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Abstract
To better constrain the tectonic history of the Arabian
craton in the Tertiary, we carried out a combined
paleomagnetic and 40Ar/39Ar geochronological study on
volcanic rocks from the Khaybar and Lunayyir Harrats
plus a site of sediments deposited below the Miocene
rocks in the former area. Progressive thermal or alternat-
ing field demagnetization successfully isolated stable
characteristic magnetizations (ChRM) that are consistent
with a primary magnetization only in the Late Quaternary
lava flows from Harrat Lunayyir. The Harrat Lunayyir
paleomagnetic data set of 11 flow-mean directions (D =
0.31°, I = 36.9°, a95 = 10.5) is statistically indistinguish-
able from the present field and the virtual geomagnetic
poles (VGP: 214.1°E, 85.1°N; A95 = 12.3°) which
indicate a negligible rotation (R = −1.98 ± 10.49o) with
respect to the coeval African pole position. The paleo-
magnetic signal of the Miocene lava flows from the
Harrat Khaybar area appear to be contaminated by the
effect of lightning and weathering and consequently no
tectonic/plate movement significance may be attributed to
the large CCW rotation shown from 2 sites with antipodal
directions. The direction of the high coercivity chemical
remanent magnetization (CRM) isolated after thermal
cleaning from the Pre-Miocene siltstones (D = 169.6°, I =
−44.8°; a95 = 5.4°) is consistent with the few existing
paleomagnetic results from Arabia. The associated VGP
(314.4°E, 80.6°N) is close to the Pliocene VGP of the
Arabian Plate and CCW rotated (R = 14.86 ± 6.38°) with
respect to the Oligocene African VGP. The results imply

that the whole rotation of the Arabian Plate took place
during the last phase (4–5 Ma) of the opening of the Red
Sea, corresponding with the true sea floor spreading as
already noted in the past by other authors. Whole rock
39Ar/40Ar step-heating analyses yield whole-rock plateau
ages of 12.8 to 16.3 Ma for the alkaline lava flows from
the Khaybar area, which is consistent with the estimated
age range of the region-wide late Cenozoic alkaline
volcanism in Saudi Arabia.

1 Introduction

The Red Sea has been considered the closest modern
example of initiation of sea floor spreading between conti-
nental blocks (Wegener 1929; Bayer et al. 1989). The Red
Sea was also one of the first oceanic basins to be interpreted
in the context of plate tectonics theory (e.g., McKenzie et al.
1970) and to be included in a tectonic reconstruction based
on paleomagnetic data (Irving and Tarling 1961). The Ara-
bian Plate originated *30 Ma by rifting of NE Africa to
form the Gulf of Aden and the Red Sea. It contains extensive
Cenozoic to Recent volcanic fields (harrats) dominated by
alkali olivine basalts and hawaiite representing one of the
largest alkali basalt provinces in the world (area
180,000 km2). The Cenozoic basaltic lava fields of western
Saudi Arabia were emplaced directly on the stable upper
Proterozoic metavolcanics and granitic plutons of the Pre-
cambrian Arabian shield (Camp et al. 1991). The Arabian
harrats are not associated with a well-developed continental
rift system, such as the coeval lava fields of east Africa
which are typical of the eastern margin of the Red Sea, but
largely missing in the western margin on the African Plate.
They occur on the uplifted eastern flank (rift shoulder) of the
Red Sea depression in a tectonic environment similar to that
of the continental basalt fields of eastern Australia (Johnson
et al. 1989). In addition, their extension into Jordan, Syria,
and Turkey, well beyond the northern latitude of the Red Sea
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suggests that they may be not strictly related to the rifting of
Gulf of Aden/Red Sea (Camp et al. 1991).

Volcanic activity began during the Oligocene (30–31 Ma
ago) with continental flood volcanism in northern Ethiopia,
Eritrea and western Yemen which was coeval with the onset
of rifting in the Gulf of Aden (Bosworth and Stockli 2016).
Volcanism shifted from an initial tholeiitic and transitional
composition to a more alkalic composition during the Mio-
cene (<12 Ma ago) (Camp and Roobol 1992). It is generally
agreed that the Oligocene alkali basalts around the Red Sea
are associated with the divergence between the African and
Arabian Plates (Brown 1970; Jones and Rex 1974; Coleman
et al. 1977, 1979). However, it is unclear whether the rifting
was passive or active and debates exist regarding the
mechanism that drives the spreading and the development of
the oceanic crust (e.g., Burke and Dewey 1973; Tapponnier
and Francheteau 1978; Collins 2003). Stern and Johnson
(this volume) propose that the Red Sea is a volcanic rifted
margin (VRM) formed 20–24 Ma ago.

The exact timing of rifting and continental separation is
unclear. Girdler and Styles (1974) suggested that an initial
period of rifting and spreading occurred during late Eocene
and Early Oligocene time (41–34 Ma ago) followed by a
period of quiescence that ended as recently as 4–5 Ma, after
which a new period of spreading began. Hall et al. (1976)
and Hall (1979) pointed out that the onset of the initial
spreading is not well-constrained by the interpretation of the
magnetic anomalies, which can be indicative of two distinct
periods either between 40 and 34 Ma or between 29 and
24 Ma. Cochran (1981) suggested that the rotation of Arabia
away from Africa took place in late Oligocene to early
Miocene with true seafloor spreading starting only about 4–
5 Ma, when the Red Sea axial trough formed. McKenzie
et al. (1970) calculated that about 7° of total rotation has
taken place about a pole west of Greece (36°N, 17°E). Le
Pichon and Francheteau (1978) suggested that this model
only applies for the region of the Red Sea north of 18°N,
while in the region south of 18°N the seafloor data indicate a
spreading pole at 7°N, 50°E, south of the Red Sea, with
about 3° of opening over the past 5 Ma about this pole.

Synthesizing available literature magnetic data, Hall
(1979) suggested that the formation of the Red Sea can be
best explained by 8.8° of counter-clockwise rotation of
Arabia with respect to Africa associated with the early
(main) period of opening, followed by 1.2° of rotation
during the late (post 5 Ma) period of opening. He also
suggested that the poles of rotation for the two periods are
significantly displaced from each other (29°N, 27°E for early
phase spreading and 45°N, 10°E for the later spreading),
indicating that initially Arabia moved away from Africa
more toward the north than the more recent E–W movement.
The mean pole of rotation for an angle of opening of 9.9° is
located at 31°N, 25°E. According to Roeser (1975), the axial

trough is underlain by oceanic crust and well-developed
magnetic anomalies can be reconstructed back to anomaly 3
(about 5 Ma) from 16°N to 23°N, whereas Girdler (1983,
1985) suggests two or three phases for the opening of the
Red Sea with an initial stage around 25 Ma ago and a third
phase in the Plio-Pleistocene. The absence of magnetic
anomalies older than Anomaly 3 hampers a detailed recon-
struction of the plate motions before the Pliocene; however,
Schettino et al. (this volume) suggests that the Euler poles of
relative motions between the plates remained stable during
most of the rifting stage.

Reilinger et al. (2015), based on GPS data, suggested that
rifting in the Red Sea started at 22 ± 3 Ma, with an initial
rate of extension across the rift at half of the present-day rate.
At 11 ± 2 Ma, when rifting in the northern Red Sea shifted
from the Gulf of Suez to the Red Sea/Aqaba fault system, the
rate doubled to the current rate. On the base of geological
data Bosworth and Stockli (2016) reach similar conclusions,
dating the initial phase of extension at *23 Ma.

The Arabian Plate was one of the first whose motion was
investigated using paleomagnetic data (Irving and Tarling
1961). However, very few additional results have appeared
in the literature since then. Kellogg and Reynolds (1983)
published a few questionable data from Oligocene alkali
basalts from As Sarat in the southern part of Arabia. Based
on these data and new results from the younger Pliocene lava
flows collected from Harrat Rahat, Hussain and Bakor
(1989) defined a Tertiary apparent polar wander path
(APWP) for Arabia characterized by the same clockwise
loop detected in the African APWP during the Miocene to
Holocene, with the best fit obtained by closing the Red Sea
through a clockwise rotation of Arabia by an angle of 9°
around the same pole indicated by Hall (1979) at 29.3°N,
27.1°E. An improvement in this fit included closing the Gulf
of Aden through the shifting of the Arabian Plate by 120 km
in a SSE direction, parallel to the Red Sea axial trough. The
authors recognized that available data were few and far from
satisfactorily accounting for the tectonics of the Red Sea.
However, after more than a quarter of a century there are still
no additional paleomagnetic data from this area that could
better constrain the history of the Arabian Plate. The existing
data are quite puzzling which make it difficult to constrain
the timing of Red Sea opening and rotation. Thus, one of our
goals was to estimate the extent of rotation of the Arabian
plate since the beginning of the Red Sea opening and to
constrain the timing of the rotation in recent times (late
Quaternary).

In this work, we carried out a geochronological and
palaeomagnetic study on 86 oriented hand samples collected
from 20 sites that represent Cenozoic volcanic rocks from
the lava fields in Harrats Lunayyir, Ishara, Al Kura and
Khaybar located in the north-western region of Saudi Arabia
in order to improve the resolution of the rotational history of
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Arabia relative to Nubia during the past 30 Ma (Fig. 1).
Previous attempts to determine the ages of Ishara, Al Kura
and Khaybar rocks have been based on the K–Ar total fusion
method with ages ranging from zero to 27 Ma (Camp and
Roobol 1992). Duncan and Al-Amri (2013) conducted
40Ar/39Ar step-heating experiments on lavas from Lunayyir
and found that most of the volcanism there occurred within
the past 600 Ka. Here, we report new 40Ar/39Ar age deter-
minations of Jabal Ishara, Jabal Anthar, Bi’r al’ Ayn, Jabal
Dhulay’ah and Jabal Jammazin on the same samples that
have been used for paleomagnetic analysis.

2 Geological Framework and Sampling

We conducted field work in volcanic fields lying along the
25°N parallel, from the eastern Red Sea margin to*150 km
inland (Fig. 1a). Several recent lava flows perpendicular to
the Red Sea margin dissect the Arabian coastal plain.
Moving toward the east, one of the smaller and younger
volcanic fields (Harrat Lunayyir) crops out, composed of
relatively older flows in the south-western part and very
young pyroclastic cones and flows that formed along related
fissures. Some *50 cinder cones form N–S and NW–SE
trends and cover an area of about 3600 km2 (Duncan and
Al-Amri 2013) (Fig. 1b). The Lunayyir samples are gener-
ally fine-grained alkali olivine basalts and trachy–basalts
with aphyric to only moderately phyric textures. Olivine and
plagioclase phenocrysts are present within the groundmass
that consists mainly of micro- to cryptocrystalline plagio-
clase and augite with minor olivine (Sanfilippo et al., this
volume). To the east of Lunayyir, olivine basalts of Harrat
Ishara occupy a highland area extending along the
south-western margin of Wadi al Jiz’l and Wadi Hamd
(Fig. 1c). The volcanic field is deeply eroded with exposed
basal units implying a relatively old age for the basalt pre-
served on the plateau relics. Along the eastern edge of the
study area, to the east of Wadi al’ Ays, basaltic lava flows
form the most westerly part of the large Harrat Khaybar and
of the smaller Harrat al Kura (Fig. 1c).

According to the geological maps (Kemp 1981) the col-
lected rocks belong to Tertiary/Quaternary volcanic units
(Tb; Qb) that characterize the Wadi al’ Ays region, except
for one site sampled at Jabal Bi’r al’ Ayn that represents
continental deposits that consist of red quartz-arenite and
claystone of Eocene/Oligocene age underlying the volcanic
units (Fig. 1d). These sediments offer the possibility of
applying a tectonic correction to the paleomagnetic data that
usually is impossible with volcanic rocks.

Hand samples were collected in the field and oriented
using only a magnetic compass, which does not rule out the
possibility of a bias in the magnetic direction due to large
local magnetic anomalies from strongly magnetized rock

units. Deflection of the compass needle was observed in a
few outcrops and a back-sighting technique was used to
check the reliability of the orientation of the fiducial arrow
marked on the rock. In a couple of outcrops, the local field
was so strong that it was impossible to collect any oriented
samples. Usually 4–6 hand samples were collected at each
site, representing a typical paleomagnetic site, but at a few
sites only 1–3 samples were included in the collection. It
would have been desirable to get more samples from each
lava flow, but the limited time for sampling and the rough-
ness of the area hampered the possibility of improving on
this number.

3 Methods

Between 1 and 5 standard paleomagnetic cylinders of
2.54 � 2.2 cm were drilled in the laboratory from each rock
sample, for a total of 218 specimens. The natural remanent
magnetization (NRM) was measured using a Molspin spin-
ner magnetometer at the Paleomagnetic Laboratory of
ISMAR-CNR at Bologna (Italy). Both alternating field
(AF) (up to 80 mT) and thermal demagnetization (up to
600 °C) were carried out on pilot samples to check the
reliability and the magnetic behaviour during the cleaning.
Stepwise AF demagnetization was applied to the volcanics
with an AGICO LDA-3A demagnetizer, while a MMTD1
furnace was used for thermal demagnetization of the sedi-
ments characterized by the presence of high coercitivity
minerals. The results were analysed by using the DAIE
program (Sagnotti 2013) based on Fisher statistics (Fisher
1953) and principal component analysis (Kirshvink 1980).
The mean directions were used to calculate the virtual geo-
magnetic pole (VGP) by using the PaleoMac program
developed by Cogné (2003). Finally, the rotation with
respect to Africa was evaluated following the procedure
suggested by Demarest (1983) using coeval reference pale-
opoles from Torsvik et al. (2008). The site mean directions
are given in Table 1. Magnetic susceptibility (j) was mea-
sured for all but a few samples using a Bartington MS2 m.
Hysteresis properties were measured at the INGV paleo-
magnetic laboratory in Rome by using a Micromag alter-
nating gradient magnetometer (AGM-2900) with a
maximum field of 1T. The ratio of the remanent magneti-
zation to the induced magnetization produced by the Earth’s
field (29.86 A/m) was used to calculate the Koenigsberger
ratio (Q). The results of these measurements are reported in
Tables 2 and 3 for Khaybar and Lunayyir respectively.

40Ar/39Ar age determinations were carried out at the
AGES-laboratory at Lamont Doherty Earth Observatory of
Columbia University using a Micromass VG 5400. The
argon-isotopic ratios were determined in static mode using
automated data collection software developed by Alan Deino
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of the Berkeley Geochronology Center. Alteration of pri-
mary phases to secondary minerals is relatively limited in
this very arid region. Thus, the volcanic samples were
simply crushed and rinsed with deionized water. 0.5–1 mm
representative rock chips without visible signs of alteration
were selected under the microscope and co-irradiated with
Fish Canyon sanidine at the USGS TRIGA reactor in Den-
ver, CO, U.S.A for 8 h. The irradiated samples were placed

in Ta tubes, and evacuated in a chamber with a glass window
for incremental heating with a diode laser (PhotonMachi-
nes). Stepwise heating of the samples was conducted with
energies of 1–18 W, in increments designed to spread the
39Ar out as much as possible. Released argon was cleaned of
active gases by interaction with Zr-Al getters set at 2 amps,
and then allowed into the Micromass VG5400 noble gas
mass spectrometer for analyses using peak-hopping on an

Fig. 1 Shaded relief map
showing the major
morphotectonic features of the
northern Red Sea and adjacent
volcanic lava fields on the
western Arabian Plate with the
locations of the sampling sites (b,
c, d). Age assignments are based
on morphologic data (relative
extents of erosion, alteration, soil
cover; Kemp 1981).
Paleomagnetic samples are
marked in red while blue colours
indicate the samples used for
40Ar/39Ar age determinations.
White triangles in Harrat
Lunayyir refer to the samples
studied by Duncan and Al-Amri
(2013)
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analogue multiplier. Argon data were corrected for back-
grounds and discrimination using frequently measured
blanks and air pipettes. Corrections were made for nuclear
interferences using the information from Dalrymple et al.
(1981) for the USGS reactor. The J-values were calculated
from the average ages of Fish Canyon (FC) sanidines that
were co-irradiated with the sample, for a given irradiation
level assuming that the true age of FC is 28.201 ± 0.046 Ma
(Kuiper et al. 2008).

4 Results

4.1 Ar/Ar Datings

Age determinations of samples selected from the top of the
lava flow sequences and from the contact between volcanics

and the Precambrian basement at three major peaks of Harrat
Ishara, now a deeply dissected plateau, range from 16.3 to
14.5 Ma (Table 4), in agreement with previously estimated
ages ranging from 17 to 12 Ma (Bosworth and Stockli
2016). In particular, samples JJa-01/Tb-1 and JJa-02/Tb-2,
representing the top and base of the *500 m-thick volcanic
sequence of Jabal Jammazin (Fig. 1c), after 9 and 7 heating
steps, respectively, released plateau ages of 14.5 ± 0.2 Ma
and 15.6±0.8 Ma, respectively (Fig. 2). Although the two
ages overlap within errors, they are consistent with their
stratigraphic relationships. Sample JI-01/Tb-1 from the top
of the *300 m-thick sequence of Jabal Ishara (Fig. 1c), run
in 8 heating steps, yielded a plateau age of 14.6 ± 1.7 Ma
(Fig. 2c, d). The *350 m-thick lava flow sequence of Jabal
Antar (Fig. 1c) lies above a 50 m-thick sedimentary
sequence resting above the Precambrian basement and
includes boulder conglomerate and several upward-fining

Table 1 Paleomagnetic mean directions, Fisher statistics (K and a95/A95 parameters) and Paleopoles for the studied sites. N/N0 = number of
samples used for the mean/number of measured samples. Qb, Tb in the age column refer to the stratigraphic age given in the geologic map (see
Fig. 1)

Site N/N0 AGE Decl (°) Incl (°) K a95-A95 (°)

QH-01 7/12 Qb 345.3 42.5 417.0 2.96

LH-01 9/11 Tb 352.2 34.0 170.0 3.96

LH-02 10/10 Qb 334.1 39.6 52.2 6.75

LH-04 10/11 Qb+Tb 353.2 40.5 108.1 4.70

LH-05 9/9 Tb 33.1 14.9 303.8 2.96

LH-06 6/7 Qb 344.8 19.9 23.5 14.10

LH-08 9/9 Tb 354.9 34.9 268.0 3.20

LH-11 12/12 Tb 14.7 40.3 72.5 5.10

LH-12 9/9 Qb 3.6 41.7 41.4 8.10

LH-15 12/12 Tb 355.6 51.8 130.5 3.80

LH-17 10/12 Qb 25.4 30.3 33.3 8.50

ALL N = 11/11 Quaternary 0.31 36.9 19.8 10.5

VGP 214.1 E 85.1 N Plat = 20.6 12.3

Selected N = 9/11 (excl LH05-LH06) 358 40.4 36.6 8.6

VGP 259.9 E 87.3 N Plat = 23.1 10.4

BA-01 14/14 Oligocene? Before TC 204.3 −38.2 3.5 24.8

BA-01 10/14 Selected 182.2 −30.7 43.7 7.4

BA-01 10/14 After TC 169.6 −44.8 82.3 5.40

314.4 E 80.6 N Plat = 26.4 6.8

JJA-01 11/12 14.5±0.2 306.9 7.9 106 4.50

JD-01 9/9 13.2±0.6 343.0 64.0 163 4.00

JD-01 7/9 13.2±0.6 206.5 −18.1 627 2.40

JA-01 13/13 16.3±0.3 125.2 6.3 20.3 9.40

JI-01 12 14.6±1.7 Scattered – – – –
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sequences of coarse-grained sandstone to red siltstone with
gypsiferous bases (Kemp 1981). Sample JA-01/Tb-1 from
the base of this volcanic sequence, after 8 heating steps,
yielded a plateau age of 16.3±0.3 Ma (Fig. 2a, b), refining
previously estimated ages of 20 Ma by Coleman et al.
(1975) and 9 Ma by Dhellemmes and Delfour (1979).

Samples JD-01/Tb-1 and BA-01/Tb-1 from the northern
sector of the study area are considered to be part of the Ishara
volcanic field (Kemp 1981). Sample JD-01/Tb-1, recovered
at the base of the volcanic sequence of Jabal Dhulay’ah
(Fig. 1d), which is part of the Jabal Khirsat plateau, run in 9
heating steps, yielded a plateau age of 13.2 ± 0.6 Ma
(Fig. 2g, h). Sample BA-01/Tb-1 (Fig. 1d) is from the top of
a volcanic sequence that lies above a Cenozoic sedimentary
sequence of poorly indurated argillo-arenaceous sediments
(Pellaton and Dhellemmes 1978), and after 7 heating steps
yielded a plateau age of 12.8 ± 0.13 Ma (Fig. 2e, f). This
new age is younger than those estimated for the Ishara
plateau basalts (*20 Ma, Coleman et al. 1975), which
suggests that the Khirsat plateau basalts may be generated by
a distinct volcanic event.

5 Paleomagnetism

5.1 Sediments

The sediments collected in the Bi’r al’ Ayn (Site BA-01;
Fig. 1d) region exhibit differences in the intensity of mag-
netization and magnetic coercivity reflecting changes in the
magnetic mineralogy even in specimens drilled from the
same hand-sample. Usually the NRM intensity is within
10−2 A/m, but significant variations up to one order of
magnitude were observed even in specimens from the same

Table 2 Natural remanent magnetization (NRM), magnetic suscepti-
bility (j) and Koenigsberger ratio (Q) of the volcanic rocks from the
Khaybar area. NRM values in A/m, j values in 10−5 SI units. Q was
calculated by using a local magnetic field of 29.86 A/m

Samples NRM j(10−5 SI) Q

AR-21aI 0.41 503 2.73

AR-22bII 0.64 487 4.41

AR-23aI 0.54 506 3.57

AR-24cII 0.41 559 2.48

AR-24bII 0.42 536 2.63

AR-25bI 0.53 657 2.72

AR-25dI 0.63 640 3.3

Site JJa-01mean 0.51 555.43 3.12

AR-26bI 434 1288 1128.45

AR-26bII 349 996 1173.48

AR-27aII 73.2 977 250.92

AR-27b 72.7 895 272.03

AR-28 102 694 492.21

AR-29 478 613 2611.43

AR-30 25.9 790 109.8

AR-31aI 24.5 571 143.69

AR-31aII 16.4 458 119.92

AR-31b 26.6 486 183.3

SiteJI-01 mean 180.57 833.73 672.89

AR-32a 0.3 486 2.05

AR-32bII 0.26 435 2.04

AR-33aI 0.3 428 2.35

AR-33aII 0.28 364 2.59

AR-33bI 0.32 385 2.77

AR-34bI 0.24 581 1.38

AR-34bII 0.25 536 1.54

AR-35 0.23 215 3.55

AR-36aI 0.16 250 2.21

AR-36aII 0.22 289 2.49

AR-36bII 0.2 257 2.65

AR-37a 10.7 454 78.93

AR-37c 11 477 77.23

SiteJA-01 mean 1.88 396.69 13.98

AR-43a 1.77 610 9.72

AR-43b 1.75 597 9.82

AR-44aI 1.84 593 10.39

AR-44aII 1.92 605 10.63

AR-44cI 1.78 571 10.44

AR-44cII 1.85 612 10.12

AR-45a 102 672 508.32

AR-45b 70.5 615 383.91

(continued)

Table 2 (continued)

Samples NRM j(10−5 SI) Q

SiteJD-01A mean 22.93 609.38 119.17

AR-46aII 2.23 720 10.37

AR-46cI 1.99 725 9.19

AR-46cII 1.72 724 7.96

AR-47aI 4.71 761 20.73

AR-47bII 3.07 771 13.34

AR-47cI 3.9 690 18.93

AR-48aI 3.94 773 17.07

AR-48bII 2.81 773 12.17

AR-48bIII 3.59 740 16.25

SiteJD-01B mean 3.11 741.89 14
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Fig. 2 Radiometric dating of the studied samples (2a and 2b).
Step-heating spectra (diagrams a-c-e) and isochrons (diagrams b-d-f) of
the whole-rock 40Ar/39Ar analyses. The apparent ages reported on the
step-heating spectra are calculated using trapped initial Ar compositions
that are delineated by the isochron of the same sample. The associated
raw data are reported in Table 2. 1SD errors are shown as boxes and

ellipses about the mean values. The first two heating steps of
BA-01/Tb-01 in panels e and f show anomalously old ages at very
low percent radiogenic 40Ar*. These steps likely reflect secondary
effects and are therefore excluded from the calculations for the plateau
and isochron ages
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Fig. 2 (continued)
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sample. The stepwise thermal demagnetization (Fig. 3a)
result shows that a significant amount of magnetization
survives at temperatures of 570–600° C (i.e., AR-54bIII,
AR-49aII; Fig. 3b, c), which suggests that hematite is the
carrier of the remanence as also indicated by the reddish
colour of the rock. However, some samples lost part of their
magnetization at lower temperatures (i.e., AR-49aII; Fig. 3a,
c) and even AF treatment (AR-52bI; Fig. 3d) appears able to
remove part of the magnetization, indicating that the
hematite content is not constant. This is confirmed by the
differences in the hysteresis properties, with coercivity of the
remanence (Bcr) ranging from 32.4 mT in sample AR-51
(Fig. 3e) to 158.9 mT in sample AR-52 (Fig. 3f). The dif-
ferences in the magnetic mineralogy appear to play a role in
the paleomagnetic record, with stable and clear paleomag-
netic directions isolated only from samples characterized by
hard coercivity. All the samples exhibit negative inclina-
tions, which indicate that the present field is not responsible
for the observed directions. After the tectonic corrections, 10
out of 14 specimens give means of D = 169.6°, I = −44.8°
with an a95 = 5.4° (Fig. 4). The interpretation of the pale-
omagnetic data should take into account that the sampling
was restricted to a small outcrop and the results confined to
the samples collected from a thin layer that possibly repre-
sents a post-depositional chemical remanent magnetization
(CRM). It cannot be excluded that this CRM could have
been acquired during a time interval that was insufficient to
fully average the secular variations. The grouping of the
paleomagnetic directions appears to become better after the
tectonic correction (Fig. 4) which indicates that the age of
the magnetization predates the tilting of the rock. The
associated VGP is Long: 316.2°E, Lat: 80.6°N, K = 4.3°,
A95 = 6.8°, Plat = 26.4°N.

5.2 Miocene Lava Flows

Scattered results mostly with shallow and negative inclina-
tions characterize the paleomagnetic directions measured in
the lava flows of Miocene age. The magnetic content of the
rock appears very variable between and even within each
site, with differences well represented by magnetic beha-
viour during thermal (Fig. 5a) and AF demagnetization
(Fig. 5b). Almost certainly, weathering plays an important
role in the magnetization of these rocks. Most of the rocks
exhibit a secondary overprint, probably of viscous origin.
This secondary overprint is removed after AF cleaning at 5–
10 mT, after which the directions stabilize indicating the
presence of a stable vector representing the Characteristic
Remanent Magnetization (ChRM) (Fig. 5c). As shown in
the plot of the induced magnetization (Ji) versus NRM
(Fig. 6), the lavas from Jabal Jammazin (JJa-01) and Jabal
Anthar (JA-01) yield a quite weak NRM intensity (J < 1

A/m) with low Koenigsberger ratio (Q < 5) whereas scat-
tered and very high NRM values (up to 102 A/m), with low
coercivity (median destructive field, MDF <5 mT) and high
Koenigsberger ratio (Q > 100), occur in the rocks collected
at Jabal Ishara (JI-01) (Table 2). Probably lightning strikes
are responsible for the magnetization measured at this site,
and the scattered directions (Fig. 7) should be considered
unreliable for any paleomagnetic discussion. More constant
values of both NRM and Ji characterize the lavas in the
northern area of Jabal Dhulay’ah (JD-01) (Fig. 6), with two
close lava flows showing a different polarity (Fig. 7) with a
normal/reverse (N/R) stratigraphic sequence. If no signifi-
cant time gap occurred between the two flows the Ar/Ar
dating of the rock (13.2 ± 0.6 Ma) indicates that they can be
correlated with one of the few N/R sequences occurring
within the chron C5A (5AB-5AA) that characterizes the first
half of the Serravalian (Gradstein et al. 2012). The mean
values exhibit conflicting directions in terms of both decli-
nation and inclination (D = 343°, I = 64, a95 = 4°; D =
206.5°, I = 18.1°, a95 = 2.4°) (Fig. 7; Table 1), but are still
in the range of the secular variation. Antipodal directions
characterize the paleomagnetic directions measured in the
rocks from Jabal Jammazin (JJa-01, D = 306.9°, I = 7.9°)
and Jabal Anthar (JA-01, D = 125.1°, I = 6.3°) (Fig. 7;
Table 1), with shallow inclinations that, coupled with the
already discussed weak intensity of magnetization, make
suspicious the source of the magnetization. The scatter of the
results does not allow the calculation of a mean value that
can yield a VGP representative of the Miocene direction for
the Arabian Plate.

5.3 Quaternary Lava Flows

The lava flows collected from Harrat Lunayyir display a
stable behaviour with only a minor viscous secondary
overprint, which could be removed in the early steps (<10
mT) of AF demagnetization (Fig. 8) that were applied to
these volcanics as a cleaning procedure. Most of the mag-
netization shows a spectrum of coercitivity restricted within
20–25 mT (Fig. 8) with a MDF <10 mT reflecting a pre-
dominance of MD grain size. The plot of Ji versus NRM
shown in Fig. 6 attests to a better grouping of the Lunayyir
samples with respect to the Miocene volcanics. The Q ratio
is mainly between 5 and 70, with higher values only mea-
sured in a few samples from site LH-13 likely affected by
lightning (Table 3, Fig. 6). After cleaning, the paleomag-
netic directions show a normal polarity except for the
above-mentioned samples from site LH-13 (Fig. 9). The
results of this site have not been included in the calculations
of the Fisher’s statistics. A poor grouping characterized also
Site LH-06 (a95 = 19.9°) and a few samples from other sites
(i.e., LH-17) that lie far from the mean, although they did not
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Fig. 3 Normalized intensity of
magnetization (a), orthogonal
vector diagrams (tilt corrected)
during thermal (b, c) and AF
(d) cleaning and hysteresis loops
(e, f) for representative samples of
pre-Miocene sediments. Red
(blue) circles represent projection
onto the horizontal (vertical)
plane

Fig. 4 Equal area projection of
the paleomagnetic data from the
pre-Miocene sediments collected
at Bi’r al ‘Ayn before and after
tectonic correction. Open (closed)
symbols refer to negative
(positive) inclinations. Open
circles in blue represent the MAD
of each sample and the a95 for
the mean values (red square)
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exhibit directional change during AF demagnetization. The
nature of the outcrops restricted the sampling to the surface
of the lava flows so it is possible that these samples may
have been displaced during the acquisition of their ther-
moremanent magnetization (TRM). They have been exclu-
ded in the calculations of the means.

The results from the 11 sites with reliable magnetization
measurements clustered around a mean value of D = 0.31°, I
= 36.9° with statistical parameters K = 19.8 and a95 = 10.5°
(Fig. 10; Table 1). An improvement of the clustering (D =
358°, I = 40.4°; K = 36.6; a95 = 8.6°) with an inclination that
is closer to the expected value for the latitude of the sites
(43°) can be obtained by excluding the mean values of sites
LH05 and LH06 with shallower inclinations (Table 1).
However, considering that the results are restricted to 11
sites we prefer to use the whole data set for a better average
of the secular variation. The mean direction for the Lunayyir
volcanics corresponds to a pole position at 85.1°N Lat.,
214.1°E Long (Fig. 11; Table 1).

6 Discussion and Conclusions

As discussed previously the ChRM of the rocks was isolated
from most of the studied sites, but only for the Quaternary
volcanics can it for certain be considered representative of a
primary magnetization. The CRM carried by the high
coercitivity minerals present in the red siltstone from the Bi’r
al’ Ayn region could be younger than the Oligocene age of
the rock but the reverse polarity indicates that it is certainly
older than the Brunhes (0.78 Ma). The mean declination
value (169.6°) is compatible with the counter-clockwise
rotation of the Arabian Plate established by the existing
paleomagnetic results. Nevertheless, the inclination (44.8°)

Fig. 5 Normalized intensity of
magnetization during thermal
(a) and AF (b) cleaning, and
orthogonal vector diagrams
(c) for representative samples of
volcanic lava flows of Miocene
age. Red (blue) circles represent
projection onto the horizontal
(vertical) plane

Fig. 6 Induced magnetization (Ji) versus NRM for the Miocene
volcanics from Harrat Khaybar (Sites JA-01; JJa-01; JD-01; Ji-01) and
the Quaternary lavas from Lunayyir
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implies a paleolatitude (26.4° N) that is in contrast with the
northern drift of the Arabian Plate during the Tertiary.

A comparison of the VGP (316.2°E, 80.6°N) with the ref-
erence paleopoles fromAfrica (SAFR; Torsvik et al. 2008) was
evaluated using the approach suggested by Demarest (1983).
The rotation and flattening values with respect to the Oligocene
(30 Ma) paleopole give values that indicate a significant pale-
omagnetic rotation (R = 14.86 ± 6.38°) and differences in lat-
itudes (F = −10.76 ± 5.38°). The comparison of the same
African pole with the VGP from the As Sarat basaltic flows of
Oligocene age (29–24 Ma) studied by Kellogg and Reynolds
(1983) point to a smaller counter clockwise rotation
(CCW) rotation (R = −9.65 ± 4.05°) with a significant and
contrasting difference in the flattening (F = 9.13°± 4.88°). The

uncertainty in both the age of the rock and magnetization in the
Bi’r al’ Ayn siltstones could explain the observed differences.
Additionally, the As Sarat data show inconsistent antipodal
directions that cannot be easily interpreted. The flows with
normal (D = 354.8; I = 19) and reverse polarity (D = 186.3; I =
−10.2) represent two distinct populations that were interpreted
by the authors as characteristic of the Earth’s magnetic field
model described byWilson (1971). However, as shown byMc
Elhinny (2004), there is no evidence that the normal and reverse
mean fields differ from one another. Hence it is more likely that
these results reflect partially uncleaned magnetic directions,
especially for the lava flows with reverse polarity.

The critical constraint on the timing of the Arabian rotation
could be provided by the paleomagnetic data of the Miocene

Fig. 7 Equal area projection and mean values of the paleomagnetic data from the Miocene volcanics. Closed (open) symbols refer to positive
(negative) inclinations. Open circles represent the MAD of each sample and the a95 for the mean value (green square)

430 L. Vigliotti et al.



rocks and this was the target of our sampling of the Khaybar
lava flows. Unfortunately, the quality of the paleomagnetic
results from these lava flows is quite poor and certainly inad-
equate to calculate a mean value representative of a Miocene
paleopole forArabia. The effect of lightning, an artefact that has
been observed in several rocks from Arabia (Tarling 1970;
Kellog and Reynolds 1983) hampered the possibility of iso-
lating a stable component of magnetization from Jabal Ishara.
Meanwhile, contrasting directions from two lava flows col-
lected at Jabal Dhulay’ah could represent only spots of the
magnetic field considering that the directions are compatible
with secular variations. The results from Jabal Jammazin (D =
306.9°; I = 7.9°) and JabalAnthar (D= 125.1°; I = 6.3°) (Fig. 7)
show shallow and almost antipodal directions that are consis-
tently (57/58°)CCWdeviatedwith respect to the earlyMiocene
(20 Ma) paleopole for Africa (SAFR; Torsvik et al. 2008). This
result cannot be justified by the rotation of the Arabian Plate

since that time. The sub-horizontal bedding of the lava flows
excludes tectonic tilt as themain cause for this apparent rotation
and additional explanations are necessary. The nature of the
outcrops limited the sampling only to the exposed part of the
lava flows where the weathering is certainly more pronounced.
The low susceptibility and NRM intensity (Fig. 5; Table 2)
observed in these rocks is a typical signature of a
post-depositional alteration that could be responsible for the
anomalous directions. Furthermore, in several outcrops we
detected the presence of a strong and deviating local magnetic
field caused by the morphology of the cooled parts of the lava.
The paleomagnetic record can be significantly affected by this
effect if it was already present during the emplacement and
cooling of lava flows (Baag et al. 1995; Valet and Soler 1999).

Although some scattering characterizes our late Quater-
nary volcanics from Lunayyir, the mean value (D = 0.31°; I
= 36.9; a95 = 10.4°) is indistinguishable from the direction

Fig. 8 Normalized intensity of magnetization and orthogonal vector diagrams during AF cleaning of selected samples of Quaternary lava flows
from Harrat Lunayyir. Red (blue) circles represent projection onto the horizontal (vertical) plane
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of the present field, indicating that no rotation occurred since
their emplacement. The observed normal polarity suggests
that these flows were emplaced during the Brunhes Chron
(0–0.78 Ma), in agreement with the ages (<0.57 Ma)
reported by Duncan and Al-Amri (2013) for the rocks of
Lunayyir. Even though paleomagnetic data have limited use
in constraining small rotations, especially if uncertainties are
not very small, a comparison with the coeval African pale-
opole (SAFR; Torsvik et al. 2008) indicates a negligible
rotation between the two plates in recent times (R = −1.98 ±
10.49° and F = 5.29 ± 8.68°).

There are few Tertiary paleomagnetic results from the
Arabian Peninsula that can be compared with our data. The
middle Pliocene volcanics (age 3.3–3.73 Ma) from Harrat
Rahat (Hussain and Bakor 1989) and the early Pliocene
volcanics (5 Ma) from Aden (Irving and Tarling 1961)

indicate that about 11° and 7° of CCW rotation occurred
since their formation, respectively (Fig. 11a). It should be
noted that the amount of rotation of the younger volcanics
(middle Pliocene age) is a little bit larger than those of the
early Pliocene from Aden, even though statistically they are
indistinguishable. These data are in agreement with the
Oligocene data from As Sarat (Kellogg and Reynolds 1983)
and they seem consistent with our results from the sediments
of Bi’r al ‘Ayn (Fig. 11a). The existing data seem to indicate
that the Arabian Plate undertook a CCW rotation of about
10° with respect to the magnetic pole and about 15° with
respect to stable Africa. However, the existing paleomag-
netic directions of magnetization and associated pole posi-
tions show an agreement from the Oligocene to the Pliocene
(Fig. 10), which can be interpreted only by assuming that the
entire rotation occurred during the last 4–5 Ma as suggested

Fig. 9 Equal area projection of the mean paleomagnetic directions and
statistical parameter a95 for the sites studied in Harrat Lunayyir. Closed
(open) symbols refer to positive (negative) inclinations. Symbols in

blue refer to samples excluded by the mean. Open circles represent the
MAD of each sample and the a95 for the mean value (green square).
Yellow star represents the present magnetic field
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by other authors (Tarling 1970; Kellog and Reynolds 1983).
This would imply that the whole rotation took place during
the last phase of the opening that corresponds to true
sea-floor spreading. This is in contrast with the hypothesis
that suggested different phases of rotation or a constant
opening of the Red Sea since the beginning of the rifting
(Hall 1979; Girdler 1991; Labreque and Zitellini 1985;
Almalki et al. 2015). However, the existing paleomagnetic
data are inadequate to enlighten the early rotational history
of the Arabian Plate.

The Koenigsberger ratio (Q) (Tables 2 and 3; Fig. 6) is
above 1 in all the rocks indicating that the remanence pre-
dominates over the induced magnetization and it should be
taken into account when interpreting magnetic anomalies.
Considering that in the Lunayyir area these data can be
integrated with geochemical and petrological data (Duncan
and Al-Amri 2013; Sanfilippo et al., this volume) there is a
significant data set that could be used to test the reliability of
the aeromagnetic data interpretations.

Fig. 10 Equal area projection of the paleomagnetic directions and statistical parameters for the Quaternary volcanics from Harrat Lunayyir. Green
square refers to the mean value with a95 in red

Fig. 11 Comparison of the
paleomagnetic results from this
study with the existing
paleomagnetic data (a) and
relative VGP position (b) for
Arabia during the Tertiary.
Circles represent uncertainties
(a95 for the paleomagnetic
directions and A95 for the poles)
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