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The younger granites of Gabal Gattar area, Northern Eastern Desert of Egypt, host
hydrothermal uranium mineralization at the northern segment of Gattar batholith
and along its contacts with the oldest Hammamat sediments. The host rocks display
many features of hydrothermal overprint results in changing their basic engineering
characteristics as a function of variations of the degree of alteration. Progression
from less altered to altered and mineralized rocks as the result of the alteration
processes was assessed by the chemical index of alteration (CIA). The CIA
numerical values were calculated by the molecular proportion of Al to the cations
Ca, Na, and K. The studied rocks were divided into five grades according to degree
of alteration and strength properties including: fresh (AG-I), slightly altered (AG-
II), moderately altered (AG-III), highly altered (AG-IV) and very highly altered
(AG-V). The strength properties of the studied rock units correlated well with the
alteration grades assigned to them. That is, as the grade increased from AG-Ito AG-
V, abrasion resistance and crushability index increased, whereas compressive
strength, slake durability and impact strength decreased.

Gattar area

1. Introduction

The basement complex of Gabal Gattar area is
characterized by felsic-dominated magmatism that
marks the culmination of the Pan-African igneous
activity [1].The intrusion of late Proterozoic
younger granites in this region is accompanied by
widespread hydrothermal activity indicated by the
presence of hydrothermal ore deposits. The
uranium mineralization in the northern parts of
Gabal Gattar batholith is the most striking feature
of this active hydrothermal activity, and has been
extensively exploited for several decades by
researchers from the Nuclear Materials Authority
of Egypt. Previous studies which focused
principally on the geology and structures of the
ore bodies were described in details by many
authors [2-7]. Contributions to mineralogy and
geochemistry revealed that the host granite is
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perthitic alkali feldspar granite and the main
uranium minerals are uranophane and kasolite
with minor abundance of pitchblende [4, 7-9].
Remote sensing and geophysical studies were
investigated by [10-12]. Other few studies which
have dealt with the physical and mechanical
properties of the exposed rocks in Gabal Gattar
area have been carried out by Haridy [13] and
Salah El-Din [14]. Haridy studied the relation
between the physical and mechanical properties
and the spatial distribution of the joint-type
uranium mineralization in Gattar area. He
statistically treated the field measurements of the
structural elements affecting both the granite and
the Hammamat sedimentary rocks and delineated
the paleostress affecting the area. He also
determined the chronological sequence of these
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paleostress and then described the structural
evolution of Gabal Gattar area. Salah FEIl-Din
discussed the effect of the geotechnical properties
of Gattar granites on underground mining and
estimated the rock mass quality and support
elements for study area.

The uranium mineralization of Gabal Gattar
area is classified as granite-related hydrothermal
uranium deposits, which is subdivided into
intragranitic and perigranitic subtypes. Uranium
was mined out from two main localities: Gattar-II
(G-II) and Gattar-V (G-V) uranium occurrences.
The exposed rock types at the two occurrences
show clear evidence of hydrothermal activity
throughout the mineralized zones. The intensive
hydrothermal alteration and the recent surficial
weathering cause many changes in the principle
mineralogical and chemical compositions of the
host rocks. These wvariations are intern
affecting the engineering properties of the rock as
a result of formation of new mineral phases.

Weathering indices calculated based on whole-
rock chemical analyses are widely used for
evaluating the intensity of alteration [15-17].
Recent researches have demonstrated that
weathering indices based on the ratio of a set of
mobile oxides to one or more immobile oxides are
valuable criteria for describing changes caused by
weathering and hydrothermal alteration [18-20].
These indices can be used to indirectly
characterize the engineering properties of the
altered rocks, specially the weathered granite [21].

Our work summarizes the field observations,
geochemical data and the results of the
mechanical tests of the unaltered and altered
mineralized rocks from Gabal Gattar area. The
main objectives of this study were to measure the
degree of alteration and assess its link with the
mechanical properties throughout the unaltered
and altered rocks. A proposed classification
scheme of alteration grades is used in this study to
designate various rock groups in terms of degree
of alteration and mechanical properties.

2. Geological Overview of Gabal Gattar Area
2.1. Regional geological setting

The late Proterozoic basement complex of
Gabal Gattar area is located in the northern
Eastern Desert of Egypt (Figure 1a), 40km west of
Hurghada city (latitudes 26°51225"N 27°08'52"N
and longitudes 33°13'00"E, 33°25'59"E). The
main rock type is the younger granitic rocks of
Gabal Gattar (605Ma) [22]. It is surrounded by
older rocks consisting of metavolcanics, older
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granites and Hammamat sediments of molasse
type (Figure 1b).

The Gattar granitic batholith shows sharp
intrusive contacts against these rocks. The
metavolcanics are exposed in the center of the
batholith as roof pendants over the Gattar granites
at Gabal Kehla. They are predominating by
metabasalts and metadolerites [4]. The older
granites surrounded the batholith as low to
moderated outcrops and contain diorite, quartz
diorite and granodiorite [23]. The Hammamat
sediments are covering the northern parts of Gabal
Gattar area. They are forming the southern
extension of Gabal Um Tawat. These rocks
comprise greenish and brownish siltstone and
greywack interbedded with minor conglomerate
[24].

The northern segment of Gabal Gattar area
contains many uranium showings of lensoid ore
bodies grouped into seven uranium occurrences
(Gattar-1 to Gattar-VII), extending over some few
kilometers along the northern faults. The uranium
ore bodies are hosted by Gabal Gattar granite at
its northern peripheries. There, the oldest
Hammamat sediments show sharp contact with
this granite and host a perigranitic uranium
occurrence (Gattar-V  occurrence). The other
uranium localities are located in the granite. The
most significant uranium ore bodies in Gattar area
occur in G-I and G-V wuranium occurrences,
which were selected in this study (Figure 1b).

2.2. G-II Uranium Occurrence

G-Il uranium occurrence is a triangular
granitic mass invaded by numerous quartz veins
and basic dikes of doleritic composition. The
granite forms high rough mountain with sharp
rugged peak (Figure 2a). It is highly sheared,
jointed, fractured and altered in many parts. This
granite is medium- to coarse-grained perthitic
alkali feldspar granite; range in color from pink or
slightly red to dark or reddish brown which
depends mainly on the type of wall-rock
alterations. It is mainly composed of potash
feldspar (perthite) and quartz with subordinate
amount of plagioclase. Accessory minerals
comprise biotite, muscovite, zircon, monazite,
fluorite, apatite and iron oxides. Chlorite,
muscovite kaolinite, sericite and epidote, which
could be considered as secondary minerals, also
appear in the unaltered samples.

Excavation includes tunnels, surface trenches
and open pit, which distributed along the eastern
and western sides of this granitic mass. The fresh
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granite shows different wall-rock alterations as
the result of the impact of hydrothermal solutions.
The hydrothermal alterations consist of multiple

evident as
kaolinitization,

overprinted phases. This is
silicification,  hematatization,
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fluoritization and chloritization as well as
manganese oxides (Figure 2b-e). Uranophane is
the principle uranium mineral but pitchblende also
occurs in minor amount.

33°25'

| Wadi sediments
|:| Hornblende granite
j Hammamat sediments
B Metavolcanics

- Diorite-granodiorite
: Perthitic granite

|| Biotite granite
® Studied U occurrences

33°15° 33°20°

33°25'

Figure 1. (a) Location of the study area in the northern Eastern Desert of Egypt. (b) Geological map showing the
different rock types exposed at Gabal Gattar area and illustrating the locations of the studied uranium
occurrences (modified after [4])
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Figure 2. Field photograph showing. (a) The granitic massif of G-1I uranium occurrence forms high rough
mountain with sharp rugged peak, looking south. (b) Uranophane is the principle uranium mineral in G-11
uranium occurrence and usually associated with hematitization. (c) Fracture-filling fluorite in the altered
granite. (d) Veinlets of quartz (silicification). (¢) Manganese oxides filling the microfractures of the granite.

2.3. G-V Uranium Occurrence

The exposed rocks in G-V are the Hammamat
sediments and the perthitic granite of Gabal
Gattar. The unaltered Hammamat essentially
consists of sand-size, angular to subangular grains
of quartz and feldspars, together with subordinate
lithic fragments, set in a fine recrystalline matrix
of the same constituents in addition to chlorite and
iron oxides. Carbonates (mainly calcite) are not
only found as crack fillings, but also as patches
within the matrix.
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The important mineralized zone at G-V area is
located in the middle portion of the mapped area,
along the contact between the Hammamat
sediments and the Gattar granite (Figure 3a). This
mineralized zone is excavated by exploratory
tunnel and small trenches. The contact zone
between Hammamat sediments and Gattar granite
is associated with widespread post-magmatic
hydrothermal  alterations accompanied the
precipitation of secondary uranium
mineralization. These secondary minerals are
often with brighter yellow color, and consist
mainly of uranophane and kasolite (Figure 3b).
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Figure 3. Field photographs showmg (a) G-V uranium occurrence is located along the contact between
Hammamat sediments and Gabal Gattar granite. (b) Uranophane staining the joint surfaces of the hematitized
Hammamat variety. (c) Episyenite displaying different colors due to alteration of the granite. (d) Bleached
Hammamat variety with creamy color as a result of alteration of the original Hammamat. (e) Dark purple
fluorite in the hematitized Hammamat.

The uranium mineralization is limited to the
Hammamat, with little mineralization in the
nearby altered granite. The common alteration
features associated with the Hammamat sediments
are the Dbleaching (Figure 3c) strong
hematatization, fluoritization (Figure 3d) besides

carbonatization,  kaolinitization and some
manganese dendrites.

The main wall-rock alteration feature
manifested in the Gattar granite of G-V

occurrence is the episyenitization of the granite
(disilicification). The episyenitization process
almost occurs near the margins of the granitic
pluton, which is closely associated with tectonic
tensional fracturing. The irregular episyenitized
bodies of the Gattar granite are of indefinite
margins that grade into unaltered granite. They
are porous, displaying different colors of light
pink, reddish to reddish brown and dark brown
(Figure 3e). Generally, gradation from weakly-
moderately- to strongly episyenitization can be
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noticed according to the range of dissolution of
the magmatic quartz.

3. Materials and methods
3.1. Sample collection and description

To achieve the requirements of the present
study, block sizes of 23 rock samples have been
collected from G-I and G-V  uranium
occurrences. The studied samples were generally
collected from outcrops, tunnels, open pits and
trenches, which previously excavated in both two
occurrences. The altered samples were mainly
chosen from the mineralized zones where the
wall-rock alteration is more intense and the
uranium mineralization is distinct. The unaltered
varieties were chosen from areas with minimum
alteration features as possible. Locations of the
collected samples from the studied occurrences
are shown in Figs (4 and 5). Moreover, hand
sample description for each rock material was
determined and listed in Table (1).



Darwish et al. Journal of Mining & Environment, Vol. 16, No. 1, 2025

33'16'34"E 33'16'36"E 33'16'38"E
; &
N L N
© [}
& &
: :
o [ ©
8 &
z z
3 H 1%
o] 2 \ :
R £ &
/ £
8
E3
N 051 20 3
T —
33'16'34"E 33'16'36"E 33'16'387E
[ Basic dike [ underground pitchblende 4+ Sample location
[7 J Perthitic granite »77] Surface U lens

Figure 4. Locations of the studied samples in G-II uranium occurrence.
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Figure 5. Locations of the collected samples in G-V uranium occurrence.
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3.2. Laboratory Chemical Analyses

For chemical analyses, the samples were
ground and sieved through a 74 pum sieve size.
They were then dried in an oven for a whole night
at 105 £ 5 °C to ensure total dryness. To
determine the loss on ignition (L.O.1.%) for each
prepared sample, a portion of the sample was
ignited at 1000 °C following the standard test
procedure ASTM E-1621 [25]. The chemical
analyses for the major components were
determined according to Shapiro and Brannock
procedure [26]. With a relative accuracy of 1%.
Si0,, ALOs;, TiO, and P,Os contents were
analyzed using relevant spectrophotometric
methods while Na,O and K,O concentrations

Journal of Mining & Environment, Vol. 16, No. 1, 2025

Arsenazo-III [27] with a relative accuracy of 5%.
All the chemical laboratory analyses were carried
out in the Nuclear Materials Authority of Egypt.

3.3. Engineering Tests

The mechanical properties of the studied
samples were evaluated using the following tests:
uniaxial compressive strength (UCS), slake
durability index (SDI), Los Angeles abrasion
(LAA), crushability index (CI) and impact
strength index (ISI).

3.3.1. Uniaxial Compressive Strength Test
(UCs)

were determined by the
technique. Titration methods were used to analyze
Fe as Fe,O3;, MgO, and CaO. On the other hand,
spectrophotometric analyses of U and Th were
performed

using a chromogenic

flame photometric

Sample preparation for UCS involved rock
machining for cutting to sizes using a rock cutting
machine into prismatic samples with dimensions
of 10 x 10 x 20 cm (Figure 6a-d), equivalent to a

reagent height and width ratio of 2 : 1.

Table 1. Hand specimen description of the collected unaltered and altered uranium-mineralized
samples from G-II and G-V uranium occurrences.

Sample No. Degree and type of alteration Description of hand specimen
GII-FG1 Fresh granite Buff, medium-grained alkali feldspar granite stained with slight kaolinitization
. Light pinkish, medium- to coarse-grained alkali feldspar granite, the microfractures are
GII-FG2 Fresh granite filled with quartz that causing slight silicification
GII-FG3 Fresh granite Whitish buff , medium-grained alkali feldspar granite stained with slight manganese
dendrites
GII-M4 Altered mineralized granite Buff to reddish brown, medlu@ to coar'se—gramed, highly sl}eared and brecciated alkali
feldspar granite contains dark patches of pitchblende
GII-M5 Altered mineralized granite Highly hematitized and kgohmt}zed, Whltlsh to reddish buff med'lum—gramed alkali
feldspar granite stained with secondary yellow U minerals
GII-M6 Altered mineralized granite Dark brown highly hematitized, medium-grained glkall feldspar granite stained with
secondary yellow U minerals
GII-He7 Hematatized non-mineralized granite Reddish brown highly hematitized medlur.n'—gramed alkali feldspar granite, biotite is
chloritized
GII-S8 Silicified non-mineralized granite Light pink, highly sﬂlclﬁed, medlpm to cparse—gramed alkali feldspa'r granite, secondary
quartz grains are filling the interstial spaces between minerals
GII-S9 Silicified non-mineralized granite Highly silicified and hematm;ed medlum— to coarse-grained alkali feldspar granite, quartz
is filling fractures of the sample
GII-F10 Fluoritized mineralized granite Light pink, medlum— to coarse—gralped al.kah feldspar granite stained with s;condary
yellow U minerals and contains veinlets of purple to dark purple fluorite
.. . . . Silicified, medium- to coarse-grained alkali feldspar granite stained by hematite and
GIL-F11 Fluoritized mineralized granite secondary yellow U minerals, the microfractures are filled by fluorite
GIIK12 Kaolinitized non-mineralized granite Whitish light pink, kaolinitized medlum—grameq alkali feldspar granite stained by
manganese dendrites
GV-HFr1 Fresh greywacke Greenish grey, highly sheared medium-grained Hammamat greywacke
GV-HFr2 Fresh siltstone Dark grey, highly sheared fine-grained Hammamat siltstone
GV-BM3 Bleached mineralized siltstone Bleached fine-grained Hammamat sﬂt'stone with creamy color stained with secondary
yellow U minerals and Mn-oxides
GV-BM4 Bleached non-mineralized siltstone Bleached fine-grained Hammamat siltstone with creamy color stained with Mn-oxides
GV-HM5 Hematatized mineralized siltstone Hematitized, reddish grey fine-grained §1ltst0pe, stained Wl'th secondary yellow U minerals
and contains veinlets of fluorite
GV-HM6 Hematatized mineralized siltstone Hematitized and carbonatized reddish to whitish grey fine-grained siltstone stained with
secondary yellow U minerals
GV-FG7 Fresh granite Buff medium- grained alkali feldspar granite, biotite is chloritized
GV-FG8 Fresh granite Whitish buff medium- grained alkali feldspar granite, biotite is chloritized and feldspars
are slightly kaolinitized
GV-Ep9 Episyenitized granite Porous, reddish brown hematitized episyenitized granite
GV-Ep10 Episyenitized granite Porous, whitish light pink kaolinitized episyenitized granite
GV-Epl1 Episyenitized granite Porous, reddish brown hematitized and kaolinitized episyenitized granite
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Figure 6. (a) The used rock cutting machine in this study. (b), (¢c) and (d) Prismatic rock samples with dimensions
10 x 10 x 20cm.

The aim of this test is to determine the
unconfined (or uniaxial) compressive strength of
rock specimens. The procedure for the test is as
stated in ISRM [28]. It was carried out in The
General Authority for Execution of mining and
Industrial Projects, Central laboratories, Helwan,
Egypt. A computerized compression machine was
used to conduct the uniaxial compression test. The
electronic gauge, piston, and two spherical seated
platens that make up the uniaxial testing machine
are employed to lessen the impact of the
specimen's non-parallelism on the test results as
the lower loading plate moves upward. Accurate
centering is required for the specimen, platen, and
spherical seat with regard to both the loading
device and each other. This will guarantee that the
load is spread equally over the specimen. The
Volumetric strain is calculated from the ratio of
Axial strain to lateral strain as follows:

. = Pmax
A

Where 1 is the uniaxial compressive strength
(UCS) of the rock (MPa), Pmax 1s the peak load
(kN) and 4 is the initial cross sectional area of
specimen (m?).

(MPa)

3.3.2. Los Angeles Abrasion (LAA)

The abrasion resistance tests were conducted
on the collected samples in accordance with
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ASTM CI131/131M [29], using a LAA test
apparatus in the General Authority for Execution
of mining and Industrial Projects, central
laboratories, Helwan, Egypt. The LAA test is
based on calculating the percentage of wear which
is brought by the relative rubbing action between
steel balls and the aggregates. Some scientists
think that this test is more reliable, because the
rubbing and hammering motion simulate the field
conditions where both abrasion and impact occur.
The LAA test apparatus is comprised of a hollow
steel drum measuring 711 mm in inner diameter,
including an inside shelf that is 25 mm thick and
90 mm deep. According to ASTM C 131-131M
[29] standard, one set of samples for each kind of
rock was prepared to aggregate sizes with a
graded mix of 37.5-25 mm, 25-19 mm, 19-12.5
mm, and 12.5-9.5mm size fractions. This grade of
the test samples was prepared by crushing the
samples by hammers. After that, each test sample
(around 5000g) was put in a steel drum with 12 or
11 steel spheres. The hatch cover was fastened in
position, and the drum was turned 500 times at a
speed of 30 to 33 revolutions per minute. Crushed
aggregate particles and the steel spheres (charge)
were poured onto a tray set after 500 rotations
were finished. The crushed aggregate particles
were sieved through 1.7mm. The aggregate
coarser than the 1.70 mm was oven-dried for 24
hours at 110°C to a constant mass. The LAA was
expressed in percentage as follow:
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Original weight — weight retained on 1.7mm
LAA (%) =

Original weight

3.3.3. Slake Durability Index (SDI)

The main objective of this test is to evaluate
the resistance of a sample to weakening and
disintegrating under cycles of drying and wetting.
The test procedure is in accordance with ASTM
D4644 [30] standard practice. The standard is
based on two cycles of drying and wetting. For
assessing rocks with greater durability, four or
five cycles of drying and wetting are
recommended. A sample including ten rock
fragments, each weighing between 40 and 60 g,
was chosen for each SDI test. The total weight of
the sample ranges from 450 to 550 g. The sample
was put within a screen drum, and both were
oven-dried to a consistent weight at 110° = 5° C.
After the sample had cooled to room temperature,
the drum was connected to a motor and rotated
with a speed of 20 rpm while submerged in
distilled water for 10 minutes. The sample was
oven-dried at 110° + 5°C for a constant weight.
After that the sample was subjected to a second
wet and dry cycle. The SDI is defined "as
percentage ratio of final and initial dry mass of
rocks" in the drum. The SDI is calculated using
this formula:

n—

W,
SDI =
W,

i

x 100
C

Where W,, and W; are mass of drum plus oven-
dried specimen before the n and first slake
durability index testing cycle, C is mass of drum,
and n is a number of cycles of slake durability
index test.

3.3.4. Crushability index (CI)

The CI test requires a laboratory jaw crusher
that can be used in crushing experiments. The
samples selected from the field were crushed
using a hand hammer to obtain small sizes that are
suitable for the crusher feed opening. Range of
feeding size is 12-20mm. After the crushing
process, the sieving is performed to obtain 500
grams of the selected size range for each sample.
The samples are dried in the electric oven for 48
hours at a temperature of 110°C. The outlet gap of
the jaw plates were adjusted to 8-12 mm. A sieve
with 9.5 mm size was used to filter crushed
materials, and the proportion of undersized
material was reported as the crushability index
(CI). For every type of rock, the test was

83

Journal of Mining & Environment, Vol. 16, No. 1, 2025

conducted two or three times, and the average
results were noted as the CL.

3.3.5. Impact strength test (ISI)

In the impact strength testing, a device
designated by Evans and Pomeroy [31], was
employed. A crushed sample in the size range
3.18-9.52mm was oven dried for 48 hours at
110°C. A hammer with 1.8 kg weight was
dropped 20 times from a height of 30.48 cm upon
a 100g crushed sample that was placed in 42.86
mm diameter cylinder. The quantity of sample
that retained in the original size range is equal to
the ISI value. For every rock type, the test was
conducted three times, and the average value was
noted as the ISL.

4. Results and Discussion
4.1. Major oxides characteristics

Major oxides (wt.%) compositions as well as
U and Th concentrations (ppm) of 23 samples of
the studied rocks from G-I and G-V uranium
occurrences are compiled in Tables (2 and 3).
Five rock varieties were discriminated in the
studied occurrences, which represent the unaltered
and altered uranium-mineralized rocks including
(1) unaltered Gattar granite, (2) altered and
mineralized Gattar granite, (3) unaltered
Hammamat, (4) altered and mineralized
Hammamat (bleached and hematatized), and (5)
episyenitized granite. The oxide contents of
altered rocks provide information about the
degree of alteration and could be related to the
differences in mineralogical and chemical
compositions.

Unaltered Gabal Gattar granite was classified
as alkali feldspar granite [4]. The analyzed
granitic samples have relatively high SiO;
contents (74.41-76.42 wt. %). In addition to the
high silica content, Na,O (3.88-4.18 wt. %) and
K>0 (3.98-4.51wt.%) are fairly high. Whereas the
other major oxides, TiO, (0.08-0.12 wt. %), Fe,O;
(1.16-1.62 wt. %), MgO (0.12-0.22 wt. %), CaO
(0.25-0.58 wt. %) and P>Os (0.02-0.05wt.%) are
relatively low (Tables 2 and 3). The analyzed
unaltered Hammamat sediments are characterized
by a wide variation in their composition with SiO»
(62.21-66.19 wt. %), TiO, (0.65-0.76 wt.%),
ALOs3 (14.93-16.65 wt.%), Fe;O; (2.86-3.42
wt.%), MgO (1.97-2.07 wt.%), NaxO (2.68-3.19
wt.%) and KoO (1.66-2.18 wt.%; Table 3). The
geochemical data of the greywacke and siltstone
show that they are characterized by Na,O/K,O>1
and Al,03/Na,0=5.2-5.6 (Table 6.2).



Darwish et al.

The altered and mineralized granite is
characterized by enrichment of SiOz (70.18-78.13
wt. %), especially in the silicified samples. AL O3
(12.51-15.2 wt. %) is enriched along the altered
samples. The hematitized samples show
enrichment of Fe;O; (0.98-5.23 wt. %). TiO;
(0.08-1.06 wt. %), MgO (0.18-0.45 wt. %) and
CaO (0.34-1.43 wt.%) also display high values
compared to the unaltered precursor. On the other
hand, Na;O (3.36-3.88 wt. %) and K»,O (2.75-4.36
wt. %) show slight depletion relative to the
unaltered granite (Table 2).

One of the most prominent features in the
episyenitized granite is the depletion of SiO:
contents (61.14-67.32 wt. %). Al,O; (20.16-21.65
wt. %) is enriched and TiO; (0.11-0.16 wt. %) is
relatively constant relative the unaltered granite
(Table 3). The high aluminum contents are the
result of development of kaolinite-rich clays,
which are the main factor for reducing the
strength properties of the altered rocks. A true
addition of total iron is noticed in the
episyenitized granite. The oxidation of Fe is
evident by the decrease of FeO (0.33-0.41 wt. %)
and an accompanying increase of Fe,O; (2.41-
10.13 wt. %). MgO (0.33-0.45 wt. %) exhibits
marked enrichment and CaO (0.18-0.45 wt. %)
shows high depleted values.

In the altered mineralized siltstone, SiO,
contents are generally constant (63.25-66.78 wt.
%) compared to the unaltered equivalent. The
values of ALOs (14.61-18.31wt. %) and TiO:
(0.55-0.85wt. %), do not show large differences
relative to the unaltered siltstone (Table 3). Fe,O;
is highly enriched in the hematitized samples,
began to decrease in the bleached mineralized
samples where the sericite increases and the iron
is removed. CaO (0.66-0.97 wt. %) and MgO
contents (0.77-1.22 wt. %) are decreased, while
K,0 (3.31-4.21 wt. %) shows extreme enrichment
due to the development of secondary sericite.

4.2. Evaluation of the degree of alteration

The chemical index of alteration (CIA) has
been applied to our samples to assess the degree
of alteration. It was calculated according to
Nesbitt and Young formula [32]. For each sample
as shown in Tables (2 and 3), the increase of CIA
values can be attributed to the loss of mobile
cations and alteration of the crystal structure [33].
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Index values do not exhibit large changes among
the unaltered samples. In particular, CIA values in
unaltered granite and Hammamat samples range
from 499 to 52.6 and from 53.3 to 54.1,
respectively (Tables 2 and 3). Mobile oxides
(CaO, Na,O and K,0) are highly removed from
the rock at final stages of alteration. As a result,
drastic changes in the common patterns of
chemical index are observed (Figure 7). The fact
that a majority of unaltered samples are above a
CIA of 50 suggests that significant aqueous
alteration took place. The mineralized granitic
samples from G-II occurrence have CIA values
with an average of 55.2, slightly higher than the
unaltered equivalent.

The CIA values are increased towards the
mineralized Hammamat sediments (av. 71.1) in
G-V occurrence. The Episyenitized samples
report the highest group of CIA values with an
average of 78.2. Overall, CIA values are
increasing, going up from unaltered to
mineralized rocks, and are above 70 for a large
majority of mineralized samples from G-V
occurrence.

The geochemical analyses of the studied rock
units indicated that major oxide values are
changed in the transition from fresh rock to
altered rock in each rock type from Gabal Gattar
area. Changes of major oxides with CIA are
illustrated in Figure 8. It is indicated that almost
all the major oxides were mobilized during
alteration and mineralization. Even typically
immobile elements such as Ti and Al display
significantly mobile behaviors during
hydrothermal processes. Overall the studied rocks,
strong negative relationship between SiO, and
CIA is directly related to the dissolution of
magmatic quartz. ALOs is positively correlated
with CIA, because of development of kaolinite-
rich clay minerals among the last degrees of
alteration. A moderate positive correlation is
observed between Fe;O; and CIA due to the close
spatial association of hematitization and uranium
mineralization. Na,O is decreased sharply with
increasing CIA, which reflects high alteration rate
of Ca-plagioclase in the granite. In all series, the
contents of TiO, remain constant along the fifth
degrees of alteration, while MgO, Ca and K,O
show scattering with weak correlations.
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Table 2. Major oxides (wt.%), U and Th (ppm) contents of the granitic rocks from G-II uranium occurrence.

Rock type Unaltered Gattar granite Altered and uranium- mineralized Gattar granite
SampleNo. | GI-FGl | Gu-FG2 | GuFG3 | cu-ma | Gums | cume | GuHer | cuss | ciso | Gu-klo | gt |Gk
Maior oxides (wt.%)
SiO, | 7624 [ 7595 | 7642 [ 7008 | 7129 [ 716 | 7205 [ 7813 [ 761 [ 7412 [ 7223 | 173.66
TiO, 0.08 0.1 0.08 0.09 1.03 0.08 0.09 0.08 0.1 1.02 1.06 0.08
ALOs | 1253 [ 1198 [ 1204 | 1462 | 1335 [ 1418 | 1333 [ 1255 | 1251 | 1386 | 1444 | 152
Fe;03 1.22 1.45 1.16 3.29 3.12 4.6 523 1.26 2.16 1.35 1.68 0.98
FeO [ 019 [ o062 [ 032 | 112 [ 1148 [ 125 [ o041 [ 024 [ 036 | 022 [ o042 [ o011
MnO 0.01 0.02 0.02 0.38 021 0.08 0.09 0.05 0.08 0.04 0.06 0.09
MgO [ 018 [ 022 [ o012 | 045 | 037 [ 029 | 025 | 023 [ 027 [ 022 [ 018 [ 026
Ca0 0.25 0.58 0.32 0.65 0.52 0.38 0.42 0.36 0.34 1.23 1.43 0.35
Na,O [ 412 [ 395 | 418 [ 375 | 388 [ 336 [ 377 | 38 [ 375 | 366 | 38 [ 349
K;O 4.51 3.98 4.42 4.1 3.92 3.68 3.65 2.75 3.62 3.61 4.08 4.36
P05 [ 002 [ 0.03 [ 003 [ 006 [ 0.4 [ 0.02 [ 005 [ 0.2 [ 0.3 [ 0.05 [ 004 [ 0.5
L.O.I 0.56 1.08 0.81 1.23 0.86 0.45 0.54 0.48 0.63 0.56 0.51 1.31
Total % | 9991 [ 9996 [ 9998 [ 9992 | 9977 [ 9997 | 9998 | 9997 | 9995 | 9994 [ 9998 [ 99.94
CIA 50.9 50.4 49.9 55.7 53.8 58.3 55.2 56.0 54.1 53.5 52.1 58.1
Radioelement concentrations (ppm)
| B 154 fRA 1190 ARS8 2041 2161 264 45 R 229 1834 2764 24
Th [ 219 [ 143 [ 243 | 374 | 335 [ 392 | 418 [ 586 | 296 | 318 | 412 [ 254
Th/U 1.42 1.66 2.04 0.01 0.01 0.01 0.16 1.28 0.90 0.02 0.01 0.89

Table 3. Major oxides (wt.%), U and Th (ppm) concentrations of the unaltered and altered uranium-mineralized rocks from G-V uranium occurrence.

Bleached mineralized Hematitized mineralized

Rock type Unaltered Hammamat Hammamat Hammamat Unaltered Gattar granite Episyenitized granite
Sample No. ‘ GV-HFr1 ‘ GV-HFr2 ‘ GV-BM3 ‘ GV-BM4 ‘ GV-HM5 ‘ GV-HM6 ‘ GV-FG7 ‘ GV-FG8 ‘ GV-Ep9 ‘ GV-Ep10 ‘ GV-Epl1 ‘
Major oxides (wt.%)
Si02 | 6221 | 6619 | 6678 | 6659 | 6467 | 6325 | 74.41 | 75.27 | 61.14 | 6732 | 6693 |
TiO2 0.76 0.65 0.85 0.62 0.55 0.67 0.12 0.08 0.13 0.11 0.16
ARO3 | 1665 | 1493 | 1831 | 1755 | 1491 | 1461 | 1327 | 12.76 | 20.16 | 2165 | 2022 |
Fe203 342 2.86 1.84 2.48 8.76 10.45 1.62 1.45 10.13 2.41 5.12
FeO [ 127 ] o075 | o0a8 | 015 | 036 | 031 | 0.55 | 0.36 | 0.33 | 0a1 | 037 |
MnO 0.18 0.12 0.04 0.04 0.06 0.07 0.06 0.04 0.12 0.09 0.1
MgO [ 207 | 197 [ o087 | o077 | 1.1 [ 122 ] 0.22 | 0.17 | 0.45 [ 033 | 037 |
CaO 4.54 3.38 0.74 0.66 0.92 0.97 0.56 0.47 0.45 0.18 0.36
Na20 | 268 | 319 | o082 | o071 | 097 | 095 | 3.88 | 4.13 | 1.28 | 117 | 1.63 |
K20 2.18 1.66 421 4.04 331 3.61 4.31 4.19 2.88 3.16 2.54
P205 | 017 | o021 | o018 | 014 | 017 | o022 | 0.05 | 0.05 | 0.09 [ 005 [ 006 |
L.O.I 3.79 3.62 5.12 6.23 4.17 3.61 0.91 1.02 2.55 3.1 2.13
Total % | 99.92 | 9953 | 9994 | 9998 | 9995 | 99.94 | 99.96 | 99.99 | 99.71 | 9998 | 9999 |
CIA 53.3 54.1 72.9 733 69.8 68.5 52.6 51.4 77.6 79.6 713
Radioelement concentrations (ppm)

U 6.8 5.2 4731 3589 5277 11248 8.9 10.5 55.2 31.8 18.4
Th | 38 | 42 | 12 | 52 | 84 | 128 ] 184 | 19.7 164 [ 250 | 297 |
Th/U 0.56 0.81 0.002 0.001 0.002 0.001 2.06 1.87 0.29 0.78 1.61

CIA: Chemical Index of Alteration [32], calculated in molar proportion as [Al,O3/(Al;O3+Ca0+Na,0+K,0)]100.
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Figure 7. Histogram showing the average CIA values for the studied rock types from G-II and G-V uranium
occurrences.

4.3. U and Th Distribution

The unaltered Gattar granite has high
background values of U and Th. The U contents
range from 8.6ppm to 15.4ppm, whereas Th
contents are varying between 14.3ppm and
24 3ppm. Th/U ratios (1.42 to 2.07) are relatively
lower than the normal value for the acidic igneous
rocks (Th/U=3) [34], Tables 2 and 3). The U
contents of the unaltered Hammamat sediments
(5.2-6.8ppm) are higher than that of average
greywacke (1.5ppm) [35]. Thorium contents (3.8-
42ppm) are getting near the average of
greywacke (Sppm), [35].

U is enriched in the altered varieties range
from 28.4-3855ppm, 18.4-55.2ppm and 3589-
11248ppm  for the mineralized granite,
episyenitized granite and mineralized Hammamat,
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respectively. Uranium enrichment is associated
with a relatively weak increase in Th contents
along the mineralized rocks. Th/U ratios are
generally decreased with extremely lower values
noticed in the mineralized Hammamat (Table 3).
The relations between U and Th with CIA are
graphically presented in Figure 9. It was shown
that U amounts are increased along the first four
grades (AG-1 to AG-4) and began to decrease in
grade AG-V. It is indicated that with progressive
alteration, U is leached out from the rock under
the effect of the multiphase of the hydrothermal
solutions. The weak positive correlation between
Th and CIA can be attributed to irregular
distribution of Th along the altered stages and
relative immobility of Th in the hydrothermal
conditions.
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Figure 8. Major oxides (%) as a function of chemical index of alteration (CIA) for the studied rock samples

from Gabal Gattar area.
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Gattar area. Symbols as in Figure 8.

4.4. Mechanical properties

The test results of the mechanical properties of
the studied rock varieties are summarized in Table
(4). Decreases in mechanical properties due to
alteration and mineralization are illustrated in
Figure (11). Unaltered Gattar granite shows a
significantly elevated UCS values (av. 153MPa;
G-Il occurrence), higher than the standard
specification limit (av. 131 MPa) of granite
(ASTM Co615/C15M) [36]. The altered and
mineralized Gattar granite from G-II occurrence
shows wide range (48-174MPa) according to the
dominant type of alteration (Figure 10a). The
silicified samples display elevated UCS (GII-S8
and GII-S9), whereas the kaolinitized sample
(GII-K12) has the lowest UCS value. The degree
of alteration increases towards the episyenitized
samples and the UCS registered extremely lower
values (av. 8 MPa). The unaltered Hammamat
sediments have average of 112.5 MPa (Table 4)
lower than the Gattar granite and extremely higher
than the standard specification limit of sandstone
28MPa (ASTM C616/616M) [37]. Contrastingly,
the altered mineralized Hammamat sediments
show low UCS ranging from 34 to 64MPa,
especially the bleached mineralized samples (GV-
BM3 and GV-BM4). Generally, the UCS values
are decreased with increasing the degree of
alteration (CIA) values (Figure 11a) and mainly
due to the formation of clay minerals that affect
the strength properties of the altered rock. The
investigated samples are classified according to
the International Association for Engineering
Geology and the Environment [38]. The unaltered
granitic samples varied between strong and
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extremely strong, the altered mineralized granitic
samples range from strong to very strong, the
unaltered Hammamat samples are strong, the
altered mineralized Hammamat samples vary
between moderately strong to strong and the
episyenitized granitic samples are weak.

The unaltered Gattar granite yield average
LAA of 25.78 % for G-II and 28.03% for G-V
nearly matching with the standard specification
limit (av. 25%) of granite (ASTM C615/C15M;
Figure 10b) [36]. The unaltered Hammamat
sediments give average LAA of 35.83%. The
values of LAA % are increased with the degree of
alteration (CIA) and a strong positive correlation
(r=0.95) is calculated between the two variables
(Figure 11b). The unaltered Hammamat sediments
have average LAA (35.17%) higher than that of
the mineralized granitic samples (av.=31.12%).
The Hammamat samples were foliated and show
their tendency of breakage along the foliation.
The altered mineralized Hammamat and the
episyenitized samples have the highest LAA
averages of 52.57%, and 84.35%, respectively.

The SDI of the unaltered Gattar granite shows
the highest values (av.= 98.4% for G-II samples
and 97.46% for G-V samples (Table 4 and Figure
10c) nearly matching with the average value of
fine-grained granite after two cycles with distilled
water (99.085%) [39]. The unaltered Gattar
granite is classified as high to very high durability
according to Gambles’ Slake Durability
classification [40]. The unaltered Hammamat
samples show also high durability and have
average index value of 96.85%. The SDI values
are decreased toward the altered varieties. Figure
(11c) shows slake durability index values
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plotted against degree of weathering (CIA) for
samples from different rock exposures in Gattar
area. Samples with the higher degrees of
alteration show a wider range of durability when
compared to their least altered equivalents. The
altered and mineralized granite was
classified with high durability (av. 96.57%), the
altered mineralized Hammamat samples show
medium durability (av. 84.45%), and the
episyenitized samples  were classified also
with medium durability.

The altered mineralized Hammamat and
episyenitized granitic samples have the highest CI
averages of 93.83% and 94.88% respectively,
compared to their unaltered equivalents of
Hammamat sediments (av. 85.38%) and Gabal

Journal of Mining & Environment, Published online

crushability index of Gabal Gattar granite matches
with the average crushability index 79.9 %
(Figure 10d) for Rosa Porrino granite [41]. The CI
values are positively correlated with the degree of
alteration CIA (r=0.82) as shown in Figure (11d).
Range and average of the ISI of the studied
samples are graphically represented in Figure
(10e). The unaltered Gattar granite samples have
averages ISI values of 63.21% (G-II) and 61.13%
(G-V), lower than the average of ISI of 70.9 % for
Rosa Porrino granite [41]. These data are
decreased in the altered granite (av. 60.02%) and
mineralized Hammamat samples (av. 60.02%),
and the extremely lower values are recorded in the
episyenitized granite (av. 30.79%). Generally, the
impact strength values are negatively correlated

Gattar  granite (av.77.13%). The average with the degree of alteration CIA (Figure 11e).
Table 4. Results of mechanical properties of the studied rock varieties from Gattar area.
s Mechamcalsll);l(:zertles o Chemical
E= Compressive ili
8  Rock variety Sa;ln ple strlc)zn th Abrasion Durability Crushabilit Strength [ndex 0 f
g 0. g o . o y Index Alteration
= value (%) index (%) (%) Index (CIA)
MPa  Kg/em’ after 2cycles ° (%)
GII-FG1 142 1500 25.89 98.29 77.89 62.88 50.9
Unaltered
Gattar GII-FG2 157 1571 25.81 98.34 77.35 63.21 50.4
granite GII-FG3 160 1600 25.63 98.56 76.14 63.54 49.9
]
% GII-M4 111 1110 32.17 96.15 77.71 61.72 55.7
E GII-M5 113 1130 31.37 97.08 76.74 58.76 53.8
<
2 GII-M6 95 980 33.14 95.38 87.34 56.52 58.3
E Altered and GII-He7 121 1250 31.71 96.37 90.48 57.61 55.2
£ mineralized "Gy g 169 1700 26.94 97.43 73.71 67.61 56
e Gattar
5 granite GII-S9 174 1900 24.37 97.51 71.54 68.78 54.1
GII-FL10 117 1170 29.64 97.14 74.13 61.71 53.5
GII-FL11 120 1200 29.34 97.38 73.91 65.84 52.1
GII-K12 48 500 41.38 94.67 91.49 41.62 58.1
Unaltered GV-HFr1 115 1148 35.17 97.18 84.92 52.56 53.3
Hammamat
sediments GV-HFr2 110 1100 36.49 96.51 85.83 51.45 54.1
8 GV-BM3 48 480 55.76 83.29 92.26 40.74 72.9
£ Altered and
2 mineralized GV-BM4 34 340 58.91 82.94 93.83 39.18 733
=
S Hammamat GV-HM5 50 500 47.92 85.71 88.71 4541 69.8
° sediments
E GV-HMé6 64 650 47.68 85.84 87.63 45.83 68.5
E Unaltered GV-FG7 119 1200 28.41 97.37 79.74 61.11 52.6
5 Gattar
> granite GV-FG8 130 1338 27.64 97.54 78.76 61.14 51.4
&) -
Episyenitized GV-Ep9 8 80 84.72 62.37 94.87 31.29 77.6
Gattar GV-Epl10 4 40 85.34 60.67 95.41 28.14 79.6
granite GV-Epl1 12 120 82.98 62.45 94.37 32.95 773
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Figure 10. Ranges and averages of the mechanical tests for different rock facies in Gattar area. (a) Uniaxial
compressive strength (MPa). (b) Los Angeles Abrasion (%). (¢) Slake durability index (%). (d) Crushability
index (%). (e) Impact strength index (%).

90



Darwish et al.

Journal of Mining & Environment, Published online

—1sof (3) =-0.91 sl (b) R=0.95
P % S 5%
= % <
£ 140 + § 70 |-
e pie \ © /
g ® 5 =
@ 100 - . e m
= 2 <
2 >
o 6ol - S0 ﬁ’
o &> [ | Prs L 2
5 o S
O 201 - 10 -
1 %\’( 1 1
40 60 80 100 40 60 80 100
Chemical Index of Alteration (CIA) Chemical Index of Alteration (CIA)
C =-0.93 d R=0.82
ol (© os) (d) g
= 3 *®
< e > e oF
=2 e \ Sssh A
S 90 =
< m =2
5 = = _i?,
o S7s5) =
o 2 <o
< 70} 2 <
@ S
¢ es |
50 1 1 1 1
40 60 80 100 40 60 80 100
Chemical Index of Alteration (CIA) Chemical Index of Alteration (CIA)
(e) R=-0.91
70}
= .‘0
E Voo + Unaltered Gattar granite (G-ll)
£ S, gk Unaltered Gattar granite(G-V)
55, so |- N ¢ Altered and mineralized granite (G-l
g . % Episyenitized granite (G-V)
i 2 ) A Unaltered Hammamat (G-V)
§ [ Altered and mineralized Hammamat (G-V)
£ 30} %
= x
1 1
40 60 80 100

Chemical Index of Alteration (CIA)
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4.5. Classification of alteration grades

The uranium-bearing rocks from Gattar area
were subjected to the effects of late-magmatic
hydrothermal alteration and also more recent
surficial weathering. It should be emphasized that
the alteration effects are progressive and
variations in material grades can occur laterally as
well as vertically in any rock mass. The material
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alteration grades (classes) used in this work were
established based on the calculated degree of
alteration (CIA) and the mechanical properties of
the individual sample and with the aid of the
previous studies published on the weathering
classification of granite given by [42, 43].
However, the term “Altered” was used to describe
rock masses which have been affected by
hydrothermal alteration. Table (5) presents the
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alteration grades (AG) suggested in this work for
the examined rocks from Gabal Gattar area. The
rocks were divided into five categories: fresh
(AG-I), slightly altered (AG-II), moderately
altered (AG-III), highly altered (AG-IV) and very
highly altered (AG-V). Moreover, the strength
properties of the classified grades are illustrated in

Journal of Mining & Environment, Published online

Table (5). The common alteration grades varied
from AG-1 to AG-V in the majority of sampling
locations. However, in one location (G-II
occurrence), it varied from AG-I to AG-IIL
Additionally, a change from fresh rock to highly
altered rock is observed in G-V occurrence.

Table 5. Classification of alteration grades of the investigated rocks in terms of degree of alteration
(CIA) and mechanical properties of the rock material.

Descriptive Alteration Degree of . -
Rock type Sample term GRADE (AG) Alteration Relative Strength Durability
GII-FG1
GII-FG2 .
Unaltered Extremely strong Very High to
perthitic granite gg:ll:g; Fresh AG-1 49.9-52.6 to strong High
GV-FG8
GII-M5
GII-S9 . Very strong to .
GII-F10 Slightly Altered AG-II 52.1-54.1 strong High
Altered and GII-F11
mineralized GII-M4
perthitic granite  Gr-Me .
GII-He7 Mmlierately AG-IIT 55.2-58.3 Very strong to ngl.l to
GII-S8 Altered moderately Strong Medium
GII-K12
. . GV-Ep9 .
Episyenitized GV-EII;IO Very Highly AG-V 77.3-79.6 Weak Medium
granite GV-Epl1 Altered
Unaltered
Hammamat gz:gg:; Fresh AG-1 53.3-54.1 Strong High
sediments
Altered and GV-BM3
mineralized GV-BM4 . Strong to Medium High
Hammamat GV-HMS5 Highly Altered AGIV 68.5-73.3 Moderately strong to Medium
sediments GV-HM6
In the Fresh granite, all the mineral ranges from 55.2 to 58.3.The relative strength of

constituents are hard and sound. It is generally
extremely strong but the samples from G-V are
more affected by surficial weathering and being
strong. The fresh granite in the study area has CIA
values ranging from 49.9 to 52.6. The durability
of this granite is very high to high (Table 5). In
the slightly altered Granite, a series of
microcracks parallel to major joint surfaces are
present in the stained zone. At more advanced
stages of alteration, these microcracks develop in
a radial arrangement surrounding the less altered
variety. The strength of this grade varied between
very strong and strong whereas the CIA values
ranging from 52.1 to 54.1. The durability of this
grade is high (Table 5). Moderately altered granite
is brecciated and dominantly fractured; the
microfractures filled by alteration minerals. The
intact rock strength is appreciably reduced in the
more altered specimens in this grade, in
comparison to the fresh and slightly altered
granite. The CIA values of this altered domain
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this grade is very strong to moderately strong and
the durability is high to medium (Table 5). Very
highly altered episyenitized granite can be a weak
rock. It can be easily broken by the hand hammer.
It is completely discolored, reddish brown to
whitish light pink. The CIA values of this altered
rock ranges from 77.3- 79.6 and its durability is
medium (Table 5).

The fresh samples of the Hammamat
sediments are commonly foliated and its relative
strength is strong. The CIA values (53.3- 54.1) are
slightly higher than those of the Fresh granite and
the durability is strong (Table 5). In the altered
and mineralized Hammamat, the presence of
excessive alterations in the fault and fracture
zones make relative strength of this grade varied
between strong to moderately strong. The CIA
values of this grade range from 68.5- 73.3 and the
durability is medium high to medium (Table 5).

The characterization of the rocks is helpful to
describe drilling penetration resistance and to
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illustrate feasibility for ore processing as well as
preparing the designs of tunnels. In many
locations in the Eastern Desert of Egypt the main
host rock for the uranium mineralization is the
granite that was subjected to the same
hydrothermal processes affected in Gabal Gattar
area. However, in these uranium occurrences, the
Nuclear Materials Authority of Egypt carried out
intensive program for uranium ore extraction and
processing. So, this classification scheme of
alteration grades can be used as a supplement to
the general mass weathering scheme adopted for
the grouping and subdivision of the weathered
granite for engineering purposes.

5. Conclusions

The present work describes the relative
changes occurring in the rock material caused by
hydrothermal alteration with respect to their
unaltered equivalent (fresh) and introduces a
classification scheme for alteration grades of the
investigated rock types in Gattar area, Northern
Eastern Desert, Egypt. The degree of alteration of
the hydrothermally uranium-mineralized rocks in
the most significant uranium occurrences (G-II
and G-V) is evaluated by the calculation of
chemical index of alteration (CIA). The
mechanical properties of the studied samples were
evaluated using the following tests: uniaxial
compressive strength, slake durability index, Los
Angeles abrasion, crushability index and impact
strength index. Five rock wvarieties were
discriminated in the studied occurrences, which
represent the unaltered and altered uranium-
mineralized rocks including: (1) unaltered Gattar
granite, (2) altered and mineralized Gattar granite,
(3) unaltered Hammamat, (4) altered and
mineralized Hammamat (bleached and
hematatized varieties), and (5) episyenitized
Gattar granite. Differences in the rock chemistry
(change in major oxide values) in the transition
from fresh rock to moderately altered rock, from
moderately altered to highly altered rock, indicate
variance impacts of the hydrothermal alteration
and weathering events, and this development of
alteration grades is also revealed in the
calculations of chemical index of alteration (CIA).
The studied rocks were classified into five grades:
fresh (AG-I), slightly altered (AG-II), moderately
altered (AG-III), highly altered (AG-IV) and very
highly altered (AG-V). The strength properties of
the investigated rock units corresponded well with
the alteration grades assigned to them. The fresh
Gattar granite is generally extremely strong and
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its durability is very high to high. The altered
mineralized granite from G-II is very strong to
strong with durability varying between high to
medium. The episyenitized granite is a weak rock
with medium durability. The fresh Hammamat is
a strong rock with high durability and the altered
mineralized Hammamat is strong to moderately
strong with medium durability. The classification
scheme suggested in this work is useful for the
engineering purposes in Gabal Gattar area wchich
can reduce the cost of tunneling, drilling, crushing
and grinding processes.
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