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12 Abstract

13 In this work, we examine the tectono-metamorphic evolution of gabbroic rocks of the Atlantis Bank
14  oceanic core complex, South West Indian Ridge, focusing on multistage strain localisation associated
15  with exhumation. We study a sample from the core complex footwall below the depth of seawater
16  hydrothermal fluid-rock interaction. We identify a succession of increasing strain localisation where
17  early solid-state deformation of an olivine gabbro is succeeded by two episodes of melt present

18 deformation resulting in increasing localisation of both strain and melt flux into a narrowing zone.
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The early melt-absent solid-state deformation occurs dominantly in the dislocation creep regime,
and localises strain at the tens of metre scale. This evolved into melt present deformation
characterised by grain size reduction by replacement reactions and dislocation creep and incipient
grain boundary sliding in coarse- and fine-grained parts, respectively. This is based on (1)
microstructures indicative of the former presence of melt, (2) a shift to lower calcium plagioclase,
and (3) reaction textures involving partial replacement of olivine and diopside by fine grained

enstatite and hornblende exhibiting only minor internal deformation features.

A narrow (2-3 mm) high strain zone which cuts the earlier shear zone foliation at ~30°, exhibits
strong and near complete grain size reduction by melt-rock reaction and tightly spaced foliation
within a millimetre-wide high strain zone. Here, strain localisation is contemporaneous with a
second melt influx shown by (1) complete olivine replacement by fine grained hornblende and
enstatite exhibiting no crystallographic preferred orientation (2) microstructures indicative of the
former presence of melt and (3) changes in the mineral chemistry of diopside, plagioclase, enstatite
and hornblende. We suggest deformation was dominated by melt assisted grain boundary sliding
allowing higher volumes of melt flux, a high degree of weakening and deformation focused in the

narrow shear zone than during the porous melt flow in the wider, early shear zone.

This combined microstructural and microchemical study highlights that the recognition of changes in
deformation regime, their time relationships and potential melt related deformation are critical for
understanding, and therefore modelling, progressive strain localisation, melt flux and the rheological

evolution of oceanic detachment faults.
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Highlights:

e Evolution from diffuse to localised deformation

e Microstructures indicate the former presence of melt within shear zones

e Melt flux causes melt-rock reactions, grain size reduction & strain localisation
e Evidence of multiple fluxes of external melt associated with strain localisation

e Positive feedback of melt flux, strain localisation and rheological weakening

Keywords:

Scientific ocean drilling; oceanic core complex; strain localisation; melt microstructures; melt-

present deformation.

1. Introduction

Research over the last five decades has shown that oceanic crust can exhibit significant strain
localisation at both plate boundaries and within the plates. One of the most important features of
strain localisation recognised in oceanic crust are detachment faults associated with core complexes.
These complexes are domal structures formed by kilometre-scale exhumation on a detachment fault
that evolved from ductile to brittle conditions. Consequently, strain localisation is a fundamental
requirement for core complex formation (Karson, 1999; Tucholke et al., 1998; Whitney et al., 2013
and references therein). Importantly, sites of strain localisation are associated with focused fluid
pathways that are significant for economic mineralisation (e.g. Eisenlohr et al., 1989 and references

therein).

Oceanic core complexes have been studied at mid ocean ridges with slow and very slow (e.g. Atlantis
Bank, South West Indian Ridge, Dick et al., 1999a) spreading rates. Previous conceptual and

numerical models stress the relative importance of magma supply rate and/or rheological
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weakening in the evolution of strain localisation in the core-related detachment system (Buck et al.,

2005; Howell et al., 2019; Olive et al., 2010; Whitney et al., 2013 and references therein).

Rheological weakening and therefore strain localisation can be facilitated by a number of processes
including (1) brittle failure (Gardner et al., 2015 and references therein), (2) grain size reduction
(Birgmann and Dresen, 2008; Rybacki and Dresen, 2004), (3) reaction softening (Hobbs et al., 2010;
White and Knipe, 1978 and references therein), (4) switch in deformation mechanism (Rybacki and
Dresen, 2004; Smith et al., 2015), (5) phase mixing (Cyprych et al., 2016; Ji et al., 2001), (6) thermal
softening triggered by exothermic metamorphic reactions and/or shear heating (Brodie and Rutter,
1987; Hobbs et al., 2008), and/or (7) the presence of a free fluid phase, e.g. melt (Renner et al., 2000

and references therein).

In general, there are two main deformation regimes observed at elevated temperatures and low to
intermediate stress (Etheridge and Wilkie, 1979), resulting in distinct changes of the stress exponent
(usually n) in stress-strain equations. The last decades of microstructural work has shown that
different microstructural characteristics can be linked to these regimes. (Regime 1) Dislocation creep
(n>3) is grain size independent and is characterised by the movement of dislocations through the
mineral lattice causing grain size reduction by sub-grain formation and rotation, bulging and
nucleation. Internal deformation of the grains and the development of a crystallographic preferred
orientation (CPO) is a marker for dislocation creep. Dislocation creep is typical of the solid-state
deformation recognised in many natural shear zones (Urai et al., 1986). (Regime 2) Diffusion creep
(n=1) is grain size dependent and is characterised by the movement of vacancies and is favoured
where grain size is small. The microstructural markers are no internal deformation within individual
grains, no CPO and no necking of the shear zone, but with a shape preferred orientation. One
feature of this process is the apparent movement of grains passed each other, often termed grain
boundary sliding. Over the last decade, it has become clear that there is an intermediate regime,

where grain boundary sliding is accommodated by dislocation glide (n~2) (Hansen et al., 2011). A
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single mineral type can undergo different processes depending on the grain size and location of the
grains, and these processes can change as the deformation continues (e.g. Svahnberg and Piazolo,
2010). Recent work shows that grain boundary sliding can occur without a clear accommodating
process resulting in the generation of a dynamic porosity (Fusseis et al., 2009; Menegon et al., 2015).
In this case, the n value is between 1 and 2 and fluid may flux through the system. Furthermore, if
melt is present, melt may reduce the strength of the deforming rock by several orders of magnitude
(Rosenberg and Handy, 2005). The exact reason for this is still under debate, however melt presence
as films along grain boundaries may be a key factor (e.g. Stuart et al., 2018b).

Even though, detailed microstructural and microchemical analysis is necessary to recognize the
deformation regimes and different processes of localisation, the long-lived and continuous nature of
sequentially lower grade tectono-metamorphism in evolving oceanic core complexes has to some
extent hampered the interpretation of the relative timing and/or coeval nature of deformation and
melt/fluid-rock interactions in such systems. To date there are relatively few detailed
microstructural examinations of gabbroic oceanic drill cores have been undertaken, exceptions being
Mehl and Hirth (2008) and Miranda and John (2010), and no study has examined the potential
impact of melt migration during deformation in such settings. Features such as the common spatial
association of oxides with areas of deformation in oceanic gabbroic rocks (Dick et al., 1999b) remain
unexplained. In this work we focus on a sample taken from the Ocean Drilling Program (ODP) Leg
176 core 735B in the Atlantis Bank oceanic core complex, Southwest Indian Ridge (SWIR), a very slow
spreading ridge. In order to study the evolution of strain localisation and weakening processes
during the formation of oceanic core complexes, we chose to investigate a sample from the ODP
core at 953.7 meters below seafloor (mbsf) from the detachment footwall in order to assess the
potential significance of melt flux in the deformation of these rocks. The sample was chosen to be
well below the zone of seawater hydrothermal alteration as asserted by the work of Gao et al.
(2006) who examined 80 in olivine, clinopyroxene and plagioclase to be from 0-800 mbsf.

Interestingly, Gao et al. (2007) determined, using rare earth elements (REEs) in clinopyroxene at 880
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mbsf that at this depth samples did not interact with seawater, but instead the REE variability
resulted from melt-rock interaction. This supports earlier work by Gillis and Meyer (2001) who
found, using hornblende compositions from the top 500m of the core that the REEs and
temperatures were consistent with a magmatic rather than an hydrothermal origin for the hydration

reaction textures that formed hornblende.

Although the gabbroic rocks from >800 mbsf lack hydrothermal alteration, they are still strongly
heterogeneous (Dick et al., 2000). The gabbros are variably deformed, have diverse geochemistry
and display complex melt-rock reaction textures. High strain zones have been previously interpreted
to have localised in near-solidus gabbro, while still a crystal mush (Cannat, 1991; Dick et al., 2002) or
solid state conditions by dislocation creep and local diffusion creep (Mehl and Hirth, 2008). Bloomer
et al. (1991) suggest highly fractionated interstitial liquid of the oxide-poor gabbro locally
accumulated into these elongate zones of deformation to form most oxide gabbro bodies; i.e., oxide

gabbro bodies are genetically and spatially related to their host gabbro.

We use detailed microstructural and mineral chemistry analyses to identify weakening processes
that controlled the history of strain localisation of these rocks. We recognise that the evolution of
strain localisation began with dynamic recrystallisation during melt/fluid-absent solid-state, crystal
plastic deformation. Initial rheological weakening is enhanced by flux of an externally derived melt
by deformation-assisted porous melt flow (e.g. Meek et al., 2019) within dynamically recrystallised
zones where melt-rock reactions result in further reduced grain size creating a positive feedback that
further localised strain and melt flux. At least two syntectonic, either episodic or continuous, melt
flux events can be recognized. Based on our interpretation of progressive strain localisation, we
suggest that in addition to solid state deformation, infiltration of melt and weakening due to melt-
present deformation are important processes in the evolution of oceanic core complexes, and that

melt-present deformation is potentially under-recognised in oceanic rocks.
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2. Atlantis Bank oceanic core complex

The Atlantis Bank oceanic core complex is situated south east of Africa on the ultra-slow spreading
Southwest Indian Ridge (SWIR). Atlantis Bank is a ridge 720m below the sea surface approximately 9
km long and 4 km wide adjacent to the Atlantis Il transform valley (Fig. 1a) and ~19 km south of the
SWIR axis. An estimated 1.5-2.0 km of crust has been unroofed from the footwall during the uplift of
the core complex (Buck et al., 2005; Dick et al., 2000; Dick et al., 1999b; John et al., 2004) on the
detachment fault (Fig. 1b). The top layers of a typical oceanic crust sequence, that is the pillow
basalts and sheeted dykes, are missing from the top of the core, exposing massive gabbro at the
seafloor. Three holes have been drilled and core retrieved in the Atlantis Bank oceanic core complex
(MacLeod et al., 2017). Here we investigate a sample from the first of these cores, 735B
(32943.392’S, 57215.960’E) initially drilled to 500 mbsf on IODP expedition 118, then extended to

1508 mbsf on IODP expedition 176 (Dick et al., 1999a).

The following core summary is based on information in Dick et al. (1999b), unless otherwise
specified. The core has been divided into 12 rock units (I to XII) based primarily on mineral
assemblage and abundance of the rock types. The rock units are variably metamorphosed at low
pressure and variable temperatures and are overprinted at the top of the core by brittle failure as
the rocks cooled and hydrothermal alteration accompanied deformation. The major rock types in
the core are olivine gabbro (69.9%) and gabbro (14.9%), with lower proportions of oxide-rich gabbro
(7%) and gabbronorite/oxide-rich gabbronorite (8%). The two predominant rock groups based on
iron and titanium oxide content (Dick et al., 2002; Hertogen et al., 2002) are (1) oxide-poor gabbro
cut by hundreds of bodies of (2) oxide gabbro, rich in ilmenite and magnetite; these oxide-rich
gabbros are also commonly rich in enstatite and brown hornblende. The oxide gabbro bodies vary
from undeformed patches in olivine gabbro to being spatially associated with high strain zones. Their

contacts with the oxide-poor gabbro bodies range from gradational to sharp (Dick et al., 2000).
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Oxide abundance, occurrences of medium temperature veins (e.g. plagioclase, green hornblende
and/or diopside veins) and proportions of alteration products all decrease with depth and are
strongly correlated with an increase in crystal-plastic deformation intensity. The majority of the core
has no (75%) or very weak (18%) foliation due either to magmatic reorientation of crystals or crystal-
plastic deformation, with 6% being strongly foliated and only 1% showing mylonitic or ultra-
mylonitic characteristics. Major brittle faults of unknown displacement occur at 560 and 690-700
mbsf with many additional minor faults, displaying minor displacement, concentrated in the upper
50% of the core. A 20m wide shear zone occurs at 944-964 mbsf (Fig. 1c—g, Supplementary Fig. 1)
with many small shear zones of millimetre to centimetre widths occurring in the top of the core.
High strain zones are often associated with high oxide abundance. The sample analysed in this

contribution is taken from the middle of this 20m wide shear zone at 953.7 mbsf.

In addition to the comprehensive analysis of the core and its implications by the shipboard scientific
parties (Dick et al., 1999b), further analysis of the core has determined that crustal accretion of the
gabbros occurred for less than 0.5Myr around 12 Ma (Baines et al., 2009), that plagiogranites may
form by highly fractionated mid-ocean ridge basalts (Chen et al., 2019) or in-situ partial melting of
gabbro (e.g. Koepke et al., 2004; Wolff et al., 2013), and that synkinematic differentiation (Bowen,

1920) is an important magma evolution process in oceanic crust (Gao et al., 2007).

3. Methods

3.1. Sample selection and general microscopic analyses

The sample analysed was selected as it is representative of the broad tens of metre scale shear
zones commonly observed in the deformed gabbroic rocks (Fig. 1, Supplementary Fig. 1). It is from
953.7 mbsf in the 735B core, part of a 20m thick shear zone (Fig. 1c—g, Supplementary Fig. 1, 944 to
964 mbsf) at the base of rock unit X (the full rock unit X extent is from 710 — 964 mbsf). In addition, it

includes a narrow, well defined shear zone, a feature seen frequently in broad shear zones. The two
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foliations associated with the broad and narrow shear zone, S; and S, respectively,are at an angle to
each other, however the azimuth of the lineations associated with these foliations are within a few
degrees of each other. The thin section studied was cut parallel to the lineation and perpendicular to
the foliation and was examined using plain and cross polarised light with a petrographic microscope.
A high-resolution image of the thin section and associated other data can be examined at
https://imagematrix.science.mq.edu.au/viewer/?mode=view&id=19). Backscattered electron (BSE)
images were taken of typical microstructures using a TESCAN VEGA3 scanning electron microscope
(SEM) at the Leeds Electron Microscopy and Spectroscopy Centre, University of Leeds. The SEM was

run at high vacuum with an accelerating voltage of 20 kV and working distance of 14.5 mm.

3.2. Quantitative microstructural analysis

Quantitative microstructural analysis was performed utilising Electron Backscatter Diffraction
analysis (EBSD). The thin section was polished using colloidal silica and coated with ~3 nm of carbon.
Crystallographic preferred orientation (CPO) information was collected using an HKL NordlysNano
detector attached to a Zeiss IVO SEM at the Macquarie GeoAnalytical laboratories, Macquarie
University. The SEM was run at a high vacuum with an accelerating voltage of 20 kV, a working
distance of 12.5 to 17 mm and a beam current of 8.0 nA. Points were analysed on a regular grid with
step sizes at 4 um. The Kikuchi patterns acquired were automatically indexed using the Aztec
analysis software (Oxford Instruments). Concurrently, chemical maps were taken using an X-Max
energy dispersive spectrometry (EDS) detector allowing an independent control on mineral type and
abundance. Higher resolution maps were acquired using the Oxford Instruments Synergy EDS/EBSD
attached to a Zeiss Ultra Plus SEM at the Australian Centre for Microscopy and Microanalysis
(ACMM), University of Sydney. Here, accelerating voltage was 20 kV, working distance 8.55-10 mm

and step size 2 um.

Data was processed using HKL Channel5 v5.11, with noise reduction performed on the raw data

following the procedure of Bestmann and Prior (2003). Phase maps of a representative subset of the
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complete map acquired are shown (cf. Figs. 4, 5 and 7; images of the full EBSD data set are overlain
onto the high-resolution thin section images and are available at
https://imagematrix.science.mq.edu.au/), along with equal area, lower hemisphere pole figures of
the main minerals, constructed using data from the complete map based on one point per grain in
grey scale. Representations using one point per grain eliminate the issue of large grains distorting
the interpretation by causing single crystal maxima in the pole figures. For comparison, the relative
crystal orientation change of the large, relict grains is provided as a graded colour scale overlay on
the phase maps and pole figures. Misorientation angles between adjacent analysed points of 2-10°

and > 10° define subgrain and grain boundaries, respectively.

3.3. Major element mineral chemistry

Major element mineral chemistry data were acquired on a Cameca SX100 electron microprobe
(EMP) equipped with 5 tuneable wavelength dispersive spectrometers at the Electron Microscopy
and X-ray Microanalysis Facility at The University of Tasmania. A spot size of 10 um was used except
where the grain sizes were very small when a spot size of 5 um was used. Operating conditions were
402 takeoff angle and a beam energy of 15 keV, counting for 10 to 30 seconds depending on the
element (see Supp. Table 1 for more details including standards used for calibration of the system).
Mineral formula from the EMP analyses were recalculated using 4 oxygen for olivine (Ol), 6 oxygen
for pyroxenes (Di and En) and ilmenite (Ilm), 8 oxygen for plagioclase (PI) and 24 oxygen for
hornblende (Hbl). All hornblende mineral analyses are of brown hornblende. Representative mineral
analyses are included in Table 1 with the full dataset in Supp. Table 2. Variation in Xy, is highlighted
for the minerals olivine, diopside, enstatite and hornblende using the mineral formula cation
calculations, where

Ko = (Mg)
Me ™ (Mg + Fe)
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Thin section element data was collected on the X-Ray Fluorescence Microscopy beamline, using the
Maia-384 detector on the Kirkpatrick-Baez mirror microprobe at the Australian Synchrotron,
Melbourne (Ryan et al., 2010a; Ryan et al., 2010b). Maps were made by collecting data with a step
size of 4um x 4um, beam energy of 18.5 keV, speed of 4 mm/sec and dwell time of 1 ms/step. A
calcium map was constructed using GeoPIXE (Ryan et al., 1990) to highlight the relative variation of
Xan in plagioclase across the thin section. X,, in plagioclase is calculated using the mineral formula
cation calculations from EMP data, where

N, = (Ca)
AN 7 (Ca + Na)

We use mineral abbreviations following Whitney and Evans (2010).

3.4. Mineral thermometry

Temperatures have been estimated using Putirka (2016) where hornblende compositions are
interrogated in conjunction with a liquid composition. For the latter, we used the composition of
MORB taken from samples near our core on the SWIR (Gale et al., 2013, sample SWIR48c). We also
present the Ridolfi and Renzulli (2012) hornblende thermometry calculations. We use Brey and
Kohler (1990) calcium in enstatite and two pyroxene thermometry calculations for comparison with
the hornblende thermometers. For thermometry calculations we assume pressures of 1 kbar. It

should be noted that the temperatures calculated have limited pressure sensitivity.

4. Results

4.1. General sample description

The olivine gabbro comprises olivine, diopside, and plagioclase, with minor enstatite, brown
hornblende, opaques (determined to be magnetite, ilmenite and sulphides) and apatite. The

analysed sample may be divided into two main domains based on differently oriented foliations (Fig.
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2, 3). Domain | is characterised by the presence of coarse grains of olivine, diopside, plagioclase and
some enstatite. Here, a foliation (termed S,) is defined by the alignment of elongate, coarse olivine,
plagioclase, diopside and enstatite porphyroclasts and associated, finer grained tails that occur
asymmetrically around the porphyroclasts and on the short side of the porphyroclasts (Fig. 2a, b, c,
4). In addition, brown hornblende is observed to occur as rims around diopside and olivine (Fig. 2a,
¢, 5). Furthermore, symplectitic intergrowth of magnetite and enstatite are seen at the rims of
olivine grains (Fig. 6a-c). These latter reaction features are aligned with the Domain | foliation (Fig.
2). They are, however, distinct due to their link to reactions (see Sections 4.2 and 4.3). Hence, we
term the foliation which is microstructurally not associated with any changes to the mineral
assemblage S;, and that associated with changes to the mineral assemblage Sy,. S1;, and Sy, are
subparallel to each other and are inferred to be progressive. Domain | dominates the whole 20m
thick shear zone (Fig. 1b, 2a, b, Supplementary Figure 1) from which the sample is taken. Domain Il is
represented by a closely spaced foliation (termed S,) oriented oblique to the pervasive S, foliation of
Domain | (Fig. 2a, b). Domain Il has no olivine and is finer grained compared to Domain [; the large
porphyroclasts seen in Domain | are missing (Fig. 2, 3). There are areas where Domain | foliation
swings into the Domain Il foliation suggesting that Domain Il represents a narrow shear zone
displacing the pre-existing Domain | foliation. Both S; and S, are crosscut by a late narrow green
hornblende bearing vein (Fig. 2a, c). Areas near the hornblende vein have been avoided in this

analysis which is focused on the ductile tectono-metamorphic events.

4.2. Domain 1: Mineral assemblages, microstructures and mineral chemistry

4.2.1. Igneous assemblage

The average primary mode of olivine gabbro for the core, based on 118 samples from leg 176 is
plagioclase ~59.5%, diopside 29.9%, olivine 9.8%, opaques 0.4%, hornblende 0.3% and enstatite
0.2% (Dick et al., 1999a). In the analysed sample, the main original igneous minerals are plagioclase,

diopside and olivine with modal proportions within a few percent of the typical core average for this



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

rock unit; these grains are interpreted as igneous and original as they occur as large relict grains (Fig.
2a). The Ca element map (Fig. 3a) which correlates with the crossed polar (XPL) thin section image
(Fig. 3b) shows that the original relict plagioclase (Fig. 3a, b, centre top; marked PI (lg)) has a very
high Ca content signifying a high X,, value. Chemical microprobe analyses (Fig. 3a & c, Table 1, Supp.

Table 2) indicate the relict grains are labradorite in composition.

4.2.2. Isochemical S;, recrystallisation and foliation formation

The alignment of the large elongate relict igneous grains (to ~3 mm) of olivine, diopside and
plagioclase (>200 um diameter) define the distinct S; foliation (Fig. 2a). In addition, these phases are
also seen as fine-grained elongate masses, with variable grain sizes (averages of ~35 um, Fig. 2a).
These masses commonly form tails developed adjacent to relict porphyroclasts of the same mineral
(Fig. 2a, d, 3b, 4a, b). Porphyroclasts exhibit abundant subgrain boundaries and continuous lattice
bending (gradual orientation change shown as slight colour change; e.g. Fig. 4c). This gradual to
sharp change in crystallographic orientation is also observed in pole figures (Fig. 4). In addition, some
medium to large plagioclase grains exhibit deformation twins (Fig. 3b inset). The smaller grains show
little internal orientation changes. It should be noted that next to a porphyroclast, the finer grains
tend to have a similar orientation to the porphyroclast. Small grains exhibit straighter grain
boundaries than porphyroclasts. Aspect ratios of large plagioclase and diopside grains are higher at
2.13 and 2.15, respectively, than the smaller grains at 1.83 and 1.81, respectively. Aspect ratios for
large and small olivine are similar at 1.73 (> 200 um diameter) and 1.82 (<200 um diameter)

respectively.

The Ca element map (Fig. 3a) shows that the original relict plagioclase has an associated
recrystallised tail of plagioclase which has a similar Ca value (i.e. labradorite, lightest orange),
indicating that no change of plagioclase composition occurred during formation of this recrystallised

tail.
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Microprobe chemical analysis of the large and small olivine and diopside grains (Fig. 3d) shows little
to no variation indicating that no systematic change in the composition of these minerals occurred
during recrystallisation of the porphyroclast. Hence this foliation, defined by grain elongation and
recrystallisation into fine grained tails, is an exclusively geometric rather than chemical feature. We

refer to this foliation as Sy,

4.2.3. S;,—foliation formation associated with melt presence: mineral assemblage and chemical
changes

Syp is identified through the presence of “new” minerals, namely enstatite on olivine (Fig. 5a) and

hornblende on diopside (Fig. 2d, 5b). These phases occur asymmetrically on the phase boundary

with plagioclase (e.g. Fig. 4a); they are concentrated in strain shadows on the larger olivine and

diopside grains (e.g. Fig. 4b), are smaller in grain size than the adjacent olivine and diopside and

exhibit variable grain sizes up to 200 um.

Sy microstructures show enstatite and hornblende grains form low dihedral angles and thin films
along grain boundaries (Fig. 6 a—c, black and red arrows, respectively). Enstatite shows embayments
into olivine (Fig. 6 a—c white arrows) and symplectites of magnetite and enstatite (Fig. 6a, green
arrow) are associated with olivine. Magnetite near enstatite and hornblende displays low dihedral
angles, forms thin films along grain boundaries (Fig. 6b) and can also have ilmenite exsolution

lamellae (Fig. 6d).

In Sy, the chemistry of both hornblende and enstatite is distinct, depending on proximity to either
olivine or diopside. Enstatite grains associated with olivine (Fig. 3d green triangles) have a higher Xy,
value than those grains associated with diopside (Fig. 3d orange triangles). In the same manner,
hornblende grains associated with olivine (Fig. 3d green circles) have a higher X, value than those

grains associated with diopside (Fig. 3d orange circles).
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The Synchrotron Ca—X,, map (Fig. 3a) shows that the chemistry of the finer grained plagioclase in
Domain | outside the original igneous grains and recrystallised tails, has lower calcium content and is
intermediate between labradorite and andesine (Fig. 3¢) in composition. The histogram of electron
microprobe Xy, calculations for all analysed plagioclase grains indicates a peak with X,, ~0.5. This
correlates with the larger area of S;;, reaction affected plagioclase as seen in the Synchrotron Ca—Xa,

map (Fig. 3a).

Analysis of the CPOs of enstatite and hornblende associated with olivine (Fig. 5a) shows the strong
preferred orientation of olivine grains is reflected in the enstatite and to a lesser extent, hornblende.
That is, both enstatite and hornblende display a degree of epitaxy of the precursor olivine. Some of
the larger enstatite grains have minor internal deformation features i.e. little lattice bending and few
subgrain boundaries (Fig. 5a, 2° misorientation boundaries). Similarly, CPOs of hornblende and
enstatite associated with diopside (Fig. 5b) reflect the strong preferred orientation of the diopside
grains. Hence, both display epitaxy of the precursor diopside. However, very few of these reaction

products show any internal deformation (Fig. 5, misorientation profiles).

4.3. Domain Il: Mineral assemblages, microstructures and mineral chemistry

The grains in Domain Il are typically fine-grained forming strings of enstatite, diopside and/or
hornblende with minor apatite grains within fine grained plagioclase (Fig. 3b, 7a). These mostly
monomineralic strings define the closely spaced and distinct S, foliation (Figs. 2, 3a and b, 7a). No
olivine is present in Domain Il and magnetite, ilmenite and other opaque minerals occur interstitially
(Fig. 6e), predominantly associated with hornblende and diopside. Diopside and plagioclase both
have average grain sizes of ~34 um with very few grains greater than 200 um. Enstatite and

hornblende are smaller, ~23 um and ~14 pm, respectively, with no grains greater than 200 um.

Just as in Sy, there are intergrowths of magnetite and ilmenite (Fig. 6d green arrow) with low
dihedral angles, but here these are associated almost entirely with hornblende. In places,

hornblende forms faceted interstitial grains in contact with plagioclase (Fig. 6d). Imenite forms
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crystallographically continuous, xenomorphic grains (Fig. 6e, f) occurring interstitially between
hornblende and magnetite grains. Due to the small grain size, few embayments and films can be
seen, but low dihedral angles are formed by all minerals. Small grains show little to no internal
lattice bending and/or subgrains. Only plagioclase, displaying some deformation twins and larger
enstatite grains have minor internal deformation with 2° misorientation boundaries (Fig. 7a). Pole
figures for the minerals indicate there is little to no CPO present (Fig. 7b). Whether the grains are
original S, grains recrystallised or newly formed in S, from further melt-rock reactions is difficult to

determine from the petrography and EBSD analysis alone.

In Domain Il, the chemistry (Table 1) of enstatite has a lower Xy, value, distinct (Fig. 3d, red
triangles) from that of the S, enstatite indicating this is newly formed enstatite. Diopside too has a
distinct Domain 11 / S, chemistry with lower Xy, values compared to S; (Fig. 3d, red diamonds)
indicating newly formed diopside in S,. The chemistry of hornblende overlaps with that of the Sy,
hornblende and has a proportion of grains with distinctly higher Xy, values (Fig. 3d, red circles). The
Synchrotron Ca—X,, map shows the chemistry of plagioclase is also distinct in parts of the S, domain
(Fig. 3a, blue colours). Electron microprobe analysis shows that within Domain Il the finest grained
plagioclase is more Na-rich andesine (Fig. 3c), while the larger grains are transitional labradorite to

andesine similar to the Sy, plagioclase grains (Fig. 3a-c).

4.4. Thermometry: Conditions of formation and deformation

In the following we present temperature calculations for the different stages of the development of
strain localisation observed in our samples. Calculations are based on the described microstructural
context and mineral chemistry (Table 1, Supp. Table 2) and are summarised in Figure 8 (note
reference provided relate to the thermometer used). Temperatures for S;, hornblende, a reaction
product, determined using the method of Putirka (2016) range from 863—969°C with a median of
949°C. This overlaps the temperature range, using the same method, for the S, grains of 869-965°C

with a median of 905°C. The hottest temperature estimates in S, are hornblende analyses adjacent
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to olivine. The Ridolfi and Renzulli (2012) hornblende thermometer gives slightly lower temperature
ranges: for Sy, the range is 846—-961°C with a median of 906°C, and for S, it is 753-946°C with a

median of 840°C.

Calculated temperature estimates using Ca in enstatite (Brey and Kohler, 1990), also a reaction
product in this sample, are hotter than the hornblende temperature estimates, giving a range for S;
of 907-1093°C with a median of 1026°C, and for S, of 929—1058°C with a median of 1000°C. Again,
the hottest temperatures in S; are enstatite analyses adjacent to olivine. Adjacent pairs of enstatite
and diopside in S, analysed using the two pyroxene thermometer of Brey and Kéhler (1990) give a
range for S, of 798-823°C with a median of 817°C, which is much cooler than the alternative
thermometers. The high temperatures determined from the reaction products have a slightly lower
range in S, compared with S;,. High temperatures can also be inferred from the presence of brown
hornblende in both S;, and S,. Overall, a general minor trend to lower temperatures is apparent

from the igneous solidus temperature to the Sy, and S, melt-rock interaction temperatures.

It should be noted that interpretation of the thermometers is difficult due to the variation in
hornblende and enstatite chemistry associated with their igneous reactant minerals and the

possibility of minerals formed during S;, being recrystallised in S,.

5. Discussion

5.1. Progressing strain localisation: transition from solid-state to melt-

present deformation

The crosscutting relationship between Domain | and Domain Il (Fig. 2a) and the progressive
deflection of the foliation dominating Domain | into Domain Il allows us to determine that S, related
to Domain | is an earlier fabric than S, that dominates Domain Il. In the following, we describe the

fabrics and their relationship to the progression of strain localisation in chronological sequence.
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5.1.1. S;, melt absent solid-state deformation

Dick et al. (1999b) differentiate magmatic fabric from crystal-plastic deformation fabric based on
microstructures. Magmatic fabric has subhedral plagioclase with no recrystallisation and pyroxenes
with sharp “corners” (Fig. 9a). Their crystal-plastic solid-state deformation overprint (corresponding
to our Sy,) has recrystallised plagioclase and elongate pyroxenes with rounded “corners”. Even
though magmatic foliations occur in ~22% of the core, magmatic foliation with no crystal plastic
overprint is extremely rare (see Dick et al., 1999b, their Fig. F79). This indicates that deformation

localised at the tens of metre scale during the S;, event.

In our sample, S;, displays igneous porphyroclasts (OI-Di-Pl) that have grain boundaries that are not
facets and dynamically recrystallised tails forming foliation parallel bands and strain shadows (Fig. 2,
3a, b, 9b). Dislocation creep dominates Si, solid-state deformation based on the facts that the large
grains display undulose extinction and are internally deformed (Fig. 3b, 4), form elongated grains
(Fig. 2, 3b and 4), have a distinct CPO suggesting dislocation creep with dominance of certain slip
systems (Fig. 4) and show progressive rotation across the grains (e.g. Fig. 4c). Dynamic
recrystallisation resulted in the formation of smaller grains with little internal deformation and lower
aspect ratios, often occurring as tails on the larger porphyroclasts. As the minerals are recrystallised,
the grain size decreases and phases are mixed, local switches from dislocation creep to diffusion
creep accommodated grain boundary sliding, for the recrystallised minerals, result in rheological
weakening (Mehl and Hirth, 2008).

The igneous and S;, mineral assemblages are identical and recrystallised grains are isochemical with
respect to their igneous precursors (Fig. 3a), suggesting S, deformation occurred in conditions close
to those prevalent during magmatic crystallisation in fluid/melt absent conditions. Hence, we infer
that deformation conditions were close to the low pressure solidus temperature of the olivine-
gabbro, which is estimated to be ~1080°C assuming tholeiitic MORB composition (Green, 1982).
Mehl and Hirth (2008) determined a cooler temperature range of ~860 to 940°C based on two

pyroxene thermometry.
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5.1.2. S;, melt-present strain localisation: initial flux of an externally derived melt by porous melt
flow

S1p can be distinguished from S,, by the additional presence of enstatite and brown hornblende,

observed in epitaxial reaction textures or rims on both olivine and diopside porphyroclasts (Fig. 5,

8c). Olivine predominantly forms enstatite with some hornblende (Fig. 5a) while diopside

predominantly forms hornblende with some enstatite (Fig. 2d, 5b).

Reaction textures are fine-grained, discontinuous and hydrous, including newly crystallised
plagioclase with or without diopside, and with minor ilmenite, magnetite, sulphides and apatite.
Magnetite occurs as single grains and in symplectite textures with enstatite (Fig. 6a), which suggest
diffusion-limited reactions of the melt with olivine (Holness et al., 2011). Microstructures indicative
of the former presence of melt (Lee et al., 2018; Stuart et al., 2017) in the reaction textures,
including low dihedral angles, films along grain boundaries and embayments (Fig. 6a-c, 9¢) confirm
melt is the reactive agent and the source of water to form hornblende. Enstatite and hornblende
reaction textures are most common in foliation parallel bands, strain shadows and at mineral phase
boundaries (Fig. 4a, b, 5). Some reactant grains (olivine and diopside) show discontinuous and
asymmetric development of reaction products, highlighting that reactions must have been triggered
by fluid presence rather than being diffusion driven (Stuart et al., 2016). Based on the associated
melt present microstructures, we suggest that these reaction textures mark melt pathways with
melt fluxing along one side of the grain on the boundary between different mineral types (Fig. 4a, b,
9c). The melt pathways may additionally be identified by foliation parallel bands of lower calcium
plagioclase (Fig. 3a). The modification of plagioclase mineral chemistry and hydration to form

hornblende both indicate an open system involving flux of an externally derived melt.

The microstructures indicative of the former presence of melt as well as the variations from Sy, to Sy
chemistry suggest enstatite, hornblende and the chemically distinct plagioclase are all reaction

products of two melt-rock reactions:
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Diig/1a + Plig/1a + melt; = Hbly, + Engy + Plyy + melt,

Besides changes in the stable assemblage, the grain size of reaction products is greatly reduced
relative to the reactant grains. Reaction products have average grain sizes of ~35um (Fig. 4). Thus, in
areas dominated by reaction products diffusion creep/grain boundary sliding is expected to be active
locally (Etheridge and Wilkie, 1979). This stands in contrast to some of the larger enstatite grains
which have minor internal deformation features, i.e. little lattice bending and few subgrain
boundaries (Fig. 5a, 2° misorientation boundaries) indicating these grains are residual from the

earlier solid state crystal plastic deformation event associated with S.,.

The described microstructures and melt-induced reactions require that melt migrates along grain
boundaries. We suggest that during solid state deformation and associated dynamic recrystallisation
associated with the formation of Sy,, areas dominated by fine grained recrystallised grain acted as
preferred melt pathways due to the local high grain boundary length versus area and potential
porosity generation during recrystallisation and incipient grain boundary migration (Fusseis et al.,
2009). Once the first melt reacts, grain sizes are further reduced, and activation of grain boundary

sliding then creates additional porosity (Menegon et al., 2015).

Thermometry using reaction products such as hornblende (Putirka, 2016; Ridolfi and Renzulli, 2012)
and Ca in enstatite (Brey and Kéhler, 1990) return a broad range of temperatures between ~840 to
1100°C (Fig. 8) due to variation in the mineral chemistry (Table 1). The spatial context of the
hornblende thermometry controls some of this range with olivine reaction products returning higher
temperatures (> 920°C) than diopside reaction products (< 960°C). The highest temperatures (>
970°C) are only derived from Ca in enstatite thermometry (Fig. 8). The broad temperature range can
be explained by a variation in the temperature recorded throughout a melt fluxing event. High

temperatures record the melt-rock interaction at relatively high melt flux rates when temperatures
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are dominated by the temperature of the fluxing melt. High temperatures for deformation in S, are
also supported by little variation in the composition of the recrystalised olivine, diopside and
plagioclase from their igneous and S;, counterparts. Maintenance of high temperatures throughout
melt rock reaction may have been aided by the exothermic reaction involved in the formation of
hornblende (Haack and Zimmermann, 1996). In contrast, low recorded temperatures are interpreted
to represent the timing of reactions when melt flux was waning and temperatures became therefore
dominated by the temperature of the surrounding “host” rock that was being fluxed by the melt. As
such the overall range of temperatures can be taken as a signature of decreasing temperature of the
host rock during progressive deformation and decreasing melt flux. The high local variation of
derived temperatures may reflect the effect of multiple episodes of melt flux of increased and

waning melt flux.

5.1.3. S, melt-present strain localisation: subsequent syntectonic highly channelised flux of an
externally derived melt
The S, foliation cuts S; at approximately 30° and causes deflection of the S, foliation in intermediate
strain domains indicating a normal sense of motion (Fig. 2a, b). It is defined by very fine-grained (up
to 34 um) plagioclase-, enstatite-, hornblende- or diopside-rich bands or mixtures of these minerals
(Fig. 2d, 7, 9d). Microstructures indicative of the former presence of meltin S, include (1) low
dihedral angles and films along grain boundaries (plagioclase, enstatite, magnetite and ilmenite, Fig.
6d-f), (2) undeformed ilmenite displaying a neighbourhood of apparently isolated grains with similar
orientation, suggesting these are a single crystal connected in 3D that pseudomorphed the
interconnected melt in that area (Fig. 6f), and (3) intergrown enstatite and hornblende sharing some
straight grain boundaries consistent with low index crystal faces indicating growth in the presence of

melt (Fig. 6d; Stuart et al., 2018b).

Hornblende in S, has a range of compositions overlapping those of Sy, suggesting some hornblende

is residual in Domain Il. In contrast, the analysed diopside and enstatite in S, have distinct mineral
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chemistry, with lower Xy, values, compared with their igneous or S;, precursors and the range of
compositions has narrowed (Fig. 3). Some enstatite is likely to be residual as some larger grains show
internal deformation (e.g. Fig 7a). Plagioclase has a more sodic composition in S, compared with the
igneous and S, precursors (Fig. 3a, c). These relationships suggest recrystallisation and growth at
different conditions both chemically and in terms of PT conditions than in Domain I. Furthermore,
just as for Sy, within S,, apatite, ilmenite and magnetite are products of a reaction involving
hornblende and enstatite indicating enrichment of these minerals during melt-rock interaction in
accordance with the original ODP reports (Dick et al., 2002; Hertogen et al., 2002). S, envelops rare
small porphyroclasts of diopside and plagioclase and all olivine has reacted away. We infer that the

following unbalanced open system reaction forms minerals in the S, high strain zone:

<all previous minerals> + externally derived melt = En, + Hbl, + PI, + Di, . modified melt

These very small grains show minor crystal plastic deformation within individual grains and a low
degree of CPO suggesting a change of dominant deformation mechanism from dislocation creep
towards a deformation mechanism largely independent of dislocation movement. Based on the
observed microstructures indicative of the former presence of melt, the apparent small grain size,
minor CPO and absence of orientation changes, we infer deformation within Domain 1I/S, was
dominated by grain size dependent melt assisted grain boundary sliding and diffusion creep
(Etheridge and Wilkie, 1979; Stuart et al., 2018b; White, 1976). Furthermore, we propose that
syntectonic channelised porous melt flow occurred in this localised zone. We suggest the highly
localised nature of the porous melt is facilitated by grain boundary sliding of the fine-grained
reaction products which results in transient porosity and a “melt pump” (Fusseis et al., 2009;
Menegon et al., 2015). This positive feedback and switch in dominant deformation mechanism
resulted therefore, in significant rheological weakening (e.g. Smith et al., 2015) enhanced by the
presence of melt as melt presence along grain boundaries will make these melt zones extremely

weak (Rosenberg and Handy, 2005). The latter rheological weakening is enhanced by extensive grain
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size reduction by syntectonic reaction forming fine grained enstatite and hornblende and resulting in
a marked increase in melt-bearing grain boundaries. This facilitates increased melt flux, further
enhancing reactions and grain size reduction, resulting in further weakening and strain localisation.
Local volume increase (e.g. from formation of hornblende) may also assist in enhancing melt flux
pathways facilitating increased melt flux (Rushmer, 2001).

Conditions for deformation from hornblende (Putirka, 2016; Ridolfi and Renzulli, 2012) and two
pyroxene (Brey and Kéhler, 1990) thermometry suggest a range of temperatures between ~750 to
965°C (Fig. 8). The highest temperatures are similar for S;, and S,, the lowest temperatures (< 825°C)
are lower in S, than for Sy;,. The wide range of recorded temperatures can be explained similarly to
the Sy, temperature range. That is, high temperatures record the melt-rock interaction at high melt
flux rates while low recorded temperatures represent low melt flux recording the temperature of
the “host” rock. Consequently, the decrease of the lowest recorded temperatures from Sy, to S; is
consistent with gradual cooling of the system during development and exhumation of the core
complex. This interpretation of temperatures is consistent with the observed anomalously high
temperatures late in the detachment complex formation reported by John et al. (2004). Their Model
2 suggests this anomaly could be due to reheating by a late flux of melt, similar to the S, event
described here. Furthermore, Magde et al. (1995) reported hornblende veins in rock unit VI (400-500
mbsf) interpreted as a possible melt flux deformation event when the matrix was >500°C. As the
melt flux diminished, and finally stopped, the interstitial melt crystallised allowing the preservation
of the delicate microstructures indicative of the former presence of melt, and causing our sample to

became rheologically hard (Stuart et al., 2018b).

5.2. Melt transport and origin of melt

The mechanisms of melt transport in ocean core complexes has been an ongoing discussion.
Members of the ODP Leg 118 and 176 teams (Dick et al., 1991; Dick et al., 1999a; Niu et al., 2002)

interpret that deformation of a gabbro crystal mush drove local accumulation of intercumulus liquids
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into shear zones to form the oxide gabbro bodies. Melt-present deformation of a gabbro crystal
mush is evidenced in some portions of the 735B core, by a magmatic foliation (e.g. Fig. 9a), defined
by a strong shape preferred orientation of the primary crystals (olivine, diopside, plagioclase) which
lack significant internal deformation. In these samples, plagioclase displays some deformation twins,
lobate grain boundaries and a strong CPO and olivine has minor dislocations. These observations
support the interpretation of viscous laminar flow of a crystal mush with a minor solid-state
deformation overprint (Cannat et al., 1991). However, this magmatic foliation is not seen in the

sample studied here.

In Section 5.1, we demonstrate that the strain localisation history in our sample started in the solid-
state as also observed by Mehl and Hirth (2008) and Miranda and John (2010). While the study of
Miranda and John (2010) focused on samples, acquired by submersible dives, that progressed to
hydrothermal fluid-present deformation, we show that in our core sample initial solid-state
deformation was followed by melt present deformation involving an externally-derived melt. This
interpretation is consistent with previous studies which suggest the presence of melt in the system:
(i) mantle-like 80 values for all olivine, diopside and plagioclase deeper than 800 mbsf, precluding
a hydrothermal source for the hornblende-producing reactions (Gao et al., 2006); (ii) rare earth
element (REE) patterns of hornblende are consistent with crystallisation from a melt (Gillis and
Meyer, 2001); (iii) a REE study on clinopyroxene from 880 mbsf by Gao et al. (2007) showed no
seawater signature; (iv) postulated late high temperature melt flux (John et al., 2004; Magde et al.,

1995).

A consequence of our interpretation is that melt fluxed the system and was transported within the
zones of strain localisation. This interpretation of the importance of high strain zones for the
transport of melt is supported by field studies (Schulmann et al., 2008), analogue experiments

(Holtzman et al., 2003; Qi et al., 2018; Qi et al., 2015; Walte et al., 2003) and numerical models
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(Llorens et al., 2019) that show melt accumulates into shear bands during deformation of a mixed

rheology material.

In our view, a cumulus melt source for the external melt is likely and melt rock reaction enriched the
deforming rock in enstatite, hornblende, ilmenite, magnetite and apatite. Dick et al. (1991) make a
genetic link between the host gabbro and the oxide gabbro bodies. While their interpretation
focuses on melt migration and accumulation at the pluton scale, they also allow for some melt
escape into solid overlying gabbro country rock along shear zones, and suggest prolonged melt flux
and impregnation of Fe-Ti oxides precipitated from the migrating melt may have formed rocks with
up to 50% oxides; i.e. these rocks formed by prolonged reactive melt flow. This contrasts with the
interpretation of Cannat (1991) who suggested that mylonite zones preferentially localised in
primary oxide-rich layers. We suggest the Fe-Ti oxides are crystallised late in the melt flux,
pseudomorphing the melt locations and subsequently display little to no internal deformation as
shown by the low internal deformation exhibited by interstitial ilmenite grains that are connected in
3D in our samples (Fig. 6e, f). An alternate source of melt in MOR settings is partial melting of gabbro
under hydrous conditions (e.g. Wolff et al., 2013). However, this produces felsic rock types and the
mantle like 80 values from core deeper than 800 mbsf (Gao et al., 2006) precludes this as the melt

source for our sample.

5.3. The importance of melt present deformation in strain localisation in the

oceanic crust

Our analysis shows a progressive increase in strain localisation where melt presence plays a
significant role (Fig. 9). To evaluate the importance of melt present deformation it is important to
identify the key features used to distinguish solid state deformation in melt-absent conditions from
melt present deformation scenarios. The key features used to identify solid-state deformation in
melt-absent conditions are a lack of (1) assemblage changes and reaction textures, (2) chemical

changes from remnant to recrystallized grains, (3) microstructures indicative of the former presence
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of melt (Fig. 9). These features are all absent in our sample during development of S,,, whereas the
opposite is true for the development of Sy, and S, where we infer melt to have been present during
the deformation.

Based on our analysis we propose the following evolution of the oceanic gabbroic crust. First, upon
magma cooling the melt crystallises between the liquidus of ~1210°C (Green, 1982), where the first
minerals are crystallised, to subsolidus temperatures of ~1080°C (Green, 1982), where the gabbro is
fully crystalline. Dependent upon magmatic conditions, some gabbro forms a magmatic foliation
(Fig. 9a), while most forms a less foliated igneous texture (Fig. 1f, g(i)). As stress is applied to the rock
mass, deformation is initially accommodated at the tens of metre scale (Gardner et al., 2019), by
solid state deformation; i.e., dislocation creep processes (Fliervoet et al., 1999; Urai et al., 1986),
causing lattice distortions, subgrain formation and dynamic recrystallisation resulting in grain size

reduction and some rheological weatkening (Figs. 4, 9b).

This deformation also creates locally a high number of grain boundaries and pores forming pathways
for subsequent open system diffuse porous melt flow (Daczko et al., 2016; Meek et al., 2019; Stuart
et al., 2018a; Stuart et al., 2018b); the melt possibly being derived from an inter-cumulus melt lower
in the crust (Dick et al., 1991). As externally-derived melt migrates along grain boundaries and
between smaller grains during deformation, melt-rock reactions introduce new minerals (enstatite
and hornblende) with further reduced grain sizes (e.g. Stuart et al., 2016; White and Knipe, 1978). As
the mineral grain sizes decrease the deformation evolves to melt present deformation involving both
dislocation creep and melt assisted grain boundary sliding in the fine-grained areas. This causes
strain localisation in areas of melt flux and melt rock interactions (Fig. 9c; Lee et al., 2018; Meek et
al., 2019; Stuart et al., 2018a) . During a second episode of deformation and melt flux an effective
positive feedback loop is created, where local melt assisted grain boundary sliding within areas of
fine grained reaction products result in an active porosity pumping system (Fusseis et al., 2009;
Menegon et al., 2015). This in turn, facilitates increased melt flux through the system channelizing

melt in one area (Fig. 9d). In this local zone, further melt rock reaction and associated grain size
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reduction results in enhanced melt flux. Consequently, in this narrow zone extreme rheological
weakening occurs as all grain boundaries are becoming melt filled and the rheology is dominated by
the rheology of the melt phase (Rosenberg and Handy, 2005). Consequently, strain is increasingly
localized into well-defined, narrow shear zones which exhibit near complete replacement of the

original mineralogy with the products of the melt rock reactions (Fig. 7, 9d).

6. Conclusions

Our study shows increasing strain localisation associated with solid-state deformation and
subsequent melt present deformation with migration of at least two externally derived highly
fractionated gabbroic melts, likely sourced from inter-cumulus melt extracted from deeper levels of

the oceanic lithosphere.

Microstructural analysis shows that strain becomes increasingly focused by: (1) dynamic
recrystallisation during melt-absent solid-state deformation dominated by dislocation creep (Fig 9b);
(2) diffusive melt-present deformation associated with a flux of an externally derived melt causing
melt-rock interactions and forming fine grained reaction products which in turn causes additional
weakening via melt assisted grain boundary sliding (Fig. 9¢); (3) highly channelised flux of an
externally derived melt causing further reaction induced grain size reduction coupled with melt
assisted grain boundary sliding (Fig. 9d), which thereby creates a pumping system allowing large

volumes of melt to migrate and strain to localise in a narrow millimetre-scale zone.

In conclusion, our study demonstrates that syntectonic porous melt flow plays a major role in the

evolution of the oceanic crust, in particular in oceanic core complexes.
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Figure 1: Geological context of the studied sample; (a) location of Atlantis Bank and core 735B (Ryan
et al., 2009), profile for (b) marked by dashed line; (b) profile across the Atlantis fracture zone and
Atlantis Bank showing relative height of the core complex (GMRT Grid Version 3.6); core section
(from shipboard core description) showing: (c) dominant rock types, note location of the 20m thick
shear zone studied is marked by cross hatching; (d) proportions of secondary plagioclase (2° Pl),
recognized as irregularly distributed recrystallisation of primary plagioclase; (e) proportions of
secondary hornblende (Hbl), seen as rims on olivine and pyroxene and along pyroxene cleavages; (f)
textures and foliations recognized in the core; (g) images typical of the core (IODP reference for core
images: https://tinyurl.com/IODP-735B), i) showing magmatic texture from 920 metres below
seafloor (mbsf), ii) showing a representative core image of the 20m thick shear zone shown in (c) at
963 mbsf; location of studied sample is marked on (c) by dashed line at 953.7 mbsf. Note that the

whole shown section belongs to base of rock unit X in the core.

Figure 2. Overview of sample studied depicting main microstructural domains and their

characteristics; plane polarized light thin section photomicrograph with locations of other figures,
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white dashed for Synchrotron data, black dotted for EBSD pole figures, solid white for SEM images,
solid black for (b) to (e); (inset) schematic diagram showing domains and foliation orientations; (b)
zoom-in showing brown hornblende (Hbl) in strain shadows on diopside (Di); (c) zoom-in showing
enstatite (En) and magnetite (Mag) development on rim of olivine (Ol); (d) zoom-in showing small
grain size and phase mixing of diopside, enstatite, brown hornblende and magnetite; (e) zoom-in
showing late green hornblende vein; mineral abbreviations are following Whitney and Evans (2010),

Pl = plagioclase.

Figure 3: Mineral chemistry and its relationship to microstructural features; note all hornblende
analyses refer to brown hornblende as described in text and Fig. 2. (a) Synchrotron Ca map,
equivalent colours for electron microprobe Xa, calculations are shown here and also in (c); (b)
photomicrograph of equivalent area from (a) in crossed polarised light, showing original igneous (lg)
Pl, Pl recrystallized in S;,, S1, and S,. Edge of S, domain is shown (depicted by yellow dotted line and
arrows). Areas of Sy, igneous plagioclase and S, recrystallised plagioclase are outlined in yellow
dashed lines. An example of deformation twinning is shown in the zoomed in micrograph (lower
right corner; field of view 0.5 mm); (c) plagioclase composition histogram of electron microprobe Xa,
calculations using same key as (a); (d) electron microprobe Xy, calculations for igneous Ol (blue
squares) and Di (blue diamonds) overlap with Sy, recrystallised Ol and Di (green squares and orange
diamonds, respectively); S, reaction products of En and Hbl after Ol (green triangles and circles
respectively) and after Di (orange triangles and circles respectively) are distinct; S, reaction products
(red symbols) partially overlap Sy, data; insets to the right of (d) show context plain polarised images

(areas in indicated in (b) by white dashed boxes) with typical locations for each symbol.
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Figure 4: Characteristics of S;, based on EBSD analysis highlighting solid state deformation features
such as dynamic recrystallisation of (a) olivine, (b) diopside, (c) plagioclase. 10° grain boundaries
marked in black, 2° subgrain boundaries marked in white. Pole figures show data of grains less than
200 um diameter, one point per grain in grey shades, overlaid by all points for data of grains greater
than 200 pm diameter marked in the same colour as the map. In (a) for olivine and (c) for plagioclase

the change in orientation from a reference orientation (marked with a white cross) is shown.

Figure 5. Characteristics of S;, based on EBSD analysis highlighting melt-mineral reactions (a) for Ol,
(b) for Di. Misorientation profiles from locations marked with yellow dot and dashed line;
background colours show mineral phases; black lines within profiles depict relative orientation
change to the profiles’ starting point (marked with yellow dot), red lines depict relative orientation
change to the neighbours. Note: En and Hbl reaction products are fine grained and display epitaxy
relative to the precursor Igneous or S;, Ol and Di orientation. All pole figures are 1 point per grain.
Colour scheme shown on (a) and (b) are the same as in Figure 4; 10° grain boundaries are black, 2°

subgrain boundaries are white.

Figure 6. Microstructures indicative of the former presence of melt; back-scattered electron (BSE)
images of Sy, and S, melt-rock interaction microstructures; (a) to (c) Sy, (d) to (f) S,. Arrows point to
microstructures: red — mineral films along grain boundaries inferred to have pseudomorphed melt,
black - low dihedral angles, white — embayments, green — intergrowths. (d) pole figures for central
hornblende grain shows that the grain has some crystal faces; note the correlation between colour
of crystal planes marked in the pole figure and those in the BSE image. (e) & (f) are the same area of
the S, domain showing grains connected in 3D (ilmenite grains are numbered Iim1 to 5); ilmenite

grains can be differentiated by their orientations (from EBSD data), where the same colour signifies
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the same crystallographic orientation and a likely single crystal connected in 3D; colours are
repeated on pole figure showing clustering of the different ilmenite orientations; data is presented

by overlaying EBSD data onto the greyscale EBSD derived band contrast image in (f).

Figure 7. Characteristics of S, based on EBSD analysis highlighting (a) reaction product minerals
showing fine grain sizes, and random orientations in (b) pole figures. Misorientation profiles from
locations marked with yellow dot and dashed line; background colours show mineral; black lines
within profiles depict relative orientation change to the profiles’ starting point (marked with yellow
dot), red lines depict relative orientation change to the neighbours. Note: all minerals are fine
grained with no internal orientation change in diopside, hornblende and plagioclase grains, while the
larger enstatite grains show some orientation change suggesting the latter are residual from Sy;
background colours as related to mineral phases. Pole figures show all grains in the respective map
area shown with one point per grain plotted. Colour scheme shown on (a) and (b) are the same as in

Figure 4; 10° grain boundaries are black, 2° subgrain boundaries are white.

Figure 8. Representative temperatures for deformation of the 735B core. M&H 2008 = Mehl and

Hirth (2008), B&K 1990 = Brey and Kéhler (1990), Putirika 2016 = Putirika (2016), R&R 2012 = Ridolfi

and Renzulli (2012); * indicates Brey and Kéhler (1990) two pyroxene thermometer. Note that

temperatures for S, (solid state deformation) are lower than for Sy, (820—-970°C) and S, (750-900°C)
both of which are inferred to have formed in the presence of melt. The En and Hbl temperatures
reflect that of products from the melt-host reactions. We interpret this as the matrix temperature
gradually reducing, while multiple influxes of hot melt caused the formation of En and Hbl, possibly
at temperatures hotter than the matrix. Between the melt influx events, the temperature of the

melt gradually equilibrated with the matrix.
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Figure 9. Summary of different deformation environments recorded in the analysed section. (a) Sy:
Magmatic foliation showing euhedral grains (1) aligned in the magmatic flow (2); sketch based on
micrograph image of Deans and Yoshinobu (2019). (b) S.: Solid state deformation showing large
porphyroclasts of anhedral plagioclase (1) with fine grained recrystallized plagioclase in strain
shadows (2); sketch based on micrography shown in Figure 4c. (c) Si,: Melt present deformation
identified by the presence microstructures indicative of the former presence of melt including
asymmetric new mineral growth (1), embayments into original minerals (2), pseudomorphed melt
films (3) and low dihedral angles of new minerals after crystallisation of the melt (4); note that there
is a significant replacement of original S; and S;, minerals marked by #) by minerals associated with
melt-rock interaction (En, oxides marked by asterix); sketch based on micrography shown in Figure
3b. (d) S,: High strain melt present deformation with high melt flux resulting in microstructures
typical for melt present deformation as shown in (c) (not shown in sketch), near complete
replacement of original Sp and S;, minerals by minerals associated with melt-rock interaction (En,
Hbl, oxides marked by asterix in legend) and phase mixing; see text for details. Abbreviations:
GSR_disloc - dislocation creep related grain size reduction, GSR_react — melt reaction related grain

size reduction, GBS — grain boundary sliding, GBS_melt — melt assisted grain boundary sliding.

Table 1. Representative EMP mineral data.



