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HIGHLIGHTS

+ Coarser sandstones presented higher porosities.
* Fine sandstones had larger number of pores.
» Genetic factors affected the size and shape of pores.

« 3D images with voxel size of 60° um? were evaluated.

Abstract: The sandstones of the Furnas Formation in the State of Parand, south of Brazil,
are located in regions with great importance due to the natural heritage found in the rocky
forms and associated flora and fauna. This paper presents a detailed analysis of the
internal structure of diverse sandstones of the Furnas Formation. X-ray microtomography
allowed 3D characterization of the number, pore size and shape distributions of the
sandstones. Images with voxel size of 60° um? were utilized to evaluate the sandstone’s
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macroporosity. The main results obtained indicate that higher macroporosities were
observed in coarser and some types of silicified sandstones. In general, fine sandstones
were characterized by the largest number of pores. As a general conclusion the size and
shape distribution of pores seem to have a variable relation with genetic factors as grain
size and cement (siliceous and/or ferruginous).

Keywords: image analysis; porous system; sandstone structure; 3D analysis;
micromorphology.

INTRODUCTION

Since the development of the x-ray computed tomography (CT) in the early seventies
of the last century [1], many applications of this technique have been found in different
research domains. CT have been applied with great success in the geosciences, soil science,
paleontology, materials science, medicine, plant science, and so on [2-8]. The technique is
based on the interaction of radiation with material being analyzed [9]. The rotational and
translational sample movements, in relation to the x-ray source and detector, provide
projected images, through which, information about the internal structures of the samples
analyzed are obtained [4].

The combination of the x-ray CT data and computer programs specifically written for
image analysis, permits a 3D characterization of the porous system of complex materials
such as sandstones [10-12]. CT is an interesting technique that can be utilized for
nondestructive evaluations of micropores and macropores. Sandstones can be
characterized in terms of the pore’s shape, number, distribution, volume, surface area and
connectivity by means of x-ray CT [13].

The analysis of the sandstone’s macroporosity is crucial due to its role in the movement
of water and gases in this kind of rock [12]. From the environmental point of view, the
presence of macropores is also important, because toxic substances can infiltrate quickly
through sandstones and reach the groundwater effecting its quality [14]. Therefore, a study
of the number of macropores, as well as their size and distribution, shapes and connectivity,
is crucial for a better characterization of sandstones.

The sandstones of the Furnas Formation represent an important protection for diverse
micro-ecosystems, and are located in a region with rising demand for subterranean water
for human consumption. These sandstones are also located in regions with several State
parks, which were created to protect the natural heritage found in the rock forms and
associated flora and fauna [15]. Therefore, the sandstones from the Furnas Formation are
of considerable social, environmental and cultural importance.

It is important to emphasize that the literature concerning studies about the 3D x-ray CT
characterization of the Furnas Formation sandstones is nonexistent. Taking this into
consideration, the aim of this study is to evaluate the macroporous system of Brazilian
sandstones from the Furnas Formation via x-ray CT. In order to achieve this objective, 3D
analysis of the pore size, shape distributions and morphological parameters was performed.

MATERIAL AND METHODS

The Furnas Formation (Paleozoic of the Parand Sedimentary Basin, southern Brazil)
contains mainly fine to coarse quartz sandstones cemented by kaolinite and illite [15-16].
This formation is an important regional aquifer considered as a karst, where the corrosion of
the kaolinite cement by intergranular solutions promotes the releasing of quartz grains and
thus the arenisation of the sandstone, which becomes easily eroded, favoring the
development of underground pores [17].

The sandstone samples were collected in the surface of the outcropping area of the
Furnas Formation in the Parana State, near the cities of Castro (24°47'S; 50°00'W), Tibagi
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(24°30'S; 50°24'W) and Pirai do Sul (24°28'S; 49°53'W), and they represent rocks of
different types and weathering stages (Table 1).

The sandstone samples were scanned with a “GE Medical uCT EVSMS-8” system (EVS
Corp., Toronto, ON). The CT system is composed by a 2D flat detector and a fixed conical
x-ray beam. The voltage and current applied to the x-ray tube were 120 kV and 155 pA,
respectively. A copper filter (0.5 mm thick) was placed at the output of the beam for the
attenuation of the low-frequency x-ray photons.

Regions of interest (ROI) were selected for reconstruction at 0.06% mm? voxel size, using
the GEHC MicroView software, in the 3D images (Table 2) [18]. Three samples (replications)
were studied for each type of sandstone collected. The processes of reconstruction, filtering
and segmentation of the images were performed according to the protocol adopted by the
research group of the Laboratory of Soil Image of the University of Guelph, CA [19]. After
image reconstruction a 3D Gaussian filter was utilized to reduce image noises [18].

Segmentation was performed based on the grayscale histograms of each image. In
order to eliminate the mixed voxels, which may cause the histogram peaks to widen, the
relatively pure voxels (which present low variance in relation to their neighbors) were
selected using the pure voxel extraction plugin developed specifically for this purpose [19].
In this plugin the measurement of the neighboring voxels average (n=124), the comparison
of this average with the central voxel value and the calculation of the standard deviation (o)
is made. When 0<0.1, the voxels are classified as having low variability (homogeneous
regions), which means elements of similar composition in the samples [14].

Table 1. Description of the undisturbed Brazilian sandstones from the Furnas Formation.

Sample Provenance Description
PR-190 (Pirai do Sul) Typical fine to medium cross-stratificated
FU-02A1
sandstone
PR-190 (Pirai do Sul) Typical fine to coarse cross-stratificated
FU-02A2
sandstone
FU-02C PR-190 (Pirai do Sul) Typical fine sandstone
FU-10D PR-340 (Castro-Tibagi) Fine micaceous planar-stratificated sandstone
FU-18B Guartela State Park Silicified sandstone along vertical fracture
FU-20A Guartela State Park Ferruginized sandstone along horizontal fracture
FU-25A1 Guartela State Park Coarse sandstone in surface ruiniform relief
Guartela State Park Silicified coarse sandstone in surface ruiniform
FU-25A2 _
relief
FU-27A Guartela State Park Silicified sandstone in vertical rock surface
FU-27B Guartela State Park Silicified sandstone in horizontal rock surface

The number, volume, location (X, y, z coordinates), surface area (SA) of pores divided
by the total sample volume and main axes (major, intermediate and minor) of each detected
pores were obtained from the reconstructed 3D images. The three main axes were utilized
to classify the pores in terms of shape by using the Zingg classification system [20]. Thus,
the sandstone pores were classified as Equant (EQ), Prolate (PR), Oblate (OB) and Triaxial
(TR). Pore connectivity was determined by calculating the Euler number [21]. Highly
connected structures present small and negative values of this number.

The following equations were used to obtain the macroporosity (Ma):
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Vp = Nyoxels (US)3 ' (1)
Vt = Z I/p , (2)

— Vp
Ma = Vt . (3)

where Nyoxels COrresponds to the number of voxels of V, vS is the voxel size, V, and V; are
the volume of pores and the total image volume [14].

The number of pores (NP) was calculated taking into consideration the total number of
disconnected macropores inside the total image volume. For Ma and NP distribution
analyses, the macropores were classified at different size intervals: 0.002-0.01; 0.01-0.1;
0.1-1; 1-10; >10 mm?3. All the pore analyses were carried out for pores larger than 8 voxels
[19].

Other parameters to access the complexity of the sandstone porous system were also
measured. The fractal dimension (FD), which is an indicator utilized to measure and
compare the roughness of a surface; and the degree of anisotropy (DA), which gives the
preferred orientation of pores, were determined by using the Bone J plugin [22-24].

The statistical analysis was carried out using Past software [25]. Averages were
calculated for each physical parameter studied and used to obtain the mean and standard
error. Analyses of correlation were performed between each pair of variables for the entire
set of data. The correlation coefficients (R) were determined using the Pearson’s test.

RESULTS AND DISCUSSION

Figure 1 illustrates the 2D and 3D segmented images after cubic sub-volume extraction.
These images represent one of the three sample sandstone volumes reconstructed (Table
2). The sample choice was based on the comparison of its macroporosity to the average Ma
(n=3). Samples with Ma close to its average were selected.
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(i) ()

Figure 1. 2D and 3D CT segmented images of the Furnas Formation sandstones studied. Pores are

showed in white. The blue arrows indicate the position of the sample sections selected for the 2D
image analysis. (a) FU-02A1 sandstone; (b) FU-02A2 sandstone; (c) FU-02C sandstone; (d) FU-
10D sandstone; (e) FU-18B sandstone; (f) FU-20A sandstone; (g) FU-25A1 sandstone; (h) FU-25A2
sandstone; (i) FU-27A sandstone; (j) FU-27B sandstone.

The 3D images give an idea about the distribution of pores inside the sandstones and
the 2D images about the shape and distribution of pores in two different positions (next to
the borders) of them. Qualitative analysis of the segmented images revealed that some of
the sandstones presented a more isotropic distribution of pores (FU-02A2, FU-18B, FU-
25A1 and FU25A2) than others (Figures 1b, 1le, 1g and 1h). The 2D images selected in
positions close to the borders of the samples highlight this finding. Some sandstones were
also characterized by concentrations of pores in specific regions of the sample (e.g. FU-10D
and FU-20A), which indicate a structure composed by pores smaller (voxel size <0.06% mm?)
than the resolution achieved [12,14].

Brazilian Archives of Biology and Technology. Vol.xx: €00000000, 2019 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

6 Pires, L.F.; et al.

Table 2. Volume of the Brazilian sandstone samples studied.

V (mm?3)
Sample S1 S2 S3
FU-02A1 647 666 898
FU-02A2 2601 2838 3005
FU-02C 4252 4946 4946
FU-10D 5011 1276 1345
FU-18B 487 480 229
FU-20A 574 690 640
FU-25A1 953 979 1063
FU-25A2 399 431 1004
FU-27A 389 490 458
FU-27B 458 548 501

The highest and the lowest Ma values were noticed for FU-18B and FU-02C,
respectively. The latter is classified as a typical fine sandstone and the former as a silicified
sandstone from a vertical fracture [15,17]. The following sequence was observed regarding
Ma: FU-27A > FU-25A2 > FU-25A1 > FU-10D > FU-02A2 > FU-20A > FU-02A1 > FU-27B
(Figure 2a). In general, coarse sandstones were characterized by the largest Ma values.
The smallest values were observed for fine sandstones and located along horizontal fracture
or rock surface. For these sandstone types are expected small values of Ma due to their
nature.
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Figure 2. (a) Macroporosity (Ma); (b) Number of pores (NP); (c) Euler number (EN); (d) Surface area
per volume (SA); (e) Fractal dimension (FD); (f) Degree of anisotropy (DA) for the different sandstone
samples (n=3) of the Furnas Formation studied.

In terms of NP, the highest and the lowest values were measured for FU-02A2 and FU-
20A, respectively (Figure 2b). This result means that the latter is characterized by the
presence of larger pores in relation to the former, based on Ma results. The following
sequence was observed regarding NP: FU-10D > FU-02C > FU-25A1 > FU-25A2 > FU-27A >
FU-02A1 > FU-18B > FU-27B. In general, fine sandstones were identified as those with the
largest amount of resolvable pores, usually composed by pores of small sizes as compared
to coarse sandstones.

Regarding the pore size distribution (Figure 3), FU-10D and FU-20A had similarities.
The largest contributions to NP (=66%: FU-10D; =73%: FU-20A) and Ma (=66%: FU-10D;
=~49%: FU-20A) were found in the following pore size ranges 0.002-0.01 mm?® and >10 mm?,
These sandstones were characterized by concentrations of pores in specific regions of the
samples (Figures 1d and 1f), which resulted in a better porous system connectivity for them
(Figure 2c). However, it is important to highlight that the values of EN measured, in general,
indicate low connected structures, which are associated with fragmented macropore
networks [26-28].

For Ma, FU18-B and FU-27B were characterized by more homogeneous distribution of
pore sizes between the volume intervals of 0.01 to >10 mm?® and 0.002 to 10 mm?,
respectively. FU-02A1 (=50%) and FU-02C (=61%) presented the maximum proportion of
macropores for the volume of 0.01 to 0.1 mm?3. These two sandstones were classified as
typical fine ones. FU-02A2 (=70%), FU-25A1 (=83%), FU-25A2 (=76%) and FU-27A (=87%)
had maximum proportions in the pore volume intervals of 0.01 to 0.1 and 0.1 to 1 mm?,
respectively. These four sandstones also showed similarities in terms of NP for these volume
intervals and three of them presented coarse structures and intermediate values of Ma
(Figure 2a and Figure 3).

For NP, pore volumes <0.01 mm? were the most frequent for FU-02A1 (=66%), FU-02C
(=68%), FU-10D (=66%), FU-20A (=73%) and FU-27B (=73%) (Figure 3). These sandstones
were also identified as having structures composed by pores smaller (analysis not showed
in this work) than the resolution achieved (Figure 1). In general, sandstones presenting
almost the same concentrations of pores <0.01 mm? were characterized as having the
smallest SA values, which means similarities in pore morphology and surface texturing
(Figure 2d) [29-30].

Regarding the influence of the shape of pores in Ma (Figure 4), TR shaped pores were
the most common. The following sequence was observed for TR: FU-18B (=55%) > FU-27A
(=51%) > FU-20A (=49%) > FU-02A1 (=48%) > FU-02A2 (=47%) > FU-25A1 (=46%) > FU-
10D (=45%) > FU-25A2 (=43%) > FU-27B (=35%) > FU-02C (=33%). In general, the highest
proportion of TR shaped pores was found for sandstones with the largest Ma (Figure 2a).
These pores are also known as laminar due to their blade-like shape and a large amount of
them was associated with small SA values (Figure 2c) [28].
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Figure 3. Distribution of macroporosity (Ma) and number of pores (NP) in terms of volume (V) of
pore intervals for the Furnas Formation sandstones studied. The Ma and NP were obtained
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considering the total macroporosity and total number of pores. (a,b) 0.002-0.01 mm?; (c,d) 0.01-0.1
mm?; (e,f) 0.1-1 mm3; (g,h) 1-10 mm3; (i,j) >10 mm3.

The other types of pores showed large proportions of EQ (spheroidal) and PR (channel)
shaped pores, which are characterized as having cuboid-like (PR) and cube-like (EQ)
shapes. The following sequence for Ma was observed for these two shapes : FU-02C
(=55%) > FU-27B (=49%) > FU-20A (=49%) > FU-10D (=44%) > FU-25A2 (=43%) > FU-
25A1 (=42%) > FU-20A (=39%) > FU-02A1 (=39%) > FU-27A (=39%) > FU-02A2 (=35%).
As pointed out before, FU-02C, FU-27B and FU-20A sandstones were characterized by
structures composed of pores smaller than the resolution achieved and concentrations of

pores in specific regions of the samples (Figure 1).
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Figure 4. Distribution of macroporosity (Ma) and number of pores (NP) in terms of the shape of pores
for the Furnas Formation sandstones studied. The Ma and NP contributions were obtained
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considering the total macroporosity and total number of pores. (a,b) Equant (EQ) shaped pores; (c,d)
Prolate (PR) shaped pores; (e,f) Oblate (OB) shaped pores; (g,h) Triaxial (TR) shaped pores.

In terms of NP, the smallest amount was noticed for OB shaped pores (Figure 4).
However, in most of the cases the largest amount was found for PR shaped pores. In general,
it was observed similarities in the tendencies of Ma and NP regarding the different shape of
pores. Correlation analyses between NP and Ma were carried out to highlight these
tendencies. High positive correlation coefficients were observed for all the pore shapes
studied (R=0.99: p<0.001 — EQ; R=0.96: p<0.001 — PR; R=0.94: p<0.001 — OB; R=0.85:
p<0.01 — TR). Therefore, the largest the number of pores is the largest the macroporosity
measured.

Regarding the fractal dimension, in general the sandstones with the largest Ma were
also those characterized by the largest FD (Figures 2a and 2e). Coarse sandstones had
more complex pore structures as indicated by the large FD, which indicates rough pore
surfaces [31,32]. The analysis of correlation between FD and Ma showed high positive
correlations between these two parameters (Table 3).

Table 3. Pearson correlations between each pair of variables.

FD DA EN SA Ma NP
FD 1 -0.853** 0.119 0.767** 0.748** 0.291
DA -0.853** 1 -0.441 -0.684* -0.669* -0.225
EN 0.119 -0.441 1 0.105 0.082 -0.418
SA 0.767** -0.684* 0.105 1 0.999*** -0.226
Ma 0.748** -0.669* 0.082 0.999*** 1 -0.225
NP 0.291 -0.225 -0.418 -0.226 -0.225 1

Significant at *p<0.05, **p<0.01, ***p<0.001; FD: Fractal dimension; DA: Degree of anisotropy; EN:
Euler number; SA: Surface area; Ma: Macroporosity; NP: Number of pores

The results of DA give an idea about the isotropy of the porous system (Figure 2f). Small
values of DA (close to 0) represent an isotropic porous system, while values close to 1 an
anisotropic porous system [32]. Sandstones with concentrations of pores in specific regions
(FU-02A1, FU-10D, FU-20A and FU-27B) were characterized as more anisotropic, as
expected (Figures 1a, 1d, 1f and 1j). In general, coarse sandstones presented more isotropic
porous structures in comparison to the fine ones. As coarse sandstones had large Ma values
(Figure 2a), a negative high correlation was observed between Ma and DA (Table 3).

The correlation test showed significant correlations among some sandstone’s
morphological characteristics (Table 3). There were significant negative correlations
between FD and DA, DA and SA and DA and Ma. For the sandstones studied, more complex
pore structures are related to more homogeneous distribution (isotropic) of pores (FD x DA),
which was expected considering Ma and NP results (Figures 2a and 2b) [33,34]. The same
result was observed in terms of SA. On the other hand, there were positive correlations
between FD and SA, FD and Ma and Ma and SA. Coarse sandstones were characterized
by the largest Ma and FD and, consequently, SA (Figures 2a and 2d). In general, the more
homogeneous the distribution of pores (Figure 1), the large their surface exposed to gases
and solutes (>SA).

CONCLUSION

Results show that, in general, silicified and coarse sandstones were characterized by
the largest macroporosity, while fine sandstones by the smallest. In terms of number of pores,
the fine sandstones presented the highest amount of them.
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Poor connectivity was observed for all the sandstones considering the resolvable pores
analyzed. The best connectivity was found in the fine micaceous planar-stratificated
sandstone, which was characterized by a great concentration of pores in specific regions of
the sample studied.

In terms of the surface area, in general, the sandstones with the most homogeneous
distribution of pores were also identified as those with the largest values of SA. For the fractal
dimension, the coarse sandstones had more complex porous systems and, consequently,
higher surface roughness of pores. For the anisotropy, the concentration of pores in specific
regions of the samples indicated more anisotropic porous systems.

Regarding the pore size distribution, there is no a clear relation between Ma and the
nature of the sandstones. In general, the fine sandstones presented the highest contribution
to Ma from pores with volumes of 0.01 to 0.1 mm3. Silicified sandstones were characterized
by more homogenous distributions of pores, considering all the volume intervals studied. In
terms of NP, in general the highest contribution was due to pore volumes of 0.002 to 0.01
mm?. Silicified sandstones were characterized by the highest contribution of pores with
volumes of 0.002 and 0.1 mm?,

In terms of the shape of pores, the highest contribution to Ma was observed for triaxial
(laminar) shaped pores. This result was found for all the sandstones studied. Regarding NP,
in general the highest contribution was identified for equant and prolate shaped pores.

As a general conclusion, the size and shape distribution analyses of the sandstones
porous system seem to have a variable relation with genetic factors of the rock as grain size
and cement (siliceous and/or ferruginous). The same was observed for the analysis of fractal
dimension, degree of anisotropy and connectivity. Porosity is a major factor controlling
underground erosion and the karst system development in the outcropping area of the
Furnas Formation. The comprehension of the relations between rock genetic factors,
porosity and underground voids development is an urgent need for the environmental
management of groundwater storage and exploitation, karst relief evolution,
geoenvironmental hazards and geological heritage. Additional studies on the development
of the porosity of the sandstones of the Furnas Formation, like presented in this work, can
bring essential subsidies for the management of this important regional rock unit; mainly due
to the importance of macropores to the infiltration and redistribution of solutes.
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