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ABSTRACT: Carbonate rocks are common in many parts of the world, including the Eastern Mediter‐
ranean, where they host significant groundwater supplies and are widely used as building and orna‐
mental stones. The porosity of carbonate rocks plays a critical role in fluid storage and retrieval. The 
pore structure connectivity, in particular, controls many properties of geological formations, as well as 
the relationships between the properties of individual minerals and the bulk properties of the rock. To 
study the relationships between porosity, rock properties, pore structure, pore size, and their impact on 
reservoir characteristics, 46 carbonate rock samples were collected from four stratigraphic sections ex‐
posed near Sidon, South Lebanon. The studied carbonate rocks are related to marine deposits of differ‐
ent ages (e.g., Upper Cretaceous, Eocene, and Upper Miocene). In order to understand the pore connec‐
tivity, the MICP (mercury injection capillary pressure) technique was conducted on ten representative 
samples. Results from the SEM analysis indicate the dominance of very fine and fine pore sizes, with 
various categories ranging in diameter from 0.1 to10 µm. The MICP data revealed that the pore throat 
radii vary widely from 0.001 to 1.4 µm, and that all samples are dominated by micropore throats. The 
grain size analysis indicated that the studied rocks have significant amounts of silt- and clay-size grains 
with respect to the coarser ‘sand-size’  particles, suggesting a high proportion of microporosity. Ob‐
tained results, such as the poorly-sorted nature of grains, high microporosity, and the high percentage 
of micropore throats, justify the observed low mean hydraulic radius, the high entry pressure, and the 
very low permeability of the studied samples. These results suggest that the carbonate rocks near Sidon 
(south of Lebanon) are possibly classified as non-reservoir facies.
KEY WORDS: petrophysics, mercury injection capillary pressure (MICP), micrite microtexture, mi‐
croporosity, platform carbonates, southern Lebanon.

0 INTRODUCTION 
Carbonate rocks are used as natural building stones, act as 

karst aquifers, and hydrocarbon reservoirs all over the world. 
Permeability, porosity, and other physical properties often 
show poor correlations in limestone. Many important reservoir 
parameters, such as capillary pressure (storativity), fluid flow, 
fluid accumulation and subsequent migration, and hydraulic 
conductivity, are influenced by the complicated carbonate mi‐
crostructures (Gao et al., 2019; Müller-Huber et al., 2018; 
Schön, 2015; Mavko et al., 2009). Besides, the oil distribution 
in low/medium permeability reservoirs is largely controlled by 
the capillary pressure (Wang et al., 2018). These features distin‐
guish carbonate reservoirs from sandstone reservoirs, which 

have more or less homogeneous pore space that is controlled 
essentially by particle properties such as shape, roundness, and 
sorting (e. g., Lima Neto et al., 2015; Anselmetti and Eberli, 
1993).

Microporosity is a common type of porosity in carbonate 
rocks (e. g., Salah et al., 2020; Janjuhah et al., 2018; Lucia, 
1995). Many of the supergiant oil fields of the Middle East oc‐
cur in microporous limestones (Ehrenberg and Walderhaug, 
2015; Soete et al., 2015; Burchette, 2012; Deville de Periere et 
al., 2011; Nurmi and Standen, 1997). These rocks are character‐
ized by heterogeneous pore types, different pore sizes, com‐
plex pore geometry, and rock microtextures (e.g., Salah et al., 
2020, 2018). The occurrence and distribution of microporosity 
are influenced by the crystallometry, morphology, and texture 
of the micrite particles (Janjuhah et al., 2019, 2018; Kacz‐
marek et al., 2015; Cantrell and Hagerty, 1999; Ahr, 1989; 
Moshier, 1989; Folk, 1959). In a low/medium-permeability res‐
ervoir, oil-gas imbibition and drainage are controlled mainly 
by micropores and occur mainly by the force of capillary pres‐
sure, which, thus, controls the hydrocarbon distribution in the 
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reservoir. The main factor affecting the capillary pressure is the 
pore structure of the rock (Shanley and Cluff, 2015; Al-Gharbi 
and Blunt, 2005), which explains why carbonate rocks of the 
same porosity and permeability might have different saturation 
properties (Wang et al., 2018).

Pore structure variations in carbonate rocks arise from the 
depositional setting, composition, sorting, granularity, and the 
different diagenetic processes (Hosseini et al., 2018; Baechle et 
al., 2004; Anselmetti and Eberli, 1999), and can add ambigui‐
ties to fluid behaviour in the rock. Compaction reduces, or 
even eliminates, original pores, while cementation produces a 
complicated pore structure. Dissolution results in more or less 
homogeneous secondary pores; dolomitization enhances the 
pore space of rocks, whereas recrystallization changes the pore 
size and geometry (Salah et al., 2016; Sun et al., 2015; Bur‐
chette, 2012; Anselmetti and Eberli, 1993). Moreover, tectonic 
deformation accompanied by uplift or subsidence is usually fol‐
lowed by denudation or deep burial, respectively, during which 
the rock pore structure can be completely reconstructed again 
(Wang et al., 2017; Hollis et al., 2010; Byrnes et al., 2009). In 
this way, evaluating the pore structure gives information not 
only on the hydrocarbon distribution but also on the under‐
standing of the geological history of rocks.

There are many techniques for analyzing the pore struc‐
ture of rocks, such as the mercury injection capillary pressure 
(MICP; e.g., Zhang et al., 2016; Xu and Torres-Verdín, 2013), 
nuclear magnetic resonance (NMR; Morriss et al., 1993; Dill‐
inger and Esteban, 2014), multidimensional imaging tech‐
niques along with micro-CT and digital cores (Li et al., 2019; 
Lai et al., 2013; Al-Kharusi and Blunt, 2007), and model-based 
formulas such as the Kozeny-Carman equations (e.g., Theolo‐
gou et al., 2015). The MICP method, in particular, is reliable, 
fast, convenient, and widely used to examine the pore size dis‐
tribution, pore geometry, and pore throat sorting in reservoir 
rocks (e.g., Hosseini et al., 2018; Anovitz and Cole, 2015; Ska‐
linski and Kenter, 2013; Rezaee et al., 2012; León y León, 
1998; Wardlaw and McKellar, 1981; Wardlaw, 1976; Purcell, 
1949). Mercury porosimetry applies to a wide range of pore 
sizes, starting from up to about 350 µm down to a few nanome‐
ters (e. g., Gao et al., 2019). Permeability—an important rock 
parameter characterizing the ease with which a rock permits 
the flow of fluids—is strongly correlated with MICP data 
(Swanson, 1981), and can be accurately estimated from capil‐
lary pressure measurements on sidewall plug samples and 
small cuttings (e.g., Nooruddin et al., 2014; Gao and Hu, 2013; 
Mao et al., 2013; Swanson, 1981 and references therein). More‐
over, capillary pressure-related data is used by geologists, pet‐
rophysicists, and petroleum engineers to assess other reservoir 
parameters such as the reservoir quality index, pay versus non-
pay, seal efficiency, fluid saturations, CO2 sequestration, pore 
structure characteristics of coals, and the efficiency of recovery 
processes (Medina et al., 2018; Vavra et al., 1992).

The studied marine carbonate deposits are located in 
south Lebanon, about 6 km southeast of Sidon (Fig. 1). They 
comprise heterogeneous lithologies and different ages (Fig. 2), 
i. e., Upper Cretaceous chalky limestone (mudstone) strata at 
Choualiq, Eocene (Lutetian) limestones (wackestone) with 
chert bands from Qennarit and Upper Miocene marls, and san‐

dy limestone (packstone/grainstone) beds from Maghdoucheh 
(Müller et al., 2010; BouDagher-Fadel and Clark, 2006; Duber‐
tret, 1955). Detailed petrographical and petrophysical investiga‐
tions of these carbonate rocks have not yet been completed; 
perhaps due partly to the current political instability and unfa‐
vourable logistics in southern Lebanon. Recently, Salah et al. 
(2020) studied the petrophysical properties of Mesozoic car‐
bonate rocks in nearby areas in central and northern Lebanon. 
They found that these rocks are generally characterized by low 
to intermediate porosity, very low permeability, and high acous‐
tic wave velocities. Moreover, even though some carbonate 
rocks have low porosity, they also have low acoustic wave ve‐
locities that clearly deviate from the well-established, inverse, 
porosity-velocity trends due mainly to the dominance of micro- 
and intercrystalline pores (Salah et al., 2020). Characterizing 
the pore sizes, pore types, and their shapes as well as their im‐
pacts on porosity, permeability, and fluid recovery in these car‐
bonate deposits is crucial for rock identification and reservoir 
characterization. For this reason, the pore throat sizes of ten 
representative carbonate samples collected from southern Leba‐
non are analyzed by the MICP technique. Because the size dis‐
tribution of particles controls many physical and chemical 
properties such as porosity, permeability, and wettability (Hu 
and Huang, 2016), a detailed laser particle size analysis (LP‐
SA) on the ten representative samples was also conducted. We 
additionally measured the helium porosity and permeability of 
the rocks and petrographically investigated their facies and 
pore types by SEM and thin-section analyses. The obtained re‐
sults are used to characterize the rock texture and pore throat 
size distributions to understand the observed petrophysical 
properties and reservoir characteristics.

1 GEOLOGICAL SETTING 
Lebanon is featured by two mountain chains, Mount Leba‐

non in the west and the Anti-Lebanon in the east, both showing 
a general NNE-SSW trend. The two mountain chains are sepa‐
rated by the plain of the Bekaa syncline, which is filled mostly 
with Neogene non-marine deposits. The area of study is locat‐
ed at the south of Mount Lebanon near the coastal city of 
Sidon (Fig. 1). Its geology is represented mainly by marine car‐
bonate rock successions of different ages affected by high tec‐
tonnism related to the Mesozoic/Paleogene Syrian Arc event 
and the Neogene Dead Sea transform fault system (Walley, 
1998).

The oldest rocks exposed in the studied area are represent‐
ed by the Upper Cretaceous Sannine Formation, often includ‐
ing younger Paleocene and Eocene deposits (Dubertret, 1955). 
The base of the formation consists of 200-m-thick white-gray 
monotonous marls and limestone beds rich in shells of plank‐
tonic foraminifera and calcareous nannoplankton. Based on the 
nannofossil content, Müller et al. (2010) identified several sub‐
divisions within the Upper Cretaceous sequence of the Sannine 
Formation, i.e., Santonian, Campanian, and Maastrichtian. Du‐
bertret (1945–1953) reported that these deposits grade upward 
to a 200-m-thick white marl interval with chert bands and 
nummulite-rich limestone. Based on the nummulite assem‐
blage, Dubertret (1945 – 1953) dated the youngest Paleogene 
rocks exposed in the area as Middle Eocene (Lutetian). Müller 
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et al. (2010) identified older deposits (Upper Danian to Upper 
Paleocene) near Sidon based on calcareous nannoplankton bio‐
stratigraphy (nannofossil Zone NP3-NP5). Younger Eocene de‐
posits in the area are only exposed near the village of Ch‐
oualiq, where an intraformational breccia outstands. In other ar‐
eas of Lebanon, lateral equivalent deposits have been related to 
reefal Upper Lutetian facies (BouDagher-Fadel and Clark, 
2006; Dubertret, 1955). However, near Sidon, these deposits 
are completely eroded, probably due to the tectonic uplift of 
the area and a consequent erosional period (Dubertret, 1955). 
This period of erosion occurred from the Late Eocene until the 
Late Oligocene, and it has been related to the second phase of 
the Syrian Arc deformation event (Müller et al., 2010; Walley, 
1998). As a byproduct of the intense erosion, characteristic con‐
glomerate intervals can be observed at the base of the Miocene 
marine deposits. These Miocene conglomerate sequences were 
mapped by Dubertret (1945–1953) near the villages of Magh‐
doucheh and Choualiq. Overlying carbonate sequences include 
20-m-thick marly limestone and reefal limestone strata mainly 

located in the area of Maghdoucheh and Baissour, which lie up‐
on older strata (Fig. 1). According to Müller et al. (2010), the 
oldest marine Miocene sediments in the area are Burdigalian in 
age (nannofossil Zone MN3-MN4). These authors also reported 
Langhian marine deposits in the area based on nannofossil bio‐
stratigraphy (nannofossil Zone MN5). These marine sequences 
were deposited in a deep environment (middle-outer shelf) 
within a shallowing upward trend (Müller et al., 2010). It has 
been related to the Middle Miocene (Langhian – Serravalian) 
marine transgression that postdates major uplift in the area, be‐
ing largely post-orogenic (Walley, 1997; Dubertret, 1955). 
Müller et al. (2010) suggested that a tectonic event took place 
in the area during the Burdigalian due to the amount of re‐
worked (older) nannofossil species within the Langhian depos‐
its. The drop of the sea level during the Late Miocene, Plio‐
cene, and Quaternary periods led to the erosion of the plateau 
and the deposition of fluvial terraces in the river valleys and 
beach deposits near the coast (BouDagher-Fadel and Clark, 
2006; Dubertret, 1955).

Figure 1. A geological map of the studied area in southern Lebanon (modified from Dubertret, 1945–1953). Red stars with capital letters represent the loca‐

tions of the four stratigraphic sections (M. Maghdoucheh; Q1. Quennarit-1; Q2. Quennarit-2; and ML. Choualiq). The exposed rocks range in age from the Up‐

per Cretaceous to the Quaternary. An inset to the top right (A) shows the study area outlined by the black rectangle.
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2 DATA AND METHODS 
In total, 46 specimens (at least one plug and a few small 

block samples from each site) were collected from four closely-
spaced stratigraphic sections in southern Lebanon (Choualiq, 
Qennarit 1, Qennarit 2 and Maghdoucheh; Fig. 2). The ex‐
posed rocks are essentially marine carbonates of Upper Creta‐
ceous, Eocene (Lutetian), and Upper Miocene ages. Sample se‐
lection was based on careful field investigation of outcrops. 
The Choualiq Section is composed of a 5-m-thick interval of 
monotonous light grey chalky limestone with mudstone tex‐
tures (base of the section: 33º33'17"N, 35º26'2"E). Samples ex‐
tracted from this section are referred to as ‘Ml’  in the text. The 
Qennarit Section-1 is located about 6 km southwest of the Ch‐
oualiq Section on a road slope composed of 10-m-thick light 
grey limestone beds (mudstone/wackestone) alternated with 
black chert bands (base of the section: 33º30'8.2''N, 35º
24'10.6''E). The Qennarit Section-2 is located on a dirt road 
(base of the section: 33º29'29.3"N, 35º24'47.4"E) 1 km south‐
east of the first one. It is composed of 15 m of semi-covered 
grey limestone beds of wackstone/packstone facies rich in 
shells of planktonic foraminifera. Samples recovered from Qen‐
narit sections are referred to as ‘Q’  in the text. The section of 
Maghdoucheh is situated on an anthropic cliff about 3 km 
south of Sidon, near the coastline (Fig. 1). It is composed of 20-
m-thick grey and yellowish silty marls alternating with fossilif‐
erous sandy limestones (packstone/grainstone) showing trac‐
tive structures such as cross-stratification and erosive bases 
(base of the section: 33º31'21.09''N, 35º22'48.8''E). Samples 
collected from this section are labelled as ‘M’  in the text.

Thin-sections and scanning electron microscopy (SEM) 
were performed on the tested rock samples to unravel their 
pore network and rock fabric. Ten representative thin-sections 
were prepared for petrographic analysis in the thin-section lab 
of the Department of Earth and Ocean Dynamics (Barcelona 
University, Spain). Thin-sections were impregnated with blue 
epoxy resin and later studied under both reflected and transmit‐
ted light microscopy at the Department of Geology and the 
Central Research Science Laboratory (CRSL) of the American 
University of Beirut. Later, these representative samples were 
analysed under the MIRA3 LMU SEM with an OXFORD 
EDX detector and TESCAN imaging. The SEM analysis al‐
lows comprehending the main diagenetic features, investigat‐
ing the micropores in 3D, and assessing their impact on the pet‐
rophysical properties. Before the SEM analysis, each sample 
was cleaned with chloroform to remove any fluids and former 
acid effects. A standard procedure was followed to prepare a se‐
lected sample. A small rock portion was cut from the core plug 
and later placed on a metallic stub. Samples were later coated 
with gold using the SC-502 instrument for SEM observation to 
avoid conductivity. Three sets of images were taken for each 
sample at different magnifications (2 000, 5 000, and 10 000). 
In total, more than 150 microphotographs were taken for each 
studied sample. The software ‘J. Microvision’  was used to mea‐
sure the crystallometry of micrite particles in the quantitative 
analysis. The obtained SEM images indicate that the studied 
samples have significant amounts of fine carbonates (Fig. 3).

Routine core analysis provides important information on 
key rock parameters such as porosity, permeability, and fluid 

saturation. The more advanced analyses allow the investigation 
of pore size distribution, pore throat dimensions, fluid adsorp‐
tion, and wettability (Wood and Hazra, 2017). The petrophysi‐
cal, LPSA, and MICP measurements have been conducted on 
plugs extracted from the same samples used in the petrograph‐
ic and SEM analyses. The drilled plugs were later sliced into 
lengths of 2–5 cm for subsequent measurements. The porosity-
permeability (poro-perm) data were determined using the Core 
Laboratories measuring system (CMS-300TM) at Houston, Tex‐
as, USA. This standard core-measuring system is an automat‐
ed, computer-controlled unsteady state pressure decay perme‐
ameter and porosimeter that measures the core poro-perm-relat‐
ed parameters. The helium porosity (φhel) is estimated using the 
pore volume calculated at the designated confining stresses by 
the CMS-300TM and the sample grain volume obtained by an ul‐
traporosimeter. This method has the advantage of compensat‐
ing for the bulk volume compressibility due to the reduction in 
pore volume at overburden stress. Measuring gas permeability 
is corrected for the gas slippage effect to the Klinkenberg per‐
meability (e. g., Jones, 1972). As described in Salah et al. 
(2020), the line obtained by plotting the obtained permeability 
versus the reciprocal mean pressures at five measurements is 
extrapolated to the vertical permeability axis to read the corre‐
sponding gas permeability. Grain density is calculated from the 
grain volume (determined after cleaning, drying, cooling, and 
weighing of the sample) and the sample weight.

The analysis of pore throat size distribution has been done 
by the MICP method (Marschall et al., 1995; Netto, 1993; 
Washburn, 1921). Selected samples were cleaned in a hot re‐
fluxing toluene to remove any fluids, and then with methanol 
to remove salts. Samples were then dried in an oven at 116 ºC 
prior to analysis. After drying, the plugs were placed in a desic‐
cator containing silica gel for cooling. The clean and dry core 
samples were weighed and each placed in the bulb of a pene‐
trometer so that the pore volume of the sample was approxi‐
mately 25%–80% of the penetrometer stem. The sample and 
penetrometer were weighed together, then the penetrometer 
containing the sample was loaded into the low-pressure cham‐
ber of a Micromeritics Autopore-IV porosimeter. The pene‐
trometer was evacuated to a pressure of less than 50 µm of 
mercury and then filled with mercury at a pressure of 0.5 psi. 
The bulk volume of the sample was determined at this point. 
Mercury is injected into the core pore system at incremental 
pressures from 0.5 to 30.0 psi. For a drainage cycle and the cal‐
culation of pore size distribution, the cumulative volume of 
mercury injected by incremental pressure changes up to a maxi‐
mum of approximately 55 000 psi, with data being recorded at 
each pressure as described above. However, some researchers 
noticed that mercury does not occupy all of the available pore 
spaces in a specific sample, suggesting that the MICP results 
may be erroneously interpreted (e.g., Klaver et al., 2015). For 
this reason, the estimated pore volume through mercury injec‐
tion is used to calculate the mercury injection porosity (φmer), 
which is then compared to the φhel. Other researchers adopted 
correction methods for the MICP data to account for the con‐
formance errors and to better characterize the pore structure of 
tight shale rocks (e.g., Yu et al., 2019; Comisky et al., 2011; Si‐
gal, 2009). Because of pore accessibility and conformance, 
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MICP profiles obtained by Comisky et al. (2011) reveal a 
strong dependence on sample size. Their results verified the 
conformance correction approach proposed by Bailey (2009) 
to account for the pore volume reduction in the sample before 
mercury injection. Correction results obtained by Yu et al. 
(2019) showed that the simultaneous filling of interparticle 
voids with mercury impacts the pore volume in pore sizes 
greater than 1 µm. They additionally used the gas adsorption 
method to better measure very small pore sizes resulting from 
shale matrix compression and pore structure changes induced 
under the high injection pressure. The good agreement between 
the MICP-gas adsorption combined porosity and the helium po‐
rosity, as well as the similarly-computed pore sizes in the over‐
lapped range, verify the correction method adopted by Yu et al. 
(2019) for shale rocks. In general, no consensus regarding a 
specific correction method has been achieved among research‐
ers to this day. The studied rocks in Sidon (South Lebanon) are 
marine carbonates even though they contain “clay-size” frac‐
tions but not clay minerals, as explained later. Moreover, many 
authors (e. g., Labani et al., 2013; Liu et al., 2014) have pro‐
posed that the MICP method can provide proper pore size infor‐
mation in the range of 3.6 nm and 100 µm, which approximate‐
ly encompasses the range detected in our representative sam‐
ples (2 nm to 1.5 µm). However, the excellent fit between the 

φhel and the φmer (Fig. 4a), as well as the positive relationships be‐
tween flow properties and pore throat sizes (later sections), con‐
firm the efficiency of the injection method to characterize the 
pore throat sizes of the tested samples. It should also be noted 
that before mercury injection data can be applied to the reser‐
voir, data must be converted using simple conversion formulae 
from the laboratory air/mercury system to the reservoir brine/
hydrocarbon system in the subsurface (Vavra et al., 1992). The 
applied mercury pressure (psi) and pore throat radii (in µm) are 
routinely plotted versus mercury saturation fraction. The result‐
ing curves are dependent on the pore size distribution, rock 
tightness, rock type, and saturation history (i.e., mercury intru‐
sion versus fluid extrusion). Thus, the path of the drainage 
curve reflects the petrophysical characteristics of the tested 
sample. The shape of the mercury intrusion curves (i.e., flat vs 
steep) and their position on the vertical pressure scale, in con‐
junction with data on other measured petrophysical properties, 
shed light on the connectivity of pore structures and the poten‐
tial of the tested rock to conduct fluids (Medina et al., 2018).

Injected cumulative volumes of mercury are expressed as 
a fraction of the total pore volume of the sample. The mini‐
mum radius ‘r’  of the pore throat (in µm) which can be pene‐
trated by mercury at a given pressure (e.g., Washburn, 1921) is 
given by the Young-Laplace equation as

Figure 3. Histograms and SEM photomicrographs of the Upper Cretaceous, Eocene, and Miocene carbonate rocks exposed at Qennarit, Maghdoucheh, and Ch‐

oualiq (southern Lebanon). (a) The crystallometry distribution of micrite particles in Qennarit carbonates; (b) the crystallometry distribution of micrite particles 

in the Maghdoucheh carbonates; (c) rounded, subrounded, trigonal, and rhombohedral-polyhedral particles resulting in a well-connected porous micrite (sam‐

ple M12); (d) fitted bound-fitted fused anhedral micrite resulting in a tight micrite microtexture (sample Ml24); (e) very fine micropores representing the fitted 

fused anhedral texture of very fine isolated micropores with a pore diameter of 0.1–2 μm (sample Q6); (f) fine micropores characterizing a fitted bounding sub‐

hedral texture with little connectivity of isolated micropores from 2–4 μm in diameter (sample M 7); (g) medium micropores resulting in a subhedral texture. 

Note the micropores with poor to moderate connectivity and a pore diameter of 4–6 μm (sample M3); and (h) coarse micropores representing rhombic (micro-

sub)-polyhedral microtexture with a pore diameter of 6–8 μm (sample M12).
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r =  2σ ⋅ cosθ ⋅ C/Pc (1)

where σ is the interfacial tension between air and mercury (485 
dynes/cm); θ is the contact angle between air and mercury 
(140º, e. g., Schlömer and Krooss, 1997); Pc is the capillary 
pressure; and C is a conversion constant which is equal to 
0.145 038 (e.g., Adamson and Gast, 1997). With the data de‐
rived from this equation, we can construct a drainage curve be‐
tween the applied pressure and the fraction of mercury satura‐
tion and another graph between the fraction of injected pore 
volume (v) and the pore throat radius (r). The differential of 
this equation gives the pore throat size distribution (PSD) func‐
tion.

PSD =  dv/d log r (2)

which is smoothed using 1-2-1 smoothing: PSDi = (PSDi-1 

+ 2PSDi + PSDi+1)/4; and finally normalized: PSDnormal i = PSDi/
PSDmax (e.g., Hosseini et al., 2018). The normalized PSD func‐
tion can be used to identify pore throat size groupings and the 
relative proportions of pore volume represented by macro-pore 
throats (>1.5 µm), meso-pore throats (1.5 to 0.5 µm), and 
micro-pore throats (<0.5 µm), referred to in the text as macro‐
ports, mesoports, and microports, respectively. The PSD func‐
tion is also related to the material permeability and can thus be 
used to predict the permeability of the investigated sample 
(Schmitt et al., 2013).

The mean hydraulic radius (MHR) is the average pore 
throat size of the sample as determined by the MICP technique. 
The Swanson’s parameter (Swanson, 1981) relates the capil‐
lary pressure to permeability (Hosseini et al., 2018). This pa‐
rameter is determined first by calculating Sb/Pc (where Sb is 
mercury saturation, % bulk volume) at all pressures for a sam‐
ple, then taking the highest of these values.

Adapted from Purcell (1949), the theoretical cumulative 
permeability, Kti of a sample with a given pore size distribu‐
tion, (r0 to ri), can be expressed as

Kti =  ∑i = 0

n ri2 . ∆Si (3)

which can be normalized such that the maximum value is 1.0. 
A cumulative permeability distribution function (PDF) is given 
by the following equation.

PDFnormal i =  Kti /Ktmax (4)

The flow zone indicator (FZI) is used to categorize the 
layers of rock into hydraulic units having identical production 
properties and is related to permeability and porosity by the fol‐
lowing relation.

FZI =  

é
ë
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û
úúúúK

∅
0.031 4

é
ë
êêêê ù

û
úúúú

∅
1 - ∅

 (5)

Different depositional settings and lithology with subse‐
quent diagenetic processes control the pore structure of the res‐
ervoir and, therefore, affect the FZI data (Nabawy et al., 2018). 
The obtained results of porosity, permeability, and a summary 
of the MICP data as well as the related parameters are listed in 
Table 1.

Studies of grain size distribution in carbonate rocks pro‐
vide information on the depositional processes and the sea-
bottom currents (e. g., Michels, 2000; Rea and Hovan, 1995). 
They are also useful in oceanic studies for characterizing cli‐
matic fluctuations and changes in the sediment provenance 
(Trentesaux et al., 2001). Therefore, the laser particle size anal‐
ysis (LPSA) was performed to measure the particle size distri‐
bution and the average grain size. The analyzed representative 
samples are moderately well-cemented with a wide range of 
grain sizes (from 1.68 mm to clay-sized). To obtain an accurate 
LPSA, correct disaggregation of the samples is required while 
extreme care is taken to un-break the grains. The samples were 
added to a solution of 5% sodium hexa-metaphosphate before 
measurement to de-ionize particles. The obtained LPSA data is 
given in Table 2.

The ‘volume of shale (Vsh)’  is calculated from the propor‐
tions of fine components that range from ‘clay-sizes’  through 
to medium-grained ‘silt sizes’ . The standard deviation indi‐
cates the span of the measured particle size distribution. The 
specific surface area (SSA) of a sample is an indicator of the to‐
tal surface area of the grains constituting the rock. It is an im‐
portant property of reservoir rocks and in petroleum engineer‐
ing as it characterizes the surface area of a rock exposed to flu‐
ids, and affects the magnitude of adsorption of the particles of 
a rock to the fluids passing through the rock pores. It also de‐
scribes the average size and the degree of dispersion of rock 
particles (Hu and Huang, 2016). It is calculated as the total sur‐
face area of the matrix (which is the same as the total internal 
surface area of the void space) divided by the total volume of 
the rock and thus can be expressed as cm2/cm3 (cm-1) or m2/
cm3. It increases with the decrease in grain size; therefore, it is 
expected to be positively correlated to the volume of clay- and 
silt-size components of sedimentary rocks.
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Figure 4. Crossplots between the measured helium and mercury porosities (φhel vs φmer) (a), porosity vs bulk density (b), and porosity vs permeability (c).
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3 RESULTS 
3.1 SEM Analysis　
3.1.1 Crystallometry of micrite particles　

The crystallometry classes are based on the measurement 
of the maximum length of the micrite particles from an SEM 
photomicrograph (Janjuhah et al., 2018). Based on this classifi‐
cation, five types of micrite particles with sizes of <10 mm are 
observed in the studied samples. These classes can be de‐
scribed as very fine (0.1–2 mm), fine (2–4 mm), medium (4–6 
mm), coarse (6–8 mm) and very coarse (8–10 mm) (Figs. 3a–
3b). The size of the micrite particles varies from one locality to 
another. The rocks of both Qennarit (Fig. 3a) and Magh‐
doucheh (Fig. 3b) are composed dominantly of very fine to 
fine micrite particles, although with a higher proportion of the 
very fine micrite in the Qennarit samples. Low proportions of 
coarse and very coarse micrites are also detected in the sam‐
ples of both localities (Fig. 3).

3.1.2 Micrite microtexture　
The micrite microtexture of representative samples has al‐

so been investigated by SEM analysis. Based on the classifica‐
tion of Janjuhah et al. (2018), the micrite microtexture of the 
studied samples can be subdivided into two groups (Figs. 3c–
3d), i. e., well-connected inter-crystalline and tight micrite mi‐
crotextures. The well-connected micrite microtexture consists 
of rounded, subrounded, trigonal, and rhombic-to-polyhedral 
micrite grains (Fig. 3c) and is observed in sample M12 from 
Maghdoucheh carbonates. The second group consists of tight 
micrites of fitted, bound, subhedral to fitted fused anhedral mi‐
crites (Fig. 3d), detected in sample Ml24 from Choualiq.

3.1.3 Microporosity　
Based on the classification of Janjuhah et al. (2018), 

which covers a wide range of crystallometry, morphology, tex‐
ture, and depositional setting, four classes of microporosity are 
observed in the studied rocks from southern Lebanon. These 
classes are based on the size of the micropores present in each 
sample and comprise very fine micropores (0.01–2 mm), fine 
micropores (2 – 4 mm), medium micropores (4 – 6 mm), and 
coarse micropores (6–8 mm), respectively (Figs. 3e–3h). Based 
on the SEM images, among the four classes of microporosity, 
class-1 (very fine micropores), and class-2 (fine micropores) 
represent 70% of the observed microporosity. The very fine mi‐
cropores are mainly observed in the chalky and fine limestone 
facies (mudstone/wackestone) of the Choualiq and Qennarit 
samples with fitted fused anhedral micrite particles. On certain 
occasions, it is also observed in fitted bounded subhedral tex‐
tures. For example, very fine to fine micropores are detected in 
samples Q6 and Ml24 (Figs. 3d and 3e). These very fine micro‐
pores are isolated in nature with narrow pore throats. The very 
fine class of micropores is commonly observed in the top part 
of Maghdoucheh and Qennarit Section-2 rocks (Fig. 2). Fine 
micropores are commonly present in the lower part of Magh‐
doucheh and Qennarit Section-1 (Fig. 2), with dominant mold‐
ic, intraparticle, and vuggy pores. These micropores are mostly 
observed in subhedral, rhombic (micro-sub) -polyhedral, fitted 
bounding subhedral, and fitted fused anhedral textures. The mi‐
cropores are also isolated in nature when observed as fitted 
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bounding subhedral and fitted fused anhedral textures. This 
class of fine micropores has minor interconnections and thus 
less impact on enhancing permeability.

3.2 Petrophysical Properties　
Petrophysical properties obtained from lab analyses are 

listed in Table 1. The ρb and ρg vary from 1.75 to 2.38 
g/cm3 and from 2.3 to 2.71 g/cm3, respectively. The measured 
φhel varies from 0.106 to 0.356, with an average of 0.212. On 
the other hand, the φmer varies from 0.082 to 0.355, with a close 
average of 0.205. The perfect correlation between the two po‐
rosities (with R2 > 0.99) reflects the consistency between the 
two differently measured porosities (Fig. 4a). The measured po‐
rosity is inversely related to the bulk density (Fig. 4b). Samples 
Ml21 and Ml24 have a lower bulk density relative to their po‐
rosities of 0.18 and 0.19. The permeability of the tested sam‐
ples is generally very low (<1 mD). Although samples Q1 and 
Q6 have high porosities of 0.30 and 0.31, their permeability is 
very low (Table 1), possibly due to a large proportion of fine 
micropores. The poro-perm relationship (Fig. 4c) indicates, 
however, that the permeability values of six samples are posi‐
tively correlated with φhel. The M12 sample deviates slightly 
from the observed trend and has a relatively higher permeabili‐
ty given its porosity of 0.12. The petrographic study and the 
SEM analysis also confirm that depositional texture and diage‐
netic processes (such as micritization, cementation, and disso‐
lution) played a role in the destruction of porosity and increas‐
ing the percentage of microporosity at the three studied locali‐
ties (Figs. 5a–5j); hence the low permeability. The petrograph‐
ic analysis of Maghdoucheh samples indicates a grainier tex‐
ture with dominantly moldic and intraparticle porosity (Fig. 
5h). However, at Qennarit and Choualiq, the textures are mud‐
dier with abundant matrix and the proportion of micropores is 
high (as also documented previously by the presence of very 
fine and fine micropores), resulting in high microporosity but 
without any impact on permeability (Figs. 5a, 5b, 5d–5e). The 
permeability reduction in the current samples is not limited to 
the microporous textures but also to the cement and matrix 

(Fig. 5e). The secondary porosity in Maghdoucheh and Qenna‐
rit localities, developed after dissolution, comprises moldic and 
vuggy porosities. These types of observed pores are mostly iso‐
lated in nature, justifying the detected moderate/high porosity 
but low permeability.

The computed FZI values of six samples using the ob‐
tained poro-perm data have an average of only 0.1 and vary 
from 0.03 to 0.28 µm, which characterize the investigated 
rocks as non-reservoir facies of very low permeability 
(Nabawy and Barakat, 2017).

3.3 MICP Data and Related Parameters　
The applied mercury pressure (psi) and pore throat radii 

(µm) are plotted versus mercury saturation fraction in Figs. 6a 
and 6b. Although the applied pressure started at 0.5 psi, a mini‐
mum pressure of 79 psi was necessary to inject mercury into 
the samples’  pore space (sample M3). Some samples (Ml21 
and Ml24) did require much higher threshold pressures of 
9 334 and 8 143 psi, respectively, for mercury injection (Table 
1, Fig. 6a). Full mercury saturation (i.e., 100%) has been 
achieved for all samples at a pressure of 55 000 psi, confirming 
the ability of the injection scheme to investigate the pore struc‐
ture information of the presently-studied low-permeability 
rocks (e.g., Gao et al., 2019).

Mercury pressures of less than 1 000 psi were enough to 
fill ~60% of the pore volume with mercury for four samples: 
M3, M12, Q15, and Q18; whereas it was necessary to apply 
pressures of up to 10 000 psi to reach the same saturation for 
samples M7, M16, Q1, and Q6. Samples Ml21 and Ml24 re‐
quired even much higher pressures to inject mercury into their 
micropores.

Although they are all carbonate rocks, it is clear that the 
investigated representative samples have heterogeneous crystal 
sizes (Figs. 3a–3b). Pore throat radii vary widely in the tested 
samples, from 0.002 to 1.4 µm. No macroports (i.e., >1.5 µm) 
have been detected in the studied samples. The greatest pore 
throat radii are detected in samples M3 and M12 (Fig. 6b), 
which could be related to the presence of medium to coarse mi‐

Table 2 Results of the particle size analysis (LPSA)

S. 

No.

M3

M7

M12

M16

Ml21

Ml24

Q1

Q6

Q15

Q18

Sand-size (%)

VCRS

0.0

0.0

0.4

0.0

0.0

0.0

0.0

0.0

0.0

0.0

CRS

0.0

0.0

8.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

MED

0.0

0.0

12.3

0.7

0.0

0.0

0.0

0.0

0.0

0.1

FIN

0.5

0.5

8.0

7.1

5.0

2.6

1.0

0.0

0.4

2.8

VFIN

11.4

7.4

12.2

16.5

17.9

12.5

4.0

1.1

4.1

9.3

Silt-size (%)

CRS

18.0

11.2

14.5

16.3

21.0

19.1

7.7

2.9

12.7

15.7

MED

18.0

15.0

13.8

13.4

16.8

19.1

10.2

6.1

19.1

18.1

FIN

17.6

20.5

12.9

13.4

13.3

15.9

17.3

19.4

18.9

17.7

VFIN

16.9

22.1

9.4

14.6

12.5

15.0

27.4

33.0

17.9

16.3

Clay-

size 

(%)

17.8

23.3

8.1

17.9

13.5

15.8

32.3

37.5

26.7

20.0

Vsh 

(%)

70

81

44

59

56

66

87

96

83

72

SSA 

(m2/

cm3)

1.00

1.24

0.55

0.94

0.78

0.89

1.55

1.78

1.35

1.09

Mean 

(µm)

21.3

13.6

95.6

33.0

32.9

24.5

8.7

5.9

13.5

19.9

Md. 

(µm)

14.5

9.0

41.4

19.8

24.7

18.3

6.0

5.0

9.6

13.3

Std. 

Dev. 

(mm)

0.025

0.017

0.166

0.041

0.037

0.028

0.011

0.005

0.015

0.024

Srt., 

(mm)

2.655

2.365

3.902

3.338

2.816

2.685

2.080

1.720

2.522

2.682

Skw. 

(mm)

0.945

1.165

1.235

0.846

0.709

0.771

1.279

1.042

0.931

0.958

Kurt. 

(mm)

0.248

0.181

0.181

0.251

0.267

0.245

0.147

0.204

0.236

0.220

VCRS. very coarse; CRS. coarse; MED. medium; FIN. fine; VFIN. very fine; Vsh. total volume of clay-size up to medium silt-size components; SSA. 

specific surface area; Mean. mean grain size; Md. median grain size; Std. Dev. standard deviation; Srt. sorting; Skw. skewness; Kurt. kurtosis (refer 

to the text for more details).
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cropores of different sizes ranging from 4–8 µm (Figs. 3g–3h). 
The petrographic analysis of sample M3 also indicates that the 
sample is characterized by a high fabric-selective dissolution 
(Figs. 5h–5j).

Samples M3 and M12 are the only rocks with low percent‐
ages of mesoports (10% and 17%, respectively). The remain‐
ing pore throats of these two samples, as well as all the other 
samples, are microports (i.e., <0.5 µm). This explains the nota‐
bly very low permeability of the studied rocks. In particular, 
samples Ml21 and Ml24 are dominated by very small micro‐
pores (<0.01 µm), very low permeability, and are thus intruded 
at high mercury entry pressures (Fig. 6a).

The median pore throat radii (the pore throat radius equiv‐
alent to 50% mercury saturation) of the selected samples are 
listed in Table 1, and are presented in Fig. 6b by the dashed 
horizontal line. The median pore throat radii varied from 0.003 
to 0.241 µm with an average of 0.082 µm. These small values 
are consistent with the dominance of microports and the small 
proportion of mesoports in only two samples. Samples Ml21 
and Ml24 have, again, the lowest median pore throat radii of 
0.003 µm, whereas sample Q15 has the highest median of 
0.241 µm (Fig. 6b). The permeabilities of the first two samples 
are <0.01 mD, but they are 0.21 mD for sample Q15. The medi‐
an pore throat radii in eight out of the tested samples are larger 
than the MHR, indicating the dominance of microports, where‐
as samples M3 and M12 have greater MHR because of the 
presence of some mesoports (Table 1). In particular, samples 
M7, M16, M21, M24, Q1, and Q6 have very small median 
pore throat sizes that vary from 0.003 to 0.033 µm confirming 
the abundance of microports in these samples.

3.4 LPSA Results　
The obtained grain size parameters are given in Table 2, 

while the distributions of size fractions for five representative 
samples are shown in cumulative and frequency histograms 
(Fig. 7). Grain sizes vary widely over 3 orders of magnitude, 
from 0.001 to 1 mm. The mean grain sizes vary widely be‐
tween 6 and 96 µm, with a small average of 27 µm (Table 2). 
On the other hand, median grain sizes vary from 5.0 to 41.4 
µm (average 16.2 µm). Values of the standard deviation vary 
largely from 0.005 to 0.166 mm (average 0.037 mm) implying 
moderate or poor grain sorting. The skewness values vary from 
1.28 to 0.71 mm (average 1.0 mm), indicating that the studied 
samples are fine-to-medium skewed. Sample M12 contains a 
high ‘sand-size’  percentage of 41.2% (Fig. 7), and thus has 
the largest mean grain size (Table 2).

Samples M7, Ml24, Q1, Q6, Q15, and Q18 are dominated 
by “silt-” and “clay-size” particles; thus, they have the lowest 
mean grain sizes (Table 2). Most of these samples also exhibit 
steeply rising cumulative curves at the fine component portions 
(Fig. 7).

The SSA of the tested samples varies from 0.55 to 1.78 
m2/cm3 (average 1.12 m2/cm3). It is negatively correlated with 
the sand-size percentage but positively correlated with the fine 
‘silt- ’  and ‘clay-size’  amounts, which correspond to the Vsh in 
clastic rocks (Figs. 8a–8b). It is also negatively correlated with 
the mean particle size (Fig. 8c).

4 DISCUSSION 
4.1 Petrophysical Characteristics and Microstructures　

Data presented in Table 1 shows that only two samples 
(M16 and Q15) have slightly higher φhel than φmer, which might 

Figure 5. SEM and thin-section photomicrographs of the studied carbonate rocks. (a) Very fine micropores in sample Q18; (b) very fine to fine micropores in 

sample Ml21; (c) disordered dolomite representing micritized forams (white circles) with a calcite-dominated cement filling the pore spaces (sample M3); (d) 

very fine to fine micrite microtexture with a fossil of coccolith (sample Q15); (e) highly micritized skeletal components (red arrows) with abundant cement and 

matrix (sample Q15); (f) calcite cementation (yellow arrow) (sample M7); (g) neomorphism; the fracture and the filling of the veins post-dated an early diage‐

netic process (red arrow) (sample Q1); (h) fabric-selective dissolution (first stage of dissolution), with the red arrow indicating the intraparticle porosity while 

the blue arrow indicates the moldic porosity. The moldic porosity is partially filled with late calcite cement (sample M3); (i) collapsed and fractured micrite en‐

velops (arrows) and fractured bioclasts with the partial dissolution of the shell and neomorphism (sample M3); and (j) fabric-selective dissolution (sample M3).
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be related to the different viscosity of the two fluids used to 
measure porosity (Medina et al., 2017). Although not the high‐
est, the shale-size fraction of the two samples is 59% and 83%, 
respectively. Samples Q1 and Q6 have the highest shale-size 
fraction as 87% and 96% (Table 2), and thus very low permea‐
bility (≤0.02 mD). These samples contain high amounts of very 
fine and isolated micropores (Fig. 3e). Although samples M7 
and M16 have moderate porosities (0.13 and 0.11, respective‐
ly), their permeabilities are also very low (<0.01 mD) perhaps 
due to higher percentages of fine components (Table 2; Fig. 
3f). Sample M12 possesses the highest sand-size and the low‐
est clay-size components as well as the lowest Vsh; hence, a rel‐
atively higher permeability of 0.10 mD at the measured porosi‐
ty. This sample also has a significant proportion of mesoports 
(17%), a low Pth, and the highest MHR (Table 1 and Fig. 6). 
However, this sample has a moderate porosity (0.12) and a 
very low permeability of 0.1 mD. The six samples with perme‐
abilities ≥0.01 mD display a general direct poro-perm relation‐
ship, although with some scatter (Fig. 4c). Because carbonate 
rocks have originally complex primary fabrics, various propor‐
tions of fine components, and are prone to prolonged diagenet‐
ic alterations (e. g., compaction, cementation, dissolution, pre‐
cipitation, dolomitization, etc.), they usually exhibit very com‐

plicated poro-perm relationships (Lapponi et al., 2011; Dewit 
et al., 2012). Samples Q1 and Q6 have very low permeabilities 
of 0.01 and 0.02 mD, respectively, although their porosities are 
high (~0.3). These two samples have a large proportion of mi‐
cropores (Figs. 3e and 5g) and the highest shale-size fraction 
(Table 2). Variations in bulk density are mainly related to po‐
rosity variations (e.g., Salah et al., 2016, 2019). Two samples 
(Ml21 and Ml24) deviate from the linear relationship between 
porosity and bulk density (Fig. 4b), where they may have ei‐
ther lower porosity at the given bulk density, lower bulk densi‐
ty at the given porosity, or both low porosity and density. The 
small MHR and high Pth (Table 1; Fig. 6a), suggest that these 
two samples have higher proportions of micro- and isolated 
pores (Fig. 5b) that significantly reduce their measured porosi‐
ty. As revealed by their low grain densities of 2.3 and 2.31 
g/cm3 (Table 1), these two samples might also have larger pro‐
portions of light minerals that reduce their bulk density. The 
observed variations in grain density are relatively large and 
might be induced by alterations in the rock fabric from the 
dense sparite to the finer micritic fabrics (Pentecost, 2005).

Samples M16 and Ml21 contain 24% and 23% sand-size 
grains, respectively, but different porosities (0.11 and 0.18), 
very low permeabilities, moderate Pth, and small MHR. Sam‐
ples M3 and Ml21, on the other hand, have close clay-size frac‐
tions of 17.8% and 13.5%, respectively. However, sample M3 
has the highest porosity compared to the moderate porosity of 
sample Ml21 (Table 1). The high porosity of sample M3 (0.36) 
can be justified on the basis of its packstone/grainstone texture 
(Fig. 3g). Moreover, carbonate grains are mainly bioclasts 
(large fragments of mollusks, echinoids, and empty chambered 
benthic foraminifera) and micritic pellets. Samples Q1 and Q6 
contain significant clay-size fractions of 32.3% and 37.5%, re‐
spectively (Table 2); hence, very high porosity (micro), but 
very low permeability (Table 1). The abundance of lime-mud 
may be related to contamination from underlying and overly‐
ing partially-covered marly intervals (Fig. 2). The relative 
abundance of lime-mud in sample Ml21 is related to the facies 
type encountered in the Choualiq Section as a chalky/muddy 
limestone (Fig. 2). The samples that are dominated by silt- and 
clay-size particles (M7, Ml24, Q1, Q6, Q15, and Q18), have 
low MHR, very low permeability, moderate/high entry pres‐
sures even though some of them have high porosities (Table 1). 
Petrographic and SEM images also support the variations in 
the measured grain sizes (Figs. 5a and 5h). The moderate po‐
rosity developed during the deepening of the platform was ac‐
companied by enrichment with fine components since the 
Maghdoucheh carbonates are grain-supported, but the Qennarit 
and Choualiq samples are muddy in terms of depositional tex‐
tures (Fig. 5a). However, based on the crystallometry of the mi‐
crite particles, very fine micrites are dominant in both localities 
(e.g., Maghdoucheh and Qennarit) with dominant very fine mi‐
cropores, which could be the reason why the pores are isolated 
and have no positive impact on permeability (Figs. 3a–3b, and 
Fig. 5e). The SEM image of sample Ml24 points to a low num‐
ber of but heterogeneous pores (Fig. 3d). Although sample 
Ml21 has densely-developed and uniformly-distributed inter‐
connected pores (Fig. 5b), they are very small in size as re‐
vealed by their MICP-derived parameters (Table 1). On the oth‐

Figure 6. Normalized mercury injection capillary pressure intrusion curves: 

the fraction of mercury saturation vs the applied pressure (a), and vs the 

pore throat size distribution (b).
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Figure 7. Particle size distribution, frequency distribution, and cumulative frequency curves for five representative samples as obtained by the LPSA (see text 

for details). The porosity, permeability, and bulk density of each sample are also given.
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er hand, samples M3 and M12 are dominated by medium-to 
coarse-size pores with a small quantity of micropores (Figs. 
3g–3h).

Values of the FZI are used by many researchers as a tool 
for ranking the quality of the rocks as potential reservoirs 
(Amaefule et al., 1993). In general, rocks containing high pro‐
portions of fine components and poorly sorted rocks tend to 
have high tortuosity and high surface area, and hence low FZI. 
On the other hand, coarse-grained well-sorted rocks have low 
surface area and low tortuosity, hence high FZI values (e. g., 
Kassab et al., 2016). The obtained FZI values for 6 samples are 
very low and range from 0.03 to 0.28 µm. Although the aver‐
age porosity of the studied samples is high (0.21), both permea‐
bility and the FZI values are very low, which point to a corre‐
sponding impermeable reservoir based on the distinction of 
Nabawy and Al-Azazi (2015) and Nabawy et al. (2018).

4.2 Pore Throat Size Characterization Based on MICP 
Data

Based on the obtained curves in Fig. 6a, three types of 
pore throat sizes can be characterized: Type I (samples M3, 
M12, Q15, and Q18), Type II (samples M7, M16, Q1, and Q6), 
and Type III (samples Ml21 and Ml24). Some segments of the 
saturation curves of a few samples are flat (e.g., samples Ml21, 
Ml24, Q15, and Q18; Fig. 6a), while other samples (M3, M12, 
and M16) have steeper plateaus, indicating different sorting of 
the pore throat sizes (Vavra et al., 1992). Steep curve gradients 
also indicate that large pores in the rock are connected by small 
throats (Wardlaw and McKellar, 1981). The injection curves 
end with rising tails of different steepnesses due to the gradual 
filling of the small toroidal spaces at the boundaries of pores 
(Fig. 6a). The observed different entry pressures have a direct 
relationship with the pore throat size distribution of the respec‐
tive samples (e.g., Medina et al., 2018). According to Wardlaw 
and McKellar (1981), the Pth is also affected by the coordina‐
tion number (the average number of throats connected to each 
pore) and the arrangement of the pore system elements (pores 
+ throats). The Pth for type I samples is the lowest and varies 
from 79 to 405 psi (Table 1, Fig. 6a), but from 1 382 to 2 081 
psi for type II samples. Samples of type III pore throats, on the 
other hand, require much higher threshold pressures for mercu‐
ry injection (Table 1). Petrographic and SEM analyses validate 
these three categories, where type I samples are composed of 
medium to coarse, well-connected, micrite crystals of >2 – 5 
mm (Figs. 3c, 3g; and Figs. 5a, 5d). Moreover, the contacts be‐

tween micrite particles in this category are coarse punctic to 
partially coalescent. Type I samples have, however, moderate/
good porosity (12% – 35%) but poor permeability (Table 1). 
The pore throat radii of these samples are larger than those of 
the other two types (Fig. 6b). Moreover, the relatively lower Pth 
of samples Q15 and Q18 and the gentle slope of the central 
part of the intrusion curves point to the ease with which mercu‐
ry intrudes the pore system due to higher degrees of pore inter‐
connectivity. Type II samples are composed of fine (<2.5 mm) 
micrite particles (Figs. 3e, and 3f), and small pore throat radii 
of <1 mm (Fig. 6b). However, the contacts between the micrite 
particles are fine punctic to partially coalescent. The morpholo‐
gy of micrite particles in this type is subrounded to fitted 
bounding subhedral. Permeability of these samples is also very 
low, even though porosity is moderate to high (Table 1). Janju‐
hah et al. (2018) reported that due to the development of isolat‐
ed micropores, permeability is very low. Type III samples are 
mainly composed of fitted bounding subhedral and fitted fused 
anhedral micrite textures (Figs. 3d and 5b). Diagenesis strong‐
ly impacted these samples, forming dense micrite particles that 
destroy porosity and permeability. As discussed earlier, differ‐
ent types of microporosity in rocks in southern Lebanon might 
involve different mechanisms in the development of micrite 
crystallometry and microporosity. In many shallow marine car‐
bonate deposits, marine diagenesis is a very common diagenet‐
ic process (Wilson, 2002; Munnecke et al., 2008). In that case, 
compaction is the major contributor where most bioclasts are 
broken down due to overburden pressure (Figs. 5h, 5i, 5j), and 
the porosity is destroyed, creating more space for micrite envel‐
ops. The micrite envelops, micritized grains, and matrix are 
very common in the studied samples and form an important 
portion of the micropore network (Figs. 5e–5j). Partial to com‐
plete micritization of grains is significantly observed in studied 
samples (Figs. 5e–5j). Moreover, the process of cementation is 
the major cause of the development of microporosity in fine to 
medium-crystalline cement (Figs. 3c, 3f, 3g, and 5b). During 
the process of crystal growth, the water precipitates some com‐
ponents at the crystal interface, resulting in a microporous ce‐
ment (Cantrell and Hagerty, 1999). Al-Aasm and Azmy (1996), 
Cantrell and Hagerty (1999), Pittman (1971), and Lucia and 
Loucks (2013), pointed out that all the diagenetic alterations of 
carbonate rocks occur mostly in the presence of water, but in‐
tercrystalline micropores survive the diagenetic alteration. 
These micropores are also observed, although not dominant. 
On average, 90% of the documented micropores in this class 
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are isolated in nature, or connected by very low pore throat ra‐
dii (Fig. 6b).

Curve similarity is poor among Type I and Type II sam‐
ples, but excellent for the two samples of Type III pore throats 
(Fig. 6). The poor curve similarity of types I and II pores re‐
flects differences in the pore type, shape, pore throat radius, 
uniformity of pore throat distribution, and degree of detour 
(Thomeer, 1960; Luo, 1989). The mean hydraulic radius of the 
studied representative samples is positively correlated with per‐
meability (Fig. 9a), even though with a fair correlation (R2 = 
0.67). The critical pore throat diameter (Dc) describes the pore 
spaces of a sample and characterization of the connected pore 
space with only one parameter (e. g., Norbisrath et al., 2015). 
The pore throat diameter at a critical pressure is measured 
when mercury first spans and percolates into a sample (Katz 
and Thompson, 1985). The Dc can be determined from the 
curves of mercury saturation versus the pore throat size distri‐
bution (Fig. 6b) at the inflection point of the rapidly-rising cu‐
mulative mercury saturation (Swanson, 1985; Urai et al., 
2008). The obtained Dc values are generally small, ranging 
from 0.006 to 0.61 µm, and are positively correlated with per‐
meability (R2 = 0.71, Fig. 9b). Such small values indicate that 
the pore network of the studied samples is interconnected with 
small pore throats (Norbisrath et al., 2015). The capillary pres‐
sure is linked to the pore aperture through which mercury may 
penetrate (Dürrast and Siegesmund, 1999). The entry points ob‐

served for the tested samples start at different pore throat sizes, 
which vary from 1.37 µm in sample M3 to low values of only 
0.012 µm in sample Ml21 (Fig. 6b). The entry point for sample 
M12 is 1.2 µm since it contains 17% mesoports. These results 
illustrate the dominance of micropores and microports in the 
tested samples. The uniformity of pore size distribution differs 
among the samples where it varies over broad ranges for the 
Magdoucheh (M3, M12, and M16) samples, but within narrow 
ranges for the Qennarit and Choualiq samples. Because the Pth 
value is characteristic of the largest pores, it is inversely related 
to permeability (Fig. 9c). Higher entry pressures were neces‐
sary to inject mercury into the very low-permeability Ml21 and 
Ml24 samples. This relationship indicates that fluid flow in 
rocks is supported by the large interconnected pores which are 
saturated at low entry pressures (Medina et al., 2018). The rela‐
tionship between porosity and mercury entry pressure is, how‐
ever, less clear, although there is also a general inverse trend 
(Fig. 9d).

The incremental pore throat radii distributions are shown 
in Fig. 10. All samples display only one peak, indicating the 
dominance of a specific pore throat radius in a given sample. 
The pore throat sizes of samples Ml21 and Ml24 are very small 
and very close to each other; thus, they overlap. Although sam‐
ple Ml21 has a higher porosity than Q18, its permeability is 
much smaller. They have as much as 18.95% and 19.1% pore 
throat sizes of 0.003 and 0.177 µm, respectively. In total, six 
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samples have more than 15% pore throats of a particular size, 
with the remaining four samples having more homogenous 
pore throat size distributions. Sample Q1 has a 12.5% pore 
throat with a size of 0.03 µm. Overall, the investigated samples 
display three different peaks centred at pore sizes of 0.25, 
0.035, and 0.002 µm, which correspond to the three categories 
of type I, type II, and type III samples. In this way, the MICP 
technique enabled us to investigate pores with sizes varying 
over three orders of magnitude from 0.001 to more than 1.0 
µm (Figs. 6b, 10), including those that are unresolvable using 
the thin-section analysis because of the lower resolution.

The MICP results provide valuable information on the 
pore size distribution, the permeability of the studied samples, 
and the pore size range in which mercury flows (Fig. 11). The 
curves of the PSDF are unimodal and leptokurtic, indicating a 
uniform distribution of pore sizes and generally well-sorted 
pore throat sizes (Fig. 11a). Pore throat radii at different mercu‐
ry saturations (16%, 35%, 50%, 84%, and 90%) for the three 
sample categories are shown in Table 3. It is clear that the fluid 
flow occurs mainly in the mesoports (detected only in two sam‐
ples) and the large microports (˃0.1 µm). Little fluid flow oc‐
curs through micropore throats of less than 0.1 µm in type I 
samples (Fig. 11b). In Type II samples, the fluid flow occurs 
within pore throat sizes ranging from 0.01 to 0.1 µm, and in 
sizes between 0.002 and 0.015 µm in Type III samples.

Although a direct trend is observed between porosity and 
MHR, there is a considerable scatter where some samples devi‐
ate noticeably from the positive trend (Fig. 12a). Based on the 
petrographic analysis, samples Q1, Q6, Ml21, and Ml24 are 

wackestone facies (mud-dominated) with small vuggy pores. 
The poro-perm relationship indicates that these samples have 
moderate to good porosities but very small MHR and very low 
permeability (Table 1, and Fig. 4c). Sample M12 (wackestone/
packstone) has a moderate porosity of 0.12 but the largest aver‐
age MHR, perhaps because of its highest sand-size fraction (Ta‐
ble 2). Although with some scatter, porosity is negatively corre‐
lated with the Pth (Fig. 12b). Samples M7, M12, M16, and Q18 
have low to moderate porosities and also low to moderate 
threshold pressures. The petrographic and SEM investigations 
of these samples represent a high degree of micritization and 
cementation (Figs. 3c, and 5a, 5f). The two diagenetic process‐
es have a negative impact on both porosity and permeability be‐
cause micritization initially destroys the grains, then cementa‐
tion fills the empty pore spaces and isolates the micropores, 
thus reducing the porosity and permeability. On the other hand, 
a strongly inverse correlation exists, on the other hand, be‐
tween the MHR and the Pth (Fig. 12c), allowing the prediction 
of the pore throat sizes from the entry pressure with great accu‐
racy. Indeed, this is the basis of the MICP technique.

4.3 Permeability and MICP Data　
The average permeability of the studied samples is less 

than 1 mD, which indicates that the investigated samples are 
nearly impermeable (Table 1). Previous studies revealed that 
permeability is dependent not only on porosity but also on pore 
size, pore throat radius, tortuosity, and surface area (e.g., Jaya 

Figure 11. Pore size and permeability distribution functions with respect to 

the pore throat radii of the investigated samples.

Figure 10. Frequency distributions of the pore throat radii intervals for the 

studied samples.

Table 3 Pore throat radii in microns at discrete mercury saturations

Pore throat ra‐

dius

R16

R35

R50

R84

R90

Type I samples

0.20–0.50

0.16–0.30

0.14–0.24

0.02–0.12

0.01–0.10

Type II samples

0.02–0.05

0.016–0.040

0.013–0.033

0.004–0.02

0.003–0.015

Type III samples

0.004–0.005

0.003–0.004

~0.003

0.002–0.003

0.002–0.0025
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et al., 2005). Rushing et al. (2008) demonstrated that permea‐
bility is affected more strongly by the ratio of the pore/pore 
throat radii than by porosity itself. Additionally, the presence of 
fine-grained components in a sample blocks the connectivity of 
the pores, which impacts permeability adversely. All of the 
studied representative samples have clay-sized particles with 
ratios varying from 8.1% to 37.5% and an average of 21.29% 
(Table 2). The average shale-size fraction in the studied rocks 
is also very high (71.5%). On the other hand, the studied sam‐
ples have dominantly very small micropore throats, with only 
two samples having a small amount of mesoports. Such small 
pore throat radii need very high pressures for mercury injection 
(Table 1). The obtained MHR values are also very small. The 
results obtained by the MICP pore throat characterization and 
the grain size data from LPSA, therefore, support the observed 
very low permeability of the studied samples.

Unlike sandstones, the pore spaces in carbonate rocks 

have complicated geometry due to the presence of various com‐
ponents such as shells and carbonate grains (Clark and Klein‐
berg, 2002). Moreover, the diagenetic processes modify carbon‐
ate rock properties, complicating the prediction of their perme‐
ability (Westphal et al., 2005). Conventional reservoirs exhibit 
good poro-perm relationships in contrast to unconventional res‐
ervoirs that display poor poro-perm relationships due to the 
presence of narrow pore throat radii or pore structures (e. g., 
Nelson, 1994; Ehrenberg and Nadeau, 2005; Zou et al., 2012; 
Wu et al., 2014).

Mao et al. (2013) investigated the relationship between 
the Swanson parameter and the pore structure index (K/φ)1/2, 
for tight gas sands and found R2 values of more than 0.96. The 
high coefficient of determination reveals that this procedure is 
convenient for estimating permeability once the rock porosity 
and the Swanson parameter are obtained. Our studied carbon‐
ate samples display a positive correlation between the two pa‐
rameters, although with a considerable scatter and a slightly 
lower coefficient of correlation (R2 = 0.88, Fig. 13a). Using the 
resulting equation between the pore structure index, the helium 
porosity, and the Swanson parameter, the computed permeabili‐
ty ranges from 0.01 to 0.67 mD with an average of 0.176 mD, 
which is very close to the average of 0.167 mD of the mea‐
sured permeability. This means that permeability could be com‐
puted from MICP data, especially when a large number of sam‐
ples are analyzed. Some samples plot below the regression line 
while others plot above. Samples M12 and Q18 possess almost 
the same value of the Swanson parameter but different pore 
structure indices; the same phenomenon is also observed for 
samples M3 and Q15 (Fig. 13a). The SEM analysis of M12 
and M3 indicates that these samples contain medium to coarser 
micrite particles with a pore size ranging from 4-8 µm (Figs. 
3g and 3h), while Q15 and Q18 have very fine to fine micrite 
microtextures with dominantly fine micropores of less than 2 
µm in size (Figs. 3b and 5a, 5d, and 5e). The pore throat radius 
corresponding to 35% mercury saturation (R35) is also closely 
related to permeability (Lafage, 2008). The crossplot between 
R35 and the pore structure index (Fig. 13b) displays a positive 
correlation with a high coefficient of correlation (R2 = 0.84). 
Permeability is also positively correlated with the median pore 
size (Fig. 13c), but with a lower R2 value of 0.54. A better cor‐
relation is, however, found between the threshold pore size (the 
pore size corresponding to the threshold pressure) and permea‐
bility, with a correlation coefficient of 0.72 (Fig. 13d). These 
fair/moderate coefficients of determination are slightly lower 
compared to other results, such as those of Basan et al. (1997) 
for sandstone rocks. The obtained low/moderate R2 values may 
also arise from the small number of samples and the widely 
variable pore throat sizes.

4.4 Reservoir vs Non-Reservoir Rocks　
MICP data can be used to distinguish potential reservoir 

rocks from non-reservoir rocks and, thus, pay versus non-pay 
zones. A reservoir rock is a porous and permeable rock capable 
of containing hydrocarbons (Sneider, 1987), which has nothing 
to do with whether a rock actually contains or would produce 
hydrocarbons. Pay is the hydrocarbon-bearing zone of the res‐
ervoir, which will produce at economic rates using a given pro‐

Figure 12. Crossplots showing the relationships between porosity and other 

MICP-derived parameters. (a) Porosity vs MHR; (b) porosity vs Pth; and (c) 

MHR vs Pth.
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duction method. According to Sneider (1987), a reservoir is dis‐
tinguished from a non-reservoir based on the displacement 
pressure and the mercury saturation at specific pressures. In a 
reservoir rock, mercury may occupy 1% of the bulk volume at 
a pressure of <300 psi, whereas a non-reservoir rock will 
achieve this saturation at a pressure of >500 psi. At a pressure 
of 2 000 psi, mercury occupies more than 50% of the pore vol‐
ume of a reservoir rock but ≤50% of the pore volume of a non-
reservoir rock. According to these criteria, samples of Type I 
pore throats are distinguished as reservoir rocks, whereas sam‐
ples of types II and III pore throats are clearly non-reservoir 
rocks (Fig. 4). However, considering the threshold of displace‐
ment pressure (100 psi) as a further criterion, only the two sam‐
ples, M3 and M12, which contain 10% and 17% mesoports, re‐
spectively, could act as reservoir rocks. Additional criteria 
must be again applied to determine if a reservoir rock is pay or 
non-pay because not all reservoir rocks are pay.

5 CONCLUSIONS 
Several investigations are performed in this study on car‐

bonate rocks collected from Sidon (southern Lebanon) to study 
the rock pore throat radii, pore and particle sizes, as well as 
their impact on the petrophysical properties and reservoir char‐
acteristics. The obtained results point to heterogeneous fabrics, 
a diversity of pore throat sizes, high micrite content, and a 

large amount of micropores. These characteristics are con‐
trolled by the depositional environment, composition, subse‐
quent diagenetic processes, and tectonic deformation. Detailed 
analyses of the MICP and LPSA data accompanied by petro‐
graphic and SEM investigations of southern Lebanon carbon‐
ate rocks indicate that.

(1) Depositional processes are not the only factors affect‐
ing the petrophysical and storage capacity properties of carbon‐
ate rocks. Diagenetic processes such as micritization, cementa‐
tion, dissolution, recrystallization, and dolomitization have a 
major influence in modifying these properties.

(2) The MICP data revealed the dominance of micropore 
throat sizes as well as small fractions of mesopore throats only 
in two samples. Grain sizes vary widely from those of very 
coarse sand-sizes (~ 2 mm) to the clay-sizes (<0.002 mm). The 
wide variations both in pore throat radii (spanning 3 orders of 
magnitude) and particle sizes indicate that the investigated 
rocks are heterogeneous. The widely-variable pore throat sizes, 
the absence of macroports, small MHR, and the high Pth justify 
the very low permeability of the tested samples.

(3) Permeability estimation from MICP analysis is chal‐
lenging in the carbonate rocks of South Lebanon due to the 
presence of microporosity and a significant amount of silt- and 
clay-size components.

(4) The small pore throat radii and grain sizes support the 

Figure 13. Crossplots between the petrophysical and some MICP-derived parameters. (a) Swanson parameter vs pore structure index; (b) the R35 vs pore struc‐

ture index; (c) permeability vs median pore size; and (d) permeability vs threshold pore size.
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observed low MHR, high entry pressures, and the very low per‐
meability of the studied rocks. Based on the obtained MICP da‐
ta, few samples among the studied rocks are classified as reser‐
voir rocks.

It is evident that data derived from MICP, along with thin-
section petrography and SEM studies, are useful for character‐
izing and understanding the petrophysical properties of carbon‐
ate rocks. Extending the present study to rocks extracted from 
drilled wells will enable us to characterize the subsurface suc‐
cessions in terms of their storage capacity and reservoir poten‐
tial.
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