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Abstract

To measurechangesin soil moisturecontentof the subsurface, I collectedcrosshole

groundpenetratingradar(GPR)data.I comparedthechangesin theGPRresponseduringaninÞl-

trationtestconductedin June,2001.Thetomography datawereacquiredin May, June,andSep-

tember, 2001.Theexperimentsindicatedthattheelectromagnetic(EM) velocityof thesubsurface

changedover theacquisitionperiod.In this time-lapseexperiment,changesin theEM velocityare

linked to changesin thesoil moisturecausedby the inÞltrationtest.I canusethe tomogramsto

mapwaterßow throughthevadosezone.Thetomography did not imagetheverticalclasticdike

that transectedthe inÞltrationtestsite.However, this dike mayaccountfor slow velocitiesin the

tomogramsthat crossthe dike. A morecarefuldesignof the tomography part of the inÞltration

experimentwould probablyresult in higherdataquality andmoreconsistentimagesof the soil

moisture distribution.

Intr oduction

Understandingßuid ßow in the unsaturatedzoneis importantto determinethe fateand

transportof contaminants.The distribution of moisturecontentis vital to accuratemodelsof
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vadosezone¯uid ¯o w. A reliableandnon-invasive methodto adequatelymapthemoisturecon-

tentdistribution in thesubsurfaceis highly desirable.Themoisturecontentdistribution will pro-

vide betterinput to unsaturatedzonefateand transportmodelingstudiesand thus increasethe

reliability of the resulting models.

The clastic dikes are vertical featuresthat disrupt the layering of the Pleistocenēood

depositsof the Hanfordformation.The dikesaresedimentaryfeaturesthat aremostcommonly

seenasregular-shapedpolygonalnetworksin theArmy LoopRoadarea.At theArmy LoopRoad

testsite, the dikesaregenerallycomposedof multiple sub-vertical layerswith an outerskin of

clay with coarserin®llingmaterial.Thein®llingmaterialaretypically poorly to well-sortedsand,

but thedikesmaycontainclay, silt, andgravel (Murray andFayer, 2001;Fayer, et al., 2001).The

hydraulic conductivity of the surrounding¯ood depositsis about10-3 cm/s.The centerof the

dikeshaveanaveragehydraulicconductivity of 10-3 cm/s.Thedikeskinhashydraulicconductiv-

ities ranging from 10-7 cm/s to 10-4 cm/s (Murray and Fayer, 2001; Fayer, et al., 2001).

Numerousnetworksof clasticdikesexist throughouttheHanfordsite.Therole thesedikes

play in the¯o w of wateris poorly understood.Thesedikesmayactasbarriersto horizontal¯o w.

They may alsobe vertical conduitsfor water into the underlyingaquifer. Understandingof the

hydrauliccharacterof thedikesis critical to thedesignof wastefacilitiesandtheremediationof

contaminated sites.

An in®ltrationtest was conductedin late May throughJuneof 2001 to determinethe

hydrauliccharacterof theclasticdikes.As partof this study, I conductedcrossholegroundpene-

trating radar(GPR)surveys to imagethe in®ltrating¯uid. I collectedGPRdatain threesimilar

experimentsin May, June,and September, 2001, reoccupying the wells at the test site. This

methodhasbeensuccessfullyappliedduring in®ltrationtests(Alumbaugh,2002;Binley, 2001).
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Theseexperimentscorrespondto pre-in®ltration,in®ltration, and post-in®ltration.Analyzing

changesover time in theresultingtomogramsprovidesinformationon the¯o w of waterthrough

the vadose zone.

Methods

Crosshole Ground Penetrating Radar Tomography

CrossholeGPR tomography is usedto map two-dimensionalvelocity changesbetween

two wells (®gure1). An antennais placedin eachwell. Oneantennais heldat a constantdepth.

Thesecondantennais loweredin incrementsdown theotherwell, recordingthearrival timeof the

energy transmittedby thestationaryantenna.After thisantennareachesthemaximumdepth,usu-

ally thedepthof thewell, the®xedantennais thenloweredoneincrement.Theantennaatdepthis

Figure 1. Geometry for crosshole tomography experiments.
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raisedto the top of the well, then loweredas before.This processis repeateduntil the ®xed

antennahasbeenloweredto themaximumdepth.This geometryenablesradarenergy to repeat-

edly sample the space between the wells.

Tomography consistsof a forwardmodelingandaninversionroutineto derive theveloci-

ties between the two wells. In a simple, linear case, the system of equations to solve is:

Gm=d, (1)

whereG is a matrix, m arethemodelparametervalues,andd is thedata.In tomography, m is a

vectorof valuesof theinverseof velocity, or slowness.d is thevectorof traveltimesbetweeneach

sourceandreceiver pair. G consistsof the lengthof the ray in eachcell in the modelfor all the

sourceandreceiver pairs.In the nonlinearcase,G is alsocalledthe Jacobianmatrix. Pre-multi-

plying each side by the inverse ofG gives the solution:

m=G-1d. (2)

In tomography, theproblemis oftenill-conditionedandinconsistent.In otherwords,some

of thecellsin themodelarenot sampledandsomeareoversampled.Theresultis thatG is singu-

lar andan inversedoesnot exist. To overcomethis dif®culty, the equationscanbe reformulated

into the weighted, damped, least squares solution (Menke, 1989):

mest = <m> +[GTWeG + Wm]-1GTWe[d-G<m>]. (3)

Here,mest is thesolution,anestimateof thetruemodelparameters,slowness(velocity) in travel-

time tomography. <m> is aninitial guessto theslowness(velocity)model,We is adataweighting

matrix,Wm is themodelweightingmatrix,andl is aparameteradjustingtherelative importance

l 2
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of model®tor data®t.For this analysis,We is the identity matrix andWm is the regularization

matrix, consisting of the ®nite-difference approximation to the second derivative (-1 2 -1).

To determinethevelocity®eld,I implementacurvedray, nonlineartomographicinversion

method(Aldridge andOldenburg, 1993).BecauseI am usingcurved rays,the path lengthsare

dependentonthevelocitymodel.I linearizetheproblemby solvingfor smallchangesin theslow-

nessmodelcorrespondingto traveltimedifferencesbetweentheobserveddataandthecalculated

values.Usingmorephysically realisticcurvingrays,asopposedto thesimplestraightrayapprox-

imation,makestheproblemmoredif®cultto solve. However, the resultsshouldbea betteresti-

mate of the subsurface velocity distribution.

The forward modelis a ®nite-differenceapproximationto the eikonal equation.The for-

wardmodelalgorithmcomputesthetravel time of the®rstarriving energy to eachnodeon the2-

dimensionalgrid. Path lengthsof the ray througheachcell arecomputedby backprojectingthe

ray from the receiver to the sourcealongthe gradientof the traveltime ®eld.Thesepathlengths

are the values of theG or Jacobian matrix and are used by the inversion routine.

Theinversionroutineiteratively updatestheslownessmodelbasedon equation3 until the

stoppingcriteria aremet.The tomography routinestopswhenthe datamis®tis aboutthe same

level asthenoisein thedataor thenumberof iterationsexceedsa user-de®nedamount.In addi-

tion, inversionusesan iterative solver, LSQR, to invert for the velocities(PaigeandSaunders,

1982).Thematricesin equation3 aretoo largeto beef®cientlysolvedby singularvaluedecom-

position.The LSQR routine is fast,but the inverseof the matrix is not computed.Without the

matrix inverse,formalestimatesof resolutionandcovariancearenotpossible.Theprogramcalcu-

latesthe slownessvaluesfor the planebetweenthe two wells, thenoutputsthe calculated,2-D

velocity distribution.
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Data Acquisition

Crosshole GPR data

I visitedtheArmy LoopRoadClasticDikeIn®ltrationsitethreetimesto imagethechange

in soil moistureduring the in®ltrationtest.Table1 lists the acquisitiondatesandthe well pairs

usedin the surveys. A conepenetrometerwasusedto develop andcasethe boreholes,labeled

Table 1: Geophysical Þeld experiments

Survey Date Well Pairs

May 14-20, 2001 3 to 5; 7 to 6; 3 to 7; 3 to 8; 1 to 8; 1 to 3;
1 to 7; 5 to 6; 4 to 5; 7 to 4; 2 to 3; 2 to 7

June12-14, 2001 3 to 5; 3 to 7; 7 to 6; 3 to 8; 1 to 7; 2 to 3

September 17-18, 2001 3 to 5; 3 to 7; 3 to 8; 7 to 6
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CPT1throughCPT8(®gure2). The boreholesarecasedwith PVC tubes,which have an inner

diameterof 2.0 inches(0.051m). About a meteror so of this pipe extendedabove the land sur-

face.BetweentheMay andtheJuneexperiment,thetop 30 to 50 cm of this extendedtubingwas

cut off. The May data are compensated to depths corresponding to the lowered tube heights.

Figure2. Layoutof thein®ltrationexperiment.Well locationsarelabeled.Theareaof in®ltra-
tion is the labeled,dashedrectangle.Thesurfaceexpressionof theclasticdike runssouth-south-
westto north-northeast.ThetrenchwasexcavatedaftertheJuneexperiments.A large,plasticand
metal tent covered the in®ltration area.
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Also, after theMay acquisition,thein®ltrationtestareawasdeveloped.Thetestareawas

coveredwith ÒdripÓhoseandinstrumentedwith TDR probesandpiezometers.Moresigni®cantly,

a large,plastictentwith metalsupportscoveredthein®ltrationarea.Two wells,CPT3 andCPT7,

werenearthe edgesinsidethe tent.The low overheadat thesewells madecalibratingthe GPR

instruments dif®cult.

ThetrenchwasexcavatedbetweentheJuneandSeptemberexperiments.Theedgeof the

trenchwasabouta meterfrom CPT 3 andCPT8. CPT 1 andCPT 2 wereno longeraccessible,

althoughthe tubesremainedin place.Thetrenchingappearsnot to have disturbedthesediments

surroundingthe otherwells, especiallyCPT 3 andCPT 8. However, the excavation of sediment

from the trenchaltersthe materialpropertiespossiblysensedby the GPRenergy. Low velocity

sediments(~0.15m/ns)removedby trenchingarereplacedwith high velocity air (0.3m/ns).This

changein materialpropertymay introduceerror or artifactsinto the tomogramsandmay cause

error in the interpretation for data recorded during the September experiment.
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Figure3 shows typical tomography shotgathers.The transmitterandreceiver werelow-

eredby 0.125m incrementsdown theboreholes.In a typical survey, thetransmitterwasstationed

at 1.0 m at the startof the survey andwasloweredto the bottomof the well. The receiver was

startedat 0.5 m below thetop of thewell casing,andloweredto thebaseof thewell. I used100

MHz antennasandrecordedtheenergy usingasampleinterval of 0.8ns.To improve thesignalto

noise ratio, the data were stacked (summed) 16 times at each position.

Figure3. Tomography panelscollectedbetweenwellsCPT3 andCPT8. Thestarin eachplot
marks the depth (3.5 m) of the transmittingantenna.Tracesin May start nearerthe surface
because the top of the tube was about 43 cm higher than the later experiments.
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Severaldifferentacquisitiongeometriesareusedto ensuredataquality. Theradarsystem

doesnotknow thetriggertimefor thetransmittedpulse.A calibration®leis acquiredto determine

this time.At thestartof acquisitionbetweena well pair, theantennasareplacednext to thewells

andseveral tracesacquired.From measurement,I know the antennaseparation.The velocity of

radarenergy in air is 0.3m/ns,soI cancalculatethetravel timebetweentheantennas.Thetrigger

time is the differencebetweenthe recordedarrival time on the calibrationtracesandthe calcu-

latedtime basedon the antennaseparation.This calibrationprocedureis repeatedfor eachnew

well pair.

I alsoacquiredatawith the antennasloweredinto the wells at equaldepths.Thesezero-

offsetpro®les(ZOP)usuallyhavehighqualityarrival timepicks.During thetomography acquisi-

tion, theloweredreceiving antennais at thesamedepthasthetransmittingantennafor onetrace.

For example,with thesourceat 3.5m, onetracefrom thegatherhadthereceiving antennaalsoat

3.5m depth.Arrival timesfrom thesepairsshouldbeequalto thearrival timesfrom theappropri-

atedepthof the level runs.Thus,theZOPdataareusedto correctfor time drift during thedura-

tion of the tomography acquisition.

ZOPstakeonly a few minutesto acquire.Thetomography panelsoftentakeseveralhours.

Thetime basemaydrift dueto temperaturevariationsandbatterypower decayover theperiodof

acquisition.TheZOPs,becausethey areacquiredquickly, arenot soproneto time drift. I check

thedifferencebetweenthelevel run time andtheappropriatetime from thetomography dataand

shift theentiretomography panelto align the times.(A panelis onesetof travel timesfrom one

transmitterlocation).This procedureis repeatedfor all the tomography datato correctfor time

drift.
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The®rstarriving travel timesarepickedfrom thecrossholeGPRdata.Theradarsections

areminimally processedto remove low frequency, ÒwowÓenergy causedby saturatingthe elec-

tronics.Thedataarealsoshiftedby thetriggerdelay. Thepeakamplitudesnearthearrival of the

energy arepickedautomatically. Thesetimesareshiftedto compensatefor thedelaybetweenthe

onsetof the energy and the peakamplitude.As describedabove, the time picks are carefully

examinedto correctfor timedrift errors.I pick the®rstarriving energy oneachtracefor theinput

data to the tomography method.

Theshapeof thewavesin ®gure3 look similar. In ®gure3a,the tracesextendto 7.25m,

unlike thedatafrom JuneandSeptember. In May, thetransmitterwasin CPT3. In JuneandSep-

tember, thetransmitterwasin CPT5, a shallower well. TheMay datarepresentsthebackground

situation.Thearrivals in ®gure3astartat about25 ns, thendecreaseto about20 nsabout2.5 m

below the surface.Below 5 m, the traveltimesincreaseto about33 ns at the well bottom.The

breakin the curvatureof the arrivals at about5.7 m indicatesa slow velocity zonebelow this

depth.

In June(®gure3b), thetravel timesarelaterat all depthscomparedto theMay data.Dur-

ing June,waterin®ltratedthegroundfrom the in®ltrationtest.The radarvelocity in water(0.03

m/ns)is muchslower velocity thantheradarvelocity in air (0.3m/ns).Waterreplacingair in the

poreswill decreasethevelocity of thematerial.Theincreasedtraveltimesin theJunedatacorre-

spondto slower velocitiesin thesubsurface.In theJunedata,the traveltimesin theupper3.0 m

aremoredelayedcomparedto theMay traveltimes.Below 3.0m, thetraveltimedifferenceis not

aslargefrom May to June.TheSeptemberdata(®gure3c) aresimilar to theMay data.Thedata

are delayed only a nanosecond or two relative to the May data.
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Thedataareacquiredwith thesameacquisitionparameters,sodifferencesin thedataare

dueto changesin thesubsurfaceconditions.Obviously, themostsigni®cantchangewill bewater

addedfrom the in®ltrationtest.A travel time delayprobablyindicatesthat morewater is in the

porespace.ThesmalldifferencebetweenMay andSeptemberindicatesthatthesubsurfaceis dry-

ing out from the in®ltrationexperiment,but that the moisturecontentin the groundis slightly

higher than during May.

The numberof travel time picks for the tomographicinversionrangesfrom 539 travel

timesfor theSeptemberpairCPT3 to CPT7 to over2,200for theMay pairCPT3 to CPT5. The

dataquality andthedepthof thewells determinedthenumberof picksusedin the tomographic

inversion.The tomography routine estimatesthe velocity betweenthe well pair basedon the

travel time picksandthedistancebetweenthetransmitterandreceiver pairs.A numberof param-

etersmustbedeterminedin orderfor theroutineto computethevelocity ®eld.Theareabetween

thewells is griddedinto equalsized,constantslowness(velocity) cells.Eachcell is 0.1m by 0.1

m. Thenumberof cellsis computedfrom theacquisitiongeometry. To avoid edgeeffects,thegrid

is extended in four directions by 1.33 m.

In tomography problems,the solution is usually mixed-determined;somecells are not

sampledandothercells areoversampled.In this case,simple inversionis not possible.Instead,

the tomography routine regularizesthe problem to ®nd a solution (Aldridge and Oldenburg,

1993).The regularizationschemeusesapproximationsto the seconddifferenceoperator. This

choiceis oftenreferredto assmoothingsincethesolutionis forcedto varysmoothly. A featureof

theroutineis that thehorizontalandverticalsmoothingcanbeweighteddifferently. To maintain

simplicity, I used an equal weighting of 2 in each direction.
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In thenon-linearinversion,a startingmodelis necessaryto avoid local minimasolutions.

Thestartingmodelhasthreelayers.The®rstlayeris 0.5m thick with a velocity of 0.3m/ns,rep-

resentingtheair accountingfor thestickupheightof thewells.Thesecondlayerextendsto 5.5m

depthwith aconstantvelocityof 0.14m/ns.Thelastlayerhasavelocityof 0.12m/nsandextends

to thebaseof themodel.This startingmodelis a roughapproximationto thevelocity structureat

the clastic dike site.

Finally, thenon-linearnatureof theproblemrequiresaniterativesolutionto thelinearized

system(Aldridge andOldenburg, 1993).The routinestopsiteratingwhenthe root meansquare

(RMS) mis®tis lessthan0.25nsor thenumberof iterationsexceeds20.The0.25nsmis®tvalue

is anestimateof theerrorin thetravel timepicks.Requiringthesolutionto reducethemis®tmore

impliesthattheroutineis seekingsolutionsthat®tthenoisein thedata.Increasingthenumberof

iterationsdoesnot signi®cantlychangethesolutionandmaycausethesolutionto ®tthenoisein

the data.Fitting the datanoisewill unrealisticallyincreasethe solutionÕs complexity, providing

more ÒinformationÓ than the data really contains.
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Tomographic Analysis

Table2 lists theaverageEM velocitiesandtheir rangefrom the tomography experiment.

Therangewascomputedusingvelocityvalueslessthan200m/ns.Velocitiesfasterthan200m/ns

arecertainlyin¯uencedby theair at thesurface.In general,theaveragevelocitiesdecreasefrom

May to June,exceptCPT3 - 8. FromJuneto September, theaveragevelocitiesdecrease,except

for CPT3 - 5. However, thetomogramfrom CPT3 - 5, Septemberis anomalous,asseenlater, and

probablyis inaccurate.The averagevelocitiesindicatethat the subsurfacevelocitiesdecreased

during the tomography experiment, indicating that the ground becamewetter over this time

period.

CPT3 - 7 andCPT3 - 8 havesloweraveragevelocities;theslowestaveragevelocitiesare

observedin CPT3 - 7. Theaveragevelocitiesaresigni®cantlyslower thantheothertomograms.

Interestingly, thesetwo transectscrossthe clastic dike whereasthe other two transectsare on

oppositesidesof the dike anddo not crossthe dike (®gure2). The slower averagevelocitiesin

CPT3 - 8 andCPT3 - 7 mayindicatethattheclasticdikehasslowervelocitiesthanthesurround-

ing material.Looking at thegeometryin Figure2, thepaththroughCPT3 - 8 is perpendicularto

thedike,while thepaththroughCPT3 - 7 is atanangle.Theraysfrom CPT3 - 7 travel longerin

Table 2: Average EM velocity and range (m/ns)

CPT pairs May June September

3 to 5 157.6
98.7 to 198.6

134.0
111.6 to 189.7

152.0
117.27 to 199.8

3 to 7 112.3
88.5 to 172.4

104.8
80.1to 134.5

101.6
53.6 to 182.6

3 to 8 131.0
113.1 to 143.9

133.2
117.6 to 145.9

127.7
105.2 to 151.1

7 to 6 145.0
73.5 to 200.0

137.7
58.8 to 199.9

136.0
62.0 to 199.5
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the dike causingthe slower averagevelocitiesin CPT 3 -7 thanbetweenCPT 3 - 8. The largest

velocity changeis in CPT3 - 5 betweenMay andJune.This velocity decreaseis probablycaused

by the water in®ltrating during the test.

Tomograms

Thetomogramsareplottedwith areasof low raycoverage(raydensities< 0.1)whitedout

to avoid interpretingareaswith no information.Thevelocitiesplottedin thetomogramshave the

samevelocity scale.In otherwords,thecolor bar is thesamein all of the tomogramplots.From

left to right, the threepanelsin each®gurearefrom theMay, June,andSeptembersurveys. The

soil moisturecontentderivedfrom theneutronprobedatais plottednext to theappropriateCPT. I

have alsoplottedthebaseline for thesoil moisturecontentdataasa vertical line. In thevelocity

differenceplots, the ®rstpanel is the tomogramfrom the May experimentwith the tomogram

color bar(identicalto thetomogramMay plots).For thedifferencepanels,thecolor barindicates

thevelocity differencebetweentheMay tomogramandthelatertomograms.Again, thecolor bar

is thesamefor thevelocitydifferenceplots.I havealsoincludedthesoil moisturecontentderived

from the neutronprobedatasimilar to the tomogramplots.However, for the velocity difference

panels,I plottedthe differencein soil moisturecontentfrom the May data.Thus,an increasein

soil moisturefrom May to Junewould be a decreasein the velocity, or a valueto the left of the

baseline in thesoil moistureplot. Theconsistency of thecolor barsallows for directcomparison

between the tomograms.
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The velocity tomogramsfor CPT 7 - 6 show a slow velocity layer nearthe uppertwo

meters(®gure4). This zone,between0.75to 2 m, coincideswith a sill like structureoff thedike

faceobservedfrom thetrench.In thetrench,thesill is 0.5m to 1.25m depth.Thetomogramindi-

catesthat thesill hasslower velocity thanthesurroundingmaterial.Theslower velocity suggests

that the®ner-grainedsedimentsof thesill may retainmorewaterthanthesurroundingmaterial,

causingthevelocityanomaly. Thisslow zoneis underlainby highervelocitymaterialevenfor the

initial conditions,indicatingthatmoisturein®ltratingthesiteundernaturalconditionseitheris not

retainedby thecoarsergrainedsedimentbelow thesill, or thewaterdoesnot penetratebelow the

overlying sill.

Figure4. Tomogramsfrom wells CPT7 - 6. Solid curvesto theleft andright of theMay and
June tomogram are the neutron probe soil moisture estimates.
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To assessthereliability of theinterpretation,plotsof raydensityindicatewherethemodel

hasbeenbestsampled(®gure5). The ray densityis the total sumof ray lengthsthrougha cell

dividedby thelengthof thecell (0.1m). In theplots,ray densityvaluesgreaterthan100areplot-

ted in red.Higher ray densitiesindicatewherethe model is morereliable.As expected,the ray

densityis lower in the slow velocity zones.Due to FermatÕs principle, raysrefractaroundslow

zones.FermatÕs principlestatesthatenergy takesthepathfor which thetraveltimeis a minimum

comparedwith neighboringpaths(Sheriff, 2002).Thus,theseareasarenotaswell sampledasthe

faster, surroundingmaterial.Theseslow zonesmaystill beinterpreted,but thevelocity resolution

Figure5. Ray densitiesfrom CPT 7 - 6. The ray densityis the total lengthof the raypaths
throughacell dividedby thelengthof thatcell (0.1m). Raydensitiesgreaterthan100areplotted
in red.



18

in thesezonesis not asgoodasin thefasterzones.Theray densityplotsindicatesthattheveloci-

ties outside of the slow zone are reliable.

Velocitydifferenceplotsshow thelocationsof velocitychangesduringthein®ltrationtest.

In ®gure6, theMay tomogramis plottedon theleft. Thetwo panelsat thecenterandright arethe

changein velocity from May. Interestingly, thevelocity below about2 m depthincreasesslightly

in Junedespitethewateringat thesurface(®gure6). However, theneutronprobedatafrom CPT6

Figure6. Redvelocitiesin panels2 and3 indicatethat thevelocity hasincreasedsinceMay.
Blue velocitiesindicatea decreasein velocity sinceMay. In the May panel,the neutron-derived
soil moistureis plottedasin ®gures4 and5. For theJuneandSeptemberplots,I have plottedthe
soil moisturedifference(thesoil moisturein May minusthesoil moisturein Juneor September).
Thus,an increasein soil moisturewill have a negative value(left of thebaseline)anda decrease
will haveapositivevalue(right of baseline).Thisconventionis followedin all thevelocitydiffer-
ence plots.
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and 7 increaseslightly, indicating that the observed changein the tomography may be due to

noise. By September, the velocity has decreased slightly from the May values.

The tomogramfor CPT 3 - 5 (®gure7) indicatesa relatively fast layer to about5.5 m

depth.A slow velocity zoneunderliesthis layer. The slow zonegraduallyincreasesin velocity

towardCPT5; however, this lowerzoneis notwell constrainedlaterally. Theupperportionof the

tomogramshows a velocity decreasein theupper3.5m in June(panel2) indicatingthatwateris

in®ltratingto deeperdepths.Theslow velocity zoneremainsbelow 5.5 m depth.TheSeptember

panel(panel3) looksunusual.I think that thedatafor this experimentmayhave beenincorrectly

saved and so the velocities for the September tomogram are unreliable.

Figure 7. Tomograms from CPT 3 to 5.
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In ®gure8, the highestray densityvaluesare between2 to 5 m, indicating that these

resultsarethe mostreliable.The red stripefrom the lower left cornerto the upperright corner

indicatesthat theradarenergy is focussedalongthis path.Thebluezonesat themodel's top and

bottomshow poorerray coverage.The poorercoverageis dueto the acquisitiongeometry;less

redundancy existsat thetop andbottomof themodel.Resultsfrom theseregionsshouldbeinter-

Figure 8. The ray density diagram for CPT 3 - 5.
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pretedcautiously. The velocity difference®gure(®gure9) shows that the velocitiesdecreased

betweenMay andJunein theupper4.5 m or so, indicatingan increasein thesoil moisturecon-

tent.

Figure 9. Velocity difference plots for CPT 3 - 5.
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ThetomogrambetweenCPT3 - 7 containstheslowestvelocities(Table2) andshows lit-

tle velocityvariation(®gure10).Althoughnotobserved,theclasticdikecrossesnearthecenterof

the tomogram.A high velocity anomalyis seenat about3.5 m depthnearCPT 7. The higher

velocitiesin theupperright cornernearCPT3 maybeanartifactdueto the in¯uenceof theair.

Figure 10. Tomograms from CPT 3 - 7.
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The ray densities(®gure11) indicatethat resultsnearCPT 7 below 2 m aremorereliable.The

Figure 11. Ray densities from CPT 3 - 7.
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velocity differenceplot (®gure12) shows that thevelocitiesdecreasedfrom May in theJuneand

Septemberpanels.Thevelocity changesaresmallanddo not appearto correlatewith theneutron

derived soil moisture content pro®les.

Figure 12. Velocity difference plots from CPT 3 - 7.
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Thetomogramfrom CPT3 - 8 containsa fastzonebetweenabout2 to 5 m (®gure13).A

slow zoneexistsbelow 5 m. A slow velocity layermayexist above 2 m, but thatregion is poorly

sampledsothezoneis not well resolved.This zone,if it exists,mayberelatedto thepresenceof

the sill on the westsideof the dike. The slow zonebelow 5 m depthcorrespondswell with the

neutronderivedsoil moisturelogs.Thezoneis not continuousbetweentheCPTs,but again this

part of the modelis poorly resolved.This slow zoneincreasesin velocity in the Junepanel;the

velocity decreasesand is more extensive in the Septemberpanel.The Septemberpanelmore

clearly shows the slow zonesat the top andbottomof the model.The upperzoneextendsfrom

CPT 8 to about 3.5 m in the center of the tomogram.

Figure 13. Tomography panels from CPT 3 to 8.
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Thelowerzoneis morecontinuousandextendsupwardto 4.5m. This tomogramindicates

thatthewateris ¯o wing towardthecenterof theplane,towardtheclasticdike,andthepondingat

the approximately 5.0 m level is increasing in thickness.

Theray densityplotsfor CPT3 - 8 (®gure14) aresimilar to theray densitiesfor CPT3 -

5. Themostwell resolvedvelocitiesarenearCPT8 andbetween2 to 5 m. Thevelocitydifference

Figure 14. Ray densities from CPT 3 - 8.
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(®gure15) indicatesthat thevelocitiesincreasedbetweenMay andJune,but decreasedbetween

May and September.

Summary of Þndings in tomograms

In CPT3 - 5 andCPT3 - 8, a slow velocity zoneis seenin the tomogramsat a depthof

about5.5m. Theneutronlog veri®esthepresenceof thezone.Theslow zoneappearsto indicate

a change in geology, probably a layer of ®ne-grained material with higher moisture content.

Theuppermeteror soof thetomogramsis poorly resolved.Poorray coveragecontributes

to the poor resolution.However, the closenessof the surfacealso causesuncertainty. The EM

Figure15. Velocity differenceplots for CPT3 - 8. Thebaseline for CPT3 changesbetween
panels 1 and 2.
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velocity of air is muchfaster(0.3 m/ns)thanin earthmaterials.Nearthesurface,thefastestpath

will beupthewell to thesurface,throughtheair, thendown thewell again.Theeffect is mosteas-

ily seenin the zero-offset pro®les(®gure16). Thus,the velocitiesfor the top meteror so of the

tomogramsareprobablynot representativeof thesubsurface,but areaweightedaverageof theair

andsubsurfacevelocity. Theeffect of waterin theporespaceis to reducethesedimentvelocity.

Once the in®ltrationtest starts,the slower subsurfacevelocity will causeenergy from deeper

sources to travel through the air, exacerbating the poor resolution in the upper meter or so.

Also, Fermat's principle meansthat slow velocity zoneswill be undersampledby the

energy. The ®rstarriving energy will preferentiallytravel throughfasterzonesand avoid slow

Figure16.Zero-offsetpro®lebetweenCPT3 andCPT5 from theMay experiment.Notehow
the travel time increasesfrom thesurfaceto about40 nsat 2.75m depth.Theshorttravel times
near the surface show the in¯uence of the fast air velocity.
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zones,biasingthe tomogramsto fastervelocities.Fortunately, large slow zoneswill be sampled

because the path around the slow zone will be too long to compensate for the faster velocity.

At least in the ®rst few daysof the in®ltrationtest, water contentappearsto increase

between0.5 to 2 m depthon thewestsideof theclasticdike. Thepresenceof thesill maycause

thismoistureincrease.This increasein waterwill slow theEM velocity throughthis zone.Again,

Fermat's principle would indicatethat the energy would avoid theseregions,biasingthe images

toward fasterzones.This mis-samplingwill be strongerfor larger separationsbetweenCPTs.

Interestingly, CPT7 and6 areseparatedby only 1.96m andtheir tomogramhasthemostdetailin

the upper few meters.

Theclasticdike is not observed in theCPT3 - 7 andCPT3 - 8 tomograms,eventhough

theseCPTsareon oppositesidesof the dike. Tomography, becauseof the geometryof acquisi-

tion, haspoor lateralresolution.Insteadof imagingthe dike, the slower velocity expectedfrom

theclasticdike will besmearedhorizontallyin thetomogram,resultingin a morehomogeneous,

slowervelocitydistribution.Interestingly, thetomogramsthatcrossthedike,CPT3 - 7 andCPT3

- 8, have the slowestaveragevelocities.The slower averagevelocitiesmay further indicatethat

thedike hasa slower velocity thatthesurroundingmaterial.Also, CPT3 - 7 is themosthomoge-

neousof the tomograms.The slower velocity could occurbecausethe energy travels diagonally

acrossthedike, thustraveling longerin thedikecomparedto theCPT3 - 8 tomogram.Thesetwo

tomograms,comparedto the two that do not crossthe dike, indicatethat the dike hasa slower

velocity and retainswater better than the surroundingmaterial.This conclusionis veri®edby

moisture measurements made in the dike during the excavation.
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Comparison with neutron probe data

Theneutronprobeusesaradioactivesourceto measurethepresenceof hydrogenatomsin

the ground.The numberof neutroncountsis relatedto the amountof hydrogenatomsin the

ground.The most commonsourcefor hydrogenatomsin the groundis water. So, the neutron

proberesultsareusually interpretedin termsof porosityor soil moisturecontent(Rider, 1996).

The neutronprobedatawereacquiredon seven daysbetweenMay 30, 2001 to June29, 2001

(Table 3).

Table 3: Neutron probe acquisition dates

Date Method

May 30, 2001 Neutron probe

June 6, 2001 Neutron probe

June 11, 2001 Neutron probe

June 14, 2001 GPR and Neutron probe

June 18, 2001 Neutron probe

June 21, 2001 Neutron probe

June 29, 2001 Neutron probe
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The neutronprobedatashow similar features(®gure17). This behavior is evident in the

datafrom CPT3 (®gure17). Thewaterappearsto pondbetweenabout5.5 to 7.5 m depth.Over

thedurationof themeasurementtimes,thepondedwaterappearsto thickentowardthesurface.In

otherwords,the watercannot ¯o w below about7.5 or greater, so the wateraccumulatesabove

this level. Throughoutthe sampledvolume,the moisturecontentincreaseswhenthe high mois-

turezoneat about0.5to 2 m penetratesinto thedeepersediments.CPT3 andCPT8 indicatethat

Figure17. Soil moistureestimatesderivedfrom neutronprobemeasurementsat wells CPT3
to CPT8. Seetable3 for samplingdays.In CPT3, thegroundis dryingabove4 m betweenday4
(June,14, 2001) to day 7 (June29, 2001). In CPTs6 to 8, the west side of the dike, a zone
between about 0.5 to 2.0 m shows increasing then decreasing soil moisture content.
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thesectionis dryingby theendof theexperimentasthesoil moisturevaluesaredecreasingin the

June 29, 2001 measurements.

CPT 3 and CPT 7 are within the in®ltratedregion. The neutronprobedatafrom these

CPTsindicatethat the moisturecontentincreasesat 0.5 to 2 m depth.In CPT 3, the underlying

sediment's soil moisturecontentincreasesfrom around4 percentbeforethetestto between10 to

25 percentafterJune11. This soil moistureincreaseprobablyindicatesthepassageof themois-

turefront. In CPT7, thewatercontentincreasesbetween0.5to 2 m from May 30 to June14,then

stays at about the same for the rest of the experiment.

Outsidethein®ltrationregion,CPT6 shows a similar soil moisturechangesto CPT7, but

thewaterstartsto in®ltratedeeperby June21,2001.Oncethewaterpenetratesbelow the0.5to 2

m level, the soil moisturethroughoutthe sectionincreasesfrom around5 percentto 11 percent.

CPT4 hassimilar behavior to CPT3, anearlybreakthroughwith increasingmoisturecontentin

theunderlyingsection.CPT5 shows a smallamountof soil moistureincreasearound1 m. Near

theendof theexperiment,thesoil moistureincreasesgreatlyatabout4.5m from 7 to 8 percentto

11 to 16 percentby June21,2001.This deepincrease,without anobviousdecreasein watercon-

tent in the 0.5 to 2.0 m zone, may indicate that water is ¯owing laterally at around 5 m depth.

Thesill on thewestsideof theclasticdike probablycausesthemoistureincreaseat 0.5 to

2.0 m depth.The ®ne-grainedsedimentsin the sill do not allow the water to descendinto the

coarser-grainedsedimentsbelow. Thewatercontentincreasesin thesill until thewaterentrypres-

sureof the underlyinglayer is reachedandthe water in®ltratesinto thesesediments(A. Ward,

pers. communication).

The radar velocity can be converted to dielectric constant using:
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(4)

wherec is the EM velocity in air (0.3 m/ns).To convert the dielectricconstantto soil moisture

content, I used Topp's equation, an empirically determined relationship (Topp et al., 1980):

(5)

whereq is thewatercontentandk is thedielectricconstant.This relationshipmaynot matchthe

true relationship for the in®ltration site.

I have convertedthevelocitiesin thetomogramsto soil moistureplots.Again, theseplots

have the samecolor scaleto easecomparison.In theseplots red indicateslow moisturecontent

(fastvelocity) whereasblueindicateshigh moisturecontent(slow velocity).As expected,thesoil

k c2

v2
-----=

q 5.3 2Ð´ 10Ð 2.92 2Ð´ 10 k 5.5 4Ð´ 10 k2Ð 4.3 6Ð´ 10 k3+ +=
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moisturecontentplot for CPT7 - 6 (®gure18) shows high moisturein theregion between1 to 2

m depth.The percentof soil moisturematcheswell with the neutronderived values.The soil

Figure18.Soil moisturecontentfrom CPT7 to 6. Thesoil moisturecontentderivedfrom the
neutronprobesis alsoplottedin the®gure.I havealsocolorcodedtheneutronsoil moistureusing
the same color scale in the water content plots.
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moisturevaluesfrom CPT3 - 5 (®gure19) alsomatchtheneutronderivedsoil moisturevalues,

especiallyin CPT 3 in May. The JuneCPT 3 valuesaresomewhat higherthanthe tomography-

derivedresults,but theJuneplot showsaupwardincreasein soil moisturecontenteventhoughthe

magnitudesareless.Thismagnitudedifferencecouldbedueto thedifferentsamplingvolumesof

Figure 19. Soil moisture content for CPT 3 - 5.
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themethods.For CPT3 - 7 (®gure20), thematchis not asstrong.Thesoil moisturecontentfor

Figure 20. Soil moisture content values for CPT 3 to 7.



37

CPT 3 - 8 is relatively constant(®gure21). Near the baseof the CPTs,the moisturecontent

increasesin the velocity derived soil moisturecontentplots, but not as much as the neutron

derived soil moisture content.

I can convert the soil moisturecontentto dielectric constant,using Topp's equationin

another form (Topp et al., 1980):

. (6)

From the dielectric constant, velocity is easily computed (see equation 4):

Figure 21. Soil moisture values for CPT 3 to 8.

k 3.03 9.3q 146.0q2 76.7q3±++=
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. (7)

To directlycomparethetomogramandtheneutronproberesults,I compare1-D velocities

basedonthetomogramswith velocitiesderivedfrom neutronprobe(®gure22).To computethe1-

v c

k
-------=

Figure22. Comparisonsof velocitiesfrom 1-D tomogramsandaveragevelocity of the two
wells basedon theneutronprobedata.Neutronprobesoil moisturevaluesconvertedto velocities
usingTopp's equation.a) CPT3 - 5; b) CPT3 - 7; c) CPT3 - 8; d) CPT7 - 6. Thick linesarethe
1-D tomogram,thin lines arethe averageneutron-derived velocity from the two relevant CPTs.
May is the light grey line, June is the black line, and September is the dark grey line.

a) b)

c) d)
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D velocitiesfrom the tomograms,I averagethe velocity acrosseachlayer in the model.For the

neutronprobedata,I convertedthe soil moisturevaluesto velocitiesusingTopp's equationand

thenaveragedthevaluesfrom thetwo relevantwells. In general,theneutronprobemeasurements

show morevariationin watercontentthanthe1-D velocities.Theexceptionis for theCPT7 - 6

tomogram.Theshapeof thecurvesandtherelative velocity changesaresimilar (®gure22d).Not

surprisingly, theCPT7 - 6 tomogramalsohasthemostinterestingandconsistentvelocity struc-

ture (®gure 5 and 6) over the in®ltration test.

An importantconsiderationwhencomparingresultsfrom differentmethodsis the sam-

pling volumeof eachmeasurement.For theradardata,thesamplingvolume(wavelength)is about

1.8 m. For theneutronprobe,thesphereof in¯uence is about0.2 m in radius(Rider, 1996).The

valuesfrom theradardataareaveragedover a largervolume,sosmall scalechangeswill not be

observed.

Reliability Issues

Thelargesterror in thetomogramsis dueto thedeviation in theCPTs.I have assumedin

the tomographicanalysisthat the CPTsarevertical. I have usedthis assumption,even thoughI

know thewells aredeviated,becauseno measurementsof thedeviation exist. Theincorrectloca-

tions of the sourceand receiver due to CPT deviation will causeincorrectestimationsof the

velocities.However, velocity differenceplotsshouldmoreaccuratelymeasuretherelative veloc-

ity changes in the subsurface.

Whencalculatingthedifferencesbetweendifferentdays,theexperimentaldesignshould

be the same.Unfortunately, many changesto the site occurredbetweenMay and September.

Betweenthe May andJunetomography experiments,the equipmentfor the in®ltrationtestwas

installed.To moreaccuratelycontrol theamountof waterappliedduringthetest,a tentwascon-
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structedover thetestarea.At CPT3 andCPT7, theheightof thetentwassolow thattheantennas

couldnot beplacedfor propercalibration.The low ceiling madeholding theantennasvertically

dif®cult,perhapscausingan inaccuratemeasurementof theorigin time of the transmittedpulse.

An inaccurateorigin time will causethe resultingvelocitiesto be shiftedby a constantamount

andthat amountwill vary betweenthe differentacquisitiondays.The relative velocity changes

within the individual tomogramsare still interpretableas changes,but the magnitudeswill be

wrong. This problem has similar effects in the interpretation of the velocity difference plots.

Also, I switchedthelocationof thetransmitterandreceiver for theCPT3 - 5 tomography

acquisition.In May, thetransmitterwasin CPT3 andthereceiverwasin CPT5. For theJuneand

Septemberexperiments,thetransmitterwasin CPT5 andthereceiverwasin CPT3. Eventhough

theantennaswereswitched,theenergy pathsbetweenthe transmitterandthe receiver shouldbe

identicalby reciprocity. Of thethreeCPT3 - 5 tomograms,theSeptembertomogramis themost

anomalous. If reciprocity were violated, the May tomogram should have been anomalous.

I cancompensatefor theremoval of thetopof theCPTcasingsbetweentheMay andJune

experiments.However, if thestatedlengthof casingremovedis wrong,thelocationsof thetrans-

mitterandreceiver for May will beincorrectcomparedto JuneandSeptember. Theeffectsof this

mislocation will probably be strongest in the velocity difference plots.

Trenchingthedike causedanothermajorchangeto thesite.WhentheSeptemberexperi-

mentwasconducted,thegroundaroundCPT1 andCPT2 hadbeenremoved,exposingabout3 m

of their PVC casing.TheseCPTscouldnot be reoccupiedfor tomography. The trenchedgewas

about1 m or lessfrom CPTs3 and8. As I mentionedearlier, theEM velocity of air is fastcom-

paredto sediments,especiallywet sediments.Someof the recordedenergy in Septembermay

have traveledalongtheverticaltrenchsurfacethroughtheair, asdescribedin theearlydiscussion
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of surfaceeffects.Althoughevidenceof this out-of-planepropagationis not obvious,suchevents

may be in the data and effect the results.

To accuratelyimagetheclasticdike or otherverticalstructures,antennasmustbe located

alongthesurfacebetweentheCPTs.Theseadditionaldatawill moreaccuratelyimagethehori-

zontalvelocity changesin the ground.Although horizontalresolutionstill will be lessthanthe

verticalresolution,antennasalonga third sidewill improve thehorizontalresolutionsigni®cantly.

Additionally, incorporatingmodelconstraints,suchasthe locationof thedike, into the inversion

may further improve the resolution and reliability of the tomography experiment.

Conclusions

GPRhasgreatpotentialto observe changesin subsurfacesoil moisturecontentover time.

The tomography dataimageschangesin the subsurfacevelocity betweenMay andSeptember.

Thetomogramfrom CPT7 - 6 imagesaslow velocityzoneabout1 to 2 m in depththatcorrelates

with highsoil moisturecontent.Althoughquantitativesoil moisturecontentestimatesarenotpre-

sented,in somecasesthe tomography datashow relative changesin soil moisturecontent.The

presentedresultsarepromising.Tomography will probablybeevenmoreeffectiveatdetermining

velocity changesat deeperdepthsin thesubsurface,away from theeffectsof fastair velocitiesat

the surface.

Unfortunately, the designof the in®ltrationtest may have limited the reliability of the

tomography interpretation.TheCPTsweremoreshallow thanoriginally planned.A furthercom-

plication is that the investigation seeksto measurechangesin water content.The presenceof

waterreducestheEM velocity, causing®rstarriving energy to avoid suchzones.Also, thetarget

is closeto the surface,increasingthe likelihoodthat the ®rstarriving energy will travel through

theair at thesurfaceinsteadof throughtheslow velocity targetzone.With morecarein designing
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thegeophysicalexperimentwithin thecontext of thein®ltrationtest,goodresultsaboutthemois-

ture distribution in the subsurface are possible.
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