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A B S T R A C T   

The Western Desert of Egypt has huge reserves of good-quality natural stones such as limestones, travertines and 
dolostones. In this paper we assess the dolostones of El Heiz and Ain Giffara formations exposed at the Bahariya 
Oasis by investigating their lithological, textural, acoustic, and strength properties, and accordingly their eco
nomic significance and potential contribution to the national economy of Egypt. Representative dolostone rocks 
were collected at carefully-selected field sites. The microfacies analysis revealed that three main facies are 
recognized in the collected rocks: vuggy dolostone, marly dolostone, and sandy dolostone. The measured density 
and porosity of the studied rocks have been largely affected by the sediment composition, depositional setting, 
and the diagenetic alterations which, in turn, influenced the acoustic properties and strength of the rocks. Results 
of the uniaxial unconfined compressive strength (UCS), tensile strength (σt), point load strength (IS50), and the 
Schmidt Hammer rebound (SHR) number of the studied samples indicate generally high-strength rocks. Various 
interrelationships between the acoustic and strength properties were obtained using the regression analysis and 
have been interpreted in light of the rock microfacies and the observed diagenetic processes. Significant re
lationships have been obtained particularly between the UCS versus the acoustic velocities and the SHR. The 
resulting empirical relationships with the moderate/high coefficients of correlation can be used to compute 
important rock parameters from those that are measured on a routine basis; hence enabling a much quicker and 
efficient evaluation of the rocks. Results of the present study are also useful for studying the strength and acoustic 
properties of similar surface and subsurface dolostone sequences in the Western Desert of Egypt, as well as other 
areas of similar geological setting and depositional facies.   

1. Introduction 

With the gradually-increasing demands for decorative and building 
stones due to increasing population and urbanization, exposed Earth 
materials are gaining more attention, particularly in new communities 
such as those in the northeastern area of the Western Desert of Egypt. 
The Bahariya Oasis, in particular, is an attractive area due to its potential 
economic resources including the iron ores, oil-bearing formations, 
archeological discoveries, building stones, and extensive reclaimable 
lands (e.g., Soliman and Khalifa, 1993; Khalifa et al., 2002, 2003). 
Intensive hydrogeological studies (e.g., Hamdan and Sawires, 2013) 

revealed also that the oasis has a high groundwater potential mainly in 
the Nubian sandstone aquifer which is the main source of groundwater 
not only in the Bahariya Oasis but also in large areas of the Western 
Desert of Egypt. 

Carbonate rocks host more than 50% of the worldwide reserves of oil 
and gas (e.g., Dou et al., 2011) and are important building stones. In 
contrast to the clastic sediments in which the seismic wave velocities 
change predominantly with depth and are simply linearly related to the 
rock petrophysical properties such as porosity, permeability, density, 
and fabric (e.g., Salah et al., 2019); carbonate rocks exhibit more 
complicated porosity-permeability (poro-perm) and porosity-velocity 
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(ϕ-V) relationships due to many factors which make the prediction of 
carbonate reservoir and strength parameters very difficult (Assefa et al., 
2003; Bashah and Pierson, 2012). Siliciclastic sediments are character
ized by interparticle primary porosity, whereas carbonate rocks have 
both interparticle and intraparticle pores which may comprise inter
crystalline micropores, vuggy and moldic macropores and which vary 
differently with depth. Although some researchers realized the effect of 
both pore types and mineralogy on the elastic properties of carbonate 
rocks (e.g., Kittridge, 2015), a consensus exists now between researchers 
on the fact that internal pore geometry and fabric of carbonate rocks 
influence seismic velocity, strength, and other reservoir parameters as 
well and lead to complicated ϕ-V relationships (e.g., Zhang et al., 2012; 
Sun et al., 2015; Jin et al., 2017). However, the details of how the rock 
fabric and pore geometry affect acoustic velocity remain unclear 
because the approaches used in the analysis are only qualitative or 
semi-quantitative (Weger, 2006). Carbonate rocks possess complex 
textures and have higher diagenetic potential which complicate the 
routine, well-established, poro-perm and ϕ-V relationships as well as 
their mechanical behavior. However, in spite of these complexities, 
several investigations on how the velocity of seismic waves is influenced 
by the complex textures, pore geometry, mineralogy, and extensive 
diagenesis of carbonate rocks have been carried out by many authors (e. 
g., Kuster and Toksoz, 1974a, b; Anselmetti and Eberli, 1993; Kenter and 
Reinder, 1997; Baechle et al., 2002; Assefa et al., 2003; Salah et al., 
2018). These studies revealed that the complex textures, porosity, 
permeability as well as the unpredictable ϕ-V relationships in carbonate 
rocks are attributable to prolonged diagenetic processes including 
compaction, dissolution of skeletal grains, cementation, dolomitization, 
etc. It is also concluded that variations in seismic wave velocities are 
induced not only by porosity but also by pore types, and to a lesser 
extent the mineral composition. Meanwhile, some authors combined 
seismic, petrophysical and petrological characteristics to establish useful 
relationships between seismic velocity and the petrophysical properties 
of carbonate rocks (e.g., Rafavich et al., 1984; Wilkens et al., 1984). 

Geological properties, formation conditions, acoustic and strength 
properties of carbonate rocks are usually investigated for an overall 
evaluation and assessment of natural stone production of a country (e.g., 
Ersoy et al., 2011, 2016; Ersoy and Kanik, 2012). Porosity remains a key 
parameter controlling the acoustic and strength properties of sedimen
tary rocks (e.g., Siegesmund and Dürrast, 2014; Soete et al., 2015). 
Knowledge of the seismic wave velocity (especially the primary wave 
velocity, Vp) is used to assess rocks in civil engineering fields, mining 
projects including blasting, ripping, quarrying, underground opening, 
and tunneling (Kahraman and Yeken, 2008). The Vp of rocks is used to 
predict the rock deformation and the extent of damage zone that may 
form around the underground opening and tunneling (Onodera, 1963; 
Hudson et al., 1980; Gladwin, 1982; Kahraman et al., 2008). Moreover, 
knowledge of the Vp along with the shear wave velocity (Vs) are 
commonly used to determine the elastic moduli of rocks, degree of rock 
weathering, and the overall rock mass characterization (Turk and 
Dearman, 1987; Boadu, 1997; Karpuz and Pasamehmetoglu, 1997; 
Kahraman et al., 2008). Assessment of the geomechanical characteristics 
of rocks has been one of the most important targets of rock mechanics 
(�Ozbek and Murat, 2015). The geomechanical aspects of carbonate rocks 
are not only affected by external factors, such as stress and ambient 
geological conditions such as the depositional environments, sedimen
tary basin geometry; but are also attributed to composition, 
post-depositional changes, textures, and microstructures (Meng et al., 
2006). The geomechanical characteristics are reflections of the rock’s 
inner fractures, discontinuities, pores and grain nature (Ma et al., 2013; 
Moomivand, 2014). These rock properties, therefore, control the 
stress/strain behavior and the geomechanical aspects of rocks, and are 
thus fundamental elements of rock classifications (Şen, 2014). 

Although the dolostones of El Heiz and Ain Giffara formations in the 
Bahariya Oasis are of common occurrence in this region of Egypt and 
were used for many purposes such as in the construction and lining of 

the Bahariya-Farafra road, they lack such studies dealing with their 
acoustic and strength characterization. Therefore, the present study is 
concerned with the investigation of the petrological and textural fea
tures of some dolostone rocks collected from El-Heiz and Ain Giffara 
formations in the Bahariya Oasis and the evaluation of their impact on 
the acoustic and strength properties of these rocks. The obtained results 
for the rocks of El-Heiz and Ain Giffara formations are crucial for future 
construction plans, slope instability evaluation, etc. We construct a 
number of reliable interrelationships between the measured acoustic 
and strength properties which have moderate to high correlation co
efficients. The resulting empirical relationships between the various 
parameters can be used to predict significant rock characteristics from 
those that are measured on a routine basis. 

2. Geological setting 

The studied rock samples were collected from the Bahariya Oasis 
which is located between longitudes 28� 350 and 29� 100 E and latitudes 
27� 480 and 28� 300 N in the core of the Western Desert of Egypt (Fig. 1a); 
about 370 km to the southwest of Cairo (Speczic and Youssef, 1991; 
Catuneanu et al., 2006). Being located at the transition between the 
stable and unstable shelves of Egypt (Meshref, 1982, 1990; Khalifa et al., 
2002), the Bahariya Oasis is a naturally-excavated and 
tectonically-originated depression. It is remarkably different from other 
oases in the Western Desert as it is completely surrounded by escarp
ments and in containing numerous isolated hills. It comprises a range of 
NE-SW-trending anticlinal folds separating synclinal depressions 
(Fig. 1b) formed during the so-called Syrian arc deformation system 
(Shukri, 1954). The hills in the Bahariya Oasis represent the cores of 
synclinal structures whereas the depressions and topographic lows 
correspond to eroded anticlines. The depression has an approximate 
area of about 4000 km2 (94 � 42 km), with a 128 m as an average 
elevation above the sea level and is characterized by a hyper-arid 
climate. Local inhabitants (with a total population of 34,000) depend 
mainly on agriculture in suitable localities. The principal iron mines of 
Egypt are located in the Bahariya Oasis (e.g., Said, 1962; Issawi, 1972; 
Franks, 1982; Khalifa and Abu El Hasan, 1993). It is also a very prom
ising area for extendable land reclamation, geotourism and various 
other types of human activities. 

The Cretaceous rocks in the Bahariya Oasis are differentiated into the 
Lower Cenomanian Bahariya, the Upper Cenomanian El-Heiz, the 
Turonian/Campanian El-Hefhuf, the Campanian/Maastrichtian Ain 
Giffara formations, as well as the Maastrichtian Khoman Chalk (Said, 
1962; El Akkad and Issawi, 1963; Khalifa, 1977; Khalifa et al., 2003). 
The floor of the Bahariya depression is covered by a large sheet of Upper 
Cenomanian, flat-lying, fluviatile sandstones of the Bahariya Formation. 
These 40- to 60-m-thick deposits are intercalated with sands and clays. 

El-Heiz Formation unconformably overlies the Lower Cenomanian 
Bahariya Formation and unconformably underlies the Turonian- 
Coniacian El-Hefhuf Formations (El Akkad and Issawi, 1963). The for
mation is widely distributed and constitutes the upper escarpment faces 
in the Bahariya Oasis. Although the formation has been extensively 
studied by many authors including Khalifa (1977), El Bassyouni (1978), 
Soliman and El Badry (1980); the predominant diagenetic processes 
were only later studied by Holail et al. (1988) and Khalifa and Abu El 
Hasan (1993). El-Heiz Formation represents the first carbonate deposits 
in the Bahariya Oasis. It exhibits a variable thickness from one locality to 
another (varying from 5.5 m to 24 m), possibly induced by the Syrian 
Arc tectonic movements affecting the Bahariya Oasis before and during 
the deposition of El-Heiz Formation (Shata, 1954; Omara, 1964). Lith
ologically, the formation consists mainly of vuggy and sandy dolostones, 
with interbeds of grey and red shales, with a maximum thickness of 30 m 
(Fig. 2 a, b). El-Heiz Formation comprises several depositional cycles; 
each begins with grey claystone then capped by brown dolostones 
(Khalifa and Abu El Hasan, 1993). These facies are characteristic for 
shallow marine deposits. The dolomitic rocks of El-Heiz Formation are 
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commonly hard, reddish brown in color, with snow-white calcrete in 
between. Some empty vugs occur in the dolostones which are sometimes 
filled with calcite (Fig. 3 a-f). El-Heiz Formation is unconformably 
overlain by El-Hefhuf Formation at Gebel El-Hefhuf and consists basi
cally of a series of dolostone beds with sandstone and sandy clay 
intercalations. 

The Campanian/Maastrichtian Ain Giffara Formation was intro
duced in the Upper Cretaceous stratigraphic sequence of the Bahariya 
Oasis by Khalifa (1977) at Gebel El-Hefhuf within the Bahariya 
depression (Fig. 1). He observed that the phosphatic beds occurring in 
the upper part of El-Hefhuf Formation exhibit an unconformable contact 
with the underlying glauconitic clastic rocks. Consequently, he sepa
rated the phosphatic rocks into one independent rock unit under the 
term ‘Ain Giffara Formation’; a name that was widely used later by many 
authors such as Franks (1982), and Khalifa and Zaghloul (1985). Khalifa 
(1977) subdivided the Ain Giffara Formation into two members as fol
lows: 1) Lower phosphatic sandstone member and, 2) Upper phosphatic 
dolostone member. The upper member consists of dolomitic limestones 
which are commonly hard, creamy white in color, with snow white 
calcrete in between (Fig. 4a, and b). Some empty vugs occur in the 
dolostones (Fig. 4c) probably following the dissolution of organisms. 

The dolomitic limestones are occasionally phosphatic coprolites with 
some shells that have been recrystallized to calcite filling some vugs 
(Fig. 4d). Abu El-Hassan and Mansour (1999) reported that this for
mation occurs in the southern escarpment northward to the middle of 
the Bahariya Oasis with a thickness ranging from 15 to 45 m. 

3. Methodology 

Representative block samples were collected from El-Heiz and Ain 
Giffara formations to determine their lithological features, petrograph
ical, acoustic, and strength properties. Cubic and core samples (a total of 
21 each) have been prepared for subsequent measurements with di
mensions varying from 2 to 5 cm based on the original size of the block 
sample (Fig. 4e and f). Mineralogical and petrographical investigations 
have been carried out on thin sections prepared from the collected 
samples by means of the light microscope, the scanning electron mi
croscope (SEM), X-ray diffraction (XRD), energy-dispersive X-ray spec
troscopy (EDXS). The petrographical investigation of rocks is a good tool 
to study the mineralogical composition (types of mineral association, 
their textures, the cementing materials, and the diagenetic changes from 
one mineral to another) and it gives clues on sediment provenance and 

Fig. 1. Location map (a) and geological setup (b) of the study area (modified after El Akkad and Issawi, 1963). The studied sections are located in the southwest of 
the geological map. 
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the major diagenetic processes. In addition, it provides information 
regarding the rock durability and resistance against weathering (Jam
shidi et al., 2013). For this purpose, thin sections were prepared when 
any changes in lithologic characters are encountered resulting in a total 
of more than 56 thin sections. Thin sections were stained by Alizarin 
Red-S for detecting of dolomite crystals and dyed for porosity identifi
cation. The scanning electron microscope (JSM 6360) equipped with 
energy dispersive analytical x-ray (EDAX) was used for investigating the 
microstructural characteristics and the elemental analysis. 
Freshly-fractured samples were used for SEM examination (Abdel Aal 
et al., 2018). The samples were sputter-coated with 10 nm of gold to 
eliminate charge build-up. SEMs employ electron beams in order to get 
information from a sample at the micro-scale level. The main types of 
signals that are detected are the backscattered (BSE) and secondary 
electrons (SE), which generate a grayscale image of the sample at very 
high magnifications. However, there are many other signals which can 
be produced by the electron-matter interaction — these can provide 
additional information about the sample. The electron beam-matter 
interaction generates a variety of signals which reveal different 

information about the sample. For example, backscattered electrons 
produce images with contrast that depends on differences in atomic 
number. 

The generation of the X-rays in a SEM is a 2-step process. In the first 
step, the electron beam hits the sample and transfers part of its energy to 
the atoms of the sample. This energy can be used by the electrons of the 
atoms to “jump” to a higher energy shell or be knocked-off from the 
atom. If such a transition occurs, the electron leaves a hole behind. Holes 
have a positive charge and, in the second step of the process, attract the 
negatively-charged electrons from higher-energy shells. When an elec
tron from such a higher-energy shell fills the hole of the lower-energy 
shell, the energy difference of this transition can be released in the 
form of an X-ray. This X-ray has energy which is characteristic of the 
energy difference between these two shells. It depends on the atomic 
number, which is a unique property of every element. In this way, X-rays 
are a “fingerprint” of each element and can be used to identify the type 
of elements that exist in a sample. 

Before measuring the acoustics and rock strength properties, samples 
were dried to a stable weight at a temperature of 75 �C for a period of 24 

Fig. 2. A stratigraphic columnar section for the Upper Cretaceous El Heiz Formation (a); and field photographs (b) for the dolostone beds that make up 
the Formation. 
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elasticity theory and are listed in Table 1. 
The strength parameters of the collected rocks were measured 

following the ISRM (1979, 2007) standard techniques. The unconfined 
compressive strength (UCS) measures the material’ strength and is the 
maximum axial compressive stress that a cylindrical sample of the ma
terial can resist under unconfined conditions. It ranges widely from 
values of about 1.5 MPa for weak materials to values > 230 MPa for 
extremely strong materials (ISRM, 1981). The UCS test is the most 
common and reliable method to investigate the compressive strength of 
rocks (Liang et al., 2015). The compressive strength was measured 
directly on core samples (4 cm in diameter and 8 cm in length) with 
coplanar end-faces. The contact between the sample and the testing 
machine is done with 2 sheets of Teflon (1-mm-thick) to ensure perfect 
sliding conditions at both end-faces and ensure a uniform compressive 

stress state inside the sample. 
The point load strength (IS50) also classifies earth materials based on 

their strength and is especially useful in assessing the strength of mineral 
fabric (Smith, 1999). Its values vary from less than 0.03 to larger than 
10.0 MPa for extremely weak and strong materials, respectively, and can 
be easily converted into the UCS using some conversion factors (Bien
iawski, 1975). 

The Shore (durometer) Hardness Index (SHI) is an indicator of the 
resistance of a material to puncture with a spring-loaded needle-like 
indenter. Harder materials with greater resistance to indentation are 
characterized by higher numbers on the scale, while softer, less- 
resistant, materials exhibit lower numbers. The index increases 
directly with the UCSdry. Thus, in road works for example, either the 
abrasion of the material or its compressive strength is used to describe 

Fig. 4. (a) a stratigraphic columnar section for the Upper Cretaceous Ain Giffara Formation; (b) a field photograph of dolostones showing a general view of Ain 
Giffara Formation overlying El-Hefhuf Formation; (c) the sandy dolostone facies with vugs filled later with calcite patches (d), with samples collected for subsequent 
laboratory tests (e and f). 
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Table 1 
Petrophysical, acoustic and strength properties of the studied dolostones in the Bahariya Oasis, Egypt.  

Block 
sample 

Sample 
no. 

ϕ ρb ρg Vp 
dry 

Vp 
wet 

Vs 
dry 

Vs 
wet 

E UCS 
dry 

UCSwet IS50 

dry 
IS50 

wet 
SHR SHI 

dry 
SHI 
wet 

B�oh 
dry 

B�oh 
wet 

σt ISI, 
% 

DR, % 
UCS 

DR, % 
IS50 

DR, % 
SHI 

IR, % 
B�oh 

MR Classification 
of  
intact rock  
strength  
based  
on the  
modulus  
ratio (MR) 

1G 1 0.031 2.61 2.69 5.31 5.42 2.88 3.00 48.5 654 553 12.34 8.11 44 82 54 12 15 11.89 85 15.4 34.2 33.9 25.0 756.42 High  
modulus  
ratio 

2 0.031 2.60 2.69 5.29 5.43 2.91 3.01 49.3 676 571 12.75 7.75 45 85 53 13 23 12.29 87 15.5 39.2 37.3 76.9 743.88 
3 0.032 2.63 2.72 5.29 5.44 2.92 3.01 49.5 687 585 12.96 7.44 43 86 52 14 25 12.49 88 14.8 42.6 39.4 78.6 734.93 

2G 1 0.014 2.66 2.70 5.93 6.07 3.04 3.30 64.9 732 631 13.81 9.43 47 92 54 12 13 13.31 89 13.8 31.7 41.0 8.3 904.34 
2 0.014 2.64 2.68 5.96 6.08 3.07 3.30 67.3 725 620 13.68 8.68 48 91 55 11 13 13.18 90 14.5 36.6 39.3 18.2 946.84 
3 0.011 2.67 2.70 5.97 6.07 3.04 3.30 64.8 754 650 14.23 8.23 47 94 51 11 15 13.71 88 13.8 42.2 45.9 36.4 876.60 

3G 1 0.040 2.57 2.68 5.89 6.00 3.03 3.21 62.4 623 528 11.75 6.75 43 78 52 12 15 11.33 73 15.2 42.5 33.2 25.0 1021.64 
2 0.037 2.57 2.67 5.83 5.99 3.02 3.20 62.1 612 519 11.55 4.33 35 77 43 13 14 11.13 72 15.2 62.5 43.8 7.7 1035.00 
3 0.038 2.60 2.70 5.89 6.01 3.04 3.21 63.3 610 500 11.51 6.43 34 76 45 15 22 11.09 71 18.0 44.1 41.0 46.7 1058.46 

1H 1 0.138 2.39 2.77 4.77 4.83 2.75 2.77 45.2 567 407 10.70 5.33 35 71 43 16 23 11.34 67 28.2 50.2 39.3 43.8 813.12 
2 0.136 2.39 2.77 4.78 4.84 2.75 2.77 45.7 587 477 11.08 6.32 33 73 41 16 21 10.30 68 18.7 42.9 44.1 31.3 794.11 
3 0.139 2.38 2.77 4.79 4.83 2.75 2.77 45.2 589 439 11.11 6.88 32 74 40 16 23 11.11 68 25.5 38.1 45.7 43.8 782.75 

2H 1 0.175 2.29 2.78 4.34 4.41 2.59 2.38 37.8 543 446 10.25 5.67 23 68 33 19 33 9.87 56 17.9 44.7 51.4 73.7 710.06 
2 0.193 2.29 2.84 4.31 4.41 2.60 2.38 38.3 511 419 9.64 5.33 24 64 32 20 23 9.29 59 18.0 44.7 49.9 15.0 764.50 
3 0.175 2.30 2.79 4.41 4.42 2.60 2.38 39.0 533 454 10.06 6.87 22 67 36 21 30 9.69 58 14.8 31.7 46.0 42.9 746.34 

3H 1 0.071 2.56 2.76 5.62 5.74 3.06 3.07 63.9 654 551 12.34 7.65 45 82 52 11 15 11.89 77 15.7 38.0 36.4 36.4 996.61 
2 0.074 2.54 2.74 5.63 5.65 3.06 3.02 63.1 621 512 11.72 6.76 46 78 55 14 24 11.29 75 17.6 42.3 29.1 71.4 1036.43 
3 0.077 2.57 2.79 5.66 5.70 3.05 3.04 62.6 745 632 14.06 9.76 46 93 52 12 15 13.55 78 15.2 30.6 44.2 25.0 857.07 

4H 1 0.122 2.44 2.77 4.74 4.74 2.79 2.65 48.6 543 415 10.25 5.44 34 68 43 16 23 9.87 68 23.6 46.9 36.6 43.8 912.93 
2 0.121 2.44 2.77 4.72 4.72 2.78 2.64 47.5 576 463 10.87 4.66 35 72 43 17 26 10.47 67 19.6 57.1 40.3 52.9 841.15 
3 0.125 2.45 2.80 4.74 4.72 2.79 2.64 48.2 587 434 11.08 5.66 34 73 42 15 26 10.67 69 26.1 48.9 42.8 73.3 837.55 

ϕ � porosity (fraction); ρb � bulk density (g/cm3); ρg � grain density (g/cm3); Vp and Vs � primary and secondary wave velocities, respectively (km/s); E � Young’s modulus (GPa); UCS � unconfined compressive 
strength (kg/cm2); IS50 � point load strength (MPa); SHR � Schmidt Hammer rebound number; SHI � Shore Hardness Index; B�oh � B�ohme abrasion test (cm3/50 cm2); σt � tensile strength (MPa); ISI � impact strength 
index (%); DR and IR � the decreasing and increasing ratios (%), respectively, for the strength properties upon saturation; MR�modulus ratio (refer to the text for more details). Suffices ‘dry’ and ‘wet’ define the properties 
measured under dry and wet conditions, respectively. 
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composed dominantly of dolomite rhombs (80–90%), as well as some 
phosphatic minerals (5%). The dolomite rhombs have idiotopic to 
hypidiotopic textures and an equigranular fabric (Fig. 7b). Zoning in the 
dolomite rhombs is formed mainly of a brown core of iron oxide with a 
clear outer rim. Marl occurs in the groundmass of the rock and contains 
some heavy minerals and cellophane. Some voids have also been filled 
with dolomite rhombs (Fig. 7c). 

4.2. Microstructural analysis 

Representative samples from the two formations are further studied 
by the XRD supported with the EDXS analysis. The XRD test reveals that 
the studied rocks from El-Heiz and Ain Giffara formations are composed 
mainly of dolomite, quartz, minor calcite, and a minor amount of he
matite (Fe2O3). Dolomite is much more abundant than calcite which is 
subordinate. The analysis indicates also that the dolomites of the two 
formations are almost stoichiometric and highly-ordered [high Mg/Ca 
ratio] (Figs. 8 and 9). This characteristic dolomite denotes shallow 

marine depositional conditions enriched with normal seawater (Zhao 
and Jones, 2012). Quartz comes next, after dolomite, in the sandy 
dolostone facies which is mainly found in the Ain Giffara dolostones 
(Fig. 9). 

4.3. Petrophysical, acoustic and strength properties 

Experiments were conducted on the cubic and core samples retrieved 
from the collected dolostone blocks to determine their porosity, density, 
acoustic and strength properties. The strength properties comprise the 
UCS, SHR, B�ohme abrasion, σt, SHI, ISI, as well as the IS50 and were all 
determined according to the ISRM (2007) standards. Most of these 
properties have been measured for the samples under both the dry and 
water-saturated conditions (Table 1). In addition, the elastic moduli of 
both the dry and water-saturated samples were computed from the 
measured acoustic velocities and bulk density. 

Porosity of the investigated dolostones ranges from 0.011 to 0.193 
with an average of 0.085. This indicates that the average porosity is low 

Fig. 5. (a) a field photograph of the vuggy dolostone facies from El-Heiz Formation with the vugs marked by the grey outline; (b) a cubic sample cut for experimental 
tests; (c) a microscopic view of the vuggy dolostone microfacies under crossed nicols showing the medium-sized to coarse dolomite rhombs (70–90 μm) enriched in 
dolosprite cement; (d) an SEM image of a vuggy dolostone rock; and (e and f) EDXS images of dolomite rocks. Note that the rhombs in (c) and (d) are closely-packed, 
zoned, euhedral with dark brown iron-rich cores. 
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due to the digenetic impact specially cementation. The lowest porosity is 
recorded for sample 2G (Ain Giffara Formation) while the highest 
porosity is observed for sample 2H from El-Heiz Formation. The ob
tained porosity data imply that the studied rocks from Ain Giffara and 
El-Heiz formations are classified as low-porosity dolosones (Anon, 
1979). The observed ρb and ρg vary from 2.29 to 2.67 g cm� 3 and from 
2.67 to 2.84 g cm� 3, with average density values of 2.50 and 2.74 g 
cm� 3, respectively. These results classify the collected rocks as 
moderate-to high-density dolostones (Anon, 1979). 

The Vp of the dry and water-saturated rocks vary from 4.31 to 5.97 
and from 4.41 to 6.08 km/s with averages of 5.23 and 5.31 km/s, 
respectively. Based on the distinction of Anon (1979), the studied 
dolostone samples are of high to very high Vp. The Vs, on the other hand, 
varies from 2.60 to 3.07 km/s and from 2.38 to 3.3 km/s, with very 
similar averages of 2.88 and 2.90 for the dry and water-saturated sam
ples, respectively. All samples showed a slight increase in Vp after 

saturation. The Vp and Vs have increased with saturation at low po
rosities but decreased for Vs or were the same for Vp at high porosities. 
The average Vp and Vs values give Vp/Vs ratios of 1.81 and 1.83 for the 
dry and water-saturated rocks, respectively. The high Vp/Vs ratio after 
saturation is induced by the slight increase in the Vp and the nearly 
constant Vs values. All the Ain Giffara rocks and sample 3H have 
higher-than-average velocities while the remaining samples of El-Heiz 
Formation (1H, 2H, and 4H) have lower-than-average velocities 
(Table 1). 

The strength properties are listed in Table 1. The UCSdry varies from 
511 kg cm� 2 in the vuggy dolostone to 754 kg cm� 2 in the sandy 
dolostone facies, whereas the IS50 varies from 9.64 MPa in the vuggy 
dolostone to 14.23 MPa in the sandy dolostone, indicating that all of the 
studied samples are extremely strong (ISRM, 1981). The rocks with the 
lowest compressive and point load strengths have the highest porosity, 
and those of the highest strength values possess the lowest porosity 

Fig. 6. (a) Field photograph of the sandy dolostone facies in the Ain Giffara Formation; (b) a photomicrograph of the dark-core, coarse dolomite rhombs; (c) close up 
view of coarse sandy dolostone facies displaying the euhedral dolomite rhombs which have dark brown, iron-rich, cores with clear outer rims, (d) editing the 
photomicrograph to illustrate the dolomite rhombs and (e) an SEM image of sandy dolostone crystals with sizes varying from 40 to 70 μm). 
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(Table 1). The obtained UCS data depend mainly on weathering extent, 
mineral fabric, texture, and the presence of microcracks and are 
generally lower than those of 77–80 MPa detected for limestones studied 
by Ersoy et al. (2016). The observed σt values vary narrowly from 9.29 to 
13.71 MPa, with an average of 11.42 MPa characterizing the studied 
rocks as of intermediate strength (Siegesmund and Dürrast, 2014). This 
narrow range of variation arises possibly because the studied samples 
are stiff dolostones. In addition to porosity, the tensile strength is 
affected strongly by sedimentary layering and foliation (in metamorphic 
rocks) as well as the direction of loading with respect to the rock fabric 
elements. The obtained values of the SHR vary from 22 to 48. These 
values are relatively low compared to values between 30 and 60 ob
tained for dolomite samples studied by Tandon and Gupta (2013). The 
SHI is related to the compressive and tensile strengths where materials 
of higher shore hardness show also higher strength (Peschel, 1983). The 
studied samples have high SHI values varying from 64 to 94 that are 
strongly related to the measured σt (Table 1). These values classify the 
studied rocks as strong dolostones (Anon, 1979). Values of the ISI vary 
widely between 56 and 90% which are lower compared to values of 
between 80 and 96% obtained by Sharma and Singh (2008) for a 
collection of rocks dominated by sandstones. The obtained abrasion 
resistance (the B�ohme abrasion test) of the studied samples varies 
narrowly from 11 to 21 cm3/50 cm2 (Table 1) which are generally low 
characterizing the studied dolostones as highly resistive to abrasion loss 
(Peschel, 1983). These data indicate that rocks of the studied formations 
can be used as ornamental stones and in wall cladding. 

Data presented in Table 1 demonstrate also the great impact of water 
saturation on the strength of rocks. The UCS, IS50, SHI, and the B�ohme 
test data indicate the significant weakening effect of water where the 
first three parameters decreased considerably to values between 13% 
and 52% of the corresponding parameters measured for the dry rocks. In 
addition, the B�ohme test data increased with values up to 80% of the 
equivalent loss from the dry rocks (Table 1), indicating weaker and less- 
resistant rocks under saturation . 

4.4. Statistical regression analysis 

The linear regression analysis is a very common statistical procedure 
for matching a straight line or curve to a set of measurements and is 
based on the least square curve fitting (e.g., Chatterjee and Mukho
padhyay, 2002). It is a good indicator of the mutual effects of the 
different measured parameters one upon another. However, it is 
necessary to apply the obtained results and the correlation coefficients 
between the different parameters for only similar formations in close 
geographic locations (e.g., Greenfield and Graham, 1996; Jeng et al., 
2004; Yu et al., 2016). 

4.4.1. Porosity-density relationships 
The relationship between porosity and bulk density is routinely 

investigated as a simple and quick check on the reliability of the mea
surements especially the samples bulk volume. The two parameters are 
inversely related to each other with a high correlation coefficient (r �
� 0.99; Fig. 10a). The noteworthy observation regarding the data of the 
presently-studied rocks is the direct relationship between porosity and 
the grain density (Fig. 10b) with its very good correlation coefficient (r 
� 0.89). It is well known that the grain density of dolomite is higher than 
that of calcite, and that dolomitization is always accompanied by 
porosity enhancement because the replacing Mg�2 ions occupy a smaller 
space than the original Ca�2 ions; hence the direct relationship between 
ϕ and ρg. 

4.4.2. Porosity–velocity relationships 
The ϕ-V relationship is very important for understanding the impact 

of various diagenetic processes and the rock microtextures on the 
acoustic properties of carbonate rocks (e.g., Kenter et al., 2002; Soete 
et al., 2015). Porosity and velocity are inversely related to each other 
(Fig. 10c, and d), with high correlations (r � -0.92, and -0.89). The 
observed little scatter can be attributed mainly to different pore types 
and the overall effect of diagenesis. Upon saturation, there is a slight 
increase of Vp at low porosity, whereas Vs behaves differently (Fig. 10c, 
and d). Although Vs increased also after saturation at low porosities, it 
showed a noticeable decrease of about 200 m/s at high porosities. 

Similar to the results of Verwer et al. (2008), our samples showed a 
mixed behavior regarding the impact of saturation on the shear wave 
velocity where the Ain Giffara and 1H samples showed a slight increase 
of Vs, while the remaining samples of El-Heiz Formation showed a slight 
decrease in their Vs after saturation. This behavior is probably induced 
by certain pore geometry although other additional factors such as 
composition, porosity, and fluid-mineral interaction might be involved. 
These results are consistent with those of Rafavich et al. (1984); Wilkens 
et al. (1984); and Assefa et al. (2003) for carbonate rocks. Similar results 
have also been reported in sandstones by Tosaya and Nur (1982); Han 
et al. (1986); and Klimentos (1991). Meanwhile, the Gassmann (1951) 
theory predicts equal shear moduli for the dry and water-saturated 
rocks. 

The Vp/Vs ratio of the dry rocks varies widely from 1.66 to 1.96 
while that of the water-saturated rocks varies only from 1.74 to 1.87 
(Fig. 10e). Moreover, the Vp/Vs ratios of the dry rocks are negatively 
correlated with porosity (Neto et al., 2015, and references therein); 
while those of the water-saturated rocks; in accordance with the results 
of Oghereno (2012), exhibit a poor correlation with little dependency on 
porosity. The acoustic impedance (AI) is the product of Vp and ρb and is 
a very significant parameter in the synthesis of seismic sections as it 
controls the reflectivity pattern at seismic discontinuities (e.g., Soete 
et al., 2015). It is negatively correlated to porosity with a high corre
lation coefficient (r � � 0.90, Fig. 10f). 

The obtained velocities (Vp vs. Vs) of the dry samples are strongly 
correlated to each other (r � 0.97) because they depend essentially on 
the same physical properties of the rock (Fig. 11a). Similar results have 
been obtained earlier by Kuiper et al. (1959) and recently by Al-Dousari 
et al. (2016). This implies that Vs can be accurately predicted from the 

Fig. 7. (a) A cube of marly dolostone sample; (b) a photomicrograph of the 
coarse dolomite rhombs; and (c) an SEM image of marly dolostone rock, with a 
void filled with dolomite crystals (arrow). The void occurs in a sparry 
calcite cement. 
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commonly-measured Vp. The Vp-Vs data for the water-saturated sam
ples are also strongly correlated with each other (r � 0.98; Fig. 11b). 
Although the observed velocities in our study are high, they fit very well 
with the results of Castagna et al. (1993) for the water-saturated lime
stones (the black line) and the water-saturated dolomites (the blue line). 
In addition, inspecting the ϕ-Vs and the Vp-Vs relationships (Fig. 10d 
and 11a, and b) reveals that saturation enhances the velocity of shear 
waves at lower porosities but reduces them at higher porosities. On the 
other hand, saturation slightly increased the Vp at low porosity ranges 
(Fig. 10c). 

4.4.3. Porosity and rock strength 
The strength of a rock usually decreases with an increase in its 

porosity; a fact that is very clear through the moderate/strong negative 
correlations between porosity and the UCSdry, σt, and the ISI (Fig. 11c, d, 
and e). In addition, as porosity increases, the rocks are less-resistant to 

abrasion which is marked by the larger volume of material loss at 
increasing porosities (Fig. 11f). Therefore, highly porous rocks are less 
resistant to abrasion. 

4.4.4. Density and seismic velocity 
Density is important in seismic reflection surveying since it –in 

addition to Vp- controls the elastic impedance of a rock. Synthetic 
seismograms are generated more accurately if the density data are 
precisely known. The bulk density is directly related to the acoustic 
velocities (Fig. 12a) with power relationships and high correlations of 
0.93 and 0.92 for Vp-ρb and Vs-ρb, respectively. A similar form between 
bulk density and Vp as: ρ � 1.74Vp0.25 has been obtained by Gardner 
et al. (1974) for sedimentary rocks which is valid for velocities in the 
range 1.5 < Vp < 6.1. The best fitting line of Gardner et al. (1974) which 
is superimposed on Fig. 12a (the blue line) shows lower Vp at the same 
bulk density data. This perhaps is because our samples are strongly 

Fig. 8. Results of the SEM, EDXS and XRD investigations conducted on the studied dolostone rocks (sample 1H-2H). SEM images are shown in (a) and (d); the 
dominant elemental components are shown in (b) and (e); while the XRD results for the two dolostone samples with the characteristic peaks of the encountered 
minerals are shown in (c) and (f). 
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compacted dolostones and, therefore, waves propagate faster rather 
than the various sedimentary rocks examined in the Gardner et al.’ study 
which have lower Vp data. In addition, the carbonate rocks show 
sometimes stronger Vp-ρb and Vs-ρb relationships compared to the 
scattered plots in sandstones possibly due to their clay content (Kuiper 
et al., 1959). Pore sizes, tortuosity, and edginess of the pores are also 
critical factors affecting the stiffness of carbonate rocks; hence control
ling their seismic wave velocity (Bashah and Pierson, 2012). 

4.4.5. Further elasto-mechanical relationships 
The relationship between the seismic velocities and the UCSdry is 

illustrated in Fig. 12c where weakly positive correlations are obtained. 
The modulus of elasticity is positively correlated with the UCSdry 
(Fig. 12d) with a moderate correlation coefficient. On the other hand, 
the UCSdry is positively and negatively correlated with the tensile 
strength and B�ohme test values, respectively (Fig. 12e, and f). In 
contrast, the B�ohme test values are negatively correlated with the ISI, 
the SHR, and the σt (Fig. 13a–c). The SHR is strongly correlated with the 
UCSdry with a high correlation coefficient (r � 0.91; Fig. 13d). The SHR 

is also positively correlated with the IS50 (Fig. 13e). The latter is, in turn, 
positively correlated with the acoustic velocities (Fig. 13f). 

5. Discussion 

5.1. Effect of diagenesis 

Many authors have documented that both the acoustics and strength 
properties of carbonate rocks are much more complex relative to those 
of siliciclastics (Ameen et al., 2009; Larsen et al., 2010); because they are 
highly susceptible to intensive alteration through diagenesis. Diagenetic 
processes strongly affect the elastic and strength properties and the 
potential of rocks for use in construction purposes and/or as reservoir 
rocks. Diagenetic changes are controlled by the post-depositional con
ditions, while the degree of alteration is related to the exposure time to 
that environment. During the shallow-medium burial stage, processes 
such as early fracturing, chemical and physical compaction, dolomiti
zation, burial cementation, and later recrystallization may affect the 
rock frame and the existing pore types. In this stage, compaction and 

Fig. 9. Results of the SEM, EDXS and XRD investigations conducted on the studied dolostone rocks (sample 2G and 3G). SEM images are shown in (a) and (d); the 
dominant elemental components are shown in (b) and (e); while the XRD results for the two dolostone samples with the characteristic peaks of the encountered 
minerals are shown in (c) and (f). 
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cementation reduce porosity and permeability, whereas later dolomiti
zation, recrystallization, and dissolution enhance porosity and perme
ability. Recrystallization which occurs normally in the deep burial stage 
may generate dissolved intercrystalline pores. 

In the present study, the main diagenetic processes which diminished 
the pore volume of the rocks comprise cementation and the aggrading 
neomorphism, whereas the major diagenetic processes that enhanced 
the pore volume include dissolution followed by leaching and the 
pervasive dolomitization. 

5.1.1. Porosity-reducing diagenetic processes 
The studied dolostones have, in average, low porosity (Table 1). Two 

main diagenetic processes are responsible for reducing the volume of 
pore spaces which are: 1) cementation, 2) aggrading neomorphism (and 
subsequent fracture- and cavity-filling).  

1) Cementation 

Cementation of carbonate deposits is a major diagenetic process 
which occurs when the pore-fluid becomes supersaturated with respect 
to a certain cement phase (Tucker et al., 1990). Cementation of car
bonates occurs frequently on tidal flats and in supratidal zones by sea 
water. Several factors play an effective role in cementation of carbon
ates, such as the speed and volume of water movement, timing of 
cementation; fluid chemistry; and the effect of CO2 activity, the pH level, 
pressure and temperature on mineral solubility (Harris et al., 1985). The 
dominant cement detected in the studied microfacies is the carbonate 
minerals found as micro-dolosparite (10–35 μm) within the pore spaces 
of the sandy dolostone facies (sample 2G) of the studied sequence 
(Fig. 5c). The pseudo-sparry calcite followed the pervasive dolomitiza
tion of the sandy dolostone facies followed by the invasion of Ca-bearing 
solutions and the accumulated cement to fill in the intercrystalline pores 

Fig. 10. Crossplots between porosity vs. density and the seismic wave velocities of the studied rocks. The red squares denote the velocity data of the water- 
saturated samples. 
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by calcite (Fig. 14a and b). 
It is noticed that the groundmass contains some transparent, fine 

crystalline, sharp and bladed sparite to pseudo sparite crystals. These 
fibrous sparite crystals fill the elongated pore space, where they are 
encrusted along one side of the particles and the other side is coated with 
microcrystalline dolosparite. The occurrence of this type of cement 
points to gravitational meniscus cement which is indicative for marine 
phreatic conditions (Aissaoui et al., 1986) dominating in the intertidal 
zone. As the fibrous crust is surrounded by microsparite calcite, and 
shows a sharp contact with them, this indicates that they were deposited 
at first or shortly after deposition of particles in the early stages of 
diagenesis. The existence of micrite and microsparite as an essential 
component in some of the dolomitized microfacies implies that the 
depositional and post-depositional times were characterized by quiet 
conditions.  

2) Aggrading Neomorphism 

The lime-mud matrix of the studied samples has experienced 
aggrading neomorphism where it was converted into sparite and 
pseudo-sparite spots within the dolosparite matrix of the vugy dolostone 
facies in the studied rocks (Fig. 14c). The aggrading neomorphism ex
tends the size of the dolomite rhombs to the pore spaces in a drusy 
texture to reduce the inherited pore volume. 

The process of diagenetic neomorphism comprises also re- 
crystallization (Fig. 14 c, d). As a consequence of neomorphism or re- 
crystallization, dolomite replaces fossils in the basal unit of the sandy 
dolostone and vuggy dolostone facies (Abou El-Anwar, 2011). 

Fig. 11. Crossplots between the Vp and Vs measured for the dry (a) and water-saturated (b) samples. The trends of Castagna et al. (1993) for water-saturated 
limestones and dolomites are shown in (b) by the black and blue lines, respectively. The negative correlations between porosity and the strength of the rocks are 
revealed by the crossplots of (c) to (e). The material loss as determined by the B�ohme abrasion test is proportional to porosity (f). 
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5.1.2. Porosity-enhancing diagenetic processes  

1) Dolomitization 

The process of dolomitization apparently encompasses a sequence of 
changes as a result of the interaction of a pre-existing sediment with 
migrating fluids of appropriate composition, or it may also be formed by 
the direct precipitation within the host rock. It has been suggested that 
dolomite formation is controlled first by the presence of hypersaline 
solutions of molar ratio Mg/Ca higher than that of seawater (Patterson 
and Kinsman, 1982; Land, 1985; Mazzullo, 1992). Most of the dolomi
tization encountered within the studied facies is distinctive due to the 
later invasion by Mg-bearing solutions to precipitate dolomicrite. The 
dolomitization seems to be pervasive at the sandy dolostone and vuggy 
dolostone facies (Fig. 15a). Dolomite overgrowths are the second 

abundant type of dolomite where they envelope the inclusion-rich do
lomites (Fig. 15a and b). They occur only in the vuggy dolostone (VD), 
and in sandy dolostone (SD). The contact between dolomite overgrowths 
and inclusion-rich dolomite are conformable or irregular (Fig. 6d). The 
overgrowth either envelopes the inclusion-rich dolomite from all sides 
or exists around certain sides giving eccentric dolomite overgrowth 
(Fig. 6e). Sometimes, dolomite overgrowth can develop on more than 
one inclusion-rich dolomite, giving a sort of composite dolomite. 
Because the grain density of dolomite is larger than that of calcite; the 
direct relationship between porosity and the grain density (Fig. 10b) 
confirms the enhancing impact of dolomitization on porosity.  

2) Dissolution 

Some microfractured zones detected under the microscope might 

Fig. 12. Crossplots between the bulk density vs. the seismic wave velocities (a) and the unconfined compressive strength (b) of the investigated rocks. Some re
lationships between the elastic and strength properties (c–f) are also shown. The data of Vp and Vs in (a) and (c) are shown by the black rhombs and red squares, 
respectively. The best fitting curve of the Vp-ρb relationship of Gardner et al. (1974) is shown by the blue curve in (a). 
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reduce the rock strength in some lithofacies. Dissolution of the cement 
materials along the edges of intraclasts during diagenesis forms the 
observed small-scale fractures. Partially-filled and non-filled fractures 
within small-scale particles also occur in the studied facies. Carbonate 
rocks are generally susceptible to dissolution which occurs in response 
to changes in the chemistry of pore fluids such as a change in total 
dissolved solids, partial pressure of CO2, or temperature (Moore, 1989). 
Some of the studied rocks have undergone partial dissolution starting 
from the outer rims to the core, and hence showed moderate porosity 
(Fig. 15c, and d). Intracrystalline pores and vugs are the main dominant 
pore types in carbonate rocks of chemical origin due to dissolution by 
invading low Ca- and Mg-bearing solutions. It is thought to be the main 
diagenetic process which enhanced the porosity. Meanwhile, due to the 
significant intercrystalline pores in most samples coupled with the lack 
of allochems and scarcity of quartz grains (except for the middle mem
ber of the studied sequence), it is not simple to assign an indication for 
the dissolution. 

The main possible reason for enhancing the stiffness of the rocks at 
the initial stages of dolomitization within the lower dolomitic limestone 
member is the invasion of Mg-rich solutions which supported the rock 
framework (Nabawy and Abd El-Aal, 2018). Moving upwards to the 
upper dolostone member where the dolostones are dominant, com
plexities in the pore fabric and the variable crystal sizes of the studied 
samples because of the aggrading neomorphism of the dolomicrite 
rhombs into dolosparite reduced the pore volume (Fig. 15a and b) and 
the resultant porosity. 

5.2. Pore types and the �-V relationship 

In general, pore types are diversified and porosity decreases as 
diagenesis proceeds. Changes in velocity and strength properties all 
result from different depositional settings and the subsequent diagenetic 
modifications. Tandon and Gupta (2013) observed that as the porosity of 
dolomites increases, their Vp and Vs decrease with high correlations (r 

Fig. 13. Crossplots between the different strength and elastic properties of the investigated rocks.  
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� 0.88). The recent studies of Dou et al. (2011), and Jin et al. (2017) 
revealed that variations in pore types and porosity are the major causes 
of poor poro-perm and ϕ-V relationships. In addition, Sun et al. (2015) 
interpreted the large scatter of Vp data at a given ϕ as being caused by 
pore type differences which can be quantified as the ‘pore shape factor’. 
Both marine and meteoric cementation can reduce the rock porosity, but 
increase density, and the strength of the rock framework, thus 
enhancing the acoustic wave propagation. The previous study of 
Anselmetti and Eberli (1999) revealed that rocks with a certain pore 
type cluster in a specific area on the ϕ-V crossplot and this may explain 
why different rocks with the same porosity may sometimes exhibit 
different velocities. Rocks exposed at paleogeographic highs are sus
ceptible to subaerial exposure after deposition (Sun et al., 2006). 
Accordingly, unstable minerals such as high-Mg calcite and aragonite 
are selectively dissolved (Swirydczuk, 1988; Moore, 1989) which is 
evident from the presence of moldic and intragranular pores. Rocks with 
such moldic pores tend to have Vp that are 2.5 km/s higher than rocks of 
dominantly interparticle porosity (Baechle et al., 2002). Thus, rocks 
with moldic and intraparticle porosity have higher-than-average ve
locities and show positive departure from the regression line whereas 

rocks with intercrystalline, interparticle, and micropores tend to have 
lower velocities at the same porosity value with negative departures 
from the regression line (Oghereno, 2012). Fabric-preserving grain 
dolostones, early meteoric dissolution, cementation, and subsequent 
dolomitization are all factors that may induce relatively high seismic 
velocities at a given porosity which may explain the observed different 
velocities at low porosities (Fig. 10c, and d). Samples 1G and 3G have 
close porosities of 3.15 and 3.85%; yet their velocities are 5.29 and 5.86 
km/s, respectively (Table 1). Dolostones with predominantly inter
crystalline pores which may develop in fabric-obliterative crystalline 
dolostones, and deep burial cementation, recrystallization and dolomi
tization result in low velocity and high permeability. These 
widely-variable velocities at a given porosity pose difficulties in 
deducing the rock porosity from seismic data and sonic logs. 

Primary pore types in carbonates are mainly intergranular. The first 
stage diagenesis represented by cementation can result in a porosity 
reduction from 40% to about 20% and corresponding increases in the 
acoustic wave velocities and the strength of the rocks (e.g., Sun et al., 
2015). Both cementation and dissolution have opposite effects on 
porosity during the second stage of diagenesis and may, together, result 

Fig. 14. (a) Photomicrograph of carbonate cement (Ce) introducing micro-dolosparite (arrows) into the pore spaces of the sandy dolostone facies. The dolosparite 
(10–35 μm) is evident compared to the much finer cement (b). The aggrading neomorphism (Ag; arrows) of dolomite rhombs into the pore spaces in a drusy texture; 
thus reducing the inherited pore volume (c) and (d). The cement (iron oxide cement??) is characterized by dark brown, iron-rich, cores with clear outer rims. 
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in a slight porosity reduction of about 4%. The newly-created moldic 
and intragranular pores, after dissolution, preserve the rock elastic 
properties and thus the velocity. At the same time, cementation may fill 
some intergranular spaces resulting in a velocity enhancement by a 
larger ratio. Dolomitization at the beginning of the final stage of 
diagenesis may result in porosity enhancement to sometimes values of 
15-20%. This conversion also enhances the seismic wave velocity by 
about 0.25 km/s. Subsequent compaction, burial cementation, and 
pervasive dolomitization may further enhance the seismic wave veloc
ity. Usually, high acoustic velocities result from intensive diagenetic 
compaction and cementation processes which reduce porosity signifi
cantly (Eberli et al., 2003). 

In this way, the overall porosity/velocity evolution track during 
diagenesis is characterized by porosity loss and velocity/strength 
enhancement. Although the porosity decreases along the path, the pore 
types diversify from originally intergranular to secondary intragranular, 
moldic, and intercrystalline micropores. The velocity scatter character
istic of carbonate rocks starts generally at the beginning of deposition 
and continues throughout all the diagenetic processes and deforma
tional stages at different trajectories and ends finally at the measure
ment stage in the lab. In this way, velocity contrast can be used to trace a 
particular diagenetic impact in a specific reservoir. 

5.3. Rock strength properties 

Results of Tandon and Gupta (2013) revealed strongly-, and 
weakly-negative correlations between seismic velocity and the UCS of 
dolomite and quartzite rocks, respectively. In addition, weakly-positive 
correlations for gneisses and leucogranite/granite-gneiss, and moderate 
correlations for metabasics have also been obtained. The study also 
confirmed a positive correlation between the UCS and the SHR. Previous 
studies (e.g., D’Andrea et al., 1965; Youash, 1970; Saito et al., 1974; 
Lama and Vutukuri, 1978; Gaviglio, 1989; Diamantis et al., 2009) 
confirmed, however, the positive correlation between the seismic ve
locity and the UCSdry which are consistent with our present results 
(Fig. 12c). Tandon and Gupta (2013) attributed such contrasting 
behavior to different geotectonic settings which may strongly influence 
the textural properties of rocks and hence their strength. 

Our results show also a direct relationship between the UCS and the 
SHR (r � 0.91, Fig. 13d), which is in agreement with a significant 
relationship obtained by Tandon and Gupta (2013) for dolomite rocks. 
They found a weaker correlation in gneisses which may be attributed to 
large textural variations. Several previous studies have also documented 
the positive correlation between the SHR value and the UCSdry (e.g., 
Aggistalis et al., 1966; Singh et al., 1983; Shorey et al., 1984; Haramy 
and DeMarco, 1985; O’Rourke, 1989). 

The statistical analysis of the mutual dependence of porosity, 

Fig. 15. (a) A photomicrograph of abundant dolomite overgrowths (Do) where they envelope the inclusion-rich dolomites; (b) a surface photomicrograph illustrating 
the overgrowths of dark core and clear surface dolomite (arrows), (c) diagenetic dissolution (de) responsible for enhancing porosity in a drusy texture which enhance 
the inherited pore volume; (d) a surface photomicrograph displaying the dissolution which occurs starting from the outer rims to core. 
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order to study their petrographic and textural characteristics and eval
uate their impact on the acoustic and strength properties of the studied 
rocks. The petrographic study revealed that the studied dolostones 
comprise three subfacies including sandy dolostone, vuggy dolostone, 
and the marly dolostone. These rocks have undergone a series of 
diagenetic changes which resulted collectively in the development of 
various pore types, overall porosity loss, and increase in the seismic 
velocity and strength characteristics. The main diagenetic processes 
observed in the studied rocks are cementation, Aggrading neomorphism, 
dolomitization and dissolution, which resulted in the generation of 
many types of pores. Early and late cementation, physical and me
chanical compaction resulted in a total porosity loss of about 20–30%; 
whereas dissolution, recrystallization, and dolomitization resulted in a 
porosity enhancement of about 5–10% thus producing a final low/ 
moderate porosity of 9%. The impact of dolomitization on porosity is 
evident from the positive relationship between porosity and grain 
density. 

The scatter observed in the ϕ-V relationships for the studied dolo
stones is induced mainly by the carbonate rock texture, microporosity 
and internal pore geometry. These factors may lead to rocks of the same 
type having different velocities and strength at a given porosity. Li
thology and early diagenesis have a great impact on subsequent modi
fications in rock fabric and pore types and hence on the acoustic and 
strength properties. The regression analysis revealed that many petro
physical, acoustic, and strength properties are strongly related to each 
other and, therefore, some parameters can be accurately predicted from 
other routinely-measured ones. A significant relationship, in particular, 
is obtained between the UCS and the SHR number with a high correla
tion coefficient (r � 0.91). 

The present results provide deep insight into the depositional con
ditions and the main diagenetic processes which affected the studied 
dolostones from the Bahariya Oasis resulting in the observed rock fabric 
and pore types that explain the measured properties. These results are 
fundamental for the geotechnical evaluation of the studied rocks for 
possible uses in different fields. They are also helpful in understanding 
and interpreting the sonic-derived porosity and the seismic reflection 
profiles of corresponding subsurface occurrences. In addition, they can 
be extended to other formations in the area. In essence, the lithologic 
and microscopic investigations accompanied by the petrophysical, 
acoustic and strength measurements on natural stones are of great 
importance to the economy of a country. 
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