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ABSTRACT

We systematicallydescribean approach to estimatethe large scalepermeabilityof
reservoirs using seismicemission(microseismicity)inducedby fluid injection. We
call this approach the SeismicityBasedReservoirCharacterization(SBRC).A sim-
ple variant of theapproach is basedon thehypothesisthat thetriggering front of the
hydraulic-inducedmicroseismicitypropagateslike a diffusiveprocess(thepore pres-
sure relaxation)in an effectivehomogeneousanisotropic poroelasticfluid-saturated
medium.Thepermeabilitytensorof this effectivemediumis the permeabilitytensor
upscaledto the characteristicsizeof the seismically-activeheterogeneousrock vol-
ume. We showthat in a homogeneousmediumthesurfaceof theseismicitytriggering
fronthasthesameformasthegroup-velocitysurfaceof thelow-frequencyanisotropic
second-typeBiot's wave(i.e. slowwave).Further, wegeneralizetheSBRCfor a 3-D
mappingof thepermeabilitytensorof heterogeneousreservoirsandaquifers. For this
anapproachsimilar to thegeometricalopticsapproximationwasderivedandanequa-
tion describingkinematicalaspectsof triggeringfrontpropagationin a waysimilar to
theeikonal equationfor seismicwavefrontsis used.In thecaseof isotropicheteroge-
neousmediathe inversion for thehydraulic propertiesof rocks follows froma direct
applicationof thisequation.Wedemonstratethemethodonseveral fieldexamplesand
testtheapproach onnumericalmodels.

INTRODUCTION

Thecharacterizationof fluid-transportpropertiesof rocksis oneof themostimportant
anddifficult problemsof reservoir geophysics.Active seismicmethodshave funda-
mentaldifficulties in estimatingfluid mobility or the permeabilitytensor(seee.g.,
ShapiroandMueller 1999). On the otherhand,it would be highly attractive to use
seismicmethodsto characterizehydraulicpropertiesof rocksbecauseof their large
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penetrationdistancesandapotentiallyhigh resolution.

Herewedescribeanddemonstrateanapproachthatcombinestheabovementioned
advantagesof seismicmethodswith anexcellentpotentialto provide in-situestimates
of the permeabilitytensor. The correspondingpermeabilityestimatescharacterize
reservoirs on thelargespatialscaleof theorderof Ì�Î(Ò.¢Ó¬�ÌÔÎ(Õ«¢ . This approach(we
call it SBRC: SeismicityBasedReservoir Characterization)usesa spatio-temporal
analysisof fluid-injection inducedmicroseismicityto reconstructthe permeability
tensor(seeShapiroet al., 1997,1998,1999andAudigane,2000;seealsothe recent
discussionCornet2000 and Shapiroet al. 2000). Sucha microseismicitycan be
releasedby perturbationsof the porepressurecausedby a fluid injection into rocks
(e.g.,fluid testsin boreholes).Evidently, thetriggeringof microearthquakesoccurin
somelocationswhererocksarein a near-failure equilibrium. Suchlocationscanbe
just randomlydistributedin themedium.

Recently, Shapiroetal. (1999)proposedto interpretthespatio-temporalevolution
of the clouds of such microseismicevents in terms of pore-pressurerelaxation
in mediawith anisotropichydraulic diffusivity. They derived an equationfor the
microseismicitytriggeringfront in homogeneousanisotropicporoelasticmedia. The
propagationof the triggeringfront is controlleddirectly by the permeabilitytensor.
Using this equationShapiroet al. (1999)proposeda variantof the SBRCmethod,
which considersreal heterogeneousrocks as an effective homogeneousanisotropic
poroelasticfluid-saturatedmedium.Thepermeabilitytensorof this effective medium
is thepermeabilitytensorupscaledto thecharacteristicsizeof theseismicallyactive
region.

In thispaperweproposeatechniqueto characterizeheterogeneousdistributionsof
thepermeabilityin reservoirs. Firstly wegiveatheoreticalintroductioninto SBRCfor
homogeneousanisotropicporoelasticmedia.Weshow thatin ahomogeneousmedium
themicroseismicity-triggeringfront hasthe form of thegroup-velocity surfaceof the
anisotropicdiffusewave of the pore-pressurerelaxation(which is the low-frequency
Biot-slow wave). Thenwe describethe conceptof the SBRCapproachto the 3-D
mappingof hydraulicdiffusivity. A differential equationis derived which approx-
imately describeskinematicsof the microseismicitytriggering front in the caseof
quasiharmonicporepressureperturbation.This approximationis similar to thegeo-
metricalopticsapproachfor seismicwaves. The propagationof the triggeringfront
is consideredin an intermediateasymptoticfrequency range.This meansthatwe as-
sumethat thedominantfrequency of pressureperturbationsis muchsmallerthanthe
critical Biot frequency. On the otherhandwe assume,that the slow-wave dominant
wavelengthis smallerthanthecharacteristicsizeof theheterogeneityof thehydraulic
diffusivity. Thenwe suggestanalgorithmof hydraulicdiffusivity mappingin 3D in
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thebothcases,quasi-harmonicandquasi-step-functionmediumexcitation.Finally we
demonstratetheSBRCmethodonsomecasestudies.

THE CONCEPT OF TRIGGERING FRONTS

In thefollowing we approximatea realconfigurationof a fluid injectionin a borehole
by apointsourceof porepressureperturbationin aninfinite heterogeneousanisotropic
poroelasticfluid-saturatedmedium. In the low-frequency limit of the Biot equations
(Biot 1962)the pore-pressureperturbation� canbe approximatelydescribedby the
following differentialequationof diffusion:Ö �Ö � � ÖÖ Ê1×ÙØ »P×]Ú ÖÖ ÊÛÚ �ÄÜ´� (1)

where»P×]Ú arecomponentsof thetensorof thehydraulicdiffusivity, ÊÛÚ (Ý½�¿Ì��?�Û�ÆÞ ) are
the componentsof the radiusvectorfrom the injectionpoint to an observationpoint
in the mediumand � is the time. This equationcorrespondsto the second-typeBiot
waves(the slow P-waves) in the low frequency limit anddescribeslinear relaxation
of pore-pressureperturbations.Note, that this equationis valid for a heterogeneous
mediumin respectof its hydraulic properties. In other words, componentsof the
tensorof thehydraulicdiffusivity canbeheterogeneouslydistributedin themedium.
Thetensorof hydraulicdiffusivity is directlyproportionalto thetensorof permeability
(seee.g.Rindschwenteretal. within thisvolume).

In somesituations(e.g.,somehydrofracturingexperiments)thehydraulicdiffusiv-
ity canbechangedconsiderablyby thefluid injection.Thismeans,thatin theequation
above the diffusivity tensormust becomepore-pressuredependent.Therefore,this
equationbecomesnon-linear. Suchchangesof thediffusivity take placein restricted
regions aroundboreholes. However, our methodis aimedat estimatingthe effec-
tivehydraulicdiffusivity in alargerockvolumeof thespatialscaleof theorderof 1km.

Moreover, in a givenelementaryvolumeof themedium,thetriggeringof theear-
liest microseismiceventsstartsbeforethe substantialrelaxationof the pore-pressure
occurs. This means,that even in the 'near zone' very early events occur in the
practicallyunchangedmedium.In otherwords,thefront of significantchangesof the
mediumpropagatesbehindthequicker triggeringfront of earliermicroseismicevents.
However, it is preciselytheseearly eventsthat are important for our approachfor
estimatingthediffusivity. Thus,thecorrespondingestimateshouldbeapproximately
equalto the diffusivity of the unchangedmediumeven in suchsituations,wherethe
diffusivity wasstronglyenhancedby thehydraulicfracturing.Becauseof this reason
we assumethat changesof the diffusivity causedby the injection canbe neglected.
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Thus, »P×]Ú is assumedto bepressureindependentin eq.(1).

To introducetheconceptof triggeringfrontsletusfirstly recalltheformof thesolu-
tion of (1) in thecaseof ahomogeneousporoelasticmedium.In thecaseof anisotropic
homogeneousmediumequation(1) takesthefollowing formÖ �Ö � ��»P×]Ú ÖÖ Ê1× ÖÖ ÊÛÚ �¦È (2)

If themediumis alsoisotropic(i.e., » Ç7Ç ��» Ò7Ò ��» Õ7Õ ��» , and »½×�Úß��Î , if ºáà�uÝ ),
then Ö �Ö � ��»ãâP�¦� (3)

and » is thescalarhydraulicdiffusivity. If atime-harmonicperturbation�1ä�åjæÄçè�F¬´º�ét�=�
of thepore-pressureperturbationis givenon a smallsphericalsurfaceof theradius ê
with thecenterat theinjectionpoint, thenthesolutionof equations(3) is�!�{ë��.�=�t�Á�1äÆì)Å ×^í)î êë åjæÄçÃïª�{º¦¬ÏÌ����{ël¬·êÛ�jð é�)»òñ � (4)

whereé is theangularfrequency and ëá�ôó õtó is thedistancefrom theinjectionpoint to
thepoint,wherethesolutionis lookedfor. Fromequation(4) wenotethatthesolution
canbeconsideredasasphericalwave (it correspondsto theslow compressionalwave
in theBiot theory)with theattenuationcoefficient equalto ö é ���)» andtheslowness

equalto Ì��$÷ é �(» .

In reality the porepressureat the injectionpoint is not a harmonicfunction. Let
us roughly approximatethe pore pressureperturbationat the injection point by a
stepfunction �è���=�ø�¿�1ä , if �PùúÎ and �è���=�ø�ÓÎ if �½ûôÎ . For instance,this canbea
roughapproximationin somecasesof a boreholefluid injection(e.g. for a hydraulic
fracturingor otherfluid tests).In agivenelementaryvolumeof themediumlocatedat
thedistanceëü�ýó õ�ó from the injectionsource,the triggeringof microseismicevents
startsjust beforethesubstantialrelaxationof theporepressurehasbeenreached.For
a particularseismiceventat the time �Fä the time evolution of the injectionsignalfor
thetime �ÿþÏ�Fä is of no relevancefor this eventanymore.Thus,this eventis triggered
by the rectangularsignal �è���=�P���1ä if Î�� ��� �Fä and �è���=�P� Î if ��û Î or ��þ �Fä .
Thepowerspectrumof thissignalhasthedominantpartin thefrequency rangebelow���è���Fä (note that the choiceof this frequency is of partially heuristiccharacter;see
the relateddiscussionsin Shapiroet al., 1997and1999). Thus,the probability, that
this eventwastriggeredby signalcomponentsfrom thefrequency rangeé����!�0�Fä is
high. This probability for the lower energetic high frequency componentsis small.
However, thepropagationvelocityof high-frequency componentsis higherthanthose
of the low frequency components(seeeq.4). Thus,to a giventime �Fä it is probable
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that eventswill occurat distances,which aresmallerthanthe travel distanceof the
slow-wave signalwith the dominantfrequency ���è�0�Fä . The eventsarecharacterized
by a significantly lower probability for larger distances.The spatialsurfacewhich
separatesthesetwo spatialdomainswecall thetriggeringfront.

Triggering fr onts in homogeneousanisotropic media

Let usfirstly assume,that themediumis homogeneousandisotropic.Thentheslow-
nessof theslow wave (seeeq.4) canbeusedto estimatetheabove mentionedsizeof
thespatialdomain,wheremicroseismiceventsarecharacterizedby ahighprobability.
Weobtain(seealsoShapiroetal. 1997)ëß� ÷ � �¦»¤�ÆÈ (5)

This is the equationfor the triggering front in an effective isotropic homogeneous
poroelasticmediumwith thescalarhydraulicdiffusivity » .

With a correctly selectedvalue of the hydraulic diffusivity, equation(5) corre-
spondsto the upperboundof the cloudof eventsin theplot of their spatio-temporal
distribution (i.e., the plot of ë versus� ). In Figure1a sucha spatio-temporaldistri-
bution of the microseismicityis shown for the the microseismicdata collectedin
December1983duringthehydraulicinjectioninto crystallinerock at a depthof 3463
metersat the FentonHill (USA) geothermalenergy site (seefor detailsandfurther
referencesFehleret al., 1998). We seea good agreementbetweenthe theoretical
curvewith » ��Î�È Ì	�)¢ËÒ?� ¨ andthedata.
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Figure1: Distancesof eventsfrom theinjectionsourceversustheiroccurrencetimefor
a) theFentonHill experiment,1983andb) theSoultz-sous-Foretsexperiment,1993

Such a good agreementsupportingthe above conceptof the triggering of mi-
croseismicitycan be observed in many other cases. For exampleFigure1b shows
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a similar plot for the Soultz-sous-Forêtsexperimentin 1993in France,whereabout
9000eventswerelocalizedduringtheinjection(seeDyeretal.,1994).Thediffusivity» �uÎ�È^Î%Í)¢ËÒ?� ¨ wasobservedfor theseismically-activevolumeof thecrystallinerock
at thedepthof 2500-3500m.

Equation(5) providesscalarestimatesof » only. Let us now assume,that »P×]Ú
is homogeneouslydistributedin the medium. Whenestimatingthe diffusivity under
suchan assumptionwe replacethe completeheterogeneousseismically-active rock
volumeby aneffective homogeneousanisotropicporoelasticfluid-saturatedmedium.
The permeabilitytensorof this effective mediumis the permeabilitytensorof the
heterogeneousrockupscaledto thecharacteristicsizeof theseismically-activeregion.

Performingvery similar considerationasin Shapiroet al. (1997),but now using
equation2) in a scaledprincipal coordinatesystem,the following equationfor the
triggeringfront canbeobtainedfor anisotropicmedia(Shapiroetal.,1999):ëá� 
 � �'��
��������� È (6)�

denotesthatthematrix (vector)is transposed,���nõ�� ó��õWó and � ��� is theinverseof� .

Group-velocity surfaceof anisotropic slow waves

To gainmoreinsightinto thephysicalnatureof thetriggering-frontsurface(eq.6) we
considersolutionsof theanisotropicdiffusionequation(2) in theformof homogeneous
planewaves: ì�� ×���� �!� Å ×Yí0î#" È (7)

Becausewelook for homogeneouswaves(i.e. therealandimaginarypartsof thewave
vectorareparallel)wecandefineaunit vector $ in thedirectionof thewavevector % :% ��$ø�{ê �¯º'&j�t��$)(�� (8)

where ê and & arerealnumbersand ( is a complex one.Substitutingequation(7) into
thediffusionequation(2) we obtainthefollowing dispersionrelationshipcharacteriz-
ing thelow-frequency propagationof slow waves:é·�R¬­ºN»½�]�*(��+((�Á�¿¬­ºN»½�]� ìÔ� ì��
( Ò È (9)

Thisequationgives ó,( Ò ó)� ó éÙó».-.��ì/-jì�� È (10)
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Thedispersionequationprovidesuswith the following groupvelocity of anisotropic
low-frequency slow waves (seethe definition of the group velocity in Landauand
Lifshitz (1984)):0 -!1Ú � Ö éÖ (�Ú �¿¬­ºN»½�]�ß��(��+2?�'ÚW��((�32g� Ú����¿¬l�)º »�� Ú4(%�B�¿¬l�)ºN»½� ÚgìÔ�+(�� (11)

Thisgivesthefollowing absolutevalueof thegroupvelocity:ó 0 -51 ó Ò � 0 -51Ú76
0 -51Ú� ¬l�)º »�� ÚjìÔ�8(.90�)º »P�'Újì��*(;:� � »�� Ú?»P�'ÚjìÔ� ì��øó<(èó Ò� � »�� Ú?»P�'ÚjìÔ� ì�� ó éÙó».-=�=ì/-jì��� � ó éÙó $ �=�7� $$ �>� $ � (12)

In turn, eq. (11) shows that the directionof the groupvelocity is definedby a unit
vector $@?�A with thecomponents:ì -51Ú �u»½� Ú?ìÔ� � ö »B-F� ì/-j»��{�Aì��jÈ (13)

Changingnow thenotations:$@?�AÙ� � wefinally arriveat thefollowing result:

ó 0 -51 ó�� 
 � ó éÙó� � � � � È (14)

A comparisonof equations(6)and(14)showsthatthetriggeringfronthasthesame
spatialform asthegroup-velocity surfaceof anisotropicslow waves. Physicallythis
meansthatin thecaseof apoint injectionsourcetriggeringfrontsin anisotropicrocks
propagatelikeheatfrontsor light frontsin anisotropiccrystals.

Inversion for the global diffusivity and permeability tensors

Recentlya new approachfor estimatingthe global hydraulicdiffusivity tensorwas
proposedby Shapiroet al. Thenew algorithmis basedon a transformationof themi-
croseismiceventsinto a scaledcoordinatesystem.Hereall eventsmustlie whithin an
envelopeellipsoidwhosehalf axesrepresenttheorientationandmagnitudeof thedif-
fusivity. For furtherdetails,theapplicationto differentdatasetsandthedetermination
of theglobalpermeabilitytensorssee”J. Rindschwenter:EstimatingtheGlobalPer-
meabilityTensorusingHydraulically InducedSeismicity- Implementationof a new
Algorithm” whithin thisvolume.
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TRIGGERING FRONTS IN HETEROGENEOUSMEDIA

For detailsonthe3-D mappingof hydraulicdiffusivity wereferto furtherpublications
(seee.g. Shapiro,WIT Reportno. 3, 53-63).To demonstratethe ideaof theapproch
we just illustratethe main pointsof the methodin the following. Figure2 shows a
view of themicroseismiccloudcollectedduringtheSoultzexperiment1993.For each
event thecolor shows its occurrencetime in respectto thestarttime of the injection.
With a subdivisionof thespaceto anumberof 3-D cellswe candefineanarrival time
of the triggeringfront into eachof thesecells. Figure2 alsoshows sucha triggering
front for thearrival timesof 100h. Sucha surfacecanbeconstructedfor any arrival
time presentedin microseismicdata. The time evolution of the triggeringsurface,
i.e., thetriggeringfront propagationcanbecharacterized.In a heterogeneousporous
mediumthe propagationof the triggeringfront is determinedby its heterogeneously
distributedvelocity. Given the triggering front positionsfor differentarrival times,
the 3-D distribution of the propagationvelocity can be reconstructed.In turn, the
hydraulicdiffusivity is directly relatedto thisvelocity.

Figure2: A perspectiveprojectionof the3-D distributionof microseismiceventsreg-
isteredduring the Soultz-sous-Foretsexperiment:BoreholeGPK1, September1-22,
1993.Thecolor correspondsto theeventoccurrencetime. TheaxesX,Y andZ point
to theEast,theNorthandtheearthsurface,respectively. Thesurfaceshown is thetrig-
geringfront of microseismicityfor thearrival timeof 100h.Theverticalandhorizontal
scalesof theFigureareequal.
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Triggering fr onts for the caseof a quasi-harmonicpressure perturbation

In the following we shall considerrelaxationof a harmoniccomponentof a pressure
perturbation.By analogywith (4) wewill look for thesolutionof (1) in asimilar form:�è��õ!�.�=�t�¯�1ä0��õ �=ì Å ×Yí0î åjæÄçDC ÷ éFE¦�{õ�� G0� (15)

Wealsowill assumethat �1ä0�{õ�� , E!��õ�� and »½×�Ú(��õ°� arefunctionsslowly changingwith õ .

Substituting(15) into (1), acceptingé asa largeparameterandkeepingonly terms
with largestpowersof é (thesearetermsof theorder H�� é � ; theotherterms,whichare
of theordersH¶��é ä � and H¶��é Ç�I ÒÆ� areneglected)weobtainthefollowing equation:¬­ºW��»½×�Ú Ö EÖ Ê1× Ö EÖ ÊÛÚ È (16)

Consideringagainthe homogeneous-mediumsolution (4) we concludethat the
frequency-independentquantity E is relatedto the frequency-dependentphasetravel
time

�
asfollows: E¶�³��º¦¬ÏÌ�� ÷ é � È (17)

Note,thatin turn
�KJ Ì�� ÷ é . Substitutingequation(17) into equation(16)weobtain:Ì´�n��éA»P×]Ú Ö �Ö Ê1× Ö �Ö ÊÛÚ È (18)

In thecaseof anisotropicporoelasticmediumthisequationis reducedto thefollowing
one: ó<L � ó Ò � Ì��éA» È (19)

Thus,we have obtaineda standardeikonalequation.Theright handpartof this equa-
tion is the squaredslownessof the slow wave. Onecanshow ( Cerveny, 1985) that
equation(19) is equivalentto theFermat's principlewhichensurestheminimumtime
(stationarytime) signalpropagationbetweentwo pointsof themedium.Dueto equa-
tion (17) theminimumtravel timecorrespondsto theminimumattenuationof thesig-
nal. Thus,in this sense,equation(19) describestheminimum-timemaximum-energy
front configuration.

Triggering fr onts in the caseof a step-function lik epressure perturbation

We now return to a morerealisticsituation,wherethe pressureperturbationcanbe
roughlyapproximatedby astepfunctionin thesourcepoint.
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In the previous sectionwe derived an equationfor the triggering time
� �{õ � of

a harmonicpressureperturbation.Using this equationwe shall derive anotherone,
which will describethe triggeringtime �g��õ°� of a step-functionpressureperturbation.
Fromourearlierdiscussionweknow, thatthetriggeringtime � roughlycorrespondsto
thefrequency é�ä �����è�0�?È (20)

Thus, � ó íNMÄíPOA���?È (21)

Fromtheotherhand,weknow thatgenerally
� � é � J ö Ì���é . Now wecanalsousethis

relationshipto compute
�

at thefrequency é_ä , if
�

is known atany arbitraryfrequencyé : �t� � ��é�ä«�K� � � é � 
 éé�ä È (22)

Usingthisequationandequation(20)we obtain:� � é ��� 
 �P�'�é È (23)

Substitutingthisequationintoequationsfor
�

of theprevioussectionweobtainthefol-
lowing results.In thegeneralcaseof ananisotropicheterogeneousporoelasticmedium���Q�!»P×]Ú Ö �Ö Ê1× Ö �Ö ÊÛÚ È (24)

In thecaseof anisotropicporoelasticmediumthisequationis reducedto thefollowing
one: » � �� ó,L���ó Ò È (25)

Inversion for the permeability of heterogeneousmedia

In the caseof an isotropicporoelasticmediumequation(25) canbe directly usedto
reconstructthe3-D heterogeneousfield of thehydraulicdiffusivity. In turn, equation
(24) shows, that in thecaseof ananisotropicmediumit is impossibleto reconstructa
3-D distributionof thediffusivity tensor. Theonly possibilityis thefollowing. Let us
assumethattheorientationandtheprincipalcomponentsproportionis constantin the
medium.Then,thetensorof hydraulicdiffusivity canbeexpressedas»P×]Ú(��õ����SR �{õ �5Tg×]Ú�� (26)

where T�×�Ú is a nondimensionalconstanttensorof the sameorientationandprincipal-
componentproportionasthediffusivity tensor, andR is theheterogeneouslydistributed
magnitudeof this tensor. This tensorcanbefoundusingtheglobalSBRCestimateof
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thehydraulicdiffusivity aswasmentionedabove. Then,thequantity R canbedirectly
computedasfollows:

R½� ��UT�×�ÚWV îV �YX V îV �!� È (27)

Let usfinally consideranexampleof applicationof themethod.Figure3 shows
thereconstructedhydraulicdiffusivity for Soultz-1993datasetaccordingto equation
(25). Fromtheotherhandassuming,that the tensorT�×]Ú hasthesameorientationand
principal-componentproportionas the diffusivity tensorgiven in equation(16) of
Shapiroet al. (1999), equation(27) canbe appliedto obtain the diffusivity-tensor
magnitude.

It is interestingto notethatthereis nosignificantdifferencebetweentherepresen-
tation of the isotropicandanisotropicvariantof the method.They both show larger
diffusivity in theupperpartof themediumthenof the lower one. In addition,a high
permeablechannelleadingto theupperright-handpartof themediumis visible in the
reconstructedhydraulicdiffusivity. This is in goodagreementwith Figure2, which
showsa numberof earlyeventsin theupperright-handcornerof therockvolume.

Figure3: An exampleof thehydraulicdiffusivity reconstructionin 3-D for theSoultz-
1993dataset. For the inversionisotropicvariantof the methodhasbeenused. The
diffusivity is givenin the logarithmicscale.It changesbetween0.001and1.0 ¢ËÒ?� ¨ .Light graycorrespondsto cellswith no diffusivity valueresolved. Thegeometrycor-
respondsto thatgivenin Figure2.
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DISCUSSION

Themainlimitationsof theextensionof theSBRCto thecaseof heterogeneousmedia
proposedhereareapparentlyrelatedto the validity rangeof equation(16). Roughly
they canbeformulatedfrom thefollowing considerationof theright handpartof equa-
tion (1) in a 1-D medium: ÖÖ Ê Ø » Ö �Ö Ê Ü � Ö »Ö Ê Ö �Ö Ê ��» Ö Ò �Ö Ê Ò (28)

Ourapproachis expectedto bevalid if thefollowing inequalityis satisfied:Ö »Ö Ê Ö �Ö Ê ó]� ó » Ö Ò �Ö Ê Ò óNZ Ì (29)

This canbe roughly reducedto the following: ó[V�\V � ó�� ó�»](èó^Z Ì , where ( is thewave
number. Takinginto accountthatapproximatelyó,(!ó Ò �3é �(» we arrive at thefollow-
ing, rathersimplifiedcondition: ó Ö »Ë� Ö Ê�ó Ò» ûÁé­È (30)

This inequalityrelatesthe gradientof the hydraulicdiffusivity andthe frequency of
thepressureperturbation.It is rathertypical for thegeometricopticapproximation.It
shows, that if the frequency is high enoughandthemediumheterogeneityis smooth
theaboveapproximationcanbeapplied.In thecaseof thestep-functionlikepressure
perturbationthefrequency correspondingto thetriggeringfront is acceptedto be éÁ����è��� . Usingtheequationof thetriggeringfront in homogeneousporoelasticmedia(5)
theoccurrencetime of earliereventscanberoughlyapproximatedas �`_�Ê Ò �B� � �!»Ë� .
Note,that Ê denotesthedistancefrom theinjectionsource.Thus,inequality(30) can
bereducedto thefollowing one ó Ö »Ë� Ö Ê�ó» Z �P� ÷ �Ê È (31)

This condition is a ratherrestrictive one. In addition, it shows that the smaller
distanceÊ thehigheris theresolutionof themethod.

In spite of the restrictive characterof the inequalitiesabove, we think that the
geometricoptic approximationis applicableto the propagationof microseismicity
triggeringfrontsunderrathercommonconditions.This is basedon thecausalnature
of the triggering front definition. When consideringthe triggering front we are
interestedin a quickestpossibleconfigurationof the phasetravel time surfacefor a
givenfrequency. Thus,weareinterestedin kinematicaspectsof thefront propagation
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only. The quickestpossibleconfigurationof the phasefront is usuallygiven by the
Hamilton-Jacobi,i.e., eikonal equation. However, the conditionsabove necessarily
take into accountnotonly kinematicaspectsof thefront propagationbut rathermainly
dynamicaspects,i.e., amplitudeof the pressureperturbation. In other words, the
eikonal equationis usuallyvalid in muchbroaderdomainof frequenciesthanthose
given by the inequalitiesabove. Therefore,the methodwill give meaningfuland
usefulresults,at leastsemiqualitatively.

To verify the assertionthat we areableto describethe diffusion processandthe
kinematicsof the evolution of the triggering front in a heterogeneousmediumby
the useof the eikonal solution,we performedsomenumericaltests. We solved the
parabolicdifferentialequationof diffusion(1) in two spatialdimensionswith thehelp
of afinite elementsmethod(FE) implementedin theMATLAB R

a
computingenviron-

ment. We calculatedthe time-dependentpressurevariationthrougha mediumwhere
the diffusivity » variessmoothlyin Ê directionwith a Gaussianprofile. It changes
from abackgroundvalueof » �uÎÄÈ;ÍW¢ËÒ?� ¨ to aminimalvalueof »ú��Î�È Ìè¢ËÒÆ� ¨ at the
center. Thehalf-width of this heterogeneityis approx.200m. Thedimensionof the
computationalmeshis 4000m x 4000m, andthesourcepoint is locatedat its center.
As input signalwe usea time-harmonicsinusoidalsignalwith a periodof 400h and
800h respectively, multipliedwith a boxcarfunctionfor thewholesimulationtimeof
2400h. The time incrementin our simulationswas �P�b_ Þ h while the elementary
cell wasof theorderof 5 m x 5 m. We observe thepressurevariationin a onedimen-
sionalsectionalongthe x-axis throughthe centerof the model,wherethe sourceis
located. In eachpoint of observationwe estimatethearrival time of the fourth resp.
sixthzero-crossingof ourquasi-periodicpressuresignal.Thiswasnecessaryto reduce
theeffectsof thehigh-frequency componentsdueto thefinite characterof thesource
signal.Wecomparethis timewith thecorrespondingtheoreticaleikonalsolution

���Sc�dä R%ë�°��ë�� È (32)

Usingthearrival timewealsocalculatethevelocity � of thephasefront ata given
distancefrom the sourcepoint. Thenwe convert it into the diffusivity andcompare
theresultwith theexactdiffusivity of themodel.Thediffusivity is calculatedfrom the
measuredvelocityof thephasefront by

»Ã��Ê���� ����Ê��FÒ� �=e � (33)

where e is the dominantfrequency of the sourcefunction (seeeq. 4 and the
commentbelow).
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Figure4: Comparisonof eikonalequationandnumericaldiffusionmodels.

Reasonableagreementfor bothnumericalexperimentsis found.In Fig.4athetrav-
eltimeis shown for theeikonalsolution(32) andthenumericalresults.Fig. 4bshows
thereconstructeddiffusivity » at a givendistanceÊ in themedium.Thegoodagree-
mentbetweeneikonal-predictedandnumericallycalculatedtravel timesof thephase
front in Fig. 4ais obvious.Thesmalldifferencesbetweentheeikonalsolutionandnu-
mericalresultsat times �Aû 50h canbeexplainedwith therelatively roughmethodwe
usedto pick thephasefront, i.e. thezero-crossing.Thereconstructeddiffusivity at a
givendistancein themediumalsoagreesverywell with theexactvalue(see.Fig. 4b).
Thedifferencesat distancesÊ·þgf�Î(Î(¢ in Fig. 4b arecausedmainly by influencesof
theprescribedboundaryconditions,namelyfixing thepressureto zerothere(Dirichlet
type). Thusthe influencesbecomelargerat greatertimesanddisturbthe velocity of
thetriggeringfront measuredduringthenumericalexperiments.Differencesbetween
eikonal andexactnumericalresultsaresmallerfor higherfrequencies.This is obvi-
ouslydueto thefact,thattheeikonalequationis ahigh frequency approximation,and
thereforeprovidesbetterresultsfor smallerperiodsof theperturbation.In particular,
theincreasingdifferencebetweentheoreticalcurveandthemodelsin Fig. 4b is dueto
thefactthattheregionof inhomogeneity, i.e. increasingdiffusivity, is smallerthanthe
wavelengthsused.Thesmalldifferencesobservedbetweenestimatedandexactdiffu-
sivities indicatethattheformalvalidity conditions(eqns.29-30)aretoo restrictive.
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CONCLUSIONS

We have developeda technique(SBRC)for reconstructingthepermeabilitydistribu-
tion in 3-D heterogeneousporoelasticmedia. For this we usethe seismicemission
(microseismicity)inducedby a borehole-fluidinjection. Usually, globalestimatesof
permeabilitiesobtainedby SBRCagreewell with permeabilityestimatesfrom inde-
pendenthydraulicobservations.Moreover, theglobal-estimationversionof theSBRC
providesthepermeabilitytensorcharacterizingthereservoir-scalehydraulicproperties
of rocks. Theprocessingof SBRCdatafor globalestimatesis basedon the hypoth-
esisthat the triggeringfront of a hydraulic-inducedmicroseismicityhasthe form of
thegroup-velocitysurfaceof anisotropicBiot slow waves. In this paper, we have fur-
thergeneralizedtheSBRCapproachby usinga geometrical-opticapproximationfor
propagationof triggeringfrontsin heterogeneousmedia.Wethink, thatresultsof such
inversionfor hydraulicpropertiesof reservoirscanbeusedat leastsemi-quantitatively
tocharacterizereservoirs. They canbeveryhelpfulasimportantconstrainsto reservoir
modeling,or bestartingmodelsfor moresophisticatedinversions.
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