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Undisturbed surface soil samples were collected from two locations in Nineveh
Governorate, northern Irag. Site 1 exhibited a clay texture, while Site 2 was classified as
silty clay loam. Soils were transferred to 8 kg experimental pots and prepared for
chickpea cultivation. Natural zeolite was applied at 1% and 2% (w/w) to evaluate its
effects on soil physical and hydraulic properties during the 2024-2025 growing season
under three levels of available water (25%, 50%, and 75%) across both textures. The
study aimed to quantify the effect of zeolite on soil hydraulic and plasticity parameters
under moisture stress and varying clay fractions. A randomized complete block design
(RCBD) was employed. Results indicated that zeolite significantly affected both the
liquid limits (LL) and plastic limits (PL), with the 2% application rate generally
producing the highest values. Among irrigation levels, the 75% available-water treatment
produced more consistent improvements in soil plasticity across both sites, although the
magnitude of the response varied with soil texture. The higher clay content at Site 1
resulted in a more pronounced increase in plasticity index (Pl) compared to Site 2.
Overall, the 2% zeolite treatment showed more consistent improvements in soil moisture
retention and had favorable effects depending on soil texture, indicating improved soil

physical conditions under water stress.

1. INTRODUCTION

Zeolites are highly crystalline aluminosilicate minerals
belonging to the silica group, characterized by a three-
dimensional framework interconnected through shared
oxygen tetrahedra and containing water-filled channels [1, 2],
demonstrated that ion exchange processes in zeolite or
governed by several factors, including the concentration and
type of anions and cations, solution pH, and the mineral's
crystalline architecture. Cation attraction strength increases
with higher valence. For ions of equal valence, the hydrated
radius determines binding affinity. Zeolites are cost-effective,
widely available, and possess a high cation exchange capacity
(CEC) with excellent structural stability even under acidic
conditions, making them highly effective for heavy metal
immobilization [3].

Chickpea Cicer arietinum L. is a vital cool-season legume
characterized by a moderate growth cycle in relatively low
water demand. It ranks second globally among legumes in
economic importance and serves as a crucial source of plant-
based protein [4]. Like other field crops, chickpea cultivation
is highly sensitive to prevailing climatic conditions and soil
physical and hydraulic properties [5, 6]. Zeolites exhibit a high
CEC typically ranging from 100 to 200 cmolc kg!, along with
superior water retention capacity and ion exchange potential
[7]. Bhattacharyya et al. [8] reported that natural zeolite
minerals possessed distinctive physical properties, including
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increased effective porosity, reduced bulk density, and a high
CEC ranging from 150 to 250 cmolc kg™ [9], a tribute to this
high exchange capacity to the unique silicate framework of
zeolites, which features open cavity structures filled with
water molecules and exchangeable cations.

The application of natural soil amendments and organic
fertilizers improved soil physical and chemical fertility
characteristics, creating a favorable environment for plant
growth by enhancing moisture retention and nutrient
availability. Zeolite has garnered significant attention as a soil
conditioner widely used in agriculture to ameliorate soil
properties, remediate contaminated soils, regulate soil pH, and
improve fertilizer efficiency [10]. Noori et al. [11]
demonstrated that natural zeolite application in sailing soils
improves soil properties and increases crop yields by reducing
electrical conductivity (EC) through the sequestration of salt-
inducing ions away from the root zone. Additionally, zeolite
enhances soil nutrient content, particularly ammonium and
potassium, due to its structural capacity to retain and gradually
release cations to plants, thereby reducing fertilizer
requirements and prolonging nutrient availability.

Zeolite also influences soil plasticity and liquidity limits,
aiding in soil reclamation by reducing the plasticity index (PI)
among clay particles [12]. By modifying Atterberg limits,
zeolite prevents soil compaction around germinating seeds,
protects roots from waterlogging induced Decay its poorest
structure ensures uniform moisture distribution [10]. As the
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primary medium for crop growth, soil physical properties—
particularly plasticity—play a critical role in root penetration
and nutrient uptake. Zeolite modifies plasticity by shifting
adverb limits, raising both the liquid limit (LL) and plastic
limit (PL) in heavy clay soils. This extends the moisture range
over which the soil remains cohesive and workable, reducing
sudden drying and improving the texture of chickpea crop
soils, which are typically clay to silty clay loams [13, 14].
Furthermore, zeolite reduces excessive plasticity in wet soils,
enhancing root aeration and oxygen diffusion to nodules
responsible for biological nitrogen fixation. Zeolite-amended
soils exhibit lower mechanical resistance, facilitating deeper
taproot penetration to access subsoil moisture [15]. Studies
indicate that adding 5—10% zeolite by soil weight significantly
reduces the PI and enhances soil tolerance to mechanical stress
from agricultural machinery.

Although numerous studies have investigated the effects of
zeolite on soil physical and chemical properties, most of them
have focused on either hydraulic behavior or nutrient retention
separately, with limited integration of soil plasticity
characteristics. In particular, the combined influence of zeolite
application rate, irrigation regime, and contrasting soil textures
on Atterberg limits and soil hydraulic properties remains
insufficiently understood, especially under field-relevant
moisture stress conditions.

Furthermore, previous research has rarely linked changes in
soil plasticity indices (LL, PL, and PI) with hydraulic
conductivity and water retention behavior within a unified
experimental framework. This is important because soil
texture strongly controls zeolite effectiveness, while irrigation
level determines moisture-driven structural changes in clay
systems.

Therefore, this study integrates zeolite rate, irrigation level,
and soil texture to evaluate their combined effects on soil
hydraulic properties and Atterberg limits under controlled pot
conditions. The main contribution of this work is providing a
more comprehensive understanding of how zeolite modifies
both soil water dynamics and plasticity behavior, which is
essential for improving soil management strategies in semi-
arid environments for chickpea cultivation.

2. MATERIALS AND METHODS
2.1 Soil chemical analyses

Chemical analyses were conducted on soil samples from
both study sites and all experimental treatments EC and soil
pH were measured in a one to one soil to water extract using a
Sony ST740 PH meter, following research [16], dissolved ions
in soil extracts were quantified as follows calcium and
magnesium were determined by titration with 0.01 N EDTA
(di- Na- salt) using ammonium per puree as the indicator for
calcium and Eriochrome Black T for calcium + magnesium
with pH adjustment for each measurement [17]. Sodium and
potassium were measured using a PFP7 JENWAY flame
photometer calibrated with standard Solutions as described by
Asch et al. [18]. Carbonates and bicarbonates were titrated
with 0.01 N sulfuric acid, using phenolphthalein for
carbonates and methyl orange for bicarbonates. Chlorides
were determined by titration with 0.01 N silver nitrate
(AgNO3) using potassium chromate (K2CrO4) as the indicator
[18]. Sulfate concentrations were calculated by the difference
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between the sum of cation and anion equivalence [19]. The
CEC was determined using 1 M sodium acetate (pH 8.2), with
sodium quantified via flame photometry [20]. Total calcium
carbonate was estimated by reaction with 1 N hydrochloric
acid, and the excess acid was back-titrated with 0.5 N sodium
hydroxide using phenolphthalein as the indicator [21].

2.2 Particle size distribution

Particle size distribution was determined using the
hydrometer method for soil samples from both sites, following
research [22].

2.3 Bulk density measurement

Undisturbed soil samples were collected in the field using
metal cylinders (4.6 cm diameter x 5 cm height) as described
by Klute [23]. Bulk density (pb) was calculated using Eq. (1):

pb = Ms /Vt (1
where,

pb = Bulk density (Mg m™)

Ms = Mass of oven-dry soil solids (g)

V't = Total volume of soil sample (cm?)

2.4 Experimental design and treatments

The experiment included 18 pots and was arranged in a
randomized complete block design (RCBD) with three
treatments. The first factor was soil texture, where two
different textures were used: clay soil and silty clay loam soil.
The second factor was zeolite application, which was added at
three levels (0, 1, and 2)%. The third factor was irrigation
level, where three irrigation regimes were applied (25, 50, and
75)% of available water.

2.5 Planting and fertilization

Chickpea (Cicer arietinum L.) seeds of the Azizi variety
were planted at a uniform depth, with 7 seeds planted in each
pot. The seeds were planted on February 15, 2025, and
harvested on May 28, 2025. Three types of fertilizer were used
for each pot: urea fertilizer, triple superphosphate fertilizer,
and potassium sulfate fertilizer, at application rates of 0.304,
0.622, and 0.269 grams per pot.

2.6 Irrigation regimes and soil moisture control

Soil moisture levels were maintained gravimetrically by
weighing pots and replenishing water to the target percentage
of available water capacity. Evaporation losses were
minimized by maintaining uniform environmental conditions
throughout the experiment.

2.7 Total porosity
Total porosity was calculated using Eq. (2):
Total porosity (%) =[1— (pb/ ps)] x 100 2)

where, ps = particle density (assumed 2.65 Mg m™3 for mineral
soils).



2.8 Saturated hydraulic conductivity

Saturated hydraulic conductivity (Ks) was measured post-
harvest using the falling-head method on undisturbed cores
(10 cm diameter x 10 cm height), following research [23]. Ks
was calculated using Eq. (3):

Ks = (aL / At) - In(Hi/Hz) 3)

where,
Ks = Saturated hydraulic conductivity (cm s™)
a = Cross-sectional area of the water column (cm?)
L = Length of the soil column (cm)
A = Cross-sectional area of the soil column (cm?)
t=Time (s)
H.: = Initial water head height above the outflow point (cm)
H: = Final water head height above the outflow point (cm)

2.9 Atterberg limits and clay activity

The LL was determined for all field-collected and post-
harvest pot samples using a standard Casagrande apparatus,
following [24]. The PL was determined by rolling soil pastes
into 3 mm diameter threads until they crumbled, as per
research [24]. The PI was calculated as:

PI=LL-PL @)

Clay activity (CA) was calculated as the ratio of PI to the
percentage of clay content [24]:

CA =PI/ % Clay %)

These parameters were used to evaluate clay behavior in
relation to soil moisture and salinity.

The experiment followed an RCBD with three irrigation
levels (25%, 50%, and 75% of available water capacity), two
zeolite rates (0%, 1%, 2%), and two soil textures.

2.10 Rationale for selected indicators

The selected soil physicochemical and hydraulic parameters
were chosen to comprehensively evaluate the influence of
zeolite application under different irrigation regimes and soil
textures on chickpea production systems. Parameters such as
pH, EC, and CEC were included to assess changes in the soil

chemical environment and nutrient retention capacity, while
bulk density and porosity were used to evaluate soil structural
modifications. Saturated hydraulic conductivity (Ks) was
measured to determine water movement and availability under
varying treatments. In addition, Atterberg limits (LL, PL, and
PI) were included as key indicators of soil plasticity and
workability, which directly influence root penetration and soil
mechanical behavior. Together, these indicators provide an
integrated framework for understanding how zeolite affects
both soil physical conditions and water dynamics in semi-arid
environments relevant to chickpea cultivation.

2.11 Statistical analysis

Data were analyzed using a three-way analysis of variance
(ANOVA) to evaluate the effects of soil type, zeolite
application rate, and irrigation level, and their interactions.
Means were compared using a least significant difference
(LSD) test at a probability level of p <0.05. Statistical analysis
was performed using statistical software (SPSS).

3. RESULTS AND DISCUSSION
3.1 Chemical properties

Table 1 presents the chemical characteristics of the studied
soils. Soil pH across all treatments and sites ranged from 7.1
to 7.9, indicating neutral conditions. EC values showed
significant variation. At site one (clay texture), EC values were
1.55,1.27,and 1.73 dS m™" at 25%, 50%, and 75% of available
water, respectively, in the control treatment. These values
increased to 1.59, 2.07, and 1.75 dS m™' with 1% zeolite
application, attributable to the release of exchangeable cations
from the aluminosilicate structure. The 2% zeolite treatment
further elevated EC to 1.99, 2.24, and 2.29 dS m™! under the
same irrigation levels, demonstrating a direct positive
correlation between zeolite application rate and EC. This
aligns with findings by Chourasia et al. [25] at site 2 (silty clay
loam); zeolite Application induced a more pronounced EC
increase. Control EC values were 2.39, 2.25, and 2.42 dS m™!
for the three irrigation levels, rising to 3.68, 3.52, and 3.16 dS
m™!' with 1% zeolite, and peaking at 3.72, 3.80, and 3.91 dS
m" with 2% zeolite. This confirms zeolite’s direct impact on
soil chemical properties, particularly EC, in medium-textured
soils compared to fine-textured soils.

Table 1. Selected chemical properties of the studied soils under different zeolite and irrigation treatments

EC K* Na* Ca* Mg* Cr HCOs" SO+ Total CEC
Treatment pH = (GN (mmolc  (mmolc (mmolc (mmolc (mmolc (mmolc (mmolc Carbonates (cmolc
SD m') LY+ L)+ L)+ L)+ L)+ L)+ L)+ (g kg ') + SD kg™) £
+SD  SD SD SD SD SD SD gke SD
764 1.55
T\ Zolos 0’ 46 + 0.171+£  0.204 + 94+ 45+ 1.2+ 4+0.64 9.02 + 305+£31.23 1921+
a‘bc 0.Q35 0.02 de 0.013g  0.025ef 0.48c 0.016 cd d 2.80 efg a 3.28 ab
i
77+ 1.27
T Zolso 0.81 + 0.171+  0.204 + 72+ 45+ 1.0+ 55+ 4,70 £ 295+26.46  21.13+
z;lb O.Q26 0.025de 0.035g  0.039 fg 0.07 c 0.013d  0.84 bed 0.62¢g a 2.61 ab
J
78+ ' 0245+ 14+ 2247+
T\ Zolns 027 + 0.014 0.449 + 104 + 6.0+ 0.015 55+ 10.5+ 290 +22.91 353
) 0.07 ) 0.025f  0.052 ef 1.52¢ ) 1.39bed  3.04 efg a )
ab .. abc bed ab
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1.59

_— Z)'f);i L0204+ 0204+ 90+ 50+ é'g;; 84229 479+  305+3279 2378+
141125 ' 0.031 0.019a 0.022g 0039ef 098¢ : abed 0.89 g a 3.90 ab
abed hi abed
76+ 207 11.0+ 14+ 1251 +
T2l o + 0270+ 0245+ o0 8.0+ 0,085 55+ 108 285+26.46 24.82+
141150 : 0.056 0.022ab 0.026 ¢ ' 1.80 be ' 1.32 bed ' a 436 ab
abc o def bed defg
77+ LIP3 110+ 24+
S ol + 0270+ 0286+ oo 6.0 £ s 45+ 1055+  280+15.00 2511+
14107 : 0.044 0.03ab 0.026¢ : 132 ¢ : 1.06¢cd  2.91 gef a 3.04 ab
abc h def abed
— Z)'IO;'E 1'i99 0.147+ 0449+ 104+ 8.0+ 1.0+ %’%é 123";%i 300+£27.84 2752+
4 009g 0.028¢  0.022f 22le  203bc  003d bed dofe a 4.58 ab
2.24
—_— Z)"(‘);E L0196+ 0245+ 15'12; 91'7; 12+ 554 153'55‘gi 288+2524 3050+
bed o.?e74 0.03cde  0.026 ¢ ief ahe 0.018cd 1.73bed o a 4.58 ab
72+ 22 01964+ 13.4+ 1.4+ 15.01 +
T\ Zole ols + o0l 0245+ > 7.6 £ 0,065 5.0+ 27 280 +24.50  31.65+
o 0.(;62 e 0.030g la%  1.04be bod 0.84 bed et a 5.29 ab
79+ 239 o454 164 115+
S 0.07 + oore  0572%  115= 10.5+ 0,035 578 961+ 27542326 1230+
20005 : 0.037 : 0.025d  1.90def 2.29 abc : : 2.49 efg a 2198a
a . abc abed ab
70+ 23 o454+ 1.8+ 10.4 +
— 0.06 + ooa  0531=  108= 10.0 + 0,033 393 9.17+  250+£2524 14.19+
20150 : 0.04 : 0.026 de  2.08 def  1.61 abc : ' 1.91 efg a 3.47 ab
a fo abc abcd abcd
79+ 242 o454 122+ 22+
- 0.05 + oolg 049 098 11.0+ s 14.0 + 759+  230+£26.10 14.96 +
20T : 0.041 : 0.029 ef ' 2.56 abc ' 36la 1321 a 3.90 ab
ab . abc cdef abed
70+ 308 4004 174+ 2.0+ 115+ 2110+
~ + . 1.103 = : 16.0 + ' : ' 275+2951 18.15+
TaZilos 0.05 e 0028 ) on 437 2963 0.53 3.04 427 . 3644
ab ‘bc bed ’ ¢ abed ’ abed ab abed ’
79+ 2 105+ 2102+
Tozi1 011 E 0245+  Lld4x 188+ 150+ 3.6+ o LOnT 250+2788 1986+
241150 : 0.028 0.02abc 0.027bc 3.22abc  3.54 bc 1382 ' ' a 430 ab
ab c abed defg
78+ 10 9204 145+ 2.0+ 105+ 1869+
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ab .b bed ’ abcde ola abcd abcd abcde a ot a
79+ 372 020+ 105+
S 0.08 + o012 1226+  19.1+ 15.7 + 324+ 518 2244+  275+28.00 2652+
262025 : 0.083 ' 0.034b  3.40ab  291a  1.11abc ' 5.29 abc a 439 ab
a b bed abed
1gs 380
- ol T 0.147+ 0531+ 206+ 16.0 = 34+ 55+ 2827+  275+28.62 31.00+
262150 . 0096 0.024¢  0.031bc  0.50d 321a 145a 1.67bed  3.60a a 450 ab
ab
7l Z)'%gi 3 'f ! 06233; 1307 + 2‘1 'gli 170+ 324+ 1104 25224 27542951 3226+
& : ‘ 0.025 a : 472a 0.85abc 29labc  4.10a a 498a
ab 0.12a bed a
Clay (Pre) 7.6 027 0.098 0.122 1.2 1.28 0.4 6.5 4.20 305 20.45
SCL(Pre) 7.9 127 0.171 0.408 6.2 5.3 1.2 12.5 1.60 277 15.62

Note: T = Site (1 = Clay, 2 = Silty Clay Loam), Z = zeolite % (0, 1, 2), I = Irrigation level (25, 50, 75% of available water). SCL = Silty Clay Loam.

Table 2. Initial physical properties of the studied soils

. Clay (g Silt (g Sand (g Bulk Density (Mg  Total Porosity Initial Vol. Water Content .
Location ) kg ) kg ) m) (%) (cm’* cm™) Soil Texture
Site 1 525 375 100 1.37 48.30 0.200 Clay
Site 2 400 425 175 111 58.11 0.175 Silty Clay
Loam
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The elevated EC values observed in Site 2 under zeolite
treatments exceeded 3.5 dS m™, indicating a potential shift
toward mild salinity conditions. Although zeolite contributed
to increased cation retention, the accumulation of soluble salts
under limited leaching conditions may have contributed to
higher EC levels. Such salinity levels could influence osmotic
potential and should be considered when interpreting crop
response under silty clay loam soil conditions.

It is important to note that the observed effects of the 2%
zeolite application, particularly the increase in EC (up to 3.91
dS m™ at Site 2), are strongly dependent on soil texture and
irrigation regime. Therefore, these results should not be
generalized across all soil conditions. The response of zeolite
is more pronounced in fine- to medium-textured soils under
limited leaching conditions, where salt accumulation may
occur. Consequently, the applicability of higher zeolite rates
should be carefully considered in relation to soil drainage
characteristics and irrigation management practices to avoid
potential salinity-related constraints.

Total carbonate content ranged from 277 to 305 g kg™! pre-
planting at Sites 2 and 1, respectively. Post-planting carbonate
levels decreased with higher irrigation frequencies due to
leaching of surface carbonates to deeper soil layers. Zeolite
application did not directly alter total carbonate content;
changes were primarily driven by irrigation volume. The
highest cation—anion concentrations were observed in the silty
clay loam soil treated with 1% and 2% zeolite, particularly in
treatment T2Z2175, where EC reached 3.91 dS m™! and Na*
concentration peaked at 1.307 mmolc L.

Zeolite significantly enhanced CEC due to its high specific
surface area and permanent negative charge within its
crystalline lattice. This effect was most pronounced in soils
with low initial clay and organic matter content, where zeolite
effectively retains Ca+2, Mg+2, and K'!, minimizing leaching
losses under irrigation. The CEC improvement was more
evident in the silty clay loam soil (40% clay), then in the clay
soil 952.5%c clay), confirming that clits conditioning effect is
more impactful in Corsair textured soils CEC values in the
control silty clay loam ranged from 12.30 to 14.96 cmolc kg™!,
increasing to 18.15 to 20.65 cmolc kg!, with 1% zeolite and
reaching 26.52 to 32.26 cmolc kg' with (2% zeolite).
Similarly, Site 1 showed CEC increases from baseline levels
to 23.78 to 25.11 cmolc kg™ (1% zeolite) and 27.52 to 31.65
cmolc kg™! (2% zeolite). These results align with Satriani et al.
[26], who reported greater zeolite efficacy in sandian lomi
soils compared to heavy clays.

3.2 Physical properties

Table 2 summarizes soil physical properties. Site 1
contained 525 g/kg clay, classifying it as a clay texture, with
an initial volume metric water content of 0.20 cm® cm?, bulk
density of 1.37 Mg m?, and total porosity of 48.30%. Site 2
contains 400 g kg™! clay, 425 g kg™ silt, and 175 g kg™ sand,
classifying it as silty clay loam, along with an initial water
content of 0.175 cm® cm, a density of 1.11 Mg m?, and a
porosity of 58.11%. These textural differences provided a
robust framework for evaluating zeolite effects under varying
moisture regimes.

3.3 Saturated hydraulic conductivity

Table 3 presents Ks values. In Site 1 (clay), control Ks
values ranged from 1.08 to 1.36 cm h'. The 1% zeolite
treatment increased Ks to 1.13—1.55 cm h™!, while 2% zeolite
further elevated it to 1.37-1.96 cm h™'. This enhancement is
attributed to zeolite’s ability to increase effective macro- and
microporosity, facilitating faster water movement. These
findings agree with Liliya et al. [27], who reported that soil
amendments generally increase Ks in clay soils.

Conversely, in Site 2 (silty clay loam), control Ks values
were higher (2.09-2.20 cm h™') due to larger pore networks
from silt and sand fractions. Zeolite application reduced Ks to
1.88-1.96 cm h™! (1%) and 1.68-1.80 cm h™ (2%). This
reduction reflects improved water retention and optimized
pore size distribution, confirming zeolite’s efficacy as a
moisture-conserving amendment in medium-textured soils,
consistent with research [28].

The opposite response of saturated hydraulic conductivity
(Ks) between the two soil textures can be attributed to
differences in pore size distribution and soil structural
characteristics. In clay soil, zeolite application enhanced soil
aggregation and promoted the formation of stable macropores,
which increased water transmission. In contrast, in silty clay
loam soil, zeolite particles likely occupied part of the larger
pore spaces and reduced pore continuity, resulting in
decreased hydraulic conductivity while improving water
retention capacity, indicating that the effect of zeolite on
hydraulic properties is strongly dependent on soil texture.

Unlike previous studies conducted on sandy soils where
zeolite reduced Ks due to pore clogging, the present study
observed an increase in clay soil, which may be attributed to
improved aggregation and formation of stable macropores.

Table 3. Saturated hydraulic conductivity (Ks) for all treatments

Site 1 Ks (cm h™ Cla kg . Ks (cm h™! Cla kg
Treatments (iSD : yi(ng : Site 2 Treatments (iSD : yi(ng :
T1Zol2s 1.08 +£0.087 b 525 +35.00 a T2Zol2s 2.09 +£0.17 ab 400 £40.93 b
T1Zolso 1.25+0.61 ab 525 +32.79 a T2Zolso 2.13+041ab 400 £36.66 b
T1Zol7s 1.36 £0.18 ab 525 +30.16 a T2Zol7s 2.20+048a 400 +£42.23 b
T1Z1l2s 1.13+0.14 ab 525 +32.42a T2Z1l2s 1.88 £0.50 ab 400 £36.60 b
T1Z1lso 1.34+0.18 ab 525 +33.15a T2Z1lso 1.91+0.38 ab 400 £35.00 b
T1Z1l7s 1.55+0.34 ab 525 +35.55a T2Z1l7s 1.96 £0.51 ab 400 £39.69 b
T1Z2l2s 1.37 £0.19 ab 525 +35.68 a T2Z2l2s 1.68 £0.41 ab 400 £26.46 b
T1Z2ls0 1.62 £0.38 ab 525 +37.64 a T2Z2ls0 1.72 £0.38 ab 400 £27.84 b
T1Z>l7s 1.96 £0.32 ab 525 +32.79 a T2Z>l7s 1.80 £0.27 ab 400 £31.23 b
Pre-planting 1.09 - Pre-planting 2.05 -

Note: T = Site (1 = Clay, 2 = Silty Clay Loam), Z = zeolite % (0, 1, 2), I = Irrigation level (25, 50, 75% of available water). SCL = Silty Clay Loam.
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Table 4. Atterberg limits, plasticity index (PI), and clay activity (CA) for all treatments

Treatment Clay (%) PL (%) LL (%) PI Clay Activity

Site 1 (Pre) 52.5 17.6 252 7.6 0.144
T1Zol2s 52.5+£35.00 a 24.0+4.36a 32.5+4.19 ab 85+279a 0.219 £ 0.03 abc
T1Zolso 52.5+£32.79a 253+3.12a 34.6+4.81 ab 93+191a 0.177 £0.03 be
T1Zol7s 52.5+30.16 a 23.0+£397a 33.2+3.06 ab 102+£2.36a 0.194 £ 0.03 abc
T1Z11os 525+324a 25.0+£4.69 a 36.8 £4.45 ab 11.8+2.23a 0.225 £ 0.08 abc
T1Z:Is0 525+332a 26.5+3.78 a 37.2+4.36 ab 10.7+221a 0.204 + 0.04 abc
T1Z117s 52.5+3.56a 234+3.61a 33.7+3.86 ab 10.3+2.17a 0.196 + 0.03 abc
T1Zzlos 52.5+£3.57a 27.6+4.12a 39.8+541a 122+2.75a 0.232 £ 0.04 abc
T1Z2ls0 52.5+£3.76a 27.8+4.10a 40.5+4.77 a 12.7+£2.65a 0.242 £ 0.05 abc
T1Zxl7s 52.5+3.28a 26.5+3.28a 40.0£5.70 a 13.5+3.61a 0.257 £ 0.04 abc

Site 2 (Pre) 40.0 20.8 30.8 10.0 0.250
TaZolos 40.0+4.09b 21.0+347a 30.1+3.72 ab 9.1£1.65a 0.228 £ 0.03 abc
T2Zolso 40.0+3.67b 22.1+2.78 a 31.0+3.58 ab 89+131a 0.223 £0.03 abc
TaZol7s 40.0£4.22D 203+3.16a 29.8 +£3.90 ab 85+147a 0.213 £0.02 abc
TaZ1los 40.0+3.66 b 21.9+226a 31.3+2.57 ab 94+275a 0.235 £ 0.04 abc
T2Z:Is0 40.0+3.50b 23.0+£3.12a 33.0+4.10 ab 10.0+2.93 a 0.250 £ 0.04 abc
Ta2Z:lI7s 40.0+3.79b 22.8+3.34a 36.7+4.34 ab 13.9+2.26a 0.348 0.1 abc
Ta2Zslos 40.0+2.65b 243+2.65a 36.0+3.61 ab 11.7+346a 0.293 £ 0.06 abc
TaZxls0 40.0+2.78 b 25.0+4.10a 36.0+5.29 ab 120+342a 0.300 + 0.08 abc
ToZol7s 40.0+3.12b 23.4+3.74a 37.5+4.44 ab 14.1+£4.01a 0.353+0.13 a

Note: PL = Plastic limit; LL = Liquid limit; PI = Plasticity index.

3.4 Atterberg limits and clay activity

Table 4 details LL, PL, PI, and CA. In Site 1 (Figure 1), PL
ranged from 23.0 to 27.8%, and LL from 32.5 to 40.5%, with
PI values between 8.5 and 13.5. The 2% zeolite treatment
generally yielded the highest limits and PI, indicating
enhanced water retention and soil workability. Higher
irrigation (75%) slightly reduced LL and PL, likely due to
downward migration of fine clay particles under prolonged
wetting, altering surface texture [29].

In Site 2 (Figure 2), lower clay content resulted in reduced
LL (29.8-37.5%) and PL (20.3-25.0%). In Site 2, 2% zeolite
increased PI across irrigation levels (e.g., from 9.1 to 11.7 at
125, from 8.9 to 12.0 at 150, and from 8.5 to 14.1 at 175),
indicating improved moisture-related consistency. The
enhanced PI and CA under zeolite treatment reflect improved
aggregate stability and reduced susceptibility to structural
degradation under water stress. These findings align with
Ferretti et al. [30], who emphasized zeolite’s role in sustaining
soil moisture during dry periods.

While increases in PL and LL indicate improved moisture
retention, the interpretation of PI is context-dependent. Higher
PI values may reflect improved soil cohesion and structural
stability under certain conditions; however, excessively high
PI can also indicate increased plastic behavior and reduced
workability when soils are wet. Therefore, the beneficial effect
of zeolite on PI should be interpreted in relation to soil texture,
irrigation level, and field trafficability rather than as an
absolute improvement.

The findings of this study extend beyond the description of
soil physical and hydraulic changes and provide important
implications for sustainable agricultural management in semi-
arid regions. The improvement in soil water retention,
regulation of hydraulic conductivity, and enhancement of soil
structural stability under zeolite application suggest a clear
potential for reducing irrigation demand and improving water-
use efficiency. This is particularly critical for chickpea
cultivation, which is sensitive to water stress during key
growth stages. By maintaining more stable soil moisture
conditions and improving soil physical quality, zeolite
application can contribute to more resilient and sustainable

cropping systems under limited water availability.
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Figure 1. The change in the values of Ks, plastic limit (PL),
liquid limit (LL), and plasticity index (PI) according to the
experimental parameters at Site 1
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Figure 2. The change in the values of Ks, plastic limit (PL),
liquid limit (LL), and plasticity index (PI) according to the
experimental parameters at Site 2

4. CONCLUSION
This study evaluated the impact of natural soil amendments,

particularly zeolite, on soil hydraulic and soil plasticity
properties under varying available water regimes simulating
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arid and semi-arid conditions relevant to chickpea cultivation.
Results demonstrate that zeolite significantly enhances soil
moisture retention under water-stress conditions, with the 2%
application rate proving most effective. Zeolite directly
improved Atterberg limits, with the 2% treatment yielding
superior LL and PL compared to 1%. Clay content emerged as
a critical factor governing amendment efficacy; however,
zeolite demonstrated pronounced benefits in finer-textured
soils by optimizing soil structure, enhancing particle
aggregation, and reducing macropore continuity. Therefore,
the observed improvements should be interpreted in terms of
enhanced soil physical and hydraulic properties, rather than
direct effects on chickpea growth, which was not assessed in
this study. These improvements indicate better soil water
management and structural conditions that may support more
favorable environments for chickpea production under limited
water availability. In terms of practical application, 2% zeolite
appears to be more effective in improving soil physical
properties in clay soils, particularly in enhancing water
retention and structural stability. However, its agronomic
suitability should be further validated using plant growth and
yield data before large-scale recommendations. In silty clay
loam soils, caution is required due to the observed increase in
EC and reduction in saturated hydraulic conductivity under
higher zeolite rates. Therefore, careful salinity monitoring and
optimized irrigation management are recommended when
applying higher rates of zeolite in medium-textured soils to
avoid potential salt accumulation and restricted water
movement.
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