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Abstract | Grain size and shape significantly influence sediment transport and deposition, so accurate characterization 
is essential for understanding depositional dynamics. Biogenic carbonate grains, such as skeletal fragments, exhibit 
irregular morphologies that challenge traditional, single-diameter-based size estimates. To better characterize these 
non-spherical grains, two- or three-dimensional analyses are required. Micro-computed tomography (micro-CT) offers 
high-resolution, three-dimensional models of individual grains, enabling accurate quantification of volume, projection 
area, and shape. However, the high cost and limited accessibility of micro-CT in standard sedimentology labs hinder 
its widespread use. This study compares caliper measurements, sieve analysis, static image analysis (SIA), and dynamic 
image analysis (DIA) against a micro-CT reference dataset for sand-sized skeletal carbonate grains. We assess the 
accuracy of each method in capturing key grain properties relevant for hydrodynamic and geomechanical modeling, 
including volume, maximum projection area, nominal diameter, and Corey shape factor. We also evaluate the potential 
of predicting a grain’s third dimension based on its maximum projection dimension, as measured through SIA of loose 
grains and thin sections. A regression model comparing SIA to known micro-CT values yields 72–78% accuracy. Results 
show that methods relying on axial dimensions systematically overestimate volume and maximum projection area. DIA 
tends to oversimplify grains as spherical, while SIA on thin sections may underestimate grain size due to slicing orientation 
effects. This study highlights the advantages and limitations of various measurement techniques and underscores the 
importance of selecting appropriate grain measurement techniques in sedimentological research.
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Lay summary | Sediment grains are present in various natural depositional and anthropogenic environments and 
engineering structures. These grains often have irregular shapes, making it difficult to measure their size and shape 
accurately using traditional methods. While micro-computed tomography (micro-CT) can capture precise 3D models 
of individual grains, it is expensive and not widely accessible. This study compares the accuracy of more accessible 
measurement techniques, including caliper measurements and both static and dynamic image analysis, against micro-
CT as the reference standard. The implications of accurate grain dimensions are far-reaching because they impact 
the prediction of the movement of sediment in natural and artificial flows. Such hydrodynamic distribution governs 
depositional-process dynamics that are crucial for reconstructing sediment dispersal patterns in nature and engineering 
projects. Our results indicate that most methods mis-estimate volume and maximum projection area, particularly for 
more complex shapes, whereas micro-CT provides the most accurate measurement of carbonate grains. Based on these 
findings, a possible method is proposed for obtaining the three-dimensional grain size and shape properties from two-
dimensional projection measurements where limited information is available.
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 1. Introduction

Sedimentary deposits in natural environments and engi-
neered structures are composed of grains (i.e., particles) 
of mixed sizes and shapes. Sediment mobility depends 
on these grain properties (Krumbein, 1942; Yordanova 
and Hohenegger, 2007). Hence, quantification of grain di-
mensions is crucial for understanding sediment transport 
dynamics in depositional systems (Folk & Robles, 1964; 
Pilkey et al., 1967; Maiklem, 1968; Mulder & Alexander, 
2001; Hawie et al., 2019; Cassel et al., 2021), as well as in 
the assessment of material properties in engineering ap-
plications (Walsh, 1988; Ghoddousi et al., 2014). For exam-
ple, the hydrodynamic behavior of sediment grains and 
the depositional character of sediment accumulations rely 
on the accurate description of the interaction between 
grain characteristics (e.g., size, shape, density) and fluid 
properties (e.g., flow velocity, viscosity, flow confinement) 
(Stokes, 1851; Maiklem, 1968; Stingham et al., 1969; see 
De Kruijf et al., 2021 for review).  In addition, the quality 
of subsurface reservoirs, relevant for the exploitation of 
aquifers, hydrothermal and petroleum accumulations, as 
well as carbon and hydrogen storage potential, depends 
on the distribution of sediment-grain properties (e.g., 
Worden et al., 2018). 

Sediment grains are traditionally modeled as spheres 
(Stokes, 1851; Clift & Gauvin, 1971) or ellipsoids (Krumbein, 
1942; Komar and Reimers, 1978; Baba and Komar, 1981; 
Smith and Cheung, 2003; Blott and Pye, 2008), which may 
be appropriate if sediment is composed of equant grains, 
such as siliciclastic grains that have undergone significant 
abrasion during transport (Maiklem, 1968; Braithwaite, 
1973). Other sediment types like carbonates and volcanics 
are typically composed of irregular grains, which may be 
flat or elongated and may contain sharp grain corners, and 
for which a spherical grain model is inadequate (Bagheri 
et al., 2015, Sun et al., 2017). Irregular grain shapes influ-
ence the hydrodynamic behavior of sediments, in addi-
tion to density and shape variation (Folk & Robles, 1964; 
Pilkey et al., 1967; Yordanova & Hohenegger, 2007; Ford & 
Kench, 2012; De Kruijf et al., 2021). Density is particularly 
complex in skeletal carbonate grains due to intricate in-
ternal structures, such as chambers and micro-porosities, 
which modify the grain density (De Kruijf et al., 2021). This 
study focuses on the influence of grain shape and does 
not extend to the effects of density variability.

Various grain-shape descriptors have been proposed, 
commonly based on the ratios between grain axes to de-
scribe grain form (e.g., Clark, 1981; Le Roux, 1997; Blott 
and Pye, 2008; Wang et al., 2018; Riazi and Türker, 2019; 
De Kruijf et al., 2021). These axes may be treated as either 
mutually perpendicular or not, depending on the method 
used (Blott and Pye, 2008; Bagheri et al., 2015). However, 
the complexity of irregular sediment grains is insufficient-
ly captured by these first-order descriptors of grain form 
(Griffiths, 1967; Barrett, 1980), necessitating the introduc-
tion of higher-order shape parameters that address the 

roundness of grain corners (Bowman et al., 2001; Oakey et 
al., 2005), and surface texture (Pettijohn, 1957). 

Common techniques for the measurement of grain size, 
and in some cases also grain shape, include sieve analy-
sis (Komar & Cui, 1984), caliper measurements (Blott and 
Pye, 2008; Bagheri et al., 2015), static image analysis (Al-
Rousan, 2004; Al-Rousan et al., 2007; Buscombe et al., 
2010), dynamic image analysis (Patchigolla and Wilkinson, 
2009; Van Hateren et al., 2020; Buckland et al., 2021; Zhang 
et al., 2021), and micro-computerized tomography (i.e., 
micro-CT; Carlson et al., 2003; Cnudde and Boone, 2013; 
Maroof et al., 2020; Payton et al., 2022, 2024; Slootman et 
al., 2023; Houghton et al., 2024). Each of these methods 
has advantages and disadvantages: some techniques are 
laborious, time-consuming, computationally expensive, 
subjective in nature, or limited in their ability to differen-
tiate among aggregate characteristics (see review in De 
Kruijf et al., 2021). The most accurate technique for char-
acterizing sediment size and shape is arguably the acquisi-
tion of high-resolution grain models using micro-CT, from 
which detailed grain size and shape descriptors can be 
obtained. However, micro-CT analysis is more costly, da-
ta-intensive, and labor-intensive compared to other meth-
ods and is not commonly available in standard sedimen-
tology laboratories.

The intricacies of grain-size and grain-shape determination 
are particularly relevant for biogenic carbonate sediments 
produced in tropical and cool-water carbonate environ-
ments (e.g., Schlager, 2003; Reijmer, 2021), comprising a 
major part of the world’s modern and ancient ocean floors 
(Knowlton et al., 2010; Laugié, et al., 2019). Transported 
carbonates have gained increasing attention over the past 
decades (e.g., Jorry et al., 2006; Payros and Pujalte, 2008; 
Playton et al., 2010, 2018; Reijmer et al., 2012; Slootman 
et al., 2023). While recent studies have provided valuable 
insights into carbonate grain density and 3D morpholo-
gy distribution (e.g., Slootman et al., 2023), many aspects 
of how grain properties influence transport dynamics re-
main insufficiently constrained. Biogenic carbonates are 
composed of skeletal remains that may exhibit a diverse 
range of forms and growth structures adopted by produc-
ing organisms, such as ribs and protrusions (Figure 1A-D) 
(Maiklem, 1968; Braithwaite, 1973). The irregular charac-
teristics of carbonate sediments distort grain-size distri-
butions when using sieve-based analysis, or other spher-
ical-based methods that sort grains by their intermediate 
diameter (Braithwaite, 1973; Kench and McLean, 1996; 
Blott and Pye, 2008; Cuttler et al., 2017; Flemming, 2017).

Errors introduced by ignoring shape characteristics have 
implications for hydrodynamic predictions (Bagheri and 
Bonadonna, 2016; Riazi et al., 2020). Shape-dependent 
settling velocities are essential for accurate models of sed-
iment transport dynamics in carbonate systems that play 
a critical role in understanding platform-to-basin source-
to-sink processes (Jorry et al., 2006; Le Goff et al., 2021; 
Slootman et al., 2023). These dynamics are particularly 
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valuable for reconstructing depositional patterns of sed-
iment dispersal in carbonate environments (Morgan & 
Kench, 2014, 2016; Reijmer, 2021). Accurate sediment 
shape and size characterization is also essential for geo-
mechanical properties (Askaripour et al., 2022), as well as 
for hazard assessment in marine engineering and slope 
stability analysis (Murff, 1987; Hohenegger, 2006; Lokier 
and Fiorini, 2016; Mohr et al., 2016; Shen et al., 2019). 
Thus, there is a need for accurate, rapid, and inexpensive 
methodologies available in standard sedimentology labs 
for the characterization of sediment grain size and shape.

This study evaluates the accuracy of four simple and in-
expensive methods that are commonly available in most 
sedimentology laboratories for determining grain size and 
shape: (i) caliper measurement, (ii) static image analysis 
of loose grains, (iii) static image analysis of thin sections, 
and (iv) dynamic image analysis. The sediments analyzed 
consist of irregular, sand-sized grains of skeletal carbon-
ate composition. Results from each method are compared 
against a reference dataset generated from micro-com-
puted tomography (micro-CT) scans of the same sediment 
population, which serves as the closest approximation of 
the true grain dimensions. In addition, the micro-CT data-
set is used to develop a regression model to predict the 
third dimension of irregular grains using two-dimensional 
measurements from the other methods. This model en-
ables more robust estimation of 3D grain properties using 
standard, inexpensive methods available in any sedimen-
tology lab.

 2. Grain size and shape descriptors

Sediment grain dimensions are the principal parameters 
to characterize grain size and shape. The most common 
method for describing grain size is with a single diame-
ter, such as the intermediate or sieve diameter used in the 
Wentworth (1922) scale (see also Krumbein 1941a, b). This 
model suffices for spheroidal grains but falls short for more 
ellipsoidal grains, for which models with three perpendic-
ular axes are employed instead (Oakey et al., 2005; Blott 
and Pye, 2008). This approach offers a representation of 
grain size and shape using a bounding-box ellipsoid mod-
el (Krumbein 1941a, 1941b; Blott and Pye, 2008; Bagheri et 
al., 2015) that approximates a non-spherical grain based 
on three orthogonal axes:  (longest),  (intermediate), 
and  (shortest) (Figure 1). However, rather than three ax-
ial values, a single grain-size descriptor is useful and eas-
ier for quantitative comparison in statistical analysis. The 
actual volume of the grain can be recalculated into the di-
ameter of a sphere with the same volume as the grain, the 
so-called equivalent diameter:  (Gibbs 
et al., 1971). Since the actual volume is typically not mea-
sured, the bounding-box ellipsoid is often used as an ap-
proximation, the size of which can be condensed into the 
nominal diameter based on the volume of the ellipsoid: 

.

Two-dimensional ratios can be computed from the three 
main grain axes as first-order shape descriptors (i.e., 
dealing with grain form; Griffiths, 1967; Barret, 1980), in-
cluding flatness, elongation, and equancy (Blott and 
Pye, 2008). Flatness  quantifies platiness, pro-
viding insights into the planar attributes of grain shape. 
Elongation  describes how stretched a grain is in 
one direction to identify rod and blade shapes. Equancy 

 assesses the degree of uniformity in grain dimen-
sions (Table 1). These ratios are the basis for the Zingg 
(1935) form classification that partitions four qualitative 
end-members: equants/spheroids, plates/discs, rods, and 
blades (Figure 1E-F). A quantitative approach is offered by 
the Corey (1949) shape factor (CSF), which is commonly 
used to parameterize grain shape with a single parameter: 

 (Table 1). CSF has a maximum value of 
one for spherical grains and decreases as grains become 
more ellipsoidal. However, CSF is unable to discriminate 
between the shapes in the Zingg classification (see CSF-
isolines in Figure 1E-F).

The first-order dimensions that control the hydrodynam-
ic properties of a sediment grain as reflected by its set-
tling velocity depend on the volume, density, and maxi-
mum projection area of the grain (De Kruijf et al., 2021). 
Numerous experimental studies, therefore, characterize 
sediments by reporting volume and area values obtained 
using common measurement techniques (Blott and Pye, 
2008; Bagheri et al., 2015). Approximations of volume and 
maximum projection area are typically based on the ellip-
soidal model (longest diameter of ellipsoid and bounding 
box are parallel, Figure 1) that uses the axial lengths of the 
bounding box to estimate grain volume  
and maximum projection area  (Wadell, 
1932; Barrett, 1980).

 3.  Material and methods

 3.1. Sediments and datasets used in this analysis

Skeletal carbonate grains include a variety of grain shapes 
that make them suitable for validating several measure-
ment techniques. The tested sediment population is de-
rived from a cool-water carbonate factory, and composed 
of the skeletal remains of red algae, bivalves, bryozoans, 
benthic foraminifers, echinoids, serpulids, and barnacles 
(same sediment as studied by Slootman et al., 2019). The 
solid density (i.e., mineral density excluding skeletal mac-
ro-porosity) is 2.0 to 3.5 mg.mm-3 (mean ± standard devia-
tion = 2.7 ± 0.156 mg.mm-3, Slootman et al., 2023). 

Grains from a single carbonate sand population were used 
in the analysis, subsampled into three subsets. Subset A (n 
= 552) was used for micro-CT scanning (CT-GM). Subset B 
(n = 2,336) included 543 grains that were first measured us-
ing the caliper method (Caliper) and then analyzed using 
static image analysis on loose grains (SIA–Loose grain); all 
2,336 grains were analyzed using static image analysis on 
thin sections (SIA–Thin section). Subset C (n = 4,338) was 
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used for dynamic image analysis with the Microtrac MRB 
Camsizer P4 (DIA-Loose grain, Figure 2). Since all subsets 
originate from a single population, sediment composition 
and grain-size distribution throughout the analysis are 
uniform, thus ensuring a similar representation of the bio-
genic grain properties. Subsets were split into grain-size 
classes through dry sieving (Table 2). Analytical results are 

reported and compared by referring to these sieve grain-
size classes.

 3.2. Measurement and analytical methods

The micro-CT dataset is the dataset assumed to be the 
closest representation of true grain dimensions to which 

Figure 1 | (A-D) Examples of grain photographs (left) and digital models with maximum bounding box obtained with micro-CT. (E-F) 
Form classification in the Zingg (1935) diagram based on flatness and elongation. Corey shape factor isolines are displayed. Grains in A-D 
are identified in the diagram. (G) Bounding-box ellipsoid. Note that the longest axis of the grain is parallel to the longest dimension of the 
bounding box. (H) Indices of the ellipsoidal model (images modified from Slootman et al., 2023).
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the results of other measurement techniques are com-
pared. The maximum bounding-box ellipsoid (BBE) for 
each grain defines a 3D model that approximates its 
first-order morphology (Carlson et al., 2003; Cnudde and 
Boone, 2013; Houghton et al., 2024). Specifications of the 
reference dataset (micro-CT grain model), and the tested 
techniques: (i) micro-CT bounding-box ellipsoid, (ii) cali-
per measurement, (iii) static image analysis-loose grain, 
(iv) static image analysis-thin section, and (v) dynamic im-
age analysis, are shown in Figure 2.

3.2.1. Reference model: Micro-computerized tomography

Micro-computerized tomography (micro-CT) was used 
to reconstruct the detailed three-dimensional spatial 
distribution of each grain to generate the reference model. 
Sieved grains were fixed into epoxy resin and scanned using 

Calculated Grain Parameter Computation

Dimensional Parameters

Maximum Projection Area

Volume

Nominal Diameter

Equivalent Diameter

Shape Parameters

Elongation

Flatness

Equancy

Corey Shape Fac

Table 1 | Grain size and shape parameters and corresponding 
computations.

Figure 2 | Overview of grain size and shape measurement techniques and their outputs. The reference dataset consists of micro-CT 
scans (CT-GM), providing high-resolution 3D grain volumes and 2D projected areas. An ellipsoid approximation (CT-BBE) was computed 
from this reference dataset using standard equations for volume and maximum projection area (Table 1), based on the principal axes 
estimated from the grain model. These were compared to tested techniques, including caliper measurements, static image analysis 
(SIA) from loose grains and thin sections, and dynamic image analysis (DIA) from loose grains. SIA-Loose grain dimensions are based 
on the maximum projection area, while SIA-Thin section values depend on the sectioning plane. Two DIA-Loose grain variants estimate 
principal axes using: (S1) maximum Feret (XFeMax), minimum Feret (XFeMin), and minimum chord (XcMin); and (S2) XFeMax, equivalent 
circle diameter (XArea), and XcMin. DIA includes the equivalent circle diameter (Xarea), defined as the diameter of a circle with the same 
projected area (Aeq).
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a FEI Heliscan microCT (Thermo Fisher Scientific, Waltham, 
MA, USA) at the Center for Integrative Petroleum Research 
at King Fahd University in Dhahran, Saudi Arabia (see 
Slootman et al. (2023) for detailed analytical description). 
The accuracy of grain size measurement using micro-CT is 
constrained by voxel resolution (Payton et al., 2024). In this 
study, voxel resolution was 10×10×10 μm³, which is orders 
of magnitude larger than measured grains. Digital grain 
models contain between 344 and 50,735 voxels. A total 
of 552 grains were measured, ranging from 0.5 mm to 2.5 
mm equivalent diameter (Table 1, Figure 3).

The micro-CT Grain Model dataset (CT-GM) contains the 
closest estimates of grain volume, as well as the maximum 
projection area obtained from the model of the grain 
by rotating it to every possible orientation in MATLAB 
(Figure 1). Subsequently, volume and maximum projection 
area were also approximated from the bounding-box 
ellipsoid (CT-BBE) constructed from the dimensions of 
the digital micro-CT grain models (Figure 2). Note that 
the longest diameter of the ellipsoid is parallel to the 
longest axis of the bounding box (Bagheri et al., 2015). 

3.2.2. Caliper measurement

A digital caliper with an accuracy of 0.02 mm and resolution 
of 0.01 mm was used to measure the axes of grains 
following the projection area protocol of Bagheri et al. 
(2015). This protocol prescribes measurement of the long 
and intermediate axes on the maximum-area projection, 
and the short axis on the minimum-area projection of 
the grain (Figure 2C). This method does not require strict 
perpendicularity between the measured axes, as is the case 

Figure 3 | (A) Distribution of equivalent diameters of grains measured using micro-CT. (B) Number of grains in each sieve grain-size class.

Figure 4 | Number of measured grains in each sieve grain-size class.

Sieve Size Range (mm) Wentworth Size Class

>1.70 Very coarse (upper) sand and coarser

1.14 - 1.70 Very coarse (medial) sand

1.00 - 1.14 Very coarse (lower) sand

0.71 - 1.00 Coarse (upper) sand

0.5 - 0.71 Coarse (lower) sand

Table 2 | Sieve classes used.
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Figure 5 | Static image analysis workflow for loose grains (dataset SIA-Loose Grain). (A) Scanned image of the grains. (B) Binary image. 
(C) Labeled grains for class 1.14 to 1.70 mm. (D-I) Original, binary, and labeled image of the thin sections for sieve grain sizes >1.70 mm and 
1.14 to 1.70 mm, respectively.
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for the maximum bounding-box models (Krumbein, 1941a; 
Blott and Pye, 2008). Bagheri et al. (2015) recommend 
this non-perpendicularity to reduce operator-dependent 
errors. Caliper measurements (Caliper) were taken for at 
least 100 grains for each sieve grain-size class (Figure 4).

3.2.3. Static image analysis on loose grains

Image analysis of loose grains (SIA-Loose grain) was used 
to determine the major and minor axes of the maximum 
projection of the grains. The images were obtained with 
an Epson V850 flatbed scanner at 1200 dpi resolution and 
converted to binary images to optimize their identification 
and analysis (see methodology of Otsu, 1979, and Russ, 
2006) (Figure 5). Binarization was achieved through pixel 
thresholding, where a cutoff intensity value was applied 
to distinguish grain pixels from the background. For each 
image, the pixel threshold range (mostly between 100 to 
150 pixels in 8-bit grayscale) was determined individually 
by visual inspection to ensure complete grain capture 
without edge erosion and with minimal inclusion of 
artifacts. Pixels with intensities greater than or equal to the 
selected threshold were classified as grains (white), whereas 
those below the threshold were classified as background 
(black), resulting in a binary image. This binarization 
step enabled clear separation of grain boundaries and 
served as the foundation for subsequent morphological 
operations. Image morphological operations, including 
opening, closing, erosion, and dilation, were applied 
and tested for each image. A manual sensitivity analysis 
before and after these operations validated the process, 
ensuring that no real edges or pixels were lost during 
segmentation. Segmentation, morphological operation, 
and measurement were carried out using the image-
analysis software ImageJ (Schneider et al., 2012). The 
obtained dimensional parameters were analyzed in Python 
to compute and visualize grain maximum projection areas, 
volumes, and shape descriptors. 

Loose grains were arranged on a 50.8 mm (2400 pixels) 
by 76.2 mm (3600 pixels) glass plate to establish a non-
touching, grid-like pattern (Figure 5A) to ensure the 
identification of individual grains. Grains are assumed to 
have rested with their maximum projection area facing 
downward. In this position, the long and intermediate 
axes were determined from the major axis and its 
perpendicular minor axis based on the best-fit ellipse 
on the 2D projection. The short axis, representing grain 
thickness, was measured separately using a digital caliper 
taken perpendicular to the maximum projection plane.

3.2.4. Static image analysis on thin sections

The methodology for static image analysis of thin sections 
(SIA–Thin Section) followed the same approach as that 
used for loose grains. However, instead of analyzing grains 
in a loose state, they were embedded in epoxy resin to 
prepare thin sections, with one section made for each 
sieve grain size class (Figure 5D–I). During preparation, 

grains were allowed to settle under the influence of 
gravity through the epoxy, promoting a range of grain 
orientations. Since static image analysis of thin sections 
yields only two-dimensional area measurements, this 
method will be considered separately in subsequent 
comparisons due to its inherent dimensional limitations.

3.2.5. Dynamic image analysis

Dynamic image analysis (DIA) was carried out using a 
Microtrac MRB (formerly Retsch Technology) Camsizer P4 
(DIA; ISO 13322-2) at the University of Colorado at Boulder 
Chemical Sedimentology Lab. The particle analyzer uses 
a conveyor sample feeder system to pass loose grains 
through an imaging field. Two high-resolution digital 
cameras, one basic and one zoomed-in, that are backlit 
by a LED, with a measuring range between 0.02 and 30 
mm in diameter, captured multiple images as the grains 
fell freely through air. Captured images were processed 
by the Camsizer software that generates shape and size 
distribution statistics (see Castro and Andronico, 2008; 
Buckland et al., 2021).

Two approaches (S1 and S2) were used to estimate the 
three principal dimensions of grain morphology. In the 
first method, the long, intermediate, and short axes 
were represented by the maximum Feret diameter 
(XFeMax), the minimum Feret diameter (XFeMin), and 
the minimum chord diameter (XcMin), respectively. The 
second method differed only in how the intermediate axis 
was represented: it used the equivalent circular diameter 
(XArea) in place of XFeMin, while retaining XFeMax and 
XcMin for the long and short axes, respectively (Figure 2). 
This second approach is commonly adopted in grain-size 
characterization studies (e.g., Castro and Andronico, 2008; 
see Buckland et al., 2021 for further parameter definitions).

 4. Res ults

 4.1. Volume-Area relationships

The long, intermediate, and short axes of grains were 
characterized using four measurement methods: Micro-
CT Grain Model (CT-GM), caliper measurement (Caliper), 
static image analysis of loose grains (SIA–Loose grain), 
and dynamic image analysis of loose grains (DIA–Loose 
grain S1 and S2). Across all methods, the strongest pos-
itive correlation was consistently observed between the 
long and intermediate axes, while correlations involving 
the short axis were weaker (Figure 6).

Cumulative distribution functions (Figure 7) illustrate the 
volume and maximum projection area distributions for 
each measurement method. Caliper and SIA–Loose grain 
methods show similar distribution trends with minor dif-
ferences. In contrast, more pronounced discrepancies are 
observed when comparing CT-GM with either the caliper 
or SIA methods, particularly in maximum projection area 
estimations.
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Figure 6 | Comparison of measured grain dimensions across four datasets, with each row representing one measurement method. Long, 
intermediate (Inter), and short axes are plotted against each other, and for each dataset, three plots display the principal shape parameters 
(Table 1). DIA-Loose Grain S1 is displayed here. Elongation is more pronounced than flatness, as indicated by the stronger positive 
correlation between the long and intermediate axes compared to the short axis correlations.
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Figure 7 | Comparison of volume (A–F) and area (G–L) measurements using the different techniques. Cumulative distribution functions 
(CDFs) are shown. SIA refers to SIA-Loose grain analysis. DIA-Loose Grain S1 is displayed here.
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All methods exhibit a consistent trend in which area in-
creases with volume. Data points cluster by grain size 
class, with some overlap between adjacent classes 
(Supplementary Figure S1). As shown in Figure 8, the CT-
GM method displays the most compact distributions, 
while caliper measurements, SIA–Loose, and DIA–Loose 
methods exhibit greater variability.

A combined volume-area plot (Figure 9A) illustrates the 
comparative distributions across all measurement meth-
ods. While all datasets follow a broadly similar volume-ar-
ea trend, notable differences exist in surface area esti-
mates for equivalent volumes. The CT-GM consistently 
reports the lowest surface area, whereas the other meth-
ods, such as CT-BBE, caliper, and SIA-Loose grain, tend to 
overestimate the surface area.  The difference in the vol-
ume-area trend is particularly pronounced in the CT-GM 
compared to methods that estimate dimensions using an 
ellipsoidal bounding box (SIA-Loose grain, caliper, and 
CT-BBE). When CT-GM is excluded, the regression lines 
for volume–area relationships among SIA–Loose, Caliper, 
and CT-BBE methods begin to diverge with increasing 
grain size. (Figure 9A). The CT-GM and DIA–Loose grain 
methods exhibit lower variability in volume and area mea-
surements (Figures 9B, 9C). In contrast, CT-BBE consis-
tently yields higher volume and area values and shows the 
broadest spread among all methods (Figure 9B and 9C).

4.2. Grain shape classification

The CT-GM results reveal a broad range of grain shapes, 
with a moderate dominance of rod- and discoid-like forms 
(Figure 10). Caliper measurements produce a similar dis-
tribution. In contrast, the SIA–Loose grain method yields 
a narrower shape range, with the highest proportion of 
rod-shaped grains among all methods. The DIA–Loose 
method predominantly classifies grains as spheroidal, ac-
counting for over 80% of the results, with very few rods, 
discoids, or blades. When using the alternative classifi-
cation criterion (representing the intermediate axis with 
XArea instead of XFeMax, see Figure 2), the DIA–Loose 
method identifies slightly more rod- and blade-shaped 
grains.

The CSF distributions for CT-GM and CT-BBE are identi-
cal because the parameters to compute CSF are identi-
cal. They are closely aligned with caliper measurements, 
displaying a moderately broad spread centered around 
intermediate values (Figure 10H). The SIA–Loose method 
shows a similar trend but with slightly greater dispersion. 
In contrast, the DIA–Loose method exhibits a sharp peak 
at high CSF values, indicating a tendency to overclassify 
grains as more spherical.

CSF values approaching one correspond to more sphe-
roidal grains, whereas lower CSF values indicate more 
elongate or flatter forms (see Supplementary Figure S1). 

Figure 8 | Volume-Area ratio by grain-size class for each measurement method.



Nworie & Jobe Size and shape of carbonate grains

12Sedimentologika | 2025 | Issue 1 

These trends align with the shape classifications obtained 
in the Zingg diagram. While some variability exists in the 
volume–area relationships and shape categories across 
methods, the CSF distributions remain broadly consistent, 
with the exception of the DIA–Loose grain method, which 
tends to overestimate the degree of sphericity.

4.3. Comparison between thin section and loose 
grain image analysis 

Static image analysis of thin sections (SIA–Thin section) 
produces major and minor axial measurements that are 
notably smaller than those obtained from loose grain stat-
ic image analysis (SIA–Loose grain). This size reduction is 
attributed to the random orientations at which grains are 
sectioned during thin section preparation, often produc-
ing non-representative cross-sections that capture vari-
able 2D slices of the grain (Figure 11A). In contrast, the 
SIA–Loose grain data exhibit a more organized distribu-
tion, with grain measurements clustering tightly within dis-
tinct size ranges across all grain size classes (Figure 11B). 
Such clear grouping is less apparent in the SIA–Thin sec-
tion data.

 4.4. Predicting the third dimension from two-
dimensional data

A limitation of 2D grain measurements is that they cannot 
fully capture three-dimensional geometry, limiting the ac-
curate characterization of grain shape. If it were possible 
to reliably infer 3D dimensions from 2D data, this would 
greatly advance our understanding of sediment proper-
ties and transport behavior. As a step toward addressing 
this limitation, linear regression analysis is employed to 
predict the short and intermediate grain axes using mea-
surements from the micro-CT dataset (n=1,216). The mo-
dels are derived from observed relationships among the 
long, intermediate, and short axes, and are expressed as 
follows:

Short (Pred) = 
0.0247 + (0.0032 * Long) + (0.6014 * Intermediate)

Intermediate (Pred) = 
0.0782 + (0.155 * Long) + (0.9894 * Short)

These equations provide a predictive framework for esti-
mating grain dimensions from two known axes.

The Short (Pred) model yields a coefficient of determina-
tion of R²= 0.78, indicating a good overall fit in the initial 
dataset used for the regression model. However, predic-
tion accuracy varies with grain size. Relative error tends to 
increase with larger grains (Figure 12), while smaller grains 
exhibit greater variability, with a wider spread of underpre-
dicted values. The distribution of residuals was generally 
balanced, with both over- and underestimation occurring 
across the dataset (Figure 12B). 

Figure 9 | (A) Combined volume-area plot comparing all measure-
ment methods. Cumulative distribution functions for each method 
are shown for (B) volume and (C) area. All methods follow a similar 
trend, but area estimates vary for the same volumes. The micro-CT 
grain model (CT-GM) consistently measures the lowest surface 
area, while Micro-CT Bounding-box ellipsoid (CT-BBE) and other 
methods tend to overestimate the property.

(Equation 1)

(Equation 2)
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Figure 10 | (A-F) Zingg diagrams showing relative differences in grain shape classification across measurement techniques. (G) Qualitative 
distribution of grain shapes (Rod, Discoid, Spheroid,  and Blade) from different grain measurement methods based on Zingg quadrant 
classification (Supplementary Figure 1). (H) Distribution of Corey Shape Factor (CSF) calculated from axial dimensions for each method.
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Volumes calculated using predicted short-axis values (via 
Equation 1) show strong agreement with the reference 
volumes obtained from the CT-GM dataset. The distribu-
tions closely align with minimal spread (Figure 13), indica-
ting that the regression model provides reliable volume 
estimates for this sediment population.

 4.4.1. Model validation

To evaluate the robustness of the regression model, it was 
tested on another micro-CT dataset from the same sedi-
ment population (n = 1,125, Slootman et al., 2023, specifi-
cally using samples from their distal flume-floor deposits). 
Relative errors for predicted short-axis values were prima-
rily confined within ±25% (Figures 14A and 14C), although 

absolute differences increased with grain size (Figure 14B). 
A Q–Q plot of the residuals for the tested population 
(Figure 14D) revealed a departure from normality, particu-
larly in the lower tail, where large negative residuals indi-
cate a tendency for underprediction. Despite this devia-
tion, the model effectively captures key trends and offers 
overall estimates for similar sediment populations. 

The regression model was also applied to thin-section 
data to evaluate its utility in predicting three-dimensio-
nal grain properties, including volume and surface area. 
Because thin sections provide only two-dimensional pro-
jections, we tested two assumptions regarding axis cor-
respondence: (1) that the major and minor projections 
represent the long and intermediate axes, and (2) that 

Figure 11 | Minor and major grain axis relationships grouped by grain-size classes for (A) thin section and (B) loose grain static image 
analysis.

Figure 12 | (A) Differences between actual and predicted short-axis values, with each data point colored according to its grain size. (B) 
Density plot of the percentage difference between actual and predicted short-axis values, grouped by grain size. This plot illustrates the 
relative accuracy of the predicted short-axis values, with curves representing the distribution of percent differences for each grain size 
class.
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they represent the long and short axes (see Figures 1E–F 
and 11A). Under these assumptions, the remaining third 
axis was predicted using Equations 1 and 2. To assess the 
model’s performance, the predicted area and volume dis-
tributions were compared with those from CT-GM (used 
to train the model) and caliper measurements (Figure 15). 
The results show that predicted volumes follow a similar 
trend to the reference dataset (Figure 15C and 15D), par-
ticularly for the volume–area relationship (Figure 15A and 
15B).

 5. Discussion

 5.1. Variation in size and shape by measurement tech-
niques

This study evaluates grain volume, area, and shape dis-
tributions as determined by caliper measurement, static 
image analysis (SIA), dynamic image analysis (DIA), and 
thin-section methods. Each technique is benchmarked 
against high-resolution micro-computed tomography (mi-
cro-CT), which serves as the reference standard due to its 
proven accuracy in capturing three-dimensional morphol-
ogy (Houghton et al., 2024). This comparison is especial-
ly critical for irregular carbonate grains, whose complex 
geometries are often inadequately characterized by tradi-
tional techniques.

 Spheroid grains consistently display the lowest surface 
area-to-volume ratios across all measurement techniques, 
whereas blade-shaped grains show the highest ratios. 
Rod-shaped and discoidal grains fall in between, with 
rods exhibiting slightly lower surface areas than discoids 
for equivalent volumes. These trends are evident in the 
CT-GM, SIA–Loose grain, and caliper datasets and re-
flect the expected geometric principle that spheres min-
imize surface area for a given volume (Osserman, 1978). 
DIA results, however, disproportionately classify grains as 

spheroids, a consequence of the assumptions embedded 
in its measurement algorithms.

Clustering and partial overlap of data points across size 
classes, particularly among larger grains, indicate that 
grain shape strongly influences volume–area relationships 
(Figure 8). This shape effect becomes more pronounced in 
coarser fractions. The impact of shape on volume is critical 
because it challenges the assumption, common in silici-
clastic systems, that grain size alone reflects deposition-
al energy, especially when grains deviate from idealized 
spheroidal forms (Kuenen & Migliorini, 1950). 

In siliciclastic studies, grain size is frequently used as a 
proxy for depositional energy, predicated on the assump-
tion that transported grains are primarily spheroidal and 
compositionally uniform (Kuenen & Migliorini, 1950). Under 
such conditions, one- and two-dimensional shape descrip-
tors provide reliable estimates of grain behavior (Baba & 
Komar, 1981; Yordanova & Hohenegger, 2007). However, 
carbonate grains often exhibit non-equant shapes and 
heterogeneous density distributions. Consequently, 
two-dimensional descriptors are insufficient for accurate-
ly characterizing three-dimensional morphology in these 
systems (Su & Yan, 2019). For example, differences in how 
grain volume and area are estimated, especially between 
ellipsoidal based methods and actual 3D models, result in 
method-dependent discrepancies. These differences are 
quantitatively captured in the summary statistics (Table 3) 
and illustrated in Figures 6 through 10.

 5.2. Accuracy and limitations of measurement tech-
niques

Variability in grain-shape classification across methods 
underscores the sensitivity of morphological analysis to 
the chosen measurement technique. Each method has 
inherent strengths and limitations, which can significantly 
influence the accuracy of dimensional estimates and, by 

Figure 13 | Plot of volume against area grouped by grain size class for Micro-CT scan data with (A) actual measurements and (B) 
predicted short axis dimensions calculated using equation 1.
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extension, interpretations of grain behavior and deposi-
tional processes. 

Volume and area estimates from static image analysis, 
caliper measurements, and ellipsoidal estimation using 
micro-CT data rely on bounding-box ellipsoid dimension 
approximations. In contrast, micro-CT grain models cap-
ture the true voxel-based geometry. As shown in Figure 
9A, the disparity between these methods follows conver-
gence at smaller grain sizes. This suggests that ellipsoidal 
approximations become increasingly inaccurate as grain 
complexity increases, especially for coarse grains. The CT-
GM dataset exhibits the least scatter, reflecting its higher 
precision, whereas caliper measurements show greater 
variability due to inconsistencies in manual measurements.

Micro-CT offers highly accurate, voxel-based 3D recon-
structions of grain morphology, providing detailed in-
sight into internal structure and surface complexity. This 
makes it particularly valuable for characterizing irregular 
or composite grains. However, limitations include high 
acquisition costs, specialized software requirements, and 

computational demands for image segmentation and 
analysis, which hinder its widespread adoption.

Caliper-based measurements are constrained by their 
limited range and reliance on manual handling. Operator 
bias, particularly in aligning grains and identifying axis 
endpoints, can introduce significant errors, especially for 
non-equant grains (Blott & Pye, 2008; Bagheri et al., 2015). 
Variability in how baseline measurements are defined of-
ten leads to inconsistent shape classification compared to 
more objective techniques like micro-CT or SIA.

Static image analysis (SIA) is inherently limited by its two-di-
mensional nature, which restricts accurate capture of grain 
three-dimensional morphology. Segmentation challenges, 
such as grain edge erosion, artifact removal, and separat-
ing touching grains, can lead to the truncation or merging 
of grains. In thin sections, random cutting planes intersect 
grains in inconsistent orientations, often underestimating 
their true size and altering shape distribution (Cuzzi and 
Olson, 2017; van der Jagt et al., 2025). These limitations 
can skew estimates of porosity, permeability, or surface 
area. While specialized software has been developed to 

Figure 14 | (A) Actual versus predicted short-axis values, with the red dashed line indicating the 1:1 line and inset showing R2 and sample 
size (n). (B) Relative residuals (%) versus predicted short-axis, with the red dashed line indicating zero error. (C) Histogram showing 
left-skewed distribution of residuals, with most near zero. (D) Q–Q plot reveals non-normal residuals, especially in the lower tail, indicating 
more underestimates in the prediction for this test. Ordered values are the residuals ranked from smallest to largest.
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mitigate some of these issues (e.g., for siliciclastic grains), 
carbonate grain complexity warrants further method-spe-
cific correction protocols (Heilbronner & Barrett, 2013). 

Dynamic image analysis (DIA) offers high-performance 
measurement capabilities, processing hundreds of imag-
es per second and capturing multiple shape metrics per 
grain (Microtrac MRB, 2020). While advantageous for large 
datasets, DIA assumes spherical geometry during analysis, 
leading to inaccuracies for irregularly shaped grains, as is 
particularly evident in this study. Measurement accuracy 
is also sensitive to calibration settings, image resolution, 
and grain size thresholds, which can introduce biases if not 
properly configured.

Despite inter-method differences in volume and area, 
the Corey Shape Factor (CSF) remains a consistent and 
robust descriptor across datasets (Supplementary Figure 
S1B). Its stability underscores its utility in quantifying grain 
morphology, particularly given its strong correlation with 

sediment settling behavior (De Kruijf et al., 2021; Slootman 
et al., 2023). However, as shown by the overestimation in 
DIA data, accurate CSF calculation still depends on pre-
cise axial dimension measurements. Importantly, while 
axial descriptors suffice for first-order shape estimation, 
accurate volume and area assessment requires a 3D repre-
sentation of grain geometry.

Laser diffraction estimates grain size by analyzing light 
scattering patterns, which are interpreted under the as-
sumption of spherical geometry (Malvern Panalytical, 
n.d.). This yields a volume-equivalent sphere diameter 
and works well for spherical grains. However, for irregular 
carbonate grains and volcaniclastics, this assumption can 
lead to substantial inaccuracies. In contrast, micro-CT di-
rectly measures true grain volume and geometry, enabling 
a more reliable calculation of nominal diameter (Figure 16) 
and providing critical data for refining shape-dependent 
grain transport dynamics models.

Figure 15 | (A - B) Area–volume relationships obtained from thin-section predictions with those from caliper measurements. The 
model-predicted volumes based on thin-section axes produce distributions that align with the caliper results, with the difference attributed 
to the errors incurred by using 2D measurements and sectioning bias, as opposed to a closer representation from the Micro-CT GM. 
(C – D) Volume and area distribution of the regression model used for estimating short and intermediate axes.
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 5.3. Predictive modelling

In an ideal scenario, CT data gives the closest approxima-
tion of the grain volume and 3-axis dimensions, but this 
data is not common. Two-dimensional measurements are 
much more common (e.g., thin section, image data). In 
this study, we developed linear regression models to pro-
vide usable estimates for the third axis dimension (Figures 
12, 13), which offers a practical, albeit biased, solution 

when complete 3D data is unavailable. Model accura-
cy is highest when based on measurements that closely 
match true grain dimensions, such as loose-grain imag-
ing or micro-CT projections, and comparable to the sand 
population in this study. For thin-section measurements, 
however, the predicted third axis may reflect the inherent 
sectioning bias in the measured axes and should therefore 
be interpreted with this limitation in mind. Future work 
should more broadly validate these observations across 
various sedimentary environments and lithological types 
to establish the generalizability and robustness of these 
regression models.

Model prediction accuracy declines with increasing grain 
size (Figure 12A), possibly due to the increasing complexi-
ty and irregularity of larger grains (Komar & Reimers, 1978; 
Baba & Komar, 1981; Lui et al., 2015). This trend is also 
evident in static image-derived estimates of the short axis 
(Figure 15). Such predictive models are particularly valu-
able for thin-section or image-based datasets, where only 
two orthogonal projections of grain dimensions are avail-
able (Figure 2). 

To test the applicability of the predictive models beyond 
the original dataset, we applied them to two independent 
datasets representing distinct sediment populations. The 
first dataset, from Alcérreca et al. (2013), contains 1,557 
measurements of carbonate grains, including oolites, 
mollusk fragments, and coral detritus, collected from 58 
coastal sites along the Yucatán Peninsula. The second, 
from Smith and Cheung (2003), includes 998 measure-
ments of grain axes from calcareous sand samples collect-
ed in Oahu, Hawaii. Figures 17 and 18 illustrate the mod-
el’s performance across these datasets, validating its use 
in tropical carbonate settings.

Figure 16 | Distribution of nominal diameters for grains measured using various methods.

Parameter Technique Mean Mode Min D10 D50 D90

CSF

CT-GM 0.529 0.127 0.127 0.340 0.533 0.711

CT-BBE 0.529 0.127 0.127 0.340 0.533 0.711

Caliper 0.574 0.585 0.160 0.382 0.578 0.765

SIA - LG 0.602 0.557 0.153 0.391 0.594 0.813

DIA - LG S1 0.686 0.197 0.197 0.505 0.701 0.844

DIA - LG S2 0.723 0.267 0.267 0.556 0.735 0.872

Volume

(mm3)

CT-GM 0.634 0.120 0.034 0.086 0.293 1.796

CT-BBE 1.011 0.052 0.052 0.111 0.408 2.758

Caliper 1.760 0.730 0.096 0.243 1.304 3.963

SIA - LG 1.475 0.280 0.120 0.254 1.105 3.209

DIA - LG S1 0.708 0.038 0.038 0.126 0.321 1.666

DIA - LG S2 0.633 0.063 0.063 0.120 0.295 1.473

Area

(mm2)

CT-GM 0.640 0.092 0.092 0.143 0.356 1.570

CT-BBE 1.659 0.224 0.224 0.435 1.049 3.470

Caliper 2.427 0.565 0.405 0.709 2.136 4.574

SIA - LG 2.088 1.373 0.401 0.738 1.849 3.587

DIA - LG S1 1.112 0.238 0.238 0.379 0.734 2.305

DIA - LG S2 0.990 0.232 0.232 0.361 0.670 2.000

Table 3 | Grain volume, area, and CSF distribution statistics for 
all techniques and samples. (Caliper – Caliper Measurement, 
CT-GM – micro-CT Grain model, CT-BBE – Ellipsoidal estima-
tion from CT data, SIA-LG – Static Image Analysis Loose grain, 
DIA-LG – Dynamic image analysis Loose grain (S1 – Scenario 1; 
S2 – Scenario 2 – see methods for scenario description).
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For the Alcérreca et al. (2013) dataset, predicted and ac-
tual dimensions align closely, with cumulative distribution 
curves showing minimal deviation and prediction accura-
cies of 78.83% for the short axis and 72.88% for the in-
termediate axis. Similarly, predictions using the Smith and 
Cheung (2003) data achieved 71.80% and 82.56% accura-
cy for short and intermediate axes, respectively. These re-
sults demonstrate that, at first approximation, the model’s 
capacity to capture dimensional trends across different 
carbonate sediment populations.

 5.3.1. Assumptions and limitations of the predictive 
model

Linear regression assumes linearity, independence, nor-
mality, and homoscedasticity of residuals (Kutner et al., 
2005). Scatter plots (Figure 6) suggest a generally linear re-
lationship among grain axes in the training data, but Q-Q 
plots reveal slight deviations from normality in the test 
data, particularly at the distribution tails (Figure 14D). This 
non-linearity contributes to increasing prediction errors at 

Figure 17 | Comparison of predicted and actual values for Short and Intermediate dimensions based on equations derived from the 
micro-CT dataset in this study tested on datasets of Alcérreca et al. (2013) and Smith and Cheung (2003).
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both ends of the grain size spectrum, indicating that the 
model performs best for grains of intermediate size. 

Although the models show promising results, devia-
tions between predicted and actual values suggest that 
grain-size-specific variability, especially at larger sizes, in-
troduces heteroscedasticity (i.e., the prediction errors are 
not uniformly distributed but tend to increase with grain 
size). Attempts to fit separate regression models by grain 
size class led to overfitting (Supplementary Figure S2), 
prompting the selection of a single, unified model that 
balances generality with predictive accuracy.

To assess the potential benefit of non-linear models, 
we compared linear regression with a second-degree 

polynomial fit. The polynomial model yielded a marginal-
ly lower mean squared error (MSE = 0.0197) compared to 
the linear model (MSE = 0.0204). Given the negligible im-
provement, the linear model was retained for its simplicity 
and interpretability. However, further data transformations 
(e.g., log or power transformations) could be explored to 
improve future predictive performance, though they are 
beyond the scope of this study.

Despite some limitations, the regression model demon-
strates satisfactory accuracy, as evidenced by its perfor-
mance across multiple datasets. Its consistency in captur-
ing cumulative trends reinforces its utility for estimating 
grain dimensions when only partial data are available. 
However, caution is warranted when applying the model 

Figure 18 | Comparison of predicted and actual values for Short and Intermediate (Inter) dimensions based on equations derived from the 
micro-CT dataset in this study tested on Alcérreca et al. (2013) and Smith and Cheung, (2003) datasets.
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to sediments with substantially different grain-shape dis-
tributions, as prediction accuracy may decline. Dataset-
specific calibration remains essential for ensuring reliable 
use in varied geological settings.

 6. Conclusions

This study presents a comprehensive comparison of grain 
measurement techniques, evaluating their effectiveness in 
characterizing volume, surface area, and morphology of 
irregularly shaped grains. Among all methods, micro-com-
puted tomography (Micro-CT) provides the most reliable 
and detailed representation of grain geometry, particular-
ly in defining volume–area relationships. Despite its accu-
racy, Micro-CT’s high cost and limited accessibility restrict 
its widespread application in routine sedimentological 
analysis.

Caliper-based measurements, though accessible and 
widely used, tend to mis-estimate grain length and suf-
fer from operator-dependent variability, introducing bias 
in shape classification. Static image analysis, particularly 
on thin sections, underrepresents grain size due to ran-
dom orientations and limited two-dimensional perspec-
tives. Dynamic image analysis offers rapid and repeat-
able measurements; however, its assumption of spherical 
grain geometry limits its accuracy for shape determination 
in non-equant grains. Despite these differences, Corey 
Shape Factor (CSF) distributions remain broadly consis-
tent across most techniques, except DIA, suggesting that 
axial dimensions are reasonably captured, while estimates 
of two- and three-dimensional properties remain more 
sensitive to the chosen method.

The linear regression model developed for estimating the 
third grain dimension from two-dimensional data demon-
strates promising predictive capability. However, its appli-
cability across varied sedimentological contexts remains 
uncertain and requires further validation. Future work may 
benefit from incorporating machine learning approaches 
to enhance model generalizability, particularly in datasets 
with diverse grain shapes and textural complexity.
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