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An early Miocene age for a high-temperature event in gneisses

from Zabargad Island (Red Sea, Egypt): mantle diapirism?

D. Bosch* and O. Bruguier
Laboratoire de GeÂochimie Isotopique, CNRS-UMR 5567, cc 066,UniversiteÂ de Montpellier II, Place E. Bataillon, 34095 Montpellier

Cedex 05, France

Introduction

In the last decade, much attention has

been focused on the tectonothermal
and geochemical evolution of rocks

outcropping on Zabargad Island (Red
Sea, Egypt). This island, though of

limited size (& 4 km2), has an almost
unique geodynamic setting, 50 kmwest

of the Red Sea axis, and reveals a close
association of mafic/ultramafic rocks

with a metamorphic gneiss complex.
Understanding the geodynamic evolu-

tion of the island was expected to elu-

cidate the processes operating in a
young rift-setting environment and

crust/mantle interface tectonics. Since
the first work of Bonatti et al. (1981),

however, genetic models have been lim-
ited by the the scant data on the timing

of juxtaposition between the perido-
tites and the gneisses, as well as the

nature of the mafic/ultramafic rocks.
One interpretation considers the peri-

dotites as an asthenospheric mantle
diapir intruding a Pan-African conti-

nental crust during the early stages of
the Red Sea opening (e.g. Nicolas et al.,

1987). The fewattempts todate the time
of intrusion of the peridotites are con-

sistent with this view. Nicolas et al.
(1985), for example, inferred a K±Ar

age of 23+ 7 Myr for amphiboles ex-
tracted fromanamphibolite. This value

concurs with the more precise Ar±Ar
age (18.7+ 1.3 Myr) given by hornble-

nde extracted from a pegmatoidal
pocket of a coarse grained hornblendite

in harzburgite (Trieloff et al., 1997).
Both ages are identical, within errors,

of a 18.4+ 1.0Myr zircon age obtained
by Oberli et al. (1987). Although there

is a good agreement between the three
methods,Oberli's zircon value has been

presented only in an abstract, thus
making it difficult to properly evaluate.

K±Ar and Ar±Ar ages have also been
questioned for decoupling of parent

and daughter nuclides (Villa, 1990), or
for their meaning in terms of a geolo-

gical event (uplift, hydrothermalism or

emplacement age) due to their known
susceptibility to low-grade events. An

alternative interpretation considers the
peridotites and the gneisses to be Pan-

African (Brueckner et al., 1988, 1995)
and that juxtaposition of both rock

types occurred shortly after differentia-
tion from a common depleted mantle

source & 700 Ma. This is apparently
supported by the so-called SLAP error-

chron resulting from alignment of
whole rock peridotite samples and

CPX separates in the Sm±Nd isochron
diagram (Brueckner et al., 1988). This

model, however, has been challenged in
two recent papers on the grounds of

fluid inclusion (Boullier et al., 1997)
and noble gases and argon chronologi-

cal studies (Trieloff et al., 1997). In both
models, gneisses are seen to represent

remnants of the Pan-African continen-
tal deep crust left behind during open-

ing of the Red Sea rift. Pan-African
ages for the metamorphic gneiss com-

plex are well established by Sm±Nd and
Rb±Srmineral isochrons (Lancelot and

Bosch, 1991; Brueckner et al., 1995) as
well as by a zircon Pb±Pb evaporation

date (Brueckner et al., 1995) from a
felsic gneiss located a few hundred

metres from the contact zone, between
the central peridotite body and the

gneisses. These ages, however, provide
no constraints on the timing of juxta-

position of gneisses and peridotites. In
order to solve this fundamental pro-

blem, and because of the known resis-
tance to alteration of the mineral zir-

con, we focused on the U±Pb dating of
single zircon grains extracted from a

felsic gneiss located at the contact zone

with the central peridotite body.

Geological setting

Located about 90 km south-east of the
RaÃ s BaÃ nas peninsula and about 50 km

west of the Red Sea axis, Zabargad
island (Fig. 1) presents a petrographic

association dominated by three bodies
of fresh ultramafic rocks. The southern

body is constituted by plagioclase peri-
dotites with a great abundance of dia-

base dikes at the contact with the over-
lying metasedimentary formation. The

central and northern massifs are spinel
lherzolites. Three generations of am-

phiboles are present in all three perido-
tite bodies and have been classified into

three generations related to distinct
metasomatic events (Agrinier et al.,

1993). The northern and centralmassifs
are in contact with a complex polygenic

assemblage constituted by Pan-African
granulite-facies gneisses (Bosch, 1990;

Lancelot and Bosch, 1991; Brueckner
et al., 1995) equilibrated at a depth of

over 30 km (Boudier et al., 1988) and by
igneous pyroxenites and gabbros un-

274 *C 1998 Blackwell Science Ltd

ABSTRACT
U±Pb zircon data from a felsic gneiss located at the contact zone

with the central peridotite body of Zabargad Island (Red Sea,

Egypt) provide an age of 23.2+ 5.9 Myr consistent with the
238U±206Pb age of the youngest concordant grain (22.4+ 1.3

Myr). Concordant grains indicate new zircon growth and/or

resetting whereas slightly discordant analyses suggest

participation of an older zircon component whose age cannot

be defined precisely. SEMback-scattered imaging further reveals

the occurrence of zoned domains almost completely erased by

complex internal structures attributed to extensive

recrystallization under metamorphic conditions. The 22.4 Myr

Miocene age is thus interpreted as dating a high-temperature

metamorphic event. The proximity between the studied sample

and the peridotite supports previous conclusions which regard

parts of the peridotites fromZabargad Island as an asthenopheric

mantle diapir which intruded the thinned Pan-African continental

crust during the early stages of the Red Sea opening.
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derplated at the base of the crust and

recrystallized into mafic granulites be-
fore and during the early stages of the

Red Sea rifting (Bonatti and Seyler,
1987; Seyler and Bonatti, 1988). Nico-

las et al. (1985) andBoudier et al. (1988)
provided evidence that away from the

contact with the peridotites the shear
strain and associated recrystallizations

decrease rapidly in the metamorphic
complex. Finally, diabase dykes and

sills cross-cut all rock units including
the gneisses and the peridotites. Dia-

bases are abundant within the southern
peridotitic body and at the contact

between this massif and the Zabargad
Metasedimentary Formation (see Fig.

1) where they promoted the growth of
gem peridots (Clochiatti et al., 1981;

Bosch, 1991; Boudier and Nicolas,

1991). Chronological data available
on diabases are rather scarce so that

their age is not known precisely. Villa
(1990) suggests an age younger than 20

Myr, concurring with the tholeiitic
magmatism occurring 18±24 Ma along

the western coast of Saudi Arabia and
related to the early history of the Red

Sea opening (Coleman et al., 1979;
Feraud et al., 1991). Unmetamor-

phosed Middle to Upper Miocene eva-
porites discordantly overlay the Zabar-

gad Metasedimentary Formation.

Analytical procedure

The minerals were extracted and pre-
pared for analysis according to stan-

dard techniques (e.g. Bosch et al., 1996;

Pidgeon et al., 1996)where only the best
quality grains (nonmagnetic, transpar-

ent and free of visible inclusions, frac-
tures and cores) were selected for ana-

lysis. Single grains were subsequently
processed according to Bruguier et al.

(1997), but using the dissolution cap-
sules designed by Parrish (1987) which

significantly reduced Pb blanks. Isoto-
picmeasurements were carried out on a

VG Sector mass spectrometer using a
Daly detector. Because all common

lead can be ascribed to blank Pb (15
pg+ 50%), its isotopic composition

was measured precisely and used to
determine the isotopic composition of

radiogenic Pb. Corrected isotopic ra-
tios, regression lines and intercepts

were calculated according to Ludwig
(1987). Analytical uncertainties are

listed inTable 1 as 2s anduncertainties
in ages as 95% confidence levels.

Results and discussion

The studied sample (86Z2d) was col-

lected at the contact zone between the
gneisses and the central peridotite

body. It corresponds to a fine-to med-

ium-grained felsic gneiss containing c.

80% of quartz and plagioclase with

iron oxides. Zircons are typically trans-
lucent, colourless to light pink andwith

rare inclusions. They present strong
rounding of their external shapes sug-

gesting partial dissolution preferen-
tially occurring at the terminations of

the crystals. This rounding is associated
with the development of multifaceted

surfaces, a morphological feature com-
monly found in high-grade meta-

morphic zircons (e.g. KroÈ ner et al.,
1997) but also on zircons affected by

high-temperature contact metamorph-
ism (Davis et al., 1968). SEM imaging

of the grains reveals complex internal
structures and the presence of two zir-

con components (seeFig. 2a,b). Inmost
crystals examined, zoned domains are

erased and survive as relics in restricted
parts of the grains. The internal struc-

ture of the grain shown in Fig. 2(a) is
consistent with penetrative migration

of impurity components within the
crystal lattice and, according to Vavra

et al. (1996), is attributed to resorption
at the surface of the grains. The grain

presented in Fig. 2(b) is slightly differ-
ent as it shows a massive, structureless

outer part replacing the original zircon.
Although affected by a strong round-
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Fig. 1 Geological sketch map of Zabargad Island (modified after Bonatti et al., 1981)

indicating location of the studied sample (86Z2d). Samples dated by other authors and

mentioned in the text are also shown: (&) felsic gneiss Z1394 (Brueckner et al., 1995);

(õÈ õÈ TMonotype Sorts) dolerite Z2137 (Villa, 1990); (*)mafic granulite 85Za68b and felsic
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ing, the crystal roughly preserved a
prismatic shape and the observed per-

ipheral domain more likely resulted
from a resorption-induced recrystalli-

zation. These morphological features
are in agreement with the grains being

originally magmatic zircons strongly
disturbed during a subsequent meta-

morphic event. In the concordia dia-

gram (Fig. 3), all points are close to
concordant and fall on a chord with a

lower intersection at 23.2+ 5.9 Myr
and an upper intersection, which is the

result of a long extrapolation, at
949+ 691 Myr (MSWD=0.7). The

latter is considered without any age
signification. Analysis 5, however, is

discordant and points to an old zircon
component with a minimum
207Pb/206Pb age of & 200 Myr. The
22.4+ 1.3 Myr U±Pb age of the con-

cordant analysis 1 is therefore tenta-
tively taken as our best estimate for new

growth and recrystallization of the zir-
con grains. The reason for this perva-

sive recrystallization is not straightfor-
ward, however. Two alternative

interpretations can be proposed which
have different implications for the geo-

dynamic evolution of the Red Sea area.
Brueckner et al. (1995) proposed that

the huge diabase sill at the contact with
the southern peridotite massif was re-

sponsible for a pervasive hydrothermal
event and suggested that the 18.4+ 1.0

Myr U±Pb zircon age obtained by
Oberli et al. (1987) dates zircon growth

under hydrothermal conditions,
although the latter authors interpreted

it as corresponding to the emplacement
age of the peridotites. This view is con-

sistent with a Pan-African origin of the

Zabargad peridotites (Brueckner et al.,
1988). Conversely, it could be proposed

that the analysed zircons reflect new
growth or recrystallization during con-

tact metamorphism developed at the
vicinity of an ascending mantle diapir.

In this view, emplacement of the peri-
dotites in the Pan-African granulite

gneisses took place early in the Red
Sea opening. Previous studies have

highlighted the possible growth of

new zircons during contact meta-
morphism (Gulson and Krogh, 1975)

and the progressive resetting of U±Pb
ages towards hot intrusive bodies (Da-

vis et al., 1968). In the latter case,
evidence has been presented that Pb

loss can reach up to 80% of the un-
affected material for zircons located

5 1 m from the contact. Experimental
investigations of the disturbance of the

U±Pb isotopic systems under hydro-
thermal conditions (Pidgeon et al.,

1966; Sinha et al., 1992) also revealed
the ability of hydrothermal and meta-

morphic fluids to dissolve and trans-
port elements, and that up to 61% of

the radiogenic lead can be leached out
of the zircons. The morphologies of the

zircons analysed herein, however, are
not consistent with those observed for

natural or synthetic hydrothermally
grown zircons (Caruba et al., 1975;

Kurat et al., 1982; Rubin et al., 1989).
Such zircons occur in veins and present

very irregular or even amoeboid shapes
(see fig. 4 of Rubin et al., 1989) or,

alternatively, they may be well crystal-
lized, euhedral, probably zoned and

mm±cm in size (see figs 6 and 7 in
Caruba et al., 1975; fig. 9 in Kurat et

al., 1982). Thus, the observed morpho-
logical features suggest a metamorphic

origin and the proximity of the studied

sample to the peridotite body implies
that zircon growth and recrystal-

lization were brought about by contact
effect. Independent arguments for con-

tactmetamorphism are provided by the
695+ 2 Myr age obtained by Brueck-

ner et al. (1995) on zircons extracted
from a felsic gneiss (Z1394) located c.

300 m westward of the central perido-
tite body. The lack of isotopic distur-

bances in the evaporation age spectrum

obtained by these authors is in agree-
ment with high temperatures restricted

to the vicinity of the peridotite. While
Pan-AfricanRb±Sr and Sm±Nd chron-

ological information could be deter-
mined from a felsic granulite located

250 m away from the contact (sample
86Za47b from Lancelot and Bosch,

1991), a mafic granulite 85Za68b (op
cit.) sampled 115 m from the central

peridotite body gave no Rb±Sr age
information but still preserved a Pan-

African Sm±Nd age (see Fig. 1); both
are consistent with a thermal gradient

towards the peridotite. Interestingly,
the two apparently conflicting hypoth-

eses mentioned above (contact meta-
morphism vs. hydrothermalism) could

be combined in the sense that contact
metamorphism is classically associated

with fluid production emanating from
both the intrusive bodies and wall-

rocks (Hanson, 1995). In peridotites
the occurrence of two amphibole gen-

erations, whose growth was linked to
hot hydrous fluids released during the

diapiric uplift (Agrinier et al., 1993), is
consistent with such a model. In any

case, the possibility that the large dia-
base sill could be responsible for the

& 22 Myr zircon age can be dismissed
as the diabase crosscuts and is therefore

younger than the southern peridotite

body which has been dated at
18.7+ 1.3 Myr on magmatic horble-
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Table 1 Conventional single grain U±Pb isotopic data for zircons from the felsic gneiss 86Z2d, Zabargad Island, Red Sea, Egypt

Weight U Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Apparent Ages (Myr)

Sample1 (mg) (ppm)2 (ppm)3 206Pb/204Pb4 208Pb/206Pb4 (+ 2 s)4 (+ 2 s)4 (+ 2 s) 206Pb/238U 207Pb/235U 207Pb/206Pb r

Felsic Gneiss 86Z2d

1.Zr, mf, elg, c 0.0147 436 1.5 26.75 0.1420 0.00348+ 20 0.0219+ 30 0.0457+ 53 22.4+ 1.3 22.0+ 3.0 ±18.5 0.50

2.Zr, mf, rd, c 0.0128 568 2.2 43.89 0.1927 0.00354+ 69 0.0228+ 46 0.0467+ 35 22.8+ 4.5 22.9+ 4.6 32.0 0.93

3.Zr, mf, rd, lp 0.0243 399 2.4 102.34 0.3319 0.00403+ 03 0.0266+ 13 0.0480+ 22 25.9+ 0.2 26.7+ 1.3 96.8 0.48

4.Zr, mf, rd, lp 0.0132 609 2.7 69.20 0.2937 0.00380+ 53 0.0258+ 37 0.0487+ 22 24.5+ 3.4 25.9+ 3.7 134.5 0.98

5.Zr, mf, elg, lp 0.0104 689 3.7 69.75 0.4552 0.00417+ 29 0.0288+ 21 0.0501+ 10 26.8+ 1.9 28.8+ 2.1 198.4 0.96

Notes: 1grains were selected from nonmagnetic separates at full magnetic field in Frantz Magnetic Separator and air abraded following Krogh (1982);

mf =multifaceted; rd: rounded; elg = elongated; c = colourless; pk: light pink. 2Radiogenic lead 3Measured, uncorrected ratio. 4Ratio corrected for fractionation and

blank. Blank lead isotopic composition, 204: 206: 207: 208 = 1, 18.31, 15.59, 37.88),+ 0.10, 0.11 and 0.13% for the 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios,

respectively. Pb and U fractionation correction = 0.15%/amu (+ 0.05, 2 \'73). Pb blanks = 15 pg (+ 50%); U blanks = 5 pg (+ 50%). Isotopic ratios and absolute

uncertainties in the Pb/U and 207Pb/206Pb ratios calculated following Ludwig (1987). Errors refer to last digits. U half-lives and isotopic abundance ratios from Jaffey et

al. (1971).
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nde (Trieloff et al., 1997). Thus, new
zircon growth and recrystallization at

22.4 Ma cannot be linked to an hydro-
thermal event induced by diabase em-

placement. The Ar±Ar age mentioned
above further indicates that the perido-

tite was still hot during the Miocene.

This strongly suggests that the U±Pb
zircon age reported herein could be

related to a metamorphic/hydrother-
mal episode associated with intrusion

of the Zabargad peridotites. Although
slightly older, this early Miocene age is

in good agreement with that provided
by Oberli et al. (1987). These authors

reported U±Pb analyses from zircons

collected near the central peridotite
body that spread along a discordant

line intersecting concordia at 143+ 11
Ma and 18.4+ 1.0 Ma. The signifi-

cance of the Early Cretaceous upper
intercept is not yet clear but suggests

that there is more than just one Pan-
African and one early Miocene time

component present in the gneisses.

Oberli's analyses, however, have indi-
vidual 238U±206Pb ages narrowly re-

stricted to values ranging from 19 to
21 Myr which are in good agreement

with our proposed age. The 18.7+ 1.3
Myr Ar±Ar age from a hornblende

magmatic cumulate collected in the
southern body has been related tomag-

matic crystallization during the final
stages of diapiric uplift (Trieloff et al.,

1997) andmay therefore be regarded as
a minimum age for emplacement of the

peridotite body into the metamorphic
gneiss complex.

In a recent paper, Boullier et al.
(1997) summarized the tectonic evolu-

tion of the mafic/ultramafic rocks of
Zabargad Island and associated gneis-

sic complex as resulting from at least
five stages. There is a consensus con-

cerning the first stage which is attribu-
ted to the Pan-African cycle (550±700

Ma) and which is regarded as a major
event leading to crust production and

high-grade metamorphism with tem-
peratures of 800±8508C and pressure

c.10 kb (Boudier et al., 1988). It is still
unclear, however, whether the subse-

quent evolution of the Zabargad peri-
dotites is related to the Pan-African

cycle (Brueckner et al., 1988, 1995) or
to the opening of the Red Sea rift

(Nicolas et al., 1987; Boudier et al.,

1988). Boullier et al. (1997), following
Dupuy et al. (1991), proposed an alter-

*C 1998 Blackwell Science Ltd 277
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Fig. 2 SEMback-scattered electron images of zircons from the felsic gneiss 86Z2d. Prior

to SEM analyses, grains were etched by HF vapours for one minute. (a) Translucent

colourless rounded grain showing flow structures accompanying resorption. Faint relics

of magmatic zoning survive in the left part of the grain (see enlargement). (b) Resorbed

broken grain showing an outer structureless domain resulting from resorption-induced

recrystallization.
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native model where the Northern and
Central peridotite bodies represent

parts of a metasomatized Pan-African
lithospheric mantle intruded by an

asthenospheric mantle diapir repre-
sented by the Southern massif. Our

newU±Pb age substantiates the propo-
sition that the Central peridotite body

is also part of the mantle diapir which
intruded the thinnedPan-African litho-

sphere during early Miocene times. Fi-
nally, Zabargad ultramafics from the

Southern and Central massifs also re-
cord a large range of P±T conditions,

with the highest values being 12808C
and 27 kb (Kurat et al., 1993). These are

very different to the equilibration con-
ditions of the Pan-African granulites

(see above; Boudier et al., 1988) and
further supports the fact that the Cen-

tral and Southern peridotite bodies
more likely constitute an astheno-

spheric mantle diapir which rose to
shallow levels in the crust during the

early stages of the Red Sea opening as
already proposed on the grounds of

geophysical data (Styles and Gerdes,
1983). However, the question remains

open whether the Northern peridotite
body is also part of themantle diapir or

constitutes a piece of a Pan-African
lithospheric mantle wedge dredged up-

ward with the gneissic complex as sug-

gested earlier (Brueckner et al., 1988,
1995; Dupuy et al., 1991).
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