Rapid Emplacement of Young Oceanic
Lithosphere: Argon Geochronology of the
Oman Ophiolite
Bradley R. Hacker
4°Ar/39Ardates of emplacement-related metamorphic rocks beneath the Samail
ophiolite in Oman show that cooling to <525°C occurred within -1 million years of
igneous crystallization of the ophiolite. This unexpectedly short time span and rapid
cooling means that old, cold continental or oceanic lithosphere must have been
adjacent to the ophiolite during spreading and then been thrust beneath the ophiolite
almost immediately afterward.

Key to understanding how ophioliteslarge (up to 50,000 km2) but thin «20
km) and dense (3000 to 3300 kg m-3)
sheets of oceanic rock-are emplaced
onto continental margins (1) is knowing
the age of the ophiolite at the time the
emplacement process began. Typically,
this is achieved by determining when igneous rocks in the ophiolite crystallized at
a spreading center and by determining the
age of metamorphic rocks associatedwith
the emplacement process. Estimates of
such time intervals range from less than 5
million years (My) for the Samail ophiolite, Oman (2,3), to nearly 20 My for the
Bay of Islands, Newfoundland (4), and
Brooks Range, Alaska, ophiolites (5). The
longer estimates are based on the cooling
ages of high-grade metamorphic rocks,
which are found beneath most well-preserved ophiolites (6). A short time span
means that the ophiolite was young at the
time intraoceanic thrusting began and
then cooled rapidly. In contrast, a long
time span implies that the ophiolite
Geologicaland Environmental
Sciences,StanfordUniversity, Stanford, CA 94305, USA.

cooled more slowly than normal oceanic
lithosphere, retaining heat by some mechanism such as intraoceanic magmatism. It
is shown here that the Samail ophiolite
was -1 MyoId at the time intraoceanic
thrusting began.
The Samail ophiolite of Oman and the
United Arab Emirates is the best exposed,
largest (100 km by 500 km), least deformed,
and perhaps most studied ophiolite in the
world (7-11). Most of the ophiolite bears
the geochemical signature of formation at
a mid-ocean-ridge-type spreading center.
Younger,volumetrically lesssubstantialvolcanic and plutonic rocks may have been
derived from subduction zone or withinplate sources(12). Though now distended
by normal faulting, the Samail ophiolite is
inferred to have been 15 to 20 km thick
before its emplacement onto the Arabian
craton in Late Cretaceoustime (9, 13) (Fig.
1). In all, 7 km of crustal gabbros,sheeted
dikes, and volcanic rocks overlie 10 km of
tectonized upper mantle peridotite. This
entire oceanic lithosphere section was
thrust over adjacent oceanic lithosphere
and then onto the Arabian craton alonga
several-hundred-meter-thick shear zone
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composed of partially melted amphibolite-facies mafic rock grading rapidly
downward into greenschist facies sedimentary and mafic rocks (3,14,15). The
least disrupted section of the metamorphic sole in Oman is exposed above
Green Pool along Wadi Tayin. There,
tectonized harzburgite overlies 80 m of
amphibolite (locally with partial melt leucosomes) that grades down into 145 m of
greenschist and, eventually, of relatively
unmetamorphosed metasedimentary and
metavolcanic rocks (16) interpreted as
pelagic, slope, rise, and shelf deposits from
a Middle Triassic to Late Cretaceous passive margin and ocean basin northeast of
the Arabian craton (7, 9, 10). The amphibolite-facies rocks are believed to represent oceanic gabbro and basalt overridden during the early, intraoceanic thrusting stage of emplacement, whereas the
greenschist-facies rocks are inferred to be
basalt, clastic sediment, and chert overridden at a later stage before final emplacement

more accurate agesthan the K/Ar method
becausethe internal concordance of individual gas fractions releasedfrom a sample
can be evaluated and contributions of excess40Ar can often be identified. Ten of the
12 hornblende separatesyielded plateau or
near plateau spectra with weighted mean
agesranging from 95.7 to 92.4 Ma (Fig. 1)
(24). With 20"standarddeviations as low as
0.6 My, these ages are more precise than
most previously measuredK/Ar hornblende
ages. The ages have a weighted mean of
93.7 Ma, and all except two are externally
concordant within 20"uncertainty (25). The
remaining two hornblende separatesyielded
disturbedapparent-agespectrawith older ages
of -98 and ~ 105 Ma. Isotope correlation
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on the craton (3).

diagrams(26) indicate that at least one of
these two samplescontains excess4OArthat
contributes to the older apparent ages(27).
The hornblendesamplesthat lack excess4OAr
are, within error, the sameage as or slightly
younger than the U/pb zircon crystallization
agesof the ophiolite. Alli8 previouslypublishedK/Ar ageson Samail metamorphicsole
hornblendes (2, 9, 21, 22) are concordant
with the 10 4OArf9Ar spectra at the 95%
confidence limit-and all except three are
concordant at 10"standarddeviation (28).
Whereas the U/Pb zircon ages from
plagiogranites represent the time of crystallization of Samail oceanic crust (17),
the cooling agesof hornblendes from the
metamorphic sole must slightly postdate
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Early stages of the emplacement process
are best constrainedby K/Ar and 4OAr/
39Ar ages of minerals from the metamorphic sole. K/Ar ageson hornblende crystals-which are inferred to represent the
time of cooling below about 525°C

(20)-range from 101 to 89 Ma and cluster near 98 Ma (2, 9, 21, 22) (Fig. 1).
This wide range in hornblende ages implied that formation of the metamorphic
rocks was a protracted event (9). Moreover, the large uncertainties of these early
K/Ar ages(typically with 20" greater than
6 My) precluded precise measurement of
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Fig. 1. Comparison
of U/Pbzirconagesfromplagiogranites
(17)and4oAr/39Ar
ages(discussed
here)and
K/Ar ages(2,9, 21, 22) frommetamorphic
solehornblendes.
Thelinefor eachageshows2<T
(U/Pbages)
or 1<T(K/Ar and 4oArj39Ar
ages)standarddeviationof age uncertainty.Other units of the ophiolite
substrateareshownin plaintext.
Table 1. 4oAr/39Ardata.
Allagesaremillionsof years.MSWD,meansumof weighteddeviates(goodness
of fit) of isochron.Uncertainties
are 1<T
standarddeviations.
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I have measured4°Arf9Ar ages on 12
hornblende separatesfrom amphibolites of
the metamorphic sole cropping out above
Wadi T ayin in the southern part of the
ophiolite and near Wadi Sumeini in the
north (Table 1) (23). The 4°Arf9Ar technique can yield precise and potentially
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