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ABSTRACT

The deformation of eclogites and the driving forces for their fabric development are an important topic, potentially allowing to determine deformation rates and
stresses in subduction zones, where the greatest number of large earthquakes occurs. Here, fabric studies of grain size and shape, texture, and chemical composition
from two locations of Variscan and Alpine eclogites are presented. All samples show a well-developed crystallographic preferred orientation (CPO) of omphacite with
a strong maximum of [001] in the lineation direction and a weaker maximum of poles to (010) normal to foliation. Garnet shows no systematic CPO. Anisotropic
chemical zoning developed in omphacite and garnet during growth together with elongated grain shapes and can be related to a prograde (in terms of pressure
change) P,T-path. The individual chemically zoned and elongated grains orientated in the stretching direction are single crystals without major internal mis-
orientations. Chemical, microstructural, and CPO data indicate that the deformation microstructure and texture were produced by preferential crystal growth of
garnet and omphacite grains in the extension direction. Dislocation creep can be excluded as a possible fabric formation process by the systematic and oriented
chemical zonation of single crystals and absence of dynamic recrystallization microstructures. The dominant deformation is inferred to be diffusion creep, where
dissolution of material took place in reacting mafic phases (plagioclase, pyroxene) and precipitation took place in the form of new eclogite facies minerals
(omphacite, garnet, zoisite). This type of diffusion creep deformation represents a transformation process involving both, deformation and metamorphic reactions. It
is emphasized that the weakening is directly connected to the transformation and therefore transient. The weakening facilitates diffusion creep deformation of
otherwise strong minerals (pyroxene, garnet, zoisite) at far lower stresses than dislocation creep. The results imply low stresses during the deformation of eclogite
blocks in subduction zones. These results can be applied to other rock types, too.

1. Introduction

Subduction zones are very large thrust faults, in which seismogenic and
aseismic sections can be distinguished (including slow slip phenomena;
Gomberg et al., 2007), usually based on the degree of coupling along the
plate interface (e.g., Pacheco et al., 1993; Hyndman et al., 1997; Agard
etal., 2018). The parameters defining the degree or extent of coupling may
include temperature, rock composition, fluid pressure, etc. (Agard et al.,
2016). The most critical parameter is the rheology of the deforming ma-
terial at the plate interface (e.g. Stockhert and Renner, 1998; Agard et al.,
2018, and references therein). The rheology will depend primarily on the
lithology and temperature of the deforming volume of the rock, the
displacement rates being similar (one to several cm/a) in most subduction
zones. One type of rock involved in many subduction zones is the mafic
oceanic crust, which undergoes mineral reactions to form eclogites.

The formation and development of mineral fabrics in eclogites is an
important problem in tectonics, because microstructural studies are
used as indicators for deformation and exhumation processes under
(ultra)-high-pressure conditions (e.g. Keppler, 2018). The main mech-
anisms for fabric development and thus the deformation mechanisms in
eclogite-facies rocks are an ongoing matter of debate and topic of
numerous studies. Based on the analysis of crystallographic preferred
orientation (CPO), previous studies have focused on discussions of
whether dislocation creep or diffusion creep give rise to fabric formation
and development. It is often assumed that only crystal plastic defor-
mation affects and leads to the formation of a CPO, implying that
dislocation creep has to be the most important fabric forming process.
Regarding eclogite minerals, previous studies of fabric development
focused strongly on omphacite while garnet studies are comparatively
rare.
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Helmstaedt et al. (1972) distinguished two main types of omphacite
CPO in eclogites: (1) A c-axis maximum parallel to lineation and b-axis
girdle in L-tectonites, and (2) A b-axis maximum and c-axis girdle in
S-tectonites. The CPO is interpreted to be the result of syndeformational
recrystallization in the solid state related to growth and shape preferred
orientation (SPO). The different types of CPO pattern reflect deforma-
tion in the constriction or flattening strain field, an interpretation sup-
ported by Godard and van Roermund (1995) and Abalos (1997). Bascou
et al. (2001, 2002) performed viscoplastic self-consistent (VPSC)
modelling arguing that different deformation regimes are reflected in
the observed CPO patterns consistent with the activation of observed
slip systems in dislocation glide for omphacite. A different view is pre-
sented by Brenker et al. (2002), who has discussed that S- and L-type
CPO fabrics might be formed depending on cation ordering of omphacite
defined by its formation temperature and would therefore be indepen-
dent of any deformation processes. From this very short summary it is
obvious that deformation and fabric forming processes are not clear for
eclogites.

Slip systems in omphacite have been determined to be [001](100),
[001]{110}, Y» <110>{110}, and % [100](010) by van Roermund and
Boland (1981), van Roermund (1983, 1984), Buatier et al. (1991),
Phillipot and van Roermnund (1992), Godard and van Roermund
(1995), Rehman et al. (2016). Slip systems are partly different from
other clinopyroxenes, see references in Godard and van Roermund
(1995).

Garnet deformation by dislocation creep was inferred by Kleins-
chrodt and McGrew (2000), Massey et al. (2011), and Storey and Prior
(2005). Mainprice et al. (2004) discussed plastic deformation in garnets
by comparing laboratory experiments with naturally deformed eclogites
and suggested that garnet fabrics can be affected by plastic deformation
at very high pressures and temperatures (ultrahigh-pressure conditions).
Diffusion creep was inferred for the deformation of garnet by Storey and
Prior (2005), Massey et al. (2011), and Smit et al. (2011).

Bons and den Brok (2000) presented a general numerical model
demonstrating that, in contrast to dislocation creep in rocks,
reaction-controlled dissolution-precipitation creep may form a CPO in
deformed rocks. Mauler et al. (2001) argued for a process of eclogite
deformation based on dissolution and anisotropic growth (pressure so-
lution creep) with grain boundary diffusion as rate-controlling factor
based on CPO studies of omphacites in eclogites from the Armorican
Massif. Diffusion creep as a subordinate mechanism is discussed by
Godard and van Roermund (1995). Most authors, however, favor dislo-
cation creep to be the principal process causing the fabric development
because strong CPOs have been observed in naturally deformed eclogites
(Phillipot and van Roermund (1992), Godard and van Roermund (1995),
Abalos (1997), Kurz et al. (1998, 2004), Abalos et al. (2003), Mainprice
et al. (2004), Kurz (2005), Neufeld et al. (2008), Keppler et al. (2015,
2016), Rehman et al. (2016), and Collett et al. (2017)).

The deformation mechanisms and rheology of mafic rocks, eclogites,
and their main constituents have been studied experimentally by, e.g.,
Dimanov and Dresen (2005), Dimanov et al. (2003, 2007), Orzol et al.
(2003), Zhang et al. (2006), Moghadam et al. (2010). The general
conclusions in all of these studies is that clinopyroxene is a strong
mineral and deformation by dislocation creep should occur only at high
differential stresses at geologically realistic temperatures of 550-750 °C,
typical for high pressure rocks in subduction zones. Some of the stresses
required for dislocation creep are concluded to be unrealistically high
for natural conditions (Moghadam et al., 2010).

To investigate the deformation mechanisms in eclogites in more
detail and to test previous models, this study analyses the relation
between the development of chemical zonation, shape fabrics and CPO
in garnet and omphacite in samples of mafic eclogites in order to
determine the dominant processes for fabric formation in these rocks.
Variscan and Alpine eclogites from two different locations were studied
to analyze a range of (micro)structural settings. The main focus lies on
Saxothuringian eclogites from the Variscan Bohemian Massif (Czech
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Republic). These show a pronounced elongated shape of both garnet and
omphacite crystals and are therefore ideal for a study of the relation
between grain shape, chemical and CPO development. The results are
compared with a sample from the Tauern Window as it is similar in P,T
conditions, though partly different in grain size and shape. The Eclogite
Zone in the Tauern Window is also a key study area for a number of
papers discussing eclogite fabric formation (Kurz et al., 1998, 2004;
Kurz, 2005; Neufeld et al., 2008; Keppler et al., 2015, 2016). Therefore,
our two sets of samples provide an opportunity to compare our results
with previous models.

1.1. Geological settings

1.1.1. Bohemian Massif

The structures and metamorphism of the Bohemian Massif are the
result of the closure of the Saxothuringian Ocean during Devonian
subduction and subsequent early Carboniferous continent-continent
collision (e.g. Matte et al., 1990; Franke, 2000; Schulmann et al.,
2009). Samples for this study come from the Saxothuringian domain
(Hoth et al. (1983); Kossmat, 1927; Hoth et al. (1983); Franke, 2000),
which represents the lower plate of the collisional system and contains
remnants of high-pressure rocks exhumed from a subduction channel
(O’Brien, 2000; Masur and Aleksandrowski, 2001; Konopasek and
Schulmann, 2005; Schulmann et al., 2009, 2014; Jetrabek et al., 2016).
The Saxothuringian mafic eclogites are exposed in the Erzgebirge
Mountains and occur in association with high-to ultra-high-pressure
metasedimentary rocks (Rotzler et al., 1998; Konopdsek, 1998, 2001;
Nasdala and Massone, 2000) and metagranitoids (Kotkova, 1993; Will-
ner et al., 1997; Kotkova et al., 2011). Different peak metamorphic
conditions in individual eclogite bodies indicate that the Erzgebirge
mafic eclogites were exhumed from different depths of the subduction
channel (Schmadicke et al., 1995).

The subduction-related rocks show similar metamorphic- and cool-
ing ages indicating a fast exhumation rate (Zulauf et al., 2002;
Konopasek and Schulmann, 2005). The peak metamorphic conditions
during the formation of the eclogite samples used in this study have been
estimated to be ~600-700 °C and 2.5-2.6 GPa by Klapova et al. (1998)
and Collett et al. (2017).

1.1.2. Tauern Window

The Tauern Window (Eastern Alps, Austria) exposes rocks of the
European plate together with Penninic units below the Austroalpine
nappes in the Eastern Alps (e.g., Schmid et al., 2013, and references
therein). From top to bottom it consists of the Penninic Glockner Nappe
with rocks of oceanic affinity that reached blueschist facies meta-
morphic conditions of ~0.8 GPa, 500 °C, the Eclogite Zone, and the
Venediger Nappe, comprising gneisses and parauthochtonus metasedi-
ments with peak metamorphic conditions of ~1.1 GPa, 540 °C (e.g
Selverstone, 1993; Kurz et al., 1998, 2004; Schmid et al., 2004, 2013).
The Eclogite Zone (EZ) is located in the southern part of the Tauern
Window, with thrust contacts to the Glockner Nappe above and Ven-
ediger Nappe below. The EZ crops out along a strike length of ~20 km in
E-W direction with variation in its N-S extent between 1.5 and 3 km. The
eclogite blocks occur as lenses with a size up to 1500 x 700 m and are
embedded in a matrix of more deformed and mylonitic garnet mica
schists, marbles and quartzites. Eclogite bodies make up ~30% of the
overall Eclogite Zone (Neufeld et al., 2008). Peak metamorphic condi-
tions have been determined as 2.5 GPa and 600° + 30 °C (Stockhert
et al., 1997; Hoschek, 2001, 2007), i.e. similar to those of the Bohemian
massif samples. A rapid exhumation rate of at least 36 mm yr ' was
suggested by Glodny et al. (2005).

2. Analytical methods

All samples are polished thin sections of hand specimens cut both
parallel and perpendicular to the XZ plane of the fabric (sections parallel
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Table 1
Sample coordinates and outcrop names for studied Bohemian Massif eclogites.

Sample outcrop coordinates

M-1 Meluzina N 50°23,434 E 13°00,391
M-6 Meluzina N 50°23,392' E 13°00,625'
M-7 Na skalach N 50°23,112 E 012°59,704'

and normal to lineation and normal to foliation). Chemical composition
and zonation of garnet and omphacite crystals were analyzed using a
Zeiss Merlin VP Compact scanning electron microscope (SEM) at the
University of Tromsg, equipped with an energy dispersive x-ray spec-
troscopy (EDS) X-max 80 mm? system and a Nordlys electron back-
scattered diffraction (EBSD) detector, both by Oxford instruments,
combined with the analytical software AZtec. EDS line scan analyses
were run at 20 kV using a 60 pm aperture. Beam current was measured
and analyses are quantitative. Backscatter electron images (BSE) were
used to visualize the chemical zonation.

Orientation images were acquired by electron backscatterred diffrac-
tion (EBSD) at a tilt angle of 70° and an acceleration voltage of 20 kV. Using
a stepsize of 7 or 8 pm, stitched large area maps (0.35-0.7 cm?, 65-90%
indexing) were prepared for bulk pole figure calculations. A stepsize of
0.2-0.8 pm was used to obtain high resolution maps (80-90% indexing) of

500 um

B Garnet [] Hornblende
B Omphacite [ Zoisite
B Quartz B Rutile
[ Paragonite
500 ym
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selected garnet and omphacite grains. The MTEX toolbox (Hielscher and
Schaeben, 2008) was used to calculate area weighted pole figures of garnet
omphacite and hornblende for the large area maps (resolution of maps not
being sufficient for grain weighted pole figures). Misorientation images
(mis2mean) were calculated for the detail maps showing misorientation
angles of <« 1° to demonstrate the single crystal nature of grains.

Shape fabrics were analyzed by applying the SURFOR method
(Panozzo, 1984; Heilbronner and Barrett, 2014) on samples from the
Meluzina eclogites. Phase maps were obtained for garnet, omphacite
and quartz by thresholding and grey level slicing of BSE contrast SEM
images using ImageJ. Grain maps were obtained by further manual
segmentation. On x-z sections (parallel to lineation), the outlines of
~360-540 garnet and ~1700 to 2500 omphacite grains were digitized,
and on y-z sections (normal to lineation), those of ~40-100 garnet and
~660 to 760 omphacite grains. Grain size distributions (diameters of
area equivalent circles) of garnet and omphacite were determined using
the Analyze menu of ImageJ. The stripstar program was used to convert
to volume weighted distributions of 3D grain size (diameters of volume
equivalent spheres).

Contact frequencies of grains were measured as line length, i.e.,
surface proportion of grain (A-A, B-B) and phase (A-B) boundaries where
phase A and B could be garnet, omphacite or quartz, or B could be all

Fig. 1. Microstructures of the Bohemian massif eclogites. (a) & (b) Light micrographs of M1 parallel and normal to lineation. (c)-(f) Phase maps derived from EBSD

and BSE images, parallel and normal to lineation for M1 and M7.
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Table 2
Modal composition of eclogites. (in sample names: L = parallel to lineation =
XZ-section, P = perpendicular to lineation = YZ-section), after Finstad (2017).

Mineral M1-L (%) M1-P (%) M7-L (%) M7-P (%) M1 (%) M7 (%) EK-H
quartz 11.82 3.98 3.72 4.42 7.06 4.08 7.07
paragonite 1.32 2.90 0.02 0.00 2.01 0.00 4.06
omphacite  38.19 43.93 51.34 53.23 42.14 5259  37.89
hornblende 9.13 19.35 6.36 3.65 13.68 4.85 6.79
zoisite 6.36 2.78 14.48 9.73 4.33 11.94 3.24
garnet 31.95 25.50 22.23 27.56 29.37 2491 1494
rutile 1.22 1.56 1.86 1.41 1.42 1.63 1.02
plagioclase 17.05
kyanite 7.94
TOTAL 100 100 100 100 100 100 100

phases but A (see Heilbronner & Barret, 2014; chap. 18). Frequencies are
plotted versus surface fractions of phase A and B together with the
binomial curve for random distributions. If the frequency of A-B
boundaries lies on the curve, the spatial distribution of A and B is
random, if it plots above the curve, the distribution is ordered, if it plots
below the curve, the distribution is clustered. Phase content was

garnet
M7

a garnet
MI
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calculated for surface proportion (corresponding to volume proportion).
In addition, the individual grain maps of garnet, omphacite and quartz
and the combined phase maps of garnet and quartz were subjected to an
analysis by the autocorrelation function (ACF).

3. Results
3.1. Microstructures and shape fabrics

3.1.1. Eclogites from the Erzgebirge, Bohemian Massif

Several samples were taken from the Meluzina and Na skaldch
(Table 1) eclogite bodies of the Bohemian massif (Klapova et al., 1998),
and three (M1, M6, M7) were investigated in detail. They are fine
grained eclogites dominated in their modal mineral composition by
garnet and omphacite (Fig. 1, Table 2). Parallel to lineation all samples
show elongated grain shapes (especially omphacite, garnet, and zoisite)
that constitute the lineation and general extension direction in these
rocks (XZ-section; Fig. 1). Omphacite grain shapes in the XZ section have
a higher aspect ratio (from SURFOR analysis) of ~2.2-2.5 than those of
garnet (~1.4; Fig. 2a). The modal abundance has been determined in

omphacite omphacite

M7

R=1.43

R=1.37

R=25I

20

S
I

R=1.34

b vol% vol% vol%
15% 15% 15%
n=54| n=361 n=1723
10% - 10% - 10% -
5% 4 5% - 5% - |
Oﬂ/o | T 00/° II ,I II O% _I T vI | I ‘
0 50 100 150 200 250 300 0 50 100 150 200 300 0 50 100 150 200 0 50 100 150 200
D equ (um) D equ (um) D equ (um) D equ (um)
mode 140 £ 34 ym 212 £ 89 um 80 £ 28 um 73 £23 ym
mean 135+ 54 ym 172 £ 78 uym 85 + 37 um 79 £ 35 pm

Fig. 2. Shape and grain size analysis of Bohemian massif eclogites.(a) Characteristic shapes derived from SURFOR analysis for garnet and omphacite of M1 and M7.
(b) STRIPSTAR derived 3D grain size distributions of garnet and omphacite of M1 and M7: volumetric density against the equivalent diameter of the 3D grains. Mean
diameters and modes of Gauss fits are indicated.
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sections parallel and normal to lineation, and the different modal per-
centages are partially a function of mineral shapes (e.g., rod-shapes for
zoisite). The average percentages are given in Table 2: In addition to
garnet (~25-30%) and omphacite (~40-50%), the mineral assemblage
includes quartz, zoisite, and amphibole, as well as trace amounts of
rutile and paragonite.

Omphacite represents the larger part of the matrix surrounding the
garnet grains. The 3D-mode of the grain sizes of the garnet is ~140-210
pm, that of omphacite between ~75 and ~80 pm (Fig. 2b). YZ-sections
show more isotropic grain shapes (aspect ratios garnet ~1.1-1.15,
omphacite ~1.35; Fig. 2a). The fabric anisotropy of characteristic grain
shapes (from SURFOR data) plot near the k = 1 line for garnets and
clearly in the uniaxial prolate fabric field for omphacite (Fig. 3).

Zoisite occurs as elongated prismatic to tabular crystals with their
long axes oriented parallel to lineation and their shortest axis near
normal to the foliation (Fig. 1). Rutile is randomly distributed in the
samples. Amphiboles can be elongated, but their long axes have a more
or less random orientation in all sections because ampiboles overgrow
the rock fabric as a postkinematic mineral (Fig. 1). Diopside and
plagioclase symplectites with a maximum grain size of 5 x 2 pm may
occur in cracks and at grain boundaries of omphacite grains in all three
samples. Their modal abundance typically is far lower than 10% and has
not been considered in the modal mineral analysis.

3.1.2. Eclogite from the Tauern Window, Austrian Alps

Of the samples taken from several Tauern window locations, several
were studied in detail, and for this paper, sample EK-H was selected for
documentation. It represents a fine grained to mylonitic eclogite, which
is typical for the Eclogite Zone (EZ). The sample is foliated and shows a
well-developed stretching lineation which is parallel to the stretching
lineation of the garnet mica schists that surround the eclogite lenses
within the EZ. Garnets (~15% of the sample; Table 2) occur in layers
within an omphacite matrix and vary in shape. Some grains are strongly
elongated in the extension direction. This elongation is parallel to that of
the omphacite grains. Equant shaped garnet grains are present, too. The
garnet grain size varies significantly between ~100 and ~800 pm.
Omphacite grains (~40%) form a well-developed lineation and show a
relatively homogeneous grain size of ~400-600 x 100-200 pm. Further
mineral components are quartz, glaucophane, zoisite, kyanite, phengite,
rutile and paragonite as well as hornblende and plagioclase which are
related to retrogression during exhumation. While glaucophane

XY

2.0 - ® M1grt
¢ M1 omp

1.8
16
1.4 - A

1.2

1.0 T T T
10 12 14 16 18 20 Y/Z

Fig. 3. Flinn diagram for Bohemian massif eclogites. Data of M1 (black) and
M7 (grey) of grain shapes for garnet (circles) and omphacite (thombs). Aspect
ratios are derived from SURFOR analyses.
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generally occurs as rims around the garnets, other accessory phases are
distributed randomly within the sample.

3.2. Chemical composition and zonation of garnet and omphacite

The garnet and omphacite microstructures in many of the Meluzina
and Tauern window samples resemble each other, and the zonation
patterns are very similar in all the samples that were studied. Two of the
Meluzina and one of the Tauern window samples were selected for
detailed documentation here, because they are representative and show
the best and most complete examples of the features of interest.

Garnets in the Bohemian Massif samples show cores with quartz
inclusions. Small inner cores are generally more equant than the fully
grown grains (Figs. 4 and 5). The part surrounding the cores shows a
higher Mg-, lower Ca-, and decreasing Fe-content, followed by an outer
rim with distinctly lower Ca- and Fe-, and increased Mg-content. Some
zonation patterns have faceted shapes (Fig. 4), others are more irregular
(Fig. 5). The concentric zonation pattern follows the elongated grain
shape, where the final shape is more elongated than the inner parts. The
grains are zoned with the compositional range stretched over a larger
distance in the direction parallel to elongation than in the direction
perpendicular to it, but the same zonation range is complete in all di-
rections, i.e., the patterns usually are not truncated normal to the
elongation direction - this is particularly clear in the YZ sections (Fig. 6).
Most garnet grains show healed cracks expressed as narrow zonation
sutures. The regions near these healed cracks in the cores show more
patchy internal zonation patterns. These cracks can cut through the
grains from rim to cores, so that they must have formed at the end of or
after garnet growth.

Omphacite shows an even more pronounced difference in spatial
distribution of chemical zonation (for long versus short axis of grains).
The innermost cores invariably are Al-poor and Ca-rich (Figs. 5 and 7).
In some cases the Na- and Al-contents increase from core to rim, whereas
Mg and Ca-contents decrease. In other cases Ca- and Mg-contents seem
to oscillate, and Na-content is slightly patchy to rather even (Fig. 7).
Some cores have high aspect ratios whereas others can be more equant.
This kind of garnet and omphacite zonation is typical for all samples
throughout the studied sample set.

Garnet and omphacite in eclogite samples from the Tauern Window
show a similar type of chemical zonation as the samples from the Bo-
hemian Massif. Elongated garnet crystals observed in the sample EK-H
also show zonation with increasing Mg-content from core to rim,
coupled with decreasing Fe-content, while Ca-content decreases towards
the rim (Figs. 5 and 8). The zonation patterns and outlines tend to be
more faceted than the Bohemian garnets (Figs. 5, 6 and 8). There is no
truncation of the patterns in the direction normal to lineation. Some
omphacite crystals from the Tauern Window eclogites show the same
asymmetric distribution of chemical zonation with decreasing Ca- and
Mg-contents from core to rim accompanied by a slight increase in Na-
and Al-contents (Fig. 5). Others show a more oscillatory zoning in Mg
and Ca, but Al and Na invariably are low in the core (Fig. 9). Most
Tauern omphacite cores are elongated (Figs. 5 and 9). The zonation
pattern is present in all sections, with larger spacing of the composi-
tional range of zonation parallel to the lineation and smaller spacing
normal to lineation.

3.3. Crystallographic preferred orientation (CPO)

Crystallographic preferred orientations (CPO) of garnet and
omphacite in all Bohemian and Tauern samples were measured in
relatively large areas (0.35-0.7 cm?, comprising up to 100’000 grains).
Omphacite CPO’s in eclogites from the Bohemian Massif show an
orthorhombic symmetry with poles to {001} parallel to lineation. There
is a very weak tendency towards a single girdle distribution of the
normal to {001} in the foliation in sample M7 (Fig. 10). Poles to {010}
are preferentially aligned normal to the foliation with a weak tendency
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L
0° 0.5° I°
misorientation angle

MI garnet

100 ym

Ca

towards a girdle distribution normal to lineation in sample M1. {100} is
oriented in incomplete single girdles (normal to lineation) with a ten-
dency towards a diffuse or elongated maximum near the center of the
pole figure (in the foliation plane; Fig. 10). All of these fabrics can be
described as LS-fabrics with some tendency towards L-fabrics in the
sense of Helmstaedt et al. (1972) and Keppler (2018).

Garnets do not show a systematic distribution for poles to {100},
{110}, and {111}, and J-indices are very low (Fig. 10). Some local
maxima in pole figures represent larger single grain orientations. The
hornblende CPO in M6 and M7 is of a similar type as that of omphacite
but with weaker and more distributed maxima of all measured re-
flections compared to omphacite (and lower J-indices except for M7;
Fig. 10). The sample M1 shows a rather patchy and different distribution
of the hornblende CPO from omphacite for {100}, {001}, and {010}
poles. Patchy submaxima in the hornblende distribution represent ori-
entations of single grains because of their large size, similar to garnet
(Fig. 10). The CPO of Tauern Window eclogite EK-H is similar to those of
the Bohemian massif ones with a slightly stronger tendency towards a
girdle fabrics for {001} in omphacite (Fig. 10). Garnets also show a
nearly random distribution. The CPO’s of garnet are more patchy than
those of the Bohemian samples. This feature may be caused their larger
grain size.

Misorientation maps for single grains of garnet and omphacite were
calculated from EBSD data. In all measured omphacite and garnet
grains, the misorientation angle is less than 1° with respect to the mean
orientation of the grain (Figs. 4, 7-9). The highest misorientation angles
are usually observed along scratches induced by sample preparation
(Figs. 7-9). The measurements confirm that the zoned grains are single
crystals and no substantial change in crystal orientation occurs with
chemical variation. As pointed out for the chemical zonation patterns,
there are healed cracks that extend into the inner parts of garnet grains.
Some of these cracks may produce very small angles between the healed
fragments (<0.5°; Fig. 4). These cracks form after the growth of garnets.

3.4. Phase distribution in the Bohemian eclogites

The spatial distribution of the phases garnet, omphacite and quartz
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Fig. 4. Garnet zonation from a Bohemian
massif eclogite.Left: Band contrast (BC) and
misorientation map (showing angles of
mis2mean) of a garnet grain from sample
M1 with boundary of zonation superposed.
Note that misorientation angles are
extremely small (<1°). Note also that
misorientation boundaries may be induced
by scratches (compare with BC, white ar-
rows), but do not coincide with zonation
boundaries. Right: Back scatter contrast
image (BSE) and element maps (Mg = yel-
low, Ca = turquois). Note that the zonation
spacing is widest parallel to the stretching
direction X, but not truncated on faces
normal to the shortening direction Z. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article)

has been analyzed. The distributions of each of the three phases within
the eclogite have been evaluated separately (Fig. 11a,c). From the fre-
quencies of the grain and phase boundaries, a more or less random
distribution may be inferred in sections M1 and M7 parallel to elonga-
tion, as can be seen from the fact that they all plot on or very close to the
phase boundary curves for random spatial distributions (black line in
Fig. 11 c). Perhaps for the garnet distribution in M1, a slight ordering
could be inferred as it shows slightly more phase boundaries than ex-
pected for the random case (Fig. 11c). In Fig. 11 b, d, the spatial relations
of pairs of phases are explored. It appears that in M1 and M7, omphacite
and garnet are randomly mixed (phase boundary frequencies plot on the
black line in Fig, 11 d). In contrast, garnet and quartz exhibit excess
frequencies of phase boundaries implying that the distribution is highly
ordered (Fig. 11 b, d). For quartz and garnet there is a close spatial as-
sociation of these two phases shown from the dominance of quartz-
garnet phase boundaries and lower-than-expected frequency of quartz
and garnet grain boundaries (Fig. 11 d). In Fig. 11b, this close associa-
tion of quartz and garnet is most pronounced in direction parallel to the
lineation (strain shadows; Fig. 11b).

3.5. Shape fabrics of omphacite, garnet, and quartz in Bohemian Massif
eclogites

For XZ sections the results of the SURFOR and ACF analyses all show
a consistent alignment with the lineation (extension direction) and a
trend of substantially greater aspect ratios for omphacite (~2.2-2.8)
than for garnet (~1.4-1.55) and quartz (~1.55-1.8) as can be seen by
comparing Fig. 2 and Fig, 12. If garnet and quartz are considered
together (quartz often is located next to the garnet in the direction
parallel to lineation), their combined aspect ratio from the ACF analysis
is higher (~1.7-2.15) than that of garnet and quartz alone but still lower
than that of omphacite (Fig. 12). Unfortunately, the phase maps ac-
quired on the YZ sections are too small, i.e., they do not contain enough
grains for a statistically sound analysis to consider the problem in 3 D.
However, visual inspection of the phase distributions (Fig. 1) does not
indicate any systematic neighborhood relationships or grain shapes for
garnet and quartz in the section normal to lineation as it is found in the
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Fig. 5. Element concentration profiles for garnet and omphacite. Concentrations along profiles across garnet and omphacite grains from the Bohemian massif (M1)
and the Tauern Window (EKH) eclogites are shown.
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Fig. 6. Chemical zonation patterns parallel and normal to lineation in garnets from the Meluzina and Tauern sections. Left: XZ-sections, Right hand figures: YZ-
sections. The YZ-sections show approximately the same thickness of growth rims around the cores in all directions.

section parallel to lineation, and fabrics appear rather isotropic.
4. Discussion

4.1. Compositional zonation in garnet and omphacite and their
relationship to the P, T-development

The P,T-evolution of the Erzgebirge eclogites from the Meluzina lo-
cality has been studied in detail by Klapova et al. (1998) and Collett
et al. (2017). Chemical compositions of garnet and omphacite in our
samples are similar to the observations in those publications. Some of
our samples (Fig. 7) concur with the conclusions of Collett et al. (2017),
who reported an absence of systematic compositional variation in
omphacite, but all of our observations (Fig. 5) show a compositional
zoning. Thermodynamic modelling of the metamorphic evolution of the
Meluzina locality eclogites by Collett et al. (2017) has confirmed that the
observed chemical zonation in garnet is compatible with prograde
garnet growth from P,T-conditions of ~500 °C and 1.9 GPa to the
metamorphic peak at ~620 °C and 2.6 GPa. The same authors modelled
the evolution of the jadeite content in omphacite along the same
metamorphic path and predicted only subtle compositional variations.
Our observations of the omphacite zonation also show subtle (~0.5-1
wt.%), but clearly developed and systematic increase in Na, and
decrease in Ca content from core to rim accompanied by increase in Al
content (Fig. 5), which we interpret primarily as an increase in the
jadeite component of the omphacite during growth, possibly accompa-
nied by a decrease in the aegirine component. Thus, both, garnet and
some omphacite zonations in the Meluzina eclogites indicate growth of
these minerals on a prograde pressure and temperature path consistent
with increasing pressure during on-going subduction up to metamorphic
peak conditions. This prograde path is shown in Fig. 13 marked with
»prograde growth* for omphacite and garnet.

Zoisite is the most elongated mineral phase in the assemblage. As

zoisite is a dense hydrous phase, it is consistent with the P,T-path that it
has formed during high pressure conditions. However, its stability field
is so large that it is impossible to demonstrate that its formation occurred
exclusively during the eclogite facies stage.

The hornblende grains overgrowing the fabric indicate amphibolite
facies P,T conditions (Fig. 13), followed by the formation of thin sym-
plectites of plagioclase and diopsidic pyroxene as rims on omphacites,
inferred from microstructural relationships (Klapova et al. (1998); Col-
lett et al. (2017)). Both assemblages indicate retrograde P,T conditions
outside the eclogite facies. The random shape orientation of amphibole
grains indicates a postkinematic growth, so that the deformation of these
Bohemian eclogites has taken place only during prograde eclogite facies
conditions. Formation of hornblendes and cpx-plag-symplectites is of
limited extent in our samples, so that for the largest volume of the
Meluzina eclogites preserves the high pressure P.T history and repre-
sents practically all of the deformation history.

The zonation pattern for garnet in the Tauern window eclogite shows
a similar trend as that of the Bohemian eclogites, indicating garnet
growth on a prograde (with respect to pressure) path. For omphacite, the
zonation pattern is more oscillatory, so that the clear correlation with
increasing pressure conditions is less clear. Thus, most fabrics analyzed
in this study record synkinematic mineral reactions, and both sample
series record at least a largest part of the deformation history of these
rocks during high and possibly increasing pressure conditions.

The zonation pattern of garnet and omphacite in both sample series
systematically follows the anisotropic shapes of these minerals produced
during deformation, i.e. extension in the lineation direction. These mi-
crostructures indicate a direct correlation between deformation and the
mineral growth of omphacite and garnet. It can be inferred that the
deformation and mineral growth of garnet and omphacite have occurred
simultaneously during the prograde mineral reaction.
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Fig. 7. Omphacite zonation from a Bohemian massif eclogite. Left: Back scatter contrast image (BSE), Band contrast (BC) and misorientation map (showing angles of
mis2mean) of an omphacite grain from sample M1 with boundary of zonation superposed. Note that misorientation angles are extremely small (<1°). Note also that
misorientation boundaries may be induced by scratches (compare with BC, white arrows), but do not coincide with zonation boundaries. Right: Element maps (Mg =
yellow, Ca = turquois, Al = purple, Na = green). Note that the zonation is widest parallel to the stretching direction X and continuous on faces normal to the
shortening direction Z. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article)

4.2. Processes of mineral growth and deformation

The concentric but anisotropically spaced zonation of the mineral
composition can be traced outlining the grain shapes of garnet and
omphacite usually without truncation in the outer parts of grains
(Figs. 4-9). The lack of a truncation of the zonation patterns normal to
the extension indicates that typically no dissolution has taken place. The
outer parts of garnets, especially the faceted zonation patterns, represent
growth zonations (Figs. 4, 5 and 8), and growth has occurred in all di-
rections but at faster rates in the elongation direction and more slowly in
the directions normal to it. The same interpretation can be made for
omphacite grains (Figs. 5, 7 and 9), where growth anisotropy is more
pronounced. Thus, there is no evidence for dissolution (e.g., pressure
solution) in most garnet and omphacite grains in the direction normal to
extension. Elongated garnet and omphacite grains are zoned from the
cores to the rim with a consistent zonation pattern parallel and
perpendicular to the rock’s extension direction (Fig. 6).

Some inner parts of garnet show a more or less concentric but
somewhat irregular zonation (Figs. 4 and 5), combined with healed
cracks throughout the grains. These parts of garnet are best interpreted
as a partial in-situ replacement of an existing garnet grain (e.g., Lanari
and Engi, 2017; Giuntoli et al., 2018a). The cracks probably have formed
during the replacement process and have acted as fluid pathways during
the dissolution and reprecipitation of garnet, similar to processes
described by Putnis (2009, 2015). The small misorientation of clasts in
the grains’ interiors can be explained by the cracking and healing pro-
cesses (Fig. 4). However, these features are found throughout garnet
grains cutting the growth zonations, so that they are later features.

The lack of dissolution indicates that the coupled processes of
deformation and mineral growth during reaction have continued as long
as there has been a reservoir of reactant phases (the original mafic
assemblage of cpx and plagioclase), which have been consumed during
the process. Growth in the extension direction has taken place only in
the form of new phases. The clear connection between grain growth,

anisotropic shape in garnets and omphacites, and their chemical zoning
probably has for a large part developed during the prograde P,T evo-
lution (Fig. 13) and corresponds to the progressive deformation of the
Eclogites during on-going subduction.

4.3. Formation of crystallographic preferred orientation (CPO)

4.3.1. Omphacite and garnet

Omphacite CPO’s form strong orthorhombic LS-type patterns with
the normal to {001} parallel to lineation (Fig. 10). The dominant slip
systems in omphacite have [001] and <110> Burgers vectors and prism
{110} or {100} planes as glide planes (van Roermund and Boland, 1981;
van Roermund, 1983; van Roermund, 1984, Buatier et al., 1991, Phil-
lipot and van Roermnund, 1992; Godard and van Roermund, 1995). The
[0011{110} slip system is common and known as pencil glide. Thus, a
single [001] maximum in the lineation direction and {110} and {010}
planes combined as maxima or girdle patterns normal to the lineation
have been interpreted as an easy glide orientation of omphacite during
deformation, and it is the reason why such omphacite CPO’s are inter-
preted as evidence for dislocation creep deformation by many authors
(van Roermund and Boland, 1981, van Roermund, 1983, van Roermund,
1984, Buatier et al., 1991, Phillipot and van Roermnund, 1992, Boundy
et al., 1992, Godard and van Roermund, 1995, Abalos, 1997, Piepen-
breier and Stockhert, 2001, Mauler et al., 2001, Brenker et al., 2002,
Bascou et al., 2002, Zhao et al., 2005, Zhang and Green, 2007, Rehman
et al., 2016, Wassmann and Stockhert, 2013). Kurz et al. (1998, 2004),
Kurz (2005), Neufeld et al. (2008) and Keppler et al. (2015, 2016)
studied eclogites from the Eclogite Zone (Tauern Window) to also
conclude dislocation creep for these rocks. However, in the case of the
Meluzina and Tauern Window eclogites analyzed here, the composi-
tional growth zonation in elongated omphacite grains is not consistent
with dominant dislocation glide or -creep deformation. The crystal
misorientation in elongated omphacite grains is very small and identical
in core and rim sections of the grains and independent of chemical
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Fig. 8. Garnet zonation from a Tauern Window eclogite. Left: Band contrast (BC) and misorientation map (showing angles of mis2mean) of a large garnet grain from
sample EKH with boundary of zonation superposed (small interior grains are not portrayed in misorientation map). Note that misorientation angles are extremely
small (<1°). Note also that misorientation boundaries may be induced by scratches (compare with BC, white arrows), but do not coincide with zonation boundaries.
Right: Back scatter contrast image (BSE) and element maps (Mg = yellow, Ca = turquois). Note that the zonation is widest parallel to the stretching direction X, but
not truncated on faces normal to the shortening direction Z. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article)

composition (Figs. 7 and 9). This observation confirms that zoned
omphacites are single crystals of up to a couple of hundred microns in
length, and there is no evidence for dynamic recrystallization (neither
subgrain rotation nor grain boundary migration), because no misori-
entation is detected. Instead, the observations and chemical data indi-
cate only progressive anisotropic growth of elongated omphacite grains
by faster rates in the extension direction during deformation. Such mi-
crostructures are indicative of grain scale diffusion creep rather dislo-
cation creep deformation in these eclogites.

The difference between omphacite and garnet is that omphacite
shows rather strong CPO’s, whereas garnet does not show a significant
CPO. This difference may be explained by anisotropic growth of
omphacite that appears to be crystallographically controlled by surface
energy (Hartman-Perdok-theory; Hartman and Perdok, 1955). The
fastest growing planes in omphacite are (001), the slowest (010) (van
Panhuys-Sigler and Hartman, 1981), i.e., the [001] direction usually is
the fastest growth direction. If growth is controlled by deformation (e.g.,
the extension direction), a CPO of the observed type will result from
growth ([001] parallel to lineation, (010) parallel to foliation), because
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suitably oriented nuclei grow faster than others. This mechanism for a
formation of a CPO in omphacite has already been proposed by Godard
and van Roermund (1995). For garnet as a cubic mineral, no crystallo-
graphically controlled shape anisotropy develops. Preferential growth
occurs in the extension direction, but the growth direction is not crys-
tallographically controlled (it is isotropic), so that any garnet crystal
orientation can grow with anisotropic shapes.

The results of this study supporting diffusion creep as a dominant
deformation mechanism partially agree and partially disagree with
previous studies. Mauler et al. (2001) have argued that some of their
CPO’s of omphacite are produced by dissolution and precipitation (so-
lution precipitation creep, which is considered as a type of diffusion
creep), and Godard and van Roermund (1995), Phillipot and van
Roermnund (1992), and Stockhert (2002) have proposed subordinate
diffusion creep deformation for Eclogites. While the results of our study
support the precipitation (growth) part of diffusion creep, we see a
complete zonation around all boundaries of the grains (no truncation
perpendicular to the lineation), thus making dissolution of garnet and
omphacite during deformation unlikely. The lack of solution features
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Fig. 9. Omphacite zonation from a Tauern Window eclogite. Left: Back scatter contrast image (BSE), Band contrast (BC) and misorientation map (showing angles of
mis2mean) of an omphacite grain from sample EKH with boundary of zonation superposed. Note that misorientation angles are extremely small (<1°). Note also that
misorientation boundaries may be induced by scratches (compare with BC, white arrows), but do not coincide with zonation boundaries. Right: Element maps (Mg =
yellow, Ca = turquois, Al = purple, Na = green). Note that the zonation is widest parallel to the stretching direction X and continuous on faces normal to the
shortening direction Z. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article)

indicates that the garnet and omphacite record primarily growth of
these phases. The dissolution part of the diffusive mass transfer has
taken place in form of dissolution of the reactant phases of the meta-
stable assemblage during the metamorphic reaction. In this way, the
diffusion creep deformation is directly connected to the metamorphic
reaction as a part of the transformation process. While Mauler et al.
(2001) focused only on omphacite, our study shows that garnet and
omphacite both show chemical variations and geometries consistent
with deformation and growth during the metamorphic evolution. For
the zoisite, the same mechanism is inferred and probably has taken place
simultaneously with growth of omphacite and garnet.

Some studies favor dislocation creep as the dominant deformation
mechanism, based on clear evidence of dislocations and dislocation
substructures from TEM observations (van Roermund, 1983; van Roer-
mund, 1984, Buatier et al., 1991, Phillipot and van Roermnund, 1992;
Miiller and Franz, 2008, Miiller et al., 2004, 2008). These TEM results
are undisputed by our study, but it is one of the disadvantages of TEM
studies that the statistical importance of the observed structures is
difficult to assess because of the small size of the observed regions. It is
quite possible that subordinate dislocation glide and/or creep may have
occurred in our samples, too, but the microstructures clearly indicate
that the dominant deformation mechanism is diffusion creep.

The hornblende CPO is similar to that of omphacite in Bohemian
Massif and Tauern window eclogites (Fig. 10), but the fact that amphi-
bole overgrows the fabric as a postkinematic phase indicates that
deformation had ceased at the end of the reaction process (eclogite
facies conditions) and new reactions (amphibolite facies overprint) took
place under static, non-deformational, conditions (e.g, Fig. 13). Horn-
blende has primarily replaced omphacite during the amphibolite facies
metamorphic reaction. Replacement of clinopyroxene by hornblende
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along planes with coherent interphase boundaries parallel to the [001]
zone axis has been documented by Handy and Stiinitz (2002). The
observed hornblende CPO is inferred to be inherited from the preexist-
ing omphacite CPO, i.e. hornblende grains nucleate with coherent
boundaries on clinopyroxene and progressively replace omphacite with
certain common crystal plane orientations.

4.4. Nucleation and growth of garnet, omphacite, and quartz

Spatially, garnet and omphacite are randomly distributed in the
samples (Fig. 11). The distribution of phases is primarily controlled by
nucleation during the metamorphic reaction (all minerals of the eclogite
assemblage have nucleated as new phases — none of the original
magmatic minerals have been preserved). The random spatial distribu-
tion of garnet and omphacite suggests homogeneous nucleation (i.e.
random nucleation sites) for these phases. Garnet has a larger grain size
than omphacite, possibly due to slower nucleation rates.

Absolute average length of garnet and omphacite in the extension
direction is approximately the same, so total garnet growth in the
extension direction may have been similar to that of omphacite. If grains
are growing anisotropically and/or at different rates, a relative move-
ment between them along their boundaries may become geometrically
necessary. Such a movement takes place by (frictionless) grain boundary
sliding (GBS) during diffusion creep deformation (Fig. 14) and is termed
,Lifshitz sliding* (e.g., Langdon, 2006). If, close to the completion of all
mineral reactions, growing garnet and omphacite grains need to glide
past each other in a random aggregate of phases, strain shadows may be
formed around the more competent mineral garnet (Fig. 14c; this part of
figure only shows the last stages of the growth and only the vicinity of
garnet). Quartz is predominantly found next to garnet grains parallel to
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Fig. 10. Crystallographic preferred orientation (CPO) of garnet, omphacite, and hornblende from the Bohemian massif (M1, M6 and M7) and the Tauern Window
(EKH) eclogites. Left: pole figures of (100), (110) and (111) of garnet; right, pole figures of (100), (010) and (001) of omphacite (above) and hornblende (below).
Contours are multiples of the uniform distribution. J-indices are indicated below the mineral name.

the extension direction (Figs. 1, 11 and 12). It is inferred that the quartz
has precipitated in the low stress sites of garnets as a consequence of
local strain incompatibility (Fig. 14). This phenomenon may lead to a
creep cavitation process (e.g., Kassner and Hayes, 2003; Fusseis et al.,
2009) and has been observed in experiments and natural rocks (Rybacki
et al., 2008; Menegon et al., 2015, Précigout and Stiinitz, 2016). One
important contributing factor for the precipitation of quartz is that the
solubility of SiO, increases strongly and non-linearly with confining
pressure (e.g., Manning, 1994, 2004, and references therein). Therefore,
at eclogite facies conditions, a local lowering of the normal stress on a
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grain boundary surface normal to the extension direction will cause
immediate oversaturation of the fluid with SiO2 and will easily facilitate
the nucleation and precipitation of quartz in these low stress sites
(garnet strain shadows; Figs. 1, 12 and 14). In this way, deformation and
mineral reaction/precipitation sites are directly connected via strain
incompatibility/dilatancy and element solubility.

The shape fabrics, mineral zonations, and CPO’s of omphacite and
garnet in the analyzed Tauern Window eclogites are similar to those of
the Meluzina eclogites and the deformation of omphacite and garnet
during the proceeding metamorphic reaction is interpreted in the same
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way as in the Meluzina eclogites here, namely by diffusion creep and
growth of the phases in the elongation direction. Quartz precipitating in
garnet strain shadows show qualitatively the same characteristics and
fabric distribution as in the Meluzina eclogites, too.

4.5. Shape fabrics (SPO) of omphacite and garnet

Previous studies of the Tauern Window eclogites (Kurz et al., 1998,
2004; Keppler et al., 2015, 2016) have suggested dislocation creep for
the origin of these fabrics and they interpret the observed differences in
SPO and CPO development as a function of strain state (constrictional,
flattening), similar to Helmstaedt et al. (1972), as it is inferred by many
previous studies (e.g., Bascou et al., 2002; Keppler, 2018, and references
therein). The CPO’s are discussed above, in this section we address the
question of the SPO’s.

The garnet and omphacite fabrics in the Meluzina Eclogites show
distinct differences (Fig. 3): the garnet shapes plot near the k = 1 line in
the Flinn fabric diagram, whereas the omphacites plot clearly in the
uniaxial elongation fabric field. The interpretation of diffusion creep and
anisotropic growth of minerals made here can explain the observed
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difference between garnet and omphacite shapes: Omphacite has only
one preferred growth direction ([001]). If growth takes place prefer-
entially in this direction, the resulting shapes will be rods, or slightly
triaxial rods for the case of (010) being the most slowly growing crystal
face (van Panhuys-Sigler and Hartman, 1981). If rods are forming as a
consequence of elongation in a single direction during growth, the plane
strain and the constriction states of strain cannot be distinguished well,
because in both cases, fastest growth occurs in the elongation direction,
regardless of the shortening directions (only in the case of pronounced
triaxial shapes with (010) as larger crystal faces could the shapes be
distinguished and/or in the case of dissolution in the shortening direc-
tion). Only a flattening state of strain is expected to form rods in many
different directions within the foliation plane during growth, because
there is more than one extension direction. The SPO and CPO are con-
nected for omphacite. Thus, for omphacite, the resulting SPO will al-
ways be “constrictional” in both, simple shear and constrictional
deformation. Garnet as a phase without a preferential crystal growth
direction might be better for inferring a strain state from the SPO. The
difference between the garnet and omphacite SPO’s in the Meluzina case
(Figs. 2 and 3) may be reconciled by proposing a plane strain
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Fig. 13. P,T-path of the Bohemian eclogites. P,T-path as compiled from
Klapova et al. (1998) and Collett et al. (2017). Some of the zonations of
omphacite and garnet in the analyzed samples indicate a formation of the
eclogite assemblage during the prograde path.

deformation state, where garnet may grow according to the strain state
while omphacite grows only in the elongation direction, producing
rod-like SPO’s because of crystallographically controlled growth ki-
netics. The situation illustrates that even though in grain scale diffusion
creep the grain shapes may bear some qualitative indication about
strain, the shape fabrics cannot be used to calculate finite strain, because
growth anisotropy, rates, grain boundary sliding, etc. will control finite
grain shapes.

4.6. Polymineralic deformation and application to deformation processes

The CPO’s and elongated grain shapes of omphacite are rather
common for eclogites, so that it is likely that similar CPO’s and SPO’s in
other eclogites could also be the result of diffusion creep deformation
rather than dislocation creep. This situation would be consistent with
the conclusion by Piepenbreier and Stockhert (2001), who argued that
dislocation creep is the exception rather than the rule in eclogite facies
rocks. Their conclusion is partly based on the fact that inferred stresses
in subduction zones are low (Stockhert, 2002; Stockhert and Renner,
1998; Gerya and Stockhert, 2002; Wassmann and Stockhert, 2013), and
dislocation creep laws of diopside and omphacite (both belong to the
same isomechanical group; Dorner and Stockhert, 2004) yield flow
stresses that seem to be unrealistically high at geological strain rates
(Dimanov et al., 2003, 2007; Dimanov and Dresen, 2005; Orzol et al.,
2003; Zhang et al., 2006; Moghadam et al., 2010). The latter study infers
differential stresses of up to 1 GPa for omphacite dislocation creep
deformation for typical eclogite facies temperatures of 550-700 °C
(Moghadam et al., 2010).

One of reasons why dislocation creep dominates in experiments of
omphacite (Zhang et al., 2006) may be that omphacite is deformed as a
single phase material and the high stresses applied in these experiments
force dislocation creep to operate, because no chemical reaction can
occur. The eclogite deformation studied here takes place (a) in a poly-
phase rock rather than a monophase material and (b) during the
omphacite and garnet forming reaction, i.e. during the metastability of
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Fig. 14. Schematic drawing of deformation of mafic rock undergoing phase
transformation to eclogite.(a) Near the beginning of deformation (c;-direction
indicated); nucleation of garnet and omphacite in deforming parent rock (mafic
rock, grey matrix). Centers of nucleation (black dots) act as passive markers of
the matrix deformation, as outlined by stippled rectangles. (b) Consumption of
reactants (grey) and growth of products, garnet and omphacite, parallel to
extension. Note: garnet grains grow from equant to elongated shapes (growth
rate is independent of crystallographic orientation of nucleus), omphacite
grains are elongated from the start (growth rates are controlled by crystallog-
raphy). (c) Phase transformation near completion: Garnet and omphacite form
local load bearing networks. Lifshitz grain boundary sliding may take place at
all grain boundaries where growth, i.e., mineral reactions are still ongoing (two
sites indicated by yellow arrows). Quartz precipitates in the low stress sites
where the growth rates of garnet and omphacite lag behind the bulk extension
rate. Once all reactions are completed, deformation of eclogite ends, i.e., cannot
continue at the given stress level. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article)

the pre-existing reactant phases plagioclase and pyroxene. It is inferred
that the zonation in omphacite and garnet in the Meluzina eclogites
developed over a range of P,T-conditions and while a reservoir of
reacting phases had still been present (and dissolving while omphacite
and garnet precipitate and grow). In such a case, the diffusion creep
deformation is part of a transformation process (metamorphic reaction).
Experimental testing of a single phase (omphacite) within its P,
T-stability field does not allow for chemical driving potentials to play
a role in the deformation. Metastability of phases during deformation
has been shown to be important for mechanical weakening in nature (e.
g., Hidas et al., 2013) and in experiments (Stiinitz and Tullis, 2001; de
Ronde et al., 2004, 2005; Holyoke and Tullis 2006a, b; Marti et al., 2017,
2018, Mansard et al., 2020) and in nature (e.g., Handy and Stiinitz,
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2002; Menegon et al., 2013; Okudaira et al., 2015), promoting diffusion
creep. Thus, dislocation creep may be a forced mechanism in deforma-
tion experiments of the stable monophase material, while diffusion
creep may be dominant in nature due to metastability of the phases in a
polymineralic rock. The metastability of phases in a polymineralic
assemblage emphasizes the importance of transformation processes
during deformation in polyphase materials.

The CPO, SPO, and compositional zonations of omphacite indicate
that nucleation and preferential growth of phases can produce a strong
CPO during diffusion creep deformation, and that well developed CPO’s
are not necessarily the product of dislocation creep. Similar results have
been presented by Misch (1969), Berger and Stiinitz (1996), Getsinger
et al. (2013), Getsinger and Hirth (2014), and Giuntoli et al. (2018b) for
amphiboles (natural samples and experiments) and by Sundberg and
Cooper (2008) for harzburgite (experiments) and Barreiro et al. (2007)
for plagioclase (experiments). The preferred nucleation of quartz at low
stress surfaces of garnet during creep cavitation in diffusion creep is a
consequence of strain incompatibility between garnet and faster
growing (deforming) omphacite.

The processes described here constitute the direct connection be-
tween mineral reactions and deformation and may represent an
important if not typical deformation situation in polymineralic rocks.
The example of eclogite indicates that mafic rocks can become me-
chanically weak during the general transformation process (trans-
formation weakening), i.e. the interaction of mineral reaction and
deformation by diffusion creep. Despite the high strength of individual
phases (pyroxenes, garnet, zoisite) in dislocation creep, mafic rocks
undergoing a transformation may deform by diffusion creep, which
typically implies n-values ~ 1, consistent with low stresses. This is
particularly important in mafic rocks, which consist of mechanically
strong phases (pyroxenes, amphiboles, plagioclase). The results are
important for subduction zones in general and support the fact that in
subduction zones, stresses are expected to be low as already demon-
strated by Stockhert (2002) and Stockhert and Renner (1998). An
exception are dry basement rocks that become incorporated in sub-
duction zones. It is argued here that in addition, many initially strong
lithologies (such as, e.g., dry basement rocks) can become weak, pro-
vided that reactions can proceed during deformation.

Diffusion creep is a grain size dependent deformation mechanism.
The observed grain growth of phases during the metamorphic reaction
will make diffusion creep deformation progressively less efficient. The
transient nature of the deformation mechanism is given by two factors:
(1) When the metamorphic reaction is complete, the weakening stops,
and (2) grain growth makes diffusion creep less efficient.

5. Conclusions

Our study of two different eclogite units demonstrates that aniso-
tropic crystal growth can produce eclogite deformation fabrics during
progressive mineral reactions during subduction. Crystal plastic defor-
mation (dislocation creep) is not identified as the dominant deformation
mechanism as indicated by garnet and omphacite chemical growth
zonation in single omphacite and garnet grains. The anisotropic grain
shapes of omphacite are interpreted to have formed by preferential
growth of grains in the [001] direction in the elongation direction
during deformation. The resulting omphacite crystallographic preferred
orientation (CPO) has developed as a consequence of anisotropic dif-
ferential crystal growth and coincides with the mineral shape preferred
orientation (SPO). Garnets form a random CPO. Their anisotropic shapes
are also produced by anisotropic grain growth, but Garnet does not show
a preferred crystallographic growth direction and therefore does not
develop a CPO. The metastable reactants of the mafic assemblage are
being dissolved and eclogite facies products precipitated producing a
preferential growth fabric of minerals in the two analyzed sample series.
The dissolution and precipitation of minerals constitutes a diffusion
creep deformation (or solution transfer creep or dissolution

16

Journal of Structural Geology 139 (2020) 104129

precipitation creep - all of these terms describe very similar processes),
for which typically low stress exponents are expected (n =~ 1). This
transformation process weakens the rock and allows a deformation of
mafic rocks at far lower stresses than those normally required by
dislocation creep of pyroxenes and garnet. It is suggested that the
transformation process itself is an important weakening mechanism in
mafic (and other) rocks, facilitating deformation at low differential
stresses.
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