Geomaterials, 2014, 4, 27-46 422 Scientific
Published Online January 2014 (http://www.scirp.org/journal/gm) #%% Research
http://dx.doi.org/10.4236/gm.2014.41004

Petrographic, Radiometric and Paleomagnetic Studies for
Some Alkaline Rocks, South Nusab El Balgum Mass
Complex, South Western Desert, Egypt
Ragaa A. M. Elsayed, Hassan M. Assran, Soliman A. Abu Elatta

Nuclear Materials Authority, Cairo, Egypt
Email: dr.soliman72@yahoo.com

Received November 21, 2013; revised December 21, 2013; accepted December 28, 2013

Copyright © 2014 Ragaa A. M. Elsayed et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
In accordance of the Creative Commons Attribution License all Copyrights © 2014 are reserved for SCIRP and the owner of the
intellectual property Ragaa A. M. Elsayed et al. All Copyright © 2014 are guarded by law and by SCIRP as a guardian.

ABSTRACT

Nusab El Balgum mass complex represents one of the alkaline igneous activities in the south Western Desert of
Egypt. Petrographic investigations defined some different rock types in south of the complex represented by al-
kaline volcanics (pyroclastics [rhyolitic crystal tuffs], spherulitic rhyolites, alkaline rhyolite dykes), sub-volcanic
peralkaline granites and structurally controlled mylonitic volcanoclastics. These rocks recorded significant con-
centrations in terms of the two radioactive elements Th and eU, which displayed considerable spatial variations,
especially within the peralkaline granites. The abundance of Th and eU is mainly related to favorable combina-
tion of structural and pos-magmatic hydrothermal conditions. Paleomagnetic results give well-defined stable
remanent magnetization directions of reliable VGP positions, which are presented and discussed in the context of
the African APWP. Rock types, magnetization directions and VGP positions with the corresponding ages are as
follows: 1) Rhyolitic crystal tuffs; D/I = 340.0°/-19.4°, ags = 6.8°; VGP Lat./Long. = 51.4°N/240.5°E, Ags = 5.9°
(Late Triassic). 2) Spherulitic rhyolites; D/l = 346.7°/-6.6°, ags = 3.5°; VGP Lat./Long. = 60.4°N/237.0°E, Ags =
3.0° (Late Triassic/Early Jurassic). 3) Alkaline rhyolite dykes; D/l = 341.3°/16.7°, ags = 5.4°; VGP Lat./Long. =
67.0°N/262.8°E, Ags = 4.2° (Early Jurassic). 4) Peralkaline granites; D/l = 173.3°/-9.7°, ags = 3.6°; VGP Lat./Long.
= —70.5°S/49.7°E, Ags = 5.0° (Late Cretaceous). 5) Mylonitic volcanoclastics; D/l = 3.4°/32.7°, ags = 4.4°; VGP
Lat./Long. = 83.6°N/178.2°E, Ags = 3.9° (Oligo-Miocene). Except for the mylonitic volcanoclastics, these ages cor-
respond to extrusion of the rocks and acquisition of primary thermal remanent magnetizations during the initial
cooling. The formation events of the volcanic rocks are coincident with the most dynamic phases of Pangaea
break-up, which occurred during the emplacement of the Central Atlantic Magmatic Province and the subse-
guent opening of the Central Atlantic Ocean. The sub-volcanic peralkaline granites are coeval with anorogenic
alkaline rocks in south of Egypt and these rocks formed due to alkaline melts in the asthenosphere. The mylonit-
ic volcanoclastics reflect a secondary magnetization acquisition age, most likely, corresponding to local tectonic
event where the rocks are genetically related to fault system in the area.
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1. Introduction percent of the known global resources [2]. Generally,
felsic volcanic rocks proximal to U deposits typically

V0|0anism iS a majOI’ Contl’ibutor to the fOI’mation Of im' Contain U Concentrations in excess of 10 ppm Enriched

portant uranium (U) deposits [1]. The International U contents are characteristics of rocks with aluminous

Atomic Energy Agency (IAEA) tabulation lists 100 vol- and alkaline affinities [3].

canogenic U deposits in 20 countries, which amount to 6 In south of Egypt, the alkaline igneous activity can be
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related to major tectonic event [4,5]. Black et al. [6] and
Bowden [7] reported that the occurrence of alkaline
provinces in North Africa (including Egypt) is controlled
by major lithosphere weaknesses represented by the
Trans African Lineament (TAL) and the Central African
lineament (CAL) megashears (Figure 1(a)). According
to [8], the ENE-WSW trending tectonic zones in south-
ern Egypt have a comparable strike of these two major
megashear zones.

Nusab El Balgum mass complex, which is the subject
of this study, represents one of the volcanic and sub-
volcanic alkaline activities in the south Western Desert
of Egypt, at the intersection of lat. 23°17'N and long.
29°18'E (Figure 1(b)). Abu Elatta, et al. [9] suggested
that this mass complex may be due to the intersection of
an ENE-WSW trend of CAL (the most important part of
this lineament in the southwest of Egypt is the Kalabsha
fault, [10]) with Tarafawi-Qena-South Sinai Arch of NE
trend (Arch built along major fracture zone forming the
plate or sub-plate). According to [11], the volcanic activ-
ities took place in Permo-Triassic age, but from geologic
evidences, they may begin at Late Triassic, associating
with rifting of the Central Atlantic Ocean which led to
the formation of main mass complex.

Generally, Nusab El Balgum mass complex is of a
considerable geological interest for the discovery of
some radioactive anomalies in the area [12]. Besides, the

numerous igneous processes at the complex, despite its
comparatively small volume, provide geochronologic
insight to larger processes in the area and in a broader
sense to regional alkaline igneous system. Therefore, the
purpose of this study is fourfold; first, to define the main
rock types of south Nusab El Balgum complex through
petrographic investigations; second, to explain the un-
usual occurrence and distribution of the radioactive ele-
ments in these volcanic rocks as an attempt to establish
some criteria that could help the U exploration; third, to
infer the geochronological sequence of these areally re-
stricted rocks using paleomagnetic and rock magnetic
methods and discuss their formation events in a regional
context, using recently published paleomagnetic results
to a time-averaged reference Apparent Polar Wander
Path (APWP) for Africa; and, fourth, to help in further
refining of the Mesozoic APWP of Africa.

2. Field Relations and Observations

Nusab El Balgum mass complex occurs as elongated
body (~12 Km x 4 Km), trending NNE-SSW and sur-
rounded by a peneplain surface, represented by sandstone
of the Six Hills Formation of late Jurassic-early Creta-
ceous age [13] and windblown recent sands. The main
mass complex is composed mainly of rhyolitic lava flow,
banded tuffs, agglomerates, jasperoid veinlets or clots
and breccias of vent type, as well as parallel dyke swarms
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Figure 1. Compiled geologic maps showing: (a) Pre-Cambrian Cratons, Trans African Lineament, Central African Linea-
ment and alkaline provinces of North Africa. (b) Lineaments and alkaline complexes of south Egypt, including Nusab El

Balgum mass.
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of trachytic and rhyolitic types. Based on this composi-
tion and the evident field relations, [12] considerd Nusab
El Balgum mass as an example for a caldera complex,
where a caldera is a large basin-shaped volcanic depres-
sion with diameter greater many times than that of the
included vent or vents and comprising dykes, sills, stocks,
vent breccia, crater fill of lava, talus beds of tuffs and
agglomerate. Figure 2 illustrates both of the main crater
of Nusab EI Balgum mass, which composed of the above
mentioned rock types, and some field observations in the
area.

Mapping of south Nusab El Balgum mass complex
was performed by the authors through field survey, in-
cluding intensive sampling for some rock types and pe-
trographic investigations. As illustrated from the field
observations (Figure 2) and the geologic map (Figure 3),
the different rock types in the area were represented by
volcanic rocks and their pyroclastics, sub-volcanic al-
tered peralkaine granites, structurally controlled mylo-
nitic volcanoclastic rocks, sandstone of the Six Hills
Formation and windblown sands. As the main purpose of
this research is the study of some alkaline rocks, concen-
tration is focused on the volcanic rocks and the peralka-
line granites.

The volcanic rocks and their pyroclastics (tuffs and
agglomerates) represent the main mass of the complex
(Figures 2 & 3). Besides, parallel dyke swarms of rhyo-
litic type, nearly trending N 40° E, are located along the
southeastern side of the mass with variable length and
width.

The altered peralkaline granites crop out as small stock
intrusions with low relief (the highest peak is about 30 m
above the surroundings) intruding the volcanic rocks.
Xenoliths from both of the volcanics and sandstones of
the Six Hills Formation are found within their shield
margins. Generally, most of the granites are dark massive
rocks, strongly affected by hydrothermal alterations
which represented by silicification, sericitization, carbo-
natization and kaolinitization. Dark color fracture due to
Fe-Mn oxy-hydroxides alterations are also present. Fi-
nally, the mylonitic volcanoclastic rocks occur west of
the study area along NE-SW left lateral strike-slip fault
as a smoky color rock, with well-developed bands.

Structurally, the area of Nusab El Balgum complex
was affected by two types of predominant faults. The
oldest one of right lateral movement (known as Kalabsha
fault) strikes ENE-WSW and dips from 75° - 80° NNW,
with width zone ranging from 20 - 60 m. The second

Figure 2. View shows: (a) Bowl of the volcanic crater and the main rock types of the mass complex, (b) ENE-WSW fault zone
between the granites and volcanoclastics, and NE-SW alkaline dyke extruded in the pyroclastics, (c) Lithic tuffs and silicified

alteration in the peralkaline granites.
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type of left lateral movement strikes N30° - 37°E and
dips from 75°- 80° SE, with width zone ranging from 20 -
30 m. The two types were characterized by gouge fault
planes, hematitization, brecciation and mylonitization.

3. Petrographic Investigations

Petrographic investigations were done for thin sections of
some representative samples using a Nikon (optical-pol)
polarizing microscope, equipped with a full automatic
photomicrograph attachment (Microflex AFX-II). Re-
sults of the optical examination for the different rock
types are illustrated in Figures 4 to 8 and summarized as
follows:

1) Rhyolitic crystal tuffs

They are composed of quartz, feldspars (orthoclase
perthite, string perthite and plagioclase), chalcedony and
opaques as well as lithic fragments of rhyolite set in a
fine matrix of rhyolitic composition texture. Quartz oc-

oy DR, < &

Figure 4. View shows: (a) Sinistral ENE-WSW fault, (b) Orthoclase perthite, (c) Chalcedony occurs as kink bands and (d)
Amorphous secondary uranium associated with iron in the rhyolitic crystal tuffs.

curs as euhedral to subhedral crystals, most of them are
cracked with hematite filling and showed the effect of the
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Figure 3. Geologic map of south Nusab El Balgum mass
complex, south Western Desert, Egypt.

Figure 5. View shows: (a) Spherulitic texture and (b) Autunite in the Spherulitic rhyolite rocks.
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Figure 6. View shows: (a) Altered alkali minerals and (b) Amorphous secondary uranium occurs as coating upon the quartz

and feldspar crystals in the alkaline rhyolite dykes.

Figure 7. View shows: (a) String perthite, (b) Anhedral crystals of epidote, ((c) & (d)) Uranophane boxworks and autunite

secondary uranium minerals in the altered peralkaline granites.

Figure 8. View shows: (a) Banding and (b) Orthoclase perthite parallel to the band in the mylonitic volcanoclastic rocks.

strike slip faults in the area (Figure 4(a)). Orthoclase
perthite occurs as euhedral to subhedral crystals showing
simple twinning (Figure 4(b)), but some crystals are
highly sericitized. String perthite occurs as subhedral to
anhedral crystals, partially or completely sericitized. Pla-

OPEN ACCESS

gioclase is rare and occurs as subhedral to anhedral crys-
tals corroded by the groundmass. Most of the feldspar
crystals are broken and filled by hematite. Chalcedony
often displays some kind of distinctive banding (Figure
4(c)). On the other hand, opaques constitute about 8% of
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the whole rocks and most of them represented by sul-
phides (sphalerite and pyrite) and magnetite. Amorphous
secondary uranium is associated with hematite or filling
the fractures (Figure 4(d)).

2) Spherulitic rhyolites

They are composed mainly of quartz, potash feldspars,
albite and minor alkaline minerals. The spherulites
formed as a result of intergrowth between potash fel-
dspars and quartz (Figure 5(a)). Albite is intergrowth
with potash feldspar forming subhedral perthite crystals.
Opaques and zircon represent the main accessory miner-
als, while carbonate and hematite are secondary products.
Opaques occur as small irregular crystals of magnetite,
while zircon is rare and occurs as fine crystals. Carbonate
occurs as fine-grained aggregates distributed over the
whole rocks, while hematite filling the fractures and
cracked crystals. Secondary uranium mineral occurs as a
rose-like shape, autunite (Figure 5(b)).

3) Alkaline rhyolite dykes

They are composed essentially of quartz, alkali fel-
dspars (perthite and orthoclase perthite) and alkaline
minerals. The accessories are opaques, zircon, monazite,
apatite and fluorite, while carbonates, hematite and amor-
phous uranium are secondary products. The phenocrysts
reach up to 20% of the rock and represented by randomly
scattered plates of alkali feldspars, embedded in fine-
grained of the same above minerals. Quartz phenocrysts
occur as patches forming micropoikilitic texture in be-
tween alkali feldspars or intergrowth with them forming
graphic texture. Alkaline minerals occur as prismatic
crystals (radiating and patches), most of them are altered
(Figure 6(a)), not easily to recognized and occur within
feldspars and quartz. Opaques represented by magnetite
(associated with decomposed phenocrysts of alkali
feldspars), elmenite and pyrite. Zircon occurs as fine
crystals adjacent to the black opaque grains, while mona-
zite occurs as minute crystals and relatively more than
zircon. Both apatite and fluorite occur as fine irregular
grains associated with the alkaline minerals, while car-
bonates are regularly distributed through the rock. Amor-
phous secondary uranium occurs as coating upon the
quartz and feldspar crystals (Figure 6(b)) and observed
filling fracture planes as a rose-like shape.

4) Altered peralkaline granites

The essential minerals of the peralkaline granites ex-
hibit different degrees of alteration, Fe-Mn oxy-hydrox-
ides alterations, with well-presented original structural
characteristics of the rock. Manganese oxides occur
along the fractures while iron oxides being heterogene-
ous in the intensity and distribution. The dominant potash
feldspars occur mainly as anhedral perthite crystals of
string and patch types and graphically intergrowth with
quartz forming graphic texture (Figure 7(a)). Some of
the crystal cores are fresh while the peripheries were
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stained by iron oxides. Besides, some of these crystals
were completely transformed to silica, hematitized by the
action of hydrothermal solutions in silicified variety.
Alkaline minerals are completely metasomatized forming
pseudomorphs iron oxides and silica or may change to
nearly opaques, especially along its cleavages, as a result
of strong invading of Fe** ions. The alkaline amphibole
may also be changed to carbonates which developed as
patches or crystals and microveinlets. Zircon occurs in
clusters of short prismatic crystals while monazite occurs
as minute crystals. Opaques distributed over the thin sec-
tion and represented by magnetite (most of them occur as
grid-like crystals), pyrite and chalcopyrite (subhedral to
anhedral). Hematite and goethite also found while epi-
dote is very rare and occur as anhedral crystals (Figure
7(b)). A secondary radioactive mineral represented by
uranophane was observed as a boxworks (Figure 7(c)) or
in association with the silicification or filling the frac-
tures in the primary quartz. Autunite is another secondary
radioactive mineral occurs as rose-like crystals associat-
ing hematite upon the primary quartz (Figure 7(d)).

5) Mylonitic volcanoclastic rocks

Mylonitic volcanoclastics are mainly composed of por-
phyroclasts and matrix as well as opaques and hematite.
The porphyroclasts represented by quartz with relatively
very small crystals of orthoclase perthite and perthite. The
matrix or groundmass forms finely layered or bands and
composed of fine-grained recrystallized material repre-
sented by quartz, sericite, clay minerals and opaques
(Figures 8(a) & (b)). Quartz occurs in two generations;
porphyroclast and fine-grained crystals. The crystals are
anhedral, corded and show strong wavy extinction. Or-
thoclase perthite and perthite crystals are parallel to the
bands, partially sericitized, fractured and corroded mar-
gins by matrix. Opaques are represented by sphalerite,
pyrite and magnetite. The sphalerite occurs as anhedral
crystals or filling micro fractures while pyrite and mag-
netite exist as small subhedral to anhedral crystals or as
interstitial skeletal crystals and irregular patches. Hema-
tite also occurs among the bands or filling fractures.

4. Radiometric Investigations
4.1. Analytical Methods

Field gamma-ray spectrometry measurements were car-
ried out for some different rock types of Nusab El Bal-
gum complex using RS-230 spectrometer. The instru-
ment is used for measuring concentrations of the three
radioactive elements potassium (K%), equivalent ura-
nium (eU ppm) and thorium (Th ppm) by detection of
their gamma-rays in selected energy intervals, which are
fixed by channels of the amplitude multichannel analyzer.
Results of the measurements and the calculated statistical
parameters are listed in Table 1.
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Table 1. Gamma-ray spectrometry data for the different rock types, south Nusab EI Balgum mass complex, south Western

Desert, Egypt.

Statistical parameters

Radioactive U-leaching
Rock type No. Elements Range X S Ccv (eU —Th/3.5)
Min Max. (%)
K (%) 1.6 3 2.1 0.45 21
. eU (ppm) 13 22 16.3 4.2 26 (45-11.4),
Rhyolitic crystal tuffs 7 Th (ppm) 12 50 306 10.8 36 X =475
Th/eU 15 2.3 1.8 0.29 16
K (%) 11 5.2 33 13 39
. ) eU (ppm) 5 66 28 15.7 56 (—10.6 - 20.6),
Spherulitic rhyolites 10 Th (ppm) 20 159 73 1 56 X =471
Th/eU 15 54 2.8 11 39
K (%) 1.2 2.8 2.3 0.5 22
) ) eU (ppm) 30 39 36 36 10 (15.7 - 21.1),
Alkaline rhyolite dykes 6 Th (ppm) 50 66 59 54 9 X = +18.9
Th/eU 1.6 1.7 1.7 0.04 24
K (%) 0.01 6 34 1.8 53
Altered peralkaline 15 eU (ppm) 13 300 77 76 99 (—62.3-18.7),
granites Th (ppm) 26 1100 261 275 105 X=+52
Th/eU 2 147 3.7 29 78
K (%) 1.3 1.8 1.6 0.17 11
Mylonitic volcanoclastic 6 eU (ppm) 45 56 52 3 6 (17.1-21.3),
rocks Th (ppm) 83 136 106 17 16 19.8
Th/eU 1.8 2.6 2.2 0.25 11

X: Arithmatic mean, S: Standard deviation and CV: Coefficient of variability.

Correlation between the three radioelement concentra-
tions as well as correlation of eU/Th ratios with both eU
and Th concentrations was carried out and illustrated in
Figures 9 & 10. This aims to investigate the mutual rela-
tion and strength of association between these parameters,
which, consequently, reflect distribution and remobiliza-
tion of the radioelements, particularly uranium. The rela-
tion (goodness of a trend) was estimated through calcula-
tion of the linear Person correlation coefficient “r”, with
reliability checked against critical values “r,” at 95%
confidence level [14].

4.2. Discussion and Interpretation

The visual examination of Table 1 showed some varia-
tions for K concentrations within and between the dif-
ferent studied rock types, with the highest and very close
average values (3.4% & 3.3%) reported in the peralkaline
granites and the spherulitic rhyolites, while the lowest
value (1.6%) is at the mylonitic volcanoclastics. The
calculate coefficient of variability (CV) values reflect a
relatively high variability distribution for K concentra-
tions within both the peralkaline granites (average of
53%) and the spherulitic rhyolites (average of 39%)
which is expected in view of the observed post-magmatic
alterations (carbonatization and sericitization) for these
rocks. Despite the presence of such variability, there is
no any significant correlation between K and both eU
and Th for each of the different rock types (Figures 9 &
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10). This appears to broadly coincide with the fact that K
is a wide spread element in the crustal rocks, since it
consider as a major element in the rock forming minerals,
particularly the acidic rocks. On the other hand, the rela-
tively high variability distribution for the K concentra-
tions within both the peralkaline granites and the spheru-
litic rhyolites suggested, therefore, that K is closely asso-
ciated with the mineralogical changes due to alteration,
and not allied with increasing of eU and Th concentra-
tions. This fact seems an adequate target for aerial and
ground surveys and may provide a means of distinguish-
ing between hydrothermally-altered high-potassium
zones and unaltered rocks of similar composition.
Regarding the principle radioactive elements eU and
Th, they showed much variation within the different rock
types of the complex. The rhyolitic crystal tuffs is
marked by relatively high average contents of eU (16.3
ppm, approximately 4 times the Clark value) and Th
(30.6 ppm) than the average concentrations record for
their equivalent normal granites. The average Th/U ratio
is low (1.8 ppm) and close to the minimum value of
range of the granitic rocks, between 2 and 6 ppm [15,16],
indicating U addition to the rocks [16]. This, also, con-
firmed from the calculated leaching values of uranium,
which gave an average positive value of about 7.5 ppm.
The U-leaching value is the difference between eU and
the theoretical (Th/3.5) value, and generally represented
by positive sign for U-enrichment (leaching in), negative
sign for U-depletion (leaching out) or zero value (no
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Figure 9. The relationships of, K-eU, K-Th, eU-Th, eU/Th-eU and eU/Th-Th for the rhyolitic crystal tuffs and spherulitic
rhyolites, south Nusab El Balgum mass complex, south Western Desert, Egypt.

depletion or enrichment). As illustrated in Figure 9(a), a
significant positive correlation exist between eU and Th
(r = 0.81), which suggest that U is associated with Th-
rich accessory minerals. On the other hand, the eU/Th
ratios exhibit a good negative relation with Th and also
tend to decrease with decreasing eU. This behavior sug-
gested that some of the Th content is concentrated mainly
in the primitive phases of magmatic evolution and re-
main fixed (relatively immobile), while there is a limited
mobilization of the uranium within the rocks [17,18].
This suggestion is confirmed from the calculate coeffi-
cient of variability (CV) values (Table 1) which reflect
relatively higher variability for Th concentrations within
the rocks (average of 36%) than the eU (average of
26%).

Regarding the spherulitic rhyolites, they recorded
higher concentrations for both eU (averaging 28 ppm)

and Th (averaging 73 ppm) than the rhyolitic crystal tuffs.

Despite these anomalously high concentrations, the av-
erage Th/eU ratio (2.8 ppm) falls within the range of the
granitic rocks (between 2 and 6). These evidences, with
the calculated low positive U-leaching value (7.1 ppm),

OPEN ACCESS

suggest that U was derived mostly from the rocks itself
with some addition from outer sources [16]. The eU and
Th concentrations exhibit a significant positive relation (r
= 0.77) whereas there is no any relation between eU/Th
ratio and both of the two elements (Figure 9(b)), indi-
cating an association between eU and Th within the same
accessory minerals, with a much limited mobility of eU
within the rocks. This fact broadly coincides with the
calculated CV values which reflect the same variability
distribution (56%) for both eU and Th within the rocks.
The alkaline rhyolite dykes show high and homoge-
neous concentrations for both the eU and Th, with a rela-
tively lower average Th/eU ratio (1.7 ppm) than their
equivalent rocks. This indicates much additions of U
from outer sources [16], which agree fairly well with the
calculated high U-leaching average value (+18.9 ppm),
reflecting the enrichment of uranium (leaching in). The
trend defined in the correlation of eU with Th concentra-
tions (Figure 10(a)) exhibit a very good positive relation
(r = 0.98), furthermore, the eU and Th concentrations
exhibit very close average CV values (Table 1). This
indicates that eU is largely associated with Th within the
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Figure 10. The relationships of, K-eU, K-Th, eU-Th, eU/Th-eU and eU/Th-Th for the peralkaline granites, the alkaline rhyo-
lite dykes and the mylonitic volcanoclastic rocks, south Nusab El Balgum mass complex, south Western Desert, Egypt.

same accessory minerals. The eU/Th ratios show a re-
markable increase with increasing both of the eU and Th

concentrations, with a relatively higher tendency with eU.

This, also, reflects the strong association between eU and
Th with limited mobilization for eU within the rocks.
The peralkaline granites are marked by a fairly high
eU contents (averaging 79 ppm), with very high average
values of the calculated statistical parameters S and CV.
Thus, these granites are considered uraniferous and be-
long to group 1V granites of [19], which is favorable for
U mineralization. These granites, also, appear to be
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Th-rich (theoriferous), where the average Th concentra-
tion is about 261 ppm. The average value of Th/eU ratio
(3.8 ppm) typically falls within the range of granite rocks.
The anomalously high eU and Th contents and the cor-
responding normal average Th/eU value, together with
the significant positive correlation between eU and Th
(Figure 10(b)), suggests that eU is largely associated
with Th-rich accessory minerals. The calculated CV val-
ues support this suggestion and reflect very strong varia-
bility distributions, with very close CV values for both
eU (99%) and Th (105%). The presence of Th-rich ac-

GM



36 R.A. M. ELSAYED ET AL.

cessory minerals (thorite, uranothorite and ferrocolum-
bite) was confirmed by XRD analysis for representative
samples of these granites [9,12]. Assessment of U mobi-
lization within the granites is based on the relation of
eU/Th ratios with both eU and Th contents, and the cal-
culated U-leaching values. As illustrated in Figure 10(b)
there is no any significant correlation for the eU/Th ratios
with both eU and Th contents, but there is a very little
decrease for the eU/Th ratios with increasing the eU and
Th which reflects much limited mobility of the uranium
within these granites. The U-leaching values show con-
siderable variation (ranging from negative to positive
values) over the studied granites, with an average of +5.2
ppm, which reflects some enrichment of uranium (leach-
ing in). Enrichment of thorium relative to uranium in
some site could be attributed to the presence of signifi-
cant uranothorite and thorite where thorium is enriched
relative to uranium. The occurrence of an apparent pri-
mary U- and Th-bearing mineral (uranothorite) and at
least some U enrichment suggests a hydrotherml charac-
ter for uranium.

Finally, the mylonitic volcanoclastic rocks are marked
by high and rather homogeneous concentrations for eU
(averaging 52 ppm) and Th (averaging 106 ppm). The
average Th/eU ratio is relatively low, but falls within the
range of the equivalent granitic rocks. As illustrated in
Figure 10(c), a very strong positive relation exist be-
tween eU and Th (r = 0.99), while the eU/Th ratios exhi-
bit negative relation with Th and eU. This behavior sug-
gested that eU is largely associated with Th-rich acces-
sory minerals which are believed to be hydrothermal in
origin, in addition to the Th concentration in the primi-
tive phases of magmatic evolution. Based on the calcu-
lated average U-leaching value (+19.8), U mobilization
was strong and post magmatic. Generally, any rock
showing strong U mobilization is expected to host epi-
genetic U occurrences [18].

In conclusion, the different rock types in south Nusab
El Balgum mass complex recorded significant concentra-
tions in terms of the two radioactive elements Th and eU.
The rocks as a whole contain about 50 times more eU
than their equivalent normal rocks, with considerable
variations of the Th range. The hydrothermal processes
have clearly altered the rocks, especially the granites and
mylonite, and modified the eU and Th concentrations.
Accordingly, the area is of considerable significant in
view of exploration and still needs more surface and
subsurface investigations in order to localize the most
promising area for U mineralization.

5. Paleomagnetic Investigations
5.1. Sampling and Laboratory Method

For paleomagnetic investigations, oriented block samples
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were taken at different sites covering the studied rock
types south of Nusab EI Balgum mass complex. The
samples were oriented in-situ, while still attached to the
outcrops, using a magnetic compass and accurately lo-
cated using GPS instrument. All the samples were sub-
sequently reoriented in the laboratory where three to four
1-inch diameter cylindrical cores were drilled from each
block and sliced into standard 0.87-inch length speci-
mens to conform to the optimum length of the paleo-
magnetic measurements [20].

All the different paleomagnetic measurements were
carried out at the Geophysical Laboratory of the Nuclear
Materials Authority of Egypt. The bulk magnetic suscep-
tibility was measured using a low-field Minisep (MS9)
susceptibility meter while the natural remanent magneti-
zation (NRM) was measured using a Jelinek JR-5A
spinner magnetometer, with sensitivity reaching 2.4
pA/m. In order to remove secondary overprints and re-
solve the primary or characteristic remanent magnetiza-
tion (ChRM), progressive alternating field (A.F.) and
thermal demagnetizations were carried out using a Mols-
pin (MSA2) shielded AF 2-axis tumble demagnetizer
with a peak Field of 100 mT and a shielded MMTD-80
type furnace capable of heating to 800°C, with 4 layers of
mu-metal shield and a magnetic induction less than 10
nT, respectively.

The Fe-oxides which carry the NRM were investigated
through isothermal remanent magnetization (IRM) ac-
quisition experiments [21], using a Molspin MMPM9
pulse magnetizer, with an amplitude up to 3.0 Tesla (T),
followed by subsequent stepwise thermal demagnetiza-
tion of acquired IRMs and analysis of the unblocking
temperature spectrum. In addition, some microscopic
investigations of polished sections were also carried out
for representative samples, using ore microscope, to
identify the different ferromagnetic minerals.

5.2. Paleomagnetic Results and Analyses

5.2.1. Isothermal Remanent Magnetization

Progressive direct magnetic fields up to 1.0 T were ap-
plied to representative samples from the different rock
types in order to determine the IRM acquisition patterns.
The IRM intensity values were normalized to the satura-
tion or the final magnetization value according to the
behavior of the samples. Representative sample from the
rhyolitic crystal tuffs showed an initial increase in IRM
acquisition and acquired ~80% of the maximum IRM at
field of 0.2 T, but did not saturate by the maximum field
applied (Figure 11(a)). This behavior indicates that both
high and low coercivity magnetic minerals are present
[21-24]. Subsequent stepwise thermal demagnetization of
the acquired IRMs for this sample displayed a maximum
unblocking temperature at 680°C, with an inflection
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point at ~580°C (Figure 11(a)). This reflects the pres-
ence of significant amount of magnetite (with low coer-
civity, maximum unblocking of 580°C) in addition to
hematite (with high coercivity, maximum unblocking of
680°C). Besides, a remarkable inflection point of the
IRM demagnetization curve was also displayed at
~320°C, which indicates the presence of some forms of
iron sulfides. Microscopic investigation of polished sec-
tion for representative sample indicates the coexistence
of iron sulfides and magnetite as the main magnetic min-
erals (Figure 12(a)), while hematite was observed in the
thin section as a fractures filling secondary mineral.

For the spherulitic rhyolite sample, the IRM acquisi-
tion curve showed an initial rapid acquisition of ~90% of
the maximum IRM at fields <0.2 T, followed by gradual
acquisition toward saturation up to 0.9 T (Figure 11(b)).
This indicates that magnetite is probably the main ferro-
magnetic mineral present. Subsequent stepwise thermal
demagnetization curve of the acquired IRMs displayed a
remarkable unblocking temperature at 580°C, while the
maximum unblocking temperature was ~640°C (Figure
11(b"). This behavior indicates that magnetite is the do-
minant magnetic mineral, with a slight amount of hema-
tite. This result was confirmed through the microscopic
investigation for polished section which indicates the
presence of magnetite as the main ferromagnetic mineral
(Figure 12(b)).

Representative sample of the alkaline rhyolite dykes
exhibits a gradual IRM acquisition to ~69% of the satu-
ration value at field of 0.3 T, followed by a steady acqui-
sition with no saturation up to the maximum available
1.0 T, indicating the presence of both high and low coer-
civity magnetic minerals (Figure 11(c)). Demagnetiza-
tion curve of the acquired IRMs displayed remarkable
unblocking temperatures at 580°C and 680°C (Figure
11(c"), reflecting the presence of both magnetite and
hematite. There is also a small kink for the IRM demag-
netization curve at ~320°C, indicating the presence of
some forms of iron sulfides. Microscopic investigation of
polished section for the same sample indicates that mag-
netite is the main ferromagnetic mineral coexisting with
a significant amount of hematite (Figure 12(c)).

Regarding the peralkaline granites, its representative
sample reached ~65% of its total IRM at 0.2 T, then
steadily acquired its magnetization with no saturation up
to the maximum field applied (Figure 11(d)), suggesting
the presence of high and low coercivity magnetic miner-
als. Visual analysis of the thermal demagnetization curve
of the acquired IRMs (Figure 11(d") and microscopic
investigation of polished section for the sample (Figure
12(d)) indicate that although magnetite is dominant, he-
matite is also present in a considerable quantity.

Finally, the representative sample from the mylonitic
volcanoclastic rocks showed an initial rise to ~75% of

OPEN ACCESS

the saturation value at field of 0.3 T, followed by a con-
tinuous slow rate of acquisition with no saturation up to
the maximum available 1.0 T (Figure 11(e)). This beha-
vior indicates the presence of both high and low coerciv-
ity magnetic minerals. The IRM demagnetization curve
(Figure 11(e") displayed two remarkable inflection
points at ~320°C and 580°C, with a maximum unblock-
ing temperature at ~660°C. This reflects the presence of
significant amounts of iron sulfides and magnetite, with a
slight amount of hematite. Lower unblocking tempera-
ture at ~120°C was also observed as a small kink on the
demagnetization curve, suggesting the presence of slight
amount of goethite (with high coercivity, maximum un-
blocking of ~100°C). Microscopic investigation of the
polished section indicates the coexistence of iron sulfides
and magnetite as the main ferromagnetic minerals
(Figure 12(e)).

5.2.2. The Initial Natural Remanent Magnetization
The initial natural remanent magnetization (NRM) mea-
surements, that are the magnetization intensity and direc-
tion before any treatments, exhibited noticeable varia-
tions between the different rock types. The highest and
lowest NRM intensity values were recorded for the rhyo-
litic crystal tuffs (averaging 11.81 A/m) and the spheru-
litic rhyolites (averaging 0.27 A/m) respectively. Within
this range, minor variation in the recorded low NRM
intensity values were observed between the alkaline
rhyolite dykes (averaging 0.73 A/m) and the mylonitic
volcanoclastic rocks (averaging 0.68 A/m), while the
peralkaline granites gave higher values which averaging
6.88 A/m. On the other hand, the majority of the meas-
ured samples within a single site exhibited minor varia-
tions in the NRM directions, while the between site di-
rections for each of the different rock types were consi-
derably scattered (ags range between 26.8° and 64.3°),
with shallow to moderate, mostly negative inclinations.

5.2.3. Demagnetization

The stability of NRM was tested for both A.F. and ther-
mal demagnetizations by subjecting two groups of care-
fully selected representative pilot samples to a full-range
of treatment using the two methods. A.F. demagnetiza-
tion was first applied in increment steps of 2.5 mT up to
30 mT, then in increment of 10 mT up to the maximum
field (100 mT). Thermal demagnetization, on the other
hand, was applied in increment steps of 50°C up to 500°C,
followed by increment steps of 20°C up to 680°C (the
maximum unblocking temperature of the magnetic carri-
er, hematite). Physic-chemical mineralogical changes
were monitored through measurement of the low-field
magnetic susceptibility after each thermal demagnetiza-
tion step >300°C. Demagnetization data of the pilot sam-
ples were then plotted on stereographic projections, or
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Figure 11. Isothermal remanent magnetization (IRM) acquisition behavior and subsequent thermal demagnetization of IRM
for representative samples from south Nusab EI Balgum mass complex, south western Desert, Egypt. (a) Rhyolitic crystal
tuffs, (b) Spherulitic rhyolites, (c) Alkaline rhyolite dykes, (d) Peralkaline granites and () Mylonitic volcanoclastic rocks.

thogonal demagnetization diagrams [25], and normalized
intensity decay curves to allow detailed analysis.

Except for the spherulitic rhyolites, the majority of pi-
lot samples did not show any significant response to A.F.
demagnetization method. The spherulitic rhyolites sam-
ples gave rather similar results for the two demagnetiza-
tion methods, but with much better defined linear com-
ponent during thermal treatment. Thermal treatment, on
the other hand, was very effective in isolating well-de-
fined stable magnetic components, which reach the ori-
gin of the orthogonal plots, from all the pilot samples
representing the different rock types (see typical exam-
ples in Figure 13).

Most of the pilot samples from the rhyolitic crystal
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tuffs showed a similar behavior during thermal treatment
represented by a little increase in the intensity of magne-
tization and removal of unstable soft component below
250°C. The intensity then rapidly decreased and lost
about 75% of its original value at ~400°C, yielding an
intermediate magnetization direction between 250°C and
400°C. With increasing temperature, the intensity gradu-
ally decreased and the direction headed toward the plot
origin yielding a well-defined high temperature compo-
nent between 500°C and 660°C (Figure 13(a)).

Pilot samples from the spherulitic rhyolite showed
simple behavior which started with isolation of the soft
magnetization below 300°C before the emergence of the
stable single component that headed toward the origin of
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(a) Coexistence of iron sulfides and magnetite in the
rhyolitic crystal tuffs.
4 (b) Magnetite is the main ferromagnetic mineral in the

(c) Magnetite, coexisting with a significant amount of
| hematite, in the alkaline rhyolite dykes.

(d) Coexistence of magnetite and hematite in the
peralkaline granites.

| (e) Coexistence of iron sulfides and magnetite in the

| mylonitic volcanoclastic rocks.

Figure 12. Microphotographs showing the main ferromagnetic minerals of representative samples from south Nusab EIl Bal-

gum mass complex, south western Desert, Egypt.

orthogonal plot until 580°C, when magnetization direc-
tion become erratic. Also, the intensity of magnetization
gradually decreased until 580°C, when was completely
destroyed (Figure 13(b)).

Regarding the alkaline rhyolite dykes, the representa-
tive pilot sample initially showed a very little increase in
the intensity of magnetization, then, started to gradually
decrease up to a temperature of 680°C. The unstable soft
magnetic component was unblocked below 300°C, where
a well-defined linear trend could be obtained during the
entire demagnetization course (Figure 13(c)).

The peralkaline granites pilot samples all behaved si-
milarly (example in Figure 13(d)). The intensity of
magnetization progressively decreased up to 680°C. The
directions of remanence, on the other hand, revealed un-
stable soft component below 250°C, intermediate com-
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ponent from 250°C to ~520°C and high temperature
component between 520°C and 660°C, that headed to-
ward the origin of the orthogonal plot.

Finally, the mylonitic volcanoclastics pilot sample
displayed an initial drop of the intensity to about 85% of
the initial value at temperatures of 400°C, with removal
of unstable soft component at 250°C. The sample, then,
began to gradually loose the remaining magnetization
until about 600°C, displaying a linear magnetization
component that headed toward the origin of the ortho-
gonal plot (Figure 13(e)).

As the A.F. treatment was largely ineffective, and in
light of the visual analyses of the thermal demagnetiza-
tion data of the pilot samples, it was decided that the bulk
demagnetization of the remaining samples should be
treated thermally. The optimum sequential demagnetiza
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Figure 13. Progressive thermal demagnetization diagrams (equal-area stereographic projections, orthogonal projections and
normalized intensity decay curves) for pilot samples representing different rock types of south Nusab EI Balgum mass com-

plex, south Western Desert, Egypt, (a) Rhyolitic crystal tuffs,
kaline granites and (e) Mylonitic volcanoclastic rocks.

tion steps, that define the best linear components of
magnetization, were determined and applied on the re-
maining samples in each site. Statistically, the characte-
ristic remanent magnetization (ChRM) directions, de-
fined by 4 or more collinear points on the vector dia-
grams, were calculated using methods of the principal
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(b) Spherulitic rhyolites, (c) Alkaline rhyolite dykes, (d) Peral-

component analysis [26] and corrected for the present-
day declination. The best estimated site-mean direction
of the obtained ChRM was calculated using [27] statis-
tics, then, the corresponding Virtual Geomagnetic Pole
(VGP) position was computed for each site. It is worth
noting that samples from some sites yielded secondary
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magnetic components with lower unblocking temperature
than the ChRM, nearly between 250°C and 450°C. These
components, although consistent within the site, were
inconsistent between sites and will not be considered
further.

To guarantee the quality of the paleomagnetic results
and to reliably record the VGPs of the studied rock types,
a number of reliability criteria were applied that have
caused the exclusion of some datasets from further anal-
ysis. Some of these criteria were:

1) Application of carful thermal treatment in the de-
magnetization processes. Demagnetization resulting in
chaotic behavior or reaching no stable endpoint direction
were excluded from further analysis.

2) Exclusion of the magnetic components recording
ages uncertainties.

3) Datasets that do not reach the minimum number of
samples to allow reliable calculation of the site-mean
ChRM and VGP [28] were not taken into account. The

number of sites used is not less than five per pole and the
confidence limit (Ags) for calculating the mean pole di-
rection is not less than 15.0°.

After applying the above mentioned reliability criteria,
the remaining paleomagnetic results of the ChRM for the
different rock types in this study were listed in Tables 2
and 3. Besides, the calculated site-meam ChRM direc-
tions were plotted on an equal-area projection (Figure
14), and the corresponding VGP positions were illu-
strated through a Lambert equal-area projection (Figure
15).

5.3. Interpretation and Conclusion

5.3.1. Age of the Paleomagnetic Poles

Remanent magnetization from the present Nusab El
Balgum mass complex is reasonably well-defined. With-
in the different rock types of the complex, thermal de-
magnetization enabled the isolation of five stable well-

Table 2. ChRM data and Virtual Geomagnetic Poles (VGPs) for sites representing the different rock types of south Nusab EI
Balgum mass complex, south Western Desert, Egypt. (RCT: rhyolitic crystal tuffs, SR: spherulitic rhyolites, ARD: alkaline
rhyolite dykes, PG: peralkaline granites, MV: mylonitic volcanoclastics).

ChRM VGP

Site N

D | K ags Lat. Long.
RCT1 5 3445 -12.1 128.2 6.8 56.9 238.4
RCT2 4 342.2 —20.3 263.0 5.7 52.0 230.5
RCT3 5 330.7 -14.3 100.2 7.7 48.1 255.9
RCT4 5 336.7 -25.0 611.0 3.1 47.1 243.7
RCT5 4 340.4 —-28.0 73.2 10.8 47.3 237.8
RCT6 6 345.6 -16.3 52.3 9.4 55.4 235.0
SR1 4 350.8 -3.7 108.0 8.9 63.3 230.1
SR2 5 346.6 -5.0 87.1 8.3 61.1 237.9
SR3 5 346.5 -7.5 329.0 3.7 59.9 237.0
SR4 6 343.1 -11.4 39.3 6.9 56.6 241.0
SR5 6 350.2 —6.6 67.7 8.2 61.7 230.3
SR6 4 343.0 -5.6 53.7 12.7 59.1 243.9
ARD1 4 340.0 20.0 324.9 5.0 66.9 268.4
ARD?2 4 338.0 15.0 220.0 4.0 64.2 265.2
ARD3 5 348.2 20.2 192.2 45 72.9 252.4
ARD4 6 341.7 11.0 57,4 8.8 65.3 257.6
ARDS5 5 335.3 11.8 183.1 4.7 60.6 267.1
ARDG6 5 344.8 22.0 88.9 6.6 71.3 262.5
PG1 5 1744 -8.7 248.0 5.0 -70.3 46.2
PG2 5 174.3 -11.2 156.6 6.0 —71.5 475
PG3 4 170.9 -9.5 386.0 4.5 —69.5 56.0
PG4 5 349.2 3.4 99.0 6.2 66.0 236.4
PG5 4 166.0 -15.3 60.4 8.9 —69.5 72.4
PG6 6 177.0 =75 34.7 9.5 -70.3 38.2
PG7 4 1754 -3.5 730 3.2 —68.0 41.7
PG8 5 354.2 8.5 316.5 3.4 70.2 226.3
MV1 4 2.1 275 260.2 6.5 81.1 196.1
MV2 6 3.8 32.8 45.3 10.2 83.5 175.5
MV3 4 4.9 37.1 233.7 4.8 84.8 148.0
MV4 4 358.2 32.7 53.2 9.5 84.2 226.7
MV5 5 8.3 33.3 72.0 8.2 80.7 151.2

N: Number of samples in each site. D & I: Magnetic declination and inclination angles, in degrees. K & ags: Precision parameter and semi-angle cone at 95%
confidence, in degrees, about the site-mean direction [27]. Lat. & Long.: Latitude and longitude of the virtual geomagnetic pole (VGP).
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Table 3. Overall site-mean ChRM directions with the corresponding VGPs and paleolatitudes for the different rock types,
south Nusab El Balgum mass complex, south Western Desert, Egypt.

ChRM VGP
Rock type N Paleo-Latitude
D | K Ogs Lat. Long. K Ags

Rhyolitic crystal tuffs 6 340.0 -19.4 98.2 6.8 51.4 240.5 131.9 5.9 -10.0

Spherulitic rhyolites 6 346.7 —6.6 361.8 35 60.4 237.0 508.0 3.0 -33
Alkaline rhyolite dykes 6 341.3 16.7 156.6 5.4 67.0 262.8 250.5 4.2 8.5

Peralkaline granites 8 173.3 -9.7 233.0 3.6 -70.5 49.7 122.0 5.0 49
Mylonitic volcanoclastics 5 3.4 32.7 306.7 4.4 83.6 178.2 381.9 3.9 17

N: Number of sites for each rock type. K & Ags: Precision parameter and semi-angle cone at 95% confidence, in degrees, about the overall site-mean paleopole

direction [27]. (The other abbreviations are in Table 2).

(a) Rhyolitic crystal tuffs.
(b) Spherulitic rhyolites.
(c) Alkaline rhyolite
dykes.
d) Peralkaline granites|
(e) Mylonitic
volcanoclastics. .
* Normal polarity
°Reverse polarity

Figure 14. Equal-area stereographic projections of the cha-
racteristic remanent magnetization (ChRM) directions for
sites from different rock types, south Nusab El Balgum
mass complex, south Western Desert, Egypt.

defined ChRM components of clearly different direc-
tions.

The first and second ChRM directions were encoun-
tered in the rhyolitic crystal tuffs and the spherulitic
rhyolites respectively. The two ChRMs showed similar
well-defined NNE directed reversed polarities, with a
relatively shallow inclination for the rhyolitic crystal
tuffs and very shallow inclination for the spherulitic
rhyolites (Tables 2 & 3 and Figures 14((a) & (b)). As
indicated from the IRM acquisition results (Figures
11((a) & (b)) and the unblocking temperature spectra
(Figures 13((a) & (b)), magnetite and hematite were
regarded as the principal carriers for the first ChRM (in
the rhyolitic crystal tuffs), while magnetite was the do-
minant carrier for the second ChRM (in the spherulitic
rhyolites). Generally, both of the two ChRMs showed a
high stability during the demagnetization processes, high
unblocking temperatures and consistent directions, with-
in and between sites. Based on these observations, the
two ChRMs seem to be of primary origin and could be
interpreted as primary thermal remanent magnetizations
(TRM), reflecting the palaomagnetic field at the time of
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extrusion of these rhyolitic rocks. The direction of the
first ChRM (D/1 = 340.0°/-19.4°, with a¢s = 6.8° and K =
98.2) corresponds to a VGP of Lat/Long. =
51.4°N/240.5°E, with Ags = 5.9° and K = 131.9. On the
other hand, the direction of the second ChRM (D/I =
346.7°/-6.6°, with ags = 3.5° and K = 361.8.) corresponds
to a VGP of Lat./Long. = 60.4°N/237.0°E, with Ags =
3.0° and K = 508.0. Comparison of the resultant VGPs of
the two ChRM directions with the Phanerozoic global
Apparent Polar Wander Path (APWP) in South African
co-ordinates [29] suggests magnetization acquisition ages
of Late Triassic (~225 Ma) and Late Triassic/Early Ju-
rassic (~215 Ma) for the rhyolitic crystal tuffs and the
spherulitic rhyolites respectively.

The third ChRM direction was encountered in the al-
kaline rhyolite dykes as a NNE directed normal polarity
magnetization, with shallow inclination (Tables 2 & 3
and Figure 14(c)). This well-defined magnetization cha-
racterized by high stability during demagnetization and
very high internal consistency in its respective sites.
Magnetite and hematite were regarded as the principal
carrier for this magnetization, as indicated from the IRM
examination (Figure 11(c)), and unblocking temperature
spectra (Figure 13(c)). The calculated direction of this
magnetization is D/l = 341.3°/16.7°, with ags = 5.4° and
K = 156.6, which corresponds to a VGP lying at Lat.
67.0°N and Long. 262.8°E, with Ags = 4.2° and K = 250.5.
By comparison, this pole is consistent with the part of the
African APWP [29] for the time period ~195 Ma (Early
Jurassic). This age, most likely, corresponds to extrusion
of the dykes and the magnetization could also be inter-
preted as a primary thermal remanent magnetization
(TRM) that was acquired during the initial cooling.

The fourth ChRM component was encountered in 8
sites within the peralkaline granites and characterized by
very shallow site-mean inclinations with both normal and
reverse polarities that were directed to the NNW or SSE
(Tables 2 & 3 and Figure 14(d)). Judging from the IRM
examination (Figure 11(d)) and unblocking temperature
spectra (Figure 13(d)), it seems that magnetite and he-
matite are the magnetic carriers for this magnetization.
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N .| 1) Rhyolitic crystal tuffs
\| Lat/Long.=51.4°N/240.5E, N=6,A,=5.9".
12 Spherulitic rhyolites

|| 3) Alkaline rhyolite dykes

1| Lat/Long.=67.0°N/262.8E,N=6, A,=4.2".
/|4) Peralkaline granites

/| Lat/Long.=83.6'N/178.2°E, N=5,A,=3.9.

Lat/Long.=60.4°N/237.0°E, N=6, A,,=3.0".

Lat/Long.=-70.5°S/49.7E, N=8, A,=5.0.
5) Mylonitic volcanoclatic rocks

Figure 15. Lambert equal-area projection of Virtual Geomagnetic Pole positions for different rock types, south Nusab El

Balgum mass complex, south Western Desert, Egypt.

Application of the reversal test [30] confirmed that the
normal and reversed polarities of this magnetization are
antiparallel and drawn from the same population. Accor-
dingly, the normal polarities were flipped to reverse po-
larities, resulting in a mean ChRM direction of D/l =
173.3°/-9.7°, with ags= 3.6° and K = 233.0. This direc-
tion corresponds to a VGP lying at Lat. —70.5°S and
Long. 49.7°E, with Ags = 5.0° and K = 122.0. According
to the before mentioned petrographic investigations, dif-
ferent degrees of alterations were identified within the
present peralkaline granites. The probability that the
magnetization of these granites may have acquired as a
result of these alterations or related to overprint due any
geological event is unlikely. This is simply because the
high stability during the thermal treatment, the high un-
blocking temperatures, the consistent directions within
and between sites and finally the presence of antipodal

magnetization directions, which signify its primary origin.

Accordingly, the magnetization of the peralkaline gra-
nites could be interpreted as a primary thermal remanent
magnetization (TRM) that was acquired during initial
cooling of the rocks. By comparison of the corresponding
paleomagnetic pole with the African Phanerozoic APWP
[29], the age of this magnetization, which limits the age
of the granite intrusion, is found to be of Late Cretaceous
(~80 Ma).

Finally, the fifth ChRM direction was encountered in
the mylonitic volcanoclastic rocks as a north directed
normal polarity magnetization, with intermediate inclina-
tion (Tables 2 & 3 and Figure 14(e)). This well-defined
magnetization characterized by high stability during de-
magnetization and high internal consistency in its respec-
tive sites. Magnetite was regarded as the principal carrier
for this magnetization, as indicated from the IRM ex-
amination (Figure 11(d)), and unblocking temperature
spectra (Figure 13(d)). The calculated direction of this
magnetization is D/l = 3.4°/32.7°, with ags= 4.4° and K =
306.7, which corresponds to VGP lies at Lat. 83.6°N and
Long. 178.2°E, with Ags = 3.9°. By comparison, this pole
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is consistent with the part of the African APWP [29] for
the time period ~25 Ma (Oligo-miocene).

5.3.2. Tectonic Implications and Paleolatitudes

From the available geological and radiometric age data,
the northern part of the African plate was uplifted over a
large area as a result of its collision with the northern
continents during Carboniferous. The collision initiated
the east-north-east trending structures by re-opening of
pre-existing zones of structural weakness which had been
more or less inactive since Precambrian time. In the
south Western Desert of Egypt, the area between Gabal
Uweinat and Bir Safsaf, was uplifted along zones of
pre-existing structural weakness and ultimately gave rise
to the east-west structure of Gabal Uweinat-Bir Safsaf-
Aswan uplift during the Late Permian/Early Triassic time
[31]. This uplift was accompanied by extensive reacti-
vated faults, striking more or less east-west, which gave
ways to different igneous activities such as extrusion of
alkaline volcanics of 235 + 5 Ma at Gabal Uweinat [32],
trachytic-phonolithic rocks of 233 + 9 Ma and 240 = 7
Ma respectively at Gabal Kamel [33] and alkali-rhyolitic
volcanics of ~216 + 5 Ma at the present Nusab El Bal-
gum mass complex, north of Bir Safsaf [34].

Guriaud et al. [35] reported that the opening of the
Central Atlantic Ocean led to reactivation of many frac-
ture in North Africa from Late Triassic time. In the
present study, the different volcanic rocks and the peral-
kaline granites of Nusab El Balgum mass complex define
four different reliable paleomagnetic ages which fit
closely to the African APWP [29] ages of Late Triassic
(~225 Ma), Late Triassic/Early Jurassic (~215 Ma), Early
Jurassic (~195 Ma) and Late Cretaceous (~80 Ma). These
paleomagnetic ages are interpreted as the times of cha-
racteristic remanent magnetization acquisition during
extrusion and initial cooling of these rocks. This range of
time could be represents pervasive event or events pre-
date any tectonic activity connected with rifting of the
Red Sea. The formation event or events of the studied
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volcanic rocks (rhyolitic crystal tuffs, spherulitic rhyo-
lites and alkaline rhyolite dykes) are constrained between
~225 Ma and ~195 Ma. This rang of time is coincident
with the most dynamic phases of Pangaea break-up (ma-
nifested as the separation of Laurasia and Gondwana)
which occurred during (and shortly after) the emplace-
ment of the Central Atlantic Magmatic Province (200 Ma,
e.g. [36]) and the subsequent opening of the Central At-
lantic Ocean at ~195 Ma [37]. On the other hand, the
peralkaline granite of Late Cretaceous age (~80 Ma)
seems to be coeval with anorogenic alkaline rocks in the
south Eastern Desert [38] and south Western Desert [39]
of Egypt. Correlative magmatic rocks have also been
found elsewhere in Africa (e.g. [40,41]). El Gaby et al.
[42] concluded that, from the end of the Pan-African
orogeny until the Tertiary, the basement was intermit-
tently intruded by a number of subalkaline to peralkaline
granite bodies. The peralkaline granites occurred mostly
as shallow Caldron complexes or as small discordant
intrusions having almost circular outlines. Although the
timings of the Cretaceous magmatic cycles are well con-
strained, the geodynamic processes are less well-known.
According to [4], all the Egyptian alkaline complexes
had a similar origin but not directly related to rifting and/
or doming. They proposed that these complexes formed
due to alkaline melts formed in the asthenosphere by
shear heating due to acceleration in plate motion. These
melts were emplaced along reactivated Pan-African frac-
tures or preexisting weakness zones.

Returning to the mylonitic volcanoclastic rocks, the
computed paleomagnetic pole suggests a Tertiary (Oligo-
Miocen) age for the magnetization acquisition. This mag-
netization seems to correspond to local tectonic event,
including alteration, where the rocks are genetically re-
lated to the fault system in the area. Accordingly, this
magnetization could be interpreted as secondary chemi-
cal or thermochemical remanent which may have com-
pletely obliterated the primary magnetization of the
rocks.

Finally, the calculated paleolatitudes for the different
rock types at the sampling sites in the study Nusab El
Balgum complex provide a quantified estimate for the
latitudinal change of south Egypt, as a part of the African
plate. As illustrated in Table 3, palaeolatitudes of the
different rock types, arranged in a chronological se-
quence from the oldest, were found to be at —10.0°, —3.3°,
8.5°, 4.9° and 17° Lat. Generally, these paleolatitudes
identified northward movement, which coincides with
the known northward drift of the African plate, where the
latitudinal continental mean mass-center was located in
tropical latitudes throughout the Mesozoic [29]. On the
other hand, a close look of the calculated paleolatitudes
shows that the period from Late Triassic to Early Jurassic
is subject to northward movement, which followed by a

OPEN ACCESS

southward movement in the Late Cretaceous. These re-
sults coincide with the paleomagnetic results from the
African and Eurasian plates in the eastern Mediterranean
realm, which suggest a rapid motion to southerly lati-
tudes from the Late Jurassic to Earliest Cretaceous, fol-
lowed by a northward movement [43,44]. Meijers et al.
[44] concluded that True Polar Wander (movement of the
entire crust and mantle with respect to the Earth’s core)
rather than plate tectonics is the cause of low Late Juras-
sic to Early Cretaceous African and Eurasian paleolati-
tudes in the eastern Mediterranean area.

6. Conclusions

The following conclusions can be drawn from the present
study:

1) Nusab El Balgum mass complex represents one of
the alkaline igneous activities in the south Western
Desert of Egypt, which were initiated by reactivation of
deep-seated lineaments with the peaks of activities dur-
ing the Mesozoic.

2) Some rock types in south of the complex were re-
presented by volcanics (pyroclastics [rhyolitic crystal
tuffs], spherulitic rhyolites, alkaline rhyolite dykes), sub-
volcanic peralkaline granites and structurally controlled
mylonitic volcanoclastic rocks.

3) Radioactive elements Th and eU displayed consi-
derable concentrations within the studied rock types of
the complex. These rocks, as a whole, contain about 5
times more eU than their equivalent normal rocks, with
considerable variations of the Th range especially within
the peralkaline granites. Th and eU abundances were
independent of differentiation processes, but related to
favorable combination of structural and pos-magmatic
hydrothermal conditions. These features are of consider-
able significance in view of the exploration and extrac-
tion of the radioactive elements in the area.

4) Careful stepwise thermal demagnetization for oriented
paleomagnetic samples has made it possible to isolate
well-defined stable characteristic remanent magnetiza-
tion directions for the studied rock types of the complex.
Except for the mylonitic volcanoclastic rocks, these
magnetizations are of primary origin and reflect the ages
of the rocks. Their corresponding VGPs fit closely to the
African APWP ages of Late Triassic (~225 Ma), Late
Triassic/Early Jurassic (~215 Ma), Early Jurassic (~195
Ma) and Late Cretaceous (~80 Ma).

5) The formation events of the volcanic rocks (rhyolit-
ic crystal tuffs, spherulitic rhyolites and alkaline rhyolite
dykes) are constrained between ~225 Ma and ~195 Ma.
This range of time is coincident with the most dynamic
phases of Pangaea break-up which occurred during (and
shortly after) the emplacement of the Central Atlantic
Magmatic Province and the subsequent opening of the
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Central Atlantic Ocean at ~195 Ma. On the other hand,
the peralkaline granite of Late Cretaceous (~80 Ma)
seems to be coeval with some anorogenic alkaline rocks
in the south Eastern Desert and south Western Desert of
Egypt. These rocks formed due to alkaline melts formed
in the asthenosphere by shear heating due to acceleration
in plate motion. These melts were emplaced along reac-
tivated Pan-African fractures or preexisting weakness
zones.

6) The calculated VGP for the mylonitic volcanoclas-
tic rocks suggests a Tertiary (Oligo-Miocen) age for
secondary magnetization acquisition. This magnetization
seems to correspond to local tectonic event, where the
rocks are genetically related to the fault system in the
area.

7) Paleolatitudes for the different rock types of south
Nusab El Balgum mass complex provide a quantified
estimate for the latitudinal change of south Egypt, as a
part of the African plate.

8) Finally, the paleomagnetic results from this study
are considered reliable and represent a good contribution
to the Egyptian and African paleomagnetic database and
should help in further refining of the Mesozoic APWP of
Africa.
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