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Abstract

Metapelitic garnet-kyanite gneiss from the Kimi Complex (Rhodope Metamorphic Com-
plex), north of the city Xanthi, Greece, was subject to a detailed investigation to assess
its mineral content and the inclusion microstructure and texture in garnet. A suite
of advanced analytical techniques was employed, including optical microscopy, micro
computed tomography, SEM imaging methods, SEM-EDX, SEM-EBSD, and Raman
spectroscopy. Results of thermobarometry based on Raman spectroscopy are in line with
peak metamorphic conditions reported in the literature.

A further analysis of the inclusion microstructure in garnet allowed to distinguish several
different growth zones in garnet and characteristic domains within these zones. The
micro-inclusions in two different garnet domains were the focus of comprehensive micro-
structure and texture analysis. Based on the inclusion microstructure, the first garnet
domain was defined by the presence of abundant sub-micron sized rutile inclusions that
are arranged as (curvi)linear inclusion trails oriented parallel to the local growth direction
of the host garnet crystal, referred to as "trail domain." The second garnet domain was
defined by abundant rutile needles with strict shape preferred orientation (SPO), referred
to as the "needle domain". These rutile needles with SPO but different aspect ratios were
observed within the entirety of the studied garnets.

Electron backscatter diffraction (EBSD) analysis was performed to investigate crys-
tallographic orientation relationships (COR) between the inclusion and host phases.
Combination of the microstructural and crystallographic data showed a shape orientation
relationship (SOR) between rutile needles and the garnet host in the needle domain.
There, the elongation of the rutile needles aligns with < 111 >, directions. Further,
the elongation of the rutile needles occurs strictly along the < 103 > g, which therefore,
correlates with an axial relationship between rutile needle and garnet host lattice.
Results from the statistical analysis of the distribution of rutile needles with particular
SPO indicate that, in the trail domain, those rutile needles with an SPO at high angle
with respect to the growth facet plane of the particular garnet sector predominate over
SPO directions lying parallel to this garnet plane. Contrastingly, the distribution of
rutile needles with strict SPO was observed to be evenly balanced between the different
crystallographic equivalent < 111 >, directions in the needle domain.
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Abstract

These findings suggest that the inclusion trails in the trail domain were formed through
an attachment and overgrowth mechanism, syngenetic to garnet growth, while the needles
with distinct SPO in the needle domain were likely a product of precipitation within a
preexisting garnet lattice.

The correlation of microstructural properties of rutile inclusions with their crystallo-
graphic orientation relationship regarding the host crystal, yielded a strong link to the
microstructural peculiarities of the studied inclusions. Comparison with other large
EBSD data sets indicates that rutile inclusions in metapelite garnets follow similar trends
of axial relationships, but show significant deviations, especially regarding specific CORs,
and when considering different microstructural characteristics.

Still, when applying a consistent COR classification, large EBSD data sets correlated with
microstructural observations, show potential for fingerprinting based on rutile inclusion -
garnet host systems.
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Kurzfassung

Metapelitischer Granat-Kyanit-Gneiss (Lokalitat nordlich der Stadt Xanthi, Griechen-
land) aus dem Kimi Komplex, Rhodopen, wurde untersucht, um den Mineralgehalt
und die Einschlussgefiige und -muster in Granat zu bestimmen. Dazu wurden optische
Mikroskopie, Mikro-Computer-tomografie, SEM-Bildgebungsverfahren, SEM-EDX, SEM-
EBSD und Raman-Spektroskopie verwendet. Die Ergebnisse der Thermobarometrie auf
Grundlage der Raman-Spektroskopie zeigen, dass die metamorphischen Héchstbedingun-
gen mit den Einschéatzungen der Literatur iibereinstimmen.

Detaillierte Analysen des Einschlussgefiiges hat mehrere Granat Wachstumszonen und
charakteristische Doménen innerhalb dieser Zonen offenbart. Die Mikro-Einschliisse
zweier Granat Doménen wurden daraufhingend detailliert auf ihre Mikrostruktur und
Textur untersucht. Die erste Doméne wurde durch zahlreiche sub-mikrometer grofie Rutil
Einschliisse definiert, welche sich entlang von (kurvi)linearen Einschluss Spuren anordnen.
Diese Spuren sind parallel entlang der lokalen Wachstumsrichtung von Granat Sektoren
angeordnet. Diese mikrostrukturelle Granat Doméne wurde daher als "Trail-Doméne"
bezeichnet. Die zweite Doméne wurde durch eine Vielzahl von Rutilnadeln mit strikten
Form vorzugs-Orientierungen (SPO) definiert und als "Nadel-Doméne" bezeichnet. Diese
Rutilnadeln wurden mit unterschiedlich ausgeprigten Streckungsverhéltnissen im ges-
amten Granat beobachtet.

Die Elektronen-Riickgestreu-Diffraktions Analyse (EBSD) dient zur Untersuchung kristal-
lografischer Orientierungsbeziehungen (COR) zwischen Einschluss- und Wirt-Kristall.
Die Kombination mikrostruktureller mit kristallografischen Eigenschaften impliziert eine
Form Orientierung (SOR) der Rutilnadeln im Granat Wirtskristall, welche die Langs-
richtungen der Rutilnadeln intern entlang der < 103 >p; und extern der < 111 >gp
beschreibt.

FErgebnisse der statistsichen Haufigkeits-Analyse der Verteilung von Rutil Einschliissen
mit strenger SPO deutet darauf hin, dass die Einschluss Spuren in der Trail-Doméne
Rutil Einschliisse mit SPOs bevorzug werden, deren Lingsachsen einen grossen Winkel
zu der jeweiligen Flache der Wachstumsfacette des Granat Sektors eingehen, entgegen
Einschliissen mit SPO, deren Léngsachsen parallel zu besagter Flache des Granats liegen.
Die Verteilung in der Nadel-Doméne wurden hingegen als gleichméfig ausgewogen zwis-
chen den kristallografisch equivalenten SPO < 111 >¢g,; Richtungen beobachtet. Diese
Befunde legen nahe, dass die Einschliisse in der Trail-Doméne durch einen Anhaftungs-
und Uberwachsungsmechanismus gebildet wurden, zeitgleich des Granat Wachstums. Die
Rutilnadeln mit deutlicher SPO in der Nadel-Doméne hingegen sind ein Produkt von Fal-
lungsreaktionen, welche nach dem Granat Wachstum, sprich in einem pre-existierenden
Granat Kristallgitter, stattgefunden haben miissen.



Kurzfassung

Die Unterschiede in den Entstehungsszenarien werden ebenfalls in der COR-Klassifikation
widergespiegelt. Die Ergebnisse des Ansatzes grofie Datensétze von Kristallorientierungen
methodisch zu vergleichen, werden stark von den untersuchten Einschliissen und ihren
mikrostrukturellen Eigenheiten beeinflusst. Im Vergleich mit anderen EBSD-Datenséitzen
wurde beobachtet, dass solange die gleiche Klassifizierungsroutine angewandt wird,
Metapelite dhnlichen Trends axialer Orientierungsbeziehungen folgen, aber spezifische
CORs und mikrostrukturelle Eigenschaften stark abweichen.

Durch diese Studie werden, in Anbetracht der COR Klassifikation und mikrostruktureller
Figenschaften, Beziehungen von Einschliissen im Wirtskristall fiir "Fingerprinting" als
moglich erachtet.

vi



Contents

|Acknowledgements| i
[Abstract] ii
Kurzfassung v
[Cist of Figures| ix
(1. _Introduction 1
[L1. Motivationl . . . . . . . . . o 1
[1.2. Geological Settingl . . . .. ... ... ... .. 1
[1.2.1. Geology of the Rhodopes Massif| . . . ... ... ... ....... 1

[1.2.2.  Geology of sampling location Xanthi| . . . . . . ... ... ... .. 2

[1.3. Sample material] . . . . ... ... o oo 4
(2. State of research| 7
[2.1. Sector zoning| . . . . . . . ... 7
[2.2. Terminology of inclusion microstructures|. . . . . . . . . .. .. ... ... 7
[2.3. Shape orientation relationships (SOR) of rutile inclusions and garnet host| 8
[2.4. Crystallographic orientation relationship (COR)| . . ... ... ... ... 9
[2.5. Hypotheses on the origin of inclusion microstructures|. . . . . . . . .. .. 9

3. Methods! 13
[3.1. Optical microscopy (OM)| . . . . .. .. ... .. .. ... . ..... 13
13.2. SPO trequency statistics| . . . . . . . . . . ... . 13
[3.3. SPO modeling from OM images|. . . . . . . ... .. ... ... ...... 14
[3.4. Micro computed tomography (micro-CT)| . . . ... ... ... ... ... 14
[3.5. Sample preparation based on micro-CT analysis|. . . . . .. ... ... .. 15
[3.6.  Raman spectroscopy| . . . . . . . . .. L 16
[3.6.1. Phase identificationl . . ... ... ... ... ... 000 16

[3.6.2.  Carbonaceous material thermometry (RSCM)[. . . . ... ... .. 16

[3.6.3. Residual stress barometry in quartz inclusions (RSQI)| . . . . . . . 17

[3.7. Scanning electron microscopy (SEM)| . . . . . . . . ... 18
[3.7.1. Sample preparation| . . . .. ... ... L. 18

[37.2 FEI Quanta 3D FEG-SEM] . . .. ... ... ... ......... 18

3.7.3. EBSD data processing| . . . . .. ... ... ... ... 19

vii



Contents

4. Results

[4.1.1. Kyanite] . . . . . . . . .. e
4.1.2. Quartzl. . . . . . .

4.1.4. Plagioclase] . . . . . . . ..
[4.1.5. Graphite] . . . . . ...

|4.2. Microstructural domains in garnet|
|4.3. Inclusions and SPO types|
[4.4. SPO frequencies| . . . . . . . . ..

|4.5. Crystallographic oriented relationships|

5. Discussion
[.1. Pressure and temperature estimation| . . . . . . . .. ... ... ... ...
0.2. Correlation of CORs and 5POs| . . . . . .. ... .. ... ..
[5.3. Scenarios of origin of rutile inclusions in garnet| . . . . . . ... ... ...
|5.3.1. Needle-shaped rutile inclusions| . . . . . . ... ... ... .....
b.3.2. Inclusions of the trail domainl . . . ... ... ... .........
|p.4. Utilising large EBSD datasets| . . .. ... ... ... ...........
6. Conclusion

|A.2. EBSD parameter|

IA.3. COR groups: Axial relations and threshold angles|
R Tox: COR dassification




List of Figures

|I1.  Geological overview of the Greek Rhodope Metamorphic Complex] . ... 3
2. Rock specimen XA-GO-1E[ . . . ... ... ... 0 0L 4
3. thin sections XA-GO-1E] . . . . . . . . ... .. o 5
4. Theory: Raman spectrum of carbonaceous material|. . . . . . . .. .. .. 16
b.  OM: Kyanitel . . . . . .. . . 22
6. Micro-CT models in software Amaral . . . . . . . . . ... ... ... ... 22
7. IPF: EBSD map & harmonic texture plot of quartz. . . . . ... ... .. 23
[8.  Result: Raman spectrum of graphite| . . . . . . .. ... .o 0L 24
[9.  BSE: Plagioclase an/ab content (EDX)|. . . . . ... ... ... ...... 25
[10.  OM: Microstructural domains of garnet| . . . . .. ... ... ... .... 28
[11.  OM: Trail domain, Area9| . . . . . . . .. ... ... ... .. ..... 28
12, FSD: Garnet misorientationl . . . . . . . . . . . ... .. ... .. 29
3. FSD: Rutile twinsgl . . . . . . . . Lo 30
|114.  Overview: Microstructural domains and areas of garnet| . . . . . ... .. 32
[15. Garnet orientation and facet modell . . . . . . . ... ..o o000 33
[16. SPO frequencies I|. . . . . . . . . ... 34
[17. SPO frequencies I} . . . . . . . . . . ... 35
[18.  Rutile orientation pole figures| . . . . . . . . ... ... 38
[19. COR histograms| . . . .. .. ... ... 39
[20. P/T diagram| . . . . . . ... ... 42
[21.  Schematic display of attachment and overgrowth scenario| . . . . . . . .. 46

ix






1. Introduction

1.1. Motivation

The presence of numerous rutile micro-inclusions in garnet host crystals are a common
phenomenon observed in a wide variety of rock types. The complexity and variability of
the microstructural and textural rutile inclusions - garnet host relationships have given
rise to the idea of using their characteristics to infer petrogenetic information from them.
With the recent possibility to create large crystal orientation data sets based on Electron
Backscatter Diffraction (EBSD) analysis, the complex crystallographic relationships
between the two phases now can be encompassed. Through the systematic categorisation
of crystallographic orientation relationships (COR) in correlation with shape orientation
relationships (SOR), the inclusion fabric is expected to provide information on aspects of
the origin of rutile inclusions in garnet. A preliminary study on rutile inclusions in garnet
from a metapelitic gneiss from the locality Xanthi, already had shown systematics in the
orientation relationships between the crystallographic lattices of rutile inclusions and their
corresponding garnet host and potential formation mechanisms were postulated. The
current study aims to combine COR data with microstructural data of rutile inclusions,
and to compare these characteristics observed with sets of microstructurally different
inclusions, for different growth sectors and growth zones of garnet. The new data set
will then be compared with the preliminary COR data, in order to evaluate existing
hypotheses on the origin of the studied inclusions.

The study is linked to the FWF-ARRS International Joint-project "GInA - Mineral
inclusions in garnet: nanostructure-texture-genesis' (FWF 14285-N37; ARRS N1-0115).

1.2. Geological Setting
1.2.1. Geology of the Rhodopes Massif

The tectonometamorphic units of the Rhodope Massif occupy a central position in the
Alpine belt, between the south west-verging Hellenides and the north-verging Balkanides.
The so-calling Rhodope Metamorphic Complex (RMC) mostly consists of medium to
high-grade pre-Alpine and Alpine metamorphic rocks and granitoids and represents the
exhumed metamorphic core of the Alpine orogen of the Hellenides (Bosse et al., 2009}
Mposkos et al., |2010, 2012, & the references therein). The RMC constitutes the largest
and highest grade metamorphic part of the Alpine chain in Greece (Liati and Gebauer)
1999).

During the first mid-Mesozoic stage (110-90 Ma) the rocks of RMC underwent high-
pressure metamorphism (eclogitic/amphibolitic-facies). Apart from regional metamorph-
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ism a system of syn-metamorphic thrusts with south vergence has been reported. The
second, extensional, stage (50-30 Ma) is connected with tectonic erosion of the syn-
metamorphic thrust complex and is the origin of a system of gently dipping detachment
faults (Ivanov et al., 2000).

The distinct geological units of the RMC were metamorphosed to high pressures at
different times, favoring the former existence of different terranes. The exhumation rates
were relatively high (Liati and Gebauer, [1999)). The earliest exhumed and structurally
uppermost entity is the Kimi Complex, followed by the Sidironeron (Central Rhodope)
and Kechros (East Rhodope) Complexes and then by the Pangaeon Complex which forms
the Rhodope metamorphic core complex (Perraki et al., [2006).

1.2.2. Geology of sampling location Xanthi

The metapelitic gneiss of the sampling site north of Xanthi is located in the eastern part
of the Rhodope Domain, the Alpine Rhodopes Suture Zone (RSZ) between upper and
lower tectonic units. According to Krenn et al.| (2010) this suture zone is also subdivided
in a lower and an upper part. The lower part is made up of different types of rocks, such
as paragneiss (this studie’s sample material), orthogneiss, quartzitic gneiss, amphibolites,
hornblende-plagioclase gneiss, and marbles with interspersed amphibolite lenses. There
are also concordant pegmatoids, which can be up to a meter thick and sometimes
contain kyanite and corundum. The upper part as well is comprised of orthogneisses and
paragneisses that have been migmatized, as well as ultramafic rocks like serpentinites,
spinel-garnet-peridotites, and garnet-pyroxenites. It also includes marbles, eclogites that
have been retrogressed and have leucosomes that are usually found in quartzo-feldspathic
gneisses, and a network of small, discordant pegmatoid veins. Due to intense folding, the
rocks of the upper part can be found right next to the rocks of the lower part.
Focusing on the lower part of the RSZ three main ductile deformation stages are observed
(Krenn et al., |2010)). The first, D1 stage, is presented by L > S gneisses, which entail
plagioclase and garnet porphyroclasts. Recrystallised quartz is observed within garnet
in this lineation. An folding event of the second deformation stage (D2) produces
recumbent isoclinal folds of D1-related constrictional gneisses around marbles (Krenn
et al., 2010). The next deformation stage (D3) overprints the prior folds by a meter
scale folding, which results in a fold interference pattern in the gneisses. The latter
fold is also preserved in locally developed asymmetric pressure shadows around mineral
porphyroclasts. In conclusion the metamorphic history of Greek Rhodpope started from
Early to Middle Jurassic time due to continent—continent collision between the Lower
and Upper Terrane (Krenn et al., 2008, 2010|). The gneiss also underwent two stages of
mid-Mesozoic deformation stages, the high grade D2 stage and the D3 stage of decreasing
pressure and temperature metamorphism conditions.
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Figure 1.: Geological overview of the Greek Rhodope Metamorphic Complex (modified
after Krenn et al.| (2008, Fig. 1)). The sampling site of the studied specimen
is indicated by a rectangle.
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1.3. Sample material

Figure 2.: (Caption next page.)

The rock sample XA-GO-1E analysed in this study
is a Ky-Grt gneiss from the Xanthi area (indic-
ated in Fig|l]) in the Kimi Complex of the Greek
Rhodope (Krenn et al.l 2008, 2010; [Proyer et al.,
2013). The sampling site is an outcrop on the
road Drama to Xanthi, where a brigde crosses
Kosynthos river close to the junction to Echinos
(coordinates: 41° 11.326, 24° 51.602).

The hand specimen is a metapelitic star-garnet,
kyanite-bearing paragneiss with s and ¢’ fabric. It
contains centimetre sized subidiomorphic garnets
embedded in rock matrix. This lithology and its
assemblage (Grt, Ky + Sil, P1, Bt, white mica, Chl,
Qz, with accessories like Ep/Zo, Tur, Rt, Ap and
opaque phases) was investigated in earlier studies
on fluid inclusions (Krenn et al., [2008)) and 7705
precipitation in garnet (sample: 2R3, Proyer et al.,
2013)).

Krenn et al.| (2008)) refined the P/T-path of rocks
from the Xanthi area based on fluid inclusion data.
Proyer et al.|(2013) investigated garnet from meta-
pelitic gneiss of the Xanthi area, reporting mineral
compositional data from electron probe micro ana-
lysis (EPMA), as well as crystal orientation data
from electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM).

The peak P/T conditions of metamorphism that
affected the rocks of this location are in discussion.
While Mposkos and Krohe (2000) inferred ultra-

high pressure (UHP) conditions (P > 16kbar) based on the presence of nanodiamonds,
Krenn et al.| (2008) estimated the peak P/T conditions for the stage of "D2 shear de-
formation" to 13kbar at 700°C. Proyer et al.| (2013) used thermobarometers that yielded
two possible conditions of peak metamorphism, namely 850+ 50 °C / 14.5 £+ 1.8kbar
(Thermocalc), or 620 — 660°C / 11 — 16 kbar (GASP/PET).

For the studied Ky-Grt gneiss sample seven thin sections were prepared: thin sections
XA-GO-1E_A, B, C, I existed prior to this study and are cut in an unknown direc-
tion. From the specimen in figure 2| a) the thin sections XA-GO-1E_II, IIla, IIIb were
newly prepared based on the methodology described in section below.
XA-GO-1E_1II was cut perpendicular to the intersection-lineation (see figure 2| b)).
XA-GO-1E_IIIa/b were cut perpendicular to a {110}, facet from the bulk in figure [2| c)
after micro-CT analysis of the 3D geometry of a selected garnet crystal.
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Figure 2.: (Previous page.) a) Xanthi rock sample of kyanite and garnet-bearing gneiss
with s and ¢’ fabric, from which a hand piece was cut perpendicular to the
intersection-lineation (blue trace).

b) Slice of the hand specimen after cutting, from which three thin sections
were prepared. The red trace shows the location of thin section XA-GO-1E_ II,
which is perpendicular to the intersection-lineation, and the yellow trace marks
the bulk for micro-CT analysis.

c¢) shows the dimensions of the rock chip marked by the yellow box in b),
which was used for micro-CT analysis and for preparation of the thin sections
XA-GO-1E_IIIa/b.

Figure 3.: All thin section of the Xanthi XA-GO-1E series (except for XA-GO-1E_ Illa,
which is a mirrored version of XA-GO-1E_IIIb).
For more information see appendix






2. State of research

2.1. Sector zoning

Sector-zoning can occur in a variety of minerals. In sector zoned minerals the crystals are
divided in several growth pyramids, the bases of which correspond to the crystal faces.
In theory all growth pyramids are supposed to meet in the centre of the crystal and all
crystallographically equivalent crystal faces have the same shape and interfacial energy
(Rice et al., 2006). Sector zoning occurs as three different (but somewhat related) types:
twin, chemical and textural sector-zoning (Rice and Mitchell, 1991).

Chemical sector-zoning is defined by different chemical compositions of crystallographically
non-equivalent sectors, e.g.: often observed in pyroxenes. In garnet chemical sector-zoning
was verified by EPMA ((Lessing and Standish, 1973, although there was no optical
evidence by OM.

Twin sector zoning was discussed by Brown and Mason (1994) to cause birefringence in
otherwise isotropic and isometric garnet. They observed sectored extinction in almandine
garnet, as well as loss of symmetry determined by X-Ray Diffraction. Chemical and twin
sector-zoning are usually connected and observed together. Recently |Cesare et al.| (2019)
substantiated tetragonal symmetry for garnets with twin sector zoning, however, the
sectors were not correlated to chemical discontinuities. Contrastingly textural sector-
zoning, which is reflected by intragranular microstructures and inclusion fabrics, has been
reported to occur independently of the other two sector zoning types.

2.2. Terminology of inclusion microstructures

A uniform terminology of microstructural features is essential for describing textural
sector zoning. Rice et al.| (2006]) distinguished four different types of inclusions and
intergrowths in sector-zoned garnets, based on observations with various samples and
rock types, in combination with results from earlier studies (Andersen, 1984; Burton,
1986; [Rice and Mitchell, [1991)).

o Type-1 inclusion: Inclusions of quartz, Fe/Ti-oxides and graphite are found
preferentially along sector boundaries and were derived from the rock matrix.
Type-1 inclusions are relics of the rock matrix which were preferentially overgrown
and enclosed by the garnet along directions, where the host crystal had grew
not only radially, but also laterally to form a polyhedral crystal. This inclusion
type has been inferred to be associated with rapid garnet growth during prograde
metamorphism (Andersen,, 1984; Burton, |1986]).
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e Type-2 intergrowth: Tubular, cylindrical inclusions of quartz, which are not relics
of the matrix, but have formed syngenetically with garnet. Type-2 intergrowths
originate at sector boundaries of the host crystal, and their long axis aligns to the
growth direction of garnet. [Burton| (1986)) reported quartz tubes that extend in a
direction normal to the {110}y crystal faces. In this example, some tubes are not
perfectly straight but curved, although each tube shows uniform extinction in OM,
demonstrating that each tube consists of a single crystal with continuous lattice.

e Type-3 inclusion: Trails of abundant rutile inclusions occur parallel to Type-2
intergrowth or in a range of orientations sub normal to the pyramid base of {110} g+
or {112}, facets. The shapes of the inclusions constituting the trails vary between
tabular, needles (with low aspect ratio) and equidimensional. The latter geometry
is most prominent and defines this inclusion type. The spacing between Type-3
trail-inclusions is less than the thickness of the thin-section, since they are frequently
observed passing over/under each other in OM (Rice et al., 2006).

o Type-4 intergrowth: Extremely thin, invariably straight and uniformly thick
elongated rods can occur across the whole sector zoned garnet. Characteristically,
their shape has a high aspect ratio and their shape preferred orientation (SPO) is
related to crystallographic axes of the garnet host. Type-4 intergrowths do not
reflect textural sector-zoning as such (Rice et al., |2006).

For all those types of inclusion microstructures different hypotheses have developed to
explain the their formation. A selection on which is described in chapter

2.3. Shape orientation relationships (SOR) of rutile inclusions
and garnet host

Based on the terminology of inclusion microstructures in garnet by Rice et al. (2006)),
Type-4 intergrowths can have shape preferred orientations (SPO) parallel to four in-
dividual directions. These are parallel to the A4 rotational axes of garnet. In other
studies, Type-4 intergrowths were determined as rutile needles with their long axes strictly
aligned parallel to < 111 >¢, directions (Hwang et al., 2007bl 2016, 2019; |Griffiths et al.,
2016, [2020; (Guinel and Norton), 2006). These needles are considerably longer and more
frequent than another set of less abundant SPO directions, which were found parallel
to < 100 >¢y¢ (Griffiths et al., 2020). [Proyer et al.| (2013]) studied Type-4 intergrowths
of rutile inclusions in garnet host in a similar sample (2R5) from the Xanthi complex.
U-stage measurements indicate the alignment of dominant sets of Type-4 rutile needles
parallel to < 111 >¢,+ and the subordinate sets parallel to < 100 > ;.
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2.4. Crystallographic orientation relationship (COR)

The mineral inclusions in garnet studied by |Griffiths et al.| (2020) show various types of
crystallographic orientation relationship (COR) to their garnet host lattice. These CORs
possibly are controlled by a combination of different factors (intersecting symmetries,
interface energy, strain energy, and crystal chemical factors). In recent years, the use
of large orientation data sets gained from EBSD analysis and crystallographic relations
gained from TEM, conjoined with microstructural observations of the inclusions, allowed
to identify and classify axial relationships and CORs of rutile inclusions and their garnet
host crystal (Proyer et al., 2013} |Griffiths et al., [2016} 2020; Keller and Aguel 2019}
Hwang et al., 2007b} 2015, [2016)).

According to [Habler and Griffiths| (2017)) “specific” CORs denote those, where the
crystallographic orientations of the inclusions are fixed with respect to the host lattice,
and variations of the inclusion orientations only reflect symmetrically equivalents of
the same COR. Another type are “statistical” CORs, which describe the inclusions’
orientations either to host planes with a rotational feature, dispersed around host axes,
or combinations of both. Those “statistical” CORs have one or two degrees of freedom
with respect to the host, but still reflect host crystal symmetry.

The current nomenclature for crystallographic oriented relationships (in the system
rutile inclusions in garnet host) is not yet definite. Hwang et al.| (2015) number the
COR they observed by TEM analysis (COR 1, COR2, COR2’, etc...), |Griffiths et al.
(2016)) divide the COR groups based on the alignment of the < 001 > p; directions with
different directions in garnet (R1, R2, R3, RX; tab 1. in their publication). But both
nomenclatures label only part of possible crystallographic orientation combinations.
Griffiths et al.| (2020)) categorized large EBSD-orientation data sets by axial relationships
between host and inclusion. The relationships therein are labelled according to the
preceding studies. Derived from their classification script, a terminology by letter (e.g.:
RA, RAi, RAii, RB,...RX) describes axial relation groups and specific CORs within
those groups (see appendix . However, not all CORs in this classification are proven
to show a statistical relevance for the rutile-garnet system.

2.5. Hypotheses on the origin of inclusion microstructures

Whilst the trapping mechanism for Type-1 inclusions along sector boundaries is broadly
accepted, the formation mechanism of Type-2 intergrowths is in discussion. |Andersen
(1984) suggested rapid garnet crystal growth involving the formation of screw dislocations
in the host crystal, along which the cellular inclusions of quartz formed. Based on estim-
ates of the oxygen fugacity in graphitic pelites, Burton (1986) suggested that the low
solubility of Si05 in carbon saturated fluids induces an excess of Si0O, at the propagating
garnet growth facet, which caused incorporation of quartz in the growing garnet in the
form of tubular intergrowth. However, quartz needs not be “in excess” to be formed
as a phase. It can just derive from the reaction of porphyroblastic forming of garnet.
Although, the lattice continuity of the quartz inclusions shows that new material was



2. State of research

added to the front of the growing crystal face according to the propagation direction of
the garnet crystal. Another aspect discussed by Rice and Mitchell| (1991) is the possible
nucleation of Type-2 intergrowths at the surface of Type-1 inclusions, which further
crystallise with a preferred growth direction parallel to a crystal orientation of the host.

Rice et al.| (2006) observed variations in Type-3 inclusions and states that in most
cases those trails are linear and clearly define a fabric of textural sector-zoning, whilst
in other cases they are curvilinear, with several deviating orientations within a single
growth sector of garnet. The linear trails have been found in correlation with type-2
intergrowths, the curvilinear trails with type-4 intergrowths. |Andersen (1984) regards
the Type-3 inclusions as remnants of the rock matrix in fast growing garnet domains,
which would require chemical equilibrium between the trail inclusions and the rock matrix
(Keller and Ague, 2019).

Other studies inferred the origin of trail inclusions are not associated with textural sector
zoning and derived from healed micro fractures (Griffiths et al., [2014)) or micro cleavages
(Hwang et al.l 2007al).

The origin of Type-4 intergrowths with a distinct shape orientation relative to the
garnet host crystal is a hotly contested topic in the literature. Their formation by
exsolution as a strictly intragranular mechanism has been rejected due to mass balance
considerations. Exsolution of T%O5 from stoichiometric garnet according to equation
(Hwang et al., [2007b)) requires concomitant exsolution of pyroxene. Therefore, an open
system mechanism has been suggested by Proyer et al. (2013)).

Mg(MT’L)S’LgOlQ = TZOQ + %(MQS'LQOﬁ) (2 1)

garnet = rutile + pyroxene

Stockhert et al.| (1997) state that the internal structure of the poikiloblastic garnet reflects
the distribution of preexisting mineral phases. This hypothesis i), in which the Type-4
intergrowths are inherited by precursor minerals, like in the case of eclogitic metapelites
from the Tauern Window in |Stockhert et al.| (1997), was rejected by [Proyer et al.| (2013))
for the Xanthi sample. In contrast, on the Tauern sample rutile formed from the 7505
content of mica replaced by garnet, and from rutile needles in sagenitic biotite. Still, the
hexagonal sagenitic network and the rutile needle SPOs do not match the cubic garnet
crystal structure. It is unclear why rutile needles lie specifically along the < 100 >,
and < 111 >g,+. However, external processes can not explain this phenomenon.

Hwang et al. (2007b|) deploy the hypothesis ii) of cleaving and healing of garnet with rutile
deposition forming Type-4 intergrowths. This approach includes the SPO formation of
rutile parallel to the < 111 >, directions, which is referred to channels in the garnet
structure that might be energetically /kinetically favoured sites for the nucleation and
growth of rutile crystals. The source of Ti could be internal and/or external to the garnet
host. Cleaving—healing is supposed to take place under very high P-T environments, in
which a thermal or compressibility mismatch between inclusions and garnet host could
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2.5. Hypotheses on the origin of inclusion microstructures

introduce minor cracks. This scenario may be relevant for the material investigated by
Hwang et al.| (2007b), which shows interaction of garnet with a melt phase. Contrastingly,
the intragranular microstructures in garnet of the Xanthi metapelite do not comply with
microcracking (Proyer et al., |2013).

Proyer et al.| (2013)) listed possible formation mechanisms for rutile intergrowth in garnet.
Their hypothesis iii), based on open system precipitation (OSP), combines the complex
crystallographic and shape orientation relationships between garnet and rutile with
potential mass balanced chemical reactions that can produce a 705 phase by exsolution
from garnet. The authors conclude that the observed abundance of rutile in garnet cannot
form by exsolution from stoichiometric garnet under closed-system conditions. They infer
that component exchange between the garnet interior and the rock matrix is required.
Solid-state diffusion requires pathways for transport, like dislocations, nanotubes or
subgrain boundaries.

Several hypotheses of origins for rutile needles with SPO in garnet were listed by [Keller
and Ague (2019, table 1). Still, unequivocal indicators for the identification on any
definite formation mechanism is not yet generally available. Large multi-methodical
data sets, which correlate the microstructural, textural and compositional features of
the garnet host with the nature and the distribution of the inclusions are needed to
identify indicators of particular formation mechanisms, and to test the various proposed
hypotheses of inclusion origin.
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3. Methods

3.1. Optical microscopy (OM)

From the rock sample XA-GO-1E a series of thin sections were prepared for optical
microscopy (OM), see in figure |3| and appendix With the use of a Leitz Orthoplan,
a Leica DM 4500p with a Zeiss Axiocam 208 (C-Mount, 0.55x) and Zen software, as well
as a thin section scanner, the mineralogical composition of the matrix, and the inclusions
in garnet were studied. Microstructural domains in garnet and associated inclusions were
identified. Inclusions with particular shape preferred orientations (SPO) were counted in
selected domains of the host crystal.

3.2. SPO frequency statistics

The aim of analysing SPO frequencies was to find correlation between the occurrence
of different microfabrics associated with different facets and domains of the garnet host.
Selected area, microstructural domain and facet orientation were taken in account. Three
approaches for SPO counting were considered to master the following issues: which
inclusion will appear in the statistic? Which inclusion will validate a shape preferred
orientation?

The first approach employs the “Directionality” tool in image processing program ImageJ
(1.53t). This approach allowed a quick confirmation of the main SPO directions. However,
every grey value in the image, including cracks etc., and pixel related artefacts spoiled
the quantification and returned an ordinate of no usable unit.

The second automated approach is based on plenty of image processing and the usage of
the "Analyze Particles..." tool in ImageJ. In this case the colour threshold of an area
(reduced in size to avoid cracks) was set to comprise only the inclusions in garnet. The
SPO directions and frequencies gained by automated particle counting can be statistically
evaluated for selected direction bins in Fxcel.

Both automated approaches resulted in a strong background noise and are highly sensible
for pixel based artefacts. Therefore, the manual, third approach of marking each SPO
inclusion in graphics editing software InkScape seems to yield the most reliable results.
The human threshold for grey value and aspect ratio seems most correct. The number of
marked inclusions can be exported to values of statistical importance.

To guarantee a constant information gain the OM images were taken as image stacks.
The first photo is taken in focus on the surface, the next four images with a step size
of 2um in depth to determine the needle dip (optical parameters on Leica DM4500p:
AP 38, FD 33 for minimal focus depth).
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The dip can be calculated by

dip = tan™! n
m
with 7 = (Amount of images the SPO feature is in focus — 1) * 2 um (3.1)

and m = measured distance of SPO as a projection in a single image.

Although, the calculated dip angles are afflicted with some uncertainty, due to optical
distortion, the estimated angles from image stacks allow to infer the dip direction. This
can be useful to generate a model of a garnet crystal orientation, when the garnet crystal
orientation is unknown, assumed that type-4 needles indeed have elongation direction
parallel to common garnet directions, as are < 111 >¢g,+ and < 100 >g,+.

For the highest statistical number all five images from the stack were combined in an
Imaged "Z-project” with minimum intensities. On Sample XA-GO-1E_II SPOs were
manually counted in 8 areas, each with pairs of different garnet domains (Fig.: .

3.3. SPO modeling from OM images

From the SPO directions the orientation of the thin section plane can be obtained. In
SingleCrystal (Version 2.3.1) the stereographic projection of Ia-3d was oriented, so the
SPO directions fit. The high frequency SPO1-4 were considered to align along < 111 >¢y,
as revealed in recent studies (see chapter 2.3). The resulting viewing direction [uvw]
resembles the pole of the (hkl) thin section plane. Using the software Vesta (Version
3.5.7 Momma and Izumi, 2011) a cut-model of the thin section plane and the garnet
facets ({110}gyre and {112} ¢y¢) were obtained. The distances (d) of those planes, relative
to the centre of the model, are variable: d(110), d(112), d(cut) were set in a way, that
the cut-model equals the trace of garnet facets in the thin section. From this facet model
of the host garnet crystal areas for SPO analysis were selected.

3.4. Micro computed tomography (micro-CT)

Computed tomography (CT) is used as a non-destructive technique to visualize and
study external and internal structures of objects of remarkably different mass density.
The Department of Paleontology at the University of Vienna holds a state-of-the-art
desktop micro-computed tomography device (Bruker/Skyscan 1173).

The sample studied was cut from the hand specimen and shows an idiomorph garnet on
the surface. The aim of micro-CT in this case was to find idiomorphic garnet facets of
good quality, so they can be cut orthogonally for thin section preparation. To determine
the internal structure and hidden habit of the garnet the sample was micro-CT scanned
with an X-Ray beam at 130kV. An average of eight frames were taken under the rotation
step of 0.2° resulting in a total of 1470 images with a voxel size of 18.956m. The raw
images were handled as image stack.
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3.5. Sample preparation based on micro-CT analysis

The software packages ImageJ and Amira (5.4.1) were used to process and visualize
the data. To reduce the data size the colour depth was set to 8bit, then rotated, that
the corners of the rock chip are aligned with the image frame. The image stack was
cropped, and only slides with data of interest were processed. The dimensions of the
hand specimen refer to the axes in figure 2 c¢). Whilst half of the garnet was hidden in the
bulk, the other half was on free air. This results in a brightness gradient in the images
due to different radiodensity of air and the rock sample. After reslicing the image stack
and applying the process “Enhance Contrast...” the contrast over the whole garnet was
levelled.

Further processing included the segmentation of the bulk data into separate rock matrix-,
garnet-, and quartz in garnet- data sets. First a median filter (2px) conserves the
edges. Bloating the grey scale in brightness and contrast improves the execution of the
WEKA segmentation plugin (Version 3.9.4, Arganda-Carreras et al., [2017) in ImageJ:
the main goal of this plugin is to work as a bridge between Machine Learning and Image
Processing fields. It provides the framework to use any available classifier to perform
image segmentation based on pixel classification.

The plugin works by training a classifier for each phase of interest on only a few image
slides. This means one classifier was trained for garnet to separate it from the matrix and
one classifier for the internal framework of quartz in garnet. The plugin applies those
trained classifiers on whole image stacks.

The Amira software can visualize the resulting segmented data sets in a "Multi-planar
viewer". After translation of the data sets, they are displayed simultaneously as a 3D
model and in three planar views, orthogonal to each other and free to move with this
restriction.

3.5. Sample preparation based on micro-CT analysis

The segmented data resolved facets of visible quality. A particular {110}¢,; facet was
better accessible for a perpendicular cut (relating to the bulk “s edges for mounting on the
diamond wire saw). The distances and angles relative to the bulk’s edges were determined
in Imaged. The cutting plane was marked with tape and micro markings were drilled
along the tape using a Dremel rotary tool. To reduce the cutting width the excess bulk
containing only rock matrix was cut off with a diamond cutting disc. The final cut was
done with a 30pm diamond wire and left two halves of garnet from which each a thin
section was prepared.
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3. Methods

3.6. Raman spectroscopy

Raman spectroscopy visualizes internal vibrations of matter by inelastically scattered
light, which were all analysed on a Horiba Jobin Yvon LabRAM-HR, confocal micro-
Raman system with 532/633 nm laser excitation at the Department of Mineralogy and
Crystallography, University Vienna.

The investigation was focused on phase identification, Raman spectroscopy on carbon-
aceous material (RSCM) and Raman spectroscopy on quartz inclusions (RSQI). The
choice of excitation laser and grating (600 or 1800) depended on the particular material,
as well as the acquisition and filter parameters. The other machine settings remained
constant for all measurements: objective with 50x magnification, slit 100um and hole
300pum. For processing the spectra CrystalSleuth (Version May 19, 2008) was used for
background subtraction and comparison with reference spectra. MagicPlot Pro (2.9.2)
serves for band fitting and for visualization of the spectra.

3.6.1. Phase identification

The vibration spectra gained from Raman spectrometry (RS) are characteristic for
chemical bonds and help to identify phases relative to known references. This so-called
finger printing / indexing identifies unknown phases in thin sections. The RRUFF
database, as well as spectra of known phases serve as reference.

3.6.2. Carbonaceous material thermometry (RSCM)

Besides indexing, Raman spectra hold in-
formation about the state of order in car-
bonaceous material (CM). Based on the
Raman shifts (A7) of the D1, D2, and G
modes of graphite, Beyssac et al.| (2002)
drew the linear correlation between the
order of CM and the graphitization tem-
perature.

R2 = D1/(G + D1+ D2)

(3.2)
T[°C] = —445R2 + 641

Figure 4.: Decomposition example of a Ra-

The resulting temperature has an accuracy man spectrum for first-order re-

of +50°C" in a range of 330 — 650 °C. gion of graphite, modified after
The CM was excited with both a 532 nm Beyssac et al.| (2002).

and 633 nm laser. The spectra were recor-

ded from Raman shift Av= 20 — 4000 cm™ to also observe presence of O — H bonds. For
the RSCM method only the D1, D2 and G vibrations are relevant, so only this range
was band fitted in MagicPlot Pro. The first order band positions as shown in figure
were used in calculation 3.2

16



3.6. Raman spectroscopy

Band broadening or full width-half maximum data (FWHM) hold further information
about the ordering of CM but was not investigated in more detail.

3.6.3. Residual stress barometry in quartz inclusions (RSQI)

In addition to temperature, the residual pressure can also be estimated using Raman
spectroscopy (RSQI). Internal stress of quartz and the correlating shift in wavenumber
depend on pressure. The empirical approach of [Hemley| (1987)) enables estimating residual
pressures through numerical values of wavenumber shifts. For this method the Raman
shifts of many vibration modes play a role.

P = (Vstress - Vrela:v)Af//dP (33)

The numerical values for the pressure shift Av/dP were experimentally determined by
Hemley| (1987).

In geological samples, the reference for relaxed quartz is measured on quartz, which lays
open on the thin section s surface. Quartz inclusions, entrapped in other mineral host
phases, remain with internal stress. The wavenumber shifts from the 1128, 906 and v4g4
bands were considered for this barometer.

Apart from this approach |Ashley et al.| (2014)) published the Matlab script QuIB Calc,
which is another RSQI barometer that depends also on temperature and the composition
of the garnet host based on the studies of |Schmidt and Ziemann| (2000) and [Enami et al.
(2007)).

This barometer only involves the v4g4 vibration’s Raman shift, because its band has the
highest intensity and the narrowest width, making band fitting and determination of the
absolute x0 position the most accurate (Ashley et al. 2014)). The results from chapter
[3.6.2] (RSCM) were used as temperature input, whereas compositional data by [Proyer
et al. (2013]) were taken as input for the garnet major element composition. The v464 was
determined by band fitting in a range of A= 420 — 530cm™! with Lorentz and Gauss
curves since the Software MagicPlot Pro (2.9.2) does not allow Pseudo-Voigt fitting.
Tomioka et al.| (2022)) proved the approach from Schmidt and Ziemann! (2000) and |[Enami
et al. (2007) works for quartz inclusions in kyanite hosts. The software EosFit-Pinc
(Angel et all 2017b) is a dedicated tool for elastic geothermobarometry by determining
entrapment conditions from the measured residual pressure and Equations of State of
minerals. With the excess pressures exhibited by mineral inclusions, trapped inside host
minerals, metamorphic conditions can be determined. EosFit-Pinc calculates the isomeke,
which is the line of constant relative volume of the inclusion phase and the host phase
in P/T space, thus describing the relative volumetric changes of the involved phases
with changing ambient conditions. With the input of the estimated residual stress in
the inclusions and of the stress on the host at atmospheric pressure, both at ambient
temperature, the isomeke plots along a P/T path, calculated with the Equations of State.
The non-linear Equation of State data files used for the calculation of quartz inclusions
in garnet host are from Angel (Alm: |Angel et al.| (2022)), Qz: Angel et al.| (2017a)). The
kyanite data was from Nestola et al.| (2018).
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3.7. Scanning electron microscopy (SEM)

3.7.1. Sample preparation

The thin section XA-GO-1E__II was prepared for SEM by an additional chemo—mechanical
polishing step with colloidal silica suspension (pH 9.2-10) as polishing medium on a
rotary polisher. To establish electrical conductivity, a very thin carbon coating of the
sample surface is necessary for EBSD analyses, which was archived by using a single
carbon thread at vacuum conditions of < 1 % 10~ ®mbar during evaporation. On the thin
section’s edges a carbon paste was added to minimize charging of the thin section during
interaction with the electron beam:.

3.7.2. FEl Quanta 3D FEG-SEM

Sample XA-GO-1E_II was investigated in two analytical sessions on an FEI Quanta 3D
field emission gun (FEG)-SEM at the laboratory for scanning electron microscopy and
focused ion beam applications of the Faculty of Geosciences, Geography and Astronomy
at the University of Vienna.

In the first session secondary electron (SE), backscattered electron (BSE) and forward
scattered electron (FSD) images as well as EDX (energy dispersive X-ray spectroscopy)
and EBSD (electron backscatter diffraction) analyses on garnet were collected. The ses-
sion’s focus was to determine the orientation of the host garnet and of its microstructural
domains, identify corientation variations within the host crystal, to analyse the major
element composition of garnet, inclusions and phases of the rock matrix by EDX. For
BSE/SE/FSD imaging and EDX analysis a working distance (WD) of 10 mm was set.
The accelerating voltage was Uy = 15kV.

Some selected domains were considered for further investigation due to their microstruc-
tural features. Overview images (BSE/SE/FSD) from this selection were stitched together
manually (FSD) or automatically (BSE/ETD) using ImageJ and Image Composite Editor
(Version 2.0.3.0).

From the collected overview images, analyses of the second session were focused on the
rutile inclusions. Their crystallographic orientation was measured by EBSD, neighbouring
phases were identified based on their major element content using EDX. In total, 582
EBSD spot analyses were collected in four areas of the host garnet (Fig.: [14).

EBSD analyses have been performed at a working distance of 14 mm and a 69.7° tilt of the
section, yielding a beam incidence angle of 20.3° with respect to the sample surface. The
beam parameters were set to Analytical beam mode, 1 mm SEM aperture, U4 = 15kV/,
I ~ 4nA. The Hough- and camera parameters, as well as the reference crystal structures
(listed in appendix resulted in a solid automated band recognition and indexing (at
an interplanar angle tolerance of 2°). Only 4% of the patterns had to be indexed manually.
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3.7.3. EBSD data processing

The OIM™ Data Collection software (Version 7.3.1) and the mTex plugin (Version
5.8.1, Bachmann et al., 2010)) for Matlab have been used for data processing. In mTez,
the data is first filtered by phase, twins and duplicates. For further investigation the
orientations were handled ) in their original orientation in the thin section reference
frame, or i) normalised to the mean garnet orientation. The ¢) original data plots orient-
ations relative to the sample and the SPOs within. The 4) normalised data rotates some
crystallographic equivalent directions, which does not affect further COR classification of
host and inclusion but the relation with the sample coordinates is lost. Each measured
EBSD area was handled as unique to eliminate error in the mean of all garnet orientations
due to possible minor misorientations in the garnet single crystal. Pole figure plots display
the orientation of selected data. All pole figures were plotted with antipodal symmetry, in
an equal angle, upper hemisphere projection (unless stated otherwise). For facet analysis
of the garnet host the proper hemisphere must be selected with caution. Density plots,
also known as orientation distribution function (ODF), were used to observe orientation
relations in the original data. A half-width (HW) of 5° worked best for all ODF-plots.
The COR classification in mTez followed the flowchart in [A.4] The idea of filtering axial
relationships between the crystal orientations of inclusion and host was introduced by
Griffiths et al.| (2020). Their script was used for computing with some adaptions (angular
thresholds, additional axial relations).

Additionally with the measured garnet orientations, the cutting plane for a facet model
can be refined. The linear system of equation for the misorientation between two
vectors can be solved with equation [3.5] In hindsight of possible misorientations in
the garnet single crystal, this equation solves the orientation between the mean garnet
orientation and the viewing direction of the garnet, as followed in equation in which
the result view (hkl) corresponds to the thin section plane.

A*x=B (3.4)
x=A\B (3.5)
view = round( mean( garnet.orientations) \ zvector) (3.6)

Still for the facet model this exact thin section cut-plane leaves no sound solution for the
variables d(110), d(112) and d(cut), and have to be selected by trial and error until the
cut model aligns with the trace of garnet facets in the thin section.
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4. Results

4.1. Phase content

All thin sections of the Ky-Grt gneiss sample XA-GO-1E comprise a similar phase
assembly of coarse grained poikiloblastic garnet in a medium grained rock matrix of quartz,
muscovite, biotite, kyanite, plagioclase and graphite as major phases, chlorite, rutile and
apatite as minor phases, and accessory tourmaline, zircon and REE-phosphates. Worthy
of note is the absence of pyroxene. In all thin sections opaque (in optical microscropy)
phases are present. Those were mostly determined as Fe-sulfides/-(hydro)oxides by
Raman and EDX, but were not in focus of this study. Below, the microstructural and
compositional characteristics of the major phases are described in detail.

4.1.1. Kyanite

All thin section contain kyanite, few crystals show kinking (Fig.: . Kyanite is distributed
in the Qz-mica-rich matrix, and partly occurs in contact with garnet. Kyanite shows
poikiloblastic microstructure with inclusions of quartz and graphite reflecting a foliation.
Some of the kyanites’ crystal boundaries are associated with REE-phosphates, observed
from EDX.

In sample XA-GO-1E_III a single kyanite was observed incorporated in the garnet core,
which dates the kyanite prior to or associated with the first garnet growth stage. Pressure
estimation for the stage of kyanite growth is based on RSQI on quartz inclusions (see

chapter |4.1.2]).

4.1.2. Quartz

From optical microscopy five different generations of quartz were observed (Qz1-Qz5).

Quartz in Garnet

The first generation (Qz1) is present as polycrystalline bands alternating with layers
of rutile and graphite in the garnet core. Compositional layering and shape preferred
orientation of theseinclusion phases represents the earliest identified foliation that was
intertectonically overgrown and enclosed by garnet during the first garnet growth stage.
Along the Qz1 grain boundaries thin layers of garnet form a net like structure.

The second-generation quartz (Qz2) is the product of recrystallisation of former Qz1. The
macro structural orientation follows the first foliation. Furthermore, Qz2 forms strain
shadows around the garnet core, which were overgrown during the subsequent garnet
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Figure 5.:

Figure 6.:

Figure 7.:
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a) Parallel polarised light, b) cross polarised light OM image of kyanite in
rock matrix of thin section XA-GO-1E__A. Polikiloblastic texture, as well as
kinking can be observed.

Micro-CT model of rock chip from which thin sections XA-GO-1E_IIla/b
were extracted. On display are three models, generated in software Amira, in
identical viewing position: a) showing multiple garnets embedded in the rock
matrix. b) Only phases of high radiodensity are shown in the rock matrix.
The garnet in focus forms macroscopic {110}¢,+ facets, marked with black
outline. ¢) Look on the internal quartz foliation, which occupies a dominant
part of the garnet.

(Next page.) Inverse pole figure map (IPF map, reference direction Al, as
inferred in c)) focusing on a) the garnet zones Grtl and Grt2 in thin section
XA-GO-1E_II. Local misorientations do not exceed 2°. Legends of IPF maps
are given below. The location of the EBSD map scan is marked in figure [T4]
b) IPF map of quartz: The SPO of Qz1 defines the first foliation, Qz2 represents
a deformation shadow adjacent to Grtl. Qz3 enclosed in Grt2 has elliptical
2D geometry in the thin section plane. The Qz aggregate in the lower right is
located at a sector boundary of garnet.

c¢) Harmonic texture plots (maximum density = 2.993, logarithmic increments)
of quartz c- and a-axes show no distinct crystallographic preferred orientation.



4.1. Phase content

growth stage. Qz2 also forms Type-1 inclusions, accumulating along sector boundaries
within garnet. Barometry (chapter based on Raman spectra of Qz2 inclusions
and quartz along sector boundaries yielded a maximum estimated residual pressure of
0.22 GPa for the garnet core and 0.26 GPa for the outer garnet domain. The limited
amount of analysed grains restricts these pressures to guide values, no further method

for pressure estimation was applied.

The third generation quartz (Qz3) forms in-
clusions in garnet, classified as Type-2 inter-
growth. They have tubular shape and the
geometry of the 2D section is highly depend-
ent on the thin section’s cutting plane with
respect to the garnet lattice and the associ-
ated SPO of the Qz3 tubes. If cut parallel to
their elongation direction, Qz3 crystals have
high aspect ratio in 2D section, else if cut
perpendicular they have circular or elliptical
2D geometry. The tubular shape of Qz3 was
confirmed by the micro-CT data. EBSD crys-
tal orientation data (n=14) of these quartz
intergrowths showed no COR between Qz3
and the garnet host crystal. Some Qz3 tubes
show twinning according to Dauphiné law (60°,
[0001]).

Quartz in matrix

In all studied thin sections, apart from the
quartz inclusions in garnet, phase boundaries
between garnet and quartz of the surround-
ing rock matrix appear serrated, indicating
a reaction relationship. Further quartz gen-
erations are restriced to the rock matrix, in-
dicating that their microstructures postdate
garnet growth. Qz4 is a product of recrys-
tallisation during/after folding of the compos-
itional layering, Qz5 shows dynamic recrys-
tallisation by bulging in matrix domains, af-
fected by localised shear zones. At rather
low strain rates, microstructures of low tem-
perature grain boundary migration indicate
dynamic recrystallisation in an estimated tem-
perature range of 450-550°C. Observed quartz
fabrics are consistent with those reported by
Krenn et al.| (2008).

Figure 7.: (Caption previous page.)
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Quartz in Kyanite

Kyanite hosts spheroidal or ellipsoidal inclusions of quartz on which barometry was
performed based on Raman analysis (RSQI). Applying an empirical approach (Hemley),
1987)) yielded a maximum estimated residual pressure of 0.5 GPa, whereas a more a
refined approach yielded 0.45 GPa (Schmidt and Ziemann|, 2000; Enami et al. 2007}
Tomioka et al., [2022).

Figure 8.: Raman spectrum of a graphite, enclosed in the garnet core (Grtl), showing
a shape preferred orientation parallel to the oldest observed foliation. The
graphite was excited with a 532 nm laser, yielding in the first order D1, G and
D2 bands at A= 1200 — 1700cm™!, as well as O — H bands at Av> 2500cm ™.
Background subtraction applied in software Crystal Sleuth.

4.1.3. Mica

The dominant phyllosilicates are biotite and white mica, whereas chlorite is a late-stage
alteration product. Based on EDX analysis muscovite was identified as the prominent
white mica phase, although fine-grained paragonite is present in the rock matrix as well.
White mica shows microstructurally different generations. The SPO of micas represents a
foliation that was folded and deflected around the garnets, indicating shear deformation
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4.1. Phase content

that postdates the earlier garnet growth stages. The grain sizes vary strongly and range
from < 100pm to millimetre scale. Micas recrystallised in fold hinges, and partly were
rotated parallel to fold axial planes.

Chlorite seems to replace biotite along cracks and the outermost part of garnets, as well
as in the rock matrix.

4.1.4. Plagioclase

Plagioclase is present as < 500um sized
crystals in the rock matrix. Partly, pla-
gioclase appears altered to sericite. In
optical microscopy (OM) plagioclase can
be observed untwinned or shows polysyn-
thetic twinning. Apart from twinning,
EDX analysis shows orthoclase content of
plagioclase below 1 mol% and changes in
the anorthite content (in mole%) between
the core (an22) and the rim (an3l), see

figure [9]
4.1.5. Graphite Figure 9.: BSE image of plagioclase (P1) in
rock matrix. Three EDX point
In all thin sections graphite is present in measurements indicate Changes in
the rock matrix, as well as enclosed in the P1 composition. The anorthite
garnet. Graphite inclusions in garnet are content increases from centre of
associated with Qz1 reflecting in the earli- the crystal (an22) to the rim
est foliation, as well as with Qz3 tubes or (an31). The outermost part shows
with Qz2 found along sector boundaries of pure albite (ab99).

garnets. At the phase boundary of garnet

with phases of the rock matrix graphite is foliated in association with micas and quartz,
showing SPO with concentric arrangements around garnets. Graphite in the rock matrix
has prolate geometry and shows SPO parallel to the main foliation of the rock matrix.
Graphite frequently occurs as inclusion in quartz.

RSCM thermometry (chapter yielded a temperature of T'= 510°C' £ 50°C, equally
for graphites located in matrix or garnet. The Raman spectra shows the significant broad
D1 band at A= 1340 — 1350cm™*, which is not included in the (RRUFF) reference
spectra and must not be confused with a first order diamond band at A= 1334em™!.
The similar band positions are attributed to a certain carbon structure within both
minerals, graphite and diamond (Mposkos and Kostopoulos|, 2001)).
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4.1.6. Garnet

The studied garnets from the Ky-Grt gneiss sample XA-GO-1E vary in diameter from
5-30 mm and show a remarkable inclusion zoning indicating different growth stages,
as well as different states of preservation. Whereas, with the cutting effect in mind,
some garnet crystals are idiomorphic and faceted, others show sutured phase boundary
segments, especially adjacent to Qz, Bt and Pl, indicating a reaction relationship. In the
3D model, generated from the micro-CT data set of specimen XA-GO-1E_III, the garnet
forms dominantly macroscopic {110}¢,; facets with "rounded" facet junctions, which
could represent subdominant {112} ¢, facets (see Fig.: [6). This was also confirmed for
specimen XA-GO-1E_ IT by EBSD crystal orientation data correlated with the orientation
of boundary traces in OM images. A {110}¢,+ facet model generated from EBSD
orientation data reveals the resulting facets cut by a {205}, plane fit with the facet
trace of garnet in the thin section. The model includes facets on both the upper and
lower hemispheres in pole figures plotted in the thin section coordinate system as for
EBSD data collection (Fig.: . Additionally, the model also aligns with subdominant
{112}y facets. While sector boundaries traced by Type-2 inclusions may hint potential
facet junctions, they do not align consistently with the model. For simplification, the
habit of garnet in the studied sample is assumed to be primarily composed of {110}¢,¢
facets with rounded corners. These corners are made up of {110}¢,+ steps, which result
in a {112}¢,+ trend for the subdominant garnet boundary segments.

Garnet of the studied Ky-Grt gneiss, as observed by |[Proyer et al. (2013)), has an
almandine composition, and shows concentric chemical zoning with increasing Mg-content
towards the rim. EDX data from thin section XA-GO-1E_ II qualitatively confirms this
compositional trend.

4.2. Microstructural domains in garnet

All garnets in the studied thin sections show domains of microstructural sector zoning,
which is reflected mainly by the arrangement of inclusions. The fact the garnet is com-
posed dominantly by {110}¢,+ growth sectors is an evidence, that chemical sectoring is
not present, subtle differences in composition between different sectors were not detec-
ted by EDX. Absence of birefringence in optical microscopy and absence of twinning
confirmed by EBSD crystal orientation data of garnet reject twinning sectoring. Hence
in the studied garnets sector zoning is defined exclusively by microstructural features.
Further, based on the distribution, geometry and SPO of inclusions and intergrowths,
all analysed garnets feature three main concentrically arranged microstructural zones.
Throughout all zones Type-4 intergrowth of rutile needles with low aspect ratio (AR)
are observed. They all follow a distinct SPO, further described in chapter

The garnet core domain is characterised by a remarkably planar internal foliation reflected
by Qz1 bands and the SPO of rutile and graphite, which were intertectonically overgrown
during the first garnet growth stage. This poikiloblastic garnet zone is labelled Grtl
(Fig.: [L0]a) b)). There, the Type-4 rutile needles mentioned above occur in low frequency.
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4.2. Microstructural domains in garnet

In thin section XA-GO-1E_1II this domain is clearly separated from the subsequent
garnet growth zone by increased presence of Qz2 in the form of a deformation shadow
(figure . Still EBSD crystal orientation measurements (single points/area scan) reveal
no major crystallographic misorientation between those concentric zones, as shown in
the EBSD map (Fig.: [7).

Grt2 is defined by tubular Qz3 with long axes aligned perpendicular to the correspond-
ing garnet facet, and therefore supposedly parallel to the growth direction of garnet
(Fig.: c)). Some Qz3 tubes show curvature. Also, rutile inclusions with characteristic
microfabrics reflecting sector zoning of garnet are present throughout this domain. In
more detail Grt2 is divided into three subdomains: Grt2a is not concentric, rather shows
axial appearance of Qz2 which represents a deformation shadow that developed during
deformation postdating growth of Grtl and predating Grt2 formation. In the data gained
by micro-CT the network of Qz2 dominates the majority of the garnet XA-GO-1E_ III,
displayed in figure @ Subdomain Grt2b (also referred to as trail domain) is defined by
the presence of characteristic Type-3 inclusions of rutile. In this domain rutile occurs in
two main habits: equant rutile with an approximated maximum diameter of 1um or any
smaller; and rutile needles with a rather low aspect ratio, which have a strong influence
on the SPO frequency studies in chapter In addition, tabular rutile inclusions appear
in a minor frequency. Equant Type-3 inclusions form a trail fabric. The trail directions
are subperpendicular to the corresponding garnet facet and thus parallel to the Qz3 tubes
and the inferred growth direction of garnet. By correlation with the crystallographic
orientation of garnet, gained from EBSD analysis, the trail directions were mostly par-
allel to < 110 >@,+. Still, exceptions were observed, as some sites show multiple trail
directions, and some trails extend along a < 112 >¢,+ instead of < 110 >¢,+. Some of
the trails can not be directly related to the host symmetry. Supposedly these trails
follow the prior foliation or cracks in garnet. Area9 (Fig.: shows two trail directions.
Their traces follow two different < 110 >+ directions. The predominant trail direction
correlates with the plane normal of the {110}, growth facet, whereas the subordinate
trail direction correlates with another < 110 >gy¢.

In the subdomain Grt2c (also referred to as needle domain) Type-4 rutile intergrowths
dominate the microstructural fabric. These needles vary in length and thickness, but
tend to have a high aspect ratio. All needles pertain to a particular SOR and thus have
a characterictic 3D arrangement in each host garnet. Subordinately, domain Grt2c also
hosts trails. The transition between trail domain and needle domain is gradual. No hard
interface between these domains was observed (Fig.: [10|d)).

Contrastingly, the outermost microstructural zone of garnet, labelled Grt3, is separated
from Grt2 by a string of inclusions, consisting of graphite, rutile, or mica. The separating,
interfacial inclusions represent an external foliation. The zone Grt3 itself is mostly
optically free from inclusions (as observed in OM). This zone varies in thickness and may
even be absent, but no direct correlation to neighbouring phases was identified.

Apart from these concentric zones of garnet, Type-1 inclusions trace sector boundaries
between {110}, growth pyramids, which form the garnet’s crystal shape (Rice et al.,
2006). The Type-1 inclusions consist of quartz, rutile, graphite, iron sulfide and other
polymineralic phases.
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4. Results

Figure 10.:

Figure 11.:

28

a) Reflective light (RL) image of the garnet core, representing Grtl with
Qz1, rutile and graphite inclusions with SPO correlated with foliation, and
Grt2a, which is defined by the appearance of Qz2, resembling a deformation
shadow. b) Parallel polarised light (pPL) image of the same area. c) Grt2
is defined by tubular Qz3 intergrowth and is subdiveded into Grt2a, Grt2b
(trail domain) and Grt2c (needle domain). The black rectangle indicates the
area captured in d) with crossed polarised light (xPL). The microstructural
difference between trail and needle domain of garnet is evident in this area.

Subsection Grt2b with domain defining Type-3 inclusion trails. Multiple trail
directions are present. The blue trace corresponds to the {110}g,+ growth
facet, the black trace aligns with an different < 110 >+ direction. Three
specific areas (T1, T2 and T3) are marked in yellow, in each rutile twinning
was observed. The location of Area9 and its correlating facet are marked on

figure )



4.3. Inclusions and SPO types

While all garnets are single crystals, EBSD
data reveals some slight misorientations
(< 2°) over the length of the single garnet
crystal of sample XA-GO-1E_TII. These
subtle intergranular misorientations are
associated with deformation of garnet
postdating garnet growth. Grain internal
misorientations in garnet accumulate in
domains with frequent quartz inclusions,
where garnet only forms thin ‘bridges’
between inclusions, as shown in EBSD
scan, figure[7] In some domains, the misor-
ientations are connected with cracks. The
deformation causing intragranular misor-
ientations in garnet clearly overprints the
formation of rutile inclusions, as the lat-

ter pin low angle boundaries in garnet, as Figure 12.: Forward scattered electron (FSD)
observed in FSD imaging, figure image of garnet XA-GO-1E_II
with a visible orientation contrast
in an else homogeneous garnet.
The misorientation was measured
to 2°. (The image location is in-
dexed in an schematic overview
of the garnet.)

4.3. Inclusions and SPO types

All studied garnets comprise inclusions of
quartz, rutile, graphite, apatite, mica and
Fe-sulphides/(hydro)oxides. Biotite was
found along cracks in the garnet. White
mica was observed entirely enclosed by the garnet lattice. The shape preferred orientation
of quartz, rutile, graphite and apatite reflect the foliation present in Grtl, in which Fe-
phases also occur. Additionally, these phases are aggregated along the sector boundaries
of Grt2. Apart from their identification with Raman and EDX, these Type-1 inclusions
were not studied any further.

In growth sectors of Grt2 quartz and rutile are identified as major inclusions. In thin
section XA-GO-1E_II also a Ca/Mg-carbonate was found within the Grt2 host. In few
cases kyanite (n=9, in one case kyanite & quartz) were determined in association with
rutile inclusions, both Type-3 and Type-4, in Grt2. In one case apatite was found in
association with a Type-3 rutile inclusion. Their sizes (observed in SEM imaging) were
in the range of the rutile inclusion outcrops (ca. 1um).

Based on EDX-analysis, the phase associated with rutile in polymineralitic inclusions
(n=9), were identified as a Zn-Al oxide phases. Supposedly this phase is Zn-spinel
(gahnite), though establishing stoichiometric balance was impended by the mixed EDX
signal, caused by the small crystal size.

In all domains and in particular the Grt2c domain rutile needles representing Type-4
intergrowths show shape preferred orientation throughout all thin sections. In all samples
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4 to 6 different orientations of the rutile needle elongation direction were observed. In
the 2D observation in OM rutile needles vary in thickness and length, although the
latter can be a consequence of a section effect. The same SPO directions observed with
Type-4 inclusions, were also identified with Type-3 inclusions constituting trails in Grt2b
domains, by the automated approach of image analysing in ImageJ. Many of those low
aspect ratio needles seem to emanate from inclusion trails, which is exemplary shown in
Areal (figure [L6] on page [34)).

EBSD analysis applied to garnet domains in thin section XA-GO-1E__II reveal the shape
preferred orientation of rutile inclusions depends in fact on the crystallographic orientation
of garnet. The most frequent shape preferred orientations of rutile needle long axes
(SPO1-4) are parallel to < 111 >+, whereas the subdominant SPO5 and SPOG6, that
are mainly reflected by rutile needles with a low aspect ratio, are parallel to < 100 >¢y+.
The cubic equivalence of garnet symmetry implies a further possible < 100 >g,+ direction
(SPOT), which has not been found in the studied sample. Other SPO directions exist at
vary low frequency thus were not studied in detail.

In further pole figures the {111}g,+ plane poles are labelled according to the SPO
directions of the rutile needles (e.g. figure , SPO1-4). In particular, the foliation of
Grtl in mind, SPO1 & SPO4 lie (close) within the foliation plane, which is observed only
as trace in OM. Contrastingly, SPO2 & SPO3 are oriented at a rather high angle with
respect to the foliation plane.

The directions of inclusion trails show orientation relationships with particular crystal
planes of the hosting garnet. The preferred direction of inclusion trails correlate to
the direction perpendicular to the corresponding < 110 >¢,+ facet. The facet normal
direction is supposed to represent the growth direction of garnet, along which the trail
of rutile inclusions are aligned. With respect to each < 110 >¢,+ growth direction, two
certain < 111 >, are oriented at an angle of 35°, whereas the two other < 111 >¢,¢
are at an angle of 90°. The latter are therefore parallel to the studied {110}¢¢ growth
facet. This symmetric relation can be observed in the pole figures (e.g: Fig.: and
was also approved by calculation of the angular relationships in mTez.

Figure 13.: Exemplary selection of rutile twins, observed in Area9 on FSD electron images.
Their twin plane and angle was determined with calculation of EBSD single
point measurements (red markings). For each twin two COR groups were
classified (in red letters). Twin T3 was not sucessfully classified into any
statistically (known) COR.
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Further, ten rutile inclusions in Grt2b (trail domain) show twinning (7 equant-, 2
undefined-, 1 needle-rutile). Eight of those twinned rutile crystals show {101} p; reflection
planes with an average twinning angle of 65.5°, so called "elbow twins". Another "elbow
twin" was observed with a twinning angle of 45.4°, its reflecting plane was not determinable.
A third type of twinned rutile was found with a {301}z, reflection plane and a 53.7°
twinning angle. Those reflection planes most often align to the trail direction, either
parallel or perpendicular to said direction, as indicated in figure

4.4. SPO frequencies

SPO frequencies in thin section XA-GO-1E_IT show characteristic differences when
comparing data from different analysed areas (see all counted areas on figure 14| b) and
counted frequencies on pages ) Most obvious is the difference between the needle
domain and trail domain even within one growth sector. It is important to note that
only the < 111 >¢,y SPOs (1-4) are counted in a statistically significant amount, whereas
the < 100 >¢,+ SPOs (5-6) are very rare in all studied domains/areas. Rutile inclusions
of tabular habit do not appear in the SPO frequency study, due to their shape which
prefers no observable orientation in the thin section.

Linking the SPO frequency statistics for needle and trail domains of each area allows
for grouping the areas. Generally, in the Grt2c domain, where rutile needles form the
dominant inclusion microstructure, the distribution of rutile needles with SPO1-4 is
uniform (each amounts to 25%). This observation is consistent in half of the Type-4
intergrowth (needle domain) areas (Fig.: page [34).

SPO frequencies of rutile inclusions in Areal and Area2 (garnet growth sector of facetl,
lower hemisphere) yielded a general result: whereas the rutile SPOs 1-4 are equally
distributed in the needle domain, two SPO directions are dominant in the trail domain.
There, SPO2 & SPO3 have a high frequency (>25%), while SPO1 & SPO4 are sub-
dominant (<25%). Considering the trail direction and the orientation of the particular
{110} Gyt growth facet (facetl), the dominant SPOs are at a 35° angle with respect to the
corresponding < 110 >+ growth direction of garnet. The subdominant SPOs lie within
the {110}g,+ growth facet, and are marked with fine hatch pattern in figure [16|a), b).
This trend is indeed reproducible, as seen in the varying sample sizes of SPO countings
(Areal: n=160, Area2: n=96).

Area3 in the growth sector of facet2 (lower hemisphere) as well shows equal SPO distribu-
tion in the needle domain. In the trail domain, however, inclusion trails are aligned along
either several < 110 >@,+ or < 112 >@¢. In this sector, the SPO frequency statistics
for the trail domain show that only SPO3 is dominant. The SPO directions, which
lie in the growth facet plane of garnet are SPO2 & SPO4. Additionally, < 112 >gy¢
trails indicate the proximity of Area3 to the sector boundary between the macroscopic
{110} g+ growth sectors (facet2 and facetl), and a potential narrow {112}¢,+ growth
sector. As observed in Areal, facetl has particular favoured and subdominant SPO
directions, which may influence the frequency of SPO1 in Area2 (Fig.: [16[c) coarse hatch
pattern). The SPO distribution of rutile inclusions in the trail domain of facet2 seems
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Figure 14.:

32

Thin section scan of sample XA-GO-1E_ 11, diameter of labelled garnet crystal
is 19 mm. a) Observed microstructural domains and areas of EBSD study.
b) Pairs of Areas and facets, in which SPO frequencies were quantitatively
analysed (Areal-8), an additional label for Area9/Facet9 indicates the area
shown in figure [L1] (no frequency data available). Overlayed are the traces of
{110} G+ facets reconstructed from a crystal model based on EBSD orientation
data. Facetsl-4 are marked in white, their plane normal point to the lower
hemisphere. Facets 5, 6, 8 marked in black have normal directions pointing
into the upper hemisphere on the pole figure plots in Fig.:



4.4. SPO frequencies

Figure 15.: a) Pole figures (equal angle projection) of the upper and lower hemisphere,

representing the orientation of garnet XA-GO-1E_II in the sample reference
frame during OM- and SEM imaging and EBSD analysis. Garnet < 111 >¢y¢
directions are labelled by the corresponding rutile needle SPO direction using
the same colour as for the SPO frequency statistics. Additionally {110}
normals of garnet facets are labelled (F1-F9), numbered as in Fig.:
b) {110}¢,+ facet model generated in software Vesta, with original crystal
orientation in the thin section reference frame. Black labels indicate facets
facing towards the lower hemisphere, and white labels indicate facets facing
towards the upper hemisphere. The thin section cut-plane (205)g,+ on the
right reveals the traces of those facets.
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Figure 16.
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4.4. SPO frequencies

Figure 17.
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to depend on multiple facet directions. This conclusion is consistent with the results
of SPO frequency statistics of Aread (Fig.: d)), where the main garnet growth- and
inclusion trail direction is determined by facet3 (lower hemisphere), to which SPO3 &
SPO4 are parallel. The neighbouring growth sector of facet8 restricts the development
of SPO1 & SPO4, resulting in the favoured frequency of SPO2 in the trail domain of Aread.

The other areas on page [35] show SPO frequencies that deviate from the general
observation described above regarding the needle domain. In Areas 5, 6 and 7 (figures
e), f), g), respectively), the SPO frequency statistics for the needle domain show high
SPOL1 frequencies. The trail domain of Areab is located in garnet growth sector associated
with facet5 (upper hemisphere) in close proximity to facet3 (lower hemisphere). The trail
domain of Area6 is located within the garnet growth sector of facet3. The SPO frequency
distributions for both areas follow the dependence of an < 110 >¢,; direction: SPO1 &
SPO2 are oriented at 35°angle with respect to the growth direction the garnet sector
associated with facet3. These two SPOs are dominant in Area6. In Area5, due to its
close proximity to sector boundaries, and due to observed trail directions along multiple
< 112 >@y4, the resulting observation is the prevalence of SPO1. The SPO frequencies in
this area are possibly influenced by multiple growth directions.

Of particular note are the needle domains in Areab5 and Area6, which both also have a
high prevalence of SPO1.

AreaT7 also displays this some preference for SPO1 in the needle domain, but the fre-
quencies of other < 111 >¢,+ SPO are distributed more evenly. In the trail domain,
the growth sector associated with facetl controls the trail directions, thus enabling the
development of SPO2 and SPO3. Additionally, while a subordinate < 112 >, trail
direction is present, the abundance of rutile needles with a high aspect ratio suggests,
that this selected area represents the transition of a trail domain to a needle domain.
Therefore, the SPO frequencies of this area should be regarded with caution.

In Area8 (Fig.: h)) the SPO distributions do not conform to any previously described
pattern. The growth direction of the growth sector associated with facet4 is difficult
to discern from the SPO frequency statistics of the trail domain. The observed trails
show multiple, even crosscutting directions, aligning with the < 110 >¢,+ of facet4, a
< 112 >@,¢ or another undefined direction. Rutile crystals with SPO1 and SPO4, which
are slightly more frequent than 25° seem to be preferred by the growth direction of the
{110} gyt sector. In the needle domain, SPO4 is the most dominant and SPO1 is the
least dominant < 111 >¢,+ SPO, which both are unusual observations.

The SPO frequencies are only gained from optical microscopy. This bears an error by
the thin section’s cutting effect, as well as an uncertainty due to the potential proximity
of some areas to neighbouring growth sectors that are located above or below the thin
section plane. Those errors were not considered in the SPO frequency statistics.
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4.5. Crystallographic oriented relationships

By filtering all EBSD crystal orientation data of 518 rutile crystals, of various shapes
and sizes, the rutile crystals were assigned to defined COR groups (Griffiths et al. 2020),
according to their crystallographic orientation relationship with the host garnet lattice.
All restrictions and angular thresholds of the COR groups are listed in appendix
and The classification routine, according to |Griffiths et al.| (2020), determined
crystallographic correlation between rutile inclusions and the garnet host, to which 90.3%
of all single rutile crystals pertained. Of all rutile inclusions, 64.5% pertain to the COR
group RA, which is characterised by the directional relationship < 103 >pr; parallel to
the {111}¢,¢ plane normal. This relationship bears a degree of freedom for the other
crystallographic directions of rutile. In this case the < 001 >pg; directions, as described
in Proyer et al| (2013), align in a cone-like arrangement around the {111}gy¢.
Consequently the rutiles’ a-axes lie in {111}g,+ planes. So far this result resembles the
COR statistics from EBSD crystal orientation data observed by |Proyer et al. (2013). Even
when comparing the COR frequencies of the Proyer et al.| (2013) data (n=213), in which
"rutile needles enclosed in the outer zone of a single garnet crystal” were studied, with
the newly acquired data (n=518) from the Xanthi sample, the distribution of single rutile
inclusions in COR groups is similar, despite the increased data size in the current study,
and the extension of the investigations to the inclusion trails (see Fig.: . Focusing to
the rutile needles (n=227), defined by Type-4 intergrowths in the needle domain (Grt2c),
increases the rate of success of the COR classification script to 98.2%. The elongation
direction of the rutile needles corresponds to a < 103 >p; direction (Fig.: , or in
other words, the rutile inclusions are elongated perpendicular to the {405} g; plane. The
correlation of < 103 >p; parallel to {111}¢,+ (RA group, angle threshold = 2°) is found
for 92.4% of the needles. Therefore the rutile needles from a shape oriented relationship
(SOR) with the garnet host lattice.

On the other hand, for trail inclusions (n=178), which are defined as Type-3 inclusions in
the trail domain (Grt2b), there is already a higher percentage of single rutile crystals that
cannot be correlated to any known COR group (n=30). The measured trail inclusions
pertain for 83.1% to axial relationships with the garnet host lattice and only for 64.4%
to specific crystallographic orientation relationships with said host. Those rutile crystals
in the trail domain, that can be categorised into COR, groups are associated with various
axial relationships with the garnet host crystal, as shown by the COR classification
results in the histogram of figure [19|a). Despite this, RA group still makes up 45.3% of
the trail inclusions. The higher frequency of other COR groups compared to the data
from needle domains suggests a wider range of possible axial relationships between the
host and the inclusions in trail domains. There, the axial relations RB and RC each
constitute 10.7%

Therefore, the differences in the inclusion’s microstructure do affect the axial relationship
classification: needle inclusions (n=227) are primarily found in one specific COR group
(RA), while trail inclusions (n=178), which also appear in this group, are found in a
variety of COR groups. Additionally, neither for needle nor trail inclusions the axial
relationship < 001 >g; || {100} < 5° (RJ-group) was found.
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Figure 18.: All Pole figure are equal angle, upper hemisphere projection showing the mean
garnet orientation in sample reference frame. a) directions and great circles
in garnet. b) Projection of rutile needle SPO1-6 onto the thin section surface,
as observed in OM, and correlated to the corresponding crystal direction of
garnet, derived from EBSD analysis. ¢) Orientation data was filtered only
by SPO direction as observed in OM (all domains). Resulting in density
plots (Half-width 5°), which each has a < 103 >p; density maximum at the
specific < 111 >@¢, that corresponds to their SPO direction. Orientation
data, filtered for needle inclusions (all SPOs & needle domain), showing

38 orientation density in d) < 001 >p; and e) < 100 >pg;. The former cluster in
a "cone-like" arrangement around < 111 >g,, the latter align to {111}gy.



4.5. Crystallographic oriented relationships

Rutile inclusions that occur as polymineralic inclusions in association with kyanite,
quartz, or Zn-spinel do not seem to have any particular axial relationship with the garnet
host. They pertain to COR groups with similar frequencies of all other rutile inclusions
studied. Also the COR classification results for twinned rutile crystals do not differ from
the general trend. However, two axial relations are found for each single rutile inclusion
(Fig.: [13). The COR classification returns dominantly RA-group (90%) for the twinned
rutile crystals, each paired with an other axial relationship, depending on the twin law
(e.g.: RA & RG).

Figure 19.: left) COR-groups histogram of data sets filtered by microstructure. Needle
inclusions in needle domain (n=223) correlate strongly to RA group, with a
specific axial relation. Equant inclusions in trail domain (n=148) vary more.
All COR groups, and their defining axial relations are listed in appendix
right) Comparison of average Xanthi data set (XA-GO-1E_II, n=468) with
Proyer et al.| (2013]) data set (n=195), both with identical classification routine.
The frequencies of COR groups are pretty similar.
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5.1. Pressure and temperature estimation

The estimated temperatures calculated from RSCM for graphite, enclosed in both garnet
and rock matrix, yielded T = 510°C 4 50°C. This temperature is also expected for the
dynamic recrystallization (bulging/SGR) of quartz in the matrix. Thermometry based
on RSCM only records the last temperature, which generates the evident carbon order.
These data tend to bear a uncertainty influenced by heterogeneities within the sample
(£50°, Beyssac et al.| (2002))). This temperature range resembles the last thermal overprint
of the rock. For the geological unit of the studied sample, still higher temperatures were
considered in other publications: Krenn et al.| (2008)), "D2 shearing stage": 700°C’; [Proyer
et al. (2013): 850° + 50°C'. As no other thermometer, apart from RSCM, was uzilised in
this study, these higher temperatures can neither be confirmed nor disproved.

The estimated residual pressures gained from RSQI range from 0.13/0.18 GPa to 0.25 GPa
for quartz inclusions in garnet (Grtl/Grt2), and 0.4 to 0.5 GPa for quartz inclusions
in kyanite. Once the maximum pressure values are applied to FEosFit-Pinc (Angel
et al., 2017b), at ambient 22°C, the resulting trends of the isomeke, calculated from
the entrapment relation between inclusion and host, are plotted in figure The
isomekes are consistent with both the estimation by |Krenn et al. (2008)), considering
P/T peak conditions of 1.3 GPa at 700°C, and the estimation by Proyer et al.| (2013
yielding 1.1 — 1.6 GPa at 850° C 4+ 50°C. Both conditions of peak metamorphism in
the temperature range between T' = 700 — 900°C align with the isomekes. Only the
peak pressures of Mposkos and Krohe, (2000) conflict with the result of the EosFit-Pinc
approach. It is important to note, that the reported P/T paths in the literature suggest,
that the period of garnet growth only reflects decompression stages of metamorphism
stages, whereas growth of garnet in metapelites is considered to occur due to dehydration
reactions, usually associated with heating and/or burial.

Another evidence of high temperature conditions overprinting the Grt2 growth stage
is shown in figure the intragranular misorientation of 2° results from deformation
that affected the entire garnet crystal. Low angle grain boundaries in garnet seem to
have migrated through the garnet crystal on a macroscopic scale. The rutile inclusion
obviously pinned the migrating low angle boundary. Dynamic recrystallisation of garnet
is supposed to require high temperature conditions and a sufficient strain force (Ji, |1998;
Prior et al., 2000; Bestmann et al., [2008)).
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Figure 20.: The P/T diagram illustrates the estimated retrograde path (dashed line) of
Mposkos and Krohe| (2000)), the more refined path (solid black line) of
et al| (2008), with their estimated P/T peak marked in grey and the P/T
range of Proyer et al.| (2013), with hatched marking. The three isomekes
from Grtl/Grt2/Kyanite, calculated with software EosFit-Pinc, align with
the P/T estimation of [Krenn et al. (2008), as well as with the higher P/T
conditions of |Proyer et al. (2013)). Additionally, the transitions of the Al>SiO5
polymorphs and subgrain rotation/grain boundary migration of quartz are
also shown (figure modified after Krenn et al.| (2008)).
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5.2. Correlation of CORs and SPOs

The results of COR classification indicate that the axial relationships between garnet and
rutile vary based on the habit of the inclusion and the microstructural domain. Particular
differences in COR characteristics were observed between needle-shaped rutile inclusions
in the needle domain of garnet (Grt2c) and equant rutile inclusions in the trail domain
(Grt2b).

Almost all (92.8%) needle-shaped rutile crystals have a definite axial relation with the
garnet host, namely pertaining to the RA group: one of < 103 >p; parallel to one of
{111}grt < 2°. In addition, their crystal shape shows the needle elongation parallel
to the corresponding < 111 >¢,;. Therefore, the crystallographic and shape preferred
orientation of needle-shaped inclusions are linked, and both are clearly controlled by
the garnet host lattice. According to results from SPO frequency counting, no certain
prevalence for any particular < 111 >, was found in 50% of the studied Grt2c areas.
There, the shape preferred orientations of rutile needles are distributed equally between
the four equivalent < 111 >¢, directions (Fig.: . Three areas of Grt2c deviate from
this trend, as rutile needle SPOs favour particular < 111 >, direction. It seems that
those directions are preferred, which are subparallel to the earliest foliation plane (SPO1
and SPO4), which had been overgrown and enclosed by garnet. Area5 and Area6,
in figure are placed in proximity to a garnet domain that hosts numerous Type-1
inclusions of quartz and graphite, which reflect the Grtl foliation and the deformation
shadow (Grt2a). Therefore, it is hypothised, that the preexisting foliation may represent
a heterogenity that affects SPO developement of rutile needles. As the 3D orientation of
the foliation plane was not obtained from the particuar thin section used for SPO and
COR investigation this hypothesis is based only on the orientation of the trace of the
foliation plane observed in the thin section.

The inclusions without any SOR with the garnet lattice defining the trail domain in
garnet (equants in Grt2b) return a different distribution of the COR groups comparing to
the needle inclusions in Grt2c. Equant rutile crystals forming inclusion trails comprise a
significantly lower fraction that can be categorised into an axial relationship. Furthermore,
the equant trail inclusions show a higher variability in COR types. Although the RA
group is still favoured with 37.6%, other axial relations were frequently observed, as for
example the COR groups RB and RC, which correlate the a- and c-axes of rutile to the
garnet growth facets {110}g+ and {112}¢,¢. These two COR groups amount to 21.4%
of the equant trail inclusions. This applies to the results of the SPO frequency count.
Whereas rutile needles with low aspect ratio might influence the SPO frequencies of the
trail domain, there is a clear dependence of the shape preferred orientation on the garnet
growth facets, as reflected by the SPO distribution regarding the different equivalent
garnet < 111 >g,¢ directions. It seems that only those rutile crystals, nucleated with
particular crystallographic axial relationship (pertaining to RA group), can develop a
needle shape, whereas others remain of equant shape. The trail inclusions pertaining
to the COR groups RB and RC are correlated to growth facets of the garnet host.
Furthermore, a high fraction of rutile crystals that constitute the trails could not be
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assigned to any known COR. Therefore, the trail inclusions derive their crystallographic
and shape characteristics from interaction with the garnet growth facet, or crystallise
without remarkable influence by the hosting garnet lattice.

5.3. Scenarios of origin of rutile inclusions in garnet

5.3.1. Needle-shaped rutile inclusions

In the needle domain of garnet (Grt2c), 98.2% of the needle shapes rutile crystals,
with high aspect ratio, show a COR with garnet according to classification by |Griffiths
et al. (2020). These rutile crystals show a dominant axial relationship to the garnet
host (RA group) and constitute a 3D framework by their associated shape preferred
orientation throughout the whole garnet single crystal. These results indicate that the
needle-shape rutile crystals nucleated within the pre-existing host lattice. The axial
relation < 103 >p; || {111}Gre < 2° seems to be an energetically favourable orientation
of the nuclei, which further allows the inclusions to preferably grow along the particular
< 103 >p; that is parallel to a < 111 >g,4. Especially as the SPO directions of these
rutile needles are evenly distributed between the 4 equivalent < 111 >, directions, a
scenario of rutile precipitation within garnet (like exsolution or open system precipitation)
seems to be the most likely origin of the rutile inclusions. The low frequency of rutile
needles with an SPO along {100}y, which are restricted to needles with low aspect
ratio, supports this scenario. It seems unlikely, that inclusions from an precipitation
origin form in a less favourable energetic orientation. Additionally, rutile needles were
observed in an even lower frequency with a shape preferred orientation, which neither
could be correlated to any < 111 >g¢ nor any < 100 >g,+. This observation further
supports the precipitation scenario.

The abundance of rutile needles throughout the whole garnet supports an inclusion origin
by intragranular precipitation in garnet, namely by nucleation of rutile in an energetically
favourable orientation, and the development of needles in the framework of the host lattice.

As discussed by Hwang et al. (2007b]) and |Proyer et al.| (2013]) the source of Ti is
questionable. For garnet, the solution of Ti depends on temperature. With the estimated
peak temperature of the Ky-Grt geniss from Xanthi in mind, the solubility should reach
circa 0.072 Ti atoms per formula unit (apfu) (P = 1.5GPa, T' = 1200°C'), as proposed
by Kawasaki and Motoyoshi| (2016). However, the high abundance of observed rutile
needles raises questions about the possibility of exsolution of rutile from garnet in a
closed intragranular system (Proyer et al., [2013). On the other hand, the presumed low
mobility of Ti within garnet to diffuse into garnet from an external source also casts
doubt on the idea of pure external mechanisms. The source of Ti to form the rutile
precipitates in garnet therefore remains ambiguous.
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5.3.2. Inclusions of the trail domain

Contrasting to the needle shaped inclusions with high aspect ratio, the origin of equant
rutile inclusions in the trail domain of garnet (Grt2b) clearly cannot be explained by a
mechanism of intragranular precipitation in garnet, as a high fraction (30%) of these
rutile crystals does not have any crystallographic relationship with the garnet host
lattice. The equant rutile inclusions constitute trails, which show a clear microstructural
relationship with the corresponding host growth facet, mainly representing {110} ¢, and
subsidiary {112}, crystal planes. The COR groups RB and RC (each constituting
10.7% of the trail inclusions) also correlate to axial relations of rutile to facet planes.
Thus, a co-growth scenario is suggested for the trail inclusions, involving the nucleation or
attachment of rutile at a facet of garnet, followed by subsequent overgrowth and enclosure
by garnet. This scenario is confirmed by all areas, where SPO frequencies of rutile needles
differ between those < 111 >¢,+ directions lying parallel to the growth facet and those
lying at a high angle with respect to the garnet growth facet. For example, the SPO
frequencies in Areal and Area2 (Fig.: show evidence for facet dependence, as two
SPOs, which are associated with < 111 >¢,+ at a 35° angle to the specific < 110 >
facet yield a significantly high frequency than the other two SPO directions that are
lying in the {110}, facet plane. For Area3 and Aread (Fig.: [16), the position of these
areas close to a sector boundary seems to indicate an effect of the neighbouring {110} g+
facet on the SPO frequencies. It is hypothesised, that a (certain) micro step surface of
garnet was established during garnet growth. Such a micro step surface is schematically
displayed in figure where multiple local {110}¢,+ and {112}¢,+ facet segments result
in development of a main {110}, facet. These short local segments of a stepped growth
facet could cause deviating trends of the inclusion trails within a single garnet growth
sector. Also, both the micro-CT model and facet models, gained from crystal orientation
data, show the primary garnet habit is constituted by predominantly {110}, facets,
whereas the "rounded" corners could reflect subordinate {112}, facets.

An overgrowth scenario posts the (Type-3) inclusions are potential remnants of the
matrix, which are incorporated during a phase of rapid growth of the garnet host crystal
(Andersen, 1984; |[Keller and Ague, 2019)). This hypothesis is challenged by the question
why only rutile is found to develop inclusion trails, whereas the other matrix phases do
not. Type-3 inclusions are expected to be phases that are in chemical equilibrium with the
rock matrix. The lack of other inclusion phases requires an epitaxial nucleation of rutile
crystals on the garnet surface during its growth, which separates the rutile crystals from
other matrix phases. This type of nucleation may be demonstrated in the axial relation
RA, which make up to 37.6% of the trail inclusions in the COR classification. As for the
needle domain, this COR seems to be the most energetically favourable orientation. This
is shown by in rutile needles with low aspect ratio in the trail domain of garnet. Many of
these inclusions originate at sites along the said trails. Therefrom, they developed their
elongation direction according to the prescribed axial relationship with garnet.
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Figure 21.: Schematic sketch of a section perpendicular to the dominant (101)g,¢ facet
(blue) with the < 111 >¢; direction as viewing direction. The combination
with (011)g,+ micro steps (black) yield an (112)g,+ trend (green). The
growth direction of each facet is indicated by an arrow. Inclusion trails
form perpendicular to the facet planes of garnet, when rutile crystals are
incorporated in garnet by an attachment and overgrowth scenario.

Other scenarios supported by Hwang et al. (2007al) or |Griffiths et al. (2014) state,
that equant trail inclusions originate along micro cleavages or micro cracks during
decompression. The former may result in trail directions along {110}g,+ and {112}
but does not explain the restriction of the trails to its domain. The latter might apply for
trails, which are not correlated with particular growth directions of garnet. Hwang et al.
(2019) further invested the origin of rutile inclusions by exsolution along microcracks. In
the studied material, candidates for by-products of potential rutile precipitation from
Ti-bearing garnet are apatite and gahnite, which were observed in polymineralic inclusions
with rutile. Apatite was only found once in the trail domain and was associated with
an equant rutile. Zn-spinel (gahnite) was discovered in every domain studied and was
correlated with both needles and equants. However, Hwang et al.| (2019) state the
precipitation of rutile in association with spinel by garnet decomposition must balance
with pyroxene as an additional precipitation product.
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5.4. Utilising large EBSD data sets

While large EBSD data sets, help to identify and quantify multiple crystallographic
orientation relationships between inclusions and their host crystal, the ability of COR
characteristics to trace particular inclusion origins is still a matter of discussion. Com-
parison of the new EBSD data set with the data from the same rock type and locality by
Proyer et al.|(2013)) clearly show indisputable similarities in the COR frequencies, despite
of different garnet crystals were analysed, applying different instrumental parameters,
years apart. The Proyer et al.|(2013) data set resembles the average COR distribution of
the entire new data set, when merging all data from both the trail and the needle domains
of garnet (Fig.: . When filtering the current data set for particular microstructural
domains of garnet or a particular crystal shape of rutile, the COR data deviates strongly
from the average distribution. Thus, the statistics of the crystal orientation data are
strongly affected by the selection of particular studied inclusions and host domains. Keller
and Ague (2019) expressed the wish for comparability between data sets and the develop-
ment of "fingerprints" based on particular host-inclusion relationships. When uniformly
applied, these should point to certain formation mechanisms of the host-inclusion system.
According to the results of this study, the details of the COR characteristics greatly
depend on the particular microstructure of the inclusions.

Another EBSD data set was reported by Keller and Ague| (2019)), who studied multiple
inclusion phases in metapelitic garnet. Rutile with a clear < 111 >¢,+ SPO (n=69) and
the garnet host showed COR characteristics that clearly deviate from those of the current
study. Rutile inclusions reported by [Keller and Ague (2019)) were 57.4% RA group, while
the other groups all constituted less than 10% of their data set. Most of the the rutile
crystals were classified as part of COR2 or COR3 (named after [Hwang et al. (2015), see
appendix , each at approximately 24%. The data from the Xanthi metapelite returns
only COR2 (with 55.6%) as the main crystallographic orientation relationship for rutile
crystals with clear < 111 >g+ SPO. In conclusion, the two data sets of samples from
different metapelitic rocks exhibit differing frequencies of specific CORs, but both data
sets show a similar trend of the predominant axial relationship between rutile and garnet,
being < 103 >pg; || {111} g < 2°.

Comparison of data from the current study with those from samples of different origin
yielded even further differences. Griffiths et al. (2020) studied metapegmatite garnet,
which showed concentric and sector zoning, as well as deviating COR characteristics in
different garnet domains. Over all, the entire rutile data set (n=165), run through the
same mTex script, results in the major axial relation RD: < 001 >p; || {111}ge < 5.5°
for 82.4% of all measured rutile crystals. The COR characteristics of highly different
rock type seem to strongly deviate when comparing sample from metasedimentary and
magmatic rocks. The application of COR. characteristics for "fingerprinting" therefore
seems to be conceivable, at least for distinction between rocks of different origin.
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Macroscopic observations on garnet

Garnets from the Xanthi location exhibit three concentric growth zones, identified
as Grtl, Grt2 and Grt3, based on inclusion microstructure. These zones comprise
different generations of inclusions with possibly different origin. Grtl represents
the garnet core grown over and enclosing quartz, rutile and graphite, which show
a shape preferred orientation (SPO) correlated to a foliation that has formed
prior garnet crystallisation. Grt2 displays sector zoning based on inclusion fabrics,
consistent with reports of other poikiloblastic garnets and is further subdivided in a
"trail domain" and a "needle domain". Grt3 represents the outermost rim of garnet,
that is largely free of inclusions. A string of inclusions, consisting of graphite, rutile,
or mica, represents an external foliation, which was overgrown by Grt3.

Studies on the habit of garnet, performed by micro-CT and facet models, based on
crystal orientation data, indicate the garnets in the studied sample form growth
pyramids, resulting in macroscopic {110}¢,; facets. At junctions, "rounded" corners
possibly represent subordinate {112}, facets.

Microstructure and texture of rutile inclusions in garnet
Rutile needles within the entire garnet host show elongation with a distinct SPO
that correlates predominantly with the < 111 >g,+ directions, thus reflecting a
shape orientation relationship (SOR). Furthermore, the predominant part of rutile
inclusions pertain to a crystallographic orientation relationship (COR) with the
garnet host lattice. Still, significant differences in the relative frequencies of rutile
crystals with particular COR were observed when comparing microstructurally
different sets of rutile crystals, or rutile inclusions in different domains of garnet.
In the needle domain of garnet, 92.4% of rutile needle inclusions with high aspect
ratio and SPO || {111}¢, are classified as members of the RA-group, defined by
the axial relationship < 103 >pg; || {111} < 2°.
Statistics of SPO frequencies, gained from OM images in the needle domain, reveal
an equal distribution of rutile inclusions among the four crystallographic equivalent
SPO directions || {111}gye.
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Contrastingly rutile inclusions in the trail domain of garnet, occur as needles with
low aspect ratio or as equidimensional inclusions (equants) that are arranged along
(curvi)linear inclusion trails. These trails correlate with < 110 >gp¢ or < 112 >gyy
of the garnet host. One of these trail directions usually is the most common in
a particular growth sector of garnet, namely the trail direction orthogonal to the
particular corresponding facet plane of garnet. The COR-classification of equant
rutile crystals yields a higher range of axial relationships compared to the needle
inclusions.

Statistical analysis of SPO frequencies of non-equidimensional rutile inclusions in
the trail domain shows a predominance of inclusions with SPO aligned along a
high angle to the facet associated with a particular growth sector of garnet. Rutile
inclusions with SPO parallel to said facet occur only at low frequency.

Mechanisms & scenarios of formation of rutile inclusions

The microstructural and textural differences between the needle and trail domains
of garnet imply distinct origins of the associated inclusions. The textural and
microstructural characteristics of rutile inclusions in the trail domain point to an
attachment and overgrowth mechanism of inclusion formation, which is syngenetic
with garnet growth. During this process, rutile crystals nucleate at, or attach to
the garnet growth interface, which is constrained by the micro-/nanotopography of
garnet facet planes.

In contrast, the needle inclusions are inferred to have formed through an intragranu-
lar precipitation mechanism that postdates garnet growth. Thus, only energetically
favourable sites along the lattice of garnet, and orientations of the rutile crystals
are expected to form, without any preference regarding the facet plane of garnet.
This is reflected by both the distinct SOR and the strict COR of needle-shaped
rutile with the garnet host lattice.

Methods & Outlook
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The available SPO data of rutile inclusions in garnets from two different samples
of metapelitic Ky-Grt-Gneiss from locality Xianthi (Greece) clearly confirm the
consistent SOR of rutile needles with the garnet host lattice, parallel to < 111 >gy¢.
For the studied lithology of the Kimi Complex, models of the garnet orientations
now can be constructed from the trace of the four predominant SPO directions of
needle-shaped rutile inclusions, as derived from optical microscopy.

Statistical analysis of SPO frequencies, applied to garnet of dodecahedral habit for
the first time, yielded useful information on the relative timing of crystallisation
of garnet host and rutile inclusions. However, the gained frequencies strongly
vary even in the same garnet domain when considering particular inclusion habits



and arrangements. Polmineralic inclusions, as well as garnet domains close to
sector boundaries or sites affected by overprinting of the host-inclusion system
must be avoided, in order to obtain unambigous results. Selection of representative
areas for the statistical analysis of SPO frequencies profit from careful and proper
preparatory study based on combined optical microscopy, micro-CT analysis and
host crystal facet orientation modelling.

Similar to the analysis of SPO frequencies, the COR classification of rutile inclusions
and the garnet host based on EBSD orientation data, shows a strong interrelation
with the particular inclusion microstructure. This study serves as a key example
of correlated microstructure and texture analysis considering 3D geometries and
arrangements. Linking microstructural properties with systematic investigation of
crystallographic orientation data can provide crucial evidence of diverse formation
scenarios of host-inclusions systems.

COR classification on a data set from Proyer et al. (2013)), featuring a different
specimen of the Xanthi Ky-Grt gneiss, yielded a comparable COR distribution
pattern as the average COR classification of the new, much more comprehensive data
set of this study. Still, the identified links between COR statistics and particular
microstructural features of the rutile inclusions demand cautious selection of garnet
host domains for correlated COR-SOR analysis. Altogether, this demonstrates
the representativeness of this method and provides promising evidence, that the
microstructure and texture of rutile inclusions in garnet host crystals can be used
for fingerprinting.
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A. Appendix

A.l1. State of thin sections

All provided XA-GO-1E thin sections have "Giessener Format" (48x28mm). The rock
sample is embedded in Kérapox resin, no thin section is covered. For optical microscopy
polish an 1Ipm monocrystalline diamond bearing compound was run.

thin section polish state and use thickness [pm]
XA-GO-1E_ A diamond OM 60
XA-GO-1E_B diamond OM 50
XA-GO-1E_C None 60-80
XA-GO-1E 1 diamond OM 120
XA-GO-1E_1II chemical EBSD 50
XA-GO-1E IIla diamond OM 120
XA-GO-1E_IIIb diamond OM 140

A.2. EBSD parameter

Hough parameters Camera parameters
Binning 120-140 Binning 2x2
Theta step size 0.5-1° Exposure gain 237
Rho Fraction 80-90% Exposure time 257.77
Max Peak Count 14-20 Snapshot avg. 5
Min Peak Count 3 Background Frames 50
Convolution Mask 9x9, 11x11, (13x13) Image Processing 1. Background Subtraction
Min Peak Magnitude 1 2. Dynamic Background
Min Peak Distance 9-14 3. Normalize Intensity
Peak Symmetry: 0.5
Vertical Bias 0-5°
phase point group ‘ lattice parameters [A]; [°]
garnet (Almandine) TGl [m3m)] 11.526
Kyanite TSL_GH3 1] 7.124, 7.856, 5.577; 89.990, 101.150, 105.950
Quartz_ ETH_ keller_ DS5 [32] 4.910 5.401
Rutile_ TG1 [422] 4.590 2.960
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A. Appendix

A.3. COR groups: Axial relations and threshold angles

The use of mTex to filter large EBSD data sets by the axial relationships between
crystallographic orientations of rutile and of garnet derived from Griffiths et al.| (2020).
COR groups and their axial relations (and angle thresholds for the classification routine)
used in this study, ordered according to the routine followed in the mTex script, are:

RA: <103 >RtH {111}Grt <2°
RC: <001 >ge|| {110}gre <5°
RD: <001 >p| {111}gr <5.5°
RB: <101 >g| {120}ge  <3°
RF: <101 >ge| {110} g <4°
RE: <100 >ge| {111}gre <5°
RG: <100 >ge|| {134}ge <4°
RH: <001 >p| {120} gre <6°
RJ: <001 >g| {100}g  <5°

Apart from those axial relationships Hwang et al.| (2015]) defined specific CORs based

on TEM analysis. The crystallographic orientation relationships are defined as:

60

CORL: <103 >p || {111}cm COR4: <001 >g || {111}em
<100 >p || {110}Gne <100 >r || {112}cne
<103 >n || {100} e <100 >p || {110}cre

COR2:  <103>p || {111}an COR4b: <001 >p || {111} e

010]z: || (43D)ce <110 >p || {112}t
< 110 >py H {111}Grt < 110 >py H {110}Grt

COR2: <103 > || {111}Gn COR5: <001 > || {100}y

[OlO]Rt H [431]6'7“15 < 110 >y H {100}Grt

COR3: <103 >p || {111}em COR5b: < 001 >g || {100}
<100 >p || {112}6ne <100 >p || {100}cre
<120 >g;  ~ {134}an
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A. Appendix

A.5. COR classification results

Table A.1.: All measured rutiles (all domains, all types, all SPOs)

Axial relationship groups Specific CORs
n(total) success n(total) success
018 90.3% 422 81.5%

n  distr. n distr.

RAi 180  53.9%
RAii 46 13.8%
RAiii 53 15.9%
RAiv 7 2.1%
RA 334 71.4% RAv 4 1.2%
RAvi 37 11.1%
RAvii 2 0.6%
RAx ) 1.5%

RBi 26 78.8%
RB 33 7.1% RBx 7 21.2%
RCi 14 60.9%
RC 23  4.9% RCx 9  39.1%

RD 5 1.1% RDi 5 100.0%

REi 4 80.0%
RE 5 L1% REx 1 20.0%
RFi 3 75.0%
RE- 4 0.9% RFx 1 25.0%
RGi 3 6.4%
RG 47 10.0% RGiii 36  76.6%
RHi 1 5.9%
RH 17 3.6% RHii 1 5.9%
RHx 15 88.2%
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Table A.2.: Trail rutile inclusions (trail domain, equant, no SPO)

Axial relationship groups

A.5. COR classification results

Specific CORs

n(total) success n(total) success
178 83.1% 115 64.6%
n distr. n distr.
RAi 28 41.8%
RAii 21 31.3%
RAiii 13 19.4%
RAiv 0.0%
RAvi 3  4:5%
RAvii 0.0%
RAx 1 1.5%
RBi 15 78.9%
RB 19 12.8% RBx 4 21.1%
RCi 11 57.9%
RC 19 12.8% RCx 8 42.1%
RD 0 0.0% RDi 0 0.0%
REi 3 75.0%
RE 4 27% REx 1 25.0%
RFi 1 50.0%
RE 2 L4% RFx 1 50.0%
RGi 1 4.5%
RG 22 14.9% RGiii 17 77.3%
RHi 1 6.7%
RH 15 10.1% RHii 0 0.0%
RHx 14 93.3%
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A. Appendix

Table A.3.: Needle rutile inclusions (needle domain, needle rutile with SPO)

Axial relationship groups Specific CORs

64

n(total) success n(total) success

227 98.2% 216 95.2%
n distr. n distr.
RAi 124 59.9%
RAii 22 10.6%
RAiii 25 12.1%
RAiv 5 2.4%
RAvi 22 10.6%
RAvii 1 0.5%
RAx 4 1.9%
RBi 5  71.4%
RB7 3.1% RBx 2 28.6%
RCi 1 1.0%
RC 1 04% RCx 0 0.0%
RD 3 1.3% RDi 3 1.0%
REi 0 0.0%
RE 0 00% REx 0 0.0%
RFi 1 1.0%
RF 1 0.4% RFx 0.0%
RGi 0 0.0%
RG 4 1.8% RGiii 4 100.0%
RHi 0 0.0%
RH 0 0.0% RHii 0 0.0%
RHx 0 0.0%
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