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Abstract

Surfacebarrierscovering landbllsmustensurethat waterdoesnot Row throughthe land-
pll. Knowing theamountof waterandthe changesn watercontentovertime will allow engineers
to monitorthe effectivenesof the surfacebarriers.To measurehangesn soil moisturecontent,|
collectedelectromagnetiénductionand GPR data.l comparedthe changesn electromagnetic
conductvity and GPRresponsever a oneyearperiod. Sincethe thicknessandthe composition
of the prototypesurfacebarrierdid not changeover this time, differencesn the electromagnetic
responsaredueto changesn soil moistureor watercontentin the barrier GPRimageschanges
in the subsur&cethatindicatechangesn soil moisturecontent.My resultsconbPrmthatthe proto-

type suréce barrier is drier the Summer and wetter in thetéW



Intr oduction
Understandindduid 3ow in the unsaturate@onehasanimportantrole in determiningthe

fateandtransportof contaminantsThe distribution of hydraulic conductvity is vital to accurate
modelsof vadosezonelRuid Row. A reliableandnon-invasive methodto determinethe hydraulic
conductvity is desiredto adequatelymapthe hydraulicconductvity distribution in surfacebarri-
ers.The hydraulicconductvity distribution will provide betterinput to fateandtransportmodel-
ing packages and thus increase the reliability of the resulting models.

At Hanford,prototypesurfacebarriersarebeingtestedto determinetheir ability to protect

contaminantdrom through-Raeving Ruids (200-BP-1,1999). The surface barrier (®gurel) is
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Figurel. Cutavay diagramof the prototypesurfacebarriershaving the construction

andthicknesse®sf variousmaterials The hydrologicalcycle is alsodescribedn the
®gure.

engineeredo reducethe Ruid Row throughthe underlyingwastecrib. The upper2 m of the sur-
facebarrierconsistof two, 1.0 m thick layersof silt loam,a 0.15m sand®lter anda 0.3 m thick

gravel ®lterunderlainby asphalt.l was contractedto usenon-invasve geoplysical methodsto



determinethe spatialdistribution and the seasonathangesn the soil moisturecontentin this
upper ~ 2.5 m zone ab® the asphalt.

Measuremenbf the electromagneti¢EM) propertiesof the subsurécecanprovide esti-
matesof importanthydrological parametersuchas porosityandwatersaturationln turn, these
propertiesare usedby hydrologistsandsoil scientistso determinethe hydraulic conductvity of
the saturatecandunsaturate@onesusingrelationshipdik e Richardsequationandthe van Genu-
chten parametergvan Genuchten,1980). Importantly EM methodsare deployed acrossthe
groundsurfaceandarethusanon-irvasve methodto samplethe subsurdce. EM methodssuchas
electromagnetiinductionand groundpenetratingadar(GPR) acquiredataquickly andat high
spatial densities to pvale a detailed distrildion of EM conductiity or velocity.

SheetsandHendrickx(1995)usedelectromagneticnductionto determinethe soil mois-
ture content.The electricalconductvity of soil canindirectly mapchangesn the watercontent
(Curtis, 2001; Davis et al., 1997; McNeill, 1980a).Although otherfactors,suchas mineralogy
effectthe EM conductvity, attheland®lIsitethe materialis fairly homogeneouslhus,variations
in the EM conductiity may be correlated toaviations in soil moisture content.

Many experimentshave usedGPRto testthe validity of usingradarenegy to map soil
moisturecontent(Berktold et al., 1998; Chanzyet al., 1996; Charlton,2000; Du and Rummel,
1994:,Greaveset al., 1996; Huismanet al., 2001; Lesmeset al., 1999; van Overmeereret al.,
1997;Weiler et al., 1998).Most of theseexperimentswere small, test-of-concepsurweys. Grote
etal. (2002) have usedGPRto monitor the volumetricwatercontentin soils appliedto highway
constructiorandmaintenanceHubbardetal. (2002)have recentlyusedGPRto mapsoil moisture
contentacrossa vineyard. GPR measurementare corvertedto soil moisturecontentand have

shawvn promising results for measuring soil moisture content.



Methods

EMS31 surveys
Electromagnetiinductionsuneys provide athree-dimensionalistribution of the conduc-

tivity of the subsuréce. Electrical conductvity is a measureof the easeof ow of electrons
througha material.Metalsandionic solutions suchassalinewater have a high conductvity. Sil-
icatemineralstendto have alow conductvity. A widely usedtool for measuringeM groundcon-
ductvity is the GeonicsEM31 instrument.The EM31 instrumentusesa dipole-dipoleloop and
operatesat 9.8 KHz. Theloop separations 3.66 m resultingin a samplingdepthof about6.0 m
(McNeill, 1980b) Thedipolescanbe orientedvertically or horizontally The EM31 acquireshe
guadratureandin-phasecomponent®f the magnetic®eld.The quadraturecomponenimeasures
thegroundconductvity (in mS/m).Thein-phasecomponenttheratio of the secondaryo the pri-
mary magnetic®eld(in partsperthousand)js more sensitve to large metallic objectsthanthe
quadrature component.

The EM conductvity changesanbe relatedto soil watercontent(Curtis, 2001; Davis et
al., 1997; McNeill, 1980a).The electricalconductvity of soils dependson the porosityandthe
percenof moisturein the pores(McNeill, 1980a).At the surfacebarrier the geologicalsettingis
essentiallyconstantsochangesn electricalconductvity aremostlikely causedy changesn the
soil moisturecontent.Thus,by mappingthe electricalconductvity, | amalsoindicatingchanges
in the soil moisture content.

GPR surveys

GPR sendsradarenegy into the groundthrougha transmittingantennaThis enegy is
recordedat a receving antennagplacednearthe transmitter For the datausedin this study 100
MHz antennasvereused.A few 200 MHz sunweys were conductedput the dataquality wastoo

poor to reliably determinethe arrivals. The sampleintenal was 0.8 ns and 500 sampleswere



acquiredfor eachtracefor a recordingwindow of 400 ns. | stacled the data64 timesfor the
Marchdata,32 timesfor therestof thedata.Thereducechumberof stacksdid not deterioratehe
data quality and increased the acquisition rate.

Figure2 shaws the transmitterandrecever antennagsnda simpli®edsketchof the arriv-

Transmitter Recever

Ground-coupled air ave

Direct ground vave

Re ected vave

Figure2. Arrivalsrecordedn thewide offsetre ection pro®lesThedirectground
wave and re ection can provide estimatesof the EM velocity of the surface
between the antennas.

ing phasesTheground-couplecir wave travelsdirectly betweerthetransmitterandtherecever.
This phasas the®rstarrival andhasanEM velocity of air, 0.3m/ns. Thedirectgroundwave trav-
elsalongthegroundsurface.The EM velocity from this phasecorrespondso the EM velocity of
theground.There ectedarrival travels from the transmitterto aninterfacethenis re ectedback
to the surhice where the recar records the engy.

The EM velocity of the phases determinedrom the travel times.Waterhasa slov EM
velocity (0.033m/ns)andair hasafastEM velocity (0.3m/ns).In mostsurweys, the materialdoes

not changein termsof compositionor structureover time. Slower velocitiesindicate a higher



amountof waterin the porespaceThus,changesn EM velocity at the prototypesurfacebarrier
are caused by changing soil moisture.

The methodindirectly measureshe dielectricconstantof the materialthroughwhich the
enegy propagtes.The dielectric constantor dielectric permittivity measureghe ability of a
materialto polarizeor storeenegy throughseparatiorof boundchages.Waterhasa high dielec-
tric constanbf about80. Air hasadielectricconstanbf 1. Dry soil materialsandsedimentdave
dielectricconstantdetween3 and 10. Clays andsilts may have a dielectricconstantashigh as
about30to 40. Thelargedielectricconstandifferencebetweenwvaterandair enablesnappingof
changes in ater content across a seyv

| conductedsPRsuneys usingtwo approacheso determinethe EM velocity of the sub-
surface.The ®rstmethodis thetraditionalcommonmidpoint(CMP) method.The secondnethod
involvesstudyingchangesn the arrival time of known radareventsandthencornvertingthis time
to EM velocity (®gure4.) (Du andRummel,1994;Berktold et al., 1998). This secondmethodis
notwidely appliedin GPRsuneys, but offersgreatpotentialto provide spatiallydenselysampled
EM velocity measurementfhiatcanbecorvertedto thedesiredparameterssuchasdielectriccon-

stant or soil moisture content.



CMP geometry

Figure3 shaws the acquisitiongeometryof a CMP gather CMPsareacquiredoy moving

Transmitter Recever
-—— —

Common midpoint

Figure 3. Acquisition geometryfor CMP gathers.The commonmidpointis the
midpoint betweenthe transmitterand recever. As the two antennasnove apart,
the common midpoint remains the same, assuming horizontal layering.

the GPRantennasway from eachotherabouttheir (common)midpoint (®gure3). | startedwith
100MHz antennaseparatedby 0.1 m. | increasedhe separatiord.1 m by moving eachantenna
0.05m away from the other Thetwo maindirectarrivals arethe enegy propagting throughthe
air and through the ground betweenthe antennasThe EM velocity of theselinear eventsis
inversely proportionalto the slope of their arrivals. The EM velocity from the re ections are
determinedy theirnormalmoveout(NMO), a standardrelocity analysismethod(Yilmaz, 1987).
The EM velocity changebetweenthe silt loam andthe underlyingasphaltbed shouldproducea
strongre ection. This re ection will provide the averageEM velocity for the silt loam between
the surlce and the asphalt.

WOR (Wde offset re ection) geometry

The secondnethodusesthe optimalantennaseparatior(3.5m) from the CMP surweys to
reliably identify the air wave, the directgroundarrival, andthere ection from theasphalt.These

suneys will bedenotedaswide-offsetre ection (WOR) pro®lesasthe offsetbetweertheanten-



nasis muchwider thanis usuallyusedin standardGPRre ection pro®les| startthis surey with
the transmitterand recever closetogethey then one antennas walked away from the otherin
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
Wide offset ref3ection acquisition

Optimal Ofset (3.5 m)

- |
0.1m 0.25m 0.25m
- g—P i

¥,
N AN\

Transmitter I Recever

Figure 4. Acquisition geometryfor the wide offset pro®les.One antennais held
stationaryandthe otherantennas moved at 0.1 m incrementsuntil the optimum
offset is obtained. Then the antennas argaddogether in 0.25 m increments.

apart,thenthe receving antennaonly wasmoved 0.1 m until the antennaseparatiorbecame3.5
m. Thenbothantennaveremoved0.25m pertrace,keepinga constantantennaseparatiorof 3.5
m. This acquisitiongeometryallows meto identify the groundwave (or otherphase)n a pseudo-

CMP aather then follav the eent across the @R pro®le.



Data and Analysis

| visitedthe prototypesurfacebarriersite four timesto determineghe changean soil mois-
tureduringtheyeatr | spreadthe experimentsover theyearto sampleduringdifferentseasondn

generalat Hanford, Winter is the wet seasorand Summeris the dry seasonTable 1 lists the

Table 1: Geoplysical Peld 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

acquisition dates and the ®eld methods used.

Figure5 shavs the geometryof the prototypesurfacebarrierandthe geoplysical sureys.
The site is arelatively at surfacecoveredwith rows of sagebrush.The outerboundaryof the
prototypesurfacebarrieris basaltriprap. Grid pointsarelocatedevery 3 m. Theorigin is located
atthe®rststale (1,1) in thelower, left-handcorner Irrigationequipmentvaslocatedat the North
end of the site for the March and May sy

Two sectionf the prototypesurfacebarrierhaddifferentwatertreatmenin thepast.The
northernsectionunderwenta controlled simulatedrainfall. The southernsectionreceved the
ambientrainfall duringthe year Waterbalancemonitoringstationsarelocatedalonga East-W\est
line at 26 m and 57 m. Stone-tiledaccesgathsare shavn in ®gure5. The site containsother
experimentalequipmentor accestubes,mostly nearthe waterbalancemonitoringstations.The

controlled rainéll experiment vas completed by the time | started the ggspal experiments.
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Figure5. Map shaving the CMP locations(dark, grey diamonds)the WOR sur-
veys (blacklines),andthe EM 31 datacollection points(dark, grey circles).The
light grey linesarethetiled pathways.Thelarger, light grey circlesarethe water
balancemonitoringstationsandthe outlinedgrey squaren the centeris thecontrol
datalogger The light grey rectanglesare the areasmonitoredfor the controlled
rainfall experiment.
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EM31
| sampledevery 3 meterswith the EM31-MK2 at eachnumberedstale. Figure 6. shavs

March 9, 2001
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Figure6. EM31 surweys acquiredin March, 2001 with the antennaorientedEast-
West. The vertical component®f the quadratureandin-phasemeasurementare
show.

thequadraturendin-phasecomponent®f the Marchsurey TheantennavasorientedEast-W\st

in the vertical, coplanardipole con®guration! also acquiredtwo North-Southlines with the
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antennaoriented North-South(®gure 7). The ®rst North-Southsurey was along the pro®le

South Distance (m) North

\9)

(=)
In-phase (ppt)

Conductivity (mS/m)

-10 -2

Distance (m)

Figure7. The quadratureandin-phasecomponent®f the March North-Southsur-
veys. The quadraturecomponents the solid line; the in-phasecomponentis the
dottedline. The NS pro®lealongstale 10 transecis red, the stale 3 m transecis
blue.

de®nedy stales(10,1) to (10, 26). Thesecondsurey wasalongthepro®lede®nedby stales(3,
26)to (3, 1). Again,thesamplingwasat 3 m intervalstakenat the stalesalongtheline. | sampled
the current 5 times at each station and recorded/édrage of thosev@ readings.

The North-Southsuneys shav anomalieorrespondingo the waterbalancemonitoring
stationsat 26 m NS and57 m NS. At the North endof the transectsthe quadratureandin-phase
componentseparateslightly, with the stale 3 surwey having slightly highervalues.The higher
guadraturevaluesindicatethat the Northeastcornerhasa higher conductvity comparedo the

Northwestcorner Also the northern-mosendvaluesof thein-phasecomponentsremuchhigher

12



thanmostof thetransectThesehigh valuesareprobablydueto the metalirrigationsystemat the
North end of the suate barrier
| comparethe changesn the quadraturecomponenif the EM31 databetweenthe four

acquisitiondatesin Figure8 andthein-phasecomponentsn Figure9. To facilitatethe compari-

a) b)

Figure8. Comparisorof quadraturecomponenbf EM31 from a) March, b) May,
c) Septemberand January(d). The May, Septemberand Januarydata were
adjusted to hae the samewerage @alues as the March data.
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Figure9. Comparisorof in-phasecomponenbf EM31 from March (a), May (b),
September(c) and January(d). The May, Septemberand Januarydata were
adjusted to hae the samewerage alues as the March data.

son,| have adjustedhe May, SeptemberandJanuarysureys. The averageof the valuesin each
componenfrom eachmonthis the sameasthe averageof samecomponentn the Marchsuneys.
In the quadraturecomponenplots, a North-Southtrending, linear, low conductvity anomalyis

easilyobseredalong20m NS. Anothet similaranomalytrendingin the Southwestirectionalso

14



appearsn the quadratureeomponentata. Theseanomaliesndicatea stronglyresistie trendin
the prototype suaice barrierpossibly related to af®lled conduits.

Anothertrendin the quadraturecomponenis the decreased¢onductvity in the southern
20 m of the surfacebarrierobsered in the Septembesurwey. The edgeof the ambientrainfall
plot is ataboutl5 m EW. In the Septembedata,the transitionfrom redto greenis further South
than in the other three plots. Otherwise, the plots are remarkably similar anealing

In the in-phasecomponenplots, strong,East-Vesttrendinganomaliesare seenat about
27 m NS and62 m NS. Theseanomalieorrespondo the locationsof the waterbalancemoni-
toring stations.The in-phasecomponentrespondsstrongly to metal objects.The anomaliesare
probablydueto metalwires andpipesassociateavith the waterbalancemonitoringstationsand
accesgubesfor relatedmonitoring experiments.The stronganomalyat 18 m EW and42 n NS

coincides with the data control station, ayj@ametallic object.

GPR
CMP sureys

The CMP sunweys wereacquiredwith the 100 MHz antennaso determinethe subsuréce
EM velocity andthe optimal offsetfor separatinghe air andgroundwaves.The CMPswerecen-

teredon the stale locationslisted in Table 2. | acquiredseveral CMPs at the beaginning of the

Table 2: CMP EM velocity results

CMP Mar ch January May
location Velocity Velocity Velocity
(m/ns) (m/ns) (m/ns)
3,233 0.118 0.110
10, 23.3 0.117 0.112
10, 23.3 0.115 0.112
3,233 0.115 0.110

15




Table 2: CMP EM velocity results

CMP Mar c_h Janua_ry May_
location Velocity Velocity Velocity
(m/ns) (m/ns) (m/ns)
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
3,95 0.120 0.120 ---
Average 0.119 0.115 0.1445
(excl. air)

March®eldexperimentto determinghe optimal offsetto collectthe WOR data.The optimal off-
setwasbasedon the time separatiorof the air andgroundwaves.| wantedto avoid interference
betweerthetwo phasesol couldaccuratelypick the groundwave arrival time andamplitude.If
the separations too close,the air wave will interferewith the later arriving groundwave and
potentially causea mispicking of the arrival time andthe amplitude.From the March CMPs, |
chosean optimal antennaseparatiorof 3.5 m. Although the characteiof the GPR datachanged
substantiallyduring the May and Septembef®eldexperiments fortunately the 3.5 m offset still
allowed picking of the groundwave. Attenuationof the wave®@amplitudedueto largerseparation
would hare made picking the groundawe unreliable.

Processingf the GPRdataconsistsf a few standardoroceduresThe dataare devowed

to remove low frequeng noisedueto the electronicsin the radarunit. For the CMP analysis,|
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bandpas®Ilteredthe databetweer25to 200MHz to increasehe signalto noiseratio of thearriv-
als. The VDR data are un®Ilteredoplotting the images, | used a& with a 25 ns winde.

Figure10 compare<CMPsfrom locations(10.7,9.7) for thefour acquisitiondates For the
March andJanuarydata,the groundwave is a strongevent. The May datashowvs a wealer, less
extensve groundwave. The May CMP displayedhasthe bestgroundwave arrival of May sur-
veys. The SeptembelCMPs shav weak groundwave arrivals and | could not pick the ground
wave for velocity analysis.In the MarchandJanuaryCMPs,the groundwave projectedto arrive
at 10 m atapproximatelhthe sametime (~86 nsfor March;~88nsfor January)Thus,their slopes
arenearlyequal,indicatingthatthe EM velocity of the groundwave is the aboutsamefor each
date.In May, the projectedgroundwave arrivesat~75nsat 10 m antennaseparationThis earlier
arrival time indicates that the EMelocity is faster in May

For theMarch,Januaryandtwo May CMPs,| pickedthegroundwave arrival timeswhere
possibleandcomputedhe EM velocity usingalinearregressionThe EM velocity of thearrival is
the inverseof the computedslope.Table?2 lists the resultsfrom the analysis.The velocitiesfrom
March andJanuaryare nearlythe sameat eachlocation,with the Januaryvelocitiesconsistently
slower. At thetwo locationsanalyzedrom May, the EM velocity is 0.147m/nsand0.142m/ns,
signi®cantlyfasterthanthe MarchandJanuaryequvalentlocations.Althoughthe May velocities
aresuspectthis simpleanalysisshavs thelarge changdan EM velocity over the yearatthe proto-
type suréce barrier

CMP interpretationusually consistsof normal moveout (NMO) velocity analysisof the
re ectionsin thedata.There ectionsin the CMP gathersarecorrectedor NMO basedon mary
differentvelocities(Yilmaz, 1987).Thosevelocitiesthatalignthere ectionsbestareindicatedby

thehigheramplitudesn the EM velocity plot (®gurell). The greenfeaturesat thetop of the EM
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b)

d)

Figure10.CMP gathersatgrid location(10.7,9.7). The CMPswereacquiredn a)
March,b) May, c¢) Septemberandd) JanuaryNotethe changesn thegroundwave
andre ectioncharactefrom Marchto JanuaryTheverticalwhite line in eachplot
shaws the optimal antenna separation.

18



b)

Figure11. The CMP gatherlocatedat (3,13.7)andits velocity analysisacquired
during the a) March andb) May experiments Although the plots are similar, the
May velocity is slightly higher
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velocity plot above 40 nsarefrom the air andgroundarrivals. The NMO velocity analysiss only
appropriatefor re ections. The air and groundwaves are direct arrivals, so their velocitiesare
improperly correctedby NMO. The NMO velocity analysisindicatesthat the re ections have
velocities between 0.105 and 0.120 m/ns.

Figurell compareshe MarchandMay NMO velocity analysisat stale location(3, 13.7).
Althoughthe EM velocity plotsaresimilar, the greenanomalybetweer60 and100nsin the May
plot is shiftedto slightly fastervelocitiescomparedo the Marchplot. Althoughthis EM velocity
shift is small, the shift indicatesthat the materialabove the re ector hasa fasterEM velocity in
May thanin March. This increasedEM velocity, althoughslight, corroborateghe EM velocity
increase found from the groundae arrval analysis.

Wide-offset sureys

| acquired®ve linesof GPRacrosghe®eldsite (Table3). ThethreeEast-West(EW) lines

Table 3: Wide-offset re3ection pobles

Line Direction Stale TX Rx TX Rx
system

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 lines 1 to 3, the 10 m on the tapecorrespondso the 3 columnof stales;the 31 m tape
measurementorrespondsto the 10 column of stales. For line 4, 3.9 m on the tape
corresponds to m 1 of stales. for line 5, 4.8 m on the tape corresponds w toof stales.

are40 m long. Thetwo North-South(NS) linesare80 m long. The GPRdatafor eachsurwey was

acquiredwith the sameparametersexceptthe stackingchangementionedearlier The antenna

20



frequeny was 100 MHz. In March, | testedthe 200 MHz antennasbut the penetrationof the
enepgy wastoo poorto recordlarge offsets.Eachsurwey wasstartedwith awalkavay to helpreli-

ably identify the air and groundawes (®gure 12).

Air wave
Air wave Ground
wave
Ground
wave

Figure12.Wide offsetre ection pro®lealongEast-W\estpro®leat 16 m. Thewalk-
away startto the surwey is atthe Westendof the pro®le.The air andgroundwave
arelabeled.Thepolarity of thegroundwave is reversedrom the polarity of the air
wave. Note the dferent length scale between about 39 and 40 m.

An importantdecisionis identifying theair andgroundwaves.By startingthe surwey with
thewalkawvay, | canmorecon®dentlypick the air andgroundwavesfrom the slopeandintercept
on thetime axis of the phasesThe air wave alsohasthe oppositepolarity from the groundwave

(Du andRummel,1994).Thus,in the presentediata,the air wave hasa negative (white) ampli-
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tude, whereasthe groundwave hasa positive (black) amplitude.The oppositepolarity further
assists in picking the proper phase.

The WOR GPR dataanalysisconsistsof picking the arrival times of the air and ground
waves at known locationsand antennaseparationgFigures13 and 14). In GPR data,the input
waveform hasa central,large amplitudepeak anked by two smallerpeaks.l picked the central
peak for my analysis.

Two aspectof the characteof the WOR GPR suneys are easilyobsenedin ®guresl3
and14. First, the groundwave is strongin the March and Januarydata.The groundwave in the
May and Septembedatais moredif®cultto seeandnot ascoherentFortunately the walkavay
startof eachsurwey malkes picking the groundwave morereliable. Secondlythe arrival time of
thegroundwave is about35to 40 nsin the MarchandJanuarydata,but is about30 nsin the May
and Septembedata. The earliergroundwave arrival indicatesthat the EM velocity is fasterin
May and September compared to March and January

The GPRdataindicateschangesn theradarresponsehroughouthe year The mostobvi-
ouscausen theradarcharacteiis changesn the soil moisturecontentdueto a decreasén rain
andanincreasan evapotranspiratiomn the Summermonths.During the Winter monthsthe rain-
fall increasesndreducedevapotranspiratiomessensTo determinechangesn soil moisturecon-
tent,| wantto determinethe EM velocity of the materialsampledby the radarenegy. The EM
velocity of the air and groundawes is simply:

distance

velocity = e

(1)

After the EM velocity is determinedthedielectricconstant{k) canbe computedrom the

EM velocity (v):
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b)

Figure 13. The WOR datafrom a) March and b) May. Note the wealer ground
wave amplitudesandthe earlierarrival timesin the May pro®lecomparedo the
March pro®le.The air wave picks aremarked by the blackline, the groundwave
picks aremarked by the white line. Bad picks on the right side of the sectionsare
due to a poorly de®ned picking wingand are ignored in the interpretation.

23



b)

Figurel4. Similar plotsto ®gurel3, shaving datafrom a) Septembeandb) Janu-
ary. Note the wealer groundwave enegy andthe earlierarrival time of the Sep-
temberpro®le.The Septembedatais more similar to the datafrom May. The
Januarydatahassimilar arrival timesandamplitudescomparedo the March data.
Annotations are the same as ®gure 13.
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where c is the EMelocity of light (0.3 m/ns).
A moredirectway to determinethe dielectricconstanis to usethe arrival timesof the air
andgroundarrivalsdirectly. The squareroot of the dielectricconstanttanbe computedrom the

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

) +X

JE _ C(tground Dtai r
X

3)
wherec is again the EM velocity in air, x is antennaseparatior(3.5m), tyoungis the arrival time
of thegroundwave, andt,;, is thearrival time of the air wave. The groundwave samplesavolume

of the near sudce, proiding an aerage EM elocity for that wlume.

The groundwave samplesonly a portion of the groundbetweenthe antennasThrough
experimentsBerktoldetal. (1998)determinedhatthe groundwave sampledelow the surfaceto
adepthbetweerone-halfto onewavelength.Thewavelength(l ) is computedrom thefrequeng

(f) and the elocity of the phase:

I
i<

(4)

In the GPRdata,theantenndrequeny is 100MHz andthe EM 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 property governing
“uid ow. Recallthat EM velocity is strongly dependenbn the amountof waterpresentin the
soil. The dielectricconstantof wateris 80, whereasair is 1. In dry soils, the dielectricconstants

have a narrav rangeof about3 to 10. Becauseof the large differencein dielectric constant,
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changesn EM velocity are stronglytied to changesn the water content.Soil moisturecontent
canbederivedfrom the EM velocity of the soil. Mixing laws basedn theamountf the constit-
uent materialspresentare usedto corvert EM velocity to soil moisturecontent(Knoll et al.,

1995). The dielectric constantan also be corvertedto soil moisturecontentusing established

petroplysical relationships such asfip® equation (@pp et al., 1980):

q = D5.3x10% + 2.9%10%k D5.5x10™'k? + 4.3x 107k ® (5)
whereq is the vater content.
The changesn EM velocity of the ground wave along the EW16 pro®leacquiredin

March areshawn in ®gurel5. Figure 15 alsoshaws the derived soil moisturecontentvalues.To

Figurel5. Velocity (solid line) andsoil moisture(dashedine) from EW line 16 in
March. The velocity is computedusing Huismanet al @ equation(egn4) andthe
soil moistureis derived from the velocity using Topp®equation(eqn3). Thethin
gray lines arethe actualvalues.The heavy black lines area smoothedversionof
the \alues using a 5-point runningeaage.
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moreeasilyseethetrendsin thevalues, applieda 5-pointrunningaverageto smooththevalues.
Thesmoothedrersionandthe calculatedvaluesareplottedin ®gurel5. The EM velocity changes
arederived from egn (3). The soil moistureestimatesare derived from Topp's equation(eqn4).
The EM velocity increase$rom about0.085m/nson the Westto about0.105m/nson the eastern
sideof the prototypesurfacebarrier The soil moisturedecreaseffom 0.22in the Westto 0.15in
the East.

The changesn EM velocity alongEW16 over the courseof the experimentareshowvn in

®gurel6. The EM velocity increasesigni®cantlyin May, thenremainsaboutthe samein Sep-

Figure 16. Velocity changesalong EW16 from March to January March -- red,;
May -- green; September -- yaNpJanuary -- blue.

tember The EM velocity thendecreasedh the Januarydata.The EM velocity is lowestduring
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JanuarySimilarly, thesoil moisturedecreases May, thenremainsaboutthe samen September

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

Figurel7. Soil moisturechange®ver time alongline EW16.March-- red; May --
green; September -- yellgp January -- blue.

| amalsoinvestigating the effectsof soil moistureon amplitude.l have pickedthe largest
absolutevalue amplitudein a window correspondingo the arrival time of the phasel usethe
absolutevaluebecausef the polarity changebetweenhe phasesFigure 18 shavs theamplitude
of the groundwave arrival. To comparethe amplitudesfrom differentacquisitiontimes, | have
normalizedthe groundwave amplitudesby dividing by the air wave amplitude.l usethe maxi-
mum of the absolutevalueof theamplitude because¢hetwo phasehave differentpolarities.The
amplitudesdrom the GPRarein uencedby mary, variablefactors,includingthe batterystrength

andcouplingbetweertheantennandtheground.l assumehatthe electromagnetipropertiesf
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Figure18. Amplitude of groundwave (gray) for EW line at 67 m acquiredduring
march.Theblackline is the normalizedamplitude(abs(Ground/Air)) Theleft and
right axes are dikerent.

the air wave do not changebetweensureys. Thus, the amplitude measuredoy the air wave
includesthesevariablefactors,but not changesn EM properties By normalizingwith the air
wave, | canremove couplingeffectsandotherinstrument uctuationsin the groundwave ampli-
tudesbetweernthe surneys. Thus,the changesn amplitudearedueto changesn the soil proper-

ties.

Du andRummel(1994)notethatthe amplitudeof the groundwave increasess ./k rela-
tive to thatof theair wave. Thus,the groundwave is betterobsenedin wet soilscomparedo dry
soils. Reviewing ®guresl3 and 14, the groundwave amplitudeswealenin the drier, Springand
Summermonthsrelative to the Winter months.Figure 19 shows that the normalizedamplitudes

alongEW line 67. Thelargestamplitudesarein MarchandJanuarythe smallestarein May and
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Figure 19. Normalizedamplitudechangesver time alongEW line 67. March --
red; May -- green; September -- y@ltaJanuary -- blue.

SeptemberTheseamplitudechangesndicatethat the soil moisturedecreasesduring the Spring
and Summer months and is replenished in ti@&Vmonths.

From ®gurel9, | would predictthat the soil moistureduring Januarywas highest.The
moisturecontentdecreaseslightly in March,thenby May, the watercontentdecreasegubstan-
tially. The amountof moistureremainedrelatively constantoetweenMay and Septemberthen
increasesluring the Fall. Thesechangegrobablyre ect the changesn rainfall throughoutthe

year

Conclusions

GPRhasgreatpotentialto obsene changesn soil moisturecontentover time. Changesn

the GPR characterare easily obsered over the courseof the experiment.Thesechangesorre-
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spondto EM velocity changesndicatingthatthe soil moisturechangesver time in anexpected
way. Amplitude analysisindicatesthat the soil moisturechangesn a mannersimilar to the EM
velocity analysis.

The EM31 conductvity datalacksthe resolutionnecessaryo obsenre the soil moisture
changesAt the prototypesurfacebarrier the soil moisturechange®ccurin theupper2.5 meters.

EM31 samplegieepeiinto the barrier This deepepenetratiormay causethe poor spatialresolu-
tion of the EM31 data.

GPRprovedsuccessfuatimagingchangesn soil moistureovertheyear Becauseéhe EM
velocity changesare large betweenthe dry and wet seasonGPR soil moistureestimateswill
probablybereliable.Using GPRto determinesoil moisturecontenthasmary advantage®vertra-
ditional methods:1) the costandspeedof dataacquisitionis relatively inexpensve; 2) the large
spatialsamplingdensityprovidesgreatercoverage;and 3) the methodis non-intrusve. GPRis a
promisingtechniqueto determinethe 3-dimensionalistribution of the soil moisturecontentin

the subsudce.
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