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ABSTRACT
Solil hydraulic and hydrodispersive propertiescruciabre necessarfor the-sustainable
management-aiodellingwaterresedurcesmndsolute fluxes imgriculturalland—bBue-to-the-local

I it of soil hvdroloaical rsdthe lack of fast isi hriGues.,
rethodology

based-on-the-integrationanivironnental systemdespite the large efforts in developing methods

(e.q, lab-based, PTE}heir characterization applicative scaleis still an imperative requirement.

Accordingly, this paper proposesmanrinvasive in situ method integratindglectromagnetic
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Induction (EMI) and hydrologicairedelirgnodellingto estimate soil hydraulic and transport
properties athe fieldplot scale.

To this aim we carried outtwo sequential water infiltration and solute transport

experimentsa olute

conecentration-along-the-soil-profile-was-menitaned conducted timapse EMI surveyasingan
EMl-senser—{ie.:a CMD mini-Explore)—Fime—DBomain—Reflectometry (FDR)probes—and

Sensot |

electrical

how well this methodology cdre useds-a+rapid—noimvasivefieldscale-method-te-assess-soll
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critical-for—optimato i) monitor water content dynamic aftgrigation seheduling—a-timing,

hds on the

ivestigated

must-be—able-to—capture—thehydraulicfunctions—and to estimate the soil hydraulic van

GenuchtenMualem parameters from theater infiltrationexperiment and ii) to monitor solute

concentration, and testimatesolutedispersivityfrom thesolute transport experimewe then

compared the obtained results to those estimated by direct TDR and tensiometer probes
measurementsit-the-appropriate-ate.

Yet-taboratorysealeOur results showa good agreement between Ebdsed estimation of

soil hydraulic and transport properti@gh those obtained from thdirect TDR and tensiometer

probes measuremen¥hen compared with direct TDReasurements-hyarautic properties-and
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RE-and-ADE-atfield-scale-sssentiallythe EMI significantly underestimated the water content

distribution, but the water content evolved similarly over tifig@is did not have a significant

impact on the hydraulic conductivity curvaace thehydraulic conductivitys mainly a finction

of water content variation, not its absolute valda the other &nd,this underestimation led to

lower saturated water contengflected inthe water retention curve. The latter cansbaledby

measurindhe actual saturated water conterthatend of the experiment with TDR probes or even

by weighing soil sampl

1. INTRODUCTION

Dynamics agréhydrological models are more and more used for interpreting and solvirg agro

environmental problems (Hansen et 2012: Coppola et al., 2015; Kroes et al., 2017; Coppola et

al., 2019). The soil hydrological componaitthese models is frequently based on mechanistic

descriptions of water and solute fluxes in soils. Richards equation (RE) for water flow and

AdvectionDispersion equation (ADE) for solute transpgemenerally accepted to applyalbcal




93 scale (plot sale, for example). Solving RE requires the determination of the hydraulic properties,

94 namely the water retention curve relating the soil water cqrifaiotthe soil water pressure head,

95 h, and the hydraulic conductivity curve, relating the hydraulidoetivity, K to either the water

96 content |, d o r h. Similarly, ADEereqgsines tiee dispersivitl, to be also known.

97 In the last decades severaldadtoryand insitu methods have been developedcharacterizing

98 soil hydraulic propertiee.g.Dane and Topp, 2020) and dispergiveperties (e.gvanderborght

99 and Vereecken2007). lab-basedcharacterizationgnay be carried out under more controlled

100 conditions. Nevertheless, for simulating water and solute dynamics in the real field dbetaxt,

101 situ methods are obviously more representative than the labTdngss firstlyrelatedto the size
102 of the volume investigateavhich hasto appropriately represent the heterogeneity of the medium
103 being studiedWessoleket al., 1994; Ellsworth et al., 1996; van Genuchten et al., 1999; Inoue et

104

105 In). Actually, awater flow proces®bservedn situ will be influenced by théeterogeneitie

106 (stones, macropores, etc.) found in the field. This is the lngitation of the relatively small soil

107 columns generally analysed in the laboratory. By contragf-aitu characterizatiommethod for

108 example the welknown instantaneouprofile method (Watson et al., 196&an catch the

109 hydraulic properties which are effective in describing the flow process obsersgd. ihhis will

110 also depend on the measurement scale (the size of the plot) and on the observation scale of the

111 sensoraused. These issgdave been dealt with in detail fexample in Coppola et al. (2012;

112  2016) and in Dragonetti et al., (Z)1Besidesthe experimental boundary conditions used to carry

113 out the hydraulic characterization in lab anesitu may also induce different shape of the

114  hydraulic properties as determined in the labiarsitu (Basile et al., 2006).
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In-situ methods typically evaluate sdilidrelogicahydraulic properties by monitoringn

infiltration and/or a_redistribution water flowprecessesandprocess(Watson et al., 1966).

Similarly, in situ methods for determinirydro-dispersive parameteks/are generally based on

monitoringof mixing processes following pulse or step inputs of a traceebimerlargeplotplots

or a-tengalongfield transect (Severino et al., 2010; Coppola eRal;1b)2011;Vanderborght and

Vereecken, 2007 Inversemedelingnodellingis-thenfrequently used to estimate the hydraulic

and transport parameters simultaneougly (m T et alk 1998Abbasi et al. 2003; Groh et al.,

i-situ for

al., 2013);

even byshortening the measurement procedure by simplified assumptions (e.g., Sisson and van

Genuchten 1991; Basile 2006) aHlsitu method$or thecharacterizationf thewhole soil profile

ofile are

jzed, all the

in-situ—methods remain extremely difficult to implemerdnd—it—remains—eriticalto—finding

re-actually

represent-the-hsitu-behavier-of-the-sedlso because they generally require installing sensors at

different depths €.9. TDR probes, tensiometers, access tubes for neutron praohbieh are

cumbersome and may induce soil disturbanoéess thénstallation is made much earlier than the

experiment, to at least partly allowing the soil to recover through several wetyimg c\cles its

natural structure.

Geophysiedh this direction, gophysicahonrinvasivemethodsuchadased otheelectrical

resistivity tomography (ERT}echnigue—are—used—amd Electromagnetic Induction (EMI)




138 technique represera promising alternative to traditionaehniguesensordor soil hydraulic and

139 transport parameters assessment. Many researchers have used-kiesenteRT data (Binley et

140 al., 2002; Kemna et al., 2002; Singha and GoreltK)5-Farzamian-et-al—201pto monitor

141 temporal water content and solute concentration chapgése-estimation-of-sei-hydradlic-and
142 transpertpropertiem flow and transport model3.he electrical-conductivity-of-any-subsurface

143 an-et al.,

144 2020y Heowever—thdependence ofariations-ofsoil electrical conductivity omhanges-irsoil

145 water content and concentration is the key mechanism that permits the uselapie&RT to

146  monitor waterand solutenevementiynamicsin time-lapse modelong a soil profile, by relating

147 resistivities to water contents and solute concentration distributiwoggh empirical osemt

148 empiricalrelationships (e.g. Archie, 1942) or establishediin relationshis (e.g. Binley et al.,

149 meters

150

151

152

153 agricultural-and—environmental-applications—electromagdaletiromagneticinduction (EMI)
154 earsensors mabe used as an alternative to the ERT techniqiteafiswsforrapid-survey-tiey

155 allow for monitoring water and solute propagation throwgkelativelylow-costfor-shallow

156 investigation—Apparesbil profile bysimply moving the sensor above the soil surface without the

157 need to instalelectrodesAn EMI sensor providemeasurementsf the depthweighted apparent

158 electrical conductivity(lla) dataaccording to the specific distribution of the bukectrical

159 conductivity( 4}, as well as the depth response funcidrihe sensor used (McNeill, 198@)

160 obtainedfrom EMI sensorsit-field-scale-hasave been used to map the geospatial and temporal



161 variability of the soil water content and salinity (Corwin and Lesch, 2005; Bouksila et al. 2012;

162 Coppola-etal—201@aeed et al., 2017). Howevearpnitoringthe usefulnessropagatiorof &ais
163 limited-when-studyinghe variation-of- the-soil-parametavater and solutewith depth-along a
164  soil profile (asdx
165 the-soil-bulk-electrical-conduetivihd(ring a water infiltration or a solute transport experiment)

epresent

166 requiresthe distribution of thels) distribution with depth{to be known over time, which can be

167 obtained by i,obsesations foom the EMI sehser (sée for example, Borchers et

168 al., 1997: Hendrickx et al., 2002; Lavoué et al., 2010; Mester eball; Peidda et al., 2014; Von

169 Hebel et al., 2014Dragonetti et al., 26 Moghadas et al., 2@1 Farzamian et al201%; Zare

170 etal. 2020; Mclachlan et al. 2020)ore recentlyjechnelogical-advances-have-sibeninversion

171 has been facilitated thedevelopmenof multi-colEM s ensors which are des

172  at multiple coil spacing and orientations simultaneoirsiypnepasssensor readindrhis allows a

173 rapid investigation of the o ieledirisal conductivity at several depth rangesddition;-several

174  inversion-methods-have-beenpropogedbtaint—he—di—striuhwto-imeakurenbntst he
175 S0ifFhe-EM

176 o e varei : N : ' . i digital mapping and

177 e-and

178

179

180 watér contenfHuang et al.,

181 2016; Whalley kal., 2017) andei-satinitysoluteconcentrationgPaz et al2020bFarzamian

182 2020 Gomez Florest al-2021)., 2022 quickly and cheaplyHowever, the potential ahis

183 methodin-assessiiflyll sensors tossessoil hydraulic and hydralispersive parameters has not
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been yet studied due to the lack of higisolution andvell-controlledexperimentsrequired to

catch the complexity of water flow and transport process during infiltratientexperiments

With these premisesn this papemwe propose a procedure based on a sequence of water
infiltration and solute transport experiments, both monitored by an EMI sensor, with the objective

of estimatingfieldin-situ theparameters o$oil hydraulicpropertiesand selutdhe dispersivity

parametersf a soil profilewith a noninvasiveEMI sensor and relatively shdreld-experiments

attheplot scale The sequence of water and solute infiltration has the main aim to discriminate the

contribution of the water conteand the soil solution electrical conductivity tothe BMa s & d 0

Fhis-issud\ll the EMI datawill be elarifiedanalysed by a hydrological model within acalled

uncoupled framework, whictwill be discussedn detail in theHydro-Geophysicaluncoupled

approachsection The goodness ofhese—parameter—estimatitims adopted approactvill be

evaluated by comparing the EMased hydraulic and hydrodispersive properties to those obtained

from in-situ TDR and tensiometer measureme®tst aim is to explorermapproachthad o e s n 6 t

needsensos installation andninimisedata necessary fahne in-situ assessment obg hydraulic

and hydrodispersive properties

2. HYDRO-GEOPHYSICAL UNCOUPLED APPROACH

A-Figure 1 provides a schematic view o$ig-step(+ one step for comparisopyocedure,

schematizeldased on an uncoupled approéClamporese et al., 201@hich will be adoptedn

itysthe

work to estimatehe soil hydraulic andhydro-dispersivydrodispersiveproperties-1-aversion

using the databtainedirom the EMI sensor. All the steps summarised below will be described in

detail in the Materials and Methods section.
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(i)

Inversionof time-l a p sE&/II data obtained duringve-experiments) a water infiltration

(ii)

experiment, hereafterlexperiment, and (i) a subsequent solute transport experiment,

hereafter 2 experimentto generate EMb a s @ distrilButions for each experimer)

laboratory

Laboratorycalibration ofthe relationshigFds-Owi N o r d e r pdiswibutonsrowvater t

(iii)

contentfirst,  d'expefiment)antbs oi | s ol uti on e |,endtharefora |

solute concentrationfst}{second, (29 experiment)3)-converting

Converting thel, distributions obtained from thérst1s' experiment toas—manywater

(iv)

content distributiong) s i n gUy-fiwne@tionshipto be used in the nextep-4numerical

simulation{step;

Numerical simulationby using theHYDRUS-1D mode} (Gi m T et &.k1998)of thefirst

(V)

water-infiltration—process' experimentin order to estimate the van Genuchiunalem

model(vG-M) parameters through an inversion procedure based on the water contents

inferred from ste@;-5)-convelng-(ii) ;

Conversion of thdly distributionsinferrecbbtainedfrom thesecen@™ experiment tdGk

}solute concentratiodistribution in order to estimate longitudinal dispersivity In this

¥

C

o

I

stept—he—soit+—solution.ledistribution was estimatedhy dsingthei v i t vy

| abordniecrayl idbr at i on. T hsecor"@kpesnient was sirhuiatedh
based on the V@M parameters obtainad step4-(iv). This is a crucial step in the proposed
procedure, aghisit allows to discriminate the contribution of the soil water electrical

conductivityto-the EMibase.d dand thus of the spHEMIt e

readings during thg" experimentT h ey disiributions were thus convertedf®i}solute

10

n

o

1
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240

concentrationby a e-a+—i—b—+rw4SH1i—@)-muméricadimple standardab-basedsolute

s p_e c -G relationship;

{5(vi) Numerical simulation of the second solute infiltration process in order to estimate

dispersivity through an inversion procedure based on the concentratinsiepbtained
from step5(v).

y(vi)An al ternat i v epoltanedafrene direcoTDR cieasunendents) as well as
tensiometepressure head (h) readings, collected during the two experiments, allowed us to

obtain independent hydraulic and hydrodispersive propéhesafter TDRbased for sake

of simplicity) to be used asraferenceo evaluate the EMbased parameter estinati (see

thehorizontal grey box in Fidl).

o,(EMI), B(TDR), h(Tens)
Time-lapse EMI Time-lapse EMI
inversion inversion
Y
[ Op
distribution distribution

Lab calibration Lab calibration
0-0,-0p 0-0,-0p

A4 v
Water content Forward modelling | [ Watercontent | Ow
[ (6) distribution ] (HYDRUS) (8) distribution distribution
EMI-gased \ Dispersivity, A, C
K(Soil hydraulic parameters \?‘gg:ﬁrsz /

1=t experiment: Water flow\ o - X
/ 6.(EMI), B(TDR), h(Tens) / 2" experiment: Solute transport \

by inverse modelling

s N

0 and h — based
[ 0 (TDR), h (Tens) J» Soil hydraulic parameters by inverse -y

_ L modelling (HYDRUS) ) ‘
Comparlson
. t EMI-based h

- Soil hydraulic parameters by inverse o
water content (0) g - Y

modelling (HYDRUS)

p J

Figure 1: Schematic diagram of the proposed Hy@eophysicalincoupledapproach
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3. MATERIAL AND METHODS

3.1. Study area

The experiment was performed at the Mediterranean Agronomic Institute of Bari (CIHEAM
IAM), southreastern coast of Italy. The study area is located at an altitude of 72 m with 41° 3'
13.251" N thealongitude of 16° 52' 36.274" E, aad elevation of about 68 m a.s.l. withygical
Mediterranean climate with rainy winters and very hot dry summers. The soil is a Colluvic Regosol
consisting of silty loam layers of an average depth of 70 cm on a shallow fractured calcareous

rock. Fhe-seil-s-frequently-tilled-at-Zbwo main horizons on the calcareous rock may be identified:

an Ap horizon (depth-80 cmy) andseattered Bw horizon (depth 3@0 cm). Sattereccalcareous

fragments are present due to fleejuentbreaking and grinding of the bexbk operated in the past

by using heavy machinemn orderto improve the soil structure and increase soil depth for
plantation

3.2. Experimental setup

A layout of the experimental setup is shown in.Rigrhe plotsizesizeis 4 x 4 m. Water was
applied by using a drip irrigation system consisting of 20 lines, with drippers spaced 0.20 m and

delivering a nominal flow rate of 10 t*hThus 400 drippers were installed, capable of delivering

4000! h'* on the whole plotThe dripper's grid spacirend the flow rate were selected to ensure

that a 1D flow field rapidly developed after starting irrigatidhe drip irrigation system was

placed on a metallic grid to be easily moved away from the plot and whenever EMI meassireme

were taken on the ground scéilhe-experimentalplot-was-covered-with-a-plastic sheet-abeut four

er content
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Prior-tothe-water-infiltration-experimerSeveral monthbefore starting the T experiment

after digging a small pikight threewire TDR probes, 7 cm long, 2.5 cm internal distance, and

0.3 ¢cm in diameter, wer e Iiand4dcn, eotrespgodngtathent al |
Ap and the Bw horizon 1T in the 4 corners of t
edge), as shown Irig. 2.A Tektronix 1502C cable tester (Tektronix Inc., Baverton, OR) was used

in this study, enabling simulaneous measur ement of water cor
c o nd u c b, dbfthe soiyvolume explored by the probe (Robinsbal., 2003; Coppola et al.,
2011a:b2011 2013). Furthermoteeight tensiometers were vertically inserted near each TDR

probe to acquire water potentials by a Tensicorder sensor (Hydrosense3 S0800DR probes

and tensiometers were installed for the evaluatioth®fEMEbased parameter estimati(step

Vil

The experimental plot was firstly irrigated by using tap water with an electrical conductivity

applied eleven irrigatias) each lasting about 3 minutes to deliver about 180 | on the wholé 16 m

plot for each irrigation (the volume was measured by a flowmeter). Irrigations were separated by

about al-hour shutoff. At each irrigation starting, digethe short inertia of the irrigation system

just after its switching on, for some seconds dripdelisered less than 10 *hFor each irrigation

an average flow rate of about 0.375 enm* was applied, which generated a small ponding at the

soil surface for a short tim@verall, an average water volume of 2000 | was supplied.

The propagation ofhe wetting front along the soil profile was monitored by using an EMI
sensor (i.e. CMD minExplorer, GF Instruments, Czech Republic), positioned horizontally in the

middle of the plot$ee Fig2) in order to measure the apparent electrical conductiigtyn the

13
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292

293

294

295

296

297

298

299

300

soil profile in VCP (vertical coplanar, i.e., horizontal magnetic dipole configuration) mode and

then HCP (horizontal coplanar, i.e., vertical magnetic dipole configurations) mode by rotating the
probe 90° axially to change the orientation frdi@P to HCP mode. The CMD Misitxplorer

operates at 30 kHz frequency and has three receiver coils with 0.32, 0.71 and 1.18 m distances
from the transmitter coil, referred to hereaf
that the instrument Isaan effective depth range of 0.5, 1.0 and 1.8 m in the HCP mode, which is
reduced to half (0.25, 0.5, and 0.9 m) by using the VCP orientation. As a consequence, this EMI
sensor r et uravauesyutlizingdhret dffeets avithttwo Goil orietitms) with each
corresponding to different depth sensitivity ranges. All measurements were performed five
minutes after each water pulse application by temporarily removing the irrigatioargtiglacing

the EMI sensor in the middle of the pl@he infltration was also monitored by TDR probes and

tensiometers in order to monitor the space me ev ol uti on of wahas cont
wel | as bul k el e Thedistaneelof the dDRdproloes and tiertsigmeters to the

middle of tre plot was specifically designed to avoid any interference with the EMI measurements.

14
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- H Soil surface
m OO ON©; W
20 cm m
—

‘ 40 cm

e HCP and VCP
90° vertical rotation

4m "

d

Position 1 {} 3
1 € B
hotizontal
direction ‘)
90° rotation - CMD
Position 2 ( ()

M (ONO) ® OM O Tensiometer

Bl TDR probe

4m
302

303 Figure 2. Layout of the experimental and monitoringugetHCP (horizontal coplanar) and VCP

304 (vertical coplanar) are the vertical and horizontal dipolar orienttibthe CMD probes,

305 respectively.

306

307 At the end of the %l waterinfiltration-experiment, the soil was allowed to drgain—{(by

308 drainage-and-evaporati@nd then covered with a plastic shtebring the distribution of water

309 content along the profilsimilar to the initial one (observed before the water infiltration test).
310 Afterward, a similar infiltration experiment @ was carried out but using saline water at an
311 electrical conductivity of 15 dS ™ and obtained by mixing Caginto the tap waterAgain,
312 eleven saline water supplies were provided at intervalsaifoutl h apart-ia-the-Flexperiment,

313 an-average-saline-wateand a total volume of 2000kters-| saline watemwas suppliedfer—al
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336

irrigation-eventduring the experiment The propagation of the water and chloride during tffe 2

infiltration experiment was monitored similarly to thé' &xperiment using TDR probes,
tensiometers, and the CMD Mikixplorer sensor.

33.Sitespeci fic <Cadbration d

The relationship amendpetween the b u | k el ectrica),l thecetectridal ct i v i
conductivity of t hg)asdthe wates aohtamtereabtained lyy usingthea t e r  (

model proposed by Malicki and Walczak, (1999):

,, _ (1)

wherel (-) is the dielectric constant, which is related to the water comted®is the sand content

in_percent The parametera = 3.6 &-SpdS m'L: andb = 0.11 were obtained in a laboratory

experimenteported in Farzamian et al. (202Ihe labexperimenfor sucha calibrations quite

simple, fast, and standard procedure on reconstructed soil sampieadditional linear

calibration, obtained by using solutions at different concentrations of calcium chloride was used

to relate soil water conog&rationsof chloride CI, .o u

3.4. Ferward-medelingand- I nversion oftime-lapseinversion-ofE M| o déta

Time-lapse{TL) Ua. data obtained during the experiments were inverted using a modified
inversion algorithnrpr oposed by Monteir o Sadmstributonietime.al . ( 2
The aim of the inversion is to minimize the penalty function that consists of a combination
bet ween the observationsd misf ia0t@0).THehe mo c
earthmodel used in the inversion process consists of a set of 1D models distributed according to
the numbeof time-lapsemeasurements. All the models have the same number of lage (

whose thickness is kept constanteselectedhicknessof layers is10, 20, 30, 40, 55, 75 arik80

m. The number and thickness of layers were selected basesanal factors includinpe number

17
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345
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348

349

350

351

352

353

354

355

356

357

358

of Ua. measurements (i.e., 6@ffective depth range ofiCP and VCP modesi.¢., 5 of 6

measurements have aiffective depthof less than 1m), and site specificationg.(the large

variability of conductivity of the soil profile over a resistive bedrockile parameters of each

model are spatially and temporally constrained using tieghbourghrough smooth conditions.

The forwardmodellingis solved based on the full solution of the Maxwell equations (Kaufman

and Kell er,

1 9 8 k9ponses of thearhodell Tha inversion kalgoritim is Oecam

regularization and the objective functiovas developed based on Sasaki, (2001). Therefore, the

corrections of the parameters, in an iterative process are calculated solving the system:

(") +7Cq¢ U =

J

(2)

w h e r & theli\gector containing the corrections applied to the parameters (logarithm of

block conductivitiesp;) of an initial modelp is the vector of the differences between the logarithm

of t he

gi ven/ By 0O ,

t

he superscript

T

denot es

t

obser vealth=ah¥ f)if &ik theuJacakn endtrix tvhose elements are

he tr

multiplier that controls the amplitude of the parameter corrections and whose best value is

determined empirically. The elemts of matrix C are the coefficients of the values of the

roughness of each 1D model, which is defined in terms of thetevo g h pavametdissand the

constraint between the parameters of the different models on time. In this regard and in our

temporallD experiment, each cell is constrained spatially by its ventieejhbours while the

temporal constraints are imposed using its lategghboursAn iterative process allows the final

models to be obtained, with their response fitting the data selei@stsquare sense. In terms of

d, generall vy,

variations.
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We performed everal syntenic tests to determimaw wellthe proposed inversion algorithm

can predict spat i gandtmimetuna the recalarizadiom pdraméetefde o f ]

syntenicscenariosvere selecteth as ed on s pati ot gimiheoHCRlandV@Pr i abi

modes, the site specification (., shallow bedrock) anldeexpected evolution of conductive zone

due to water and saline water infiltratgon

3.5. Numerical simulation of water flow and chloride transport in soil

The water and the chloride propagation monitored during the experimentsisesienulated
by using the HYDRUSLD model Gi mT et &.k1998). HYDRUSLD simulates water flow and
solute transport by solving the Richards equation and the Adveisperson equation,

respectively.
Richards equation can be written for eimmensional, unsaturated, neteady state flow of
water in the vertical direction as follows:

8§ —— —0Q— 00 3)

whereCi( d) , t he watelrogapafcitttye wast drher et enti on
content [I’L9], his the soil water pressure head [K]h) is the unsaturated hydraulic conductivity

[LT.

The AdvectionDispersion equation governing the transport of a singlereactiveand non

adsorbed (a tracer, chloride in our case) ion in the soil can be written as:

— ——06- s @)

whereq is the darcian fluxC is the solute concentration in the liquid phase YD (L?TY) is

the effective dispersionoefficient, which can be assumed to come from a combination of the
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387
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391

392

393

394

395

396
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398

399

molecular diffusion coefficientDgir (L>T™) and the hydrodynamic dispersion coefficieDi;s

(L2TY):

O ©O 0O

(®)

wherethe hydrodynamic dispersion is the mixing or spreading of the solute during transport due

to differences in velocities within a pore and between pores. The dispersion coefficient can be

related to the average pore water velogitg/d t hr ough:

0o _0 (6)
where o [ L] i's the dispersivity, a character
Richards equation (Eq. 3 ), and theehydrauali¢ @mductivieyt e nt i

function,K(h), must be defined. In this paper we adoptedsireGenuchteMualem model (vG

M), (Van Genuchten, 1980):
Yoop |3

0Q 0Y p p Y7

In the-Egquationsgs. 7 and 8,Y

cont gtrhte, rdesi dual namdimaee fitting mararmegers witn talen asr=1-1/n,

(7)

(8)

is the effective water saturatiosf the saturated water

Ksi' s the saturated hydr atwbonnectivity parachatec.t i vi t y

3.6.Inverse estimation of soil hydraulic and solute transport parameters

and

The obtaind EMI-based spati ot e mp e duarlg thewaedhrfitrddient i o n C

experiment{thel® experiment was converted taethe d
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temporal evolution of d during the infiltrat:
an optimization procedure by using the HYDRWB model, in order to estimate the hydraulic
properties of the different horizons in the soil profile. Theusations were carried out by using

the actual top boundary flux conditions during the experiment, including the irrigation events. For

the bottom boundary, free drainage was considered. A simulation dofmBa® cm depth was
consideredThe same proceduma s r epeated usi ng t{whidaredect me

from TDR)} and pressure—head{TFensiometéeslsiometers respectively,in order to obtain

independent hydraulic parametéf©R-based estimatiortp be compared to those inferred from

EMI. A threelayersoil profile (3-25; 2570; 70150 cm), reflecting the actual pedological layering

(i.e. Ap;Bw—and-bedrock)-were-used-inal-simulatidqms. Bw, and bedrock) was used in all

simulations. In terms of the initial conditiora hydrostatic distribution of the pressure hedds,

was consideretbr the TDRbased simulations. On the other hand, the water content distribution,

inferred from the first EMI survey (before irrigatiomyas considered for the EMblased

simulation

As for the solute transport experimeatiHYDRUS-1D simulation was carried out with the
EMI-based hydraulic properties obtained from tReegperiment to simulate the water content
distributions in correspondenceith the EMI measurement times. The sinmidas of water
infiltration and solute transport in thé'“2experimentwasnere carried out by using the top
boundary fluxes conditionssedippliedduring the 24 experiment along with the same simulation

domain, threelayer soil profile, and the bottom boundagnd equilibrium initial conditions

described above. Thus, f or e a odMistrivubions dabtaimed ng t i

from the EMI andethe d distributions comingfrom the HYDRUS1D simulations. These

Eo

diss ri butions all owedw(andthus® @S tsitmatbat a Drima y
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440

relationship obtained in the laboratory. Th€sdistributions were used in a new HYDRU®
simulation to estimate the longitudinal dispersivdf the investigated soil. The simulated
concentrations, with the optimized dispersivéywere compared to those obtained from the TDR

and tensiometer data.

4. RESULTS AND DISCUSSION
4.1.Water infiltration 1 15texperiment

41.1. Timel apsdeatla and epdistibotant i on of 0

Fi gur e 3 agsalueswbserveddaringithe water infiltration experiment. Both VCP
and HCP modes show a raebhbtesewWwytbi mBRaangajlgi
and lowest respectively. HCP mode shows higher values compared to the VCP mode in the same
recei ver s. jlistibstionsuegeststite preserfce ofia conductive zone over a resistive
zone which is expeed in this experiment as a result of thaterfrontbeing infiltratedinto the
soil profile and the presence aVamnmi alkkislaisttii v,
increases consistently in both VCP and HCP modes during the firshthusef the experiment.
Af t er wdidrndat Gchange significantly towarda the e
variations is relatively small in both VCP and HCP modes with the former in 36 hS mt

range and the latter in the-50 mS mt range.
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Fi g u ra®aluds:obsérved during the water infiltration experiment. (A) VCP, (B) HCP.

symbols represent the measured data whereas the lines represent the values calculate
inversion.

441 FigPr i or t o t hedata wevfinet 8 h 6 d
442

bhe drequl aasi zati o

discussed in 3.4. the results of several synthetic flestsshown here3 u gge s t

t hat a v
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459

between 1 to 5 provides a better result in resolving the stgatiporalQy, distributions in both

experimentsFigure 4 depicts theime-lapsel, medelinanodellingr e s u | ash®wnanfFig 8

The model shows clearly the evolution of the conductive zone into the soil profile shortly after the
irrigation start egdata $he esisive zanee liknedthr aocondutctiveezoné
corresponds to the bedrock layer in the experimental plofl hoé thelresistive zone remains
belowS5mSmand does not vary significantlypsafuring
the upper layers increased significantly from an average of 20 ™t the beginning of the
experiment to more thas0 mS mt after the & irrigation. The conductivity of this zone does not

increase largely since then, suggesting thastilesfairly-saturated-after thé' Srrigation-upper

soil is fairly saturated after tH&" irrigation. The calculated responsé this model was shown in

Fig. 3. There isafairly good agreement betwe@ameasurements and model response, however

a slight shift can be noticed in the3- ¥ CP mode ang 7- HCP mode between data and model

response. This shift can be dues&veral reasons such ash¢ instrumentashift of one or more

channed, ii) the large spatiotemporal variability dil electrical conductivity in this experiment

as well assmoothness constraint performed in the inversion process to stabilize the inversion

processwhich make it difficult to resolve the sharp changes, and iii) the choice of initial model
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462 Figure 4Ti me evol ution of b uy) distrileutioa with daptb during the n d u c t

463  water infiltration experiment.

464

465 4.1.2. Comparison between TDRieasurementsbasedand EMib a s epda n d d
466 distributiendistributions

467 Figure 5 s howshanges imfertecefrorp 8DRamd ENI observations at two

468 depths, 20 and 40 cmy

469 reported bynamsomeauthors (e.g. Coppola et al., 2016; Dragonetti et al., 2008),techniques

470 pr ovijedsd itmati ons but a dbyTBRandEMbismptstraigtfawardb et we

471  due to different volumes of sensor investigation as well as the different nature of
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490
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493

494

measurementsbservationvolumes ofthe two sensorsAs argued by Coppola et #2016),

N bcauseof its relatively small observation volume, TDR probeprovides a quasipoint-like

measurements and do not integrate $healtscale variability (in soil water content, solute

concentrationsetc.) induced by natural soil heterogeneity. &ntrast,EMI data necessarily

overrule the smalcale heterogeneitieseen by TDR probes as they investigate a ntaier

volumed. However, this comparison can be used agears to investigate the consistency of the

Op trends and to provide an insigimto the uncertainty associated with the EMI survey and

inversion process in resolving the water infiltration process into the soil prigfilee that the

average of TDR measurements in four corners at dep2® and 4@&m wereconsideredothin

this comparisomnd in the inversion procedurehd average values and the standard deviation of

TDR measurementserepresented in Fidb.

Focusi ngpsaries infemed frotn both TDR observations and EMI inversion, a

similartime patterro f , variability is evident, but in general, the EMI model underestimates the

dbobt ained by TDR. A better agr eement pvwalaes

obseil

and trend =0.94; Mean Error=10.1 mS In contrast, at 40 cm, the mismatch between TDR

observations and EMI inversions becomes larger at the end of the expetimestil-in—an

acceptablerange{054-MeanEror=161-mSHh. T h e K Mdluest especially at 40 cm

depthi remain rather invariant in the last part of the infiltration experiment. The general outcome

that for botuvall aeer s ntdlee eB@NebEsurgents has been frEdDétlyl

found in theliterature (e.g Coppola et al., 2015; Dragonetti et al., 20¥&conti and De Paz,

2021).von Hebel et al. (2014)Iso found a similasehaviebehaviouwhen comparing their EMI

resul ts wi t h ERT s urawalyes measurad by EMItsystenatscaly

under est i mgenerated hyhapplying EMI forwareéredelingnodelling t o
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495  distribution retrievedrom the ERT surveys Furthermore, TDR measuremestsow a low local

496  variability, asdepictedin Fig. 5 by ERT-the error bars reporting the standard deviation ofithe

497 asmeasuredby the four TDRprobes

498 Figure 6 shows the evolution of d at the s

499 TDR and EMI sensor$¥hile TDR provideghedirectmeasuremeniis-situ measuremerd f ;. Ind

500 contrasi n order to esti mat gvalubs éxtracen at Ehdbe depthiggde r v at i

501 were converted to d by the calibration perfor
502 (2021). A rapid increase f  dsible shortly after injection in both EMdased and TDRased

503 measurements. TheEMMlased d esti mation is able to detec
504 (similar water content differences over time) observedibget TDR measurements buatt a

505 slighthydifferent water content level. Specifically, EMI water contents wesetlylower than the

506 TDR ones but the two series showed a gpasallel evolution at 20 cm depth=0.98; Mean
507 Error=0.09 crd cm®), while diverging for longer times at 40 crapth ¢=0.60; Mean Error=0.17

508 cn® cmd).

509
80 — A) 80 — B)
/D ©
60 — /9\@/@\9 60 — /Q\J@—@r
Er NS e e ) = ﬁ/e/@
g / g G_e/@/ M
(7] — 2] - ~
7 0 y /ﬁ % 10 . o
- - /
© z=20cm © /./ z =40 cm
20 O0—O0—0OTDR 20 — .// C—O—=0OTDR
o0 ®LMNI [ o o JEANIN
0 I ' \ : 0 I | ' |
0 4 8 12 0 4 8 12
510 Time (h) Time (h)

28



511

512
513
514

515

Time (h)

12

12

(B)
60 —
¢ . ® o400
40—” ® C
] [
L z=40cm
20— @
G—6—OTDR
i ® ® OEM
0 ] \ I \ |
0 2 4 6 8 10
Time (h)

Fi g u rpevoltion estimated from the TDR and EMI measurements at 20 cm (A) and 40 cm

(B) depthsThe vertical bars represent the standard deviation of the measurements obtained by the

four TDR sensors.
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518 Figure 6. Evoluton o measured by TDR (ran BEMt hmeasuremeatan d e s |
519 (triangles) at 20 cm (A) and 40 cm (B) depths. Continuous lines for TDR and dashed lines for EMI

520 refer to the estimation obtained by the inversion procedure of ttex wéiltration process (see

521 Sect 4.1.3 below).

522
523 4.1.3. Estimation of hydraulic properties
524 In order to estimate hydraulic properties parameters, an inversion procedgexrisased

525 using-thecarried outapplying HYDRUS-1D-medel The first set of hydraulic parameters was

526 obtained byeptimizingusing the soil waterecententontens measured by TDR anithe pressure

527 headhead measured by tensiometdisereafteias measured data in the objective function for the

528 optimization procedurd TDR-basedfor—sake—of-simplicity). The second set of hydraulic

529 parameters was obtained bptimizingusing the soil watereententontens estimated by EMI

530 measurementéiereafteras measured datEMI-based) The inversion simulations were carried

531 out by=0ixaingg Wk .InEndkt were optimized foeHboththe Ap and the Bw

532 layerseensidered The hydraulic properties of the bedrock weiseady known andixed to
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d=0. 0&®, 384, nb306 D55 UkKH19.62 accarding to Caputo et al. (2010;

2015).We wantto stress here that apriori characterization of the bedrock layer is essential

and the proposed procedure holds independently on the presence of b@drockuld have

treated the bedrock layer as any other layer in the soil profiieinserting TDR probes and

tensiometers into bedrock presents difficultidherefore we decidedto fix the bedrock

parameters to the values already available from independent measurémdiffesent soils with

either deeper or absent bedrock, we could have inserted TDR probesameiayers of the

profile andappliedthe proceduréo any ofthem.

In the inversion procedurthe parameters were determined separately for each horizon of

the profile. First, the parameters for the topsoil were estimateithese parameters wettgen

treated as knowior the second layer estimatioAccording to Abbaspour et al. (1999), this

approach makes parametstimation of multiayered profiles more feasible and accurdte

should be noted that in the case of the Ti¥Red estimations, optimization involved both

measured water contents and pressure hetadwhereas the EMlased estimations only involved

ifimeasuredo water content s.

Figure 6 reports a comparison between water contents measured (symbols) and estimated
(l'ines) by the i nadise&ibusereoohutiompwasopropedyuestienated atlz@ cmd

depth in both approachddewever—it is worth noing here that, despite the differences in the

absolute value of the water contents, a clear parallel behaviour of the two curves was observed,

suggesting similar water comtiechanges over time. ldwer agreement was obtained at 40 cm but

still aceeptablereproduedsimilar water content changes over tiffibis is a crucial point in this

paper, as iis the main reason fahe shape of the hydraulic properties we found for the TDR and

EMI-basedestimations.
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Figure 7. Evolution of pressure head at 20 and 40 cm depth measured by tensiometers (symbols)

and estimated by the inversion procedure (lines) of the water in@itiratbcessThe vertical bars

represent the standard deviation of the measurements obtained by the four tensiometers.

Similarly, in Fig 7 the measured (points) and estimated (lines) values of pressure heads

are shown. The simulated values of pressure head well follow the measured one (r=0.950 at 20 cm

and r=0.986 at 40 cm deptiurthermore, the error bars, reporting the standard dewiafithe

pressure head as measured by the four tensiometers, overlathe/lpeofile is wet (i.e. after the

6thirrigation) and separate during the wetting process.

Table 1 reports the parameters of the hydraulic functions, estimated for the first two
horizons—Figure—7and Fig. 8 reports the water retention curves and the hydraulic conductivity
curves corresponding to the parameters shown in table 1 for a better comparison between TDR

based and EMbased hydraulic properties assessménte in the tablethe high véues ofn and

Ksfor the bedrock, which indicate a high conductive porous mediumpossible to explain this
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572 by considering that the bedrock is fractured calcareous, which, contrary to expectation, does not

573 impede water flow.

574

575 Tablel.vGM Hydr aul i ¢ par ameters ( Edssestimatediolp 8) an

576 and Bw horizonsand fixed for the bedrock layer.

Soil hydraulic and Ap Bw Bedrock
transport parameters* TDR- EMI- TDR- EMI- Fixed a-priori
based based based based
ds [cm*cm®  0.54 0.45 0.52 0.45 0.354
U [em?] 0.006 0.003 0.009 0.007 0.055
n [-] 1.70 1.54 1.50 141 3.67
ks [cm min’] 0.06 0.02 0.28 0.29 19
2 [cm] 10 12 0.5 0.8 30
577 * For all horizongd,=0 andt=0.5.
578 As for water retention, the TDR and EMI water retention curves showed similar shapes but

579 with slightly different saturated water conterds discussed earlier, the lower saturated water
580 contentis not surprising for the ENdbsed estimation due to the caleunderestimation of water

581 content.The two curves almost overlapped once scaling the EMI curve by the ratio of the saturated
582 water contents. Obviously, this result is consistent with the underestimation ebEBMl e d d

583 distributions as shown in Fi@.

584 As for the hydraulic conductivity, TDHRased and EMbased hydraulic conductivity

585 curves at both 20 and 40 cm appear to almost overlap, with similar saturated hydraulic conductivity

586 and curve shape. This result is expected because the hydraulic congiscthainly a function of

587 t he variation of d and not the absolute value
588 boundary flux and different water contents in the soil profile provided similariigdgéd and

589 TDR-based hydraulic conductivity. €se conditionkadedto two different water flow processes,
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591

592

595

with simulations predicting higher water stored in the soil profile and lower downward fluxes (data

not shown) when TDRased results are compared to the Hslised results.
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Figure78. Soil water retention (A) and unsaturated hydraulic conductivity (B) curves, estimated
from the TDR and EMineasurements at 20 cm and 40 cm depths.

4.2. Solute Infiltration 7 2" Experiment

421Timel apsdeatla and ewdistibotant i on of 0

Figure89s h o ws 5 datdoelledlied during the solute infiltration experiment. Again, as
for thewaterinfiltratiorl>' experiment, both VCP and HCP modes show a relatively similar pattern

ofaval ues with 532 and 1118 being the highest ¢

values on average compared to the VCP mode. Similarly, to the water infiltration experimert
increases consistently during the first thremurs of the experiment, then it does not change

significanttyorc onsi st ently until the end ofvariatiors exper

were measured in both VCP;vauasthngiighP20-20@and 50gur at i

250 mS mt respectively.
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614

615 ed after the
616

617

618 Figure=igire-90d e p i ¢ besolutioh fer théselute infiltratior?™ experiment, obtained

619 bytimel ap s e i nydeta.lsmeasnrentefits add model response agrees fairly as shown in

36



620

621

622

623

624

625

626

627

628

Fig. 9, however a slight shift can be noticed in {id- VCP mode between data and model

responseThe results show the rapid evolution of the conductive zone to the soil profile shortly
after the irrigation st ainthefiexperiment, therespltanevea o n
significantly hgher soil conductivityn topsoil but a much slower evolution. The conductivity of
the top layer exceeds 300 mS shortly after the irrigation. The higher topsoil conductivityults

from injection of highsaline water (about 15 dS¥nthatdramatically increases soil conductivity
whereas the smaller evolution of the conductive zone is caused by significantly slower

concentration propagation into the soil prefil
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631 Figure9: ,\alues observeduring thesolute infiltration experiment. (A) VCP, (B) HCFhe

632 symbols represent the measured data whereas the lines represent the values calculated after the

633 inversion.
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637 Figure 10. Ti me evolution of b o) tuking thé solutanfiliratios | cond

638 experiment.

639

640 4.2.2. Comparison between TDRieasurementsbasedand EMb a s & @nd {CI]

641 distributiordistributions

642 Figure 2011 s ho ws t he comp ar i wloes obliedd vbg ¢he TDRh e G

643 measurements and those obtained from the EMI inversionqE®) during the 2¢ experiment.

644 As discussed above, this comparison is to provide an insighthe potential of the EMI survey

645 and inversion process in monitoring a solute transport experiment into a soil profile. The
646 comparison shows a similime patterro f p variability, but in generathe EMI modelslightly

647 under est iyobthieed byTDReThelresults of this comparison agree with tie 1
648 experiment where, again, the Efldla s gade lower compared to those measured by the TDR. In
649 contrast to the Lexperiment, the differences between the two techniques and in terms of the
650 a b s o bwualties argiof minor concern. Thisexpected-toouldbedue to the larger conductivity

651 contrast that tracer introduced into the soil profile in tfeefperiment which became easier to
652 detect by using the EMI sensor. On the other hand, the TDR probesrsire fluctuationsn Uy

653 measurements, especially at 20 cm. We attribute these fluctuations to the smaller volume of
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654 investigation of the TDR probes which are very sensitive to the process taking place very close to

655 the probe and, therefore, strongly ughced by smalicalelocal-variabiliheterogeneities

656

657 Figure 1. , d@volution estimated by TDR and EMI measurements at 2080narfd 40 cm B)
658 deQ h.

659
660 The next step in the procedure allowsaideterminghe distribution of Clconcentrations

661 by beth-FBR-ancEMI sensors(Sect 4.2.3.)used for estimating the longitudinal dispersivity of

662 the two soil layers investigateBor the sake of comparisohDR-based Cl7] distributions were

663 obtained directly in the field from a direct measurement of the impedance Z along the TDR
664 transmission line embedded in the soil. As for the #Bded Clconcentrations, a forward

665 HYDRUS-1D simulation was carried out using the Eb&se hydraulic properties obtained from

666 the T' experiment and reported in Tablg to estimate the water content distributions in
667 correspondencwith the EMI measurement times of th&! 2xperiment. These water contents,
668 combi ned wi t hdistriduteon abtaimed from thé EMI idversion, allowedtasbtain

669 t heyw dli stri but i on sl tahbration gefationshipe for dooth depths and,
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