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ABSTRACT

We derivea scatteringattenuationmodelbasedon the statisticalwavepropagation
theoryin randommedia. Thisnew descriptionof scatteringattenuationadditionally
obeysthecausalityprinciple. It practicallyhasnorestrictionin thefrequencydomain.
Thepresentedformulasallow to quantifyscatteringattenuationin complex geological
regionsusingsimplestatisticalestimatesfrom well-log data. This knowledge is im-
portantfor furtherpetrophysicalinterpretationsof reservoirrocks.Thisdescriptionof
scatteringattenuationcanbealsohelpful in order to designandto improvemonitor-
ing systems.
Furthermore, weapplythis modelto measuredQ-valuesat theGermanKTB-siteand
find thatscatteringattenuationplaysan importantrole in theuppercrustin thisarea.
This is not confirmwith previousstudiesthat suggestabsorptionmechanismsas the
mainreasonfor attenuation.

INTRODUCTION

Fundamentalsignaturesof seismic waves in rocks are the attenuationand the
dispersion.It is of greatimportancefor the interpretationof seismicdatato quantify
the magnitudeaswell as the frequency dependenceof attenuation.The knowledge
of attenuationis neededfor a correct estimationof the magnitudeof reflection
coefficients. From a practical point of view, there are however seriousproblems
connectedwith thedeterminationof attenuation(Bourbíe et al., 1987). Oneof them
is the fact that, in general,attenuationis not only causedby absorption,i.e. dueto
viscoelasticeffects(anelasticity, presenceof fluids) but alsodueto the heterogenous
compositionof rocks and reservoirs on many length scales. A further difficulty is
the frequency dependenceof attenuationmeasurements.That is why laboratory
experimentscannoteasilybecomparedwith field measurements.
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It is well-known that inhomogeneitiesof any scaleaffect the seismicwavefield
andcharacteristicsof scatteringattenuationanddispersionareobserved like e.g. the
decreaseof seismogramamplitudeswith increasingtravel-distanceandthebroadening
of seismicpulses.In contrastto attenuationby absorption(sometimescalledintrinsic
attenuation),where the energy of the wavefield is transferredinto heat, scattering
attenuationmeansa spatialre-distribution of wavefield energy. So that at a certain
recordingpositiononly apartof thewavefieldenergy canbereceivedwithin acertain
time interval. Thesignalsseemapparentlydamped(apparentattenuation).

Usually the attenuationof seismicwavefieldsarecharacterizedwith help of the
qualityfactor h (seeBourbíeetal.,1987,for adetailedexpositionof thequalityfactor
concept).In general,Q-valuesinferredfrom seismicdatasetsincludebothkinds of
attenuation.In many studiesit is assumedthat the total reciprocalquality factorcan
beobtainedby superpositionof thereciprocalquality factorsconnectedwith acertain
attenuationmechanism.Therearealsosomeefforts to separatetheintrinsicpartfrom
thescatteringattenuationpart. This is, however, no easytask,especiallyin reservoir
geophysics,becauseapriori it is notknown whichabsorptionmechanismsarepresent
norhow thegeometricalcompositionof rockslookslike.

Deterministicapproachesare not suitableto describethe complex structuresof
reservoirs. In contrastto this, stochasticmodelsprovide an interestingalternative
andareideally usedcomplementarywith deterministic(macro-)models. Analytical
resultsareobtainedwithin framework of wave propagationtheoryin randommedia.
Theoreticalmethodsdevelopedin orderto quantifyscatteringattenuationincludethe
meanfieldtheoryusingtheBorn approximationor thetraveltime-correctedmeanfield
formalism(for an overview seeSatoandFehler, 1998). The meanfieldtheoryover-
estimatesthe scatteringattenuation. The traveltime-correctedmeanfieldformalism
excludeslarge wavenumbersso that scatteringon large-scaleheterogeneitiesis not
taken into account. It requiresa heuristically chosencut-off wavenumber(or a
scatteringangle)whichcanbeonly determinedby numericaltests.

It is the purposeof this study to derive a modelof scatteringattenuationthat is
applicablein connectionwith standardmethodsin reservoir geophysics.Basedon the
Rytov approximationandthecausalityprinciple,we presenttractableexpressionsfor
scatteringh in 2-D and3-D randommedia(seeMüller etal., 2000).
In the secondpart of this paperwe apply this new model to the KTB area,where
statisticalestimatesfrom the boreholesareusedin order to quantify the amountof
scatteringattenuation.In contrastto previousstudies,wherethescatteringattenuation
estimateof thetraveltime-correctedmeanfieldformalismwasfoundto beinsignificant
(e.g. Holliger, 1997), we show that the measuredh -valuescan be explainedto a
considerableamountdueto scatteringonupper-crustalheterogeneities.
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THEORY

Scatteringattenuation and dispersionin random media

Basedon theRytov approximationandthecausalityprinciple,we give a description
of scatteringattenuationfor planeandsphericalwavespropagatingin 2-D and3-D
weakly heterogenouselasticsolids. Shapiroet al. (1996)derivedanalyticalexpres-
sionsfor thephasevelocity in randommediawhich is practicallyvalid for all frequen-
cies. Applying the Kramers-Kronigrelationship(which follows from the causality,
passivity andlinearity of themedium)to theresultsfor thephasevelocity, we calcu-
latetheattenuation(for a detailedderivationseeMüller et al., 2000).For planewave
propagationin 3-D weobtain� =:9� � �:ikj ã å�æ �Yÿl� ç�èø ê �m��� =:9*Ý � ámnpo Ý � J å ÿ áAJrq!sut Ý å�æ � � áå�æ � � v ß

(1)

where
� ãxw y ) ï�&z � and

ÿ�ã ó%(' denotesthewavenumber,
+ ø is theconstantbackground

velocity,
à

the travel-distance. � =:9 Ý � á is the fluctuationspectrumwhich contains
the second-orderstatisticsof the medium's fluctuations,i.e. the variancea � andthe
correlationlength { , and

o
denotestheHeaviside(unit step)function. Note that the

correspondingresultsin 2-D canbeobtainedby skipping � in theintegral over � and
dividing by

æ
. The validity rangeof equation(1) in termsof the wave parameterü ã å à}| Ý�ÿ { � á is äæ à}|$~F� ü ��� à {�� � (2)

if
à _�W������ ~ ß {�� where

~
denotesthewavelength.

In thecaseof apoint sourceexcitationin 3-D wefind by ananalogicaltreatment� =:9� � ñ i ô ] å�æ �Yÿ�� ç�èø ê �m��� =:9*Ý � ánpo Ý � J å ÿ á�J U�� q Ý æ | å � � á��zÝ � á�� q!s�t Ý æ | å � � á��WÝ � á� v õ
(3)

Herethefunctions
�

and
�

denotetheFresnelcosineandsineintegrals,respectively.
Note,however, thatin a strict sensetheKramers-Kronigrelationscanbeonly applied
to thewavenumberof a planewave. A rigorousderivationof equation(3) shouldbe
basedon a planewave decompositionof the used(point source)wavefieldattributes
Thiswork is still goingon.

Figures(1) and(2) depict the phasevelocity M divided by
+ ø and the reciprocal

quality factor ä | h ã å � |�ÿ as functionsof the dimensionlesswavenumber
ÿ { for

planewavespropagatingin 2-D and3-D (exponentiallyandGaussiancorrelated)ran-
dom media. Additionally we computeM |4+ ø and ä | h for wavespropagatingin 1-D
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randommediaaccordingto the generalizedO'Doherty-Anstey formalismof Shapiro
andHubral(1999).Thereciprocalquality factorin Fig. (2) is normalizedby 6 æ a � .
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Figure1: Phasevelocitynormalizedby thebackgroundvelocity

+ ø asa functionof
ÿ {

for Gaussianandexponentiallycorrelatedrandommediain 1-D, 2-D and3-D .

APPLICATION

Attenuation measurementsat the KTB-site

Within the framework of the KTB (the Germancontinentaldeepdrilling project)a
new insight in the structureof the continentalcrustwasobtained. The KTB-site is
locatedin SoutheastGermany andconsistsof two super-deepboreholes.The rocks
areof crystallinetype (for a thoroughreview of this projectwe refer to Harjeset al.
1997). Several techniques(including analysisof VSP-Dataand lab measurements)
have beenappliedin order to estimatethe attenuation(seealso Pujol et al, 1998).
Figure(3) displaysthe measuredvaluesin the frequency rangefrom 5 to 85Hz and
indicatesthe correspondingreferencesanddepthintervals. In summary, all studies
show surprisingly low h -values( h [ ä P4P ). Note that reported h -valuesof the
Lithosphereareof the order h ã ä P$P õ#õ ä P$P$P (seee.g. Figure5.2 in SatoandFehler,
1998).
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Figure2: Thereciprocalquality factor ä | h ã å � |Nÿ asa functionof
ÿ { for Gaussian

andexponentiallycorrelatedrandommediain 1-D, 2-D and3-D.

In orderto interprettheselow h -valuesseveralattenuationmechanismshavebeen
assumedto playamajorroleat theKTB-site. Lüschenetal. (1996)arguedthatlithol-
ogy contrastsdo not causestrongreflections(sothatscatteringattenuationis small?).
Strongreflectionsareconnectedwith fluid-filled fracturesystems.Pujol et al. (1998)
arguedthatscatteringdueto thin layeringis notadominanteffectof attenuation.Hol-
liger (1997)usedthesinglescatteringmodelin 2-D in orderto estimateuppercrustal
scatteringh -valuesrangingbetween600and1500andconcludedthattheattenuation
is dominatedby absorptionratherthanby scattering.

Application of the newscatteringattenuation model

We study whetherthe relatively low h -valuescan be explaineddue to scattering.
That is to say, we apply the scatteringattenuationmodelasderived in the previous
sectionto theKTB-site. Fortunately, a statisticalanalysisof thewell-log (Vp, Vs and
densitylogs)andVSPdatayieldingestimatesof characteristicsizesof heterogeneities
(correlationlengths{ ) andcontrasts(relativestandarddeviations a of thebackground
P-wave velocity

+ ø ) have beenalreadyperformed.Theresultsarebriefly summarized
in thefollowing table:
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Statisticalparameterestimatesfrom log-dataat theKTB-site

reference depthrange typeof correlation parameters
(
����� ã e

) function (
� + ø � ãSÿ�e\|	��ß � { � ã e

)

Wu etal.,1994 286-6000 vonKarman(2-D), 
�� ãrP õ P R , 
� ãrP õ R
anisotropic {�� ã å P4P$P

, {	 ã N d P4P������ ] ä õ Q a ã d õ ä õ+õ d õ R c ,��� + ø ã d õ ä
Kneib,1995 285-6000 superpositionof { � ã ä , { � ã å P

2 exponential, a ã å õ��;õ+õ N õ -7c
isotropic

��� + ø ã d õ - ,
S:
+ ø ã N õ R N

Holliger, 1996,1997, 285-7200 vonKarman(3-D) 
 ãrP õ ä õ#õ P õ å
Jones& Holliger, 1997 isotropic { ã d P õ+õ ä	d P���� � ] ä a ã N õ å õ+õ d õ NSc ,��� + ø ã d õ N

Moreover, JonesandHolliger (1997)investigatethe inter-log coherenceandfind
no significantcorrelationbetweenthesoniclogsfrom thepilot andmainhole,which
arelocated200mapart.They concludethatthelateralcorrelationlengthis smallerthan
200mandis approximatelythesameastheverticalcorrelationlength. Thesestudies
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Figure3: MeasuredQ valuesat theKTB-siteandthecorrespondingreference.
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justify the assumptionthat the uppercrustheterogeneitiescanbe well characterized
as a realizationof an isotropic randommediumusing spatialcorrelationfunctions.
This assumptionhasbeenmadenot only for theKTB-site but alsofor many regions.
Especiallythe fractal-like characterof uppercrustalheterogeneitiesmay be accom-
modatedby theuseof avonKarmancorrelationfunction(seeSatoandFehler, 1998).
Accordingly, wechooseavonKarmancorrelationfunctionwhichis additionallychar-
acterizedby theso-calledHurstcoefficient 
 . Its fluctuationspectrumin 3-D is given
by � =:9`Ý � áâã a �i { =NM Ý 
 � ä õ R áæ �PO Z M Ý 
 á Ý ä � � � { � á�Q ð1�PO Z õ

(4)

For 
 ã ä | å oneobtainsanexponentialcorrelationfunction. Note thatequation(4)
differsfrom somewhereuseddefinitionsof thefluctuationspectrum(factor Q æ = dueto
differentdefinitionof theFouriertransform).

As the Q-measurementsresult from VSP-datawe must further make sure that
the weak scatteringregime, where our scatteringmodel is valid, is a reasonable
assumption. The scatteringregime is characterizedby 3 parameters,namely the
dimensionlesswavenumber

ÿ { , the normalizedtravel-distance
à}| { andthe strength

of the velocity perturbations(i.e., the relative standarddeviation a ). Kneib (1995)
shows that the relevant frequenciesin the VSP experiment( R ã N$P4o �

) and the
inferredcorrelationlength lead to

ÿ { _ P õ d . Taking into accountthe geometryof
the experimentone obtains

à}| { ã ä R õ+õ -SP$P . Togetherwith the estimatedrelative
standarddeviations ( a [ S c ), we concludethat the weak scatteringassumption
is fully justified. The regime, wherethe wavefield fluctuationsbecomesaturated,
is not realizablewithin the given VSP experiment(this becomesintuitively clear
whenlooking at the VSP seismogramslike in Figure17 of Kneib (1995),wherethe
wavefieldamplitudesafterthefirst arrivalsaresmallandthewavefrontis notstrongly
distorted).

We computenext the quality factorasa functionof frequency for wavesexcited
by a point sourcein 3-D using formulas(3) and (4) The impact of the parameters
Hurstcoefficient,standarddeviation,correlationlengthandtravel-distancearestudied
(Fig. (4)). Theparametersarechosenaccordingto the inferredvaluesfrom thewell
log analysis.First we let vary theHurstcoefficient from 
 ã P õ ä õ#õ P õ R for fixedvalues
of

àþã S ÿ�e ,
+ ø ã d N R P4e\|T� , a G ã R õ R c and { ã ä	d P4e (upperleft-sidedplot in

Fig. (4)). An increasedscatteringattenuationcanbe observed for increasingHurst
coefficients. If 
 ã P õ R the completemeasuredattenuationcould be explaineddue
to scatteringattenuation. This value of 
 , however, is accordingto the statistical
estimatestoohigh.

Then we study the influenceof the relative standarddeviation of the velocity
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Figure4: Parameterstudyof the scatteringattenuationmodelusingstatisticalesti-
matesfrom well-log dataat theKTB-site. ThemeasuredQ-valuesfrom Fig. (3) are
displayedfor comparison.
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fluctuations(upperright-sidedplot in Fig. (4)), wherewe usethe samefixedvalues
asabove andchoose
VUXWZY\[ . Therelative standarddeviation of the velocity fluctu-
ationsshows a stronginfluenceon the magnitudeof attenuation.For large standard
deviations( ]_^`S	a ) we observe againthat thecompletemeasuredattenuationis due
to scattering(thisis of courseanunrealisticsituationanddefinesanupperboundof ] ).

We are further interestedin the dependency on the correlation length (lower
left-sidedplot in Fig. (4)). As the estimatesfrom the KTB boreholessuggest,we
considerrealisticvaluesof b rangingfrom 60 to 250m. Finally the lower plot on the
right sideof Fig. (4) displaysthedependency on thetravel-distance.

In summary, Fig. (4) clearlydemonstratesthatwithin thegiven(realistic)parame-
ter ranges,aconsiderableamountof theattenuationcanbeexplainedin termsof scat-
teringattenuation.Moreover, for frequencieshigherthan30Hz, all relevantparameter
combinationsyield a quality factorsmallerthan100. In contrastto previousinterpre-
tations(seeabove),this indicatesthatscatteringonupper-crustalheterogeneitiesplays
at leastaconsiderableroleat theKTB-site. Wedonotseea contradictionto thefluid-
filled cracksystemsasa possiblesourceof strongattenuationsincetherewould be
alsostrongscatteringattenuationon thesecracksystems.Nevertheless,it is clearthat
thereis strongintrinsicattenuationin thisarea.Especiallyfor frequenciessmallerthan
30Hz, themeasuredc -valuescannot beexplainedin termsof scatteringattenuation.

CONCLUSIONS

We derive a scatteringattenuationmodelbasedon the statisticalwave propagation
theoryin randommedia. This new descriptionof scatteringattenuationadditionally
obeys thecausalityprinciple. It haspracticallyno restrictionin thefrequency domain.
Thepresentedformulasallow to quantifyscatteringattenuationin complex geological
regions using simple statisticalestimatesfrom well-log data. To demonstratethis,
we apply the model to measuredQ-valuesat the KTB-site and find that scattering
attenuationplaysanimportantrole in theuppercrustin thisarea.
Estimatesof scatteringattenuationasderivedfrom our formulascanbeimportantfor
furtherpetrophysicalinterpretationsof reservoir rocks. This descriptionof scattering
attenuationcanbealsohelpful in orderto designenhancedmonitoringsystems.
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