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[1] Outcrops of deeply derived ultramafic rocks and gabbros are widespread along slow spreading ridges
where they are exposed in the footwall of detachment faults. We report on the microstructural and petrological
characteristics of a large number of samples from ultramafic exposures in the walls of the Mid-Atlantic Ridge
(MAR) axial valley at three distinct locations at lat. 13°N and 14°45'N. One of these locations corresponds to
the footwall beneath a corrugated paleo-fault surface. Bearing in mind that dredging and ROV sampling may
not preserve the most fragile lithologies (fault gouges), this study allows us to document a sequence of defor-
mation, and the magmatic and hydrothermal history recorded in the footwall within a few hundred meters of
the axial detachment fault. At the three sampled locations, we find that tremolitic amphiboles have localized
deformation in the ultramafic rocks prior to the onset of serpentinization. We interpret these tremolites as
hydrothermal alteration products after evolved gabbroic rocks intruded into the peridotites. We also document
two types of brittle deformation in the ultramafic rocks, which we infer could produce the sustained low mag-
nitude seismicity recorded at ridge axis detachment faults. The first type of brittle deformation affects fresh
peridotite and is associated with the injection of the evolved gabbroic melts, and the second type affects ser-
pentinized peridotites and is associated with the injection of Si-rich hydrothermal fluids that promote talc crys-
tallization, leading to strain localization in thin talc shear zones. We also observed chlorite + serpentine shear
zones but did not identify samples with serpentine-only shear zones. Although the proportion of magmatic
injections in the ultramafic rocks is variable, these characteristics are found at each investigated location
and are therefore proposed as fundamental components of the deformation in the footwall of the detachment
faults associated with denudation of mantle-derived rocks at the MAR.
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Theme: Oceanic Detachment Faults

1. Introduction

[2] The denudation of mantle-derived ultramafic
rocks and gabbros is widespread along slow and
ultraslow spreading ridges [Cannat et al., 1992,
2006; Dick, 1989; Karson et al., 1987]. This denu-
dation is locally associated with corrugated surfaces,
which are interpreted as unroofed axial detachment
fault surfaces [Cann et al., 1997; Dick et al., 2008;
lldefonse et al., 2007; MacLeod et al., 2002, 2009;
Tucholke et al., 1998]. Denudation of mantle-
derived ultramafic rocks and gabbros also occurs
in regions of the seafloor that do not show cor-
rugations. In fact, this is the most common case
along the Mid-Atlantic Ridge (MAR), with ultra-
mafic and gabbroic outcrops forming the slopes
of non-corrugated inside corner massifs next to
axial discontinuities [ Cannat and Casey, 1995; Dick
etal.,2008; Gracia et al., 2000; Mével et al., 1991].
In some regions of slow and ultraslow ridges,
ultramafic and gabbroic rocks also crop out exten-
sively along the ridge, away from axial dis-
continuities [Cannat et al., 2006; Dick et al., 2003;
Escartin et al., 2008a]. This is the case in the 13°—
15°N region of the MAR, where outcrops of ser-
pentinized peridotites with gabbroic intrusions have
been explored by submersible, dredged or drilled up
to 80 km from a transform offset [Cannat et al.,
1997; MacLeod et al., 2009; Schroeder et al.,
2007]. The relief associated with the denudation
of ultramafic rocks at mid-ocean ridges is also
variable. Actively forming corrugated surfaces at
the MAR near 13°N emerge at a very low angle (in
some cases less than 4° [Smith et al., 2006]).
Paleomagnetic studies indicate that such low angles
of fault emergence result from large rotations of the
detachment footwall [Garcés and Gee, 2007,
MacLeod et al., 2011; Morris et al., 2009]. Non-

corrugated ultramafic and gabbroic outcrops typi-
cally form in ridge regions where the axial valley
wall is steeper (>15°), suggesting that the detach-
ment fault there emerged at a higher angle [Cannat
et al., 2009].

[3] This diversity in the settings of exhumed mantle-
derived ultramafic rocks and gabbros at mid-ocean
ridges raises questions as to the mechanics of axial
detachment fault systems. In this paper we will
specifically examine whether the diversity of denu-
dation settings can be linked with differences in the
lithology of the fault and footwall. It has for exam-
ple been proposed that the angle of emergence of
detachment faults could be a function of strain
weakening within the footwall material [Cannat
et al., 2009]. Thermomechanical models of fault-
ing at slow spreading ridges provide constraints
to address these questions. They suggest that the
formation of very large offset normal faults or
detachments is possible in a relatively thick axial
lithosphere if the strength of the fault zone decreases
as a function of strain [Lavier et al., 1999, 2000].
Models also suggest that very large offset detach-
ments form when magmatic accretion accommodates
50% or less of plate spreading [Buck et al., 2005;
Tucholke et al., 2008]. These predictions can be
tested through geological observations and the study
of rock samples from mid-ocean ridge detachment
faults.

[4] Studies of rocks drilled and dredged within a
few tens of meters below exposed corrugated sur-
faces in the Atlantic [Boschi et al., 2006a; Escartin
et al., 2003; Schroeder and John, 2004] have indeed
indicated significant strain weakening associated
with the synkinematic growth of weak hydrous
minerals (serpentine, amphibole, chlorite and talc).
The growth of Si and/or Al-rich minerals (i.e.,
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Table 1.

Localization and Length of the Serpentine Cruise Dredge Hauls Based on On-Bottom/Off-Bottom

Positions, Recalculated From Ship Position, Wire-Out Values, and Local Bathymetry®

Long. E, Depth (m), Lat. N, Long. E, Depth (m),  Length ~ Weight  Total Number
Lat. N, Start Start Start End End End (m) (kg) of Samples
12°59.70' —44°56.40' —2364 13°00.00"  —44°57.00' —2254 775 300 130
12°58.32' —44°51.60’ —3971 12°58.38"  —44°51.60' —4000 260 50 43
12°58.44' —44°51.60 —4000 12°58.62"  —44°52.20' —3950 346 1000 36
14°43.68' —44°56.40' —2835 14°42.90'  —44°55.80' —2547 1820 90 59
14°45.18' —44°57.00 —2796 14°44.94"  —44°58.14' —2681 1745 70 26
14°45.54' —44°58.20 —2830 14°44.70"  —44°58.20' —2718 1567 1000 148

*Weight of each dredge was estimated on board, and a total of 470 samples were numbered as a function of rock type.

amphibole, chlorite and talc) indicates that a gabbroic
component was added to the primarily ultramafic
material in the fault zone. This gabbroic component
has been interpreted either as altered magmatic
intrusions [Boschi et al., 2006a; Schroeder and John,
2004], or as introduced by metasomatic hydrother-
mal fluids [Escartin et al., 2003]. Non-corrugated
ultramafic outcrops in the axial valley walls probably
expose the footwall of detachment faults, a few tens
to a few hundred meters below the actual fault, that
would have been eroded by landslides [Cannat et al.,
2010; Mitchell et al., 2000; Searle et al., 1998].
Previously published studies of such sample sets
indicate variable degrees of brittle, semi-brittle and
plastic overprint of the original asthenospheric fabric
of the peridotites, from pervasively crushed serpen-
tinites exposed in the western axial valley wall at
15°30'N on the MAR [Cannat et al., 1997], to mas-
sive serpentinized peridotites with quasi intact
asthenospheric fabrics [Ceulencer and Cannat,
1997] at ODP Site 920 near 23°20'N. This variabil-
ity has not until now attracted much attention, the
focus being put on the detachment fault zones in
places where they could unambiguously be sampled,
i.e., in corrugated terranes. Yet, documenting the
diversity of deformation types in footwall rocks may
be key to understanding the mechanisms that control
denudation processes and their variability.

[s] In this paper, we analyze deformation structures
that we infer are related to the denudation of ultramafic

and associated gabbroic rocks and metabasalts on the
walls of the Mid-Atlantic Ridge axial valley at lati-
tudes 13°N (next to the ultramafic-hosted Ashadze
vent field), and 14°45'N (next to the Logatchev vent
field; Figure 1). These samples were dredged and
sampled by ROV during the SERPENTINE cruise
with the R.V. Pourquoi Pas? in 2007 [Charlou et al.,
2010]. One of these dredges (DR1) sampled the foot-
wall of a sub-horizontal fossil corrugated surface that
forms the top of the axial valley wall at 13°N
(Figure 1c). The other 5 dredges (DR3, DRS5, DR6,
DR7, DRS; Figures 1b and 1c and Table 1), and all of
the ROV dives sampled uncorrugated ultramafic ter-
ranes in the Ashadze or Logatchev regions. All the
sampled regions show clear evidence of mass-wasting
[Cannat et al., 2010; Petersen et al., 2009], suggesting
that the sampled material comes from beneath the
main fault surface. Our approach is to compare these
corrugated and non-corrugated settings and the two
sampled areas (Ashadze and Logatchev), by system-
atically relating deformation structures to rock type,
and to characteristics of hydrothermal alteration.

[6] Although we do briefly describe deformation
structures in magmatic (gabbroic and basaltic)
lithologies, we focus our study on deformation that
affects the residual ultramafic lithologies in our
sample set, because these lithologies have experi-
enced tectonic denudation and progressive cooling
throughout the full thickness of the axial litho-
sphere. In these ultramafic rocks, it is therefore

Figure 1. Regional setting of the studied samples. (a) Bathymetry of the Mid-Atlantic Ridge between the Fifteen-
Twenty Fracture Zone and the Marathon Fracture Zone [after Smith et al., 2008]. Thin dashed lines contour regions
of the seafloor with regular abyssal hills, interpreted as more volcanic. Frequent outcrops of mantle-derived peridotites
and gabbros, and corrugated surfaces are observed in the intervening seafloor regions. Boxes correspond to the areas
of Figures 1b and 1c, open triangles to the location of the Logatchev and Ashadze hydrothermal vent fields and open
circles to ODP Leg 109 drill sites. (b) The Logatchev area on the east wall of the axial valley, with location of our
dredged and ROV samples. (c) The Ashadze area, in the west wall of the axial valley, with location of our dredged
and ROV samples. Closed circles and crosses along dredge haul tracks represent the recalculated positions for dredge
touch down and off bottom, and for the principal peaks in cable tension along the track (smaller closed circles). These
positions were recalculated based on ship position, wire-out values, and local bathymetry. Note that DR1 samples the
cliff below a fossil corrugated surface, close to the termination of the detachment fault.
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possible to interpret the deformation styles and the
associated metamorphic facies in terms of depth
with respect to significant horizons such as the base
of the brittle axial lithosphere, or the base of the
hydrothermally altered domain. By contrast, mag-
matic rocks may have been intruded and cooled
from their magmatic temperature at any level in the
axial lithosphere [Cannat, 1996]. Their deforma-
tion style and deformed paragenesis are therefore
not necessarily diagnostic of specific horizons at
the scale of the axial lithosphere.

2. Geological Setting and Previous
Sampling of Ultramafic and Gabbroic
Rocks in the 13°-15°N Area

[7] The Mid-Atlantic Ridge between 13° and 15°N
comprises two regions of seafloor with regular
abyssal hills and negative gravity anomalies, inter-
preted as volcanically robust segments [Smith et al.,
2008]: one between the Marathon Fracture Zone
and 13°N, and the other between 13°50'N and
14°30'N (Figure la). The seafloor between these
two volcanically robust regions, and between
14°30'N and the Fifteen-Twenty Fracture Zone is
characterized by blocky or rugged seafloor [Cannat
et al., 1997; Escartin and Cannat, 1999; Fujiwara
et al., 2003; Smith et al., 2008], frequent ultra-
mafic outcrops, and a high density of domal and
commonly corrugated bathymetric features inter-
preted as core complexes [Smith et al., 2008]. This
second type of terrane represents nearly 50% of the
seafloor accreted during the past 10 Myrs [Smith
et al, 2008]. This is substantially more than
observed elsewhere along the Mid-Atlantic Ridge:
for example in the Kane Fracture Zone region
(23°N) the estimated proportion of seafloor with
frequent ultramafic and gabbroic outcrops is 25%
[Cannat et al., 1995]. This makes the 13°~15°N MAR
region one of the best natural laboratories to study
detachment fault processes at mid-ocean ridges.

[8] Outcrops of serpentinized peridotites in the
13°-15°N MAR region were first sampled next to
the Fifteen Twenty Fracture Zone [Rona et al.,
1987]. More detailed geological studies followed
based on a Nautile submersible cruise in 1992
[Bougault et al., 1993; Cannat et al., 1997; Cannat
and Casey, 1995]. Numerous dredging cruises then
led to the collection of more ultramafic samples
[Silantyev, 1998], and to the discovery of the
ultramafic-hosted Logatchev [Batuev et al., 1994]
and Ashadze [Bel’tenev et al., 2005; Cherkashov
et al., 2008] hydrothermal vent fields (Figure 1).

More detailed investigations and sampling of these
ultramafic outcrops included drilling at ODP Leg
209 Sites 1268, 1270, 1271, and 1272 [Kelemen
et al, 2007] (Figure 1), ROV observations in
the Logatchev area [Augustin et al., 2008; Petersen
et al.,2009], and side scan imaging and sampling of
the emerging corrugated surfaces at 13°20'N
[MacLeod et al., 2009].

[s] Of all the samples available prior to our study,
only those from ODP Leg 209 Site 1270 come from
a clearly corrugated surface [Garcés and Gee,
2007]. The other drilled and dredged samples
come from outcrops of exhumed ultramafic rocks
or gabbros along the axial valley walls, or from
domal, yet un-corrugated structures next to the
Fifteen Twenty Fracture Zone [Schroeder et al.,
2007] and near the Logatchev vents [Petersen
et al., 2009]. Paleomagnetic indications of large
tectonic rotations consistent with emplacement by
axial detachment faults are reported for ultramafic
rocks drilled at ODP Leg 209 Sites 1268 (non cor-
rugated outcrops) and 1270, while paleomagnetic
data from Sites 1271 and 1272 are described as
inconclusive [Garcés and Gee, 2007].

[10] Interms of deformation that could be related to
denudation, previous studies in the 13°N-15°N
area include reports of brittle-plastic deformation of
gabbroic dikes and veins in ultramafic samples next
to the Fifteen Twenty Fracture Zone [Cannat and
Casey, 1995], and studies of more extensively
deformed samples from ODP Leg 209 [Jons et al.,
2009; Schroeder et al., 2007]. Ultramafic rocks
drilled at ODP Sites 1268, 1270, 1271 and 1272
(Figure 1) display 3 deformation facies: 1- high
temperature plastic mylonites with recrystallization
of primary olivine and pyroxene are found at
Site 1268 next to a decameter-sized gabbroic intru-
sion, and crop out near ODP Site 1270, (dive 425,
MODE9S cruise [Kelemen et al., 1998]); 2- serpen-
tine, amphibole and chlorite-bearing schists inter-
preted as sheared metagabbroic [Schroeder et al.,
2007] and plagiogranitic [Jons et al., 2009] veins in
peridotites are found at ODP Sites 1270 and 1271,
and 3- meter-sized intervals of cataclastic serpentine
breccias and gouge have been recovered at ODP
Sites 1270, 1271 and 1272 [Schroeder et al., 2007].

3. Sample Locations and Lithological

Descriptions

[11] Our sample set comprises 470 samples col-
lected by dredging (442 samples; Table 1) and
along ROV Victor dives (28 samples) in the
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Figure 2. Photographs of selected ultramafic and metagabbroic samples. Sample number is shown in upper left and red
squares show the emplacement of photomicrographs shown in Figures 3—6. DR1, DR3 and DRS samples come from the
Ashadze region and DR6, DR7 and DR8 samples come from the Logatchev region. (a) Lithological type 3b: metagabbro
(dark gray) with injections of zircon-bearing leucocratic material. (b) Lithological type 4b: amphibole and chlorite-bearing
serpentinized peridotite. Ultramafic clasts in a lighter amphibole-bearing matrix are partially replaced by talc. The upper
face of the sample is a 0.5 cm-thick amphibole-bearing shear zone. (c) Lithological type 4a: serpentinized peridotite. This
sample contains array of carbonate veins. (d) Lithological type 4b: amphibole and chlorite-bearing serpentinized perido-
tite. Green clasts of serpentinized peridotite in lighter matrix of sheared amphibole. Two sub-parallel faces of sample cor-
respond to later crack-seal serpentine veins. (e) Lithological type 4b: amphibole-schist with folds and sulphide-bearing
chlorite porphyroblasts. (f) Lithological type 4b: amphibole and chlorite-bearing serpentinized peridotite. Heterogeneous
plastic deformation of peridotite produces coarse foliation, underlined by amphibole and chlorite-rich domains in gray.
(g) Lithological type 4c: talc-bearing serpentinized peridotite. Clast-supported breccia made of angular clasts of serpen-
tinized peridotite, locally replaced by talc, and separated by an angular network of talc veins. The upper face of the sam-
ple corresponds to a thin talc-bearing shear zone. (h) Lithological type 4b: amphibole and chlorite-bearing serpentinized
peridotite. Matrix-supported breccia made of angular to sub-angular clasts of serpentinized peridotite and metagabbro in
a sheared chlorite, talc and serpentine matrix.
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residual harzburgitic protolith [Silantyev et al.,
2011].

3.1. The Ashadze Region

[14] The two Ashadze hydrothermal vent fields
are located on the western axial valley wall of the
Mid-Atlantic Ridge at lat. 13°N (Figure 1c).

During the Serpentine cruise, the area next to

;Tal

T

cin vein

b =

 Talc shear zones

L I 1111

[e[SE-DR03-3-5

/

% Chi-rich .
/cl'asts ~

these vents was sampled during 3 ROV VICTOR
dives (SE-DV 311, 312 and 313), and 3 suc-
cessful dredges (DR1, DR3, and DRS5). The map
distribution of rock types for the dive samples
shows that outcropping lithologies are dominantly
ultramafic next to the Ashadze 1 vents, and that
metagabbros are common next to the Ashadze 2
vents (Figure 1c).

Figure 3
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[15] DR1 (estimated weight of recovered rocks
300 kg; 130 samples; Table 1) sampled a steep
scarp that cuts into the footwall of a fossil cor-
rugated surface (Figure 1c). The dredge haul
explored this scarp 350m to 100m below the cor-
rugated surface. Because dredged lithologies could
represent talus, we can only be sure that our samples
come from less than 350m below the corrugated
fault surface. The dredged lithologies (Table 2)
include unmetamorphosed basalts (15.9%), and a
suite of metamorphic rocks both mafic (51.6%) and
ultramafic (32.4%) in composition. All of the
ultramafic samples in this dredge contain talc, or
amphibole, or both. Amphibole and/or chlorite-
bearing serpentinized peridotites (25.6% in volume
of the whole dredge; Table 2) are made of angular
clasts of serpentinized peridotite in an amphibole-
rich matrix (Figures 2b and 3b). This matrix also
commonly contains chlorite and zircon and occa-
sionally relicts of plagioclase (Figure 3b). Talc
develops as a replacement mineral in the ultramafic
rocks, forming millimeter to centimeter-thick
metamorphic aureoles next to the amphibole-
bearing material (Figure 3b). In some samples, talc
also fills angular crosscutting veins (Figure 3c), and
grows as a static replacement of the serpentine
meshwork.

[1s] DR3 and DRS5 (Table 1) sampled the lower
slopes of the axial valley wall near the Ashadze 1
vents (Figure 1c). DR3 recovered only 50 kg of
rocks (43 samples), but DRS recovered almost 1 ton
of quite homogeneous ultramafic rocks of which
only 36 samples were selected for study. Talc,
chlorite and amphibole-free serpentinized harzbur-
gites are the dominant lithology in both dredges
(81.4 and 96.1% in volume respectively; Table 2).

They are green or orange in color and commonly
contain veins of serpentine or carbonate (Figure 2c¢).
In some samples, these veins are close-spaced and
associated with limited brittle deformation of the
ultramafic rocks. Amphibole and/or chlorite-bear-
ing serpentinized peridotites, most of which are talc-
free, form only 6.6% in volume of DR3 and 3.4% of
DRS. Amphiboles occur in veins and in irregular
patches surrounding clasts of serpentinized perido-
tite (Figure 2d). Most of these amphibole-bearing
samples are deformed by amphibole-bearing shear
zones. These shear zones are locally cut by serpen-
tine veins. Samples of extensively sheared and fol-
ded amphibolite with sulphide-bearing chlorite
porphyroblasts were also recovered (Figures 2e and
3d). DR3 also includes one sample of a breccia with
decimeter to sub-millimeter-sized angular clasts of
serpentinized peridotite and of a zircon and epidote-
bearing chlorite-rich material, in a sheared chlorite
and serpentine-bearing matrix (Figure 3e). Talc-
bearing, amphibole and chlorite-free serpentinized
peridotites (lithological type 4c) represent only
6.5% in volume of DR3 and 0.4% of DRS (Table 2).
Talc in these samples fills angular crosscutting
veins, or grows as a static replacement of the ser-
pentine meshwork, similar to talc-bearing type 4b
and ¢ samples in DR1 (Figure 3c). DR3 also con-
tains a few samples of metagabbro (5.4% in vol-
ume). Gabbroic rocks in DR5 only occur as rare
millimeter to centimeter-thick veins in serpentinized
peridotites.

3.2. The Logatchev Region

[17]1 The two Logatchev hydrothermal vent fields
are located to the east of the Mid-Atlantic Ridge

Figure 3. Photomicrographs of selected ultramafic and metagabbroic samples (polarized light). Sample number is
shown in upper left. DR1, DR3 and DR5 samples come from the Ashadze region and DR6, DR7 and DR8 samples
come from the Logatchev region. Abbreviations: plagioclase (Plag), amphibole (Amph), zircon (Zr), chlorite (Chl),
serpentine (Serp), spinel (Spi), and sulphide (Sulph). (a) Metagabbro with leucocratic injections (lith. type 3b; see sample
in Figure 2a). Leucocratic material with rectangular plagioclase, zircons (inset) and rare fibrous amphiboles is injected
in crudely foliated metagabbroic rock with plagioclase and prismatic amphibole. (b) Amphibole and chlorite-bearing
serpentinized peridotite (lith. type 4b; see sample in Figure 2b and more detailed photomicrograph in Figure 5¢). Angu-
lar clasts of serpentinized peridotite are extensively replaced by talc in an amphibole-rich, plagioclase-bearing matrix.
Thin shear zones are underlined by amphibole. (¢) Amphibole and chlorite-bearing serpentinized peridotite (lith.
type 4b). Angular clasts of serpentinized peridotite are extensively replaced by talc, and cut by talc and chlorite-bearing
veins in a matrix of talc and minor chlorite, with <50 pum-thick talc-bearing shear zones. (d) Amphibole-schist with folds
and elongated sulphide-bearing chlorite porphyroblasts (lith. type 4b; see sample in Figure 2e and SEM image in
Figure 5f). (e) Polygenic breccia with chlorite-rich, epidote-bearing clast in a matrix of sheared chlorite and serpentine
(lith. type 4b). Chlorite dominates in the clasts and in the matrix in the upper left side of the photograph. This chlorite-
rich domain is incorporated as a clast of clasts in a cataclastic material made of crushed serpentine, chlorite and minor
amphibole (right hand side of the white dashed line). (f) Lithological type 4b: Serpentine vein crosscutting sheared
amphibole and chlorite vein in serpentinized peridotite (lith. type 4b). Serpentine vein opened during serpentinization
of host peridotite. Talc formed as static replacement next to amphibole-bearing vein.
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Figure 4. Photomicrographs of selected ultramafic samples. Sample number is shown in upper left. Polarized light,
with quarter wave plate in Figure 4c. Abbreviations: amphibole (Amph), zircon (Zr), chlorite (Chl), serpentine (Serp),
olivine (Ol), and orthopyroxene (Opx). (a) Contact between partially serpentinized peridotite and amphibole and zir-
con-bearing vein (lith. type 4b). Note magmatic twin in amphibole. Olivine in peridotite is extensively recrystallized.
Talc formed as static replacement next to amphibole-bearing vein, and contact is cut by serpentine vein. (b) Heteroge-
neous plastic to semi-brittle deformation of olivine and orthopyroxene in amphibole-bearing serpentinized peridotite
(lith. type 4b; see sample in Figure 2f and more detailed photomicrograph in Figure 5a). Olivine porphyroclasts show
tight subgrain boundaries, orthopyroxenes are kinked and form elongated strings of rounded to angular porphyroclasts.
Olivine and orthopyroxene neoblasts underline crude foliation. Chlorite-rich domains in gray are irregular, and discor-
dant to this foliation. (c) Polygenic breccia with clasts of serpentinized peridotite and of a chlorite-rich metagabbroic
material (lith. type 4b; see sample in Figure 2h and SEM image in Figure 6f). The quarter wave plate emphasizes the
preferred orientation of the optical axis of chlorite and serpentine, underlining array of thin shear zones in the matrix.
(d) Clast-supported serpentinite breccia with angular to sub-angular clasts of serpentinized peridotite separated by talc
veins, some with crack-seal textures (lith. type 4c; see sample in Figure 2g). Talc also replaces serpentine.

axial valley at lat. 14°45'N (Figure 1b). During the =~ metamorphosed gabbros, a few with leucocratic

Serpentine cruise, the area surrounding these vents
was sampled by ROV VICTOR dive SE-DV316,
and by 3 successful dredges (DR6, DR7, and DR&).
Figure 1b shows the map distribution of rock types
in the dive samples.

[18] DR6 sampled the area next to the Logatchev 2
vent (Figure 1b). It recovered about 90 kg of
rocks (59 samples; Table 1). Mafic samples repre-
sent 26.4% in volume and comprise variably

injections. Quartz and sulphide-rich samples with
mafic clasts were also recovered and interpreted as
fragments of a hydrothermal stockwork [Silantyev
et al., 2011]. Ultramafic rocks represent 70.4% in
volume of this dredge. Talc, amphibole and chlorite-
free serpentinized harzburgites (lithological type 4a)
are the dominant lithology (52.3% in volume), with
green to pale green samples and reddish samples
cut by carbonate veins similar to those in DR3 and

10 of 30



&k Geochemistry _ 7
~  Geophysics !
‘ | Geosystems 0

PICAZO ET AL.. DENUDATION OF ULTRAMAFIC ROCKS

10.1029/2012GC004121

DRS5 (Figure 2c). A few of these samples contain
millimeter to centimeter-thick gabbroic veins, with
coarse chlorite pseudomorphs after plagioclase
and no significant deformation. Amphibole and/or
chlorite-bearing samples (lithological type 4b) rep-
resent 15.3% in volume of the whole dredge (Table 2).
Amphibole and chlorite occur in millimeter-thick
veins, some of them sheared. These veins, spaced by
up to few decimeters, commonly correspond to the
outer surface of the ultramafic samples. Talc is present
in the ultramafic host next to these veins. Extensive
talc replacement with no nearby vein of amphibole
and/or chlorite was observed in only one ultramafic
sample (SE-DR6-1-30).

[19] DR7 (estimated weight 70 kg; 26 samples)
sampled the intermediate slopes of the eastern axial
valley wall, to the east and above the Logatchev 1
vent field (Figure 1b). Gabbroic rocks represent
49.3% in volume (Table 2) and comprise moderately
metamorphosed medium to fine-grained gabbros and
iron oxide-bearing gabbros [Silantyev et al., 2011].
Ultramafic rocks represent 50.7% in volume. As in
DR6, talc, amphibole and chlorite-free serpentinized
harzburgites (lithological type 4a) are the dominant
ultramafic lithology (35% in volume of the whole
dredge). Amphibole and/or chlorite-bearing ultra-
mafic samples (lithological type 4b, 13.3% in vol-
ume) are similar to those in DR3, showing clasts of
partially serpentinized peridotite in a network of
amphibole-bearing veins (Figure 4a), or in a sheared
amphibole and chlorite-bearing matrix (Figures 2f
and 4b). These shear zones are locally cut by ser-
pentine veins (Figure 3f). Serpentinization and talc
replacement in these clasts are commonly less than
observed in the Ashadze region, preserving the
original fabric of the peridotite (Figures 4a and 4b).
Similar to the Ashadze samples, talc occurs in
metamorphic aureoles around altered peridotite clasts
and in angular crosscutting veins (Figure 2g) similar
to those observed in some DR1 samples. Only one
talc-bearing amphibole and chlorite-free sample
(lithological type 4c) was recovered. In this sample
talc occurs in crosscutting talc-filled veins, and as
local replacement of the serpentine mesh.

[20] DR8 sampled the intermediate slopes of the
eastern axial valley wall, next to DR7 and to the east
and above the Logatchev 1 vent field (Figure 1b). It
recovered almost 1 ton of a wide variety of rock
types, of which 148 representative samples were
retained (Table 1). Variably metamorphosed gab-
broic rocks and a few small blocks of unmetamor-
phosed basalt represent 28.5% in volume (Table 2).
Talc, amphibole and chlorite-free serpentinized
peridotites (lithological type 4a) represent 27.1% in

volume. Some of these samples contain undeformed
millimeters to centimeter-thick veins of metagabbro
with occasional relicts of plagioclase. One sample
(DR8-7-5) contains a 5 cm-thick vein of medium
to coarse-grained undeformed oxide and zircon-
bearing gabbro. Amphibole and/or chlorite-bearing
serpentinized peridotites (lithological type 4b)
represent 31.2% of the whole dredge volume
(Table 2). Many of these type 4b samples resemble
amphibole and chlorite-bearing samples in the other
dredges, with amphibole and chlorite in veins or in
sheared intervals between ultramafic clasts. More
than one half of these type 4b samples and 18.8% in
volume of the dredge, however, are polygenic
sheared breccias (Figure 2h). These breccias contain
decimeter to sub-millimeter-sized angular clasts of
serpentinized peridotite, gabbro, and oxide-bearing
metagabbros, in a sheared chlorite and serpentine-
bearing matrix (Figures 2h and 4c). Talc-bearing but
amphibole and chlorite free serpentinized perido-
tites (lithological type 4c, 13% in volume; Table 2)
show arrays of talc veins (Figure 4d) and locally
pervasive talc replacement of the serpentine mesh.

4. Microstructures and Mineralogy
of Deformed Rock Samples

[21] Nearly 50% of the ultramafic samples (127 out
of a total of 270; Table 2) display some degree of
deformation. For metabasalts, metagabbros, and
leucocratic magmatic rocks, this proportion is
somewhat lower (about 30% or 49 out of 169 sam-
ples), and the unmetamorphosed basalts recovered
along dive 311 (Figure 1) and in DR1 and DRS are
undeformed. In this chapter, we report on the char-
acteristics of the deformed samples, based on opti-
cal microscopy and Scanning Electron Microscopy
(ZEISS SUPRA 55VP SEM at University Pierre et
Marie Curie, Paris).

[22] Deformation textures in metagabbros include:
1- a magmatic foliation marked by well oriented
plagioclase tablets (observed in only one thin
section); 2- a foliation marked by plagioclase, clin-
opyroxene, and brown amphibole that recrystallized
in polygonal grains ~100 pm in size. This plastic
deformation texture is observed in most thin sections
of fine-grained oxide-bearing metagabbros from
DRS and in two oxide-free metagabbro from DRI;
and 3- an episode of heterogeneous plastic deforma-
tion, with syn-kinematic growth of fibrous amphibole
and incipient recrystallization of plagioclase in grains
10-20 pm in size. This deformation is found in 10
thin sections of metagabbro and leucocratic rocks
from DR1, DR3 and DRS. Because magmatic rocks
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contrast, olivine and orthopyroxene relicts in
amphibole and chlorite-free serpentinized peridotites
(lithological type 4a) have preserved asthenospheric-
type microstructures (relicts of olivine were found in
24 type 4a samples; Table 3). There appears therefore
to be a connection between the early episode of
heterogeneous lithospheric plastic to semi-brittle
deformation of the peridotite, and the presence of

amphibole. This connection is emphasized by the
observation of bands of fine-grained prismatic
amphiboles with a shape preferred orientation paral-
lel to the elongation of partly recrystallized olivine
porphyroclasts (Figure 5a). Contacts between olivine
and amphibole, however, are not clean as expected
for equilibrium crystallization. Instead, recrystallized
olivine grains near amphibole-rich bands appear
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corroded. This suggests that amphibole crystallized
at a later stage of plastic to semi-brittle deformation

type 1.

4.2. Brittle Deformation Type 1

[25] Our observations in 4 out of the 8 thin sections
that display plastic to semi-brittle deformation type 1
indicate that this deformation was overprinted by a
brittle deformation, forming angular clasts of peri-
dotite in a matrix comprised either of fibrous
amphibole (in DR3; Figure 2d), or of amphibole,
chlorite, and accessory zircon (in DR7 and DRS;
Figure 5b). Many of the more extensively altered
type 4b samples in DR1, DR3, DR7 and DRS also
contain angular clasts of a serpentine =+ talc assem-
blage in an amphibole-bearing matrix (Figures 2b
and 3b). These clasts probably also formed due to
brittle deformation of the peridotite, prior to hydro-
thermal alteration. However, in Table 3, we only
listed the 4 samples that unambiguously show this
brittle failure overprint because the primary miner-
alogy of the peridotite is partially preserved. The
relative chronology of the brittle deformation can be
tightly constrained in these samples: it postdates the
plastic to semi-brittle deformation of the primary
peridotite mineralogy and it predates the crystalliza-
tion of the amphibole-chlorite and zircon assem-
blages, or rather of their protolith.

4.3. Plastic to Semi-Brittle Deformation
Type 2

[26] This deformation is again restricted to the
amphibole and/or chlorite-bearing group of samples
(lithological group 4b). It produces highly strained
amphibole-bearing shear zones, up to 4cm-thick in
our sample set (Figure 2¢), and more pervasively if
less intensely sheared samples (Figure 2f). We

observed this second type of plastic to semi-brittle
deformation in 31 of the 64 thin sections made for
group 4b samples (Table 3). It appears to occur over
arange of metamorphic conditions, characterized by
a succession of deformed mineral assemblages. The
earliest assemblage comprises prismatic amphibole
oriented in the foliation and plagioclase in grains
about 100 um in size which are locally recrystallized
into smaller grains (3 to 10 um in size). In most
samples, deformation of this early assemblage can
only be inferred from the relationships between ori-
ented prismatic amphibole and chlorite agregates
which probably grew as a static replacement for
plagioclase. The later and most common deformed
assemblage comprises acicular to fibrous amphiboles
(Figures 3e and 5c—5e). These are well-oriented and
parallel to sub-parallel to the earlier prismatic
amphibole foliation. In the most sheared samples,
amphibole fibers are down to a few pm in length and
underline tight folds and kinks indicative of a com-
ponent of semi-brittle deformation (Figure 5f). In
such highly sheared samples, the chlorite aggregates
that developed as static replacement of plagioclase
(Figure 5c¢), or as alteration coronae surrounding
spinel from the host peridotite, are also deformed.
Extensive plastic deformation of chlorite locally
produces strong crystallographic preferred orienta-
tions (estimated with the optical microscope using a
quarter wave plate) and finely recrystallized grains
(<10 pm; Figure 5d).

[27] Our observations of samples affected by this
second type of plastic to semi-brittle deformation
indicate that it predated significant serpentiniza-
tion, talc replacement and carbonatation: 1- pris-
matic to fibrous amphiboles grow next to corroded
relicts of olivine (Figures 5a and Se); 2- talc is
either undeformed, or forms shear zones that are
discordant and crosscut the amphibole-bearing

Figure 5. Photomicrographs of selected ultramafic samples. Sample number is shown in upper left. Polarized light
except for SEM image in Figure 5f. Abbreviations: amphibole (Amph), chlorite (Chl), olivine (Ol). (a) Prismatic amphi-
boles form an elongated lens parallel to the trace of the foliation defined by recrystallized olivine in amphibole-bearing
serpentinized peridotite (lith. type 4b; see sample in Figure 2f and less detailed photomicrograph in Figure 4b). Contacts
between amphibole and olivine are mostly altered into undeformed fibrous amphibole and talc, with occasional chlorite.
Locally, olivine fragments are enclosed in amphibole grains. (b) Clasts of partially recrystallized olivine in a sheared
chlorite and amphibole-bearing matrix (lith. type 4b; see more detailed photomicrographs in Figures 5d and 6a). Frac-
tures in some clasts are filled by talc. (¢) Sheared amphibole-rich material in amphibole and chlorite-bearing serpenti-
nized peridotite (lith. type 4b; see sample photograph in Figure 2b and less detailed photomicrograph in Figure 3b).
Foliation is defined by oriented prismatic and fibrous amphibole. Chlorite forms elongated lenses and grows as a static
replacement, probably of plagioclase. (d) Detail of sheared chlorite and amphibole matrix in amphibole and chlorite-
bearing serpentinized peridotite (lith. type 4b; see less detailed photomicrograph in Figure 5b): well oriented amphibole
fibers and recrystallized chlorite enclose porphyroclasts of prismatic amphibole. (e) Olivine porphyroclasts are enclosed
and partially replaced by prismatic and fibrous amphibole in amphibole and chlorite-bearing serpentinized peridotite
(lith. type 4b). (f) SEM image of amphibole-schist (lith. type 4b; see sample in Figure 2e and photomicrograph in
Figure 3d). Individual amphibole fibers <5 pm in length outline folds and kinks.
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foliation (Figure 6a); 3- amphibole-bearing shear
zones are cut by serpentine veins that formed as arrays
of extensional cracks, presumably associated with
volume change during the serpentinization of the host
ultramafic rocks (Figure 3f). Crosscutting serpentine
veins, however, are commonly offset parallel to the
amphibole and chlorite foliation, suggesting a late-
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kinematic opening. Crack-seal veins sub-parallel to
the amphibole foliation in some amphibole-bearing
shear zones (Figure 2d) also contain oblique serpen-
tine fibers suggesting a component of shear during
vein filling; and 4- Most carbonate and talc veins cut
the amphibole shear zones at high angle. In a few
samples where talc and carbonate veins parallel the
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amphibole foliation (Figure 6b) SEM images show
static growth of these minerals next to oriented
amphibole fibers.

4.4. Serpentinization and Brittle
Deformation Type 2

[28] Serpentinized ultramafic samples display clas-
sical mesh textures, commonly with nearly isotropic
serpentine in the mesh cores, and outer rims of ser-
pentine with a strong preferred orientation of the fast
crystallographic axis parallel to the mesh bounding
veins. A similar preferred orientation has been
described in serpentinized peridotites of the Oman
ophiolite and shown to correspond to pseudo-
columnar lizardite, with the (001) planes parallel to
the mesh bounding fractures [Boudier et al., 2010].
In 68 out of 130 thin sections of ultramafic rocks
(lithological types 4a, b and c; Table 3), we observed
a preferred orientation and tight spacing (<200 pm)
of these mesh bounding fractures, resulting in a
ribbon texture with a very strong serpentine pre-
ferred crystallographic fabric at thin section scale
(Figure 6¢). This ribbon texture is analogous to the
“banded-growth” texture described by Francis
[1956] and Wicks [1984]. It is common in samples
from DR5 and DR6, and is present in most talc-

talc-filled cracks and veins (Figure 6¢). In 5 samples,
we also observed limited undulose extinction of the
serpentine meshwork within 0.5 mm of some of
these fractures, but in most samples, the serpentinite
forms angular clasts with no internal deformation
(Figure 4d). In samples that are extensively altered
into talc, we also observed that the ribbon-shaped
serpentine mesh was preferentially altered into
talc, while serpentine in the later “V2” extensional
veins was better preserved. The talc veins are up to
1 mm-wide, some contain angular clasts of the host
serpentinite (Figure 4d). Talc grows statically either
as a replacement of these serpentine clasts, or as
short fibers perpendicular to the veins margins,
forming 5 to 10 pm-thick crack-seal bands
(Figure 4d). This latter texture suggests that brittle
deformation of the serpentinite into angular clasts
was accompanied by significant fluid input, allow-
ing for the progressive opening and filling of the
talc-bearing veins.

[30] A few ultramafic samples from DRS, DR6 and
DRS display arrays of angular carbonate-filled frac-
tures, up to 100 um-thick, that also formed during
limited brittle deformation of the serpentine mesh
and are therefore also ascribed to brittle deformation
type 2. These crack commonly re-use pre-existing
serpentine veins and are spaced by >100 to 500 ym.

bearing samples from DR1 and DRS8 (Table 3). In
many samples, it is cut by later sub-parallel exten-
sional veins of serpentine (Figure 6¢), equivalent to
the “V2” veins described by Dilek et al. [1997] and
Andreani et al. [2007].

[29] Many samples that have this ribbon serpentine
texture also present arrays of discordant serpentine or

4.5. Plastic to Semi-Brittle Deformation
Type 3
[31] Talc growth in the ultramafic samples follows

on the brittle failure of the serpentine meshwork and
is mostly static. However, most talc-bearing

Figure 6. Photomicrographs of selected ultramafic samples. Sample number is shown in upper left. Polarized light
except for SEM images in Figures 6e and 6f. Polarized light with a quater wave plate added in Figure 6¢c. Abbrevia-
tions: amphibole (Amph), chlorite (Chl), serpentine (Serp), carbonate (Carb). (a) Talc-bearing microshear zones in
amphibole and chlorite-bearing serpentinized peridotite (lith. type 4b; see other photomicrographs of this sample in
Figures 5b and 5d). Talc-bearing shear zones cut across earlier amphibole and chlorite-bearing microshears, which
define a crude foliation. (b) Detail of carbonate veins in amphibole and chlorite-bearing serpentinized peridotite (lith.
type 4b). Undeformed carbonate forms lenticular veins in sheared fibrous amphibole. Talc grows as a static replace-
ment of amphibole. (c) Ribbon serpentine in talc-bearing serpentinized peridotite (lith. type 4c). Ribbons are made
of columnar lizardite with their [001] slow crystallographic axis oriented sub-perpendicular to a set of sub-parallel
micro-fractures. This produces a strong crystallographic preferred orientation at thin section scale (visible in blue with
the adjunction of a quarter wave plate). Later chrysotile extensional veins show in yellow due to the preferred orien-
tation of the chrysotile fibers in the veins opening direction. A set of sub-orthogonal microfractures are preferentially
altered into talc. (d) Micro-shear zone in talc-bearing serpentinized peridotite (lith. type 4c; see sample in Figure 2g
and SEM image in Figure 6e). Angular clasts of serpentinized peridotite are partially replaced by talc. Shear zone is
20 to 100 pum-thick and made of talc with a strong crystallographic preferred orientation. (¢) SEM image of talc
micro-shear zone in talc-bearing serpentinized peridotite (lith. type 4c; see sample in Figure 2g and photomicrograph
in Figure 6d). Talc plates ~1 pm in size are strongly oriented and locally fractured. Microcracks are also observed
suggesting a component of dilatant brittle deformation. (f) SEM image of sheared matrix in polygenic breccia with
clasts of serpentinized peridotite and of a chlorite-rich metagabbroic material (lith. type 4b; see sample in Figure 2h
and photomicrograph in Figure 4c). Amphibole occurs as porphyroclasts and as fractured fibers which we infer were
mechanically rotated into the local foliation, underlined by very small (<1 pm) chlorite and serpentine fibers.
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samples also show heterogeneously distributed
arrays of 10 to 200 um-thick shear zones (Figures 6a
and 6d). SEM images reveal that talc in these shear
zones forms well oriented plates, 1 ym to 5 ym in
size (Figure 6e). Some of these plates are kinked or
fractured, and microcracks are observed sub-parallel
to the foliation. This is consistent with a combina-
tion of plastic and dilatant brittle deformation
mechanisms (Plastic to semi-brittle deformation
type 3), as observed in talc deformation experiments
[Escartin et al., 2008b]. These talc shear zones are
thin, but common and most are continuous across a
given thin section. We thus infer that this 3rd event
of plastic deformation may have accommodated a
significant strain.

[32] Carbonate is a common vein mineral in sam-
ples from DR5, DR6 and DRS. It is undeformed,
except in one sample (DR8-6-16) where we
observed a sheared 50 pum-thick carbonate vein,
which we also ascribe to plastic to semi-brittle
deformation type 3 because it offsets the serpentine
meshwork.

4.6. The Formation of Polygenic Tectonic
Breccia in DR3 and DRS

[33] Amphibole-bearing ultramafic breccias col-
lected in DR8 above the Logatchev vent site
(Figure 2h) contain centimeter-sized angular to
rounded clasts of amphibole and talc-bearing ser-
pentinite, of serpentinite, and of metagabbro. Some
clasts of amphibole and talc-bearing serpentinite
contain a preexisting foliation defined by prismatic
and acicular amphibole and typical of plastic to
semi-brittle deformation type 2. These samples were
first interpreted as sedimentary. However, this
interpretation was revised during onshore studies
because the matrix of these breccias is made of
smaller angular clasts of serpentine and amphibole
(Figure 6f) in a fine-grained matrix made of ser-
pentine and chlorite. This matrix contains anasto-
mosing shear zones up to 200 pm-thick with a
strong crystallographic preferred orientation of ser-
pentine and chlorite fibers (Figure 4c). Talc repla-
cing serpentine next to amphibole-rich clasts is also
locally sheared. These breccias are therefore rein-
terpreted as tectonic in origin. Because some clasts
display amphibole foliations typical of plastic to
semi-brittle deformation 2 and because angular
clasts of serpentinite indicate that brecciation post-
dated serpentinization, we tentatively propose that
brittle failure leading to the formation of the brec-
cias may be equivalent to the brittle deformation
type 2 and that the subsequent plastic to semi-brittle

deformation of the breccia matrix may be equivalent
to plastic deformation type 3 in the other ultramafic
samples (Table 3).

[34] We recovered only one sample of a similar
matrix-supported breccia in the Ashadze region
(Figure 3e). Compared to the polygenic breccia in
DRS, this sample does not include clasts of
amphibole-bearing serpentinized peridotite. It also
displays evidence for a later stage of cataclastic
deformation, forming clasts of clasts in a matrix
made primarily of crushed chlorite and serpentine
in serpentine-rich parts of the sample (Figure 3e),
and of crushed chlorite and epidote in serpentine-
poor parts of the sample.

5. Primary and Secondary Mineral
Compositions in Deformed and

Undeformed Ultramafic and Gabbroic
Samples

[35] The amphibole-bearing ultramafic samples
represent between 3.4 and 31.2% in volume of our
dredges (Table 2) and have played a key role to
accommodate deformation prior to the onset of
serpentinization (Table 3). Our objective is first to
provide mineral chemistry constraints as to the nature
of their protolith. For this we have analyzed: 1- the
composition of olivine and spinel relicts of the pri-
mary peridotite assemblage in selected amphibole-
bearing ultramafic samples (Figures 7a and 7b);
2- the composition of the earliest generations of
amphiboles, of accessory zircon and of plagioclase
when present in these selected samples (Figures 7c,
7d, and 8); and 3- the composition of the earliest
generations of amphiboles and of plagioclase and
zircon when present in a selection of evolved gab-
broic samples for comparison (Figures 7c, 7d, and
8). Our second objective is to provide constraints on
the metamorphic conditions that prevailed during
deformation (Figure 9). For this we present micro-
probe data for deformed mineral assemblages asso-
ciated with the plastic to semi-brittle deformation
types identified in the ultramafic samples.

[36] Microprobe analyses were performed on the
CAMPARIS Cameca SX50 electron microprobe,
with a 5 yum beam, a 15 kV tension and 40 nA beam
current. Counting times on peaks were 5 to 10s.
With these conditions, we obtained reproducible
Hf, Zr, P, and Y concentrations in zircons. Table S4
shows selected analyses. The full set of microprobe
data used in Figures 7-9 is accessible in the Petro-
logical Database of the Ocean Floor (PetDB).
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Figure 7. Microprobe composition of spinel, olivine, zircon and plagioclase compositions measured in amphibole
and chlorite-bearing ultramafic samples (lith. type 4b). Zircon and plagioclase compositions in selected metagabbroic
samples are plotted for comparison. Sample numbers are shown. Each point represents the composition of one crystal.
Fine lines circle data points for individual crystals in each analyzed samples. (a) Cr# versus Mg/(Mg + Fe + Mn) in the
cores of spinel relicts. The trend for MAR abyssal peridotites (dashed line) is drawn from Ghose et al. [1996] and
Cannat and Casey [1995]. Spinels in lithological type 4b samples tend to depart from this trend toward more iron-rich
compositions. Samples from the Ashadze (DR1, DR3 and DRS5) and Logatchev (DR6, DR7 and DRS) regions show
distinct Cr# values, consistent with a lesser overall degree of mantle partial melting in the Ashadze region [Silantyev
et al., 2011]. (b) Ni vs Forsterite content in the cores of olivine relicts. Typical abyssal peridotites have Fo%
between 90 and 92. Olivine in lithological type 4b samples tends to depart from this trend toward more iron-rich
compositions. Spread of Ni values is artifact of short microprobe counting times. (c) Hf versus Y in zircons. Error
bars show standard deviation for grains in which more than one measurement was made. Grey rectangles outline the
compositional domains identified by Grimes et al. [2009] for ultramafic rocks, oxide gabbros and plagiogranites
from various abyssal locations. (d) Orthoclase vs anorthite content in plagioclase. Due to extensive alteration, pla-
gioclase was preserved in only a few lithological type 4b samples, all of them in DR1. It is compositionally similar
to plagioclase from the most leucocratic gabbroic samples.
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Figure 8. Microprobe composition of undeformed prismatic amphibole in amphibole and chlorite-bearing ultramafic
samples (lith. type 4b) and in selected metagabbroic samples. Sample numbers are shown. Each point represents
the composition of one crystal. Fine lines circle data points for individual crystals in each analyzed samples. (a) Al'Y
versus (Na'K),. Measured compositions span the pargasitic trend, from high Al"Y and (Na"K), pargasitic composi-
tions, through hornblende, to low Al'"Y and (Na'K), tremolites. (b) Al"Y versus Mg# and (c) TiO, (wt%) versus
Mg#. Two trends are visible: an iron-rich trend at Mg# 60—70 corresponds to metagabbroic samples, and to amphi-
boles in polygenic ultramafic breccias, and an iron-poor trend at Mg# 85-95 corresponds to most lithological
type 4b samples. Tremolitic amphiboles from DRI type 4b samples plot between these two trends. Sample 8-7-16
is cm-thick oxide-bearing metagabbronorite in serpentinized peridotite. We propose that low iron in prismatic amphi-
boles in the ultramafic samples results from Fe-Mg exchange between an evolved gabbroic melt and the minerals of
the host peridotite (see olivine and spinel trends in Figures 7a and 7b).

5.1. Mineral Compositions in the residual abyssal peridotites (olivine Fo contents
Amphibole-Bearing Ultramafic Samples between 90 and 92% and spinel Cr# between 35 and
and in Selected Gabbro Samples 55) to iron-enriched compositions with Mg# values

. : . , as low as 85 in olivine and 40.8 in spinel (Figures 7a
[37] Olivine and spinel compositions in amphibole- and 7b). In sample DR3-1-12, that contains both
bearing ultramafic samples range from typical of
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Figure 9. Microprobe composition of deformed prismatic and fibrous amphibole in amphibole and chlorite-bearing
ultramafic samples (lith. type 4b). Sample numbers are shown. Each point represents the composition of one crystal.
Fine lines circle data points for individual crystals in each analyzed samples. (a) AI'Y versus (Na‘K),. Amphiboles
affected by plastic to semi-brittle deformation type 1 are pargasites or hornblende; amphiboles affected by plastic to
semi-brittle deformation type 2 are tremolites_(b) Detail of Figure 9a. (c) Al'Y versus Mg#. (d) TiO, (wt%) versus
Mg#. Most deformed amphiboles have Mg# > 90. A few samples from DR1, DR3 and DR8, however, have more
iron-rich amphiboles (Mg# 80-90), intermediate in composition to amphiboles in metagabbroic samples (Figure 8).

olivine and spinel, these minerals show a wide range
of iron content (Figures 7a and 7b). Polygenic brec-
cia sample DR8-2-3 contains the most iron-rich spi-
nels but no relict olivine (Figure 7a).

[38] Prismatic amphiboles in most samples from
DR7 and DRS8 (Logatchev area) are titanium-
rich hornblendes with Mg# between 83.5 and
93.3 (Figure 8). In the polygenic breccia sample
DRS-2-3, that contains the most iron-rich spi-
nels, there are two types of prismatic amphiboles:
Ti-rich, Mg# 87 homblendes are found in clasts
of amphibole-bearing serpentinite, and Al-poor

tremolitic-hornblendes and tremolites, with mod-
erate to low TiO2 contents (<1.3wt%) and low
Mg# (60 to 87) are found in the more finely brec-
ciated chlorite and serpentine material (Figure 8).
These iron-rich amphiboles are similar in composi-
tion to those in an oxide-gabbro dikelet in sample
DR8-7-5 (Figure 8), while the Ti-rich hornblendes
in the clasts are similar to brown prismatic amphi-
bole in a metagabbro gabbro vein from serpenti-
nized peridotite sample DR§-7-16, which contains
An 54 plagioclase (Figure 7d) and poikilitic phlog-
opite (Table S4). The most common metagabbroic
rocks in DR7 and DRS are fine-grained and partly
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recrystallized oxide-metagabbros with An 52 to 57
plagioclase neoblasts, and Ti-rich, Mg# 56 to 69
hornblende (DR8-2-10; Figures 7d and 8).

[30] Prismatic amphiboles in amphibole-bearing
serpentinized peridotites from DR3 (Ashadze region)
grow in and around olivine relicts and are Al-poor
hornblendes and tremolites, with moderate to low Ti
content and Mg# between 87.5 and 94 (Figure 8). In
sample DR3-1-12, Al-rich and Ti-poor hornblende is
also present as porphyroclasts in sheared fibrous
amphiboles (Figure 5e). In amphibole-bearing ultra-
mafic samples from DR1 (Ashadze region), pris-
matic amphiboles are tremolitic, with Mg# between
72 and 82 (Figure 8). Prismatic tremolites similar in
composition except for lower Mg# (61.25 to 79.65)
are found in leucocratic injections in the oxide-
gabbro sample DR1-9-2 (Figures 2a, 3a, and 8).

[40] Plagioclase relicts in amphibole-bearing ultra-
mafic samples are rare and extensively altered.
When present (Figure 3b), plagioclase has a low
anorthite content (~An 25; Figure 7d) comparable
to that of plagioclase from leucocratic injections in
the gabbroic samples (Figure 7). Zircon is present in
the amphibole-rich portions of most type 4b
ultramafic samples (Figure 4a). It has hafnium
concentrations between 1.4 and 2.8 wt% and
yttrium concentration between 350 and 4435 ppm
(Figure 7c). Zircon in Ti-hornblende-bearing ultra-
mafic samples from DR7 and DRS plots in the lower
Hf and Y range, while zircon from tremolite-bearing
DRI samples plots in the higher Hf and Y range,
near zircon from the most evolved oxide-gabbros
and from leucocratic injections. We did not find
zircon in thin sections of amphibole-bearing sam-
ples from DR3. Zircon grains from altered oxide-
gabbros and leucocratic injections in the metagab-
bros (Figure 3a) have similar Hf and Y contents
(Figure 7¢), consistent with the field of zircons from
mid-ocean ridge oxide-gabbros and plagiogranites,
based on the study of Grimes et al. [2009].

5.2. Mineral Assemblages Associated
With the Plastic to Semi-Brittle Deformation
Types in the Ultramafic Rocks

[+1] Plastic to semi-brittle deformation type 1
(Table 3) involves partial recrystallization of the
primary mineralogy of the peridotite (olivine and
pyroxenes). In some samples, we also observed
prismatic amphibole elongated parallel to the olivine-
pyroxene foliation (Figure 5a). Olivine porphyr-
oclasts and neoblasts have similar compositions,
typical of residual abyssal peridotites (Fo% 91-91.7),
or enriched in iron (Fo% 85.2-89.6). Oriented

prismatic amphiboles are magnesian-rich horn-
blendes, comparable in composition to the prismatic
amphiboles found as porphyroclasts in chlorite-rich
regions of the same samples (Figure 5d), except for a
lower Ti content (Figure 9).

[42] Plastic to semi-brittle deformation type 2 is
characterized by deformation of prismatic to fibrous
amphibole, with chlorite lenses that are mostly
undeformed (Figure 5c). Chlorite shear zones are
found only in amphibole-poor domains (Figure 5d
and Table S4). Prismatic amphiboles oriented in
the foliation are tremolitic in composition, with
TiO, < 0.65% (Figure 9). Locally, they show
incipient recrystallization together with plagioclase
with low An contents: 3 to 13. Fibrous amphiboles
in shear zones (Figures 3d, 5c, Se, and 6b) are also
tremolites, with up to 0.7% TiO, (Figure 9). In
samples from DR3, these fibrous amphiboles have
slightly higher Al,O5 and Na'K contents, but simi-
lar iron content than the undeformed prismatic
amphiboles that are locally seen to grow in olivine
relicts (Figure 5¢). We note that fibrous secondary
amphiboles in the other analyzed ultramafic sam-
ples tend to have higher Mg# than the earlier pris-
matic amphiboles in the same sample: in DR1 we
measured Mg# of 74 to 83 for prismatic amphiboles
and of 80 to 93 for fibrous amphiboles and in DR7
and DR8 we measured Mg# of 84.7 to 91.7 for
prismatic amphiboles and of 83.5 to 94 for fibrous
amphiboles (Figures 8 and 9).

[43] Finally, plastic to semi-brittle deformation
type 3 is associated with the growth of oriented talc
in shear zones in serpentinized peridotite samples,
and of oriented fibers of serpentine, chlorite and
occasional talc in sheared matrix of polygenic
breccia samples (Figures 3e, 4c, and 6f). Repre-
sentative compositions for talc and chlorite are
listed in Table S4.

6. Discussion

6.1. Gabbroic Injections in Peridotites
as Protolith of the Amphibole-Bearing
Serpentinized Peridotites

[44] Amphibole-bearing ultramafic samples contain
both olivine and spinel relicts with compositions
typical of residual peridotites (except for lower Mg#
in some olivine and spinel relicts; Figures 7a and 7b),
and amphibole, plagioclase and zircon with compo-
sitions similar, (except for higher Mg# in amphi-
boles) to those of minerals in gabbroic samples
(Figure 8). This suggests, as proposed by Jowus et al.
[2009] for drilled samples from Holes 1270A,
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1270C and 1270D (ODP Leg 209; Figure 1), that the
protolith for these rocks was a mixture of residual
peridotite and evolved gabbroic rocks. This inter-
pretation is consistent with our textural observations:
amphibole-rich veins and infiltrations are observed in
the ultramafic rocks and there are angular clasts of
variably altered peridotite in the amphibole-rich
material (Figures 2b and 5e). The local iron enrich-
ment observed in the olivine and spinel of our
amphibole-rich samples (Figures 7a and 7b) can be
explained by a reaction of the peridotite host rock
with a percolating evolved gabbroic melt. Similar
chemical trends have been described in ultramafic
samples from the 15°N and Kane areas [Cannat and
Casey, 1995; Cannat et al., 1997].

[4s5] The primary composition of the gabbroic
component injected in the peridotites is difficult to
decipher due to extensive hydrothermal alteration.
Plagioclase has been altered into chlorite except in
some samples from DR1 and we have not observed
relicts of pyroxenes which could have been part of
the primary magmatic assemblage. Zircon Hf-Y
contents span the range of compositions measured
by Grimes et al. [2009] in abyssal oxide-gabbros
and plagiogranites. Titanium-rich amphiboles are
found mostly in samples from DR7 and DRS
(Figure 8), which also contain zircon with lower Hf
and Y contents (Figure 7c). By contrast, amphi-
boles in DR1 ultramafic samples are titanium-poor,
and the anorthite content of plagioclase (An 2-30)
is similar to values measured in leucocratic injec-
tions in the metagabbroic suite of the same dredge
(Figure 7d). This suggests that the injected melts
may have been more leucocratic in DR1, and closer
in composition to the parent melts of the oxide-
bearing metagabbros in DR7 and DRS.

[46] Amphibole-bearing ultramafic lithologies are
present in all the dredges considered in this study
(Table 2). They are, however more abundant in
DRI1, below the old corrugated surface in the
Ashadze region (Figure 1c). Compositionally, the
amphiboles in ultramafic samples from DRI also
tend to have higher iron contents (Mg# 80-90),
than amphiboles in ultramafic samples from the
other dredges (Mg# 85-95; Figure 8). We propose
that this difference could be due to the fact that
residual peridotites in DR1 interacted with a larger
relative volume of evolved gabbroic melts so that
the iron-magnesium content of this intruding melt
was less modified by interaction with the peridotite
host. Amphibole-bearing serpentinized peridotites
are less abundant in DR3 and DRS that also contain
less metagabbros (Table 2). Our interpretation of
this link between the abundance of gabbroic

samples, and of amphibole-bearing serpentinized
peridotites in a given dredge, is that the injection of
evolved gabbroic melts in the residual ultramafic
rocks occurs preferentially next to larger differenti-
ating gabbroic bodies. Similar evolved melts have
been proposed to have formed by hydrous remelting
of gabbros following the introduction of hydro-
thermally derived fluids [Koepke, 2005; Koepke
et al., 2007]. This would be consistent with the
highly hydrous composition of the inferred primary
gabbroic mineralogy in most of our samples, which
appears to have been mostly comprised prismatic
amphibole, plagioclase and accessory zircon. The
involvement of hydrothermal fluids in the magmatic
fractionation process is, however, not supported by
zircon oxygen isotopes compositions reported by
Grimes et al. [2011] for evolved gabbroic rocks
drilled at ODP site 1270.

[47] Amphibole-bearing ultramafic rocks similar to
those described here have been reported from most
Mid-Atlantic ridge ultramafic exposures [Escartin
et al., 2003; Dick et al., 2008; Boschi et al.,
2006a; Cannat et al., 1992; Cannat and Casey,
1995; Cannat et al., 1997, Petersen et al., 2009;
Schroeder and John, 2004; Schroeder et al., 2007]
and therefore appear as a characteristic lithological
component of the footwall next to MAR detach-
ments. Escartin et al. [2003] who worked on
extensively altered and deformed talc-chlorite and
amphibole schists cored in a corrugated fault zone
at 15°45'N, have proposed that these rocks formed
from a peridotite protolith due to Ca-Si-Fe-Al
hydrothermal metasomatism. Other authors work-
ing on variably altered and strained samples, have
proposed, as we do here, a gabbroic protolith for
these amphibole-bearing ultramafic lithologies
[Cannat et al., 1992, 1997; Cannat and Casey,
1995; Jons et al., 2009; Schroeder and John,
2004; McCaig et al., 2007; Boschi et al., 2006b].

[48] The tectonic context of the proposed gabbroic
injections can be refined based on the micro-
structural characteristics of relict olivine in the
amphibole-bearing ultramafic samples. Out of
59 thin sections made in this rock type, only 19 still
contain relict olivine, and out of these 19, 8 display
the heterogeneous recrystallization and kinking
characteristic of plastic to semi-brittle deformation
type 1, which we interpreted (Section 4) as a rela-
tively high stress deformation in the axial lithosphere.
By contrast, we have observed that relict olivine in
amphibole-free ultramafic samples display the coarse
grain sizes and occasional sub-grain boundaries typ-
ical of the low stress-high temperature deformation
conditions that prevail in the asthenospheric mantle
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[Nicolas and Poirier, 1976; Poirier, 1985]. This
leads us to propose that gabbroic injections leading to
the formation of the amphibole-bearing serpentinized
peridotites occurred preferentially in peridotites that
had been subjected to plastic to semi-brittle defor-
mation type 1.

[49] Interpreted in the context of an axial denudation
system, this would suggest that melts preferentially
infiltrated domains of the footwall that had been
sheared while still in the plastic to semi-brittle part of
the lithosphere. A further constraint on the context of
these magmatic injections is that the peridotite com-
ponent of amphibole-bearing serpentinized perido-
tites occurs as clasts (Figures 2b and 5b). In samples
that still contain fresh olivine, we have shown that
these clasts formed during brittle deformation type 1
(Section 4). This leads us to propose that the gabbroic
melts were injected into the peridotite as it entered
the brittle part of the axial lithosphere. In the con-
ceptual sketch of Figure 10, we also tentatively root
the detachment in plastic to semi-brittle deformation
type 1 shear zones and propose that the injection of
evolved melt preferentially occurred in the domains
closest to the fault.

6.2. Strain Localization in Hydrothermally
Altered Gabbroic Injections

[s0] Nearly half of the thin sections made in
amphibole-bearing serpentinized peridotites display
moderate to strong plastic to semi-brittle deformation
of a tremolite £ chlorite assemblage, which we infer
grew as a hydrothermal replacement of the gabbroic
material, or of the peridotite + gabbro mixture. The
highest strains are observed in tremolite-rich shear
zones, in which relicts of residual olivine are sur-
rounded by tremolite (Figure Se). This, and the
observation of serpentine veins crosscutting tremolite-
bearing shear zones (Figure 3f), indicate that the
tremolite shearing event predated the bulk serpen-
tinization of the peridotites. This deformation event
spans downgrade metamorphic conditions from the
field of stability of plagioclase, which recrystallizes
with tremolite in some samples, to the field of
chlorite stability, which subsequently replaces pla-
gioclase (Section 4). The lack of serpentine in this
deformed assemblage and the presence of relict
olivine suggest temperatures still in excess of 400°C
[O’Hanley, 1996] for the end of this second plastic
to semi-brittle deformation event, while the stability
of tremolitic amphibole indicates maximum tem-
peratures <800°C [Boyd, 1959].

[51] Plastic to semi-brittle deformation type 2 is
found in every dredge (Table 3), from DR1 beneath
the old corrugated surface at Ashadze, to DR7 and
DRS next to the Logatchev vents. The deformation
conditions described for our samples are also sim-
ilar to those proposed by Jéns et al. [2009] for a set
of sheared amphibole-bearing serpentinized peri-
dotites drilled at IODP Site 1270 (Figure 1), in an
off-axis corrugated surface [Garcés and Gee,
2007]. Similar tremolite-bearing schists have also
been sampled repeatedly in exhumed ultramafic
terranes next to the Mid-Atlantic Ridge: at the
15°45'N off-axis core-complex studied by Escartin
et al. [2003], in the 23°30'N Kane Megamullion
core complexes studied by Dick et al. [2008], and
next to the ultramafic-hosted Lost City vents at
30°N [Boschi et al., 2006a; Schroeder and John,
2004]. These tremolite-bearing schists therefore
appear to form quite systematically in ridge axis
peridotite denudation systems. The timing of for-
mation of these schists with respect to serpentini-
zation of the ultramafics was discussed in these
earlier studies and Jons et al. [2009] develop pet-
rological arguments that support our interpretation
of these tremolite schists as being for the most part
pre-serpentinization.

[52] In the conceptual sketch of Figure 10, we
propose that tremolite-bearing shear zones localize
deformation at temperatures between ~750° and
400°C. The spatial extent of this 750° to 400°C
temperature domain in the detachment footwall is
expected to be controlled primarily by hydrother-
mal fluxes. High fluxes will cool the rock quickly
and buffer it to the fluid’s temperature. In places
where the detachment fault zone and its upper
footwall channel hot (~400°C) hydrothermal fluids
[e.g., McCaig et al., 2007], the lower temperature
portion of this tremolite deformation domain may
thus have a large spatial extent, and accommodate
large cumulated strains. By contrast, in places
where the detachment and its footwall channel
cooler hydrothermal fluids, this tremolite deforma-
tion domain may be small. Similarly, the greens-
chist facies temperature conditions that prevailed in
our deformed samples during and after serpentini-
zation may have been maintained over a large
depth-range in regions of the detachment fault and
footwall that were swept by warm (~200°- 350°C)
hydrothermal fluids. In general, spatial and tempo-
ral changes in the hydrothermal circulation at a
given fault or footwall location should lead to large
spatial and time variability in the distribution of the
deformation types sketched in Figure 10.

23 of 30



~ Geophysics

' Geosystems |

- Geochemistry | 3

PICAZO ET AL.. DENUDATION OF ULTRAMAFIC ROCKS

10.1029/2012GC004121

Or— v g
1L After daktartin gt al, 2007 Mo VE E
=
E 2 Foyedretharma =
Z 3 5
= a
[ e
5 i
w 5 L2
0 e
@B i
H 3.2
= =
el 4 @
o gl z
= -5 5
o 9 . o
A = 7o\ -8 2
10} g Seismicity of TAG £
-l ? o
" a
ok t y ¥ s

0 &
Distance along cross section (km)

SE-DROB-6-13 Figure 8d
LOGATCHEV litholagical type 4k

Plastic to
semi-brittie3
<350°C

conceptual sketch
(spatial scales and
flexural rotation unknown)

SE-DRO7-1-16

writtle
ol e formation
of serpenting
! hdmmefrnal fuict inpections

Plastic to
semi-brittle2
<700°-400°C

Footwall

£\ LOGATCHEVY i

Bf\%ﬁ o
0? P'Eﬂ(m“;‘g
e qal
S T o
0o
Tga

Plastic to ")
semi-brittle1"
>800°C

Figure 10. Conceptual sketch of the sequence of plastic and brittle deformation in ultramafic rocks in the upper
500m of the footwall at a MAR detachment fault, based on our microstructural and petrological observations. Selected
photomicrographs from Figures 5 and 6 illustrate these deformations. The sequence includes two brittle deformations,
both associated with fluid injection (magmatic or hydrothermal), and three plastic to semi-brittle deformations. A sam-
pling bias may have prevented recovery of the least cohesive lithologies, such as gouges that may also accommodate
large strain in the fault and footwall and are not represented here. Brittle deformations affect either fresh peridotite
(brittle deformation 1), or already serpentinized peridotite (brittle 2) and are associated in both cases with fluid injec-
tion: an evolved gabbroic melt for brittle deformation 1, and a Si-rich hydrothermal fluid for brittle deformation 2.
Brittle deformation types 1 and 2 may be associated with the sustained microseismicity observed at detachment fault
settings of the Mid-Atlantic Ridge, as suggested in the inset which is drawn from deMartin et al. [2007]. Plastic to
brittle-plastic deformation 1 is mostly anhydrous, with dynamic recrystallization of olivine and pyroxenes at tempera-
tures probably >800°C. Plastic to brittle-plastic deformation 2 is restricted to amphibole and chlorite-bearing ultra-
mafic samples and controlled by deformation and syn-tectonic crystallization of tremolite at temperatures above the
upper stability of serpentine (400°C). Finally, plastic to brittle-plastic deformation 3 is accommodated by thin talc,
or chlorite+serpentine + talc shear zones and corresponds to greenschists facies temperature conditions. The sketch
is not drawn to scale: we expect that the distribution, in space and time, of each deformation type should be controlled
both by the abundance of gabbroic injections at depth near the base of the brittle axial lithosphere, and by the pattern of
hot and cold hydrothermal plumes and sinks in the permeable domain in the fault and in the footwall.

6.3. Serpentinization and Talc
Crystallization

[53] Constraining the location and timing of per-
vasive serpentinization in the footwall of axial
detachments is an important objective. Our obser-
vations show that pervasive serpentinization post-
dates the plastic to semi-brittle deformation of

tremolite-bearing samples in all studied dredges. It
produces serpentinites with two types of textures:
equant-mesh or ribbon (Figure 6¢). The ribbon
serpentine texture is observed in many samples
from all dredges (but DR1 in which serpentine
textures are obscured due to extensive replacement
by talc). Ribbon textures are also reported by Boschi
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et al [2006a] in serpentinites from the Atlantis
Massif (30°N MAR). As proposed by Wicks [1984],
we infer that ribbon textures in serpentinites result
from a strong preferred orientation of cracks which
formed in the unserpentinized material and subse-
quently controlled the penetration of the serpenti-
nizing fluid. This pre-serpentinization cracking
event appears widespread in our samples.

[s4] Talc crystallization in our samples occurs in
two ways. In amphibole and/or chlorite-bearing
ultramafic samples (lithological type 4b) talc crys-
tallized in the rims of ultramafic clasts, next to the
amphibole and chlorite-rich domains (Figures 3b
and 4a). These talc rims postdate plastic to semi-
brittle deformation type 2: undeformed talc is
common next to sheared tremolite and chlorite. In
amphibole and chlorite-free serpentinized perido-
tites, talc crystallized in veins, or as a replacement
for serpentine near these veins, as was also
described by Boschi et al. [2006b] in samples from
the Atlantis Massif (MAR, 30°N). These talc veins
isolate angular clasts of serpentine, indicating that
they formed by brittle failure of the serpentinized
footwall of the fault (brittle deformation type 2;
Figure 10). This brittle deformation was probably
associated with high fluid pressures and hydro-
fracturing by a silica-rich hydrothermal fluid.

[ss] Brittle failure of serpentine is, however, also
observed in the talc-free or talc-poor polygenic
breccia of DR3 (Ashadze; Figure 3e) and DRS
(Logatchev; Figures 2h and 4c) where there is no
evidence for hydrofracturing. The serpentinized
footwall next to the fault (Figure 10) was therefore
at least locally subjected to stresses in excess of the
yield brittle strength of serpentine. The recrystalli-
zation of chlorite and serpentine in shear zones
between the serpentine clasts in the polygenic
breccia (Figure 6f) suggests that plastic deforma-
tion at temperatures still within the greenschist
facies field resumed after this higher stress brittle
event. Similarly, in talc-rich samples, brittle failure
of the serpentine was followed by plastic deforma-
tion in thin talc-bearing shear zones (Figures 6d
and 6e). This succession of brittle failure followed
by localized plastic deformation, at pressure and
temperature conditions that were probably not very
different, should not be forced into a simple model
of a brittle lithosphere overlying a plastic litho-
sphere. Instead, it could be interpreted in the frame
of a seismogenic fault zone and footwall.

[ss] Available data on the seismicity of mid-ocean
ridge detachment faults indicates sustained levels of
low magnitude activity [deMartin et al., 2007;

Escartin et al., 2008a; Smith, 2003]. The deMartin
et al. [2007] study of seismicity next to the TAG
detachment identified about 80 events per day, with
magnitude between 1 and 4, at depths between 3 km
below seafloor and the inferred base of the brittle
lithosphere at about 8 km below seafloor. A recent
study of seismicity in the area of the Logatchev
vents indicates a similar pattern (I. Grevemeyer
et al., personal communication, 2012). Based on our
study of rock microstructures, we infer that the
deepest seismic events could be due to brittle failure
of the fresh peridotite (brittle deformation type 1).
The other events may be due to brittle failure of
serpentinized peridotites in the hydrothermally
active fault zone and upper footwall. This may take
the form of the rupture of a succession of small
asperities in massive serpentinized peridotites along
the main detachment fault zone or along associated
secondary faults within the footwall. Where silica-
rich fluids are abundant, serpentine clasts would be
replaced by talc, which is weak and able to accom-
modate subsequent deformation aseismically by
plastic creep (plastic to semi-brittle deformation 3;
Figure 10). In the polygenic breccia samples from
DR3 and DR, talc replacement is minor, but brittle
failure is followed by dynamic recrystallization of
very fine-grained and well oriented chlorite and
serpentine flakes (Figure 6f).

6.4. Can We Link the Diversity
of Denudation Settings With Differences
in the Lithology of the Fault and Footwall?

[57]1 In order to address the lithological differences
that may exist between exhumed footwall rocks in
the different regions of our study area, we must first
face the limitations of dredging as a means to
sample the seafloor geology. The length of our
dredge tracks on the seafloor (from touch-down to
off-bottom) ranges between 600 m and 2 km
(Table 1). Samples in these dredges may have come
from numerous locations along the track, or from
only one decameter-scaled outcrop or talus deposit.
The relative provenance of the different rock types
in each dredge is therefore unconstrained: they may
be juxtaposed at meter scale, or separated by dis-
tances of up to a few hundred meters. Nonetheless,
the fact that we systematically find the three types
of ultramafic lithologies (types 4a, b and c; Table 2)
in our dredges (except for type 4a in DR1 but this is
due to very extensive replacement of serpentine by
talc in this dredge) is in favor of a distribution of
these three rock types over short distances in the
exhumed ultramafic seafloor. Similarly, the fact
that we find gabbroic rocks in all dredges but DR5
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(Table 2) also suggests that gabbroic rocks are
interspersed in the ultramafic rocks at relatively
short length scales (<100 m). These inferred hori-
zontal scales are consistent with the vertical scales
of lithological heterogeneity documented in the
IODP Leg 209 drill holes [Kelemen et al., 2007;
Schroeder et al., 2007]. For example at site 1268,
3 intervals of gabbros, up to 20m-thick, are found
in 140 m of serpentinized peridotites [Kelemen
et al., 2007].

[ss] Another issue with dredges and ROV samples
is that some lithologies, for example very uncohe-
sive material may be systematically missed. We
cannot rule this out and therefore base this discus-
sion strictly on the deformations, and on the mag-
matic, and hydrothermal alteration events identified
in our samples. Less cohesive fault rocks (gouge,
cataclasites and serpentine schists), which would
have been missed by our dredges, were for example
reported from meter-thick low resistivity intervals
in the serpentinized peridotites at IODP site 1272
[Schroeder et al., 2007].

[59] In this study, we sampled only one location
next to a fossil corrugated fault surface (DRI;
Figure 1). In terms of lithologies (Table 2), samples
from this location stand out by 1- the abundance of
basaltic and metabasaltic lithologies, and 2- the
greater relative abundance of amphibole-bearing
serpentinized peridotites. The basalts in this dredge
are unmetamorphosed lavas which presumably
were either emplaced directly on the exhumed fault
surface, or formed as rider blocks from the hanging
wall. Metabasalts in DR1, however, are deformed
and their protolith was thus intruded in the fault
zone. This is very similar to the synkinematic dia-
base dikes described by MacLeod et al. [2002] in
minicores drilled in the fossil corrugated surface at
15°45'N (MAR). Dredges in the large corrugated
region south of the Kane Transform [Dick et al.,
2008] also recovered a significant proportion of
metamorphic diabases. While the absence of this
rock type in our dredges from the non-corrugated
regions next to the Ashadze and Logatchev vents
(DR3, DR5, DR6, DR7 and DR8; Table 2) may not
be statistically robust, it is still worth noting. It
suggests that domains of the footwall that had been
cooled down to greenschist facies conditions were
not, or not as commonly injected by melts at these
non-corrugated locations.

[60] Ultramafic rocks in DR1 also contain a larger
proportion of amphibole-bearing serpentinized
peridotites (lithological type 4b) than the other
dredges (Table 2): about 80% of the ultramafic

rocks recovered in dredge 1 belong to this lithology
and we did not recover any talc and amphibole-free
serpentinized peridotites (lithological type 4a).
Again this is an indication for more sustained
emplacement of gabbroic material next to the fault
in the deeper and hotter domains next to the base of
the brittle lithosphere (Figure 10).

[61] In terms of the sequence of deformation types
(Table 3), ultramafic samples from dredge 1 are
pervasively affected by plastic to semi-brittle
deformation 2 (sheared tremolite), and display a
more heterogeneous imprint of plastic to semi-
brittle deformation 3 (sheared talc). The lack of
fresh olivine in this dredge precluded the detection
of plastic to semi-brittle deformation 1, but the
angular shape of serpentine clasts in the amphibole-
bearing samples (Figure 2b) suggests that they also
underwent brittle deformation 1 (Figure 10). The
overall deformation history of ultramafic rocks
from DRI appears therefore similar to that of our
other dredges, as far as we can tell from the
recovered samples. We may, however infer that due
to their greater relative abundance, amphibole-
bearing ultramafic rocks played a more effective
role to accommodate fault displacements in the
750°-400°C temperature range in this corrugated
surface context.

[&2] DR3 and DRS5, in the lower slopes of the axial
valley wall at Ashadze (Figure 1), represent the
opposite end-member in terms of the abundance of
amphibole-bearing serpentinized peridotites, and
of metagabbroic rocks: amphibole, chlorite and
talc-free serpentinized peridotites represent over
80% in volume of the samples recovered in these
dredges (Table 2). This indicates that these dred-
ges sampled the footwall further away from a
gabbroic intrusion. This could be either because
gabbroic intrusions are heterogeneously distributed
at a kilometer scale, or because detachment fault-
ing there developed in a magma-starved context.
The ultramafic samples from these dredges, and
particularly the few amphibole-bearing samples,
nonetheless display microstructural indicators for
each of the deformation types identified in the
other dredges (Table 3). This leads us to propose
that these deformation types are indeed standard
components of the deformation history of a MAR
detachment fault.

[63] Ultramafic rocks from DR7 and DRS, coming
from the non-corrugated hill above the Logatchev
vents (Figure 1), also display microstructural indi-
cators for each of the deformation types identified
in our study (Table 3). These dredges represent
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an intermediate case, with relatively abundant
amphibole-bearing ultramafic rocks and gabbros,
and about 30% amphibole and talc-free type 4a
serpentinized peridotites (Table 2). DRS contains a
small proportion of unmetamorphosed basalts. It
also contains about 20% in volume of polygenic
ultramafic breccia, which we interpreted as formed
from amphibole-bearing serpentinized peridotites
during brittle 2 and plastic to semi-brittle 3 defor-
mations. These two characteristics suggest that
DRS, and thus also the nearby DR7, sampled the
exhumed footwall not far beneath the actual
exhumed fault surface. The hill sampled by DR7
and DRS has a domal shape with slopes less than
20° toward and away from the axis (Figure 1). This
suggests that in spite of the lack of visible corru-
gations, the exhumed fault and footwall probably
underwent a large flexural rotation, as documented
at other, corrugation-bearing, detachment fault
locations [Garcés and Gee, 2007; MacLeod et al.,
2011; Morris et al., 2009].

7. Conclusions

[64] We have described a set 0of 470 dredge and ROV
samples collected from ultramafic and gabbroic out-
crops in the footwall of axial detachments at 3 loca-
tions along the MAR (Figure 1). These samples come
from a maximum of 500 m from the main fault at
each location and comprise basalts, metabasalts,
variably altered metagabbroic rocks, and ultramafic
rocks. We further sorted the ultramafic samples into
3 lithological sub-types: serpentinized peridotites,
amphibole + chlorite-bearing serpentinized perido-
tites, and talc-bearing but amphibole and chlorite-
free serpentinized peridotites.

[65s] About 50% of these ultramafic samples display
deformation microstructures which we have been
able to relate to one or more of 3 types of plastic to
brittle-plastic deformation, and 2 types of brittle
deformation. Plastic to brittle-plastic deformation
type 1 is mostly anhydrous, with dynamic recrys-
tallization of olivine and pyroxenes at temperatures
probably >800°C. Plastic to brittle-plastic deforma-
tion 2 is restricted to amphibole-bearing ultramafic
samples and is controlled by deformation and syn-
tectonic crystallization of tremolite at temperatures
above the stability limit of serpentine (400°C).
Finally, plastic to brittle-plastic deformation 3 post-
dates serpentinization and is accommodated by thin
talc, or chlorite+serpentine =+ talc shear zones. Brit-
tle deformations affect either fresh peridotite (brittle
deformation 1), or already serpentinized peridotite
(brittle 2) and are associated in both cases with fluid

injection: an evolved gabbroic melt for brittle
deformation 1, and a Si-rich hydrothermal fluid for
brittle deformation 2. Serpentinized peridotites
injected by evolved gabbroic melts during brittle
deformation 1 are the most likely protolith for the
amphibole-bearing serpentinized peridotites. Keep-
ing in mind that there may be a sampling bias
against the most non-cohesive lithologies (such as
gouges or serpentine schists), strain in the detach-
ment footwall therefore appears to localize in shear
zones made of minerals derived either from the
hydrothermal alteration of a gabbroictperidotite
mixture (tremolite, chlorite), or from hydrothermal
metasomatism of serpentinized peridotite (talc).

[es] While there are differences in the relative pro-
portions basaltic, gabbroic and ultramafic rocks at
the three locations sampled by our study, we find
that the 3 ultramafic lithologies, and the 5 defor-
mation types identified in our study are present at
each location. This leads us to propose that they are
representative of the lithologies and deformations
in the ultramafic footwall next to MAR detachment
faults. We conclude that the rheology of these faults
is likely controlled both by the abundance of gab-
broic injections at depth near the base of the brittle
axial lithosphere, and by the pattern of hydrother-
mal circulations in the permeable domains in the
fault and in its proximal footwall.
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