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Abstract   

Carbonate rocks represent more than 50% of reservoir, 
and with the development of new technologies and new 
discoveries, this index tends to increase over the years. 

Generally, very heterogeneous carbonate rocks are 
denominated by micropores in the structure.  The 
microporosity causes difference in the methods of 
measurement of the petrophysical properties due to 
different scales that limits some methods of gauging 
and/or image capture, causing errors of estimates of 
reserves and petroleum potential. Besides the quantity, 
the arrangement, the porosity type, and the combination 
with the macroporosity that makes it difficult to correlate 
the permeability with the porosity.  

In this article, carbonate rocks from Oman of various 
types of textures, porosity and pores were analyzed and 
most of them the microporosity is in evidence. Digital 
image analysis (DIA) was used to identify the macro pore 
fraction as well as the geometric parameters, while static 
methods of helium gas porosimetry measured the 
petrophysical properties of the entire porous system. 

 

Introduction 

The complex process of carbonate rocks formation 
extends to depositional and diagenetic processes that 
modify the structure of the pores (Shabaninejad and 
Haghighi, 2011) causing changes in porosity and 
permeability. The carbonate sediments generate multi-
modal pore sizes, implying porous spaces with complex 
distribution (Clerke, 2007), the minerals that make up 
these sediments are subject to the effects of diagenesis, 
such as dissolution, cementation and dolomitization, 
further increasing the size diversity and pore type (Lucia, 
1995). 

All these events increasing the complexity of pore 
structure and diversity of carbonates and result in 
problems to characterize permeability and porosity 
(Schon, 2011).  Thus, integrated analyses with different 
methods of estimation and relation with thin section 
images help in the interpretation of the data. 

Petrophysical properties are often measured through gas 
porosimeter and permeameter. These techniques allow 
measurements in very small pores in microns scale 

allowing to understand how the microporosity affects the 
permeability values. Usually, micropores are related to 
immobile fluids (Ehrlich et al., 1991) and do not contribute 
to permeability.  

The estimation of the pore geometric parameters through 
the digital image analysis of thin sections makes it 
possible to determine the porosity and calculate the 
permeability. Petrophysical properties estimated from DIA 
are related to effective porosity - porosity that allows fluid 
flowage - defined by many authors as the cut off between 
macroporosity and microporosity (Cantrell and Hagerty. 
1999, Erbeli et al., 2004, Bashah and Pierson, 2012). 
Thereby, the Image porosity is most likely closer related 
to effective porosity (Movers and Budd, 1996 and Baechle 
et al., 2004). However, the resolution of the images is a 
limiting factor of this technique.  

The study of petrophysical properties in carbonate rocks 
has evolved over time. Lucia (1983) determined that the 
rock fabrics control the petrophysical properties (porosity 
and permeability). Ehrenberg et al., 2006 studied the 
porosity- permeability relationship laboratory in carbonate 
samples of different textures.  Knackstedt et al., 2008, 
modelled the pore system and correlated the 
petrophysical properties and compared data calculated 
from image to experimental data. Erhlich et al., 1991 
created physical models for permeability based on the 
relation between pores and throat size. 

This study intends to differentiate the parameters porosity 
and permeability in carbonate rocks through different 
methods of gauging/measuring and to understand the 
limiting factors of each methodologies in order to identify 
the effect of microporosity on permeability. 

 

Data Set 

The input data from this research were published on 
Oliveira et al., 2016 and Lima Neto et al., 2018. 

The set of 13 samples from South Oman were classified 
as limestone, dolomitic limestone (dolomite 10% to 50%) 
and dolomite according to Flügel (2010) based from 
geochemical characterization of the mineral phases 
through XRD (X-Ray Diffractrometry). According to 
petrographic thin-section analysis, all samples present 
intercrystalline porosity due to the recrystallization of the 
matrix calcitic mud- which also governs the texture of the 
samples - and is almost always associated with some 
other type of porosity, such as moldic, intraparticle or 
vugs. The textural classification by Dunham (1962) 
indicates packstone, wackstone, mudstone and crystalline 
(for dolomite). Analysis of the constituent minerals fraction 
helped in the textural classification. Table 1 indicates the 
constituent minerals fraction and Figure 1 shows some 
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thin section of different lithological and textural 
classifications and porosity type.  

 

Table 1 - Summary of the XRD results. Last column 
shows the lithological classification according to Flügel 
(2010) and based on the mineral constant estimates. 

Calcite Dolomite Quartz Halite

A1-1-3.3K 99.68 0.06 0.25 0.0 Limestone

A1-1-17.0H 98.72 0.58 0.22 0.47 Limestone

B-1-1-0.0E 82 17.97 0.0 0.04 Dolomitic Limestone

B1-1-3.11E 79.04 6.19 14.05 0.72 Dolomitic Limestone

B1-1-6.5F 75.46 23.24 0.62 0.68 Dolomitic Limestone

B1-1-14.0I 82.15 15.41 2.44 0.0 Dolomitic Limestone

B2-1-2.8I 95.53 3.81 0.03 0.63 Limestone

B2-1-5.0E 96.33 3.32 0.31 0.04 Limestone

B2-1-XA 75.5 20.71 2.19 1.6 Dolomitic Limestone

BX-1-0.5D 0.0 94.11 0 5.89 Dolomite

BX-1-D2F 0.0 99.93 0.07 0.0 Dolomite

BX-1-D3H 0.0 99.84 0.0 0.16 Dolomite

BX-1-D4.0.3I 0.0 97.06 1.97 0.97 Dolomite

Sample

Lithologic 

Classification (Flügel, 

2010)

XRD Fraction (%)

 

Figure 1: (a) The thin-section is showing an example of 
the limestone with packstone texture intraparticle porosity 
and intercrystalline microporosity. (b) The limestone with 
texture type wackstone (presence of calcite shells and 
bioclasts skeletal partially preserved). Shows 
intercrystalline microporosity due to mud fabric and 
intraparticle by dissolution of grains. (c) The B1/1(0.0)E 
thin section shows carbonate mud with recrystallized 
dolomite. The intercrystalline porosity produced by 
recrystallization of limestone to dolomite created vuggy 
pores generating an interconnected pore system. (d) This 
dolomite with crystalline dolostone texture details the 
intercrystalline porosity, dolomitization and dissolution 
processes causing the separate vuggy porosity. 

 

Method 

Laboratory Technique 

A poropermeameter instrument (Coreval 700) was used 
to determine rock permeability through an unsteady state 
known as to the pressure-falloff method. This technique 
was developed by Jones (1972) and consists in a 

transient pulse-decay methodology. According to Jones 
(1972), the instantaneous flow rate can be estimated from 
the pressure falloff curve (API, 1998). In this work we use 
helium gas for flow rate estimates. Operational 
procedures were briefly described by Oliveira et al., 2016. 

The confining pressure used was 600 psi and equipment 
requires pore volume, grain volume, and grain density as 
input parameters for porosity and permeability 
estimations. An Ultrapore-300 helium gas expansion 
porosimeter conducted in steady-state and based on gas 
expansion under Boyle’s law was used to measure the 
input parameters (Oliveira et al., 2016 explains the 
operation schematic of equipment).  

Experimental measurements of petrophysical properties 
through the expansion of gas enable coverage of the 
entire porous space. Thereby, the porosity and 
permeability measurements are influenced by the 
microporous portion, which in reservoir rocks conserves 
the immobile fluids, so as pores in micron scale do not 
affect the flow (Movers and Budd, 1996). 

 

Digital Image Analysis (DIA) 

The DIA method proposed (digital image analysis) allows 
a 2D description (thin section) of pore shape parameters 
and consists of three steps: image acquisition, image 
reconstruction and segmentation and estimation of pore 
shape parameters. Figure 2 shows a flowchart of the DIA 
procedures.  

 
Figure 2 - Flowchart of the DIA procedures for obtaining 
porosity by image analysis. The original image in 24-bit 
and converted to 8-bit (a). The differentiation between 
pores and grains through the threshold method (b) and 
the binarization process for counting pixels (black and 
white) (c). 
 

The digital color images were acquired and stored in 24-
bit files in RGB model. For segmentation using the 
ImageJ software, the images must be converted to 8-bit, 
that was performed using the IrfanView software. The 
porosity analysis was done in ImageJ, using The JPor 
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algorithm (Grove and Jerram, 2011) as the thresholding 
method, which allows choosing the best differentiation 
between grains and pores. The binarization process aims 
to segment the image in pore and solid (mineral) phases. 
Porosity can be calculated through the ratio between the 
pore and the total area of the images.   
 
A particle identification process is used for analyzing 
individual pore geometry through ellipse adjustment 
techniques, which provide the estimation of axis slope, 
aspect ratio and other geometrical parameters. In this 
way, it is possible to calculate pore shape parameters and 
petrophysical properties such as permeability through 
Kozeny-Carman theory (Equation 1) (Redefined by 
Mortensen et al., 1998). 

kest = cø3/S2                                                                                                                                (1) 
 

This Kozeny-Carman equation considers specific surface 
area (S), porosity (ø) and Kozeny factor (c) that could be 
obtained through Equation 2.   

c = (4cos(1/3arccos(ø(64/𝝅3)-1)+(4/3)𝝅)+4)-1                      (2) 

 

Results 

The laboratory data gives total porosity values, while DIA 
predicts values of macroporosity, in this way the 
microporosity was calculated through the difference 
between total porosity and macroporosity. 

The microporosity of all the sample this study is formed 
basically by the matrix microporous (due to size of calcitic 
mud grains), recrystallized calcite and dolomite. 

Most samples are formed by more than 50% 
microporosity in their porous system, and the permeability 
is driven by combination between macroporosity and 
microporosity.   Except for those in which the porosity 
exceeds 80%, in these samples the microporosity 
controls the permeability (Fullmer et al., 2014). Figure 3 
shows the difference between microporosity and 
macroporosity on total porosity.  

 

 
Figure 3 - Analysis of the microporosity and 
macroporosity fractions on the total porosity of the 
samples. 

Relationship between some pore shape parameters from 
DIA helps in the analysis of pore network complexity of 
sample set. In Figure 4, the crossplot between PoA 
(perimeter over area) and Domsize (dominant pore size) 
recognize and separate the samples according to textural 
classification (Weger et al., 2009). 

 

 
Figure 4 – Crossplot of PoA versus DomSize indicating 
the complexity of the samples.  

 

Most of the samples indicated by the blue arrow are 
wackstone texture with intercrystalline, vugs and moldic 
pores. Except one sample that is a dolomite composed by 
crystalline texture with vugs. The black circle display 
packstone with recrystallized calcitic matrix and crystalline 
dolomite with some intraparticle porosity. Finally, the 
samples bounded by the red circle are crystalline 
dolomite, dolomitic limestone with crystalline and 
wackstone texture and limestone with wackstone texture, 
all the samples show basically intercrystalline porosity in 
micron scale.  

Figure 5 shows the measured permeability influenced by 
total porosity and the relationship between permeability 
and porosity of macropores fraction.  

 

 
Figure 5 – Crossplot of macroporosity versus macro 
fraction permeability (kest) (orange dots) and total porosity 
versus total permeability (kmed) (blue dots). Dashed lines 
represent best-fitting trendlines. 
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Note that the poor relationship between total permeability 
and total porosity, while the relationship between 
permeability and porosity of the macropore fraction is 
higher. This behavior occurs because the total 
permeability of the samples is influenced by different 
porous systems some dominated by microporosity, while 
other exhibited a combination between microporosity and 
macroporosity.  

To evaluate the influence of microporosity in the obtained 
parameters, the ratio between microporosity and total 
porosity was compared with the ratio between 
permeability estimated from DIA (macroporosity) and 
permeability total. The results show the microporosity 
values contribute to improve the permeability measured 
results (Figure 6). Each sample presents a percentage of 
micropores different from each other. This difference 
helps to correct the effect of microporosity on permeability 
measurements. 

 

 
Figure 6 - Contribution of microporosity to permeability 
measurements. 

 

Equation 3 summarizes the relation with the contribution 
of microporosity. 

kt’ = kest/(35.293e-7.235(øµ/øt))                                                                             (3) 

 

Conclusions 

The combination of DIA and laboratory technique offers 
the opportunity to dimension the contribution of 
microporosity in porosity and permeability despite the 
limiting factors of each method. 

The macro and micropore fraction are sensitive to texture 
and pore type. The size of the grain affects the complexity 
of the pore network, so the smaller the dominant size of 
the grain, the more complex the structure. 

Microporosity controls permeability, depending on the 
amount of micropores present in the porous system. 
Samples in which microposority is totally dominant, the 
values of both total porosity and total permeability of the 
sample tend to be overestimated, due to the particularities 
of the method. However, the contribution of microporosity 
helped in the difference in the deviation of the results 
when related to the results of the macroporous fraction 
(R2 = 0.828). Samples composed by the combination of 

macro and micropores, the fraction in micron scale tends 
to reduce the total permeability of the samples studied. 
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