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PATTERN RECOGNITION ANO TO140GRAPHY USING CROSSHELL ACOUSTIC DATA

by J.N. Albright, D.A. Terry, and C.R. Bradley, Los Alamos National Laboratory

ABSIRACT

Measu!’enwnts of the travel time of acoustic
signals transmitted betieen wells at the
Department of Energy Multi-Hell Experinwrt site
(f%’X) near Rifle, Colorado, are processed and
analyzed. Interpretations relevant to sand
geometry and<ontinuity have proved possible
through inspection of the signal travel time
plotted against the coordinates of transmitter
and receiver wellbore positions, or against the
depth of receiver and ray pnth inclination, The
continuity of srverdl sands between wells is
corrolsorat~d. A major lenticular sand
terminating between WC1lS could bc inferred.

To rxplore the possible distort~ons i
tomographic imagrs deri”ed from crosswcll data,
synthetic tomographs are constructed from
computed travel times of signals transmitted
through idealized models from stratigraphy
thought to be present at the MUX site. The
synthetic tomoJrnphs, although preserving the
genrral charactrr of the nmdrl stratigraphy, arc
distorted enough that. dctailml intcrrmtations
nrr not POSS
prodominat~
stratigraphy

1N”IRCIUICTION

lncrras
t.hi!mtcntio

h“r, Horizontal distortions
n rrconstrucl n:; of flat-lying

ngly grophysiclsts drr evaluating
of crosswcll m~asurrmcnts for the

rrcovcry of twn-dlmcrrsionnl intorrnntion about
thr st~~~turo and prrsprrtics of rock bctwcrn
W(!lls, At this timr, signilicnnt arlvancrs in
borrholc instrumrnttltinn, dntn nnnlysjs, nnd

computrd “lnmgr” rrcovrry nnd 11111intrrprrtation
of thosr imagrs arr roquirrd brforr crnsswc.11
~coustical surveying cnn br nduplod n$ a usvful
tool in rrscrvoir rnqinorringm

lhls paprr arldrrssl!s two rolfitrd sul),jmtk
hrnring on tfw status nnd i)rosprcts for
crosswvll Imaginrf, tirst, wv show thnt
two-d it,mnsionnl information nhnul rosorvnlr
s,rul turr tnn lW Illfrrrcd from trosswrll dntn
displnyrrl In nn ndnplnlfotl nf tlw utlnvrntionnl
—. .,. .—-. .-—

log tormat. Dau cdn be displdyed also by
cylindrical coordinates of the transmitter
referenced to the receiver. This display is
called a gansna-depth (72) plot. Thus, the
reliance on two-dimensional reconstructio~
Images to interpret of crosswell data may not be
as necessary as previously thought. Sccurrd,
because crosswell measurement pos.’tions are
limited to parallel or nearly parallel
wellbores, potentially misleading distortions
are introduced in computed images. Nonetheless
important information can be derived about the
prof.mrtics ot predominantly horizontal
stratigraphy through the use of algebraic
reconstruction technique (ART) codes in their
present state of sophistication.

CROSSWELL MEASUREf4ENTS AT THE MHX SITE

The crosswell acoustic data rcvlcw~d horc wrrc
acquired at the DOF Hestcrn Gas Sands Program --
Multi-Well Experiment (IIUX) site neal’ Rifle,
Colora(lo. The goals and status ot the MWX
project have bt,m reviewed )Jy Northroprt al.f’
The crossw[,ll surveys at Ritlc were to provid(,
information fihout the stratigra~h,y, structurr,
and Physical properties of n cnmplrx srqurnco of
gas-brarlng sands and to gain cxpcrioncr in
crosswell ,,wnsurcmrnt methodology and dnta
intcrlmtation as applied to lent.iculnr sar,ds,

All mcn)uromcnts wcro condutt!~d in thr
coastal znnr of the Mrsn Vordc formation
uxtrnding trcin appronlmhtoly 6(NI(Ito Gfl(](lfr(,t,
A crosswcll survey consists of a ~ollcc?lon of
scfins fn which a rcpctitjvr siqnnl sourc~,, or
finlittcr, is movrd in mo w!*11 hrtwvi,n
positions nt compnrnhlr distnnc~,s ,7bovII nnd
helrsw lho rfr,j}thot a rr(.rivrr stat ionrd in n
rrcighbnring WUII, lhr nn)vrmcnl ,~f a trnnsmiltl,r
in onr well whilr rccciving [.rrr\swf,lldstn In ,1
srconrl WFI1 {s tornvd n trflnsmltl{lr rlln, 1hc
in~.lurfvdnngl~ hctwrrn nn lnraqlnnry 1{111 drawn

-----

hrtworn trnnsmittl~r ond ro[,rivl~rpnsitlon~ nn~l
thr horiznntnl nt the rocrivcr is IhV rny pth

(.rtlssw[,llsurveys wrrt~ nriIdrT];t’w[+n
%&f-l!i V/r,, (Wr,,s ,, 2, 0,,(,.1,, fhr Wrllh{)rl$
srpnrnt Ions nt thlt stu~ly 111. IIIIIs WIVT I;’t, ;’:1,

..- ,.. .— --- . . .
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and 202 feet, respectively, for the well pairs
MHX-1/2. MWX-2/3, and ff#X-3/l. Before surveying
corrrnenced,wireline d~pths were calibrated
against casing collar depths shown on commercial
cement bond logs previously taken in the KWX
wells. Transmitter runs were 240 feet for the
MWX-1/2 survey and 120 feet for the MWX-2/3 and
MHX-3/l surveys. For the ffWX-1/2scans,y was
+45”. Runs were made at rates of 60 feet/minute
Turing which time the transmitter was fired at a
rate of five signals/second or equivalently five
signals/foot. The receiv?r remained stationary
during scans in order to avoid unnecessary
noise. Between scans the receiver was moved
5-feet vertically. Approximately E0,000 signals
were transmitted between the wells in scans that
comprise the crosswell surveys in the coastal
zone.

The borehole tools used at the MWX site are
an adaptation from corrmnercial logging tool
tec~(nology, Tt?? transmitter and receiver
crsnsist of a magnr?tostrictive scroll and a
segmented piezoelectric crystal, respectively.
Received signals transmitted between wells are
ba!dlimlted at +1 kHz and are centered at about
2,2 kHz. Becau~e of the special nature of
crossw?ll measurements, approximately an order
of magnitude rcorr energy can be discharged to
tbo scroll, and receivers can be operated at
roughly 20 dB greater sensitivity than that
required by t.hrir industrial counterparts, which
are used tor sonic logging. Signal-conditioning
elpctrcnics are dewared and thermally buffered
with h?at sinks. Both transmitter and recriver
are housed in centralized nonlocking tools and
can be mov~d rapidly,

Reprrsrntativc crosswrll scans arr shown in
Flg(,rc 1. Thr first signal to arrive at any
depth is the P-wave or comprcssional-wawc
signal. The P-wave arriv,ll shows hyperbolic
ro$(’odt with rrsprct to the signal transmit tr(l
tl’n short,~st dlstancc brtwccn WC1lS, which Is
approximately al the crntcr IIrp(h Of IIW s,.~n.
TIIC loss in amplitude of signal< ,11 thr IOI;and
bottom 0( transmit t(’r runs is (IIW to th(
combinc(l cftrct of the intrlnfic ;,!tcnuatl(,llof
signals along thrlr propfiqatl(,l]path, th(,
rrflrcti(lfl~n(l sr.alt:’ringof s{qnals ~t phy.sf[,ll
Intrrftlccsl tll,longular srn:lltlvlty 01 tho
rrfrlvrr, 1!11(1thr radiation pattrrn of thr
trilnsmiltrr, [hlllllInt(,rvals for Wlll(llth,,
amlll{tll(l(~0( thr P-wovr nrrivnl Is Illliformly
111([1)(err PsIIon(lto !hr Jrplh (If s(~llt((,/r(,((~lv(,l
ray p,~ll)kllr(~(l(mllllantlythrough lf,nt l(lilar
San[ls.

lot thv irnolysis wIII(IIfollowr,” SI!]II,IIS

trnnsml It(,d ovvr rn(h ;’-f(~[llInt(,rvnl run, 1[1 III

0!1, W(,l(, !qt!)[ kr(l ,11’,,! Ill(li11~[1W( It) IIx IMI1(Iv(I t tllll~

null omlllI:11(1(1 Z( al II\, P wllvl~rll’rlvillt IIII{$!I wl$l’1~

dlll(~l’mllil~(l!)y ln$pl~lf1o11, ,111(1,1(tllflI III(k{,WP!’I!

n,n(lvII\lUI n (llqll171n(I plllrn,

I’AIIII{Nl{ll’I)(;NIIION

lml~(lrlnlltIfll(lln,ltl!oll nlNIIIt t’w IIPIIIO(II(

!1!’{1( 1111’r IIP!W(,IJIIW{,n,, (011 1)1~ l~hll.11( 1(,(1II(IIII
(r{lsswr~lI !,[nll,,Wlth(llltrrr.(~1I111(1to f,ll’1l)(ll’all,
Ilt’(l(l,s{ ’11(1, Iwo l’1~lll’l, \t,llt!-tl[lll\ [11 (r(l<swl~ll

dab have proved useful. The first
representation, the Crosswell Acoustic Velocity
Log, displays the veloclty of signals
transmitted between wells in terms of the
Cartesian coordinates of the transmitter and
receiver positic.,s. In the second
representation, thr YZ plot, the travel time of
signals transmitted between wells is displayed
by cylindrical coordinates of the transmitter
referenced to the receiver.

Portions of the Velocity Log for the ~
coastal zone are shown in Figures 2a (top) and
2b (bottom). Each vertical panel corresponds to
dati ccllected in a single scan, that is, data
collected for the transmitter run associated
with one receiver position. The depth of the
transmitter increases from top to bottom in each
panel. R?ceiver depth changes incremenblly
from panel to panel. Thus, the Log displays the
velocity of signals transmitted between all
combinations of transmitter and receiver
positions.

The principal sands in the Vrlocity Log
appeai’ as smooth, slightly higher than average
velocity intervals. Boundaries betwrcn thick
sands and disfillctly more heterogeneous
stratigraphy can be seen in several adjacent
panels, Calculations o+ synthetic velocity dat.?
based on geometric simplifications of common
stratigraphy provide suggestions concerning the
significance ot these and other boundaries th,ai
may bc observed in Velocity Logs. Although
Sjnthctic Logs can be compljted in a muck mor(
sophi,ticatcd manner than what follows, the logs
presented are sutficicnt to illustrate thr
concrpt that stratigrqphic interpretations arv
possihlo based on the pattrrn of boundaries
obsrrvrd in Velocity Logs,

In Flg(lrr :{Synt;wtic logs (bottom) i,nd

thrir rcsprct?v(, str,ltigraphic rrlodrls (toll) ft.(m)
which thry wrrc computr(l ~rr glvrn, 1 II(

Syrlthctic LrIgs a!’r Ictr strata with smnll
v(,lo[lty [ont~asts so thnl ,1 slraiqhl -ray lMItl
approximation can br used in cal(,ul(ttin!] th(,
travel tinMI 01 siqnals transnlllt(~d l)rtwIwIII
Wrlls. lhr sqlInrr gray-tone fjPl(ls r(,l,rp~,}nt

log sul)sr(IIons in thr rnng( whrrr transmll!(l,
fln(lr(~cvlvrr (Irl)!hovrrlall [(mlpl(,trly, 111(111
\I(ilOClty if] thr mo(l!’1Ic rrprrsrntrd Iy drltl,
gray, nn(l hiqh vrlo(ity in thr transmi!l(,r v,.
II, CPIVPI Ill[li1~ whltl. 111,,Sylllll{li(I(l!li
sh(lwll at’r’ for

([) rt :;nll(l(Ilflflll(llll’(.!,rrltI)rrwlrllW(,1Is
I)lif not I)rn(,tr,llr[lhy rithrr,

(11 ) n ‘.nl’ffl~i’tll!trlltvfl Ily(Illly(111(,W(II
nll(lI(,r.mlllllIIII(II)(,lw($(,tlw(,Il:,

(Ill ) 0 SrrlldWhllh ($ (Ofltlm, Ill,, I ‘WI,(I)

WPII$,

(v) it S1’rll(l (11%(011(11111(11l!,l)l~twl,l~llW($I1,.
hilt Iwllrtt!llf,(lI,y I)(lth.
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Geophysical logs alone should allow the
inferance of the Type II or 111 stratigraphy
between wells. Types I and V are comnon
stratigraphy for channel sands, but they cannot
Lw detected by lcophysfcal logs. Whether Type
IV could be in~~rrea frun borehole logs is
problematical. Evidence of faults with small
offsets between wells may easily escape
detection in complex stratigraphlc environments.

Syntht=tic Log pattern~ are substantially
different for each stratigraphic or structural
type. Only in Type 111 does the boundary
betwe~n Eig!l and low velocity occur at either
constant receiver or transmitter depths. The
remaining types have at least one sloping
boundary in terms of transmitter and rpceiver
coordinates. Sometimes complet~ patterns are
not observ~d in actual logs; therefore, an
interpretaticm based on Velocity Log dat? will
be non-unique unless the interpretation can be
constrained by grophysfcal logs. Ba=cause the
boundaries designated 8s “unid~ntiff@d $df!d” find
“Red Sand” in Figuro 2 display a negative slupc,
a Typo 111 interpretation is not allowed.
Furthrr, hccause the first sand is not
roprrsrnted in borohol? logs taken in [ithcr
wrll, UP mus? conclude that thr boundary arise’s
from n structurr simil~r to thf Type 11
slratlgraphy, pnssihly a channel sand. An
inspection of the geophysical logs for both
wrlls confirms thr rxfstcncr of thr “Red Sand”,
In this instancr a IV or V typr structurr or ~
variation thorenf is implied.

An altrrnativo rrprrsrntatirm of crosswrll
tratrl-linu, dntfi, thr groy-tofle or contourod
displny, is plot lc(tagainst thr rrccivcr depth /
and th~! ray path anqlr~ . Figurr 4 shows thll
rv,lationshil] botwrrn crnsswrll survey goomrtr~
and Y7 I)lots. Gray.tonrs rrprrsrnt velocity
cnntrasts; o,g,, li!lhtrr sharlrs show higtv’r
VPIOLity nnd vitv vrrsao fhy-torws plrallvl to
thr l-,lxis (r{!!ht) rrprcscnt thr rt*latlvo travl’1
tlrm of siqnal.i hrtwrrn rr[rivor and trnnsmlllrr
pnsltlons hnvin!l consta,lt Y (lvft), Lrfiy-tonv
prrp~ndl[. ular 10 thr 7.-nxls[)gfvrs tho rrlalivr
travrl tinw of 011 signals Iwtwron wrlls in P

Sll!fllr Sf. nn ( )k trl 1 ).

i

lho contlrllnr ~ F o
Iorrvspl~rwls to fhn t ilvl,l. tttlv, of sfqnalh

frllllsnlltlndhorizontally In,twvrl WO1l S, I’igllrvs
! and (. art) )1 plots 01 thr a(.tual data, and
I I(lllrr!! /a ?1!1(171) rl$prfJM,llta Irx)(lvlI)lls(,d01) tllr
II!lta,

!!llllp(lso, f(!) nr!lwm(vlt, thr mo(lrl
strntlqrnphy nr(urs in n structural onvironmrnt
whrrr It% vrrllcal rxt,,nt is dr~w’lldnhly
r[~prl,wnl(,(lfn qoophysi(fll 10!Is I]lltit%
((III! 11)111 Iy l)vtwl~[~l) WI.1 IS (nf) IMI LIM I Ivnqoil. If

WI, nskumr ttm: :Intd Irum r, (rosswrll alousll(.
SIII V1’v ,11’1’ avnftnhlr, whnl PVilh’llLC f(ll”
ktrntl(lrallllltrontlnuitv hviwwn WP1lS can hr
!01/11(11!)I/ I)loIs7 10 fid(trvS5 this quostiun,
thr ~/ lmttl~rn in n I}orllontnl strfitiqrnphl~
mod(’1 (If th[~NkX [oostrll ~OnO (l Iljlll”v Ill) Wlli
InlIIIlntIIrl; !imnll vrlo(lty (,mltrnsts Iwtwrrll tlw
sfra!ll nnll a slrnlghrny lhlth slgnnl
prolmqnt ionwrrc atsunwvl. lhv rf.suit, which IS
qrnvrally npplltnl~l{, to nny hurl zonl,ll
slrnll!lrnphy, Is !livl~nin I Ig,w[l 71), A

-.------.--—.—--- ,—.-— —— -

W, AND C.R. BRADLEY

stratigraphically continuous bed appears in Y2
plots as an uninterrupted sloping “bow-tie”
tra~el-time anomaly, as seen in the top of
Figure 7b. The negative slope of all the
anomalies occurs because, for receiver positions
above the stratum, no rdy path having a positive
tike-off angle will oenetrate the strata; For
receiver positions belnw the stratum, the
converse is true. The thickness of the knot in
the “bow-tie” at 0° corresponds to the thickness
of the bed.

f4easurcd travel times of signals
transmitted between wells through the coastal
zone are shown in Figures ‘.and 6 as gray-tonr
lnd contour YZ representations, respectively.
Two major travel-time anomtlies are evidi=nt,
The lowermost appears to have three subsidiary
divisions, Figure 7a nnd its Y7 representation
in Figure 7b show that both ananalies arisv from
acoustic contrasts that are stratigraphically
continuous between wells,

Sonic and neutron den$ity geophysical logs
indicate that the lowermost units are coals
lnterrup+.ed by mixed shalv/sandstunc
stratigraphy, The uppermost ancnnaly has no
apparent expression on geophysic~l logs. Corr
and geophy~,cal logs indlcato that the
stratigraphy fit the depth of this anomilly is
intcrbcdded fluvial shalrs and sands rathrr than
d single thick sand, This anomaly probably
rcprcsonts a significant changr in formation
fmoportios supcrirnposrd on a hrtorogcn~ous
lithology.

LIMITED APERIURI TOMCGRAPIIS-———

Since tho ray path an~lc in crosswcll
surveys srldom rxcrwcls +45 , suftlciflnt data can
bc ncquircd to comwtc ~xact !maqes of acoustlL
proportirs
algrhraicn
n crosswrl
th(! tollow

(i)

(ii)

(iii

(iv)

brtwrcn”wclls, In at;omptinq to
ly rocollstruct a vrloclty imayr
survey, tho computational $tcps

nq:

a starting imagr (stratigraphy)
nssunwd;

the travvl timrs for 011 signals

rom

trnnsmlflril through that imayc arv
prrdlctprl;

pr~dlctod and travrl tinws nwnsurcd
in lrosswrll surveys arr comparvrl,
and

ditforrnu,s In tr~vrl timr tound {n
thnl comparison arc used to imprnvr
ttw current imagv l]~,lorrrcpontln!l
st~p.s (Ii), (111), .lnd (iv).

l,w’ stnrtlng imaqr may ho a “hvst quvss” of
thr tomugrilphic lmngo onr sroks to rr~onstrult,
or comnwnly, an imngr lmving n constant vrlot Ity
vivw Is usrl:. lhr flnnl imngr shn,ws tho
varlistlm” In trnv[,l !fmr acrnss rolls tlmt
smtlally fill the ima r,
I 7

A vrloclty Imary Lnn
t rn l){,(lirl,~tljcal~ll nt(~[ltrom a travrl tilm,
fmn qr.

.——— -——— —-—
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By making tomographic reconstructions for
which exact Images or constant velocity images
are initially assured. me finds the least and
greatest distortions In final calculated images
that will occur using any particular
calculational scheme. In computing tomographs
using actual crosswell data, Invsge distortion
will probably lir between the two extremes.
Beneficial starting iwges can be constructed
using data derived frcm wellbore geophysical
logs and nmdels based on stratlgraphfc
Interpretations. The advantage gained frcm logs
and stretlgraphfc models must be weighed agaicst
the effects of measurement error.

An industrial imaging code adapted to the
gec+netry of crosswell surveys was used to study
the effect of the limited range of ray path
angles avatlable for Image reconstructlnns. The
code belongs to a class commonly called ART or
the Algebraic Reconstruction Techn”lquc. Only
small veloc’ty contrasts nre considered so that
the straight-ray path approximation may be
aSSumQd for the coastal zone measurements, the
maximum range in y (the aperture) Is
approximately 90”. In crosswell surveys between
distsnt wells, ywi;l be considerably less.

The images shcwn In Figure 8 w~re
calcul~ted for a r~ctangular object In the
center of a field of view having a y range ot

180” to 600,” The reconstructions were mnde
using constant-velocity starting images. With
decreasing y the amplitude and orientation of
the distortions chang~. Another set of
calculations (not shown) was made in which a
rectangular analoqu~ ot a sand channel was
rcintcd in thr field of view having a 90° l~ngr
in ray path anglt?. Oistortlons in boundaries
were th~ smallrst parallel to the well bores.
The shape of the chaf,rcl was Lmst resolved when
tho channel was tiDcPd 45° on its side, Thus.
highly-dipping str~~tural features locatrd
botwecn wells will br least resolved by
crosswcll measurements,

Flgurc 9 shows an Image reconstructed
(bottm- left) from synthetic travel times
dcrivrd from a simplified vcloclty model o
cuastal zonr sand stratfgraphy (top left).
simplicity, thr constal zone 1s separated

the
For

cx~lusiv~ly fnto sand and “other” stratlgraphics
nnd a constfint velocity is assfgn,”d to each,
The “othrr” stratigraphlcs (coals, shales, and
mine, sands) arc thin interbcddrd lnyors which
,.v highly variable in velocfty. Hence, ono can
~xpo~t that, in rccovertng the image of thr
coastal zone using rral data, thr major sands
will siand out against n chaotic background as
hrond roglons nt slowly va~ying velocity, In
thl!i case, nnr may havr obtalnrd a poor imngr of
tbr f{nr structure ot thr coastal zone but
nrvrrthrlrss yrncrdtrd an ACC411)talJlC imagr 01
thr gns-braring sands, the latt[~r Imfng thu
.nughi iftrr rrsult.

Iho tr~vol tinw of signals transmlttud
brlwrcn WOIIS thrnu h thr modrl sand

‘1sirntlgrnphy wns cn ~ulatrd to providu synthv tic

‘ USINC CROSSWELL ACOUSTIC DATA SPE 138=

data with which to evaluate the ART. The
reconstruction was calculated from the synthetic
data; a yrange of 90Y and a constant velocity
starting model were assumed. The correspondence
between the model and the reconstruction Is
generally good. Although details In the model
are not faithfully recovered in the
reconstruction, Information about continuity or
lack of continuity of sands is preserved. The
prospect for recovering useful information from
CrOSSwell surveys appears good; however, the
d!stortlons Introduced during Image J
reconstruction, as well as t?ie Inherent
heterogeneity of the stratlgraphy of ~tential
interest, present a challenge to interpretation.

CONCLUSIONS

1. Reprcsentatlms of the travel times of
P-wolves transmitted between wells, itl terms
ot the ~curce and receiver coordinates,
provide useful information about the
StWCtUM dnd properties ot rocks between
wells. The recognition of patterns In
those representations that are
characteristic of consnon geological
stratigraphy and structure wI1l iactl itate
their Interpretation.

2. The range in ray path angles Is limited in
crosswell surveying. This characteristic
distorts computed images of tfie velocity
structure between wells. Contemporary ART
codes provido computed Images derived from
crosswell data that preserve the general
structural character of the survvyed rock.
However, detailed l~terpretations based on
the Images nre not now possible,

NOMENCLATURE

Y ,?,lglcnwasured posftlvc frutn horizontal

z depth (tt)
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Fig. 3. Veloclty Log Patterns. High relative
velocity In tbe mcdel !s dark gray;
while in the paitern plot, high
relatlve velocity Is white.
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Fig. 4. Relationships in YZ plot of P-wave
trav~l tfms. Trnvml tlnws of an
entire scan represented by Y to Yk in

{the top of th~ figure at lef are
plotted horizontally at a given
receiver position (Z ) in the
right-hand fi!lure. tormsecutlve

z

. !/ RFzm‘
=CONST ; re;eiver posi~ions at a constant nngle

TRAVEL PATHS 7 between Z to Z (left] are
p?otted vert~~lly a~ right.

H Zfn+n

=ig. E. ~CntCur p~ct of the travel tire data
Fmse~t~c in Fig. 5. kurrbers on
Cmtcws indicate tr?vel time in
f?l-sp:.
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Fig. 7. [m) Ielocity *el u-d In syntktlc
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ftbec.
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