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Mechanical anisotropy control on strain localization
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Abstract Mantle rocks at oceanic spreading centers reveal dramatic rheological changes from partially
molten to solid-state ductile to brittle deformation with progressive cooling. Using the crustal-scale Wadi
al Wasit mantle shear zone (SZ, Semail ophiolite, Oman), we monitor such changes based on quantitative
field and microstructural investigations combined with petrological and geochemical analyses. The spatial
distribution of magmatic dikes and high strain zones gives important information on the location of
magmatic and tectonic activity. In the SZ, dikes derived from primitive melts (websterites) are distributed
over the entire SZ but are more abundant in the center; dikes frommore evolved, plagioclase saturated melts
(gabbronorites) are restricted to the SZ center. Accordingly, harzburgite deformation fabrics show a transition
from protomylonite (1100°C), mylonite (900–800°C) to ultramylonite (<700°C) and a serpentine foliation
(<500°C) from the SZ rim to the center. The spatial correlation between solid-state deformation fabrics and
magmatic features indicates progressive strain localization in the SZ on the cooling path. Three stages can be
discriminated: (i) Cycles of melt injection (dunite channels and websterite dikes) and solid-state deformation
(protomylonites-mylonites; 1100–900°C), (ii) dominant solid-state deformation in harzburgite mylonites
(900–800°C) with some last melt injections (gabbronorites) and ultramylonites (<700°C), and (iii) infiltration
of seawater inducing a serpentine foliation (<500°C) followed by cataclasis during obduction. The change of
these processes in space and time indicates that early dike-related ridge-parallel deformation controls the
onset of the entire strain localization history promoting nucleation sites for different strain weakening
processes as a consequence of changing physicochemical conditions.

1. Introduction

Mid-ocean ridges are important plate boundaries, where new crust is formed and intense seismic and mag-
matic activity is documented. While the access to active ridges often is difficult, exhumed paleo-mid-ocean
ridges provide the unique opportunity to gain insights into the associated 3-D deformation pattern and its
temporal and spatial evolution during spreading. Particularly because of the initial high-temperature condi-
tions at the ridge and the subsequent fast cooling with progressive spreading, the entire succession and
interplay from early melt-assisted to high-temperature solid-state to low-temperature alteration under the
presence of seawater can be studied at such sites.

Formation of oceanic crust at mid-ocean ridges by crystallization of magmas formed by decompression of
the asthenosphere [Kawakatsu et al., 2009; Schmerr, 2012] is one of the fundamental processes on Earth.
During magma ascent, deformation of the associated host rocks plays a fundamental role. Mechanical mod-
els suggested that dike injection represents the major pathways for magma emplacement at shallow crustal
levels [Buck et al., 2005; Behn and Ito, 2008; Ito and Behn, 2008], while in the mantle focused porous flow may
be the dominant transport mechanism [Kelemen et al., 1995]. Based on growing knowledge from deep-sea
drilling and submersible surveys, axial faulting might provide additional conduits for rising magmas [e.g.,
Hayman and Karson, 2009]. In the latter model, magma follows brittle high strain zones, which are cyclically
overprinted in a complex manner by brittle fracturing/cataclasis, infiltration of seawater, chemical alteration,
and cementation of the fault rocks. Little is known, however, about the structure and mechanical behavior of
such fault zones, their continuation with depth, and if and how melt migrates along such structures. The
occurrence of subvertical fossil high strain zones of exhumed upper mantle rocks [e.g., Boudier et al., 1988;
Dijkstra et al., 2002; Newman et al., 1999; Michibayashi and Mainprice, 2004; Toy et al., 2010; Linckens et al.,
2015] as well as seismic activity [e.g. Dziak et al., 1995; Passarelli et al., 2014] suggests localized deformation
in the lithospheric mantle. Particularly, seismic activity in the vicinity of ridge axes points toward cycles of fast
brittle and slow ductile deformation.
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In terms of melt generation and melt extraction in the asthenosphere, grain-scale porous flow is considered
to represent the fundamental process [Aharonov et al., 1995, 1997; Kelemen et al., 1997b; Ceuleneer et al., 1996;
Spiegelman et al., 2001; Dijkstra et al., 2002; Weatherley and Katz, 2012]. For the subsequent melt ascent, the
following three major flow types have been suggested: (i) diapirism [e.g., Ceuleneer et al., 1988; Nicolas et al.,
1988], (ii) compaction channeling [e.g., Scott, 1988] in porosity waves [Connolly and Podladchikov, 1998], and
(iii) tensile fracturing (diking) [e.g., Ito and Martel, 2002; Choi et al., 2008; Choi and Buck, 2010; Havlin et al.,
2013]. Recent numerical modeling by Keller et al. [2013] indicates that the dominant process (i), (ii), or
(iii) strongly depends on the viscosities of the host rocks, which are low, intermediate, or high, respectively.
For (i), melt rises buoyantly in pulses rather than in a continuous flow. For (ii) overpressurized melt pockets
induce localized melt pathways by intergranular fracturing on the millimeter to centimeter scale, where com-
paction waves in combination with shear stresses and buoyancy force melt ascent. In the case of (iii), host
rock failure occurs via hydrofracturing during shearing. In the current study we follow two major goals:
(a) We first evaluate how melt migration and deformation interact during the early high-temperature part
of shearing. It will become evident that mechanical anisotropies, evolved after the onset of magmatic activity
and the crystallization of early pyroxenites, force the successive magmatic and deformational activity to jux-
tapose in a complex three-dimensional manner. Our field evidence indicates synchronous strain localization
and magma emplacement associated with differentiation of magma during early stages of strain localization.
(b) With progressive spreading and shearing, the system cools and we unravel the effect of the initially
formed mechanical anisotropies on the retrograde strain localization under solid-state conditions including
the alteration by seawater once the system embrittles. We address these aspects by investigating in detail
the exhumed Wadi al Wasit shear zone located in the mantle section of the Semail ophiolite (Oman,
Figure 1).

2. Geological Setting
2.1. Temporal Framework of the Evolution of the Semail Ophiolite

The mantle section of the Semail ophiolite (Oman) is one of the largest and best exposed worldwide allowing
the study of upper mantle deformation near the crust-mantle boundary (Figure 1) [Nicolas et al., 1994a,1994b;
Boudier and Nicolas, 1985;Michibayashi et al., 2000;Dijkstra et al., 2002]. Mantle diapirs, as mapped by changes
from vertical to horizontal flow lines in harzburgites, overlain by gabbros, sheeted dikes, and basaltic lavas,
provoked the notion of mantle upwelling and continuous spreading (Figure 1) [Ceuleneer et al., 1988;
Nicolas et al., 1988, 1989, 1994a; Gnos and Nicolas, 1996; Hacker and Gnos, 1997; Searle and Cox, 1999]. The
geodynamic context is still a matter of debate. However, it is generally accepted that the magmatic activity
in the Semail ophiolite can be split into two stages:

1. The first magmatic event is mainly recorded in the central and southern areas of the Semail ophiolite,
shows mid-ocean ridge basalt (MORB) signatures, and forms a Penrose type [Anonymous, 1972] oceanic
crustal sequence. U-Pb dating on zircons indicates that the main phase was active between ~96.25 and
95.5Ma (e.g., seeWarren et al. [2005], Rioux et al. [2012], and Rioux et al. [2013] for discussion on error bars).
Given the volume of mafic magmas and the similarity with the seismically defined structure of fast spread-
ing ridges, the Semail ophiolite was considered to be a fossil example of a fast-spreading ridge [Boudier
and Coleman, 1981; Reid and Jackson, 1981; Boudier and Nicolas, 1985; Boudier et al., 1988; Nicolas, 1989;
Gnos and Nicolas, 1996; Nicolas et al., 2000; Ishikawa et al., 2002; Godard et al., 2003; Ishikawa et al.,
2005; Godard et al., 2006; Rioux et al., 2013]. For these reasons, a transform fault/mid-ocean ridge model
was suggested, where obduction along the basal thrust was southward directed, close to the ridge, result-
ing in ridge-parallel strike-slip shear zones [Boudier et al., 1988; Hacker et al., 1996]. In an advanced stage,
the southward movement changed to west directed obduction onto the Arabian shield.

2. The second magmatic stage, mainly expressed in the northern blocks of the ophiolite, is only slightly
younger than the first one (~95.4–95.0Ma, Rioux et al. [2013]; Warren et al. [2005]). It shows geochemical
signatures characteristic for subduction-related magmatism delivering the argument for a suprasubduc-
tion zone origin of the ophiolite [Searle et al., 1980; Searle and Malpas, 1980; Pearce et al., 1981; Searle and
Malpas, 1982; Searle and Cox, 1999, 2002; Warren et al., 2005; MacLeod et al., 2013]. Accordingly, subduc-
tion initiation along a former strike-slip fault was proposed, followed by roll-back of the subducting plate.
The roll-back leads to fast spreading and ridge formation in the upper plate followed by obduction along
the subduction zone thrust [Lippard et al., 1986; Gnos and Nicolas, 1996; Searle and Cox, 1999]. The
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suprasubduction zone model is currently favored by different authors [Rioux et al., 2013 and references
therein]. Given the U-Pb dates of these authors, the time interval between formation of oceanic crust in
the first magmatic event and subsequent injection of younger dikes during the second magmatic event
must be< 0.25–0.5Ma.

Because of similarities with the Izu-Bonin-Mariana forearc, recently, forearc or incipient subduction models
were suggested as an alternative to the suprasubduction zone models, the later related to a back-arc basin
extensional environment [Whattam and Stern, 2011; Ishikawa et al., 2002; Ishizuka et al., 2014].

2.2. Dikes in the Mantle Sequence

Numerous dikes cross cut the mantle sequence and are correlated with the two aforementioned magmatic
suites [Nicolas et al., 2000; Python and Ceuleneer, 2003]. (i) Troctolite and olivine gabbro dikes intruded at
about 1200°C and derived from fractional crystallization of primitive MORB melts [Nicolas et al., 1994b;
Kelemen et al., 1997a; Koga et al., 2001]. They are exposed almost exclusively in elongated zones with
orientation parallel to the sheeted dikes of the midcrust and lower crust, suggesting formation during

Figure 1. (a) Map of shear zones, mantle diapirs, and inferred ridge axes (compiled after structural map of the Semail
ophiolite [Nicolas et al., 2000; Python and Ceuleneer, 2003]). (b) Geologic overview of the (c) field area located in the Hilti
massif of the Semail ophiolite (b: modified after Nicolas et al. [2000] and Michibayashi and Mainprice [2004]). Note the N-S
trending sheeted dikes in the lower-middle crust as indicators of the orientation of the paleoridge orientation and the
NNW-SSE striking shear zones (SZ) in the mantle harzburgites.

Tectonics 10.1002/2015TC004007

HERWEGH ET AL. WADI AL WASIT SHEAR ZONE 1179



asthenospheric upwelling and spreading [Nicolas et al., 1994b; Python and Ceuleneer, 2003]. (ii) In contrast,
pyroxenite (websterite), gabbronorite, diorite, and trondhjemite dikes formed from a more depleted mantle
source after melt extraction of (i). Based on the lack of chilled margins and the frequent coarse-grained to
pegmatitic texture of the latter dikes, Python and Ceuleneer [2003] suggested that they intruded into colder
harzburgites (600–1100°C). They are therefore younger and unrelated to (i). These dikes formed from melts
enriched in SiO2 but depleted in incompatible elements (Na, Ti) and light REE (LREE) [Kelemen et al., 1997a;
Boudier et al., 2000; Python and Ceuleneer, 2003]. Rioux et al. [2012, 2013] describe negative εNd for two
trondhjemites intruding the mantle harzburgite suggesting a mixing with a new melt source, derived from
older oceanic crust and/or metamorphosed sediments in a suprasubduction scenario.

In agreement with the observed difference of spatial distribution of the two magmatic suites, troctolites and
olivine gabbros mainly occur in the vicinity of the diapirs in the SE and few in the NW of the Semail ophiolite,
while pyroxenites (websterites) and gabbronorites are found in the remaining parts of the mantle sequence
[see Python and Ceuleneer, 2003, their Figure 19]. Despite the general trend of mafic dikes to be oriented sub-
parallel to the basaltic dikes of the sheeted dike complex [Nicolas et al., 2000], the study of Python and
Ceuleneer [2003] reveals dike-specific variations in their orientation. Troctolites show variable orientations
in strike and dip but the olivine gabbros are subvertical and parallel to the sheeted dikes. The depleted dike
suite shows more complex orientations, sometimes being parallel in strike and dip to the sheeted dikes,
sometimes showing nearly random orientations [see Python and Ceuleneer, 2003, their Figure 20].

2.3. Solid-State Deformation

Deformation in the mantle sequence of the Semail ophiolite is initially accompanied by magmatic activity
during ridge-related asthenospheric flow and progressive development of solid-state deformation during
retrograde cooling [Boudier et al., 1988]. Ridge-related asthenospheric flow at high-medium temperatures
(HT 1100°C) resulted in a transition from equigranular to porphyroclastic fabrics [Boudier et al., 1985;
Nicolas, 1986; Boudier et al., 1988; Ceuleneer et al., 1988; Dijkstra et al., 2002; Linckens et al., 2011a, 2011b;
Linckens et al., 2015]. These fabrics are overprinted by low-temperature (900–800°C) ductile deformation of
the peridotite as documented by transitions from the porphyroclastic fabrics via protomylonites to mylonites
[Boudier et al., 1985; Nicolas, 1986; Boudier et al., 1988; Dijkstra et al., 2002; Michibayashi and Mainprice, 2004;
Michibayashi et al., 2006; Linckens et al., 2011a, 2011b, 2015]. Ultramylonites reveal a final stage of ductile
shearing (700–800°C), which is restricted to polymineralic bands in the harzburgite [Linckens et al.,
2011a, 2011b].

2.4. Solid-State Deformation in the Wadi al Wasit Shear Zone

The Wadi al Wasit shear zone is located at the western end of the Hilti Massif (Semail ophiolite, Oman,
Figure 1). This mantle section and the overlaying crustal sequence are tilted by 25° toward the east
[Ildefonse et al., 1995] exposing deeper mantle sections in the west, where the shear zone is situated
(Figure 1). Here the exposed harzburgitic upper mantle is located 2–5.5 km below the former crust-mantle
boundary [Michibayashi et al., 2000; Dijkstra et al., 2002]. The large-scale shear zone belongs to a set of vertical
N-S and NW-SE trending strike-slip faults with dextral and sinistral senses of shear, respectively [Boudier et al.,
1988;Michibayashi and Mainprice, 2004;Michibayashi et al., 2006]. The shear zone exposes a variety of fabrics
suggesting transitions from magmatic to solid-state flow (see below).

In the study area, porphyroclastic microfabrics represent a small volume fraction only (Figure 1). They are
characterized (Figures 4a and 4d) by coarse-grained enstatite and diopside prophyroclasts (2–6mm)
embedded in finer-grained polymineralic domains consisting of orthopyroxene (~100 μm), olivine
(~300 μm), spinel (~60 μm), and clinopyroxene (~150 μm). The bulk rheology of the harzburgite at about
1100°C is controlled by olivine [Linckens et al., 2011a]. Its strong crystallographic preferred orientation
(CPO) suggests dislocation creep as the dominant deformation mechanism [see Linckens et al., 2011b,
their Figure 6].

Continuous deformation during retrograde cooling induced strain localization and the formation of
mylonites at 900–800°C (Figures 4b, 4c, and 4e), in the N-S trending shear zones [Boudier et al., 1988;
Michibayashi and Mainprice, 2004; Michibayashi et al., 2006; Linckens et al., 2011a] (Figure 2). The original
foliation of asthenospheric ridge-related flow was N-S trending but shows variable dip angles as can be
recognized from remnants not affected by solid-state shearing (Figures 2 and 3a). Sinistral strike-slip
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deformation resulted in sub vertical foliations (Figures 3c and 3e) and horizontal lineations (Figures 3d and 3f)
in a major 500m wide sinistral mylonitic shear zone (Figure 2). In addition, several centimeter-wide mylonitic
shear zones formed either parallel to the major structures or as slightly oblique connections between them
(Figure 2). In the large-scale shear zone the evolved strain gradients are macroscopically detectable andmap-
pable by increasingly elongated orthopyroxene (opx) resulting in gradual transitions from weakly deformed
protomylonites to moderately deformed protomylonites and into mylonites from shear zone rim to core,
respectively [Linckens et al., 2011b, 2015]. Substantial grain size reduction from the protomylonites to the
mylonites (800μm to 300μm) at the microscale is accommodated by subgrain rotation recrystallization in
monomineralic olivine-rich domains (Figures 4e and 4f). In polymineralic domains with increasing strain,
the grain sizes of olivine and all secondary phases (spinel, opx, and cpx) are reduced [Linckens et al., 2011b,
Figure 4] by a combination of neocrystallization and recrystallization, mass transfer processes, and grain
boundary sliding [Linckens et al., 2011b, 2015]. Here Zener pinning (pinning of the olivine grain boundaries
by pyroxenes and spinel) controls the olivine grain size [Linckens et al., 2011b; Herwegh et al., 2011]. The

Figure 2. Geological map showing the spatial distribution of the different tectonites of the large-scale mantle shear zone
crossed by Wadi al Wasit (Hilti Massif, see Figure 1). Mylonites of the shear zone as well as associated foliations and
lineations are preferentially N-S oriented. The shear zone center is overprinted by an NNE-SSW trending lizardite spaced-
cleavage. All structures are dissected by late cataclastic overprint (blue). One kilometer geographic grid. Modified after
Linckens et al. [2011a]. Location of figure shown as inset (c) in Figure 1.
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CPOs of both monomineralic and polymineralic mylonites are strong but somewhat weaker in the case
of the latter [Linckens et al., 2011b, their Figure 6]. The dominant deformation mechanisms during strain
localization in the temperature range of 900–800°C were dislocation creep and dislocation accommo-
dated grain boundary sliding in monomineralic olivine and polymineralic domains, respectively [Linckens
et al., 2011b, 2015].

Figure 3. Stereographic projections of N-S trending foliations and lineations with increasing shear strain (top-down) in
the harzburgites (Hb). Foliations in the porphyroclastic fabrics to weakly deformed protomylonites are preferentially
related to (a) early spreading-related flow. They vary in dip around a N-S oriented rotation axis, while all foliations of the
(c) moderately deformed protomylonites and mylonites of the (e) solid-state shear zone are N-S trending and subvertical.
(b, d, and f) All lineations are horizontal and N-S trending; n: number of data.
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With progressive cooling, at temperatures around 700°C, strain is further localized resulting in very narrow
(<300μm) ultramylonitic bands (Figure 4f) in the central parts of the major shear zone [Linckens et al.,
2011b]. These bands are polymineralic and consist of equiaxed, ultrafine recrystallized grains (ol< 60μm;
opx, cpx, spinel all< 15μm; Figure 4 in Linckens et al., 2011b). The olivine CPO is rather weak [Linckens et al.,
2011b, Figure 6]. In addition,Michibayashi and Mainprice [2004] found lenses of coarser grainedmonominera-
lic olivine embedded within the ultramylonitic matrix. Linckens et al. [2011b, 2015] interpret these observa-
tions as concentration of deformation in the polymineralic ultramylonites under diffusion creep conditions,
while the deformation temperatures were too cold to allow for efficient ductile deformation in monominera-
lic olivine aggregates.

Figure 4. (a–c) Macroscopic and (d–f) microscopic appearance of harzburgite (px: pyroxenes, ol: olivine) at various defor-
mation stages and (Figures 4e and 4f) corresponding microfabrics (ol: olivine; en: enstatite; di: diopside; and sp: spinel).
Note that olivine represents an interconnectedmatrix from porphyroclastic tomylonitic microstructures. Only in the case of
the ultramylonites olivine aggregates exist as isolated lenses embedded in an ultrafine-grained polymineralic matrix
consisting of olivine, enstatite, and diopside as well as very minor amounts of spinel.
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3. Results—Field Relations
3.1. Evidence for Magmatic Activity

In the harzburgite of Wadi al Wasit three major representatives of magmatic activity can be distinguished:
(a) dunite bands, (b) websterite dikes, and (c) gabbronorite dikes (Figures 5a and 6–10).

1. Dunite bands provide the oldest evidence for magmatic activity. They occur in porphyroclastic peridotites
and show N-S orientations but variable dip angles (Figure 9). The dunite bands reveal two distinct appear-
ances. They occur in form of compositional bandings where few centimeter-thick dunite layers alternate
with harzburgitic layers (Figure 6f). In some cases, arrays of dunitic bands form interconnected networks
(Figure 6b). Alternatively, they appear as subvertical lozenge-shaped bodies (boudins) of 10–20 cm thick-
ness (Figure 6a). These bodies are discordant to the layering of the harzburgite. Several centimeters large
pyroxenes occur in the central part of the lozenges (Figure 6a), and the dunites usually show sharp con-
tacts to the harzburgite.

2. Websterite dikes are genetically younger than the dunites as demonstrated by cross-cutting relationships.
The websterites are often pegmatitic with several centimeter-long enstatite and diopside (Figures 6c–6f).
Different generations of pyroxene suggest multiple injection events, i.e., fracturing-crystallization cycles
(Figure 6d). The thickness of websterite dikes varies between< 2 cm (wb 1), 2–20 cm (wb 2), and> 20 cm
(wb 3). In a few cases, websterites show homogeneous grayish appearance suggesting grain sizes< 1mm
(wb 4). Occasionally, the websterite dikes are folded (Figure 6e). The magmatic textures are partially over-
printed by solid-state deformation as illustrated by strain localization associated with grain size reduction
at the harzburgite-websterite interfaces or by boudinage of the websterites within the viscous harzburgite
matrix (Figure 6f; see also Figure 16b in Herwegh et al. [2011]). Primary diopside and enstatite display
mutual exsolution lamellae of the complementary pyroxene. In domains of ductile overprint and/or bou-
dinage, the deformation twins can be bent (Figure 7a) and the former large-sized pyroxenes undergo
grain size reduction. The latter occurs by a combination of dynamic recrystallization and nucleation of
new grains leading to the formation of a second generation of recrystallized pyroxenes with smaller grain
sizes compared to their parents (Figure 7a). Toward the main shear zone, some websterites (wb 5) show

Figure 5. Map showing the spatial distribution of (a) the different dikes and (b) cataclasites. Map of the tectonites in grey
shades (cf. Figure 2). (Figure 5a) All dikes show N-S trends. Note the correlation between the occurrence of dikes and high
strain zones (moderately deformed protomylonite-mylonite). Gabbronorite dikes preferentially occur in the central parts of
the high strain shear zones and in domains overprinted by the spaced serpentine cleavage. (Figure 5b) Small-sized cataclasites
show two preferential orientations: N-S and NNW-SSE, while the large-scale cataclastic zones only display NNW-SSE directions
(dark blue domains are mapped areas along Wadi al Wasit, while bright blue ones represent interpolations).
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minor amounts of plagioclase along fractures, cleavage planes, and between grain boundaries of ortho-
pyroxene (opx) and clinopyroxene (cpx) (Figure 7b).

3. The gabbronorites represent the youngest dike generation in Wadi al Wasit; i.e., they either crosscut both
dunitic bands and websterites (Figures 8e and 8f) or reactivate websterite dikes (Figure 8d). They are peg-
matitic and consist of large centimeter-sized diopside and enstatite surrounded by interstitial plagioclase

Figure 6. Field photographs of dikes emplaced in the harzburgite. Indications for localized porous flow: (a) reactive veins
with isolated aligned pyroxene grains in the center of a dunite (du) band (detail out of a lozenge-shaped body) and
(b) interconnected network of dunite bands represent former pathways of melt in the harzburgitic host rock, where only
the reaction products were left and the melt migrated upward into shallower levels of the lithosphere. (c) Coarse-grained
websterite dikes (type wb 2, see text) consisting of enstatite and diopside show fibrous growth; (d) multiple opening
and growth stages (cpx1 and cpx2, generations), and (e) overprint by folding is frequent. (f) Boudinage of websterite (wb)
dike, with dramatic grain size reduction from protomylonite (proto-myl) to the mylonite (myl) along the websterite contact
indicating strain localization along this interface. Note also the changes in foliation from protomylonite-dunite (db)
banding to mylonite.
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(Figure 8a). Plagioclase also locally exists either interstitially between medium-sized pyroxene grains or as
patchy accumulations in the harzburgite (Figures 8b and 8c).

Gabbronorite dikes are neither folded nor boudinaged. In many cases, the gabbronorites follow the traces of
preexisting websterite dikes using the preexisting mechanical anisotropy for melt injection. When isolated
within harzburgite, one interface of the gabbronorites often shows the irregular geometry typical for injec-
tion phenomena like small apophyses, while the other boundary is always sharp and straight (Figure 8f). In
other cases, gabbronorite-harzburgite contacts are very sharp, with a strong foliation over few centimeters
on the gabbronorite site. The grain size of the plagioclase along the boundary is reduced relative to the much
larger pyroxenes (Figure 7c), and a well-defined foliation exists. These zones reflect local shear zones along
the gabbronorite-harzburgite interfaces. Note that neither websterites nor gabbronorites contain magmatic

Figure 7. Microstructures in dikes. (a) Websterite dike consisting of original large-sized magmatic enstatite (en1) with bent
twins indicating intracrystalline plasticity. Enstatite grain (en1) recrystallizes into small-sized crystallization diopside (di2)
and enstatite (en2) as recrystallization products. (b) Plagioclase bearing websterite dike with large-sizedmagmatic enstatite
(en1) and diopside (di1) become infiltrated along the grain boundaries by melt as indicated by plagioclase (plag) as
remnant. (c) Gabbronorite with fine-recrystallized plagioclase suggesting dynamic recrystallization during solid-state vis-
cous deformation. (d) Coarse-grained magmatic enstatite (en1) becomes fractured during deformation resulting in
recrystallization of enstatite (en2), diopside (di2) and tremolite (tr) in the dilatant domain of a websterite dike. Appearance
of tremolite is the first indicator for the presence of a hydrous phase. (e) Low-temperature fracturing of enstatite (en1) in
websterite under hydrous conditions resulting in talc and olivine (ol) as reaction products. (f) Further low-temperature
alterations of gabbronorites in the presence of fluids lead to thomsonite (th), which replaces the former plagioclase.
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amphiboles as observed at different sites of the second magmatic suite [Python and Ceuleneer, 2003; Boudier
et al., 2000].

Despite being all N-S oriented (Figure 5a), characteristic differences exist in terms of dipping angle of the
dikes in the different host rocks (Figure 9). While dunites and websterites occur from vertical to almost
horizontal orientations in the porphyroclastic harzburgite, they tend to become oriented vertically in weakly
to moderately deformed protomylonites and are strictly vertical in the mylonites. Moreover, plagioclase bear-
ing websterites and gabbronorites are only found in protomylonites and mylonites and are always vertical
(Figures 9b and 9c).

In a cross section of the shear zone, both gabbronorite and websterite dikes show highest concentrations
by volume and number of dikes close to the center of the major shear zone (Figure 10). Note that the
apparent lack of dunite bands in the shear zone center might reflect an artifact related to the difficulty

Figure 8. Photographs presenting gabbronorite dikes and their different deformation structures. (a) Internally undeformed
pegmatitic gabbronorite with large-sized enstatite (en), diopside (di) and plagioclase (plag) grains. (b) Bands of small-sized
pyroxenes with interstitial plagioclase (white) as indicators of melt impregnation during high-temperature deformation of
the harzburgite and (c) melt pockets in form of accumulated plagioclase (white)-pyroxene aggregates. The occurrence
of the large enstatite grain in Figure 8b gives aminimumwidth estimate of the former dike, where filter pressing of themelt
induced exfiltration and thinning of the dike. (d) Reactivation of old websterite (wb) dike by fracturing and injection of
gabbronoritic (gn) melt in the center. (e) Cross-cutting relationships as well as (f) dragging of websterite dikes into
gabbronorite demonstrate a younger age of the gabbronorite (gn). (Figure 8f) The gabbronorite shear zone is reactivated
again at a late stage by brittle deformation.
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of the discrimination of fine-grained polymi-
neralic mylonites from dunitic mylonites on
a macroscopic scale. Due to the lack of
large-sized pyroxene clasts and severe sur-
face weathering the two types have similar
macroscopic appearance.

3.2. Retrograde Mineral Assemblages and
Late Brittle Overprint

Retrograde (hydrous) mineral assemblages
are important proxies for the detection of
potential influx of fluids into the mantle.
Dikes are of particular significance as they
can serve as potential fluid pathways. The
very rare occurrence of tremolite in webster-
ite dikes reflects the first evidence for
hydrous phases in the mantle rocks of Wadi
al Wasit (Figure 7d). The few small grains of
tremolite occur as overgrowths along tensile
fractures in pyroxenes together with newly
precipitated fine-grained diopside and
enstatite (Figure 7d). In some cases, tremo-
lite appears along cleavage planes of the
large old enstatite grains.

A second rare hydrous mineral found in frac-
tured magmatic enstatite is talc. It forms via
the reaction enstatite +H2O= talc + olivine in
fractures with talc at the rim and olivine in
the center (Figure 7e). In ultramafic composi-
tions at low pressures, talc is stable between
700 and 500°C [Ulmer and Trommsdorff,
1999], or alternatively, it forms at the expense
of opx by infiltrating Si-rich fluids beneath the
seafloor [e.g., Boschi et al., 2006].

The serpentine polymorph lizardite, as con-
firmed by few measurements using Raman
spectroscopy, is the most abundant hydrous

Figure 9. Stereographic projection of dike orien-
tations and dunite bands as a function of increasing
shear strain (top-down) of the harzburgite. The
original dike orientation can be inferred from the
dikes in undeformed porphyroclastic fabrics and
weakly deformed protomylonites. The initial dikes
were N-S trending with various dipping angles
rotating around a N-S trending axis (pole and great
circle in red). Moderately deformed protomylonites
still reflect dike orientations close to their initial
injection, again with varying dipping angles around
N-S oriented rotation axis. With increasing shear
strain, the dikes keep their strike but rotate into
parallelism with the vertical shear plane in the case
of the mylonites. The symbol size correlates with
the dike thickness. Abbreviations: dunite band (du),
gabbronorite (gn), and websterite (wb).
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mineral found in the porphyroclastic to
mylonitic harzburgite and in the dikes. Its
first appearance in the harzburgite is
restricted to the central part of the Wadi al
Wasit shear zone, where a spaced cleavage
of lizardite develops (Figure 2). This cleavage
strikes NNE-SSW and is subvertical. It is over-
printed by cataclastic zones of various
dimensions (few millimeters up to hundred
meters) and orientations ranging from N-S
and NW-SE (Figure 5), while the large-scale
cataclasites are oriented NW-SE (Figures 2
and 5b). The entire mantle rocks thus show
a complex brittle fragmentation. Between
the brittle faults, lizardite appears in typical
mesh textures, and its content varies from
20 to 100 vol%. Generally, serpentine
abundance rises with increasing degree of
brittle overprint. The zeolite thomsonite
(Figure 7f), replacing plagioclase in the gab-
bronorites, is the lowest-grade hydrous
mineral (temperatures 150–275°C, Joan and
Lo [1969] and Wirsching [1981]) overprinting
the rocks in Wadi al Wasit.

4. Discussion

In the Wadi al Wasit shear zone, the continu-
ous succession from ridge-related astheno-
spheric flow via melt-assisted to solid-state
deformation, to final brittle behavior, repre-
sents an excellent opportunity to study strain
localization and associated rheological and
geometric constraints with progressive cool-
ing of harzburgitic mantle (Figures 11–14).

Figure 10. Histograms showing (left column)
accumulated thickness and (right column) number
of dikes collected in intervals of 500m in a profile
across the main shear zone in Wadi al Wasit. Zero
corresponds to the shear zone center (thin stippled
line) and positive and negative values to west and
east direction. Note the correlation between peak
of accumulations and the shear zone center for
websterites (wb 1–4) and gabbronorites (gn); wb
1–3: coarse-grained websterite dikes with dike
thicknesses< 2 cm (wb 1), 2–20 cm (wb 2),
and> 20 cm (wb 3); wb 4: fine-grainedwebsterites;
wb 5websterite dikes with small volume fraction of
interstitial plagioclase; du: dunitic bands. In
Figures 10 (left column) and 10 (right column) the
grey numbers in the graphs indicate the total
accumulated thickness and total number of dikes,
respectively. Note the change in location of the
modes of the distribution (thick stippled lines) of
the dikes from left (du, wb 1–4) to right side (wb 5,
gn) of the shear zone center.
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Strain localization in the upper mantle is an important process for understanding initial rifting at mid-ocean
ridges [Buck et al., 2005; Choi et al., 2008], development of mantle windows in magma-poor passive margins
[e.g., Müntener et al., 2000], the onset of suprasubduction zone spreading centers [Rioux et al., 2012, 2013], or
the lubrication of plate boundaries [Holtzman and Kendall, 2010].

In Wadi al Wasit it is evident that melt impregnation, dike injections, their spatial distributions and the parallel
strike-slip movements must be closely linked with each other. In light of a correlation of the three major
representatives of magmatic activity (Figures 6–8) with previous studies we emphasize that websterite dikes
and gabbronorite dikes exclusively represent the depleted suite of Python and Ceuleneer [2003], while the
diapir-related features of the MORB suite are probably restricted to dunite channels. Hence, we can investi-
gate the effect and interplay of the magmatic activity of the depleted suite on deformation in the Wadi al
Wasit shear zone. In the following, we will discuss the relative timing and the thermomechanical implications
for strain localization including the role of magmatic activity and magmatic precursors (Figures 11 and 12).
Only 0.25–0.5Ma separate the MORB dominated and the depleted magmatic activity [Rioux et al., 2013].
No longer than 1.5Ma later started the detachment of the lithospheric block (formation of the HT

Figure 11. Correlation between evolution of the (g–l) different harzburgite tectonites and (b–f) magmatic dikes with
(a) temperature and corresponding mineral stabilities. Old folded websterite (wb) dikes (Figure 11b) are found in por-
phyroclastic harzburgite (Figure 11g), with enstatite and diopside as major minerals in the dikes and additional olivine
for the harzburgite (Figure 11a). With progressive cooling, solid-state deformation (900–800°C) in the mylonitic harzburgite
(Figure 11h) leads to boudinage of the websterites (Figure 11d) accompanied by dynamic recrystallization of olivine in the
mylonites as well as of enstatite and diopside in the case of the dikes. Tremolite in websterites represents first indications
for hydration. Around 700°C the formation of ultramylonites indicates a last stage of ductile deformation and represents
the onset of dominance in brittle deformation. Major fluid influx appears during brittle deformation below 400°C when in a
first stage the spaced lizardite cleavage (Figure 11k) develops followed by the pervasive fragmentation of the ophiolite by
cataclasites (Figure 11l) during obduction. Serpentinization (serp) of the harzburgite and the replacement of plagioclase by
thomsonite indicate a major compositional and rheological change in the mantle sequence during low-temperature
deformation and hydration. Ol: olivine, en: enstatite, di: diopside, plag: plagioclase, tr: tremolite, th: thomsonite, liz: lizardite.
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metamorphic sole) [Warren et al., 2005; Rioux et al., 2012, 2013]. Therefore, the sequence of ductile deforma-
tion styles (protomylonites-mylonites-ultramylonites) must have developed in a very short time interval. To
unravel the formation of mechanical anisotropies and their reactivation in subsequent deformation stages,
we start discussing the structures formed early and progress then to subsequent deformation stages.

4.1. Early Ridge-Related High-Temperature Structures

Although found in the eastern part of the Hilti massif [Boudier et al., 1988; Ceuleneer et al., 1988; Nicolas et al.,
1988], equidimensional coarse-grained fabrics typical for early ridge-related flow have not survived in Wadi al
Wasit because of their transposition into the porphyroclastic fabrics during subsequent deformation.
Porphyroclastic fabrics are characteristic for high-temperature deformation at 1200–1100°C [e.g., Dijkstra
et al., 2002; Linckens et al., 2011a] and evolved under solid-state conditions allowing for crystal plastic
deformation in olivine [Mercier and Nicolas, 1975; Ceuleneer et al., 1988]. The flow stresses of solid-state
deformation of the harzburgite were very low (Figure 14). At these conditions, olivine (1200°C: 1–3MPa;
1100°C: 2–8MPa using olivine flow laws of Hirth and Kohlstedt [2003]) was slightly weaker compared to the
pyroxenes (1200°C: 3–20MPa; 1100°C: 8–45MPa based on a flow law of Dimanov and Dresen [2005]), and
both minerals were deforming by dislocation creep as confirmed by strong CPOs and the presence of
dynamic recrystallization processes [e.g., Michibayashi and Mainprice, 2004; Linckens et al., 2011b].

Despite being rarely preserved in the studied area (Figures 2 and 12), the porphyroclastic fabrics are
important, because they contain the oldest dike generations not affected by strike-slip shearing (see 1 in
Figure 12a). Typically, early websterite dikes and dunite bands are representatives of such early melt extrac-
tion structures (Figure 11). As a result of variable dipping angles but constant N-S strike (Figures 6, 9, and 12)
the best fit of their orientations defines a great circle in a stereographic projection (Figure 9, top). The pole of
the great circle is subparallel to the ridge axis inferred from the sheeted dike complex of the oceanic crust
(cf. Figures 1 and 12). Such a geometry correlates well with conjugate sets of fracture planes [see, e.g.,
Weinberg and Regenauer-Lieb, 2010, their Figure 3] related to the general stress field near a mid-ocean ridge
with σ1, σ2, and σ3 being vertical, horizontal-ridge parallel, and horizontal but perpendicular to the ridge,
respectively [Nicolas and Jackson, 1982; Nicolas et al., 2000]. These inferences combined with the observation

Figure 12. Schematic block diagram showing the evolution of the different structures with respect to (a) the spreading
center (upper right corner) and (b) the enlarged situation in the Wadi al Wasit shear zone. Note that the latter represents
the 3-D view of the map of Figure 2, now showing the extrapolated successions of the different dikes. Close to the ridge, an
early stage of melt migration (asthenospheric flow) is manifest by dunite bands (1). Injection of early websterite dikes
(2) close to the ridge control strain localization in the following deformation stages (3). With progressive spreading and
cooling, episodes of ductile strike slip and magma injection take place (3). With the progressive cooling the crustal
entrapment level of the gabbronorites decreases until these dikes are stuck at the level of the now exposed Wadi al Wasit
(4), i.e., at farther distance to the spreading center.
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that most of the websterite and dunite
bands are subvertical indicate that a
vertically oriented compositional aniso-
tropy evolved due to hydraulic fractur-
ing or ductile shearing [see also Rybacki
et al., 2010; Weinberg and Regenauer-
Lieb, 2010] and melt injection close to
the spreading center before the onset
of ductile strike-slip shearing (Figure 12).

4.2. Strain Localization During
Strike-Slip Shearing

Strike-slip shearing, as indicated by the
transition from protomylonites to
mylonites (Figures 1, 4, and 12), is the
first evidence for strain focusing under
solid-state deformation conditions in
the Semail ophiolite [Boudier and
Nicolas, 1985; Boudier et al., 1988;
Ceuleneer et al., 1988; Dijkstra et al.,
2002; Michibayashi and Mainprice, 2004;
Michibayashi et al., 2006; Linckens et al.,
2011b; Linckens et al., 2015]. Strain
estimates for the Wadi al Wasit shear
zone were generated by analyzing the
grain aspect ratios of pyroxenes as well
as passively sheared websterite dikes
(see Figure 13 and above). Continuous
elongation of pyroxene with increasing
shearing suggest shear strains of
0.2–0.4 and 2–3 for the transition from
weakly tomoderately deformed protomy-
lonites and from moderately deformed
protomylonites to mylonites, respectively.
Note that these values reflect minimum
estimates since the viscous olivine matrix

might have accommodated more strain than the less viscous pyroxenes. Additionally, minimum shear strains
of 3–4 have been calculated for websterite dikes being dragged into mylonites (Figures 8f and 13).
Extrapolated to the 500m wide central part of the large-scale shear zone, an accommodation of at least 2 km
of horizontal strike-slip displacement can therefore be postulated. Taking the time interval of 0.25–0.5Ma
for the activity of first ridge-related and the second suprasubduction zone-related magmatism [Rioux et al.,
2012, 2013] strain rates higher than 5× 10�13 s�1 must be assumed for the solid-state deformation of the
Wadi al Wasit shear zone. We therefore assume strain rates of 10�12 to 10�13 s�1 as realistic [see also
Linckens et al., 2011b].

In the case of the Wadi al Wasit shear zone solid-state strike-slip shearing occurred at temperatures of
900–800°C (Figure 11 and Linckens et al. [2011a]). The dynamically recrystallized olivine grains, their
elongated grain shapes as well as the strong olivine CPOs (in both monomineralic and polymineralic layers)
indicate dislocation creep in monomineralic olivine aggregates as dominant deformation mechanism
[Linckens et al., 2011b]. Here rock strengths of 40–80MPa and >220MPa, respectively, can be inferred for
olivine and pyroxenes (see Figure 14). Consequently, differences in effective viscosity between harzburgite
and websterite dikes lead to the pronounced boudinage of the old websterite generations [Herwegh et al.,
2011, Figure 11d and their Figure 16b]. In contrast, parallel alternating polymineralic (ol, opx, and cpx) and
monomineralic olivine layers in harzburgites are neither boudinaged nor fractured or folded (Figure 4) sug-
gesting nearly equiviscous deformation [Herwegh et al., 2011]. This similar rheological behavior is

Figure 13. Diagram displaying the correlation of the four major tecto-
nites to finite strain. Finite strain is estimated by axial ratios of pyroxenes
(grey symbols) and two sheared websterite dikes (sample11.5 and sam-
ple16.1). In the case of the dikes, strain ellipses were calculated on the base
of the measured shear strain. Grey bars of the axial ratios of pyroxenes
represent minimum and maximum axial ratios of the measured samples.
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attributed to olivine as volumetrically dominant phase forming interconnected weak layers in the polymi-
neralic domains (Figures 4b–4e).

Strike-slip shearing was active at least till the formation of the ultramylonites, whose deformation temperatures
were 700°C [Linckens et al., 2011a] and may even have continued to temperatures below 400°C, conditions at
which the lizardite spaced cleavage evolved (see above, Figures 2, 11, and 12). In this broad temperature range,
the processes responsible for strain localization may change, and we therefore will discuss them below as a
function of retrograde cooling.

Strain localization occurs because of variations in effective viscosity between different rock volumes, where
deformation tends to concentrate in the mechanically weaker rock [Bowden, 1970; Hobbs et al., 1990;
Mancktelow et al., 2002]. For that reason, a variety of weakening processes in mantle rocks in general, and oli-
vine in particular, have been studied in the past: (i) mechanical weakening of olivine by the presence of melt
[e.g., Nicolas et al., 2000; Braun and Kelemen, 2002; Dijkstra et al., 2002; Holtzman et al., 2003a, 2003b;

Figure 14. Rheological evolution (yellow line) with successive strain localization during progressive cooling of the mantle;
1150°C: Formation of dunite bands and injection of early websterite dikes under near-solidus conditions and low flow
strengths; 900–800°C: increasing flow stress under dislocation creep conditions with progressive cooling and injection of
late websterite dikes; 800°C: Deformation by dislocation accommodated grain boundary sliding, melt infiltration and
injection of gabbronorite dikes. Note the near-equiviscous conditions for olivine and anorthite; 700°C: Termination of
crystal plastic deformation of olivine forcing strain to localize in ultramylonitic polymineralic bands [see Linckens et al.,
2011a, 2011b, 2015]. Further strike-slip shearing during cooling leads to embrittlement and infiltration of seawater forming
the pervasive serpentine spaced-cleavage in the shear zone center (Figure 2). Formation of serpentine provokes a major
drop in flow stress. Thin lines: extrapolated experimental flow laws for diopside (di: Bystricky and Mackwell [2001]; didry,
diwet: Dimanov and Dresen [2005]) enstatite (en:Mackwell [1991]), dry and wet anorthite (andry, anwet: Rybacki et al. [2006])

where the error bars represent maximum, mean, and minimum strain rates of 10�12, 10�13, and 10�14 s�1, respectively.
Black solid and empty symbols flow laws of olivine (oldiscr): dislocation creep [Hirth and Kohlstedt, 2003]; (oldisgb):
dislocation creep accommodated grain boundary sliding [Warren and Hirth, 2006]; (oldiffcr): diffusion creep of olivine [Hirth
and Kohlstedt, 2003]). Grey stippled box: viscous frictional creep of antigorite [Reinen et al., 1994], grey filled box: viscous
frictional creep of lizardite [Reinen et al., 1994; Moore et al., 1996]. Horizontal trends Byerlee’s law at depths of 6, 8, and
10 km. Yellow: inferred evolution of bulk rheology of the shear zone with progressive cooling for a strain rate of 10�13 s�1

(black symbols); 10�14 s�1 (empty symbols). The presence of melt during interstitial melt migration of gabbronorites might
have locally reduced flow stresses (thin stippled line).
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Kaczmarek and Müntener, 2008; Takei and Holtzman, 2009] or (ii) water [Hirth and Kohlstedt, 1996; Jung and
Karato, 2001; Holtzman et al., 2003a; Renner et al., 2003; Katayama et al., 2004; Skemer et al., 2013], (iii) changes
in deformation mechanisms by the presence of second-phase minerals in a olivine dominated matrix
promoting a transition from dislocation creep to diffusion creep [Toy et al., 2010; Jaroslow et al., 1996;
Newman et al., 1999; Dijkstra et al., 2002;Warren and Hirth, 2006; Linckens et al., 2015], and (iv) the formation
of CPO [Michibayashi and Mainprice, 2004; Tommasi et al., 2009; Skemer et al., 2013].

In theWadi all Wasit shear zone all these strain-weakening effects, i.e., strain weakening by progressivemicro-
fabric evolution, inheritance of preexisting fabrics and activation of olivine low-temperature slip systems
contributed to strain localization [Linckens et al., 2011a, 2011b; Michibayashi and Mainprice, 2004]. The role
of water during ductile shearing remains unclear, however, since the few tremolites found in websterite dikes
represent the only hydrous high-temperature minerals found. The extreme rarity of hydrous phases therefore
clearly indicates the lack of large-scale, volumetrically significant, and pervasive infiltration of hydrothermal
fluids before the beginning of the low-temperature crystallization of lizardite (see below). Yet we cannot
exclude trace amounts of water in the olivine crystal lattice. We suggest that tremolite formed by the reaction
of the magmatic pyroxenes with small amounts of H2O, the latter probably being released by late stage fluid-
saturated melt (Figure 11). All aforementioned strain-weakening processes could have occurred anywhere
and spatially widely distributed, not explaining why deformation is concentrated along the exposed high
strain zone.

We suggest that the mechanical anisotropies induced by dike intrusions represent the key feature for trigger-
ing the initial strain localization pattern (Figure 12). The folded and boudinaged websterite dikes clearly indi-
cate enhanced solid-state rock strength compared to the more viscous harzburgite (Figures 6e, 6f, and 11).
The extrapolation of experimental flow laws to deformation temperatures of 900–800°C and natural strain
rates of 10�12 s�1 suggests flow stresses of the pyroxenes< 220MPa, while olivine dominated fabrics yield
flow stresses of 40–80MPa (Figure 14, see also Linckens et al. [2011a]). The websterite dikes thus represent
mechanically stiff inclusions in a viscous matrix. It is well known from numerical modeling that stress focuses
at the edges of the inclusions, promoting strain localization at these sites [e.g., Casey, 1980;Mancktelow et al.,
2002; Wilson et al., 2009]. In the Wadi al Wasit shear zone, evidence for strain localization induced by stress
perturbations are indeed preserved in form of gradients in dynamically recrystallized grain size at the
websterite-harzburgite contacts. Here coarse-grained host rock microstructures transfer to fine-grained
mylonitic ones over distances of 1–30 cm (Figures 6f and 8f). On a larger scale, the enhanced dike density
(Figure 10) therefore provides numerous sites for the nucleation of strain localization under solid-state con-
ditions on the centimeter to meter scale. We suggest that shear zones nucleate on such stress perturbations
[see also Sengupta, 1997; Goodwin and Tikoff, 2002; Toy et al., 2010], and the growth and interconnection of
these embryonic mesoscale shear zones finally lead to strain localization on a regional scale resulting in the
formation of shear zones such as the Wadi al Wasit shear zone (Figure 12).

4.3. The Role of Melt During Strike-Slip Shearing

Dunitic bands and websterite dikes are often discordant to the layering of the harzburgite. Several
centimeter-sized pyroxenes occur in the central part of the lozenges of websterites (Figure 6a), and the
dunites usually show sharp contacts to the harzburgite. Such structures were interpreted as zones of former
localized porous flow underneath the mid-ocean ridge representing pathways for melts migrating upward
into shallower mantle levels [e.g., Kelemen et al., 1995]. The boudinaged appearance of all websterites within
these host rocks suggests either a preshearing or a synkinematic intrusive origin, which is confirmed by the
widespread twinning of orthopyroxene in websterites (Figure 7a). In particular, coarse-grained dikes exceed-
ing 50 cm thickness display no or only weak signs for internal deformation or boudinage at the outcrop scale,
which we interpret as evidence for an injection during a late stage of strike-slip shearing. In any case, since no
evidence for melt impregnation textures was found for the websterite dikes exposed in Wadi al Wasit, the
segregation and collection of the melt of these websterite dikes must have been related to interconnection
by porous flow at greater depths, eventually at the asthenosphere-lithosphere boundary [Havlin et al., 2013].
Consequently, hydrofracturing is the most probable emplacement mechanism of the websterite dikes [e.g.,
Nicolas and Jackson, 1982; Havlin et al., 2013; Keller et al., 2013]. In contrast, the occurrence of minor amounts
of plagioclase along fractures, cleavage planes, and between grain boundaries of orthopyroxene (opx) and
clinopyroxene (cpx) in some websterites located in the central part of Wadi al Wasit indicates the injection
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of melt into the deforming websterite (Figure 7b). For the younger gabbronorites, pockets and layer-like
domains of interstitial plagioclase in the harzburgite also indicate melt percolation at the grain scale
(Figures 8b and 8c). These structures typically reflect zones of melt impregnation [Dijkstra et al., 2002], where
melt is expelled by filter pressing with ongoing deformation (note the reduced width of the melt bearing
zone as indicated by the large enstatite in Figure 8b) and becomes collected in melt pockets (Figure 8c).
Such pools of collected melt may provide the sources for the injection of the gabbronorite dikes and the
upward migration of the melt, a process called tectonic pumping [Fyfe et al., 1978]. Pinch and swell-like struc-
tures, with large pyroxene grains interconnected by thin planar bands of interstitial plagioclase (Figure 8b),
suggest localized deformation in the presence of melt. Here compaction waves in combination with buoy-
ancy might present the melt-migrating processes, as suggested, for example, by the numerical models of
Keller et al. [2013]. Gabbronorites often follow the preexisting mechanical anisotropy at the contact between
harzburgite and websterite by reactivating them as preferred injection sites. Solid-state deformation hardly
affected the gabbronorites. Dry plagioclase, as volumetrically important phase of these dikes, has a much
lower rock strength compared to olivine at temperatures above 800°C (see Figure 14). This strength contrast
between olivine and plagioclase would promote strain localization and pervasive deformation of the gabbro-
norites, which is not the case. In contrast, their pegmatitic texture is perfectly preserved. Based on this obser-
vation and the occurrence of melt impregnation structures, we infer that injection of gabbronorites occurred
during a late stage of mylonitic shearing where strain localization took place at deformation temperatures of
about 800°C, i.e., under conditions where plagioclase and olivine were nearly equiviscous with flow stresses
of 40–80MPa (Figure 14). As mentioned above, however, some of the gabbronorite-harzburgite contacts
show dramatic grain size reductions over few centimeters accompanied by mechanical twinning of plagio-
clase. We interpret these interfaces to be affected by extreme strain localization under solid-state conditions
at a later stage of deformation. All these observations have important implications for the interpretation of
the thermomechanical evolution of the shear zone at intermediate temperatures:

1. The rapid emplacement and associated cooling of the dikes during strike-slip shearing reflects ductile
deformation interrupted locally by brittle fracturing andmelt injection. Although the overall bulk strength
of the shear zone was probably dominated by the solid-state rheology of olivine in the harzburgite, local
melt impregnation via porous flow potentially temporarily reduced the rock strength [Takei and Holtzman,
2009; Holtzman and Kendall, 2010] leading to strain rate variations. The fastest deformation is most likely
related to initial fracturing during dike emplacement. Two contrasting mechanical models could explain
the buildup of pore pressure and magma fracturing. (i) The presence of melt and simultaneous buildup of
pore fluid pressure results in hydraulic fracturing if the tensile yield strength is reached [e.g., Nicolas and
Jackson, 1982; Keller et al., 2013]. (ii) The formation of ductile fractures [Regenauer-Lieb, 1999;Weinberg and
Regenauer-Lieb, 2010]. In the latter model, solid-state deformation in the harzburgite induces the genera-
tion of pressure gradients and porosity. The polymineralic harzburgite, with their enhanced component of
grain boundary sliding with increasing pyroxene content [Linckens et al., 2011b], would provide excellent
sites for void formation and infiltration of melt. With progressive ductile deformation, the voids intercon-
nect ending in bands filled with melt [see also Keller et al., 2013]. We suggest that in the Wadi al Wasit
shear zone, the melt impregnation structures and associated melt pockets are best explained by the
ductile fracture model (Figures 8b, 9b, and 9c), while large dikes suggest rapid injection by hydraulic
fracturing (Figures 6c–6e). The latter cannot be excluded during ductile fracturing, particularly in cases
where accelerated crack propagation may occur under the presence of interconnected melt [Weinberg
and Regenauer-Lieb, 2010]. In any case, vertical fracturing additionally might be facilitated by the aniso-
tropy of thermal expansion/contraction of olivine (b> c> a axes, see Boudier et al. [2005]). Given the
inherited orientation of olivine in porphyroclastic harzburgite, with the a axis parallel to the principal
stretching direction σ1, ridge parallel dilatancy would support the evolution of the vertical dike systems
(Figure 15). This is probably only the case during the early stages of shearing because of reorientation
of the olivine’s b and c axes during mylonitization and the randomization of the CPO during ultramylonitic
deformation [see Linckens et al., 2011b].

2. The transition from replacive dunite bands via websterite to gabbronorite represents a cooling sequence
resulting from crystallization of melts at different ambient temperatures and/or a prominent change in
melt source. The websterite-gabbronorite suite may have crystallized from a parental melt enriched in
SiO2 but depleted in incompatible elements (Na, Ti) and LREE clearly different than the MORB source
affinity of the earlier dikes [Boudier et al., 2000; Python and Ceuleneer, 2003]. Rioux et al. [2012, 2013]
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suggested that this change reflects the onset of a suprasubduction environment of the ophiolite.
However, gabbronorites have also been described from the fast-spreading East Pacific rise [Gillis et al.,
2014] where a suprasubduction environment can be excluded. The transition from websterites and gab-
bronorites was used as a qualitative paleodepth indicator in the mantle, an approach that was questioned
by Python and Ceuleneer [2003] because both dike types were found at all lithospheric levels in Oman. Our
new results from the dike sequence of the Wadi al Wasit shear zone provide an explanation for this appar-
ent discrepancy. The replacive dunite bands represent the oldest remnants of former melt conduits close
to or above temperatures of 1200°C (see Figures 7a and 7b and 1 in Figure 12a), the segregated melts

Figure 15. (a) Olivine CPO of a, b, and c axes for porphyroclastic and mylonitic microfabrics (data from Linckens et al.
[2011b]) in their geographic reference frames (north, left). Note the inherited CPO of the porphyroclastic fabrics with
the E-W alignment of the b axis. (b) Diagram displays changes in thermal contraction of olivine and enstatite along the
different crystallographic axes during progressive cooling using thermal expansion coefficients given in Boudier et al.
[2005]. Contraction is given in meters per intervals of 500m across the shear zone. Note the anisotropic thermal contraction
behavior of olivine with the following order: b axis> c axis> a axis, while enstatite is isotropically contracting.
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migrated upward to shallower lithospheric or crustal levels. Continuous strike-slip shearing, along with
progressive spreading and associated cooling, resulted first in the emplacement of the websterite dikes
in the temperature range from 1200 to 1100°C (Figures 11a–11e and 2 and 3 in Figure 12a). The harrisitic
growth of the coarse-grained pyroxenes points to intrusion of the websterite dikes into already colder
harzburgite favoring rapid cooling and crystallization (Figures 6c and 6d). The remaining melt migrated
further upward and saturated in plagioclase in addition to pyroxenes promoting the formation of gabbro-
norites at temperatures below 1100°C (Figures 11e and 11f). Hence, the stages of melt trapping and
crystallization correlates with a progressive cooling in space and time during ongoing strike-slip shearing
(Figure 12). As a consequence, young gabbronorites are juxtaposed to older websterites because they
become stuck at the same but now colder lithospheric levels (see 3 and 4 in Figure 12a). The same beha-
vior holds for an earlier cooling stage for the association websterite-dunites (1 and 2 in Figure 12a). In this
way, the dike sequence reflects the cooling pattern of the upper mantle, i.e., the distance from the ridge.
Thus, the lithospheric level in which the dikes became stuck strongly depends on the thermal structure of
the local lithosphere at the time of injection (Figure 12). In addition, if the websterite-gabbronorite suite
indeed represents a crystallization sequence of more depletedmagmas, the tectonic regime has probably
changed as a consequence of suprasubduction spreading.

3. The final intriguing aspect is the ridge-parallel spatial concentration of dunite bands, websterite, and
gabbronorite dikes (Figures 6 and 12) across the Wadi al Wasit shear zone (Figure 10). The width of these
distributions decreases along the sequence dunites-websterites-gabbronorites (Figure 10). This distribu-
tion might be explained in two ways: (i) strain localization and associated shear zone narrowing with
decreasing temperature and (ii) the dike interaction process discovered by Ito and Martel [2002]. (i) In a
solid-state material deforming at colder temperatures, more energy is used to maintain viscous deforma-
tion processes per unit volume. Given a constant amount of deformation energy, dissipation over a
smaller rock volume during cooling results in shear zone narrowing [e.g., Ebert et al., 2007]. Since hydro-
fracturing is restricted to the active shear zone, the area in which dike injection can occur narrows with
decreasing temperature. Along with aforementioned changes in crystallization temperature of the melt,
this behavior results in a dike sequence as a function of decreasing shear zone width. (ii) For the dike inter-
action process of Ito and Martel [2002], newly intruding dikes become focused by the remote stress fields
induced by previously emplaced and crystallized dikes. A prerequisite for this process is a minimum spa-
cing of the dikes, i.e., at maximum distances of 3–6 times the dikes head lengths [Ito and Martel, 2002]. For
multiple dike injections in a vertical mantle section, a pyramid-shaped envelope of the dike population
evolves, with a large number of spatially separated dikes at its base and few closely spaced dikes at its
tip [see Ito and Martel, 2002, their Figure 8]. Since the possible interaction distance between dikes
decreases with increasing remote stresses, i.e., with increasing viscosity, the progressive cooling of the
harzburgite would result in a narrowing of the tip of the dike interaction pyramid at deeper levels. This
behavior, combined with faster crystallization of dikes intruding into the colder mantle, can also explain
the narrowing of the distribution from dunite bands over websterite to gabbronorite dikes in Wadi al
Wasit (Figure 11). The two processes (i) and (ii) can be considered as end-members, which in fact might
be simultaneously acting. In this way, progressive cooling does not only localizes solid-state deformation
but also localizes dike intrusions. Hence, a positive feedback between ductile strain localization and dike
emplacement evolves, both resulting in highly localized melt pathways and localized solid-state deforma-
tion of the harzburgitic host rock.

4.4. The Low-Temperature End of Shear Zone Activity

With respect to the harzburgitic host rocks, late strain localization is found in very fine grained ultramylonites,
which are located within the mylonites [Boudier et al., 1988; Michibayashi and Mainprice, 2004; Michibayashi
et al., 2006; Linckens et al., 2011a, 2011b]. Flow stresses in the range of 100–150MPa can be expected for this
last stage of viscous shearing before embrittlement and deformation following Byerlee’s rule (Figure 14).
Similar to feldspar dominated gabbronorites, the harzburgitic ultramylonites are concentrated in the center
of the large-scale shear zone. The lack of both melt indicators and absence of hydrous minerals indicates that
this deformation stage occurred without both melt and significant amounts of H2O.

With ongoing cooling and hydrothermal overprint a lizardite serpentine foliation testifies for the onset of brit-
tle deformation in the center of the shear zone (Figures 2, 12 and 14). At this stage, reactivation of the
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preexisting mechanical anisotropies in the harzburgitic mylonites under the same overall stress field facili-
tates the access of H2O-rich fluids in the central part of the former shear zone for the very first time in the
history of theWadi al Wasit shear zone (Figure 5). This clearly demonstrates the close link between brittle defor-
mation, increasing permeability and the infiltration of fluids at temperatures below 600°C [Boudier et al., 2010].
The appearance of serpentine reduces the mechanical strength of the fault rocks to 30–50MPa between 400
and 300°C (Figure 14). A definite change in the stress field is documented by the development of a cataclastic
network of fault zones (Figures 2 and 5b). Here the initial shear zone is only partly reactivated, and it is the first
time in the entire evolution in Wadi al Wasit that new, dike-independent orientations of fault rocks appear,
resulting in a fragmentation of the entire mantle sequence (Figure 5b). Due to west directed emplacement of
the ophiolite sequence onto the Arabian shield, a new set of WNW-ESE trending large-scale cataclastic fault
zones develop, which dissect the former N-S trending mantle shear zone.

4.5. The Wadi al Wasit Shear Zone in Comparison to Other Mantle Shear Zones

Strain localization in the upper mantle is basically expressed in two different types of fault zones: (i) low-angle
extensional detachment faults and (ii) transform faults (see reviews of Vauchez et al. [2012] and Tommasi and
Vauchez [2015] and references therein). A review of the available literature indicates that (i) is more promi-
nently presented. From a mechanical and kinematic point of view, however, the Wadi al Wasit shear zone
clearly belongs into group (ii), although never having experienced a classical ridge perpendicular transform
setting. Despite geodynamic and kinematic differences, (i) and (ii) both share a common thermomechanical
evolution. For example, strain localization mostly starts with an early high-temperature deformation (por-
phyroclastic fabrics) associated with synkinematic melt migration (e.g., Beni Bousera: Frets et al. [2014];
Lanzo: Kaczmarek and Müntener [2008, 2010] and Kaczmarek and Tommasi [2011]; Othris: Dijkstra et al.
[2004]; Lizard ophiolite; Allerton and Macleod [1998]; and Josephine: Kelemen and Dick [1995]), suggesting
deformation in the vicinity of a thermal anomaly [Vauchez et al., 2012], a hypothesis which has recently been
supported by geophysical surveys using SKS-wave splitting in the active rift setting of the Afar (Ethiopia)
region [Hammond et al., 2014]. As shown by experimental investigations, the presence of melt reduces the
harzburgite’s flow strength [Hirth and Kohlstedt, 2003; Zimmerman and Kohlstedt, 2004] forcing deformation
to localize. The chicken-or-egg question is whether the presence of melt is required to promote strain loca-
lization [Holtzman et al., 2003a, 2003b] or whether solid-state deformation provides the sites for melting [see
Vauchez et al., 2012]. The Wadi al Wasit shear zone may provide some new insights. Due to the subvertical
nature of the Wadi al Wasit shear zone, we infer that buoyancy-driven upward migration of melt is more
efficient compared to aforementioned low-angle extensional scenarios with melt migration focusing along
shallowly dipping shear planes. During the earliest magmatic activity, the broad spatial distribution of the
dunite bands (Figure 10), their variable dip angles (Figure 9), and the lack of early solid-state localization
structures in the harzburgites suggests a wide homogeneous distribution of deformation at the scale of
the working area at Wadi al Wasit. Once crystallized, the solid-state flow stress of dunite is very similar to that
of the host harzburgite owing to the volumetric dominance of olivine allowing continuation of homogenous
deformation. This is in strong contrast to the subsequent spatially focused and vertical injection of the web-
sterite dikes (Figures 5, 9, and 10). Here fast fracturing, injection, and rapid crystallization of the websterites
generate rigid inclusions in the mechanically soft harzburgites promoting stress concentrations and
therefore sites for the onset of solid-state mylonitic deformation as well as later melt percolation forming
gabbronorites. Obviously, the presence of melt and the generation of permeability during ongoing deforma-
tion results in a runaway process with strain localization and melt focusing, particularly in domains character-
ized by filter pressing. Note that in the case of shallowly dipping low-angle scenarios, melts have to travel
over longer distances along the shear plane to experience similar degrees of cooling compared to a vertical
migration scenario. Hence, the melt lubrication efficiency and extraction is enhanced eventually leading to
longer-lasting melt weakening in the case of low-angle extensional faults.

Another difference to classical low-angle settings is the limitation of strike-slip shear zones to act as a barrier
for both melt migration [Kaczmarek and Müntener, 2008] and the infiltration of fluids at temperatures around
800–700°C, the latter often documented by enhanced amounts of hydrous minerals, most notably amphi-
boles [Allerton and Macleod, 1998; Dijkstra et al., 2002; Meshi et al., 2010]. At these still elevated temperature
conditions the vertical orientation of the Wadi al Wasit shear zone prevents a “caprock” function for uprising
melts as well as the top-down infiltration of water along steep normal faults in the hanging wall as often
observed in the case of midcrustal low-angle normal faults [e.g., Axen et al., 2001; Gottardi et al., 2011;
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Campani et al., 2012]. Only conditions of limited ductile deformation (<600°C) and ongoing shearing under
brittle deformation with associated dilatancy allows for an efficient access of vertically infiltrating seawater as
manifest first by the serpentine foliation and later by the cataclastic fault pattern (Figure 5). Similar thermo-
hydraulic processes may occur during exhumation of low-angle normal faults into shallower crustal levels.
Here, however, intense shearing and fluid infiltration results in a strong serpentinization of the fault core
diminishing earlier high-temperature fabrics. In this sense, the Wadi al Wasit strike-slip shear zone provides
a unique telescoped view in space and time into the thermomechanical interactions of mantle shear zones
ranging form early magmatic to late fluid-assisted deformation stages.

5. Conclusions and Geodynamic Implications

The shear zone of Wadi al Wasit presents an example where early ridge-related injection of melt led to the
formation of vertically oriented mechanical anisotropies in form of dikes, which are repeatedly used during
progressive spreading and associated solid-state mantle deformation under conditions of retrograde cooling
(Figure 12). This evolution is closely linked to the mechanical state of the mantle rocks (Figure 14). In this
way, the cyclical brittle fracturing of the mantle rocks accompanied by melt injection at high temperatures
(1200–800°C) and the infiltration of water at low temperatures (<500°C) strongly control strain localization
in this sequence of the upper mantle (Figures 12 and 14). Despite the important role of both liquid phases,
melt and fluids, in strain localization, contrasting rheological effects result for the high- and low-temperature
scenarios (Figure 14). In the case of the dikes crystallized at high temperatures, the higher effective viscosity
of pyroxene (dominant phase in websterites) compared to the olivine-dominated harzburgite induces stress
concentrations, along which ductile deformation is focused (Figure 14). This controls the following: (i) cycles
of dike injection and localized ductile shearing, (ii) the energy-controlled shear zone narrowing during retro-
grade cooling, and (iii) the final embrittlement in the shear zone center (Figures 11, 12, and 14). In the latter
case, the facilitated influx of seawater under low-temperature deformation conditions produces reaction-
induced weakening and deformation under frictional viscous flow (Figures 11 and 14).

In terms of the vertical orientation combined with the interplay of solid-state deformation and magmatic
activity [Gregg et al., 2009; Gerya, 2012; Püthe and Gerya, 2014], the Wadi al Wasit might serve as a mechan-
ical analog for the activity of transform faults close to mid-ocean ridges. Despite the ridge-orthogonal

Figure 16. Conceptual model for the evolution ridge segmentation and cooling-induced deformation. Stage I: initial
spreading center with different mantle diapirs. Stage II: Spreading leads to cooling and strain accommodation along
strike-slip shear zones, which are situated between the mantle diapirs. Shear zone centers act as pathways for ascending
melts. Stage III: final stage of spreading. The late magmatic activity in fact may result from a suprasubduction zone scenario
[see Rioux et al., 2013].
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orientation of the transform faults, cooling associated with progressive spreading probably will lead to
similar deformation stages as found in Wadi al Wasit although the geochemical signatures of the melts
might differ.

A major open geodynamic question concerns the mechanical and kinematic role of the large-scale strike-slip
shear zones so often found in the Semail ophiolite (Figure 16, see also Michibayashi et al. [2006]). It is intri-
guing to see that these strike-slip zones often appear around and in between the inferred mantle diapirs
(Figure 16). In addition to earlier studies, which interpreted the shear zones to be obduction related, we
clearly favor the interpretation that the initiation of such shear zones reflects domains of strain accommoda-
tion of the cooling mantle between hot mantle diapirs. This interpretation is supported by (i) repeated mag-
matic activity and the related cooling sequence of the websterite and gabbronorite dikes during solid-state
deformation as well as (ii) the extremely short time interval (few 105 years) [Rioux et al., 2013; Warren et al.,
2005] available for the evolution of the first and secondmagmatic suite, respectively. Moreover, it is generally
accepted that spreading centers (e.g., mid-ocean ridges) do not represent spatially continuous zones of
magma expulsion but are segmented and may overlap [e.g., Perram et al., 1993; Nicolas et al., 2000; Searle
and Escartin, 2004; Choi et al., 2008; Püthe and Gerya, 2014]. With progressive cooling, heterogeneous contrac-
tion eventually combined with a slight component of oblique rifting during the rapid change from the radial
upwelling geometry of a mantle diapir toward an alignment with the rift axis by rift parallel flow, results in a
complex 3-D deformation and surface pattern, as recently shown in numerical models by Burov and Gerya
[2014] (compare with Figures 12 and 16). In this context, strain in the upper mantle might be accommodated
by subvertical strike-slip shear zones such as those found in Oman (Figure 16). These strike-slip shear zones
thus provide new insights into the processes and geometries of ridge-segmentation in the case of fast-
spreading systems. The recent interpretations favoring a suprasubduction zone setting for melt generation
of the younger magmatic series in Oman [e.g., Rioux et al., 2012, 2013] imply that theWadi al Wasit shear zone
system may even serve as telescoped view for the initiation of a suprasubduction zone spreading scenario.

Appendix: Methods

Lineament maps were drawn based on aerial photographs and Aster satellite images and refined by detailed
field mapping along the outcrops in Wadi al Wasit (Oman, Figure 1). Distribution, thickness (measured with a
laser device), and specific characteristics of different harzburgitic tectonites and dikes were documented
along profiles with particular emphasis to the transition between the different tectonite types. Orientations
of foliations, lineations, and dikes were measured. Oriented hand specimens were collected, from which
polished thin sections were prepared at orientations perpendicular to the foliation and parallel to the linea-
tion (X-Z plane).

Two approaches were followed to estimate finite strain of solid-state mylonitic deformation in the
harzburgites: (i) Outlines of pyroxene grains on photographs of X-Z planes were redrawn for the different tec-
tonite types. The aspect ratios of the pyroxenes were calculated using the digital image analysis software
image SXM. The shear strains were then calculated for noncoaxial conditions, assuming initial round pyrox-
ene grains. Note that this first approach yields only minimum estimates of shear strain because the olivine
matrix surrounding the clasts took up the majority of deformation. Additionally, (ii) two websterite dikes that
were sheared into harzburgitic mylonites served as finite strain markers allowing the calculations of finite
strains and the correlation of the macroscopic fabrics ranging from porphyroclastic over protomylonitic to
mylonitic fabrics (see section 3). By this approach, the local true shear strains can be evaluated.

Electron backscatter diffraction was applied to obtain information on the grain sizes of olivine, enstatite, and
diopside; their volume fractions; and the crystallographic preferred orientation (CPO) of olivine. A detailed
description of the preparation procedure as well as the database is given in Linckens et al. [2011a, 2011b,
2015]. Furthermore, electron microprobe analysis was performed to obtain the chemical composition of
the pyroxenes. These data were used to (i) quantitatively evaluate the effect of second phases, i.e., enstatite
and diopside, on deformation of olivine as matrix mineral [Linckens et al., 2011b, 2015], (ii) determine
the active deformation mechanisms, (iii) apply geothermometers in order to obtain deformation tempera-
tures [Linckens et al., 2011a], and (iv) link the corresponding microfabrics with experimental flow laws extra-
polated toward the natural conditions [Linckens et al., 2011b, 2015]. In the present study we build on these
previous results.
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Qualitative Raman spectra of the serpentinite samples were acquired with a Jobin Yvon LabRAM-HR800
instrument. The signal was excited by a 532.12 nm frequency-doubled Nd-YAG continuous-wave laser
focused through an Olympus BX41 confocal microscope, using a 20mW beam spot of approximately 1μm
diameter. Reference spectra for the various serpentine minerals were acquired on standards identified by
X-ray diffraction (for details see Lambrecht and Diamond [2014]).
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