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Abstract

To model water flow and solute transport in soils, hydrodynamic and hydrodispersive parameters are required as input
data in the mathematical models. This work aims to estimate the soil hydraulic and solute transport properties using a
ponded axisymmetric infiltration experiment using a single-ring infiltrometer along with a conservative tracer (Cl") in
the field. Single ring infiltration experiments were accomplished on an Oxisol in Areia in the state of Paraiba, Brazil
(60 58'S, 350 41' W, and 645 m), in a 50 x 50 m grid (16 points). The unsaturated hydraulic conductivity (K) and the
sorptivity (S) were estimated for short or long time analysis of cumulative three-dimensional infiltration. The single
tracer technique was used to calculate mobile water fraction (@) by measuring the solute concentration underneath the
ring infiltrometer at the end of the infiltration. Two solute transfer numerical models based on the mobile-immobile
water concept were used. The mobile water fraction (@), the dispersion coefficient (D), and the mass transfer coefficient
(@) between mobile and immobile were estimated from both the measured infiltration depth and the CI- concentration
profile underneath the infiltrometer. The classical convection-dispersion (CD) and the mobile-immobile (MIM) models
showed a good agreement between calculated and experimental values. However, the lowest standard errors to the fitted
parameters were obtained by the CD model.

Keywords: Unsaturated soil; Hydrodispersive characterization; Solute infiltration.

Resumo

Para modelar o fluxo de agua e o transporte de solutos no solo, parametros hidrodindmicos e hidrodispersivos sdo
necessarios como dados de entrada nos modelos matematicos. Este trabalho tem como objetivo estimar as propriedades
hidraulicas e de transporte de soluto do solo por meio de um experimento de infiltragdo axissimétrica utilizando um
anico anel como infiltrdmetro juntamente com um tracador conservador (CI?) em campo. Experimentos de infiltracéo
em anel simples foram realizados em um Latossolo em Areia, Paraiba, Brasil (6°58'S, 35°41'W e 645 m), em uma malha
de 50x50 m (16 pontos). A condutividade hidraulica insaturada (K), e a sorvidade (S), foram estimadas pelas analises
dos tempos longo e curto da infiltracdo tridimensional cumulativa. A técnica de tragador Unico foi usada para calcular
a fracdo de 4gua movel, @, medindo a concentragdo de soluto abaixo do infiltrdbmetro no final da infiltracdo. Dois
modelos numéricos de transferéncia de soluto baseados no conceito de &gua movel-imével foram usados. A fragdo de
agua movel (@), o coeficiente de disperséo (D) e o coeficiente de transferéncia de massa () entre a &gua mével-imovel
foram estimados a partir da profundidade de infiltragdo medida e do perfil de concentragéo de Cl- abaixo do infiltrémetro
de anel. Os modelos de conveccéo-dispersdo (CD) e mével-imovel (MIM) alcangaram uma boa concordancia entre 0s
valores calculados e medidos. No entanto, 0s menores erros padrdo para os pardmetros ajustados foram obtidos para o
modelo CD.

Palavras-chave: Solo insaturado; Caracterizac@o hidrodispersiva; Infiltracao de soluto.

1


http://dx.doi.org/10.33448/rsd-v10i14.21764
http://dx.doi.org/10.33448/rsd-v10i14.21764
mailto:suzanam.ufpe@gmail.com

Research, Society and Development, v. 10, n. 14, €195101421764, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i14.21764

Resumen

Para modelar el flujo de agua y el transporte de solutos en los suelos, se requieren pardmetros hidrodinamicos e
hidrodispersivos como datos de entrada en los modelos matematicos. Este trabajo tiene como objetivo estimar las
propiedades hidraulicas y de transporte de solutos del suelo utilizando un experimento de infiltracion simétrica de eje
utilizando un infiltrémetro de anillo Gnico junto con un trazador conservador (Cl) en el campo. Se realizaron
experimentos de infiltracidn de anillos simples en un Oxisol en Areia, en el estado de Paraiba, Brasil (6°58'S, 35°41'W
y 645 m), en una cuadricula de 50x50 m (16 puntos). La conductividad hidraulica insaturada (K), y los sorbidos (S), se
estimaron analizando el tiempo largo y corto de la infiltracion tridimensional acumulada. Se utilizé la técnica del
trazador Unico para calcular la fraccion de agua mévil, @, midiendo la concentracion de soluto debajo del infiltrometro
de anillo al final de la infiltracion. La fraccion de agua moévil (@), el coeficiente de dispersion (D) y el coeficiente de
transferencia de masa («) entre agua movil e inmovil se estimaron a partir de la profundidad de infiltracion medida y el
perfil de concentracion de CI- debajo del infiltrometro de anillo. Los modelos de conveccion-dispersion (CD) y movil-
inmovil (MIM) lograron una buena concordancia entre los valores calculados y medidos. Sin embargo, los errores
estandar mas bajos para los parametros ajustados se obtuvieron para el modelo de CD.

Palabras clave: Suelo insaturado; Caracterizacién hidrodispersiva; Infiltracion de solutos.

1. Introduction

In many applications dealing with environmental sciences, the knowledge of soil hydraulic properties is essential: (1)
to diagnose the hydrodynamic functioning of soils in relation to the natural and/or anthropogenic constraints which are applied,
and (2) to simulate the physical processes to establish a prognosis on the order of magnitude of the hydraulic fluxes able, for
instance, to make water and nutrients available for the plant rooting system, or to advect chemicals leading to point or diffuse
pollution of the groundwater table. Physically-based modeling of coupled water and solute transport requires the knowledge of
soil properties that have to be estimated with adequate accuracy. In this sense, the development of in situ methods to determine
both the saturated and unsaturated hydraulic properties of the soil surface has received increasing attention in recent years, in
particular, to assess the role of preferential flow pathways in soil management practices (Kéhne, Schliiter, & Vogel, 2011;
Legout, Legout, Nys, & Dambrine, 2009; van der Linden, Tordesillas, & Narsilio, 2019; Zhang, Cao, Hou, & Cheng, 2021).
Laboratory and field studies have been conducted for the last three decades to estimate the vadose zone's hydraulic and chemical
transport properties. But the field transport studies are more complex; the field soils are usually structured by containing large
continuous macropores, such as inter-aggregate pores, earthworm burrows, drying cracks, or decayed root channels (Al-Jabri et
al. 2006; Arora et al., 2019; Kohne et al., 2011; Tabarzad, Sepaskhah, & Farnoud, 2011). These macropores are generally
characterized by distinctly different hydraulic properties from the soil matrix and may result in significantly more rapid solute
movement through the unsaturated zone as indicated by average flow estimations, due to preferential flow (Ersahin et al., 2002;
Gerke & Maximilian Kohne, 2004; Kamra & Lennartz, 2005; Li, Yao, Yan, & Cheng, 2021).

Complex theories govern the dynamics of solutes and the processes of transformations to which they are subject. For
this reason, more and more solutions are proposed for problems concerning the distribution of nutrients in soil solute as to its
salt leaching and the pollution of the groundwater by the use of toxic chemical products, pesticide residues, etc. The
hydrodispersive characteristic of the soil is necessary to understand the mechanisms of the unequal movement of chemical
substances through a soil profile under natural conditions on field study. The destination and movement of these dissolved
substances in different soils and aquifers have caused considerable interest in the quality of their unsaturated zone. However, it
is challenging to obtain values from the parameters of transport having direct physical signification, such as the water flow in
the pores, the retardation factor, the coefficient of dispersion, and its degradation or production. In this sense, the spatial and
temporal scales have an essential role in determining these values (Selim, Persson, & Olsson, 2017; Wallis & Manson, 2019).
The reliable accomplishment in predicting the destination and transportation of the chemical substances in the unsaturated zone

of the soil resides in the capacity of accurately determining the parameters of their transport.
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Tension disk infiltration methods for characterizing hydraulic and chemical transport properties are often time-
consuming, and large areas cannot be easily sampled. Nevertheless, it was successfully used to estimate simultaneously
unsaturated hydraulic and solute transfer properties in soils (Angulo-Jaramillo et al., 1997; Angulo-Jaramillo, Gaudet, Thony, &
Vauclin, 1996; Clothier, Kirkham, & McLean, 1992; Netto et al., 2013; Roulier et al., 2002). The method herein presented is a
simple, easy, and cheap one to implement, known as Beerkan (Angulo-Jaramillo et al., 2019; Lassabatére et al., 2006; Mubarak
et al., 2010; Souza, Antonino, Angulo-Jaramillo, & Netto, 2008; Yilmaz, 2010), pioneered by Haverkamp et al. (1994), and
relies on particle-size analysis, dry bulk density and single ring axisymmetric infiltration tests. The experimental protocol and
the method of data analysis, leading to the estimation of parameters describing hydraulic properties, are herein described. This
method can also be used to estimate the solute transport properties, known as Beerkan-Solute (Netto et al., 2013), when the water
reaches the steady-state infiltration rate, and then three or four equal volumes of solute tracer are applied.

One objective of this study consists in the hydrodynamic and hydrodispersive characterization of an Oxisol, by
combining the measures obtained in the field with those of a numerical model (Beerkan-Solute method), from an easy and

efficient way of axisymmetric infiltration by using a single ring infiltrometer with a conservative tracer (Cl-).

2. Methodology

Studied site and soil characterization

This study was conducted in a plateau (619 meters above sea level) in Areia, a county of the state of Paraiba, northeast
of Brazil (6°58'24"S, 35°41'59,8"W). The annual average precipitation rate in the region is 1450 mm. The highest precipitation
rates in the region are usually observed during June and July.

The soil studied was a sandy clay loam (Oxisol). The soil characterization was based on physical analysis of 80 samples
collected in a grid 25x25 m? long. Ten samples were used for the chemical analysis. The soil profile samples were taken from a
0 to 15 cm depth. The mean and standard deviation of soil dry bulk density from the 80 points were 1.126 and 0.086 g cm3,
respectively. The mean and standard deviation for the sand, silt, and clay percentages were 60.8 + 4.2, 14.3 + 2.3, and 24.9 +
4.6, respectively. This soil is designed as a well-structured and very well-drained one. The aggregate-mean size of the 0-15 cm
layer is 1.76 mm in diameter when dried and 1.36 mm when wetted. The ratio between the wet and the dry aggregate size is 0.77,
indicating high aggregates stability.

As shown in Table 1, this soil is deficient in nutrients (Ca, Mg, Na, and P) and is very acidic, despite the high organic
matter and clay contents. The CEC value reflects that this soil, when subjected to natural acidity conditions, presents a low

capacity to retain cations and a low activity of the clays.

Table 1. The mean and standard deviation (in parenthesis) of the chemical analyses of 10 soil samples.

pH P K* Na* H*+AI*? Al*® Ca”? Mg™? EBS CEC OM.
H.0 (1:2.5) mg L cmolc L? gL?
4.90 3.48 51.6 0.042 8.5 0.62 2.1 0.82 3.1 11.5 30.3

(0.39) 0.98) (19.1) (0.018) (2.1)  (047) (1.3) (0.30) (15) (0.8) (1.8)

EBS: Exchange base sum; CEC: Cation exchange capacity; O.M.: Organic matter; values in parenthesis are standard
deviations. Source: Authors.
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Infiltration Experiments

Infiltration experiments using water and solute were performed in a 4 ha cropped area, employing a 50x50 m? grid, with
10 sampling points (Figure 1). Tillage and sowing (beans (Vigna Unguinculata (L.)) were carried out in March 2006, and the
measurements were conducted in the early development stage of the crop. Infiltration experiments were performed using a ring
infiltrometer with a diameter of 15 cm, water, and a Chloride (KCI) solution as a soil-water tracer. The experiments were
performed by installing the device just below the soil surface to minimize the disturbance in the soil structure and ensure an

axisymmetric water flow on the soil surface.

Figure 1. Location of the infiltration points on the 50x50 m2 grid in the study area. Points highlighted with letters and numbers

were performed with infiltration of water and solute.

A8 cs
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Source: Authors.

The initial volumetric water content, &ni (cm3cm), initial chloride concentration, Cini (Mg L), and dry bulk density,
pa (g cm3), were measured from undisturbed soil samples taken a few centimeters from the infiltration location. Cores were
taken by using a cylinder 50 mm high and 795.2 cm? in volume for three soil layers corresponding to 0-5, 5-10, and 10-15 c¢cm in
depth.

The infiltration experiments were conducted following the Beerkan method (Lassabatere et al., 2006; Lassabatére et al.,
2019; Mubarak et al., 2010). Fixed water volumes were poured into the ring, and the time required for the infiltration of each
volume was measured until steady-state. Volumes of water ranging from 70 to 250 mL were infiltrated. Different water volumes
were chosen to avoid a high positive pressure head at the soil surface and thus prevent an induced water flow. When the steady-
state infiltration rate was reached, three equal volumes (100 mL) of KCI (0.1M) solution were applied. From the geometric
configuration, it is then assumed a three-dimensional infiltration at null pressure head, i.e., natural saturated volumetric water
content on soil surface. In contrast to tension disc infiltrometer experiments ( Clothier et al., 1992; Roulier et al., 2002), no
surface preparation is required, so the soil surface is not disturbed. In the other grid points (Figure 1), the infiltration experiments
were performed with water only.

At the end of the solute infiltration, the soil was sampled at a depth of 15 cm by using a sampler device that allows
obtaining fifteen undisturbed soil samples one centimeter high and 15.9 cm? in volume along the vertical axis of the ring
infiltrometer. These samples were used to determine the final profiles of both volumetric water content & (cm® cm) and total

resident chloride concentration C, (mg L™2).
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Table 2 shows the soil textural classes of all experimental points, while Table 3 presents the soil dry bulk density and
porosity for the experimental points at three different depths. It is observed that the soil dry bulk density shows a tendency of

increase with depth.

Table 2. Soil texture in the experimental points.

Experimental Percentage of
points
(0-15)cm Ssand  Silt  Clay

A2 51.2 10.5 38.3
A4 58.2 11.7 30.1
A6 59.4 15.2 25.4
A8 59.4 15.2 25.4
C2 56.5 15.2 28.3
C4 63.5 16.4 20.1
C6 58.8 14.1 27.1
C8 61.2 12.9 25.9
E2 62.3 19.3 18.4
E4 51.7 20.5 27.7

Source: Authors.

Table 3. Soil dry bulk density and porosity at the experimental
points at three different depths.

Experimental Soil layer  Soil bulk density Porosity*
points (cm) (g cm®) (%)
0-5 1.030
A2 5-10 1.296 54
10-15 1.343
0-5 1.090
Ad 5-10 1.230 55
10-15 1.292
0-5 1.045
A6 5-10 1.211 56
10-15 1.225
0-5 1.015
A8 5-10 1.374 54
10-15 1.276
0-5 1.247
Cc2 5-10 1.241 53
10-15 1.278
0-5 1.167
C4 5-10 1.127 56
10-15 1.194
0-5 1.044
Cé 5-10 1.195 56
10-15 1.235
0-5 1.124
C8 5-10 1.414 50
10-15 1.398
0-5 1.138
E2 5-10 1.115 54
10-15 1.402
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0-5 1.088
E4 5-10 1.218 53
10-15 1.401

fCalculated from the average of the three values of soil dry bulk density representing the three layers. Source: Authors.

Estimation of the shape parameters by analysis of F(D)

The shape parameters n and m from van Genuchten’s equation (1980) can be obtained from the particle size distribution
F(D), assuming that the porous radius is inversely related with the soil water pressure and a similarity between the cumulated
porosity size distribution S(R) and F(D) exists, and consequently between F(D) and h(6). Haverkamp and Parlange (1986) used

an equation like van Genuchten’s equation to express F(D):

o\ "
= —_9 (1)
F(D) {1+[ D j }

where F(D) is the particle size distribution, D is the effective diameter of one particle of the soil [L], Dy is the scale parameter
of the particle size [L], and M and N are the shape parameters for the particle size distribution. The relationship between M and
Nis M =1-2/N.

The parameters M, N, and Dq were obtained by fitting the experimental particle size distribution data.

In order to obtain the shape parameters m and n of the soil-water retention curve h(6) given by van Genuchten (1980),

the following relationship was proposed (Fuentes, Vauclin, Parlange, & Haverkamp, 1998):

M
= - 2
m 1+(1+M)-k @

and

2s-1
= 3
25(1-5) )

2

= 4
" 1-m ®

where x is a coefficient defined by Fuentes et al. (1998), and s is the relative fractal dimension. Knowing that s = D+/E, where
Ds is the soil fractal dimension, and E = 3 is the Euclidian dimension, the dependence of s regarding the global soil porosity (&)

is implicitly defined as follows:
(1-g) +&*=1 with %<s<1 Q)

For the hydraulic conductivity equation of Brooks and Corey (1964), the shape parameter 77 can be expressed as a

function of the soil-water retention parameters (for instance, A and m) and the tortuosity factor (p), by:

;7=r§n+2+p (6)

with p =1 (Burdine, 1953).
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Estimation of hydraulic properties by Beerkan method

The unsaturated hydraulic parameters of the soil-water retention curve, h(6) and soil hydraulic conductivity, K(&) were
estimated using the BEST _1.3.0 program (Excel version) (Di Prima, 2013) by the following explicit transient two-term (Eq. (7a)
and (7b)) and steady-state expansions (Eg. [8a] and [8b]) (Haverkamp, Ross, Smettem, & Parlange, 1994): a short time and long

time analysis of cumulative three-dimensional infiltration equations (Haverkamp et al., 1994):

I (t) =St +(AS? + BK, )t (7a)
S
t)= ——+(AS?+BK 7b
0= 7 ( ) (7b)
SZ
I+w(t):(ASZ+KS)t+CK (8a)
q,..(t) =q,, = AS* + K (8b)

where constants A B, and C can be defined by (Haverkamp et al., 1994):

A= /4 B:(Z_'B) 1- % ” + & 77 and C = 1 In(lj
r,-6,) 3 6, 0.) 6, 2
T2 Jon

S

where S is the sorptivity (L T-*3); yis a constant parameter of 0.75 (Smettem, Parlange, Ross, & Haverkamp, 1994); Sis a
constant shape equal to 0.6; r is the radius of the ring (L); Ks and K, are the hydraulic conductivity values corresponding to &
(the volumetric water content at the end of the infiltration experiment), and 6, (the volumetric water content at the beginning of
the experiment).

Hydraulic parameters Ks and S are estimated considering the initial conditions by the BEST algorithm (Beerkan
Estimation of Soil Transfer parameters; Lassabatére et al., 2006). The associated standard errors 4Ks (mm s™) and 4S (mm s%/?)
were calculated considering residues between the fitted infiltration equations, Egs. (7a, 7b) and Egs. (8a, 8b), for the experimental
cumulative infiltration curves.

In order to ensure the validity of Eq. (7a), the data subsets used should be restricted within the maximum time (tmax),
defined as Lassabatére et al. (2006) as:

2
1 S
Loax = wtgrav where 1., = (Kj ©)

After calculation of the 6 and K, the parameter hg can be obtained by equation (10) (Lassabatére et al., 2006):

- =
i)
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where ¢, is a parameter that depends only on the shape parameters n, m and 7 ( Haverkamp, Debionne, Angulo-Jaramillo, & De

Condappa, 2017; Soria Ugalde, 2003):
. :F[1+j- n n)., n n (11)

F(mn) F(m-n+m)

Mobile water fraction estimation

The mobile water fraction (@) is the ratio between the mobile volumetric water content, én, and the total volumetric
water content () and was calculated from the total solute concentration at the end of solute infiltration experiments, C*, following
the procedure of Clothier et al. (1992) and Angulo-Jaramillo et al. (1996). Assuming that there is no solute exchange between

the mobile and immobile water regions at the sampling time and depth (i.e., Cin(zo,ts01) = 0), @ can be written as:

e_m — C - Cini (12)
0 C,—C,

ini

where Cini, was the initial solute concentration in the soil, and Co was the concentration of the input solution.

Estimation of solute transport parameters
Concerning the solute transport parameterization, the experimental data were analyzed by the classical convection-
dispersion (CD) model and the mobile-immobile (MIM) model, using the CXTFIT 2.0 numerical code (Toride, Leij, & van
Genuchten, 1995) for resident concentration. One-dimensional steady-state flow is assumed to occur at the center of the
infiltration ring during the solute application time.
The one-dimensional convection-dispersion (CD) equation for a non-sorbing conservative solute in a homogeneous

porous media with no source and/or sink, and under steady-state flow conditions, is written as:

2
ROC_10C _oC

- (13)

oT P oX oX
where C is the relative concentration, T is the pore volume number, X is the relative distance, P=Lv/D is the Peclet number, and
R is the retardation factor.

The parameters D and R were estimated by using the CD model, following the condition of mass conservation.

Assuming that for small soil volumes C, =C.

im?

the following relation can be observed between the retardation factor, R, and

the mobile water fraction, @, determined according to the method of Clothier et al. (1992), equation (12):

R ST (14)
Q@ ad
The initial value for the pore water velocity v was estimated by:
V= a, Dt
0 fin (15)
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where gupssor is the flow density at the end of the infiltration experiment and @y, is the average volumetric water content from

the measurements along with the soil profile at the end of the infiltration experiment.
The dimensionless two-region solute transport equation (MIM) is given by:
pr%C_1 o°C,_oC,
orT Poz* oz (16)
. OC
(1—5)1’?87T2 =o(C,-C)

where the subscripts 1 and 2 refer to the equilibrium and nonequilibrium sites, respectively; £ is a partitioning coefficient, and
w is a dimensionless mass transfer coefficient (i.e., the Damkhéler number).

The dimensionless parameters may be defined as shown in Table 4, where: v = /0 is the effective pore-water velocity
(L TY); g is the Darcy’s velocity (L T™); L is the length of the flow system (L); z is the distance (L); t is the time (T), Cn and Cim
are respectively the mobile and immobile concentrations (M L), gy is the soil dry bulk density (M L), Kq is the linear adsorption

coefficient (L® M%), and D is the hydrodynamic dispersion coefficient (L T-2).

Table 4. Dimensionless parameters for the CD and MIM models.

JParameters Tz b R B &G
vt z vi K, Ont Jru Ky ol C C
i — — 1+ £bd aL m im
EXxpressions ] L D 0+ p K, C, )

Source: Toride et al. (1995).

The MIM model was used to fit the parameters D, R, and w. The initial value for v was estimated according to Eq. (15).
The parameter 5’ was taken as equal to the measured water mobile fraction, @ (Eqg. 12), and was taken as constant because solute
is non-reactive. The mass conservation condition was used in the fitting process for both CD and MIM models.

The one-dimensional flux densities are evaluated by:

S 2-p
S 27 Pk (17)
qlD 2\/t_ 3 S

Oip = Ks (18)

for short-time (Eq. 17) and long-time (Eqg. 18) infiltration equations, respectively.

3. Results and Discussion

Cumulative infiltration data and the fitted curves using the long-time cumulative infiltration equation for four
experimental points are depicted in Figure 2. The experimental point C8, with the lowest porosity, presented the highest
infiltrability.
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Figure 2. Experimental and fitted cumulative infiltration versus time for experimental points A4, A8, C8 and E4. The dashed
circle points were infiltrated with solute concentration (Cl°) after attempting the steady-state infiltration of water content.
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Source: Authors.

Table 5 presents the values of the final volumetric water content as well as the variation of the volumetric water content
between the end and the beginning of each experiment.

The relatively high values of Ks may be associated with the influence of high clay (Table 2) and organic matter content
(Table 1), which may contribute to the formation of aggregates in the soil leading to the occurrence of macropores. Seyfried and
Rao (1987) and Allaire et al. (2002b, 2002a) highlighted that high clay content associated with high hydraulic conductivity

values would frequently indicate flow through macropores.
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Table 5. The shape and the normalization parameters of the &h) and K(6) curves and maximum time (tmax) for each

experimental point.

oaints Gin' 46 ] . ] . S Ks hg  tmax
(cm®cm3®)  (cm®cm?d) (mms*2)  (mms?) (mm) ©®)
A2 0.397 £ 0.044 0.196 2.093 0.045 24.40 2.65 0.935 0.076 -22.18 84.6
Ad 0.386 + 0.014 0.197 2105 0.050 22.07 2.61 1.085 0.120 -19.14 1483
A6 0.386 + 0.038 0.209 2.094 0.045 24.38 2.65 0.967 0.203 -832 140
A8 0.367 + 0.052 0.154 2.093 0.045 24.43 2.65 0.780 0.095 -15.73 38.7
C2 0.371 £ 0.056 0.155 2107 0.051 21.62 2.60 1.070 0.078 -36.67 237.7
C4 0.328 £ 0.033 0.145 2115 0.054 2042 2.57 0.635 0.125 -8.67 224
C6 0.393 £ 0.040 0.214 2.140 0.065 17.29 2.49 1.143 0.146 -16.76 100.3
C8 0.382 £ 0.022 0.159 2123 0.058 19.30 2.55 1.340 0.156 -2842 21.2
E2 0.424 +0.030 0.209 2147 0.069 16.58 247 0.762 0.102 -11.06 21.8

E4 0.331 £ 0.040 0.117 2.137 0.064 17.56 2.50 0.490 0.055 -15.02 16.9

"Mean and standard deviation from samples at fifteen different depths.

&in final volumetric water content; 40— variation of the volumetric water content; S — sorptivity; Ks — saturated hydraulic
conductivity; hg - is related to the air entry suction; n and m — shape parameters of the soil-water retention curve; 7 — shape parameter of the
hydraulic conductivity curve; cp - a parameter which depends only on the shape parameters n, m and 7; tmax - maximum time.

Source: Authors.

Four different behaviors may be distinguished from the results of the hydrodynamic parameters (Table 5): 1) the
experimental points A6, C6, and C8, with high sorptivity and high hydraulic conductivity; 2) the experimental points A4 and
C2, with high sorptivity values and relatively low hydraulic conductivity; 3) the experimental points A2, A8, C4, and E2,
exhibiting low sorptivity and low hydraulic conductivity; and, 4) the experimental point E4, with the lowest sorptivity value in
ten experimental points, also presenting lower hydraulic conductivity. The four different characteristic behaviors may be
attributed to differences in the soil structure characteristics at the topsoil layer (0-5 cm) and in the compaction of the lower layers
(5-10 cm and 10-15 cm). As indicated by the sorptivity values, the initial conditions at the top layer refer to the influence of
climate (rainfall) and machinery and man movement on the soil surface, which may lead to crust formation controlling soil
infiltrability. The same factors may cause compaction of the lower layers, thus influencing the hydraulic conductivity values.
The different estimated hydrodynamic characteristics reflect the effect of the soil heterogeneity at the study site, as influenced
by natural and soil use conditions. Based on Table 5, the variation of volumetric water content (46) was 0.117 to 0.214 ¢cm3 crm
3, For all experimental points, it was observed that the geometry of the source was not dominant on the initial character of the
capillary in the infiltration process.

The estimates of Ks and S allowed the calculations of the one-dimensional flux density, qipwol, and the pore water velocity
(Eq. 15), hereafter called calculated velocity (vca). The values of the mobile water fraction, @, calculated through the solute

concentration at the end of the experiment (Eq. 12) are presented in Table 6, along with the calculated velocity and qiptsor.
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Table 6. Solute application values.

) Cini J1Dtsol D= 60 Veal Isol Zfront
Points

(mgLY  (ecmh?) (cm h?) (mm) (cm)

A2 27.7 27.3 0.67 68.9 18.4 2.75
Ad 2.3 43.1 0.70 1115 17.8 2.54
A6 6.4 73.0 0.75 189.2 16.5 2.20
A8 65.8 34.1 0.55 92.9 15.9 2.89
Cc2 9.9 27.9 0.60 75.3 17.7 2.95
C4 32.9 449 0.42 136.9 15.5 3.69
C6 8.3 52.7 0.68 134.2 17.7 2.60
Cc8 11 56.2 0.85 147.1 17.0 2.00
E2 14.1 36.6 0.80 86.3 16.1 2.01
E4 4.3 19.7 0.60 59.4 17.0 2.83

"Mean and standard deviation from samples at fifteen different depths.
Cini - initial solute concentration; giptsol - flow density at the end of the infiltration experiment; @= én/@ — mobile water fraction,
Veal - effective pore-water velocity; Iso — cumulative solute infiltration; Zsront= Isoi/ @ - wetting front.
Source: Authors.

The values of gipwsol are following the condition imposed for Snow (1999) for the validity of the hypothesis Cim (2o, tsol) =
0, that is, giptsol > 10 mm ht (Roulier, 1999).

The values of the mobile water fraction varied from 0.42 to 0.85 within the study site, with the highest value related to
point C8, which showed the highest infiltrability. The values of @ obtained (Table 6) are in accordance with the values obtained
in the existing literature. In the field experiments, Clothier et al. (1992) found values of @ up to 0.49 (£ 0,12), by applying
bromide (Br) in fine sand. Gvirtzman and Magaritz (1986) found @ values ranging from 0.45 to 0.60 in an experiment with a
natural tracer. Rice, Bowman, and Jaynes (1986) found average @ values of 0.80 in soil under irrigation. Jaynes, Logsdon, and
Horton (1995), also using bromide, found values of @ ranging from 0.25 to 0.98. Angulo-Jaramillo et al. (1996), using CI- and
Roulier et al. (2002), using *®0 as a tracer, found @ values ranging from 0.5 to 0.93.

For the point E4, with the lowest infiltrability, the lowest sorptivity, and low hydraulic conductivity, which may be
associated with the presence of a surface crust and compaction of the underlying soil, but having the mobile water fraction
relatively low, indicating that only part of the entire pore volume was functioning during transfer. Point C8, with high hydraulic
conductivity and sorptivity values, presented the highest mobile water fraction among the ten experimental points, indicating
that even with smaller pore size, the pores were more connected in a soil where surface crust and compaction might not occur.
For point C2, with high sorptivity, a surface crust may not occur. However, with relatively low hydraulic conductivity, the

relatively low value of the mobile water fraction was found.

CD Model
Table 7 shows the results of the hydrodispersive parameters estimated by using the CXTFIT 2.0 program with 95%
confidence interval, considering the CD model. The Peclet number shows that the predominating process in the transportation
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of chloride in five points (A2, A8, C4, C6, and E4) is the diffusion (P < 1). About the effects of the aggregates in the transportation
of the solute, while undergoing experiments with colorful tracers, Seyfried and Rao (1987) showed that only a fraction of the
soil matrix was in contact with the solute, concluding that the diffusion within the soil matrix would be the means of the mass
transfer to these systems.

Table 7. Solute transport parameters, CD and MIM models.

CD model
Points Vealc D7 R? A P
(cm h7?) (cm? h) Optimized (cm)

A2 68.9 422.6 £131.4 1.27 £0.17 6.1 0.45

Ad 1115 328.4£47.7 1.54 £0.09 2.9 1.03

A6 189.2 591.3+£225 1.07£0.01 3.1 1.14

A8 92.9 320.3£63.9 2.70+£0.25 3.4 0.95

C2 75.3 1116 £34.4 3.48 + 0.58 15 1.49

C4 136.9 1950.0 £ 404.4 2.43+0.23 14.1 0.10

C6 134.2 753.9 £ 288.0 1.85+£0.32 5.6 0.55

C8 147.1 64.3 £ 10.93 1.19£0.04 0.4 3.76

E2 86.3 2846 £30.4 1.00 £0.03 2.7 131

E4 59.4 199.7 £ 32.2 1.69+£0.11 3.4 0.93

MIM model
aints Veale D R’ o g+ A o P
(cm h?) (cm? h?) Measured (cm) (hY

A2 68.9 376.4 £ 4495 147 +£7.40 0.39 + 15.97 0.67 546 387 051
Ad 1115 2925+t54.4 176 £2.34 0.34 +3.73 0.70 262 486 0.37
A6 189.2 529.7 £ 63.4 1.16£0.34 0.21+0.72 075 280 440 126
A8 92.9 287.9 £ 232.8 3.18+9.74 0.97 £ 15.83 055 310 1020 1.04
C2 75.3 106.3 £ 189.1 3.99+284 1.57+£71.90 0.60 141 1954 159
C4 136.9 1610 £ 848.4 3.34 £ 23.32 0.66 + 13.34 042 118 7.16 0.35
C6 134.2 673.6 £ 617.8 2.11+13.05 0.45+22.34 068 5.02 781 061
C8 147.1 108.6 + 85.6 1.50 £ 0.66 100 0.85 0.74 22181 343
E2 86.3 218.6 £113.9 0.86 + 0.43 0.24 +2.49 0.80 253 301 116
E4 59.4 179.2 £ 1115 1.89+£2.07 0.72+£6.15 0.60 3.02 449 104

fEstimated parameter value and root mean square error, "= @

o

front

— Yot " @ . Source: Authors.

The coefficient of hydrodynamic dispersion (D) ranged from 64.3 to 1950.0 cm? h™, thus pointing out the high spatial
variability of this parameter. These values can be considered high when compared to other studies. For example, Roulier (1999)

found values up to 7.8 cm? ht in sandy soil, using the tension disc infiltrometer. Regarding soil column studies or similar (glass
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spheres, for example), Rao et al. (1980a) found values ranging from 1.57 to 12.46 cm? h'. By using soil with aggregates, Seyfried
and Rao (1987) found values ranging from 1.65 to 60.9 cm? h*%; Bejat et al. (2000) found values of 6.64 cm? h* for a silty-clay
soil and of 20.8 cm? h! for a sandy-clay soil; Comegna, Coppola, and Sommella (2001) found values of about 9.54 cm? h't in a
sandy-clay soil. According to Renard et al. (1977), the hydrodynamic dispersion coefficient is one of the most sensitive
parameters to measurement errors.

Regarding dispersivity (4 = D/v), the condition imposed by Snow (1999), Iss > A, for the validation of the hypothesis
Cm(zo,ts01) = Co, was considered for points C2 (lso = 1.53 cm; A= 1.5 cm) and C8 (lso = 1.73 cm; 4 = 0.4 cm). However, Clothier
et al. (1995) showed that a water layer of up to 15 mm could be used to validate the hypothesis Ci(zo,tsof) = Co. Moreover, during
the soil-water infiltration experiment, there was a concern to avoid a possible hydraulic head when applying a large water layer.
This would invalidate the infiltration equations since they refer to an infiltration without a hydraulic head. By applying the
method of Clothier et al. (1992), for the determination of mobile water fraction (@), Roulier (1999) also found values of a water
layer of infiltrated solution (lse) smaller than dispersivity (A).

The values of Isq presented in Table 6 were calculated using the short-time infiltration equation and the fitted values of S
and Ks. The values in Table 6 show that the conditions posed by Snow (1999) to meet the hypothesis of solute-free immobile
water content can be applied for the experimental points.

The root mean square errors (RMSE) of the fitted parameters using both models and the Peclet number are presented in
Table 7. In general, (RMSE) is higher for the fitted parameters using the MIM model than the parameters found through the CD
model. Regarding the hydrodynamic parameters, the hydrodispersive parameters for the 0-15 cm depth in the site reflected the
soil heterogeneity. Both CD and MIM models fitted curves presented similar shapes. For example, Figures 3 and 4 show this
result for experimental points A4, A8, C8, and E4.

Figure 3. Volumetric water content profile, experimental and fitted (CD and MIM models) solute concentration profiles (points

A4, and A8), at the end of the solute infiltration experiment.
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Figure 4. Volumetric water content profile, experimental and fitted (CD and MIM models) solute concentration profiles (points
C8, and E4), at the end of the solute infiltration experiment.
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The fitted values of the dispersion coefficient, D, were very high in some cases compared to values reported in the
literature (i.e., Rao et al., 1980a; Seyfried and Rao, 1987; Roulier, 1999; Beja et al., 2000; Comegna, Coppola, and Sommella,

2001). According to the estimated Peclet number, the dispersion was the dominant effect in the solute transport.

4. Conclusion

This study applied a combined analysis of water infiltration, and solute movement in an Oxisol cultivated with beans
(Vigna Unguinculata (L.)) to determine the hydrodynamic and hydrodispersive parameters.

A simple ring infiltrometer showed to be a simple and efficient method to obtain the hydrodynamic and hydrodispersive
parameters.

The hydrodynamic characteristics (Ks, S, hy and characteristic time and length) were obtained from the three-
dimensional accumulated infiltration equations for a long time. The determined parameters permitted a good estimation of the
one-dimensional fluxes and, also, the assessment of the average velocities applied in estimating the hydrodispersive parameters.

A good agreement between calculated and measured values was achieved for the CD and MIM models. However, the
lowest standard errors to the fitted parameters were obtained by the CD model. The estimate of the dispersion coefficient (D)
values from MIM model were underestimated when compared to those obtained from the CD model.

In any case, due to the general poor definition of parameters involved in the MIM model, it is very arduous and
hazardous to attach them to any physical meaning. Apparently, the increased number of parameters invoked to represent
additional processes produced unreliable estimates and unproved goodness of fit when nothing clearly corroborated the existence
of those processes. When several parameters are optimized simultaneously, the problem of non-uniqueness arises because of the
correlation between parameters. However, one should recall that when the number of parameters decreases, the optimization

technique allows us to identify unique parameter values, and, in all those cases, the estimated parameter set is strong enough for
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the considered prediction. It must be recognized that the application of the dual-porosity model to many field systems will be an
approximation of reality, although it is a useful one.
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