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Abstract
Carbonate rocks form under widely variable depositional settings and are susceptible to complicated diagenetic processes 
which influence their petrophysical and elastic properties. Understanding the controlling factors on these rock parameters 
is crucial for the interpretation of sonic logs and seismic reflection profiles. Herein, we collect a large number of carbonate 
rock samples exposed at southern Lebanon to examine the lithofacies, pore types, diagenetic processes, and their impact on 
the petrophysical and elastic properties. Collected samples belong to the Upper Cretaceous, Eocene, and Miocene limestone 
beds and are dominated by bioclastic packstone/wackestone from carbonate shelf deposits which are more susceptible to 
early diagenesis. Measured porosity is generally moderate to high and varies between 10 and 40%, with a pore system domi-
nated by intraparticle, moldic, and vuggy pores. A small amount of porosity is represented by fractures and interparticle 
pores. Permeability is very low due to the dominance of isolated intraparticle porosity and small micropores. The measured 
density and the seismic wave velocities are low due to the moderate/high porosity and the presence of a significant (~ 17%) 
non-carbonate matrix. Many diagenetic features, such as micritization, cementation, compaction, and dissolution, impacted 
porosity and permeability differently (dependent on the pore throat size) and led also to the widely variable but generally low 
seismic wave velocities. The wide scatter observed in the porosity-velocity data cannot be explained solely by the microfa-
cies, pore types, or mineralogy. Instead, we used effective medium theories to explain the variability of seismic velocities 
with porosity and the petrographic characteristics of the studied rocks. Modeling results show that, in addition to porosity, 
composition, rock texture,  pore types, and the pore aspect ratios have significant impacts on the elastic properties of the 
studied samples which could explain the observed variations of seismic wave velocities at a given porosity. These findings are  
crucial for a better characterization of both onshore and offshore carbonate rocks which may host hydrocarbon, groundwater, 
and geothermal energy resources.

Keywords  Lithofacies · Pore types · Diagenesis · Elastic properties · Carbonate rocks · Lebanon

Introduction

Carbonate rocks host significant hydrocarbon and groundwater 
reserves in wide regions of the world including China, Latin 
and Central America, and the Middle East (e.g., Nurmi and 
Standen 1997; Dürrast and Siegesmund 1999; Wenzhi et al. 
2014; Jiang et al. 2014, 2015, 2018a, b and c; Thompson et al. 
2015; Jin et al. 2017; Jiang 2022). Unlike sandstone reservoirs, 
exploration of carbonate reservoirs is complex because of 
intrinsic heterogeneities represented by variable composition, 
depositional settings, rock fabric, diversity of pore types, pore 
size, and pore shapes, which result from both syn- and post-
depositional diagenetic processes (Kerans 1988; Loucks 1999, 
2001; Akbar et al. 2001; Eberli et al. 2003; Soete et al. 2015; 
Salah et al. 2018, 2020a, b and c, 2023; Salih et al. 2020). 
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eroded the previous carbonate deposits and led to the simultane-
ous sedimentation of fluviatile terraces and coastal beach sands 
(BouDagher-Fadel and Clark 2006).

The upper Cretaceous, Paleocene and Miocene marine 
carbonate sequences in this area are represented mainly by 

marls, limestones (sometimes chalky) alternating in some 
locations with chert bands (Janjuhah et al. 2021). These 
rocks experienced many diagenetic processes such as mic-
ritization, cementation, compaction, neomorphism, and 
little dolomitization which influenced their porosity, and 

Fig. 1   Geological map of the studied area at southern Lebanon (modified from Dubertret, 1945, after Salah et al. 2023). Red stars indicate the 
locations of the four studied stratigraphic sections (M = Maghdoucheh, Q1 = Quennarit-1, Q2 = Quennarit-2, and ML = Choualiq)
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permeability. According to Janjuhah et al. (2021), porosity 
detected in the studied rocks is mainly secondary with mol-
dic, vuggy, fenestral, intraparticle, and fractures as dominant 
pore types.

Materials and methods

Four stratigraphic sections were sampled from the exposed 
upper Cretaceous, middle Eocene and Miocene carbonate 
rocks at Maghdoucheh, Qennarit and Choualiq in south-
ern Lebanon; only 3 km to the south of Sidon (Fig. 1). The 
base coordinates of the four stratigraphic sections (one in 
Maghdoucheh, two in Qennarit, and one in Choualiq) are 
shown in Fig. 2 and specified in Janjuhah et al. (2021). Fifty 
cylindrical cores of one-inch-diameter were collected from 
the hard carbonate beds outcropping at the four aforemen-
tioned sections. Collected samples and drilled cores were 
used to study the microfacies, textural features, diagenetic 
processes, petrophysical and elastic properties. Twenty-five 
30-μm-thick thin sections were prepared at the CoreLab of 
Texas (USA) to study the rock microfacies and diagenetic 

processes. These samples were also investigated by the SEM 
(MIRA 3LMU Scanning Electron Microscopy) at the Cen-
tral Research Science Laboratory (CRSL) of the American 
University of Beirut (AUB). Small bits from the twenty-five 
samples were crushed and powdered for the x-ray diffraction 
(XRD) analysis to examine the mineralogy of the studied 
rocks. The advanced BRUKER D8 x-ray diffractometer at 
the CRSL at AUB was used to conduct the XRD analysis. 
Then, the acid insoluble residue (AIR) test was conducted 
to calculate the proportion of non-carbonate components in 
the studied rocks (Blatt 1992). A small mass of about 2–4 g 
of the dry powdered rock was dissolved in 10% hot HCl for 
24 h to digest the carbonate fraction completely, then fol-
lowed by the calculation of the AIR percentage.

Thin sections were examined using transmitted light 
microscopy to determine the pore types and quantify their per-
centage. On average, 32 photos were taken for each thin section 
to cover the entire thin section area. These microphotographs 
were stacked on top of one another to provide a combined view 
and to clearly characterize the pore types using the point count-
ing approach. Porosity and permeability were measured using 
the porosity–permeability (poro-perm) measuring system of 

Fig. 2   Stratigraphic logs of the studied four sections: Magdoucheh 
(Miocene), Qennarit-1 (Eocene), Qennarit-2 (late Cretaceous), and 
Choualiq (late Cretaceous). Orange capital letters—M (Magdoucheh 
section), Q (Qennarit- Sects. 1 and 2), and ML (Choualiq section)—

represent the stratigraphic position of the samples used for lithofacies 
analysis and petrophysical measurements (modified from Salah et al. 
2023)
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SMF 18: Packstone with abundant foraminifera

SMF 18 has been observed in the Miocene deposits at Magh-
doucheh. The packstone textures, the presence of fragmented 
bioclasts, and traction structures indicate highly energetic 
depositional conditions. Paleoenvironmental characteristics 
deduced from the recovered microfossil assemblage (domi-
nated by benthic foraminifera and mollusks) are in line with 
the microfacies interpretation, i.e. the fauna thrived in shal-
low and agitated conditions (Janjuhah et al. 2021). Accord-
ing to Flügel (2010), SMF 18 occurs in bars and channels 
subjected to tidal currents in shallow bays with open circula-
tion or in back reef settings.

SMF 21: Fenestral boundstone, mudstones, and packstones 
with porostromate microstructures

SMF 21 is detected in the Miocene deposits at Maghdoucheh 
(samples M11, M13, M14, and M16). This microfacies 
forms in intertidal shallow internal platforms (Flügel 2010).

Pore types and�diagenetic processes

The pore system of the studied samples is dominated by 
isolated intraparticle pores (Figs. 3 and 4). Inspection of 
thin sections (Fig. 3A–B, and E) indicated that the moldic 
and intraparticle pores are dominant. Based on the clas-
sification of Choquette and Pray (1970), the detected pore 
types, in order of predominance, are intraparticle, moldic, 
vuggy, fracture, and interparticle pores (Figs. 3, 4A–D, 
5 and Table 2).

The studied carbonate rocks have undergone various diage-
netic processes represented by micritization, cementation, dis-
solution, replacement, compaction (both physical and chemical), 
fracturing, and filling (Fig. 6). As revealed in Fig. 3, the micrite 
envelope is the first observed diagenetic process. The skeletal 
components underwent moderate to complete grain micritization 
(Fig. 3A–C, and E). In addition, indicators of boring organisms 
and high degrees of microbial activity are present. The framework 
is mainly composed of predominantly clotted fabrics (Fig. 3F).

Multiple generations of calcite cement are observed in the 
studied rocks (Figs. 3 and 4). Fine- to medium-sized blocky 
cement is detected in the packstone microfacies with completely 
filled pore spaces, some vugs and molds (Figs. 3B, E and 4B). 
The blocky cement extends up to 90 μm in length in some 
samples (Figs. 3E and 4B). A syntaxtial overgrowth cement is 
seen in the skeletons of foraminifera which displays a partially 
well-developed outer layer of micrite envelopes (Fig. 3A–B). 
Occasionally, the observed micrite envelopes represent subtle 
and faint laminations, which are marked in places by muddy 
lamina (Fig. 3A). Other forms of cements such as bladed 
(Fig. 3A), blocky (Figs. 3B and 4B), and isopachous (Fig. 3D) 
are observed in some samples. Euhedral dolomite from the pore-
filling medium was only observed in sample M2 (Fig. 3C). All 
the different types of calcite cements largely occlude the intra-
particle, moldic, and vuggy pores (Figs. 3A–C, E and 4A–E).

Intensive dissolution is observed in secondary poros-
ity formed during the early-late stages of diagenesis 
(Figs. 3A–C and 4A–B). Early-stage dissolution resulted in 
the partial degradation of grains forming intraparticle poros-
ity (Fig. 4A), while fabric- to non-fabric-selective dissolu-
tion dominates the late stages resulting in moldic and vuggy 
porosities (Figs. 3A–B and 4C–D).

The grain-to-grain contacts, the distribution pattern of 
different grains, and the fractures observed in the present 
study (Fig. 3B–F) are all related to the overburden pressure. 
Frequently, globular skeletons of planktonic foraminifera 
display grain-to-grain contacts (Fig. 3A, E). It should be 
noted that the packstone microfacies is the dominant litho-
phase which exhibits mechanical compaction (Figs. 3A, C, 
E and 4C–E). This mechanical compaction is manifested 
by the fracturing, breakage, and the tight packing of grains.

Calcite recrystallization of skeletal grains is trans-
formed into calcite spars that resulted in aggradation 
neomorphism (Fig. 3D). Dolomite crystals are rare in the 
studied sections and were detected only in one sample 
(M2 in Fig. 3C), as non-ferroan, very fine to fine crystals.

Quantitative analysis of�thin sections

Packstone is the dominantly observed texture represent-
ing 50% of the studied thin sections; the wackstone and 

Fig. 3   Petrographic photos showing carbonate textures and porosi-
ties from the limestone samples at Magdoucheh (M) Qennarit (Q) 
and Choualiq (ML). A Sample Q12: a-intraparticle porosity, b-moldic 
porosity, mic-micrite envelop, syn-syntaxtial overgrowth cement, cc-
calcite cement, ec-equant calcite cement, bd-bladed cement, g-g-grain 
to grain compaction, mp-micropores, mc-mechanical compaction; B 
Sample Q19: a-intraparticle porosity, b-moldic pore, f-foraminifera, 
cc- internal chamber filled with calcite cement, bc- blocky cement, 
dis-dissolution, syn-syntaxtial overgrowth cement, g-g: grain-to-
grain contact, c-vuggy pores, mic-micrite matrix; C Sample M2: rc-
recrystallization, b-moldic pores, dol-dolomite, cc-calcium calcite, 
mic matrix-micrite matrix; D Sample Q3: bc-blocky cement, fr-cc 
fracture filled with calcite cement, neo-neomorphism, bur- burrow, 
b-moldic pores, Isp-isopachous cement; E Sample Q21: bc-blocky 
cement, mic envelop-micrite envelop, biv-bivalve, bc-blocky cement, 
spc-equant spar cement, a-intraparticle, b-moldic, c-vuggy pores; F 
Sample M11: a-intraparticle, b-moldic, c-vuggy, mpd-micropores 
dominated section, boring organisms, microbial activity, fr-fracture; 
G Sample Ml17: a-intraparticle, b-moldic pores, g-g: grain to grain 
contact, neo-neomorphism, cc-calcite cement, mic matrix- micrite 
matrix dominated section; H Sample Q5: fr-cc fracture filled with 
calcite cement, orm-organic rich mud, neo-neomorphism, mpd-
microporous dominated section, rc-recrystallization, b-bio-broken 
fragments of bioclasts, bc-blocky cement, and b-moldic pores

�
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boundstone constitute the remaining 50% (Fig.  5A). 
Grains constitute 33% of the rock, while the matrix and 
cement represent 32% and 25%, respectively. The remain-
ing 10% are represented by visible porosity (Fig. 5B). The 
qualitative analysis of the visible porosity revealed five 
different pore types (Fig. 5C). The intraparticle porosity 
is dominant representing almost 40% of the detected pore 
types followed by 38% moldic pores, 17% vuggy pores, 
3% fracture porosity, and lastly 2% interparticle pores 
(Fig. 5C and Table 2).

Petrophysical and�elastic properties

The measured porosity is generally moderate to high where it 
varies from 10.6% to 39.7% with an average of 26.5% (Table 1). 
Samples of Maghdoucheh and Choualiq have moderate to high 
porosities, while those of Qennarit sections have predominantly 
high porosities. The bulk density is generally low with an aver-
age of 1.94 g/cm3. The grain density is also small (average 
2.62 g/cm3), which is lower than the typical value of pure calcite 

at 2.76 g/cm3. The AIR varies largely from a minimum of 4% in 
nearly pure limestones (e.g., samples M14 and Q14) to a maxi-
mum value of 40.35% in marly samples with an overall average 
of 17.02% (Table 1). Although the studied rocks have moderate 
to high porosities, they possess very low to low permeabilities. 
Six out of the twenty-five, samples have permeabilities < 0.01 
mD (Table 1). The permeability of other samples is also low 
and does not exceed 15 mD (Table 1). The poro-perm cross 
plot (Fig. 7A) shows that five samples from Qennarit-1 section 
(Q1, Q3, Q6, Q9, and Q10) possess a permeability lower than 
0.1 mD although their porosities are greater than 29%. On the 
other hand, the porosity-bulk density cross plot (Fig. 7B) shows 
the small bulk density of the studied rocks.

Three samples (ML21, ML24, and ML25) appear below 
the main porosity-bulk density trend (Fig. 7B). The presence 
of isolated pores may explain the low bulk density and/or the 
low porosity of these samples. Table 1 and Fig. 7C indicate 
that some of the studied carbonate rocks contain significant 
non-carbonate fraction, which influences their petrophysical 
and elastic properties. The majority of the samples display a 

Fig. 4   SEM images showing the pore types from the limestone sam-
ples at Magdoucheh (M) Qennarit (Q) and Choualiq (ML). A Sample 
M2: a—intraparticle porosity, b—moldic porosity, c—vuggy poros-
ity, d—fracture, ec-equant calcite cement, rc-recrystallization, and 
cc-calcite cement; B Sample Q12: b—moldic porosity, bc-blocky 
cement, chem-dis–chemical dissolution by fluids reacting with cal-
cite cements altering the morphology of micrite particles; C Sample 
M-14: c—vuggy porosity, mcp-micrite particles glued together to 

form bigger grains having negative impact on porosity and perme-
ability, rc-recrystallization, f-fracture; D Sample Ml25: c—vuggy 
porosity, pic-poorly interconnected micrite particles, dis-int–dissolu-
tion processes altering the micrite particles resulting in interlocking, 
dis-dissolution; E Sample Ml25: m—isolated micropores, dmp-dense 
closely packed micrite particles, dm-dissolved micrite particles due to 
dissolution
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positive correlation between porosity and the AIR (Fig. 7C), 
revealing that the non-carbonate fraction enhances porosity. 
Some samples, i.e., M11, M14, Q12, Q14, Q15, Q19, ML17, 
and ML19 exhibit low AIR but high porosities, which can be 
explained by the development of secondary ‘diagenetic’ poros-
ity in otherwise carbonate rocks of low primary porosity.

The acoustic wave velocities are generally low to moder-
ate with average Vp and Vs values of 3340 and 1963 m/s, 
respectively (Table 1). These average velocities give a small 
Vp/Vs ratio of 1.70 which is consistent with the small but 
widely variable � (the Poisson’s ratio varies from 0.13 to 
0.33 with a small average of 0.22). In general, samples hav-
ing the highest velocities (e.g., Q21, Q18, and M7), have 
low/moderate porosities. On the other hand, highly-porous 
rocks such as samples M3, M11, and Q10 exhibit low veloci-
ties. The average rigidity, bulk, and young’s moduli are 0.84, 
1.34, and 2.07 × 1010 Pa, respectively (Table 1).

Discussion

Depositional and�diagenetic history

The studied rocks bear many features that reflect their depo-
sitional and diagentic history and that greatly impact on their 

petrophysical properties. Skeletons of bioclasts observed in 
some samples under the microscope (sample Q5, Fig. 3H) are 
poorly preserved and broken indicating syn-depositional rework-
ing. Several samples (e.g., sample Q19, Fig. 3B) comprise 
empty shells of foraminifera, thus enhancing porosity which 
is consistent with the measured value of this sample at 31% 
(Table 1). Samples of the Choualiq section contain empty skel-
etons of planktonic foraminifera and intraclasts which enhance 
the porosity significantly (sample ML17, Fig. 3G). These obser-
vations are confirmed by the measured porosity which varies 
between 17.8 and 34.7% (Table 1). On the other hand, samples 
Q18 and Q21 are dominated by isolated moldic and intraparticle 
pores (Fig. 3E and Table 2) which do not contribute significantly 
to the effective porosity and permeability. Hence, these two sam-
ples have porosities of 13.7 and 11.4%, respectively, and very 
low permeabilities of less than 0.02 mD (Table 1).

Digenesis plays a critical role in controlling the reser-
voir quality (e.g., Jiang et al. 2014; Grundtner et al. 2016; 
Janjuhah et al. 2018). The petrographic characteristics of 
the studied samples show that the observed diagenetic pro-
cesses overprinted the pore size distribution, and greatly 
influenced the original pore-throat structure. 

Brett and Brookfield (1984) described syn-sedimentary 
micritization as the occurrence of micritic bio-erosion 
fringes that extend from the grain's surface to its center. 

Fig. 5   Graphics showing A 
the quantitative distribution of 
lithofacies, B rock components 
and textures, and C the differ-
ent pore types in the studied 
samples
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Micrite envelopes demonstrate concurrent modifica-
tion and deposition (Janjuhah et al. 2017; Ge et al. 2020; 
Tomašových et al. 2022). The presence of the micrite enve-
lopes confirms the early stage of micritization (Fig. 3A–C). 
Numerous researchers (e.g., Tucker and Wright 2009; Morad 
et al. 2018; Janjuhah and Alansari 2020; and Grundtner et al. 
2016) found also that when sediment and water interact in 
low-energy, slow-sedimentation environments, micritization 
is the first diagenetic process. Moreover, the presence of the 
micrite matrix indicates another late stage of micritization 
(Fig. 3B).

According to Hajikazemi et al. (2010); van Smeerdijk 
Hood and Wallace (2012) and Fallah-Bagtash et al. (2020), 
the diagenetic blocky calcite cement precipitates in marine 
environments. Syntaxial overgrowth cements are a rather 
early diagenetic feature, predating both mechanical compac-
tion and some pore-lining cements (Oluwadebi et al. 2018; 
Busch et al. 2022). Thus, syntaxial overgrowths are associ-
ated with the primary distribution of echinoderm material 

and with specific, more open-grained sedimentary textures 
(Alsuwaidi et al. 2021). Turbid syntaxial overgrowths have 
been linked with phreatic marine environments, while clear 
syntaxial overgrowths have been associated with shallow 
burial (Flügel 2010; Swei and Tucker 2012; Hussein and 
Abd El-Rahman 2020). According to Flügel (2012) and Jin 
et al. (2020), the transition from non-luminescence to syn-
taxial overgrowths is commonly associated with the declin-
ing of pore fluids during progressive burial.

The term “dissolution” refers to the leaching of metasta-
ble bioclasts as a result of the presence of meteoric water 
(Budd 2002; Lambert et al. 2006; Tucker and Wright 2009; 
Janjuhah and Alansari 2020). Early dissolution of arago-
nite may have occurred in seawater or under shallow burial 
depths (Varkouhi and Jaques Ribeiro 2021), whereas com-
paction is induced mainly by overburden stresses, and some-
times by variations in the underground temperature causing 
high pore pressure and subsequent alteration of pores due 

Fig. 6   The paragenetic sequence of the different diagenetic processes observed in the studied samples at Magdoucheh (M) Qennarit (Q) and 
Choualiq (ML). The last column displays the pore throat structures
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to chemical reactions between the water and the rock grains 
(Janjuhah and Alansari 2020; Pei et al. 2020).

The presence of calcite with an extremely high magnesium 
content in the shells of skeletal components enhances the pro-
cess of recrystallization (Amel et al. 2015). Skeletal grains 
such as shells of foraminifera and echinoderms exhibit aggrad-
ing neomorphism with coated micrite envelopes suggesting 

sub-aerial diagenesis (Rosales and Pérez-Garcia 2010). Marls 
at Maghdoucheh are rich in planktonic foraminifera such as 
Globigerina sp., and Orbulina universa (Janjuhah et al. 2021). 
A rich microfossil assemblage including several taxa of benthic 
foraminifera and mollusks was extracted from these deposits as 
reported by Janjuhah et al. (2021). The pore system detected in 
the carbonate rocks of southern Lebanon is dominated by iso-
lated vugs and intraparticle pores (Figs. 3 and 4), which resulted 
from the leaching of skeletal grains of planktonic and benthonic 
foraminifera, resulting in the partial or complete destruction 
of the original rock fabric (Janjuhah et al. 2021). This selec-
tive dissolution occurred rapidly after burial and was facilitated 
by the main composition of the skeletons, which consists of 
either aragonite or a high-magnesium calcite, both of which 
are extremely water-soluble (Hashim and Kaczmarek 2019; 
Janjuhah et al. 2019a; Babasafari et al. 2020; Kershaw et al. 
2021). Janjuhah et al. (2021) also showed that calcite cement 
filled empty spaces in these carbonate rocks.

Impact of�diagenesis and�pore types 
on�the�petrophysical properties

The poro-perm relationship is valuable in formation evalu-
ation and reservoir characterization (Ghadami et al. 2015; 
Janjuhah et al. 2019a). It is worth noting that micritization is 
the primary diagenetic process that affects reservoir quality 
by destroying the internal structure of the grains and reduc-
ing porosity. Micritization reduces the porosity of carbon-
ate rocks by filling the pore throat radius or grain size with 
micrite (Xi et al. 2015). Paganoni et al. (2016) reported that 
micritization and compaction significantly decrease porosity 
in carbonate rocks.

The majority of the studied samples are characterized 
by very low permeability (Table 1 and Fig. 7A). Based on 
the observed diagenetic processes, leaching affected the 
bioclastic grains and created predominantly moldic and 
intraparticle pores that are isolated in nature. Furthermore, 
samples of Choualiq section are dominated by micritic 
textures with skeletons of planktonic foraminifera. These 
skeletons are heavily leached, hence, forming small isolated 
moldic pores, which are not normally considered as standard 
macropores and do not contribute to fluid flow (Ehrenberg 
and Walderhaug 2015; Janjuhah et al. 2019b). The presence 
of micropores, the closer packing of grains which resulted 
from the mechanical compaction (Figs. 3A, C and 4C–D), 
and the poor pore connectivity (Figs. 3D and 4D–E) are 
other reasons that explain the observed low permeability. 
The micropores are associated with intense micritization, 
cementation, and compaction as detected in the petrographic 
study and the SEM imaging. Hence, the diagenetic processes 
have different impacts on porosity and permeability because 
they affect the pore space differently and the inter-connec-
tion between the pores.

Fig. 7   Cross plots of porosity versus permeability (A), bulk density 
(B), and the AIR percentage (C). Note the positive trend of the poro-
perm relationship (A). Three samples deviate clearly from the inverse 
φ-ρb trend in B due to the presence of isolated pores (refer to later sec-
tions for more details)
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Modeling and�the�controlling factors of��-V 
relationships

It has been observed that the different pore types encoun-
tered in carbonate rocks induce diverse velocities at a given 
porosity (e.g., Sun et al. 2006). In general, rocks with moldic 
or intraparticle pores have usually high initial velocities with 
small increases at increasing pressures. On the �-V plots, 
samples possessing moldic pores plot above the regression 
line; those with micropores, micro-molds and framework 
pores plot below; whereas samples with dominantly vuggy 
pores plot around the best fit line (Eberli et al. 2003; Soete 
et al. 2015). Velocity is generally low in rocks with prelimi-
narily higher percentage of microporosity which increases at 
higher pressures but never reaches the velocity of very rigid 
rocks with the same porosity.

The measured seismic wave velocities and the resulting 
ν values are lower than expected for carbonate rocks (e.g., 
Weger et  al. 2009). Moreover, the �-V data reveal wide 
velocity variations at a given porosity (Table 1; Fig. 8A). 
Although the �-V and density-velocity plots (Fig. 8A, B) 
display, respectively, inverse and proportional relationships, 
we observe a wide scatter in the data points resulting in low 
R2 values. For example, samples Q6 and Q15 have similar 
porosities of 30.6 and 30.7%, respectively; however, sample 
Q15 has a Vp that is 70% greater than that of Q6. Considering 
that both samples have the same pore types (Table 2), the dif-
ferent velocity values are likely induced by variations in pore 
stiffness (Regnet et al. 2015; Janjuhah et al. 2019b) or pore 
shapes. Similarly, samples M3 and Q14 exhibit close porosi-
ties of 35.6 and 34.7%, but significantly different Vp values of 
1901 and 3710 m/s, respectively, even though their pore types 
are similar (Table 2). Similar observations are also detected 
for Vs data. Samples M7 and Q18 have more than 50% moldic 
pores and plot well above the regression line (Fig. 8A). In 
addition, samples Q12, Q14, Q15, Q19, and Q21 have sig-
nificant proportions of intraparticle and moldic pores and plot 
above the regression line. Samples having significant amount 
of vuggy pores such as M2, M3, M9, M12, Q1, Q5, and Q6 
plot below the regression line (Fig. 8A). Although samples 
M9, ML19, ML24, and ML25 are dominated by moldic pores, 
they plot well below the regression line. Additionally, veloci-
ties vary also widely at a given density (Fig. 8B). These vari-
ations might be caused by a blend of parameters including 
rock texture, pore types, pore connectivity, and pore aspect 
ratios. Diagenetic processes may open new pores, reduce the 
size of, or even close, existing pores which affect the meas-
ured seismic velocities significantly. Furthermore, the elastic 
properties of the rocks are calculated via ultrasonic measure-
ments which are affected by the distribution of pores and their 
types within the samples with respect to the specific location 
of transducers across the core whenever the rocks are hetero-
geneous (e.g., Martínez-Martínez et al. 2012).

In order to characterize the factors controlling the observed 
scatter in the �-V relationships (Fig. 8A), the porosity-velocity 
data are plotted and classified (color coded) according to litho-
facies (Fig. 9), dominant pore type (Fig. 10) and the percentage 
of the non-carbonate component (Fig. 11). Figure 9 shows that 
most of the packstone textures plot above, the wackstone tex-
tures below, whereas boundstones plot close to, or below, the 
regression line, respectively. Nonetheless, samples having the 
same lithofacies still exhibit wide ranges of velocities at a given 
porosity. Thus, no clear separation is obtained based on the 
lithofacies type, being consistent with the results of Salih et al. 
(2020). Similarly, Fig. 10 exhibits a wide scatter among sam-
ples having similar pore types. Samples dominated by intrapar-
ticle pores are equally distributed above and below the regres-
sion line; those dominated by moldic pores are below, and one 
sample dominated by vuggy pores is located very close/below 
the regression line. When the porosity-velocity data are replot-
ted according to the percentage of the non-carbonate fraction 
(Fig. 11), no clear separation is evident and there is also a wide 
scatter in the samples especially those with less than 10% AIR. 
However, samples having higher AIR ratios tend to have lower 
velocities at a given porosity.

Fig. 8   Graphics of the acoustic wave velocities versus porosity (A), 
and bulk density (B). Note the wide scatter observed in the �-V and 
density-velocity plots (see text for details)
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The XRD analysis is used to identify the mineralogy 
of the studied rocks and its effect on the observed veloci-
ties. Figure 12 indicates that all samples are composed pre-
dominantly of calcite, which represents more than 90% of 
the matrix in at least half of the samples. However, traces 
of quartz are detected in samples Q1–Q10 from Qennarit 
(Fig. 12A); higher percentages are detected in some samples 
from Maghdoucheh (e.g., M2, M3, M7, M11, and M16) and 
in sample ML25 from Choualiq (Fig. 12B). The presence 
of quartz is confirmed by the higher AIR values of these 
samples (Table 1). Dolomite is detected only in sample M2 
(Fig. 12B) from the Maghdoucheh locality. Figure 11 shows 
that most of the samples containing quartz and dolomite 
display lower velocities at a given porosity. However, some 
samples exhibit high velocities which indicates that miner-
alogy cannot solely explain the variability of the �-V data. 
Therefore, the effect of mineralogy on the observed scatter 
in the �-V plots is minor; a fact that was also documented 
by other researchers (e.g., Christensen and Szymanski 1991; 
Salih et al. 2020).

A given pore type is usually characterized by a specific 
pore shape which influences the pore resistance to compres-
sion (pore stiffness). Spherical pores resist compression and 

induce high bulk moduli and high compressional velocities 
(Salih et al. 2020). In order to assess the impact of pore 
shapes on the measured velocity, we modeled the �-V rela-
tionship using the DEM and the SCA methods as explained 
in the “Materials and methods” section. The DEM and SCA 
modeling methods yield the elastic properties of the medium 
for pores of varying aspect ratio, which is compared with 
the measured data. Figure 13 shows the �-V data, whereas 
Fig. 14 shows the compressional and shear impedances 
against porosity superimposed by the curves obtained from 
the DEM and SEM modeling assuming different pore aspect 
ratios. The analysis is performed assuming a single matrix 
composed of a mixture of calcite and quartz (dominant 
minerals in all samples) with the values of Km = 68.8 GPa, 
µm = 34.2 GPa, �m = 2.698 g/cm3. The pores are assumed 
to be air-filled where Ka = 142 kPa and �a = 0.001 g/cm3. 
Ellipsoidal inclusions are assumed for the pores with aspect 
ratios of 0.04, 0.08, 0.12, 0.17, and 0.2. In the case of the 
SCA method, the aspect ratio of the background matrix is 
assumed to be 0.1; hence giving similar results to the ones 
obtained using the DEM method.

The results of the -V modeling reveal that the scatter of the 
velocity data around the linear trend of Fig. 8 results from the 

Fig. 9   Graphics of the Vp (A) and Vs (B) as a function porosity with 
the data points classified based on the lithofacies

Fig. 10   Graphics of the Vp (A) and Vs (B) as a function porosity 
with the data points classified based on the dominant pore type



	 Bulletin of Engineering Geology and the Environment           (2023) 82:67 

1 3

   67   Page 16 of 22

non-spherical pores and the varying aspect ratios present in the 
samples. For example, at a porosity of 30.6%, varying the AR 
from 0.2 to 0.08 causes a 70% decrease in Vp. Furthermore, 
Fig. 14 indicates an improved grouping of the impedance data 
with respect to the pore AR based on the pore type. It was noted 
that varying the matrix type does not significantly change the 
curves which are mainly controlled by the pore AR and the 
porosity as revealed by the DEM and SCA models.

The present analysis and the modeling results indicate that 
the �-V relationship in carbonate rocks is controlled by many 
factors including porosity itself, the non-carbonate fraction, 
lithofacies, the pore types, pore stiffness, pore shapes (pore 
aspect ratios), and the different diagenetic processes. These 
results are crucial for a better quantitative analysis of seismic 
data and sonic logs, which in turn can reduce risks associated 
with hydrocarbon exploration and drilling programs in carbon-
ate strata (Dvorkin et al. 2014). The large variations observed 
in the compressional and shear impedances (Fig. 14), point to 
possible significant changes in reflection coefficients, and thus 
vertical and spatial variations in the reservoir interval (Mavko 
et al. 2009; Salih et al. 2020). These variations may be further 
complicated by the existence of fluids in the pore spaces of the 
studied carbonate rocks.

Conclusions

Carbonate rocks exposed near Sidon, southern Lebanon 
were selected to study the effects of microfacies, pore types, 
mineralogy, and diagenetic processes on the petrophysical 
and elastic properties. Packstone and wackstone textures are 
the dominant microfacies with only few boundstone textures 
found in Maghdoucheh samples. The petrographic study and 
the SEM imaging revealed moderate to high porosity that is 
represented mainly by intraparticle and moldic pores. Few 
samples have significant proportions of vuggy porosity. 
Fracture and interparticle pores were also observed in the 
studied rocks but both represent a very low percentage of 
the observed porosity. The studied rocks have more or less 
homogeneous mineralogy dominated by calcite with minor 
amounts of quartz, and an average fraction of 17% of non-
carbonate components.

Measured porosity and permeability vary significantly. 
Although the measured porosity is generally moderate to 
high, permeability is very low due to intense micritization 
and the small size of the resulting pores as well as the poor 
pore connectivity. The bulk and grain densities are generally 
low due to the high porosity and the presence of some clastic 
components as revealed by the AIR and XRD analyses. The 
observed seismic wave velocities and Poisson’s ratios are 
lower than the characteristic ranges of carbonate rocks. The 
�-V relationship shows a very wide scatter and large veloc-
ity variations at a given porosity (both at moderate and high 
porosities).

We investigated the different parameters controlling the 
observed scatter in the �-V relationship including microfa-
cies, pore types, and mineralogy. Detailed analyses revealed 
that either rock textures, pore types, or mineralogy do not, on 
their own, explain the observed scatter in the �-V relation-
ship. Modeling of the �-V data using DEM and SCA meth-
ods revealed that pore shapes, besides the aforementioned 
parameters, account for the scatter of the seismic velocity 
and impedance data at a given porosity. The improved fit 
between the effective medium models with the φ-impedance 
data compared to the �-V data indicates that parameters such 
as rock texture, along with pore types and shapes influence 
the petrophysical and elastic characteristics of the carbonate 
rocks, and can better explain the observed velocity variations 
at a given porosity.

The present results revealed that factors such as litho-
logical composition, rock texture, pore types, pore shapes, 
and the different diagenetic processes combine together 
to produce characteristic pore stiffness and pore shapes; 
hence specific seismic velocities and elastic properties at 
a given porosity. Therefore, we propose that variations in 
the different proportions of pore types, most of which is 
diagenetic, pore shapes, and the resulting pore geometry 

Fig. 11   Graphics of the Vp (A) and Vs (B) as a function porosity 
with the data points classified based on the acid insoluble residue 
(AIR) fraction
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account for the observed variations in the petrophysical 
characteristics and the wide scatter in the �-V relationship. 
This inference points to the importance of integrating the 
petrophysical and elastic properties of rocks while explor-
ing and evaluating subsurface carbonate reservoirs. More-
over, the present study on the porosity and velocity of the 
carbonate rocks in Lebanon allows for better interpretation 
of seismic and logging measurements which are needed to 
locate potential carbonate reservoirs which can be utilized 
for geothermal energy and hydrocarbon production.

Appendix A

The differential effective medium (DEM) theory and the 
self-consistent approximation (SCA) are used to calculate 
the effective bulk modulus and Poisson’s ratio of hetero-
geneous rocks.

The coefficient P and Q used in Equations (1, 2, 3, 
4) to calculate the effective young’s modulus and Pois-
son’s ratio depend on the inclusion shape and the inclu-
sion aspect ratio. The equation used to calculate P and Q 

Fig. 12   XRD patterns of 
twenty-five samples from the 
studied sections. Symbols 
are as follows: C = calcite; 
Qz = quartz; D = dolomite; 
F = feldspar; Ag = aragonite
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for a spherical, penny crack and ellipsoidal inclusions are 
detailed in A.1, A.2, and A.3, respectively (Mavko et al. 
2009).

A.1 For a spherical inclusion

� �
� � � �

�
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� �
� � � � �
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��� ��� �
�� ��� �
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A.2 For a penny crack inclusion 
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 and �  is the crack aspect ratio.
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Fig. 13   Graphics showing the Vp and Vs as a function porosity with 
the data points classified based on the a microfacies, b pore types, 
and c insoluble residue fraction. Five dashed and five continuous 

lines correspond, respectively, to the SCA and DEM methods (with 
aspect ratios of 0.05, 0.08, 0.12, 0.17, and 0.2 from bottom to top in 
the case of the DEM method)

Fig. 14   Graphics showing the compressional and shear impedance as a function porosity with the data points classified based on the a microfa-
cies, b pore types, and c insoluble residue fraction. Other details are similar to those of Fig. 13
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A.3 For an ellipsoidal inclusion (Berryman 1980)

where

where
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