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A systematic search for evidence of high-temperature hydrous
alteration within the gabbros of the Samail ophiolite (Oman)
shows that most of the gabbros have been affected by successive
stages of alteration, starting above 975°C and ending below
200°C. Sr and O isotopic analyses provide constraints on the
nature and origin of the fluids associated with these alteration
events. Massive gabbros, dykes and veins and their associated
minerals depart from mid-ocean nidge basalt (MORB)-source
magma  signatures (%’Sr/%°Sr >0-7032 and depleted 5'°O
<6%0). These isotopic characteristics identify seawater as the
most likely hydrothermal contaminant. Samples affected by low-
lemperature alteration during greenschist-facies metamorphism are
characterized by high water/rock ratios (>10). A second group of
samples, including massive gabbros and high-temperature dykes and
veins, is characterized by lower water/rock ratios, in the range of
3=5. These samples display a high-temperature hydrothermal
alteration related to seawater ingression. The main _fluid channels
may be sub-mullimetre-sized microcracks with a dominantly vertical
attitude, which constitute the recharge hydrothermal system, whereas
the dykes and veins represent the discharge part. This model requires
that these dykes have been generated by hydration of the crystallizing
gabbros via seawaler penelration, near the internal wall of the
magma chamber.
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INTRODUCTION

Hydrothermal circulation near fast-spreading oceanic
ridges is typically a greenschist-facies, low-temperature
(LT), system (7 < 450°C), which operates at the ridge
axis down to the base of the sheeted dyke complex and
penetrates the entire crust once it has drifted away from
the ridge axis (Nehlig & Juteau, 1988; Wilcock &
Delaney, 1996; Juteau et al., 2000). The existence of a
simultaneous deeper and higher-temperature hydro-
thermal system, also active at the ridge, was first
suspected when Gregory & Taylor (1981), on the basis
of oxygen isotope data, and Lanphere (1981) and
McCulloch et al. (1981), on the basis of strontium 1sotope
data, proposed seawater contamination at high temperat-
ures (HT) of the lower gabbros of the Oman ophiolite.
More recently, petrological studies of the upper gab-
bros drilled in the fast-spreading crust exposed in the
Hess Deep during Ocean Drilling Program (ODP) Leg
147 (Mevel et al., 1996) have revealed that solid-state
reactions in hydrothermal veins occurred at 700—
750°C, pointing to the existence of hydrothermal circula-
tion at amphibolite-facies conditions within this section of
oceanic crust. Manning e al. (2000) conducted a similar
study of the gabbros from one section in the Nakhl massif
of the Oman ophiolite (Fig. 1). They calculated temperat-
ures ranging from 700°C in the uppermost gabbros to
825°C in the deepest gabbros at the Moho. Kawahata
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Fig. 1. (a) Simplified map of the Oman—UAE ophiolite including the inferred location of the palaco-ridge axes and main shear zones [modified
from Nicolas et al. (2000)]. (b) Simplified map of the Samail ophiolite. Thin numbered lines represent the log-sections of Fig. 4, along wadis where
alteration facies have been studied. Bold lines are the wadi sections selected for detailed petrological and geochemical work in this study.

etal. (2001), on the basis of a Sr isotope study of the crustal
unit in the Fizh massif of northern Oman, found a rise in
the temperature of hydrothermal alteration from low
greenschist facies in the basalts to amphibolite-facies con-
ditions in the gabbros.

Boudier ez al. (2000) have also suggested that seawater
could contaminate the lower gabbros during their crystal-
lization, as recorded by the crystallization of gabbro-
norites in place of olivine gabbros. This contamination
at very high temperatures (VHT), possibly as high as
1200°C, is restricted to those parts of the Oman palaeo-
ridge that display evidence of ridge-related tectonic activ-
ity and the seawater contamination was attributed to this
particular tectonic setting.

Improved seismological modelling of fast-spreading
ridges at the East Pacific Rise axis at 9°30'N has sug-
gested that there may be significant narrowing of the
low-velocity zone (LVZ) below the melt lens (Dunn et al.,
2000), with respect to earlier models. This narrowing
was explicitly ascribed by Dunn et al. to the existence of
deep high-7 hydrothermal circulation at modern oceanic
ridges. This raises the question of the definition of what
should be considered as the magma chamber below a
mid-ocean ridge. On the basis of extensive studies of the
Samail ophiolite, Nicolas ez al. (1988) have shown that the
magma chamber was tent-shaped in three dimensions,
extending to the base of the crust, consistent with the
shape of the LVZ found below modern ridges. Hence the
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Fig. 2. Scheme of hydrothermal circulation near the limit of the magma chamber, below the fast-spreading ridge. The downgoing seawater flow fills
the porous network created by microcracks down to the magma chamber where it reacts with the crystallizing melt; it surges back towards the
seafloor along a system of hydrous gabbroic dykes. Modified from Nicolas e al. (2003).

magma chamber is not restricted to the perched axial
melt lens that is present just below the sheeted dyke
complex of fast-spreading ridges (Detrick et al., 1987),
because in spite of its very low melt fraction, the LVZ is
still deforming as a mush (Nicolas & Ildefonse, 1996).
Building on the previous work of MacLeod & Rothery
(1992) and Nehlig e al. (1994), Nicolas et al. (2001) have
recently published a structural map of the greenschist-
facies hydrothermal veins throughout the Samail ophio-
lite. This confirms that the LT veins penetrate the entire
crust and are dominantly aligned parallel to the sheeted
dyke complex. Subsidiary preferred orientations are
related to changes in the stress field during the dying
activity of the palaeo-ridge system (Nicolas et al., 2000).
In a companion paper to the present study, Nicolas et al.
(2003) described a complete transition from these LT
hydrothermal veins to gabbroic dykes, which suggests the
possibility of seawater-related hydrous melting of the gab-
bros or entry of seawater into the partially molten magma
chamber. Previously, these gabbroic dykes, which are
fairly common in the Oman gabbros, were interpreted as
late crystallization products from the LVZ magma cham-
ber (Pallister & Hopson, 1981) or as melt conduits related
to its magmatic activity (Kelemen ez al., 1997; Kelemen &

Aharonov, 1998). If the magma that produced these gab-
broic dykes originated within the magma chamber, the
water should also have an internal origin, the source being
either the mantle or the melt lens. In the latter case, con-
tamination by seawater is possible when hydrated diabase,
from the overlying sheeted dyke complex, is stoped in the
melt lens, remelted and dewatered during subsequent
subsidence through the magma chamber.

Alternatively, the gabbroic dykes could result from
fractures external to the magma chamber driving sea-
water to great depth. In the physical model proposed by
Nicolas et al. (2003), the gabbroic dykes are generated by
hydrous melting and represent the discharge system of
the high-temperature hydrothermal circulation reaching
the inner margin of the magma chamber (Fig. 2). The
recharge system is formed by a microcrack network con-
trolled by the anisotropy of thermal expansion, and oper-
ating at falling temperatures below 1200°C, within a
distance of ~10km from the spreading axis.

The available geochemical evidence, bearing on the
hydrothermal alteration of the gabbros (Gregory &
Taylor, 1981; Lanphere, 1981; McCulloch ¢t al., 1981;
Kawahata et al,, 2001) favours a seawater origin, with
seawater/rock ratios ranging from one (Gregory &
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Taylor, 1981) to as high as nine (Kawahata et al., 2001).
Oxygen isotope data (C. Lecuyer, personal communica-
tion, 1990) on mafic dykes emplaced in the peridotites at
1 km below the Moho suggest a dual source of hydration
for the gabbros, in which clinopyroxenes have a mantle
signature but associated plagioclase and brown horn-
blende show evidence of seawater contamination. This
dual source was not ruled out by Benoit e al. (1996) in
their Sr isotope study of similar dykes injected into the
mantle section. Rare earth element partition coefficients
in clinopyroxene, plagioclase and amphibole were used
by the above workers to constrain the temperature of
seawater contamination at the gabbro solidus.

Thus, there is growing evidence that supports a deep
penetration of high-7" hydrothermal fluids into the
oceanic crust at the ridge axis. We have conducted a
systematic study of the gabbros in the Samail ophiolite,
and along selected wadi sections (Fig. 1) in the hydrated
gabbroic dykes that cross-cut them, looking for traces of
HT alteration.

This study combines microtextural and petrological
observations, thermometric determinations and O-—Sr
isotope data on the same gabbroic dykes and surrounding
gabbros, selected with a view to determine the origin of
hydrous fluid contamination. These results have import-
ant consequences for thermal modelling of the oceanic
crust near fast-spreading ridges and on the budget of
chemical exchanges between the oceanic crust and
seawater.

HYDROUS ALTERATION OF
PRIMARY MINERALS IN THE
GABBRO SECTION

The penetrative alteration of the gabbro section has been
studied on the basis of an extensive thin-section collec-
tion, which covers the entire ophiolite. The studied gab-
bros range from the root zone of the sheeted dyke
complex down to the Moho and the Moho transition
zone (MTZ). From the 500 specimens that have been
screened, those sites involved in tectonic complexities,
such as the end of segments or tips of propagating rifts
(Fig. 1), have been rejected, thus reducing the number of
studied areas and the number of fully characterized speci-
mens to 414, representative of standard gabbros at a fast-
spreading palaco-ridge. In this study we mainly focus on
hydrous alteration of olivine and clinopyroxene, as these
are the minerals most affected by high-7 alteration
(above 800°C), although plagioclase is stable down to
this temperature.

Alteration facies

The following types of hydrous parageneses in the
gabbros have been distinguished from highest to lowest
temperatures.
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(1) Orthopyroxene partial coronas between olivine and
plagioclase, which may be associated with the first
appearance of brown pargasite blebs inside clinopyrox-
ene and development of pargasite between olivine and
plagioclase or clinopyroxene and plagioclase (Fig. 3a). The
brown pargasite locally grades into a greenish magnesio-
hornblende. Although the orthopyroxene coronas could
be assigned to a late magmatic stage, we interpret them
as reactive, (a) being restricted to the contact between
olivine and plagioclase, thus postdating the crystallization
of plagioclase, (b) being locally relayed by kelyphitic
coronas that spread into plagioclase microcracks
(Fig. 3b), as microphases among which diopside and
low-titanium pargasite have been identified. We infer
that these reactions are related to an oxygen fugacity
increase as a result of seawater input. Based on experi-
ments at 2 MPa pressure, Koepke ¢t al. (2003) have con-
strained the equilibrium olivine—orthopyroxene at low
water content at 1030°C, and 950°C at higher water
content, the limit at which amphibole is stabilized. By
reference to this experimental work, we estimate that the
temperature of equilibration for these reactions, referred
to here as VHT (very high temperature) hydrous altera-
tion, was between 900 and 1000°C.

(2) Chlorite and pale amphibole coronas between oliv-
ine and plagioclase (Fig. 3d). The coronas are composed
of successive rims of clino-amphibole (tremolite) +
magnetite, Mg-chlorite (clinochlore) and a fringe of ortho-
amphibole against plagioclase. As described above, these
minerals are associated with blebs of brown to greenish
amphibole inside the pyroxenes (Fig. 3c). Depending on
the degree of alteration, olivine is surrounded by a thin
film of amphibole and chlorite or is totally replaced by an
assemblage of tremolite 4+ magnetite 4 plagioclase Ang,
(+ talc), surrounded by chlorite (Fig. 3e). The evolution of
the first assemblage to Mg-chlorite indicates temperat-
ures above 700°C, the upper breakdown of Mg-chlorite
at 2kbar (Chernosky et al., 1988). The development of
pargasitic amphibole replacing clinopyroxene implies
temperatures between 550 and 900°C (Liou ef al., 1974;
Spear, 1981). We refer to these as HT (high temperature).

(3) Iddingsite, partly or totally replacing olivine, inde-
pendently of orthopyroxene or chlorite—amphibole cor-
onas and any significant HT alteration in clinopyroxene
(Fig. 3f). Observations in thin sections show that the
chlorite—amphibole coronas develop before the idding-
site alteration.

(4) Lizardite alteration of olivine, forming the familiar
mesh structure. This is always accompanied by saussurite
in plagioclase. This alteration takes place below 500°C
and is here referred to as LT (low temperature) hydrous
alteration. It 1s only at this stage that plagioclase shows
signs of alteration.

These various hydrous alteration facies are commonly
observed superimposed in a set of thin sections from a
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Fig. 3. Hydrothermal alteration in the gabbros (scale bar represents 1 mm). (a) VHT alteration, marked by orthopyroxene (opx) coronas at the
contact of olivine (ol) and plagioclase (pl), and pargasitic hornblende (hb) at the contact of olivine and clinopyroxene (cpx) (sample 94 MA?2).
(b) Kelyphite (kel) coronas around olivine, and cloudy plagioclase as a result of silicate and fluid inclusions. Silicate inclusions tend to be localized
at grain boundaries and along microcracks (sample 94 MA2). (c) VHT alteration marked by brown amphibole (hb) alteration of clinopyroxene in an
upper gabbro. (d) HT alteration marked by chlorite (chl) (external rim), and pale amphibole (am) and magnetite (mt) (internal rim) coronas around
olivine. (e) Total replacement of olivine by an assemblage of tremolite (am) 4+ magnetite (mt) + plagioclase (pl). (f) Total replacement of olivine by an
iddingsitic mixture (idg) inside a VHT recrystallized corona of a mosaic of orthopyroxene.

single outcrop and even in a single thin section. Asarule, given outcrop. The distribution of chlorite—amphibole
the orthopyroxene reactions are more penetrative, being  coronas is similar, although they can be restricted to the
homogeneously distributed from the scale of a thin  margins of microcracks filled by the same minerals, which
section to that of several thin sections made from a have been interpreted as the channels that carried the
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Fig. 4. Depth of penetration of hydrothermal circulation in gabbros along the wadi sections numbered in Fig. 1, referring to alteration facies
described in Fig. 3. Depths are recorded below the palaco-seafloor. LID corresponds to the upper crust including sheeted dykes and volcanics.

fluids responsible for the hydrothermal alteration (Nicolas
et al., 2003). The iddingsite replacement is typically
heterogeneous at the thin-section scale, being preferen-
tially associated with microcracks. Serpentinization also
develops from microcracks, but it can pervasively invade
the entire thin section. The microcracks are common;
approximately 25% of the studied thin sections display
one or more. Ignoring the cracks related to LT alteration
and considering only the cracks related to the HT hydro-
thermal alteration, this fraction is still around 20%.

Distribution of high-T alteration facies

Figure 4 shows the distribution of alteration facies as a
function of depth in the crust along wadi sections through
the Oman—UAE ophiolite offering continuous exposures
(see details in Fig. 1). Figure 4 excludes the LT facies
because, (1) being based on the presence of olivine ser-
pentinization only, throughout our compilation, its dis-
tribution is biased by the decreasing amount of olivine
upsection, and (2) this study concerns high-temperature
alteration processes. Despite the fact that the scale of
sampling may exceed the scale of heterogeneity, evidence
for both VHT alteration and ‘no alteration’ increases
with depth. Conversely, HT alteration is predominant
in the middle and upper parts of the gabbro section.
This observation is valid throughout the wadi sections
studied, with the exception of the Wadi Tayin massif,
which shows no clear gradation with depth.

Figure 5 is another representation of alteration-facies
distribution with depth, based on the detailed study of
414 thin sections. The samples are classified according to
their level in the gabbro section: sheeted dyke root zone
gabbros, upper gabbros, middle gabbros, lower gabbros
and Moho gabbros (the Moho gabbros have been
grouped together with the gabbro lenses interlayered in
the dunites of the M'TZ). Values represent the percent of
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Fig. 5. Compilation of hydrothermal alteration features as a function of
depth in the gabbro section. Percentages represent the occurrence of a
given type of alteration versus the number of thin sections examined for
each selected level: root of the sheeted dykes (SD), upper gabbros, middle
gabbros, lower gabbros, MTZ (Moho Transition Zone) gabbros, on a
total amount of 414 thin sections (Opx, orthopyroxene; Amph, amphi-
bole; OL, olivine; BHb, brown hornblende; GHb, green hornblende;
Chl, chlorite; Plst def, plastic deformation). (a) Distribution of the HT
alteration (in %). (b) Distribution of the VHT alteration (in %).
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Fig. 6. Field relationships of dykes and veins (scale bar represents 10 cm). (a) Thulite—pistacite vein cross-cutting a foliated gabbro matrix. Reaction
margins marked by the development of secondary clinopyroxene (01 OA36b). (b) Comb-like structure in gabbroic dyke. A pink epidote vein follows
the margin of the dyke (01 OAL5{). (c) Along-strike transition from a gabbroic dykelet to a hydrothermal green amphibole vein. (d) White prehnite

vein. (e) Green amphibole vein cross-cut by white prehnite vein.

a given alteration facies as defined previously, out of the
total number of thin sections examined for a given level.
More refined conclusions can be drawn from this figure.
As seen in Fig. 5a, the HT alteration decreases down-
wards, whereas it affects most of the upper gabbroic
section (sheeted dyke root zone and upper gabbros).
The fraction of unaltered olivine cores can be used as
an index to estimate the extent of alteration. This index
shows that the HT alteration is more penetrative and
intense in the upper gabbros, a conclusion already
reached by several workers (e.g. Gregory & Taylor,
1981; Stakes & Taylor, 1992; Kawahata et al., 2001).
This was also noted by Manning et al. (19964, 19965).
Figure 5b shows that the VHT alteration marked by
orthopyroxene or brown hornblende coronas around
olivine increases with depth. The correlation between
the VHT alteration and plastic deformation also suggests
that the VHT alteration may coincide with the develop-
ment of plastic flow at the expense of the magmatic flow,

at temperatures just below the solidus. In Fig. 5b, the
fraction of gabbros where there 1s no VHT-HT
hydrothermal alteration increases downsection, indicat-
ing that the VHT—HT alteration is more localized
downsection.

Gabbroic dykes and veins

The occurrence of gabbroic dykes in the layered gabbros
of the Samail ophiolite is ubiquitous. We describe gab-
broic dykes and sills, either plagioclase—clinopyroxene
and brown amphibole-bearing dykes, or microgabbros
and amphibolitized dolerite dykes and sills, correspond-
ing to temperatures up to 975°C (see below). Identifica-
tion of gabbroic dykes in the field is not always
straightforward because they may be obliterated by
superimposition of greenschist-facies alteration (Fig. 6a).
Selective greenschist-facies alteration has frequently been
observed, either in the centre of a mafic dyke, or along
both margins (Fig. 6b), as well as a continuous transition
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Fig. 7. Field relationships of dykes (scale bar is 10 cm long). (a) Irregular coarse to pegmatitic patches in a foliated gabbro matrix (01 OA42d).
(b) Alignment of black amphibole oikocrysts in a foliated gabbro matrix. (c) Local concentration of brown amphibole in a gabbroic dykelet. The
plagioclase laths marking the foliation in the enclosing gabbro rotate into parallelism with the gabbroic dykelet. (d) Two diabase dykes assimilating
the enclosing layered gabbro, with plagioclase—amphibole reaction margins. (¢) Pargasite-rich gabbroic dyke with wall reactions (01 OA19). (Note
small pargasite—plagioclase veins.) pl, plagioclase; cpx, clinopyroxene; hb, hornblende.

along a single crack from a mafic dyke to a hydrothermal
vein (Fig. 6¢). We define hydrothermal veins as cracks
filled with greenschist-facies minerals that induce meta-
morphic reactions in the adjacent country rocks, and
gabbroic dykes as planar intrusive bodies produced by
the crystallization of magma. Following Nehlig & Juteau
(1988), we distinguish low-7 greenschist-facies ‘white
veins’ made of prehnite, epidote, chlorite and actinolite
(Fig. 6d), and ‘green veins’ in which a darker green
amphibole predominates (Iig. 6¢), corresponding respec-
tively to lower (195—410°C) and higher (400-530°C)
temperatures (Nehlig & Juteau, 1988).

The gabbroic dykes are typically a few centimetres
across, composed of plagioclase, clinopyroxene and brown

hornblende. They are coarse-grained to pegmatitic, and
commonly display a comb-like structure (Fig. 6b).
Although the spacing between the dykes in the field is
highly variable, the average is around 10m. Gabbroic
sills grade from clear intrusions to irregular and diffuse
pegmatitic gabbro patches, up to a few metres in their
larger dimension (Fig. 7a).

The distribution in the field of brownish pargasite,
which appears black and glassy in outcrop, is critical in
tracing the origin of the gabbroic dykes. It is first observed
at any level in the host lower and middle gabbros, as large
poikilitic patches (Fig. 7b), locally associated with simil-
arly poikilitic patches of clino- and orthopyroxene
(Fig. 7a). These patches contain small aligned tablets of
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plagioclase, oriented parallel to the larger plagioclase
laths defining the magmatic foliation of the gabbro
(Fig. 7c¢). Clinopyroxene oikocrysts surrounding idio-
morphic plagioclase crystals are common in the upper-
level gabbros; they mark the end of the magmatic flow
and crystallization, growing before the pargasite and
orthopyroxene oikocrysts, as shown by their partial
replacement by pargasite. Their crystallization marks
the transition at suprasolidus conditions from a dry to a
wet environment. In the uppermost gabbros, those dykes
that are typically altered in the HT hydrothermal facies
grade upwards into the so-called ‘isotropic’ or ‘vari-
textured’ gabbros.

The microgabbro and amphibolitized dolerite dykes
differ from the typical diabase dykes commonly cutting
the gabbro section that have chilled margins, and thus
probably intruded enclosing rocks already at temperat-
ures below 450°C. In microgabbro and amphibolitized
dolerite dykes, the absence of chilled margins and the
development of dioritic reaction margins in the adjacent
gabbro (Fig. 7d and e) suggest that they were emplaced in
gabbros that were still at temperatures above 750°C
(Nicolas et al., 2000).

ANALYTICAL TECHNIQUES
Major and trace elements

Major element compositions were determined by elec-
tron microprobe at the University of Montpellier II, using
a Camebax SX100. Instrument calibration was per-
formed on natural standards and operating conditions
were 20kV accelerating potential, 10nA beam current
and 30 s counting time.

Rb and Sr concentrations in whole rock and separated
mineral fractions were measured by conventional
nebulization inductively coupled plasma mass spectro-
metry (ICP-MS) using a VG Plasmaquad 2 (ISTEEM,
Montpellier). Digestion procedures followed those
outlined by Ionov et al. (1992).

O-Sr isotopes

The samples selected for the detailed study were
extracted from gabbroic dykes or veins inside gabbros
and cut with a diamond saw into 2—3cm fragments
before being crushed into 0-5—1cm fragments. For
whole-rock analysis, small pieces were further crushed
into powder in an agate bowl. For pure mineral analysis,
the fragments were crushed with a manual agate mortar.
To avoid or minimize the mixing of selected separate
minerals with other phases that can bias the results, a
strict protocol of mineral selection was applied. A small
size fraction of 125—160 pm was used and minerals were
first separated using a Irantz isodynamic magnetic
separator. Concentrates recovered (cpx, plagioclase,

HYDROTHERMAL CIRCULATION IN OMAN OPHIOLITE

amphibole, epidote) were subsequently purified by care-
ful hand-picking in alcohol under a binocular micro-
scope. At this stage, mineral separates were very pure
and only flawless minerals, free of cracks and visible
inclusions, were kept for isotopic analyses. To ensure
further mineral integrity, these pure mineral separates
were ultrasonically washed in dilute 1-5N HCI and rinsed
several times with ultra-pure water. This stage potentially
removes adsorbed secondary micro-phases. Previous
studies (e.g. Lecuyer & Reynard, 1996) demonstrated
that pyroxene and amphibole can be intermixed on a
very fine scale with other phases (such as a range of
amphibole compositions, talc, Fe-oxide). Although this
possibility cannot be ruled out, the procedure used in
this study makes it unlikely that complex minerals passed
through the selection.

Sr wsotopic compositions

Approximately 50 mg of whole-rock powder or separated
minerals were digested in a Teflon ‘bomb’ with a mixture
of triple distilled 13N HNOg3 and 48% HTF with a few
drops of HCIO,. Two aliquots were separated, one for
the determination of Sr isotopic composition and the
other for Sr and Rb contents. Sr was separated using an
extraction chromatographic method modified from Pin
et al. (1994). Concentrations were measured by isotope
dilution using 8*Sr—%"Rb mixed spikes. To remove traces
of the late low-temperature seawater alteration and to
determine the primitive whole-rock Sr isotopic composi-
tion, leaching experiments were conducted on a few
samples following the procedure described by Bosch
(1991). The strontium isotopic compositions of leachates
have been analysed in the attempt to check for the leach-
ing efficiency. During these tests, four Sr isotope composi-
tions were measured, which correspond to the unleached
sample, the two liquids extracted after acid-leaching steps
and the final solid residue. Leaching experiments were
conducted in two steps: first, with 6N HCI for 8 min at
70°C; second, with 2-5N HCI for 30 min at 70°C. After
leaching, the leachates were evaporated to dryness and
the solid residues digested similarly to the unleached
samples.

Sr isotopic compositions were measured on a fully
automated VG Sector mass spectrometer housed at the
University of Montpellier II, except for the Sr isotopic
data from the leaching experiments, which have been
measured at the Université de Bretagne Occidentale
(Brest). To assess the reproducibility and accuracy of Sr
isotopic measurements, the NBS 987 standard was run
12 times during this study; the average value was
0-710245 with a precision better than £0-000010 (20).
87Sr/%Sr ratios are corrected for mass discrimination by
normalizing to a #°Sr/®Sr value of 0-1194. Sr total blank
concentrations were less than 60pg. Initial ®’Sr/%0Sr
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ratios were calculated by correcting the measured ratios
for accumulation of ¥’Sr produced by i situ 8’ Rb radio-
active decay since 95 Ma, the assumed age of crystalliza-
tion of the Oman ophiolite (Hacker, 1994).

Oxygen isotopes

The powdered samples were introduced in Ni tubes
under dry air where they were reacted with BrIs5 to
form oxygen. Oxygen was separated from other gases
by cooling the resulting mixture at liquid nitrogen tem-
perature (77 K) that retained other volatile gases. Oxygen
was further purified by trapping it on a cooled 5A mole-
cular sieve at 77 K, then quantified to calculate the yield
of the isotopic analyses and finally transferred to the mass
spectrometer (Finnigan Mat Delta E) where intensities
associated with masses 32 and 34 were measured to
determine 8'20. The isotopic composition of a sample
is given as 8gmple = (Rample/Randara — 1) X 1000 in per
mil unit, where R is '30/'°0 and the standard is
SMOW. Analytical errors on the oxygen isotope ratio
are 0-2%o (20).

RESULTS

Seven samples representative of the range of gabbroic
dykes and five samples representative of the lower gab-
bros, two of them representing the margins of gabbroic
dykes, were selected for major element, thermometric
and Sr—O isotopic analyses (Tables 1—3). These samples
originate from wadi sections marked by bold lines in
Fig. 1. Wadis Halhal, Mayah, Al Abyad, Warihya and
Magsad structurally belong to a new ridge segment open-
ing in slightly (~1 Myr) older lithosphere; Wadi Gideah
1s in older lithosphere.

Petrographic and isotopic characteristics
of the analysed samples

Olivine gabbro from the MTZ in Magsad,
Samail Massif

Sample 94 MA2 is devoid of low-temperature alteration,
and only exhibits the discrete signature of the VHT-HT
alteration. The orthopyroxene corona around olivine
(Fig. 3a), is relayed by kelyphitic rims at the contact
with plagioclase (Fig. 3b). Issuing from these rims are
micrometre-sized pale green amphiboles identified as
cummingtonite and actinolite, which penetrate the sur-
rounding plagioclase in microcracks 0-04 mm wide or at
grain boundaries (Fig. 3b) similar to the microcrack sys-
tem described by Manning et al. (2000). A large number
of the plagioclase crystals have a cloudy core as a result of
the concentration of fluid and mineral inclusions, among
which diopside has been identified during microprobe
analysis. Olivine cores are free of serpentine, but they
are largely oxidized along a microcrack network. Ortho-
pyroxene coronas have a Mgopx number of 78-79,
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slightly higher than in the primary olivine cores with
Mg number of 74—75. The magmatic clinopyroxene
is totally fresh, and probably not in equilibrium with the
reactive orthopyroxene. This sample has the lowest 8’ Sr/
88y initial ratio of the studied whole rocks (0-70322),
identical to coexisting clinopyroxene (0-70324) and pla-
gioclase (0-70322). This observation suggests the lack of a
late superimposed LT hydrothermal alteration, as it is
very unlikely that an LT hydrothermal event could have
totally equilibrated the Sr isotopic compositions of prim-
ary minerals such as plagioclase and clinopyroxene.
Moreover, the whole rock (WR), clinopyroxene and
plagioclase have similar initial Sr isotopic ratios despite
very different Sr contents. Accordingly, this ratio is
thought to reflect the signature acquired during the crys-
tallization of these minerals and is higher than the Oman
mantle Sr isotopic value (McCulloch et al., 1981). The
8180 values of the WR (5-0%o) and plagioclase (4-8%o) are
distinctly lower than primary magmatic values. Indeed,
in normal mid-ocean ridge basalts (MORB) the WR
8180 value is 5-7 4= 0-2%o, with a corresponding plagio-
clase 8'%0O ranging from 5-5%o to 6-2%o ( Javoy, 1980;
Gregory & Taylor, 1981).

Lower gabbro from Wadi Wariyah, Wadi Tayin Massif

Sample 97 OA128b belongs to a layered sequence in the
lower gabbro series, injected by anorthositic sills. The
sample was collected at the tip of one of these sills,
between layers enriched in clinopyroxene. The gabbro
1s composed of 60% plagioclase and 40% clinopyroxene.
Despite the absence of olivine, the WR has a relatively
high Mg content (Table 3). A series of low-7 (prehnite)
microveins, 0-1 mm thick, cross-cut the gabbro perpendi-
cular to the layering and foliation. The margins of the
veins are devoid of alteration. This gabbro has the same
Sr isotopic composition as 94 MA2. Nevertheless, the
WR and associated plagioclase have Sr isotope signatures
(0-70333 and 0-70328) lower than the coexisting clino-
pyroxene (0-70422). The Sr contents of the WR, plagio-
clase and clinopyroxene are 127 ppm, 120ppm and
20 ppm, respectively, thus making the clinopyroxene
more sensitive to late-stage contamination. Clinopyrox-
ene and plagioclase oxygen isotope compositions (5-23
and 4-14%o, respectively) are also lower than typical
mantle values. Similar to the previous sample, alteration,
at high temperature, by a low 'O and high #Sr/®Sr
fluid is required to explain such characteristics.

Amphibole gabbro patch, Wadi Gideah, Wadi Tayin
Massif

Sample 01 OA41d2 is from a laminated gabbro com-
posed of millimetre-sized layers of clinopyroxene
and plagioclase. Anatectic patches (Fig. 7a) bordering
anorthositic layers are formed of coarse-grained
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Table 2: Average temperatures (° C, = 40°C)
calculated for plagioclase—amphibole pairs

using the geothermometer of Holland &
Blundy (1994)

Pargasite Magnesio-hornblende

rim core rim core
01 OA41d2 878 953 — —
01 OA19a 935 974 825 869
01 OA19d 890 933 789 e
02 OA37b — — 816 849
02 OA90b — — 859 833

(millimetre-sized) recrystallized clinopyroxene largely
altered to light green magnesio-hornblende, and idio-
morphic plagioclase. Locally, primary black pargasitic
hornblende develops, including idiomorphic normally
zoned plagioclase (Table 4). This gabbro exhibits similar
87Sr/8%Sr ratios for the WR and pargasite (0-70351 and
0-70355, respectively). These values are interpreted as
representative of the melt from which this amphibole
crystallized. The clinopyroxene has a slightly higher Sr
isotope composition of 0-70378 consistent with the occur-
rence of the light green Mg-hornblende rim. Plagioclase
is significantly more radiogenic (0-70426), related to sec-
ondary destabilization evidenced by the idiomorphic
habit. The Sr isotope compositions of the liquids
extracted from the acid leaching experiments of the
WR (L1 and L2) are very similar, 0-70358 and 0-70365,
respectively. The 87Sr/%Sr ratio of the residue obtained
after leaching experiments is 0-70335, lower than both
the pargasite and unleached WR. This value can be
considered as the unaltered isotopic composition of this
sample. The 8'®O values measured for WR and coexist-
ing plagioclase are lower than normal MORB magmatic
values. The 8O depletion in the plagioclase can be fairly
well explained by high-temperature hydrothermal inter-
action between an oxygen-depleted fluid and the magma.
According to the kinetics of hydrothermal exchange of
oxygen (Gregory & Taylor, 1981; Gregory et al., 1989),
plagioclase exchanges its oxygen isotopes with the fluid,
adjusting readily to the hydrothermal conditions. For
high temperatures of exchange with seawater-derived
fluids (3'%0 between 0 and +2%o), the magmatic plagio-
clase will have its primary §'®O value lowered, whereas
the 8'%0 value for lower temperatures of exchange
(<300°C) will increase. The amplification of the §'*O
shift increases with the intensity of the hydrothermal
alteration.
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Gabbroic dykes intruswe in lower gabbros from Wadi
Wariyah, Wadi Tayin Massif

Gabbroic dykes 01 OA19a and 01 OA19d are intrusive
into the lower gabbros. They are 3—4 cm wide, discord-
ant to the foliation of the host gabbros (Fig. 7¢), with a
sharp margin marked by a brown amphibole fringe. The
primary phases in the dykes (Table 1), locally preserved
as elongated aggregates of a 0-1 mm grain size mosaic
assemblage at the dyke margins, grade to millimetre size
in the central part of the dyke. The WR major element
composition is Mg enriched compared with the enclosing
gabbro (Table 3). Brown pargasitic amphibole oikocrysts
make up 50% of the modal composition of the dyke. In
dyke 01 OA19a poikilitic orthopyroxene may develop
instead of brown amphibole. Finally, green magnesio-
hornblende grows either as oikocrysts at the expense of
clinopyroxene, or in association with epidote as an altera-
tion product of plagioclase. These low-amphibolite-facies
minerals represent the lowest-grade paragenesis recogn-
ized in these dykes, and are most developed in sample
01 OA19a. The amphibole composition shows zoning from
Ti-rich pargasitic hornblende to magnesio-hornblende
and actinolitic hornblende (Fig. 8c), recording pro-
gressive cooling of the dyke. The plagioclase composition
1s extremely heterogeneous (Fig. 8b), varying from Angs,
a composition similar to that of the plagioclase in the host
gabbro (Fig. 8a), to Anj, for the plagioclase and asso-
ciated epidote inclusions in the poikilitic actinolitic horn-
blende. Sample 01 OA19d has an initial ¥ Sr/®Sr ratio
slightly higher for the WR (0-70341) than for the parga-
site (0-70324). The Sr isotopic ratios of liquids extracted
after two steps of WR acid-leaching (L1 and L2) are
0-70357 and 0-70341, respectively, whereas the residue
yields a Sr/8%Sr ratio of 0-70327, very close to the
pargasite and plagioclase values. The latter is similar to
the isotopic composition measured for the massive gab-
bro 94 MA2 and may be taken as close to the primary
magmatic value. This Sr isotopic ratio is more radiogenic
than the inferred Oman mantle-source value (McCulloch
et al., 1981). The altered part of this sample has a radio-
genic Sr isotopic composition (0-70418) related to the
low-amphibolite-facies alteration. This gabbroic dyke
has seemingly preserved a magmatic whole-rock 8'%O
value (5:67%o) but contains by far the highest
8'%0 plagioclase (10-09%o) of all the samples analysed.
This plagioclase coexists with low 8'®O pargasite
(+2-87%o). Similarly high values (SISOP@OCW > 8)
have been previously measured for gabbroic dykes, dia-
bases, sheeted dykes and plagiogranites from the Oman
ophiolite (Gregory & Taylor, 1981; Stakes & Taylor,
1992). This 7-2%o oxygen isotope fractionation between
plagioclase and amphibole cannot possibly represent oxy-
gen equilibrium at any plausible temperature. This may
be explained by different exchange kinetics for these two
minerals at different temperatures at high water/rock
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Table 3: Whole-rock major element compositions of massive gabbros and dykes determined by X-ray fluorescence

(wt %)
Sample: 94 Ma2 97 OA128b 01 OA41d2 01 OA19d 01 OA19a 01 OA15f 01 OA36b 01 OA36b
Rock type: Gabbro Gabbro Gabbro patch Gabbroic dyke Gabbroic dyke Comb-textured Epidosite dyke Epidosite dyke
gabb. dyke (margin)

SiO, 48-30 48-15 47-49 45-24 43-39 47-99 389 43-71
Al,03 27-85 20-32 24.38 14-74 1246 11-92 2752 16-46
Fe,03 328 2-66 4-04 9:81 12.04 5-92 3-81 6-23
MnO 0-03 0-04 0-05 0-14 0-16 0-06 0-08 0-14
MgO 4-05 7-37 4.27 10-31 16-86 13-26 1-87 7-39
Ca0 12-89 19-08 14.77 12-35 11-56 16-6 24-71 23-39
Na,0 2:92 1-23 2:67 258 11 0-75 0-00 0-13
K20 0-00 0-00 0-09 0-06 0-00 0-00 0-00 0-00
TiO, 0-05 0-17 0-63 2:30 0-64 0-86 0-13 0-42
P,05 0-08 0-07 0-13 0-18 0-09 0-13 0-07 0-10

LOI 0-33 0-76 1-38 216 1-61 2:37 274 1-90
Total 99-78 99-85 99-8 99-87 99-92 99-86 99-83 99-87

LOlI, loss on ignition; gabb., gabbroic.

ratios. This supports the occurrence of two distinct
hydrothermal events, one at high temperature and a
later stage at lower temperature, responsible for the
strong 8O enrichment in the coexisting plagioclase.

Dioritic dyke associated with a diabase dyke in lower
gabbros from Wadi Halhal, Haylayn Massif

Sample 02 OA37b belongs to a group of brown
amphibole—plagioclase lenses or reaction margins asso-
ciated with diabase intrusives (Fig. 7d) in lower layered
gabbros. Idiomorphic brown hornblende (tschermakite)
crystals are elongated in the plane of the dyke represent-
ing 80% of the modal composition. They are associated
with an interstitial plagioclase matrix. The brown
tschermakite has greenish rims. Plagioclase has a cloudy
appearance due to micrometre-size fluid inclusions,
except along its margins and internal microcracks. Both
hornblende and plagioclase exhibit evidence of plastic
deformation. The Sr isotopic ratio for the pargasite and
plagioclase is 0-70348 and 0-70420, respectively. The
pargasite exhibits a Sr signature closest to that of the
Oman primary magmatic value (McCulloch ez al., 1981).
Nevertheless, it is too high to be attributed to an
unmodified MORB-source mantle signature. This sug-
gests the addition of an external fluid component in good
agreement with the shift of oxygen isotopic composition
to a low value (+3-9) suggesting a high-temperature
exchange with a low 8" fluid. The Sr isotope composi-
tion of the plagioclase is significantly higher than that of

the coexisting pargasite, probably as a result of the low-
temperature alteration.

Dooritic dyke cross-cutting lower layered gabbros in Wadi
Al-Abyad, Nakhl Massif

Sample 02 OA90b is a 1 cm thick dioritic dyke cross-
cutting the lower layered gabbros. It grades into a green
amphibole vein as illustrated in Fig. 6¢. The dyke is com-
posed of 2cm long dark green idiomorphic magnesio-
hornblende crystals, growing in the plane of the dyke,
and plagioclase concentrated at the margin of the dyke.
The plagioclase in the dyke and in the enclosing gabbro
contains micrometre-size fluid and mineral inclusions,
similar to those observed in sample 94 MA2. The plagio-
clase and green hornblende have higher Sr isotopic ratios
(0-70387 and 0-70427, respectively) and lower 'O
values (+4-98 and +2-39, respectively) than the normal
MORB-source mantle value. As observed for previous
samples, this supports interaction with an external fluid
component.

Comb-textured gabbroic dykes in the lower gabbros from
Wadi Wariyah, Wadi Tayin Massif

Sample 01 OA15f (Fig. 6b) is from Wadi Wariyah and
represents a 2 cm wide dyke intruding the lower gabbros.
This type of comb-textured dyke developed in the
clinopyroxene—plagioclase stability field. It contains
large idiomorphic clinopyroxene crystals, which are
partially replaced by brownish magnesio-hornblende.
The plagioclase is extremely calcic with a slight inverse
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Fig. 8. Plagioclase—amphibole compositions and results of thermometry. (a) and (b) plagioclase compositions in layered gabbros and in dykes,
respectively, as a function of distance to the Moho (see text for sample identification); (c) amphibole compositions in layered gabbros and dykes,
according to Leake’s (1997) nomenclature; (d) equilibration temperatures calculated using the amphibole—plagioclase thermometer of Holland &
Blundy (1994), as a function of AI'Y content in amphibole [same symbols as in (c)].

zonation from Angj; to Angg from core to rim (Table 1 and
Fig. 8a). The WR Sr isotopic ratio of the sample (0-70458)
is significantly higher than normal MORB values. This
could be related to the overprint of a low-temperature
alteration event, consistent with the petrography of the
sample.

Green amphibole vein cross-cutting layered gabbros in
Wadi Mayah, Haylayn Massif

Sample 02 OA43a belongs to a series of 1 cm thick, green
amphibole veins (as in Fig. 6e) cross-cutting the layered
gabbros. The veins develop 1-5 cm thick reaction margins
in the enclosing gabbro and are exclusively composed of
acicular pale green magnesio-hornblende growing per-
pendicular to the vein margin in a crack-seal mode
(Fig. 6f). The reaction margins are composed of urali-
tized gabbro, marked by the development of the same
pale green magnesio-hornblende in an inhomogeneous
calcic plagioclase matrix (Ang;_g7). The Sr and O isotopic
compositions of this green hornblende (0-70431 and
+3-1%0) do not correspond to normal MORB-source
mantle values.

Epidosite dyke from Wadi Gideah, Wadi Tayin Massif

Sample 01 OA36b is representative of a series of epidote
veins cross-cutting poorly layered gabbros. These 2 cm
thick veins are composed of pink thulite in their centre
and green pistachite at their margins (Fig. 6a). Their
sharp contact with the enclosing gabbro is marked by
the development of coarse clinopyroxene crystals altered
in the epidote—greenschist facies. This suggests that the
epidote vein 1s replacive in a coarse-grained gabbro dyke.
The highest 8 Sr/8°Sr initial ratios of all the samples
studied are recorded by the WR and coexisting epidote
of this sample (0-70519 and 0-70554, respectively)
(Table 5). The Sr content of the WR and associated
epidote are also the highest of the present dataset
(716 ppm and 764 ppm, respectively). The Sr isotopic
composition of this sample is consistent with a greater
degree of exchange with a radiogenic component from
Cretaceous seawater. It is significantly higher than the
value obtained for an epidosite vein from the Wadi Fizh
section of the Oman ophiolite [0-70435 with a Sr content
of 488 ppm reported by Kawahata et al. (2001)] but in
good agreement with the average of the greenschist-facies
alteration sequence defined by Kawahata et al. (2001).
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Part of the same sample from the contact between the
dyke and the gabbro yields a slightly lower Sr isotopic
composition (0-70464) intermediate between the sur-
rounding gabbro and the epidote dyke. It also has an
intermediate Sr content (425 ppm). Acid leaching experi-
ments performed on the whole rock of the dyke yield Sr
isotopic compositions of 0-70521 and 0-70512, for the
two liquids extracted. Similar experiments for the sample
located at the contact with the gabbro yield 87Sr/®Sr
ratios of 0-70494 and 0-70467, for L1 and L2 liquids. The
Sr isotopic composition of the residue extracted after
leaching remains high (0-70459) and very close to the
epidosite 87Sr/%Sr ratio determined by Kawahata et al.
(2001). In this sample, the primary minerals have been
totally replaced by epidote and secondary plagioclase or
quartz. Thus, the Sr isotopic compositions measured for
this WR sample and its constituent minerals reflect the
composition of the fluid filling this dyke.

Mineral chemistry
Plagioclase

Compared with the host gabbros, the dykes show a much
larger dispersion in their plagioclase compositions (Fig. 8a
and b, Table 4), characterized by more calcic plagioclase
than the enclosing gabbros. This tendency is most
extreme in the comb-textured dykes in which the plagio-
clase is almost pure anorthite. The zoning is generally
normal, recording a crystal fractionation process. How-
ever, gabbro 94 MA2 exhibits inverse zoning; this tend-
ency is also observed in plagioclases from dykes 01
OA19a and 01 OA15f. The higher calcium content of
the plagioclase as well as the inverse zoning is consistent
with an increase of water pressure during its crystalliza-
tion (Turner & Verhoogen, 1960; Carmichael et al., 1974;
Koepke et al., 2003). The particularly high An content in
the comb-textured gabbro dykes 01 OA15f may also
result from crystallization in a supercooled magma; this
is consistent with the comb texture, indicative of fast-
growing crystals. The lack of brown hornblende suggests
that crystallization occurred above the temperature of
hornblende stability.

Amphibole

The amphiboles analysed in the dykes (Fig. 8c and
Table 4) show a regular trend in a (Na + K)o vs
AI"Y diagram from titanium-rich (Ti > 0-15) pargasitic
hornblende (brown amphibole) and tschermakite (brown—
green amphibole), to low-titanium (Ti < 0-15) magnesio-
hornblende (green amphibole), and actinolite (pale green
amphibole). The pargasitic hornblende develops as
poikilitic oikocrysts in the dykes 01 OAl9a and d, and
in the diffuse patch 01 OA41d2 at temperatures above
800°C, during the final stage of crystallization (see

HYDROTHERMAL CIRCULATION IN OMAN OPHIOLITE

below). The tschermakite composition corresponds to
the internal alteration of clinopyroxene in gabbro 94
Ma2, occurs in the comb-textured dyke 01 OA15f, and
is the primary amphibole in the dioritic dyke 02 OA37b.
The magnesio-hornblende develops at the edges of the
pargasites or of clinopyroxenes at temperatures around
800°C, and is the primary phase in the dioritic dyke 02
OA90b and in the green vein 02 OA43a. Finally actino-
lite occurs as a replacement of green hornblende in dykes,
or in the kelyphitic rim surrounding olivine in gabbro 94
Ma2. Such a large composition range at the scale of a
thin section has been reported in amphiboles from
amphibolite-facies oceanic gabbros (Stakes, 1991; Stakes
& Taylor, 1992; Gillis et al., 1993), as well as in the Oman
ophiolite gabbros (Manning ef al., 2000). This variability
has been explained by rapid reaction rates preventing
homogenization (Manning ¢ al., 2000).

Thermometry

Plagioclase—amphibole thermometry could be applied
when the two minerals exhibited good contacts, such as
in the laminated gabbro of the middle sequence (01
OA41d2) and in the intrusive dykes. The temperatures
of plagioclase—amphibole equilibration (Table 2) have
been calculated using the geothermometer ‘B’ of Holland
& Blundy (1994), Edenite + Albite = Richterite +
Anorthite valid between 500°C and 900°C with an
uncertainty of £40°C. Amphibole formulae are based
on 23 oxygen, and their nomenclature is based on alkali
cations in the A site vs Al'Y according to Leake (1997).
Pressure was assumed to be 1 kbar. Forty-five plagioclase—
amphibole pairs meet the compositional criteria imposed
by Holland & Blundy’s dataset (0-9 > X,, > 0-1 and
AI'Y' >0-3). Electron microprobe measurements were
constrained to contiguous plagioclase and amphibole
separated by sharp grain boundaries, assuming equili-
brium of the two phases. When the mineral phases
exhibit normal zoning, temperatures between plagioclase
and amphibole cores, and between mineral rims, were
calculated assuming that the temperatures deduced from
the mineral core chemistry provide a proxy for the high-
est temperature of equilibration. These data are identi-
fied in the 7°C vs AI'Y diagram (Fig. 8d). Table 4
presents selected major element amphibole analyses, the
An content of the plagioclase adjacent to each amphibole
grain, and the temperature calculated for the pair.

The temperatures calculated (Fig. 8d) span the entire
range of temperatures at which amphibole and plagio-
clase coexist in equilibrium (i.e. amphibolite-facies para-
geneses). This temperature interval is bracketed by
orthopyroxene-bearing facies or amphibole-free facies
(i.e. gabbro 94 MA2) and epidote—actinolite facies devoid
of homogeneous plagioclase (i.e. epidosite dyke 01
OA36b and green vein 02 OA43a). The range of the
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calculated temperatures, between >900°C and 750°C,
corresponds to the changing composition of amphiboles
from pargasite to magnesio-hornblende at the scale of a
thin section or even at that of an individual crystal, as
shown by their correlation with Al'Y; such variability
records rapid cooling in hydrous conditions. The highest
temperatures are recorded by pargasite from the anatec-
tic gabbro 01 OA41d2, in the gabbro dyke 01 OA19d
and in the dioritic dyke 02 OA90b. They were calculated
from minerals devoid of lower-grade alteration and are
thus considered as representing the equilibrium temperat-
ure of the coexisting minerals. Lower temperatures cor-
respond to mineral phases evolving at falling temperature
and are only indicative of the cooling history. Including
the 40°C uncertainty, seven pairs provide temperatures
higher than 900°C, the limit of validity of the Holland &
Blundy thermometer. However, we maintain these tem-
peratures as indicative of the highest values of our data-
set. These values are included in the average equilibrium
temperature summarized in Table 2.

DISCUSSION

Distribution of hydrothermal alteration

Two distinct petrological events are recorded in the gab-
bro section of the Samail ophiolite and are documented
in the present contribution: (1) the whole gabbro section
is affected by a penetrative alteration; (2) the gabbro
section 1is crosscut by various types of dykes and veins
including hydrous minerals.

Penetrative alteration

The penetrative alteration developed in the gabbros at
grain boundaries and locally invading the minerals is
ubiquitous in the gabbro section. This penetrative altera-
tion has been described as very high temperature (VHT),
high temperature (HT), and low temperature (L T), based
on alteration parageneses. The orthopyroxene coronas in
the layered gabbro sample and the incipient appearance
of brown pargasitic amphibole mark a lower thermal
limit of the VHT alteration. By reference to the experi-
mental work of Koepke et al. (2003), the temperature of
equilibration for these reactions is estimated to be
between 900 and 1000°C.

The preservation of the vertical distribution of
VHT-HT facies (Figs 4 and 5), also pointed out by
Manning et al. (2000), indicates that the hydrothermal
alteration pattern fits the distribution of isotherms with
depth at a fast-spreading ridge (i.e. Phipps Morgan &
Chen, 1993; Dunn ¢ al., 2000; Fig. 2). Equilibrium tem-
peratures for VHT parageneses as high as 900—1000°C
suggest that VHT—HT hydrothermal alteration took
place in a very restricted time interval at the limit of
the cooling magma chamber. It is proposed that the
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penetrative alteration affecting the entire gabbro section
1s related to a pervasive network of microcracks, which
act as a recharge system down to the Moho (Nicolas ¢t al.,

2003).

Dykes and veins

The dykes are extremely varied, e.g. pegmatitic gabbros
with comb-texture, microgabbros and amphibolitized
dolerites, dioritic dykes, alignments of poikilitic horn-
blende, and finally diffuse hornblende-bearing patches.
High-7 gabbro and diorite dykes, and low-7 green
amphibole—epidote veins are connected.

In the dykes, textural evidence attests to suprasolidus
conditions at least for the development of the pargasitic
amphibole. Integrating the hornblende—plagioclase equi-
libration temperatures calculated for the studied samples,
these temperatures are bracketed between 950°C and
875°C.

In the following discussion, we shall consider separately
the microgabbro and dolerite dykes. The latter represent
basaltic melt intrusions associated, upsection, with the
diabase sheeted dykes and, downsection, possibly with
the mafic dykes that are ubiquitous in the mantle section
(Nicolas et al., 2000). Whatever their origin, the develop-
ment of pargasitic amphibole during their late stage of
crystallization creates a link with the gabbroic dykes and
suggests a crystallization process evolving from dry con-
ditions to more hydrous conditions.

The other gabbroic dykes, comb-textured gabbros and
hornblende-bearing dioritic dykes result from the filling
of cracks by a fluid, either a melt or a silica-rich hydrous
fluid. These intrusive dykes, which develop reaction mar-
gins at their contact with the host gabbro, grade vertically
into lower-temperature green amphibole veins, or align-
ments of poikilitic hornblende in the layered gabbro
matrix, or development of pargasitic hornblende in ana-
tectic gabbros (sample 01 OA41d2). In gabbros crystal-
lizing in the magma chamber, the development of
orthopyroxene and pargasite oikocrysts enclosing the pri-
mary minerals suggests a thermal evolution from the
gabbro solidus to amphibolite-facies conditions. For
these reasons, it is suggested that the gabbroic dykes
resulted from the injection of a hydrous melt in the still
hot gabbros drifting away from the magma chamber, as
discussed below.

Origin of fluids responsible for VHT-HT
hydrothermal alteration

The 87Sr/®Sr initial ratios and 3'%O of whole rocks and
pure mineral fractions are plotted in Fig. 9 against the
distance above the Moho Transition Zone (MTZ). The
initial Sr isotopic composition of the whole rocks, apart
from the epidosite dykes, ranges from 0-70322 to
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Fig. 9. (a) Variation of initial #Sr/#°Sr isotopic composition as a function of the location of the studied samples in a schematic log of the crustal
section of the Oman ophiolite. The field for MORB is from Hart et al. (1974) and that for seawater is from Burke et al. (1982). Small open squares are
data from Kawahata et al. (2001). (b) Variation of 8O (%o) as a function of the location of the studied samples in a schematic log of the crustal section
of the Oman ophiolite. Shaded curve corresponds to the data of Gregory & Taylor (1981).

0-70458. All the studied samples (including whole rocks
and minerals) have initial ®’Sr/°Sr ratios falling outside
the field of fresh MORB, which commonly have Sr ratios
between 0-7023 and 0-7029 with an average of 0-70265
(le. Hart et al., 1974). The lowest initial Sr isotopic
composition (0-70322) from the massive gabbro 94
MA? is slightly but significantly higher than average
Oman primary magmatic signatures (L.e. 0-70296;
McCulloch et al., 1981). Similarly the §'®O values of
most whole rocks and minerals measured (Table 5)

depart from typical MORB-source mantle values
(Javoy, 1980; Gregory & Taylor, 1981; Kyser, 1986).
These differences indicate that the primary mantle
signatures in the Oman ophiolite have been modified
by interaction with a fluid. Possible origins for this
fluid are mantle components, dehydration of subducted
lithosphere, or seawater circulation. Strontium and
oxygen isotopes are uscful tracers for fluid—crust interac-
tion, as 8'%0O and ¥ Sr/%Sr ratios from fluids originat-
ing from seawater, the mantle or subducted lithosphere
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are significantly different. Moreover, the 380 value
1s dependent on temperature and mineral fractiona-
tion, and thus yields complementary constraints to Sr
isotopes.

Mantle origin

One model to explain the occurrence of fluids interacting
with the oceanic crust at very high temperatures is to
derive them from the mantle. The contribution of mantle-
derived hydrous fluids, linked to percolation processes
or to their concentration in the final stages of gabbro
crystallization has been invoked in numerous case studies
(i.e. Witt & Seck, 1989; Fabries et al., 1989; Dupuy et al.,
1991; Agrinier et al., 1993). O and Sr isotopic data for
whole rocks and mineral separates yield scattered values
that are unambiguously different from MORB mantle-
source values (Fig. 9a and b). With the exception of late
LT altered samples, the WR data have a mean #7Sr/%°Sr
ratio of 0-70337 and a standard deviation of 0-00012.
These surprisingly high values in mantle-derived rocks
could be taken as evidence for survival of mantle isotopic
heterogeneities during crystallization of the ophiolite (e.g.
Lanphere, 1981; McCulloch et al., 1981). However, the
80/1%0 isotope ratios in the Oman gabbroic sequence
are also displaced from primary magmatic values. No
gabbro, in the present study, has plagioclase or amphi-
bole with typical mantle §'2O values. Thus, the Sr and O
1sotope data rule out the possibility of mantle-derived
fluids as a possible source for the VHT—HT hydrous
alteration event recorded in the massive gabbros and
gabbroic dykes and veins (Fig. 10a and b).

Subducted hthosphere origin

Dehydration of subducted oceanic crust in subduction
zones can generate hydrous fluids. Such fluids could
percolate through the overlying lithosphere and contam-
inate it, thus generating modified isotopic signatures and
trace element contents. Such an explanation, however,
disagrees with the geochemical characteristics of most of
the studied samples. Fluids derived from the dehydration
of subducted slabs (fresh or altered MORB, or OIB pro-
toliths) should be strongly enriched in K, Rb and Ba (e.g.
Becker et al., 2000) whereas in Oman the Rb contents
measured in the gabbros and gabbroic dykes and veins are
strongly depleted. Moreover, the isotopic composition of
slab-derived fluids is buffered by the MORB-like oceanic
crustal protolith for Nd and Pb but not for Sr and O
(Staudigel et al., 1995). As a result of relatively minor
fractionation of oxygen at high temperature, the oxygen
isotope composition of the fluids expelled during dehy-
dration of the subducted slab should be high and essen-
tially controlled by the oxygen composition of the upper
section of the crust altered at low temperature (with an
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average of 10%o and perhaps as high as 19%o) (Staudigel
et al., 1995). The Sr isotopic composition should be also
high (average 0-7046), as the fluids released by the dehy-
dration of subducted oceanic crust are associated either
with seawater or with radiogenic Sr phases (i.e. smectites).
The Sr and O isotopic compositions of the studied sam-
ples do not fit with these signatures and so preclude a
subducted lithosphere origin for the fluids involved in the
VHT-HT alteration event.

Seawater-derived fluids

All the analysed samples (minerals and WR) have 87Sr/
8Sr1) outside the domain of primary MORB magmas
and variable Sr contents. Individual minerals have Sr
contents reflecting their different mineral/liquid partition
coefficients. Minerals characterized by a very high afhi-
nity for Sr such as plagioclase (i.e. Sr mineral/liquid
partition coefficients ? 1) have very high Sr contents.
Therefore, the high abundance of plagioclase in the sam-
ples analysed is responsible for the high Sr content of the
studied whole rocks. The Sr content of all the whole rocks
is relatively homogeneous (Table 5) without clear distinc-
tion between country-rock gabbros and dykes and veins,
and ranges from 110 to 200 ppm except for the epidosite
(>700 ppm). Reported on a 87Sr/8°Sr vs 1/Sr diagram
(Fig. 10a), most whole rocks and plagioclases analysed are
characterized by a 1/Sr ratio lower than 0-01 and plot in
the left part of this diagram. Compared with N-MORB,
the studied massive and anatectic gabbros and their con-
stituent plagioclases have similar to slightly higher Sr
contents but substantially higher #Sr/8Sr  ratios
(Fig. 10a). Considering Cretaceous seawater as a possible
high #"Sr/%Sr mixing component [*’Sr/8%Sr ~0-7073
at 90 Ma after Burke ef al. (1982)] responsible for the
observed geochemical modifications, exchanges cannot
have occurred in a closed system, as seawater has too low
a Sr content (i.e. 8ppm; de Villiers, 1999). An open-
system process allowing penetration of larger quantities
of seawater can efficiently modify the Sr isotopic ratio of
the rocks. Alternately, the fluids could also be seawater
that was modified through exchange with the surround-
ing rocks during its transit through the oceanic crustal
section. This modified seawater would be more enriched
in Sr with a # Sr/%Sr ratio intermediate between unmodi-
fied seawater and MORB.

Minerals devoid of late LT alteration imprints (parga-
site, green hornblende and pyroxene) and characterized
by very low Sr contents plot on the right of the diagram,
close to, or on the mixing line between seawater and
MORSB (Fig. 10a). The difference between these minerals
and the other samples (WR and plagioclases) is mainly
due to the Sr fractionation coeflicients of these different
minerals and to the large quantity of plagioclase in
the studied rocks. The process responsible for the
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Fig. 10. (a) Initial #7Sr/%Sr isotopic ratios plotted against 1/Sr for whole rocks and mineral separates from the gabbro section of the Oman
ophiolite. Fields shown are from Kawahata ¢ al. (2001) and correspond to: MT—basalt, sheeted dyke diabase altered at medium temperature
(prehnite—actinolite facies, sequence 3); HT—diabase, plagiogranite, metagabbro and epidosite formed at high temperature (greenschist facies,
sequence 4); VHT—gabbro altered at very high temperature (amphibolite facies, sequence 5). The dashed line is a binary mixing line between
MORB (Lanphere et al., 1981) and Cretaceous seawater (Burke et al., 1982). (b) Initial 8 Sr/% Sr isotopic composition plotted against 3'30 value for
whole rocks and minerals from the Oman ophiolite. Cretaceous seawater and MORB end-members as in (a). Dashed line represents mixing curve
between MORB and seawater at high temperature (HT). Low-temperature (L'T) exchanges between these two components would be responsible for

an increase of the 3'*O primary MORB value.

modification of the Sr isotopic composition from MORB-
source value is, however, explained by the same phenom-
enon. As all these minerals display initial ®”Sr/#°Sr ratios
distinct from the MORB source and because they equili-
brated at VHT or HT temperatures, this supports an
early intervention of seawater during crystallization of
these minerals. Most of these samples, with the exception
of the epidosite dyke, overlap the domains defined by
Kawahata et al. (2001) for the Wadi Fizh gabbros altered
at VHT and HT conditions in the amphibolite facies
(labelled “VHT” and ‘HT” in Fig. 9a).

Three samples (two epidosite dykes and an one epidote
fraction) have very high Sr contents and the highest Sr

isotopic compositions of the present dataset. The two
whole-rock samples overlap the field of the Wadi Fizh
samples altered at high temperature, during greenschist-
facies metamorphism (Kawahata ef al., 2001). This type
of alteration is common at the ridge axis and formed
through intensive exchange with seawater-derived fluids.

Figure 10b indicates that all the Sr—O isotope data are
distinct from MORB compositions and suggests that the
fluids reacting with the magmas could be derived from
seawater. In addition, the 'O values show that isotopic
exchange occurred under VHT or HT conditions. The
fluids could have the composition of seawater or they
could have the composition of seawater modified through
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exchange with the surrounding rocks during its penetra-
tion into the crustal section. In an environment in which
fluid—rock interaction occurs at variable temperatures,
the 8'0 is greatly influenced by the temperature at
which the exchange took place and by the water/rock
ratio. It is evident from Figs 9b and 10b that none of the
studied gabbros have plagioclase and amphibole with
MORB-like 8'*O and #7Sr/%®Sr values. The separate
minerals display a broad range of 8'%O values and most
exhibit extreme 8O depletion (Table 5). Hydrothermal
exchange kinetics are similar in amphibole and pyroxene
and these two minerals are more resistant to oxygen
exchange during water—rock interaction than coexisting
plagioclase (Gregory et al., 1989). The most probable
explanation of the low 8'0 values measured in both
amphiboles and pyroxenes is that they crystallized at
high temperature in the presence of a relatively low 2O
seawater-derived hydrothermal fluid [8'O from —0-1 to
—0-7 after Gregory & Taylor (1981)]. The anomalously
high 3'%0 value (+10-09) measured for the plagioclase of
the micro-gabbroic dyke (01 OA19d) can be interpreted
as resulting from a superimposed overprint caused by a
late-stage penetration of fluids at lower temperature. In
this sample, the occurrence of such different '#O/1°O
ratios between coexisting plagioclase and amphibole is
not consistent with equilibrium fractionation between
these two minerals at any possible temperature. This
observation suggests that parts of the ophiolite sequence
have undergone a high-temperature hydrothermal event
prior to the later low-temperature event that produced
the strong 'O increase in coexisting plagioclase.
The depletion of the 3O values results from high-
temperature hydrothermal alteration (Gregory & Taylor,
1981; Stakes & Taylor, 1992). The oxygen isotopic data
support the contention that most studied samples have
been affected by a VHT—HT hydrothermal alteration by
fluids derived from seawater. Some of the analysed sam-
ples, presenting petrological evidence of crystallization of
LT secondary minerals, have been overprinted by the late
low-temperature alteration, thus swamping the earlier
high-temperature alteration effects.

Determination of water/rock ratio

To better evaluate the exchange between seawater and
the gabbroic rocks, water/rock ratios (W/R) have been
estimated for the whole rocks analysed during the course
of this study. The different models used to constrain this
ratio mainly differ by the calculation of the effective ratio
or by the estimated weight ratio and by considering open
or closed systems for water circulation (Albarede ¢t al.,
1981; McCulloch et al., 1981). The W/R ratios reported
in Table 5 have been calculated assuming a closed sys-
tem. Using this formulation, these values are minima
because the calculation always uses pristine fluid for the
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initial fluid, thus maximizing the value in the denomina-
tor. If the fluid was shifted to lower  Sr concentrations by
exchange with the rock on the downward path, the
inferred values would be much higher (Davis et al., 2003).
The calculated W/R ratios for the samples from this
study range from 3-1 to 21-9 (Table 5). Two main groups
of samples can be recognized on the basis of their water/
rock ratios. The lowest ratios, ranging from 3-1 to 4-7,
have been determined for massive gabbros or anatectic
gabbros but also for dykes and veins devoid of late LT
alteration. Similar ratios have been previously calculated,
for example, for the discharged hydrothermal solutions at
the 13°N and 21°N East Pacific Rise (D1 Donato et al.,
1990; Fouquet et al., 1991). The gabbros from the Ibra
section in the Oman ophiolite gave effective W/R ratios
of 0-5, 3-3 and 4-2 (McCulloch et al, 1981) in good
agreement with the values obtained in this study. The
least altered gabbro of the Ibra section yields a W/R ratio
of 0-3, in good agreement with the exceptionally fresh-
ness of this rock characterized by typical mantle oxygen
values for its minerals (McCulloch et al., 1981). Samples
characterized by water/rock effective ratios in the range
of 3—5 can be related to penetrative alteration via the
hydrothermal system. Lecuyer & Reynard (1996) have
demonstrated in oceanic gabbros from the Hess Deep,
altered in similar HT conditions, that W/R mass ratios in
the range of 0-2—1 are sufficient to account for the mod-
ified stable isotope signature of the gabbros. Higher
water/rock values (W/R >5) have been calculated for
samples affected by superimposed late hydrothermal
alteration and for the epidosite samples (T'able 5). They
probably acquired their isotopic characteristics through
interaction with a larger volume of seawater during
greenschist-facies metamorphism. Similar or higher
W/R values have been published in previous studies
(i.e. McCulloch et al, 1981; Kawahata et al, 2001).
They correspond either to samples from the upper-crus-
tal sequence (i.e. basalt, sheeted dyke or plagiogranite) or
to gabbros from the crustal section located in a particular
environment such as, for example, the Wadi Fizh section
that is located close to a segment boundary along the
palaeo-spreading axis (Nicolas et al., 2000).

Mechanism for seawater interaction with
magma

Nicolas et al. (2003) have proposed that variable amounts
of seawater can circulate, at high temperature, through-
out the crustal section down to the walls of the magma
chamber, via a network of parallel microcracks a fraction
of a millimetre wide. Such microcracks and their relation-
ship with the VHT-HT hydrous alteration in the sur-
rounding gabbros have been described in detail by
Nicolas et al. Via this network of microcracks, large
amounts of seawater can have reacted with the magma
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and induced variable changes of its Sr and O isotopic
composition. This regular network of parallel micro-
cracks could constitute the recharge system and the
hydrated gabbroic dykes the discharge system. Physical
parameters and the geophysical models of Nicolas et al.
(2003) are in agreement with this scenario. Such a pene-
tration of seawater-derived hydrothermal fluids through
the lower crust along grain boundaries and a microscopic
fracture network at temperatures >750°C is consistent
with recent thermodynamic models (McCollom & Shock,
1998).

Seawater-altered and high-temperature recrystallized
diabases (protodykes) from the overlying sheeted dyke
complex stoped into the melt lenses could represent an
indirect way for seawater to enter the system, as they can
remelt during their subsidence through the magma
chamber. A simple mass balance calculation suggests
that this indirect contamination is not significant. Assess-
ments of the amount of recycled crust, ~1% in volume
by Nicolas et al. (2000) based on the protodyke remnants
in the gabbro section, or 20% by Coogan et al. (2003)
based on chlorine content in EPR basalts, lead to a sea-
water/rock ratio of the order of 10™* to 1073,

Thus, following Nicolas et al. (2003), we propose that
seawater has been introduced along microcracks down to
the walls of the magma chamber, and has diffused along
grain boundaries in the way described by Manning et al.
(2000), progressively invading the host gabbro. Gabbroic
dykes result from the injection of hydrous melt into the
host gabbros at falling temperatures, as they drift away
from the magma chamber. This water-saturated melt
could result from the extensive hydration of the crystal-
lizing gabbros near the walls of the magma chamber,
when seawater penetrates through this wall (Fig. 1).

Similar plumbing systems driving seawater down to the
limit of the magma chamber and back to the surface have
been already proposed in other environments such as the
Mid-Atlantic Ridge (Kelley & Delaney, 1987; Coogan
et al., 2001), the East Pacific Rise at Hess Deep (Gillis,
1995; Manning et al., 19964, 19965), the Tonga forearc
(Banerjee & Gillis, 2001), and the Troodos ophiolite
(Gillis & Roberts, 1999). The melting curve of wet basalt
has a negative slope, but is close to the dry solidus at low
pressure in the lower gabbros and the first melts are
plagiogranitic (Spulber & Rutherford, 1983). Such plagio-
granites are ubiquitous in the highest gabbros and in the
root zone of sheeted dykes in Oman (Rothery, 1983;
Juteau et al., 1988; Nicolas & Boudier, 1991), in many
other ophiolites and in the oceanic crust, where they have
been interpreted as resulting either from wet anatexis of
hot gabbros or from the final product of crystallization of
a basaltic melt (Spulber & Rutherford, 1983). Plagio-
granites are rare in the lower gabbros, exceptionally
associated with hydrous gabbro segregations inside the
layered gabbros. Their constitutive minerals are also
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remarkably absent along the VHT microcracks, although
these gabbros were above the wet solidus. A possible
explanation has been proposed by McCollom & Shock
(1998), who wrote that, at high temperature, ‘aqueous
fluids may leave very little conspicuous petrological evid-
ence for their presence’, the reason being that the
high-7 conditions would be closer to batch melting.
Obviously, more detailed studies on this specific problem
are needed. We conclude that the large degree of hydrous
melting locally required at the walls of the magma cham-
ber to account for the generation of a gabbroic hydrous
melt may have erased the traces of the incipient plagio-
granitic melt.

CONCLUSIONS

Fostered by the recent discovery of high-temperature
seawater contamination in some gabbros of the Oman
ophiolite (Manning e al., 2000), we have conducted a
study on 500 gabbro specimens from selected areas of
the entire Samail ophiolite belt and on the hydrous gab-
broic dykes that cross-cut them. The highest-temperature
reactions (VHT) recorded in olivine and clinopyroxene in
gabbros as orthopyroxene and pargasite coronas reach
975°C. They are followed at lower HT conditions with
replacement of olivine by an assemblage of tremolite,
magnetite and plagioclase surrounded by chlorite, and
by pargasite development in clinopyroxene, followed
finally by the LT lizardite—olivine and saussurite—
plagioclase greenschist-facies alteration. With a few
exceptions, the VHT alteration tends to be restricted to
the lower gabbros and to the vicinity of the Moho, and
the HT alteration to the middle and upper gabbros. The
preservation of the vertical distribution of VHT-HT
facies indicates that progressive cooling during off-axis
spreading did not obliterate this distribution, and conse-
quently that the VHT—HT hydrothermal alteration took
place in a very restricted time interval at the limit of the
cooling magma chamber. In the deep and hot gabbros,
the main water channels may be sub-millimetre-sized
microcracks with a dominantly vertical attitude, the ori-
gin and dynamics of which have been investigated in a
previous paper (Nicolas et al., 2003).

Beyond these high-temperature alteration zones mas-
sively induced in the gabbros, seawater may be respons-
ible for the generation of clinopyroxene—pargasite
gabbro dykes that cross-cut all gabbros and that are,
upsection, clearly connected to the LT hydrothermal
vein system. Petrostructural evidence suggests that these
dykes were generated by hydration of the crystallizing
gabbros near the internal wall of the LVZ-magma
chamber. The resultant melts were subsequently intruded
at various levels in the cooling lower and middle gabbros.
Petrological observations of nearly all the gabbros ana-
lysed in the present study, located from the root zone of
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the sheeted dyke complex down to the Moho, emphasize
the imprint of VHT—HT hydrous alteration. The VHT
hydrothermal event is characterized by temperatures of
equilibration around 900—1000°C. The temperatures at
which the HT hydrous event occurred are estimated to
be in the range 550—900°C.

Strontium and oxygen isotope compositions measured
on whole rocks and separated minerals significantly
depart from primary MORB values. The Sr and O iso-
tope data obtained for pargasite, green hornblende and
clinopyroxene record the participation of seawater at the
temperature of crystallization of the minerals. Plagio-
clases and whole rocks define a trend toward a compo-
nent characterized by a high radiogenic 87Sr/8°Sr value
and a higher Sr content than normal seawater. Seawater
is clearly identified as the fluid responsible for the modi-
fication of the Sr and O signatures for both massive
gabbros and dykes and veins. Nevertheless, the high Sr
content of the extraneous component requires either
open-system exchange allowing penetration of a greater
quantity of seawater, or penetration of seawater modified
by interaction with the oceanic crust during its travel path
through the crustal section. The water/rock ratio calcu-
lated on the basis of the Sr isotopes is between three and
five for the enclosing gabbros and for the least L'T altered
dykes. The VHT—HT hydrothermal event affecting
these samples is related to penetrative alteration via the
recharge and discharge hydrothermal system. The
water/rock ratio i1s ~10 for dykes exhibiting evidence
of a LT hydrothermal alteration overprint, and reaches
22 for the epidosite dyke. The depletion in 8'®O char-
acterizes all the studied samples with the single exception
of the micro-gabbroic dyke plagioclase. This agrees
with the conclusions based on Sr isotopes suggesting
that these samples have undergone exchange with sea-
water-derived fluids during a VHT—HT alteration hydro-
thermal event.
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