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[1] The transition between the small melt lens observed on top of fast spreading ridge magma chambers and
the overlying sheeted dike complex marks the interface between magma and the hydrothermal convective
system. It is therefore critical to our understanding of fast spreading ridge accretion processes. We present
maps of two areas of the Oman ophiolite where this transition zone is observed as continuous outcrops. Our
observations, which include the base of the sheeted dike being crosscut by gabbros, are consistent with
episodic dike injections in a steady state model but also suggest that the root of these dikes is commonly
erased by vertical movements of the top of the melt lens. Dike assimilation is a possible mechanism for
incorporating hydrated phases, which result from hydrothermal alteration, to the melt lens during upward
migrations of its upper boundary. Upward migrations are also responsible for a granoblastic overprint of the
root of the dikes that is also observed in the stoped diabase xenoliths. This granoblastic overprint attests to
reheating of previously hydrothermally altered lithologies which can even trigger hydrous partial melting due
to the lowering of the solidus of mafic lithologies by the presence of a water activity. Clinopyroxenes present
in these granoblastic lithologies are typically low in Ti and Al content, thus strongly contrasting with
corresponding magmatic clinopyroxene. This may attest to the recrystallization of clinopyroxenes after
amphiboles under the peculiar conditions present at the root zone of the sheeted dike complex. Downward
migrations of the top of the melt lens result in the crystallization of the isotropic gabbros at its roof, which
represent the partly fossilized melt lens. Melt lens fossilization eventually occurs when magma supply is
stopped or at the melt lens margins where the thermal conditions become cooler. Melt lens migration,
recrystallization of hydrothermally altered sheeted dikes during reheating stages, and assimilation processes
observed in the Oman ophiolite are consistent with the observations made in IODP Hole 1256D.We propose
a general dynamic model in which the melt lens at fast spreading ridges undergoes upward and downward
movements as a result of either eruption/replenishment stages or variations in the hydrothermal/magmatic
fluxes.
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1. Introduction

[2] The structure of fast spreading ridges is inferred
from geophysical studies [e.g., Morton and Sleep,
1985; Detrick et al., 1987; Harding et al., 1989;
Kent et al., 1990] and from structural observations
and mapping in ophiolites, in particular the Oman
ophiolite [e.g., Hopson et al., 1981; Pallister and
Hopson, 1981;Nicolas et al., 1988a, 2000;Umino et
al., 2003]. Geophysical studies have revealed the
presence of a partly to totally molten melt lens (�30
to 100 m thick) at the top of the mostly crystallized
magma chamber [e.g., Sinton and Detrick, 1992;
Hussenoeder et al., 1996; Collier and Singh, 1997;
Singh et al., 1998; Dunn et al., 2000]. The compo-
sition and evolution of this thin melt lens play a key
role in oceanic crust genesis as it feeds, at least
partly, the upper and lower crust [e.g., Sinton and
Detrick, 1992; Boudier et al., 1996]. This horizon is
also a major exchange interface between seawater
and the oceanic crust as it is located at the root of the
sheeted dike complex, where the hydrothermal
convective system and the melt lens can meet and
interact. Several descriptions of the gabbro/sheeted
dike transition zone in ophiolites have been pub-
lished, to attempt understanding the complex struc-
tural and petrological relationships within this zone
[Rothery, 1983; Nicolas and Boudier, 1991;
MacLeod and Rothery, 1992; Gillis and Roberts,
1999;MacLeod and Yaouancq, 2000;Coogan et al.,
2003; Gillis, 2008; Nicolas et al., 2008].

[3] The IODP (Integrated Ocean Drilling Program)
drilled Hole 1256D into a�15Ma crust that formed
at the East Pacific Rise at a superfast spreading rate
[Teagle et al., 2006]. It is to date the only place in
present-day oceanic crust where the uppermost
gabbros below the sheeted dike complex has been
sampled in situ below a continuous, intact section of
upper oceanic crust [Teagle et al., 2006; Wilson et
al., 2006; Alt et al., 2007]. Studies in ophiolites or in

present-day oceanic crust have led to the elaboration
of a variety of models for the evolution of the
complex magmatic/hydrothermal interface that con-
stitutes the gabbro/sheeted dike transition zone. It is
presented either as a steady state boundary layer
[Rothery, 1983; Nicolas and Boudier, 1991;
MacLeod and Yaouancq, 2000; Nicolas et al.,
2008], or as a dynamic one [Gillis and Roberts,
1999; Coogan et al., 2003; Wilson et al., 2006;
Gillis, 2008; Koepke et al., 2008]. The processes
occurring in this transition zone, and the relation-
ships between observed present-day lithologies and
the melt lens at the time of accretion are still debated
[e.g., MacLeod and Yaouancq, 2000; Gillis, 2008;
Nicolas et al., 2008].

[4] Nicolas et al. [2008] postulated that understand-
ing the complex processes acting at the sheeted dike/
gabbro transition requires studying undisturbed
portions of the ridge, away from domains where
accretion was under the influence of discontinuities
due to ridge propagation or segmentation. In the
present study, we havemapped in details the gabbro/
sheeted dike transition zone in two localities of the
Oman ophiolite that are, based on large-scale struc-
tural mapping [Nicolas et al., 2000], away from
major ridge axis tectonic activity. This study bears
information on the evolution of the melt lens, and
suggests a way to reconcile the apparently contrast-
ing, previously published models.

2. Background

[5] At fast spreading ridges, the upper oceanic crust
is composed of, from top to bottom, lavas, sheeted
dikes, and isotropic ophitic gabbros (and associated
coarse-grained gabbros and ‘‘oceanic plagiogran-
ites’’). The foliated gabbros, and layered gabbros
form the lower crust. Many models, based on
thermal modeling and/or ophiolite field data, have
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been proposed for the formation of the igneous
lower crust [e.g., Sleep, 1975; Nicolas et al.,
1988b;Nicolas, 1989;Henstock et al., 1993; Phipps
Morgan and Chen, 1993; Quick and Denlinger,
1993; Nicolas and Boudier, 1995; Boudier et al.,
1996; Kelemen et al., 1997; MacLeod and
Yaouancq, 2000; Garrido et al., 2001]. Most recent
models predict that the lower crust is fed from the
top, through subsidence of the crystallized material
from the melt lens, and/or from the bottom through
sill injections [Boudier et al., 1996; Kelemen et al.,
1997;MacLeod and Yaouancq, 2000; Nicolas et al.,
2009]. The balance between these two processes,
however, remains poorly constrained and is still
debated [e.g., VanTongeren et al., 2008; Webb,
2008]. MacLeod and Yaouancq [2000] proposed
that the lower crust is not fed from the axial melt
lens, and that the foliated gabbros in the upper part
of the igneous section only preserve the last incre-
ment of strain during crystallization in an upwelling
melt flow. They observed that plagioclase zoning
tends to increase up-section from the layered
gabbros to the foliated gabbro, possibly reflecting
the evolution of the melt as it migrates toward the
top of the crystal mush pile. In contrast, other
detailed studies of the high-level gabbros in the
Oman ophiolite suggest that the melt lens does play
a role in the genesis of the lower crust through
subsidence processes [Coogan et al., 2002; Nicolas
et al., 2009].

[6] The upper crust (volcanics and sheeted dike) is
considered to be injected from the melt lens [e.g.,
MacLeod and Yaouancq, 2000]. However, it may
not sample the whole melt lens. Based on observa-
tions made at Hess Deep (ODP Site 894), Natland
and Dick [1996] proposed that the melt lens is partly
filled with highly fractionated melts, too dense to
erupt. These uneruptable melts are expelled from the
underlying crystal mush column and seem to play a
minor role in the upper crust accretion as they are
expected to lie on the melt lens floor. The detailed
structural, petrological, and geochemical study of
the Wadi Abyad section, in the Oman ophiolite
[MacLeod and Yaouancq, 2000] shows that, even
if some highly fractionated pegmatitic gabbros may
form up to 40% of the outcrops in some parts of the
isotropic ophitic gabbro horizon, they are always
subordinated to finer-grained and more magnesian
gabbro.MacLeod and Yaouancq [2000] interpret the
Fe-Ti pegmatitic gabbros as melts differentiated
under reducing conditions and low water activities,
at the border of the melt lens. They also propose that
the average composition of the whole isotropic
gabbro horizon represents the melt lens composi-

tion; their calculations lead toMg # of 65 and a TiO2

content of 1.1 wt %, which is relatively similar to the
associated sheeted dikes and to typical N-MORB
erupted at intermediate to fast spreading ridges [e.g.,
Klein, 2003].

[7] The evolution and stability of the melt lens, as
well as its relationships with the overlying hydro-
thermally altered lithologies are also debated. These
points are discussed through detailed studies of the
root zone of the sheeted dike complex. This zone is
composed of fine-grained isotropic ophitic gabbro,
pegmatitic gabbro, some Fe-Ti gabbro and diorite,
and oceanic plagiogranites. It has been described in
the Oman ophiolite [Rothery, 1983; Nicolas and
Boudier, 1991] and recently revisited in details
[Nicolas et al., 2008]. Based on petrological and
structural observations,Nicolas et al. [2008] present
a new steady state model for the evolution of the
melt lens. They propose that most of the isotropic
gabbro horizon, called ‘‘root zone of the sheeted
dike complex,’’ is generated by hydrous partial
melting triggered by the intrusion of hydrothermal
fluids in the recently crystallized, still hot, base of
the sheeted dike complex. In this model, the root
zone lithologies do not represent the crystallization
of the melt lens, which is assumed to pinch out at its
tips. Macleod and Yaouancq [2000] also describe
the root zone of the sheeted dike complex in the
Oman ophiolite as a steady state horizon, but in
contrast with Nicolas and Boudier [1991] and
Nicolas et al. [2008], they interpret it as the crystal-
lized melt lens under anhydrous and reducing con-
ditions, implying little assimilation of hydrated
doleritic roof material. However, they show some
assimilation evidences [MacLeod and Yaouancq,
2000, Figure 2d]. Reheating and assimilation in
the root zone are documented in the Oman ophiolite
[Coogan et al., 2003; Gillis, 2008], in the Troodos
ophiolite [Gillis and Roberts, 1999; Gillis, 2002;
Gillis and Coogan, 2002; Gillis, 2008], and at Pito
Deep and Hess Deep [Gillis, 2008]. Wilson et al.
[2006] and Koepke et al. [2008] recently described
assimilation and reheating features within the root
zone of the sheeted dike complex in the IODP Hole
1256D, the first and so far only borehole in present-
day intact ocean crust that reaches the contact
between sheeted dikes and gabbro. Nicolas et al.
[2008] discuss these results by pointing out that
reheating and assimilation features are well known
in the Oman ophiolite in areas affected by ridge
segmentation [Juteau et al., 1988; MacLeod and
Rothery, 1992; Nicolas and Boudier, 1995; Boudier
et al., 2000; Adachi andMiyashita, 2003;Miyashita
et al., 2003; Umino et al., 2003], but have not been
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described in ‘‘undisturbed’’ zones, away from dis-
continuities, yet. They suggest that reheating and
assimilation, in the Oman and Troodos ophiolite,
and in the IODP borehole could be related to ridge
segmentation.

[8] To further constrain the characteristics of the
transition from gabbros to the sheeted dike complex
(i.e., the interface between the magmatic and the
hydrothermal systems), we have mapped in details
this transition in two ‘‘undisturbed’’ areas of the
Oman ophiolite (Wadi Gideah area, in the Wadi
Tayin Massif, and Al Ahmadi Hills area, in the Ibra
plain at the southern end of the Wadi Tayin Massif).
Because of its lithological heterogeneity, and of the
presence of many igneous contacts and fractures, the
root zone of the sheeted dike complex is a zone of
preferential meteoric alteration and outcrops very
poorly (see, e.g., MacLeod and Yaouancq [2000,

Figure 1], which shows the outcrops discontinuity).
Observations from these two regions are made over
continuous outcrops and are consistent with many
other visited sites where outcrops are not continuous.

3. Field Observations

[9] The two studied areas are located in the well-
exposed Wadi Tayin Massif, one of the southern
Massifs in the Oman ophiolite where ridge segmenta-
tion effects are minor [Nicolas et al., 2000] (Figure 1).
The southern massifs are large and flat-bottomed
synclines with the sheeted dike and subvertical
gabbro foliation trending �NW–SE. The NW–SE
segments are opened in an older domain where the
sheeted dike trends �NE–SW. The Wadi Gideah
area is situated in the Jebel Dimh, 10 km to the north
of Ibra and �10 km to the east of the main road

Figure 1. Simplified geological and structural map of the southern massifs and location (red box) in the Oman
ophiolite [afterNicolas et al., 2000]. Red circles indicate the locations of the studied zones (WG,Wadi Gideah; AAH, Al
Ahamadi Hills).

Geochemistry
Geophysics
Geosystems G3G3

france et al.: fossilization of a dynamic melt lens 10.1029/2009GC002652

4 of 30



between Muscat and Ibra. The Al Ahmadi Hills are
located in the large Wadi Nam, 6 km to the NW of
the Al Ahmadi village and 10 km to the NNWof the
town of Ibra.

3.1. Wadi Gideah Area

[10] The mapped area in Wadi Gideah extends from
the foliated gabbro in the north to the sheeted dikes
in the south, and includes in between the heteroge-
neous, isotropic ophitic gabbro horizon (Figure 2a).
The foliated gabbros present the same character-
istics as anywhere else in the Oman ophiolite; they
are granular, and display a subvertical foliation
trending N–S (Figure 3). Close to the contact with
the foliated gabbros, the isotropic ophitic gabbro
horizon is very heterogeneous; it is composed of
coarse-grained lithologies such as hornblende-oliv-
ine-gabbro or hornblende-gabbro, which contain
some strongly altered xenoliths of predominantly
fine-grained recrystallized diabase, but also gabbro
and hornblende-diorite. The relationships between
the different lithologies in this particular place are
unclear because of the intense weathering. To the
south, up-section, isotropic ophitic gabbros become
more homogeneous. Some isolated narrow and
elongated meter sized zones display a foliation
(�N–S, subvertical) that seems to underline the
contacts with gabbro injections. Rounded xenoliths
of gabbro and diabase, about 10 � 10 cm on
average, are accumulated at small hill summits in
the whole isotropic gabbro horizon (Figures 2 and
4a). Magmatic breccias with a leucocratic matrix
enclosing gabbro or dike xenoliths are also observed
(Figures 2 and 4b). Except for one occurrence close
to the foliated gabbro (Figure 2), these breccias are
located close to, or at the contact between the
isotropic ophitic gabbro horizon and the sheeted
dikes. Figures 2b and 2c show two hills in the
ophitic gabbros topped by sheeted dike. No fault is
observed between these two hills. The vertical offset
of the contact between gabbros and sheeted dike is
consequently assumed to represent initial depth
variations of this contact along the ridge axis. To
the south, the sheeted dikes present the same char-
acteristics as anywhere else in the Oman ophiolite,
and trend N–S, subvertical (Figure 3). Each dike is
about 1 to 1.5 m wide and present chilled margins
against other dikes. Some later dikes with chilled
margins, also 1 to 1.5 m wide, crosscut the isotropic
gabbros and the previous sheeted dikes; they are
subparallel to the sheeted dike complex (Figure 5).

[11] Isotropic ophitic gabbros intrude the base of the
sheeted dikes, and locally assimilate dike fragments

(Figure 6). Sparse diabase xenoliths are locally
observed. Gabbros clearly crosscut former chilled
margins (Figure 6), and locally intrude the sheeted
dike base, but do not invade it further than about 1 m
above the main contact. Some contact outcrops
show a gradation toward the contact from gabbroic
rocks to more leucocratic ones (Figures 6c and 6e).
Coarse-grained isotropic ophitic gabbros are also
common in the root zone and at the contact with
xenoliths (Figure 6f).

[12] Dikes truncated by ophitic gabbro show well-
equilibrated (with �120� triple junctions), fine-
grained granular textures, called hereafter ‘‘grano-
blastic textures’’ (Figure 7a). These textures are
clearly distinct from the doleritic textures classically
observed in Oman ophiolite sheeted dikes. Recrys-
tallized texture is observed on both sides of dike
margins; that is, it overprints both last and former
dikes (Figures 7a and 7b). The average grain size in
the granoblastic margins overprinting the chilled
margins is �10 mm. Ten centimeters away from
the margins, the recrystallized textures display
coarser granular grains (�50 mm; Figure 7b); pla-
gioclases are largely less recrystallized than pyrox-
enes. Patches with granoblastic texture (0.5 to 1 mm
wide) are also observed in the uppermost isotropic
gabbros (Figure 7c). The paragenesis of granoblas-
tic domains includes plagioclase, clinopyroxene,
amphibole, magnetite, and ilmenite. Granoblastic
texture lithologies are particularly rich in oxides
(Figures 7a, 7b, 7e, and 7g). The corresponding
mineral assemblages are commonly complex with
different generations of clinopyroxenes and
amphiboles (Figure 7f) and clinopyroxenes com-
monly contain numerous tiny oxide inclusions.
Oxide inclusion-rich clinopyroxene veins (100 to
200 mm wide) in the base of the sheeted dikes are
crosscut by intrusive gabbros (Figures 7g and 7h).
The leucocratic lithologies (oceanic plagiogranites)
that are sometimes present at the base of the dikes
contain tiny clinopyroxenes (20 to 50 mm) associ-
ated with oxides, suggesting that these correspond to
relics of parageneses from the granoblastic stage.
These minerals have rounded shapes and appear to
be relics of former larger grains. This observation is
critical to constrain the origin (differentiation versus
hydrous partial melting) of these oceanic plagiog-
ranites (see discussion below). All samples are
moderately to strongly altered in the greenschist
facies; actinolite and albitized plagioclases replace
magmatic ones, clinopyroxenes and higher-temper-
ature amphibole (hornblende and pargasite). In
some samples the granoblastic texture is so strongly
altered that it is hardly recognizable (Figure 7d).
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Figure 2. Wadi Gideah area. (a) Geological and structural map. The black rectangle represents the location of
Figure 2b. (b) Zoom on the two hills that have their summits and southern flanks composed of sheeted dikes and their
northern flanks composed of gabbros. The yellow line indicates the position of the cross section in Figure 2c. (c) Cross
section showing the two hills from Figure 2b. The thick gray line indicates the gabbro/sheeted dike transition that is
precisely mapped in Figure 2b. No fault has been observed.
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Figure 3. Stereonets (lower hemisphere, nonpolar data, geographical reference system) showing field structural
measurements: (left) sheeted dike and (right) magmatic foliations in foliated gabbros (top) in the Wadi Gideah area and
(bottom) in the Al Ahmadi Hills area.

Figure 4. (a) Xenoliths of granoblastic dikes in isotropic ophitic gabbro and (b) magmatic breccia consisting of recrys-
tallized sheeted dike within a silicic (oceanic plagiogranite) matrix. Both outcrops are in the Wadi Gideah area.
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3.2. Al Ahmadi Hills

[13] The Al Ahmadi Hills are aligned along a small,
3000m long and�50m high ridge that trends NW–
SE (Figure 8a). At the northern tip of this ridge, the
first lithology encountered is olivine gabbro, with a
steep, strong magmatic foliation oriented 160E75
on average (Figures 3 and 9a). In some rare, about
1 to 5 m large domains, the foliation is hardly
identifiable in the field. Microscopic observations
show that the foliation is similar to what is observed
in the other foliated samples, with olivine mantled
by orthopyroxene and pargasite (Figure 9b). This
assemblage is described by Koepke et al. [2005a,
2005b] and Nicolas et al. [2003], and may trace late
magmatic processes such as hydrous partial melting
reactions or late crystallization in the presence of
water.

[14] The transition to the next horizon above, mostly
composed of isotropic ophitic gabbros, is sharp. It
occurs over less than 10 m. This horizon is strongly
altered in the greenschist facies, as shown by the
abundance of actinolite. Immediately above this
contact, the ophitic gabbros contain numerous large
xenoliths (up to 1.5 m large; Figures 8a, 8b, and 8d),
which are composed either of oxide-rich grano-
blastic overprinted dikes (Figure 9c) or of gabbroic
rocks. This area is composed of about 60% isotropic
ophitic gabbros, 30% xenoliths, and nearly 10%
pegmatitic gabbros very similar to those of Wadi
Gideah (Figures 6d and 6f), forming the matrix
around the xenoliths. In some localized (�10 m)
zones, xenoliths represent up to 90% of the outcrop-
ping material. Xenolith accumulation appears more
abundant in the lower third of the isotropic ophitic
gabbro section (Figures 8a and 8d). Xenoliths and
pegmatitic gabbros become less abundant, and nearly

disappear up-section, to finally reappear close to the
contact with the sheeted dikes.

[15] As observed in Wadi Gideah (Figure 6), the
contact between the isotropic ophitic gabbros and
the overlying sheeted dike complex is very sharp.
Gabbros are again intrusive in the sheeted dike and
crosscut former dike margins. Close to this contact,
dike xenoliths are locally accumulated, generally
small (�10 cm, Figure 8c), and form �1 m wide
clusters (Figures 8c and 8d). These xenoliths have
granoblastic textures; they are totally metamor-
phosed in the greenschist facies and the granoblastic
texture is commonly blurred. The base of the dikes is
also very altered but the recrystallized granular
texture, associated to an enrichment in granular
oxides, is still recognizable in some samples (Figure
9d); these are interpreted as relics, after subsequent
alteration, of the granoblastic overprint. Because of
the strong greenschist facies overprint and of the
strong weathering, it is not possible to estimate the
vertical extent of the granoblastic overprint. These
textures are identical to those observed in the same
structural position in the Wadi Gideah area.

[16] Up-section, the Al Ahmadi hills continue over
�1000 m with the sheeted dike complex, oriented
0E50 on average (Figure 3). The sheeted dikes are
typical of what is observed elsewhere in the Oman
ophiolite; it is made of parallel, about 1 to 1.5 m
wide, greenschist altered dikes, bounded by dark
chilled margins against other dikes.

[17] In the whole section, late dikes crosscut other
lithologies. In the lower part of the section, late dikes
display microgranular margins that are nearly free of
oxides (Figure 9e), and ophitic coarser grained
center (Figure 9f). They grade up-section, close to

Figure 5. Late diabase dikes crosscutting isotropic ophitic gabbros in the Wadi Gideah area.
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Figure 6. Outcrops in the root zone of the sheeted dikes. (a) Recrystallized sheeted dike (granoblastic dike) intruded
by gabbro. Recrystallized chilled margins are crosscut by the intrusive gabbro. A late dike (‘‘dike 2’’) crosscuts
the gabbro and recrystallized dikes (‘‘dike 1’’). (b) Dioritic intrusion that crosscuts a recrystallized dike margin with
granoblastic texture. (c and e) Gabbro assimilating recrystallized sheeted dike. The gradation to more leucocratic
lithology at the contact is visible. A small shear zone affecting the dikes and gabbro is visible on the right side of
Figure 106c. (d and f) Xenoliths of recrystallized dikes showing granoblastic texture in isotropic gabbro. Patches of
coarser grained gabbro are observed around the xenolith in d), and all surrounding gabbro is pegmatitic in Figure 6f.
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Figure 7
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Figure 7. Photomicrographs and BSE images of samples from the Wadi Gideah area. (a) Fine-grained granoblastic
texture with a high oxide concentration in a recrystallized dike margin (plane-polarized light). (b) Coarser-grained
recrystallized texture in the center of a recrystallized dike (plane-polarized light). (c) Granoblastic patch in isotropic
gabbro in the center of the picture (plane-polarized light). (d) Coarse-grained recrystallized texture partially erased by
a strong greenschist facies alteration in a granoblastic dike (plane-polarized light). Arrows indicate granular grains.
(e) BSE image of the granoblastic texture in a recrystallized dike. Dark gray minerals are plagioclases, light gray
minerals are clinopyroxene + amphibole, and white minerals are oxides. (f) BSE image focusing on Fe-Mg minerals
present in the granoblastic dikes. Different generations of clinopyroxenes (Cpx) and amphiboles are present (orange
numbers indicate temperatures estimated with Ernst and Liu [1998]). The white phase is a mixture of ilmenite and
magnetite. Redox and temperature estimates are calculated using Sauerzapf et al. [2008]. (g) Isotropic gabbro cross-
cutting a recrystallized granoblastic dike. In the recrystallized dike, the truncated clinopyroxene vein is believed to
derivate from a former amphibole bearing hydrothermal vein (cross-polarized light). The red square indicates the
position of the BSE in Figure 7h. (h) BSE image of the truncated clinopyroxene vein in Figure 7g. Note the occurrence
of numerous tiny oxide inclusions in the clinopyroxenes.

Figure 8. Al Ahmadi Hills area. (a) Geological and structural map. The dotted line indicates the location of the cross
section in Figure 8d. (b) Large xenoliths of recrystallized dike fragments close to the foliated gabbro/isotropic gabbro
transition. (c) Decimeter-sized xenoliths of recrystallized dikes close to the transition between isotropic gabbro and
recrystallized sheeted dikes. (d) NW–SE cross section. Vertical exaggeration is �3; the isotropic gabbro horizon is
�100 m thick. The base of the sheeted dike is reheated and recrystallized over a distance that is not constrained because
of the strong weathering.
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Figure 9. Photomicrographs of samples from the Al Ahmadi Hills area. (a) Foliated olivine-gabbro (cross-polarized
light). (b) Altered olivine (Ol) surrounded by orthopyroxene (Opx) and pargasite (Parg) in the foliated gabbro domains
where the foliation is hardly identifiable in the field (cross-polarized light). (c) Granoblastic overprint in a diabase
xenolith. Arrows indicate the small granoblastic grains (plane-polarized light). (d) Strongly altered coarser-grained
recrystallized texture from the base of the sheeted dike complex (center of a recrystallized dike: plane-polarized light).
Arrows indicate granular grains. (e) Microgranular texture of a protodike margin (plane-polarized light). (f) Protodike
center showing a texture similar to the isotropic ophitic gabbro (plane-polarized light).
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the contact with the sheeted dikes, to diabase dikes
with chilled margins. Nicolas and Boudier [1991]
and Nicolas et al. [2008] described in the root zone
of the sheeted dike complex similar dikes with
ophitic texture in the center and microgranular
margins, which they name ‘‘protodikes,’’ and as-
cribed to slow cooling in a hot and hydrous envi-
ronment. The magmatic protodikes depart from the
metamorphic granoblastic truncated dikes in that
only their margins display microgranular textures
(e.g., compare Figure 7a with Figure 9e for the
margins and Figure 7b with Figure 9f for the center
of dikes). We interpret the late dikes observed in the
mapped areas as protodikes that intrude the still hot,
recently crystallized gabbros. Because a single pro-
todike cannot be followed in the field over hundreds
of meters, the textural transition from protodikes
with microgranular margins to dikes with chilled
margins up-section is not precisely located.

4. IODP Hole 1256D

[18] IODP Hole 1256D reached for the first time the
sheeted dikes/gabbro transition in ultrafast spread
oceanic crust [Teagle et al., 2006; Wilson et al.,
2006; Alt et al., 2007]. The sheeted dikes/gabbro
transition is sharp and represents an intrusive con-
tact similar to those observed in Oman (Wilson et al.
[2006, Figure 4c] and Figure 6 herein). The base of
the sheeted dike complex comprises recrystallized,
granoblastic texture domains (granulitic facies) over
�60 m; this texture is identical to the granoblastic
one described herein in samples from Oman (see for
example the concordance between Figures 7a and
10a for the fine granoblastic lithologies and 7b and
10b for coarser-grained recrystallized ones). The
section below the sheeted dike/gabbro contact has
been resampled for this study (Table A1).

[19] Wilson et al. [2006] describe two granoblastic
intervals that are interpreted as ‘‘screens of grano-
blastic dikes,’’ the first one (�15 to 25 m thick) is
located between two gabbroic bodies (‘‘gabbro 1’’
(�45 m) and deeper ‘‘gabbro 2’’ (�15 m)) and the
second one (very poorly recovered) at the bottom of
the ‘‘gabbro 2’’ interval, close to the bottom of Hole
1256D. The first thick ‘‘screen of granoblastic
dikes’’ (Figure 10c) is poorly recovered (<30%;
Figure 11). However, even in the most contin-
uous cores of this interval, granoblastic lithologies
are crosscut by thin intrusions of gabbros and
oceanic plagiogranites, with diffuse to sharp con-
tacts (Figure 11).

[20] We have also observed in the core the presence
of sparse, small (cm to �10 cm) xenoliths in the
upper part of the ‘‘gabbro 1’’ interval, at the contact
with the base of the granoblastic dikes and, as
described by Wilson et al. [2006], higher concen-
trations of xenoliths deeper in the ‘‘gabbro 2’’
interval, close to the bottom of the drilling hole.
The sampled xenoliths show recrystallized textures
similar to the ones of the base of the granoblastic
dikes and to the ones of the thick ‘‘screen of
granoblastic dikes’’ located between the ‘‘gabbro
1’’ and ‘‘gabbro 2’’ intervals. Granoblastic patches
similar to those observed inWadi Gideah (Figure 7c)
are also observed in the ‘‘gabbro 1’’ and ‘‘gabbro 2’’
intervals (Figure 10d).

5. Mineral Compositions
and Thermometry

[21] Mineral electron microprobe analyses were
performed at Géosciences Montpellier and at the
Institut für Mineralogie, Hannover using a Cameca
SX 100 electron microprobe equipped with 5 spec-
trometers and an operating system ‘‘Peak sight.’’
Data were obtained using a 15 KV acceleration
potential, a static (fixed) beam, Ka emission from
all elements, and the ‘‘PAP’’ matrix correction
[Pouchou and Pichoir, 1991] in Hannover and its
modification [Merlet, 1994] in Montpellier. Most
element concentrations were obtained with a beam
current of 15 nA and a counting time of 10 to 120 s
on peak and background.

[22] Analyses presented herein (Table A1) were
acquired on samples from the base of the Oman
sheeted dike (granoblastic domains), from diabase
xenoliths that are present in the isotropic ophitic
gabbros, from coarse-grained gabbros that surround
these xenoliths, from oceanic plagiogranites sam-
pled at the base of the sheeted dikes, from a proto-
dike, and from foliated gabbros. All Oman samples
come from the Al Ahmadi Hills and Wadi Gideah
areas. We also present for comparison analyses of
IODP Hole 1256D samples. These samples come
from the lowermost granoblastic dikes (just above
the first recovered gabbro), from the ‘‘screen of
granoblastic dikes’’ located between the ‘‘gabbro
1’’ and ‘‘gabbro 2’’ intervals, and from granoblastic
xenoliths in gabbros.

5.1. Root Zone Lithologies and Protodikes

[23] In Oman samples, plagioclase compositions are
very variable; they range from An10 to An57 in
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granoblastic lithologies and xenoliths, and reach
An74 in the protodike (Figure 12). Clinopyroxene
Mg # ranges from 59 to 72 in granoblastic litholo-
gies and reaches 75 in the protodike (Figure 12).
Al2O3 and TiO2 are significantly low compared to
typically magmatic clinopyroxenes from oceanic
mafic rocks and to those obtained experimentally
in corresponding tholeiitic systems (Figure 13).
TiO2 is strongly correlated with Al2O3 (with
Al2O3/TiO2� 3) and shows an apparent linear trend
pronounced at low concentrations (Figure 13). CaO
contents are high, and Cr2O3 is nearly always under
detection limits. Orthopyroxenes are present only
in protodikes and have an Mg # of 68. Amphibole

compositions are variables, including actinolite,
hornblende, edenite, and pargasite. One granoblas-
tic dike sample from the Wadi Gideah area contains
zoned plagioclases, with An22 cores and An38 rims.
Granoblastic patches observed in the isotropic
ophitic gabbros (Figure 7c) are similar in composi-
tions to other granoblastic lithologies, with An48
plagioclases and Mg # = 69 for clinopyroxenes.
Oxide bearing clinopyroxene from the truncated
veins observed at the sheeted dike/gabbro transition
(Figures 7g and 7h) plot in the TiO2 versus Al2O3

linear trend (Figure 13).

[24] In oceanic plagiogranites, plagioclases are al-
bite to oligoclase with An ranging from 7 to 27.

Figure 10. Photomicrographs of samples from IODPHole 1256D (plane-polarized light). Photographs in Figures 10a
and 10d are from the IODP database (Expedition 312; http://iodp.tamu.edu/janusweb/imaging/tsmicro.shtml). (a) High
oxide concentration in a fine-grained granoblastic dike (recrystallized base of the sheeted dike complex; sample
312_1256D_205R1_10-14). (b) Coarser-grained, partially recrystallized texture (pyroxenes are granular and recrys-
tallized) in diabase at the base of the granoblastic dike interval (sample 312_1256D_209R1_170-19). (c) Coarser-
grained, partially recrystallized texture in the ‘‘granoblastic screen’’ located between gabbro 1 and gabbro 2 (interpreted
as xenoliths of recrystallized dikes in the present study (see section 6.3 for further discussion); sample 312_1256D_
227R1_30-34). Pyroxenes are granular, and oxide-bearing clinopyroxenes are inferred to crystallize after former
amphiboles. (d) Patch with structure interpreted as a former granoblastic domain in isotropic gabbro (sample 312_
1256D_223R3_1-6).
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Small clinopyroxenes, which show petrographic
features similar to those from granoblastic litholo-
gies are characteristically low in Al, Ti, and Cr, and
plot on the TiO2 versusAl2O3 linear trend (Figure 13).

[25] Mineral compositions from the IODP Hole
1256D granoblastic lithologies are similar to those
from the same lithologies in Oman (Table A1 and
Figure 12). Plagioclase composition ranges from

Figure 11. IODP 1256D drilled cores between 1450.8 and 1484.4 mbsf. From top to bottom, encountered lithologies
are xenolith-bearing gabbro 1, granoblastic lithologies described as a ‘‘screen of granoblastic dikes’’ by Wilson et al.
[2006], and xenolith-bearing gabbro 2. The two photographs show some of the felsic to mafic ‘‘melts’’ that crosscut the
recrystallized granoblastic lithologies. Red circles highlight the xenoliths of granoblastic lithologies, and orange stars
highlight the occurrence of felsic to gabbroic coarse-grained material. Intervals with recrystallized granoblastic texture
are highlighted by thick red lines along the core margins. The dotted green lines represent the upper and lower limits
of the ‘‘screen of granoblastic dikes’’ described by Wilson et al. [2006]. The continuous granoblastic domains are less
than 1 m thick.
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andesine (An41) to labradorite (An67). Clinopyrox-
enes range from augite to diopside, with Mg #
between 63 and 74, low Al2O3 and low TiO2 con-
tents, high CaO content, and Cr2O3 always under
the detection limit (Figure 13). These clinopyrox-
enes plot in the TiO2 versus Al2O3 linear trend
(Figure 13). Orthopyroxenes are enstatite, with Mg
# between 58 and 66. Amphiboles are hornblende
and pargasite with late actinolite.

5.2. Isotropic/Foliated Gabbro Transition
in Wadi Gideah

[26] Xenolith samples contain plagioclase ranging
from An31 to An57. Clinopyroxenes are either augite
or diopside, and haveMg # between 61 and 77. They
are depleted in Al2O3 and TiO2, and enriched in
CaO; Cr2O3 is always under detection limits; they
plot in the TiO2 versusAl2O3 linear trend (Figure 13).
Amphiboles are hornblende.

[27] Gabbroic samples contain olivine with Mg # of
78; plagioclases range from An57 to An86 and
clinopyroxenes are mostly diopside with Mg # of
86. Clinopyroxenes have high Al2O3 contents and
high Cr2O3 contents (up to�1 wt %) and plot out of
the TiO2 versus Al2O3 linear trend defined by
clinopyroxenes from granoblastic lithologies at the
base of the sheeted dikes. Amphiboles are pargasite.

5.3. Foliated Gabbros

[28] In foliated gabbros olivine is Fo73, and plagio-
clase is bytownite with An84. Clinopyroxenes range
from augite to diopside, withMg # of 88 on average,
and plot out of the TiO2 versus Al2O3 linear trend
defined by clinopyroxenes from the granoblastic
samples. Cr2O3 content is 0.55 wt %, clearly above
the detection limit. Amphiboles are hornblende,
edenite and pargasite. In the domains of foliated
gabbros that contain late orthopyroxene and parga-
site rims around olivine, plagioclase is bytownite
with An83, clinopyroxenes are augite to diopside
with Mg # of 82 in average and also plot out of the
TiO2 versus Al2O3 linear trend defined by grano-
blastic clinopyroxenes. Cr2O3 contents are also
above the detection limit (0.17 wt %). Orthopyrox-
ene that rims olivine is enstatite with an average Mg
# of 73.

5.4. Thermometry

[29] Calculated temperatures obtained from amphi-
bole compositions with the Ernst and Liu [1998]
semiquantitative thermometer, from coexisting am-
phibole and plagioclase with the Holland and
Blundy [1994] thermometer, and from coexisting
clinopyroxenes and orthopyroxenes with the Ander-
sen et al. [1993] thermometer, are summarized in
Table 1. The errors on these temperature estimates
are indicated in Table 1 for the two-pyroxene
thermometer, are ±35–40�C for the Holland and
Blundy [1994] thermometer, and are not estimated
by Ernst and Liu [1998] for their semiquantitative
thermometer. Temperatures obtained from amphib-
oles compositions reach �1020�C with the Ernst
and Liu [1998] thermometer, �820�C with the
Holland and Blundy [1994] thermometer, and are
consistent with granulite facies conditions. Temper-
atures obtained with the Andersen et al. [1993]
thermometer reach 1030�C in granoblastic litholo-
gies (xenoliths and truncated dikes) and 950�C in
protodikes.

6. Discussion

6.1. A Dynamic Melt Lens

[30] The occurrence of a sharp contact between
sheeted dikes and underlying gabbro, with abruptly
truncated sheeted dikes, and of gabbroic to oceanic
plagiogranitic dikelets intruding the sheeted dike,
together with the evidence that gabbroic and oceanic
plagiogranitic bodies crosscut former dike margins,
imply a magmatic contact that is not disturbed by

Figure 12. Mg # of clinopyroxene versus An content
of plagioclases for recrystallized granoblastic dikes and
xenoliths from Oman and from IODP Hole 1256D
(average values for each sample). Protodike, foliated
gabbro, and coarse-grained gabbro compositions are
given for comparison. As low-temperature alteration has
led to a late albitisation of some samples, the maximum
values of the An content are used.
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tectonics (Figure 6). This magmatic contact could be
the consequence of either the upwelling of a magma
body which intrudes the dikes, or hydrous partial
melting of the dikes. The latter could be induced
either by an injection of hydrous fluids in a still hot
(>850�C) environment [Nicolas et al., 2008], or by
the upwelling of the magma body which reheats
some previously hydrothermally altered lithologies
above their hydrous solidus [e.g., Coogan et al.,
2003; Wilson et al., 2006]. Both hydrous melting
processes lead to the generation of felsic to mafic

melts, depending on temperature [Beard and
Lofgren, 1991; Koepke et al., 2005b]. Observa-
tions made in Oman and in IODP Hole 1256D
allow the identification of active processes in the
root zone of the sheeted dike complex.

[31] The granoblastic textures at the base of the
sheeted dikes could be ascribed to contact metamor-
phism, as proposed for IODPHole 1256D [Wilson et
al., 2006; Koepke et al., 2008], the Troodos ophio-
lite [Gillis and Roberts, 1999], or Wadi Him in

Figure 13. TiO2 versus Al2O3 in clinopyroxene for recrystallized granoblastic dikes and xenoliths from Oman and
from IODP Hole 1256D. Fields represent data from literature for comparison: (a) natural samples and (b) experimental
samples. Natural sample data are from Dziony et al. [2008] for the IODP Hole 1256D sheeted dikes not affected by
granoblastic imprint (SD), fromMiyashita et al. [2003] and Pallister and Hopson [1981] for the Oman ophiolite sheeted
dikes and gabbros, and from Boudier et al. [2000] and Gerbert-Gaillard [2002] for the Oman gabbronorites.
Experimental data are from Snyder et al. [1993], Toplis and Carroll [1995], and Toplis et al. [1994] for Fe-Ti MORB
crystallization experiments (Xp Fe-Ti MORB); from Berndt et al. [2005] and Feig et al. [2006] for hydrous
crystallization experiments in primitive MORB-type system; from Grove and Bryan [1983] and Kinzler and Grove
[1992] for MORB crystallization experiments (Xp MORB); and from Koepke et al. [2004] for clinopyroxenes formed
during hydrous partial melting of gabbros. Note that the clinopyroxene in the granoblastic lithologies form a
characteristic linear trend at low concentrations, which is not shown by data for typical MORB magmatic processes,
neither from natural occurrences nor from experiments.
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Oman [Gillis, 2008]. However, in contrast to what is
postulated by Gillis [2008], contact metamorphism
is not the only process producing well-equilibrated
fine-grained textures. Alternatively, Rothery [1983],
Nicolas and Boudier [1991], and Nicolas et al.
[2008] argue that microgranular textures of ‘‘proto-
dike’’ margins are magmatic and represent, in a
steady state system, the roots of the sheeted dikes.
We propose that the late dikes described herein
correspond to such protodikes. However, several
features described in the dikes truncated by gabbro
and in granoblastic xenoliths depart from the proto-
dike description:

[32] 1. The core of truncated dikes is also grano-
blastic (Figures 7b and 9d) while the core of proto-
dikes is described as texturally close to isotropic
ophitic gabbro [Nicolas et al., 2008] (Figure 9f).

[33] 2. All granoblastic xenoliths and truncated
dikes described in this study contain either high
oxide concentrations (up to 10% of ilmenite +
magnetite), or numerous oxide inclusions in pyrox-
enes, or both (Figures 7, 9c, and 9d). The observed
oxide concentrations depart from the published
protodike descriptions [see, e.g., Nicolas et al.,
2008, Figure 6a], and the occurrence of numerous
tiny oxides inclusions in the clinopyroxenes of
granoblastic lithologies is interpreted as a conse-
quence of the granulitic overprint of previously
hydrothermally altered dike rocks. Koepke et al.
[2008] described the evolution of the granoblastic
metamorphism in the drilled core from site 1256D
and show that similar clinopyroxenes with oxide
inclusions, present in the granoblastic dikes from
IODP Hole 1256D, recrystallized from former
amphiboles. In Oman, the occurrence of veins
composed of oxide-bearing clinopyroxenes at the
base of the truncated granoblastic sheeted dikes
(Figures 7g and 7h) also points to a metamorphic
origin. Amphibole-bearing hydrothermal veins are
common at the base of the sheeted dike complex,
but magmatic clinopyroxenite veins have not been
described. We postulate here that these peculiar
veins result from the recrystallization of amphibole-
bearing hydrothermal veins through dehydration
reactions during a reheating episode.

[34] 3. Clinopyroxenes from the prograde veins
have compositions similar to those in the granoblas-
tic dikes and xenoliths (Table A1 and Figure 13).
They are poor in Al2O3, rich in CaO and plot in the
TiO2 versus Al2O3 linear trend defined by grano-
blastic clinopyroxenes (Figure 13). These com-
positions clearly differ from published ones for

magmatic natural and experimental clinopyroxenes
in oceanic lithologies (Figure 13). Such compo-
sitions with uncommon low Al2O3 contents may
indicate, as shown by Spear and Markussen [1997],
inframagmatic temperature equilibration (<1000�C),
and are consistent with granulite facies condi-
tions. The correlation of Al2O3 with TiO2 could be
explained by the fact that Ti stability in clinopyrox-
ene is linked to its Al content [Lundstrom et al.,
1998]. The very low Cr2O3 content (always under
detection limits) also supports the metamorphic
origin of these minerals, as magmatic oceanic
pyroxenes contain higher amounts of Cr [Koepke
et al., 2008]. An incongruent origin linked to low
degrees of hydrous partial melting of previously
hydrothermally altered dikes may also be proposed
as it would also result in the destabilization and
dehydration of amphibole-bearing lithologies.

[35] All granoblastic xenoliths and truncated dikes
have similar petrological and geochemical charac-
teristics, which are clearly different from protodikes.
Their occurrence attests to a reheating stage that we
relate to the upwelling of the top of the melt lens.
The presence of granoblastic xenoliths and patches
in the isotropic ophitic gabbros, which are believed
to represent some reheated pieces of previously
hydrothermally altered sheeted dike, attests to as-
similation processes, and is consistent with an
upwelling stage. Upward migration of the melt lens
summit can be triggered either by an upward mi-
gration of the whole melt lens, or by an inflation of
its volume. Alternatively, the intrusive contact of
gabbro with sheeted dikes, and associated reheating
could be related to the off-axis injection of a new
melt lens, as recently imaged at the East Pacific
Rise by Canales et al. [2008].

[36] The common occurrence of leucocratic rocks
(oceanic plagiogranites) at the contact between the
sheeted dikes and the underlying gabbros may be
related either to differentiation at the top of the melt
lens or to hydrous partial melting of the sheeted
dikes [Pedersen and Malpas, 1984; Beard and
Lofgren, 1991]. In the present case, because reheat-
ing and magma upwelling are documented, and
temperatures up to 920�C and 1000�C are calculated
for the granoblastic dikes and the xenoliths, respec-
tively, leucocratic rocks are likely generated by
hydrous partial melting induced by reheating of
hydrothermally altered dikes. This hypothesis is
also supported by the occurrence, in the oceanic
plagiogranites, of relic pyroxenes that are chem-
ically identical to those of the reheated granoblastic
dikes (Table A1). The reverse zoning observed in
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plagioclases at the base of one granoblastic dike in
Wadi Gideah may result from an early hydrothermal
alteration stage leading to the albitisation of plagio-
clases (An22), followed by hydrous partial melting
that leads to the generation of wet dioritic melts
percolating through the base of dikes and crystal-
lizing An38 plagioclase rims.

[37] The late dikes (hereafter ‘‘dike 2,’’ Figure 5)
that crosscut the isotropic ophitic gabbros postdate
the contact between the gabbro and the sheeted
dikes, and imply the crystallization of the isotropic
ophitic gabbros subsequently to a downward migra-
tion of the melt lens. Dikes 2 could either be injected
from the remaining melt lens, or be injected laterally
along axis, or be related to an off-axis magmatic
episode. Because dikes 2 grade downward to pro-
todikes, they must be emplaced in a still hot envi-
ronment (�950�C according to the two-pyroxene
thermometer), hence not far off axis. The low Al
content of the clinopyroxenes present in protodikes
also attests to a relatively low temperature equili-
bration that can correspond to subsolidus condi-
tions. The equilibration of pyroxenes at these
temperatures may result from slow cooling of the
isotropic gabbro body.We interpret dikes 2 intrusion
in ophitic gabbro as illustrating the downward
migration of the top of the melt lens. This downward
movement results in the crystallization of the iso-
tropic ophitic gabbros, and allows injection of new
dikes in this still hot environment from the under-
lying melt lens or laterally, along axis. The down-
ward movement could be triggered either by
downward migration of the whole melt lens or by
a deflation of its volume.

[38] In Wadi Gideah, the sheeted dikes/gabbro tran-
sition is a well-defined contact that can bemapped in
the field (Figure 2). We interpret the mapped contact
(Figure 2c) as reflecting a �50 m depth variation of
the melt lens roof over a distance of �150 m.
However, one cannot exclude that this offset is
related to a thin fault or shear zone, which is not
visible due to the poor outcropping conditions
between the two hills. Larger amplitude (one to
several kilometers) variations of the melt lens sum-
mit depth have been documented by seismic imag-
ing at the East Pacific Rise [Cormier, 1997;
Hussenoeder et al., 1996; Solomon and Toomey,
1992; Singh et al., 1998]. An along-axis ‘‘fine-scale
segmentation’’ of the melt lens reflector has been
recently imaged in the 9�50N region of the East
Pacific Rise [Carbotte et al., 2008], and reveals
comparable depth variations of tens of meters.

6.2. Stoping, Assimilation,
and Coarse-Grained Gabbros

[39] In the context of magma upwelling at the root of
the sheeted dikes, the occurrence of oxide-rich,
granoblastic xenoliths in the isotropic ophitic
gabbros is significant. Some xenoliths are located
near the contact with sheeted dikes, but most of them
appear to be accumulated at the base of the isotropic
ophitic gabbro horizon, as seen in Al Ahmadi Hills,
above the contact with foliated gabbros (Figure 8).
The density of granoblastic xenoliths is �3.02 g
cm�3 (by considering the modal proportions from
our petrological observations and crystal densities at
1000�C [Fei, 1995]: �60% plagioclase, d � 2.6 g
cm�3; �30% clinopyroxene, d � 3.3 g cm�3; �5%
magnetite, d � 4.9 g cm�3 and �5% ilmenite, d �
4.5 g cm�3). Because plagioclase is the only mineral
of the granoblastic assemblage that has a density
lower than the estimated whole rock, and samples
with plagioclase contents >60% are rare, this esti-
mated density is a lower bound. It is significantly
higher than the density of a dry basaltic melt that is
thought to fill the melt lens, which is �2.7 g cm�3,
(calculated with a pressure of 1 kbar and a temper-
ature of 1100�C [e.g., Lange and Carmichael,
1990]). The melt density can be slightly higher if
more evolved, and slightly lower if hydrous, but
such melts are not expected to be dominant in the
melt lens. Stoping is also controlled by the rheology
of the host magma. It requires that the crystal
content in the melt lens is low enough that it does
not change significantly the density and viscosity of
the magma. Geophysical and petrophysical studies
show that underneath the melt lens is the main
magma chamber, which contains on average a
minimum of 80% of crystals [e.g., Caress et al.,
1992; Collier and Singh, 1997; Singh et al., 1998;
Lamoureux et al., 1999; Dunn et al., 2000; Craw-
ford and Webb, 2002]. Xenoliths have therefore
sunk through the mostly liquid melt lens to accu-
mulate at its floor. These xenoliths are now observed
in the lower part of the isotropic ophitic gabbros,
which we must then interpret as representing the
melt lens fossilized once away from the axis. As the
floor of the melt lens is believed to continuously
subside [e.g.,Nicolas et al., 2009], we speculate that
the xenolith accumulation that we observe occurred
close to the off-axis margin of the melt lens. Pre-
sumably, dike fragments are also stoped on axis, but
they cannot be preserved as they are either fully
assimilated or entrained and transposed downward
within the foliated gabbros [Boudier et al., 1996;
Nicolas et al., 2009] in which they are observed as
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recrystallized microgabbronorite centimeter to deci-
meter thick lenses [Boudier et al., 2000]. Singh et al.
[1998] have shown that the melt lens is not contin-
uous along the ridge axis but that it ranges from pure
melt to mush. The partly crystallized zones may
represent the first step toward the fossilization of the
melt lens occurring when a decrease in themagmatic
activity happens in a given section of the ridge.

[40] We also interpret the granoblastic patches (0.5
to 1 mm wide) in the ophitic gabbros as relics
resulting from the partial assimilation of sheeted
dike fragments (Figure 7c). The oxide-rich grano-
blastic texture of xenoliths is consistent, as de-
scribed above, with a granulitic overprint, and
related dehydration of previously hydrothermally
altered lithologies. Enclosing gabbros contain
amphiboles that record temperatures (�1020�C)
higher than the hydrous solidus of gabbro, which
points to the hydrated nature of the magma sur-
rounding the xenoliths [Koepke et al., 2005b;Feig et
al., 2006]. The concentration of coarse-grained
gabbro around xenoliths (Figure 6f) is also consis-
tent with magma hydration, as water is known to
enhance crystal growth. In natural settings, high
water pressure generally leads to more oxidizing
conditions [e.g., Botcharnikov et al., 2005]. How-
ever, the hydrated nature of magmas that produced
coarse-grained gabbros is not consistent with differ-
entiation under reducing conditions as proposed by
MacLeod and Yaouancq [2000]. Nicolas et al.
[2008] have proposed that coarse-grained gabbros
could also be generated by the arrival of hydrother-
mal fluids in the root zone at high temperature
(�1100–1200�C), leading to local, nearly total
melting of gabbroic rocks. The coarse-grained
gabbros described herein are spatially associated
to granoblastic xenoliths that come from the base
of the sheeted dike (�100 m above in the section),
and sunk through the melt lens. Therefore, we
propose an alternative process for the genesis of
coarse-grained gabbro present in the studied areas
that involves fluids brought by the dehydration of
stoped and assimilated hydrothermally altered dia-
bases in the melt lens. A way to test the role of
recycled water in the genesis of coarse-grained
gabbro would be to analyze the fluorine and chlorine
contents of amphiboles [Coogan et al., 2001].
Amphiboles with high chlorine contents and low
fluorine contents attest to a hydrothermal origin, and
the ones with low chlorine contents and high fluo-
rine contents attest to a magmatic origin. We postu-
late that amphibole crystallizing from melts that are
hydrated through recycling of previously hydrother-
mally altered dikes may have high fluorine and high

chlorine contents. Coogan [2003] proposed that the
fluids leading to the crystallization of many of the
magmatic amphiboles that are present in the Oman
ophiolite gabbros are brought by such recycling
processes. A review of the amphibole compositions
presented by Coogan [2003] shows that many of
them are fluorine and chlorine rich (>1000 ppm),
which is consistent with our hypothesis. Gillis et al.
[2003] show that magmatic amphiboles from fast
spreading ridges are chlorine enriched regarding the
ones from slow spreading ridges; it also argues for
important recycling of hydrothermally altered li-
thologies at fast spreading centers.

[41] Another consequence of stoping and assimila-
tion of hydrothermally altered diabases is the geo-
chemical contamination of the melt lens.
Assimilation processes in the melt lens should have
a significant effect on the composition of the melts,
in particular for volatile elements [Gillis et al.,
2003]. Our results are consistent with the model
[Coogan et al., 2003], which states, from the chlo-
rine content of EPR basalts [e.g., Michael and
Schilling, 1989; Michael and Cornell, 1998], that
�20% of the oceanic crust may go through a cycle
of crystallization, alteration, and assimilation.

6.3. Comparison With IODP Hole 1256D

[42] Many features in IODP Hole 1256D match the
observations made in the Oman ophiolite. In partic-
ular, the root of the sheeted dike complex is recrys-
tall ized to granoblastic textures, oceanic
plagiogranites are present close to the dike root
zone, the isotropic ophitic gabbro horizon contains
granoblastic xenoliths and patches, and the compo-
sitions of minerals that form the granoblastic tex-
tures are similar to Oman ones (Table A1 and
Figures 10–13). IODP Hole 1256D can therefore
be included in the same general model for the melt
lens dynamics and for the relationships between the
hydrothermal and magmatic systems.

[43] In the Al Ahmadi Hills section, large xenoliths
(up to 1.5 m) displaying granoblastic textures are
observed close to the isotropic ophitic gabbros/
foliated gabbros transition, and are highly concen-
trated in some areas. These xenoliths can be partly
assimilated by enclosing gabbro, and be associated
to felsic melts at their border. In IODP Hole 1256D,
the �20 m thick ‘‘screen of granoblastic dikes’’
located �50 m below the sheeted dike/gabbro
contact [Wilson et al., 2006] is poorly recovered
(<30%), and several thin horizons of gabbros and
oceanic plagiogranites isolate larger (<1 m) grano-
blastic zones (Figure 11). In the light of the obser-
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vations made in Oman, we propose that this zone
may correspond to granoblastic xenoliths, sur-
rounded by silicic to gabbroic melts, which are
accumulated in the isotropic gabbro horizon about
50 m below the sheeted dike/gabbro contact. It also
suggests that the bottom of Hole 1256D is close to
the transition with the foliated gabbros and so to the
bottom of the fossilized melt lens that would be
�100 m thick. This interpretation is in contrast with
the model presented by Koepke et al. [2008, Figure
14c]; they interpreted the two gabbro screens as two
separate intrusions into the lowermost part of the
granoblastic dikes, shortly above the top of the
fossilized magma chamber, which was hence not
yet reached in Hole 1256D.

6.4. A general Model

[44] The model presented here elaborates on de-
tailed mapping, sampling and descriptions made in
the Wadi Gideah and Al Ahmadi Hills areas, and on
subsequent petrological and geochemical study. We
visited �10 other areas in the Oman ophiolite,
which are consistent with our model. As described
above, observations and analyses made on samples
from the sheeted dikes/gabbro transition zone in
IODP Hole 1256D, are also consistent with what is
observed in Oman, and with our model.

[45] The evolution of a melt lens can be tracked
through the observed geological and petrological
features (Figure 14). We first assume an episodic,
steady state melt lens that injects dikes in the upper
crust (Figure 14b). The base of these dikes is made
of protodikes with microgranular margins and grade

Figure 14. General schematic model for the dynamics
of the melt lens. (a) Schematic cross section at the axis of
a fast spreading ridge (modified after Sinton and Detrick
[1992]). The red rectangle indicates the location of the
axial melt lens. (b) Steady state stage with injection of
dikes that have at their base microgranular margins
(protodikes). Hydrous partial melting is proposed to
occur in the root zone of the sheeted dike complex as a
result of hydrothermal fluid intrusion [Nicolas et al.,
2008]. (c) Upward migration of the top of the melt lens
resulting in reheating and recrystallization of the base
of the dikes (red dots) to granoblastic dikes and in
assimilation of xenoliths in the melt lens. Hydrous partial
melting of the hydrothermally altered base of the dikes
can also occur. (d) Downward migration of the top of the
melt lens resulting in the crystallization of the isotropic
ophitic gabbros. New dikes can be injected laterally or
from below; their root is typical of protodikes, with micro-
granular margins, and they grade upward to ‘‘classical’’
dikes with chilled margins (see section 6.4 for further
discussion).
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upward to ‘‘normal’’ dikes with chilled margins
[Rothery, 1983; Nicolas and Boudier, 1991; Nicolas
et al., 2008]. In this steady state system, the injection
of hydrothermal fluids in the dike root zone may
trigger, locally, hydrous partial melting [Nicolas et
al., 2008]. This steady state system can evolve as a
dynamic one with upward and downward migra-
tions of the top of the melt lens (Figures 14c and
14d) as proposed by Hooft et al. [1997], Gillis
[2002, 2008], Gillis and Roberts [1999], Gillis
and Coogan [2002], Coogan et al. [2003], and
Koepke et al. [2008]. Thesemigrations can represent
either vertical movements of the melt lens itself or
inflation and deflation of its volume. Lateral migra-
tions or injections may also be proposed as near-axis
melt lenses have recently been observed at the East
Pacific Rise [Canales et al., 2008].

[46] Upward migrations or lateral intrusions can
be for example triggered by magma replenish-
ment and result in the assimilation of the hydro-
thermally altered dikes, with the formation of
xenoliths (Figure 14c). The roof is reheated by
magma upwelling, and hydrothermally altered
sheeted dikes recrystallize in a granulitic granoblas-
tic assemblage; they may locally undergo hydrous
melting. Granoblastic lithologies also develop in
xenoliths, which are partly to totally assimilated
while sinking through the melt lens. If not totally
assimilated, xenoliths sink down to the melt lens
floor where they accumulate. They can then either
be entrained downward in the igneous lower crust
and be transposed in foliated gabbros, or be fossil-
ized with the isotropic ophitic gabbros.

[47] Downward or lateral migrations can be trig-
gered by awaningmagmatic activity of themelt lens
and/or by an eruption-related draining stage, and
result in the crystallization of the isotropic gabbros
at the roof and/or at the sides of the melt lens
(Figure 14d). This crystallization corresponds to a
partial fossilization of the melt lens which would
become complete if melt supply to the melt lens was
stopped.

[48] Numerous scenarios can be elaborated combin-
ing the three stages described above: steady state,
upward migration of the top of the melt lens, and
downward migration of the top of the melt lens.
Several episodes of upward and downward migra-
tions may alternate, and only the highest level
reached by the top of the melt lens will be eventually
recorded at the contact with the sheeted dike. In the
case of an upward migration following a downward
one, the melt lens would assimilate the recently
crystallized gabbros, and the overlying recrystal-

lized sheeted dike if the upward migration is large
enough. The presence of gabbroic xenoliths in the
isotropic ophitic gabbro horizon attests to this
process.

6.5. Time Scale Constraints

[49] At fast spreading ridges, the time scales asso-
ciated with magma migration, its residence within
the main magma chamber and within the melt lens,
and depth variations of the melt lens represent major
parameters of the dynamics of oceanic crust forma-
tion. Unfortunately these time scales remain poorly
constrained. We compile here published data deal-
ing with these different time scales in order to
replace our model on the evolution of a dynamic
melt lens into a possible time frame.

[50] Seismic reflection profiles of the East Pacific
Rise (EPR) at 19�S (spreading rate: �15 cm/y
[Hooft et al., 1997]) suggest variations in themagma
supply on a time scale of �100,000 years. Hooft et
al. [1997] also propose that spreading events like
dike intrusions and eruptions occur on much shorter
time scales (tens to hundred years). Lagabrielle and
Cormier [1999] propose that elongated summit
troughs present at the EPR (17–18�S, spreading
rate: �15 cm/y) represent elongated collapsed calde-
ras that form every �100,000 years when a given
ridge section deflates as a result of waning magma
supply.Pollock et al. [2009] propose, based on spatial
and temporal variations of basalt MgO contents at the
EPR (Pito Deep, spreading rate: �14 cm/y), that the
magmatic temperatures, hence the magma supply,
remain constant over time scales of tens of thousands
of years, suggesting a nearly continuous magma
recharge of the system at that time scale. It is in
agreement with the observations of Sinton et al.
[2002] on the south EPR that suggest, based on
the MgO content of successive units, that magmatic
temperatures can remain constant over hundreds to
tens of thousands of years.

[51] Rannou et al. [2006] use a mathematic model
based on geochemical data to infer that the mag-
matic system of the EPR at 17–19�S has a replen-
ishment period of �750 years for a magma
residence time of �300 years. This residence time
is in good agreement with the estimate of Rubin et
al. [2005] who propose, based on 210Pb-226Ra-230Th
radioactive disequilibria on samples from the EPR at
9�N (spreading rate: �11 cm/y) and 17�S, and from
the Juan de Fuca Ridge (spreading rate:�5.6 cm/y),
that melt can be transferred within decades from the
mantle to melt lens where it mixes and resides
during �200–400 years. Rubin and Sinton [2007]
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also propose a magma replenishment time <1000
years at fast spreading ridges. Using the chemical
zonations of olivine crystals present in four samples
from the EPR (9�300N and 10�300N), Pan and
Batiza [2002] have proposed that magma mixing
events and eruptions may be in some cases separated
by times as short as a few months.

[52] Preliminary results of the recent multistreamer
reflection imaging experiment in the 9�500N region
of the EPR [Mutter et al., 2008] show significant
variation in the depth of the melt lens reflector
between 1985 and 2008 at 9�500N, possibly as a
result of the 1991 and/or 2005–2006 eruptions in
that area, while there is no significant variation
observed at 9�300N and 9�400N. Carton et al.
[2008] report a variation in the reflectivity strength
of the melt lens that they interpret as indicating a
lower melt percentage between 9�45.20N and
9�51.90N, consistent with melt drainage during
1991 and 2005–2006 eruptions. These observations
suggest that if replenishment has occurred or started
since the last eruption, it is either incomplete or
reduced (compared to the eruptedmelt volume). The
timing between these events is in agreement with the
time scale of ten to tens of years proposed for

spreading events by Hooft et al. [1997]. Sinton et
al. [2002] and Bergmanis et al. [2007] also propose
that eruptions along intermediate to superfast
spreading centers are highly episodic and have
repose times of ten years to a few hundred years.

[53] Gillis [2008] and Koepke et al. [2008] have
tried to estimate the duration of the thermal over-
print, which we link to upward movements of the
melt lens summit, by studying plagioclase zoning in
granoblastic domains. Gillis [2008] estimates a
minimum duration of 50 years for Hess Deep
sample (spreading rate: �13.5 cm/year). Koepke et
al. [2008] propose an overprint duration of�10,000
years for a sample from IODP Hole 1256D.

[54] In summary, multidisciplinary results provide
indirect constraints on time scales for the vertical
fluctuations of the melt lens ranging from a few tens
of years to �100,000 years. In Figure 15, we
propose a way to take into account these apparently
contrasting results and to interpret them in a single
schematic model. Four different time scales, con-
sistent with published estimates, are used to describe
the evolution of the summit of the melt lens:
100,000, 10,000, 750 and tens of years (Figure 15).

Figure 15. Compilation of estimated time scales for the dynamics of the melt lens in a depth versus time schematic
graph. Four periods of depth variation are displayed (100,000, 10,000, 750, �10 years). The insert on a portion of the
curve allows the visualization of the shortest time period (�10 years). See section 6.5 for further discussion.
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These different time scales correspond to different
processes and/or to different spatial scales. The long
period (�100,000 years) proposed by Hooft et al.
[1997] may represent variations in the magma
supply from the mantle and correspond to varia-
tions of the depth of the melt lens in the scale of
several hundreds of meters. The higher the spread-
ing rate (hence the magma supply), the shallower
the depth of the melt lens [Purdy et al., 1992;
Phipps Morgan and Chen, 1993; Wilson et al.,
2006]. The �10,000 year period is identified by
Koepke et al. [2008] and Pollock et al. [2009] and
may correspond to temporary high positions of the
melt lens related to shorter-term variations in the
magma supply. The �750 years period is the one
identified by Rannou et al. [2006], Rubin et al.
[2005], and Rubin and Sinton [2007] for the melt
lens replenishment. The shortest period corre-
sponds to local, individual eruptions [e.g., Hooft
et al., 1997; Mutter et al., 2008]. The oscillatory
evolution proposed in Figure 15 is an attempt to
integrate published time scales constraints that are
currently available. However, it remains schematic
and probably too simplistic to illustrate natural
processes. The regular oscillatory evolution is
probably too simple and irregularities are likely
to occur at each time scale. The very short time
between magma mixing and eruptions documented
by Pan and Batiza [2002] may be an example of
such episodic irregularities. The insert in Figure 15
proposes, as an example, an irregular evolution of
the 750 year period for a portion of the curve. The
depth variations of the summit of the melt lens
identified in the present study range from meters to
several tens of meters and match the short and
middle time scales (�10,000 years).

7. Conclusions

[55] New detailed mapping and petrological studies
of the gabbro/sheeted dikes transition zone per-
formed in ‘‘undisturbed’’ zones of the Oman ophio-
lite provide information about the evolution of the
melt lens at fast spreading ridges. It further con-
strains the interactions between the magmatic sys-
tem and the convective hydrothermal system at the
ridge axis. The comparison of the Oman ophiolite
with IODP Hole 1256D results in a global coherent
model, which reconciles the apparently contrasting
previous published ones (Figure 14).

[56] We assume that sheeted dikes can be injected
from an episodically steady state melt lens as
described by Nicolas et al. [2008]. However, this
steady state behavior is overprinted by upward

migrations of the melt lens that are documented in
the Oman ophiolite and at the East Pacific Rise.
These upward migrations induce reheating, dehy-
dration, and hydrous partial melting at the roof of the
melt lens, leading to the occurrence of oceanic
plagiogranites and assimilation of hydrothermally
altered rocks in the melt lens. These processes imply
a contamination of the melt lens by silicic melts
formed during hydrous partial melting and by hy-
drothermal fluids recycled through assimilation.
Downward migrations of the top of the melt lens
can also occur and result in the crystallization of the
isotropic ophitic gabbros that represent a fossilized
melt lens.Melt lens crystallization eventually occurs
at the melt lens margins where the thermal regime is
cooler.

[57] We also show that the well-equilibrated, fine-
grained diabase textures observed in numerous
oceanic or ophiolitic sites can have either a mag-
matic origin (protodikes) or a metamorphic origin
(granoblastic dikes). Composition (e.g., Ti, Al, Cr in
clinopyroxene), mineralogy (abundance of oxides),
detailed petrographic observations (e.g., presence of
clinopyroxenes with characteristic oxide inclu-
sions), and description of associated lithologies
(e.g., texture in the dike cores) are required to
distinguish these two origins.

[58] At fast spreading ridges, the top of the melt
lens, which corresponds to the magmatic/hydrother-
mal interface, should be considered as a dynamic
interface. On the first order, the melt supply from the
underlying main magma chamber, the occurrence of
eruptions, and the vigor of the hydrothermal con-
vecting system regulate its position. Short wave-
length variations of the depth of the summit of the
melt lens are observed (50 m of variation for
distance of 150 m along axis).

Appendix A

[59] Mineral compositions of samples from the
Oman ophiolite and from IODP Hole 1256D are
presented in Table A1. FeO is the FeO total, Mg # =
MgO/(MgO + FeOt) in molar proportions, and An
% = CaO/(CaO + Na2O + K2O) in molar propor-
tions; in the lithology names, RZmeans root zone of
the sheeted dikes. Foliated gabbro A is the ‘‘nor-
mal’’ foliated gabbro, and foliated gabbro B repre-
sents the foliated gabbro domains where the
foliation is hardly identifiable in the field and that
contain orthopyroxene and pargasite. The asterisks
identifies samples analyzed in Montpellier; other
samples were analyzed in Hannover. Plc means
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plagioclase core, Plb means plagioclase rim, Amp
means amphibole, ilm means ilmenite, magt means
magnetite, Cpx means clinopyroxene, Chlo means
chlorite, Ol means olivine, Opx means orthopyrox-
ene, and Qz means quartz.
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