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Abstract Serpentinites are major carriers of volatiles in deep subduction zones, releasing most fluids in
the 500-650°C range. Despite fundamental implications for mass transfer and intermediate-depth seismicity,
the mechanical role of these fluids is unclear. To characterize the mechanical role of fluids at (ultra)high-
pressure conditions, we perform a petro-structural analysis on olivine-rich veins from the Western Alps
meta-ophiolite. Some veins formed through dilational and mixed dilational-shear fracturing without
significant shear-related deformation. However, field and microstructural observations indicate transient
shearing and dilational fracturing at high pore fluid pressures. These include: (a) foliated sheared veins; (b)
newly formed olivine and Ti-clinohumite within mineral lineations coating sheared veins and shear bands;
(c) Olivine and Ti-clinohumite mineral fibers sealing porphyroclasts; (d) mutual crosscutting relationships
among dilational and shear features. Dilational veins prevail in low-strain areas, while sheared veins and
shear bands dominate within high-strain zones toward the ultramafic sliver boundaries. These strain
variations underscore the role of local stress regimes during serpentinite dehydration. Consequently, areas
experiencing stronger shear stresses around large-scale blocks or mechanical weakening during fluid
circulation are prone to draining overpressurized fluids. These interface-parallel and fracture-controlled
pathways thus facilitate fluid escape from the dehydrating downgoing slab. Transient events of dilational
fracturing and brittle-ductile shearing, along with strain localization in highly comminuted olivine-bearing
sheared veins, may have resulted from strain rate bursts potentially related to (sub)seismic deformation.
These observations are in line with geophysical data indicating high pore fluid pressures within the
intermediate-depth seismicity region.

1. Introduction

Serpentinites are major carriers of volatiles in subduction zones (Bach & Friih-Green, 2010; Klein et al., 2020).
The oceanic mantle contains up to 13 wt% of H,O in fully serpentinized cases, typically representing slow-
spreading ridge settings. These fluids are released by devolatilization reactions (Figure 1) down to depths of
~200 km (Padrén-Navarta et al., 2013; Ulmer & Trommsdorff, 1995), far beyond those of metamafic lithologies,
which release their H,O at depths of ~70 km during blueschist-to eclogite-forming reactions (Schmidt &
Poli, 1998). These fluids play a critical role in geodynamic and tectonic processes (Hacker et al., 2003; Menant
et al., 2019; Peacock & Hyndman, 1999), but their interaction with deformation within the subducting slab is
challenging to probe and to reproduce experimentally (Ferrand et al., 2017; Reynard, 2013).

The subducting slab is regarded as a fluid overpressurized environment, with fluid pressures exceeding
hydrostatic, and transiently surpassing lithostatic levels (Audet & Kim, 2016; Bloch et al., 2018; Moreno
et al., 2014). The fluids circulating therein thus trigger brittle failure and mechanical instabilities (Angiboust
et al,, 2012; Behr et al., 2018; Davies, 1999; Mufioz-Montecinos, Angiboust, Garcia-Casco, Glodny, &
Bebout, 2021; Sibson, 2013; Taetz et al., 2018) when the ratio of fluid pressure to lithostatic pressure
(A4 = Pylo,) exceeds 0.9 (near-lithostatic) or even surpasses 1 (fluid overpressure; Sibson, 2013). The
generation of earthquakes is a major outcome of this process (Hacker et al., 2003; Moreno et al., 2014;
Muiioz-Montecinos, Angiboust, & Garcia-Casco, 2021). Earthquakes occurring at depths of 50-300 km are
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Figure 1. Illustration of a subduction zone depicting major dehydration reactions (according to Schmidt and Poli (2013) and Kempf et al. (2020)). The location of the
Upper and Lower seismicity planes is after Hacker et al. (2003) and has been compiled from other active margins which may not necessarily be representative of IDEQs
in the Alpine setting. The inset showing potential fluid transport toward the mantle is after Davies (1999). The subduction thermal structure is after Dragovic

et al. (2020). Mineral abbreviations after Whitney and Evans (2010).

known as Intermediate depth earthquakes (IDEQs) and, unlike shallow seismicity, little is known on their
source mechanisms. IDEQs are characterized by double seismicity planes—an upper (USP) atop of the
subducting slab and a lower (LSP) lying tens of kilometers within the downgoing plate (Cabrera et al., 2021;
Hacker et al., 2003; Isacks & Barazangi, 1977; Isacks & Molnar, 1971; Sippl et al., 2022). While the origin
of LSP events remains debated (Andersen et al., 2014), dehydration reactions in the uppermost mafic/ul-
tramafic section of the subducting slab may control the generation and distribution of USP (Angiboust
et al.,, 2012; Hacker et al., 2003; Hasegawa & Nakajima, 2017; John & Schenk, 2006; Okazaki &
Hirth, 2016; Wagner et al., 2020). Therefore, characterizing the mechanisms of dehydration and fluid cir-
culation pathways in this dynamic and deforming environment is key to understanding the physical mech-
anisms operating in the IDEQs window.

A number of dehydration reactions are possible within the upper-most section of subducting slabs, with one of the
most prominent being the antigorite-out reaction. Recent investigations demonstrate that the antigorite-out
dehydration reaction to olivine + orthopyroxene releases ~10 wt% of H,O in the 600-700°C range (Eberhard
et al., 2023; Padron-Navarta et al., 2013). Furthermore, Gasc et al. (2017) observed antigorite dehydration
products at 500-600°C—a temperature range consistent with the Brucite + Antigorite = 20livine + 3H,0 re-
action. The role of brucite dehydration was classically thought to be minor due to its apparently low abundance in
serpentinites, and experimental investigations considering brucite-bearing serpentinites are scarce (e.g., Nagaya
et al., 2022). However, Klein et al. (2020) showed that brucite is indeed abundant in oceanic serpentinites,
underscoring the need for further studies.

Theoretical and laboratory studies thus suggest serpentinite dehydration as a trigger of mechanical instabilities,
and natural outcrops further support this finding (Jabaloy-Sanchez et al., 2022; Kempf et al., 2020). In the
Western Alps, investigations on an outcrop in the lower Theodul Glacier locality (Zermatt-Saas unit (ZSU);
Figure 2a) emphasized that brucite + antigorite dehydration products are widespread in the form of metamorphic
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olivine + Ti-clinohumite + diopside (£Ti-chondrodite)-bearing veins (Kempf et al., 2020). These veins origi-
nated at (U)HP conditions (Kempf et al., 2020; Peters et al., 2020), but the mechanisms by which the fluids
escaped the dehydration front are debated and their role during deformation is unknown. Some authors suggest
the (U)HP veins formed in multiple events of cyclic dehydration embrittlement and seismicity (Healy
et al., 2009), while others propose a static, non-seismogenic model in which the fluids are drained into perme-
ability pathways resulting from reaction-induced porosity (Pliimper et al., 2017).

In this study, we present a multi-scale, petro-structural investigation of metamorphic vein networks in key
localities from the Western Alps meta-ophiolites (Figure 2a) to characterize the mechanical role of fluids
under (U)HP conditions. The meta-ophiolites exposed in the Western Alps formed in a slow-spreading ridge
setting, where serpentinization is likely more intense than in fast spreading settings (Friih-Green et al., 2004).
Thus, the Western Alps serves as a natural laboratory to study the interplay between dehydration, fluid flow
and deformation styles of the IDEQs window, but extrapolation of these findings to fast-spreading settings
should be taken with caution. We document several generations of olivine-bearing vein networks hosted in
serpentinites and discuss the deformation processes that were operating during dehydration and fluid circu-
lation within a deeply subducted slab. We document the occurrence of cyclic dilational, hybrid mode
dilational-shear, as well as mineral precipitation associated with shearing, interpreted to represent localized
shearing and brittle fracturing in a ductile matrix at conditions where IDEQs occur. These structures and
deformation mechanisms are then compared with published data on IDEQs source properties and related
experimental results. We synthesize these results and comparisons and use them to propose a large-scale
model of fluid flow within the subducting oceanic lithosphere.

2. Geological Context of the Zermatt-Saas Meta Ophiolite

The Western Alps host coherent, km-thick and tens-of-km-long slivers of meta-ophiolites, extending from Voltri
in Liguria (Italy), to the Zermatt and Saas-Fee region in Switzerland. These slivers constituted part of the slow-
spreading Liguro-Piemontese oceanic realm, where serpentinites formed via seafloor hydrothermal alteration of
the oceanic mantle, and were subducted beneath the Apulian plate (Agard, 2021; Fontana et al., 2008; Lagab-
rielle & Cannat, 1990; Peters et al., 2017). The serpentinized oceanic mantle that constitutes the base of these
slivers has undergone eclogite-facies metamorphism and contains abundant secondary olivine veins within
partially dehydrated serpentinites (Gilio et al., 2019; Hermann et al., 2000; Li et al., 2004; Plimper et al., 2017).
We focus on the ZSU, which is one of these coherent slivers (e.g., Angiboust et al., 2009; Bucher et al., 2005; Dal
Piaz & Ernst, 1978). The ZSU is overlaid by the Combin and Theodul Glacier Units. The former is interpreted to
represent passive margin sediments, while the latter as exotic continental fragments. Both units underwent
blueschist-to eclogite-facies metamorphism (Angiboust et al., 2014; Bucher et al., 2020; Negro et al., 2013). In
addition, the ZSU was underthrust by the HP Monte Rosa unit, which exhibits continental affinity (e.g., Steck
et al., 2015; Figures 2a and 2c) .

Estimated peak pressure-temperature (P-T) conditions for the ZSU eclogites are between 2.3 and 2.5 GPa and
530-550°C (Angiboust et al., 2009), while 50-100°C warmer and (U)HP conditions were proposed for ZSU
serpentinites (Li et al., 2004), as well as for subordinate sub-units such as the Lago di Cignana sliver (600°C and
3.2 GPa; Groppo et al., 2009). These peak conditions were attained at 50-44 Ma (Dragovic et al., 2020; Rubatto
et al., 1998; Skora et al., 2015), followed by cooling along the epidote blueschist-facies at c. 37 Ma (Angiboust &
Glodny, 2020; Reddy et al., 1999). The ZSU serpentinites exhibit widespread metamorphic veins composed of
olivine + Ti-clinohumite along with diopside, chlorite and other minor phases. These ubiquitous sets of Ti-cli-
nohumite + olivine (xTi-chondrodite) veins indicate veining under (U)HP conditions at temperatures of
580 £ 50°C following the breakdown of brucite in the presence of antigorite (e.g., Kempf et al., 2020; see
Section 5.1 for details). Furthermore, Gilio et al. (2019) suggested vein precipitation according to the dehydration
reaction: primary clinopyroxene + olivine + antigorite = diopside + chlorite + Ti-clinohumite + H,O.

Figure 2. (a) Regional map localizing the Zermatt-Saas unit (ZSU) within the Western Alps. The red stars indicate the study localities. (b) Photograph of the southern
cliff of Mt. Pancherot (above Lago di Cignana lake), which represents a typical ultramafic mega-lens of the ZSU. (c) Cross-section (see panel A for the location of the
transect) depicting structural relationships among the units forming the metamorphic nappe-stack in the Valtournenche area. (d) Cross-section of the lower Theodul
Glacier area depicting the fabric style in the serpentinite sole and strain gradient from the glacier to the ridge. The blue stars illustrate locations within the structural
profile from which the pictures were captured. (e) Photograph (extracted from Google Earth ©) showing the location and topography of the transect from panel (d).
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3. Field-Scale Structures
3.1. General Observations and Previous Data

We present relevant field observations from four localities (Mt. Avic, Lago di Cignana, Valtournenche, Theodul
Glacier; Figure 2a), with emphasis on the lower Theodul Glacier area (Zermatt region). The serpentine bodies
occur as continuous masses mostly located at the base of the ZSU (Figures 2b and 2c). These slivers or mega-
lenses can be traced for several kilometers along strike. Some of the mega-lenses are hosted within eclogite-
facies metabasites and metasediments (e.g., Figure 2b), which display an exhumation-related blueschist-facies
overprint (Angiboust et al., 2009). Rodingites, that might represent highly metasomatized former mafic dikes,
are found within the serpentinite bodies (Figure 2d).

The ZSU serpentinites locally exhibit bastite (orthopyroxene pseudomorph now replaced by serpentine)-bearing
levels and mineral segregations likely inherited from seafloor hydrothermal and magmatic activity, respectively
(Kempf et al., 2020; Li et al., 2004). An early foliation (S1) is defined by aligned antigorite and magnetite along
with veins containing metamorphic olivine and Ti-clinohumite (Li et al., 2004). This S1 fabric was transposed
during the regional event that produced the main penetrative foliation S2 (Luoni et al., 2019), the latter is
consistent with the regional nappe stack trend, dipping 20—40° to the NW. The main foliation S2 is defined by
high-strain serpentinite (see below) displaying an anastomosing mylonitic fabric, isoclinal folds, S-C planes and
stretched magnetite, antigorite, olivine, diopside and Ti-clinohumite blasts and trails. In addition, transposed,
dismembered and rotated olivine-rich and Ti-clinohumite-bearing (+Ti-chondrodite) veins are systematically
observed (Gilio et al., 2019; Kempf et al., 2020; Li et al., 2004; Luoni et al., 2018). Similar veins also occur
crosscutting the S2 fabric as observed in Valtournanche (Luoni et al., 2019) and Mt. Avic localities. The S2
foliation in serpentinites is locally crenulated, defining the S3 fabric, which locally exhibits another generation of
antigorite and chlorite (Li et al., 2004). The last deformation stage is a set of late subvertical fractures coated with
carbonates and light green chrysotile and/or lizardite (S4; Luoni et al., 2019).

3.2. Outcrop-Scale Vein Distributions and Relationships to Strain Gradients

The strain distribution and spatial organization of S1-S3 fabrics are heterogeneously distributed within the ZSU
serpentinite bodies, defining low- and high-strain domains for each fabric, as documented below and summarized
in Table 1.

The recent retreat of the Theodul Glacier exposes outstanding rock outcrops, offering an exceptional opportunity
to document the structural relationships among the veins and the various deformation events at the hundreds of
meters-scale. The intensity of strain increases toward the major lithological contact at the boundary between the
Theodul Glacier and Zermatt-Saas units, at higher structural levels with respect to the latter. This structural
variation represents a progressive evolution from a low-strain region at the Theodul Glacier bed, grading upwards
to a strong penetrative and anastomosing mylonitic foliation (bottom to top of the exposed cliff; Figures 2d and
2e). In the lower-strain domain, the early prograde-to-peak eclogite-facies (prograde burial) sub-vertical foliation
S1 is preserved. This foliation is crosscut by syn-to-post kinematic (post S1 but pre S2) olivine + Ti-clinohumite
veins, and is folded with fold axial planes parallel to the S2 regional foliation (Figure 3a). Fragments of former
dilational antigorite veins display offset and domino-type boudinage in which the shear bands that accommodate
deformation within vein fragments are systematically coated with olivine and oriented at moderate angles to the
foliation (Figure 3b). Clasts of low-strain serpentinite also occur wrapped by sheared olivine-rich shear bands and
are closely associated with veins filling the dilational sites within the clasts and the serpentinite around
(Figure 3c). Likewise, metarodingites and Ti-clinohumite-bearing veins were also dragged and incorporated
within localized shear bands (e.g., Figure 3d).

In the cross-section (Figures 2d and 2e), it is qualitatively shown that the ratio of undeformed veins (Type (i) and
(ii)) relative to sheared veins (Type (iii)) decreases from nearly 80% to <5% in less than 50 m upwards. At the
upper section of the Gandegghiitte-Theodul Glacier transect (Figure 2e), most Olivine + Ti-clinohumite meta-
morphic veins were transposed, smeared and affected by later-stage crenulation (Figure 3e). At the highest
structural levels between the Gandegghiitte and the contact with the Theodul Glacier Unit (northwestward of the
transect shown in Figure 2d), complex intercalations between low- and high-strain domains occur and are capped
by ophicarbonates and a metasedimentary cover. Notably, no olivine veins are preserved at the contact with the
Theodul Glacier Unit. The proportion of sheared veins within the serpentinite body increases again toward the
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Table 1

Summary of the Main Structures and Deformation Features in the Context of the Metamorphic Evolution of the Zermatt-Saas Unit Serpentinites

Diagnostic structures lllustration P-T context
3.0 :
r Ol
Foliation S1 25+ e
(0n) | Atg
The foliation S1is defined by antigorite, trails of stretched a2l
magnetite, and aggregates of olivine and Ti-clinohumite. In 7 ’ Brc Atg
low-strain domains, there is a preferential preservation of Type S« r
(i) and (ii) veins, as well as igneous features such as bastites 15
and metarodingites L
Low-stra
Serpent 10—
%00 400 500
Foliation $1to 52 T(C)
(Dn+1)
In low-strain domains, the main foliation S2 develops within
localized shear bands that cross-cut S1. Previous veins are 30 :
smeared and boudinaged (Type (iii) veins), with necks filled by |
olivine and Ti-clinohumite. Shear bands coated with olivine gr'c
accommodate deformation, leading to domino-type 2 - 251 Atg
boudinage and angular clasts. Former igneous dikes and EW'%*% s*;'rgp"e-ﬁ""'"e H
prograde metamorphic veins are dragged and partially U in shadows filled | 200
incorporated into the shear bands y Ol and Ti-chum g | Bre Ag
o
1.5
In high-strain domains, the S1 foliation is transposed into the 1.0
main foliation S2, associated with tight folding of L
olivine-bearing veins. The foliation spacing evolves from weak 05
and discontinuous to penetrative 300 400 500
T(C)
3.0 T
Foliation S2
(on+2) o
Pervasive S-C-C'mylonitic foliation defined by antigorite with oliation 52 >r Atg
trails of magnetite, diopside, olivine and Ti-clinohumite in the O
S planes, and C'shear bands coated with olivine. Low-strain _20F
serpentinite phacoids are wrapped by the S2 foliation. Most g L Brchaio
veins and metarodingites are heavily transposed, with strain o 15
shadows and boudin necks filled by olivine and Ti-clinohu- cr
mite. Type(iii) veins display mineral lineations with newly r
formed grains. Type (i) veins cross-cutting the S2 fabric are mm to cm 10—
locally observed. - L
0.5
300 400 500 600 700
T(C)
3.0 T
r ol
A Brc
Foliation S3 25 Atg
(Dn+3) L
Tight folding of the previous serpentinite and vein foliations
and development of the 53 crenulation fabric. The S3 foliation 7 20 Brc Atg
is defined by newly formed chlorite and antigorite. (S
a
1.5
101
0.5
300 400 500
T(°C)

Note. The P-T grid is modified from Kempf et al. (2020).
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contact with the underlying Monte Rosa nappe, as visible in the Gornergrat locality. Despite our best efforts, the
glacier cover of the Alpine terrain did not allow us to image the strain distribution at its lower boundary. Thus,
shear-related vein fabrics dominate toward the “outer” part of the ultramafic slivers whereas low-strain veins are
more abundant toward their “core” (see Figure 2d for an example). This structural feature is also observable in
poorly strained serpentinite phacoides embedded within a sheared serpentinite matrix (Figure 3f). Thus, the low-
strain domains likely represent decameter to hectometers-scale phacoides/lenses wrapped by the regional S2
foliation. Furthermore, rodingites are only partially affected by the deformation event leading to the S1 foliation at
the glacier bed, but underwent complete transposition, boudinage and smearing along the main foliation S2 (see
Figure 2d).

3.3. Metamorphic Vein Systems and the Serpentinite Host
3.3.1. Serpentinite Host Around Vein Systems

Sheared vein and monomineralic shear band structures are closely associated with or hosted within
(proto)mylonitic serpentinite (Figures 3a—3d, 4a, and 4b). The (proto)mylonite displays several tens of
centimeters-to millimeters long phacoids with long axes elongated parallel to the main foliation (e.g., Figures 3b
and 3c¢). In the most strained domains (toward the top of the structural pile), the mylonite phacoids display higher
aspect ratios; they can be as long as a few meters and are mostly made of moderately to weakly strained ser-
pentinites (e.g., Figure 3f), or locally of partially serpentinized, clinopyroxene-rich metaperidotites (Figure Sla in
Supporting Information S1). The inter-phacoids space is decorated with olivine-bearing sheared veins and bands
(Figures 3b, 3c, and 3f). Serpentinite mylonites exhibit S-C-C’ structures characterized by an S foliation
composed of serpentinite and transposed veins and C’ surfaces coated with olivine-bearing shear bands
(Figure 3g). We also document serpentinites with an apparently brecciated fabric characterized by angular to
rounded fragments composed of weakly strained serpentinites or metaperidotites (e.g., Figure 4a and Figure Sla
in Supporting Information S1).

3.3.2. Definition of the Different Vein and Shear Band Sets

Olivine-rich veins are ubiquitous among all studied localities. These veins contain one or more of: olivine,
diopside, antigorite, Ti-clinohumite, chlorite, magnetite and locally Ti-chondrodite (e.g., Gilio et al., 2019;
Kempf et al., 2020). We distinguish three main vein types (e.g., type (i), type (ii), and type (iii)) on the basis of
field and microscale observations. Type (i) veins are observed primarily associated with the S1 fabric in low-
strain domains where the S2 is not well developed. They typically sharply cross-cut the S1 foliation at low- to
high-angles (Figures 4a—4c) and locally cross-cut the S2 foliation (Figure 4d). These veins are dilational and
commonly form distributed networks with multiple cross-cutting sets and mutual terminations. In some places
they occur in more organized en echelon arrays (e.g., Figure 4d and Figure S1b in Supporting Information S1).
Vein width typically ranges from millimeters up to tens of centimeters. The vein interiors contain a range of
mineral fills, including coarse blocky crystals of olivine, Ti-clinohumite and magnetite along with fibrous/tabular
diopside and locally Ti-chondrodite. Some veins show evidence for multiple generations of vein opening in the
form of sharp mineral zonations from center to margin: for example, in Figure 4c it is shown an antigorite vein
hosting a subsequent generation of Ti-clinohumite vein precipitated at the center of the vein volume. Furthermore,
in low-strain domains, intricate patterns of (sub)millimetric veinlets appear to connect or branch into strain-free,
preferentially oriented millimeters-wide veins (e.g., Figures 4e and 4f). These millimeters-scale networks are
analog to vein systems documented in Erro-Tobio (Ligurian Alps, Italy; Hermann et al., 2000) and interpreted as
dehydration veins (Pliimper et al., 2017).

Figure 3. Field photographs of low-strain (a) to (d) and high-strain (e) to (g) domain structures. (a) Serpentinite and pyroxenite segregations crenulated, overprinting the
foliation S1 and defining an incipient development of the foliation S2. (b) Former antigorite + Ti-clinohumite dilational vein boudinaged in a domino-type manner, note
the shear bands accommodating deformation are composed of olivine in a matrix of serpentinite. (c) Low-strain, massive serpentinite and phacoides wrapped by foliated
olivine sheared veins and shear bands. (d) Ti-clinohumite + Ti-chondrodite bearing veins and metarodingite dikes dragged into highly localized shear bands. Note the
increased development of serpentinite foliation approaching the shear band. (e) Crenulated serpentinite main foliation S2 defining the S3 foliation fabric. (f) Penetrative
main foliation S2 preserving low-strain serpentinite phacoides. (g) S-C’ mylonitic serpentinite in which the C’ shear planes are preferentially coated with olivine. Ti-
Chum, Ti-clinohumite; Ti-Chon, Ti-chondrodite.

MUNOZ-MONTECINOS ET AL.

8 of 23

85UB01 7 SUOWILLIOD BAIE81D 8|qedl|dde au Aq pausenob ae saoe YO 8sN JO Sa|n. o A%eiq1 T 8UlIUO AB]1M UO (SUOHPUOD-PUE-SWR)LIOD A8 1M AeIq 1[eul [U0//SdiY) SUORIPUOD pue swiie 1 84y 88S *[202/80/v2] Uo AfiqiTauliuo A8 |IM ' S3d VO - snoqibuy fenwes Aq T8STT00DYZ02/620T 0T/I0p/W00 A8 (1M Areidipul|uo'sgndnfe//sdny woly pepeojumod ‘8 7202 '220252ST



A

NI Geochemistry, Geophysics, Geosystems

ADVANCING EARTH
AND SPACE SCIENCES

10.1029/2024GC011581

Lower Theodul Glacier

Dilational Ol vein crosscutting
the brecciated fabric

/ Sheared olivine-rich
matrix

¥

OI—rih de drafion '

Figure 4. (a and b) Orthomosaic images and (c—e) field photographs. (a) Block next to the glacial bed showing olivine-rich veins in low-strain domains. (b) Sketch of
panel (a) highlighting the main structural relationships between the different generations of veins and the serpentinite host. (c) Antigorite vein cutting across low-strain
serpentinite. Note the occurrence of another generation of Ti-clinohumite veining precipitated at the center of the previous vein. (d) Ti-clinohumite-bearing veins cutting

the main foliation S2. (e) Low-strain serpentinite and intricate vein networks. (f) Simplified sketch of panel (e).
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Type (ii) veins co-occur with type (i) veins but are distinguished because they show evidence for rotational shear
during emplacement. These veins form sets of conjugated networks as well as offsetting serpentinites fragments
and sheared veins (Figures 4a and 4b; see below). Type (iii) veins correspond to highly strained and shear-
dominated structures characterized by centimeter-long fragmented and rotated porphyroclasts in a sub-
millimetric matrix (Figure 5a and Figure S1c and Sid in Supporting Information S1). These sheared domains and
veins are oriented parallel or at low-angles to the main foliation with the lineation trending NE to SE (see rose
diagram in Figure S2 in Supporting Information S1), locally displaying small step-overs (Figure 5b). They are
crosscut by Type (i) veins, incorporated as rotated clasts within sheared domains (e.g., Figures 4a, 4b, and 5c;
Figure S1d in Supporting Information S1) or folded (Figure Sle in Supporting Information S1). These structures
also develop horsetail splay geometries (Figures 5d and 5e). Type (iii) veins also show evidence for new mineral
growth during transposition (see below), with the lineation defined by elongated Ti-clinohumite, diopside and
olivine and are systematically found in all studied localities (Figures and S1c and S2 in Supporting Informa-
tion S1). Dilatational jogs, filled with Ti-clinohumite (Figure 5f), olivine and/or diopside were also observed.

3.3.3. Overview of the Main Veining Stages

For the sake of clarity, we provide a brief interpretation of the various olivine-rich vein types identified in our
study (see Section 5.2 for further details). Type (i) veins are inferred to have formed due to dilational fracturing
and mineral precipitation, and are henceforth denoted as dilational veins throughout the text, whereas Type (ii)
veins are interpreted as mode II dilational-shear veins. Type (iii) structures correspond to brittle-ductile shear
bands that represent transposed and rotated veins of type (i) and (ii), alongside newly formed mineral phases.

A block located at the Theodul Glacier bed, representing the low-strain domain, is used to illustrate different
deformation-veining stages (Figures 4a and 4b). The primary structural features are poorly foliated serpentinite
fragments, which exhibit angular morphologies. These fragments develop crackle or mosaic-type breccia (in the
sense of Woodcock & Mort, 2008) fabric and domino-type dismembering (Figure 4a). The inter-clast space
within the breccia is filled with olivine-rich veins. These veins formed in multiple stages, exhibiting mutual
crosscutting relationships summarized as follows:

1. Dilational and conjugate vein sets preserved within serpentinite clasts.

2. Olivine veins (type (iii) veins) produced during and affected by shearing. These structures accommodated the
majority of strain around and within the serpentinite clasts, commonly transecting or transposing the previous
dilational veins.

3. Dilational and dilational-shear veins crosscut all previous structures, including the serpentinite clasts and the
sheared-olivine vein matrix. Note that some dilational veins developed during stage (iii) are embedded,
deformed, and incorporated within the sheared veins.

Similar features were observed in the Lago di Cignana locality, where some fragments bear extensional and
sheared veins, while Ti-clinohumite- and olivine-bearing vein fragments are also found as clasts (Figure Sla in
Supporting Information S1). We emphasize the occurrence of pristine to slightly deformed Ti-clinohumite- and
olivine-bearing dilational veins cutting across the brecciated fabric (Figure Sla in Supporting Information S1).

4. Microstructures and Textures

Petrographic and microstructural observations in the variety of vein systems and host serpentinite are presented in
a set of 12 samples (see Table S1 in Supporting Information S1 for sample coordinates). The samples were
sectioned normal to the main foliation and parallel to the lineation. Full details on the parameters and the
analytical techniques used in this study are provided in the supplementary material.

4.1. Serpentinite (proto)mylonites and Breccia

The serpentinite host surrounding sheared veins commonly displays a (proto)mylonitic or brecciated fabric
composed of sigmoidal to angular fragments and/or porphyroclasts of olivine, diopside and pseudomorphs after
clinopyroxene within a fine-grained matrix of antigorite (Figures S3e and S3f in Supporting Information S1).
Low-strain serpentinite are weakly foliated, massive serpentinites displaying mesh textures (Figure 6a) charac-
terized by relatively randomly oriented laths of antigorite. At the contact with highly sheared veins, the foliation is
locally more developed (e.g., Figure 7b). High-strain serpentinites are characterized by strongly foliated, fine-
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grained antigorite wrapping around coarser-grained, low-strain antigorite aggregates along with metamorphic
olivine and diopside porphyroclasts, producing the anastomosing main foliation S2 (Figure 6b and Figure S3j in
Supporting Information S1). In the most deformed serpentinite mylonites, no low-strain features are preserved,
developing a pervasive foliation with a grain size smaller than the previous fabric (Figure 6¢). The anastomosing
foliation is also composed of stripes of tabular diopside grains elongated parallel to the main foliation, fine-
grained olivine aggregates, and Ti-clinohumite porphyroclasts surrounded by pressure shadows containing
olivine (Figure 6d). In mylonitic serpentinites, olivine shear bands coat S-C’ planes. We identified at least two
generations of antigorite based on variations in the Al content of these sigmoidal domains, in which Al-richer is
surrounded by Al-poorer antigorite (Figure 6e).

4.2. Dilational (Type (I)) Veins

Dilational veins contain blocky crystals, with sizes ranging from millimeters to several centimeters (locally up to
tens of centimeters), and are generally composed of olivine (>50 vol%), diopside, Ti-clinohumite, and magnetite
(e.g., Figure 7a). These veins are millimeter to tens of centimeter-wide and display sharp or planar to curvy-planar
host vein margins (Figures 7a and 7b). The strain-free blocky crystals in these veins are sharply faceted (e.g.,
Figure 7a), while antigorite, diopside and locally olivine crystals occur elongated perpendicular to the host-vein
walls (Figures 7b and 8a).

4.3. Sheared (Type (III)) Veins and Shear Bands

The transition from dilational to sheared veins and shear bands is illustrated in Figures 7a and 7c. There, a
dilational (type (i)) vein exhibits slight bending of the grains as they approach the vein margins (see the red arrow
in Figure 7a). With progressive strain, these dilational veins eventually develop fine-grained, localized shear
bands (Figures 7b, 7c, 8a, and 8b). Note that in massive serpentinites (e.g., poorly foliated), the sheared veins
sharply transect the serpentinite host as well as previous dilational veins developing sharp and planar host vein
margins (Figure 7b).

Highly strained veins (Figures 7d and 8c) display a mylonitic fabric composed of olivine + Ti-clinohu-
mite + diopside porphyroclasts. The porphyroclasts are generally equidimensional and (sub)rounded to angular in
shape, with some exhibiting elongation along the main stretching direction and mild undulose extinction. Within
sheared veins, diopside defines two microfabric types that are recognized on the basis of their grain size and
shape, including (a) bimodal-type and (b) equigranular-type domains. Sheared veins containing bimodal grain
size distributions (bimodal-type) are characterized by elongated tabular diopside grains with diameters of several
hundreds of microns, where the smaller grains (<100 pms) surround the porphyroclasts or occur within boudin
necks. Both grain size populations exhibit a shape preferred orientation which defines the macroscopic lineation.
The second diopside microfabric (equigranular-type) is characterized by equigranular grains, mostly below
100 pm in diameter and elongated-tabular crystal shapes. While the occurrence of both bimodal- and
equigranular-type fabrics in a single sample is rare, the equigranular-type fabric dominates. In addition, rare
chlorite and antigorite boudins (Figure 7d and Figure S3a—S3d in Supporting Information S1) with olivine- and/or
diopside-filled necks are observed (Figures S3d and S3e in Supporting Information S1).

Fine-grained Ti-clinohumite crystals with different orientations, as inferred from extinction angles, envelope
larger Ti-clinohumite porphyroclasts developing strain shadows (Figures 7d and 8e; see also Figures S3h and S3i
in Supporting Information S1). Likewise, large Ti-clinohumite crystals are boudinaged with boudin necks filled
with prismatic-tabular Ti-clinohumite and diopside grains elongated perpendicular to the margins of the por-
phyroclasts (Figure 8c). In addition, dusty (inclusion-rich) Ti-clinohumite porphyroclasts are rimmed by another
generation of clean (inclusion-free) Ti-clinohumite (Figure S3i in Supporting Information S1). Similar micro-
structures are observed in olivine, where porphyroclasts are surrounded by another generation of elongated
olivine grains (Figure 8d). Note that these olivine porphyroclasts display weak undulose extinction (Figure 8d).

Figure 5. Field photographs of shear structures. (a) Field image of a sheared vein composed of olivine and Ti-clinohumite porphyroclasts in a fine-grained matrix of
antigorite and diopside, displaying sharp contact with the host serpentinite and top to the NE shear sense. (b) Olivine, diopside and Ti-clinohumite-bearing mineral fibers
and lineations, view normal to the XY-plane of the strain ellipsoid. (c) Sheared vein in high-strain serpentinite hosting a fragment of a Ti-clinohumite-bearing vein,
which also displays a mineral lineation. (d) Geometrical relationship between a main olivine-coated fault plane and the adjacent conjugate fault systems, developing a
horsetail splay. (e) High-strain serpentinite developing horsetail splays at the millimeters-scale. (f) Ti-clinohumite-filled dilational jog in serpentinite.
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Figure 6. (a—c) Cross-polarized light photomicrographs and (d and e) phase masks based on EDS X-Ray maps. (a) Low-strain serpentinite displaying randomly oriented
antigorite laths with a weak foliation. (b) High-strain serpentinite mylonite. Note the occurrence of relatively low-strain domains. (c¢) High-strain serpentinite displaying
very fine-grained grains. (d) Si content in Olivine, Ti-clinohumite and antigorite overlaid by a phase mask image highlighting clinopyroxene and magnetite. (e) Al
content in antigorite from a mylonitic serpentinite host.

Furthermore, large Ti-clinohumite porphyroclasts are rotated and display twins (Figure 8e). Sharply truncated
crystal surfaces along with euhedral and blocky grains surround the larger porphyroclasts (Figure 8c). Diopside,
along with subordinate olivine, Ti-clinohumite, antigorite and magnetite (Figures 7d and 7f) define the lineation
and foliation in the fine-grained matrix and exhibit fibro-tabular shape. In sheared veins, diopside-rich aggregates
contain highly angular grains, along with offset and broken crystals surrounded by a fine-grained, fibrous matrix
resembling a cataclastic fabric (Figure 7e).

5. Discussion
5.1. Veining Sequence at (U)HP Conditions

The presence of olivine, diopside and Ti-clinohumite-bearing veins exposed in the Alpine meta-ophiolitic ZSU
offers a valuable opportunity to document dehydration processes within the eclogite-facies oceanic mantle.
Thermodynamic modeling, based on the temperature dependence of Al in antigorite and olivine (e.g., higher Al
indicating elevated temperatures; Padrén-Navarta et al., 2013), points to peak temperatures of 520-650°C,
suggesting that the antigorite + brucite dehydration reaction was responsible for generating these veins (Kempf
et al., 2020). This temperature range is supported by the absence of orthopyroxene, which is expected to form at
temperatures above 650°C (Padrén-Navarta et al., 2011; Scambelluri et al., 2014). Moreover, the occurrence of
Ti-clinohumite and Ti-chondrodite indicates peak pressures above 1.6 GPa (Shen et al., 2015), most likely be-
tween 2.3 and 2.7 GPa, consistent with estimations from Zermatt, Valtournanche, Lago di Cignana, and Mt. Avic
(Gilio et al., 2019; Li et al., 2004; Luoni et al., 2018; see also Lopez Sdnchez-Vizcaino et al. (2005)). These P-T
conditions align with those calculated for eclogites and metasediments along the ZSU (Angiboust et al., 2009;
Bucher et al., 2005; de Meyer et al., 2014) confirming that the veining sequence occurred during the same tectono-
metamorphic event.

By integrating these petrologic studies with structural characterization, we provide new insights into the defor-
mation stages and fabric evolution during burial and exhumation (see summary Table 1). The early stage involved
dilational veining crosscutting a low-strain serpentinite, exhibiting dilational veining patterns (Figures 4a and 4b).
These veins were first filled with antigorite (see Kempf et al. (2020) for details), and were subsequently re-opened
and re-filled with Ti-clinohumite and olivine. These parageneses suggest that early veining initiated in the
antigorite stability field at temperatures between 400 and 460°C (Schwartz et al., 2013; Trommsdorff &
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Figure 7. (a) Plane-polarized and (b—e) cross-polarized light photomicrographs and backscattered electron image (f). (a) Dilational olivine and Ti-clinohumite vein in
serpentinite displaying euhedral blocky crystals as well as sharp host-vein walls contact. The red arrow indicates slight bending of grains. (b) Fine-grained sheared vein
composed of olivine + antigorite sharply transecting a low-strain serpentinite along with a dilational olivine vein, the latter showing elongated olivine crystals oriented
perpendicular to the host-vein walls. (c) Former dilational vein displaying elongated and bent olivine and diopside crystals evolving toward a localized shear band
involving strong grain size comminution. (d) General fabric of a sheared vein containing olivine and Ti-clinohumite porphyroclasts with sigmoidal to highly angular
morphologies in a matrix of foliated fibrous/tabular diopside. Note the occurrence of fine-grained Ti-clinohumite grains in pressure shadows around larger clasts. (e) p.
s., pressure shadow. Sheared vein containing highly angular, brittlely fractured diopside clasts in a matrix of fibrous/tabular grains. (f) Inset of panel D showing the fine
grained matrix, note the fibrous/tabular habit of olivine and diopside. See Figures S3a and S3b in Supporting Information S1 thin-section photo mosaic locating
panel (d).

Evans, 1980) but occurred predominantly at conditions around 550-600°C (60-80 km depth) within the stability
field of metamorphic olivine (Kempf et al., 2020). These dilational veins were sheared and incorporated into
sheared veins that define the S1 or the incipient S2 foliation (Table 1). These sheared veins were crosscut by
subsequent generations of dilational (+dilational-shear) veins (stages (i) and (ii)), suggesting cyclic dilational
(and dilational-shear) veining with localized shearing (stage (iii)) during burial up to near-peak conditions.
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Figure 8. Cross-polarized light photomicrographs of sheared veins and serpentinite host. (a) Blocky and fibrous crystals of Ti-clinohumite in a former dilational, now
partially transposed vein along with elongated crystals oriented according to the main foliation. (b) Transposed Ti-clinohumite vein. Some blocky and elongated crystals
occur as relics from the former dilational structures, indicating vein transposition accompanied by crystal rotation. (c) Ti-clinohumite porphyroclasts embedded in a
matrix of fibrous/tabular diopside displaying crystals that have been torn apart. The interclast space is filled with Ti-clinohumite and diopside fibers oriented
perpendicular to the margin of the porphyroclast. In addition, other torn-apart crystals contain equigranular and blocky Ti-clinohumite filling. Note the occurrence of
mechanical twins and sharply transected crystal faces in some large Ti-clinohumite porphyroclasts. (d) Inset of Figure 7d depicting fibers of olivine around olivine torn
apart crystals. (e) Serpentinite hosting partially transposed Ti-clinohumite-bearing veins along with rotated porphyroclasts and newly grown Ti-clinohumite fibro/
tabular grains. Recxs, recrystallized; p.s., pressure shadow.

These structures were then heavily transposed and smeared leading to the main foliation S2. Notably, the
mylonitic fabric S2 is transected by Ti-clinohumite- and olivine-bearing dilational veins (e.g., Figure 4d and
Figure Sla in Supporting Information S1; see Luoni et al., 2019 for similar observations in Valtournenche), as
well as C’ shear bands coated with olivine (Figure 3g), along with Ti-clinohumite and olivine-bearing fibers
representing incremental growth in the stretching direction (Figure 5b and Figure S2 in Supporting
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Information S1). In addition, the mylonitic foliation, characterized by antigorite bearing higher aluminum contents
within cores (Figure 6e), indicates at least two stages of fabric development starting at near-peak (U)HP conditions
and evolving during cooling (Padrén-Navarta et al., 2013). The main foliation S2 of the Western Alps serpentinites
is classically attributed to exhumation-related shearing along the subduction environment (Luoni et al., 2019).
Thus, the occurrence of (U)HP minerals in these structural domains suggest the development of the mylonitic fabric
during the earliest stages of exhumation when the slivers conforming the ZSU were still subject to (U)HP con-
ditions, before re-equilibrating later under blueschist to greenschist-facies conditions (Table 1). Lastly, all of these
structures were overprinted by the S3 crenulation cleavage and S4 structures, likely forming during later-stage,
exhumation-related regional backthrusting during collisional processes (Luoni et al., 2019).

5.2. Interpretation of Structures and Microstructures
5.2.1. Dilational Veining at (U)HP Conditions

The mechanical implications of serpentinite dehydration remains debated because it is unclear whether conditions
of near-lithostatic or fluid overpressures capable of inducing weakening or shearing are attained (e.g., Chernak &
Hirth, 2011; Clément et al., 2019; Davies, 1999; Dobson et al., 2002; Ferrand et al., 2017; Jung & Green, 2004;
Jung et al., 2004; Perrillat et al., 2005; Plimper et al., 2017). The absence of fluid overpressures is attributed to the
gradual increase in the Clausius-Clapeyron slope with pressure and the resultant negative volume change at
pressures exceeding c. 2.5 GPa (Bose & Navrotsky, 1998; Ulmer & Trommsdorff, 1995). This process could
promote porosity development, although this is likely of minimal magnitude due to the negligible net volume
change of the brucite-out reaction under these conditions (very steep Clausius-Clapeyron slope). If permeability is
increased, it can also facilitate fluid drainage, thereby hindering fluid accumulation and overpressures (Pliimper
et al., 2017). Therefore, some of the few existing studies interpreted (U)HP olivine veins as resulting from static
and reaction-induced ‘“veining,” without involving deformation, shearing, and/or fluid overpressure-related
fracturing (Huber et al., 2022; Pliimper et al., 2017).

We stress that a substantial amount of veins exhibit features consistent with transient fluid pressure accumulation
potentially exceeding lithostatic levels and subsequent dilational fracturing (e.g., Davies, 1999; Dobson
et al., 2002) as well as the presence of free fluids. Those include (a) dilational veins and jogs (Figure 5f); (b) sharp
host-vein walls and en échelon arrays (Figures 4a, 7a, and 7b; Figure S1b in Supporting Information S1); (c)
blocky, euhedral and centimeter-sized crystals in veins (Figures 7a, 7b, 8a, and 8c); (d) fibrous crystals in veins
indicating syntaxial/antitaxial growth (Figure 7b); (e) mutual cross-cutting relationships between various veining
and shearing events (e.g., Figures 3b and 3d; see below). Discrepancies between natural observations and pre-
vious experimental and numerical investigations may arise from local variations in bulk rock composition, rock
fabric heterogeneity or the injection of external fluids. In the first case, local fluid pressure perturbations involving
pressure drops below the brucite-out reaction boundary have been invoked to explain uneven dehydration patterns
in (U)HP serpentinites, resulting in heterogeneous olivine formation (Schmalholz et al., 2023). However, it is
more likely that local chemical variations within the bulk rock volume play a significant role. Variable Si:Mg
ratios resulting from pre-subduction serpentinization processes (low Si:Mg generates more brucite), as evidenced
from serpentinized MOR peridotites (Klein et al., 2020; Malvoisin, 2015), can lead to different amounts of brucite
and, consequently, varying rates of H,O production at depths (e.g., Huber et al., 2022; Kempf et al., 2020). In the
second scenario, the absence of a strong serpentinite fabric in low-strain domains could create less permeable
domains conducive to fluid accumulation (Gasc et al., 2017). Conversely, strongly foliated antigorite schists
would favor foliation-parallel fluid drainage (Hermann et al., 2000; Kawano et al., 2011). We thus hypothesize
that low-strain and low Si:Mg, massive serpentinites may represent an environment prone to fluid accumulation.
In the latter case, in situ §'30 measurements in antigorite and olivine demonstrated disequilibrium, interpreted as
representing open system and external fluid infiltration (Ulrich et al., 2024). At depths of c. 80 km, injection of
externally derived fluids most likely occurs at near-, potentially supra-lithostatic pore fluid pressure conditions
and permit local fracturing along the fluid path (e.g., Taetz et al., 2018).

5.2.2. The Evolution From Dilation to Brittle-Ductile Shearing

The deformation patterns observed in vein-filling minerals and shear bands offer valuable insights into the dy-
namic mechanisms governing vein deformation and fabric evolution subsequent to vein emplacement. We
document Ti-clinohumite- and olivine-bearing mineral lineations decorating foliation-(sub)parallel vein surfaces
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(Figure 5b and Figure S2 in Supporting Information S1) as well as fibers filling boudin necks (e.g., Figure 8c).
These patterns suggest incremental mineral growth at (U)HP under a stressed system (see Jabaloy-Sanchez
et al., 2022 for a similar example). Moreover, veins forming conjugated sets (Figure 4a) or “horse-tail” splays
(Figure 5d) indicate mixed dilational-shear fracturing. The mutual cross-cutting relationships within serpentinite
(proto)mylonites and/or breccias containing clasts of vein-hosting serpentinite, along with dilational veins cross-
cutting these structures (Figure 4a and Figure Sla in Supporting Information S1), suggest cyclic brittle failure
within an otherwise viscous environment.

Furthermore, the associated olivine, Ti-clinohumite and diopside sheared veins and shear bands exhibit a por-
phyroclastic fabric within a matrix of foliated fibrous/tabular diopside (e.g., Figure 7d). Fibrous/tabular diopside
wrapping larger porphyroclasts display strong SPOs with the long axis of the crystals oriented according to the
macroscopic lineation. The bimodal-type diopside fabric contains large grains surrounded by smaller grains
within boudin necks along with brittlely deformed diopside aggregates (Figure 7e). This fabric is inferred to have
formed due to micro-boudinage followed by mineral precipitation in the neck site. The equigranular-type fabric in
diopside is then interpreted to represent a more advanced stage of recrystallization and grain size reduction
subsequent to micro boudinage. Similarly, Ti-clinohumite develops mineral fibers within boudin necks and
coating sheared veins, along with sharply truncated crystal surfaces (Figure 8c). In partially transposed veins, Ti-
clinohumite still preserves blocky or prismatic crystal shapes (Figures 8a and 8b), but their elongation is now
oblique to the host-vein walls. Olivine porphyroclasts exhibit undeformed and slightly internally deformed clasts
(Figure 8d) showing elongated fibers (e.g., Bons et al., 2012) along grain boundaries, possibly representing
pressure shadows. Overall, these microstructures, together with the occurrence of a new generation of Ti-
clinohumite on the rims of rotated porphyroclasts (Figure 8e and Figure S3h in Supporting Information S1),
suggest deformation first by mechanical rotation and micro-fracturing/cataclastic flow, followed by viscous creep
and oriented mineral growth. Nevertheless, more detailed studies are needed in order to elucidate the role of
crystal plasticity versus pressure-solution or diffusion creep during cyclic brittle-viscous deformation at (U)HP.

5.2.3. Olivine-Rich Veins as Mechanical Heterogeneities and Strain Localization

Considering that the vein systems represent sheared volumes composed of stiff minerals such as olivine and Ti-
clinohumite in a serpentinite matrix, we conclude that the veins acted as stress heterogeneities within a viscous
environment (Hermann et al., 2000; Schmalholz et al., 2023). As noted, Ti-clinohumite and diopside clasts within
veins exhibit brittle features (Figure 7e), pressure-shadows (Figures 7d and 8e) and mineralized boudin necks
(Figure 8c), supporting the hypothesis of an initial brittle stage followed by subsequent viscous creep (see also
Bial & Trepmann, 2013; Wassmann et al., 2011). Our natural, strongly foliated antigorite schists (e.g., Figures 6b
and 6¢) exhibit a clear high-strain fabric, which also involved significant grain size reduction and foliation
development. In contrast, low-strain serpentinite displays coarser-grained, randomly oriented laths of antigorite
(e.g., Figure 6a). In the latter, this pattern potentially resulted from randomly oriented laths formed during static
serpentinization of the seafloor peridotite, reflecting the typical mesh texture of lizardite (Pliimper et al., 2012).
Furthermore, sharp knife-like sheared veins cut across (Figures 7b and 7c), while olivine-rich sheared veins
preferentially accommodated deformation within low-strain serpentinite. We interpret these features as repre-
senting preferential and highly localized deformation, and simultaneous or subsequent viscous flow in a low-
strain serpentinite matrix. These observations demonstrate that serpentinites can remain brittle at temperatures
as high as 580 + 50°C, and aligns with experimental investigations on deformed serpentinite, which exhibit
localized brittle deformation (French et al., 2019; Proctor & Hirth, 2016) and a minor strength difference between
dunites and serpentinites at high pressures (Hirauchi et al., 2020). Furthermore, it supports the notion that
rheological heterogeneities enhance transient, localized shearing under high-pressure conditions (Angiboust
et al., 2017; Behr et al., 2018; Muifioz-Montecinos et al., 2023).

5.3. Fluid-Induced Strain Localization in the Intermediate-Depth Seismicity Window and Comparison to
Geophysical Data

Field observations along the ZSU exhibit ultramafic slivers with strain gradients, enabling the documentation of
the feedbacks between fluid flow and deformation. At the termination of the lower Theodul Glacier, the least
strained inner domains grade toward high-strain domains at upper structural levels (Figure 2d). This observation
highlights a strain gradient at the hundreds of meters-scale, in which highly sheared regions resulted from
mutually overprinting fluid-enhanced brittle-ductile events. We interpret these meso-to large-scale structural and
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Figure 9. Conceptual sketch showing the tectonic and fluid processes during near-peak burial to early exhumation metamorphism and associated deformation along
intra-slab, interface sub-parallel shear zones. Yellow stars illustrate the location of brittle-ductile events associated with high-strain domains, as recorded in the studied
rocks. Low-strain veinsets are mainly found in the core of ultramafic slivers, while highly strained veinsets were mainly observed associated with broad, sheared
domains wrapping the megalenses or slivers.

crosscutting relationships as resulting from a critically unstable regime due to high pore fluid pressures (near
lithostatic) as a consequence of fluid supply derived from the brucite 4 antigorite reaction or the injection of
external fluids. While Type (i) veins most likely formed as a consequence of transient increments in pore fluid
pressures, which may reach values in the order of 10 MPa (Schmalholz et al., 2023), the identification of
transposed former dilational veins and newly formed shear bands (Type (iii)) suggest that brittle veins may
eventually evolve into shear zones. These shear zones likely form around slivers where the ambient stress field
may locally depart from the hydrostatic state (Schmalholz et al., 2023). In this model, brittle-ductile deformation
is highly localized at the margins of the slivers composing the slab mantle, allowing for fluid flow along the
subduction channel and perhaps to the slab-mantle wedge interface (Figure 9; e.g. McGary et al., 2014). This
model is supported by geochemical data on veins and associated shear zones indicating large-scale fluid flow with
mixed meta (ultra)mafic-sedimentary sources (Angiboust et al., 2014; Clarke et al., 2020; Ulrich et al., 2024).
Thus, fluid circulation is envisioned as a “pulse-like” process that leads to cyclic dilational and hybrid dilational-
shear fracturing and localized brittle-ductile shearing within the IDEQ source. This hypothesis aligns with
experimental and field studies suggesting that fluids in sheared serpentinites may percolate via deformation-
induced interconnected permeability (Angiboust et al., 2014; Auzende et al., 2015; Hermann et al., 2000).
Even if a precise quantification of the fluxes is difficult to evaluate, our results suggest that within ZSU ser-
pentinites, fracture-controlled permeability has transiently prevailed over matrix permeability during peak burial
to early exhumation (e.g., Mufioz-Montecinos & Behr, 2023).

Our field and structural observations are in line with recent seismological studies imaging the IDEQs window
worldwide. In northern Chile, transiently high V,,/V, ratios (>2) in the serpentinized lithospheric mantle are
interpreted as resulting from fluid drainage into vein-like structures (fluid-filled cracks) at near-lithostatic pore
pressure conditions (Bloch et al., 2018). More recently, Delbridge et al. (2024) used high-resolution waveform
data associated with the Tohoku-oki Earthquake (Mw = 9) to constrain the physical properties of the IDEQ
window in North Eastern Japan. They demonstrated that the effective stress state within the upper seismicity plane
available for seismic failure is extremely low (~1 MPa), requiring near-lithostatic pore fluid pressure conditions.
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Furthermore, thermodynamic modeling applied to the Central Mexico subduction thermal structure suggests that
dehydration of the uppermost part of the serpentinized mantle could cause positive volume change-triggered fluid
overpressure (Gutiérrez-Aguilar et al., 2022), thus inducing fracturing. Lastly, Craiu et al. (2022) showed that the
generation of IDEQs in the Vrancea slab (Romania) down to 100-130 kms depth could be linked to preferential
shearing at the margins of large-scale peridotite blocks. We stress that the range of brittle-ductile structures re-
ported here are in line with these models, and emphasize that the combination of stress heterogeneities and near-
lithostatic fluid pressure conditions enhanced localized deformation and strain accumulation at the margins of
ultramafic slivers (Figure 9). However, it is worth noting that most of these geophysical studies documented
processes in fast-spreading ridge settings, where the degree of serpentinization is poorly constrained (Grevemeyer
et al., 2018). Therefore, our observations should also take into account the deformation mechanisms of variably
serpentinized peridotites to allow more direct comparison.

At the moment, we cannot demonstrate that (sub)seismic slip rates were achieved here. Nevertheless, some of the
brittle structures documented in the ZSU could have resulted from transient highs in strain rate and highly
localized cataclasis or micro-fracturing, overprinted by viscous flow. In fact, switching between brittle-ductile
deformation under transiently high pore fluid pressure conditions is key for the generation of slow slips and
tremors within shallower subduction interfaces (e.g., Angiboust et al., 2015; Audet & Biirgmann, 2014; Behr &
Biirgmann, 2021; Mufioz-Montecinos et al., 2020; Tarling et al., 2019), involving strain rate bursts at low dif-
ferential stresses (Oncken et al., 2022; Shelly et al., 2006). Thus, we speculate that some of these brittle-ductile
fabrics could have resulted from some of IDEQs (Brantut et al., 2017) as well as from slow slip and tremor
processes (Chernak & Hirth, 2011; French et al., 2019). Nevertheless, we cannot rule out the possibility that other
processes capable of producing strain rate bursts, such as post-seismic propagation of deformation toward mantle
depths (Wang et al., 2020) or viscoelastic rebound due to sudden pulldown (Bedford et al., 2020), in addition to
local stress perturbations during ductile shearing (Schmalholz et al., 2023), could have contributed to the finite
deformation pattern recorded here.

Regardless of the specific processes, our observations underscore the capability of metamorphic fluids to trigger
cyclic brittle-ductile deformation and strain localization in and around discrete olivine-rich shear volumes within
the IDEQ source. Thus, challenging the classical vision of a deep serpentinized environment purely deforming in
a ductile manner. Furthermore, our observations suggest that, under certain circumstances, serpentinites may
develop brittle heterogeneities that persist even under (ultra)high-pressure conditions.

6. Conclusions

We identify cyclic events of brittle-ductile shearing interspersed with dilational veining associated with meta-
morphic vein systems formed as a consequence of prograde dehydration of serpentinites. These olivine-rich veins
formed as brittle features and preferentially accommodated subsequent deformation relative to the host serpen-
tinite, suggesting that serpentinites can remain brittle within the Intermediate Depths Seismicity region.
Microstructural observations within these high-strain veins reveal that olivine and Ti-clinohumite developed
boudins and porphyroclasts sealed with mineral fibers, suggesting pressure-solution or diffusion-dominated
mechanisms following grain size reduction. Crosscutting relationships between veins and mylonitic/brecciated
serpentinites indicate that brittle-ductile events likely occurred via strain rate bursts at near-lithostatic pore fluid
pressures and low effective stress. Shear strain concentrated along the margins of ultramafic slivers, enhancing
fracture-controlled permeability and fluid flow at the kilometer-scale along the deep subduction environment. The
occurrence of brittle-ductile features, along with dilational veins in mutual crosscutting relationships and transient
strain localization, sheds light on the potential for high strain rates within interface-parallel shear zones. Similar
structural features have been imaged at the base of the deep subduction seismogenic zone and are considered to
result from deformation at strain rates associated with (sub)seismic activity. Therefore, we speculate that some of
the documented fabrics are the result of deformation processes occurring at strain rates faster than those typically
associated with plate convergence velocities, perhaps reaching (sub)seismic levels.

Data Availability Statement

Raw files for EDS X-ray maps, as well as processed drone data (OB]J files and orthomosaic images), are publicly
available at the ETH repository: https://www.research-collection.ethz.ch/handle/20.500.11850/686246.
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