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Abstract
Pore throat size distribution (PSD) is considered a finger print for each rock type and has strong effects on many petrophysi-
cal parameters, so a comparative study was done on irregular subsurface rock samples that belong to Kareem and Rudeis 
Formations of middle and early Miocene, respectively. These samples were collected from San El-Hagar-1 well which is 
located to the East of the Nile Delta to show the effect of the different lithologies on pore throat size distribution and hence 
many related reservoir parameters such as displacement pressure, macroporosity, microporosity, mean hydraulic radius and 
permeability distribution function (PDF). For achieving the previous purpose, helium porosity and capillary pressure by 
mercury injection were carried out. Permeability measurements were canceled due to the non-cylindrical irregular nature 
of the tested samples. Porosity showed a great difference between the results of the samples of the two formations. Capil-
lary pressure results showed the presence of characterized pore throat size distribution and hence capillary pressure-derived 
parameters for samples of each formation. PDF showed that samples of Kareem Fm. have better reservoir flow properties 
(permeability) in contrast to those of Rudeis Fm. which have tight reservoir flow properties. In addition, petrographical study 
through thin sections and scanning electron microscope displayed the presence of two facies which are feldspathic quartz 
wacke (sandstone facies) of Kareem Fm. and bioclastic sandy wackestone (calcareous facies) of Rudeis Fm. All results were 
consistent and confirmed the influence of facies change on PSD and hence the reservoir parameters.

Keywords  Pore size · Distribution · Reflection · Facies change

Introduction

The studied samples represent Kareem and Rudeis For-
mations that belong to middle and early Miocene, respec-
tively, and were obtained from San El-Hagar-1 well, which 
is located at the East of the Nile Delta (lat. 30°29′13″N, 
long. 31°50′53″E) and was drilled to a total depth of about 
3772 m by Continental Delta Oil Company (Fig. 1). The 
Nile Delta is a landmark in northeastern Africa where the 
longest river in the world, the Nile River empties into the 
Mediterranean Sea. The Nile Delta represents the southeast-
ern part of the Eastern Mediterranean basin. The Nile Delta 
basin like similar deltas around the world forms a major 

gas and condensate province, with only small amounts of 
oil increase with the age of the reservoir. The Oligocene 
and Lower Miocene shales are considered sources of some 
hydrocarbon basins, probably reaching thermal maturity in 
the Pliocene. Also as in the Northern Egypt basin, Juras-
sic and Cretaceous source rocks are contributed. The nature 
of the basement beneath the sedimentary succession of the 
Nile Delta basin is almost entirely unknown. The prospec-
tive section starts with Mesozoic strata (including potential 
source rocks) at the base, probably resting on crystalline 
basement. The Mesozoic succession represents a rifted pas-
sive margin, formed at the opening of the Neo-Tethys Ocean 
in the Late Triassic to Early Jurassic. Proven reservoirs, with 
known accumulations, extend from Oligocene to Pleisto-
cene in age; all are sands or sandstones. Pliocene reservoirs 
(Kafr El Sheikh and El Wastani formations) have recently 
proved to be exceptionally prolific and of very high quality; 
they include slope channels and deep water fan sands. Many 
subsurface studies were done on the Nile Delta to explore 
its oil potentiality, and they defined the stratigraphic units in 
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San El-Hagar-1 well from base to top (Qantara Formation of 
Oligocene, and Rudeis, Kareem and Qawasim Formations of 
Miocene age) Zaghloul et al. (1979), Abdou (2002), Cherif 
et al. (1993) and Ismail et al. (2010).

 The studied two groups of samples of Miocene age dis-
play different lithological aspects; these differences affect 
the petrophysical attributes such as pore throat size distri-
bution (PSD) and subsequently affect mostly all reservoir 

Fig. 1   Location and strati-
graphic column of San El-
Hagar-1 well after El Sheikh 
et al. (2016)
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properties. Hence, PSD is the main target of this work, 
means the relative abundance of each pore throat size in a 
representative pore volume of rock sample and is considered 
an important entrance to understand reservoir behavior dur-
ing production and establish many useful correlations using 
PSD-related parameters. For instance, PSD is an important 
factor for permeability prediction where many permeabil-
ity models have described pore spaces in terms of the radii 
of a series of capillary tubes and the total number of these 
capillary tubes was equated to porosity; consequently, per-
meability is a function of pore radius squared and porosity 
(Eq. 1), Amyx et al. (1960).

where K is in cm2 or in μm2; ϕ is a fraction.
Another an important equation (Eq. 2) known as Win-

land’s equation used and published by Kolodzie Jr (1980), 
relates porosity, permeability and a useful parameter which 
is the pore throat size at 35% mercury saturation.

where r35 = the pore aperture radius corresponding to the 
35th percentile of mercury saturation. Kair = air permeability 
(md). ϕ = porosity (%).

Also hydrocarbon saturation in a reservoir is strongly 
related to PSD as capillary pressure, that is, for oil to accu-
mulate in a geological trap and form a reservoir, the pres-
sure in the oil phase must be higher than that in the water 
phase of reservoir. If the pressure in the oil is only slightly 
greater than that in the water phase, the oil will enter only 
large pores of PSD, but if the pressure within the oil phase 
is high enough, then oil saturation would be different where 
the oil can enter large pores in addition to narrow pores 
of PSD. Due to the absence of permeability measurements, 
permeability distribution function (PDF) was used instead 
to show qualitatively which group of the studied samples of 
the two formations is more permeable than the other one, 
based on pore throat range covered by the distribution. This 

(1)K = �r2∕8

(2)log r35 = 0.732 + 0.588 log kair−0.864 log �

work aims to display the impact of the lithological change 
on the pore system or pore throat size distribution which is a 
strong controller on many petrophysical reservoir properties.

Materials and techniques

Subsurface samples were collected from San El-Hagar-1 
well to represent Kareem and Rudeis Formations of mid-
dle and early Miocene age, respectively. The irregular non-
cylindrical samples were cleaned using toluene and metha-
nol to remove hydrocarbon and salts, respectively, and then 
dried using a drying oven. Porosity values were measured 
using both matrix-cup helium porosimeter (Heise Gauge 
type) for grain volume calculation and DEB-200 instrument 
which follows Archimedes principle to determine the sample 
bulk volume. Air permeability measurements were canceled 
due to the irregular nature of the tested samples. Capillary 
pressure by mercury injection up to 30,000 psi was meas-
ured using ‘Micromeriticsʼ apparatus, where a clean and dry 
sample was loaded into a glass penetrometer consisting of a 
sample chamber attached to a cylindrical coaxial capacitor 
capillary stem. The penetrometer assembly with the sam-
ple were loaded into the mercury injection apparatus. The 
assembly was initially filled with mercury under a vacuum. 
Mercury was forced into the sample at low pressure, about 
0.7 psia, which was maintained until the stabilized condi-
tion was reached. The process was repeated through many 
pressures up to a maximum of 30,000 psia. The volume of 
mercury injected at each pressure was determined by the 
capacitance change in the capillary stem. The unsaturated 
pore volume was estimated as percentage of pore spaces 
volume not filled with mercury at 30,000 psia. On the other 
hand, the studied samples were described petrographically 
through thin sections using polarized microscope and scan-
ning electron microscope (SEM), Model Jeol 5300 JSM, 
Japan, to detect the pore morphology.

Table 1   Petrophysical properties of the studied samples

Fm. Sample First peak posi-
tion (μm)

Second peak 
position (μm)

Entry pres-
sure (psi)

ϕ behind 
macropores (%)

ϕ behind 
micropores (%)

MHR (μm) ϕ (%)

Kareem 1 1.442 0.030 20.1 15.0 65.1 0.951 29.4
2 0.940 0.030 60.2 1.9 84.2 0.423 29.9
3 1.785 0.037 30.0 18.6 67.3 0.925 28.3
4 1.439 0.030 49.9 9.7 69.1 0.585 27.0
5 1.795 0.037 50.2 20.0 63.2 0.750 27.5
6 1.440 0.030 30.0 9.9 66.7 0.686 27.5

Rudeis 7 0.000 0.072 669.1 0.0 100.0 0.036 10.1
8 0.000 0.087 712.7 0.0 100.0 0.045 13.0
9 0.000 0.087 561.5 0.0 100.0 0.051 11.0
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Results and discussion

Petrophysical attributes

Petrophysical investigation showed different petrophysical 
properties of the studied samples of the two formations. 
Table 1 displays all petrophysical values of the studied 
samples.

Results of capillary pressure by mercury injection 
showed the presence of two pore systems characterized by 

definite pore throat size distributions for each, which are 
bimodal PSD of Kareem and unimodal PSD of Rudeis 
Fms., respectively (Figs. 2, 3). Swanson (1985) defines the 
tight pores which could be accessed under high pressure 
values due to their very narrow pore throats as micropo-
res or microporosity where they do not contribute to fluid 
flow or they are pores whose dimensions are smaller than 
those contributing to the rock’s permeability. According to 
Amaefule et al. (1993), pores are classified based on throat 
radii into micropores whose throat size is less than 0.5 μm, 
mesopores whose throat size lies between 0.5–1.5 μm and 
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macropores whose throat size is larger than 1.5 μm. It is 
noted that PDFs of sandstone Kareem Fm. samples (Fig. 2) 
extend mainly over values representing macropores and 
mesopores and insignificantly over micropores region, but 
for calcareous Rudeis Fm. samples (Fig. 3), PDFs totally 
lie within micropores region; this indicates that Rudeis Fm. 
samples have very tight flow nature compared with Kareem 

Fm. samples. Results of Kareem Fm. show the presence of 
two peaks pore system: one peak reflects sandstone coarser 
pores (Fig. 9a, d) and is characterized by large values that 
lie within macropores and mesopores zones where it ranges 
from 0.94 to 1.795 microns, and the second peak reflects 
finer pores within clays or very fine sand grains and is char-
acterized by very low values that lie in micropores interval 

Fig. 4   Tested samples versus 
peak positions
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which are about 0.03 microns (Table 1 and Figs. 2, 4), but 
for Rudeis Fm., characterized by tight nature (Fig. 9c) there 
is nearly one peak pore system of low value that lies in 
micropores zone and ranges from 0.072 to 0.087 microns 
(Table 1 and Figs. 3, 4). The presence of coarser pores 
of Kareem Fm. samples is reflected in low entry pressure 
values, and the absence of these pore types in the case of 
Rudeis Fm. samples and the prevalence of micropores (tight 
flow properties) are reflected in high entry pressure values 
(Table 1 and Fig. 5). According to Sneider’s (1987), Kareem 
Fm. samples represent reservoir rocks where their displace-
ment pressures are lower than 100 psi and range from 20.1 
to 60.2 psi, in contrast to Rudeis Fm. samples which repre-
sent non-reservoir rocks where their displacement pressures 
are more than 100 psi and range from 561.5 to 712.7 psi 
(Table 1 and Fig. 5).

Kareem Fm. samples are characterized by an amount of 
porosity lying behind macrothroats whose sizes are more 
than 1.5 μm (Table 1 and Fig. 6), where they caused good 
flow properties for these samples (Fig.  2); in contrast, 
Rudeis Fm. samples are characterized by porosity values 
lying totally behind microthroats whose dimensions are less 
than 0.5 μm (Table 1 and Fig. 6), so they are responsible for 
the tight permeability distribution (Fig. 3), confirming that 
samples of Kareem Fm. have reservoir flow properties, but 
samples of Rudeis Fm. have a tendency toward non-reservoir 
characteristics. Mean hydraulic radius (MHR) is a capillary 
pressure-derived parameter that shows a strong correlation 
with permeability, and defined as the cross-sectional area 
of the flow divided by the wetted perimeter of a channel 

or a pipe. Mean hydraulic radius is a measure of a channel 
flow efficiency. Flow speed along the channel depends on 
its cross-sectional shape (among other factors). The greater 
the hydraulic radius, the greater the volume available for 
fluid flow, the greater the efficiency of the channel and the 
more volume it can carry; hence, Table 1 and Fig. 7 display 
that pore system of Kareem Fm. samples is more efficient 
and permeable than that of Rudeis Fm. samples. Concern-
ing porosity values of the studied samples, the lithologi-
cal attributes were conducive to clear contrast between the 
porosity values of the studied samples of the two groups. 
According to Levorsen (1967), porosity of reservoir rocks 
is classified as follows:

So, for Kareem Fm. samples, lithological aspects dis-
played high porosity values that range from 27.5 to 29.9% 
and represent a very good reservoir, but Rudeis Fm. sam-
ples represent a fair reservoir in terms of porosity where 
their porosities range from 10.1 to 13.0%, that totally are 
micropores, (Table 1 and Fig. 8). So porosity of reservoir 
rocks is affected by lithological attributes.

Petrography

The studied Kareem Formation (Middle Miocene, depth 
2745–2752 m) has been described, as glauconitic, felds-
pathic quartz wacke, following Pettijohn et al. (1987), where 

1-Negligible: 0−5% 2 − Poor: 5−10% 3 − Fair: 10−15%

4 − Good: 15−20% 5 − Very good: > 20%

Fig. 6   Tested samples versus 
porosity (%), behind (macropo-
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approximately 15% of their composition is a clay matrix. 
This sandstone (Fig. 9a, b) is very fine to fine in grain size 
with rare medium grains, moderately sorted and angular to 
subrounded in shape. Quartz grains are considered the main 
constituents and mainly monocrystalline having straight 
extinction. Potash and plagioclase feldspar varieties follow 
quartz in amount. The feldspars are either fresh (Fig. 9b) or 

cracked and altered (Fig. 9d). In addition to these compo-
nents, considerable amounts of glauconite, fossils and shell 
fragments are recorded (Fig. 9a). The studied sandstone 
grains are cemented with clay. On the other hand, the stud-
ied Rudeis Formation (Early Miocene, depth 2847–2850 m) 
represents the carbonate facies. Petrographically, these car-
bonates can be classified as bioclastic sandy wackestone, 

Fig. 7   Tested samples versus 
MHR, microns
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following Dunham (1987), which is composed mainly of 
microcrystalline carbonate groundmass, with a consider-
able amount of foraminiferal tests and echinoids. The sand 
grains are considered as very fine in grain size (Fig. 9c). 
The studied sandstone was subjected to some diagenetic 
processes (Fig. 9d), such as mechanical compaction evi-
denced by deformed feldspar grains, quartz overgrowth and 
the presence of point and straight grain contacts (MacAulay 
et al. 1993). Feldspar grains dissolution is another diagenetic 
effect recorded in the studied samples; this may be attributed 
to organic acids at deep burial, or it may be due to flushing 
by meteoric water at shallow depth (Bjorlykke et al. 1989). 
The presence of fresh feldspars and glauconite in the studied 
sandstone, sand grains and shallow forms in the carbonate 
samples indicates shallow marine environment.

Conclusion

Petrophysical and petrographical examinations were done 
for a group of samples collected from San El-Hagar-1 well 
which is located to the East of the Nile Delta. The results 
showed the presence of two different facies and confirmed 
the effect of different lithologies on PSD that controls many 
reservoir properties. It was found that each facies has its own 
petrophysical properties where the first one is quartz wacke 
(sandstone facies) of Kareem Fm. of Middle Miocene age 
and it is composed mainly of quartz grains which are very 
fine to fine with a medium-sized fraction and moderately to 
well sorted. The second facies is bioclastic sandy wacke-
stone (calcareous facies) of Rudeis Fm. of Early Miocene 
age which is composed mainly of the very fine sand size 
disseminated in microcrystalline carbonate groundmass. 
The macroporosity and coarser nature of the components 
of Kareem Fm. samples (relative to those of Rudeis Fm. 

Fig. 9   Photomicrographs a glauconitic quartz wacke of Kareem Fm., 
PPL. b Fresh and altered K-feldspars in quartz wacke of Kareem Fm., 
C.N. c Sandy wackestone with foraminiferal and echinoids tests of 

Rudeis Fm., C.N. d SEM photograph shows quartz grain overgrowth, 
altered cracked K-feldspars and clays reduce the pore volume, 
Kareem Fm
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samples) caused wide paths to some extent for fluid flow; 
in contrast, the finer-sized nature of Rudeis Fm. samples 
produced a very tight channel system which is hard for fluid 
flow. Capillary pressure results confirmed that PSD is a 
function of lithological changes, and also PDF is affected 
positively or negatively by lithological changes and can be 
used to assess qualitatively the reservoir flow properties, 
where Kareem Fm. samples have noticeable flow proper-
ties in contrast to Rudeis Fm. samples that have tight flow 
properties. Bimodal PSD of Kareem Fm. samples reflects 
different pore systems. Higher percent of macropores in PSD 
reflects permeability or flow properties higher than that of 
totally micropores; hence, the more the macropores in a 
reservoir rock, the better the flow properties. Micropores 
reflect higher capillary pressure characteristics; hence, the 
higher the micropores within a reservoir, the higher percent 
of pores that do not contribute to fluid flow.
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mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
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