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Clay minerals represent the most 

significant fraction among soil 

colloids due to their high contribution 

to soil surface charge. This 

importance is particularly evident in 

2:1 clay mineral, which possess 

permanent negative charges, whereas 

1:1 clay mineral predominantly 

exhibits pH-dependent charges (5). 

X-ray diffraction results reported by 

(6) for the clay fraction revealed the 

presence of chlorite, illite, kaolinite, 
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and palygorskite minerals. In 

contrast, (7) indicated that the 

mineralogical composition of Iraqi 

alluvial soils consists mainly of 

montmorillonite, mica, chlorite, and 

minor amounts of quartz, 

palygorskite, vermiculite, and calcite, 

in addition to smectite groups and 

mixed-layer minerals. Based on the 

aforementioned findings, the present 

study aims to investigate the role of 

groundwater fluctuation in driving 

clay mineral transformations in soils 

exposed to prolonged groundwater 

movemen

Materials and Methods 

The study area was selected within 

agricultural lands located in Babil 

and Al-Diwaniyah provinces. One 

representative soil site was chosen 

from each province based on the 

following criteria: 

Site 1: Babil Province 
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No. Site 
Soil affected by 

groundwater salinity 
pH 

EC 

(dS/m) 

Ca²⁺  

(Meq/L) 

Mg²⁺  

(Meq/L) 

Na⁺  

(Meq/L) 

K⁺  

(Meq/L) 

Cl⁻  

(Meq/L) 

HCO₃ ⁻  

(Meq/L) 

CO₃ ²⁻  

(Meq/L) 

SO₄ ²⁻  

(Meq/L) 

1 

Babil 

slight influence 60.5 0.00. 90.00 10.00 34.021 .023 202.00 60.. 0.00 3.062 

2 Moderately affected 506. 3.700. 500.00 848.00 07501. 30.6 1332.00 340.. 0.00 076016 

3 
Saturated with saline 

groundwater 
5034 36205. 280.00 290.00 437031 3031 891.00 70.. 0.00 07.004 

4 

Al-

Diwaniyah 

slight influence 5051 4303. 20.00 70.00 074043 .026 315.00 010.. 0.00 27032 

5 Moderately affected 5035 5403. 100.00 82.00 104043 .065 435.00 350.. 0.00 35026 

6 
Saturated with saline 

groundwater 
5033 5101. 108.00 84.00 10401. .065 445.00 320.. 0.00 4.036 

Results and Discussion 

Clay minerals were identified based 

onط variations in their X-ray 

diffraction (XRD) patterns following 

treatments with magnesium saturation, 

ethylene glycol solvation, potassium 

saturation, and thermal heating, as 

described by (8). 

X-ray diffraction results for the first 

site in Babil Province revealed the clay 

mineral assemblages of the soil 

samples representing the three 

groundwater salinity conditions (low 

salinity, fluctuating, and continuously 

saturated), as illustrated in Figures (1, 

2), and (3), respectively. Figure (1) 

presents the XRD patterns of the clay 

fraction from the Babil site for the soil 

sample minimally affected by 

groundwater salinity. The 

treatment, 

corresponding to palygorskite. The 

intensity of this reflection decreased 

after potassium saturation and heating 

to 350 °C and further declined upon 

heating to 550 °C. This behavior is 

attributed to the removal of channel 

water from the internal structure of 

palygorskite as temperature increases 

(9). 

Illite was identified by a stable basal 

reflection at 10.19 Å observed across 

all treatments, which remained 

unchanged even after heating to 550 
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°C. Furthermore, a reflection at 7.09 Å 

was detected under magnesium 

saturation, air-dried conditions, 

ethylene glycol treatment, potassium 

saturation, and heating to 350 °C, but 

disappeared after potassium saturation 

and heating to 550 °C. This reflection 

corresponds to kaolinite. 

 

Figure 1. XRD patterns of the clay fraction from the Babil site for the soil 

sample 

°C. In addition, a 

reflection at 7.10 Å was detected 

under magnesium saturation, air-

dried conditions, ethylene glycol 

treatment, potassium saturation, and 

heating to 350 °C, but disappeared 

after potassium saturation and 

heating to 550 °C, which is 

characteristic of kaolinite. 

Comparison between Figures (1) and 

(2) shows noticeable variations in 

the intensity, peak shape, and peak 

broadening of the 14.14 Å reflection. 

These changes indicate 

mineralogical transformations within 
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the chlorite structure. This 

interpretation is further supported by 

variations in the illite reflections and 

the emergence of montmorillonite 

peaks, suggesting favorable 

conditions for montmorillonite 

formation (Table 1) (10). 

Additionally, broadening of the 

palygorskite peak was observed, 

reflecting changes in its crystallinity 

under fluctuating groundwater 

salinity conditions. 
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conditions 

as well as after ethylene glycol 

treatment, corresponding to 

palygorskite. The intensity of this 

reflection decreased after 

potassium saturation and heating to 

350 °C and further declined upon 

heating to 550 °C. Additionally, a 

reflection at 7.80 Å was identified 

under magnesium saturation and 

air-dried conditions and is 

attributed to gypsum. The 

occurrence of gypsum is associated 

with high concentrations of 

calcium and sulfate ions, which are 

essential for gypsum formation 

(Table 1), in addition to the 

prolonged exposure time and the 

arid to semi-arid climatic 

conditions characterizing the study 

area. 

Furthermore, a reflection at 7.09 Å 

was observed under magnesium 

saturation, air-dried conditions, 

ethylene glycol treatment, 

potassium saturation, and heating 

to 350 °C, but disappeared 

following potassium saturation and 

heating to 550 °C. This reflection 

is characteristic of kaolinite. These 

findings are consistent with those 

reported by (11). 

 

 

Figure 3. XRD patterns of the clay fraction from the first Babil site for the 

soil sample continuously saturated with saline groundwater. 

Based on the above results, 

prolonged exposure of soils to 

groundwater (Sample 3) over an 

extended period (approximately 15 

years) led to the formation of 

swelling-type chlorite under heating 

treatments at 350 °C and 550 °C, as 

indicated by the increased intensity 

and relative 
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reflection at 

7.83 Å corresponding to gypsum was 
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detected under magnesium-saturated 

and air-dried conditions. The 

intensity of this reflection was higher 

than that observed in the intermediate 

sample shown in Figure (5), 

reflecting increased gypsum 

accumulation under continuous 

groundwater saturation. 

Furthermore, a reflection at 7.14 Å 

was observed under magnesium 

saturation, air-dried conditions, 

ethylene glycol treatment, potassium 

saturation, and heating to 350 °C, but 

disappeared following potassium 

saturation and heating to 550 °C (33).  

 

 

Figure 6. XRD patterns of the clay fraction from the Al-Diwaniyah site for the 

soil sample continuously saturated with saline groundwater. 

Based on the above results, 

mineralogical transformations 

involving 2:1 clay mineral were 

observed, leading to the formation of 

smectite and montmorillonite under 

favorable conditions for their 

development, as summarized in Table 

(1). The intensity of these minerals 

increased with increasing 

groundwater salinity saturation. In 

addition, palygorskite was detected; 

however, its intensity decreased and it 

eventually disappeared in the soil 

sample continuously saturated with 

saline groundwater. This trend reflects 

the combined influence of drying and 

prolonged groundwater salinity, 

which promotes palygorskite 

accumulation in surface soils 

minimally affected by groundwater 

salinity. 

In contrast, gypsum formation was 

most pronounced in surface soils with 

slight influence, followed by the 

permanently saline-saturated zone, 

and was least abundant in the 

fluctuating groundwater zone. This 

distribution may be attributed to 

gypsum accumulation at the soil 

surface as a result of evaporation, as 

well as its presence in the saturated 

zone, whereas its reduced content in 
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the fluctuating zone is likely due to 

salt translocation without 

accumulation, resulting in lower 

gypsum concentrations. 

The persistence of the 7.24 Å 

reflection after heating to 550 °C 

indicates the second-order reflection 

of chlorite, providing evidence for the 

formation of swelling chlorite. This 

transformation is attributed to the 

deposition of internal carboxyl 

interlayers between the sheets of 2:1 

clay mineral. This interpretation is 

further supported by the high 

concentrations of magnesium ions 

reported in Table (1) and the XRD 

patterns shown in Figures (4), (5), and 

(6). 
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