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ABSTRACT

This study was conducted to evaluate the distribution of magnesium Fractions and their relationship with soil
properties in ten representative calcareous soils from the Duhok governorate, Iragi-Kurdistan region, including
Baedra, Sulav, Rashank, Sarsing, Qadish, Heteet, Darhozan, Mahet, Girguran, and Zawita. Soil samples were air-
dried, ground, and sieved to 2 mm to assess physical and chemical properties as well as magnesium forms,
including organic, acid-soluble, exchangeable, mineral, and total magnesium. The studied soils exhibited slightly
alkaline pH, calcareous characteristics, and textures ranging from clay to sandy clay loam, with non-saline
conditions. Organic magnesium constituted a small portion of total magnesium (approximately 6-9%), showing a
strong positive correlation with organic matter and moderate correlations with potassium and itself. Acid-soluble
magnesium represented 35-52% of total magnesium and was positively correlated with organic matter and
exchangeable magnesium. Exchangeable magnesium accounted for roughly 11-21% of total magnesium and
correlated strongly with soil pH and active calcium carbonate content. Mineral magnesium comprised 21-56% of
total magnesium and correlated significantly with exchangeable magnesium. Total magnesium showed significant
positive relationships with organic matter, exchangeable magnesium, and acid-soluble magnesium, highlighting
the interconnectedness of these fractions in calcareous soils. These findings indicate that exchangeable and acid-
soluble magnesium are the most influential fractions, emphasizing the importance of managing soil organic matter
and carbonate levels to optimize magnesium availability. This, in turn, has implications for soil fertility, crop
nutrition, and sustainable management practices in calcareous soils of the Duhok. By focusing on essential findings
and their practical relevance, this study provides a clear overview of magnesium fraction dynamics, offering
guidance for improved soil management and agricultural productivity.
Keywords: Total Mg, Mineral Mg, exchangeable Mg, acid-soluble Mg, organic Mg.
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INTRODUCTION

Magnesium (Mg) is a necessary nutrient element for plant growth and reproduction [1]. The total magnesium
content in soils varies widely, ranging from 0.05 to 0.5%, depending on the amount present in the parent material [2].
Although magnesium is the eighth most abundant mineral on Earth, making up approximately 2% of the crust, 90-
98% of soil magnesium is bound within the crystal lattice of primary minerals and is largely unavailable for plant
uptake. The release of plant-available magnesium from soils is influenced by weathering intensity, soil moisture, soil
pH, and root-microbial interactions [3]. Primary silicate minerals such as hornblende, augite, olivine, talc, serpentine,
chlorite, and biotite serve as magnesium sources, while dolomite (CaC0O3-MgCOs3) remains the main source for soil
fertility management [4, 5].

In plants, magnesium plays a key role in chlorophyll synthesis, enzyme activation, energy transfer, protein
synthesis, and photosynthesis. Plants absorb magnesium as the Mg2* ion, which is mobile within the plant and can
move from older to younger tissues [6, 7, 8]. Adequate magnesium is essential for crops like maize and common bean
to efficiently capture solar energy for growth and productivity [9]. Only about 20% of plant magnesium is bound to
chlorophyll, while the remaining 80% exists in more mobile forms [10]. Soil magnesium exists in different fractions-
exchangeable (adsorbed on mineral and organic colloids), non-exchangeable (structural within minerals), and
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dissolved in soil solution (5-50 mg L) [12]. Thermodynamic equilibrium exists among these fractions, with most
magnesium present in the non-exchangeable form derived from primary and secondary clay minerals [13]. The
proportion of each fraction depends on soil parent material, degree of weathering, clay content, and mineralogy [11].
Exchangeable, organic-complexed, acid-soluble, mineral, and total magnesium in soils have been reported to range
from 0.64 to 2.10, 0.12 t0 0.63, 2.52 t0 5.25, 2.94 t0 5.04, and 7.35 to 12.60 cmol kg2, respectively [14]. Acid-soluble
Mg contributed approximately 28.2% of total Mg, exchangeable Mg 14%, and mineral Mg the largest fraction.

The relative contributions of magnesium fractions generally follow the order: mineral > acid-soluble >

exchangeable > water-soluble > organic-complexed. Exchangeable Mg represented 2.4-21%, organic Mg 0.12—6.6%,
acid-soluble Mg 2-56%, and mineral Mg 23-82% of total soil Mg. These proportions demonstrate that most soil
magnesium is bound in primary minerals, limiting immediate availability to crops [15]. Predicting magnesium
availability to crops is complex due to interactions among environmental factors (rainfall timing and amount), site-
specific conditions (soil type, nutrient interactions), and crop species [ 12]. Plant access to magnesium depends
primarily on the exchangeable fraction and its saturation relative to other cations in the soil [16].
Despite the importance of magnesium in soil fertility and plant nutrition, there is limited information on its different
fractions in calcareous and non-calcareous soils of the Duhok governorate, Iragi Kurdistan. Therefore, this study aims
to quantify magnesium fractions in ten representative soils and investigate how soil physicochemical properties
influence magnesium availability, providing guidance for improved soil fertility management in the region.

Materials and methods
2.1. Determine physicochemical properties of Soils:

Soil particle size distribution was determined using the hydrometer method [17], soil pH was measured in a 1:2
soil-water suspension with a pH meter (HI 9023) [18], electrical conductivity (EC) was assessed in the same extract
using a conductivity/TDS meter (HI1-9635) and expressed as dS m™ at 25°C [19], and soil organic carbon was
quantified by the Walkley-Black method, in which organic matter is oxidized with potassium dichromate (K,Cr,0-)
in concentrated H,SO, and the remaining K,Cr,O5 is back-titrated with ferrous sulfate heptahydrate [20].

To estimate cations and anions, soil extract (1:2 soil: water) was utilized in the manner described below: Ammonium
purpurate was employed as an indicator, and the pH of the solution was raised to 12 using (NH4OH) for calcium
determination. Eriochrom Black-T was then used to adjust the pH 10 for calcium + magnesium determination. The
titration method was utilized to estimate soluble calcium and magnesium (Ca®* and Mg?*) with (EDTA-2Na) (0.02 N)
[18]. Following calibration with standard solutions in accordance with [21], the Flame photometer equipment model
(JENWAY/PFP7) was used to determine soluble sodium and potassium (Na* and K*).

In a 1:2 soil-water extract, carbonate and bicarbonate (COs2~ + HCO3™) were determined by titration with 0.01 N
sulfuric acid using phenolphthalein and methyl orange as indicators [21]. Chloride (CI7) was measured by titration
with AgNO; using K,CrO, as an indicator [21], and sulfate (SO427) was calculated from the difference between the
total equivalents of dissolved cations and anions [22]. Total carbonate was determined by treating a known weight of
soil with 1 N hydrochloric acid in a Calcimeter [23], while active carbonate was quantified by treating the soil with
0.2 M ammonium oxalate followed by titration with 0.2 M potassium permanganate [24].

The cation exchange capacity (CEC) was determined using a flame photometer (JENWAY FFP7). The procedure
involved saturating the soil exchange sites with sodium ions using 1N sodium acetate (pH 8.2). Soluble sodium was
then removed by washing with 95% ethanol, and the exchangeable sodium was subsequently displaced using 1N
ammonium acetate (pH 7.0) [24]. Exchangeable Ca, Mg, K, and Na were extracted with ammonium acetate buffered
at pH 7.0 [25]. Exchangeable Ca and Mg concentrations were measured by atomic absorption spectrophotometry,
whereas K and Na were quantified using flame emission.

2.2. Determine Forms of Magnesium:

The sequential fractionation process described by [26], was used to identify the various fractions of calcium and
magnesium in the soil samples. After being crushed, one gram of the sample was run through a 35 mesh sieve and put
through a series of treatments. The organic complexed (Or-c) fraction was extracted by oxidizing the residue with a
10% H,0- solution after the exchangeable fraction was extracted using 1N neutral ammonium acetate. In order to
eliminate the acid-soluble fraction, it was additionally treated with 1IN HNOs. The Mineral fraction was then broken
down by digesting the residue using a tri-acid mixture. The water soluble fraction was estimated using a modified
[27], procedure and the total content was ascertained on a separate sample by digesting with 70% HCIO, in accordance
with [28], method.
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2.3. Statistical Analysis:

Data analysis was performed using Minitab 19 statistical software. Pearson correlation coefficients were calculated
to assess the relationships between soil physicochemical properties, exchangeable cations, soluble ions, and the
different magnesium fractions (total, mineral, exchangeable, acid-soluble, and organic). Statistical significance was
evaluated at the 0.05 and 0.01 probability levels.

Results and Discussions
3.1. Physico-chemical properties of soils

The characteristics of the soils are presented in Tables 1 and 2. Textures ranged from clay to sandy clay loam, with
generally high clay contents across the sites. The dominant soluble cations followed the order Ca2* > Mg?* > K* >
Na*, while soluble anions followed HCO3;~ > SO, > CI~, with Heteet soil showing the highest levels of Ca?* and
HCO;". All soils were non-saline, as indicated by their low electrical conductivity values (Table 3), and EC showed
strong associations with the major ions listed in Table 4. Soil pH ranged from slightly neutral to mildly alkaline, with
the lowest value recorded in Heteet soil, possibly due to its elevated sulfate content. Total and active calcium carbonate
contents varied widely across locations, confirming the calcareous nature of the soils and reflecting differences in
parent material. Cation exchange capacity (CEC) also differed among sites, with higher values generally occurring in
soils containing more clay and organic matter, consistent with previous findings for Vertisols [29, 30, 31]. Organic
matter levels were low overall, with the highest value occurring in Sarsing soil, likely due to slower mineralization
and greater surface residue accumulation. Organic matter also showed a positive association with exchangeable
potassium.

Table 1: Particle Size Distribution of Soil Samples (g-kg™) of studied soils.

No Soil Samples Sand Silt Clay Texture
Baedra 8.0 518.0 474.0 Silty Clay
Sulav 367.0 284.0 349.0 Clay Loam
3 Rashank 451.0 200.0 340.0 Silty Clay
Loam
4 Sarsing 442.0 284.0 274.0 Clay Loam
5 Qadish 251.0 309.0 440.0 Clay
6 Heteet 467.0 243.0 290.0 Silty Clay
Loam
7 Darhozan 276.0 399.0 325.0 Clay Loam
8 Mahet 76.0 418.0 506.0 Silty Clay
9 Girguran 51.0 363.0 586.0 Clay
10 Zawita 301.0 355.5 3435 Clay Loam

3.2 Forms of magnesium in soils
3.2.1 Organic magnesium

The organic magnesium in studied soils ranged between (6.00 — 13.62) mg. kg™ soil (Table, 5), the low value
found in Heteet soil and the high rate in Zawita soil, this consistent with the low and high organic matter content of
the two soils (13.8 and 47.4 g. kg™) respectively. This range of organic Mg consist (5.96 — 8.86) % of the total Mg.
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Table 2: Particle Size Distribution of Soil Samples of studied soils.

No Soil Soluble Cation and Anion (Meg.L™?)

Samples K Mg Ca Na Cl HCO3 SO4
1 Baedra 0.23 1.19 3.57 0.13 0.23 1.60 2.81
2 Sulav 0.13 1.80 1.08 0.21 0.22 1.70 0.94
3 Rashank 0.08 1.59 0.65 0.10 0.12 1.59 0.18
4 Sarsing 0.50 1.92 2.39 0.30 0.29 1.90 1.80
5 Qadish 0.50 2.52 2.60 0.23 0.18 2.50 1.90
6 Heteet 0.14 2.58 6.60 0.26 1.53 3.70 3.96
7 Darhozan 0.15 1.28 2.16 0.13 0.29 1.60 0.33
8 Mahet 0.19 3.29 2.89 0.67 1.12 3.2 0.68
9 Girguran 0.18 2.20 1.33 0.17 0.29 1.70 1.52
10 Zawita 0.14 1.80 0.90 0.10 0.23 2.00 0.37

Organic magnesium represented only a very small fraction of total soil magnesium, consistent with earlier findings

that less than 5% of total Mg exists in organically complexed form in surface soils, this is supported by several studies:
[26] reported that only a small portion of total Mg occurs in organic complexes, [32] noted that organic Mg rarely
exceeds 5% of total Mg, and [13] observed that organic Mg averaged 0.33 cmol kg™ (=3.4% of total Mg). The present
data agree with this pattern, as organic Mg showed generally weak correlations with most soil physicochemical
properties (Table 6), including non-significant relationships with pH, EC, CaCOj3, texture fractions, and CEC. These
findings confirm that organic Mg is a minor pool largely influenced by soil organic matter content rather than by
mineralogical or physicochemical soil attributes.
Although organic Mg showed no significant correlation with most major soil variables, it was moderately and
significantly associated with acid-soluble Mg (r = 0.633*, p < 0.05), indicating that organic complexes contribute
partly to the more labile Mg pool. Organic Mg also showed moderate but non-significant correlations with
exchangeable Mg (r = 0.497), soluble Mg (r = 0.510), and soluble Ca (r = 0.501), suggesting that soils richer in organic
Mg tend to have higher levels of readily available cations. This pattern highlights an important functional role: even
though organic Mg is quantitatively small, it may influence Mg mobility and short-term nutrient cycling because
organic matter can bind, protect, and gradually release Mg?* into exchangeable or soluble forms. Thus, the
relationships though not always statistically significant suggest that organic matter contributes indirectly to
maintaining Mg availability and its interactions with competing cations such as Ca?* in the soil solution.

Table 3: Some chemical properties of studied soils.
Soil Active

No.  Soil Samples PH dSE. %_l C;% (_)13 C;alfg(_)ls ; kg/ll cmcc:)lif(:g'l
1 Baedra 7.63 0.47 90.9 8.64 43.9 32.68
2 Sulav 7.45 0.28 25.1 2.51 29.0 22.95
3 Rashank 7.26 0.15 15.7 0.79 18.0 20.42
4 Sarsing 7.47 0.43 28.2 1.97 49.0 26.39
5 Qadish 7.50 0.47 50.8 2.41 39.7 29.94
6 Heteet 7.16 1.02 3.8 0.10 13.8 16.96
7 Darhozan 7.57 0.25 66.7 4.17 20.6 24.37
8 Mabhet 7.58 0.55 101.7 10.93 24.1 31.02
9 Girguran 7.68 0.32 37.8 2.46 24.8 33.56
10 Zawita 7.49 0.21 47.8 3.59 47.4 27.36
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Table 4: Pearson Correlation Coefficients between Soil Physicochemical Properties and Cations and

Anions.

lons pH EC CaCO;s (A:ggées oM CEC
K 0.208 0.144 0.077 0.040 0.620* 0.351
Mg -0.104 0.544 0.079 0.179 -0.215 -0.097
Ca -0.372 0.963** -0.029 0.07 -0.241 -0.268
Na 0.105 0.420 0.415 0.556 -0.131 0.195
cl -0.412 0.867** -0.030 0.130 -0.497 -0.330
HCOs -0.432 0.858** -0.033 0.076 -0.325 -0.255
SO, -0.268 0.852%* -0.196 -0.140 0.007 -0.101

3.2.2 Acid-soluble Mg

The acid soluble fraction measures the potentially available/non-exchangeable forms present in the soil [34]. This
fraction of magnesium ranged from 34.89 - 122.74 mg. kg? soil (Table, 5), noted in Heteet and Sarsing soils
respectively. The alteration between these values due to the change of decomposition of organic matter and releases
organic acid affect the minerals weathering in investigated soils. This range of acid—soluble magnesium accounted to
(34.67 to 52.43) % of the total magnesium.

Table 5: Chemical forms of magnesium in studied soils.

Soil  Soil Samples Magnesium (mg. kg™

No.
Total Mineral Exchangeable Acid. soluble Organic

1 Baedra 178.29 64.13 30.07 77.94 6.15
2 Sulav 181.12 101.12 33.94 39.91 6.15
3 Rashank 117.59 36.13 13.48 61.80 6.19
4 Sarsing 234.09 65.43 32.88 122.74 13.04
5 Qadish 148.47 44.80 20.32 75.48 7.85
6 Heteet 100.64 46.16 13.59 34.89 6.00
7 Darhozan 161.49 57.13 23.85 71.01 9.51
8 Mahet 165.79 52.97 34.78 64.92 13.12
9 Girguran 144.13 50.06 25.67 60.77 7.63
10 Zawita 153.72 32.41 26.79 80.90 13.62

In Table (6) shown High positive significant relationship between acid-soluble Mg and organic matter (r= 0.756**)
and positive significant correlation with potassium (r= 0.690*) and organic Mg form (r= 0.633*). Similarly, [14]
reported that 2.02 to 56.12% of the total magnesium in different soils was present in the acid-soluble fraction.
According to [13], the mean acid-soluble Mg content (cmol kg') was 3.69+0.31, with a range of 2.52 to 5.25. Acid-
soluble Mg made up 28.23% of the soils' total Mg content. In general, there was more acid-soluble Mg than magnesium
exchangeable. With r = 0.487* and r = 0.532* (P < 0.05), respectively, acid-soluble Mg had a significant and positive
correlation with mineral Mg and total Mg. It made up 40.04 % of the soils' magnesium total content. Additionally,
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strong correlations between organic matter (r=0.756*) and acid-soluble magnesium and soluble K* (r=0.690*) were
discovered, suggesting that organic ligands with easily accessible nutrient pools influence magnesium bound to
soluble fractions. According to [ 12], organic acids in the soil can increase the solubility of magnesium from mineral
fractions, thereby increasing plant availability.

Table 6: Pearson Correlation Coefficients between Magnesium Fractions and Soil Physicochemical
Properties and Soluble lons

. . Total Mineral Exchangeable Acid- Organic
Soil properties soluble
Mg Mg Mg Mg Mg
pH 0.509 0.193 0.666* 0.357 0.304
EC -0.277 -0.046 -0.219 -0.289 -0.167
CaCOs; 0.314 0.016 0.547 0.237 0.358
Active CaCO; 0.313 0.112 0.622* 0.135 0.346
Clay -0.078 -0.073 0.258 -0.132 -0.083
Silt 0.319 0.100 0.537 0.202 0.194
Sand -0.124 -0.010 -0.441 -0.029 -0.054
oM 0.692* 0.077 0.511 0.756** 0.461
CEC 0.403 -0.013 0.559 0.399 0.293
o K* 0.553 0.046 0.216 0.690* 0.283
S w Mg?* 0.093 0.020 -0.183 -0.037 0.510
5 3 Ca? -0.083 -0.016 0.520 0.094 0.501
° g Na * 0.285 0.128 -0.330 -0.239 -0.221
=532 CI -0.025 0.004 -0.313 -0.239 -0.221
=c HCO;" -0.380 -0.263 -0.223 -0.273 0.091
« SO~ -0.152 0.061 -0.223 -0.151 -0.410
Total-Mg 1.000 0.558 0.826** 0.729** 0.491
Mineral-Mg 0.558 1.000 0.614* -0.128 -0.231
Exchangeable-Mg 0.826** 0.614* 1.000 0.365 0.497
Acid-soluble-Mg 0.729** -0.128 0.365 1.000 0.633*
Organic-Mg 0.491 -0.231 0.497 0.633* 1.000

*=significantat p < 0.05
**= significantat p < 0.01

3.2.3 Exchangeable Mg

Exchangeable magnesium, which includes Mg soluble in water and that retained on clay and organic soil particles
(IPF, 2021), represented a minor fraction of the total magnesium in the studied soils. Rashank and Mahet soils
exemplified the lower and higher exchangeable Mg content, respectively, reflecting site-specific differences in mineral
and organic matter exchange sites (Table 5). Overall, exchangeable Mg showed significant positive correlations with
soil pH and active CaCOg3, indicating that alkaline conditions and carbonate activity favor its retention on soil colloids.
It also exhibited positive but non-significant associations with CEC, total CaCOs, silt content, exchangeable Ca,
organic matter, and organic Mg (Table 6). These patterns suggest that although exchangeable Mg is a small pool, it
plays a key role in short-term magnesium availability and mobility in soils.
Only 45% of the variation in exchangeable magnesium could be accounted for by a combination of pH and clay
content, according to [34], who also found that there was no significant (P > 0.05) correlation between exchangeable
magnesium and organic carbon. The diffuse layer's cationic exchangeable magnesium particles, which are
electrostatically adsorbed to negatively charged soil particles, make up the easily interchangeable magnesium forms
[35]. According to [13], exchangeable magnesium had a mean of 1.36+0.17 cmol kg™* and ranged from 0.64 to 2.10
cmol kg, It was responsible for 3.38 to 38.78 percent of the soils' exchange capacity, and made up 13.99% of the
soils' total magnesium content.
Exchangeable magnesium (Mg?*) was significantly correlated with soil pH (r = 0.666*), silt content (r = 0.537*), and
cation exchange capacity (CEC, r = 0.559%), suggesting that soils with higher pH and finer textures are more effective
at retaining magnesium on exchange sites, as higher pH in calcareous soils reduces the risk of Mg leaching and
enhances its availability to plants. In addition, the positive correlation between exchangeable Mg and soluble calcium
(r = 0.520%) indicates that divalent cations may compete or cooperate at these exchange sites, a behavior commonly
observed in calcareous systems. These findings align with previous research showing that higher pH and finer soil
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textures improve cation retention and magnesium availability [36,37], and that interactions between calcium and
magnesium at exchange sites can strongly influence divalent cation dynamics [38, 39].

3.2.4 Mineral Mg

The mineral fraction is linked to the more resilient primary minerals and clay lattice structure of the soils [36]. The
majority of the total magnesium is found in the non-exchangeable fraction, which is made up of magnesium derived
from primary minerals and secondary clay minerals [13]. In studied soils low and high amount of mineral Mg in
studied soil are 32.41 to 101.12 mg. kg* demonstrated in Zawita and Sulav soils respectively (Table, 5). It may be the
differences between soils of mineral Mg due to variation of quantity and quality clay minerals in soil structure. This
number of mineral magnesium kinds up 21.08 to 55.83 out of a hundred of the total Mg. The statistical analysis showed
positive significant relationship with exchangeable Mg (0.614*), while non-significant correlation noted between
mineral Mg with the all properties of studied soils (Table, 6).
The minerals, from which the soil is formed, such as biatite, olivine, chlorite, and dolomite, as well as clay minerals
like montmorillonite and vermiculite, contain the majority of the magnesium in the soil in non-exchangeable forms
that are not directly accessible to plants [16]. According to [13], the average mineral Mg content (cmol kg™?) of the
soils was 3.86+0.33, with a range of 2.94 to 5.04. It comprised the largest portion of total Mg. There was a significant
and positive correlation between mineral Mg and total Mg, with r = 0.834** (P < 0.001).
It has been shown that non-exchangeable magnesium can be released gradually under a range of circumstances, but
the amount of magnesium dissolved in these minerals is frequently insignificant when compared to the amounts
needed to maintain high crop yields for several years. Both the interlayer material and the octahedral clay layers may
be the source of this non-exchangeable magnesium. This gradual release of magnesium might be enough to restore
the soil solution and satisfy the nutritional needs of plants in low-productivity agriculture [40]. According to [41], the
mineral magnesium and acid-soluble magnesium were the two main fractions found in south Indian lateritic soils.

3.2.5 Total Mg

The total magnesium in the soil can be separated into three fractions: (1) exchangeable, which is electrostatically
adsorbed by soil mineral and organic colloids; (2) non-exchangeable, which is found in the mineral structure; and (3)
free ions in the soil solution, which range in concentration from 5 to 50 mg. L [42].
The total magnesium content of the investigated soils ranges from 100.64 mg kg™ in the Heteet soil to 234.09 mg kg
Lin the Sarsing soil (Table 5). While there was a non-significant positive correlation between total magnesium with
potassium K (r=0.553), pH (r=0.509) and CEC (r=0.403), whereas positive significant relation noted with organic
matter (r= 0.692%*) of the soils under study (Table, 6), the statistical analysis with Mg fractions revealed a high positive
significant relationship with exchangeable magnesium (r=0.826**) and acid-soluble Mg (r=0.729**) however positive
non-significant correlation noted to mineral Mg (r=0.558) and organic Mg(r=0.491).
The strong correlation with K further supports earlier findings that cations may compete for exchange sites,
particularly in soils with high fertility potential [43]. The average total Mg content (cmol kg™) of the soils was
9.65+0.79, with a range of 7.35 to 12.60, and the total Mg influenced by parent materials. The amounts of Mg present
in various chemical forms in the soils could be ranked in the following order: mineral Mg > acid Mg> exchange Mg>
organic Mg. Mineral Mg made up the largest fraction of total Mg in the majority of the soils. This could suggest that
the majority of magnesium is found in primary minerals, where it is a component of their fundamental structure.
Positive significant correlation distinguished with acid-soluble Mg (r = 0.532*) and mineral Mg (r = 0.834**) and
positive non-significant to exchangeable and organic Mg [13]. The combined impact of cation exchange and soil
fertility on the total magnesium pool was demonstrated by the strong correlations between total Mg and exchangeable
potassium (K*) (r = 0.848**) and organic matter (r = 0.692**). This finding is consistent with that of [ 12], who found
that organic matter increases magnesium's bioavailability and retention by forming stable complexes with it.
Overall, these results indicate that different magnesium fractions respond to specific soil properties and cation-anion
interactions. Exchangeable magnesium is largely determined by soil texture and cation exchange capacity, while total
magnesium is influenced by organic matter and exchangeable cations. Acid-soluble and organic magnesium fractions
are shaped by the availability of other reactive soil components. Understanding these relationships is important for
managing magnesium availability in calcareous soils, as it helps guide fertilization and soil amendment practices to
optimize nutrient supply for crops [14, 12, 44].

Conclusion

This study shows that magnesium in the investigated soils is predominantly present in the mineral and acid-soluble
fractions, with smaller amounts in exchangeable and organic forms. The dominance of mineral Mg suggests that much
of the soil magnesium is relatively unavailable for immediate plant uptake, highlighting the importance of soil
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management practices that enhance the more labile fractions. Soil pH, calcium carbonate, and organic matter were
key factors influencing magnesium distribution and mobility, and the observed positive correlations between
exchangeable magnesium and these parameters indicate that modifying these properties can improve Mg
bioavailability in calcareous soils. These findings provide practical guidance for farmers: incorporating organic
amendments, optimizing cation exchange capacity, and carefully managing liming and fertilization can enhance
nutrient retention and crop productivity.

However, this study was limited to a single sampling period and did not include measurements of plant uptake, so the
seasonal dynamics and crop interactions with magnesium remain unexamined. Seasonal variations, crop growth
stages, and soil moisture fluctuations could significantly alter the availability of magnesium and the relative
contributions of each fraction. Future research should involve long-term trials across multiple seasons and cropping
systems, monitoring both soil Mg fractions and plant uptake, to develop more precise management recommendations.
Such studies would allow a clearer understanding of how soil properties and management interventions influence
magnesium cycling and crop nutrition over time.
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