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SUMMARY 

I propose a method of seismic traveltime tomography for 

azimuthally anisotropic media consisting of dipping ttans- 

versely isotropic layers. The velocity model is elliptical with 

variable inclination of the axis of symmetry. When used 

with the double elliptic approximation, the method can be 

used to fit any wave type in transversely isotropic media. 

This method is a generalization of conventional tomographic 

inversion techniques where the interfaces of the model are al- 

lowed to change their positions and to be eliminated from the 

inversion as iterations proceed, which allows a better estima- 

tion of the remaining unknowns. Ray tracing is performed in 

anisotropic models. The technique is tested with synthetic 

and field data from a cross-well experiment were both st,rong 

anisotropy and strong velocity contrasts are present. 

INTRODUCTION 

The model space needed to perform seismic traveltime

tomography consists of two separate models: one for the 

velocities and one for the heterogeneities. The selection of 

each of these models should be made depending on any prior 

knowledge we may have about the true mediunr. Even if we 

don’t know anything about the medium, the selection should 

be guided by the type of information we want the extract 

from the dat,a. 

From the inversion point of view, velocity and hetero- 

geneities are closely related. When the model for the ve- 

locitics is isotropic but the real medium is not, the image 

of heterogeneities obtained is distorted. On the contrary, 

if we want to estimate velocity anisotropy in the medium 

but the heterogeneities are not properly described, we might 

get wrong estimates for the velocities. These problems can 

be solved by describing properly both velocities and hetero- 

geneities and then estimating both sirnultnneo~~ly. However, 

this might be difficult to do for a general medium. 

Velocity anisotropy, heterogeneity, or bot,h at the same 

time can affect the traveltimes nonlinearly depending on 

how strong they are and how complex the model that d(,- 

scribes them is. When one of these nonlinearities is nr- 

glected, the computations related to the other one can be 

simplified. For example, assuming weak anisotropy, Prat.t 

and Chapman (1991) and Chapman and Pratt (1991 j pro- 
posed to do the ray tracing in isotropic media and to use 

those rays to invert in the anisotropic model. Michelena et 

al. (1992) simplify the problem even more and present cx- 

amples where the velocity contrasts are small enough such 

that the rays traced 0x1 the elliptically anisotropic models 
are straight and the only nonlinearity that remains is in the 
estimation of the anisotropy. 

‘fhe simplest anisotropic velocity model we can assume 

is elliptical. Even though it is not a good approximation 

for velocities at all angles in a transversely isotropic me- 

dia, elliptical auisotropy is a good pare&al approximation 

that can be used in two steps (once around the horizontal 

and once around the vertical) to approximat,e globally the 

slowness surface and impulse response of any wave type in 

a transversely isotropic medium (Muir (1990) arrd Dellinger 

and ,Lluir (1993 )). Because the approximation uses two per- 

pendicular ellipses. it is called double elliptic approximation. 

What. is needed in order to use this approxiniation is an in- 

version procedure that fits traveltimes with ellipses, once a 

model for heterogeneities has been chosen. 

‘The simplest model lo describe the heterogeneities of the 

medium is ID. If dips are present,, we can allow the interfaces 

of tire II) model to have variable slope. However, if the 

spat,ial variations in the medium are more complex. we may 

need to use models rhat specifically account for them, for 

example a fine 2D grid. 

‘[‘he model l’or velocities and heterogeneilies I will use in 

this paper compromises between the simplicity of ID isotropic 

and complexit,y of 2D anisotropic models (Michelena at al., 

1992). This compromise addresses three issues: how gen 

eral the medium can be, how stable the inversion procedure 
is and how difficult the ray tracing is. Such an “intcrme- 

diat,e” model consists of consists of homogeneous elliptically 

anisotropic blocks separated by straight imerfaces of variable 

dip and intersect. Interfaces may change posit,ion during the 

inversiori process but are never allowed to cross in the area 

of interest.. In Michelrna (1992), I show how to trace rays in 

this type of model. 

Certain types of azimuthally anisotropic media can be 

also approximated with this model for velocities and het,ero- 

geneities. in particular t,hose formed by dipping transversely 

isotropic layers. This is d one by considering also thr incli- 

nation of t,he axis of symmetry as a variable. 

;\ theoretical discussion of the technique is followed by 

examples with cross~wcll synthetic dat,a and field data from 

the BP’s Devine test site. 

FORWARD MODELING 

The traveltime for a ray that travels a distance d in an 

homogeneous medium with elliptical anisotropy and axis of 

symmetry forming an angle y with respect t,o the vertical 

(Figure 1) is 
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2 Anisotropic tomography 

where dw = d and Gil and VL are the velocities 

in the directions parallel and perpendicular respectively t.o 
t,he axis of symmetry. In Michelena (1992), I faxplain how to 

derive this expression. 

Figure 2 shows the type of model that 1 will consider in 

this paper. It, consists of homogeneous elliptically anisotropic 

blocks separated by straight interfaces of variable dip (u.?) 

and intercept. (b)). The expression for t,he travelt,ime t;,, of 

the It” ray in the j”” cell is 

AS,,,, = As,,, cm yJ + (aj+~qJ+~ + b,+l -- a,~,,~ - 6,) sin -ri. 

AZ,,, = -(aj+,x,,,+, t bJ+, -uj.qj - b,) rosi., t 3sqJ sin?,. 

In the previous expressions, (z,,,, z2,]) is the point, of ini.er- 

section between the ?’ ray and the jr* intcarfacct. A:r,,, is 

defined as A.I.,,~ = s.,~+, - z,,). 

.I‘ht~ total traveltime for a ray t.hat 1 ravels from source to 

receiver is 

where m is t,be vector of model parameters of 51%’ elernedx 

= ( SC,1 . ..( SI ,,,, S(,, : ..,) &.?.I ,.... ik,bl,... .bS,Cli ,.-., a,v’ 

arid 121 is TIC i.ol,al nurriber of traveltimes 

Equation (3) is the system of nonlinear equations that 

relates the model paramete”s with the measured traveltimes. 

A linearized version of this equations will be used in the next 

se&on to solve t,he inverse problem. 

INVERSE MODELING 

When solving the inverse problem, the goal is to estimat,e 

two diff(lrcnt stts of coupled unknowns: the model paramtx- 

t,prs and t,hc ray paths. Thtx usual way to decouple them is 

1)~ invoking i+rmat.‘s principle. which *‘justify” the trick of 

assuming ow to estimate the othc*r in an iterative fashion, 

as long as the magnitude of the changes from one step to thr 

next are kept small. 

0nc.r I tic, r;ly paths have been estimated thr system of 

nonlinear cyuat.ious (3) nc\eds to I)(‘ solved iu o&r to find a 
new model where rays arc going to be traced ngain. One way 

t.o do this is as a srquence of liuearizrd steps, starting from a 
given irlit,iat rldd m,,. The first st,(‘p is I.0 al1proximatc (3) 

by it i: first. order ‘Taylor scbrips (Jxpansion centtared in a given 

rnodrt m,,: 

rhe explicit form of these derivatives can be easily calculated 

from equal ion (3 ). 

If wf’ a,siunr thnf f;(m) represents one component of 

the vrc,tor t of rnctasurc>d trav~ltimes, we cau compute the 

pert urbatioiis Am,L = [ m,,-nron) OK? t,hr traveltimes in the 

rc4’i~renc~c~ 111odt~l ~1, has been calculated. The perturbation 

Im = :m m,) is the solution of Ihe following system of 

-cluatiolih 

In pram tic?. otlly a fraction r of the correction Am is 

lddrd TV the) give11 model 

m, = (m,, t rAm) 

whr:re 1’ jt.l~t~ hk:p length) is usually small to avoid large 

.~hanges in thr, ray pat.hs from me it,erai ion to the next. 

Constraints 

Sinccl th<‘ interfaces <ire allowed to change posit,ion from 

one itera.tion to t,hcs next, the algorithm has to make sure 

that each new model does not. contain crossing interfaces in 

t.he area of intcl.est. If t,wo interfares cross after adding ram 

t.o the given model, the step length r is reduced until those 

interfaces do not cross after the correction. Once the nlodel 

has bccrt updated and there are no crossing interfaces, the 

algorithm chc%cks whether thin layers have beg created or 

not a114 iI so. those layers are eliminated from the inversion. 

retIn, ing I))- a milt iplfa of 5 thcb number of model pararnet,ers 

(live I)ar;tlnc4rrs per each climinat~~tl layer). 

SYNTHETIC EXAMPLE 

$YY% traveltimes werr generated through the model shown 

in Figure 3 for a geomet.ry where sources were located within 

a range of +A5 degrctes with respect to each receiver position. 

The ray tracing algorithm described in ~lichelena (1992) was 

rlsed to ~on~puk thr synthetic traveltimes and to trace the 

rays needed in ~hr nonlinear inversion. 

‘The starting model used for irivfarsion was homogeneous 

md isotropic, described by 17 horizontal layers of equal thick- 

~c’G,>. The ir~c~iinatiou userl for the axis of symmetry was 
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Anisotropic tomography 3 

y = 0 in all layers. Figure 4 shows the initial positions of the 

boundaries in the starting model. By starting the iterations 

with this model I wanted to test how the interfaces a.rra~lgr~ 

themselves to create a dipping layer not present in the ini 

tial model. The inversion was constrained by not allowing 

parallel layers (within +5 degrees) to be thiuu~r l,han 15 f~ 

When this condition was met, the corresponding layc~ wah 

eliminated, reducing the number of model parameters. l\j,~ 

smoothing was applied to the model after each iteration. 

Figure 5 shows the result of the inversion. Iloticc how 

boundaries have changed positions with respect to their iu- 

tial values. Notice also that the initial 17 layers were reduc~~l 

to 10 to allow t,he positioning of the dipping ones a.t tht, car- 

rect depths with the correct dips. The inclina.tion of t.hc ax~c 

of symmetry estimated by the algorithm is also c0rrec.t. 

FIELD DATA EXAMPLE 

The technique previously described was applied to a cross~ 

well data set recorded at t,he BP’s Drvine t,c,st site. luc.at,t~d 

southwest of San Antonio, in Texas. :1 sketch of die ge(~log\ . . 
at this site is shown in Figure 6. This test, siLc>, first cit,cxd l)\ 

Harris (1988), has been cited in recent publicalions to ills> 

trate the application of different techniques. ‘1 wo of t IIC.C 

publications address the problem of (1st imation of vcalor:it\ 

anisotropy from cross-well data (h/liller and (‘hap111a11, 199 I: 

Onishi and Harris, 1991). 

t’-waves with frequencies between 200 H/, and 4000 Hs 

were recorded between two cased boreholes (LVilson 2 a.nd 

Wilson 4) whose separation at, the surface was 3YO ft. Rc+ 

ceivers were separated 10 ft and sources 20 ft. Figure 6 also 

shows the corresponding sonic logs at Mach will. 

1660 traveltimes were picked from a small data set, ol’onl~ 

26 gathers. From these traveltimes only t,hosrJ corresponding 

to angles less than 45 degrees between source and receivcxr 

were kept for the inversion. 

The starting model (not shown) consist,ed of 110 horizon- 

tal layers 5 ft thick. The velocity for all layers was 12000 

ft/sec. Layers thinner that 1 ft ww not allo~r~l in thf, 

model. The inversion was not constrained to matA tilt, vel- 

tical velocities or depth of certain layers using infornlat.ion 

derived from the sonic logs, although the information about 

horizontal dips is already present in the initial rrwdrl. 

The inversion produced a modrl with horizontal l;~yprs 

(all dips less than 0.1 degree) and vertical axes of synunrtry. 

Therefore, VL = V’ and r$ = V,. Figure 7 shows 1 hc hori- 

zontal and vertical velocities as well as an average’ sonic log 

from the two wells, blocked every 7 ft. The first thing u’c 

notice from Figure 7 is that V, 2 1;; for almosi all depths. 

We also notice that 11; is much closer to the sonic log than 

V,, which is more than 30% larger than the log vcalocit!- ill 

the shale and clay intervals. The vertical velocity contrast 
setween limestone and shale is greater than Xl‘%. Still, the 

nversion does a good job in estimating 1:. For ihis nlodrl. 

.hr average absolute value of the residuals is 0.2 ms. 12 
ayers were eliminated during the in\scrsion p~.o~~durc’. 

.I‘hrtsc> results agr<Ae with the ones preseuted by Miller and 

(‘hapman (1991) and Onisbi and Harris (1991). 

l:iFurc’ 7 also shows t bat, the elliptical velocity model ex- 

plains most of thv P-wave anisotropy at this site. However, 

Ilott’ I hat the’ &imaled vertical velocity (NSIO velocity) is 

ill gc~~c~ral s~nalh~r t hair t,tre log velocity, which indicates that 

i hc ellipiicdl model is not fully adequate to describe the pos- 

sibl(, I ransverw isotropic nat,urr or this medium. 2D varia- 

tions in the Illedium not, described corrrrtly by the model of 

tI(‘t(‘roe;~‘ll(‘it,i(‘s might, c~xplain t.hrsca and other differences. 

CONCLUSIONS 

:\ tomograpllic inversion technique that fits seismic trav- 

c>lt imcs wi1.h eltip! ical velocity functions have been presented. 

‘lilltt c~llipt.ical parameters estimated with t,his inversion can 

be plugged into the double elliptic approximation to estimate 

~K,W general transversely isotropic models. when data from 

dilic~lr~r 1 ~~Y~II!~~~ ries is 1lsc4. 

5i1r4 0 I tIf> i11c4111at ion of the axis of symmetry is also a vari- 

;iI~j(~ ill I I~c* ilc\cal,bioll procedure, certain types of azimuthally 

iinihot Iopiz rn~l~lia c ilrl be approximated. in particular those 

t;lr~~ic~l hi rlippil\g I.ransvc:rsely isotropic laycbrs. 

I IIf’ TIIWI~ for lic,tc,rogeIleities is described as a superpo- 

sit 1on CI~ honlogcI~cous orthogonal regions whose boundaries 

rna,v cl~nr~~r~ t hciv positions as iterations proceed but they 
i\r~ not all~~wc~~ to cross in the area of interest. When two 

parallel int(‘rfill.v, IIILIVC too close to each otht>r, 011~ of the111 
(alorlg wit tl INS ui,p<lr int,erval) is c-eliminated from t,he inver- 

sio11, rtV]uc~illg in t hi5 way the llulllb~T Of dill0WIl5. 
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Figure 1: Ray traveling a distance d in a medium with tilted 
axis of symmetry. cy and y are the angles of the ray and the 
axis of symmetry respectively with respect to the vertical. 

?igure 2: Model of velocities and heterogeneities. The top 
nd bottom interfaces are horizontal (a, = nN+, = 0) and 
lcated at known depths. 

L 

Figure 3: Synthetic. model used to test the inversion. The 
third interface is dipping 15 degrees and the fourth one -30. 
The inclination of the axis of symmetry in the second layer is 
15 degrecas and 40 degrees in the fourth layer. The ratio k 

at, the fourtl~ I~VPI. is I .%6. The gray scale shows variations 
in velocity. ‘*C’q” stands for VL, “V(I” for vl and “gamma” 
for _I, 

Figure 4: initial position ol the interfaces in the starting 
model (homogeneous isotropic). The velocity 1s equal to 
12000 ft/sec and the inclination of the axes of symmetry 
with respect to the vertical is zero for all layers. 

Figure 5: Itesult of the inversion. Notice how the interfaces 
have changed their initial positions. The position of each 
arrow’s head shows the interval that correspond to each 7. 
The gray scale shows variations in velocity. 
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Anisolropic tomography 5 

r- 

Figure 6: Sket,ch of the geology at the Devine test site with 
the sonic logs at each well. Although most,ly flat layered, 
small 2D variations can be seen. 

Vz and Sorllc log 

veloc1iy (ttiscc) 
6000 la000 16000 

Figure 7: Result of the inversion. An average sonic log 
blocked every 7 ft, is compared with the two estimated ve- 
locities. The vertical velocity is closer and better correlated 
to t.he log. Notice how the amount of anisotro y than es 
through the model, reaching a peak at the sha e and cay P P 
intcxrvals. The model is described by 128 layers. 
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