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Abstract Hydration of the oceanic mantle is a fundamental process of the global water cycle promoting
chemical and volumetric changes and facilitating mantle exhumation along detachment faults. At which
depth these processes occur and how ﬂuids circulate along ductile mantle shear zones are, however, less well
constrained. Here we present ﬁeld, chemical, and microstructural evidence of hydration processes of
peridotite mylonites within an upper mantle shear zone from an Alpine ophiolite (Lanzo massif, Italy).
Mylonitic and ultramylonitic areas of the anastomosing shear zone are enriched in Cl‐bearing amphibole.
Electron backscatter diffraction (EBSD) data indicate the activation of the (100)[001] amphibole slip
system arguing for synkinematic growth and deformation at temperatures consistent with Mg‐hornblende
stability between 800°C and 850°C. High Cl contents in amphibole (0.15–0.61 wt%) as well as oxygen
isotope data (δ18Owhole‐rock between 4.4‰ and 4.7‰) indicate accumulation and focusing of
seawater‐derived ﬂuid in mylonitic and ultramylonitic domains. Such hydration processes are consistent
with strain partitioning between water‐poor (less deformed) and water‐rich (intensely deformed) layers,
consistent with changes in olivine and pyroxene crystallographic preferred orientations (CPOs). Our results
support recent geophysical data from ultraslow spreading mid‐ocean ridge systems that ﬂuids might
penetrate beyond the stability of serpentine to depth between 6 and 15 km. Such peridotite shear zones act as
ﬂuid pathways for long‐lived detachment faults or oceanic transform faults, along which upper mantle
rocks are exhumed to the seaﬂoor. Fracturing and ﬂuid ﬂow along such peridotite shear zones might be
recorded by deep microseismicity along ultraslow spreading ridges.

1. Introduction
The hydration of exhumed mantle along detachment faults or oceanic transform faults is a fundamental process of the near‐seaﬂoor hydrological cycle. Since the discovery of exhumed mantle offshore Iberia (Boillot
et al., 1989), along mid‐ocean ridges (e.g., Bonatti, 1968) in oceanic core complexes (e.g., Tucholke et al., 1998)
and oceanic transform faults (e.g., Jaroslow et al., 1996), a fundamental question is how ﬂuid circulation and
faulting interact beneath the seaﬂoor. The extent of mantle hydration (i.e., serpentinization) away from
ultraslow spreading ridges is generally believed to be restricted to the brittle regime and temperatures not
exceeding 600°C (e.g., McKenzie et al., 2005). Signiﬁcant mantle hydration or serpentinization generally
occurs at depth shallower than about 3 km (Minshull et al., 1998; Skelton et al., 2005) passively at the ocean
ﬂoor (serpentinization), or through brittle faults that control the migration of ﬂuids by providing structural
conduits and seismic pumping (Sibson et al., 1975). Seismic studies indicate that serpentinization is
decreasing with depth and probably becomes insigniﬁcant at depths exceeding ~5–6 km below the seaﬂoor
(e.g., Minshull, 2009; Minshull et al., 1998). Seismic data indicate that serpentinization correlates with fault
displacement during continental rifting (Bayrakci et al., 2016). Recent studies using a dense network of
ocean bottom seismometers have challenged the ideas about the strength of the mantle lithosphere at ultraslow spreading ridges and have shown that microseismicity might occur at depth of 6–13 or even 20 km
(Grevemeyer et al., 2019; Parnell‐Turner et al., 2017; Schlindwein & Schmid, 2016; Yu et al., 2018). This indicates, at least episodically, semibrittle behavior of the oceanic lithosphere along ultraslow spreading ridges.
However, the maximum depth at which hydration of mantle rocks occur and ﬂuids can penetrate through
mantle shear zones is poorly constrained.
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Peridotite mylonites represent direct evidence of strain localization in upper mantle shear zones. Such
structures are considered to play an important role for exhumation of mantle rocks to the ocean ﬂoor,
speciﬁcally along transform faults and (ultraslow) slow spreading ridges (Bonatti, 1990; Cannat, 1993;
Jaroslow et al., 1996; Seyler & Bonatti, 1997; Tucholke et al., 2001). Peridotite mylonites are mechanically
weak zones that develop at the expense of coarser‐grained mantle rocks. Therefore, they may exert an
important control on the strength and deformation processes of mantle lithosphere, from continental
rifting to oceanic‐continent transition zones (OCTs) and oceanic core complex formation (e.g., Cannat &
Sauter, 2009; Dijkstra et al., 2002; Ildefonse et al., 2007; Kaczmarek & Tommasi, 2011; Précigout et al., 2017;
Vissers et al., 1995; Warren & Hirth, 2006).
Weakening of mantle peridotite and the localization of deformation are enhanced by the combined effects of
grain size reduction through dynamic recrystallization (Braun et al., 1999), melt‐rock reaction and mechanical mixing of mineral phases (Dijkstra et al., 2002), change in the dominant creep mechanism (Drury &
Urai, 1990), subsolidus metamorphic reactions (Newman et al., 1999), shear heating (Regenauer‐Lieb &
Yuen, 2003), pinning by secondary phases (Linckens et al., 2011), and intrinsic anisotropy of constituent
crystals (Bai et al., 1991; Durham & Goetze, 1977; Tommasi et al., 2009). Among these processes, thermal
gradients (Précigout et al., 2017; Soustelle et al., 2009; Vissers et al., 1995) and the presence of melt and/or
ﬂuids (e.g., Albers et al., 2019; Brown & Solar, 1999; Holtzman & Kohlstedt, 2007; Kelemen et al., 1995;
Le Roux et al., 2008; Tommasi et al., 1994) are fundamental parameters controlling the rheology of the upper
mantle. Hirth and Kohlstedt (1995) showed that very low melt fractions (≤1%) can lower the yield strength
in solid‐state ﬂow and viscosity by more than 1 order of magnitude (Rosenberg & Handy, 2000; Takei, 2005),
promoting recrystallization and grain growth. In contrast, deformation itself may enhance permeability and
lead to focusing of mobile components such as ﬂuids or melts into anastomosing shear bands or channels
(Holtzman et al., 2003; Holtzman & Kohlstedt, 2007; Kaczmarek & Müntener, 2008; Kelemen et al., 1995;
Kohlstedt & Holtzman, 2009; Précigout et al., 2017). At deeper levels, in a ductile regime, different mechanisms are likely to occur in shear zones: transient fracturing events, porosity increase caused by grain size
reduction (Wark & Watson, 2000), or cavitation creep/dynamic pumping through opening of microcavities
(Fusseis et al., 2009; Précigout et al., 2017). Evidence for the latter process was reported from the Ronda
Massif peridotite mylonites in Spain, where syntectonic water inﬁltration is documented by amphibole
enrichment and changes in the fabric and dislocation slip system of olivine (Précigout et al., 2017).
In this study, we present ﬁeld and microstructural evidence of hydration processes beyond serpentine stability, in peridotite mylonites from the Lanzo massif (Italian Alps). In this massif a km‐scale mantle shear zone
with traces of hydration is exposed and been interpreted as an analog for peridotite mylonites along ultraslow spreading ridges (Kaczmarek & Müntener, 2008). Hydration is identiﬁed by enrichments of amphibole
in the shear zone and a change in olivine crystallographic preferred orientation (CPO) in mylonites. We
combine electron backscatter diffraction (EBSD) studies on amphibole, clinopyroxene, orthopyroxene,
and olivine with mineral chemical data to constrain the formation conditions of amphibole in the hydrous
mylonite zone. Chlorine contents in amphibole as well as oxygen isotope data indicate accumulation and
focusing of seawater‐derived ﬂuid ﬂow in the mylonitic and ultramylonitic domains. Our results show that
ﬂuids might penetrate down to depths of 10–15 km, beyond serpentine stability, supporting recent geophysical data. Therefore, amphibole‐bearing mantle mylonite zones provide important constraints on the depth
of hydration of upper mantle rocks in the oceanic crust.

2. Geological Setting
The Lanzo massif is located in northwestern Italy (Figure 1) and forms part of a large belt of ophiolites interpreted as remnants of the former Piemonte‐Ligurian Ocean (Pognante et al., 1985). To the west, it is delimited from the Piemontese ophiolites and Mesozoic metasediments by the “Viu Locana” zone, and to the east,
from the Po basin by the Insubric Line (Nicolas, 1974; Pognante, 1989; Spalla et al., 1983). The Lanzo massif
is mainly composed of coarse‐grained porphyroclastic plagioclase lherzolites (with minor spinel lherzolites,
pyroxenites, and dunites, surrounded and partially overprinted by serpentinites). Two NW‐striking, km‐
scale, shear zones crosscut the entire massif, one in the north (separating the central and northern Lanzo
domains, and called northern shear zone hereafter) and one in the south (Boudier, 1978). Detailed petrographic and structural studies of the northern shear zone highlight an asymmetric distribution of the
VIEIRA DUARTE ET AL.
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Figure 1. Location of the peridotite mylonites. (a) Geological map of the Lanzo massif (modiﬁed from Boudier, 1978). The northern shear zone shown in (b) is
indicated by a square. (b) Structural map of the northern shear zone (modiﬁed from Kaczmarek & Müntener, 2008). CGSG and FGSG are for coarse and ﬁne
grain secondary granular peridotite, respectively. The studied outcrop focuses on the mylonites containing ultramylonitic bands (UMB) and is referred to
as hydrous mylonite zone (see Figure 2a for details).

deformation gradient (Kaczmarek & Müntener, 2008; Kaczmarek & Tommasi, 2011). From south to north,
the grain size progressively decreases within the shear zone and the main foliation becomes subparallel to
the contact with the northern domain. The northern boundary of the shear zone is deﬁned by a sharp
transition between a ~100 m wide domain composed by an anastomosing network of peridotite mylonite
with amphibole‐bearing mm‐scale ultramylonitic bands and coarse‐grained peridotites of the northern
Lanzo domain (Kaczmarek & Tommasi, 2011). The northern shear zone has been interpreted as a result
of mantle exhumation related to the opening of the Piemonte‐Ligurian Ocean (Lagabrielle &
Lemoine, 1997; Lemoine et al., 1987).
Spinel and pyroxene mineral chemistry combined with preserved melt‐rock reaction textures and orthopyroxene diffusion proﬁles indicate rapid exhumation of the Lanzo massif (Jollands & Müntener, 2019). Al‐rich
pyroxene cores in equilibrium with spinel indicate equilibration temperatures of 1100–1030°C, whereas
Al‐poor recrystallized pyroxenes in equilibrium with plagioclase gave lower equilibration temperatures of
VIEIRA DUARTE ET AL.
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Table 1
List of the Samples Analyzed According to the Nomenclature of Vernon
(2018), Together With Their Mg‐Hornblende (Mg‐Hbl) Modal Abundance
a

Sample microtexture
Protogranular

Protomylonite

Mylonite

Mylonite/
ultramylonite
Ultramylonite

Lithology

Lherzolite
Hbl‐rich vein
Harzburgite
Lherzolite
Gabbro
Gabbro
Lherzolite
Olivine websterite
Lherzolite
Olivine websterite
Olivine websterite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Harzburgite
Lherzolite with
gabbro veinlet
Olivine websterite
Pyroxenite serpentinized
Olivine websterite
Lherzolite
Lherzolite/Opx websterite
Lherzolite
Lherzolite

Mg‐Hbl
(vol%)

Sample

2
98
2
3
35
35
5
3
8
4
5
2
2
7
15
5
30

La02
La37
La38
La23
La06
La08
La10
La11
La14
La22
La29
La13
La35
La03
La04
La17
La20

9
0
5
7
10
b
2
b
2

La24
La36
La19
La21
La18
La32
La34
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about ~850°C (Kaczmarek & Müntener, 2008). Grain size reduction
coupled to temperature decrease indicates progressive strain localization
that led ultimately to the formation of mylonites and ultramylonites from
precursor coarse‐grained peridotites (Kaczmarek & Tommasi, 2011).
Using the forsterite‐anorthite Ca‐Tschermak enstatite (FACE) geobarometer for plagioclase peridotite mylonites (Fumagalli et al., 2017), pressure
conditions have been estimated at 0.3–0.5 GPa, which constrains the
maximum depth of ﬂuid inﬁltration required for amphibole formation
to about 10–15 km. The absence of gabbro dikes in the hanging wall
(northern body) of the northern shear zone, along with the presence of
plagioclase‐rich lenses and amphibole‐gabbro dikelets in the hydrous
mylonite zone, indicate that the actively deforming shear zone was
impermeable for migrating gabbroic dikes and ﬂuids (Kaczmarek, 2007;
Kaczmarek & Müntener, 2008).

3. Methods
This study focuses on the hydrous mylonite zone of the Lanzo northern
shear zone (Kaczmarek & Müntener, 2008). Forty‐four maﬁc and ultramaﬁc samples were collected along a ~200 m long transect oriented normal to
the shear zone (Figure 1). Field observations were complemented by chemical, isotopic, and EBSD analyses, all conducted at the University of
Lausanne (Switzerland). A list of the samples analyzed in the laboratory,
containing lithological and microtextural information, is available in
Table 1, and corresponding sampling locations are shown in Figure 2.

In situ chemical compositions of olivine, orthopyroxene, clinopyroxene,
spinel, and amphibole from different rock types and textures were measured in 13 samples. A JEOL JXA‐8200 electron probe micro‐analyzer
(EPMA) has been used, which was equipped with ﬁve wavelength‐
dispersive spectrometers (WDSs) and operated at an acceleration voltage
of 15 kV and a probe current of 15 nA. X‐ray intensities and peak‐to‐background ratios were measured for major elements from Kα and Lα lines
using a combination of LIF, PET, TAP, and LDE crystals for better sensitivity and counting statistics. The detection limit ranged between 0.01 and
0.05 wt% for all major elements. Automated matrix correction was achieved following the ϕρz procedure.
The results were then compared with data collected in the Lanzo northern shear zone (Kaczmarek &
Müntener, 2008), abyssal spinel peridotites (Hellebrand et al., 2002), and ultramaﬁc mylonitic rocks from
the Ronda massif (Hidas et al., 2016; Précigout et al., 2017), Cabo Ortegal (Tilhac et al., 2016), transform
faults in the Vema transect in the Mid‐Atlantic Ridge (Cipriani et al., 2009), and in the Southwest Indian
Ridge (SWIR; Prigent et al., 2020).

Note. For each microtexture, samples are listed from north to south. Note
that sample microtexture is variable at mm scale and therefore can be
attributed to a different microtextural domain on a larger scale
(see Figure 2 for speciﬁc sampling locations). For simpliﬁcation general
peridotite and pyroxenite terminology was used in the text.
a
Peridotitic rocks include lherzolite and harzburgite; pyroxenitic rocks
include olivine websterite and Opx websterite. bNot taking kaersutite,
~8 vol%, into account.

The oxygen isotope composition of whole rocks (six samples) and one amphibole mineral separate were
determined at the stable isotope laboratory (University of Lausanne) using the CO2‐laser ﬂuorination technique. The analytical protocol followed the method initially described by Sharp (1990); for further details on
the procedure, see Lacroix and Vennemann (2015). Between 1.5 and 2.0 mg of sample material was used.
The data were corrected to the session value of the LS‐1 quartz, the in‐house reference material (accepted
value of 18.1‰), and given in conventional δ‐notation, relative to Vienna Standard Mean Ocean Water
(VSMOW). Duplicate analyses of the LS‐1 quartz during this single session yield 18.0 ± 0.08‰
(SD = standard deviation). Duplicate analyses of the amphibole separate (La37) yields 5.5 ± 0.15‰ (SD).
Thin sections perpendicular to the foliation plane and parallel to the lineation were prepared for detailed
crystallographic analysis using EBSD. Sample surface preparation included stepwise diamond polishing followed by a 30–45 min chemomechanical polishing step in a suspension of 25 nm colloidal silica (pH 9.8) to
eliminate any mechanical damage. No carbon coating was applied in order to guarantee optimum EBSD pattern quality. Data were acquired using a Tescan Mira II LMU ﬁeld‐emission scanning electron microscope
VIEIRA DUARTE ET AL.
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Figure 2. Geological map and structures of the hydrous mylonite zone. (a) Detailed structural map of the selected outcrop (~50 m long), with reference to the
different textural types. Shear senses are indicated by arrows. The boundary between the northern and central Lanzo domains is possibly deﬁned by the fault
delimiting the protogranular and mylonitic textures at the top of the map. Sampling sites are indicated by yellow stars, and sample description is available
in Table 1. (b) Late shear planes affecting the protomylonitic peridotite (P1–P3). (c) Drag fold associated with shear plane P2. (d) Mylonite showing the subparallel
relationship between pyroxenite bands and high‐temperature foliation. (e) Discordant pyroxenite bands and high‐temperature foliation on either side of shear
plane P4. Drag folds associated with P4 are only 1 cm in size.
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(FE‐SEM) equipped with the Nordlys S EBSD camera commercialized by Oxford Instruments. The microscope working conditions were the same for all the maps, with an acceleration voltage of 20 kV, a probe current of ~1.1 nA, a stage tilt of 70°, and a working distance of 23 mm. Automatic indexing of the EBSD
patterns was achieved on 10 samples (21 detailed maps) using the AZtec 2.4 software, with step size varying
from 0.15 to 30 μm depending on grain sizes and goals. Processing and representation of EBSD data were
generated using the MATLAB toolbox MTEX (Bachmann et al., 2010), together with the script developed
by Henry et al. (2017). For consistency, a similar procedure was applied to the data published by
Kaczmarek and Tommasi (2011). Measurements with a mean angular deviation (MAD) greater than 1.3
were removed, and neighboring measurements with misorientations <10° were considered parts of the same
grain. The “splineFilter” function was used to smooth grains and interpolate the missing measurements, and
grains smaller than three pixels were removed to avoid bias caused by potential indexing errors. EBSD orientation maps were compared with band contrast maps to ensure that postprocessing did not compromise the
quality of the data. The orientation of the crystallographic axes [100], [010], and [001] was projected into
lower‐hemisphere equal‐area pole ﬁgures. In order to avoid overrepresentation of large grains and to allow
for comparison between fabrics generated from different maps, only one point per grain was plotted in the
pole ﬁgures. Orientation distribution functions (ODFs) were calculated using a Gaussian half width of 10°,
provided that the number of grains was statistically signiﬁcant (>100). The strength of the CPO was calculated using the J‐index (Bunge, 1982) and the M‐index (Skemer et al., 2005).

4. Results
4.1. Field and Petrological Observations
The hydrous mylonite zone is mainly constituted of peridotite (lherzolite and minor harzburgite), along with
gabbro, and pyroxenite (orthopyroxenite and websterite) (Table 1). The overall paragenesis is composed of
olivine, orthopyroxene, clinopyroxene, Cr‐spinel surrounded by plagioclase rims, and amphibole.
Deformation is highly heterogeneous, with textures varying from protogranular to protomylonitic, mylonitic, and ultramylonitic within a few meters or less. Along the studied transect in the hydrous mylonite zone,
strain is further localized into four shear planes up to 1 cm thick (labeled P1 to P4 from north to south in
Figure 2e), some of which (P4 in particular) are characterized by a very ﬁne‐grained, ultramylonitic matrix
with embedded rounded porphyroclasts (Sample La32). Shear planes are associated with incipient cm‐scale
drag folds (Figures 2b and 2c), suggesting sinistral sense of shear (top to SW). They have been interpreted as
of the C′‐type following the nomenclature of Platt and Vissers (1980) and are thought to have developed during a later stage of the shear zone history characterized by intense ﬂow partitioning (Kaczmarek, 2007).
The hydrous mylonite zone crosscuts the high‐temperature foliation and pyroxenite layering showing orientations oscillating between N85–N160 and N20–N110, respectively. The geometrical relationship between
high‐temperature foliation and pyroxenite layering can abruptly change from subparallel to discordant, as
it is the case when crossing P4 from south to north (Figure 2e). In this zone, evidence of melt and ﬂuid
percolation can be observed: numerous millimetric or centimetric gabbroic sills mostly mylonitized, which
could contain large phenocrystals of amphibole (Figure 3a), pyroxenite dikelets parallel to the foliation
(Figures 2d and 3b), and several cm thick veins rich in Mg‐hornblende crosscutting the foliation
(Figures 3d–3f).
In the protogranular and protomylonite samples, olivine takes the form of extensively fractured grains, of
~1 cm in size, showing a weak shape preferred orientation. The transition from protomylonitic to mylonitic
and ultramylonitic textures is accompanied by an increase in the proportion of the ultramylonitic matrix,
shown by a decrease in the grain size of olivine and pyroxene porphyroclasts (ranging from 20 μm up to
1 mm), and increasing shape preferred orientation of the minerals parallel to the lineation. The protomylonite samples show an anastomosing network of ﬁne‐grained olivine (0.3 mm in size) deﬁning the foliation,
as a consequence of dynamic recrystallization along grain boundaries. Mineral modal abundances show
abrupt changes (Figure 4) depending on the mineralogy of the protolith and the degree of deformation. In
peridotites, olivine, orthopyroxene, and clinopyroxene react with ﬂuids to form amphibole. In pyroxenites,
most of the clinopyroxene is transformed into amphibole.
A particular feature of the mylonites and ultramylonites is their exceptionally high proportion of amphibole
(up to 30 vol%) with respect to the rest of the northern shear zone. Three different types of amphibole have
VIEIRA DUARTE ET AL.
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Figure 3. Images showing evidence for melt and ﬂuid percolation. (a) Gabbroic dikelet stretching parallel to the high‐temperature foliation and forming cm‐scale
boudins of plagioclase and Mg‐hornblende. (b, c) Anastomosing dikelets of mylonitized and serpentinized pyroxenite showing dextral sense of shear.
(d–f) Intensely deformed Mg‐hornblende‐rich vein. Sampling sites are indicated by yellow stars, and sample description is available in Table 1. Ol = olivine;
Opx = orthopyroxene; Cpx = clinopyroxene; Plg = plagioclase; Am = amphibole; Serp = serpentine; Mg‐Hbl = Mg‐hornblende; Spl = spinel; Mt = magnetite;
Chl = chlorite; Krs = kaersutite; Tr = tremolite.

been distinguished (Figure 5): (a) light brown Mg‐hornblende is the most common amphibole type found in
all rocks, with increasing modal abundance from the protomylonites to both the mylonites and
ultramylonites. In protomylonitic gabbro dikelets, it takes the form of sheared porphyroclasts embedded
in a ﬁne‐grained plagioclase and clinopyroxene matrix (Figure 5a). When associated with orthopyroxene,
it replaces clinopyroxene along cleavage/exsolution planes or forms acicular crystals between sheared
porphyroclasts (Figure 5b). (b) Dark brown kaersutite forms grains up to 200 μm in size embedded in the
ultramylonitic matrix of the shear plane P4 (Figure 5c). (c) Light green tremolite is acicular and grows
along reaction zones between the gabbro dikes and the wall rock peridotite (Figure 5d).
4.2. Mineral chemistry
4.2.1. Amphibole
Electron probe microanalyses (EPMAs) of the three types of amphibole are summarized in Table 2 and
illustrated in Figure 6. Light brown hornblende has a composition deﬁned by the end‐members Mg‐taramite, Mg‐katophorite, and edenitic hornblende, collectively termed Mg‐hornblende here (Mg‐Hbl). Its Si
and edenitic (K + Na in the A site) contents range between 6.31 and 6.70 apfu and between 0.6 and 0.9 apfu,
respectively. Titanium is between 0.06 and 0.18 apfu (0.49–1.67 wt% TiO2), Cr between 0.07 and 0.19 apfu
(0.65–1.66 wt% Cr2O3), and the Mg# (molar Mg/(Mg + Fetot)) between 0.87 and 0.92. Chlorine content of
Mg‐Hbl is extremely variable, ranging from 0.03 up to 0.15 apfu (0.15–0.61 wt%), where the highest values
were measured in a mylonitic pyroxenite. Hornblende compositions from the Ronda massif
(Précigout et al., 2017), Cabo Ortegal (Tilhac et al., 2016), and Zabargad Island (Agrinier et al., 1993) have
similar compositions to Mg‐hornblende from Lanzo, except with lower Ti. Hornblende from a transform
VIEIRA DUARTE ET AL.
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Figure 4. Mineral modal abundances inferred from EBSD phase maps. Abbreviations as in Figure 3.

Figure 5. Photomicrographs showing the different types of amphibole observed in the hydrous mylonite zone. (a) Deformed Mg‐hornblende in gabbro
(Sample La08). (b) BSE image of Mg‐hornblende replacing orthopyroxene (Sample La27). (c) Rounded kaersutite grains embedded in an ultramylonitic
matrix of olivine, clinopyroxene, and amphibole stretching in shear plane P4 (Sample La32). (d) Late tremolite along with clinopyroxene bordering a vein of
chlorite and plagioclase (Sample La08). Abbreviations as in Figure 3.
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7.97
0.00
0.00
0.11
0.05
0.19
0.00
0.02
4.65
1.45
0.96
0.03
1.99
0.00
15.44
0.95
0.44

Atoms per formula unit (apfu)
Si
6.63
0.04
Ti
0.10
0.02
Cr
0.13
0.02
Al
1.74
0.05
3+
0.09
0.00
Fe
2+
0.36
0.02
Fe
Mn
0.01
0.00
Ni
0.01
0.00
Mg
3.93
0.04
Ca
1.84
0.01
Na
0.89
0.16
K
0.01
0.00
H
1.95
0.01
Cl
0.05
0.01
Total
15.74
0.09
Mg#
0.90
0.00
K + Na(A)
0.74
0.09
0.03
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.07
0.03
0.03
0.00
0.00
0.00
0.05
0.00
0.05

0.03
—
—
0.01
0.06
0.01
0.01
0.42
0.15
0.14
0.01
0.00
0.48

1σ

6.44
0.13
0.15
1.86
0.10
0.41
0.00
0.01
3.98
1.86
0.89
0.01
1.93
0.07
15.83
0.89
0.83

45.57
1.19
1.31
11.16
4.30
0.04
0.12
18.88
12.31
3.26
0.04
0.31
98.47

n=5

La14

0.09
0.01
0.01
0.11
0.01
0.03
0.00
0.00
0.07
0.01
0.05
0.00
0.01
0.01
0.06
0.01
0.06

0.85
0.09
0.12
0.63
0.34
0.03
0.02
0.28
0.11
0.17
0.01
0.06
0.63

1σ

Mg‐Hbl

Peridotite

6.63
0.06
0.14
1.67
0.09
0.38
0.00
0.01
4.19
1.86
0.60
0.01
1.96
0.04
15.65
0.90
0.61

46.97
0.61
1.26
10.02
4.02
0.02
0.12
19.92
12.26
2.19
0.04
0.15
97.58

n=5

La37

0.10
0.01
0.01
0.10
0.00
0.01
0.00
0.00
0.03
0.02
0.04
0.00
0.00
0.00
0.06
0.00
0.04

1.04
0.05
0.08
0.58
0.08
0.01
0.02
0.22
0.05
0.13
0.01
0.01
0.67

1σ

Mg‐Hbl

Hbl vein

6.58
0.08
0.15
1.74
0.10
0.38
0.00
0.01
4.09
1.86
0.74
0.01
1.95
0.05
15.73
0.90
0.72

46.85
0.71
1.37
10.52
4.05
0.03
0.11
19.54
12.36
2.70
0.04
0.23
98.51

n = 11

3+

0.10
0.01
0.04
0.15
0.01
0.03
0.00
0.00
0.10
0.02
0.08
0.00
0.01
0.01
0.05
0.01
0.06

0.95
0.13
0.32
0.86
0.28
0.01
0.02
0.46
0.06
0.28
0.01
0.04
0.78

1σ

La04, La20

Mg‐Hbl

Peridotite

Note. Amphibole classiﬁcation after Leake et al. (1997). Formula based on 46 charges, with a ﬁxed Fe

58.26
<0.01
<0.01
0.69
2.05
0.04
0.20
22.81
9.90
3.63
0.17
0.02
97.77

46.95
0.95
1.14
10.45
3.83
0.06
0.11
18.65
12.14
3.27
0.04
0.20
97.8

n=2

0.30
0.18
0.18
0.32
0.18
0.02
0.01
0.20
0.06
0.58
0.01
0.03
0.30

wt%
SiO2
TiO2
Cr2O3
Al2O3
FeO
MnO
NiO
MgO
CaO
Na2O
K2O
Cl
Total

1σ

La06

La06

n = 11

Tremolite vein

Mg‐Hbl

Gabbro

Protomylonite

Table 2
Amphibole Compositions Obtained by EPMA and Grouped by Microtexture and Lithology

0.07
0.01
0.01
0.10
0.01
0.02
0.00
0.00
0.04
0.02
0.00
0.00
0.00
0.00
0.02
0.01
0.02

0.74
0.05
0.06
0.53
0.24
0.01
0.01
0.25
0.18
0.01
0.01
0.02
0.32

1σ

6.38
0.17
0.15
2.00
0.11
0.42
0.01
0.01
3.73
1.84
0.99
0.01
1.89
0.11
15.82
0.88
0.82

44.48
1.62
1.32
11.85
4.41
0.06
0.12
17.48
12.00
3.55
0.04
0.46
97.37

n=4

La24

0.05
0.00
0.00
0.03
0.00
0.02
0.00
0.00
0.05
0.02
0.03
0.00
0.02
0.02
0.04
0.00
0.04

0.43
0.04
0.04
0.14
0.16
0.03
0.01
0.19
0.12
0.11
0.01
0.08
0.16

1σ

6.62
0.12
0.12
1.78
0.09
0.37
0.00
0.01
3.87
1.88
0.77
0.01
1.94
0.06
15.65
0.89
0.65

46.19
1.13
1.02
10.54
3.85
0.04
0.10
18.10
12.22
2.78
0.04
0.27
96.28

n=8

La18

0.15
0.03
0.03
0.13
0.00
0.01
0.00
0.00
0.11
0.02
0.10
0.00
0.01
0.01
0.11
0.00
0.11

1.08
0.23
0.29
0.79
0.10
0.02
0.01
0.53
0.13
0.34
0.01
0.04
0.86

1σ

Mg‐Hbl

Peridotite

/Fetot = 0.20; Mg# = Mg/(Fetot + Mg).

6.57
0.07
0.16
1.82
0.09
0.37
0.01
0.01
3.97
1.87
0.75
0.01
1.93
0.07
15.70
0.90
0.70

46.15
0.64
1.45
10.87
3.87
0.08
0.12
18.69
12.24
2.74
0.04
0.28
97.15

n=2

La19

Mg‐Hbl

Pyroxenite

Mylonite

6.58
0.10
0.14
1.82
0.09
0.37
0.01
0.01
3.90
1.88
0.81
0.01
1.93
0.07
15.71
0.89
0.71

46.07
0.89
1.21
10.79
3.92
0.05
0.11
18.31
12.25
2.92
0.05
0.29
96.87

n = 10

La18
1σ

0.08
0.03
0.02
0.11
0.01
0.02
0.00
0.00
0.11
0.04
0.07
0.00
0.01
0.01
0.05
0.01
0.05

0.94
0.27
0.19
0.55
0.20
0.02
0.02
0.68
0.17
0.25
0.01
0.03
1.13

Mg‐Hbl

Pyroxenite

Ultramylonite

6.14
0.58
0.14
2.04
0.11
0.45
0.00
0.01
3.26
1.86
0.85
0.19
1.99
0.01
15.65
0.85
0.65

43.27
5.47
1.28
12.18
4.76
0.03
0.10
15.43
12.23
3.10
1.03
0.06
98.94

n = 12

La32

0.05
0.01
0.02
0.04
0.00
0.01
0.00
0.00
0.05
0.01
0.04
0.02
0.01
0.01
0.03
0.01
0.03

0.48
0.12
0.20
0.28
0.14
0.01
0.01
0.25
0.06
0.15
0.12
0.03
0.57

1σ

Kaersutite

Peridotite
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Figure 6. EPMA major element chemical data of amphibole compared with data from the literature: Ti‐hornblende from
the Lanzo northern shear zone (Kaczmarek, 2007; Kaczmarek & Müntener, 2008), Mg‐hornblende from the Ronda
massif (Hidas et al., 2016; Précigout et al., 2017) and Cabo Ortegal (Tilhac et al., 2016), Ti‐hornblende, Mg‐hornblende,
and tremolite from Zabargad Island (Agrinier et al., 1993) and from oceanic transform faults in the Southwest Indian
Ridge (Prigent et al., 2020), Mg‐hornblende from the ultramaﬁc mylonites of the Vema transect in the Mid‐Atlantic Ridge
(Cipriani et al., 2009), and pargasitic and kaersutitic hornblende from St. Paul's massif (Melson et al., 1972). Note that
amphibole Cl concentrations are only available for Zabargad Island, Southwest Indian Ridge, and for Sample L112 in the
Lanzo northern shear zone (Kaczmarek, 2007).

fault system in Southwest Indian Ridge (Prigent et al., 2020) shows, however, lower Al and lower edenite
component. Amphiboles from the Southwest Indian Ridge and those from Zabargad Island display
heterogeneous Cl contents, varying between 0.01 and 0.13 apfu (0.03 and 0.55 wt%).
Dark brown kaersutite (La32) is deﬁned by high Ti contents ranging between 0.59 and 0.60 apfu. Mg# ranges
between 0.872 and 0.886. Chlorine in kaersutite is lower than that of the Mg‐hornblende, with values below
0.02 apfu (<0.10 wt%). Kaersutite shows similar composition to K‐poor Ti‐pargasite (Ti 0.27–0.43 apfu) from
the Lanzo massif (Kaczmarek & Müntener, 2008) and also to Ti‐pargasite from the Zabargad Island peridotites (Agrinier et al., 1993) and from St. Paul's rocks (Melson et al., 1972).
Light green tremolite has a low content of Al (0.08–0.11 apfu), while Ti and Cr are below detection limit.
Mg# varies between 0.961 and 0.967. As for kaersutite, the Cl content in tremolite is very low, showing
values <0.01 apfu.
VIEIRA DUARTE ET AL.
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Figure 7. EPMA major element chemical data of olivine, orthopyroxene, clinopyroxene, and spinel compared with data obtained in other locations: Lanzo
northern shear zone (Kaczmarek & Müntener, 2008), Ronda massif (Hidas et al., 2016; Précigout et al., 2017), and Cabo Ortegal (Tilhac et al., 2016).
The abyssal spinel peridotite ﬁeld (Hellebrand et al., 2002) and the ultramaﬁc mylonite ﬁeld of the Vema transform fault system in the Mid‐Atlantic Ridge
(Cipriani et al., 2009) are shaded in light blue.

4.2.2. Olivine
Olivine has a forsteritic composition, with Mg# that varies between 0.89 and 0.91 (Figure 7a and supporting information Data Set S1). Nickel varies between ~2,700 and 3,300 ppm, typical for mantle peridotites.
A clear distinction in the olivine geochemical signature can be made between peridotite and pyroxenite
rocks, with, in general, lower Mg# and higher Ni content in the former. Mg# usually decreases from protogranular to mylonitic rocks, even though olivine in ultramylonites sometimes shows Mg# similar to
those observed in mylonitic pyroxenites. Matrix and recrystallized grains exhibit higher Mg# than
VIEIRA DUARTE ET AL.
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porphyroclasts. Olivine grains from the Mg‐Hbl‐rich vein and the gabbro veinlet plot within the range of
olivine from the peridotite.
4.2.3. Orthopyroxene
Orthopyroxene has an enstatite‐rich composition, with Mg# ranging between 0.89 and 0.92 (Data Set S2).
The Al2O3 content varies from 0.02 to 5.83 wt%, along with an increase of the Cr2O3 content from 0.07 to
0.85 wt% and CaO from 0.10 to 1.50 wt% (Figure 7b). The composition of the matrix grains is more homogeneous than that of the porphyroclasts but with lower Cr, Al, and Ca contents. Orthopyroxene porphyroclasts
and neoblasts from Cabo Ortegal all plot in the ﬁeld of matrix grains (Cr2O3 < 0.37 wt%), even though they
have slightly higher Al2O3 contents. The composition of Ronda orthopyroxene is generally similar to the
Lanzo orthopyroxene.
4.2.4. Clinopyroxene
Clinopyroxene is close to diopside with Mg# ranging between 0.89 and 0.96 (Data Set S3). Aluminum and
chromium are positively correlated, with Al2O3 contents ranging from 0.12 to 8 wt% and Cr2O3 from below
detection to 1.53 wt% (Figure 7c). In the hydrous mylonite zone, Al2O3, Cr2O3, and TiO2 values are usually
lower in matrix and acicular clinopyroxene than in porphyroclasts and exsolution lamellae, except for Ti,
which is sometimes higher in the former than in the latter. Aluminum and titanium are positively correlated, indicating that Ti is controlled by the Ti‐Tschermak substitution. Porphyroclasts, exsolution lamellae
within orthopyroxene, and matrix clinopyroxene associated with amphibole are similar to clinopyroxene
porphyroclasts from the entire shear zone (e.g., Kaczmarek & Müntener, 2008), containing more than
4 wt% Al2O3 and more than 0.8 wt% Cr2O3, with a few exceptions in Sample La14 (protomylonite peridotite
near shear plane P1, Figure 2). In contrast, clinopyroxene grains from Cabo Ortegal and Ronda samples display lower Al and Cr similar to matrix clinopyroxene observed in Lanzo.
4.2.5. Spinel
Spinel compositions plot in two clusters corresponding to porphyroclasts and matrix grains. However, no
systematic correlation is observed between spinel composition and the degree of deformation (Figure 7d
and Data Set S4). The porphyroclasts show the lowest Cr# (molar Cr/(Cr + Al)) between 0.10 and 0.14
and the highest Mg# between 0.70 and 0.80, and Fe3+ is generally <0.07 apfu. Mg# varies between 0.32
and 0.80 for porphyroclasts and between 0.05 and 0.11 for neoblasts and porphyroclast rims. The TiO2
contents range from 0.04 to 0.58 wt% in porphyroclasts or up to 0.94 wt% in matrix grains. All matrix spinel analyses plot outside the abyssal spinel peridotite ﬁeld (Hellebrand et al., 2002) and are shifted to
higher Mg# values. Lanzo samples partially overlap the ﬁeld of Mid‐Atlantic Ridge peridotites (Cipriani
et al., 2009).
4.3. Oxygen Isotope Data
The whole‐rock δ18O values from Lanzo, together with those from Zabargad Island (Agrinier et al., 1993)
and from multiple ocean drilling programs (ODPs) along with global mid‐ocean ridges, are plotted in
Figure 8. Lanzo whole‐rock δ18O signatures range between 4.2‰ and 5.6‰ (Table 3). The upper bound
was obtained in the ultramylonitic shear plane P4 and is very close to the mantle value of ~5.7‰
(Muehlenbachs, 1987). The lower bound was measured in the anastomosed and discordant serpentinized
pyroxenite, located to the north of the studied transect. The samples in between do not show a clear correlation between δ18O and texture, whether they be protogranular, protomylonitic, or mylonitic. Mineral separate δ18O value of 5.5‰ has been obtained from amphibole grains separated from a folded hornblende‐rich
vein located in the north of the studied transect.
The relatively narrow range of isotopic compositions in the hydrous mylonite zone overlaps with the
whole‐rock δ18O signature of the Zabargad Island peridotite (Agrinier et al., 1993). All those values are
within the wide spectrum of δ18O signatures observed in serpentinites from different localities of
mid‐ocean ridges, and in oceanic gabbros, for which values ranging between 1.9‰ and 11.2‰
(Mével, 2003), and between 3.9‰ and 8.1‰ (Talbi & Gauthier‐Lafaye, 1999), are reported, respectively.
Amphibole isotopic signatures display also considerable variation. In gabbro and amphibolite drill cores
from the Hess Deep and from the Romanche and Vema fracture zones, δ18O values range between 2.8‰
and 5.1‰ (Früh‐Green et al., 1996; Talbi & Gauthier‐Lafaye, 1999), whereas in the mylonitic peridotite from
MOR‐Vema (Cipriani et al., 2009), δ18O values are between 5.5‰ and 8.8‰. The single amphibole value
from the hydrous mylonite zone plots between both signatures.
VIEIRA DUARTE ET AL.
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18

Figure 8. Oxygen isotopic signatures (δ O) for amphibole and whole‐rock samples of peridotite, serpentinite, and
gabbro from different localities in mid‐ocean ridges and ophiolites. The blue line represents the mantle/MORB
18
reference value of ~5.7‰ (Muehlenbachs, 1987). The Lanzo δ O data are those measured in this study. Errors are
within the size of the symbols. Data from other locations are shown for comparison: Romanche and Vema
(Bonatti et al., 1984; Cipriani et al., 2009; Talbi & Gauthier‐Lafaye, 1999), Hess Deep (Agrinier et al., 1995; Früh‐Green
et al., 1996), Zabargad Island (Agrinier et al., 1993), SWIR (Decitre et al., 2002), Atlantis Massif (Boschi et al., 2008),
and MARK (Agrinier & Cannat, 1997).

4.4. Mineral Deformation and Fabrics
Different olivine fabrics have been observed in the protogranular, protomylonitic, and mylonitic samples on
one side and in the ultramylonitic samples on the other side (Figures 9 and S3). Those two fabrics refer to the
A and E types of Jung and Karato (2001), respectively. In the former, olivine shows CPO characterized by
distinct [100] maxima at low angles (<10°) to the lineation (X), one group with [010] axes normal to the
foliation (Z, e.g., Figure 9a) and another one with [010] axes normal to the lineation within the foliation
plane (Y, e.g., Figure 9b). The fabric strength is low, with J‐index and M‐index varying between 1.40 and
2.74 and between 0.04 and 0.13, respectively (Figures 9a and 9b). In the mylonitic samples the fabric is
weaker (J‐index between 1.36 and 1.69), but they show similar patterns (Figure S3). Olivine porphyroclasts
display strong intracrystalline deformation, with low‐angle boundaries (LABs) oblique to the X and Z directions and perpendicular to the plane deﬁned by recrystallized olivine grains (Figure 9b). In the protogranular

Table 3
18
Oxygen Isotope Data (δ O, in ‰) of Six Whole‐Rock (WR) Samples and One Amphibole Separate, Together With Mineral Modal Abundances and Rock Microtextures
Modal proportions (vol%)

18

Sample

Lithology/separate type

Ol

Opx

Cpx

Spl

Plg

Am

La37
La38 (WR)
La14 (WR)
La04 (WR)
La20 (WR)
La36 (WR)
La34 (WR)

Amphibole
Harzburgite
Lherzolite
Lherzolite
Lherzolite
Pyroxenite serpentinized
Lherzolite

55
40
55
35
7
42

35
30
12
15

1
13
10
7
9
30

3
4
3
3

4
5
5
10

100
2
8
15
30

15

3

a

10

Serp

76

Mt

8

Microtexture

δ O
(‰)

Protogranular
Protogranular
Protomylonite
Mylonite
Mylonite
Mylonite
Ultramylonite

5.5
4.4
4.7
4.7
5.1
4.2
5.6

Note. Abbreviations as in Figure 3.
Including kaersutite and Mg‐hornblende.

a
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Figure 9. EBSD data for olivine in protogranular, protomylonite, and ultramylonites of the hydrous mylonite zone, displayed as phase maps (left), misorientation
maps (middle), and pole ﬁgures (right). (a) Protogranular peridotite. (b) Protomylonite peridotite. (c) Olivine porphyroclasts in ultramylonitic pyroxenites.
(d) Olivine grains adjacent to the olivine porphyroclasts in the ultramylonitic pyroxenite matrix. (e) Ultramylonite peridotite. Abbreviations as in Figure 3. In
misorientation maps, deviation is indicated with respect to the reference orientation (average orientation of the grain: dark blue = 0°). Pole ﬁgures are lower‐
hemisphere equal‐area projections with contours expressing multiples of uniform distribution. Fabric strength is indicated by J‐index and M‐index, the number of
grains by n, and the modal abundance of olivine by vol%.

and the protomylonite the rotation axes accommodating LABs (2–15°) within olivine grains have a rotation
on <0vw>, which is better develop either around [001] or [010] varying from sample to sample (Figure S3).
The detailed study of the olivine porphyroclasts from a pyroxene‐rich ultramylonitic matrix (Sample La18)
shows pole ﬁgures with a strong point concentration of [010] axes parallel to Z and weak [001] and [100] maxima parallel to X and Y, respectively (Figure 9c). With J‐index and M‐index of 3.31 and 0.12, the fabric of olivine porphyroclasts is stronger in the pyroxene‐rich ultramylonite than those of the protogranular and
protomylonite peridotites. Intracrystalline deformation is indicated by LABs parallel to Z in the cores but
VIEIRA DUARTE ET AL.
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Figure 10. EBSD data for amphibole in mylonites and ultramylonites of the hydrous mylonite zone, displayed as phase maps (left), misorientation maps (middle),
and pole ﬁgures (right). (a) Peridotite ultramylonitic matrix. (b) Veinlet in ultramylonitic pyroxenites showing elongated grain shapes and low‐angle
boundaries (LABs) parallel to the lineation (X). (c) Boudinaged vein in mylonitic gabbroic peridotites. Abbreviations as in Figure 3. Legends for maps and
pole ﬁgures as in Figure 9.

with deviations up to 10° (or more) at the grain tips. The olivine porphyroclast is embedded in a pyroxene‐rich
matrix, which is well illustrated in Figure 9d. In the ultramylonitic pyroxenite and peridotite the neoblasts
show less intracrystalline deformation than the nearby porphyroclasts and only a weak shape preferred
orientation (Figures 9d and 9e). [010] axes form a distinct maximum parallel to Z, while [100] axes form a
girdle within the foliation plane, and [001] axes form a weak concentration point (or girdle) parallel to X
(Figures 9d, 9e, and S3). The fabric is slightly weaker than that of the porphyroclasts, with J‐index varying
from 1.10 to 1.44 and M‐index <0.03.
Amphibole grains disseminated in the ultramylonite matrix are elongated and show obvious shape preferred
orientation (Figure 10), with grain sizes ranging between 25 and 250 μm. Most of them display only weak
internal deformation mainly associated with grain boundaries (Figure 10a). When clustered into veinlets,
amphibole forms even more elongated grains showing LABs subparallel to X (Figure 10b). In centimetric
gabbroic veins (Samples La06, La08, and La20), the amphibole grains vary from large porphyroclasts showing important internal deformation to recrystallized grains with weak internal deformation (Figure 10c). In
the vein from a mylonitic sample, amphibole grains up to 500 μm are observed (Figure 9c). Most of the grains
have less intracrystalline deformation and show at least some subgrain boundaries. The fabric is strong and
become stronger from the mylonitic gabbroic veins (J‐index 2.41–5.0; M‐index 0.08–0.18), to ultramylonitic
peridotite (J‐index: 7.02; M‐index: 0.23), and pyroxenites (J‐index: 4.36–10.9; M‐index: 0.14–0.38; Figure S3).
In all samples, amphibole [100], [010], and [001] axes point close to Z, Y, and X, respectively (e.g., Figure 10).
In a few gabbroic veins amphibole [100] axes show an obvious dispersion in the YZ plane.
In addition, pyroxene fabrics (Figures 11 and S3) are weak to moderate, with only limited correlation with
olivine fabric (pyroxene [001] parallel to olivine [100]). Orthopyroxene in protogranular sample show
VIEIRA DUARTE ET AL.
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Figure 11. Summary sketch showing the correlation between the amount of seawater, the size of recrystallized grains in the peridotites, and the mineral fabrics
for olivine, orthopyroxene, clinopyroxene, and amphibole. In the map, the red ﬁeld indicates where Mg‐hornblende is concentrated. Data outside the hydrous
mylonite zone are from Kaczmarek and Tommasi (2011). Fabric strength indicators in the form of J‐index and M‐index are available in Data Set S5.

[010] axes parallel to Z and [001] axes subparallel to X, a fabric typical for deformation at high
temperature (Jung et al., 2010; Turner et al., 1960). In protomylonite samples, the fabric is weaker,
with [001] axes subparallel to X and [100] subparallel to Z (Figure S3). Mylonitic and ultramylonitic
orthopyroxene fabrics are even weaker, with [100], [010], and [001] axes forming diffuse maxima
parallel to X, Y, and Z, respectively. Even though orthopyroxene is a predominant phase in the
pyroxene‐rich zone of the ultramylonites, grains do not exceed 100 μm in size. Intracrystalline
deformation is weaker and aspect ratios closer to unity than for olivine and amphibole, and only local
misorientations related to subgrain boundaries can be detected (Figure S2). Clinopyroxene fabrics in
protomylonites and mylonites display [001] and [100] axes subparallel to X and Z, respectively, while
there is no clear correspondence between fabrics and structural directions in the ultramylonites. The
J‐index and the M‐index are low, with values of 1.57 and 0.01 in the mylonites and 2.44 and 0.02 in
the ultramylonites (Figure 11).

5. Discussion
The Lanzo hydrous mylonite zone records a complex history involving localized deformation and ﬂuid
circulation beyond the stability ﬁeld of serpentine. We evaluate here the role of ductile deformation on
the progressive hydration of the peridotite mylonites, and we discuss the origin of ﬂuid circulation within
mantle shear zones based on the Cl signature of amphibole. These arguments are combined with geophysical data from (ultraslow) slow spreading ridges to propose a geological model in which ﬂuids reach depths
beyond the serpentine stability ﬁeld, that is, in the “semibrittle” regime, at temperatures higher than ~600°C
and pressures lower than ~0.5 GPa.
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5.1. Deformation History Recorded by Mineral Fabrics
The deformation history of the Lanzo peridotites can be reconstructed from the mineral fabrics observed
in the northern shear zone and in the hydrous mylonite zone in particular. In the protogranular, porphyroclastic, protomylonitic, and some mylonitic samples, olivine is characterized by the classic A‐type and
the less common E‐type fabrics, which result from the activation of the (010)[100] and (001)[100] slip systems, respectively (Jung & Karato, 2001; Katayama et al., 2004). Both fabrics are typical for peridotites
deformed under high‐temperature and low stress conditions, the main difference being the contribution
of water to deformation, minimal in the A‐type and moderate to low in the E‐type fabric (Karato
et al., 2008; Palasse et al., 2012). The olivine fabric in ultramylonitic peridotites is weak and resembles
an A type. Olivine grains are not strongly elongated, suggesting an important contribution of diffusion
creep. In one pyroxenite sample (La18) olivine porphyroclasts and olivine from the adjacent matrix show
a [001] glide direction, which is known to be activated with high water content (Jung & Karato, 2001)
(Figures 9c and 9d). This sample contains a high proportion of orthopyroxene. In a recent study on
websterite, the olivine CPO suggests a glide on the [001] axes at high temperature (Hidas et al., 2013)
similar to our observations. In our sample, the [001] glide direction within the (010) plane in olivine
porphyroclast and in the matrix is well in line with high‐temperature deformation conditions (Jung &
Karato, 2001; Karato et al., 2008).
The transition to lower‐temperature deformation conditions is supported by the occurrence of plastically
deformed Mg‐hornblende in the mylonitic and ultramylonitic mineral assemblage from all lithologies.
Studies on equilibrium assemblages from ultramaﬁc rocks during progressive metamorphism indicate
that Mg‐hornblende is stable with olivine, orthopyroxene, and spinel/plagioclase below ~950°C
(Evans, 1982; Fumagalli et al., 2009; Niida & Green, 1999). The presence of intracrystalline deformation
features, such as undulatory extinction and subgrain boundary walls in Mg‐hornblende, therefore indicates that signiﬁcant dislocation creep occurred in the lithosphere. This statement is further supported
by the fabric type observed in Mg‐hornblende, with [001] pointing to the lineation and [100] normal to
the foliation, which has been reported for deformation under dislocation creep (Biermann & Van
Roermund, 1983; Dollinger & Blacic, 1975; Rooney et al., 1975) at temperatures ranging between 650°C
and 970°C (Berger & Stünitz, 1996; Cao et al., 2010; Díaz Aspiroz et al., 2007). This interval ﬁts well with
the equilibration temperature of 860°C obtained by Kaczmarek and Müntener (2008) from the neoblasts
of the ultramylonites. The exceptionally high fabric strength and the large aspect ratios of Mg‐hornblende
grains are interpreted as a result of synkinematic oriented grain growth (Henry et al., 2017), followed by
easy glide onto the (100)[001] slip system. This interpretation is consistent with the observations of
Liu (1999) and Cao et al. (2010) that the initial orientation of amphibole grains plays a determinant role
in the preferential activation of the (100)[001] slip system. Finally yet importantly, the observations that
growth and deformation of Mg‐hornblende were, at least in part, coeval, have the additional consequence
that ﬂuid circulation and deformation are most likely contemporaneous, in the stability ﬁeld of
Mg‐hornblende.
Ongoing deformation is characterized by further reduction in grain size and progressive weakening of the
mineral fabrics (see Figure S3) in the ultramylonitic zones. Both processes are generally attributed to
dynamic recrystallization under decreasing temperature, followed by a change in deformation regime from
dislocation to diffusion creep and grain boundary sliding (Evans et al., 2001). This effect is particularly signiﬁcant in polymineralic assemblages, where secondary phases inhibit grain growth and contribute to the
sustainability of diffusion creep over time (e.g., Linckens et al., 2011; Précigout & Gueydan, 2009;
Sundberg & Cooper, 2008). These observations suggest a ﬁnal deformation stage occurring at lower temperatures and shallower depths, possibly related to the exhumation of the Lanzo upper mantle. Absolute temperature estimates for this ﬁnal stage are, however, difﬁcult to distinguish from those reached during
Alpine metamorphism (e.g., Pelletier & Müntener, 2006).
In summary, the mineral fabrics observed in the Lanzo hydrous mylonite zone are prime examples of progressive localization of deformation and point to the key role played by synkinematic growth of hornblende
and ﬂuid circulation in upper mantle shear zones. This suggests that strain focusing and hydration might be
coupled processes during exhumation of mantle rocks, consistent with recent numerical thermomechanical
models on ultraslow spreading ridges. A good example is the ﬂat seaﬂoor morphology of the ultraslow

VIEIRA DUARTE ET AL.

17 of 24

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019509

spreading Southwest Indian Ridge, which can only be modeled satisfactorily by shallow level serpentinization coupled to strain focusing in the deeper mantle lithosphere (Bickert et al., 2020).
5.2. Mg‐Hornblende as a Tracer of Seawater Inﬁltration
The chemistry of Mg‐hornblende and the whole‐rock δ18O isotopic signatures complement the deformation
history of the hydrous mylonite zone and offer constraints for the conditions and origin of ﬂuid inﬁltration.
Mg‐hornblende shows low K and Ti but elevated Cr (0.65–1.72 wt% Cr2O3) and Cl (0.15–0.61 wt%) concentrations. Their chemistry is consistent with the observed assemblage Ol + Opx + Cpx + Cr‐Spl + Hbl ± Plg,
equally described to occur in natural samples at temperatures equivalent to the transition between amphibolite to granulite facies (Evans, 1982). The high Cr content, phase relations from ﬁeld data, and thermodynamic modeling further indicate that Mg‐hornblende is produced from the reaction of Opx, Cpx, and H2O at
750°C to 850°C and ~1 GPa (Ulmer & Trommsdorff, 1999). Importantly, the Cl contents in Mg‐Hbl are
higher than values of Ti‐pargasite from upper mantle peridotites (Agrinier et al., 1988, 1996), but they are
strikingly similar to hornblende in mylonitic bands from the Zabargad Island peridotite (Agrinier et al., 1993)
and those found in oceanic transform faults in the SWIR (Prigent et al., 2020). Their formation was in both
cases attributed to interaction with seawater‐derived ﬂuid between 750°C and 450°C; in the ﬁrst during the
last stage of rifting of the Red Sea (Agrinier et al., 1993); and in the second during progressive mylonite deformation at depths of 20–25 km (Prigent et al., 2020). The amphibole‐bearing mylonites from the Lanzo shear
zone thus seem to indicate evidence of interaction with seawater‐derived ﬂuid in a range of temperatures
constrained by the amphibole chemistry, higher than that described in Zabargad Island but similar to the
deep and high‐temperature mylonite deformation recorded in transform faults in the SWIR.
The abundance of hornblende and absence of serpentine in the ultramylonitic zones, and the Cl enrichment
in hornblende could be interpreted as inﬁltration of seawater at temperatures exceeding serpentine stability.
These ﬂuids most likely reacted with pyroxenes to form amphibole. Additional evidence for an oceanic origin in the Lanzo massif include (a) the presence of ophicarbonate breccias (Pelletier & Müntener, 2006;
Vitale Brovarone et al., 2017); (b) metarodingite dikes within the serpentinized part of the Lanzo massif
(Pognante et al., 1985); (c) metaradiolarite and metabasalts covering parts of the Lanzo peridotite
(Lagabrielle & Lemoine, 1997); and (d) boron‐enriched lizardite and Eu anomaly along the contact between
strongly serpentinized and fresh peridotites (Debret et al., 2013).
Oxygen isotopes performed on peridotitic samples from the hydrous mylonite zone support this premise.
They show a narrow range of δ18O isotopic signatures from 4.4‰ to 5.6‰ (Table 3), lying within the known
range of compositions of oceanic serpentinites and gabbros. These show a large dispersion in values,
between 1.6‰ and 11.2‰ in serpentinites, indicating that serpentinization reactions occur over a wide range
of temperatures (Mével, 2003). From these, values lower than the MORB/mantle value are commonly interpreted as related to high‐temperature hydrothermal activity, exerted by a ﬂuid derived from seawater
(Gregory & Taylor, 1981).
Chlorine‐bearing hydrous phases coupled with δ18O, speciﬁcally, are a hallmark of hydrothermal activity,
probably related to downﬂow of seawater into the mantle. The question is, then, why Mg‐hornblende
displays Cl contents that are generally exceeding concentrations reported in chlorite or serpentine.
Chlorine enrichment in Mg‐Hbl could be accomplished by “desiccation,” which in its simplest form means
that a high‐temperature ﬂuid hydrating mantle rocks would preferentially loose H2O by crystallization of
hydrous phases such as hornblende, and concomitant increase of Cl and other anions in the residual ﬂuid.
Desiccation mechanisms to enrich ﬂuids in anions up to saturation of halite have previously been proposed
for the formation of amphibole in dry lower continental crust (Kullerud & Erambert, 1999; Markl &
Bucher, 1998). Along the same lines, the downﬂow of seawater into nearly dry peridotite could be affected
by a similar desiccation mechanism. Until seawater would reach areas of high temperature favorable for
the formation of Mg‐hornblende, the Cl/H2O ratio has probably changed signiﬁcantly. Therefore, desiccation could explain why the Cl content of Mg‐hornblende is highly variable and sometimes reaches values
up to 0.6 wt%. Enrichments in Mg‐hornblende with high Cl contents and δ18Owhole‐rock isotopic signatures
of ca. 4.4–4.7‰ can therefore represent a seawater tracer in mantle shear zones, witnessing hydration
around 800–850°C, prior to serpentinization. Future studies along (ultraslow) slow spreading ridges should
test whether Cl enrichment in high‐temperature amphibole is as widespread as proposed here.
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Figure 12. Conceptual illustration of the Mg‐hornblende crystallization conditions at a magma‐starved or magma‐fed ultraslow spreading ridge setting
(adapted from Cannat et al., 2019; Gillard et al., 2019). Seawater‐derived ﬂuids access the mantle lithosphere along brittle faults to temperatures above the
serpentine stability, reaching a mylonitic “semibrittle” domain where synchronous growth and deformation of Mg‐hornblende occurs (red‐shaded area). Dark and
light gray areas represent basalts and gabbros, respectively.

5.3. Implications for the Brittle‐Ductile Transition in Mantle Peridotites Along Ultraslow
Spreading Systems
Our ﬁndings of high‐temperature hydration of mantle peridotites have far‐reaching implications for the
strength of the mantle lithosphere. The observations that growth and deformation of Mg‐hornblende were,
at least in part, coeval, imply that “brittle” ﬂuid access and “ductile” deformation of Mg‐hornblende
occurred contemporaneously in the Mg‐hornblende stability ﬁeld. Brittle behavior enhanced by ﬂuid inﬂux
is suggested by fractured olivine and orthopyroxene grains (e.g., Figure 5b), along which Mg‐hornblende is
growing and deforming ductively. Other evidence, such as compositional jumps within large orthopyroxene
porphyroclasts (e.g., Figure 10 in Kaczmarek & Müntener, 2008), have also been related to brittle mineral
fracturing. All those microstructures and the temperature estimates given by Mg‐hornblende slip systems
(Figure 10) and the thermal stability of Mg‐hornblende suggest a “semibrittle” shear zone behavior beyond
the stability ﬁeld of serpentine at temperatures exceeding 600°C. This is schematically illustrated in
Figure 12 where areas of “semibrittle” behavior in the mantle lithosphere could be identiﬁed. Certainly,
the plate separation velocity has an important control on the thermal structure of ultraslow spreading ridges
(e.g., Chen & Morgan, 1990), and it is difﬁcult to predict at what depth such hornblende‐rich “semibrittle”
mantle shear zones would occur. For our case study in the Lanzo peridotites, hornblende formation can
be constrained to about ~750–850°C, at pressures of about 0.3–0.5 GPa, which corresponds to ~9–15 km
depth of the shear zone. These temperatures are higher than those estimated for the brittle failure of upper
mantle beneath oceanic plates, which range between ~600 and 700 ± 50°C for a given thermal structure of
the oceanic crust (Chen & Morgan, 1990; McKenzie et al., 2005). It has been argued that these temperatures
might represent a “natural limit” for earthquakes in the mantle beneath oceanic plates, but these large‐scale
“steady‐state” results are not necessarily applicable to actively deforming (ultraslow) slow spreading areas
(e.g., Cannat et al., 2019). Interestingly, recent surveys along oceanic core complexes in (ultraslow) slow
spreading settings along the Mid‐Atlantic Ridge and Southwest Indian Ridge indicate microseismicity down
to depth of 7–12 km or almost 20 km, respectively (Parnell‐Turner et al., 2017; Schlindwein & Schmid, 2016;
Yu et al., 2018), depending on the thermal structure of the axial lithosphere. Observations along transform
faults on the East Paciﬁc Rise have also shown that ﬂuid‐related effects may be equally important as thermal
effects in controlling earthquake rupture on oceanic faults (McGuire et al., 2012). Our results indicate that
Mg‐hornblende formation in peridotite mylonite shear zones might represent “semibrittle” behavior, with
downﬂow ﬂuid, reaction weakening, and ﬂuid‐assisted strain localization in anastomosing shear zones
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that reach beyond serpentine stability. Strain localization does therefore not only occur in areas of T < 500°C
as deduced from altered rocks sampled from the exposed footwall of detachments in oceanic core complexes
(e.g., Picazo et al., 2012). Such localized high‐temperature “semibrittle” shear zones might be the geological
expression of the microseismicity recorded at 10–20 km depth along ultraslow spreading systems.

6. Conclusions
Magnesium‐hornblende‐bearing domains in mylonitic to ultramylonitic peridotites are documented in the
northern part of the ophiolitic Lanzo massif, an exceptionally fresh peridotite body of the Western Tethys.
Centimetric to micrometric ultramylonite and mylonite layers with variable modal composition are
embedded and alternated by less deformed protomylonite peridotite, as a consequence of strain partitioning
enhanced by dynamic recrystallization, mechanical mixing, and chemical processes such as mineral nucleation and growth. They form an anastomosing shear zone network. Amphibole‐rich hydrous peridotite mylonite may be a ﬁngerprint of seawater penetration beyond the stability of serpentine. CPOs of the various
minerals in hydrous peridotite mylonites monitor the progressive exhumation of mantle rocks and changing
environmental conditions. Olivine CPO in the protogranular, protomylonite, and some mylonite layers
document, besides the A‐type fabrics with activation of the (010)[100] slip system, found also across the
northern shear zone, the occurrence of E‐type fabrics with the activation of the (001)[100] slip system.
Both are a hallmark of deformation under high‐temperature and low stress conditions, characteristic in
the upper mantle (Jung & Karato, 2001; Katayama et al., 2004). However, while insigniﬁcant in the A type,
the E type indicates a moderate contribution of water during deformation (Karato et al., 2008). Thus, the
drastic loss of the mineral CPO (e.g., olivine and pyroxenes) observed in the ﬁne‐grained matrix is a consequence of the reduction of the recrystallized grain size combined with ﬂuid inﬁltration along speciﬁc structural weak zones (Holtzman et al., 2003; Katayama et al., 2004). The weaker patterns of olivine and pyroxene
CPO are obtained for samples enriched in Mg‐hornblende, which comports a signiﬁcant amount of Cl
(0.15–0.61 wt%). The strong fabric of amphibole CPO, high aspect ratio, and activation of the (100)[001] slip
system all point for synkinematic Cl‐rich amphibole formation at temperatures above 800°C (Cao et al., 2010;
Díaz Aspiroz et al., 2007). These conditions are consistent with the elevated edenite component of Mg‐hornblende, indicating stability conditions for the paragenesis Ol + Opx + Cpx + Cr‐Spl + Hbl ± Plg between
750°C and 850°C (Evans, 1982; Fumagalli et al., 2009; Niida & Green, 1999; Ulmer & Trommsdorff, 1999).
Moreover, Cl enrichments in high‐temperature amphibole, together with a high‐temperature oxygen isotope
signature (δ18Owhole‐rock between 4.4‰ and 4.7‰), strongly indicate inﬁltration of a seawater‐derived ﬂuid
at temperatures above the serpentine stability (Janecky & Seyfried, 1986), similar to what is reported in the
Zabargad Island peridotite (Agrinier et al., 1993).

Acknowledgments
This study was supported by an
Ambizione fellowship of the Swiss
National Science Foundation
(Schweizerischer Nationalfonds zur
Förderung der wissenschaftlichen
Forschung) (Grant 200020‐142454) to
M‐A. K. Our thanks go to Martin Robyr
for setting up the electron microprobe
at the University of Lausanne and to
Hadrien Henry and Luiz G. Morales for
helping with the MTEX script. J. F. V. D
acknowledges support of the Swiss
National Science Foundation (Grant
200021‐172688 to Thomas Pettke)
during ﬁnal preparation of the
manuscript. Constructive reviews by
Cécile Prigent and two anonymous
reviewers are gratefully acknowledged.

VIEIRA DUARTE ET AL.

Finally, Cl‐rich Mg‐hornblende in hydrous peridotite mylonite might be the consequence of “semibrittle”
fracturing and hydration, perhaps expressed as microseismicity beneath ultraslow spreading systems, and
may represent a stage of strain localization and mantle hydration prior to serpentinization. These
high‐temperature hydrous phases formed most probably by interaction of peridotites with
seawater‐derived ﬂuids, which gets enriched in Cl by reacting along pathways to greater depth, in a
desiccation‐like mechanism. The combined effects of grain size reduction and ﬂuid inﬁltration probably
form “semibrittle” peridotite mylonites, that might advance signiﬁcantly beyond the ~3–6 km thick serpentinization front interpreted from seismic data. They could act as nuclei for the formation of large‐scale
detachment faults that are common along slow and ultraslow spreading ridges.
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