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A B S T R A C T

Estimation of the α and n van Genuchten (1980) parameters and the saturated hydraulic conductivity, Ks, of
undisturbed soil samples is critical for realistic water flow simulations in the vadose zone. Given the Latorre and
Moret-Fernández (2019) method, which allows estimating Ks, α and n from the inverse analysis of a single
upward infiltration, the objective of this work is to advance on the theoretical understanding of this method and
to apply it on undisturbed soil cores. To this end, the influence of the saturated, θs, and residual, θr, water
content and initial soil tension, hi, on the α, n and Ks optimization was first studied on synthetic soils. A pro-
cedure to simultaneously estimate θs, α, n and Ks, which consisted on optimizing α, n and Ks for a range of θs
values, was proposed. To this end, α, n and Ks were optimized leaving each θs as a fixed value. The method was
next applied to experimental curves measured from sieved and undisturbed soil cores of 50 mm high and dia-
meter, sampled the last ones from three fields with different management: bare vs. under plant soil; agricultural
soil under conservation vs. conventional tillage; and overburden soil from mine vs. topsoil formed by the original
soil. Results showed that θs had an important effect on α, n and Ks optimization, where the minimum error within
the selected θs interval corresponded to the theoretical θs. An important effect of hi on the optimization was also
observed. However, this influence was omitted by using a hi value located in the θr region, where ≈ 0dθ

dh . Under
this assumption, θr only affected the θs optimization, which value varied with θr. A robust relationship
(R2 = 0.99; p < 0.0001) was found between theoretical and optimized θs, Ks and α and n calculated for the
synthetic soils. Thus, the method allowed estimating four of the five van Genuchten (1980) parameters. An
absolute minimum was also observed when the method was applied on experimental infiltration curves. The θs
measured gravimetrically on the undisturbed samples was, on average, 8.1% higher than the optimized one.
Overall, the method allowed detecting significant differences (p < 0.05) in hydraulic properties between bare
and under plant soils and among tillage treatments. The large variability found in the mine’s soils prevented to
find significant differences within this scenario.

1. Introduction

Soil use and management has an important influence on the soil
hydraulic properties: hydraulic conductivity (K) and the water reten-
tion curve (θ(h)), defined this last one as the relationship between the
soil volumetric water content (θ) [L3L−3] and the matric potential or
soil tension (h) [L]. For instance, tillage modifies the topsoil structure,
increasing the total soil porosity (Green et al., 2003) and the saturated
hydraulic conductivity (Messing and Jarvis, 1993; Moret and Arrúe,
2007). The subsequent impact of rain promotes a decrease in the hy-
draulic conductivity (Moret and Arrúe, 2007) due in part to crusting in
conjunction with an increase in the bulk density (Mellis et al., 1996).

An intensive livestock trampling, for example, can compact the top soil
layers, which results in a reduction of the total pore volume and satu-
rated hydraulic conductivity, and a modification of the water-retention
characteristics (Moret-Fernández et al., 2011; Krummelbein, et al.,
2009). Soil hydraulic properties can also be modified by plant roots,
microorganisms (bacteria and fungal mycelium) and soil fauna, which
are considered to be major engineers for soil aggregation and porosity
(Amezketa, 1999). For instance, plant roots can promote soil aggrega-
tion by releasing material that stabilizes the soil particles and, conse-
quently, changes θ(h) (Bodner et al., 2014). Roots also affect soil hy-
draulic conductivity through direct and indirect mechanisms, such as
creating porosity during root penetration (Angers and Caron, 1998),
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making new soil pores after root decay (Bodner et al., 2014) or division
of larger pores into smaller ones due to root in-growth (Scanlan, 2009).
Detecting all these interactions in the soil system requires adequate
methodologies for accurate characterizations of the soil hydraulic
properties.

Undisturbed soils samples under field conditions have some unique
properties, such as a complex porous system promoted by roots or the
presence of small invertebrates. Compared with packed sieved soils,
measurements of θ(h) on undisturbed samples are highly desirable
because the changes in the pore-size distribution promoted by the
sieving and subsequent soil packing results in substantial variations in
θ(h) and K (Moret-Fernández et al., 2012). Overall, current available
laboratory methods to estimate the soil hydraulic properties have se-
vere limitations when applied to undisturbed soil samples. For instance,
the reference pressure extractor (Klute, 1986) method needs long time
to conclude a θ(h) measurement and has severe limitations when ap-
plied to fine textured soils (Solone et al., 2012). Methods based on soil
tension measurements (Schindler et al., 2010; Young et al., 2002) can
present some problems when the fragile tensiometers are installed in
the undisturbed soil column (Arya, 2002). The long (up to 20 cm) and
transparent cylinders used by the horizontal water flow analysis
method (Han et al., 2010) may limit its applicability to undisturbed
cores. In the case of the multitension upward infiltration procedure
(Moret-Fernández et al., 2016), the highly negative soil tension re-
quired at the beginning of the experiment restricts its use to sieved soils.
These authors suggested that this problem could be solved by starting
the experiment at saturation conditions. In this way, Moret-Fernández
and Latorre (2017) estimated Ks by Darcy and θ(h) from the soil
sorptivity, S, and the β parameter (Haverkamp et al., 1994), calculated
both from the inverse analysis of an upward infiltration with saturated
conditions at the core base. Although this technique was validated on 5-
cm high theoretical and undisturbed cores (Moret-Fernández et al.,
2017), the employed formulation restricted its use to soils ranged from
sand to silt textural classes (Lassabatere et al., 2009). More recently,
Latorre and Moret-Fernández (2019) presented a new procedure to
estimate Ks, and the α and n parameters of the van Genuchten (1980)
model from the inverse analysis of a single upward infiltration curve,
when the initial soil tension, hi, was fixed to− 6.0·105 cm. Compared to
previous methods, this technique was simple, inexpensive, fast to im-
plement and allowed simultaneous estimates of Ks, and the α and n. In
addition, it could be applied to any kind of sieved soils textures and on
the 5-cm high cores. However, despite all these advantages, the method
was only validated on sieved soils. On the other hand, since the residual
and saturated volumetric water content (θr and θs, respectively) can be,
in principle, measured gravimetrically, these authors considered θr and
θs as known values, and only α, n and Ks were optimized. However, due
to measurements of θs and θr can be subject to errors during the soil
processing in laboratory, more efforts are needed to study the influence
of these two parameters on the remaining hydraulic parameters opti-
mization. Besides, the authors did not analyze the influence of hi on the
inverse analysis. Finally, the relatively low hi (-6·105) employed by
Latorre and Moret-Fernández (2019) required storing the soil samples
under high RH atmospheric conditions. Taking into account this last
constrain, the method could be improved if, for instance, the samples
could be stored under air dry conditions. Other method to estimate the
soil hydraulic parameters is, for instance, the ERT field measurements
combined with a Richards equation solver (Manoli et al., 2015). Such
geophysical methods can be used in different kind of sites (Raffelli
et al., 2017). For a comparison between ERT and sample methods it is
possible to refer to Nasta et al. (2019).

Given the above described limitations, new efforts are needed to
develop alternative and efficient techniques that allow estimating the
hydraulic properties under undisturbed soil conditions. Thus, the ob-
jective of this work is advancing on the theoretical understanding of the
Latorre and Moret-Fernández (2019) method and solving the limita-
tions above described: (a) to study the influence of θs, hi and θr on the α,

n and Ks optimization, and (b) to apply the procedure to undisturbed
soils samples taken from different scenarios of soil management. To this
end, the effect of θs, hi and θr on the α, n and Ks estimation was per-
formed in synthetic soils. Next, the method was applied on sieved and
undisturbed samples collected, these last ones, from three fields with
different edaphic and management characteristics. This evaluation in-
cludes (i) bare and under plant soils of a grazed semiarid land, (ii)
agricultural soils under three different tillage systems (conventional,
reduced and no– tillage), and (iii) two types of substrata –technosols-
used in a mine reclamation: overburden/geological materials and top-
soil formed by a 50 cm layer of the original soils recovering the mined
area.

2. Material and methods

2.1. Soil hydraulic functions

The soil hydraulic properties can be described by the van Genuchten
(1980) functions
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where Θ is the effective saturation [−], h is the soil–water pressure
head [L], θs and θr are the saturated and residual water content [L3

L−3], respectively, α [L−1] and n [−] are shape parameters, m= 1–1/n
and Ks is the saturated hydraulic conductivity [L T−1]. According to van
Genuchten (1980), θr is defined as the water content for which the
gradient dθ/dh becomes zero. The hydraulic equations used in this work
correspond to the wetting branch of the unsaturated hydraulic prop-
erties.

2.2. Numerical simulation and optimization method

All synthetic upward infiltration curves were made with HYDRUS-
1D (Simunek and van Genuchten, 1996), and the method was tested on
10 theoretical soils (Carsel and Parrish, 1988), ranged from sand to clay
(Table 1). A soil column of 5 cm high was discretized with a 1-D mesh
of 1000 cells. The initial time step in the simulation ranged from 0.002
to 0.025 s for sand to clay, respectively, and the tension at the base of
the soil column was 0.001 cm. The evaporation rate imposed at the top
boundary was zero. The hi of the soil column was fixed to −1.6 106 cm,
which corresponds to a soil sample in equilibrium with an atmosphere
at 20 °C and 30% of relatively humidity (RILEM, 1980).

Assuming hi, θs and θr as known values, the α, n and Ks parameters
were optimized using the Latorre and Moret-Fernández (2019) method.
This consists on minimizing the objective function, Q(α, n, Ks), that

Table 1
Saturated (θs) and residual (θr) water content, α and n parameters of the van
Genuchten (1980) water retention curve, saturated hydraulic conductivity (Ks)
of the synthetic theoretical soils.

Soil θr θs α n Ks

cm3 cm−3 cm−1 cm s−1

Sand 0.045 0.43 0.145 2.68 8.25 10−2

Loamy sand 0.057 0.41 0.124 2.28 4.05 10−3

Sandy loam 0.065 0.41 0.075 1.89 1.23 10−3

Loam 0.078 0.43 0.036 1.56 2.88 10−4

Silt 0.034 0.46 0.016 1.37 6.93 10−5

Silt loam 0.067 0.45 0.020 1.41 1.25 10−4

Sandy clay loam 0.100 0.39 0.059 1.48 3.64 10−4

Clay loam 0.095 0.41 0.019 1.31 7.22 10−5

Silty clay loam 0.089 0.43 0.010 1.23 1.99 10−5

Clay 0.068 0.38 0.008 1.09 5.55 10−5
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represents the difference between simulated curves and synthetic or
experimental infiltration data
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where N is the number of measured I values, Ie(ti) and Is(ti) are specific
measurements at time ti. To this end, a modified random adaptive step
optimization method (ASSRS) (Schumer and Steiglitz, 1968) was em-
ployed (Latorre and Moret-Fernández, 2019). More details about the
inverse analysis and optimization method can be found in Latorre and
Moret-Fernández (2019).

2.3. Influence of θs, hi and θr on the inverse analysis on synthetic soils

Considering hi and θr as known values, the influence of θs on α, n
and Ks estimate was evaluated by a series of α, n and Ks optimizations
for a sequence of 20 different θs defined within the [θs – 3%, θs + 3%]
interval. This analysis was applied to all synthetic soils of Table 1.

Using θr as known parameter, the influence of hi on θs estimate, and
hence on the remaining hydraulic properties, was studied by calcu-
lating Q values between simulated infiltration curves for a loamy sand,
loam, silt and clay soils (Table 1) with hi equal to −5.0 106, −1.0 107

and −1.0 109 cm and the corresponding reference curve generated
with hi = -1.6 106 cm. To this end, the same optimizing procedure for
the [θs – 3%, θs + 3%] range described in the previous paragraph was
employed. In this case, α, n and Ks were optimized leaving each θs as a
fixed value.

Finally, a last series of simulation were performed to study the in-
fluence of θr on the remaining hydraulic properties optimization.
Considering hi as a known value, this analysis consisted on optimizing
θs, α, n and Ks for θr and θr ± 0.008 cm3 cm−3. This experiment was
performed on a synthetic loam soil (Table 1).

To check the sensitivity of the optimized results the following ee
index was defined
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where θs_H is the optimized saturated volumetric water content calcu-
lated by HYDRUS-1D according to
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θhi is the initial volumetric water content calculated for hi, If is the
total water infiltrated measured from the flat zone of the curve at the

end of the infiltration process and ∫ =
= θ h dh( )

5
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0
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denotes the volumetric
water content between 0 and −5 cm of soil tension at the end of the
infiltration, also calculated with the optimized θs, α and n.

θs_e is the experimental saturated water content calculated as

∫
= + + =

=

θ θ I
θ h dh( )

5s e ie f
h cm

h cm

_
0

5

(6)

where θie is the actual or measured initial volumetric water content.
If hi is greater than its actual value, θie > θhi, and according to Eq.

(5), θs_e > θs_H. This results in ee < 0, and vice versa. However, when
hi is equal to its actual value, θie = θhi and hence ee = 0.

2.4. Experimental measurements

2.4.1. Sorptivimeter
The experimental upward infiltration curves were measured with a

sorptivimeter (Latorre and Moret-Fernández, 2019), which consists of a
saturated perforated base 5 cm internal diameter (i.d.) that accom-
modates a 5 cm-i.d. × 5 cm-high stainless steel cylinder. A Mariotte
water supply reservoir (30 cm high, 1.9 cm-i.d) was connected with the

bottom of the perforated base. A ± 35 cm differential pressure
transducer installed at the bottom of the water supply reservoir (Mi-
croswitch; Honeywell International Inc.) was wired to a datalogger
(CR1000; Campbell Scientist, Inc., Logan, UT, USA). The time interval
of the infiltration measurements was 1 s. A plastic lid placed on the
surface of the soil column allowed minimizing the water losses by
evaporation during the experiment.

2.4.2. Sieved soils samples
The method was tested in sand, 2-mm sieved loam, clay loam, silt-

gypseous and 0.25 mm clay soils (Table 2). The soils were homo-
genously packet in 5-cm high and diameter cylinders and stored at air
conditions (RH < 15%) during several months, until a constant weigh
was observed. If ≈ 0dθ

dt , it involves that dθ
dh

becomes zero and, according
to the van Genuchten (1980) model, we can assume the measured soil
water content is located within the θr region. This weight defined the
initial and residual gravimetric water content. The upward infiltration
started when the soil core was placed on the sorptivimeter, and finished
when the wetting front completely arrived at the soil surface. At this
time, the soil sample was saturated by raising the air inlet tube of the
Mariotte reservoir to the soil surface. Once the soil sample was satu-
rated, the core was weighted, dried at 105 °C during 24 h, and weighted
again. Soils with high gypsum content (Table 2) were dried at 50 °C
during 48 h (Moret-Fernández et al., 2016). The soil bulk density (ρb)
was calculated as the quotient between the dry-weight of the soil and
the core volume, and the saturated and residual volumetric water
content measured gravimetrically, θs_w and θr, were calculated as the
product between ρb and the corresponding gravimetric saturated and
residual water contents. More details of the soil cores implementation
can be found in Latorre and Moret-Fernández (2019).

Because θs is an unknown value, the range of θs values used in the
optimizations was defined as [θI, θI + 5%], where

= +θ θ I
LI r
t

(7)

It (mm) and L (mm) are the total water content absorbed by the soil
and the core length, respectively. It was measured as the total water
infiltration once the wetting front arrived at the soil surface and the
infiltration curve stabilized as a flat line. Once θr and It calculated, θs, Ks

and α and n were optimized according to Section 2.3. Twenty optimi-
zations were performed within the [θI, θI + 5%] interval. The optimal
θs was compared with θs_w and the optimal Ks, α and n values were also
compared with those optimized using the gravimetric θs_w.

2.4.3. Undisturbed soil cores
The method was applied to undisturbed soil cores collected from

three fields with different soil managements: agricultural soils (con-
servation vs. conventional tillage), bare vs. under-plant soils of a grazed
semiarid land and soils from a mine restoration with and without top-
soil cover. The soil under different tillage system was located at the
dryland research farm of the Estación Experimental de Aula Dei (CSIC)
in the province of Zaragoza (41°84′N; 08°46W; 270 m.a.s.l.). The

Table 2
Soil particle size, gypsum and organic carbon content, OC, bulk density, ρb,
residual, θr, and saturated, θs, volumetric water content measured in the ex-
perimental soils.

Soil Sand Silt clay Gypsum OC ρb θr θs

g kg−1 g cm−3 m3 m−3

Sand 1000 – – – – 1.64 0.02 0.35
Loam 280 470 250 – 11.7 1.25 0.03 0.47
Clay loam 205 497 298 – 19.9 1.33 0.03 0.44
Silt-Gypeseous 316 591 129 703 1.50 1.02 0.01 0.37
Clay 151 344 465 – 12.4 1.30 0.03 0.40
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climate is semiarid with an average annual precipitation of 390 mm and
an average annual air temperature of 14.5 °C. Soil at the research site is
a loam (fine-loamy, mixed thermic Xerollic Calciorthid) according to
the USDA soil classification (Soil Survey Staff, 1975) (Table 3). The
samplings were conducted in three adjacent and nearly level blocks of
plots (slope 0–2%) within a long-term conservation tillage experiment
initiated in 1989. The field was in winter barley (Hordeum vulgare L.)-
fallow rotation and the study was conducted when field was in the long-
fallow phase of this rotation. Three different tillage treatments were
compared: conventional tillage (CT), reduced tillage (RT) and no-tillage
(NT). The CT treatment consisted of mouldboard ploughing of fallow
plots to a depth of 30–40 cm in late winter or early spring. In the RT
treatment, primary tillage was chisel ploughing to a depth of 25–30 cm
(non-inverting action), NT used exclusively herbicides (glyphosate) for
weed control throughout the fallow season.

The second site is located in the Mediana de Aragón municipality
(41°25′N, 0°44′W; 480 m.a.s.l.), in the Zaragoza province, NE Spain.
The climate is semiarid Mediterranean with high continental influence.
Average annual temperature and precipitation are 14.9 °C and
350 mm yr-1, respectively. The lithology is a gypsum substratum al-
ternating with carbonate units (marls and limestone) and clays
(Quirantes, 1978). The landscape mainly consists of low hills and flat-
bottomed cultivated valleys. Soils are Leptosols in the hills and Gypsi-
sols in the flat-bottomed valleys (Navas, 1991). These are alkaline pH
(7.5–8) poorly developed soils, with moderate salinity (EC 2–3 dS/m)
and high gypsum (> 60%) and low organic matter (< 1.5%) contents
(Navas 1991). Hills are occupied mainly by scrubs of Rosmarinus offi-
cinalis L., while uncultivated valley bottoms are occupied by Lygeum
spartum L. steppe and scarce scrub of Salsol vermiculata L. and Artemisia
herba-alba Asso (Braun-Blanquet and Bolòs, 1957). Land use in the area
is based on a traditional agropastoral system involving dry cereal
croplands and extensive sheep production. The field is a bare soil sur-
face covered with plant patches. The soil cores were taken under bare
soil (B) and under plant (UP) conditions. The plants corresponded to
Linum suffruticosum L., Herniaria fruticosa L., Teucrium capitatum
L.. + Helianthemum squamatum (L.) Pers. and Brachypodium retusum
(Pers.) P.Beauv. + Herniaria fruticosa L., respectively. B and UP sam-
plings were separated one each other about 20 cm.

The third site was located in the municipality of Poveda de la Sierra
(40° 38′ N, 2° 1′W; 1198 m.a.s.l.), in the Guadalajara province of
Castilla-La Mancha (Alto Tajo Natural Park, Central Spain). The climate
is temperate Mediterranean with dry and mild summers and with
continental influence. Mean annual precipitation and temperature is
783 mm and 10 °C, respectively. It is a constructed ecosystem after the
reclamation of a kaolin quarry (El Machorro mine). This mined area
was restored in 2012 and 2014 by applying geomorphic reclamation
using GeoFluv-Natural Regrade, which generated a landscape formed
by gentle slopes and sinuous channels (Zapico et al. 2018). Two types of
techno-soils were constructed on the new topography. One of them
consists in 1 m depth layer of clay-loam textured geological materials
coming from the Escucha cretacic formation, of Albian age. This type of

geological substratum is named as overburden (OB) in mining re-
clamation terminology. The other techno-soil was named as topsoil (TP)
and it was formed by a 50 cm layer of the original soils covering the
mined area that were removed before mining activity, stored and then
spread out on the new topography.

All samples for soil texture, chemical properties and organic matter
content were taken from 1 to 10 cm depth soil layer and stored in a
single bag. The samples were homogenized and sieved to 2 mm-size
particles in the subsequent laboratory analysis. The gypsum content
was estimated from the sulphur content, calculated using a LECO
144DR elemental analyzer. The soil texture was measured using the
laser diffraction technique (COULTER LS230). The organic carbon was
determined by an improved chromic-acid digestion and spectro-
photometric procedure (Heanes, 1984).

The undisturbed cores (50 mm in diameter and high) were sampled
using the soil bulk density procedure (Grossman and Reinsch, 2002).
The soil cores processing for upward infiltration measurements were
the same as described for sieved soils (see Section 2.4.2.). At each site,
four undisturbed soil cores were collected per treatment following a
random block design (28 samples in total). Within each location, sta-
tistical comparisons among treatments were made using analysis of
variance (ANOVA) for a random block design. Duncan’s multiple range
test was used to compare treatment means (p < 0.05).

3. Results and discussion

3.1. Influence of θs, hi and θr on the inverse analysis on synthetic soils

Considering hi and θr as known values, the optimization applied on
a synthetic loam soil for the [θs – 3%, θs + 3%] interval shows that θs
has a significant effect on Ks and n estimates, where small changes in θs
promoted important variations of n and Ks (Fig. 1). The minimum Q
observed on the theoretical hydraulic parameters indicates that θs, Ks

and α and n can be calculated from the inverse analysis of a single
upward infiltration curve. The robust relationship (p < 0.0001) ob-
tained between theoretical and optimized θs, Ks and α and n (Fig. 2)
calculated for the 10 synthetic soils indicates the method can be also
applied to all kind of soil textures.

Taken θr as known parameter, overall, the influence of the selected
hi on the θs, Ks and α and n estimation depended on the soil type. For
instance, while the loamy sand, loam and silt soils were not or little
affected by the three different initial hi (-5.0 106, −1.0 107 and −1.0
109 cm) (Fig. 3 a, b and c), hi had an important effect on clay soil
(Fig. 3d). These results are reflected in the ee index (Eq. (4)), where ee
calculated for the sandy loam, loam and silt soils and different hi was
lower than 2%. In contrast, the ee value obtained for clay varies from
−1.65 to 21% for −1.0 109 and −6.0 105 cm of hi, respectively. The
results indicate that the optimized θs is over- or underestimated when a
smaller or larger hi values are used, respectively. Given that ee depends
on the initial volumetric water content defined in the model, θhi, (Eq.
(5)), if hi is larger than its actual value, the calculated θhi decreases

Table 3
Average soil particle size, gypsum and organic carbon content, OC, bulk density, ρb, residual, θr, and saturated, θs_w, volumetric water content measured grav-
imetrically in the experimental soils. Within the same column, soil property with the same letter indicates no significant differences (p < 0.05) between treatments.
Within parentheses, standard deviation within each treatment.

Treatment Sand Silt clay Gypsum OC ρb θr θs_w Soil management
g kg−1 g cm−3 m3 m−3

B 664 276 60 795 13.4 1.14 (0.06) a 0.02 (< 0.001) a 0.45 (0.008) a Semiarid grazed soil
UP 649 290 61 1.10 (0.03) a 0.01 (< 0.001) a 0.47 (0.026) a Semiarid grazed soil
CT 287 463 250 – 9.7 1.20 (0.07) b 0.03 (< 0.001) a 0.51 (0.022) a Conventional tillage
RT 318 439 243 – 10.7 1.26 (0.04) b 0.02 (< 0.001) a 0.49 (0.026) ab Reduced tillage
NT 313 451 236 – 12.2 1.35 (0.03) a 0.03 (< 0.001) a 0.45 (0.021) b No tillage
OB 601 267 132 – 5.0 1.73 (0.06) a 0.03 (< 0.001) a 0.34 (0.023) a Overburden
TS 540 323 137 – 14.2 1.66 (0.06) a 0.04 (< 0.001) a 0.36 (0.030) a Original soil covering mined area
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(Fig. 3e), which makes θs_e > θs_H. An opposite result is found at higher
hi. According to Fig. 1, the greater the difference between θs_H and θs_e,
larger errors in the remaining optimized hydraulic properties are ob-
tained. In conclusion, these results indicate that a correct definition of hi
is crucial for any accurate estimations of the soil hydraulic parameters.

Given that under experimental conditions hi is an unknown value, in
principle it would not be possible applying this method, unless hi was
located in a θ(h) region where ≈ 0dθ

dh . Fortunately, this zone corre-
sponds to the flat region of θr (Fig. 3e) (van Genuchten, 1980). Thus, for
instance, a relatively low hi (i.e. −6 10−5) applied in soils with high n
(i.e. loamy sand) will not affect the estimate of the soil hydraulic
properties (Fig. 3e). However, finer soils (i.e. clay) will require higher

values of hi. Thus, from the practical point of view, application of the
method to experimental samples would require (i) drying the soil at low
RH (i.e. air conditions) up to reach the θr, where ≈ 0dθ

dh , and (ii) using
the minimum hi value allowed by the model. In our case, hi used in the
experimental soils will be −9 109 cm, which corresponds to the
minimum hi allowed by HYDRUS-1D. Thus, from now on, the θie (Eq.
(6)) value employed in the experimental soils will correspond with θr.

In the particular case where θie = θr, the results showed that θr only
affected θs, which value varied with θr (Fig. 4). This is explained be-
cause the model responds to the θs vs. θr difference (Eq. (6)). We should
note that this behavior is only valid in those conditions where θie = θr.
From these results we can also conclude that Ks and α and n are esti-
mated from the best fitting of the cumulative infiltration curve.

In conclusion, in the particular case where hi is located in the ≈ 0dθ
dh

region, it is to say θie = θr, the theoretical analysis showed that the
inverse analysis of an upward infiltration curve allows estimate four (θs,
Ks and α and n) of the five van Genuchten (1980) parameters, being θr
the unique factor should a previously defined. However, this is a minor
limitation since θr is very easy to measure and its measurement is robust

Fig. 1. Convergence of the objective function, Q, for a range of (a) θs, and the
corresponding relationships between the Q and (b), Ks, (c), α and (d) n opti-
mized for a loam synthetic soil. The broken red line denotes the theoretical θs,
Ks, α and n values, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Relationship between theoretical and optimized θs, Ks, α and n for the 10
synthetic soils of Table 1.

Fig. 3. Convergence of the objective function, Q, for a range of θs optimized
with initial pressure heads of 5.0 106, 1.6 106, 1.0 107 and 1.0 109 cm and
compared to the reference curve generated for a pressure head of 1.6 106 cm for
a (a) sandy loam, (b) loam, (c) silt and (d) clay synthetic soils, and (e) the
corresponding water retention curves.
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and not subject to important laboratory errors. Thus, from now on, all
analysis done in experimental soil will be done considering hi within the

≈ 0dθ
dh region, where θio = θr. To check if hi has been correctly selected,
Eq. (4) will be employed. If ee ≈ 0 ⇒ θs_o ≈ θs_e ⇒ hi corresponds to its
actual value.

3.2. Sieved soils

The different upward infiltration curves observed on the experi-
mental sieved soils indicate that upward infiltrations were sensible to
the soil texture (Fig. 5). The sharper curves corresponded to coarser
soils. Similarly to synthetic soils, a minimum Q over the [θI, θI + 5%]

interval was also observed in the sieved soils (Fig. 6). These results
indicate that the inverse analysis applied on experimental curves over a
range of θs values also allows estimating θs, Ks and α and n. However,
unlike to the synthetic data, the higher Q with smaller amplitude ob-
tained in the measured infiltrations could be attributed to a slight
heterogeneity of the soil columns. This made that the simulated curves
did not exactly fit with the measured ones (Fig. 5).

Overall, a significant relationship with a slope close to one was
obtained between gravimetric and optimized θs (Fig. 7a). In all cases,
the ee (Eq. (4)) index was lower than 2%, which indicates the optimi-
zations were correctly completed. Q calculated using θs_w was 2%
higher that the corresponding values obtained from a gradient of θs.
This good equivalence resulted in also significant relationships between
Ks, α and n optimized with θs_w and the corresponding values estimated
from [θI, θI + 5%] interval (Fig. 7b, c and d). These results indicate
that, in principle, Ks and α and n could be optimized using θs_w. How-
ever, although both optimized and gravimetric θs were very similar, we
would recommend estimating the hydraulic properties from the inverse
analysis of a θs range, since small variations in θs promoted by possible
laboratory errors may result in important changes in Ks, α and n (Figs. 1
and 6).

3.3. Undisturbed soil cores

The undisturbed cores sampled from different soil management
covered a wide range of soil textures and bulk densities (Table 3). For
instance, ρb run from the 1.04 of a grazed bare soil (B) to 1.78 g cm−3 of
the mined soil (OB). The different shapes observed in the measured
infiltration curves indicated that the upward infiltrations were also
sensible to the different soil structure (Fig. 8). For instance, compared
to soils under Limun, bare soils took less water and presented infiltra-
tion curves with a biggest slope (Fig. 8a). These differences may be
attributed to the plant roots, microorganisms and soil fauna under
plant, which can affect the soil structure and its hydrology (Angers and
Caron, 1998). Tillage system also had a significant influence on the

Fig. 4. Convergence of the objective function, Q, for a range of (a) θs, and the
corresponding relationships between the Q and (b), Ks, (c), α and (d) n opti-
mized for a loam synthetic soil and three different values of θr. The broken red
line denotes the theoretical θs, Ks, α and n values, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. Measured (circles) and optimized (red line) upward infiltration curves
obtained for sieved soils of Table 2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Convergence of the objective function, Q, for a range of (a) θs, and the
corresponding relationships between the Q and (b), Ks, (c), α and (d) n opti-
mized for a sieved loam soil.
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upward infiltration curve (Fig. 8c), where NT, with a more compacted
soil layer (Table 3), presented a smoother infiltration curve. This means
that the wetting front needed more time to arrive to the soil surface.
Under this scenario, the sharper infiltration curve corresponded to the
conventional tillage system. Soils sampled from the mine restoration
presented the longest infiltration curves, probably promoted by their
finer texture and their highly compacted soil layer (Table 3).

Application of the inverse procedure on the undisturbed cores al-
lowed translating the information contained in the upward infiltrations
into soil hydraulic properties. As found in sieved soils, a minimum Q
over the [θI, θI + 5%] interval was also observed in the experimental
undisturbed cores (Fig. 9). Although a significant relationship was
found between gravimetric and optimized θs, on average, θs_w was 8.1%

higher than the optimized one (Fig. 10). The θs_w overestimation could
be due to the presence of macro- pores that have not been taken into
account by the HYDRUS model, or the inclusion, during the cores
weighing, of the thin water sheet that appears on the soil surface after
raising the Mariotte reservoir to the soil surface. These results suggest,
as above mentioned, that θs measured gravimetrically should not be
used in the inverse analysis. Good fittings, with low Q, were obtained
between measured and simulated curves (Table 4). Overall, the ee index
calculated for the undisturbed soil samples was small (< 5%), except
for the NT treatment, where its value in NT_R1 and NT_R4 was 20 and
15%, respectively. This high ee should be related to the extremely low n
(1.057 and 1.075, respectively) obtained in these two sampling. This
made that the maximum hi (-9 109 cm) allowed by HYDRUS-1D was not

Fig. 7. Relationship between (a) gravimetric (θs_w) and optimized (θs_opt) θs, and the corresponding (b), Ks, (c), α and (d) n optimized using θs_w and θs_opt, respectively.

Fig. 8. Upward infiltration curves measured in (a) bare soil and soil under plant, (b) conventional (CT), reduced (RT) and no-tillage (NT) systems and (c) soil from
mine (OB) and topsoil formed by the original soils (TP). Ri denotes the number of replication.
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located in the flat θ(h) zone corresponding to the θr region, where
≈ 0dθ

dh . Under these conditions, θhi (Eq. (5)) calculated for−9 109 cm of
soil tension was higher than θie (defined by θr), which resulted in an
overestimation of the optimized θs_H (Eq. (4)). These results indicate
that, given the limitation of the maximum hi allowed by HYDRUS-1D,
the feasibility of this method decreases for soils with n < 1.1.

Although no significant differences were observed between Ks and α
estimated in B and UP, these parameters under UP were slightly lower
than those obtained in B (Table 4). A significant lower n was found in

UP soil, which promoted water retention curves with a slightly smother
slope (Fig. 11). As above mentioned, this could be promoted by the
roots plants that could improve the soil retention characteristics. In
contrast, a clear effect of tillage system on θs, Ks, α and n was observed
(Table 4). In this case, NT showed the highest Ks and α and the lowest n
and θs, which resulted to an important jump in the first steps of the
infiltration and a flatter infiltration curve shape at more advanced times
(Fig. 8). This first jump could be attributed to a greater number and
continuity of soil macropores under NT than under CT and RT. After
28 years of continuous NT, the suppression of tillage and the retention
of crop residues on the soil surface have increased the soil organic
carbon content in 26% with respect to CT (Table 3). This enrichment
has enhanced the soil biological activity (Blanco-Moure et al., 2016)
and, thus, more bioporosity (faunal and root channels) than in tilled
soils. In contrast, the flatter infiltration curves shape at late time under
NT could be attributed to the lower n, which may reflect a compacted
soil matrix where biopores are embedded (Wiermann et al., 2000). This
more consolidated matrix seems to be confirmed by the higher ρb under
NT than in tilled soils (Table 3). The lowest θs observed in NT agrees
also with the lowest ρb (Table3) observed under NT . Even having the
same texture, the large differences between NT and tilled systems, in-
dicates that soil structure had an important effect on θ(h) (Fig. 11).
Finally, no significant differences in soil hydro-physical properties were
observed between OB and TS mined-soils (Tables 4). This could be
explained because of the large standard deviation observed in these
treatments, which indicates that these soils present high surface
variability. Indeed, lateral heterogeneity is a characteristic of con-
structed-mined soils (Haigh, 2000; Clark and Zipper, 2016) because
different raw geological layers and/or topsoil materials are spread out
on the reconstructed surface. Substratum heterogeneity is higher in the
earlier phases of evolution, when vegetation development and weath-
ering processes are still beginning. This is the case of TS and OB soils,
constructed in 2012 and 2014 respectively (Zapico et al., 2018). It is
well known that soil hydrologic properties can change in the years
following mining reclamation as forest vegetation is established, in
particular soil porosity increasing and macropore and structural de-
velopment (Clark and Zipper, 2016). But it is not the case of TS and OB
soils, where no shrub nor trees communities have been established yet.
Plant communities developed after revegetation works are composed by
herbaceous species covering up to 29% and 16% of surface, respectively
(Campos, 2016), with a low capacity to modify the parental soil con-
ditions. Compared with the remaining fields, soils coming from mine
restoration presented the lowest θs, which can be explained because of
the highest compaction and the lowest organic matter found in these
soils (Table 3). These are related again to the scarce vegetation devel-
opment and the lack of a macropores system. In addition, surface crusts
have been developed, which also limit soil infiltration capacity (Moreno
de las Heras et al., 2009).

Overall, the presented examples demonstrate that the method is
sensible to soil textural and structure changes promoted by different
soil types and management, and the technique allows estimating four of
the five van Genuchten (1980) soil hydraulic parameters.

4. Conclusions

This work advances on the theoretical understanding of the Latorre
and Moret-Fernández (2019) method, which initially was only devel-
oped to estimate Ks, α and n from the inverse analysis of an upward
infiltration measured in sieved soil samples. The new theoretical ana-
lysis showed that θs had an important effect on α, n and Ks optimization.
Although optimized θs was similar to θs_w, we recommend using θs since
small variations in θs can result in important changes in Ks, α and/or n.
In a second phase, the results showed that hi had a significant influence
on the hydraulic properties optimization, however, its influence was
omitted by using a very negative hi located in the θr region, where

Fig. 9. Convergence of the objective function, Q, for a range of (a) θs, and the
corresponding the relationships between Q and (b), Ks, (c), α and (d) n opti-
mized for the third replication of the undisturbed sample collected in the re-
duced tillage treatment.

Fig. 10. Relationship between (a) gravimetric (θs_w) and optimized θs calcu-
lated for the 28 undisturbed soil samples. Dotted lines denotes the 95% con-
fidence interval boundaries.
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≈ 0dθ
dh . Under this assumption, θr only affected θs, which value varied
with θr. In our case, the employed hi was −9 109 cm, which corre-
sponds with the maximum value allowed by HYDRUS-1D. Thus, given
the numerical limitation of HYDRUS-1D in terms of extreme tension
values, the feasibility of the method presented in this work is limited to
soils with n > 1.1. In the particular case where hi is located in ≈ 0dθ

dh
region and θie = θr, the theoretical analysis showed that the method
allows estimating four (θs, Ks and α and n) of the five van Genuchten
(1980) parameters, being θr the unique factor should a previously de-
fined. The results also demonstrated that the improved method can be
applied to undisturbed soils cores of 50 mm diameter and high, and it is
sensible to different soil textures and structure changes promoted by
soil management. In conclusion, we present an accurate, simple and
inexpensive laboratory method that allows estimating four of the five
van Genuchten (1980) parameters, and it can be applied to any kind of
soil textures and undisturbed samples collected with the 5-cm long
cores commonly employed for soil bulk density determinations. Finally,
the hi used in the method, which is located in the θr region, allows
stocking the soils samples under atmospheric room conditions.
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