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Abstract Porous carbonates display some of the most complex porosity networks
in reservoir rocks. This requires a quantitative geometric description of the complex
(micro)structure of the rocks. Modern computer tomography techniques permit acquir-
ing detailed information concerning the porosity network in three dimensions. These
datasets allow a more objective pore classification based on mathematical parameters.
In this study, ratios of the longest, intermediate, shortest dimensions and compact-
ness of the pore shapes, based on an approximating ellipsoid, are analysed to obtain
a thorough and objective description of pore shapes. Using intrinsic properties of the
latter, the classification can be used at every resolution scale. Five shape classes are
defined: rod, blade, plate, cuboid and cube. An additional advantage of this classifica-
tion is that the data provide information about the orientation of the pores. This allows
assessing the anisotropy of the porosity parameter. Apart from having an objective
pore-type classification, analysing the shape and orientation of the pores permits to
study the relationship with other important petrophysical rock characteristics such as
permeability, acoustic properties and rock mechanical behaviour.
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1 Introduction

The most frequently applied porosity classification system in carbonate rocks by petro-
leum geologists is the classification introduced by Choquette and Pray (1970) or is
based on it. This classification mainly relates to the sedimentological characteristics
of the samples and hence is closely linked to the depositional environment, diage-
netic history, fracturing and origin of the carbonates studied. This classification is still
widely in use and is cited as the principal system for the classification of porosity in car-
bonates in various reference books such as Tucker and Wright (1990), Moore (2002),
Keary (2001), Scholle and Ulmer-Scholle (2003), Pentecost (2005) and Ahr (2011).
More petrophysically based porosity classifications were developed by Archie (1952)
and Lucia (1995). These classifications aim to establish a link between porosity types
and fluid flow properties. However, the disadvantage of all these classifications is the
subjectivity of describing the abundance and shape of the pores and hence not making
a correct and objective interpretation of the porosity parameter. More recently Longy
(2006) introduced a useful classification based on pore characteristics and sizes. The
latter author is also one of the first to add a measure addressing the porosity distribu-
tion in his classification, and divide samples between uniform and patchy distribution
of the pores. However, all the proposed parameters are still mostly descriptive and
relative to each other. The rock is described by information about the porosity type,
rather than definition of the pore geometry (e.g., intercrystal or interparticle porosity).
Hence, the problem remains of correctly assessing the porosity distribution based on
parameters deduced from a two-dimensional (thin)-section of the sample. To acquire
sufficient and correct information about the porosity distributions, the step towards
three-dimensional datasets needs to be made. To link it with permeability values and
other rock parameters such as acoustics measurements and dynamic shear moduli,
an understanding of the pore geometry and connectivity in 3 dimensions is essen-
tial (Verwer et al. 2010). This data acquisition can be done using X-ray computed
tomography (CT) (Cnudde and Boone 2013).

The aim of this article is to propose a new, objective and quantitative approach
with regard to porosity classification, which is based on the three-dimensional pore
shape characteristics and its distribution as acquired by X-ray CT. Despite the fact that
shape is one of the most fundamental properties of an object, it remains very difficult
to characterise and quantify it objectively. Blott and Pye (2008) provide an excellent
overview of shape descriptors, proposed for the description of pebbles by different
scientists since 1922. The large number of parameters enumerated by these authors
proves the complexity of describing shapes.

In this study, continental carbonates and dolomite rock samples were selected
because of their complexity and economic importance. The significance of conti-
nental carbonates is proven by the discovery of supergiant fields in the Middle East
(Nurmi and Standen 1997) and, more recently, in the South Atlantic (Sant’ Anna 2004;
Wright and Barnett 2015). Continental carbonates used in this study are characterised
by a monomineralic framework and large, complex pores, which have characteristic
shapes. With regard to dolomites, Warren (2000) stated that dolomite reservoirs host
50 % of the worlds hydrocarbon reserves. The latter likely needs to be modified since
the discovery of the Pre-Salt oil system. The complexity of carbonate reservoirs orig-
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Fig. 1 Examples of hydrothermal dolomite samples with vuggy porosity: patchy distribution of the vugs
(a); uniform, aligned distribution of the vugs (b) according to the classification of (Lgngy 2006)

inates from its various geneses (clastic, biological or chemical) and the susceptibility
of carbonates to diagenetic modifications (dissolution, recrystalization and cementa-
tion) affecting its reservoir properties. In addition, due to the complex interaction of
different precipitation mechanisms, such as physico-chemical, biological and hydro-
logical processes during the formation of continental carbonate deposits one of the
most complex and heterogeneous porosity networks is created, especially when the
shape of the pores is considered (Pentecost 2005). Moreover, the study of the acoustic
response of continental carbonates shows that they follow a different behaviour than
marine carbonates (Soete et al. 2015). The difference in pore network architecture
plays a major role in explaining the latter difference.

2 Materials

Hydrothermal dolomite (HTD) samples are chosen as an example of typical reservoir
rocks to test the proposed classification. Porosity in the analysed samples can be subdi-
vided in intercrystalline, moldic and vuggy porosity according to the classification of
Choquette and Pray (1970). Intercrystalline porosity mainly corresponds to the voids
between matrix dolomite crystals. Pore size varies on average between 20 wm and
500 pwm. However, individual moldic pores are on average 3 mm wide and up to 2
cm long. Based on two-dimensional pictures it is hard to determine if these molds are
connected. The dominant pore type, on a cm—mm scale, in HTD dolomite is vuggy
porosity. The shape of vuggy pores is often complex hence preventing determination
of its exact origin. Vug sizes vary between 2 mm and 20 cm (Fig. 1).

Continental carbonate samples used in this study are derived from a study of a
kilometre scale natural reservoir analogue system from the Denizli Basin (Turkey)
(Claes et al. 2015). As stated in the introduction, porosity networks in the past are
mainly described based on two-dimensional classifications proposed by Choquette
and Pray (1970), Lucia (2007) and Lgngy (2006). The porosity classification scheme
proposed by Choquette and Pray (1970) is based on a differentiation between fabric
selective and non-fabric selective porosity types. Most porosity types in continental
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Fig. 2 Continental carbonate samples: sub-aqueous continental carbonate with porosity aligning on hori-
zontal layers (a); sub-areal continental carbonate with moldic porosity originating from plant material (b);
sub-aerial continental carbonate showing increased inclination of the layering (c¢); sub-aerial continental
carbonate with shelter like porosity (hammer for scale) (d)

carbonate rocks, visible at micrometre to decimetre scale can be subdivided in the
fabric selective category according to Choquette and Pray (1970). Intercrystalline,
moldic, fenestral and shelter porosity are the most common porosity sub-types in
continental carbonates (Pentecost 2005). On a larger, metre scale, non-fabric selective
porosity occurs as fracturing and cavernous porosity created by shelter or secondary
porosity.

In this study, continental carbonate samples belong either to those that were
deposited sub-aqueously and those that reflect sub-aerial depositional conditions. The
porosity in sub-aqueous continental carbonate facies is mainly reflected by its sediment
parallel lamination. The lamination in the studied material does not exceed a dip angle
of 5°. Macroscopically, the longest size of the pores varies between a few mm and 2 cm.
The distribution of the pores is accentuated by the sedimentary lamination (Fig. 2a).
Using the classification of Choquette and Pray (1970), porosity in these samples can
be described as intercrystalline and fenestral. This corresponds to patchy macropores
according to Lgngy (2006). Based on thin section observations, the macropores show
little connection, except through intercrystalline porosity. Hence, according to Lucia
(1995), their porosity is classified as separate vugs. The sub-areal facies are charac-
terised by alternating laminae and beds of dendritic crusts and granular macro-fabrics.
The latter are composed of spherules and encrusted plant fragments (Fig. 2b). The
porosity types of this depositional setting can be described as moldic, shelter and
growth and framework porosity using the system of Choquette and Pray (1970). More
porous layers are characterised by molds of macrophytes, which also allow shelter
porosity to develop. Hence, a strong correlation exists between plant fragments and
moldic porosity. Macrophytes often develop into mound structures. The layering of
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these deposits becomes much more inclined (Fig. 2¢). The presence of bryophytes
results in growth framework porosity. Hence, a strong correlation exists between for-
mer plant fragments and moldic porosity (Fig. 2d). Based on the classification of
Longy (2006) all the pores fall into the moldic or vuggy macro-pore category.

3 Methods
3.1 Image analysis and pore shapes

X-ray CT is a three-dimensional imaging technique used in different research fields,
which allows to obtain information on the internal structure of the investigated object
in a non-destructive way (Kak and Slaney 1989). In this study, 20 cores with a diameter
of 10 cm were scanned using a Siemens Somatom scanner at a resolution of 0.3 by
0.3 by 0.5 mm vozxel size. Notice that the research philosophy outlined below is also
applicable on a smaller spatial scale. Instead of using a medical CT scanner, a micro-
CT scanner can be used resulting in resolutions in the order of (1 pum)3 and below,
depending on the size of the sample (typically | mm diameter or less).

To differentiate pores from matrix, an image segmentation needs to be performed.
The purpose of this operation is to separate solid phases such as monomineralic rock
constituents and air corresponding to pores. Quantitative analysis of the porosity
requires a voxel by voxel determination of void and rock phases. In addition com-
mon segmentation algorithms such as simple thresholding, edge detecting and active
contours need to be mentioned. Wirjadi (2007) provides an exhaustive survey of exist-
ing methods. For segmentation an in-house dual-thresholding algorithm is used, based
on the principle first described by Canny (1986) for an edge detecting algorithm. The
applied dual or hysteresis thresholding uses two intervals of the histogram to determine
the segmentation. Voxels corresponding to the first ‘strong’ threshold are classified as
foreground voxels, while voxels selected by the second threshold are only considered
foreground if they are connected to voxels already selected by the ‘strong’ threshold.
The advantages of this algorithm are the reduced sensitivity to residual noise in the
dataset and the selection of less insulated foreground voxels.

As the shape of the identified pores will be calculated based on the generated binary
images, the segmentation process in any three-dimensional image analysis is very
important. Hence, special attention is paid to this segmentation step by comparing the
porosity value obtained from the dataset with He porosity measurements for a limited
number of 10 cm diameter cores using medical CT technology. To obtain a sufficient
number of data points, results of 3.8 cm diameter plugs are added to the dataset,
which are scanned by a General Electric Nanotom micro-CT (with a 15.8 pm?3voxel
size resolution). Figure 3 displays the correlation between both datasets. The 72 value
of the regression curve is 0.91 which points to a good correlation between porosity
values obtained by both approaches. The fitted curve does not pass through zero as it
theoretically should. This can be explained by the existence of micro-porosity, which
is not detectable due to the resolution of the medical CT scans. This intercept provides
an indication of the amount of micro-porosity missed due to the resolution of the
medical CT scans.
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Fig. 3 Correspondence between He porosity measurements and CT-based porosity measurements

Binarisation of the images, identifying voxels as foreground and background in
a two component system like the one with continental carbonates or dolomite ver-
sus porosity, is the first step of pore space characterization. From this dataset global
quantities such as the total porosity can directly be calculated as well as the volume
of interconnected pores. However, additional analysis is essential to understand the
petrophysical characteristics of the rocks.

To achieve a correct assessment of the pore shapes it is necessary to split complex
pores into elementary pore bodies by determining the pore throats in the three-
dimensional dataset. Pore throats are those areas where the pore diameter reaches a
local minimum. The identification of these pore throats is performed using a so-called
‘watershed transformation’ approach. The watershed algorithm has many applications
in image processing by simulating the flooding from a set of labelled regions in the
three-dimensional image. These regions are expanded according to the distance map,
until the watershed lines are reached. Hence, the process can be seen as a progressive
immersion of a landscape. Three steps are characteristic for this algorithm: (i) cal-
culating the distance map of the binary images, (ii) determining the local maxima in
this new dataset, (iii) calculating the dividing lines (watershed lines) between different
pore bodies (defined by the local maxima) based on a 26-connectivity in 3 dimensions
(Meyer 1994). The process is illustrated on a simple shape in Fig. 4a, where two simple
pore bodies connected by a central cuboid are separated. Figure 4b shows the distance
map calculated in 3 dimensions and Fig. 4c shows the selected local maxima which
are used as centre of the basins in the watershed approach. In Fig. 4d the two pore
bodies are separated.
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Pore body 2 ‘
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Fig. 4 Overview of the watershed algorithm: a original complex pore; b slice of the three-dimensional

distance map; red color indicates the largest distance from the edge; ¢ centre of the basins; d resulting pore
bodies

3.2 Shape parameters

Once the pore space is transferred into three-dimensional images labelled for individ-
ual pore bodies and disconnected from each other by rock or through the watershed
procedure, the shape parameters of individual pores can be calculated. The focus in
characterising pore networks should, in contrast to the Choquette and Pray (1970) clas-
sification, shift from rock textures and genesis to the pore geometry. Longy (2006)
elaborated the classification adding pore size and distribution.

In the proposed classification individual pores are considered as discrete objects,
making it possible to calculate the mechanical moments of these objects. The resulting
tensor is defined as

These results are used to calculate several shape parameters and it allows to propose a
new, objective and quantitative pore classification system, though using a terminology
inspired by the two-dimensional particle classification systems of Blott and Pye (2008).

The spectral theorem for real, symmetric matrices defines that a Cartesian coordi-
nate system exists for which the tensor becomes diagonal having the following form

~
—_

0
0

)

o o
oo

I3

I, I and Izare called the principal moments of inertia. The axes corresponding to this
tensor are the principal axis. The tensor and principal axis can be calculated solving
the eigenvalue problem of the original tensor.

@ Springer



626 Math Geosci (2016) 48:619-639

Using the principal moments of inertia it becomes possible to calculate the three
principal dimensions of the approximate ellipsoid based on the known inertia tensor of
an ellipsoid. In this tensor the symbols L, I and S correspond to the longest dimension,
the longest dimension perpendicular to L and the longest dimension perpendicular to
L and I, respectively

sm(I* + 5%) 0 0
0 tm(L? + $%) 0
0 0 Im(L? + 1%

Parameters V; and E; are used to evaluate the goodness of fit between the pore shape
and the approximating ellipsoid. The goodness of fit increases with ratio’s approaching
1

Vapproximating ellipsoid

Vs = ,
! Volume

Eo— €approximating ellipsoid
T Surface '

Because a labelled dataset, based on connectivity, is used for calculating L, I and S,
complex parts of the porosity network show V; and E ratios diverting from 1. To solve
this problem, these pores are divided into multiple pores by applying the watershed
approach again, for which L, I and S dimensions are calculated again on an individual
basis. Notice that the position of the pores can be visualised for inspection.

3.2.1 Pore types and classification

The proposed universal porosity classification is based on the actual three-dimensional
shape of the pores in terms of the ratio’s I/L and S/I (Blott and Pye 2008). The
advantage in this approach is that it is a simple classification, without calculating
derivative parameters. In this classification individual pores are described based on
their elongation and flatness, which thus also allows anisotropy of the pore fabric to
be assessed. Figure 5 shows a diagram with five defined shape classes, namely rod,
blade, cuboid, plate and cubic shapes. This simplified scheme allows objective and
automatic description of pores.

3.3 Compactness

A parameter that combines information about the surface area and volume of the
described shape is the compactness Gonzalez (1987) and Haralick and Shapiro (1991).
This parameter is defined as the following ratio (volume?)/(area’), which is dimen-
sionless. Among all three-dimensional shapes with the same volume, the sphere will
have a minimum surface area, resulting in a compactness of 1. The compactness is an
intrinsic characteristic of the shape and hence is invariant under geometric transfor-
mations such as translation, rotation and scaling.
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Fig. 5 Overview of the proposed pore shapes using the ratios of the longest (L), intermediate (/) and
shortest (S) pore dimension, based on a projected ellipsoid within the assigned pore

The compactness provides information about the complexity of the shape. A sphere
like shape has a compactness value of 1, while a star like shape has a much lower
compactness value. Hence, some bias towards the previous defined classes exists. The
cube-like shapes will all have a compactness value close to 1, while the plate and rod-
like shape classes have the lowest compactness value. However, enough additional
information is provided by this parameter, because it provides additional insight in the
shape of the pores and its connectivity.

3.4 Orientation of the pores

The analysis and interpretation of directional data require specific representations and
descriptors. This allows preferential pore orientations and pore space anisotropy to be
described. The eigenvectors of the previous described system provide the orientation of
the principal directions of the approximating ellipsoid. The orientations are represented
in a spherical coordination system as shown in Fig. 6. The azimuth varies between
—m and 7 and the elevation between —r/2 and 7z/2. The directional data are analysed
by means of unit length vectors, by representing the angular observations as points on
a unit sphere.

However, the mean direction of a set of points on a sphere cannot correctly be
calculated by taking the average of the azimuth and elevation values, because the
coordinate system used is discontinuous. For example, the average of (0,0) and (359,0)
would give the incorrect value of (179.5,0). The correct mean direction of a set of n data
points (P; = (6;,9;)) is therefore calculated using the Cartesian coordinates (x;,y;,z;)
of each point,

X; = sin#; cos @;
y; = sin 6; sin @;

Z; = cosb;
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Fig. 6 Illustration of the
coordinate system, defining
azimuth and elevation. Arrows
indicate positive directions

R:(ixz' i)’i izi)

i=1 i=1 i=1

The mean direction of the n points can be obtained using the above formula, yielding a
resultant length of the mean direction. The value of R varies between O and n, because
of the use of unit vectors. A high value corresponds to a low dispersion of the data
points, while low values are typical for uniformly distributed data points (Wightman
and Kistler 1989). The normalised version of this parameter is indicated with R,
and varies between 0 and 1. Hence, the mean directions can be calculated using the
direction cosines, which can be reconverted to spherical coordinates

6 = arccos(z) ¢ = arctan (ﬁ) .
X

4 Results
4.1 Dolomite versus continental carbonate

The proposed classification provides an objective approach to compare the porosity
network of dolomite and continental carbonate samples. The question indeed arises
whether the pore characteristics are different seen the dominance in both lithologies of
moldic and vuggy pores. Table 1 provides an overview of the poreshape distribution
in 10 samples for both lithologies.

A method for comparing the means of the different shapes of both lithologies is
one-way ANOVA (analysis of variance) analysis. The null hypothesis of this statistical
test is

Ho:pr=p2=--=
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Table1 Overview of the pore shape distribution based on percentages in continental carbonate and dolomite
samples

Porosity Rod Blade Cuboid Plate Cube
Dolo 1 4.8 0.08 0.11 0.34 0.25 0.23
Dolo 2 5.0 0.08 0.09 0.39 0.22 0.22
Dolo 3 6.3 0.08 0.10 0.35 0.25 0.22
Dolo 4 6.4 0.11 0.15 0.29 0.24 0.21
Dolo 5 6.8 0.09 0.10 0.31 0.22 0.29
Dolo 6 7.2 0.08 0.11 0.33 0.25 0.24
Dolo 7 7.6 0.10 0.13 0.30 0.24 0.22
Dolo 8 8.2 0.09 0.10 0.35 0.22 0.24
Dolo 9 8.2 0.07 0.09 0.35 0.21 0.28
Dolo 10 8.5 0.10 0.09 0.36 0.20 0.25
C.C. 1 32 0.10 0.13 0.33 0.21 0.24
C.C.2 4.2 0.07 0.07 0.36 0.17 0.32
CC.3 5.4 0.12 0.10 0.33 0.21 0.24
CC.4 6.9 0.16 0.12 0.30 0.21 0.21
C.C.5 7.2 0.20 0.12 0.30 0.19 0.19
C.C.6 8.6 0.17 0.12 0.29 0.20 0.22
C.C.7 9.1 0.17 0.11 0.31 0.20 0.21
C.C.8 9.6 0.14 0.12 0.31 0.21 0.23
C.C.9 11.6 0.26 0.10 0.30 0.16 0.19
C.C. 10 13.1 0.17 0.11 0.31 0.22 0.19

Rejecting this null hypothesis means that both groups are different and hence a distinc-
tion can be made based on the studied pore shape. The test is rejected if the resulting
P value is lower than 0.05. Figure 7 provides an overview of the P values for each
defined pore shape. Three out of 5 pore shape classes are significantly different when
comparing dolomite and continental carbonate samples. The largest difference can be
found in the rod and blade-like shaped pores. This is also shown in Fig. 7f with all the
boxplots compared for the different shapes.

4.2 Sub-aqueous versus sub-aerial continental carbonates

With regard to the studied continental carbonate samples a genetic differentiation
between sub-aqueous and sub-aerial facies types can be made. The question arises
whether the apparent difference in characteristics of the porosity network between
both facies types can be quantified. Figure 8 illustrates some representative three-
dimensional reconstruction of both porosity network characteristics.

Table 2 and Fig. 9 give the pore shape distribution for seven sub-aqueous and
eight sub-aerial samples. The ANOVA analysis shows that a distinction can be made
based on rod and blade-shaped pores. The plate-like shaped pores are not significantly
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Fig. 7 Boxplots of the shape distribution in dolomite (D.) and continental carbonate (C.C.) samples:
arod-like shape; b blade-like shape; b cuboid-like shape; d plate-like shape; e cube-like shape; f comparison
of the occurrence percentage of pore shapes in continental carbonates and dolomite samples

different; however, if the volume distribution of the pores are taken into account, the
difference becomes significant (P = 0.023).

4.3 Compactness and clustering

As a third parameter, compactness can be taken into account to develop a more thor-
ough description of the pore body shape. Different data points of individual pore
body characteristics of one core are plotted and clustered by the k-means algorithm in
Fig. 10 (Seber 1984). This algorithm partitions the points into 5 clusters based on an
iterative way of minimising the sum, over all clusters, of the within-cluster sums of
point-to-cluster-centroid distances. This objective distribution shows similarities with
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Fig. 8 Three-dimensional volume rendering of the porosity network in continental carbonates: a sub-

aqueous sample; b sub-aerial sample

Table 2 Overview of the pore

shape distribution in Porosity  Rod Blade  Cuboid  Plate  Cube

sub-aqueous and sub-aerial Sub-aqueous 3.2 010 013 033 021 024

continental carbonate samples
Sub-aqueous 3.9 0.06 0.08 0.30 0.16 040
Sub-aqueous 4.2 0.07 0.07 0.36 0.17 032
Sub-aqueous 4.2 0.09 0.08 0.29 0.20 0.33
Sub-aqueous 5.4 0.12  0.10 0.33 021 024
Sub-aqueous 6.5 0.08 0.09 0.32 020 032
Sub-aqueous 7.5 0.11  0.09 0.29 0.18 0.33
Sub-aerial 7.9 0.14 0.10 0.32 0.19 026
Sub-aerial 6.9 0.16 0.12  0.30 021 021
Sub-aerial 8.6 020 0.12 030 0.19  0.19
Sub-aerial 8.6 0.17 0.2  0.29 020 022
Sub-aerial 9.1 0.17 0.11 0.31 020 0.21
Sub-aerial 9.6 0.14 0.12 031 021 023
Sub-aerial 11.6 026 0.10 0.30 0.16  0.19
Sub-aerial 13.1 0.17 011  0.31 022 0.19
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Fig. 9 Boxplots of the shape distribution in sub-aqueous and sub-aerial continental carbonate samples: a
rod-like shape; b blade-like shape; ¢ cuboid-like shape; d plate-like shape; e cube-like shape; f comparison
of % of occurrence of sub-aqueous and sub-aerial continental carbonate samples

the earlier proposed pore classification. Cluster 5 corresponds to the cube-like shape
pore bodies. Cluster 1 and 3 matches the cuboid and blade-like shape pores, respec-
tively. The final two clusters (2 and 4) can, respectively, be associated with the plate
and rod-like shaped pore bodies. It should be noted that boundaries are transitional.

4.4 Pore orientation

The advantage of the previous classification is that it provides an objective and fast
way to select the different pore shapes present in the examined sample and allows to
examine the contribution of each pore shape to the entire porosity network. Moreover,
the three-dimensional dataset allows to view the spatial distribution of the pores as
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Fig. 10 Result of the k-means clustering of a continental carbonate core based on the ratios of the longest
(L), intermediate (/), shortest (S) pore dimension and the compactness parameter

well as to analyse the orientation of individual pore bodies. The orientation of the
longest dimensions of the pores provides insight with respect to the anisotropy con-
cerning porosity in the studied samples. The orientation of pore shapes such as rod and
plate-like shapes can provide important information, to understand the petrophysical
properties of samples, especially the permeability of the sample for which the direc-
tion of the measurement is important. Hence, elongated shapes play an important role
in connecting different porous zones in the samples. Based on the previous defined
classification, especially the rod and plate shaped pores have the potential to connect
different pore clusters.

In Fig. 11 rod shaped pores of two different continental carbonate samples are
selected. On the left-hand side of each figure a spherical plot, showing the projection
of the unit sphere with markers for the points corresponding to the longest direction of
each pore is given. In Fig. 1 1a most rod-like shaped pores are aligned in a vertical orien-
tation, resulting in an R, value of 0.80. The standard deviation corresponds to an angle
of 38°. In the example shown in Fig. 11b the orientation of the rod-like shapes is much
more uniformly distributed. For this example the R, parameter is equal to 0.28 and
has a much larger standard angle of 91°. Hence, a R,, value approaching 1 and a small
standard deviation angle indicate a good alignment of the selected pores. Moreover,
for these samples, it allows to draw conclusions about the growth direction of the plant
fragments and establish if they are still in their growth position as is the case in Fig. 11a.

As stated above, also the plate shaped pores have the potential to connect different
porous zones in the samples. In Fig. 12 the alignment of plate-like shapes in a sub-
aqueous continental carbonate and hydrothermal dolomite are selected. In the former
sample the plate-like shapes are clearly aligned in a horizontal direction (Fig. 12a).
However, the orientations on the unit sphere are less uniformly distributed (R, = 0.3),
but most points are situated around the equator. For the dolomite sample, the points on
the unit sphere cluster around two directions (Fig. 12b). This observation is confirmed
by a low R, value of 0.43. The perpendicularity of both clusters can be explained by
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Fig. 11 a Three-dimensional visualisation of the rod-like shaped pores, originating from reed stems, which
are aligned in the vertical direction and a representation of the direction of the longest dimension (L) (Sphere
in left upper corner); b three-dimensional visualisation of the rod-like shaped pores, which are randomly
aligned and a representation of the direction of the longest dimension (L) (Sphere in right upper corner)

the shape of the plates. One group is characterised by an elongated plate-like shape,
while the other group is more compact and represents the transition towards a cuboid
shaped pore.

5 Discussion

This paper documents the implementation of a novel approach towards universal,
objective and quantitative porosity and pore shape classification in 3 dimensions using
computer tomography. This classification is based on different parameters such as the
dimensions of the pores, the compactness and the orientation of the longest dimen-
sions of the approximating ellipsoid. In the past several parameters were defined for
different applications resulting in a multitude of descriptors such as the ones defined
by Wentworth (1923), Krumbein (1941) and Dobkins and Folk (1970). The use of
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[mm]
0 30
Fig. 12 Three-dimensional visualisation of selected plate-like shaped pores: a in a representative sub-
aqueous continental carbonate sample, which are horizontally aligned and a representation of the direction
of the longest dimension (L) (sphere in left upper corner); b in a representative hydrothermal dolomite
sample, where the pores are aligned and a representation of the direction of the longest dimension (L)
(sphere in right upper corner)

general invariant parameters allows to obtain a broad appropriate application range.
Moreover, this classification is not scale dependent and is thus applicable for different
spatial scales. Micro-CT also provides excellent datasets to be used in the proposed
classification.

The results show the clear differences of pore shape parameters in distinct litholo-
gies, such as hydrothermal dolomite and continental carbonate rocks. This conclusion
on itself is not new, but the differences between both porosity networks are objectified
using mathematical parameters. The pore shape distribution as well as the general
orientation of the pores in both lithologies shows a distinctive pore network. In this
case the difference between both lithologies can primarily be made based on rod, plate
and cuboid shaped pores as indicated by the respective P values (Fig. 7). The smaller
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Fig. 13 a Boxplots of the permeability values of sub-aqueous and sub-aerial continental carbonate litholo-
gies; b porosity—permeability plot of the data

the P value the larger the observed difference between both lithologies. This can be
explained by the observation that rod pore shapes are more typical for continental
carbonate rocks, where they relate to decayed reed stems. The latter are obviously not
present in hydrothermal dolomites. Plate and cuboids-like shapes are more abundant in
dolomite rock samples, which are characterised by intercrystalline and vuggy porosity
and translate into the predominance of the mentioned pore shapes.

In continental carbonate rocks a broader spectrum of pore shapes is more common,
resulting in one of the most complex porosity networks observed in reservoir rocks in
general. Also, this observation is highly dependent on the facies type of the studied
sample as the complexity of the pore network is closely related to the increased biologi-
cal aspect of continental carbonates. The pore shape distribution allows to differentiate
between sub-aqueous and sub-aerial facies types. The distinction between both facies
types can be primarily made based on rod, blade and cube-like shapes (Fig. 9). Rod-
like shapes are much less common in sub-aqueous facies, while cube-like shapes are
more abundant in this facies type. Also the plate-like shapes are more important in
volume if they are present. These correspond with connected pores originating from
the decay of organic matter, which was encrusted by calcite layers. This observation
from the CT analysis matches with macroscopical observations of the sub-aqueous and
sub-aerial continental carbonate facies. Using the pore classification proposed by Cho-
quette and Pray (1970) most pores in continental carbonates are described as moldic,
shelter and growth framework, while according to Lucia (2007) most of the segmented
pores would be classified as vuggy porosity. Lucia (2007) further subdivided the pore
space in separated and interconnecting vugs. However, interconnectivity is difficult
to assess based on two-dimensional information. Separated vugs are not connected to
each other. Hence, they increase the total porosity but not necessarily the permeabil-
ity. However, intercrystalline porosity may still connect these vugs. If the vugs are
interconnecting, the permeability of the sample will be well above the value expected
from an interparticle pore system with the same porosity value.

The proposed classification based on CT data provides additional tools for geolo-
gists and reservoir engineers to objectify the description of pore networks in reservoir
rocks. The classification provides a toolbox to make the description more uniform and
solely based on the shape of the pores. Previously proposed classifications require a
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two-dimensional interpretation about the shape of the pores as well as the context of
the surrounding rock phase (e.g., interparticle versus intraparticle porosity). Hence,
in the past the quality of the description depended a lot on the experience of the sci-
entist. Moreover, the advantage of the k-means clustering approach is the complete
objectivity of the method. In a matter of minutes the porosity network of a 10 cm
diameter core with a height of 30 cm can be analysed. The duration of the analysis
highly depends on the number of pore(-bodies) present in the core. However for the
visualisation of the different labelled pore bodies, a high-end computer with suffi-
cient RAM-memory as well as specialised software for three-dimensional rendering
is required. These requirements become more important if datasets of a micro-CT are
used, because these tend to be double or triple in size.

The distribution and shape of the pores play an important role on interpreting the
relationship between porosity and permeability. Three-dimensional information helps
to better understand and interpret this relationship. Alignment of pores and preferential
fluid pathways not only become visualised and allow a more thorough interpretation
but their alignment can be quantified. For example, the more common presence of rod
and blade-shaped pores in sub-aerial facies types affects the petrophysical properties.
Permeability values of sub-aerial samples are significantly higher than sub-aqueous
samples. Rod and blade-shaped pores create long pathways, which can connect per-
meable zones in the samples. Figure 13 illustrates this feature based on a large dataset
(n = 200) of 2.5 cm diameter plugs.

Moreover, the orientation of the pores influences the permeability tensor. For exam-
ple, the sample in Fig. 11b has a vertical permeability of 0.97 mD, while the horizontal
permeability varies between 240 and 300 mD. Also in sub-aqueous continental car-
bonate the permeability tensor is dominated by horizontal plate shaped pores (Fig. 12),
resulting in a permeability which is two orders of magnitude larger parallel to these
plates when compared to pores aligned in a perpendicular direction.

The shape of the pores also proofs to be of importance with regard to the acoustic
properties of rock samples (Soete et al. 2015). In the latter study it was shown that rod
and cuboid shaped pores increase compressional wave velocities, while flattened pore
shapes such as blade and plate-like shaped pores decrease the acoustic wave propa-
gations. These observations help to understand more accurately acoustic properties
of reservoir rocks. The cited examples illustrate the broad influence of pore shapes
on different reservoir and petrophysical properties, as for example permeability and
acoustic impedance. Consequently a comprehensive study of the pore shapes will
allow to better understand the correlation of the related parameters and should result
in developing more accurate reservoir models.

6 Conclusions

In this study, a new porosity classification approach is proposed based on intrinsic
three-dimensional shape parameters such as the ratios of the longest, intermediate
and shortest pore dimension and the compactness of pore bodies. This classification
has the advantage of being objective, quantitative and universal as it can be used at
different spatial scales, for example from pum to m scale. Using this classification, pore
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characteristics of different rock lithologies such as dolomite and continental carbonate
can be distinguished in a statistically significant way based on a limited number of
samples. Moreover, pore features in continental carbonate rock samples can be further
differentiated between sub-aqueous and sub-aerial facies types. This approach allows
automating and objectifying the process of pore determination in function of facies.

An additional advantage of this classification is the information it provides about
the orientation of the pores. Analysing the direction of the longest dimension allows
to assess the anisotropy of the porosity parameter and to better assess the relationship
with the permeability parameter.

The additional three-dimensional information provided by this new proposed clas-
sification helps to better understand the rock and petrophysical properties of reservoir
rocks. A correct pore type identification and evaluation has a major influence on reser-
voir characterisation and hence has important economic implications.
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