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4Institute de Physique du Globe, Université de Louis Pasteur, Strasbourg, France
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S U M M A R Y
This study testifies the reliability of the electric pore fabric technique applied on the Nubia
sandstones in south Egypt through a comparison with pre-assigned magnetic pore fabric and
permeability already measured for three perpendicular directions in these rocks. Discrepancies
between the different techniques were attributed to the fact that the magnetic pore fabric
technique has the ability to detect and define accurately the pore volume distribution in
3-D, whereas the electric pore fabric technique has the ability to detect the shortest paths
for the electric current/fluid flow. Although the magnetic pore fabric is a bulk property, the
permeability measurements and the electric pore fabric are quantifying transport properties.

Both the magnetic and electric pore fabrics refer mostly to slightly and moderately
anisotropic fabrics. The integration between both techniques revealed two main directions
for fluid migration, swinging to the N–S and the E–W directions.

One difficulty of the electric pore fabric technique is due to the surface conductivity effects
either from the presence of some clay minerals or cracks. Therefore, interpreting the obtained
electric pore fabric must be carried out in care for the cracked and clayey rocks. The surface
conductivity effect could be accounted for by using the true formation factor for calculating
the electric pore fabric parameters.

The electric pore fabric technique can be compared to the 3-D permeability measurements,
which show very similar directions.

Key words: Magnetic and electrical properties; Magnetic fabrics and anisotropy; Permeabil-
ity and porosity.

1 I N T RO D U C T I O N

Determining porosity and permeability is a main target for those
interested in natural resources, especially fluids such as ground
water and oil and gas. Quantifying permeability anisotropy is of
course an important problem related to fluid extraction from the
Earth.

The Anisotropy of Magnetic Susceptibility (AMS or magnetic
fabric) has been found to generally provide a good estimate of petro-
fabric ‘it is the preferred alignment of grains in the rock fabric’ (e.g.
Tarling & Hrouda 1993). AMS is sensitive to changes in petrofab-
ric and can therefore be used successfully as a tool of petrofabric
and structural analysis. Due to measurement speed, precision, low
cost and range of applicability, AMS has gained a widespread use in
petrofabric studies of rocks (Hrouda 1982; Tarling & Hrouda 1993).
In particular, directions of the principal susceptibility axes (χmax)
and sedimentary structures have been found to be in good agree-
ment (Hamilton & Rees 1970); therefore, AMS can be used in the

investigation of palaeocurrents in sedimentation basins. Moreover,
pore orientation and shape can be determined using magnetic pore
fabric analysis (Pfleiderer & Kissel 1994). Connected pores can be
injected with a magnetic suspension (ferrofluid) then measured for
AMS. The maximum susceptibility of the pore fabric is parallel to
the preferred directions of pore elongation. Any anisotropic shape
of pore bodies will also cause AMS.

Rock electrical resistivity is another physical property of great
interest. For a porous saturated rock, electric current is carried by
the fluid phase. The resistivity of porous rocks is controlled mainly
by (1) the pore phase (its volume, geometry and distribution) and
(2) the resistivity of saline solution within the pore spaces. In fact,
the resistivity ‘RO’ of saturated porous sedimentary rocks is mainly
of electrolytic origin, because resistivity of the solid matrix is much
larger than that of the saline solution ‘Rf ’. The apparent formation
resistivity factor ‘Fa’ has been defined by many workers (e.g. Archie
1942; Amyx et al. 1960; Serra 1984) using the following equation:

Fa = RO/R f . (1)
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The true formation factor ‘F’ can be obtained by applying the
following equation (Lamb 1945; Worthington 1985; Mavco et al.
2009):

σr = 1

F
σ f + σs, (2)

where, σ f and σ r are the electric conductivity of the saturating
fluid and the measured rock, respectively, whereas σ s is the surface
conductivity of the pore walls.

A large number of measurements have demonstrated that the for-
mation resistivity factor (F) of clean rocks is related to the connected
porosity (Archie 1942; Serra 1984) as follows:

F = a/∅m, (3)

where, ‘a’ is the lithology factor (0.6–2.0), ‘m’ is the cementation
exponent (1.0–3.0) and ø is the porosity (0.0–1.0).

Many authors such as Archie (1942), Amyx et al. (1960), Lynch
(1962) and Serra (1984) discussed the variation of ‘a’ and ‘m’ and
attributed them to (1) degree of cementation, (2) pore geometry and
tortuosity, (3) type of clay minerals and distribution, (4) presence
of conductive solids and (5) compaction and packing. Recently,
Salem & Chilingarian (1999) confirmed that the cementation ex-
ponent (m) of Archie’s equation is not a constant, but varies with
many physical parameters and lithological attributes. It depends
on the shape, type and size of pore throats and the size and num-
ber of the dead-end pores. Electrical resistivity can be anisotropic
and the porous network can be simulated as a network of brine-
saturated conductive pore ellipsoids. In some cases, particularly
that of low-porosity rocks (<5 per cent), the electrical resistivity
is mostly affected by the surface conductivity due to presence of
cracks and conductive clay minerals (Nabawy & El-Hariri 2008).
The electric properties of different rock types have been studied
by many authors, for example, (Wyllie & Rose (1950), Winsauer
et al. (1952), Parkhomenko (1982), Serra (1984), Olhoeft (1989)
and Wilt & Alumbaugh (1998). A review article on the electric
properties of Egyptian rocks has been published by Ragab et al.
(2000). Bedding-parallel anisotropy of sedimentary rocks is caused
by the load pressure and the orientation of grains resulting from
depositional currents. Therefore, electrical resistivity is generally
anisotropic. Horizontal resistivity (RH ) is parallel to the bedding
plane whereas vertical resistivity (RV ) is perpendicular to it (Serra
1984). The anisotropy coefficient, λE, is a measure of the degree of
electrical anisotropy, and is defined by Serra (1984) as

λE = (RV /RH )1/2. (4)

In the a priori expected situation of a larger vertical resistivity,
λE is larger than one. Nabawy & El-Hariri (2008) recommended
measuring the petrophysical properties of sedimentary rocks in 3-
D for interpreting their physical behaviour and defining the pore
elongation and the preferred paths for fluid migration. To quantify
the anisotropy within the bedding plane, they proposed by analogy
with the magnetic fabric parameters to define the electric lineation
(LE), electric foliation (FE) and electric anisotropy (λE) parame-
ters, based on the maximum, intermediate and minimum horizontal
resistivities as follows:

L E = Rint/Rmin, (5)

FE = Rmax/Rint, (6)

λE = (Rmax/Rmin)1/2. (7)

In this study, we attempt to determine the pore fabric parameters
using true formation factor (F) to avoid the influence of the brine
concentration and the surface conductivity effect that can affect the
measurements of the apparent formation factor.

L E = Fint/Fmin, (8)

FE = Fmax/Fint, (9)

λE = (Fmax/Fmin)1/2. (10)

This study is a further development of the electric fabric tech-
nique introduced by Nabawy & El-Hariri (2008). It reports and
compares the electric pore fabric results with some previously pub-
lished magnetic pore fabric and permeability anisotropy data for the
same Nubia sandstone samples collected from south Egypt (Nabawy
et al. 2009a, 2009b).

2 S A M P L I N G A N D M E A S U R I N G
P RO C E D U R E

The Nubia sandstones in south Egypt extend to the northwest of Su-
dan, northeast of Chad and to the southeast of Libya. These forma-
tions have been studied by many authors for decades, for example,
Said (1962), Issawi (1973, 1978), Issawi & Jux (1982), Klitzsch
(1979), Klitzsch & Hermina (1989), Hendriks (1987, 1988), Issawi
& Osman (1993), Thabit (1994).

Following Thabit (1994) and the field observations, the Nubia
sandstones between latitudes 22◦ 15′ and 22◦ 35′ N and longitudes
31◦ 00′ and 31◦ 40′ (Fig. 1) can be distinguished from top to bottom
into four formations as follows:

IV. Adindan Formation (Jurassic-Valanginian)
III. Abu Simbil Formation (Valanginian-Barremian)
II. Abu Ballas Formation (Aptian-Albian)
I. Kesieba Formation (Campanian-Maastrichtian)

Kesieba Formation is separated from the underlying Abu Ballas
Formation by a disconformity of regional extent caused by the
removal of the Sabayia Formation during a tectonic exhumation. In
general, the studied Nubia sandstone samples in south Egypt were
sampled from four the formations.

The methodology and results of the magnetic and permeability
measurements are described in detail in Nabawy et al. (2009a).

Petrographically, the studied Nubia sandstones in south Egypt are
composed mainly of very fine-to-medium grained, highly fractured
quartz arenites, cemented by silica cement (Fig. 2). The Nubia
sequence in south Egypt has been exposed to a long history of
arid conditions accompanied with deposition of oolitic ironstone
beds at the top of each cycle of deposition. Detailed petrographical
description and micropore throats distribution of our highly porous
(20–35 per cent porosity) samples is available in Nabawy et al.
(2009b).

For this study, a total of 19 representative block samples (∼15 ×
15 × 15 cm) were collected for the purpose of electric fabric mea-
surement. These blocks are oriented according to the bedding plane,
and additionally according to the magnetic north. For investigation
of the mineralogical composition, some thin sections representing
the different lithological varieties were prepared and impregnated
with blue dye to evaluate percentage and type of pore spaces. Thin
sections were studied for mineralogical analysis using a polarized
microscope and a point counter was used to evaluate the percentage
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Electric pore fabric of the Nubia sandstones 683

Figure 1. Location map of the studied Nubia sandstone sections in Tushka area, south of Egypt (modified from EGPC-CONOCO 1987; Thabit 1994).

of the different components. Three cubes were obtained from each
block sample all with a basal face parallel to the bedding plane. The
horizontal side directions of one cube refer to 0–180◦ and 90–270◦,
of another cube refer to 30–210◦ and 120–300◦ and the third cube
refer to 60–240◦ and 150–330◦ (Fig. 3). Prior to measuring the elec-
tric resistivities, the studied samples were weighed dry (Wd) and
evacuated in an evacuation chamber, then injected by the brine (of
density ρW = 1.010 g cm−3) used for the electric measurements
and the samples were weighed again in the saturation state (Ws).
Taking into consideration the bulk volume (Vb) of the rock sample,
the connected porosity of the brine fully saturated samples (øW ) was

calculated using the following equation:

∅W = 100 × (W s − W d)

V b × ρW
. (11)

The electrical resistivity measurements of the cubic samples were
carried out using a two-electrode A-C bridge at two brine concen-
trations (10 and 50 kppm NaCl solutions, Rf = 0.53 ohm.m and
0.13 ohm.m, respectively). To investigate the electric fabric for
these samples, three readings along the six sides of each cube were
obtained for each brine concentration, one perpendicular to the
bedding plane and other two readings parallel to the bedding plane

C© 2010 The Authors, GJI, 183, 681–694
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684 B. S. Nabawy et al.

Figure 2. Photomicrographs of the Nubia sandstones in south Egypt. (A) Very fine to medium-grained quartz grains, cemented by silica cement and contain
intergranular porosity (IGP), base of Abu Simbil Formation, PPL. (B) Very fine to medium-grained compacted quartz grains, fracture porosity (FP) and
dissolution giving rise to exhausted skeletal quartz grains (SQz), Adindan Formation, C.N. (C) Quartz grains cemented by silica cement, Adindan Formation,
C.N. (D) Fine to coarse-grained, ill sorted and angular to rounded quartz grains, sometimes are fractured with suture and point contacts (SC), Abu Ballas
Formation, PPL.
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Figure 3. Three cubes out of each block sample were prepared oriented
according to the bedding plane and the magnetic north, they are faced 30◦
clockwise.

and at 90◦ to each other. The electrical conductivity of the water
is assumed to be homogeneous inside the sample once it is fully
saturated (Jouniaux et al. 2006). A fixed frequency of 1 kHz was
chosen for the present measurements, consistent with Glover et al.

(1996, 1997) and Jouniaux et al. (2006). At this frequency, we get
the best accuracy with no capacitance effect. Capacitance exists
anywhere there is a conductor that is insulated from another one. At
higher frequencies, the distributed capacitance in the pores reduces
the signal and takes it out of the current path, that is, the higher the
frequency, more signal will be lost due to this effect.

The measurements were carried out under stable ambient condi-
tions, atmosphere and room temperature. The true formation factor
‘F’ was then calculated by plotting the measured rock conductivity
versus fluid conductivity (Fig. 4). We determined the true formation
resistivity factor (F) for each of the three measured cubes/block in
the direction perpendicular to the bedding plane, and horizontally
parallel to the bedding plane for the six directions as defined in
Fig. 3.

3 R E S U LT S A N D A NA LY S E S

3.1 Magnetic pore fabric

We recall first the results obtained for the magnetic pore fabrics of
the Nubia sandstone published by Nabawy et al. (2009a).

The magnetic pore anisotropy degree ‘λM ’ (as defined by Balsley
& Buddington 1960) varies from 1.017 to 1.036 (1.7–3.6 per cent),
the magnetic pore lineation ‘LM ’ (as defined by Stacey et al. 1960)
varies from 1.002 to 1.010, whereas the magnetic pore foliation
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Figure 4. Determining the true formation factor ‘F’ by plotting the mea-
sured rock conductivity ‘σ r’ versus fluid conductivity ‘σ f ’.

‘FM’ (as defined by Stacey et al. 1960) varies from 1.013 to 1.034
(Table 1).

Plotting the magnetic lineation, foliation and magnetic anisotropy
against height above the base of the sequence, reveals a similarity
between the magnetic foliation and anisotropy curves, with no con-
tribution from the magnetic lineation (Fig. 5). This plotting ensures
that the magnetic pore foliation is the main contributor of the pore
magnetic anisotropy.

As stated by Nabawy et al. (2009a), plots of the maximum and
minimum magnetic pore susceptibility directions on equal area
lower hemisphere stereographs show a clustering of the minimum

axes around the vertical axis and clustering of the maximum pore
elongation (maximum magnetic susceptibility) along the bedding
plane close to the NE–SW or the NW–SE directions. Adindan and
Kesieba formations at the base and top of the Nubia sandstones,
respectively, show pore elongation varying between NNW and NW
directions.

At the middle of the section, the pore fabric elongation for Abu
Simbil Formation shows more scattering with the main direction
referring to the NE direction.

Plotting the maximum magnetic susceptibility (χ ’mag) for Abu
Ballas Formation shows differences from that of the other forma-
tions. The pore elongation is mainly clustered around the E–W
direction, which is the main trend of the dominant faults in south
Egypt, for example, Issawi (1978), Mousa (1984), Thabit (1994)
and El-Sorady & Abdallah (2001).

3.2 Permeability measurements

We recall the results obtained for the permeability by Nabawy et al.
(2009a). The magnetic pore fabric studies give the directions of
the maximum, intermediate and minimum magnetic susceptibility.
The first direction is perpendicular to the bedding plane, whereas the
second and the third directions are parallel to the bedding plane. The
average bulk permeability values range from 109.3 md at the top
of Abu Simbil Formation to 7030 md in Abu Ballas formation with
average 2463.3 md. According to Levorsen’s classification (1967) of
permeable reservoir rocks, the Nubia sandstones could be ranked as
very good permeable rocks (Table 2). Due to the load pressure effect
on sedimentary rocks, permeability values are expected to be higher
along the bedding plane direction than in directions perpendicular
to the bedding plane.

However, from the petrophysical study, some samples (Ad 3,
Am 2, Abs 3 and Abs 5) show permeability values in the vertical
direction (perpendicular direction to the bedding plane) higher than
that measured horizontally, which could be attributed to permeable
fracture porosity in the vertical direction.

Table 1. Magnetic pore fabric data for the studied Nubia sandstones (Nabawy et al.
2009a).

Formation Site Height (m) λM LM FM ØFe

Kesieba Formation Ks 3 240.5 1.034 1.003 1.031 23.2
Ks 2 235.5 1.019 1.002 1.017 23.4
Ks 1 228.0 1.029 1.004 1.024 19.8

Abu Ballas Formation Abs 6 219.0 1.027 1.004 1.023 33.3
Abs 5 214.0 1.024 1.002 1.021 30.1
Abs 4 209.0 1.017 1.004 1.013 30.5
Abs 3 204.0 1.020 1.003 1.017 22.9
Abs 2 194.0 1.036 1.003 1.033 31.3
Abs 1 175.5 1.020 1.003 1.017 26.9

Abu Simbil Formation Am 7 165.5 1.024 1.003 1.021 34.1
Am 6 150.5 1.035 1.003 1.032 23.2
Am 5 136.0 1.028 1.002 1.026 31.9
Am 4 124.5 1.036 1.002 1.034 22.0
Am 3 83.5 1.019 1.003 1.017 30.0
Am 2 73.0 1.018 1.004 1.015 24.7
Am 1 70.0 1.034 1.010 1.024 29.2

Adindan Formation Ad 3 41.5 1.024 1.003 1.022 20.7
Ad 2 28.0 1.017 1.003 1.014 23.8
Ad 1 2.50 1.029 1.002 1.027 25.9

Notes: λM is the magnetic pore anisotropy degree, LM is the magnetic lineation,
FM is the magnetic foliation and ØFe (per cent) is the porosity measured by
ferrofluid injection.
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686 B. S. Nabawy et al.

Figure 5. Vertical matching and correlating the anisotropy parameters of the magnetic pore fabric of the Nubia sandstones, south Egypt (Nabawy et al. 2009a).

For both Adindan and Kesieba Formations, the permeability val-
ues are the highest in the NW–SE direction. These directions are
also obtained for the magnetic pore fabric maxima. On the other
hand, the measured values for Abu Simbil Formation refer to the
NE–SW direction with no distinct direction for Abu Ballas Forma-
tion. This could be explained by the structural patterns detected in
Abu Ballas Formation, which has been exposed to many tectonic
events. These events separated it from the underlying Abu Simbil
Formation and caused the removal of the overlying Sabayia Forma-
tion from many places in the area of study in south Egypt. They
brought also the Kesieba Formation in disconformity position with
Abu Ballas.

3.3 Electric pore fabric

To compare the previous pore fabric results with electrical data,
electrical resistivity and formation factor measurements have been
carried out on oriented samples as described in Fig. 3. Data for the
true formation factor and the electric fabric parameters are listed in
Table 3.

Petrophysically, it is not easy to discriminate the studied samples
into formations or facies, as they were similar in their electric prop-
erties. Accordingly, they were processed as one thick petrophysical
facies.

Louis et al. (2003) compared the electric, magnetic and acoustic
properties of several sandstone samples and concluded that, the
nature of anisotropic behaviour of the Bentheim sandstone is mainly
related to the pore shape anisotropy. The present samples are highly
porous. Therefore, the electric fabric of the brine fully saturated
samples and the obtained magnetic pore fabric of ferrofluid fully
saturated samples are likely to result from the anisotropy of the pore
shape.

Porosity values (øW ) varies from 19.5 at the top parts of Abu Bal-
las Formation up 32.5 per cent at the top of Abu Simbil Formation
which contains the most porous samples (Table 3).

Values of the true formation resistivity factor vary from 7.9 in
the 30–120◦ direction to 76.3 in the 120–300◦ direction (Table 3).

The maximum true formation resistivity factors (F) were de-
tected along the vertical directions for only one-third of the studied
samples, whereas the maximum values for the other samples were

C© 2010 The Authors, GJI, 183, 681–694

Geophysical Journal International C© 2010 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/183/2/681/654624 by guest on 20 June 2022



Electric pore fabric of the Nubia sandstones 687

Table 2. Permeability values measured for the studied Nubia sandstones in
the different directions (Nabawy et al. 2009a).

Formation S. No. kV kNE kNW kb

Kesieba Formation Ks 3 81.5 530.9 14.7 209.0
Ks 2 2413.1 2564.9 4123.7 3033.9
Ks 1 4800.2 4969.2 7750.0 5839.8
Mean 2431.6 2688.3 3962.8 3027.6

Abu Ballas Formation Abs 6 155.2 203.6 166.4 175.1
Abs 5 3322.4 2980.2 2783.2 3028.6
Abs 4 324.0 1161.0 1198.2 894.4
Abs 3 1632.5 1258.8 1135.6 1342.3
Abs 2 2154.0 5012.6 3628.4 3598.3
Abs 1 4410.4 3736.3 4484.2 4210.3
Mean 2795.6 3026.1 2869.4 2208.2

Abu Simbil Formation Am 7 529.4 1706.3 1090.2 1108.6
Am 6 33.9 154.2 139.8 109.3
Am 5 432.4 615.2 674.0 573.9
Am 4 589.6 723.0 698.2 670.3
Am 3 2694.8 2736.9 2476.6 2636.1
Am 2 2990.2 2890.8 1432.7 2437.9
Am 1 4406.4 7008.0 5334.6 5583.0
Mean 1668.1 2262.1 1692.3 1874.2

Adindan Formation Ad 3 388.8 263.8 217.3 290.0
Ad 2 1516.3 1653.4 1872.5 1680.7
Ad 1 2285.7 2732.2 2561.0 2526.3
Mean 1396.9 1592.7 1550.3 1499.0

Notes: kv (md) is the measured petrophysical permeability of the studied
samples cored in a direction perpendicular to the bedding plane, kNE (md)
for samples cored parallel to the bedding plane in the NE direction, kNW

(md) for samples cored parallel to the bedding plane in the NW direction
and kb (md) is the average bulk permeability.

Table 3. True formation resistivity factors of the Nubia sandstones in south Egypt measured through the different directions accompanied with their electric
fabric parameters.

Formation S. No. Height (m) True formation factor (F)
F0−180 F30−210 F60−240 F90−270 F120−300 F150−330 FP

′ LE FE λE Ø′
W

Kesieba Formation Ks 3 240.5 36.76 27.62 12.66 28.90 28.99 27.62 27.93 2.15 1.35 1.70 21.77
Ks 2 235.5 — 34.97 46.73 33.00 29.50 63.69 37.04 1.38 1.56 1.47 21.89
Ks 1 228.0 28.99 10.92 46.51 31.75 8.39 35.21 35.34 3.36 1.65 2.35 21.47

Abu Ballas Formation Abs 6 219.0 15.20 7.97 24.10 17.61 27.10 19.53 25.52 2.46 1.38 1.84 29.46
Abs 5 214.0 20.08 21.88 30.40 25.38 24.81 20.49 37.74 1.29 1.46 1.37 28.87
Abs 4 209.0 39.22 46.73 18.90 23.87 36.23 18.62 33.00 1.66 1.51 1.58 26.41
Abs 3 204.0 — 27.40 51.02 — 18.66 32.79 30.58 1.72 1.59 1.65 29.52
Abs 2 194.0 20.96 16.78 21.32 20.79 19.42 20.79 23.15 1.22 1.13 1.17 28.42
Abs 1 175.5 26.25 13.35 16.26 19.16 16.08 22.17 18.42 1.41 1.40 1.40 29.52

Abu Simbil Formation Am 7 165.5 19.49 23.04 16.03 20.00 20.88 20.00 23.31 1.27 1.14 1.21 32.48
Am 6 150.5 25.13 28.99 28.01 26.27 25.45 24.69 27.40 1.08 1.09 1.08 25.58
Am 5 136.0 19.05 14.08 26.25 19.96 20.08 25.25 29.59 1.57 1.34 1.45 31.17
Am 4 124.5 36.50 28.99 26.70 36.10 31.75 66.67 45.66 1.46 1.71 1.58 21.16
Am 3 83.5 9.01 22.78 24.39 9.62 31.25 16.84 21.19 2.14 1.62 1.86 27.86
Am 2 73.0 22.42 31.25 30.21 25.91 52.91 20.16 29.94 1.51 1.74 1.62 23.06
Am 1 70.0 15.15 15.24 16.08 20.08 21.60 21.88 21.65 1.24 1.16 1.20 26.68

Adindan Formation Ad 3 41.5 30.30 40.32 31.35 35.34 30.86 34.36 35.34 1.12 1.19 1.15 22.77
Ad 2 28.0 19.27 18.18 18.15 19.88 20.16 16.50 23.81 1.18 1.23 1.20 28.35
Ad 1 2.5 26.56 41.49 24.94 69.93 76.34 25.58 35.21 1.72 1.78 1.75 24.76

Average 24.14 24.84 26.84 26.86 28.45 28.04 29.57 1.63 1.42 1.51 25.55
Minimum 9.01 7.97 12.66 9.62 8.39 16.50 18.42 1.08 1.09 1.08 19.46
Maximum 39.22 46.73 51.02 69.93 76.34 66.67 45.66 3.36 1.78 2.35 32.48

Notes: FP ′ is the true formation factor average measured through the direction perpendicular to the bedding plane for the measured cubes (FP1, FP2 and FP3).
F0–180, F30–210, F60–240, F90–270, F120–300 and F150–330 are the formation factors measured through the N–S, NNE–SSW, ENE–WSW, E–W, ESE–WNW
and SSE–NNW directions, respectively. LE , FE and λE are the electric lineation, foliation and anisotropy values, respectively. Ø′

W (per cent) is the water
porosity average values for the measured cubes from each block sample.
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Figure 6. Plotting the log of true formation resistivity factor measured
through the different horizontal directions oriented according to the magnetic
north versus the log of porosity values measured by water injection.

scattered along the horizontal directions. On the other hand, the
minimum F values (indicator for the pore elongation) are scattered
among the different horizontal and the vertical directions with two-
thirds of the lowest values recorded along the 0–180◦, 30–210◦ and
150–330◦ directions, that is, fluctuating around the N–S direction.

The true formation resistivity factor (F) measured along the dif-
ferent horizontal directions is plotted against porosity in Fig. 6.
Porosity øW could be related to the formation resistivity factor mea-
sured in the 0–180◦ (r = −0.624), 90–270◦ (r = −0.722) and
150–330◦ (r = −0.690), whereas it is not likely related to F in the
other directions (−0.491 ≤ r ≤ 0).

F0−180 = 3.62/∅1.61
W (r = −0.624), (12)

F90−270 = 3.75/∅1.69
W (r = −0.722), (13)

F150−330 = 4.31/∅2.04
W (r = −0.690). (14)

These results could be explained by an elongation of the intercon-
nected pore spaces in these directions that fluctuate around the N–S
and the E–W, that is, more contribution for the measured porosity
is coming from this direction.

Values of the lithology factors ‘a’ for the E–W, N–S and
NNW–SSE directions are very close ranging between 3.62 and
4.31. This may be due to the siliceous sandstone composition of
the studied rock samples. However, the obtained close values for
both (a) and (m) constants indicate a high level of consistency of
the obtained results along the different directions.

In general, two directions could be found in which the formation
resistivity factors are dependent on and contributed mainly by the
total pore spaces, that is, the electric fabric parameters for the present
rocks are mainly due to the pore nature in these two perpendicular
directions (N–S and E–W).

Similarly, values of the formation resistivity factor in the ver-
tical direction (F ′

p) are plotted against porosity values in Fig. 7,
where porosity values could be related to the vertical true formation
resistivity factor.

F ′
p = 3.35/∅1.35

W (r = −0.758). (15)

The average bulk formation factor (F′) was then plotted against
the øW in Fig. 8 where the average formation factor can be calculated
in terms of the porosity values using the following equation:

F ′ = 3.37/∅1.40
W (r = −0.753). (16)

The obtained equation shows (a) and (m) values similar to that
obtained along the horizontal and vertical directions.

Figure 7. Plotting the log of porosity (ØW) measured by water injection
plotted versus the log of true formation resistivity factor measured in a
direction perpendicular to the bedding plane.

Figure 8. Plotting the log of porosity (ØW) measured by water injection
versus the log of the overall average true formation resistivity factor.
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Electric pore fabric of the Nubia sandstones 689

Figure 9. Plotting the electric anisotropy (λE) versus the electric lineation
(LE) and foliation (FE) of the studied sandstone samples.

The electric pore fabric parameters (Table 3), on the other hand,
vary from 1.08 to 3.36, from 1.09 to 1.78 and from 1.08 to 2.35 for
the electric lineation (LE), foliation (FE) and anisotropy (λE) values
calculated using the true formation factor. The electric fabric values
of the studied rocks are ranked as slightly to moderately lineated,

and slightly to moderately foliated fabrics. Therefore, the present
rocks are ranked as slightly to moderately anisotropic (Nabawy &
El-Hariri 2008).

The electric anisotropy values (λE) of the studied samples were
plotted against their electric lineation (LE) and foliation (FE) as in
Fig. 9. This plot reveals a dependence of the electric anisotropy (λE)
on both the electric lineation (LE) and foliation (FE). This indicates
a 3-D anisotropic ellipsoid shape of the obtained pore fabric.

λE = 0.94 L E + 0.08 (r = 0.940), (17)

λE = 0.85 FE + 0.21 (r = 0.952). (18)

On the other side, a relationship of relatively low correlation
coefficient could be assigned between the electric lineation and
foliation.

A comparison between the plots of LE, FE and λE against height
evolution (Fig. 10) shows comparable peaks and anomalies at the
different levels. Three peaks of anisotropy’s anomalies could be
recognized, at the base of the section in Adindan Formation, at the
lower parts of Abu Simbil Formation at elevation 70.0 m and at the
base of Kesieba Formation at the top parts of the section.

The anisotropy anomalies of the electric fabric, in general, could
be used for tracing and comparing the Nubia sections in the different
sites in the area of study.

Figure 10. Vertical matching and correlation of the electric pore fabric parameters derived from the true formation factor of the Nubia sandstones.
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Figure 11. Vertical matching of log the true formation resistivity factors of the Nubia sandstones through the different directions. Denotations as in Table 3.

Plotting the true formation resistivity factor versus height
(Fig. 11) indicates values common for porous sandstones. Some
recorded formation resistivity peaks could be used for the horizon-
tal tracing of the studied section in south Egypt.

4 G E N E R A L D I S C U S S I O N

An electric fabric has been obtained for our highly porous samples.
The observed electric fabric is likely correspondent to pore fabric.
Using the electric pore fabric obtained from processing the true
formation factor is recommended to avoid the influence of surface
conductivity.

Measuring minimum F-values along the vertical directions and
maximum F-values along the horizontal directions could be at-
tributed to two reasons: (1) The presence of a crack system playing
a sensitive rule in the electrical resistivity pattern of the studied sam-
ples and (2) the presence of some electrically active clay content.
The independence of the formation resistivity factor on the nature
of the pore spaces along some horizontal directions may be due to
the complexity of pore distribution in these directions and their low
contribution in the total volume of pore spaces. The cementation
exponent (m) measured for FP is relatively low which assigned for
the highly porous rocks and may be due the presence of some clay
content and/or vertical pathways/cracks. The lithology factor (a) is
close to that obtained for the horizontal F factors, which could also
be related to the homogeneity in the mineralogical composition of
the studied samples.

The dependence of electrical resistivity of the fully saturated
sandstones on porosity is more sophisticated than its dependence on
stress due to compression, for example, in Brace & Orange (1968),
Daily & Lin (1985), Lockner & Byerlee (1985) and Kaselow &
Shapiro (2004). However, the effect of structural compression on
the electrical resistivity of the Nubia sandstones is limited by their

highly porous nature. It is limited to the grain cracking and to the
grain-to-grain relation (Figs 2B and D).

A relationship of relatively low correlation coefficient could be
assigned between the electric lineation and foliation indicating dif-
ferent origins for both. The relatively low electric foliation is mostly
contributed by the load pressure, whereas the lineation is attributed
to later fracture system.

A comparison between the plots of LE, FE and λE against height
evolution (Fig. 10) shows comparable three peaks of anisotropy’s
anomalies at the different levels. The first and second peaks at the
base of Adindan and Abu Simbil Formations may be related to the
load pressure effect accompanied with some cracks on the grain
scale (Figs 2A and B).

The third beak at the base of Kesieba Formation can be attributed
to electric lineation due to some tectonic events that led to a fracture
system. This could be ensured by the fact that Kesieba Formation
was preceded by a somewhat long history of tectonism causing
erosion and releasing of the underlying Sabayia Formation, which
caused a disconformity between the underlying Abu Ballas Forma-
tion and the overlying Kesieba Formation.

Conducting the present electric technique on the studied samples
revealed two consistent directions assigned as preferred directions
for the fluid migration paths, one swinging to the N–S direction and
the other swings to the E–W which are consistent with the magnetic
pore fabric.

A discrepancy between the electric and magnetic pore fabric
technique reveals some minimum resistivity values (direction of
pore elongation) along the vertical direction (compare Tables 1 and
3) and instead some maximum resistivity values along the horizontal
plane which is not the case with the magnetic fabric technique.

So, a question can be raised: Is the brine solution used for the
electric fabric assignment more invasive than the ferrofluid used
for the magnetic pore fabric? Therefore, porosity obtained from
injection of both fluids (ØFe & ØW ) was plotted together against
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Electric pore fabric of the Nubia sandstones 691

Figure 12. Correlation chart between porosity values measured by ferrofluid and brine injection techniques.

the samples numbers (Fig. 12), which indicates a higher ferrofluid
porosity (ØFe) for 74 per cent of the studied samples. This ensures
higher invasion ability for the ferrofluid than the saline solution,
where the size of the ferrofluid molecules is ranging between 1nm
and 10 nm and not affected by the swelling property of the clay
minerals.

Therefore, the present discrepancy can be explained by the fact
that, the magnetic pore fabric technique can assign the pore volume
and its frequency distribution but can’t detect cracks. On the other
hand, the electric pore elongation refers to the easiest way in which
the electric current can go through, that is, can easily detect cracks.
Cracking is usually acting in vertical and/or inclined directions
causing increasing the permeable paths vertically and reducing the
electrical resistivity values in the vertical direction to the minimum
values.

However, a general matching of the output main pore elongation
and lineation trends obtained from the electric pore fabric technique,
the magnetic pore fabric and from measuring permeability in 3-D
have been listed in Table 4.

A similarity between pore fabrics are obtained for 28 per cent
of the studied samples using the three techniques, and for 66.7 per
cent of the samples using the both electric pore fabric and 3-D
permeability.

In general, it is thought that the electric pore fabric technique is a
successful technique that could be used for assigning the preferred
permeable paths for fluid migration.

5 M O D E L L I N G T R A N S P O RT
P RO P E RT I E S T H RO U G H T H E
P O R E C H A N N E L S

There are many trials related to the assignment of the main factors
controlling transport through pore spaces following Poiseuille’s law
to simulate the pore spaces as long tubes of circular cross sections.
The intent of this trial is to focus on creating a new model with rea-
sonable structures and high reliability. Although the pore spaces are
ellipsoidal in cross section, some facts to be taken into consideration
may lead to more reliable simple simulation.

First, the pore throat apertures, not the pore volume, control
transportation through the pore channels. In addition, the velocity
of the current flow through the pore channels increases towards the
middle parts of the pore space and decreases in the pore wall direc-
tion. Moreover, presence of some clay content and other authigenic
minerals tend to line the pore space volume, that is, to decrease its
curvature.

From this study, the magnetic pore foliation as an indicator for
the elliptical cross section and pore volume, ranges between 1.013
and 1.034, that is, foliation of the pore volume as a whole is less
than 3.4 per cent. On the other hand, it is noted petrographically that
most of the macro pore spaces that control the fluid transportation
are more or less circular in shape (Fig. 2D).

In general, the current flow properties, the nature of the pore wall
and the effect of the authigenic minerals lead us to simulate the pore
space as pore channel tubes of circular cross section. Therefore, on
the samples scale, the permeability ‘k’ of a random network of
pore channels of average pore radius ‘r’ and connected porosity
‘Ø’ could be assigned as follows (Guéguen, & Palciauskas 1994;
Mavco et al. 2009):

k = r 2

8
× φ. (19)

On the other hand, the formation resistivity factor is related to
the pore volume using Archie’s law (1942)

F = aφ−m . (20)

Therefore, the permeability can be calculated in terms of ‘F’ and
‘r’ as follows:

k = r 2

8
×

( a

F

) 1
m

, (21)

where, ‘k’ and ‘r’ are measured in μm and ‘r’ could be obtained
from the mercury injection tests.

The total pore volume determined from mercury injection tests
‘ØHg’ is mostly higher than that obtained using the water injection
‘ØW’ which controls the formation factor. This can be related to
the presence of some micropore spaces, which are accessible to the
mercury injection at high pressure but not for the water injection
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Table 4. A comparison between directions of the maximum pore lineation obtained by the different used
techniques.
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Electric pore fabric of the Nubia sandstones 693

at low pressure. Therefore, using ‘r’ obtained from the mercury
injection is mostly representative for pore volume higher than that
occupied during measuring the formation factor. So, eq. (13) should
be adopted by a multiplication factor ‘b’ as follows:

k = b ×
(

r 2

8
×

( a

F

) 1
m
)

+ c, (22)

where, ‘b’ is a multiplication factor and ‘c’ is a constant; values of
c and b depend on the difference between ØHg and øW.

From this study, the average formation factor F ′ was calculated
in terms of ‘ØW’ values with lithology factor ‘a’ and cementation
exponent ‘m’ equal to 3.37 and 1.40 (eq. 16), respectively.

By substituting for ‘a’ and ‘m’ in the last equation we get

k = b ×
(

r 2

8
×

(
3.37

F ′

)0.71
)

+ c. (23)

Nabawy et al. (2009b), studied the pore throat distribution of the
Nubia sandstones and determined their corresponding pore radius
‘r’ distribution. They plotted the Hg saturation versus the Hg satu-
ration divided by the applied pressure and defined a main apex of
the obtained hyperbola at average value equals to 45.2 per cent Hg
saturation and correspondent pore radius rapex at 8.4 μm which is a
representative average pore radius.

Using the rapex and the average true formation factor data enabled
us to calculate permeability in μm2 with a high reliability. To check
the reliability of the proposed model, the calculated kc is plotted
versus the measured km (Fig. 13).

Two sets of samples could be distinguished; each set follows a
definite trend for the calculated and measured permeability with a
very high reliability. For both sets, the constant ‘c’ is more or less
similar, whereas the ‘b’ factor is the effective parameter.

The first set is characterized with b < 1 (corresponds to samples
have a low difference between ØHg and ØW), whereas for the other
one b > 1 (corresponds to samples have a high difference between
ØHg and ØW). Therefore, the multiplication factor ‘b’ is dependent
mostly on the present volume of micropore spaces, which is ac-
cessible for the mercury injection but not accessible for the brine
solutions during the electric measurements.

Although ‘rapex’ is a bulk average value, testing the proposed
model for ‘k’ and ‘F’ measured through the vertical and horizontal
directions indicates applicability of this model not only for the bulk
sample but also along the different directions.

Figure 13. Plotting the calculated permeability (kc) versus the measured
bulk permeability (km).

6 C O N C LU S I O N S

The Nubia sandstones are highly porous quartz arenite similar in
their petrophysical behaviour, so they were processed as one thick
petrophysical facies. In general, the maximum true formation resis-
tivity factors were detected mostly through the perpendicular direc-
tions, whereas the minimum values are scattered through the differ-
ent horizontal and vertical directions. The highly porous rocks act
electrically like a homogeneous medium and their obtained electric
fabrics are raised mainly from the anisotropy of their pore shapes.

The electric pore fabric is ranked as slightly to moderately
anisotropic fabrics raised mainly from the electric foliation.

Conducting the electric pore fabric technique revealed two con-
sistent directions, which were assigned as preferred directions for
the fluid migration paths, one swinging to the N–S direction and the
other refers to the E–W.

Applying the magnetic pore fabric technique can easily define
the pore elongation but cannot detect cracks which form negligible
part of the total pore volume. On the other side, the electric fabric
technique refers to the easiest way in which the electric current can
go through, that is, the shortest one. It can easily detect cracks rather
than the pore elongation.

The highly porous nature of the present rocks may limit the
efficiency of the present technique by giving rise to low to very low
electrical resistivity values with negligible differences.

Directions of the maximum permeability obtained from the 3-D
measurements could be easily related to the directions of the electric
pore lineation rather than the magnetic one.

The authors believe that, the efficiency of the present technique
could be increased by more permeability measurements in addi-
tional directions.
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