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Abstract 

Replacement reactions progress to varying degrees depending on the P-T conditions, 

exhumation rates, and fluid availability. The collective preservation of the reactants and partly 

to completely retrogressed products allows reconstruction of the microstructural and 

mineralogical progression, which we investigated using electron backscattered diffraction and 

microprobe analyses on the omphacite, amphibole-plagioclase symplectite, and matrix 

amphibole of the Tso Morari eclogite. The elliptical shapes, absence of chemical zonation, and 

scarce subgrains suggest that the omphacite deformed via body diffusion creep. Because of 

the heterogeneous distribution of hydrous fluids in the eclogite, the omphacite is replaced by 

amphibole-plagioclase symplectite either partially along the peripheries (S1 symplectite) or 

completely (S2 symplectite). Strong omphacite CPOs, caused by growth anisotropy, are 

inherited by the symplectite constituents such that <001>Omp//<001>Amp//<010>Plag, 

<010>Omp//<010>Amp, and <100>Omp//<100>Amp//<001>Plag. The amphiboles in S1 are poorer in 

Si (6.75–7.34 apfu) and crystallised earlier than those in S2 (Si = 7.29–7.79 apfu) during 

retrogression. Elevated stresses at the reaction interfaces deformed the plagioclase in S1 via 

dislocation creep. In contrast, the plagioclase in S2 deformed via grain boundary diffusion 
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creep accommodated grain boundary sliding due to fluid abundance. The misorientations 

across the subgrain boundaries in the amphibole grains constituting S1 and S2 are similar to 

those in the amphibole of the eclogite matrix and the garnet amphibolites. The amphibole in 

S1, eclogite matrix, and garnet amphibolites deformed via dislocation creep, whereas 

dislocation creep accommodated grain boundary sliding deformed those in S2. (239 words) 

Keywords - CPO Inheritance, Deformation mechanism, Growth anisotropy, Dislocation creep, 

Diffusion creep, Dissolution-precipitation, Grain Boundary Sliding 
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1. Introduction 1 

The exhumation velocity and its temporal variations, in addition to the pressure-2 

temperature trajectory and fluid availability, greatly influence the textural features preserved in 3 

exhumed lithounits. Fast and near-isothermal decompression of UHP units enables them to 4 

record disequilibrium textures, which were generated by the incomplete reactions or 5 

transformations during the rapidly varying P-T conditions and are represented by the presence 6 

of the reactant(s) in contact with the products (Mørk 1985; Wayte et al. 1989; García-Casco 7 

and Torres-Roldán 1996; Peterman and Grove 2010; Gaidies et al. 2017; Ogilvie and Gibson 8 

2017). Symplectite complexes exemplify such coexistence between the products and the 9 

reactant. They are typically characterised by a complex and vermicular intergrowth of two or 10 

more secondary phases, which crystallised simultaneously due to the destabilisation of a 11 

primary phase caused by the changing pressure and/or temperature conditions (Spry 1969; 12 

Barker 1998). The omphacite in exhumed UHP eclogites, upon decompression, generally 13 

disintegrates to diopside-plagioclase symplectite, which gradually transforms into amphibole-14 

plagioclase aggregate due to retrogression in the presence of hydrous fluids (Martin and 15 

Duchêne 2015; Martin 2019). Partial breakdown of omphacite to amphibole-plagioclase 16 

symplectite due to late-stage hydrous fluid influx has also been observed (Massonne 2012). 17 

The textural attributes of their intergrowth, such as lamellar or granular, correlate with slow 18 

and fast exhumation, respectively (Anderson and Moecher 2007). The lamellar spacing in 19 

diopside-plagioclase symplectite can also be used to estimate temperatures (Joanny et al. 20 

1991). Most importantly, symplectitisation involves the inheritance of the crystallographic 21 

preferred orientations (CPOs) of the precursor parent phase by the daughter crystals 22 

(Heidelbach and Terry 2013; Spruzeniece et al. 2017a; Zertani et al. 2024). 23 

Deformation experiments have demonstrated that a diopside-plagioclase aggregate is 24 

plastically weaker than pure clinopyroxene (Dimanov and Dresen 2005). Hydration and 25 

amphibole formation can further lower the bulk plastic strength of the aggregate (Marti et al. 26 

2018).  Thus, symplectitisation, which also involves grain size reduction, should naturally result 27 



This manuscript is currently under review in Contributions to Mineralogy and Petrology 

5 
 

in the rheological weakening of eclogites (Jamtveit et al. 2016; Zertani et al. 2024). A recent 28 

CPO study shows that the symplectite constituents in the UHP eclogite of the Western Gneiss 29 

Region (Norway) deformed via grain size-sensitive (GSS) creep (Zertani et al. 2024). 30 

Nevertheless, Mansard et al. (2020) performed deformation experiments to demonstrate that 31 

the absence of interconnected layers of fine-grained reaction products could inhibit or impede 32 

bulk rock weakening. Although the reaction-induced decrease in the grain size and 33 

consequent switch to GSS creep is predicted to be more efficient during retrogression (Brodie 34 

and Rutter 1987), it is not impossible for the products of positively dilatant transformation 35 

reactions to experience intracrystalline plastic deformation via dislocations (Greenwood and 36 

Johnson 1965; White and Knipe 1978; Poirier 1982, 1985). 37 

Despite the interrelationships between metamorphism and deformation, previous 38 

workers assessed either the geochemical (O’Brien 1993; Brodie 1995; Martin 2019) or the 39 

microstructural (Odashima et al. 2007; Heidelbach and Terry 2013; Spruzeniece et al. 2017a; 40 

Zertani et al. 2024) attributes of symplectite. Consequently, the mechanisms facilitating the 41 

deformation of the symplectitic minerals at the initial and final stages of their growth in naturally 42 

deformed eclogites remain poorly understood. This contribution examines one eclogite and 43 

two garnet amphibolites from the Tso Morari region. In the eclogite, we investigated the 44 

deformation characteristics of the Na-rich clinopyroxene and the symplectitic minerals, which 45 

either partially or completely replaced the former. We have further integrated the compositional 46 

and textural features of the symplectitic amphiboles to reconstruct their sequential 47 

development and deformation. The crystallographic preferred orientations and mineral 48 

chemistries of the symplectitic amphiboles are also compared with those in the eclogite matrix 49 

and the garnet amphibolites to discern the characteristic variations with retrogression. Our 50 

inferences are based on thin section petrography, electron microprobe data, and electron 51 

backscattered diffraction study. 52 

 53 



This manuscript is currently under review in Contributions to Mineralogy and Petrology 

6 
 

2. Geological Setting 54 

The Tso Morari Crystallines (TMC) is a part of the Indian Trans-Himalaya. It lies to the 55 

immediate south of the Indus Tsangpo suture zone (Fig. 1a). Structurally, the TMC is a 56 

northwesterly trending antiformal dome and forms the footwall of the detachment faults that 57 

separate it from the surrounding lithounits, i.e., Nidar Ophiolite in the north and Tetragoal 58 

Nappe in the south (de Sigoyer et al. 2004; Buchs and Epard 2019) (Fig. 1b). The variably 59 

deformed granite gneiss, also known as the Tso Morari Gneiss or the Puga Gneiss, contain 60 

boudinaged metabasite (retrograded eclogite and garnet amphibolite) layers that occur nearly 61 

parallel to the gneissic foliations. The eclogite units within the TMC are proposed to be derived 62 

from either the Permian basalt of the Panjal Traps (Spencer et al. 1995; Jonnalagadda et al. 63 

2019) or the Early Cretaceous Ladakh ophiolites (Ahmad et al. 2022). Recently, Imayama et 64 

al. (2024) used trace element geochemistry and U-Pb geochronology to demonstrate that 65 

Early Paleozoic bimodal and multi-stage magmatism, in a continental rift setting, produced the 66 

protoliths of the TMC gneiss and metabasite. Epard and Steck (2008) also reported 67 

undeformed granitic bodies separating the metabasite boudins and postulated the cogenetic 68 

origin of the felsic and mafic protoliths. The protolith to the eclogite boulder (17-6C, Fig. 1a) 69 

from the north of the Zildat Shear Zone could have been an island-arc basalt instead (Imayama 70 

et al. 2024). Previous studies have identified mineral assemblages corresponding to the 71 

prograde path (e.g., St-Onge et al., 2013), eclogite-facies peak metamorphism (de Sigoyer et 72 

al. 1997; Wilke et al. 2015; Palin et al. 2017; Pan et al. 2020; Dey et al. 2023), granulite facies 73 

thermal peak (St-Onge et al. 2013; Chatterjee and Jagoutz 2015), and amphibolite-facies 74 

retrogression (Mukherjee et al. 2003; Chatterjee and Jagoutz 2015) from the metabasites. The 75 

corresponding P-T conditions estimated by the authors are listed in Table ST1 in 76 

Supplementary File S1. The metamorphic evolution of the metabasites is extensively studied 77 

and, therefore, numerous P-T paths have been proposed, which suggest that the TMC rocks 78 

subducted to at least 70 km of depth, experienced a thermal maximum during the nearly 79 

isothermal decompression, and exhumed along a higher geothermal gradient after the peak 80 
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temperature. Although the metamorphic history of the felsic component of the TMC is relatively 81 

less investigated, textural evidence of peak-pressure metamorphism in the eclogite facies is 82 

present (Guillot et al. 1997; Bidgood et al. 2023), including the quartz after coesite 83 

pseudomorph in the unstrained Early Ordovician granite exposed near Polokongka La 84 

(Bidgood et al. 2021), which is also reported to be the protolith of the Tso Morari Gneiss (Girard 85 

and Bussy 1999). Epard and Steck (2008) identified four deformation phases from the Tso 86 

Morari Gneiss and the overlying nappes, all related to their extrusion, i.e., occurred after the 87 

peak pressure eclogite facies metamorphism. They have also reported that oriented relics of 88 

omphacite in the eclogite are rare and, therefore, proposed that the eclogite facies or UHP 89 

deformation was weak and characterised by static recrystallisation of omphacite. In contrast, 90 

de Sigoyer et al. (1997, 2004) proposed that the peak pressure deformation (2.3 GPa and 580 91 

± 60 °C) at ~ 55 Ma caused the omphacite in the eclogite to recrystallise dynamically and 92 

develop the preferred alignment. 93 

 94 

 95 

 96 

 97 

Fig. 1 Geological maps of the study area. 
(a) Geological map of the Himalayan 
orogen (reproduced from Dutta and 
Mukherjee, 2021). The yellow circles mark 
the locations of major cities/towns. The 
black triangles mark the major mountain 
peaks. The black unfilled square 
demarcates the study area. (b) Geological 
map of the Tso Morari region (redrawn 
after de Sigoyer et al., 2004 and Epard and 
Steck, 2008). 
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3. Analytical methods 98 

Three non-oriented samples, 17-6C, 19-8B, and 20-2, are studied (Fig. 1b). Sample 17-99 

6C is an eclogite (fig. SF1 in the Supplementary File S1) collected from the north of the Zildat 100 

Shear Zone. The garnet amphibolite samples 19-8B and 20-2 are collected from within the 101 

metasedimentary sequence that mantles the Tso Morari Gneiss. Samples 17-6C and 19-8B 102 

are non-foliated and, therefore, sliced along random directions to prepare the thin sections, 103 

whereas the weakly foliated sample 20-2 lacks clear lineation and, therefore, is cut along the 104 

dip direction and perpendicular to the foliation. The thin sections are used for petrography and 105 

electron microprobe analysis. Rock chips (1.3 cm × 1.3 cm in area and 0.5 cm thick), one each 106 

from samples 17-6C, 20-2, and 19-8B, are sliced using the Buehler IsoMet Low-Speed Saw. 107 

Struers 0.25 µm diamond paste is used for the final polishing of the thin sections and the rock 108 

chips. The analysed surfaces of the rock chips of samples 19-8B and 20-2 are parallel to their 109 

respective thin sections. The rock chips are used for backscattered electron imaging, electron 110 

microprobe analysis, and electron backscattered diffraction (EBSD) study. 111 

3.1 Thin section petrography and backscattered electron imaging 112 

The thin sections are used to perform the preliminary petrographic study with a 113 

polarizing microscope. Backscattered electron (BSE) images are acquired from the rock chips 114 

using the JEOL JXA-8230 electron probe microanalyzer at the Okayama University of Science, 115 

Japan. For BSE imaging, the working distance, beam current, and acceleration voltage are 116 

set to 11mm, 12 nA, and 15 kV, respectively. The rock chips were carbon-coated before BSE 117 

imaging and electron microprobe analysis. 118 

3.2 Electron microprobe analysis 119 

Mineral chemistry data are obtained from the thin sections and the rock chips using 120 

the JEOL JXA-8230 electron probe microanalyzer at the Okayama University of Science, 121 

Japan. The rock chips are mainly used to determine the mineral chemistries of the grains 122 
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present at the exact locations mapped using the EBSD (Sec. 3.3). The working conditions are 123 

the same as those used during BSE imaging. We used a beam spot size of 3 µm for the 124 

measurements. Routine analytical calibration is performed using natural and synthetic 125 

samples of the following silicates and oxides. Oxides of nine elements – Si, Al, Ti, Fe, Mn, Mg, 126 

Ca, Na, and K – are measured in wavelength dispersive X-ray spectrometry modes by 127 

acquiring the following X-ray lines – SiK, AlK, TiK, FeK, MnK, MgK, CaK, NaK, and 128 

KK. The ZAF correction algorithm is followed to perform the matrix corrections. An X-ray map 129 

is also acquired from the thin section of sample 17-6C to check whether the omphacite are 130 

zoned. The Al, Ca, Fe, Mg, Na, and Si intensities for omphacite and symplectite in the map 131 

are simultaneously measured with a 15 kV accelerating voltage and a 25 nA beam current. 132 

Mineral chemistries of the amphibole in the eclogite matrix are studied from the rock 133 

chips. The amphibole and plagioclase constituting the symplectite and the adjacent coarser 134 

clinopyroxene are targeted in the thin section and the chips of 17-6C. In 19-8B and 20-2, 135 

mineral chemistries of the amphibole are analysed from the respective rock chips. The 136 

clinopyroxene structural formula is normalized to four cations and six oxygens. For amphibole, 137 

the normalization assumes that the M4 site does not contain Mg, Fe, or Mn, and 138 

Si + Al + Ti + Mg + Fe + Mn = 13 (Stout 1972; Droop 1987). The plagioclase structural formula 139 

is recalculated based on eight oxygens. 140 

3.3 Electron backscattered diffraction (EBSD) study 141 

The EBSD data are acquired from the rock chips. Final polishing of the chips is carried 142 

out for four hours with 0.05 µm colloidal silica suspension using a vibratory polisher, following 143 

which they are coated with Osmium. EBSD mapping is carried out at the Department of Earth 144 

and Planetary Systems Science, Hiroshima University, Japan, using JEOL JSM-6390A SEM, 145 

equipped with a Nordlys EBSD detector and the AZtec software package (Oxford Instruments), 146 

at an accelerating voltage of 15 kV, working distance of 22 mm, pattern acquisition time of 96–147 

146 ms, and a sample tilt of 70°. 148 
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EBSD mapping is performed in five regions (Sites 1S, 1S-A, 2S, 5M, and 7M) of the 149 

eclogite sample 17-6C (fig. SF2 in Supplementary File S1). Site 1S is the largest among them. 150 

It contains multiple coarse clinopyroxene grains with similarly oriented long axes, which are 151 

mainly targeted for EBSD and, therefore, it is mapped using a step size of 3 µm. Two EBSD 152 

maps target the symplectite regions – Sites 1S-A (lies within Site 1) and 2S, targeting the 153 

symplectite categories S1 and S2 (discussed in Sec. 4.1.1), respectively. Sites 1S-A and 2S 154 

have smaller areas than Site 1S and are mapped at 1 µm step size. The symplectite regions 155 

are selected from locations that contain fewer or are located near the clinopyroxene grains 156 

with their long axes oriented nearly parallel to those in Site 1S. Site 5M focuses mainly on the 157 

matrix amphibole adjacent to a garnet porphyroblast. It is also mapped at a step size of 2 µm. 158 

A coarse quartz (Site 7M) from the eclogite matrix is mapped using a step size of 1 µm to 159 

better detect the intragranular orientation variations. An amphibole-rich region is mapped from 160 

the garnet amphibolite sample 19-8B at a step size of 3 µm. In sample 20-2, we mapped two 161 

adjacent regions composed mainly of elongated amphibole using step sizes of 2 µm. These 162 

regions are stitched together using the HKL Channel 5 Map Stitcher software package. The 163 

garnet amphibolites are included in the study to examine the differences in the texture, 164 

composition, and deformation mechanisms between their amphibole and those constituting 165 

the symplectite and the matrix in the eclogite. Some fine-grained clinopyroxenes in the 166 

symplectites are Ca-rich (diopsidic) (Table ST2 in the Supplementary File S1). They could not 167 

be indexed as a clinopyroxene phase separate from that of the more dominant Na-rich 168 

clinopyroxene during the EBSD mapping. Since the finer clinopyroxene is scarce in the 169 

symplectite and because this work focuses on the Na-rich clinopyroxene instead, we removed 170 

all the finer clinopyroxene from the symplectites while processing the EBSD data and did not 171 

analyse them further. 172 

The raw EBSD data are post-processed using the MTEX toolbox 5.10.2 (Hielscher 173 

and Schaeben 2008) on a MATLAB 2024b platform. Cleaning the raw data during post-174 

processing included discarding poorly indexed pixels, i.e., those with mean angular deviations 175 
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>1.5° and grains composed of less than five pixels. Grain reconstruction is performed using 176 

the Voronoi decomposition algorithm in MTEX (Bachmann et al. 2011). 10° is chosen as the 177 

threshold misorientation angle to define the grain boundaries. All Dauphine twin boundaries in 178 

quartz are also merged. The orientation distribution functions used to plot the pole figures are 179 

calculated using a de la Vallée Poussin kernel halfwidth of 10°. The pole figures for the 180 

symplectite regions are presented as lower hemisphere projections on equal-area nets using 181 

orientation data from all the indexed pixels, which are coloured as per the orientation colouring 182 

scheme (IPF key) of the corresponding mineral to ease the visual inspection of the orientation 183 

relationships between the grains of different phases. We use the one-point-per-grain scheme 184 

to plot the rest of the pole figures. They are contoured if there are at least 50 grains. The 185 

strengths of the crystallographic preferred orientations (CPOs) are reported only for those that 186 

are contoured using the misorientation index (Skemer et al. 2005). 187 

The EBSD data are also used to generate misorientation angle distributions (MADs) 188 

of neighbouring and randomly selected grain pairs. Intragranular or low-angle (2 to <10º) 189 

misorientation axis distributions are plotted for minerals only when their grains exhibit visible 190 

subgrain boundaries longer than 5 pixels. Maps illustrating the relative misorientation of each 191 

pixel within a grain to the mean orientation of the grain (mis2mean) are also generated to 192 

determine the extent of intragranular plastic deformation. For easier visualization, separate 193 

mis2mean maps are constructed for omphacite, amphibole, plagioclase, and quartz. 194 

Misorientation profiles, both point-to-point and cumulative (point-to-origin), are also 195 

constructed, following the MTEX-based script of Sikdar et al. (2023), along line segments 196 

within selected grains of omphacite, amphibole, plagioclase, and quartz to quantify the 197 

misorientations across the subgrain boundaries. 198 

 199 
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4. Results 200 

4.1 Petrography 201 

4.1.1 Sample 17-6C 202 

The eclogite consists of garnet, omphacite, amphibole, quartz, phengite, 203 

carbonate minerals, rutile and zoisite. The garnet porphyroblasts preserve the euhedral 204 

shapes, and their diameters range from 0.04 to 3 mm (Fig. 2a). Most of the porphyroblasts 205 

contain microfractures filled with amphibole, white mica, with or without quartz (fig. SF3a in 206 

Supplementary File S1). The omphacite is coarse, with equivalent grain diameters ranging 207 

between 0.1 mm and 0.6 mm. They have elliptical outlines with aspect ratios between 2 and 208 

28. They occur as clusters and mostly in the vicinity of the garnet porphyroblasts. Within each 209 

cluster, the omphacite exhibits a strong shape-preferred orientation (Fig. 2b,c). Some 210 

omphacite grains contain transgranular microfractures characterized by parallel walls, minor 211 

dilation, and negligible shear displacement parallel to the walls (Fig. 2c,d), most of which (not 212 

all of them) are filled with symplectites. (Fig. 2c,d). The quartz in the matrix exhibit conspicuous 213 

subgrain boundaries and fluid inclusion trails (Fig. 2e,f). Although the quartz-quartz boundaries 214 

are generally curved, with evident grain boundary migration (Fig. 2f), some are much straighter 215 

(fig. SF3b in Supplementary File S1) and probably belong to a remnant vein, as evident from 216 

the blocky nature of the quartz grains (fig. SF3b in Supplementary File S1). Prismatic 217 

amphibole grains (mapped for EBSD data in Site 5M) occur at boundaries of the garnet 218 

porphyroblasts (Fig. 2c) and away from them, with the latter being coarser (Fig. 2g). Coarse 219 

white mica is also present in the matrix (Fig. 2h). 220 

The eclogite contains abundant symplectite. These are characterized by the 221 

granular intergrowths of amphibole and plagioclase, sometimes together with fine 222 

clinopyroxene grains. Depending upon the extent and nature of omphacite replacement, three 223 

kinds of symplectite occurrences are observed in the eclogite – (i) partial replacement of the 224 

omphacite only along their peripheries (S1) (Fig. 2c,d), (ii) partial replacement along narrow 225 
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zones across the omphacite (Fig. 2h), and (iii) complete replacement (S2) with (Fig. 2j) or 226 

without (Fig. 2k) preserving the precursor grain shape. Some of the coarser amphibole grains 227 

in S1 have their long axes perpendicular to the adjacent omphacite boundary (fig. SF3c in 228 

Supplementary File S1). The amphibole grains in S2 are coarser at the peripheries than those 229 

towards the cores of the omphacite (Fig. 2j). Similarly, in the case of symplectites occupying 230 

narrow zones across omphacite, the amphibole grainsizes decrease towards the omphacite 231 

interfaces. (Fig. 2l). The coarser amphibole grains in all the symplectites are also relatively 232 

more euhedral than the finer ones (Fig. 2i–l). 233 

 234 

Fig. 2. Transmitted light photomicrographs and BSE images from the eclogite sample 17-6C. 235 

(a) Euhedral garnet porphyroblasts along with quartz and amphibole grains in the matrix 236 

(plane-polarized light). (b) Preferentially aligned, elliptical omphacite grains surrounded by 237 

symplectitic regions and matrix amphibole (plane-polarized light). (c) Omphacite grains in a 238 

matrix of quartz grains near a garnet porphyroblast in the eclogite. Retrograde amphibole 239 

grains are also present at the margin of the garnet porphyroblast. The omphacite grains are 240 

surrounded by symplectites (type S1), and most of them are fractured (yellow arrowheads). 241 

(d) Islands of partly symplectitised (type S1) omphacite within the amphibole matrix. (e,f) 242 

Cross-polarized photomicrographs of deformed quartz in the matrix with prominent subgrain 243 

boundaries (white arrowheads) and fluid inclusion trails (pink arrowheads). Migrated grain 244 

boundaries (blue arrowheads) are also visible. (g) Coarse and prismatic amphibole beside 245 

omphacite. (h) Coarse grains of white mica in the matrix alongside amphibole and garnet 246 

porphyroblast, with the latter containing inclusions of quartz. (i) Symplectitisation along the 247 

periphery of and across the omphacite grain. The thick bands of symplectite are nearly 248 

perpendicular to the long axis of the omphacite grains. The thinner linear stripes of coarse 249 

amphibole grains marked with the yellow arrows likely represent the original position of the 250 
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fractures along which symplectitisation initiated. (j) The shapes of the former omphacite grains 251 

are preserved despite their complete replacement by symplectite (type S2). (k) Pervasive 252 

symplectitisation (type S2) with little trace of the precursor omphacite grains. (l) Zoomed-in 253 

image of (i) illustrating the gradual decrease in the amphibole grainsizes (yellow arrows) away 254 

from the initial position of the fracture. Mineral abbreviations are after Whitney and Evans 255 

(2010). The yellow arrowheads in (c), (d), and (g) point to the fractures. 256 

 257 

Fig. 3. Transmitted light photomicrographs and BSE images of the garnet amphibolites. (a) 258 

Elongate amphibole grains surrounding a plagioclase-rich domain containing a fragment of a 259 

garnet porphyroblast. (b) An isolated patch of quartz-bearing plagioclase-rich domains 260 

containing garnet porphyroblasts. (c) Cross-polarized photomicrograph of a deformed quartz 261 

grain with a prominent subgrain boundary (white arrowheads) surrounded by amphibole grains. 262 

(d) Prismatic amphibole grains define the foliation that warps around the garnet porphyroblast 263 

at the center (plane-polarized light). (e) Cross-polarized photomicrograph of a deformed 264 

quartz grain with visible subgrain boundaries (white arrowheads). (f) Amphibole-rich layers 265 

separated by quartz-bearing plagioclase-rich layers.  (a-c) Sample 19-8B. (d-f) Sample 20-2. 266 

 267 

4.1.2 Sample 19-8B 268 

The garnet amphibolite is characterised by the mineral assemblage amphibole, 269 

plagioclase, garnet, quartz, ilmenite, and titanite. The plagioclase and quartz occur as isolated 270 

patches surrounded by amphibole (Fig. 3a,b). Subgrain boundary is present in some coarser 271 

quartz (Fig. 3c). Garnet porphyroblasts as well as ilmenite and titanite grains are more 272 

abundant than in sample 20-2 (Fig. 3a). 273 
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4.1.3 Sample 20-2 274 

The overall mineral assemblage is same as that of sample 19-8B and the 275 

amphibole grains are euhedral and prismatic. They exhibit a strong shape-preferred 276 

orientation such their overall arrangement defines the foliation, which is often deflected around 277 

the garnet porphyroblasts and, at some places, around the eye-shaped domains of plagioclase 278 

feldspar and quartz (Fig. 3d). Most of the quartz grains are finer than the amphibole grains 279 

and their long axes are oriented parallel to the foliation. Some of the coarser ones exhibit 280 

subgrain boundaries (Fig. 3e), though not as prominent as those in the eclogite matrix. The 281 

amphibole-rich layers are separated by those of euhedral and granular plagioclase feldspar 282 

and quartz, with the former being much more abundant than the latter (Fig. 3f). The garnet 283 

porphyroblasts are present in both amphibole-rich and plagioclase-rich layers. The coarser 284 

ones occur in the latter (Fig. 3f), whereas those in the amphibole-rich layers are relatively 285 

smaller. 286 

4.2 Mineral chemistry 287 

4.2.1 Eclogite (sample 17-6C) 288 

The coarse and elliptical clinopyroxene grains are Ca-Na clinopyroxene in 289 

composition (Table ST2 in Supplementary File S1). The Na contents of these grains lie within 290 

0.53–0.57 apfu and they plot in the omphacite field of the clinopyroxene classification diagram 291 

of Morimoto (1989) (fig. SF4a in Supplementary File S1). Ca-rich clinopyroxenes are very few. 292 

They are fine-grained and occur within the symplectite. Two such grains are analysed. They 293 

are diopside in composition with Na contents of 0.18 and 0.25 apfu (fig. SF4b in 294 

Supplementary File S1). The plagioclase in the symplectite is albite to oligoclase (Ab88.8–99.3 295 

An0.6–10.5 Or0.1–0.7) (fig. SF4c and Table ST3 in Supplementary File S1). 296 

The amphibole in the eclogite exhibits a wide range of compositions (Table ST4 297 

in Supplementary File S1). Those in the matrix (Amp-M) mostly plot in the Tschermakite field 298 
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of the C(Al+Fe3++2Ti) vs. A(2Ca+Na+K) classification diagram of Hawthorne et al. (2012) (Fig. 299 

4a). The A(2Ca+Na+K) and C(Al+Fe3++2Ti) contents lie within 0.14–0.70 apfu and 1.36–2.48 300 

apfu, respectively. Their Si contents and Mg/(Mg+Fe2+) ratios range between 5.70–6.97 apfu 301 

and 0.62–0.97 (Fig. 4b). The BNa and TAl contents of these matrix amphibole range from 0.46–302 

0.89 apfu and 1.03–2.30 apfu, respectively (Fig. 4c). Their C(Al+Ti+Fe3+) + A(Na+K) content 303 

varies from 1.81–2.83 apfu (Fig. 4d). 304 

The amphibole in the two varieties of symplectite (Sec. 4.1.1) exhibits slightly 305 

variable compositions. Those forming the symplectite that partially replaced the omphacite 306 

grains along their peripheries (Amp-S1) (Fig. 2d,e) have their A(2Ca+Na+K) and 307 

C(Al+Fe3++2Ti) contents within 0.21–0.63 apfu and 0.47–1.21 apfu, respectively (Fig. 4a). The 308 

Si contents and Mg/(Mg+Fe2+) ratios of these amphibole grains range between 6.75–7.34 apfu 309 

and 0.72–0.84 (Fig. 4b). The C(Al+Fe3++2Ti) contents for most of these grains are lower than 310 

those constituting the matrix (Amp-M), whereas their Si contents are higher than the latter. 311 

The BNa (0.02–0.30 apfu) and C(Al+Ti+Fe3+) + A(Na+K) (0.70–1.72 apfu) contents are also 312 

lower than Amp-M (Fig. 4c,d). Compositionally, the Amp-S1 grains mostly plot in the 313 

magnesiohornblende fields in the C(Al+Fe3++2Ti) vs. A(2Ca+Na+K) (Hawthorne et al. 2012) 314 

and Si vs. Mg/(Mg+Fe2+) (CaA < 0.5) (Leake et al. 1997) classification diagrams. The second 315 

category of amphibole (Amp-S2) is present in the symplectite that wholly replaced the 316 

precursor omphacite. These Amp-S2 grains exhibit A(2Ca+Na+K) and C(Al+Fe3++2Ti) contents 317 

of 0.02–0.50 apfu and 0.24–1.28 apfu, respectively (Fig. 4a). The Si contents and 318 

Mg/(Mg+Fe2+) ratios of these grains range between 7.29 –7.79 apfu and 0.74–0.85 (Fig. 4b). 319 

The Na content at the B-site and the C(Al+Ti+Fe3+) + A(Na+K) content for Amp-S2 vary from 320 

0.07–0.41 apfu and 0.28–1.77 apfu, respectively (Fig. 4c,d), both of which are lower than those 321 

of Amp-M. 322 



This manuscript is currently under review in Contributions to Mineralogy and Petrology 

17 
 

 323 

Fig. 4. EPMA-derived amphibole mineral chemistry data from the eclogite and garnet 324 

amphibolite samples. Classification diagrams for calcic amphibole (a) after Hawthorne et al. 325 

(2012) and (b) after Leake et al. (1997). Correlation plots of (c) Altotal (TAl+CAl) vs. BXCa, (d) 326 
C(Al+Fe3++Ti) + A(Na+K) vs. TAl (Robinson et al. 1971), and (e) TAl v/s BNa (Brown 1977).  327 

Amp-S1 and Amp-S2 refer to the amphibole present in the two categories of symplectite, and 328 

Amp-M refers to the matrix amphibole (Sec. 4.2.1). Abbreviations-: Fe-Act: ferro-actinolite, Fe-329 

Hbl: ferro-hornblende, Fe-Ts: ferri-tschermakite, and Mg-Hbl: magnesiohornblende. The rest 330 



This manuscript is currently under review in Contributions to Mineralogy and Petrology 

18 
 

of the mineral abbreviations are after Whitney and Evans (2010). Microprobe data of 331 

amphibole from the eclogites of the Western Gneiss Region (Norway) are also shown for 332 

easier comparison (Martin 2019). The mineral formula for this data is also recalculated based 333 

on 23 oxygens and 13 cations (excluding Ca, Na, K). The triangles and squares correspond 334 

to the amphibole of the symplectite and matrix around the garnet porphyroblasts, respectively. 335 

The degree of retrogression and amphibole content of the symplectites increases from sample 336 

616-1 to 616-3 to 616-5. 337 

 338 

4.2.2 Garnet amphibolites (samples 19-8B and 20-2) 339 

The amphibole in the two garnet amphibolite samples is compositionally similar 340 

(Tables ST5 and ST6 in Supplementary File S1). However, some compositional differences 341 

exist between the amphibole of the garnet amphibolites and that of the eclogite. Firstly, these 342 

amphiboles mostly plot in the Tschermakite fields of the C(Al+Fe3++2Ti) vs. A(2Ca+Na+K) and 343 

the Si vs. Mg/(Mg+Fe2+) classification diagrams of Hawthorne et al. (2012) and Leake et al., 344 

(1997), respectively (Fig. 4a). The A(2Ca+Na+K) and C(Al+Fe3++2Ti) contents of the amphibole 345 

of sample 20-2 vary between 0.07–0.33 apfu and 1.42–1.93 apfu, respectively, whereas those 346 

of sample 19-8B fall within the range 0.08–0.30 apfu and 1.36–1.75 apfu, respectively. 347 

Although the C(Al+Fe3++2Ti) content is comparable to that of the amphibole of the eclogite 348 

matrix, it is much higher than that of the symplectite. The Si content of the amphibole in 349 

samples 19-8B and 20-2 is in the range of 5.98–6.65 apfu and 6.18–6.73 apfu, respectively, 350 

and are lower than most of the matrix amphibole and all the amphibole that constitute the 351 

symplectites of the eclogite (Fig. 4b). Similarly, the Mg/(Mg+Fe2+) ratio of the amphibole in 352 

both samples 19-8B and 20-2 lie within 0.47–0.66 and are lower than those of the eclogite 353 

(Fig. 4b). The amphibole grains of sample 19-8B and 20-2 show similar BNa (Fig. 4c) and 354 

C(Al+Ti+Fe3+) + A(Na+K) (Fig. 4d) contents that range within 0.15–0.30 apfu and 1.40–2.18 355 

apfu, respectively. These values are lower than those of the matrix amphibole grains in the 356 

eclogite sample 17-6C. 357 
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4.3 Petrofabric analysis 358 

4.3.1 Crystallographic preferred orientations 359 

Site 1S from sample 17-6C comprises elliptical omphacite grains surrounded by 360 

much finer grains of amphibole (Fig. 5a, fig. SF2a in Supplementary File S1). Although the 361 

overall orientation of each omphacite is different from the others, the lack of variations in the 362 

orientations within each grain is evident in the orientation (IPF-X) map (Fig. 5b). The 363 

amphibole CPO distributions show that their <001> are concentrated at three isolated 364 

locations that are distributed along a girdle (Fig.5c). The <100> and <010> are also distributed 365 

along girdles at a low angle to one another. The girdle for the <100> is nearly parallel to the 366 

overall orientation of the long axes of the omphacite grains of the EBSD mapped area (Fig. 367 

5c). The pole figures for this region demonstrate that the CPO distributions of the amphibole 368 

(Fig. 5c) nearly match with those of the omphacite (Fig. 5d). Such a correlation is also 369 

observed in Site 1S-A (Fig. 5e,f, fig. SF2b in Supplementary File S1). 370 

The amphibole (Fig. 5g) and the omphacite (Fig. 5h) CPOs generated from Site 371 

1S-A of sample 17-6C are also nearly similar. However, unlike Site 1S, the three axes of the 372 

amphibole and omphacite exhibit point maxima. Within Site 1S-A, the <001> and <010> of 373 

plagioclase (Fig. 5i) exhibit point maxima, whereas the <100> is distributed along a girdle that 374 

is nearly parallel to the plane on which the long axis of the omphacite at the centre (Fig. 5e) 375 

lies. Moreover, the <001> and <010> of plagioclase in Site 1S-A are almost parallel to the 376 

<100> and <001>, respectively, of the omphacite and amphibole and the omphacite long axes. 377 
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 378 

Fig. 5. Phase maps, orientation (IPF-X) maps, and mineral CPOs from the symplectite regions 379 

of the eclogite sample 17-6C. (a), (e), and (j) are the phase maps for Site 1S, Site 1S-A, and 380 

Site 2S, respectively. (b), (f), and (k) are the orientation maps for Site 1S, Site 1S-A, and Site 381 

2S, respectively. All orientation data points are plotted in the pole figures. Each data point in 382 

the pole figures is coded according to the orientation colour scheme (IPF key) of the 383 

corresponding mineral provided at the bottom left. The pole figures are presented as equal 384 
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area, lower hemisphere projections (except for plagioclase, for which the upper hemisphere 385 

projections are also shown). The red diamonds at the peripheries of the pole figures mark the 386 

mean orientation of the omphacite grains. The ‘bilbao’ colormap of Crameri (2018) is used. n 387 

= number of orientation data points and M = misorientation index (Skemer et al. 2005). 388 

 389 

 390 

Fig. 6. Phase maps, orientation (IPF-X) maps, and mineral CPOs from the matrix of the 391 

eclogite sample 17-6C. (a) phase map for Site 5M. (b) orientation map for Site 5M. The (c) 392 

amphibole and (d) white mica pole figures are plotted following the one-point-per-grain 393 

scheme. The pole figures are presented as equal area, lower hemisphere projections. The 394 

‘bilbao’ colormap of Crameri (2018) is used. n = number of orientation data points, N = number 395 

of grains, and M = misorientation index (Skemer et al. 2005). 396 

 397 

The EBSD mapped symplectite of Site 2S (fig. SF2c in Supplementary File S1) 398 

lacks omphacite and mainly comprises fine-grained plagioclase in a coarse amphibole. A few 399 

white mica grains are also present (Fig. 5j,k). The three amphibole axes cluster at about the 400 

same location of the equal-area net as those of the previous Site 1S-A (Fig. 5l). Although the 401 

plagioclase <001> and <010> are mainly concentrated in two clusters and the <100> forms a 402 

weak girdle, the overall distributions in the three pole figures are relatively weaker than that of 403 

Site 1S-A (Fig. 5m). In addition to the plagioclase <001> and <010> being parallel to the <100> 404 

and <001>, respectively, of the amphibole, some of the plagioclase grains also have their 405 

<100> and <010> parallel to the those of some amphibole grains (marked with black 406 
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arrowheads in Fig. 5l,m). The white mica <001> is clustered, whereas the <100> and <010> 407 

exhibit girdle distributions (Fig. 5n). 408 

A few (<20) amphibole and white mica grains from the matrix of the eclogite 409 

sample 17-6C are also mapped for EBSD data (Fig. 6a,b). The amphibole <001> and <100> 410 

are clustered, whereas the <010> are distributed along a girdle (Fig. 6c). The <001> of the 411 

white mica is also concentrated at a point, but the <100> and <010> exhibit girdle distributions 412 

(Fig. 6d). 413 

 414 

Fig. 7. Phase maps, orientation maps, and mineral CPOs from the garnet amphibolite samples. 415 

(a) and (e) are the phase maps for samples 19-8B and 20-2, respectively. (b) and (g) are the 416 

orientation maps for samples 19-8B and 20-2, respectively. The one-point-per-grain pole 417 

figures of (c,d) 19-8B and (g,h) 20-2 are presented as equal area, lower hemisphere 418 

projections. They are contoured to multiples of uniform density when at least 50 grains are 419 

present. The ‘bilbao’ colormap of Crameri (2018) is used. The gray diamonds at the 420 

peripheries of the pole figures mark the mean orientation of the amphibole grains. N = number 421 

of grains and M = misorientation index (Skemer et al. 2005). 422 
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 423 

The EBSD data from sample 19-8B is also obtained from a region dominated by 424 

amphibole (Fig. 7e). Intragrain variations in amphibole are more prominent than those in 425 

quartz (Fig. 7f). The amphibole in this sample shows strong CPOs (Fig. 7g). The <001> is 426 

concentrated in four isolated clusters, three of which lie on a girdle that passes through the 427 

center of the equal area net. The <100> exhibits a point maximum as well. The two clusters 428 

are formed near the periphery of the equal area net and at about 45 to the girdle formed by 429 

the <001>. The <010> is distributed along a girdle parallel to the periphery and forms a cluster 430 

near the center of the equal area net. The quartz CPOs are weak (Fig. 7h). 431 

In sample 20-2, amphibole is dominant in the region mapped for EBSD data with 432 

much fewer quartz (Fig. 7e). Intragrain changes in orientations in the amphibole are visible in 433 

the orientation map (Fig. 7f). The CPO distributions of the amphibole (Fig. 7g) are relatively 434 

stronger than those of quartz (Fig. 7h). The <001> and <010> of the amphibole are distributed 435 

along girdles that are nearly parallel to the periphery of the equal area net, i.e., the surface of 436 

observation of the sample. The CPO of the latter is relatively weaker than the former. The 437 

<100> CPO is strongly clustered. The poles to the (0001), {11-20}, and {10-10} of quartz, on 438 

the other hand, do not exhibit any preferred orientation (Fig. 7h). 439 

4.3.2 Misorientation analysis 440 

The low-angle (2–<10°) and correlated high-angle (≥10°) misorientation axes, 441 

referred to as LAXs and HAXs, respectively, henceforth, of the amphibole in Site 1S-A of 442 

sample 17-6C show strong crystallographic control (Fig. 8a-c). The LAXs are mainly 443 

distributed along the (100) with maxima parallel to <001> and <010>, the latter being more 444 

prominent (Fig. 8a). The HAXs are preferentially oriented parallel to the <001> with two sub-445 

maxima parallel to the poles of (100) and (-100) (Fig. 8b,c). The LAXs in the case of Site 2S 446 

are mainly distributed on (100) with a cluster parallel to <001>. But their overall distribution is 447 
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weaker than that of Site 1S-A (Fig. 8d). The HAXs are also more randomly distributed 448 

compared to those of Site 1S-A (Fig. 8e). 449 

 450 

Fig. 8. Distributions of the low-angle (LAX, 2–<10°) and correlated high-angle (HAX, ≥10–451 

160°) misorientation axes in crystal coordinate systems. Amphibole (a) LAXs and (b,c) HAXs 452 

from the symplectite Site 1S-A. Amphibole (d) LAXs and (e) HAXs from the symplectite Site 453 

2S. Plagioclase (f) LAXs and (g) HAXs from the symplectite Site 1S-A. Plagioclase (h) LAXs 454 

and (I,j) HAXs from the symplectite Site 2S. The blue dots represent individual axis 455 

orientations, which are contoured to multiples of uniform density represented by the colorbars. 456 

The ‘bilbao’ colormap of Crameri (2018) is used. n = number of misorientation axes. 457 

 458 

The plagioclase LAXs from Site 1S-A are present as isolated clusters in the 459 

crystal reference frame. These clusters are aligned along the (-310) and (010). The most 460 

dense cluster occurs nearly parallel to the <001> (Fig. 8f). The HAXs of these plagioclase 461 

grains are mostly either parallel to the <001> axes or perpendicular to the (010) (Fig. 8g). 462 

Plagioclase LAXs from Site 2S are much fewer in number but are distributed mainly along the 463 

(130) (Fig. 8h). The HAXs, on the other hand, exhibit more random distributions compared to 464 

those of the amphibole and plagioclase of Site 1S-A (Fig. 8i,j). 465 
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 466 

Fig. 9. Distributions of the low-angle (LAX, 2–<10°) and correlated high-angle (HAX, ≥10–467 

160°) misorientation axes in crystal coordinate systems. LAXs of (a) amphibole and (b) quartz 468 

grains from the eclogite matrix. (c) LAXs and (d,e) HAXs of the amphibole grains from the 469 

garnet amphibolite sample 19-8B. (f) LAXs and (g,h) HAXs of the amphibole grains from the 470 

garnet amphibolite sample 20-2. The rest of the description is the same as that of Fig. 8. 471 

 472 

The LAXs of amphibole and quartz from the eclogite matrix exhibit strongly 473 

preferred distributions in their respective crystal coordinate systems. Unlike the symplectite 474 

amphibole, the LAXs of matrix amphibole are parallel to the <-121>, which is nearly parallel to 475 

the pole to the (-100). Some LAXs are also parallel to the <001> (Fig. 9a). The quartz LAXs 476 

are dominantly parallel to <0001>, while the rest are parallel to the poles of the (01-12), (01-477 

11), (-1102), and (-1101) (Fig. 9b). The distribution of the LAXs of amphibole of sample 19-8B 478 

is like that observed for the amphibole LAXs of sample 17-6C. They are mostly distributed 479 

parallel to the (100) and strong clusters parallel to the <001> axis and nearly parallel to the 480 



This manuscript is currently under review in Contributions to Mineralogy and Petrology 

26 
 

<013> (Fig. 9c). The HAXs are also preferentially oriented with maxima parallel to the <-100> 481 

and two sub-maxima parallel to the <013> and to the poles of the (201) (Fig. 9d,e). In sample 482 

20-2, the LAXs of amphibole (Fig. 9f) show strongly preferred distributions. Unlike those in 483 

sample 17-6C, they are mostly parallel to the poles of the (110) and (100), with relatively fewer 484 

being parallel to the <001>. Their HAXs are strongly clustered parallel to the <001> and 485 

perpendicular to the (100) in the crystal reference frame (Fig. 9g,h). 486 

 487 

Fig. 10. Misorientation angle distributions (MADs). (a) Amphibole and (b) plagioclase MADs 488 

from Site 1S-A of the eclogite sample 17-6C. (c) Amphibole and (d) plagioclase MADs from 489 

Site 2S of sample 17-6C. MADs of amphibole grains from the garnet amphibolite samples 490 

(e) 19-8B and (f) 20-2. The vertical bars represent the frequency distribution of the random-491 

pair misorientations. The neighbour-pair and theoretical misorientation angle distributions 492 

are represented by the red and dark green frequency curves. 493 

The misorientation angle distributions (MADs) for neighbour-pair and random-494 

pair of grains are determined. Since the frequencies of low-angle (2–<10°) boundaries are 495 

higher than those of the rest of the bins, the neighbour-pair MADs corresponding to 496 
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misorientations of 10° or higher are shown only. Within Site 1S-A, both the neighbour-pair and 497 

random-pair MADs of amphibole (Fig. 10a) and plagioclase (Fig. 10b) are discontinuous and 498 

particularly characterized by the scarce or complete lack of neighbour- and random-pairs of 499 

grains with misorientations ranging between 55–135°. The frequencies of the neighbour-pair 500 

and random-pair MADs of amphibole and plagioclase are higher than their theoretical 501 

distributions for misorientations <50° and >160°. The neighbour-pair and random-pair MADs 502 

of amphibole in Site 2S are mainly restricted to lower angles (<20°), where both the MADs 503 

show higher frequencies than the theoretical distribution (Fig. 10c). Adjacent amphibole with 504 

higher misorientations are scarce and discontinuous. The neighbour-pair MAD of plagioclase 505 

shows higher frequencies than the random-pair and theoretical distributions for <50° 506 

misorientations. The frequencies drop between 50–160°, lower than the theoretical distribution, 507 

but follow the random-pair distribution. The neighbour-pair MAD is higher than the rest of the 508 

two again at >160° misorientations (Fig. 10d). The frequencies of the random-pair MAD 509 

increase gradually with the misorientation angles. Still, they remain lower than those of the 510 

theoretical distribution within 55–155° (Fig. 10d). 511 

In sample 19-8B, the random- and neighbour-pair MADs of amphibole are nearly 512 

similar. However, the former is lower than the latter in the angular ranges 15–60° and >115°. 513 

The frequencies of both distributions are higher than the theoretical distribution at <40° and 514 

95–105° (Fig. 10e). The neighbour-pair and random-pair MADs of amphibole in the garnet 515 

amphibolite sample 20-2 show distinct deviation from the theoretical and are characterised by 516 

a plateau at intermediate misorientation (35–150°). The neighbour-pair and random-pair 517 

MADs closely follow each other throughout and exhibit lower frequencies than those of the 518 

theoretical distribution only within 65–145°. (Fig. 10f).  519 

 520 
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 521 

Fig. 11. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 522 

profiles from the eclogite sample 17-6C. (a) mis2mean map of omphacite from Site 1S. (b) 523 

mis2mean map and (c) misorientation profile of one of the omphacite grains (red arrowhead 524 

in (a)). (d) mis2mean map of the omphacite from Site 1S-A. (e) mis2mean map and (f) 525 

misorientation profile of one of the grains (red arrowhead in (d)). The black arrowheads in 526 

the misorientation profiles point to the misorientation angle peaks corresponding to the 527 

subgrain boundaries. The ‘lajolla’ colormap of Crameri (2018) is used for all the mis2mean 528 

maps. Each colour bar represents the angular range of misorientation of the corresponding 529 

map/grain. 530 

 531 

Fig. 12. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 532 

profiles of selected plagioclase grains from the eclogite sample 17-6C. (a) mis2mean map of 533 

plagioclase in the symplectite from Site 1S-A. (b-d) mis2mean maps of selected plagioclase 534 

grains (red arrowhead in (a)). Misorientation profiles along (e) A-B, (f) C-D, and (E-F) line 535 

segments in the plagioclase grains of (b), (c), and (d), respectively. The rest of the description 536 

is the same as that of Fig. 11. 537 
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 538 

Fig. 13. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 539 

profiles of selected grains from the eclogite sample 17-6C. mis2mean map of (a) all amphibole 540 

grains and (b) one selected amphibole grain (red arrowhead in (a)) from the symplectite in 541 

Site 1S-A. (c) Misorientation profile along the A-B line segment in (b). (d) mis2mean map of 542 

amphibole in the symplectite from Site 2S. (e) mis2mean map of a selected amphibole grain 543 

(red arrowhead in (d)). The misorientation profile along the line segments C-D is illustrated in 544 

(f). (g) mis2mean map of amphibole from the matrix (Site 5M). (h) mis2mean map of a selected 545 

amphibole grain (red arrowhead in (g)). The misorientation profiles along the line segments 546 

E-F and G-H are illustrated in (i) and (j), respectively. (k) mis2mean map of a quartz grain from 547 

the matrix (Site 7M). (i) illustrates the misorientation profiles along the line segment I-J. The 548 

rest of the description is the same as that of Fig. 11. 549 

 550 

 551 
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 552 

Fig. 14. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 553 

profiles of selected grains from the garnet amphibolites. (a) mis2mean map of amphibole from 554 

the sample 19-8B. (b) and (c) are the misorientation profiles along the line segments A–B and 555 

C–D, respectively, marked in (a). The mis2mean map of (d) all the amphibole grains and (e,f) 556 

two selected amphibole grains (red arrowheads in (d)) from the sample 20-2. (g) and (h) 557 

illustrate the misorientation profiles along the line segments (e) E–F and (f) G–H, respectively. 558 

The rest of the description is the same as that of Fig. 11. 559 

 560 

Maps depicting the intragranular misorientations between each pixel and the 561 

mis2mean and misorientation line profiles within selected grains with visible subgrain 562 

boundaries show that subgrains are scarce in omphacite and much more prominent in the rest 563 

of the minerals. The omphacite from Site 1S (Fig. 11a) of sample 17-6C shows a maximum 564 

mis2mean value of 12° (Fig. 11b). The misorientation angle across the subgrain boundary is 565 

nearly 4° (Fig. 11c). Another finer omphacite grain from Site 1S-A (Fig. 11d) has a maximum 566 

mis2mean value of 3.6° (Fig. 11e) and misorientation variation across the only subgrain 567 

boundary is slightly above 2° (Fig. 11f). Some of the plagioclase grains present in the 568 

symplectite of Site 1S-A (Fig. 12a) show relatively higher maxima of mis2mean values of 14° 569 

(Fig. 12b), 9° (Fig. 12c), and 9° (Fig. 12d) with the misorientations across some of the subgrain 570 

boundaries being >6° (Fig. 12e,f,g). The amphiboles from the same symplectite region (Site 571 

1S-A) also show a mis2mean maximum of 13.7° (Fig. 13a). One of these grains with well-572 
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developed subgrain boundaries shows a maximum mis2mean value of 9° (Fig. 13b) with the 573 

misorientation angle across the subgrain boundaries ranging between 5° to ~10° (Fig. 13c). 574 

Subgrains are also present in some amphiboles in the matrix of the eclogite 575 

sample 17-6C (Fig. 13g). The maximum mis2mean value in one of these grains is 9.5° (Fig. 576 

13h), and the change in the misorientation angles across some of its subgrain boundaries are 577 

nearly 8° (Fig. 13i) and 5° (Fig. 13j). One of the quartz grains in the eclogite matrix consists of 578 

subgrain boundaries much longer than those preserved in the amphibole grains (Fig. 13k). 579 

The misorientations across these boundaries range within 3–6° (Fig. 13l). The amphibole in 580 

sample 19-8B also contain subgrains (Fig. 14a). The misorientations across these range within 581 

3–8° (Fig. 14b,h). Subgrain boundaries are also present in some of the amphiboles in sample 582 

20-2 (Fig. 14d–f), with the misorientations across some of them being >8° (Fig. 14g,h). 583 

 584 

5. Discussions 585 

5.1 Deformation characteristics of the symplectite and matrix constituents in the eclogite 586 

5.1.1 Omphacite 587 

Omphacite occurs as clusters of elliptical grains. Although the omphacites within 588 

a cluster exhibit a clear shape preferred orientation, which reportedly developed at ~580 °C 589 

(de Sigoyer et al. 2004), they do not appear to be strongly deformed by dislocation creep, 590 

because of which the intragranular misorientation variation is gentle and subgrain boundaries 591 

are scarce and poorly developed (Fig. 11). Omphacite can deform via dislocation creep and 592 

produce subgrains at temperatures as low as ~470 °C (Piepenbreier and Stöckhert 2001). 593 

Previous thermobarometric (e.g., de Sigoyer et al., 1997; St-Onge et al., 2013) and EBSD-594 

based CPO studies (Dutta and Mukherjee 2021; Dey et al. 2022) have shown that the eclogite 595 

and the enclosing granite gneiss of the Tso Morari region have experienced temperatures 596 

>600 °C. Given the insignificant dynamic recrystallization of the omphacite in the eclogite 597 

sample 17-6C, post-deformation annealing at an elevated temperature, such as the predicted 598 
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thermal peak for the Tso Morari eclogite at mid-crustal depths (7–12 kbar) during exhumation 599 

(Guillot et al. 1997; de Sigoyer et al. 1997; St-Onge et al. 2013; Wilke et al. 2015), could be 600 

responsible for limited subgrain development (Brenker et al. 2002). 601 

Despite restricted subgrain development, omphacite exhibits clustered CPO 602 

distributions (Figs 5d,h). Therefore, we infer that the omphacite CPOs have resulted from their 603 

anisotropic growth, which has previously been observed in eclogites (Godard and Van 604 

Roermund 1995; Mauler et al. 2001; Stöckhert 2002; Rogowitz and Huet 2021). In most cases, 605 

the anisotropic shapes of omphacite crystals are attributed to their oriented growth, which also 606 

produces the strong CPOs. Diffusive mass transfer processes such as dissolution-607 

precipitation, diffusion creep, and pressure solution can further accentuate the shape (Mauler 608 

et al. 2001; Cao et al. 2011; McNamara et al. 2024), and result in asymmetric zoned omphacite 609 

crystals (Stünitz et al. 2020; McNamara et al. 2024). The lack of chemically zoned omphacite 610 

grains in the studied eclogite 17-6C (fig. SF5 in Supplementary File S1) suggests that volume 611 

diffusion or Nabarro-Herring creep produced the anisotropic crystals. 612 

Unlike the scarcity of plastic deformation signatures, brittle fractures are more 613 

prominent in the omphacite grains. Most of these transgranular fractures have developed 614 

parallel to the short axis of the grains (Fig. 2c,d,g). These fractures originated as Mode-I or 615 

extensional fractures because they do not exhibit shear displacement parallel to their walls 616 

(Paterson and Wong 2005). Although tectonic forces can produce brittle fracture, it is common 617 

for them to originate in metamorphic rocks due to fluid overpressure (Pennacchioni 1996; 618 

Wawrzenitz et al. 2019) or reaction-induced volume change (Jamtveit et al. 2009) or both 619 

(Engvik et al. 2001). Limited permeability coupled with continued fluid ingress can result in 620 

stress perturbations at the grain boundaries and, consequently, fracturing of the grains (Cox 621 

and Etheridge 1989; Pennacchioni 1996; Brander et al. 2012; Kelemen and Hirth 2012). 622 

Hydration reaction or mineral transformation characterised by volume increase or density 623 

lowering can also generate stresses high enough to facilitate grain-scale fracturing. For 624 

example, Engvik et al. (2001) reported fractured garnet due to grain-scale volume increase 625 
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caused by localised hydration of olivine, diopside, and orthopyroxene to amphibole and talc in 626 

the gabbro from the UHP Western Gneiss Region (Norway). Replacement of rutile by titanite 627 

and subsequent fracturing of the former due to the positive dilatancy of the reaction is another 628 

such example (Wawrzenitz et al. 2019). The amphibole-plagioclase (± diopside) symplectite 629 

after omphacite in the studied eclogite was produced by Omphacite + SiO2 → Diopside + Na-630 

Plagioclase + H2O → (Na,Ca)-Amphibole + Na-Plagioclase (± Diopside). The products 631 

diopside (density = 3.2 g cm-3), Na-plagioclase (2.6 g cm-3), and Na-Ca-Amphibole (3.1 g cm-632 

3) are less dense than the reactant Omphacite (3.4 g cm-3) (Deer et al. 2013) and thus will 633 

occupy larger volumes than their parent. Therefore, we propose that the fractures in the 634 

omphacite grains originated at their peripheries in response to the stress perturbations 635 

resulting from the combined effect of localised fluid overpressures because of restricted 636 

permeability and volume increase associated with the symplectitisation. We observed that the 637 

traces of (100), the common cleavage of omphacite (Deer et al. 2013), are parallel to the 638 

shorter axes of some of the omphacite grains in the EBSD mapped regions (fig. SF6 in 639 

Supplementary File S1). They acted as weak planes and dictated the orientation of the 640 

transgranular fractures, which were subsequently invaded by hydrous fluids producing the 641 

narrow bands of symplectitised zones (Fig. 2c,d,i). 642 

5.1.2 Plagioclase and Amphibole 643 

The plagioclase investigated in this study belongs to the symplectite complexes 644 

produced due to the breakdown of the omphacites, and they, along with amphibole in the 645 

symplectite complexes, mainly display clustered point distributions (Fig. 5c,g,i,l,m). In the case 646 

of amphibole, these point clusters are occasionally distributed over girdles (Figs 5c). Overall, 647 

their CPO distributions demonstrate crystallographic inheritance from the parent omphacite, 648 

which is typical for the product phases of breakdown reactions forming symplectite 649 

(McNamara et al. 2012; Heidelbach and Terry 2013; Rehman et al. 2016; Cao et al. 2020; 650 

Zertani et al. 2024; Chatterjee et al. 2024). For instance, in the studied eclogite sample 17-6C, 651 

the following crystallographic relationships are observed between the product amphibole and 652 
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plagioclase grains and their parent omphacite crystals: <001>Amp//<001>Omp, 653 

<010>Amp//<010>Omp, and <100>Amp//<100>Omp (Fig. 5c,d,g,h). These parallelisms are 654 

particularly demonstrated in the symplectites from Sites 1S and 1S-A, with the latter 655 

resembling the symplectite category S1 (Fig. 5c,d,g,h). Similar crystallographic relationships 656 

(<010>Plag//<001>Omp and <001>Plag//<100>Omp) are also demonstrated between plagioclase 657 

and omphacite in Site 1S-A (Fig. 5h,i). Furthermore, the <100> and <001> of amphibole and 658 

plagioclase, respectively, belonging to the symplectite, are oriented parallel to the long axes 659 

of their parent omphacite (Fig. 5c,d,g–i). The symplectite of Site 2S, where the parent 660 

omphacite is completely consumed by the amphibole-plagioclase symplectite (category S2), 661 

also preserves the expected crystallographic relationships between amphibole and 662 

plagioclase, such as <001>Amp//<010>Plag and <100>Amp//<001>Plag (Fig. 5l,m). The orientations 663 

of the amphibole <100> and plagioclase <001>, in this case, probably indicate the long axis 664 

direction of the parent omphacite. 665 

The high degree of misfits between the theoretical and random-pair MADs of the 666 

amphiboles and plagioclases in the mapped symplectite regions are a consequence of the 667 

non-random CPO distributions (Fig. 10a–d), which have also caused the greater frequencies 668 

of the neighbour-pair MADs than both the random-pair and theoretical MADs at lower angles 669 

(<60°). Such high frequencies of neighbour-pair MADs could also result from subgrain rotation 670 

recrystallization (Svahnberg and Piazolo 2010), but the crystallographic relationships between 671 

the parent omphacite, amphibole, and plagioclase discussed above suggest that inheritance 672 

during replacement is more likely to have resulted in such correlated neighbour-pair MADs 673 

(Wheeler et al. 2001). 674 

The LAX distributions of plagioclase present in Site 1S-A, assuming tilt 675 

geometries for the subgrain boundaries, are roughly consistent with <201>(010), with minor 676 

contributions from <001>(010) and <001>(-310) slip systems (Fig. 8f). Of these, <001>(010) 677 

and <201>(010) have been previously reported as slip directions for plagioclase, which 678 

deformed naturally by dislocation creep (Olsen and Kohlstedt 1984; Ji and Mainprice 1990; 679 
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Kruse et al. 2001; Svahnberg and Piazolo 2010; Allard et al. 2021). The LAXs of amphibole in 680 

the mapped symplectite of Site 1S-A are preferentially distributed parallel to the (100) with 681 

clusters parallel to the <010> (Fig. 8a), suggesting that intracrystalline deformation was 682 

dominantly accommodated by the <001>(100) slip system if we assume a tilt subgrain 683 

boundary (Lloyd et al. 1997). Although the amphibole and plagioclase LAXs from Site 2S are 684 

preferentially distributed along the (100) and (130), respectively, the HAXs between the pairs 685 

of adjacent amphibole (Fig. 8e) and plagioclase (Fig. 8i,j) are also more randomly distributed 686 

in the crystal reference frames compared to those of Site 1S-A (Fig. 8a,f). One of the 687 

possibilities for such distribution could be that the symplectite constituents of Site 2S, unlike 688 

those of Site 1S-A, were deformed in the presence of hydrous fluid by grain boundary sliding 689 

(Jiang et al. 2000; Svahnberg and Piazolo 2010; Fukuda and Okudaira 2013). 690 

<001>(100) is the primary slip system for amphibole deformed via dislocation 691 

creep and has been widely reported in experimentally (Dollinger and Blacic 1975; Rooney et 692 

al. 1975; Morrison-Smith 1976; Ko and Jung 2015) as well as naturally deformed rocks 693 

(Skrotzki 1992; Berger and Stünitz 1996; Díaz Aspiroz et al. 2007; Cao et al. 2010; Elyaszadeh 694 

et al. 2018). Since the slip direction and misorientation axis should be perpendicular for a tilt 695 

boundary, dominance of <001>(100) cannot explain the cluster of intragrain misorientation 696 

axes parallel to the <001>. Such discordance, in the absence of evidence of microfracture or 697 

rigid body rotation in the symplectite amphibole, possibly suggests that the subgrain 698 

boundaries are composed of both tilt and twist characteristics, and each LAX in the observed 699 

cluster parallel to the <001> resulted as the average of multiple misorientation axes associated 700 

with different slip systems (Lloyd 2004; Díaz Aspiroz et al. 2007). Crystal distortion and 701 

subgrain boundary development are also observed in the amphibole of the eclogite matrix (Fig. 702 

12g–j). The LAXs for these amphiboles cluster on the (001) and at low-angles to the <010>, 703 

implying glide of dislocations on either <-100>(001) or <001>(100) systems (Fig. 8f). Slip on 704 

the (001), however, would require the amphibole I-beam chains to break (Hacker and Christie 705 

1990), and is reported only from single hornblende crystals deformed experimentally at 706 



This manuscript is currently under review in Contributions to Mineralogy and Petrology 

36 
 

≤600°C (Morrison-Smith 1976). Therefore, <001>(100) is more likely to be the active slip 707 

system. 708 

Microstructural observations in naturally and experimentally produced 709 

symplectites indicate that either diffusion creep (Zertani et al. 2024) or dislocation creep 710 

(Odashima et al. 2007; Zhao et al. 2012) or sequential operation of these mechanisms (Doi et 711 

al. 2014) can facilitate their post-nucleation deformation. Symplectite with constituent grains 712 

lacking evident intracrystalline plastic deformation is also reported (e.g., Heidelbach and Terry, 713 

2013). Although the point-maxima CPO distributions of amphibole and plagioclase of the 714 

symplectites examined in this study are majorly inherited from the parent omphacites, the 715 

contributions of dislocation-mediated deformation of the amphibole and plagioclase cannot be 716 

discarded entirely. The strong crystallographic control on the LAX distributions of amphibole 717 

(Fig. 8a,d) and plagioclase (Fig. 8f) and the evident subgrain boundary development (Figs 11, 718 

12a–f) supports the possibility of their deformation via dislocation creep (Díaz Aspiroz et al. 719 

2007; Keppler et al. 2016; Van Der Werf et al. 2017; Liu and Cao 2023). Continuous lattice 720 

bending of at least some of the plagioclase (Fig. 12) and amphibole (Fig. 13a–c) grains present 721 

within Site 1S-A is also evident in the mis2mean maps. Moreover, lack of subgrains in the 722 

parent omphacite grains (Fig. 10) precludes the possibility of inheritance of deformed lattice 723 

and subgrain walls (Bestmann et al. 2005; Svahnberg and Piazolo 2010; McNamara et al. 724 

2012; Spruzeniece et al. 2017b). Boundaries shared by slightly misoriented (<10°) adjacent 725 

grains crystallising from a common parent can be recognised as intragrain boundaries, which 726 

are typically inferred as products of plastic distortion in EBSD-derived orientation maps 727 

(Pearce et al. 2013). However, it is unlikely that the low-angle misorientation axes in such 728 

cases will exhibit non-random distributions in the crystal coordinate system.  729 

Because of the largely continuous subgrain boundaries in the amphibole grains, 730 

we infer that 450°C marks the lower limit at which the grains deformed plastically (Biermann 731 

and Van Roermund 1983; Reynard et al. 1989; Elyaszadeh et al. 2018). The amphibole in the 732 

symplectite complexes precipitated as direct replacements of the omphacite and diopside of 733 
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the diopside-plagioclase symplectite in the presence of hydrous fluids. Because plagioclase 734 

crystallised before the invasion of fluids and amphibole crystallisation, it is likely that its 735 

deformation began under dry conditions and, perhaps, continued in the presence of hydrous 736 

fluid as the amphiboles started to precipitate. However, the evidence at hand does not allow 737 

us to distinguish between the two.  Dry plagioclase grains generally deform by brittle fracturing 738 

at low metamorphic grade conditions (<580 °C), whereas dislocation creep dominates at 739 

temperatures >600 °C (Olsen and Kohlstedt 1985; Kruse and Stünitz 1999; Altenberger and 740 

Wilhelm 2000; Kruse et al. 2001; Baratoux et al. 2005).  741 

Deformation experiments have demonstrated that wet anorthites and albites are 742 

weaker (Fukuda et al. 2022; Baïsset et al. 2024) and deform in the dislocation creep regime 743 

at temperatures at least ~150 °C lower than that of the dry aggregates (Tullis and Yund 1980; 744 

Rybacki and Dresen 2000, 2004). Dislocation creep activity has also been observed at 745 

<500 °C in naturally deformed plagioclase (Shigematsu and Tanaka 2000). Therefore, plastic 746 

deformation and development of subgrain boundaries in the plagioclase grains (Fig. 11) were 747 

active even when the eclogite had exhumed to depths corresponding to <10 kbar pressure. 748 

The Na occupancies at the B-sites (Fig. 4c) further tell us that the amphibole in the 749 

symplectites formed at lower pressures than that of the matrix (Brown 1977; Palin et al. 2014).  750 

5.1.3 Quartz 751 

Quartz, one of the constituents of the eclogite matrix, consists of prominent 752 

subgrain boundaries (Fig. 2e,f) with misorientations between ~3° and 6° (Fig. 13 k,l). Such 753 

well-developed subgrain boundaries indicate that quartz accommodated deformation via the 754 

dislocation creep (e.g., Hirth and Tullis, 1992; Vernon, 2018). Assuming tilt subgrain 755 

boundaries, the clustering of the LAXs parallel to the <0001> implies the dominance of {m}<a> 756 

slip system (Lloyd et al. 1997). Additional slip systems such as the {z}<a> and {r}<a> were 757 

also active because several other LAXs are parallel to the poles of the (01-12) and (-1102), 758 

respectively (Fig. 9b). These microstructural observations suggest deformation of the matrix 759 
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quartz in the temperature range of 400 to <600 °C (Baëta and Ashbee 1969; Wilson 1975; 760 

Schmid and Casey 1986; Stipp et al. 2002). Dey et al. (2022) have also reported {m}<a> slip 761 

system as the most common one from the quartz present in the matrix of retrograded and 762 

symplectite-bearing eclogites of the TMC from near the Kyagar Tso lake. Moreover, the EBSD-763 

based c-axis study performed by Dutta and Mukherjee (2021) on the relict quartz grains 764 

present in the samples of granite gneiss, which surrounds the Tso Morari eclogites, also 765 

indicate dominance of the {m}<a>, {r}<a>, and {z}<a> slip systems. Quartz c-axis opening 766 

angle thermometry results reported by Long et al. (2020) from the granite gneiss also suggests 767 

a maximum deformation temperature of ~535 °C at pressures of 10 kbar (~35 km) or lower. 768 

These temperature estimates also match those predicted for the late-stage retrogression of 769 

the eclogite and metasedimentary rocks of the region in the amphibolite-greenschist facies 770 

conditions at <11 kbar (Guillot et al. 1997; Mukherjee et al. 2003). 771 

5.2 Symplectite origin and evolution 772 

Diopside-plagioclase symplectite (± amphibole ± quartz) is most commonly observed 773 

in the retrograded (U)HP eclogites (Joanny et al. 1991; Will and Schmädicke 2001; Štípská 774 

and Powell 2005; Groppo et al. 2007; Palmeri et al. 2009; Lanari et al. 2013; Renedo et al. 775 

2015; Imayama et al. 2017; Dey et al. 2023; Zertani et al. 2024), whereas there are fewer 776 

reports of symplectite with amphibole modal amounts greater than that of the coexisting 777 

diopsidic clinopyroxene (Zhang et al. 2008; Scott et al. 2013; Liu et al. 2013; Martin 2019). 778 

The symplectite complexes of the studied eclogite sample 17/6C are almost entirely composed 779 

of amphibole and plagioclase (Fig. 5e,j). Ca-clinopyroxene grains are either much fewer than 780 

those of amphibole (Fig. 4b; Supplementary File S2) or non-existent.  781 

Symplectite, regardless of the composition and hydroxyl ion content of the intergrown 782 

phases, requires aqueous fluid to form (Martin and Duchêne 2015; Spruzeniece et al. 2017a). 783 

Previous studies on eclogites containing amphibole-plagioclase symplectite also agree that 784 

infiltration of water or water-rich fluid produced the amphibole that either replaced the  785 
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 786 

Fig. 15. Schematic figure illustrating the sequential development of the two categories of 787 

symplectite in the studied eclogite. (a) Omphacite and quartz assemblage in the eclogite at or 788 

immediately after peak pressure. Progressive symplectitisation and development of (b-d) S1 789 

and (e-g) S2 symplectites. Greater supply of hydrous fluids generated more amphibole grains 790 

in the latter case. The relatively thinner peripheries of the omphacite grains in (b-d) than in (e-791 

g) also represent the availability of more hydrous fluids in the latter. (h) and (i) show magnified 792 

illustrations of the omphacite-symplectite interfaces for the S1 and S2 symplectites, 793 

respectively. An additional Stage IV can be visualized for the S1 and S2 symplectites as 794 

reduced size and disappearance, respectively, of the omphacite grains. 795 

 796 

omphacite (Liu et al. 2013; Tichomirowa and Köhler 2013) or the older diopsidic clinopyroxene 797 

in the symplectite at amphibolite facies conditions (Di Vincenzo and Palmeri 2001; Martin 798 

2019). Although these studies did not characterise the source of the fluids, Martin (2019) 799 

argued that complete retrogression of omphacite into symplectite can only be achieved by an 800 

influx of external fluids. The author added that the breakdown of peak-pressure hydrous 801 

minerals, such as phengite, can also release fluids rich in hydrous components during 802 

decompression, and these fluids can produce amphibole crystals within the symplectite. 803 

However, because of the limited supply of such internally originated fluids, the replacement of 804 

omphacites by amphibole-bearing symplectites will be partial only. Numerous relict omphacite 805 

grains, only partially replaced by the amphibole-plagioclase symplectite (S1) at their 806 

peripheries, persist in the studied sample 17/6C (Fig. 2c,d). However, several isolated regions 807 
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exist where the precursor omphacite grains are wholly transformed into amphibole-plagioclase 808 

symplectite (S2) (Fig. 2j,k). Such occurrences imply that fluid influx alone could not have driven 809 

the retrogression to completion. Its rate and extent should also have depended on the ease 810 

with which the fluid could permeate through eclogite (Straume and Austrheim 1999; Konrad-811 

Schmolke et al. 2011; Mindaleva et al. 2020). Therefore, although hydrous fluid must have 812 

infiltrated the Tso Morari eclogite, its limited permeability restricted complete symplectitisation 813 

of the omphacite to only a few isolated pockets. 814 

Grain boundary and microfracture can act as pathways and facilitate pervasive fluid 815 

permeation (Carter et al. 1990; Ferry 1994; Pennacchioni 1996; Jamtveit et al. 2008; Jonas et 816 

al. 2014; Mindaleva et al. 2020; Wirth et al. 2022) – a common occurrence at subduction 817 

interfaces (Lianxing et al. 2002; Konrad-Schmolke et al. 2011; Angiboust et al. 2014). O’Brien 818 

(1993) studied the retrogressed eclogites of the Münchberg Massif in Germany and reported 819 

the presence of clinopyroxene (‘less Na-rich’) + plagioclase symplectitic corona aound the 820 

matrix quartz grains but none around the quartz inclusions within the omphacites - except for 821 

the ones connected to the matrix via fractures. Such texture exemplifies the role of grain 822 

boundary fluid in symplectitisation during exhumation and fracture in enabling fluid migration. 823 

Moreover, microfracturing can also enhance the rate and severity of retrogression, as 824 

demonstrated by the retrogressed and symplectite-bearing eclogites of Furøya Island of the 825 

Western Gneiss Region in Norway (Straume and Austrheim 1999). Thus, it could be possible 826 

that greater fluid availability in isolated pockets and the relative ease of fracturing of the 827 

precursor omphacite grains in the vicinity of those pockets acted together to produce 828 

completely symplectitised regions (S2 symplectite) in sample 17/6C (Fig. 2j,k), which is also 829 

illustrated sequentially in Fig. 15a–g. Pennacchioni (1996) showed that infiltrated fluids can 830 

cause porphyroblasts of the stronger phases, such as garnet and clinopyroxene, to fracture. 831 

The author proposed that the absence of connected fluid pathways in the metabasites from 832 

the Mt Emilium Klippe (Italy) elevated the fluid pressure locally, promoted hydrofracturing of 833 

the garnet and clinopyroxene porphyroblasts, which in turn increased the reaction surface 834 
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area and facilitated their subsequent replacement by hydrous phases. He further observed 835 

that the retrograde replacement reactions remained confined to the boundaries of 836 

porphyroblasts devoid of fractures, a feature also abundant in the eclogite sample we studied 837 

(Fig. 2c,d), which further confirms that production of the amphibole-plagioclase symplectite in 838 

sample 17/6C must have progressed via dissolution-precipitation by the invading fluid (Putnis 839 

and Austrheim 2010; Spruzeniece et al. 2017a). 840 

The EPMA data of this study demonstrate that the amphiboles constituting the S1 841 

symplectite, Amph-S1, are relatively poorer in Si (6.78–7.24 apfu) than those present in S2 842 

(Amph-S2, Si = 7.29–7.79 apfu) symplectite (Fig. 4b). The Amph-S2 (TAl = 0.2-0.7 apfu) also 843 

plot closer to the origin along the 1:1 line in the C(Al+Ti+Fe3+) + A(Na+K) v/s TAl correlation 844 

diagram than Amph-S1 (TAl = 0.75–1.21 apfu) (Fig. 4d), further attesting to the sequential 845 

crystallisation of Amph-S2 after Amph-S1, with progressive retrogression and 846 

symplectitisation. The amphibole EPMA data from the matrix and symplectite of the UHP 847 

eclogite of the Western Gneiss Region (Martin, 2019) match closely with those of our sample, 848 

with the Al occupancies at the tetrahedral sites of amphibole from the most retrogressed 849 

sample being the least (Fig. 4d,e).  850 

The amphibole grains constituting the S1 symplectite have slight textural 851 

dissimilarities. Most of them are coarse and angular, whereas those closer to the omphacite 852 

boundaries are relatively finer and less angular in shape (fig. SF1c in Supplementary File S1). 853 

In the case of S2 symplectite, the finer amphibole grains are surrounded by the coarser ones 854 

(Fig. 2j,k). These textures suggest that omphacite replacement and symplectitisation 855 

progressed concentrically towards the cores of the grains such that the amphibole at the 856 

outermost rims crystallized at relatively higher temperatures, resulting in fewer nucleation sites 857 

with faster diffusion of ions and consequently coarser grains. As retrogression progressed, 858 

sluggish diffusion at relatively lower temperatures produced numerous finer-grained 859 

amphibole instead (Boland and Van Roermund 1983; Joanny et al. 1991; Lanari et al. 2013). 860 

Such a fluid-assisted concentric migration of sharp reaction fronts, facilitated by porosity 861 
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creation because of the crystallisation of new phases, into less deformed older porphyroblast 862 

is common in exhumed eclogite facies rocks (Putnis and Austrheim 2010; Konrad-Schmolke 863 

et al. 2011). These processes also explain the gradual decrease in grainsizes of the amphibole 864 

constituting the symplectite, which occur as narrow bands across the omphacite, towards the 865 

remnant fragments of the omphacite (Fig. 2i,l). The linear nature and parallel faces (the 866 

symplectite-omphacite interfaces on either side of the band) of these symplectitic bands 867 

across omphacite and the presence of unfilled fractures along the short axes of some of the 868 

omphacite grains (Fig. 2c,d) suggest that symplectitisation progressed along omphacite 869 

fractures. The coarser amphibole grains (Fig. 2i,l) are also arranged linearly parallel to the 870 

short axis of the omphacite grain and most likely represent the core of the fracture. Therefore, 871 

we infer that the microfractures in some omphacite grains were pivotal in facilitating their 872 

complete symplectitisation, which further confirms that the studied symplectite in the eclogite 873 

was porous. They allowed the fluid to pass through and react with the pristine faces of the 874 

omphacite grains they mantled because, otherwise, the eclogite would have lacked both 875 

partially (Fig. 2i) and completely (Fig. 2j) symplectitised omphacites. Our inferences, unlike 876 

those of Marti et al. (2018) and Zertani et al. (2024), agree with the experimental 877 

demonstrations of a simultaneous increase in both porosity and volume during pseudomorphic 878 

replacements (Putnis et al. 2007; Xia et al. 2009). 879 

5.3 Deformation of the garnet amphibolites 880 

5.3.1 Amphibole 881 

The strong CPOs of amphibole in both the garnet amphibolite samples (Fig. 7c,g) 882 

suggest they are well-deformed in the plastic regime. However, the effect of the shape-883 

preferred orientations of the amphibole grains of sample 20-2 (Fig. 3a–c) on its CPO cannot 884 

be negated entirely. Although the large misfits between the random-pair and theoretical MADs 885 

of amphibole (Fig. 10e,f) could be a consequence of their clustered CPOs (Wheeler et al. 886 

2001),  the prominent subgrain boundaries (Fig. 14) support their intracrystalline deformation 887 
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via the dislocation creep mechanism. The higher frequencies of the neighbour-pair 888 

misorientations at lower misorientation angles (10–<50) than that expected from a uniform 889 

distribution means that the adjacent grains are similarly oriented (Fig. 10e,f), which could 890 

either be an effect of the clustered CPO or imply subgrain rotation recrystallisation of the 891 

amphibole grains (Trimby et al. 1998; Wheeler et al. 2001). Strong ductile deformation of the 892 

amphiboles in both the garnet amphibolites is evident, nonetheless. The non-random 893 

distributions of their LAXs with respect to the crystallographic axes (Fig. 9c,f) also confirm the 894 

same (Díaz Aspiroz et al. 2007). The distribution of the LAXs of amphibole in sample 20-2 895 

shows a maximum that is nearly perpendicular to the (100) and (-100) planes with a sub-896 

maximum parallel to the <001> axes. Assuming tilt subgrain boundaries, which require the slip 897 

direction and the misorientation axis to be perpendicular and parallel, respectively, to the 898 

subgrain walls (Lloyd et al. 1997; Dutta et al. 2022), the former arrangement of LAXs could 899 

imply the dominance of either <001>(010) or <010>(001) slip systems. The cluster of LAXs 900 

parallel to <001> axes would imply activities of either <010>(100) or <201>(010) slip systems. 901 

In the case of the amphibole of sample 19-8B, the spread of their LAXs along the (100) plane 902 

and the maxima parallel to the <001> axes suggest either <010>(100) or <100>(010) to be 903 

the active slip systems. Amongst these, both <001>(010) and <100>(010) have been 904 

previously identified (Morrison-Smith 1976; Reynard et al. 1989; Skrotzki 1992; Díaz Aspiroz 905 

et al. 2007), but <010>(100) is documented as a ‘hard’ slip system and difficult to trigger in 906 

naturally deformed amphiboles (Elyaszadeh et al. 2018). Additionally, the clustering of 907 

amphibole intragrain misorientation axes around their <001> axes has also been attributed to 908 

microfracturing and minute rigid body rotations (Soret et al. 2019; Jung et al. 2021). But since 909 

dislocation creep activity in the amphibole grains cannot be refuted given the prominent 910 

subgrain boundaries detected by the EBSD analysis (Fig. 14), we propose that the cluster of 911 

amphibole LAXs parallel to their c-axes in both the amphibolites could have resulted due to 912 

simultaneous operation multiple slip systems (Díaz Aspiroz et al. 2007). 913 
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Although intracrystalline plastic deformation and subgrain formation in amphibole 914 

is essentially reported for temperatures above 600 C (Skrotzki 1990, 1992; Berger and Stünitz 915 

1996; Díaz Aspiroz et al. 2007; Cao et al. 2010), subgrains have also been observed in 916 

amphibole grains deformed naturally in the temperature range 450–600 C (Reynard et al. 917 

1989; Elyaszadeh et al. 2018). The pressures predicted by these authors range between 4–7 918 

kbar. Therefore, we propose 450 C as the minimum temperature at which the garnet 919 

amphibolites experienced plastic strain. The C(Al+Fe3++Ti) + A(Na+K) and TAl contents of 920 

amphibole of the garnet amphibolite samples are higher than those of the symplectitic 921 

amphiboles in the eclogite sample 17-6C (Fig. 4d), implying that they equilibrated at higher 922 

temperatures than the latter (Nyman and Tracy 1993; Díaz Aspiroz et al. 2007; Cao et al. 923 

2010). Furthermore, higher Al occupancy at the tetrahedral sites than the octahedral sites (Fig. 924 

SF7 in Supplementary File S1) and lower Na occupancy at the B sites (Fig. 4c) (which is also 925 

similar to those of the symplectitic amphiboles) also confirm their equilibration at low-pressure 926 

conditions (Brown 1977; Spear 1981, 1993; Palin et al. 2014). 927 

5.3.2 Quartz 928 

The quartz grains in both EBSD-mapped regions exhibit weak, nearly random 929 

CPOs (Fig. 7d,h) and lack subgrain boundaries. Although subgrains are present, they are 930 

limited to only a few coarse quartz grains in the thin sections (Figs 2e,f and 3b,f).  These 931 

observations imply that quartz deformed at temperatures higher than 280 C (Stipp et al. 2002), 932 

which caused some to develop strain-induced subgrains. Pervasive subgrain development in 933 

quartz at higher temperatures could have been limited because the thicker amphibole layers 934 

absorbed the strain (e.g., Tatham et al., 2008), whereas at lower temperatures, the strain rate 935 

was not high enough to trigger dislocation creep processes (Passchier and Trouw 2005). 936 
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5.4 Deformation v/s metamorphic reactions 937 

Omphacite breakdown in eclogites typically produces rheologically weaker diopside-938 

plagioclase symplectites, which, in the presence of aqueous fluids, further transform into 939 

amphibole-plagioclase symplectites under amphibolite facies conditions (Martin 2019). 940 

Replacement reactions such as the ones producing symplectite are typically characterised by 941 

a reduction of bulk strength (reaction weakening) and grainsizes (Marti et al. 2018; Mansard 942 

et al. 2020; Zertani et al. 2024). Therefore, syn-metamorphic deformation of the reaction 943 

products progresses via grainsize sensitive creep mechanisms, viz. diffusion or dissolution-944 

precipitation creep (McNamara et al. 2024; Zertani et al. 2024). Although rare, cases of 945 

grainsize insensitive or dislocation creep are also reported for symplectite (Odashima et al. 946 

2007; Zhao et al. 2012; Doi et al. 2014). Intracrystalline deformation, accommodated by 947 

dislocation motion, of the products of mineral transformation and replacement, particularly 948 

those that are inherently weaker, such as the plagioclase and amphibole, than their parents, 949 

can be triggered by the stress perturbations arising out of the volume increase resulting from 950 

the replacement reactions during retrogression (Greenwood and Johnson 1965; White and 951 

Knipe 1978; Poirier 1982, 1985; Brodie and Rutter 1985). Therefore, it is likely that despite 952 

their granular nature, the plagioclase and amphibole grains in the studied symplectite 953 

complexes deformed via dislocation creep. 954 

The symplectite complexes investigated in this work consist of amphibole and 955 

plagioclase intergrowths, with a few grains of diopside, suggesting that the abundant 956 

amphibole crystals have most likely formed due to hydrous replacement of the earlier formed 957 

diopside grains. The two varieties of symplectites, S1 and S2, which we examined using EBSD, 958 

are symplectitised to varied extents, i.e., the latter contains no omphacite and a greater 959 

proportion of amphibole grains. We inferred (Sec. 5.2) this characteristic to be the 960 

consequence of heterogeneous distribution of the aqueous fluid in the eclogite because of its 961 

heterogeneous permeability (Fig. 15a–g). We further propose that the observed differences in 962 

the deformation mechanisms of plagioclase comprising the symplectites of Site 1S-A (type 963 
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S1) and Site 2S (type S2) also resulted from the heterogeneous fluid distribution. Limited 964 

availability of hydrous fluid at Site 1S-A, coupled with increased stresses at the omphacite-965 

symplectite interface (Fig. 15h), allowed the development of subgrain structures via dislocation 966 

activity in the weaker plagioclase grains even in the presence of the diopside grains 967 

(Greenwood and Johnson 1965; Kenkmann and Dresen 1998). The amphibole grains (Amph-968 

S1) that replaced the diopsides later also deformed in the dislocation creep regime for the 969 

same reasons. Elevated stresses at the omphacite-symplectite interface also explain the 970 

subgrain boundaries in the plagioclase and amphibole grains adjacent to the omphacite crystal 971 

in Site 1S-A (Figs 11a and 12a). 972 

In contrast, decoupling between the precursor omphacite and the symplectite of Site 973 

2S, due to the relatively higher supply of hydrous fluid (Fig. 15i), inhibited stress concentrations 974 

around the omphacite (Kenkmann and Dresen 1998) and, consequently, the plagioclase 975 

grains deformed via diffusion creep accommodated grain boundary sliding, which randomized 976 

their HAXs (Fig. 8i,j) (Jiang et al. 2000; Svahnberg and Piazolo 2010). The randomly 977 

distributed HAXs (Fig. 8e) suggest that the amphibole grains of Site 2S also experienced grain 978 

boundary sliding, which was accommodated by dislocation motion instead and, consequently, 979 

produced the low-angle boundaries seen in the coarser crystals (Fig. 13d–f). We further 980 

propose that, owing to the relatively greater proportion in both Site 1S-A and Site 2S compared 981 

to the plagioclase grains, the amphibole grains behaved as the load-bearing framework and 982 

continued to deform plastically by absorbing most of the strain (Brodie and Rutter 1985) even 983 

after the cessation of fluid ingress and symplectitisation. 984 

 985 

6. Conclusions 986 

Symplectite complexes are products of transformation/replacement reactions formed 987 

during retrogressive metamorphism. Diopside-plagioclase symplectite commonly originates in 988 

(U)HP eclogites due to decompression-induced destabilisation of omphacite. Subsequent 989 
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hydration of the diopside component produces amphibole-plagioclase symplectite. Partial 990 

breakdown of omphacite to amphibole-plagioclase symplectite can also occur due to late-991 

stage hydrous fluid influx. We investigated the deformation and mineralogical characteristics 992 

of the omphacite, amphibole-plagioclase symplectite, and the matrix components (amphibole 993 

and quartz) of an eclogite sample from the (U)HP Tso Morari region in the northwestern Indian 994 

Himalaya. We focused on the two varieties of symplectite, which replaced the omphacites 995 

partly along their peripheries (S1 symplectite) and completely (S2 symplectite). Albeit rare, 996 

fine diopside (Na = 0.18–0.25 apfu) is present in both S1 and S2, suggesting that amphibole 997 

replaced most of the precursor diopside during late-stage hydration. The omphacite grains 998 

(Na = 0.53–0.57 apfu) generally contain fractures, most of which are filled with symplectite. 999 

These fractures preferentially originated along the traces of the (100) cleavages due to the 1000 

stress perturbations generated by the volume increase associated with symplectitisation and 1001 

the localised overpressure generated by the fluids. The omphacite grains are chemically 1002 

unzoned and devoid of subgrains, suggesting that they deformed via the body diffusion creep, 1003 

which also resulted in their anisotropic and elliptical shapes. The consequent strong CPOs are 1004 

inherited by amphibole and plagioclase constituting the symplectites (both S1 and S2) such 1005 

that <001>Omp//<001>Amp//<010>Plag, <010>Omp//<010>Amp, and <100>Omp//<100>Amp//<001>Plag. 1006 

The amphiboles in S1 (Amph-S1) are poorer in Si (6.75–7.34 apfu) compared to those in S2 1007 

(Amph-S2; Si = 7.29–7.79 apfu), demonstrating crystallisation of Amph-S2 at lower 1008 

temperatures than Amph-S1 during retrogression. The heterogeneous distribution of the 1009 

hydrous fluid, because of the heterogeneous permeability in the eclogite, was responsible for 1010 

the varied degrees of symplectitisation. Relatively lower fluid supplies to S1 and elevated 1011 

stresses at the omphacite-symplectite interface allowed the plagioclase grains to deform via 1012 

dislocation activity, with <201>(010) and <001>(010) as the probable slip systems. In contrast, 1013 

due to greater fluid availability, the plagioclase in S2 deformed via diffusion creep 1014 

accommodated grain boundary sliding. Subgrain walls, with misorientations (4–9°) 1015 

comparable to those observed in the amphiboles of the eclogite matrix and garnet 1016 

amphibolites, are present in some of the coarser Amph-S1 and Amph-S2 grains, suggesting 1017 
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dislocation activity. The LAX distribution of the Amph-S1 grains is consistent with the known 1018 

<001>(100) slip system for amphiboles, which is also predicted for those in the eclogite matrix. 1019 

In contrast, the Amph-S2 grains deformed via grain boundary sliding, accommodated by 1020 

dislocation creep. These characteristics suggest that plastic deformation of the amphiboles 1021 

continued till the eclogite and garnet amphibolites reached depths corresponding to <10 kbar 1022 

pressure, which also agrees with the lower Na occupancies (<1.0 apfu) at their B-sites. 1023 

 1024 
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Figure Captions 1554 

Fig. 1. Geological maps of the study area. (a) Geological map of the Himalayan orogen 1555 

(reproduced from Dutta and Mukherjee, 2021). The yellow circles mark the locations of major 1556 

cities/towns. The black triangles mark the major mountain peaks. The black unfilled square 1557 

demarcates the study area. (b) Geological map of the Tso Morari region (redrawn after de 1558 

Sigoyer et al., 2004 and Epard and Steck, 2008). White filled circles mark sample locations. 1559 

 1560 

Fig. 2. Transmitted light photomicrographs and BSE images from the eclogite sample 17-6C. 1561 

(a) Euhedral garnet porphyroblasts along with quartz and amphibole grains in the matrix 1562 

(plane-polarized light). (b) Preferentially aligned, elliptical omphacite grains surrounded by 1563 

symplectitic regions and matrix amphibole (plane-polarized light). (c) Omphacite grains in a 1564 

matrix of quartz grains near a garnet porphyroblast in the eclogite. Retrograde amphibole 1565 

grains are also present at the margin of the garnet porphyroblast. The omphacite grains are 1566 

surrounded by symplectites (type S1), and most of them are fractured (yellow arrowheads). 1567 

(d) Islands of partly symplectitised (type S1) omphacite within the amphibole matrix. (e,f) 1568 

Cross-polarized photomicrographs of deformed quartz in the matrix with prominent subgrain 1569 

boundaries (white arrowheads) and fluid inclusion trails (pink arrowheads). Migrated grain 1570 

boundaries (blue arrowheads) are also visible. (g) Coarse and prismatic amphibole beside 1571 

omphacite. (h) Coarse grains of white mica in the matrix alongside amphibole and garnet 1572 

porphyroblast, with the latter containing inclusions of quartz. (i) Symplectitisation along the 1573 

periphery of and across the omphacite grain. The thick bands of symplectite are nearly 1574 

perpendicular to the long axis of the omphacites. The thinner linear stripes of coarse 1575 

amphibole grains marked with the yellow arrows likely represent the original position of the 1576 

fractures along which symplectitisation initiated. (j) The shapes of the former omphacite grains 1577 

are preserved despite their complete replacement by symplectite (type S2). (k) Pervasive 1578 

symplectitisation (type S2) with little trace of the precursor omphacites. (l) Zoomed-in image 1579 

of (i) illustrating the gradual decrease in the amphibole grainsizes (yellow arrows) away from 1580 

the initial position of the fracture. Mineral abbreviations are after Whitney and Evans (2010). 1581 

The yellow arrowheads in (c), (d), and (g) point to the fractures. 1582 

 1583 

Fig. 3. Transmitted light photomicrographs and BSE images of the garnet amphibolites. (a) 1584 

Elongate amphibole grains surrounding a plagioclase-rich domain containing a fragment of a 1585 

garnet porphyroblast. (b) An isolated patch of quartz-bearing plagioclase-rich domains 1586 

containing garnet porphyroblasts. (c) Cross-polarized photomicrograph of a deformed quartz 1587 
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grain with a prominent subgrain boundary (white arrowheads) surrounded by amphibole grains. 1588 

(d) Prismatic amphibole grains define the foliation that warps around the garnet porphyroblast 1589 

at the center (plane-polarized light). (e) Cross-polarized photomicrograph of a deformed 1590 

quartz grain with visible subgrain boundaries (white arrowheads). (f) Amphibole-rich layers 1591 

separated by quartz-bearing plagioclase-rich layers.  (a-c) Sample 19-8B. (d-f) Sample 20-2. 1592 

 1593 

Fig. 4. EPMA-derived amphibole mineral chemistry data from the eclogite and garnet 1594 

amphibolite samples. Classification diagrams for calcic amphiboles (a) after Hawthorne et al. 1595 

(2012) and (b) after Leake et al. (1997). Correlation plots of (c) Altotal (TAl+CAl) vs. BXCa, (d) 1596 

C(Al+Fe3++Ti) + A(Na+K) vs. TAl (Robinson et al. 1971), and (e) TAl v/s BNa (Brown 1977).  1597 

Amp-S1 and Amp-S2 refer to the amphibole present in the two categories of symplectite, and 1598 

Amp-M refers to the matrix amphibole (Sec. 4.2.1). Abbreviations-: Fe-Act: ferro-actinolite, Fe-1599 

Hbl: ferro-hornblende, Fe-Ts: ferri-tschermakite, and Mg-Hbl: magnesiohornblende. The rest 1600 

of the mineral abbreviations are after Whitney and Evans (2010). Microprobe data of 1601 

amphibole from the eclogites of the Western Gneiss Region (Norway) are also shown for 1602 

easier comparison (Martin 2019). The mineral formula for this data is also recalculated based 1603 

on 23 oxygens and 13 cations (excluding Ca, Na, K). The triangles and squares correspond 1604 

to the amphibole of the symplectite and matrix around the garnet porphyroblasts, respectively. 1605 

The degree of retrogression and amphibole content of the symplectites increases from sample 1606 

616-1 to 616-3 to 616-5. 1607 

 1608 

Fig. 5. Phase maps, orientation (IPF-X) maps, and mineral CPOs from the symplectite regions 1609 

of the eclogite sample 17-6C. (a), (e), and (j) are the phase maps for Site 1S, Site 1S-A, and 1610 

Site 2S, respectively. (b), (f), and (k) are the orientation maps for Site 1S, Site 1S-A, and Site 1611 

2S, respectively. All orientation data points are plotted in the pole figures. Each data point in 1612 

the pole figures is coded according to the orientation colour scheme (IPF key) of the 1613 

corresponding mineral provided at the bottom left. The pole figures are presented as equal 1614 

area, lower hemisphere projections (except for plagioclase, for which the upper hemisphere 1615 

projections are also shown). The red diamonds at the peripheries of the pole figures mark the 1616 

mean orientation of the omphacite grains. The ‘bilbao’ colormap of Crameri (2018) is used. n 1617 

= number of orientation data points and M = misorientation index (Skemer et al. 2005). 1618 

 1619 

Fig. 6. Phase maps, orientation (IPF-X) maps, and mineral CPOs from the matrix of the 1620 

eclogite sample 17-6C. (a) phase map for Site 5M. (b) orientation map for Site 5M. The (c) 1621 
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amphibole and (d) white mica pole figures are plotted following the one-point-per-grain 1622 

scheme. The pole figures are presented as equal area, lower hemisphere projections. The 1623 

‘bilbao’ colormap of Crameri (2018) is used. n = number of orientation data points, N = number 1624 

of grains, and M = misorientation index (Skemer et al. 2005). 1625 

 1626 

Fig. 7. Phase maps, orientation maps, and mineral CPOs from the garnet amphibolite samples. 1627 

(a) and (e) are the phase maps for samples 19-8B and 20-2, respectively. (b) and (g) are the 1628 

orientation maps for samples 19-8B and 20-2, respectively. The one-point-per-grain pole 1629 

figures of (c,d) 19-8B and (g,h) 20-2 are presented as equal area, lower hemisphere 1630 

projections. They are contoured to multiples of uniform density when at least 50 grains are 1631 

present. The ‘bilbao’ colormap of Crameri (2018) is used. The gray diamonds at the 1632 

peripheries of the pole figures mark the mean orientation of the amphibole grains. N = number 1633 

of grains and M = misorientation index (Skemer et al. 2005). 1634 

 1635 

Fig. 8. Distributions of the low-angle (LAX, 2–<10°) and correlated high-angle (HAX, ≥10–1636 

160°) misorientation axes in crystal coordinate systems. Amphibole (a) LAXs and (b,c) HAXs 1637 

from the symplectite Site 1S-A. Amphibole (d) LAXs and (e) HAXs from the symplectite Site 1638 

2S. Plagioclase (f) LAXs and (g) HAXs from the symplectite Site 1S-A. Plagioclase (h) LAXs 1639 

and (I,j) HAXs from the symplectite Site 2S. The blue dots represent individual axis 1640 

orientations, which are contoured to multiples of uniform density represented by the colorbars. 1641 

The ‘bilbao’ colormap of Crameri (2018) is used. n = number of misorientation axes. 1642 

 1643 

Fig. 9. Distributions of the low-angle (LAX, 2–<10°) and correlated high-angle (HAX, ≥10–1644 

160°) misorientation axes in crystal coordinate systems. LAXs of (a) amphibole and (b) quartz 1645 

grains from the eclogite matrix. (c) LAXs and (d,e) HAXs of the amphibole grains from the 1646 

garnet amphibolite sample 19-8B. (f) LAXs and (g,h) HAXs of the amphibole grains from the 1647 

garnet amphibolite sample 20-2. The rest of the description is the same as that of Fig. 8. 1648 

 1649 

Fig. 10. Misorientation angle distributions (MADs). (a) Amphibole and (b) plagioclase MADs 1650 

from Site 1S-A of the eclogite sample 17-6C. (c) Amphibole and (d) plagioclase MADs from 1651 

Site 2S of sample 17-6C. MADs of amphibole grains from the garnet amphibolite samples (e) 1652 

19-8B and (f) 20-2. The vertical bars represent the frequency distribution of the random-pair 1653 
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misorientations. The neighbour-pair and theoretical misorientation angle distributions are 1654 

represented by the red and dark green frequency curves.  1655 

 1656 

Fig. 11. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 1657 

profiles from the eclogite sample 17-6C. (a) mis2mean map of omphacite from Site 1S. (b) 1658 

mis2mean map and (c) misorientation profile of one of the omphacite grains (red arrowhead 1659 

in (a)). (d) mis2mean map of the omphacite from Site 1S-A. (e) mis2mean map and (f) 1660 

misorientation profile of one of the grains (red arrowhead in (d)). The black arrowheads in the 1661 

misorientation profiles point to the misorientation angle peaks corresponding to the subgrain 1662 

boundaries. The ‘lajolla’ colormap of Crameri (2018) is used for all the mis2mean maps. Each 1663 

colour bar represents the angular range of misorientation of the corresponding map/grain.  1664 

 1665 

Fig. 12. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 1666 

profiles of selected plagioclase grains from the eclogite sample 17-6C. (a) mis2mean map of 1667 

plagioclase in the symplectite from Site 1S-A. (b-d) mis2mean maps of selected plagioclase 1668 

grains (red arrowhead in (a)). Misorientation profiles along (e) A-B, (f) C-D, and (E-F) line 1669 

segments in the plagioclase grains of (b), (c), and (d), respectively. The rest of the description 1670 

is the same as that of Fig. 11. 1671 

 1672 

Fig. 13. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 1673 

profiles of selected grains from the eclogite sample 17-6C. mis2mean map of (a) all amphibole 1674 

grains and (b) one selected amphibole grain (red arrowhead in (a)) from the symplectite in 1675 

Site 1S-A. (c) Misorientation profile along the A-B line segment in (b). (d) mis2mean map of 1676 

amphibole in the symplectite from Site 2S. (e) mis2mean map of a selected amphibole grain 1677 

(red arrowhead in (d)). The misorientation profile along the line segments C-D is illustrated in 1678 

(f). (g) mis2mean map of amphibole from the matrix (Site 5M). (h) mis2mean map of a selected 1679 

amphibole grain (red arrowhead in (g)). The misorientation profiles along the line segments 1680 

E-F and G-H are illustrated in (i) and (j), respectively. (k) mis2mean map of a quartz grain 1681 

from the matrix (Site 7M). (i) illustrates the misorientation profiles along the line segment I-J. 1682 

The rest of the description is the same as that of Fig. 11. 1683 

 1684 

Fig. 14. Misorientation () to grain mean orientation (mis2mean) maps and misorientation 1685 

profiles of selected grains from the garnet amphibolites. (a) mis2mean map of amphibole from 1686 
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the sample 19-8B. (b) and (c) are the misorientation profiles along the line segments A–B and 1687 

C–D, respectively, marked in (a). The mis2mean map of (d) all the amphibole grains and (e,f) 1688 

two selected amphibole grains (red arrowheads in (d)) from the sample 20-2. (g) and (h) 1689 

illustrate the misorientation profiles along the line segments (e) E–F and (f) G–H, respectively. 1690 

The rest of the description is the same as that of Fig. 11. 1691 

 1692 

Fig. 15. Schematic figure illustrating the sequential development of the two categories of 1693 

symplectite in the studied eclogite. (a) Omphacite and quartz assemblage in the eclogite at or 1694 

immediately after peak pressure. Progressive symplectitisation and development of (b-d) S1 1695 

and (e-g) S2 symplectites. Greater supply of hydrous fluids generated more amphibole grains 1696 

in the latter case. The relatively thinner peripheries of the omphacite grains in (b-d) than in (e-1697 

g) also represent the availability of more hydrous fluids in the latter. (h) and (i) show magnified 1698 

illustrations of the omphacite-symplectite interfaces for the S1 and S2 symplectites, 1699 

respectively. An additional Stage IV can be visualized for the S1 and S2 symplectites as 1700 

reduced size and disappearance, respectively, of the omphacite grains. 1701 
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