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Eleven harzburgites and one dunite from Ocean Drilling Program Leg 209 Hole 1274A preserve high-
temperature mantle textures. Electron backscatter diffraction (EBSD) analysis shows moderately developed
crystal lattice preferred orientations (LPOs) in olivine and orthopyroxene (M-indices≈0.1) indicative of
crystal-plastic deformation at ~1250 °C. These rocks preserve a protogranular texture with a weak olivine
foliation, a very weak or absent orthopyroxene foliation that may be decoupled from the orthopyroxene LPO,
and minor interstitial clinopyroxene and spinel. Olivine grain size distributions, along with melt-related
microstructures in orthopyroxene, clinopyroxene and spinel suggest that high-temperature deformation
textures have been overprinted by pervasive post-deformation melt-rock interaction. Paleomagnetic data
constrain the olivine [100] axes to be subhorizontal and oriented at low angle (≤28.6°±10.6°) to the ridge
axis at the onset of serpentinization. This orientation is consistent with either complex 3-D mantle upwelling
or 2-D mantle upwelling coupled with complex 3-D tectonic emplacement to the seafloor.
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1. Introduction

A fundamental characteristic of mid-ocean ridges is the behaviour
of the mantle as it upwells beneath the ridge axis. Two end-member
models of mantle upwelling geometry have emerged. The first, a two-
dimensional (2-D) model, involves a mantle which upwells passively
in response to plate separation. Upwelling is uniform along the ridge
axis. Subsequent to corner flow (the transition from vertical
upwelling to horizontal spreading), the mantle flows perpendicularly
away from the ridge axis. The alternative model is three-dimensional
(3-D), involving mantle upwelling that may be actively driven by
buoyancy. Along the ridge axis, upwelling is focused at ridge segment
centers. Subsequent to corner flow the mantle flows away from ridge
segment centers in a radial pattern before transitioning to a passive
2-D geometry at some distance from the ridge axis. 3-D upwelling has
been invoked at slow-spreading ridges to explain seismic (Tolstoy et
al., 1993; Tucholke et al., 1997), gravity (e.g., Kuo and Forsyth, 1988;
Lin et al., 1990) and geological (Dick, 1989; Whitehead et al., 1984)
observations suggestive of thicker crust and abundant basalt at ridge
segment centers and thinner crust with exposed peridotite and
gabbro near ridge segment ends. At fast-spreading ridges, recent
seismic tomography experiments have observed low-velocity zones
beneath the East Pacific Rise (Toomey et al., 2007) and the Gulf of
California (Wang et al., 2009) thought to be regions of 3-D upwelling
and melting, and the mantle section of the Oman Ophiolite preserves
structures indicative of mantle diapirs or 3-D flow (Ceuleneer et al.,
1988; Jousselin et al., 1998; Nicolas and Rabinowicz, 1984; Nicolas
and Violette, 1982). Some seismic anisotropy observations have
implied that mantle flow directions may be skewed from ridge-
perpendicular, by ~9° at the East Pacific Rise (Toomey et al., 2007) and
by ~38° at theMid-Atlantic Ridge (Dunn et al., 2005). The cause of this
apparent skew is not certain, though it may due to ridge migration
relative to the hotspot frame (Dunn et al., 2005) or changing patterns
of global mantle flow (Toomey et al., 2007). Both of these hypotheses
essentially invoke a 2-D mantle pattern that has been rotated with
respect to the surface tectonics, although both Dunn et al. (2005) and
Toomey et al. (2007) report segment-center enhanced melt delivery,
and thus do not preclude the possibility of a superimposed 3-D
pattern with ridge-parallel flow below the resolution of the
anisotropy observations.

The applicability of the 3-Dupwellingmodel to slow-spreadingmid-
ocean ridges has yet to be shown conclusively. Ceuleneer and Cannat
(1997) found azimuthally heterogeneous olivine [100] axes oriented at
an oblique angle to the ridge axis in peridotites drilled at Ocean Drilling
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Program (ODP) Site 920 in theMARKarea. This studywas limited by the
technical difficulty of measuring olivine and orthopyroxene crystal
orientations prior to the advent of the electron backscatter diffraction
(EBSD) technique and by structural reorientations that later paleomag-
netic work (Lawrence et al., 2002) suggested may not have accounted
for in situ deflections of the paleomagnetic vector from true north.

ODP Leg 209 (Kelemen et al., 2004) identified the Fifteen-Twenty
Fracture Zone (FTFZ) area of the Mid-Atlantic Ridge (MAR) as an ideal
location for testing models of mantle upwelling. The MAR from 14°–
16°N to the north and south of the FTFZ has extensive outcrops of
peridotites and gabbros on both sides of the axial valley (Kelemen
et al., 2004 and references therein). Two “bull's-eye” gravity lows
centered at ~14°20′N and 16°00′N may be magmatic centers of ridge
segments, zones at which melt delivery and/or mantle upwelling may
be focused in three dimensions (Escartin and Cannat, 1999; Fujiwara
et al., 2003). The full spreading rate of the ridge is ~25 mm/year, and
the FTFZ offsets the ridge by ~200 km (Fujiwara et al., 2003).

ODP Leg 209 drilled 8 sites to the north and south of the FTFZ. Hole
1274A (Fig. 1) was the only hole that recovered peridotites with a
sufficient quantity of unserpentinized olivine to assess mantle
deformation. Located at 15°39′ ~31 km north of the fracture zone,
Fig. 1. A) Location of Hole 1274A, Ocean Drilling ProgramLeg 209. The heavy dashed lines indic
line indicates the fault scarpdiscussed in the text (Hole1274A lies at thebaseof this scarp). Bathy
Hole 1274A. The column labeled “Core” indicates the core number. The column labeled “Recov
recovered rock as a percentage of each core segment. The colored column indicates the rock t
showing rock type and alteration in this figure, the recovered rock is scaled to the entire length o
within a given core segment (fromKelemen et al., 2004). Arrowswith numbers indicate the loca
zones of interpreted faulting.
Hole 1274A was drilled in the western flank of the rift valley wall, and
is ~6 km north of a non-transform discontinuity (Fujiwara et al.,
2003). Hole 1274A penetrated to a total depth of 155.8 m below
seafloor (mbsf) with ~22% total recovery (Kelemen et al., 2004). Of
the total rock recovered from Hole12274A, ~77% was harzburgite,
~20% dunite, and ~3% gabbro (Fig. 1). Additionally, from ~95–
145 mbsf the recovered cores contained some intervals of serpentine
mud and breccia that were interpreted to be fault gouge; rock
recovered from this portion of the core is highly to completely altered.
On the thin-section scale some peridotite samples contain over 50% of
the unaltered, original mantle mineralogy with some unaltered
patches up to a few mm in diameter, making these among the
freshest oriented peridotites ever recovered from in situ ocean crust.
Shipboard analysis revealed that the peridotites of Hole 1274A are
highly depleted harzburgites that preserve weakly deformed (proto-
granular) mantle textures (Kelemen et al., 2004).

Subsequent studies confirm the depleted nature of the perido-
tites; this composition is the result of considerable melting, either
related to the present-day upwelling (Godard et al., 2008) or
resulting from an ancient depletion event (Harvey et al., 2006;
Seyler et al., 2007; Suhr et al., 2008). Textural analysis of the Hole
ate the interpreted non-transformdiscontinuities of Fujiwara et al. (2003). The fine dashed
metry is fromFujiwaraetal. (2003). B)Diagramshowing the lithologyand recoveryofODP
ery” indicates the amount of rock recovered from a given segment of core; black indicates
ype recovered from the core segment. Jagged black line indicates alteration downhole. In
f the core segment, although there is no constraint on the absolute depth of recovered rock
tion of samples and number of thin sections used in this study. Red arrow symbols indicate
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1274A peridotites (Seyler et al., 2007; Suhr et al., 2008) showed
evidence for pervasive melt-rock interaction. Garces and Gee (2007)
used paleomagnetics to show that the Hole 1274A peridotites, along
with the rest of the rocks drilled during Leg 209, experienced
considerable tectonic rotations.

The aim of this study is to characterize the microstructural and
crystallographic fabrics of the Hole 1274A peridotites. We use the
present-day orientation of olivine crystal lattice-preferred orientation
(LPO) within the oceanic lithosphere to constrain the geometry of
high-temperature mantle flow and low-temperature tectonic em-
placement of mantle rocks to the seafloor on the MAR at 15°39′N.

2. Methods

Throughout this study, we used only samples which we could be
sure were subject to the fewest uncertainties, both in size and
orientation. A summary of samples, and the analyses performed on
each, is shown in Table S1 in Supplementary Materials.

2.1. Microstructures

The original microstructure of these peridotites was reconstructed
to obtain a complete picture of the pre-alteration grain-scale
relationships of the original mantle minerals (Fig. 2). This was
accomplished by manual tracing of the grain boundaries on high-
Fig. 2. Harzburgite sample 007-53c. A) Crossed polars. B) Grain boundary reconstruc-
tion of the sample. Green indicates olivine, blue orthopyroxene, yellow clinopyroxene,
and pink spinel.
resolution digital images (3200 dpi). Where grain boundaries in
olivine were not observable because of alteration, extinction angles
and electron backscatter diffraction (EBSD) data were used to
constrain the location of the original grain boundaries. Grain
boundaries were defined when adjacent crystals had an angular
mismatch of N10o. Serpentine and disseminated opaque phases
(assumed to be magnetite) were assigned to original olivine;
serpentine “bastite” pseudomorphs were assigned to original ortho-
pyroxene; opaque pseudomorphs after spinel were assigned to
original spinel; clinopyroxene is unaltered. Veins and highly altered
regions where grain boundaries could not be located were not
included. The complete pre-alteration microstructure of 19 thin
sections from three rocks was reconstructed. Because bastite
pseudomorphs are easily distinguishable from completely serpenti-
nized olivine, we reconstructed the orthopyroxene microstructure
from 10 additional thin sections in two highly altered rocks (three
thin sections from rock 027 and seven thin sections from rock 017).

These reconstructed images were used to calculate accurate
estimates of grain size and shape-preferred orientation (SPO) by fitting
equal-area ellipses and circles to each grain using the software ImageJ
(Rasband, 1997–2007). Grains with unconstrained boundaries, includ-
ing grains in highly altered regions and those at the edges of the thin
section, were not considered. Grain size estimates were obtained using
both the long axes of ellipses and diameters of circles. Larger grains are
more likely to intersect altered regions or the edge of the thin section
and are thus more likely to be excluded from the analysis, resulting in
underestimation of grain size. To correct for this, we multiplied our
measurements ofmean grain size by 1.15. This numberwas obtained by
simulating a smaller thin sectionwithin the largest traced thin section in
the study (50 mm×75mm) by drawing a smaller box within the large
thin section and comparing grain size of: 1) a subset of grains that lay
entirely within the box, excluding grains whose boundaries intersected
the edge of the box, and 2) a subset of grains that laywithin the box and
intersected the boundaries of the box.

Foliation and lineation were difficult to determine by inspection of
the drill core because of: a) the physical size of the drill core fromHole
1274A (~7.5 cm in diameter), b) the relatively coarse grain size in the
rocks, and c) and the very weak orthopyroxene SPO. We determined
the SPO by using the long axis of the best-fit ellipse to find the long
axis of each grain, constraining weak SPOs by combining data from
multiple thin sections cut in the same orientation. By identifying SPOs
in non-parallel planes of observation, we could interpolate the
orientation of the three-dimensional foliation in the rock. The SPO
strength was quantified using the alignment factor (AF) method of
Meurer and Boudreau (1998). SPOs that were statistically indistin-
guishable from an insufficiently sampled random fabric were not used
to constrain the foliation.

2.2. Lattice-preferred orientation (LPO)

The majority of lattice-preferred orientation (LPO) data were
collected at the University of Wyoming using an HKL Technology
Nordlys II Electron Backscatter Diffraction (EBSD) Detector mounted on
a JEOL 5800LV scanning electron microscope operating with an
accelerating voltage of 20 kV. Electron backscatter patterns (EBSPs)
were indexed and processed using HKL Channel5 software. All EBSPs
were saved as image files and reprocessed to ensure accuracy in
indexing. Some LPO data were acquired at the Australian National
University with a Nordlys cameramounted on a tungsten filament JEOL
6400 SEM with 20 kV accelerating voltage, a nominal beam current of
10 nA, and analyzed using the HKL Channel+software package. See
Table S1 in Supplementary Materials for sample-specific information.

A total of 22 thin sections were mapped using EBSD. Grid spacing
was determined by grain size and alteration and ranged from
250–350 μm. Orientation maps contain roughly 10–25% indexed data
and typically obtained at least one orientation measurement from
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Fig. 3. Olivine [100] axis (red) and [010] axis (blue) maxima from the four harzburgite
samples analyzed using EBSD orientation mapping (003, 007, 014, 027). Black open
symbols indicate the paleomagnetic vectors measured in the samples; yellow star
indicates the downcore average paleomagnetic vector. Stereonets are equal-area
lower-hemisphere projections, with the drillcore oriented vertically and magnetic
north indicated by N. A) Samples reoriented to a common declination, rotated only
about a vertical axis parallel to the drillcore. B) Samples reoriented by rotating around
an assumed tectonic rotation axis of 330° until individual inclination measurements are
at 28°; dashed lines indicate possible locations for the maxima depending on the
assumed axis of tectonic rotation.
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almost all the grains in themap area. Grainswere constrained using the
traced images as described in Section 2.1, andwere defined as having an
angular mismatch N10º. Most maps contained several thousand
orientation data points and sampled ~200–400 grains of olivine and
orthopyroxene. Seven thin sections from five additional samples were
analyzedmanually by EBSD analysis, but nomaps were generated. Data
collection consisted of hand indexing one data point per grain or relict
grain kernel. For these samples, typically 100–200 olivine measure-
ments and 10–40 orthopyroxene measurements were obtained. Only
samples with N100 measurements were used, as this is the minimum
number required to accurately assess LPO (Ben Ismail and Mainprice,
1998). LPO strength was determined using the M-Index technique
(Skemer et al., 2005), as it has been shown to be relatively insensitive to
theparameters used in its calculation (Skemer et al., 2005;Wenk, 2002).

The interpretation of EBSD data collected from highly altered
abyssal peridotites via orientation mapping is challenging, because
LPO data are typically interpreted using one orientation point per
grain, while EBSD orientation mapping of crystal orientation in highly
altered peridotites yields LPO data that are roughly area-weighted.
Our traced thin section images allowed us to extrapolate one-point-
per-grain data from four thin sections each in samples 003 and 007
and compare this to “raw” EBSD data, showing that “raw” EBSD LPO
data are comparable to one-point-per-grain LPO data in both strength
and orientation. This is described in depth in Supplementary
information.

3. Paleomagnetics: reorienting the samples with respect to each
other

The core from Hole 1274A was not recovered as a coherent piece,
but rather as a series of discontinuous pieces distributed over
155.8 meters (Section 1). Since the pieces of core were able to spin
freely within the core barrel during drilling, and because Hole 1274A
was not logged, the azimuthal orientation of each core piece is not
known. Paleomagnetic data were used to reorient these samples with
respect to: a) each other, and b) their actual configuration adjacent to
the MAR.

The magnetic signal in these rocks is carried by magnetite that
formed during serpentinization, most likely at temperatures of 250 °C
or less (Bach et al., 2004). For all reorientations, we used the
paleomagnetic data reported by Garces and Gee (2007).

To place downcore measurements of LPO and SPO in context,
individual pieces of core must be oriented relative to each other. Core
spinning during drilling should affect paleomagnetic declinations but
not inclinations; for this reason, a first-order measure to correct the
relative orientations of the core is to align the paleomagnetic
declinations to a common orientation (e.g., North). This correction,
however, ignores the possibility that faulting subsequent to the
magnetization might have caused differential rotation of one part of
the core relative to another leading to varying paleomagnetic
inclinations downhole. Indeed, the inclinations of the samples
included in this study range from 0.6° to 30.4°. Three factors may
have caused this variation: a) varying amounts of tectonic rotation in
the individual pieces of the core, b) secular variation in the magnetic
field during the serpentinization of the core, or c) a drilling overprint
of the paleomagnetic vector. Drilling overprint especially is likely to
affect the inclinations, as the overprinting adds a vertical component
to the magnetic vector and multidomain magnetites such as those
found in serpentinized peridotites are more easily overprinted
(Morris et al., 2009).

To test whether restoring pieces of the core in Hole 1274A to a
common declination is a valid approach, we examined the 4
harzburgite samples mapped by EBSD (Samples 003, 007, 014 and
027), plotting each sample's olivine [100] and [010] maxima along
with the magnetic vector measured in the sample (Fig. 3). These
samples span nearly the entire length of the core (from ~20 mbsf to
150 mbsf) and, with 4–5 thin sections analyzed per sample, contain
orientation measurements from a very large number of olivine
crystals (N19,000 individual orientation measurements in total,
~800–1600 crystals per sample). When the magnetic declinations in
the samples are aligned (Fig. 3), the respective mean spherical vectors
of the olivine [100] and [010] axis LPOmaxima in the four samples are
0.99/1 and 0.92/1 in length, with 95% confidence cones of 10.6° and
30.8°, respectively. (Mean spherical vector is calculated by adding the
oriented vectors together, finding the total length of the resultant
vector, and normalizing to one, such that perfectly aligned vectors
produce a mean spherical vector of 1 and oppositely aligned vectors
produce a mean spherical vector of 0.) They are thus very similar in
orientation down-core, especially considering the likely natural
mineralogical variation in the maximum [100] and [010] orientation
from sample to sample, which may be as much as 20° (Skemer, pers.
comm.). Furthermore, the angles between the average down-core
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paleomagnetic vector and the maximum olivine [100] orientation for
each sample do not vary by more than 11°. This observation, and the
10.6° 95% confidence cone for the spherical mean olivine [100] axes,
suggests that there is a maximum uncertainty of approximately 11o in
alignment between samples, and this is not significant at the
resolution required by our study.

An alternative means of reorienting the samples with respect to
each other is to assume that the paleomagnetic vectors have not been
affected by a vertical drilling overprint or secular variations in the
magnetic field, and all the inclination variation is the result of tectonic
rotations. In order to reorient the samples, then, an axis of tectonic
rotation must be assumed (an issue explored in greater depth in
Section 6). One geologically reasonable horizontal rotation axis is
330°, which matches seafloor observations of faulting made by
submersible during an ODP site survey cruise (R/V Yokosuka Cruise
YK98-05, MODE 98, Leg 1; Casey, pers. comm.). Using this assumed
axis of rotation, the four samples shown in Figure 3must be rotated by
38° (sample 003), 99° (sample 007), 24° (sample 014) and 2° (sample
027), respectively, in order to restore their inclinations to 28°. When
this is done, the alignment of the olivine [100] axes does not change
appreciably, with a mean spherical vector of .9861/1 (95% confidence
cone 12.6°). The olivine [010] axes become substantially less aligned,
with a mean spherical vector of .8560/1 (95% confidence cone 44.6°).
Reorienting the samples in this way implies variable differential
rotations of N90° across ~130 m of drill core, which seems geologically
unlikely. An alternative axis of rotation such as 4.5°, the regional trend
of the ridge axis, cannot rectify this problem. In such a case, sample
007's inclination of 30.4° cannot reach an inclination of 28° with any
amount of rotation about that axis, while the other three samples
would require rotations ranging from 25° to 87°. Indeed, if the varying
inclinations were to result from tectonic rotations rather than from
the errors mentioned above, any assumed axis of rotation would
require large sample-to-sample variations in the magnitude of
rotations in order to reorient each sample's inclination individually,
simply because the samples' inclinations vary so widely. We therefore
assume that most of the rotation experienced by these samples with
respect to each other occurred about a vertical axis during and after
drilling (i.e., that the remanent paleomagnetic declinations of our
samples were originally aligned in approximately the same direction
prior to drilling, and present-day variation in inclination results from
sources of error such as drilling overprint and secular variation in the
magnetic field during serpentinization). This assumption is also
consistent with the relatively minimal evidence for faulting in the
core, especially from 0–88 m depth (Fig. 1). Thus, throughout this
contribution we will reorient the rocks relative to each other by
aligning the paleomagnetic declinations measured in the rocks. Of
note, however, is that the orientation of the olivine [100] axes with
respect to the sample's individual paleomagnetic vector is consis-
tently at a low angle (Fig. 3b), an observation that is true regardless of
the method used to reorient the samples with respect to each other.

Because the in situ magnetic declination of the samples is
unknown, reorienting the samples with respect to geographic
coordinates requires a knowledge of the rotation history of the
sample since the magnetic vector was acquired. This is discussed
further in Section 6.
4. Microstructure results

Two recent contributions (Seyler et al., 2007; Suhr et al., 2008)
discussed the textures and modal compositions of the Hole 1274A
peridotites. We concur with their findings, especially that pyroxenes
and spinel preserve extensive evidence for pervasive melt-rock
interaction. We briefly summarize their results below, alongside our
new observations based on grain boundary reconstruction. For
purposes of comparison, our modal composition data, calculated
based on the grain boundary reconstruction images, are summarized
in Table S2 in Supplementary Information.

4.1. General microstructural description

The Hole 1274A peridotites preserve uniform protogranular
(coarse granular) textures. Orthopyroxene occurs mostly as aggre-
gates of large (~1–5 mm) irregularly shaped cuspate grains with low
aspect ratios. Evidence of dynamic recrystallization is rare; no true
neoblasts of orthopyroxene are observed. Orthopyroxene shapes
appear to be controlled more by post-kinematic processes (perhaps
related to melt percolation) than by deformation.

All spinel and clinopyroxene in the Hole 1274A peridotites appear
to be melt-related in origin, either through direct precipitation from
melt or through melt-rock reactions (Seyler et al., 2007; Suhr et al.,
2008). Both tend to be found as small (b0.05 mm) interstitial grains,
or as symplectitic intergrowths.

4.2. Olivine microstructure and grain size distribution (GSD)

Olivine–olivine grain boundaries are irregular and are influenced
by significant grain boundary migration. Microstructural evidence for
this process includes: a) complex grain shapes with bulging grain
boundaries (Figs. 2 and 4A), and b) grain boundary pinning by other
phases (Figs. 2 and 4A). Small olivine grains are often elongate and
irregularly shaped (Fig. 4A) and are not true neoblasts. Olivine is not
in textural equilibrium. Few grain triple junctions are ~120° in the
plane of the thin section, and grain shapes are complex, with tortuous
grain boundaries and small olivine grains completely engulfed in
larger ones (Figs. 2 and 4A).

Olivine grain sizes and grain size distributions (GSDs) were
analyzed quantitatively in samples 003 and 007. The mean olivine
grain size in these rocks (long axis of best-fitting ellipse) is ~1.5 mm
(diameter of an equal-area circle is 0.6 mm). When weighted by area
to reflect the volume average, olivine grain size averages ~5.2 mm
(diameter of equal-area circle=1.9 mm). The difference between
these two estimates of mean olivine grain size reflects the large
number of small grains relative to the fewer number of very large
grains, an effect of the skewed GSD. By volume (e.g., the way a seismic
wave would experience the rock), most of the sample is comprised of
a relatively few number of large grains, and the area-weighted mean
olivine grain size reflects this observation. The GSD (Fig. 4B) is
intermediate between experimentally deformed olivine aggregates
and experimentally deformed and then annealed olivine aggregates
(Faul and Scott, 2006). This suggests that the grain size evolution of
these samples may have been as follows: 1) during upwelling, olivine
deformed and underwent dynamic recrystallization, resulting in the
development of numerous small grains, and 2) after dynamic
recrystallization ceased, grain growth and textural recovery began
but did not continue to equilibrium.

Some smaller olivine grains adjacent to orthopyroxene may be
secondary following melt-rock interaction (Seyler et al., 2007; Suhr
et al., 2008). This process may have affected the olivine GSD in the
rocks, although it is difficult to distinguish it from the effects of grain
boundary pinning during annealing. The olivine GSD in these rocks,
whether influenced by post-tectonic static annealing or melt-rock
reaction or both, cannot have resulted from deformation alone.

4.3. Shape-preferred orientation (SPO)

The very small alignment factors (AFs) determined for the
harzburgites confirm that the SPO in these samples is very weak
(Fig. 5). Using the statistically significant AFs from the paleomagnet-
ically reoriented samples 003 and 007, we were able to constrain a
weak olivine foliation dipping at 82o (Fig. 5). Samples 007, 017 and
027 yielded statistically significant AFs for orthopyroxene, although



Fig. 4. A) Olivine and orthopyroxene from sample 003-116a. All grains in this image are olivine except for the labeled orthopyroxene grains. Note the complex grain boundaries in
olivine (outlined in white); they are irregular and bulge into neighboring grains. Red arrow indicates an olivine grain boundary that is pinned by an orthopyroxene grain. Also note
the orthopyroxene grain in the upper left that is completely engulfed by an olivine grain. B) Olivine GSDs, binned by grain size normalized to the mean grain size of the sample. Top:
Olivine GSD of a sample that has been experimentally deformed and has not annealed. (Average grain size: 101 μm before deformation, 22 μm after deformation) Middle: Olivine
GSDs calculated from grain size data combined from sample 007 from Hole 1274A (this study); this GSD is intermediate between that for the deformation and steady-state grain
growth experiments. Bottom: Olivine GSD from a sample that has been hydrostatically annealed following experimental deformation; this GSD indicates that the sample has
experienced steady-state grain growth. (Average grain size: 33 μm). Experimental data are from Faul and Scott (2006), measured as described therein. Modeled theoretical GSD is
log-normal.
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no single plane could be fit through the SPO data (Fig. 5). Sample 007,
with an AF of 19.7, had the strongest orthopyroxene SPO, and over 45°
separated its 95% confidence interval from that of sample 017, with its
weak but statistically significant AF of 9.3. Thus, a single orthopyrox-
ene foliation could not be determined. Shipboard inspection of the
core suggested that the pyroxene foliation in the peridotites from
Hole 1274A is extremely weak or absent (Kelemen et al., 2004). Thus,
there may be no consistent orthopyroxene foliation in these rocks. Of
note is that in the one case where statistically significant olivine and
orthopyroxene SPOs were observed, they differ in orientation by ~38°
(2σ=28°), suggesting an oblique relationship between the orthopyr-
oxene and olivine foliations.

Most spinel in these rocks occurs as symplectitic intergrowths
with clinopyroxene or as complex anhedral aggregates, and is
interpreted to have formed from post-deformation melt or melt-
rock interactions (Seyler et al., 2007; Suhr et al., 2008). Therefore,
the preserved complex shapes cannot have survived any apprecia-
ble deformation and do not preserve a kinematic lineation. When
clinopyroxene and spinel shapes are combined and analyzed for
SPO, samples 003 and 007 yield statistically significant results
(Fig. 6). These SPO results reflect the preferred orientation of either
trapped melt products or preferential melt pathways through the
rock, or components of both. The majority of this SPO signal appears
to be carried by very elongate clinopyroxene (and occasional
spinel) that “wets” orthopyroxene grain edges, and by elongate
clinopyroxene-spinel symplectites. Of note is that this interpreted
melt SPO is intermediate between the olivine SPO and the
orthopyroxene SPO (as defined by the well-constrained data from
sample 007), but is more similar to the olivine SPO. Melt pathways
were most likely controlled by existing grain boundaries, and
olivine comprises a greater proportion of these rocks than does
orthopyroxene.

The microstructural evidence for melt impregnation and mobile
olivine grain boundaries, combined with the olivine GSDs, strongly
suggests that these peridotites experienced a period of post-tectonic
melt-rock interaction following deformation in the upwelling
mantle.
5. Lattice-preferred orientation (LPO)

5.1. Results

A total of 19 515 olivine crystallographic measurements were
made on 23 thin sections from the 9 harzburgites (Fig. 7). Olivine
[010] axes show the strongest maxima, with moderately developed
[100] maxima and [001] axes that are only weakly aligned. These data
define a weak LPO (average M-index≈0.1). Orthopyroxene LPO data,
based on 8594 measurements on the 9 harzburgites, show strongly
developed [001] and [100] maxima, with less strongly aligned [010]
axes (average M-index≈0.1). The olivine crystallographic data from
the dunite (sample 008) have a similar orientation to the olivine LPO
of the harzburgites. However, because of the very large grain size in
the dunites (probably with a volume average N1 cm, although we do
not have a sufficient sample size to make an accurate estimate), we do
not have orientation data from a sufficient number of grains to
calculate a meaningful M-index.

5.2. Interpreting the slip system

To interpret a slip system in olivine and orthopyroxene using these
LPO data, we use the olivine foliation defined by the SPO of the
samples. We are able to superimpose the SPO data and the LPO data
using the paleomagnetic reorientations as discussed in Section 3.
Combining the LPO with the SPO-derived olivine foliation (Fig. 8), it is
apparent that olivine [010] and orthopyroxene [100] axes are oriented
nearly perpendicular to the foliation. This suggests that the olivine
and orthopyroxene must be slipping on the (010) and (100) planes,
respectively. However, the slip direction is less clear, because a
lineation cannot be recognized in the hand samples. Inspection of the
LPO data (Figs. 7 and 8) reveals that the olivine [100] and
orthopyroxene [001] axes appear to be coincident and lie within the
plane of the foliation. Thus, the slip systems active in these rocks were
most likely (010)[100] in olivine and (100)[001] in orthopyroxene.
Because the lineation is not constrained by the hand samples, it is
possible that slip directions in olivine and orthopyroxene were [001]



Fig. 5. Shape-preferred orientation results from the Hole 1274A peridotites. Pole figure on left is olivine SPO data, with dashed line indicating the best-fit olivine foliation (sample 027
is not included in this calculation; its error bars, not shown, span 180°); right pole figure is orthopyroxene SPO data. Graph indicates the statistical significance of alignment factor
(AF) numbers(1=random, 100=perfectly aligned). Gray area indicates AFs that are not statistically significant for the number of grains measured. Orange triangles show
clinopyroxene-spinel AFs for the SPO data displayed in Fig. 6. A–F) SPO data shown by sample. N indicates number of grains traced. Samples labeled “horizontal” are shown as if
looking down on a horizontal slices of core with the paleomagetic declination plotted at north. Samples labeled “vertical” are shown as slabs as if looking at the face of the working
half of the core, although some thin sections (for example, 007-53c shown in Fig. 2.3) may be taken from the “flip side” of the billet. Declinations given indicate the declination of the
measured paleomagnetic vector relative to the back of the working half of the core. Paleomagnetic data from Garces and Gee (2007); alignment factor from Meurer and Boudreau
(1998). Pole figures are equal-area lower hemisphere projections.
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and [010], respectively. However, the (010)[001] slip system in
olivine (Jung and Karato, 2001; Skemer et al., 2006) has only been
observed in conditions with high water content, which is not likely in
this tectonic setting. Furthermore, the orthopyroxene (100)[010] slip
system has not been observed either experimentally or in nature.
Thus, we conclude that olivine and orthopyroxene were deformed in
the commonly observed (010)[100] and (100)[001] slip systems,
respectively.
5.3. Relative orientations of the olivine LPO slip direction and the
magnetic vector

Figure 3 shows both the orientation of the olivine LPO data and the
meanmagnetic vector for the samples. Although there is considerable
uncertainty in both the magnitude and axis of any tectonic rotation(s)
the Hole 1274A peridotites may have experienced, the spherical mean
olivine [100] axis maxima in these rocks is only 24.1° (95% confidence
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Fig. 6. Shape-preferred orientation results from combined spinel and clinopyroxene shapes. Pole figure shows clinopyroxene-spinel SPO results (orange triangles) from samples 003
(A) and 007 (B) relative to the olivine (green circles) and orthopyroxene (blue square) shapes shown in Fig. 5. Orientation of sample 003 rose diagram is shown as if looking down at
a horizontal slice of the core; orientation of sample 007 is shown as if looking at a slab from the face of the working half of the core. Declinations are the same as those given in Fig. 5.
Bottom image shows combined clinopyroxene (light gray) and spinel (black) shapes from sample 007-53c; image is “flipped” from that shown in Fig. 3 for comparison to rose
diagram (original thin section, shown in Fig. 3, is taken in an orientation 180° from the face of the working half of the core). Pole figure is equal-area lower-hemisphere projection.
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cone of 10.6°) from the mean magnetic vector in the core. Thus, any
assumed axis of tectonic rotation would still result in the olivine [100]
axes located within ~24.1±10.6° of magnetic north, or to within
~28.6±10.6° of the ridge axis, which trends ~4.5° East of North
(Fig. 9). This observation alone shows that the olivine [100] axes, and
hence the preserved mantle flow direction, were at low to moderate
angle to the ridge axis when the magnetization was acquired at
~250 °C.

6. Undoing low temperature tectonic rotations

Based on the consistent LPO when samples are reoriented to a
common declination (Section 3; Fig. 3), we assume that the core from
Hole 1274A represents a fairly coherent block of mantle. To
investigate the effects of tectonic rotations on this block of mantle,
we have averaged the paleomagnetic inclinations measured our
samples, for a mean inclination of 16.2°. This averaging is intended to
compensate for errors associated with the magnetic measurements,
with the possibility that some multidomain magnetites in the sample
were affected by a vertical magnetic overprint acquired during drilling
(e.g., Morris et al., 2009), and with the uncertainty associated with
secular variation of the magnetic field (Garces and Gee, 2007), as
discussed in Section 3. This averaged inclination of 16.2° is
comparable to the mean inclination of 16.5° determined by Garces
and Gee (2007). Their number was derived by excluding samples
interpreted to have been structurally isolated by tectonic rotations.
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Fig. 7. Compiled LPO results fromHole 1274A. Pole figures, generated using the software ofMainprice and Silver (1993) are equal-area lower-hemisphere projections. N indicates the
number of data points collected; M indicates M-index (0=random orientation; 1=perfect alignment). Contours are shown as multiples of uniform distribution, and are calculated
with a half-width of 8.5°. Data have not been processed in any way, and are shown here as they were collected on the EBSD. Asterisks mark samples analyzed at ANU (see Section 2.2
for methodology). Data shown are not one-point-per-grain, though the data are comparable to one-point-per-grain data in both orientation and strength. The data are displayed in
an orientation (illustrated schematically) such that the measured declination in the sample is oriented to the north; data are plotted as horizontal “slices” of the core, such that a line
with a dip of 90° would be oriented parallel to the direction of drilling.
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Using anisotropy of magnetic susceptibility (AMS) as a proxy for
foliation/LPO, they excluded samples with AMS diverging by N45°
from the average AMS. Excluded cores include those of samples 003
and 007. These are two of the freshest cores recovered from Hole
1274A, and the unmistakable consistency in our LPO data
(Section 3; Figs. 3 and 7) show that these samples can be reoriented
relative to each other by rotating them to a common declination.
Thus, we choose not to exclude these data, and we use the 16.2°
inclination determined by averaging all magnetic data from Hole
1274A.

The orientation of the magnetic inclinations measured in these
peridotites indicate that some degree of tectonic rotation has occurred
since these rocks acquired their magnetic signature (Garces and Gee,
2007; Kelemen et al., 2004). Unless tectonic rotation occurs about a
horizontal axis trending E–W (unlikely in this case, as the ridge axis
trends ~N–S), any amount of tectonic rotation that results in a change
of inclination will also affect the declination of the magnetic signal.
Because the orientation of the rocks within the horizontal plane is not
constrained, we do not know the present-day azimuth of the
magnetic declination measured in these rocks (i.e., the divergence
of the magnetic declination from true north). Therefore, we do not
know the orientation of the axis about which tectonic rotation
occurred, nor the magnitude of the tectonic rotation. Thus, to reorient
the samples wemust assume a geologically reasonable axis of tectonic
rotation. Once this assumption has been made, we can use the
measured average inclination to “restore” the paleomagnetic decli-
nation to its present-day rotated orientation away from magnetic
north, and then “undo” the tectonic rotation about the assumed axis
until the declination is oriented to magnetic north and the inclination
reflects the time-averaged value it should have at this latitude (~28°)
(Garces and Gee, 2007). All reorientations are performed using a time-
averaged geocentric magnetic axial dipole.
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Fig. 8.Olivine and orthopyroxene data from samples 003, 007 and 014, plotted in our inferred kinematic reference frame based on the interpreted olivine foliation (heavy black line).
White star is best-axis fit to olivine [100] axes, as determined using the software of Mainprice and Silver (1993) and used here as a proxy for lineation, which cannot be observed in
these rocks; dotted line is plane perpendicular to best-axis fit to olivine [010] axes. Black star is best-axis fit to orthopyroxene [001] axes; dashed line is plane perpendicular to best-
axis fit of orthopyroxene [100] axes. Circles with black bar are the orthopyroxene SPO data point from sample 007 (and error bars) as shown in Fig. 5. Pole figures are lower
hemisphere equal-area projections; contours are shown as multiples of uniform distribution, and are calculated with a half-width of 8.5°. Sense of shear, shown by opposing arrows,
is for convenience of interpretation only and may well be reversed, as no lineation was observable in the rocks.
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In the simplest model, tectonic rotation at a mid-ocean ridge
occurs about a horizontal axis parallel to the ridge axis, in a top-away-
from-the-ridge direction. Based on bathymetric evidence (Fig. 1), we
assume a regional ridge-axis trend of 4.5°E of N. However, bathymetry
reveals a large fault scarp nearest to the location of Hole 1274A
immediately to the east of the drill site striking ~350°. Observations
made by submersible during an ODP site survey cruise (R/V Yokosuka
Cruise YK98-05, MODE 98, Leg 1; Casey, pers. comm.) suggest
numerous smaller faults in the area striking at 330°. These small-
displacement (1–3 m) features occurred late in the uplift history of
these rocks, and therefore cannot be responsible for the majority of
rotation experienced by these samples. However, it is possible that
they reflect a regional stress field similar to that responsible for the
large fault visible in the bathymetry, and earlier large-offset faults
may have resulted in rotation about similar axes.

Using an average inclination of 16.2° and an assumed horizontal axis
of rotation of 330° based on the small fault scarps, we have reoriented
the LPO and SPOdata from samples 003, 007, 014 and 027. This requires
~21° of rotation to restore the inclination to 28°. Alternatively, using an
axis of rotation of 4.5°, consistent with the regional ridge axis trend to
the north of the FTFZ, requires a rotation of 62°. This latter rotation
seems high, given that the magnetization was acquired at only 250 °C;
consequently we favor a rotation axis of 330o that is consistent with the
visible fault scarps seen and the bathymetry. We cannot rule out highly
complex tectonic rotations involving multiple episodes of movement
around variably oriented rotation axes. However, the rotation that
occurred since the acquisition of the magnetic signal at 250 °C is most
likely reflected in the bathymetry, whose long ridges and scarps
subparallel to the ridge axis (Fig. 1) suggest relatively simple tectonic
rotations below 250 °C.

With the data thus reoriented using 330° as the assumed axis of
rotation, olivine [100] axes are subhorizontal and subparallel to the
ridge axis (Fig. 9). As discussed above, although there is considerable
uncertainty in both the magnitude and axis of tectonic rotation, the
olivine [100] axis maximum in these rocks is only 24.1°±10.6° from
the mean magnetic vector of the rocks. Thus, any assumed axis of
tectonic rotation would still result in olivine [100] axes located within
24.1°±10.6° of magnetic north, or ≤28.6°±10.6° from the ridge axis
(Fig. 9). This observation alone shows that the olivine [100] axes, and
hence the mantle flow direction, were definitely oblique to the ridge
axes when the magnetization was acquired at ~250 °C.

Olivine [010] axes (i.e., the approximate shear plane) at the time of
magnetization are less well constrained because the angle between
them and the mean magnetic vector is larger, and therefore the
envelope of possible orientations relative to the ridge axis ismuch larger
(Fig. 9B). In other words, our reconstruction of the orientation of the
shear plane relative to the ridge axis is highly dependent on our
assumptions regarding: a) the orientation of tectonic rotation axes,
which are partly constrained by bathymetric observations, and b) the
magnitude of tectonic rotations, which are very poorly constrained
indeed, aswehaveno record of tectonic rotationsbetween the cessation
of ductile flow at ~1250 °C and the onset of magnetization at ~250 °C.

It is, however, possible to use the assumed axis of tectonic rotation
and additional assumptions regarding faulting to speculate on the
orientation of the olivine LPO at the time homogeneous mantle flow
ceased and tectonic block rotation began. Hole 1274A sits on a fault
scarp that presently dips at ~18° (Schroeder et al., 2007). If we assume
that this fault is responsible for the tectonic rotations of the Hole
1274A peridotites, and assume that it initiated at a dip angle of 60°
(striking at 330° as above), this implies 42° of total rotation. If we
rotate our LPO measurements accordingly, olivine [100] axes are
shallowly dipping (18º) at an oblique angle to the ridge axis (331º E of
N, or 33.5º from the ridge axis), and olivine [010] axes are moderately
dipping (44.8º) and at high angle to the ridge axis (75ºW of N, or 70.5º
from the ridge axis). If our assumptions of orientation and magnitude
of tectonic rotation are correct, this implies that the mantle sampled
by Hole 1274A may have been flowing along a tilted shear plane in a
direction at low angle to the ridge axis at the time homogeneous
ductile flow ceased.

7. Models of mantle flow

Our data indicate that olivine [100] axes were oriented subparallel
to the ridge axis at the time of the serpentinization and the associated

image of Fig.�8


209K.L. Achenbach et al. / Earth and Planetary Science Letters 301 (2011) 199–212
acquisition of the magnetic vector (Sections 5.3 and 6). This is
consistent with a 3-Dmodel of mantle flow. However, there is a gap in
the recorded rotation history of these rocks. Microstructures observed
in this study suggest that homogeneously distributed deformation
ceased at ~1250 °C or shortly thereafter, as the rocks have been
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affected by pervasive melt-rock interaction and preserve high-
temperature LPOs. On the other hand, the magnetic signal in these
rocks is carried in magnetite that formed as olivine altered to
serpentine at temperatures of ~250 °C or less (Bach et al., 2004). Thus,
it seems likely that some tectonic rotation occurred along shear zones
and faults after homogeneous ductile deformation ceased but before
the onset of serpentinization, and any amount of tectonic rotation
calculated using paleomagnetic data must be regarded as a minimum
value — most likely only a fraction of the total amount of tectonic
rotation.

Given this limitation the simplest model of tectonic rotations in
these rocks–that is, top-away-from-the-ridge rotation on faults
striking parallel to the ridge axis–seems impossible. As mentioned
above, using a ridge axis orientation of 4.5°E of N, rotation along faults
parallel to the ridge axis requires ~62° of tectonic rotation after the
rocks cooled to 250 °C. This result seems to imply very high amounts
(N200°) of total rotation given that the majority of rotation between
1250 °C to 0 °C most likely occurred above 250 °C, and this amount of
rotation is geologically unreasonable, as simple “corner flow” would
result in a total of only ~90° of tectonic rotation (e.g., Schroeder et al.,
2007). Therefore the hypothesis that all the rotation occurred about
an axis parallel to the ridge seems to be unlikely.

Four models of mantle flow and tectonic rotation can explain the
observed data (Fig. 10). Here we consider each of these in turn.

7.1. Model 1: 3-D mantle flow and subsequent tectonic rotation
subparallel to the ridge axis

The olivine LPO we observe show that olivine [100] axes were at
low angle to the ridge axis at the time the rocks acquired their
magnetization at 250 °C (Fig. 9A). This well-constrained observation
alone is consistent with a 3-D model of mantle flow. If all tectonic
rotation took place about an axis parallel or subparallel to the ridge
axis, the olivine flow directionmust have been subparallel to the ridge
at the time the rocks accreted to the lithosphere and began rotation as
a tectonic block. This condition is required by the low angle between:
a) olivine [100] axes, b) the magnetic vector in the rocks, and c) the
ridge axis (Fig. 9). Any model incorporating tectonic rotations about
bathymetrically observable sub-ridge-parallel faults requires 3-D flow
in the mantle (Fig. 10A).

This model of mantle flow is not completely satisfactory.
Reorienting the olivine [010] axis to their possible orientation at the
time of the onset of tectonic rotations (Fig. 9C) suggests that the shear
plane may not have been horizontal. This is inconsistent with a 3-D
model of mantle flow. Furthermore, numerical models (e.g., Blackman
and Forsyth, 1992; Blackman et al., 2002) and observations from
ophiolites (Boudier and Nicolas, 1995; Ceuleneer and Rabinowicz,
1992; Ceuleneer et al., 1988; Jousselin et al., 1998) suggest that corner
flow directly beneath the ridge axis probably happens very close to
the crust-mantle boundary. To exhume peridotites to the seafloor, the
Fig. 9. A) Pole figure illustrating the possible locations of olivine [100] axis maxima
relative to the average magnetic vector (yellow star) after “undoing” the tectonic
rotations that have occurred since the acquisition of the magnetic signal. Regardless of
the axis of tectonic rotation, the angle between the average magnetic vector measured
in the samples (inclination of 16.2°) and the olivine [100] axes (24.1° from magnetic
vector, with the 10.6° 95% confidence cone shown as small dashed ellipse) in those
samples will remain constant. Thus, olivine [100] axes must have lain somewhere
within the green ring at the time the magnetic signal was acquired. White dots show
the location of the olivine [100] axes reoriented using the assumed axis of tectonic
rotation that we prefer (330°); red dot is the mean vector for the four data points. B)
Pole figure as above, for olivine [010] axes. C) A possible orientation for olivine [100]
(green) and [010] (blue) axes (mean vectors shown as red dots) at the time of the
cessation of homogeneous deformation in the mantle. This orientation “undoes” 42° of
total tectonic rotation about an assumed tectonic rotation axis of 330°, for a fault
initiation angle of 60°. Projections are equal-area lower hemisphere, and sample
maxima were calculated using the “best axis” feature of the software by Mainprice and
Silver (1993).



Fig. 10. Four possible interpretations of the Hole 1274A olivine orientation data. Hole 1274A is represented schematically in each panel, with the green arrow showing the
approximate olivine [100] axes in the drill core and a double red line as the approximate orientation of the ridge axis relative to the LPO. A) 3-D upwelling and corner flow followed
by 2-D tectonics. Uplift to the seafloor and associated tectonic rotations accomplished about a roughly ridge-parallel axis. B) 2-D upwelling and corner flow followed by complex
tectonic rotations about a vertical axis. C) Upwelling (3-D or 2-D) but no corner flow. Uplift to the seafloor and associated tectonic rotations accomplished about an axis striking E–W
(roughly perpendicular to the ridge axis). D) A modified 3-D upwelling scenario: active upwelling focused near segment center, followed by chaotic flow as the actively upwelling
mantle encounters cooling (and hence no longer actively upwelling) mantle material in the thermal boundary layer. Uplift to the seafloor and associated tectonic rotations could be
accomplished via 2-D or 3-D tectonics; we prefer a rotation axis of 330°, as this is consistent with observable faults in the region. The thermal boundary layer (TBL) is taken here to
mean the transition between active upwelling and passive tectonic rotation; its thickness is illustrated schematically and will depend on the depth at which active upwelling ceases
and the depth of onset of localized deformation.
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lithosphere must be thick, perhaps 10–20 km thick in this area
(Kelemen et al., 2007; Schroeder et al., 2007). In the case of magma-
starved ridge segments such as this portion of the MAR, wheremantle
rocks are exhumed directly to the seafloor, it seems likely that the
depth of the lithosphere may prohibit high-temperature, homoge-
neously distributed corner flow in the mantle directly beneath the
ridge axis, and “corner flow” may instead be accommodated along
shear zones and faults (Kelemen et al., 2007; Schroeder et al., 2007).
This is consistent with the recovery of a single peridotite mylonite at
the top of Hole 1274A hypothesized by Kelemen et al. (2004) to be a
remnant of the high-temperature shear zone responsible for exhum-
ing these rocks to the seafloor, and with bathymetric (Schroeder et al.,
2007) and paleomagnetic (Garces and Gee, 2007) observations of this
region which suggest large rotated faults. Thus, 3-D flow in this region
of the mantle may be unlikely.

7.2. Model 2: 2-D mantle flow and subsequent tectonic rotation about a
sub-vertical axis

This model requires that the Hole 1274A peridotites experienced
corner flow such that olivine [100] axes were oriented subhorizon-
tally and perpendicular to the ridge axis at the time that tectonic
rotation began. To transform subhorizontal ridge-perpendicular
olivine [100] axes to the subhorizontal ridge-parallel orientation
required by our data, tectonic rotation would have had to have
occurred about a subvertical axis. This is not likely given the stresses
typically extant at mid-ocean ridge settings away from transform
faults. A non-transform discontinuity has been inferred by Fujiwara
et al. (2003) six kilometers to the south of Hole 1274A. Deformation
associated with this non-transform discontinuity may have influ-
enced tectonic rotations in the region and allowed for rotations about
axes that are subvertical (Fig. 10B). However, there is no bathymetric
evidence of faults that could accomplish tectonic rotations such as
these. The long, approximately ridge-parallel scarps and valleys
evident on the seafloor (Fig. 1) suggest tectonic rotations along
approximately ridge-parallel axes.

The speculative reorietation of the olivine [010] axesmay provide an
additional constraint. Like the 3-D model of mantle flow, a 2-D model
also predicts an approximately horizontal shear plane following corner
flow. Olivine [010] axes were shallowly dipping at the time of
magnetization (Figs. 3 and 9), implying a steeply dipping shear plane,
and any rotation about a vertical axis would be unable to transform a
steeplydipping shearplane into the subhorizontal shear requiredbya2-
D model of mantle flow. Thus, Model 2 is not our preferred model.

Notably, some seismic observations (Dunn et al., 2005; Toomey
et al., 2007) suggest mantle flow directions may be oblique to the
spreading direction, perhaps by as much as 38º. This is essentially a
rotated 2-D model (although it does not preclude a component of 3-D
flow). This is unlikely to be the case here, as: a) the olivine [100] axes
we observe were most likely N60º oblique to the spreading direction
at the time of accretion to the lithosphere, b) attempted reorientation
of the olivine [010] axes suggest that a horizontal shear plane is
unlikely, and c) the thick lithosphere in this region implies that
homogeneous ductile corner flow in the mantle is unlikely.

7.3. Model 3: no mantle corner flow and subsequent tectonic rotation
about an E–W axis

As mentioned in Section 7.1, the thick lithosphere thought to exist
in this region suggests that corner flow in the mantle may have been
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accommodated by shearing and faulting rather than by homogeneous
ductile flow (Schroeder et al., 2007). Furthermore, observations in
ophiolites (e.g., Boudier and Nicolas, 1995; Ceuleneer et al., 1988;
Dijkstra et al., 2003; Jousselin et al., 1998; Suhr, 1993) suggest that
protogranular, melt-influenced microstructures such as those ob-
served in the Hole 1274A peridotites most likely form in conditions of
very low differential stress such as those in the upwelling mantle.

LPOs consistent with vertical flowmay be preserved in these rocks
(Fig. 10C). However, given the relative orientations of the LPO and the
paleomagnetic vector (suggesting ridge-parallel subhorizontal olivine
[100] axes at ~250 °C), pre-serpentinization tectonic rotations are
required to have occurred about an axis striking close to E–W. Once
again, there is no bathymetric evidence for faults striking in this
orientation (Fig. 1).

7.4. Model 4: chaotic mantle flow in the TBL and subsequent tectonic
rotation consistent with observable faulting

None of the above hypotheses – 3-D flow with ridge-parallel
faulting, or 2-D or vertical flow with complex faulting – are entirely
satisfactory. Models 1 and 2 require ductile corner flow, which seems
unlikely in a region with lithosphere up to 20 km thick (Kelemen
et al., 2007; Schroeder et al., 2007), and Models 2 and 3 require
faulting that is not consistent with the observed bathymetry of scarps
sub-parallel to the ridge axis. Vertical flow, whether focused in 3-D or
not, with complex faulting is perhaps the most geologically
reasonable in terms of process and microstructural observations,
although the fault strike we observe (330°) cannot transform vertical
olivine [100] axes into an approximately horizontal and ridge-parallel
configuration. Additional faults (not bathymetrically observed) would
be required. Furthermore, vertical flow is not supported by the
speculative olivine [010] axis reorientation (Fig. 9C). Thus, we explore
one final possibility to explain the olivine LPO orientations preserved
in the Hole 1274A peridotites—a modified 3-D flow hypothesis.
Numerical models have shown that active 3-D upwelling is in part
hypothesized to develop as a result of buoyancy forces related to
melting, provided the mantle viscosity is low, the permeability for
melt transport is low, and the spreading rate is slow (e.g., Choblet and
Parmentier, 2001; Lin and Phipps Morgan, 1992). Studies in the Oman
ophiolite (e.g., Jousselin et al., 1998), interpreted to preserve actively
upwelling “diapirs” with 3-D flow, suggest that buoyancy drives
upwelling directly into the base of the crust-mantle boundary, where
a zone of chaotic flow exists before flow transitions to a radial
horizontal pattern away from the edges of the upwelling zone. At
15oN no discrete crust exists to serve as a “hard lid” to stop active
upwelling in the manner observed in the Oman ophiolite. Thus, if 3-D
active upwelling does occur at depth beneath the MAR, the mantle
must at some point transition from active upwelling at very high
temperatures to passive tectonic rotations at shallow depths. This
transitional zone within the thermal and rheological boundary layer
may involve very complex flow in the mantle. If this process occurred,
the rocks preserve neither 2-D nor 3-D mantle flow, but rather
preserve chaotic flow “frozen in” as the mantle transitioned from
active 3-D upwelling to passive 2-D uplift (Fig. 10d). This is consistent
with our proposed reorientation of the olivine LPO, with shallowly
dipping ridge-subparallel olivine [100] axes and olivine [010] axes
dipping moderately and at high angle to the ridge axis at the time of
lithosphere accretion. Following the accretion of the rocks to the
lithosphere, tectonic rotations along a fault striking 330° may have
occurred during uplift to the seafloor. This model could be consistent
with a hypothesis put forward by Godard et al. (2008), who suggested
that one mechanism for the extreme melt depletion observed in the
Hole 1274A mantle may have been complex microconvection at the
base of the lithosphere, although it does not preclude alternative
models of ancient melt depletion (Harvey et al., 2006; Seyler et al.,
2007; Suhr et al., 2008).
8. Conclusions

Peridotites drilled from the MAR during ODP Leg 209 preserve
olivine and orthopyroxene LPOs consistent with deformation at high
temperature (~1250 °C) beneath a mid-ocean ridge. The weak
crystallographic fabrics (M-index≈0.1) and melt-influenced proto-
granular microstructures observed are similar to those found in the
upwelling zone of ophiolites and to those predicted by numerical
models for upwelling zones, suggesting that corner flowmay not have
occurred in the mantle directly beneath the ridge axis. Reorientation
of the fabrics fromHole 1274A using paleomagnetic data suggests that
peridotites beneath this portion of the MAR had an olivine a-axis
maximum oriented subhorizontally and at low angle (≤28.6°±10.6°)
to the ridge axis at the time of magnetization. This is consistent with
complex/3-D flow in the mantle followed by tectonic exhumation
along ridge-parallel faults, or with 2-D mantle upwelling followed by
complex 3-D tectonic emplacement. Both scenarios require some 3-D
complexity, either in the asthenosphere or in the lithosphere.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2010.10.041.
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