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Abstract

Aqueous fluids released during dehydration of a subducting slab have a large

effect on the rheology of the subduction interface. While high-pressure experi-

ments and natural-case studies link deformation with critical dehydration

reactions during eclogitization, the exact interplay between these processes

remains ambiguous. To investigate fluid–rock interaction and associated defor-

mation at high-pressure, we studied a suite of eclogites from the Tsäkkok Lens

of the Scandinavian Caledonides that record prograde metamorphism within

an Early Palaeozoic cold subduction zone. Our results show that in-situ dehy-

dration during the blueschist to eclogite facies transition produces fluid fluxes

leading to rheological weakening and densification, consequently promoting

ductile-brittle deformation. Petrographic evidence, supported by thermody-

namic modelling and thermobarometry, attest to a prograde passage from

lawsonite-blueschist to peak eclogite facies of �2.5 GPa and �620�C.
Phengite-bearing eclogites imply interaction with an externally-derived fluid,

whereas rare phengite-free, kyanite-eclogites only record internally-derived

fluid production. Models predict that prograde breakdown of chlorite, lawso-

nite and amphibole between 500 and 610�C lead to progressive dehydration

and release of up to 4.6 wt.% of aqueous fluid. Microstructural data reveal

elongated shapes of highly strained omphacite porphyroblasts, displaying

minor yet gradual changes in misorientation towards the grain boundaries.

Occasionally, these intragranular structures form subgrain cells that have simi-

lar sizes to those of neoblasts in the rock matrix. These observations point to

the potential onset of dynamic recrystallization processes via dislocation creep.

Moreover, the omphacite neoblasts and rutile show non-random crystallo-

graphic preferred orientations (CPOs), which are characterized by the subpar-

allel alignment of point-like maxima in rutile [001] and [100] axes to those of

[001] and (010) of omphacite neoblasts, respectively. Additionally, the [001]

axes of these minerals are also subparallel to the weak stretching mineral line-

ation, and the (100) of rutile and the (010) of omphacite neoblasts are distrib-

uted in the plane of the foliation. This suggests that the development of their
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CPOs was coeval and structurally controlled. Garnet microfractures normal to

the foliation are dilated and sealed predominantly by omphacite. The lack of

obliquity between CPO and foliation plane, as well as the systematic orienta-

tion of garnet microfracture orientations, are consistent with coaxial deforma-

tion at peak-pressure conditions. Unlike other studies, we show that neither

an external fluid source nor channelized fluid flow is needed to facilitate a

ductile-brittle deformation of eclogite in a subduction setting.
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EBSD, microstructure, pressure–temperature, Scandinavian Caledonides, seismicity, Seve
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1 | INTRODUCTION

Volatiles released from subducting slabs largely controls
convergent margin processes, such as subduction zone seis-
micity (Peacock, 2001), mantle wedge mass transfer and
convection (e.g., Arcay et al., 2005), as well as arc magma-
tism (Hawkesworth et al., 1993). At high-pressure condi-
tions, hydrous fluids are produced during prograde
dehydration of both the oceanic crust and lithospheric
mantle portions of the subducting slab (Hacker
et al., 2003). The fluid-producing reactions can be attributed
to distinct facies changes, but the stability of the hydrous
phases involved in the transition (thus, the absolute depths
of dehydration) largely depends on the composition and
thermal structure of the slab (Groppo & Castelli, 2010;
Schmidt & Poli, 1998). Within the hydrated mantle part of
the slab, the transition from antigorite-serpentinite to harz-
burgite is recognized to release a large amount of water
(Padr�on-Navarta et al., 2011; Scambelluri et al., 2004). In
contrast, within the oceanic crust part of the slab, the
blueschist to eclogite facies transition is critical as it is asso-
ciated with significant metamorphic dehydration reactions
(Hacker et al., 2003 and references therein).

The association of seismicity with the dehydrating
regions of a slab (Peacock, 2001 and references therein)
has stimulated multiple studies investigating the
dehydration of rock volumes in the subducting slab.
(Ultra)high-pressure low-temperature ([U]HP-LT) rocks
attracted the most attention, as brittle or brittle-ductile
deformation (potentially related to seismic events) is prone
to occur at low-temperature conditions. Natural case
studies of HP-LT deformation report pseudotachylytes
(Austrheim & Boundy, 1994; John & Schenk, 2006;
Scambelluri et al., 2017), cataclasites and eclogite-facies
breccias (Angiboust et al., 2012; Hertgen et al., 2017; Yang
et al., 2014), and often attribute it to fluid presence, largely
affecting the mechanical properties of rocks (Boland &
Tullis, 1986; Putnis et al., 2018). However, the cause of
brittle failure and the exact role of fluid during (U)HP-LT

deformation remain highly debated. Deformation models
related to dehydration invoked pore-fluid overpressure,
leading to dehydration embrittlement as a primary mecha-
nism (Hacker et al., 2003; Jung et al., 2004). However,
other studies supported transformational faulting pro-
cesses (Kirby, 1987; Schubnel et al., 2013), grain size reduc-
tion (Incel et al., 2017; Thielmann et al., 2015) and
thermal runaway (John et al., 2009; Thielmann, 2018), or
spatially heterogenous dehydration causing dehydration-
driven stress transfer (Ferrand et al., 2017). Although the
underlying mechanisms remain unclear, a strong link
exists between the dehydration reactions during prograde
eclogitization and brittle or brittle-ductile deformation of
potentially seismic origin.

This paper presents a comprehensive petrological and
microstructural study of eclogites from the Tsäkkok Lens
in the Scandinavian Caledonides. We combine a set of
thermobarometrical methods with electron backscatter
diffraction (EBSD) to reconstruct the pressure–tempera-
ture-deformation (P–T-d) path, reaching conditions of
approximately 2.5 GPa and 620�C. We investigate the
prograde transition from blueschist to eclogite facies,
with particular emphasis on the metamorphic dehydra-
tion processes associated with chlorite, lawsonite and
amphibole breakdown, as well as the consequential rheo-
logical changes induced by the release of fluids. These
results demonstrate the interplay between dehydration
and deformation in high-pressure rocks, which presum-
ably can be linked with intermediate-depth seismicity
observed in cold subduction zones.

2 | GEOLOGICAL SETTING

The Tsäkkok Lens is located in northern Sweden (Norrbot-
ten region). It belongs to the Seve Nappe Complex (SNC),
which represents the upper part of the Middle Allochthon
of the Scandinavian Caledonides (Figure 1a; Gee
et al., 2013). The Scandinavian Caledonides originate from
the early Palaeozoic closure of the Iapetus Ocean and
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subsequent collision of Laurentia and Baltica (e.g.,
Andréasson et al., 1985; Stephens & van Roermund, 1984).
The Middle Allochthon is classically regarded to represent
the outer margin of Baltica. The SNC is traditionally
interpreted as a dyke-intruded passive margin sedimentary
succession (Gee et al., 2013), but an outboard terrane
origin has also been discussed (e.g., Corfu et al., 2014).

The exposure of the SNC in Norrbotten (Figure 1a) is
dominated by non-migmatitic siliciclastic metasedimen-
tary rocks and marbles hosting lenses of eclogites
and garnet (±spinel) ultramafics (Andréasson, 1987;
Kullerud, 1987; Van Roermund, 1989). An increasing
number of geochronological reports on the SNC in Norr-
botten collectively suggest a Neoproterozoic maximum

F I GURE 1 Geological map and eclogite outcrops. (a) Simplified tectonostratigraphic map of the Scandinavian Caledonides (after Gee

et al., 2013). Black polygon indicates the location of the study area. (b) Tectonostratigraphic map of the Tsäkkok Lens with adjacent units

(modified after Barnes et al., 2020, and references therein). Black diamonds indicate the location of outcrops and samples. Dashed polygons

show the extent of the western and central domains. (c) Field photograph of a representative outcrop of an eclogite lens enveloped by

amphibolite with foliation concordant to the S2 foliation of host metasedimentary rocks. (d) Eclogite with a pillow lava shape.
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deposition age of metasedimentary protoliths (Barnes,
Majka, Bukała, et al., 2021), a c. 600 Ma age of mafic
rocks (Root & Corfu, 2012; Svenningsen, 2001) and a
Cambrian/Early Ordovician age of peak metamorphism
(Barnes, Majka, Jeanneret, et al., 2021; Fassmer
et al., 2021; Mørk et al., 1988; Root & Corfu, 2012). The
SNC is tectonically overlain by an Iapetus-derived Upper
Allochthon (Figure 1b).

The Tsäkkok eclogites have a tholeiitic composition
with an E-MORB signature (Kullerud et al., 1990), some of
which are former pillow basalts. The Tsäkkok Lens repre-
sents the only fragment of the SNC where pristine glauco-
phane in (retro)blueschists have been found. The first
published P–T estimates yielded a minimum pressure of
1.50 GPa at 500–630�C (Kullerud et al., 1990). Recent stud-
ies reported mesoscale brittle fracturing events to occur at
�2.45 GPa and �620�C (Bukała et al., 2020), close to peak
conditions of 2.50–2.60 GPa at 590–664�C obtained by
conventional thermobarometry (Fassmer et al., 2021). The
timing of peak metamorphism varies depending on the
method from 503 ± 18 Ma (garnet Sm–Nd; Mørk
et al., 1988) to 481.9 ± 1.2 Ma (zircon U–Pb; Root &
Corfu, 2012). The latter seems more favourable since
Fassmer et al. (2021) obtained the age of prograde meta-
morphism between 487.7 ± 4.6 and 484.6 ± 4.6 Ma (garnet
Lu-Hf). Kullerud (1987) distinguished two Tsäkkok sub-
units and recognized three deformation events. The Lower
Unit is dominated by quartzofeldspathic gneisses and
garnet-bearing mica schists, and the Upper Unit is com-
posed of marbles, calcareous schists and garnet-bearing
mica schists. The subduction-related S1 foliation, denoting
the prograde-to-peak metamorphic stages, is rarely pre-
served. The early D2 event denotes coaxial deformation
related to exhumation from HP conditions (477.2 ± 4.1 to
475.3 ± 3.5 Ma), whereas late D2 resulted from non-
coaxial vertical shortening that might have proceeded
until 458.1 ± 9.0 Ma; and the last stage, D3, relates to
NE–SW shortening during thrusting at 429.9 ± 9.0 Ma
(Barnes et al., 2020). Since the interior of eclogite bodies
was sheltered from retrograde alteration, the Tsäkkok
eclogites provide a unique opportunity to study the HP-LT
processes operating within a cold, Early-Palaeozoic
subduction zone.

3 | SAMPLING STRATEGY AND
ANALYTICAL TECHNIQUES

3.1 | Outcrop description and sampling
strategy

A set of 50 eclogite samples was collected throughout the
Tsäkkok Lens, mostly within its western and central

domains. Tsäkkok Lens presents challenges for field struc-
tural analysis. Intermittent outcrop exposure hinders obser-
vations on a tens-of-meters scale, making precise tracing of
the extent and contact between different eclogite types diffi-
cult. Poor rock exposure quality, primarily due to extensive
lichen and snow coverage, renders macro-scale documenta-
tion of LS-fabric and stretching lineation orientations nearly
unattainable at the outcrop scale. The metabasic rocks
occur as lenses, boudins and layers elongated concordantly
to the exhumation-related S2 foliation of the host metasedi-
mentary rocks of the Lower and Upper Units (Figure 1b).
The metabasite bodies vary in length from centimetres to
>250 m and often display internal zoning. Massive cores
consist of fresh and seemingly undeformed eclogite that
show only minor retrograde alteration. Sporadically, the
weak foliation and lineation can be traced within the cores
of the eclogite bodies that are composed of Ph-bearing eclo-
gites, where the alignment of stretched white mica flakes
defines a weak fabric. An outer zone is dominated by
amphibole- and greenschist-facies assemblages that define
late foliations parallel to the surrounding S2 foliation
(Figure 1c). Within the largest bodies (>50 m) the eclogite
preserves a pillow lava fabric (Figure 1d; Kullerud, 1987,
Bukała et al., 2020, Fassmer et al., 2021). Locally, eclogite
outcrops show networks of mesofractures and veins sealed
either by garnet or omphacite, that are interpreted as fluid
migration pathways (Bukała et al., 2020).

A set of 10 samples with well-preserved eclogite-facies
assemblages were chosen for further petrographic and
chemical analyses (Table S1). Out of these, three eclo-
gites, i.e., non-foliated (TS17–67), weakly foliated (TS17–
58D) and moderately foliated (KF16–21), were chosen for
microstructural analysis. In samples, KF16–21 and TS17–
58D – the only eclogites with a macroscopically visible
foliation defined by the alignment of white mica – thin
sections were cut perpendicular to the foliation plane and
parallel to weak lineation. In other samples, the thin sec-
tions were not oriented and cut solely according to the
best preservation of eclogite-facies minerals.

3.2 | Electron microprobe (EMP)

Mineral chemistry was analysed in wavelength dispersive
spectrometry (WDS) mode using a JEOL Superprobe
8,230 EMP at AGH University of Science and Technology
(AGH-UST, Poland), and a JEOL JXA8530F Hyperprobe
FEG Electron Probe Microanalyser at Uppsala University
(UU, Sweden). The conditions for silicate mineral ana-
lyses were: an accelerating voltage of 15 kV and a beam
current of 15–20 nA. The counting times were 20 s on
peaks and 10 s on background positions. The beam size
ranges from 1 to 15 μm depending on the mineral. For
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the rutile analyses (AGH-UST), an accelerating voltage of
15 kV and beam current of 120 nA were used with count-
ing times of 150–300 s on peaks and 75–150 s on back-
ground positions. Additional standards used for rutile
analyses: zircon (Zr), LiNbO3 (Nb) and tantalite-
(Mn) (Ta). The JEOL JXA8530F Hyperprobe was used to
collect WDS X-ray maps using a 70 nA beam current, a
15 kV accelerating voltage and a 75 ms dwell time with
a 1 μm grid step. The JEOL JXA8530F Hyperprobe was
used to collect WDS X-ray maps using a 40 nA beam cur-
rent, a 15 kV accelerating voltage and a 150 ms dwell
time with a 0.5 μm grid step.

Amphibole analyses were recalculated using the
spreadsheet of Locock (2014) and named according to
Hawthorne et al. (2012). The ferric iron content in garnet
and clinopyroxene has been estimated using the stoichio-
metric method from Droop (1987). Mineral abbreviations
are after Whitney and Evans (2010), with an additional
one for white mica - WM.

3.3 | Bulk rock composition

The bulk rock composition of 10 eclogite samples
(Table S2) was analysed by ICP-ES at the Bureau Veritas
Mineral Laboratories in Canada. The detection limits for
major elements were: SiO2, Al2O3, K2O, MgO, MnO,
Na2O, P2O5, TiO2 - 0.01 wt.%, Cr2O3 - 0.002 wt.%, Fe2O3 -
0.04 wt.%, and for trace elements: Ba, Nb, Zr - 5 ppm, Y -
3 ppm, Sr - 2 ppm, Sc - 1 ppm.

3.4 | Electron backscatter diffraction
(EBSD)

Phase and orientation mapping by EBSD were conducted
under low vacuum (at 10 Pa) in a Zeiss EVO MA 15 Scan-
ning Electron Microscope at the Instituto Andaluz de
Ciencias de la Tierra (Armilla, Spain), equipped with an
Oxford Instruments Nordlys Nano EBSD detector. The
instrument was set to a 20 kV acceleration voltage, a
24 mm working distance and a probe current of up to
500 pA. The settings in the Aztec v. 3.1 (Oxford/HKL)
data acquisition software were 4 � 4 binning and a low
(0) gain with a grid step of 19 μm for large area mapping
of entire thin sections and 5–6 μm for detailed maps.

3.4.1 | Data processing

The percentage of indexed points in the raw maps
exceeded 85% and only minor post-processing was neces-
sary using the built-in functions of the Oxford/HKL

Channel 5 software package by removing wild spikes and
filling non-indexed pixels based on the orientations of six
neighbouring pixels. Further data processing and calcula-
tions were accomplished using the MTEX 5.2.7 Matlab
toolbox (https://mtex-toolbox.github.io; Hielscher &
Schaeben, 2008; Bachmann et al., 2010). Grains were
reconstructed with the ‘calcGrains’ function using a seg-
mentation angle of 12� between neighbouring pixels. For
the initial evaluation of a suitable method for reconstruct-
ing omphacite microstructures and differentiating neo-
blasts from porphyroblasts, we tested cut-offs based on
grain-size, and grain orientation spread (GOS; presented
later) criteria. In the sample with the strongest fabric
(TS17-67), a GOS-based method effectively differentiated
high-GOS porphyroblasts from low-GOS neoblasts. How-
ever, in samples with a weaker fabric (TS17-58D, KF16-
21), the close crystallographic orientation of certain larger
neoblasts led to their artificial coalescence in the EBSD
maps. This resulted in the appearance of artificial subgrain
boundaries (checked using optical microscopes) and an
unusually high GOS at the sample scale despite a consis-
tent correlation of the overall average grain size, shape-
preferred orientation (SPO) and crystallographic-preferred
orientation (CPO) with neoblasts rather than with por-
phyroblasts. Considering the results of both methods, the
grain size criterion was deemed more reliable thus an
equivalent diameter (ED) cut-off value was applied for an
accurate reconstruction of the observed microstructure.
Grains with ED < 350 μm (KF16-21, TS17-58D) and
<300 μm (TS17-67) were classified as neoblasts. The SPO
of matrix grains is expressed as the orientation of the long
axis of the fitted ellipse in each grain with respect to a
horizontal line corresponding to 0�. The orientation of
garnet microfractures has been measured on wide-open
microfractures. Misorientation (Mis2Mean) is calculated
as the misorientation of a pixel within a grain relative to
the mean orientation of the same grain and is expressed
in degrees. The GOS is calculated in each grain as the
simple average of Mis2Mean values. More information on
these parameters is available in Wright et al. (2011).
Inverse pole figure (IPF) maps are colour-coded with
respect to the x-vector (oriented parallel to the long side
of thin sections). Due to bimodal omphacite grain size
distribution, contoured pole figures are constructed based
on the one-point-per-grain data (OPPG) to avoid the
over-representation of large grains.

3.4.2 | Crystallographic preferred orientation
(CPO)

Traditionally, the distinction of tectonite fabric relies on
SPO analyses, with two end-members of S-tectonites
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(corresponding to oblate ellipsoid; uniaxial flattening)
and L-tectonites (prolate ellipsoid; uniaxial stretching).
However, given the uncertainties with thin section
orientation, hence, possibly unreliable SPO, the CPO-
based method has been utilized. The CPO of omphacite
has been quantified using the LS-index (Ulrich &
Mainprice, 2005). This method relies on eigenvalue anal-
ysis of the (010) and [001] pole figure symmetry. A nor-
malized LS-index varies between 0 and 1 representing a
spread between S-type (LS-index ≈ 0) and L-type (LS-
index ≈ 1) fabric endmembers. In the context of deforma-
tion, the S-type fabric usually indicates axially symmetric
compression, and the L-type fabric develops in axially
symmetric extension, while the mixed LS-type (interme-
diate LS-index) is consistent with simple- or pure-shear
(Ulrich & Mainprice, 2005).

4 | PETROGRAPHY,
GEOCHEMISTRY AND
MICROSTRUCTURES

4.1 | Types of eclogites: lithology and
whole rock geochemistry

The Tsäkkok eclogites show a range of subtypes and over-
printing mineral assemblages that record consecutive
metamorphic stages along the clockwise P–T path. Among
the eclogites that preserve unaltered eclogite facies assem-
blages, the two most prominent types are phengite-free
(Ph-free) and phengite-bearing (Ph-bearing) eclogites.
Both can be found within a single eclogite lens
(e.g., outcrop TS17-58; Figure 1b and Table S2), however,
no systematic spatial relationship between these types has
been observed. The Ph-free eclogites are rare and preserve
a high-P assemblage of Grt + Omp + Rt + Qz ± Ky. This
type is represented by sample TS17-67, a non-foliated eclo-
gite with fine-grained granoblastic texture (Figure 2a). In
contrast, the common Ph-bearing eclogites contain an
assemblage of Grt + Omp + Ph + Rt + Qz. This type is
represented by samples TS17–58D, a weakly-foliated eclo-
gite showing a fine- to medium-grained granoblastic tex-
ture (Figure 2b), and KF16–21, a moderately-foliated
eclogite with a fine- to medium-grained nematoblastic tex-
ture (Figure 2c). Additionally, minor amounts of apatite,
zircon and carbonate may occur in both types.

The difference between the Ph-free and Ph-bearing
eclogites is also reflected in the bulk composition. The
Ph-free eclogites show low content of fluid-mobile,
Large-Ion Lithophile Elements (LILE) with concentra-
tions of K2O < 0.13 wt.% and Ba < 60 ppm (Figure 3).
Contrarily, the Ph-bearing eclogites display higher values
of K2O (>0.36 wt.%) and Ba (>125 ppm). Only the Sr

content for the two eclogite groups shows minor overlap
with values of <184 ppm in Ph-free and >163 ppm in Ph-
bearing types (Table S2).

4.2 | Petrography, microstructures and
mineral geochemistry

Three key samples (TS17-67, TS17-58D, KF16-21) show
similar petrographic and microstructural features. A
detailed information is provided in Supplementary
Materials. For ease of comparison, the numbering pro-
vided as the subscript suffixes of each phase (e.g., Omp1)
designates the generation for each mineral that formed
during consecutive metamorphic stages (Figure 4;
cf. Section 6.1).

4.2.1 | Garnet

Garnet forms either single idiomorphic to hypidio-
morphic porphyroblasts (Figure 5a), or clusters of several
amalgamated grains surrounded by a single, continuous
rim (Figure 5b, Bukała et al., 2020). It displays zoning
with the core (Grt1) preserving a prograde compositional
change characterized by a rimward decrease of Fe and
Mn compensated by an Mg increase (Figure 6a;
Figure S2). Ca often shows a patchy distribution, slightly
decreasing towards the rim. The contact between the core
and rim is sharp and denoted by an abrupt increase in
Mg content and a decrease in Fe, Ca and Mn. The rim
(Grt2) has a homogenous, high-Mg composition. Subtle
Mn oscillatory zoning has been observed within some
garnet rims (Figure S2). The chemical zoning is often dis-
rupted by a network of high-Mg microchannels propagat-
ing outward from polyphase inclusions of Czo ± Qz
± Ky ± Pg (interpreted as Lws-pseudomorphs), and pen-
etrating through both core and rim (not presented here;
see Bukała et al., 2020). Even though the garnet interior
is virtually undeformed, low-angle (<3�) boundaries can
be traced along some microchannels. A detailed descrip-
tion of microchannels and intracrystalline misorientation
has been reported by Bukała et al. (2020). Garnet por-
phyroblasts and garnet clusters are locally dismembered.
Microfractures separating garnet fragments are up to
300 μm wide and sealed by the HP assemblage of Omp
± Qz ± Ph (Figure 5b,c). Microfractures (Figure 2) in Ph-
bearing samples are oriented either perpendicular or
slightly oblique to the foliation denoted by the SPO of
omphacite, rutile and phengite. In contrast, garnet micro-
fractures in the Ph-free sample are oriented at <54� to
the mean SPO of omphacite neoblasts and show a larger
spread of orientations (Figure 2). Garnet inner cores host

6 BUKAŁA ET AL.
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numerous monophase inclusion of (Na-Ca)-amphibole,
(Na)-amphibole, omphacite, rutile, quartz, chlorite and
Lws-pseudomorphs (Figure 5d). Garnet outer cores and
rims contain rare omphacite and rutile inclusions only.

4.2.2 | Clinopyroxene

Clinopyroxene of omphacite composition records three
chemical generations varying in XJd and XAeg. Ompha-
cite predominantly forms large, xenomorphic porphyro-
blasts (Ompp) surrounded by swarms of small, prismatic
neoblasts (Ompn). The neoblasts, along with phengite
and rutile, define a weak foliation slightly anastomosing

around garnet and omphacite porphyroblasts in the Ph-
bearing eclogites (Figure 2). Despite the size difference,
porphyroblasts and neoblasts show similar chemical zon-
ing. The core (Omp1) of highly irregular shape and lobate
boundaries is overgrown by a rim (Omp2; Figure 5e,f).
Even though the composition of Omp1 is heterogeneous
and characterized by a patchy distribution of Fe
(Figures 5f and 6), Na, Ca and Mg (Figure S1), it represents
an overall higher-XAeg generation (Figure 6b). The high- to
low-XAeg omphacite transition in some samples is not well
pronounced, but the overall trend in rimward Fe depletion
can be traced (Table S4).

Omphacite within garnet microfractures forms grains
closely sealing the fracture (Figures 5b and 7g,h) and

F I GURE 2 EBSD phase maps of representative eclogite samples and shape preferred orientation (SPO) of major phases in the thin

section frame. (a, c, e) phase maps of representative areas of non-foliated TS17–67, weakly-foliated TS17–58D and moderately-foliated KF16–
21 eclogites, respectively. The black rectangle marks the location of the high-resolution EBSD map presented in Figure 7. Black triangles

point to wide-open microfractures in garnet ([sub]perpendicular to foliation), whereas white triangles indicate non-open microfractures

([sub]parallel to foliation). (b, g, m) rose diagrams showing the SPOs of omphacite (green), rutile (brown) and white mica (purple). The

black solid line (TS17–58D and KF16–21) and dashed line (TS17–67) indicate the mean orientation of each phase. The mean orientation of

all phases points in a similar direction within each sample, denoting the trace of the foliation. Note that this foliation is not visible in hand

specimen of the non-foliated TS17–67 eclogite, presented in (a). The dotted red lines superimposed on the omphacite SPOs show orientation

of wide-open garnet microfractures. N.A. - non-analysed.

BUKAŁA ET AL. 7

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12765 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [11/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



shows a high-XJd composition similar to the Omp2 com-
position (Figure 6b). Omphacite also forms common
monophase and rare polyphase (Omp ± (Na)-Amp ± Qz
± Rt) inclusions in garnet. The composition of omphacite
inclusions varies over a broad range, yet due to distinct
high-XAeg content, it resembles Omp1 (Figure 6b). Clino-
pyroxene of diopside composition is associated with (Ca)-
Amp ± Ab ± Qz symplectites surrounding omphacite
porphyroblasts or within a Pg ± Di ± Qz assemblage
within a porphyroblast interior (Figure S4).

The omphacite porphyroblasts form hypidiomorphic
grains exceeding 1.5 mm of equivalent diameter, whereas
the neoblasts have a mean of �120 μm (Figure 2 and
Figure S3). Porphyroblasts are highly strained and a rim-
ward increase of lattice distortion is attested either by a
gradual or sharp increase of misorientation (Figure 7d),
while the lattice rotations are consistently accommodated
by dislocation activity around [010] and [001] axes, with
only minor differences between samples (Figures 7 and
8). Occasionally, near the edges of omphacite porphyro-
blasts, subgrain cells are found (Figure 7) that have simi-
lar sizes to those of neoblasts in the rock matrix
(Figure S3). The strain difference between porphyroblasts
and neoblasts is expressed by a drop of GOS by �55%.
The neoblasts in Ph-bearing samples show a strong SPO
with one dominant direction (>70% of grains) parallel to
the foliation, whereas the Ph-free sample displays a weak
SPO with one direction. The spread of remaining grains
in Ph-bearing samples reflects the orientation of fine-
grained matrix anastomosing around porphyroblasts
(Figure 2).

In all samples, the CPO of omphacite porphyroblasts
shows a nearly random distribution (Figure 9). However,
the (010) and [001] pole figures display weak, irregularly
shaped maxima roughly correlating with maxima on cor-
responding pole figures of neoblasts. The (010), (110) and
[001] neoblasts show blurred point-like maxima
connected by poorly defined girdles (Figure 9). In the Ph-
bearing samples, the orientation of the omphacite [001]-
axis correlates with the SPO defined by the elongation of
omphacite neoblasts and phengite. In contrast, provided
the out-of-plane orientation of [001]-axis in the Ph-free

F I GURE 3 Bulk rock composition of Ph-bearing and Ph-free eclogites (* samples studied in detail).

F I GURE 4 Mineral assemblages. The dotted line indicates

presumed presence during the early/late stage of mineral

assemblage formation.

8 BUKAŁA ET AL.
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sample, we conclude that observed SPO is caused by the
oblique intersection of a thin-section plane to the weak
foliation denoted by the CPO. Therefore, the SPO in the

TS17–67 sample does not reflect the elongation direction
and will no longer be discussed. Hence, in all samples,
the omphacite neoblasts [001] are oriented parallel to the

F I GURE 5 Backscattered electron (BSE) images and WDS map showing petrographic features of eclogites. (a) Idiomorphic garnet

displaying core (Grt1) - rim (Grt2) transition. The high-contrast BSE image shows that primary composition is disrupted along microchannels

(cf. Figure S2). (b) Cluster of amalgamated garnet cores surrounded by a single, continuous rim. The microfracture is sealed by a single

crystal of omphacite. (c) Fractured garnet sealed by phengite. (d) Rhomboidal Lws-pseudomorphs in garnet. (e) EBSD data showing phase

map of omphacite porphyroblasts (dark green) and neoblasts (bright green), and second nearest-neighbour Kernel Average Misorientation

(second order KAM) map of garnet porphyroblast. Note: (i) the two low-angle misorientation populations in garnet, both oriented

perpendicular to the foliation and (ii) the sharper low-angle boundaries at the edge of the porphyroblast compared to the grain interiors,

where changes in misorientations are more gradual and diffuse (cf. Bukała et al., 2020). Grey background shows band contrast of all indexed

phases except garnet and omphacite within selected area from the weakly-foliated TS17–58D eclogite. (f) Close-up Fe X-ray map (left) and

BSE image (right) at the contact between omphacite porphyroblasts and neoblasts; enlarged from (e). The Omp1 (core) and Omp2 (rim)

notations refer to the chemical zones within omphacite (thin dotted line), while the porphyroblast (Ompp) and neoblast (Ompn) terminology

reflects the textural position of omphacite (thick dashed line). (g) Inclusions of (Na)-Amp1 (Gln, glaucophane) and (Na-ca)-Amp1 (Wnc,

winchite) within the garnet core. (h) Large phengite (Ph2) grains, omphacite neoblasts and rutile concordant to the foliation. (i) Phengite

(Ph1) inclusions within the garnet core (Grt1). For the complete list of metamorphic mineral assemblages, see Figure 4.

BUKAŁA ET AL. 9
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foliation, whereas the (010) and (110) are normal to
the foliation. Noteworthy, the orientation of omphacite
sealing garnet microfracture mimics the nearby matrix-
located neoblasts. The [001] axis is oriented perpendicu-
lar or slightly oblique to the microfracture walls
(Figure 7g,h).

The LS-index of omphacite neoblasts increases with
respect to porphyroblasts (TS17–67: 0.37 ! 0.67, TS17–
58D: 0.45 ! 0.54 and KF12–21: 0.50 ! 0.60). The inter-
pretation of the LS-index of porphyroblasts is difficult
due to predominantly random CPOs possibly inherited
from an igneous precursor. However, the omphacite neo-
blasts collectively show an intermediate LS-index.

4.2.3 | Amphibole

Amphibole occurs in four textural positions. Inclusions
hosted in garnet core (Grt1) belong either to (Na-Ca)-
amphibole ((Na-Ca)-Amp1: taramite, winchite and kato-
phorite) or (Na)-amphibole group ((Na)-Amp1: glauco-
phane; Figure 5g). Strain-free amphibole in the matrix, or
replacing the strongly deformed cores of omphacite
porphyroblasts, belongs to (Na-Ca)-amphibole ((Na-Ca)-
Amp3: winchite and katophorite), however, the composi-
tion of some matrix grains shows core-to-rim zoning from
winchite to katophorite (Figure S4). Amphibole forming
symplectites after omphacite and rims around the garnet

display a (Ca)-amphibole composition ((Ca)-Amp4: par-
gasite, sadanagaite or actinolite). The CPO of amphibole
mimics that of omphacite in sample KF16-21, whereas
the other samples show only weak correlation and nearly
random distribution. The point-like maxima of the
amphibole [001] and (010) are weakly defined and dis-
persed (Figure 9).

4.2.4 | White mica

White mica predominantly forms grains located within
the fine-grained matrix of the Ph-bearing eclogites. It
shows a moderate SPO with a main direction parallel to
the foliation and is oriented along the grain boundaries
of omphacite neoblasts (Figure 2). Both phengite and
paragonite grains are adjacent to each other. However,
the paragonite grains (Pg1) are partially decomposed and
exhibit lobate boundaries surrounded by Amp ± Czo
± Qz ± Pl intergrowths. Also, while most paragonite
grains are concordant to the foliation, numerous discor-
dant paragonite grains are readily observed (Figure S4).
The phengite grains (Ph2) do not show signs of break-
down and are concordant to the foliation (Figure 5h).
Additionally, phengite is localized in the garnet micro-
fractures (Ph2; Figure 5c). A phengite inclusion (Ph1) in
garnet has been observed only in one porphyroblast
(KF16–21; Figure 5i).

F I GURE 6 Chemical compositions of garnet and omphacite. (a) Ternary diagrams present changes within the garnet core (Grt1) and

the difference between core and rim (Grt2). Note that garnet in all the three eclogite samples show the same trend despite the differences in

composition. (b) Chemistry of omphacite clinopyroxene following the classification of Morimoto et al. (1988).

10 BUKAŁA ET AL.
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F I GURE 7 Microstructures and intragranular lattice distortion of omphacite. (a) EBSD phase maps of selected areas from the weakly-

foliated TS17–58D eclogite. Black rectangles mark the locations of close-up maps (b,e and g,h). Black triangles point to dilated

microfractures in garnet ([sub]perpendicular to foliation), whereas white triangles indicate closed microfractures ([sub]parallel to foliation)

(b) EBSD maps of omphacite intracrystalline misorientation (Mis2Mean). Grey colours represent the band contrast of phases other than

omphacite. Mis2Mean shows higher strain in omphacite porphyroblasts and increasing misorientation towards the grain boundary, whereas

the omphacite neoblasts are low-strain or strain-free. Red circles show areas presented on (c) displaying second nearest-neighbour Kernel

Average Misorientation (2nd order KAM). (d) the misorientation profiles along lines marked on images (c) displaying sharp or gradual

increase of misorientation and rotation axes accommodating dislocation. (e) Inverse pole figure (IPF) map showing omphacite orientation

with respect to the x-vector (horizontal line). Highlighted grains form an orientation family, i.e., porphyroblasts (big circle) and surrounding

neoblasts (small circles) of similar orientation. (f) Lower hemisphere, equal-area pole figures showing [100], (010) and [001] of the

orientation family displaying a close grouping of [001] axis. Colouring corresponds to IPF figures. Grey contouring in the background shows

CPO of omphacite neoblast in this sample – note, that the orientation of the highlighted family is discordant to the bulk omphacite CPO.

(g) IPF map showing omphacite orientation in reference to the x-vector (horizontal). (h) Omphacite with superposed ideal clinopyroxene

crystal shapes reflecting the crystallographic orientation of omphacite grains (exceeding 100 pixels in size). The size of crystal shape drawing

is proportional to the area of the corresponding grain in the map. Note that the orientation of the [001] axis of omphacite sealing garnet

microfracture is perpendicular or oblique to the fracture wall.

BUKAŁA ET AL. 11
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4.2.5 | Rutile

Rutile occurs either within garnet or within the matrix.
Grains often show exsolutions of ilmenite and are
rimmed by titanite in more retrogressed domains. The
matrix rutile forms single grains or clusters of several
grains stretched along the foliation (Figure 5h). It shows
strong to moderate SPO in Ph-bearing samples concor-
dant to the foliation (Figure 2). Rutile in the Ph-free sam-
ple shows two orientations; one parallel and the other
normal to the weak SPO of omphacite neoblasts. An
observed spread distortion may originate from the thin
section cut and the exposure of anisotropic grain shapes
in the observed plane. Nevertheless, the rutile CPO
shows the same systematic correlation to that of ompha-
cite neoblasts in all three eclogite types. This CPO is char-
acterized by the distribution of point-like [001]Rt and
[100]Rt maxima subparallel to those of [001]Omp-n

and (010)Omp-n, respectively (Figure 9). Moreover, in the
weakly- and moderately-foliated eclogites – samples
TS17–58D and KF16–21– the maxima of [001]Rt and
[001]Omp-n are distributed in the plane of the foliation
subparallel to the most dominant SPO direction, and

those of [100]Rt and (010)Omp-n are at the pole of the folia-
tion (cf. Figures 2 and 9).

4.2.6 | Clinozoisite

Clinozoisite forms rare and small grains (<75 μm)
restricted to Lws-pseudomorphs in the garnet core. Addi-
tionally, scarce clinozoisite poikiloblasts (Czo3) are ran-
domly distributed within the matrix of Ph-bearing
eclogites (Figure S4). Poikiloblasts are chemically zoned,
as expressed by varying XFe

3+. However, no systematic
zoning pattern can be observed in the studied samples.

5 | P–T ESTIMATES

5.1 | Conventional thermobarometry

Conventional thermobarometry has been used to esti-
mate P–T conditions of the Grt + Omp + Ph assemblage
in the Ph-bearing eclogites. The method of the exchange
thermometer between garnet and clinopyroxene

F I GURE 8 Upper hemisphere, equal-area pole figures showing distribution of rotation axes accommodating low angle (2–12�)
misorientations within omphacite porphyroblasts and neoblasts, and histograms of distribution of misorientation angles in omphacite

porphyroblasts. Distribution is dominated by low-angle values for correlated pairs. Note, that the relative frequency shown along the y-axis

of the diagram has different values for correlated and uncorrelated pairs. The theoretical random distribution corresponds to the y-axis scale

of uncorrelated pairs.

12 BUKAŁA ET AL.
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(Ravna, 2000) has been coupled with a barometer cali-
brated by Ravna and Terry (2004), based on the reaction:

1½ � 6Diþ3Msc¼ 3Celþ2GroþPrp

The activity models of phengite (Holland &
Powell, 1998), clinopyroxene (Holland, 1990) and garnet
(Ganguly et al., 1996) have been used. To obtain P–T con-
ditions of peak-P metamorphism, the chemical composi-
tions of the outer parts of texturally correlated minerals
have been used: (i) garnet rim (Grt2) with the highest
(agrs)

2aprp following the protocol of Ravna and Terry
(2004), (ii) phengite (Ph2) in the matrix with the highest

content of Si per formula unit (apfu) and (iii) omphacite
(Omp2) in the matrix with the highest jadeite (XJd) con-
tent. These calculations performed on two Ph-bearing
eclogite samples yielded peak-P conditions of 2.62 GPa at
642�C (KF16–21; Figures 11 and 12) and 2.57 GPa
at 667�C (TS17–58D).

5.2 | Zirconium-in-rutile (Zr-in-Rt)
thermometry

The Zr-in-Rt thermometer has been utilized to compare
with temperature estimates provided by conventional

F I GURE 9 Lower hemisphere, equal-area pole figures showing one-point-per-grain CPO of [100] and [001] axes and (010) and (110)

planes of omphacite porphyroblasts (Ompp), omphacite neoblasts (Ompn) and amphibole. For rutile, the [100], [001] axes and (110) plane

are presented. Grey colouring of scale bars is linear. Solid lines in samples KF16–21 and TS17–58D, and dashed line in TS17–67 pole figures
show trace of foliation plane expressed by the SPO of omphacite neoblasts. Dashed lines on omphacite neoblasts pole figures show plane

perpendicular to (010)Omp-neoblast indicate the foliation plane.

BUKAŁA ET AL. 13
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geothermometry. Rutile grains in two textural positions
have been analysed: (i) rutile inclusions hosted in garnet
and (ii) rutile grains in the matrix. For rutile inclusions,
care was taken to only analyse grains hosted in seemingly
intact garnet. However, it cannot be ruled out that some
inclusions were not exposed to the matrix above and
below the thin section plane. Analyses contain up to
200 μg/g of Si, which is an accepted value precluding
contamination from nearby silicates (e.g., zircon inclu-
sions; Luvizotto & Zack, 2009). The measured Fe content
does not exceed 6,654 μg/g, which is below the value that
might influence Zr incorporation and affect the tempera-
ture estimates (Zack et al., 2004). The Zr-in-Rt tempera-
tures have been estimated using Kohn’s (Kohn, 2020) P-
dependent calibration based on the combined,
i.e., experimental and natural data sets in the α-quartz
stability field. This calibration offers improved accuracy
of Zr-in-Rt thermometry (Kohn, 2020), although the cal-
culated temperatures are up to 40�C lower for HP-LT
rocks than those delivered by the Tomkins et al. (2007)
calibration. In all samples, rutile grains without ilmenite
exsolutions or titanite overgrowths have been preferen-
tially analysed to avoid potential secondary Zr variations
related to recrystallization.

The P-dependent calibration provides temperatures
outlining a P–T space with a positive (dP/dT) slope
(Kohn, 2020). However, for ease of comparison, temper-
atures for both rutile groups have been calculated at a
fixed pressure of 2.5 GPa based on the conventional
thermobarometry results. Usage of a lower pressure
would result in obtaining a lower temperature for a
given Zr concentration. The temperature estimate uncer-
tainty is reported at the 2σ level. Rutile inclusions show
systematically lower Zr concentrations with respect to
matrix rutile within each sample (Table S5). In the
Ph-free eclogite (TS17–67), inclusions display an average
of 116 ± 43 μg/g (n = 23) and matrix grains yield
148 ± 45 μg/g (n = 18), providing 609 ± 62�C and
631 ± 53�C, respectively (Figure 10). Rutile in eclogite
TS17–58D shows the lowest overall Zr concentrations
with an average for rutile inclusions of 81 ± 22 μg/g
(n = 12) and matrix rutiles of 97 ± 32 μg/g (n = 14).
Mean temperatures do not exceed 600�C as inclusions
display 583 ± 39�C and matrix rutile 596 ± 50�C. In con-
trast, rutile in eclogite KF16–21 shows high Zr concen-
trations with an average of 119 ± 32 μg/g (n = 16) for
inclusions, and 179 ± 26 μg/g (n = 25) for matrix grains.
Inclusions yield a broad temperature range with a mean
of 614 ± 42�C, and the matrix rutile provides a concise
group with a mean of 649 ± 27�C.

For all eclogites, a cumulative probability plot for
rutile inclusions displays two, partially overlapping peaks
at �570 and �610�C, while matrix rutile also shows two

peaks at higher temperatures of �610 and �650�C
(Figure 10). The individual eclogites yield different
combinations of these peaks. The rutile inclusions from
eclogites TS17–58D and KF16–21 display one well-
pronounced peak at �570 and �610�C, respectively.
Notably, rutile inclusions from TS17–67 display two
peaks at �570 and �650�C. Matrix rutile show two small
peaks at �570 and �610�C (TS17–58D) as well as �610
and �650�C (TS17–67). In contrast, in sample KF16–21
matrix rutile displays one peak at �650�C.

F I GURE 1 0 Zr-in-rutile (Zr-in-Rt) thermometry results (�C,
at fixed pressure of 2.5 GPa). (a) Results from rutile inclusions.

(b) Results from matrix rutile. The inset histograms show a

cumulative frequency of temperatures for the entire set of rutile

inclusions (n = 51) and matrix rutile (n = 57). Dashed lines

represent a kernel density estimate (KDE) of probability function

derived from each sample. Solid lines represent a KDE on a

cumulative dataset for rutile inclusions and matrix rutile. Colour

fields represent cumulative peaks 1–3 of Zr content in both

inclusions and matrix rutile grains. Note that the first y-axis (0.0–
4.0 � 10�2) refers to the temperature probability of each sample.

The second inset y-axis (0.0–2.0 � 10�2) refers to the temperature

probability of the cumulative dataset.
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5.3 | Phase equilibrium modelling

Phase equilibrium diagrams have been constructed using
Perple_X 6.7.5 software (Connolly, 1990, 2005) with the
internally consistent thermodynamic database ‘hp04ver’
(Holland & Powell, 1998 with later updates). The
phengite-bearing eclogite KF16–21 has been modelled in
the 11-component system: Na2O–CaO–K2O–FeO–MgO–
MnO–Al2O3–SiO2–H2O–TiO2–O2 (NCKFMMnASHTO),
whereas the Ph-free eclogite TS17-67 has been modelled
in a 10-component system: Na2O–CaO–FeO–MgO–MnO–
Al2O3–SiO2–H2O–TiO2–O2 (NCFMMnASHTO) due to
lack of potassium in the bulk composition (Figure 11,
Table S2). In both models, the following solution models
have been used: garnet (White et al., 2007), clinopyroxene
(Diener & Powell, 2012), white mica (Auzanneau
et al., 2010), amphibole (Powell & Holland, 1999), epi-
dote, (Holland & Powell, 1998), chlorite (Holland
et al., 1998), ilmenite (White et al., 2000), biotite (White
et al., 2007) and plagioclase (Newton et al., 1980). Both
eclogites have been modelled in the P–T range of 1.5–
3.0 GPa and 450–750�C (Figure 11). To assess the sta-
bility of Lws-bearing assemblages, all models assume
pure H2O fluid saturation (e.g., Clarke et al., 2006)
using a fluid equation of state by Holland and Pow-
ell (1991, 1998). Bulk compositions used for modelling
come from bulk-rock analyses in wt.% that were trans-
formed and normalized to mol.% of oxides (Table S3).
The molar bulk rock XFe

3+ = Fe3+/(Fe2++Fe3+) value
of <0.05 has been used in both samples based on the
satisfactory match between modelled and EBSD-derived
modal composition (±3 vol.% for Grt and ±1 vol.% for
Omp; Figures S5 and S6). The evolution of the
mineral assemblages, density and H2O content has
been calculated along a cold geotherm of 250�C/GPa
(�8�C/km) in the temperature range of 500–650�C,
corresponding to a pressure increase between 2.0–
2.6 GPa (Figure 11c,f). This gradient has been arbi-
trarily chosen for modelling of the prograde path as
the scarce petrographic record prevents the reconstruc-
tion of a detailed prograde P–T trajectory. Alternative
prograde paths intersect the critical dehydration
reactions at similar P–T values, leading to comparable
results of (i) modal composition, (ii) amount of
released water and (iii) densification, regardless of the
slope (Figure 12).

5.3.1 | Phengite-free eclogite
(sample TS17–67)

Within the temperature range of 450–600�C, the lawso-
nite/clinozoisite transition is represented by narrow fields

of positive slopes placed approximately 0.2 GPa below the
assumed geotherm (Figure 11a). Above 600�C, the Lws-
out line becomes steeper and intersects the assumed
geotherm at �2.4 GPa and 610�C. Garnet is stable over
the entire range of P–T conditions, however, its modal
content is positively correlated with a decreasing
amount of chlorite. At the 570–610�C interval, garnet
increases by �12 vol.%, which roughly matches the vol-
ume gained by garnets during the overgrowth of Grt2
rims (cf. Figure 5a). The compositional isopleths were
plotted for garnet (Grt2; XGrs = 0.17–0.21, XPrp = 0.35–
0.39, XAlm = 0.42–0.44) and omphacite (Omp2;
XNa = 0.40–0.43) (Figure 11b). The intersecting composi-
tional isopleths constrain a narrow P–T range of 2.45–
2.80 GPa and 605–650�C, encompassing stability fields of
three mineral assemblages: (1) Omp + Grt + Lws + Qz
+ Rt, (2) Omp + Grt + Lws + Ky + Qz + Rt and
(3) Omp + Grt + Ky + Qz + Rt. The latter reflects the
inferred peak mineral assemblage.

Changes in mineral assemblage and mineral abun-
dance predict progressive dehydration during three con-
secutive stages related to chlorite, amphibole and
lawsonite breakdown (Figure 11c). Chlorite decomposi-
tion at 525–560�C releases �2.6 wt.% of H2O that is par-
tially retained by amphibole growing at the expense of
primary clinopyroxene. Amphibole constitutes 25 vol.%
at 570�C. Its breakdown within the temperature range of
570–610�C denotes the second stage of dehydration and
release of �1.0 wt.% of H2O. The following lawsonite
breakdown represents the third stage that leads to an
abrupt release of �1.0 wt.% of H2O at the small tempera-
ture interval of 605–615�C. Collectively, the temperature
increase from 525 to 615�C results in a cumulative release
of �4.6 wt.% of H2O coupled with densification from 3.21
to 3.55 g/cm3.

5.3.2 | Phengite-bearing eclogite
(sample KF16–21)

Sample KF16–21 was chosen for modelling as it is the
only sample where phengite inclusions in garnet have
been found. This textural criterion attests to phengite sta-
bility during prograde stages and its presence results from
the protolith bulk composition (see discussion). Even
though the modelled lawsonite/clinozoisite transition is
narrower, and the Lws-out line is steeper than in eclogite
TS17–67 and it still intersects with the assumed prograde
geotherm at the same conditions of �2.4 GPa and 610�C
(Figure 11d). The compositional isopleths were plotted
for the garnet rim (Grt2; XGrs = 0.21–0.24, XPrp = 0.24–
0.27, XAlm = 0.59–0.52) and phengite (Ph2; Si = 3.31–3.39
apfu) (Figure 11e). The P-dependent Si apfu and XGrs
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F I GURE 1 1 Phase equilibrium diagrams. (a - c) diagrams of the Ph-free sample TS17–67. (d – f) diagrams of the Ph-bearing sample

KF16–21. Dotted black lines on (d) show the results of Grt-Cpx thermometry (Ravna, 2000) and Cpx-Ph-Grt barometry (Ravna & Terry, 2004) in

Ph-bearing samples. The colouring of (a) and (d) diagrams reflects the amount of pure H2O fluid (wt.%) remaining in mineral phases. The thick

lines show out-reactions of chlorite (green), amphibole (blue) and lawsonite (orange). Isopleths in (b) and (e) show the Grt2 (XAlm, XPrp and

XGrs), Omp2 (XNa in KF17–67) and Ph2 (Si apfu in KF16–21) compositions. Ellipses outline the intersection of isopleths containing the peak-P

conditions. Diagrams (c) and (f) show changes in mineral assemblages during subduction along the �250�C/GPa geotherm. The dashed blue

line (H2O) represents the amount of H2O (wt.%) left mineral phases. The dashed red line (ρ) shows changing density (g/cm3) of the sample.
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isopleths coupled with T-dependent XAlm and XPrp con-
strain a P–T range of 2.30–2.55 GPa and 600–690�C.
These estimates encompass fields of two mineral assem-
blages: (1) Omp + Ph + Grt + Lws + Qz + Rt and
(2) Omp + Ph + Grt + Qz + Rt, while the latter is
observed in the sample.

Changes in mineral assemblages show that
dehydration of the Ph-bearing samples was progressive,
but two-staged (Figure 11f). The first stage is linked to
the simultaneous breakdown of chlorite and lawsonite
during the 500–560�C temperature increase, releasing
2.6 wt.% of H2O. Similar to the Ph-free sample, the sec-
ond stage is related to amphibole and lawsonite break-
down. Within the 560–610�C temperature range, 1.2 wt.%
of H2O is released. The transition from Lws-blueschist to
eclogite at 500–610�C was associated with a total release
of 3.8 wt.% of H2O and densification from 3.24 to
3.52 g/cm3.

6 | DISCUSSION

6.1 | Metamorphic and (micro)
structural evolution of Tsäkkok eclogites

6.1.1 | Metamorphic mineral assemblages

Three high-pressure metamorphic stages have been dis-
tinguished based on the textural relationships observed
(Figure 4):

1. The M1 (prograde blueschist stage) is represented by
inclusions in the garnet core and decomposed amphi-
bole porphyroblasts in the matrix. It consists of an
amphibole (Na-Ca)-Amp1 (i.e., taramite, winchite and
katophorite) and (Na)-Amp1 (i.e., glaucophane),
omphacite (Omp1), garnet (Grt1), rutile, quartz, lawso-
nite, chlorite (Chl1), paragonite (Pg1) ± phengite
(Ph1). The contacts between inclusions and garnet are
sharp and it is assumed these minerals grew simulta-
neously. Although lawsonite has not been identified,
the garnet cores host numerous Lws-pseudomorphs
(for details, see Bukała et al., 2020). The Lws-
pseudomorphs predominantly display a rhomboidal
shape and consist of Czo ± Qz ± Ky ± Pg1.

2. The M2 (peak-P/eclogite stage) includes garnet rims
and their inclusions as well as the omphacite porphyr-
oblast rims and omphacite neoblasts in the matrix. It
consists of garnet (Grt2), omphacite (Omp2), rutile,
quartz ± kyanite (in Ph-free type) ± phengite (Ph2 in
Ph-bearing type). Uniformly oriented omphacite neo-
blasts aligned with phengite (Ph2), rutile and quartz
define a weak to moderate foliation.

3. The M3 (post-peak-P/amphibolite stage) is repre-
sented by minerals growing at the expense of M1 and
M2 assemblages. It consists of amphibole ((Na-Ca)-
Amp3, i.e., winchite and katophorite), quartz, parago-
nite (Par3), diopside (Di3) and clinozoisite (Czo3). In
the Ph-bearing samples, the omphacite porphyroblasts
are often replaced by (Na-Ca)-Amp3, whereas in the
Ph-free samples, the breakdown to Par3 ± Di3 ± Qz is
observed. Overall, the M3 assemblage appears to be
low or strain-free and denotes post-kinematic
crystallization.

The late stages of retrogression are denoted by the growth
of amphibole ((Ca)-Amp4, i.e., pargasite, sadanagaite and
actinolite) at the expense of garnet, (Ca)-Amp4 ± Pl
± Qz ± Di3–4 symplectites after omphacite and titanite
after rutile.

6.1.2 | Prograde to peak-P
metamorphism – textural evidence

Despite the minor differences in eclogite facies assem-
blages and various degrees of retrograde alteration, all of
the studied eclogites record similar metamorphic evolu-
tions, expressed by both mineral chemistry and micro-
structures. The petrography and thermobarometric
results show that all eclogites record metamorphism
along a uniform, clockwise P–T path. The M1 assem-
blage, preserved mostly as inclusions in garnet, attests to
a passage through blueschist facies from the early to late
stages of prograde metamorphism. Inclusions of Omp1,
Lws-pseudomorphs, Chl1 and (Na-Ca)-Amp1and (Na)-
Amp1 hosted within the garnet core (Grt1), suggest coeval
stability during the entrapment in garnet. Although the
growth of omphacite at the expense of the (Na)- and
(Na-Ca)-amphibole is indicative of the blueschist to eclo-
gite facies transition (Evans, 1990; Reinsch, 1979; Ridley
& Dixon, 1984), recent experiments by Cheng and Jen-
kins (2021) show that partial decomposition of (Na)-
amphibole can lead to the prograde (or peak) formation
of (Na-Ca)-amphibole coexisting with eclogite phases.

Garnet preserves a prograde zoning expressed by
decreasing XAlm, XGrs and XSps within the core (Grt1)
overgrown by high-XPrp rim (Grt2; Figure S2). Similar
garnet zoning is indicative of eclogitized metabasalts and
metagabbros metamorphosed within cold subduction
zones of Palaeozoic to Mesozoic age (e.g., Angiboust
et al., 2012; Collet et al., 2017; Groppo & Castelli, 2010
and references therein). While the corroded (Na-Ca)-
Amp1, (Na)-Amp1 and Pg1 grains in the matrix provide
textural evidence for prograde decomposition, the evi-
dence for previous lawsonite presence is provided by
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rhombohedral inclusions Czo + Qz ± Ky ± Pg1 repre-
senting Lws-pseudomorphs (Ballevre et al., 2003; Bukała
et al., 2020; Fry & Fyfe, 1969; Philippon et al., 2013).

6.1.3 | Prograde to peak-P
metamorphism – thermodynamic modelling

Models predict garnet stability over the entire range of
modelled P–T conditions. However, it becomes volumet-
rically significant above �550�C, which matches condi-
tions of modelled omphacite and amphibole coexistence
(Figure 11) and likely explains the lack of inclusions of
primary igneous phases. Thermodynamic models of Ph-
free and Ph-bearing eclogites predict simultaneous stabil-
ity of all M1 assemblage minerals from approximately
540�C (at �2.15 GPa) up to around 610�C (at �2.45 GPa)
along the assumed geotherm. However, it cannot be
ruled out that certain M1 minerals, e.g., lawsonite and
chlorite, may reflect lower temperature conditions
encompassing Amp-absent fields (Figure 11). Also, the
temperature extent of lawsonite stability is largely con-
trolled by the bulk composition, including H2O-
saturation conditions and oxygen fugacity. Lawsonite is
the major H2O carrier in HP-LT metabasites and its sta-
bility largely depends on the H2O budget (Clarke
et al., 2006); thus, H2O-saturation was assumed to
explore the full extent of lawsonite stability for a given
modelled bulk composition.

Omphacite cores (Omp1) show slightly higher ferric
iron compared to the rims (Omp2; Figure 6b), similar to
those reported from Alpine metagabbros (Groppo &
Castelli, 2010; Pognante & Kienast, 1987). The elevated
ferric iron content in omphacite cores (Omp1; Figure 6b)
might reflect higher oxygen fugacity, affecting lawsonite
stability by shifting the Lws-out reaction towards higher
temperatures (Groppo & Castelli, 2010). The modelling
reported here assumes poorly oxidizing conditions and
predicts stability of Lws-bearing assemblage up to 610�C
(at �2.45 GPa; Figure 11). Assuming a highly oxidizing
environment expands the lawsonite stability up to the
peak-P conditions in Ph-bearing eclogite, contradicting
the observed lawsonite-absent assemblages in both mod-
elled eclogites (Figure S6). In Ph-free eclogite, the lawso-
nite is predicted to break down below peak-P conditions
regardless of the oxygen fugacity (Figure S5). Therefore,
the elevated XFe

3+ in Omp1 might be inherited from the
igneous precursor (Angiboust et al., 2012), whereas Omp2
reflects the overall low XFe

3+ bulk composition during
prograde metamorphism that might facilitate lawsonite
breakdown at relatively lower temperature of 610�C. This
interpretation is also favoured due to the negligible ferric
iron component in other prograde phases.

Given the scarce record of M1 assemblage and uncer-
tainties of XFe

3+ within the lawsonite stability field at
blueschist facies conditions, the exact trajectory of the
prograde P–T path is uncertain (Figure 12a). Neverthe-
less, alternative prograde paths (shaded areas in
Figure 12a) intersect the critical dehydration reactions
within a similar P–T range. The modelled compositional
isopleths constrain a P–T range of 2.45–2.80 GPa and
605–650�C for Ph-free, and 2.30–2.55 GPa and 600–690�C
for Ph-bearing eclogite. It confirms that the M2 assem-
blage formation took place at conditions barely exceeding
lawsonite stability fields (Figure 11a,d).

6.1.4 | Prograde to peak-P metamorphism –
thermobarometry

Rutile inclusions in garnet show consistently lower Zr
content with respect to matrix rutile, thus, record lower
temperature. Due to a lack of textural evidence of
recrystallization, these temperatures are interpreted as
entrapment temperatures along the prograde path. Even
though monophase rutile inclusions within intact garnet
were preferentially analysed, a fraction of rutile inclu-
sions might be exposed due to the common fracturing of
garnet and record post-entrapment re-equilibration in
sample TS17–67. Notably, using 2.5 GPa for the
calculation of temperatures (see Section 5.2), these
results reflect a maximum temperature estimate for pro-
grade conditions. In contrast, matrix rutile in all sam-
ples show a wider temperature range with two peaks.
The uneven distribution of Zr observed in matrix rutile
within each eclogite sample may indicate (i) incomplete
equilibration of prograde rutile to peak conditions
(Penniston-Dorland et al., 2018), or (ii) various local
equilibration conditions hindered by slow reactions
at low-temperature conditions (e.g., Cheng & Jen-
kins, 2021). Although the current dataset does not allow
us to pinpoint the exact reason for the lower Zr peaks,
the higher Zr peaks contain more significant informa-
tion. Considering uncertainties in prograde rutile equili-
bration and the bias of Zr-in-Rt towards lower
temperatures (Penniston-Dorland et al., 2018), the inter-
pretation is that higher Zr peaks represent maximum
temperatures along the reconstructed P–T path. The
higher Zr content peaks yield �610�C in sample TS17–
58D, and �650�C in samples TS17–67 and KF16–21,
which is in line with the thermodynamically predicted
conditions (Figure 11). The conventional thermobarome-
try calculations, based on the chemistry of M2 minerals,
pinpoint conditions of the peak-P event at 2.62 GPa and
642�C (KF16-21) and 2.57 GPa at 667�C (TS17-58D;
Figure 12).

18 BUKAŁA ET AL.

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12765 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [11/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6.1.5 | Retrograde metamorphism

Replacement of omphacite by (Na-Ca)-Amp3 (winchite
and katophorite) suggests that the first post-eclogite stage
of recrystallization started when the rocks were still in
high-pressure conditions. Provided the formation of
hydrous minerals at the expense of omphacite, it is
inferred that the released fluid was not entirely removed
from the rock volume and facilitated incipient retrograde
recrystallization. The exact P–T conditions are difficult to
estimate. However, an increase in XCa in matrix amphi-
bole reflects decreasing pressure (e.g., Palin et al., 2014)
during the formation of the M3 assemblage. Therefore,
these temperatures are interpreted to retain conditions of
the eclogite facies and attest that eclogites did not experi-
ence heating during exhumation beyond the temperature
of �650�C. Altogether, this infers either isothermal
decompression or cooling from peak-P conditions.

6.2 | Eclogite rheology

6.2.1 | Deformation mechanisms at the
estimated P–T conditions

There is no significant difference in the deformation
record between Ph-bearing and Ph-free eclogites, thus,
these two groups will be collectively discussed. The
cumulative Grt + Omp modal content in the studied
eclogites varies from 81 to 89 vol.% and the SPO of
omphacite predominantly defines the fabric. Phengite
(in Ph-bearing samples), rutile and quartz show SPO in
the plane of the foliation. However, the overall scarcity
and relatively homogenous distribution of these minerals
preclude the formation of localized high-strain bands.
Therefore, the rheological behaviour of the studied eclo-
gites can be approximated as a two-phase Grt + Omp
system.

F I GURE 1 2 P–T-d diagram (a) deduced pressure-temperature-deformation-time (P–T–t-d) path of Tsäkkok eclogites. Shaded area

limited by dotted lines represent uncertainties regarding the prograde P–T trajectory. Dotted black lines show the results of Grt-Cpx

thermometry (Ravna, 2000) and Cpx-Ph-Grt barometry (Ravna & Terry, 2004). Grey field shows the temperature range calculated for rutile

inclusions and matrix rutile. Green and blue ellipses show the results of thermodynamic modelling presented in Figure 11. Ages of prograde
(1) Fassmer et al. (2021), peak (2) Root and Corfu (2012), and retrograde metamorphism (3) Barnes et al. (2020) for the eclogite. (b) a

simplified model of metamorphic and textural development during dehydration. (I) Incipient breakdown of M1 assemblage. (II) growth of

M2 assemblage, and profuse fluid production. (III) further growth of M2 assemblage. Dynamic recrystallization of omphacite and brittle

fracturing of garnet in response to hydrolytically induced deformation.
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Garnet in plastically deformed eclogites predomi-
nantly forms rigid grains that rarely display an SPO
(e.g., Jin et al., 2001), while omphacite records more
extensive deformation and formation of a strong SPO and
CPO (Bascou et al., 2001; van Roermund & Boland, 1981;
Zhang & Green, 2007). At the modelled peak-T condi-
tions, exceeding 600�C, garnet can potentially deform in
a ductile manner (Voegelé et al., 1999; Wang & Ji, 1999)
while enhanced by the presence of fluid (Ingrin &
Madon, 1995). Minor low-angle intracrystalline bound-
aries are attributed to the coalescence of multiple garnet
cores rather than the onset of dynamic recrystallization
(see Bukała et al., 2020 for further discussion). Similarly,
transgranular fractures in garnet crosscut the overall pro-
grade core-to-rim chemical zoning of garnet, and they are
filled with M2 assemblage (Figure 5b,c), which is consis-
tent with brittle behaviour of garnet at peak-P conditions.
Therefore, the lack of SPO and the observed garnet
microfractures attest to its predominantly brittle response
to deformation at the peak-P conditions.

Omphacite rheology and deformation mechanisms at
HP-LT conditions are highly debated (Zhang &
Green, 2007 and references therein). The results of high-
temperature (>1,000�C) deformation experiments suggest
a significantly lower flow strength of jadeite and ompha-
cite compared to diopside, questioning previously
assumed strength of eclogites (Jin et al., 2001; Stöckhert &
Renner, 1998). However, there is a lack of experiments at
lower temperatures. Natural case studies report ompha-
cite deformed by incipient dislocation creep at tempera-
ture >465�C (Piepenbreier & Stöckhert, 2001) with the
CPO’s symmetry reflecting deformation geometry, strain
rates and activation of single or multiple slip systems
(Helmstaedt et al., 1972; Mauler et al., 2001; Ulrich &
Mainprice, 2005). The presence of omphacite porphyro-
blasts associated with swarms of neoblasts has been
documented in naturally deformed eclogites (e.g., Mauler
et al., 2001). However, it is crucial to evaluate whether
this microstructure originated from brittle fracturing fol-
lowed by sintering of fractured clasts or if it was formed
by crystal-plastic deformation. A bimodal grain size dis-
tribution has been observed in various instances
(e.g., Den Brook & Spiers, 1991). However, a lack of neo-
blast domains separating porphyroblasts of the same ori-
entation (Figure 7e) precludes recrystallization along
transgranular microfractures. Moreover, mineral compo-
sitions exhibit distinct concentric, prograde chemical
zoning (e.g., rimward Mg enrichment in garnet and Na
increase in omphacite; Figure 6), predominantly observed
in garnets but often present in the omphacite porphyro-
blasts as well (Figure 5). These patterns show no major
anisotropy or disruption, and, at the grain level, their
appearance is not influenced by the structural elements

of the studied eclogites (i.e., lack of resorption patterns
controlled by foliation and/or lineation direction). Also,
omphacite porphyroblasts show no SPO, thus, the chem-
ically zoned mineral rims indicate crystal growth in all
directions rather than substantial resorption through
stress-controlled dissolution processes. Altogether, these
observations imply that the textural development in the
brittle regime being responsible for the omphacite
microstructure can be discarded. Furthermore, it sug-
gests that dissolution-precipitation processes likely did
not play a major role in the microstructural evolution of
the studied eclogites at prograde and peak-P metamor-
phic conditions.

To resolve mechanisms of deformation, we discuss
whether the observed fabric results from dynamic or
static recrystallization. Omphacite porphyroblasts have a
high-strain appearance with lobate boundaries and show
features of intracrystalline distortion (Figure 7b). The
stacking dislocations show dominant crystallographic
rotation axes of [010] and [001] (Figures 7d and 8),
which along with the bulk omphacite CPO, are consis-
tent with deformation by the combined slip system of
(100)[001] and {110}1/2<110 > (Bascou et al., 2001;
Zhang et al., 2006). While the (100)[001] has been recog-
nized as the easiest clinopyroxene slip system at low and
intermediate temperatures, the {110}1/2<110 > becomes
dominant at high temperatures (Ingrin et al., 1991;
Raterron et al., 1994) beyond those estimated for Tsäkkok
eclogites.

Neoblasts are not entirely strain-free but exhibit
minor intracrystalline deformation (Figure S3), expected
for grains formed via subgrain rotation within strained
porphyroblasts (Urai et al., 1986). In all samples, the CPO
of neoblasts is also texturally controlled, as the orienta-
tion of some neoblasts relates to the nearby porphyro-
blast (Figure 7e,f). In such instances, neoblasts and
porphyroblasts form orientation families with common
CPO that is expressed by a concise group of [001] and
more random [100] and (010), suggesting that neoblast
CPO was inherited from their porphyroblast precursors.
Noteworthy, the CPO of such porphyroblast-neoblast
pairs are discordant to the bulk omphacite CPO. Alto-
gether, the non-random CPO of omphacite, the non-
random crystallographic axes accommodating its lattice
distortions at the subgrain level, and the microstructural
record of dynamic recrystallization processes are inter-
preted to be predominantly formed by dislocation creep
deformation in these eclogites. Nevertheless, we cannot
rule out that the omphacite CPO and the anisotropic
crystal shapes along [001], which is considered as the
fastest growth direction in clinopyroxene (e.g., van
Panhuys-Sigler & Hartman, 1981), are locally also
enhanced by grain growth (e.g., Figure 7g,h).
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6.2.2 | Linking metamorphism and
deformation: P–T-d path

Assigning a relative timeframe for the deformation is
necessary to establish a link between microstructures and
metamorphic evolution and explore the potential cou-
pling between dehydration and deformation. The
observed rock fabric results from brittle deformation of
garnet and ductile deformation of omphacite by disloca-
tion creep. The transitional chemical character of the
neoblasts, with zoning similar to porphyroblasts, suggests
that deformation either preceded or acted simultaneously
with the formation of omphacite chemical zoning
(Figure 5 and stage II in Figure 12b). These microstruc-
tures, therefore, indicate a clear link between deforma-
tion and the growth of Omp ± Grt, providing constraints
on the timing of deformation (prograde or peak-P condi-
tions with M1 and M2 assemblages). It can be inferred
that deformation and mineral growth occurred at the
estimated HP conditions of fracturing and vein opening
in some Tsäkkok eclogites (Bukała et al., 2020). Alto-
gether, the textural relationships, microstructures and
SPO of the minerals of the peak-P (M2 assemblage;
Figure 4), coupled with thermobarometry results, suggest
synkinematic formation during near peak-P conditions of
ongoing subduction. Therefore, the omphacite CPO
reflects deformation approximately coincident with the
event of profuse dehydration predicted by thermody-
namic modelling. The weak amphibole [001] maximum
parallel to the omphacite [001] is interpreted as inheri-
tance by amphibole during the replacement of ompha-
cite, based on the textural relationships, similar to the
observations of Rehman et al. (2023).

6.3 | Dehydration-driven deformation

6.3.1 | Dehydration and fluid source

;Thermodynamic models predict that the samples con-
tained �4.0–4.6 wt.% of structurally bonded water at the
onset of the dehydration (Figure 11), which is a reasonable
value for hydrated metabasites (Schmidt & Poli, 1998).
Within the range of �515–615�C, eclogites experienced
either a three-stage (TS17–67) or a two-stage (KF16–21)
dehydration along the assumed geotherm (Figure 11). A
significant release of water was related to a cumulative
breakdown of chlorite, amphibole and lawsonite that is in
line with critical dehydration processes recognized in nat-
ural case studies (Groppo & Castelli, 2010; Lü et al., 2009)
and in experiments (e.g., Poli & Schmidt, 1995).

A result of complete dehydration is the Ph-free eclo-
gite type preserving the anhydrous eclogite facies

assemblage of Grt + Omp + Rt + Ky + Qz. It matches
the results of experiments investigating lawsonite stabil-
ity suggesting that lawsonite breakdown at a pressure
above zoisite stability leads to the formation of the anhy-
drous assemblage of Grt + Cpx + Qz/Coe ± Ky
(Okamoto & Maruyama, 1999; Poli & Schmidt, 1995).
Preservation of such assemblage brings forth the hypoth-
esis that the Ph-free eclogites record in-situ dehydration
and no interaction with external fluids. The more com-
mon Ph-bearing eclogites record dehydration as well, but
also evidence for the stability of phengite at (near-)peak-P
conditions. The abundance of phengite in a HP assem-
blage could result from a protolith enriched in LILE due
to seafloor alteration (e.g., Angiboust & Agard, 2010) or
HP fluid infiltration from external reservoir (Rubatto &
Angiboust, 2015). While the phengite inclusions attest to
its presence during prograde metamorphism (hence, sup-
porting seafloor alteration), phengite infilling garnet
microfractures suggest that post-fracturing crystallization
was assisted by LILE-bearing fluid, either produced inter-
nally by the Ph-bearing eclogite or derived from an exter-
nal source. Regardless of the underlying cause, phengite
seems to reflect a fluid–rock interaction that modified the
Ph-bearing, and not the Ph-free eclogites.

Noteworthy, irrespective of whether phengite is pre-
sent or absent, both eclogite types record the same dehy-
dration stages. The presence of phengite only accounts
for a maximum of �0.5 wt.% of H2O retention, and it is
not as critical for dehydration as modelled Lws-, Amp-
and Chl-out reactions, which control the majority of H2O
budget. The development of similar textures in both the
Ph-free and Ph-bearing eclogites suggests that the pres-
ence of internally produced fluid likely facilitated
deformation.

6.3.2 | Rheological effect of dehydration

Numerical modelling of simple shear of HP-LT eclogites
predicts the coexistence of brittle garnet and ductile
omphacite, depending on garnet volume percentage
(Yamato et al., 2019) when the shear stress is generated
as a consequence of densification. Even though the stud-
ied eclogites show similar microstructures to those
reported by Yamato et al. (2019), the lack of porphyro-
blast rotation and the detailed microstructural analysis of
SPO and CPO point to a negligible simple shear compo-
nent during deformation. The intermediate LS indices of
the omphacite can be consistent with either simple shear
or pure shear deformation (Ulrich & Mainprice, 2005).
However, the (i) symmetry of omphacite CPO with [001]
aligned along SPO, as well as (ii) the lack of obliquity
between CPO and the X structural direction, advocate
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against simple shear (Bouchez et al., 1983; Mainprice &
Nicolas, 1989). Also, neither the 2D reconstruction of all
garnet grains (Figure 2) nor the 3D modelling of single
grains (Bukała et al., 2020) show any displacement
between separated fragments, suggesting the lack of a sig-
nificant simple shear component acting on the rocks dur-
ing the opening of fractures.

Garnets amalgamated during their growth and
formed arrays of coalescence planes (Bukała et al., 2020),
currently displaying random orientation in each sample.
These coalescence planes represent inherently weakened
domains within the individual crystals and were succes-
sively exploited during garnet fracturing. However, the
orientation of open-microfractures through garnets is
systematically perpendicular or at a high angle (>50�) to
the foliation (Figure 2). The considerable dispersion in
the orientation of open-microfractures sealed by
omphacite could indicate either (i) a hydrofracturing ori-
gin of these microfractures, resulting in larger spread of
orientation, or (ii) tensile fracturing leading to preferen-
tial opening of certain coalescence planes aligned with
the stress field (subparallel to σ1 principal stress axis,
i.e., perpendicular to the foliation). Hence, microfractures
oriented subparallel to the foliation plane, thus, perpen-
dicular to the inferred σ1 principal stress axis remain
closed (Figure 2). This observation reinforces that pure
shear dominated the deformation of eclogites close to the
peak-P metamorphic conditions. The microfractures are
thus extensional joints, with some of them representing
hybrid joints. Despite that we interpret the opening of
microfractures in the studied garnets (characteristic
examples highlighted by black arrows in Figure 2) as
extensional joints controlled by coaxial pure shear defor-
mation, based on the current microstructural data, we
cannot exclude that some actually opened due to hydro-
fracturing too, similar to the conclusion reached by
Bukała et al., 2020. In fact, both processes could coexist
in the studied eclogites and might mutually lead to the
formation of current garnet microstructures.

Altogether, based on omphacite microstructures
(Figure S4), as well as the characteristic alignment of
their SPO and CPO (Figures 2 and 9), the interpretation
of coaxial pure shear as a dominant deformation regime
is more favourable. The hydrofracturing and/or tensile
fracturing of garnet coupled with rheological weakening
and dynamic recrystallization of omphacite in the pres-
ence of fluid are interpreted as the dominant processes.

If the deformation and brittle fracturing of eclogite
took place due to HP fluids, they may also enhance the
sealing of fractures and foster recovery while the rock
remained in the brittle/ductile regime (stage III in
Figure 12b). Omphacite crystallization in the newly
formed microfractures of garnet is expected to be fast to

seal relatively large volumes without any displacement
along the fractures. The orientations of such omphacite
show a crystallographic relationship with the [001] axis
perpendicular or slightly oblique to the fracture walls,
i.e., parallel to microfracture propagation direction
(Figure 7g,h). It is consistent with the expected geome-
tries for crystal growth in veins (Bons et al., 2012), nucle-
ated on the wall and growing towards the pore interior.
Also, the fluid-assisted crystallization of omphacite
accompanied by solution transfer, has been identified as
an efficient mechanism for omphacite recrystallization in
eclogites that record HP-LT conditions, particularly when
solid-state diffusion in the absence of fluids is negligible
(Stünitz et al., 2020). Thus, the fastest growth direction of
the studied omphacite appears to be along the [001] (the
c-axis), which denotes the smallest spacing in the crystal-
line structure (Cameron et al., 1973; Stünitz et al., 2020).
Therefore, the orientation of garnet microfractures and
CPO of omphacite within advocate for fluid-assisted, ori-
ented crystallization of strain-free omphacite during the
fracturing event.

6.3.3 | Tectonic remarks

The processes of fluid buildup and discharge -particularly
associated with eclogitization- have been linked to
intermediate-depth seismicity (Hacker et al., 2003) or epi-
sodic tremor and slip events (Behr et al., 2018). A whole
rock brittle failure at eclogite-facies conditions is mani-
fested by natural and experimentally produced pseudota-
chylytes, cataclasites and eclogite breccias and potentially
represents the locus of earthquakes (Austrheim &
Boundy, 1994; Hertgen et al., 2017; John & Schenk, 2006;
Scambelluri et al., 2017; Yang et al., 2014). However,
recent studies show that large-scale slip and localized
shear zones are not necessary for seismometamorphic
processes. The scales of microstructures linked with seis-
mic processes vary from nanoscale- (Petley-Ragan
et al., 2020), to microscale (Broadwell et al., 2019) and
mesoscale (Jamtveit et al., 2018). In addition, the (micro)
structures of oscillatory garnet major elements (Viete
et al., 2018) and isotopic zoning (Hoover et al., 2022), off-
fault fracturing/healing cycles of garnet (Broadwell
et al., 2019) and tensile fracturing (Ujiie et al., 2018)
have all been considered as valid manifestations of
seismometamorphism.

The direct link between the Tsäkkok eclogites and
deep seismicity is rather speculative since the observa-
tions lack unequivocal evidence for slip at the micro- and
macro-scale. Nevertheless, the provided evidence shows
that in-situ dehydration has led directly to microfractur-
ing of eclogites at HP conditions. Unlike other studies
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(e.g., Angiboust et al., 2012; Rubatto & Angiboust, 2015)
the Ph-free Tsäkkok eclogites show that no external fluid
was necessary to trigger the brittle response. Each eclo-
gite dehydrates at the single-crystal scale, and only when
internally produced fluids collectively exceeded a volume
that allowed them to propagate through eclogite, the
network of brittle fractures/veins could be formed
(Connolly, 2010; Miller et al., 2003; Zhang &
Green, 2007). These fractures/veins correspond to the
garnet- and omphacite-filled mesofractures reported by
Bukała et al. (2020).

The progressive fluid buildup and discharge within
the studied eclogites can be inferred from thermody-
namic modelling (this study) and the chemical zoning of
garnetite veins (Bukała et al., 2020). The microstructural
record of the mechanical weakening by released fluids
attests to a relationship between prograde dehydration
and deformation in both active and fossil subduction
zones. Nevertheless, heterogeneously dehydrating slabs
and associated rheological changes during internal fluid
production events may also substantially impact seismic-
ity at intermediate depths of subduction zones
(e.g. Ferrand et al., 2017). These processes may cause
transient weakening in otherwise brittle assemblages,
which then diversely respond to stresses within short
timespans.

7 | CONCLUSIONS

Tsäkkok eclogites record prograde metamorphism
through the lawsonite-blueschist to the eclogite facies.
Despite the range of observed eclogite-facies mineral
assemblages, all samples collectively point at �2.5 GPa
and �620�C for eclogite facies equilibration conditions,
denoting the peak-P stage along the P–T path. Prograde
decomposition of chlorite, lawsonite and amphibole led
to progressive dehydration and release of up to 4.6 wt.%
of the internally produced fluid. Fluid discharge led to
rheological weakening, which promoted ductile-brittle
deformation. No external fluid source nor channelized
fluid flow is required to facilitate a ductile-brittle defor-
mation of eclogite in a subduction setting.
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