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ABSTRACT

The study of grain size distribution is fundamental for understanding sedimentological environments.
Through these analyses, clast erosion, transport and deposition processes can be interpreted and mod-
eled. However, grain size distribution analysis can be difficult in some outcrops due to the number and
complexity of the arrangement of clasts and matrix and their physical size. Despite various technological
advances, it is almost impossible to get the full grain size distribution (blocks to sand grain size) with a
single method or instrument of analysis. For this reason development in this area continues to be fun-
damental. In recent years, various methods of particle size analysis by automatic image processing have
been developed, due to their potential advantages with respect to classical ones; speed and final detailed
content of information (virtually for each analyzed particle). In this framework, we have developed a
novel algorithm and software for grain size distribution analysis, based on color image segmentation
using an entropy-controlled quadratic Markov measure field algorithm and the Rosiwal method for
counting intersections between clast and linear transects in the images. We test the novel algorithm in
different sedimentary deposit types from 14 varieties of sedimentological environments. The results of
the new algorithm were compared with grain counts performed manually by the same Rosiwal methods
applied by experts. The new algorithm has the same accuracy as a classical manual count process, but the
application of this innovative methodology is much easier and dramatically less time-consuming. The
final productivity of the new software for analysis of clasts deposits after recording field outcrop images
can be increased significantly.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

nature of the rock itself and the events that originated it (Folk,
1966; Glenn, 1969; Pettijohn, 1987; Allen, 1997; Nichols, 2009).

One of the most important textural characteristics of a rock
consisting of clasts or sediments is the size of the clasts that
compose it; that is, their granulometric distribution and the de-
gree of uniformity of clast sizes. The importance that geologists
has always given to this textural feature is amply demonstrated by
the enormous amount of literature on the subject (Boudon et al.,
1993; Allen, 1997).

The size of the particles constituting a rock or a deposit is
strongly related to their origin and affected by transport and de-
position mechanisms. Detailed study of this property can therefore
provide information of utmost importance for understanding the
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However, to obtain the whole granulometric distribution of an
outcrop is, in many cases, a complicated task. Sedimentary de-
posits are often characterized by a wide range of grain sizes, ran-
ging from a few microns to several meters (Gee and Bauder, 1986;
Lirer and Vinci, 1991; Valsangkar, 1992).

In many fields of sedimentology such as volcanic sedimentol-
ogy, until the 1980s and also in recent times, most sedimentolo-
gical studies were based only on granulometric data obtained by
sieving (Walker, 1971; Yamazaki et al., 1973; Lajoie et al., 1989;
Saucedo et al, 2002), with few exceptions (Freundt and
Schmincke, 1986).

In more recent times the extreme granulometric classes of
distributions have also been begun to be considered, and rightly
so. Thin tails were analyzed using sedimentographic scanning
(Lewis and Mcconchie, 1994; Konert and Vandenberghe, 1997;
Beuselinck et al., 1998) or stream scanning (Allen, 1997, Kaye et al.,
1999) methods, and the coarser tails were analyzed using image
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analysis techniques (Capaccioni and Sarocchi, 1996, Capaccioni
et al., 1997; Sahagian and Proussevitch, 1998; Sarocchi et al., 2005;
Saucedo et al., 2008; Sarocchi et al., 2011). Complete and correct
granulometry studies cannot be performed if parts of the dis-
tribution are missing.

Most granulometric methods used in sedimentology allow only
part of the granulometric spectrum to be analyzed and, in many
cases, it is necessary to combine the results provided by different
methods to reconstruct the whole particle size distribution (Gee
and Bauder, 1986; Lovell and Rose, 1991; Olgun and Norman, 1993;
Loizeau et al., 1994; Konert and Vandenberghe, 1997; Sarocchi
et al., 2011). However this implies having to gather information
related to different physical properties of particles, making as-
sumptions and simplifications.

The granulometric optical method (Capaccioni and Sarocchi,
1996; Capaccioni et al., 1997; Konert and Vandenberghe, 1997;
Sarocchi et al., 2005, 2011) based on obtaining particle size data
from a digital photograph and using stereological methods
(Mouton, 2002) is one of the granulometric techniques that has
excelled in recent years. The reasons for its success are: (1) the
accuracy achievable by measuring a sufficiently large number of
particles; and (2) the size range which can be analyzed. Practically
it can be applied at any scale, simply by changing the optical de-
vice used for taking the pictures; and (3) it is a conservative ap-
proach that does not require a physical sample (Capaccioni and
Sarocchi, 1996; Capaccioni et al., 1997; Fernlund, 1998; Chermant,
2001; Rubin, 2004; Sarocchi et al., 2011; Moreno Chavez et al.,
2014).

Due to the difficulty in segmenting images of sedimentary
outcrops in order to separate clasts from the matrix, the method
has been used manually to date, resulting in an enormous waste of
time (Sarocchi et al., 2011, Moreno Chavez et al., 2014). This
complexity is due to the huge variety of sedimentary deposits,
which have different colors, textures and shapes, as well as sedi-
mentary structures, and potentially shadows, or mossy, vegetated
or damp areas.

In order to solve the problem of segmentation in images of
sedimentary deposits, in this paper we propose a new method of
supervised automatic counting, based on segmentation for color
image, using Entropy-Controlled Quadratic Markov Measure Field
Models (ECQMMF) developed by Rivera and Dalmau (2012). OPT-
GRAN-CS software provides optical granulometry from an
ECQMMF-based segmentation. The program, using the mask and
Rosiwal’s stereological intercept method (Chayes, 1956; Rosiwal,
1898), provides the granulometric distribution.

To validate the method, we test various images and sedimen-
tary deposits with different degrees of complexity. It was proved
that under similar conditions, the accuracy obtainable by the
OPTGRAN-CS program is within the range of variability of a
manual count performed by experts. The method is robust, with
easy-to-select parameters. Due to the high calculation speed, a
larger number of particles can be analyzed accurately.

The possibility of performing automatic optical analysis of se-
dimentary deposits opens the possibility of new and important
applications of optical granulometry methods, whose most im-
portant limitation was the long analysis times (Sarocchi et al.,
2005, 2011). Furthermore the method is accessible to all, since it is
based on digital photographs and free software.

2. Methods

In this section, the ECQMMF algorithm for segmenting and
analyzing sedimentary images by means of stereological techni-
ques is described, as well as its use in our specific application.
Rosiwal’s intercept method is also explained in more detail.

2.1. Entropy-Controlled Quadratic Markov Measure Field Models

The developed program is based on the segmentation metho-
dology ECQMMF (Rivera and Dalmau, 2012) since this approach
showed to be robust with respect to noise and hyperparameter
initialization. The initial regions may be selected by the user and
the resulting energy function is optimized iteratively. Moreover,
hyperparameters related with the smoothing and the low entropy
of the probability distribution of the regions to segment are easy
to tune. Even more, the cost of this algorithm in terms of proces-
sing time is low because the function to optimize is quadratic with
constant coefficients.

One of the characteristics of ECQMMEF is its versatility, allowing
segmentation based on different characteristics (Rivera and
Mayorga, 2007; Rivera et al., 2007; Dalmau-Cedeno et al., 2007;
Rivera et al., 2008; Rivera and Dalmau, 2012). In this work EC-
QMMF has been used to perform multiclass segmentation. The
model parameters are the mean and the covariance matrix of the
RGB channels; these are calculated choosing a selected region of
the image that will be named Model Parameters Sample Area. At
the end of this process, different multiclasses are labeled in two
categories, producing a binary image, where the background is
labeled with zero and the foreground (selected clasts) with one. To
this binary image (binary mask), it is successively applied the
automatic Rosiwal intersects counting method.

Here follows a brief description of the EC-QMMEF, as faithful as
possible to Rivera and Dalmau (2012). First of all, it is necessary to
select a region of interest for analyzing, where the scales and other
unwanted objects do not appear in the scene. In Fig. 1, we show a
region that we consider well selected and we will call simply
image.

Let x be a pixel belonging to one of the M possible regions or
classes, where x € Q = {x;i =0,1, ..., NjJand N is the number of
pixels in the image. Denoting the set of classes as M = {M, My},
with Mc = {Mcp Mczn ey Mcnl }and My = {MAl' MAZ' ey MA"Z}
where n; is the number of clasts models and n, the number of
matrix models. Let's define the likelihood vi(x) as the probability
of x belongs to a class k, such that k e M and Y, _,, vi(x) = 1. Now,
this likelihood may be defined as a multivariable normal prob-
ability distribution function given by

1
J @)1= M

where y, eR® and Tje R® x R*are the mean and covariance
matrix of this distribution, further, this statistics can be grouped in

a parameter vector 0= {((, ), .-\ Gy Zmpeny)} and con-
sidering the pixel values I(x) given by a parametric approach, we
have

f@&l e Z) = exp(—%(x - x - u)).

M
[x) =Y g (x: ) + n),
k=1 )

where ¢(x; 6;) is the parametric model which defines its value,
n(x) is a independent random variables for each pixel x, and by, is

the indicator function region such that Zz"ﬂbk(x) =1, VxeQ.
Using this model and assuming b as a MRF having a Gibbs dis-
tribution, one can reach to the following energy function;

M
Ub, o)~ X Y bE[ - log vik) — u]

xeQ k=1

+2 ), b - by)IP.
*y) 3)

The first term is related to the entropy likelihood whose typical
values are x<0.5; u=0.5 is suggested in Rivera, et al. (2007). The
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Fig. 1. Example of graphical user interface of the OPTRGRAN-CS software. The white lines in the right window enclose areas pertaining to different color models.

second term is related to the segmentation smoothness and spatial
coherence; 4 = 4 has been shown to give good results.

Finally, for our purposes, we need only two labels, one value for
the foreground representing the clasts and the other (the back-
ground) for the matrix of the sedimentary deposit. So, the re-
sulting binary image is defined as

?(x)z{] vV x e M

0 VXxe M 4

2.2. Rosiwal intercept method

Optical methods are based on stereology, a mathematical tool
for efficient sampling, enabling reliable volumetric estimates with
lower information processing (Mouton, 2002). Several reliable
stereological methods exist (Sahagian and Proussevitch, 1998;
Mouton, 2002; Sarocchi et al., 2005, 2011; Jutzeler et al., 2012).
Starting with a digital photograph of the outcrop it is possible to
relate the apparent granulometric areas (observed at the outcrop
surface) with the true volumetric granulometry of the deposit.

The method applied here was proposed by Rosiwal (1898), and
consists of measuring the intersections between particle outlines
and an overlain array of lines (probes). This technique provides
useful data to obtain the whole granulometric distribution
(Sarocchi et al., 2005). Here we are using an arrangement such that
the interline spacing of the probes must be set so that the largest
clast in the image is not intercepted by more than two probe lines
(Mouton, 2002; Sarocchi et al., 2005).

2.3. The OPTGRAN-CS software

The software developed here consists of three processing
blocks. The first block is for image preprocessing. In this stage the
software enables a region of interest to be chosen, enhances the
contrast by color histogram equalization, and performs image
smoothing by applying a lowpass filter. In a second block, seg-
mentation is applied, and the user makes appropriate selections of
the models of the clasts and matrix, the number of iterations and
the value of the hyperparameters. The result of image segmenta-
tion is a binary image corresponding to the matrix and clast
phases.

This block has a tool to reduce the noise of the binary mask,
removing objects whose areas are below a set threshold. For very
difficult cases where segmentation is not able to automatically
separate clasts from the matrix, or when correctable differences
can be detected with the naked eye, a simple manual editing can
be performed. Finally, in the third block, Rosiwal’s intercept
counting method is applied. The main interface with its general
features is shown in Fig. 1, and a full performance block diagram of
the OPTGRAN-CS software is illustrated in Fig. 2.

2.4. Manual editing

The algorithm yields good results under certain conditions that
will be analyzed in detail in the next sections. In some cases, there
are images where automatic segmentation does not perform well
because of the nature of the deposit. To solve these difficult cases

Pre-processin
Image |y 2 2
allbration |4 -Region of interest Rosiwal intercepts method
image -Histogram equalization
-Smoothing ) Performance
l Set grid }—' interception
= of lines
Segmentation
Select models Save or display
Set Run Continue or —
F d ) results
Bgz:ekggrr%t?ld }_> hyperparameters }_' segmentation }" Manual editing
Continue

Fig. 2. Block diagram of the main three sections of the OPTRAGRAN-CS software.
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Fig. 3. Example of limestone where manual editing dramatically improves the results. The image in the center is automatically segmented. In the image at right, manual
editing eliminates many of the contacts between clasts that cause errors in the analysis.

or to improve locally automatic segmented images, a software tool
for manual editing was incorporated.

Fig. 3 shows a region of an image portraying an oolitic lime-
stone deposit, very difficult to be segmented. This example de-
monstrates the utility of the manual editing step. It can be seen
that automatic segmentation has generated errors; clasts of dark
hues are taken as matrix. Moreover, in some cases, automatic
segmentation finds contours that do not correspond to the real
clast perimeters, and produces a sub-segmentation that causes
two or more clasts to be recognized as one. These errors can be
corrected manually. It is true that this requires further user in-
tervention, but it still reduces the total time taken. In Fig. 4, the
distributions obtained before and after the manual correction in
two samples are shown.

We have presented imaging studies performed with particles
between 2 (0.25 mm) and —7@ (256 mm), but the method can
operate at any scale. It can be usefully applied in other fields of
science. The example in Fig. 5 shows the segmentation at a micron
scale of an image of a sedimentary rock (argillaceous limestone)
composed of a calcareous clay slurry and skeletal grain matrix. The
distribution is used to determine the texture.

3. Results and discussion

The Rosiwal Intercept Method (M-RIM) applied manually, as
shown in Sarocchi et al. (2005) and Sarocchi et al. (2016), provides
granulometric data comparable with granulometric information
obtained by sieving (discrepancy is on the order of 5-15%).
Through a series of comparative studies (that can be consulted in
the Supplementary material) where manual analysis was

Histogram of Grain

Emprirical Cumulative Distribution Function

Automatic Analysis

performed on the same set of images by four operators with dif-
ferent degrees of expertize, it could find that the average differ-
ence between measures is on the order of 10-15%. In this chapter
the results of a series of studies that compare each other RIM and
RIM applied automatically (A-RIM), is presented. They point out
that the error associated with the automatic analysis is of the same
order of magnitude or less than the error related with sieving and
M-RIM.

3.1. Sedimentary deposits

Fifteen outcrops containing five different types of sedimentary
deposits were analyzed. Table 1 summarizes some general geolo-
gical characteristics of the deposits and gives some remarks about
the performance of the OPTGRAN-CS process on segmentation of
the images.

3.2. Comparison between methods on selected outcrops

The proposed automatic method (A-RIM) was compared to
manual methods (M-RIM) performed by the experts on fifteen
selected outcrops, each one differing in color, texture, clast shape
and size, degree of clast overlapping, matrix vs. clast contrast, and
other factors. The purpose of the comparison is to obtain a realistic
panorama of sedimentary outcrop images where the A-RIM can be
successfully applied and evaluate the discrepancy in accuracy with
manual methods used to date.

The complete set of comparisons is reported in the Supple-
mentary material. Here we examine three representative cases. Of
these, two cases produced a very good approximation, and one
gave results affected by errors.

Size Distributions Histogram of Grain Size Distributions

Manual Editing

0.8

0.8

0.7

0.6 ——Expert 3

~—— Automatic Analysis

08 ——Manual Editing

04

Cumulative Probability

0.3

0.2

0.1

0 0.5 1 15 2 25 3 35 4 45

— Expert
—® —TInage Analysis

4 0.6

— Expert
—* —Inage Analysis

Normalized Percent

mm

Fig. 4. Figure on the left represents the ECDF of different measurements of the same image. In the center the average grain size distribution obtained by human experts and
by automatic analysis. At right, the average grain size distribution obtained by experts and automatic analysis after manual correction.
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Histogram of Grain Size Distributions

Normalized Percent

Fig. 5. The image is from the Eagle Ford Formation, taken with petrographic microscope foil; in the center the segmented image, and on the right the particle size

distribution (73.7% matrix).

3.2.1. Mt. St. Helens pyroclastic density currents deposit (area 1.A)

The Mt. St. Helens PDC deposit produced by the May 18, 1980
eruption (Lipman, 1981; Brand et al., 2014), provides an excellent
example of a deposit suitable for analysis with the program. The
image of the outcrop, shown in Fig. 6, displays good contrast be-
tween clasts and matrix and few clasts that overlap or are tangent
to each other. The hues of the clasts are few and the variance of the
hues inside the clasts (color texture) is low.

Fig. 6 The area analyzed was 1.67 m? and the number of Rosi-
wal intercepts measured was about 1000. In order to evaluate the
accuracy of the A-RIM method, first the manual analysis (see Fig. 6
and Table 2) of the best three experts were compared with each
other, calculating the relative variance. The statistical parameters
of the distribution were calculated using DECOLOG 5.1 software
(Borselli and Sarocchi, 2004). It can be observed in Table 2 that all
the distributions have almost the same statistical characteristics;

means near 3.5 phi, poorly sorted, negatively skewed, and meso-
kurtic. The variance among the experts' M-RIM ranges from a
maximum of +5% to a minimum of + 1%. The maximum dis-
crepancy between the experts’ mean M-RIM and A-RIM analysis is
2%. In addition, the statistical parameters are very similar, showing
that with this kind of image the automatic method performs very
well.

3.2.2. Irazil Rio Birris debris avalanche deposit (area 2.A)

Another analysis where good results were obtained is an out-
crop of the Rio Birris debris avalanche deposits at Irazi Volcano
(Pavanelli et al.,, 2004; Alvarado et al,, 2006). The area analyzed
was 0.06 m? and the number of Rosiwal intercepts measured was
about 300. This image (Fig. 7) presents a good contrast between
the clasts and matrix, and there is little overlap or joining of clasts.
The analysis of this image is nevertheless somewhat more

Table 1
Description of the sedimentary deposits analyzed.

Location

Remarks

AREA 1: < Mt. St. Helens (MSH), Skamania County, Washington,
United States. Pyroclastic deposit. See Fig. 4, Fig. A9*.

AREA 2: Irazu volcanic complex, Central Volcanic Cordillera, Costa
Rica. Debris avalanche deposit. See Fig. 5, Fig. A4*.

AREA 3: Joya Honda Maar, San Luis Potosi, Mexico. Pyroclastic de-
posit. See Fig. 6, Fig. A7*.

AREA 4: Colima Volcano, Colima, Mexico. Epiclastic deposit. See Fig.
A1, Fig. A2, and Fig. A3*,

AREA 5: Nevado de Toluca Volcano, Toluca, Mexico. Debris avalanche
deposit. See Fig. A5 and Fig. A6*.

AREA 6: Dawlish Bay, Devon, United Kingdom. Sedimentary breccia.
See Fig. A10*.

AREA 7: Limestone nodulosa-Teba, Malaga, Spain. Sedimentary de-
posit. See Fig. A11*%,

AREA 8: Sierra de Grazalema, Spain. Colluvium deposit. See Fig. A8*.

Active dacitic-andesitic stratovolcano. This deposit is one of the four primary pyroclastic density
current units produced by the May 18, 1980 eruption (Brand et al., 2014). The images show a
regular contrast between the clasts and matrix, overlapping of clasts is not present, and the hues
of clasts and matrix tend to be homogeneous.

Active andesitic-basaltic volcanic complex (Pavanelli et al., 2004; Alvarado et al., 2006). The
deposit is a debris avalanche deposit that presents a good contrast between clasts and matrix.
There is a little overlap or joining of clasts. Images are difficult to analyze due to different clast
texture hues.

The Joya Honda Maar originated about 0.6 Ma from intraplate magmatism. This pyroclastic de-
posit was produced by a phreatomagmatic to magmatic eruption (Aranda-Gomez and Luhr, 1996).
It shows a variety of clast and matrix types. The matrix has hues close to that of the clasts. The
complexity of the textures makes the segmentation process more difficult.

Active volcano that has had explosions, collapses, lava flow, and dome detachments in the last six
years (Saucedo et al., 2002, Sarocchi et al., 2011). The images of the pyroclastic deposit are
characterized by good contrast between clasts and matrix, but there is considerable overlap
between clasts, which in some cases causes errors in the segmentation.

Andesitic-dacitic stratovolcano with domes and collapsed sectors (Capra et al., 2008). The out-
crop is from a debris avalanche deposit. One feature that impedes efficient segmentation is that
the matrix has several different colors. For this reason it is likely that matrix models are similar to
that of some of the clasts.

Holocene polygenic sedimentary breccia. The image is characterized by clasts of different colors
but the matrix color is very homogeneous. Clasts barely overlap. The image is easy to analyze.
The image of sedimentary limestone shows homogeneous hues. In spite of low contrast between
matrix and clasts and the edges of the clasts not being well defined, the program allows seg-
mentation. Good performance.

Colluvium deposits with soil formation in the upper part. The image has very contrasted features
(matrix and clasts) that enable good segmentation.

* These figures are available at supplementary material.
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Fig. 6. Outcrop of Mt. St. Helens PDC deposit, Area 1.A. In the lower left graph, the ECDF curve of M-RIM obtained by the best three experts and the A-RIM results are shown.
In the bottom right graph, the mean and variance of the experts' M-RIM measures (solid line) is compared with the curve obtained by A-RIM (dotted line). The almost perfect

fit demonstrates the good performance of A-RIM on similar images.

Table 2
Statistical parameters of particle size distributions obtained by interpolating the
cumulative distribution function DECOLOG 5.1.

Measure Mean @ Standard deviation Skewness @ Kurtosis @
%)
M-RIM Expert 1 -3.8 1.10 -0.23 0.94
M-RIM Expert 2 —-34 1.02 -0.17 111
M-RIM Expert 4 -36 1.01 -0.44 1.04
M-RIM Expert -36 1.04 -0.28 1.03
mean
A-RIM -34 1.21 —0.06 1.10

complicated than the previous one because the clasts have dif-
ferent hue textures. It can be observed (Fig. 7) that most clasts are
dark, but have some light colored texture inside, similar to the
matrix. This can be resolved with binary image processing as long
as the treated areas are convex sets. The result of the analysis by
the automatic method is within the variability of manual counting,
which has a maximum difference of +5% and a minimum of
+ 1.5%, and ECDF tends to have the same range. The maximum
difference between mean M-RIM and A-RIM analysis is 2%.

3.2.3. Joya Honda maar, pyroclastic density currents deposit (area 3.
A)

The image of a pyroclastic density current deposit at Joya
Honda maar (Aranda-Gomez and Luhr, 1996; Aguillon-Robles
et al, 2014), shown in Fig. 8, is an example where the A-RIM
method found some problems and the error introduced by the
automatic analysis is outside the range of variability from manual
counting. The area analyzed was 2.16 m? and the number of Ro-
siwal intercepts measured was about 250. The variance among the

experts ranged from a maximum of + 10% to a minimum of 2%.
The maximum discrepancy between the experts' mean M-RIM and
A-RIM analysis was 13%. The difference between the M-RIM and
A-RIM methods is considerable because the image has a great
variety of clast models. The matrix has a hue very close to that of
the clasts, making matrix texture segmentation difficult. The
granulometric distribution histogram shows the largest differ-
ences of the three example cases, especially in granulometric
classes 0@ (1-2 mm) and —4@ (16-32 mm). A possible explanation
for this poor performance is that fine particles can be confused
with clast texture and the program may erroneously consider a set
of them as a larger clast. This could explain the higher abundance
of larger clasts found by the program. Although the A-RIM count
falls outside the variability of M-RIM manual counting, the error
can still be considered as tolerable for some geological studies.

3.3. Influence of optical resolution on measurement accuracy

Camera resolution is important for obtaining accurate optical
granulometric measurements. Three cameras with different optics
are tested to demonstrate the influence of resolution on data ac-
curacy: (A) a professional DSLR, Canon EOS 50D camera with
15 megapixels (Mp) resolution, (B) a tablet iPad 4 A1458 camera
with 5Mp, and (C) a mobile phone Samsung Galaxy S3 mini
camera with 3.2 Mp resolution. Photographs were taken of the
same area (0.16 m?), from the same distance (1 m) and at the same
time (sequentially). The resolution for each camera is reported in
Table 3. Differences in resolution between cameras is demon-
strated visually in Fig. 9.

Fig. 9 The general shape of the granulometric distribution and
size of the largest clasts present in the analyzed field are the same
between the cameras (graphs in Fig. 9). The primary difference is a
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Fig. 7. Results of manual measurement and automatic method in an area of the Irazt Volcano. The lower left graph shows the ECDF and the lower right graph shows the phi

distribution scale.

shift of the modal class toward finer-grained with the high re-
solution camera, which is missed when using a low resolution
camera. Given this result, the smallest observable clast for a 15 Mp
DSLR camera is ~300 pm, with an iPad tablet camera is up to
~1 mm, and with a Smartphone (3.2 Mp) camera is ~3 mm. In
addition, a qualitative comparison established that a clast to be
considered real (not noise) must consist of at least 12 pixels. Thus,
while the best option to perform an optical particle size analysis is
a camera with high resolution and a metric flat field objective, a
simple low cost smartphone camera, at the distance of 1 m, allows
clast measurements above ~2 mm and produces similar results as
those from sieving. However, since lower optical quality can de-
form the image edges, performing the analysis using only the
central portion of the field is recommended.

Emprirical Cumulative Distribution Function

3.4. General discussion of the A-RIM method

The OPTGRAN-CS software provides added value to optical
granulometric methods, whose most evident limit was the need to
make measurements semi-manually (Sarocchi et al., 2005, 2016).
The software based on the ECQMMF segmentation algorithm using
color segmentation enables phases with very similar tones to be
segmented quickly and accurately. The software is freeware, and
the user-friendly graphical interface makes it easy to use. The
software has functions that enable simple, accurate calibration, a
basic esthetic image processing module, and a manual editing
routine that allows it to be used on virtually any type of image. The
software can be used with any capture device, but the higher the
resolution the higher the accuracy that can be achieved. While
high resolution and flat field objective lenses allow precise ana-
lysis of the whole granulometric distribution, a simple, low-cost

Histogram of Grain Size Distributions
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Fig. 8. Sedimentary deposit of Joya Honda Maar. The center graph shows the ECDFs and the right graph compares the distributions of the two methods.
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Table 3
Optical characteristics of cameras.
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Camera Technical notes

Pixel size Size of finest measurable clast

DSLR Canon D50
in the visual field.
Tablet iPad 4 A1458

15 Mp camera, obj. zoom 28-70 mm focal length, used at 50 mm f.I. No distortion is observed 0.15 mm/px

5 Mp camera, serial objective. No appreciable distortion is observed in the visual field.
Samsung Galaxy S3 mini 3.5 Mp camera, 4 x optical zoom. No appreciable distortion is observed in the visual field.

~0.3 mm

~1mm
~3 mm

0.25 mm/px
0.98 mm/px

smartphone camera can also provide useful analysis of the coarser
(>2 mm) components. The comparison with the Rosiwal inter-
cept method applied semi-manually shows generally good agree-
ment. 90% of the comparative analysis had a maximum difference
less than 10% from granulometric data obtained by A-RIM or was
within the variance of manual measures performed by expert
human operators (see Table 4 and Supplementary material).

This result can be considered a great success, considering that
the analyses were done in comparable conditions. On the other
hand, the supervised automatic program performs the analysis
five to ten times faster. This means that a greater number of par-
ticles can be analyzed in less time, enabling the analysis of greater
areas with a significant increase in accuracy.

Like any automated program, there are limits in the program's
ability to distinguish the clasts, which differ in characteristics not
considered by the algorithm, such as texture and shape. Further-
more, factors such as the characteristics of the scene, illumination,
presence of shadows, clasts in contact with each other, water
stains or vegetation, similar texture and colors in clasts and matrix
can alter the measurements.

Optical Granulometric Distribution
camera Canon 50D® 15Mp

10.0

8.0

8.0

Optical Granulometric Distribution
camera Ipad 4® SMp

4. Conclusions

The program proposed here, based on the ECQMMF algorithm,
carries out image segmentation by means of a sophisticated ana-
lysis of colors, and enables optical granulometric analysis to be
performed quickly and accurately. The method greatly reduces
analysis time by allowing studies of larger areas in a short time,
giving a better basis for interpretation of sedimentary deposits.
The new method was tested on a large variety of different sedi-
mentary deposits originating in very different sedimentological
environments.

The comparison made between the M-RIM and A-RIM shows
that with parity of conditions, granulometry provided by the su-
pervised automatic analysis falls within the range of variability
obtained by semi-manual measurements made by experts for
images with good contrast between the matrix and clasts. In the
worst conditions, the discrepancy between the automatic and
semi-manual method is less than 13%, a discrepancy that is very
close to the natural internal variability of coarse sedimentary de-
posits, and thus tolerable for many sedimentological studies.
Moreover, this discrepancy can be notably reduced increasing the
number of intercepts or by manual editing.

The new method can be used not only in sedimentology and

Optical Granulometric Distribution
camera Smartphone Samsung S3 mini® 3.2Mp

10.0

6.0

8.0

% %
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Fig. 9. Comparison of the image quality and optical granulometry distributions, obtained using cameras with different resolution on the same area test of a pyroclastic

deposit (ignimbrite). (A) Images of 15 Mp, (B) 5 Mp, (C) and 3.2 Mp resolution.
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Table 4

Summary of the results of the analysis of the 14 statistical parameters obtained with DECOLOG 5.1.

Outcrop Area m? Intersections Mean M-RIM Sorting M-RIM Skewness M-RIM Max. difference M-RIM and  Analysis time M-RIM /A_RIM
JA_RIM JA_RIM JA_RIM A_RIM (min)
Area 1.A 1.67 1000 —3.50/-3.40 1.21/1.13 —0.12/-0.06 2% >60/<7
Area 1.B  0.45 500 —3.18/-3.07 1.10/1.34 0.03/0.07 5% >45/<5
Area 2.A 0.07 300 —3.17/-3.25 1.45/1.43 0.05/0.10 2% >35/<5
Area 2B 0.15 350 —3.33/-3.34 1.50/1.55 —0.01/0.2 6% >40/<5
Area 3.A 216 250 —1.76/-2.56 1.06/0.95 —0.19/-0.20 13% >30/<5
Area 3B 0.08 150 —4.36/-4.52 0.99/1.11 0.16/0.27 5% >25/<3
Area 4A 2.26 400 —5.32/-522 1.12/1.05 —-0.02/0.17 4% >40/<5
Area 4B 0.48 110 —5.13/-5.01 0.88/1.05 0.19/0.19 4% >25/<3
Area 4.C 0.08 500 —2.84/-2.75 111/1.11 0.09/0.25 5% >50/<5
Area 5A 0.08 400 —2.87/-2.82 1.03/1.12 0.01/-0.17 7% >40/<5
Area 5B 0.05 150 —2.46/-2.23 1.06/1.30 —0.02/0.04 8% >25/<3
Area 6.A 0.64 400 —4.47)-4.39 0.97/1.13 —0.12/-.01 6% >45/<5
Area 7A 0.18 370 —4.65/—.4.32 1.37/1.60 —0.01/-0.04 9% >30/<5
Area 8A 1.14 300 —5.32/-5.14 1.43/1.56 0.10/0.13 4% >30/<3

* Time to perform A-RIM includes these steps: pre-processing, segmentation, morphological binary operation and the count by Rosiwal intercepts. ECQMMF seg-

mentation was performed with 100 iterations.

earth science but also extended to other disciplines. It can be easily
employed by the scientific community at no cost. The full software
package, under a freeware license, can be downloaded at http://
www.laima-uaslp.org/descargas.html. The software will be con-
tinuously updated, and a new editing function, image processing
procedure and new algorithms using different segmentation cri-
teria are being developed and will be available soon.
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