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Abstract
The breakdown of omphacite plays an important role in the exhumation and retrogression of eclogites. Additionally, metamor-
phic reactions associated with grain size reduction have the potential to significantly impact deformation mechanisms and the 
rheology of crustal rocks. We analyze the breakdown reaction omphacite → diopsidic clinopyroxene + plagioclase ± amphi-
bole and associated microstructures by electron backscatter diffraction. The reaction results in the formation of (diopsidic) 
clinopyroxene-plagioclase symplectites. Samples were chosen from localities on Holsnøy (western Norway) and Lofoten 
(northern Norway), that are representative of vermicular symplectites, partly recrystallized symplectites, and deformed sym-
plectites. Interphase misorientation analysis based on the electron backscatter diffraction results reveals that the nucleation of 
(diopsidic) clinopyroxene-plagioclase symplectites was crystallographically controlled, with the diopside copying the lattice 
orientation of the omphacite, and the plagioclase growing along diopside planes with favorable, i.e., similar, interplanar 
spacing. Deformation of the (diopsidic) clinopyroxene-plagioclase symplectites occurred by fracturing, transitioning into 
grain boundary sliding accommodated by diffusion creep. The results indicate that the formation of vermicular symplectites 
is not associated with enhanced permeability and fluid flow. Subsequent recrystallisation and grain-size sensitive deformation 
of the symplectites facilitates fluid redistribution and weakening of the retrogressed eclogites.
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Introduction

Eclogitization of crustal rocks significantly impacts the geo-
dynamic evolution of orogenic systems (Dewey et al. 1993; 
Godard 2001) and many studies have, thus, focused on the 
process of eclogitization (e.g., Austrheim 1991; Raimbourg 
et al. 2007; Engi et al. 2018). Fresh eclogite dominantly 
consists of omphacite and garnet. However, for eclogites 
to be exposed at the surface requires their exhumation 
from great depth, which often results in complete or partial 

retrogression, and the loss of information about their tec-
tono-metamorphic history up to and at peak metamorphic 
conditions (e.g., Möller 1998; Labrousse et al. 2004; Yang 
2004; McNamara et al. 2012; Zertani et al. 2023).

The first stage of eclogite retrogression is the breakdown 
of the omphacitic clinopyroxene into symplectites of diop-
sidic clinopyroxene + plagioclase ± amphibole ± quartz. 
Omphacite and diopside are both clinopyroxenes, which may 
lead to confusion. The terminology in this contribution is 
defined as follows: We refer to clinopyroxene-plagioclase 
(Cpx-Pl) symplectites when referring to the microstructural 
association, to establish consistency with previous studies 
(e.g., Anderson and Moecher 2007), and to diopside when 
referring to the individual mineral phase within the sym-
plectite. It should be noted that in rare cases the symplectic 
clinopyroxene may still have an omphacitic composition 
in particularly Na-rich environments (e.g., O’Brien 1993), 
but diopsidic clinopyroxene in the symplectites is much 
more common. In any case, the symplectic clinopyroxene 
invariably has a lower jadeite content than the primary 
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omphacite (e.g., Boland and van Roermund 1983; O’Brien 
1993; Anderson and Moecher 2007).

The reaction was first described by Eskola (1921) and 
has since been the focus of several studies (Wikström 
1970a, 1970b; Mysen 1972; Smyth 1980; Boland and van 
Roermund 1983; O'Brien 1989; Messiga and Bettini 1990; 
Joanny et al. 1991; Möller 1998; Yang 2004; Anderson and 
Moecher 2007; Heidelbach and Terry 2013; Martin and 
Duchêne 2015; Li et al. 2018; Martin 2019). There is a gen-
eral consensus that the reaction results from the decompres-
sion of eclogites, during which omphacite is destabilized. 
The reaction is pressure sensitive and it has been shown that 
it occurs at higher pressure if the jadeite content of the desta-
bilized omphacite is higher (Anderson and Moecher 2007).

Typically, the reaction initially involves the formation of 
vermicular intergrowths of the reaction products (Mysen 
1972), inherently resulting in a substantial grain-size reduc-
tion. The grain size itself depends on external factors, domi-
nantly the temperature (Boland and van Roermund 1983), 
but grain-size variations may also result from two-phase 
breakdown of omphacite (e.g., O’Brien 1993). It has also 
been noted, that the reaction is not entirely isochemical 
and that either the addition of  SiO2 or the oxidation of  Fe2+ 
to  Fe3+ is required for stoichiometric balance (Mysen and 
Griffin 1973). Likewise, the role of fluids in facilitating the 
breakdown of omphacite has been discussed, and some stud-
ies suggest that at least some amount of fluid is required. For 
example, Martin and Duchêne (2015) described Cpx-Pl sym-
plectites that formed only in eclogites that contain hydrous 
phases (phengite), while dry eclogite from the same locality 
showed no signs of symplectite formation. They conclude 
that the presence of internal fluids is necessary for the reac-
tion to occur. Similarly, O’Brien (1993) described Cpx-Pl 
symplectites along omphacite grain boundaries, but the 
reaction around quartz inclusions in the same samples only 
occurred if the inclusion was connected to the matrix, e.g., 
by fractures, suggesting that the reaction only proceeded in 
the presence of a grain boundary fluid.

In itself, the reaction may substantially impact the bulk 
rock rheology, and subsequently play a role in the tectonic 
evolution of mountain belts. For example, some studies have 
suggested that the breakdown of omphacite can lead to, or 
assist the rapid exhumation of deeply buried rocks (Dey 
et al. 2022) and in extreme cases even represent a precursor 
to partial melting (Feng et al. 2020). Furthermore, similar 
breakdown reactions that lead to extreme grain-size reduc-
tions through the formation of symplectic intergrowths have 
been shown to facilitate rock weakening, and thus promote 
deformation and strain localization (e.g., formation of myr-
mekite; Ceccato et al. 2018).

Although Cpx-Pl symplectites occur in most eclogite 
localities, their nucleation and deformation behavior are 
still poorly understood. The study of misorientations along 

low- and high angle grain boundaries is frequently used to 
study deformation processes in geological materials (e.g., 
Lloyd et al. 1997; Neumann 2000; Wheeler et al. 2001). 
On the other hand, misorientations along phase boundaries 
(interphase misorientations in the following; Morales 2022) 
are less commonly studied although special orientation rela-
tionships may provide information on phase transformation 
processes that lead to ‘special orientations’; i.e., systemati-
cally coincident lattice planes and/or axes (McNamara et al. 
2012; Morales et al. 2018). Such orientation relationships 
may be useful for constraining nucleation processes and sub-
sequent deformation mechanisms of the reaction products.

In this contribution we analyze several Cpx-Pl symplec-
tites with electron backscatter diffraction (EBSD). Samples 
were collected from two localities; (i) the island of Holsnøy 
(Lindås nappe, western Norway) and (ii) Lofoten (north-
ern Norway). We determine crystallographic relationships 
between the omphacite and the reaction products, as well as 
between the reaction products themselves during nucleation. 
We investigate how these relationships are modified during 
recrystallization and deformation, and identify the mecha-
nisms involved. The results are discussed in the context of 
the impact of Cpx-Pl symplectites on rheology and fluid flow 
during eclogite retrogression.

Geological context

Holsnøy, Lindås nappe, western Norway

The island Holsnøy (Lindås nappe) exposes granulite-facies, 
lower-crustal, basement rocks of the hyperextended, pre-Cal-
edonian margin of the Baltica-affiliated Jotun microcontinent 
(Jakob et al. 2019). These rocks are cross-cut by an eclogite 
shear zone network (Austrheim 1987). Eclogites occur in 
centimeter to hundreds-of-meters thick shear zones (e.g., 
Raimbourg et al. 2005; Zertani et al. 2019; Bras et al. 2021; 
Kaatz et al. 2021) and as statically eclogitized zones (e.g., 
Jamtveit et al. 2000; Putnis et al. 2021; Zertani et al. 2022; 
Baïsset et al. 2023). Fluid-induced eclogitization occurred 
at 423–430 Ma (Glodny et al. 2008; Jamtveit et al. 2021) 
at 650–750 °C and 1.7–2.1 GPa (e.g., Jamtveit et al. 1990; 
Bhowany et al. 2018; Zhong et al. 2019). The Lindås nappe 
eclogites have been partially overprinted at amphibolite-
facies conditions (e.g., Centrella 2019; Moore et al. 2020).

Lofoten, northern Norway

The Lofoten archipelago (northern Norway) exposes the 
lower continental crust of Baltica. The lithologies are dom-
inantly Paleoproterozoic gneisses that have been intruded 
by a suite of AMCG (anorthosite, mangerite, charnockite, 
granite) rocks between 1.9 and 1.7 Ga, at lower-crustal, 
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granulite-facies conditions (Markl et al. 1998; Corfu 2004). 
Eclogite-facies metamorphism is evidenced by strongly 
retrogressed eclogite-facies shear zones (Steltenpohl et al. 
2003; 2011; Fournier et al. 2014; Zertani et al. 2023). The 
relation of these shear zones with the Caledonian orogenic 
cycle is a matter of debate but recent geochronological 
results suggest that eclogitization likely occurred during the 
Caledonian collision at ~ 428 Ma (Jaranowski et al. 2023).

Eclogite-facies rocks in the area have been strongly to 
completely retrogressed at amphibolite-facies conditions. 
For this reason, determination of the pressure–temperature 
(P–T) conditions during the eclogite-facies event is diffi-
cult (see discussion in Zertani et al. 2023). Estimates range 
from 1.1 to 2.8 GPa at 650–780 °C (Markl and Bucher 1997; 
Froitzheim et al. 2016).

Sample context and microstructural 
description

SZ‑N‑018

SZ-N-018 is a massive to weakly-foliated eclogite (Online 
resources 1, Fig. S1) that was collected from the northwest-
ern tip of Holsnøy (locations for all samples provided in 
Online resources 1, Table S1). The rock consists mainly of 
garnet, omphacite, amphibole, and clinozoisite (Fig. 1a). 
The eclogitic foliation dips moderately to the east (074/44; 
dip azimuth/dip) and is formed by the weak shape preferred 
orientation (SPO) of omphacite. Cpx-Pl symplectites are 
abundant along omphacite grain boundaries and are typi-
cally 10–100 µm wide (Fig. 1a, b). In addition to clinopy-
roxene and plagioclase, the symplectites contain significant 
amounts of amphibole, that is either small and integrated 
into the dominantly vermicular microstructure, or occurs as 
larger (~ 30 µm) grains.

L‑042

L-042 was collected from the Ramberg locality in Lofoten, 
northern Norway, that represents one of the main eclogite 
localities in the area (e.g., Froitzheim et al. 2016). The struc-
tural context of these rocks has been described in detail by 
Zertani et al. (2023). The area exposes a few-hundred-meters 
wide, amphibolite shear zone, that preserves microscopic 
evidence of prior eclogitization. This shear zone anasto-
mosed around meter to tens-of-meters-sized low strain 
domains. The sample was collected from one of these low-
strain blocks (Online resources 1, Fig. S1). It preserves some 
omphacite in the matrix. However, most of the rock consists 
of Cpx-Pl symplectites and garnet (Fig. 1c). The Cpx-Pl 
symplectites have both vermicular and granular portions.

WP039A

WP039A is a strongly-foliated amphibolite (Online 
resources 1, Fig. S1) that was collected from the same 
locality as L-042, but represents the main shear zone fab-
ric. It dominantly consists of fine-grained amphibole and 
plagioclase anastomosing around large garnet porphyro-
clasts (Fig. 1d). Prior eclogitization is evidenced by ompha-
cite inclusions in garnet and by Cpx-Pl symplectites in the 
matrix (Fig. 1d–f). These are typically vermicular in their 
core, and have a granular rim. Cpx-Pl symplectites range 
from isometric to sigmoidal or strongly elongated parallel to 
the amphibolite-foliation (Fig. 1d, f). Amphibole within the 
Cpx-Pl symplectites is only present as a few isolated grains 
within the granular parts, however, the Cpx-Pl symplectite is 
typically rimmed entirely by amphibole (Fig. 1e, f).

Methods

Backscattered electron (BSE) images were collected using 
a Hitachi SU5000 FE scanning electron microscope and a 
Hitachi TM4000 Plus Tabletop scanning electron micro-
scope, both located at the Department of Geosciences, Uni-
versity of Oslo. The following operating conditions were 
used; 15 kV acceleration voltage and 11–12 mm working 
distance.

The Hitachi SU5000 FE scanning electron microscope 
was additionally used for EBSD analysis. Operating con-
ditions were 20 kV acceleration voltage, 22 mm working 
distance, 30–35 ms exposure time, 0.4–0.5 µm step size, and 
70° sample tilt. EBSD pattern indexing was performed with 
the Esprit software (v. 2.3; Bruker). Postprocessing of EBSD 
data was performed using the MTEX toolbox v. 5.10.0 
(Hielscher and Schaeben 2008). The data are presented as 
phase maps, inverse pole figure (IPF) maps, misorientation 
to mean orientation (Mis2Mean) maps, pole figures, and 
misorientation angle histograms. Colormaps in Mis2Mean 
maps and pole figures are from Crameri (2018).

Interphase misorientation analysis was conducted using 
the procedure described in Morales (2022). To test the influ-
ence of the cell parameters of the phases used during index-
ing of the EBSD maps every map was indexed twice; once 
using andesine (cell parameters: α = 93.44°, β = 116.21°, 
γ = 90.23°, a = 8.2  Å, b = 13.0  Å, c = 7.1  Å) and once 
using oligoclase (cell parameters: α = 94.06°, β = 116.5°, 
γ = 88.59°, a = 8.2 Å, b = 13.0 Å, c = 7.1 Å), both from the 
Esprit (Bruker) database. Indexing rates between the two 
versions varied slightly (from andesine to oligoclase by 
0.2–1.1 percentage points, see Online resource 1, Table S2) 
with the oligoclase consistently resulting in higher indexing 
rates. This is consistent with the available mineral chemical 
data that show that the dominant plagioclase composition 
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plots in the oligoclase field (Online resource 1, Fig. S5). 
Throughout this contribution we thus use the maps indexed 
with oligoclase. A comparison of the effect of variations 
in cell parameters is shown in Online resource 1, Fig. S6. 
For diopside a model with the cell parameters β = 106.02°, 
a = 9.7 Å, b = 8.9 Å, and c = 5.3 Å was used for all maps 
except for site SZ-N-018-1.

SZ-N-018-1 contains both the preserved omphacite and 
the symplectic clinopyroxene, resulting in difficulties during 
indexing, due to the very similar cell parameters. We thus 
indexed this map four times in the combinations andesine-
diopside, andesine-omphacite, oligoclase-diopside, and oli-
goclase-omphacite. The maps were then merged in MTEX 
so that the parent grains used the omphacite indexing and 
the symplectic grains used the diopside indexing resulting 
in the final combinations of diopside-omphacite-andesine 
and diopside-omphacite-oligoclase. Cell parameters were 
β = 106.78°, a = 9.7 Å, b = 8.8 Å, and c = 5.3 Å for diop-
side, and β = 106.8°, a = 9.6 Å, b = 8.8 Å, and c = 5.3 Å for 
omphacite. The four individual maps are shown in Online 
resource 1, Fig. S7. Cell parameters of all models used are 
given in Online Resource 1, Table S3. During postprocess-
ing the following steps were used: (1) grain construction 
using 10° misorientation as a threshold; (2) grains smaller 
than 5 pixels were removed; (3) non-indexed regions smaller 
than 5 pixels were filled; (4) grain construction was repeated.

Results

In the following the studied symplectites will be labelled 
by sample name and site number. In SZ-N-018 one 
symplectite was analyzed (SZ-N-018-1), in L-042 two 
symplectites were analyzed (L-042-1, L-042-2), and in 
WP039A three symplectites were analyzed (WP039A-1, 
WP039A-2, WP039A-3). Additionally, with each mention 
the dominant type of microstructure (vermicular or granu-
lar) is provided in parentheses. Note that most analyzed 
symplectites contain vermicular and granular parts, and 
the label only refers to the dominant microstructure.

EBSD analysis

Diopside

Diopside occurs as vermicular intergrowths with plagio-
clase or is granular (Fig. 1), and is present exclusively 
within the Cpx-Pl symplectites throughout all samples. 
Inverse pole figure (Z-direction, IPFZ) maps show that 
vermicular portions are large, irregularly shaped, coher-
ent grains (Fig. 2). In granular portions grains are smaller, 
trend toward isometric in shape, and orientations are dis-
persed (Figs. 3, 4). Internal misorientations can be up 
to ~ 16° and are strongest in the vermicular portion of 
Cpx-Pl symplectites (Figs. 2, 4), while granular portions 
show little or no internal misorientations (Figs. 3, 4). Pole 
figures yield strong crystallographic preferred orientations 
(CPO) of (100), (010), and (001)-poles, with CPO strength 
being at least 5.2 multiples of uniform distribution (m.u.d.) 
and up to 21.7 m.u.d. (Fig. 2e). CPO strength is gener-
ally lower in Cpx-Pl symplectites with a higher amount of 
granular diopside, but even in those Cpx-Pl symplectites 
the CPO strength in the vermicular core is significantly 
higher than that of the granular portion (Fig. 4e, f).

Plagioclase

Plagioclase within the Cpx-Pl symplectites is vermicular 
or granular, and associated with diopside. Additionally, 
plagioclase occurs in the matrix of WP039A together 
with amphibole (Fig. 1). Textural features of plagioclase 
in the Cpx-Pl symplectites are similar to those of diopside: 
patches of vermicular plagioclase have the same crystal-
lographic orientation with respect to the sample reference 
frame (Fig. 5a), while the orientation of granular plagio-
clase is more dispersed (Fig. 5b), and internal misorienta-
tions (up to 15°) are typically larger in vermicular portions 
compared to granular ones (Fig. 5c). Likewise, plagioclase 

Fig. 1  Backscattered electron (BSE) images of the studied Cpx-Pl 
symplectites. White outlines in all images show the area mapped by 
EBSD and the sample reference frame used in subsequent figures is 
given as X and Y, with the arrow showing the positive direction. a 
BSE image of SZ-N018-1 showing garnet (Grt), amphibole (Amp), 
omphacite (Omp), and Cpx-Pl symplectites along omphacite grain 
boundaries. b Zoomed-in area from a. The white box in a and b show 
the same area, but the image in b is rotated by 90° with respect to the 
image in a to show the vermicular Cpx-Pl symplectites along ompha-
cite grain boundaries. c Microstructure of the retrogressed eclogite 
(L-042) showing Cpx-Pl symplectites (L-042-1, left; L-042-2, right) 
adjacent to a garnet cluster. The sample reference frame (X, Y) is the 
same for both white boxes. d Overview BSE image of the main fab-
ric of WP039A showing abundant Cpx-Pl symplectites (WP039A-1, 
bottom right; WP039A-2, center) elongated parallel to the main folia-
tion (dashed line). The sample reference frame (X, Y) is the same for 
both white boxes. e Zoomed-in image to the area of the white box 
in the lower right corner of d, showing a relatively isometric Cpx-
Pl symplectite  (WP039A-1) with a vermicular core but dominantly 
granular microstructure. f BSE image of a strongly elongated Cpx-
Pl symplectite (WP039A-3) with a vermicular core and granular tails. 
The figures that show the EBSD results of each area are provided in 
the panels. Those not shown in the main manuscript are provided in 
Online resource 1, Figs. S2–S4

◂
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displays strong CPO in pole figures with up to 16.0 m.u.d. 
CPO is most clearly developed in (100) and/or (010)-poles 
but also evident in (001)-poles (Fig. 5d). As for diopside, 
plagioclase CPO strength is lower in granular portions of 
the Cpx-Pl symplectites (Fig. 5e).

Interphase misorientation analysis

In the following we examine orientation relationships 
between diopside and plagioclase derived from the EBSD 
results distinguishing between (i) uniform distribution, 
i.e., the distribution if grains are randomly oriented, (ii) 
uncorrelated misorientation angles, i.e., between randomly 
selected grain pairs, and (iii) correlated misorientation 
angles, i.e., between neighboring pairs. The misorienta-
tion angle distribution between plagioclase and diopside 
expected for a uniform distribution (uniform misorienta-
tion angle distribution) is defined by a gradual, non-lin-
ear increase in frequency from 0° to 90° followed by a 
gradual non-linear decrease to 180° (purple line in Fig. 6). 
Uncorrelated misorientation angle distributions (red lines 
in Fig. 6) in general follow the trend of the uniform dis-
tribution with some marked differences. In SZ-N-018-1 

and L-042-1 (vermicular) misorientation angles in the 
range 85–155° and 77–130°, respectively, are significantly 
more frequent, while lower misorientation angles are less 
frequent than the uniform distribution (Fig. 6a, b). For 
L-042-2 (vermicular) and WP039A-2 (granular) misori-
entation angles are less frequent in the range 77–127° 
and 78–137° (Fig. 6c, e), respectively, and for WP039A-2 
(granular) lower angle misorientations are more frequent 
(Fig. 6d). For WP039A-1 and 3 (granular), however, the 
uncorrelated misorientation angle distribution follows the 
uniform distribution with only minor deviations (Fig. 6d, 
f).

Similarly, correlated misorientation angle distribu-
tions deviate strongly from the uniform distribution in 
most of the Cpx-Pl symplectites studied here (Fig. 6). 
Most pronounced is a higher frequency of misorientation 
angles in SZ-N-018-1 (vermicular) in the range 77–103° 
(Fig.  6a), and in L-042-1 (vermicular) in the range 
73–113° (Fig. 6b). Higher frequency of misorientation 
angles is also evident in the range 140–170°, 135–160°, 
and 124–164° for SZ-N-018-1 (vermicular), L-042-2 (ver-
micular), and WP039A-2 (granular), respectively (Fig. 6a, 
c, e). In the same Cpx-Pl symplectites, significantly less 

Fig. 2  Results of EBSD analysis of vermicular diopside and par-
ent omphacite  (SZ-N-018-1). a Phase map; b Inverse pole figure 
(Z-direction; IPFZ) map of vermicular diopside. The sample refer-
ence frame is given in the upper left corner. c Misorientation to mean 
orientation (Mis2Mean) map. d Pole figures showing the distribution 

of poles to crystallographic planes in the parent omphacite (red in a). 
e Pole figures showing the distribution of poles to crystallographic 
planes of vermicular diopside (yellow in a). Maxima given at the 
bottom of each pole figure are in multiples of a uniform distribution 
(m.u.d.)
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frequent misorientation angles are observed in the range 
104–140°, 87–114°, and 67–123° in SZ-N-018-1 (vermic-
ular), L-042-2 (vermicular), and WP039A-2 (granular), 
respectively (Fig. 6a, c, e). Additionally, there are signifi-
cantly lower frequencies observed at low misorientation 
angles in SZ-N-018-1 and L-042-1 (vermicular; Fig. 6a, 
b). Misorientation angles in WP039A-1 and WP039A-3 
(granular) most closely follow the uniform distribution, 
though some deviations exist (Fig. 6d, f).

The uniform misorientation axis distribution indicates 
a weak maximum (2 m.u.d.) parallel to (h0l) planes both 
with respect to the diopside and plagioclase reference 
frames (Fig. 7a). Contrarily, the orientation plots of the 
misorientation axes yield strong preferred orientations 
(Fig. 7). Particularly Cpx-Pl symplectites in SZ-N-018-1 
and L-042-1 (vermicular) yield strong preferred orien-
tations of ~ 20 and ~ 32 m.u.d., respectively. The weak-
est preferred alignment of misorientation axes is found 
in WP039A-1 and WP039A-2 (granular) with 7.6 and 
5.7 m.u.d., respectively.

The crystallographic axes and poles that correlate to 
the maxima in correlated misorientation axis distributions 
are shown in Fig. 7 for all samples over the entire range 
of angles. Qualitatively, results from Cpx-Pl symplectites 
with a stronger preferred alignment of misorientation axes 
yield point maxima, while those with weaker alignment 
may have a weak girdle distribution (Fig. 7g), reminiscent 
of the uniform distribution (Fig. 7a).

Discussion

Nucleation of Cpx‑Pl symplectites

The breakdown of omphacite to Cpx-Pl symplectites is 
typically attributed to decompression and can occur along 
omphacite grain boundaries or in the interior of ompha-
cite grains (e.g., Anderson and Moecher 2007). From our 
three samples only one (SZ-N-018, vermicular) preserves 
a clear relationship of Cpx-Pl symplectite formation along 
grain boundaries (Fig. 1a, b). The Cpx-Pl symplectite 

Fig. 3  Results of EBSD analysis of diopside in a dominantly granular 
Cpx-Pl symplectite (WP039A-1). a Phase map; b IPFZ map of diop-
side. The sample reference frame is given in the lower left corner. c 
Mis2Mean map of diopside. d Pole figures showing the distribution 

of poles to crystallographic planes in diopside. Maxima given at the 
bottom of each pole figure are in multiples of a uniform distribution 
(m.u.d.)
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microstructure is entirely vermicular, and the adjacent 
omphacite grains show no signs of deformation, consist-
ent with the reaction occurring statically.

The diopside orientation is controlled by the crystal-
lographic orientation of the ‘parent’ omphacite (Fig. 2d, 
e), in that it either has the orientation of the grain that is 
being replaced, or the orientation of the adjacent ompha-
cite (Online resource 1, Fig. S7). Components of both ori-
entations are preserved in the symplectite and by ‘parent’ 
we thus refer to the grain being replaced or the adjacent 
grain. Based on optical investigation it has been shown 
that the symplectic diopside grows in several ‘lobes’ that 
are consistent in orientation with the adjacent ompha-
cite (O’Brien, 1989; 1993), consistent with the results 

presented here (see also Online resource 1, Fig. S7). Based 
on X-ray precession photographs in kimberlitic ompha-
cites, Smyth (1980) found that lamellae of newly formed 
clinopyroxene within the host grain share the same c-axis, 
while a- and b-axes differ strongly. In contrast, the exam-
ple presented here indicates that the diopside perfectly 
mimics the omphacite orientation, i.e., the replacement of 
omphacite by diopside is topotactic.

Interestingly, this topotactic replacement leads to the 
formation of an interconnected skeleton of diopside with 
consistent orientation. The general characterization of Cpx-
Pl symplectites as fine-grained reaction products does thus 
not hold for the diopside. In fact, the diopside grain size 
is significantly larger than the grain size of plagioclase at 

Fig. 4  Results of EBSD analysis of diopside in a recrystallized Cpx-
Pl symplectite  (WP039A-3) that has been deformed. a Phase map; 
b IPFZ map of diopside. The sample reference frame is given in the 
lower left corner. c Mis2Mean map of diopside. d Pole figures show-
ing the distribution of poles to crystallographic planes in diopside. e 
Pole figures showing the distribution of diopside in the vermicular 

portion (area shown in a). f Pole figures showing the distribution of 
diopside in the granular portion of the symplectite (area shown in a). 
Maxima given at the bottom of each pole figure are in multiples of a 
uniform distribution (m.u.d.). g BSE image of the vermicular part of 
the symplectite (approximately e in a). White triangles show microc-
racks in diopside. Amp amphibole, Pl plagioclase
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least if the reaction occurs statically (Fig. 2a, b). While 
only one of our examples preserves the ‘parent’ omphacite, 
also the other Cpx-Pl symplectites preserve a dominantly 
strong CPO and a large (> 40 µm) grain size of diopside in 
their vermicular core. In WP039A-3 (granular), for exam-
ple, diopside CPO is comparatively moderate with up to 
7.3 m.u.d.. However, in the same example and considering 
only the vermicular part of the Cpx-Pl symplectite, diopside 
CPO is significantly stronger (21.0 m.u.d.; Fig. 4d–f). These 
results are consistent with a study by Heidelbach and Terry 
(2013), where symplectic diopside is also characterized by 
a strong CPO. Additionally, topotactic relationships during 
symplectite forming reactions are not limited to the Cpx-Pl 
symplectites studied here. For example, the replacement of 
K-feldspar by plagioclase during myrmekite formation is 
topotactic (Ceccato et al. 2018), as is the replacement of 
KBr crystals during hydrothermal experiments (Spruzeniece 
et al. 2017).

Our EBSD analyses further show that diopside—par-
ticularly when vermicular—is characterized by inter-
nal misorientations of up to ~ 16° (Figs. 2, 3, 4). Spru-
zeniece et al. (2017) proposed that misorientations within 

symplectic intergrowths may mimic distortions of the 
crystal lattice of the ‘parent’ grain that were transferred 
to the reaction product. Information about lattice distor-
tions and low-angle boundaries may thus be preserved 
in the reaction products. For SZ-N-018-1 (vermicular) 
the preserved omphacite does not yield significant inter-
nal misorientations (Online resource 1, Fig. S8). It thus 
seems unlikely that the misorientations observed in the 
symplectic diopside are inherited from the parent grain. 
Lattice distortions are rather diffuse, and only few sharp 
low-angle boundaries have formed (Fig. 2c), rendering a 
statistical approach to their interpretation difficult. The 
breakdown of omphacite to Cpx-Pl symplectites results 
in a volume increase (densities: plagioclase = 2.7 g/cm3; 
diopside = 3.2 g/cm3; omphacite = 3.5 g/cm3; Deer et al. 
2013). The simplest explanation is thus that the observed 
lattice distortions are reaction induced, and act to accom-
modate the volume increase by bending of the crystal 
lattice.

Plagioclase in the vermicular parts of symplectites occurs 
as fine grains surrounded by diopside. The CPO of plagio-
clase is also strong with up to ~ 16 m.u.d., particularly of 

Fig. 5  Results from EBSD analysis of plagioclase. a IPFZ map of 
plagioclase in SZ-N-018-1 (vermicular; Fig. 2). b IPFZ map of pla-
gioclase in WP039A-1 (granular; Fig.  3). c Mis2mean map of pla-

gioclase in WP039A-1 (granular). d Pole figures of plagioclase in 
SZ-N-018-1 (vermicular). e Pole figures of plagioclase in WP039A-1 
(granular)
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(100), suggesting that plagioclase nucleation is also crystal-
lographically controlled by the host omphacite. This result 
is in contrast to the results of Heidelbach and Terry (2013), 
that found only weak CPO of plagioclase in Cpx-Pl sym-
plectites. Similar to diopside, internal misorientations of 

plagioclase are stronger in the vermicular parts, and likely 
caused by the same effect: lattice distortion due to volume 
increase.

As is expected, given the strong CPO of plagioclase and 
diopside, the uncorrelated misorientation angle distribution 
deviates significantly from the uniform distribution, par-
ticularly for the symplectites with a dominantly vermicu-
lar microstructure (Fig. 6a–c). Even stronger deviation is 
observed for correlated misorientation angles, suggesting the 
presence of a ‘special orientation relationship’ (in the sense 
of Morales 2022) between plagioclase and diopside. Indeed, 
plots of misorientation axis distributions yield strong point 
maxima (up to 32 m.u.d.) for dominantly vermicular Cpx-
Pl symplectites (Fig. 7b–d), that stand in stark contrast to 
the theoretical uniform distribution (Fig. 7a), which pre-
dicts a weak girdle along (h0l). Considering the correlated 
misorientation angle distribution (Fig. 6) of the dominantly 
vermicular Cpx-Pl symplectites SZ-N-018-1 (vermicular; 
Fig. 6a), L-042-1, and L-042-2 (vermicular; Fig. 6b, c), fre-
quencies higher than the uniform distribution are present in 
the ranges ~ 75–110° and ~ 140–165°. Individual analysis of 
these ranges yields several orientation relationships, that are 
listed in Table 1 (Fig. 8). We further calculated the interpla-
nar spacing (d) for these planes using the equations given in 
Appendix 3 of Kelly and Knowles (2012):

where h, k, and l are the Miller indices of the crystallo-
graphic plane, and

The cell parameters of the mineral in question are given 
as a, b, c, α, β, and γ, and

The results yield ratios between  dPlagioclase and  dDiopside 
of ~ 1 (Table 1), suggesting that the strong orientation rela-
tionship is controlled by the favorable distance between lat-
tice planes of diopside and plagioclase.

Recrystallization and deformation of Cpx‑Pl 
symplectites

Several of the Cpx-Pl symplectites presented here, par-
ticularly those from sample WP039A (granular), provide 
insight into how the microstructure and crystallographic 
relationships of Cpx-Pl symplectites are modified during 
recrystallization and deformation. Anderson and Moecher 
(2007) suggested that recrystallization and coarsening of 
grains within the Cpx-Pl symplectites provides evidence of 

1
d2

= h2a∗2 + k2b∗2 + dl2c∗2 + 2klb∗c∗cos�∗ + 2lhc∗a∗cos�∗ + 2hka∗b∗cos�∗

a
∗
=
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casin�

V
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V
.
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Fig. 6  Interphase misorientation angles between diopside and pla-
gioclase for the symplectites a SZ-N-018-1 (vermicular), b L-042-1 
(vermicular), c L-042-2 (vermicular), d WP039A-1 (granular), e 
WP039A-2 (granular), and f WP039A-3 (granular). Shown are the 
uniform distribution (purple), the uncorrelated distribution (orange) 
and the histogram of correlated misorientation angles
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low geothermal gradients during exhumation, and subse-
quently that the rocks were exposed to high temperatures for 
relatively long times. The crystallographic data presented 
here, however, indicates that the initially formed diopside 
represents an interconnected (‘skeletal’) framework for the 
nucleation of plagioclase within (Fig. 2). The diopside grain 
size must thus initially be reduced during recrystallization, 
rather than coarsened.

Examination of the vermicular portions of otherwise 
strongly recrystallized Cpx-Pl symplectites reveals two types 
of microcracks. The first is characterized by relatively long 
cracks that cut through several diopside lamellae and also 
through the plagioclase. The second are regularly-spaced 
microcracks in diopside, perpendicular to the length of the 
lamellae (Fig. 4g), that occur only in the vermicular part of 
the Cpx-Pl symplectites, and do not cut through the adjacent 
plagioclase. Frequently, they also do not cut the entire lamel-
lae. This second type of micocracks may be coeval with 
deformation of the symplectites at amphibolite-facies con-
ditions. The lack of such fractures in the granular diopside 
may also indicate that the aspect ratio of the diopside lamel-
lae plays a role in facilitating fracturing. The most probable 
mechanism for the grain size reduction of diopside is thus 
fracturing, consistent with experimental studies at pres-
sure–temperature conditions comparable to those of eclogite 
retrogression and deformation in Holsnøy and Lofoten (e.g., 
Marti et al. 2018), which have been estimated to be 0.8–1.0 
GPa and 600 °C (Glodny et al. 2008) and 0.7–1.1 GPa and 
650–700 °C (Zertani et al. 2023), respectively.

The grain size reduction of diopside is significant and 
such drastic grain size reduction may lead to the activation 
of grain size sensitive deformation mechanisms. Marti et al. 
(2018) deformed plagioclase-diopside mixtures experimen-
tally at 800 °C and 1.0 and 1.5 GPa. They found that the 
substantial reduction in grain size leads to the activation 
of dissolution–precipitation creep accommodated by grain 
boundary sliding. The most striking feature observed from 
our EBSD analysis is that deformation of the Cpx-Pl sym-
plectites is accompanied by a reduction in CPO strength, 
accompanied by the development of a sharper maximum of 
(001) parallel to the stretching direction (Fig. 4d–f). Similar 
weakening of CPO has been observed for, e.g., garnet and 
feldspars, where the deformation mechanism switched to 
diffusion accommodated grain-boundary sliding after grain 

Fig. 7  Misorientation axis distributions for diopside-plagioclase 
pairs. a Theoretical uniform misorientation axis distribution, show-
ing the diopside reference frame as poles to planes (in red) and the 
plagioclase reference frame as crystallographic axes (in blue). b–g 
Correlated misorientation axis distribution for all samples: b SZ-N-
018-1 (vermicular), c L-042-1 (vermicular), d L-042-2 (vermicu-
lar), e WP039A-1 (granular), f WP039A-2 (granular), g WP039A-3 
(granular). Poles and axes labelled in each diagram correspond to the 
maxima in the respective plots

▸
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size reduction (e.g., Bestmann et al. 2008). Similarly, we 
infer that after the diopside grain size is reduced the Cpx-Pl 
symplectites deform by rigid-body rotation and grain bound-
ary sliding accommodated by diffusion creep. This inter-
pretation is further supported by our analysis of interphase 
misorientations, where the misorientation angle distribution 
of the most recrystallized and deformed symplectites show 
a tendency towards randomization (Fig. 7e–g), suggesting 
that the initially established crystallographic relationship is 
destroyed by rotation during grain boundary sliding.

Diffusion creep in anisotropic minerals coupled with 
rigid body rotation may lead to a CPO, where the crys-
tallographic axis with the fastest reaction kinetics ends 
up parallel to the bulk stretching direction (Bons and den 
Brok 2000). Although much reduced in intensity with 
respect to the vermicular portions, the strong CPO of 
clinopyroxene observed in entirely recrystallized domains 
of the symplectites (Fig. 4d, f), with (001) parallel to the 
stretching lineation, is attributed to this process (e.g., 
Stünitz et al. 2020). Furthermore, the generally higher 
internal misorientation in the vermicular parts of sym-
plectites, and the lack of significant misorientation in the 
granular parts, indicates that the grain size reduction coin-
cides with a reduction of lattice distortion in diopside. The 
progressive grain size reduction of diopside will result 
in an increase of the phase boundary fraction and of the 
degree of phase mixing in the recrystallized symplectites 
(Kilian et al. 2011; Menegon et al. 2013; Ceccato et al. 
2018). Increased phase mixing will inhibit grain growth 
due to second phase pinning, thereby further facilitating 
grain-size sensitive creep (e.g., Platt 2015; Ceccato et al. 
2018).

Implications for fluid flow and crustal rheology

Cpx-Pl symplectites after omphacite are a common feature 
of nearly all eclogite occurrences worldwide (Wikström 

1970a; Mysen 1972; Boland and van Roermund 1983; 
O'Brien 1989; Messiga and Bettini 1990; O'Brien et al. 
1992; Möller 1998; Yang 2004; Anderson and Moecher 
2007; Lanari et al. 2013; Martin and Duchêne 2015; Martin 
2019; Feng et al. 2020; Dey et al. 2022; 2023; Schorn et al. 
2023) and also have been investigated experimentally (Wik-
ström 1970b). They have been suggested to assist eclogite 
exhumation (Dey et al. 2022), potentially even as a precursor 
for partial melting during the exhumation of ultra-high pres-
sure rocks (Feng et al. 2020). Furthermore, Cpx-Pl symplec-
tites represent the main breakdown reaction of omphacite 
and may thus significantly impact rheology and fluid-flow 
in eclogite-facies rocks during exhumation.

Table 1  Table showing the crystallographic relationships between 
plagioclase (Pl) and diopside (Di) for dominantly vermicular Cpx-Pl 
symplectites, the corresponding interplanar spacing (d) and the spac-
ing ratio between plagioclase and diopside

Site Angle range 
(°)

(hkl)Pl||(hkl)Di dPl (Å) dDi (Å) dPl/dDi

SZ-N-018-1 77–103 (223)||(312) 1.531 1.700 0.90

(223)||(312) 1.495 1.700 0.88
(223)||(322) 1.495 1.612 0.93
(131)||(121) 2.869 2.957 0.97

140–170 (014)||(103) 1.586 1.585 1.00
L-042-1 73–114 (311)||(311) 2.657 2.895 0.92

L-042-2 135–160 (124)||(313) 1.409 1.316 1.07

Fig. 8  Misorientation axis distributions of vermicular symplec-
tites for specific angle ranges: a SZ-N-018-1 (vermicular); 77–103°; 
b SZ-N-018-1 (vermicular); 140–170°; c L-042-1 (vermicular); 
73–114°; d L-042–2 (vermicular); 135–160°



Contributions to Mineralogy and Petrology          (2024) 179:44  Page 13 of 17    44 

As a decompression reaction, where the product has a 
lower density/larger volume, the symplectite forming reac-
tion does not necessarily produce porosity (e.g., Okudaira 
et al. 2015). In our examples from sample WP039A (granu-
lar), the shear zone matrix surrounding the Cpx-Pl symplec-
tites is composed of a fine-grained mixture of amphibole 
and plagioclase, while the Cpx-Pl symplectites contain only 
little amphibole. However, amphibole forms a rim around 
the Cpx-Pl symplectites (Figs. 3a, 4a). This microstructural 
relationship may indicate that if the interior of Cpx-Pl sym-
plectites had the same abundance of aqueous fluid as the 
surrounding, the stable mineral assemblage would be amphi-
bole + plagioclase, rather than diopside + plagioclase. This is 
supported by experimental results of Marti et al. (2017) on 
plagioclase-diopside mixtures, where nucleation of amphi-
bole is observed particularly in high-strain zones. It follows 
that it is difficult for an aqueous fluid to infiltrate the Cpx-Pl 
symplectites. The reason for this is unknown. We speculate 
that the crystallographically well aligned interphase bounda-
ries do not provide the necessary fluid pathways that random 
interphase boundaries would. The lack of porosity is also 
supported by the positive volume change from omphacite to 
symplectite. On the other hand, the inferred deformation by 
grain boundary sliding is expected to lead to creep cavita-
tion processes, and thus create pathways for aqueous fluids 
to infiltrate the Cpx-Pl symplectites over time (e.g., Fusseis 
et al. 2009; Menegon et al. 2015).

In fact, the role of fluids during the symplectite forming 
reaction is somewhat enigmatic (see discussion in Anderson 
and Moecher 2007). Martin and Duchêne (2015) suggested 
that  H2O from hydrous minerals is necessary to destabilize 
omphacite, and thus for the reaction to occur. Similarly, 
O’Brien (1993) reports Cpx-Pl symplectites at omphacite 
grain boundaries, but not along quartz inclusions (in ompha-
cite), indicating that a grain boundary fluid was necessary to 
trigger the reaction. However, as discussed above, significant 
amounts of aqueous fluid would likely lead to the formation 
of amphibole. In fact, Martin (2019) concluded that amphi-
bole forms late by the hydration of diopside, i.e., not as part 
of the initial symplectite forming reaction. This is supported 
by the observation that the vermicular cores of the Cpx-Pl 
symplectites in WP039A (granular) generally do not contain 
amphibole. On the other hand, amphibole is abundant in the 
vermicular Cpx-Pl symplectite of SZ-N-018-1 (vermicular). 
The latter is the only sample from Holsnøy included in this 
study, where it has been shown that a significant amount of 
hydrous fluid was necessary to form the shear zone network, 
and that omphacite has high  H2O contents, up to 425 µg/g 
(Kaatz et al. 2021; 2022). Such data is not available from 
the Lofoten samples, but it seems plausible that the pres-
ence or absence of amphibole depends on the availability 
of  H2O during the reactions, and may be directly related 
to the  H2O content of the nominally anhydrous omphacite. 

With up to ~ 3000 ppm, omphacite has a higher maximum 
storage capacity for OH/H2O than plagioclase (~ 1300 ppm) 
or diopside (~ 700 ppm; Katayama and Nakashima 2003; 
Johnson 2006; Skogby 2006). Therefore some  H2O must be 
released during the breakdown reaction. In line with previ-
ous studies, we speculate that some  H2O is necessary as 
a trigger for the breakdown reaction (e.g., O’Brien 1993; 
Martin and Duchêne 2015), but may be supplied internally 
in ‘wet’ eclogitic rocks.

The reaction studied here involves two changes that may 
impact bulk rheology: (i) the breakdown of omphacite to 
diopside and plagioclase, associated with grain size reduc-
tion, and (ii) the further grain size reduction of diopside dur-
ing deformation of the Cpx-Pl symplectites. With regard to 
the former, the available data from deformation experiments 
on jadeite and diopside suggest that jadeite is stronger com-
pared to diopside in the low-temperature plasticity regime 
(Dorner and Stöckhert 2004), but weaker in the dislocation 
creep regime (Orzol et al. 2006; Moghadam et al. 2010). 
In fact, intermediate compositions seem to be stronger 
than either endmember at high experimental temperatures 
(Moghadam et al. 2010). Experiments on diopside-plagio-
clase mixtures deforming by diffusion or dislocation creep 
have shown that such mixtures are much weaker deforming 
by diffusion creep, than the end-members are in the disloca-
tion creep regime (Dimanov and Dresen 2005). It follows 
that the breakdown of omphacite leads to rock weakening, 
which is reinforced by the nucleation of plagioclase and how 
‘wet’ the system is (Rybacki and Dresen 2000; Dimanov and 
Dresen 2005).

The grain size refinement of diopside during deformation 
of the Cpx-Pl symplectites is associated with a transition 
from brittle deformation to grain boundary sliding accom-
modated by diffusion creep. In that sense, brittle failure 
achieves the grain size reduction necessary to activate grain-
size-sensitive creep. Deformation experiments on diopside-
plagioclase mixtures suggest that (in the presence of fluid) 
deformation occurs by dissolution–precipitation creep of 
plagioclase and newly formed amphibole, while diopside is 
not intensely involved in the deformation (Marti et al. 2018). 
In a comparison between the deformation of orthopyroxene-
plagioclase and amphibole-plagioclase mixtures, Mansard 
et al. (2020) found that amphibole-plagioclase mixtures are 
in general weaker, the magnitude of which depends on the 
starting material. In our deformed sample (WP039A; granu-
lar), the Cpx-Pl symplectites are surrounded by a matrix that 
dominantly consists of plagioclase and amphibole. The Cpx-
Pl symplectites form variably stretched to sigmoidal aggre-
gates wrapped by the shear zone matrix (Fig. 1d–f), suggest-
ing that the Cpx-Pl symplectites are somewhat more rigid 
than the matrix, though the viscosity contrast is not neces-
sarily very large. If our assessment of the limited perme-
ability of Cpx-Pl symplectites and its increase during grain 
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boundary sliding are correct, it follows that with increasing 
deformation, progressively more amphibole would be pre-
sent in the Cpx-Pl symplectite given sufficient availability 
of (internally or externally sourced)  H2O. Consequently, 
increasing deformation would be accompanied by reaction 
weakening as long as  H2O is available. From our considera-
tions described above, the nucleation and deformation of 
Cpx-Pl symplectites thus leads to progressive rock weaken-
ing during the eclogite to amphibolite-facies transition.

Conclusions

We presented a detailed EBSD analysis of Cpx-Pl symplec-
tites in a suite of retrogressed eclogites. From our analysis 
we draw the following conclusions.

1. Nucleation of Cpx-Pl symplectites replacing omphacite 
is achieved by topotaxial replacement of omphacite by 
diopside. The resulting expulsion of the jadeite-compo-
nent of omphacite leads to the crystallographically con-
trolled nucleation of plagioclase. The crystallographic 
relationship between plagioclase and diopside is such 
that lattice planes in the two minerals that are parallel 
have the same interplanar spacing.

2. Recrystallization and deformation of Cpx-Pl symplec-
tites require grain size reduction of diopside, accom-
modated by fracturing. Deformation is then achieved by 
rigid-body rotation accommodated by grain-boundary 
sliding and diffusion creep, leading to weakening and 
a modification of the initially strong CPO of diopside 
and plagioclase. (001)-maxima of diopside parallel to 
the stretching direction result from crystallographically-
controlled diffusion creep.

3. The formation of Cpx-Pl symplectites is not associated 
with an increase in permeability, and the deformation of 
said Cpx-Pl symplectites is necessary to enhance fluid 
flow in retrogressed eclogites. Furthermore, the suc-
cessive deformation of Cpx-Pl symplectites and their 
hydration to form amphibole leads to progressive rock 
weakening.
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