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debate over how the intrusive gabbroic lower oceanic crust is accreted at the ridge axis. The two
proposed end-member models, the Gabbro Glacier and the Sheeted Sills, predict radically different
strain accumulation in the lower crust during accretion. In order to determine which of these two
hypotheses is most applicable to a well-studied lower crustal section, we present data on plagioclase

Keywords: lattice preferred orientations (LPO) in the Wadi Khafifah section of the Samail ophiolite. We observe no
lower oceanic crust systematic change in the strength of the plagioclase LPO with height above the crust-mantle transition, no
plagioclase LPO dominant orientation of the plagioclase a-axis lineation, and no systematic change in the obliquity of the
Samail ophiolite plagioclase LPO with respect to the modal layering and macroscopic foliation evident in outcrop. These
Oman observations are most consistent with the Sheeted Sills hypothesis, in which gabbros are crystallized

in situ and fabrics are dominated by compaction and localized extension rather than by systematically
increasing shear strain with increasing depth in a Gabbro Glacier. Our data support the hypothesis of
MacLeod and Yaouancq (2000) that the rotation of the outcrop-scale layering from sub-horizontal in the
layered gabbros to sub-vertical near the sheeted dikes is due to rapid vertical melt migration through
upper gabbros close to the axial magma chamber. Additionally, our results support the hypothesis that
the majority of extensional strain in fast spreading ridges is accommodated in partially molten regions
at the ridge axis, whereas in slow and ultra-slow ridges large shear strains are accommodated by plastic
deformation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction mechanism of accretion of gabbroic lower oceanic crust. Recently,
IODP Expedition 345 recovered 110 meters of drill core sampling

Over the last half-century significant progress has been made tectonically exposed, gabbroic lower crust at three sites in Hess

in seismic imaging of active fast-intermediate spreading mid-ocean ~ Deep (Gillis et al., 2014). The core recovered on this expedition
ridges. Detailed 2D and 3D profiles of the mid-ocean ridge axis at represents the best in situ sampling available, however the original

the East Pacific Rise (EPR) and Juan de Fuca Ridge have revealed  “stratigraphic” depth represented remains uncertain. Thus, ophio-
the occurrence and geometry of the shallow axial magma chamber lites, and especially the Samail ophiolite of Oman and the United
(AMC) in high resolution (Detrick et al., 1987; Singh et al., 1998; Arab Emirates, offer the best-constrained examples of lower crust
Han et al., 2014). In addition, scientific ocean drilling has provided ~ formed at submarine spreading centers.

an important tool for understanding the petrology and geochem- Two end-member hypotheses for the formation and accretion
istry of gabbroic rocks inferred to have crystallized in the AMC,  of the lower crust at spreading ridges emerged in the 1990s,

and their relationship to the overlying extrusive basalts (e.g., Gillis together WiFh many options intermediate betwe.en. these end-
et al, 1993; Teagle et al., 2012). One important feature of the = members (Fig. 1). The “Gabbro Glacier” hypothesis is that crys-

global mid-ocean ridge system, however, remains uncertain: the tallization occurs primarily in the seismically-imaged AMC at
the base of the sheeted dikes, and the lower crust is built by

viscous flow of these cumulates downward and outward, away
* Corresponding author. from the spreading center (Sinton and Detrick, 1992; Sleep,
E-mail address: jvantongeren@eps.rutgers.edu (J.A. VanTongeren). 1975; Phipps Morgan and Chen, 1993; Henstock et al., 1993;
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Fig. 1. lllustration of the Gabbro Glacier (e.g., Sinton and Detrick, 1992; Sleep, 1975; Morgan and Chen, 1993; Henstock et al., 1993; Quick and Denlinger, 1993), Hybrid (e.g.
Boudier et al., 1996), and Sheeted Sills (e.g. Kelemen et al., 1997; Korenaga and Kelemen, 1998) mechanisms for lower crustal accretion at intermediate-fast spreading ridges.
It is important to note that the Sheeted Sills end-member depicted here, and envisioned by Korenaga and Kelemen (1998), includes a small Gabbro Glacier directly beneath
the sheeted dikes and a lower crust entirely accreted by small sills; whereas, the Hybrid model of Boudier et al. (1996) envisions a crustal scale Gabbro Glacier into which

small sills are periodically emplaced.

Quick and Denlinger, 1993). By contrast, the “Sheeted Sills” hy-
pothesis is that the lower crust is accreted in a series of small
sills that are emplaced and crystallized in situ at the crustal
depth where they are currently found (Kelemen et al, 1997;
Korenaga and Kelemen, 1998; Boudier et al., 1996).

The Sheeted Sills hypothesis requires efficient extraction of
thermal energy from the entire crustal section near the spreading
ridge, in order to account for near-ridge crystallization of gabbroic
rocks at the base of the crust (e.g., Maclennan et al., 2004). This
implies that igneous and high temperature metamorphic cooling
rates are rapid near the axis of the spreading center. Results from
measured cooling rates in the Samail ophiolite are mixed: Coogan
et al. (2002) used Ca diffusion in olivine to infer slow cooling rates
for the anomalously thin Wadi Al Abyad crustal section. In contrast,
Garrido et al. (2001) and VanTongeren et al. (2008) inferred rapid
cooling rates for the thicker, Wadi Khafifah section on the basis of
crystal size distributions and Ca diffusion in olivine, respectively.
VanTongeren et al. (2008) suggested that cooling in the Wadi Al
Abyad section might have been extended during a long period of
off-axis magmatism, since the mantle section there is intruded by
swarms of medium- to fine-grained gabbroic dikes.

A more direct way to distinguish between the products of the
Sheeted Sill versus Gabbro Glacier mechanisms is to constrain the
kinematic evolution of gabbro cumulates as a function of depth
below the paleo-AMC (Fig. 2). Whereas the Sheeted Sill process is
not likely to produce systematic variation in strain with depth in
the crust, the Gabbro Glacier mechanism requires increasing shear
strain as well as a rotation of the shear plane with increasing depth
below the AMC (Fig. 2).

In this study we present data on plagioclase lattice preferred
orientations (LPOs) in gabbros from a detailed section through the
lower crust of the Samail ophiolite. Plagioclase comprises 45-65
volume percent of all of our samples. The strength, geometry, and
orientation of the plagioclase fabric provides a record of the strain
history experienced during rock formation and can be used to dis-
tinguish between crustal sections formed by the Gabbro Glacier
versus Sheeted Sills mechanisms.

2. Background
2.1. Gabbro glacier vs. sheeted sills

In the Gabbro Glacier mechanism, the entire lower crust
(~4-5 km of gabbroic cumulates) crystallizes within a ~50-100
thick AMC located below the sheeted dikes, and the lower crust
forms by subsidence and magmatic flow downward from the AMC
and laterally away from the spreading center axis (Sinton and
Detrick, 1992; Quick and Denlinger, 1993). This hypothesis was
originally conceived to incorporate crustal accretion in a simple

model of heat budget for spreading centers (Sleep, 1975) and was
proposed to be consistent with three main observations: First,
in the Samail ophiolite, the outcrop-scale layering in the gab-
bros evolves from Moho-parallel near the base of the crust to
dike-parallel near the paleo-AMC (Pallister and Hopson, 1981;
Smewing, 1981; Nicolas et al., 1988a; 2009). Second, prior to re-
cent seismic experiments showing off-axis melt lenses (Han et al.,
2014; Canales et al., 2006; 2009) and Moho-level reflectors, (Singh
et al, 2006), the AMC was the only laterally persistent magma
chamber that had been imaged seismically at active spreading
centers, such as the EPR. A recent multichannel seismic study
of the EPR, however, shows clear evidence of several sub-axial
melt lenses throughout the lower crust (Marjanovic et al., 2014).
Third, early numerical models of lower crustal accretion assumed
that hydrothermal circulation did not occur in rocks above 600 °C
(Lister, 1977). This assumption translated into thermal profiles of
the oceanic crust in excess of 1000°C as much as 4 km off-axis
near the Moho (Morgan and Chen, 1993; Chen, 2001). Under these
circumstances, crystallization is expected to be most efficient in
the shallow AMC where active hydrothermal circulation can ef-
fectively advect heat away from the magma chamber (e.g. Lister,
1977). The assumption of a cap at 600°C is likely incorrect as
high-temperature (750-950 °C) alteration phases such as pargasite
and chlorite are present in gabbros near the Moho in the exposed
sections of the Samail ophiolite (Manning et al., 2000; Bosch et al.,
2004) and in gabbros from Hess Deep (Mevel et al., 1996).

We reiterate that Ca-in-olivine speedometry in one of two
crustal sections analyzed so far yields fast cooling rates through
the ~800°C isotherm extending down to the Moho, without
systematic variation with depth (VanTongeren et al., 2008). The
fast cooling rates are also supported by ages and cooling rates
of zircons found at slow-spreading mid-ocean ridges such the
Mid-Atlantic and Southwest Indian ridges (Grimes et al., 2011;
Rioux et al., 2012; Schmitt et al., 2011), as well as heat flow stud-
ies (Spinelli and Harris, 2011), and interpretation of steep contours
of seismic P-wave speeds as indicating nearly vertical isotherms in
the lower crust at the EPR (Dunn et al., 2000).

The thermal profile of the crust determined by the cooling
rates, and modeled numerically with active hydrothermal circu-
lation (Cherkaoui et al., 2003; Maclennan et al., 2004) suggests
that in situ crystallization of individual melt lenses deep in the
crust may be possible at or near the ridge-axis, regardless of the
depth of intrusion below the sheeted dikes - as is proposed in the
Sheeted Sills hypothesis. Other evidence in support of the Sheeted
Sills hypothesis includes: (1) the presence of meter to centimeter-
scale cryptic variation in lower gabbro geochemistry (Browning,
1984) suggesting differentiation in situ without any significant re-
organization of the cumulate pile; (2) observed modally graded
layering in the lower gabbros (e.g., Pallister and Hopson, 1981) that
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Fig. 2. (a) Schematic prediction of strain in the Gabbro Glacier (solid black line) and Sheeted Sills (dashed line) mechanisms. The prediction of strain for the Gabbro Glacier
mechanism is based on the calculations of Phipps Morgan and Chen (1993). Strain ellipses illustrate the rotation of the shear plane due to the vertical component of flow in
the Gabbro Glacier setting, as quantified in Fig. 4 of Phipps Morgan and Chen (1993). Also see Quick and Denlinger (1993). (b) Response of plagioclase fabrics to compaction,
pure shear, and simple shear based on the experiments of Benn and Allard (1989), lldefonse et al. (1992a, 1992b), Picard et al. (2011). Black circles indicate the location of
the b-axis maxima. Gray regions indicate the location of the a-axis maxima. « is the obliquity between the plagioclase b-axis maxima and the pole to the compositional

layering.

would likely not survive the shear strain associated with ductile
flow in the Gabbro Glacier (Korenaga and Kelemen, 1998), though
recent work by Jousselin et al. (2012) has questioned this inter-
pretation; (3) seismic velocity and compliance measurements from
the EPR indicating the presence of significant volumes of melt at
specific horizons in the lower crust (Crawford and Webb, 2002;
Zha et al., 2014).

2.2. Predicted strain in the Gabbro Glacier and Sheeted Sills hypotheses

The Gabbro Glacier and Sheeted Sills hypotheses entail very dif-
ferent evolution of accumulated strain with depth below the AMC.
In the Sheeted Sills hypothesis, gabbros formed in situ experience
volumetric strain via compaction, as well as local pure or sim-
ple shear. Additionally, in the Sheeted Sills scenario, there should
be no systematic change in fabric strength or strain magnitude
with depth (Fig. 2a). In contrast, in the Gabbro Glacier hypoth-
esis, the gabbroic cumulates are expected to be deformed both
vertically (by downward advection of gabbros below the AMC) and
laterally (by the motion of the crust away from the ridge axis)
(e.g. Quick and Denlinger, 1993; Phipps Morgan and Chen, 1993;
Nicolas et al., 2009), resulting in extreme shear strain in the low-
ermost portions of the crust near the Moho.

2.3. Interpretation of plagioclase fabrics

Plagioclase has triclinic crystal symmetry and its LPO can be
described by the [100] axis and poles to (010) and (001) planes.
Because plagioclase crystals often have a large aspect ratio, with
crystals being significantly longer along [100] than along (010) or
(001), plagioclase shape fabrics are correlated with the LPO during
suprasolidus deformation making both shape fabrics and LPO in
plagioclase potentially excellent recorders of crystal alignment and
strain in gabbroic rocks.

During compaction, the shortest dimension of the plagioclase
grains, typically parallel to the b-axis [010], aligns parallel to the
direction of maximum compressional strain (e.g. vertical for a sill
parallel to the Moho and the seafloor; Benn and Allard, 1989;
[ldefonse et al., 1992a, 1992b). The long axis, the a-axis [100] will
align perpendicular to the pole to (010), and the poles to (001)
show a weaker LPO. On pole figures, compaction is manifest as a
point maximum in poles to (010), and a girdle in [100] (Fig. 2b).
During pure shear, the plagioclase [100] axis will align paral-
lel to the direction of extension or flow (Benn and Allard, 1989;
lldefonse et al., 1992a, 1992b) resulting in pole figures with [100]
point maxima. During simple shear, plagioclase pole figures will
display point maxima in both poles to (010) and [100] oblique
to both the macroscopic foliation and the shear plane, and a
central point maxima in poles to (001) (Illdefonse et al., 1992a;
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Fig. 3. (a) Map of the Wadi Khafifah sampling locations in the Samail ophiolite adapted from Garrido et al. (2001) and the location of the Ibra Syncline as mapped by Pallister
and Hopson (1981). Large red orientation line is the strike (071) and dip (55°) of the geographic reference frame (see text). Small map inset shows the location of our
sampling region relative to the Samail and Wadi Tayin massifs of the Oman ophiolite; areas of exposed outcrop shown in black. (b) Orientation of the sheeted dikes and
Moho lineations in the Wadi Khafifah region from Nicolas et al. (1988a). It is important to note that the Moho and sheeted dikes in this region are not perpendicular to one
other, the Moho is approximately 60-70° oblique to the sheeted dikes. (c) 3D crustal column illustrating the choice of geographic reference frame (red plane). All samples
were rotated into the geographic reference frame, which is a plane perpendicular to both the paleo-spreading direction and the compositional layering. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Picard et al., 2011; Fig. 2b). The obliquity evolves with increasing
shear strain, depending on the aspect ratio of the grains and if
deformation also involves a component of pure shear (e.g., Ghosh
and Ramberg, 1976). At high shear strains, on the order of 5-10,
the [100] maxima can become aligned subparallel to the shear di-
rection.

Due to the anisotropic grain shape of plagioclase in most
layered gabbroic rocks, the poles to (010) are commonly sub-
perpendicular to the compositional layering (e.g. paleo-vertical
within a melt lens or magma chamber), even in “quasi-static” lay-
ered intrusions. For lower oceanic crust formed via the Gabbro
Glacier mechanism, the upper gabbros would be expected to have
plagioclase fabrics showing (010) maxima parallel to the spreading
direction, with a vertical maximum in [100], owing to the dom-
inantly vertical flow field. With increasing depth, the plagioclase
(010) poles would be expected to rotate with the orientation of the
compositional layering, such that at the base of the crust the lower
gabbros will have a vertical alignment of (010) and a strong hor-
izontal alignment of [100] sub-parallel to the spreading direction.
In contrast, for the Sheeted Sills mechanism, all gabbros regardless
of their depth within the crustal section should show alignment in
the plagioclase (010) poles parallel to the paleo-vertical (e.g. the
direction of the sheeted dikes), with no strong lineation demon-
strated by the [100] axis.

3. Methods

Here we present plagioclase fabrics from gabbros throughout
the lower crustal stratigraphy to compare with the different pre-
dictions of strain in the Gabbro Glacier vs. Sheeted Sills hypotheses
for fast spreading ridges.

The geochemistry of lavas in the Samail ophiolite is system-
atically different from that of lavas from mid-ocean ridges (e.g.,
Pearce et al.,, 1981; MacLeod et al., 2013). Gabbroic rocks also dif-
fer; evolved Oman gabbros rarely contain abundant orthopyroxene,
and commonly contain igneous hornblende (e.g., Pallister and Hop-
son, 1981), unlike evolved mid-ocean ridge gabbros (e.g., Mevel
et al., 1996). Nevertheless, crustal thickness and layering are sim-
ilar to that inferred for fast- to intermediate-spreading mid-ocean
ridges from seismic data (e.g., Vera et al., 1990). In the absence of
evidence to the contrary, we infer that the mechanism of igneous
crustal accretion in the Samail ophiolite was similar to that at fast-
to intermediate-spreading mid-ocean ridges such as EPR or Juan de
Fuca.

Samples were collected through a 4700 m stratigraphic sec-
tion of lower crustal gabbros in the Wadi Tayin massif of the
Samail ophiolite (Fig. 3, Supplementary Table 1). This sample sec-
tion corresponds approximately to the Khafifah section, mapped
and sampled by Pallister and co-workers (Pallister and Hopson,
1981). 13 oriented samples were cut perpendicular to the foliation
(defined by the visible modal layering, typically corresponding to
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the plagioclase shape preferred orientation in hand specimen) and
parallel to the lineation (where identifiable). Near the top of the
section, in the isotropic or varitextured gabbros, modal layering is
not well-defined and the foliation is defined by alignment of tab-
ular plagioclase crystals. Polished thin sections were then further
polished using colloidal silica for electron backscatter diffraction
(EBSD) analyses. Crystallographic orientations (LPOs) were mea-
sured at the Marine Biological Laboratory/Woods Hole Oceano-
graphic Institution on a JEOL 840 SEM at 20 kV with a beam
current of 60 nA, and at Brown University on a JEOL 845 SEM
at the same operating conditions. For each individual thin section,
between 250 and 500 individual plagioclase grains were manually
analyzed and their orientations determined using the HKL Channel
5+ software after visual inspection of diffraction patterns.

In the layered gabbros the foliation is defined as being paral-
lel to the modal and compositional layering in the rock. Near the
top of the section, in the isotropic or varitextured gabbros, modal
layering is not well-defined and the foliation is defined by align-
ment of tabular plagioclase crystals. Pole figures for each sample
were rotated into a geographic reference frame, to facilitate com-
parison with the crustal accretion models. The average strike of
the sheeted dikes in this region is 341° (Nicolas et al., 1988a;
Fig. 3). Rotations into the geographic reference frame (with the
paleo-vertical orientated N or 0°) also account for the regional
strike and dip of the paleo-horizontal based on the orientation of
the crust-mantle boundary and the sheeted dike/gabbro boundary
(Fig. 3). All fabrics are rotated such that the primitive of the pole
figures is 071/55, which is a paleo-vertical plane perpendicular to
the sheeted dikes (see thick red line in Fig. 3). In Wadi Khafifah,
the mean orientations of the sheeted dikes and Moho are not per-
pendicular, but are at an angle of approximately 60-70° to one
another. Thus, in our geographic reference frame, the pole to the
sheeted dikes has an azimuth of 270, and the pole to the layering
of samples with layer orientations parallel to the Moho ends up
~20-30° away from the paleo-spreading direction inferred from
the dikes. The 20-30° discrepancy is consistent with the location
of an emplacement related fold (The Ibra Valley Syncline; Pallister
and Hopson, 1981) that is mapped in our study area (Fig. 3).

Fabric strength is quantified using the M-index procedure of
Skemer et al. (2005) and the J-index, C-factor, and K-factor are cal-
culated for each sample from the software of D. Mainprice (http:
[[www.gm.univ-montp2.fr/mainprice//CareWare_Unicef_Programs).

4. Results

From the well-defined plagioclase LPOs (Fig. 4), and the lack
of any other strong plastic deformation indicators, such as sub-
grains, undulatory extinction or grain size reduction by dynamic
recrystallization, we infer that the plagioclase LPOs measured here
are magmatic and have not experienced any significant amount of
submagmatic or subsolidus deformation (e.g. Nicolas et al., 1988a).

Pole figures for the rotated plagioclase fabrics reveal two groups
of samples divided on the basis of their mean orientations. The
uppermost samples, hereafter referred to as the “upper gabbros”,
have plagioclase fabrics with [100] steeply rotated near-vertical
with respect to the paleo-seafloor (Fig. 4). The upper gabbros in-
clude samples OM97-113, OM97-204, OM97-111. The deepest of
these, OM97-111, is located at 3594 m above the Moho, corre-
sponding to ~1100 m stratigraphically below the sheeted dikes in
this region. One sample, OM97-106, located at 3260 m above the
Moho, appears to be transitional between the upper gabbros and
those below. All samples stratigraphically below this point, here-
after referred to as the “lower gabbros”, have plagioclase [100]
aligned sub-parallel to the Moho in this region (Fig. 4). We use
the terms upper and lower gabbros here in place of the com-
monly used terms “foliated gabbros” and “layered gabbros”, as

these terms have come to mean different things to different au-
thors based on petrofabrics as well as geochemistry.

The steeply oriented plagioclase fabrics of the upper gabbros
in the geographic reference frame is unsurprising given the same
observation of near-vertical orientation of modal and composi-
tional layering made at the outcrop-scale previously recognized by
numerous workers (Pallister and Hopson, 1981; Smewing, 1981;
Henstock et al., 1993; Quick and Denlinger, 1993; Nicolas et al.,
1988a; Phipps Morgan and Chen, 1993; Boudier et al., 1996;
MacLeod and Yaouancq, 2000). However, aside from the change in
mean orientation observed at the outcrop-scale, there does not ap-
pear to be any other difference in plagioclase fabrics between the
upper and lower gabbros. Additionally, there is no change in the
whole rock geochemistry or modal assemblage that would distin-
guish the majority of the upper gabbros from the lower gabbros.
Only sample OM97-113 has the characteristic high incompatible
trace element contents and magmatic amphibole that is typically
associated with the ‘isotropic’ gabbros (e.g. Kelemen et al., 1997).

The Gabbro Glacier model predicts that shear strain in the gab-
bros will increase with depth in the crust (Fig. 2). Increasing shear
strain, and the change in flow lines with depth, will result in
three main features in the plagioclase fabrics, applicable at both
the crustal-scale and the individual sample level: (1) progressive
alignment of the a-axis maxima, such that [100] orientations form
a point maximum and not a girdle; (2) increasing fabric strength
in all axes; (3) rotation of the fabric with depth to become parallel
to the crust-mantle boundary. A fourth feature, the obliquity of the
plagioclase LPO with respect to the compositional layering, can be
used to assess the degree of shear strain, with the caveat that ex-
periments and models show that pure shear and simple shear can
produce similar fabrics under some conditions.

4.1. Plagioclase LPO: Alignment of [100]

While all samples have well-defined (010) maxima, only a sub-
set of samples have distinctive maxima in [100], and no samples
cross the girdle-cluster transition defined by the K-factor (Fig. 6).
The development of a cluster or point maximum in [100], e.g. a
lineation, is typically associated with a dominant magmatic flow
direction or increased shear strain (e.g. Ildefonse et al, 1992a,
1992b).

On the crustal scale, the lower gabbros have point-maxima in
poles to (010) that are oriented perpendicular to the Moho (Fig. 5),
whereas the uppermost gabbros have point-maxima in poles to
(010) aligned near the paleo-horizontal. However, there is no ge-
ographic preferred orientation of the [100] maxima with depth
below the paleo-AMC (Fig. 5; Supplementary Table 2). The lack
of a systematic orientation direction of the [100] maxima indi-
cates heterogeneous deformation kinematics during fabric forma-
tion and thus is inconsistent with systematic alignment due to
shear strain, as predicted in the Gabbro Glacier hypothesis. High
degrees of either pure or simple shear can result in the alignment
of plagioclase [100] axes, causing a transition from girdle to point
maxima in [100] and an increase in fabric strength, as quantified
by the K-factor and the C-factor, respectively (Fig. 6). All samples
measured here have low [100] K-factors - below the girdle/cluster
transition defined by Woodcock (1977) - and there is no system-
atic change in these parameters with depth in the lower crustal
section (Fig. 6).

4.2. Plagioclase LPO: fabric strength
In addition to the lack of systematic variation in the orientation

and strength of [100] maxima with depth, there is no correla-
tion between fabric strength in any crystallographic axis with its
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Fig. 4. Plagioclase pole figures rotated into the geographic reference frame. Pole figures were generated using the software of D. Mainprice (ftp://www.gm.univ-montp2.fr/
mainprice//CareWare_Unicef_Programs/). Samples are arranged according to stratigraphic height. The base of the crust, the Moho, corresponds to a height of 0 m. Symbols
corresponding to the best axis, best pole, maximum density, mean orientation, mean vector, and minimum density are generated automatically using the statistics option
in the Mainprice software. Symbol legend is at the top center of the figure. All orientations and statistics are provided in the Supplementary Material. Note: the 20-30°
obliquity of the (010) maxima with respect to the vertical in the lower gabbros is an artifact of the geographic reference frame chosen. The sheeted dikes and Moho are not
perpendicular to one another in the Wadi Khafifah crustal section, but are 60-70° oblique to one another. The Moho plane in the geographic reference frame is provided for
visual reference as a dark black line in the (010) pole figures for each sample.

UPPER GABBROS

LOWER GABBROS OUTCROP LAYERING

o Orientation of a-axis =
[100] maxima
(rotated into the
geographic reference
frame)

Poles to the outcrop-
scale layering
(rotated into the
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frame)

e Orientation of b-axis
(010) maxima
(rotated into the
geographic refer-
ence frame)

Fig. 5. Orientation of [100] maxima (open circles) and (010) maxima (filled circles) from pole figures shown in Fig. 4. In the geographic reference frame, an inclination of 0°
corresponds to the paleo-vertical. (a) In the upper gabbros, the (010) maxima are aligned nearly perpendicular to the sheeted dikes, and there is no preferred orientation
direction in the [100] maxima. (b) In the lower gabbros, (010) maxima are aligned perpendicular to the Moho (60-70° oblique to the sheeted dikes), and [100] maxima show
no clear preferred orientation. (c) Orientation of the pole to the outcrop-scale compositional layering, rotated into the geographic reference frame (55/071). These results
suggest that there is no preferred strain orientation or development of a dominant lineation direction on the crustal scale, which would result in alignment of a-axis maxima
into a single direction. Rather, the data are more consistent with magmatic compaction throughout the lower crust.
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Fig. 6. (a) C-factor and K-factor measured for the [100] axis indicating that the plagioclase samples measured here are dominated by girdles in the [100] axis. Base figure is
taken from Woodcock (1977) for illustration. (b) [100] K-factor with height above the Moho. There is no systematic change in K-factor with stratigraphic height as would be
expected during increasing crystal alignment due to shear strain in the Gabbro Glacier mechanism.

stratigraphic height above the Moho, and there is no difference in
plagioclase fabric strength between the upper and lower gabbros.
The pf]-index quantifies the fabric strength for each individual axis,
with higher values indicating a stronger or more aligned fabric. In
the case of all samples measured here, no systematic increase in
pf]-index for any axis is observed (Fig. 7; Suppl. Table 2), and no
change in the overall J-index of the sample (Fig. 7; Suppl. Table 1).

The M-index (Skemer et al., 2005) can also be used to quantify the
fabric strength of the rock and is less dependent on the number
of grains analyzed. The M-index varies from 0, where the fabric is
completely random, to 1, where the fabric is completely aligned.
All samples measured here have M-indices between 0.07-0.19, and
no trend is observed with increasing depth (Supplementary Ta-
ble 1, Fig. 7).
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Fig. 8. (a) Obliquity, o, between the (010) maxima and the pole to the compositional layering measured in outcrop. There is no trend of decreasing obliquity with depth, as
would be predicted by the Gabbro Glacier hypothesis. (b) Obliquity, 8, measured between the (010) maxima and the pole to the Moho rotated into the geographic reference
frame. (c) Reconstructed apparent dips of the outcrop layering (thick solid line) and the plane to the b-axis maxima (thin dashed line) after rotation into the geographic
reference frame; Top = 0°; East = 90°. Line lengths are proportional to the fabric strength, such that the length of the outcrop layering is proportional to the overall J-index
of the sample and the length of the b-axis maxima plane is proportional to the (010) pf]-index. Due to the location of the Ibra Syncline near the top of the Khafifah section,
the layering in gabbros near the Moho dip of 35°N, whereas the Sheeted Dikes in this region are approximately vertical (Fig. 3; and Fig. 2c of Pallister and Hopson, 1981;
also see Nicolas et al., 1988a). Thus, samples collected to the NW of the red orientation line in Fig. 3 (e.g. all of the lower gabbros with the exception of OM97-106) were
rotated 35° clockwise, whereas samples collected to the SE of the line (e.g. the upper gabbros and OM97-106) were not rotated. There is a consistent top to the right shear
sense between the b-axis plane and the outcrop scale layering. The angle of obliquity between the b-axis plane and the layering is approximately constant (20-40°) implying
low shear strains throughout the lower crust.

4.3. Plagioclase LPO: obliquity

As noted above, obliquity of fabrics during shear depends on
the aspect ratio of the grains and the relative contributions of sim-
ple and pure shear (e.g., Ghosh and Ramberg, 1976; lldefonse et al.,
1992a, 1992b). During torsional experiments on magmatic suspen-

sions of plagioclase, Picard et al. (2011) showed that plagioclase

within a thin shear zone aligns such that [100] is subparallel to

the macroscopic shear direction, whereas plagioclase outside the

shear zone aligns with [100] approximately 45° relative to the
shear direction. The narrow shear zone is oriented ~20° clockwise
from the macroscopic dextral shear direction - thus the [100] axes
remain oblique to the local kinematic reference, nominally consis-
tent with previous experimental and modeling work. Furthermore,
comparisons of these studies indicate that the conditions where
“steady state” fabrics are produced are not well defined. In any
case, it is difficult to distinguish between pure shear and simple
shear on the basis of plagioclase obliquity alone.
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Fig. 9. Correlation of cooling rates with plagioclase [100] K-factor. Cooling rate of
each sample through the ~750-800°C isotherm is measured by Ca diffusion in
olivine; data from VanTongeren et al. (2008). Samples with very fast cooling rates
were previously inferred to have intruded off-axis. The three samples (OM97-59a,
0M99-40, and OM97-106) with very fast cooling rates are also the three samples
with high [100] K-factor (e.g. stronger lineation). It is possible that the off-axis sills
experienced a different strain history during crystallization; however, there is no
correlation between cooling rate and any other plagioclase LPO metric. More work
must be done to confirm, quantify and understand this relationship.

The obliquity we measured between the (010) maxima and
the outcrop scale layering (o) does not vary systematically with
depth over the crustal section, nor does the obliquity between the
(010) maxima and the pole to the Moho (B) (Fig. 8). Owing to
the number of variables that control the evolution of fabric oblig-
uity with strain, it is difficult to quantify the strain magnitude in
our samples. However, because the obliquity between the layers
and the (010) fabric remains ~20° to 40° (Fig. 8) our observations
indicate that shear strain does not vary significantly with depth.
Furthermore, the (010) maxima are always oriented counterclock-
wise from the pole to layering in the geographic reference frame
(Fig. 8c), indicating a constant sense of shear with depth. At face
value, these observations are inconsistent with the Gabbro Glacier
model because the steep orientations of the strain ellipses in the
Glacier model for more shallow portions of the crust (i.e. Fig. 2)
are formed by dominantly vertical flow with a shear sense oppo-
site that imposed by the dominantly horizontal flow deeper in the
crust. In addition, while more equivocal, the ~20° to 40° obliquity
suggests shear strains on order of 1 or less assuming simple shear
(e.g., Picard et al., 2011), or even lower if deformation involves
a significant component of pure shear (cf. Ghosh and Ramberg,
1976) or compaction.

4.4. Off-axis vs. on-axis emplacement: correlation with cooling rates

VanTongeren et al. (2008) noted that there was no system-
atic trend in the cooling rate of samples with depth in the Wadi
Khafifah stratigraphy. In order to explain inferred cooling rates
through the 800° isotherm of ~1°C/yr that are faster than pre-
dicted in models of hydrothermal convection, they suggested that
some samples may have been emplaced as off-axis sills, where
host-rock temperatures were markedly colder. This interpretation
is consistent with recent seismic imaging of mid-crustal melt bod-
ies several kilometers off-axis at both Juan de Fuca ridge (Canales
et al., 2009) and the East Pacific Rise (Canales et al., 2012).

Samples OM97-59, OM97-106, OM99-40 record cooling rates
that are an order of magnitude faster than most of the others (Sup-
plementary Table 1). The cooling rate measured for each sample is
uncorrelated to most metrics of plagioclase fabric strength, though
all three samples that cooled very rapidly also show the highest

K-factor (or point-maxima) in the [100] axis (Fig. 9). While diffi-
cult to quantify from this observation alone, it is possible that sills
intruded off-axis are subject to a significantly different deforma-
tion history during crystallization than those formed on-axis.

4.5. Difference between gabbroic fabrics and anorthositic fabrics?

In nearly all metrics analyzed, there is no statistical difference
in the shape, strength, or obliquity of the plagioclase LPO recorded
between a gabbroic sample (OM97-85; 50-60 volume % plagio-
clase) and an anorthosite layer (OM97-84; >90 volume % pla-
gioclase) located within the lower gabbros at 1663 m above the
Moho (Fig. 4, Supplementary Table 2). The nearly identical LPO
in these two samples suggests that rocks emplaced at the same
stratigraphic level will generally experience the same deformation
history. Future work ‘mapping’ the LPO of closely spaced samples
from a small stratigraphic section may provide a record of individ-
ual sill emplacement within the crust.

There is no difference in the fabric strength in any crystal-
lographic axis, as quantified by the pf]-index, in the anorthosite
samples of Morales et al. (2011) compared to those of the gabbro
samples reported in this study (Fig. 7). At face value, this obser-
vation suggests that formation of anorthosite layers in the lower
oceanic crust is not due to increased shear strain (e.g. Jousselin et
al., 2012) or input of new magma (e.g. Boudier and Nicolas, 2011)
as previously hypothesized, but that they likely form as a result
of typical magma chamber processes, similar to the processes that
form anorthositic layers in undeformed, continental layered intru-
sions.

5. Discussion
5.1. Comparison with fabrics from other levels in the Samail ophiolite

5.1.1. Comparison to observations at the Root Zone of the Sheeted Dike
Complex (RZSDC), Samail Ophiolite

Very few systematic studies of plagioclase fabrics in the gab-
broic lower crust have been reported to-date. A study of pla-
gioclase fabrics in gabbros from the Wadi Al Abyad section of
the Nakhl Rustaq block of the Samail ophiolite (Yaouancq and
MacLeod, 2000) was undertaken to quantify whether magnetic
anisotropy was related to plagioclase LPO in the oceanic crust. This
study included seven samples predominantly from the uppermost
oceanic crustal section, with only two samples from layered gab-
bros lower in the section. Both lower gabbro samples showed well-
defined maxima in (010). A strong lineation (maxima in [100]) was
found in one sample. The lower gabbro LPOs were not significantly
different from those reported for samples higher in the crustal sec-
tion.

Nicolas et al. (2009) documented a series of plagioclase fab-
rics in gabbros inferred to have formed within or very near to the
paleo-AMC in the Samail ophiolite. They concluded that the steep
magmatic foliations seen in some rocks within 10s of meters of the
RZSDC were formed due to subsidence along the magma cham-
ber walls prior to moving horizontally away from the AMC. They
showed plagioclase pole figures for five samples from 0 m below
the RZSDC to 365 m below. Two samples, found at 45 m below the
RZSDC and 80 m below, appear similar to the upper gabbro sam-
ples OM97-204 and OM97-111, though they have a slightly lower
[100] J-index than those measured here (Fig. 7). The other samples
measured by Nicolas et al. (2009) lack a strongly defined LPO.

Morales et al. (2011) examined anorthosite layers from the
same regions as Nicolas et al. (2009), and divided their samples
into three categories: upper anorthosites with flat-lying foliation,
upper anorthosites with steep foliations, and anorthosites found
within the lower gabbros near the Moho. Of the four anorthosites
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measured by Morales et al. (2011) from the lower gabbro section,
all samples have point maxima in (010), and girdles in [100], and
the fabric strength in both [100] and (010) overlaps with that ob-
served in the gabbros measured throughout the lower crust in our
study (Fig. 7).

5.1.2. Comparison to the Mantle Transition Zone gabbros in the Samail
ophiolite

In their study of gabbro lenses within dunite and residual man-
tle peridotite in the Moho Transition Zone (MTZ), Jousselin et al.
(2012) noted that some lenses display nearly isotropic plagioclase
fabrics (their Type 1 sills), others show pronounced magmatic
fabrics and modal layering (their Type 4 sills), while two other
groups (Types 2 and 3 sills) are intermediate between these end-
members. They conclude that the layering and plagioclase fabrics
in the lenses are the result of increasing simple shear during mag-
matic deformation due to mechanical coupling with the surround-
ing mantle flow, and suggest that layering is formed by rotation
of the particles into the shear plane and segregation from one an-
other based on size and density sorting.

The plagioclase fabrics seen in the MTZ Types 2-3 lenses of
Jousselin et al. (2012) are qualitatively indistinguishable from those
seen throughout the lower crustal gabbros shown here, though
no J-indices are provided for quantitative comparison. Sample
OM97-45, located ca. 162 m above the Moho, has a nearly iden-
tical fabric to their Type 2 sills; whereas sample OM97-67, located
ca. 46 m above the Moho, has a fabric similar to their Type 3 sills.
Other samples that have similar fabrics to Types 2 and 3 lenses
occur at all levels in the crustal section we analyzed and in some
cases are near those with poorly-defined lineations in [100]. For
example, sample OM97-85 occurs only ~100 m stratigraphically
below sample OM97-89 in the middle of the section, yet has a
much stronger maximum in [100].

If the interpretation of Jousselin et al. (2012), that mechanical
coupling with mantle flow is the dominant control on igneous lay-
ering and plagioclase LPO, were applied to the entire lower crust,
then one would expect a gradual decrease in deformation strength
from the base of the section to the top - similar to the predic-
tion based on the Gabbro Glacier hypothesis (Fig. 2). Instead, there
is no systematic variation in plagioclase LPOs with depth in the
section we have studied.

5.2. Plagioclase fabrics in the lower crust

Our data reveal five important criteria that should be met in
evaluating models for the formation and accretion of the lower
oceanic crust:

(1) There is a distinctive change in the orientation of the
outcrop-scale layering from near-vertical to sub-horizontal that
is also reflected in the plagioclase fabrics in the uppermost
~1000-1500 m of the gabbroic crust (Pallister and Hopson, 1981;
Smewing, 1981; Henstock et al., 1993; Quick and Denlinger,
1993; Nicolas et al., 1988b; Phipps Morgan and Chen, 1993;
Boudier et al., 1996; MacLeod and Yaouancq, 2000; Figs. 3, 5).

(2) The distinction between the upper gabbros and lower gab-
bros is not a geochemical boundary. The change in outcrop-scale
orientation from near-vertical to sub-horizontal occurs stratigraph-
ically lower in the crust than a change in whole-rock geochemistry
(e.g. Kelemen et al., 1997). Only the uppermost sample, OM97-113,
lacks clear compositional layering or foliation. It also contains am-
phibole and has significantly higher whole-rock REE contents than
the rest of the stratigraphy. OM97-113 is located 3989 m above the
Moho and is representative of the so-called isotropic or varitex-
tured gabbros observed throughout the top of the crustal section in
the Oman ophiolite (e.g. MacLeod and Yaouancq, 2000). However,
the other upper gabbro samples, OM97-111 and OM97-204 possess

distinctive compositional layering, and have similar whole rock REE
contents and modal abundances to the lower gabbros, they also
have no amphibole or magnetite in their phase assemblage.

(3) There is no systematic difference in plagioclase fabric
strength in any crystallographic axis between the upper gabbros
and the lower gabbros (Fig. 7).

(4) Beneath the abrupt transition from sub-vertical to sub-
horizontal fabric, there is no systematic change in the geographic
orientation of the plagioclase fabric, or in the development of
a dominant lineation direction within the upper gabbros or the
lower gabbros (Fig. 5).

(5) In the lower gabbros, the obliquity between the (010) and
the modal layering remains approximately constant and indicates
a consistent sense of shear with depth (Fig. 8). By removing the
rotation of layers caused by the emplacement-related Ibra Val-
ley Syncline (Fig. 8c), the layers become more sub-parallel to the
crust-mantle boundary throughout the lower gabbro section.

Together, these 5 criteria are inconsistent with predictions of
the changing kinematics, increasing fabric strength or increasing
shear strain from the sheeted dikes to the Moho that are required
by the Gabbro Glacier hypothesis. In the lower gabbros, the max-
imum principle stress direction was vertical (e.g. perpendicular to
the Moho), as indicated by the compaction-dominated plagioclase
fabrics shown in Fig. 4 and the lack of preferential alignment in
the [100] axes (Fig. 5). These observations suggest that the major-
ity of the gabbroic crust of the Samail ophiolite was crystallized in
situ in small melt lenses, as proposed in the Sheeted Sill hypoth-
esis. The upper gabbros also have a lack of preferential alignment
in the [100] axes and show no difference in the strength of the
plagioclase fabric compared with the lower gabbros. However, the
steep near-vertical orientation of the compositional layering and
plagioclase fabrics in the upper gabbros is difficult to reconcile
with either the Gabbro Glacier or Sheeted Sills model for oceanic
lower crust formation.

Boudier et al. (1996, Fig. 7) proposed a hybrid model in which
the lower “layered” gabbros were formed by multiple sill injec-
tions into a gabbro glacier, and the upper “foliated” gabbros were
formed in the AMC and gained their final orientations in the Gab-
bro Glacier (also see Korenaga and Kelemen, 1998, Fig. 9c). Sim-
ilarly, even in their figure illustrating an “end-member” Sheeted
Sill model, Kelemen et al. (1997, Fig. 6) included a small Gabbro
Glacier overlying a lower crustal section formed from sheeted sills,
as did Korenaga and Kelemen (1998, Fig. 9d) and Maclennan et
al. (2004, Figs. 1 and 12). While these hybrid models are consis-
tent with the steep orientations of the upper gabbros (observation
#1), they are unable to explain the lack of [100] alignment in our
upper gabbro samples (observation #4) or the similarity of fab-
ric strength between the upper and lower gabbros revealed in our
dataset (observation #3). For example, if the upper gabbros were
accreted in a Gabbro Glacier setting, the plagioclase fabrics should
show the development of a preferred lineation with stratigraphic
depth, and should possess a stronger fabric than those accreted in
a compaction-only setting like the lower gabbros. These trends are
not observed. However, there is a gap in our sampling over the
potentially critical interval between the upper and lower gabbros,
and we have analyzed only three samples representing the upper
gabbros. More detailed sampling over the uppermost 1-1.5 km be-
low the sheeted dikes may distinguish between the various hybrid
models discussed above.

The observations of plagioclase fabrics in crustal gabbros of the
Oman ophiolite are most consistent with the model proposed by
MacLeod and Yaouancq (2000) in which the steep foliations ob-
served in the upper gabbros are formed in a magma mush col-
umn that is responding to interstitial melt migration from the
lower gabbros into an axial magma chamber. In their model,
MacLeod and Yaouancq (2000) suggest that the upper gabbros “do
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not... represent transposed cumulus layers but reflect the trajec-
tory of flow of the crystal mush as the melt fraction decreases
through the ‘rigidus’... at ~20-40% melt fraction.” The model of
MacLeod and Yaouancq (2000) explains the abrupt transition in
the gabbros from flat-lying to near-vertical without any other sig-
nificant changes in the character of the plagioclase fabrics or geo-
chemistry.

In Wadi Abyad, where MacLeod and Yaouancq (2000) first pro-
posed their model, the transition from horizontally layered lower
gabbros to steeply foliated upper gabbros occurs at ~1700 m
stratigraphically above the Moho in a ~2600 m thick lower crust.
In Wadi Tayin, where our study is focused, this transition occurs
at ~3260 m (sample OM97-106) in a ~4700 m thick lower crust.
Thus, the fraction of the plutonic lower oceanic crust formed as
layered gabbro (~60-70%) in these two sections is independent of
the total crustal thickness. The consistent ratio of lower gabbros to
upper gabbros suggests that the transition from flat-lying to steep
foliations is not due to vertical flow and lateral movement away
from the ridge axis as hypothesized in the Gabbro Glacier or Hy-
brid models. These models would predict a gradual transition from
steep to flat-lying foliations at a constant depth independent of
crustal thickness.

5.3. Comparison with slow and ultra-slow spreading ridges

Our results suggest that the majority of extensional deforma-
tion in fast-spreading ridges is localized at the ridge axis due
to the presence of small melt lenses distributed throughout the
crust. This hypothesis is consistent with seismic compliance re-
sults, which estimate between 5 and 25% melt present through-
out the lower crust of the EPR (e.g., Zha et al., 2014); and with
the clear presence of several distinctive sub-axial melt lenses dis-
tributed throughout the lower crust along the EPR (Marjanovic et
al., 2014).

In contrast to fast spreading ridges, at slow and ultra-slow
spreading centers melt supply is limited. Mehl and Hirth (2008)
analyzed plagioclase LPOs in several gabbro mylonites found in
narrow (~0.2 mm) shear zones throughout the 1.5 km section
of gabbroic ocean crust recovered in ODP Hole 735B from the
ultra-slow spreading Southwest Indian Ridge (SWIR). Inside the
shear zones, in polyphase bands, grain size was significantly re-
duced, grains were recrystallized and the LPO was destroyed. In
plagioclase-rich bands, on the other hand, grain sizes were larger,
there was evidence for crystal plastic deformation, and plagioclase
LPOs had strong maxima in [100] perpendicular to maxima in
poles to (010). In samples from between the shear zones, Mehl and
Hirth (2008) documented the presence of an LPO formed prior to
strain localization. All of the plagioclase [100] axes in these sam-
ples are aligned parallel with the shear plane and show distinct
maxima in the pole figures. These fabrics are illustrative of local-
ized, plastic deformation of gabbroic crust at ultra-slow spreading
ridges, where melt supply to the ridge axis is extremely limited.

A recent study of the Kane oceanic core complex along the
slow-spreading Mid-Atlantic Ridge (Hansen et al., 2013) found pla-
gioclase fabrics similar to those documented for the ultra-slow
SWIR (Mehl and Hirth, 2008). Lower crust and upper mantle
lithologies along the Kane detachment fault were extensively my-
lonitized, with high temperature (>700 °C) deformation leading to
extreme crystal-plastic deformation and near destruction of the
plagioclase LPO. Samples with the strongest LPO displayed align-
ment of the plagioclase [100] axes aligned with the shear direction,
and poles to (010) perpendicular to the shear plane.

There are very few ductile shear zones identified in the crustal
section of the Samail ophiolite, and no known evidence of detach-
ment faulting. The lack of significant submagmatic and subsolidus
plastic deformation recorded in the gabbro cumulates suggests that
the extensional stress associated with rifting at mid-ocean ridges

is accommodated differently in the lower crust at fast versus slow
spreading ridges.

6. Conclusions

Plagioclase LPOs measured throughout the lower crust of the
Samail ophiolite show no systematic change in shape, strength, or
obliquity with depth (Figs. 4, 6, 7, 8). In the lower gabbros, poles to
plagioclase (010) are aligned paleo-vertical and have maxima per-
pendicular to the inferred paleo-spreading direction (Fig. 5). In the
upper gabbros, the plagioclase LPO reflects the mean outcrop-scale
layering and is steeply oriented, with foliation and layering nearly
parallel to the sheeted dikes. Plagioclase [100] maxima show no
preferred direction of alignment within the crust, indicating no
systematic orientation of shear strain (Fig. 5), and [100] fabrics ap-
proach but do not cross the girdle-cluster transition defined by the
K-factor, and thus lack a strong lineation (Fig. 6).

We list five observations that must be satisfied by any crustal
accretion model. Our observations are inconsistent with Gabbro
Glacier and Hybrid models involving a crustal-scale glacier. In-
stead, our results are most consistent with the Sheeted Sills hy-
pothesis, and suggest that rotation of the outcrop-scale layering
from sub-horizontal in the lower gabbros to sub-vertical in the
upper gabbros is due to preferential alignment during vertical in-
terstitial melt flow to the axial magma chamber as proposed by
Macleoad and Yaouancq (2000). The Samail ophiolite formed at
a fast-spreading submarine spreading center, and our results sug-
gest that the majority of extensional deformation in fast-spreading
ridges is localized at the ridge axis by the presence of small melt
lenses distributed throughout the crust.
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