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SUMMARY

Pore magnetic fabric is a well-established technique for the determination of pore elongation
and preferred directions for migration of the interstitial fluids. This study further exemplify
this technique on a set of the Nubia sandstones through a comparison with the pore anisotropy
obtained from measuring permeability in three orthogonal directions in a gaz permeameter.
The Nubia sandstones are represented in Tushka area (South Egypt) by quartz arenite of large
porosity (29-40 per cent) which was measured on thin sections parallel and perpendicular to
the bedding plane and petrophysically by helium pycnometry and ferrofluid injection at 1 bar
pressure.

Petrographically, there is a detectable difference between the porosity values in the bedding
plane and in the perpendicular direction indicating inhomogeneity in the pore space network
distribution.

The petrophysical studies indicate large porosity and permeability values with some differ-
ences between the helium and ferrofluid porosity due to presence of micro pore spaces not
accessible for the ferrofluid molecules having relatively high diameters and injected at low
pressure.

An overall agreement is observed between the permeability anisotropy and the magnetic
grain and pore fabrics (magnetic anisotropy measured before and after ferrofluid injection).
The three fabrics are mainly dominated by a bedding parallel foliation. In a few cases maximum
permeability appears to be perpendicular to bedding. Within the bedding plane, maximum pore
elongation direction from ferrofluid injection is NNW for Adindan and Kesieba formations
and NW for Abu Simbil Formation. The maximum pore elongation direction for Abu Ballas
samples showed a direction fluctuating around the E-W direction, the main fault trends in
Tushka area. The pore fabric of Abu Ballas formation seems therefore to be structurally
controlled, while it would be originated from palacocurrent directions in the other formations.

GJI Geomagnetism, rock magnetism and palaeomagnetism
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INTRODUCTION

The main aims of this study are to delineate the permeability and
magnetic pore fabrics of the Nubia sequence in Tushka area (south
Egypt). The studied area is located between Lat. 22° and 22°45'N
and Long. 30°45" and 31° 45’E (Fig. 1). It is covered mainly by the
Nubia sandstones as a type section for these rocks. They extend
from south of El-Nuba to the north and could be differentiated into
several formations. They have been extensively studied for several
decades due to their regional extension and their identification as
the most strategic aquifer and reservoir in Egypt. The Nubia sand-
stones unconformably overly basement rocks and are covered by
Quaternary deposits. These sandstone rocks are highly porous with
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an average bulk porosity of 20 per cent, excluding any secondary
porosity introduced by fracturing (Robinson et al. 2007). Neither
detailed magnetic nor petrophysical studies but some sedimento-
logical and structural studies have been carried out on the Nubia
sandstones in south Egypt.

Sedimentary porous rocks could be simulated as two sets of ellip-
soids, representing the grain and pore anisotropies. The pore spaces
are the main control for the storage capacity of aquifers and reser-
voir rocks (Nabawy & El-Hariri 2008). Therefore, determination of
the elongation of the pore spaces in the 3-D is a main target for the
workers in the economic fluids field, for example, in gas, petroleum
and groundwater exploration, in particular to detect the preferred
direction for economic fluid migration.
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Figure 1. Location map of the studied Nubia Sandstone sections in Tushka area, south of Egypt (modified from EGPC-CONOCO 1987; Thabit 1994).

This target might be achieved by measuring the pore magnetic
fabric of the studied rocks (Pfleiderer & Halls 1993; Durrast &
Siegesmund 1999; Benson et al. 2003).

The spatial variation in the magnitude of the magnetic suscep-
tibility with the different orientations of the rock is defined as the
Anisotropy of Magnetic Susceptibility, AMS (Ising 1942). This
property reflects the preferred orientation of magnetic minerals in
rocks, that is, their magnetic fabrics. Such magnetic fabric has been
found in full agreement with the petrofabric (Rathor 1975; Wood
et al. 1976; Rochette et al. 1992; Tarling & Hrouda 1993).

Since AMS measurements constitute a second rank tensor, a mag-
netic anisotropy triaxial ellipsoid can be constructed; its orientation
is described by x; > x2 > x3 which are its principal maximum,
intermediate and minimum axes, respectively. Due to measurement
speed, precision, low cost and range of applicability, AMS can be
used adequately in petrofabric and structural studies (Hrouda 1982;
Tarling & Hrouda 1993).

The AMS has been in particular used in the investigation of
palaeocurrent in sedimentation basins, where relationships between
the directions of principal susceptibility axes and sedimentary struc-
tures have been found in a good agreement (Hamilton & Rees
1970a,b).

According to Pfleiderer & Kissel (1994), variations of pore ori-
entation, pore shape, porosity and permeability can be determined
using magnetic pore fabric analysis. It is a technique developed for
the study of 3-D orientation and shape anisotropy of connected pore
spaces (Pfleiderer & Halls 1990, 1994; Pfleiderer & Kissel 1994;
Hrouda et al. 2000; Benson ef al. 2003; Benson 2004). These pores
are injected with a magnetic suspension (ferrofluid) then measured
for ‘AMS’ of pore spaces. Like grain fabric, maximum suscepti-
bility will be parallel to the preferred direction of pore elongation.
Any anisotropic shape of pore bodies will also cause anisotropy of
magnetic susceptibility which in turn, helps in assessing the average
shape and statistical alignment of pores (Pfleiderer & Halls 1993,
1994). The magnetic pore fabric technique is adapted to study suffi-
ciently permeable rocks, that is, with permeability K > 103 darcy
(Pfleiderer & Halls 1990).

On the other side, porosity (@) is a ubiquitous feature of sedi-
mentary rocks; it is defined as ‘the percentage of pore volume to
the total volume of the sample’. It originated from the fact that at
the time of deposition the detrital grains are in tangential contact,
leaving large empty volumes. As a result of precipitation and filling
of the pore spaces and other diagenetic changes, porosity may be
enhanced or decreased during geological history.
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Laboratory experiments reveal that the major parameters enhanc-
ing porosity are dissolution and leaching of cement, fracturing and
weathering, volume changes and recrystallization, as well as grain
sorting, roundness and sphericity. In contrast, porosity is decreased
by cementation and precipitation from hydrothermal solutions, the
type, amount and distribution of the authigenic clay content, meta-
morphism, as well as orientation, packing and compaction with
depth (Ragab et al. 2000). Porosity that evolves from the superpo-
sition of these processes exhibits a complex geometry and fabric.
This is important, since the void space of rock and its geometry is
a key control on other mechanical and physical properties, for ex-
ample, Lo et al. (1986), Jones & Meredith (1998), Rasolofosaon &
Zinszner (2002), Benson (2004), Benson et al. (2005), Louis ef al.
(2005) and Jones et al. (2006).

According to Levorsen (1967), porosity of reservoir rocks have
been classified into: (1) negligible (@ < 5 per cent), (2) poor (5 <
@ < 10 per cent), (3) fair (10 < @ < 15 per cent), (4) good (15 <
@ < 20 per cent) and (5) very good (20 < @ < 25 per cent).

Increasing the volume of the contained pore spaces (porosity)
decreases values of the bulk density, which is controlled mainly
by the mineralogical composition as well as by the pore spaces of
rocks.

Permeability is mostly defined as ‘the ability of the porous rocks
to transmit fluids under certain pressure gradient’, it is measured in
darcy or m? (Pettijohn 1984). According to Pettijohn, permeability
of consolidated rocks, is mostly influenced by: (1) the amount of
the swelling clays; (2) the ability of the rock to retain the pore
water in situ as irreducible water (Swi,); (3) channel diameter; (4)
wettability; (5) porosity type and (6) tortuosity and complexity of
channels (7).

According to Levorsen (1967), sedimentary reservoirs have been
classified according to their permeability as: (1) fair (1 < K <
10 md), (2) good (10 < K < 100 md) and (3) very good (100 < K
< 1000 md).

SAMPLING AND MEASURING
PROCEDURES

Sampling has been carried out in 4 sites, the Adindan type section,
the Abu Simbil type sections (two composite sections), the Abu
Ballas section (on the Abu Simbil-Tushka way) and Kesieba section
along Drab El Arbein-Tushka way (Fig. 1).
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To reveal the mineralogical composition and to estimate the
porosity values in 2-D and its types, a total of 86 fresh and non-
weathered samples were collected in a representative sequence for
the different lithological varieties (12 for Adindan Formation, 30
for Abu Simbil Formation, 38 for Abu Ballas Formation and 6 for
Kesieba Formation). Then, for each sample two thin sections were
prepared in two orthogonal directions, perpendicular and parallel to
the bedding plane.

Impregnation with blue dye and staining with Alizarin Red-S
were carried out for the thin sections to evaluate the present porosity
and to differentiate the carbonates into dolomite and calcite min-
erals, respectively, using Dickson’s technique (1966). Thin sections
were studied for mineralogical analysis using polarized microscope
and point counter to evaluate the percentage of the different com-
ponents.

In addition, 5 fresh non-weathered samples were representatively
selected out of these samples and coated with a thin layer of carbon
and examined using the Scanning Electron Microscope (SEM). The
SEM technique was applied to study and identify in details the types
of pore spaces, the different mineralogical relationships, and types
of clay minerals and their effect on the petrophysical properties.

Further 19 representative fresh block samples (neither weath-
ered nor fractured) were collected from different lithologies and
sequences (Fig. 2) and oriented in the field according to the bedding
plane and to the magnetic north for the purpose of magnetic and
petrophysical studies. Six to seven cylindrical samples per block
were drilled vertically into 25 mm diameter by 22 mm length con-
forming the standard sample length/diameter ratio of 0.88 required
for the AMS and pore fabric measurements (Banerjee & Stacey
1967; Noltimier 1971). A total of 125 core samples were then ob-
tained for measuring the grain and pore AMS.

Due to the very low magnetic susceptibility of the studied sam-
ples, close to the noise level of the used bridge, measuring the
anisotropy of magnetic grain susceptibility for the present samples
was conducted using the Multi Functions Kappabridge (MFK1-FA).
The bridge measures magnetic susceptibility along the ‘z’-axis with
a sensitivity of 10~® SI units. Samples were sequentially rotated
into 3 orthogonal orientations, with a measurement made in each
orientation. Then the AMS ellipsoid could be characterized by its
three principal magnetic susceptibility values (x 1, x 2, x 3) and their
orientation (declination and inclination values).

Following the recommendations of Ellwood et al. (1988) and
Tarling and Hrouda (1993), the following set of parameters were

For Grain Magnetic
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Figure 2. Coring procedure for both the magnetic and petrophysical fabric assignment.
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used to define ‘AMS’ ellipsoid of rocks under study:

(Mean susceptibility,
Nagata 1961)

x=01+x2+x3)3

Linag = X1/X2 (Magnetic lineation,

Balsley & Buddington 1960)
Frag = X2/X3 (Magnetic foliation,

Stacey et al. 1960)
Prag = X1/X3 (Magnetic anisotropy,

Stacey et al. 1960)
(Ellipsoid shape,

Jelinek 1981)
(Shape parameter,

Granar 1958)

T=[2In(x2/x3)/In(x1/x3)]-1

g=1—x2)/[(x1+x2)/2~-x3]

The primary magnetic fabric parameters fall within specific
ranges, such as 0.06 < ¢ < 0.69 and the ‘imbrication angle’, the
angle between horizontal and the plane of maximum-intermediate
susceptibility, is less than 20° (Rees 1966; Crimes & Oldershaw
1967; Hamilton & Rees 1970a, b; Rees & Woodball 1975).
g-values outside these ranges can generally be attributed to cor-
ing disturbances, bioturbation and deformation. In addition, the
depositional magnetic fabrics of most subaqueously deposited sed-
iments are characterized by oblate susceptibility ellipsoids; there-
fore T, the shape parameter (Jelinek 1981), is strongly positive,
usually approaching 1.0. When the value of T-parameter is negative
(-1 < T < 0), it indicates tensional deformation giving rise to
prolate ellipsoid.

In a trial to have more information about the magnetic carriers
within these block samples, five samples were selected representing
the studied formations and to determine their hysteresis properties
using the MicroMag VSM in 1 Tesla maximum field.

Porosity (@) of the dry core-shaped samples was measured suc-
cessively by two saturation methods using two fluids: (1) helium
injection at 1.2 bar pressure using a helium pycnometer and (2)
ferrofluid injection at 1 bar pressure using evacuation.

The bulk volume (7',) and dry weight of 19 selected core samples
(W 4) were measured using a precision caliper (0.1 mm precision)
and an electronic balance (0.1 mg precision), whereas the grain
volume (V) of the samples was measured using the helium pyc-
nometer, and the following equation:

78.899
1—(P/P)
where, P, and P, are the injection pressures and the relaxation
pressure, respectively.

Three measurements were carried out for each sample and the
final arithmetic mean was then calculated. The V', is then substituted
in the following equation:

(Vb - Vg)

b

Ve = 34.989 +

gHe =100 x

Then after measuring the porosity using helium injection, the same
19 samples were evacuated using an evacuation chamber down to
—1 bar (-101 kPa) and injected by a ferrofluid of density pp. =
0.895 g cm 3. The ferrofluid or magnetic fluid is a stable colloidal
solution of superparamagnetic magnetite nanoparticles (1-10 nm
range) suspended in a solvent. Each particle is covered by insulating
material to avoid coagulation of particles. The fluid behaved as
a strongly magnetic homogeneous and isotropic media under the
action of the magnetic field. Therefore, its magnetic anisotropy will
directly reflect the shape of the injected pore spaces.

In order to avoid overloading sensitive susceptibility bridges, it
is common practice to use diluted ferrofluid when studying high
porosity rocks (e.g. Benson ef al. 2003; Benson 2004). On the
other side, Jones et al. (2006) approved a concentration threshold at
approximately 50 per cent concentration below which the equivalent
pore concept (EPC) method of Hrouda ef al. (2000) ceases to work
reliably. Hence, we used a 50 per cent ferrofluid concentration for
the present AMS studies.

The ferrofluid-injected samples were weighed again in the satura-
tion state (W) and their ferrofluid porosity (D ) was then calculated
using the following equation.

(Ws — Wd)

Vi) X PFe '

Pore space-anisotropy of magnetic susceptibility (pAMS) for the
present samples was then measured using the Kappabridge (K1Y-2)
magnetic susceptibility bridge. Samples susceptibility was mea-
sured in 15 different orientations. A least-square routine was then
applied to fit a magnetic susceptibility ellipsoid to the data (Jelinek
1978).

Further additional 57 representative core samples were machined
from the 19 block samples (3 samples/block) for permeability mea-
surements. Since permeability measurements do not provide a sec-
ond rank tensor, so the core samples were drilled in orthogonal
directions (one sample taken vertical to the bedding plane, whereas
the other two samples were drilled along the NE and NW directions
within the bedding plane, Fig. 2). The choice of NE and NW direc-
tions were determined by the present magnetic pore fabric results.
The length (L) the cross sectional area (4) of the core samples were
measured using a caliper. Permeability measurement was conducted
using a Ruska Gas permeameter; the core sample was introduced
into a Hasler type core holder with the outer frame sealed to prevent
bypass using pressure of 27.58 bar (400 psi). Dry nitrogen of viscos-
ity u was injected through the sample at a constant pressure. Taken
into consideration the atmospheric pressure (P,), the pressure dif-
ference between both sides of the sample (where P is the upstream
pressure and P is the downstream pressure) and the flow rate (Q),
permeability was then calculated using the following equation.

20000 QL P,
A(P} - P})

QFe =100 x

K =

LITHOSTRATIGRAPHY AND
MINERALOGICAL COMPOSITION

The Nubia sandstones in their type sections in south Egypt have been
studied by many authors, for example, Said (1962), Issawi (1973,
1978), Issawi & Jux (1982), Klitzsch (1979), Hermina et al. (1989),
Hendriks (1988), Issawi & Osman (1993) and Thabit (1994).

From the field observations and taking into consideration the
previous studies, the Nubia sandstones in their type sections and
localities in southwest Egypt between latitudes 22°00” and 22°45'N
and longitudes 30°45’ and 31°45" (Fig. 1) could be distinguished
from top to bottom into five formations:

V. Kesieba Formation (Campanian—Maastrichtian)
V. Sabayia Formation (Albian—Cenomanian)

III. Abu Ballas Formation (Aptian—Albian)

1. Abu Simbil Formation (Valanginain—Barremian)

L Adindan Formation (Jurassic—Valanginain)
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Figure 3. Schematic composite lithostratigraphic column of the Nubian
sandstones in Tushka area, south Egypt.

Due to the significant deformation occurring after deposition of
Sabayia Formation, it has been largely eroded in the studied area.
Therefore, Sabayia Formation was not included in this study. From
the field studies a composite lithostratigraphic column has been
sketched for the studied Nubian formations (Fig. 3).

The Nubia sandstones have a more or less similar and homoge-
neous lithological composition through the entire sections in their
type sections in Tushka. They show relatively little variation in de-
positional environment frequently accompanied with deposition of
some oolitic ironstone beds at the top of each cycle of deposition
(Fig. 4A) and some times filling joints and fractures. They are af-
fected by many sets of joints and fractures (Fig. 4B), which may be
attributed to tectonic events or to the arid weather. Several studies
have dealt with the structural setting of Tushka area, for example,
Mousa (1984), Thabit (1994) and ElSorady & Abdallah (2001).

According to Thabit (1994), the normal faults are the main struc-
tural features observed in the Tushka area; he arranged the observed
faults in decreasing order of abundance as follows:

(1) E-W (N70°—90°E),
(2) N40°—50°E and N60°—70°E and
(3) N40°—50°W and N10°—20°W.

Petrographically, the Nubia sandstones are similar in composition
through the different formations; they are composed of ill sorted,
fine to coarse and rounded to angular quartz grains cemented to-
gether by silica cement, mostly represented as gravity/meniscus
cement. Rare relics of calcite and sometimes fossil remains were

© 2009 The Authors, GJI, 177, 43-61
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G (H)

Figure 4. Photomicrographs of Nubian sandstones from type sections in
south Egypt, the injected resin filling pores is dyed blue; (A) a banded
oolitic ironstone (OIB) bed due to intensive tectonism, Abu Ballas For-
mation; (B) highly fractured blocky sandstones of Abu Ballas Formation.
Panels (C)—(F) are photomicrographs show; (C) Much iron oxide patches
(I0) masking micro/matrix and intergranular porosity, Abu Simbil Forma-
tion, PPL; (D) Much intergranular porosity (IGP). Some authigenic kaolinite
booklets (Kao) partially filling pore spaces and cementing the quartz grains,
the base of Abu Simbil Formation, PPL; (E) Intensive dissolution of quartz
grains giving rise to skeletons of grains increasing the fracture and intragran-
ular porosity (FINP) with some quartz grains have wavy extinction (WQz)
due to compression forces, top of Adindan Formation, CN; (F) Angular
to rounded quartz grains, with vuggy porosity (VPo), Adindan Formation,
PPL. Panels (F) and (G) are SEM images show the characteristic structure
of the iron oxides and clay content of the Nubia sandstones; (G) Some
iron oxide filaments like sea stars (FeF) and some kaolinite booklets filling
the pore spaces (KaB), top of Abu Simbil Formation and (H) Iron oxide
accumulations in filament rose-like structure, top of Abu Simbil Formation.

noticed in Abu Ballas and Kesieba formations probably indicating
that primary cement has been leached during diagenesis. The silica
cement could be assigned as gravity cement and/or filling vuggy
porosity. Cementation by silica was not sufficient to obliterate the
high storage capacity of the present rocks, and just attached the
grains together, sometimes slightly reducing porosity values. Some
iron oxides, mostly as pigments (<5 per cent, Fig. 4C) and clay
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content (<5 per cent) are disseminated within the cement, partially
filling and lining the pore spaces and sometimes cementing the
quartz grains together (Fig. 4D).

The diagenetic history of the present sandstones seems to be
complex and mostly obliterated. Cementation by silica is the most
common feature; it is not uniform through the vertical and horizontal
petrographical sections. Therefore, determination and comparison
of porosity values in both the perpendicular and parallel directions
to the bedding plane gave a detectable pore fabric’s anisotropy.
Porosity-decreasing diagenetic processes are mostly represented by
compaction and pressure solution which have acted for a long time.
However, the very good to excellent porosity values indicate that
these processes were not efficient or compensated by the subsequent
periods of dissolution and leaching out. The compaction and pres-
sure solutions could be indicated by fractured quartz grains, some-
times internally deformed, with wavy extinction. The quartz grains
are mostly in point contact, and sometimes in suture or concave—
convex contact position (Fig. 4E).

On the other side, dissolution and leaching out are the main
porosity-enhancing diagenetic factors giving rise to excellent poros-
ity (Fig. 4F) and permeable paths for pore fluid movement. Follow-
ing Levorsen’s classification (1967), macro porosity measured on
thin sections of the Nubia sandstones are ranked as good to very
good. It varies between 20 and 35 per cent in the horizontal direction
and between 15 and 25 per cent in the vertical direction indicating
inhomogeneity in distribution of pore spaces. The pore spaces of the
Nubia sandstone samples could be separated into: (1) intergranular
porosity (Fig. 4D), (2) vuggy porosity (Fig. 4F), (3) fracture and
intragranular porosity (Fig. 4E) and (4) matrix porosity, masked by
the iron oxides (Fig. 4C).

Petrographically, investigation of pore fabric is not frequently ap-
plied, even though it may match the potential macro pores accessible
by the economic fluids. Comparing the porosity values in both ver-
tical (@y) and horizontal (@) directions may introduce an over all
view for the porosity anisotropy (Ap) in these directions. By using
the following equation, it was revealed that porosity anisotropy (i)
is ranging between 1.15 and 1.83 with average values equal to 1.30
for Adindan Formation, 1.52 for Abu Simbil, 1.20 for Abu Ballas
Formation and 1.50 for Kesieba Formation.

_%n

ov
The obtained anisotropy values could be attributed mainly to the
load pressure. Nevertheless, it is worth mentioning that, even though

this petrographical tool can introduce an over all view on the
anisotropy of pore space distribution in 2-D, it is unable to esti-

Ap

mate the matrix/micro pores which may sometimes form more than
20 per cent percent of the total pore spaces. Moreover, the chaotic
distribution of iron oxides and authigenic clay content in the pore
spaces increase the inability of this tool to introduce a real estima-
tion for the total pore spaces.

From the SEM studies, it could be stated that the clay content
in the Nubia sandstone formations is represented mainly by authi-
genic kaolinite booklets filling the pore spaces (Fig. 4G), whereas
the present iron oxide minerals are represented by hematite and
sometimes goethite. The iron oxides exhibit filament rose- and sea
star-like structures (Figs 4G and H:).

Following Ketzer et al. (2005), the kaolinite booklets of the Nubia
sandstones have been formed in situ by diagenetic alteration of a
probably smectitic precursor, which was mechanically infiltrated in
the vadoze zone.

According to du Bernard & Carrio-Schaffhauser (2003), the oc-
currence of this type of clay cementation during early diagenesis
can prevent or delay deep burial diagenetic processes and therefore
preserve excellent reservoir properties.

MAGNETIC GRAIN FABRICS
(PRE-INJECTION)

The studied sandstone samples showed rather similar magnetic grain
fabrics through the whole sandstone sequence. With the exception
of few sites, the original pre-injection magnetic susceptibility values
are low to very low and homogeneous (Table 1). The combination
of very low diamagnetic and para- or ferromagnetic susceptibilities
may lead to inconsistent AMS ratios. This is clearly demonstrated
by the largest anisotropy ratio are observed for the weakest mean
susceptibility values. Therefore, we used the corrections proposed
by Rochette (1987) and Rochette er al. (1992) for the diamagnetic
susceptibility value as follows.

L;nag = (Lmag X x2 + 14)/(X2 + 14)’

Fr;mg = (X2 + 1.4)/(X2/Fmag + 14);

where x> = (3 X Xm)/(Lmag + 1 + 1/Fag) and

Pr;‘lag = L:'nag X Fr;‘lag’

where xm is the mean susceptibility values, L, is the corrected
magnetic lineation, /7, is the corrected magnetic foliation whereas
P 18 the corrected magnetic anisotropy (Rochette 1987; Rochette
etal. 1992, Fig. 5).

These corrections were proposed mainly for the magnetic suscep-
tibility inducted from the quartz grains, which is the main compo-
nent of Nubia sandstone samples. Such correction gave rise to more
homogeneous data, particularly for the P and T values. Both the
original uncorrected and the corrected grain fabric data are listed in
Table 1.

The measured magnetic susceptibility, x, ranges from 0.72 to
22.5 x 1073 SI with the corrected anisotropy degree, Pag» Varies
from 1.019 to 1.096, L, from 1.002 to 1.027 and F7,,, from 1.014
to 1.083 (Fig. 5). T-values indicate mostly planar fabrics, ranging
between —0.313 (only three sites showed negative values) and 0.839,
with P’ for most sites being less than 1.05 (Fig. 6). On the other
side, g-values vary from 0.101 to 0.988 with average 0.377, within

the range of primary fabrics.
Hence, the studied AMS grain fabric mostly have magnetic

anisotropy less than 5 per cent, positive 7-values and g-values less
than 0.69 indicating depositional foliated and primary fabrics which
could be attributed to depositional currents. From the petrographical
studies and the field observations, these fabrics could be attributed
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Table 1. Pre-injection magnetic grain fabric data for the studied Cretaceous Nubia sandstones.
Formation  Site X Prnag P;nag Linag L;nag Frag F, ;nag T T q Dmax  Imax Dint Iint Dmin Imin
Kesieba formation
Ks3 7.64 1.071 1.060 1.010 1.008 1.061 1.051 0.716 0.711  0.158 39 2 309 0 216 88
Ks2 072 1.141 1.046 1.065 1.022 1.072 1.023 0.064 0.028  0.656 203 26 300 13 53 61
Ks1 1.52 1.053 1.049 1.025 1.013 1.070 1.035 0.048 0.457  0.636 72 2 163 25 337 64
Abu Ballas formation
Abs6 172 1.041 1.038 1.004 1.004 1.037 1.034 0.810 0.802  0.101 225 9 133 12 348 75
Abs5 225 1.102 1.096 1.015 1.014 1.086 1.081 0.703 0.694  0.691 112 11 204 10 337 75
Abs4 358 1.075 1.061 1.010 1.007 1.075 1.053 0.712 0.756  0.160 199 10 106 14 322 73
Abs3 227 1.052 1.031 1.004 1.002 1.047 1.029 0.829 0.839  0.092 174 12 265 3 8 78
Abs2 291 1.056 1.037 1.014 1.009 1.041 1.027 0474 0.483 0310 57 12 153 26 305 61
Abs1 090 1.117 1.044 1.058 1.023 1.055 1.021 —0.025 —0.043 0.714 191 7 93 46 287 43
Abu Simbil formation
Am7 259 1.063 1.040 1.011 1.007 1.051 1.033 0.629 0.636  0.210 32 7 126 24 287 65
Am6 488 1.046 1.036 1.004 1.003 1.042 1.032 0.82 0.822  0.096 196 1 106 15 288 75
Am5 11.1 1.024 1.020 1.004 1.004 1.019 1.017 0.618 0.650  0.213 145 6 235 3 351 83
Am4 261 1.064 1.042 1.042 1.027 1.022 1.014 —-0.308 —0313 0.988 215 17 120 16 350 67
Am3 083 1.051 1.019 1.013 1.005 1.038 1.014 0.491 0479  0.298 191 18 88 35 303 49
Am2 233 1.157 1.094 1.016 1.010 1.138 1.083 0.776 0776 0.127 247 1 337 3 139 87
Am1 098 1.057 1.023 1.020 1.008 1.036 1.015 0.273 0.275 0.454 209 11 300 6 59 77
Adindan formation
Ad3 158 1.038 1.035 1.011 1.010 1.027 1.025 0.42 0.417  0.345 9 0 99 7 276 83
Ad2 323 1.068 1.052 1.007 1.005 1.068 1.047 0.786 0806  0.117 44 7 135 7 269 80
Adl 213 1.067 1.040 1.037 1.022 1.029 1.017 —0.116 —0.126 0.789 44 6 134 0 224 84

Notes: x , magnetic susceptibility x 103 SI units; Prnag, anisotropy degree; Lmag, magnetic lineation; F'iag, magnetic foliation; Dax and /max, declination
and inclination of K nay; 7, ellipsoid shape; Djn and /iy, declination and inclination of Kiy; ¢, shape parameter; Dyin and [ yin, declination and inclination of

Kmin and P', L', F’ and T are the corrected values for P, L, F and T, respectively.
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Figure 6. The corrected magnetic grain anisotropy (P;nag) plotted against
the corrected ellipsoid shape (7”) values of the magnetic grain fabrics for
the Nubia samples.

also to post diagenetic iron oxides-bearing hydrothermal activities
invaded the Nubia sandstones. The invaded hydrothermal solutions
dissolved and injected some iron oxides into the pore spaces as a
diagenetic component, stained the quartz grains and mostly led to
dissolution of feldspars and quartz grains leaving behind skeletons
of exhausted quartz and some authigenic clay content (Figs 4G and
H:). Although some hand samples are brownish-coloured and ac-
cumulations of some iron oxides could be noticed petrographically,
the studied samples have very low to low magnetic susceptibility
indicating a staining by hematite in the studied samples rather than
accumulation of important volume of iron oxide.

The plot of stratigraphic height against the corrected magnetic
lineation, foliation and the magnetic anisotropy (Fig. 7), shows
a similarity between curves of both the magnetic foliation and
anisotropy, but no comparable relation with the magnetic lineation.
There are no systematic changes of the magnetic fabric parame-
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ters with increasing height. This plot together with the X—Y plot of

mag — Pinag €nSUres that the magnetic foliation is the main con-
tributor to the magnetic anisotropy. In other words, the compaction
due to the load pressure was not enough for controlling the ob-
tained magnetic anisotropy; it was only the continuous injection by
hydrothermal solution.

The corrected pre-injection maximum, intermediate and mini-
mum grain magnetic susceptibility directions were plotted on the
equal area lower hemisphere stereographic plots as in Fig. 8. It shows
well-grouped vertical minimum susceptibility axes and a more or
less consistency of the maximum susceptibility directions for the
Adindan Formation along the NE-SW direction, which may be
used as an indication of fluvial deposition through a palacocurrent
flowing mostly in this direction (Fig. 8A).

Plotting x directions for both Abu Simbil and Abu Ballas forma-
tions, show similar behaviour (Figs 8B and C,). Both show a good
distribution of the maximum and intermediate magnetic susceptibil-
ity directions along the bedding plane with imbrication angle <20°
and clustering of x min that were slightly deviated and elongated
in the NW-SE direction, indicating a palaeocurrent has flowed in
the NE-SW direction perpendicular to the deviated y i, clustered
directions. This deviation is due to the deposition by palaeocurrent
of relatively high speed causing rolling the grains in the NW—SE
direction.

Upwards at the top of the studied section, Kesieba Formation
(Campanian—Maastrichtian) shows a return into the relatively quiet
palaeocurrent conditions prevailing at the base of the Nubia sand-
stones with again a good clustering of y ., around the vertical axis
and scattering the maximum susceptibility directions along the bed-
ding plane (Fig. 8D). The distribution of the magnetic susceptibil-
ity directions indicates the same palaeocurrent direction, NE-SW,
stated for Adindan Formation.




50  B. S. Nabawy, P Rochette and Y. Géraud

Corrected Magnetic Corrected Magnetic Corrected Magnetic
% Lineation (L'y,,) Foliation (F',,,,) Anisotropy (P'y,,)
m.
A 250 |
8 gg 240 o— ]
A 4 230 r
T ; 220 b -
! & — =
o é 200 E :-.
l F 180
180
9 170 ') !
160 F
150 - i
; g1 L f’/
& = 130 i
L E gm | 7
= 110 - /
.'g; 100 !
80 k\
80 —1
70 . =T - --_____—__'
x 60 r
& = '\ \ \
# 40 \'\
a g 30 )
by 20
< 1 #
- 0 L] q/ [
100 101 102 103 [1.00 102 1.04 1.06 108 1.10 [1.00 1.02 1.04 106 1.08 1.10
v F P

Figure 7. Vertical matching and correlation of the corrected magnetic grain parameters for pre-injection fabrics of the Nubia sandstones.

The imbrication angles for the different plots (<20°) indicate a
more or less horizontally and non-tilted fabrics through the entire
sequence of the studied Nubia sandstone (Fig. 8), which reveals a
gentle slope fluvial to deltaic regional system.

Therefore, it could be concluded that a regional palacocurrent
flowing mostly in the NE direction was responsible for deposition
ofthe Nubia sandstone formations in Tushka area; this palacocurrent
had a more or less gentle slope, may be due to deposition into a delta
system. In addition, the relatively higher speed of the palacocurrents
prevailed during the deposition of both Abu Simbil and Abu Ballas
formations may indicate a sea regression phase during this period.

Finally, the magnetic carriers of the magnetic grain fabrics of
the Nubia Sandstones were determined in five selected samples
by hysteresis measurements. The low and high field magnetic sus-
ceptibility values reveal that the magnetic susceptibility is mainly
carried by the ferromagnetic grains, which therefore likely domi-
nate also magnetic anisotropy. High field susceptibility is diamag-
netic (quartz) in two samples and paramagnetic (clays and goethite)
for the other level in Abu Simbil samples. The hysteresis param-
eters after high field slope correction points clearly to hematite or
goethite: M /M ranges from 0.35 to 0.75, B.,/B. from 1.3 to 6.1
with B from 185 to 556 mT. Then “saturation” remanence (in
3 Teslas) was demagnetized firstly at 120 °C, then at 120 mT. It
clearly points to goethite—hematite mixture in Adindan Formation,
dominant hematite in Abu Simbil samples and dominant goethite
in the Abu Ballas-Kesieba sequence.

PORE NETWORK FABRICS
(POST-INJECTION)

A number of techniques have been proposed that aim directly to
measure pore space geometry. In this study, we tend to approach the
investigation of the void geometry in two different but interlinked
methods; magnetic and petrophysical pore fabric techniques.

The helium porosity (Qg.) of the studied samples varies between
25.8 and 40.8 per cent with an average of 33.5 per cent (Table 2).
Then, later to the injection process, the ferrofluid porosity (D)
was determined; it varies between 19.8 and 34.5 per cent of average
26.7 per cent.

The measured @y, values were plotted versus the measured Q.
(Fig. 9); it indicates a good direct proportional relationship between
both data. This relationship could be expressed in a linear equation
as follows.

fre= 0900 — 3.53  (r = 0.80).

On the other side, the mean bulk density values could be related to
the helium porosity values measured (r > —0.77) rather than that
measured by ferrofluid injection (» < —0.69, Fig. 10).

Ferrofluid injection

Ore = —19.81p, +64.18 (r = —0.69).
Helium injection
Oue = — 18.37p, +68.83 (r = —0.77)

© 2009 The Authors, GJI, 177, 43-61
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Pre-injection

Post-injection

A) Adindan Formation

Pre-injection
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Figure 8. Equal area lower hemisphere stereographic plots for the corrected maximum (squares), intermediate (triangles) and the minimum (circles) grain
magnetic susceptibility directions for the pre- and post-injection fabrics of the Nubia sandstones. The dashed curves pass through the maximum and intermediate
magnetic susceptibility plots, indicating the imbrication angle, whereas the dashed lines surrounding the minimum values illustrate the clustering of x 3 plots.

Inatrial to follow up the changes in bulk density and porosity against
height, bulk density and porosity values measured by the different
techniques at the low and high-pressure injections were plotted
against height (Fig. 11). Both the density and porosity curves show
a good correlation with height. Porosity values decrease upward,
whereas the density increases upward in a cyclic behaviour between
the formations. In addition, there is image mirror behaviour be-
tween the plot of the bulk density and the measured porosity values
indicating main contribution of the bulk density by the pore spaces.
Although the measured porosity data is correlative in the low and
high-pressure conditions, a detectable difference between the verti-
cal tracing of both types was detected (7—15 per cent) particularly
at the lower and top parts.

So a question that could be raised is: why there is a difference
between the two determined porosity values for the same rock
sample? The main reason is the presence of micro pore throats
of diameter less than that of the ferrofluid suspension, so the
ferrofluid molecules cannot pass through and a number of dead
pores will be raised. The fact that helium injection better measures

© 2009 The Authors, GJI, 177, 43-61
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the total porosity is reflected by its better correlation with bulk
density.

The post-injection magnetic susceptibility/magnetic permeabil-
ity values are relatively high to very high, and vary from 7.53 to
13.1 x 1072 SI of average 10.4 x 1072 (Table 2). These high X pore
values could be attributed to the very high porosity values, that
is, much more invasions by the ferrofluid through the pore spaces.
Both porosity data were then plotted versus the raised post-injection
magnetic susceptibility, x pore (Fig. 12). As it is expected, the rela-
tionship between the ferrofluid porosity and x pore is more reliable
than that with the @y.. Two empirical equations were introduced
presenting the @—x por. relationship as follows.

Xpore = 0.260y. +1.80 (r = 0.62)
Xpore = 0.330g. +1.61 (¥ = 0.90).
In a similarity to the pre-injection case, the data plot against height
indicates a better match between the x pore and O, rather than that

with @y (Fig. 11). The presence of a good similarity between x pore,
Oye and O, logs in the height range of 80-200 m (Abu Simbil-Abu
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Figure 8. (Continued.)

Ballas sequence) indicates homogeneity in distribution of the micro
pore throats, which are not accessible to the injected ferrofluid.

The post-injection anisotropy degree (Ppag) varies from 1.017
to 1.036, Ly, varies from 1.002 to 1.010 and Fyn,g from 1.013 to
1.034. These values are relatively lower than that assigned for the
pre-injection magnetic grain fabric, but have more reliability due to
the relatively high to very high post-injection x pore-

Similar to the magnetic grain fabric, the magnetic anisotropy of
the Nubia sandstones is strongly planar (Fig. 13). T varies between
0.42 and 0.87 with no (Fig. 14), indicating predominance of the
foliated pore fabrics. In addition, g-values vary from 0.069 to 0.344
with average 0.147, which is diagnostic for primary fabrics.

Plotting the magnetic lineation, foliation and magnetic anisotropy
against height, shows a typical similarity between both curves of
the magnetic foliation and anisotropy, with no contribution to the
magnetic lineation (Fig. 15). This plotting together the X—Y plot
Of F'imag—Pmag relationship ensures that the magnetic pore foliation
is the main contributor of the pore magnetic anisotropy. The com-
paction due to the load pressure was not strong enough to control
the foliation of these pores.

The equal area lower hemisphere stereographic plots of the post-
injection maximum and minimum magnetic pore susceptibility di-

rections are shown in Fig. 8. It shows a better clustering of the min-
imum axes around the vertical axis than the pre-injection magnetic
grain fabric and less scattering of the maximum pore elongation
through the bedding plane. Adindan Formation at the base of the
Nubia sandstones shows pore elongation swinging around the NNW
direction (Fig. 8A). The pore fabric elongation of Abu Simbil shows
more scattering through the NW, NE and SE direction with main
direction referring to the NE one (Fig. 8B).

Plotting the principal Xpoe axes for Abu Ballas Formation
(Aptian—Albian), shows a case different from the lower two for-
mations. The pore elongation is mainly clustered around the East
direction, which is one of the main fault trends in Tushka area as re-
vealed by many authors, for example, Issawi (1978), Mousa (1984),
Thabit (1994) and El-Sorady & Abdallah (2001). So, it is believed
that the magnetic permeability (pore elongation) of Abu Ballas For-
mation follows the main fault trend in the study area to the E-W
(Fig. 8C). The pore fabric elongation through Kesieba Formation
at the top of the Nubia sequence is similar to that obtained for
Adindan Formation at the base; it varies around the NNW direction
(Fig. 8D).

After measuring the magnetic pore fabric we cored the
block samples again in three orthogonal directions, one vertical

© 2009 The Authors, GJI, 177, 43-61
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Table 2. Post-injection pore magnetic fabric data for the Nubia sandstones.

Formation Site X pore Pmag Lmag Fmag T q Dinax Imax Din Lint Din Iin Pb OHe OFe
Kesieba formation
Ks3 8.55 1.034 1.003 1.031 0.813 0.100 39 1 129 7 300 83 2.000 29.1 23.2
Ks2 8.99 1.019 1.002 1.017 0.769 0.124 335 2 245 0 153 88 2.193 309 234
Ks1 7.53 1.029 1.004 1.024  0.708  0.160 321 4 230 3 102 85 2.157  31.1 19.8
Abu Ballas formation
Abs 6 12.2 1.027 1.004 1.023 0.700  0.164 129 14 38 3 297 76 1.840 355 333
Abs 5 11.8 1.024 1.002 1.021 0.797  0.108 78 1 168 7 342 83 2.030 360 30.1
Abs 4 12.6 1.017 1.004 1.013 0.559  0.250 89 5 359 1 263 85 1.820 34,6 305
Abs 3 8.65 1.020 1.003 1.017  0.703 0.162 76 6 167 9 310 79 1.900 300 229
Abs 2 12.3 1.036 1.003 1.033 0.845 0.082 104 12 195 2 294 78 1.754 358 31.3
Abs 1 10.4 1.020 1.003 1.017 0.716  0.154 100 12 10 0 279 78 1.709  38.5 26.9
Abu Simbil formation
Am 7 13.1 1.024 1.003 1.021 0.765 0.126 305 1 35 2 196 88 1.664 40.6  34.1
Am 6 9.14 1.035 1.003 1.032 0.803 0.105 45 10 136 6 256 78 2.016 29.6 232
Am 5 12.3 1.028 1.002 1.026  0.843 0.083 184 1 94 3 298 86 1.870  36.5 31.9
Am 4 8.72 1.036 1.002 1.034  0.865 0.071 336 2 246 2 106 87 1.990 330 220
Am3 11.3 1.019 1.003 1.017  0.686  0.172 161 2 71 4 276 85 1.739 384  30.0
Am 2 9.97 1.018 1.004 1.015 0.586  0.233 111 4 202 1 311 86 1.825 335 24.7
Am 1 10.1 1.034 1.010 1.024 0420 0.344 333 7 63 0 156 83 1.682 37.8 292
Adindan formation
Ad3 9.86 1.024 1.003 1.022 0.779  0.118 7 4 97 2 217 85 2.040 289  20.7
Ad2 11.1 1.017 1.003 1.014 0.682 0.174 311 1 41 5 213 85 1.920 303 23.8

Ad 1 9.75 1.029  1.002  1.027  0.869  0.069 307 2 37 6 201 84 1.816  36.8 259

Notes: X pore, post-injection magnetic permeability x 10~2 SI units; pp, the bulk density in g cm ™’ @y, porosity measured by helium injection; and O,
porosity measured by ferrofluid injection. Other denotations as in Table 1.
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The measured values for Abu Ballas refer to a direction swinging
between NE-SW and NW-SE as a main flow direction for half the
samples, whereas the other samples have the highest permeability in
the vertical direction, that is, indicate presence of some permeable
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Figure 9. Measured ferrofluid porosity (@r.) plotted versus the helium
porosity (Qye).

and one along the average pore elongation for permeability
measurements.

According to Levorsen’s (1967) classification for permeable
reservoir rocks, the permeability values of the Nubia sandstones
correspond to very good permeable rocks varying from 109 to
7750 mD (Table 3). The measured bulk permeability values (K})
could be correlated to the helium porosity values (Fig. 16) better
than with the ferrofiuid porosity values. This highlights the role of
some micro permeable pore spaces.

Log Ky = 9440, — 11.37 (= 0.77).

The given empirical equation, nevertheless, only satisfies the
permeability-porosity relationship for the Abu Simbil and Abu
Ballas samples which indicates chaotic distribution of the micro
pore spaces and pore throats in both Adindan and Kesieba samples.

The mean permeability values were plotted against height in
Fig. 11. K-values could be correlated with height, where it de-
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fractures. On the other side, the magnetic pore fabric data of Abu
Ballas Formation refers to a pore elongation extended in the E-W
direction. From the structural studies, Abu Ballas Formation has
suffered many structural events separated it from the underlying
Abu Simbil Formation and caused the removal of the overlying
Sabayia Formation from most places in Tushka area and brought
the Kesieba Formation in disconformity position against it.

Following Nabawy and El-Hariri (2008), measuring permeability
in three orthogonal directions enabled us to match the pore spaces in
the 3-D, that is, to define their anisotropy, elongation and foliation.
Achieving this target, we tend to use the following terms in this
study.

‘Petrophysical pore elongation’ (£}) characterizes the most pre-
ferred direction for interstitial fluid migration and could be de-
fined as ‘the ratio between the maximum and the intermediate
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permeability values’.
Epet = Kmax/Kint-

‘Petrophysical pore foliation” (), on the other side, is a term
used to characterize the plane perpendicular to the flow direction,
it is ‘the ratio between the intermediate and minimum permeability
values’.

Fpet = Kint/Kmin-

The current flow within the rock body in the 3-D is controlled mainly
by the pore elongation and foliation which in turn are controlled
by the pore throat distribution and its complexity, by tortuosity of

the pore channels and by the presence of swelling authigenic clay
minerals. This may reveal the pore phase distribution in the 3-D,
that is, the ‘petrophysical pore fabric’. It is a term refers to ‘the pore
distribution and pore anisotropy (Ay) in the 3-D, it is a resultant
vector of the pore elongation and foliation’.

)‘Pet = (Epet X Fpet)l/z = (Kmax/Kmin)l/z-

The petrophysical pore anisotropy is a real measure for the easiness
of transmission fluids in the flow paths in the 3-D. The measured
petrophysical pore elongation, foliation and anisotropy are listed in
Table 3. To avoid pseudo presentation of these relations and hav-
ing unrepresentative empirical equations, some anomalously high
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Figure 13. Plot of the magnetic pore anisotropy (Pmag) versus the magnetic
pore foliation (# mag).

anisotropy values were excluded away from the processing, for
example, Am 6, Abs 5 and Ks 3. Therefore, the Nubia sandstone
pore spaces have anisotropy values mostly vary from 1.06 to 1.80,
pore foliation varies from 1.04 to 2.06 and the pore elongation
varies from 1.02 to 1.61 (Table 3). Anisotropy of pore spaces (Apet)
is mainly contributed by the pore foliation rather than the pore
elongation (Fig. 17). From this study, some empirical equations
could be used to calculate the anisotropy of pore spaces in terms of
their elongation and foliation as follows.

Apet = 0.63Epe + 0.45 (= 0.66)
Apet = 0.49F e +0.61  (r = 0.80).

The anisotropy values of the measured permeability were plotted
against the height Fig. 15. Comparing the permeability anisotropy
parameters indicate that the petrophysical pore anisotropy is mostly
attributed to the pore foliation rather than pore elongation, particu-
larly through the Abu Simbil and Abu Ballas sequence.

GENERAL DISCUSSION

The initial magnetic susceptibility of the Nubia sandstones is low to
very low and mainly carried by diamagnetic (quartz) and antiferro-
magnetic minerals (hematite and goethite; Figs 4G and H:). These
magnetic carriers were detected by studying the hysteretic loops of
the studied samples. High field susceptibility is diamagnetic (indi-
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Figure 14. Plotting the magnetic pore anisotropy (Pmag) against the ellip-
soid shape (7') values.

cating quartz) for most samples, whereas the hysteresis parameter
with very high co-ercivity points clearly to hematite or goethite.

The ferrofluid injection process was very reliable due to the
excellent porosity and permeability values of the Nubia sandstones.
The average bulk magnetic susceptibility increased from 5.56 x
1073 to 10.44 x 1072 SI units, which in turns led to more consistent
and reliable anisotropy data. Unexpectedly, an absolute angle >60°
is observed between the declination of x ;-pore and y;-grain for
half of the samples, whereas the others have angles in the range
30-60°, with the exception of two sites still have nearly the same
directions for the pore and grain maximum susceptibility, Ad 3 and
Ks 3 (Fig. 18). This gave rise to one question: do the grain and pore
lineations have different origins?

However, it seems that the grain fabric originates mainly from
palaeocurrents flowing in the NE-SW and NNE-SSW directions,
whereas the pore fabric seems to be controlled by later groundwater
flow in a direction roughly perpendicular from the palacocurrents
responsible for the deposition. These palacoflows are thought to be
responsible for rebuilding the original pore space network into the
present directions. This later groundwater migration was responsi-
ble for dissolution and reprecipitation of the oolitic ironstone into
the vertical joints and fractures. These dominant joints are thought
to postdate the deposition of Abu Ballas and Sabayia formations
which are separated from the underlying Abu Simbil and the over-
lying Kesieba Formation by two main faulting processes.

These deposits were studied by many authors, for example,
Haase (1993), Germann et al. (1987), Fischer (1989) and Miicke
(2000), etc. They assigned an age of upper Cretaceous (Coniacian—
Santonian), prior to the deposition of Kesieba Formation.

Miicke (2000) proposed that ferruginization is the consequence
of descending meteoric waters that caused dissolution, migration
and precipitation of various elements depending on the prevailing
Eh/pH conditions. Ferruginization advanced through the permeable
rock in a roll front-like manner completely or partially affecting the
deposit from the top to the base. The pH of these solutions were
suitable to attack and dissolve the outer rims of the quartz grains
giving rise to skeletons of quartz and therefore were able to deviate
the original direction of the pore network. The recharge areas of
these meteoric waters are thought to be in the SSW of Tushka area
and then flowed following the main relief of Sabayia Formation to
the N direction. Another cycle of flowing meteoric water is thought
to postdate the deposition of Kesieba Formation and had the main
trend of the first flowing cycle to the NNW.

Finally, we note that one site at the top of Adindan Formation
and another one at the top of Kesieba Formation still retains the
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Figure 15. Vertical plot for the magnetic and petrophysical pore fabric parameters of the Nubia sandstones.

direction of the original depositional palaeocurrents. This could be
explained by the fact that the invading diagenetic solutions failed to
weaken, dissolve and to reorient the main trend of the grain skeleton
of these sites and therefore failed to shift the original pore space net
directions. Samples from these sites are characterized by relatively
high hardness, less matrix dissolution and preservation of the quartz
grains.

The imbrication angles for both the magnetic grain and pore
fabrics and the AMS parameters, in general, indicate gentle slope
bedding for the Nubia sandstone samples. From the field observa-
tions, the Nubia sandstones are mostly horizontally bedded except
for Abu Ballas Formation which has gentle tilted-bedding; it has
dip angle varies between 5° and 10°.

On the other side, the petrophysical pore fabric is characterized by
very high porosity and permeability values exceeding the Levorsen’s
ranks (1967). So, it was better to extend this rank for the present
highly porous and permeable sandstone as follows to cover the full
range of the measured data.

Negligible : 0 < ¥ <5 percent

Poor : 5 < ¥ < 10 percent
Fair : 10 < @ < 15 percent
Good : 15 < @ < 20 percent

Very good : 20 < @ < 25 percent
Excellent: 25 < @ (new rank)
(Modified after Levorsen 1967)
In addition, we tend to add another permeability rank more than
1000 mD described for excellent permeable rocks as follows.
Fair : 1<K <10md
Good : 10 < K <100 md
Very good: 100 < K < 1000 md
Excellent: 1000 < K (new rank)

(Modified after Levorsen 1967)

Following the present modification, the measured porosity and
permeability values indicate very good to excellent storage capacity
properties for the Nubia sandstones.

Measuring permeability in three orthogonal directions led to a
new concept called petrophysical pore fabric introduced in this
study to better approach the pore shape in 3-D. It depends on the
anisotropy of pore spaces, which in turn contributed by the pore
elongation and foliation.

From this study and following the classification introduced by
Nabawy and El-Hariri (2008) to classify the electric fabrics of some
sandstone samples from Abu Gharadig basin in Egypt, we tend
to introduce a new classification for the petrophysical pore fabric
parameters (Table 4).

From this classification, the petrophysical pore fabric of the
present sandstones are characterized by slight pore elongation, fo-
liation and anisotropy for Adindan samples; slight pore elongation,
moderate pore foliation and slight anisotropy for Abu Simbil and
Abu Ballas samples; and moderate to high pore elongation, foliation
and anisotropy for Kesieba samples. Some high to very high values
have been detected for some samples, for example, Am 6, Abs 6
and Ks 3.

The cyclic behaviour of porosity and permeability between for-
mations may be attributed to the fluvial depositional nature of the
present rock. In addition, since, the Nubia sandstones are petro-
graphically similar and devoid of macro and micro fauna, therefore,
increasing the pore anisotropy at some levels could be attributed to
some structural events rather than biological effects.

A comparison between Figs 11 and 15 indicates that increas-
ing pore anisotropy is accompanied with decreasing measured per-
meability values, that is, the less the anisotropic pore shape, the
higher the permeability values. Since the samples used for measur-
ing permeability were cored in the main directions revealed from
the magnetic pore studies, therefore it was expected to relate the
anisotropy of both the magnetic and petrophysical pore fabrics as
shown in Fig. 19. The magnetic pore foliation could also be related
to the petrophysical pore foliation as shown in Fig. 20, whereas no
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Table 3. Petrophysical permeability values of the studied Nubia sandstones measured in three orthogonal directions in the different directions.

Formation S. no. (Kv) (KNE) (KNw) (Kp) Rank Epet Fpet Apet Direction of K ax

Kesieba formation

Ks3 81.5 530.9 14.7 209.0 Very Good 6.51 5.54 6.01
Ks 2 2413.1 2564.9 4123.7 3033.9 Excellent l1.61 1.06 1.31
Ks 1 4800.2 4969.2 7750.0 5839.8 Excellent 1.56 1.04 1.27
Mean 2431.6 2688.3 3962.8 3027.6 Excellent 3.23 2.55 2.86

Abu Ballas formation

Abs 7 155.2 203.6 166.4 175.1 Very Good 1.22 1.07 1.15
Abs 6 33224 2980.2 2783.2 3028.6 Excellent 1.11 1.07 1.09
Abs 5 324.0 1161.0 1198.2 894.4 Very Good 1.03 3.58 1.92
Abs 4 1632.5 1258.8 1135.6 13423 Excellent 1.30 1.11 1.20
Abs 3 7570.7 6830.2 6689.9 7030.3 Excellent 1.11 1.02 1.06
Abs 2 2154.0 5012.6 3628.4 3598.3 Excellent 1.38 1.68 1.53
Abs 1 4410.4 3736.3 4484.2 4210.3 Excellent 1.02 1.18 1.10
Mean 2795.6 3026.1 2869.4 2897.0 Excellent 1.17 1.53 1.29

Abu Simbil formation

Am7 5294 1706.3 1090.2 1108.6 Excellent 1.57 2.06 1.80
Am 6 339 154.2 139.8 109.3 Very Good 1.10 4.12 2.13
Am5 432.4 615.2 674.0 573.9 Very Good 1.56 0.70 1.05
Am 4 589.6 723.0 698.2 670.3 Very Good 1.04 1.18 1.11
Am3 2694.8 2736.9 2476.6 2636.1 Excellent 1.02 1.09 1.05
Am 2 2990.2 2890.8 1432.7 2437.9 Excellent 1.03 2.02 1.44
Am 1 4406.4 7008.0 5334.6 5583.0 Excellent 1.31 1.21 1.26
Mean 1668.1 2262.1 1692.3 1874.2 Excellent 1.23 1.77 1.41

Adindan formation

Ad3 388.8 263.8 2173 290.0 Very Good 1.47 1.21 1.34
Ad2 1516.3 1653.4 1872.5 1680.7 Excellent 1.13 1.09 1.11
Ad1 2285.7 2561.0 2732.2 2526.3 Excellent 1.07 1.12 1.09
Mean 1396.9 1492.7 1607.3 1499.0 Excellent 1.22 1.14 1.18

Notes: Ky is the measured petrophysical permeability of the studied samples cored in a direction perpendicular to the bedding plane, K ng for samples cored
parallel to the bedding plane in the NE direction, Knw for samples cored parallel to the bedding plane in the NW direction, and K, is the average permeability.
For the anisotropy parameters; £, is the petrophysical pore elongation; F e, the pore foliation and A, is the petrophysical anisotropy of pore spaces.
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4.0 Table 4. Classification of the petrophysical pore elongation, foliation, and
° anisotropy using the permeability values measured in three orthogonal di-
3.6 ° * rections.
[
° / hd Pore elongation (£ pet) Pore foliation (Fpet) Pore anisotropy (A pet)
< 3.2 ° — - — ;
2 / No elongation 1.0-1.1 No foliation 1.0-1.1 Isotropic 1.0-1.1
9 " e e Slight 1.1-1.5 Slight 1.1-1.5 Slight 1.1-1.5
-128 L 4
/ Moderate 1.5-2.5 Moderate 1.5-2.5 Moderate 1.5-2.5
04 — High 2.5-5.0 High 2.5-5.0 High 2.5-5.0
hd Very high >5.0 Very high >5.0 Very high >5.0
2.0 e
1.45 1.48 1.51 1.54 1.57 1.60

Log Porosity (Dne)

Figure 16. Plot of the measured bulk permeability (K}) values against the
porosity values measured by helium injection (Dye).
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Figure 17. Dependence of the petrophysical pore anisotropy (A pet) on both:
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Figure 18. Plotting the absolute difference in declination’s angle between
magnetic grain and pore fabrics (X 1—grain — X 1—pore) Versus the magnetic
grain lineation (Lmag) for the studied sandstone samples.

relationship between the magnetic pore lineation and the petrophys-
ical pore elongation was observed (r = £0.15).

hpet = 3141 P2, — 6422 Py + 3284 (r = £0.58)

mag

Fret = 9674F2, — 19734 F e + 10065 (r = £0.63).

mag
This could be explained by that both the magnetic and petrophysical
foliations are the main contributors to the anisotropy values for both
the magnetic and petrophysical fabrics. Moreover, the petrophysical
pore elongation is mainly raised from the maximum permeability
values, which sometimes are in a vertical direction due to the pres-
ence of some vertical fracture porosity. These fractures seem to be
of' micro size and not accessible to the injected ferrofluid (injected at
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Figure 19. Plot of anisotropy of the petrophysical pore fabric (A pe) against
the anisotropy of the magnetic pore fabric (Pmag).
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Figure 20. X-Y plot for the petrophysical pore foliation (Fpet) against the
magnetic pore foliation (F'mag).

low pressure) which have relatively higher molecular size than that
of the nitrogen molecules used for the permeability measurements
at higher pressures.

An overall coincidence between the petrophysical and magnetic
pore fabrics is established. Petrophysical and magnetic pore fabrics
of Adindan and Kesieba formations refer mostly to palaecocurrents
flowed to the NNW direction, whereas refer to the NE for Abu
Simbil samples. On the other side, pore fabrics of the Abu Ballas
Formation seem to be structurally controlled, where the petrophys-
ical pore fabric refers to pore elongation in the vertical direction as
a main flow direction, whereas the magnetic pore fabrics refer to
E—W direction.

The present flow directions have been proposed by Salem and
Pallas (2001) who studied the sedimentological and hydrogeologi-
cal system in the Nubia aquifer system and concluded that migration
of the underground water is mainly directed to the NNW and NNE
(Fig. 21). In addition, Kim et al. (2000) showed that, the ground-
water in Tushka area between Lake Nasr and Darb El Arbein way
(100-300 km, away from the Lake) flowing from SW to NE.
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Figure 21. A 3-D schematic diagram of El Nuba area illustrating the hydrogeological system flowing mostly to the NNE and NNW directions (Salem & Pallas

2001).

Overall, the magnetic pore fabric method gives a reasonable es-
timate of the 3-D macrovoid anisotropy, but is considerably less
effective in estimating the micro void anisotropy for which the per-
meability method is a better approach.

CONCLUSIONS

Petrographically, the Nubia sandstones in Tushka area are repre-
sented by quartz arenite composed of dissolved quartz grains ce-
mented together by silica cement, which have suffered a long arid
diagenetic history. Porosity of Nubia sandstones is very good to
excellent. It varies between 20 and 35 per cent in the horizontal
direction and between 15 and 25 per cent in the vertical direction
indicating inhomogeneity in the distribution of the pore spaces.

Petrophysically, porosity values of the Nubia sandstones were
measured by helium and ferrofiuid injection. Values of ferrofluid
porosity are always less than that of the helium porosity, due to
the presence of some micro pore spaces could not be accessed by
ferrofluid injection at low pressures.

The Nubia sandstones are characterized by very good to excellent
permeability values which could be related to the helium porosity
and weakly related to the ferrofluid porosity due to the presence of
some micro pore spaces.

Anisotropy of pore spaces has been detected by measur-
ing anisotropy of permeability (petrophysical pore fabric) and
anisotropy of pore AMS in 3-D (magnetic pore fabric).

Magnetic pore data of Adindan and Kesieba formations refers to a
pore elongation in the NNW-SSE direction, Abu Simbil Formation
refers to the NE-SW, whereas directions of Ballas Formation follow
the main fault trend in the study area, the E-W direction. The
pore elongations are on average nearly perpendicular to the grain
elongation directions.

The petrophysical pore fabric of the present sandstones have
weak pore elongation, foliation and anisotropy for Adindan For-
mation and increases in intensity upwards into moderate to high
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pore elongation, foliation and anisotropy for Kesieba samples. The
higher the permeability values, the lower the pore anisotropy val-
ues. The petrophysical pore fabric and both the magnetic fabrics are
mainly planar.

The petrophysical pore fabrics of Adindan and Kesieba samples
refer to pore spaces elongated in the NW-SE direction, and to
the NE-SW direction for Abu Simbil samples, whereas the Abu
Ballas samples mostly have maximum permeability in the vertical
direction due to presence of some permeable fracture pore spaces.

In general, we find that the principal magnetic pore anisotropy
directions coincide with the principal petrophysical pore anisotropy
directions of the overall samples except for those from Abu Ballas
Formation.
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