
1.  Introduction
The deformational behavior of the upper mantle in response to the forces in the Earth's interior depends on sev-
eral factors, including pressure, temperature, deviatoric stress, mineralogy, presence of fluids and/or melts, and 
the grain size of the deforming mantle rocks (e.g., Bürgmann & Dresen, 2008 and reference therein). Studies on 
both naturally and experimentally deformed mantle rocks indicate that most of the plastic deformation of the 
upper mantle is accommodated by grain size insensitive (GSI) deformation mechanisms, e.g., dislocation creep 
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websterites and host peridotites from spinel- to garnet-facies conditions. Microstructures and crystallographic 
orientation data indicate that the re-equilibration of garnet websterites in the garnet stability field occurred 
during deformation. Porphyroclastic pyroxenes have been interpreted to deform by dislocation glide and 
creep. In particular, TEM observations indicate the activation of the (100)[010] slip system in orthopyroxene. 
Core-and-mantle microstructures also suggest that dislocation creep was aided by subgrain rotation 
recrystallization, leading to the formation of neoblastic pyroxenes. These recrystallized grains deformed by 
diffusion-accommodated grain boundary sliding, as indicated by the occurrence of quadruple junctions and 
straight, aligned grain boundaries. The transition from dislocation creep to diffusion creep in websterites was 
accompanied by the crystallization of garnet along foliation, which triggered the pinning of the recrystallized 
matrix and stabilized the fine-grained microtexture for diffusion creep, promoting rheological weakening. 
Garnet websterites of Ulten Zone thus offer a unique opportunity to investigate the effects of reaction softening 
during the corner flow in the supra-subduction lithospheric mantle induced by the descending slab.

Plain Language Summary  When tectonic plates converge, one plate slides beneath the other plate 
descending into the Earth's mantle. During this process (the so-called subduction), rocks forming the Earth's 
mantle, such as peridotites and pyroxenites, can be dragged to great depths and later transported back to the 
surface by a combination of two processes known as corner flow and exhumation. Rocks that experienced this 
journey are now exposed at the surface only in few mountain belts in the world (such as the European Alps) 
and represent natural laboratories to study the processes that occur at great depths in the Earth's mantle. In this 
study, we reconstruct the metamorphic and deformation evolution of pyroxenites of the Ulten Zone (Eastern 
Alps, N Italy). Minerals in pyroxenites deformed through different deformation processes, including dislocation 
creep and diffusion creep mechanisms. Our data indicate that minerals within pyroxenites record a transition in 
the deformation mechanism from dislocation to diffusion creep. This switch of the deformation mechanism was 
responsible for a significant rheological weakening of pyroxenites, suggesting that pyroxenites can play a major 
role in the processes that control the deformational behavior of the Earth's mantle.
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(Bai and Kohlstedt, 1992; Demouchy et al., 2009; Doukhan et al., 1984; Durham and Goetze, 1977; Durham 
et al., 1977; Jung et al., 2006).

In particular, at upper mantle conditions, mantle minerals (e.g., olivine and pyroxenes) are expected to deform 
through dislocation glide and creep on specific crystallographic planes and directions (slip systems), resulting 
in the formation of a crystallographic preferred orientation (CPO), which is a function of the available slip sys-
tems and the strain regime. However, field-based microstructural studies on mantle shear zones suggest that a 
significant part of the deformation may also be accommodated by grain-size sensitive (GSS) creep processes, 
e.g., diffusion creep and grain boundary sliding (Warren & Hirth, 2006; Skemer et al., 2010; Kaczmarek & Tom-
masi, 2011; Vauchez et al., 2012). These studies also highlight that the grain size within shear zones is typically 
smaller than the grain size of the host rocks (e.g., Drury et al., 1991; White et al., 1980), suggesting that dynamic 
recrystallization cooperates with creep mechanisms during deformation and strain localization. Grain-size reduc-
tion by dynamic recrystallization is believed to be principally responsible for the transition in the deformation 
mechanism from dislocation creep to diffusion creep processes (Handy, 1989; Jaroslow et  al.,  1996; Skemer 
et al., 2010; Toy et al., 2010) and thus of the consequent rheological weakening (Hansen et al., 2011; Hirth & 
Kohlstedt, 2003; Rutter & Brodie, 1988). However, De Bresser et al. (2001) demonstrated that grain-size reduc-
tion may not be sufficient to cause a permanent transition from dislocation to diffusion creep because minerals 
tend to grow with time. Nevertheless, syn-deformational metamorphic reactions are able to inhibit grain growth 
(e.g. Newman et al., 1999), since the crystallization of new minerals (i.e., the so-called second phases) can trigger 
the pinning of the recrystallized matrix, preventing grain coarsening and thus stabilizing the fine-grained micro-
texture for diffusion creep (Linckens et al., 2011; Précigout et al., 2007; Warren and Hirth, 2006).

Microstructural studies on natural rocks indicate that syn-deformational metamorphic reactions such as the 
breakdown of mantle aluminous phases (plagioclase, spinel, or garnet) can promote rheological weakening in 
the upper mantle (e.g., Furusho & Kanagawa, 1999; Hidas et al., 2013; Kaczmarek & Tommasi, 2011; Newman 
et al., 1999; Toy et al., 2010). These studies demonstrate that syn-deformational breakdown reactions generate 
fine-grained reaction products in which deformation can be localized. This process triggers the transition from 
dislocation to diffusion creep, thus facilitating rheological weakening. Experimental studies also indicate that the 
transition from plagioclase to spinel and garnet facies in the mantle is strongly affected by the whole-rock concen-
tration of major elements such as Al2O3, Cr2O3, CaO, and Na2O (Adam et al., 1992; Borghini et al., 2010; Fuma-
galli & Poli, 2005; Irving, 1974; Schmädicke, 2000; Ziberna et al., 2013). In particular, these studies pointed out 
that the breakdown of these aluminous minerals occurs at different pressures in pyroxene-rich mantle rocks com-
pared to peridotites, therefore suggesting that the locus and the degree of deformation in the upper mantle may 
also be controlled by the occurrence and the distribution of compositional heterogeneities such as pyroxenites l.s..

The Ulten zone (Tonale Nappe, Eastern Alps, N Italy) is one of the best examples of metamorphic terrane where 
peridotites from the supra-subduction mantle record the transition from spinel- to garnet-facies conditions result-
ing from the corner flow triggered by the subduction of an old continental crust (Godard et al., 1996; Nimis & 
Morten, 2000; Scambelluri et al., 2010; Tumiati et al., 2003). These peridotites are veined by numerous webs-
terites, which record the same textural/metamorphic evolution of the host rocks (Gebauer & Grünenfelder, 1978; 
Nimis & Morten 2000). We will show that these websterites underwent a textural transformation from coarse-
grained (garnet-free) to finer-grained (garnet-bearing) websterites reflecting the cooling and pressure increase 
from spinel- to garnet-facies conditions, also recorded by the host peridotites, during the mantle corner flow. In 
particular, microstructures indicate that the transition from garnet-free to garnet-facies conditions occurred in 
a deformation regime and was accompanied by a reaction-induced reduction of the grain size, which triggered 
the switch of the deformation mechanism from dislocation creep to diffusion creep. This process resulted in the 
rheological weakening of garnet websterites, which also affected the host peridotites.

2.  Geological and Petrological Background
The Ulten zone (hereafter UZ) forms the northern part of the Tonale Nappe, belonging to the Austroalpine 
tectonic domain of the Eastern Alps (Figure 1a). It represents a high-grade basement unit containing slivers of 
amphibolitized eclogites (Del Moro et al., 1999; Tumiati et al., 2003) and peridotites that reached peak metamor-
phic conditions during the late Paleozoic Variscan orogeny (Godard et al., 1996; Herzberg et al., 1977; Hoinkes 
& Thöni, 1993; Martin et al., 1993; Obata & Morten, 1987; Tumiati et al., 2003, 2007).
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Mafic and ultramafic bodies are surrounded by mylonitic, garnet + kyanite stromatic gneisses, and garnet + 
kyanite diatexites (Ranalli et al., 2005). The felsic migmatites and the amphibolitized eclogites record a complex 
evolution from eclogite-, to granulite-, to amphibolite-facies conditions. Maximum pressures and temperatures 
experienced by migmatitic felsic rocks have been calculated at 1.5-2.5 GPa and 700-850 °C (Braga et al., 2007; 
Godard et al., 1996; Hauzenberger et al., 1996; Hoinkes & Thöni, 1993; Tumiati et al., 2003). Migmatization took 
place under fluid-absent conditions by phengite dehydration melting at a temperature of 850 °C and pressures 
of 1.5-2.5 GPa (Godard et al., 1996; Hauzenberger et al., 1996; Tumiati et al., 2003) and likely occurred either 
during prograde subduction or the early stages of exhumation after stromatic gneiss and diatexites reached the 
pressure peak (Tumiati et al., 2003).

In the field, peridotites occur as meters to hundreds of meters-long lenses aligned along a discontinuous band at 
the transition between the stromatic gneisses and the diatexites (Figure 1a and 1b). Peridotites show a transition 
from coarse protogranular spinel lherzolites (coarse-type of Obata & Morten, 1987) to finer-grained amphibole 
+ garnet peridotites (fine- type of Obata & Morten, 1987). Thermobarometric estimates on spinel-facies assem-
blages yielded an equilibrium condition of P = 1.3–1.6 GPa and T = 1200 °C (Nimis & Morten, 2000). During 
this stage, peridotites were infiltrated by hydrous melts rising from the deep regions of the lithospheric mantle, 
precipitating coarse-grained websterites in the host peridotites (Nimis & Morten, 2000). These pyroxenites re-
cord a textural evolution similar to that of the host peridotites and change from coarse-grained websterites (clino-
pyroxene + orthopyroxene ± olivine) to finer-grained garnet websterites. The re-equilibration of websterites and 
peridotites in the garnet stability field is calculated to have occurred at P = 2.0–2.7 GPa and T = 850 °C (Braga & 
Sapienza, 2007; Malaspina & Tumiati, 2012; Nimis & Morten, 2000; Tumiati et al., 2003). At these conditions, 

Figure 1.  (a) Simplified geological map of Ulten Zone (UZ; Redrawn after Del Moro at al., 1999). The heavy rectangle is the framework for Figures 1b and 1c; (b) 
Mt. Hochwart amphibole + garnet peridotite body (N. Malaspina and S. Tumiati for scale); and (c) detailed geological map of the Mt. Hochwart amphibole + garnet 
peridotite body.
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garnet formed at the expenses of spinel in peridotites, exsolved from porphyroclastic, high-T pyroxenes in both 
peridotites and websterites, and crystallized along the foliation of websterites and host peridotites. This evolution 
has been interpreted to reflect cooling and pressure increase of websterites and host peridotites due to the mantle 
corner flow from hot regions of the subcontinental lithospheric mantle to deeper and cooler mantle domains 
located at the top of the slab (Nimis & Morten, 2000).

The re-equilibration at high pressure of websterites and hosting peridotites was accompanied by intense shear-
ing and fluid infiltration (Obata & Morten, 1987; Rampone & Morten, 2001). Indeed, hydration related to the 
high-pressure metamorphism promoted the formation of garnet-bearing assemblages in both websterites and 
peridotites (Obata & Morten, 1987), the crystallization of metasomatic minerals such as amphibole, phlogopite, 
dolomite, allanite, and dissakisite-(La) in peridotites (Lavina et al., 2006; Malaspina & Tumiati, 2012; Marocchi 
et al., 2009; Morten & Trommsdorff, 2003; Sapienza et al., 2009; Susini & Martin, 1996; Tumiati et al., 2005), 
and amphibole in websterites, suggesting recrystallization under the influence of slab-derived fluids (Rampone 
& Morten, 2001; Scambelluri et al., 2006; Tumiati et al., 2007).

Finally, the exhumation and re-equilibration at low pressure of the UZ peridotites are documented by spinel + 
orthopyroxene + clinopyroxene + amphibole and orthopyroxene + amphibole + clinopyroxene kelyphites around 
garnet and the complete replacement of garnet by chlorite pseudomorphs or by coarse-grained amphibole + spi-
nel aggregates (Martin et al., 1998; Godard & Martin, 2000).

3.  Materials and Methods
Electron backscattered diffraction (EBSD) analyses on clinopyroxene and orthopyroxene in garnet websterites 
were carried out on a JEOL 6610 VP-SEM equipped with an Oxford Instruments Nordlys Nano EBSD detector 
and a JEOL 7001 FEG SEM equipped with a NordLys Max EBSD detector (AZTec acquisition software, Oxford 
Instruments) at the Electron Microscope Centre of the University of Plymouth, and a Zeiss Gemini 500 FEG 
SEM equipped with an e-Flash EBSD detector (Quantax EBSD acquisition software, Bruker) at the University 
of Milano Bicocca. EBSD patterns were acquired on rectangular grids with step sizes of 0.14, 1.3, 2.0, and 2.8 
µm. Working conditions were 20 kV accelerating voltage, 10 nA of beam current, high vacuum, 70° sample tilt, 
and working distance between 17 and 23 mm. A detailed description of the EBSD sample preparation and post-
processing methods is reported in the supporting information (Text S1 in Supporting Information S1). For grain-
size measurements, grain boundaries were manually traced on backscattered electron (BSE) and secondary elec-
tron (SE) images or derived from crystallographic orientation data acquired by EBSD analyses. In this latter case, 
grain boundaries were defined for critical misorientations of 10°, while they were considered for subgrain-size 
analysis, only closed subgrain boundaries were defined for critical misorientation angles of 2°. The grain size 
and the subgrain size were measured using the mean linear intercept method following the American Society for 
Testing and Materials ASTM E112-12 procedure. Test lines were traced parallel, normal, and randomly oriented 
with respect to the foliation. A stereological correction factor of 1.5 was applied (Linckens et al., 2014). Results 
are listed in Table S1.

Transmission electron microscopy (TEM) investigations were performed at the Friedrich Schiller University 
Jena. For TEM characterization, we prepared thin sections with an acetone-soluble glue. Copper grids were 
mounted with two-component resin on the free surface of thin sections at sites of interest. These grids including 
the interesting areas were removed from slides by acetone dissolution. The sample grids were then Ar ion-thinned 
in a Gatan Duomill ion milling machine at 4.5kV and 1mA until electron transparency was reached. TEM charac-
terization of defect microstructures was carried out with a 200 kV FEI Tecnai G2 F20 TEM, using conventional 
bright-field and dark-field imaging techniques in combination with selected area electron diffraction (SAED). To 
search larger areas for lattice defects, we have also used the high-angle annular dark-field (HAADF) detector at 
low magnification scanning transmission electron microscopy (LM-STEM) mode with a very long camera length 
to obtain diffraction contrast images. The mineral identification was aided by energy-dispersive X-ray (EDX) 
spectra using an Oxford X-MaxN 80T SDD system.

Thermodynamic modeling was performed with the software package Perple_X (Connolly,  2005), using the 
thermodynamic database of Holland and Powell (1998) revised in 2002 (hp02ver.dat) and the following solu-
tion models described by Holland and Powell (1998) (HP), Holland and Powell (2003) (I1, HP, and C1), and 
Dale et al. (2000) (D): Gt(HP) for garnet, Opx(HP) for orthopyroxene, O(HP) for olivine, Omph(HP) for Ca-Na 
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clinopyroxene, Sp(HP) for spinel, Ca-Amp(D) for calcic amphibole, Chl(HP) for chlorite, and Pl(I1, HP) for ter-
nary feldspars. The water equation of state was taken from Holland and Powell (1998).

4.  Results
4.1.  Field Observations

In the northern sectors of the UZ, amphibole + garnet peridotite lenses and country stromatic gneisses are well 
exposed along a steep gully on the western ridge of the Mt. Hochwart (Figure 1a and 1b). The peridotite body 
is continuous from the base of the gully (2233 m) up to the Hochwart Pass (2475 m). Amphibole + garnet 
peridotites (green in Figure 1c) have a porphyroclastic texture with coarse (up to 1-2 cm) amphibole and garnet 
porphyroclasts (reaching up to 9 cm in diameter in the inner part of the peridotite body) embedded in a finer 
grained matrix consisting of olivine, orthopyroxene, amphibole, and rare clinopyroxene. Garnets are invariably 
mantled by spinel + orthopyroxene + clinopyroxene ± amphibole kelyphitic coronas or replaced by chlorite 
pseudomorphs. Peridotites display a steep W-dipping compositional layering consisting of garnet-rich and gar-
net-poor bands locally transposed by a chlorite foliation that becomes more penetrative at the contact with the 
surrounding stromatic gneisses (Figure 2a). Peridotites include centimeter-thick garnet websterite veins (red in 
Figure 1c; Figure 2b), which occur parallel to the garnet foliation in the peridotite. They are characterized by 
clinopyroxene and orthopyroxene porphyroclasts (up to 5 mm) enclosed in a finer grained matrix composed of 
emerald-green Cr-diopside, orthopyroxene, amphibole, and garnet. The anisotropic fabric of the garnet webster-
ites is marked by garnet-rich and garnet-poor levels that dip to the west parallel to the garnet layering in the host 
peridotite. Peridotites also contain meter scale tremolitite layers (yellow in Figure 1c) consisting of tremolite 
(80-90 vol%) with subordinate chlorite pseudomorphs after garnet and minor Mg hornblende. Tremolitites are 
strongly stretched and boudinaged parallel to chlorite foliation in the peridotite.

The contact between peridotites and country stromatic gneisses is often marked by metasomatic reaction zones 
with a composite structure consisting of an inner tremolite-rich cm-thick layer on the peridotite side and an out-
er phlogopite-rich front toward the host gneiss (see also Marocchi et al., 2009, 2010; Tumiati & Martin, 2003; 
Tumiati et al., 2007).

The country gneisses (light gray in Figure 1c) have a stromatic texture characterized by cm-spaced bands of 
quartz + plagioclase + K-feldspar ± garnet ± kyanite leucosomes and garnet + kyanite + biotite melanosomes 
(restites) transposed along the regional foliation (for a detailed description of these rocks, see also Del Moro 
et al., 1999; Martin et al., 1998; Tumiati et al., 2003).

4.2.  Microstructures

Representative samples of garnet websterites have been selected for this study. Sample location and coordinates 
are given in Figure S1 of supporting information. Mineral abbreviations are from Whitney and Evans (2010).

Figure 2.  Structures of amphibole + garnet peridotites and garnet websterites of UZ. (a) Garnet layering transposed by 
a chlorite foliation in amphibole + garnet peridotites; (b) garnet websterite vein transposed along the garnet layering of 
amphibole + garnet peridotites.
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4.2.1.  Garnet Websterites

Garnet websterites have a porphyroclastic texture with coarse (up to 3 mm) orthopyroxene (OpxP) and clino-
pyroxene (CpxP) porphyroclasts surrounded by finer grained, dynamically recrystallized, neoblastic clinopy-
roxene (CpxN) and orthopyroxene (OpxN) organized in interconnected layers (Figure 3a), and minor amounts 
of amphibole (AmpN) and garnet (GrtN). To fully describe the porphyroclastic and neoblastic assemblages and 

Figure 3.  (a) Phase map showing the websterite texture with clinopyroxene (yellow) and garnet (red) distribution. 
Orthopyroxene and interstitial amphibole are represented in light gray tones. The map was obtained from segmentation 
and filtering of high-contrast BSE (Backscattered Electrons) images stitched together to obtain a field of view of c. 12 x 7 
mm. XPL photomicrographs of garnet websterites of Mt. Hochwart: (b) coarse OpxP with GrtE and AmpE exsolutions along 
curved crystal planes (sample UT23); (c) porphyroclastic OpxP with exsolutions of GrtE, AmpE, and CpxE (sample UT23); (d) 
porphyroclastic CpxP with exsolution lamellae of GrtE and OpxE (sample UT23); and (e) GrtN layering in garnet websterite 
UT23. The GrtN layering is oriented parallel to the direction of the GrtE exsolutions in CpxP. The white rectangles indicate the 
site of the EBSD maps shown in Figures 4–7. The circled numbers denote the microstructural domains.
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the different internal deformation microstructures, four different microstructural domains have been identified 
(Figures 3b–3d).

The OpxP (domains 1 and 2; Figures 3b and 3c) varies in length from 1.5 to 3 mm and contains exsolution lamel-
lae of garnet (GrtE) clinopyroxene (CpxE) and amphibole (AmpE). It shows intracrystalline deformation in the 
form of undulose extinction, kink bands, and core-and-mantle microstructures where the core of the porphyro-
clast grades outward into subgrains and newly recrystallized grains. The elongation of OpxP is parallel to the trace 
of the compositional layering of the rock.

The coarse CpxP (domain 3; Figure 3d) displays undulose extinction and contains exsolution lamellae of GrtE, 
orthopyroxene (OpxE), and AmpE. The OpxE lamellae are 50-100 µm thick and up to 3-mm long, while GrtE exso-
lutions are typically small with aspect ratios varying from 1:1 to 5:1. The exsolved AmpE occurs as an interstitial 
phase at CpxP-OpxE-GrtE grain boundaries or triple junctions (Figure S2).

Both recrystallized CpxN and OpxN (domain 4; Figure 3e) are optically strain-free and contain no exsolution 
lamellae. Garnet occurs as small crystals (up to 600 µm) in textural equilibrium with the neoblastic CpxN + OpxN 
+ AmpN assemblage and defines the compositional layering of the rock. Notably, the garnet layering is parallel to 
the orientation of the garnet exsolution lamellae within orthopyroxene and clinopyroxene (Figure 3e).

4.3.  EBSD Analysis

The results of EBSD analysis of the different microstructural domains of garnet websterites are displayed in Fig-
ures 4–7 (see Figure 3 for the location of the EBSD maps):

�(i)	� Domain 1 includes a deformed orthopyroxene porphyroclast surrounded by finer grained recrystallized or-
thopyroxene neoblasts (Figure 3b);

�(ii)	� Domain 2 shows a porphyroclastic orthopyroxene with a core-and-mantle microstructure (Figure 3c);
�(iii)	� Domain 3 comprises a clinopyroxene porphyroclast (Figure 3d);
�(iv)	� Domain 4 is representative of the recrystallized clinopyroxene grains around the porphyroclastic clinopyrox-

ene of domain 3 (Figure 3e).

4.3.1.  Domain 1

The coarse-grained OpxP is oriented with the [010] axes subparallel to the stretching lineation and the (100) 
planes subparallel to the foliation (Figure 4b). The distortion of the crystal lattice is characterized by gradual 
increments of misorientations <2° and with sharper misorientation jumps corresponding to low-angle bounda-
ries (2°−10°), with a total distortion across the porphyroclast of 16° over a distance of 600 µm (profile AA’ in 
Figure 4d). However, low-angle boundaries are scarce and are mostly restricted close to the garnet exsolutions 
(Figure 4a). The misorientation axes for low-angle misorientations show two maxima close to the center of the 
pole figure and close to the pole to the foliation (Figure 4c). These misorientation axes preferentially cluster close 
to the [001] and the [100] axes in crystal coordinates (Figure 4c). The high-angle (>10°) misorientation axes dis-
tributions not only resemble the patterns of the low-angle misorientation axes in sample and crystal coordinates 
(Figure 4c), but also show other minor clusters in different orientations, which are particularly evident in crystal 
coordinates.

The transition from porphyroclastic OpxP to the finer grained, neoblastic OpxN is marked by large misorientation 
angles between the new grains and the neighboring porphyroclast (profile BB’ in Figure 4e). The recrystallized 
grains display common quadruple junctions (white arrow in Figure 4a), have internal misorientations lower than 
3° (Figure S3), and are strongly misoriented with respect to each other (profile BB’ in Figure 4e). The OpxN has 
a weak CPO controlled by the parent porphyroclast (Figure 4b), showing a concentration of the [010] axes rela-
tively close to the stretching lineation and a cluster of the (100) planes subparallel to the foliation (Figure 4b). The 
misorientation angle distribution of correlated pairs displays higher frequency than the random-pair distribution 
for misorientations <60° and lower frequency for misorientations >60°. This pattern is also evident in the uncor-
related-pair distribution, but with smaller deviations from the random theoretical curve (Figure 4f).



Journal of Geophysical Research: Solid Earth

PELLEGRINO ET AL.

10.1029/2021JB022584

8 of 23

4.3.2.  Domain 2

The porphyroclastic OpxP is oriented with the [010] axes subparallel to the stretching lineation and the (100) 
planes subparallel to the foliation (Figure 5b), consistently with the OpxP grain shown in Figure 4. The analyzed 
porphyroclast displays a strong internal distortion with cumulative misorientations across the entire crystal as 
large as 32° (profile AA’ in Figure 5d). However, low-angle boundaries are scarce and are mainly confined close 
to the margin of the porphyroclast. In sample coordinates, the misorientation axes distribution for low-angle 
misorientations displays a clear maximum close to the center of the pole figure, while in crystal coordinates, it 

Figure 4.  EBSD map and CPO data of OpxP and OpxN in garnet websterite UT23. (a) EBSD-derived inverse pole figure map with respect to Z sample direction. Grain 
boundaries are colored in black. Subgrain boundaries are colored in white. White arrows indicate the presence of quadruple junctions in the recrystallized matrix; (b) 
pole figures of porphyroclastic (all data points) and neoblastic orthopyroxene. Upper hemisphere, equal area projection. Contoured plots are reported in Figure S4; 
(c) misorientation axis distributions for porphyroclastic orthopyroxene in sample (SCS, upper row) and crystal (CCS, lower row) coordinate system; (d) cumulative 
misorientations relative to the first point (profile AA’); (e) cumulative misorientations relative to the first point (profile BB’); and (f) misorientation angle distribution 
for neoblastic orthopyroxene.
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forms a cluster close to [001] axis (Figure 5c). The high-angle misorientation axes in sample coordinates display 
a principal maximum close to (but slightly offset from) the center of the pole figure, and few minor scattered 
maxima, including a weak maximum close to the pole to the foliation (Figure 5c). In crystal coordinates, these 
misorientation axes preferentially cluster close to the [001] and [010] axes (Figure 5c).

The transition from porphyroclastic to finer grained, recrystallized OpxN is marked by large misorientation an-
gles, usually >20° (profile BB’ in Figure 5e). The neoblastic OpxN is almost strain-free (Figure S5) and has a 
CPO strongly controlled by the adjacent porphyroclast since they show the [010] axes aligned subparallel to the 
lineation and the (100) planes oriented subparallel to the foliation (Figure 5b). The misorientation angle distri-
butions of both correlated and uncorrelated pairs show higher frequency than the random-pair distribution for 
misorientations <60° and lower frequency for misorientations >60° (Figure 5f).

Figure 5.  EBSD map and CPO data of OpxP and OpxN in garnet websterite UT23. (a) EBSD-derived inverse pole figure map with respect to Z sample direction. 
Grain boundaries are colored in black. Subgrain boundaries are colored in white; (b) pole figures of porphyroclastic (all data points) and neoblastic orthopyroxene. 
Upper hemisphere, equal area projection. Contoured plots are reported in Figure S6; (c) misorientation axis distributions in sample (upper row) and crystal (lower row) 
coordinate systems (abbreviations same as in Figure 4c); (d) cumulative misorientations relative to the first point (profile AA’); (e) cumulative misorientations relative 
to the first point (profile BB’); and (f) misorientation angle distribution for neoblastic orthopyroxene.
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4.3.3.  Domain 3

Porphyroclastic CpxP is oriented with the [010] axes subparallel to the stretching lineation and the (100) planes 
subparallel to the foliation (Figure 6b). It displays an internal distortion with cumulative misorientations as large 
as 12° (profile AA’ in Figure 6d). The density of low-angle boundaries is very low, consistently with a limited 
development of subgrains. The low-angle misorientation axes in sample coordinates display a maximum close 
(but slightly offset from) to the center of the pole figures (Figure 6c). These misorientation axes cluster close to 
the [001] axis in crystal coordinates (Figure 6c). The high-angle misorientation axes distributions in both sample 
and crystal coordinates do not show any clear clustering (Figure 6c).

4.3.4.  Domain 4

The fine-grained CpxN displays a weak CPO slightly controlled by the CPO of the adjacent porphyroclast, show-
ing a weak maximum of the [010] axes close to the stretching lineation and a concentration of the (100) planes 
subparallel to the foliation (Figure 7b). The fine-grained aggregate of CpxN + OpxN + AmpN + GrtN displays 
common quadruple junctions (Figures 7c and 7d) and aligned, straight grain boundaries (Figure 7e). The recrys-
tallized clinopyroxene grains usually have internal misorientation lower than 3° (Figures 7c−f and S7) and are 
strongly misoriented with respect to each other (profile AA’ in Figure 7f). The misorientation angle distributions 
of correlated and uncorrelated pairs deviate from the random theoretical curve, showing an excess in misorienta-
tion angles lower than 90° and a deficit in misorientation angles greater than 90° (Figure 7g).

Figure 6.  EBSD map and CPO data of CpxP in garnet websterite UT23. (a) EBSD-derived inverse pole figure map with respect to Z sample direction. Grain 
boundaries are colored in black. Subgrain boundaries are colored in white; (b) pole figures (all data points). Upper hemisphere, equal area projection; (c) misorientation 
axis distributions in sample (upper row) and crystal (lower row) coordinate systems (abbreviations same as in Figure 4c); and (d) cumulative misorientations relative to 
the first point (profile AA’).
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Figure 7.
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4.4.  TEM Characterization

Bright-field and dark-field TEM as well as STEM imaging were employed to observe lattice defects in por-
phyroclastic orthopyroxene and to verify the slip systems that were activated during its deformation. Despite 
the distinct deformation of the host rock, orthopyroxene contains free dislocations only in moderate densities 
of 2-5⋅1012 m−2 (Figure  8). However, STEM images show that there are several subgrain boundaries, which 
indicate that numerous dislocations climbed and recovered to form these internal boundaries (Figure 8b). The 
entire orthopyroxene is thus subdivided into a mosaic of several µm-sized sub-grains forming mutual low-angle 
boundaries between each other.

A closer look at the dislocation microstructures shows overall that dislocation lines are often similarly aligned, 
but at nodes, dislocations also meet with different line directions, suggesting that not only one slip system was ac-
tivated. To further evaluate the Burgers vector of most dislocations, we have performed weak-beam TEM imaging 
using the g–b = 0 criterion (Figure 8a). TEM images were systematically taken with reflections occurring in the 
[−112] zone axis diffraction pattern. When employing g = 220 (see Figure 8a), dislocations are well visible, ex-
cluding b = [001] as Burgers vector. Dislocation are also well visible with g = 0-21, while they became invisible 
when using g = 402. In conclusion, this means that the Burgers vector of most dislocations is b = [010], in line 
with EBSD measurements. The unequivocal determination of the slip plane turned out to be complicated because 
mostly straight dislocation lines were strongly inclined to the beam direction, making indexing of their directions 
difficult. Therefore, we used high-resolution imaging (HRTEM) to visualize in which plane the dislocation lines 
project. The lattice fringe image in Figure 8c shows two projected dislocation lines that lie within the (100) plane, 
indicating this is the slip plane. Altogether, the TEM observations thus corroborate that the major slip system is 
(100)[010].

5.  Discussion
5.1.  Deformation Mechanisms

The OpxP is interpreted to deform by dislocation glide and creep on the (100)[010] slip system, as indicated by 
microstructures, i.e., undulose extinction and crystal bending, the dominant [001] misorientation axis, and by our 

Figure 7.  EBSD map and CPO data of the fine-grained matrix of garnet websterite UT23. The white rectangles indicate the sites of Figures 7c, 7d, and 7e. (a) Phase 
map. Grain boundaries are colored in black. Subgrain boundaries are colored in white; (b) pole figures of neoblastic clinopyroxene in upper hemisphere, equal area 
projection. In light gray is reported the orientation of the adjacent CpxP of domain 3 (Figure 6). Contoured plots are reported in Figure S8; (c, d, e) kernel-average 
misorientation (KAM) maps showing the local misorientation of each pixel based on a 5x5 grid of neighbouring pixels. Quadruple junctions and aligned, straight grain 
boundaries are indicated by white and red arrows, respectively; (f) cumulative misorientations of neoblastic clinopyroxene relative to the first point (profile AA’); and 
(g) misorientation angle distributions of neoblastic clinopyroxene.

Figure 8.  (a) Dark-field weak beam, (b) LM-STEM dark field, and (c) high-resolution TEM images of dislocations in porphyroclastic orthopyroxene from domain 2. 
Image (a) was taken with the 220 reflection, showing sharp well-visible dislocations. The STEM image in (b) shows a larger and thicker area of orthopyroxene with 
subgrain boundaries (black arrows) and partly entangled dislocations indicating interactions between them. The HRTEM image in (c) was taken along the [0-13] zone 
axis and shows the 1.8-nm lattice fringes. Two dislocation lines are visible to lie in projection in the (100) plane.
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TEM observations (Figure 8). Compared to the (100)[001], which is considered the main activated slip system in 
orthopyroxene (Soustelle et al., 2010; Tommasi et al., 2008; Skemer et al., 2006; Xu et al., 2006; Ishii & Sawagu-
chi, 2002; Vauchez and Garrido, 2001; Mainprice et al., 2000; Christensen and Lundquist, 1982), the (100)[010] 
has not been frequently reported in literature. However, rare natural occurrences (Jung et al., 2010; Kohlstedt 
& Vander Sande, 1973; Nazè et al., 1987; Skrotzki, 1990, 1994), deformation experiments (Nazè et al., 1987; 
Raleigh et al., 1971), room temperature indentations of enstatite (Van Duysen et al., 1985), and numerical simula-
tions (Jahn & Martonak, 2008) suggest that orthopyroxene can deform and rotate around the [001] until the (100) 
tends to be parallel to the XY foliation plane and the Burgers vector b [010] becomes parallel to the stretching 
lineation, as observed in our orthopyroxene porphyroclasts.

The core-and-mantle microstructure of OpxP of domain 2 suggests that dislocation creep on the (100)[010] was 
accommodated by subgrain rotation (SGR) recrystallization. In particular, we observe that low-angle boundaries 
are mostly restricted close to the rim of the porphyroclast, reflecting a progressive accumulation of misorienta-
tions from the core of the OpxP to the mantle of the newly recrystallized grains.

The recrystallized OpxN is interpreted to deform primarily by grain boundary sliding (GBS), as indicated by the 
common occurrence of quadruple junctions in the recrystallized OpxN matrix (Figure 4a). The OpxN locally forms 
a mosaic-like texture with 120° triple junctions, suggesting that annealing and grain growth occur during/after 
deformation by GBS. This is also supported by the average grain size of the recrystallized OpxN (73.7 µm), which 
is slightly larger than the average size of the internal subgrains of porphyroclastic OpxP (57.5 µm; Table S1).

The CpxP is interpreted to deform by dislocation glide and creep, as evidenced by the undulose extinction and the 
development of subgrains, whereas the recrystallized CpxN shows evidence for GBS, including the occurrence 
of quadruple junctions (Figures  7c and  7d) and aligned, straight grain boundaries in the recrystallized CpxN 
matrix (Figure 7e). In particular, the quadruple junctions represent evidence for grain neighbor switching during 
GBS (Ashby & Verrall, 1973; Maruyama & Hiraga, 2017), while straight grain boundaries represent the sliding 
surfaces that were active during the relative movement of neighbor grains (Boullier & Gueguen, 1975; Miran-
da et al., 2016; White, 1977, 1979). In addition, the movement of grains during neighbor switching requires a 
rotational component of motion, which produces an increase in misorientations between adjacent grains (e.g., 
Bestmann & Prior, 2003; Svahnberg & Piazolo, 2010). This is consistent with our observation of large misorien-
tation angles between neighbor recrystallized CpxN (Figure 7f). In summary, our microstructural observations, 
together with the low internal strain and the dispersion of CPO and misorientation axes for large misorientations, 
suggest that the main deformation mechanism of OpxN and CpxN was diffusion-accommodated GBS (i.e., diffu-
sion creep).

5.2.  Piezometry and Rheological Model

In this section, we report the effects of the transformation of the coarse-grained OpxP and CpxP into the finer 
grained OpxN and CpxN on the bulk rheology of the UZ garnet websterites. Based on the deformation mechanisms 
identified from microstructures, that is, dislocation glide and creep in the porphyroclasts and diffusion creep in 
the finer grained neoblasts, deformation mechanism maps have been calculated for ortho- and clinopyroxene and 
plotted as grain size versus differential stress and differential stress versus strain rate diagrams (Figure 9).

The flow law of Bystricky et al. (2016) has been used to calculate the dislocation creep component of the total 
strain rate for orthopyroxene:

𝜀̇𝜀 = 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑 𝜎𝜎𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑 𝑒𝑒−
𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑
𝑅𝑅𝑅𝑅� (1)

where 𝐴𝐴 𝐴𝐴𝐴 is the strain rate (s−1), σ is the differential stress (MPa), n is the stress exponent, T is the temperature (K), 
R is the gas constant (JK−1mol−1), and Adis, (MPa−3s−1) ndis, and Qdis (Jmol−1) are empirical parameters for the 
pre-exponential term, the stress exponent, and the activation energy for dislocation creep, respectively.

The contribution of diffusion creep in orthopyroxene has been calculated using the flow law proposed by Bruijn 
and Skemer (2014):

𝜀̇𝜀 = 𝐶𝐶𝑚𝑚(𝑇𝑇 ) 𝜎𝜎 𝜎𝜎−𝑝𝑝� (2)
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where 𝐴𝐴 𝐴𝐴𝐴 is the strain rate (s−1), σ is the differential stress (MPa), Cm(T) is the temperature-dependent variable 
(s−1MPa−1μm3), d is the grain size (μm), and p is the grain-size exponent.

Differential stress during deformation was estimated using the grain-size piezometer for orthopyroxene of Linck-
ens et al. (2014):

𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 2939 𝑑𝑑−1.308� (3)

Figure 9.  (a) Grain size versus differential stress map with contoured strain rate curves for dry orthopyroxene. The black solid line is the piezometer by Linckens 
et al. (2014). The red star corresponds to the size of subgrains in OpxP (57.5 μm), while the yellow star represents the recrystallized OpxN (73.7 μm); (b, c) Grain size 
versus differential stress map with contoured strain rate curves for dry (blue star) and wet (green star) clinopyroxene (109.1 μm); (d) strain rate versus differential stress 
diagram calculated for orthopyroxene (only dry) and clinopyroxene (wet and dry). The red line is the curve calculated for the subgrain size in OpxP (57.5 μm). The 
yellow curve represents the recrystallized OpxN (73.7 μm). Solid and dashed curves describe the deformational behavior of orthopyroxene in the diffusion creep and 
dislocation creep regimes, respectively. The blue and green solid curves have been calculated for recrystallized CpxN (109.1 μm) at dry and wet conditions, respectively. 
The gray transparent field (width includes errors) represents the differential stress derived from the orthopyroxene piezometer by Linckens et al. (2014). Deformation 
mechanism maps have been calculated at 850 °C. Other details on the derivation of the deformation mechanism maps are given in Section 4.2 of the main text and in 
Table S2.
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where σdiff is the differential stress in MPa and d is the grain size in µm.

The flow law of Dimanov and Dresen (2005) has been used to calculate the 
contribution of dislocation creep and diffusion creep to the total strain rate 
for clinopyroxene:

𝜀̇𝜀 = 𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔 𝜎𝜎𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔 𝑑𝑑−𝑚𝑚 𝑒𝑒−
𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔
𝑅𝑅𝑅𝑅 + 𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔 𝜎𝜎𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔 𝑒𝑒−

𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔
𝑅𝑅𝑅𝑅� (4)

where 𝐴𝐴 𝐴𝐴𝐴 is the strain rate (s−1), A is the pre-exponential constant (given in 
Pa−ns−1 for GSI creep and Pa−ns−1m3 for GSS creep; see caption of Table S2), 
σ is the differential stress (Pa), n is the stress exponent, d is the grain size 
(m), m is the grain size exponent, Q is the activation energy (Jmol−1), R is the 
molar gas constant (JK−1mol−1), and T is the absolute temperature (K). The 
subscripts gss and gsi indicate the grain-size sensitive (diffusion creep) and 
the grain-size insensitive (dislocation creep) components of the total strain 
rate 𝐴𝐴 𝐴𝐴𝐴 . All the parameters used for calculation of deformation mechanism 
maps are given in Table S2 of supporting information.

Microstructures and crystallographic orientation data suggest that the transi-
tion from dislocation to diffusion creep in garnet websterites was promoted 
by the transformation of the coarse-grained OpxP and CpxP into the finer 
grained OpxN and CpxN. The switch in the deformation mechanism and the 
reduction of the grain size were also accompanied by the crystallization of 
garnet as exsolutions in high-T pyroxene porphyroclasts and as neoblasts 
in textural equilibrium with the finer grained CpxN + OpxN + AmpN ma-
trix, indicating that deformation probably took place at high-pressure (HP) 
conditions.

To better constrain the P-T conditions at which deformation occurred, we 
calculated a P-T isochemical section (Figure 10) using the composition of 
garnet websterite UT23 (caption of Figure 10). Results indicate that the CpxN 
+ OpxN + AmpN + GrtN assemblage observed in the recrystallized matrix 
of garnet websterites is thermodynamically stable at pressure from 1.5 to 
3.0 GPa and temperature ranging from 750 °C to 1100 °C (Figure 10). Fol-

lowing the prograde P-T path of the ultramafic rocks of the UZ reported in Figure 10 (Nimis & Morten, 2000), 
the CpxN + OpxN + AmpN + GrtN assemblage is expected to form at ca. 2 GPa and 850 °C. Therefore, the shift 
from porphyroclastic to neoblastic assemblage and the switch in the deformation mechanism are interpreted to 
have occurred when garnet websterites, after a stage of isobaric cooling, crossed the garnet-in reaction curve at 
ca. 2 GPa and 850 °C (Figure 10) prior to be dragged to greater depths at nearly constant temperature. Also, at 
these conditions, garnet websterites are expected to be composed by 47 vol% of orthopyroxene and 30 vol% of 
clinopyroxene (Figure 10).

Thus, to describe the deformational behavior of the investigated garnet websterites, flow laws and deformation 
mechanism maps have been calculated at the peak temperature of 850°C. Many petrological studies also sug-
gest that at these conditions, metamorphism in the UZ was accompanied by intense fluid infiltration (Tumiati 
et al., 2003, 2007). This is consistent with our observation of amphibole (AmpN) in association with CpxN + 
OpxN + GrtN, indicating that recrystallization and deformation occurred in the presence of H2O. Despite this, the 
occurrence of amphibole in the recrystallized matrix does not unequivocally imply the presence of intracrystal-
line H2O in CpxN and OpxN. To fully describe the deformational behavior of our garnet websterites, we therefore 
calculated flow laws and deformation mechanism maps for both dry and wet conditions. As no flow laws are 
available for wet orthopyroxene, we investigated the rheology of the garnet websterites using the flow laws for 
dry orthopyroxene (Bruijn & Skemer, 2014; Bystricky et al., 2016) and for dry and wet clinopyroxene (Dimanov 
& Dresen, 2005).

In Figure 9a, a differential stress of 15 MPa was estimated from the subgrain size of OpxP (57.5 µm). Assuming 
that the differential stress is representative of the bulk flow stress, deformation by dislocation creep in OpxP 
would occur at strain rates of 3.8 × 10−16 s−1 (Figure 9a). For the calculated σdiff = 15 MPa, the OpxN is expected 

Figure 10.  P-T isochemical section at H2O saturated condition of the garnet 
websterite UT23 (composition in wt%: Na2O = 0.60, MgO = 23.91, Al2O3 
= 5.93, SiO2 = 50.62, K2O = 0.06, CaO = 9.94, and FeO = 5.35; a detailed 
description of the working conditions during inductively-coupled plasma mass 
spectrometry (ICP-MS) and LECO combustion (total C, S) analyses is given 
in Text S2 of Supporting Information S1). The compositions of Opx, Cpx, Grt, 
and Amp calculated from thermodynamic modeling are reported in Table S3. 
Thin dashed red and blue lines represent the isopleths of orthopyroxene and 
clinopyroxene volume fractions (vol%), respectively. The thin gray line is the 
garnet-in curve of UZ peridotites from Nimis and Morten (2000). The thick 
transparent gray line is the P-T path of UZ pyroxenites and peridotites (Nimis 
and Morten, 2000).
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to flow at strain rates of 2.9 × 10−16 s−1. In the grain size versus differential stress diagram of Figure 9a, these 
values (yellow star) plot close to the boundary between dislocation creep and diffusion creep. Also, we note that 
the average grain size of OpxN is slightly larger than the subgrain size. We attribute this to partial annealing and 
grain growth of OpxN, yet this grain size plots close to the transition between the different deformation regimes. 
It is likely that grain growth and annealing were limited by the syn-kinematic nucleation of second phases, which 
kept the grain size sufficiently small for the local activity of diffusion creep.

Figure 9b and 9c describe the rheological behavior of CpxN. For the range of differential stress estimated from the 
subgrain size in OpxN, at dry conditions, the CpxN would deform via diffusion creep at strain rates of 4.4 × 10−15 
s−1, which are one order of magnitude faster than the strain rates calculated for OpxN (Figure 9b). Faster strain 
rates of 3.15 × 10−12 s−1 have been calculated using the flow law for wet clinopyroxene (Figure 9c), which might 
be more appropriate in our case considering that the finding of amphibole in association with CpxN + OpxN + 
GrtN suggests the presence of a free fluid phase at the grain boundaries. In addition, the relative proportions of 
OpxN (47 vol%) and CpxN (30 vol%) estimated by thermodynamic model of Figure 10 and the microstructural 
evidence of the presence of interconnected layers of CpxN through the garnet websterite (Figure 3a) indicate that 
the bulk deformation of garnet websterites would be controlled by the strength of the weaker phase between OpxN 
and CpxN (e.g., Handy, 1990). CpxN is the weakest phase, since it is expected to flow at faster strain rates than 
OpxN both under dry and wet conditions (Figure 9d), thus likely being responsible for rheological weakening of 
investigated websterites.

5.3.  The Role of Pyroxenites in Mantle Weakening

Pyroxenites are important constituents of the upper mantle, and despite their low volumetric abundance, they 
represent key lithologies in mantle deformation processes since compositional heterogeneities can play a major 
role in strain localization and weakening (e.g., Tommasi et al., 2015; Tikoff et al., 2010; Toy et al., 2010; Treagus 
& Sokoutis, 1992).

The origin of pyroxenites has been related to a variety of magmatic and metamorphic processes, including: i) 
recycling of crustal material during subduction (Allègre & Turcotte, 1986; Kornprobst et al., 1990; Morishita 
& Arai, 2001; Morishita et al., 2003; Yu et al., 2010); ii) moderate- to high-pressure crystal segregation from 
magmas rising from asthenospheric mantle sources (Bodinier et  al., 1987a, 1987b; Dantas et  al., 2007; Gysi 
et al., 2011; Kempton & Stephens, 1997; Keshav et al., 2007; Mukasa & Shervais, 1999; Rivalenti et al., 1995; 
Takazawa et al., 1999; Vannucci et al., 1993; Warren et al., 2009); iii) refertilization of "depleted" upper mantle 
through melt-peridotite reactions during asthenospheric upwelling (Bodinier et al., 2008; Dantas et al., 2009; 
Garrido & Bodinier, 1999; Van Acken et al., 2010); and iv) reaction between peridotites and fluids/melts de-
rived by high-pressure dehydration/melting of the subducted crust (e.g. Malaspina et al., 2006, 2017; Pellegrino 
et al., 2020; Wang et al., 2008).

Pyroxenites occur ubiquitously in most of oceanic and orogenic peridotite massifs, such as Lherz in the Pyre-
nees, Beni Bousera and Ronda in the Betic-Rif belt, Lanzo, Erro-Tobbio, Monte Duria, and Ulten Zone in the 
Alps (Bodinier et  al.,  2008; Dickey,  1970; Frets et  al.,  2012; Garrido and Bodinier,  1999; Gysi et  al.,  2011; 
Kornprobst, 1969, 1970; Morten & Obata, 1983; Rampone & Borghini, 2008; Tumiati et al., 2018). The studied 
pyroxenites occurring in the UZ have been interpreted as crystal segregation from a basaltic melt rising from 
the deeper portions of the mantle wedge (Nimis and Morten, 2000). These pyroxenites record a mineral phase 
transformation from coarse-grained websterites to finer grained garnet websterites (Morten and Obata, 1983; 
Nimis and Morten, 2000). Host peridotites record a similar evolution from coarse protogranular spinel lherzolites 
to fine-grained amphibole + garnet peridotites (Obata and Morten, 1987). This coupled evolution has been inter-
preted to reflect pressure increase and cooling of websterites and host peridotites from spinel- (1200 °C, 1.3−1.6 
GPa) to garnet-facies (850 °C and 2.7 GPa) conditions induced by mantle corner flow (Nimis and Morten, 2000).

Microstructures indicate that the re-equilibration of garnet websterites in the garnet stability field was accom-
panied by a strong reduction of the grain size with the consequent switch of the deformation mechanism from 
dislocation creep in the porphyroclasts to diffusion creep in the finer grained neoblasts, resulting in rheological 
weakening. However, grain-size reduction could be not sufficient to cause a permanent transition from disloca-
tion to diffusion creep because of grain growth (De Bresser et al., 2001), unless the latter is inhibited by other 
processes such as metamorphic reactions (e.g., Newman et al., 1999). In the investigated samples, the reduction 
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of the grain size was assisted by the crystallization of garnet in response to the re-equilibration of garnet webster-
ites in the garnet stability field. In particular, garnet exsolved from coarse-grained pyroxenes contributing to the 
reduction of the grain size through the progressive disruption of the porphyroclastic assemblage and crystallized 
along the garnet websterite foliation, facilitating the pinning of the recrystallized matrix and stabilizing the fine-
grained microtexture for diffusion creep and rheological weakening.

It is demonstrated that syn-deformational metamorphic reactions, such as the breakdown of a mantle aluminous 
phase (plagioclase, spinel, and garnet), can promote a switch to diffusion creep and the associated weakening 
in the upper mantle (e.g., Furusho & Kanagawa, 1999; Newman et al., 1999). The stability of these aluminous 
phases is strongly affected by major elements composition and at fixed P-T conditions, pyroxenites and perid-
otites can develop different phase assemblages as a result of different compositions (e.g. Schmädicke, 2000). 
Numerous experimental studies have also demonstrated that garnet forms at lower pressures in pyroxenites with 
respect to peridotites (e.g., Adam et al., 1992; Borghini & Fumagalli, 2018; Irving, 1974). Therefore, during the 
prograde path of UZ mantle rocks toward the slab-mantle interface, the reduction of the grain size, the switch 
in the deformation mechanism, and the rheological weakening associated with the transition from spinel- to 
garnet-facies conditions would occur at shallower depths in websterites compared to the host peridotite. This 
indicates that compositional variations (for example, the occurrence of pyroxenites) may also represent rheolog-
ical heterogeneities where weakening and deformation can localize, thus suggesting that the distribution and the 
degree of deformation in the upper mantle may be strongly controlled by the presence and the volumetric fraction 
of compositional heterogeneities such as websterites.

Similar processes have also been documented by Hidas et al. (2013) in the Ronda Peridotite massif. The authors 
showed that the rheological weakening of thin pyroxenite layers was associated with a decrease of the grain size 
and an increase of the volume fraction of plagioclase in response to the spinel-plagioclase phase transformation 
reaction. This process induces the activation of GSS creep mechanisms and the rheological weakening of the 
pyroxenite bands that also affects the host peridotite. Our study demonstrates that reaction weakening can occur 
not only during the exhumation of the subcontinental mantle, but also during its burial toward the slab interface 
in response to the corner flow.

The schematic illustration of Figure 11 reports a conceptual model for the weakening of garnet websterites during 
the mantle corner flow. At high temperature and low pressure (1 in Figure 11), spinel lherzolites are intruded 
by melts rising from the deeper portions of the wedge, leading to the formation of coarse-grained websterites 
(Morten & Obata, 1983) characterized by large, high-T, tschermakitic pyroxenes (c.f. Table S3 and Nimis & 
Morten, 2000). Mantle convection (solid gray lines in Figure 11) induced by the movement of the subducting plate 
causes cooling and pressure increase of websterites while moving toward the slab-mantle interface (path from 
1 to 2 in Figure 11). Cooling and pressure increase induce the solid-state exsolution of garnet by removing the 
Tschermak component from the coarse, high-T, tschermakitic pyroxenes (Gasparik, 1990; Spengler et al., 2012), 
and the crystallization of garnet along the websterite foliation. At this stage, syn-kinematic exsolution reactions 
are accompanied by dislocation creep and dynamic recrystallization of pyroxene porphyroclasts. This produces a 
reduction of the grain size, triggering a transition in deformation mechanism from dislocation creep to diffusion 
creep. The associated weakening of garnet websterites likely created favorable conditions for the incorporation of 
garnet websterites and host peridotites into the subducting crust.

6.  Conclusions
The re-equilibration of websterites of UZ in the garnet stability field occurred under a deformation regime. 
Microstructures, EBSD data, and TEM investigations suggest that orthopyroxene porphyroclasts dominantly de-
formed by recrystallization-accommodated dislocation creep on the (100)[010] slip system, while the recrystal-
lized pyroxene grains record deformation by dominant diffusion-accommodated grain boundary sliding.

Thermodynamic modeling indicates that the transition from dislocation creep to diffusion creep likely took place 
at 2 GPa and 850 °C during the prograde re-equilibration of websterites in the garnet stability field. During the 
cooling from 1200 to 850 °C, the Al-rich porphyroclastic pyroxenes exsolved garnet along the cleavages, which 
progressively crystallized forming the garnet websterite foliation, then triggering the pinning of the recrystallized 
matrix and stabilizing the fine-grained microtexture for diffusion creep. The activation of the diffusion creep 
induced a significant rheological weakening in the garnet websterites that also affected the host peridotite, thus 
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suggesting that the occurrence of compositional heterogeneities, e.g., pyroxenites l.s., can have important effect 
on the bulk rheological behavior of the upper mantle.
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Figure 11.  Conceptual model for mantle weakening induced by mantle corner flow (not to scale). See text for explanation. Model thermal configuration after 
Honda (1985). Black bold line represents metamorphic path of garnet websterites of UZ. Solid gray lines represent mantle corner flow path.
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