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ABSTRACT
Low-temperature omphacite has peculiar microstructures called ‘antiphase domains (APDs)’,
which can be formed via phase transition from disordered C2/c to ordered P2/n structure during
cooling. Hence morphological analyses of the APDs of undeformed omphacite have a potential
to unravel the temperature—time (7—¢) histories of the eclogite. We investigated five omphacite
inclusions in a euhedral garnet porphyroblast obtained from low-temperature eclogite in Syros.
The garnet (~6 mm in size) exhibits a distinct prograde chemical zoning and contains abundant
mineral inclusions. Transmission electron microscope (TEM) observations of the focused ion
beam (FIB) foils confirmed a heterogeneous distribution of equiaxed APDs (10-280 nm in
diameter) and columnar APDs. Size distributions of the equiaxed APDs are characterized by
kurtosis values of —0.45-3.91, which are larger than those in the matrix omphacite. The
columnar APDs are subdivided into two types: dislocation-related (Type I) and inclusion—host
interfacial (Type II). The presence of Type I APDs suggests the inclusions were deformed prior
to the host garnet growth. In contrast, Type Il APDs, which are characterized by a bundle of
stripe-like APDs (~40 nm in width) aligned perpendicular to the host garnet, imply the
simultaneous growth of omphacite and garnet in a non-deformation state. The presence of these
two contrasting APDs of omphacite inclusions in the single prograde-zoned garnet prevents a
simple application of geospeedometry based on APD sizes. Nevertheless, our observations
demonstrate that APDs are keys to understanding thermodynamic equilibrium states and the

mineral growth kinetics during eclogitization.
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INTRODUCTION
Omphacite, clinopyroxene with a composition close to Cag sNags[Mg,Fe>*]o.5AlosSi20¢, is one of
the prominent minerals which, together with garnet, compose eclogite (cf. Tsujimori and
Mattinson, 2020). It occurs ubiquitously in a variety of high-pressure (HP) and ultrahigh-
pressure (UHP) metamorphic rocks, typically in basaltic protoliths. Its parageneses and major-
element compositions have been commonly used to characterize subducted oceanic-crusts in the
HP-UHP metamorphic belts. Omphacite at high temperature has a cation-disordered structure
with C2/c symmetry (e.g., Warner 1964; Clark et al. 1969). At temperatures recorded in
blueschist and most orogenic eclogites, however, the difference in space-group symmetry
between ordered P2/n omphacite and disordered C2/c diopsidic pyroxene allows miscibility
regions between jadeitic pyroxene (C2/c)—omphacite (P2/n) and augitic pyroxene (C2/c)—
omphacite (P2/n) (e.g., Matsumoto and Banno 1970; Yokoyama et al. 1976; Carpenter 1979a,
1980; Tsujimori 1997; Tsujimori and Liou 2004; Tsujimori et al. 2005; Garcia-Casco et al. 2009;
Takahashi et al. 2017).

Cation ordering in omphacite has been investigated in numerous transmission electron
microscopic (TEM) studies; the cation ordering forms characteristic bubble-like or column-like
microstructures, called ‘antiphase domains (APDs)’. If disordered omphacite is cooled down to
some extent, multiple ordered phases nucleate and pin each other because of discrepancies in
cation positions at their boundaries. These boundaries are commonly called ‘antiphase domain
boundaries (APDBs)’, and can be observed under TEM. It is considered that APDBs can be
formed just if omphacite crystallizes in the P2/n stable field, as many researchers think that the
nucleation of the disordered phase predates APDBs formation (e.g., Champness 1973; Carpenter

1978).
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An averaged diameter of equiaxed APDs (&) can be calculated with the following

equation (Carpenter 1981):

75000) .
RT

58=8><6><1035exp<—

where ¢ is annealing time and 7 is temperature. This function involving ¢ and 7 would allow for
geothermometry and/or geospeedometry and lead to a deeper understanding of the kinetics of
low-T eclogitization of a subducting slab. However, the application of this equation to natural
omphacites is not that simple because omphacite-bearing blueschists and orogenic eclogites have
commonly undergone deformation and because the original APDBs would have been modified
very easily (Van Roermund and Lardeaux 1991). Brenker et al. (2003) suggested a potential
approach to exclude deformational modifications of original APDs. Specifically, they postulated
that garnets could act as rigid capsules that prevent the dynamic recrystallization of omphacite
inclusions. Nevertheless, no one has attempted to challenge the approach yet. Thus, in this study,
we conducted a transmission electron microscopic (TEM) study combined with focused ion
beam (FIB) technique on omphacite inclusions within a prograde-zoned garnet. The aim of our
reconnaissance is to contribute to the understanding of the growth kinetics of omphacite

inclusions within garnet porphyroblasts, as well as the low-7 eclogitization of a subducting slab.

SAMPLE DESCRIPTION
We examined a euhedral garnet porphyroblast (~6 mm in size) extracted from a low-T eclogite of
the Cycladic Blueschist Unit (CBU), Syros, Greece (Fig. 1). The garnet exhibits a rhombic
dodecahedron shape with twelve crystallographic equivalent {110} planes.
Syros Island, which belongs to Cyclades Archipelago, is located at the center of the

Aegean domain. The metamorphic sequence consists mainly of alternating marbles and HP
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schists. The CBU of Syros contains dismembered meta-ophiolite, whose protoliths were derived
from hydrothermally-altered oceanic crust (Seck et al. 1996). The Cyclades Archipelago is the
deepest exhumed parts of the belt and its peak-pressure conditions were achieved at ~53-48 Ma
(Lagos et al. 2007; Lister and Forster 2016; Tomaschek et al. 2003; Uunk et al. 2018). The peak
metamorphic condition of the CBU on Syros was estimated as 7 ~500-560°C and P ~2.2-2.4
GPa (Laurent et al. 2018), while Schumacher et al. (2008) suggested a lower condition at 7’

~500°C and P ~1.5-1.6 GPa.

ANALYTICAL PROCEDURES
SEM observation and EPMA X-ray mapping
To characterize the core-to-rim compositional zoning of the porphyroblastic garnet, we firstly cut
the extracted garnet at nearly the center. Then, one of the center-cut garnets was mounted with
epoxy resin and polished. The polished sample was observed using a JEOL JSM-7001F field
emission-scanning electron microscope (FE-SEM) at Tohoku University. The back-scattered
electron (BSE) imaging was performed at an acceleration voltage of 15 kV and a beam current of
3 nA. We identified mineral inclusions using a Hitachi S-3400N scanning electron microprobe
(SEM) equipped with an Oxford INCA X-act energy dispersive X-ray (EDS) system at Tohoku
University. The acceleration voltage and the beam current during the SEM-EDS observations
were maintained at 15 kV and 1 nA, respectively. X-ray mapping (Mg, Ca, Fe and Mn) of the
mounted garnet was performed by a JEOL JXA-8200 electron microprobe analyzer at Bayerishes

Geoinstitut (BGI), at an acceleration voltage of 15 kV and a probe current of 500 nA.

FIB fabrication of omphacite
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A focused ion-beam (FIB) technique was used to extract foils of the omphacite inclusions in the
garnet, using a FEI Scios DualBeam system equipped with a gallium (Ga) ion-gun for sample
fabrication at BGI. Fabrication of thin foils (~100 nm in thickness) was done for the five
omphacite inclusions [1C (core), 2M (mantle), 3R, 4R, SR (rim)] in the order from the core to
the rim of the garnet; for comparison, one foil (MX) was also extracted from a matrix-forming
omphacite from the same eclogite. Note that we define two boundaries: one between the core and
the mantle at 30% of the total radius from the center of crystal, and the other between the mantle
and the rim at 85% (Fig. 2). These boundaries respectively correspond to the portion where the Y
concentration peaks and the portion marking the beginning of Y-Mn enrichments (Fukushima et
al. in revision). The locations of each inclusion can therefore be expressed as ~14% (1C), ~48%
(2M), ~90% (3R), ~95% (4R), and ~98% (5R). The locations and morphology of the inclusions

are shown in Figures 1 and 3.

TEM observation

The thin foil specimens of the omphacite inclusions were observed using a FEI Titan G2 80-200
S/TEM system at BGI. The microstructures of the omphacite were studied under conventional
bright-field and dark-field TEM imaging modes and selected area electron diffraction. In
addition, EDS X-ray mapping of major elements by scanning transmission electron microscopy
(STEM), operated at a 200 kV acceleration voltage, was performed using four Silicon Drift
Detector (SDD) detectors. The STEM-EDS maps were generated by scanning a focused beam

with a diameter of about 0.2 nm and a dwell time of 16 microseconds across the samples.

Measurement of antiphase domain (APD) sizes
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To measure APD sizes, we processed the acquired digital images using an approach of the
Trainable Weka Segmentation (Arganda-Carreras et al. 2017) bundled in an image processing
package Fiji (Schindelin et al. 2012), which is a modified version of the open source, Java-based
image processing program Image J (Abramoff et al. 2004). This application enables us to divide
an image with complicated patterns into two or more groups based on its color distribution. In
each dark-field image, we chose certain areas where many distinct APDs were observed to
binarize them. Here, the binarized image reflects the difference in brightness between the
ordered and disordered domains. Then, we excluded APDs with abnormal shapes by setting a
threshold of circularity (= 4w x area / circumference?). We also excluded some of the noise by
setting a minimum APD size. Finally, we calculated the diameters of the APDs based on their
areas, under the assumption that all of the measured APDs are circles.

In order to evaluate the reliability of this measurement protocol, in addition to our
specimens, we also measured equiaxed APD sizes in a previously reported matrix-forming
omphacite. Specifically, we processed the dark-field image (a scanned image from the literature)

of sample #97647 in Carpenter (1978) (Fig. 2a in the literature) to measure its APD sizes.

MINERAL INCLUSIONS IN THE ZONED GARNET
The investigated garnet crystal (Fig. 1) contains abundant mineral inclusions (typically ~10—-100
um in size), mainly of omphacite (~40-50 mol% jadeite) and clinozoisite [Fe*"/(Fe*" + Al)
atomic ratio = ~0.2]. Omphacite occurs as irregularly rounded anhedral crystals with curved
interfaces. The garnet crystal also contains minor amounts of rutile, titanite, carbonate, apatite,

chlorite, quartz, paragonite, albite, jadeite (~95 mol% jadeite) and zircon. Titanite tends to occur
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at the core. Chlorite and albite are found as secondary replacements of primary inclusions along
micro cracks.

Major-element EPMA X-ray maps of the garnet (5-9 mol% pyrope; 61-67% almandine;
1-3 spessartine; 24—-30% grossular) are shown in Figure 1. The maps exhibit a concentric zoning
pattern, where Mg# = Mg/(Mg + Fe?*) roughly increases rimward and Mn decreases from the

core to the mantle. Subtle Mn enrichments are found at the rim.

ANTIPHASE DOMAINS OF OMPHACITE
APD morphology and size distributions
TEM images of the omphacite inclusions are shown in Figures 4-6. Based on the morphology,
the observed APDs are divided into two types: 1) equiaxed APDs and 2) columnar APDs. These
two types frequently occur within a few um squared areas, and the boundaries among two types
are not clear. The columnar APDs, with stripe-like shapes, are further subdivided into two types.
Type I columnar APDs occur as extensions from dislocations. In contrast, Type II columnar
APDs are found at garnet—omphacite interfaces and exhibit regular-alignment perpendicular to
the interfaces. Note that, unless aligned periodically, dislocation-related columnar APDs attached
perpendicularly to garnet-omphacite interfaces are classified as Type I columnar APDs.

We found equiaxed APDs in all of the FIB foils including omphacite in the eclogitic
matrix, although they were less abundant in the 2M and 4R. Type I columnar APDs, most of
which were highly curved, were also common in the omphacite inclusions. Type II columnar
APDs were found only in 1C and 3R. Since the morphology of such columnar APDs is
somewhat complicated, it is difficult to measure their widths. Therefore, we only measured

equiaxed APD sizes here.
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APD size variations are shown by histograms with the kernel density estimate in Figures
7 and 8. Measured data are presented in supplementary Table S1. Major modes are: ~40 nm
(1C), ~30 nm (3R), ~20 nm (4R), ~60 nm (5R), ~60 nm (MX) and ~16 nm (#97647). Mean
values are: 62 nm (1C), 67 nm (3R), 25 nm (4R), 98 nm (5R), 88 nm (MX) and 31 nm (#97647).
In addition, we calculated skewness and kurtosis values to characterize the distributions. We
adopted the definitions of b1 (skewness) and b> (kurtosis) as set forth in Joanes and Gill (1998).
Skewness values are: 1.53 (1C), 0.64 (3R), 1.91 (4R), 0.77 (5R), 0.48 (MX) and 0.56 (#97647).
Kurtosis values are: 3.14 (1C), —0.45 (3R), 3.91 (4R), 0.02 (5R), —0.85 (MX) and —0.65
(#97647). All of the APD size distributions are non-Gaussian and seem to be expressed by
slightly multi-modal distributions. For each, the secondary or higher-order modes are larger than
the major mode thereof, and the mean value is larger than the major mode by 5-38 nm. The
mean equiaxed APD size of #97647 (Carpenter 1978) is consistent with the reported value of
20-50 nm. However, our reassessment also confirmed an abundance of APDs smaller than 20

nm.

Peculiar features of individual APDs

Omphacite extracted from the garnet core (1C). 1C was extracted from the core of the
garnet. Some regions of 1C (Fig. 4a) have both equiaxed APDs and Type II columnar APDs
(width 20-130 nm, length ~130 nm). The widths of the Type II columnar APDs in 1C are not
highly homogeneous (see supplementary Table S1 and Document S1). The other regions,
however, show abundant Type I columnar APDs (Fig. 4b). They seem to have highly interacted
with dislocations in the omphacite. Although they are also roughly perpendicular to the garnet—

omphacite interface, they are not periodic.
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Omphacite extracted from the mantle of the garnet (2M). 2M was extracted from the
mantle of the garnet. 2M (Fig. 5a) has mainly Type I columnar APDs and rare equiaxed APDs.
Although these Type I columnar APDs are roughly perpendicular to the garnet—-omphacite

interface, they are not periodic.

Omphacites extracted from the garnet rim (3R, 4R and 5R). 3R, 4R and 5R were
extracted from the rim of the garnet. 4R contains mainly Type I columnar APDs (Figs. 6a—d),
while 3R (Figs. 5b and 5¢) and 5R (Fig. 6e) have mainly equiaxed APDs. Equiaxed APDs were
minor in 4R. The samples also showed differences with regards to APD shapes near the garnet—
omphacite grain interfaces. In 4R, some Type I columnar APDs are attached perpendicularly to
the garnet—omphacite interface (Fig. 6b), but the other regions never exhibit such textures (Fig.
6¢). In the latter case, we observed fracture-like pores (~50 nm in width; Fig. 6d). In contrast, SR
does not contain Type I columnar APDs (Fig. 6¢). 3R is similar to 5R in that both have abundant
equiaxed APDs (Fig. 5b), but it is significantly different in the regions relatively close to the
garnet core. Specifically, 3R encompasses Type Il columnar APDs (Fig. 5¢), which are
characterized by a bundle of elongated APDs aligned perpendicular to the garnet-omphacite
interface. All of them are perpendicular to the interface and have a moderately homogenous
width of 38 + 11 nm (n =19, 106) and length of ~130 nm (see supplementary Table S1 and
Document S1). Although Type II columnar APDs were also observed in 1C, their widths are not
highly homogeneous like in 3R. This peculiar texture was investigated by STEM-EDS X-ray
mapping of Na, Ca, and Fe (Fig. 9). The Na- and Ca- distributions are homogenous throughout

the specimen, while the Fe concentration is slightly lower at the omphacite rim that has the Type
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II columnar APDs.

Omphacite in the matrix (MX). MX (Fig. 6f) has abundant equiaxed APDs as well as

3R and 5R. No columnar APDs were observed.

DISCUSSION

Assessment of size distribution patterns of equiaxed APDs

Implications from non-Gaussian size distributions. Temperature dependence of APD
coarsening in omphacite was proposed by Carpenter (1981). However, no appropriate method
has existed for the quantification of apparent APD-size distribution. Since we cannot explain the
multi-modal, non-Gaussian size distributions only based on a single nucleation event of the
ordered phase, they must reflect complicated histories of the cation ordering in omphacite. Thus,
assessment of the size distributions might enable us to discuss multiple nucleation events of the
ordered phase. Although we should also consider some effects of deformation and impurity
atoms at APDBs (Ling and Starke 1971; Rase and Mikkola 1975; Carpenter 1979b), the new
measurement protocol gives us a key to predicting the cation ordering process at low
temperature. In our observations, the mean equiaxed APD size in each of the specimens is quite
larger than its major mode by 5-38 nm. Therefore, we cannot rule this out when discussing
thermal events during the metamorphism. Moreover, this implies that mean equiaxed APD sizes
in omphacite, which are traditionally used for analyses of low-7 metamorphic history, are not

necessarily appropriate for geothermometry/geospeedometry.

A comparison of garnet-hosted and matrix-forming omphacites. Regarding of
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equiaxed APD sizes, we could not confirm any significant difference between garnet-hosted and
matrix-forming omphacite. However, we did find that the matrix-forming omphacites (MX and
#97647) had lower skewness and kurtosis values compared to the others. Notably, it is crucial
that matrix-forming omphacites are likely to have lower kurtosis values; this implies that
omphacites in an eclogitic matrix are likely to have wider ranges of APD sizes than omphacite
inclusions in garnet. The relatively large APD-size variation in matrix omphacite would be
attributed to strong syn- or post-metamorphic deformation effects, because the matrix should
have been more subjected to deformation than omphacite inclusions enclosed in their rigid
garnet. This tendency indicates that it is reasonable that examining APD sizes of ‘omphacite
inclusions’ will result in a better estimation of its metamorphic 7—¢ history.

Considering these observations, we need to refine APD-size measurement protocol so
that results can be obtained with less arbitrariness. Specifically, it is a crucial problem how we
should deal with large and highly distorted APDs. For a better measurement, in essence, we have
to interpret the kinetics of APD coarsening appropriately and setting feasible thresholds to get

results which make sense for the further discussion and implications.

The origins of columnar APDs

Reassessment of the previously-reported ordering mechanism. We can explain the
origins of columnar APDs on the basis of the previous idea that columnar APDs can be formed
due to nucleation of the ordered phases at grain boundaries or low angle subgrain boundaries
(Lally et al. 1975; Carpenter 1979c). We can envisage a model in which cation ordering occurs at
dislocations and/or garnet—omphacite interfaces and, consequently, the APDBs move from those

locations.
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As we described, however, Type Il columnar APDs are less dominant. This is somewhat
odd because all of the omphacite inclusions in the garnet have undergone the same metamorphic
events, and also the surroundings of the rims of the omphacite inclusions would be similar. If the
Type II columnar APDs can be formed merely by cation ordering initiating at garnet—omphacite
interfaces due to the excess surface energy, such columnar APDs would be observed more

frequently even in the other regions.

The origin of Type II columnar APDs. At the closer side of 3R to the garnet core, the
widths of the Type II columnar APDs are highly homogeneous and show a subtle discontinuity
of Fe concentration (Fig. 9). This chemical discontinuous feature might indicate that the 3R rim
with the Type II columnar APDs formed synchronously when the omphacite was included in the
garnet. We interpret this to mean that Type Il columnar APDs are common phenomena in
syngenetic omphacite inclusions. Generally, omphacite can grow simultaneously with garnet
growth in low—T eclogite (e.g., Konrad-Schmolke et al. 2008). Our P-T pseudosection modeling
also shows that omphacite with less Fe content is also likely to have grown with the garnet
growth (see supplementary Document S2).

Then, the question arises: how can the Type II columnar APDs be formed in syngenetic
omphacite? Considering the kinetics of the cation ordering, we propose two possible
explanations. One is that the cation ordering occurred preferentially adjacent to preexisting
ordered omphacite so that the total surface energy of the antiphase domain boundaries can be
smaller. When omphacite grows slightly, the disordered phase firstly appears even though at
lower temperature than the ordering temperature of omphacite (e.g., Champness 1973; Carpenter

1978, 1980, 1981; Carpenter and Putnis 1985). If the preferential cation ordering occurred at the
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newly formed rim extremely faster than the omphacite growth, bundles of columnar APDs
perpendicular to the garnet—omphacite interface are likely to be formed. It might be possible that
the ordered phase grew almost epitaxially on the preexisting omphacite rim. In fact, this
explanation is reasonable because columnar APDs in alloys can grow simultaneously with their
crystallization from melt. For example, Mitsui et al. (1995) interpreted the origins of columnar
APDs in Ni3zAl and CusPt alloys as the migration of grain boundaries of homogeneously ordered
crystals. If this interpretation is correct, the widths of such Type II columnar APDs depend on
initial equiaxed APD shapes at the preexisting omphacite rim. Therefore, their widths do not
necessarily depend only on a growth history of the omphacite rim. In this case, rimward changes
of the columnar APD widths would be negligible because newly formed columnar APDs should
have the same widths as the preexisting ones.

The alternative explanation is that the ordered phase nucleated in a periodic manner from
garnet—omphacite interfaces after the enclosed omphacite finished growing just as the metastable
disordered phase. In this case, we cannot dismiss rimward changes of the Type II columnar APD
widths. Since the ordered phase nucleates from the interfaces, wider APDs should be observed in
closer regions to the omphacite rim. This width variation must reflect the metamorphic history
after the omphacite was included in its host garnet.

The most crucial difference between these two possible scenarios is whether the
columnar APD widths change rimward or not, but as shown in Figure 5c, this change is difficult
to detect. Therefore, we cannot determine which explanation is correct without further
information. To further our understanding, more observation is required than that documented in

this study.
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Heterogeneous distributions of syngenetic omphacite inclusions. If Type II columnar
APDs are formed in syngenetic omphacite rims, the question that remains is why we seldom
observe such omphacites. When pre-existing omphacites are enclosed in their host garnet, it
seems that syn-metamorphic overgrowth does not necessarily occur in all of the omphacite rims.
Thus, we discuss below this heterogeneous distribution of syngenetic omphacite rims in the
single host garnet by considering its growth history (Fig. 10).

Firstly, a garnet porphyroblast grows slightly to start to enclose an omphacite crystal. At
that time, there must be a spatial gap between the garnet and the enclosed omphacite, as inferred
from the presence of the fracture-like pores in 4R (e.g., Fig. 6d). Subsequently, if the spatial gap
is filled with metamorphic fluids or Ca—Al silicates, the garnet grows slightly to fill the space. If
the enclosed omphacite grows synchronously with the garnet growth, the spatial gap should be
filled also by the growing omphacite. Note that we can regard the spatial gap as a small closed
system wrapped by reaction products; in other words, the major elements for garnet—producing
reactions cannot dissipate far away from the spatial gap. Thus, the omphacite can grow more
efficiently within the spatial gap than other places as the host garnet grows slightly. Under this
assumption, we can postulate a hypothesis that the heterogeneous distribution of syngenetic
omphacite rims is attributed to the heterogeneous presence of spatial gaps between the garnet and
its omphacite inclusions. If this hypothesis is true, based on the most striking feature that 3R has
Type Il columnar APDs only on the side closer to the garnet core, we can assume that such small
spatial gaps are likely to appear at the closer area to the garnet core. Moreover, this hypothesis
might be reasonable because omphacite rims, grown in the spatial gap, are likely to be protected

by the garnet from deformation disturbances.
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IMPLICATIONS
New constrains on the growth Kkinetics of garnet-hosted omphacite
Our new finding of syngenetic omphacite with columnar APDs is highly valuable because it
would allow us to study the kinetics of the cation ordering in omphacite. Although it is known
that nucleation of the disordered phase predates the cation ordering, the kinetics of this process is
unclear. Our observation of the periodic columnar APDs must be the very snapshot of growing
omphacite with the cation ordering. Considering P—7—¢ information obtained on the basis of
geochronology and compositional zoning patterns of garnet, we might be able to understand the
initiation of the cation ordering at low temperature.

It is noteworthy that omphacite rims with bundles of columnar APDs would have formed
just as they were incorporated into garnet. Over the years, the origins of mineral inclusions,
whether they are formed simultaneously with incorporation of them or are remnant fragments of
the protolith, are of interest. In the case of sector-zoned garnet, the phenomena that quartz
inclusions simultaneously grow with the garnet growth, can be observed (Andersen 1984).
Crystallographic orientations of mineral inclusions to their host garnet have been characterized
with electron backscatter diffraction in order to estimate their origins (e.g., Griffiths et al. 2016;
Ferrero and Angel 2018). However, it remains difficult to know whether a given mineral
inclusion was incorporated into its host garnet simultaneously with its growth. Our finding of the
heterogeneous distribution of Type Il columnar APDs should therefore be a significant
contribution to discussing the origins of mineral inclusions. If omphacite with such APDs is a
product of reactions producing garnet, analyses of the APD shapes might unravel the timing at

which the omphacite was included in the host garnet.

16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7784. http://www.minsocam.org/

Pitfalls of the APD geospeedometry

Since prograde-zoned garnet itself has a potential to determine P—7—¢ information, we might be
able to estimate the garnet growth rate or the timescale of eclogitization by simply applying APD
geospeedometry to the omphacite inclusions. However, our FIB-TEM study denies a simple
application, because APD-size variation highly reflects a difference in the timings of the
nucleation processes of the omphacite. In fact, all of the garnet-rim foils (3R, 4R and 5R) were
extracted from the same garnet rim but their equiaxed APD sizes are extremely different. In
addition, the presence of Type I columnar APDs means omphacite generally underwent
deformation before being enclosed by garnet. To establish more sophisticated geospeedometry
based on omphacite APDs, it is critical to focus on omphacite which grew synchronously with
the host garnet growth. In other words, understanding of the timing of omphacite incorporation
into its host garnet might lead to a refinement of the APD geospeedometry.

Nevertheless, it is not easy to extract temperature/time information only from the Type II
columnar APDs because rimward changes of their shapes are small. Therefore, future work
should be directed towards analyzing more omphacite inclusions within a single prograde-zoned
garnet, understanding the critical trends of columnar APD shapes, and modeling their growths.
This is important not only for understanding the kinetics of the cation ordering in omphacite but

also for unraveling the kinetics of low—T7 eclogitization in subduction zones.

CONCLUSION
We studied five omphacite inclusions in a garnet from Syros eclogite by FIB-TEM technique

capable of site-specific extraction of inclusions using a scanning electron beam. We found
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abundant equiaxed and dislocation-related columnar APDs. In addition, we found bundles of
columnar APDs aligned perpendicular to garnet—omphacite interfaces and concluded that this
texture can be formed simultaneously with host-garnet growth. Further analysis of these peculiar
textures may lead to an understanding of the kinetics of the cation ordering in omphacite and

low—T eclogitization.
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FIGURE CAPTIONS

Figure 1. Images of the investigated garnet: a BSE image; b X-ray map of Mg/(Mg + Fe)
(intensity ratio); ¢ X-ray map of Ca; d X-ray map of Mn. The subscript i after each element
symbol indicates that the image was obtained based solely on the signal intensity. Locations
from which we extracted omphacite thin foils are also shown: (1) 1C, (i1) 2M, (ii1) 3R, (iv) 4R,
and (v) 5R. The white circle in the BSE image indicates the location of the garnet core estimated

based on its euhedral outline and major-element zoning patterns.

Figure 2. Representative line profiles of Mn (solid line) and Y (dashed line) in the investigated
garnet. They represent kernel regression lines based on the measured data (Fukushima et al. in
revision). Band widths are set to 27% for both. The region of the mantle (gray) is defined as 30—

85% of the total radius. Approximate locations of the investigated omphacites are also shown.

Figure 3. Locations from which we obtained omphacite thin foils are indicated by the white

rectangles. The black arrows indicate the directions to the center of the garnet core.

Figure 4. TEM images of 1C including garnet-omphacite interfaces: a dark-field image (g =
050) of equiaxed/Type II columnar APDs and the inset selected area electron diffraction pattern
(Z =1001]); b dark-field image (g = 050) of Type I columnar APDs. The white arrows in a

indicate Type II columnar APDs. Grt = garnet, Omp = omphacite.
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Figure 5. TEM images of 2M (a) and 3R (b and c¢): a dark-field image of 2M (g = 140)
including a garnet-omphacite interface; b dark-field image of 3R (g = 050) including a garnet—
omphacite interface closer to the garnet rim; ¢ dark-field image of 3R (g = 050) including the
other garnet—-omphacite interface closer to the garnet core. At the bottom of ¢, columnar APDs

are aligned perpendicular to the garnet-omphacite interface (Type II columnar APDs).

Figure 6. TEM images of 4R (a—d), 5R (e) and MX (f): a, b dark-field images of 4R (g = 050)
including abundant Type I columnar APDs; ¢ dark-field image of 4R (g = 050) including a
garnet—-omphacite interface and equiaxed APDs; d bright field image (g = 050) of the same area
as ¢; e dark-field image of 5R (g = 050) including a garnet—omphacite boundary; f dark-field

image of MX (g = 050).

Figure 7. Histograms of measured APD sizes in a 1C, b 3R, ¢ 4R, and d 5R. As insets, we show
binarized dark-field images from which noise and highly distorted APDs are excluded. Results of
the kernel density estimates are also shown. Band widths of the density estimates are: 8.303 nm
(1C), 12.93 nm (3R), 3.214 nm (4R) and 17.07 nm (5R). For each of the diagrams, the black and

gray triangles indicate its mode and mean values, respectively.

Figure 8. Results of APD-size measurement in matrix-forming omphacites (a, b MX; ¢, d
sample #97647 in Carpenter (1978)). Binarized images of dark-field TEM images are shown in
the left side, while histograms of measured APD sizes and the kernel density estimates are shown

in the right side. As insets, we also show binarized images after noise and highly distorted APDs
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are excluded. Band widths of the density estimates are 16.54 nm (MX) and 6.031 nm (#97647).

The black and gray triangles indicate the mode and mean values, respectively.

Figure 9. Scanning TEM images of the Type II columnar APDs in 3R: a bright-field image; b, ¢,
d X-ray maps of Na, Ca and Fe, respectively. The black arrows in a indicate the Type 11
columnar APDs. We added a white dashed line to ¢ in order to emphasize the garnet-omphacite

interface.

Figure 10. Schematic diagram showing our hypothesis to explain the heterogeneous distribution

of syngenetic omphacites in a single host garnet.
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