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Abstract 

The particle size distribution of soils greatly influences their mechanical and hydraulic behavior. Therefore, it is 

necessary to adequately characterize soils by applying standardized or alternative methods with a high level of 

precision. Diatomaceous soils are the product of sedimentation of fossilized frustules. They have a high silica 

content, a particle size ranging from nano to micro, and varied morphologies. These soils have particular 

properties, such as high porosity, low density, and great absorption capacity, and exhibit unusual geotechnical 

behavior. The distribution of particle sizes and its relationship with soil strength and compressibility have not 

been extensively studied. The distinctive nature and sizes of these particles necessitate identification and 

characterization through microscopic observation. In this study, we determined the particle size distribution of 

three diatomaceous soils of different origins (Colombia, Mexico, and Peru) and morphological characteristics 

using the traditional hydrometry method. These results were contrasted with the size distribution obtained from 

scanning electron microscopy (SEM) image processing and analysis. The goal of this study is to determine a 

possible correlation between the two methodologies so that size assessments can be performed efficiently and 

effectively. The results revealed differences between diatom species, and a significant numerical adjustment was 

established between the methods for samples of Colombian and Mexican origin.  
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Introduction 

Diatoms are microscopic algae with a siliceous skeleton called a frustule [1], [2] that form in aquatic environments 

[3], [4], [5], soils, and moist surfaces [6] [7]. Their reproduction depends on the physical and chemical conditions 

of the environment in which they live (turbidity, temperature, light, pH, nutrients, salinity) [8]. 

Diatom soils originate from the sedimentation of frustules [4]. Frustules, composed mainly of silica [9], undergo 

deterioration or dissolution [10], fracturing due to friction and crushing due to geostatic loads, which modifies the 

size of their particles. Typical sizes range from 20 to 200 μm [11], [12], [13]. 

The size of DS particles generally ranges from 0.002 mm to 0.075 mm. Frustules induce changes in the liquid 

limit (LL) of the soil [14], [15], the plasticity index (PI) [16], and the effective friction angle (ϕ´) [17], [18]. The 

size of the fossils determines the forces that govern at the micro and nano scales (capillarity, electrical, attraction, 

repulsion) [19]. 

Fine soils (silts and clays) are defined by their behavior and particle size [20]. Soils with representative fossil 

content cannot be explained by typical methods related to organic or inorganic soils. Methods based on plasticity 

(Casagrande) are inadequate for categorizing DS [5], [21], [22], [23]. The results obtained with FS are unexpected 

and do not agree with classical theories of soil mechanics, and they exhibit problematic or uncertain engineering 

properties [24], [25], [26], [27]. DS should be considered a separate soil type [28], and a new classification system 

should be created for “fossil-bearing soils” [21], [29]. 

The characterization of DS should include microscopic analysis [20], [30] in order to recognize fossil conditions. 

Scanning electron microscope observation [5], X-ray diffraction (XRD), and porosimetry tests facilitate 

understanding of the soil when regular mechanical tests are not sufficient [20], [31]. 

 The size of the frustules defines the magnitude of the pores, density, water storage capacity [32], and surface 

patterns. In most cases, DS are complemented by small fractions of sand (>0.075 mm) and clays (<2 µm). The 

clay fractions could be fragments of frustules rather than phyllosilicates or alumina flakes (clays such as kaolinite, 

illite, montmorillonite, smectite) [31]. Therefore, the fossil concentration in DS could be greater than 50% [33]. 

Artificial intelligence and image processing methods are increasingly being adopted in geotechnical studies, 

particularly to determine physical properties, predict mechanical responses, define particle shape (sphericity, 

roundness, roughness) [34], establishing sand, silt, and clay fractions [35], describing soil texture [36], and 

determining the influence of cyanobacteria on soil crack patterns [37]. 

These applications are driven by time and cost savings (image analysis vs. conventional laboratory testing), by 

the understanding of the physical response of a material at the micro and nanoscale, and by the possibility of 

quantifying the organization of particles within the soil [38]. 
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Image processing methods provide more detailed data and make it easier to understand soil structure and 

heterogeneity. The information obtained through these techniques can improve efficiency (large volumes of data) 

in industrial and environmental applications.  

The objective of this research was to determine the particle size distribution of the studied diatomaceous soils 

(Colombia, Mexico, Peru) by means of the traditional hydrometry method and to contrast it with the distribution 

obtained from the processing and analysis of scanning electron microscopy (SEM) images. This is in order to 

propose possible correlations between the two methodologies and to assess particle sizes in an assisted and 

efficient way.  

 

Materials And Methods 
The hydrometry tests and scanning electron microscopy observations were carried out on samples of frustular 

soils from three different origins (Colombia, Peru and Mexico) which on a micro scale stood out for having 

distinctive morphologies (Figure 1). This is derived from the differentiation of species in the diatoms that 

originated each soil.  

 

a)

 

b)

 
 

c)

 

 

a) Colombia 

Aulacoseira Granulata _ centric, cylindrical 

monospecies 

Length (μm): 5.19–38.66; Diameter (μm): 4.04–23.97 

(b) Mexico  

Cyclostephanos tholiformis _ centric, disc-shaped 

monospecies Diameter (μm): 3.09–28.52 

 (c) Peru   

Thalassionema nitzschioides _ elongated, 

symmetrical Width (μm): 0.96–5.42. 

Description of species taking as a reference what is 

presented in Ref.    [39]  

 

Figure 1. Identification of the species of diatoms 

analyzed. 

 

Each of the soils was subjected to a process of agitation (30 cycles) and mixed within a liquid medium (regular 

water), in a soil:2 volumetric ratio of 1:2, and its subsequent rest (7 days) within columns that allowed the 

progressive sedimentation of the particles, with the understanding that those of greater size and weight would 

precipitate with a greater rate to the deepest part of the cylindrical container (diameter 3 inches,  total mixing 

height 90 cm).  

In this way, and once the soil was settled, the excess water was extracted and the soil column was removed, which 

was divided into three fractions of equal height (deep, medium, upper), each of which was associated with an 

expected particle size, that is, in the deep part the highest concentration of large size (whole frustules) was 

expected.  while in the upper part the highest content of fine material (clay or fossil fragments) was expected. 

The separated soil fractions were subjected to drying and then the procedure described in the INV E 123-13 

standard in order to determine the size and distribution of particles in soils by hydrometer for particles less than 

75 μm. A total of twenty-seven particle size records were obtained, nine for each type of soil, and three for each 

fraction. 

Subsequently, each fraction (upper, middle, lower) of each soil type was observed by Scanning Electron 

Microscope (SEM) in a variable magnification range between 400X – 13000X. The condition selected for the 

comparative analysis was 1600X (scale that allows the identification of details in individual particles with and the 

interaction between them, by simple contact or agglomeration _ approximate area 7842 μm² ) 
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The MEB used is of the Carl Zeiss Evo HD 15 reference, which has a LaB6 emitter (lanthanum hexaboride) and 

uses the "Smart SEM version 5.07" software. Analyses were performed in low-vacuum mode to preserve sample 

integrity. Previously, the samples were gold-coated using a Quorum Q150R ES metallizer to ensure good 

conductivity and image quality, and to minimize loading effects. 

Once the images were defined, they were processed in the "Image J" software (version 1.53). On the duplicate of 

each of them, the scale was fixed and the conversion to 8-bit format was made, which allowed a binarization 

process to be applied. Then a triple erodation was applied, gaps were filled, and finally the particle analysis 

(calculation of areas) was done. 

The ImageJ software and this type of procedures have previously been applied to the study of diatom frustules, in 

particular to assess areas of areolas and to project the profiles of the surfaces of the fossil, which is relevant in this 

study  [40]. 

 

a)

 

b)

 
Figure 2. Example of the sequence in the processing of images _ Colombian species. 

a) Initial condition _ Microscopy imaging b) delimitation and counting of particles. 

 

 

RESULTS 

Next, the results of the distribution of particle sizes obtained by the hydrometry method and by image processing 

in each soil (Colombia, Mexico, Peru) are presented, discriminating each of the phases: fine, medium, coarse 

(Figure 3). 
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Figure 3. Particle size distribution discriminated by origin and fraction. 

 

Figure 4 shows the superposition of the curves of both methods (hydrometry – microscopy) for each of their 

phases, as well as the projection of the trend lines that best describe their behavior with r2 values greater than 

0.82. The latter are useful in the calculation of differences and in the determination of adjustment factors. 
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Figure 4. Method overlay and trend lines. 

 

Once the corresponding adjustment models were applied to the particle diameter detected in the image processing, 

the curves of both methods were approximated, finding a good correspondence in the samples of Colombian and 

Peruvian origin. However, in the Mexican sample the adjustment was not positive given the difference not only 

in the particle size but also in the percentages of material that would pass in each size (Figure 5). 
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0.6689 
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Figure 5. Adjustment of curves between Microscopy-Hydrometry methods 

 

Conclusion 

• The evaluation carried out by scanning electron microscopy allowed to obtain detailed images of the particles 

present in the diatomaceous soils, identifying frustules belonging to different species. The variations observed in 
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morphology and size between species facilitated their classification, contributing significantly to the 

understanding of the distribution of particles in these soils. These findings offer a solid basis for future studies on 

the ecological and sedimentary characteristics of diatomaceous soils. 

• The results obtained show that, although there is a correlation (for the Colombian and Peruvian sample) 

between the distribution of particle sizes measured by hydrometry and the dimensions determined by scanning 

electron microscopy (image processing), the latter method proved to be more detailed in the characterization at 

the particle level since the individual dimension can be observed,  but the hydrometry turns out to be more detailed 

in terms of the total distribution of the soil mass. The high resolution and discrimination capacity of microscopy 

techniques allow the identification of morphological and dimensional variations that hydrometry cannot capture, 

positioning them as fundamental tools for advanced studies of particle characterization and validation of 

traditional physical methods. 

• Based on these results, it is recommended to prioritize the use of image processing techniques in research that 

requires high resolution and precision in the characterization of particles, as well as to develop complementary 

studies that explore the application of predictive models and multivariate analysis to optimize the integration 

between physical and digital methods in the analysis of diatomaceous soils. 
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