idized. Indeed, most of the basalt samples
we studied were taken within just a few
kilometers of the axis of the fast-spread-
ing EPR (6), yet all showed NRM un-
blocking temperatures that extended well
beyond the dominant Curie points. The
remanence resulting from the single-
phase oxidation will be reduced in mag-
nitude by a combination of related mech-
anisms (14, 15), producing the short-
wavelength magnetization contrast re-
quired to account for the Central
Anomaly magnetic high as the locus of
young volcanism. Even if the remanence
forms along the ambient external field
rather than inheriting the original NRM
direction (16), the apparent rapidity of
magnetic alteration of the oceanic extru-
sive source layer as a whole (6, 17) will
still result in a high-fidelity recording of
the geomagnetic field, as is evident in
magnetic anomalies (18).

Although most of the NRM is un-
blocked by about 300°C in the EPR ba-
salts, some of the remanence typically
persists until 525° to 550°C (Fig. 1A,
inset). Our experimental results strongly
suggest that this remanence is carried by
magnetite as a naturally occurring phase
(19). Disproportionation of cation-defi-
cient titanomaghemite under sea-floor al-
teration conditions is a possible and likely
explanation for the origin of the magne-
tite (20), which may result in acquisition
of a secondary magnetization [for exam-
ple, (21)]. An alternative interpretation
is that the magnetite represents an origi-
nal, minor constituent in oceanic basalts
(22). The very long-term variations in
oceanic basalt magnetization documented
in the Deep Sea Drilling Program and
Oceanic Drilling Project samples and in
amplitudes of marine magnetic anomalies
(23) may result from the integrated re-
sponse of a growing fraction of magnetite
to the reversing geomagnetic field, as sug-
gested by the model of Raymond and
LaBrecque (24).
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Rapid Emplacement of Young Oceanic
Lithosphere: Argon Geochronology of the
Oman Ophiolite

Bradley R. Hacker

40Ar/3%Ar dates 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 ophiolites—
large (up to 50,000 km?) 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 ig-
neous rocks in the ophiolite crystallized at
a spreading center and by determining the
age of metamorphic rocks associated with
the emplacement process. Estimates of
such time intervals range from less than 5
million years (My) for the Samail ophio-
lite, 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-pre-
served 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
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cooled more slowly than normal oceanic
lithosphere, retaining heat by some mech-
anism such as intraoceanic magmatism. It
is shown here that the Samail ophiolite
was ~1 My old 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 less substantial vol-
canic and plutonic rocks may have been
derived from subduction zone or within-
plate 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 Cretaceous time (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 along a
several-hundred-meter-thick shear zone
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composed of partially melted amphibo-
lite-facies mafic rock grading rapidly
downward into greenschist facies sedi-
mentary and mafic rocks (3, 14, 15). The
least disrupted section of the metamor-
phic sole in Oman is exposed above
Green Pool along Wadi Tayin. There,
tectonized harzburgite overlies 80 m of
amphibolite (locally with partial melt leu-
cosomes) 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 pas-
sive margin and ocean basin northeast of
the Arabian craton (7, 9, 10). The am-
phibolite-facies rocks are believed to rep-
resent oceanic gabbro and basalt overrid-
den during the early, intraoceanic thrust-
ing stage of emplacement, whereas the
greenschist-facies rocks are inferred to be
basalt, clastic sediment, and chert over-
ridden at a later stage before final em-
placement on the craton (3).

Crystallization ages of the Samail
crustal section are well determined by 13
near-concordant U/Pb zircon ages (17)
from plagiogranites that are interpreted to
be late-stage differentiates of gabbros
making up most of the plutonic section
(9, 17, 18, 19). The zircon ages range
from 97.3 = 0.5 to 93.5 * 0.5 million
years ago (Ma) (Fig. 1); 10 of the ages are
restricted to a narrow interval of 95.4 =
0.5 to 94.5 = 0.5 Ma (20 standard devi-
ation) and have a mean age of 94.8 Ma.
Early stages of the emplacement process
are best constrained by K/Ar and “°Ar/
39Ar ages of minerals from the metamor-
phic sole. K/Ar ages on hornblende crys-
tals—which are inferred to represent the
time of cooling below about 525°C
(20)—range from 101 to 89 Ma and clus-
ter near 98 Ma (2, 9, 21, 22) (Fig. 1).
This wide range in hornblende ages im-
plied that formation of the metamorphic
rocks was a protracted event (9). More-
over, the large uncertainties of these early
K/Ar ages (typically with 2o greater than
6 My) precluded precise measurement of
the time interval between igneous crystal-
lization of the ophiolite and subsequent
intraoceanic thrusting. Hornblende cool-
ing ages that predate crystallization of the
ophiolite crustal sequence posed a partic-
ular dilemma, suggesting that the meta-
morphic rocks might even predate crys-
tallization of the ophiolite (22).

I have measured “°Ar/*°Ar ages on 12
hornblende separates from amphibolites of
the metamorphic sole cropping out above
Wadi Tayin in the southern part of the
ophiolite and near Wadi Sumeini in the
north (Table 1) (23). The ©Ar/*°Ar tech-

nique can vyield precise and potentially
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more accurate ages than the K/Ar method
because the internal concordance of indi-
vidual gas fractions released from a sample
can be evaluated and contributions of ex-
cess “°Ar can often be identified. Ten of the
12 hornblende separates yielded plateau or
near plateau spectra with weighted mean
ages ranging from 95.7 to 92.4 Ma (Fig. 1)
(24). With 20 standard deviations as low as
0.6 My, these ages are more precise than
most previously measured K/Ar hornblende
ages. The ages have a weighted mean of
93.7 Ma, and all except two are externally
concordant within 2o uncertainty (25). The
remaining two hornblende separates yielded
disturbed apparent-age spectra with older ages
of ~98 and ~105 Ma. Isotope correlation
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diagrams (26) indicate that at least one of
these two samples contains excess “°Ar that
contributes to the older apparent ages (27).
The hornblende samples that lack excess *°Ar
are, within error, the same age as or slightly
younger than the U/Pb zircon crystallization
ages of the ophiolite. All 18 previously pub-
lished K/Ar ages on Samail metamorphic sole
hornblendes (2, 9, 21, 22) are concordant
with the 10 *°Ar/**Ar spectra at the 95%
confidence limit—and all except three are
concordant at 1o standard deviation (28).
Whereas the U/Pb zircon ages from
plagiogranites represent the time of crys-
tallization of Samail oceanic crust (17),
the cooling ages of hornblendes from the
metamorphic sole must slightly postdate

I I R
100 : 90

Apparent age (Ma)

Fig. 1. Comparison of U/Pb zircon ages from plagiogranites (77) and “°Ar/®°Ar ages (discussed here) and
K/Arages (2, 9, 21, 22) from metamorphic sole hornblendes. The line for each age shows 2o (U/Pb ages)
or 1o (K/Ar and “CAr/3°Ar ages) standard deviation of age uncertainty. Other units of the ophiolite

substrate are shown in plain text.

Table 1. “CAr/3°Ar data. All ages are millions of years. MSWD, mean sum of weighted deviates (goodness
of fit) of isochron. Uncertainties are 1o standard deviations.

‘ Total fusion Weighted Isochron 4O0Ar/36Ar
Sample age mean age age MSWD intercept
16* 93.7 = 0.2 93.2 £ 0.3 93.3 £ 04 0.9 204 + 7
19* 90.3 £ 0.5 93.5 +0.3 93.6 + 0.3 0.4 298 = 3
21* 91.6 = 0.3 93.0 £ 0.3 92.8 £ 0.3 0.6 301 =4
25* 93.1 £0.3 94.0 = 0.3 94.2 +0.3 0.7 298 + 4
32* 94.2 = 0.6 924 +0.3 92.6 + 0.6 3.0 293 =+ 3
40t 93.1 £ 0.3 92.8 = 0.3 929 +0.3 2.5 279 £ 12
68t 91.7 = 0.3 95.7 = 0.3 95.1 £ 0.5 1.3 352 + 32
142* 924 +21 948 +1.0 94.6 + 3.1 0.1 297 = 16
147* 923+ 1.8 93.2 £ 0.5 925+ 0.6 0.7 351 = 11
148* 95.1 £ 0.2 94.7 £ 0.3 93.7+14 0.1 320 *= 33
Samples with excess Ar
561 104.7 £ 0.4 Not a 54.4 61 1018 = 511
plateau
57t 97.8 +0.3 Not a Poorly
plateau defined

*Wadi Tayin locality; 23°03’N, 58°35’E.
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tWadi Sumeini locality, 24°41'N, 56°05'E.



the inception of intraoceanic thrusting.
The metamorphic sole formed at an in-
ferred paleodepth of 15 to 20 km (15, 29)
and at temperatures (650° to 800°C) (3,
9, 15, 29) in excess of those required for
Ar diffusion in hornblende (~525°C)
(20). Near a mature spreading center,
temperatures at a depth of 15 km should
remain in excess of 1000°C for 2 to 3 My
(30). Only subduction of colder rock be-
neath the ophiolite could lower tempera-
tures at a depth of 15 km to 525°C soon
after plagiogranites crystallized some 10
km higher in the lithosphere. Assuming
closure temperatures of 750°C for Pb dif-
fusion in zircon (31) and 525°C for Ar
diffusion in hornblende (20) and a time
difference between mean zircon and horn-
blende ages (excluding measurement un-
certainty) of 1.1 My, the average cooling
rate is ~200°C My~ !. The elapsed time
between the oldest zircon and the young-
est hornblende ages is 4.9 My, implying a
cooling rate of ~45°C My~ !. Expression
of these data as cooling rates is somewhat
ad hoc because the zircons and horn-
blendes are separated vertically by 10 km
of structural thickness, but at a normal
spreading center the temperature was un-
doubtedly greater at 17 km depth than
at the shallower levels of plagiogranite
crystallization.

Thus I infer that only 1.1 (+3.9/—1.1)
My separated crystallization of oceanic
crust and cooling of metamorphic rocks at
deep structural levels during intraoceanic
thrusting of the Samail ophiolite (32).
This brief time span requires that (i) the
plagiogranite-bearing crustal section and
the underlying metamorphic sole are not
directly related; (ii) the U/Pb plagiogran-
ite and *°Ar/>*°Ar hornblende ages have
been misinterpreted; or (iii) cold material
was subducted rapidly beneath an active
spreading center. If the plagiogranites and
metamorphic sole are unrelated (as in the
first case), then their current spatial and
temporal relation is fortuitous; this seems
unlikely because the metamorphic sole
crops out along the length of the ophio-
lite for 500 km, the dated plagiogranites
come from widespread locations in the
ophiolite, and the two metamorphic
hornblende localities sampled in this
study are separated by ~300 km.

Rapid subduction of cold material be-
neath an active spreading center (as in
the third case above) seems incompatible
with a typical mid-ocean ridge spreading
center. However, the gap of less than a
few million years between crystallization
of the oceanic crust and cooling at 15 to
20 km depth along the sole thrust can be
satisfied only if cold material was thrust
beneath the ophiolite concomitant with
or immediately after igneous crystalliza-

tion (33). This tight geochronologic con-
straint does not solve the question of
whether the Samail ophiolite formed at a
mid-ocean ridge spreading center (34) or
above a subduction zone (12), but it does
require that old, cold lithosphere, either
continental or oceanic, must have been
close to the ophiolite during rifting and
then been thrust beneath the huge sheet
of dense oceanic lithosphere soon after-
ward. Another 10 My may have elapsed
before final emplacement onto the Ara-
bian craton (35).
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