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Estimating the Global Permeability Tensorusing
Hydraulically Induced Seismicity— Implementation of

a newAlgorithm
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ABSTRACT

Permeabilityhasa majorcontrol onfluidflowsinceit coversmanyordersofmagnitude
and becauseof its anisotropy. Moreover, estimatesof permeabilityare highly scale
dependent.(Shapiroetal., 1997,1999a)proposeda methodto estimatea permeability
tensorat reservoirscaleusinghydraulically inducedseismicity. Now, an alternative
approach has lead to a new algorithm for estimatingthe permeabilitytensor. The
algorithmis basedon thecomputationof a pseudo-covariancematrix. With thenew
algorithm data setsfrom Soultz-sous-Forêts (France),the KTB site (Germany)and
FentonHill (USA)werereprocessedandthusthealgorithmtested.It provedtoproduce
very reasonableresultsand facilitates— along with a visualizationof the results—
the interpretationof possiblefluid flow paths. Thepresentedpaperis extractedfrom
theauthor'sMaster's thesis.Thelatter wassupervisedbyS.A. Shapiro.

INTRODUCTION

Theestimationof hydraulicdiffusivity andpermeabilitywasintroducedin recentyears
by (Shapiroet al., 1997). At first, they introducedan isotropicestimationwhich was
laterextendedto theanisotropiccase(Shapiroet al., 1999a,b).Themethodis called
'Seismicity BasedReservoir Characterization'(SBRC).Now, we developedandim-
plementeda new algorithmfor estimatingthepermeabilitytensor. This wasdonein
theframework of theauthor's Masterthesis.Thematerialpresentedhereis extracted
from thatthesis.

In thefollowing sectionwewill introducethemainfeaturesof thealgorithm.Sub-
sequently, we presentreprocessedresultsfrom Soultz-sous-Forêts(France),theKTB
site (Germany) andFentonHill (USA). Thequality of theseresultsandthepotential

1email: janr@geophysik.fu-berlin.de

145



146

of themethodfor fluid flow interpretationsis thendiscussedin sectionDiscussionof
Results.

AN ALTERNATIVE APPROACH FOR A GLOBAL ESTIMATION OF THE
PERMEABILITY TENSOR

The algorithm

Thenew, alternative algorithmis meantto provide a morestraightforwardestimation
of thepermeabilitytensorandshallalsoyield orientationsof thelatterwhich wasnot
possiblewith the old method(Shapiroet al., 1999a). The following considerations
arebasedon this previously publishedwork. For fundamentalsof themethodseethe
contributionof Shapiroetal. in this report.

In thenew approachthetriggeringfront canbeexpressedin theprincipalcoordi-
natesystemasfollows: Ê�Ò Ç» Ç7Ç � Ê�ÒÒ» Ò7Ò � Ê�ÒÕ» Õ7Õ � � �°�?È (1)

where» Ç7Ç , » Ò7Ò and » Õ7Õ aretheprincipalcomponentsof thehydraulicdiffusivity.

Thetransitionto anew coordinatesystemby scalingtheoriginaldatapointsin the
following way Ê � Ú � ÊÛÚ÷ � �'� (2)

yieldsthetriggeringfront asanequationof anellipsoid:Ê Ò � Ç» Ç7Ç � Ê Ò � Ò» Ò7Ò � Ê Ò � Õ» Õ7Õ �3Ì�È (3)

Hence,all eventsin the scaledcoordinatesystem– which do not occurbeforethe
triggeringfront – lie within thisellipsoidwhosehalf axes ê1�h&�� ¥ arethesquarerootsof» Ç7Ç �Æ» Ò7Ò and » Õ7Õ , respectively. In orderto determinethetriggeringfront oneneedsto
find anenvelopeellipsoidfor themajorityof events.

Thenew spaceis thendividedinto a 3-D-grid with cubiccells. We startoff with
a coarsegrid which is refinedfrom run to run. On thenext step,thealgorithmchecks
whethera cell is occupiedby at leastoneevent. If that is thecase,theeventsin these
cellsarereplacedby thecenterpointof thecell andthecell is selectedfor furthercom-
putation.Thus,all selectedcellstogetherform aslightly irregularbodythatresembles
an ellipsoid. All void cells arediscardedat this point. With the remainingcells we
computea – aswe call it – pseudo-covariancematrix. We replacethe dividend � of
thecovariancematrixby thecell volumewhich is constantfor eachcelli ×]Ú �����j�'�lkm�hM Ç ë�×���ë«Ún� º.�7ÝP�RÌ��?�Û�ÆÞ�È (4)
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The eigenvectorsof this matrix yield the orientationsof the diffusivity tensor. The
magnitudesof the tensorareobtainedby equatingthe irregular body to an ideal el-
lipsoid. The resultrelatestheeigenvaluesì/�%�Æì/o)�ÆìÔ� of the irregularbody andthe the
lengthsê1�h&�� ¥ of thehalf-axesof theellipsoid:ì/�l� ÌÍ

0 ê Ò � ì/o­� ÌÍ
0

& Ò � ìÔ� � ÌÍ
0
¥ Ò (5)

Furthertransformationsleadto solutionsof the »P×;× expressedby theknown eigenval-
ues ì/���Æì/o0�ÆìÔ� :

» Ç7Ç ��ê Ò � Í(ì/�pö �(�Nq�� Ò Ì�Î Õ ì/��ì/o�ìÔ� (6)

» Ò7Ò �r& Ò � Í(ì/opö �(�Nq�� Ò Ì�Î Õ ì/��ì/o�ìÔ� (7)

» Õ7Õ � ¥ Ò � Í(ìÔ�pö ���Nq�� Ò Ì�Î Õ ì/��ì/oÔìÔ� È (8)

The orientationsof the tensoraxes are obtainedfrom the eigenvectorsof the
pseudo-covariancematrix. They aregiven – as we will show in the next section–
asstrike anddip of the vector. The strike is countedclockwisefrom N andthe dip
positively downwards.

In orderto obtainthepermeabilitytensorwe userelationsbetweenhydraulicdif-
fusivity andpermeabilityintroducedby (Biot, 1962):»½�d�Á�tsvu (��d�w (9)

where (��d� is the permeabilitytensor, »½�d� the hydraulicdiffusivity tensor, w is the
pore-fluiddynamicviscosityand svu is theporoelasticmodulus.Thelattercomprises
severalotherparameters.For crystallinerockswith low porosityonecansimplify the
poroelasticmodulusandthusobtainstheapproximation(Shapiroetal., 1997)

sxu � £ �Àzy �|{À ± Å1Ç (10)

where { �úÌ ¬~}}U� . Theparametersarethebulk modulusof thedrainedrock À , the
bulk modulusof theporefluid À�y , thebulk modulusof thesolid À¶� , theporosity� and
thecoefficientof effectivepressure{ . Generally, theterm �¦�(Àzy cannot beneglected
sinceÀ�y�Z À (Shapiroetal., 1997).
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RESULTS

Soultz-sous-Forêts

Investigations The injection testin 1993lastedfor about350 hoursandfed about
25,300mÕ of water into the rock. The injectedwater inducedabout18,000events
of which about9,300werelocalizedwith sufficient accuracy within 400 hoursafter
the start of injection. The dataset was provided by courtesyof SOCOMINE.The
eventsoccurredin thedepthrangefrom 2,000m to 3,500m with theinjectionsource
assumedlylocatedat2,920m. In fact,theinjectionwasconductedbetween2,850and
3,400m (Cornet,2000).However, majorfluid lossoccurredin theinterval from 2,850
to 3,000m which justifiestheassumedpoint sourceat 2,920m (Shapiroet al., 2000).
Thevolumeof theseismicallyactive rockapproximatelycomprises1,5kmÕ .
Results Theenvelopeellipsoidwhich fits thecloudin thescaledcoordinatesystem
bestis displayedin figure1. Theellipsoid is semi-transparentin orderto getan idea
how well it fits the cloud. As onecansee,the ellipsoid extendsslightly too far to-
wardsS (topview) andapparentlydoesnot dip steeplyenough(eastview). However,
generallythefit is quitegoodfor thecompactpartof thecloud.

Thecomputedorientationsof theellipsoidareasfollows. Thelargestcomponent
pointsin NNW-directionanddipswith anangleof about72� towardsN. Themedium
componentpointsSSEwith a dip angleof 18� towardsS.Thesmallestcomponentis
abouthorizontalwhile pointingENE(for exactnumbersseetable1).

Figure1: The smallerellipsoid representingthe hydraulicdiffusivity tensorshown
togetherwith thecloudof eventsin thescaledcoordinatesystemlookingfrom thetop,
southandeast,respectively.

An alternative estimateyields an envelope ellipsoid that enclosesmost of the
points. However, as figure 2 reveals,vast areasaroundthe compactcloud remain
void. Thefit of thecloudis obviously influencedby theupwardtrendingevents.This
is reflectedin differentorientationscomparedto thesmallerellipsoid. Now, themax-
imum componenttrendsN anddips60� , themediumcomponentS with a dip of 30�
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largerellipsoid smallerellipsoid
strike dip strike dip

minimumcomponent N272� 2� N259� 0�
mediumcomponent N181� 30� N169� 18�
maximumcomponent N5� 60� N351� 72�

Table1: Orientationsof theprincipaldiffusivities for Soultz.

andthesmallestcomponentstrikesW andis quasi-horizontal(for exactnumberssee
table1).

Figure2: The largerellipsoid representingthehydraulicdiffusivity tensorshown to-
getherwith thecloudof eventsin thescaledcoordinatesystemlooking from thetop,
southandeast,respectively.

For bothellipsoids,wecomputedthefollowing hydraulicdiffusivity tensors:��� ÎÄÈ�� Î ÎÎ Ì�È�q ÎÎ Î ÍÛÈ;�
�!�� ¼ ÌÔÎ Å Ò mÒ � s ��� Ì�È�q Î ÎÎ � È�f ÎÎ Î Ì � ÈY�

�!�� ¼ Ì�Î Å Ò mÒ � s (11)

In orderto obtainthepermeabilitytensorwe revert to theequations(9) and(10).
Log measurementsandliteraturedata(Haaret al., 1984)provide theestimatesof the
necessaryparameters(seetable2). Thefluid viscosityis thatof hotwater.® w À À�y À�-

0.003 Ì�È�q��lÌ�Î Å@� Pas 49GPa 2.2GPa 75GPa

Table2: Estimatesof poroelasticparametersfor Soultz.

Thatmakes svu _�Ì�È���f�¼ Ì�Î Ç7Ç Paandthus,yieldsthepermeabilitytensors��� Î�È�f Î ÎÎ �ÛÈ Ì ÎÎ Î ÍÄÈ�q
�!�� ¼ Ì�ÎÛÅ1Ç��.¢ Ò ��� �ÛÈ;� Î ÎÎ ÍÄÈ � ÎÎ Î Ì���È Ì

�!�� ¼ Ì�ÎÛÅ1Ç��«¢ Ò (12)
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for thesmallerellipsoidandthelargerellipsoid,respectively.

Figure 3 shows the ellipsoid representingthe permeabilitytensor(taken from
smallerellipsoid)in theCartesiancoordinatesystemtogetherwith thecloudof events.
Thisdisplayillustrateswell theproportionsandorientationsof thetensorcomponents.
Besides,it makesclearthattheellipsoiddoesnot dependon theshapeof thecloudof
events.

Figure3: Thecloudof eventsfrom the1993injectionexperimentat Soultz(France)
togetherwith theellipsoidrepresentingthepermeabilitytensorlooking from thetop,
southandeast,respectively.

KTB

Investigations During theexperiment200mÕ of KBr/KCl brinewasinjectedin the
depthinterval 9.03–9.1km overaperiodof 24hours.Seventy-threeshort-periodseis-
mometersat the surfaceandone3-componentdownholeseismometerinstalledat 4
km depthrecordedmorethan400microearthquakesin 60hours.Ninety-fourof these
earthquakescouldbelocalizedwith respectto 'master' eventswith a relative location
accuracy of several10'sof meters(ZobackandHarjes,1997).Magnitudeswerelarger
than-1.5 with a maximumof 1.2. They representthedatawe usedwith courtesyof
Hans-PeterHarjes2. Theseismicallyactiverockcomprisesavolumeof approximately
0.35kmÕ .
Results In orderto be ableto apply our methodwe hadto mirror the cloud at the
injection point. However, the resultobtainedis only valid for the volumeabove the
injectionpoint sinceseismicactivity wasonly foundthere.Moreover, theresultsob-
tainedcontainsomeuncertainty. Thisis takenintoaccountandweobtainthefollowing
hydraulicdiffusivity tensor��� � È^Î ÈÔÈÔÈ�q�È�� Î ÎÎ Ì��ÛÈYÎ ÈÔÈÔÈ«�ÄÌ�ÈYÍ ÎÎ Î q���È^ÎÿÈ�ÈÔÈgÌ	�(Þ�È��

�!�� ¼ Ì�ÎÛÅ Ò mÒ � sÈ (13)

2Departmentof Geophysics,RuhrUniversityBochum,Bochum,Germany
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Thus,therangeof valuesobtainedis considerablewith theupperboundbeingalmost
twiceaslargeasthelowerbound.Theorientationsonly differ slightly.

The envelopeellipsoidcomputedenclosesmostof the eventsin the scaledcoor-
dinatesystem(figure4). Thefit is reasonableconsideringthe low densityandsmall
numberof events. We will returnto this in the discussion.The link to permeability

Figure4: Theellipsoidrepresentingthehydraulicdiffusivity tensorat thesecondkink
shown togetherwith thecloudof eventsin thescaledcoordinatesystemlooking from
thetop,southandeast,respectively

is givenby the equations(9) and(10). Log measurementsandliteraturedata(Bram
andDraxler,1995;Emmermannet al., 1995)provide the estimatesof the necessary
parameters.(Shapiroet al., 1997)assumedpropertiesof waterfor thefluid andthus
obtainedthefollowing parameters® w À À�y À�-

0.003 Ì�È^Î�� ÌÔÎ Å@� Pas 50GPa 2.3GPa 70GPa

Table3: Estimatesof poroelasticparametersfor theKTB.

Hence,svu _R�P¼ ÌÔÎ Ç7Ç Paandthus,yieldsthefollowing permeabilitytensors��� Î�ÈY� ÈÔÈÔÈ.Î�È � f Î ÎÎ ÎÄÈ�� ÈÔÈÔÈgÌ�È^Î�f ÎÎ Î � È�f ÈÔÈ�È�f�È���f
� ��R¼ Ì�Î$Å1Çj� mÒ È (14)

Figure5 illustratesthelargedifferencebetweenthelargestandthesmallestcomponent
of thepermeabilitytensor. Theellipsoidrepresentingthepermeabilitytensoris shown
in the Cartesiancoordinatesystemtogetherwith the cloud of events. This display
makesclearthattheellipsoiddoesnotdependon theshapeof thecloudof events.

FentonHill

Investigations Thedatasetof microearthquakeswework with wasrecordedduring
themassivehydraulicfractureexperiment(MHF) in December1983.It wasprovided
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Figure5: The cloud of eventsfrom the 1993 injection experimentat the KTB site
togetherwith theellipsoidrepresentingthepermeabilitytensorlooking from thetop,
southandeast,respectively.

by courtesyof MichealFehler3. For 61 hours,21,600mÕ of waterwasinjectedat a
depthof about3,460m (House,1987). The injectionoccurredthrougha 20 m open-
holeinterval. No eventswererecordedin thefirst 5 hours.In thetimespanfrom 30to
40hoursaftertheinjectiononly threestationswerein operationandtherefore,nodata
wasanalyzed(Fehleretal., 1998).

Registrationof seismicityoccurredwith four geophones.The instrumentswere
deployed in four differentboreholes,i.e. in EE-1at 2,850m, in EE-3at 3,300m, in
GT-2B at2,440m, in GT-1 at820m, in PC-1at570m depth.ThestationsEE-1,EE-3
andGT-1 werelocatedwithin thebasementrocksandstationPC-1within acavernous
limestoneformation,approximately150 to 200 m above the basement(Block et al.,
1994). Theaccuracy of theearthquake locationswasbetterthan Ì�Î�Î m. Therelative
locationuncertaintywasevenbroughtdown to 20 to 30m (House,1987).

Results Thesmallestellipsoidonly containsthemorecompactinnercloudof events
(figure6). Thefit looksverygoodin eastview whereasin topview theNE partappears
overpronouncedwhich is confirmedby the displayin southview. As a comparison,
figure7 showshow thelarger, computedellipsoidenclosesalmostall points.Thereby,
mostof thespacewithin theellipsoidis notfilled by events.Thesizeandtheshapeis
dueto theoutliersmakingtheellipsoidrounderandmorespherical.All ellipsoidshave
significantlydifferentorientations.Thesecondlargestellipsoid's maximumhalf-axis
strikesSW anddips60� . Theothertwo half-axesrevealastrikeof ESEandNNE and
a dip of 12� and27� , respectively. Thesmallerellipsoidhasorientationsof NW and
ENE aswell asdipsof 57� and4� for thesmallerhalf-axes,respectively. Thelargest
half-axisrunsSSEanddips33� (for exactvaluesseetable4). Thecloudof eventsin
thescaledcoordinatesystemformsa rathercompactinnercloud. Aroundit onefinds
almostuniformly distributedevents(outliers)with no preferentialdirection.They are
responsiblefor theestimatesof thetwo largerellipsoids.

3GeologicalEngineeringGroup,LosAlamosNationalLaboratory, LosAlamos,NM 87545,USA
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largestellipsoid mediumellipsoid smallestellipsoid
strike dip strike dip strike dip

minimumcomponent N350� 15� N12� 27� N69� 4�
mediumcomponent N87� 25� N109� 12� N332� 57�
maximumcomponent N233� 61� N220� 60� N161� 33�

Table4: Orientationsof theprincipaldiffusivities for FentonHill.

Figure6: The ellipsoid representingthe hydraulicdiffusivity tensorshown together
with thecloud of eventsin the scaledcoordinatesystemlooking from the top, south
andeast,respectively.

Figure7: The ellipsoid representingthe hydraulicdiffusivity tensorshown together
with thecloud of eventsin the scaledcoordinatesystemlooking from the top, south
andeast,respectively.

Both ellipsoidscorrespondto the following estimatesof the hydraulicdiffusivity
tensor��� ÍÄÈ�q Î ÎÎ �ÛÈ;� ÎÎ Î Ì � ÈY�

� �� ¼ Ì�Î Å Ò mÒ � s ��� ÌP�ÄÈY� Î ÎÎ Þ � È�f ÎÎ Î � Î�È�q
� �� ¼ Ì�Î Å Ò mÒ � sÈ (15)

Again,we revert to theequations(9) and(10) for computingthepermeabilityten-
sor. Valuesfor the neededporoelasticparametersaregatheredfrom literature(after
(Shapiroet al., 1999b)). The fluid viscosity w , i.e., is that of hot water. That makes
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® w À À�y À�-
0.003 Ì�È�q�� ÌÔÎ Å@� Pas 49GPa 2.2GPa 75GPa

Table5: Estimatesof poroelasticparametersfor FentonHill.

svu _�Ì�È��Nf½¼ Ì�Î Ç7Ç Paandthus,yieldsthepermeabilitytensors��� ÎÄÈ���� Î ÎÎ Î�È�f�Ì ÎÎ Î Ì�È���Ì
�!�� ¼ Ì�ÎÛÅ1Çj� mÒ ��� Ì�È�q%Í Î ÎÎ Þ�È�q � ÎÎ Î � È��(Þ

�!�� ¼ Ì�ÎÛÅ1Çj� mÒ (16)

for thesmallerellipsoidandthelargerellipsoid,respectively.

In Figure8 onecanseethat the differencebetweenthe largestandthe smallest
componentof thepermeabilitytensoris not nearlyasdistinctasat theKTB site. The
ellipsoidrepresentingthepermeabilitytensor(obtainedform thesmallerellipsoid) is
shown in the Cartesiancoordinatesystemtogetherwith the cloud of events. This
displaymakesclear that the ellipsoid doesnot dependon the shapeof the cloud of
events.

Figure8: The cloud of eventsfrom the 1993 injection experimentat the KTB site
togetherwith theellipsoidrepresentingthepermeabilitytensorlooking from thetop,
southandeast,respectively.

DISCUSSIONOF RESULTS

The resultsfrom the differentsitesreveal somesimilarities. Most importantfor us
is thefact thatall resultsagreewell with independentlydeterminedpermeabilityval-
uesat comparablescales. Thus, the magnitudesobtainedcanbe consideredhighly
reasonable.Resultspreviously obtainedby (Shapiroet al., 1998,1999a,b)with the
old methodareconfirmedby computationswith the new algorithm. Only at Fenton
Hill, thenew minimumcomponentis slightly smallerdueto reasondiscussedbelow.
Moreover, theorientationsof thetensorscoincidewith stressandfractureorientations
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foundat the respective sitesexceptat the FentonHill site. Here,the informationon
stressandfractureorientationsdonotsufficeto beableto comparethemto ourresults.
However, thenotionof the'complex fracturesystem'(House,1987)canbeinterpreted
asa confirmationof our roundellipsoidwherethedifferencebetweenthemaximum
andtheminimumcomponentis merely3 to 1. Thatmeansthereis only aweaklypro-
nouncedpreferentialdirectionof fluid flow. This situationis very likely in a complex
fracturesystem.At theothertwo sitesfluid flow will bemostdistinct in directionof
thedominatingfracturesystem.

Thefigures1, 4 and6 of theenvelopeellipsoidstogetherwith thecloudof events
in thescaledcoordinatesystemallow to judgethequality of thefit of theellipsoidsto
theclouds.Especiallyat Soultz(figure1), thefit is very good.Only in eastview one
canseea certainmisfit thatleadsto a smallerdip anglefor themaximumcomponent.
So,insteadof 74� thedip is rather80� or more.At FentonHill (figure6) thenorthview
shows that themagnitudeof thesmallestcomponentstriking roughlyEW wasa little
(factor2 to 3) overestimated.Also slightly overestimatedmightbetheentireellipsoid
at theKTB site(figure4) although– dueto thefew events– this is ratherspeculative.
Theproportionsof thethreecomponents,however, look right. Secondly, we observe
that this way of presentingtheresultsgivessomeimpressionof irregularities.Figure
6 from FentonHill, e.g.,revealsdifferencesin the extensionof the cloud southward
andnorthward from thecenterandalsoeastwardandwestward. Oncemore,hetero-
geneitiesmightbethereasonfor that.Thesameconsiderationappliesto figure1 from
Soultzwereupward anddownwardextensiondiffer a little. Generally, we conclude
thattheplainnumbersof thetensorsandtheorientationsrepresenta reasonableresult.
However, consideringthe scaledcloud togetherwith the semi-transparentellipsoid
addssomequalitativeinformationwhichmight improvetheinterpretation.

Another illustration facilitatesthe understandingof the resultsas well asof the
method. Figures3, 5 and8 visualizethe permeabilitytensor. The ellipsoid corre-
spondingto the latter is plottedin the Cartesiancoordinatesystemtogetherwith the
cloud of events. Thus,oneobtainsa goodimpressionof the proportionsof the ten-
sor componentsaswell asof their orientations.This simplifiesthe interpretationof
possiblefluid paths. Moreover, the displayshows that the shapeof the cloud in the
Cartesiansystemdoesnot coincidewith the tensororientationbecauseit is not rele-
vantfor determiningthetensor. Theestimationof thetensoris exclusively dependent
on the shapeof the cloud in the scaledcoordinatesystem(seealso (Shapiroet al.,
submitted2000)).

CONCLUSION

Wehaveimplementedanew, alternativealgorithmto estimatethepermeabilitytensor.
Runningtimeis short– between10and20minutes– andthewholeprocedureis rather
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straightforward.Thenew approachwastestedonvariousdatasetswith differentchar-
acteristicsandprovedto produceveryreasonableresults.Along with thevisualization
of the tensorsasellipsoidsin goCadthemethodrepresentsa quite powerful tool for
estimatingfluid flow pathsandtransportcapacities.Thus,it complementstheSBRC
methodverywell.
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