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A newmodel of scattering attenuation: theory and
application
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ABSTRACT

We derive a scatteringattenuationmodelbasedon the statisticalwave propagation
theoryin randommedia. This new descriptionof scatteringattenuationadditionally
obeysthe causalityprinciple. It practicallyhasnorestrictionin thefrequencylomain.
Thepresentedormulasallow to quantifyscatteringattenuationn comple geolagical

regionsusing simplestatistical estimatesrom well-log data. This knowledg is im-

portantfor further petrophysicalinterpretationsof reservoirrodks. Thisdescriptionof
scatteringattenuationcanbe also helpfulin order to designandto improve monitor

ing systems.

Furthermoe, we applythis modelto measued Q-valuesat the GermanKTB-siteand
find that scatteringattenuatiorplaysan importantrole in theuppercrustin this area.
Thisis not confirmwith previous studiesthat suggestabsorptionmedianismsas the
mainreasonfor attenuation.

INTRODUCTION

Fundamentalsignaturesof seismic waves in rocks are the attenuationand the
dispersion.lt is of greatimportancefor the interpretatiorof seismicdatato quantify
the magnitudeaswell asthe frequeng dependencef attenuation. The knowledge
of attenuationis neededfor a correct estimationof the magnitudeof reflection
coeficients. From a practical point of view, there are however seriousproblems
connectedvith the determinatiorof attenuationBourbi et al., 1987). Oneof them
is the fact that, in general,attenuations not only causedby absorptionj.e. dueto
viscoelasticeffects (anelasticity presencef fluids) but alsodueto the heterogenous
compositionof rocks and reserwirs on mary lengthscales. A further difficulty is
the frequeng dependencef attenuationmeasurements.That is why laboratory
experimentannoteasilybe comparedvith field measurements.
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It is well-known thatinhomogeneitie®f ary scaleaffect the seismicwavefield
andcharacteristicef scatteringattenuatioranddispersiorareobseredlike e.g. the
decreasef seismogranamplitudeswith increasingravel-distanceindthebroadening
of seismicpulses.In contrasto attenuatiorby absorptionsometimesalledintrinsic
attenuation) wherethe enegy of the wavefield is transferredinto heat, scattering
attenuatiormeansa spatialre-distritution of wavefield enegy. Sothatat a certain
recordingpositiononly a partof the wavefieldenegy canberecevedwithin a certain
time interval. The signalsseemapparentlydampedapparenattenuation).

Usually the attenuatiorof seismicwavefieldsare characterizedvith help of the
gualityfactor@ (seeBourbieetal., 1987 for adetailedexpositionof thequality factor
concept).In general Q-valuesinferredfrom seismicdatasetsinclude both kinds of
attenuation.In mary studiesit is assumedhatthe total reciprocalquality factorcan
be obtainedoy superpositiorof thereciprocalquality factorsconnectedvith a certain
attenuatiormechanismTherearealsosomeefforts to separatéheintrinsic partfrom
the scatteringattenuatiorpart. This is, however, no easytask,especiallyin reseroir
geophysicshbecause priori it is notknown which absorptiormechanismarepresent
nor how thegeometricacompositionof rockslookslike.

Deterministicapproachesre not suitableto describethe complex structuresof
reserwirs. In contrastto this, stochasticmodelsprovide an interestingalternatve
andareideally usedcomplementaryith deterministic(macro-)models. Analytical
resultsare obtainedwithin framavork of wave propagatiortheoryin randommedia.
Theoreticaimethodsdevelopedin orderto quantify scatteringattenuatiorincludethe
meanfieldtheoryusingthe Born approximatioror the traveltime-correcteaneanfield
formalism (for an overvien seeSatoandFehler 1998). The meanfieldtheoryover-
estimateghe scatteringattenuation. The traveltime-correctedneanfieldformalism
excludeslarge wavenumbersso that scatteringon large-scaleheterogeneitiess not
taken into account. It requiresa heuristically chosencut-off wavenumber(or a
scatteringangle)which canbeonly determinedy numericaltests.

It is the purposeof this studyto derive a model of scatteringattenuatiorthat is
applicablen connectiorwith standardnethodsn reserwir geophysicsBasedonthe
Rytov approximatiorandthe causalityprinciple, we presentractableexpressiongor
scattering? in 2-D and3-D randommedia(seeMdller etal., 2000).

In the secondpart of this paperwe apply this new modelto the KTB area,where
statisticalestimatedrom the boreholesare usedin orderto quantify the amountof

scatteringattenuationln contrasto previousstudieswherethe scatteringattenuation
estimateof thetraveltime-correctedneanfieldormalismwasfoundto beinsignificant
(e.g. Holliger, 1997), we shav that the measured)-valuescan be explainedto a

considerablamountdueto scatteringon uppercrustalheterogeneities.
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THEORY

Scattering attenuation and dispersionin random media

Basedon the Rytov approximatiorandthe causalityprinciple, we give a description
of scatteringattenuatiorfor planeand sphericalwaves propagatingn 2-D and3-D

weakly heterogenouslasticsolids. Shapiroet al. (1996)derived analyticalexpres-
sionsfor thephasevelocity in randommediawhichis practicallyvalid for all frequen-
cies. Applying the Kramers-Kronigrelationship(which follows from the causality
passvity andlinearity of the medium)to the resultsfor the phasevelocity, we calcu-
latethe attenuatior(for a detailedderivationseeMdiller et al., 2000). For planewave

propagationn 3-D we obtain

3D _ o 2,2 [T 3D sin(2m A?)
Xplane = 27k /o dk k ®°7 (k) [H(lﬁ) —2k) — Tor Az | (1)
whereA = ’;fr—ﬁ andk = - denotegshewavenumberc, is the constanbackground

velocity, L the travel-distance. ®3P (k) is the fluctuationspectrumwhich contains
the second-ordestatisticsof the mediums fluctuations,i.e. the variances? andthe

correlationlengtha, and H denoteghe Heaviside (unit step)function. Note thatthe

correspondingesultsin 2-D canbe obtainedby skipping« in theintegral over x and

dividing by 7. The validity rangeof equation(1) in termsof the wave parameter
D =2L/(ka?)is
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if L > max{\, a} where)\ denotegshewavelength.
In the caseof a point sourceexcitationin 3-D we find by ananalogicatreatment
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HerethefunctionsC andS denotethe Fresnelcosineandsineintegrals,respectely.
Note,however, thatin a strict sense¢he Kramers-Kronigrelationscanbe only applied
to the wavenumberof a planewave. A rigorousderiationof equation(3) shouldbe
basedon a planewave decompositiorof the used(point source)wavefield attributes
Thiswork is still goingon.

Figures(1) and (2) depictthe phasevelocity v divided by ¢, andthe reciprocal
quality factor1/Q = 2«/k asfunctionsof the dimensionlessvavenumberka for
planewavespropagatingn 2-D and3-D (exponentiallyandGaussiarcorrelatedyan-
dom media. Additionally we computev/c, and1/@Q for waves propagatingn 1-D
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randommediaaccordingto the generalized'Doherty-Anstg formalismof Shapiro
andHubral(1999). Thereciprocalquality factorin Fig. (2) is normalizedby /7o?.

Phase velocity

1.021

0.98 1 0 2 3 4 5

1
Log(ka)

Figurel: Phasevelocity normalizedby thebackgroundrelocity ¢, asafunctionof ka
for Gaussiarandexponentiallycorrelatedandommediain 1-D, 2-D and3-D .

APPLICATION

Attenuation measuiementsat the KTB-site

Within the framework of the KTB (the Germancontinentaldeepdrilling project)a
new insightin the structureof the continentalcrustwas obtained. The KTB-site is
locatedin SoutheasGermary andconsistsof two superdeepboreholes.The rocks
areof crystallinetype (for a thoroughreview of this projectwe referto Harjeset al.
1997). Several techniqueqincluding analysisof VSP-Dataandlab measurements)
have beenappliedin orderto estimatethe attenuation(seealso Pujol et al, 1998).
Figure (3) displaysthe measuredraluesin the frequeng rangefrom 5 to 85Hz and
indicatesthe correspondingeferencesand depthintervals. In summary all studies
showv surprisinglylow @-values(@Q < 100). Note that reported@-valuesof the
Lithosphereareof theorder@ = 100..1000 (seee.g. Figure5.2in SatoandFehler
1998).
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Reciprocal Quality Factor (normalized)
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Figure2: Thereciprocalquality factorl/Q = 2«/k asafunctionof ka for Gaussian
andexponentiallycorrelatedandommediain 1-D, 2-D and3-D.

In orderto interpretthesdow @-valuessereralattenuatiormechanismbsave been
assumedo play amajorrole atthe KTB-site. Lischeretal. (1996)amguedthatlithol-
ogy contrastslo not causestrongreflectiong(sothatscatteringattenuationis small?).
Strongreflectionsareconnectedvith fluid-filled fracturesystemsPujol etal. (1998)
arguedthatscatteringdueto thin layeringis nota dominanteffect of attenuationHol-
liger (1997)usedthe singlescatteringnodelin 2-D in orderto estimateuppercrustal
scatteringl-valuesrangingbetweer600and1500andconcludedhatthe attenuation
is dominatedoy absorptiorratherthanby scattering.

Application of the new scattering attenuation model

We study whetherthe relatively low (Q-valuescan be explaineddue to scattering.
Thatis to say we apply the scatteringattenuatiormodelas derived in the previous
sectionto the KTB-site. Fortunately a statisticalanalysisof the well-log (Vp, Vs and
densitylogs)andVSPdatayielding estimate®f characteristicizesof heterogeneities
(correlationlengthsa) andcontrastgrelative standardieviationso of the background
P-wave velocity ¢y) have beenalreadyperformed.Theresultsarebriefly summarized
in thefollowing table:
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Statisticalparameteestimateg$rom log-dataat the KTB-site

reference depthrange| typeof correlation | parameters
([#] =m) | function ([co] = km/s, [a] = m)
Wu etal., 1994 286-6000 | vonKarman(2-D), | v, = 0.05, v, = 0.5
anisotropic a, = 2000, a, = 3600
1.8 o =6.1..6.5%,
P:cy=6.1
Kneib, 1995 285-6000 | superpositiorof a1 =1,a, =20
2 exponential, o =29.3.4%
isotropic P:cy=6.4,
S: co = 3.93
Holliger, 1996,1997, | 285-7200 | vonKarman(3-D) | » =0.1..0.2
Jonesk Holliger, 1997 isotropic a = 60..160
Z—: ~1 o =3.2.6.3%,
P:cg=6.3

Moreover, JonesandHolliger (1997)investigatethe inter-log coherenceandfind
no significantcorrelationbetweerthe soniclogs from the pilot andmain hole, which
arelocated200mapart.They concludehatthelateralcorrelationengthis smallerthan
200mandis approximateljthe sameasthe vertical correlationlength. Thesestudies

Measured Q-values at the KTB site
70+
Q Li and Richwalski, 1996
3km < d < 6km
60—
50
Jia and Harjes, 1997
40+ d < 4km
m Pujol et al., 1998
30+ / 3.5km < d < 4.6km
\
20+ _/‘/{\ \l\ Jia and Harjes
el s d<4km
10+ Jia and Harjes
d<4km
T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Frequency [Hz]

Figure3: Measured) valuesatthe KTB-site andthe correspondingeference.
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justify the assumptiorthat the uppercrustheterogeneitiesanbe well characterized
as a realizationof an isotropic randommediumusing spatialcorrelationfunctions.
This assumptiorhasbeenmadenot only for the KTB-site but alsofor mary regions.
Especiallythe fractal-like characterf uppercrustalheterogeneitiesnay be accom-
modatedy the useof avon Karmancorrelationfunction(seeSatoandFehler 1998).
Accordingly we chooseavon Karmancorrelationfunctionwhichis additionallychar
acterizedby the so-calledHurstcoeficientv. Its fluctuationspectrumn 3-D is given
by

0 (1) — 1502a3F(V+1.5) . @

i F(Z/) (1 + I€2a2)”+1'5

For v = 1/2 oneobtainsan exponentialcorrelationfunction. Note thatequation(4)
differsfrom someavhereuseddefinitionsof the fluctuationspectrunifactor8=3 dueto
differentdefinitionof the Fouriertransform).

As the Q-measurementeesult from VSP-datawe must further make sure that
the weak scatteringregime, where our scatteringmodel is valid, is a reasonable
assumption. The scatteringregime is characterizedy 3 parameterspamely the
dimensionlessvavenumberka, the normalizedtravel-distancel /e andthe strength
of the velocity perturbationg(i.e., the relatve standarddeviation o). Kneib (1995)
shaws that the relevant frequenciesn the VSP experiment(f = 30Hz) andthe
inferred correlationlengthleadto ka > 0.6. Takinginto accountthe geometryof
the experimentone obtainsL/a = 15..400. Togetherwith the estimatedrelative
standarddeviations (¢ < 7%), we concludethat the weak scatteringassumption
is fully justified. The regime, wherethe wavefield fluctuationsbecomesaturated,
is not realizablewithin the given VSP experiment(this becomesntuitively clear
whenlooking at the VSP seismogramske in Figure 17 of Kneib (1995),wherethe
wavefieldamplitudesafterthefirst arrivalsaresmallandthe wavefrontis not strongly
distorted).

We computenext the quality factorasa function of frequeng for wavesexcited
by a point sourcein 3-D using formulas(3) and (4) The impactof the parameters
Hurstcoeficient, standardleviation, correlationlengthandtravel-distancerestudied
(Fig. (4)). The parametersrrechoseraccordingto the inferredvaluesfrom the well
log analysis.Firstwe let vary the Hurstcoeficient from v = 0.1..0.5 for fixedvalues
of L = Tkm, ¢g = 6350m/s, o, = 5.5% anda = 160m (upperleft-sidedplot in
Fig. (4)). An increasedscatteringattenuatiorcan be obsenred for increasingHurst
coeficients. If v = 0.5 the completemeasuredittenuationcould be explaineddue
to scatteringattenuation. This value of v, however, is accordingto the statistical
estimategoo high.

Then we study the influenceof the relatve standarddeviation of the velocity
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parameter: Hurst coefficient
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Figure4: Parameterstudy of the scatteringattenuationrmodel using statisticalesti-
matesfrom well-log dataat the KTB-site. The measured-valuesfrom Fig. (3) are
displayedior comparison.
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fluctuations(upperright-sidedplot in Fig. (4)), wherewe usethe samefixed values
asabove andchooser = 0.2. Therelative standardleviation of the velocity fluctu-
ationsshaws a stronginfluenceon the magnitudeof attenuation.For large standard
deviations(c > 7%) we obsene againthatthe completemeasuredttenuatioris due
to scatterindthisis of courseanunrealisticsituationanddefinesanupperboundof o).

We are further interestedin the dependeng on the correlationlength (lower
left-sidedplot in Fig. (4)). As the estimatedrom the KTB boreholessuggestwe
considerrealisticvaluesof a rangingfrom 60 to 250m. Finally the lower plot on the
right sideof Fig. (4) displaysthedependenconthetravel-distance.

In summaryFig. (4) clearlydemonstratethatwithin the given(realistic)parame-
ter rangesa considerabl@amountof theattenuatiorcanbe explainedin termsof scat-
teringattenuationMoreover, for frequenciesigherthan30Hz, all relevantparameter
combinationgyield a quality factorsmallerthan100. In contrasto previousinterpre-
tations(seeabove), thisindicateshatscatteringon uppercrustalheterogeneitieplays
atleasta considerableole atthe KTB-site. We do not seea contradictiorto thefluid-
filled crack systemsasa possiblesourceof strongattenuatiorsincetherewould be
alsostrongscatteringattenuatioron thesecracksystemsNeverthelessit is clearthat
thereis strongintrinsicattenuationn this area.Especiallyfor frequenciesmallerthan
30Hz, themeasured)-valuescannot be explainedin termsof scatteringattenuation.

CONCLUSIONS

We derive a scatteringattenuationrmodel basedon the statisticalwave propagation
theoryin randommedia. This new descriptionof scatteringattenuatioradditionally
obeysthe causalityprinciple. It haspracticallyno restrictionin thefrequeng domain.
Thepresentedormulasallow to quantify scatteringattenuationn complex geological
regions using simple statisticalestimatesdrom well-log data. To demonstratehis,
we apply the modelto measured-valuesat the KTB-site and find that scattering
attenuatiorplaysanimportantrole in theuppercrustin this area.

Estimatesf scatteringattenuatiorasderivedfrom our formulascanbeimportantfor
further petrophysicainterpretation®f reserwir rocks. This descriptionof scattering
attenuatiorcanbealsohelpfulin orderto designenhanceanonitoringsystems.
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