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KEYWORDS Abstract The middle/late Paleocene basalts which cover the Late Cretaceous sandstone in the East
Paleomagnetism; Gilf Kebir Plateau were sampled for paleomagnetic investigation. The progressive thermal demag-
Paleo-latitude; netization revealed that

Western Desert of Egypt;

Alkali basalt; — The hematite component was parallel to the present-day field and the goethite overprint. Its
Late Paleocene; pole is considered as representing recent low-temperature martitization of the magnetite
Selandian/thanetian upon exposure to intensive chemical alteration.

— The magnetite-anchored component was N—S dual-polarity with shallow equatorial incli-
nations. Based on its overwhelming existence, this component was considered as the char-
acteristic remanence of the sampled basalt. Its north pole (71.7°N/203.5°E) was considered
as representing the geomagnetic field during the eruption of the basalt.

The reliability of the East Gilf Kebir basalt (59 £ 1.7 Ma) pole was constrained by its com-
parison with synchronous poles rotated from the main tectonic units using Euler Pole rotation. This
basalt pole places NE Africa, along its present N—S azimuth at a far south tropical paleo-latitude.
Cairo [30°N], was at paleo-latitude 11.8°N in middle/late Paleocene (59 Ma), that is about 18° south
to its present-day latitude.
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Comparing the present pole with the Mansouri ring complex (132 + 10 Ma) Early Cretaceous
pole (47°N/259°E) and two poles from the Wadi Natash volcanic field; the alkali basalt
(104 £ 7 Ma) Middle Cretaceous pole [55°N/250°E] and the trachyte/Phonolite (86-78 Ma) Late
Cretaceous pole [66.5°N/229°E], a Cretaceous—Paleocene segment [132-59 Ma] of the Apparent
Polar Wander Path [APWP] of Africa could be traced. These poles can, concurrently, verify the
paleo-azimuth and paleo-latitude evolution of the African plate during the Cretaceous and

Paleocene.

© 2015 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy

and Geophysics.

1. Introduction

By the end of the Cretaceous, the Early Paleogene witnessed a
major global plate reorganization associated with abrupt
changes on the rotation poles of the main plates and the
spreading centers of oceans. In the Atlantic domain, the rota-
tion pole for South America and Africa changed abruptly and
the spreading rate of the South Atlantic became very low
(Cande et al., 1988; Niirnberg and Miiller, 1991). This was,
concurrently, associated with a change in the spreading direc-
tion in the Central Atlantic (De Klasz, 1978). Within the
Neotethyan-Mediterranean domain, during the Paleogene,
the continuing convergence between Africa and Eurasia
remarkably slowed down (Dewey et al., 1989), and witnessed
southward migration of the collisional fronts of the
Taurides, Hellenides, Albinides and Dinarides orogenic belts
in the Eastern Mediterranean region (Robertson and Grasso,
1995).

These global events had widespread temporal and spatial
impacts in the structural evolution and the modes of deposi-
tion in Africa in general and its Northeastern part in particu-
lar. The first of these events was the termination of the Late
Cretaceous compressional episodes which largely affected the
northeast African-Arabian margin echoing a system of succes-
sive parallel lines of ENE-WSW faulted doubly-plunging
anticlines known as “the Syrian Arc System” crossing NE
Africa and extending to Levant. Then, during the Paleocene-
early Eocene times, the sedimentary basins in North Africa
and Egypt, recorded strong subsidence (Chatellier and
Selvin, 1988), whereas the inter-basinal areas were affected
by strike-slip faulting and folding episode (Isswai et al.,
1999). This, apparently, extended southwards to the Central
African Rift System and the Horn of Africa, developing the
Mandera Fault Zone (Bosworth, 1992).

The echo of the Late Cretaceous-early Tertiary global tec-
tonic events, was recorded in the Southwestern Desert of
Egypt including the study area by widespread prolonged alka-
line basaltic magmatism, which were, intensively, studied and
mapped by the German researchers during the eighties of the
Twentieth century covering almost all geological aspects
(Berneau et al., 1986; Franz et al., 1987; Klitzsch, 1984;
Klitzsch and Lejal-Nicol, 1984; Klitzsch et al., 1986-1987;
Schandelmeier et al., 1983; Schandelmeier and Darbyshire,
1984; Schandelmeier et al., 1987; among others).

According to these authors, the study area, as a part of the
Southwestern Desert of Egypt, lies in the western part of the
East Sahara Craton, along what is called the Gebel Uweinat-
Bir Safsaf-Aswan structural uplift. The widespread magma-
tism in this area, includes a wide spectrum of alkaline volcanics

and subvolcanics extending from olivine basalts to trachyte-
Phonolite-rhyolite suites, frequently, protruding through the
Cretaceous sandstone plateau, and forming a prominent part
of the exposed rock-units (Schandelmeier et al., 1987). These
magmatic fields of extrusives and intrusives are referred to
reactivated intra-plate fractures of the stabilized East Sahara
Craton during the successive periods of re-adjustments of the
African lithospheric plate. Volcanics of Permo-Triassic, Early
Jurassic, Cretaceous and Tertiary age are found in form of vol-
canic plugs, sheets, and dykes within the volcanic fields pro-
truding through the sandstone blanket in whole southwestern
Desert.

The present paleomagnetic study was applied on the mid-
dle/late Paleocene alkali basalts (59 + 1.7 Ma) (Franz et al.,
1987) in three clusters in the subdued plateau east of the Gilf
Kebir main plateau, to shed light on the paleo-tectonic posi-
tion of Africa during the Early Tertiary global plate re-organi-
zation events, which were associated with the abrupt changes
in poles of rotation of the main plates and changes in the
spreading centers of oceans.

2. Geology and sampling

The study area lies in the Southwestern Desert of Egypt, east of
the Gilf Kebir Plateau and west Bir-Safsaf area. It is a rectan-
gle, extending between latitudes 23°-23°30'N and longitudes
27°-27°40'E, covering an area of about 3850 km? (Fig. 1).

The area is covered by two Middle Cretaceous Nubia-type
sandstone units; the “Aptian” Abu Ballas formation made up
of shallow-marine shale “Lingula Shale” intercalated with
near-shore to coastal marine siltstone and fine-grained sand-
stone forming the lower slopes overlain by the Sabaya
Formation (probably Albian) consisting mainly of medium-
to coarse-grained cross-bedded flood-plain sandstone forming
the top of the plateaus. Despite that both sandstones units are
traceable in the field, they are grouped under “Cretaceous
sandstone” in the geologic map (Fig. 1) simplified after
Klitzsch et al. (1986-1987), to focus on the location of the
alkali basalt clusters.

Within the study area, the East Gilf Kebir Plateau [EGKP]
alkali olivine basalt, which is the sole magmatic rock-unit, is
present in three separate clusters forming the heads of a trian-
gle (Fig. 1). The eastern cluster includes circular and elongated
volcanic plugs of variable diameters and altitudes associated
with lava flows, whereas the southern includes a main ring
dyke without flows, while the western cluster includes a large
number of plugs associated with few flows. Pyroclastics are,
generally, rare. Thermal effect is, obviously, observed in the
structurally tilted sandstone, developing deep-red or even
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black quartzite, in the vicinity of the protruding basalt plugs. It
is worth mentioning that circular structural features are
recorded throughout the area with or without basalt, and that
many of the ferruginous blackish quartzite exposures, give a
fake appearance of basalt which has a lighter gray color in
natural exposures.

Microscopically, the EGKP basalt has two characteristic
textures; the porphyritic texture is dominant in the lava flows
and the coarse-grained texture in the plugs. However, the ring
dyke in the southern cluster (Fig. 1) records both textures;
coarse-grained texture in the inner cone and porphyritic in
outer margin, both with the same mineral constituents
(Franz et al., 1987). Chemically, the major and trace elements
constituents of the basaltic rocks indicate that they are similar
in the whole area. They are all typical within-plate basalt with
a regional trend from low fractionation to west to high-frac-
tionation to the east. This is reflected by the tendency of
decreasing MgO and CaO and increasing Al,O3, Na,O and
K5O trend from Uweinat eastwards to Aswan toward the plate
margin (Franz et al., 1987). Being in the middle part of the
Southwestern Desert the study areas are thus having median
values of these elements between the two extremes.

The K/Ar whole rock age of the alkali olivine basalt in the
study area is 59 + 1.7 Ma (Franz et al., 1987). This age is
along the boundary between the middle Paleocene
(Selandian) and late Paleocene (Thanetian) which lies at
59.2 Ma, according to Gradstein et al. (2012) and Cohen
et al. (2013) geologic timescales.

A number of twenty-four sites of the alkali olivine basalt
distributed over the three basalt clusters in the study area, were
collected for paleomagnetic study (Fig. 1). Due to the desert-

weathering of the natural exposures, about thirty centimeters
holes were dug to obtained fresh sharp-sided dark-black ori-
ented blocks. Sampling was restricted to oriented blocks due
to the shortage in water supply. A solar compass was exclu-
sively used for orientation, as the effect of the local magnetic
field of the basalt was noticeable on the magnetic compass.

3. Isothermal remanent magnetization [IRM]

The paleomagnetic measurements of the present research were
carried on the Agico JR-6 dual-speed spinner magnetometer
[sensitivity 2x 107> mA/m], in the paleomagnetic laboratory
of the National Research Institute of Astronomy and
Geophysics [NRIAG] in Egypt. It included both the prelimi-
nary IRM study followed by the demagnetization of the natu-
ral remanence of the alkali basalt.

In order to classify the sampled sites according to their
magnetic remanence carriers, one sample from each site was
selected for isothermal remanent magnetization [IRM] study.
The selected sample was progressively acquired isothermal
remanence up to 800 mT. Twenty-five millitesla increments
were adopted up to 150 mT, then wider increments of 50 mT
followed by 100 mT till 800 mT. The acquired IRM was, then,
stepwise thermally demagnetized till 680 °C or complete
demagnetization. The demagnetization started with 50 °C
increments to detect the contribution of secondary goethite
as a remanence carrier, followed by wider increments in
intermediate temperatures. Increments of 25 °C were retained
at 550 °C while approaching the Curie temperature of mag-
netite [585 °C] and hematite [680 °C].

Figure 1

Geologic map of the study area in the Southwestern Desert of Egypt, simplified after Klitzsch et al. (1986-1987), showing alkali

olivine basalt clusters. Qs denotes Quaternary wind-blown sand cover. Numbered squares represent the numbers and location of the

sampling sites.
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Figure 2 Isothermal Remanent Magnetization [IRM] curves of the olivine basalts. The ascending curves joining the circles are the

normalized saturation magnetization intensity along the upper scale showing the applied saturating field up to 800 mT [note that the zero
mT is not along the vertical scale to enhance the early ascending saturation of the magnetite]. The descending curves joining the squares
are the normalized intensity decay during thermal demagnetization along the bottom scale showing temperatures (°C).

The inspection of IRM measurement revealed that most
samples contain variable amounts of goethite contributing to
their magnetic remanence (Fig. 2). This is reflected by the
incomplete saturation of most samples up to 800 mT, followed
by the sharp decay of their IRM upon thermal demagnetiza-
tion temperature <150 °C. This is observed in all samples in
Fig. 2 except site Bas 11-2, which, apparently, does not contain
goethite. Sites containing goethite as the sole remanence car-
rier, such as sites Bas 6-2 and Bas 21-2 (Fig. 2), were eliminated
from the subsequent thermal demagnetization of their natural
remanent magnetization [NRM] for paleomagnetic study.

The remaining sites were, then, classified into three groups:
the magnetite-dominated, the hematite-dominated and the
magnetite/hematite sites. Sites of the third group, such as site
Bas 16-3 (Fig. 2), were also discarded from thermal demagne-
tization, due the expected complex unresolvable curved tra-
jectories during the concurrent decay of their magnetite in
the existence of the higher Curie temperature hematite.

However, the magnetite-dominated sites, which contained
hematite as minor contributor, represent the majority of the
sampled sites. These sites were characterized by rapid sat-
uration upon acquiring an IRM <100 mT, followed by almost
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Figure 3  Orthogonal projections (Zijderveld, 1967) during progressive thermal demagnetization of the olivine basalt. Open circles (filled

circles) denote the vertical (horizontal) projections.

complete thermal decay between 450 and 585 °C, such as site
Bas 11-2, which was very fresh during sampling and contains
magnetite as single remanence carrier. Most magnetite-domi-
nated sites in Fig. 2 reflect the coexistence of secondary
goethite and minor hematite, such as Bas 1-3, Bas 2-1, Bas
13-3 and Bas 18-6.

On the other hand, the hematite-dominated sites, of which
site Bas 9-4 (Fig. 2) is an example, are never saturated up to
800 mT, then start decay at temperatures > 600-680 °C. This
group is represented by few partly-weathered brownish-colored
sites. The coexistence of the goethite enhances the incomplete
saturation of the IRM and complicates the thermal demagneti-
zation pattern by a sharp early decay at temperature <150 °C.

4. Thermal demagnetization of the natural remanence

Each sample of both the magnetite-dominated and hematite-
dominated sites was exposed to progressive stepwise thermal
demagnetization up to 680 °C or until complete demagnetiza-
tion. The increments were 50 °C up to 200 °C, then 100 °C
steps, and become 25 °C above 550 °C.

Inspecting the decay trajectories in the orthogonal projec-
tions (Zijderveld, 1967) in Fig. 3, it was observed that most
samples start with the early decay [ <150 °C] of a soft north-
wards normal medium-inclination component residing in the
goethite. Being parallel to the present-day field [PDF] in the
study area, this component is considered as a PDF overprint.
Then, the pattern of the decay of the natural remanence in
both the magnetite-dominated and the hematite-dominated
sites diverges:

1. In the hematite sites, after the early decay of the normal
PDF, the trajectories retained their decay along the same
direction swinging around the north with medium positive
inclination until complete demagnetization at temperatures
> 600 °C, as in samples Bas 1-3, Bas 9-4, Bas 20-3 (Fig. 3).
This obvious uni-vectorial decay along the PDF direction
both the soft and the anchored components, reflects the
low-temperature martitization of most primary magnetite
in these samples in secondary martite, recording only
PDF overprint.

2. The magnetite-dominated samples, on the other hand, were
characterized by bi-vectorial decay. The early removal of
the goethite PDF overprint was succeeded by change in tra-
jectory direction. The anchored component, which decayed
between 400 and 580 °C, was dual-polarity N-S with equa-
torial inclination swinging around zero, like most samples
in Fig. 3.

Based on its dominant existence and residence in all mag-
netite sites (Fig. 3), the magnetite-anchored component was
considered as the characteristic remanent magnetization of
the EGKP olivine basalt in the study area. Its direction could
represent the geomagnetic field during the eruption of these
basalts in middle/late Paleocene [59 Ma].

5. Paleomagnetic means and poles

The straight demagnetization trajectories representing the iso-
lated magnetic components was, then, visually delineated for
at least three successive demagnetization steps in the orthogonal
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Table 1

Paleomagnetic demagnetization results of East Gilf Kebir basalt [5S9 Ma], N = number of demagnetized samples/sites,

n = number of isolated directions/site, PDF = present-day field overprint, Mag. Car. = Magnetic carrier, Dec. = declination [°],
Inc, = inclination [°], K or (x) = kappa precision parameter (Fisher, 1953), a95[°] = the semi-angle of the 95% cone of confidence
about the paleomagnetic pole (Fisher, 1953), VGP [°N/°E] = Virtual geomagnetic north poles location, A95 = the semi-angle of the
95% cone of confidence about the paleomagnetic pole. Shaded sites are included in the hematite mean direction and paleomagnetic pole
only as they are considered as present-day field overprint. Sites with [*] are not included in the anchored components means.

East Gilf Kebir Plateau [EGKP] Basalt [23.25°N/27.33°E] [59 + 1.7 Ma]

Demag. sites Goethite component [PDF]

Anchored component

Site N n Dec.°/Inc.® K/a95° Mag. Car. n Dec.°/Inc.® K/a95° VGP [°N/°E]
Bas-1 5 3 3/57 22.8/26.5 Hematite 3 359/41 34/21.4 89/312.3
Bas-2 7 4 358/51 21.3/20.4 Magnetite 6 9/8 47.7/9.8 69/181.6
Bas-3 8 6 2/34 22.5/14.4 Magnetite 8 359/-5 46.3/11.4 64.2/209.6
Bas-4 8 5 7/57 15.8/19.9 Magnetite 7 5/18 49.3/8.7 75.2/187.7
Bas-7 6 4 356/34 16.1/23.6 Magnetite 6 177/-11 27.6/13 72/217
Bas-8 6 2 6/42 -/- Hematite 6 11/39 23/14.3 80/122
Bas-9 5 3 351/17 23.2/26.6 Hematite 4 12/52 40/14.7 76/73
Bas-11 6 4 2/48 19.9/21.1 Magnetite 6 353/23 23/14 77/239
Bas-12 8 2 357/53 -/- Magnetite 8 2/-2 24.5/11.4 65.7/202.5
Bas-13* 3 2 17/66 -/- Magnetite 3 16/6 18/27 Wide 295
Bas-14 7 5 2/49 13.5/21.6 Magnetite 7 168/-15 20.2/13.7 70.6/245.7
Bas-17 8 5 35327 18.2/18.5 Magnetite 7 190/-15 26/12.1 71.7/174.2
Bas-18 6 3 22/58 18.1/29.9 Magnetite 6 191/1 25.5/12 64/181.6
Bas-19 7 3 346/12 23/26.8 Magnetite 6 178/-3 27/13.1 68.2/212.7
Bas-20 8 5 9/61 29/14.4 Hematite 7 338/54 25/12.2 69/333
Bas-21* 5 3 3/18 26/24.8 No stable characteristic remanent magnetization
Bas-23 6 2 3/51 -/- Magnetite 6 4/10 22/14.6 71.4/195
Bas-24 4 4 351/28 17.7/22.5 Magnetite 4 9/27 47/13.5 77.6/162.2
Bas-25 5 4 9/27 31.2/16.7 Magnetite 7 351/5 32/13.7 67.5/231.4
19/118 19/69 .5/42 21.2/7.5 Magnetite mean 13/84 1.2/9.8 47/6.3 71.7/203.5
K = 80
A9S = 4.7°
Hematite mean 4/20 1/47 40.3/14.6 84.6/35
K =32
A95 = 16.5°

(Zijderveld, 1967) projections (Fig. 3). The best-fit line of each
component was determined using the principal component
analysis [PCA] technique (Kirschvink, 1980). The site-means
for both the soft [PDF] and the anchored [magnetite or hema-
tite] remanence directions were, then, calculated with their asso-
ciated statistical parameters; the precision parameter (K) and
the semi-angle of the cone of 95% confidence (a95) (Fisher,
1953). Three separate overall rock-unit means were, then calcu-
lated for the soft PDF component and the two anchored com-
ponents. At last, two separate paleomagnetic poles for the
hematite and magnetite-residence components were located
(Table 1; Fig. 4).

The individual directions and the site-means of both the
soft PDF component residing in goethite and the anchored
hematite components were all of normal polarity dispersed
around the present-day field direction in the study area, yield-
ing two overall means at (0.5°/42°) and (1°/47°), respectively.
However, based on its presence in only four sites (20 samples)
all having normal polarity grouped around the present-day
field, the hematite component was considered as representing
PDF overprint like the goethite component (Table 1; Fig. 4).
This overprint was, apparently, acquired during the chemical
alteration of the basalts by the ascending ferruginous solutions
obliterating the primary magnetite and developing secondary

martite in few sites upon their exposure to intensive alteration
near fault planes. This chemical alteration by secondary fer-
ruginous solutions is widely observed in the area developing
reddish black sandstone hillocks.

On the other hand, the site-means of the magnetite
anchored component were bipolar, N-S antipodal, with shal-
low inclination fluctuating around zero. The rock-unit mean
direction of the magnetite component was (1.2°/9.8°). The nor-
mal polarity of the magnetite component was recorded in eight
sites (Dec./Inc. = 1.5°/10.6°) with observed length of the vec-
tor resultant R = 7.82 and a precision parameter K = 37.86.
On the other hand, the reversed polarity was recorded in five
sites  (Dec./Inc. = 180.8°/—8.7°) with R =491 and
K = 45.94. Accordingly, both the normal and reverse polarity
sites of the magnetite anchored component share a common
mean at the 95% confidence, and positively pass the reversal
test of McFadden and Lowes (1981). This implies that the
antipodal means of the magnetite component are clean from
secondary overprints.

Based on its dominant existence and distinct delineation in
thirteen sites (84 samples), bipolarity, divergence from PDF
direction, and its positive reversal test, the anchored magnetite
component could be considered the primary characteristic
remanent magnetization [ChRM] of the EGKP basalt
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Figure 4 Equal area projections showing the directions of the
isolated demagnetized magnetic components in East Gilf Kebir
basalt. In the upper part, the samples-direction, site-means and
rock-unit mean of the PDF overprint carried by goethite
(<150 °C). Next down, the directions, site-means and rock-unit
mean of the anchored hematite remanence > 585 °C. Next, the
directions, site-mean and rock-unit mean of the characteristic
anchored magnetite (ChRM). The lower two projections represent
the virtual geomagnetic poles [VGPs] of the site-means together
with the mean paleomagnetic pole of both the hematite remanence
(close to the axial geocentric dipole) and the magnetite ChRM
remanence representing the middle/late Paleocene [59 Ma] paleo-
magnetic pole of East Gilf Kebir basalt, with their semi-angles of
the cones of 95% confidence [A95].
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mean pole

(Table 1; Fig. 4). Therefore, the paleomagnetic pole of the
magnetite component (71.7°N/203.5°E, x = 80, A95 = 4.7°),
could be considered as representing the geomagnetic field dur-
ing the extrusion of the alkali olivine basalt in EGKP area dur-
ing the middle/late Paleocene [59 Ma].

Table 2 The Euler pole rotation parameters used to rotate the
paleomagnetic poles of the North American Craton, Stable
Europe and Greenland to the African coordinates. All Euler
poles parameters are interpolated at 59 Ma from the original
rotation parameters.

Tectonic units Euler pole rotation Reference
rotated parameters
Latitude Longitude Angle
() ) @)
Stable Europe 56 145.56 —13.9  Gaina et al.
versus N. (2002) Inter-
American polated at
Craton 59 Ma.
Greenland 28.8 222.1 —3.86 Gaina et al.,
versus N. (in prep 2008)
American (in Torsvik
Craton et al., 2008)
Interpolated
at 59 Ma.
N. American 81.3 5.6 18.84 Muiller et al.
Craton versus (1997) Inter-
Africa polated at
59 Ma.

6. Discussion and comparison with tectonically rotated poles

In order to constrain the fidelity of the obtained paleomagnetic
pole of the EGKP basalt to represent the geomagnetic pole of
Africa in the middle/late Paleocene, its synchronous poles
from Stable Europe, Greenland, and the North American
Craton were rotated to the African coordinates using the
Euler pole rotation. The rotation parameters were all interpo-
lated to 59 Ma (Table 2), from the original published parame-
ters. Reliable paleomagnetic poles with ages (59 + 5 Ma) were
selected from the global databases, comprehensive reviews and
recent global reconstructions (McElhinny and Lock, 1996;
Pisarevsky, 2005; Torsvik, 2008, 2012; Van der Voo, 1993).
The EGKP basalt paleomagnetic pole is, further, compared
with its coeval poles (60 Ma) of the recent Global Apparent
Polar Wander Paths [APWPs] such as Torsvik et al. (2008,
2012) (Table 4).

Eleven paleomagnetic poles representing the Paleocene
igneous rocks in western Stable Europe were selected and
rotated to Africa (Table 3A). The rotation parameters of
Gaina et al. (2002) were interpolated at 59 Ma (Table 2)
between the rotation parameters of An-31y [68.737 Ma] and
An-25y [55.904 Ma] and used to rotate the European poles
to the North American coordinates. Subsequently, the rotation
parameters of Miiller et al. (1997) were interpolated at 59 Ma
between An-25 [55.9 Ma] and An-30 [65.6 Ma] and used to
rotate the rotated poles from North America to the African
coordinates. The European poles rotated to the African
coordinated are, generally, clustered around the EGKP basalt
pole (71.7°N/203.5°E) (Fig. 5A). Both the mean European pole
(73.7°N/209°E) and its A95 cone lie inside the A95 cone of the
EGKP basalt pole (Fig. 5A).

Eleven poles from the Paleocene igneous rocks of
Greenland were selected and rotated to Africa (Table 3B).
The rotation parameters of Gaina et al. (2008, in Torsvik
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Figure 5 Comparison between the East Kilf Kebir basalt pole
with paleomagnetic poles rotated from the main tectonic units to
the African coordinates using Euler pole rotation. Mean paleo-
magnetic pole for each continent is presented with its semi-angle of
the cone of 95% confidence [A95].

et al., 2008), were interpolated at 59 Ma between An-25y
[55.904 Ma] and An-31y [68.737 Ma] (Table 2) and used to
rotate the Greenland poles to the North American coordi-
nates. Then, the rotation parameters of Miiller et al. (1997)
interpolated at 59 Ma are used to rotate these poles to the
African coordinates. The rotated Greenland poles are scat-
tered around the EGKP basalt pole (Fig. 5B). The
Greenland mean pole (70.1°N/206.6°E) lies very close to the
pole of the present study with their A95 cones largely overlap-
ping (Fig. 5B).

Seven poles representing the North American Craton were
selected, three of them are from sedimentary rocks (Table 3C).
The rotation parameters of Miiller et al. (1997) interpolated at
59 Ma are used to rotate the North American Craton poles to
the African coordinates (Table 2). Two mean poles were calcu-
lated for the North America Craton, one without applying
inclination-shallowing correction for sedimentary poles
(77°N/210°E] and the other with correction (74°N/230°E]
(Table 3C). It was, obviously, observed that the corrected
poles are of somewhat dispersed and their mean pole lies at
a much higher longitude with respect to the mean poles rotated
from Stable Europe and Greenland as well as the pole of the
present study (Table 4, Fig. 5CI1). On the other hand, the
uncorrected poles are better grouped and their mean lies much
closer to the rotated poles of Stable Europe, Greenland and
the pole of EGKP basalt (Table 4, Fig. 5C2).

In order to further constrain the paleomagnetic pole of the
EGKP basalt, it was compared with the mean pole of the main
continents; the Stable Europe, Greenland and the North
American. Two mean poles are calculated, one with the
American poles corrected for inclination shallowing
(Fig. 5D1) and the other without correction (Fig. 5D2). The
first mean lies at a higher longitude with its semi-angle of the
cone of 95% confidence (A95) partially overlapping with that
of the present pole (Fig. 5SD1). On the other hand, the second
mean lies very close to the EGKP basalt (Fig. 5D2).

The present EGKP basalt pole was, also, compared with
synchronous poles [60 Ma] from some recent Global
Apparent Polar Wander Paths (Torsvik et al., 2008, 2012)
(Table 4). It is quite evident that the two poles of the
APWPs are in reasonable accordance with the EGKP basalt
pole which lies at somewhat lower longitude (Table 4, Fig. SE).

7. Conclusions and Cretaceous—Paleocene Paleotectonic motion
of Africa

Comparing the present middle/late Paleocene paleomagnetic
pole of the EGKP basalt [59 £ 1.7 Ma] which lies at
(71.7°N/203.5°E) with the Mansouri ring complex
[132 £ 10 Ma, Early Cretaceous] pole at (47°N/259°E)
(Lotfy, 2015) and the two poles from the Wadi Natash alkaline
volcanic field; the alkali basalt [104 £ 7 Ma, Albian] Middle
Cretaceous pole (55°N/250°E) and the trachyte/Phonolite
[86-78 Ma, Late Cretaceous] pole (66.5°N/229°E) (Lotfy,
2011), a Cretaceous-Paleocene segment [132-59 Ma] of the
Apparent Polar Wander Path [APWP] of Africa was traced
(Fig. 6). When compared with the Coeval segment of the
Global Apparent Polar Wander Path [130-80 Ma] of Torsvik
et al. (2008, 2012), the two segments show reasonable resem-
blance (Fig. 6) with the present segment showing a little lower
latitudes. However, it can be noticed that the paleomagnetic
pole of Wadi Natash alkali basalt (104 Ma) projects between
the two poles [100, 110 Ma] of Torsvik et al. (2008, 2012)
but still at lower latitude (Fig. 6).

The four aforementioned Egyptian paleomagnetic poles
can, concurrently, be used to verify the paleo-azimuth and
paleo-latitude evolution of the African Plate during the
Cretaceous and Paleocene time (Fig. 6). The Mansouri ring
Complex [132 Ma] pole places the African plate about 31°
clockwise to the present-day geocentric axial dipole with
Cairo [now at 31°N] at 1.5°S paleo-latitude (Fig. 6). During
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Table 3A Middle/late Paleocene paleomagnetic North poles [S9 = 5 Ma] of Stable Europe rotated to the African coordinates using
Euler pole rotations parameters (Table 2). K/A95 denotes the precision parameter and the semi-angle of the 95% cone of confidence
about the pole (Fisher, 1953).

Rock-unit Age K/A95 (°)  North Pole (°N/°E)  Africa (°N/°E) References

Vaternish dyke swarm, Scotland 59 21/3.5 76/160 72.8/202.6 Wilson et al. (1974)

Arran dykes, Scotland 59.4 37/1.2 81.7/180 75/226 Dagley et al. (1978)

Arran intr. and extr. 59.5 -/2.8 80/160 76/212.6 Hodgson et al. (1990)

Sleat dikes, Scotland 59.8 /1.5 82.5/158 77.5./220 Wilson et al. (1982)

Skye lavas, Scotland 59.8 /2.5 77.7/145.4 76.4/197.3 S. Rousse 2011 per. Com.
(Torsvik 2012)

Ardnamurchan cplx, Scotland 60 2.7 77/175 71.7/214 Dagley et al. (1984)

Faroe Islands flood volcs., Denmark 60.1 24.5/4.5 71.4/154.7 70/190.7 Riisager et al. (2002)

Rhum and Canna igneous, Scotland 60.7 33.5/2.6 81/179 74.5/224 Dagley and Mussett (1981)

Mull Lava, Scotland 60.9 -/4.7 73/166 69.5/201.6 Ganereod et al. (2008)

Antrim lavas basalt, Ireland 61 —/4.7 79/167 74.3/213.5 Ganered et al. (2010)

Muck and Eigg Ig. 61.2 21.5/2.7 74/171 69.6/206 Dagley and Mussett (1986)

Mean of Stable Europe [N = 11 poles] m/l Paleoc. 358/2.4 73.7/209

North pole represents the paleomagnetic pole position after the original author(s), while Africa represents the “Stable Europe” poles in the
previous column after being rotated (using the Euler Poles) to become representing Africa by the authors o this article.

Table 3B Middle/late Paleocene paleomagnetic North poles [S9 + 5 Ma] of Greenland rotated to the African coordinates using Euler
pole rotations parameters (Table 2).

Rock-unit Age K/A95 (°)  North Pole (°N/°E)  Africa (°N/°E)  Reference

Nuussuaq lava, Kanisut mb 55 11/10.3 74.6/159.4 77.8/196 Riisager et al. (2003b)
Kangerdlugsuaq dykes, Irminga 54.5 -/6 63/180 64.7/208 Faller and Soper (1979)
Scoresby Sund lava 55 -/15 63/174 65.3/202 Tarling (1967)
Skaergaard intrusion 55.5 40/4.2 61/165 64/191 Schwarz et al. (1979)
Kangerdlugssuaq basalt 55.5 105/9 63.4/185 64.5/213.5 Faller (1975)

Jacobsen Fjord dykes 59 69/3.7 68/178 69.8/209 Faller and Soper (1979)
Jacobsen Fjord basalt 59.5 -/9 64/184.5 65.3/213 Faller and Soper (1979)
Disko Island Lava comb. 60.5 -/3.2 67.5/195 67.7/226 Athaval and Sharma (1975)
Svartenhuk lavas, Vaigat Fm. 60 + .5 25/9.8 76.2/218 73.6/254 Riisager et al. (2003b)
Nuussuaq and Disko lava, Vaigat Fm. 60 £ .5 20/9.1 64.8/141.5 69.8/166 Riisager et al. (2003a)
West Greenland comb. 58 -16.2 73.6/160.5 76.8/195.5 Riisager et al. (2003a)
Mean of Greenland [N = 11 poles] M/L Paleoc. 84.8/5 70.1/206.5

North pole represents the paleomagnetic pole position after the original author(s), while Africa represents the “Stable Europe’ poles in the
previous column after being rotated (using the Euler Poles) to become representing Africa by the authors o this article.

Table 3C Middle/late Paleocene paleomagnetic North poles [59 + 5 Ma] of the North America Craton rotated to the African
coordinates using Euler pole rotations parameters (Table 2). Bracket poles of sedimentary rocks are poles without inclination
shallowing correction. In the bracket mean pole and statistical parameters, the sedimentary poles are used without inclination
correction.

Rock-unit Age K/A95 (°) North Pole (°N/°E)  Africa (°N/°E) Reference

Bighorn Basin 55 —/4.4 (81.4/168) (81.5/205) Clyde et al. (2007)
74/228.8 72/252

Rhyolite intrusion and contact, Co 57T+7 76/14 68/189 67/214 McMahon and Strangway (1968)

Nacimiento Fm. NM. 60—65 -/3 (76/146.5) (77/176) Butler and Taylor (1978)
75/204.7 73.5/232

Gringo Gulch Volcs, Az. 63 £ 2 678/1.1 77/201 75.6/229.7 Vugteveen et al. (1981)

Edmonston Gp., Alberta, Ca 63 24/6.6 (72/185) (71.5/212) Lerbeckmo and Coulter (1985)
68/218 66/241

Comb. Paleocene intrusions, Mo 63 £4 43/3.7 82/170.6 81/209 Diehl et al. (1983)

Alkalic intrusions, Mo 64 £ 3 41/3.9 80.5/179 80/214.5 Jacobson et al. (1980)

Mean of the North American Craton m./l. Paleoc. (147/5) (77/210)

[N = 7 poles] 119/5.5 74/230

North pole represents the paleomagnetic pole position after the original author(s), while Africa represents the ““Stable Europe” poles in the
previous column after being rotated (using the Euler Poles) to become representing Africa by the authors o this article.
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Table 4 The middle/late Paleocene paleomagnetic North Pole of the African Plate of the East Gilf Kebir basalt Ring. B. The mean
poles [59 + 5 Ma] rotated from the main tectonic units with the overall mean of the three continents rotated to the African coordinates.
C. Mean middle/late Paleocene [60 Ma] poles from recently calculated Global Apparent Polar Wander Paths [APWP] rotated to the
African coordinates. [K/A95] denotes the precision parameter and the semi-angle of the 95% cone of confidence around the mean pole.
Cairo Ref. and Plat. denote the corresponding paleo-declination, paleo-inclination and paleo-latitude predicted at the reference
location of Cairo, Egypt [30°N/31°E] from the cited poles.

A Present study Age (Ma) Sites  Pole (°N/°E) [Africa] K/A95 (°) Cairo Ref. Plat. (°)
[Dec.°/Inc.°]

1  Gilf Kebir basalt [23.25°N/27.33°E] 59+ 1.7Ma 13 71.7N/203.5E 80/4.7 2.4/22.7 11.8

B Tectonic Unit Age (Ma) N Mean pole (°N/°E) [Africa] K/A95)(°)

1 North American Craton 59+£5 7 77/210 Uncorrected 147/5 0/31 16.5

74/231 Corrected 119/5.5 355/28 14.9

2 Stable Europe 59 +5 11 73.7/209 355/2.4 .6/26 13.5

3 Greenland 59+5 11 70.1/206.6 84.8/5 1.5/19.7 10.1
Mean of three continentsl 59+£5 3 73.6/208 Uncorrected 525/5.4 1/25.8 13.5
Mean of three continents 2 59+5 3 73/214.6 Corrected 322/6.9 359/24.8 13

C  Global APWP Age [Ma] N Mean pole (°N/°E) [Africa]  A95[°]

1 Global APWP (Torsvik et al., 2008) 60 30 74.3/213.5 2.4 359.3/27 14.3
rotated to African coordinate

2 Global APWP (Torsvik et al., 2012) 60 44 72.9/215.3 2.1 358.7/24.5 12.8

rotated to African coordinate

North pole represents the paleomagnetic pole position after the original author(s), while Africa represents the ““Stable Europe” poles in the
previous column after being rotated (using the Euler Poles) to become representing Africa by the authors o this article.

/ Cretaceous- Paleocene Apparent Polar Wander Path [APWP] \

Mlddleommpole[mm § i ;aloooe: ne :oI:o 50 'Ma]
40
0|
Tropicof Cancer = = = = - =0
%] L
wiki
Equator =] @Equatonal zone 1 _OJ D
6l F
- Tropic of Capricom - - _20} [
30 <
400_ —I
50’
60
Bd VH/B] Apt.| Alb.|Cel TiC|g Ca|M] Pal.
Early Late | palaogene |
. 100M: .
Jurassic Cretaceous Tertiary
\ 145 Ma 66Ma 0 /

Figure 6 Four paleomagnetic poles from Egypt plotted on equal area projection; the Mansouri ring complex (132 Ma), the Wadi Natash
field basalt (104 Ma) and Trachyte/Phonolite (86-78 Ma) and the East Gilf Kebir alkali basalt (59 Ma), compared to the 130-60 Ma
segment of the Global Apparent Polar wander Path (Torsvik et al., 2008, 2012) in the African coordinates. Lower part, four successive
paleotectonic positions of Africa based on the aforementioned paleomagnetic poles.
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the eruption of the alkali basalt of Wadi Natash [104 Ma,
Albian], Africa became about 20° clockwise and Cairo reached
paleo-latitude 1.5°N. By the Late Cretaceous, when the
Trachyte/Phonolite plugs and ring dykes of Wadi Natash were
emplaced [86-78 Ma], Africa became 6° clockwise with Cairo
at 7.5°N. Finally, during the eruption of the middle/late
Paleocene, the EGKP alkali basalt of the present study in
the Southwestern of Egypt, Africa became almost along the
present-day azimuth (or about 2° counterclockwise), with
reached the paleo-latitude of Cairo reaching 12°N (Fig. 6).

Therefore, it can be concluded that between the Early
Cretaceous [132 Ma, Hauterivian] and the middle/late
Paleocene [59 Ma, Selandian/Thanetian], Africa has been
rotating counterclockwise 33° and concurrently translating
northwards about 13.5° of latitudes (Fig. 6). During the three
time segments, both the rates of counterclockwise rotation and
northwards translation varies as well as the relative con-
tribution of rotation with respect to translation.
Furthermore, Northeast Africa, apparently, remained
Equatorial for most of the Cretaceous and moved north of
the equatorial zone during the Late Cretaceous (Fig. 6).
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