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exploration activities. The first onshore exploration well in This was followed by a widespread deposition of the
Lebanon was drilled in the 1930s to a depth of 3000 mfluvio-deltaic sandstones of the Chouf Formation, that
without hydrocarbon discovery (Wetzel, 1979; Nader andlasted until the end of the Barremian, early-mid
Swennen, 2004). In the 1990s, the Lebanese authoritie€retaceous (Brew et al., 2001; Tari et al., 2020).
launched a reconnaissance campaign for hydrocarbon During the early Late Cretaceous, the tectonic regime
exploration in the offshore sector, since adjacent offshorechanged into a compressive setting with multiple stages of
resources proved to have significant potential. The fieldscompression due to the convergence of Africa and
of Tamar, Leviathan, Aphrodite and Zohr are current Eurasia, which marked the appearance of probably two
examples of proven hydrocarbon reserves in the Levanphases of the Syrian Arc deformation (Walley, 1998; Kuss
Basin (Ghalayini et al., 2018). These fields contain 70et al., 2000; Walley, 2001). The Neo-Tethyan oceanic
trillion cubic feet (TCF) of gas in place. Other examples crust was partially subducted under Eurasia, eventually
from the onshore province include the Palmyrides, thegiving rise to Cyprus (Robertson et al., 2012). Significant
Euphrates graben and the high hydrocarbon Sinjarfacies changes have occurred, including a major
deposits, which contain about 2.5 billion barrels of oil and interruption within onshore Lebanon; at least during the
about 8.5 TCF of gas deposits in place (Barrier et al.,Coniacian and lower Santonian (mid-late), which may be
2014). These recent discoveries around the Levant Basirelated to a wide marginal uplift (Daher et al., 2015;
over 20062015 encouraged the Lebanese government tdBarabasch et al., 2019). The Cretaceous carbonate
start an offshore exploration campaign with the aim of submerged during the late Turonian and persisted
acquiring 3D seismic data. The interpretations following throughout the Paleocene and early middle Miocene. The
these surveys by the Lebanese Petroleum Administratiomarls and chalk of the Chekka Formation indicate a
(LPA), suggest that the Lebanese offshore sector is mossubsequent deepening of the depositional environment in
probably a gas-producing province. As a whole, the USLebanon and the Palmyra Basin in nearby Syria (Hawie et
Geological Survey estimates an average of 122 billional., 2013; Wood, 2015).
cubic feet of recoverable gas in the Levant (Kostianoy and A second compressive event, known as the second stage
Carpenter, 2018). of Syrian arc deformation in the late Paleogene marks the
Despite their great economic importance in containingbeginning of the collision of northern Arabia with Eurasia
proven hydrocarbon reserves within the Levant Basin, theg(Frizon de Lamotte et al., 2011; Ahmad et al., 2014). A
rocks of the Lebanese sector are not yet well-studied irsubsequent collision between Afro-Arabia and Eurasia,
terms of rock dating, lithofacies, diagenetic processesaided by the Afar mantle plume activity in East Africa, led
pore structure and their impacts on petrophysicalto the uplift of the Arabian Plateau and the marginal
properties. Moreover, little has been published aboutdomain, followed by the rifting of the African and Arabian
detailed palaeoenvironmental conditions. plates. The primary sources of siliciclastic deposits in the
The main objectives of this research work are to: (1)basin were likely the Arabian Nubian Shield, more
interpret the stratigraphic buildup of Southern Lebanonproximal reworked sandstones from the Nubian Shield and
during the Cretaceous-Miocene, based on thethe Nile Delta, with a greater contribution expected from
characteristics of the exposed rocks and the content ofhe southern part of the basin (Steinberg et al., 2011;
micro-nannofossils; (2) describe and document theMacgregor, 2012; Farouk et al., 2013).
composition and distribution of carbonate lithofacies in  During the early middle Miocene, uplift was triggered
Southern Lebanon; (3) highlight the diagenetic processesalong the mountainous backbone of Palestine (Steinberg et
diagenetic history and their impact on the reservoiral., 2010; Barabasch et al., 2019; Alhejoj et al., 2020). The
quality; and (4) document carbonate reservoir transpression along the north-south sinistral strike-slip of
characteristics, in terms of their porosity and permeability. the Levant (NW boundary of the Arabian Plate) caused a
strong uplifting of Mount Lebanon during the late

2 Geological Setting and Lithostratigraphic Framework Miocene, which gradually closed the eastern siliciclastic
sources of the Arabian plate in northern Lebanon. Since
2.1 Tectonic framework the late Miocene to early Pliocene, a westward movement

Hawie et al. (2013) reported that a rifting extension of the Anatolian micro-plate generated strike-slip faulting
phase along the northern margin of Gondwana began imlong the Latakia ridge (Hawie et al., 2013; Farouk et al.,
the late Paleozoic and resulted in the formation of the2014; Barabasch et al., 2019; Tari et al., 2020). In the
Levant and Palmyra basins. Since then, several tectonidlessinian, a major drop in the Mediterranean Sea level
events have affected the Levant Basin, as well as thand the isolation of ocean water due to the closure of the
adjacent Basin of Palmyra, on its eastern border. TheStraits of Gibraltar led to the Messinian Salinity Crisis
polyphase extension affected the Levant Basin until the(MSC), which resulted in the deposition of an evaporitic
Late Jurassic (Gardosh et al., 2010; Hawie et al., 2013). Isequence (up to 2 km thick) in the Mediterranean Sea.
the post-rift phase, shallow marine carbonate deposits Rocks and sediments exposed in the study area range in
dominated the region (Hawie et al.,, 2013). The Lateage from Upper Cretaceous/Paleocene (the Sannine
Jurassic and Early Cretaceous erosion occurred locallyrormation), to Quaternary fluvial terraces and beaches
within the Lebanese onshore province and at the regionahear the coast (BouDagher-Fadel and Clark, 2006). The
level on the Arabian Plate. This phenomenon could bebase of the Sannine Formation consists of 200 m-thick
linked to global sea level lowstands or possibly to uplift white-grey monotonous marls and limestone beds rich in
related to mantle-plume activity (Barabasch et al., 2019).shells of planktonic foraminifera and calcareous
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nannoplankton (Dubertret, 1945). Several subdivisionsenvironment, within a shallowing upward sequence. The
have been identified by Miler et al. (2010), based on drop of the sea level during the late Miocene, Pliocene and
nannofossil assemblages. These authors identifiedQuaternary led to the erosion of the plateau and the
Santonian, Campanian, and Maastrichtian rocks.deposition of fluvial terraces in the river valleys and beach
Overlying this sequence, a 200 m-thick white marl deposits near the coast (Dubertret, 1955; Walley, 1998;
interval, intercalated with chert bands and nummulite-richBou Dagher and Clark, 2006).

limestone beds occurs (Dubertret, 1945). Dubertret (1945)

suggested also that the upper part of this interval is middle8 Methodology

Eocene (Lutetian) in age, based on the nummulite

assemblage. Miler et al. (2010) identified older deposits Five detailed stratigraphic sections were studied near
(upper Danian to upper Paleocene) near Sidon, based ahe villages of Maghdoucheh and Qennarit, located about
calcareous nannoplankton (nannofossil Zone NP3-NP5)3 km south of Sidon (Fig. 1). The coordinates of the five
Eocene rocks in the study area are only exposed near theections (3 sections in Maghdoucheh and 2 sections in
village of Choualiq, which can be laterally correlated Qennarit) are as follows: Maghdoucheh-1, 3331'21.09"N,
northwards to middle Eocene (upper Lutetian) reef facies3522'48.8"E; Maghdoucheh-2, 3331'21.45"N, 3522'47.25"E
(Dubertret, 1955; Bou Dagher and Clark, 2006). However,Maghdoucheh-3, 3331'20.93"N, 3522'44.84"; Qennarit-1,
near Sidon, these deposits are completely eroded, due ®330'8.2"N, 3524'10.6"E and Qennarit-2, 3329'29.3"N
the regional uplift that took place from the late Eocene 3524'47.4"E.

until the late Oligocene as a consequence of the second A total of forty-seven samples of one-inch diameter
phase of the Syrian Arc deformation event (Walley, 1998;mini-cores were collected from the limestone beds
Miler et al., 2010). The base of the Miocene sedimentary exposed at Maghdoucheh and Qennarit, for facies and
sequence is represented near the villages of Maghdouchdhiostratigraphical analyses as well as porosity/
and Choualig by conglomerate strata, formed as apermeability measurements. Ten thin sections of
consequence of this erosional phase. Overlying depositsepresentative samples, about @@ in thickness, were
include 20 m-thick marly limestone and reefal limestone prepared in the thin section lab at the Universitat de
strata, mainly located in the area of Maghdoucheh andBarcelona (Spain) to identify the microfacies and
Baissour. Nannofossils recovered from these localitiesdiagenetic features. The thin section petrography was
indicate middle Miocene ages i.e. Burdigalian to Langhianperformed in the Department of Geology of the American
(Miler et al., 2010). These authors suggested that suchUniversity of Beirut (AUB), using transmitted light
marine rocks were formed in a middle-outer shelf microscopy. Later, these samples were also studied under
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Fig. 1. Geological map of the study area in Southern Lebanon (modified from Dubertret, 1945), with an inset to

the upper right showing the geographic location of Lebanon
Red stars with capital letters represent the locations of the five studied stratigraphic sections (M1, M2 and M3 = Magtedsucheh s
tions; Q1 and Q2 = Qennarit sections).
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an SEM (Scanning Electron Microscopy MIRA 3LMU) at section, which corresponds to the base of the Magdoucheh-1
the CRSL of the AUB. section. This section is located in an artificial cliff 20 m
A complete microfossil assemblage was extracted fromeastwards of the previous section, Magdoucheh-3. The
three samples (Mm1, Mm2 and Mm3) of grey/yellowish section is composed of 15 m yellowish silty marls
silty marls at Maghdoucheh. About 2 kg of sediment peralternating with microfossil-rich sandy limestones with
sample were disaggregated in a solution composed ofedimentary structures such as cross-stratification and
water, hydrogen peroxide and JI&; Mixtures were  eroded bases (Fig. 2). Silty marl intervals are meter-scale
later sieved using five different mesh sizes, i.e. 1.0 cm,in thickness, showing low angle cross-stratification and
0.85, 0.65, 0.35 and 0.25 mm. Fossil shells were pickecabundant microfossils. The microfossil assemblage
out under a light microscope. Selected microfossils wererecovered from the silty marls at section Magdoucheh-
studied using SEM imaging. (samples Mm1 and Mm2 in Fig. 2) is dominated by
A total of 46 smear slides were prepared for calcareouseveral species of benthic foraminifera: 3 indeterminate
nannofossil  biostratigraphy following the standard species of Lenticuling Cybicides sp., 4 species of
procedure of Roth (1984). Slides were examined under aodosarids Nodosaria sp., Dentalina cf. acuta
light microscope with 1500 magnification. Taxonomic Stilostomellacf. adolphing Leavidentalinacf. elegan3
identification followed Perch-Nielsen (1985) and Bown and one species of amphisteginid (Fig. 4). Sponge spicules
and Dunkley Jones (2006). Biostratigraphic biozonationare also present in the assemblage, together with mollusk
was based on Martini (1971) for the Paleogene andshells. The molluscan assemblage is dominated by
Burnett (1998) for Cretaceous biozonation. Samplebivalves and gastropods of the speci@sstoanachis
preparation, slide examination and microphotographyterebralis and Bittium cf. reticulatum (pers. comm.
were performed in the Department of Earth and Mathias Harzhauser, 2020). Sandy limestone beds range in
Environmental Sciences, Yarmouk University, Jordan. thickness between 5 to 30 cm displaying erosive bases and
Porosity and permeability were determined using thelow angle cross-bedding (Fig. 2). Moreover, a high
CMS-300™ (Core-Laboratories Measuring System-300) diversity of nannofossils has been identified in both
at Houston, Texas. Helium porosity,) was calculated localities (Fig. 5). These intervals show packstone/
from the pore volume estimated at specific confining grainstone textures (samples M&24 in Figs. 6an).
stresses and the sample grain volume from an ultraCarbonate grains are mainly bioclasts (shell fragments of
porosimeter, which allows for compensation of bulk mollusks, ostracods, echinoids and benthic foraminifera)
volume reduction following the reduction of the volume of and pelloids (sample M3 in Figs. @). The presence of
pores under the applied stress. Permeability (K) wasvarious types of benthic foraminifera reflects the
PHDVXUHG XVLQJ KHOLXP JDV D Q Guiaifis @f the) gale@ebviFament DiZmarine life. Many

finally correcting for the gas slippage effect (Jones, 1972).shapes of macropores are detected in these samples.

Fenestral porosities have been detected in sample M3 (Fig.

4 Results and Discussion 6c). Moldic, intraparticle and intergranular porosities are
also common, due to the high abundance of fossil contents

4.1 Lithofacies (Fig. 6d).

4.1.1 Description Qennarit sections: these two sections are located near

Five stratigraphic sections were studied nearQennarit village, about 3.5 km southeast of the previous
Maghdoucheh and Qennarit (Southern Lebanon) (Figs. 2sections. These rocks are middle Eocene (Lutetian) and
3). Upper Cretaceous in age, respectively, according to

Maghdoucheh section$he three stratigraphic sections Dubertret (1945). The Qennarit-1 section is composed of
of Maghdoucheh are located about 3 km south of Sidon10 m of chalky limestone, alternating with chert bands
According to Dubertret (1955), the exposed sedimentary(Fig. 3). Limestone beds are meter-scale in thickness,
sequence in this area is of Miocene age. The thredlisplaying parallel lamination and mudstone/wackestone
stratigraphic logs can be correlated laterally (Fig. 2). Thetextures (sample Q1 in Figs. &p Shells ofGlobigerinasp.
base of the sedimentary sequence is represented by sectiond2e common in these homogeneous intervals (Figd)4a
which is composed of 4 m of microfossil-rich marls Six layers of nodular chert can be observed in the section.
alternating with centimetrite-metric intervals of  The petrographic analysis of samples Q1 and Q15 indicates
limestone. The marls show parallel lamination and containthat planktonic foraminifera exceed 10% of the total fields of
abundant planktonic foraminifera. The dominant speciesview, along with fine limestone allochems (Figs. 80
are Globigerina sp. and Orbulina universa (Fig. 4). Poorly preserved and broken foraminifera are common in
Although less abundant, small benthic foraminiferan shellssample Q1, indicating that reworking processes were
of Lenticulinasp. and a few nodosarids are also present insyndepositional. SEM images revealed the presence of
the assemblage. Limestone beds at the base of the secticalcareous nannofossils in both samples (Fig. 6l).

(Fig. 2) show mudstone textures with shells of
Globigerinasp. planktonic foraminifera. 4.1.2 Interpretation

The limestone texture changes into grain-supported The rock characteristics observed in the five studied
(wackestone/packstone) at the top of the sectionsections allowed us to distinguish four main types of
containing rhodophyte structures and evident signs ofmicrofacies that can be correlated with the Standard
bioturbation. This interval can be tentatively correlated Microfacies (SMF) (Fligel, 2013): (1) microbioclastic
with the 2 m-thick limestone bed of the MaghdoucBeh- peloidal calcisiltite (SMF 2); (2) pelagic lime-mudstone
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Fig. 2.Stratigraphic sections at Maghdoucheh.
M1 to M16 represent the stratigraphic position of the samples extracted for petrophysical and diagenetic analysis; Mmgresémi3the stratigraphic
position of the samples extracted for microfossils.

and wackestone with planktonic microfossils (SMF 3); (3) -shelf environment (Fligel, 1985).
grainstone/packstone with abundant foraminifera (SMF SMF 18: Grainstone/packstone with abundant
18); and (4) fenestral bindstones, mudstones andoraminifera. This facies is detected in section
packstones with porostromate microstructures (SMF 21). Maghdoucheh-1 (Figs. @d). The packstone/grainstone
SMF 2: Microbioclastic peloidal calcisiltite. This type textures, fragmented shells, cross-bedding and erosive
of facies occurs in samples Q15 and Q18 from sectiorbases all indicate that highly energetic conditions
Qennarit-2 (Figs. 6¢f). The dominant carbonate clasts are prevailed in the sedimentary environment. Pellets also
represented by fecal pellets and rare well-preserved shellsccur in a minor amount, indicating a well-oxygenated
of benthic and planktonic foraminifera. The low amount of seafloor. According to Fligel (1985), this type of facies
benthic foraminifera and the absence of molluskan shelloccurs as bars and channels heaped up by tidal currents in
in these samples suggest that pelagic sedimentatioshallow lagoons and bays with open circulation or in back-
prevailed in the disphotic zone. The abundance of fecareef environments. The microfossil assemblage recovered
pellets indicates that the seafloor was oxygenatedfrom the overlying marl intervals (benthic foraminifera
promoting bioturbation. According to Fligel (1985, 2013), and mollusk fragments) also indicates that the sediments
this facies is related to an open-marine shelf environment. forming these rocks were deposited under shallow and
SMF 3: Pelagic lime mudstone and wackestone withagitated conditions.
planktonic microfossils. This type of microfacies occursin  SMF 21: Fenestral bindstones, mudstones and
samples M2 and M7, located at the base of Maghdouchelpackstones with porostromate microstructures. This
sections (1 and 2) and in samples Q1 and Q6 frommicrofacies assemblage has been detected in samples M12
Qennarit-1 (Figs. 6&, e#, o). Bioclasts are mainly and M16 from Maghdoucheh sections (Figs.4§g The
represented by well-preserved planktonic foraminifera.rock fabric exhibits small fenestrae and densely growing
This standard microfacies has been related to an open dedpfts of porostromate cyanobacteria and algal structures.
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Fig. 3.Stratigraphic sections at Qennarit.
Q1 to Q21 represent the stratigraphic position of the samples extracted for petrophysical measurements and diagenetic studies.

Some foraminifera can also be observed. This assemblagganghian), which is equivalent to Neogene zone N9

has been related to an intertidal shallow internal platform(Kennet and Srinivasan, 1983). The calcareous nannofossil

depositional environment (Fligel, 1985, 2013). assemblages of Maghdoucheh and Qennarit are
These facies assemblages are characteristic of marinmoderatelyto-poorly preserved.

environments related to different regional events, already Based on the calcareous nannofossil biozonation of

described by BouDagher-Fadel and Clark (2006), thatMartini (1971), nannofossil assemblages recovered from

affected maritime Lebanon. Maghdoucheh sections clearly indicate a Miocene age
(Biozone NNZ2-6) for these sedimentary sequences.
4.2 Relative age based on micro- and nannofossils Typical marker species for the early Miocene are absent

Significant biostratigraphic information can be obtained from the Maghdoucheh sections. Moreover, a large
from the assemblage of nannofossils and microfossilsnumber of reworked tests have been detected in section
extracted from the studied sections. The gastropod specigdlaghdoucheh-1 (sample M3 in Fig. 6d), as shown by the
Costoanachis terebralisndicates that the Maghdoucheh presence of Cretaceous and Eocene species varying in
deposits are Miocene in age. This species has beepreservation mode from E1 (etching) to E3, following
extracted from early to late Miocene shallow marine Roth (1984). Miocene assemblages are dominated by the
deposits in many countries from north and south EuropeCyclicargolithus group, includingC. floridanus and C.
and Turkey (Thivaiou et al., 2019 and references therein)bukryi, as well as th&eticulofenestrgroup (Figs. 5b, e,
The occurrence of the planktonic foraminifer@nbulina g, h). These groups are common in samples M1-5. The
universa in the Maghdoucheh rocks indicates that the relative abundance of calcareous nannofossils diminishes
sedimentary sequence is as old as the middle Miocenin samples M6-15. In these samples, nannofossils of the
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2 mm

Fig. 4. Microfossil assemblage extracted from the Miocene

rocks at Maghdoucheh.
(ab) Globigerinasp. from sample Mm3; (cprbulina cf. universafrom

sample Mm2; (df) Cybicidessp. from sample Mm3 (d, dorsal view; e,

anterior view; f, ventral view); (gNodosariasp.; (h) Stilostomellacf.

adolphinafrom sample Mm1; (iLenticulinasp.1, sample Mm1; (jl.en-

ticulina sp.2, sample Mm2; (Kpentalinasp. from sample Mm1; (.eavi-

dentalina cf. elegansfrom sample Mm1; (mDentalina cf. acuta from

sample Mm1; (n)Bittium cf. reticulatumsample Mm1; (o)Costoanachis
cf. terebralisfrom sample Mm1.

Sphenolithus group dominate the assemblage;

Sphenolithus conicus and Sphenolithus belemnos are
dominant in these samples (Figs. 5c, f, |,
Cyclicargolithus and Reticulofenestragroups are also
observed in samples M16-26.

).

W. barnesiaeis not a marker species, the absence of
Paleocene groups in section Qennarit-2 suggests that these
rocks are Cretaceous in age.

4.3 Diagenesis

Although the bulk of diagenetic changes occur mainly
after burial, diagenesis may start early at the sediment-
water interface. Different diagenetic processes have, in
general, overprinted the Middle East carbonates (e.g.,
Nader et al., 2008; Salah et al., 2016). These diagenetic
processes signify specific alterations to conditions, which
modified the sedimentary rock over time. The shallow
diagenetic processes include micritization, cementation,
compaction (physical and chemical), dissolution and
dolomitization (Dixon et al., 1989; Scholle and Ulmer-
Scholle, 2003; Janjuhah et al., 2017b, 2019b). These
diagenetic processes exhibit specific alteration conditions,
which coincide with the changes that occurred with the
passage of time. A detailed description of the different
diagenetic processes affecting the studied carbonates is
provided below.

4.3.1 Micritization

The micrite envelopes document a period of
concomitant alteration with deposition (Macintyre and
Reid, 2003; Janjuhah et al., 2018a). The micritized skeletal
components generally survive dissolution and provide a
surface for late precipitation (Fig. 6a). The studied
carbonate samples from Southern Lebanon display micrite
envelopes, which are common in all sections. Bioclasts
present in the studied samples indicate a high degree of
microbial micritization (Figs. 6a, £, t). The early stage of
micritization confirms the development of a micrite
envelope covering the grains (Figs. 6¢t, &), while some
have an irregular internal structure and calcite cement
filling (Fig. 6s). The micritization has no direct effect on
the reservoir quality, but may preserve the allochems from
further alteration by subsequent diagenetic processes.

4.3.2 Cementation

Petrographic and SEM analyses revealed several
generations of calcite cement with a minor contribution of
dolomite. The observed dominant cement is an equant

Nannofossil assemblages recovered from Qennaritsparry calcite cement, with spars ranging in size from very
sections indicate that rocks from this locality are muchfine to very coarse (0.8 um), that infill interstitial pore
older than those of Maghdoucheh. Section Qennarit-1 isspaces, skeletal chambers and some molds and vugs in
late Paleocene based on Martini (1971) nannofossilgrainstone (Fig. 7a). It is a marine cement with low
biozonation. The assemblage detected in this study isnagnesium calcite (LMC), formed as isopachous cement

represented by the marker specitsliolithus kleinpellii
along with Fasciculithus tympaniformisand Toweius

that generates a rim around various allochems (Fig. 7b).
This fibrous cement, occurring mainly in the

eminensThese species indicate that these deposits can bMaghdoucheh samples, forms continuous layers of
correlated with the Paleogene Nannofossil Biozone NP6isopachous cement around the skeletal fragments and a
(Figs. 5m, n, p). These species were identified in samplehin lining within the foraminifera (Fig. 7b). The presence
Q1, which is considered to be the sample with the highesbf botryoidal cement has only been observed in section
abundance of calcareous nannofossils in the whole sectioMaghdoucheh-3 (sample M16). The botryoidal cement in
Biodiversity and abundance of calcareous nannofossilghis section consists of a group of oriented and densely-
decreased towards the upper part of the section. Samplgsacked fibrous crystals. Syntaxial overgrowth cement is
from Qennarit-2 (Q12 to 20) display lower nannofossil also observed in echinoderms (Figs. 6a, f). Dolomite
biodiversity. The dominant species extracted from thiscrystals have only been observed in M3 and M16 samples
section is Watzaueria barnesiagewhich represents a (Fig. 7c). The observed dolomite cement acts as a pore
characteristic taxon of the Cretaceous (Fig. 5r). Althoughfilling. Due to its limited occurrence, dolomitization has
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Fig. 5. Calcareous nannofossil assemblages from Maghdoucheh and Qennarit sections.

(@) the Eocene and Cretaceous speCiemsmolithusand Chiasmozygusp. with PPL and XPL viewgp) Cyclicargolithussp.; €) the specieSphe-
nolithusconicug; (d) Chiasmolithusand Chiasmozygusp (Eocene and Cretaceous spe:gJ the specieSphenolithus conicugh) Reticulofenestra
sp.; {) the specie$Sphenolithudelemnos(j) the specieBlackites inflate (k) Discoastersp.; (I) the specieSphenolithudelemnos{m) Paleocene
species: the specid@weius eminengn) the speciegasciculithus tynpaniformis; (o) the specie&llipsolithus macellus(p) the speciesieliolithus

kleinpellii; (g) the specieSphenolithus primugr) the Cretaceous specifatznaueria barnesiae.

no significant effect on the properties of either the rocks or(2017d), dissolution is the leaching of metastable bioclasts,

their pore throats.

4.3.3 Dissolution

According to Budd (1992), Morse and Arvidson (2002),

due to the presence of meteoric water. The process of
creating and developing secondary pore spaces such as
moldic, vuggy, intraparticle and interparticle pore throat by
dissolution influences the characteristics of the rocks in

Lambert et al. (2006), Tucker (2009) and Janjuhah et alSouthern Lebanon. The solubility of minerals controls the
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Fig. 6. Petrographic analysis showing different facies and diagenetic processes in the carbonate samples collected from

Qennarit and Maghdoucheh, Southern Lebanon.

(a) M2:highly micritized forams, fibrous cement, and neomorphism; (bp@morphosed forams; (c) M&arly stage of micritization forming
micrite envelopes, presence of moldic and fenestral porosity; (dinid&tized forams, moldic porosity and intraparticle porosity; (e)4ghly
micritized section, late stage of cementation and neomorphism; @idand non-bioclasts-neomorphism and late stage of cementation; (g M12
Matrix, non-bioclasts and porosity-matrix-dominated section with non-fabric selective dissolution; (Rldvii2ated section with non-fabric
selective dissolution and an open fracture; (i) Mi&ritized bioclasts and neomorphosed forams; (j) Mafcite cementation and porosity associ-
ated with dissolution (vuggy and fenestral porosity types); (k) Ma6-bioclasts and Rhodophyta, also including vuggy porosity; (I) M21
nannofossils and fabric selective dissolution (moldic poresi)mi24 ighly micritized section and neomorphism; (0) #te stage of diagenesis
-fracture, filled with calcite cement; (p) @ate stage of open fracture; (q) Qbfghly micritized grain, reworked bioclasts and neomorphosed
broken fragment of echinoderm; (r) Q¥abric-selective dissolution of grains; (s) Qédicritized grains with calcite pore-filling cement; and (t)
Q18:planktonic forams and coated grain micrite envelopes.
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degree of dissolution, which increases magnesium contenteservoirs in Southern Lebanon carbonates. The physical
and replaces the aragonite with high-magnesium calciteeompaction is induced by sediment overburden that led to
(HMC), (Morse and Arvidson, 2002; Janjuhah et al., concave-convex grain contacts, breaking and distortion of
2019b). Dissolution of skeletal components in carbonatethe grain shape (Figs. @ s, 7d). Evidence of chemical
rocks from Southern Lebanon is mostly fabric-selective,compaction such as stylolites and solution appear to be
with a modest contribution of non-fabric selective limited to the matrix-supported rocks of section
dissolution (Figs. 6ed, g4, r). The commonly observed Maghdoucheh-3 (Fig. 7e). It is worth highlighting that
dissolution is indicative of late-stage porosity Maghdoucheh rocks (both sections 1 and 2) exhibit tight
development (Figs. G&l, g4, r). Porosity associated with packing of allochems and breakage of bioclasts (Fig. 7).
dissolution includes moldic, vuggy, fenestral, fracture,

intra- and interparticle (Figs. 6d, g4, j, p). 4.3.5 Neomorphism
Some carbonate samples show evidence of
4.3.4 Compaction neomorphism, such as the replacement of lime mudstone

Compaction reduces grain fracture and porosity,by coarser crystalline calcite spars and replacement of
resulting in closer packing (Janjuhah et al., 2017b).aragonite or HMC in shell fragments with LMC, causing
Mechanical compaction could be due to overburden stresghe alteration of the original texture and structure (Figs.
however the chemical processes are sensitive t®Gb, edf, 7d). Partial to complete recrystallization of the
temperature, pressure and the water content in the porskeletal particles resulted in aggrading neomorphism (Fig.
space (Xi et al.,, 2015; Janjuhah and Alansari, 2019;7g). This process is supported by the presence of calcite
Janjuhah et al., 2019b). In some cases, compaction mawith high magnesium content, which probably
reduce porosity by more than 40% and be more effectiveaccumulates in the shell of skeletal components until the
in porosity reduction than cementation (Salah et al., 2016stable phase in meteorological conditions (Amel et al.,
Janjuhah et al., 2019a). Both mechanical and chemicaR015). In the present study, various skeletal grains were
compactions have influenced the characteristics ofcovered with a micrite envelope and exhibited aggradation

Micritio
calcife-

.

# Dolomite

P

10 um

Fig. 7.Photomicrographs for the Southern Lebanon carbonates.

(a) Photomicrographs representing different diagenetic processes with blocky ¢sangpie M16); (b) needle fiber calcite ce-

ment (sample M3); (c) occurrence of dolomite with micritized forams indicated by the white circles (sample M3); (d) collapsed
and fractured micrite envelopes and fractured bioclasts (orange arrows) with partial dissolution of shell and evidence of neomor-
phism (sample M3); (e) calcified algae representing a stylolite filled with organic matter (sample M16); (f) tight packing of al-
lochems and breakage of bioclasts (sample M7); (g) recrystallized skeletal grains resulting in aggrading neomorphism (sample
M16); (h4) dissolution secondary porosity at different stages of diagenetic environments (samples M7 and Q6); (j) fabric-selective
dissolution during the early stage of diagenesis, pores patrtially filled with calcite cement (sample M2).
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neomorphism, a sign of subaerial diagenesis (El Ghar andttributed to the activities of microboring organisms,
Hussein, 2005). which destroy the allochems at or near the sediment-water
interface. According to EI-Saiy and Jordan (2007),
4.3.6 Dolomitization synsedimentary micritization phenomena appear in the
Dolomite is uncommon in the studied sections, form of micritic bioerosion fringes growing from the
especially in the locality of Qennarit. Only sample M3 surface to the center of the grains. A marine low-energy
contained a minor quantity of dolomite (Fig. 7c). The environment is favored for the micritization of grains and
dolomite cement consists mainly of coarse crystalline,the formation of the micritic envelopes around bioclasts in
euhedral to subhedral dolomite crystals, which fill the various samples (e.g., Fig. 6d). Adams and Mackenzie
intra- and intercrystalline pore spaces. The dolomite(1998) also indicated that micritization is the first
cement resulted in a decrease of the porosity in the studiediagenetic phase that occurs at the sediment-water

interval, but only on a very localised scale. interface in low-energy shallow marine settings with low
sedimentation rates.
4.4 Diagenetic sequence Isopachous calcite rim cement formed after

The sequence of diagenetic processes can be deriveaicritization (Fig. 8). This early marine cementation is,
from paragenetic relationships detected within the significantly, limited to open marine conditions.
petrographic study (Ali et al., 2010; Mahboubi et al., According to Stanley and Hardie (1998), under shallow
2010; Tawfik et al., 2018). The carbonate rocks of marine high-energy condition, marine calcite cement with
Qennarit and Maghdoucheh in Southern Lebanon exhibit & MC mineralogy forms an isopachous acicular rim around
complex diagenetic history. The early diagenetic processethe allochems (Figs. 6a, 7b). This cement led to early
that occurred and transformed the primary sedimentaryithification and preserved compaction during burial,
characteristics of the Southern Lebanon carbonate rockpossibly contributing to the partial preservation of
comprise seven stages. These diagenetic phases consistdrosity. Fligel (2013) also indicated that early diagenesis
micritization, cementation, dissolution, compaction, occurs in a marine environment with actively-circulating
dolomitization, fracturing and vein filling (Fig. 8). Four ZDWHU DV HYLGHQFHG E\ LVRSDF
different diagenetic environments have been characterized;ement around the grains. Dissolution was also detected in
including marine phreatic, meteoric phreatic, minor the studied rocks (Figs. @d, gd#h, 8). The internal
mixing zone and burial (Longman, 1980; Vincent et al., structure of aragonitic organisms such as foraminifera and
2007; Xi et al., 2015; Janjuhah et al., 2017b). other bioclasts was partially or completely dissolved (Figs.

The process of micritization is very common at the 6c+l, h). Early dissolution of aragonite might have
early stage of the paragenetic sequence of the studiedccurred either in seawater or under superficial burial
carbonate rocks (Fig. 8). An early micritization known as conditions (Moss and Tucker, 1995; Munnecke et al.,
micrite envelopes affected the peripheral areas of thel997; Warren, 2000; Ferry et al.,, 2011). Two stages of
skeletal grains to complete destruction during the mediundissolution have been documented. Stage 1 involves the
to late stages (Figs. 6aci, man, q, st). This process is  dissolution of aragonitic biota (Fig. 6d), indicating partial

Samples Diagenetic processes Marine Meteoric Burial Uplifted Effect on
porosity
M2, M3, M7, Q18 | Micritization _ + -
M7 Cementation (isopachous rim) _
M2 Neomorphism -
M3, M6, Q15 Dissolution (fabric selective)
M2, M-3, M7, Cementation _ ]
M16. 1. Syntaxtial cement _ -
2. Equant cement
3. Blocky cement _
M3, M7, Q. Q| Compaction [ ——
L Physica ) 1
2. Chemical -
M12, M16. Q1. Dissolution (non-fabric) -
M2, M3, M7, Neomorphism _ —
M24, Q1
M3 Dolomitization -
M3 Dolomite crystallization -
Mi2, Q1 Fracture and veins filling _

Fig. 8. A proposed paragenetic sequence for the carbonate rocks of Southern Lebanon, based on the
petrographic and SEM studies.
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to complete dissolution of foraminifera (HMC grains). that might have occurred either in seawater or under very
Budd (1992) and Janjuhah et al. (2019a) stated thashallow burial conditions (Ferry et al, 2011).
meteoric interfaces, such as a subaerial exposure surfade@olomitization has been identified in a single sample as a
and the water table are possible places for high, CO pore-filling dolomite (Fig. 7c). The observed dolomite
influx, leading to increased dissolution of HMC grains and consists of large euhedral to subhedral crystals with a clear
precluding the dissolution of LMC grains. Stage 2 is a noncrystalline surface. The presence of pore-filling dolomites
-fabric selective matrix dissolution, which is an essential suggests that this process post-dated the dissolution and
GLDJHQHWLF SURFHVV LQ 6RXWKH WénertbbEdd Qrec@stas. Thre bt diagehetic event consisted
It plays a significant role in reservoir enhancement. Non-of fractures that crossed other diagenetic products such as
fabric selective dissolution took place from a deepthe previous cement and neomorphosed calcite cement
meteoric to a deep burial setting. These void spaces weré~ig. 60). Fracturing and blocky cementation vein filling
later filled with the cement. Isopachous rim cement is theoccurred at later stages, with deep burial and uplifting
first generation cement, while equant and syntaxial cementtelogenesis) (Vincent et al., 2007).
are second generation cements (Figs. @b).aThey are
most often in the same diagenetic phase, but occur .5 Stages of porosity development
different substrata. The syntaxial overgrowth cement Four stages of porosity evolution have been recognized,
commonly surrounds echinoderm fragments in thewith respect to different diagenetic environments. The
packstone facies (Fig. 7f), while the equant calcite cemenprimary porosity and the primary skeletal grains were
is common in both fabric selective and non-fabric completely filled with isopachous-equant cement.
selective dissolution (Fig. 7a). Equant calcite cementSecondary porosity was important and included
filling the fracture component of the pore-spaces betweertdissolution porosity as moldic, vuggy, fenestral,
grains and some chambers of foraminifera can be observenhtraparticle and fracture porosity (Figs. #fi¢c gdh, j X, p).
(Fig. 7a). Using the SEM, the 3D view of the different Dissolution-induced secondary porosity has developed at
types of cement can be observed, e.g. equant calcite arndifferent stages during shallow to deep burial (Figst, &).
smaller equant calcite cement. The equant calcite cement Stage [—Dissolution: This dissolution stage is the early
is a pore-filling cement with no sequence (Fig. 7a). A clearleaching of skeletal grains prior to compaction. According
zonation is visible in this component. According to to the geological setting of the area, as proposed by Hawie
Barnaby and Rimstidt (1989), this zoning indicates et al. (2013), the early middle Miocene uplift (which was
changes in the fluids. This cement could indicatetriggered along the mountainous backbone of Palestine)
precipitation in a shallow diagenetic environment. Fligel could have caused the exposure of the platform, triggering
(2013) also stated that equant calcite cement is found ithe leaching of skeletal grains in the Maghdoucheh rocks.
both meteoric and burial environments. At this point, it The occurrence of this fabric-selective dissolution (moldic
should be emphasized that additional information isporosity, Fig. 7j) indicates that the dissolution fluid was
needed to determine if this cement is of meteoric or burialunsaturated with aragonite but supersaturated with calcite
origin. Physical and chemical compactions are other(Timms et al., 2015). In this way, porosity was formed
diagenetic phenomena recognized in the studied samplesluring the early stage, these pores later being partially
Physical compaction is characterized by rearranged andilled with calcite cement (Figs. &d, 7j). The lack of this
fractured grains subjected to vertical pressure. Fractures afement in the moulds of the Maghdoucheh limestone
mechanical compaction are visible in a few samples fromsuggests that dissolution-1 occurred before or during
Qennarit, due to early marine cementation and overburdemeposition.
pressure. Micro-faulting is evidence supporting Stage II—Dissolution: The second stage of secondary
overburden compaction in carbonate grains (Fig. 6p). porosity developed shortly after the deposition of the
Chemical compaction is characterized by a pressureMaghdoucheh limestone. It predated the precipitation of
solution of grains and sediments, which is an essentiabquant calcite cement and occurred before or during
source of CaC@for burial cementation. The chemical PHFKDQLFDO FRPSDFWLRQ )LJ 7
composition was recognized in lime mud, which led to themainly affected the metastable components of the
development of stylolites in the upper part of section Maghdoucheh limestone, which resulted in the filling of
Maghdoucheh-3 (Fig. 7e). In most cases, stylolites havehe molds with calcite cement (Figs. 6¢, 7d).
cut across earlier features such as calcite cement, Stage III—Dissolution: More aggressive than the
suggesting a later origin (Fig. 7e). The observed stylolitesprevious dissolution stages, stage Il dissolution affected
are of high amplitude. Two phenomena of neomorphismthe micrite matrix to create vugs, fenestral and fracture
have occurred and have affected the rocks differently.porosity (Figs. 6dh, j, p, r). This generation of secondary
Early neomorphism led the carbonate samples to replacporosity postdates late neomorphism and mechanical
the lime mudstone with coarser crystalline calcite sparscompaction (Fig. 8). This phase of secondary porosity
and to replace the high magnesium aragonite or calcite irdevelopment extensively affected the micritic limestones
the shell fragments with LMC. This process caused theof Maghdoucheh and Qennarit, which were less affected
loss of the original texture and structure in the grainsby the previous dissolution stages.
(Figs. 6d, 7d, g). At the late stage, neomorphism post- Fracture porosity: Finally, two generations of fractures
dated early cementation that has fully affected the texturevere recognized in the studied carbonates. Pre-fractures
and structure of the carbonate rocks. This process isre thought to have formed during periods of tectonic
supported by the early dissolution of aragonite and HMCactivity and/or sedimentary loading. The first recognized
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generation of fractures formed cross-cuts in calcitemicritization, cementation and compaction resulted in a
cements which were filled with late calcite cement (Fig. significant destruction of permeability at both localities
60). The second stage of fracturing formed after the calcitgFig. 9).
cementation but before dissolution-lll. Fractures formed High-frequency cycles are vertical genetic units that
during this stage are usually enlarged and are not partialljhelp in the understanding of hydrocarbon reservoirs
filled with calcite cement (Fig. 6p). worldwide (Janjuhah et al., 2017c, 2018c). Transgressive
and regressive hemicycles were recognized during field

4.6 Petrophysical properties and reservoir quality investigations in Southern Lebanon. The transgressive

The measured porosity varies from 10% to 35% with anhemicycles are dominated by the highest mud content in
average of 21%, while permeability ranges from 0.01 tothe Qennarit sections, while high-energy carbonates,
0.64 mD in both localities (Fig. 9). Half of the tested dominant in Maghdoucheh sections, characterize the
samples (mostly from the Maghdoucheh sections) everregressive hemicycles, with some macro-organisms (Figs.
have very low permeabilities 0&0.01 mD. Moldic 2, 3). According to Kidwell (1989) and MacEachern et al.
porosity is the most dominant porosity type observed in(1992), in the shallow marine environment, a transgressive
the Maghdoucheh samples, followed by the intraparticleinterval is generally recognized by accumulations of
and fenestral types (Fig. 6d), while the vuggy porosity isfossils produced locally when the transgression ensues.
predominantly encountered in the Qennarit sections.

The petrographic analysis of the thin sections support$ Conclusions
the measured poro-perm data (Fig. 9) and reveals that the
visible porosity ranged from fair to good in the The carbonate rocks of Southern Lebanon consist
Maghdoucheh locality. On the other hand, Qennaritmainly of limestone beds with a minor amount of
samples have moderate to good porosities. In addition, thelolomitic limestone. A detailed outcrop description of
majority of the samples display a positive poro-perm Maghdoucheh and Qennarit sections revealed that the
relationship. However, the packstone/grainstone M12carbonate rocks of Southern Lebanon are composed
sample deviates slightly from the major trend (Fig. 9), predominantly of moderatehalky limestone, indicating
owing to its relatively higher permeability, possibly shallow to deep marine carbonate deposits. Four types of
induced by dissolution (Figs. 6g, h). Although samples Q1microfacies (Standard Microfacies) have been identified.
and Q6 from Qennarit-1 section have high porosities, theirMoreover, the microfossil and nannofossil assemblages
permeability is very low, which may be induced by the recovered from these sedimentary sequences provide new
fine grain sizes of the mud/wackestone microfacies. Theinformation on the relative age of these deposits. On one
overall observed scatter in the poro-perm crossplot ishand, rocks from Maghdoucheh are middle Miocene in
however, related to the variation in pore-type, which in age,whereas rocks from Qennarit-1 and Qennarit-2 are
turn is related to the percentage of leaching and the earlypper Paleocene and Cretaceous in age, respectively. The
cementation. petrographic and SEM analyses revealed that these

Given the total porosity, the reservoir potential of carbonate deposits underwent the following diagenetic
Southern Lebanon carbonates could generally bealterations; micritization, cementation, dissolution,
considered to be moderate. Apart from the moldic, neomorphism, compaction, recrystallization and minor
fenestral and vuggy porosity, there is also poor to visibledolomitization. This study also confirmed that the
porosity, with stylolites dominating sample M16 from depositional textures and diagenetic processes (mainly
Maghdoucheh (Fig. 7e). It seems that its tightness hasnicritization, cementation and dissolution) played a major
hampered this type of lithified limestone during or after its role in the destruction of the original porosity and
deposition and subsequent diagenesis. In general, thpermeability at both localities (Qennarit and
presence of organic-rich mud and late calcified fractures
formed permeability barriers in the Maghdoucheh and  1.0007
Qennarit limestones. Despite the petrophysical analysis
indicating moderate to good porosity, permeability is very
low in both localities, possibly because the samples are
highly micritized. The high micritization is a guarantee of _ 0.100
high microporosity (Janjuhah et al., 2018b). Microporosity
controls the depositional texture in carbonate rocks, as has§g
recently been observed in reservoirs rocks from southern 5
Texas (Loucks et al., 2013). These reservoirs are enriched™ 0.010 }
in micropore intervals which are currently producing
commercial hydrocarbon reserves. According to Budd
(1992, 2002), micritization and compaction reduce
permeability and decrease the pore sizes and their (g1 ' : : .
connectivity. Although micritization affected the reservoir 0 10.0 20.0 30.0 40.0
quality at both localities, the degree of micritization is Porosity (%)
higher in Maghdoucheh, resulting in the destruction of the Fig. 9. A crossplot of porosity versus permeability measured

original internal structure and total porosity (although for ten samples from the Maghdoucheh and Qennarit sections.
enhancing microporosity). The high degree of Maghdoucheh samples have widely-variable poro-perm data.

® Maghdoucheh

Qennarit

meability
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Maghdoucheh). Maghdoucheh petrographic analyses systems of Syria, in L. Marlow, C. Kendall and L. Yose eds,

P . ; ; i Petroleum systems of the Tethyan region. American
indicate grainier textures (a higher amount of fossils) with Association of Petroleum Geoscience Memoir. 106: 838,

dominant moldic and i_ntraparti.cle porosity. However, at BouDagher-Fadel, M., and Clark, G.N., 2006. Stratigraphy,
Qennarit, the texture is muddier/more matrix-supported, paleoenvironment and paleogeography of Maritime Lebanon:
with predominantly vuggy porosity. All lithofacies have  akey to Eastern Mediterranean Cenozoic history. Stratigraphy,
considerably fair to good porosity, but low, or even very _ 3(2): 81418.

o . P P Bown, P.R., and Dunkley Jones, T., 2006. New Paleogene
low, permeability, due to intensive micritization and calcareous nannofossil taxa from coastal Tanzania: Tanzania

cementation. In summary, evaluating the effects of riling project sites 11 to 14. Journal of Nannoplankton
deposition and diagenesis on porosity and permeability Research, 28(1): 184.

can help to improve the prediction of reservoir quality in Brew, G., Barazangi, M., Al-Maleh, A.K., and Sawaf, T., 2001.

Southern Lebanon Tectonic and geologic evolution of Syria. GeoArabia, 6(4):
' 573616.

Budd, D.A., 1992. Dissolution of high-Mg calcite fossils and the
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