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A High-FrequencySeismicExperiment to Measure
SeismicSignaturesof Fluid Flow In-situ
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ABSTRACT

In May 2000,the HIKALISTO experimentvascarried outin andarounda gallery sys-
temin southernGermany Namedfor HIigh-frequencyCAlibration measuementsn
theLIndauSDllen, thesurvey aimedat measuringine-scaledrariationsof hydraulic
propertiessud as porosity, permeabilityand pore fluid pressue of a well-knownhy-
drothermallyoverprintedtransformfault. Measuementsvere carried out within and
above a 0.7 kmlong gallery systemwhich crissciossedhe target fault. Thestructue
couldbe sensedvith frequencie®f upto 5 kHzover a range of upto 100m. A large
numberof souicesandreceives ensuesa surve/ geometrysimilar to a 3D crosshole
experiment.

INTRODUCTION

TheLindauTestSiteis locatedwithin a granitecomple of the southerrBlack Forest,
Germary (seefig. 1). The target featureof the experimentis a vertically dipping
transformfault, the so-calledore-dyle Herrmannwhich originatedin variscantimes
andconsistanainly of quartzandbarite. Fluorite mineralsoriginally containedn the
ore-dyle have beenwashedout over time and causedhe fault to becomea highly
porousand permeabldayer. In the courseof a hydroelectricprojectthe galleryand
about200 shallov boreholesweredrilled at the site. As the ore dyke wasassumed
to leadto leakagedelon a planneddam, cementwas injectedinto partsof the ore
dyke from the gallery system. The projecthad never beencompletedwhich makes
the existing infrastructureabove andbelow the surfacea uniquetestsite availablefor
research.The locationof the ore dyke togetherwith the gallery systemand someof
the boreholess shown in fig. 2. The centralpart of the gallery systemconsistsof a
triangulartestblock (seefig. 5) whichmakestheoredyke perfectlyaccessibléor high-
resolutionin-situobsenations.Thetestsiterepresentahighly controlledervironment
for seismioameasuremenighichenablesisto calibratetechniqueso deducenydraulic
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propertiefrom the measuredeismicsignature(e.g. (BatzleandWang,1992)). The
subsurécestructureis known from numerousoreholecoresdrilled from the surface
aswell asfrom thegallery Furthermorethe hydraulicsystemof thetestsiteis known
from tracerandpumpingtestscarriedoutduringthelast10years(e.g. (Himmelsbach,
1993), (Kaselav, 1999)). All boreholeswithin the gallery systemare equippedwith
pressurgaugesvhich enablesisto monitorthefluid pressureluringmeasurements.
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Figure 1: Location of the Lindau
testsite within the crystallinebase-
mentof the southernBlack Forest,
Germayy.
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Figure2: Overview of the Lindau Test Site with the ore dyke andthe gallery. Also
showvn aresomeof the boreholesvhich constrainthe 3D structurearoundthetestsite
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SURVEY DESIGN AND RESOLUTION

Thedimensiomandaccessibilityof thetestsiteaswell asthe scaleof targetproperties
imposeda challengeontothe surwey designin orderto achiere a sufficientresolution
for theanticipatedneasurementsf hydraulicproperties.
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Figure 3: Theresolutionof a seismicsuney is governedby the maximumpossible
scatteringangleandthefrequeng of theinputsignal. Curvesareplottedfor theleast
(1.5kHz) andthe highestexpectedsignalfrequeng.

Using formulaegivenin (Yilmaz, 1987) andrevisited by (Margrave, 1997), the
sizeof thesmallestresohablelengthdz onareflectorcanbe approximatedy

av

oz = 4f sin(0)

(1)

where« is a proportionalityfactor nearunity, f is the maximumfrequeny of
the probingsignal,v the velocity at targetdepthandéd the maximumscatteringangle
recordablewith the installedarray The scatteringangleitself will dependon the
apertureof the seismicarray the recordlength and the overburdenstructure. The
recever spacingis a crucial parametemasit restrictsthe maximumresohable dips
(andthereforescatteringangles)ueto spatialor operatoraliasingcausedy a spatial
samplingwhichis too coarseFig. 3 shavs the smallestdiscerniblefeaturedepending
onthescatteringanglef andthefrequeng accordingto equationl. A moredetailed
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discussiorof theseproblemscanbefoundin (Traub,1999).
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Figure4: Frequeng andtransmissiomrangeof typical surwey configurationsusedin
seismicexplorationandnon-destructie testingascomparedo theanticipatedscaleof
measuremenis the HIKALIST O experiment.

Consideringa meanthicknessof the ore dyke of about2 meters,a resolutionof
lessthan 1 meterwithin a granitic environmentof about5 km/s hadto be reached.
This implied high scatteringanglesaswell asfrequenciesvell above 1 kHz. In this
frequeng range limitations areimposednot only by the possiblesourcesandsignal
transmissionput also by the recordingcharacteristicof available recevers. This
situationis depictedin fig. 4, wherethe scaleandfrequeng rangeof our experiment
is comparedvith othersurwey configurationsrequentlyusedin explorationandnon-
destructve testing. Availablerecordingequipmenshowns a gapin therangebetween
1 and10kHz.

Survey Layout

The seismicmeasurementsonsistedof two parts: firstly, a low-frequeng (~ 100
Hz) surwey at the surfaceabove the galleryinvolving groupsof 6 geophonesvith an
eigenfrequengcof 14Hz andanairgun-typesource Secondlyahigh-frequeng surwey
(upto 5 kHz) within thegallery, mainly concentratingpn thetestblockshovnin fig. 5.
In orderto resole theoredyke with athicknesof aboutl - 3 meterswithin agranitic
hostrock, frequencie®f upto 5 kHz hadto bereachedvithin thegallery This could
beachievedby acombinatiorof high-frequeng receversincludinggeophonewith an
eigenfrequencof 100Hz andpiezo-accelerometer§hegeophoneareableto record
frequenciesipto 3kHz, whereasheaccelerometer@rerecordingn afrequenyg range
of aboutl kHz to 10kHz. As sourcesdetonatocapsanda HILTI bolt gunwereused.
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Figure5: Thecentralpartof thetestsite wherethe gallery systemexcisesatriangular
testblock of about50 m length.
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Figure6: Overview of the Testsite shaving the geometryof the geophonespread.
Throughinstallationof receversat the surfaceandwithin the gallery, a threedimen-
sionalarrayof receverscouldberealized.
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Altogether closeto 260shotpointaverecovered recordedy about220live chan-
nels.Fig. 6 depictsthelocationof thethreedimensionakcordingarrayat the surface

aswell aswithin thegallery.

Receiver Characteristics
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Figure7: Comparisorof differentrecevercharacteristicéor thetypeof receversused
in the experiment.Thefull frequeng rangeof theinput signalcanbe estimatedrom
theaccelerometarecordings.

FIRST RESULTS

In this sectionwe will shov somedataexamplesrom thetriangulartestblock within

thegallery(seefig. 5). Here,all shotswererecordedwith threearrays:first, a spread
alongthe paralleldrift, consistingof 74 100-Hz-geophonespaced.7 m apart,then
a 48-channehydrophonecablewith 0.5 m spacingwhich was installedin a 80 m

deepwaterfilled shaftdepictedn fig. 5. Shotpointsvereshotseveraltimesin order
to cover the whole shaftwith the boreholecable. A high-frequeng array consisting
of 20 accelerometerwasinstalledin the obliquedrift whereit crosseshe ore dyke.
Fig. 5 alsodepictsthelocationof someof theshotpointghatareshavn in theexample

shotgatherbelow.



197

sourcetype: Hilti, line: parallel drift, unfiltered
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Figure8: Comparisorbetweerbolt gun(upper)anddetonatoicap(lower) assources,
recordedby an array of 100-Hz geophoneslongthe paralleldrift. The HILTI bolt

gunproducesonsiderabl&-wave enegy in contrasto the explosive (detonatoicap)

source.
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Figure9: Comparisorof differentfilters for a shotrecordedoy the hydrophonecable
within the shaft. The unfiltereddata(upperfigure) shov both P- and S-wave enegy.
Lowpasdiltering (middlefigure)enhance$-wave enegy, whereass-wave enegy can
beremovedby highpasdiltering the data(lowerfigure).
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Differencesbetweenthe differentsourcetypesusedcanbe seenin fig. 8. The
HILTI bolt gun (upperfigure) produceda considerableamountof shearwave enegy
which can be seenbetweenl2 and 25 ms in the shotgather The recordingof the
detonatocap(lowerfigure)shovs predominantlyP-wave enegy. Thus,by comparing
thetwo sourcetypes,we areableto distinguishcorvertedwave enegy from S-wave
enegy createdat the source .Both sourcegproduceroughlythe samefrequeng range
(dominantfrequeng above 2 kHz).

Thedatashav alsothatthe S-wave enegy recordeds of considerabldower fre-
gueng thanthe P-wave data. This seemdo be a sourceeffect of the HILTI bolt gun,
but canbeusedto easilyseparatéhetwo wavefields.Thisis demonstratetbr arecord
of thehydrophonecablein fig. 9. Theunfilterddata(upperpart) shov both P-andS-
wave enegy, whereaghe S-wavefield canbe enhancedy lowpassfiltering the data
(middle). Whenhigh-pasdiltering the samerecord(lower part), the S-wavefield can
be eliminated.Arrows on the sidepoint to P- and S-wave reflectionsof the ore dyke.
Notethatthe shot(Sel,seefig. 5) wasnotinline with the cable. Diffraction patterns
thatcanbe seenin the left half of the shotrecordsare producedby a drilling alcove
within the waterfilled shaft. Figure7 illustratesthe rangeof recordedrequencieof
thedifferenttypesof receversusedin theexperiment.100-Hz-geophonearenotable
to recordmorethan2500Hz whichis alimit imposedby their constructior(induction
coil). However, thesourceqHILTI bolt gunaswell asdetonatoicaps)producemuch
higherfrequenciesascanbe seenin the spectraof the hydrophonegred) andthe ac-
celerometerggreen).We assumaea flat responsédor the accelerometergp to 10 kHz
(factoryspecifications) However, whencomparingtheir spectrapnehasto take into
accounthatthey weredrivenby adifferentrecordingsystemwith differentgain.

OUTLOOK

Preliminarydataexamplesof this experimentshowv thatthe anticipatedgoalsof this
experimentcould be achieved within a challengingfrequeng range. Datawill be
usedfor inversionof rock-physicalparametersvithin the well-known ore dyke. We
will testideasandapproacheso invertfor hydraulictarget properties.This includes
seismictomography attenuatiorstudies,detailedAVO studiesin the depthdomain
and comparisonof crack statisticswith measure®f possibleanisotroy within the
ore dyke. Suchstudiesarefeasiblebecausehe structureandgeometryof the target
featureis alreadywell known. Structuraluncertaintieg€anthusberuledoutasacause
for biasedn the data. Furthermorethe existing databasallows usto testa variety of
effective mediaapproachesver a wide rangeof frequenciesThe amountof detailed
informationis uniqueandenablesisto studyrock physicalpropertiegelevantfor 4D
seismicmonitoring. In addition,the equipmentof the gallery enablesus to perform
experimentaundercontrolledtransienthydraulicconditionsby injectionor extraction
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of groundvater
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