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1. Introduction

Soil sodification poses a significant threat to agricultural productivity, but the reversibility of so-
dicity-induced changes in soil hydraulic properties remains poorly understood. This study inves-
tigated the hysteresis in saturated hydraulic conductivity (Ks) of a clayey soil from the Algerian
lower Cheliff plain under varying sodium adsorption ratio (SAR) conditions. Three SAR increment
scenarios (+5, +15, and +30) were employed to quantify the magnitude and persistence of struc-
tural changes in response to sodification. The results revealed a strong hysteresis effect, with Ks
decreasing by up to 75% as the SAR increased from 0 to 30, and showing limited recovery upon
reduction of the SAR. A critical threshold was identified between SAR 10 and 15, where soil struc-
tural degradation accelerated significantly. The hysteresis effect was most pronounced in the +5
increment scenario, indicating that gradual changes in soil sodicity resulted in more persistent
structural alterations. A hysteresis index (HI) was introduced to quantify the degree of irrevers-
ibility in soil hydraulic properties, with values ranging from 0.24 to 0.83 across different SAR
levels. These findings challenge the assumption of reversibility in current sodic soil reclamation
models and highlight the need for preventive management strategies. This study offers crucial
insights into the complex dynamics of soil structural changes under fluctuating sodicity, with sig-
nificant implications for developing more effective strategies to manage and reclaim sodic soils
in arid and semiarid regions.

that present significant challenges in both environmental and
agricultural contexts. These soils are prone to poor structural

Soil hydraulic conductivity (SHC) refers to the ability of soil
to transmit water under the influence of a hydraulic gradient.
SHC is dependent on the characteristics of the pores and perco-
lating liquid (Hillel, 2004); furthermore, this parameter is asso-
ciated with soil structure through two primary attributes: pore
space geometry and structural stability (Ben-Hur et al., 2009).
Extensive research has demonstrated that the chemical com-
position of percolating solutions affects the pore architecture,
thereby influencing SHC (McNeal and Coleman, 1966; Frenkel et
al., 1978; Daoud, 1993; Quirk, 2001; Levy et al., 2005). This rela-
tionship becomes particularly significant in arid and semi-arid
regions, where soil salinization is frequently accompanied by
sodification (Daoud, 1993).

Sodic soils, defined by an Exchangeable Sodium Percentage
(ESP) exceeding 15% or a Sodium Adsorption Ratio (SAR) great-
er than 13, exhibit distinct physical and chemical properties

integrity, which leads to issues such as clay dispersion, surface
crusting, and notably reduced infiltration rates (Rengasamy,
2018). The environmental impacts of sodification are not limited
to decreased agricultural productivity; they also include height-
ened erosion risks, diminished groundwater recharge, and
increased sedimentation in surface water bodies (Demo et al.,,
2025). In regions where irrigation is practiced, the emergence of
sodicity can initiate a positive feedback mechanism. This mecha-
nism involves diminished infiltration, which necessitates more
frequent irrigation, thereby potentially intensifying salt accu-
mulation (Minhas and Qadir, 2024).

Soil structural degradation is the primary response to ex-
cess exchangeable sodium and low salinity (Oster and Shain-
berg, 2001; Mukhopadhyay et al., 2019). While the United States
Salinity Laboratory (USSL, 1954) estimated the threshold for soil
structure sensitivity to exchangeable sodium at 15%, subsequent
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studies have shown that this threshold can be lower, depend-
ing on the saline concentration and other intrinsic soil factors
(Sumner, 1993; Mace and Amrhein, 2001; Rengasamy and Mar-
chuk, 2011; Bennet et al., 2019).

A landmark paper by Quirk and Schofield (1955) demon-
strated that SHC decreases as the Sodium Adsorption Ratio (SAR)
of the percolating solution increases, particularly when the sa-
line concentration falls below a certain threshold. This thresh-
old, defined as the saline concentration at which SHC drops by
15% due to exchangeable sodium, varies according to intrinsic
factors such as soil texture, clay mineralogy, organic matter (OM)
content, pH, and cementing agents like CaCO, and sesquioxides
of iron and aluminum (Qadir and Schubert, 2002; Keren and
Ben-Hur, 2003; Tavakkoli et al., 2015; Klopp and Daigh, 2019).

The mechanisms responsible for soil structural changes un-
der the effect of sodic conditions are the dispersion of soil col-
loids and swelling of clays. The swelling of clay particles reduces
the size of the conducting pores; conversely, the dispersion and
migration of clay particle blocks the pores (Frenkel et al., 1978).
A distinction should be made between the effect of swelling and
clay dispersion on the evolution of SHC in sodic conditions. The
soil begins to swell when the saline concentration of the soil so-
lution is low, and the SAR is greater than or equal to 10 (Levy et
al., 1999). Swelling is difficult to detect in sandy soils; conversely,
soil dispersion occurs at all levels of SAR when the saline concen-
tration is below the critical saline concentration or flocculation
concentration of clay minerals in the soil (Levy and Shainberg,
2005). Keren and Ben-Hur (2003) demonstrated that soil swelling
is a continuous process that increases progressively as the elec-
trolyte concentration decreases and the sodium adsorption ra-
tio (SAR) increases; on the other hand, soil dispersion is a rapid
process that initiates when the saline concentration falls below
the flocculation threshold of clay particles at a given SAR.

The interplay between salinity and sodicity in influencing
colloid behavior is complex and critical for understanding the
changes in saturated hydraulic conductivity. At high salinity lev-
els, the abundance of electrolytes in the soil solution compresses
the diffuse double layer surrounding clay particles, promoting
flocculation and maintaining the soil structure (Sposito, 2008).
As salinity decreased and sodicity increased, the diffuse double
layer expanded, leading to increased repulsion between clay par-
ticles. This expansion manifests as swelling in 2:1 clay minerals
such as montmorillonite or as dispersion when repulsive forces
overcome attractive van der Waals forces (Oster and Shainberg,
1980; Sumner and Naidu, 1998). The reversibility of these pro-
cesses is not straightforward and depends on various factors. Al-
though swelling is generally considered a more reversible pro-
cess, complete reversal may be hindered by hysteresis effects re-
lated to the rearrangement of clay particles and OM during the
swelling process (Alperovitch et al., 1985). On the other hand,
dispersion can lead to persistent changes in soil structure. Once
dispersed, clay particles may migrate through the profile (Shain-
berg and Letey, 1984) and become lodged in soil pores, lead-
ing to pore clogging that may not be fully reversed, even when
salinity is increased or sodicity is reduced (Ezlit et al., 2013; ).
Recent investigations have significantly enhanced our under-
standing of these complex soil mechanisms. Awdat et al. (2021)
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demonstrated, through a column study of saturated hydraulic
conductivity, that the dispersion of clay particles and the sub-
sequent clogging of pores in sodic soils exhibit distinct patterns
contingent upon soil density and initial porosity. Specifically,
soils with lower density exhibit a more pronounced reduction
in hydraulic conductivity due to increased clay mobility through
macropores. This finding offers direct visualization of the pore-
scale processes that have long been hypothesized.

High concentrations of monovalent cations are known to
break down bonds between soil particles, causing the dissolu-
tion of soil aggregates (McGeorge, 1954; Levy, 2011; Bardhan
et al,, 2016). Damage to soil aggregates restricts air and water
movement of air and water in the soil’s root zone, which in turn
threatens plant growth (Mandal et al., 2008; Levy, 2011; Bardhan
et al., 2016).

The reclamation of sodic soil is achieved by the addition
of a calcium source (gypsum), which aims to replace exchange-
able sodium with calcium (Ilyes et al., 1993). The primary objec-
tive of this process is to enhance the soil physical properties by
promoting clay flocculation, improving soil structural stability,
and increasing the infiltration rate (Lebron et al., 2002). From
a chemical perspective, the substitution of Na* with Ca?* in the
soil exchange phase is considered a reversible process governed
by the law of mass action and cation exchange equilibrium (Bolt,
1979; Essington, 2015). However, recent investigations have re-
vealed a more complex scenario when the physical aspects of
this exchange are taken into account. Notably, several studies
have demonstrated a hysteresis effect in the exchange of Na*
and Ca? ions, particularly in relation to the soil hydraulic prop-
erties (Dane and Klute, 1977; Mitchell and Donovan, 1991; Mace
and Amrhein, 2001; Ezlit et al., 2013). This hysteresis phenom-
enon indicates that the physical response of the soil to altera-
tions in ion composition is not entirely reversible. One potential
explanation for this occurrence may include the entrapment of
dispersed clay particles within pore spaces, thereby impeding
the complete restoration of the original soil structure (Mitchell
and Donovan, 1991; Mace and Amrhein, 2001; Ezlit et al., 2013).
Recent research by Adeyemo et al. (2022) has provided new in-
sights into the intricate relationship between salinity, sodicity,
and saturated hydraulic conductivity. Their investigation dem-
onstrated that modifications in saturated hydraulic conductivity
(Ks) resulting from fluctuations in salinity and sodicity are not
invariably reversible and exhibit hysteresis behavior.

Despite extensive research, the reversible nature of chang-
es in SHC due to variations in salinity and sodicity remains un-
clear, particularly considering the observed hysteresis effects.
This study aimed to address the significant gap in understanding
the reversible nature of SHC changes under sodic conditions by
investigating the effect of sodicity on the reversibility of SHC un-
der non-saline conditions. Using the modified permeameter of
McNeal and Reeve (1964), we targeted two primary objectives:
i) to assess the effect of increasing SAR at a fixed EC (2 dS m™)
with three different increments (+5, +15, and +30) on SHC; ii) and
to evaluate the effect of decreasing SAR at a fixed EC (2 dS m™)
with corresponding decreasing increments (-5, =15, —-30) on the
restoration of SHC, with particular attention to potential hyster-
esis effects.
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2. Materials and methods
2.1. Site description and soil sample characterization

Soil samples were obtained at depths of 0-0.30 m from
a region known as the Algerian lower Cheliff Valley, situated
at latitude 36°10° N and longitude 00°30’ to 1°20’ E. A semi-
arid climate, characterized by elevated temperatures in sum-
mer and low temperatures in winter, prevails in this area. The
region experiences a mean annual precipitation of 350 mm
and an average annual temperature of 18°C with minimal sea-
sonal variations. The study site was located at an elevation of
approximately 70 m above sea level. The soils in this area are
pedologically young and have developed from alluvial par-
ent material rich in clay and calcareous content (Saidi, 1985;
Daoud, 1993). This alluvial origin contributes significantly to
soil properties and classification (Saidi, 1985). The soil was
classified as Typic Torrifluvent according to USDA (2014), and
the main soil characteristics (Table 1) were provided by La-
oufi (2010).

The soil sample was characterized using standard analytical
procedures recommended by Mathieu and Pieltain (2003). Par-
ticle size distribution was determined using the pipette method;
the cation exchange capacity (CEC) was measured using ammo-
nium acetate at pH 7.0, while exchangeable sodium percentage
(ESP) was calculated from the ratio of exchangeable sodium to
CEC. The calcium carbonate (CaCO3) content was determined us-
ing the calcimeter method based on CO, evolution, and the soil
pH was measured in a 1:2.5 soil-to-water suspension. As regards
the determination of organic matter content, we used the Anne
method, which involves the oxidation of organic carbon (Math-
ieu and Pieltain, 2003). Soil salinity was assessed by measuring
electrical conductivity (EC) in a saturated soil paste extract.

The soil samples exhibited a mild alkalinity (pH 8.1). The
soil composition consisted of 47% clay, 39% silt, and 14% sand,
classified as a clayey textural class according to the USDA (2017)
textural triangle. Using the standard pipette method to deter-
mine the distribution of different soil particles is subject to the
risk of error due to either over- or under-estimation of clay or
silt. According to Kobza et al. (2011) and Igaz et al. (2020), the
accuracy of this method can reach 2.3%.

OM content was moderate (2.22%). The electrical conductiv-
ity (EC) and sodium adsorption ratio (SAR) of the saturated paste

Table 1
Initial physicochemical characteristics of the studied soil samples

Soil structural hysteresis induced by changes in sodium adsorption ratio

extract were 1.97 dS m™ and 10.5, respectively, characterizing
this sample as non-saline and slightly sodic. The calcium carbon-
ate content was within the medium range. The cation exchange
capacity (CEC) was 18.6 cmol kg, and the exchangeable sodium
percentage (ESP) was 11.63%. X-ray diffraction analysis revealed
that the clay mineralogical composition comprised a mixture of
interstratified smectite-illite (50%), kaolinite, vermiculite, and
chlorite (Daoud, 1993). It is essential to acknowledge that these
soil characteristics, as determined by Laoufi (2010), represent
the initial condition of the soil utilized in our experiments. The
clay mineralogy, specifically the interstratified smectite-illite,
and the texture, comprising 47% clay, are particularly perti-
nent as they remain constant throughout our sodium-calcium
exchange treatments. This constancy enables us to isolate the
effects of changes in the Sodium Adsorption Ratio (SAR) on soil
structure....

2.2. Saline and sodic solution preparation

In our study, the salinity was maintained at a constant level
of 2 dS m (20 mmol, L) to preserve the value of the soil salin-
ity measurements, which was 1.97 dS m. Conversely, sodicity,
a critical variable, was quantified as the Sodium Adsorption Ra-
tio (SAR), ranging from 0 to 30. This range indicates the extent of
soil structure degradation due to exchangeable sodium, which
was evaluated in our study through variations in the Ks. Fur-
thermore, within this range, the SAR and Exchangeable Sodium
Percentage (ESP) are numerically equivalent (US Salinity Labo-
ratory Staff, 1954; Qadir and Schubert, 2002).

The Sodium Adsorption Ratio was calculated using the fol-
lowing formula:

SAR = Na*/ (Ca?'/ 2)°5 Equation 1

Na' and Ca*" were expressed in mmol /L.

The sodic solutions are prepared using sodium chloride
(NaCl) and calcium chloride dihydrate (CaCl, - 2H,0). Table 2
summarizes the concentrations in mg/L or mmol/L. used to
prepare each sodic solution (Table 2). For each sodic solution,
40 ppm HgCl, was added to inhibit biological activity (McNeal
and Reeve, 1964).

Physicochemical characteristics of soil samples

Soil particle size (%)

Soil chemical characteristics

Clay Silt Sand ESP
(<0.002 mm) (0.002-0.05 mm) (0.05-2 mm)
47 39 14 11.63

CEC CaCo, pH EC OM
cmol Kg! (%) (dS m™) (%)
18.6 19.5 8.01 1.97 2.22

Source: Laoufi (2010)
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Table 2

SAR values obtained from different concentrations of NaCl and CaCl,,2H,0
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SAR Saline concentrations
NaCl CaCl, - 2H,0 Nacl CaCl, - 2H,0
(mmol 1) (mg I

0 0 20 0 1470

5 10.75 9.24 628.87 679.14

10 15.31 4.68 895.92 343.98

15 17.33 2.66 1013.8 195.53

20 18.32 1.68 1071.72 123.48

25 18.97 1.03 1109 75.70

30 19.18 0.82 1122 60.27

2.3. Soil hydraulic conductivity measurement

2.3.1. Status of samples prior to soil hydraulic
conductivity measurement

Before measuring hydraulic conductivity, it is worth noting
that the soil material was used solely to apply the various ex-
change site saturation treatments with Na+ and Ca2+ at a con-
stant salt concentration of 2 dS m. Thus, the most important
characteristics (clay texture and mineralogy) that can affect the
physical behavior of the soil will remain constant. Regarding
OM, in the experiment, we add HgCl, to all saline and sodic solu-
tions to inhibit all biological activity, which can affect the soil
structure, as the aim is to assess the effect of sodium/calcium on
physical properties only. Regarding CaCO,, even though the soil
is saturated, calcium carbonate is a salt that dissolves slightly in
the environment. In accordance with the literature, we ensure
that the pore volume is sufficient to create a suitable equilibri-
um between the salt solution and the adsorption complex, as ev-

€«——— 52cm

12 cm
I
-

- ®
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idenced by changes in EC measured during soil saturation with
various salt solutions, as described in Materials and Methods. In
this type of experiment, we require 10 to 15 volume pores to es-
tablish a new equilibrium between the soil and the salt solution
(Curtin et al., 1994). Overall, we aimed to control as many factors
as possible that would affect the physical behaviour of the soil
sample, and leave only the dynamic soil physical properties (soil
structure and SHC).

2.3.2. Soil hydraulic conductivity measurement process

Saturated hydraulic conductivity was measured in the labo-
ratory using a constant head permeameter (Fig. 1). According to
Fadl (1979) and Luo et al. (2020), laboratory measurements of
Ks are subject to two types of errors: the boundary effect, which
creates a preferential flow of percolating water at the soil-per-
meameter interface, and the destruction of soil structure during
the grinding and sieving of soil samples. The first type of error
can be mitigated using the modified permeameter (Fig. 1) de-

Fig. 1. Schematic diagram of the permeameter (McNeal et Reeve, 1964).
Explanations: (1) Filter paper; (2) Nylon mesh; (3) Decalcified gravel of
2-4 mm; (4) Inner outflow; (5) Outer outflow and (6) Beaker for volume
measurement from inner region
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veloped by McNeal and Reeve (1964), and the second type can
be minimized by implementing specific precautions when fill-
ing the soil sample to the desired bulk density in the permeam-
eter. Furthermore, the flow through the inner region of the per-
meameter was utilized to measure the SHC. In contrast, the flow
through the outer and inner regions was employed to monitor
the equilibrium of the soil solution with the percolating solution.

A nylon mesh screen was affixed to the top of the soil sample to

prevent the disturbance of the soil particles during the experi-

ment. A constant hydraulic gradient of approximately three was
maintained throughout the measurements.

The samples were subsequently wetted from the top by ap-
plying salt solutions of appropriate electrical conductivity (EC)
and sodium adsorption ratio (SAR) to their surfaces (see chapter
2.2.). A total of 21 solutions with identical EC values but varying
SAR (Table 2) were then sequentially applied to the sample un-
der three distinct scenarios:

*  Scenario 1 (SAR Increment of 5: gradual increase/decrease
in sodicity (0, +5, +10, +15, +20, +25, +30, and then -25, -20,
-15,-10, -5, 0)

* Scenario 2 (SAR increment of 15): Moderate increase/de-
crease in sodicity (0, +15, +30, and then 0, -15, 0);

*  Scenario 3 (SAR increment of 30): abrupt increase/decrease
in sodicity (0, +30, then 0).

Each SAR treatment level was assessed in triplicate (n = 3),
with independent permeameter columns constructed for each
replicate. This approach yielded a total of 63 experimental units
throughout the study (7 SAR levels x 3 scenarios x 3 replicates
for the increasing phase, in addition to corresponding measure-
ments for the decreasing phase).

Prior to the accurate measurement of the Ks, a predeter-
mined number of pore volumes of each solution were passed
through the soil samples. The flow rate and electrical conduc-
tivity (EC) were monitored at regular intervals to achieve both
chemical equilibrium (where EC remained constant over time)
and physical equilibrium (where the flow rate remained con-
stant). In fact, the physical equilibrium time (Table 3) has been
considered as the decisive criterion for an accurate and relevant
measurement of SHC. Moreover, the desodification phase was
achieved by reversing the SAR sequence while maintaining
a constant EC at 2 dS.m™". Solutions for decreasing SAR were pre-
pared by progressively increasing the CaCl,, 2H,O concentration
while decreasing NaCl concentration (Table 2). This promoted
Ca_ *-Na*exchange on clay surfaces, with sodium being displaced
from exchange sites and removed in the effluent. The same equi-
libration protocol (11-16 pore volumes) was applied to ensure
complete ion exchange before Ks measurements were taken.

Table 3
Time required for chemical (EC) and physical (flow rate) equilibrium

Soil structural hysteresis induced by changes in sodium adsorption ratio

The objective of the experiment, in reverse order, by decreas-
ing the sodium adsorption ratio (SAR) to its original value SAR 0,
was to measure the hysteresis effect on any changes in hydraulic
conductivity by decreasing the SAR to its original value, SAR 0.

2.4. Experimental set-up description:
McNeal and Reeve permeameter

The permeameter was constructed using acrylic resin tub-
ing. The apparatus comprises a percolating tube with an inner
diameter of 5.2 cm and a height of 12 cm, featuring a 10 cm hole
to establish a steady-state hydraulic gradient. At the base of
the tube, a concentric circle (inner diameter of 2.5 cm, hole of
1.04 cm) is affixed with epoxy resin, which facilitates the meas-
urement of Ks. The outer region features two lateral holes, each
with a diameter of 0.65 cm, which serve to mitigate the bound-
ary flow error during measurement. A nylon mesh was affixed
to the bottom, and a layer of decalcified gravel (2-3 mm in diam-
eter) was incorporated at the base to prevent hole formation.

2.5. Soil sample preparation for saturation
with the different sodic solutions

Soil samples were dried and sieved to a 1 mm mesh size
(McNeal and Reeve, 1964). The mass of the soil sample was
54.657 g with a bulk volume of 53.066 cm?. The total mass was
divided into four portions, which were carefully introduced into
the permeameter to a height of 2.5 cm, achieving a bulk den-
sity of 1.03 g cm=3 (McNeal et al., 1968). A filter paper was placed
above the soil surface samples to prevent disturbance of soil
particles during the saturation process and Ks measurements.

The saturation of soil samples was determined using the
concept of pore volume. The pore volume of the solution is de-
fined as the volume of solution that the soil contains at satura-
tion and is calculated by multiplying the porosity of the soil by
the volume of soil packed in the column (Lahlou et al., 1998;
Klopp and Daigh, 2019).

The pore volume was calculated using the relationship be-
tween the total porosity, bulk density, and particle density as fol-
lows:

Da
PT (%) = (1 - E) X 100 Equation 2
Where:
PT - the total porosity (%), Da — the bulk density (g cm™), and Dr
— the particle density (g cm™)
In this experiment, the particle density of the soil sample

Scenario Pore Volumes Duration of the experiment for each scenario Equilibrium Criteria

+5 11-14 24 hours to 3 days EC variance <5%; Flow rate variance <10%
+15 14-16 6 hours to 20 hours Same as above

+30 11-16 4 hours-15 hours Same as above
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was determined to be 2.65 g cm, while the bulk density was
1.03 g cm3. Using Equation 2, the total porosity of the soil sample
was calculated as 61.13%. Given that the bulk volume of the soil
sample is approximately 53.066 cm?, one pore volume is equiva-
lent to 32.43 cm® or 32.43 mL.

The equilibrium between the soil sample and various saline
solutions was monitored by adding a specific number of pore
volumes. According to the literature, steady-state equilibrium
between the soil solution and adsorbent complex is achieved
between 10 and 15 pore volumes (Curtin et al., 1994; Levy et al,,
2005). In this experiment, 11 and 16 pore volumes percolated
prior to the measurement of Ks.

2.6. Darcy law to measure saturated hydraulic conductivity

After equilibrium was attained, a hydraulic gradient (ap-
proximately 3) was established using an inverted volumetric
flask, and the time required for a known volume of the solution
to percolate through the soil sample was recorded.

The Ks was calculated using Darcy’s law as follows:

Ks = Q X L/A x (h+L) Equation 3
Where:

Ks (cm h™) - the saturated hydraulic conductivity, Q (cm?) — the
flow rate, L (cm) - the height of the soil sample, including the
gravel layer (3 cm), h (cm) — hydraulic head of 7 cm, and A - the
cross-sectional internal area (4.90 cm?).

Each measurement was performed in triplicate at a con-
stant temperature (22°C).

2.7. Statistical analysis

The standard error of the mean (SEM) was calculated for

c
Vn'
where o is the standard deviation, and n is the number of
replicates (3). The 95% confidence interval was determined by

each SAR level at a 95% confidence interval using SEM =

Table 4
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multiplying the SEM by the t-value (t, - a/2) for n-1 degrees of
freedom (Saville and Rowarth, 2008).

One-way analysis of variance (ANOVA) was conducted on the
dataset, with multiple comparisons of means using the Newman-
Keuls test at a 5% significance level, as determined by SPSS soft-
ware. For pairwise comparisons, the Least Significant Difference
(LSD) was calculated as: LSD = (SEM1 + SEM2) X t1 — a/, X V2,
where SEM1 and SEM2 are the standard errors of the means be-
ing compared, and t is the Student’s t-statistic at 95% confidence
interval (a = 0.05) with 2(n-1) degrees of freedom (Dagnelie,
1982).

3. Results and discussion

3.1. Saturated hydraulic conductivity change as a function
of increasing SAR: implications for the critical
threshold soil structure degradation

The impact of increasing the SAR on Ks was evaluated us-
ing three increment scenarios: +5, +15, and +30. The results are
summarized in Table 4.

Our findings reveal that the highest mean Ks values were
observed at SAR 5 (2.28 + 0.52 cm h™) for the +5 increment sce-
nario, and at SAR 0 for the +15 (2.28 + 0.78 cm h?) and +30 (1.89
+0.35 cm h™) increment scenarios. Conversely, the lowest Ks val-
ues were consistently found at SAR 30, with values of 0.51 + 0.39
cm h?, 0.83 £ 0.57 cm h?!, and 0.85 + 0.30 cm h for the +5, +15,
and +30 increment scenarios, respectively. Moreover, ANOVA re-
vealed significant effects of SAR level on Ks for all increment sce-
narios (FBY14 =14.6896, p = 0.000025 for +5 increment; 132’6 =10.8200,
p = 0,010229 for +15 increment; LSD = 0.66 for +30 increment).

A significant decrease in Ks was observed between SAR
10 and SAR 15, particularly in the +5 increment scenario. Ks
dropped from 1.79 + 0.46 cm h-1 at SAR 10 to 1.16 + 0.57 cm h-1
at SAR 15, a 35.2% reduction. This suggests a critical threshold at
which the soil structure begins to degrade substantially, corrob-
orating findings from previous studies (McNeal and Coleman,
1966; Ben-Hur et al., 2009).

Saturated hydraulic conductivity values (cm h™) at increasing SAR under the three different scenarios (+5, +15, +30)

Values of SAR Increments
+5 +15 +30
0 2.06a+ 0.05 2.28a+0.78 1.89a+0.35
5 2.28a+0.52
10 1.79a+0.46
15 1.16b+0.57 1.68b+0.53
20 0.77b+0.75
25 0.73b+0.37
30 0.51b+0.39 0.83b+0.57 0.85b+0.30

Explanation: a and h: values of Ks with different value means there is a statistical significance at a threshold of 0.05

215241
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3.2. General trend of Ks with increasing SAR

A consistent decrease in Ks was observed as SAR increased
from 0 to 30 across all increment scenarios. In the +5 increment
scenario, Ks decreased from 2.06 +0.05 cm h* at SAR 0 to 0.51
+0.39 cm h' at SAR 30, representing a 75.2% reduction. The +15
increment scenario showed a decrease from 2.28 +0.78 cm h' to
0.83 +0.57 cm h* (63.6% reduction), while the +30 increment sce-
nario exhibited a decrease from 1.89 +0.35 cm h! to 0.85 +0.30
cm h™ (55.0% reduction).

An exception to this trend was noted at SAR 5 in the +5 incre-
ment scenario, where Ks increased slightly from 2.06 +0.05 cm
h'at SAR 0 to 2.28 +0.52 cm h, a 10.7% increase. This anomaly
can be explained by the saturation method (flooding) employed,
which may have caused the release of entrapped air during the
percolation of the sodic solution, temporarily increasing the po-
rosity (Moutier et al., 1998).

3.3. Relative hydraulic conductivity analysis

To better quantify the rate of change in Ks as a function of
increasing SAR, we calculated the relative hydraulic conductiv-
ity (Ks-rel) by dividing each Ks value by the reference Ks value
at SAR 0 (Ks0). The results are shown in Fig. 2.

The magnitude of the change in Ks-rel varies according to
the SAR increment scenario. In the +5 increment scenario, Ks-rel
decreased from 1.0 at SAR 0 to 0.25 at SAR 30, a 75% reduction.
The +15 increment scenario showed a decrease from 1.0 to 0.36
(64% reduction), while the +30 increment scenario exhibited
a decrease from 1.0 to 0.45 (55% reduction).

The most pronounced decrease in Ks-rel was observed in
the +5 increment scenario, particularly between SAR 10 and 20,
where Ks-rel dropped from 0.87 to 0.37, a 57.5% reduction over
this range. Conversely, the +30 increment scenario showed the
least dramatic change in Ks-rel, with only a 55% reduction over
the entire SAR range.

Numerous studies have demonstrated that a small, gradual
increase in exchangeable sodium has a significant impact on the
dispersion of clay particles, and consequently, on SHC (Lebron

1,2
1
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°
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0,4
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Fig. 2. Krelative as a func-
tion of increasing SAR at 0
the three different incre- 0 5 10

ments (+5, +15+30)
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and Suarez, 1992; Levy et al., 1993; Aydin et al., 2004). Interparti-
cle swelling is strongly influenced by the progression of sodicity
by an increment of +5, because swelling is a continuous process
that increases as sodicity increases (Keren and Ben-Hur, 2003).
Increasing sodicity with the different increments used (+5, +15,
+30) causes a significant decrease in the Ks of the soil sample
(Table 4). This decrease was greater when sodicity increased
in increment of + 5. This behavior can be explained by the fact
that swelling is a continuous process that reduces the size of
the conductive pores in the soil sample. Increasing sodicity by
a small increment (+5) also increases the risk of dispersion of
clay particles during the percolation of saline solutions (Aydin
et al., 2004).

Our study makes three novel contributions to understanding
sodic soil behavior. First, we systematically compared three SAR
increment scenarios (+5, +15, and +30), revealing that the rate
of sodification significantly affects the magnitude and persist-
ence of structural changes. Second, we introduced a quantitative
Hysteresis Index (HI) that enables comparison of irreversibility
across different sodification-desodification pathways. Third,
we found that gradual SAR changes (+5 increments) produce
more severe and persistent reductions in hydraulic conductiv-
ity than abrupt changes, challenging conventional reclamation
approaches that focus solely on final SAR values rather than the
pathway of change.

Our findings elucidate a previously undocumented cor-
relation between the size of sodium adsorption ratio (SAR)
increments and the extent of hydraulic conductivity degrada-
tion. While classical studies have demonstrated that gradual
increases in sodium levels influence clay dispersion (Quirk and
Schofield, 1955; McNeal et al., 1968; Frenkel et al., 1978; Gold-
berg and Forster, 1990; Daoud, 1993; Keren and Ben-Hur, 2003;
Levy et al,, 2005), our systematic comparison of three distinct
increment scenarios (+5, 15, +30) provides the first quantitative
evidence that the sodification pathway fundamentally alters soil
structural response.

Recent advancements in understanding soil hydraulic be-
havior under saline-sodic conditions corroborate our observa-
tions. Kramer et al. (202) introduced mathematical frameworks

A
—o— SAR increment +5
O —&— SAR increment +15
A —0O— SAR increment +30
15 20 25 30
SAR
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for quantifying pathway-dependent effects, demonstrating that
soil hydraulic properties retain a memory of their sodification
history. Our results extend this theoretical framework by pro-
viding empirical evidence that smaller SAR increments (+5) re-
sultin a 75% reduction in hydraulic conductivity (Ks), compared
to only a 55% reduction with larger increments (+30), despite
reaching the same final SAR value. Furthermore, our findings
that interparticle swelling is more significantly influenced by
+5 increments align with Klopp and Daigh’s (2019) observations
of non-linear hydraulic responses, uniquely demonstrating that
the kinetics of sodification — not merely the endpoint — deter-
mine the severity of structural degradation.

3.4. Saturated hydraulic conductivity change as a function
of decreasing SAR at three increments (-5, -15, -30)

The effect of decreasing SAR on the Ks is important for un-
derstanding the physical changes that occur when sodium re-
places calcium in a fixed EC environment; the results are sum-
marized in Table 5.

Our result shows that for the increment of decrease (-5),
Ks ranged from 0.51 +0.39 cm h to 0.35 +0.29 cm h!, with the
highest value observed at Highest Ks observed at SAR 30, lowest
at SAR 15, then for the increment of decrease (-15), Ks ranged
from 0.83 +0.57 cm h to 0.41 +0.34 cm h™, with the highest
Ks observed at SAR 30, lowest at SAR 0, finally, For the —-30 dec-
rement scenario, Ks ranged from 0.85 +0.30 cm h to 0.71 +0.33
cm h7, Highest Ks observed at SAR 30, lowest at SAR 0. ANOVA
showed no significant effect of decreasing sodium, irrespective
of the increment (Fg., = 049284, p = 0,803325for -5 increment;
F,,=2,31724,p = 0,179599 for —15 increment; LSD = 0,63 for -30
increment), and the lack of a significant change in Ks with de-
creasing SAR suggests that the soil structural changes induced
by high sodium levels are not readily reversible in the short
term. This observation is consistent with the findings of Mar-
chuk and Rengasamy (2012), who reported that soil structural
deterioration due to sodicity can persist even after leaching of
excess sodium.

The persistently low Ks values, even as the SAR decreased,
suggested that the soil structure remained degraded. This could

Table 5
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be due to the formation of stable microaggregates during the
sodification process, which are not easily disrupted by subse-
quent decreases in SAR (Baumgartl and Horn, 1991). In conclu-
sion, these results showed that the addition of calcium in incre-
ments of +5, +15, and +30 did not significantly improve the Ks of
the soil sample under non-saline conditions.

3.5. Evaluation of the reversibility of Ks induced
by sodicity: hysteresis effect

The Ks values obtained with increasing SAR were compared
to those obtained with decreasing SAR at different increments
to highlight the degree of reversibility of soil structural changes
and the magnitude of the difference between Ks obtained with
increasing SAR and those obtained with decreasing SAR (Table
6), thereby refining the analysis. We used the LSD test with a 5%
threshold probability to compare the values of Ks at increasing
and decreasing values at the same SAR. The hysteresis effect was
measured using a normalized metric, which is determined as
follows (equation 4):

Ks increasing — Ks decreasing

HI (%) = Equation 4

Ks increasing
Where:
Ks increasing — at increments 5, 15 and 30; Ks decreasing - at
increments x 5, 15, 30

The index can have a value ranging from 0 to 1, and when-
ever the value of the index approaches 1, it indicates a high hys-
teresis between the two values of Ks at increasing and decreas-
ing SAR.

The data presented in Table 1 demonstrate the reversibility
of Ks under the various SAR increment scenarios. The +15 and
+30 increment scenarios exhibited significant differences be-
tween increasing and decreasing SAR values, albeit with reduced
magnitudes compared with the +5 scenario. For example, in the
+30 increment scenario, the difference (1.18) remains significant
(LSD = 0.69, S), but is notably smaller than the initial difference
in the +5 scenario (1.66). This observation further supports the
trend of diminishing the hysteresis in larger increments. The +5

Saturated hydraulic conductivity values at decreasing SAR under the three different scenarios (-5, -15, -30)

Values of SAR Increments
-5 -15 -30
30 0.51a+0.39 0.83a+0.57 0.85a+0.30
25 0.55a+0.30
20 0.59a+0.58
15 0.35a£0.29 0.53a+0.29
10 0.39a+0.18
5 0.38a+0.15
0 0.40a+0.18 0.41a+0.34 0.71a+0.33

Explanation: a and b: values of Ks with different value means there is a statistical significance at a threshold of 0.05
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Table 6

Soil structural hysteresis induced by changes in sodium adsorption ratio

Comparison of saturated hydraulic conductivity (Ks) for increasing and decreasing Sodium Adsorption Ratio (SAR) at the three scenarios

Scenario Increment Increasing SAR Decreasing SAR SARinc - SARdec LSD (5%) HI (%)

(¢)) +5 Increment

+/-5
0 2.06 0,02 0.40+0.06 1.66 0.24 (S) 0.807443
+/-5 2.28+0.17 0.38+0.05 1.90 0.66 (S) 0.834795
+/-10 1.79+0.15 0.39+0.06 1.40 0.63 (S) 0.782528
+/-15 1.16+0.19 0.35+0.10 0.81 0.87 (NS) 0.686782
+/-20 0.77+0.25 0.59+0.20 0.18 1.35 (NS) 0.242424
+/-25 0.73+0.12 0.55+0.10 0.18 0.66 (NS) 0.376712

2) +15 increment

+15/-15
0 2.28+0.26 0.41+0.10 1.87 1.08 (S) 0.81
+15/-15 1.68+0.18 0.53+0.11 1.15 0.87 (S) 0.68

3) +30 increment

+/-30
0 1.87+0.12 0.71+0.11 1.18 0.69 (S) 0.62

Explanations: S: significant difference at a threshold of 0.05, NS: non-significant difference at a threshold of 0.05, and (1), (2), (3) symbolize the three

scenarios.

increment scenario exhibited a strong hysteresis effect in the
first three increments (0, +/-5, +/-10). The difference between
the increasing and decreasing SAR (SARinc — SARdec) is statisti-
cally significant (S) in these cases. However, as the increments
increased to +15 and above, the hysteresis effect became less
pronounced and statistically non-significant (NS).

In the +15 increment scenario, we observed a significant
hysteresis effect for both increments tested (0 and +15/-15).
This suggests that the soil exhibits a memory of its sodification
history, even at larger increments. The +30 increment scenario
also showed a significant hysteresis effect, although the magni-
tude of the difference between the increasing and decreasing
SAR was smaller than that of the lower increment scenarios.

2,5

3.6. Hysteresis index analysis

In the +5 increment scenario, a strong hysteresis effect
(HI > 0.75) was observed in the first three increments (0, +/-5,
+/-10). This suggests that, at lower SAR levels, the soil exhibits
a significant memory effect (Fig. 3).

As the increments increased in the +5 scenario (+/-15, +/-20,
+/-25), HI decreased, indicating a reduction in the hysteresis ef-
fect. This could imply that at higher SAR levels, the soil behav-
ior became more reversible. The +15 increment scenario shows
a strong hysteresis effect for both tested increments, with HI
values above 0.68. This indicates that, even at larger increments,
the soil retains a significant memory of its sodification history.
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The +30 increment scenario also showed a substantial hysteresis
effect (HI = 0.6203), although it was somewhat lower than the ef-
fects observed at smaller increments.

Our results reveal a consistent pattern where increasing
SAR values exceed decreasing SAR values across all scenarios,
indicating pronounced hysteresis in SHC dynamics. This effect
was particularly evident in the +5 increment scenario, where in-
itial Ks values (2.06 + 0.02 cm h') were significantly higher than
corresponding decreasing SAR values (0.40 + 0.06 cm h). These
findings align with recent work by Adeyemo et al. (2022) and ex-
tend earlier observations by McNeal and Coleman (1966) regard-
ing the irreversible nature of hydraulic conductivity changes in
sodic soils.

The magnitude of hysteresis showed clear dependence on
increment size. In the +5 increment scenario, the difference be-
tween increasing and decreasing SAR values (SARinc-SARdec)
decreased systematically from 1.66 at the initial stage to 0.18 at
the +25 increment. This trend suggests that larger fluctuations
in soil sodium levels may reduce hysteresis. This finding adds
nuance to our understanding of soil structural dynamics as de-
scribed by Bennett et al. (2016).

Our results indicate two primary mechanisms controlling
structural changes, supporting previous findings (Quirk, 2001;
Dane and Klute, 1977; Mitchell and Donovan, 1991). The swelling
mechanism appears to be reversible, whereas particle disper-
sion and subsequent pore clogging lead to irreversible changes
under our experimental conditions. This distinction is particu-
larly evident in the statistical significance patterns observed
across different increment scenarios. For instance, in the +5
increment scenario, significant differences (p < 0.05) between
increasing and decreasing SAR values were observed for the
first three increments (0, +/-5 and +/-10), suggesting dominant
clay swelling effects. However, as increments increased to +15
and above, the differences became non-significant, indicating
a transition to dispersion-dominated processes (Dane and Klute,
1977). While clay swelling is generally considered reversible in
principle (Dane and Klute, 1977), our results demonstrate that
under specific conditions—particularly at low salinity (2 dS m™)
with gradual SAR increments—even swelling-induced changes
can exhibit significant hysteresis. This suggests that the theoreti-
cal reversibility of swelling may be compromised by concurrent
micro-scale particle rearrangements that create quasi-perma-
nent structural modifications.

The observed hysteresis can be comprehended through the
framework proposed by Adeyemo et al. (2022) concerning Ksat
reversibility under variations in salinity-sodicity. They identi-
fied clay swelling (reversible) and clay dispersion (largely irre-
versible) as the primary mechanisms, with dispersion becom-
ing predominant in soils with high clay content (240%). Our
clay-rich soil (47% with interstratified smectite-illite) exhibited
persistent hysteresis across all SAR increment scenarios (HI >
0.62), corroborating Adeyemo et al.’s prediction that clay dis-
persion predominates in such soils, thereby limiting Ksat re-
habilitation. Furthermore, our observation that smaller incre-
ments result in higher hysteresis (HI = 0.81 for +5 vs. HI = 0.62
for +30) supports Adeyemo et al.’s emphasis on the sensitivity
of soil structure to the rate and magnitude of changes in the (C,

10
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SAR) parameter space. This suggests that in clay-rich soils, even
transient exposure to elevated SAR can induce lasting struc-
tural modifications, highlighting the necessity for preventive
management strategies.

This observation underscores the delicate balance between
soil solution chemistry and soil structure, emphasizing the need
for careful management of irrigation water quality and soil
amendments in agricultural practices. Understanding these in-
tricate relationships can help in developing more effective strat-
egies for maintaining soil health and optimizing water use effi-
ciency in various soil types and environmental conditions.

4. Conclusions

The findings of this investigation provide significant in-
sights into the complex dynamics and reversibility of soil struc-
tural changes under sodic conditions. The main aspects identi-
fied are:

—  SAR-Induced changes in Hydraulic conductivity: We ob-
served a consistent decrease in Ks as the SAR increased
from 0 to 30, with the most pronounced effects occurring
at lower SAR values (0-15). This trend was evident across
all increment scenarios (+5, +15, and +30), confirming the
sensitivity of soil hydraulic properties to even mild sodifica-
tion.

—  Critical threshold for soil degradation: A significant de-
crease in Ks was identified between SAR 10 and 15, particu-
larly in the +5 increment scenario. This suggests a critical
threshold where the soil structure begins to degrade sub-
stantially, aligning with previous findings on the onset of
clay dispersion and pore clogging mechanisms.

—  Hysteresis Effect: Our study revealed a strong hysteresis
effect in the relationship between SAR and Ks. The changes
in hydraulic conductivity induced by increasing SAR are
not fully reversible when SAR is decreased, particularly at
lower SAR values. This hysteresis was most pronounced in
the +5 increment scenario, indicating that gradual changes
in soil sodicity could lead to more persistent structural al-
terations.

— Increment-Dependent Responses: The magnitude of change
in Ks and the degree of hysteresis varied with the size of the
SAR increments. Smaller increments (+5) resulted in more
pronounced and statistically significant hysteresis effects,
particularly at lower SAR values. This finding underscores
the importance of considering the rate of change in sodicity
when assessing soil structural degradation.

—  Implications for Soil Management: The observed poor re-
versibility of Ks, even after reducing SAR, highlights the
challenges in reclaiming sodic soils. Our results suggest that
preventing sodification, even at low SAR levels, is crucial
for maintaining soil hydraulic properties. Traditional rec-
lamation approaches that focus solely on reducing the SAR
may not be sufficient to restore soil structure and function.
These results have significant implications for the manage-

ment of soils in regions prone to sodification, such as arid and

semi-arid areas or those using sodium-rich irrigation water. The
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strong hysteresis effect observed suggests that soil structural
changes induced by sodification are not easily reversed in the
short term, thus emphasizing the need for proactive manage-
ment strategies to prevent soil degradation. This knowledge is
highly needed to develop more effective sodic soil management
and recovery strategies, thereby ensuring long-term resource
sustainability in many agricultural regions threatened by sodi-
fication worldwide.
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