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Abstract

Surfacebarrierscovering landÞllsmustensurethatwaterdoesnot ßow throughthe land-

Þll. Knowing theamountof waterandthechangesin watercontentover timewill allow engineers

to monitortheeffectivenessof thesurfacebarriers.To measurechangesin soil moisturecontent,I

collectedelectromagneticinduction and GPR data.I comparedthe changesin electromagnetic

conductivity andGPRresponseover a oneyearperiod.Sincethe thicknessandthecomposition

of theprototypesurfacebarrierdid not changeover this time, differencesin theelectromagnetic

responsearedueto changesin soil moistureor watercontentin thebarrier. GPRimageschanges

in thesubsurfacethatindicatechangesin soil moisturecontent.My resultsconÞrmthattheproto-

type surface barrier is drier the Summer and wetter in the Winter.
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Intr oduction

Understandingßuid ßow in theunsaturatedzonehasanimportantrole in determiningthe

fateandtransportof contaminants.Thedistribution of hydraulicconductivity is vital to accurate

modelsof vadosezoneßuid ßow. A reliableandnon-invasive methodto determinethehydraulic

conductivity is desiredto adequatelymapthehydraulicconductivity distribution in surfacebarri-

ers.Thehydraulicconductivity distribution will provide betterinput to fateandtransportmodel-

ing packages and thus increase the reliability of the resulting models.

At Hanford,prototypesurfacebarriersarebeingtestedto determinetheirability to protect

contaminantsfrom through-ßowing ßuids (200-BP-1,1999). The surface barrier (®gure1) is

engineeredto reducetheßuid ßow throughtheunderlyingwastecrib. Theupper2 m of thesur-

facebarrierconsistof two, 1.0m thick layersof silt loam,a 0.15m sand®lter, anda 0.3m thick

gravel ®lterunderlainby asphalt.I wascontractedto usenon-invasive geophysical methodsto

Figure1. Cutawaydiagramof theprototypesurfacebarriershowing theconstruction
andthicknessesof variousmaterials.Thehydrologicalcycle is alsodescribedin the
®gure.
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determinethe spatialdistribution and the seasonalchangesin the soil moisturecontentin this

upper ~ 2.5 m zone above the asphalt.

Measurementof the electromagnetic(EM) propertiesof the subsurfacecanprovide esti-

matesof importanthydrologicalparameterssuchasporosityandwatersaturation.In turn, these

propertiesareusedby hydrologistsandsoil scientiststo determinethehydraulicconductivity of

thesaturatedandunsaturatedzonesusingrelationshipslike RichardsequationandthevanGenu-

chten parameters(van Genuchten,1980). Importantly, EM methodsare deployed acrossthe

groundsurfaceandarethusanon-invasivemethodto samplethesubsurface.EM methodssuchas

electromagneticinductionandgroundpenetratingradar(GPR)acquiredataquickly andat high

spatial densities to provide a detailed distribution of EM conductivity or velocity.

SheetsandHendrickx(1995)usedelectromagneticinductionto determinethesoil mois-

ture content.The electricalconductivity of soil canindirectly mapchangesin the watercontent

(Curtis, 2001;Davis et al., 1997;McNeill, 1980a).Although other factors,suchasmineralogy,

effect theEM conductivity, at theland®llsitethematerialis fairly homogeneous.Thus,variations

in the EM conductivity may be correlated to variations in soil moisture content.

Many experimentshave usedGPRto test the validity of usingradarenergy to mapsoil

moisturecontent(Berktold et al., 1998;Chanzyet al., 1996;Charlton,2000;Du andRummel,

1994:,Greaveset al., 1996;Huismanet al., 2001;Lesmeset al., 1999;van Overmeerenet al.,

1997;Weiler et al., 1998).Most of theseexperimentsweresmall, test-of-conceptsurveys. Grote

et al. (2002)have usedGPRto monitor thevolumetricwatercontentin soilsappliedto highway

constructionandmaintenance.Hubbardetal. (2002)haverecentlyusedGPRto mapsoil moisture

contentacrossa vineyard. GPRmeasurementsareconvertedto soil moisturecontentandhave

shown promising results for measuring soil moisture content.
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Methods

EM31 surveys
Electromagneticinductionsurveysprovideathree-dimensionaldistributionof theconduc-

tivity of the subsurface.Electrical conductivity is a measureof the easeof ¯o w of electrons

througha material.Metalsandionic solutions,suchassalinewater, have a high conductivity. Sil-

icatemineralstendto havea low conductivity. A widely usedtool for measuringEM groundcon-

ductivity is the GeonicsEM31 instrument.The EM31 instrumentusesa dipole-dipoleloop and

operatesat 9.8 KHz. The loop separationis 3.66m resultingin a samplingdepthof about6.0 m

(McNeill, 1980b). Thedipolescanbeorientedvertically or horizontally. TheEM31 acquiresthe

quadratureandin-phasecomponentsof themagnetic®eld.Thequadraturecomponentmeasures

thegroundconductivity (in mS/m).Thein-phasecomponent,theratioof thesecondaryto thepri-

mary magnetic®eld(in partsper thousand),is moresensitive to large metallic objectsthanthe

quadrature component.

TheEM conductivity changescanberelatedto soil watercontent(Curtis,2001;Davis et

al., 1997;McNeill, 1980a).The electricalconductivity of soils dependson the porosityandthe

percentof moisturein thepores(McNeill, 1980a).At thesurfacebarrier, thegeologicalsettingis

essentiallyconstant,sochangesin electricalconductivity aremostlikely causedby changesin the

soil moisturecontent.Thus,by mappingtheelectricalconductivity, I amalsoindicatingchanges

in the soil moisture content.

GPR surveys
GPRsendsradarenergy into the groundthrougha transmittingantenna.This energy is

recordedat a receiving antennaplacednearthe transmitter. For the datausedin this study, 100

MHz antennaswereused.A few 200MHz surveys wereconducted,but thedataquality wastoo

poor to reliably determinethe arrivals. The sampleinterval was 0.8 ns and 500 sampleswere
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acquiredfor eachtracefor a recordingwindow of 400 ns. I stacked the data64 times for the

Marchdata,32 timesfor therestof thedata.Thereducednumberof stacksdid notdeterioratethe

data quality and increased the acquisition rate.

Figure2 shows the transmitterandreceiver antennasanda simpli®edsketchof thearriv-

ing phases.Theground-coupledair wave travelsdirectlybetweenthetransmitterandthereceiver.

Thisphaseis the®rstarrival andhasanEM velocityof air, 0.3m/ns.Thedirectgroundwavetrav-

elsalongthegroundsurface.TheEM velocity from this phasecorrespondsto theEM velocity of

theground.There¯ectedarrival travelsfrom thetransmitterto aninterfacethenis re¯ectedback

to the surface where the receiver records the energy.

TheEM velocity of the phaseis determinedfrom the travel times.Waterhasa slow EM

velocity (0.033m/ns)andair hasa fastEM velocity (0.3m/ns).In mostsurveys,thematerialdoes

not changein termsof compositionor structureover time. Slower velocitiesindicatea higher

Transmitter Receiver

Direct ground wave

Ground-coupled air wave

Figure2. Arrivalsrecordedin thewideoffsetre¯ectionpro®les.Thedirectground
wave and re¯ection can provide estimatesof the EM velocity of the surface
between the antennas.

Re¯ected wave
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amountof waterin theporespace.Thus,changesin EM velocity at theprototypesurfacebarrier

are caused by changing soil moisture.

Themethodindirectly measuresthedielectricconstantof thematerialthroughwhich the

energy propagates.The dielectric constantor dielectric permittivity measuresthe ability of a

materialto polarizeor storeenergy throughseparationof boundcharges.Waterhasa high dielec-

tric constantof about80.Air hasa dielectricconstantof 1. Dry soil materialsandsedimentshave

dielectricconstantsbetween3 and10. Claysandsilts may have a dielectricconstantashigh as

about30 to 40.Thelargedielectricconstantdifferencebetweenwaterandair enablesmappingof

changes in water content across a survey.

I conductedGPRsurveys usingtwo approachesto determinetheEM velocity of thesub-

surface.The®rstmethodis thetraditionalcommonmidpoint(CMP) method.Thesecondmethod

involvesstudyingchangesin thearrival time of known radareventsandthenconvertingthis time

to EM velocity (®gure4.) (Du andRummel,1994;Berktoldet al., 1998).This secondmethodis

notwidely appliedin GPRsurveys,but offersgreatpotentialto providespatiallydenselysampled

EM velocitymeasurementsthatcanbeconvertedto thedesiredparameters,suchasdielectriccon-

stant or soil moisture content.



7

CMP geometry

Figure3 shows theacquisitiongeometryof a CMP gather. CMPsareacquiredby moving

theGPRantennasaway from eachotherabouttheir (common)midpoint(®gure3). I startedwith

100MHz antennasseparatedby 0.1m. I increasedtheseparation0.1m by moving eachantenna

0.05m away from theother. Thetwo maindirectarrivalsaretheenergy propagatingthroughthe

air and through the ground betweenthe antennas.The EM velocity of theselinear events is

inverselyproportionalto the slopeof their arrivals. The EM velocity from the re¯ections are

determinedby theirnormalmoveout(NMO), astandardvelocityanalysismethod(Yilmaz,1987).

TheEM velocity changebetweenthesilt loamandtheunderlyingasphaltbedshouldproducea

strongre¯ection. This re¯ection will provide the averageEM velocity for the silt loam between

the surface and the asphalt.

WOR (Wide offset re¯ection) geometry

Thesecondmethodusestheoptimalantennaseparation(3.5m) from theCMP surveys to

reliably identify theair wave, thedirectgroundarrival, andthere¯ection from theasphalt.These

surveys will bedenotedaswide-offsetre¯ection (WOR) pro®les,astheoffsetbetweentheanten-

Common midpoint

Transmitter Receiver

Figure3. Acquisition geometryfor CMP gathers.The commonmidpoint is the
midpoint betweenthe transmitterand receiver. As the two antennasmove apart,
the common midpoint remains the same, assuming horizontal layering.
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nasis muchwider thanis usuallyusedin standardGPRre¯ection pro®les.I startthis survey with

the transmitterand receiver closetogether, thenoneantennais walked away from the other in

small incrementsuntil the optimal offset is reached.At this time, both antennasare moved

togetherat a constantstepsize (®gure4). For this experiment,the antennawere located1.0 m

apart,thenthereceiving antennaonly wasmoved0.1 m until theantennaseparationbecame3.5

m. Thenbothantennaweremoved0.25m pertrace,keepinga constantantennaseparationof 3.5

m. Thisacquisitiongeometryallowsmeto identify thegroundwave (or otherphase)in apseudo-

CMP gather, then follow the event across the WOR pro®le.

Optimal Offset (3.5 m)

0.25 m0.1 m

Wide offset reßection acquisition

0.25 m

Transmitter Receiver

Figure4. Acquisition geometryfor the wide offset pro®les.Oneantennais held
stationaryandthe otherantennais moved at 0.1 m incrementsuntil the optimum
offset is obtained. Then the antennas are moved together in 0.25 m increments.
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Data and Analysis

I visitedtheprototypesurfacebarriersitefour timesto determinethechangein soil mois-

tureduringtheyear. I spreadtheexperimentsover theyearto sampleduringdifferentseasons.In

generalat Hanford,Winter is the wet seasonand Summeris the dry season.Table 1 lists the

acquisition dates and the ®eld methods used.

Figure5 shows thegeometryof theprototypesurfacebarrierandthegeophysicalsurveys.

The site is a relatively ¯at surfacecoveredwith rows of sagebrush.The outerboundaryof the

prototypesurfacebarrieris basaltriprap.Grid pointsarelocatedevery 3 m. Theorigin is located

at the®rststake (1,1) in thelower, left-handcorner. Irrigationequipmentwaslocatedat theNorth

end of the site for the March and May surveys.

Two sectionsof theprototypesurfacebarrierhaddifferentwatertreatmentin thepast.The

northernsectionunderwenta controlled simulatedrainfall. The southernsectionreceived the

ambientrainfall duringtheyear. Water-balancemonitoringstationsarelocatedalonga East-West

line at 26 m and57 m. Stone-tiledaccesspathsareshown in ®gure5. The site containsother

experimentalequipmentor accesstubes,mostlynearthewater-balancemonitoringstations.The

controlled rainfall experiment was completed by the time I started the geophysical experiments.

Table 1: Geophysical Þeld experiments

Survey Date Methods

March 9, 2001 GPR and EM-31

May 22, 2001 GPR and EM-31

September 19, 2001 GPR and EM-31

January 9, 2002 GPR and EM-31
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Figure5. Map showing the CMP locations(dark,grey diamonds),the WOR sur-
veys (black lines),andthe EM 31 datacollectionpoints(dark,grey circles).The
light grey linesarethetiled pathways.Thelarger, light grey circlesarethewater-
balancemonitoringstationsandtheoutlinedgrey squarein thecenteris thecontrol
datalogger. The light grey rectanglesare the areasmonitoredfor the controlled
rainfall experiment.
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EM31
I sampledevery 3 meterswith the EM31-MK2 at eachnumberedstake. Figure6. shows

thequadratureandin-phasecomponentsof theMarchsurvey TheantennawasorientedEast-West

in the vertical, coplanardipole con®guration.I also acquiredtwo North-Southlines with the

Figure6. EM31 surveys acquiredin March,2001with theantennaorientedEast-
West.The vertical componentsof the quadratureandin-phasemeasurementsare
show.
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antennaorientedNorth-South(®gure7). The ®rst North-Southsurvey was along the pro®le

de®nedby stakes(10,1) to (10,26).Thesecondsurvey wasalongthepro®lede®nedby stakes(3,

26) to (3, 1). Again, thesamplingwasat3 m intervalstakenat thestakesalongtheline. I sampled

the current 5 times at each station and recorded the average of those ®ve readings.

TheNorth-Southsurveys show anomaliescorrespondingto thewater-balancemonitoring

stationsat 26 m NS and57 m NS.At theNorth endof thetransects,thequadratureandin-phase

componentsseparateslightly, with the stake 3 survey having slightly highervalues.The higher

quadraturevaluesindicatethat the Northeastcornerhasa higherconductivity comparedto the

Northwestcorner. Also thenorthern-mostendvaluesof thein-phasecomponentsaremuchhigher

Figure7. Thequadratureandin-phasecomponentsof theMarchNorth-Southsur-
veys. The quadraturecomponentis the solid line; the in-phasecomponentis the
dottedline. TheNS pro®lealongstake 10 transectis red,thestake 3 m transectis
blue.

South North
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thanmostof thetransect.Thesehigh valuesareprobablydueto themetalirrigationsystemat the

North end of the surface barrier.

I comparethe changesin the quadraturecomponentof the EM31 databetweenthe four

acquisitiondatesin Figure8 andthe in-phasecomponentsin Figure9. To facilitatethecompari-

Figure8. Comparisonof quadraturecomponentof EM31 from a) March,b) May,
c) September, and January(d). The May, September, and Januarydata were
adjusted to have the same average values as the March data.

a) b)

d)c)
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son,I have adjustedtheMay, September, andJanuarysurveys. Theaverageof thevaluesin each

componentfrom eachmonthis thesameastheaverageof samecomponentin theMarchsurveys.

In the quadraturecomponentplots,a North-Southtrending,linear, low conductivity anomalyis

easilyobservedalong20m NS.Another, similaranomalytrendingin theSouthwestdirectionalso

Figure9. Comparisonof in-phasecomponentof EM31 from March (a), May (b),
September(c) and January(d). The May, Septemberand Januarydata were
adjusted to have the same average values as the March data.

a) b)

c) d)



15

appearsin thequadraturecomponentdata.Theseanomaliesindicatea stronglyresistive trendin

the prototype surface barrier, possibly related to air-®lled conduits.

Anothertrendin the quadraturecomponentis the decreasedconductivity in the southern

20 m of the surfacebarrierobserved in the Septembersurvey. The edgeof the ambientrainfall

plot is at about15 m EW. In theSeptemberdata,thetransitionfrom redto greenis furtherSouth

than in the other three plots. Otherwise, the plots are remarkably similar and unrevealing.

In the in-phasecomponentplots,strong,East-Westtrendinganomaliesareseenat about

27 m NS and62 m NS. Theseanomaliescorrespondto the locationsof thewater-balancemoni-

toring stations.The in-phasecomponentrespondsstrongly to metalobjects.The anomaliesare

probablydueto metalwiresandpipesassociatedwith thewater-balancemonitoringstationsand

accesstubesfor relatedmonitoringexperiments.The stronganomalyat 18 m EW and42 n NS

coincides with the data control station, a large metallic object.

GPR
CMP surveys

TheCMP surveys wereacquiredwith the100MHz antennasto determinethesubsurface

EM velocity andtheoptimaloffsetfor separatingtheair andgroundwaves.TheCMPswerecen-

teredon the stake locationslisted in Table 2. I acquiredseveral CMPs at the beginning of the

Table 2: CMP EM velocity results

CMP
location

Mar ch
Velocity
(m/ns)

January
Velocity
(m/ns)

May
Velocity
(m/ns)

3, 23.3 0.118 0.110 ---

10, 23.3 0.117 0.112 ---

10, 23.3 0.115 0.112 ---

3, 23.3 0.115 0.110 ---
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March®eldexperimentto determinetheoptimaloffsetto collecttheWOR data.Theoptimaloff-

setwasbasedon the time separationof theair andgroundwaves.I wantedto avoid interference

betweenthetwo phasessoI couldaccuratelypick thegroundwave arrival time andamplitude.If

the separationis too close,the air wave will interferewith the later arriving groundwave and

potentiallycausea mispickingof the arrival time andthe amplitude.From the March CMPs,I

chosean optimal antennaseparationof 3.5 m. Although the characterof the GPRdatachanged

substantiallyduring the May andSeptember®eldexperiments,fortunately, the 3.5 m offset still

allowedpickingof thegroundwave.Attenuationof thewaveÕsamplitudedueto largerseparation

would have made picking the ground wave unreliable.

Processingof theGPRdataconsistsof a few standardprocedures.Thedataaredewowed

to remove low frequency noisedueto the electronicsin the radarunit. For the CMP analysis,I

3, 21.7 0.116 0.110 ---

10, 21.7 0.117 0.115 ---

3, 6.33 0.118 0.114 0.142

10, 6.3 0.124 0.117 ---

10, 6.3 0.292 (air) 0.299 (air) ---

3, 13.7 0.121 0.114 ---

10, 13.7 0.124 0.118 ---

10.7, 9.7 0.126 0.125 0.147

3, 9.5 0.120 0.120 ---

Average
(excl. air)

0.119 0.115 0.1445

Table 2: CMP EM velocity results

CMP
location

Mar ch
Velocity
(m/ns)

January
Velocity
(m/ns)

May
Velocity
(m/ns)
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bandpass®lteredthedatabetween25 to 200MHz to increasethesignalto noiseratioof thearriv-

als. The WOR data are un®ltered. For plotting the images, I used an AGC with a 25 ns window.

Figure10comparesCMPsfrom locations(10.7,9.7)for thefour acquisitiondates.For the

March andJanuarydata,the groundwave is a strongevent.The May datashows a weaker, less

extensive groundwave. The May CMP displayedhasthe bestgroundwave arrival of May sur-

veys. The SeptemberCMPs show weak groundwave arrivals and I could not pick the ground

wave for velocity analysis.In theMarchandJanuaryCMPs,thegroundwave projectedto arrive

at10m atapproximatelythesametime(~86nsfor March;~88nsfor January).Thus,theirslopes

arenearlyequal,indicatingthat the EM velocity of the groundwave is the aboutsamefor each

date.In May, theprojectedgroundwavearrivesat~75nsat10m antennaseparation.This earlier

arrival time indicates that the EM velocity is faster in May.

For theMarch,January, andtwo May CMPs,I pickedthegroundwavearrival timeswhere

possibleandcomputedtheEM velocityusinga linearregression.TheEM velocityof thearrival is

the inverseof thecomputedslope.Table2 lists theresultsfrom theanalysis.Thevelocitiesfrom

MarchandJanuaryarenearlythesameat eachlocation,with theJanuaryvelocitiesconsistently

slower. At the two locationsanalyzedfrom May, theEM velocity is 0.147m/nsand0.142m/ns,

signi®cantlyfasterthantheMarchandJanuaryequivalentlocations.AlthoughtheMay velocities

aresuspect,thissimpleanalysisshows thelargechangein EM velocityover theyearat theproto-

type surface barrier.

CMP interpretationusuallyconsistsof normalmoveout (NMO) velocity analysisof the

re¯ectionsin thedata.There¯ectionsin theCMP gathersarecorrectedfor NMO basedon many

differentvelocities(Yilmaz,1987).Thosevelocitiesthatalign there¯ectionsbestareindicatedby

thehigheramplitudesin theEM velocity plot (®gure11).Thegreenfeaturesat thetop of theEM
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Figure10.CMPgathersatgrid location(10.7,9.7).TheCMPswereacquiredin a)
March,b) May, c) September, andd) January. Notethechangesin thegroundwave
andre¯ectioncharacterfrom Marchto January. Theverticalwhite line in eachplot
shows the optimal antenna separation.

a) b)

c) d)
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Figure11. The CMP gatherlocatedat (3,13.7)andits velocity analysisacquired
during the a) March andb) May experiments.Although the plots aresimilar, the
May velocity is slightly higher.

a)

b)
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velocity plot above 40 nsarefrom theair andgroundarrivals.TheNMO velocity analysisis only

appropriatefor re¯ections.The air andgroundwavesaredirect arrivals, so their velocitiesare

improperly correctedby NMO. The NMO velocity analysisindicatesthat the re¯ections have

velocities between 0.105 and 0.120 m/ns.

Figure11comparestheMarchandMay NMO velocityanalysisatstake location(3, 13.7).

AlthoughtheEM velocityplotsaresimilar, thegreenanomalybetween60and100nsin theMay

plot is shiftedto slightly fastervelocitiescomparedto theMarchplot. Althoughthis EM velocity

shift is small, theshift indicatesthat thematerialabove the re¯ector hasa fasterEM velocity in

May than in March. This increasedEM velocity, althoughslight, corroboratesthe EM velocity

increase found from the ground wave arrival analysis.

Wide-offset surveys

I acquired®ve linesof GPRacrossthe®eldsite(Table3). ThethreeEast-West(EW) lines

are40m long.Thetwo North-South(NS) linesare80m long.TheGPRdatafor eachsurvey was

acquiredwith the sameparameters,except the stackingchangementionedearlier. The antenna

Table 3: Wide-offset reßection proÞles

Line Direction
Stake

system
Tx Rx Tx Rx

1 E-W Row 23.3 40.5 39.5 4.25 0.75

2 E-W Row 6.3 40.5 39.5 4 0.5

3 E-W Row 13.7 40.5 39.5 4 0.5

4 S-N  Col 2.7 0.5 1.5 82 85.5

5 N-S Col 9.7 82.5 81.5 4 0.5

For lines1 to 3, the10 m on the tapecorrespondsto the3 columnof stakes;the31 m tape
measurementcorrespondsto the 10 column of stakes. For line 4, 3.9 m on the tape
corresponds to row 1 of stakes. For line 5, 4.8 m on the tape corresponds to row 1 of stakes.
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frequency was100 MHz. In March, I testedthe 200 MHz antennas,but the penetrationof the

energy wastoopoorto recordlargeoffsets.Eachsurvey wasstartedwith awalkaway to helpreli-

ably identify the air and ground waves (®gure 12).

An importantdecisionis identifying theair andgroundwaves.By startingthesurvey with

thewalkaway, I canmorecon®dentlypick theair andgroundwavesfrom theslopeandintercept

on thetime axisof thephases.Theair wave alsohastheoppositepolarity from thegroundwave

(Du andRummel,1994).Thus,in thepresenteddata,theair wave hasa negative (white) ampli-

Figure12.Wideoffsetre¯ectionpro®lealongEast-Westpro®leat16m. Thewalk-
away startto thesurvey is at theWestendof thepro®le.Theair andgroundwave
arelabeled.Thepolarityof thegroundwave is reversedfrom thepolarityof theair
wave. Note the different length scale between about 39 and 40 m.

Air wave

Ground
wave

Air wave

Ground
wave
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tude,whereasthe groundwave hasa positive (black) amplitude.The oppositepolarity further

assists in picking the proper phase.

The WOR GPRdataanalysisconsistsof picking the arrival timesof the air andground

wavesat known locationsandantennaseparations(Figures13 and14). In GPRdata,the input

waveformhasa central,largeamplitudepeak¯ankedby two smallerpeaks.I picked thecentral

peak for my analysis.

Two aspectsof the characterof the WOR GPRsurveys areeasilyobserved in ®gures13

and14. First, thegroundwave is strongin theMarchandJanuarydata.Thegroundwave in the

May andSeptemberdatais moredif®cultto seeandnot ascoherent.Fortunately, thewalkaway

startof eachsurvey makespicking the groundwave morereliable.Secondly, the arrival time of

thegroundwave is about35 to 40nsin theMarchandJanuarydata,but is about30nsin theMay

andSeptemberdata.The earliergroundwave arrival indicatesthat the EM velocity is fasterin

May and September compared to March and January.

TheGPRdataindicateschangesin theradarresponsethroughouttheyear. Themostobvi-

ouscausein the radarcharacteris changesin thesoil moisturecontentdueto a decreasein rain

andanincreasein evapotranspirationin theSummermonths.During theWinter monthstherain-

fall increasesandreducedevapotranspirationlessens.To determinechangesin soil moisturecon-

tent, I want to determinethe EM velocity of the materialsampledby the radarenergy. The EM

velocity of the air and ground waves is simply:

. (1)

After theEM velocity is determined,thedielectricconstant(k) canbecomputedfrom the

EM velocity (v):

veloci ty dis cetan
time

----------------------=
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Figure 13. The WOR datafrom a) March and b) May. Note the weaker ground
wave amplitudesandthe earlierarrival timesin the May pro®lecomparedto the
Marchpro®le.Theair wave picksaremarkedby theblack line, thegroundwave
picksaremarkedby thewhite line. Badpickson theright sideof thesectionsare
due to a poorly de®ned picking window, and are ignored in the interpretation.

a)

b)
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Figure14.Similarplotsto ®gure13,showing datafrom a)Septemberandb) Janu-
ary. Note the weaker groundwave energy andthe earlierarrival time of the Sep-
temberpro®le.The Septemberdata is more similar to the data from May. The
Januarydatahassimilar arrival timesandamplitudescomparedto theMarchdata.
Annotations are the same as ®gure 13.

a)

b)
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(2)

where c is the EM velocity of light (0.3 m/ns).

A moredirectway to determinethedielectricconstantis to usethearrival timesof theair

andgroundarrivalsdirectly. Thesquareroot of thedielectricconstantcanbecomputedfrom the

air and ground wave travel time picks (Huisman et al., 2001):

(3)

wherec is again theEM velocity in air, x is antennaseparation(3.5m), tgroundis thearrival time

of thegroundwave,andtair is thearrival timeof theair wave.Thegroundwavesamplesavolume

of the near surface, providing an average EM velocity for that volume.

The groundwave samplesonly a portion of the groundbetweenthe antennas.Through

experiments,Berktoldetal. (1998)determinedthatthegroundwavesamplesbelow thesurfaceto

a depthbetweenone-halfto onewavelength.Thewavelength(l ) is computedfrom thefrequency

(f) and the velocity of the phase:

. (4)

In theGPRdata,theantennafrequency is 100MHz andtheEM velocity is about0.12m/ns.Thus

the sampled depth is about 0.6 to 1.2 m.

In the unsaturatedzone,soil moisturecontentis a critical physical propertygoverning

¯uid ¯o w. Recall that EM velocity is stronglydependenton the amountof waterpresentin the

soil. Thedielectricconstantof wateris 80, whereasair is 1. In dry soils, thedielectricconstants

have a narrow rangeof about3 to 10. Becauseof the large differencein dielectric constant,

k c
v
---=

k
c tground tai rÐ( ) x+

x
----------------------------------------------------=

l v
f
---=
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changesin EM velocity arestronglytied to changesin the watercontent.Soil moisturecontent

canbederivedfrom theEM velocityof thesoil. Mixing lawsbasedon theamountsof theconstit-

uent materialspresentare usedto convert EM velocity to soil moisturecontent(Knoll et al.,

1995).The dielectricconstantscanalsobe convertedto soil moisturecontentusingestablished

petrophysical relationships such as ToppÕs equation (Topp et al., 1980):

(5)

whereq is the water content.

The changesin EM velocity of the ground wave along the EW16 pro®leacquiredin

Marchareshown in ®gure15. Figure15 alsoshows thederivedsoil moisturecontentvalues.To

q 5.3x10 2ÐÐ 2.92x10 2Ð k 5.5x10 4Ð k2Ð 4.3x10 6Ð k3++=

Figure15.Velocity (solid line) andsoil moisture(dashedline) from EW line 16 in
March.Thevelocity is computedusingHuismanet al.Õs equation(eqn4) andthe
soil moistureis derived from thevelocity usingToppÕs equation(eqn3). The thin
gray lines arethe actualvalues.The heavy black lines area smoothedversionof
the values using a 5-point running average.
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moreeasilyseethetrendsin thevalues,I applieda 5-pointrunningaverageto smooththevalues.

Thesmoothedversionandthecalculatedvaluesareplottedin ®gure15.TheEM velocitychanges

arederived from eqn(3). The soil moistureestimatesarederived from Topp's equation(eqn4).

TheEM velocity increasesfrom about0.085m/nson theWestto about0.105m/nson theeastern

sideof theprototypesurfacebarrier. Thesoil moisturedecreasesfrom 0.22in theWestto 0.15in

the East.

Thechangesin EM velocity alongEW16over thecourseof theexperimentareshown in

®gure16. The EM velocity increasessigni®cantlyin May, thenremainsaboutthe samein Sep-

tember. The EM velocity thendecreasedin the Januarydata.The EM velocity is lowestduring

Figure 16. Velocity changesalongEW16 from March to January. March -- red;
May -- green; September -- yellow; January -- blue.
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January. Similarly, thesoil moisturedecreasesin May, thenremainsaboutthesamein September,

then increases in January to wetter values than in March (®gure 17).

I amalsoinvestigatingtheeffectsof soil moistureon amplitude.I have pickedthelargest

absolutevalueamplitudein a window correspondingto the arrival time of the phase.I usethe

absolutevaluebecauseof thepolarity changebetweenthephases.Figure18 shows theamplitude

of the groundwave arrival. To comparethe amplitudesfrom differentacquisitiontimes,I have

normalizedthe groundwave amplitudesby dividing by the air wave amplitude.I usethe maxi-

mumof theabsolutevalueof theamplitude,becausethetwo phaseshavedifferentpolarities.The

amplitudesfrom theGPRarein¯uencedby many, variablefactors,includingthebatterystrength

andcouplingbetweentheantennaandtheground.I assumethattheelectromagneticpropertiesof

Figure17.Soil moisturechangesover timealongline EW16.March-- red;May --
green; September -- yellow; January -- blue.
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the air wave do not changebetweensurveys. Thus, the amplitudemeasuredby the air wave

includesthesevariablefactors,but not changesin EM properties.By normalizingwith the air

wave, I canremove couplingeffectsandotherinstrument̄ uctuationsin thegroundwave ampli-

tudesbetweenthesurveys. Thus,thechangesin amplitudearedueto changesin thesoil proper-

ties.

Du andRummel(1994)notethat theamplitudeof thegroundwave increasesas rela-

tive to thatof theair wave.Thus,thegroundwave is betterobservedin wet soilscomparedto dry

soils.Reviewing ®gures13 and14, thegroundwave amplitudesweaken in thedrier, Springand

Summermonthsrelative to the Winter months.Figure19 shows that the normalizedamplitudes

alongEW line 67. Thelargestamplitudesarein MarchandJanuary, thesmallestarein May and

Figure18. Amplitudeof groundwave (gray) for EW line at 67 m acquiredduring
march.Theblackline is thenormalizedamplitude(abs(Ground/Air)).Theleft and
right axes are different.

k
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September. Theseamplitudechangesindicatethat the soil moisturedecreasesduring the Spring

and Summer months and is replenished in the Winter months.

From ®gure19, I would predict that the soil moistureduring Januarywashighest.The

moisturecontentdecreasesslightly in March,thenby May, thewatercontentdecreasedsubstan-

tially. The amountof moistureremainedrelatively constantbetweenMay andSeptember, then

increasesduring the Fall. Thesechangesprobablyre¯ect the changesin rainfall throughoutthe

year.

Conclusions

GPRhasgreatpotentialto observechangesin soil moisturecontentover time.Changesin

the GPRcharacterareeasilyobserved over the courseof the experiment.Thesechangescorre-

Figure19. Normalizedamplitudechangesover time alongEW line 67. March --
red; May -- green; September -- yellow; January -- blue.
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spondto EM velocity changesindicatingthat thesoil moisturechangesover time in anexpected

way. Amplitude analysisindicatesthat the soil moisturechangesin a mannersimilar to the EM

velocity analysis.

The EM31 conductivity datalacks the resolutionnecessaryto observe the soil moisture

changes.At theprototypesurfacebarrier, thesoil moisturechangesoccurin theupper2.5meters.

EM31 samplesdeeperinto thebarrier. This deeperpenetrationmaycausethepoorspatialresolu-

tion of the EM31 data.

GPRprovedsuccessfulat imagingchangesin soil moistureover theyear. BecausetheEM

velocity changesare large betweenthe dry and wet season,GPR soil moistureestimateswill

probablybereliable.UsingGPRto determinesoil moisturecontenthasmany advantagesover tra-

ditional methods:1) thecostandspeedof dataacquisitionis relatively inexpensive; 2) the large

spatialsamplingdensityprovidesgreatercoverage;and3) themethodis non-intrusive. GPRis a

promisingtechniqueto determinethe 3-dimensionaldistribution of the soil moisturecontentin

the subsurface.
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