ' V2 -+ V2x ' V3 -+ V3x 

but from equations 4.6-10 we know that V2x = V2z = V3z. In particular, 

Vlx is the horizontal component of the compressional velocity, VIz is 

the vertical component of the compressional velocity, and V2x is the 
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horizontal component of the shear velocity (SV). Next, the velocity 

relations given by equations 4.6-6 and 4.6-8 will be revJritten in terms 

of the velocities defined by equations 7.2-1. 

(7.2-2) 

The next step will be to make use of these velocity relations to write 

traveltime equations for the medium. Let: 

T 2 = D2/V 1,2 1, 
(7.2-3) 

T32 = D2/V3 2 

where D is the total length of the reflection path. D has the same 

methematical form as in the isotropic case, i.e., D = /:K2 + 42 2 , where 

X is the shotpoint-geophone distance and 2 is the reflecion depth. 

First, the traveltime equations will be written in terms of X and Z. 

Then, 2 will be replaced in terms of the more conventional zero-offset 

two-way reflection time. Also sin e and cos e may be expressed in 

terms of X and 2 (See Figure 6.1-1) ,,,here 

sin e = X/ cos e = 2Z/1:K2 + 4Z2. (7.2-4) 

Substituting into equation 7.2-2, we obtain: 
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Then, the traveltime equations become 

T 2 = (X2 + 4Z2)/V12, T 2 (X2 + 4Z2) tv 22 , 1 2 
(7.2-6) 

T 2 = (X2 + 4Z2)/V32 . 3 

If we set X 0, we have: 

TlO 
2 = 4Z2/V 2 T20 

2 = 4Z2/V 2 T 2 = 4Z 2 /V 2 (7.2-7) lz ' 2x ' 30 3z 

where T10 , T20~ and T30 are the two-way zero offset reflection times 

for P, 8V, and 8H respectively. Next, similar to the procedure ted 

in the isotropic case, substitution for Z in terms of the appropriate 

two-way zero offset time will be made: 

4Z 2 - T 2V 2 - T 2V 2 - T 2V 2 - 10 lz - 20 2x - <30 3z . 

Therefore, upon substitution into equations 7.2-5, we have: 

(7.2-8) 

These are the traveltime equations used to calculate normal moveout in 

the velocity analysis of a transversely isotropic medium. 

Inspection of the first two of equations 7.2-9 reveals that, for a 

single velocity scan, that not one, but four velocities must be speci-

fied simultaneously. Only a single velocity need be specified for the 

isotropic case. However, this is not as formidable a problem as might 
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appear at first sight. The procedure adopted is to use Vlx as a refer

ence velocity and to vary it between some minimum and maximum values by 

predetermined steps. Also, the degree of anisotropy is specified and a 

value of Poisson's ratio assumed. The procedure adopted herein is to 

use a value of Poisson's ratio of 0.283 for the models being studied. 

This is the value used by Postma (1955) for his Case I. This is a 

reasonable value and falls approximately in the midrange of values 

listed by Birch (1966) for sedimentary rocks. The majority of sedimen

tary rocks listed fell within the range 0.25 to 0.35. Poisson's ratio 

for limestones and sandstones had ranges of 0.25 to 0.34 and 0.17 to 

0.29 respectively. The majority of tabulated values for these rocks 

were in the range 0.27 to 0.31. The assumption of a single value for 

Poisson's ratio throughout an entire section is not necessarily as 

restrictive as it might first appear. The seismic energy propagating 

through a section at any instant is affected by the properties of the 

medium averaged over a distance of one wavelength. Therefore, existing 

variations within the medium tend, in effect, to be smoothed. One fur

ther indication that this assumption of a constant value of Poisson's 

ratio is not necessarily injurious is the ratio of the shear to the 

compressional velocity. For a Poisson's ratio of 0.30, the ratio of 

the shear to the compressional velocity is 0.535. This velocity ratio 

is 0.580 and 0.480 for Poisson's ratios of 0.25 and 0.35 respectively. 

This corresponds to a variation in this ratio of about 10 percent in 

either direction from 0.30. Once a value of Poisson's ratio is 
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assumed. it is then possible to use the theory relating elactic coeffi

cients in a transversely isotropic medium developed in section 4.7 to 

calculate the values of Vlzt V2x ' and Vl3 corresponding to Vlx and the 

level of anisotropy specified. At this point, the velocity analysis of 

transversely isotropic media becomes almost as straightforward as for 

the isotropic case. Finally, as expected, for an isotropic medium, 

equations 7.2-9 reduce to the hyperbolic equation (Equation 6.1-1). 

We proceed next to the application of anisotropic velocity scanning 

methods to the idealized models described in chapter 5 in order to 

evaluate the possibilities of such analytical techniques in exploration 

seismology. 
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7.3 Stepwise Increase of Velocity with Depth 

This model is a horizontal layered structure with the surface 

layer having a horizontal compressional velocity of 8000 ft/sec. This 

first layer is 125 ft. thick. All other layers are 100 ft. thick and 

the horizontal compressional velocity component increases by 100 ft/sec 

in each successively deeper layer. All other velocity components 

are determined by the ratios existing among the elastic coefficients 

and the value of the horizontal compressional component. The ratios 

among the elastic coefficients depend, of course, on the degree of 

anisotropy (See section 4.7). The horizontal compressional component 

was chosen as a reference for ease of comparison with the results of 

isotropic scan velocity analysis (See chapter 6). This velocity 

function was used to generate three sets of synthetic reflection data 

having anisotropy factors of 1.02, 1.043, and 1.08 respectively. 

7.3.1 Effects of Variation of Model Parameters on Velocity Analysis 

Spread Dimensions 

All reflection data for this model were created using a Common

Depth-Point reflection geometry. The maximum shotpoint-geophone 

distance used was 5280 feet. Some 4-fold and 6-fold data were also 

generated with the same overall shotpoint-geophone distance for 

purposes of comparison with the l2-fold data. The shotpoint-geo

phone spacings for the 4-fold data are multiples of 1320 feet and 880 

feet for the 6-fold data. Greater distances are not feasible with 

this model because critical angles are exceeded for the shallower 

reflections. A critical angle as used herein refers to the angle that 
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the seismic ray path makes with the vertical at some interface ~..Jhen the 

angle becomes large enough that no seismic energy is transmitted any 

deeper than that interface. 

~old Multiplicity 

The fold multiplicity employed for velocity analysis has important 

consequences with regard to the resolving power of the analysis. A 

velocity analysis is essentially a correlation analysis used to deter

mine the values of normal moveout best satisfying the data. When a 

small number of traces is used, it is possible for an accidental 

lineuo of information (i.e., peaks and troughs) to produce a correlation 

peak. As the number of traces increases, it becomes less and less 

likely that significant correlations will occur away -from their correct 

position. 

An example of the importance of fold multiplicity may be shown by 

using the data described above under the heading 'Spread Dimensions'. 

The l2-fold data for each of the three levels of anisotropy are shown 

in Figures 7.3-1, 7.3-2, and 7.3-3. The 4-fold data are obtained by 

using only every third trace and the 6-fold data by using only every 

other trace. Figure 7~3-4 shows the results for velocity scans of 4, 

6, and l2-fold data respectively for the data shovffi in Figure 7.3-2. 

These analyses are for the compressional (F) velocity component. In 

all three analyses the minimum contour level is 0.2 (See section 6.2.3) 

and the contour interval is 0.1. The 4- fold analysis is noisy and it 

is difficult to determine \\There the best correlations exist. The sit.

uation is much improved in the 6-fold analysis. Although there is 
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still considerable noise prese,nt, it does not greatly degrade the 

analysis. For the 12-fold analysis there is no longer a problem with 

background noise and the Deaks are well defined. It should be clear 

from these examples that, aside from other factors, a sufficient 

number of traces must be used just to eliminate un'\varranted eorrelat.ions 

due to fortuitous lineups of peaks and trou~hs on the traces. For 

this reason, all data subsequently for anisotropy are 12-folJ. 

Critical Angles 

Severe problems may exist when velocity analyses are perfbrmed 

upon seismic traces where the reflections are not present on all 

traces because. critical angles are exceeded. The problem 

exists for the parts of the s ismic re.cord and is the most severe 

for the outer traces because of the offsets involved. T~ere~ 

because velocity analysis is a correlatjon process, the results -2:~ ~ 

expected to be s d when reflections are present j '":,c::.c 

(near) traces and are absent from others (far traces). This acrount 

for the lOTNer magnitude of the correlation peaks prior to 0.3 sec 

two-way time in Figure 7.3-4c. Table 7.3-1 shows the first depth !rOffi 

\vhich a reflection is received for each trace. Reflections are not 

received from shallower depths because critical angles are exceeded. 

Variations in Reflection Coefficients 

As discussed in section 6.2.3~ a reflection seismogram is a 

superposition of many reflections. Where a good contrast 

between reflection c()effjcicnts exists~ a Dc'lrticular reflection flay 

s Land Dut ilbnve the genera 1 back~trcund > The peaks depic':ted bv a cor;-



Tab Ie 7.3. -1. Depth of First Reflection 

Data Anisotropy = 1.02 

Trace No .. 1 2 3 4 5 6 7 8 9 10 11 12 

P: 100 100 100 150 250 375 550 750 950 1175 1475 1850 
SV: 100 100 100 150 275 450 650 850 1050 1275 1575 1875 

Data Anisotropy = 1.043 

P: 100 100 100 150 250 350 475 675 875 1075 1375 1675 
SV: 100 100 100 175 350 475 675 875 1075 1350 1650 1900 

j.--1 

0 
co 

Data Anisotropy = 1.08 

P: 100 100 100 150 175 350 450 575 775 975 1250 1475 
SV: 100 100 150 250 375 375 575 950 1175 1400 1675 1950 
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toured velocity analysis represents parts of the seismic data that are 

characterized by good contrast between adjacent reflection coefficients. 

For parts of the seismic record where the difference between nearby re

flection coefficients is small, the correlation process tends to lose 

reso1uti.on because of the loss of contrast that occurs when the nearly 

equal amplitude wavelets are summed in the superposition process used 

in generating a seismic trace. 

In order to facilitate the comparison of velocity analyses scanned 

assuming different levels of anisotropy, the entire range of times and 

velocities contained within each set of data will not be displayed, but 

only sections containing good contrasts between reflection coefficients 

will be used. l;.Je will thus compare only how maj or ,peaks (corresponding 

to good reflections) on the velocity analyses change with anisotropy 

scan level. This will provide the information necessary to judge the 

resolving power of the analytic technique for determining various 

levels of anisotropy. 

Resolution of Anisotropy 

The step velocity function described above was used to generate 

three sets of seismic traces (See Figures 7.3-1, 7.3-2, and 7.3-3). 

Each set of traces is l2-fold. The shotpoint-geophone distances are 

described above. The three sets of data are all anisotropic with an

istropy factors of 1.02, 1.043, and 1.08 respectively. All sets of 

data contain both P and SV arrivals. Velocity analyses were performed 

over both P and SV to test the anisotropy resolving capability of 
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each component. One characteristic of the SV velocity analyses to be 

noted is that the velocity range is slightly different for each indi

vidual anisotropy scan value. The horizontal P velocity component was 

used as a reference and therefore, the same P velocity range has a 

sli.ghtly different corresponding SV velocity range for each anisotropy 

factor scanned. 

Quantitative comparisons of velocity scans for differing degrees 

of anisotropy may be made by integrating the volume unde.r the surface 

defined by the matrix of semblence values. The analysis which most 

closely matches the actual degree of anisotropy in the data will yield 

the largest semblance maxima and, therefore, the greatest volume upon 

integration of the semblance matrix. To facilitate comparison among 

analyses, the integrated volumes are normalized on the basis of the 

largest value being set equal to 100 with all other values then scaled 

accordingly. 

The first set of data analyzed has an anisotropy factor of 1.043. 

The velocity scans utilized anisotropy factors from 1.02 to 1.06 in 

steps of 1.01. Velocity analyses for P and SV are given in Figures 

7.3-5 and 7.3-6 respectively. The results of the analyses are shown 

in Table 7.3-2 for both P and SV. The results of the P analyses are 

inconclusive as there is not a single sharp maxima. The SV results, 

on the other hand, are characterized by a sharp maximum. The location 

of this peak value at an anisotropy scan value of 1.04 and the sharp 

decrease on either side of 1.04 are directly -Indicative of the re

solving power of the analysis. The value at 1.05 is almost as larg2 as 
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the 1.04 value since the actual anisotropy factor is 1.043. Aqualita

tive interpretation of these figures supports the quantitative results 

in Table 7.3-2. The correct anisotropy factor for these data can be 

determined within an uncertainty of ±O.005. For this model, the 

horizontal and vertical P velocity components are 8000 ft/sec and 7670 

ft/sec respectively at the surface. A determination of anisotropy to . 

within ±0.005 implies that) for this model t the measured velocity dif

ference for the P components would fall within the range 330 + 40 ftl 

sec. 

It is readily apparent from Figures 7.3-5 and 7.3~6 that the entire 

range of data available is not depicted. The analyses for P and SV 

were limited to two-way reflection times for which there was good con

trast between nearby reflection coefficients as discussed above. The 

two-way reflection time ranges chosen for P and SV were 0.6 - 0.9 sec 

and 1.2 - 1.5 sec respectively. 

Since the results of analysis of the SV data with anisotropy factor 

1.043 were satisfactorYt it was decided to extend these results by 

analysi.s of data having half the anisotropy and double the anisotropy. 

It was reasoned that if the anisotropy could be resolved successfully 

over this broad range, that the resolution of the analysis method would 

be amply demonstrated. Therefore, two sets of seismic data having an

isotropy factors of 1.02 and 1.08 were generated. All three sets of 

data were created in the same manner with the same reflection coef

ficients being used in all cases. 

The analysis of the data with anisotropy level 1.02 is the most 



112 

O.60~----~~~~.----~----~~ 

u 
(j) 

CIJ 

:>-. 
ct! :s: 
I 
o 
~ 
~ 

0.70 

'·0.80 

0.90 
00 '-0 
0 0 
0 0 
0 0 

Ve10ci 

....... ....... !-" 

0 I-' N 
0 0 0 
0 C 0 
0 0 0 

, ft/sec 
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Figure 7.3-5e. Velocity Analysis of P Component 
Data Anisotropy = 1.043, Window Width = 50 ros, 
Scan Increments = 20 ros and 100 ft/sec, 
Ani.sotropy Scan Level = 1.06 



117 

1.20~------~~.-~-------r--~ 

1.30 

1./~0 

1.50~ ________ ~~-W~ ____ ~ __ -J 

Velocity, ft/sec 

Figure 7.3-6a. Velocity Analysis of SV Component 
Data Anisotropy = 1.043, Window Width = 50 ms, 
Scan Increments = 20 ms and 54 ft/sec, 
Anisotropy Scan Level = 1.02 
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Figure 7.3-6b. Velocity Analysis of SV Component 
Data Anisotropy = 1.043, t.Jindow \.Jidth = 50 ms, 
Sean Increments 20 ms and 54 ft/sec, 
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Figure 7.3-6c. Velocity Analysis of SV Component 
Data Anisotropy = 1.043, Window Width = 50 ms, 
Scan Increments = 20 ms and 53 ft!sec, 
Anisotropy Scan Level = 1.04 
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Figure 7.3-6e. Velocity Analysis of SV Component 
Data Anisotropy = 1.043, Hindow Width = 50 ms, 
Scan Increments 20 rns and 52 it/sec, 
Anisot ropy S,:an Level = 1.06 
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Table 7.3-2. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.3-5 and 7.3-6. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.043 

Assumed Anisotropy Normalized Results of Integration 
P SV 

1.02 87.5 98.3 

1.03 91.5 98.5 

1.04 94.5 100.0 

1.05 91.3 95.2 

1.06 100.0 73.6 
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difficult test of resolving power since the amount of anisotropy is 

small. The velocity analyses for P are shown in Figure 7.3-7 for an

isotropy scan levels from 1.00 to 1.04. The velocity analyses for SV 

over the same scan level range are shown in Figure 7.3-8. Table 7.3-3 

contains the normalized results of integration of the velocity analyses 

depicted in Figures 7.3-7 and 7.3-8. This table shows quite clearly 

that the P analyses again are not useful for resolution of the aniso

tropy. The SV portion of this table demonstrates that even for such 

a small amount of anisotropy that it can be resolved to within +0.01. 

This is equivalent to resolving the difference between the horizontal 

and vertical velocity component (P) at the surface to within about +80 

ft/sec where the actual velocities are 8000 and 7850 ft/sec respectively. 

As was expected, the resolving power of the method is not as great for 

this set of data as for the data set with anisotropy 1.043. 

The resolving power of the method was found to be the greatest 

when the data set with an anisotropy factor of 1.08 was analyzed. 

Again, the velocity analyses over P were inconclusive as is shown in 

Table 7.3-4 and Figure 7.3-9. The anisotropy scan levels used ranged 

from 1.06 to 1.10 for both P and SV. The SV analyses are shown in 

Figure 7.3-10. The results (SV) in Table 7.3-4 show that there is no 

ambiguity in choosing the correct anisotropy level. 

The analysis of these three sets of data is indicative of the 

general resolution capabilities of the analysis method. The P com

ponent velocity analyses of these data are insensitive to the degree of 

anisotropy. The SV component velocity analyses are quite sensitive to 
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Figure 7.3-7b. Velocity Analysis of P Component 
Data Anisotropy :: 1.02, Window Ividth = 50 ms, 
Scan Increments == 20 ms and 100 ft/sec, 
Anisotropy Scan Level = 1.01 
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Figure 7.3-7c. Velocity Analysis of P Component 
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Scan Increments = 20 ms and 100 ft/sec, 
Anisotropy Scan Level = 1.02 
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Figure 7.3-7d. Velocity Analysis of P Component 
Data Anisotropy = 1.02, Window Width 50 ms, 
Scan Increments 20 ms and 100 ft/sec, 
Anisotropy Scan Level = 1.03 
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Data Anisotropy = 1.02, Window Width = 50 ms, 
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Anisotropy Scan Level = 1.02 



132 

1.20 __ --~WMr_~--------~--~ 

1.30 

1.40 

1 .50 -=-----
Vl 
W 
W 
f-' 

Velocity~ ft/sec 

Figure 7.3-8d. Velocity Analysis of SV Component 
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Data Anisotropy = 1.02 t Window Width = 50 ms, 
Scan Increments = 20 rns and 53 ft/sec, 
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Table 7.3-3. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.3-7 and 7.3-8 • 

. Integration Range: Semblance Values > 0.4 

Data Anisotropy = 1.02 

Assumed Anisotropy Normalized Results of Integration 
Sean Value P SV 

1.00 96.6 97.0 

1.01 96.7 100.0 

1.02 99.6 94.9 

1.03 97.2 .93.7 

1.04 100.0 82.9 
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Figure 7.3-9d. Velocity Analysis of P Component 
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Scan Increments = 20 ms and 100 ft/sec, 
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Figure 7.3-ge. Velocity Analysis of P Component 
Data Anisotropy = 1.08, Window Width = 50 ms, 
Scan Increments = 20 ms and 100 ft/sec, 
Anisotropy Scan Level = 1.10 
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Table 7.3-4. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.3-9 and 7.3-10. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.08 

Assumed Anisotropy Normalized Results of Integration 
Scan Value P SV 

1.06 92.7 80.9 

1.07 96.2 98.7 

1.08 96.8 100.0 

1.09 95.6 90.4 

1.10 100.0 60.9 
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the degree of anisotropy and this sensitivity increases rapidly with 

increasing anisotropy. The explanation of the difference in the P and 

SV results lies in the effects of anisotropy on normal moveout. For 

P these effects are negligible while they are large for SV. 
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7.4 Single Anisotropic Layer 

This model is a homogeneous half-space in the sense discussed in 

section 5.3.1. It is a useful model since normal moveout may be studied 

without effects due to variations in velocity. This model provides a 

baseline by which to judge the performance of the velocity analysis 

techniques. Again, as in section 7.3, the horizontal compressional 

component was chosen as a reference and has the value of 8000 ft/sec. 

Three sets of synthetic reflection data were generated with anisotropy 

factors of 1.02, 1.043, and 1.08 respectively. 

7.4.1 Effects of Variation of Model Parameters on Velocity Analysis 

Spread Dimensions 

All reflection data for this model were generated using CDP 

geometry. The maximum shotpoint-geophone distance used in the genera

tion of the data was 5280 feet. The data are 12-fold with all shot

point-geophone distances being mUltiples of 44G feet. This is the sane 

CDP geometry used with the other more complex models. 

Variations in Reflection Coefficients 

The set of reflection coefficients used in section 7.3 to generate 

synthetic seismograms was also used for this model. The synthetic 

seismograms are shown in Figures 7.4-1, 7.4-2, and 7.4-3. 

Resolution of Anisotropy 

The first set of data analyzed has an anisotropy factor of 1.02. 

Velocity scans were made utilizing anisotropy factors from 1.00 to 1.04 
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in steps of 0.01. The velocity analyses for the P component of velocity 

are shown in Figure 7.4-4, and for the SV component in Figure 7.4-5. 

The volumes under the surfaces defined by the semblance matrices were 

integrated to determine which anisotropy level Dest fit the data (See 

section 7.3). The normalized results of integration are shown for both 

P and SV in Table 7.4-1. The results of thp. P analyses is that this 

component is not useful for the resolution of anisotropy since the 

integrated matrix values do not possess a sufficient range to allow for 

the accurate selection of the correct anisotropy factor. The SV results 

indicate that even for this low level of anisotropy that the resolution 

is definitely within the range of ±0.01. Although Table 7.4-1 shows 

that the anisotropy factor of 1.01 gave better results than the factor 

of 1.02 by 1 percent, there is no doubt that the choice is only limited 

to factors 1.01 and 1.02 since the values on either side begin to rapid

ly decrease in magnitude. 

The velocity analyses for the data set having an anisotropy factor 

of 1.043 are shown in Figures 7.4-6 and 7.4-7 for P and SV respectively. 

The normalized results of the integration of the semblance matrices are 

in Table 7.4-2. It will be noted that here the P maximum is the correct 

one. However, the range of values for P are so close together that 

this correct P value may be regarded as fortuitous. The correct an

isotropy for SV is again the result of integrating the semblance ma

trices. The nearest value to the maximum is four percent lower and this 

is regarded as a significant difference. 
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Table 7.4-1. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.4-4 and 7.4-5. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.02 

Assumed Anisotropy Nonna1ized Results of Integration 
Scan Value P SV 

1.00 95.4 94.6 

1.01 98.4 100.0 

1.02 99.0 99.0 

1.03 99.8 92.1 

1.04 100.0 72.1 
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Table 7.4-2. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.4-6 and 7.4-7. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.043 

Assumed Anisotropy Normalized Results of Integration 
Scan Value P SV 

1.02 96.9 83.9 

1.03 97.7 -96.1 

1.04 100.0 100.0 

1.05 98.9 92.1 

1.06 99.1 79.2 
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The results of analysis of the data set with anisotropy factor 1.08 

are very similar in general to those of the data set described immedi

ately above. The velocity analyses for P and SV are shown in Figures 

7.4-8 and 7.4-9 respectively. The results of integrating the velocity 

matrices are shown in Table 7.4-3. The results for P are incorrect and 

it may be noticed that the range of values is small enough that it is 

not possible to make an unambiguous choice of anisotropy in any event. 

The SV results show a pronounced maximum which is indicative of only a 

single correct level of anisotropy. This is the correct value . 

. The three levels of anisotropy that were analyzed for this velocity 

model support several conclusions. Anisotropic velocity analysis util

izing the P component is not useful for the recovery of information con

cerning the value of the anisotropy factor. SV component velocity 

analysis, on the other hand) is an excellent means for analyzing for 

anisotropy. The sensitivity of the SV analysis of anisotropy is de

pendent upon the level of anisotropy encountered. Very simply, it may 

be stated that, as expected, the greater the anisotropy, the greater 

is the resolving capability of the method. 
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Table 7.4-3. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.4-8 and 7.4-9. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.08 

Assumed Anisotropy Normalized Results of Integration 

1.06 

1.07 

1.08 

1.09 

1.10 

96.7 

98.4 

98.0 

98.5 

100.0 

78.7 

88.4 

100 • .0 

90.4 

65.9 
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7.5 Linear Increase of Velocity with Depth 

The velocity function for this nodel is described in detail in 

section 5.3.2. The horizontal compressional velocity component is 

8000 ft/sec at the surface and increases at the rate of 1 ft/sec per 

foot of increase in depth. This velocity function was used to gen

erate three sets of anisotropic data having anisotropy factors of 1.02, 

1.043 and 1.08 respectively. 

7.5.1 Effects of Variation of Model Parameters on Velocity Analysis 

Data Characteristics 

All reflection times for this velocity model were generated for 

a CDP geometry. The maximum shotpoint distance used in the generation 

of the data was 5280 feet. The data generated are 12-fold with all 

shotpoint-geophone distances being mUltiples of 440 feet. Table 7.5-1 

shows the first depth from which a reflection is received for each 

trace. Again, reflections are not received from shallower depths be

cause critical angles are exceeded. The reflection coefficients dis

cussed in section 7.3.1 were used to create the synthetic seismic data 

shown in Figures 7.5-1, 7.5-2 t and 7.5-3. 

Resolution of Anisotropy 

The initial data analysis was performed on the data set with an

isotropy factor 1.02. Velocity scans were made over the range of an

isotropy factors extending from 1.00 to 1.04 in steps of 0.01. The 

results of velocity analysis for P and SV are shown in Figures 7.5-4 

and 7.5-5 respectively. The volume under the surfaces defined by the 



Table 7.5-1. Depth of First Reflection 

Data Anisotropy = 1.02 

Trace No. 1 2 3 4 5 6 7 8 9 10 11 12 
p 100 100 125 200 300 425 600 775 1000 1250 1550 1875 

sv 100 100 125 225 350 500 675 875 1100 1350 1650 1950 

Data Anisotropy = 1.043 

p 100 100 100 175 275 400 550 725 925 1175 1450 1775 
SV 100 100 150 250 400 550 725 925 1150 1400 1675 1950 

Data Anisotropy = 1.08 I-' 
OJ 
........ 

P 100 100 100 175 275 375 500 650 850 1050 1300 1575 
SV 100 100 200 300 450 600 775 975 1200 1450 1700 1975 
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Table 7.5-2. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.5-4 and 7.5-5. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.02 

Asumed Anisotropy Normalized Results of Integration 
Value P SV 

1.00 94.2 97.2 

1.01 95.2 100.0 

1.02 98.7 99.4 

1.03 98.1 95.9 

1.04 100.0 85.0 
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semblance matrices was integrated (See section 7.3.1) for the purpose 

of determining which anisotropy level best fit the data. The normal

ized results of integration are shown for both P and SV in Table 7.5~2. 

As with the previous cases, the P velocity scans are not useful for the 

determination of anisotropy. The best choice of anisotropy is indicated 

to be 1.01. The actual value is 1.02 and the results of integration 

indicate that, in fact, this value is as good a choice as 1.01. Thus, 

it is possible to choose the correct anisotropy factor for this par

ticular model to within +0.01. 

The velocity analyses for the data set having an anisotropy factor 

of 1.043 are shown in Figures 7.5-6 and 7.5-7 respectively. The an

isotropy scan range extended from 1.02 to 1.06 in steps of 0.01. 

Normalized results of integration are presented in Table 7.5-3. The 

anisotropic P velocity scans did not result in any useful information 

concerning the anisotropy factor for this data set. The SV analyses in

dicated a choice of 1.03 for the anisotropy factor. A value of 1.04 

is a better choice. The difference in the integrated matrix values 

for anisotropy factors 1.03 and 1.04 is so small that either value is 

an equally good choice. The accuracy for the determination of the an

isotropy. factor definitely falls within the range of ± 0.01 of the 

correct value. 

The final set of data for this velocity model has an anisotropy 

factor of 1.08. Velocity analysis results are shown in Figures 7.5-8 

and 7.S-9. The anisotropy scan range was from 1.06 to 1.10 in steps 

of 0.01. The analysis results for P were not significant for the de-
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Table 7.5-3. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.5-6 and 7.5-7. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.043 

Assumed Anisotropy Normalized Results of Integration 
Scan Value P SV 

1.02 93.4 93.5 

1.03 95.6 100.0 

1.04 95.5 99.3 

1.05 99.6 88.9 

1.06 100.0 70.3 
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Table 7.5-4. Integrated Velocity Analysis Results 

Velocity Analysis Parameters: See Figures 7.5-8 and 7.5-9. 

Integration Range: Semblance Values> 0.4 

Data Anisotropy = 1.08 

Assumed Anisotropy Normalized Results of Integration 
Scan Value P SV 

1.06 92.3 96.8 

1.07 95.0 100.0 

1.08 95.6 92.0 

1.09 97.6 75.0 

1.10 100.0 46.8 
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tection of anisotropy. The results of 'semblance matrix integration are 

shown in Table 7.5-4. The SV results indicate a choice of 1.07 for the 

anisotropy factor. This value is low by the amount of 0.01. 

This model again supports the earlier conclusion that velocity 

scans over the P velocity component are not suitable for the detection 

of anisotropy. The SV velocity scans in each of the three cases studied 

indicated an anisotropy factor that was 0.01 lower than the correct 

value. In the first two cases, the actual anisotropy factor was an 

equally good choice as the value indicated by integration of the 

semblance matrices. 



226 

7.6 Buried Anisotropic Interval 

The velocity function associated with this model is described in 

section 5.3.4. The horizontal compressional component of velocity 

varies in the manner described in section 7.3. From the surface to a 

depth of 3000 feet the section is isotropic. From 3000 to 4000 feet in 

depth, the section is anisotropic with an anisotropy factor ofl.IO. 

The top of the anisotropic interval occurs at two-way reflection times 

of 0.640 and 1.150 sec for the P and SV velocity components respective

ly. Below 4000 feet t the section is once again isotropic. 

7.6.1 Effects of Variation of Model Parameters on Velocity Analysis 

Data Characteristics 

The maximum shotpoint-geophone distance is 5280 feet as in the 

previous models. A CDP geometry was utilized and 12-fold data were 

generated. The same set of reflection coefficients as discussed in 

section 7.3 were used in the generation of the data shown in Figure 

7.6-1. 

Analysis Results 

Table 7.6-1 shows the first depth from which reflection is 

received for each trace. Reflections are not received from shallower 

depths because critical angles are exceeded. The.velocity analyses for 

both P and SV are shown in Figures 7.6-2 and 7.6-3 respectively. As 

in previous models, the P velocity analyses were insensitive to the 

presence of aniostropy. The isotropic portion of the SV record prior 

to 1.15 sec may be correctly resolved as being isotropic by the inte-
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gration technique discussed earlier. However, for reflection times (SV) 

in excess of 1.15 sec, it is possible to detect the presence of an

isotropy, but the correct magnitude of the anisotropy is not determinable 

with the anisotropic scan techniques developed in section 7.2 since the 

assumption of constant anisotropy is no longer true. For reference 

purposes, average anisotropy values were calculated for normal incidence 

reflections for the range of SV reflection times that spanned the an

isotropic interval and for 0.250 sec beyond. These are simple arith

metic averages. The integration technique discussed in section 7.3 

was modified for use in this situation in two ways. First, the inte

gration was performed only over the semblance values for a particular 

scan time. Second, the integration was expanded to include the sem

blance values one scan interval in time above and below the time of in

terest. The hope was that one of these methods would yield the vari

ation of the average anisotropy value. In fact, neither of these met

hods was adequate. However) the second method yielded somewhat less 

erratic, but still incorrect values of anisotropy. When these inte

grations failed, the semblance peaks were compared and the anisotropy 

factor was chosen on the basis of the highest semblance value. This 

proved to be more erratic than either integration method. Table 7.6-2 

contains the results of the above analyses. Although it did not prove 

possible to perform a quantitative determination of the variation of 

anisotropy, considerable useful informatton \vas obtained. The first of 

tht' integration methods, while erratic, is useful for putting upper 

bounds to the anisotropy. At this point, the most reliable technique 
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Table 7.6-2. Anisotropic Interval 

Results of Anisotropy Determination Tests 

Two-way Average Anisotropy Anisotropy Anisotropy Semblance 
Time Anisotropy Semblance Single Line Three Line A < 1.04 

Zero Offset Integration Integration 

1.16 1.000 1.00 1.00 1.00 1.00 

1.20 1.004 1.00 1.00 1.00 1.00 

1.24 1.007 1.02 1.00 1.00 1.02 

1.28 1.011 1.04 1.03 1.00 1.03 

1.32 1.013 1.01 1.01 1.01 1.01 

1.36 1.016 1.04 1.04 1.04 1.03 

1.40 1.019 1.01 1.01 1.01 1.01 

1.44 1.021 1.01 1.03 1.03 1.01 

1.48 1.024 1.01 1.03 1.03 1.01 

1.52 1.024 1.02 1.02 1.00 1.02 

1.56 1.023 1.04 1.01 1.00 1.03 

1.60 1 .. 022 1.06 1.04 1.00 1.02 

1.64 1.022 1.05 1.00 1.00 1.03 

1.68 1.021 1.05 1.00 1.01 1.03 

1.72 1.020 1.06 1.02 1.01 1.03 

1.76 1.020 1.04 1.00 1.00 1.03 
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for determining the average anisotropy variation is strictly qualitative. 

It is believed that an experienced observer could determine the an

isotropy variation to a quite satisfactory degree. This may be illus

trated by comparison of the various portions of Figure 7.6-3. The 

portion prior to 1.15 sec is isotropic. Although the integration met

hod of section 7.3 is adequate to determine the anisotropy factor (A 

= 1.00) for this part of the record, the same result may be ascertained 

by visual comparison of Figure 7.6-3a with 7.6-3b,c, .•• ,h. The sem

blance values decrease rapidly for all scan values greater than 1.00. 

When the anisotropic portion of the analysis (times greater than 1.15 

sec) is compared, it becomes obvious by the general character of the 

semblance variations that the anisotropy variation must be confined to 

values less than 1.04. In part, this limit to less than 1.04 is due to 

the magnitudes of semblance values and part is comparing the forms of 

the general envelope of the analyses. For scan values less than 1.04, 

the envelopes are all essentially the same. From 1.04 on, this en

velope becomes distorted until the extremes shown in Figures 7.6-3g 

and 7.6-3h are reached; When anisotropy scan vlaues are limited to 

the range 1.00 to 1.03, the average anisotropy values specified by the 

semblance peaks come close to the correct values for the most part. 

These values are in the last column of Table 7.6-2. A simple smoothing 

of these values would appear to yield quite satisfactory results. The 

fundamental problem with the analysis of a section with varying an

isotropy is that the velocity in a transversely isotropic medium is a 
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function of orientation with respect to the unique direction in the 

section. When a section is composed of intervals of differing aniso

tropy, then the variation of velocity with orientation for the entire 

section will not be properly measured by a velocity scan which is the 

arithmetic average of the anisotropy for the section. This may be 

understood by examining the mathematical form of the velocity (SV) in a 

transversely isotropic medium as given in equation 7.2-2. '~en reflec

tions from known depths are analyzed, it is possible to assign average 

velocities for each reflection path. \~en we average two or more 

velocities, where some or all of them are anisotropic with differing 

degrees of anisotropy, the resultant average velocity is still a func

tion of the direction of propagation, but the mathematical description 

of transverse isotropy is no longer valid. The velocity scan process 

in calculating velocities, in effect, averages the elastic constants 

rather than the interval velocities. The two averaging processes are 

not equivalent. This becomes obvious when equation 7.2-2 is examined. 

The mathematical form of this equation is such that averaging elastic 

constants is not the same as averaging interval velocities t each of 

which individually conforms to this mathematical description. It does 

not appear that this problem is amenable to solution since it would 

be necessary to know the thicknesses of each interval and the aniso

tropy factor for each as well in order to average velocities. This is 

impractical as it presupposes knowledge of just the information being 

sought. The end result for this case is that it is possible to deter-
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mine if anisotropy is present, but is not a simple matter to determine 

just how much anisotropy is present. 
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7.7 Dipping Interfaces 

Models with dipping interfaces are studied to demonstrate the 

effects of dip on a velocity analysis ,-.Then the assumption of flat 

layering is violated. The mathematical description oftha velocity 

functions used in the study of the effects of dip are described in 

section 5.3.5. The reflector geometry for the two models studied is 

shown in Figure 5.3-4. Dip varies continuously with depth for the 

polar velocity model but varies only at discrete intervals for the 

constant velocity dipping layer model (See section 5.3.5). The forms 

of velocity variation represented by these models may be considered as 

idealized forms of several structures of geological interest such as 

deltaic deposits, offshore marine shelf deposits, and the limbs of 

anticlines or synclines. In particular, the geometry approximates 

some areas of offshore Texas very well. 

\ihile the velocities for the polar velocity model are isotropic 

at any particular point, horizontal as \vel1 as vertical velocity grad-

ients do exist. The purpose of this model is to demonstrate the 

effects of this particular kind of directional dependence of velocity, 

as opposed to anisotropy, on a velocity analysis. The constant velo

city dipping layer model acts as a reference since this model does not 

possess horizontal velocity gradients. For compatibility with earlier 

models studied, the compressional velocity at the surface is 8000 

ft/sec for each of these models. For the polar velocity mode1, the 

veloc.ity along the reflector dipping 15 degrees) for example, increaSf~S 
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by 613 ft/sec over a distance of 5280 ft along the reflector. The 

corresponding velocity variation along the 25 degree dip reflector i.s 

1702 ft/sec. 

7.7.1 Effects of Variation of Model Parameters on Velocity Analysis 

Data Characteristics 

Standard CDP data were generated for these models. All shotpoint

geophone distances are multiples of 440 feet. The maximum distance is 

5280 feet. The same reflection coefficients used with the other models 

\Vere used here. The seismic traces for the polar velocity model and 

for the constant velocity dipping layer model are shown in Figures 

7.7-1 and 7.7-2 respectively. Typical reflection paths are shown for 

each of these models in Figures 7.7-3 and 7.7-4. Reflections from 

interfaces with dips greater than 25 degrees do not return to the sur

face for the majority of traces. Only isotropic data were 

for these models. 

Analysis Results 

Velocity scans for both P and SV velocity components were per

formed on each set of data. Analysis results are shown in Figure 

7.7-5 for the polar velocity model and in Figure 7.7-6 for the con

stant velocity dipping layer model. The velocity values corresponding 

to the semblance peaks for each separate velocity analysis were com

pared with the velocities calculated for reflections with zero offset 

from the shot location (normal incidence reflections). The effects of 
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Figure 7.7-3. Polar Velocity ~odel 
Typical Reflection Paths 
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dip were identical for each model and for both P and SV. For all dips 

less than approximately 12 degrees, the results of the velocity 

analysis were correct to within less than one velocity scan interval. 

The velocity scan interval for the P component was 100 ft/sec and the 

corresponding interval for SV was 55 ft/sec. For dips greater than 

about 15 , the rms velocities determined from the velocity 

analyses are in error by at least two velocity scan intervals. The 

apparent rms velocities determined by the velocity analyses were al

ways greater than the actual velocities in the presence of dip. 

Finally, an unexpected and significant result of the analysis was that 

the horizontal velocity gradients of the polar velocity Model did not 

affect the results of the velocity analysis for dips less than 12 

degrees. This conclusion is supported by the fact that the correct 

rms velocities \..Jere recovered over the same range of dips. The most 

likely explanation for the horizontal velocity gradient of the polar 

velocity model not having any noticeable effect on the velocity anal

ysis is that the CDP geometry employed has the effect, for a linear 

horizontal velocity gradient, of averaging the horizontal 

over the reflection path. This average velocity corresponds to the 

velocity existing at the common-depth-plane. Since all traces share 

the same common-depth-plane, there is only one horizontal velocity 

associated with a given depth for anyone plane. In this case, 

the horizontal velocity gradient would only become apparent when the 

data from a sequence of common-depth-p1anes were analyzed and compared. 
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7.8 Effects of Random Noise on Velocity Analysis 

The velocity analyses performed on preceding models. have all been 

on noise-free data. As could be expected, the presence of noise ShOllld 

act to degrade velocity analyses. A test was conducted to determine 

how much effect random noise has on velocity analysis. The conditions 

were quite limited in scope, but are believed to be far more severe 

than those normally encountered in the field. The data used \·Jere 12-

fold CDP data of the kind discussed in previous sections. All shot

point"-geophone distances were multiples of 440 feet '(vith the maximum 

distance being 5280 feet. Different random noise was added to each 

trace. The amount of noise added to each trace "las such that the TIllS 

,lmplitude of the noise was equal to the nus amplitude of the trace. 

The noise--free data are shown in Figure 7.8-1 and the noisy data in 

Figure 7.8-2. Velocity analyses were performed for both P and S',: seis-

mic components for each data set and thr results are shm\7n ifl Fig'\.lres 

7.8-3 and 7.8-4. It is immediately obvious that this amount of noise 

severely degrades the results of velocity analysis. However, these 

3nalyse8 are not degraded to the point of being useless. The correct 

1:1n8 velocity functions are still determined, although there are fevJer 

well defined semblance peaks. This test demonstrates the effects of 

amoants of noise on velocity analysis. Lesser amounts of noise 

will of course cause less degradation to velocity analyses. 
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8. Sensitivity of Velocity Scans for Anisotropy 

The sensitivity of velocity analysis techniques for detennining 

anisotropy will be discussed for two general cases. The first is that 

the entire stratigraphic section is uniformly anisotropic. The second 

considers the possibility that anisotropy may vary within the section. 

It is necessary to divide this discussion into two parts since the con

clusions reached for the simpler position of uniform anisotropy will 

imply the potential resolving power for the more complex case of vari

able anisotropy. 

Uniform Anisotropy 

The problem of resolving anisotropy in a uniformly anisotropic 

section by the use of surface seismic data has been discussed in sec

tions 7.3, 7.4, and 7.5. It is believed that these models are suffi

ciently general that. the conclusions drawn may be extended beyond just 

the particular models studied. The velocity variation conforms to the 

range of velocities commonly observed in the field. The forms of ve10·

ci ty variation vs. depth used in these models may be said to char acter'~ 

ize common types of velocity variations observed in field data. 

The general results of this study are that in a uniformly aniso-~ 

tropic section the anisotropy factor may be readily determined. The 

accuracy wi th ~.,hich the anisotropy may be determined depends upon the 

value of the anisotropy factor. For anisotropy factors within the 

range of about 1.00 to 1.02, the correct value may be detenn1.ned to 

within about + 0.01. For factors in the range of 1.03 to 1.05, the 
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accuracy is about + 0.005. For values in excess of 1.05, there is vir

tua1ly no uncertainty in the determination of anisotropy to the accur

acy necessary for use in reflection seismic exploration. 

Another important result of this study is the effect of the choice 

of seismic wave component on the analysis for anisotropy_ It has been 

traditional in reflection seismic exploration to work with P wave data 

and to ignore shear wave components. HO'Y,1ever ~ one of the first con

clusions of the anisotropy study was that P wave data are insensitive 

to anisotropy. The explanation for this is that the difference in nOT-

mal move out for different amounts of anisotropy is so small that it nay 

b\'o> considered to be negligible. The SV wave component t on the other 

hancl, 1.3 a sen.sitive tool for the detection of velocity anisotropy be-

C:'"lUS(: SV normal moveout differs significantly for small differences in 

anisotropy. The discussion above concerning the accuracy with ~hich 

the anisotropy facto!' could be determined is wi th reference to SV velo·

ci.ty analyses as the primary tool of anisotropy determination. 

Varying Anisotropy 

After studying the possibilities of resolving anisotropy in a 

uniformly anisotropic media, the next step is to study the problem of 

anisotropy resolu tion in sections where the anisotropy may vary. Th~~ 

model chosen for this test was discussed in section 7.6. This model is 

mnrf~ realistic than a model with a uniform level of anisotropy through

out. The P wave component exhibited the same lack of sensitivity to 

anisotropy as in the uniformly anisotropic study. The SV component 
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remained quite sensitive to the presence of anisotropy. However, the 

results for SV were not the same as for the uniform anisotropy case. 

although it was possible to detect the presence of anisotropy, it was 

not possible to correctly determine the amount of anisotropy actually 

present by strictly quantitative methods. A visual examination of the 

various anisotropy scans appears to yield satisfactory results for the 

model studied. If an arithmetic average of the anisotropy in the sec

tion is performed, the velocity analysis results for that level of 

isotropy are correct and do yield the correct rms velocities. Table 

7.6-2 contains the results of the analyses performed together with the 

average anisotropy. The problem lies in the determination of which 

anisotropic velocity scan is the correct one. As discussed in section 

7.6, this can be traced back to the type of velocity averaging that 

occurs physically and the manner in which velocities are calculated iTl 

the velocity scanning process. The velocity scan moveout calculations 

implicitly assume a condition. of uniform anisotropy. Hhen energy is 

reflected in such a composite medium t the averaging process yields 

velocities with a different directional variation than a simple aver

aging of the anisotropy factor would indicate. Presently, there does 

not appear to be any way to avoid this problem. Although the ani so-' 

tropy factor resulting from the analysis of such a composite section 1.S 

itself incortect, it does place an upper limit on the actual anisotropy 

factor since the calculated factor is higher than the true value. 

A short demonstration of the sensitivity of the velocity analysis 
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process in the presence of noise was given in section 7.8. This test 

consisted of adding random noise to a set of 12-fold traces such that 

the rms level of the noise added to each trace vIas equal to the nTIS 

level of the noise-free trace. This is regarded as a rather severe 

test that would far exceed the amount of random noise normally observed 

in the field. The results of this test were that it was still possible::: 

to correctly determine the P and SV velocities for the data. 



9. Recommendations for Field Tests 

Field tests of the anisotropic velocity scan techniques developed 

herein should be performed to verify the conclusions reached through 

digital modelling of idealized anisotropic structureS4 Such a program 

should include a variety of locations and should progress from the 

stage of carefully controlled field conditions to the more general kin~ 

of field conditions normally encountered by a field party. 

The first consideration of such a program must center about the 

location where tests are to be conducted. The location should, first 

of all, be on land rather than offshore for several reasons. The ~ost 

important single reason centers about the role that shear \Vaves pIa:: L: 

an anisotropic velocity analysis. Shear waves do not propagate throu 

water and therefore a marine location does not have any value. Test 

should bE' conducted either in areas that have been previously deter~

mined to contain anisotropic formations or in areas where formations 

similar to thOSf': reported else'\vhere as anisotropic exist. This lat ter 

situation is not as desirable of course since the question arises as to 

how much anisotropy really exists at such a location. In any event, 

the amount of anisotropy existing at a given location must be indepen

dently verified. Some of the techniques discussed in chapter 2 could 

be used for the purpose of verification. The well-geophone technique 

is recommended for this purpose since it allows for direct measurement 

within the actual formations under consideration. A continuous velo

city log should be obtained over the length of the bore-hole in order 
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to provide a precise knowledge of the vertical distribution of velo

ci The bore-hole should be logged for the shear velocity (SV) dis

tribution as well as for the compressional (p) velocity. The geologic 

section should be composed ideally of non-dipping strata possessing 

uniform physical properties over a wide geographical area. This is to 

T!linir;"';ize any disturbing effects that might tend to lmver confidence in 

the validity of the results. Upon completion of this initial phase of 

testing, conditions may be gradually relaxed to the point of normal 

field operations. 

The manner in t"hich data are recorded for anisotropy experiments 

18 important. The principal point to be made is that both P and SV 

should ideally be recorded separately. In practice, this implies that 

iwl idual horizontal and vertical geophones recorded on separate chan

nels mus t be used in the field. lilli.Ie both shear and compressional 

l.v':1Vf'S possess both horizontal and vertical components, it is usually 

sa.fe to assume for reflection seismology that compressionaal Ivave mo-

t ion \vill be primari.ly vertical and shear wave motion will be primarily 

vertical and shear wave motion will be primarily horizontal. Total 

motion ge.ophones would be far simpler to use in the field, but the re~ 

Gulting superposition of P and SV has the effect of degrading the 

re::-mlts of subsequent velocity analyses. For a compressional velocit.y 

analysis, the SV information acts like noise to degrade the results of 

the <1na.,lysis. The same situation, of course, holds for an SV analysis 

~dlere P information is also present. This is illustrated by t~,;TO an-
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alyses of the data shown in Figure 9-1. The seismic traces shm.;rn here 

contain both P and SV. The seismic wavelet used for SV is twice the 

If.=ngth of the P wavelet and the frequency content is such that the 

spectral peaks are at frequencies one half the values for the P wavelet. 

A velocity analysis over the seismic P component without any SV present 

on the traces is shown in Figure 9-2. This analysis will serve as a 

reference so that comparison may be made with later analyses perforrned 

on data for which both P and SV are present. A velocity analysis of 

the data in Figure 9-1 is shown in Figure 9-3. The location of the 

semblance peaks is identical in both Figures 9-2 and 9-3. However, the 

magnitudes of these peaks differ considerably when these figures are 

compared, The effect on the semblance peak at 0.65 sec, for example, 

is typical of the entire analysis. In the analysis of P without SV 

, the peak val ue is greater than 0.8. wnen SV is present, the 

peak value decreases to just over 0.5. Similar degradation of sem

blance values occurs for the remainder of the analysis. One additional 

comparison of P plus SV will be made. Figure 9-4 shows the seismic 

traces to be analyzed. Both P and SV are present and the wavelet dis·

cussed in section 5.4 was used for both velocity components. The an

alysis of this data is shown in Figure 9-5. hThen Figures 9-2 and 9-5 

are compared, it is immediately obvious that the semblance values are 

far less severely degraded when P and SV have identical spectral char

acteristics. One important possibility suggested by this lesser de-· 

grading of the velocity analysis when P and SV have the identical 
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spectral characteristics, is the design of field methods where P and SV 

will in practice have the same spectral content. This is not as feas

ible with explosive sources because of the greater attenuation of high 

frequency shear energy, but is quite possible when a source of 

the Vibroseis type is used for generating SV, since the possible spec

trum of the signal is variable over a wide range. This would be of 

economic significance because of the simplification of data processing 

by eliminating half of the geophones needed to record each component 

separately. Whenever P and SV do not have the same spectrum, the 

amount that the velocity analyses are degraded would argue against re

cording both signals on the same channel and the earlier comments 

regarding separate recording of P and SV would apply. The synthetic 

data of this study are noise-free so that field data contaminated by 

other forms of noise should be even more suscepible to velocity anal

sis degradation when P and SV are recorded together. Therefore~ the 

considerations regarding the mixing or non-mixing of the P and SV sig

nals becomes of some importance for the field-testing program. 

In summary, recommendations are made for field testing techniques 

for the determination of subsurface velocity in an anisotropic medium 

by the use of surface seismic reflection data. Testing should be con

ducted on land rather than in a marine environment and should be loca

ted in an area of known anisotropy. Continuous velocity log data are 

necessary for control purposes. The ideal test location would be in an 

area of non-dipping strata which is uniform in its properties over an 
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extensive geographical area. The location where Jolly (1956) performed 

his experiments would be such an ideal test site. FinallYt shear and 

compressional data could be recorded separately on horizontal and vert

ical geophones to avoid each acting as noise in the analysis of the 

other or on a single channel in the case where each component possesses 

nearly identical spectra. 



10. Summary and Conclusions 

The fundamental purpose of this study was to evaluate the feas

ibility of determining the subsurface velocity in anisotropic media by 

using surface seismic reflection techniques. A practical reason for 

undertaking such a study is that many investigators have looked for the 

occurrence of velocity anisotropy in the field and in all instances it 

has been found to varying degrees. All available evidence points to 

the fact that velocity anisotropy is widespread and thus worthy of de

tailed consideration. Vander Stoep (1966) in particular showed that 

for the long shotpoint-geophone offsets in common use today even small 

amounts of anisotropy cause significant deviations in traveltime from 

the usual hyperbolic traveltime relation. The traveltime deviations 

due to the effects of anisotropy are especially important when we con

sider that it is the outer traces, where these effects are greatest, 

that yield the most information concerning velocity at intermediate and 

deeper depths. 

It is of interest that of the two simplest anisotropic models, 

elliptical anisotropy, which is intuitively the more "natural" appro

ach, is not physically possible from theory and from a practical point 

of view it also has the least utility. Transverse isotropy is a more 

sophisticated model which requires a knowledge of the shear as well as 

the compressional characteristics of the transmitting medilrn. Ellipt

ical anisotropy has been used for many years in anisotropy studies be

cause it arises mathematically from a simple extension of the old and 
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familiar hyperbolic traveltime equation. The transverse isotropy model, 

on the other hand, does not follow from the isotropic model, but comes 

instead from a re-examination of the effects of transverse isotropy on 

the elastic constants of the transmitting medium. The reason for the 

simplicity of the elliptical model is that it implicitly assumes that 

the characteristics of the medium are adequately described by the com

pressional velocities normal and parallel to the bedding. Theoreti

cally, the velocity characteristics (compressional or shear) for any 

anisotropic medium depend on combinations of elastic coefficients that 

are far more complex than in the isotropic case. 

An important objective of this work was to determine if it would 

be possible to detect the presence of anisotropic strata by the anal

ysis of surface data alone. Hhen the model of elliptical anisotropy is 

used, it can be shown (Dix, 1955) that it is impossible to detect the 

presence of anisotropy using only surface data. Using this ~odel, i: 

is always necessary to have some form of vertical (well) control if 

anisotropy is to be detected. Even where well control is available, 

anisotropy cannot be detected at depths below the deepest extent of the 

well. On the other hand, the theory of transverse isotropy predicts 

that the parameters of an anisotropic medium should be recoverable from 

surface data alone without the necessity of well control. 

A constant value of Poisson's ratio of 0.283 was used for all of 

the synthetic modelling in this study. This value is the same as that 

USt'd by Postm("l (1955) in hls Case 1. Hirch (196ft) has Labu1ated values 
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of Poisson's ratio for sedimentary rocks. The majority of rocks listed 

fell within the range of 0.25 to 0.35. I,imestones and sandstones in 

particular had ranges of 0.25 to 0.34 and 0.17 to 0.29 respectively. 

The use of a constant value of Poisson's ratio is not necessarily 

detrimental since the seismic energy propagating through a section at 

any instant sees an averaged value over a distance of one wavelength 

and existing variations tend, in effect, to be smoothed. For a Pois

son's ratio of 0.30, the ratio of the shear to the compressional velo

city is 0.535. This velocity ratio is 0.580 and 0.480 for Poisson's 

ratios of 0.25 and 0.35 respectively. The overall range of variation 

of the shear-compressional velocity ratio is about 20 percent for 

Poisson's ratio in the range from 0.25 to 0.35. 

A seismic ray tracing technique was developed for the generation 

of two-way reflection times for use in digital modelling. The technique 

was developed for the two dimensional transversely isotropic case, but 

could easily be extended to handle the general three dimensional case. 

This method allows for continuous as well as discrete velocity varia

tion models. In addition, the technique used allows complete flexi

bility in the variation of both vertical and lateral velocity distribu

tions. The practical effect of this is to allow for the modelling of 

extremely complex geological situations. 

The velocity scan (velocity analysis) process "-Jas mathematically 

developed in detail, first for the isotropic case, and then for the 

case of transversely isotropic media. The velocity analysis techniques 
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were used to analyze a variety of synthetic data for the purpose of de

termining the possibilities of resolving the amount of anisotropy, and 

thus the correct vertical velocity distribution, in the various models. 

For models that were uniformly anisotropic, it was possible to identify 

correctly the degree of anisotropy and to recover the correct velocity 

distribution for these models. A velocity analysis was judged to be 

successful if it could recover the correct rms velocities to within one 

velocity scan interval (100 ft/sec for p). The criteria for judgment 

was the comparison of rms velocities for a so-called zero offset trace 

with the values defined by the semblance peaks on the velocity anal

ysis. The zero ofrset data were calculated for each model at the same 

time that arrival times were calculated for the other traces. The 

major peaks on the velocity analyses were compared to the appropriate 

zero offset rms velocities and were found to agree within one velocity 

scan interval. An unexpected outcome of this study was that P wave 

velocity analysis is insensitive to anisotropy and is in fact useless 

for the purpose of determination of anisotropy. SV velocity analysis, 

on the other hand) is extremely sensitive to anisotropy. 

Hhen studies were made of varying anisotropy in a model, the re

sults were not as conclusive as for the case of uniform anisotropy. 

The same results hold for P as in the uniform case, but this is not 

true for SV. For the situation of variable anisotropy, it was possi

ble, using SV, to detect the presence of anisotropy quite readily. 

However, unlike the uniform case, it was impossible to specify the 
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actual anisotropy factor. The apparent anisotropy factors resulting 

from such an analysis are always greater than the actual anisotropy 

factors which does set limiting values to the amount of anisotropy that 

can be present. Although it is not possible to determine the exact 

degree of anisotropy present, it is important to recognize the pres

ence of anisotropic strata. The importance of this capability lies i~ 

the fact that this technique may provide a means of stratigraphic cor

relation from location to location for strata that do not possess other 

distinguishing characteristics. 

The study of the effects of dip on velocity analysis produced two 

results. The first was that dips up to about 12 degrees do not signif

icantly degrade the results of velocity analysis. Secondly, horizontal 

velocity gradients do not noticeably affect the velocity analysis. 

The theory derived in section 7.2 describing reflection times 

indicated that a velocity analysis of either P or SV for a transversely 

isotropic medium should yield the identical horizontal and vertical 

velocity components for both P and SV. This is, of course, not true 

for the isotropic case since P and SV each consist of only a single 

velocity component. However, the velocity analyses of the models dis

cussed in chapter 7 demonstrated that it is not possible to make pract

ical use of the redundancy of information contained in the P and SV 

wave components since only the SV component is sensitive to velocity 

anisotropy. 

It is recommended that land data be recorded in such a manner as 
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to include SV as well as P energy. Presently, geophones are used which 

are sensitive only to the vertical component of motion. The effect of 

this is to discriminate against horizontal shear energy since the plane 

of vibration would be essentially at right angles to the direction of 

sensitivity of the geophones. Either a second set of geophones should 

be used to record SV, or geophones sensitive to any motion in a verti

cal plane may be used for recording P and SV on the same channel. How 

ever, P and SV should only be recorded on the same channel if they 

possess nearly identical spectral characteristics. Otherwise, each 

component should be recorded on separate channels to prevent either 

component from significantly degrading the velocity analysis of the 

other component. Either total motion geophones or horizontal geophones 

with their direction of horizontal sensitivity radially aligned with 

the source to maximize the discrimination against the SH l:",rave component 

should be employed. Since, in the anisotropic case, SV and SH possess 

differing normal moveout characteristics, the presence of SH with SV 

would seriously degrade SV velocity analyses for the same reasons that 

the presence of P energy would cause velocity analysis degradation. 

This study has been carried to the point that field testing of the 

proposed analysis methods should be undertaken for the purpose of veri

the results of digital modelling. Once field tests have been 

performed, there should exist sufficient information to define the 

directions in which further research is needed. 
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Digital Modelling Programs 

Subroutine DREFL is the primary computer program used for the cal

culation of the reflection times for the models described in chapters 

5 and 7. DREFL calls subroutines P123~ SYGN~ and VEL which function as 

parts of the modelling program. Subroutine VINIT, with multiple entry 

VEL, is included as an example of a model program used in conjunction 

with DREFL. VINIT in the version included here was used to generate 

the arrival times for the models discussed in section 7.3. 

DREFL uses an iterative process to determine which ray yields the 

desired shot-geophone distance. The process utilizes an initial angle 

(read in) measured from the vertical and then divides the difference 

between this angle and 90 degrees by 10 to be used as an angular incre

ment. This increment is then used to increment or decrement the in

itial angle until successive rays have bracketed the desired distance. 

Once this happens, the angular increment is halved each successive it

eration until the previously selected precision is reached. The number 

of steps in the numerical integration is controlled by the size of the 

depth increment, dz, which is also read into the program. 

The description of the velocity field is contained in a separate 

program called by the integration program (subroutine VEL). This 

arrangement allows greater flexibility in the use of the program. That 

is, many velocity models may be used without requiring modification to 

the integration program. The two programs work as one with the integ

ration program supplying the model program with a set of XtZ coordin-
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ates. In return, the model program returns the velocity, the dip of 

the bedding, the depth to the reflector for the current x-value, and a 

test parameter which indicates whether or not the reflection depth has 

been reached. The actual computing process proceeds as indicated 

schematically below: 

Computation Scheme 

1. Start: 

2. Read: 

3. Calculate: 

4. Ne,,, Parameters: 

5. Apply Snell t sLaw: 

Loop back to 3. until--6. 

6. Reflection Point: 

7. Stop: 

x = 0, Z = 0, t = 0 

dz, e 

dx, dt 

x+x+dx~ z+z+dz; t+t+cit 

8+8+d6 

dz-}--d z, 6+e' 

x = Distance, z = 0, t = T 

----+ I I-I 
----+1_7_1 

11 ___ ~_j 

The principal assumption made iS t that for proper choice of dz, 

the variation of velocity between successive points is small enough for 

the media to be treated as if it were homogeneous about the point X,Z. 

For any model, it is quite simple to determine the correct mag-

nitude limit for dz. The integration program has an option to print 

x, z, V for each point along the path. The maximum error in traduced h,.' 
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poor choice of dz will occur at the reflection-point. mlen the proper 

range for dz is found, the reflection-point rapidly converges to one 

position and does not vary to any significant degree thereafter for 

smaller values of dz. The choice of dz is important in a practical 

sense as the time required for computation is directly proportional to 

the magnitude of dz. For example, the computations for a dz of 100 

feet will proceed 100 times faster than those for a dz of 1 foot. The 

value of dz used for modelling was 25 ft in each case. This value 

yielded satisfactory results in the sense discussed above. 
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SUBROUTINE DREFlfTHETAI,Ol,l,PR ,IPlT,SCAlE,XREf,XX,TT,IERR,IP) 

THIS VERSION FOR TRANSVERSE ISOTROPY 

THETAI = INITIAL ANGLE IN RADIANS 
DZ = DEPTH INCREMENT 
l = INTERFACE WHERE REfLECTION OCCURS 
PREC = ALLOWABLE ERROR IN CALCULATEO DISTANCE; PREC = I XREF-XX I 
IPLT = 0 NO PLOT, STILL NEED DU,.MY PLOT SUBROUTINE 

= 1 PLOTS RAY PATH FOR REFLECTION 
SCALE = LENGTH (IN.) TO WHICH XREF SCALED FOR PLOTTING 
XREF = SHOT-GEOPHONE DISTANCE 
XX = PROGRAM APPROXIMATION TO XREf 
T = TWO-WAY TRAVEL TIME 
IERR = 0 OUTPUT GOOD 

= 1 IXREF-XXI > PREC 
IP = 1, CALCULATE P 

= 0, CALCULATE SV 
=-1, CALCULATE SH 

NOTE: 
VEL: CHECKS DEPTH AS BEFORE; DOES NOT CALCULATE VELOCITY 
DIRECTLY, BUT JUST ELASTIC PARAMETERS FOR USE IN P123. 
P123: CALCULATES RAY PARAMETERS, NEW ANGLE, AND VELOCITY 

W = DIP OF BEDDING AT POINT X,Z 

COMMON IOR/X,Z,D,W,ICHK,ll,KP,W2 
COMMON IPP/VIX,VIZ,V2X,V2l 
COMMON 03,DTHETA, Fl,STOTAl,TREFl,VINTH,VINTV 
PREC=ABS(PREC) 

N 
\0 
~ 



c 

c 

c 

PREC=25. 
PREC=50. 

PI2=6.283185/4. 
PI=6.2.831S'5/2. 
PI2I:l.O/PI2 
KPlT=O 
IF(IERR.EQ.2)KPLT=1 
IERR=O 
Ll=l 
KP:IP 
KNTC:O 

IF(KPlT.EQ.l)PRINT 900,ll,THETAI 
900 FORMATe' LAYER', THETAI =',I5,F15.6) 

IFIRsr =0 
I NUM=O 

FERX*S. 0= FERX 

C .011) ) IATEHT( SBA-591075.1 (:ATEHTO 
C .011) )IATEHT(SBA-5075.1(=ATEHTO 
C .2/))lATEHT(SBA-5075.1{=ATEHTO 
C .05/»)IATEHT(SBA-5075.1(=ATEHTO 

DTHETA=ABS{OTHETA) 
SCAl=1.0 
IF(IPlT.EQ.l)SCAl=SCAlE/ABS(XREF) 

100 THETA=THETAI 
TTHETA=THETA I 
IF(ABS(THETA).GE.PI2)GO TO 7 
SGN=l.O 
ISIGN=l 
lCHK=O 
KNT=O 

N 
\0 
VI 



x=o.o 
z=o.o 
T=O.O 
5=0 • 
. ANGLE=THETA+W 

39 IF{ANGlE)40,41,41 
40 MARK=4+IFIX(ANGLE/PI2) 

GO TO 42 
41 MARK=ANGLE/P12+1. 
42 CONTINUE 

TlD=ANGLE 
CAll VEL 
CAll P123(ANGlE,IP,Q,P,V,&8) 
OX=OZ*T AN (THET A) 

C DT=SQRT(OX*OX+DZ*OZI/V 

c 

c 

c 

c 

DS=SQRT(OX**2+0Z**2) 
DT=DS/V 
5=S+05 

tF(KPLT.EQ.IJPRINT 905,DENOM,V,P,DX,DI 
905 FORMAT(' DENOM,V,P,DX,DZ=',5E15.6 ) 

1 X=X+DX 
Z=Z+OZ*SGN 
T=T+DT 
IFfABS(THETA).GT.PI2'GO TO 8 

IF(KPlT.EQ.l)PRINT 901,X,Z,T,V,ANGlE,THETA 
901 FORMAT(' X,Z,T,V,ANGlE,THETA ',6E15.6) 

KNT=KNT+ISIGN 
IF« K NT • E Q. 0 ) GO TO 2 

N 
\0 
0\ 



c 

CAll ANG 
ANGlE=THET A+W2 
CAll P123{ANGlE,IP,Q,P,V,&8) 
CAll VEL 
CAll P123(ANGlE,lP,l,P,V,&8) 
IF(ICHK)20,20,lO 

10 SGN=-l.O 
I SIGN=-l 
ICHK=O 
SGNT=SYGN{THETA) 
ODZ=AB5(Z-D) 
AlPHA=PI2+W*SGNT 
DOl= 00Z*5 IN( Al PHA) IS IN (P 12- (THETA+"') *SGNT) 
DElZ=DDl*COS(THETAJ*l.OOl 
DElX=DDl*SIN(THETA)*l 1 
Z=Z-DElZ 
X=X-OElX 
T=T-OT*DEllIDI 
S=S- OS*OEl lID Z 
SREfl=S 
TREFl=T 

03=Z 
CAll VEL 
VINTH=SQRT(VIX+V2X) 
SGNV=l. 
IFf IP.EQ.O)SGNV=-l. 
VINTV=SQRT(VIZ+SGNV*V2Z) 
ICHK=O 
CAll P123(ANGlE,IP,1,P,V,&8) 
ANGlE=PI-ANGlE 
p=-p 

c 

4 OT OG)l-.QE.NGISItFI 
c 

N 
\0 
....... 



c 

c 

CAll P123tANGlE,IP,1,P,V,&B) 
If(ANGlE)10,71,11 

70 MARK=4+IFIX(ANGlE/PIZ) 
GO TO 12 

11 MARK=ANGlE/PI2+1. 
12 CONTINUE 

THETA=ANGlE-W 
IF(THETA)163,165,165 

163 IF(THETA*PI2I+l.01164,167,167 
164 THETA=-(PI+THETA) 

GO TO 161 
165 IF(THETA*PI2I-l.C)161,167,166 
166 THETA=PI-THETA 
167 TlD=ANGlE 

If(KPlT.EQ.I1PRINT 902,X,Z,T.V,ANGlE,THETA 
902 FORMAT(' REFl PT.: X,Z,T,V,ANGlE,THETA ',6EIS.6) 

SGWT=SYGN(TlOl 
IF(IPlT.EQ.l)CAll PlOT(Z*SCAl,X*SCAl,2) 
GO TO .30 

20 IF(IPlT.EQ.l)CAll PlOT(Z*SCAl,X*SCAl,2) 
IF(THETA.GE.PI2.AND.ISIGN.EQ.1)GO TO 3 
THETA: ANGl E-W 
If(THETA) 63, 65, 65 

63 IF(THETA*PI2I+l.O) 64, 61, 67 
64 THETA=-(PI+THETAl 

GO TO 67 
65 IF(THETA*PI21-1.0) 67, 61, 66 
66 THETA=PI-THETA 
61 TlO=ANGlE 
30 OX=DZ*TAN(THETA) 

N 
\0 
00 



C DT=SQRTfOX*DX+DZ*OZ)/V 

c 

c 

DS=SQRTtOX**2+0Z**2) 
OT=OS/V 
S=S+DS 
GO TO 1 

2 CONTINUE 
IF(Z.EQ.O.JGO TO 49 
OF=Z/DZ 
1=0.0 
X=X+DF*OX 
T=T+DF*DT 

'S=S+Df*OS 
491Ft 1Pl T .EQ.l )C.llll PlOT(O .,X*SCAl,2) 

IF(IPlT.EQ.l)CAll PLOT(D.,O.,3) 
IF(IPLT.EQ.l)GO TO 7 
GO TO 4 

3 THETAI=THETAI-DTHETA/2. 

IFtKPlT.EQ.l)PRINT 912,X,Z,T,V,ANGlE,THETA 
912 FORMAT" CRITICAL ANGLE: X,Z,T,V,ANGlE,THETA ',6E15.6) 

KNTC=KNTC+ 1 
IFfKNTC.GT.IO)GO TO 8 
GO TO 100 

8 IERR=l 
STOTAl=S 
TT=-100. 
THETAI=TTHETA 

C fERX*.2=FERX 
RETURN 

4 IF(ABS(XREf-X).lE.PREC)GO TO 7 
c 

N 
\0 
\0 



c 

c 
c 
c 

IF(KPLT.EQ.l)PRINT 911,XREF y X,IflRST,INUM,THETAI,DTHETA 
911 FORMATf' XREF,X, IFIRST,INUM,THETAI,DTHETA=',2E15.6,2I5,2E15.6) 

If(XREF-X) 5,6,6 
5 IF(IFIRST.GT.O)OTHETA=OTHETA/2. 

THETAI=THETAI-OTHETA 
I NUM= I NUM+ 1 
IF(INUM.EQ.20)GO TO 7 
GO TO 100 

6 IF(INUM.GT.O}OTHETA=OTHETA/2. 
THETAI=THETAI+OTHETA 
IFIRST=IFIRST+l 
IF(IfIRST.EQ.201GO TO 7 
GO TO 100 

7 THETAI=TTHETA 
KNTC=O 
TT=T 
XX=X 
STOTAl=S 
If(ABS(XREF-X).GT.PREC)IERR=l 

RETURN 
END 

XX*.2=XX 
TT*.2=TT 

FERX*.2=FERX 

w o 
o 
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SUBROUTINE P123(ANGlE,IP,INIT,P,V t *1 
COMMONI PP lA, Bt C, 0, Et AA, BS 
CAll ERRSET(207,300,-1,l,l,209) 
CALL ERRSET(259,30Q,-l,l,1,259) 
DANG=O.04 
INEG=O 
IPOS:::Q 
IF{ANGlE.GT.6.283185)RETURN 1 

10 T=TAN(ANGlE) 
T2=T*T 
T21=T2+1.0 
TWDT=2.*T 
IF{~P)300,lOO,100 

100 AT=A*T 
ATB=A*T2+B 
CDE=1./SQRT«(C*T2-0)**2+E*T2) 
CTE=C*T*(C*T2-D)+O.5*E*T 
IF(IP)300,200,lOl 

101 VP=I./SQRT(ATB+l./COE) 
VP3=VP*VP*VP 
Pl=TWOT*VP-T21*( AT+CTE*CDE) *VP3 
IF(INIT)102,102,103 

102 P=Pl 
GO TO 1000 

103 IF(ABS(P-Pl).lT.l.0E-09)GO TO 1000 
SPl=SYGN(P-Pl) 

104 IF(SPIJI05,106,106 
105 INEG=INEG+l 

IF( IPOS.GT.O )OANG=O.S*OANG 
ANGl E=A NGl E- DANG 
IF(INEG.GT.20)RETURN 1 
GO TO 10 
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106 I POS= I POS+l 
IffINEG.GT.01DANG=O.5*DANG 
ANGlE=ANGlE+DANG 
If( I POS.Gf .20) RETURN 1 
GO TO 10 

200 VM=1./SQRT(A1B-l./COE) 
VM3= VM* VM*VM 
P2=TWOT*VM -T21* (AT-CTE*COEl*VM3 
IFCINIT)201,201,202 

201 P=P2 
GO TO 1000 

202 IF(ABS{P-P2).lT.l.OE-09)GQ TO 1000 
SPl=SYGN( P-P2) 
GO TO 104 

300 VAB=1./(AA*T2+BB) 
VAB2=SQRT(VABJ 
P3=T*(AA*(T2-1.0)+2.*BB)*VA8*VAB2 
IF(INIT)301,301,302 

301 P=P3 
GO TO 1000 

302 IFCABS(P-P3).lT.l.OE-09)GO TO 1000 
SPl=SYGN(P-P3) 
GO TO 104 

1000 CN=ABS(COSCANGlE)) 
IF(IP)300Q,2000,lOOI 

1001 V=CN/VP 
RETURN 

2000 V=CN/VM 
RETURN 

3000 V=CN/VA82 
RETURN 
END 
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c 
c 

c 
c 

c 
c 

c 
c 
c 

SUBROUTINE VINIT 
COMMON IOR/X.,l.,DD.,W, ICHK.,l, IP 
COMMON/PP/A,B,C,O,E,AA,BB 
MODEL 8002.2--AC = 1.043 
DATA C11,C33, 3, C44, C66/76.182., 70.,26.333,21.724,24.0951 
DATA ell ,C 33 ,CI3,C44,(66/76. 182., .,26.333,21.724,24.0951 
MODEL AC = 1.02 
DATA I,C33,C13,C44.,C66/1.,0.9611,0.3609,0.2993,1.1 
DATA Cl1,C33,CI3,C44,C66/1.,0.9611,0.3609,0.2993,1.1 
MODEL B004--AC = 1.08 
DATA C11 ,C33 ,C13 ,C44,C66/1 • ., (l.8573 ,0.3235 7 0.2641,1./ 
DATA C 11 ., C 33, C 1 3., C 44 t 11. , (). 8573 , o. 323 5 ., o. 2647 , 1 • 1 
W::O. 
RA=(Cll+C44)/(2.*Cll) 
RB=(C33+C44)/C2.*Cll) 
RC=(CII-C44)/(Z. 11) 
RO=(C33-C44)/(2.*Cl1) 
RE=(C13+C44)/Cll 
RAA: C66fC 11 
RBB=C44/Cll 
RETURN 
ENTRY VEL 
STEPWISE INCREASE VELOCITY FUNCTION 
V=(SOOO.+lOO.*AINT(Z/IOO.Ol)**2 
LINEAR INCREASE VELOCITY FUNCTION 
V=(SOOO.+Z)**2 
A=V*RA 
8=V*R,B 
C=V*RC 
D=V*RD 
E= (V*R E) 
AA=V*RAA 

c 

c 

c 
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Velocity Analysis 

Subroutine TIVA was designed to perform isotropic or anisotropic 

velocity analyses for both P and SV components simultaneously. TIVA 

calls subroutine VEL which is used for the calculation of seismic 

velocity components. 

Semblance calculations are performed for data sampled alo~g 

trajectories defined by a range of reflection times and velocities. 

This program is the digital embodiment of the mathenatics presented 

in sections 6.2 and 7.2. Figure 6.1-1 is an example for isotropic 

data of the operation of this program. In the figure cited, one 

reflection time and three velocities are utilized. In practice, as 

many reflection times and velocities may be used as desired. 



c 
c 
c 
c 
c 
c 
c 
c 
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c 
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SUBROUTINE TIVA{TR,lT"NT,W,GO,AOUT,OUT,OV"Vl,NV,AC,LG,NTIMES, 
1 TO,Tl"OT) 

TRANSEVERSE ISOTROPIC VELOCITY ANALYSIS UTILIZING P & SV 

TR = SEISMIC TRACES 
IT = LENGTH Of TRACES 
NT = NUMBER CF TRACES 
W = WORK SPACE (lG X NT X 2) 
GO = SP-GEOPHONE DISTANCES 
AOUT = OUTPUT ARRAY CONTAINING SCAN VELOCITIES FOR VIX, VIZ, 

V2X: NV X 3 
OUT = VELOCITY MATRICES FOR P & SV: NV X NTIMES X 2 
OV = VELOCITY INTERVAL fOR VIX 
Vl = INITIAL VELOCITY FOR VlX 
NV = NUMBER VELOCITIES TO SCAN OVER (I.E., SCAN RANGE) 
lG = GATE LENGTH IN MS 
NTIMES = NUMBER TWO-WAY TIMES THAT SCANS DESIRED FOR 
TO = INITIAL SCAN TIME 
Tl = INTERVAL BETWEEN SCANS 
oT = TRACE DIGITIZING INTERVAL 

DIMENSION W(lG,NT,2),GOfNT),OUT{NV,NTIMES,Zl,AOUT(NV,3), 
1 TR(lT"NT),V(lOO,4),GD2(Z4) 

COMMON IIIO/NAME 
WRITE(8,25)NAME,AC 

25 FORMAT('l 10 = ',A4,' AC = ',F6.2/) 
DO 14 I=1,NT 

14 GD2{I}=GOCI)**2 , 
DO 1 I=l,NV 

1 V(},1)=(Vl+flOAT(I-l)*DV)**2 
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DO 30 J=l,NTIMES 
DO 30 I=l,NV 
OUT(I"J,ll=O.O 

300UT(I,J,2)=O.O 
OT1=1./OT 
FlG=lG/2 
NOT=DT/O.OOl+O.Ol 
lGG=LG/{2*NDT)*2+1 
TIMEL=TO 
TF=O .OOl*FlG 
AMl=l./fLOAT (NT) 
00 2 I=l,NV 
CALL VEl(AC,V(I,1),V(I,Z)"V(I,3),V(I,4)) 
AOUT(I,ll=SQRTtV(I,l)) 
AOUT(I,2}=SQRT(V(I,2)) 
AOUT(I,3)=SQRT(V(I,3)) 

2 CONTINUE 
00 13 III=l,NTIMES 
00 11 II=l,NV 
TT=TIMEl 
T=TT*T1 
DO 4 J=l,NT 
Tl=2.*(GD2(JI+T*V(II,2))**2J(G02(J)*(V(II,1)+VtII,3))+T*V(II,2). 

1 (VIII,Z)+V(II,3)+SQRT((G02(J)*(VIII,lJ-V(II,3))-T*V(I1,2)* 
2 (V(II,Z)-V(II,3)))**2+4.*T*GD2(J)*VIII,Z)*(VCII,4)+VtI1,3))**2)) 
T1--SQRT(Tl) 
T2=2.*(Gn2(J)+T.V(II,3))**2/(GD2(J)~(V(II,1)+V(Il,J))+T*V(II,3)~ 

1 (V( II ,2 )+V C I I ,3 ) )-SQ~ T ( (G D? ( J) » (v( ! t f 1) -'I ( I I ., 311-T*V (I I ,3) * 
2 (V C I I ,2 )~V ( I It 3 ) ) ) **2 +4 • *1 * G02 ( J 1 *V ( I 1, 3 ) *« V ( I I, 4) + V, 1 1,3 ) )** 2l ) 

T2=SQRTIT2) 
IT1=IFIX(Tl*DTI)+1 
I T2=1T1+1 
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IT3=IF1X(T2*OTI)+1 
IT4=IT3+1 
IF(IT4.GT.lT)RETURN 
TIMEl=FLOAT(ITl)*OT-DT 
Fl=(Tl-TIMElJ*OTI 
TIME2=FtOAT(IT3)*DT-DT 
F2={T2-TIME2)*OTI 
DO 3 1=I,lGG 
W(I,J y l)=Fl*(TR(IT2,J)-TRtITl,J))+TR(IT1,J) 
W(I,J,2)=F2*(TR(IT4,J)-TR(IT3,J))+TR(IT3,J) 
IT1=IT1+1 
IT2=IT2+1 
IT3=IT3+1 
IT4=IT4+1 

3 CONTINUE 
4 CONTINUE 

DO 10 IPSV=l,2 
.0 

.0 
DO 6 I=l,lGG 

• 
005 J=l,NT 

S+W( I.,J, IPSV J 
5 CONTINUE 

UP=UP+S*S 
6 CONT INUE 

DO 1 J=l,NT 
00 7 1=I,lGG 

1 DOWN=OOWN+W(I,J,IPSV)**2 
IF(OOWN)8,8,9 

e OUT(II,III,IPSV)=O.O 
GO TO 10 
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q OUT(II,III,IPSV)=AMl*UP/DOWN 
10 CONT INUE 
11 CONTINUE 

WRITE(S,12)III,TIMEl,(OUT(I,III,1),I=1,NV) 
WRITE(8,12)III,TIMEL,(QUTfI,III,2),I=1,NV) 

12 FORMAT(lX,I5,FIO.5/(5X,18F7.4» 
T I MEl=TI MEl-+TI 

13 CONT INUE 
RETURN 
END 

W 
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SUBROUTINE VEl(A,VIX,VIZ,V2X,V13) 
AA=A*A 
AK=AA-l.O 
IF(A.NE.l.01GO TO 1 
0=0.0 
GO TO 2 

1 D=O. 5*( 1.9475/AK-2.0-SQRT( C 1.94 75/AK-2.0 1**2-4.0») . 
2 Cl1=1600.*(I.+D)**2+3116.*0 

CI3=(I.+0)*(600.+640.*0) 
C44=150.*(1.+O)/(6.+25.*O) 
00=(1.+0)*(20.+80.*0) 
VIZ=VIX/AA 
V2X=VIX*C44*OD/Cll 
V13=VIX*C 13/Cl1 
RETURN 
END 
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ANISOTROPIC MEDIA AND THE DETERMINATION OF SUBSURFACE VELOCITY 

BY THE USE OF SURFACE SEISMIC REFLECTION DATA 

by 

Donald Alan Vossler 

(ABSTRACT) 

Velocity anisotropy is present at a point in a medium if the seis

mic velocity in one direction in general differs from that in another 

direction. The problems associated with the determination of subsur

face velocity in anisotropic media by the use of surface seismic re

flection data are analyzed. Previous studies of anisotropy in explora

tion seismology required bore-hole data as well as surface data to 

detect the presence of velocity anisotropy. 

Three special types of wave propagation are of interest in reflec

tion seismology, in addition to the general case. The theory of iso

tropic media is commonly utilized in exploration seismology. ElliDti

cal anisotropy has been the method for handling ani..sotropic medi.a in 

the past. The theory of transversely isotropic media is studied in de

tail since this is a reasonable anisotropy model for exploration use. 

Layered periodic isotropic structures are considered because of the 

relationships between the elastic coefficients that yield transverse 

isotropy in the limiting case for which the isotropic lavers are thin 

in comparison to the wavelength of a propagating disturhance. 



Synthetic common-depth-point reflection seismic traces \.;rere gener

ated for a uniformly anisotropic halfspace, a model with seismic velo

city increasing linearly with depth, velocity increasing stepwise with 

depth, a buried anisotropic interval in an otherwise isotropic section, 

and models characterized by the dip varying continuously with depth. 

Correlation methods (velocity analysis) are developed for the deter

mination of rms velocity vs. two-way reflection time for both isotropic 

and anisotropic (transversely isotropic) media. These methods are 

applied to the models discussed above for varying amounts of anisotropy 

for each model. When the surfaces defined by the velocity analvsis 

correlation matrices are integrated to determine the volume under the 

surface, it is possible to determine within ahout one percent the deg

ree of anisotropy in a uniformly anisotropic medium. In a medium of 

varying anisotropy, it does not appear possihle to obtain the same deg

ree of accuracy as for the uniform case. n"o isotropic dipping layer 

models were studied to determine the effects of dip on velocity anal

ysis. The effects of dip are such that the analysis methods yield err

oneous results for dips in excess of about 10-12 degrees for the ~odels 

studied. Random noise degrades the velocity analysis (i.e., the magni

tudes of the correlation peaks), hut does not affect the accuracv or 

the results. Lateral velocity gradients appear to have no discernible 

effects on a velocity analysis for the models studied. 

Results of this study indicate that the compressional wave data 

normally used in reflection seismic work may not be useful for the 



detection of velocity anisotropy. Shear wave (SV) data, on the other 

hand, are ideally suited to this purpose. Hmvever, the necessi ty of 

shear wave data for the detection of anisotropy may limit these methods 

strictly to land use. This study indicates that the probability of 

detecting anisotropy by using surface methods is sufficiently high to 

warrant field testing. 




