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A B S T R A C T   

Microstructures and olivine crystal fabrics were studied in amphibole-bearing peridotite samples obtained from 
the Marion Fracture Zone of the Southwest Indian Ridge by dredge D19 of the 1984 PROTEA Expedition Leg 5 
cruise of the RV Melville. The peridotites show various textures ranging from extremely fine-grained well-layered 
ultramylonites to heterogeneously strained tectonites. Electron back-scatter diffraction analyses revealed that 
olivine crystal-preferred orientations (CPOs), which are developed primarily in coarse granular peridotites in the 
mantle, become weaker with an increasing degree of grain-size reduction from coarser to finer grains, for both 
porphyroclastic and matrix olivine grains. However, two well-layered ultramylonites are characterized by 
bimodal CPOs of (010)[001] (B type) and (001)[100] (E type) or a strong maximum of [010] normal to the 
foliation and girdle patterns of both [100] and [001] on the foliation plane (i.e., an axial [010] pattern or AG 
type). Moreover, spinel grains within these well-layered ultramylonites have not only been broken down to form 
olivine and amphibole by hydrous reactions, but have also been fractured and their fragments pulled apart in the 
fine-grained matrix. These features indicate that shear deformation occurred as increasing stress under hydrous 
conditions during the final stage of deformation, which enabled the local occurrence of low-temperature plastic 
deformation, resulting in the development of a CPO and a foliation within the ultramylonites.   

1. Introduction 

Ultramylonite is a strongly sheared fault rock characterized by 
remarkably fine-grained (commonly <10 μm) minerals with a well- 
developed foliation and lineation, indicative of intensely localized 
plastic deformation, commonly via diffusion creep (e.g., Boullier and 
Gueguen, 1975; Nicolas and Poirier, 1976; Jaroslow et al., 1996; 
Michibayashi and Mainprice, 2004; Warren and Hirth, 2006; Michi-
bayashi et al., 2012; Hansen et al., 2013; Tasaka et al., 2014; Hidas et al., 
2016; Nicolas et al., 2017; Précigout et al., 2017; Prigent et al., 2017; 
Vieira Duarte et al., 2020). Ultramylonites have commonly been 
observed in abyssal peridotites, in particular at fracture zones (e.g., 
Tilley, 1947; Nicolas et al., 1980; Jaroslow et al., 1996; Warren and 
Hirth, 2006; Kohli and Warren, 2019; Prigent et al., 2019). 

Microstructures of mantle rocks record the compositional, thermal, 
and stress conditions of the asthenosphere and lithosphere that affect the 
mechanical response of the oceanic lithosphere during seafloor 

spreading (Jaroslow et al., 1996). Nicolas et al. (1980) were the first to 
identify crystal-preferred orientations (CPOs) of olivine in abyssal pe-
ridotites obtained from fracture zones and suggested that extensive 
plastic flow could take place in such an oceanic environment. Those 
authors showed that deformation textures in abyssal peridotites can be 
used to distinguish between asthenospheric flow fabrics beneath a mid- 
ocean ridge and subsequent plastic deformation fabrics associated with 
emplacement at the seafloor. Jaroslow et al. (1996) suggested that 
deformation in some fine-grained mylonites (i.e., ultramylonites) 
occurred by diffusion creep at temperatures as low as ~600 ◦C and 
concluded that a reduction in grain size by cataclasis or dynamic 
recrystallization resulted in a transition of deformation mechanism from 
dislocation creep to diffusion creep during uplift (and/or cooling). 
Warren and Hirth (2006) further demonstrated that a transition to 
diffusion creep promotes the randomization of pre-existing CPOs, 
resulting in long-term weakening of the lithosphere in the case of rocks 
being deformed in the brittle–ductile regime. More recently, Kohli and 
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Warren (2019) examined intensely deformed peridotites in detail and 
identified hydrous mineral grains, such as amphibole, in the fine- 
grained matrix, suggesting that fluid infiltration into the brit-
tle–ductile transition zone initiated a positive feedback loop between 
hydration and deformation that promoted strain localization through 
hydrolytic weakening and amphibole formation. Kohli and Warren 
(2019) also reported that olivine CPOs are weak to random in fine- 
grained bands. 

In this study, we examined the textures and olivine CPOs of intensely 
deformed amphibole-bearing ultramylonitic peridotites as well as other 
highly deformed peridotites dredged from the Marion Fracture Zone 
during the 1984. In particular, we focus on two well-layered ultra-
mylonites that have clear olivine CPOs despite their fine grain sizes of 
<10 μm and which have not been previously reported. We argue using 
evidence of spinel microboudinage within the ultramylonites that the 
olivine CPOs can be explained by low-temperature (low-T) plasticity 
caused by strain-hardening induced by higher stress toward the plastic- 
brittle transition under hydrous conditions in the final stage of defor-
mation during uplift (and/or cooling). 

2. Geological setting 

The Southwest Indian Ridge (SWIR) extends ~6500 km northeast-
ward from the Bouvet to Rodriguez triple junctions (Fig. 1). The Marion 
Fracture Zone lies on the ultraslow spreading SWIR at 33◦30′E between 
the northern branch of the Andrew Bain Fracture Zone to the west and 
the Prince Edward Fracture Zone to the east (Fig. 1; Fisher et al., 1986). 
The Marion Fracture Zone offsets the SWIR by 120 km to the northeast 
and is flanked by high transverse ridges that rise ~4 km above the floor 
of its ~35-km-wide 5200-m-deep transform valley, from which the 
studied peridotite samples were collected by dredging (Fisher et al., 
1986). 

Unlike fast-spreading ridges, there is little evidence for steady-state 
magma chambers beneath SWIR, as found at the East Pacific Rise, 
owing to the very low rate of magma supply. Overall, the crust is thin 
and discontinuous (Zhou and Dick, 2013), commonly with widely 
spaced and large volcanic segments that connect numerous transform 

faults and oblique amagmatic segments (e.g., Sauter et al., 2004). This 
pattern can produce marked variations in crustal thickness over rela-
tively short (~100 km) length scales (e.g., Rommevaux et al., 1994; 
Zhao et al., 2013; Schlindwein and Schmid, 2016). Owing to the rough 
topography and variable magma budget, diabase, gabbro, peridotite, 
and metamorphic rocks have been obtained by numerous dredge sur-
veys (Fig. 1; e.g., Dick, 1989; Dick et al., 2003; Seyler et al., 2003; Zhou 
and Dick, 2013), making the Marion Fracture Zone an ideal location for 
studying the lower crust and mantle, and investigating magmatic and 
tectonic processes. 

Mantle peridotites, mostly granular and porphyroclastic harzbur-
gites, have been dredged from the Marion Fracture Zone and adjacent 
Marion Transform, and are associated with pillow basalt, diabase, and 
gabbro, showing that the transform walls expose the lower crust and 
mantle (Protea expedition, leg 5, on the R/V Melville, 1984) (Fig. 1; 
Fisher et al., 1986). Mylonitic and ultramylonitic peridotites, which are 
the focus of this study, were collected from the eastern wall of the 
Marion Transform by dredge 19 (D19; Fig. 1), at depths of 3900 to 2700 
m on the Marion Transform wall located at approximately 46◦30′S and 
33◦50′E (Fig. 1; Prigent et al., 2019). We observed 25 thin sections of 
dredge 19 samples stored at the Woods Hole Oceanographic Institution 
and then cut 14 of the D19 samples into rock slabs to make new thin 
sections for this study. 

3. Methods 

We prepared 30-μm-thick thin sections from rock slabs. Then, the 
thin sections were divided into two types: XZ type and NO (non-ori-
ented) type. Of the 14 samples studied, 6 XZ type peridotite samples 
were cut on the plane perpendicular to the foliation and parallel to the 
lineation (i.e., the XZ plane). The other eight NO type peridotite samples 
were cut on a plane not clearly related to any structures because of their 
heterogeneous appearance. For this study, we have finally chosen the 6 
XZ type peridotite samples in order to analyse their CPOs in detail. All 
XZ type thin sections were polished using 1 μm diamond paste and 
colloidal silica for >5 h for microstructural observations and analyses. 

CPOs of olivine grains were measured by using a scanning electron 

Fig. 1. Map of the Southwest Indian 
Ridge (SWIR) with dredge locations ac-
cording to lithology (peridotite, gabbro, 
and basalt) (after Zhou and Dick, 2013). 
Numbers on red arrows indicate 
spreading rates in millimetres. The num-
ber “19” near the Marion FZ on the 
enlarged map indicates the site of ana-
lysed samples in this study for PROTEA.5 
D19. TJ: triple junction, FZ: fracture 
zone. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   
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microscope (SEM) equipped with an electron back-scatter diffraction 
(EBSD) system (HITACHI S-3400 N Type II with HKL Channel5) at the 
Rock and Mineral Laboratory, Nagoya University, Nagoya, Japan. 
Operating conditions were 20 kV accelerating voltage and low vacuum 
mode (30 Pa). In order to measure an average CPOs for each sample, we 
manually measured more than 200 crystal orientations of randomly 
selected olivine grains per sample throughout the entire thin section, 
and each crystal orientation was projected onto a lower-hemisphere 
equal-area stereonet. As the EBSD method is able to measure not only 
crystal orientations but also to identify mineral textures by a mapping 
mode, mineral-phase maps were obtained using step sizes of 2.5 to 5.0 
μm in limited sections shown in Figs. 2–3. We used Aztec 4.2 and 
MATLAB® MTEX Toolbox software (version 5.7.0) to process map data 
by ignoring single wild spikes and extrapolating non-indexed pixels with 
the average orientation of neighbouring pixels. We determined grain 
boundaries in the mineral-phase maps where misorientations between 
two neighbouring pixels were > 10◦. 

Fabric strength and the distribution density of the principal 

crystallographic axes characterize a CPO (e.g., Michibayashi and 
Mainprice, 2004). We used the J-index (Mainprice and Silver, 1993) to 
quantify the intensity of a given CPO, where J =

∫
f(g)2dg. The J-index 

has a value of 1 for randomly oriented crystals and infinity for a single 
crystal. In a similar manner, The pfJ index has a value of unity for a 
random distribution and a maximum value for olivine of ~60 in the 
present case for a single crystal of olivine. In the present case of olivine, 
the [100], [010], and [001] axes are all two-fold rotation axes, meaning 
that the pfJ values can be directly compared. The fabric strength was 
also determined using the M-index technique (Skemer et al., 2005). 
Using this approach, the distribution of random-pair misorientation 
angles of a sample (Wheeler et al., 2001) is compared with the distri-
bution of misorientation angles from a theoretical random fabric. The M- 
index is scaled from zero to one, where M = 0 represents a random fabric 
and M = 1 represents a single crystal. We calculated the J, pfJ, and M 
index values using MATLAB® MTEX Toolbox software (version 5.7.0). 

Olivine CPOs are thought to vary with the amount of water in olivine 
crystals and stress conditions, resulting in A, B, C, D, and E type fabrics 

Fig. 2. (a)–(b) Photomicrographs of two well-layered ultramylonites of XZ type. (c) EBSD phase map of D19–58 ultramylonite for the domain shown in (a). Black 
lines in the EBSD phase maps are grain boundaries (>10◦). (d)–(f) EBSD phase maps of D19–47 ultramylonite in domains shown in (b). Abbreviations: Ol = olivine, 
Cpx = clinopyroxene, Opx = orthopyroxene, Sp = spinel, Plg = plagioclase, Amp = amphibole. 
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(e.g., Karato et al., 2008). These fabric types are related to olivine slip 
systems, with type A characterized by (010)[100] slip, B by (010)[001] 
slip, C by (100)[001] slip, D by {0kl}[100] slip, and E by (001)[100] 
slip. In addition, the AG type (Mainprice, 2007) is commonly found in 

nature and is characterized by (010) axial patterns (e.g., Ismaïl and 
Mainprice, 1998; Tommasi and Vauchez, 2015). 

Olivine CPOs can be evaluated quantitatively from P-wave seismic 
velocities (Mainprice, 1990; Michibayashi et al., 2016). To define the six 

Fig. 3. Photomicrographs of XZ type samples and corresponding EBSD phase maps for the area indicated by a dotted white rectangle in each photomicrograph. Phase 
colours of individual mineral phases are the same as those in Fig. 2. (a) Photomicrograph and (b) EBSD phase map of peridotite D19–85. (c) Photomicrograph and (d) 
EBSD phase map of peridotite D19–86. (e) Photomicrograph and (f) EBSD phase map of peridotite D19–5. (g) Photomicrograph and (h) EBSD phase map of peri-
dotite D19–2. 
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olivine fabric types (i.e., A, B, C, D, E and AG types) in a diagram, we 
consider the three principal P-wave velocities (V1, V2, and V3), where V1 
is the maximum P-wave velocity, V3 is the minimum P-wave velocity, 
and V2 is the intermediate P-wave velocity in the direction perpendic-
ular to both V1 and V3. Here, we define one of the principal P-wave 
velocities close to the X-axis to be Vx, the second one close to the Y-axis 
to be Vy, and the third one close to the Z-axis to be Vz (Michibayashi 
et al., 2016). Then, a Flinn-type diagram is used to characterize a fabric 
type of each CPO with its fabric intensities (Michibayashi et al., 2016). 
In this diagram, Vx/Vy and Vy/Vz are the vertical and horizontal axes, 
respectively, and (1,1) is the origin. In this way, the fabric index angles 
for the six olivine fabric types can be defined by the angle of inclination 
between the origin and a point in the diagram: 63◦ for A type, − 28◦ for B 
type, 158◦ for C type, 90◦ for D type, 106◦ for E type, and 0◦ for AG type 
(Michibayashi et al., 2016). 

4. Results 

4.1. Microstructures 

Photomicrographs of XZ-type samples are presented along with the 
phase maps obtained by EBSD analyses in Figs. 2–3. Two peridotite 
samples (D19–58 and D19–47) are well-layered ultramylonites consist-
ing mostly of an extremely fine-grained (<10 μm) matrix with several 
relatively large (>100 μm) porphyroclastic grains (Fig. 2). The two 
ultramylonites contain olivine, spinel, and amphibole grains in the 
matrix and as porphyroclasts (Fig. 2c–d). The rock contains alternating 
layers of olivine and amphibole, as well as layers containing both min-
erals, showing that amphibole, a hydrous mineral, was extensively 
deformed during shearing. Within the D19–47 ultramylonite (Fig. 2b), 
coarse porphyroclastic spinel grains have been intensely fractured and 
subsequently pulled apart, and fine-grained olivine and amphibole 
grains fill the spaces between spinel fragments (Fig. 2d–f). 

Textures of the other four XZ type peridotites are highly heteroge-
neous, with various-sized strained/elongated porphyroclastic grains of 
olivine and pyroxene having been dynamically recrystallized into var-
iably sized smaller grains along localized fine-grained zones (Fig. 3a–h). 
These peridotites contain olivine, orthopyroxene, clinopyroxene, and 
spinel with or without plagioclase and amphibole. Acicular amphibole 
occurs with sparse chlorite grains, cuts olivine and pyroxene crystals, as 
occurs as fracture infill (Fig. 3e–f). 

4.2. Crystallographic preferred orientations 

Olivine CPOs of XZ type samples are shown in Fig. 4. One of the two 
well-layered ultramylonites (D19–58) shows a bimodal CPO of B and E 
type fabrics consisting of [001](010) and [100](001) patterns with the 
[100] and [001] maxima being parallel to X and the [010] maximum 
being subparallel to Y (Fig. 4a). The other well-layered ultramylonite 
(D19–47) appears to have a B type fabric with a weak E type fabric 
pattern (Fig. 4b). Of note, these two ultramylonites have higher fabric 
index values (J-index: 2.97 and 4.58, M-index: 0.0941 and 0.1580, 
respectively; Fig. 4a–b) than the other peridotites, despite their very fine 
grain sizes (Fig. 2). 

Peridotite sample D19–85 (Fig. 3a–b) shows a weak E type fabric 
with a [100] maximum close to X, a [010] maximum subparallel to Y, 
and a [001] maximum close to Z (Fig. 4c), and has the lowest fabric 
strength of the XZ type peridotites (J-index: 1.988, M-index: 0.0346). 
Peridotite sample D19–86 (Fig. 3c–d) has a unique CPO, as defined by 
three great circles (Fig. 4d), which could represent an axial [100] 
pattern (D type). The other two XZ type peridotites (D19–5 and D19–2; 
Fig. 3e–h) show weak A-type fabrics with the [100] maximum subpar-
allel to X, the [010] maximum close to Z, and the [001] maximum close 
to Y (Fig. 4d–f). The fabric strengths of the latter three peridotite sam-
ples are 2.10 to 2.47 for the J-index and 0.0431 to 0.0774 for the M- 
index (Fig. 4d–f). 

Fig. 4. Manually measured CPO patterns of randomly selected olivine grains 
throughout the entire thin sections projected on equal-area, lower-hemisphere 
stereonets with or without the XZ reference frame. The foliation is horizontal 
(XY plane) and the lineation is E–W (X-axis). Contours are multiples of uniform 
density. Max: maximum density, Min: minimum density, N: number of grains, J: 
J-index, M: M-index, pfJ: pfJ-index. Inset: Red, green, and blue great circles in 
each pole figure show planes normal to the direction of [010], [010], and [001] 
maximum densities (square symbols), respectively, for each peridotite sample. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 5 shows the CPOs of olivine and amphibole for the two well- 
layered ultramylonites, derived from the EBSD maps in Fig. 2c–d. Un-
like the manually measured CPOs shown in Fig. 4a–b, olivine CPOs are 
characterized by axial [010] patterns with both [100] and [001] max-
ima subparallel to X with a girdle distribution, and the [010] maximum 
parallel to Z (i.e., axial [010] pattern or AG type). Moreover, the CPOs of 
ultramylonite D19–58 show a weak girdle distribution of [010]. The 
fabric strengths of olivine CPOs in Fig. 5 have similarly high values to 
those of manually measured CPOs in Fig. 4a–b. 

Amphibole CPOs show clear [001](100) patterns (Fig. 5), although 
amphibole grains within the two ultramylonites are as fine as the olivine 
grains (Fig. 2c–d). Similar CPOs have been reported in previous studies, 
including Nicolas et al. (2017), Prigent et al. (2018), Kohli and Warren 
(2019), and Vieira Duarte et al. (2020). 

Fig. 6 shows a Vp–Flinn diagram for olivine CPOs. Olivine CPOs for 
the two well-layered ultramylonites (D19–58 and D19–47) of XZ type 
show interesting features, whereby although manually measured CPOs 
are different from each other (a and b in Fig. 6), their CPOs derived from 
EBSD maps are located in a similar AG type domain (a’ and b’ in Fig. 6). 
E type CPOs in Fig. 4c (D19–85) plot outside the region for E type in 
Fig. 6, indicating that the CPOs may be not sufficiently uniform to 
represent a true E type fabric. The CPOs of peridotite D19–86 plot very 
close to the D type line (d in Fig. 6), whereas the CPOs of D19–5 and 
D19–2 plot close to the A type line (e and f in Fig. 6). 

5. Interpretation 

5.1. Variations in olivine CPOs in Vp–Flinn diagrams 

5.1.1. Occurrence of intermediate olivine CPOs among six olivine fabric 
types 

Olivine crystal fabrics of A, B, C, D, and E type are thought to vary 
with the amount of water in olivine crystals and stress conditions (e.g., 
Karato et al., 2008), in addition to the AG type fabric in nature (e.g., 
Ismaïl and Mainprice, 1998; Tommasi and Vauchez, 2015; Michibayashi 
et al., 2016; Bernard et al., 2019). Apart from AG type, experimentally 
established relationships between water content and olivine fabric type 
(i.e., for A to E types) are reasonably consistent with observations of 
natural samples (e.g., Mizukami et al., 2004; Jung et al., 2009; Cao et al., 
2015). Michibayashi and Oohara (2013) reported natural examples of 
an olivine fabric transition across a hydrous ductile shear zone where the 
hydrous reaction forming amphibole and chlorite became stronger to-
ward the centre of the shear zone, whereas olivine fabrics were devel-
oped from D type in the margin to E type to C type and to random fabrics 
in the centre of the shear zone. Although the temperature conditions 

varied from 900 to 750 ◦C, and olivine showed evidence of grain-size 
reduction, the olivine fabric transition of the study of Michibayashi 
and Oohara (2013) seems to be consistent with the experimentally 
established olivine fabric regime in a water–stress diagram (Karato 
et al., 2008). In contrast, Kumamoto et al. (2019) found that olivine 
CPOs did not evolve systematically with water content. Bernard et al. 
(2019) also found little evidence for a relationship between olivine CPO 
and water content and stress in naturally deformed peridotites. There-
fore, the existence of a relationship between olivine CPO and water 
content and stress is still uncertain. One of the reasons for this ambiguity 
may be the difficulty of classifying a CPO into one of six olivine fabric 
types. 

Besides, some intermediate olivine fabrics have been documented in 

Fig. 5. CPO patterns of olivine/amphibole within intensely deformed peridotites, projected onto equal-area, lower-hemisphere stereonets with the XZ reference 
frame derived from EBSD maps shown in Fig. 3. 

Fig. 6. Vp–Flinn diagram with Vx/Vy (V1/V2 for NO type) for the vertical axis, 
Vy/Vz (V2/V3 for NO type) for the horizontal axis, and (1,1) for the origin for 
XZ type samples. The fabric type of olivine and the intensity of Vp anisotropy 
depend on the angle of inclination between the origin and the point in the 
diagram, and distance from the origin, respectively. Colours of symbols repre-
sent J-index values. Labels a–n are the same as those in Fig. 5. Labels a’–b’ are 
the same as those in Fig. 6. 
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both natural and experimental studies, as reported by Wallis et al. 
(2019). Tasaka et al. (2016) experimentally produced bimodal CPOs 
formed by slip on the (001)[100] and (100)[001] slip systems and to a 
lesser extent the (010)[100] slip system at shear strains of γ > 5 in water- 
saturated olivine aggregates. Wallis et al. (2019) suggested that the 
olivine crystal fabric of Tasaka et al. (2016) is similar to that of the 
sheared lherzolite xenolith reported by Mercier and Carter (1985), as 
shown in Fig. 2 of Wallis et al. (2019). Ohuchi et al. (2012) investigated 
the effects of water on the development of olivine crystal fabrics in 
simple-shear deformation experiments under conditions of the 
asthenospheric upper-mantle (P = 2.1–5.2 GPa, T = 1490–1830 K) using 
a deformation-DIA apparatus, and identified four types of olivine fabric: 
A, B, B type-like, and C/E. Of these types, the B type-like fabric is 
interpreted to result from the (010)[h0l] [u0w?] slip system, whereas 
the C/E type could be similar to C and/or E type fabrics (Ohuchi et al., 
2012). Kang and Jung (2019) documented A type, mixed A/B type, and 
B type-like fabrics in hydrated mantle peridotites from Norway. These 
previous studies suggest that intermediate olivine crystal fabrics could 
be a common feature in deformed hydrous peridotite and thus in hy-
drous mantle. 

5.1.2. Intermediate olivine CPOs in Vp-Flinn diagram 
Pole figures projected on equal-area, lower-hemisphere stereonets 

are commonly used to show olivine CPOs, such as those in Fig. 4. 
However, it is not always easy to determine which olivine fabric type is 
the most important of these CPOs. The Vp–Flinn diagram, which pro-
vides a representation of the finite Vp anisotropy ellipsoid derived from 
olivine CPOs, is an alternative method based on Mainprice (1990) for 
quantifying olivine fabric types and enables a quantitative evaluation of 
olivine CPOs by the angle of inclination between the origin and a point 
in the diagram (i.e., the fabric index angle or FIA) and distance from the 
origin (Fig. 6; Michibayashi et al., 2016). However, as the olivine CPO 
for the well-layered ultramylonite D19–58 in Fig. 4a plots close to the A 
type line in the Vp–Flinn diagram (a in Fig. 6), a misleading interpre-
tation of such a specific olivine CPO may be made, as it appears to have a 
bimodal CPO consisting of [001](010) (B type) and [100](001) (E type) 

patterns. Here, we explore the Vp–Flinn diagram in more detail than its 
original conception proposed by Michibayashi et al. (2016). 

5.2. Olivine fabric transition: General trends in a Vp–Flinn diagram 

Fig. 7a shows trends in olivine fabric transition inferred from geo-
metric relationships in pole figures. The pole figures show that AG type 
is an intermediate type between A and B types, whereas D type is an 
intermediate type between A and E types. In this way, an intermediate 
type between B and C types can be identified, which we tentatively name 
“HBC type” (where “H” stands for “Hybrid”) (Fig. 7a). In the Vp–Flinn 
diagram, three P-wave velocities (Vp) parallel to the main crystallo-
graphic axes in a single olivine crystal (i.e., Va, Vb, and Vc) characterize 
olivine fabric types by their orientations in the structural framework 
(x–y–z axes). Thus, as the AG type is characterized by a girdle pattern of 
both [100] and [001] axes, and a single point maximum for the [010] 
axis, Michibayashi et al. (2016) assumed that three Vp values for the AG 
type in a single crystal are Vx = Vz = (Va + Vc)/2 and Vy = Vb, whereas 
those for D type are Vx = Va and Vy = Vz = (Vb + Vc)/2 (Fig. 7a). In a 
similar way, the three Vp values for the HBC type are Vx = Vc and Vy = Vz 
= (Va + Vb)/2 (Fig. 7a). 

We can expand these equations for three continuous trends. From A 
to AG to B type, the three Vp values can be given as Vx = (α1Va + (100 −
α1)Vc)/100, Vy = Vb, and Vz = ((100 − α1)Va + α1Vc)/100, where 0 ≤ α1 
≤ 100. From A to D to E type, we have Vx = Va, Vy = (α2Vb + (100 − α2) 
Vc)/100, and Vz = ((100 − α2)Vb + α2Vc)/100, where 0 ≤ α2 ≤ 100. From 
B to HBC to C type, we have Vx = Vc, Vy = (β3Va + (100 − β3)Vb)/100, and 
Vz = ((100 − β3)Va + β3Vb)/100, where 0 ≤ β3 ≤ 100. Fig. 8 shows the 
results of the three general trends with increments of 2 (small dots) and 
10 (large circles) for α1, α2, and β3. Note that the Vp values along the 
three general trends vary between types, defining the theoretical 
maximum Vp values depending on the FIA. 

5.3. Olivine fabric transition: Specific trends in a Vp–Flinn diagram 

Tasaka et al. (2016) experimentally produced a bimodal distribution 

Fig. 7. (a) Geometric relationships among six common olivine fabric types. α1 is the trend from A to AG (HAB) to B types, α2 is the trend from A to D (HAE) to E types, 
and β3 is the trend from B to HBC to C types. (b) Geometric relationships among three common olivine fabric types. β1 is the trend from B to HBE to E types, and β2 is 
the trend from C to HCE to E types. See the text in the Section 5.2 for further details. 
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of CPOs consisting of (100)[001] (C type) and (001)[100] (E type) 
patterns. In this study, we found a bimodal distribution of CPOs con-
sisting of (010)[001] (B type) and (001)[100] (E type) patterns in 
ultramylonite (D19–58; Fig. 4a–b). The bimodal CPOs cannot be 
explained by the general trends for olivine fabric transition in Fig. 7a. 
Thus, we propose the other trends as shown in Fig. 7b. Our bimodal 
CPOs in Fig. 4a–b could be an intermediate type between B and E types, 
whereas the bimodal CPOs of Tasaka et al. (2016) could be intermediate 
between C and E types. We tentatively name these “HBE type” and “HCE 
type”, respectively. 

As shown in Fig. 7b, it is possible to calculate three Vp values for the 
two specific trends. From B to HBE to E type, the three Vp values can be 
explained by Vx = (β1Va + (100 − β1)Vc)/100, Vy = (β1Vc + (100 − β1) 
Va)/100, and Vz = (β1Vc + (100 − β1)Vb)/100, where 0 ≤ β1 ≤ 100. From 
C to HCE to E type, we have Vx = (β2Va + (100 − β2)Vc)/100, Vy = Vb, and 
Vz = (β2Vc + (100 − β2)Va)/100, where 0 ≤ β2 ≤ 100. Fig. 8 shows the 
results for the two specific trends with increments of 2 (small dots) and 
10 (large circles) for β1 and β2. Note that the Vp values along the two 
specific trends vary between types (Fig. 8). Although calculated Vp an-
isotropies are the theoretical maximum values for an individual FIA, Vp 
anisotropies for β1 trending from B to HBE to E type are substantially 
lower than those for α1–α2 trends from B to AG to A to D to E type 
(Fig. 8). 

5.4. Olivine fabrics of XZ type peridotites in a Vp–Flinn diagram 

Here, we evaluate our olivine CPO data in terms of the olivine fabric 
transitions presented in Figs. 7–8. Note that this comparison is possible 
only for XZ type peridotites, as a fabric type is determined based solely 
on the structural framework. 

The bimodal CPO for ultramylonite D19–58 in Fig. 4a plots close to 
the A type line in the Vp–Flinn diagram (a in Fig. 6). Here, considering 
that the bimodal CPOs consist of a mixture of B and E types, we estimate 
that β1 is ~57 (a in Fig. 8), indicating that this bimodal CPOs is a typical 
HBE type. The other ultramylonite (D19–47) also seems to contain a 

small component of E type (Fig. 4b), as we estimate that its β1 is ~32 (b 
in Fig. 8). However, both olivine CPOs derived from the EBSD maps 
shown in Fig. 5 plot close to the HBE type line (a’–b’ in Fig. 8). The 
difference between the manually measured olivine CPOs and those 
generated from the EBSD maps in Fig. 8 may be due to the difference in 
methods: i.e. the manual method could be measured olivine grains 
almost evenly in the entire thin section, whereas the EBSD map could be 
only measured a small portion of the thin section. Nonetheless, olivine 
CPOs of the two ultramylonites contain substantial B-type components 
(Fig. 8). 

The CPOs of D19–85 (Fig. 4c) may be interpreted in terms of the β2 
trend, meaning that they contain some C-type components (c in Fig. 8). 
If we assume that the CPOs of the other three peridotites (Fig. 4d–f) can 
also be related to the β1 trend, the main component would be E type. 
Otherwise, we interpret them simply as either A type or D type (d–f in 
Fig. 8). 

6. Discussion 

6.1. Development of olivine CPOs with/without amphibole deformation 

The XZ type peridotites show ultramylonitic (Fig. 3) or otherwise 
very heterogeneous textures (Fig. 3). It is difficult to identify the olivine 
fabric types in the studied samples solely on CPO data, except for the two 
ultramylonitic peridotites shown in Fig. 4. In contrast, the fabric types 
can be easily identified from Vp-Flinn diagrams, along with the fabric 
intensities. Indeed, the data in the Vp-Flinn diagram (Fig. 8) seem to 
indicate the effect of hydration during microstructural development and 
the type of olivine crystal fabrics. The two ultramylonites (Fig. 2) and 
one deformed peridotite (D19–85 in Fig. 3a) contain amphibole grains 
that were deformed in a fine-grained matrix, whereas the other 
deformed peridotites (D19–86 in Fig. 3c, D19–5 in Fig. 3e, D19–2 in 
Fig. 3g) contain amphibole that grew after deformation. These obser-
vations are consistent with the olivine CPOs, as the former three samples 
have hybrid olivine CPOs of the specific fabric trends (a-a′, b-b′ and c in 
Fig. 8) that might have developed under hydrous conditions, whereas 
the latter three samples have olivine CPOs of the general fabric trends (d, 
e and f in Fig. 8) that likely formed under anhydrous conditions. 

6.2. Development of well-layered ultramylonites (D19–47 and D19–58) 

6.2.1. Syn-deformational hydration reactions 
Amphibole is abundant within the ultramylonites and the deformed 

peridotites, but chlorite or other hydrous minerals are rarely identified, 
as revealed by EBSD mapping (Figs. 2–3). This is consistent with pre-
vious studies of ultramylonites obtained from the fracture zones along 
SWIR (Jaroslow et al., 1996; Kohli and Warren, 2019; Prigent et al., 
2019). The occurrence of ultramylonitic peridotites containing large 
amounts of amphibole and minor pyroxene (Fig. 2) suggests that the 
consumption of pyroxene was promoted by hydration. Moreover, spinel 
porphyroclasts were replaced by olivine and amphibole (Fig. 2). To 
produce amphibole in ultramafic rocks, Jenkins (1981) showed experi-
mentally that under forsterite- and water-saturated conditions, pyroxene 
and spinel react to produce amphibole at temperatures of <800 ◦C under 
low pressure (~200 MPa) conditions: Opx + Cpx + Sp + H2O → Amp +
Fo, where Opx, Cpx, Sp, Amp, and Fo in the formula are orthopyroxene, 
clinopyroxene, spinel, amphibole, and forsterite, respectively. Précigout 
et al. (2017) estimated a water content of ~600 ppm at temperatures of 
<750 ◦C during deformation of an ultramylonite band in the Ronda 
peridotite, where amphibole is the only hydrous mineral. Kohli and 
Warren (2019) showed that the fine-grained bands in mylonites ob-
tained from the Shaka transform fault are enriched in amphibole, sug-
gesting that hydration reactions were favoured in zones of strain 
localization. Those authors estimated a minimum upper bound for 
mylonite deformation of 800–850 ◦C and 0.45 GPa. Prigent et al. (2019) 
showed that High-T (HT) (859–875 ◦C) mylonites contain only 

Fig. 8. Vp–Flinn plot for the olivine fabric transitions shown in Fig. 7. α1 is the 
trend from A to AG (HAB) to B types and α2 is the trend from A to D (HAE) to E 
types. β1 is the trend from B to HBE to E types and β2 is the trend from C to HCE 
to E types. β3 is the trend from B to HBC to C types. Labels of a–f in the circle 
symbols are the same as those in Fig. 4. Labels of a′–b′ in star symbols are the 
same as those in Fig. 5. 
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amphibole as a hydrous phase, whereas Moderate-T (MT) (~500–750 
◦C) mylonites contain chlorite as well as amphibole (Prigent et al., 
2019). These findings suggest that the well-layered amphibole-bearing 
ultramylonites of the present study could have been formed at temper-
atures of ~800 ◦C under water-saturated conditions. 

6.2.2. Development of strain-hardening-induced CPOs and spinel 
microboudins during uplift 

The two well-layered ultramylonites (D19–58 and D19–47) have 
distinct olivine CPOs rather than random fabrics, although their fabric 
strengths are not particularly high (Figs. 4a–b and 5). These CPOs seems 
to be unique in abyssal peridotite. For example, Jaroslow et al. (1996) 
showed that the finest-grained (<10 μm) regions of a peridotite mylonite 
have weak or no CPOs, whereas coarser-grained regions exhibit strong 
CPOs and pronounced grain flattening, suggesting that a transition from 
dislocation to diffusion creep occurred with decreasing grain size. Kohli 
and Warren (2019) reported that olivine exhibited strong CPOs in 
coarse-grained bands, and weak to no CPOs in fine-grained bands, and 
proposed that the hydration reaction to form tremolite in fine-grained 
bands promoted grain-size reduction and a change in olivine deforma-
tion mechanism from dislocation creep to diffusion creep. Prigent et al. 
(2019) also found that the grain-size reduction associated with both MT 
and HT mylonite deformation provides a weakening mechanism, 
meaning that diffusion creep is dominant. Warren and Hirth (2006) 
argued that a transition to diffusion creep promotes the randomization 
of pre-existing CPOs, resulting in long-term weakening of the litho-
sphere for rocks deforming in the brittle–ductile regime. Therefore, it is 
likely that grain-size reduction to form ultramylonites results in weak or 
random CPOs. However, the CPOs of the two well-layered ultra-
mylonites of this study are not random, despite their very fine-grained 
textures (Fig. 2). Although CPO patterns are different between manual 
and mapping modes, the [001](010) (B type) slip system must be taken 
into account in both CPOs (Figs. 4b and 5). 

In the D19–47 ultramylonite, segments of fractured spinel porphyr-
oclasts have been pulled apart and/or displaced in the fine-grained 
matrix, and the olivine infill has been strongly recrystallized into fine 
grains (Fig. 2f). The fracture surfaces are not always parallel to one 
another, indicating that these segments have been rotated by shearing. 
Moreover, the existence of olivine infills in the gaps indicates that the 
separation of the segments occurred simultaneously with hydrous re-
actions during shearing (Fig. 2d–f). Mode-I cracks in spinel with olivine 

and amphibole infills have been reported previously in mylonite-
–ultramylonite samples (e.g., Précigout et al., 2017). 

Li and Ji (2019) argued that rocks containing microboudinage record 
a tectonic history of continuous hardening prior to the cessation of 
mineral plasticity, and presented a model of microboudin formation 
with respect to shear strength (Fig. 9a), in which sequential fracturing 
and separation of fragments during progressive cooling and exhumation 
upward from the brittle–ductile transition produced a series of micro-
boudins. Based on a study of a slow-spreading mid-ocean ridge, Kohli 
and Warren (2019) presented a schematic diagram for the mechanical 
strength of the upper mantle, where hydration and strain localization 
result in a transition in olivine deformation mechanism from dry dislo-
cation creep and grain boundary sliding (GBS) in the deepest part of the 
brittle–ductile transition, to wet diffusion creep in the shallowest part 
(Fig. 9b). Those authors calculated olivine deformation mechanism 
maps for both dry and wet conditions at 750 ◦C, and showed that a key 
difference between the wet and dry maps is that the dislocation- 
accommodated GBS field is replaced by diffusion creep and low- 
temperature plasticity (LTP) (e.g., Katayama and Karato, 2008) under 
the conditions of mylonite deformation, where diffusion creep is the 
weakest deformation mechanism at grain sizes of ~1 μm to 1 mm. Here, 
if we assume that spinel microboudinage could occur as a result of 
continuous hardening prior to the cessation of olivine and amphibole 
plasticity, the deformation mechanism would change from diffusion 
creep to LTP (Fig. 9b), possibly resulting in the development of weak 
CPOs, as well as a foliation, as is observed for the well-layered ultra-
mylonites (Fig. 2). The olivine CPOs of the ultramylonites are charac-
terized by B type CPO components (Figs. 4–5), which could be activated 
under hydrous and higher-stress conditions than those for C and E types 
(Karato et al., 2008). In addition, dense dislocations have been observed 
within ultramylonite sample D19–47 in a transmission Kikuchi diffrac-
tion (TKD) study (Igami and Michibayashi, 2021). Consequently, we 
argue that the well-layered ultramylonites preserve the final stage of 
strain localization that occurred during uplift under hydrous and higher- 
stress conditions. Under the influence of LTP, complex slip systems can 
produce bimodal CPOs that are HBE type (manual mode in Fig. 4) or AG 
type (mapping mode in Fig. 5), depending on the geometric effect of 
each olivine grain in the fine-grained matrix under hydrous and higher- 
stress conditions. 

Fig. 9. Schematic diagrams showing the strength of the upper mantle with respect to depth. (a) A model modified after Li and Ji (2019). (b) A model modified after 
Kohli and Warren (2019). LTP: Low-temperature plasticity; GBS: Grain boundary sliding. See the text in the Section 6.2.2 for further details. 
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6.3. Hydrous shearing in the regions beneath transform faults 

Our sample locations range from high to low on the eastern Marion 
Transform wall (Fig. 1). Only 5% of the peridotites dredged from 
transform walls are mylonites (Dick, 1989). Moreover, mylonites do not 
occur randomly in peridotite dredge hauls. Rather, almost the entire 
haul is mylonite or protogranular and porphyroclastic peridotites (Dick, 
1989). In general, the dredge samples represent loose talus, and there is 
rare evidence that they have been ripped from outcrops. Most samples 
are from debris fields produced by mass movements. This is consistent 
with peridotite mylonites sampled in situ from detachment footwalls, 
representing thick zones of shear deformation measuring a few hundred 
meters and underlain by massive granular peridotite. 

The mylonites dredged from the base of the transform wall might 
have been uplifted by late faulting from the transform slip zone, but it is 
more likely that they represent the detachment fault shear zone as it 
turns and merges into the transform slip zone below the transform wall 
(Schroeder and John, 2004; deMartin et al., 2007; Hansen et al., 2013; 
Dick et al., 2019). This becomes the western branch of a fault flower 
structure formed by extension of the opposing detachment fault in-
tersections with the transform slip zones, as observed at Kane Mega-
mullion on the MAR and at Atlantis Bank on the SWIR (Dick et al., 2008, 
2019). The conditions of formation of these mylonites, however, should 
replicate those in the principal transform slip zone and show that water- 
influenced high-temperature granulite-facies deformation must be 
occurring at depth within the main transform slip zone, with a conse-
quent reduction in strength and viscosity (e.g., Nicolas et al., 2017; Kohli 
et al., 2021). 

7. Conclusions 

We examined the textures and olivine CPOs of amphibole-bearing 
deformed peridotites dredged from the Marion Fracture Zone of the 
Southwest Indian Ridge by dredge D19 of the 1984 PROTEA Expedition 
Leg 5 cruise of the RV Melville during the 1984. Among the six XZ type 
peridotites studied, the two ultramylonites contain olivine, spinel, and 
amphibole grains in the matrix and as porophyroclast, whereas the other 
four peridotites are highly heterogeneous, with various-sized strained/ 
elongated porphyroclastic grains of olivine and pyroxene. 

The Vp–Flinn diagram provides a representation of the finite Vp 
anisotropy ellipsoid derived from olivine CPOs and enables a quantita-
tive evaluation of olivine CPOs. We examined the five fabric trends in 
the Vp-Flinn diagram in order to evaluate the intermediate fabric types 
of olivine CPOs. In particular, two well-layered ultramylonites have 
clear olivine CPOs despite their fine grain sizes of <10 μm and which 
have not been previously reported. The two well-layered ultramylonites 
are characterized by bimodal CPOs of (010)[001] and (001)[100] 
(tentatively named as HBE type) or a strong maximum of [010] normal to 
the foliation and girdle patterns of both [100] and [001] on the foliation 
plane. It shows that the olivine CPOs of the ultramylonites are charac-
terized by B type CPO components, which could be activated under 
hydrous and higher-stress conditions than those for C and E types. 
Moreover, the EBSD mapping revealed that the two ultramylonites and 
one peridotite, which have olivine CPOs that might have developed 
under hydrous conditions, contain amphibole grains that were deformed 
in a fine-grained matrix, whereas the other peridotites, which have 
olivine CPOs that likely formed under anhydrous conditions, contain 
amphibole that grew after deformation. 

We argue using evidence of spinel microboudinage within the 
ultramylonites that the olivine CPOs can be explained by low- 
temperature (low-T) plasticity caused by strain-hardening induced by 
higher stress toward the plastic-brittle transition under hydrous condi-
tions in the final stage of deformation during uplift (and/or cooling). 
The conditions of formation of these intensely deformed peridotites 
should replicate those in the principal transform slip zone and show that 
water-influenced high-temperature granulite-facies deformation must 

be occurring at depth within the main transform slip zone, with a 
consequent reduction in strength and viscosity. 
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