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 9 
Abstract 10 
 11 
Microporosity in carbonate reservoirs is globally pervasive and commonly used to explain high 12 
porosity, low permeability reservoirs, higher than expected water saturations, low resistivity 13 
pay zones and poor sweep efficiency. The potential for micropores to store and produce 14 
hydrocarbons has long been recognized, yet limitations on tools to evaluate microporosity 15 
prevented rigorous evaluation. Here we demonstrate a workflow for evaluating microporosity 16 
through a combination of laser scanning confocal microscopy (LSCM) and pore network 17 
modeling. Specific values for microporosity and permeability calculated in our study should not 18 
be applied explicitly, as these are simulated values, but they demonstrate the viability of 19 
micropore networks to store and flow hydrocarbons. Carbonate reservoir assessment is critical 20 
not only in the petroleum industry, but also for applications in hydrothermal and mineral 21 
resources, carbon capture and storage, and groundwater supply. This approach can be applied 22 
to understand the potential for any reservoir to hold and transmit fluids.     23 
 24 
Pore systems in carbonate rocks are inherently complex, with multiscale features that span 25 
microns to meters. Textural heterogeneities, which exist in the original depositional fabrics as 26 
well as in structural and diagenetic overprints, all contribute to complex and often multi-scale 27 
pore geometries and architectures (Lucia 1983, 1995; Lucia et al. 2013; Hollis et al. 2010; 28 
Amour et al. 2012; van der Land et al. 2013). One such contribution to pore-scale heterogeneity 29 
is microporosity, which is known to impact single- and multi-phase flow properties significantly 30 
(Jiang et al. 2013b; Mehmani and Prodanovic 2014; Kallel et al. 2016; Harland et al. 2015; 31 
Bultreys et al. 2015; Bultreys et al. 2016a; Pak et al. 2016; Hosa et al. 2017).  Most carbonate 32 
reservoirs are known to contain micropores; frequently these micropores are diagenetic in 33 
origin but may also include micropores in coccolith-rich sediments. During diagenesis, primary 34 
meta-stable carbonate textures (aragonite muds and Mg calcite allochems) are converted to 35 
microcrystalline calcite and micropores form between microrhombic crystals ranging in size 36 
from 1 to 4 microns (Moshier 1989a). Microporous limestones account for many low 37 
permeability carbonate reservoirs worldwide (Kaczmarek et al. 2015), yet the extent of 38 
micropore storage capacity, its spatial distribution, the timing of its formation relative to fluid 39 
charge, as well as its contribution to reservoir flow behavior is still poorly understood (Budd 40 



1989; Moshier 1989a, 1989b; Perkins 1989; Cantrell and Haggerty 1999; Lambert et al. 2006; 41 
Clerke et al. 2008, 2009).  The underpinning physio-chemical processes that influence reservoir-42 
scale flow behaviors occur at the pore scale (c.f. Meakin and Tartakovsky 2009; Blunt et al. 43 
2013; Bultreys et al. 2016b). Variations in wettability combined with spatially heterogeneous 44 
pore architectures can result in significant deviations in displacement processes. These 45 
processes impact permeability and relative permeability, and therefore, the field-scale reservoir 46 
behavior and recovery (e.g.; Blunt 1997; Dixit et al. 1998; Clerke et al. 2008; Ryazanov et al. 47 
2009; Deville de Periere 2011; Jiang et al. 2013b; Al-Dhahli et al. 2014; Bultreys et al. 2015, 48 
2016a; Mehmandi and Prodanovic 2014; Harland et al. 2015; Kallel et al. 2016; Pak et al. 2016). 49 
Fullmer et al. (2014) provide some clarity on the genetic controls and the influence of 50 
microporosity on reservoir performance through a global survey of microporosity combined 51 
with quantitative characterization and experimental analysis.  Their experimental results, 52 
however, are unable to truly decouple the permeability contribution from micropores versus 53 
macropores as it is difficult, if not impossible, to find samples large enough for experimental 54 
analysis where 100% of the porosity is microporosity. 55 
 56 
Key decisions for reservoir production such as completion schemes, reservoir management 57 
strategies and enhanced oil recovery methods require a rigorous understanding of the 58 
fundamental controls on fluid flow at the pore scale. Honoring the geometry and topology of a 59 
multiscale pore network inherent to many carbonate reservoirs is therefore a critical step in 60 
understanding the role of pore architecture in the fluid flow process, particularly the interplay 61 
between macropores and micropores. Recent advances in microscale imaging provide a novel 62 
opportunity to model micropore systems and attempt to understand their impacts on reservoir 63 
scale behaviors.  64 
 65 
This paper investigates confocal laser scanning microscopy as a tool to image and quantify 66 
micropore porosity, permeability and connectivity. High-resolution images of microporosity 67 
were used to extract and generate a micropore network model following the approach of Jiang 68 
et al. (2007). The porosity-permeability relationships and connectivity of micropores in samples 69 
from the Arab D were investigated to establish the potential for flow within micropores. Past 70 
research efforts in this area provide only qualitative examination and semi-quantitative 71 
assessments of micropores in the Arab D using petrographic techniques (Cantrell and Haggerty 72 
1999). This study builds on that effort by introducing new imaging and modeling techniques 73 
capable of quantifying and simulating micropore networks. This investigation provides a novel 74 
understanding of the potential impacts of microporosity on reservoir quality and fluid recovery 75 
in microporous reservoirs. Although this study focuses on the Arab D of Saudi Arabia, the 76 
workflow and implications for hydrocarbon production can be extended to any microporous 77 
limestone reservoir.   78 
 79 



The Arab D carbonates form a highly productive reservoir in several large conventional oil fields 80 
in the Middle East (Durham 2005; Bates 1973; Grunau 1977; Bois et al. 1982; Beydoun 1988, 81 
1991; Meyer et al. 1996; Corbett & Jensen 2000; Lindsey et al. 2006). Arab D reservoirs (Figure 82 
1) consist of grain-dominated carbonates with an abundance of micropores (Mitchell et al. 83 
1988). The micropores primarily occur within carbonate grains that have been altered to 84 
microcrystalline calcite (micrite). Micritic microporosity can account for 25% to 50% of the total 85 
porosity in the grain dominated lithofacies (Cantrell and Haggerty 1999). Recently published 86 
petrophysical evidence (Figure 2) suggests that there may be a substantial amount of reservoir 87 
hydrocarbon pore volume within the micropores of Arab D carbonates in Saudi Arabia (Clerke 88 
et al. 2014). Moreover, experimental evidence suggests that not only are the micropores oil-89 
bearing, but they can contribute to secondary oil recovery through a time-dependent 90 
spontaneous imbibition process (Clerke et al. 2013). Therefore, if carefully developed, the 91 
recovery of residual oil from micropores could deliver additional economic benefits for Saudi 92 
Arabia and others.   93 
 94 
Regional Context – Arab D 95 
 96 
The Upper Jurassic Arab Formation spans the entire Arabian Peninsula and consists of four 97 
transgressive-regressive, carbonate-evaporite cycles (Alsharhan and Whittle 1995). These cycles 98 
represent the four members of the Arab Formation. From oldest to youngest these members 99 
are the Arab D, C, B and A (Figure 1). The Arab D Member is the thickest member and consists 100 
of at least four documented shoaling upward cycles (Cantrell and Haggerty 1999). These cycles 101 
started in energetically quiescent deep to subtidal waters and shallowed to energetically 102 
turbulent waters near sea level. The key depositional lithofacies from lowest to highest 103 
reservoir quality, consist of: (1) micritic to very fine-grained mudstones; (2) bivalve coated grain 104 
intraclast packstones to grainstones; (3) dolomite, ranging from nonporous to locally porous 105 
and extremely permeable karsted zones; (4) Cladocoropsis packstones and grainstones; (5) 106 
stromatoporoid-red and green algae coral packstones and grainstones; (6) skeletal-oolitic 107 
grainstones, mud-lean to mud-rich packstones (Lindsey et al., 2006). The oolitic grainstones 108 
occur locally in the uppermost Arab D but transition rapidly into an overlying intra-formational 109 
anhydrite, which separates the Arab D and C Members. In total, 14 different lithofacies have 110 
been documented in detail from fields across the Arabian Platform. For more detailed 111 
descriptions of the Arab D lithofacies see Mitchell et al. (1988), Meyer and Price (1992), Cantrell 112 
and Haggerty (1999) and Lindsey et al. (2006).  113 
 114 
Diagenetic alteration is ubiquitous in the Arab D and is responsible for much of the improved 115 
reservoir quality. Early marine syn-depositional cementation has preserved primary 116 
interparticle porosities by strengthening the grain framework and inhibiting further 117 



cementation and compaction (Mitchell et al. 1988; Lindsay et al. 2006). Common cement types 118 
include grain-rimming marine phreatic and meteoric phreatic cements, although the latter is 119 
volumetrically minor. Vadose or deep burial cements are not common within the Arab D of 120 
Saudi Arabia (Mitchell et al. 1988). The combination of grain-dominated depositional facies and 121 
early diagenetic cements both contribute to the excellent reservoir quality of the Arab D.    122 
 123 
In Saudi Arabia, the Arab D Member, is divided into six reservoir zones based primarily on 124 
porosity and other petrophysical log characteristics (Figure 2) (Meyer at al. 2000; Saner and 125 
Sahin 1999). Zone A is the shallowest and thinnest zone consisting primarily of skeletal and 126 
oolitic packstone/grainstones. Zones B and C consists of stromalgal packstones and grainstones. 127 
Zones D and E are lithologically the most heterogeneous zones, with a variety of bioclastic 128 
wackestones, packstones and grainstones. Zone F, the lowermost zone, is a non-reservoir zone 129 
consisting primarily of bioturbated and dolomitized mudstones and wackestones.  130 
 131 
Microporosity in the Arab D – Definition and Types   132 
 133 
Several definitions and classifications of pore size exist in the literature (Choquette and Pray 134 
1970; Pittman 1971; Anselmetti et al. 1998; Ahr et al. 2005; Barnett et al. 2010; Loucks et al. 135 
2012). Today, with the improvement of microscopy techniques and the ability to resolve pores 136 
at the nanometer to micrometer scale, those definitions have evolved. For Arab D carbonates in 137 
Saudi Arabia, Cantrell and Haggerty (1999) defined micropores to be less than 10 microns. 138 
Following this work, Clerke et al. (2008) used capillary pressure curves to document maximum 139 
pore throat diameters in the Arab D. Rather than imposing a definition related to micropore 140 
size, Clerke identified three distinct statistical populations of micropores. Type 1, being the 141 
largest population, describes micropores less than one micron, while Types 2 and 3 are less 142 
significant and describe micropores which are less than 0.5 microns. Following the terminology 143 
proposed by Clerke et al. (2008) micropores, for the purpose of this study, are considered to be 144 
less than 1 micron.        145 
 146 
Detailed work by Cantrell and Haggerty (1999) provides a comprehensive overview of the 147 
micropore types within the Arab D Formation. They identified four main types of microporosity, 148 
which include micropores: (1) within grains, (2) in the matrix, (3) within bladed to fibrous 149 
cements, and (4) within equant cements. These micropore types refer to the location and 150 
morphology of the micropores relative to surrounding geologic features and are independent of 151 
Arab D lithofacies. For the purpose of this study, micropores within grains are referred to as 152 
intragranular. Micropores within the matrix are referred to as matrix micropores. Micropores 153 
between bladed, fibrous and equant cements are lumped together and referred to as 154 



intercrystalline micropores. The following provides a qualitative description of each of the 155 
micropore types, with quantitative data to follow.   156 
 157 
Intragranular Micropores 158 
 159 
Intragranular microporosity accounts for a significant volume of the microporosity in the Arab 160 
D, particularly in the grain-rich lithofacies. Intragranular micropores tend to obliterate the 161 
original grain structure and are found in both skeletal and non-skeletal grains. The majority of 162 
grains with associated micropores are micritized. The transition from calcite to micrite results in 163 
a uniform distribution of micropores and a homogenized internal structure to the grains. 164 
Intragranular micropore networks are significant in the Arab D because they are rarely more 165 
than a few millimeters from a macropore (Figure 5). The proximity of the intragranular 166 
micropores to larger macropores may allow for a combined micropore to macropore transport 167 
process for hydrocarbons in these reservoirs (Clerke et al. 2013), albeit on a slightly longer 168 
production timescale. 169 

 170 
Matrix Micropores  171 
 172 
Matrix micropores are also a significant source of micropores in the Arab D, predominantly in 173 
the mud dominated lithofacies. As in the case of intragranular micropores, matrix micropores 174 
are also formed by the recrystallization of the original fine grained carbonate into micrite. The 175 
matrix micropores are well connected, uniformly distributed and somewhat homogenous at 176 
this scale. Matrix microporosity is similar to the intragranular microporosity, which is expected 177 
because both the matrix and intragranular micropores are associated with micrite.       178 
 179 
Intercrystalline Cement Micropores 180 
 181 
The intercrystalline cement micropores are volumetrically the least significant micropore type 182 
in the Arab D, but they play an important role in providing a pathway from microporous grains 183 
to larger pore bodies. The micropores associated with cements are most commonly found in 184 
bladed to fibrous cements, which rim grains and moldic pores. The micropores occur between 185 
cement crystals and tend to be slightly larger than micrite-related micropores. The 186 
intercrystalline micropores are elongated and can be heterogeneously distributed due to 187 
competitive crystal growth.  188 
 189 
Confocal Microscopy 190 
 191 



Laser scanning confocal microscopy (LSCM) is a fluorescence imaging method that relies on the 192 
light response associated with electronic transitions from UV to visible light excitation. 193 
Although widely used in other sciences, LSCM is still relatively new to the geosciences and 194 
several studies have previously demonstrated its use for imaging pore systems in rocks, which 195 
were impregnated with fluorescent dyed epoxies (Bereskin et al. 1993, 1996; Fredrich et al. 196 
1995; Fredrich 1999; Menéndez et al. 2001; Petford et al. 2001; Al Ibrahim et al. 2012; Hurley et 197 
al. 2012). 198 
 199 
Laser scanning microscopes (Figure 4) target specific excitation and emission wavelengths using 200 
filters and a dichroic beam splitter to narrow the band of investigation. They are superior to 201 
traditional UV light microscopes in that they greatly increase the signal to noise ratio and 202 
support quantitative measurements at a much higher spatial resolution (~250 nm vs. ~10 203 
microns for research grade optical microscopes). A motorized stage enables large area, high 204 
resolution scans to be automated and acquired quickly. These large area scans provide the 205 
resolution necessary for quantitative analysis and the spatial context for interpretation.    206 
 207 
There are several advantages to LSCM over traditional light — or electron microscopy. First, 208 
confocal microscopes contain highly sensitive photon detectors, rather than high resolution 209 
cameras. Images from cameras, such as those found on optical microscopes, can only provide 210 
information on relative light intensity. Photon detectors, however, use quantitative 211 
measurements of light intensity to reconstruct a false colored image. An additional advantage is 212 
the use of a pinhole in LSC microscopes. The pinhole is placed in front of the detector to 213 
eliminate out of focus light. The hole can be adjusted by the user to allow more or less light to 214 
pass. Together, the pinhole and photon detector greatly improve the optical resolution and 215 
contrast that can be achieved by LSCM. This is particularly significant in the detection of very 216 
small or weakly florescent samples.   217 
 218 
Lastly, LSC microscopes use a tunable laser source rather than a broadband UV light source. UV 219 
light microscopes can only image as far as the light will penetrate into a sample. Therefore, the 220 
images produced are an average of the light response over many focal planes. Lasers, however, 221 
have a much greater depth of penetration and are capable of imaging multiple individual focal 222 
planes. In-focus images can be acquired serially through a sample and stacked to generate 3D 223 
reconstructions. Electron microscopy can similarly create 3D images through focused ion 224 
milling, but the sample is irreversibly damaged in the process.  225 
 226 
Data and Sampling  227 
 228 



A total of 91 thin sections were available for this study covering reservoir Zones B, D, E and F.  229 
Our efforts were focused on modeling only the microporosity.  To select samples that are at the 230 
Representative Elementary Volume (REV) scale for microporosity and hence estimate average 231 
porosity and permeability of the microporosity adequately, care was taken to avoid samples 232 
with little microporosity or with large macropores, as these could not be at the REV scale and 233 
skew the pore size distribution used in the statistical modeling process.  The thin sections were 234 
prepared by vacuum-pressure impregnation using a blue fluorescently dyed epoxy to highlight 235 
pore space. The thin sections were roughly ground to a standard 30-micron thickness, polished 236 
with a 10 micron diamond polish and no cover slips were applied. Thin section images were 237 
acquired on a Zeiss LSM 710 Upright Confocal Microscope system, which included a computer-238 
controlled motorized stage and software for image acquisition and post-processing. Image 239 
acquisition with this system involves an automated process in which the laser source scans the 240 
sample in a grid pattern and a photon detector records the fluorescent light intensity in the 241 
form of a pixel. The result is a false colored image where pixel color corresponds to light 242 
intensity. Several images are acquired and stitched together to produce large area scans such as 243 
those seen in Figure 6.  Band pass filters ensure that only the florescence produced by the dye 244 
(corresponding to the pore space) is collected.     245 
 246 
Approximately 600 confocal images were extracted for modeling which represented the range 247 
of micropore types in the Arab D. Extracted image size and resolution was chosen to adequately 248 
capture the micropores while avoiding large macropores (Figure 6). Images were acquired using 249 
a 63X magnification oil objective with a numerical aperture of 1.4, yielding a spatial resolution 250 
of 0.24 microns and a digital image resolution of 0.08 microns per pixel. The resolution of a 251 
microscope objective is determined by the numerical aperture (NA), a dimensionless number 252 
that takes into account the wavelength of light, refractive index of the medium, and the 253 
maximum angle at which light can enter the objective lens.  Higher magnification 100x 254 
objectives exist, but the numerical apertures are typically lower (1.30) resulting in a similar 255 
spatial resolution (0.26 microns).  Therefore there is no gain to using a higher magnification 256 
objective. The measured fluorescence response was achieved using an excitation wavelength of 257 
405 nm and an emission filter at 505 to 600 nanometers.    258 
 259 
 260 
Several large area scans were acquired with LSCM.  Images were extracted from these larger 261 
scans so that we could capture a statistically significant number of micropores at the REV scale 262 
while avoiding the macropores and maintaining manageable file sizes.  Several different 263 
extracted image sizes were evaluated. The image size deemed most appropriate was 1000 x 264 
1000 pixels, spanning an 80 x 80 micron area. The extracted false colored images were 265 
segmented to remove pixels with intensities lower than 50 out of 255 and converted to binary 266 



using Avizo© a commercially available image processing tool.  The binary images were used as 267 
input to the pore architecture modeling software tools.  268 
 269 
Pore Architecture Modeling (PAM) and Pore Analysis Tools (PAT) 270 
 271 
LSCM provides high-resolution images of the 2D pore structure. Connectivity and topology of 272 
pores, however, differs in the third dimension. Therefore, any quantitative evaluation of 273 
porosity, permeability and relative permeability requires a 3D model of the pore structure 274 
because values estimated from 2D images can differ significantly from 3D samples. Several well-275 
established techniques are available that attempt to model 3D pore structures based on 2D 276 
data (e.g.; Øren and Bakke 2002; Okabe and Blunt 2005; Al-Kharusi and Blunt 2007; Hurley et al. 277 
2012). We used the PAM approach, which enables the generation of 3D representations of pore 278 
structures based on 2D thin section imagery (Wu et al. 2006). The PAM method uses 2D 279 
training images of the pore space (2D LSCM images) together with an iterative, stochastic 280 
Markov Chain Monte Carlo simulation to create a model of the 3D pore space that honors the 281 
statistical properties of the 2D image. The PAM method has been validated and the resulting 3D 282 
pore geometries have been used in several simulation studies that quantify two- and three-283 
phase flow processes at the pore scale (Al-Dhahli et al. 2013, 2014; van der Land et al. 2013; 284 
Jiang et al. 2013a, 2013b; Ryazanov et al. 2009, 2014; Kallel et al. 2015; Harland et al. 2015; Pak 285 
et al. 2016). We further note that the PAM method is scale independent; a 3D pore space can 286 
be reconstructed at any scale provided the input image has an appropriate resolution to 287 
capture the process of interest. In this study, high-resolution LSCM images were used to 288 
numerically reconstruct the 3D Arab D micropore network using PAM. To generate the 3D pore 289 
models, the 2D LSCM images were converted to a binary black and white image (Figure 6). For 290 
this study, we generated each 3D model isotropically based on a corresponding single 2D 291 
training image because thin sections were only obtained in a single direction.   292 
 293 
Over 600 training images were used to create 3D models with PAM. The resulting models were 294 
visually compared to the original images for quality control. The final data set consists of 262 295 
PAM models representing the microporosity in the Arab D. Statistical attributes of the 3D 296 
models were computed using a series of algorithms embedded in PAT (Jiang et al. 2007, 2012). 297 
In brief, the PAT approach extracts a pore network representation from the 3D pore scale 298 
models generated using PAM or other pore reconstruction methods. A pore network model 299 
consists of a series of nodes and bonds that represent pores and pore throats as well as the 300 
connectivity and topology of the pore system. The advantage of representing the pore space by 301 
an equivalent pore network model is that the petrophysical and statistical properties of the 302 
pore network can be computed in a computationally efficient way. 303 
 304 



Once node and bond pore networks were extracted from the PAM models, we used the PAT 305 
approach to compute the porosity, permeability, pore size distribution and Specific Euler 306 
number for each of the 262 pore network models. The Specific Euler number is a measure of 307 
the connectivity of the pore network (Vogel and Roth 2001). Euler numbers are evaluated for 308 
each pore radius in a network. At each pore radius all pore bodies and pore throats smaller 309 
than the given radius are counted and used to calculate the Euler number. Euler numbers are 310 
then plotted for each pore radius in a network (Figure 8). The point where the Euler number 311 
becomes zero corresponds to the maximum connected pore radius. For example, at a given 312 
radius, if the number of pore bodies is high relative to pore throats, the Euler number is 313 
positive and the network is unconnected (five pore bodies and two throats,  E = 3). If the 314 
number of pore bodies is small relative to the throats, then the Euler number is negative and 315 
the network is well connected (two pore bodies and 10 throats, E = -8). Although there are 316 
micropores with larger radii, these pores are not connected and therefore do not contribute to 317 
flow. Therefore, the Specific Euler number can provide an approximation of connected 318 
components within the reservoir pore network.  319 

Results and Discussion  320 
 321 
The porosity-permeability relationships calculated from the modeled micropore networks were 322 
plotted and color-coded by reservoir zone (Figure 9). Porosity values range from 10% to 20% 323 
microporosity with as much as 40% microporosity in Zone B. Permeability ranges from 0.003 324 
millidarcies (mD) to about 1 mD (Figure 10). Permeability in the micropores is much lower than 325 
the average reservoir permeability due to the small pore throats and tortuosity within the 326 
micropore networks. Within the reservoir, it is the combination of microporosity and 327 
macroporosity that determines the effective permeability (Jiang et al. 2012; Mehmani and 328 
Prodanovic 2014) and although the permeability of the connected micropores is low, there is 329 
connectivity. The permeabilities exhibited in the micropore network models are consistent with 330 
permeabilities in tight and ultra-tight reservoirs (Javadpour 2009; Clarkson et al. 2012).   331 
Economic success of these types of low permeability reservoirs is often limited by inefficient 332 
recovery that results from traditional drilling technology and completion strategies (Tran et al. 333 
2006).   334 
 335 
A distinct relationship in micropore porosity (ϕ) and permeability (k) relationship is observed in 336 

the micropore networks (indicated by the red line, Figure 9). This scaling (k ∝ ϕ) is consistent 337 
with the Kozeny-Carman model (Kozeny 1927; Carman 1937) and provides an important basis 338 
for reservoir characterization. This distinctive scaling allows us to map the porosity-permeability 339 
relationship for the microporosity in the Arab D onto a global hydraulic element class (Corbett 340 
and Potter 2004). In contrast to traditional hydraulic units or flow zone indicators, global 341 



hydraulic elements support the comparison of porosity-permeability data from any reservoir in 342 
a consistent reference framework. This global reference helps to determine the optimal 343 
number of rock types needed and enables a more systematic representation of porosity-344 
permeability data for petrophysics, reservoir modeling, and reservoir simulation (Corbett and 345 
Potter 2004).  346 
 347 
Multimodal carbonate systems typically exhibit some porosity-permeability clustering (Lucia 348 
1995; Saner and Sahin 1999; Corbett & Jensen 2000; Lucia et al. 2013). The specific porosity-349 
permeability clusters can often be related back to lithofacies, diagenetic facies or petrophysical 350 
facies (flow units). For the micropores observed in this study, however, there is an absence of 351 
significant porosity-permeability clusters. The Arab D reservoir zones do not seem to exhibit 352 
control on the porosity-permeability relationship within the micropores.  The lack of clustering 353 
related to either the Arab D lithofacies or reservoir zones suggests that the micropore system is 354 
independent of the macropore system which can be related to specific geologic controls.  The   355 
majority of micropores documented in this study are found in microcrystalline calcite (micrite). 356 
Of the micropore types defined by Cantrell and Haggerty (1999) both the matrix microporesand 357 
intragranular micropores are related to micrite.  The carbonate matrix mud as well as the grains 358 
both convert to microcrystalline calcite (micrite) during diagenesis, therefore, the associated 359 
micrite micropores are indistinguishable at the micron scale.  In addition microcrystalline calcite 360 
occurs in all Arab D lithofacies and reservoir zones hence we should not expect to see 361 
significantly different porosity permeability relationships related to these larger scale units  362 
 363 
Both Zone B and Zone F have the highest average porosity and permeability, which are related 364 
to the abundance of micrite. In Zone B, the micrite is in the form of re-crystallized grains 365 
(intragranular micropores) while in Zone F the micrite is recrystallized carbonate mud (matrix 366 
micropores). In general, the more micrite there is, the higher the porosity and permeability in 367 
the micropores. The micrite content is controlled by the original depositional lithofacies and 368 
primarily by the abundance of carbonate mud (Kaczmarek et al. 2015). Micritic muds, however, 369 
are also more susceptible to dolomitization, due to an increase in nucleation sites, which may 370 
obliterate or enhance any microporosity. 371 
 372 
The slightly higher porosity and permeability calculated for micropores in Zone B is consistent 373 
with other studies that have documented a bimodal pore system with an abundance of 374 
micropores in Zone B (Cantrell and Haggerty 1999; Clerke et al. 2014). The combined effect of 375 
the micropore and macropore systems result in better reservoir quality in this particular zone. 376 
Additionally, experimental and petrophysical studies suggest that the micropores may be 377 
contributing to secondary recovery following waterflooding (Clerke et al. 2014).  378 
 379 



Zone F, however, is considered a non-reservoir interval because of extensive dolomitization. 380 
These results indicate that there may be opportunity for additional resource storage capacity in 381 
local un-dolomitized areas. The size and scale of which would be dependent on local field scale 382 
factors, such as diagenetic history. If reservoir presence could be documented in sufficient 383 
volumes, there is potential in these unproduced intervals.  384 
 385 
Pore size distributions were also calculated from the modeled micropore networks and plotted 386 
by reservoir zone (Figure 10). The largest volume fraction of micropores in all reservoir zones 387 
occurs in micropores with radii that are in the 0.2 to 0.3 micron range. This is consistent with 388 
observations of micrite crystals and the associated micropores from several global microporous 389 
limestone reservoirs as well as with micropore observations in the Arab D (Clerke et al. 2008; 390 
Kazmarek et al. 2015).  The distributions, however, are complex and may not be representative 391 
of the true micropore network. 392 
 393 
Connectivity of the micropore networks was evaluated using the Specific Euler number as a 394 
proxy for connectivity, as previously explained. For each network, the Specific Euler number 395 
was evaluated and plotted across the pore radius distribution. As stated above, the pore radius 396 
at which the Specific Euler number becomes zero corresponds to the maximum radius at which 397 
the pores are connected in a given network (Figure 11). Zero crossings for each of the Specific 398 
Euler number plots were extracted to evaluate the maximum connected pore radius against 399 
permeability for each network, as these are the pore radii contributing to flow. Results indicate 400 
that for the Arab D micropores modeled in this study, connected pore radii range from 401 
approximately 0.05 to 0.15 microns (Figure 12). The small pore diameters in the connected 402 
fraction account for the low permeability in the micropore networks. 403 
 404 
Several key uncertainties exist in using statistically reconstructed three-dimensional models to 405 
evaluate micropore networks.  The largest uncertainties reside in the image acquisition and 406 
segmentation process.  Both image and pixel resolution as well as thresholding can dramatically 407 
change the calculated pore size distributions and connectivity.  Although the numerical 408 
calculation of permeability using pore-scale modelling approaches is robust, there remains 409 
uncertainty in the validity of the model-derived permeability because the permeability of a real 410 
micropore network cannot be explicitly measured experimentally and decisions during image 411 
acquisition may affect permeability estimates.  412 
 413 
Nonetheless, an attempt was made to validate these results against published experimental 414 
data. Fullmer et al. (2014) reported porosity-permeability measurements of micropore 415 
dominated limestones. They divided the total pore system into micropores, interparticle pores, 416 
and separate vugs. The fractions of microporosity in their samples ranged from 50% to 98% 417 



with laboratory derived permeabilities from 0.1 mD to over 100 mD. This is several orders of 418 
magnitude higher than the results generated from the pore network models in this study, 419 
which range from 0.0001 mD to 1 mD. This large discrepancy between modeled and 420 
experimental results suggests that the additional 2% macroporosity in the experimental 421 
samples results in a substantial permeability increase. Fullmer et al. (2014) also reported 422 
laboratory measurements of microporosity dominated samples, for which they indicated that 423 
the fraction of microporosity is 100%. The measured porosity ranges from 10% to 30%, and the 424 
permeability ranges from 0.1 mD to 10 mD.  Some interparticle macroporosity, however, 425 
cannot be separated from the microporosity as seen in their thin section images. (Figure 1D in 426 
Fullmer et al. 2014).  This discrepancy highlights the difficulty of finding naturally occurring 427 
microporous samples, which are free of larger connected pathways, either larger pore bodies or 428 
fractures. Our study therefore provides valuable porosity-permeability relationships for the end 429 
member of carbonate rocks where 100% of the existing porosity is due to micropores.  430 
 431 
There are opportunities for the results presented here to be validated using laboratory -432 
generated mesoporous materials, such as zeolites. There is also the potential to integrate 433 
micropore networks with larger scale features such as macropores, vugs and fractures and to 434 
evaluate their combined effects on flow and reservoir behavior. This integration will require 435 
new methods to reduce the uncertainty associated with the current statistical approach of 436 
modeling multiscale pore networks, a method first introduced by Jiang et al. (2013a) and 437 
expanded upon by Pak et al. (2016). Multiscale pore network models that integrate pore 438 
systems across several length scales will provide a more accurate representation of the natural 439 
pore architecture.  440 
 441 
Conclusions 442 
 443 
The potential for micropores to store and produce hydrocarbons has long been recognized, yet 444 
limitations on tools to characterize and quantify microporosity prevented rigorous evaluation. 445 
Here we demonstrated a workflow for evaluating microporosity through a combination of 446 
LSCM and pore network modeling. This study focused on documenting quantitative 447 
relationships between porosity-permeability and connectivity in Arab D micropore networks; 448 
macropores and fractures were not considered.  449 
 450 
Results indicate that there is a significant amount of microporosity in the Arab D, particularly in 451 
the stromalgal packstones and grainstones of reservoir Zone B. To a lesser extent, there is 452 
potential for microporosity in the micritic mudstones of reservoir Zone F but these are also 453 
more susceptible to dolomitization. Hydrocarbon column heights in Saudi Arabia and other 454 
locales in the Middle East are more than sufficient to overcome capillary entry pressures and 455 



charge micropores and the relationships documented in this study demonstrate a potential for 456 
storage and production from Arab D microporous intervals. If proven economical, an 457 
opportunity exists to design drilling and completion strategies that would specifically target 458 
micrite zones through a combination of horizontal drilling and precise lateral placement. If this 459 
dominantly microporous bound oil could be produced, the value and life time of “Giant” 460 
carbonate reservoirs, in Saudi Arabia and elsewhere, could be increased considerably. 461 
 462 
Furthermore, carbonate reservoir assessment is critical not only in the petroleum industry, but 463 
also for applications in hydrothermal and mineral resources, carbon capture and storage, and 464 
groundwater supply. This type of approach can be applied to understand the potential for any 465 
reservoir to hold and transmit fluids.  As a word of caution, the specific values and relationships 466 
for microporosity and permeability calculated in this study should not be applied explicitly 467 
during reservoir modelling.  They are simulated values for the micropores only and therefore 468 
are not representative of most multi-modal carbonate pore systems.  Nevertheless, the 469 
simulated results do demonstrate the viability of micropore networks to store and flow 470 
significant volumes of hydrocarbons, which are necessary for any potential fluid recovery.  471 
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Figures  785 
 786 
Fig. 1. Map of major oil and gas fields in the Eastern Province of Saudi Arabia (left) and 787 
generalized stratigraphic column (right) with schematic reservoir zonation and terminology 788 
used for the Upper Jurassic of Eastern Saudi Arabia, modified from Cantrell et al. (2001). 789 

 790 
Fig. 2. Well log diagram from two wells in Saudi Arabia depicting original and current formation 791 
fluid saturations in the Arab D. Current saturations indicate an abundance of residual oil (green) 792 
residing in the upper reservoir. The residual oil is interpreted to be trapped within micropores 793 
of the upper zones, Zones A, B and C. Figure modified from Alghazal et al. (2013). 794 

 795 
Fig. 3. Examples of typical lithofacies from cores (left, 4” diameter) from low energy at the base 796 
to high energy facies at the top. Thin section photomicrographs (right) represent the major 797 



limestone reservoir rock types within the Arab D Formation. Porosity is highlighted by blue-798 
dyed epoxy and calcite appears pink to reddish from Allizurin Red stain. Modified from Cantrell 799 
and Haggerty (2003) and Afifi (2005).  800 
 801 
Fig. 4. Schematic diagram depicting the basic parts and light paths within a LSCM. Incident laser 802 
light is scanned across a specimen by rotating scanning mirrors and “in-focus” emission light 803 
(fluorescence) is then passed through a plate with a pinhole and enters a photomultiplier tube 804 
detector.  805 
 806 
Fig. 5. Selected examples of micritic intragranular and matrix micropores imaged by LSCM. 807 
Images are false colored images produced by translating fluorescent light intensity into a 808 
pixelated image. The pore space is highlighted in red while non-florescent solids are black. Note 809 
that the micropores are never more than 100 to 200 microns from a large moldic or 810 
intergranular macropore.   811 

 812 
Fig. 6. Illustrative example of an LSCM image (left) converted to black and white (right) for input 813 
to PAM models. Large black areas are non-florescent dolomite rhombs. The red boxes 814 
represent 1000 x 1000 pixel areas selected to avoid macropores and large areas of minerals.  815 

 816 
Fig. 7. Workflow for generating PAMs and pore networks for PATs. (a) Example of orthogonal 817 
black and white input images. (b) Reconstructed isotropic pore architecture model. (c,d) 818 
Examples of pore networks extracted from PAMs. (e,f) Examples of representative “node and 819 
bond” pore networks generated for analysis by PAT software.   820 
 821 
Fig. 8. Demonstrative Specific Euler number plot for determining maximum connected pore 822 
radius. Specific Euler numbers (Vogel and Roth, 2001) are evaluated from the pore radius 823 
distribution in a pore network. For each radius in the distribution, all pore bodies and pore 824 
throats smaller than the given radius are counted and used to calculate the Specific Euler 825 
number (E). The Specific Euler number is evaluated and plotted across the pore radius 826 
distribution. The radius at which the Specific Euler number (E) becomes zero (green arrow) 827 
corresponds to the maximum radius (green dotted line) at which the pores are connected in a 828 
given network.   829 

 830 
Fig. 9. Simulated porosity-permeability relationships calculated from the 262 modeled 831 
micropore networks using PAT. Each network is color-coded by reservoir zone (top) and the 832 
range depicted graphically for each zone (bottom). Porosity values range from 10% to 20% 833 
microporosity with as much as 40% microporosity in Zone B, and permeability ranges from 834 



0.003 mD to about 1 mD. Note the apparent scaling relationship for the micropore porosity and 835 
permeability.   836 
Fig. 10. Calculated pore size distributions extracted from the 262 modeled micropore networks 837 
using the PAT software. PSDs are grouped by reservoir zone and individually colored. In general, 838 
the trends in the distribution are similar between the zones, due to the fact that the micropores 839 
modeled are dominantly micritic in origin and have similar crystal size, and therefore, pore size 840 
distributions.  841 

 842 
Fig. 11. Calculated Specific Euler number distributions extracted from the 262 modeled 843 
micropore networks using the PAT software. Specific Euler number plots are grouped by 844 
reservoir zone and individually colored.  845 

 846 
Fig. 12. Left, frequency plot for the maximum connected pore radius extracted from the Specific 847 
Euler number plots. The dominant connected pore radii occur at or below approximately 0.12 848 
microns. Right is the relationship between connected more radius and permeability. The plot 849 
indicates that Zone B has slightly larger pore radii and is more permeable.  850 
 851 
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