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Abstract
To measurechangesin soil moisture contentof the subsuréce, | collected crosshole

groundpenetratingadar(GPR)data.l comparedhechangesn the GPRresponseluringaninpl-
trationtestconductedn June,2001.Thetomograply datawereacquiredin May, June,andSep-
tember 2001.Theexperimentandicatedthatthe electromagneti¢EM) velocity of the subsuréce
changedvertheacquisitionperiod.In thistime-lapseaxperiment changesn the EM velocity are
linked to changesn the soil moisturecausedoy the inbltrationtest.| canusethe tomogramgo
mapwater3ow throughthe vadosezone.Thetomograply did notimagethe vertical clasticdike
thattransectedheinbltrationtestsite. However, this dike may accountfor slow velocitiesin the
tomogramghat crossthe dike. A more carefuldesignof the tomograply part of the inpltration
experimentwould probablyresultin higherdataquality and more consistenimagesof the soil

moisture distribition.

Intr oduction
Understanding3uid Row in the unsaturatedoneis importantto determinethe fate and

transportof contaminantsThe distribution of moisturecontentis vital to accuratemodelsof



vadosezone uid ow. A reliableandnon-invasive methodto adequatelynapthe moisturecon-
tentdistribution in the subsuréceis highly desirable The moisturecontentdistribution will pro-
vide betterinput to unsaturatedzonefate and transportmodeling studiesand thus increasethe
reliability of the resulting models.

The clastic dikes are vertical featuresthat disrupt the layering of the Pleistocene ood
depositsof the Hanford formation. The dikes are sedimentaryfeaturesthat are mostcommonly
seenasregularshapedolygonalnetworksin the Army Loop Roadarea At the Army Loop Road
testsite, the dikes are generallycomposedf multiple sub-\ertical layerswith an outer skin of
clay with coarselin®lling material. Thein®lling materialaretypically poorly to well-sortedsand,

but the dikesmay containclay, silt, andgravel (Murray andFayet 2001;Fayer etal., 2001).The
hydraulic conductvity of the surrounding ood depositsis about10°2 cm/s. The centerof the
dikeshave anaveragehydraulicconductvity of 102 cm/s. The dike skin hashydraulicconducti-

ities ranging from 10 cm/s to 106* cm/s (Murray and &et 2001; fyer et al., 2001).

Numerousetworksof clasticdikesexist throughouthe Hanfordsite. Therole thesedikes
playin the ow of wateris poorly understoodThesedikesmayactasbarriersto horizontal ow.
They may also be vertical conduitsfor waterinto the underlyingaquifer Understandingf the
hydraulic characteof the dikesis critical to the designof wastefacilities andthe remediationof
contaminated sites.

An in®ltrationtest was conductedin late May through Juneof 2001 to determinethe
hydraulic characteof the clasticdikes.As partof this study | conductectcrossholegroundpene-
trating radar(GPR) suneys to imagethe in®Itrating uid. | collectedGPRdatain threesimilar
experimentsin May, June,and September2001, reoccuping the wells at the test site. This

methodhasbeensuccessfullyappliedduring in®ltrationtests(Alumbaugh,2002; Binley, 2001).



These experimentscorrespondto pre-in®ltration,in®ltration, and post-in®ltration.Analyzing
changesver time in the resultingtomogramsprovidesinformationon the ow of waterthrough

the vadose zone.

Methods
Crosshole Gound Penetrating Radar Tomography
CrossholeGPR tomograply is usedto map two-dimensionalelocity changeshetween

two wells (®gurel). An antennas placedin eachwell. Oneantennds held at a constantdepth.

Figure 1. Geometry for crosshole tomognagkperiments.

Thesecondantennas loweredin incrementsiovn the otherwell, recordingthearrival time of the
enegy transmittedoy the stationaryantennaAfter this antennaeacheshe maximumdepth,usu-

ally thedepthof thewell, the®xedantennas thenloweredoneincrement.Theantennaat depthis



raisedto the top of the well, then lowered as before. This processis repeateduntil the ®»ed
antennahasbeenloweredto the maximumdepth.This geometryenablegadarenegy to repeat-
edly sample the space between the wells.

Tomograply consistsof a forward modelingandaninversionroutineto derive the veloci-

ties between the wwells. In a simple, linear case, the system of equations te isolv

Gm=d, (1)
whereG is a matrix, m arethe modelparameteralues,andd is the data.In tomograply, m is a
vectorof valuesof theinverseof velocity, or slownessd is thevectorof traveltimesbetweereach
sourceandrecever pair. G consistsof the lengthof theray in eachcell in the modelfor all the
sourceandrecever pairs.In the nonlinearcase,G is alsocalledthe Jacobiarmatrix. Pre-multi-

plying each side by theverse ofG gives the solution:

m=Gd. (2)

In tomograply, the problemis oftenill-conditionedandinconsistentin otherwords,some

of thecellsin themodelarenot sampledandsomeareoversampledTheresultis thatG is singu-
lar andan inversedoesnot exist. To overcomethis dif®culty the equationscanbe reformulated

into the weighted, damped, least squares solution (Mert89):

mest= <m> +[GTWG + | °W, ] 1GTW[d-G<m>]. (3)

est:

Here,m*>'is the solution,an estimateof thetrue modelparametersslowness(velocity) in travel-

time tomograply. <m> is aninitial guesdo theslowness(velocity) model,W, is a dataweighting

matrix, W, is themodelweightingmatrix, and| is a parameteadjustingtherelative importance



of model®tor data®t. For this analysis W, is the identity matrix andW,,, is the regularization

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

To determinghevelocity ®eld,| implementa curvedray, nonlineatomographianversion
method(Aldridge and Oldenlurg, 1993).Becausd am using curved rays, the pathlengthsare
dependentnthevelocity model.l linearizethe problemby solvingfor smallchangesn the slow-
nessmodelcorrespondingo traveltime differencedetweerthe obsened dataandthe calculated
values.Usingmorephysically realisticcurvingrays,asopposedo the simplestraightray approx-
imation, makesthe problemmoredif®cultto solve. However, the resultsshouldbe a betteresti-
mate of the subswate \elocity distritution.

The forward modelis a ®nite-diferenceapproximationto the eikonal equation.The for-
ward modelalgorithmcomputeghetravel time of the ®rstarriving enegy to eachnodeon the 2-
dimensionalgrid. Path lengthsof the ray througheachcell are computedby backprojectinghe
ray from the recever to the sourcealongthe gradientof the traveltime ®eld.Thesepathlengths
are the alues of thés or Jacobian matrix and are used by tiveision routine.

Theinversionroutineiteratively updateghe slovnessmodelbasedn equation3 until the
stoppingcriteria are met. The tomograply routine stopswhenthe datamis®tis aboutthe same
level asthe noisein the dataor the numberof iterationsexceedsa userde®necamount.In addi-
tion, inversionusesan iteratve solver, LSQR, to invert for the velocities (Paige and Saunders,
1982).The matricesin equation3 aretoo large to be ef®cientlysolved by singularvaluedecom-
position. The LSQR routineis fast, but the inverseof the matrix is not computed Without the
matrix inverse formal estimate®f resolutionandcovariancearenot possible The programcalcu-
latesthe slownessvaluesfor the planebetweenthe two wells, then outputsthe calculated 2-D

velocity distritution.



Data Acquisition
Crosshole GPR data
| visitedthe Army Loop RoadClasticDike In®ltrationsitethreetimesto imagethechange

in soil moistureduring the in®ltrationtest. Table 1 lists the acquisitiondatesandthe well pairs

Table 1: Geoplysical Peld experiments

Survey Date Well Pairs
May 14-20, 2001 3to5;7t06;3t07;3t08;1t08;1top;
1to7;5t06;4to5;7to4;2to3; 2to|7
Junel2-14, 2001 3to5;3to7;7t06;3t08;1to7;2t0|3
September 17-18, 2001 3to5;3t07;,3t08;7t06

usedin the surweys. A conepenetrometewas usedto develop and casethe boreholesJ)abeled



CPT1throughCPT8 (®gure2). The boreholesare casedwith PVC tubes,which have aninner
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Figure2. Layoutof thein®ItrationexperimentWell locationsarelabeled.Theareaof in®Itra:

tion is the labeled,dashedectangle The surfaceexpressiorof the clasticdike runssouth-soutr
westto north-northeastThetrenchwasexcavatedafterthe JuneexperimentsA large, plasticanc

metal tent ceered the in®ltration area.

diameterof 2.0 inches(0.051m). About a meteror so of this pipe extendedabove the land sur-
face.Betweenthe May andthe Juneexperiment thetop 30 to 50 cm of this extendedtubingwas

cut of. The May data are compensated to depths corresponding teviredotube heights.



Also, afterthe May acquisition the in®ltrationtestareawasdeveloped.The testareawas
coveredwith Odrip@oseandinstrumentedvith TDR probesandpiezometersMore signi®cantly
alarge, plastictentwith metalsupportoveredthein®ltrationarea.Two wells, CPT3andCPT?7,
were nearthe edgesinsidethe tent. The low overheadat thesewells madecalibratingthe GPR
instruments d®cult.

Thetrenchwasexcavatedbetweerthe Juneand SeptembeexperimentsThe edgeof the
trenchwasabouta meterfrom CPT 3 andCPT8. CPT 1 andCPT 2 wereno longeraccessible,
althoughthe tubesremainedn place.Thetrenchingappearsiot to have disturbedthe sediments
surroundingthe otherwells, especiallyCPT 3 and CPT 8. However, the excavation of sediment
from the trenchaltersthe materialpropertiespossiblysensedy the GPR enepgy. Low velocity
sedimentg~0.15m/ns)removedby trenchingarereplacedwith high velocity air (0.3m/ns).This
changein materialpropertymay introduceerror or artifactsinto the tomogramsand may cause

error in the interpretation for data recorded during the Septemperiment.



Figure 3 shaws typical tomograply shotgathers.The transmitterandrecever werelow-
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Figure3. Tomograply panelscollectedbetweenwvells CPT3 andCPT 8. Thestarin eachplot
marks the depth (3.5 m) of the transmittingantenna.Tracesin May start nearerthe surface
because the top of the tubasvabout 43 cm higher than the latgoeximents.

eredby 0.125m incrementgown the boreholesin atypical surwey, thetransmittewasstationed
at 1.0 m at the startof the survey andwasloweredto the bottomof the well. The recever was
startedat 0.5 m below thetop of the well casing,andloweredto the baseof thewell. | used100
MHz antennasindrecordedhe enegy usinga samplenterval of 0.8 ns. To improve the signalto

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



Severaldifferentacquisitiongeometriesareusedto ensuredataquality. The radarsystem
doesnotknow thetriggertime for thetransmittecpulse.A calibration®leis acquiredo determine
thistime. At the startof acquisitionbetweera well pair, the antennasreplacednext to the wells
andseveral tracesacquired.From measurement, know the antennaseparationThe velocity of
radarenegy in air is 0.3m/ns,sol cancalculatethetravel time betweertheantennasThetrigger
time is the differencebetweenthe recordedarrival time on the calibrationtracesandthe calcu-
lated time basedon the antennaseparationThis calibrationprocedurds repeatedor eachnew
well pair.

| alsoacquiredatawith the antennadoweredinto the wells at equaldepths.Thesezero-
offsetpro®legZOP)usuallyhave high quality arrival time picks. During thetomograply acquisi-
tion, the loweredreceving antennds at the samedepthasthe transmittingantenndor onetrace.
For example,with the sourceat 3.5m, onetracefrom the gatherhadthereceving antennalsoat
3.5m depth.Arrival timesfrom thesepairsshouldbe equalto thearrival timesfrom the appropri-
atedepthof thelevel runs.Thus,the ZOP dataareusedto correctfor time drift duringthe dura-
tion of the tomographacquisition.

ZOPstake only afew minutesto acquire.Thetomograply panelsoftentake severalhours.
Thetime basemaydrift dueto temperaturevariationsandbatterypower decayover the periodof
acquisition.The ZOPs,because¢hey areacquiredquickly, arenot so proneto time drift. | check
thedifferencebetweernthelevel run time andthe appropriatéime from thetomograply dataand
shift the entiretomograply panelto align thetimes.(A panelis onesetof travel timesfrom one
transmitterlocation). This procedurds repeatedor all the tomograply datato correctfor time

drift.
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The ®rstarriving travel timesarepicked from the crossholegGPRdata. Theradarsections
areminimally processedo remove low frequeny, OvowOenepgy causeddy saturatingthe elec-
tronics. The dataarealsoshiftedby thetriggerdelay The peakamplitudesnearthe arrival of the
enegy arepicked automatically Thesetimesareshiftedto compensatéor the delaybetweerthe
onsetof the enegy and the peakamplitude.As describedabove, the time picks are carefully
examinedto correctfor time drift errors.l pick the ®rstarriving enegy on eachtracefor theinput
data to the tomograghmethod.

The shapeof the wavesin ®gure3 look similar. In ®gure3a, the tracesextendto 7.25m,
unlike the datafrom Juneand Septembern May, thetransmitterwasin CPT 3. In JuneandSep-
tember thetransmitterwasin CPT5, a shallaver well. The May datarepresentshe background
situation.The arrivals in ®gure3astartat about25 ns, thendecreas¢o about20 nsabout2.5m
belowv 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 depthscomparedo the May data.Dur-
ing June,waterin®ltratedthe groundfrom the in®lItrationtest. The radarvelocity in water(0.03
m/ns)is muchslower velocity thanthe radarvelocity in air (0.3 m/ns).Waterreplacingair in the
poreswill decreasehe velocity of the material. Theincreasedraveltimesin the Junedatacorre-
spondto slower velocitiesin the subsuréce.In the Junedata,the traveltimesin the upper3.0m
aremoredelayedcomparedo the May traveltimes.Below 3.0 m, the traveltime differenceis not
aslarge from May to June.The Septembedata(®gure3c) aresimilar to the May data.The data

are delayed only a nanosecond oo twlatve to the May data.
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Thedataareacquiredwith the sameacquisitionparameterssodifferencesn the dataare
dueto changesn the subsuréceconditions.Obviously, the mostsigni®canthangewill bewater
addedfrom the in®ltrationtest. A travel time delay probablyindicatesthat morewateris in the
porespaceThesmalldifferencebetweerMay andSeptembeindicateshatthesubsuréceis 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 the Septembepair CPT3to CPT7 to over 2,200for the May pair CPT3to CPT5. The
dataquality andthe depthof the wells determinedhe numberof picks usedin the tomographic
inversion. The tomograply routine estimatesthe velocity betweenthe well pair basedon the
travel time picksandthe distancebetweerthetransmitterandrecever pairs.A numberof param-
etersmustbe determinedn orderfor the routineto computethe velocity ®eld.The areabetween
thewellsis griddedinto equalsized,constanslowness(velocity) cells.Eachcell is 0.1 m by 0.1
m. Thenumberof cellsis computedrom theacquisitiongeometryTo avoid edgeeffects,thegrid
is extended in four directions by 1.33 m.

In tomograply problems,the solution is usually mixed-determinedsomecells are not
sampledandothercells are oversampledIn this case simpleinversionis not possible.Instead,
the tomograply routine regularizesthe problemto ®nd a solution (Aldridge and Oldenlurg,
1993). The regularizationschemeusesapproximationgo the seconddifferenceoperator This
choiceis oftenreferredto assmoothingsincethe solutionis forcedto vary smoothly A featureof
theroutineis thatthe horizontalandvertical smoothingcanbe weighteddifferently To maintain

simplicity, | used an equal weighting of 2 in each direction.
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In the non-linearinversion,a startingmodelis necessaryo avoid local minimasolutions.
Thestartingmodelhasthreelayers.The ®rstlayeris 0.5 m thick with a velocity of 0.3 m/ns,rep-
resentingheair accountingor the stickupheightof thewells. The secondayerextendsto 5.5m
depthwith a constantvelocity of 0.14m/ns.Thelastlayerhasavelocity of 0.12m/nsandextends
to the baseof the model.This startingmodelis aroughapproximatiorto the velocity structureat
the clastic dik site.

Finally, the non-lineamatureof the problemrequiresaniterative solutionto thelinearized
system(Aldridge and Oldenhurg, 1993). The routine stopsiteratingwhenthe root meansquare
(RMS) mis®tis lessthan0.25ns or the numberof iterationsexceed20. The 0.25ns mis®tvalue
is anestimateof theerrorin thetravel time picks. Requiringthe solutionto reducethe mis®tmore
impliesthattheroutineis seekingsolutionsthat®tthe noisein the data.Increasinghe numberof
iterationsdoesnot signi®cantlychangethe solutionandmay causethe solutionto ®tthe noisein
the data.Fitting the datanoisewill unrealisticallyincreasethe solution®compleity, providing

more OinformationO than the data really contains.
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Tomographic Analysis
Table2 lists the averageEM velocitiesandtheir rangefrom the tomograply experiment.

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

CPT pairs May June September
3to5 157.6 134.0 152.0
98.7 t0 198.6 111.6to 189.7 117.27 t0 199.8
3to7 112.3 104.8 101.6
88.5t0172.4 80.1to 134.5 53.6 to 182.6
3to8 131.0 133.2 127.7
113.1to0 143.9 117.6 to 145.9 105.2t0 151.1
7t06 145.0 137.7 136.0
73.5t0 200.0 58.8t0 199.9 62.0 to 199.5

Therangewascomputedusingvelocity valueslessthan200m/ns.Velocitiesfasterthan200m/ns
arecertainlyin uencedby the air at the surface.ln generalthe averagevelocitiesdecreasérom
May to June,exceptCPT 3 - 8. From Juneto Septemberthe averagevelocitiesdecreasegxcept
for CPT3 - 5. However, thetomogramfrom CPT3 - 5, Septembeis anomalousasseenater, and
probablyis inaccurate The averagevelocitiesindicate that the subsuréce velocitiesdecreased
during the tomograply experiment,indicating that the ground becamewetter over this time
period.

CPT3-7andCPT3 - 8 have slower averagevelocities;the slovestaveragevelocitiesare
obseredin CPT3 - 7. The averagevelocitiesaresigni®cantlyslower thanthe othertomograms.
Interestingly thesetwo transectscrossthe clastic dike whereasthe other two transectsare on
oppositesidesof the dike anddo not crossthe dike (®gure2). The slower averagevelocitiesin
CPT3-8andCPT3- 7 mayindicatethatthe clasticdike hasslower velocitiesthanthe surround-
ing material.Looking at the geometryin Figure2, the paththroughCPT 3 - 8 is perpendiculato

thedike, while the paththroughCPT 3 - 7 is atanangle.Theraysfrom CPT3 - 7 travel longerin
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the dike causingthe slower averagevelocitiesin CPT 3 -7 thanbetweenCPT 3 - 8. The largest
velocity changds in CPT 3 - 5 betweerMay andJune.This velocity decreasés probablycaused

by the vater in®Itrating during the test.

Tomograms

Thetomogramsareplottedwith areasof low ray coverage(ray densities< 0.1) whited out
to avoid interpretingareaswith no information. The velocitiesplottedin thetomogramdshave the
samevelocity scale.In otherwords,the color baris the samein all of thetomogramplots. From
left to right, the threepanelsin each®gurearefrom the May, June,and Septembesurweys. The
soil moisturecontentderivedfrom the neutronprobedatais plottednext to theappropriateCPT. |
have alsoplottedthe baseline for the soil moisturecontentdataasa verticalline. In the velocity
differenceplots, the ®rstpanelis the tomogramfrom the May experimentwith the tomogram
color bar (identicalto thetomogramMay plots). For the differencepanelsthe color barindicates
thevelocity differencebetweerthe May tomogramandthe latertomogramsAgain, the color bar
is the samefor the velocity differenceplots.| have alsoincludedthe soil moisturecontentderived
from the neutronprobedatasimilar to the tomogramplots. However, for the velocity difference
panels, plottedthe differencein soil moisturecontentfrom the May data.Thus,anincreasen
soil moisturefrom May to Junewould be a decreasen the velocity, or a valueto the left of the
baseline in the soil moistureplot. The consistenyg of the color barsallows for directcomparison

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

meters(®gured). This zone,betweerD.75to 2 m, coincideswith asill like structureoff the dike

Figure4. Tomogramdrom wells CPT 7 - 6. Solid curvesto the left andright of the May anc
June tomogram are the neutron probe soil moisture estimates.
faceobseredfrom thetrench.In thetrench,thesill is 0.5mto 1.25m depth.Thetomogramindi-
catesthatthesill hasslower velocity thanthe surroundingmaterial. The slower velocity suggests
thatthe ®nergrainedsedimentf the sill may retainmore waterthanthe surroundingmaterial,
causingthevelocity anomaly This slow zoneis underlainby highervelocity materialevenfor the
initial conditions jndicatingthatmoisturein®ltratingthe site undernaturalconditionseitheris not
retainedby the coarseigrainedsedimentbelow thesill, or the waterdoesnot penetratdelow the

overlying sill.
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To assesshereliability of theinterpretationplots of ray densityindicatewherethe model

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

Figure 5. Ray densitiesfrom CPT 7 - 6. The ray densityis the total length of the raypath

througha cell dividedby the lengthof thatcell (0.1 m). Raydensitiegreatethan100areplottec
in red.

divided by thelengthof thecell (0.1 m). In the plots,ray densityvaluesgreaterthan100areplot-
tedin red. Higher ray densitiesindicatewherethe modelis morereliable. As expectedthe ray
densityis lower in the slow velocity zones.Due to Fermat&principle, rays refractaroundslow
zones Fermat€principle stateshatenegy takesthe pathfor which the traveltime is a minimum
comparedvith neighboringpaths(Sherif, 2002).Thus,theseareasarenotaswell sampledasthe

faster surroundingmaterial. Theseslow zonesmay still beinterpretedput the velocity resolution
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in thesezonesis notasgoodasin thefasterzones Theray densityplotsindicatesthatthe veloci-
ties outside of the slozone are reliable.
Velocity differenceplotsshav thelocationsof velocity changesluringthein®ltrationtest.

In ®gureb, the May tomogramis plottedon theleft. Thetwo panelsatthe centerandright arethe

Figure6. Redvelocitiesin panels2 and3 indicatethatthe velocity hasincreasedinceMay.
Blue velocitiesindicatea decreasén velocity sinceMay. In the May panel,the neutron-dewxec
soil moistureis plottedasin ®guregt and5. For the JuneandSeptembeplots, | have plottedthe
soil moisturedifference(the soil moisturein May minusthe soil moisturein Juneor September
Thus,anincreasdn soil moisturewill have a negative value (left of the baselinelanda decreas
will have a positive value(right of baseline)This corventionis followedin all the velocity differ-
ence plots.

changan velocity from May. Interestingly the velocity belav about2 m depthincreaseslightly

in Junedespitehewateringatthe surface(®gures). However, the neutronprobedatafrom CPT6

18



and 7 increaseslightly, indicating that the obsered changein the tomograply may be due to
noise. By Septembgthe \elocity has decreased slightly from the Majues.

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

Figure 7. Dmograms from CPT 3 to 5.

depth.A slow velocity zoneunderliesthis layer. The slow zonegraduallyincreasesn velocity
toward CPT5; however, this lower zoneis notwell constrainedaterally. The upperportionof the
tomogramshows a velocity decreasén the upper3.5m in June(panel2) indicatingthatwateris
in®ltratingto deeperdepths.The slow velocity zoneremainsbelov 5.5 m depth.The September
panel(panel3) looksunusuall think thatthe datafor this experimentmay have beenincorrectly

saved and so theelocities for the September tomogram are unreliable.
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In ®gure8, the highestray density valuesare between2 to 5 m, indicating that these

Figure 8. The ray density diagram for CPT 3 - 5.

resultsarethe mostreliable. The red stripe from the lower left cornerto the upperright corner
indicatesthattheradarenengy is focussedalongthis path.The blue zonesat the model's top and
bottomshowv poorerray coverage.The poorercoverageis dueto the acquisitiongeometry;less

redundanyg exists at thetop andbottomof the model.Resultsfrom theseregionsshouldbeinter-
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pretedcautiously The velocity difference®gure(®gure9) shavs that the velocitiesdecreased

Figure 9. \élocity difference plots for CPT 3 - 5.

betweenMay andJunein the upper4.5m or so, indicatinganincreasean the soil moisturecon-

tent.

21



ThetomogrambetweenCPT 3 - 7 containsthe slowestvelocities(Table2) andshaws lit-

tle velocity variation(®gurel0). Althoughnot obsered, the clasticdike crossesiearthe centerof

Figure 10. ®mograms from CPT 3 - 7.

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

velocitiesin the upperright cornernearCPT 3 may be an artifactdueto the in uence of the air.
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Theray densities(®gurell) indicatethat resultsnearCPT 7 belov 2 m aremorereliable. The

Figure 11. Ray densities from CPT 3 - 7.
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velocity differenceplot (®gurel?) shawvs thatthe velocitiesdecreasedfom May in the Juneand

Figure 12. ¥locity difference plots from CPT 3 - 7.

Septembepanels.Thevelocity changesaresmallanddo not appeato correlatewith the neutron

derived soil moisture content pro®les.
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Thetomogramfrom CPT 3 - 8 containsa fastzonebetweerabout2 to 5 m (®gurel3). A

Figure 13. ®mograply panels from CPT 3 to 8.

slow zoneexistsbelov 5 m. A slow velocity layer may exist abose 2 m, but thatregion is poorly
sampledsothe zoneis notwell resohed. This zone,if it exists,mayberelatedto the presencef
the sill on the westside of the dike. The slow zonebelov 5 m depthcorrespondsvell with the
neutronderived soil moisturelogs. The zoneis not continuousbetweenthe CPTs,but again this
partof the modelis poorly resohed. This slowv zoneincreasesn velocity in the Junepanel;the
velocity decreasesind is more extensve in the Septembeipanel. The Septembeipanel more
clearly shows the slov zonesat the top andbottomof the model. The upperzoneextendsfrom

CPT 8 to about 3.5 m in the center of the tomogram.
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Thelower zoneis morecontinuousandextendsupwardto 4.5m. Thistomogramindicates
thatthewateris owing towardthe centerof the plane towardthe clasticdike, andthe pondingat
the approximately 5.0 mvel is increasing in thickness.

Theray densityplotsfor CPT 3 - 8 (®gurel4) aresimilar to the ray densitiesor CPT 3 -

Figure 14. Ray densities from CPT 3 - 8.

5. Themostwell resohedvelocitiesarenearCPT8 andbetweer? to 5 m. Thevelocity difference
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(®gurelb) indicatesthatthe velocitiesincreaseetweenMay and June,but decreasedetween

May and September.

Figure15. Velocity differenceplotsfor CPT 3 - 8. The baseline for CPT 3 changedetweel
panels 1 and 2.

Summary of Pndings in tomograms
In CPT3-5andCPT 3 - 8, aslow velocity zoneis seenin thetomogramsat a depthof
about5.5m. Theneutronlog veri®eghe presencef the zone.The slow zoneappeardo indicate
a change in geologprobably a layer of ®ne-grained material with higher moisture content.
Theuppermeteror soof thetomogramss poorly resohed. Poorray coveragecontritutes

to the poor resolution.However, the closenes®f the surfacealso causesuncertainty The EM
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velocity of air is muchfaster(0.3 m/ns)thanin earthmaterials Nearthe surface,the fastespath
will beupthewell to thesurface throughtheair, thendown thewell again. Theeffectis mosteas-

ily seenin the zero-ofset pro®leg®gurel6). Thus,the velocitiesfor the top meteror so of the

Figure16. Zero-ofsetpro®lebetweenCPT3 andCPT5 from the May experiment.Note how
the travel time increasedrom the surfaceto about40 nsat 2.75m depth.The shorttravel times
near the sudfce shw the in uence of thedst air elocity.

tomogramsareprobablynotrepresentatie of the subsuréce but area weightedaverageof theair
andsubsuracevelocity. The effect of waterin the pore spaceis to reducethe sedimentvelocity.
Oncethe in®ltrationtest starts,the slower subsuréce velocity will causeenegy from deeper
sources to tnzel through the ajrexacerbating the poor resolution in the upper meter or so.
Also, Fermats principle meansthat slow velocity zoneswill be undersampledy the

enegy. The ®rstarriving enegy will preferentiallytravel throughfasterzonesand avoid slow
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zones biasingthe tomogramgo fastervelocities.Fortunately large slow zoneswill be sampled
because the path around theaskmne will be too long to compensate for tastér elocity.

At leastin the ®rstfew daysof the in®ltrationtest, water contentappearso increase
between0.5to 2 m depthon the westsideof the clasticdike. The presencef the sill may cause
this moistureincreaseThis increasan waterwill slow the EM velocity throughthis zone.Again,
Fermats principle would indicatethat the enegy would avoid theseregions, biasingthe images
toward fasterzones.This mis-samplingwill be strongerfor larger separationdetweenCPTSs.
Interestingly CPT 7 and6 areseparatethy only 1.96m andtheirtomogramhasthe mostdetailin
the upper f& meters.

The clasticdike is not obsenedin the CPT3 - 7 andCPT 3 - 8 tomogramseventhough
theseCPTsareon oppositesidesof the dike. Tomograply, becausef the geometryof acquisi-
tion, haspoor lateralresolution.Insteadof imagingthe dike, the slower velocity expectedfrom
the clasticdike will be smearedorizontallyin thetomogram resultingin a morehomogeneous,
slower velocity distribution. Interestinglythetomogramshatcrossthedike, CPT3 - 7andCPT3
- 8, have the slowvestaveragevelocities. The slower averagevelocitiesmay further indicatethat
thedike hasa slower velocity thatthe surroundingnaterial. Also, CPT 3 - 7 is the mosthomoge-
neousof the tomogramsThe slower velocity could occurbecausehe enepy travels diagonally
acrosghedike, thustraveling longerin thedike comparedo the CPT 3 - 8 tomogram.Thesetwo
tomogramsgcomparedo the two that do not crossthe dike, indicatethat the dike hasa slower
velocity and retainswater betterthan the surroundingmaterial. This conclusionis veri®edby

moisture measurements made in theedlkring the xcavation.
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Comparison with neutron probe data

Theneutronprobeusesaradioactve sourceto measurehe presenc@®f hydrogenatomsin
the ground. The numberof neutroncountsis relatedto the amountof hydrogenatomsin the
ground. The mostcommonsourcefor hydrogenatomsin the groundis water So, the neutron
proberesultsare usuallyinterpretedn termsof porosity or soil moisturecontent(Rider, 1996).

The neutronprobedatawere acquiredon 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 neutronprobedatashov similar featureg®gurel?). This behaior is evidentin the

Figure17. Soil moistureestimatesierived from neutronprobemeasurementst wells CPT 3
to CPT8. Seetable3 for samplingdays.In CPT 3, thegroundis drying above 4 m betweerday 4
(June,14, 2001)to day 7 (June29, 2001).In CPTs6 to 8, the westside of the dike, a zone
between about 0.5 to 2.0 m si®increasing then decreasing soil moisture content.

datafrom CPT 3 (®gurel7). The waterappearsgo pondbetweenabout5.5to 7.5 m depth.Over
thedurationof themeasuremerttmes,the pondedwaterappearso thickentowardthe surface.ln
otherwords,the watercannot ow belov about7.5 or greatey so the wateraccumulatesbove
this level. Throughoutthe sampledvolume, the moisturecontentincreasesvhenthe high mois-

turezoneatabout0.5to 2 m penetratemto the deepersedimentsCPT 3 andCPT 8 indicatethat
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the sectionis drying by the endof the experimentasthe soil moisturevaluesaredecreasingn the
June 29, 2001 measurements.

CPT 3 and CPT 7 are within the in®ltratedregion. The neutronprobe datafrom these
CPTsindicatethat the moisturecontentincreasest 0.5to 2 m depth.In CPT 3, the underlying
sediment soil moisturecontentincreasesrom around4 percentbeforethetestto betweerl0to
25 percentafter Junell. This soil moistureincreasgorobablyindicatesthe passag®f the mois-
turefront. In CPT7, thewatercontentincreasedetweerD.5to 2 m from May 30to Junel4,then
stays at about the same for the rest of ¥peement.

Outsidethein®ltrationregion, CPT 6 shavs a similar soil moisturechangedo CPT 7, but
thewaterstartsto in®ltratedeepeiby June21,2001.0Oncethewaterpenetratebelon the 0.5to 2
m level, the soil moisturethroughoutthe sectionincreasedrom around5 percentto 11 percent.
CPT 4 hassimilar behaior to CPT 3, an early breakthrougtwith increasingmoisturecontentin
the underlyingsection.CPT 5 shawvs a smallamountof soil moistureincreasearoundl m. Near
theendof theexperimentthe soil moistureincreasegreatlyatabout4.5m from 7 to 8 percento
11to 16 percentoy June21, 2001.This deepincreasewithout anobvious decreasén watercon-
tent in the 0.5 to 2.0 m zone, may indicate thatiewis owing laterally at around 5 m depth.

Thesill onthewestsideof the clasticdike probablycauseshe moistureincreaseat0.5to
2.0 m depth.The ®ne-grainededimentdn the sill do not allow the waterto descendnto the
coarsefgrainedsedimentdelov. Thewatercontentincreasesn thesill until thewaterentrypres-
sureof the underlyinglayer is reachedandthe waterin®ltratesinto thesesedimentgA. Ward,
pers. communication).

The radar elocity can be corerted to dielectric constant using:
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wherec is the EM velocity in air (0.3 m/ns).To corvert the dielectricconstanto soil moisture

content, | useddpp's equation, an empirically determined relationshgp@ret al., 1980):

q = D5.3 107 +2.92 107k 5.5 107k * + 4.3 107k ° (5)
whereq is thewatercontentandk is the dielectricconstantThis relationshipmay not matchthe
true relationship for the in®ltration site.

| have corvertedthe velocitiesin thetomogramsgo soil moistureplots. Again, theseplots
have the samecolor scaleto easecomparisonln theseplots red indicateslow moisturecontent

(fastvelocity) whereadblueindicateshigh moisturecontent(slow velocity). As expected the soil
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moisturecontentplot for CPT 7 - 6 (®gurel8) shavs high moisturein the region betweenl to 2

Figure18. Soil moisturecontentfrom CPT 7 to 6. The soil moisturecontentderivedfrom the
neutronprobesds alsoplottedin the®gurel have alsocolor codedthe neutronsoil moistureusing
the same color scale in thatgr content plots.

m depth. The percentof soil moisturematcheswell with the neutronderived values.The soil
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moisturevaluesfrom CPT 3 - 5 (®gurel9) alsomatchthe neutronderived soil moisturevalues,

Figure 19. Soil moisture content for CPT 3 - 5.

especiallyin CPT 3 in May. The JuneCPT 3 valuesare somevhat higherthanthe tomograply-
derivedresults but the Juneplot shavs aupwardincreasen soil moisturecontenteventhoughthe

magnitudesreless.This magnitudaifferencecouldbe dueto thedifferentsamplingvolumesof
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the methodsFor CPT 3 - 7 (®gure20), the matchis not asstrong.The soil moisturecontentfor

Figure 20. Soil moisture conterdlues for CPT 3 to 7.
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CPT 3 - 8 is relatively constant(®gure21). Near the baseof the CPTs,the moisturecontent

Figure 21. Soil moisturealues for CPT 3 to 8.

increasedn the velocity derived soil moisture contentplots, but not as much as the neutron
derived soil moisture content.
| can corvert the soil moisturecontentto dielectric constant,using Topp's equationin

another form (dpp et al., 1980):

k = 3.03+9.3q+ 146.09° £+ 76.79". (6)

From the dielectric constantehocity is easily computed (see equation 4):
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vV =

c
—. (7)
Jk

To directly comparghetomogramandthe neutronproberesults,| comparel-D velocities
basednthetomogramswith velocitiesderivedfrom neutronprobe(®gure22). To computethe 1-

a) b)

Figure 22. Comparison®f velocitiesfrom 1-D tomogramsand averagevelocity of the two
wells basedon the neutronprobedata.Neutronprobesoil moisturevaluescornvertedto velocities
usingTopp's equationa) CPT3-5;b) CPT3-7;¢c) CPT3-8;d) CPT7 - 6. Thick linesarethe
1-D tomogram,thin lines are the averageneutron-dened velocity from the two relevant CPTs
May is the light gre line, June is the black line, and September is the daydigee
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D velocitiesfrom the tomograms] averagethe velocity acrosseachlayerin the model.For the
neutronprobedata,l corvertedthe soil moisturevaluesto velocitiesusing Topp's equationand
thenaveragedhevaluesfrom thetwo relevantwells. In generalthe neutronprobemeasurements
shav morevariationin watercontentthanthe 1-D velocities.The exceptionis for the CPT7 - 6
tomogram.The shapeof the curvesandtherelative velocity changesaresimilar (®gure22d).Not
surprisingly the CPT 7 - 6 tomogramalsohasthe mostinterestingandconsistenvelocity struc-
ture (®gure 5 and 6yer the in®ltration test.

An importantconsiderationwhen comparingresultsfrom different methodsis the sam-
pling volumeof eachmeasurementor theradardata,the samplingvolume(wavelength)is about
1.8 m. For the neutronprobe,the sphereof in uenceis about0.2 m in radius(Rider, 1996).The
valuesfrom the radardataareaveragedover a larger volume,so small scalechangewill not be

obsened.

Reliability Issues
Thelargesterrorin thetomogramss dueto the deviation in the CPTs.| have assumedn

the tomographicanalysisthatthe CPTsarevertical. | have usedthis assumptiongven thoughl
know the wells aredeviated,becausao measurementsf the deviation exist. Theincorrectloca-
tions of the sourceand recever dueto CPT deviation will causeincorrectestimationsof the
velocities.However, velocity differenceplots shouldmoreaccuratelymeasurehe relative veloc-
ity changes in the subsarde.

Whencalculatingthe differencesbetweendifferentdays,the experimentaldesignshould
be the same.Unfortunately mary changeso the site occurredbetweenMay and September
Betweenthe May and Junetomograply experimentsthe equipmentor the in®ltrationtestwas

installed.To moreaccuratelycontrolthe amountof waterappliedduringthe test,atentwascon-
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structedoverthetestarea At CPT3andCPT7, theheightof thetentwassolow thattheantennas
could not be placedfor propercalibration.The low ceiling madeholding the antennawertically
dif®cult,perhapscausingan inaccuratemeasurementf the origin time of the transmittedpulse.
An inaccurateorigin time will causethe resultingvelocitiesto be shifted by a constantamount
andthatamountwill vary betweenthe differentacquisitiondays. The relative velocity changes
within the individual tomogramsare still interpretableas changeshut the magnitudeswill be
wrong. This problem has similarfe€ts in the interpretation of thebocity difference plots.

Also, | switchedthelocationof thetransmitterandrecever for the CPT 3 - 5 tomograply
acquisition.In May, thetransmitterwasin CPT 3 andthereceverwasin CPT5. For the Juneand
Septembeexperimentsthetransmittewasin CPT5 andthereceverwasin CPT 3. Eventhough
the antennasvere switched,the enegy pathsbetweerthe transmitterandthe recever shouldbe
identicalby reciprocity Of thethreeCPT 3 - 5 tomogramsthe Septembetomogramis the most
anomalous. If reciprocity were violated, the May tomogram showe been anomalous.

| cancompensatéor theremoval of thetop of the CPT casingdetweerthe May andJune
experimentsHowever, if the statedengthof casingremovedis wrong,thelocationsof thetrans-
mitter andrecever for May will beincorrectcomparedo JuneandSeptemberThe effectsof this
mislocation will probably be strongest in thelacity difference plots.

Trenchingthe dike causedanothemajor changeto the site. Whenthe Septembeexperi-
mentwasconductedthegroundaroundCPT 1 andCPT 2 hadbeenremoved,exposingabout3 m
of their PVC casing.TheseCPTscould not be reoccupiedor tomograply. Thetrenchedgewas
aboutl m or lessfrom CPTs3 and8. As | mentionedearlief the EM velocity of air is fastcom-
paredto sedimentsgspeciallywet sedimentsSomeof the recordedenegy in Septembemay

have traveledalongtheverticaltrenchsurfacethroughtheair, asdescribedn the earlydiscussion
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of surfaceeffects.Althoughevidenceof this out-of-planepropagtionis not obvious, suchevents
may be in the data andfett the results.

To accuratelyimagethe clasticdike or othervertical structuresantennasnustbe located
alongthe surfacebetweenthe CPTs.Theseadditionaldatawill moreaccuratelyimagethe hori-
zontalvelocity changesdn the ground.Although horizontalresolutionstill will be lessthanthe
verticalresolution,antennaslongathird sidewill improve the horizontalresolutionsigni®cantly
Additionally, incorporatingmodelconstraintssuchasthe locationof the dike, into the inversion

may further imprge the resolution and reliability of the tomogrgmiperiment.

Conclusions

GPRhasgreatpotentialto obsene changesn subsurécesoil moisturecontentover time.
The tomograply dataimageschangesn the subsurécevelocity betweenMay and September
Thetomogramfrom CPT7 - 6 imagesa slow velocity zoneaboutl to 2 m in depththatcorrelates
with high soil moisturecontent Although quantitatve soil moisturecontentestimatesrenot pre-
sented,n somecaseshe tomograply datashow relative changesn soil moisturecontent.The
presentedesultsarepromising.Tomograply will probablybe even moreeffective at determining
velocity changesit deeperdepthsin the subsuréce,avay from the effectsof fastair velocitiesat
the suréce.

Unfortunately the designof the in®Itrationtest may have limited the reliability of the
tomograply interpretationThe CPTsweremoreshallov thanoriginally planned A furthercom-
plication is that the investigation seeksto measurechangesn water content.The presenceof
waterreducegshe EM velocity, causing®rstarriving enegy to avoid suchzones Also, thetarget
is closeto the surface,increasingthe likelihoodthat the ®rstarriving enegy will travel through

theair atthe surfaceinsteadof throughthe slow velocity targetzone.With morecarein designing
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the geoplysical experimentwithin the contet of the in®Itrationtest,goodresultsaboutthe mois-

ture distrilution in the subsugaice are possible.

References

Aldridge, D. F., andD. W. Oldenhurg, Two-dimensionatomographidnversionwith ®nite-difer-
ence traeltimes, Journal of Seismic Exploration, 2, 257-274, 1993.

AlumbaughD., P. Y. ChangL. Paprocki,J.R. Brainard,R. J. GlassandC. Z. RautmanEstimat-
ing moisturecontentsin the vadosezone using cross-boreholgroundpenetratingradar: A
studyof accurag andrepeatability Water ResourcefResearch38, 1309,doi:10.1029/2001/
WRO000754, 2002.

Binley, A., P. Winship, R. Middleton, M. Pokar andJ. West,High-resolutioncharacterizatiorof
vadosezonedynamicsusingcross-boreholeadar WaterResourcefesearch37,2639-2652,
2001.

Fayer M. J.,C. J. Murray, D. G. Horton,andA. L. Ward, In uence of ClasticDikeson Vertical
Migration of Contaminantsin the VadoseZone: FY 2001 Test Plan, Paci®c Northwest
National Laboratory2001.

Menke, W., Geoplysical DataAnalysis: DiscretelnverseTheory AcademicPress]nc., pp. 289,
1989.

Murray, C. J.andM. J.Fayer In uenceof ClasticDikeson VerticalMigration of Contaminantgn
the \adose Zone,&i®c Northwest National LaboratpB001.

Paige, C. and M. Saunders.SQR: An algorithm for sparselinear equationsand sparseleast
squares, Assn. Comp. Mathrafsactions on Mathematical Soéine, 8, 43-71, 1982.

Rider, M., The Geologicinterpretatiorof Well Logs Whittles Publishing,CaithnessUK, 280p.,
1996.

Sherif, R. E., Engyclopedic Dictionary of Applied Geoplysics Society of ExplorationsGeo-
physicists, Tlsa, OK, 429 p., 2002.

Topp, G. C., J. L. Davis, andA. P. Annan, Electromagnetideterminatiorof soil watercontent:
Measurements in coaxial transmission lineajé/Resources Research, 16, 574-582, 1980.

42



