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Abstract

We collected 40 rock samples from the Cretaceous strata exposed at central Lebanon in order to study the effects of
porosity and rock composition on their seismic wave velocities and elastic moduli. Several sedimentological and
mineralogical studies were conducted to evaluate the rock composition, provenance, depositional conditions, and the
diagenetic history of the studied rocks. Porosity, bulk and grain densities and seismic wave velocities were measured
for 35 drilled core samples at ambient conditions in the laboratory. Velocity measurements were conducted on the
dry core samples utilizing the pulse transmission technique. Petrographically, four lithofacies have been identified
under the polarizing microscope. From oldest to youngest, these comprise arenitic sandstone, lithic limestone, oolitic
limestone, and micritic limestone. Investigations of representative rock samples under the SEM revealed that a
number of diagenetic processes have impacted the studied rocks, and thereby affected their petrophysical properties.
The XRD analysis, on the other hand, revealed that quartz and calcite are the dominant minerals in the sandstones of
the Chouf Formation and the limestones of the Abeih and Mdairej Formations, respectively. The measured porosity,
bulk density, and compressional and shear wave velocities of the investigated rocks vary, respectively, between
2.14-10.05%, 2.41-2.67 g/cm’, 3885-6385 m/s and 2246-3607 m/s. The grain density was calculated from the
measured porosity and bulk density data and varies narrowly between 2.64 and 2.78 g/cm®. We further calculated the
Poisson’s ratio and the moduli of shear, bulk, and Young from the measured bulk density and seismic wave
velocities. Calculated values of these parameters vary between 0.18-0.28, 1.23-3.43 x 10'° Pa, 2.03-6.18 x 10'° Pa
and 3.06-8.69 x 10'° Pa, respectively. The generalized mixture rule is used to provide a unified description of the
physical properties of the studied rocks regarding their component properties, volume fractions, and microstructures.
We constructed a number of relationships between the measured petrophysical and elastic properties to evaluate the
mutual interdependence of these parameters and assess the effects of porosity and rock type on these important rock
characteristics.
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Introduction

Seismic wave velocities (mainly the primary and secondary
wave velocities, denoted here as V,, and V, respectively)
are essential parameters controlling the mechanical prop-
erties of many substances (e.g., Wang et al. 2009). The V,,,
V and the bulk density (py) are the input data required to
calculate the different elastic moduli of a rock, and are,
therefore, fundamental for characterizing Earth materials.
Knowledge of these physical parameters along with the
effects of rock porosity on them are essential for a wide
range of applications including seismic hazard estimation,
understanding geological structures, faulting mechanism,
source properties, and the evaluation of strong ground
motions (Wang et al. 2009).

Lithology, lithostatic pressure, clay content, degree of
fracturing and other structural and textural properties have
a great effect on seismic wave velocity (e.g., Kassab and
Weller 2013, 2015). Moreover, diagenesis has a great
effect on porosity and other rock properties which in turn
will affect the elastic properties of rocks. It may diminish
or enhance the porosity and, therefore, affects significantly
the mechanical strength of Earth materials and the quality
of reservoir rocks and aquifers. Practically, rocks are not
composed totally of grains; rather, a certain amount of
voids and/or fractures always exist allowing fluids to flow
within the rock body. Both pore volume and fluid flow (i.e.,
porosity and permeability) have great effects on the
strength and physical properties of rocks (Chen et al. 2005;
Yu et al. 2016).

The elastic properties of rocks can be described by any
two of four elastic constants which comprise the shear
modulus (u), the bulk modulus (x), the Young’s modulus
(E), and the Poisson’s ratio (e.g., Yu et al. 2016). These
elastic constants are strongly affected by the porosity (¢),
and accordingly, V,, and V, vary also with ¢ (Han et al.
1986; Cadoret et al. 1995; Han and Batzle 2004). Little
studies have been done on the effects of porosity on
Poisson’s ratio (¢), which is calculated from seismic
velocities, because of a lack in experimental data over wide
ranges of porosities and pore geometry (e.g., Salem 2000).
Thus, it is important to explore the relationship between
seismic wave velocity and ¢ in sedimentary rocks. In
reality, such target has been an important area of research
for several decades (e.g., Wyllie et al. 1956, 1958;
Knackstedt et al. 2005; Ji et al. 2007, 2018; Yu et al. 2016).
In well logs, for example, such relations are regarded as
additional controls on inferring porosity from sonic logging
and in situ indicators of fluid types (Dvorkin and Nur
1998). Moreover, our current knowledge on the seismic
wave dependence on porosity are limited and obtained only
from surface outcrops and rock samples obtained from
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mining and drilling which, at maximum, comprise only the
top 10-12 km (Yu et al. 2016). Much of our knowledge
about the Earth’s interior comes mainly from seismic data.
In addition to phase transformations at major discontinu-
ities, chemical composition, metamorphic and dehydration
reactions, pressure/temperature regimes, and partial melt-
ing, porosity is a critical parameter affecting the elastic
properties of both dry and wet rocks (Ji et al. 2002). The
assessment of the porosity effects on the seismic wave
velocities in rocks is, however, a challenging task because
the pore geometry, size distribution and connectivity of
pores in rocks are usually unclear.

Since early times, various researchers have investigated
the relationship between V,, and ¢ and presented a number
of empirical equations for different geologic settings con-
taining different types of deposits (e.g., Wyllie et al.
1956, 1958; Gardner et al. 1974; Raymer et al. 1980;
Castagna et al. 1985; Hyndman et al. 1993; Erickson and
Jarrad 1998; Vernik et al. 2002; Dutta et al. 2009; Ojha and
Sain 2014). Empirical relationships remain most popular
because they represent actual laboratory or log measure-
ments (Knackstedt et al. 2005). However, measured
porosity—velocity data show usually a high degree of
scatter, which results mainly from variations in lithology,
pore geometry, pore size, shape, degree of compaction,
cementation, clay content, and distribution (Han et al.
1986; Marion et al. 1992). Thus, experimental data are
usually grouped into categories of different lithologies such
as limestones, dolostones, sandstones, shaly sands, and
shales (Nur et al. 1995; Wang 2000). Wyllie et al. (1956)
equation, for example, is valid for the estimation of the
porosity of sandstones from sonic logs. The equation of
Raymer et al. (1980), which is an improved version of the
Wyllie et al. (1956) time-average equation, can be effec-
tively used to relate V,, to ¢ in cemented, saturated, sand-
stones through a wide porosity range. Kitamura et al.
(2005) recognized that seismic velocities decrease from
siltstone to sandstone at low fluid pressure. In the labora-
tory experiments conducted by Castagna et al. (1985) on
different rocks, decreases of both V,, and V, with increasing
@ have been observed. Moreover, data analysis performed
by Wang et al. (2009) showed that any change in ¢ induces
similar changes in the seismic wave velocities. However,
empirical relationships can seldom be applied outside the
range of measured data; hence the study of the porosity—
velocity relationship for different geological settings con-
taining specific lithologies is essential. In the present
analysis, we will use the generalized mixture rule (GMR;
Yu et al. 2016) to give a systematic framework expressing
the variations of the elastic moduli (u, x, and E), and
seismic velocities (V,, and V) as a function of porosity of
the studied rocks.
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In this study, we have collected 40 rock samples from
the lower Cretaceous Formations exposed at central
Lebanon to investigate their lithologic and petrophysical
characteristics with some focus on the effects of porosity
and rock type on the seismic wave velocities and elastic
moduli. Lithologically, these formations are dominated by
sandstones and carbonates which usually have a diagenet-
ically induced porosity. These rocks have not been previ-
ously studied in detail and, therefore, the present
investigation provides an important database for interested
researchers. In addition, recent seismic exploration activi-
ties in the region confirmed the large sedimentary thickness
and strong potential of the Mesozoic and Cenozoic strata
(Bou Daher et al. 2016). Given these new hydrocarbon
discoveries in the Oligocene and Miocene reservoirs in the
eastern Mediterranean region (Esestime et al. 2016), it
became essential to evaluate the petroleum system in the
area and estimate the quality of the encountered forma-
tions. Carbonate rocks are valuable in many industrial and
engineering applications and have significant contributions
to the national economy of many countries (Ersoy et al.
2016). Since the majority of the investigated rocks are
mainly carbonates, this adds to the significance of the
present study. We investigate the porosity dependence of
pp for the studied rocks and their elastic properties
including V,, Vi, o, and the three elastic moduli y, x, and
E. We then compare our results with those obtained by
different researchers at a number of geologic settings. We
classify the measured porosity as primary or secondary
based on its origin and assess the effects of the rock
composition and the different diagenetic processes such as
compaction and lithification on porosity and, in turn, on the
elastic properties of the investigated formations.

Geologic setting and stratigraphy

The Levant was formed as a result of an extensional rifting
of the northern margin of Gondwana which started in the
Late Paleozoic (Garfunkel 1989; Hawie et al. 2013; Nader
2014), and probably continued until the Late Jurassic
(Gardosh et al. 2010). These rift phases were followed by a
phase of cooling and subsidence until the Late Cretaceous.
The convergence between the Afro-Arabian and Eurasian
plates and the consequent closure of the Neotethys Ocean
(Fig. 1) started in the Late Cretaceous (Bou Daher et al.
2016). The eastern margin of the Levant is bounded by a
series of strike—slip faults formed as a northward extension
of the Red Sea rifting which started in the Oligocene/
Miocene times. These strike—slip faults represent the
Levant Fracture System (LFS; Fig. 1), which extends from
the Gulf of Aqaba in the south to the Taurus Mountains in
the north (Beydoun 1999). Due to the differential

northward motion of both the African and the Arabian
plates, with the latter being faster (McClusky et al. 2000),
the LFS is a sinistral strike—slip fault involving the N-S
striking Dead Sea Fault Zone in the south, the central
NNE-SSW trending segment (Yammouneh Fault and
splays), and again the N-S striking Ghab Fault in the north
(Ghalayini et al. 2014). These three segments are known
together as the Dead Sea Fault Zone, which extends
northward until it meets the East Anatolian Fault Zone in
southern Turkey (Fig. 1). The Lebanese segment of the
LES is very complex and is divided into many branches
and veers to the right forming a restraining bend which led
to the formation of the high reliefs of Mount Lebanon
(Daéron et al. 2007).

The Mesozoic stratigraphic section of onshore Lebanon
is dominated by carbonates (Nader 2014) although some
clastics are also encountered (Fig. 2). Accumulation of
sediments in the Levant was almost continuous, but, in the
margin and onshore Lebanon, many erosional events are
detected (Miiller et al. 2010; Hawie et al. 2014). The uplift
of both the Mount Lebanon and Anti-Lebanon, resulting
from transpressive regime at the Lebanese segment of the
LFS, induced the latest ongoing erosional event (Beydoun
1999; Gomez et al. 2006). Many episodic volcanic erup-
tions are recorded in the eastern Mediterranean such as the
northern Lebanon alkaline volcanism during the Late
Jurassic—Early Cretaceous (Nader 2014). This intermittent
volcanic activity is induced by a mantle plume activity in
the Levant (e.g., Garfunkel 1992; Wilson 1992).

Early Cretaceous strata in Lebanon are represented
mainly by four geologic formations. In an ascending order
they are the Chouf Formation (mainly sandstone), the
Abeih Formation, the Mdairej Limestone Formation, and
the Hammana Formation (Walley 1983). Because of some
field obstacles, we collected rock samples from the first
three formations at five field sites (Fig. 3). The Chouf
Formation is named after the Chouf region of southern
central Lebanon where the thickest sandstones are exposed.
These sandstones are ferruginous, cross-bedded, multicol-
ored, and vary in grain size from fine to medium (Fig. 4a—
c¢). They are sometimes associated with clays, shales, and
lignites (Walley 1997, 1998). The darker layers may con-
tain woody or coaly fragments associated with pyrite,
marcasite, and amber. The upper limit of these sandstones
is marked by a layer of abundant oysters which is the base
of the Abeih Formation. The age of the Chouf Formation is
Berriasian to Hauterivian and has an average thickness of
220 m in its type locality, although it may reach up to
300 m in some areas reflecting syn-depositional block
faulting.

The overlying Abeih Formation consists of fossiliferous
massive limestones with common marls and thin sandstone
beds especially at its lower base (Figs. 2, 4a, d, ). This
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Fig. 1 Geographic map of Lebanon in the eastern Mediterranean with
a red rectangle marking the present study area (a) and a tectonic map
of the eastern Mediterranean region showing the major neotectonic
lineaments in the vicinity of the junctions between the Eurasian,
African and Arabian plates and the Anatolian collage (b). White

formation is overlain by the thick massive limestones of the
Mdairej Formation and attains an average thickness of
170 m in the Chouf area (Walley 1997). The age of the
lower part of the Abeih Formation is Barremian, whereas
the upper part is thought to be of earliest Aptian age. The
overlying distinct limestone cliffs constitute the Mdairej
Formation which is clearly recognizable as a sheer-sided
cliff (Fig. Sa—e). The basal section of this formation is
ferruginous calcarenite which changes upward to the finely
massive, bedded, pale gray, limestone (Walley 1997). This
formation is partially dolomitized with rare macrofossil
content. The upper limit of this formation is located where
the massive reddish brown limestones are overlain by
green clays. Its thickness is about 50 m and is of lower
Aptian age.

Materials and methods

Petrography and mineralogy

A total of 14 representative thin sections were investigated
under the polarizing microscope to identify the miner-
alogical composition, microfacies associations, the differ-

ent diagenetic processes, and the thin-section porosity of
the samples. Standard microfacies types were assigned to
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arrows in (b) denote the present-day plate motions. LFS Levant
Fracture System, FAFZ East Anatolian Fault Zone, NAFZ North
Anatolian Fault Zone. Reproduced with permission from Tatar et al.
(2004)

each sample according to Wilson (1975) and Fliigel (1982).
Different lithologies such as micritic limestone, lithic
limestone, oolitic limestone, and arenitic sandstone have
been identified. Porosity assignment follows the method of
Scholle and Ulmer-Scholle (2003) and Selley and Son-
nenberg (2015). Many features that characterize porosity
and the paleo-environment were also investigated during
the petrographic study of the thin sections. These features
comprise: (1) grain types; bioclasts/non-bioclasts ratio (for
the carbonate facies), or, the major and minor components
for the clastic rocks; (2) type of porosity; (3) cement,
matrix content and their types; (4) the rock texture;
including roundness, sphericity, sorting, grain size and
grain packing; and (5) any diagenetic feature. Sorting
percentage is estimated following Longiaru (1987),
whereas the bioclast/non-bioclast ratio is determined after
Baccelle and Bosellini (1965). Microscopic images were
taken from thin sections using Fuji light microscope
attached with a digital camera. On the other hand, the
scanning electron microscope (MIRA3 LMU) with
OXFORD EDX detector was used to acquire the SEM
images by TESCAN on small cuts in the Central Research
Science Laboratory (CRSL) of the American University of
Beirut. To confirm the mineral composition of the studied
rocks, a total of 32 representative samples were crushed
and prepared as powders for testing under the
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Fig. 2 A stratigraphic columnar section of the three investigated
Early Cretaceous Formations in central Lebanon showing their
lithology and sample locations. Modified after Walley (1983, 1997)

BRUKER D8 advanced X-ray diffractometer (XRD) also
in the CRSL of the American University of Beirut.

Core analysis

Routine core analysis is a critical part of an overall rock
evaluation as it provides direct estimation of the rock
properties and is a mean to calibrate other assessment tools
such as well logs and surface geophysics (Eysa et al. 2016).
A total of 35 one-inch-diameter cores were obtained from
the exposed rocks in the field which represent the three
studied formations (Fig. 6). Sampling in the field was

accomplished using a gasoline-powered portable rock core
driller (Model D261-C), where core samples of one-inch-
diameter can be obtained (Fig. 6b—d). Core samples were
later sliced in the lab to lengths of 2-5 cm (depending on
the initial core length obtained in the field) to remove the
weathered surface and flatten the core ends for accurate
cross-sectional area and bulk volume determination
(Fig. 6d). The cores were first dried at a temperature of
100 °C to remove any moisture and weighed (Fig. 6e) and
then analyzed using Automated Permeameter—Porosimeter
(AP-608). The AP-608 is a state-of-the-art system for
measuring gas permeability and porosity of core samples
under various pressure conditions (in our case three test
pressures were applied to each sample: 500 psi, 850 psi
and 1200 psi). Using the core length and diameter, the bulk
volume (V) was calculated and used in the determination
of porosity and bulk density. Boyle’s Law is concerned
with the ability to determine an unknown volume by
expanding a gas of known pressure and temperature con-
ditions into a void space of known volume and using the
resulting pressure to calculate the unknown volume. The
grain volume (V,) of the sample is calculated as follows:

Ve = Ve=Vi[(P1 — P2)/P2 — Py)] + Vi [P2/ (P2 — P,)]
(1)

where V., sample chamber volume; V., reference chamber
volume; V,, valve displacement volume; P;, absolute ini-
tial reference volume pressure; P,, absolute expanded
pressure; P,, absolute atmospheric pressure initially in
sample chamber.

In general, effective porosity can be determined if any
two of three related volumes; namely the bulk volume,
interconnected pore volume (V,,), and the grain volume are
known where:

W = Vpr + Vg- (2)

Once the sample bulk volume and grain volume are
known, then we can readily determine the volume of pores
(Vpr), from which the sample porosity (¢) can be estimated
from the following simple form:

@ = Vpr/Wp. (3)

The bulk density (py) is the mass per unit volume of a
rock in its natural state. It is equal to the mass of the dry
rock sample (My) divided by its bulk volume.

oy = Ma/Vp (4)

In addition, the grain density (p,) can be determined as
follows:

pg = Ma/Vs. (5)

@ Springer
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Acoustic velocities wave velocity analysis is highly significant, nondestructive,

test that is relatively easy to apply and is, therefore,
The measurements of seismic wave velocities can be  increasingly used in many geological and geotechnical
conducted both in situ and in the laboratory. The acoustic ~ applications. It is used specifically in civil engineering and
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(b, ¢) and marl and limestone outcrops from the Abeih Formation (d, e)

mining projects such as underground opening, quarrying,
blasting, and ripping (Singh et al. 2004; Kahraman and
Yeken 2008). Moreover, seismic data are very vital in the
field of hydrocarbon exploration and production (e.g.,
Sgnneland and Barkved 1990; Anselmetti and Eberli 1999;
Stewart et al. 2000; Baechle et al. 2004; Eberli et al. 2004;
Ngoc et al. 2014; Onajite 2014; Nanda 2016).

The velocity of ultrasonic pulses traveling in a solid
material is controlled by many factors including the min-
eral composition, texture, density, porosity, pore water,
confining pressure, temperature, weathering and alteration,
bedding planes, joint properties (roughness, filling mate-
rial, water, attitude, etc.), and anisotropy (Sharma and
Singh 2008). For example, the extensive research done by
Birch (1960), Gardner et al. (1965), Christensen (1974),
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Fig. 5 Field photographs showing the exposed limestone outcrops of the Abeih Formation and the high cliffs of the gray limestones of the

Mdairej Formation (a—e)

Eberhart-Phillips et al. (1989), Wepfer and Christensen
(1991), Freund (1992), Greenfield and Graham (1996), Ji
and Wang (1999) and Ji et al. (2007), beside others, on a
variety of rock samples revealed the velocity dependence
on the confining pressure applied to the studied rocks. In
the present study, the pulse transmission technique of
velocity measurements (at a frequency of 1 MHz) at the
CoreLab, Texas, USA, was used to measure the V,, and V;

@ Springer

of the dry core samples at room temperature and ambient
pressure. Since the rock samples of our study are collected
from exposed rocks, we measured the seismic wave
velocities under ambient pressure conditions. Two trans-
ducers are attached tightly to the sample ends until the
arriving signal stabilizes ensuring a good contact between
them and the sample surfaces.
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Fig. 6 Field photographs showing how the core samples are collected from the studied outcrops in the field (a—c¢) and consequent preparation

(d) and sample weighing (e) with an electronic balance

Dynamic elastic parameters (the shear, bulk, Young
moduli, and the Poisson’s ratio) were calculated using the
measured V,,, V;, and the py, of the sample based on the
linear elastic theory. The following equation is used to
calculate o:

o= (vi-2v2)2(v; - v2). (6)

The shear (u), bulk (), and Young (E) moduli are also
calculated from the measured seismic wave velocities (e.g.,
Russell and Smith 2007) and py, as follows:

w=p,V? (7)
k= po(V2-(4/3)2) (8)
E = p,V2 ((3v§-4v3>/<v§ - Vf)) 9)

The shear modulus is defined as the resistance of a
material to a simple shear strain that is changing the
material shape without any volume change, whereas the
bulk modulus measures the resistance of a substance to
uniform compression. The Young’s modulus, on the other
hand, is the ratio between the stress acting along an axis

and the resulting strain along the same axis within the
range of uniaxial stresses in which Hooke’s law is valid
(Yu et al. 2016). Finally, Poisson’s ratio is the negative of
the ratio between the transverse strain and the axial strain if
an isotropic material is stressed uniaxially (e.g., Chris-
tensen 1996; Gercek 2007; Timoshenko and Goodier 1970;
Wang and Ji 2009; Ji et al. 2018). Although theoretically o
can range from — 1.0 to 0.5 (e.g., Ji et al. 2010), most
materials exhibit a positive ¢ which means that they
expand in directions orthogonal to the applied stress (Ji
et al. 2018). This parameter provides better constraints on
the petrological composition and properties of rocks than
the V}, and V, by removing the non-uniqueness in velocity
interpretation (e.g., Christensen 1996; Wang and Ji 2009).
The measured and calculated petrophysical parameters are
listed in Table 1.

Modeling the relationship between the elastic
properties and porosity

As recalled above, porosity is a fundamental microstruc-
tural parameter for the majority of geomaterials that affects

@ Springer
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Table 1 Measured and calculated petrophysical parameters of the studied core samples

Fm. No. ¢ (%) py(gem’®) pg (glem®)  V,(m/s) Vi(mis) p(10'°Pa) x(10'°°Pa) E(10°Pa) o
Mdairej Formation 35 291 263 2.71 6022 3383 301 5.52 7.63 0.27
34 258 264 2.71 6385 3607  3.43 6.18 8.69 0.27
33 214 267 2.73 6112 3513 330 5.59 8.27 0.25
32 409 263 2.74 5302 32001 270 3.80 6.54 0.21
31 3.89 262 2.73 5579 3207 270 4.56 6.75 0.25
30 6.18  2.59 2.76 5073 2942 224 3.67 5.58 0.25
29 532 259 2.74 5201 3054 242 3.79 5.98 0.24
Abeih Formation 28 8.51 252 2.75 5367 3050 234 4.13 5.91 0.26
27 846 252 2.75 5379 3109 244 4.04 6.08 0.25
26 828 254 2.77 5211 3048 236 3.75 5.85 0.24
25 721 256 2.76 5240 2879 212 4.20 5.44 0.28
24 266  2.62 2.69 5829 3256 278 521 7.09 0.27
23 6.51 255 2.73 4938 2806  2.14 3.37 5.29 0.24
22 715 236 2.76 5548 3189 2.60 441 6.52 0.25
21 719 258 2.78 5609 3187 2.62 4.62 6.60 0.26
20 324 264 2.73 5877 3320 291 5.24 7.37 0.27
19 441 258 2.69 5843 3339 2.88 497 7.23 0.26
18 8.52 245 2.68 4215 2342 134 2.56 3.43 0.28
17 1005 241 2.68 4181 2362 134 242 3.40 0.27
Chouf Formation 16 6.88 251 2.69 4743 2933 216 2.77 5.14 0.19
15 6.35 249 2.66 4985 2855  2.03 3.48 5.10 0.26
14 517 252 2.66 4843 3027 231 2.83 5.45 0.18
13 9.06 246 2.70 4246 25,278 1.57 2.34 3.85 0.23
12 541 253 2.67 4985 3040 234 3.17 5.63 0.20
11 477 254 2.67 4840 2000  2.14 3.10 5.21 0.22
10 776 249 2.70 4246 2483 1.54 2.44 3.81 0.24
9 8.11 245 2.66 4085 2401 1.41 221 3.49 0.24
8 8.17 244 2.65 4386 2611 1.66 248 4.08 0.23
7 506 251 2.64 4896 2880  2.08 3.24 5.14 0.24
6 451 252 2.64 4885 2940 218 3.11 5.30 0.22
5 6.17 251 2.67 4476 2758 1.91 2.48 4.56 0.19
4 772 246 2.66 4645 2795 1.92 2.75 4.68 0.22
3 9.11 243 2.67 3885 2246 1.23 2.03 3.06 0.25
2 8.17 248 2.70 4586 2730 1.85 2.75 453 0.23
1 7.06 246 2.64 4346 2650  1.73 2.34 4.16 0.20
Minimum 214 241 2.64 3885 2246 1.23 2.03 3.06 0.18
Maximum 1005 2.6l 2.78 6385 3607 3.43 6.18 8.69 0.28
Average 6.25 253 2.70 5028 2933 222 3.59 5.51 0.24

Units are as indicated

@, porosity; py, bulk density; pg, grain density; V,,, primary wave velocity; Vi, secondary wave velocity; u, shear modulus; «, bulk modulus; E,
Young’s modulus; o, Poisson’s ratio

significantly their elastic and mechanical properties. In  elastic moduli as a function of porosity. For a composite
order to model this porosity dependency, we apply the = made of N material components, the GMR can be
GMR (see Ji 2004; Ji et al. 2004, 2006) in this study. We  expressed in the following way:

recall below the major characteristics of the GMR for

applying it to model the variations of seismic velocities and
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N

M= (viM)) (10)

i=1

where M. is a certain property (e.g., V,, or Young’s mod-
ulus) of the composite material, N is the number of com-
ponents in the composite, i is the component index, and v;
is the component volume fraction given that:

S=t (1)

The exponent J in Eq. (10) reflects the effects of
microstructures and is controlled essentially by the shape,
size distribution, and the distribution of the phases (Ji 2004;
Ji et al. 2004). According to Ji et al. (2006), intergranular,
continuous, channel pores cavities induce generally a lower
J value than intragranular, isolated, and rounded pores.
M(J) has a number of characteristics which are explained
in detail in Ji et al. (2006) and Yu et al. (2016) and briefly
introduced here. Mathematically, the case of J = 0 is sin-
gular but the GMR tends to the geometric average when
J tends to 0. Other cases to be notedare J = 1,and J = — 1
which yield, respectively, the arithmetic average (Voigt)
and the harmonic average (Reuss). The exponent J has
values that lie between 0 and 1 for any of the four elastic
moduli (u, k, E, and the Lame parameter 4) and can be
larger than 1 for seismic velocities (Yu et al. 2016). The
microstructural dependent variations of J produce a wide
range of variations in the seismic and elastic properties of
solids. Moreover, porosity has a greater effect on the
mechanical properties at smaller values of J.

For the case of a porous material consisting of two-
phase components, Eq. (10) reduces to:

M! = (1 -p)M! +pM] (12)

where p is the volume fraction of pores, MY is the property
of the solid phase, and M{ is the property of the fluid phase.
Porous materials (such as rocks) are a special class of two-
phase composites in which pores of a null strength are
dispersed within a solid framework. Neglecting the
mechanical property of the weak fluid phase, Eq. (12),
therefore, leads to: M2 = (1 — ) M, or equivalently:
1

Ve o 1-p)= (/;_:)7 (13)

where p. and p, are the densities of the porous and non-
porous materials, respectively. p./ps is a relative density
term equivalent to the volume fraction mass.

In the present paper, we apply Eq. (13) to model the
variations of seismic velocities and elastic moduli as a
function of porosity fitting the cores measurements. We can
notice that the relationship is a power relation with respect
to the solid volume fraction vy = 1 — p. As a consequence,

it is straightforward to apply least squares fitting methods
provided by any spreadsheet software considering a power
relation. Equivalently, one can use a standard linear least
square fitting on the logarithm of M,; i.e., considering the
equation:

1
log(M.) = log(M;) + jlog(l —p)=a+bx (14)

In Eq. (14), the slope of the fitted line is, thus, b = 1/J.

One can notice that doing so, we neglect the possibility
of introducing different uncertainties on each measure-
ment. In other words, we assume that all measurements
have the same accuracy or quality. An additional remark is
that the range of porosity used for fitting is quite narrow,
thus the resolution on the J exponent is weak and does not
allow prediction of the elastic properties for the whole
range of porosity.

Results
Petrography

The results of the petrographic investigation of the studied
rocks are summarized in Table 2. This table includes rock
names based on the classifications of Folk (1962) and
Dunham (1962), bioclast and non-bioclast components,
matrix and cement types, type of porosity, grain shape and
packing. Lithology and porosity characterizations under
both the SEM and light microscope are illustrated in
Figs. 7 and 8. Four rock types (lithofacies) were petro-
graphically identified as briefly explained in the following
paragraphs.

Arenitic sandstone

This rock type was found in samples 4, 7, 11, and 15. The
arenitic sandstone is composed mainly of quartz with
minor amounts of feldspar and traces of mica in samples 4,
11, and 15, while it is of pure quartz in sample 7 (Fig. 7a—
f). Minor constituents of sparite and iron oxide are found
between the dominant quartz grains. The grains are angu-
lar, elongated, and poorly sorted. This facies exhibits
moderate to high porosity, which is of two types. The first
is the intergranular pores which are partially filled with
precipitates from secondary solutions, thus diminishing the
porosity and permeability (Fig. 7e, f). The second porosity
type arises from fractures that seem to be very recent and
not affected with a secondary dissolution or precipitations
(Fig. 71).
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Table 2 Results of the petrographic investigation of the studied fades

Sample  Rock name Grain ratio Porosity Matrix Cement Roundness Sorting Grain size
no. - — sphericity and
Bioclast Non-biociast packing
4 Aranetic 0% 70% Quartz No porosity 20% Iron Angular 2 Matrix
sandstone 10% Feldspar oxide elongated supported
trace,
glocunite
trace, mica
7 Aranetic 0% 100% Quartz  Intergranular and Iron oxide Sparite  Angular 2 Matrix
sandstone intragranular elongated supported
within the
matrix
11 Aranetic 0% 85% Quartz Intergranular high Iron oxide - Sub-round 1 Grain
sandstone trace, porosity micrite elongated supported
feldspar
15 Aranetic 0% 90% Quartz Intergranular Iron oxide - Angular 2 Grain
sandstone trace, intercrystalline micrite elongated supported
feldspar high porosity
19 Lithic limestone 5% Forams  60% lithics Intergranular 5% calcite — Round 2 Matrix
sponges clay elongated supported
plants silicate
20 Lithic limestone 5% Forams  60% lithics Intergranular 5% calcite — Round 2 Matrix
sponges elongated supported
plants
22 Oolitic 0% 100% oolite Rare Clay Calcite Angular 2 Matrix
limestone trace, micrite sparite round supported
lithoclast
23 Oolitic Tr, coral 100% oolite Intergranular Calcite Calcite Round 1 Matrix
limestone fragments medium micrite sparite supported
oosparomicrite and plants preserved
remnants
24 Oolitic 0% 100% oolite Intergranular Calcite and High Round 2 Sparite
limestone trace, very iron calcite supported
oosparomicrite poor oxide sparite
preserved micrite
25 Oolitic 3% calc 100% oolite Intergranular and  20% — Round 2 Matrix
limestone fragments Trace, well moldic high calcite supported
oosparomicrite preserved porosity and iron
oxide
micrite
26 Oolitic 0% 100% oolite Intergranular low  Calcite and Calcite Round 2 Sparite and
limestone trace, porosity iron sparite matrix
oosparomicrite lithoclast oxide supported
well micrite
preserved
27 Oolitic 0% 100% oolite Intergranular 5%  Calcite Calcite Round 2 Grain
limestone trace, intragranular micrite sparite supported
oosparomicrite lithoclast low porosity
well
preserved
31 Micritic 10%, foram 5% fine grains 10% fracture 85% Calcite - 2 Fine matrix
limestone skeletons filled with supported
mudstone— and calcite or not
wackstone ostracods moldic, channel
biomicrite
33 Micritic 7%, foram 5% fine grains 10% fracture 93% Calcite - 1 Fine matrix
limestone and filled with supported
mudstone— ostracods calcite or not
wackstone moldic
biomicrite
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Lithic limestone

This facies is referred to as wackstone—backstone based on
Dunham’s classification and is detected in samples 19 and
20. A microcrystalline matrix is supporting the majority of
lithoclasts (Fig. 7g—k). Traces of foraminifera, sponges,
and plant fragments are recognized (Fig. 7h). The poor
preservation of the grains and the partial absence of the
matrix suggest a highly energetic environment. Two types
of porosity were detected in the samples belonging to this
facies; the first of which is intergranular porosity dimin-
ished partially with the secondary precipitation. Iron oxide
cement is filling the pores between the grains (Fig. 7J). The
second type of porosity is represented by empty fractures
that form a channel-like shape (Fig. 71, k). These irregular
shapes indicate that some solution enlargement occurred
differentially along the fractures (Fig. 7i). A secondary
precipitation closed some of these pores partially (Fig. 7k).

Oolitic limestone

This facies is enriched with nonbioclasts and high amount
of sparite and micrite (Figs. 7m—t, 8a—h) and is named
oosparomicrite based on Folk’s classification. Traces of
bioclast fragments were observed in sample 25. The micrite
consists mainly of calcite and iron oxides, whereas the
sparite consists only of calcite. The sparite fills some voids
partially between the oolite grains hence diminishing
porosity in some parts. Preservation is greatly variable
among the samples; for example, sample 25 shows poorly
preserved grains (Fig. 7n, p), while sample 26 displays
very well-preserved grains (Fig. 8a, b). This observed
diversity in grain preservation reflects correspondingly
variations in the paleoenvironmental setting. The poorly
preserved components might represent the allochthonous
grains which have been removed from one system to
another. Two types of porosity are detected in the samples
of this facies. The first is intergranular porosity which is
reduced by secondary precipitation. In sparite-supported
samples, the porosity is too low compared with the matrix-
supported samples. Moreover, the iron oxide matrix and
calcite cement reduced the porosity too. The second type of
porosity is represented by microfractures which are rarely
detected and which did not significantly enhance the
porosity (Fig. 8e, f).

Micritic limestone

This facies is referred to as mudstone—wackstone based on
Dunham’s classification or fossiliferous biomicrite based
on Folk’s classification. This type of rock is encountered,
for example, in sample 31. In these rocks, the microcrys-
talline texture appears in Fig. 8i, j with 5-10% of bioclasts

and non-bioclasts including lithic clasts (Fig. 8i-t), plank-
tonic/benthonic  foraminifera (Fig. 8n) and ostracods
(Fig. 8p). The preservation is good in the investigated
specimens suggesting an oligotrophic environment for the
water column. The low percentage of bioclasts and non-
bioclasts is associated with matrix-supported very poorly
sorted grains. Three types of porosity were detected in
these samples: (1) intergranular and intragranular porosity
with a very few percentage of moldic porosity. The later
was found inside the bioclast grains, mainly in the for-
aminifera, ostracods, and bone fragments (Fig. 8n, p-r, t).
Some bioclasts are filled with secondary precipitation
(Fig. 8s). Micropores between the grains were also
observed (Fig. 8m, q); (2) fractures filled with calcite were
observed in the studied samples mainly in two ways; first,
the fractures are occasionally filled with the secondary
calcite while others are fully filled with secondary precip-
itation (Fig. 8q, s); and (3) empty fractures forming a
channel-like shape (Fig. 8s). These irregular shapes indi-
cate that some solution enlargement occurred along the
fractures (Fig. 8t).

X-ray diffraction analysis

The results of the XRD analysis (Fig. 9) reveal that the
investigated rocks can be divided into two main categories:
limestones and sandstones (i.e., carbonates vs. clastics).
Calcite is the essential carbonate mineral component of
samples 20, 26, and 31 (Fig. 9a). Minor minerals including
clays, plagioclase, and quartz are also recognized in some
samples. The presence of minor amounts of quartz in the
limestones suggests that siliceous deposits have precipi-
tated during diagenesis where they partially filled the pore
spaces. In the sandstones, quartz is the dominant mineral
(Fig. 9b); reaching 94%, for example, in sample 4
(Fig. 7a—f). Minor amounts of clay minerals and calcite are
also identified. Calcite might have precipitated by migrat-
ing solutions during the diagenesis in the arenitic sandstone
facies where it fills partially the pores and thus reducing the
rock porosity.

Petrophysical characteristics

Porosity of the studied samples is generally low and varies
from 2.14 to 10.05% with an average of 6.25% (Table 1).
These poor porosity values are confirmed by the petro-
graphic study of the four microfacies (Table 2) where the
porosity is very low in the micritic limestones and in the
mud-supported lithologies (Fig. 8), or where the secondary
precipitations and filling of the primary porosity took place
(Fig. 7). The SEM images also reveal small volumes of
many pores and thus poor porosity (Figs. 7, 8). The low
porosity may also result from the presence of pore-filling
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<«Fig. 7 Transmitted light and SEM microphotographs from the Lower
Creataceous Chouf and Abeih Formations exposed at central
Lebanon. Arenitic sandstone facies of the Chouf Formation (a—
¢) with minors of sparite and iron oxide matrix between the grains.
Some intergranular pores (d, e) are filled partially with cement
materials deposited by secondary solutions. Microfractures (f) are
formed which may slightly enhance the porosity. g-1 Lithic limestone
of the Abeih Formation showing the microcrystalline matrix
supporting the majority of lithoclasts with secondary fractures (i,
k) and iron oxide cement (j) between the lithic grains. m—t The oolitic
limestone facies of the Abeih Formation with fracture porosity (m,
0) and fossil remains (q, s, t)

materials represented by carbonates, and iron oxides; a
common feature that was observed also at other rocks from
different formations (e.g., Mousa et al. 2011). Based on
these low porosity data, bulk density values are moderate
to high (higher than 2.41 g/cm’ for all samples) which
might be induced by intensive compaction and cementation
as shown in the oosparomicrite and micritic limestone
textures. The observed bulk density values vary narrowly
from 2.41 to 2.67 g/cm® with an average of 2.53 g/cm®.
The lowest bulk densities are encountered in the clastic
facies of the Chouf and the base of Abeih Formations,
whereas the highest are recorded for the upper part of the
Abeih Formation and the compact limestones of the
Mdairej Formation (Table 1). The grain density varies
slightly from 2.64 to 2.78 g/cm® with an average of 2.70 g/
cm’.

The measured V,, varies widely between 3885 and
6385 m/s with an average value of 5028 m/s for the studied
rock samples. The V values, on the other hand, vary
between 2246 and 3607 m/s, with an average of 2933 m/s.
The calculated V,, and V; averages give a slightly low V,/V;
ratio of 1.71, consistent with an average Poisson’s ratio of
0.24 (Table 1). The average values of the shear, bulk, and
Young’s moduli, as calculated from the measured acoustic
wave velocities and the bulk density, are 2.22 x 10'° Pa,
3.59 x 10" Pa and 5.51 x 10'° Pa, respectively. In the
following paragraphs, we investigate how these petro-
physical parameters are related to each other and the way
in which the composition and the depositional history of
the studied rocks impacted these significant rock
characteristics.

Porosity versus bulk density

Porosity and bulk density are major parameters influencing
the physical and mechanical properties of many sedimen-
tary rocks (e.g., Abu Seif 2016), and are usually very
closely related. The relationship between these two
parameters is routinely investigated to check the reliability
of the measured data. While the grain density is a good

indicator of the mineral composition, the bulk density
reflects the combination between mineral composition and
porosity (Nabawy and Barakat 2017). The relationship
between porosity and bulk density is shown in Fig. 10a,
where the two parameters are inversely correlated to each
other, showing a porosity-dependent decreasing function of
bulk density. This trend fits the general form of the
porosity—density relation confirmed by many other
researchers (e.g., Han and Batzle 2004). If the relation is
strongly linear, this means that the grain density data are
similar which characterizes homogenous lithologies
(Nabawy et al. 2015; Nabawy and David 2016). The
observed scatter in this relationship (Fig. 10a) is, therefore,
related to lithological variations.

Similar to the clastic facies of the Chouf Formation, the
base of the Abeih Formation is also dominated by clastic
rocks while the remaining part of it and the overlying
Mdairej Formation are composed mainly of carbonates
(Fig. 2). Therefore, we merge the samples of the Chouf
Formation and the two lowermost samples collected from
the Abeih Formation (i.e., samples 1-18 in Table 1 and
Fig. 2) into one group and identify it as the clastic facies
(group I), whereas the remaining samples from Abeih and
those of Mdairej Formations (i.e., samples 19-35 in
Table 1 and Fig. 2) represent the carbonate facies (group
II). In Fig. 10b we construct the relationship between
porosity and bulk density for the clastic and carbonate
facies separately. Although carbonates display generally a
wide scatter with low correlation coefficients (Kassab et al.
2016) as being more sensitive to diagenetic alterations,
group II samples of the carbonate facies exhibit a less
scatter with a higher R? value of 0.9. Group I samples, on
the other hand, show a wider scatter and a weaker corre-
lation coefficient (R* = 0.84; Fig. 10b) probably because of
a higher clay content. Nonetheless, these relationships with
their high correlation coefficients indicate that porosity can
be predicted from the simply calculated bulk density data
of these rocks with a high precision.

Porosity versus grain density

The relationship between grain density and porosity dis-
plays a very wide scatter to the degree that it is too difficult
to infer any clear trend (Fig. 10c). This indicates the weak
lithology-dependent porosity of the studied samples and
that depositional conditions and diagenetic alterations are
more effective on porosity rather than the original com-
position of the rocks. However, constructing the relation-
ship between the two parameters for the two groups of
samples displays a good separation between the clastics
having lower grain densities (average 2.66 g/cm’) and
slightly higher porosities from the carbonates with their
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<«Fig. 8 Transmitted light and SEM microphotographs from the Abeih
and Mdairej Formations. a-h Oolitic limestone of the Abeih
Formation with well-preserved oolitic grains (a, b), iron oxide
matrix-supported grains (¢, h) and sparite-supported grains (d—g). i—
t The micritic limestone of Mdairej Formation with intergranular and
intragranular porosity (i, 0), secondary fractures (k) and fossil remains

(m, p, t)

relatively higher grain densities (average 2.74 g/cm®) and
variable porosity (Fig. 10d).

Porosity versus seismic wave velocities

Seismic wave velocity is strongly porosity dependent (e.g.,
Rafavich et al. 1984; Wang and Nur 1992; Wang et al.

2009). A plot of velocity versus porosity displays generally
an inverse trend where velocities decrease with the increase
of porosity. For laboratory experiments on a wide variety
of rocks, Castagna et al. (1985) observed a decrease of both
V, and V with the increase of porosity. Therefore, an
increase in porosity is always accompanied by a corre-
sponding decrease in velocity simply because seismic
velocity in the pores is lower than that in the grains con-
stituting the rock. Figure 11a, b displays the inverse rela-
tionships between porosity and both V,, and V; for the
studied samples. In general, both V,, and V, decrease with
increasing ¢, but with a wide scatter and fair R>
(0.51-0.69) values. The obtained J(V;) and J(V,) values,
upon applying the GMR, are relatively low (vary from
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0.221 to 0.499), implying a stronger effect of porosity on
the observed seismic wave velocities (Yu et al. 2016).

The wider scatter encountered in the carbonate facies
may be induced by the generally higher sensitivity of the
carbonates to the dissolution, cementation, and diagenetic
processes compared to the clastic rocks. Different types of
pore spaces, pore geometry, and variable composition
induced partly by the depositional conditions, and modified
later by the diagenetic processes (Figs. 7, 8) may be
responsible for the high scatter observed in the carbonates.
These observations are consistent with the nonlinear
dependence of seismic wave velocities on porosity which
has been observed by other researchers (e.g., Wyllie et al.
1956; Schon 1996; Anselmetti and Eberli 1999; Arns et al.
2002; Eberli et al. 2004; Knackstedt et al. 2005; Baechle
et al. 2008; Weger et al. 2009; Fabricius et al. 2010; Kassab
and Weller 2011). On the other hand, other researchers
including, for example, Han et al. (1986); Knackstedt et al.
(2003); and Wang et al. (2009) observed a linear rela-
tionship between porosity and seismic wave velocity in
clastic rocks.

Porosity versus elastic moduli
The elastic constants reported in Table 1 are calculated
from the measured seismic wave velocities and the bulk

density of the studied rocks. Because the seismic wave
velocities are themselves dependent on porosity, we expect
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that the elastic moduli will also be porosity dependent. The
relationships between porosity and the three elastic moduli
(1, x, and E) are shown, respectively, in Fig. 11c—e, where
clear inverse trends are observed. These inverse trends
confirm the porosity-dependent elastic properties of rocks.
In addition, the obtained J(x) and J(E) values are low
compared to those reported in the study of Yu et al. (2016),
which again implies a stronger porosity dependency of the
elastic properties of the studied rocks. The variable
lithology and the consequent complex nature of the pore
system of the studied rocks may explain the considerable
scattering which results in fair/moderate correlation coef-
ficients (Fig. 11c—e). It is noticed that group II samples of
the carbonate facies show a wide scatter due to the vari-
ability of their porosity and strong impact of the diagenetic
processes on carbonates.

The relationship between porosity and ¢ shows no clear
trend (Fig. 12a); although the carbonate samples show a
tendency of having higher Poisson’s ratio and lower
porosities (Fig. 12b) compared with the clastic rocks.
Moreover, weakly negative trend is revealed by the car-
bonate samples, while the clastic rocks display a weakly
positive trend. It is well known that the quartz content has a
strong effect on ¢ to the degree that a rock enriched in this
mineral or any of its polymorphs may have a negative or
very low Poisson’s ratio (McSkimin et al. 1965; Ji et al.
2018). Carbonates, on the other hand, have higher ¢ values
which may be up to 0.33 (e.g., Ji et al. 2018). In our
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Fig. 11 Interrelationships between porosity and the seismic wave velocities (a, b) as well as the three elastic moduli, u, x, and E (c—e). Other

details are similar to those of Fig. 10

analysis, the highest ¢ values are observed for the samples
of the carbonate group (Fig. 12b, Table 1).

Compressional wave velocity versus shear wave
velocity

The relationship between V,, and V; is shown in Fig. 12c,
where they are linearly correlated with a high correlation
coefficient (R? = 0.94), revealing that V can be precisely
predicted from the easily, and more commonly, measured
Vp. Such linear relationship between V, and V is well
established by many other researchers (e.g., Wang et al.
2009). Few samples deviate slightly from the normal, very

concise, trend which may result from variations in sedi-
ment properties (Ojha and Sain 2014). Group II samples
have higher seismic wave velocities relative to those of
group I (Fig. 12d) because of the more compact nature and
higher bulk density of carbonate rocks. The slight clock-
wise rotation of the best fitting line for group II samples
caused by the relatively lower Vj values explains the
observed higher o of the carbonates relative to the clastic
facies (see also Fig. 12b, Table 1).
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Bulk density versus grain density

The grain density is a good indicator of lithology and,
therefore, is used to distinguish carbonates from clastics.
Pure clastics usually possess a lower than 2.65 g/cm® grain
density, whereas carbonates are characterized by higher
than 2.76 g/cm® grain density (e.g., Nabawy et al. 2015).
The presence of iron oxide or calcareous cements, how-
ever, increases the grain density of the clastic rocks
(Nabawy and Barakat 2017). The bulk density, on the other
hand, is an indicator of both the pore volume and miner-
alogical composition. Although a clear positive trend can
be observed for all samples (Fig. 12e); a wide scatter is
obtained. Few carbonate samples have unexpectedly low
bulk densities similar to sandstones (Fig. 12f). These low
bulk density values could be induced by impurities in the
studied carbonate facies with a significant clastic
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proportion rather than large volume of secondary pores
formed by dissolution and leaching because the measured
porosities for the carbonate samples are generally poor
(average 5.34%). The discrimination between the two
facies is, however, clear where the clastic group possesses
generally lower density values relative to the carbonates.
The high correlation coefficient of the relationship between
porosity and bulk density for the carbonate facies
(Fig. 10a, b) may point to uniform distribution of the
effective interstitial pore spaces and homogeneous pore
throat size distribution (Nabawy et al. 2015). The presence
of bio-components such as foraminifera, amonites and
ostracods supports the idea of uniformity of distribution of
the effective interstitial pore spaces within the limestone
facies. Particularly, distribution of foraminifera leading to a
homogeneous pore throat size distribution can be observed
in the micritic limestones.
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Bulk density versus seismic wave velocities
and Poisson’s ratio

The relationships between bulk density and both V;, and V;
data for all samples are illustrated in Fig. 13a, ¢, where
direct trends with moderate correlation coefficients
(R* = 0.82 for both relationships) are seen. Moreover, and
in agreement with the lithologic characteristics of the
studied facies, Group II samples are characterized by rel-
atively higher seismic wave velocities and bulk densities
compared to the samples of group I (Fig. 13b, d). The plot
of bulk density versus ¢ (Fig. 13e, f) discriminates very
well between the clastics (having lower py, and o) from the
carbonates with their higher p,, and ¢ values.

Grain density versus seismic wave velocities
and the Poisson’s ratio

Grain density is a diagnostic property of lithology and its
relationship with seismic wave velocities and the Poisson’s
ratio displays direct trends with some scatter (Fig. 14a, c,
e). Indeed, the carbonates with their higher seismic wave
velocities and higher Poisson’s ratio are clearly discrimi-
nated from the clastic facies having lower grain densities
and slower velocities (Fig. 14b, d, f).
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Discussion

Porosity and seismic wave velocities

Lithological characteristics comprising the mineral com-
position, grain packing and contacts, porosity and bulk
density, have significant effects on the physical and
mechanical properties of sedimentary rocks (e.g., Bell
1978; Shakoor and Bonelli 1991; Ulusay et al. 1994;
Dvorkin and Nur 1998; Jeng et al. 2004). Numerous studies
have been specifically conducted on the relationships
between porosity, bulk density and seismic wave velocities
in various regions in the world (e.g., Wyllie et al.
1956, 1958; Gardner et al. 1974; Raymer et al. 1980;
Castagna et al. 1985; Hyndman et al. 1993; Erickson and
Jarrad 1998; Ojha and Sain 2014). Most of the
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interrelationships between these parameters are character-
ized by moderate correlation coefficients. However, each
of these studies focuses only on specific lithology such as
siliciclastics or carbonates from specific study areas. For
example, Ojha and Sain (2014) found R” values between Vo
and ¢; and between V, and ¢, for carbonate-rich sediments,
at 0.77 and 0.73, respectively. Carbonate rocks exhibit less
predictable velocity—porosity relationships than those
found in siliciclastics because of the complex and hetero-
geneous pore structures they have (Bashah and Pierson
2012). The complexity of pore spaces is, in turn, related to
the rock type and the effect of diagenetic processes (Tucker
and Wright 1990). The observed large scattering results in
large uncertainties in seismic inversion and calculations
from porosity. According to Bashah and Pierson (2012),
four main factors, namely pore size, pore system tortuosity,
pore circularity, and the percentage of microporosity are
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the cause of scattering in the velocity—porosity relationship
for carbonate rocks. The high diagenetic potential of car-
bonates alters the pore structure which is responsible for
the observed scattering (Baechle et al. 2004). The equation
of Wyllie et al. (1958), which was developed initially for
siliciclastics, was later applied also to carbonates and the
main inference was that the existing pore types, pore sizes,
and the internal geometry of rocks have a great effect on
the velocity—porosity relationship and the overall acoustic
behavior of carbonates. The presently used GMR is a
simple but rigorous mathematical expression providing a
unified description of the best fitting relationship between
porosity and the overall elastic properties of the studied
rocks (Fig. 11).

Previously, Han et al. (1986) investigated the effects of
porosity and clay content on the acoustic properties of
sandstones and unconsolidated sediments. Although a sig-
nificant scatter was also revealed, Han et al. (1986) found
clear trends indicating that both V,, and V; decrease with
increasing porosity. The observed scatter was interpreted to
be induced mainly by the clay content. For this reason,
some researchers use certain isotropic, man-made, syn-
thetic, materials with well-known porosities to deeply
understand the porosity dependence of the seismic prop-
erties of natural rocks. In addition, natural rocks may also
contain thin disk-shaped microcracks, foliation-parallel
cracks, grain boundary cracks, or oblique cracks (e.g., Sun
et al. 2012), which may influence the relationship between
porosity and the seismic wave velocities and the Poisson’s
ratio.

Porosity and the V,/V; ratio

Results of Han et al. (1986) revealed that samples with
high porosity and clay content tend to have high V,/V;
ratios. Porosity values estimated for our samples are gen-
erally low which are consistent with the average low V,/V
ratio of 1.68 for the clastic facies. A weakly positive trend
was observed between the V,/V; ratio and the porosity of
sandstone and silty shale samples collected from a deep
hole penetrating the Chelungpu fault in central Taiwan
(Wang et al. 2009). In addition, it was noticed that V,/V;
increases with increasing porosity in periclase aggregates,
sintered porcelain, quartz sandstones, and porous SiO,
glasses (Soga and Schreiber 1968; Boisson et al. 1976; Han
et al. 1986; Adachi and Sakka 1990). On the other hand,
other investigators, including Porter et al. (1977), Panakkal
et al. (1990), Berge et al. (1995), Asmani et al. (2001),
Yeheskel et al. (2001), and Yu et al. (2016), observed
inverse relationships between porosity and Poisson’s (or
the V,,/Vj) ratio for spinel aggregates, silver compacts, iron
compacts, alumina (Al,O3) ceramics, and fused glass
beads, respectively. These different patterns have been

interpreted to result mainly from different pore aspect
(width/length) ratios (Dunn and Ledbetter 1995).

In our study, we can see a direct relationship between
porosity and ¢ for the clastic facies, but a weak inverse
relationship for the carbonates (Fig. 12b). Some carbonate
rocks possess moderate porosity as a consequence of dis-
solution and leaching of some components, and therefore
are characterized by higher Poisson’s ratios (Table 1).
Higher V,/V; (and higher o) ratios have also been reported
for carbonates by previous researchers relative to sand-
stones. Winkler and Murphy (1995), for example, found
Vp/ Vs values of more than 1.8 for limestones and dolomites
and values of 1.6—1.7 for clean sandstones. An even lower
Vp/ Vs ratio ()Y < VplVs < (3)"?] is common for some
minerals including quartz (Yu et al. 2016). Moreover,
sandstones and quartzites have lower Poisson’s ratio
compared to limestones and marble. In our study, the
average ¢ for the clastic and carbonate groups are 0.23 and
0.25, respectively, and that of the V,,/V; ratio are 1.68 and
1.74, respectively. These results are consistent, therefore,
with previous observations. However, the relatively low
Vp/ Vs value of the carbonate facies in our study relative to
the value of 1.8 reported by Winkler and Murphy (1995)
might be induced by different measuring pressure condi-
tions or by the impure nature and the small clastic fraction
of most of the studied carbonate rocks. In general, infor-
mation listed in Table 1 and the relationships expressing
the elastic properties of the studied facies (Figs. 11a—e,
12b, d, 13b, d, f, 14b, d, f) are in good agreement with
previous results.

Effects of clay and confining pressure

Actual sedimentary rocks such as sandstones and lime-
stones (composed mainly of quartz and calcite, respec-
tively) are rarely clean and often contain other minerals
such as clays, iron oxides, evaporites, and feldspars. The
petrographic and XRD analyses showed that most of the
studied samples contain various quantities of clay minerals
(Fig. 9). These minerals have a great effect on the elastic
properties of the rocks (Knackstedt et al. 2005). The
prevalent conditions at the times of deposition, com-
paction, bioturbation, and diagenesis affect the amount and
distribution manner of the clays within the rock framework.
Many existing empirical studies (e.g., Castagna et al. 1985;
Han et al. 1986) and theoretical models (Xu and White
1995) account on the volume of clays but ignore their
distribution. Han and Batzle (2004) noticed that an
increasing clay content decreases the grain bulk and shear
moduli. Knackstedt et al. (2005) used computer simula-
tions to calculate the elastic properties of model-cemented
sandstones composed of two or more mineral phases.
Unlike experimental data, they found that numerical data
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exhibit little noise and less scatter even though they cover a
wide range of quartz/cement ratios and porosities. In gen-
eral, their results are in good agreement with the experi-
mental data of clay-bearing consolidated sandstones over a
wide range of porosities. Moreover, the estimated modu-
lus—porosity relationships show little dependence on
microstructure which is consistent with the previously
proposed models that ignore the distribution mode of the
clay phase. Presence of clay minerals, most probably
kaolinite based on the X-ray charts, in our samples
diminished the porosity of the samples as kaolinite crystals
occur in blocky forms and within minor pore spaces.
Moreover, Kaolinite forms in acidic environments and
remains stable (Selley and Sonnenberg 2015), thus giving it
a privilege to stay in the pore spaces and diminish the
porosity.

Another significant parameter which greatly affects the
seismic wave velocity and the elastic behavior of rocks is
the confining pressure. The velocity—pressure curves
obtained by Ji et al. (2007) are best explained by a four-
parameter theoretical exponential equation:
V(P) = Vo + DP — By exp(— kP), where V, is the pro-
jected velocity at zero pressure if cracks/pores are absent;
D is the intrinsic pressure derivative of velocity in the
linear elastic regime; By, is the initial velocity drop induced
by the existence of cracks/pores at zero pressure; and k is
the decay constant of the velocity drop in the nonlinear
poro-elastic regime. Moreover, Ji et al. (2007) detected also
a seismic hysteresis which was interpreted as being caused
by irreversible changes in grain contacts, increases in the
aspect ratio of microcracks, and shrinkage of void space in
the pressurization—depressurization cycle. Although still
poorly understood, it is well known that seismic hysteresis
(different seismic wave velocities during pressurization/
depressurization) exists and that seismic velocities during
depressurization are higher than those measured during
pressurization (Birch 1960; Burke and Fountain 1990).
However, we have carried out our velocity measurements
under ambient pressure conditions because the investigated
rocks are collected from exposed outcrops.

Although we found high correlation -coefficients
between some petrophysical properties such as that relating
the bulk density—porosity and compressional-shear wave
velocities (R* = 0.9 and 0.94, respectively), many other
relationships, unexpectedly, exhibit fair/moderate correla-
tions which could be induced mainly by the variations in
the nature of the rock and its diagenetic history. This
clearly demonstrates the effects of lithology, the deposi-
tional processes, and the subsequent geological conditions
on the different petrophysical aspects of the rock. Based on
comprehensive analysis of the relationship between
porosity and V), for sandstones from different geologic
settings, Dvorkin and Nur (1998) ended with the fact that
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the medium characteristics are very important controllers
on the petrophysical nature of the rocks.

Conclusions

We collected 40 rock samples from the lower Cretaceous
rocks exposed at central Lebanon to study the effects of
rock composition and diagenetic processes on their petro-
physical properties. Several techniques and measurements
were conducted on the collected rock samples including the
petrographic investigation and identification of the micro-
facies, SEM, XRD, porosity, bulk density, and the seismic
wave velocities. From the measured petrophysical param-
eters, we further calculated the grain density and the
dynamic elastic constants.

The petrographic investigations revealed that the studied
rocks can be categorized into four lithofacies comprising
arenitic sandstone, lithic limestone, oolitic limestone, and
micritic limestone. The petrographic investigation revealed
also that, although dissolution of some clays and feldspar
and fracturing may have enhanced the porosity of the
studied rock samples, compaction and cementation largely
reduced the primary porosity and therefore, the majority of
the investigated rock samples possess very low to low
porosity.

The petrophysical analyses conducted on the collected
core samples revealed that the studied rocks have generally
poor porosity (average 6.25%), moderate to high bulk
density (average 2.53 g/cm?), moderate to high V, (average
5028 m/s), moderate V; (average 2933 m/s), moderate to
high elastic moduli (averages of 2.22, 3.59 and
5.51 x 10'° Pa for the u, k, and E, respectively), and
moderate ¢ (average 0.24). These values are consistent
with the massive and compact nature of most of the studied
rocks.

We constructed a number of mutual interrelationships
between the measured petrophysical parameters and inter-
preted them with respect to the rock composition and
lithology. The obtained relationships in this study indicate
that both porosity and lithology have great effects on the
elastic properties of the studied rocks. The fact is also
revealed from the observed low J values after applying the
GMR which imply a stronger porosity dependence of the
elastic properties of the studied rocks. Moreover, these
petrophysical parameters and the seismic wave velocities
are controlled mainly by the rock texture, its mineral
composition and the subsequent diagenetic processes.

Although many empirical relationships already exist on
local, regional, and global scales, they vary from a region
to another depending on the physical properties of the
sediments of which the rocks are composed, their deposi-
tional history, and the geological settings. Our study also
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reveals that the investigation of the relationships between
porosity and the elastic properties of sedimentary rocks are
not easy because the pore geometry, size distribution of
pores, and the 3-D pore connectivity are generally very
complex. Therefore, a large number of rock samples with
known lithology combined with detailed analytical tech-
niques are required to establish strong and more conclusive
inferences about these dependent petrophysical properties.
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