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PREFACE

This analysisderivesfrom the studyof an extensiveset of crosswell

measurementsconducted at the DOE’S Western Gas Sands (WGS) Project

Multiwellsite in the PiceanceBasin near Rifle, Colorado. This work,

whichwas fundedby the UnconventionalGas RecoveryResearchProgramfor a

periodof two years, representsthe culminationof a sustainedeffortby

numerousindividualsinterestedin nurturinga fledglingtechnologythat

has great promisefor reservoirengineering.Althoughthe measurementsat

the Multiwellsite by no means representthe only contemporaryresearch

dealingwith crosswellacoustics,thisprojectwas, by almostany standard,

an ambitiousundertaking. In this regard, it is worthwhileto briefly

reviewthehistoryof the projectat Los Alamosand elsewhere.

By 1978 Los Alamos had created the world’s first Hot Dry Rock

geothermalenergyextractionsystemat FentonHill,New Mexico. The system

consistedof a flow loop whereby pressurizedwater was moved through

hydraulic fractures between wells penetrating hot granite. Little

informationexistedat that timeregardingthe locationof the fracturesin

the body of the rock away from the wells. To learn more about the

fractures,Los Alamos collaboratedwith engineers from Dresser Atlas

Industries,led by Wendel Engle and John R. Smith, in using Dresser

Acoustilog tools to make crosswell measurements. Two experiments,

conductedin the period1978–79,were significantbecausethe locationof

fracturescould be determinedby measuringseismicwaves,whose character

could be changed by controllingthe hydraulicpressureapplied to the

fractures. Los Alamospersonnellearnedfrom Dresserengineersthe design

and operationsrequirementsfor the technologythat made the Multiwell

surveyspossible. They also learnedthat the crosswellacousticsurvey,

were it adoptedby the loggingindustryand providedas a regularservice,

shouldmake use of existingwirelinetechnologyand be conductedwith tools

capableof beingmovedrapidly.

For all the successof the FentonHill experiments,a basic obstacle

to efficientsurveyingremained: the existingindustrialtoolswere not

ideallysuitedfor lengthyoperationsin hot wells. Majordesignadvances

would be necessaryif crosswellsurveyingwere to progressfrom use as a
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researchtool to applicationin routineengineeringproblems. Consequent-

ly, new toolswere designedspecificallyfor use in crosswellsurveying.

The design-specifiedtools should be capableof operatingfor sustained

periodsin hot wells; have automaticgain controland computerfriendly,

encodedtelemetry;and be capableof injectingacousticenergyintorockin

amountssubstantiallygreaterthan thoseavailablefrom industrialtools.

The specifiedtoolwas designedand fabricatedby an industrialfirm under

contractto Los Alamos. The toolwas deliveredand acceptancetestswere

conductedat FentonHill in late 1981.

In July 1982,owing to the fundingand encouragementof Dave Northop

of SandiaNationalLaboratories(SNL)and the assistanceof RobertMann of

CER Corp., testswere conductedat the Multiwellsite to determineif the

highly attenuatingrock below 6000 ft would precludethe acquisitionof

signalstransmittedbetweenthe MWX-1,2well pair. The qualityof signals

was such that an expanded program of measurementswas warranted. In

particularit was observedthat certainof the strata of interestwere

highly ‘acousticallytransparent,vor unattenuatingrelative to other

sands. The reason for this was unknown at the time, but acoustic

transparencyproved to be a distinctivecharacteristicof the under-

saturatedlenticularsandsthatwere continuousbetweenwells. Fundingfor

more completeanalysisof these data and planningof future work were

providedby DOE throughKeithWeshusing(DOE-Bartlesville).

In field operationsat the Multiwellsite, the logging tools were

plaguedwith problemssimilarto thoseexperiencedwith commercialtoolsat

Fenton Hill, namely, 60-cycle noise, overheating,and unsatisfactory

pressure equalizationin transducerhousings,which led to rupturing.

Extensivedesignimprovementswere thenundertakenat Los Alamosunder the

directionof Bert Dennis of the Earth SciencesInstrumentationGroup.

These improvementsincludedthe fabricationof new dewar and heat sink

assemblies,

replacement

compensated

During

the substitutionof FM for AM downhole

of stainlesssteel transducerhousings

enclosures.

FY84 and 85, the DOE UnconventionalGas

the leadership of Karl Frohne (DOE-Morgantown)

amplification,and the

with Teflon pressure-

ResearchProgramunder

provided funding and

directionfor a far-rangingevaluationof crosswellacousticsas appliedto

the reservoirengineeringof tight lenticularsands. The scope of that
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evaluationrepresentsthe substanceof thisreport: data were acquiredin

July 1984, with theassistanceof AllanSattler(SNL)and CER personnel,in

unprecedentedquantityand precision. From thesedata, informationabout

reservoirpropertiesand structurewas extracted: Discoverieswere made

havingramificationsbeyondgas sands research. Significantstrideswere

made in demonstratingthe utility of crosswellacousticsurveyingas a

reservoirengineeringtool. The operationaland technologyrequirements

for efficientsurveyingwere furtherrefined. In additionto measuringthe

dynamic elastic moduli, porosity,and parametersassociatedwith wave

propagationthroughthe Multiwellsands,rankingvarioussands in termsof

water saturation, gas pressure, and crack density proved possible.

Acousticvelocitytomographswere producedfromwhich the finestructureof

the lenticular sands could be inferred. Attenuation and velocity

measurementscould be interpretedin terms of the likelihoodof sand

continuitybetween wells and reservoir anisotropy. Finally, William

Iversonof the Universityof Wyomingdemonstratedthat industrialsoftware

could be used to computeseismiccross sectionsfrom Multiwellcrosswell

data. His accomplishmentshowed that the technologiespreviously

consideredrestrictedto the respectivedomains of the loggingand the

explorationseismicindustriescould be appliedwith crosswellsurveysto

obtainunprecedentedinformationabouta complexreservoir.
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THE CROSSWELLACOUSTICSURVEYINGPROJECT

JamesN. Albright,
ChristopherR.

by

PaulA. Johnson,W.
Bradley,and James

ScottPhillips,
T. Rutledge

ABSTRACT

Crosswellacousticsurveyswere conductedbetween
threewellsnearRifle,Colorado,to provideinformation
on the structure and propertiesof the Mesa Verde
formation. Included were observationsof interwell
compressionaland shear-wave velocity, attenuation,
porosity, elastic moduli, and waveguiding in the
formation.
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EXECUTIVESUMMARY

The work reportedhereinrepresentsa significantadvancementin the

applicationof crosswellacousticsto characterizegas sand reservoirsand

rockmass in general. The principalobjectiveof thiswork,as relatedto

the DOE UnconventionalGas Recovery Research Program, was to provide

informationconcerningthe propertiesand structureof the lenticularsands

in the coastalzone between6350 and 6600 ft at the MultiwellExperiment

(MWX) site at Rifle, Colorado, for use by the MWX project staff in

assessingthe sands that were candidatesfor enhancedproductionthrough

hydraulicfracturing. Beyond this,a secondobjectivewas to advancethe

stateof art in crosswellacousticsurveyingand to evaluateits potential

as a new tool in geophysicalwell logging and its use in reservoir

characterization.

Taken in thiscontext,the crosswellsurveysconductedat theMWX site

representan importantdeparturefrom the few surveys reported in the

geophysicalliterature:

. Data were takenin theunprecedentednumberand qualityrequiredfor
‘imaging~ important reservoir properties–-approximately240$000
signalswere transmittedbetweenthewellsin thecoastalzone.

. Significantdiscoverieswere madeabout the in situ propertiesof
certainof the lenticularsands,reservoirafisotropy,and waveform
mode conversionsassociatedwith low–velocitystrata.

. An extensiveanalysisof waveformamplitudewas combinedwith velocity
studiesin order to provideadditionalinformationaboutreservoir
properties.

. A high-resolutionvelocitytomographor velocity‘stratigraphic
sectionwof the coastalzonewas producedthatclearlyshowedsand
layerboundariesbetweentheMWX-1and -2 wells.

. Entirelynew methodsfor theanalysisof crosswelldatawere developed
and used.

The followingfindingsare relevantspecificallyto theMWX Project.

Discoveries

. In certainlenticularsandsan anomalouslylow attenuationexistsas,
presumably,a consequenceof a sand thathas homogeneityin rock
propertiesand possiblylow watersaturation.



. Acousticenergywas channeledbetweenwells throughcoalsimmediately
beneaththeRed sand.

. Thin,low-velocitystrata,too thinto be resolvedin tomographic
reconstructions,were detectableon the basisof dilatationalfirst
arrivals.

. Microearthquakeswere observedthatoriginatedin the paludalzone
below7000 ft, severalmonthsafterproductionceasedin thatzone.

CoastalZone Structureand PropertiesInferredfromCrosswellData

.

.

.

.

.

.

.

.

The coastalzoneshowsmarkedtransverseisotropyin acousticvelocity
and attenuation.

None of the sandsof theRed and Yellowgroupsare penetratedby all
threeMWX wells;only theRed A sand is penetratedby twowells.

Two sands,formerlyunidentified,withintheRed and Yellowgroupare
intersectedby twowells.

Open fracturesexistin theGreensands.

The attenuationof signalsin the coastalzonedependson the
horizontalazimuthof theirpropagationpath.

Shaleseparatingthemajorsandsis clearlyresolvablein the velocity
tomographs.

The coalsimmediatelybeneaththeRed sandscannotbe faultedwith a
throwgreaterthan theirthicknesses.

The Red (R),Yellow(Y),and Green (G) sandsare rankedas follows:
gas content- G > R = Y; watersaturation– Y > R = G.

Comparisonwith SonicLog and CoreData

. Acousticvelocitiesmeasuredhorizontallyin the coastalzoneare
uniformlyhigherthanSchlumbergerSonicLog velocities.

. The averageporosityof the coastalzone,derivedfromcrosswell
velocitydata,is considerablyhigher(6%)thancore porosity.

. In situYoung’smodulusis commonly1.5 timesgreaterthan thevalues.-
obtalnedon core.

Technical

Methodswere developedfor

. predictingthe performanceof boreholetoolsused for crosswell
measurements;
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. measuringthemaximumallowablepropagationlossesfor effective
surveyingwith state-of-the-artboreholeinstrumentation;

● providinglimited-aperturetomographicreconstructionof thevelocity
structurebetweenwells;

. reducingdata to well log format(theAcousticVelocity,ApparentQ,
and PowerLogs)and to representtwo-dimensionalimages(relief,
colored,and contoured);

. determiningthe seismicqualityfactorQ fromscanand horizontal
propagationpathdata;and

. identifyingboreholelocationswheregeophonesand acousticsensors
are blind to signalsoriginatingin largevolumesof the reservoir.

Scientific

. The geophysicalramificationswere exploredfor
each of thediscoveriesnotedaboveas well as
the relativegas content,gas pressure,and watersaturation
among the sandsand
the bidirectionalnatureof the Stoneleywave/Channelwave
conversion.

. Significantadvanceswere made in understandingthephysicalbasisand
theoreticallimitationsof theacquisition,reduction,and analysisof
data for the tomographicreconstructionof reservoirvelocity
structure.



1. INTRODUCTION

1.1 Overview

Until recentlyboreholesonic logs,verticalseismicprofiles(VSP),

and seismicreflectiontechniqueshave been the only seismicmethodsfrom

which inferencesabout in situ lithologic,stratigraphic,and structural——
variations,gas and oil content,and physicalpropertiescould be made.

Unique problemsaffectingthe interpretationof in situ propertiesare——
embodiedwithin each of these techniques. Althoughboreholegeophysical

logs providehigh-resolutiondata, such data often apply only to the rock

near the well. In addition, the effects of drilling on velocity

measurementsare difficult to quantifyand may affect interpretations.

Seismicreflectionmethodsare influencedconsiderablyby the propertiesof

surficialrocks and are relativelylow in resolution,but they are the

least expensive and most popular methods for large-scale studies.

Generally,rock propertiesare not routinelyderivedfrom reflectiondata

since only the first-arrivingcompressionalwaves from various geologic

interfacesare normallyconsidered.Rock propertiescan be determinedfrom

VSP; however,this technique,like reflectionmethods,must contendwith

highly attenuatingsurficialrocks and is relativelylow in resolution.

For detailedstudiesof reservoirstructureand properties,the crosswell

seismicmethodis unsurpassedin its capabilityto providehigh-resolution,

two–dimensionaldata. At present,however,crosswellsurveysare possible

only between closely spaced wells and are not availableas a regular

servicefromany segmentof thegeophysicsindustry.

Numerousmethodsused by explorationseismologistscan be appliedto

crosswelldata, e.g., amplitudestudiesto determinethe seismicquality

factor Q and P- and S–wave travel-timeanalyses to calculateelastic

properties. Furthermore, crosswell surveys provide two-dimensional

informationthrough the inversionof the observedP- and S-wave travel

timesto producethe seismicvelocitystructureof the rockbetweenwells.

Although the techniquehas been in use for about 30 years, most

publicationson the subject have appeared only in the last 10 years.

Ricker(1953)and Whiteand Sengbush(1953)were among the firstto use the

techniqueand, to our knowledge,were the first to publish crosswell
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results. These investigatorsstudiedwave propagationand determinedin

situ elasticmoduli for chalk and shale. Later, McDonalet al. (195;

measuredattenuationin shale. Evison (1955)was the first to publish

dispersioncurves from observationsof guided waves within a coal seam.

Many investigatorshave since appliedthe techniqueto look at coal seam

continuityand to study channelwaves, includingKrey (1963),Dresen and

Freystatter(1976),Buchananet al. (1981),and many others. Bois et al.

(1972)firstused forwardmodelingtechniquesand ray tracingto determine

velocitystructurefrom crosswelldata. Engineeringuses of the technique

became popular in the 1970s. Stokoe and Woods (1972) published a

shear-waveengineeringstudy and reviewedthe engineeringpublicationsof

crosswellmeasurementsto thatdate. Among the firstto publishresultson

soil propertieswere McCannet al. (1975). Numerousother papersin this

field have since been published. In small–scalecrosswellexperiments,

Paulssonand King (1980)and Paulssonet al. (1985)observedan association

between seismic velocitiesin granite and microcrackclosure caused by

thermalstress.

A considerablenumberof papersrelatedto theDOE FentonHill Hot Dry

Rock GeothermalProject have been published. Changes in velocityand

elasticmoduli during the operationof the FentonHill geothermalsystem

were observedby Fehler (1981)and Pearsonet al. (1983). Aki et al.

(1982) looked at structureand physicalpropertiesof the Fenton Hill

hydraulicfracturesystem. In addition,Fehler and Pearson (1984) and

Fehler(1982)studiedthe acousticattenuationof the FentonHill fracture

system.

Tomographicinversionof velocitydata usingalgebraicreconstruction

techniqueshas been reportedby many investigators,includingMason(1981),

McMechan(1983),Bishop et al. (1985),and Ivansson(1985);Wong et al.

(1983; 1984) looked not only at velocity data but also at acoustic

transparencyby invertingP–waveamplitudedata. Petersonet al. (1985)

compared tomographicinversion techniques. Menke (1984) studied the

resolvingpower of crosswelltomography,and Devaney (1984)has recently

employeddiffractiontomographyto seismiccrosswelldata.

In thisreportwe presentfindingsdrawnfromanalysisof an extensive

suite of crosswellseismicdata that were acquiredin threeboreholesat

the DOE WesternGas SandsProgram,MultiwellExperiment(MWX)site, in the
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PiceanceBasin near Rifle, Colorado(Northropet al., 1983). Data were

acquiredin the lowerMesa Verde formation,a coastalfluvialenvironment

of interbeddedchannel sands and shale that produced a stratigraphy

commonlyreferredto as lenticularsands(Lorenz,1985). Gammalogsof the

study intervaltakenin each well are shown in Figure1-1. Our analysis

concentrateson the sandsidentifiedin the figureas the Red, Yellow,and

Green sandsand theirsubunits. The variousmethodsdevelopedand applied

in studyingthesesands,as well as the resultingcharacterizationwhich

was obtained,are the principalsubjects

1.2 Nomenclature.Tools.and Operations

in thisreport.

Crosswellsurveys of the rock betweenMWX well pairs consistedof

scansin whicha repetitivesignalsource,or transmitter,was movedin one

well betweenpositionsat comparabledistancesaboveand belowthedepthof

a receiverstationedin a neighboringwell. The movementof a transmitter

while performinga scan is termeda transmitterrun. The angle y between

an imaginaryline drawn betweentransmitterand receiverpositionsand the

horizontalis termed the raypath takeoffangle. Crosswellsurveyswere

made betweeneach MWX well pair. Figure1-2 gives the well separationand

azimuthalrelationshipsbetween the wells near the depth over which the

surveyswere conducted. The maximumand minimumwellboreseparationswere

112, 191,and 207 ft for theMWX-1,2and MWX-2,3well pairs,respectively.

AppendixA reviewsdetailsof the fieldoperationsthat tookplacebetween

August16 and September8, 1984.

Transmitterruns were 240 ft for the MWX-1,2 survey and 120 ft in

verticalcoveragefor the MWX-2,3and MWX–3,1 surveys. Runs were made

at rates of 60 ft/min,while the transmitterwas fired at a rate of 5

signals/s,or equivalently5 signals/ft. The receiverremainedstationary

duringscans to avoid unnecessarynoise. After a scan, the receiverwas

moveda predetermineddistancevertically,usually5 ft, and the procedure

was repeated. Approximately240,000signalswere transmittedbetweenthe

wells in the coastalzone.
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Figure1-1. GammaLogsencompassingthestudyinterval
(takenfromLorenz,1985).
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Figure1-2. Separationsand azimuthal
in the coastalzone (taken

relationshipsbetweenMWX wells
fromLorenz,1985).

Data from representativetransmitterruns (scans)are shown in Figure

1-3. The first-arrivingsignalat any depth is the directP or compres–

sionalwave. The P–wavearrivalshowshyperbolicmoveoutwith respectto

the signaltransmittedthe shortestdistancebetweenwells,which is at the

centerdepth of the scan. The combinedeffectsof the intrinsicattenu-

ationalong theirpropagationpath,geometricspreading,the reflectionand

scatteringof signalsat physicalinterfaces,the angularsensitivityof

the receiver,and the radiationpattern of the transmitter,generally

result in the loss of direct compressionalwave signals

bottom of transmitterruns. Each of these parameters

Chapter4.

The borehole tools used at the MWX site were Los

Laboratoryadaptationsof commercialloggingtool technology. The trans–

mitter and receiver consist of a magnetostrictivetransducerand a

at the top and

is discussedin

Alamos National
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Figure1-3. Representativescans of signals transmittedbetweenwells
in the coastalzone.
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circular, segmented piezoelectriccrystal, respectively. The center

frequencyof signalstransmittedbetweenwellsis 2.2 kHz,with a bandwidth

of ~1 kHz. Approximately10 timesmore energythanthatused in industrial

sonic loggingtoolsis dischargedto the scroll. Becausethe receiveris

held stationary,it can be operatedat a sensitivityroughly20 dB greater

thanits soniclog counterpart.Signal-conditioningelectronicsare vacuum

insulatedand thermallybufferedwith heat sinks. Both transmitterand

receiverare housed in centralizednonlockingtools and can be moved

rapidly.

In data acquisitioncertain survey conditions are important to

subsequentdata analysis. Among the areas of concernare the temperature

conditionsto whichboreholetoolsare exposed,the stringentdepthcontrol

requirements,the need to reduceboreholenoise,and the inherentaccuracy

in well spacinginformation.The temperatureto which toolsare exposedin

crosswellsurveyingwill generallyexceed that for commercialsonic tools

run in the samewells. Crosswellsurveysrequirethattoolsoperatein the

wells for tensof hours. Even with currentthermalprotectiontechnology,

afterseveralhoursof continuousoperation,heat fluxfromboreholefluids

plusheat generatedby internalelectronicswill increasetooltemperatures

to values in excessof tolerableoperatingconditions. Thus, to prevent

damage the toolshave to be removedfrom the boreholesintermittentlyfor

coolingand returnedto the properlocationfor continuationof the survey.

Secondly, in complicatedstratigraphy,depth control can only be

assured through a secondary geophysicallog run simultaneouslywith

crosswellsurveys. Unfortunately,we were unable to run a simultaneous

log. Instead,depth controlwas obtainedthroughindependentcalibration

of wirelinedepth using a collarlocator. Collar locationswere in turn

referencedto collarlocationsappearingon cementbond logs previouslyrun

by Schlumberger.The requirementfor depth accuracybecomesstringentin

complicatedstratigraphywhere geophysicallogs

numerouspotentiallyimportantinterfaceswhose

the uncertaintyof wirelinedepth measurements.

ical log data are to be used in constraining

indicatethe presenceof

separationsare less than

Furthermore,if geophys–

computedimages based on

crosswelldata, uncertaintiesin depth may lead to poor reconstructions.

We estimatethat the depthdeterminationsin thissurvey,as referencedto

commercialgeophysicallogs,are accurateto *3 ft.
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A thirdarea of concernis boreholenoiseas it pertainsto maximizing

the signal–to-noise(S/N) ratio of receivedsignals. Sourcesof noise

includethe adjustmentsof the mechanicalsystem (wireline,centralizer,

and tool), surfacenoise, and reservoirmicroseismicity. Surfacenoise

generatedby wind, flowingwater,and culturalactivityis coupledto depth

throughthe wellborecasing. Loweringthe standingwater level in the MWX

wells by 100 ft from the surfacereduceddownholenoise. In spiteof this

procedure,surface noise could be observeddownhole. To reduce noise

furthera subassemblyof bafflesthatwouldattenuatenoiseoriginatingat

the surfaceand travelingdown the well may be required. Hardwareof this

type is unavailableat this time. Reservoirnoiseresultingfrom previous

gas productionwas also observedat Rifle. Productionfrom beneath the

survey area was terminatedone month before the beginning crosswell

measurements. Nonetheless,microseismicityarisingfrom minute readjust-

mentsin the reservoirfrequentlysaturatedthehigh-gainamplifiersin the

receiverelectronics. Examplesof high-amplitudesignals that did not

saturate the amplifiersbut overwhelmedcrosswellsignalsare shown in

Figure 1-4. Reservoirnoise is likely to be an importantfactor when

runningcrosswellsurveysin any producingfield.

Finally,the separationdistancesbetweenwells were derivedfrom a

Sperry-Sun,Inc.,gyroscopicsurvey. If the well spacingthusobtainedis

incorrect,the calculatedvelocityof signals transmittedbetweenwells

will be in error. Accordingto Sperry-Sun,Inc., the maximum possible

error is *7 minutesin inclinationand ~0.5° in azimuth,whereasthe more

likely error for the MtlXgyrosurveysis a maximum of *2 minutes in

inclinationand +0.5° in azimuth. More convincingevidence for the

accuracyof the well spacing results from a comparisonof the average

horizontaltravel time of signalsbetween the three well pairs. If we

assumethatvelocityis independentof azimuth,the maximumpossibleerror

basedon themeasuredtraveltimesis approximately1.5% in velocity,which

correspondsto an errorof 1.8 ft in the distancebetweenMWX 1 and MWX 2

at 6000 ft. Errorsof thismagnitudeare consistentwith thoseexpectedin

thegyrosurveys.

12
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Figure1-4. Microseismicsignalsobservedin MWX-2on August27, 1984.
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2. VELOCITY,CRACKPROPERTIES,AND RELATIVEGAS SATURATION

2.1 CrosswellMeasurementsof Compressionaland Shear-WaveVelocities

Figure 2-1 shows the MWX sonic log velocitiesand the crosswell

compressionalwave velocitybetweeneach well pair for signalstransmitted

within 1.2° of the horizontal. The sonic log velocitieswere obtainedby

averagingover 10-ft intervals. Crosswellvelocitieswere measuredat

receiverpositionsseparatedby 10 ft. In comparisonwith the smoothed

sonic log, crosswellvelocitiesare more variable-–anindicationof the

lateral heterogeneityof the Red, Yellow, and Green sands between

6350-6600ft. Average crosswellhorizontalvelocitiesfor the vertical

intervalare 14.7, 14.1, and 14.3 ft/ms for the MWX-1,2,MwX-2,3,and

MWX-3,1 surveys,respectively. Average sonic log velocitiesfor MWX–1,

MWX-2, and MWX-3 are 13.5, 13.8, and 13.6 ft/ms, respectively. S-wave

velocitiesfor MWX-1,derivedin the same fashionas the P-wavelogs,are

shown in Figure 2-2. Explanationsfor the velocitydifferenceswill be

exploredfurtherin Section2.3.

Velocity Heterogeneity and First-Arrival S-Wave Polarization.

Dilatationor rarefactionfirstarrivalsare frequentlyobservedin signals

transmittedthroughthe coastalzone. The polarityof a P–waveincidenton

an interfacewith a highervelocityrockwill be reversedupon reflection.

However,any reflectedwave will of necessityhave traveleda greater

distanceon arrival at the receiverthan the P-wave travelingdirectly

between the source and receiver,and hence the reflectedwave should

arrivelater. The only way to resolvethis apparentcontradictionis for

the reflectedwave to ‘outracew thedirectphase, whichis indeedpossible

becausebothdirectand reflectedwavesneednot travelthe entiredistance

to the receiverat thesamevelocity. Figure2-3 showsan instancewherea

negativelypolarizedfirstarrivalis made possibleby a velocitygradient

in the lower velocitymedia V1. If no gradientexisted,straightline

propagationpaths would be followed;the direct phase would arrive first

and the reflectedphase would arrive second. When a velocitygradient

increasingwith depth existsin the lowervelocityrock Vl, the reflected

wave, althoughtravelingfarther,may travelthe fasterpath betweenthe

14
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transmitterand receiverand may arrive first at

gradientis greatenough.

Why are dilatationalarrivals important? A

signalthat arrivesahead of the directsignalis a

reduced Schlumberger

the receiver if the

negativelypolarized

clear indicationthat

the signalhas reflectedfroma boundarywith a highervelocityrock. The

occurrenceof negativepolarityimmediatelyprovidesinformationabout the

heterogeneityof rock between wells. Figure 2-4 shows the crosswell

velocitylog from Figure2-1 replottedto indicateonly thosedepthswhere

negativearrivalswere detected. Negativearrivalsare absent from the

Yellow and upper Red sands but ubiquitousin the rock separatingthose

sands and also present in the Red B. The major sands determinedfrom

geophysicalwell logs and core analysis,with the exceptionof Red B, do

not exhibitthe velocitygradientthatmakes a dilatationalfirstarrival

possible.
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Figure2-3. Propagationpath and velocitystructurerequiredto detect
a dilatationalfirst arrival. Solid lines––directand
reflectedpropagationpathsthroughconstantvelocityrock.
Dashed lines--propagationpaths of reflectedwave through
rockhavinga velocitygradient.

2.2 S-WavePropagationand Fractures(6350-6600ft)

The raypathtakeoffangleversusdepth y’Zplot for observedshear-wave

transmissionpathsis given in Figure2-5a,and the boundariesof the sand

units are shown in Figure 2-5b. (Section6.3 describes the YZ plot

format.) In the figure,each pixeldenotesa velocityobservation;cooler

colorsrepresenthighervelocities. From the figureit is apparentthat

the Red and Yellow sands are remarkablytransparent,whereas the Green

sandsare relativelyopaqueto shear-wavetransmission.*Figure2-6 shows

representativedata scans displaying the P-wave onset from the three

different lithologies. Note in each scan the overall similarityof

patternswherecompressionalenergyexists, including the larger angles

from the horizontal. Thus, the observed P– and S–wave transmission

* As noted,geophysicallog and core studiesindicatethat the Red and the
Yellowsands are two distinctunits,each separatedby 5-10 ft. However,
for convenience,in this sectionwe are treatingthe Red and Yellowsands
as a singlelithologicunit.
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characteristicsindicate that the Red, Yellow, and Green sands are

relativelytransparentto compressionalwaves,whereasthe Green sandsare

relativelyopaque to shear-wavetransmissioncomparedwith the Yellowand

Red sands.

Is the observedloss of shear-waveenergy in the Green sands due to

peculiaritiesin the radiationpatternof the transmitter,wave guidingin

theRed or Yellowsands,a lateraldiscontinuity,large–scalefractures,or

a combinationof thesefactors? On the basisof the followingarguments,

we believethe presenceof fracturesmay be the causeof the disappearance

of shear–waveenergy.

First,the shear-waveradiationpatternfor a radialstressactingon

a fluid-filledborehole produced by the transmitteris not altered

dramaticallyby changesin velocityand densityof the range possiblein

the surveyinterval(Leeand Balch,1982). Furthermore,if the radiation

patternof the sourcewas alteredsignificantlyby the velocitystructure,

18
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Figure2-6. Scans taken in the (a) Green, (b) Yellow,and (c) Red sands
(centerdepths of 6350, 6430. 6532 ft. resDectivelv). Each
trace is a stack of ‘1O signals. The c;herent”noise is
60-cycleac.

about the sourcewell, we would expect changesin the compressionalwave

radiationpatternas well. Since the overall pattern of compressional

arrivalsis nearlyidenticalin the threesands, we concludethatradiation

pattern variationsare not responsiblefor the dearth of shear-wave

observationsin the Green sands. Similarly,since the relativepatternof

compressionalwave energyis constantbetweenlithologies,we must conclude

that a decreasein lateralcontinuitywithin the Green sands cannot be

responsiblefor the decreasein shear–wavearrivals. The Red and Yellow

sands should not be acting as waveguidesbecause both crosswelland

geophysicallog analyses (Figure2-1) show that neither sand is a low-

velocitylayer. Consequently,we suspect that large fluid-filled(brine

and/orgas) crackscuttingtransmissionpathsbetweenwellsact as barriers

to the shear–waveenergywhile allowingpassageof the compressional-wave

energy (Albrightet al., 1980). Unless they are very abundant,large

fluid-filledfractureswould not affect P-wave travel time significantly

and hencewouldnot causemeasurablechangesin P-wavearrivaltime(Fehler

and Pearson, 1981). There is evidence from core studies that large

fracturesexistin the sand bodies, especiallyabove6300 ft. 21



In brief,the transparencyof theRed and Yellowsandsto shearwaves,

plus the lack of observedshear–wavearrivalsin the Green sands,leadsus

to concludethatfluid-filledcracksmay be presentin theGreensands.

2.3 CrackPropertiesand Gas Saturation

In the geophysicalliteraturewe find a great number of papers

comparingmeasurementsof compressionalVP and shearv~ wave velocitywith

lithology. Pickett (1963) published velocity data for sandstones,

limestones,and dolomitesand suggestedthat an empiricalrelationship

between velocity and lithology exists. Since Pickett’s publication,

additionalphysicalparameterssuch as clay content,pore fluid, crack

aspect ratio, and crack densityhave been empiricallyand theoretically

shown to influencev~ and v, (see, for example,O’Connelland Budiansky,

1974 and 1977;Toksozet al., 1976). Thus, it is worthwhileto ask what

inferencesabout reservoirpropertiesof the coastal zone sands can be

drawnfrom thevelocitymeasurements.

Fracturedensityand crack aspect ratio may be estimatedusing the

theoreticalmodel proposedby OIConnelland Budiansky(1974 and 1977),

which relatesthesepropertiesand also degreeof saturationto v and vs.P
Tatham (1982)consideredthis model using Pickettfs(1963)data for clean

sandstones,limestones,and dolomitesand also comparedit with the model

proposedby Toksoz et al. (1976). These nearly identicalmodels suggest

that crackand pore geometrycan have a strongereffecton vP/v~ than can

reasonablevariationsin elasticconstantsof matrixmaterial.

OfConnell and Budiansky were able to describe the bulk elastic

constantsof a crackedrock containingan isotropicdistributionof cracks

by insertinga potentialenergy relationshipfor a singledry crack into

the total isothermalpotentialenergyquantityfor the whole rock (i.e.,

strainenergyplus load potential). The effectiveelasticconstantsof a

crackedrock are thencalculatedby estimatingthe effectof the potential

energy from the crackson the entirepotentialenergy for the rock. The

modelalso incorporatesconsiderationof a saturatingfluidof bulkmodulus

K and changesin crackaspectratio into the crack potentialenergy term.

In addition,the OtConnell–Budianskymodel can be used to calculatecrack

densityfromvariousprobabilityfunctions.Thus,v and v. can be related
P
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to crackdensity,crackaspectratio,and degreeof saturation. Since,as

Tatham (1979)notes, the model only appearsto fail at high crackdensity

and porosity,and sinceno indicationof eitherhigh porosityor highcrack

densitybased on MWX core and geophysicallog analyseshas been observed

(Kukal,1985),we feeljustifiedin applyingthemodel.

Figure 2-7 is from O’Connelland Budiansky(1974)and, for conveni-

ence, will be referredto as the OfConnell-Budianskyplot. The velocity

data for cleanquartzsandstonesfromPickett(1963)were plottedby Tatham--
(1982). Our data from the coastalzone sands are shown in the figureas

well.

The crackdensityparameterc, which is equal to the numberof cracks

per unit volume,is plottedat constantvaluesas dashed lines in Figure

2-7. The quantityw = (R/K)(l/a)is plottedat constantvaluesas solid

lines,where R/K is the ratio of the fluid bulk modulus to that of the

uncrackedrock and a is the aspectratioof the cracks(a = c/a or minimum

crack dimension/maximumcrack dimension). For plotting, the measured

velocitiesVP and Gs are normalizedto VP and v,, the values for an

uncrackedrock,whichin thiscase is chosento be uncrackedquartz. Since

v and v~ are measured,plottingthe velocitieson the O’Connell-Budiansky

f~gureallowsus to determinethe crackdensitydirectlyfrom the plot and

to calculatethe aspectratio. There is one criticalproblem: If we can

assume that the uncrackedsolid velocitiesare identicalfor all of the

lithologiespresentin theRifledata set, i.e.,theRed, Yellow,and Green

sands,thenat the very leasttherelativemagnitudesof & and aspectratio

are correct. If the matrixvelocitiesdifferbetweenthe Red, Yellow,and

Greensands,then the relativemagnitudesof c are misrepresentedin Figure

2-7. Basedon slabbedcore,geophysicallogs,and coastalzone lithologic

interpretationsof Lorenz (1984) and Eatough and Dixon (1982), the

assumption of invariate bulk v and vs for the uncracked rock isP
reasonable. In a gross sense, the coastal,upper delta plain environment

producedsandstones,siltstones,mudstones,and shales of very similar

matrix material. Most core taken in the coastal zone is composedof

feldsparand lithic-richsandstonesin whichquartzcomprises65-85%of the

majorframeworkdetritalgrains(Eatoughand Dixon,1982).
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The Red, Yellow,and Green sands fall into threedistinctregionsin

Figure 2.7 enablingus to determinethe relativevariabilityin crack

densitiesand aspectratiosfor each unit. Averagevaluesof aspectratio

and c are tabulatedin Table 2–1. The OfConnell-Budianskymodel is

incorrectfor rocks containingdry crackswith negativevaluesof w, and

thus a and & were not calculatedfrom thisregionof the plot. The ranges

of aspect ratio for the coastal zone sands are within the range for
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TABLE2-1

PARAMETERSDETERMINEDWITH O’CONNELL-BUDIANSKYMODEL

FRACTURE
DEPTH DENSITY BULK ASPECT
INTERVAL PARAMETER MODULUS RATIO
(feet) (&) u RATIO (a)

Red Sands 6500-6555 0.2-0.3 0.0-1.8 10-3 1.00-0.03

YellowSands 6425-6475 0.3-0.4 0.7-1.9 10-3 0.07-0.03

GreenSands 6350-6425 0.2-0.4 0.0-1.6 10-3 1.00-0.03

sandstonesmeasuredby other investigators(Castagnaet al., 1985;Toksoz

et al., 1976;Tatham,1982). Recall thatonly the relativemagnitudesof

the derivedparametersfor the differentsandsmay be correct.

As an aid to discussionof the data in light of the O’Connell-

Budianskymodel, the velocitydata were replottedin Figure2-8 following

the techniqueof Castagnaet al. (1985). From measurementsof compres-

sional and shear-wavevelocities,these authors derived an empirical

relationdescribinga ‘mudrockline,!!whereMudrockis definedaS a Clastic

silicaterock primarilycomposedof clayor silt-sizedparticles. Castagna

demonstratedthat cleansandstones,shales,mudstones,and siltstonestend

to plot along the mudrockline,whereasrockswith anomalouselasticprop-

erties,which independentlyaffectVP or v=, plot aboveor below the line.

For example,tightgas sands from the Frio formationplot below the line.

The reasonthatover-pressured,tightgas sandshave relativelylowervP/vs
than sands withoutgas is becausethe presenceof gas decreasesthe bulk

modulusof the rock while the shear modulusremainsmuch less affected.

Figures2–9 and 2-10 are mudrockplotsderivedfor the threesands in the

coastal zone from crosswell velocities and sonic log velocities,

respectively.
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et al.

An inspectionof the crosswelldata in Figure2-9 indicatesthatvP/v~

is slightlyhigh for the Yellowsands,IInormal!lfor the Red sands!and 1ow

for the Green sands. The same trend can be observedin the OtConnell-

Budianskyplot (Figure2–7);however,the trendis lessclear. FromFigure

2-9 it can be inferredthat the Green sandscontainmore gas than the Red

sands,and the Red sandscontainmore than the Yellowsands. Furthermore,

from the OtConnell-Budianskyplot, the followingspeculationscan be made.

Overall,the Greenand Red sandsappeardrierand presumablyhave a higher

gas pressurethan the Yellowsands. In addition,the Yellowsandscontain

a higherfracturedensitythantheGreenand Red sands.

vp/v= data derived from sonic logs show differenttrends than the

crosswell–deriveddata. These data are given in Figure2-10. The sonic

log data indicatenormalvP/v, values for the Green sands,high vP/v~ in

the Red sands,and a nearlybimodaldistributionof slightlyhigh and low

valuesin theYellowsands. Thus, thesoniclog valuesimplythatthereis
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notablegas only in portionsof the Yellowsandsand gas depletionin the

Red sands. The differencein the soniclog data may be due to damagedone

fromdrillingand anisotropyeffects(seeSection5).
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Figure2-9. Mudrock plot of observedcrosswellVPIV, values for the
Green,Yellow,and Red sands.
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3. POROSITY,YOUNG’SMODULUS,AND POISSON’SRATIO

3.1 Introduction

In this chapter,in situ determinationsof Young’smodulus,Poissonfs.—
ratio,and porosityfrom crosswellmeasurementsof VP and v~ are reported.

From vP/v~ variations,inferencescan be made based on theoreticalmodels

thatyielddistinctivepropertiesfor each of the sandspresentwithin the

depthinterval6350-6600 ft in theMesaVerdeformation.

3.2 Background

In situ values of porosity $ were derived from the propagation——
velocityof signals transmittedbetweenwells throughuse of Domenico’s

(1984)empiricalrelation:

or

(3a)

(3b)

where A and B are empiricallyderivedconstants,specificto P-wave and

S-wave propagation,for a given rock type over a range of differential

pressures(geostatic-porepressure). Domenico’srelationship,which is

reproducedin Figure3-1, shows that for sandstone,S–wavesensitivityto

porosityis approximately2.5 timesthatof P-wavesensitivity.Domenico’s

empiricalanalysisdoes not accountfor possibleproblemsin determining

porosityfrom velocitythat may arise from the effectsof in situ pore——
fluidsalinity,effectivepressure,and temperature.Normally,eacheffect

is consideredto be small and consequentlyis generallyneglected in

analysis. However, in our case we will show that high pore pressure

significantlyaffectswave velocityand the calculationof rockporosity.

Porositydeterminationson MWX core by contractorsto SandiaNational

Laboratoriesare

sample is placed

made using a techniquebased on Boylerslaw, in which a

in an evacuatedchamberconnectedthrougha valve to a
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Porosity, (cD)

Figure3-1. Domenico’s(1984) plot of reciprocalvelocity (slowness)
versusporosityin sandstonecoresat variousdifferential
pressures. Solid curves are regressionanalysisfits of
Equation (3a). Slope B and interceptA are used in
Equation(3b). The dashedregionindicatestheapproximate
porosityrangeof thesandsunderstudy.
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gas-filledchamberat a knownpressure. Once the valve is opened,knowing

the corevolumeand thevolumeand pressureof the two chambersenablesthe

calculationof porosityusingBoyle’slaw. Absoluteporosity,however,may

be underestimatedif the permeabilityis very low.

data

and

YoungtsmodulusE and Poissonfsratio u were determinedfromcrosswell

using thewell-knownexpressionsfor homogeneous,isotropicmaterial,

v~2(3vp2 - 4v~2)
E= (3C)

C(VP2- V.2)

(vp/v6)2-2
a= ,

2[(vp/vG)2-1]
(3d)

where c is density,VP is P–wave velocity,and v= is S–wave velocity.

Generally,acousticallyderived values of Young’s modulus and Poisson’s

ratioon coreare significantlygreaterthanare valuesmeasuredstatically

(Vutukuriet al., 1974; Press, 1966). The disparityis greaterin rocks

with smaller values of Young’s modulus and Poissonrsratio, e.g.f more

cracked and porous rocks. The relationshipbetween shear modulus M,

densityL, bulk modulusK, and velocityfor homogeneousisotropicmaterial

is

and

2 K + 4/31.Iv .
P c“

(3e)

(3f)

Young’s modulus and Poisson’s ratio are influencedby many factors,

including

. the percentageof gas versuswatersaturationin pore fluid,

. the aspectratio [pore(crack)height to width of cracksin the

rock],
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. porematrix(particularlyif it containsclayand water),

. porosity,and

. rockanisotropyand density(Toksozet al., 1976).

Values of Youngtsmodulusare determinedon core from the ratio of

stress to strain in the directionof applied uniaxial stress when a

specimenis loadedwithinthe rangeof elasticstrain. Poissonfsratiois

determinedon core from the ratioof lateralstrainto longitudinal(axial)

strainwhen uniaxialstress is applied. Generally,the measurementsfor

Young’smodulusand Poissontsratioare made at some specificvalueof the

ultimatestrength;e.g., 50% is commonlyused. Measuringthe slope of a

prescribedintervalof the stressversusstraincurveusing the tangentor

the secantto the curvein that intervalis anothertechnique. The static

values of Youngfs modulusand Poissonfsratio from MWX core were taken

between 20-60% of the ultimaterock strengthon 38-mm-diametercore at

either50-MPaor, alternatively,30-MPaconfiningpressure.

Knowing the distancebetweenthe MWX–1 and -2 wells and the source

times enablesP- and S–wavevelocitiesto be calculatedfrom the travel

time of the waves betweenwells. A sampleof the upper one-halfof the

stackeddata scan from the receiverpositionat 6575 ft is shownin Figure

3-2. Plottednext to thisscan is the identical(unstacked)raw data. In

the raw data scan, both the compressionaland the shearwaves are clearly

seen. In order to facilitateP-wave travel-timepickingand to reduce

the amount of data for manipulation,we used the stacked data, 10 raw

traces/stackedtrace. However,the shear wave was not observedin the

stackeddata; therefore,we calculatedcomplexenvelopeplots of the data

and stacked10 per trace in order to enhance the signal to noise ratio

S/N of S-wavearrivals. Other researchershave successfullyemployedthe

complexenvelopefor amplitudeanalyses,includingTaner et al. (1979),

Fehlerand Pearson(1981),and Farnback(1975). To our knowledgewe are

the firstto applycomplextraceanalysisto determiningtraveltimes.

Briefly,the complexsignal is determinedas follows(Taneret al.,

1979): The signalis transformedfrom the timedomaininto the frequency

domain;a 90° phaseshiftis applied. The signalis

to the time domain,squared,and the resultis added

untransformedsignal. As noted,10 sequentialsignal

then transformedback

to the squareof the

envelopescomputedin
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-----

-WAVE

P-WAVE

Figure3-2. Comparisonof stacked(lO/trace)data (left)and raw data
(right) for top half of scan at the 6575-ft receiver
position. The ‘coherentnoise in the stackedraw data is
60–cycleelectronicnoise.

thismannerare stackedto make a singletrace. We found that the S–wave

arrival time-pickfrom the complex trace was nearly always within the

precisionof picks on the raw seismograms. Figure3-3 shows a crosswell

seismicsignaland its correspondingcomplexenvelope.
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Tables 3-1 through 3-4 summarize velocity and velocity-derived

porosity, Young’s modulus, and Poisson’s ratio determined from both

crosswelland seismicmeasurements.In addition,the staticdeterminations

from availablecore are shown for comparison. The Null statisticaltest

was used to comparethe resultsbetweensonic

core (Walpole,1968). These comparisonscan

3-4.

3.3 Porosity

log crosswellmesurementsand

be seen in Tables3-2 through

For all three sand units the porosity calculatedfrom shear-wave

velocitiesusingboth crosswelland soniclog measurementsis considerably

larger than those values determinedfrom core (See Tables 3-1 and 3-4).

Severalpossibleexplanationsfor the discrepancyarise. First,the shear

waves sense over different directionsand overa much greaterlateral

Figure3-3. Complexenvelopederivedfroma seismictrace.
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TABLE3-1

ROCKPROPERTIES: COt4PARISONOF VALUESOERIVEOFROf4CROSSklELL.BOREHOLESONICLOG, ANOCORE OATA

vp(kds) v~(km/s) v Iv

C/--k o E’(GPa)
OEPTH ~~

SAND
w CUuLOG 7%--lIJ&’oRT UNIT

6345
6350
6355
6360
6365
6370
6375
6380
6385
6390
6395
6400
6405
6410
6415
6420

6425
6430
6435
6440
6445
6450
6455
6460
64fj5
6470
6475

6480
6485
6490

6495
6500
6505
6510
6515
6520
6525
6530
6535
6540
6545
6550

6555
6560
6565
6570
6575

4.24 3.34 2.10 1.59
4.23 3.22 2.46 1.72
3.94 3.28 2.57 1.68 1.14 1.95
4.12 4.51 2.60 2.46 1.58 1.83

27.5 0.27
0.19
0.18 0.40
0.17 0.19
0.15 0.13
0.16 0.23

0.18
0.19

-0.13 0.32
0.07 0.29
0.04 0.22
0.11 0.28
0.23 0.29
0.21 0.24
0.24 0.26

36.6
28.8 19.9
36.8 41.7
39.2 54.7
40.5 34.5
38.6 32.7
37.2 47.0
37.3 41.2
39.6 25.3

0.027
0.029

4.06 4.83
4.i4 4.08
4.20 4.01
4.12 4.54
4.10 4.34
4.11 4.19
4.20 3.93
4.13 3.93
5.14 4.41
4.12 4.28
4.30 4.81
4.27 4.72

4.28 4.59
4.31 4.71
4.17 4.54
4.30 4.51
4.29 4.53
4.37 4.78
4.31 4.72
4.31 4.58
4.27 4.93
4.39 5.02
4.32 4.41

4.34 4.76
4.41 4.87
4.35 4.69

2.71 2.90
2.67 2.24
2.47 2.18
2.46 2.67
2.43 2.48
2.57 1.87
2.67
2.58
3.29
2.49

2.59
2.61 2.96

1.50 1.67
1.55 1.82
1.70 1.84
1.67 1.70
1.69 1.75
1.60 2.24
1.57
1.60

0.030 MIXEO

GREEN

SANOS

YELLOW

SANOS

REO

SANOS

0:19 0.25 0.025
0.19 0.16
0.20 0.19
0.17 0.33
0.16

0.17 0.38
0.15
0.20

41.7
40.6

0.051
0.051
0.036
0.028
0.026
0.042

0.055

0.17
0.09
0.15

0.17
0.17 0.12

1.59
1.65

1.86
1.64 1.59

0.24
0.21

0.30
0.19 0.17 0.21+

67.5
39.3

46.3
41.6 54.8 32.4

2.59 2.87
2.44 2.98
2.48 2.87

1.65 1.55
1.77 1.58
1.68 1.58

0.20 0.14 0.19+
0.26 0.17 0.20+
0.23 0.17

41.1 51.8 55.5
38.4 55.2 23.5+
38.6 51.2
41.3 51.7 44.8
39.4 51.7

0.17 0.13
0.20 0.12
0.19 0.13
0.18 0.12
0.19 0.13
0.18 0.14
0.19 0.13
0.18 0.17
0.18 0.15
0.17 0.14

0.047
0.067
0.071
0.084

2.56 2.91
2.48 2.90
2.S2 2.76
2.49 2.86
2.52 2.62

1.68 1.55
1.73 1.56
1.73 1.73
1.73 1.65
1.71 1.75
1.69 1.79

0.24 0.14 0.26+
0.25 0.15
0.25 0.25 0.17+
0.24 0.21
0.25 0.26 0.19+
0.25 0.27 0.26

40.5 50.8 27.0+
39.3 52.7
40.8 46.0 37.5+
41.0 51.5 44.8
42.4 53.3

0.084
0.079
0.068
0.024
0.053
0.031

2.S3 2.75
2.61 2.80
2.43 2.42

1.68 1.79
1.78 1.82

0.22 0.27
0.30 0.28 39.4 40.1 0.20 0.20

2.54
2.67 2.76
2.60 2.83

1.87 0.30
1.65 1.76 0.21 0.26
1.67 1.66 0.22 0.22 0.25+

44.7
44.9 51.4
42.3 51.9 15.9+

0.18
0.16 0.14
0.17 0.13

0.030
0.045
0.033

4.40 4.62 2.51 2.82 1.75 1.64
1.68 1.64
1.63 1.64
1.62 1.78
1.64 1.77
1.55 1.70

0.26 C.20 0.25+ 40.7 51.0 15.9+ 0.19 0.14
0.17 0.14

0.023
0.065
0.083

4.40 4.62
4.28 4.68

2.62 2.82
2.62 2.86
2.67 2.43

0.22 0.20 42.9 50.9 (
0.21 0.20 42.6 52.5 0.17 0.13
0.20 0.27 0.22+ 43.8 40.0 30.6 0.16 0.20
0.19 0.27 0.22+ 45.4 54.5 30.6 0.15 0.13
0.16 0.24 44.0 50.3 0.15 0.14

4.34 4.33
4.45 5.02
4.22 4.70
4.29 4.67
4.44 4.65
4.40 4.65
4.26 4.15
4.33 4.11
4.24 4.77

4.23.3,83
4.30 4.47
4.12 5.08

4.31
3.71

2.72 2.84
2.72 2.76
2.70 2.90
2.59 2.88
2.64 2.87
2.69 2.28
2.76 2.23
2.73 2.81

2.73 2.20
2.47 2.51
2.65 3.04

2.41

1.59 1.61 0.18 0.19
1.71 1.61 0.25 0.19
1.67 1.62 0.23 0.19
1.58 1.82 0.19 0.28

44.1 53.2
42.4 52.5
43.7 52.4
44.3 35.7
45.6 34.3
45.3 52.0

0.15 0.13
0.17 0.13
0.16 0.13
0.15 0.23
0.15 0.24
0.15 0.14

0.059

1.57 1.84
1.55 1.70

0.18 0.29
0.19 0.24

0.081
0.066

1.55 1.74
1.74 1.78
1.55 1.67

1.79

0.17 0.25 0.29
0.26 0.27
0.20 0.22

44.5 32.3
39.1 42.6
43.1 60.3

39.3

0.15 0.25
0.20 0.18
0.16 0.11

0.200.27

~CH- value derived from crosswell measurements.
density of 2.56 used in c.slculation of E.

Note: Crosswell,CW, and MWX-1 Sonic, S, and MWX–1 core derived
velocities,Poission’sratio, u, and shear wave determined
porosity$ for all sandunits.
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TABLE 3-2

BULK ROCK PROPERTIES DETERMINED FROM CROSSWELL VELOCITY MEASUREMENTS

RECEIVER v v Iv a
‘(ksasls;”

ps +
POSITION (G;a)

ALL DATA
(6350-6555 ft) 4.28 2.60

RMs 0.18 0.14
NO 39 38

Rm SANDS
(6500-6555 h) 4.34 2.66

RMs 0.08 0.07
NO 12 12

YELLOW SANDS
(6425-6475 fs) 4.30 2.51

RMS 0.05 0.06
NO II II

MIXED GREEN SANDS
(6350-6425 f?) 4.21 2.62

RMs 0.29 0.21
NO 13 13

1.65
0.07

38

1.63
0.06

12

1.71
0.04

11

1.61
0.07

13

0.19 4! .6 0.17
0.07 5.4 0.02

38 38 38

0.21 43.7 0.16
0.03 I .4 0.01

12 12 12

0.24 40.2 0.18
0.03 I .3 0.01

11 Ii II

0.15 40.5 0.17
0.10 8.8 0.03

13 13 13

NULL STATISTICAL TEST

COMPARISON
‘P

v, v Iv
P.

0 E +

YELLOWIRED R(12.93) R(53.53) R(-32.43) R(-28.61) R(56.69) R(-t2.88) (all cases:

MIXED GREENRED R( 8.92) R(-8.69) R( 2.61) R( 20.84) R(-I . 17) R( 8.02) Tc-I.654 or

YELLOW/GREEN R(16.16) R(I1.49) R( 21.18) R( 3.87) R(1 1.59) R(-16.03) T>I.654)

Note: Top: Velocities,Poisson’sratio u, Young/smodulusE, and
shear–wave-derivedporosity$ from theMWX well pairs1 and 2,
and laboratoryvalues from MflX-1for all sand units. Bottom:
Null Statisticalanalysisof in situ dynamic values of the
abovevelocities,moduli,and p~os~es. The Null statistical
test is used for comparingtwo populations. For example,the
“T” value for v in the YellowversusRed sands is 12.93. The
Null testindic~testhatT must fallbetween–1.65and +1.65to
be statisticallysimilar (see right side of table). Since
T=12.93does not fall within the acceptablerange determined
from the Null test, we must reject the Null hypothesisand
concludethat,at the 95%confidenceinterval,v for thesetwo
populationscannotbe rejectedas not being thepsame(theR or
A indicatesrejectionor acceptanceof the Null hypothesis,
respectively).Similarly,fromTable3-3, in the comparisonof
Poissontsratiofrom theYellowand Greensandalonghorizontal
trajectories,sinceT=O and T must fallbetween-1.65and 1.65,
we acceptthe Null hypothesisand concludethat the two cannot
be rejectedas beingthe sameat the 95% confidenceinterval.
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TABLE 3-3

ROCK PROPERTIES DETERMINED FROM CROSSWELL HORIZONTAL TRAJECTORIES

RECEIVER v Iv
POSITION ‘~knd,;s p ‘ u E +(GPa)

ALL DATA
(6350-6555 h) 4.41 2.65

RMS 0.26 0.16
NO 40 25

RED SANDS
(6500-6555 ft) 4.43 2.69

RMs 0.11 0.09
NO 12 8

YELLOW SANDS
@425-6475 II) 4.50 2.56

RMs 0.08 0.13
NO 16 12

MIXED GREEN SANDS
(6350-6425 ti) 4.27 2.75

RMs 0.43 0.22
NO 12 5

1.69
0.11

25

1.66
0.07

8

1.74
0.09

12

1.61
0.12

5

0.22 43.4 0.17
0.06 3.33 0.02

25 25 25

0.22 45.1 0.16
0.03 2.3 0.01

8 88

0.25 42.3 0.17
0.04 3.6 0.02

12 12 !2

0.17 45.5 0.15
0.09 10.0 0.03

5 55

NULL STATISTICAL TEST

COMPA2USON v
P

v v Iv‘ P.
a E +

YELLOWtRED R(-3.20) R(-16.40) R(-1O.7O) R( 7.41) R(-12.40) R(-1 1.10) (all cases:

MIXED GREEN/RED R(-2.66) R( 2.50) A( 0.33) R(. 4.27) A( 0.98) R(- 2.36) T<-] .65 or

YELLOW/GREEN R(-3.84) A(- 0.16) R( 4.10) A(0) A( -0.60) A( 1.35) T> 1.65)

See Table3-2 note.

37



TABLE 3-4

SONIC WELL VELOCITY AND CORE-DERIVED R(XK PROPERTIES

RECEIVER Vp Vp Iv. a a EE
POSITION

+, +
(km/s;’ Sonic Core (GPa) Core Core

(GPA)

ALL DATA
(6375-6576 fi) 4.43 2.63 1.73 0.24

RMs 0.44 0.32 0.13
NO 200 200 2(XI

RED SANDS
(6500-6555 Ii) 4.49 2.67 1.71

RMs 0.38 0.27 0.08
NO 55 55 55

VELLOW SANDS
(6425-6475 h) 4.67 2.79 1.67

RMs 0.19 0.16 0.1 I
NO 50 50 50

MIXED GREEN SANDS
(6375-6425 fr) 4.15 2.38 1.81

RMs 0.52 0.40 0.19
NO 50 50 50

0.05
200

0.24
0.04

55

0.21
0.05

50

0.27
0.06

50

0.23 46.1 32.6
0.04 9.3 12.4

12 200 11

0.2s 47.1 25.7
0.03 8.4 8.5

4 55 13

0.21 50.5 38.9
0.04 4.1 12.0

6 50 6

0.24 38.7 32.4
. . 1I .7 --
1 50 I

0.17
0.06

200

0.16
0.05

55

0.14
0.02

50

0.22
0.09

50

0.050
0.021

30

0.063
0.022

6

0.060
0.020

11

0.035
0.010

10

NULL STATISTICAL TEST

COMPARISON Vp V, v iv ~ E +
p “ Som Core ~re ~re

YELLOW/RED R(- 3.02) R( 2.74) R(-2.14) R( -4.55) A(-1 .69) A(-2.59)R(2.77) R(-2.64) R( 3.62) (all C41SCS:

GREEN/RED R(- 3.89) R(-7.43) R( 2.86) R( 3.04) --- R(-4.25) -- R( 4.27) R(-3.52) T<-] .654 Of

YELLOW/GREEN R( 6.64) R(16.97) R(-3.86) R(-5.43) -– R( 6.73) -- R(-6.14) R( 3.56) T> 1.645)

See Table3-2 note.
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portionof the sands thandoes a core sample. Thus,a core samplemay not

be representativeof the horizon from which it was obtained. This ex-

planationmay in part accountfor the discrepancy,since the formationis

fluvialand thereforemay lackhorizontalcontinuityin termsof porosity.

A secondinfluencingfactorcausingthe discrepancymay be relatedto the

techniqueused in measuringcoreporosity. SincetheBoyles’slaw porosity

techniquedependson the interconnectionbetweenpores (permeability),it

is possiblethat the ratioof trueporosityto Boylefslaw porosityis less

thanone--andperhapsconsiderablyso. In fact,thesandstonepermeability

is very low at thesedepths,e.g.,on the orderof 100 PD. The problemof

underestimatingporosity in low-permeabilityrock is well known among

investigatorsusing thistechnique.

The primaryexplanationfor the differencein porositiesmay be that

the in situ pressuresare not normal. Since we calculatedour A and B——
valuesfor normallypressuredrock,the high observedvelocitiestranslate

to inferredhigh porosities. However,if the pore pressureis high and

consequentlythe differentialpressureis lowered,the velocity-determined

porositydecreases. In fact,assumingthe core–determinedporositiesare

approximatelycorrect,we can use the Domenicoporosityrelation[Equation

(3b)] to determineapproximatein situ differentialpressureand thereby.—
infer approximateranges of pore pressurefor each of the lithologies.

That is, in order to decreaseporosityin Equation(3b),the slopeB must

increasesince v. is an observedconstant. Note in Figure 3-1 that B

increasesmuch more rapidlythan the interceptA as differentialpressure

decreases. Once A and B are approximatedfor a known porosity,pore

pressurescan be calculatedsince pore pressureequalsgeostaticpressure

minus differentialpressure. Unfortunately,the smallest differential

pressurethatDomenicoreportsvaluesfor is 500 psi (3.4MPa). At a depth

of 6000 ft, a differentialpressureof 500 psi, and a shear–wavevelocity

of 8.9 ft/ms, normal geostaticpressurewould be approximately3180 psi

(21.9MPa). Thus, the pore pressuremay be at least2680 psi (18.2MPa).

This estimationis determinedfor a porosityof 9.9%, and thereforethe

pore pressuremay be considerablygreaterif the core porositiesof 3-6%

are correct. The variationin dynamicallydeterminedporositybetween

sands,althoughnot correct,may be indicativeof the relativedifferences

betweenunits.
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Since the crosswellshear and sonic log shear velocitiesare not

grossly dissimilar,their respectivederived porosities(Tables3-2 and

3-4)are comparablebut nonethelessdifferent.This may be due to problems

such as the influenceof formationdamage,possibleinvasionby drilling

fluidsduring drilling,and as will be discussedin Section5, velocity

anisotropyin the formation. Other porosityestimationtechniquesalso

give valueslargerthan the core-derivedporosities;i.e., the densitylog

impliesporositieshigherthancorevaluesand lower thansonicvalues,as

does the compensatedneutronlog. The sidewallneutronlog,however,gives

valuesvery closeto coreporosity.

In summary, the differencebetween core-determinedand velocity–

determinedporosity indicates that pore pressuresmay be higher than

normal. The velocity-determinedporositiesmay be incorrectsince the

possibility of high pore pressure was not taken into account.

Qualitatively,however, the relative differencesin dynamic–determined

porositybetweenunitsmay be correct.

3.4 Young’sModulusand PoissonfsRatio

There are a varietyof explanationsfor the observeddifferencesin

Young’s modulus and Poisson’sratio derived from core, sonic log, and

crosswellmeasurements.First,a significantvariationbetweenlaboratory

dynamicand staticmoduliis reportedin the literature(e.g.,see Vutukuri

et al., 1974). Secondly,it is apparent from Equation (3c) that the

densitychosen in the dynamiccalculation(both crosswelland sonic log)

has a significanteffect on Youngfs modulus; i.e., Young’s modulus

decreaseswith decreasingdensity,but densityhas no effecton Poisson’s

ratio. However,becauseof the combinationof low porosityand an average

of 2.7 g/cm3 determinedfor grain densityfrom this interval,a value of

2.67g/cm3appearsrealistic.

Third, the method used to determineYoungts modulus and Poisson’s

ratioplaysa criticalrole in the resultinglaboratoryvalues;i.e., the

tangentmethodcan give differentresultsthan the secantmethod,and the

least-squares-fitmethod can give a third result. This is because the

stress/straincurve is often nonlinearin the measuredregion. Nonlin-

earityof the stress/straincurve between20–50%of the ultimatestrength
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was observed during the laboratorymeasurementson core obtained from

MWX-1,and thereforethe resultis influencedby themeasurementtechnique.

Finally,and most importantly,in comparingcoreand crosswellYoung’s

moduli and Poisson’sratios, remember that each representsmoduli and

Poissonfsratiofor roughlyperpendicularorientationswithinthe rock,and

since the rock is anisotropic,the two are not comparable(see Section5).

Therefore,a comparisonof sonic log moduli with core moduli is more

appropriatebecauseeachmeasuresmoduliin the samedirection(Table3-4).

The sonic log and core modulivalues,however,correspondless well than

the crosswelland core. Moreover, these observationsmatch observed,

publishedtrendsfor staticand dynamicmeasurements.

In light of the uncertaintyin Young’smodulusand Poisson’sratio

measurementsreportedin the literature,plus the differencesthat can be

attributedto the methodof staticmeasurements,and sincePoisson’sratio

and Young’smodulusweremeasuredin approximatelyperpendiculardirections

(i.e.,core and sonic log versuscrosswell),we can concludethat the in—
situ crosswellvalues versus laboratoryand sonic log values of Young’s

modulusand Poisson’sratioare in reasonableagreement.
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4. SEISMICQ MEASUREMENTS

4.1 Introduction

Despite the fact that the seismic quality factor Q for both

compressionaland shear-wavepropagationis recognizedas an importantrock

property,thereare few

Increasinguse has been

for determinationof Q

however,are of limited

publishedin situ measurementsof its magnitude.——
made of data from verticalseismicprofiles(VSP)

(e.g.,Newman and Worthington,1982). VSP data,

value for studiesof relativelythin stratumthat

is onlya fractionas thickas characteristicVSP wavelengths(500ft). In

contrast, crosswell acoustic signals, which have wavelengths of

approximately7 ft, are suitablefor in situ Q measurementsof small rock——
masses. Nonetheless,only two crosswellmeasurementsof Q have been

reported. McDonalet al. (1958)measuredattenuationin the Pierreshale,

whileFehlerand Pearson(1984)obtainedvaluesfor fracturedgranite.

The decreasein amplitudeof a seismicwave resultingfromattenuation

is exponentialwith distance. In terms of parametersfor which in situ——
determinationsof Q can be made throughcrosswellmeasurements,we write

for compressionalwaves

A(y,R)=

where A and
0

‘O (2-cos2y)e-tiR’Qv—
9

Rn
(4a)

A are the respectiveP-wave amplitudesat the source and

receiver,R is the separationbetweensourceand receiver,f is the fre-

quency of the signal, and V is P–wave velocity. The (2-COS2Y)term

compensatesfor the radiationpatternat the source,where y is the raypath

takeoffanglemeasuredfrom thehorizontal(Fehlerand Pearson,1981). The

Rn term correctsfor geometricspreading. The exponentn is either1 or

1/2 dependingon whetherwave frontsdivergesphericallyor are confinedto

thin horizontalstratigraphicunits, respectively. Throughoutthis sec–

tion,unlessotherwiseindicated,n = 1 and Q refersonly to compressional

wave propagation.
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SeismicQ is definedas

Q = 4n <E>/AE, (4b)

where AE is the energy dissipated(per cycle) and <E> is the average

elasticenergythatis storedin a rockon passageof a seismicwave.

The principalmechanismsfor energydissipationin gas sands are the

anelasticdistortionof pores and cracks (0’Connelland Budiansky,1974),

and the forced movementor ‘sloshingNof fluids (Palmerand Traviolia,

1980) that occur in rock on passageof a seismicwave. Both mechanisms

dependon the elasticmoduliof the bulk material,propertiesof the pore

fluidsaturant,and effectivepressure. In laboratoryexperiments,energy

dissipationappearsto be most pronouncedat the low and high extremesin

water saturation(Pandit and King, 1979; Mochizuki,1982) and at low

effective pressures (Johnston and Toksoz, 1980). Thus, seismic Q

measurementsmay have applicationto the in situ determinationsof pore——
fluid saturant properties and effective pressure--eachuseful for

understandingreservoirperformance.

4.2 PropagationLoss

Parametriccalculationsare useful in understandingthe relative

importanceof the variablesin Equation(4a). For this purpose,it is

convenientto expressthe signalamplitudeA(y,R)at y = O in termsof a

propagationlossPL definedas

[1APL (decibels). 20 log10 ~ .
0 (4C)

The relationshipbetweenPL and the independentparametersin Equation(4a)

is shown for rock having a P–wave velocityof 15 ft/ms in Figure 4-1.

Curvesfor variousf/Q ratiosare plottedfor (1) well separationRversus

propagation10SSPL [thesolidcurvedlinesin (R,PL) coordinates]and (2)

frequency versus seismic Q [the dashed straight lines in (f,Q)
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Figure4–1. Propagationloss versuswell separationR for f/Q ratios
a–h (curved lines). Seismic Q (right ordinate)versus
frequency (top abscissa) for same f/Q ratios (dashed
lines). Calculatedfor a P-wavevelocityof 15 ft/ms.

coordinates]. Each axis is logarithmic. Each divisionon the PL, R, f,

and Q axes representsa doublingin parametervalue. Since the PL axis is

scaledin decibels,eachmajordivisionmarksan amplitudechangeof 103 or

approximately

corresponding

sequencea, b,

Q can be

102. The f/Q ratio is the same for each pair of

primed and unprimed lettered curves and doubles in the

c, etc.

found from measurementsof PL, and the centerfrequencyof

signalstransmittedbetweenwells,if well separationR and averageP–wave

velocityare known. For example: The MWX-1,2well pair is separatedby

112 ft at a depthof 6000 ft in the coastalzone. The measuredpropagation

loss associatedwith signals transmittedbetweenwells at this depth is

approximately–72 dB. (Discussionof how the PL value of -72 dB was

obtainedis given in Section4.4.1) In (R,PL)coordinates,(112,-72)plots
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at A approximatelymidwaybetweencurvese and f. In (f,Q) coordinates

the f/Q ratio correspondingto A lies betweenstraightlines e’ and f’.

Since f = 2200 Hz, Q must be about 16. Thus a point A’ is definedat

(2200,16).

All (f$Q)coordinateshavingthe same ratioas A’ lie on the straight

line passingthroughA’ parallelto other (dashed)lines of constantf/Q,

and they define both the transmittingfrequenciesand the host formation

seismicQ for which PL will be the same for identicalinterwelldistances.

The -72-dB propagationloss measuredin the coastalzone prescribesthe

nominalconditionfor the acquisitionof data with the 2200-HzLos Alamos

crosswelltools. At greaterwell separation,data of comparablequality

(equalPL) can be obtainedonly in formationshavinga higher seismicQ.

CoordinatesB and B’ describea conditionin which propagationlossesof

-72-dBwouldbe measuredat a well separationof 450 ft in rockwith a Q of

85 withoutany modificationof crosswelltools.

4.3 Q of the CoastalZone

Two methodshave provedusefulfor estimatingthe overallseismicQ of

the sands between6420 and 6560 ft, which encompassesthe Red and Yellow

sandsas well as the shaleseparatingthem. The firstmethod,describedin

Section4.4.1,entailsthe analysisof theamplitudeof P-wavestransmitted

betweenwells in the MWX-1,2survey for which signalscould be acquired

over a significantrangeof R. A secondmethod,developedto make use of

MWX-2,3and MWX-3,1surveydata, is describedin Section4.4.2. In this

case, analysisof the signals transmittedbetweeneach well pair of the

three–wellMWX site couldbe used to providean estimateof Q for the rocks

boundedby each pair. SeismicQ determinedby each methodwas found to be

different,indicatingazimuthalanisotropyin reservoirproperties.

4.4 FehlerPlots

404.1 Method and the MWX-1,2 Survey. Fehler and Pearson (1984)

describea convenientmethod for determiningQ from crosswellscans for

which P–wave amplitudesare measured. When the natural logarithmof

Equation(4a)with n = 1 is taken,the followingrelationresults:
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loge RA(y’:)= -n.fR— + logeAO . (4d)
(2-cosy) VPQ

A semilogploton the leftsideof Equation(4d)versusR yieldsa straight

line with a slopeof -mf/QvPand an interceptloge AO at R = O. R and y

can be calculatedsince the well separationand the depthsof the source

and the receiverare known at all times. For convenience,plotsbasedon

Equation(4d)will be referredto as Fehlerplots.

A(y,R) was estimatedfrom stackingcomplex traces A(t)* of P-wave

arrivalscorrectedfor moveout before stacking [See Section3–2 for an

explanationof the complextrace,A(t)*]. The moveoutused correspondedto

av ~ of 15 ft/ms,which is approximatelythe averageP-wavevelocityfor

the zone. Ten traces,or equivalently,stacksof the amplitudeenvelopes

of the signalsnominallytransmittedbetweenwells in 2 ft of transmitter

run, compose each stack of A(t)*. Since a complex trace is always

positive,destructiveinterferencein stackingdoes not occur. The S/N

ratiois approximatelythreetimesbetterin each stack than in individual

tracesin the stack.

The time tP correspondingto the peak amplitudeof the P–wavearrival

was determinedfrom time-differentiatedcomplextracestacksA’(t)*. Since

A’(t)* = O at the occurrencetime ti of amplitudepeaks (maximaand

relativemaxima)in the complextraces,it is convenientto find ti from

A’(t)*plots. A computercodewas writtenthatincorporatedthisapproach.

Occurrencetimes were automaticallydeterminedand plotted for complex

tracepeakshavinga S/N greaterthan2 within*2 ms of the expectedP–wave

arrivaltime. Figure4-2 gives one such plot. The plotteddata at left

give the arrivaltimeof all peakshavinga S/N greaterthan2. At right,

representativecomplexsignalsare shownwith spikesindicatingthe peaks

pickedwith thecode.

The traveltime correspondingto the first-arrivingP-wavemaximumtP

is found by comparisonof Figure4-2 (left)giving ti versus transmitter

depth in the scan and Figure 4–2 (right) showing the peaks in the
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Figure4-2. The time ti versustransmitterdepth (left)and correspond-
ing samplecomplextracesshowingA(ti)* picks(right).

appropriatecomplextracecorrespondingto the ti determinations.Usually

the earliest ti = tP, but at low S/N, spurious noise cannot be
distinguishedfrom the signalwithoutreferenceto the plots. After ti,

which correspondsto tP, has been determinedby inspection,the amplitude

of the P-wavearrivalis readdirectlyfrom tabulatedt and A(ti)*data.i

A representativeFehlerplot of coastalzone sands is given in Figure

4-3. The receiverpositionfor thisscan is approximatelyat the bottomof

the Red sands. The natural logarithmof P–wave amplitudeA for signals

traversing the sands, corrected for geometric spreading and source

radiation pattern, is plotted versus source-receiverdistance (bottom
abscissa)or equivalentlythe raypathtakeoffangle y (top abscissa). In

the highlyvariableamplitude,the greatestchangescommonlyoccur at low

Y* The variabilityarises principallybecause,at low takeoff angles,
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Figure4–3. Fehler plot for the scans at receiverpositions6545 ft
(solidline)and 6565 ft (dottedline).

propagationpaths are nearlyhorizontaland are parallelto the “pancake”

stratigraphyin the coastal zone. Consequently,small changes in

transmitterpositionthatmay crossstratigraphicdiscontinuities,although

causing only slight changes in raypath geometry, can result in a

propagationpath throughrock of significantlydifferentQ. Additionally,

at low y, criticalrefractionof signalsfromstratigraphicdiscontinuities

can occur, e.g., the peak at approximately22° in the Figure 4–3 (See

Section4.5. for more explanation).

The oftenextremevariabilityin Fehlerplotsprecludesan estimateof

seismic Q from any single scan. A statisticallysignificantestimate,

however,can be obtainedif all signals transmittedthroughthe coastal

zone are used. Only two assumptionsare necessaryfor the statistical

estimateto be physicallyvalid. The assumptionsare (1) that Q for the

rockscomposingthe coastalzone be normallydistributedand (2) that the

averageraypathbetweenwells be straight. The latter statementcan be

expresseddifferently: if the deviationsdue to reflectionand refraction

of all ray pathsbetweenwells couldbe determined,then the vectorsum of

all thedeviationswouldbe zero.
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Figure4-4a gives the Fehlerplot for all signalstransmittedthrough

the Red and Yellow sands that have first-arrivingP-wave amplitudesat

leasta factorof 2 over noise,a log. (A) value of approximately2.4 on

thegraph. The maximummeasuredP-waveamplitudedecreaseswith increasing

propagationdistance. Of the totalnumberof signalstransmittedthrough

the coastalzone, 25% have amplitudesless thana S/N of 2. The fraction

of signals with amplitude insufficientto be plotted increaseswith

increasingangle.

To determinean averagevalueof Q for the coastalzone,we must find

the mean value of loge (A) as a functionof distance. To do so, the

averageof loge (A) values was determinedin successive5° intervalsof

takeoffangle. Average loge (A) rather than the log of average A is

sought,becausefromEquation(4d)a normallydistributedQ in the coastal

zonewill give rise to a log-normaldistributionin A. When it is treated

as a statisticalpopulation,the distributionof measuredamplitudesin

each raypath takeoff angle interval is truncatedbecause of the S/N

thresholdrequirement, and consequently,themean and standarddeviationof

the actualpopulationcannotreadilybe calculated.The mean and standard

deviationof truncateddistributions,however,can be obtainedconveniently

using graphicalmethodsdescribedby Sinclair(1976)since the number of

amplitude data in each interval of takeoff angle not exceeding the

thresholdis known.

The resultis shown in Figure4-4b, where P–waveamplitudesmeasured

within 5° intervalsof takeoffangle are plotted as a functionof the

percentageprobabilityof occurrenceof thatamplitude. Standarddeviation

about the mean of the amplitudedata given is shownby the upperabscissa.

Each curve terminatesat a point correspondingto the percentageof

amplitudedata in the indicatedangularintervalwith a S/N greaterthan2.

Figure 4–4c shows Figure 4–4a data, reduced in terms of the mean and

standard deviation (obtainedfrom Figure 4-4b), that are expected for

amplitudepopulationswithout the S/N truncation. The standarddeviation

of loge (A) shows the greatestvariabilityat anglesless than 20°, which

coincideswith the range of raypath takeoff angles in which critical

refractionwill be commonin the coastalzone.
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Figure 4-4b. Probability plot of data given in Figure 4-4a.
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plot shown in Figure 4-4b. Dashed lines indicate
estimatesof standarddeviation.

The data in Figure4-4c were used to estimatethe averageQ of the

coastalzone as well as the propagationlossof signalstransmittedthrough

the coastal zone in the MWX-1,2 survey.As shown in the discussionof

Equation (4d), l/Q equals the slope of the least squares straightline

throughthe data meansmultipliedby -nf/vP. A Q of 14 was determinedfor

the intervalby using this method. In addition,since the interceptsof

the line at R = 112 and at R = O, obtained

used to determineA112 and AO respectively,

for signalstransmittedhorizontallythrough

and again using Equation (4d) enables us

traversedby any individualpropagationpath

the P-wave traversingthat path. This approach

apparentQ logsdescribedin Section4.5.

throughextrapolation,can be

then PL = 20 log10 IAllz/AO]

the coastal zone. Knowing AO

to estimate the Q of rocks

from the measuredamplitudeof

was used in preparingthe
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4.4.2 MWX-2,3and MWX–3,1Surveys. In principle,

be appliedto measurementsmade in each well pair to

becauseof the largerseparationsbetweenwells in the

well pairs,littledata couldbe collectedat takeoff

Fehler~smethodcan

deriveQ. However,

MwX-2,3and MWX-3,1

anglesgreaterthan

15°, and a reliableQ estimatecouldnot, consequently,be obtainedusing

Fehler’smethod. Signalacquisitionabove15°was lostdue to the combined

effects of large distancesbetween wells and critical refractionfrom

horizontal interfaces. In this case, an alternativemethod proved

possible.

If signals

patterneffects

traversingwells at constanty are considered,radiation

may be neglected,and Equation(4d)can be written

nfR,
loge (RiAi)+ ‘i= logeAOi , (4e)

vPQi

where the subscriptmay be i, j, or k dependingon the well pair in which

the measurementswere made,Ai and AOi are the receivedand sourcesignal

amplitudes,respectively,and Ri is the distance between source and

receiver. By subtractingequationslike (4e) for each well pair, one

obtainsthreeequationsof the form

QjRi - Q.R.
~ [loge(AiRi)- loge(AjRj)l= OiQjl3 ~ (4f)

when AOi = A = AO~
“j is assumed. (4g)

Values for the parameterson the left-handside of Equation(4f) are

eitherknown or measured. Lettingthe left side of each equationequal a

termof the formMij and adding,one obtains

MijQiQj+ MjkQjQk + MkiQkQi- Ri(Qj-Qk) (4h)

- Rj(Q~-Qi)- R~(Qi-Qj)= O ●

52



Equationsof this typerepresentthe intersectionof threehyperboloidsand

belongto a classof functionscalledquadraticwebs. Many solutionsare

possible. Solutionsof interestare thosethatgive realisticvaluesof Q

by which Equation(4g) is satisfiedand thatyield the value of Q derived

for theMUX-1,2well pairby Fehler’smethod.

The mean loge amplitudeof the P–wave signal arrivals,transmitted

betweeneach well pair within5° of raypathtakeoffangle,was determined

using Sinclair’sgraphicalmethods. Values of 15 ft/msand 2.2 kHz were

used for v~ and f, respectively.Equation(4h) was evaluatednumerically

by computer for physicallyrealisticvalues of Q. Of the possible

solutions,the selectioncriteriawere met by Q valuesof 15, 27, and 27

for theMWX-1,2,MWX-2,3,and MWX-3,1well pairs,respectively.

Figure 4-5 gives a Fehler plot for scans in the Yellow sands

representativeof thoseused for this calculation.The relativelyhigh Q

of the coastalzone in the MWX–1,3and MWX-2,3surveydirectionsaccounts

for the abilityto acquiredata at the relativelylarge well separations

within these two well pairs. Table 4-1 summarizesthe seismic Q data

determinedfromeach technique.
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Figure4.5 Fehlerplot for scans at 6425- and 6445-ftreceiverdepths
in the Yellowsands. Numbersrepresentdata from different
scans.
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TABLE4-1

COASTALZONE SEISMICQ DERIVEDFROMCROSSWELLDATA

SURVEY

METHOD MWX-1,2 MWX-2,3 MWX-3,1

Fehler 14 -—-— ----

3-Well 15 27 27

4.4.3 Interpretation.Table 4–2 lists laboratorydeterminationsof

seismicQ relevantto interpretationof the value measuredin the sands

intervalof the coastalzone (6420-6560ft). The measuredMWX–1,2average

for the coastal zone Q is less than that obtainedon intact core from

similarsandstonesat eithersaturatedor dry conditions. Severalauthors

have reportedvalues for the Berea and Navajo sandstonesunder confining

pressure comparablewith the effective pressure in the coastal zone.

Maximumvaluesof Q (-40)occur for totalsaturation. Valuesof Q for a

few lowerporositysandstoneshave been determinedat 1 atm with arbitrary

saturation obtained by exposing samples to atmospheresof different

relativehumidity (Clark et al., 1980; Pandit and King, 1979). Each

sandstonehad a Q of greater than 38. Clay-, mud-, and siltstones

constitutea significantportionof the coastalzone sands interval. No

laboratorymeasurementshave been made on thisclassof rocks. McDonalet

al. (1958),however,reportan in situ value of 32, which may be used to.—
estimatethe lower limit of theserocks becauseof their shallowburial.

It wouldappearthat the low Q measuredin the sandscannotbe explainedon

the basisof publishedvalues.

It is known,however,that Q for sandstonescan be significantlyless

at intermediatesaturations,at low effectivepressures,and in places

where fracturesare present. At 75% water saturation,Q for the Berea is

one-halfits valueat 100%saturation(Frisilloand Stewart,1980).
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TAliLE4-2

SEISMICQUALITY Q

SEISMICSATURATION
% POROSITY QP SW CONFINEMENT REFERENCES

Berea 16-18.4* 140b‘c dry PC = 250bar
Sandstone

4od

19.7% 18-30

Navajo 16 98
Sandstone

50

PierreShale--- 32

ColoradoOil--- 14e
Shale

27Jf

saturated

0.50<Swe1.0 PC = 117bar
Pf = 15 bar

dry

saturated Pe = 250bar

insitu PC = 25-75bar——

---- PC = 250bar,

Pf = o

JohnstonandToksoz,
1980;Figure3.

Spencer, 1979;Figure1
Toksoz,etal.1979;
Figures6,10.

FrisilloandStewart,
1980;Figure2.

JohnstonandToksoz,
1980;Figure3.

McDonaletal.,1958.

JohnstonandToksoz,
1980;Figure17.

aRangeforfivesamples.

bInterpolatedfromthefigurereferenced.

cMaximumvalue.

dMinimumvalue.

0Measuredparalleltolaminations.

fMeasuredperpendiculartolaminations.

9p
= PC-Pf(effective= confining-fluid).

e

h Laboratorymeasurementsunlessotherwisenoted.
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Undersaturationor overpressurealone is sufficientto explain the

relativelylow Q valuesof 27 reportedfor theMWX–3,1and MWX-2,3surveys,

respectively.Multiplecauses,however,have to be invokedto understand

the largedifferencesbetweenthesesurveyvaluesand the MWX-1,2valueof

16. The hydraulicfracturesstrikeWNW in the paludalsandsunderlyingthe

zone of interest(Warpinskiet al., 1985). This geometryimplies that

naturalfracturesstrikingin the same direction,which is normal to the

leastconfiningstress,shouldbe the most sensitiveto high gas pressure.

Of the three surveys taken in the coastalzone, the propagationpaths

obtainedin theMWX-1,2surveyhave themostobliqueincidenceto fractures

strikingvW. Consequently,a tenableexplanationfor the low Q measured

in the MWX-1,2surveyis that it resultsfroma combinationof propagation

path angle to natural fracturesorientednormal to the in situ least——
confining stress. Also, perhaps a pervasive undersaturationin the

measurementintervalor an anomalousgas overpressurereducestheeffective

pressureon fractures. Both effectswould serve to reduce Q. Alone,

neither is sufficientto explain the differencesin Q in the surveyed

stratigraphies.

4.5 ApparentQ Logs

Focusingand defocusingeffects can influencethe measurementof Q

dramatically.For example,considerthecriticalrefractionof a signalat

a horizontalinterfacebetweentwo rocksof differentvelocities. Figure

4-6 gives the velocitydifferencebetweencoastalzone rocks requiredfor

critical refraction,versus the maximum allowable difference between

transmitterand receiver depths. The depth differencemay also be

expressedin termsof the takeoffangle y betweenreceiverand transmitter

positions(topabscissa)of the MWX-1,2survey. Criticalrefractionfor a

givenvelocitydifferencewill alwaysoccurwhen the differencebetweenthe

transmitterand receiverdepthsis less thansome allowablemaximum. Also

shown is the velocitydifferencecorrespondingto ~1 standarddeviation

about the mean velocity for the coastal zone rocks––an indicatorof

velocitydifferencescommonlypresent in the

significantfractionof the signalspropagated

will be affectedby criticalrefraction.
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Figure 4-7a (Courtesy,W. Lee, USGS) illustratesthe severe effect

criticalreflectionhas on propagationpaths originatingfrom a source

centrallylocated in a layer having a 50% lower velocity than that in

surroundingrock. This situationoccurs,for example,when a source is

locatedin coal. At low takeoffangles,waves are effectivelytrappedin

the low-velocityrock, which gives rise to the so-called‘guided wave~

phenomenon. The measuredamplitudeat variousreceiverpositionswithin

the layerwill vary in the same amountas raypathfocusingand defocusing,

causedby the low-velocitylayer. For receiver

locatedbelowand abovethewaveguidinglayer,Q

the layerwill be measured,while the converse

mentsmade in the layer.

Figure4-7b showspropagationpathsof waves

and transmitterpositions

lowerthanthe actualQ of

will be true for measure-

froma sourcelocatedin a

layerhavinga highervelocitythanthatof the surroundingrock. Sincein

this case wave constructiveor destructiveinterferencedoes not occur,

measurementsof amplitudemade when both transmitterand receiverare in

the high–velocitylayercan be used to calculatean apparent Q thatwill

be a faithfulestimateof the actualvalueof Q. For thisaccuracyto be

possible,the high-velocitystratummust be homogeneous.
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Since AO (Section4.4.1) and the respectivepositionsof the trans-

mitter and receiverin each scan are known, estimatesof Q along each

propagationpath can be calculateddirectlyfromEquation(4d). When Q is

plottedversus transmitterdepth for any receiverposition(any particular

scan),the plotwill be referredto as an apparentQ log. ApparentQ logs

are given in Figures4-8 through4-15. ConsiderFigure4-9 as an example.

Receiverdepth for each scan is indicatedalong the abscissa. Only an

apparentQ, ratherthan theactualvalueof Q, of the rock traversedby any

signal can be obtained because the loss of signal amplitude in a

heterogeneousmedia, such as the coastalzone, can often be dominatedby

reflectionand refractioneffects. In some circumstanceswhere the

contributionof reflectionand refractioncontributionsare insignificant,

apparentQ may approximatethe actualvalueof Q.

With due regard for the precedingcomplexities,apparent Q logs,

nonetheless,providenecessaryqualitativedata for detectionof low P-wave

velocity(possiblyoverpressured)and/orhigh Q stratum(Section4.4) and

for assessmentof the continuityof lenticularsandstratabetweenwells.

4.5.1 Yellow Sands. Representativeapparentseismic Q logs for

scans in which the receiveris locatedin or near the Yellow sands are

shown in Figures4–8 through4-11. The apparentQ of individualsands is

tabulatedin Table4–3. The receiverdepthfor eachnumberedscan is noted

along the depthaxis.

The Yellow B and Yellow C sands are characterizedby an apparentQ

maximum. YellowA is indistinguishablefrom the surroundingrock in the

scansshown in Figure4-8 as well as in all neighboringscans and has the

lowestapparentQ of all themajorsands in the interval. In Figure4-11,

YellowA, however,appearsas a singleQ maximumin the MWX–2,3surveyand

perhapsas two maxima in the MWX-3,1survey. On

unlikely to be monolithicand stratigraphically

threewells. Rather,YellowA appearsto host two

continuousbetween the MWX–3,1 well pair and a

continuousbetweentheMWX–2,3pair.

this basis YellowA is

continuousbetween all

channellensesthatare

single channel that is
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4.5.2 Red Sands. ApparentQ logs for scansin which the receiveris

locatedin theRed sandsare shown in Figures4-12 through4-15. Both Red

A and B are characterizedby Q maximum(Figures4-12 and 4-13);Red B has

the highestQ measuredin any MWX-1,2scan. On the basisof Figure4-14,

Red A does not appearlikelyto be stratigraphicallycontinuousbetweenthe

MWX-2,3 well pair. Similarly,Red B (Figure 4–15) does not appear

continuousbetweeneithertheMWX-2,3or theMWX–3,1well pairs.

The scansshownin Figure4–15 detectedwhat may be a thirdsand,not

formerlydescribed,in the Red sands interval. The sand correspondsto

prominentmaximumI in the figureand is identifiedas Red AB in Table4-3.

Red AB is centeredat 6532 ft, approximatelymidwaybetweenthe Red A and

Red B sands,and appearsto be continuousbetweenboth the MWX-2,2and the

MWX-3,1well pairs.
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Figure4-12. ApparentQ
Red A sand

62

a

Z,ZR

—1
2---3

~
10 m 26 30 35 40

Apparent Seismic Q

log for scans with receiverpositionsin the
(MWX-1,2survey).



“r
- ?

...---
L.450 .,

$ L’.

<

.-
S“
~
n .2”

‘--~;,:::.
6S00

- [+–>

+-...
.- 7.:.

R.d A Zyzn

I
,“”<::.,..=
2Rwt S ““’””””’ =-T--~=.T7,T>.

65w-
3 -a-,.,....:.=.-==’

,
10 15 20 25 io & 40

Apparent Seismic Q

Figure4-13. ApparentQ log for scans with receiverpositionsin the
Red B sand (MWX-1,2survey).

m 1 t 1 s,

z, z“

\

1<
—1
—2

.
;
n I -k?- ....,.-.I

132

: 3“

wlvwxd., --.....
.<:::::. _--=-<------------

=--------
...’, ---------------

-........’..--.;

:$\-
,.. -----

--- -.

6
MWX 1.2

10 20 30 40 xl

Apparent Seismic Q

Figure4-14. Apparent Q log for scans of the Red A sand from the
MWX-1,2,MWX-2,3,and MWX-3,1surveys.

63



6400- , 1

Z,ZR
—1

z

3 ..-3

6460-

S
x-
; ‘/

n
<

6500

“ >

‘,
~.. .
------
‘--- MWX 3.1

; .,t..., .,
132

MWX 1. Z ‘ --- —------‘........,,,,...,.
I ,,,.. ...-@=------

;,----
..,.,.,,

6560- .-.
,.,..J’

MWX 2.3

10 20 30 40 m

Apparent Seismic Q

Figure4-15. Apparent Q log for scans of the Red B sand from the
MWX-1,2,MWX-2,3,and MUX-3,1surveys.

TABLE4-3
APPARENTQ OF THE MAJORSANDS

Sand ApparentQ
Survey MUX-1,2 2,3 3,1

YellowA 16 nda nd

ABb nd 42 46

B 25 nd nd

c 23 nd nd

Red A 26 nd 50

ABC nd 37 44

B 27 nd nd

●Not detected.

bSandcenteredat 6430 ft.

CSandcenteredat 6532 ft.
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4.6 PowerSpectrumCalculations

Total powerversusdepthwas determinedfor the coastalzone from the

power spectrumof signals transmittedbetweenwells with takeoffangles

less than *3.5”. Spectrawere calculatedfor a 50–mswindowencompassing

the entire coda of each transmittedsignal, which included scattered

(reflectedand refracted)as well as directP- and S-waves. Totalpowerat

each receiver depth was obtained by integrating,after summing, the

spectrumof 75 signals. The resultis shown in Figure4-16. Relatively

high signalpowercharacterizesthe rock immediatelybelow the Red B where

coal sequencesbegin and immediatelyabove the Yellow sands between6400

and 6410 ft. Powermaximaalso occurat the depthof the YellowB and Red

B, whichare strataof highapparentQ.

The power spectrumof signalcoda as a functionof depth is given in

Figure4-17, Each spectrumrepresentsa stack of the individualsignals

used in the preceding total power calculationat the depth indicated.

Frequencysignaturesof the sands are easier to see if the percentageof

totalpowerwithinselectedfrequencybands is calculated. For the entire

coastalzone approximatelyone-thirdof signalpower occursbelow 2320 Hz

and above 2600 Hz. The percentageof totalpower in both frequencybands

as a functionof depth is given in Figure4–18. For a sourceof constant

spectralproperties,the larger the Q of the rock along the propagation

path, the higher the frequencycontentwill be of signalsdetectedat the

receiver. Thus, on the basisof the relativepower in the high-frequency

band, qualitativestatementscan be made about the Q of a stratum in

relationto the Q of otherrocksof the coastalzone.

The shadeddepth intervalsin Figure4-18 show where the percentageof

high-frequencypower is high and also where it exceedsthe percentagein

the low-frequencyband. Table 4-4 gives relativeQ for the sands of

interest. ComparingTable 4-3 with Table 4-2 shows a correspondence

between apparent and relative Q. Because of this correspondenceand

because tomographiccalculationsshow a relatively uniform velocity

structurethroughoutthe sands,the sands havinghigh apparentQ in Table

4–3 can be ruled out as waveguides. The measuredhigh apparentQ of the

sands is due then to intrinsicpropertiesof the sands rather than to

propagationpatheffects.
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TABLE4-4
RELATIVEQ IN THE COASTALZONE

YellowA Low

B High

c AboveAverage

Red A High

B High

4.7 SignalExtinction

During the July 1985 fracturingtests,Sandiaboreholegeophonessta–

tioned at 6365 ft in MWX-2 recordedseverelydegradedsignals from an

explosivesource and obtainedpoor recordsof acousticemissions. The

probablecause for the poor recordsis low-velocityrock immediatelyabove

the Yellowsands throughwhichsignalsoriginatingin theYellowsandsmust

pass in transitto the MWX-2 geophones. The layer,which appearsas a

spikein the totalpowerlog shownin Figure4–16 at 6400 ft, has a strong

effect on signals transmittedbetweenwells. Over a range of receiver

positionsabove theYellowsands, no signalscan be detectedthatoriginate

in or beneaththe Yellowsands. Aside from crosswelldata, the only hint

of a signal’sexistenceis seenat 6412 ft and perhaps6405 ft in theMWX-1

and MWX–2Schlumbergersoniclogs.

The layer that affectedthe fracturingexperiment,as well as other

layersthatmay causesimilareffects,has been studiedusing the samedata

used to preparethe Fehlerplots (see Section4.1). Figure4-19 shows a

plot of the arrivaltimeof scan signalswith a computedS/N ratiogreater

than 2 versusdepth. A 4–inswindow synchronouswith the direct-arriving

P-wave is plotted. The approximateboundariesof the Yellow sands and

theirrespectivescan receiverpositionsare also indicated. Figure4-19

(left)showsa scan forwhich

Figure 4-19 (right)shows a

a S/N greaterthan2 was observedthroughout.

scan in which signalswere too weak to be
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TABLE4-5

DEPTHAT WHICHLOCALEXTINCTIONOF SIGNALSOCCURS

SOURCEDEPTH RECEIVERINTERVAL
AT EXTINCTION AT EXTINCTION EXTINCTIONANGULAR

(MWX-1) (MWX-2) RANGE
(ft) (ft) Y

>6395including 6350- 6360 24 - 28
all Yellowsands

>6465including 6395- 6405 22 - 26
upperRed sand

>6530including 6430- 6440 33 - 36
lowerRed sand

>6555 6475- 6480 20 - 24

plottedfor transmitterpositionsbelow6480 ft. Similarlossesof signal

amplitudeoccur and are causedby other layersin the coastalzone. For

example,signalsoriginatingat transmitterpositionsin MWX–1in theupper

Red sand cannotbe detectedbetween6400 and 6415 ft in MWX-2. Table 4-5

summarizesthe instancesof signalloss in the coastalzone. Signalswith

S/N <2 are referredto as ‘extinguished.UBy using informationgiven in

Figure4-16, an extinctionangle can be found. When the extinctionangle

is definedas the takeoffangle at which extinctionfirstoccurs,extinc-

tionanglesrangefrom 20° to 36° in the coastalzone. The exactangle is

differentfor each layerand may be theoreticallyrelatedto the velocity

or Q contrastsbetweenthe layercausingextinctionand the adjoiningrock.
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COMPRESSIONALAND SHEARWAVESAND SEISMICQ5. TRANSVERSEISOTROPYIN

5.1 Introduction

Transversevelocityisotropyis commonlyobservedin layeredsediment-

ary rocks,whether it is measuredin situ or in the laboratory(White,——
1965;Johnstonand Toksoz,1980;Crampinet al., 1984). Sincelayeringis

approximatelycontinuousin all horizontaldirectionsat the scale of the

region under study at the MWX site, we have assumed a transversely

isotropicgeometryas an approximation(White,1965;Crampinet al., 1984).

In thissectionwe discussanisotropicobservationsof Q and velocityand,

using forwardmodeling,determinefour of the five transverseisotropic

elastic moduli for the Red and Yellow sands. Since a transversely

isotropicmediumhas a verticalaxis of symmetry,it is customaryto take

the verticalas 0° and the horizontalas 90° in contrastto the geometry

used in the restof thisreport,where thehorizontalis takento be OO.

5.2 ObservedVP Anisotropy

The velocitiesof compressionaland shear waves transmittedthrough

the Red and Yellowsandsare shown in Figure5-1. The experimentwas de-

signedso that the apertureof observationswas between45° and 135°. The

signalwas extremelyattenuatedat anglesless than 45° and greaterthan

135° as a result of radiationpatterneffectsand longer travel paths.

The shearwaves are assumedto be entirelySV–waves,that is, shearwaves

polarizedperpendicularto the beddingsince the sourceradiationpattern

is composedof only P and SV energy (Fehlerand Pearson,1981). Note in

the figurethat,in all cases,P-wavevelocityvariesconsistentlywith the

anglebetweenthe propagationdirectionand thewellbore.

Syntheticcurvesof velocityversusanglecan be producedthroughthe

use of the transverseisotropicelasticwave equationsfor VP and vs. In

Stoneley’s(1949)notation,

vP = (p + q)l/2/2p (5a)

and

vs = (P - &/2 /2P , (5b)
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where

p = c11sin2yz+ C33COS2YZ + C44 ,

q = [[(c11 - CAq)sin2yz- (C~~- CAq) cos2yZ]2

+ 4(C13+ CAA)2sin2yzcos2yZ]l’2, and

C C~~, CA1, and Cl~ are the elasticmoduli.11? The angle yZ is measured

from the vertical(takeoffangleminus 900). As the degreeof anisotropy

vanishes,the transverselyisotropicvelocityequationsbecomeidenticalto

the isotropicequations(3e,3f) becauseCll and C~~ + A + 2P, Cl~ + A, and

c44 +p. Note the strongdirectionaldependenceof the velocityequations

above. At 90° Equations(5a)and (5b)simplifyso thatCll and Cqa can be

determinedfrom the average measured velocity (Table 5-1) and density

(2.5g/cm3).

fit the data,

approximation

By thencalculatinga suiteof syntheticvelocitycurvesthat

we can estimatethe rangeof possiblevaluesof the moduli

Sincethe transverselyisotropicgeometryis a more realistic

of the in situ conditionsthan the isotropiccase, the——
elastic moduli determinedhere are in turn a better approximationthan

those determinedin Section3. In addition,in situ determinationsof——
thesemoduliare not possiblewith normalloggingtechniques,and therefore

few publishedvaluesexist.

The rangeof acceptableelasticmodulideterminedfor each sand unit

is listedin Table 5-1 for the rangeof velocitycurvesshownas lines in

Figure5-1. We alloweddensityto vary in the calculationof thesynthetic

velocity curves as well since the range of velocity curves did not

sufficientlymatch the observeddatausingonly2.57g/cm3. The fit of the

syntheticdata is quitegood exceptfor shear–wavedata near y= = 45° and

135”. This may be an indicationthat the ranges in C33 and Cl~ are

somewhatlargerthanthoseshownin Table5-1.

The 10 to 12% greaterVP observedin the horizontalcrosswelldata as

comparedwith correspondingsoniclog data,whichare verticalmeasurements

(Figures2-1, 2-2), may be attributedto transverseisotropy. The sonic
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TABLE5-1

RANGESOF ELASTICCONSTANTSDETERMINEDFOR THE YELLOWAND RED SANDS

Yellow Red

v 4.50 * O.11*P 4.43 ~ 0.11km/s

v= 2.72 ~ 0.03* 2.69~ 0.09km/s

c
11

4.6 X 1011 4.7 - 5.4 x 1011dyne/cm2

c33 3.9 - 5.2 X 10II 3.5 - 5.5 x 10IIdyne/cm2

c
13

0.3 - 2.3 X 1011 0.3 - 2.0 x 1011dyne/cm2

c44 1.54- 1.74x 1011 1.7 - 2.0 x 1011dyne/cm2

Density 2.40- 2.70 2.40 - 2.70g/cm3

* For horizontalpropagationpaths.

log v. data, however,are t19% of the correspondinghorizontalcrosswell

data for reasonsthatare not obvious.

5.3 ObservedQ Anisotropy

Representativescans of apparent Q and normalizedamplitude,NA,

versusangle measuredfrom the verticalare shown in Figure5–2. The NA

data, corrected only for geometric spreading,are normalized to the

amplitudeof a hypotheticalsignalmeasuredat 1 m from the source. Q is

corrected for radiation pattern using Fehler and Pearson’s (1981)

technique.The receiverpositionsfor eachscan,indicatedjust insidethe

left abscissain each plot, are taken to be Z . 0 or Z~ and therefore

always correspondto the horizontaltrajectory. As can be seen from the

locationof receiverpositionsin the figure,the scanswere chosento show

results for both upward propagation (Figure 5-2a,b)) and downward

propagation(Figure5-2c,d) through the region from 6425-6560ft. The

largeexcursionsof both Q and NA in Figure5-2 are due to locallyhigh Q

stratumand/orfocusingeffects.
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It is clearfromFigure5-2 thatfor travelpathsalongincreasingand

decreasing angles from the horizontal (Figures 5-2a,b and 5-2c,d,

respectively),Q increasesby as much as 50%. Proof that the trendis not

relatedto the source radiationpatternis demonstratedby the NA data,

which are correctedonly for geometricspreading. The NA data show an

increasewith anglesaway from the horizontal. Since the horizontalpath

has the minimumlength,theNA data shouldbe at a maximumalong thispath

and, if Q is constant,shoulddecreasewith longertravelpaths,viz.,at

angles both decreasingand increasingfrom 90°. In fact, the opposite

trendoccurs;theNA datamaintainthe samevalue(Figure5–2d)or increase

(Figure5-2a,b,c)with increasingtravelpath

necessarilyimplies that Q must be increasing

horizontal. Furthermore,the increasein Q away

be due to a focusingeffectsince the trendis

and upwardpassingrays throughthe samestrata.

length. This observation

at angles away from the

from thehorizontalcannot

observedin both downward

Few published results of Q measured in directions parallel and

perpendicularto beddingplanesexist in the literature.Bradleyand Fort

(1966)tabulated Q for variousrocksfrommany differentauthors. To our

knowledge,all valuesof Q measuredin sedimentaryrocks,excludingshales,

show a trend that is oppositeto our observations;i.e.,with decreasing

velocity,Q also decreases. From laboratoryobservationsof Coloradooil

shale,Johnstonand Toksoz (1980)show that Q and VP parallelto bedding

are about 50 and 85%, respectively,of Q and VP perpendicularto bedding

under pressurescomparablewith in situ pressuresat the MWX site. How-——
ever,becausethe stratafromwhich the data for thisstudywere collected

contained little or no shale (Lorenz, 1984), Johnston and Toksoz’s

hypothesizedattenuationmechanismfor the Coloradooil shale cannot be

responsiblefor our observations.

An importantloss mechanismnormal to bedding in other sedimentary

rocks is due to layering in the form of transmissionthrough layer

interfacesand intrabedmultiples(Schoenbergerand Levin, 1974). Since

our observationsshow that Q increasesaway from the horizontal,layering

must have a secondaryeffecton Q, or else it is largelynonexistentin the

Red and Yellowsands. Thus, thereare threepossibleexplanationsfor the

observedtrendin Q. First,squirtingflow (Mavkoand Nur, 1979;Johnston

and Toksoz, 1980) is the favoredintrinsicattenuationmechanismat the

76



frequencyand estimateddifferentialpressureand saturationof theRed and

Yellowsands. When elongatedpores parallelto beddingare assumed,the

squirtingflowmechanismmay be dependenton theorientationof the pore to

thewave front. Secondly,thegeometryof the sandsthemselvesmay explain

the observation;i.e., channel–depositedsands have many possiblecombi–

nations of crossbeddingthat may affect wave propagation. Third, a

combinationof both of the above possibilitiesmay be the cause of the

change in Q with direction. At this time, we cannot be certainof the

mechanism(s)involvedin givingus the uniqueobservationin the trendof

Q.
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6. PATTERNRECOGNITIONAND TOMOGRAPHY

6.1 Introduction

This section addressesrelatedsubjectsbearing on the status and

prospectsfor crosswellimaging. First, we show that two–dimensional

informationabout reservoirstructurecan often be inferredfrom acoustic

travel–timedata displayedin a coordinatesystemof eitherthe transmitter

and receiverdepth (Z=,ZR) or the raypathtakeoffangleand receiverdepth

(Y,z). Thesedisplayswill be referredto in the remainderof thischapter

as the CrosswellAcousticVelocityLog (or VelocityLog) and @ plots,

respectively. Patterns are often seen in these representationsthat

provide useful informationwithout resorting to elaborate processing.

Second, we calculatetomographicimages from limited-aperturesynthetic

data and discuss the influenceof distortionsin the tomographsto the

imaging of the rock between the MWX-1,2 well pair. Finally,we show

velocity tomographsand a takeoffangle versus depth plot derived from

measurementstakenin theMWX–1,2surveyof the coastalzone.

6.2 CrosswellAcousticVelocityLog

Portionsof the VelocityLog for the coastalzone are shown in Figure

6-1. Each verticalpanel correspondsto data collectedin a singlescan,

that is, data collected for the transmitterrun associatedwith one

receiverposition. The depth of the transmitterincreasesfrom top to

bottomin each panel. Receiverdepth changesincrementallyfrom panel to

panel downwardto the right. The log displaysthe velocityof signals

transmittedbetweenall combinationsof transmitterand receiverpositions.

The principalsands in the VelocityLog appear as smooth intervals

havinga slightlyhigher-than-averagevelocity. Boundariesbetweenthick

sandsand distinctlymoreheterogeneousstratigraphycan be seen in several

adjacentpanels. SyntheticVelocityLogs based on geometricsimplifica-

tions of common stratigraphyprovide a basis for interpretingactual

VelocityLogs. AlthoughSyntheticLogs can be computedin a much more

sophisticatedmanner than those that follow, the logs presented are
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Figure6-1. Sections of a Crosswell Acoustic Velocity Log showing
an isolated sand channel (top) and a discontinuous
lenticularsandwithintheRed sandsgroup (bottom).

sufficientto illustratethat stratigraphicinterpretationis possible

basedon the patternof boundariesobservedin VelocityLogs.

The bottomof Figure6-2 showsSyntheticLogs and the top shows their

respectivestratigraphicmodels (the models from which the SyntheticLogs

were computed). The SyntheticLogs are for strata with small velocity

contrastsso that a straightraypathapproximationcan be used in calcu-

lating the traveltime of signalstransmittedbetweenwells. The square

gray-tonefieldsrepresentsectionsin logs where transmitterand receiver

depths overlap completely. The syntheticstratigraphicand structural

cases shown are (I) a sand channelpresentbetweenwells but not pene-

trated by either well; (II) a sand penetratedby only one well and
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terminatingbetweenwells;(III) a sand thatis continuousbetweenwells;

(IV) a sand faultedbetweenwells;and (V) a sand discontinuousbetween

wells but penetratedby both. Geophysicallogs alone should allow the

inferenceof the Type II or Type III stratigraphybetweenwells. Types I

and V are commonfeaturesin channelsands,but theycannotbe detectedby

geophysicallogs. WhetherType IV couldbe inferredfromboreholelogs is

problematicalbecauseevidenceof faultswith small offsetsbetweenwells

may easilybe perceivedas dippingstrata.

SyntheticLog patternsare substantiallydifferentfor each strati-

graphicor structuraltype. Only in Type III does the boundarybetween

rocks havinga differentvelocityoccur at nearlya constantreceiveror

transmitterdepth. The remainingtypeshave at leastone slopingboundary
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in transmitterand receivercoordinates.Sometimes,due to difficultiesin

data collectionor travel–timeobservations,complete patternsare not

observedin actuallogs;therefore,an interpretationbasedon VelocityLog

data will be non-uniqueunless the interpretationcan be constrainedby

geophysicallogs. For example, because the boundariesdesignatedas
llunidentifiedsand~!and I!Redsand!!in Figure6-1 displaya negativesloPe!

a Type III interpretationis not allowed. Furthermore,because the
wunidentifiedsand~ is not representedin boreholelogs taken in either

well,we must concludethat theboundaryarisesfroma structuresimilarto

theType II stratigraphy,possiblya channelsand. In the caseof the ‘Red

Sand” an inspectionof the geophysicallogs for both wells confirmsthe

existenceof the sands. In this instancea IV- or V–typestructureor a

variationthereofis implied.

6.3 Y’ZPlots

A usefulalternativerepresentationof crosswelltravel–timedata is

the YZ plot in which traveltimeis plottedas a contouredfieldor colored

cell (pixel)againstthe receiverdepth Z and raypathangle. Figure6-3

shows the relationshipbetween yZ plots and the geometry of crosswell

surveys. In YZ plots, the travel times of signals transmittedto one

receiverpositionover a range of takeoffangles plot as a horizontal

sequence of colored cells. Similarly, the travel times of signals

transmittedat identicaltakeoffanglesover a rangeof receiverpositions

plot as a verticalsequenceof coloredcells. The y’2representationis

convenient for displaying other parameters that can be measured in

crosswellsurveys,suchas compressionalwave velocityor attenuation.

As an exampleof the usefulnessof Z plots,a YZ representationof

themodelstratigraphyshownin Figure6-4awas calculated.Smallvelocity

contrastsbetweenthe strataand a straightraypathsignalpropagationwere

assumed. The result, which is generallyapplicableto any horizontal

stratigraphy,is given in Figure 6-4b. A horizontallycontinuous,but

relativelyisolated,bed appears in YZ plot format as an uninterrupted

sloping ‘bow tietitravel-timeanomaly. Characteristically,bow-tie

anomalieshave a negativeslope becauseat receiverpositionsabove the

stratum,no raypathhaving a positive takeoffangle will penetratethe
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Figure6-3. yZ pixelrepresentationof crosswelltravel-timedata.

stratum,while at receiverpositionsbelow the stratum,the converseis

true. The thicknessof the knot in the bow tie at 0° correspondsto the

thicknessof the bed. The bow–tieanomalywill not be observedwhere thin

horizontalstrata exist in close proximity(bottom three layers). The

existence of the strata are suggested,however, by the presence of

multiple,elongatedanomaliesat low takeoffangles.

6.4 LimitedApertureTomographs

The raypathtakeoffanglein theMWX crosswellsurveysseldomexceeded

~45°; this viewingaperture,althoughit introduceddistortionsinto the

tomographicreconstruction,is sufficientfor computationof meaningful

imagesof acousticpropertiesbetweenwells. In attemptingto computea

velocityimagefrom crosswellsurveydata, thesestepsare followed:(1) a

startingvelocityimage is assumed;(2) the traveltimes for all signals

transmittedthroughthat image are predicted;(3) predictedand measured

traveltimes from crosswellsurveysare compared;and (4) differencesin

traveltime foundin thatcomparisonare used to improvethe currentimage

beforerepeatingsteps(2),(3),and (4).

82



DISTANCEI. ti

“~

67m

1L

StratigraphicModel

Figure6-4b. SyntheticyZ travel-
time contourplot for horizontally
layered stratigraphy in Figure
6-4a.

Figure 6-4a. Velocity model
used in synthetic travel-time
calculationsfor the contoured
YZ plot in Figure 6-4b.
Crosshatchedlayers represent
highervelocityrock.

FIAYPATH TAKEOFFANGLE. OEG,

~-Z Plot of ModalTravalTime Data

83



The startingimagemay be an “educatedguess”basedon well log data

or, alternatively,an image correspondingto a structurelessreservoir

having the average velocity of the surveyed region. The calculation

proceedsuntil the differencesbetweenobservedand predictedtraveltimes

are reducedto a minimumby some criterion. The inherentlimitationsof

any computationscheme can be exploredby calculatingtomographsusing

traveltimesderivedfroma testmodel,whichis a realisticsimplification

of the rock to be imaged. Studyingtwo extremesin the startingmodel is

helpful. If one usesexact traveltimes,the resultingtomographwill have

irreducibledistortions,which can be associatedwith the computation

scheme in use. Conversely,if startingtraveltimesare computedon the

basis of the averagevelocityof the test model, the resultingtomograph

will representthegenerallevelof distortionthatcan be obtainedwithout

any knowledgeof structure. In both cases,however,distortionswill be

introducedbecauseof limitationsin aperture. In computingtomographs

using actual crosswelldata, a level of image distortioncan be obtained

thatwill lie betweenthesetwoextremecasesif beneficialstartingimages

can be constructedusing data derivedfrom wellboregeophysicallogs and

conventionalstratigraphicinterpretation.The advantagegainedfrom logs

and stratigraphicmodels,however,shouldbe weighedagainstthe potential

uncertaintyof thesedata in complexstructuralenvironments.

The distortion that is introducedin images reconstructedusing

limitedaperturedata is illustratedin Figure6-5. In studyingtheeffect

of limitedaperture,use was madeof an industrialtomographicimagingcode

modifiedto accept the geometryof parallelwells. The code belongsto a

class commonlycalledAlgebraicReconstructionTechniques(ART). Only a

simpleimageand a smallvelocitycontrastwere consideredso thatstraight

raypathscouldbe assumed.

The images shown in Figure 6-5 were calculatedfor a rectangular

objectin the centerof a fieldof view havingan aperturerange

to 180°. The reconstructionswere made using constant-velocity

images. With decreasing aperture, systematic changes occur

amplitudeand orientationof the distortions.At a 90° aperture,

from 60°

starting

in the

which iS

the averageobtainedin the

fromboundaries perpendicular
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Figure6-5. Effectof limitedapertureon imagereconstructions.

the calculated image involving identificationof gently dipping or

horizontalinterfaceswill have themost validity.

Figure 6-6 shows reliefand gray-toneimages (bottom)reconstructed

using the same ART code and synthetic travel times derived from a

simplifiedvelocitymodelof the coastalzone sandstratigraphy(top). For

simplicity,the coastalzone is separatedexclusivelyintosandand ‘other”

stratigraphies,and a constantvelocityis assignedto each (top right).

The other stratigraphies(coals, shales, and minor sands) are thin,

interbeddedlayershavinghighlyvariablevelocities.The straightraypath

approximationis again used. The quality of the image, which is

reconstructedbased on this simplification,is encouraging(bottomleft).

Each of the major sands is resolved irrespective of whether it is

penetratedby one or both wells. Despite the 90° aperturelimitation,

aberrant velocities are not commonly calculated. In the relief

reconstructiontheseappearas spikes. Based on this reconstruction,one

can expect that, in recoveringthe image of the coastalzone using real

data, the major sandswill standout againsta chaoticbackgroundas broad

regionsof slowlyvaryingvelocity. In this case, althoughno meaningful
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Figure 6-6. An ART reconstruction of a simplifiedcoastal zone
stratigraphyusinga constant-velocitystartingimage. The
viewingapertureis 90°.

informationon the fine structureof the coastalzone can be obtained,an

acceptableimageof themajorgas-bearingsandswouldbe recovered.

6.5 MWX-1,2SurveyTomographs

Travel-timedata were invertedfor the velocity structurebetween

MWX-1 and MWX-2 in a mannersimilarto thatdescribedat the beginningof

Section6.4. In particular,smallvelocityvariationswere assumedso that

raypathscould be approximatedas straight. The minimumenergycriterion

(Dines and Lytle, 1979)was takenas the basis for the back projectionof

the travel–timeresidualsthroughthe model. In the initialstagesof our

work, we found that the simultaneousiterativereconstructiontechnique

(SIRT)performedbetter than ART, and we have used SIRT exclusivelyever

since. As its name implies,SIRT reconstructionis performedby updating

the imageafter all raypathshave been considered,ratherthan after each

ray-pathas in ART. SIRT reconstructionswere relativelysmoothwhereas
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ART reconstructionscontainedlocalized,unrealisticallylarge velocity

determinationsas previouslymentioned. SIRT has been shown to perform

betterthanART when noise is present,althoughART seems to convergemore

quickly (Petersonet al., 1985). An arbitrarysmoothingfunctionwas

introducedbetweeniterationsin order to removehigh–frequencypixel-to–

pixeloscillationsthatgrow with each iterationand are presumablycaused

by an interferenceeffectdue to the interactionof regularlyspacedrays

with a regulargrid. The smoothingfunctionused here was a 3 x 3 pixel

movingaverage. Humphreys(1985)showedthat imagesobtainedin thisway

were not substantiallydifferentfrom more coarselygriddedimages. Our

pixel sizeswere decreasedto as littleas 6 x 4 ft in order to increase

resolutionafter smoothing. Dampingor relaxationand ray weightinghave

been noted to improve image quality (Petersonet al., 1985), but they

helpedminimallyin our case. The startingmodeluses the averageobserved

velocityof 15 ft/ms. Up to 10 fulliterationswith a dampingof 1.0were

run. Early iterationsgive simplegross structurewhile later iterations

bring out fine structure,includingmany artifactsrelatedto the limited

aperture.

Two data sets were used to calculatethe velocitystructurebetween

MWX-1and MWX-2. The firstwas a conservativeset in which only the best

qualitycompressionalwave arrivalsare included;the second was a more

liberal set that contained lower quality arrivals, some chosen by

experiencedguesswork. Resultsof the inversionshotm in Figures6-7 and

6-8 are similarexceptin the coal regionbelow6600 ft. The discrepancy,

a high-velocityregion developingbetween the coals in the conservative

data set, is due to the increasedimportanceof horizontalwave paths that

tend to takehigh-velocitypathsin thisregionof high contrasts.

In the remainder of the image, both inversionsdisplay general

agreementin depictingthe massive nature of the Red and Yellow sands,

which are dividedby a high-velocityshale intervaland the lenticular,

undulatingcharacterof the overlyingstrata includingthe Green sands.

Note that top and bottomboundariesof the imagesare less reliablebecause

of decreasedray coverage.
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Velocitiesmeasuredusing Schlumbergersonic logs in MWX-1 and MWX-2

are similarto our resultsif the high-frequencyvariationsare ignored.

However,well log velocitiesare consistently10% slowerthan thecrosswell

velocities,possiblydue to anisotropy,near-welleffects,and ray bending.

This demonstratesanother practical

techniques in borehole seismology,

insensitiveto thenear–wellmedium.

The root mean squareof the data

aspect of the use of crosswell

namely that the measurementsare

residual(amountof data unexplained

by the reconstructedimage)hoversaround0.4 ms for all reconstructions,

whichis fairlylargecomparedwith theexpectedpickingerrorof 0.1 ms or

less. The largerms is due to two factors. The firstis theassumptionof

low–velocitycontrastor straightray propagation. In many areas ray

bendingwill be important,especiallyin the coal regionwhere high- and

low-velocitymaterialslie on top of each other. Ignoring raybending

resultsin inconsistentdata that in turn producesinstabilitiesin the

image. The second source of unexplaineddata is the existence of

anisotropyin the region. Johnson and Albright (1985)have shown that

velocitiesdecreaseas much as 10% at 45° from the horizontalin the major

sands (see Section5). The y’Zplot of the apparentvelocitygiven in

Figure6-9 showsa distinctcurvaturewith angle that is due to anisotropy

and also may be enhancedby ray bending. The inclusionof anisotropyand

ray-bendingeffectsinto the tomographictechniqueshould reduce the rms

value to a more satisfactorylevel.
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7. CHANNELWAVES

7.1 Introduction

The need to know if a coal seam is faulted,or whether in-seam

discontinutiesexist,has been the impetusbehindmany studiesaboutguided

waves in coal, commonlyreferredto as channelwaves. Evisen (1955)and

Krey (1963)were the firstto publishobservationsof guidedwaves in coal

and to recognizethat theymay be used to determinewhetherfaultsexist.

Other workers have elaboratedon using channelwaves to detect discon-

tinuitiesin coal seams,includingmore recentlyDresenet al. (1985)and

Edwardset al. (1985). These studiesdeal exclusivelywith channelwaves

thatare bothgeneratedand detectedwithinthe coal.

Examination of our crosswell acoustic data obtained in wells

penetratinga coal-bearingstratigraphyshowsthatenergymay be propagated

betweenwells throughcoal as a channelwave when either the transmitting

or the receivingtransduceris placedinsideor outsideof the coal. When

neithertransduceris locatedin thecoal,whichis thesituationgenerally

encounteredin a crosswellacoustic survey, a fractionof the energy

launchedat the transmitteras a boreholeguidedwave is expendedfirstin

the excitationof a channel wave in the coal and subsequentlyin the

excitationof a second boreholeguided wave in the well in which the

receiveris placed. We will show thatthe boreholeguidedwave in question

is a Stoneleywave, and thus the path followedin thismannerbetweenthe

transmitterand receiverwill be referred to as the Stoneley–channel-

Stoneley(SCS)propagationpath.

In the followingsectionsdiscussionwill focuson the SCS propagation

path. First the basis for the identificationof the boreholepropagation

mode will be given, and then the basis of the SCS propagationpath

hypothesisas well as the sufficiencyof the hypothesiswill be reviewed.

Finally,the probablenatureof the channelwave will be discussedin terms

of calculateddispersioncurves for Rayleighwave propagationin layered

media.
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7.2 BoreholeGuidedWave Propagation

Observationof recordedvelocitymoveoutsuggeststhat the borehole

propagationsegmentof the SCS path is a Stoneleywave. Figure7-la is a

representativeexample of a scan showing signals that include SCS

waveforms. Figures7–lb and 7–lc show how the data can be enhancedwith

moveoutand stackingcorrections.(Thiswill be discussedlaterin greater

detail.) The arrivalof the guidedwave is denotedby G, and the solid

linemarkedP gives the estimatedarrivaltimesof the P-wavebasedon the

averagevelocityof the depth intervalin which the data were acquired.

Note especiallythat the time delay of waveformG changeslinearlywith

transmitterdepth, ‘movingout~ at approximately0.67 MS/MO The observed

moveoutof the guidedwave can only be accountedfor if the propagation

pathbetweentransmitterand receiver includesa segmentof travel along

E

Figure7.1. Crosswellscan centeredat a receiverdepth of 6636 ft in
which (a) every IOth trace is plotted, (b) traces are
stacked to enhancedownward-launchedStoneleywaves, (c)
traces are stacked to enhance upward-launchedStoneley
waves. P and G denote the compressionalwave and guided
wave arrivals.
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the transmitterwell; direct, reflected,or refracted arrivals would

displaynonlinearmoveout. The moveoutcorrespondsto a boreholeguided

wave havingthevelocityV of 1.49m/ms; the frequencyis approximately2.2

kHz and little or no dispersionis evident, probably because of the

monofrequencysource.

Dependingon the excitationfrequency,eitherStoneleywaves or both

Stoneley and pseudo-Rayleighwaves may propagate as guided waves in

fluid-filledboreholes. Based upon their previouswork and the work of

numerouspredecessors,Cheng and Toksoz (1981)and Tubman et al. (1984)

calculatedthe waveformsand dispersioncharacteristicsof both types of

guidedwaves. Chengand Toksozpresenteda calculationfor an 8-in.-diam,

uncased borehole,penetratinga formationwith a P-wave velocityof 15

ft/ms,which is similarto

showedthatpseudo-Rayleigh

approximately9 kHz while

exhibitlittledispersion.

for pseudo-Rayleighwaves

the MWX boreholesituation. This calculation

wavesdo not existbelowa cutofffrequencyof

Stoneleywaves exist at all frequenciesand

Tubmanet al. found that the cutofffrequency

in boreholesof any diameter increaseswhen

casingand cementreducethe annularthicknessof the boreholefluid. In

additionChang and Everhart(1983)showed that when psuedo–Rayleighwaves

do existin casedwells,theyare dominatedin amplitudeby Stoneleywaves.

Thus,given the formationvelocityat Rifle,thediameterof theMWX wells,

and the reductionin annularthicknessof the fluiddue to the presenceof

casingand cement,the existencein the MWX wellsof 2-kHz pseudo–Rayleigh

waves is not predictedby theory.

Finally, the boreholewave velocitywe measured based on moveout

closely correspondsto the calculatedgroup velocityof Stoneleywaves

under the ambientconditionsin the study depth interval[(White,1965;

Equation(4-13)]. Thus the guidedwave G can be inferredto be launched

and to travelas a Stoneleywave wheneverits propagationpath includesa

segmentof travelalong the well of the transmittingtransducer. Further-

more, if the waveformcan be shown to have traveledalong the well of the

receivingtransducer,its propagationalong that path must also be as a

Stoneleywave.
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7.3 BoreholeStoneleyWave Mode Conversions

It is well known that Stoneleywaves are produced by body wave

conversionat geologicdiscontinuities,collars,and other irregularities

within boreholes;the reverseprocessof boreholeStoneleywave to body

wave conversionat such irregularitieshas also been observed(Beydounet

al., 1984). With the exceptionof casingcollarsat known locations,no

boreholeirregularitiesoccur in the depth intervalstudied in the MWX

wells. Geologicdiscontinuities,principallyboundariesbetweensandstones

and thincoal seams,however,are commonin the MesaVerde formation.Where

thesediscontinuitiesoccur,mode conversionsinvolvingStoneleywaves are

possible.

The role of geologicdiscontinuitiesin producingmode conversionsis

well documented. White (1965)reviewedthe problemof boreholeStoneley

wave generation at lithologic boundaries. Borehole Stoneley waves

generated at lithologicboundariesare ubiquitousin signals acquired

throughvertical seismic profiling(Hardage,1981). Huang and Hunter

(1981)show the existenceof boreholeStoneleywaves resultingfrom the

incidence of compressionalwaves on permeable fractures in hydraulic

communicationwith boreholefluids. Wong et al. (1983) report Stoneley

wave generationwhere a borehole intersectsa fracturezone. Hardage

(1981)has also shown the converseoccurs;namely,boreholeStoneleywaves

give rise to high amplitudecompressionalwaves at locationswhere a well

intersectsgeologicdiscontinuities.Lee et al. (1984)describeexcitation

of body waves from the reflectionof Stoneleywaves at the bottomof the

sourcehole and from air bubblesin the boreholefluid. The theoretical

basis for the various mode conversionsbetween body waves and Stoneley

waveshas been exploredby White (1953),Beydounet al. (1984),and others.

None of the above studies are adequate to explain the observationswe

report.

The evidencefor SCS path propagationin part relieson relationships

among the arrival times of the various possiblewaveforms that can be

observedin crosswellscan data. For this reason, it is convenientto

displaythe arrivaltimesof signalstransmittedbetweenboreholesin the

formatof both fixed-receiver-position(FRP)and fixed-transmitter-position
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(FTP) scans. The FRP format is a displayof wavetrainsfor which the

receiver is fixed while the transmitterhas been used to scan. The
converseis truefor the FTP scan format. The scan shownin Figure7-lais

a FRP scan. Figure7–2 illustratesrelationshipsamong the arrivaltimes

of waveformsin FRP and FTP scans where the first arrivingwave is a

compressionalwave. (The followingdiscussionis not differentif shear-

wave arrival times are used in the analysis instead of compressional

arrivaltimes.)
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Figure7.2. Waveform
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moveoutof signalstransmittedbetweenwells for
fixed receiverpositionFRP and (c) fixed trans-

mitter positionFTP scans. T-transmitter,R–receiver,A-
and B– locationswhereStoneleywave conversionsoccur. TR
representsdirect compressionalwave travel time moveout.
TAR representsmoveoutof wave which propagatesfirst in
the boreholeas a Stoneleywave, then is radiatedfrom
discontinuityA as a P-waveand recordedat R. TBR travels
as a direct P-wave from B, then travels as a borehole
Stoneleywave to the receiverR. TABR moveoutoccurswhen
the wave originatesas a borehole Stoneleywave at T,
propagatesbetweenwells, excitesa Stoneleywave at B, and
propagatesto R.
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Considerthe generalcase shownin Figure7–2a for geologicdisconti-

nuitiesA and B in boreholescontaininga transmitterT and a receiverR,

respectively.Pathswith a designationthat includeA or B indicatethat

Stoneleywave propagationoccursalong some lengthof the well in which a

transduceris placed. The relationshipamong the arrivaltimesof signals

propagatingalongeach path is illustratedin Figures7-2band 7-2c for FRP

and FTP scans,respectively.The arrivaltimeof signalstransmittedalong

the variouspathsin FRP scansis givenby

t TR = [X2 + (ZT - ZR)2]l/%p ,

t
TAR

= IZT - zAI/v + [X2i-(ZA - ZR)2]’/2/vp,

t TBR = [X2 + (zT- ZB)2]l’*/vp+ IZB - ZR]/v ,

and

t ~ABR = IZT - Z* I/v + [X2 + (ZA - z,)y/2/vp + IZ, - ZR IN ,

(7a)

(7b)

(7C)

(7d)

wherex is the boreholeseparation,VP is the velocityof a bodywave,V is

the boreholeStoneleywave velocity,and Z is the depthof the transmitter

ZT or receiverZR or geologicdiscontinuityZA or Z~. For FTP scans

arrivaltimes!TR = tTR,!TABR= tTABR,!TAR = tTBR,and $TBA = tTAR.

In expression (7a), t,R is given by a second-orderequation in

transmitterdepth thataccountsfor the familiarhyperbolicmoveoutin the

arrival times of direct body waves seen in crosswell wavetrains.

Hyperbolicmoveout also occurs when the transmissionpath betweenwells

includes Stoneleywave propagation~ in the borehole of the fixed

transducer(either the transmitteror the receiver). If Stoneleywave

propagationoccurs in both wells or only in the well of the moving

transducer(transmitteror receiver),then linearmoveoutwill be observed

(pathsTAR, TABR and TBR in Figures7-2b and 7-2c). In theseinstances,a

chevronpatternresults,and the minimum travel time at the apex of the

chevronoccursat thedepthwhereStoneleywave conversionis takingplace.

Clearly,observationof TABR moveoutin both FRP and FTP scan formatwould
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demonstratethatguidedwave propagationoccursin bothwellbores,and that

the boreholesegmentsof propagationare identical. This is becausethe

linear moveoutvelocityin each case is identicaland matches that of a

Stoneleywave,as previouslydiscussed.

In a FRP scan,a signaltransmittedalonga TAR path from transmitter

positions above the depth of the discontinuitynecessarilyhas been

launchedas a downgoingStoneleywave. Correspondingly,an upward-launched

Stoneleywave will be observedin FRP scansonly at transmitterpositions

below the discontinuity. Similarreasoningapplies to TBR paths in FTP

scans.

To summarize,when a chevronis observed,the locationof a Stoneley

wave conversionand the directionof Stoneleywave propagationin the well

of the moving transducercan be determined. Observationof TABR-type

chevrons in both FRP and FTP scans formats demonstratethat borehole

propagationin bothwellboresis a Stoneleywave.

7.4 Data Processing

In processingscan data, discriminationbetweenupward and downward

launchedwaves is achieved throughthe proper choice of the sign of a

Stoneleywave moveout correctionin stackingsignals. In practice,a

compositeof Stoneleywave tracesis usefulfor determiningthe apex of a

chevron. To form a compositetrace,a stack of signalsmade to enhance

upward-launchedStoneleywaves is simply added to a stack of the same

signalswhich enhancesdownward-launchedStoneleywaves. Figures7-lb and

7-lc show the same scan as that in Figure7-la; however,in this case a

moveoutcorrectionhas been appliedin stacking10 signalsper trace to

enhance either downward–or upward–launchedStoneleywaves. Scan data

processedto make compositetraceswill be used in the followingsection.

We will also apply complex trace analysis (Farnback,1975) for the

enhancementof unstackeddata. These unstackeddata will be used to

determinethe coal layerdepth.

As previouslynoted, data were

which the receiverwas sequentially

constantdepth while the transmitter
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and fired on 2-in. intervals. Acquisitionof data in FTP scans is

effectivelyprohibitedby excessivenoisegeneratedduringmovementof the

receiver. However,becausethe propagationpathbetweenspecificlocations

in each well is the same regardlessof the directionof propagation,the

equivalentof the FTP scan can be obtainedsimplyby resortingFRP traces

to make FTP scans.

7.5 ChannelWave Observations

Physicalevidencesupportingthe SCS propagationpath hypothesisis

given in Figures7-3, 7-4, and 7-5. We presentdata for whichA and B in

Figure7-2a,correspondingto the locationof a chevronapex in FRP and FTP

scans, are at a depth where the MWX wells penetratea thin coal seam.

Figure7–3 showscompositestackedtracesfor two FRP scanshavingreceiver

positionsabove (Figures7-3c,d)and two below (Figures7-3a,b)the coal

stratum. Since theseare FRP scans,the chevrons’apexesrelativeto the

P-wavearrivalindicatethat the waveformG must have propagatedalong a

TABR path accordingto Figure7-2b. Since the travelpath must be a TABR

pathas shownin Figure7-2, and becausethe chevronapex occursat a depth

wheregeophysicallog data indicatea coal layer,the observationsindicate

propagationthroughboth wellboresoccurs as a Stoneleywave, and as a

guidedwave throughthe coal layer. The dashedline in Figure7–3 connects

the coal layer depth for each scan or, equivalently,the apexes of the

phase.

Figure 7-4 gives portionsof FRP and FTP scans for which the fixed

transducer(receiveror transmitter)is near the coal. Moveout and

stackingof tracesare appliedto enhanceStoneleywave propagationonly in

the directionsindicated. Figures7-4a and 7-4c show FRP scans for which

the propagationpath includesa Stoneleywave transmissionsegmentbetween

the transmitterand the coal. SinceStoneleywaveslauncheddownwardat or

above 6630 ft and Stoneleywaves launchedupwardat or below 6640 ft are

detected at the receiver, the observed signal transmissionpath must

intersectthe boreholeat a depthbetween6630and 6640 ft.
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Figure7-5. Complex trace representationof FRP
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travelsthe SCS path (TABR travelpath in Figure 3); P
and P – compressionalwavearrivalsin sandstoneand coaf~
respe~tively.
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Figures7-4b and 7-4d show FTP scans for which the propagationpath

includes a borehole Stoneley wave segment between the coal and the

receiver. In thesescans the transmitteris locatedeitherslightlyabove

or slightlybelow the coal. Vavetrainsshow Stoneleywave chevronswith

interpolatedapexesbetween6630and 6640 ft depth. UpgoingStoneleywaves

in the receiverboreholewere detectedat receiverpositionsabove theapex

depth whetheror not propagationbegan at the transmitteras a downward-

launched(Figure7-4b) or an upward-launched(Figure7-4d) Stoneleywave.

At receiverdepths below the apexes, only downward-propagatingStoneley

waves in the receiverboreholeare detected. Again,basedon theTABR path

shown in Figure 7–2, these observationscan only occur for a wave that

propagatesfirst as a Stoneley wave in the transmitterborehole, is

broadcast from a discontinuityintersectingthe transmitterborehole,

traversesbetweenboreholes,is then broadcastinto the receiverborehole

at a second discontinuity,and propagatesas a Stoneleywave to the

receiver. As discussedabove, the chevronapex occursat the depth of a

knowncoal,so we inferthatthe discontinuityis the coal layer.

Portionsof FRP scans for receiverlocationsabove,below,and within

the coal are shown in Figure7-5. Each signalis presentedas the square

of the complextraceof the receivedsignalto simplifythe wavetrainsand

accentuatethehigheramplitudearrivals(Farnback,1975). No stackingwas

carriedout. Traceswith flat-toppedpeakshave been clippedin plotting.

Peaks with blackenedcrestsrepresentsignalswhere the maximumamplitude

couldnot be digitizedwhilestillresolvingweak signals.

Tracesfor which the transmitterand receiverare both locatedin the

coal (Figure7-5b; 6627 < Z= < 6632 ft) are thosewhere the transmission

path between boreholesdoes not include any segment of Stoneley wave

propagation.In Figure7-5b,the onsetof the P-wavearrivalin the coal,

P~, can clearlybe seen. Followingthisarrivalis a high-amplitudephase

thatis slowerthan the shear-wavevelocityin the surroundingrock,but is

too fast to be a shearwave in the coal layer. Theoretically,littleor no

horizontalshear-waveenergy is producedby a compressionalsource,so we

wouldnot expectto observedirectshear–wavearrivalswhen both sourceand

receiverare locatedin the coal (??ehlerand Pearson,1981). Becausethe

coal acts as a waveguidesince the surroundingrock is of highervelocity
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and becauseof thearrivaltimeof theabovewave,we inferthatthisphase

is a guidedor channelwave.

The peakswith blackenedcrestsarisewhen the transmitteris located

in the coal and propagationbetweenboreholesis by a channelwave within

the coal to receiverlocationseitherdirectlyaboveor directlybelow the

coal (Figures7-5aand 7–5c;6627 < Z= < 6632 ft). Thesesignalsrepresent

waves that have traveleda short distanceas Stoneleywaves only in the

receiverboreholeafterhavingtraversedbetweenboreholesentirelythrough

coal. Traces of SCS signals transmittedbetweenboreholeswhen neither

transmitternor receiveris locatedin the coal (Figures7-5a and 7–5c;Z=

< 6627 and Z= > 6632 ft) clearlyshow reducedamplitudeStoneleywave

arrivals. Theseare labeledas theG arrivalin the figures.

7.6 ChannelWave PropagationMode

The propagationvelocitiesof the variouswave typesthrough

and bounding sands are given in Table 7–2. Also indicated

the coal

are the

compressionalwave velocitiesVP (soniclog values)and densitiesof the

respectivestrata determinedfrom boreholegeophysicallogs. Shear-wave

velocitiesv~ have been calculatedfrom the observedcompressionalwave

velocityVP for the respectivestrataassuminga Poisson’sratioof 0.25.

The observedvelocityof the channelwave Vc within the orderingof the

bodywave velocitiesis

v ‘s >vc>v~’s >Vcc>v=c ,
P P

where superscriptsrefer to sandstoness or coal c. This orderingof

velocitiesand densitiesis a requirementfor normal-modeRayleighwave or

nonleakingchannel wave propagationto occur in the coal (Dresen and

Freystatter,1976). In thiscase propagationinvolvesthe interferenceof

the directP-wavewith the verticallypolarizedshearwave reflectedfrom

the top and bottom of the coal producedby mode conversion. If the

observedchannelwave is of the Rayleighwave type, its velocityshould

comparewell with the Rayleighwave velocitythroughthe coal and can be

calculatedbasedon theory.
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The dispersionof Rayleighmodes thatmay form the channelwaves has

been calculatedby Sezawaand Nishimura(1928),Tolstoyand Ustin (1953),

Krey (1963),and Peterson(1979). Thompson(1950),Haskell (1953),and

others, including Dunkin (1965) and Herrmann (1974), developed and

optimized the propagatormatrix method, or so-called Thompson-Haskell

technique,for computationof guided wave dispersion. In the following

discussionKrey’s derivationof the periodequationhas been adoptedfor

use.

The velocitiesused to determinethe dispersioncurveswere measured

when both sourceand receiverwere in the coal layer,as in Figure7–5b.

Only dispersioncurvesforRayleighwavesare presentedsincea symmetrical

boreholesourceis not likelyto producethe SH particlemotionnecessary

to produceLove waves. In addition,Stoneleywaves are not considereda

possibleconstituentof the channelwave sincetheydo not existunlessthe

shearvelocityof the layeris closeto thatin the surroundingrock (Yang,

1976). In Kreytsderivation,boundaryconditionsare solvedfor the case

of a low–velocitylayer sandwichedbetweentwo half–spaces,and a mirror

planeof symmetryis assumedto run horizontallythroughthe centerof the

layer. The group velocityis calculatedby numericalintegrationof the

phasevelocities. Typographicerrorsappearin the publicationof Kreyls

theoreticaldevelopment;his period equations for the symmetric and

antisymmetricmodesare correctlyreprintedin AppendixB.

The dispersioncurvesin Figure7-6 for phase and group velocityof

generalizedRayleighwaves throughthe coal were calculatedusingEquation

(B-l). The appropriatevelocitiesand densitiesare listedin Table 7-1.

The measuredgroupvelocityfor the channelwave throughthe coal liesnear

the third–higherRayleighmode, a symmetricmode. This is not surprising

sinceexcitationof the fundamentalmode,or any otherantisymmetricmode,

with a symmetricsourceis very inefficient(Peterson,1979). Excitation

of any given mode is also dependenton the locationof the source and

receiverin relationto a modelsvariousnodes and antinodes. It is not

clear,however,why the observedgroup velocitiesdo not occur closer to

that of the Airy phase as one might expect. This observationcannotbe

attributedto reasonablemeasurementerrorsin the

7-1. Even if layerP-waveor S–wavevelocitiesare

~10%, the dispersioncurves for the variousmodes

differentfrom thosepresented.

valueslistedin Table

in errorby as much as

are not substantially
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TABLE7-1

VELOCITIESAND DENSITIESRELEVANTTO CHANNELWAVE PROPAGATION

VELOCITY,ft/ms DENSITY

STRATUM vP(obs) Vp(log) v~(calc) vc(obs) (g/cm)3

Upperss 13.64 15.61 8.00 2.63

Coal 7.28 8.20 4.13 4.98 1.84

Lowerss 12.82 14.20 7.48 2.63

7.7 Summary

We observesignalsthatpropagatealongand betweenwells penetrating

coal–bearingstratigraphyas boreholeguided waves and stratigraphically

guidedwaves, respectively. On the basis of the observedvelocity,fre-

quency, and cross-sectionaldimensionsof the well, the borehole-guided

wave is identifiedas a Stoneleywave. When Stoneleywave propagation

occurs in the well of the scanningtransducer,either the transmitteror

the receiver,Stoneleywaves are identifiedby displayinga linearchange

in arrival time with depth. On this basis, the MWX data indicatethat

Stoneleywaveswere excitedin both of the wells in whicha transducerwas

placed. The presenceof a coallayerintersectingthe boreholesresultsin

the partialconversionof Stoneleywaves to stratigraphicallyguidedchan–

nel waves in the coal,which in turnexcitesa Stoneleywave in thewell of

the receiver. The velocityof the channelwave is less than that of the

compressionalwave of the coal and also less thaneitherthe compressional

or the shear-wavevelocityin the boundingsandstone. Under thesecondi-

tionsRayleighwave propagationwithin the coal may occur. The observed

group velocityof the channelwave correspondsreasonablywell with the

calculatedthird-higher-modeRayleighwave velocityat the frequencyof

transmission.
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APPENDIXA

REPORTON FIELDOPERATIONS(AUGUST16--SEPTEMBER8, 1984)

Transmitterand receiverborehole tools were tested in the Fenton

Hill,New Mexico, wells both singlyand simultaneously.Both the primary

AM and the back-upFM receiverelectronicswere evaluated. Toolswere run

to a depth of 4000 ft and were exposed to a temperatureof 120°C for

extended periods. The temperatureand performance of the desired

electronicsin the respectivetoolswere monitored. It was shown that the

toolswere capableof sustainedoperation(up to 14 h) in the coastalzone,

where the temperatureis approximately80°C. Use of the stainlesssteel

windows reduced 60–cycle related noise significantly. Measuring the

relativeacousticefficiencyof the stainlesssteeland Teflon-windowsat

Fenton Hill was unnecessarybecauseof the large wellboreseparationat

testdepth. The AM receiverelectronicsand steelwindowswere chosenfor

use at the MWX site becauseof theirsuperiorperformanceduring the Los

Alamostests.

The recordingtrailerwas assembledand controlboxesfor thedownhole

toolswere installedin the respectivewirelinetrucks.

Mobilization. A crew of 20, mechanicaland electronicengineersand

technicians,toolhandlers,wirelineoperators,and scientists,arrivedon

site August 16-17. The crew numberedbetween 16 and 20 throughoutthe

fieldmeasurementperiod. Los Alamospersonnelwere membersof the Earth

and Space SciencesDivision,Instrumentationand GeologicalEngineering

Groups. Jim Albrightand Even Stephanisupervisedthe measurementsand

operations,respectively.Los Alamoswas assistedon site by CER personnel

under the supervisionof Roy Wilmerand Owen Coates. Allen Sattlerfrom

Sandiawas on site throughthe measurementperiod. Allen collaboratedin

the refinementof surveyparametersso thatMWX diagnosticneeds

met.

Temperatureand CollarLocationLogs. Wirelinetruckswere

could be

spotted,

sheavesrigged,and electronicinterconnectionsestablished. Water level

in each well was lowered 100 ft below ground level in order to reduce

acousticcouplingfrom the surface to the coastal zone through casing.

Temperatureand collarlocationlogs were made in each MWX well using one
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wireline. Sands above the bridge plugs were tagged in each well to

calibratethiswirelineagainstpreviouslogsrun in thewells. The second

wirelinerepeatedthe MWX–2 collarlog and tag in order to determinethe

differencein indicateddepth for both Los Alamoswirelines. CER surveyed

the elevationof the blow-outpreventerat each well. Los Alamoswireline

depthswere correctedto correspondwithin measurementerror to previous

depthsfrompreviouslogsrun in the coastalzone,*2 ft.

A temperaturelog was run in eachwell. A digitalrecordof each log

is availableon disk fromLos Alamoson request.

Selectionof Receiverand TransducerWindows. A check-outof the

receiverwhen firstpositionedin thecoastalzone in MWX–2showedthesame

overwhelming60–cyclerelatednoise that had been encounteredduring the

original1982 measurements.Variousgroundingstrategiesfailedto reduce

the signal. The tool was subsequentlypulled and the FM electronics

installed. Becauseelectronicgroundcouldbe floatedusing the FM system,

the noisewas reducedto practicallynil.

First signalstransmittedbetweenthe MWX-1,2well pair throughthe

Red sands were extremelyweak. Although the stainlesssteel windows

improved the electronicperformance of the borehole tools, they were

suspectedof reducingthe acousticefficiencyof the system. In sequence,

the transmitterand receiverwindowswere changedto Teflon,and each tool

was checkedout in the coastalzone. Each test showedan improvementin

the strengthof signalsthatcouldbe transmittedbetweenwells.

Delays. Two electroniccomponentsin the transmitterfailedduring

operations.First,the capacitor,whichfiresthemagnetostrictivescroll,

broke down after roughly40 h of service. Soon thereafter,a mechanical

contactin a variableresistorbecameintermittent.Trouble-shooting

necessaryin both instances. Time-consuminglesserproblemsoccurred,

theywere easilyrectified.

Mode of Operation. “Noisegeneratedon the surfaceby pedestrian

vehicular

stationed

site, and
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traffic was clearly detected by the receiver while it

in the coastalzone. Vehiculartrafficwas excludedfrom

was

but

and

was

the

personnelmovementwas prohibitedduring measurements,which



occupied3 min of every 5–reinperiod. The wirelinetruckengine running

the receiverwas turnedoff during scans. When early afternoonwind or

stormscreatedexcessivenoise,measurementswere delayed.

CrosswellMeasurements. A totalof 286 scans were run in the three

MWX pairs. Scans were made with the receiver stationarywhile the

transmitterin theadjacentwellwas run froma positionabove the receiver

depth to a positionbelow the receiver(or vice versa). The transmitter

moved60 ft/minand firedfivesignalsper second. The depthof the center

of each transmitterrun was thedepthof the receiverin the adjacentwell.

Betweeneach scan the receiverwas moveduphole5 or 10 ft dependingon the

spatialresolutionof the surveybeingsought.

TableA-1 gives thewell pair,depthintervalstudied,totalnumberof

scans,transmitterrun length, and receiverincrementbetweenscans.

TABLEA-1

SCANCOVERAGEDATA

RECEIVER
SURVEY DEPTH NUMBEROF RECEIVER TRANSMITTER

WELL PAIR NO. OF SCANS SCANS INCREMENT RUN
(ft) (ft) (ft)

MWX-1,2 1

2

MWX-2,3 3

4

5

6

7

MWX-3,1 8

6735-6315

6305-5995

6745-5995

5575-5560

4945-4930

4560-4545

4335-4320

6745-5995

85

32

76

4

4

4

4

76

5

10

10

5

5

5

5

10

240

240

120

120

120

120

120

120
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SurveyRationale. The principalgoal of the field operationswas to

comprehensivelysurveythe coastalzonesandstakingadvantageof the three

well pairs available. Data were collectedto provideinformationon the

Red and Yellowsandsat the greatestresolutionpracticable,on the Purple

and Orangesands,and on four fluvialzone sands. Data were also acquired

to explorea currenthypothesisregardingthe existenceof stratigraphic

waveguidesin the coastalzone. Specificsurveysand theiruses follow.

Survey #1 – Large aperture,maximum coverageof the Red and Yellow

sands. To be used to determine the ultimate resolutionof crosswell

acoustictomographyas appliedto gas sandscharacterization.

Surveys #1 (in part), 2, 3, and 8 – Half-aperture,half–resolution

coverageof the entire coastalzone. To providevelocityimagesof the

coastal zone between each well pair for determinationof sand channel

limitsand direction.

Surveys#4 through7 – Coverageof fluvialsands. To providevelocity

and attenuationof major sands for comparisonwith those found in the

coastalzone.

Other Measurements. Because of the potentialsignificanceof tube

waves to gas sandsdiagnostics,measurementsof tube-wavetraveltime from

the surface to the receiverwere made each time the receiverwas moved

betweenwells.

By coincidence,a Vibroseissurveywas beingrun alongtheNewcastleto

Grass Valley Reservoirroad, approximately16 miles from the MWX–site,

duringthe finaltwo days of the Los Alamosmeasurement.On the finalday

we documentedsweep times so that our records could be searched for

Vibroseisdata. Vibroseissignalshave been detectedat a range of 40

miles with less sensitivereceivers. Identificationof Vibroseissignals

would establishthe feasibilityof using the Los Alamos receiverfor long

offsetseismicrefractionsurveys.

FieldResults. The qualityof the signalstransmittedbetweenwellsis

significantlybetter than that of the signals obtained in 1982. In

particular,coherentnoise spikes prevalentin the originaldata were

eliminated. Removal of the coherent noise was formerly accomplished

computationallyat the expenseof a fourfoldincreasein signalprocessing

time.
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Often, field recordsshowedan apparentshear-wavearrival. If such

arrivalsare substantiated,the observationof shear waves will have a

majorimpacton our abilityto studythe fracturesprevalentin theshallow

coastalzone sands.

Strong signals traversingthe MWX–1,2 well pair were commonplace.

Locallystrong signalswere observedin the MWX-2,3scan at low takeoff

anglesin spiteof the approximatedoublingof the distancebetweenwells.

Signals of such intensitymay be showing the effect of stratigraphic

waveguidesor high seismicQ rocks. MWX-3,1signalssimilarlywere locally

strong.
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APPENDIXB

CHANNELWAVE PERIODEQUATION

The periodequationforguidedwave P–SVdisplacementis

AX+B+CXY~DY=O , (B-1)

where the DY term is positive for symmetricmodes and negative for

antisymmetricmodes;

A = [(~/\- 2(L12-Uql)/(<C2))2 + 4((v2-vl)/(<c2))rv rv 1 rv rv
p2 S2 pl S1

B = -i ~/\ rv rv
p2 S1

C=i~/\rv rv
pl 82

D=rv rv (1 + 2(1.1 -lq)/(q C2))2 + (2(lJ2-111 )/(\c2)-L. /q+l)2 ●

p2 S2

For symmetricmodes,

X = tan (rv ● 211/CT● H/2)
pl

Y = tan (rv ● 21VCT ● H/2)
81

and for antisymmetricmodes,

X=-cot (rv “ 2n/cT “ H/2)
pl

Y=-cot (rv “ 2n/cT “ H/2) ,
S1

where ,

rv= + (c/vpm)2- 1 ; ifC>v
pm – pm

. -i 1 - (C/vpm)2 ; if C < vpm

rv = + (c/v5m)2- 1 ; ifC>v— Snl
sn

.— i 1 - (C/VSm)2 ; ifC<v
Slil t
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where the subscriptm refersto eitherlayer1 or layer2.

ill = ~ v~l’

1.12 = & v~22

c = phasevelocity

H = layerthickness

T = period

v = P-wavevelocityin layerpl

v = P-wave velocity outside layerp’

v = S-wave velocity in layerS1

v = S–wave velocity outside layer
S2

~ = densityin layer

~ = densityoutsidelayer.

* U.S. GOVERNMENT PRINTING OFFlcE: 1987-773-Io3/6oos4
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