
HAL Id: hal-03381843
https://hal.science/hal-03381843

Submitted on 19 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Plastic Deformation of Plagioclase in Oceanic Gabbro
Accreted at a Slow-Spreading Ridge (Hole U1473A,

Atlantis Bank, Southwest Indian Ridge)
Maël Allard, Benoit Ildefonse, Emilien Oliot, Fabrice Barou

To cite this version:
Maël Allard, Benoit Ildefonse, Emilien Oliot, Fabrice Barou. Plastic Deformation of Plagioclase
in Oceanic Gabbro Accreted at a Slow-Spreading Ridge (Hole U1473A, Atlantis Bank, Southwest
Indian Ridge). Journal of Geophysical Research : Solid Earth, 2021, 126 (10), pp.e2021JB021964.
�10.1029/2021JB021964�. �hal-03381843�

https://hal.science/hal-03381843
https://hal.archives-ouvertes.fr


1. Introduction
Plastic deformation and recrystallization processes of minerals control the rheological behavior of the lower 
continental and oceanic crusts during their tectonic history. Deformation of polyphase rocks like granites 
and gabbros occur over a wide range of temperatures, pressures, strain rates, and fluid conditions. In these 
rocks plagioclase is ubiquitous, constituting a third to a half of the whole mineralogical assemblage, and is 

Abstract Crustal architecture at slow-spreading oceanic ridges results from complex interactions 
between magmatism, hydrothermalism, and tectonics. IODP Hole U1473A was drilled during Expeditions 
360 and 362T at the summit of the Atlantis Bank, a gabbroic massif exhumed at the Southwest Indian 
Ridge. In this study, we identify and quantify plastic deformation processes in gabbroic lithologies and 
active slip systems in plagioclase from 115 microstructural domains throughout Hole U1473A. We 
describe deformed zones using petrographic observations and electron backscattered diffraction analyses 
made all along the core. Ductile deformation is widespread, and in places strongly localized in mylonitic 
and ultramylonitic zones. Plagioclase represents ∼60% of rock's volume and is the dominant phase 
accommodating deformation in samples. It shows strong dynamic recrystallization accommodated by 
subgrain rotation in the dislocation creep regime, forming a fine-grained matrix. Electron backscattered 
diffraction analyses reveal weak to moderate crystallographic preferred orientations of plagioclase 
as a result of plastic deformation and strain localization, producing a fabric characterized by (010) 
parallel to the foliation plane and [100] parallel to the lineation. The fabric strength is first increasing 
from slightly deformed lithologies to mylonites before decreasing significantly in ultramylonites. This 
could be explained by orientation scattering after recrystallization, and a change of active slip systems. 
Subsequent granular flow has likely occurred in some samples. A detailed investigation of intracrystalline 
misorientations measured at plagioclase subgrain boundaries reveals the activity of four dominant slip 
systems: [001](010), [100](001), ½[110](001), and ½[ 110 ](001). These slip systems reflect decreasing 
temperatures during CPO development and subgrain wall formation.

Plain Language Summary Crustal architecture of slow-spreading oceanic crust results 
from complex interactions between magmatism, hydrothermalism, and tectonics. In this study, we 
identify and quantify plastic deformation processes in gabbroic lithologies and active slip systems in 
plagioclase from 115 intervals throughout Hole U1473A, drilled at the Atlantis Bank gabbroic massif. 
We describe deformed zones using petrographic observations, crystallographic orientations analyses, 
and intragranular deformation analyses made all along the core. Plagioclase represents ∼60% of rock's 
volume and is the dominant phase accommodating deformation in samples. The weak crystallographic 
preferred orientations measured in plagioclase result from ductile deformation and strain localization. The 
intensity of crystallographic preferred orientations increases as deformation increases in samples, before 
decreasing in the most intensely deformed samples. This could be explained by orientation scattering 
after recrystallization, and a change of active slip systems. Subsequent grain-size-sensitive processes 
and chemical diffusion have likely occurred in some samples. A detailed investigation of intracrystalline 
deformations measured in plagioclase grain reveals the activity of four dominant slip systems in 
addition to the one that produced the crystallographic orientations. These slip systems reflect decreasing 
temperatures during the deformation of the studied gabbroic lithologies, related to the tectonic activity at 
the ridge.
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stable in most crustal conditions (up to ∼1–1.5 GPa/∼30–40 km, e.g., Newton & Kennedy, 1968). In igneous 
mafic rocks, plagioclase is the main component and often corresponds to the weaker phase of the mineral 
assemblage below near-solidus conditions (e.g., Ji, 2004; Kronenberg & Shelton, 1980). Thus, plagioclase 
plays a key role in crustal rheology, and understanding its mechanical and microstructural behavior is crit-
ical (e.g., Rybacki & Dresen, 2004).

In plagioclase grains, internal plastic deformation occurring at high temperatures (>500°–600°C) leads to 
subgrain rotation (SGR) recrystallization and subsequent (fast) grain boundary migration (GBM) recrystal-
lization (e.g., Drury & Urai, 1990; Kruse et al., 2001; Poirier & Guillopé, 1979; Urai et al., 1986). This usu-
ally induces the development of crystallographic preferred orientations (CPO), through dislocation creep, 
reflecting the activity of syn-deformation slip systems (e.g., Wenk & Christie, 1991). The main slip systems 
identified by transmission electron microscopy (TEM) observations in plagioclase are those that slip on the 
principal twin planes, namely (010) and (001), and the most commonly reported one is [001](010) (e.g., 
Gandais & Willaime, 1984; Montardi & Mainprice, 1987; Olsen & Kohlstedt, 1984).

Slow spreading ridges represent more than 55% of mid-ocean ridges on Earth, and generate about 20% of 
the global ocean floor (Teagle et al., 2012). At slow-spreading ridges, the development of detachment faults 
leads to the exhumation of deep crustal and upper-mantle lithologies (e.g., Cannat, 1993), and to the devel-
opment of oceanic core complexes (OCC; e.g., Escartín & Canales, 2011). OCC are accessible key locations 
for understanding the relations between high-temperature magmatic processes, cooling, and tectonics oc-
curring at the ridge axis within deep rocks. At the Southwest Indian Ridge, the Atlantis Bank consists of a 
pluri-kilometer scale gabbro pluton exhumed through an OCC system at 11–13 Ma, and is of great interest 
for submersible explorations, dredging, and drilling since 1987 (Blum et al., 2017; Dick et al., 2000; Dick, 
MacLeod, et  al.,  2019; Pettigrew et  al.,  1999). Multiple expeditions drilled three deep holes since 1987: 
ODP Hole 735B (Dick et al., 2000) and Hole 1105A (Pettigrew et al., 1999), and IODP Hole U1473A (Blum 
et al., 2017; Dick, MacLeod, et al., 2019), for a maximum penetration depth of ∼1.5 km. Plastic deforma-
tion of the constituting minerals is widespread and penetrative in the uppermost part of the massif (first 
500–600 m) before being more heterogeneous and localized down section. The onset of this plastic deforma-
tion occurs early in the magmatic accretion history, under hyper solidus conditions, and continues at lower 
temperature, down to the ductile-brittle conditions. In IODP Hole U1473A, it forms two thick crystal-plastic 
shear zones at least 100 m large in the upper ∼500 m. By contrast, the lower ∼300 m show more localized 
shear zones in a slightly deformed framework (MacLeod et al., 2017).

Our study aims to characterize plastic deformation in gabbroic rocks from the drill core recovered at the At-
lantis Bank OCC in IODP Hole U1473A. After reviewing the deformation mechanisms acting in plagioclas-
es in relation with active slip systems, we evaluate the active deformation mechanisms and slip systems 
and their evolution during cooling in the context of crustal accretion and lower crust–upper mantle denu-
dation through a detachment fault at a slow-spreading ridge. A suite of 102 samples was taken along Hole 
U1473A in variably plastically deformed gabbroic lithologies; it is characterized by very limited amounts of 
retrograde alterations and can therefore be used for primary structures analysis. We combine core and thin 
section observations for textural and mineralogical identifications, and complement these with detailed 
Electron Backscattered Diffraction (EBSD) mapping.

2. Deformation Mechanisms of Plagioclase
Plagioclase is the most common mineral phase within the Earth's crust, representing up to 40% of crustal 
minerals (Ronov & Yaroshevsky, 1969). Its pressure-temperature (P-T) stability field encompasses highly 
variable conditions, which implies that it is subjected to a large spectrum of deformation mechanisms (Fig-
ure 1). Activities, and transitions between these mechanisms are controlled by temperature and strain rate, 
but also by fluids circulation and confining pressure (e.g., Debat et al., 1978; Fitz Gerald & Stünitz, 1993; 
Hirth & Tullis, 1994; Simpson, 1985; Tullis & Yund, 1987). For T < 500°C, plagioclase acts as a rigid mineral 
and deforms mainly by fracturing. Kink bands, tapered twins, and limited nucleation in small fractures can 
also be found in fractured grains. The transition between dominant fracturing to dislocation-accommodat-
ed deformation occurs at ∼450°–550°C in naturally deformed rocks (e.g., Dell'Angelo & Tullis, 1996; Oliot 
et al., 2010; Tullis & Yund, 1977). The temperature range at which this transition arises also depends on the 
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texture, and on the constituting phases of the deforming rock (Fitz Gerald & Stünitz, 1993; Ji, 2004; Kronen-
berg & Shelton, 1980; Rosenberg & Stünitz, 2003; Simpson, 1985; Tullis & Yund, 1977). Dynamic recrystal-
lization and grain boundary migration (“slow” and “fast”) become important processes at T > 500°–600°C 
because of the enhancement of grain boundary mobility, and of subgrain boundary formation at high tem-
peratures. Conversely, at lower temperatures diffusion creep could easily prevail on dislocation creep be-
cause of chemical differences accompanying recrystallization (e.g., Rosenberg & Stünitz, 2003). Although 
dislocation creep does not occur at T < 500°C, a process of dislocation generation by fracturing (easy in 
plagioclase because of twins) is documented and certainly encourages the transition from brittle to plastic 
regime (McLaren & Pryer, 2001; Stünitz et al., 2003; Tullis & Yund, 1985). Fracturing at moderate to high 
temperatures (600°–750°C) and high-stress conditions has also been reported as an important process of 
grain size reduction in plagioclase grains, leading to narrow shear zone formation favoring grain-size-sensi-
tive creep in the small-grained aggregates formed (Okudaira et al., 2015, 2017).

At upper-greenschist to amphibolite facies conditions (T > 450°C) the mobility of dislocations in plagi-
oclase becomes easier and promotes their glide toward grain boundaries (Fitz Gerald & Stünitz, 1993). If 
dislocation mobility is low and local, the nucleation of new grains occurs at grain boundaries by bulging 
recrystallization (BLG), also known as “slow grain boundary migration,” by a process of strain-induced 
boundary migration (SIGM, Bailey & Hirsch, 1962). Bulges can become (small) new grains by the forma-
tion of a subgrain boundary on their back, evolving into a grain boundary (e.g., Bell & Johnson, 1989; Oliot 
et al., 2014). BLG is mainly observed in plagioclase deformed between 500°–550°C and ∼700°C (Figure 1). 
With increasing mobility dislocations can glide faster and farther, forming subgrains (and then grains) of 
slightly different crystallographic orientations, or inducing large-scale fast grain boundary migration. The 
first mechanism, subgrain rotation recrystallization (SGR), occurs in deformed plagioclase from ∼400°C to 
>1000°C, especially in the range 500°–750°C (Figure 1). Grain boundary migration recrystallization (GBM) 
is made possible by the high mobility of grain boundaries (Poirier & Guillopé, 1979). It is achieved by a rota-
tion step (SGR) that is rapidly followed by the fast migration of the newly formed grain boundary, leading to 
large recrystallized grain sizes. GBM is naturally active from ∼500°C to ∼1000°C and is mostly described at 
600°–750°C (Figure 1). Note that when SGR and GBM mechanisms are active together, textures are charac-
terized by lobate grain boundaries and small differences in overall grain sizes. Additionally, dislocation creep 
mechanisms are known to produce CPO, unlike diffusion creep mechanisms (Tullis & Yund, 1987; Wenk & 
Christie, 1991). In solid solution minerals like plagioclase, slow and fast boundary migration processes can 
be driven by chemical potentials occurring between neighboring grains (e.g., parent-recrystallized grains). 
This process is called chemically induced grain boundary migration (CIGM, Hay & Evans, 1987) and arises 
from a decrease of the P-T conditions. In the dislocation creep regime, the recrystallization of grains by a 
process of GBM can generate compositional changes in the recrystallized grains. It arises from the migra-
tion of the high angle grain boundary within a former strained grain, which permits ionic exchanges (Na/
Si and Ca/Al) with the surface of neighboring grains (e.g., Yund & Tullis, 1991). Note that SIGM and CIGM 
can act simultaneously during grain boundary migration (s.l.). By contrast, recrystallization by SGR is not 
supposed to produce chemical potentials between old and new grains, as the exchanges are principally 
restricted to volume diffusion, usually too slow to be significant (e.g., Stünitz, 1998; Yund & Tullis, 1991).

Slip systems activities during intracrystalline deformation are documented from ∼500°C to 600°C to higher 
temperatures up to the solidus (Figure 1). Numerous slip systems have been specified after experimental 
deformations since the seventies (e.g., Marshall & McLaren, 1977; Montardi & Mainprice, 1987; Olsen & 
Kohlstedt, 1985; 1984; Scandale et al., 1983), and observed in TEM. These studies raised the general idea 
that slip by dislocation motion is one of the main deformation mechanisms in feldspars. Furthermore, cross 
slip is commonly observed and the interaction between several operating slip systems is considered as an 
important mechanism for dislocation multiplication (e.g., Montardi & Mainprice, 1987). An exhaustive list 
of slip systems documented in plagioclase to date is presented in Table S1 in Supporting Information S1.

Based on TEM studies and CPO pattern interpretations, it appears that the main active slip systems are 
characterized by a slip plane that corresponds to a twinning plane, namely (010) or (001). Apart from [001]
(010) that is found active from ∼500°C and over the largest range of temperatures, most slip systems become 
active at ∼600°C and are well documented until 900°C (Figure 1). [100](010) is one of the dominant active 
slip systems at high temperatures (>800°C) while the [100](001) slip system, found active in the same range 
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of temperatures, is less documented at high temperatures. When both [001](010) and [100](010) slip sys-
tems are observed simultaneously active, a switch of prevalence from the [001] to the [100] direction seems 
to occur at ∼800°C. Finally, the <110>(001) family of slip systems has been observed in a restricted range of 
temperatures, principally from ∼600°C to 750°C. In anorthosites and gabbros, the preferred orientation of 
(010) is commonly interpreted as defining a foliation plane formed as a result of magmatic flow that prefer-
entially aligns tabular plagioclase crystals (e.g., Benn & Allard, 1989; Ji et al., 2014; Satsukawa et al., 2013).

3. Geological Setting and IODP Hole U1473A
The ultraslow-spreading Southwest Indian Ridge (SWIR) has a full spreading rate of ∼14  mm/yr (e.g., 
Hosford et  al.,  2003). Located 79–116  km south of the ridge axis, the Atlantis Bank (32° 42.3622′S, 57° 
16.6880′E) is a pluri-kilometric gabbroic pluton bordered on its western flank by the north-south Atlantis II 
Transform (Figure 2a). This massif is an OCC exhumed by detachment faulting at 11–13 Ma. Lying at 700 m 
below sea level, the summit of the Atlantis Bank is a flat surface corresponding to a wave-cut platform, 
eroded ∼9.5 Ma ago (Figure 2a, Dick et al., 1991). Although the surface of the Atlantis Bank is not a typical 
detachment surface, the presence of talc-serpentine schists around the massif is documented (e.g., Baines 
et al., 2003; Dick, Kvassnes, et al., 2019), as well as low-angle dipping ductile shear zones located in the up-
per parts of ODP Hole 735B and IODP Hole U1473A (Dick et al., 2000; Dick, Kvassnes, et al., 2019). These 
shear zones predominantly display normal sense of shear in the upper 50 and ∼450 m of holes U1473A and 
735B, respectively, before becoming reverse at greater depths (Dick, MacLeod, et al., 2019).

IODP Hole U1473A was drilled from the summit of the Atlantis Bank to 809.4 m below seafloor (mbsf) 
during IODP Expeditions 360 and 362T (Blum et al., 2017; Dick, Kvassnes, et al., 2019). The two other holes 
drilled between 1987 and 1998, are located 1–2 km away from Hole U1473A: ODP Hole 735B (1508 mbsf, 
Dick et al., 2000) and ODP Hole 1105A (158 mbsf, Pettigrew et al., 1999). Sections recovered from these 
three holes consist of olivine-gabbros with minor oxide (-bearing) gabbros, gabbros, and troctolites (Fig-
ure 2b, Dick et al., 2000; Pettigrew et al., 1999).

In gabbroic lithologies from Hole U1473A, ductile deformation is frequent, particularly in the upper 
500 mbsf. This upper section displays porphyroclastic to protomylonitic textures, in which meter-scale ul-
tramylonites zones are common (Figure 2c). Two important and near-continuous zones of intense crys-
tal-plastic deformation are located between 150 and 250 mbsf, and between 300 and 400 mbsf (MacLe-
od et al., 2017). The deeper part of Hole U1473A (from 500–600 to ∼800 mbsf, Figure 2c) is affected by 

Figure 1. Plagioclase deformation mechanisms and most reported slip systems activities, plotted as a function of the temperature, for natural (black) and 
experimental deformations (blue). BLG: bulging recrystallization; SGR: subgrain rotation recrystallization; GBM: fast grain boundary migration recrystallization 
(see references in the text). GBM is not described in experimentally deformed plagioclase. The increasing importance of a deformation mechanism (or a slip 
system activity) is represented by the increasing thickness of the line. The full list of used references is given in Table S2 in Supporting Information S2.
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more localized ductile deformation, with thin high-strain zones that are heterogeneously distributed in a 
framework of undeformed to porphyroclastic gabbroic lithologies. These shear zones are centimeter-scale 
ultramylonites to rare meter-scale mylonites. Shipboard observations reveal that 42% of the core presents 
preserved magmatic textures. The qualitative categorization of crystal-plastic fabrics (CPF), ranging from 
0 to 5 (CPF index: 0 = undeformed, 1 = foliated, 2 = porphyroclastic, 3 = protomylonitic, 4 = mylonitic, 
5 = ultramylonitic), shows that deformed zones are characterized by 32% of porphyroclastic to protomylo-
nitic textures, and 13% of mylonitic to ultramylonitic textures (Figure 2c, MacLeod et al., 2017).

The whole ductile deformation history within the Atlantis Bank appears to have occurred continuously 
from hyper-solidus conditions to lower temperatures while successive igneous gabbroic intrusions were 
emplaced. This is described as a process of dynamic accretion, characteristic of slow-spreading ridges with 
low to intermediate magmatism (Dick, MacLeod, et al., 2019).

Conditions for ductile deformation at the Atlantis Bank result in multiple deformation stages. Two dominant 
types of deformation are identified: solid-state deformation through dislocation creep, and melt-assisted 
deformation through both melt-rock reactions and dislocation creep. A first stage of solid-state deformation 
(Stage 1) led to the recrystallization of former igneous plagioclase, pyroxenes, and olivine grains. It is docu-
mented at 907°–1093°C (median = 1026°C; Gardner et al., 2020) and ∼860°–940°C (Mehl & Hirth, 2008) in 
Hole 735B, at 862–910°C in submersible samples from the Atlantis Bank surface (Miranda & John, 2010). 
Following this initial solid-state deformation stage, two melt-assisted deformation episodes are reported in 
the presence of melt (grouped in Stage 2). The first episode (Stage 2a) occurred at 846°–969°C (median at 
949° and 906°C; Gardner et al., 2020), and the second (Stage 2b) at 817°–1000°C, mainly from ∼800 to 900°C 

Figure 2. Location and characteristics of interests of Hole U1473A. (a) Bathymetric map of the Atlantis Bank, modified after Dick et al. (2017). The inset 
displays the location of the Atlantis Bank at the SWIR (Ryan et al., 2009) ; (b) Lithologies from Hole U1473A, after MacLeod et al. (2017); (c) Moving average 
of the apparent deformation intensity (crystal plastic fabrics (CPF)) inferred from macroscopic core observations (running average on five depth intervals, see 
MacLeod et al., 2017), and position along the depth of all studied samples with their CPF index. The drilled interval (481.7–519.2 mbsf) was drilled without 
coring. The red color below the curve highlights the deformed zones. CPF index: 0 = undeformed, 1 = foliated, 2 = porphyroclastic, 3 = protomylonitic, 
4 = mylonitic, 5 = ultramylonitic. “n” is the number of analyzed depth intervals.
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(Gardner et al., 2020; Taufner et al., 2021). A lower temperature solid-state event (Stage 3) is documented in 
mylonites at 740°–840°C (median at 780°C in Miranda et al., 2016, and 795°C in Miranda & John, 2010). An 
ultimate stage of solid state–semi-brittle deformation (Stage 4) is recorded mainly in plagioclase-amphibole 
bearing mylonites/ultramylonites at 665 ± 40°C (Miranda & John, 2010).

4. Methods
A collection of 102 gabbroic rock samples (115 microstructural domains) were taken for this study be-
tween 11.3 and 786.5 mbsf (average spacing of 6.8 m, Figure 2c) in Hole U1473A, targeting intervals with 
crystal-plastic deformation. These studied microstructural domains are mainly attributed to a continuum 
of deformation from early Stage 1 to Stage 3 under solid-state conditions. Some highly deformed domains 
display textural similarities with domains associated to stage 2 deformations. Some of the studied mylonites 
and ultramylonites may have undergone deformation in the presence of melt. Finally, the plagioclase-am-
phibole ultramylonites formed during late Stage 4. Core sections were split onboard to maximize the ex-
pression of dipping structures on the cut face (e.g., foliation) while maintaining representative features in 
both core section halves (MacLeod et al., 2017). Hence the plane of analysis is orthogonal to the foliation, 
and the lineation is generally not known but is deduced from the plagioclase CPO. Sample names (I_II_III) 
indicate the core number (I), the number of the section in the core (II), the top depth in the section in cm 
(III). A letter (A, B, or C) identifying the microstructural domain is added at the end when several domains 
were analyzed at the same depth or in the same sample.

4.1. EBSD Analyses

Crystallographic analyses were performed with the electron backscatter diffraction (EBSD) technique, us-
ing the CamScan X500FE Crystal Probe SEM, equipped with the Oxford instruments Nordlys®, and later 
on, Symmetry® EBSD detector, and the Jeol 5600 SEM equipped with the Oxford instrument NordlysNano 
EBSD detector at Geosciences Montpellier lab. The diffraction pattern acquisition was achieved at a work-
ing distance of 25 mm, an indexing speed of 140 Hz, an acceleration voltage of 20 kV, and a probe current of 
10 nA. The scanning resolution was chosen as a function of the mean minimum grain size of each analyzed 
sample and finally varies from 2.5 to 30 μm (average resolution: 10 μm). The indexing rate is relatively high 
on raw maps ranging from 73% to 98%, with a large majority of samples around 90%. Thin section mapping 
was generally done on areas of 1–2 cm2, and on whole thin sections for the five coarse-grained samples 
considered in this study.

4.2. EBSD Data Processing

Data processing was performed on 115 microstructural domains with the MTEX Matlab® toolbox (version 
5.3.1, e.g., Mainprice et al., 2015), to calculate pole figures, inverse pole figures (IPF), and parameters in-
dicative of the fabric strength: the J index and pole figure index PfJ, derived from the orientation density 
function (ODF), and the M index derived from uncorrelated misorientations. J varies from one for random 
orientations to infinity for a single orientation (e.g., Bunge, 1982). PfJ is expressed as an integral of the ODF, 
calculated for a unit axis given in crystal coordinates and a unit direction in specimen coordinates, and 
varies the same way as J index (e.g., Mainprice et al., 2015). M index is defined as the difference between 
the distribution of measured uncorrelated misorientation angles and the distribution of uncorrelated mis-
orientation angles of a random fabric, and varies from zero for a random fabric to one for a single orienta-
tion fabric (Skemer et al., 2005). Calculated parameters for each analyzed sample are given in Table S3 in 
Supporting Information S2.

Only pixels with mean angular deviations (i.e., the angle between the acquired diffraction pattern and the 
indexing solution) below 1°, and grains containing more than five pixels have been considered in data sets. 
The grain segmentation angle used is 10°. Misorientations lower than 2° between two neighboring pixels 
have not been considered (Trimby et al., 1998). Average grain orientations were used for calculation of pole 
figures and orientation parameters, instead of the pixel orientation data set, in order to give equivalent 
weights to all grains, regardless of their size. The twinned plagioclase grains are reconstructed by identify-
ing the twin boundaries and merging twinned domains within a same grain for grain orientation analysis. 
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Twins are identified from their boundary angle (>175°) and a rotation in (010) and (001), and around [010] 
and [001]. The orientation of the largest twin domain is attributed to the reconstructed grain.

Recrystallized grains were automatically selected using the following parameters: (a) a grain orientation 
spread (GOS) <2°, which corresponds to the average of the misorientations between each pixel in a grain 
and the grain mean orientation (e.g., Brewer et al., 2009); (b) a tortuosity <1.4 (ratio between the grain pe-
rimeter and the convex hull perimeter); and (c) an equivalent diameter <700 μm (diameter of a circle of the 
same area as the grain). These threshold values were chosen due to their good reproducibility in the sample 
suite, and give a lower bound for the amount of recrystallization in samples. Calculated recrystallized frac-
tions were then systematically optically checked to prevent possible errors. EBSD maps also allowed us to 
calculate the phase modal amounts in each analyzed domains. In the following, medians and interquartile 
ranges (i.e., the interval between the first and third quartiles of a data set) are used to evaluate the evolution 
of the recrystallized fraction in analyzed microstructural domains with increasing deformation.

4.3. Misorientations Analysis

The deformation of grains and their recrystallization results in orientation relations characterized by spe-
cific rotation axes and associated rotation angles, known as misorientations (e.g., Wheeler et  al.,  2001). 
The misorientation axis and angle distributions between porphyroclasts and their neighboring recrystal-
lized grains, indicative of the deformation mechanism, have been measured (e.g., Jiang et al., 2000; Kruse 
et al., 2001; Svahnberg & Piazolo, 2010). The rotation axes of misorientations measured within grains are 
used to determine the type of subgrains (e.g., tilt or twist) and the possible slip systems having produced 
these misorientations (e.g., Lloyd et al., 1997). The analysis of correlated and uncorrelated misorientation 
angle distribution is performed after the twin boundaries have been merged into their host grain to focus on 
other boundaries. Another misorientation parameter use is the GOS, which is the average of the deviation 
between the orientations of pixels within a grain from the mean orientation of the grain.

Plagioclase slip planes (010) and (001) can be considered as the easiest slip planes in the sense that they in-
tersect the smallest number of tetrahedra-O bonds of the framework structure (Gandais & Willaime, 1984; 
Ji et al., 1988; Tullis, 1983). In order to look at active slip directions on these planes, we selected in each 
analyzed domains two groups of grains: one with (001) parallel to the analyzed plane of the thin section 
(plane orthogonal to Z), and a second for (010) being parallel to the analyzed plane. A tolerance angle of 15° 
was arbitrarily taken. Misorientation rotation axes observed in these planes indicates the type of dislocation 
associated with the measured misorientations: edge dislocations if they belong to the selected plane and 
screw dislocations if they are orthogonal to it. The burgers vectors of these dislocation systems can then be 
deduced from the orientation relationship between the misorientation axis, the inspected plane, and the 
structural orientation. Then, as explained in Kruse et al. (2001) we will consider a slip system to be well ori-
entated for glide if its Burgers vectors is close to the lineation and within the foliation plane. The plagioclase 
structure is assumed to be C1E  due to their compositional range varying from andesine to labradorite and to 
their thermal context (Smith, 1984).

5. Sample Descriptions
Analyzed microstructural domains (115 on 102 samples) consist of 70 olivine gabbros, 14 oxide gabbros 
(oxide content >1%), 13 olivine oxide gabbros, 8 gabbros, 3 gabbronorites, 3 oxide gabbronorites, 2 amphi-
bolitic metagabbros, 1 anorthosite, and 1 oxide gabbronorite. The average mineralogical assemblage in all 
lithologies consists of plagioclase (Pl, ∼50%), clinopyroxene (Cpx, ∼30%), subordinate olivine (Ol, ∼5–10%) 
and orthopyroxene (Opx, ∼2–5%), and minor oxides (Ox) and amphiboles (Amph, Table S3 in Supporting 
Information S2). Microstructural evolutions occur without significant petrological changes, with relatively 
constant average modes of plagioclase. Conversely, modes of clinopyroxene and olivine decrease as the 
deformation increases in samples, from 27%–30% to ∼20% in clinopyroxene and from ∼10% to the disap-
pearance of olivine. This is accompanied by a rise of amphibole modes (∼3%–∼14%) and of orthopyroxene 
(∼1.5%–∼5%).

Alteration is weak in the selected sample suite, principally associated with veinlets and almost exclusively 
restricted to the upper half of Hole U1473A. These veinlets, mainly filled by green amphiboles, rarely by 
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chlorite, are observed in 31 samples located in the upper 570 mbsf. The veinlets are orthogonal to the trace 
of the foliation in 22 samples and oblique in the others.

Plagioclase found in Hole U1473A gabbroic lithologies has a composition ranging between andesine and 
labradorite (An36 to An71), with more An rich compositions in gabbros and olivine-gabbros (An40 to An71) 
than in oxide-bearing-gabbros (An36 to An45, Dick, Kvassnes, et  al.,  2019; Nguyen et  al.,  2018; Nozaka 
et al., 2019). A decrease of 2%–3% in An content is measured from the core to rims in some samples, as well 
as in partially albitized gabbros where it decreases to An32 (Nozaka et al., 2019). Clinopyroxene is augite; 
its Mg# varies from 0.48 to 0.86 with a mean at 0.74 in gabbros and olivine-gabbros, and 0.70 in oxide-bear-
ing-gabbros (Dick, Kvassnes, et al., 2019; Nguyen et al., 2018; Nozaka et al., 2019). The Mg# of olivines 
varies from 0.46 to 0.80 in all gabbroic rocks (Dick, Kvassnes, et  al.,  2019; Nguyen et  al.,  2018; Nozaka 
et al., 2019). Orthopyroxene is hypersthene, and has a Mg# varying from 0.56 to 0.79, with a mean at 0.67 
(Dick, Kvassnes, et al., 2019; Nozaka et al., 2019).

One hundred and seven analyzed microstructural domains (over 115) are plastically deformed, and 72 cor-
responds to CPF indices 3 to 5 (protomylonites to ultramylonites). Dynamic recrystallization of plagioclase, 
clinopyroxene, and olivine is the main deformation accommodation mechanism observed within the stud-
ied domains (Figure 3). Recrystallized minerals constitute at least 50% of modes in a majority of the analyz-
ed domains (Figure 4). Accordingly, core and mantle structures around magmatic porphyroclasts are wide-
spread, and nucleation bands in grains-scale fractures or thin section-scale fractures occur in plagioclase. 
In the following sections, deformation mechanisms are identified by both optical observations and EBSD 
analyses.

5.1. Undeformed Domains (CPF Index 0, Figure 3a)

Microstructural domains with no apparent (or very limited) plastic deformation varies from fine to coarse 
grained. Textures are generally granular in fine-grained domains (∼100–150  μm) with subequant grain 
shapes, and subophitic in coarse-grained domains (0.5 mm–1.5 cm) with laths of subhedral plagioclases 
that penetrate pyroxenes oikocrysts, and anhedral olivine (Figure 3a). In these microstructures the analyzed 
domains consist of five olivine gabbros, two olivine oxide gabbros, and 1 gabbronorite. The mineralogical 
assemblage contains on average plagioclase (59.2%), clinopyroxene (27.1%), olivine (10.8%), orthopyroxene 
(2.0%), and minor amphiboles and oxides (<1%). Plastic deformation is not completely absent, as indicated 
by limited undulatory extinction in plagioclase, clinopyroxene, and olivine crystals, sometimes accompa-
nied by tapered twins in plagioclase (Figure 3a). Grain boundaries are straight or lobate. A magmatic folia-
tion is observed in fine-grained granular domains through the discrete shape preferred orientation of plagi-
oclase and clinopyroxene grains. This is not observed in domains of coarser grain sizes, possibly because of 
the limited number of grains at thin section scale.

5.2. Foliated Domains (CPF Index 1, Figure 3b)

The original subophitic or granular texture is partly preserved in the foliated domains; only a limited amount 
of deformation is accommodated by pyroxene and olivine, and the grain size is medium (0.1–0.5 cm, Fig-
ure 3b). In these microstructures the analyzed domains consist of eight olivine gabbros, one oxide gab-
bro, and 1 gabbro. These lithologies contain on average plagioclase (60.9%), clinopyroxene (30.2%), olivine 
(4.0%), amphibole (3.3%), orthopyroxene (1.6%), and minor oxides (<1%). Plagioclase porphyroclasts (Pl1; 
see Figure 5) show undulatory extinction and some subgrain boundaries, tapered deformation twins, grain 
boundary migration, and grain boundaries are lobate and sometimes serrated (e.g., Figures 5a and 5d). Dy-
namic recrystallization is ∼40% of the whole mineral assemblage (Figure 4a) and the calculated fractions of 
recrystallized plagioclase (Pl2), 44%, are positively skewed with an IR = 42.2% (the median is closer to the 
first quartile than to the third one, Figure 4b). The grain size of Pl2 grains is variable (50–250 μm), on aver-
age ∼140 μm. Deformation is largely accommodated by plagioclase and leads to the loss of the lath shape of 
primary plagioclase and the formation of inequigranular aggregates of recrystallized Pl2 grains (Figure 3b).
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Figure 3. Representative microstructures observed in studied intervals from Hole U1473A. (a) Undeformed subophitic microstructural domain 88_5_117 
and granular domain 66_1_96; (b) Foliated domain 70_7_6; (c) Porphyroclastic domain 13_2_59; (d) Protomylonitic domain 50_2_43; (e) Mylonitic domain 
69_5_73_A; (f) Ultramylonitic domain 58_5_79_C. In each subfigure sections, on the left are plane-polarized light microphotographs, and on the right cross-
polarized light microphotographs. The scale bar length is 5 mm. The bottom-right arrows indicate the down hole direction in the rock. Pl: Plagioclase; Cpx: 
Clinopyroxene; Ol: Olivine, Amph: Amphibole, Ox: Oxide.

Figure 4. Modal proportions of recrystallized minerals deduced from EBSD maps and plotted as a function of the CPF indices of microstructural domains. 
(a) Evolution of the recrystallized fraction in studied domains (black curve) and superimposed cumulative histograms of recrystallized fractions (bottom) and 
porphyroclast fractions (top, translucent) within main constitutive phases. “Others” correspond to orthopyroxene, oxide, and amphibole. All values are medians 
of normal distributions, and “n” is the number of analyzed microstructural domains. (b) Boxplots showing the proportions of the recrystallized fraction in 
plagioclase. “IR” is the interquartile range of the data set. Blue boxes contain 50% of the data located between the first (25%) and third (75%) quartiles. The 
red line is the median value and the whiskers (dotted line) extend within ±2.7 σ for normally distributed data sets. Data points outside of the whiskers are not 
considered.
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5.3. Porphyroclastic Domains (CPF Index 2, Figure 3c)

The original subophitic or granular texture is lost in porphyroclastic domains. Recrystallization of plagi-
oclase and olivine grains induces the development of millimeter-sized, weakly foliated porphyroclastic ag-
gregates forming core and mantle structures (Figures 3c, 5d and 5f). Clinopyroxene recrystallizes from its 
edges, but to a lesser extent than in plagioclase and olivine (Figure 3c). In these microstructures the ana-
lyzed domains consist of 20 olivine gabbros, 2 oxide gabbros, 1 olivine oxide gabbro, 1 oxide gabbronorite, 
and 1 anorthosite. Mineral proportions are on average plagioclase (66.5%), clinopyroxene (22.4%), olivine 
(5.7%), amphibole (2.6%), orthopyroxene (2.1%), and minor oxides (<1%). Pl1 grains display tapered twins, 
grain boundary migration, frequent undulatory extinction, and subgrain boundaries (Figure 5a, 5d and 5f). 
Pl1 grain boundaries are usually serrated, sometimes lobate. Pl2 grain size usually ranges from 70 to 100 μm 
(median = 89 μm). Pl2 grain boundaries are often lobate, and tapered twins are common. Grain boundary 
migration and undulatory extinction are often found in olivine grains (Figure 5b). Recrystallization rises to 
∼70% overall (Figure 4a) and is ∼82% in plagioclase (Figure 4b). In these textures, the recrystallized fraction 
distribution is negatively skewed (median close to the third quartile) with a high IR (20.3%).

5.4. Protomylonitic Domains (CPF Index 3, Figure 3d)

In protomylonitic textures, plagioclase tends to be highly recrystallized and forms a connected fine-grained 
matrix in which magmatic clinopyroxene and olivine porphyroclasts continue to dynamically recrystallize 
from their edges (Figure 3d). The foliation is well defined by recrystallized aggregates of clinopyroxenes 
and olivines, and elongated porphyroclasts of plagioclases and clinopyroxenes (Figure 3d). In these micro-
structures the analyzed domains consist of 24 olivine gabbros, 8 oxide gabbros, 8 olivine oxide gabbros, 5 
gabbros, and 1 olivine oxide gabbronorite. The mineralogical assemblage contains on average plagioclase 
(63.1%), clinopyroxene (23.2%), amphibole (5.1%), orthopyroxene (3.2%), olivine (3.1%), and oxides (∼2%). 
Pl1 grain boundaries are mostly serrated, whereas the Pl2 grain boundaries are lobate or curvilinear. Both 
frequently contain tapered deformation twins. Subgrain boundaries in Pl1 porphyroclasts are widespread, 
and sometimes present in large Pl2 grains (200–300 μm, e.g., Figure 5d). Some microstructural domains 
display minor evidence of grain boundary migration forming small new grains (10–20 μm) closed by sub-
grain boundaries, while others are indicative of static recrystallization microstructures in plagioclase grains 
(Figures 5g and 5h). Subgrain boundaries are found in olivine grains, and in recrystallized clinopyroxene 
aggregates occurring together with grain boundary migration (Figure  5c,  5e and  5f). The Pl2 grain size 
ranges from 50 to 100 μm (median = 69 μm). Recrystallization reaches ∼75% overall (Figure 4a) and ∼91% 
in plagioclase (Figure 4b). Recrystallized fractions of plagioclase are normally arranged and the IR is low 
(IR = 11.8%, Figure 4b).

5.5. Mylonitic Domains (CPF Index 4, Figure 3e)

A strong foliation characterizes mylonitic domains due to the dynamic recrystallization of an important 
fraction of clinopyroxene and olivine, in addition to plagioclase, in elongated sigmoid aggregates (Figure 3e). 
This foliation consists of alternating plagioclase-rich and clinopyroxene-rich slightly undulating bands. In 
these microstructures the analyzed domains consist of 12 olivine gabbros, 2 oxide gabbros, 2 olivine oxide 
gabbros, 2 oxide gabbronorites, 1 gabbronorite, and 1 amphibolitic metagabbro. The mineralogical assem-
blage is on average plagioclase (61.7%), clinopyroxene (23.3%), amphibole (6.2%), orthopyroxene (4.3%), ol-
ivine (2.9%), and others including oxides (<2%). Pl2 grain boundaries are mostly curvilinear while Pl1 grain 
boundaries are mostly serrated. Tapered twins and subgrain boundaries are common in grains larger than 
0.5 mm. The recrystallized fraction is ∼88% (Figure 4a) and rises to ∼97% in plagioclase (Figure 4b). Data 
are normally arranged and associated with a low IR (IR = 3.9%, Figure 4b). The Pl2 grain size is 30–70 μm 
(median = 52 μm) and decreases to 10–20 μm in localized shear bands (e.g., Figure 5e).

5.6. Ultramylonitic Domains (CPF Index 5, Figure 3f)

Ultramylonitic textures are characterized by an almost complete dynamic recrystallization of all grains 
and a straight layering formed by nearly continuous plagioclase-rich bands that alternate with clinopyrox-
ene-rich bands (Figure 3f). In these microstructures the analyzed domains consist of 2 gabbros, one olivine 
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Figure 5. Cross-polarized microphotographs of representative microstructures and recrystallization mechanisms, 
observed in studied intervals from Hole U1473A. (a–c) Evidence of grain boundary migration in (a) plagioclase (Pl), 
(b) olivine (Ol), and (c) clinopyroxene (Cpx). The indices “1” and “2” indicate primary grains and recrystallized grains, 
respectively. Red arrows indicate boundary migration. Note the frequent occurrence of tapered twins in plagioclase 
grains. (d–f) Evidence of subgrain rotation recrystallization in (d) plagioclase, (e) clinopyroxene, and (f) olivine, 
forming core and mantle structures. Note that parent grains display undulatory extinction. White arrows indicate 
subgrain boundaries. (g) Evidence of bulging recrystallization in plagioclase forming a core and mantle structure. Note 
that most of the bulges are closed by a subgrain boundary (white arrows). (h) Polygonal fabric and related 120°-triple 
junctions of plagioclase, testifying for static recrystallization. Note the systematic occurrence of tapered twins.
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gabbro, one oxide gabbro, 1 gabbronorite, and 1 amphibolitic metagabbro. The mineralogical assemblage 
contains on average plagioclase (59.1%), clinopyroxene (20.4%), amphibole (14.4%), orthopyroxene (5.3%), 
and minor olivine and retrograde phases (other than amphibole; <1%). Pl2 grains have lobate to serrated 
boundaries, and tapered deformation twins and subgrain boundaries are frequent. Ultramylonitic deforma-
tion is frequently highly localized at a very small scale (from 0.5 mm to 1–2 mm thick bands), although it 
can occur at the pluri-decimeter scale (as in sample 58_5_79_C, Figure 3f). Recrystallization reaches ∼90% 
overall (Figure 4a) and is complete in plagioclase (Figure 4b), with a very low IR (IR = 1.4%, Figure 4b). 
The size of Pl2 grains ranges from 15 to 30 μm (median = 21 μm), and sometimes 5–10 μm in shear bands.

6. EBSD Analysis of Plagioclase
6.1. Crystallographic Preferred Orientations

In the undeformed (CPF index 0) and foliated (CPF index 1) microstructural domains, misorientation maps 
indicate little intra-grain deformation (e.g., Figure 6a). In undeformed microstructures, CPO are generally 
random in coarse-grained domains and can be strong in fine-grained domains (Figures 6a and 7a). Note that 
the number of analyzed grains in coarse-grained domains is not statistically significant; hence the resulting 
CPO is not necessarily representative of the sampled domain. In fine-grained undeformed domains, the 
foliation is parallel to the preferred orientation of plagioclase (010) planes, accompanied by an orthogonal 
girdle (rarely a point maximum) of [100] axis, which aligns in the magmatic foliation (Figures 6a and 7a). 
The foliation and the preferred orientation of plagioclase (010) are generally sub parallel, so the preferred 
orientation of (010) in plagioclase is used in pole figures as a proxy to the foliation (pink great circles, Fig-
ures 6a and 7a). Foliated domains (CPF index 1) display similar CPO patterns as fine-grained undeformed 
domains with a weaker fabric strength (Figure 7b).

The increase of plastic deformation results in progressive recrystallization (Figures  3 and  4), especially 
in plagioclase, accompanied by the widespread development of subgrain boundaries in grains (Figures 6d 
and 6e). These subgrains first form in porphyroclasts (CPF indices 2 and 3, Figures 6b and 6c), but as defor-
mation progresses, they also develop in the larger recrystallized grains (CPF indices 4 and 5, Figure 6c–6e). 
From CPF indices 2 to 5, typical CPO has (010) lying close to the foliation plane and [100] aligned in this 
plane (Figures 6b–6e, and 7c–7f). Point maxima are most common for both (010) and [100], although girdle 
distributions can be found. (001) commonly forms girdles orthogonal to the foliation. Seven protomylonitic 
to ultramylonitic domains (CPF indices 3 to 5) show an alignment of (001) close to the foliation rather than 
(010) (e.g., Figures 7d and 7f, samples 6_2_128 and 81_6_117_B). In all analyzed domains, the transition 
from porphyroclastic to mylonitic samples (CPF indices 2 to 4) is accompanied by the development of a 
lineation well-defined by the preferred alignment of [100] (Figures 6 and 7).

Considering the parent-child grains relationships, we observe in porphyroclastic to mylonitic domains (CPF 
indices 2 to 4) a strong similarity in crystallographic orientations (e.g., Figures 6b and 6c). It is referred to 
as a “host-controlled” orientation of recrystallized grains. Among the 88 analyzed microstructural domains 
containing porphyroclasts (CPF indices 1 to 5), 52 domains display similar CPO patterns in porphyroclasts 
and recrystallized grains, and the preferred orientations of at least [100] and (010) are similar in 63 domains 
(e.g., Figures 6b and 6c). The CPO patterns display no similarities between porphyroclasts and recrystallized 
grains in only 16 domains.

All studied domains through IODP Hole U1473A show relatively weak CPO as indicated by low values of J 
and M indices, usually below 3 and 0.09 respectively (Figures 8a and 8b). The evolution of the CPO strength 
as a function of the CPF index is significantly different for the two strength indices. Median J values indicate 
a smooth decrease of CPO strength from ∼3.0 in CPF index 0 to ∼1.8 in CPF index 5, passing through ∼2.3 in 
CPF index 2 (Figure 8a). High IR values of the J distribution, 0.82 in CPF index 0 and 0.69–0.87 in CPF indices 2 
to 4, indicate a large dispersion from one sample to another. IR values strongly decrease in ultramylonites (CPF 
index 5), and the distribution of J is positively skewed from CPF indices 1 to 5. Analyzed domains with less than 
1000 grains (orange data in Figure 8a) are excluded from statistics because of the abnormally high J values cal-
culated for them (Figure S1 in Supporting Information S1 and Table S3 in Supporting Information S2).

Median M values are low, below 0.07 overall; they slightly increase from CPF indices 1 to 4 and then de-
crease from CPF indices 4 to 5 (Figure 8b). The statistic distribution ranges (i.e., IR) are large, 0.06 in CPF 
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Figure 6.
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index 0 and 0.04 in CPF index 4 and they usually overlap from one CPF index to another. The data distribu-
tion is negatively skewed from CPF indices 1 to 3, and rather normal from 4 to 5.

The M index indicate higher CPO strength for fine-grained magmatic samples (CPF index 0, gray data 
points Figure 8b). The evolution of J and M indices with increasing CPF indices from 1 to 5 shows a bell-
shaped distribution. The peak maximum of this distribution is at CPF indices 2–3 for J and 3–4 for M (taking 
into account the complete overlap of the neighboring distributions).

6.2. Misorientation Analysis

Deformation at high temperature induces storage of energy in strained grains that is released up by the 
creep of crystal defects toward the grain boundary and can arrange in subgrain structures. Produced by the 
dislocation motion through slip systems, they are characterized by a local rotation specific to the disloca-
tions that they are made up of Amelinckx and Dekeyser (1959). These rotations and axes along which they 
arrange are indicative of the activated slip systems (e.g., Lloyd et al., 1997).

Intracrystalline misorientation analysis indicates dominant amounts of low angle correlated misorientations 
(<10°) within grains in 77 microstructural domains (e.g., Figure 6 and Figure S2 in Supporting Informa-
tion S1). This is observed from CPF indices 0 to 5, and predominates in protomylonitic to ultramylonitic 
domains (CPF indices 3 to 5). In the 38 other microstructural domains, similar amounts of low and high 
angle misorientations (<10° and 150°–180°, respectively) are observed. Fifty nine domains indicate more 
than 20% of misorientations in the class 0°–10°, and 88 domains indicate more than 10% of misorientations 
in that class. This strongly suggests that the main active mechanism is SGR (e.g., Poirier & Guillopé, 1979). 
Displayed in inverse pole figure, the rotation axes of intracrystalline misorientations are always preferentially 
arranged around the [100] axis, sometimes with variations of up to 20° toward the north pole (Figure S2 in 
Supporting Information S1 and Figure 9a, top). Other misorientation axes are present at subgrain boundaries 
but are less common. The misorientation axis and the slip direction in slip systems are orthogonal, or at least 
at high angle for edge dislocations in plagioclase (e.g., Kruse et al., 2001). Then, by considering the [100](010) 
slip system inferred from pole figures (Figures 6 and 7), the misorientation axis displayed in inverse pole 
figure should be different from [100]. Consistently with the pole figures (Figures 6 and 7), misorientation 
rotation axes at grain boundaries are preferentially located around (010) (Figure S2 in Supporting Informa-
tion S1 and Figure 9a, middle and bottom). Then as (010) is the plane parallel to the foliation in almost all 
analyzed domains, it is possible that subgrain boundaries, with a [100] misorientation axis, mainly consist of 
tilt boundaries, while grain boundaries, with a [010] misorientation axis, consist of twist boundaries.

The analysis of misorientations related to recrystallization was performed on 52 plagioclase porphyro-
clast-recrystallized mantle pairs in 33 microstructural domains of variably deformed textures (CPF indices 
1 to 4), mainly porphyroclastic and protomylonitic (CPF indices 2 and 3). Rotation axes of misorientations 
at parent grains boundaries (Figure 9a, middle) correspond to a mix of those of misorientations at subgrain 
boundaries (Figure 9a, top) and at recrystallized grains boundaries, dominantly along the (010) plane (Fig-
ure 9a, bottom). At parent grains boundaries, ubiquitous high misorientations indicate a general scattering 
of the neighboring recrystallized grains (Figure 9b). Two groups of misorientations are distinguished: (a) 
with boundary segments of 10°–60° angles and (b) with 120°–180° angles (Figure 9b). Group 1 is found in 
35 porphyroclast-recrystallized mantle pairs (over 52 analyzed) and combines with group 2 in 30 pairs. 17 
pairs display a non-zero flat misorientation profile from ∼10° to 100°, increasing for higher misorientations 
(>120°). In these pairs, a major part of grain boundaries are twin boundaries (misorientations of 180°). The 
two types of profiles (one with groups 1 and 2, and the other with only the group 2) are also observed by 
looking at differences in orientations between parent grains and their second- and third-order neighbors. 

Figure 6. Maps of misorientations from grain average orientation in plagioclase, and associated pole figures (average grain orientation data, lower hemisphere, 
equal-area projection) measured in representative domains from CPF indices 0 to 5. The trace of (010) in plagioclase (defined by the principal eigen-vector 
of the orientation tensor) is represented by the pink great circles, and the orientation of the trace of the foliation measured in samples, when observed with 
confidence, is indicated by the red arrows at the periphery of [100] pole figures. The white color in maps corresponds to other phases, and red limits in insets 
are subgrain boundaries. Contour intervals are multiples of a uniform distribution, and the minimum density is set to zero for comparison between analyzed 
domains. Maps and pole figures are presented respectively with the depth increasing from the top to the bottom and from north to south pole. “n” is the number 
of grains, “J” is the J index, “M” is the M index, “MD” is the maximum density, and “PfJ” are the pole densities of each pole figures (see text for explanations). 
Indicated percentages in (c and d) are area fractions of porphyroclasts and recrystallized grains.
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Figure 7.
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However, when present group 1 is usually wider and shifted toward higher misorientations (40°–90°). No 
correlation was found between parent grains crystallographic orientations and the dispersion of crystallo-
graphic orientations of neighboring recrystallized grains. Other correlations with the textural position of 
parent grains (within the recrystallized matrix of plagioclase, or on contact with other phases) or the size of 
recrystallized grains have not been observed either.

Plagioclase grain deformation increases with increasing recrystallization in analyzed domains. GOS median 
values display a positively skewed distribution from CPF indices 0 to 5, with values ranging from ∼0.65° 
to ∼1.7°. The statistic distribution is characterized by an important dispersion with IR values ranging from 
0.65° to 1.00°, and overlapping between CPF indices (Figure 8c and Table S3 in Supporting Information S2). 
A decrease of GOS values is observed in grains from ultramylonites (CPF index 5), where the median grain 
size is significantly reduced (21 μm; Table S3 in Supporting Information S2). Although median GAM values 
show a weak linear increase toward CPF index 4, the overlap between all IR does not permit to establish 
a clear tendency (Figure 8d and Table S3 in Supporting Information S2). Median GAM values are low and 

Figure 7. Pole figures of plagioclase (average grain orientation data, lower hemisphere, equal-area projection) measured in representative domains in gabbros 
from CPF indices 0 to 5. The trace of the (010) plane in plagioclase is represented by the pink great circles, the trace of the (001) by the black great circles in (d 
and f), and the orientation of the trace of the foliation measured in thin section, when observed with confidence, is indicated by the red arrows at the periphery 
of [100] pole figures. The minimum density in pole figures is set to zero for direct comparison between analyzed domains. The parameters are the same as in 
Figure 6.

Figure 8. Fabric strength and misorientations indices of plagioclase grains. (a) J index and (b) M index evolution with CPF index in plagioclase. Note that 
orange data (<1000 grains) are excluded from J index statistics (see text). Box plot parameters, “IR” and “n” are detailed in the legend of Figure 4. (c) Average 
grain orientation spread (GOS) for plagioclase in the analyzed samples. It indicates the degree of torsion of the lattice at grain scale. (d) Mean of grain average 
misorientations (GAM) of plagioclase in the analyzed samples. It indicates the degree of local misorientations in grains. Average grain orientation data are used 
in these graphics and both porphyroclasts and recrystallized grains are considered.
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ranges from 0.12° to ∼0.14° with large IR values ranging from 0.06° to 0.16°. Again, the overlap between 
the statistic distributions is important (Figure 8d). A peculiar observation is that the GAM values are sys-
tematically higher in recrystallized grains than in magmatic porphyroclasts (Figure S3 in Supporting In-
formation S1). This is explained by the localized nature of intragranular misorientations in grains, leading 
to higher measured misorientation density (hence a higher GAM) in newly and small recrystallized grains 
than in old and larger porphyroclasts.

7. Discussion
7.1. Lithologies and Deformation Intensity

As already reported by Miranda and John (2010) in dive samples from the surface of the Atlantis Bank, no 
differences in terms of deformation intensity (CPF indices) are observed between the sampled oxide-free 
and oxide-bearing lithologies. In addition to this observation, the increase in deformation intensity occurs 
with limited mineral modal changes (Figure 4a and Table S3 in Supporting Information S2), generalizing 

Figure 9. Representative porphyroclast-recrystallized mantle pair misorientation relations in plagioclase, microstructural domain 69_5_17 (CPF index 3). 
(a) IPF (antipodal, equal angle projection) of misorientation rotation axes at subgrain boundaries (top), parent grain boundary (middle), and recrystallized 
grain boundaries (bottom). (b) Misorientations between the plagioclase parent porphyroclast (red; Pl1) and the recrystallized grains (red, green to blue colors; 
Pl2), superimposed by oriented crystal shapes and subgrain boundaries (green limits). The bottom left misorientation map from grain average orientation in 
plagioclase indicates the analyzed region. The histogram shows parent grain boundary misorientations from its mean orientation. (c) Close-up showing tapered 
twins (white arrows) at the periphery of the parent grain (Pl1).



Journal of Geophysical Research: Solid Earth

ALLARD ET AL.

10.1029/2021JB021964

18 of 28

these authors’ conclusion to gabbroic lithologies in general that the primary rock composition has no influ-
ence on strain localization.

7.2. Crystallographic Preferred Orientations and Deformation Mechanisms of Plagioclase

Fine-grained granular domains (CPF index 0, Figure 7a) display CPO with a [100](010) fabric, interpreted 
as resulting from magmatic flow (e.g., Benn & Allard, 1989; Ji et al., 2014; Satsukawa et al., 2013). Although 
coarse-grained subophitic domains shown herein display no clear CPO (CPF index 0; e.g., Figures  6a 
and 7a), it is documented in coarse-grained olivine gabbros from Hole U1473A by Boulanger et al. (2021). 
The onset of plastic deformation in sampled domains (CPF indices 1 to 5) also results in the development of 
a [100](010) CPO (Figures 6b–6e and 7b–7f) with a common “host-controlled” relation between porphyro-
clasts and recrystallized grains (Figures 6b and 6c). The presence of a CPO in porphyroclasts from deformed 
domains could then result from the direct deformation of porphyroclasts leading to their reorientation; 
or from the preferential localization of deformation in intervals with a preexisting magmatic fabric. This 
magmatic fabric would define a “soft” orientation of crystals (Burg et al., 1986; Schmid, 1994) favoring the 
activity of the [100](010) slip system, or more generally [hkl](010). Note that a few analyzed domains (CPF 
indices 2 to 5) indicates CPO patterns consistent with the [100](001) slip system (Figures 7d and 7f, and 
possibly Figure 6d). Similar CPO have already been reported in the SWIR mylonites (Mehl & Hirth, 2008) 
and other OCC (e.g., Hansen et al., 2013; Harigane et al., 2008).

Overall, the intensity of plagioclase CPO is weak (Figures 8a and 8b). Similar fabric strength in gabbros 
mylonites are reported by Miranda et  al.  (2016) at the footwall of the Atlantis Bank, and by Mehl and 
Hirth (2008) in Hole 735B, who also measured higher strength in plagioclase monophase layers. The calcu-
lated CPO strength in plagioclase aggregates is weak in gabbroic rocks in general, except in some magmatic 
foliated gabbros (e.g., Satsukawa et al., 2013). CPO in deformed rocks, even when weak, is often interpreted 
as resulting from dislocation creep (e.g., Mehl & Hirth, 2008; Urai et al., 1986). Dynamic recrystallization 
processes via dislocation creep occurs within grain aggregates of the same type, at interphase boundaries 
(e.g., Poirier,  1985). Texturally, the general tendency of monomineralic banding arrangement forming a 
strain-induced foliation plane in samples from Hole U1473A could be consistent with a deformation dom-
inated by dislocation creep (Figure 3) and enhances strain localization (e.g., Kenkmann & Dresen, 2002). 
Consistently, the increase of J index values from CPF indices 1 to 2, and of M index from CPF indices 1 to 
4 are indicative of the building of a CPO, highlighting that the deformation occur in the dislocation creep 
regime (Figures 8a and 8b). The limited number of grains in coarse-grained undeformed domains (CPF 
index 0) does not allow to be conclusive about the evolution of the fabric strength from CPF indices 0 to 1 
concerning the J index. However, the M index, which is not dependent of the number of analyzed grains 
by contrast to the J index (Skemer et al., 2005), seems to display an increase of the fabric strength from CPF 
indices 0 to 4 (for CPF index 0 the comparison is made with coarse-grained domains as they most probably 
corresponds to the protoliths of the deformed domains, see orange data in Figure 8b).

At hyper-solidus conditions, olivine crystals are the first to undergo plastic deformation (Yoshinobu & 
Hirth, 2002), and in hot geothermal lower crustal sections plagioclase is usually weaker than olivine and 
clinopyroxene (e.g., Homburg et al., 2010; Kronenberg & Shelton, 1980). The studied microstructures are 
consistent with these observations, and indicate that because of its important proportion (∼60%), plagioclase 
accommodates alone most of rock's deformation (e.g., Ji et al., 2000). The evolution of the fabric strength 
presented in Figures 8a and 8b show a decrease in ultramylonites. This decrease is possibly an effect of the 
progressive SGR recrystallization, first occurring in porphyroclasts and continuing within the recrystallized 
grains as indicated by the important proportions of subgrain boundaries observed in recrystallized grains 
of mylonites and ultramylonites (e.g., Figures 6d and 6e). This effect of the progressive recrystallization can 
combine with the change in the dominant active slip system at decreasing deformation temperatures to 
produce the observed fabric strength decrease. Other mechanisms than dislocation creep could also account 
for this fabric strength decrease, such as the heterogeneous nucleation of amphibole grains (up to ∼14% in 
ultramylonites) or the activation of diffusion creep thanks to hydrothermal fluid circulation (e.g., Mehl & 
Hirth, 2008; Nozaka et al., 2019). In addition, the reduced grain size in ultramylonites (median = 21 μm) and 
the likely decrease in deformation temperature in the presence of hydrothermal fluids, which must induce 
significant chemical potential gradients, could favor the activity of grain-size-sensitive processes such as 
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granular flow (e.g., Mehl & Hirth, 2008; Oliot et al., 2010, 2014; Paterson, 1995; Stünitz & Fitz Gerald, 1993). 
Granular flow is likely to have occurred in the microstructural domain 9_5_19_B, corresponding to a plagi-
oclase-amphibole bearing narrow ultramylonite, displaying a very weak CPO (Figure 7f). Kenkmann and 
Dresen (2002) proposed that in fine-grained mafic mylonites, fluid-assisted diffusion and dislocation creep 
are activated together to accommodate grain-boundary sliding. Chemical potentials are also known to en-
hance diffusion processes such as CIGM, which is a strain softening process (Hay & Evans, 1987; Hirth & 
Tullis, 1992; Urai et al., 1986). Other studies in gabbros deformed in OCC systems also proposed the activa-
tion of grain-size-sensitive processes such as grain boundary sliding to explain the observation of weak CPO 
in highly deformed samples (e.g., Harigane et al., 2008; Mehl & Hirth, 2008; Miranda et al., 2016).

Seven of the 115 microstructural domains with a foliation parallel to (001) in plagioclase rather than the 
common (010) are characterized by high amphibole contents (11%–28%), and by a high oxide content (il-
menite: 11%, and magnetite: 10%) in another domain. The median recrystallized grain size in all these 
studied domains is ∼30 μm. In mylonites and ultramylonites from the Godzilla Megamullion (Parece Vela 
Basin, Philippine Sea), Harigane et al. (2011) proposed a transition from dislocation creep to grain-size-sen-
sitive creep with decreasing temperature to explain the change from [100](010) to [100](001) slip systems 
in CPO patterns. For the same reasons as in ultramylonites, a transition to a grain-size-sensitive creep such 
as granular flow could explain the transition from a CPO pattern to another. However, an alternative expla-
nation that does not require a change in deformation mechanism, also linked to deformation temperature, 
is that the dominant active slip system changed. As shown in Figure 1, the activity of the [100](010) slip 
system is documented over a large range of high temperatures (∼600°–900°C), and a decreasing temper-
ature (<750°C) during deformation could favor the activity of other slip systems, here [100](001), at the 
expense of the former one. Then, these domains could correspond to intervals deformed during the later 
solid state–semi-brittle deformation episode at 665 ± 40°C (Miranda & John, 2010). This hypothesis is bet-
ter consistent than a switch in CPO patterns arising from a change in deformation mechanism, with the 
majority of ultramylonites displaying clear CPO patterns indicating [100](010) slip, although granular flow 
may also have occurred.

7.3. Dynamic Recrystallization Processes of Plagioclase

In deformed domains (CPF indices 2 to 5), core-mantle structures develop because of extensive recrystal-
lization of the main phases (e.g., Figures 3c, 3d and 5d–5f). Subgrain boundaries in plagioclase porphy-
roclasts (Figures  5d and  7b–7e) are associated with dominant frequencies of low-angle misorientations 
(<10°), representing 20% of all misorientations in 59 analyzed domains and 10% in 88 domains (Figure S2 
in Supporting Information S1). A host-controlled relationship between magmatic parent and recrystallized 
grains is inferred from the CPO of most domains (e.g., Figures 7b and 7c). Finally, the ubiquitous presence 
of recrystallized grains with 20°–60° of misorientation from the parent grain (group 1, Figure 9b) is consist-
ent with a progressive rotation of the newly formed grains to the parent grain. All these observations argue 
in favor of SGR as the main recrystallization mechanism in plagioclase. This recrystallization process in pla-
gioclase grains is commonly described in Atlantis Bank mylonites (Gardner et al., 2020; Mehl & Hirth, 2008; 
Miranda et al., 2016; Miranda & John, 2010; Taufner et al., 2021).

Important fractions of high misorientations can be found at the direct contact between parent and recrys-
tallized grains (group 2, 100°–180°). This might indicate that recrystallization initiated within microcracks 
(e.g., Escher & Gottstein, 1998; Kruse et al., 2001; Okudaira et al., 2017), or by SGR from a twinned domain 
of the parent grain. In the later, the misorientation between the twinned domains would be 180° (e.g., 
Figure 9c). Then, grains achieving a rotation of 60° from a twinned domain (reference orientation at 180°) 
would be measured with a misorientation of 120° with respect to the parent grain orientation (reference 
orientation at 0°). This could be consistent with the widespread observation of tapered twins in plagioclase 
grains (e.g., Figure 5a, 5b, 5d and 9c). Concerning microfracturing, this produces nuclei that rapidly grow 
by grain boundary migration, resulting in arbitrary misorientations from their parent grain. However, the 
limitation of this hypothesis in our samples resides in the widespread observation of a crystallographic con-
trol on the formation of recrystallized grains (Figure 9a), best consistent with the formation of new grains 
by progressive SGR (Lloyd et al., 1997). In addition, grains with a high angle misorientation to the parent 
grain (group 2, Figure 9b) are heterogeneously distributed. One would expect these grains to be aligned if  
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nucleation occurred along microcracks. However, it is a possible mechanism for the very first stages of 
shear-band development in 4 porphyroclastic to protomylonitic domains (CPF indices 2 and 3, microstruc-
tural domains 34_2_98, 44_1_105_B, 67_1_73 and 67_7_110_A, Figure S4 in Supporting Information S1 
and Table  S3 in Supporting Information  S2), where thin and straight recrystallized bands (100–150  μm 
large) are found within large porphyroclasts (450–500 μm).

In a context of continuous deformation from hyper-solidus to lower grade metamorphic conditions (gran-
ulite to amphibolite), one may expect that recrystallized grains continued to deform after they detached 
from their parent grain. This is observed in analyzed domains with an increasing development of subgrain 
boundaries from porphyroclastic to ultramylonitic textures (CPF indices 2 to 5, Figure 6b–6e), and by the 
general observation of higher GAM values in recrystallized grains than in porphyroclasts (Figure S3 in Sup-
porting Information S1). It indicates an intracrystalline hardening of grains as recrystallization progresses, 
together with a general grain size reduction. This strain hardening arising during dislocation creep could 
then favor the activation of other deformation mechanisms such as grain-size-sensitive process and chem-
ical diffusion (i.e., granular flow).

In 38 microstructural domains (mostly CPF indices 0 to 2), plagioclase grain boundaries are lobate and the 
recrystallized grain size is higher than in samples showing evidence of dominant SGR (120–300 μm, e.g., 
Figure 5a). Also, the fraction of low angle misorientations (>10°) is small compared to higher misorienta-
tions, attesting for GBM.

The dominant recrystallization mechanism varies with the extent of deformation, but also varies with depth 
(Figure 10a). SGR is ubiquitous throughout the hole whereas GBM is dominant at CPF indices 1 and 2 in 
the lower parts of the hole (∼500–800 mbsf). In this lower interval, SGR is dominantly observed in zones of 
more intense and localized deformation (CPF indices >3; Figures 10a and 10b) as already observed in gran-
ulitic submersible mylonite samples by Miranda and John (2010). The recrystallized grain size associated 
with SGR in localized zones from this lower interval is on average 49 μm (±25 μm), about 20 μm smaller 
than for the upper interval, where it is of 72 μm (±28 μm) (Figures 10b and 10c), and third time smaller 
than for GBM recrystallized grains (on average 167 μm ± 88 μm). This is consistent with the fact that ar-
eas of reduced grain size by dynamic recrystallization, here SGR, associated with a CPO (acting as a local 
geometrical softening) are known to induce softening, enhancing strain localization (Ji & Mainprice, 1990; 
Tullis & Yund, 1985; Urai et al., 1986).

Together with the common observation of undulose extinction in grains from undeformed microstructur-
al domains (Figure 6a), this suggests that plastic deformation started early, during post-magmatic stages 
(Dick, MacLeod, et al., 2019). The range of activity of GBM and SGR in plagioclase is rather similar at high 
temperatures (>600°C, Figure 1), so differences in the temperature of deformation between the upper and 
lower parts of the hole cannot explain the change in recrystallization mechanisms. Variations in strain are 
likely to account for the transition between GBM (lower strain and/or strain rate) and SGR (higher strain 
and/or strain rate). Differential stress calculations performed in recrystallized plagioclase grains support 
this hypothesis, as previously described in Mehl and Hirth  (2008), using the Twiss  (1977) equation for 
recrystallized grain size paleopiezometer. For recrystallized grains resulting from GBM (average grain size 
of ∼167 μm) this calculation gives differential stresses of ∼32 MPa, while for recrystallized grains resulting 
from SGR (average grain size of ∼65 μm) the calculation yield a paleostress of ∼61 MPa. Furthermore, the 
average recrystallized grain sizes associated with SGR vary between the upper part (∼72 μm) and lower 
part (∼49 μm) of the hole (Figures 9b and 9c). Thus, the more pervasive ductile deformation in the upper 
interval indicates lower differential stresses (∼57 MPa above 500 mbsf) than in the lower interval (∼74 MPa 
below 500 mbsf) where deformation is mostly localized.

The rare occurrence of BLG in plagioclase is mainly documented in domains from the upper 200 m of Hole 
U1473A, and a different temperature of deformation is likely as BLG is documented ad maximam at ∼700°C 
while SGR occurs at least up to ∼900°C in naturally deformed plagioclase aggregates (Figure 1). This could 
suggest that the lowest temperature deformation event (<700°C; Miranda & John, 2010) is important in the 
upper 200 m of the hole. The widespread crystal plastic deformation in the upper 500–600 mbsf of Hole 
U1473A is interpreted to result from the activity of the detachment fault that exhumed the gabbroic pluton 
forming nowadays the Atlantis Bank (MacLeod et al., 2017).
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7.4. Slip Systems Activity During Crystal-Plastic Deformation

A majority of microstructural domains display a foliation subparallel to the preferred orientation of plagi-
oclase (010), associated with a lineation on [100] (Figures 6 and 7). This suggests the activity of the [100]
(010) slip system during crystal-plastic deformation. The analysis of misorientation rotation axes at subgrain 
boundaries in plagioclase indicates a strong maximum at or near [100] in all microstructural domains (e.g., 
Figure 9a). Previous studies of slip systems in plagioclase indicate that [100] is the misorientation rotation 
axis associated with the edge segments of [001](010) dislocation system (e.g., Kruse et al., 2001; Svahnberg 
& Piazolo, 2010). Similar observations are documented in mylonites of the Kane OCC (Mid-Atlantic ridge, 
e.g., Hansen et al., 2013). However, pole figures of a majority of analyzed domains are characterized by the 
preferred orientation of (010) for the foliation and [100] for the lineation, consistent with the activity of 
the [100](010) slip system. The ubiquitous [100] misorientation axis on subgrain boundaries must indicate 
the activity of the [001](010) slip system that does not reflect in the CPO. The observation of different slip 

Figure 10. Recrystallization processes and associated grain sizes in plagioclase grains. (a) Dominant recrystallization 
processes in plagioclase as a function their CPF index along depth in Hole U1473A. The gray line corresponds to the 
CPF index of core sections (see Figure 2c). (b) Recrystallized grain size and associated recrystallization processes along 
depth. Recrystallization processes: SGR: subgrain rotation; GBM: grain boundary migration; BLG: bulging; GBAR: grain 
boundary area reduction (i.e., static recrystallization). (c) Histograms of recrystallized grain sizes associated with SGR 
recrystallization. The red curve corresponds to associated differential stresses calculated with Twiss (1977) equation for 
recrystallized grain size paleopiezometer. The geometric mean grain size and the associated paleostress are represented 
by the orange dots. The bold part of the red curve corresponds to paleostresses related to the standard deviation around 
the mean grain size. “n” is the number of analyzed microstructural domains.
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systems at subgrain boundaries than the one inferred from CPO was also reported by Mehl and Hirth (2008) 
and Svahnberg and Piazolo (2010) in plagioclase. Mehl and Hirth (2008) proposed that porphyroclasts sub-
grain boundaries are not dominantly composed of the easiest slip systems, or that the critical resolved shear 
stress of slip systems is not the only parameter to control the development of the CPO. The general obser-
vation of an “host-controlled” relation between porphyroclasts and recrystallized grains, the presence of a 
CPO with a similar slip plane in igneous textures (CPF index 0) and in deformed samples (CPF indices 1 to 5,  
Figure 6), and the parallelism between this slip plane and the foliation suggest a general “soft” orientation 
of porphyroclasts in studied domains. This supports the activity of slip systems different from the easiest 
one in porphyroclasts, with [001](010) dominantly observed at subgrain boundaries, while the dominant 
slip system producing the CPO is [100](010).

Further analyses of misorientations aiming at the active slip systems identification in plagioclase grains 
are conducted through the selection of grains with, respectively, their (010) and (001) planes parallel to 
the analyzed plane (see Section 4.3 in Methods). In the first group (i.e., (001) parallel to the plane of anal-
ysis), 79 microstructural domains show a clustering of misorientation axes around [101] dominantly, and 
[001] (Figure 11a). In many domains the maximum is centered on [101] but extends toward [001], and can 
form a semi-girdle between the [001] and [201] directions (aligned in (010)). [101] is nearly orthogonal to 
(001), thus misorientations result from the motion of screw dislocations. Direct identification of the Burg-
ers vector of the corresponding dislocations system is not straightforward as any direction orthogonal to 
the misorientation axis is possible (Lloyd et al., 1997). As explained in Section 4.3 the closest directions to 
the lineation are considered the better candidates for glide. The possible slip directions comprised in (001) 
are: [100], ½[110], and ½[ 110  ] (e.g., Kruse et al., 2001; Marshall & McLaren, 1977). Deformation in Hole 
U1473A mainly occurs as reverse shearing, so the lineation (here parallel to [100] of plagioclase) should be 
close to the shear direction. Then, the three slip directions are likely by considering that ½[110] and ½[ 110 ] 
could be activated simultaneously. A second maximum is found in 31 domains, usually associated with the 
previous one, clustering around [100] (Figure 11a). This maximum lies in the (001) plane, and can thus be 
related to edge dislocations. Possible slip directions are: ½[110] and ½[ 110  ], and it is proposed that both slip 
systems were active for the same reason as for the [101] misorientation axis.

The second group of grains (i.e., (010) parallel to the plane of analysis) shows a maximum of misorientation 
axes on [100] (93 microstructural domains, Figure 11b). This direction is within the (010) plane, sub-parallel 
to the foliation, and results from the activity of the [001](010) slip system. A sub-maximum is found around 
the [010] direction (38 microstructural domains). In that case, misorientations are orthogonal to the slip 
plane (010) and correspond to screw dislocations. The possible slip directions are: [100], [001], [201], and 

Figure 11. Typical IPF (antipodal, equal angle projection) showing misorientation rotation axes at subgrain boundaries in grains with (a) their (001) plane and 
(b) their (010) plane parallel to the plane of analysis (microstructural domain 69_5_17). The corresponding percentage of grains in the domain is indicated, MD 
is the maximum density. The top left inset indicates the location of the discussed crystallographic directions and planes (modified after Kruse et al., 2001).
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[101] (e.g., Kruse et al., 2001; Marshall & McLaren, 1977). The directions [201] and [100] are the most likely 
due to their geometrical relationship to the lineation in the studied domains (parallel to [100]), whereas 
[101] and [001] are at high angle from the [100] direction. In addition, the [100] slip direction corresponds 
to the [100](010) slip system that produced the CPO. However, the [101] and [001] directions cannot be 
completely ruled out only based on their high angle to the lineation.

In summary, the dominant active slip systems identified with misorientations are: [100](001), ½[110](001), 
½[ 110E  ](001), and [001](010); and other possible slip systems of secondary importance are: [100](010) or 
[201](010), or less likely [001](010) or [101](010).

The slip systems identified both in porphyroclasts and recrystallized grains are indicative of different tem-
perature ranges for active crystal plasticity. The most common slip systems in the sample suite is [100]
(010). It is documented over a wide range of temperatures, and corresponds to the slip system dominantly 
observed at the highest temperatures (∼900°C, Figure 1). Documented as dominant from 600°C to 800°C, 
[001](010) is the main slip system active at subgrains (Figure 1). Both may have operated simultaneously in 
plagioclase grains from the onset of crystal plasticity during the first episode of solid state deformation from 
∼1000° to ∼860°C, leading to the observed CPO and dominant subgrain boundaries development (Gardner 
et al., 2020; Mehl & Hirth, 2008; Miranda & John, 2010). The two other important slip systems identified 
at subgrain boundaries are ½[110](001) and ½[ 110E  ](001). Their range of activity is documented for lower 
temperatures than the two others: mainly ∼600° to 700°–750°C for ½[110](001), and mainly <600°–700°C 
for ½[ 110E  ](001) (Figure 1). Finally, the [100](001) slip system observed in CPO patterns of a few micro-
structural domains is mainly active from ∼600° to 750°C and documented up to ∼900°C (Figure 1). The 
rising activity of these three slip systems gliding in (001) could possibly be related to the latest episode of 
mylonitization <700°C (Miranda & John, 2010) as their presence seems limited and confined at subgrain 
boundaries (except for [100](001), see Section 7.2).

8. Conclusion
Crystal-plastic deformation of plagioclase is common in the gabbroic lithologies of IODP Hole U1473A, and 
results in foliated to ultramylonitic textures. The sampled lithologies indicate a progressive monomineralic 
banding arrangement as plagioclase dynamic recrystallization increases until it is complete in ultramy-
lonites, together with a general decrease of the recrystallized grain size. Plastic deformation in these rocks is 
dominated by dislocation creep, which reflects in plagioclase by the development of a CPO produced by the 
[100](010) slip system, and locally by [100](001). This second CPO produced by the [100](001) slip system is 
interpreted to arise from lower temperature of deformations (<700°C) rather than a change in deformation 
mechanism. The intensity of the CPO is weaker in ultramylonites as indicated by lower J and M indices 
values. This decrease in intensity is interpreted to possibly arise from the scattering of grain orientation 
during recrystallization and a change in slip system activity during lower temperature deformations. For 
a fraction of the analyzed domains, a change in the main active deformation mechanism made feasible by 
reduced grain size and hydrothermal fluid circulation is likely. Diffusion and grain-size-sensitive processes, 
in combination or individually, would then have produced a randomization of the CPO.

Recrystallization in plagioclase grains results from progressive subgrain rotation as evidenced by (a) the 
orientation relationship between magmatic parent grains and their neighboring recrystallized mantles, (b) 
the widespread observation of subgrain boundaries and intracrystalline misorientations (<10°), and (c) the 
crystallographic control on recrystallized grains boundaries. SGR is dominant throughout Hole U1473A, 
although in the lowermost 300 m it is more associated to areas of localized deformations when GBM pre-
vails away from these localized shear zones. SGR in these localized domains produce smaller recrystallized 
grains than in the upper part of the hole where the deformation is pervasive. This results in higher estimat-
ed differential stresses in the lower part of Hole U1473A, ∼20 MPa above the value calculated for the upper 
part.

The detailed analysis of misorientations within plagioclase grains reveals the activity of four dominant slip 
systems in addition to [100](010) that produced the CPO: [001](010), [100](001), ½[110](001), and ½[ 110E  ]
(001). The activity of the two main slip systems, [100](010) and [001](010), is most probably related to an 
episode of solid state deformation at high temperatures (860°–1000°C). By contrast, the three other could 
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correspond to the episode of moderate deformation temperatures (650°–700°C) in the semi-brittle ductile 
regime, possibly occurring later during the exhumation history of the Atlantis Bank.

Data Availability Statement
The data set is accessible in the PANGEAE data repository (https://doi.org/10.1594/PANGAEA.932302).
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