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[1] Mid-ocean ridges magmatism is, by and large, considered to be mostly dry. Nevertheless, numerous
works in the last decade have shown that a hydrous component is likely to be involved in ocean ridges
magmas genesis and/or evolution. The petrology and geochemistry of peculiar coarse grained gabbros
sampled in the upper part of the gabbroic sequence from the northern Oman ophiolite (Wadi Rajmi)
provide information on the origin and fate of hydrous melts in fast-spreading oceanic settings.
Uncommon crystallization sequences for oceanic settings (clinopyroxene crystallizing before
plagioclase), extreme mineral compositions (plagioclase An% up to 99, and clinopyroxene Mg # up to
96), and the presence of magmatic amphibole, imply the presence of a high water activity during
crystallization. Various petrological and geochemical constraints point to hydration, resulting from the
recycling of hydrothermal fluids. This recycling event may have occurred at the top of the axial magma
chamber where assimilation of anatectic hydrous melts is recurrent along mid-ocean ridges or close to
segments ends where fresh magma intrudes previously hydrothermally altered crust. In ophiolitic
settings, hydration and remelting of hydrothermally altered rocks producing hydrous melts may also
occur during the obduction process. Although dry magmatism dominates oceanic magmatism, the
dynamic behavior of fast-spreading ocean ridge magma chambers has the potential to produce the
observed hydrous melts (either in ophiolites or at spreading centers), which are thus part of the general
mid-ocean ridges lineage.
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1. Introduction

1.1. Magmatic Accretion at Fast-Spreading
Ridges

[2] Oceanic crust represents about two thirds of
the Earth surface, and nearly half of it formed at
fast-spreading ridges. The structure and composi-
tion of oceanic crust are constrained by off-shore
geophysical studies, in situ geological mapping
and sampling (dredging, drilling, submersible, and
ROV studies), and studies of ophiolitic complexes.
Geophysical studies of fast-spreading ridges, pri-
marily the East Pacific Rise [e.g., Morton and
Sleep, 1985; Detrick et al., 1987], have shown
that the ridge axis is composed of a magma cham-
ber at depth (containing less than 20% of melt
according to Lamoureux et al. [1999]), which is
overlaid by a thin and narrow, mostly liquid, melt
lens at its top (Figure 1). Above, the upper crust
forms an upper lid with the sheeted dyke complex
and volcanics. The upper crust is considered to be
mostly fed by the upper melt lens [MacLeod and
Yaouancq, 2000; Koepke et al., 2011; Wanless
and Shaw, 2012], while the lower crust is probably
fed from the top (melts from the upper melt lens;
Phipps Morgan and Chen [1993], Quick and Den-
linger [1993], Coogan [2003], and Nicolas et al.
[2009]), or from the bottom (melts from the man-
tle; Kelemen et al. [1997]), or from top and bot-
tom [Boudier et al., 1996]. Understanding active
processes in and around the axial melt lens is
therefore of major importance to constrain mag-
matic dynamics of fast-spreading ridge systems.
This melt lens is a dynamic horizon that can
migrate upward and downward, with the potential
to reheat, dehydrate, and sometimes to melt and/or
assimilate the previously hydrothermally altered
sheeted dike complex base [Phipps Morgan and
Chen, 1993; Hooft et al., 1997; Gillis and Coo-
gan, 2002; Coogan et al., 2003, Gillis, 2008;
Koepke et al., 2008 ; France et al., 2009, 2010].
When moving down after the termination of a
magmatic pulse or when moving off-axis, the melt
lens crystallizes to form typical “isotropic gab-
bros” horizon (Figure 1) [Pallister and Hopson,
1981; Sinton and Detrick, 1992; Natland and
Dick, 1996; MacLeod and Yaouancg, 2000;
France et al., 2009; Koepke et al., 2011]. The
study of this horizon at the interface between
the lower and the upper crust therefore provides
the opportunity to study in situ the processes
occurring within and around the melt lens. This
horizon is only accessible in ophiolites [MacLeod
and Yaouancgq, 2000; Nicolas et al., 2008 ; France

et al., 2009], in the recent crust by in situ drilling
[e.g., Wilson et al., 2006], at tectonic windows that
expose the gabbroic crust [e.g., Natland and Dick,
1996], and through analyses of mineral-hosted
melt inclusions from ocean floor basalts [e.g.,
Wanless and Shaw, 2012].

[3] Oceanic spreading centers are historically con-
sidered to represent “dry and reducing magmatic
systems” opposed to the “wet and oxidizing”
suprasubduction environments [e.g., Sobolev and
Chaussidon, 1996; Wood et al., 1990; Kelley and
Cottrell, 2009]. Nevertheless several studies con-
ducted on present day oceanic crust [Michael and
Schilling, 1989 ; Michael and Cornell, 1998 ; Niel-
sen et al., 2000; Koepke et al., 2004, 2005a,
2005b, 2007, 2011; Berndt et al., 2005; Cordier
et al., 2007; France et al., 2009, 2010] and on
ophiolites [Benoit et al., 1999; Koga et al., 2001;
Gillis and Coogan, 2002; Nicolas et al., 2008;
France et al., 2009; Koepke et al., 2009; Abily et
al., 2011] have shown that a hydrous component
may be involved in the genesis of mid-ocean ridge
basalts (MORBs). Hydration may be associated
with seawater-magma interactions during seafloor
emplacement, with hydrothermally altered crust-
magma interactions at magma chamber margins,
with ridge tectonics, and/or with obduction proc-
esses in the case of ophiolites [e.g., Michael and
Schilling, 1989 ; Boudier et al., 2000; Bosch et al.,
2004; France et al., 2009; Koepke et al., 2009;
Abily et al., 2011].
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Figure 1. Schematic cross-axis view of the magmatic sys-

tem present at fast-spreading ridges (modified after France et
al. [2009]). From top to bottom, crust is composed of extru-
sives and dikes (forming the upper crust), and isotropic, verti-
cally foliated, and horizontally layered gabbros (forming the
lower crust). The main magma chamber is composed of a
mush containing less than 20% of melt, topped by an upper
melt lens that is mostly filled with near pure liquid. Dashed
blue curves identify hydrothermal circulation. Red triangle
shows the level from where the investigated gabbros in the
Wadi Rajmi originated.
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[4] The present study focuses on the origin of
some coarse-grained gabbros sampled in the iso-
tropic gabbro horizon in the Wadi Rajmi of the
northern Oman ophiolite. These samples have
been selected for their peculiar petrology follow-
ing intense investigations of isotropic gabbro hori-
zon in the Oman ophiolite [France, 2009; Nicolas
et al., 2008 ; France et al., 2009; Nicolas et al.,
2009]. Across the whole ophiolite, this horizon
(also called varitextured gabbro horizon) is heter-
ogeneous and represents different generations of
melts crystallizing in close association [e.g.,
MacLeod and Yaouancq, 2000; Koepke et al.,
2011]. The horizon of isotropic gabbros is com-
posed of fine-grained isotropic gabbros, which is
the main lithology, some subordinated coarse-
grained gabbros, some screens of vertically foli-
ated gabbro (with respect to the assumed paleo-
ocean floor [see Figures 6 in MacLeod and
Yaouancg, 2000]), Fe-Ti-gabbros, and leucocratic
rocks [MacLeod and Yaouancq, 2000; France et
al., 2009]. The origin of the coarse-grained gabbro
is attributed to either in situ fractionation of basal-
tic liquids under reducing conditions (relative to
classical mid-ocean ridges melts), enabling the
formation of melts enriched in FeO and TiO,
[MacLeod and Yaouancg, 2000], or to the crystal-
lization of melts generated by hydrous partial
melting of still hot lithologies during an influx of
hydrothermal fluid at magmatic temperatures [Nic-
olas et al., 2008]. Samples studied by both author
groups are not similar from a mineralogical point
of view. MacLeod and Yaouancq [2000] have
described Fe-Ti-gabbros that cannot be generated
by hydrous partial melting of mafic lithologies, as
such anatectic melts are Ti-depleted [Koepke et
al., 2004]. On the contrary, Nicolas et al. [2008]
described coarse-grained gabbros crystallized
from a hydrous and oxidizing magma that cannot
be generated under dry and reducing conditions.
Both hypotheses are thus probably correct and not
mutually exclusive. MacLeod and Yaouancq
[2000], and Nicolas et al. [2008] described these
coarse-grained gabbros as irregular blebs, pockets,
patches, or veins (up to 50 cm) occurring in finer-
grained gabbros. The present study aims to
decipher on the origin of newly sampled coarse-
grained gabbros and to replace their genesis in the
general frame of oceanic crust formation.

1.2. Regional Settings

[5] The Cretaceous Oman ophiolite is regarded as
the best example for fast-spreading oceanic crust
on land. Nevertheless, a controversial debate is

ongoing since decades, opposing the mid-ocean
ridge to a suprasubduction zone initial setting
[e.g., Stern, 2004; Warren et al., 2005; Boudier
and Nicolas, 2007 ; Warren et al., 2007]. If a sub-
duction zone-related environment is accepted for a
part of the Oman ophiolite, the nature of this sub-
duction zone is still under discussion. Most
authors propose that the subduction process is
linked to the early stage of obduction [e.g., Boud-
ier et al., 1988; Koepke et al., 2009], and is re-
sponsible for a second stage of magmatism (“V2”
or “Lasail” lavas; Alabaster et al. [1982], Erne-
wein et al. [1988], and Yamasaki et al. [2006]) fol-
lowing the main major accretion of normal fast-
spread crust (“V1” or “Geotimes” lavas; Alabas-
ter et al. [1982] and Ernewein et al. [1988]). The
main difference between lavas is that the V2 lavas
are interpreted as resulting from fluid-enhanced
melting of previously depleted mantle and contrast
in composition with the V1 lavas that resemble
modern MORB (for details and nomenclature of
the lavas see Godard et al. [2003]). The coarse-
grained gabbros studied herein were sampled in
the Wadi Rajmi area in the northern Fizh massif of
the Oman ophiolite (Figure 2). It is located close
to a segment tip, and large, subvertical shear zones
are observed in the mantle [Nicolas et al., 2000,
Nicolas and Boudier, 2008] and crustal sections
[Reuber, 1988].

[6] In the Wadi Rajmi area, oceanic crust is
roughly 8 km thick [Usui and Yamazaki, 2010].
From west to east, are exposed, harzburgites from
the mantle section, and layered, foliated, and iso-
tropic gabbros, overlain by a sheeted dike com-
plex, and lavas forming the crustal sequence.
These lithologies are considered to represent the
normal crustal sequence (VI-MORB like mag-
mas; Alabaster et al. [1982] and Ernewein et al.
[1988]). A second magmatic stage (with V2-supra-
subduction like magmas) has been identified in the
area; it is represented from west to east by intru-
sions of massive and layered ultramafic rocks,
gabbronorites, and plagiogranites, and by the
upper lava sequence typical of island arc with
some boninites flows [Ishikawa et al., 2002].
Suprasubduction like plutonics and volcanics are
connected by an andesitic and boninitic dike net-
work [ Yamazaki and Miyashita, 2008]. The second
magmatic stage seems to be related to a second-
order segmentation feature (e.g., similar to over-
lapping spreading centers at the East Pacific Rise)
of the spreading ridge [Boudier et al., 2000;
MacLeod and Rothery, 1992]. Alternatively, this
second magmatic phase can be related to the
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Figure 2. Simplified geological map of the Oman ophiolite and
after Nicolas et al. [2000]).

beginning of obduction [Ishikawa et al, 2002;
Yamasaki et al., 2006; Koepke et al, 2009].

2. Samples and Results

[7] In Wadi Rajmi, the isotropic gabbro horizon is
highly complex with some olivine gabbros, gab-
bros, gabbronorites, and locally some plagiogran-
ites. The rocks typically vary in grain sizes from
hundreds of micrometers to several centimeters;
most are fine to coarse grained. Here we focus on
two coarse-grained gabbros (070L34 and
070L36) with peculiar characteristics, which have
been sampled in this horizon in Wadi Rajmi, thus
corresponding to frozen parts of the axial melt lens

58°00'

location of the Wadi Rajmi area in the Fizh massif (modified

(coordinates: 431 157E; 2 724 497N; 261 m, and
430 565E; 2 723 695N; 285 m, respectively).
Gabbro 070L34 was sampled in a coarse-grained
gabbro patch (~1.5 m wide) intruding a fine-
grained isotropic gabbro. Gabbro 070L36 is a
spotty coarse-grained gabbronorite containing
orthopyroxene megacrysts; it intrudes a fine-
grained isotropic gabbro that is characteristic of
the isotropic gabbro horizon (Figure 3). In this out-
crop, thin leucocratic dikelets are observed intrud-
ing fine-grained isotropic gabbro.

2.1. Petrography

[s] Sample 070L34 displays a general granular
texture with large prismatic clinopyroxene and

2601
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plagioclase grains (5 and 3 mm on average,
respectively; Figures 4a—4d). Plagioclase grains
contain numerous small (150 pm on average) iso-
lated clinopyroxene inclusions (Figures 4a—4d).
Backscattered electron (BSE) images show that
clinopyroxene grains are zoned. The inclusions
display a zonation with a relatively sharp contact
between the core and the rim (Figures 5a and 5b).
The large, prismatic clinopyroxene grains display
heterogeneous inner parts of the crystals and a thin
(<100 pm) homogeneous rim (Figures Sc—5d).

[v] The spotty coarse-grained gabbronorite
070L36 displays two lithological domains organ-
ized as patches (5-10 mm wide), which are homo-
geneously distributed in the sample (Figure 6).
One domain (hereafter “P domain,” with “P”
standing for poikilitic) is composed of large poiki-
litic plagioclase grains (5 mm in average, up to 10
mm), which contain smaller granular clinopyrox-
ene chadacrysts (0.4 mm in average; Figures 4e,
4f, Se, 5f, and 6). Some poikilitic orthopyroxene
and amphibole grains (7 and 5 mm, respectively)
containing similar granular clinopyroxene chada-
crysts are also observed associated to P domains
(Figure 6). The other domain (hereafter “G do-
main,” with “G” standing for granular) is mainly
composed of granular clinopyroxene grains (0.6
mm in average) containing tiny oxide inclusions
(0.1-10 pm) and subordinated amphibole blebs
(Figures 5f and 6). Close to the contact between
the two domains, some clinopyroxene grains con-
taining tiny oxide inclusions (typical of G domain)
are included in the poikilitic plagioclases (typical
of P domain). Some quartz is locally observed.

2.2. Phase Composition

[10] Major element mineral analyses (Table 1)
were performed using a Cameca SX100 electron
microprobe (Géosciences Montpellier) equipped
with five spectrometers and an operating system
“Peak sight.” All data were obtained using a 15
kV acceleration potential, a static (fixed) beam,
Ko emission from all elements, and a matrix cor-
rection based on Pouchou and Pichoir [1991] and
[Merlet, 1994]. The crystals were analyzed with a
beam current of 10 nA using a focused beam and a
counting time of 15 s on background and 30 s on
peak. BSE images (Figure 5) were obtained on the
same CAMECA SX100 electron microprobe.
WDX X-ray mappings (Figure 6) were obtained
using the imaging program of the CAMECA soft-
ware package “Peaksight” and combined using
Adobe Photoshop® and Adobe Illustrator® soft-

wares. Data presented below are averages associ-
ated to their standard deviation.

[11] In 070L34, plagioclases have An contents up
to 99% (An%=96=*6; with An% =Ca/
(Ca+Na+ K) in molar proportions); no core-rim
variation has been observed. As noted earlier, this
sample shows two types of clinopyroxenes: chada-
crysts within the large plagioclase and large pris-
matic crystals (Figures 5a-5d), which show
significant differences in their composition. The
cores of the chadacrysts present in the large plagi-
oclase grains (Figure 5a—5b; bright colors in the
BSE images) are relatively enriched in FeO (Mg
#=2383; with Mg #=Mg/(Mg+Fe) in molar pro-
portions), while the rims (Figures Sa—5b; dark on
the BSE images) are strongly enriched in MgO
(Mg #=92 = 2). The rims of the large, prismatic
clinopyroxene (Figures 5¢—5d) are also enriched in
MgO (Mg #=92 = 1), while the central parts of
these are quite heterogeneous, with compositions
ranging in Mg # between 83 and 92. Amphiboles
vary continuously from actinolites to hornblendes.

[12] In 070L36, minerals from P and G domains
display different compositions. Granular clinopyr-
oxenes included in the poikilitic plagioclases of P
domains have similar Mg #, and higher Al,O;
(1.93 £0.19 wt %), TiO, (0.39 £0.10 wt %), and
Cr,0O; (0.24*=0.05 wt %), and lower CaO
(22.02 = 0.38 wt %) contents than the oxide-bear-
ing clinopyroxenes from G domains (0.86 * 0.31,
0.19 = 0.09, 0.10 = 0.05, and 23.13 £0.82 wt %,
respectively). At G domains margin, close to P
domains, oxide-bearing clinopyroxenes have rims
with compositions similar to P domains clinopyr-
oxenes. In both domains, clinopyroxenes have Mg
#="77.5 = 1, plagioclases have An contents up to

Figure 3. Outcrop showing the sampling area of sample
070L36 (star). Two main facies are observed: a fine-grained
gabbro (central part of the picture) and a spotty coarse-grained
one containing orthopyroxene megacrysts.
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Figure 4. Microphotographs of samples (a—d) 070L34 and (e and f) 070L36; plane-polarized light for Figures 4a, 4c, and 4e,
and cross-polarized light for Figures 4b, 4d, and 4f). Figures 4a—4d: large plagioclase grains containing numerous isolated clino-
pyroxene inclusions. Figures 4e and 4f: 070L36 gabbronorite contains two domains, P domain contains poikilitic plagioclase
grains that include several individual granular clinopyroxene chadacrysts that are devoid of oxide and G domains exclusively
composed of clinopyroxenes containing tiny oxide inclusions and subordinated amphiboles.

93 (88 £ 3), orthopyroxene are enstatite with Mg 3. Thermometry

#="70 = 2, and amphibole vary continuously from

actinolites, through hornblende to edenite, with an  [13] Various geothermometers have been used to
average value of Mg # =79 + 4. estimate the equilibrium temperatures. In 070L34,
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! ‘P domain’

Figure 5. (a—d) Backscattered images of sample 070L34 and (e and f) backscattered images of sample 070L36. Figures 5a and
Sb: zoned clinopyroxene inclusions in a plagioclase grain. Note that the contact between the core (iron enriched) and the margin
(magnesium enriched) is sharp. Figures 5S¢ and 5d: large clinopyroxene grain displaying a heterogeneous core and a homogene-
ous margin (magnesium enriched), localization of (Figure 5d) picture is highlighted by the square in Figure 5c. Figure 5e: P do-
main displaying poikilitic plagioclase containing chadacrysts of granular oxide-free clinopyroxene grains; Figure 5f: contact
between P domain (to the left) and G domain (to the right); P domain is composed of poikilitic plagioclase containing granular
Al-Ti-rich and oxide-free clinopyroxene grains, and G domain is nearly exclusively composed of oxide-bearing low-Al-Ti-clino-
pyroxenes and subordinated amphiboles.
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Table 1. Mineral Compositions (weight %) of Samples 070L34 and 070L36 From the Rajmi Area of the Oman Ophiolite®

Mineral Comment Si0, ALO; TiO, CaO Na,O K,O MnO MgO FeO Cr,0O3 NiO Total n Mg# An%
070L34
AVG Cpx Large grain rim 545 0.69 0.07 2517 0.15 0.00 0.07 1699 2.59 0.04 0.01 100.26 32 92 -
* 0.6 030 0.05 032 0.04 0.00 003 032 049 0.04 001 074 -1 -
AVG Cpx Inclusion rim 54.1 128 0.18 25.08 0.21 0.00 0.07 16.58 2.70 0.02 0.02 100.24 15 92 -
* 0.8 098 020 0.53 0.12 0.00 0.04 063 061 003 0.01 0.63 -2 -
AVG Cpx Large grain core 540 059 0.10 2484 0.17 0.00 0.16 16.03 488 0.05 0.00 100.76 36 85 -
* 0.5 024 0.06 0.53 0.07 0.00 0.04 051 081 005 0.00 0.72 -2 -
AVG Cpx Inclusion core 52.6 125 026 2341 030 0.00 026 14.42 7.65 0.01 0.00 10020 9 77 -
* 0.6 0.19 0.09 0.60 0.03 0.00 0.07 0.57 1.00 0.02 0.00 026 -3 -
AVG Pl AN =99 44.1 3579 0.00 19.51 0.50 0.00 0.01 0.01 0.06 0.01 0.01 9998 32 - 96
* 1.5 093 0.01 1.15 0.71 0.00 0.01 0.02 003 002 0.01 043 - - 6
AVG Amp Tnax = 841°C 50.9 542 0.78 12.67 0.87 0.03 0.12 17.77 891 0.19 0.00 97.66 37 84 -
* 29 233 055 033 048 0.04 0.03 139 1.03 0.17 0.00 0.58 -2 -
070L36
AVG Cpx P domains 523 193 039 22.02 029 0.00 0.19 1479 7.86 024 0.02 100.00 26 77 -
* 04 0.19 0.10 038 0.02 0.00 003 0.33 035 005 001 034 -1 -
AVG Cpx G domains 532 086 0.19 23.13 020 0.00 020 15.01 7.36 0.10 0.01 100.28 34 78 -
+ 0.5 031 0.09 0.82 006 0.00 0.03 036 042 0.05 0.01 0.31 -1 -
AVG Cpx Cpx rims at G 519 184 045 22.15 027 0.00 0.17 1509 799 0.16 - 100.01 4 77 -
* domains margins 0.2 026 0.06 024 0.02 0.00 0.03 0.15 0.16 0.06 - 0.22 -0 -
AVG Opx 544 120 0.13 1.14 0.01 0.00 035 24.63 1850 0.11 0.02 10049 19 70 -
+ 04 022 0.06 037 001 0.00 0.04 082 1.19 0.02 0.01 0.31 -2 -
AVG Pl Ang.c=93 459 34.09 0.01 1795 136 0.03 0.01 001 039 0.01 0.00 99.79 39 - 88
* 0.8 070 0.01 0.61 035 0.02 001 0.01 0.07 002 001 050 - - 3
AVG Amp Timax = 780°C 52.1 439 0.76 11.66 0.70 0.09 0.18 17.56 10.12 0.20 0.02 97.79 42 79 -
+ 3.0 237 055 101 045 0.07 011 170 187 0.12 0.02 0.40 - 4 -
AVG Magt 1.3 020 035 0.78 0.02 0.00 0.19 039 8326 3.80 - 90.30 15 - -
* 27 0.8 025 075 0.02 001 011 079 336 172 - 2.14 - - -
AVG Ilm 02 002 51.13 0.71 0.01 0.00 250 0.20 4385 0.13 - 98.74 6 - -
+ 0.1 001 0.8 0.19 001 001 097 o0.11 113 0.07 - 0.87 - - -
AVG Qz 99.7 0.03 0.04 0.02 0.01 0.00 001 0.00 0.03 003 - 99.88 23 - -
* 02 001 0.01 0.02 0.01 0.00 001 0.01 006 004 - 0.21 - - -

?Abbreviations: n, number of analyses; AVG, average; +/—, standard deviation; Mg #, Mg/(Mg+Fe) x100 in moles; An%, Ca/(Ca+Na+K)
x100 in moles; -, not analyzed or below detection limit; Cpx, clinopyroxene; Pl, plagioclase; Ilm, ilmenite; Amp, amphibole; Opx, orthopyroxene;

magt, magnetite; Qz, quartz.

temperature estimation using the Al in clinopyroxene
thermometer of France et al. [2010] reveals an aver-
age of 815°C = 40°C for cores and rims. Tempera-
ture  estimations using the semiquantitative
thermometer of Ernst and Liu [1998] based on Ti
content in amphibole reveal equilibrium temperatures
up to 840°C for hornblendes. In 070L36, temperature
estimations using the semiquantitative thermometer
of Ernst and Liu [1998] are up to 780°C for horn-
blendes. Temperature estimations using the two-py-
roxene thermometer of Andersen et al. [1993] reveal
895°C = 45°C by applying to the P domains clino-
pyroxenes and 860°C = 65°C by applying to the G
domains clinopyroxenes that bear oxide inclusions.
Temperature estimations using the Al in clinopyrox-
ene thermometer of France et al. [2010] reveal
920°C for the P domains clinopyroxenes and 820°C
for the G domains oxide-bearing clinopyroxenes.

4. Discussion

4.1. Clues for a Hydrous Crystallizing
Magma

[14] Although they represent only minor amounts
of the recovered lithologies in present-day oceanic

crust and in ophiolites, samples containing high-
An content plagioclases, high-Mg # clinopyrox-
enes, and/or the presence of clinopyroxene crystal-
lizing before plagioclase are commonly described
[e.g., Sinton et al., 1993 ; Nielsen et al., 1995; Pan
and Batiza, 2003 ; Ridley et al., 2006; Cordier et
al., 2007 ; Koepke et al., 2009]. Such peculiar pet-
rologic characteristics carry important information
on processes occurring at least locally within the
magma chambers of oceanic ridges, especially
concerning the hydrous or wet nature of magma.

[15] The occurrence of clinopyroxene inclusions
in 070L34 plagioclases and of poikilitic plagio-
clases containing granular clinopyroxenes (P
domains) in 070L36 (Figures 4-6) highlights the
late crystallization of plagioclase with respect to
clinopyroxene. This feature is not characteristic of
typical shallow pressures dry MORB melts that
crystallize plagioclase first followed by clinopyr-
oxene [e.g., Grove and Bryan, 1983]. Alterna-
tively, it is described in magmas from subduction
settings where water activities are high [e.g.,
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Figure 6. Compositional image (Al4+Ca+Mg) of sample 070L36 (image width: 1.5cm). Blue: plagioclase; yellow: granular
oxide-free clinopyroxene (P domains); green: clinopyroxene containing tiny oxide inclusions (G domains); red: orthopyroxene;
purple: amphibole. Note the patchy texture with roundish P and G domains. Poikilitic amphibole, plagioclase, and orthopyroxene
grains are observed. The white box indicates the location of the picture in Figure 5f.

Gaetani et al., 1993]. The early crystallization of
clinopyroxene is also observed in the crystalliza-
tion of evolved MORB melts (Mg #=152) in
water-rich environments corresponding to highly
oxidizing conditions [Berndt et al., 2005], in the
crystallization of primitive tholeiitic basalts under
high water activities and oxidizing conditions
[Feig et al., 2006], and during the hydrous partial
melting of previously altered dikes [France et al.,
2010]. Thus, the early crystallization of clinopyr-

oxene with respect to plagioclase in ocean ridge
related melts at shallow pressures is always associ-
ated to high water activities. In 070L36, the poiki-
litic texture of some single-grain hornblendes,
containing granular clinopyroxenes (Figure 6),
points to their magmatic origin and also support
the model of crystallization of a hydrous melt.
Maximum temperature estimates for these
amphiboles are up to 780°C and likely record a
subsolidus equilibration; probably indicating a
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Figure 7. Mg # in clinopyroxene versus An content of plagi-
oclase [after Kvassnes et al., 2004]; the dry and wet fractiona-
tion trends are calculated using MELTS [Ghiorso and Sack,
1995]; both fractionation trends are calculated for different ini-
tial compositions. The studied samples (070L34 and 070L36)
are typical for the wet fractionation trend. For 070L34 and
070L36, plotted are densities of analytical points.

reequilibration during the retrograde evolution.
The crystallization of prismatic orthopyroxene (as
in 070L36) in fast-spreading oceanic settings
where crystallization occurs at shallow pressures
(0.5-2 kb) is usually associated with high silica ac-
tivity melts and can occur at relatively low temper-
ature if fractional crystallization proceeds (100°C—
200°C below the dry solidus temperature of primi-
tive MORB [Feig et al., 2006, 2010]). Therefore,
orthopyroxene occurrence in gabbros implies ei-
ther evolved melts or hydrous conditions able to
lower the solidus temperature. Since the investi-
gated gabbros show rather primitive mineral com-
positions (high Mg # in pyroxene, high An
contents in plagioclase), it is obvious that the pres-
ence of prismatic orthopyroxene is not a conse-
quence of an evolved bulk composition, implying
that they crystallized from a hydrous magma.

[16] Mineral major element compositions, espe-
cially those of clinopyroxene and plagioclase, are
peculiar and also uncommon for MORB systems.
Clinopyroxene Mg # is up to 96 in 070L34 and up
to 82 in 070L36, while plagioclase An contents
are up to 99 in 070L34 and up to 93 in 070L36.
These values are clearly higher than those of min-
erals in typical dry MORB systems. They can be
attributed either to Mg-Ca rich melts nearly free of
Fe-Na [Panjasawatong et al., 1995; Kohut and
Nielsen, 2003 ; Ridley et al., 2006] or to the crys-
tallization under high water activities [e.g., Hattori

and Sato, 1996; Kuritani, 1998; Ginibre et al.,
2002; Landi et al., 2004; Feig et al., 2006; Cor-
dier et al., 2007 ; Koepke et al., 2009]. The occur-
rence of a gabbro xenolith recovered in basalts at
the East Pacific Rise [Ridley et al., 2006], which
contain high-An plagioclase, has been attributed to
the crystallization of a Ca-supra rich melt, princi-
pally because water-rich magmas are supposed to
be unexpected at oceanic spreading centers [e.g.,
Michael and Chase, 1987]. Nevertheless, such Ca-
rich melts (or Ca-Mg-rich melts) have never been
sampled or inferred in the upper sections of fast-
spreading ridges, a level at which heterogeneous
melts produced within the mantle section are well
mixed altogether. Alternatively, recent studies
[e.g., Coogan, 2003 ; Cordier et al., 2007 ; Nicolas
et al., 2008 ; France et al., 2009, 2010; Koepke et
al., 2011] have highlighted that hydrous melts are
present in the uppermost levels of oceanic ridges
magmatic systems. Kvassnes et al. [2004] per-
formed thermodynamic calculations by using
MELTS [Ghiorso and Sack, 1995] to model dry
and hydrous MORB fractionation trends for differ-
ent initial compositions (MORB from mid-Atlan-
tic and south-west Indian ridges); results are
reported in Figure 7 together with mineral compo-
sitions of 070L34 and 070L36. The studied sam-
ples mineral compositions clearly point to a wet
fractionation trend (Figure 7).

[17] The special petrographic features of the inves-
tigated gabbros, in particular the uncommon crys-
tallization sequence and the peculiar mineral
compositions, emphasize the central role of water
during crystallization. Although the hydrated na-
ture of the melt is established, the origin of the
sources of hydration remains unclear and has yet
been constrained.

4.2. What Is the Hydrous Component
Origin? Probably Recycling

[18] Water in magmatic system of mid-ocean
ridges may either primarily come from the mantle
(“magmatic fluids”) or from hydrothermal fluids
derived from seawater [e.g., Michael and Cornell,
1998; Coogan et al., 2003; Nicolas and Main-
price, 2005; France et al., 2009; Abily et al.,
2011]. One possibility of introducing hydrother-
mal fluids within the magmatic system is recy-
cling/assimilation of previously hydrothermally
altered rocks that may suffer hydrous anatexis [Mi-
chael and Schilling, 1989; Coogan et al., 2003;
France et al., 2009, 2010; Koepke et al., 2011].
Recycling may occur in peculiar tectonic settings
of oceanic ridges as propagating ridge segment
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Figure 8. General schematic model for the genesis of the studied hydrous-melt derived coarse-grained gabbros. Stage 1: fine-
grained isotropic gabbro crystallization from a MORB-like melt; Stage 2: hydrothermal circulation and partial alteration of the stage
1 gabbro; Stage 3: melt intrusion within the crystallized fine-grained isotropic gabbro, this new melt can either represent an upwelling
or growing up of the upper melt lens [e.g., France et al., 2009] or a propagation of a ridge segment close to the end of ridge segment
[e.g., Wanless et al., 2010] or to a second magmatic stage related to the early obduction during ophiolite emplacement [e.g., Koepke et
al., 2009]. Stage 3': the melt intrusion within the previously hydrothermally altered gabbro triggers the reheating of gabbro and results
in its hydrous partial melting; products are a hydrous partial melt and a residual reheated-gabbroic assemblage (observed close to the
intrusive contact or as enclaves). The formed hydrous melt can mix with the “fresh melt” of Stage 3 to form a hybridized melt. Stage
4: hybridized hydrous melt crystallizes the coarse-grained gabbros, and dry melt crystallizes the fine-grained gabbros. Some residual
assemblages are trapped within the crystallizing gabbros. Stage 5: hydrothermal circulation and partial alteration of all the lithologies.
The triangle and the star highlight the possible location of samples 070L36 and 070L34, respectively.

tips [Boudier et al., 2000; Wanless et al., 2010], [e.g., Gillis and Coogan, 2002; France et al.,
during interactions between melt and hydrother-  2009; Koepke et al., 2011], or during the shallow
mally altered host rocks at magma chamber roofs  subduction occurring in the early obduction in the
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Figure 9. Correlation between TiO, and Al,O; in clinopyr-
oxenes. The studied samples (070L34 and 070L36; plotted
are individual analyses) are compared with clinopyroxenes in
residual lithologies formed after the hydrous partial melting
of a hydrothermally altered sheeted dike rock (green field
noted “Residues after HPM”; compositions from France et
al. [2009] for natural rocks, and from France et al. [2010] for
experimental ones) and to experimental and natural data from
oceanic crust lithologies (gray field noted “Gabbros, dikes,
lavas” from France et al. [2009, and references therein]).

case of ophiolites [e.g., Boudier et al., 1985,
Boudier et al., 1988 ; Koepke et al., 2009]. Petro-
logical and geochemical data presented herein can
be used to decipher the origin of the hydrous
component.

[19] In sample 070L36, oxide-bearing clinopyrox-
ene domains (G domains) are of interest to identify
the hydration source (Figures 4e, 4f, 5f, and 6).
The origin of the tiny oxide inclusions within cli-
nopyroxenes can be attributed either to low-tem-
perature alteration occurring during the retrograde
evolution [Manning and MacLeod, 1996] or to
prograde recrystallization after hydrothermal am-
phibole (i.e., during a reheating stage; France et
al. [2009, 2010]). The mineralogical distribution
in the sample, with two different domains (P and
G domains) can be used to discuss further the ori-
gin of these oxide inclusions. In the P domains,
oxide-free clinopyroxenes are isolated from late-
percolating hydrothermal fluids by the poikilitic
plagioclases hosting these clinopyroxenes and
therefore did not suffer alteration. However, in
transitional zones between P and G domains, some
oxide-bearing clinopyroxenes are also included in
unaltered poikilitic plagioclases; such clinopyrox-

enes have therefore not suffered late hydrothermal
alteration, and oxides cannot be attributed to low
temperature alteration. Therefore, we suggest that
oxide-bearing clinopyroxenes are the products of
prograde metamorphism (that may attain anatexis
for temperature >850°C according to France et al.
[2010]), and replace previous amphibole after a
reheating stage [France et al., 2009, 2010]. It also
implies an earlier origin of oxide-bearing clinopyr-
oxenes with respect to the poikilitic plagioclases.
This chronology is supported by the occurrence at
G domain margins, of some oxide-bearing clino-
pyroxenes displaying rims with similar composi-
tions to the oxide-free clinopyroxenes of P
domains (Table 1). A secondary origin of the P
domains (oxide-free clinopyroxenes and associ-
ated poikilitic plagioclases), with respect to the G
domains (oxide-bearing granular clinopyroxenes)
is therefore attested.

[20] The absence of plagioclase in G domains is
also striking (Figures 5f and 6). The hydrous par-
tial melting of previously hydrothermally altered
rocks leads to the stabilization of clinopyroxene at
higher temperature than plagioclase and therefore
produces clinopyroxenitic residue [France et al.,
2010]. During such a hydrous partial melting
stage, the recrystallization of clinopyroxene after
amphibole leads to the occurrence of oxide-bear-
ing clinopyroxene similar to those observed in G
domains [France et al., 2010]. The G domains are
therefore interpreted as representing a residue
from the hydrous partial melting of a previously
hydrothermally altered protolith. This hydrous par-
tial melting stage therefore produces a residual
assemblage (G domains), and a hydrous melt. The
corresponding anatectic hydrous melt can mix
with surrounding MORB melts in the melt lens,
producing hybrid hydrous melts that represent a
potential contaminating component (Figure 8);
this would be characterized by enrichment in ele-
ments characteristic for hydrothermal systems
such as Cl, Ba, Sr, F, Be, B,etc. [e.g., Michael and
Schilling, 1989; Michael and Cornell, 1998; Le
Roux et al., 2006; Wanless et al., 2010]. Such
hybrid hydrous melts have the potential to crystal-
lize the surrounding P domains where clinopyrox-
ene crystallizes before plagioclase, and where
mineral compositions attest to a water-rich envi-
ronment (Figure 8).

[21] Clinopyroxene from the two domains have
different compositions, which is consistent with
the proposed scenario (Figures 8 and 9). Residual
clinopyroxenes from G domains have lower Cr,05
and Al,O5 contents than the magmatic clinopyrox-
enes from P domains. These lower Cr,O; and
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Al,O3 contents are consistent with a lower temper-
ature equilibration [Koepke et al., 2008 ; France et
al., 2010]. Another clue for a recycled origin of
the G domains clinopyroxenes is their composi-
tional similarity with residual clinopyroxenes
formed by melting hydrothermally altered dikes
either in natural settings or experimentally (Figure
9) [France et al., 2009, 2010]. Conversely, P do-
main clinopyroxenes display compositions that do
not correspond to the ones of residual clinopyrox-
enes and are therefore interpreted as magmatic
(Figure 9). Temperature estimations performed
using the two-pyroxene thermometer [Andersen et
al., 1993] and using the Al in clinopyroxene ther-
mometer [France et al., 2010] also give higher tem-
perature for the P domain clinopyroxenes, than for
the G ones, consistent with a magmatic origin of P.
The coarse grain size in G domains is consistent
with a gabbroic protolith, rather than with a dike
protolith (Figure 8), and the presence of leucocratic
veins in the surrounding gabbros (Figure 3) may
also support that those surrounding lithologies have
suffered anatexis [e.g., Koepke et al., 2004].

[22] In sample 070L34, the crystallization
sequence and the mineral compositions imply high
water activities; such water activities could result
from a strong fractionation event that would con-
centrate magmatic fluids in the residual melt,
which must then show a much evolved composi-
tion. However, the extreme mineral compositions
(high Mg # in clinopyroxene and An% up to 99)
imply a relatively primitive nature of the hydrous
melt. This implies that the hydrous component does
not derivate from magmatic fluids, but has been
added as hydrothermal flux (through magma fluid
interactions or through assimilation of previously
altered material) to a relatively primitive MORB
melt. Sharp and reverse zonations in clinopyroxene
inclusions are consistent with either a sudden
hydration of magma or an inherited origin of the
cores embedded in a hydrous crystallizing melt.

[23] Both large prismatic clinopyroxene grains and
the inclusions within the plagioclases display rims
enriched in MgO. The zoned clinopyroxene inclu-
sions are hosted in compositionally homogeneous
plagioclase grains, implying that those plagio-
clases grew from a melt in equilibrium with the
clinopyroxene rims. Mineral compositions require
a hydrous component present during the crystalli-
zation of plagioclases and clinopyroxene rims; a
hydrous component is not required to obtain the
clinopyroxene core compositions.

[24] For gabbro 070L34, the petrographic and
mineral chemical features imply the following

two-stage scenario. Either a relatively primitive
dry melt has crystallized clinopyroxene cores, fol-
lowed by a second stage where the melt was sud-
denly hydrated, or the clinopyroxene cores result
from the partial assimilation and anatexis of previ-
ously altered rocks within an intruding magma.
The two proposed scenarios involve a second stage
with a relatively primitive hydrous melt that can-
not be produced by classical MORB extreme frac-
tionation and which require an input of
hydrothermal fluids. Such hydrothermal fluxes
may be incorporated to ridge axis primitive melts
by different processes: (1) during magma-hydro-
thermal interactions where fresh magmas assimi-
late hydrous anatectic melts as described in Oman,
Troodos, and at the East Pacific Rise close to
magma chamber roofs [e.g., Coogan et al., 2003 ;
Gillis et al., 2003 ; France et al., 2009, 2010; Wan-
less et al., 2010]; (2) by injecting fresh magmas in
previously hydrothermally altered crust that may
suffer anatexis close to propagating oceanic ridge
segment terminations [e.g., Boudier et al., 2000;
Wanless et al., 2010]; (3) or during the initiation
of obduction process [e.g., Ishikawa et al., 2002;
Yamasaki et al., 2006 ; Koepke et al., 2009].

4.3. General Implications and Conclusions

[25] The present study sheds light on a process
that generates coarse-grained gabbro in oceanic
settings, in the transition zone between the lower
igneous crust and the upper extrusive crust. We
show that high water activities are required to gen-
erate the peculiar petrology and mineral composi-
tions of the studied samples. This water-rich fluid
probably derives from the recycling and anatexis
of previously hydrothermally altered rocks (Figure
8). The coarse-grained characteristic may also
result from this high water activity peculiarity as
high water activities result in very large, fast-
growing crystals (by decreasing the nucleation rate
and thus producing substantial undercooled condi-
tions [Nabelek et al., 2010]).

[26] Three processes are proposed here to trigger
the recycling episode: (1) interactions between the
hydrothermal and magmatic convecting systems at
the magma chamber roof, resulting in the genesis
of an anatectic hydrous melt that may mix with
MORB magmas [France et al., 2009, 2010;
Koepke et al., 2011]; (2) propagating ridge seg-
ment tips into previously cooled and hydrother-
mally altered crust, also resulting in the genesis of
an anatectic hydrous melt [Boudier et al., 2000;
Wanless et al., 2010]; (3) intrusion of hydrous
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melts produced by fluid-enhanced melting of pre-
viously depleted mantle during the early obduction
[Ishikawa et al., 2002; Yamasaki et al., 2006,
Koepke et al., 2009]. All of these processes have
the potential to recycle hydrothermally altered
rocks (e.g., sheeted dikes, gabbros) and could
locally produce wet magmatism at oceanic spread-
ing centers. Both (1) and (2) take place in present
day oceanic crust and represent widespread proc-
esses that have been observed in different sites
(e.g., East Pacific Rise, Juan de Fuca Ridge).
While igneous processes at oceanic spreading cen-
ters are mostly dry, wet magmatism does also
occur [Michael and Schilling, 1989 ; Michael and
Cornell, 1998 ; Nielsen et al., 2000; Koepke et al.,
2004, 2005a, 2005b, 2007, 2011; Berndt et al.,
2005; Cordier et al., 2007; France et al., 2009,
2010; Abily et al., 2011 this study], can be gener-
ated by various processes and may contribute to
the geochemical signals that are borne by MORBSs.
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