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Abstract :

At the Eastern part of the Southwest Indian Ridge (SWIR), plate divergence is accommodated by large
offset normal faults, also called detachment faults, that exhume mantle-derived rocks on the seafloor. A
third of the ultramafic samples dredged on- and off-axis in this nearly amagmatic ridge setting present
amphibole-bearing secondary mineralogical assemblages indicative of hydration, and for the most part
predating the growth of serpentine minerals. The deepest evidence of hydration is the occurrence of small
amounts of syn-kinematic amphibole in microshear zones with strongly reduced grain size, which record
deformation at high stress and high temperatures (>800 °C) at the root zone of the detachment. The
composition of these amphiboles is consistent with a hydrothermal origin, suggesting that seawater
derived fluids percolated down to the root of detachment faults, at the Brittle-Ductile Transition (BDT). We
propose that the constant exhumation of new mantle material to the seafloor, and the limited lifetime of
each detachment (1-3 Myrs) prevent a more pervasive deep hydration of mid-ocean ridge detachment
root regions, as proposed at transform fault plate boundaries.

Highlights

» Synkinematic amphiboles crystallized at the root of Eastern SWIR axial detachments. » Seawater-
derived fluids percolate along the detachment down to the BDT. » Variations in amphibole composition
are controlled by the protolith. » Deep fluid percolation is controlled by detachment fault activity.
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1. Introduction

At slow spreading-ridges, large offset norma fau ts exhume serpentinized mantle-derived
rocks on the seafloor (Cann et al., 1997; C: nnat, 1993; Escartin et al., 2008; Sauter et al.,
2013; Smith et al., 2006; Tucholke et !, 2008). These faults, also called detachment faults,
dip steeply at depth (Chen et al., 202_- deMartin et al., 2007; Parnell-Turner et al., 2017) and
emerge at low angle on the s~afloor (Cannat et al., 2019; Smith et al., 2006), conferring
them a convex-downwarz niciile. Detachment faults root into ductile fresh peridotites in
the deep axial lithosphe-e, and bring these rocks to shallower depths, where seawater-
derived fluids circulate through cracks and fissures and along grain boundaries, leading to
extensive hydration and alteration.

Fracturing associated with the development of faults is a key mechanism that focuses
fluid flow through the lithosphere at the axis of slow-spreading ridges. The deep
microseismicity recorded at slow spreading ridges suggests that detachment faults root at

depths down to 12 km at the Mid-Atlantic Ridge (MAR; de Martin et al., 2007; Parnell-Turner



et al.,, 2020) and to 15-20 km at the Southwest Indian Ridge (SWIR; Chen et al., 2023;
Grevemeyer et al., 2019; Schlindwein and Schmid, 2016; Yu et al., 2018).

The permeability created by networks of microfractures formed due to cooling of the
exhuming mantle, close to the brittle-ductile transition (BDT), may also enhance the
hydrothermal alteration of peridotites (de Martin et al., 2004; Fruh-green et al., 2004;
Rouméjon and Cannat, 2014). As fluids interact with the exhuming mantle, hydrous minerals
form, such as serpentine, brucite, talc, chlorite, and amphik yle ranging from tremolite to
Mg-hornblende and pargasitic compositions (Fruh-green et « |., 2)04; Fumagalli et al., 2009).
Experimental studies have related these mineralogical iss~™.olages to specific temperature
ranges (Bach et al., 2004; Escartin et al., 1997; Kle.n e al., 2009). Hydrated assemblages,
particularly those rich in phyllosilicates, a'e g=nerally weaker than the anhydrous
paragenesis, especially olivine, and therr.ro1 2 accrease the strength along the fault (u<0.6;
Escartin et al., 2003). Hydration reac:ions are indeed observed to control strain localization
in the upper brittle lithosphere at t'ie axis of slow-spreading ridges, where hydrothermal
alteration is pervasive and and where the ultramafic rocks are extensively serpentinized
(Boschi et al., 2006; Escarti.> e al., 2003; Picazo et al., 2012; Schroeder and John, 2004).
Deeper in the lithosphc-e, nelow the serpentinized domain, both higher confining pressure
and temperature lead to the transition from brittle to ductile deformation and are expected
to prevent vigorous hydrothermal circulation.

The presence of hydrous fluids in peridotites deforming at BDT conditions is, however,
supported by several petrological studies reporting syntectonic Mg-hornblende to pargasitic
amphiboles in deformed peridotites from oceanic detachment faults (Albers et al., 2019;
Bickert et al., 2021; Boschi et al., 2006; Patterson et al., 2021; Picazo et al., 2012; Schroeder

and John, 2004), oceanic transform faults (Cannat and Seyler, 1995; Cipriani et al., 2009;



Kakihata et al., 2022; Kohli and Warren, 2020; Prigent et al., 2020), orogenic massifs and
ophiolites (Hidas et al.,, 2016; Prigent et al., 2018; Vieira Duarte et al.,, 2020).
Petrographically, these amphiboles predate serpentine, hence suggesting their
crystallization to occur at temperatures higher than the serpentine stability limit (Schroeder
& John, 2004; Boschi et al., 2006; Fumagalli et al., 2009; Cannat et al., 2012; Picazo et al.,
2012; Patterson et al.,, 2021). Several microstructural studies also show that these
amphiboles formed in a semi-brittle rheology composed of bri t'e orthopyroxene and mostly
crystal-plastic olivine, which would be consistent with defc-maiion conditions close to the
BDT, at the root zone of trans-lithospheric faults (Car.~=* and Seyler, 1995; Kohli and
Warren, 2020; Prigent et al., 2020; Vieira Duarte =t :.l.,, 2020). The origin of the fluids
involved has also been investigated, and propcsed to be primarily hydrothermal (Patterson
et al., 2021; Prigent et al., 2020; Vieira Dvart » ex al., 2020).

Here, we study high-temperature -mphiboles found in ultramafic samples dredged in two
nearly-amagmatic corridors at the ea' tern Southwest Indian Ridge (SWIR, 62-65°E; Cannat et
al., 2006; Sauter et al., 2013). This <rea is characterized by a very low melt supply and has an
axial seismogenic lithosphe,~ 7.t least 15 km-thick (Chen et al., 2023; Grevemeyer et al.,
2019; Schlindwein ana Sciimid, 2016). Successive detachment faults with flipping polarity
(flip-flop detachments; Reston, 2018; Reston & McDermott, 2011) accommodate most of
the plate divergence (Sauter et al., 2013), which contrast with the longer-lived detachments
forming corrugated surfaces on one flank of the ridge only, in more magmatic and faster
spreading contexts (Cann et al., 1997; Escartin et al., 2017; MacLeod et al., 2002; Smith et
al., 2006). Rocks recovered along the steep footwalls of these successive detachment faults
are mainly variably serpentinized peridotites, with minor amounts of basalts and gabbros

(Fig. 1; Sauter et al., 2013; Rouméjon et al., 2015). The earliest lithospheric deformation



recorded in the variably serpentinized samples collected in this region of the SWIR combines
crystal-plastic and brittle mechanisms, with anastomosing zones of grain size reduction
(GSR) formed under high stress (80-270 MPa) and high temperature conditions (>800°C; Fig.
2a, 3; Bickert et al., 2020; 2021). This heterogeneous high stress deformation has been
interpreted as characteristic of the root zone of the axial detachment faults (Bickert et al.,
2021) and is very different from the high temperature, low stress deformation
microstructures expected in the asthenospheric mantle or n the deep lithosphere, and
recorded by ultramafic samples from more magmatic detachiients (Albers et al., 2019;
Ceuleneer and Cannat, 1997; Harigane et al., 2016; Seyl2r >t 4l., 2007). Among samples with
GSR, a few contain small amounts of amphibole the " crv;stallized during GSR formation (Fig.
3b-d). Our primary objective here is to bet:e’ ~onstrain the origin of the fluids that
crystallized these amphiboles: are they dzri ed ‘rom small amounts of water in the residual
Iherzolitic mantle or formed from i.'drous magmatic fluids? Are they evidence for deep
penetration of seawater-derived (llics? To this aim, we provide a detailed textural,
microstructural, and chemical -\nai,sis of these amphiboles, and compare these results with
those obtained from GSR-frc~. imphibole-bearing peridotite samples from the same region,
in which amphiboles a. ~ more clearly of hydrothermal origin. This comparison leads us to
discuss the suite of hydration processes in the magma-poor root of the eastern SWIR flip-
flop detachment faults, and the similarities and differences with hydration processes that
have been documented down to similar to greater depths in the root zone of oceanic

transform faults (Brunelli et al., 2020; Cipriani et al., 2009; Prigent et al., 2020).

2. Diversity and estimated abundance of eastern SWIR amphibole-bearing

ultramafic rocks



Of the 33 dredges of the Smoothseafloor cruise (Sauter et al.,, 2013), 24 recovered
amphibole-bearing, variably serpentinized ultramafic samples (Fig. 1; Table Al). Overall,
amphibole-bearing peridotites represent 34% of the samples collected from these 24
dredges (Table A2). Peridotites with amphibole-bearing GSR zones were recovered in only 4
dredges from the western nearly amagmatic corridor (DR08, DR10, DR14, DR17; Fig. 1 and
Table A2). The deformation of the primary minerals in these samples has been characterized
in a previous study (Bickert et al., 2021), finding that GSR zor es develop in peridotites that
show the highest rates of a high stress (80 to 270 MPa), relztiver 7 high temperature (~800—
1000 °C) deformation episode. The variable degrees o1 *k.s heterogeneous deformation
were described in four textural types, from AO foi *he .east deformed (kinked pyroxenes,
weakly deformed olivine, no GSR), to A3 for the: ricst deformed (kinked pyroxenes, strongly
plastically deformed olivine, continuous Csk zor2s; Table A3).

In addition to samples with amph.“ole-bearing GSR zones (Fig. 2a and 3), we identified 3
other types of amphibole-bearing uit ‘arnafic samples: amphibole-bearing melt-impregnated
ultramafic samples (Fig. 2b' ai.-phibole mylonites (Fig. 2c), and amphibole-bearing
serpentinized peridotites (Fig 2 1).

Amphibole-bearing, .mei-impregnated samples occur in 21 dredges (Fig. 1; Table A2) and
are interpreted as resulting from the hydration of peridotites impregnated by basaltic melts
in the plagioclase stability field (Paquet et al., 2016). In hand specimen, amphibole-bearing
domains are grey to dark, commonly foliated, and clustered along pyroxenes (Fig. 2b).

The amphibole mylonites are strongly foliated, commonly showing brown amphibole
porphyroclasts with evidence of rolling structures (c-shapes; Fig. 2c), and domains recording
a higher strain with fewer porphyroclasts and a finer-grained matrix (Fig. 2c). Amphibole

mylonites occur were sampled in only 3 dredges (DR27, DR33 and DR34; Fig. 2c, Table A2).



Dredges 33 and 34 sampled a moderately magmatic, corrugated detachment footwall (Fig. 1;
Cannat et al., 2009).

The fourth type of amphibole-bearing peridotites is composed of strongly serpentinized
peridotites, which is relatively common and found in 16 dredges (Fig. 1; Table A2). In hand
specimen, amphibole-bearing serpentinized samples show a dark greenish color (Fig. 2d).
Olivine is fully serpentinized and/or replaced by oxidized minerals, while pyroxenes are
partially replaced by amphibole (Fig. 2d).

Overall, samples with amphibole-bearing GSR zones accou'nt tor only 2% of the ultramafic
samples recovered by dredging in the study area (Tar!~ A2). Amphibole-bearing melt-
impregnated peridotites, amphibole mylonites ‘nd amphibole-bearing serpentinized

peridotites respectively count for 20%, 2% and ".0% 'Table A2).

3. Sampling and analytical mcthods

We selected 28 amphibole-b~ari~e ultramafic samples for detailed petrographic and
geochemical analysis (Table AZ' among the four types of amphibole-bearing samples listed
in Table A2: (1) 8 sar.;les with amphibole-bearing GSR zones, in which amphibole
recrystallized together wth the primary minerals of the peridotite (Fig. 3); (2) 7 amphibole-
bearing melt-impregnated samples, in which amphibole recrystallized together with olivine
and chlorite (Fig. 4); (3) 4 amphibole mylonites (Fig. 5a-c), and (4) 9 amphibole-bearing
serpentinized peridotites in which amphibole replaced primary minerals in veins or in
microshear zones (Fig. 5d-f).

Microstructures were studied in thin sections using both optical polarizing and scanning

electron microscopy (SEM). Electron backscattered images obtained by SEM were used to



characterize the fine-grained recrystallized assemblages, especially amphiboles in GSR zones
that were often too small to be optically identified.

We also performed electron microprobe analysis to measure major elements
concentrations of amphibole and primary minerals (olivine, orthopyroxene, clinopyroxene,
spinel) using a Cameca SX-100 electron microprobe (CAMPARIS service, Paris). The
acceleration voltage was fixed at 15 kV and beam current at 10 nA. The spot size was 1-2
um. Counting time was 10 s. Representative major element ¢ ympositions of amphibole are
shown in Table 1. The whole dataset used for Fig. 6-9 is ¢ <cessible in the supplementary
material of this study (Tables A4-A6) and was partially pu:lisned in Bickert et al. (2020) for
pyroxenes and spinel composition, and in Bickert et .. (221) for composition of amphiboles

in GSR zones.

4. Results
4.1. Microstructures and ~m\*.ibole composition in the amphibole-bearing

ultramafic samples

Our first objective is 12 prvide microstructural and chemical constraints on the nature of
the fluids driving ampbiFole crystallization in the GSR zones (Fig. 3). For this we compare
both the microstructures (Fig. 3-5) and the composition of these synkinematic amphiboles
(Fig. 6a-b) with those of amphiboles present in the three other amphibole-bearing types (Fig.

6¢c-d, 7-8).

4.1.1. Peridotites with amphibole-bearing GSR zones



Peridotites with amphibole-bearing GSR zones are spinel-bearing harzburgites and
Iherzolites. Primary mineralogy is composed of large olivine and orthopyroxene grains (up to
2 cm in size; Bickert et al., 2021) with various amounts of clinopyroxene and spinel grains.

Anastomosing zones of GSR mainly develop at contact between olivine and
orthopyroxene porphyroclasts (Fig. 3a, c). The neoblasts’ grain size ranges from 1.5 to 84 um
(Bickert et al., 2020, 2021). The mineralogy of the recrystallized assemblage varies
depending on the porphyroclasts at contact with: polymincralic (olivine, orthopyroxene,
spinel, minor clinopyroxene and amphibole) along orthopyrc xen.: porphyroclasts (Fig. 3a-d),
or nearly monomineralic (olivine and minor spiiier =ad amphibole) near olivine
porphyroclasts (Fig. 3e).

In polymineralic GSR zones, minute am)uits of colorless polygonal to prismatic
amphibole crystals coexist with neoblas*s ¢ onsine, orthopyroxene and spinel (Fig. 3b, d).
The polygonal shapes of these amphiboles indicate a textural equilibrium with the other
recrystallized phases (Fig. 3b, 3d). .r a tew samples, we also observed discordant veins of
undeformed prismatic amphikole crosscutting all microstructures, including the GSR zones,
with sharp contacts (Fig. 3e-."

Compositionally, an.~hivole in GSR zones are mostly edenites to Mg-rich hornblendes,
with few tremolites (Si values: 6.32 - 7.76, (Na+K), values: 0.1-0.7; Fig. 6a; Table 1). One
sample contains synkinematic pargasitic amphiboles (SMS-DR17-4-31, Si values of 6.32 —
6.51, (Na+K)a values of 0.3-0.7; Figs. 6a, 7a). TiO;, content is overall low (< 0.72 wt. %), mostly
< 0.5 wt. % (Fig. 6b; Table A3). Mg# values range from 87.5 to 95.5 (Fig. 6b). Chlorine
concentrations range from below the detection limit to 0.33 wt. % (Tables 1, A4). The intra-
sample variability of amphibole composition spans the whole pargasite to tremolite trend

(Figs 7a-b), with small variations related to the minerals micro-aggregation: amphibole in



olivine-rich zones have more depleted alkaline and iron concentrations (close to tremolitic
composition) than in polymineralic zones (Figs. 7a-b). Amphibole from veins cutting the
initial mineralogy globally follow the same trend, suggesting a similar origin as amphibole in

GSR zones, despite a slight enrichment in alkali and iron (Figs. 7a-b, 7e; Table 1).

4.1.2. Amphibole-bearing, impregnated ultramafic samples

Amphibole-bearing, melt-impregnated ultramafic samples are spinel-bearing
harzburgites and lherzolites with porphyroclastic texture: (Teble A3). Olivine is mostly
preserved and weakly deformed, with undulose extinct’or, ~~d subgrain boundaries (Fig. 4a-
b). By contrast, no orthopyroxene porphyroclasts nc. me t impregnation veins are preserved
in these samples; plagioclase is absent. Insteac. ciiented, fibrous to tabular, amphibole and
bluish chlorite crystals form irregularly b.an shed microshear zones that dissect the primary
mineralogy, creating angular olivine-: *~h clasts (Fig. 4a-b). At contact with the amphibole and
chlorite microshear zones, amphiboul : end olivine locally recrystallize together in polygonal
grains, with a much coarser <rai. size than in the GSR zones (70-160 um; Fig. 4b, d-e).
Amphibole also locally cry_*alizes along corroded olivine grain boundaries (Fig. 4d-e).
Serpentine is in every «se a later alteration product, forming veins that crosscut both the
olivine-rich clasts and the amphibole-chlorite domains (Fig. 4a, c).

Figure 4c shows a detail of a sample with amphibole-rich bands up to 8 mm-thick
(Fig. 2c), composed of deformed, colorless oriented amphibole porphyroclasts and
recrystallized amphibole grains, and defining a foliation (Fig. 4c). These amphibole-rich
bands are interlayered with polymineralic domains composed of altered pyroxene

porphyroclasts in a matrix of fine-grained amphibole and chlorite. Late microshear zones of



deformed chlorite and serpentine enclose elongated relicts of olivine and of deformed spinel
porphyroclasts, forming alteration haloes around spinels (Fig. 4c).

Compositionally, amphibole grains from amphibole-bearing melt-impregnated ultramafic
samples also have pargasite to Mg-hornblende compositions, with a wider range of Si (6.35 —
7.96) and (Na+K), values (0 — 0.93) than the amphiboles in GSR zones (Fig. 6c). Yet, they
define a different trend than amphiboles in GSR zones, with higher (Na+K), values at a given
Si content (Fig. 6¢c). TiO, and Mg# contents are quite similar t etween the two types (< 0.57
wt. % and 86.7 — 96.6, respectively; Fig. 6d). Chlorine conce 1tra ions are overall lower than
for amphibole in GSR zones (<0.17 wt. %; Tables 1, A4) A: fur amphibole in the GSR zones,
amphibole composition varies slightly according to .he r.ature of minerals phase at contact

with, the few tremolites being located next to ciiv.n~ grains (Figs. 7f-h; Table 1).

4.1.3. Amphibole mylonites

In amphibole mylonites, the iritial mineralogy is totally overprinted by hydrous
minerals, which makes diffic'lt >e identification of the initial protolith. Yet, the high
amounts of chlorite and/or *al. in the matrix (Fig. 5a, c) suggest that the protolith was a
mixture of peridotite a. 1 gabbro (Albers et al., 2019; Bach et al., 2012; Boschi et al., 2006;
Picazo et al; 2012). Amphibole mylonites show alternation of amphibole-rich domains with
polymineralic domains (Fig. 5a-b). One sample shows a microshear zone in a large
clinopyroxene grain, with recrystallization of both clinopyroxene and brown amphibole (Fig.
Al). Amphibole-rich domains are mainly composed of prismatic brown amphibole
porphyroclasts (Fig. 5a), while polymineralic domains are mostly composed of very small
grains of amphibole, bluish to grey chlorite and talc (Fig 5a, c). Brown amphibole

porphyroclasts, and former pyroxenes replaced by amphibole commonly form syntectonic



rolling structures (8- to o-types), with pressure shadow rims composed of acicular amphibole
+ chlorite * talc (Fig. 5a, c). Spinel relicts are rare but present in several samples. Post-
deformation veins of talc are common (Fig 5c).

As for the two first amphibole-bearing types, most amphiboles in these mylonites have
edenitic to Mg-rich hornblende compositions (Fig. 8a-b). Yet, they differ by their high TiO,
contents, which are mostly > 1 wt. % (0.27 - 3.64 wt.%; Fig. 8b; Table 1). Samples from the
DR33 (from an exposed corrugated footwall; Cannat et al., 2 106) are the most enriched in
alkali and iron (Mg# < 83), while amphibole from the two «the: samples (DR27 and DR34)
are more magnesian (Mg# of 85—94; Fig. 8b). Chlorine cor.~="trations range from below the
detection limit to 0.25 wt. % (Tables 1, A4). Amphit ~le r omposition in these mylonites also
show a slight variability depending on the nicrastructures, with deformed amphibole
porphyroclasts having higher TiO, and Al cotei.ts (> 1 wt.% and 1 a.p.f.u respectively), and
lower Si < 7 a.p.f.u. (Fig. 8a-b and Table As) than smaller amphiboles from polymineralic

domains.

4.1.4. Amphibole-be. vir g serpentinized ultramafic samples

In amphiboie-L~aring serpentinized ultramafic samples, amphibole replaces
pyroxenes (Fig. 5d-e), or occurs as fibrous crystals in late micro shear zones (Fig. 5e), or in
the serpentinized groundmass (Fig. 5f; Table 1). Olivine is fully replaced, either by
serpentine, or by oxide-bearing mineral assemblages (Fig. 5a). Chlorite when present
postdates amphibole formation and is associated with serpentine in late microshear zones
(Table A3). Serpentine products form veins that crosscut amphibole-rich domains (Fig. 5d-f).

Compositionally, amphibole in these extensively serpentinized samples is mostly

tremolitic, with a few Mg-hornblendes (Fig. 8c; Table 1). Si values are mostly high (7.28-8



a.p.f.u.) with low (Na+K)s concentrations (< 0.41). All amphibole grains have low TiO,
content (< 0.32 wt%) and Mg# shifting to higher values (94.9 - 97.8) (Fig. 8d). Chlorine

concentrations do not exceed 0.13 wt. % (Tables 1; A4).

4.2. Amphibole composition and the primary mineralogy of amphibole-

bearing samples

Our objective here is to identify any potential control ¢\ *he protolith mineralogy on
amphibole composition. For this purpose, we compare t1.c composition of spinel and
pyroxene relicts in the selected amphibole-bearing scmples with existing data from the
Eastern SWIR (Fig. 9; Tables A5-A6). Spinel and rlu.noyroxene porphyroclasts from the
selected samples cover the whole compositicne’ v riations documented in peridotites from
the same region by Seyler et al. (2003) a."1 Faquet et al. (2016) (Fig. 9).

Spinel Mg# and Cr# are negative, ' correlated following the global trend of the abyssal
peridotites (Dick and Fisher, 192+, (F.g. 9a). The four types of amphibole-bearing samples
plot in different parts of the tre~d: amphibole mylonites have the most Cr-rich spinel (Cr#
values of 42.5-43.6, Fig. a), a1so enriched in iron (Mg# <50; Fig. 9a) and in TiO, (> 0.15 wt%;
Fig. 9b). Spinel from amphibole-bearing, melt-impregnated ultramafic samples show higher
Mg# (53.6 — 61.3) at lower Cr# values (31.7-39.4; Fig. 9a). Spinel TiO, content is in the same
range as in amphibole mylonites (Fig. 9b). Plagioclase-bearing peridotites from this region of
the SWIR have similar spinel composition to these two amphibole-bearing types, consistent
with a protolith resulting from chemical interactions between peridotite and a variably
evolved melt (Fig. 9a-b; Paquet et al., 2016). By contrast, peridotites with amphibole-bearing
GSR zones have spinel with lower Mg# and Cr# values (60.9 - 71.3 and 21.7-33.8,

respectively; Fig. 9a), and with TiO, contents < 0.15 wt.% (Fig. 9b). The rare spinel relicts



from amphibole-bearing serpentinized ultramafic samples have similar compositions, within
the range of other residual peridotite samples from the eastern SWIR (amphibole-free GSR
bearing samples from the Smoothseafloor dredges, and other samples studied by Seyler et
al., 2003; Fig. 9a-b). Overall, spinel and amphibole Mg# show a similar decreasing trend with
increasing the degree of melt-impregnation (Fig. 9b, Fig. 10b, d).

Compositions of clinopyroxene porphyroclasts in samples with amphibole-bearing
GSR zones covers the entire range of clinopyroxene composit on recorded in other residual
peridotites from the eastern SWIR, including those with am| hibc le-free GSR zones (Figs. 9c-
d). Due to the extent of alteration, clinopyroxene con.pu-ition was measured in only one
amphibole-bearing melt-impregnated ultramafic . mgle and one amphibole mylonite.
Clinopyroxene from the amphibole-bearing me'c-i.n7regnated ultramafic sample plots at the
lower Cr,03 (average of 0.70 wt.%), higr.er Al,C3 (7.43 wt.% on average) end of the trend
defined by residual peridotites from +the Eastern SWIR, and at similar Mg# values (90.2 on
average; Figs. 9c-d). By contrast, c.inopyroxene from the amphibole mylonite is more
depleted in Al,03 and Cr,03 ¢ nte.'ts (3.08 wt.% and 0.29 wt.%, respectively; Fig. 9c), with
lower Mg# (82.9; Fig. 9d). “liropyroxene in amphibole-bearing serpentinized ultramafic
samples were too arte, ~a (0 be measured. Overall, clinopyroxene TiO, contents decrease

with increasing Mg# and Cr#, as also observed by Seyler et al. (2003; Fig. 9c-d; Table A6).

5. Discussion

The objective of this study is to better constrain the extent and the distribution of
mantle hydration along axial detachments at the Eastern SWIR, below the domain affected
by pervasive hydrothermal circulation and by serpentinization (Fig. 11). Because this region

of the SWIR has a very low melt supply, plate divergence is mostly accommodated by slip



along these detachment faults (Cannat et al., 2006; Sauter et al., 2013), which therefore
represent the actual plate boundary (Fig. 11a).

The occurrence of small amounts of amphibole in GSR zones is evidence for the
presence of small amounts of hydrous fluids in the root zone of these plate boundary faults
at and near the BDT (Bickert et al., 2020; 2021). Microseismicity data (Chen et al., 2023)
helps constrain this BDT region to depth >15 km. Compared to oceanic transform faults
(OTFs), the other category of plate boundary faults at mid-c ceanic ridges (Fig. 11b), axial
detachment faults are both generally shorter lived (< 4 My:s; Tani et al.,, 2011), and
associated with continuous exhumation of deeply-detive Y .naterial. These characteristics
probably translate into substantial differences in ti.~ dezree of deformation and hydration

between the two categories of plate boundary fautr.

5.1. A seawater-derived orig:n for fiuids that percolate down to the root zone of
eastern SWIRaxial detachment fauics
In samples from the E=stei.~ SWIR, amphibole is present in various mineralogical
assemblages: (1) synkinema.'~ vvith olivine + orthopyroxene % clinopyroxene + spinel in GSR
zones (Fig. 3b-d); (2) with unvine and/or chlorite in impregnated ultramafic samples (Fig. 4a-
b); (3) with chlorite * talc in amphibole mylonites (Fig. 5a-c); (4) predating serpentine *
chlorite in the most serpentinized ultramafic samples (Fig. 5d-e). These observed
mineralogical assemblages could indicate a relative chronology through exhumation, with
increasing hydrous fluids content upward: very localized hydration in the GSR zones, at high
temperatures (>800°C) at the root zone of detachments, close to the BDT; to more pervasive
hydration conditions under greenschist facies conditions in the amphibole-bearing

serpentinized peridotites. Serpentinization appears to postdate most amphibole-bearing



microstructures in this whole suite, and preferentially affects olivine, leaving pyroxenes
relicts except in the most extensively serpentinized samples, which suggest moderate
temperatures of serpentinization (T <400°C; Bach et al., 2004; Klein et al., 2009), consistent
with the oxygen isotope results of Rouméjon et al. (2015).

The amphiboles in the studied suite of rocks can result from (1) magmatic
infiltrations or dikes in the peridotite (Cannat & Seyler, 1995; Cipriani et al., 2009; Schroeder
& John, 2004); (2) sea-water, suggesting deep percolation »f hydrothermal fluids in the
mantle lithosphere, down to the root of the fault at the BDT (Cat nat & Seyler, 1995; Kohli &
Warren, 2020; Prigent et al., 2020; Vieira Duarte et al.. 2u20}; or (3) crystallizing from small
amounts of water in the residual lherzolitic mantle  AlarJd et al., 2022; Le Roux et al., 2021;
Schmadicke et al., 2018).

It is unlikely that the amphibole in GER 2 anes crystallized from hydrous fluids trapped in
mantle primary minerals. Water dissclved in residual mantle paragenesis would be close to
or lower than the average mantle scur:e, i.e. circa 200 ppm in olivine (Urann et al., 2017),
which is a too low amount to *he r>rmation of monomineralic amphibole veins crosscutting
the microstructures (Fig. 3e-" vsith similar composition as those in GSR zones (Fig. 7a-e).

Then, if amphibole. have a purely magmatic origin, they would be expected to have a
pargasitic composition with high Fe, Ti and Na content, as described for amphiboles in
samples from the MAR (Fig. 10a-b; Albers et al., 2019; Picazo et al., 2012). This is the case for
some amphibole in the amphibole mylonites, in which Ti-rich brown amphibole
porphyroclasts (Fig. 5¢, 8b) have compositions close to those in amphibole-bearing samples
from the MAR at 15°N (Fig. 10a-b) and from SWIR gabbros (Dick et al., 2002; Ozawa et al.,
1991; Paquet et al., 2016). Yet, in the same samples, the subsequent replacement of primary

minerals, including the Ti-rich amphiboles, coupled with the evolution of the mineralogical



assemblage (tremolitic to edenitic amphibole + chlorite + talc) also indicate a hydrous fluid-
dominated alteration regime, under greenschist conditions (J6ns et al., 2010; Klein et al.,
2015), which is in favor of a hydrothermal fluid circulation.

Amphibole from GSR zones have edenitic to Mg-hornblende compositions, with low TiO,
content (<1wt. %; Fig. 6b). These compositions are closer to those of amphibole interpreted
as derived from seawater percolation in peridotites from OTFs (Fig. 10c-d). In addition, the
similarity of amphibole composition in GSR zones and in the ¢ ‘her amphibole-bearing types,
that are of more clear hydrothermal origin, point to a comm n h 'drothermal origin (Fig. 10).
The initial mineralogical assemblage of Olivine + Orthc py.~.ene * Clinopyroxene + Cr-rich
spinel, typical of residual peridotites (Fig. 9), is a..2 consistent with simple hydration of
peridotites, at temperatures > 650°C, which v/ould lead to a transition from granulite to
amphibolite facies, in which pyroxenes are coi.sumed to form amphibole (Cipriani et al.,
2009; Spear, 1981; Vieira Duarte et =l., 2020). Amphibole crystals in GSR zones and to a
lesser extent in melt-impregnated uit -arnafic samples are indeed in textural equilibrium with
primary minerals (olivine, c'tho.yroxene, spinel; Fig. 3b, d; 4b). However, the low
abundance of amphibole in ZSF. zones, the highly localized distribution of hydrous minerals
along zones of high st ~ngth contrasts such as orthopyroxene boundaries and GSR zones
(Fig. 3a-c; 4c-d), coupled with the incomplete replacement of primary minerals, suggest that
hydration was very limited.

Limited hydration in amphibole-bearing GSR zones and in the melt-impregnated
ultramafic samples is consistent with the intrasample variability of amphibole composition
driven by the minerals in contact (Fig. 7).(Fig. 7), suggests that fluid composition was
buffered by the protolith. This variability, and the strict localization of hydrous minerals

along high strength zones, point to a rock-dominated hydration at low water-rock ratios. We



thus propose that local fluid composition, and the resulting amphibole composition were
buffered by the protolith: lherzolites to harzburgites for amphibole in the GSR zones; and
mixture of residual peridotite and gabbroic impregnations and dikelets for amphibole in
melt-impregnated samples. The latter have similar microstructures, alkaline contents and
spinel iron enrichment to hydrothermally altered melt-impregnated peridotites from the
MAR (Fig. 10a, c; Albers et al., 2019; Jons et al., 2010; Picazo et al., 2012). The correlation
between spinel Mg# and amphibole Mg# for the four amphiblr-bearing types, with varying
degrees of melt-impregnation (Figs. 9b, 10b), is consister."* wi:h fluid composition being
buffered by the protolith, as variably melt-impregnzie. ~omains are then replaced by
amphibole (Figs. 4-5). Therefore, amphibole comp. <itic n, deriving from primary minerals,
would reflect the processes that have affected th: nrotolith itself, such as the interaction of
more or less evolved melts with the hrst »erdotite, at high temperature (Paquet et al.,

2016).

5.2. Detachment-relat~1 de “ormation and bidirectional fluid flow

Microstructural and .~ positional observations in amphibole-bearing SWIR samples
allow to reconstruct ac~p ituid flow along axial detachment faults in a magma-poor plate
divergence context (Fig. 11a). At depth, brittle fracture and shear zones forming the
detachment grade into a system of anastomosing, crystal plastic to semi-brittle shear zones
(Fig. 11a, c; Bickert et al., 2021). This moving anastomosed network allows the exhumation
of rocks deformed in high strain zones at relative high P-T conditions to shallower depths
and pressures. On the one hand, these microfractures act as fluid pathways for small
amounts of seawater-derived fluids that percolate down to the BDT domain. In addition to

brittle microstructures, mineral scale heterogeneity, such as between brittle orthopyroxene



and dominantly plastic olivine, can create small-scale stress concentrations that will help
localize strain, favoring fluid circulation and further focusing deformation (Bickert et al.,
2021; Dygert et al., 2019; Ismail et al., 2021; Lopez-Sanchez et al., 2021).

On the other hand, magmatic fluids episodically move up along the deformation
system (Fig. 11c), resulting in the melt-impregnated and gabbro injected ultramafic samples
described by Paquet et al. (2016). In amphibole-bearing melt-impregnated ultramafic
samples, the olivine-rich clasts (Fig. 4a-c) may have resulted fr \m local melt injections, as the
peridotite entered into the brittle part of the axial lithosphe re (1ig. 11c; Albers et al., 2019;
Picazo et al., 2012). The syn-recrystallization of olivine a 1a ~™.phibole neoblasts (Fig. 4a-b, d-
e), nonetheless suggests that hydration of these g. hbr)ic dikelets started during the late
stages of the high stress semi-brittle de ormration affecting primary minerals, at
temperatures <750°C (Fumagalli et al., ~JU>). 1% is worth noting that no massive gabbroic
sequences were recovered at the Ea_*ern SWIR, but rather small dikelets or parts of dikes in
contact with peridotites (Paquet et a! , 2U16). This is in accordance with the very low magma
budget of this region of the S\WIR «d differs from other slow and ultraslow locations where
large gabbroic bodies, wit,. e«tensive ductile strain have been drilled in detachments
footwalls (Cannat, 199., Hansen et al., 2013).

As the rock material is exhumed into shallower depths, hydration becomes more
pervasive, eventually switching from a rock-dominated to a fluid-dominated alteration
regime (Fig. 11d). Samples altered under greenschist facies conditions, such as amphibole-
bearing ultramafic samples and mylonites, show higher proportions of low temperature
hydrous minerals that are not only focused along zones of high strength contrasts, but also
occur in the groundmass (Fig. 5d-f). As exhumation proceeds, significant shear stresses affect

the detachment but also its footwall (Lavier et al., 1999; Sandiford et al., 2021). Rouméjon et



al. (2014) proposed that initial microfracturing, providing pathways for hydrous fluids and
leading to the serpentinization mesh texture, form in response to tectonic stresses
combined with peridotite cooling from 800°C to 400°C. The generation of an interconnected
porosity through more pervasive cracking, in part due to serpentinization-induced volume
change, would characterize the hydrothermal domain. In this domain, the alteration of
magmatic minerals and of gabbro-infiltrated peridotite into chlorite- and talc-bearing
assemblages, which are weaker than serpentine, locally facilit ates strain localization (Boschi

et al., 2006; Escartin et al., 2003; Picazo et al., 2012; Schroed ‘r ar d John, 2004).

5.3. Implications for deep fluid percolation a.\ng oceanic plate boundaries

Mg-rich hornblende amphiboles similar to .hrs~ described here have been observed in
ultramafic samples from other magma-<.ar 'ea ridges, active or fossil (Boschi et al., 2006;
Cannat et al., 2009; Escartin et al., 2C23; Patterson et al., 2021; Picazo et al., 2012; Schroeder
and John, 2004; Vieira Duarte et a.., 21)20), but also along active transform faults such as
Shaka and Vema (Cipriani et 2.., 2C99; Kohli et al., 2019; Prigent et al., 2020; Fig. 10c-d). In
both contexts, they have bc=n interpreted as resulting from interaction of mantle-derived
rocks with limited qua. tiues of seawater-derived fluids that percolated down to the BDT
zone (i.e. the root zone of the faults), promoting fluid-assisted deformation (Prigent et al.,
2020; Vieira Duarte et al., 2020, Cipriani et al., 2009). This fluid-assisted deformation
combines brittle and ductile deformation mechanisms, with similar mineralogical
assemblages and temperature conditions as presented here for Eastern SWIR samples (Fig.
11b; Kakihata et al., 2022; Kohli & Warren, 2020; Prigent et al., 2020).

A deep BDT is supported by recent microseismic studies that recorded hypocenters

down to 15-20 km below seafloor at the Eastern SWIR (Chen et al., 2023; Grevemeyer et al.,



2019; Schlindwein and Schmid, 2016), at Gakkel ridge (Meier et al., 2021; Schlindwein et al.,
2015) and along OTFs (de Melo et al., 2020; Grevemeyer et al., 2021).

The similarities between the nearly amagmatic SWIR axial detachments and OTFs are
therefore striking. Both are large trans-lithospheric faults acting as plate boundaries along
slow or ultraslow mid-oceanic ridges. However, detachment faults systematically
accommodate exhumation, while OTFs only do it under conditions of incipient extension or
compression: for example transtension near ridge/transforn intersections (Prigent et al.,
2020; Kohli et al.,, 2019), or transpression forming push up -idges such as St Paul or
Romanche OTFs (Bonatti et al., 1994; Maia et al., 2u"%,. Both the degrees of finite
deformation and the intensity of fluid-assisted « ‘forination are more extreme in OTF
ultramafic samples compared with samples frc mr the Eastern SWIR. Most OTF samples are
high temperature mylonites with genera'.ze.! G_R and high proportions of hydrous minerals
(Cannat et al., 1990; Cipriani et al., 2209; Jaroslow et al., 1996; Kakihata et al., 2022; Kohli &
Warren, 2020; Prigent et al., 2020). Iy contrast, the deformation recorded in peridotites in
the footwall of eastern SWIR ‘< etachiments is strongly heterogeneous; GSR is local, at grain
scale, and observed in only 31% of the dredged ultramafic samples (Table A2). The small
proportion of synkinen.2tic amphiboles in GSR zones also indicates a very limited role for
fluid-assisted deformation.

These differences in deformation intensity and hydration reflect the contrasting lifetime
of both structures: axial detachment faults at the Eastern SWIR have maximum offsets of 20
km and fault activity durations are < 3 Myr (Cannat et al., 2019). By contrast, OTFs are long-
lived strike-slip faults with offsets reaching several hundreds of kilometers (Grevemeyer et

al., 2021; Ligi et al., 2002). The maturity of OTFs allows long-lived strain accumulation in the



mantle material, and a long-lasting exposure to seawater-derived fluids that percolate down
to BDT level.

At the Eastern SWIR, strain accumulation is limited by the short lifetime of detachment
faults (Cannat et al., 2019), and by the fact that mantle rocks are continuously exhumed out
of the BDT into higher structural levels: the vertical exhumation along detachment faults
implies a steady renewal of the lithospheric mantle involved in deformation and hydration.
Fractures and microshear zones composing the detachmen’ in the BDT zone allow fluid
circulation (Fig. 11c-d);The fractured BDT material is then e xhui1ed to shallower structural
domains and new fractures and microfractures need to “< formed in the newly, freshly
exhuming BDT mantle. We propose that this const.nt r:generation of the mantle material
along the detachment would limit pervasive fliic penetration and strain accumulation into

the deep axial lithosphere.

6. Conclusions

At the Eastern SWIR, v~tacnment faults exhume variably serpentinized ultramafic
rocks on the seafloor. A *hi. 2 of these samples investigated as part of this work show
evidence of fluid circulau.»n beyond the serpentine stability field, by the occurrence of high-
temperature Mg-hornblende to tremolitic deformed amphibole crystals. The composition of
these amphiboles favors a hydrothermal origin. Seawater-derived fluids circulate along
fractures and microfractures composing the axial detachment, down to the root zone of the
fault, at the BDT zone. Fluid circulation is controlled by both brittle microfractures and small-
scale rheological contrasts that focus fluids and along which amphibole forms preferentially.
Amphibole composition is also controlled by the composition of the initial protolith. The

extent and the distribution of mantle hydration along detachments from the Eastern SWIR is



similar to those observed along oceanic transform faults, despite much smaller intensity. We
propose that the vertical exhumation of new material along the detachment fault coupled
with the shorter lifetime of these detachments compared to OTFs, prevent a more pervasive

deformation and hydration.

Data Avaibility

Microprobe data on which the results of this work are ‘ased are available on the

Supplementary material of this study.
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Appendix A - Supplementary material

In this section we provide tables of data and additional figures that give further support for
the results we presented in the paper. Table Al displays the depths and positions of the

dredges of Smoothseafloor cruise (https://doi.org/10.17600/10200050) and of the in-situ



sample from Rovsmooth cruise (https://doi.org/10.17600/16002000). Table A2 classifies the
different types of amphibole-bearing ultramafic samples and their relative estimated
abundances. Table A3 provides the IGSN codes and the microstructural characteristics of the
28 samples analyzed in this study. Tables A4 to A6 respectively provide microprobe data
measured on amphibole, clinopyroxene and spinel from the selected amphibole-bearing
ultramafic samples.

Figure Al shows prehnite grains in amphibole mylonites, as a | irt for a magmatic protolith.
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TABLES

Table 1: Representative spot analyses of amphibole compositions for the four types of amphibole-
bearing samples from the Eastern SWIR: neoblasts in Fig. 3b, 7d-e (marked points) in GSR zones;
neoblasts in Fig. 4b and in shear zones in Fig. 7f (marked points) in melt-impregnated ultramafic
samples; porphyroclasts and neoblasts in Fig. 5b-c for amphibole mylonites; and fibrous amphiboles
in Fig. 5e and undeformed amphiboles in Fig. 5f for serpentinized ultramafic samples. The whole

amphibole data set is in Table A4.
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FIGURES

FIGURE 1
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FIGURE 1: (a) Bathymetric mac. of che two nearly-amagmatic spreading corridors of the
eastern Southwest Indian Ridg. (62-65°E). Smooth and corrugated surfaces are highlighted
in white and dasher' ai~as respectively. Samples were dredged on- and off-axis (black
dashed line) during the bmoothseafloor cruise (doi: 10.17600/10200050, Table Al). Map is
modified from Rouméjon et al., 2015 (after Sauter et al., 2013). Pie charts show proportions
of dredged samples recovered by rock type. Dredges that recovered amphibole-bearing
peridotites are shown in thicker contours, and those in which amphibole-bearing samples
were analyzed for this study are shown in dark green. The green star indicates the position
of sample RS-643-4, which was sampled in-situ during a ROV dive on the wall of the active

detachment (Rovsmooth cruise, doi: 10.17600/16002000; Table A1).
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FIGURE 2
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Figure 2: Photographs of selected amphibole-bearing ultramafic rocks from the Eastern

SWIR. (a) Deformed partially serpentinized lherzolite (sample SMS-DR10-4-08). Texture is



strongly foliated with elongated porphyroclasts of orthopyroxene (Opx) and clinopyroxene
(Cpx), and anastomosed grain size reduction (GSR) zones that locally contain amphibole (see
Fig. 3; Bickert et al., 2021). Olivine (Ol) is partially replaced by oxidized minerals. Primary
mineralogy is cut by late veins of carbonates. (b) Cataclased melt-impregnated peridotite,
partially replaced by oxidized minerals, with amphibole-bearing shear bands clustered along
orthopyroxene grains (sample RS-643-4). The red square outlines the location of Figure 4c.
(c) Amphibole mylonite (sample SMS-DR33-2-07). Brown amr nhibole porphyroclasts in the
most deformed part of the sample form rolling structures (6-/.5-types) enclosed in a very
fine-grained matrix of amphibole, chlorite and ta'c. /7, Foliated amphibole-bearing
serpentinized peridotite (sample SMS-DR05-6-01). She ir zones of amphibole (Amp) and

serpentine (Srp) underline the foliation. Olivine s *u'ly replaced by serpentine (Srp).



FIGURE 3
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Figure 3: Amphiboles in Grain Size Reduction (GSR) zones. Microphotographs under cross-
polarized light (a, c-e) and SEM images (b). (a) Microphotography of a GSR zone at contact

between olivine and orthopyroxene porphyroclasts (sample SMS-DR17-4-6). (b) SEM detail



of the recrystallized assemblage composed of olivine (Ol) + spinel (Sp) + orthopyroxene
(Opx) + polygonal amphiboles (Amp) (modified from Bickert et al., 2021). (c) Coarser
prismatic amphiboles in an olivine-rich GSR zone (sample SMS- DR08-2-26). (d) Detail of the
same GSR zone showing small polygonal amphibole and olivine crystals crystallizing together
at contact with a coarser prismatic amphibole. (e, f) Undeformed vein of tabular and

prismatic amphiboles crosscutting an olivine-rich GSR domain (sample SMS-DR10-4-08).



FIGURE 4
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FIGURE 4: Amphibole-bearing melt-impregnated peridotites. Microphotographs under cross-
polarized light. (a) Microshear zones enclosing clasts of olivine (Ol) fragments in a matrix of
fibrous to primastic amphibole (Amp) and chlorite (Chl) (sample SMS-DR29-4-06). (b) Detail
of the contact between olivine (Ol) and the matrix. Locally, olivine recrystallizes in coarse
grains with prismatic amphibole (Amp). Fibrous amphibole crosscut olivine neoblasts,
postdating the deformation (lower right side of the picture). (c) Example of a sample (sample

RS-643-04) with thicker amphibole-rich domains composed of elongated and deformed



amphibole porphyroclasts. Amphibole-bearing shear zones are mostly focused along
pyroxene porphyroclasts. (Clino-)pyroxene (Cpx) porphyroclasts are partially to fully
replaced by syn-deformation amphibole. Relicts of olivine (Ol) and spinel (Sp) have
elongated shapes and are enclosed in a matrix of prismatic to fibrous amphibole (Amp) and
chlorite (Chl). The elongated size of pyroxenes and spinel porphyroclasts suggest a HT
primary shear zone that has been subsequently altered. (d) Late amphibole shear zones at
contact with olivine and clinopyroxene porphyroclast: (sample SMS-DR29-7-01).
Clinopyroxene (Cpx) is fully replaced by tabular amphibc'es Amp) similar to the ones
surrounding it. Olivine (Ol) remains fresh with slightl; ¢~rroded / blurred boundaries at
contact with amphibole shear zones, due to local re “rys allization of olivine and amphibole.
(e) Interstitial, prismatic undeformed amphibol :s along olivine grain boundaries in the same

sample (SMS-DR29-7-01).
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FIGURE 5: Amphibole mylonites (a-c) and amphibole-bearing serpentinized peridotites (d-f).
Microphotographs under cross-polarized (a-b, d-f) and natural light (c). (a) Alternation of
amphibole-rich domains with polymineralic domains. Pyroxenes (px) are entirely replaced by
amphibole (amp; sample SMS-DR13-4-41). (b) Amphibole-rich domains are composed of

deformed porphyroclasts of amphibole in a matrix of amphibole neoblasts (sample SMS-



DR27-3-20). (c) Polymineralic domains are composed of porphyroclasts of brown amphiboles
and altered pyroxenes forming complex rolling structures (8- to o-types) in a matrix of
amphibole (Amp) % chlorite (Chl) + talc (Tlc). Locally, veins of chlorite (Chl) and talc (Tlc)
follow the foliation (sample SMS-DR33-2-07). (d) In amphibole-bearing serpentinized
peridotites, primary minerals such as olivine (Ol) and pyroxenes (px) are almost completely
altered or replaced by amphibole (Amp; sample SMS-DR13-4-41). Amphibole and the
replaced pyroxene porphyroclasts can locally be fragmented n a domino type /shear band
type. (e) Detail of a late shear zone of fibrous tremolit> (T ), in contact with weakly
deformed peridotite in which clinopyroxene (Cpx) i 1>r'aced by tabular to prismatic
amphiboles (Amp; sample SMS-DR29-4-07). Serpen. ne 15rp) veins cut the amphibole shear
zones, postdating amphibole deformation. (f) Dzt3il of undeformed tabular to prismatic

amphibole in olivine groundmass cut by < zrp 2ntine (Srp) fractures (sample SMS-DR29-4-07).
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FIGURE 6: Amphibole compositions i1 I3, b) peridotites with amphibole-bearing GSR zones

and (c, d) amphibole-bearing ~elt-:mpregnated peridotites. (a, c) Alkali versus Si content in

atom per formula unit (a.p

fr.). (b, d) TiO, (wt.%) versus Mg#. The grey data points

represent the whole a.~onibole dataset presented in this study (Table A4). Abbreviations

taken from Whitney and Evans (2010): pargasite (Prg), edenite (Ed), magnesiohornblende

(Mg-Hbl), tremolite (Tr).
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Figure 7: Intrasample variations in amphibole composition in (a-b) two samples with

amphibole-bearing GSR zones (samples SMS-DR10-4-08 and SMS-DR17-4-31) and (g-h) two

amphibole-bearing melt-impregnated peridotites (samples SMS-DR29-5-31 and RS-643-04,

the latter shown in Fig. 2b, 4c). Corresponding microphotographs and SEM images in (c-f):



numbers correspond to measurements highlighted in the graphs (a-b, g-h) and reported in
Table 1. (a, g) Alkali versus Si content in atom per formula unit (a.p.f.u.). (b, h) TiO; (wt.%)
versus Mg#. The grey data points represent the whole amphibole dataset presented in this
study (Table A4). (c) Microphotograph under polarized light of a polymineralic amphibole-
bearing GSR zone along an orthopyroxene (Opx) porphyroclast (sample SMS-DR10-4-08). (d)
Detail of the recrystallized assemblage composed of olivine (Ol), Orthopyroxene (Opx) and
polygonal amphibole (blue points). () Amphibole vein crossc' tting an olivine-rich GSR zone
(see Figure 3e; same sample). (f) Amphibole microshear zon:: in an amphibole-bearing
impregnated ultramafic sample, showing deformed c. '<*als, rimmed by undeformed

amphibole at contact with olivine (sample SMS-DR2_ 5-3 ).
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Figure 8: Amphibole compositions i1 (4, b) amphibole mylonites and (c, d) amphibole-

bearing serpentinized peridoti:es. (a, c) Alkali versus Si content in atom per formula unit

(a.p.f.u.). (b, d) TiO, (wt.%) ‘ers..s Mg#. The grey data points represent the whole amphibole

data set presented .. th.~ study (Table A4). Abbreviations taken from Whitney & Evans

(2010): pargasite (Prg), edenite (Ed), magnesiohornblende (Mg-Hbl), tremolite (Tr).
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FIGURE 9: Spinel and clinopyroxene core compositions in amphibole-bearing samples (data

in Tables A5-A6, respectively). (a) Spinel Cr# versus Mg# values. (b) Spinel TiO, (wt.%) versus

Mg#. (c) Clinopyroxene Cr,03 content (wt.%) vs Al,03 (wt.%). (d) Clinopyroxene Mg# versus

Cr# values. Residual and plagioclase-bearing peridotites from the Eastern SWIR (data from

Seyler et al., 2003; Paquet et al., 2016 and unpublished data from D.Brunelli) are shown for

comparison.
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FIGURE 10: Compositional variabil t* «: amphiboles in SWIR amphibole-bearing samples

(Table A4) compared to (a,b’ ai~ohibole-bearing serpentinized peridotites with altered

gabbroic veins from the N AR at 15°N (Picazo et al., 2012) and (c, d) amphibole-bearing

peridotites and gablr.< 1.2m the Shaka (Prigent et al., 2020) and Vema Transform Zones

(Cipriani et al., 2009; Brunelli et al., 2020). Color code is the same as in Figures 6-9. (a) alkali

versus Si content in atom per formula unit (a.p.f.u.) and (b) TiO, (wt.%) versus Mg#.

Abbreviations taken from Whitney & Evans (2010):

magnesiohornblende (Mg-Hbl), tremolite (Tr).

pargasite (Prg), edenite (Ed),
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FIGURE 11: Interpretative sketi.~s comparing hydration and deformation processes in the
root zone of (a) the easterr SW 'R detachment faults (modified after Bickert et al., 2021) and
(b) oceanic transforr. fo'lt< (modified after Prigent et al., 2020). (c-d) are details of (a)
showing fluid circulation (c) at the root zone of detachment faults and (d) at the transition to
greenschist conditions. In (c), fractures and microfractures forming the detachment (black
lines) root into a system of anastomosing plastic to semi brittle shear zones (dark purple),
forming high strain zones (light purple). Locally, microfractures forming the detachment
enclose blocks of deformed material, which will be progressively exhumed with fault activity.
Seawater-derived fluids percolate through the network of microfractures forming the

detachment and through mineral scale heterogeneities (blue arrows), while magma-derived



fluids move up along the deformation system (red arrows). In (d), as mantle blocks are
exhumed along the network of faults forming the detachment, under greenschist conditions,
hydration becomes more pervasive. Magmatic minerals from gabbroic dikelets form

minerals weaker than serpentine, favoring strain localization and fluid focusing.

SUPPLEMENTARY TABLES

Table Al: Depths and positions of the dredges containing amphibole-bearing ultramafic
rocks and of the one amphibole-bearing sample collect>d 11-situ (sample RS-643-04).
Dredges were done on- and off-axis during S nc-t.seafloor cruise (2010; doi:
10.17600/10200050). Positions are based on »n-I ottom/off-bottom positions and
recalculated from ship positions. Sample RS-6473-r4 was recovered in-situ during Rovsmooth

cruise (2016; doi:10.17600/16002000). A',or wia.ions: longitude (long.), and latitude (lat.).

Sampling method Name  Long.E, Start Lat. N, Start Depth (m), Start long.E, End L. N, End Depth (m), End Weight (kg) Total number of | ber of peridotite pl
Dredge DRO2 62°30.26'E  28°40.89'S -2979 b. "N.98'E  28°41.29'S -2476 512 19 19
Dredge DRO3 62°27.41'E  28°46.79'S -3727 S2°26.. T'E 28°46.39'S -3177 80 24 24
Dredge DRO4 62°25.63'E  28°56.57'S -3673 F. "S9'E 28°57.19'S -3224 14.60 12 12
Dredge DRO5 62°27.52'E  28°55.57'S -2677 62°23.35'E  29°01.49'S -3320 655 104 104
Dredge DRO6 62°29.13'E  28°31.87'S -367 "T_.9.00'E  28°31.52'S -3238 166 57 22
Dredge DRO7 62°26.30'E  28°29.75'S -4: 86 62°26.45'E  28°30.03'S -3817 390 46 42
Dredge DRO8 62°35.13'E  28°31.29'S -4 " 62°35.25'E  28°30.55'S -4370 722 48 30
Dredge DR10 62°27.74'E  28°33.225§ -4319 62°28.11'E  28°33.55'S -3602 27 31 28
Dredge DR11 62°33.09'E  28°03.09'S n06 62°33.30'E  287°03.40'S -3145 60.1 39 38
Dredge DR12 62°36.18'E  28°06.48'S -390, 62°36.22'E  28°06.10'S -3468 44 36 35
Dredge DR13 62°34.74'E  28°11.17 © - 27 62°34.24'E  287°10.16'S -3608 122 43 42
Dredge DR14 62°33.02'E  28°16.15'S 3968 62°33.17'E  28°16.42'S -3375 105 30 28
Dredge DR15 62°28.55'E 28" .17 . -4298 62°28.46'E  28°15.34'S -4059 234.2 33 28
Dredge DR16 62°21.11' 28 3°32'S -4360 62°21.43'E  28°32.63'S -3838 286 25 11
Dredge DR17 62°30.55" 82, ' -4963 62°31.19'E  28°23.86'S -4392 235 101 82
Dredge DR22 64°36.59'E  2» " 28'S -4443 64°36.39'E  28°19.27'S -3916 28 30 21
Dredge DR23 64°38.00'E  28°14 10'S -4252 64°38.00'E  28°13.55'S -3785 61.5 14 0
Dredge DR24 64°32.51'E 2 ..87'S -4028 64°32.66'E 28°11.18'S -3390 80 8 0
Dredge DR25 64°37.80'E  28°18.08'S -3762 64°37.10'E  28°17.41'S - 0.7 1 1
Dredge DR26 64°39.32'E  28°07.95'S -4101 64°38.79'E  28°08.98'S -3712 386 32 12
Dredge DR27 64°31.19'E  27°.47.98'S -3203 64°31.83'E  27°48.61'S -2570 810 61 60
Dredge DR28 64°37.22'E  27°56.80'S -4760 64°38.02'E  27°57.41'S -4542 90 19 14
Dredge DR29 64°32.01'E  27°49.31'S -2956 64°33.29'E  27°49.08'S -2604 930 95 79
Dredge DR30 64°33.41'E  27°32.54'S -2950 64°33.39'E  27°33.12'S -2734 90 14 13
Dredge DR33 64°36.03'E  27°22.83'S -2856 64°35.53'E  27°22.49'S -2504 170 43 34
Dredge DR34 64°36.98'E  27°30.29'S -2928 64°37.73'E  27°29.54'S -2583 400 77 69
Dredge DR35 64°32.60'E 27°17.82'S -4350 64°32.61'E  27°17.24'S -3862 413 25 20
In-situ RS-643-04 64°31.70'E  27°48.44'S -2690 - - - 1 1




Table A2: Proportions of amphibole-bearing samples in a set of 386 ultramafic samples
collected at the Eastern SWIR (62-65°E) during Smoothseafloor and Rovsmooth cruises (see

text and caption of Table Al).

Number of | Samples Amphibole Chlorite- Chlorite- . Amphil_:ole-
Dredge ultramafic | with GSR in GSR bearing bearlng- Arnphll-mle bear!n-g
samples with | mylonites | serpentinized
samples zones zones samples amphibole peridotites
SMS-DR1 6 - - - - - -
SMS-DR2 6 3 - - - - 1
SMS-DR3 5 - - 1 L - 2
SMS-DR4 4 4 - 3 2 - 1
SMS-DR5 14 4 - 3 N - 2
SMS-DR6 11 3 - 1 L - -
SMS-DR7 11 1 - 6 3 - -
SMS-DR8 10 5 1 2 1 - 1
SMS-DR9 1 - - - - - -
SMS-DR10 16 16 1 g - - 6
SMS-DR11 13 2 - 4 2 - 1
SMS-DR12 17 1 - 2 3 - 1
SMS-DR13 15 5 - ‘ 5 5 - 6
SMS-DR14 7 3 1 1 1 - 3
SMS-DR15 14 1 1 1 - -
SMS-DR16 4 - 1 1 - 1
SMS-DR17 44 12 b 11 11 - 1
SMS-DR20 3 - - - - - -
SMS-DR21 7 - - - - - -
SMS-DR22 17 z - 1 - - 3
SMS-DR26 4 - - 1 - -
SMS-DR27 34 8 - 13 5 1 3
SMS-DR28 10 1 - 4 4 - -
SMS-DR29 48 26 - 29 22 - 4
SMS-DR30 9 2 - 4 3 - -
SMS-DR32 3 - - - - - -
SMS-DR33 15 7 - 4 3 2 -
SMS-DR34 28 4 - 4 3 5 3
SMS-DR35 9 3 - 1 1 - -
RS-643-4 1 1 - 1 1 - -
TOTAL 386 120 9 106 78 8 39
Proportion - 31% 2% 27% 20% 2% 10%




Table A3: Name, terminations of IGSN code (http://www.igsn.org), amphibole-bearing and

textural types and characteristics of samples selected in this study. Samples with GSR zones

differ from amphibole mylonites by the proportion of GSR: GSR zones are very localized and

well below the 50-90% proportions of matrix that define a mylonite.
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Primary mineralogy Defarmation ;m::“:::::.
1GSN Otivine fresh Magmati Deformation Polygonal
sample cade® Amphibole-bearing type rolicts _P%  plogio " S0UT | Texture types GSR —ain
(>10%) (LAY
SMS_DR0G_02 26 3484 |amphibole-bearing GSR zones yes  yes Porphyroclastic Az X X
SMS_DR10_04_ 08 3530 |amphibole-bearing GSR zones yes  yes Porphyroclastic A3 X X
SMS_DR14_04_03 3683 |amphibole-bearing GSR zones yes  yes Porphyroclastic A2 X X
SMS_DR17_04_ 06 3792 |amphibole-bearing GSR zones yos  yes Porphyroclastic A2 X X
SMS_DR17_04 21 3807 |amphibole-bearing GSR zones yes  yes Porphyroclastic. A3 X X
SMS_DR17_04_31 3817 |amphibole-bearing GSR zones yes  yes Porphyroclastic A3 X X
SMS_DR7_04_38 3824 |amphibole-bearing GSR zones - yes Protomylonite ad X x
SMS_DR17_04 56 3842 |amphibole-bearing GSR zones yes yes Porphyroclastic A2 X prismatic 7
RS 6434 1104 |impregnated amphibole-bearing peridotite  yes  no Protomylonite A3 X
SMS_DR0G_02 05 3463 [impregnated amphibole-bearing peridotite  yes  no Porphyrociastic  A2-A3 X
SMS_DR17_04 05 3791 [impregnated amphibole-bearing peridotite  yes  no Porphyroclastic. A2 X
SMS_DR29_04 08 4148 [impregnated amphibole-bearing peridotite  yes  yes Porphyroclastie A1
SMS_DR29_05 20 4176 [impregnated amphibole-bearing peridotite  yes  yes Porphyroclastic Az X
SMS_DR29_05 31 4187 [impregnated amphibole-bearing peridotite  yes  no Porphyroclastic  Af
SMS_DRZ9_07_01| 4215 |impregnated amphibole-bearing peridotite  yes - ? Porphyrociastic| A1
SMS_DR27_03 20 4084 |amphibole mylonite - - yes Mylonite A amp
SMS_DR33_02 01 4271 |amphibole mylonite - - prehnite  yes Mylonite " amp X
SMS_DR33_02 07 4277 |amphibale mylonite - o ? yes Mylanita ad amp
SMS_DR34_06_02 4383 |amphibole mylonite - - yes Mylonite Al amp
SMS_DRD4 02 09 3235 [serpentinized amphibole-bearing peridotite  no  yes Porphyroclastic  A2-A3 X
SMS_DROS_06 01 3321 [serpentinized amphibole-bearing peridotite  no  yes AZ-A3 X
SMS_DR13_04_41 3675 |serpentinized amphibale-bearing peridatite  no  no Porphyroclastic A3 X
SMS_DR2T_02 21 4058 |serpentinized amphibole-bearing peridatite  no  no Porphyroclastic  AD-A1
SMS_DRZ7_02_ 23 4060 |serpentinized amphibole-bearing peridotite o no Porphyroclastic  AD-A1
SMS_DR2T_02 26 4063 whi i o ™ Porphyroclastic  AG-A1
SMS_DR29_04_02 4144 |serpentinized amphibole-bearing peridatite no o Porphyroclastic Al
SMS_DR29_04_07 4148 [serpentinized amphibole-bearing peridatite  yes  yes Porphyroclastic A1
SMS_DR29_07 02 4216 [serpentinized amphibole-bearing peridotite _yes - Porphyroclastie A1 A V.
*all IGSN codes start by: CHRS000000
s

four types of amphibole-bearing ultramafic

h i amphibole-bearing type mineral position sio2 Tio2 Al203 FeO  MnO cr203 NiO C  F (Na+)A  Si
SMS_DR17_4_38 amphibale-bearing GSR z2one am, holed porphyroclast 46.68 035 12.03 372 0,09 0.46 0.00 065 663
SMS_DR17_4_38 amphibale-bearing GSR zone amphib. "0 porphyroclast 48.68 0.23 1027 328 013 0.64 0.00 053 684

amphibale-bearing GSR zone “iboles porphyroclast  |52.09 0.45 6.06 323 0.02 0.61 0.00 023 727

amphibale-bearing GSR zone ampn. ‘ez porphyroclast (50,14 0.47 8.05 349 005 0.87 0.00 042 7.00
SMS_DR17_4 56 amphibole-bearing GSR zone amphibe 3 porphyroclast |51.38 0.36 7.42 2.97 003 0.87 0.00 0386 7.13
SMS_DR17_4 56 amphibole-bearing GSR zone amphibe 4 neoblast |47.17 0.06 10.53 432 0.08 0.98 0.00 0.57 667
SMS_DR17_4_56 amphibole-bearing GSR zone T es neoblast |48.85 0.26 10.07 3.59 0.06 0.31 0.00 0.50 6.81
SMS_DR17_4_56 amphibole-bearing GSR zone amphiboles neoblast |52.60 0.37 6.86 3.57 003 0.76 0.00 0.34 7.16
SMS_DR17_4_56 amphibole-bearing GSR zone mphiboleé neoblast |47.36 0.66 10.98 3.67 0.00 0.84 0.00 0.55 6.66
SMS_DR17_4 56 amphibole-bearing GSR zone mphibole? neoblast |52.84 050 657 3.17 0.03 0.79 0.00 033 7.8
SMS_DR17_4 56 amphibole-bearing GSR zone amphiboled neoblast |51.58 0.44 6.02 295 0.00 0.79 0.00 034 722
SMS_DR17_4 56 amphibole-bearing GSR zone amphiboled post |50.36 039 8.30 3.37 001 0.47 0.00 037 706
SMS_DR17_4 56 amphibole-bearing GSR zone amphibole10 post |54.23 030 4.58 278 001 0.48 0.00 017 7.48
SMS_DR17_4 56 amphibole-bearing GSR zone amphibolell neoblast |52.99 039 5.85 298 009 0.74 0.00 022 732
SMS_DR17_4 56 amphibole-bearing GSR zone amphibole12 neoblast 52.10 042 6.93 343 003 0.73 0.00 023 7.9
SMS_DR17_4 56 amphibaole-bearing GSR zone amphibole13 vein |s0.01 0.55 8.96 3.82 005 0.87 0.00 045 692
SMS_DR17_4 56 amphibale-bearing GSR zone amphibole14 vein |49.12 0.60 .15 392 000 113 0.00 050 6.85
SMS_DR17_4_56 amphibale-bearing GSR zone amphibolels vein |51.18 0.42 7.35 3150 0.08 0.93 0.00 037 7.09
SMS_DR17_4_56 amphibale-bearing GSR zone amphibolels vein |53.40 0.37 4.91 3.01 0.00 0.85 0.00 0.29 7.34
SMS_DR17_4_56 amphibaole-bearing GSR zone amphibolel? vein |55.89 0.19 3.30 2.52 0.06 0.35 0.00 0.08 7.67
SMS_DR17_4_56 amphibole-bearing GSR zone amphibolel8 vein |55.92 0.24 3.88 2.69 0.03 0.11 0.00 0.14 7.59
SMS_DR17_4_56 amphibole-bearing GSR zone amphibolels vein 52.05 047 5.92 3.31 0.03 0.90 0.00 030 7.25

RS_643 4  amphibolebearing melt-impregnated peridotite amphibole1 porphyroclast 48.04 0.03 10.98 3.77 004 0.41 0.00 072 667

RS_643 4 amphibolebearing melt-impregnated perid amphibole2 neoblast 52.63 0.16 5.35 2.70 0.06 0.77 0.00 033 728

RS 643 4  amphibolebearing meltimpregnated peridotite amphibole3 neoblast 46.13 0.01 1333 3.86 0.12 0.21 0.00 086 644

RS_643 4  amphibolebearing melt-impregnated perid amphiboled porphyroclast 47.57 0.03 1156 3.57 0.00 1.02 0.00 077 661

RS_643 4  amphibolebearing meltimpregnated perid amphibole5 neoblast 45.54 022 8.87 536 0.00 2.81 0.00 066 649

RS_643 4  amphibolebearing melt-impregnated peridotite amphibole. neoblast 47.46 0.09 11.70 369 005 0.54 0.00 081 658

RS.643 4  amphibole-bearing melt-mpregnated perid amphibole? neoblast |47.31 0.06 1143 361 007 0.56 0.78 659

RS_643 4 amphibole-bearing melt-impregnated peridotite amphibole 8 neablast |47.72 0.25 10.64 3165 0.01 1.03 0.00 0.68 6.69

RS_643 4 amphibole-bearing melt-impregnated peridotite amphibole 8 neoblast |53.50 0.10 5.59 2.78 0.00 1.00 0.00 042 7.28

RS_643 4 amphibole-bearing melt-impregnated peridotite amphibale 10 neoblast |51.59 0.10 8.32 3.27 011 0.67 0.00 0.52 7.03

RS_643 4 amphibole-bearing melt-impregnated peridotite amphibole 11 neoblast |51.30 0.11 7.93 .79 011 0.66 0.00 0.50 7.07

RS_643 4 amphibole-bearing melt-impregnated peridotite amphibole 12 neoblast |50.33 0.15 7.88 3.42 005 0.66 0.00 0.53 7.02

RS_643 4  amphibole-bearing melt-mpregnated peridotite amphibole 13 neablast |51.64 018 6.60 357 0.00 0.67 0.00 048 7.16

RS_643 4  amphibolebearing melt-impregnated peridotite amphibole 14 porphyroclast  48.90 012 8.03 3.74 003 0.55 0.00 057 697

RS_643 4  amphibolebearing meltimpregnated peridotite amphibale 15 porphyroclast 49.91 0.14 7.84 3.75 0.02 0.7a 0.00 057 699

RS_643 4 amphibolebearing melt-impregnated perid amphibole 16 neoblast 47.27 015 1012 0.62

4.16 0.00 19.83

0.00



Table A5: Spinel composition for the four types

and used for Fig. 9a-b.

of amphibole-bearing ultramafic samples

amphibole-bearing type Mineral Position si02 Tio2 ARO3 cr203 Fed MnQ mMgo Nio Total mg# o MgH(Fe2)

amphibole-bearing GSR zone spinel 2 core 0.00 0.08 39.06 29.29 14.66 0.00 15.88 024 99.21 67.63 33.46 65.88

amphibole-bearing GSR zone spinel 2b core 0.04 0.05 39.54 8.37 14.72 0.00 15.51 0.20 98.42 66.41 32.49 65.27

_DROS_: amphibole-bearing GSR zone spinel 2b core 0.04 0.09 39.12 29.76 14.12 0.00 15.67 0.03 98.82 66.62 33.78 66.43
SMS_DR10_4_BA amphibole-bearing GSR zone spinel 1 core. 0.10 0.01 48.04 19.88 14.79 0.00 15.73 021 98.75 64.98 .7 65.47
SMS_DR10_4_BA amphibole-bearing GSR rone spinel3 care 0.04 0.08 46.50 2178 13,61 0.00 16.84 0.5 99.09 69.40 23.90 68.81
amphibole-bearing GSR zone spinel 3 care 0.08 0.1z 45.93 ns2 14.00 0.00 16.46 0.24 99.35 67.84 24.75 670

amphibole-bearing GSR zone spinel 2 core 0.03 011 4677 22.40 12.27 0.00 1711 022 98.92 70.38 24.31 7131

amphibole-bearing GSR zone spinel 2 care 0.20 0.09 4266 2530 14.91 0.00 15.02 029 98.47 6351 28.46 64.22

amphibole-bearing GSR zone spinel 3 core 0.01 0.10 aa.64 2378 12.90 0.00 17.12 012 98.66 70.96 26.33 70.29

amphibole-bearing GSR zone spinel 4 core 0.03 011 43.84 5.45 14.03 0.00 15.90 0.08 99.43 66.14 28.02 66.50

amphibole-bearing GSR zone spinel 2b core 0.03 0.14 44.66 23.90 12.91 0.00 17.33 0.08 99.06 7133 26.42 70.53

amphibole-bearing G5R zone spinel 1 core 0.06 0.10 39.26 27.44 16.50 0.00 15.50 028 99.14 66.04 3191 62.61

amphibole-bearing GSR 1one spinel 2 core 0.03 0.06 40.27 26.06 16.56 0.00 14.60 0.18 9.75 63.00 30.27 61.13

amphibole-bearing GSR zone spinel 1b core 0.04 0.12 4116 21.73 14.63 0.00 16.08 011 99.87 67.20 3112 66.20

amphibole-bearing GSR zone spinel 3 care 0.06 0.13 4129 2577 17.26 0.00 15.06 0.09 99.64 6331 29.51 60.87

SM5_DR17 4.6 amphibole-bearing GSR zone spinel 4 core 0.02 0.00 ELEN) 28.45 16.48 0.00 15.03 0.19 98.51 64.84 33.23 6191
SMS5_DR17_4_31 amphibole-bearing GSR zone spinel care 0.05 011 52.06 15.13 16.05 0.00 17.58 030 101.27 63.57 16.31 66.13
SMS_DR17_4_31 amphibole-bearing GSR zone spinel 62 core 0.00 0.06 5132 14.94 14.82 0.00 17.40 029 98.84 70.50 16.34 67.67
SMS_DR17_4_31 amphibole-bearing GSR zone spinel 62 fim 0.00 0.03 5174 14.61 15.41 0.00 17.18 0.40 99.38 69,56 15.92 66.53
RS_643_4 amphibole-bearing meh-impregnated peridatite spinel core 0.05 0.28 3259 3163 20.78 0.00 13.45 0.15 98.93 59.18 39.43 53.57
FS_643 4 ‘amphibole-bearing melt-impregnated peridotite spinel core 0.00 0.24 37.14 815 18.89 0.00 1 4 0.12 99.22 62.98 33.70 58.08
RS_643_4 amphibole-bearing mek-mpregnated peridatite | spinel care 0.00 0.22 34.57 30.11 19.84 0.00 FEaR 0.14 98.60 60.14 36.87 55.21
RS_643 4 amphibole-bearing melt-impregnated peridatite | spinel core 0.02 0.03 39.20 26.59 1830 0.00 150 017 99.39 64.12 31.27 59.38
SMS_DR29_4_6  amphibole-bearing meh-impregnated peridotite | spinell corel 0.02 0.40 35.96 29.91 16.93 0.00 15.01 .18 98.40 64.85 35.81 6126
SM5_DR29 4 6  amphibole-bearing mekt-impregnated peridatite | spinell -RIM i1 0.00 0.30 3458 31.88 17.44 0.00 7 v 98.53 62.09 38.23 59.23
SMS_DR33 27 amphibole mylonite spinel1 core? 0.01 0.41 2912 nn 25.88 0.00 11.03 018 98.83 43.89 42.59 4217
SMS_DR33_2 7 amphibole mylonite spinell core? 0.02 032 2848 3263 26.75 0.00 T2 017 98.63 47.17 43.45 40.76
SMS_DR33 2 7 amphibole mylonite spinell core? 0.05 0.36 28.89 3199 25.32 o.00 1. 0.35 98.15 51.09 42.61 44.06
SM5_DR34_6 2 amphibole mylonite spinel1 core? 0.07 0.16 2981 34.27 2184 0 " 57 0.14 97.87 5265 43.54 4857
SMS_DR34_6_2 amphibole mylonite spinel1 - RIM rim 0.00 0.21 30.03 34.67 264 (] 16 0.15 99.26 52.05 43.64 47.67
SM5_DRO4 2 9 amphibole-bearing serpentinized peridotite spinel core1 0.00 0.05 53.02 14.13 13.57 0.00 7.8 030 98.91 7169 15.16 70.10
SM5_DA04_2 9 amphibole-bearing serpentinized peridotite spinel corel 0.05 0.10 5341 14.32 13.99 .00 17.83 030 100.01 70.84 15.24 69.44
SMS_DROS 6.1 amphibole-bearing serpentinized peridotite spinel1 core1 0.00 012 45.84 211 14.72 . 16.43 030 99.54 67.91 20.04 66.53
SM5_DROS 6 1 amphibole-bearing serpentinized peridotite spinel 1 corel 0.06 0.10 46.23 2183 L) 0.00 16.44 031 99.86 67.61 24.06 66.31

Table A6: Clinopyroxene composition

samples and used for Fig. 9c-d.

for *he

four types

of amphibole-bearing

ultramafic

his il bearing type mineral position Sic_TiO 03 - FeO MnO MgO Ca0 Na20 K20 - Cr203 Nio ¢l F__Total - AIT AlOct XMg XCr Ca Na Ti - Mgt Cr#
SMS_DR10_4_BA amphibole-bearing GSR zone px 2b core 52 0.8 tv. 238 023 1522 2123 105 002 141 007 000 10043 0106 0.152 0912 013 082 007 000 9120 1347
SMS_DR10_4_8A amphibole-bearing GSR rone cpx 2¢ core 5064 27 16 223 008 1470 2200 102 0.00 152 0.03 000 9865 0134 0.134 0919 0.14 0.87 007 001 91.89 1417
SMS_DR10_ amphibole-bearing GSR zone cpx 2c core 58 0. .18 229 0.00 1482 2222 088 0.00 158 0.01 0.00 98.91 0.139 0.129 0520 0.15 0.88 0.07 0.01 95201 1472
SMS_DR10_4_BA amphibole-bearing GSR zone cpx 2c core 51, 122 620 239 0.10 1536 2122 096 0.02 162 006 0.02 99.87 0.124 0.141 0917 0.15 0.82 007 001 9166 14.90
SMS_DR10_4_8A amphibole-bearing GSR zone ox core 5334 v.4 474 2.09 0.16 1589 2196 087 0.00 127 0.10 0.00 10066 0083 0.118 0927 015 0.85 006 001 9265 1522
SMS_DR17_4_56 amphibole-bearing GSR zone cpx 1 oo “1.76 051 685 306 0.08 1607 2128 089 000 083 007 000 10140 0148 0.141 0901 0.07 0.82 006 001 9010 748
SMS_DR17_4_56 amphibole-bearing GSR zone cpx 1 e 5 1 046 731 3.16 0.05 16.20 2045 0 0.00 083 008 002 10039 0.161 0.150 0500 0.07 0.79 0.06 D01 8999 7.08
SMS_DR17_4_56 amphibole-bearing GSR zone wpx 1b o 5026 043 690 275 004 1528 2193 068 004 030 005 000 99.26 0.159 0.139 0.907 008 0.86 0.05 001 9070 802
SMS_DR17_4_56 amphibole-bearing GSR zone opx 1 “ore 5569 003 451 670 008 3236 078 001 000 043 0.17 001 10084 0090 0092 0895 006 003 000 000 8947 604
SMS5_DR17_4_6 amphibole-bearing GSR zone cpx1 core-h. verage 5293 0.11 524 . 1696 19.12 132 0.00 184 0.04 000 10038 0.097 0.125 0915 019 0.74 009 0.00 9145 19.03
SMS_DR17 4 6 amphibole-bearing GSR zone cpx3 rore-linea . .ge 5282 0.10 5129 334 004 1903 1639 108 0.00 166 0.07 0.00 99.82 0.102 0.122 0509 0.17 0.63 008 0.00 95093 1743
SMS_DR17 4 6 amphibole-bearing GSR zone cpx 3 core. 5216 0.08 555 248 0.00 1581 2047 142 003 181 0.07 000 99.88 0.108 0.129 0919 018 0.80 010 0.00 9192 1792
SMS_DR17_4 6 amphibole-bearing GSR rone [ core average|53.78 0.13 437 268 002 1713 1962 117 0.00 141 0.06 0.00 10036 0069 0.116 0919 018 0.75 008 0.00 9188 17.78
SMS5_DR17_4_6 amphibole-bearing GSR zone px 4 core 5217 015 552 220 0.03 1461 2169 141 0.00 157 0.00 0.00 99.75 0.102 0.135 0521 0.19 0.85 010 0.00 95211 1936
SMS_DR17 4 6 amphibole-bearing GSR zone cpxd4 cor -lineaverage 52.23 0.12 556 242 003 1565 2061 135 0.00 181 0.04 000 99.82 0.105 0.132 0919 0.18 0.80 0.09 0.00 9194 1789
SMS_DR17_4_6 amphibole-bearing GSR zone 4b cor -lineaverage|52.04 0.11 536 254 001 1619 2032 122 000 177 004 000 9962 0109 0121 0919 018 079 009 000 9186 18.14
SMS_DR17_4_6 amphibole-bearing GSR zon. cpx - _are-line average|52.87 0.11 538 .| 17.41 119 0.03 179 0.04 0.00 9995 0.097 0.132 0915 0.18 0.70 0.08 0.00 9146 18.24

RS_643_4 amphibole-bearing melt-impregnated peridotite  *x 2 core 50.14 0.21 842 3.06 0.08 1526 2261 079 0.01 0.78 0.03 0.06 10143 0.198 0.159 0.897 0.06 0.87 0.05 D01 8968 582

RS_643 4 amphibole-bearing meltimpregnated peridotite ¢, 2 core 5164 0.16 643 294 002 1612 2241 074 0.02 0.62 0.08 0.08 10126 0.146 0.126 0907 0.06 0.86 005 000 9065 6.11
SMS_DR33 2 1 amphibole mylonite 3 core 5263 055 323 564 0.18 1642 2097 060 001 028 002 000 004 10057 008 006 083 006 082 004 002 8341 558
SMS5_DR33_2_1 amphibole mylonite opx3 core 5318 043 293 621 0.22 1686 19.78 057 0.02 030 007 000 000 10063 007 006 082 007 0.77 0.04 001 8237 651
SMS_DRO4_2 9  amphibole-bearing serpentinized peridotite opxl core 5466 0.10 585 655 0.07 3208 074 003 001 0.64 007 000 008 10088 013 011 050 007 003 000 000 8962 686
SM5_DR04_2 9  amphibale-bearing serpentinized peridatite opxl core 5425 009 578 7.07 0.15 3142 077 003 0.03 0.83 0.04 000 006 10052 013 011 089 009 003 000 0.00 8857 B.81
SMS_DRO5_6_1  amphibole-bearing serpentinized peridotite opxl core 55.04 005 457 602 007 3257 081 006 001 0.76 0.15 003 000 10014 010 008 0591 010 003 000 000 95051 1009
SMS_DRO5_6_1  amphibole-bearing serpentinized peridotite opx1 core 5586 003 433 576 0.04 3279 066 003 001 0.88 006 002 006 10059 009 008 091 012 002 000 000 9096 1197
SMS_DR29_ 4 2  amphibole-bearing serpentinized peridotite opxl core 5572 0.01 0.10 213 0.04 17.77 2561 002 000 000 002 000 0.00 10143 000 000 084 000 098 0.00 000 9359 0.00
SMS_DR29 4 2  amphibole-bearing serpentinized peridotite cpx2 core 5536 0.05 004 288 0.16 17.20 2505 0.00 0.01 0.01 006 002 0.00 10085 000 000 091 015 097 000 0.00 9096 15.12
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Figure Al: Microphotographs under . -oss-polarized light (a-c) and natural light (d) of
amphibole in an amphibole-bz.a:ing mylonite (SMS-DR33-2-01). (a) Coarse, ductilely
deformed and partially recrvs:allized porphyroclasts of clinopyroxene (Cpx). (b) Large
prehnite grains coexistirg v.ith clinopyroxene. Recrystallization occurs along the two-phase
grain boundaries. (c-d) Jetail of (a) showing neoblasts of clinopyroxene recrystallizing

together with brown amphibole (pointed by blue arrows) .

Highlights

e Synkinematic amphiboles crystallized at the root of Eastern SWIR axial detachments.
e Seawater-derived fluids percolate along the detachment down to the BDT.

e Variations in amphibole composition are controlled by the protolith.

e Deep fluid percolation is controlled by detachment fault activity.
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