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ABSTRACT

We systematicallydescribean approadc to estimatethe large scale permeabilityof
reservois using seismicemission(microseismicity)inducedby fluid injection. We
call this apprmoad the SeismicityBasedReservoirCharacterization(SBRC).A sim-
ple variant of the approad is basedon the hypothesighat the triggering front of the
hydraulic-inducedmicroseismicitypropagateslike a diffusiveprocessthe pore pres-
sure relaxation)in an effectivehomaeneousanisotiopic poroelasticfluid-satuated
medium. The permeabilitytensorof this effectivemediumis the permeabilitytensor
upscaledto the characteristicsize of the seismically-activéhetengeneousodk vol-
ume We showthatin a homaeneousnediunmthe surfaceof the seismicitytriggering
fronthasthesameform asthegroup-velocitysurfaceof thelow-frequencyanisotiopic
second-typ8iot's wave(i.e. slowwave).Further, we generlizethe SBRCfor a 3-D
mappingof the permeabilitytensorof hetengeneouseservois andaquifers. For this
anappmad similar to thegeometricalbpticsapproximationwasderivedandanequa-
tion describingkinematicalaspectf triggering frontpropagationin a waysimilar to
the eikonal equationfor seismicwavefontsis used.In the caseof isotropic hetepge-
neousmediathe inversionfor the hydraulic propertiesof rodks follows froma direct
applicationof thisequation.W\e demonstatethemethodon several field examplesand
testtheapproad onnumericalmodels.

INTRODUCTION

Thecharacterizatioof fluid-transporpropertiesof rocksis oneof themostimportant
anddifficult problemsof reserwir geophysics.Active seismicmethodshave funda-
mentaldifficulties in estimatingfluid mobility or the permeabilitytensor(seee.g.,
Shapiroand Mueller 1999). On the otherhand,it would be highly attractve to use
seismicmethodsto characterizénydraulic propertiesof rocks becausef their large
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penetratiordistancesanda potentiallyhigh resolution.

Herewe describeanddemonstratanapproachhatcombinesheabose mentioned
advantage®f seismicmethodswith anexcellentpotentialto provide in-situ estimates
of the permeabilitytensor The correspondingoermeabilityestimatescharacterize
reserwirs on the large spatialscaleof the orderof 10%m — 103m. This approachiwe
call it SBRC: Seismicity BasedReserwir Characterizationuysesa spatio-temporal
analysisof fluid-injection induced microseismicityto reconstructthe permeability
tensor(seeShapiroet al., 1997,1998,1999and Audigane,2000; seealsothe recent
discussionCornet2000 and Shapiroet al. 2000). Sucha microseismicitycan be
releasedyy perturbationf the pore pressurecausedy a fluid injection into rocks
(e.g.,fluid testsin boreholes) Evidently, the triggeringof microearthquag&soccurin
somelocationswhererocksarein a nearfailure equilibrium. Suchlocationscanbe
justrandomlydistributedin the medium.

Recently Shapiroetal. (1999)proposedo interpretthe spatio-temporadvolution
of the clouds of such microseismicevents in terms of pore-pressureaelaxation
in mediawith anisotropichydraulic diffusivity. They derived an equationfor the
microseismicitytriggeringfront in homogeneouanisotropicporoelastionedia. The
propagatiorof the triggeringfront is controlleddirectly by the permeabilitytensor
Using this equationShapiroet al. (1999) proposeda variantof the SBRC method,
which considersreal heterogeneousocks as an effective homogeneousanisotropic
poroelastidluid-saturatednedium. The permeabilitytensorof this effective medium
is the permeabilitytensorupscaledo the characteristisize of the seismicallyactive
region.

In this papemwe proposeatechniqueo characterizéeterogeneoudistributionsof
thepermeabilityin reserwirs. Firstly we give atheoreticaintroductioninto SBRCfor
homogeneouanisotropigoroelastianedia.We shaw thatin ahomogeneousiedium
the microseismicity-triggeringront hasthe form of the group-\elocity surfaceof the
anisotropicdiffusewave of the pore-pressureelaxation(which is the low-frequeng
Biot-slow wave). Thenwe describethe conceptof the SBRC approachto the 3-D
mappingof hydraulicdiffusivity. A differential equationis derived which approx-
imately describeskinematicsof the microseismicitytriggering front in the caseof
guasiharmonicporepressurgerturbation.This approximations similar to the geo-
metricalopticsapproachfor seismicwaves. The propagatiorof the triggeringfront
is consideredn anintermediateasymptoticfrequeng range. This meanghatwe as-
sumethatthe dominantfrequeng of pressurgerturbationss muchsmallerthanthe
critical Biot frequeng. On the otherhandwe assumethat the slow-wave dominant
wavelengthis smallerthanthe characteristisizeof the heterogeneitpf the hydraulic
diffusivity. Thenwe suggestn algorithmof hydraulicdiffusivity mappingin 3D in
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thebothcasesguasi-harmoniandquasi-step-functiomediumexcitation. Finally we
demonstrat¢he SBRCmethodon somecasestudies.

THE CONCEPT OF TRIGGERING FRONTS

In thefollowing we approximatea real configurationof afluid injectionin aborehole
by apointsourceof porepressurgerturbationn aninfinite heterogeneousnisotropic
poroelastidluid-saturatednedium. In the low-frequeng limit of the Biot equations
(Biot 1962)the pore-pressureerturbationp canbe approximatelydescribedoy the
following differentialequationof diffusion:
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whereD,; arecomponentsf thetensorof thehydraulicdiffusivity, z; (j = 1, 2, 3) are
the component®f the radiusvectorfrom the injection point to an obsenation point
in the mediumandt is thetime. This equationcorrespondso the second-typeBiot
waves (the slow P-waves)in the low frequeng limit anddescribedinear relaxation
of pore-pressur@erturbations.Note, that this equationis valid for a heterogeneous
mediumin respectof its hydraulic properties. In other words, componentof the
tensorof the hydraulicdiffusivity canbe heterogeneouslgistributedin the medium.
Thetensorof hydraulicdiffusivity is directly proportionako thetensorof permeability
(seee.g.Rindschwenteetal. within thisvolume).

In somesituationge.g.,somehydrofracturingexperiments}he hydraulicdiffusiv-
ity canbechangecatonsiderablypy thefluid injection. Thismeansthatin theequation
above the diffusivity tensormustbecomepore-pressurelependent.Therefore,this
equationbecomesion-linear Suchchangeof the diffusivity take placein restricted
regions aroundboreholes. However, our methodis aimed at estimatingthe effec-
tive hydraulicdiffusivity in alargerock volumeof thespatialscaleof theorderof 1km.

Moreover, in a givenelementarywolumeof the medium,thetriggeringof the ear
liest microseismiceventsstartsbeforethe substantiatelaxationof the pore-pressure
occurs. This means,that even in the 'near zone' very early events occur in the
practicallyunchangednedium.In otherwords,the front of significantchange®f the
mediumpropagatebehindthe quicker triggeringfront of earliermicroseismicvents.
However, it is preciselytheseearly eventsthat are importantfor our approachfor
estimatingthe diffusivity. Thus,the correspondingestimateshouldbe approximately
equalto the diffusivity of the unchangedanediumevenin suchsituations,wherethe
diffusivity wasstronglyenhancedy the hydraulicfracturing. Becauseof this reason
we assumehat changef the diffusivity causedoy the injection canbe neglected.
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Thus, D;; is assumedo be pressurendependenin eq.(1).

To introducetheconcepbdf triggeringfrontslet usfirstly recalltheform of thesolu-
tion of (1) in thecaseof ahomogeneougoroelastianedium.In thecaseof anisotropic
homogeneoumediumequation(1) takesthefollowing form

Op 0 0
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If the mediumis alsoisotropic(i.e., D1; = D,y = D33 = D, andD;; = 0, if 7 # j),
then
Op

andD is thescalamydraulicdiffusivity. If atime-harmonigerturbatiorp, exp(—iwt)
of the pore-pressurperturbations givenon a smallsphericalsurfaceof the radiusa
with the centerat theinjectionpoint, thenthe solutionof equationg3) is

(i=1)(r = a)y/ o5 . @

- q
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p(r,t) = pee . exp 5D

wherew is theangularfrequeny andr = |r| is thedistancdrom theinjectionpointto
thepoint,wherethesolutionis lookedfor. Fromequation(4) we notethatthe solution
canbeconsiderecisasphericalwave (it correspondso the slow compressionavave

in the Biot theory)with the attenuatiorcoeficient equalto /w/2D andthe slowness

equalto 1/vw2D.

In reality the pore pressureat the injection point is not a harmonicfunction. Let
us roughly approximatethe pore pressureperturbationat the injection point by a
stepfunctionp(t) = po, if t > 0 andp(t) = 0if ¢ < 0. For instancethis canbea
roughapproximationn somecase®f a boreholefluid injection (e.g. for a hydraulic
fracturingor otherfluid tests).In a givenelementaryolumeof themediumlocatedat
the distancer = |r| from the injection source the triggeringof microseismicevents
startsjust beforethe substantiatelaxationof the porepressurdnasbeenreached For
a particularseismiceventat the time ¢, the time evolution of the injection signalfor
thetimet > t, is of norelevancefor this eventarymore. Thus,this eventis triggered
by the rectangulamsignalp(t) = po if 0 < ¢t < ¢ty andp(t) = 0if t < 0 ort > t,.
The power spectrunof this signalhasthe dominantpartin thefrequeng rangebelov
27 [ty (notethat the choiceof this frequeny is of partially heuristiccharacter;see
the relateddiscussionsn Shapiroet al., 1997and1999). Thus,the probability, that
this eventwastriggeredby signalcomponent$rom the frequeng rangew < 7 /t, is
high. This probability for the lower enegetic high frequeng componentss small.
However, the propagatiorvelocity of high-frequeng componentss higherthanthose
of the low frequeng componentgseeeq.4). Thus,to agiventime t, it is probable
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that eventswill occurat distanceswhich are smallerthanthe travel distanceof the
slow-wave signalwith the dominantfrequeny 27 /t,. The eventsare characterized
by a significantly lower probability for larger distances. The spatialsurface which
separatethesetwo spatialdomainswe call thetriggeringfront.

Triggering frontsin homogeneousnisotropic media

Let usfirstly assumethatthe mediumis homogeneouandisotropic. Thenthe slow-
nessof the slow wave (seeeq.4) canbeusedto estimatehe abose mentionedsize of
the spatialdomain,wheremicroseismieventsarecharacterizetby a high probability.
We obtain(seealsoShapiroetal. 1997)

r = V4rDt. (5)

This is the equationfor the triggering front in an effective isotropic homogeneous
poroelastianediumwith the scalarhydraulicdiffusivity D.

With a correctly selectedvalue of the hydraulic diffusivity, equation(5) corre-
spondsto the upperboundof the cloud of eventsin the plot of their spatio-temporal
distribution (i.e., the plot of r versust). In Figure 1a sucha spatio-temporadlistri-
bution of the microseismicityis shavn for the the microseismicdata collectedin
Decembed 983duringthe hydraulicinjectioninto crystallinerock at a depthof 3463
metersat the FentonHill (USA) geothermaknepy site (seefor detailsand further
referenced-ehleret al., 1998). We seea good agreemenbetweenthe theoretical
cunewith D = 0.17m?/s andthedata.
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Figurel: Distance®f eventsfrom theinjectionsourceversugheiroccurrenceime for
a) the FentonHill experiment, 1983andb) the Soultz-sous-éretsexperiment, 1993

Sucha good agreemensupportingthe above conceptof the triggering of mi-
croseismicitycan be obsered in mary other cases. For exampleFigure 1b showvs
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a similar plot for the Soultz-sous-6réts experimentin 1993in France whereabout
9000eventswerelocalizedduringtheinjection(seeDyer etal., 1994). Thediffusivity
D = 0.05m? /s wasobseredfor the seismically-actie volumeof the crystallinerock
atthedepthof 2500-3500m.

Equation(5) providesscalarestimatesof D only. Let us now assumethat D;;
is homogeneousldistributedin the medium. Whenestimatingthe diffusivity under
suchan assumptionwe replacethe completeheterogeneouseismically-actie rock
volumeby an effective homogeneouanisotropigporoelastidluid-saturatednedium.
The permeabilitytensorof this effective mediumis the permeabilitytensorof the
heterogeneou®ck upscaledo thecharacteristisizeof the seismically-actie region.

Performingvery similar consideratiorasin Shapiroetal. (1997),but now using
equation2) in a scaledprincipal coordinatesystem,the following equationfor the
triggeringfront canbe obtainedfor anisotropianedia(Shapiroetal., 1999):

47t
r = winTD_ln' (6)

T denoteghatthe matrix (vector)is transposedy = r/|7| and D~! is theinverseof
D.

Group-velocity surfaceof anisotropic slow waves

To gainmoreinsightinto the physicalnatureof thetriggering-frontsurface(eq. 6) we
considesolutionsof theanisotropiaiffusionequation(2) in theform of homogeneous

planewaves: . .
e(zkj;vj —iwt) ) (7)

Becausevelook for homogeneouwaves(i.e. therealandimaginarypartsof thewave
vectorareparallel)we candefineaunit vectore in thedirectionof thewave vectork:

k =e(a+ib) = ek, (8)

wherea andb arerealnumbersaandk is a complex one. Substitutingequation(7) into
thediffusionequation(2) we obtainthefollowing dispersiorrelationshipcharacteriz-
ing thelow-frequeng propagatiorof slow waves:

w = —’iDlmklkm = —'L'Dlmeleme. (9)

This equationgives
W]

K% = (10)

Dyseqe,



135

Thedispersionequationprovidesus with the following groupvelocity of anisotropic
low-frequeng slow waves (seethe definition of the group velocity in Landauand
Lifshitz (1984)):

Vo ow

j = % = —iDlm(klémj + kmélj) == —QiDljk‘l = —2iDlj€lk, (11)
J

This givesthefollowing absolutevalueof thegroupvelocity:

‘Vgr‘Z — ‘/;gr*‘/;gr
= _QiDljelk . 22’ijemk*
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In turn, eq. (11) shaws that the direction of the group velocity is definedby a unit
vectored” with thecomponents:

6;” = Dljel/\/ngegDsmes. (13)

Changingnow the notations:e?” = n wefinally arrive atthefollowing result:

4|w|
(L [ ] ol B 14
Vo \' 7T D—n (14)

A comparisorof equationg6) and(14) shavsthatthetriggeringfront hasthesame
spatialform asthe group-\elocity surfaceof anisotropicslow waves. Physicallythis
meandghatin the caseof apointinjectionsourcetriggeringfrontsin anisotropiaocks
propagatdik e heatfrontsor light frontsin anisotropiccrystals.

Inversionfor the global diffusivity and permeability tensors

Recentlya newv approachfor estimatingthe global hydraulic diffusivity tensorwas
proposedy Shapiroetal. The new algorithmis basedon a transformatiorof the mi-
croseismicventsinto a scaledcoordinatesystem Hereall eventsmustlie whithin an
envelopeellipsoidwhosehalf axesrepresenthe orientationandmagnitudeof the dif-
fusivity. For furtherdetails theapplicationto differentdatasetsandthe determination
of the global permeabilitytensorssee”J. RindschwenterEstimatingthe Global Per
meability Tensorusing Hydraulically InducedSeismicity- Implementatiorof a new
Algorithm” whithin this volume.
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TRIGGERING FRONTSIN HETEROGENEOUS MEDIA

For detailsonthe 3-D mappingof hydraulicdiffusivity we referto furtherpublications
(seee.g. Shapiro,WIT Reportno. 3, 53-63). To demonstrat¢heideaof the approch
we just illustrate the main points of the methodin the following. Figure2 shaws a
view of themicroseismialoudcollectedduringthe Soultzexperimentl 993.For each
eventthe color shavs its occurrenceaime in respecto the starttime of the injection.
With a subdvision of the spaceo a numberof 3-D cellswe candefineanarrival time
of thetriggeringfront into eachof thesecells. Figure2 alsoshows sucha triggering
front for the arrival timesof 100h. Sucha surfacecanbe constructedor ary arrival
time presentedn microseismicdata. The time evolution of the triggering surface,
i.e., thetriggeringfront propagatiorcanbe characterizedln a heterogeneousorous
mediumthe propagatiorof the triggeringfront is determinedoy its heterogeneously
distributed velocity. Given the triggering front positionsfor differentarrival times,
the 3-D distribution of the propagationvelocity can be reconstructed.In turn, the
hydraulicdiffusivity is directly relatedto this velocity.

Figure2: A perspectie projectionof the 3-D distribution of microseismiceventsreg-
isteredduring the Soultz-sous-6retsexperiment: BoreholeGPK1, Septembef-22,
1993. Thecolor correspondso the eventoccurrencdime. TheaxesX,Y andZ point
to theEast,theNorthandtheearthsurface respectrely. Thesurfaceshavnis thetrig-
geringfront of microseismicityfor thearrival time of 100h. Theverticalandhorizontal
scalesof theFigureareequal.



137

Triggering frontsfor the caseof a quasi-harmonic pressue perturbation

In the following we shall considemrelaxationof a harmoniccomponenbf a pressure
perturbation By analogywith (4) we will look for thesolutionof (1) in asimilarform:

p(r,t) = po(r)e “ exp [Vwr(r)), (15)

We alsowill assumehatp,(r), 7(r) andD,;(r) arefunctionsslowly changingwith r.

Substituting(15) into (1), acceptingy asalargeparameteandkeepingonly terms
with largestpowersof w (thesearetermsof theorderO(w); theotherterms,whichare
of theordersO(w®) andO(w'/?) areneglected)we obtainthe following equation:

or or

_:Dz— .
’ ]Gxi(?xj

(16)

Consideringagainthe homogeneous-mediusplution (4) we concludethat the
frequeng-independentuantity 7 is relatedto the frequeng-dependenphasetravel
time 7" asfollows:

7= (i —1)VwT. a7)

Note,thatin turn7 o 1/4/w. Substitutingequation(17) into equation(16) we obtain:
or oT

1=2wD;j——. 18

v Ja$i al'j ( )

In thecaseof anisotropicporoelastianediumthis equations reducedo thefollowing

one:
1

2wD’
Thus,we have obtaineda standarceikonal equation.Theright handpartof this equa-
tion is the squaredslownessof the slov wave. Onecanshav (Ceneny, 1985)that
equation(19) is equialentto the Fermats principlewhich ensureshe minimumtime
(stationarytime) signalpropagatiorbetweerntwo pointsof the medium.Dueto equa-
tion (17) theminimumtravel time correspond$o the minimumattenuatiorof the sig-
nal. Thus,in this sensegquation(19) describeghe minimum-timemaximum-enegy
front configuration.

VTP = (19)

Triggering frontsin the caseof a step-function lik e pressue perturbation

We now returnto a morerealistic situation,wherethe pressureperturbationcan be
roughlyapproximatedy a stepfunctionin the sourcepoint.
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In the previous sectionwe derived an equationfor the triggeringtime 7'(r) of
a harmonicpressureoerturbation. Using this equationwe shall derive anotherone,
which will describethe triggeringtime ¢(r) of a step-functiorpressureperturbation.
Fromour earlierdiscussiorwe know, thatthetriggeringtime ¢t roughlycorrespond$o
thefrequenyg
wo = 2m/t. (20)

Thus,
T|w:wo =t (21)

Fromtheotherhand,weknow thatgenerallyl'(w) o 4/1/w. Now we canalsousethis
relationshipgo computel” atthefrequeng wy, if 7' is known atary arbitraryfrequeng

w:
t=T(wy) = T(w),] = (22)
Wo
Usingthis equatiorandequation(20) we obtain:
T(w) = 2™, (23)
w

Substitutinghisequationinto equationgor 7" of theprevioussectionwe obtainthefol-
lowing results.In thegenerataseof ananisotropicheterogeneoysoroelastienedium

(24)

In thecaseof anisotropicporoelastianediumthis equations reducedo thefollowing

one:
t

= 25
7| Vt|? (25)

Inversionfor the permeability of heterogeneousnedia

In the caseof anisotropicporoelastionediumequation(25) canbe directly usedto

reconstructhe 3-D heterogeneouleld of the hydraulicdiffusivity. In turn, equation
(24) shaws, thatin the caseof ananisotropianediumit is impossibleto reconstructa

3-D distribution of the diffusivity tensor The only possibilityis thefollowing. Let us
assumehatthe orientationandthe principalcomponentproportionis constanin the

medium.Then,thetensorof hydraulicdiffusivity canbe expresseds

Dij(r) = d(r)&;, (26)

where¢;; is a nondimensionatonstantensorof the sameorientationand principal-
componenproportionasthediffusivity tensorandd is theheterogeneouslistributed
magnitudeof this tensor Thistensorcanbefoundusingthe global SBRCestimateof
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the hydraulicdiffusivity aswasmentionedabove. Then,thequantityd canbedirectly
computedasfollows:

d— t
- & ot ot °
Y 0x; Ox;

(27)

Let usfinally consideran exampleof applicationof the method. Figure3 shavs
thereconstructedhydraulicdiffusivity for Soultz-1993datasetaccordingto equation
(25). Fromthe otherhandassumingthatthetensors;; hasthe sameorientationand
principal-componenproportion as the diffusivity tensorgiven in equation(16) of
Shapiroet al. (1999), equation(27) can be appliedto obtainthe diffusivity-tensor
magnitude.

It is interestingto notethatthereis no significantdifferencebetweertherepresen-
tation of the isotropicandanisotropicvariantof the method. They both shov larger
diffusivity in the upperpartof the mediumthenof the lower one. In addition,a high
permeablehanneleadingto theupperright-handpartof the mediumis visible in the
reconstructedhydraulicdiffusivity. Thisis in goodagreemenwith Figure2, which
shavs a numberof earlyeventsin the upperright-handcornerof therock volume.

.001

Figure3: An exampleof the hydraulicdiffusivity reconstructionn 3-D for the Soultz-
1993dataset. For the inversionisotropicvariantof the methodhasbeenused. The
diffusivity is givenin the logarithmicscale. It changedetweer0.001and1.0 m?/s.
Light gray correspondso cellswith no diffusivity valueresohed. The geometrycor-
responddgo thatgivenin Figure2.



140

DISCUSSION

Themainlimitationsof theextensionof the SBRCto the caseof heterogeneousedia
proposechereare apparentlyrelatedto the validity rangeof equation(16). Roughly
they canbeformulatedfrom thefollowing consideratiomf theright handpartof equa-
tion (1) in a1-D medium:

0 dp| _ oD dp *p
— |D— D— 2
ox [ or |~ 0z oz * 0x? (28)
Ourapproachs expectedo bevalid if thefollowing inequalityis satisfied:
oD op &?p
D 1 29
o /ID55l < (29)

This canbe roughly reducedo thefollowing: |22|/|Dk| < 1, wherek is the wave
number Takinginto accounthatapproximatelyk|?* = w/D we arrive at the follow-
ing, rathersimplified condition:

2
0D/3af* _

D (30)

This inequality relatesthe gradientof the hydraulicdiffusivity andthe frequeng of
the pressurgerturbationlt is rathertypical for the geometricoptic approximation It
shaws, thatif the frequeng is high enoughandthe mediumheterogeneitys smooth
the above approximatiorcanbe applied.In the caseof the step-functioriik e pressure
perturbatiorthe frequeng correspondingo thetriggeringfrontis acceptedo bew =
27 /t. Usingtheequatiorof thetriggeringfrontin homogeneouporoelastianedia(5)
the occurrenceime of earliereventscanbe roughly approximatedist ~ z%/(4w D).
Note,thatz denoteghe distancefrom theinjectionsource.Thus,inequality(30) can
bereducedo thefollowing one

oD/o 21/ 2
0D/0a| _ 2mv2
D T

(31)

This conditionis a ratherrestrictve one. In addition, it shows that the smaller
distancer thehigheris theresolutionof the method.

In spite of the restrictve characterof the inequalitiesaborve, we think that the
geometricoptic approximationis applicableto the propagationof microseismicity
triggeringfronts underrathercommonconditions. This is basedon the causalnature
of the triggering front definition. When consideringthe triggering front we are
interestedn a quickestpossibleconfigurationof the phasetravel time surfacefor a
givenfrequeng. Thus,we areinterestedn kinematicaspect®f thefront propagation
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only. The quickestpossibleconfigurationof the phasefront is usually given by the

Hamilton-Jacobij.e., eikonal equation. However, the conditionsabove necessarily
take into accounnotonly kinematicaspect®f thefront propagatiorbut rathermainly

dynamicaspectsj.e., amplitudeof the pressureperturbation. In other words, the

eikonal equationis usuallyvalid in muchbroaderdomainof frequenciegshanthose
given by the inequalitiesabose. Therefore,the methodwill give meaningfuland

usefulresults atleastsemiqualitatively.

To verify the assertiorthat we are ableto describethe diffusion processandthe
kinematicsof the evolution of the triggering front in a heterogeneoumedium by
the useof the eikonal solution, we performedsomenumericaltests. We solved the
parabolicdifferentialequationof diffusion(1) in two spatialdimensionswith the help
of afinite elementsnethod(FE) implementedn the MATLAB® computingerviron-
ment. We calculatedthe time-dependenpressurevariationthrougha mediumwhere
the diffusivity D variessmoothlyin z directionwith a Gaussiarprofile. It changes
from abackgroundralueof D = 0.5 m?/s to aminimalvalueof D = 0.1 m?/s atthe
center The half-width of this heterogeneitys approx.200m. The dimensionof the
computationameshis 4000m x 4000m, andthe sourcepointis locatedat its center
As input signalwe usea time-harmonicsinusoidalsignalwith a periodof 400 h and
800h respectrely, multiplied with a boxcarfunctionfor the whole simulationtime of
2400h. Thetime incrementin our simulationswas At ~ 3 h while the elementary
cell wasof theorderof 5 m x 5 m. We obsere the pressurevariationin aonedimen-
sional sectionalongthe x-axis throughthe centerof the model, wherethe sourceis
located. In eachpoint of obsenation we estimatethe arrival time of the fourth resp.
sixthzero-crossin@f ourquasi-periodipressureignal. Thiswasnecessaryo reduce
the effectsof the high-frequeng componentslueto the finite characteof the source
signal. We comparethis time with the correspondingheoreticakikonalsolution

R dr
t:/o ol (32)

Usingthearrival time we alsocalculatethe velocity v of the phasdront ata given
distancefrom the sourcepoint. Thenwe corvertit into the diffusivity andcompare
theresultwith theexactdiffusivity of themodel. Thediffusivity is calculatedrom the
measuredelocity of the phasdront by

v(z)?

D) =7 F

(33)

where f is the dominantfrequenyg of the sourcefunction (seeeq. 4 and the
commentelaw).
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Figure4: Comparisorof eikonalequatiorandnumericaldiffusionmodels.

Reasonablagreemenfior bothnumericakexperimentss found. In Fig. 4athetrav-
eltimeis shown for the eikonalsolution(32) andthe numericalresults.Fig. 4b showvs
thereconstructedliffusivity D ata givendistancer in the medium. Thegoodagree-
mentbetweenreikonal-predictecandnumericallycalculatedravel timesof the phase
frontin Fig. 4ais obvious. Thesmalldifferencedbetweerthe eikonalsolutionandnu-
mericalresultsattimest < 50 h canbeexplainedwith therelatvely roughmethodwe
usedto pick the phasdtront, i.e. the zero-crossingThereconstructedliffusivity ata
givendistancean the mediumalsoagreesrery well with theexactvalue(see.Fig. 4b).
Thedifferencesat distances: > 800m in Fig. 4b arecausedmainly by influencesof
theprescribedoundaryconditions namelyfixing the pressurdo zerothere(Dirichlet
type). Thusthe influencesbecomedarger at greatertimesanddisturbthe velocity of
thetriggeringfront measuredluringthe numericalexperiments Differencedetween
eikonal andexact numericalresultsare smallerfor higherfrequencies.This is obvi-
ouslydueto thefact, thatthe eikonalequations a high frequeng approximationand
thereforeprovidesbetterresultsfor smallerperiodsof the perturbation.In particular
theincreasinglifferencebetweertheoreticacurve andthemodelsin Fig. 4bis dueto
thefactthattheregion of inhomogeneityi.e. increasingliffusivity, is smallerthanthe
wavelengthaused.Thesmalldifference®bseredbetweerestimatecandexactdiffu-
sivities indicatethatthe formal validity conditions(eqns.29-30)aretoo restrictve.
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CONCLUSIONS

We have developeda technique(SBRC)for reconstructinghe permeabilitydistribu-
tion in 3-D heterogeneouporoelasticmedia. For this we usethe seismicemission
(microseismicity)inducedby a borehole-fluidinjection. Usually, global estimatef
permeabilitiesobtainedby SBRC agreewell with permeabilityestimatedrom inde-
pendentydraulicobsenations.Moreover, the global-estimatioversionof the SBRC
providesthepermeabilitytensorcharacterizinghereserwir-scalenydraulicproperties
of rocks. The processingf SBRCdatafor global estimatess basedon the hypoth-
esisthatthe triggeringfront of a hydraulic-inducedmicroseismicityhasthe form of
the group-\elocity surfaceof anisotropicBiot slow waves. In this papey we have fur-
ther generalizedhe SBRCapproachby usinga geometrical-opti@approximatiorfor
propagatiorof triggeringfrontsin heterogeneousedia.We think, thatresultsof such
inversionfor hydraulicpropertiesof reserwirs canbe usedat leastsemi-quantitatiely
to characterizeeserwirs. They canbeveryhelpfulasimportantconstraingo reseroir
modeling,or be startingmodelsfor moresophisticatednversions.
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