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Abstract 
 
In this study, the effects of zinc (Zn) and humic acid (HA) applications on soils (12 Aridisol 

soil samples) formed on limestone and marl parent materials, which are very common in 

Türkiye, were tested by incubation, adsorption, and greenhouse experiments. Adsorption 

experiments were carried out using the batch sorption technique, and the Langmuir and 

Freundlich isotherm parameters were calculated. In the incubation, soils were incubated 

with control, HA, Zn, and HA+Zn, and the DTPA-Zn was tested in five different periods (1, 7, 

15, 30, and 90th days). Maize was grown for eight weeks in pots in the greenhouse. The 

maximum Zn adsorption for all soils ranged between 3333 and 6250 mg kg-1 in marl soils 

and 1042 and 5263 mg kg-1 in limestone soils, which decreased to ranges between 2631 and 

5555 mg kg-1 in marl soils and 1052 and 5000 mg kg-1 in limestone soils with HA application, 

respectively. The desorption rate (%) of adsorbed Zn increased as the initial Zn concentra-

tion increased in all soil series formed on marl (smectite clay mineral) and limestone (kaolin-

ite clay mineral) parent materials. The effects of humic acid and Zn application on the fresh 

and dry weights of maize were found to be statistically significant at the 5% level for marl 

and limestone parent material. Humic acid application increased the fresh weight of maize 

compared with that of the control. The highest available Zn was determined in Başkuyu 

series (0.79 mg kg-1) formed on marl parent material, while the lowest available Zn was 

obtained in Saraççeşme series (0.60 mg kg-1) formed on limestone parent material. In the 

greenhouse, HA increased the fresh weight of maize in soils formed on both parent materi-

als by 0.4 and 19.6%, respectively, compared to the control. Zn fertilization with HA further 

increased the fresh and dry yields, with 12 mg kg-1 performing better. Smax (maximum Zn 

adsorption of the soil) parameters of soils were negatively correlated with EC, Pav, Kav, or-

ganic matter, silt, clay, total N, and cation exchange capacity (CEC) of the samples. Although 

HA alone increases the availability of Zn in plants, HA + Zn applications should be applied 

together to obtain higher yields. 

 
Introduction 
 

The formation and composition of soils involve 
the combined effects of parent material, topography, 
vegetation, time, and climate (Weil and Brady, 2017; 
Yavitt, 2000). At a relatively large scale, climate and 

parent material are the most effective soil-forming 
factors to gain a specific character in soils. However, 
hilly topography causes a significant difference in soil 
properties even on similar types of parent material 
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over a very short distance because of its control over 
water, heat, and vegetation. The other key soil-forming 
factor, parent material, regulates the speed of physical, 
chemical, and biological weathering processes in a 
specific environment (Delgado and Gomez, 2016). The 
parent material is also a primary source of nutrients 
necessary for plant growth and a habitat for soil micro-
organisms in natural soils (Trettin et al., 1999). The 
mineralogical composition of the parent material can 
influence the movement of fine soil particles and plant 
nutrients along the soil profile through water, weather-
ing, growing vegetation types, and soil-dwelling organ-
isms (Jacobs, 1998). 

Marl is a rock containing clay-sized (<0.002 mm) 
clastic material and carbonate (calcite). Therefore, it is 
defined as a transitional rock material between clastic 
and chemical sedimentary rocks (Šestanović, 2001). 
Smectite, which predominates in the marl parent mate-
rial classified as aridisol, is a phyllosilicate mineral char-
acterized by a 2:1 (Si: Al) layer structure (Brown, 1980; 
Bailey et al., 2015). Smectite clays have a variable net 
negative charge stabilized by the outward sorption of 
metal cations (Na, Ca, Mg, and H) on the interlamellar 
surfaces. The smectite structure has numerous unique 
properties, including chemical and exchangeable ion 
structures and small crystal sizes. Furthermore, the 
structure of smectite is responsible for its highly active 
surface area, high cation exchange capacity, rare hy-
dration properties, and ability to strongly modify the 
movement behavior of solutions (Mortland, 1970; 
Sawhney and Singh, 1997). Furthermore, Al3+-saturated 
clays have strong water polarity associated with Al3+, 
which leads to better adsorption by forming strong H-
bonds with insecticides (Sawhney and Singh, 1997). 
Johnston et al., (2001) and Sheng et al., (2002) report-
ed that some hydrated metal cations, such as Ca2+ and 
Mg2+, surrounded by water molecules reduce ion-
dipole bonds, preventing direct contact between ex-
changeable cations and polar functional groups. Fur-
thermore, nonpolar organic compounds can interact 
with the siloxane surfaces of smectite (Laird and Flem-
ing, 1999). Saturated clays with weakly hydrated cati-
ons, such as NH4+ and K+, enhanced the adsorption of 
organic compounds by increasing the size of the ad-
sorptive spheres between exchangeable cations. Marl 
parent materials have the most erodible surfaces in 
arid environments, including arid regions (Cerda 2002; 
Martinez-Mena et al., 2002). 

Limestone is a sedimentary rock that accounts for 
approximately 10% of the sedimentary rocks found on 
Earth's surface. It is formed by the deposition of shells 
and shell fragments, or by the direct crystallization of 
calcium carbonate from water (Blatt and Tracy, 1996). 
The remaining components may include other car-
bonate minerals such as dolomite magnesite and arag-
onite (Jackson, 1997). Kaolinite, which predominates in 
the limestone parent material, is a weathering product 
of feldspars. Because kaolinite is electrically stable, its 
ability to adsorb ions is lower than that of other clay 

minerals. Kaolinite is a mineral commonly found in soil. 
It tends to be particularly abundant in weathered soils, 
such as Ultisols and Oxisols. Very few isomorphous 
substituents are present in the tetrahedral and/or 
octahedral layers of kaolinites. Most kaolinites were 
close to the ideal formula for Al2Si2O5(OH)4. The 1:1 
layer had little or no permanent charge owing to the 
low amount of substitution. The cation exchange ca-
pacities and surface areas are typically low. Soils with a 
high kaolinite ratio are generally less fertile than soils 
dominated by 2:1 clay minerals (Milliken, 2003). 

Illite is a closely related group of nonexpansive 
clay minerals. It is a secondary mineral precipitate and 
an example of phyllosilicates or layered aluminosili-
cates. Its structure is a 2:1 sandwich of silica tetrahe-
dron (T)–alumina octahedron (O)–T layers (USGS, 
2019). The formation of illite is generally favored under 
alkaline conditions and high Al and K concentrations. 
The cation exchange capacity (CEC) of illite is smaller 
than that of smectite, but higher than that of kaolinite, 
typically around 20-40 cmol kg-1 (Weil and Brady, 
2017). 

Different parent materials influence the morphol-
ogy and mineralogical and physicochemical properties 
of soils under the same conditions, such as the bio-
sphere, topography, and climate, especially in arid and 
semi-arid regions. Therefore, differences in soil proper-
ties are primarily related to the parent material 
(Washer and Collins, 1988). Zinc (Zn) content in soil 
ranges from 10 to 300 mg kg-1, depending on the chem-
istry of the parent material and soil texture, organic 
matter, and pH (Mihaljevic, 1999), with an estimated 
global average of 64 mg kg-1 (Kabata-Pendias, 2011). Zn 
is the second most abundant transition metal in living 
organisms. Zn is critical for generative growth (seed 
formation) rather than vegetative growth. Zn may be 
important for pollen grain development, possibly by 
improving the phytohormone status of plants and pro-
tein synthesis (Brown et al., 1993). 

Zinc deficiency in soils has been reported world-
wide, especially in calcareous soils in arid and semiarid 
regions. Zinc deficiency in soils and crop plants occurs 
in almost all countries, especially in cereal-growing 
areas. Türkiye is among the countries with the most 
severely Zn-deficient soils. Since Zn deficiency is a ma-
jor micronutrient deficiency in humans in Türkiye, in-
creases in cereal Zn concentrations by Zn fertilization 
have significant impacts on human health. In Türkiye, 
Zn deficiency is a widespread problem in crops 
(Çakmak et al. 1999) and humans (Çavdar et al., 1983). 
Zinc concentrations in Turkish soils are some of the 
lowest ever recorded (Sillanpää, 1990). According to 
the results obtained from 1,511 soil samples using the 
Soil-DTPA test (Lindsay and Norvell, 1978), 49.8% of the 
cultivated soils in Türkiye were classified as Zn-deficient 
(Eyupogluet al., 1994). The prevalence of Zn deficiency 
in Turkish soils increased with increasing pH and de-
creasing organic matter levels in soils collected from 
different regions. Soils in different regions of Türkiye 
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solved Zn is present in the soil, while low insoluble 
forms (ZnOH+ and ZnOH2) are formed in the soil 
(Alloway, 2009; Montalvo et al., 2016). HA buffers soil 
acidity and prevents oscillations in soil reaction (Aguiar 
et al., 2013; Rosa et al., 2018), and consequently pro-
motes the formation of soluble Zn2+ free hydrated 
forms and soluble Zn-organic complexes (Montalvo et 
al., 2016). HA also depend on the structure-organic 
functional groups-function properties of HA (Nardi et 
al., 2021). It is linked to the type and concentration of 
oxygen, nitrogen and sulphur-containing functional 
groups in the HA structure (Aguiar et al., 2013; Zanin et 
al., 2019; Nardi et al., 2021; de Morais et al., 2021). 

 

Materials and Methods 
 

Materials 
 

The taxnomy of the experimental soils 
The characteristics of the experimental soils 

formed on marl (6 soils) and limestone parent materi-
als belonging to the Aridisol order in the U.S. Soil Tax-
onomy are given in Table 1. Marl soils are classified as 
Xeric Hablocambic, Xeric Pedrocalcid and Typic Cal-
ciorthid and limestone soils are Vertic Calciorthid, Typic 
Paleorthid and Typic Calciorthid. The name of marl soils 
are Atınova, Hacıfakıl, Çatalca, Başkuyu, Kuyubaşı and 
Seyrantepe soil series and Limestone’s soils are 
Saraççeşme, Tine, Karataş-1, Tuvem-1, Tuvem-1, Tu-
vem-2 and Karataş-2 soil series. The soil series is char-
acterized by arid and semiarid climate. 

 
Some physical and chemical properties of soils 

Composite surface soil samples (0-20 cm depth) 
were brought to laboratory in plastic bags. Air-dried 
samples were then passed through 2 mm sieve to per-
forme the following analysis: particle size distribution 
(sand, silt and clay contents) by a hydrometer method 
(Bouyoucus, 1951), pH and electrical conductivity (EC) 
in saturation paste (Richard, 1954) calcium carbonate 
equivalent (CCE) by a manametic method using the 
Scheibler calcimeter (Soil Survey Staff, 2014) organic 
matter by modified Walkley-Black method (Sparks, 
1996), cation exchange capacity (CEC) by molar Na-
Acetate saturation (Richard 1954), total nitrogen (N) by 
concentional Kjeldahl method (Bremner 1965), DTPA-
extractable cationic microelements (Fe, Cu, Mn, Zn) 
(Lindsay and Norwel, 1978) including certain heavy 
metals (Ni, Cr, Pb and Cd) by ICP-OES (Perkin-Elmer, 
DV, 2100). 

The physical and chemical properties of the exper-
imental soils were presented in Table 2. The limestone 
soils had finer texture than the marl soils.   

Electrical conductivity values ranged similarly in 
both parent materials. Soil organic matter contents 
were higher with limestone soils (1.61 - 2.69%) than 
the marl soils’ (0.89 - 1.69%). The CCE contents of marl 

are generally deficient in Zn, which is reflected in the 
poor growth of plants under greenhouse conditions 
(Kacar, 1998). Zinc deficiency is common in plants 
growing in highly weathered acidic and calcareous 
soils. In the latter case, Zn deficiency was often associ-
ated with Fe deficiency (lime chlorosis). The low availa-
bility of Zn in calcareous soils with high pH is due to the 
adsorption of Zn to clay or CaCO3 rather than the for-
mation of poorly soluble Zn(OH)2 or ZnCO3 (Trehan and 
Sekhon, 1977). In addition, Zn uptake and translocation 
to the shoot are inhibited by high bicarbonate and 
HCO3 concentrations (Dogar and van Hai, 1980). 

The organic matter (OM) content controls the 
magnitude of Zn sorption in soil (Montalvo et al., 2016). 
Organic matter is composed of different fractions such 
as humic acid (HA) and fulvic acid. Therefore, the sur-
face of organic colloids is dominated by negative 
charges at low soil pH (Stevenson, 1994). As the OM 
and soil pH increased, the amount of organic ligands 
and their charge density increased. It also increases Zn 
adsorption because of the increased stability of the 
organic complexes with HA as the pH increases (Boguta 
and Sokołowska, 2016). Humic acid, a pool of humic 
substances, tends to form complexes with zinc. How-
ever, the stability and solubility of the formed com-
plexes depend on the Zn-HA stoichiometry, plant spe-
cies, proportion of HA added to the soil, growth medi-
um characteristics, and soil type (Olaetxea et al., 2018). 
Therefore, depending on the combination of these 
factors and soil management practices, crop Zn uptake 
can be improved or reduced (de Morais et al., 2021). 
Humic substances improve nutrient uptake and plant 
growth by adding HA and Zn to the soil (Justi, 2019). 
The effects of humic substances on plant tissues in-
clude stimulation of root proliferation, enhancement of 
H+-ATPase activity in the cell membrane, and changes 
in the magnitude of nutrient uptake, assimilation, and 
utilization efficiency (Aguiar et al., 2013; Nardi et al., 
2021). HA in soil can improve Zn nutrition (Boguta and 
Sokołowska, 2016) and plant growth by forming a Zn 
complex (De Morais et al., 2021). Organometallic com-
plexes increase Zn content in the soil solution and Zn 
diffusion from the solution to the cell root surface. This 
is related to the complexation of Zn by organic ligands 
and the improvement in Zn uptake by plants (Justi et 
al., 2019). Dissolved Zn in the soil liquid phase is readily 
available to plants as the Zn concentration in solution 
contains a small fraction of the total Zn content of the 
soil (Montalvo et al., 2016). Therefore, HA is expected 
to contain organic radicals capable of complexing Zn 
into soluble forms. The use of HA effectively increased 
the Zn content in the solution, especially at a high soil 
pH (7.2) (Justi et al., 2019). HA can also buffer soil acidi-
ty. It maintains the pH within the optimum range re-
quired to provide crops with abundant nutrients, espe-
cially Zn, whose availability decreases as pH increases 
(Montalvo et al., 2016). 

The buffering effect of HA on soil acidity is more 
frequent. When pH is in the alkaline range, less dis-



4 
   Soil Studies 13(1), 1-16 
 

 Published by Soil, Fertilizer and Water Resources Central Research Institute, Ankara, Türkiye 

Table 1. The soil taxonomy classification of the experimental soils 

Soils Soil Family Soil Series Parent material Order 

S1 Xeric Hablocambic Atınova  
 
Marl 

 
 
 
 
 

Aridisol 

S2 Xeric Hablocambic Hacıfakıl 

S3 Xeric Hablocalcid Çatalca 

S4 Xeric Hablocalcid Başkuyu 

S5 Xeric Pedrocalcid Kuyubaşı 

S6 Typit Calciorthid Seyrantepe 

S7 Vertic Calciorthid Saraççeşme  
 
Limestone 

S8 Typit Paleorthid Tine 

S9 Typit Calciorthid Karataş-1 

S10 Vertic Calciorthid Tüvem-1 

S11 Vertic Calciorthid Tüvem-2 

S12 Typit Calciorthid Karataş-2 

 
 
 
 
 
 
 
 

  Table 2. Some chemical and physical properties of the experimental soils 

Soil Sand 
% 

Silt 
% 

Clay 
% 

Texture 
Class 

OM 
% 

CEC 
cmol kg-1 

pH CCE 
% 

EC 
dS m-1 

Pav 
kg ha-1 

Kav 
kg ha-1 

S1 43.0 24.0 33.0 CL 1.28 24.2 7.54 27.4 0.782 7.84 134 

S2 43.0 26.7 30.3 CL 0.89 23.9 7.50 35.6 0.716 4.66 96 

S3 41.0 34.2 24.9 L 0.79 19.3 7.69 35.0 0.619 11.9 146 

S4 39.0 33.5 27.6 CL 1.69 23.6 7.56 35.1 0.721 0.93 106 

S5 42.2 31.5 26.3 L 1.50 20.9 7.49 43.4 0.656 4.27 158 

S6 45.0 31.5 23.6 L 1.44 19.3 7.72 39.5 0.499 5.36 102 

S7 26.2 38.2 35.6 CL 1.97 25.6 7.51 38.7 0.717 5.74 158 

S8 29.0 35.5 35.6 CL 1.61 28.4 7.61 9.01 0.358 10.5 134 

S9 23.0 38.0 39.0 CL 2.69 29.2 7.24 7.47 0.855 24.6 201 

S10 42.2 26.2 31.6 CL 2.20 25.7 7.76 16.3 0.506 10.3 154 

S11 26.6 37.8 35.6 CL 2.10 24.9 7.53 20.1 0.691 5.59 179 

S12 40.2 32.2 27.6 CL 2.27 24.8 7.49 5.28 0.594 4.35 206 

   S1: Atınova soil series, S2: Hacıfakıl soil series, S3: Çatalca soil series, S4: Başkuyu soil series, S5: Kuyubaşı soil series, 

S6: Seyrantepe soil series, S7: Saraççeşme soil series, S8: Tine soil series, S9: Karataş-1 soil series, S10: Tüvem-1 soil 

series, S11: Tüvem-2 soil series, S12: Karataş-2 soil series, OM: Organic matter, CEC: Cation exchange capacity, pH: 

Soil reaction, CCE: Calcium carbonate equivalent, EC: Electrical conductivity, Pav: Available P2O5, Kav: Available K2O, C: 

Clay, L: Loam 

  

soils (27.41 - 43.40%) were higher than the limestone 
soils’ (5.28 - 24.61%). The total nutrient element con-
centrations of soils were given in Table 3. The element 
concentrations were highly affected from the parent 
materials depending on the overal effects of soil form-

ing factors and agricultural practices. 
 
Properties of humic acid (HA) 

Some chemical properties of HA used in the ex-
periment are given in Table 4. Organic matter content  
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  Table 3. Total concentration of some plant nutrients in the experimental soils  

Soil 
Series 

g kg-1      mg kg-1 

P Mn N K Fe      Cu Zn 

S1 0.42 0.51 0.64 18.07 16.85      18.4 32.2 

S2 0.43 0.95 0.45 15.04 17.94      30.7 83.1 

S3 0.62 0.76 0.40 17.96 10.64      20.6 52.7 

S4 0.69 0.97 0.85 11.75 12.93      35.1 96.1 

S5 0.72 0.82 0.75 15.73 22.34      29.1 52.6 

S6 0.52 0.9 0.72 1.211 18.06      29.8 97.0 

S7 0.51 0.96 0.99 12.38 14.04      34.3 88.7 

S8 0.55 0.79 0.81 10.36 12.57      22.8 66.1 

S9 0.11 0.56 1.35 9.05 10.20      12.0 28.0 

S10 0.17 0.91 1.10 14.72 10.20      26.4 78.7 

S11 0.52 0.82 1.05 11.43 19.67      35.4 58.9 

S12 0.24 0.80 1.14 8.42 10.21      29.3 68.0 

S1: Atınova soil series, S2: Hacıfakıl soil series, S3: Çatalca soil series, S4: Başkuyu soil series, S5: Kuyubaşı soil series, 

S6: Seyrantepe soil series, S7: Saraççeşme soil series, S8: Tine soil series, S9: Karataş-1 soil series, S10: Tüvem-1 soil 

series, S11: Tüvem-2 soil series, S12: Karataş-2 soil series 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
was 43.3%, total humic acid value was 20.8% and elec-
trical conductivity was 0.27 dS m-1. The HA was highly 
acidic with a pH of 3.3 and its heavy metal contents 
were at trace amounts below the detection limits of 
ICP-OES.  

 
Table 4. Chemical properties of the humic acid 

Parameters Results 

Organic matter (%) 43.3 

Σ Humic acid (%) 20.8 

Σ Nitrogen (%) 0.17 

pH  3.3 

Electrical conductivity (dS m-1) 0.27 

Σ Phosphorus (%) 1.71 

Σ Potassium (mg kg-1) 395 

Σ Calcium (mg kg-1) 83.5 

Σ  Magnesium (mg kg-1) 2125 

Σ  Iron (mg kg-1) 3.12 

Σ  Zinc (mg kg-1) 1.87 

Σ  Manganese (mg kg-1) <0.02 

Σ  Nickel (mg kg-1) <0.02 

Σ  Chromium (mg kg-1) <0.02 

Σ  Lead (mg kg-1) <0.02 

Σ  Cadmium (mg kg-1) <0.02 

 
 

 
Method 
 
Adsorption and desorption experiments 

Triplicate scoops of 2 g of the soils were equili-
brated with 25 mL of Zn solutions containing of 0, 6.5 - 
32.5 - 65 - 162.5 - 325 - 487.5 - 650 mg L-1 prepared in 
0.01 M Ca(NO3)2 background solution to keep ionic 
strength constant. The suspentions were shaken for 24 
h at 25○C on an end-over-end shaker. Then the solution 
phase were separated by sequential centrifugation at 
3000 rpm for 10 min and filtering through Whatman 2 
filter paper. Immediately after adsorption, the desorp-
tion batches were performed by equilibrating the Zn-
loaded-soils with 20 mL of 0.01 Ca(NO3)2 solutions for 
24 h at 25○C. Then, the Zn concentration of the super-
natants obtained from the adsorption ad desorption 
batches were determined by ICP-OES. The amounts of 
adsorbed and desorbed Zn was calculated from the 
difference in the equilibrium and initial Zn concentra-
tions (Alumaa, 2001). The sorption data were then 
tested for the comformation of linear Langmuir and 
Freundlich isotherms as given below: 

 

 
 
Where S amount of Zn adsorbed (mg kg-1), Ce Zn con-
centration of the equilibrium solution (mg L-1), Smax 
maximum Zn adsorption of the soil (mg kg-1), k bonding 
energy coefficient (mg mL-1). 
 
The exponential forms to the Freundlich model is:  
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Table 5. Semi-quantitative clay contents (%) of the experimental soils 

Soil Dominance Smectite Illite Kaolinite 

S1 Smectite > Kaolinite > Illite 41.6 21.9 36.5 

S2 Smectite > Kaolinite > Illite 45.4 11.5 43.2 

S3 Smectite > Kaolinite > Illite 58.2 4.2 37.6 

S4 Smectite > Kaolinite > Illite 55.2 8.2 36.6 

S5 Kaolinite > Smectite > Illite 31.6 12.4 55.9 

S6 Kaolinite > Illite > Smectite 16.2 32.7 51.0 

S7 Kaolinite > Illite > Smectite 5.33 44.1 50.6 

S8 Kaolinite > Illite > Smectite 20.4 20.9 58.6 

S9 Kaolinite > Smectite > Illite 31.8 3.53 64.7 

S10 Smectite > Kaolinite> Illite 50.6 16.4 32.9 

S11 Kaolinite > Smectite > Illite 29.7 11.2 59.1 

S12 Kaolinite > Smectite > Illite 37.2 18.9 43.9 

S1: Atınova soil series, S2: Hacıfakıl soil series, S3: Çatalca soil series, S4: Başkuyu soil series, S5: Kuyubaşı soil series, 

S6: Seyrantepe soil series, S7: Saraççeşme soil series, S8: Tine soil series, S9: Karataş-1 soil series, S10: Tüvem-1n soil 

series, S11: Tüvem-2 soil series, S12: Karataş-2 soil series 

 

 

 

 

 

 

 

 

 

 

 

 

S= KF Ce1/n 
Where KF Freundlich constant and n constant. 

In order to reduce the deviation from the Lang-
muir model, the total amounts of the Zn was included 
into the S. This improved the determination coefficient 
(R2≥0.948) of the regression line without ommiting any 
sorption data point at the lower-end.  
 
Clay mineralogy 

In order to carry out clay analyses in soils, car-
bonates, oxide minerals and organic matter were se-
quentially removed by the following methods: car-
bonates by 1 N acetate buffer (pH. 4.5-5), organic mat-
ter by 30% H2O2 on a hot plate, sesquioxides by citrate-
bicarbonate-dithionite on a hot plate at 80○C. 

The X-ray diffractograms of the soil samples were ob-
tained to determine clay types (Whittig and Allardice, 
1986). The semi-quantitative percentages of the min-
erals were calculated by the ratio of the individual 
peaks to total peak area. The results were presented in 
Table 5. The content of smectite clay minerals varied 
between 37.18% and 29.75%, kaolinite clay minerals 
between 59.08% and 43.87% and illite clay minerals 
between 18.95-11.17%. The dominance of the clays in 
the soils were smectite 42.86 %, kaolinite 35.71% and 
illite 21.43%.  The smectite clays were dominant in the 
limestone soils whereas kaoline was dominant in the 
marl soils. Illite however were present at equal 
amounts in soils developed on both parent materials.   

 
Incubation experiments 

According to the differences in adsorption iso-
therms (lime, composition, etc.), four soils (S2 and S4 
soil series on marl parent material and S7 and S8 soil 
series on limestone parent material) were selected to 
represent both marl and limestone parent materials. 
Theses soils were used to test time-dependent effects 
of HA acid treatments on the DTPA extractability of Zn 
over 90 days. The experiment consisted of HA, Zn 
chemical fertiliser (ZnSO4), humic acid+Zn chemical 
fertiliser, and the control (without HA and Zn) treat-
ments in triplicates. The experiment was set up in 
completly-randomised design. The soil were incubated 
at constant moisture content in the field capacity and 
25±2°C. Soil samples were taken on the 1, 7, 15, 30 and 
90th days of incubation and analysed for DTPA-Zn (Lind-
say and Norwel, 1978). 

 

 
 Greenhouse experiments 

A representative soil samples were selected from 
each parent material by taking into account the results 
of adsorption/desorption and incubation experiments. 
The greenhouse experiment was conducted in tripli-
cates with two soils (Başkuyu soil series (S4) on marl 
parent material and Tine soil series (S8) on limestone 
parent material), two doses of humic acid (0% and 2%) 
and 5 levels of ZnSO4 (0 - 4 - 8 - 12 - 16 mg Zn kg-1). Soil 
samples were passed through a 5-mesh sieve and 2 kg 
soil was filled into plastic pots on dry weight basis. 
Plant nutrient solutions were prepared and sprayed on 
the soil and mixed thoroughly to maintain homogenei-
ty. Maize seeds (Zea mays var. indentata) were sown 
after soaking 24 hours before sowing. The plant were 
irrigated in field capacity. At the end of the vegetation 
period of 8 weeks, they were harvested just above the 
soil and their heights and fresh weights were deter-
mined and then washed with distilled water and dried 
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Figure 1. The adsorption isotherms of the experimental soils with and without humic acid treatment. Soils numbered 

1-6 are marl soils and 7-12 are limestone soils 

at 65°C to a constant weight and dry weights were 
determined. Plant samples were then ground and ho-
mogenized to a particle size of ≤0.5 mm and prepared 
for analysis. 

 
Plant analysis 

Scoops of 0.5 g plant samples were digested in a 
microwave oven in HNO3/H2O2 mixture (8/2, v/v). Then 
the plant nutrient concentration of the digests were 
analysed for plant nurients by means of ICP-OES. The 
total nitrogen was determined by the conventional 
Kjeldahl method. 

 
Statistical analysis 

Data were analyzed using SPSS 19.0 statistical 
software. The differences between the treatment 

means were tested using the Duncan’s multiple range 
test. The underlying coherence between the investi-
gated parameters were revealed by Pearson’s correla-
tion (SPSS 19.0, SPSS Inc. 2011). The incubation data 
were subjected to repeated measure analysis proce-
dures to simultanously test the between (treatment 
effects) and within effects (the time-effect) and the 
mean separation was performed by Bonferroni test at 
p≤0.05. 
 

Results      

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
Zn adsorption isotherms 

Adsorption isotherms of 12 soil samples without 
and with humic acid application are given in Figure 1. 
Zn adsorption data were characterized at acceptable 
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Table 6. Desorption ratio (%) of the adsorbed Zn as a function of the initial Zn concentrations, humic acid treatments 

and parent material 

M
ar

l s
o

ils
 

 
Init. Zn 
(mg L-1) 

S1      S2         S3      S4          S5            S6 

Humic acid treatments 

(-) (+) (-) (+) (-) (+) (-) (+) (-) (+) (-) (+) 

6.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

32.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

65 0.34 0.63 0.91 1.10 1.94 4.67 1.31 2.40 2.00 2.27 2.22 2.42 

162.5 2.19 3.48 3.73 4.63 2.93 5.51 4.80 6.61 5.29 7.19 6.07 6.62 

325 3.76 6.57 6.82 7.96 6.96 10.1 7.26 10.2 9.88 12.1 10.1 11.0 

487.5 3.05 10.6 7.20 9.77 7.49 12.2 9.22 14.9 14.2 18.6 16.0 17.6 

650 3.18 10.6 8.49 13.5 10.3 19.4 9.54 17.2 16.9 25.6 16.1 17.6 

Li
m

e
st

o
n

e 
so

ils
 

 
Init. Zn 
(mg L-1) 

S7          S8         S9       S10          S11          S12 

Humic acid treatments 

(-) (+) (-) (+) (-) (+) (-) (+) (-) (+) (-) (+) 

6.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

32.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

65 2.02 2.22 0.90 0.98 1.51 1.65 1.59 1.75 1.24 1.74 1.59 1.37 

162.5 5.48 6.68 3.78 5.60 5.53 6.33 4.43 5.07 4.37 6.96 5.24 5.03 

325 12.8 14.6 7.69 11.2 7.81 8.13 7.39 9.59 5.69 11.0 8.48 10.1 

 487.5 20.5 26.1 11.0 14.2 15.9 18.1 11.6 15.1 10.6 15.3 13.0 15.6 

 650 22.2 28.7 10.2 16.5 18.0 22.6 13.3 19.2 10.6 18.9 14.7 19.4 

S1: Atınova soil series, S2: Hacıfakıl soil series, S3: Çatalca soil series, S4: Başkuyu soil series, S5: Kuyubaşı soil series, 

S6: Seyrantepe soil series, S7: Saraççeşme soil series, S8: Tine soil series, S9: Karataş-1 soil series, S10: Tüvem-1 soil 

series, S11: Tüvem-2 soil series, S12: Karataş-2 soil series 

levels with both isotherms. The adsorption maximum 
values of Langmuir isotherm (b) without and with hu-
mic acid application ranged between 1042-6250 mg kg-

1 and 1052-5555 mg kg-1, respectively. The maximum 
adsorption values were significantly reduced by the HA 
treatment. This was apparent at higher Zn loadings 
(Figure 1). The binding energy (k) varied between 
0.061-0.137 and 0.056-0.267 in soils without and with 
humic acid application, respectively. In the Freundlich 
isotherms, the adsorption power (n) varied between 
0.171-0.231 and 0.225-0.384 in soils without and with 
humic acid treatment, respectively. Kf values varied 
between 326-1564 and 550-2019 in soils without and 
with humic acid application, respectively. The regres-
sion coefficients for the Langmuir isotherm without 
and with humic acid application were R2=0.958-0.997 
and R2=0.990-0.999, while the regression coefficients 
for the Freundlich isotherm were R2=0.472-968 and 
R2=0.653-0.968, respectively. 
 
Zn desorption isotherms 

In general, the amount of Zn desorbed increased 

with increasing initial Zn concentration and HA treat-
ment (Table 6). In the non-HA treatments in the marl 
parent material in the Kuyubaşı series Xeric Pedrocalcid 
soil (S5), 16.9% of the highest amount of Zn adsorbed 
was desorbed and this rate increased to 25.6% with 
humic acid application. In general, the apercentages of 
desorbed Zn remained constant after 325 mg L-1 Zn 
treatment. At the 650 mg L-1 initial concentration, 
22.2% of the Zn amount was desorbed in the limestone 
parent material in the Saraççeşme series Vertic Cal-
ciorthid soil (S7), and this rate increased to 28.7% with 
the application of humic acid. 
 
Incubation period 
During incubation, Zn contents of the soil samples were 
taken on 1, 7, 15, 30 and 90 days. In the Zn incubation 
experiment, the difference between soils (formed on 
marl and limestone parent materials) and treatments 
(humic acid, chemical fertilizer, humic acid + chemical 
fertilizer application and the control) was statistically 
significant at 1% level (Table 7). Soil and treatment 
interaction was found to be significant at 1% level. The 
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Table 7. Time-dependent DTPA-Zn concentrations (mg kg-1) of the experimental 

 Soils  Treatments 

Incubation periods (Days)  
Treat.mean 

Soil 
mean 

Grand 
mean 1 7 15 30 90 

S4 
 
 
 

WS 0.08 0.09 0.19 0.09 0.12 0.12 b 

0.79 A 
 
 

 
 
 
 
 
 

0.68 
 
 
 
 
 
 
 
 
 
 
 
 

WS + Zn 1.17 1.51 1.30 1.58 1.13 1.34 a 

WS + HA 0.08 0.11 1.57 0.08 0.14 0.40 b 

WS + Zn + HA 1.17 1.42 1.27 1.49 1.20 1.31 a 

Incubation mean 0.63 0.78 1.08 0.81 0.65  

S2 
 
 
 

WS 0.08 0.15 0.14 0.08 0.12 0.12 b 

0.70 B 
 
 

WS + Zn 1.23 1.52 1.33 1.20 0.28 1.11 a 

WS + HA 0.07 1.13 0.13 0.07 0.12 0.30 b 

WS + Zn + HA 1.15 1.46 1.33 1.19 1.26 1.28 a 

Incubation mean 0.63 1.07 0.73 0.64 0.44  

S7 
 
 
 

WS 0.06 0.08 0.15 0.07 0.11 0.10 b 

0.60 C 
 
 

WS + Zn 1.05 1.55 1.19 1.19 1.16 1.23 a 

WS + HA 0.06 0.10 0.13 0.06 0.10 0.09 b 

WS + Zn + HA 1.04 1.41 1.17 0.17 1.15 0.99 a 

Incubation mean 0.55 0.79 0.66 0.37 0.63  

S8 
 
 
 

WS 0.06 0.08 0.19 0.06 0.12 0.10 b 

0.62 C 
 
 

WS + Zn 1.06 1.31 1.13 1.11 1.10 1.14 a 

WS + HA 0.05 0.08 0.12 0.06 0.11 0.08 b 

WS + Zn + HA 1.08 1.30 1.13 1.10 1.08 1.14 a 

Incubation mean 0.56 0.69 0.64 0.58 0.60  

 
Grand mean of incubation  
periods  

0.59
b 
 

0.83
a 
 

0.78
a 
 

0.60
b 
 

0.58
b 
  

Fi 12.028 Pi 0.000** 

Ft 375.859 Pt 0.000** 

Fpm 8.128 Ppm 0.000** 

Ft x pm 2.293 Pt x pm 0.018* 

S4: Başkuyu soil series, S2: Hacıfakıl soil series, S7: Saraççeşme soil series, S8: Tine soil series, WS: Whole soil, S7: 

Saraççeşme soil series, i: Incubation periods, t: treatments, pm: parent material 

 

 

 

 

 

 

 

 

 

 

effects of Zn on soils formed on marl and limestone 
parent materials due to humic acid application were 
insignificant. Humic acid applications increased the 
available Zn content compared to the control in the soil 
formed on marl parent material. The highest available 
Zn content was determined in Başkuyu series (0.79 mg 
kg-1) formed on marl parent material, while the lowest 
DTPA-Zn content was obtained in Saraççeşme series 
(0.60 mg kg-1) formed on limestone parent material. 
The highest Zn content of the soils (1.34 mg kg-1) was 
increased by humic acid application in Başkuyu series 
formed on marl parent material, while the lowest 
available Zn content (0.08 mg kg-1) was determined in 
chemical fertilizer application in Tine series formed on 
limestone parent material. Humic acid and humic acid + 

chemical fertilizer applications statistically affected at 
the same level the available Zn content of the soils. In 
addition, control and only chemical fertilizer applica-
tions had statistically increased the available Zn con-
tent of soils. 
 
Greenhouse Experiment 
Maize performance on the marl soil 

The effect of humic acid and Zn applications on 
the fresh and dry weights of maize was found to be 
statistically significant at the 5% level (Table 8). Humic 
acid applications (HA 2%) increased the fresh weight of 
maize compared to the control (HA 0%). The lowest 
fresh and dry weights of maize for marl parent material 
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Table 8. The effects of humic acid (HA) and Zn treatments on the fresh and dry biomasses of maize grown on the 

marl (S4) and limestone soil (S8) in the greenhouse experiment 

Zn 
treatments, 

mg kg-1 

Marl parent material (S4) Limestone parent material (S8) 

Fresh 
biomass, 
g pot-1 
HA (0%) 

Fresh 
biomass, 
g pot-1 
HA (2%) 

Dry  
biomass, 
g pot-1 
HA (0%) 

Dry  
biomass,  
g pot-1 
HA (2%) 

Fresh 
biomass, 
g pot-1 
HA (0%) 

Fresh 
biomass, 
g pot-1 
HA (2%) 

Dry  
biomass,  
g pot-1  

HA (0%) 

Dry 
biomass, 
g pot-1 

HA (2%) 

0 58.0 e 65.5 d 24.3 d 26.4 e 65.8 d 78.7 b 24.2 d 26.2 e 
4 71.2 d 74.3 c 29.2 c 29.0 d 82.2 b 83.5 a 28.4 c 28.6 d 
8 78.3 b 77.5 b 32.2 b 32.1 c 82.5 b 84.7 a 31.7 b 31.9 c 

12 82.2 a 86.3 a 34.9 a 35.7 a 86.0 a 84.8 a 34.6 a 35.0 a 
16 75.3 c 79.5 b 33.0 b 34.1 b 75.2 c 75.5 c 31.8 b 33.5 b 

   Different letter in the same column indicate a significant difference at p≤0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

were 58.0 and 24.3 g for the S4, 65.5 and 26.4 g for the 
2% HA obtained from the control treatment, whereas 
the highest fresh and dry weights of maize were 82.2 
and 34.9 g for the marl parent material (S4), 86.3 and 
35.7 g for the 2% HA obtained from the 2% HA + 12 mg 
kg-1 Zn treatment, respectively.  

 
Maize performance on the limestone soil 

The effect of humic acid and Zn applications on 
the fresh and dry weights of maize was statistically 
significant (p≤ 5%) (Table 8). Humic acid applications 
increased the fresh weight of maize compared to the 
control. The lowest fresh and dry weights were 65.8 
and 24.2 g for the limestone parent material soil (S8), 

78.7 and 26.2 g for the 2% HA obtained from the con-
trol treatment; whereas the highest fresh and dry 
weights were 86.0 and 34.6 g for the the limestone 
parent material soil (S8), 84.8 and 35.0 g for the 2% HA 
obtained from the 2% HA + 12 mg kg-1 Zn treatment, 
respectively. 

  

Discussion 
 

In soil, Zn availability is controlled by the intensity 
of adsorption and precipitation reactions. Zn sorption 
increases as the soil pH are higher due to the rise of 
negative charges on soil colloid surfaces and the incre-

ased presence of adsorbed and precipitated Zn forms 
in soil (Montalvo et al., 2016). Langmuir and Freundlich 
adsorption models were applied in Zn adsorption 
study, and adsorption parameters were determined 
from these models (Table 9). Langmuir and Freundlich 
adsorption isotherms of 12 soil samples without and 
with humic acid application were determined. In these 
soils, adsorption data for applications are described at 
acceptable levels with both isotherms. The adsorption 
data of all the soils were better described by the linear 
Langmuir model compared with the Freundlich model. 
For all soils, the Langmuir isotherm showed significant 
results both in the control soils without humic acid and 
in the soils with 2% humic acid. Freundlich isotherms 
showed significant results only in soils with humic acid. 
Regarding the physical and physicochemical properties 
of the soil, texture (clay content), organic matter and 
pH were the factors that sharply influenced soil Zn 
availability. Organic matter content controls the magni-
tude of Zn sorption in soil (Montalvo et al., 2016). Or-
ganic matter is composed of different fractions, includ-
ing humic acid and fulvic acids, which are organic mat-
ter pools characterized by low isoelectric points; thus, 
even at low soil pH levels, negative charges prevail on 
the surface of organic colloids (Stevenson, 1994). Soil 
properties can modulate Zn interaction, adsorption and 
precipitation with soil components, including organic 
matter pools (Broadley et al., 2012; Alloway, 2009; 

Montalvo et al., 2016). When associated with organic 
ligands, Zn availability for crops depends on the chemi-
cal stability, solubility and reactivity of the bonds 
formed between the humic matrix and the metal in the 
complexes formed (Boguta and Sokołowska, 2016; 
Rose et al., 2014). 

In this study, soils formed on marl and limestone 
parent material showed differences in the desorption 
rates of adsorbed Zn at initial Zn concentrations (6.5-
32.5-65-162.5-325-487.5-650 mg L-1). These differences 
in soil properties (Table 2 and 3) may have caused dif-
ferences in the effects of humic acid application on 
sorption isotherm parameters. As a function of initial 
concentrations, the soil scavange the Zn by variety of 
sorption/precipitation reactions that each has different 
irreversibility and bounding strength. The desorption 
rate (%) of adsorbed Zn increased as the initial Zn con-
centration increased in the all soil series formed on 
marl (smectite clay mineral) and limestone (kaolinite 
clay mineral) parent material (Table 6). An increase in 
clay content is a key factor to increase Zn adsorption in 
soils. However, the density of negative charges in tro-
pical clay minerals and Al and Fe oxides is lower than 
those in organic colloids (Alloway, 2009; Broadley et al., 
2012; Montalvo et al., 2016). Moreover, Zn availability 
to plants is controlled by soil type, minerals associated 
with clay and Fe and Al oxides, soil parent material, 
total Zn content, soil pH, concentrations of organic 
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Table 9. The effects of humic acid treatment on the sorption isotherm parameters 

Soil Treatment 

Langmuir isotherm  Freundlich isotherm 

Smax 

(mg kg-1) k R2 
 KF  

(mg kg-1) 1/n R2 

S1 
HA 5555 0.069 0.991  674 0.384 0.898 

WS 5882 0.090 0.990  1482 0.231 0.886 

S2 
HA 5263 0.066 0.990  769 0.342 0.901 

WS 6250 0.065 0.969  1564 0.222 0.905 

S3 
HA 4347 0.116 0.998  804 0.304 0.873 

WS 5000 0.087 0.991  1383 0.213 0.896 

S4 
HA 3846 0.090 0.992  883 0.256 0.890 

WS 5000 0.064 0.973  1414 0.196 0.902 

S5 
HA 2631 0.060 0.995  550 0.258 0.816 

WS 3333 0.061 0.993  1077 0.173 0.845 

S6 
HA 2857 0.267 0.999  845 0.225 0.842 

WS 3704 0.083 0.988  1259 0.174 0.886 

S7 
HA 3030 0.095 0.993  790 0.233 0.853 

WS 3571 0.075 0.979  1213 0.171 0.875 

S8 
HA 4348 0.106 0.993  795 0.311 0.892 

WS 5263 0.072 0.959  1469 0.210 0.901 

S9 
HA 1052 0.059 0.979  2019 0.264 0.935 

WS 1042 0.069 0.976  326 0.183 0.947 

S10 
HA 5000 0.056 0.970  766 0.326 0.880 

WS 5000 0.071 0.948  1249 0.227 0.872 

S11 
HA 4167 0.084 0.976  832 0.282 0.871 

WS 4762 0.071 0.976  1336 0.202 0.890 

S12 
HA 4000 0.153 0.999  840 0.283 0.888 

WS 4545 0.137 0.997  1386 0.203 0.895 

S1: Atınova soil series, S2: Hacıfakıl soil series, S3: Çatalca soil series, S4: Başkuyu soil series, S5: Kuyubaşı soil series, 

S6: Seyrantepe soil series, S7: Saraççeşme soil series, S8: Tine soil series, S9: Karataş-1 soil series, S10: Tüvem-1 soil 

series, S11: Tüvem-2 soil series, S12: Karataş-2 soil series, HA: Humic acid, WS: Whole soil, Smax: Maximum Zn ad-

sorption of the soil, k: Bonding energy coefficient, KF: Freundlich K, n: Constant 

 

 

 

 

 

 

 

 

 

 

 

 

 

matter, Ca, calcite, bicarbonate, and phosphate found 
in the soil, solution or in labile forms prone to be solu-
bilized and to react with zinc with subsequent forma-
tion of precipitates and high-stability organometallic 
complexes (Alloway, 2009; Boguta and Sokołowska, 
2016; Broadley et al., 2012; Montalvo et al., 2016). 
Smectite is one of the largest and most important clas-
ses of the phyllosilicate clay-mineral group. They are 
common in temperate soils and tend to dominate the 
cationic adsorption chemistry of these soils due to their 
cation exchange capacity and very high specific surface 
(Kloprogge and Frost, 1999). Desorption is an im-
portant property that determines the mobility of ad-
sorbed elements or metals in contaminated areas. The 
amount of desorption varies depending on the nature 
of the adsorption event, i.e. whether the binding is by 
physical, electrostatic bonds or covalent bonds. Physi-
cally adsorbed cations are usually capable of being 
readily replaced or desorbed by other cations present 
in the soil solution. On the other hand, ions or mole-
cules bound by covalent bonds are not easily desorbed 
because they bind to the adsorbent with high energy 
and usually released back to the solution phase with 

the complete breakdown of the adsorbent. In soil 9, 
none of the Zn absorbed at the lowest concentration 
was desorbed. At the 650 mg L-1 initial concentration, 
18.0% of the Zn amount was desorbed in the limestone 
parent material in the Karataş-1 series Typit Calciorthid 
soil family (S9) in the Aridisol and this rate increased to 
22.6% with the application of humic acid. The amount 
of Zn that could be desorbed or replaced by Ca was 
calculated from the adsorbed Zn at each initial concen-
tration applied. Accordingly, at the lowest concentra-
tions applied, almost none of the absorbed Zn was 
desorbed. The amount of absorbed Zn was almost not 
desorbed at the lowest concentrations applied (6.5 - 
32.5 - 65 mg L-1). This shows that especially Zn adsorbs 
with a high energy and is retained with a high energy 
even at high concentrations. The other point is that the 
adsorption or precipitation mechanisms of Zn cause the 
release of 2 H+ ion on a stochiomeric base (Uygur and 
Rimmer, 2000). This reduces the pH of equilibrium 
solution below 6.5, in turn, the physisorption processes 
take place that increase the desorption rate. In addi-
tion, humic acid application showed that desorption 
was higher than the application without humic acid 
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   Table 10. Bivariate Pearson correlations between the soil properties and the sorption parameters 

Parameters  Smax k KF n 

k 0.110     

KF 0.940** 0.206    

n 0.755** 0.154 0.514   

EC (dS m-1) -0.301 -0.136 -0.413 -0.114 

pH 0.559 0.038 0.628* 0.314 

CCE (%) 0.137 -0.408 0.259 -0.323 

Pav (kg ha-1) -0.584* -0.107 -0.761** 0.017 

Kav (kg ha-1) -0.541 0.421 -0.551 -0.171 

OM (%) -0.619* 0.138 -0.629* -0.300 

Sand (%) 0.526 0.213 0.530 0.339 

Silt (%) -0.582* -0.101 -0.439 -0.631* 

Clay (%) -0.252 -0.252 -0.397 0.080 

ΣN (%) -0.620* 0.139 -0.629* -0.300 

ΣK (%) 0.459 -0.240 0.359 0.410 

ΣP (%) 0.277 -0.338 0.449 -0.267 

ΣFe (%) 0.117 -0.373 0.196 -0.255 

ΣZn (mg kg-1) 0.279 -0.085 0.453 -0.202 

ΣCu (mg kg-1) 0.313 -0.076 0.504 -0.248 

ΣMn (mg kg-1) 0.250 -0.219 0.404 -0.223 
CEC (cmol kg-1) -0.210 -0.069 -0.352 0.149 

Σ: Total, k: Bonding energy coefficient, KF: Freundlich K, n: Constant, EC: Electrical conductivity, pH: Soil reaction in 

saturation paste, CCE: Calcium carbonate equivalent, Pav: Available P2O5, Kav: Available K2O, OM: Organic matter, CEC: 

Cation exchange capacity 

 

because of chelation reaction between the HA and Zn 
and possible blockage of specific sorption site on the 
colloidal surfaceses (Spark et al., 1997). This suggests 
that Zn may be highly immobilized in these soils, espe-
cially at high concentrations. The fact that Zn is not 
desorbed at low concentrations indicates that Zn defi-
ciency is a key fact in soils with poor organic matter 
content and high pH under insufficient fertilization 
practices, to limit plant performance. The release of 
trace elements over time (desorption rate) is important 
for plant nutrition. In general, desorption of soils in-
creased Zn mobility due to humic acid application.  

Bivariate Pearson correlations coefficients be-
tween the soil properties and the sorption parameters 
were given in Table 10. Smax parameter was negatively 
correlated with soil EC, Pav, Kav, OM, silt, clay, total N 
and CEC. The properties negatively correlated with 
Smax indicates that the property function a reduced 
sorption site, co-input of Zn by previously applied agri-
cultural practices and chelate with it. The parameters 
such as pH, CCE, sand, total K, P, Fe, Zn, Cu, Mn and 
CEC positively correlated with has a primary rol over 
accumulation or fixation of Zn in the soil. Regarding the 
soil’s physical and physicochemical properties, the 
texture (clay content), organic matter and pH were the 
factors that sharply influenced soil Zn availability. Soil 
properties are capable of modulating Zn interaction, 

adsorption, and precipitation with soil components, 
including organic matter pools (Alloway, 2009; Broad-
ley et al., 2012; Montalvo et al., 2016). When associat-
ed with organic ligands, the Zn availability to crops 
relies on the chemical stability, solubility, and reactivity 
of the bonds formed between the humic matrix and 
the metal in the complexes formed. Generally, Fe and 
Al oxides have a larger and stronger sorption sites due 
to a chemisorption process take place on their surface, 
can coat relatively lesser soil component such as car-
bonates and sand sized fractions (Uygur and Rimmer, 
2000). Smax parameter was significantly and positively 
correlated with KF (0.940, p < 0.01) and n (0.755, − 
0.47, p < 0.01) values.  

The DTPA-Zn measured troughout the entire in-
cubation period of 90-day are given in Table 7. The 
availability of plant nutrients during the growth period 
ensures a good performance along with a desirable 
yield and yield quality.  The release of trace elements 
retained by sorption sites is required to sustainably 
meet the trace element needs of the plant (Uygur and 
Rimmer, 2000). In this study, HA+Zn application in-
creased the DTPA-Zn concentration of the soils com-
pared to only HA application in all soil series formed on 
marl (smectite clay mineral) and limestone (kaolinite 
clay mineral) parent material during the incubation 
period. When Zn was mixed with HA, free sulfates were 
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Figure 2. Scatter diagram for the experimental max adsorption vs. predicted ones with (HA) and without (WS) humic 

acid (HA) treatment 

retained in the complex formed. In addition, bonds 
related to sulfone groups were formed, which are in-
dicative of the interaction of HA with ZnSO4 and the 
synthesis of Zn-HA complexes. Sulfur groups present in 
the HA+ZnSO4 mixture are indicative of Zn-HA com-
plexation. This is probably due to the presence of func-
tional groups containing oxygen, nitrogen and sulfur on 
the HA surface (Aguiar et al., 2013; Nardi et al., 2021; 
Zanin et al., 2019). There was no statistical difference 
between Zn treatment and Zn+HA, treatment in terms 
of DTPA-Zn concentrations of soils in both soil series 
(Başkuyu, Hacıfakıl, Saraççeşme and Tine) regardless 
the parent material during the incubation period. The 
DTPA-Zn concentration of the soils was higher in the 
soil series formed in the marl parent material dominat-
ed by smectite clay mineral than in the limestone par-
ent material, especially in Başkuyu soil series. The 
mechanisms and processes of Zn interaction with HA 
include ionic or uncoordinated forms, undefined com-
plexes, bidentate chelates and bidentate bridging co-
ordination bonds (Boguta and Sokołowska, 2016). The 
interaction of organic ligands with Zn is beneficial for 
providing Zn to plants, considering that free Zn ions are 
prone to react with soil constituents through sorption 
and precipitation, which are the main processes regu-
lating Zn availability in soil (Montalvo et al., 2016; 
Olaetxea et al., 2018). Organic matter is also a source 
of soluble organic compounds that can bind micronu-
trients through the formation of soluble organo-metal 
complexes (Wang and Xing, 2005). In this study, S4, 
which had a higher Zn content than S2, S7 and S8, pre-
sented a higher soil Zn-DTPA content in the Başkuyu 
soil series formed on the marl parent material with 
smectite clay mineral during the incubation period. 

The effects of humic acid (HA) and Zn treatments 
on the fresh and dry biomasses of maize grown on the 
marl (S4) and limestone soil (S8) in the greenhouse 
experiment were given in Table 8. The highest fresh 

and dry weight of maize was 86.3 and 35.7 g from 2% 
HA+12 mg kg-1 Zn application in the Başkuyu soil series 
formed on the marl parent material with smectite clay 
mineral, respectively. Humic acid applications in soil 
formed on marl (smectite clay mineral) and limestone 
(kaolinite clay mineral) parent material increased the 
fresh weight of maize compared to the control. Humic 
substances are formed by the chemical and biological 
breakdown of plant and animal residues and provide 
an important source of organic carbon in soil. The most 
prominent biostimulant is humic acid, which has direct 
and indirect effects on the morpho-physiological 
growth of plants (Peña-Méndez et al., 2005). HA is 
mainly derived from humic substances and the final 
decomposed material contains 60% of the organic 
matter in the soil (Muscolo et al., 2013). On the other 
hand, application of HA to soil not only improves vari-
ous soil properties (such as structural stability, biologi-
cal activity and affecting soil pH), but also promotes 
better root development, water holding capacity, car-
bon sequestration, cation exchange capacity and nutri-
ent availability in the rhizosphere (Gümüş and Şeker, 
2015). Solution cations have an influence on the rate 
and amount of HA sorbed onto smectite. The adsorp-
tion of HA by mineral surfaces is mostly influenced by 
solution pH, ionic strength and the type of exchangea-
ble cations. These factors also influence the structure 
conformation of HA (Essington, 2015). HA and clay 
complexes contribute to soil structure and water hold-
ing capacity and play an important role in the cycling of 
various nutrients and pollutants by taking part in re-
ductive and oxidative reactions (Sparks, 2003). The 
presence of Ca2+ improves the binding between the 
mineral surface and HA. Ca2+ is more effective than K+ 
in eliminating the repulsive charges between the smec-
tite surface and weathered humates and fulvates. Fur-
thermore, the Ca2+ ions reduce the HA solubility (Li et 
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al., 2004) by bridging clay and surfaces. This infact 
further decreases the efficiency of potentially high 
energy sites for Zn sorption by changing the nature of 
colloidal surfaces. Therefore, higher calcium carbonate 
containing Başkuyu soil (S4, 35.1%) had higher DTPA-Zn 
in overall than the Tine soil series (S8, 9.01%) due to 
apparent drawback the effect of excessive soil car-
bonates in the soil. Similarly, the heavy fraction of soil 
organic corbon such as HA accumulated twice as much 
SOC at the CaCO3

-bearing site, in Ca prevalent soils 
than the soils with less Ca (Rowley et al., 2021). 

 

Conclusion 
 

It was determined that the clay types were differ-
ent in 12 different soil samples with two different par-
ent materials belonging to the Arisol order. While the 
dominant clay mineral in the soils formed on marl par-
ent material was smectite, the dominant clay mineral 
in the soils formed on limestone parent material was 
kaolinite. Because of adsorption analysis, the parame-
ters of Langmuir and Freundlich models were deter-
mined. Langmuir model was found to be more suitable 
for Zn adsorption than Freundlich model. There was no 
significant difference between Langmuir and Freundlich 
isotherm parameters in soils formed on marl and lime-
stone parent material with and without humic acid. The 
desorption rate (%) of adsorbed Zn increased as the 
initial Zn concentration increased in the all soil series 
formed on marl (smectite clay mineral) and limestone 
(kaolinite clay mineral) parent material. In the incuba-
tion study, humic acid applications increased the avail-
able Zn content in soils formed on both parent materi-
als compared to the control. Humic acid applications 
increased the fresh weight of maize compared to the 
control. The highest available Zn was determined in 
Başkuyu series (0.79 mg kg-1) formed on marl parent 
material, while the lowest available Zn was obtained in 
Saraççeşme series (0.60 mg kg-1) formed on limestone 
parent material. In the greenhouse experiment, humic 
acid applications increased the fresh weight of maize in 
soils formed on both parent materials by 0.4 and 19.6% 
compared to to the control. Zn fertilization with HA 
further increased the fresh and dry yield that 12 mg kg-

1 performed better. The lowest wet and dry weight 
values of maize were obtained from the control in the 
soil formed on marl parent material, while the highest 
wet and dry weight values were obtained from 2% 
humic acid + 12 mg kg-1 Zn treatment. Smax (maximum 
Zn adsorption of the soil) parameter of soils were nega-
tively correlated with EC, Pav, Kav, organic matter, silt, 
clay, total N and cation exchange capacity (CEC) of the 
samples. Although humic acid alone increases the plant 
availability of Zn, HA + Zn applications should be ap-
plied together in order to obtain higher yields. It is 

necessary to improve the results obtained by conduct-
ing studies for soils with different parent material and 
soil families. 

 

Funding  

 
The authors would like to thank the Republic of 

Turkey Ministry of Agriculture and Forestry General 
Directorate of Agricultural Research and Policies (TA-
GEM) for the financial support for the Project TAGEM-
BB-0833-1. 

 

Author Contribution  

M.K.: Conceptualization, investigation, methodology, 

validation, software, validation, formal analysis, inves-

tigation, resources, data curation, writing-original draft 

preparation, writing-review and editing, visualization, 

supervision, statistical analysis, project administration. 

G.D. and N.G.: methodology, formal analysis. V.U. and 

M.O.A.: Methodology, validation, software, validation, 

formal analysis, investigation, resources, data curation, 

writing-original draft preparation, writing-review and 

editing, visualization, supervision, statistical analysis. 

Z.D.: Writing-original draft preparation, writing-review 

and editing, visualization, statistical analysis, supervi-

sion, resources, data curation, all authors reviewed the 

manuscript. 

Conflicts of Interest 
 

The authors declare no conflict of interest. 
 

Acknowledgement 
 

The authors would like to thank the Republic of 
Turkey Ministry of Agriculture and Forestry General 
Directorate of Agricultural Research and Policies (TA-
GEM) for the financial support for the Project TAGEM-
BB-0833-1. 
 

References 

Aguiar, N. O., Novotny, E. H., Oliveira, A. L., Rumjanek, 
V. M., Olivares, F. L., & Canellas, L. P. (2013). Pre-
diction of humic acids bioactivity using spectros-
copy and multivariate analysis. Journal of Geo-
chemical Exploration, 129, 95-102. 
http://dx.doi.org/10.1016/j. gexplo.2012.10.005  

Alloway, B.J. (2009). Soil Factors Associated with Zinc 
Deficiency in Crops and Humans. Environmental 
Geochemistry and Health. 31:537-548. 
http://dx.doi.org/10.1007/s10653-009-9255-4  

Alumaa, P., Steinnes, E., Kirso, U., & Petersell, V. 
(2001). Heavy metal sorption by different Estoni-
an soil types at low equilibrium solution concen-
trations. Proc. Estonian Acad. Sci. Chem, 50(2), 
104-115. 
http://dx.doi.org/10.3176/chem.2001.2.05. 

http://dx.doi.org/10.1016/j.%20gexplo.2012.10.005
http://dx.doi.org/10.1007/s10653-009-9255-4
http://dx.doi.org/10.3176/chem.2001.2.05


Soil Studies 13(1), 1-16 

    http://doi.org/1021657/soilst.1520537 

   Published by Soil, Fertilizer and Water Resources Central Research Institute, Ankara, Türkiye 
 

Bailey, L., Lekkerkerker, H. N., & Maitland, G. C. (2015). 
Smectite clay–inorganic nanoparticle mixed suspen-
sions: phase behaviour and rheology. Soft Mat-
ter, 11(2), 222-236. 
http://dx.doi.org/10.1039/c4sm01717j  

Blatt, H., & Tracy, R.J. (1996). Petrology, 2nd. edit. W.H. 
Freeman & Co., 529pp. 

Boguta, P., & Sokołowska, Z. (2016). Interactions of Zn (II) 
ions with humic acids isolated from various type of 
soils. Effect of pH, Zn concentrations and humic acids 
chemical properties. PLoS One, 11(4), e0153626. 
https://doi.org/10.1371/journal.pone.0153626. 

Bouyoucos, G. J. (1951). A recalibration of the hydrometer 

method for making mechanical analysis of so-

ils.http://dx.doi.org/10.2134/agronj1951.0002196200

4300090005x  

Black, C. A., Evans, D. D., White, J. L., Ensminger, L. E., & 

Clark, F. E. (1965). Methods of soil analysis, part (1) 

and part (2). Am. Soc. Agron. Inc., Publ. Madison, 

Wisconsin, USA. https://doi.org/10.12691/ijebb-3-1-3  

Broadley, M., Brown, P., Cakmak, I., Rengel, Z., & Zhao, F. 

(2012). Function of nutrients: micronutrients. 

In Marschner's mineral nutrition of higher plants (pp. 

191-248). Academic Press. 

https://doi.org/10.1016/B978-0-12-384905-2.00007-8 

Brown, G., & Brindley, G. W. (1980). X-ray diffraction 

procedures for clay mineral identification. 

Brown, P. H., Cakmak, I., & Zhang, Q. (1993). Form and 

function of zinc plants. In Zinc in Soils and Plants: Pro-

ceedings of the International Symposium on ‘Zinc in 

Soils and Plants’ held at The University of Western 

Australia, 27–28 September, 1993 (pp. 93-106). Dor-

drecht: Springer Netherlands. 

Çakmak, İ., Kalaycı, M., Ekiz, H., Braun, H. J., Kılınç, Y., & 

Yılmaz, A. (1999). Zinc deficiency as a practical problem 

in plant and human nutrition in Turkey: a NATO-

science for stability project. Field Crops Research, 60(1-

2), 175-188. https://doi.org/10.1016/S0378-

4290(98)00139-7 

Cerda, A. (2002). The effect of season and parent material 

on water erosion on highly eroded soils in eastern 

Spain. J. Arid. Environ. 52:319-337. 

https://doi.org/10.1006/jare.2002.1009 

Çavdar, A. O., Arcasoy, A., Cin, S., Babacan, E., & Gözdasoğlu, 

S. (1983). Geophagia in Turkey: iron and zinc deficien-

cy, iron and zinc absorption studies and response to 

treatment with zinc in geophagia cases. Progress in 

clinical and biological research, 129, 71-97. 

de Morais, T. M. O., Berenguer, E., Barlow, J., França, F., 

Lennox, G. D., Malhi, Y., ... & Ferreira, J. (2021). Leaf-

litter production in human-modified Amazonian for-

ests following the El Niño-mediated drought and fires 

of 2015–2016. Forest Ecology and Management, 496, 

119441.https://doi.org/10.1016/j.foreco.2021.119441  

Delgado, A., & Gómez, J. A. (2016). The soil. Physical, 

chemical and biological properties. Principles of agron-

omy for sustainable agriculture, 15-26. 

https://doi.org/10.1007/978-3-319-46116-8_2  

Dogar, M. A., & Van Hai, T. (1980). Effect of P, N and HCO3-

Levels in the Nutrient Solution on Rate of Zn Absorp-

tion by Rice Roots and Zn Content in Plants. Zeitschrift 

für Pflanzenphysiologie, 98(3), 203-212. 

https://doi.org/10.1080/01904167.2014.920377  

Essington, M.E. (2015). Soil and Water Chemistry: An 

Integrative Approach. 2nd edition. CRC Press, Boca 

Raton, Florida, USA, 656 pp. 

Eyupoglu, F., Kurucu, N., & Sanysag, U., (1994). Status of 

plant available micronutrients in Turkish soils. In: Soil 

and Fertilizer Research Institute 1993 annual report. 

Report No: 118, Ankara, Turkey. 

Gümüş, İ., & Şeker, C. (2015). Influence of humic acid 

applications on modulus of rupture, aggregate stabil-

ity, electrical conductivity, carbon and nitrogen con-

tent of a crusting problem soil. Solid Earth, 6(4), 1231-

1236.https://doi.org/10.5194/se-6-1231-2015  

Jackson, J.B.C. (1997). Reefs since Columbus. Coral Reefs 

16:23-32. 

Jacobs, P. M. (1998). Influence of parent material grain size 

on genesis of the Sangamon Geosol in south-central 

Indiana. Quaternary International, 51, 127-132. 

Johnston, C. T., de Oliveira, M. F., Teppen, B. J., Sheng, G., & 

Boyd, S. A. (2001). Spectroscopic study of nitroaro-

matic− smectite sorption mechanisms. Environmental 

science & technology, 35(24), 4767-4772.  

http://doi.org/10.1021/es010909x  

Justi, M., Morais, E. G., & Silva, C. A. (2019). Fulvic acid in 

foliar spray is more effective than humic acid via soil in 

improving coffee seedlings growth. Archives of Agron-

omy and Soil Science. 

http://doi.org/10.1080/03650340.2019.1584396  

Kabata-Pendias, A. (2011). Trace Elements in Soils and 

Plants, 4th ed. CRC Press, Boca Raton, Florida, USA 

Kacar, B. (1998). Toprakta Çinkonun Bulunuşu, Yarayişliliği ve 

Tepkimeleri. 1.Ulusal Çinko Kongresi, 12–16 Mayis 

1997, Eskişehir. 47-60. Adana. 

Kloprogge, J. T., & Frost, R. L. (1999). Fourier transform 

infrared and Raman spectroscopic study of the local 

structure of Mg-, Ni-, and Co-hydrotalcites. Journal of 

Solid State Chemistry, 146(2), 506-515. 

https://doi.org/10.1006/jssc.1999.8413 

Laird, D. A., & Fleming, P. D. (1999). Mechanisms for 

adsorption of organic bases on hydrated smectite 

surfaces. Environmental Toxicology and Chemistry: An 

International Journal, 18(8), 1668-1672. 

https://doi.org/10.1897/15515028(1999)018<1668:MF

AOOB>2.3.CO;2 

Li, H., Teppen, B. J., Laird, D. A., Johnston, C. T., & Boyd, S. A. 

(2004). Geochemical modulation of pesticide sorption 

on smectite clay. Environmental science & technolo-

gy, 38(20), 5393-5399. 

https://doi.org/10.1021/es0494555  

Lindsay, W.L., & Norvell, W.A. (1978). Development of DTPA 

soil test for zinc, iron, manganese and copper. Soil 

Science Society of America Journal, 42:421-28. 

https://doi.org/10.2136/sssaj1978.0361599500420003

0009x  

Martınez-Mena, M., Castillo, V., & Albaladejo, J. (2002). 

Relations between interrill erosion processes and 

sediment particle size distribution in a semiarid Medi-

terranean area of SE of Spain. Geomorphology, 45(3-

4), 261-275. https://doi.org/10.1016/S0169-

555X(01)00158-1  

http://dx.doi.org/10.1039/c4sm01717j
https://doi.org/10.1371/journal.pone.0153626
http://dx.doi.org/10.2134/agronj1951.00021962004300090005x
http://dx.doi.org/10.2134/agronj1951.00021962004300090005x
https://doi.org/10.12691/ijebb-3-1-3
https://doi.org/10.1016/B978-0-12-384905-2.00007-8
https://doi.org/10.1016/S0378-4290(98)00139-7
https://doi.org/10.1016/S0378-4290(98)00139-7
https://doi.org/10.1006/jare.2002.1009
https://doi.org/10.1016/j.foreco.2021.119441
https://doi.org/10.1007/978-3-319-46116-8_2
https://doi.org/10.1080/01904167.2014.920377
https://doi.org/10.5194/se-6-1231-2015
http://doi.org/10.1021/es010909x
http://doi.org/10.1080/03650340.2019.1584396
https://doi.org/10.1006/jssc.1999.8413
https://doi.org/10.1897/15515028(1999)018%3c1668:MFAOOB%3e2.3.CO;2
https://doi.org/10.1897/15515028(1999)018%3c1668:MFAOOB%3e2.3.CO;2
https://doi.org/10.1021/es0494555
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.1016/S0169-555X(01)00158-1
https://doi.org/10.1016/S0169-555X(01)00158-1


16 
   Soil Studies 13(1), 1-16 
 

 Published by Soil, Fertilizer and Water Resources Central Research Institute, Ankara, Türkiye 

Marshall, C. P., & Fairbridge, R. W. (Eds.). 

(1999). Encyclopedia of geochemistry. Springer Science 

& Business Media. 

Milliken, K. L. (2003). Late diagenesis and mass transfer in 

sandstone shale sequences (Vol. 7, p. 407). 

Montalvo, D., Degryse, F., Da Silva, R. C., Baird, R., & 

McLaughlin, M. J. (2016). Agronomic effectiveness of 

zinc sources as micronutrient fertilizer. Advances in 

agronomy, 139, 215-

267.https://doi.org/10.1016/bs.agron.2016.05.004  

Mortland, M.M., (1970). Clay-organic complexes and 

interactions. Adv Agron. 22:75–117. 

Muscolo, A., Sidari, M., & Nardi, S. (2013). Humic substance: 

relationship between structure and activity. Deeper 

information suggests univocal findings. Journal of 

Geochemical Exploration, 129, 57-63. 

https://doi.org/10.1016/j.gexplo.2012.10.012 

Nardi, S., Schiavon, M., & Francioso, O. (2021). Chemical 

structure and biological activity of humic substances 

define their role as plant growth promot-

ers. Molecules, 26(8), 

2256.https://doi.org/10.3390/molecules26082256  

Olaetxea, M., De Hita, D., Garcia, C. A., Fuentes, M., Baigorri, 

R., Mora, V., & Garcia-Mina, J. M. (2018). Hypothetical 

framework integrating the main mechanisms involved 

in the promoting action of rhizospheric humic sub-

stances on plant root-and shoot-growth. Applied Soil 

Ecology, 123, 521-537. 

http://dx.doi.org/10.1016/j.apsoil.2017.06.007  

Peña-Méndez, E. M., Gajdošová, D., Novotná, K., Prošek, P., 

& Havel, J. (2005). Mass spectrometry of humic sub-

stances of different origin including those from Antarc-

tica: A comparative study. Talanta, 67(5), 880-890. 

http://dx.doi.org/10.1016/j.talanta.2005.03.032  

Richard, L. A. (1954). Diagnosis and improvement of saline 

and alkaline soils. Handbook No. 60. US Department of 

Agriculture. 

Rosa, S. D., Silva, C. A., & Maluf, H. J. G. M. (2018). Wheat 

nutrition and growth as affected by humic acid-

phosphate interaction. Journal of Plant Nutrition and 

Soil Science, 181(6), 870-877. 
http://dx.doi.org/10.1002/jpln.201700532  

Rose, T. J., Impa, S. M., Rose, M. T., Pariasca-Tanaka, J., Mori, 

A., Heuer, S., & Wissuwa, M. (2013). Enhancing phos-

phorus and zinc acquisition efficiency in rice: a critical 

review of root traits and their potential utility in rice 

breeding. Annals of botany, 112(2), 331-

345.http://dx.doi.org/10.1093/aob/mcs217  

Rowley, M. C., Grand, S., Spangenberg, J. E., & Verrecchia, E. 

P. (2021). Evidence linking calcium to increased or-

gano-mineral association in 

soils. Biogeochemistry, 153(3), 223-

241.http://dx.doi.org/10.1007/s10533-021-00779-7  

Sawhney, B. L., & Singh, S. S. (1997). Sorption of atrazine by 

Al-and Ca-saturated smectite. Clays and Clay Miner-

als, 45(3), 333-338. 

https://doi.org/10.1346/CCMN.1997.0450304 

Šestanović, S. (2001). Osnove geologije i petrografije, (The 

basics of geology and petrography in Croatian), 

Građevinski fakultet Sveučilišta u Splitu, Split. 

Sheng, G., Johnston, C. T., Teppen, B. J., & Boyd, S. A. (2002). 

Adsorption of dinitrophenol herbicides from water by 

montmorillonites. Clays and Clay Minerals, 50(1), 25-

34.https://doi.org/10.1346/000986002761002630  

Sillanpää, M. (1990). Micronutrient assessment at the 

country level: an international study (No. 63, pp. pp-

208). http://dx.doi.org/10.1186/s12889-016-2765-y  

Soil Survey Staff. (2014). Kellogg soil survey laboratory 

methods manual. Soil Survey Investigations Report No. 

42, Version 5.0, ed. R. Burt and Soil Survey Staff. Lin-

coln,NE:USDA Natural Resources Conservation Service. 

Spark, K. M., Wells, J. D., & Johnson, B. B. (1997). The 

interaction of a humic acid with heavy metals. Soil 

Research, 35(1), 89-102. 

https://doi.org/10.1071/S96008  

Sparks, D., (1996). Methods of Soil Analysis, Part 3. Chemical 

Methods, Soil Science Society of America Inc., Madi-

son, Wisc, USA. 

Sparks, D.L., (2003). Environmental Soil Chemistry 2nd Ed., 

Academic Press, Amsterdam, The Netherlands. 

Stevenson, F. J. (1994). Humus chemistry: genesis, 

composition, reactions. John Wiley & Sons. 

Trehan, S. P., & Sekhon, G. S. (1977). Effect of clay, organic 

matter and CaCO 3 content on zinc adsorption by 

soils. Plant and Soil, 46, 329-336. 

https://doi.org/10.1007/BF00010089  

Trettin Jr, C. C., Johnson, D. W., & Todd, D. E. (1999). Forest 

Nutrient and Carbon Pools at Walker Branch Water-

shed Changes during a 21-Year Period. Soil Science 

Society of America Journal, 63(5), 1436-1448.   

https://doi.org/10.2136/sssaj1999.6351436x 

USGS. (2019). Illite Group Minerals. USGS Coastal and 

Marine Geology Program. Retrieved 3 Apr 2019. 

Uygur, V., & Rimmer, D. L. (2000). Reactions of zinc with 

iron-oxide coated calcite surfaces at alkaline 

pH. European Journal of Soil Science, 51(3), 511-516. 

https://doi.org/10.1046/j.1365-2389.2000.00318.x  

Wang, K., & Xing, B. (2005). Structural and sorption 

characteristics of adsorbed humic acid on clay miner-

als. Journal of Environmental Quality, 34(1), 342-349. 

https://doi.org/10.2134/jeq2005.0342 

Washer, N. E., & Collins, M. E. (1988). Genesis of adjacent 

morphologically distinct soils in northwest Florida. Soil 

Science Society of America Journal, 52(1), 191-196.   

https://doi.org/10.2136/sssaj1988.0361599500520001

0033x 

Weil, R.R., & Brady, N.C. (2017). Soil organic matter. Nature 

and properties of soils (15th ed). Pearson Education 

Limited, England, 545-601. 

Whittig, L. D., & Allardice, W. R. (1986). X-ray diffraction 

techniques. Methods of Soil Analysis: Part 1 Physical 

and Mineralogical Methods, 5, 331-362. 

Yavitt, J. B. (2000). Nutrient Dynamics of Soil Derived from 

Different Parent Material on Barro Colorado Island, 

Panama 1. Biotropica, 32(2), 198-207. 

https://doi.org/10.1111/j.1744-7429.2000.tb00462.x 

Zanin, L., Tomasi, N., Cesco, S., Varanini, Z., & Pinton, R. 

(2019). Humic substances contribute to plant iron 

nutrition acting as chelators and biostimu-

lants. Frontiers in Plant Science, 10, 45287. 

https://doi.org/10.3389/fpls.2019.00675.

https://doi.org/10.1016/bs.agron.2016.05.004
https://doi.org/10.1016/j.gexplo.2012.10.012
https://doi.org/10.3390/molecules26082256
http://dx.doi.org/10.1016/j.apsoil.2017.06.007
http://dx.doi.org/10.1016/j.talanta.2005.03.032
http://dx.doi.org/10.1002/jpln.201700532
http://dx.doi.org/10.1093/aob/mcs217
http://dx.doi.org/10.1007/s10533-021-00779-7
https://doi.org/10.1346/CCMN.1997.0450304
https://doi.org/10.1346/000986002761002630
http://dx.doi.org/10.1186/s12889-016-2765-y
https://doi.org/10.1071/S96008
https://doi.org/10.1007/BF00010089
https://doi.org/10.2136/sssaj1999.6351436x
https://doi.org/10.1046/j.1365-2389.2000.00318.x
https://doi.org/10.2134/jeq2005.0342
https://doi.org/10.2136/sssaj1988.03615995005200010033x
https://doi.org/10.2136/sssaj1988.03615995005200010033x
https://doi.org/10.1111/j.1744-7429.2000.tb00462.x
https://doi.org/10.3389/fpls.2019.00675

