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Estimating the Global Permeability Tensorusing
Hydraulically Induced Seismicity— Implementation of
a new Algorithm
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ABSTRACT

Permeabilityhasa majorcontmol onfluid flowsinceit covers manyorders of magnitude
and becauseof its anisotiopy. Moreover, estimatef permeabilityare highly scale
dependent(Shapio etal., 1997,1999a)proposeca methodo estimatea permeability
tensorat reservoirscaleusing hydraulically inducedseismicity Now an alternative
approad haslead to a new algorithm for estimatingthe permeabilitytensor The
algorithmis basedon the computationof a pseudo-ceariancematrix. Wth the new
algorithm data setsfrom Soultz-sous-ététs (France),the KTB site (Germany)and
FentonHill (USA)werereprocesse@ndthusthealgorithmtested It provedto produce
very reasonableesultsand facilitates— along with a visualizationof the results—
the interpretationof possiblefluid flow paths. Thepresentegaperis extractedfrom
theauthor's Master'sthesis.Thelatter wassupervisedy S.A. Shapio.

INTRODUCTION

Theestimatiorof hydraulicdiffusivity andpermeabilitywasintroducedn recentyears
by (Shapiroetal., 1997). At first, they introducedanisotropicestimationwhich was
later extendedto the anisotropiccase(Shapiroet al., 1999a,b).The methodis called
'Seismicity BasedReserwir Characterization(SBRC).Now, we developedandim-

plementeda new algorithmfor estimatingthe permeabilitytensor This wasdonein

the frameawork of the authors Masterthesis. The materialpresentedhereis extracted
from thatthesis.

In thefollowing sectiorwe will introducethe mainfeaturesof thealgorithm.Sub-
sequentlywe presenteprocessedesultsfrom Soultz-sous-6réts(France) the KTB
site (Germary) andFentonHill (USA). The quality of theseresultsandthe potential
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of the methodfor fluid flow interpretationss thendiscussedn sectionDiscussiorof
Results.

AN ALTERNATIVE APPROACH FOR A GLOBAL ESTIMATION OF THE
PERMEABILITY TENSOR

The algorithm

Thenew, alternatve algorithmis meantto provide a morestraightforvard estimation
of the permeabilitytensorandshallalsoyield orientationsof the latterwhich wasnot
possiblewith the old method(Shapiroet al., 1999a). The following considerations
arebasedn this previously publishedwork. For fundamental®f the methodseethe
contribtution of Shapiroetal. in thisreport.

In the new approachthe triggeringfront canbe expressedn the principal coordi-

natesystemasfollows:
z? N T3 N x3
Dy Dy D3

whereD;, Dyy and D33 arethe principalcomponentsf the hydraulicdiffusivity.

4mt. (1)

Thetransitionto anew coordinatesystemby scalingthe original datapointsin the

following way
Lj

yieldsthetriggeringfront asanequationof anellipsoid:
‘7’31 + '132 + ‘T§3 —1. (3)

Dll D22 D33 B

Hence,all eventsin the scaledcoordinatesystem— which do not occur beforethe
triggeringfront— lie within this ellipsoidwhosehalf axesa, b, ¢ arethesquareaootsof
D11, Dy and D53, respectrely. In orderto determinghetriggeringfront oneneedgo
find anenvelopeellipsoidfor the majority of events.

The new spaceis thendividedinto a 3-D-grid with cubic cells. We startoff with
acoarseggrid whichis refinedfrom run to run. Onthe next step,thealgorithmchecks
whetheracell is occupiedby atleastoneevent. If thatis the case the eventsin these
cellsarereplacedy thecentemointof thecell andthecell is selectedor furthercom-
putation.Thus,all selectectellstogetheiform aslightly irregularbodythatresembles
an ellipsoid. All void cells arediscardedat this point. With the remainingcells we
computea — aswe call it — pseudo-ceariancematrix. We replacethe dividendn of
the covariancematrix by thecell volumewhichis constanfor eachcell

Cij = v(n) Z TikTjk 1,7 =1,2,3. (4)
k=1
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The eigervectorsof this matrix yield the orientationsof the diffusivity tensor The
magnitudef the tensorare obtainedby equatingthe irregular body to an ideal el-
lipsoid. Theresultrelatesthe eigervaluese,, e,, e, of theirregularbody andthe the
lengthsa, b, ¢ of the half-axesof theellipsoid:

1 1 1
ey = gVaQ, ey = ngZ, e, = ch2 5)

Furthertransformationgeadto solutionsof the D;; expressedy the known eigerval-
uese;, ey, ;.

5ey
Dy, = a’ = ‘ (6)
\"/2/9 m210%e e e,
5
Dy =1? = v (7)
\5/2/9 72103 e,e,
e,
D33 = 62 = ¢ . (8)
\5/2/9 m210%ezey e,

The orientationsof the tensoraxes are obtainedfrom the eigervectorsof the
pseudo-caeariancematrix. They are given— aswe will showv in the next section—
asstrike anddip of the vector The strike is countedclockwisefrom N andthe dip
positvely downwards.

In orderto obtainthe permeabilitytensorwe userelationsbetweerhydraulicdif-
fusivity andpermeabilityintroducedby (Biot, 1962):

Dy, = Mekim )
n

wherek,,, is the permeabilitytensor D, the hydraulicdiffusivity tensor n is the
pore-fluiddynamicviscosityand M. is the poroelastianodulus.Thelattercomprises
severalotherparameterskor crystallinerockswith low porosityonecansimplify the
poroelastianodulusandthusobtainstheapproximationShapiroetal., 1997)

n —1
M, = ( o K) (10)

wherea = 1 — . The parameterarethe bulk modulusof thedrainedrock K, the
bulk modulusof theporeﬂwd K, thebulk modulusof thesolid K5, theporosityn and
the coeficient of effective pressurex. Generallythetermn/K; cannotbe neglected
sinceK; < K (Shapiroetal.,1997).
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RESULTS

Soultz-sous-Bréts

Investigations Theinjectiontestin 1993lastedfor about350 hoursandfed about
25,300m? of waterinto the rock. The injectedwaterinducedabout18,000events
of which about9,300werelocalizedwith sufficient accurag within 400 hoursafter
the startof injection. The datasetwas provided by courtesyof SOCOMINE. The
eventsoccurredn the depthrangefrom 2,000m to 3,500m with theinjectionsource
assumedIyocatedat 2,920m. In fact,theinjectionwasconductedetweer,850and
3,400m (Cornet,2000).However, majorfluid lossoccurredn theinterval from 2,850
to 3,000m which justifiestheassumegboint sourceat 2,920m (Shapiroet al., 2000).
Thevolumeof theseismicallyactive rock approximatelycomprisesl,5 km3.

Results Theenvelopeellipsoidwhich fits the cloudin the scaledcoordinatesystem
bestis displayedin figure 1. Theellipsoidis semi-transparent orderto getanidea
how well it fits the cloud. As onecansee,the ellipsoid extendsslightly too far to-

wardsS (top view) andapparentlydoesnot dip steeplyenough(eastview). However,

generallythefit is quitegoodfor the compacipartof thecloud.

The computedorientationsof the ellipsoid areasfollows. Thelargestcomponent
pointsin NNW-directionanddipswith anangleof about72° towardsN. Themedium
componenpointsSSEwith a dip angleof 18° towardsS. The smallestcomponents
abouthorizontalwhile pointing ENE (for exactnumbersseetablel).

Figure1: The smallerellipsoid representinghe hydraulic diffusivity tensorshovn
togethemwith thecloudof eventsin thescaledcoordinatesystemooking from thetop,
southandeastrespectiely.

An alternatve estimateyields an ervelope ellipsoid that enclosesmost of the
points. However, asfigure 2 reveals,vast areasaroundthe compactcloud remain
void. Thefit of thecloudis obviously influencedoy the upwardtrendingevents. This
is reflectedn differentorientationscomparedo the smallerellipsoid. Now, the max-
imum componentrendsN anddips 60°, the mediumcomponent with a dip of 30°
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largerellipsoid | smallerellipsoid
strike | dip | strike | dip

minimumcomponent| N272 2° | N259 0°
mediumcomponent | N18T° 30° | N169 18
maximumcomponent  N5° 60° | N35I I

Tablel: Orientationof the principaldiffusivities for Soultz.

andthe smallestcomponenstrikesW andis quasi-horizonta{for exacthnumberssee
tablel).

Figure2: The larger ellipsoid representinghe hydraulicdiffusivity tensorshown to-
getherwith the cloud of eventsin the scaledcoordinatesystemlooking from the top,
southandeastrespectiely.

For bothellipsoids,we computedhefollowing hydraulicdiffusivity tensors:

0.7 0 0 1.9 0 0
0 1.9 0 |x1072m’/s 0 48 0 |x107?2m?/s (11)
2

0 0 5. 0 0 142

In orderto obtainthe permeabilitytensorwe revert to the equationg9) and(10).
Log measurementandliteraturedata(Haaret al., 1984)provide the estimate®f the
necessarparametergseetable?). Thefluid viscosityis thatof hotwater

L ¢ | n | K | K | K |
[0.003] 1.9+ 10 “Pas| 49GPa| 2.2GPa| 75GRa |

Table2: Estimatef poroelastiparameter$or Soultz.

ThatmakesM, ~ 1.68 x 10*! Paandthus,yieldsthe permeabilitytensors

08 0 0 22 0 0
0 21 0 |x107""m? 0 54 0 x107"m?  (12)
1

0 0 59 0 0 16.
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for thesmallerellipsoidandthelargerellipsoid,respectiely.

Figure 3 shaws the ellipsoid representinghe permeabilitytensor (taken from
smallerellipsoid)in the Cartesiarcoordinatesystemogethemwith the cloudof events.
Thisdisplayillustrateswell the proportionsandorientationsf thetensorcomponents.
Besidesjt makesclearthatthe ellipsoiddoesnot dependon the shapeof the cloud of
events.

Figure3: The cloud of eventsfrom the 1993injection experimentat Soultz (France)
togethemwith the ellipsoid representinghe permeabilitytensorlooking from the top,
southandeastrespectiely.

KTB

Investigations Duringthe experiment200m? of KBr/KCI brinewasinjectedin the
depthinterval 9.03-9.1km over a periodof 24 hours.Seventy-threeshort-periodseis-
mometersat the surfaceand one 3-componentiowvnhole seismometeimstalledat 4
km depthrecordednorethan400 microearthquagsin 60 hours.Ninety-fourof these
earthquakscouldbelocalizedwith respecto 'master’ eventswith arelative location
accuray of several10's of metergZobackandHarjes,1997).Magnitudesverelarger
than-1.5with a maximumof 1.2. They representhe datawe usedwith courtesyof
Hans-PeteHarjeg€. Theseismicallyactive rock comprisesa volumeof approximately
0.35km3.

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
injection point sinceseismicactivity wasonly foundthere. Moreover, the resultsob-
tainedcontainsomeuncertainty Thisis takeninto accountindwe obtainthefollowing
hydraulicdiffusivity tensor

4.0...9.6 0 0
0 12.0...21.5 0 x 1072 m?/s. (13)
0 0 96.0...173.6

2Departmenbf GeophysicsRuhrUniversityBochum,Bochum,Germary
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Thus,therangeof valuesobtaineds considerablevith the upperboundbeingalmost
twice aslarge asthelower bound.The orientationsonly differ slightly.

The envelopeellipsoid computedenclosesnostof the eventsin the scaledcoor
dinatesystem(figure 4). Thefit is reasonableonsideringhe low densityandsmall
numberof events. We will returnto thisin the discussion.The link to permeability

Figure4: Theellipsoidrepresentinghe hydraulicdiffusivity tensoratthe seconckink
shavn togethemwith the cloud of eventsin the scaledcoordinatesystemlooking from
thetop, southandeast respectrely

is given by the equationg9) and(10). Log measurementandliteraturedata(Bram
andDraxler, 1995; Emmermanret al., 1995) provide the estimateof the necessary
parameters(Shapiroet al., 1997)assumegropertiesof waterfor the fluid andthus
obtainedthefollowing parameters

L ¢ | U | K | K | K |
[0.003] 1.0+ 10~ Pas | 50GPa| 2.3GPa| 70GRa |

Table3: Estimatef poroelastigparameterfor the KTB.

Hence,M, ~ 2 x 10!! Paandthus,yieldsthefollowing permeabilitytensors

0.2...0.48 0 0
0 0.6...1.08 0 x 10710 m?. (14)

0 0 4.8...8.68

Figure5illustrateshelargedifferencebetweerthelargestandthesmallestomponent
of thepermeabilitytensor Theellipsoidrepresentinghe permeabilitytensoris shavn
in the Cartesiancoordinatesystemtogetherwith the cloud of events. This display
makesclearthatthe ellipsoiddoesnot depencon the shapeof the cloudof events.

Fenton Hill

Investigations Thedatasetof microearthquadiswe work with wasrecordedduring
themassve hydraulicfractureexperiment(MHF) in Decembed 983. It wasprovided
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Figure5: The cloud of eventsfrom the 1993 injection experimentat the KTB site
togethemwith the ellipsoid representinghe permeabilitytensorlooking from the top,
southandeastrespectiely.

by courtesyof Micheal Fehle?. For 61 hours,21,600m? of waterwasinjectedat a
depthof about3,460m (House,1987). Theinjectionoccurredthrougha 20 m open-
holeinterval. No eventswererecordedn thefirst 5 hours.In thetime spanfrom 30to
40 hoursaftertheinjectiononly threestationswverein operatiorandthereforenodata
wasanalyzedFehleretal., 1998).

Registrationof seismicityoccurredwith four geophones.The instrumentsvere
deployedin four differentboreholesij.e. in EE-1at2,850m, in EE-3at 3,300m, in
GT-2Bat2,440m,in GT-1at820m, in PC-1at570m depth.ThestationsEE-1,EE-3
andGT-1 werelocatedwithin thebasementocksandstationPC-1within a cavernous
limestoneformation, approximatelyl 50 to 200 m above the basemen{Block et al.,
1994). The accuray of the earthquak locationswasbetterthan100 m. Therelatve
locationuncertaintywasevenbroughtdown to 20to 30 m (House, 1987).

Results Thesmalleskllipsoidonly containghemorecompacinnercloudof events
(figure6). Thefit looksverygoodin eastview whereasn top view theNE partappears
overpronouncedavhich is confirmedby the displayin southview. As a comparison,
figure7 shavs how thelarger, computeckllipsoidencloseslmostall points. Thereby
mostof the spacewithin theellipsoidis notfilled by events. The sizeandthe shapds
dueto theoutliersmakingtheellipsoidrounderandmorespherical All ellipsoidshave
significantlydifferentorientations.The secondargestellipsoid's maximumhalf-axis
strikesSW anddips60°. Theothertwo half-axesrevealastrike of ESEandNNE and
adip of 122 and27°, respectrely. The smallerellipsoid hasorientationsof NW and
ENE aswell asdipsof 57° and4° for the smallerhalf-axes,respectrely. Thelargest
half-axisrunsSSEanddips 33 (for exactvaluesseetable4). The cloudof eventsin
the scaledcoordinatesystemformsarathercompactinner cloud. Aroundit onefinds
almostuniformly distributedevents(outliers)with no preferentiadirection. They are
responsibldor theestimate®f thetwo largerellipsoids.

3GeologicalEngineeringGroup,Los AlamosNationalLaboratory Los Alamos,NM 87545 ,USA
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largestellipsoid | mediumellipsoid | smallestellipsoid
strike | dip | strike | dip strike | dip

minimumcomponent| N350 15° | N12Z 27 | N9 4°
mediumcomponent | N87° 25 | N109 122 | N332 57
maximumcomponent N233 61° | N220 60° | N16Y 33

Table4: Orientationsof the principaldiffusivities for FentonHill.

Figure6: The ellipsoid representinghe hydraulicdiffusivity tensorshovn together
with the cloud of eventsin the scaledcoordinatesystemlooking from the top, south
andeastrespectrely.

Figure7: The ellipsoid representinghe hydraulicdiffusivity tensorshovn together
with the cloud of eventsin the scaledcoordinatesystemlooking from the top, south
andeastrespectrely.

Both ellipsoidscorrespondo the following estimatef the hydraulicdiffusivity
tensor

59 0 0 172 0 0
0 72 0 |x102*m?/s 0 348 0 |x10%*m?/s (15)
2

0 0 14 0 0 409

Again,we revertto theequationg9) and(10) for computingthe permeabilityten-
sor. Valuesfor the neededporoelasticparametersre gatheredrom literature(after
(Shapiroet al., 1999b)). The fluid viscosityn, i.e., is thatof hot water Thatmakes



154

[ ¢ | n | K[ K [ K |
[0.003] 1.9+ 10 “Pas| 49GPa| 2.2GPa| 75GRa

Table5: Estimatef poroelastiparameter$or FentonHill.

M, =~ 1.68 x 10'! Paandthus,yieldsthe permeabilitytensors

067 0 0 1.95 0 0
0 081 0 x 107%m? 0 394 0 x 107*m?  (16)
1 3

0 0 1.6 0 0 4.6

for thesmallerellipsoidandthelargerellipsoid,respectiely.

In Figure 8 one canseethat the differencebetweenthe largestand the smallest
componenbf the permeabilitytensoris not nearlyasdistinctasat the KTB site. The
ellipsoidrepresentinghe permeabilitytensor(obtainedform the smallerellipsoid) is
shown in the Cartesiancoordinatesystemtogetherwith the cloud of events. This
display makes clearthat the ellipsoid doesnot dependon the shapeof the cloud of
events.

Figure8: The cloud of eventsfrom the 1993 injection experimentat the KTB site
togethemwith the ellipsoid representinghe permeabilitytensorlooking from the top,
southandeastrespectiely.

DISCUSSIONOF RESULTS

The resultsfrom the differentsitesreveal somesimilarities. Most importantfor us
is thefactthatall resultsagreewell with independentiydeterminecpermeabilityval-
uesat comparablescales. Thus, the magnitudesbtainedcan be considerecdhighly
reasonable Resultspreviously obtainedby (Shapiroet al., 1998,1999a,b)with the
old methodare confirmedby computationsvith the new algorithm. Only at Fenton
Hill, the new minimum components slightly smallerdueto reasordiscussedbelow.
Moreover, the orientationsof thetensorscoincidewith stressandfractureorientations
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found at the respectte sitesexceptat the FentonHill site. Here,the informationon
stressaandfractureorientationsio notsuffice to beableto compareghemto ourresults.
However, thenotionof the'complex fracturesystem'(House 1987)canbeinterpreted
asa confirmationof our roundellipsoid wherethe differencebetweenthe maximum
andtheminimumcomponents merely3 to 1. Thatmeanghereis only aweaklypro-
nouncedpreferentiadirectionof fluid flow. This situationis very likely in acomple
fracturesystem.At the othertwo sitesfluid flow will be mostdistinctin directionof
thedominatingfracturesystem.

Thefiguresl, 4 and6 of the ervelopeellipsoidstogethemwith the cloud of events
in thescaledcoordinatesystemallow to judgethe quality of thefit of theellipsoidsto
the clouds. Especiallyat Soultz(figure 1), thefit is very good. Only in eastview one
canseea certainmisfit thatleadsto a smallerdip anglefor the maximumcomponent.
So,insteadf 74° thedip is rather80° or more. At FentorHill (figure6) thenorthview
shaws thatthe magnitudeof the smallesttcomponenstriking roughly EW wasa little
(factor2 to 3) overestimatedAlso slightly overestimatednight bethe entireellipsoid
attheKTB site(figure4) although— dueto the few events—thisis ratherspeculatie.
The proportionsof the threecomponentshowever, look right. Secondlywe obsere
thatthis way of presentinghe resultsgivessomeimpressiorof irregularities. Figure
6 from FentonHill, e.g.,revealsdifferencesn the extensionof the cloud southvard
andnorthward from the centerandalsoeastvard andwestward. Oncemore, hetero-
geneitieanightbethereasorfor that. The sameconsideratiorappliesto figure 1 from
Soultzwere upward and downward extensiondiffer a little. Generally we conclude
thatthe plainnumber=f thetensorsaandthe orientationgepresena reasonableesult.
However, consideringthe scaledcloud togetherwith the semi-transparergllipsoid
addssomequalitative informationwhich mightimprove theinterpretation.

Anotherillustration facilitatesthe understandingf the resultsas well as of the
method. Figures3, 5 and 8 visualizethe permeabilitytensor The ellipsoid corre-
spondingto the latteris plottedin the Cartesiarcoordinatesystemtogetherwith the
cloud of events. Thus,oneobtainsa goodimpressionof the proportionsof the ten-
sor componentaswell asof their orientations. This simplifiesthe interpretationof
possiblefluid paths. Moreover, the display shavs that the shapeof the cloudin the
Cartesiarsystemdoesnot coincidewith the tensororientationbecauset is not rele-
vantfor determininghetensor The estimationof thetensoris exclusively dependent
on the shapeof the cloud in the scaledcoordinatesystem(seealso (Shapiroet al.,
submitted2000)).

CONCLUSION

We have implementeda new, alternatve algorithmto estimatehe permeabilitytensor
Runningtimeis short— betweerl0and20 minutes- andthewholeproceduras rather
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straightforvard. Thenew approaclwastestedon variousdatasetswith differentchar

acteristicaandprovedto producevery reasonableesults.Along with thevisualization
of the tensorsasellipsoidsin goCadthe methodrepresents quite powerful tool for

estimatingfluid flow pathsandtransportcapacities.Thus,it complementshe SBRC
methodvery well.
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