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Abstract

:

Soil hydraulic properties are crucial to agriculture and water management and depend on soil structure. The impact of Cu and Zn cations on the hydraulic properties of sandy and loamy clay soil samples of Central Greece, was investigated in the present study. Metal solutions with increased concentrations were used to contaminate the soil samples and the effect on hydraulic properties was evaluated, demonstrating the innovation of the current study. The soil samples were packed separately into transparent columns and the initial values of hydraulic conductivity, cumulative infiltration, infiltration rate and sorptivity were estimated. In order to evaluate soil adsorption, metal concentrations were measured at the water leachate. After the contamination of the soil samples, the hydraulic properties under investigation were determined again, using distilled water as the incoming fluid; the differences at the hydraulic parameters were observed. After doubling metal concentrations into the incoming solution of loamy clay soil, metal adsorption and the values of the hydraulic parameters increased significantly. Loamy clay soil showed interaction between the clay particles and the positive charge in the incoming fluid, which led to a possible increase in aggregation. Furthermore, aggregation may led to pore generation. Contamination of sandy soil exhibited no impact on aggregation and soil structure. In order to evaluate the differences on the hydraulic properties and soil structure, the experimental points were approximated with two infiltration models.
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1. Introduction


Soil hydraulic properties strongly influence agricultural and environmental applications, due to their significant role in irrigation, drainage, water balance, nutrient leaching provision, water supply to crops [1]. Soil structure and soil porosity determine the hydraulic properties of the soil [2]. Hydraulic conductivity is a very important parameter in irrigation planning, as it is related to models that predict infiltration and to other hydraulic parameters, such as sorptivity, diffusivity and capacity. Hydraulic conductivity expresses the ability of water to move through soil, it is equal to the velocity of water and it affects soil water dynamics, evapotranspiration and irrigation [3,4,5,6]. Cumulative infiltration along with infiltration rate through the soil affects the water cycle, evapotranspiration, runoff, floods, aquifer recharge, irrigation, and the environment in general. Climate change affects the infiltration process. Climate change reacts on precipitation, affecting evapotranspiration, runoff and infiltration rates. Designing an irrigation network is directly related to infiltration, because of the impact on the hydraulic parameters [7,8]. Field capacity is linked to soil moisture; it depends on the soil texture/structure [9]. Infiltration is also influenced by various physical soil properties, such as soil structure and texture, soil moisture, density, sorptivity, hydraulic conductivity, diffusivity, capacity, etc. [10]. The infiltration rate is high at the start of the phenomenon, when the soil is unsaturated; it gradually reduces, reaching a constant value. Knowledge of the exact mechanism is necessary for reaching a high level of irrigation management [11]. Thus, decoding infiltration mechanism and how it is influenced by the constitution of the incoming fluids and the quality of the soil types is crucial to irrigation planning and water management. However, the design and the accomplishment of an infiltration experimental procedure is always challenging [12]. Evaluation of infiltration is multiplicative due to spatio-temporal distribution [13]. Many researchers have worked on the estimation of soil properties via infiltration data [10,14,15,16,17,18,19].



Green & Ampt [20] proposed one of the most popular models for cumulative infiltration, considering of a homogenous soil column with known initial moisture, which is constant throughout the column and with ponding conditions on soil surface. Green & Ampt (G&A) model is given in Equation (1):


   K s  t = I −    S 2    2  K s    l n  (  1 +   2  K s     S 2    I  )   



(1)




where Ks is hydraulic conductivity at saturation, t is time, I is cumulative infiltration and S is sorptivity of the soil and is given below (Equation (2)):


   S 2  = 2  K s   (   θ i  −  θ o   )   (   H o  −  H f   )   



(2)




where Ks(z,t) is the saturated hydraulic conductivity, θo is the initial moisture of the soil, θi is the boundary water content, Ho is the hydraulic load at the surface of the column and Hf is the pressure at the wet front.



Starting from the Richards [21] equation for vertical one dimensional water flow:


    ∂ θ   ∂ t   =  ∂  ∂ z    (  D   ∂ θ   ∂ z    )  −   ∂ K   ∂ z    



(3)







Parlange [22] proposed his two parametric model (P), shown in Equation (4):


   K s  t = I +    S 2    2  K s     [  e x p  (  −   2  K s     S 2    I  )  − 1  ]   



(4)




where Ks is hydraulic conductivity at saturation, t is time, I is cumulative infiltration and S is soil sorptivity.



As sorptivity and hydraulic conductivity are two of the most important hydraulic parameters, their presence in infiltration mathematical models is significant. As shown above, they are evolved in the most important infiltration models, such as Green & Ampt, and Parlange’s model [23,24,25,26].



At the early phase of infiltration, when capillary forces overcome gravity, Green & Ampt, Parlange and Philip’s infiltration models, converge to Equation (5):


  I = S  t  1 / 2    



(5)




where I indicates the cumulative infiltration, S is sorptivity and t denotes the time [26].



The infiltration process often occurs in the field, when the incoming water contains heavy metal cations (e.g., Cu and Zn), which is very common in treated municipal wastewater, fertilizers, or appear in polluted influents due to flood incidents near industrial areas or landfill, adjacent to agricultural fields [27,28,29]. In cultivated soils, Cu content and application rate, which are to blame for the copper inputs in agricultural soils, differs across various agricultural materials [30]. Pesticides, fertilisers, manure, wastewaters and mineral are the most often sources of copper input in soils of cultivated areas [31,32], but traffic contributes to local Cu inputs, too. On the other hand, Zn inputs are often related to agricultural practices, fertilisers, atmospheric depositions and wastewater application [28,32]. The application of fertilizers with anions (such as phosphates) and cations (such as metals) usually decrease aggregates stability and enhance soil erosion through increasing charge density of particle soil surfaces. Aggregation, dispersion and charging of soil solution is highly affected by mainly divalent cations along with soil pH and ionic strength [27,28,30]. Adsorption of Zn onto solid phases occurs quickly, just after the contact of Zn with soil [33]. Conditionally, heavy metals can be valuable and beneficial to crops, but their toxic impact is important if the concentrations transcend specific limits [34].



Bourazanis et al. [35] focused on the effect of certain parameters and elements of treated municipal wastewaters on saturated hydraulic conductivity of undisturbed soils samples, while Markiewicz-Patkowska et al. [36] researched on the sorption behaviour of Cu and Zn, among others, at different values of pH. In acidic soils, the availabilityand solubility of Zn2+ ions are higher than in alkaline. Nartowska et al. [37] investigated the impact of Cu and Zn on the microstructural parameters and the hydraulic conductivity of bentonites, showing that Cu ions increased hydraulic conductivity; the Kozlowski et al. [38] formula can be used in order to estimate hydraulic conductivity, when bentonites are contaminated with Cu. In contrast, the behaviour of bentonites contaminated with Zn is similar to the physical parameters of clay.



Soil structure exerts important influences on the soil conditions and the environment [39]. It is often expressed as the degree of the stability of aggregates. Clay minerals shows high physical and chemical adsorption capacity, due to soil particles with negative charge and large surface [40]. Contrariwise to sandy soil, clay’s unique mineralogy (pore structure, pore size and porosity) should be considered when investigating the adsorpability [39,40] gap [30,41]. The amount and the type of clay minerals in the soil, along with soil pH, organic matter and the presence of cations (e.g., Cu+2 and Zn+2) in drainage solution is essential to aggregate formation and soil health [27]. Clay minerals are abundant minerals in soils. Siallitic weathering under cooler climate conditions yields smectite minerals, which are characterized by a high adsorption capacity due to their negative layer charge, whereas allitic weathering occurring under tropic conditions yields aluminium hydroxides that do not carry a permanent surface charge. Crop productivity is related to aggregation of the soil; low aggregated soils show low crop productivity, while well-aggregated soils lead to greater crop productivity, are not so sensitive to erosion, and affect carbon sequestration [39].



Although it has been noted that soil aggregation is related to heavy metal concentrations [42,43,44], information about the adsorption/desorption and the distribution of heavy metals at soil aggregation is still rare [45]. In addition, although some researchers have lately worked on physicochemical properties at different soil types and different land uses (e.g., [46,47]), there is a knowledge gap; it is a research challenge to investigate the direct effect of the heavy metals on soil’s hydraulic properties, which are influential to infiltration, drainage, runoff, aquifer recharge and irrigation planning. The main aim of this work was to investigate the impact of Cu and Zn solutions with increased concentrations on hydraulic conductivity, infiltration, sorptivity and infiltration rate of sandy and loamy clay soil samples. In addition, in order to evaluate the differences on the hydraulic properties and soil structure, the experimental points were approximated with G&A and P models.




2. Materials and Methods


The study was set up and implemented at the Laboratory of Agricultural Hydraulics and the Laboratory of Soil Science at the Department of Agriculture, Crop Production and Rural Environment, School of Agricultural Sciences, University of Thessaly, Volos, Greece. In order to obtain contrary soil textures, two locations were selected: The Farm of the Department of Agriculture, Crop Production & Rural Environment of University of Thessaly, Velestino, Greece (latitude 39°22′43″ N, longitude 22°44′30″ E, altitude 70 m above sea level) and the riverside of Anavros, Volos, Greece (latitude 39°21′01.04″ N, longitude 22°57′47.17″ E, altitude 3 m above sea level). We used two soil samples (with two replicates) consisting of eight subsamples each, spread evenly across an area of 10 m2 using a zig-zag sampling pattern. The two soil samples were collected at 0–15 cm depths and were analyzed as follows: soil pH and electrical conductivity (EC) was measured in deionized water with a soil solution ratio of 1:1 [48]. Particle size distribution was measured using Bouyoucos hydrometer [49]. Soil organic matter was measured using the Walkley–Black method [49]. “Pseudo-total” potentially harmful metals concentrations were measured according to the modified BCR method using aqua regia (with HCl:HNO3 3:1) and after 2 h digestion [48,50,51]. The concentrations of all the metals studied were determined by atomic absorption spectrophotometry (AAS) using the flame (F-AAS) or the graphite furnace (GF) techniques [52,53] according to their detection limits. The concentrations of copper and zinc in the initial and outgoing solutions were measured by making the required dilutions. In some cases, the standard addition method was used.



The soil samples were screened using Octagon 2000 sieve shaker, consisting of 6 sieves with 2.00 mm, 1.00 mm, 500 μm, 250 μm, 106 μm and 33 μm mesh diameters. After sieving the soils, the big particles (staying on 2.00 mm sieve) and the very small ones (passing through the 33 μm sieve) were excluded. The experiment was performed in two replications, so two identical columns were set up in the laboratory and were filled in the same way for each soil sample. The soil samples were placed in the oven at 105 °C for 24 h and each was packed uniformly into two identical columns of plexiglas with inner diameter 6 cm. Uniformity was achieved using a PVC column equipped with sieves. Soil passed through the sieves before entering the plexiglas column and touched the surface of the soil, keeping constant the distance between the PVC and the soil surface. The procedure constitutes an effective method to achieve good distribution of the soil column. In order to estimate hydraulic conductivity at saturation (Ks), the constant head method was used [54] for both soil samples (with two replicates each). This method is based on Darcy’s law application to a one-dimensional constant flow into a saturated soil column [55]. The length of each soil column was L = 15 cm, the soil surface was A = 28.26 cm2 and the pressure head on the soil surface was ΔH = 3 cm.



In order to record cumulative infiltration data, a second round of experiments was carried out, by using each soil sample to fill two plexiglas columns with a 6 cm diameter and 1 m length each. At the top of each column, a flexible tube was adapted, in order to act as outflow helping to achieve a steady head of about 2 mm above the soil surface. The cumulative volumes of the incoming water (distilled) were calculated by subtracting the outflow volumes from the incoming volumes of the fluid. The incoming water was recorded every minute at the sandy soil sample and every two minutes at the loamy clay soil, simulating irrigation under ponding conditions in the laboratory (two replicates). Subsequently, solutions of Cu 200 mg·L−1 (Cu 200), Cu 400 mg·L−1 (Cu 400), Zn 200 mg·L−1 (Zn 200) and Zn 400 mg·L−1 (Zn 400) were used as incoming solutions at both soil columns, respectively. Conclusively, the following experimental design was conducted: 2 soil samples × 2 replicates each × 5 metal concentrations (0 mg·L−1, 200 Cu 200 mg·L−1 (Cu 200), Cu 400 mg·L−1 (Cu 400), Zn 200 mg·L−1 (Zn 200) and Zn 400 mg·L−1 (Zn 400)). Cu and Zn solutions were prepared from standard NIST Certipur Cu(NO3)2 and Zn (NO3)2 1000 mg·L−1 Cu or Zn (in HNO3 0.5 mol·L−1), after proper dilutions. The concentrations of Cu and Zn cations were also measured in the outgoing water at all cases. Adsorption was estimated by subtracting the concentrations at the outgoing fluid from the ones at the initial fluid.



After the contamination of the soil samples, distilled water was used again as the incoming fluid and the hydraulic properties under investigation were determined again.



The SPSS (version 26.0) software was used in order to conduct the statistical procedure. One-way analysis of variance (ANOVA) was used in order to check the data using the LSD test of p < 0.05 significant level. The arithmetic average values along with the standard deviation and relative standard deviation of PHMs concentrations were calculated to describe the data variation. Two replicates for each data values were averaged prior to the statistical analyses.




3. Results


The two soil samples under investigation, according to soil characterization protocol, were characterized sandy (S) and loamy clay (LC) soils. Table 1 shows the chemical and physical properties of the soil samples.



The concentrations of Cu and Zn cations were measured at the water leachate at all cases. Adsorption (A1) was estimated by subtracting the concentrations at the outgoing fluid from the ones of the initial fluid. Adsorption was re-calculated (A2), after doubling the initial concentration (singly for Cu and Zn). The % difference between the two values of soil adsorption was calculated using the following formula:


     |   A 1  −  A 2   |     A 1    · 100 %  



(6)







It should be noted that all the results presented below, are the average of the two experimental repetitions that took place for each soil sample. Table 2 shows the percentage average increase in the cumulative infiltration values after contaminating the soil samples with Cu 200, Cu 400, Zn 200 and Zn 400 solutions.



Hydraulic conductivity at saturation was increased by 20% and 3% in the cases of Cu and Zn solutions respectively (Table 3). Derivative dI/dt at late times of infiltration is equal to infiltration rate and tends to Ks at both soil samples and at all solution cases, confirming good monitoring of the experiments [10]. The dI/dt values increased 20% and 2.7% after doubling the Cu and Zn concentrations, respectively, at loamy clay soil (Table 3).



Figure 1 shows the cumulative infiltration I(t) curves for sandy soil (S) at 5 cases: (a) the initial curve (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) and (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400). In Figure 2, the cumulative infiltration versus time for loamy clay soil (LC) is shown, for the same 5 cases as above. Figure 3 illustrates collectively cumulative infiltration curves for loamy clay soil (LC), where (a) shows the initial (before contaminating the soil column with the Cu and Zn solutions), the after contamination with Cu 200 mg·L−1 solution (Cu 200) and after contamination with Cu 400 mg·L−1 solution (Cu 400) infiltration curve and (b) shows the initial (before contaminating the soil column with the Cu and Zn solutions), the after contamination with Zn 200 mg·L−1 solution (Zn 200) and the after contamination with Zn 400 mg·L−1 solution (Zn 400) cumulative infiltration curve.



In Figure 4 and Figure 5 cumulative infiltration vs. square root of time for sandy (S) and loamy clay (LC) soil is shown respectively, for the 5 cases: (a) initial, (b) after Cu 200, (c) after Cu 400, (d) after Zn 200 and (e) after Zn 400 contamination of the soil samples. I(t1/2) functions show the relations between the infiltration (I) and the square root of time (t1/2) at the early times of the phenomenon, where the slope is equal to sorptivity of the soil (Equation (2)). At early times in the infiltration process, capillary forces are stronger than gravity [10]. Sorptivity (S) values for both soil samples and all cases are given in Table 4, where, in loamy clay soil, after doubling the concentration of copper in the incoming solution, a 20% increase in soil sorptivity was indicated. In addition, a 2.2% increase in sorptivity was mentioned in the case of Zn.



Figure 6 shows the approximation of cumulative infiltration experimental points of sandy soil (S) with G&A and P models, for the five cases: (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) and (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400).



In Figure 7, the cumulative infiltration experimental points of loamy clay soil (LC), for the 5 cases (a) initial, (b) after Cu 200, (c) Cu 400, (d) Zn 200 and (e) Zn 400 contamination), were approximated with G&A and P models.



Table 5 shows the relative mse between G&A model and the experimental points, as well as the P model and the experimental points of cumulative infiltration after contaminating with Cu 200 mg·L−1 solution (Cu 200), after contaminating with Cu 400 mg·L−1 solution (Cu 400), after contaminating with Zn 200 mg·L−1 solution (Zn 200) and after contaminating with Zn 400 mg·L−1 solution (Zn 400), for sandy (S) and loamy clay (LC) soil.




4. Discussion


The soil samples exhibited alkaline characteristics (pH(S) = 7.4, pH(LC) = 7.6). The loamy clay soil contained 5.1% organic matter content (OM), while the sandy soil sample contained no detectable OM content. Background Cu and Zn concentrations at the soil samples were not detectable, so both soils were considered as “not polluted”. Sandy soil showed a negligible adsorption of Cu and Zn, while doubling Cu and Zn concentrations exerted no further impact on the adsorption capacity of sand. On the other hand, loamy clay soil showed a different behavior, as the remaining values of Cu and Zn cations were increased by 29% and 7%, respectively, after doubling Cu and Zn concentrations in the inflow solution.



At sandy soil, infiltration data showed no significant difference after the pollution with Cu and Zn cations, in all cases. Doubling concentrations did not exert any impact on the infiltration process, nor on hydraulic conductivity, derivative dI/dt and sorptivity. Contrarily, the 29% increase in the adsorption of Cu, after doubling Cu concentration, led to an average 19.9% increase in the cumulative infiltration experimental points at loamy clay soil. According to our findings, doubling the Zn concentration led to an average 3.1% increase in infiltration points (Table 2). Kabata-Pendias (2011) and Alloway et al. (2013) noticed that zinc mobility is greater than copper mobility, as copper is strongly retained by the soil solid phase. Sandy soils showed low holding heavy metal capacity, which could cause either high heavy metal uptake at crops or heavy metal leaching in the lower soil layers [56]. According to our findings, solutions of Cu and Zn did not affect the hydraulic properties of the sandy soil, due to the negligible adsorption capacity of sandy soil. On the other hand, the presence of Cu and Zn cations in the incoming fluid affected cumulative infiltration, hydraulic conductivity, infiltration rate and sorptivity of loamy clay soil. Moreover, doubling the concentration of Cu in the incoming fluid led to a 29% increase in the Cu adsorption; this behavior also led to a direct influence of the hydraulic parameters. Thus, we noticed a roughly 20% increase in all hydraulic parameters of loamy clay soil. On the other hand, doubling the concentration of Zn in the incoming fluid affected the adsorption by 7% (increase), while the effect on hydraulic parameters varied from 2.2% to 3.1%.



According to Equation (2), the increase in Ks leads to an increase in S, which was confirmed experimentally in all cases. As loamy clay soil is a cohesive soil, it exhibits low initial hydraulic conductivity and infiltration rate [30]. Ponded with Cu and Zn solutions singly, the presence of each heavy metal improved hydraulic conductivity, as well as the infiltration process. This may have occurred because of both active clay minerals and the alkaline pH, which confers to loamy clay soil a higher ability to retain Cu and Zn cations [29,57]. The environment is strongly influenced by the soil structure, while soil structure is regularly expressed as aggregate stability degree [27]. The particle cementation, rearrangement and flocculation exert an essential impact on aggregation or the aggregate stability degree, as well as fixation [28], which is enhanced mostly by soil organic carbon (SOC), carbonates, bridges of ions, and clay particles. Aggregation could be either enhanced or weakened by the complicated interactions of the aggregates. Aggregation is associated with clay-size particles that rearrange and flocculate, but swelling clay can cause aggregate rupture [30]. Organometallic compounds along with cations act as bridges between the soil particles. SOC sources are mostly the animals and plants residues [28]; the aggregation enhances the SOC concentration into the soil. The effectiveness of SOC in fixation and aggregation is linked to its decomposition rate, which is affected by the physical and chemical protection from microbial action [30]. Aggregation is enhanced by the precipitation of hydroxides, carbonates and phosphates. Ca2+, Si4+, Al3+ and Fe3+ induce the precipitation of compounds, which play a significant role in bonding with primal particles. Plant’s radicals and hyphae may lead to aggregation of particles, while the repositioning of the particles and the release of organic compounds strengthen aggregation further [58]. Agricultural practices along with environmental changes often lead to soil structure modification. Any practice which increases productivity, while, at the same time, decreases soil disruption, is beneficial to structural development and aggregation [59]. Copper makes strong bonds with fine clay particles and organic matter. In addition, after removing the organic matter, retention of Cu by fine clay is increased in comparison to coarse and medium clay, while the adsorption of Cu and Zn increase above values of pH 4 and 5, respectively [29]. Metals entering into the soil due to contact with the atmospheric air, due to infiltration, interact with the clay and organic particles and accumulate into the soil [58]. Previous studies have noted that soil aggregate-size allocation is influenced by heavy metal concentrations into the soil, while higher concentrations of heavy metals have been found in fine particles of surface soils. Higher organic matter, higher clay contents, larger surface, along with the presence of Fe single bond Mn oxide phases, are responsible for the higher heavy metal concentrations [44]. It’s also been reported that the significant impact of soil organic matter in the retention and the leaching of heavy metals in soil aggregates [60,61]. Consequently, the presence of Cu and Zn cations may have interacted with clay particles, affecting aggregation and soil structure in loamy clay soil. This behavior led to improved infiltration rate, hydraulic conductivity and sorptivity of loamy clay soil. Furthermore, all hydraulic parameters under investigation, increased by 20% and ~3%, after doubling Cu and Zn concentrations in the inflow solution (while adsorption of Cu and Zn increased 29% and 7% respectively). On the other hand, in the case of sandy soil, no significant changes on hydraulic parameters were obtained, due to low % values of clay particles [40].



Approximation of experimental points with G&A and P infiltration models showed very good agreement of both models with the infiltration data. There were no significant differences between the behaviors of the two models. However it is remarkable that in the case of loamy clay soil, the differences in hydraulic properties lead to decrease of the relative mean square error between the models and the experimental data, which is consistent with previous studies, indicating that the relative error becomes smaller as the soil becomes less fine [10,62]. Thus, G&A and P models satisfactorily simulate the experimental points and they have captured the changes at the hydraulic parameters.



Development of desirable soil structure improves porosity, reduces corrosion and improves field capacity, root filtration and ease of cultivation. High levels of clay are often linked with contaminated soils, so improving permeability and infiltration rate is a necessity. Concentrations of Cu and Zn above 200 mg·L−1 in the incoming fluid can lead to enhanced soil structure of loamy clay soils. Leaching of metals in the deeper layers of the loamy clay soil profile could be avoided, due to the adsorption of copper and zinc cations by clay particles.




5. Conclusions


Two different soil types were used in order to investigate the impact of Cu and Zn cations on their hydraulic properties. Hydraulic conductivity, cumulative infiltration, sorptivity and infiltration rate were estimated before and after the contamination of the soil samples, in the laboratory under artificial ponding irrigation. Two different (doubled) concentrations of Cu were used in order to contaminate the sandy and the loamy clay soil samples and the same procedure was followed in the case of Zn. At loamy clay soil, doubling Cu concentration, from 200 mg·L−1 to 400 mg·L−1 into the incoming solution, led to raise of adsorption by 29%. By doubling Zn concentration from 200 mg·L−1 to 400 mg·L−1, adsorption was increased by 7%. Hydraulic conductivity, sorptivity, along with infiltration rate, were increased by about 20% after doubling the concentration of Cu in the incoming solution, while in the case of Zn, the hydraulic properties were increased by values between 2.2% and 3%. In the case of loamy clay soil, the increase in the positive charge in the incoming fluid increased the adsorption capacity of the soil and the amount of the aggregates, which led accordingly to improved soil structure, while in sandy soil, due to the absence of clay particles, the increase in the heavy metal concentration exerted no impact on aggregation and soil structure. Thus, polluted loamy clay soils with Cu (or Zn), may show improved soil structure and an increased infiltration rate, which was also indicated by the G&A and P models simulation. Further investigation of the environmental parameters that influence the mobility/immobilization of metal cations could be a challenging accomplishment.
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Figure 1. Cumulative infiltration versus time for sandy soil (S) (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Figure 2. Cumulative infiltration versus time for loamy clay soil (LC) (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Figure 3. Comparison of cumulative infiltration versus time for loamy clay soil (LC) between: (a) initial (before contaminating the soil column with the Cu and Zn solutions), after contamination with Cu 200 mg·L−1 solution (Cu 200) and after contamination with Cu 400 mg·L−1 solution (Cu 400) (b) initial (before contaminating the soil column with the Cu and Zn solutions), after contamination with Zn 200 mg·L−1 solution (Zn 200) and after contamination with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Figure 4. Cumulative infiltration versus square root of time for sandy soil (S) (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Figure 5. Cumulative infiltration versus square root of time for loamy clay soil (LC) (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Figure 6. Approximation of cumulative infiltration experimental points of sandy soil (S) with G&A and P models, for the five cases: (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) and (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Figure 7. Approximation of cumulative infiltration experimental points of loamy clay (LC) soil with G&A and P models, for the five cases: (a) initial (before contaminating the soil column with the Cu and Zn solutions) (b) after contaminating with Cu 200 mg·L−1 solution (Cu 200) (c) after contaminating with Cu 400 mg·L−1 solution (Cu 400) (d) after contaminating with Zn 200 mg·L−1 solution (Zn 200) and (e) after contaminating with Zn 400 mg·L−1 solution (Zn 400) (n = 2). 
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Table 1. Chemical and physical properties of the soil samples (n = 5).
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	S
	LC





	pH
	7.4 ± 0.38 *
	7.6 ± 0.4



	Organic C (%)
	0.3 ± 0.1
	5.1 ± 0.3



	Clay (%)
	13 ± 0.9
	58 ± 0.9



	Sand (%)
	61 ± 0.9
	17 ± 0.8



	Bulk density ρb (g·cm−3)
	1.60 ± 0.12
	1.32 ± 0.10



	Total Cu (mg/kg dry soil)
	ND **
	ND



	Total Zn (mg/kg dry soil)
	ND
	ND







* RSD (Relative Standard Deviation); ** ND: Not Detectable.
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Table 2. Percentage of average increase at cumulative infiltration, after contaminating with Cu 200 mg·L−1 solution (Cu 200), after contaminating with Cu 400 mg·L−1 solution (Cu 400), after contaminating with Zn 200 mg·L−1 solution (Zn 200) and after contaminating with Zn 400 mg·L−1 solution (Zn 400), for sandy (S) and loamy clay (LC) soil (n = 2).
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S

	
LC




	

	
% Average Increase at Cumulative Infiltration

	
% Average Increase at Cumulative Infiltration






	
initial-after Cu 200

	
1.100 ± 0.005

	
12.900 ± 0.008




	
initial-after Cu 400

	
1.100 ± 0.014

	
35.500 ± 0.006




	
after Cu 400-after Cu 200

	
0.100 ± 0.005

	
19.900 ± 0.050




	
initial-after Zn 200

	
0.700 ± 0.029

	
12.300 ± 0.008




	
initial-after Zn 400

	
0.700 ± 0.014

	
15.500 ± 0.013




	
after Zn 400-after Zn 200

	
0.040 ± 0.013

	
3.100 ± 0.097
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Table 3. Hydraulic conductivity (Ks) and derivative dI/dt at late times of infiltration, initial (before contaminating the soil column with the Cu and Zn solutions), after contaminating with Cu 200 mg·L−1 solution (Cu 200), after contaminating with Cu 400 mg·L−1 solution (Cu 400), after contaminating with Zn 200 mg·L−1 solution (Zn 200) and after contaminating with Zn 400 mg·L−1 solution (Zn 400), for sandy (S) and loamy clay (LC) soil (n = 2).
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S

	
LC




	

	
Ks (cm/min)

	
dI/dt (cm/min)

	
mse (Ks-dI/dt)

	
Ks (cm/min)

	
dI/dt (cm/min)

	
mse (Ks-dI/dt)






	
Initial

	
0.820 ± 0.006

	
0.800 ± 0.003

	
0.0004

	
0.049 ± 0.010

	
0.050 ± 0.010

	
0.000001




	
After Cu 200

	
0.890 ± 0.011

	
0.880 ± 0.017

	
0.0001

	
0.090 ± 0.011

	
0.100 ± 0.005

	
0.000100




	
After Cu 400

	
0.890 ± 0.011

	
0.880 ± 0.011

	
0.0001

	
0.108 ± 0.005

	
0.120 ± 0.008

	
00.00025




	
After Zn 200

	
0.820 ± 0.012

	
0.830 ± 0.006

	
0.0001

	
0.070 ± 0.014

	
0.075 ± 0.013

	
0.000025




	
After Zn 400

	
0.820 ± 0.009

	
0.830 ± 0.012

	
0.0001

	
0.072 ± 0.007

	
0.077 ± 0.007

	
0.000025




	
mse (initial-after Cu 200)

	
0.0049

	
0.0064

	

	
0.0017

	
0.0025

	




	
mse (initial-after Cu 400)

	
0.0049

	
0.0064

	

	
0.0004

	
0.0006

	




	
mse (initial-after Zn 200)

	
0.0000

	
0.0009

	

	
0.0035

	
0.0049

	




	
mse (initial-after Zn 400)

	
0.0000

	
0.0009

	

	
0.0005

	
0.0007

	




	
% increase

(after Cu 400-after Cu 200)

	
0.0

	
0.0

	

	
20.0 ± 1.0

	
20.0 ± 1.0

	




	
% increase

(after Zn 400-after Zn 200)

	
0.0

	
0.0

	

	
3.0 ± 0.6

	
2.7 ± 0.5
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Table 4. Sorptivity (S), initial (before contaminating the soil column with the Cu and Zn solutions), after contaminating with Cu 200 mg·L−1 solution (Cu 200), after contaminating with Cu 400 mg·L−1 solution (Cu 400), after contaminating with Zn 200 mg·L−1 solution (Zn 200) and after contaminating with Zn 400 mg·L−1 solution (Zn 400), for sandy (S) and loamy clay (LC) soil (n = 2).
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S

	
LC




	

	
S (cm/min1/2)

	
S (cm/min1/2)






	
Initial

	
4.6754 ± 0.0001

	
1.4725 ± 0.0007




	
After Cu 200

	
4.6315 ± 0.0002

	
1.6531 ± 0.0003




	
After Cu 400

	
4.6315 ± 0.0003

	
1.9837 ± 0.0005




	
After Zn 200

	
4.6136 ± 0.0001

	
1.6658 ± 0.0001




	
After Zn 400

	
4.6136 ± 0.0001

	
1.7027 ± 0.0002




	
mse (initial-after Cu 200)

	
0.0019

	
0.0326




	
mse (initial-after Cu 400)

	
0.0019

	
0.2613




	
mse (initial-after Zn 200)

	
0.0038

	
0.0374




	
mse (initial-after Zn 400)

	
0.0038

	
0.0530




	
% increase (after Cu 400-after Cu 200)

	
0.0

	
20.0 ± 1.0




	
% increase (after Zn 400-after Zn 200)

	
0.0

	
2.2 ± 0.3
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Table 5. Relative mse between G&A model and experimental points and P model and experimental points of cumulative infiltration after contaminating with Cu 200 mg·L−1 solution (Cu 200), after contaminating with Cu 400 mg·L−1 solution (Cu 400), after contaminating with Zn 200 mg·L−1 solution (Zn 200) and after contaminating with Zn 400 mg·L−1 solution (Zn 400), for sandy (S) and loamy clay (LC) soil (n = 2).
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S

	
LC




	

	
Relative mse

(G&A-exper. Points)

	
Relative mse

(P-exper. Points)

	
Relative mse

(G&A-exper. Points)

	
Relative mse

(P-exper. Points)






	
Initial

	
0.05

	
0.03

	
0.10

	
0.14




	
After Cu 200

	
0.06

	
0.04

	
0.06

	
0.05




	
After Cu 400

	
0.06

	
0.04

	
0.03

	
0.03




	
After Zn 200

	
0.05

	
0.04

	
0.07

	
0.05




	
After Zn 400

	
0.05

	
0.04

	
0.04

	
0.04
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