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A High-Fr equencySeismicExperiment to Measure
SeismicSignaturesof Fluid Flow In-situ
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ABSTRACT

In May2000,theHIKALISTO experimentwascarriedout in andarounda gallerysys-
temin southernGermany. Namedfor HIgh-frequencyCAlibration measurementsin
theLIndauSTOllen, thesurvey aimedat measuringfine-scaledvariationsof hydraulic
propertiessuch asporosity, permeabilityandpore fluid pressure of a well-knownhy-
drothermallyoverprintedtransformfault. Measurementswere carried out within and
abovea 0.7 kmlong gallery systemwhich crisscrossesthetarget fault. Thestructure
couldbesensedwith frequenciesof up to 5 kHzover a range of up to 100m. A large
numberof sourcesandreceivers ensuresa survey geometrysimilar to a 3D crosshole
experiment.

INTRODUCTION

TheLindauTestSiteis locatedwithin agranitecomplex of thesouthernBlackForest,
Germany (seefig. 1). The target featureof the experimentis a vertically dipping
transformfault, theso-calledore-dyke Herrmannwhich originatedin variscantimes
andconsistsmainly of quartzandbarite.Fluoritemineralsoriginally containedin the
ore-dyke have beenwashedout over time andcausedthe fault to becomea highly
porousandpermeablelayer. In the courseof a hydroelectricprojectthe galleryand
about200 shallow boreholesweredrilled at the site. As the ore dyke wasassumed
to leadto leakagesbelow a planneddam,cementwas injectedinto partsof the ore
dyke from the gallery system. The projecthadnever beencompletedwhich makes
theexisting infrastructureabove andbelow thesurfacea uniquetestsiteavailablefor
research.The locationof theoredyke togetherwith thegallerysystemandsomeof
the boreholesis shown in fig. 2. The centralpart of the gallerysystemconsistsof a
triangulartestblock(seefig. 5) whichmakestheoredykeperfectlyaccessiblefor high-
resolutionin-situobservations.Thetestsiterepresentsahighlycontrolledenvironment
for seismicmeasurementswhichenablesusto calibratetechniquesto deducehydraulic
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propertiesfrom themeasuredseismicsignature(e.g. (BatzleandWang,1992)). The
subsurfacestructureis known from numerousboreholecoresdrilled from thesurface
aswell asfrom thegallery. Furthermore,thehydraulicsystemof thetestsiteis known
from tracerandpumpingtestscarriedoutduringthelast10years(e.g.(Himmelsbach,
1993),(Kaselow, 1999)). All boreholeswithin thegallerysystemareequippedwith
pressuregaugeswhichenablesusto monitorthefluid pressureduringmeasurements.

Figure 1: Location of the Lindau
testsitewithin thecrystallinebase-
mentof thesouthernBlack Forest,
Germany.
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Figure2: Overview of the Lindau TestSite with the ore dyke andthe gallery. Also
shown aresomeof theboreholeswhichconstrainthe3D structurearoundthetestsite
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SURVEY DESIGN AND RESOLUTION

Thedimensionandaccessibilityof thetestsiteaswell asthescaleof targetproperties
imposeda challengeontothesurvey designin orderto achieve a sufficient resolution
for theanticipatedmeasurementsof hydraulicproperties.
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Figure3: The resolutionof a seismicsurvey is governedby the maximumpossible
scatteringangleandthefrequency of theinput signal.Curvesareplottedfor theleast
(1.5kHz) andthehighestexpectedsignalfrequency.

Using formulaegiven in (Yilmaz, 1987)and revisited by (Margrave, 1997), the
sizeof thesmallestresolvablelength ÏÑÐ ona reflectorcanbeapproximatedby

Ï�ÐÒU Ó es�Ô�Õ×ÖÙØ ¥¦Ú « (1)

where Ó is a proportionalityfactor nearunity, Ô is the maximumfrequency of
theprobingsignal, e thevelocity at targetdepthand Ú themaximumscatteringangle
recordablewith the installedarray. The scatteringangle itself will dependon the
apertureof the seismicarray, the recordlength and the overburdenstructure. The
receiver spacingis a crucial parameteras it restrictsthe maximumresolvable dips
(andthereforescatteringangles)dueto spatialor operatoraliasingcausedby a spatial
samplingwhich is too coarse.Fig. 3 shows thesmallestdiscerniblefeaturedepending
on thescatteringangle Ú andthefrequency accordingto equation.1. A moredetailed
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discussionof theseproblemscanbefoundin (Traub,1999).

Figure4: Frequency andtransmissionrangeof typical survey configurationsusedin
seismicexplorationandnon-destructivetestingascomparedto theanticipatedscaleof
measurementsin theHIKALISTO experiment.

Consideringa meanthicknessof the ore dyke of about2 meters,a resolutionof
lessthan1 meterwithin a granitic environmentof about5 km/s hadto be reached.
This implied high scatteringanglesaswell asfrequencieswell above 1 kHz. In this
frequency range,limitationsareimposednot only by thepossiblesourcesandsignal
transmission,but also by the recordingcharacteristicsof available receivers. This
situationis depictedin fig. 4, wherethescaleandfrequency rangeof our experiment
is comparedwith othersurvey configurationsfrequentlyusedin explorationandnon-
destructive testing.Availablerecordingequipmentshows a gapin therangebetween
1 and10kHz.

Survey Layout

The seismicmeasurementsconsistedof two parts: firstly, a low-frequency ( Û 100
Hz) survey at thesurfaceabove thegallery involving groupsof 6 geophoneswith an
eigenfrequency of 14Hzandanairgun-typesource.Secondly, ahigh-frequency survey
(upto 5 kHz) within thegallery, mainlyconcentratingonthetestblockshown in fig. 5.
In orderto resolvetheoredykewith a thicknessof about1 - 3 meterswithin agranitic
hostrock, frequenciesof up to 5 kHz hadto bereachedwithin thegallery. This could
beachievedbyacombinationof high-frequency receiversincludinggeophoneswith an
eigenfrequency of 100Hz andpiezo-accelerometers.Thegeophonesareableto record
frequenciesupto3kHz,whereastheaccelerometersarerecordingin afrequency range
of about1 kHz to 10kHz. As sources,detonatorcapsanda HILTI bolt gunwereused.
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Figure5: Thecentralpartof thetestsitewherethegallerysystemexcisesa triangular
testblockof about50m length.

Figure6: Overview of the Testsite showing the geometryof the geophonespread.
Throughinstallationof receiversat the surfaceandwithin the gallery, a threedimen-
sionalarrayof receiverscouldberealized.
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Altogether, closeto 260shotpointswerecovered,recordedby about220livechan-
nels.Fig. 6 depictsthelocationof thethreedimensionalrecordingarrayat thesurface
aswell aswithin thegallery.

0 1000 2000 3000 4000 5000 6000 7000 8000

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

S
pe

ct
ra

l A
m

pl
itu

de

Frequency [Hz]

Receiver Characteristics

Hydrophone cable on SUMMIT        
accelerometers on SEAMEX (1/1000) 
100−Hz geophones on SUMMIT (Hilti)
100Hz geophones on SUMMIT (TNT)   

signal

geophones

accelerometers

Figure7: Comparisonof differentreceivercharacteristicsfor thetypeof receiversused
in theexperiment.Thefull frequency rangeof theinput signalcanbeestimatedfrom
theaccelerometerrecordings.

FIRST RESULTS

In thissection,wewill show somedataexamplesfrom thetriangulartestblockwithin
thegallery(seefig. 5). Here,all shotswererecordedwith threearrays:first, a spread
alongtheparalleldrift, consistingof 74 100-Hz-geophonesspaced0.7 m apart,then
a 48-channelhydrophonecablewith 0.5 m spacingwhich was installedin a 80 m
deepwater-filled shaftdepictedin fig. 5. Shotpointswereshotseveral timesin order
to cover the wholeshaftwith the boreholecable. A high-frequency arrayconsisting
of 20 accelerometerswasinstalledin theobliquedrift whereit crossestheoredyke.
Fig.5 alsodepictsthelocationof someof theshotpointsthatareshown in theexample
shotgathersbelow.
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Figure8: Comparisonbetweenbolt gun(upper)anddetonatorcap(lower)assources,
recordedby an arrayof 100-Hzgeophonesalongthe paralleldrift. The HILTI bolt
gunproducesconsiderableS-wave energy in contrastto theexplosive (detonatorcap)
source.
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Figure9: Comparisonof differentfilters for a shotrecordedby thehydrophonecable
within theshaft. Theunfiltereddata(upperfigure)show bothP- andS-wave energy.
Lowpassfiltering (middlefigure)enhancesS-waveenergy, whereasS-waveenergy can
beremovedby highpassfiltering thedata(lowerfigure).
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Differencesbetweenthe differentsourcetypesusedcanbe seenin fig. 8. The
HILTI bolt gun(upperfigure)produceda considerableamountof shearwave energy
which can be seenbetween12 and 25 ms in the shotgather. The recordingof the
detonatorcap(lowerfigure)showspredominantlyP-waveenergy. Thus,by comparing
the two sourcetypes,we areableto distinguishconvertedwave energy from S-wave
energy createdat thesource.Bothsourcesproduceroughlythesamefrequency range
(dominantfrequency above2 kHz).

Thedatashow alsothat theS-wave energy recordedis of considerablelower fre-
quency thantheP-wave data.This seemsto bea sourceeffect of theHILTI bolt gun,
but canbeusedto easilyseparatethetwo wavefields.This is demonstratedfor arecord
of thehydrophonecablein fig. 9. Theunfilterddata(upperpart)show bothP- andS-
wave energy, whereasthe S-wavefield canbeenhancedby lowpassfiltering the data
(middle). Whenhigh-passfiltering thesamerecord(lower part), theS-wavefieldcan
beeliminated.Arrows on thesidepoint to P- andS-wave reflectionsof theoredyke.
Notethat theshot(Se1,seefig. 5) wasnot inline with thecable.Diffractionpatterns
thatcanbeseenin the left half of theshotrecordsareproducedby a drilling alcove
within thewater-filled shaft. Figure7 illustratestherangeof recordedfrequenciesof
thedifferenttypesof receiversusedin theexperiment.100-Hz-geophonesarenotable
to recordmorethan2500Hz which is a limit imposedby theirconstruction(induction
coil). However, thesources(HILTI bolt gunaswell asdetonatorcaps)producemuch
higherfrequenciesascanbeseenin thespectraof thehydrophones(red)andtheac-
celerometers(green).We assumea flat responsefor theaccelerometersup to 10 kHz
(factoryspecifications).However, whencomparingtheir spectra,onehasto take into
accountthatthey weredrivenby adifferentrecordingsystemwith differentgain.

OUTLOOK

Preliminarydataexamplesof this experimentshow that the anticipatedgoalsof this
experimentcould be achieved within a challengingfrequency range. Data will be
usedfor inversionof rock-physicalparameterswithin the well-known ore dyke. We
will testideasandapproachesto invert for hydraulictargetproperties.This includes
seismictomography, attenuationstudies,detailedAVO studiesin the depthdomain
and comparisonof crack statisticswith measuresof possibleanisotropy within the
ore dyke. Suchstudiesarefeasiblebecausethe structureandgeometryof the target
featureis alreadywell known. Structuraluncertaintiescanthusberuledoutasacause
for biasesin thedata.Furthermore,theexisting databaseallowsusto testa varietyof
effective mediaapproachesover a wide rangeof frequencies.Theamountof detailed
informationis uniqueandenablesusto studyrockphysicalpropertiesrelevantfor 4D
seismicmonitoring. In addition,the equipmentof the galleryenablesus to perform
experimentsundercontrolledtransienthydraulicconditionsby injectionor extraction
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of groundwater.
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