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Abstract Using a combination of microstructural, spectroscopic, and geochemical analyses, we investigate
how subgrain rotation recrystallization and fluid migration affect Ti concentration [Ti] in naturally deformed
quartz veins from the Prijakt Nappe (Austroalpine Unit, Eastern Alps). These coarse-grained quartz veins,

that formed at amphibolite facies conditions, were overprinted by lower greenschist facies deformation to
different degrees. During the overprint, subgrain rotation recrystallization was dominant during progressive
deformation to ultramylonitic stages. The initial [Ti] (3.0-4.7 ppm) and cathodoluminescence (CL) signature
of the vein crystals decrease during deformation mainly depending on the availability of fluids across the
microstructure. The amount of strain played a subordinate role in resetting to lower [Ti] and corresponding
darker CL shades. Using a microstructurally controlled analysis we find that the most complete re-equilibration
in recrystallized aggregates ([Ti] of 0.2-0.6 p.m.) occurred (a) in strain shadows around quartz porphyroclasts,
acting as fluid sinks, and (b) in localized microshear zones that channelized fluid percolation. [Ti] resetting is
mainly observed along wetted high angle boundaries (misorientation angle >10-15°), with partial [Ti] resetting
observed along dry low angle boundaries (<10-15°). This study shows for the first time that pure subgrain
rotation recrystallization in combination with dissolution-precipitation under retrograde condition provide
microstructural domains suitable for the application of titanium-in-quartz geothermobarometry at deformation
temperatures down to 300-350°C.

Plain Language Summary For over 10 years, the TitaniQ geothermometer has been used to
constrain deformation temperatures in quartz-rich rocks. The calibration of the thermometer rests on the direct
correlation of the titanium trace element concentration in quartz with respect to the ambient temperature.
However, the processes and parameters which lead to re-equilibration of the Ti-in-quartz system during
deformation are not yet fully understood. Here we analysed deformed quartz veins from the Eastern Alps
applying a combination of microstructural, spectroscopic, and geochemical analyses. In contrast to recent
studies which highlight the importance of stain, we show that the availability of free grain boundaries, fluids,
and their partitioning play the dominant role in Ti resetting toward lower concentrations in our studied case of
retrograde deformation. We employ a robust analytical approach to investigate the interplay between grain-
scale deformation, fluid-rock interactions, and geochemical exchange during increasing strain in the quartz
mylonites. With this approach, the microstructures representing most re-equilibrated sites for the application of
the titanium-in-quartz geothermometer can be readily identified, even at lower greenschist facies deformation
conditions and a recrystallization regime dominated by subgrain rotation.

1. Introduction

Deformation in the Earth's crust is commonly accommodated in quartz-rich rocks. Especially pure quartz veins
localize a final increment of strain under retrograde deformation (e.g., Ceccato et al., 2017; Trepmann & Sey-
bold, 2019). Therefore, estimating the temperature of quartz deformation is crucial to unravel the deformation
history and provides an important contribution with respect to the tectonic and rheological evolution in the re-
gional geological context (e.g., Haertel et al., 2013; Kidder et al., 2018; Stipp et al., 2002).

BESTMANN ET AL.

1 of 26


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-8511-8774
https://orcid.org/0000-0002-5956-5327
https://orcid.org/0000-0002-4647-8224
https://orcid.org/0000-0002-6591-4327
https://orcid.org/0000-0002-0720-8715
https://orcid.org/0000-0001-6242-7059
https://doi.org/10.1029/2021JB022548
https://doi.org/10.1029/2021JB022548
https://doi.org/10.1029/2021JB022548
https://doi.org/10.1029/2021JB022548
https://doi.org/10.1029/2021JB022548
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JB022548&domain=pdf&date_stamp=2021-12-07

A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB022548

ADVANCING EARTH
AND SPACE SCIENCE

Supervision: Michel Bestmann
Validation: Michel Bestmann, Giorgio
Pennacchioni, Bernhard Grasemann
Visualization: Michel Bestmann
Writing — original draft: Michel
Bestmann

Writing — review & editing: Michel
Bestmann, Giorgio Pennacchioni,
Bernhard Grasemann, Benjamin Huet,
Michael W. M. Jones, Cameron M.
Kewish

Ti-in-qtz thermometry (TitaniQ) is potentially a powerful method to estimate the ambient conditions of quartz
formation (Huang & Audétat, 2012; Thomas et al., 2010; Wark & Watson, 2006). Under static conditions, Ti
incorporation into the quartz lattice during crystal growth is a function of temperature, pressure and Ti activity.
TitaniQ is well suited to quartz growth in magmatic and high-grade metamorphic rocks, and when quartz directly
precipitated from a fluid.

The concentration of Ti, [Ti], in quartz can be modified during crystal-plastic deformation. This gives TitaniQ
the potential of estimating the ambient conditions of deformation. Since the original proposal by Kohn and
Northrup (2009), numerous studies have applied the TitaniQ to natural quartz-rich mylonites (Behr & Platt, 2011;
Bestmann & Pennacchioni, 2015; Grujic et al., 2011; Haertel et al., 2013; Kidder et al., 2013, 2018; Korchinski
et al., 2012; Nachlas et al., 2014; Pennacchioni et al., 2010). In addition, deformation experiments (Nachlas
et al., 2018; Nachlas & Hirth, 2015; Negrini et al., 2014) have been conducted to understand the behavior of Ti in
quartz in a dynamic context. These studies have shown that the [Ti] is influenced by several parameters: the recrys-
tallization processes (Haertel et al., 2013), the amount of finite strain (Bestmann & Pennacchioni, 2015), strain/
stress partitioning, fluid percolation and redistribution (Bestmann & Pennacchioni, 2015; Nachlas et al., 2014),
and the metamorphic path (e.g., prograde vs. retrograde: Negrini et al., 2014).

Several studies have highlighted the difficulty of using TitaniQ as a robust geothermometer. Studies of natural
quartz mylonites have suggested that the recrystallization mechanism has a primary effect on Ti re-equilibration
in quartz during mylonitization. Grain boundary migration (GBM: Hirth & Tullis, 1992) recrystallization appears
to be more efficient in Ti re-equilibration than subgrain rotation (SGR) recrystallization, especially at relatively
lower temperatures (e.g., Grujic et al., 2011; Haertel et al., 2013; Nachlas et al., 2014). In particular, constraining
the efficiency of [Ti] re-equilibration, during dislocation creep and SGR recrystallization, is challenging (Grujic
et al., 2011; Haertel et al., 2013). Quartz deforms over a wide range of temperatures and strain rates in nature
(e.g., Hirth & Tullis, 1992; White, 1976; Yund & Tullis, 1991). Considering the sluggish, intra-crystalline Ti
diffusion in quartz over the temperature range where dislocation creep is predominant (Cherniak et al., 2007),
strain-induced resetting of [Ti] is clearly enhanced by the grain size decrease (increase of reactive grain boundary
area per unit volume) during SGR recrystallization. In fact, this process results in reduction of diffusion lengths
for re-equilibration and provides pathways for fluids to access the grain interior (Ashley et al., 2014). However,
commonly during dislocation creep, [Ti] is not completely reset (re-equilibrated) with respect to ambient con-
ditions, resulting in highly heterogeneous [Ti] distribution across the strain gradients of quartz mylonites (Best-
mann & Pennacchioni, 2015). Heterogeneities in [Ti] re-equilibration occur between microstructural domains of
apparently similar finite strain and [Ti] also remains heterogeneous in pervasively deformed and recrystallized
quartz mylonites. This reflects the complexity of the microstructural evolution of coarse-grained quartz aggre-
gates with diverse crystallographic orientations in different crustal rocks, for example, in granitoids or pure quartz
veins (Ceccato et al., 2017).

The use of TitaniQ, in quartz mylonites that underwent heterogeneous deformation in the dislocation creep re-
gime requires identification of the sites of most complete syn-kinematic [Ti] re-equilibration. These sites do not
necessarily correspond to the most strongly deformed domains. Due to the fact that [Ti] directly correlates with
the cathodoluminescence (CL) intensity in quartz (e.g., Spear & Wark, 2009; Wark & Spear, 2005), large-area CL.
mosaic-imaging is the base to identify re-equilibration microstructures in combination with a rigorous protocol
of integrated, high-resolution analysis by optical microscopy, electron backscatter diffraction (EBSD) and direct
measurement of [Ti] using secondary ion mass spectrometry (SIMS). SIMS measurements are necessary for
quartz deformed under middle to upper crustal conditions since the equilibrated [Ti] is commonly below the ~7
ppm detection limit of electron probe microanalysis (Nachlas et al., 2018).

Integration of the information from the different techniques is not only functional to TitaniQ thermobarome-
try, but also provides a robust tool for interpreting the interplay between grain-scale deformation, fluid-rock
interaction, geochemical exchange and the evolution of the crystallographic preferred orientation (CPO) during
increasing strain in a quartz mylonite. We present specific microstructures of deformed quartz veins from the
Prijakt Nappe (Austroalpine Unit of Eastern Alps, Austria) as a key-study to unravel characteristic deformation
processes responsible for partial to complete resetting of the Ti-in-quartz system toward lower concentrations
under retrograde deformation condition in the SGR regime.
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Figure 1. Simplified geological map of part of the Eastern Alps (modified after Schuster et al., 2014). Important Tertiary fault systems are given. Note sampled
fault (red stippled line) is a continuation in strike of the Defereggental-Anterselva-Valles fault (DAV). Innsbruck-Salzburg-Amstetten fault (ISAM); Salzach-Ennstal-
Mariazell-Puchberger fault (SEMP); Mur-Miirztal fault (MM); Lavanttal fault (LA); Malltal fault (MO); Iseltal fault (IS).

2. Geological Settings

The samples analyzed in this study are deformed quartz veins (2-10 cm thick) that were collected within pre-Al-
pine paragneisses of the Austroalpine Prijakt Nappe of the Eastern Alps, Austria (Figure 1) (Krenn et al., 2012;
Schulz, 1993). This nappe underwent Cretaceous subduction to eclogite-facies conditions at 650°C and 1.9 GPa
(Hauke et al., 2019). The quartz veins crosscut eclogitic foliation and are deformed under amphibolite-facies con-
ditions, locally forming flanking structures. Conditions of 7= 510-590°C and P = 0.5-0.6 GPa were constrained
by multiequilibrium thermobarometry for the amphibolite-facies assemblage garnet-plagioclase-biotite-musco-
vite in paragneiss and orthogneiss (Linner, 1999).

In Oligocene-Miocene time, the tectonics of the Eastern Alps was dominated by the indentation of the Southern
Alps, delimited by the Giudicarie and the Periadriatic fault systems (Figure 1), into the Eastern Alps. Indentation
was accommodated within the Alpine stack by lateral escape, associated with the activity of a network of regional
to smaller scale strike-slip faults (Mancktelow et al., 2001) and exhumation of the Tauern Window (Ratschbacher
et al., 1989; Rosenberg et al., 2007). Prior to intrusion of the main Periadriatic plutons at ~30 Ma the shear sense
on W-E-striking faults was sinistral. The transition from sinistral to dextral kinematics is related to the displace-
ment along the Periadriatic fault, which continued at least until 13 Ma (Mancktelow et al., 2001).

The studied mylonitic quartz veins are associated with a W-E-striking steeply dipping strike-slip fault with a
strike-length of ca. 500 m (UTM33 326383E/ 5199000 and 326674E/5199000N). For most of its length, the fault
consists of an up-to-2 m wide zone of cataclasites, ultracataclasites and pseudotachylytes. The cataclastic rocks
locally display an SCC’ fabric consistent with dextral strike-slip (Figures 2c and 2d). The fault crosscuts the host
rock eclogitic metamorphic foliation and folds. Toward the eastern extension of the fault zone (where the studied
samples come from), the cataclasites and pseudotachylytes disappear and the dm-thick foliation-parallel quartz
veins acted as tabular weak heterogeneity (Pennacchioni & Mancktelow, 2018) to localize dextral ductile shear
(Figure 2a). Mylonitization of the quartz veins only occurs within a narrow zone of approximately 4-5 m along
the fault trace. Quartz veins outside this zone are not deformed.
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Figure 2. Field and sample pictures of the quartz mylonites and the brittle/ductile fault rocks. (a) Vertical, 7.5 cm-thick, mylonitic quartz vein within the foliated
paragneisses (looking in the stretching lineation direction). Note the absence of cataclastic deformation. The white circle with the dot and with the cross indicates
movement toward and from the observer respectively, accommodated by the quartz mylonite (UTM33 326551 E/ 5198986 N). (b) Fibrous quartz/chlorite vein

(white arrows) cross-cutting the paragneiss and a mylonitized quartz vein oblique to the host rock foliation (UTM33 3265401 E/5198974 N) (see also Figure S6¢

in Supporting Information S1). (¢) Scan of a large thin section of foliated cataclasites and pseudotachylytes, overprinted by dextral SCC’ fabric (UTM33 326551 E/
5198986 N). (d) Polyphase ultracataclasites/pseudotachylytes. Black arrow shows pseudotachylyte injection vein. Two small white arrows highlight a principal slip
surface with a truncated grain, separating different generations of ultracataclasites/pseudotachylytes (UTM33 326542 E/ 5198982N). White half arrow marks C’ plane.

3. Materials and Methods

The quartz vein analysis was conducted on thin sections (X-Z sections) oriented orthogonal to the vein boundary
(X-Y plane in the kinematic reference frame) and parallel to the stretching lineation (X-axis). The center of the
pole figures representing the CPO corresponds to the shear zone kinematic vorticity axis (Y-axis).

The veins were analysed by optical microscopy, SEM-CL and EBSD to characterize the quartz microstructures
and CPO across the weakly to strongly deformed domains extending parallel to the vein boundary. Based on CL
images, used as a proxy of the [Ti] in quartz (e.g., Bestmann & Pennacchioni, 2015; Wark & Spear, 2005), micro-
structurally controlled measurements of [Ti] were carried out by SIMS. The correlation between [Ti] and inten-
sity of the CL signal is corroborated by SIMS measurements. Wavelength spectral analysis demonstrate that the
CL signal depends only on the single emission peak at 400-420 nm (Figure S1 in Supporting Information S1).
Despite the very low [Ti] (0.1-4.7 ppm), CL was capable of imaging sub-ppm [Ti] variations. Because the high-
est CL intensities of weakly deformed quartz veins is preserved in stretched vein crystals within protomylonites
and within porphyroclasts in mylonites, SIMS measurements were focused on these domains where the whole
range of CL/[Ti] variations are present across the diverse microstructures. Synchrotron-based X-ray fluorescence
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Figure 3. Weakly deformed quartz vein (sample HS-1B-2; UTM33 326621 E/ 5199004 N) showing coarse grains with lobate GB typical of grain boundary migration
recrystallization related to the amphibolite facies deformation conditions after crystallization of the quartz veins. (a and d) Optical microphotographs under crossed-
polarized light (XPL). (b and ¢) SEM-CL images of same area as (a) and (d).

microscopy (XFM) was undertaken on the XFM beamline at the Australian Synchrotron (Howard et al., 2020) to
identify a pm-sized Ti-bearing phase (rutile) within the vein that buffered the Ti activity.

High-resolution SEM channeling contrast (orientation contrast - OC) images, in combination with backscatter
orientation contrast (BSE-OC) images and optical images in transmitted plane-polarized light, were used to
record the variation of spatial density of small-scale (mostly <1 pm in diameter) pores mostly along (sub)grain
boundaries. BSE images, energy-dispersive X-ray spectra and Raman spectra do not show any secondary mineral
associated with the grain-boundary “specks” and supports that these specks are effectively pores. In the protolith-
ic quartz grains, fluid inclusions with a vapor bubble are locally observed. In the deformed parts of the mylonitic
quartz veins, the largest grain boundary pores (a few micrometers in diameter) also include submicron-sized
bubbles indicative that these pores are effectively filled with fluid. The local, regular geometric arrangement of
these grain boundary pores is typical of fluid-related etch pit porosity (Mancktelow & Pennacchioni, 2004). In the
following we use the term grain boundary (GB) pores for these fluid-related microstructures. We used the relative
variation of the spatial density of GB pores, in combination with the resetting of the CL intensity and decreasing
[Ti], as a proxy of the fluid distribution across the microstructure. The composition of syn- and late-mylonitic
chlorite was determined by microprobe analysis in order to apply chlorite thermometry (Vidal et al., 2005, 2006)
as an independent, complementary estimate of temperature to TitaniQ. A description of the analytical apparatus
and procedures used in the study is reported in the Supporting Information S1.

4. Results

Weakly deformed domains consist of mm-sized vein crystals (gz,; Figure 3). Most veins show a strain increase
toward the vein core or from one vein margin (protomylonite) to the other (ultramylonite; Figures 4a and 4b).
With increasing strain, gz, grains were progressively stretched, with their long axis rotated toward the shear plane
(vein boundary) and dynamically recrystallized to different degrees depending on their crystallographic orienta-
tion. Some gz, grains persist as porphyroclasts in the extensively recrystallized gzz, ultramylonite (Figures 5-8).
Elongated g1z, grains, with internally highly elongated subgrain domains, recrystallized into elongated (up to
10:1 aspect ratio; over one hundred microns long) new grains (gtz,,) (Figure 9). During ongoing deformation the
highly sub-structured gtz,, grains develop new smaller grains (gfz,,) at their margin by subgrain rotation recrys-
tallization. These new mantle grains are only slightly elongated (maximal aspect ratio of 2:1) and the grains size
(1-10 pm) is in the same range as the marginal subgrains of the elongated grz,, grains (Figures 9f and 9g). At high
strain, the microstructure is still heterogeneous: the main foliation, parallel to the vein boundary, is defined by
the alternation of dominant, recrystallized layers showing a distinct internal extinction banding (100-500 pm in
thickness) and monocrystalline (commonly highly sub-structured) ribbon grains (Figure 10). The recrystallized
layers show a CPO with a single c-axis girdle and variable sub-maxima resulting in the optical extinction banding
(Figure 9d and 10c-1II). Quartz (gtz, +chlorite) veins, only slightly involved in ductile deformation, crosscut the
foliation of deformed quartz veins at a high angle (Figures 2b, 11 and 12). The microstructural and CPO evolu-
tion, and the variations in [Ti] across the differently strained domains (imaged by CL and measured by SIMS) are
described in detail below.
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4.1. Weakly to Moderately Deformed Quartz Vein Domains

The least deformed quartz veins contain mm-sized crystals (gtz,) (Figure 3). These crystals contain deformation
bands, elongated subgrains and deformation lamellae, and show serrate grain boundaries (GB). The CL shade of
qtz, varies from medium to light gray with darker tones at GB, likely indicative of growth zonation (over a thick-
ness of 20-40 pm; Figures 3b and 3c). XFM element maps reveal dispersed inclusions of rutile grains (3-7 pm
grain size) in gz, and along pristine microshear zones (Figure S2 in Supporting Information S1).

With increasing bulk strain grz, grains become (i) stretched to different degrees, depending on their crystallo-
graphic orientation relative to the kinematic reference frame, and (ii) separated by microshear zones of recrystal-
lized grains (giz,; Figure 5a, Figure S3 in Supporting Information S1). Qtz, grains show a high spatial density of
low angle boundaries (LAB: misorientations <10-15°; Figure 5f). In gz, grains with c-axis oriented between the
Y and Z-axis, the LAB misorientation axis plot shows clustering around <c¢> with a spread to the thomb planes
and to the {10-12} direction (Figure 5g). Qtz, grains with a peripheral c-axis orientation in the pole figure have
more random LAB misorientation axes and higher degree of recrystallization (e.g., Figure 8e). As a characteris-
tic example of elongated gtz, domains, the selected grain (aspect ratio of 10:1) of Figure 5, with c-axis inclined
37° to the Y-axis in the Y-Z plane, is highly substructured. The LAB misorientation axes cluster around <c¢>
(Figure 5g) and the pole figure shows a continuous dispersion path around the {10-12} pole close to the Y-axis
(Figure 5g). This giz, grain has a similar CL shade as the incipiently deformed quartz vein crystals (Figures 5b
and 5e). In contrast, the recrystallized portions are darker in CL shade (Figure 5e), and are associated with
high angle boundaries (HAB: misorientation >10-15°; Figures 5f and 5j) and grain boundary pores (Figures 5i
and 5j). The interior of grz, grain shows a network of thin dark gray lines in CL (Figure Se) that matches the LAB
network (misorientation 0.5°-15°) of EBSD maps (Figure 5f) and the OC image (Figure 5h). There are nearly no
pores associated with LAB in either the optical (Figure 5i) or the BSE-OC images (Figure 5k).

4.2. Strongly Deformed Domains

Strongly deformed vein portions show a mylonitic foliation subparallel to the vein boundary defined by the al-
ternation of layers of (a) dominant, recrystallized aggregates of giz,, , with slightly different CPO reflected in
the extinction banding, and (b) monocrystalline, ribbon grains (Figure 10). This layering is partially reflected in
a CL shade layering (Figure 11a). The foliation wraps around local, mm-sized grz, porphyroclasts (Figure 4). In
the following we highlight the correlations between the CL patterns and [Ti], and the CPO, (sub)grain size and
porosity distribution.

4.2.1. Qtz, Porphyroclasts

Most grz, porphyroclasts within the (ultra)mylonite have a nearly peripheral c-axis orientation in the pole figure,
slightly rotated to the Z-axis (e.g., Figure 8e, Figure S4h in Supporting Information S1). Two microstructural sites
(Site 1, 2) of sample MS-H2-2 (Figure 4¢) were selected for detailed study.

Site 1 (Figure 6) shows a cluster of gtz, porphyroclasts (I-IV) mostly retaining the CL shade of grz, characteristic
of the weakly deformed vein portions (see also Figure 4a, 4b, 4e and 4f). The presented [Ti] of 3.6-4.1 ppm
(SIMS-profiles 8—11, 13, 14) correlates with the CL variation. Fluid inclusions are rare or absent within clasts
(Figures 6d and 6g and 7). As a whole the cluster defines a composite low-strain domain with the wrapping
recrystallized gtz, matrix showing variation of CL shade between the contractional and extensional domains,

Figure 4. Microstructures (optical microphotograph, XPL, and corresponding CL images) of two deformed quartz vein samples (a, b, e, f: sample MS-H2-2; ¢, d, g, h:
sample MS-09a - UTM 33 326551 E/5198986). Both samples show a strain gradient from a protomylonitic fabric (upper part) to mylonitic/ultramylonitic fabric (lower
part). The latter reveals a characteristic extinction banding in the optical images (a and c). MS-H2-2 shows a corresponding banding in the CL image (b). The (ultra)
mylonitic part of MS-09a reveals similar CL intensity as the coarse gz, clasts with only subtle variations (d). (e-h) Microstructures of quartz clasts in (ultra)mylonitic
qtz, matrix. Note in (f), the CL intensity variation around the lower left clast-aggregate corresponding to stress-field—four-quarter pattern. Similar 4-quadrand CL feature
is highlighted in (b) — see inset. For both samples the schematic (not quantified) orientation of the instantaneous stretching axis is given in (f and h) — see inset. In (a and
b), (c and d) and (f and h) examples of microshear zones are marked by black arrows which show evidence of channelization of fluid indicated by dark CL signal (see
text and Figure S3 in Supporting Information S1). In (¢ and d) white arrows mark clasts aligned in the mylonitic matrix as an example for [Ti]/CL resetting related to the
combination of fluids trapped in dilatation sites and/or strain shadows and channeled in microshear zones (see text in Section 5.2.1.2). The sense of shear is dextral in all
the figures.
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Figure 5. Internal deformation microstructure of elongated quartz grain (g¢z,). (a and b) Protomylonitic part of sample MS-H2-2 (XPL, SEM-CL). Note, network of
microshear zones and accompanied darker CL shades in (b). (c—f) Enlarged microstructure as marked in (a and b) — same location site (c: optical microphotograph,
XPL; d: optical microphotograph under plane-polarized light, PPL; e: SEM-CL; f: EBSD orientation map (step size: 200 nm) color coded with respect to Z-axis of
the pole figure — see inset). For boundaries levels see key below. Note that high spatial density of fluid-related pores in (d) matches with dark CL patterns in (e). In
(e) fine dark-gray CL lines correspond to low angle boundaries (LAB) in (f). (g) Pole figures (PF, equal area, lower hemisphere projection) and inverse pole figures
(IPF) with respect to crystal references system (equal area, upper hemisphere projection) of substructured host crystal (lower half of EBSD map) without new grains.
(h) Orientation (channeling) contrast (OC) image of area as marked in c, e, f. (i) Optical microphotograph (PPL) of same area as in (h). (j and k) Detailed backscatter
orientation contrast (BSE-OC) images and EBSD maps of areas as marked in e, f, h, i. Note, in (j) the porosity (dark spots in the BSE-OC images) corresponds to the
fluid-related pores in (i) and mainly follows high angle boundaries (HAB, black arrows) of smaller new grains, and less frequently along low angle boundaries (LAB,
white arrows) - see EBSD maps. In contrast, the subgrain microstructures within the elongated quartz grain (k) does not contain significant porosity. EBSD boundary
levels (misorientation angle interval): low angle boundaries: olive green 0.5-1°, maroon 1-2°, fuchsia 2-5°, green 5-10°; high angle boundaries: blues 10-15°, black
>15°; Dauphine twin: red 60° + 5° around <c> axis.
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Figure 6.

induced by distortion in the non-coaxial (dextral) flow, at opposite quarters of the porphyroclast cluster (Fig-
ure 6a) (Hanmer & Passchier, 1991). The contractional domains show medium-dark CL shade and 1.3-2.7 ppm
[Ti] (SIMS-profiles 10, 15). The extensional quarters, including the recrystallized domain between I and III,
show darker CL shade and 0.4-0.5 ppm [Ti] (SIMS-profiles 7, 12). These CL/[Ti] patterns well correlate with the
density of HAB grain boundary pores; higher in the Ti-poorer extensional domains (Figures 6a and 6d) and lower

BESTMANN ET AL. 9 of 26



A~y
NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB022548

ADVANCING EARTH
AND SPACE SCIENCE

in the Ti-richer clasts (Figure 7). The separation zone between porphyroclasts I and II shows heterogeneous CL
and [Ti] patterns (SIMS-profile 14) with (i) larger irregular portions, partially retaining the typical CL shade of
qtz,, and (ii) CL-darker domains (Figure 6a and in detail Figure S4 in Supporting Information S1). (a) The former
are highly sub-structured, contain scarce GB pores and show a trend of decreasing [Ti] (1.3-2.2 ppm) from the
values of the porphyroclast cores. (b) The CL-darker domains include new gtz, grains (with similar orientation as
the gtz, porphyroclasts I & II, Figure S4h in Supporting Information S1), have higher spatial density of GB pores
(Figure S4 in Supporting Information S1) and show lower [Ti] (0.4-0.7 ppm). Porphyroclast II locally shows a
progressively darker CL shade toward the rim (up to 50 pm in width; Figure 6f in Supporting Information S1),
in association with highly sub-structured domains (Figure 6i in Supporting Information S1) almost free of pores
(Figure 6g in Supporting Information S1). This corresponds to a progressive decrease of [Ti] from 3.0-4.0 ppm
(clast interior) to 1.1 ppm (clast margin) (Figure 6a in Supporting Information S1, SIMS-profile 13). [Ti] decreas-
es to 0.9 ppm in the adjacent recrystallized gtz, aggregate rich in GB pores.

Site 2 (Figure 8) shows an isolated folded g7z, porphyroclast enclosing a wedge-shaped zone of recrystallized g1z,
grains. The postulated fold structure, with a fold axis parallel to the stretching lineation (Bell & Hammond, 1984),
explains the mirror orientation of the CPO in the two limbs (Figure 8e) and synthetic shearing in the recrystal-
lized part between the two limbs. The general dextral shear sense is indicated by the oblique shape preferred
orientation of gz, grains (Figures 8b and 8d). The upper limb has moderate-light CL shade and 3.3-3.7 ppm [Ti]
(SIMS-profiles 3, 5, 6). The presence of localized clusters of GB pores within the porphyroclast associated with
darker CL shades is related to an intracrystalline zone of recrystallized grains (black arrows in Figures 8a—8d).
The lower limb shows a more heterogeneous CL pattern corresponding to a larger variation in [Ti] (2.0-3.9 ppm;
SIMS-profiles 1,4, 5). The set of thin CL-brighter lines corresponds to deformation lamellae (Figures 8g and 8h).
The wedge-shaped recrystallization grz, zone shows homogenous dark CL shade, 0.2-0.5 ppm [Ti] (SIMS-pro-
files 2, 4, 5) and abundant GB pores (Figures 8c, 8g and 8h). Note, at the tip of the recrystallized zone, the dark
CL pattern continuous several tens of micron along the HAB (between the two limbs) with no evidence of new
recrystallized grains but with a high density of GB pores (“x” in Figures 8f-8h). The CPO of the recrystallized
zone consists of an oblique, single girdle with c-axis Y-maximum and peripheral sub-maxima (nearly overlapping
with the host grain CPO) linked to low-strain tip of the recrystallized zone with a host-controlled CPO related to
the lower limb (Figure 8f). There is no noticeable change in CL shade within the porphyroclast associated with
the strain gradient toward the tip of the recrystallized zone (Figures 8f—8h). A dark CL shade is also observed
for very thin (single-grain-thick) microshear zones of recrystallized gtz,, showing HAB porosity (Figures 8f-8h,
black arrows). There is also no noticeable change in CL shade between recrystallized aggregates of grz,, and gtz,,
(Figures 8f and 8h).

4.2.2. Monocrystalline Lenticular Quartz

Qrz, grains are progressively stretched into lenticular, high aspect ratio, monocrystalline grains bending into
the mylonitic foliation subparallel to the vein boundary (e.g., Figure 5a). Qrz, grains less favorably oriented for
prism<a> slip (c-axis angle to Y: >54°) tend to recrystallize as soon as the clasts bend into the shear foliation
(ribbon-clast-1, 2 in Figure 10a). This goes along with the overall change to darker CL shades associated with
the appearance of a high spatial density of GB pores (Figure 11a). The recrystallized grains commonly con-
tain CL-brighter remnant cores. Extensive recrystallization is especially observed for ribbon-clasts with c-axes
at the pole figure periphery (ribbon-clast-1). Instead of a main clustering of LAB misorientation axis parallel
to <c> a tendency around {m} is evident suggestive of basal<a> and/or é<c+a> slip (Neumann, 2000; Fig-
ure 10c-I). Deformation zones, showing different degree of recrystallization, are commonly localized between

Figure 6. Site 1, cluster of gz, porphyroclasts (I-IV) within (ultra)mylonitic matrix as marked in Figure 4e. (a) SEM-CL image with Ti-in-qtz data. SIMS analysis spots
(c. 15 pm) are color-coded with respect to Ti concentration [Ti] — key is given. (b) EBSD map (step size: 500 nm) color coded with respect to Euler angles. Internal
substructure is highlighted by superposition of transparent Euler map on the band contrast map. (c) Variation of the CPO of (ultra)mylonitic flow fabric around clast.
Orientation data of two specific areas are plotted as pole figures (left column; density maxima are given as multiple of random distribution, mrd) and misorientation axis
plots (right column) of LAB (inverse pole figure: crystallographic reference system; pole figures: sample reference system). (d, e) Optical microphotographs (PL, XPL).
Note, the spatial density of fluid-related GB pores correlates with CL variation in (a). (f—i) Porphyroclast II: magnification of the porphyroclast margin outlined in a-e.
Black lines indicate grain boundary (GB) of quartz clast. In (f) decreasing CL intensity in clast toward GB corresponds to higher subgrain boundary (SGB) density
shown in (i), whereas the SGB density is relatively low (g). In (d) and (g), the line of spots corresponds to the SIMS analyses. (i) Clast in EBSD orientation map is color
coded with respect of texture component in blue, surrounding recrystallization matrix to Euler angles. Boundary level coding follows Figure 5.
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Figure 7. Density distribution of fluid-related GB pores between recrystallization matrix and porphyroclast II of Site I as marked in Figure 6. (a) Backscatter
orientation contrast (BSE-OC) image of area marked in CL image - see inset. (b) EBSD map of same area as in (a) (step size 500 nm). Orientation data are color-coded
with respect to the Y-axis of the pole-figure - see inset. Boundary level coding follows Figure 5. (c-d) Optical micrographs (PL, XPL). Open circles mark same positions
in the images (a—d). Fluid-related pores mainly follows HAB (black arrows) and less frequently along LAB (white arrows) of smaller new grains (upper part of a and b).
LAB in the porphyroclast are nearly free of pores.
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Figure 8. Site 2, quartz clast within (ultra)mylonitic matrix as marked in Figure 4e. (a) SEM-CL image with Ti-in-qtz data. SIMS analysis spots (c. 15 pm) are color
with respect to [Ti] — key is given. (b and c) Optical microphotographs (XPL, PL). Note, density of fluid-related GB pores in (c) corresponds with CL variation in

(a). Black line in (a—c) indicates GB of quartz clast. (d) EBSD map (step size: 500 nm): transparent superposition of Euler and band contrast map. (a—d) Within the
porphyroclast a localized cluster of fluid-related GB pores (b, ¢) associates with darker CL shades (a) and relates to an intracrystalline zone of recrystallized grains

(d) (black arrows). (e) Orientation data of clast domains are presented as pole figures and misorientation axis plots of LAB (IPF and PF) — see Figure 6c. (f) Enlarged
EBSD area as marked in (d). C-axis pole figure of recrystallized grains at the tip of the microshear zone is given — see inset. For Key of LAB and HAB see Figure 5. (g)
Optical microphotograph (PPL) of area as marked in (f). (h) SEM-CL image of same area as presented in (g). CL variation corresponds to density of fluid-related GB
pores shown in (g). In (f-h) black arrows mark intracrystalline deformation zone traced by HAB. White arrows mark recrystallization zone below the clast. “x” marks
the position of the tip of the dark CL feature. Note, in the EBSD map (f) the location of “x” is several tenth of micron away from the recrystallized tip of the microshear
zone and is located on the HAB between the upper and lower limb where no new recrystallized grains are developed. Oblique features in (g and h) are deformation
lamellae.

the ribbon-clasts. However, independently of the accommodated amount of strain, the localized zones reveal a
resetting toward low CL intensities and low [Ti] (0.3-1.0/ 1.8 ppm; SIMS-profile 13, Figure 11a).

4.2.3. Quartz Ribbons

In general, quartz ribbons preserve a light CL shade similar to, or slightly darker than that of gtz, grains (Fig-
ure 11a). The corresponding [Ti] vary between 3.0 and 4.7 ppm (lighter ribbons: ribbon-1, 2) and 1.6-3.2 ppm
(darker ribbons: ribbon-3, 4). All ribbons contain a high spatial density of LABs (Figures 11b-IV, Figure S5d in
Supporting Information S1) with a main cluster of misorientation axes around <c¢> and additional sub-clusters
toward {r}/{z} and {&}, even for misorientation angles >10-15° (Figure 10c-I ribbon-4). The internal HAB are
mostly not interconnected. The cellular-structure with a brighter CL shade present within some ribbons (e.g.,
ribbon-2, Figure 11b) corresponds to LABs not associated with detectable [Ti] variations likely corresponding
to intrinsic lattice defects of SGB (Hamers et al., 2017). Ribbons with the c-axis next to the Y-axis (c-axis angle
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Figure 9. (Ultra)mylonite microstructure (sample HS-H2-2). (a) Optical microstructure (XPL). (b) SEM-CL image of same area as (a). (c) EBSD map (step size

200 nm) of area as marked in (b) color-coded with respect to Euler angles. White lines in (a—c) marks CL banding. Note in (a and c), elongated gtz,, grains (aspect ratio
up 10:1) are highly substructured and show an oblique shape preferred orientation (SPO). (d) Orientation data of different CL-bands (I-III) are presented as pole figures
and misorientation axis of LAB (2-15°) as inverse pole figures. Note, the main cluster around <c> indicates prism<a> slip (Neumann, 2000). Density maxima (mrd)
are given. (e) Elongated substructured grain shows a dispersion path around <c> and a clustering of LAB misorientation axis in inverse pole figures also around <c>.
(f, g) Microstructure of elongated and highly substructured quartz grains. EBSD maps (left) and corresponding OC images (right). Subgrain size is in the same order as
the new small grains; 1-10 pm. White arrows in (f) indicate LAB; black arrows indicate HAB in (g), decorated with pores. Boundary levels in EBSD maps follows key
of Figure 5.
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to Y < 25°; ribbon-2) are the most elongated (up to 1 cm long and 250 pm thick; Figure 10a, c-I). The LAB mis-
orientation axes are subparallel to <c> and correspond to prism<a> slip (Neumann, 2000). Ribbons with c-axis
orientation between Y and Z (angle 40-44°) show a main clustering of LAB misorientation axes (sub)parallel
to <c> but also toward {r} and {z}. This suggests the occurrence of both prism<a> and rhomb<a> slip (Neu-
mann, 2000). These grains show a higher degree of recrystallization at their ends where the CL shade becomes
darker. In general, ribbons are nearly free of porosity (Figures 10b-II, Figure S5c in Supporting Information S1),
except for specific clusters and zones of incipient recrystallization.

4.2.4. Strongly Deformed, Pervasively Recrystallized Aggregates

Pervasively recrystallized aggregates are characterized by extinction banding and corresponding CL shade vari-
ations (layer thickness 100-500 pm; Figures 4a and 4b; 9a, b; 10a, 11a). The CPO of the different layers indicate
a variation in the distribution of the c-axis sub-maxima within the c-axis girdle, mainly located between the Y
and Z direction of the pole figures (Figure 9d and 10c-II). The distribution of LAB misorientation axes mainly
clusters around <c> in the inverse pole figures (IPF; Figure 9d and 10c-II). We used the density distribution in the
IPF (multiple of random distribution, mrd, for misorientation angle interval 2—10°) to quantify the activity of slip
system, especially prism<a> when the highest cluster density is around <c> (Neumann, 2000). The mrd values
of IPF varies for different CPOs (position of the c-axis sub-maxima). In general, the closer the c-axis sub-max-
ima to the Y-axis the higher the mrd of LAB misorientation axes in the IPF with a main clustering around <c¢>
(Figures 10c-1I). For some (ultra)mylonitic areas there is a tendency that layers with dark CL shade show higher
mrd values, corresponding to c-axis clustering toward Y-axis (e.g., mylonite-5 - dark CL, mrd 4.2; Figure 10c-11
and 11a). Adjacent layers with a brighter CL signal are characterized by lower mrd values and more peripheral
c-axis sub-maxima in the pole figures (mylonite-3 and 6 — brighter CL, mrd 2.9 and 2.8; Figure 10c-1I and 11a).
The layers with darker CL shade commonly display a higher degree of smaller (sub)grain size and accompanied
higher spatial density of GB pores than CL-brighter layers. However, this is not always true and no strict corre-
lation between CL shade, CPO, misorientation axis distribution, (sub)grain size and density of GB pores can be
demonstrated. For example, the ultramylonitic area in Figure 9a is completely recrystallized (giz,, ,) and shows
extinction banding. The recrystallized layer with brighter CL shade (thickness 300 pm) (layer-1I in Figure 9b) is
surrounded by either sides by recrystallized layers with darker CL shade (layer-I & 1II in Figure 9b). However,
the brighter CL layer-1I shows a cluster of c-axes in the center of the pole figures (Y-axis), whereas the c-axis
sub-maxima of the adjacent layers-I and III (dark CL) tend to localize further away from Y and/or a located near
the pole figure periphery (Figure 9d). This is also reflected by the mrd values of the LAB misorientation axes
(clustering around <c> in the IPF) showing higher values for layer-1I (mrd 7.45) compared to the adjacent layers,
layer-1 (mrd 4.58) and layer-11I (mrd 5.29). Further, all three layers show the same (sub)grains size distribution
and there is no obvious variation of the spatial density of GB pores. Pores occur mainly along HAB but are also
present along LAB (Figures 9f and 9g).

In sample MS-09a the strongly deformed vein portions show a characteristic extinction banding but a relatively
minor corresponding variation in CL shade (Figures 4c and 4d). With respect to the protomylonitic part of the
sample, the (ultra)mylonitic aggregate (recrystallized gtz, grains) has a similar CL shade which is only slightly
reduced (Figure 4d). A strong reduction in the CL shade is only observed in strain shadows and microshear zones
between coarse quartz clasts (arrows in Figure 4c, 4d, 4g and 4h). It is important to note that only the microstruc-
tures with a dark CL shade contain a high spatial density of GB pores. In contrast, the (ultra)mylonitic matrix
with its relatively homogeneous, moderate CL shade is characterized by a very low density of GB pores, except
very locally along HAB.

Figure 10. CPO of quartz ribbon grains () and (ultra)mylonitic layers (m) in high strain part of quartz vein. At the margin of the vein (lower part) ribbon-clasts (rc)
are developed. (a) Optical microphotograph (XPL). (b) EBSD map color-coded with respect to Euler angles. Area is given in (a). White/black lines marks CL layering
and blue lines mark the boundary between gz, vein and (ultra)mylonitic fabric based on CL image (Figure 11a). (c) Orientation data of (I) quartz ribbons, ribbon-clasts
and (II) (ultra)mylonite layers plotted as pole figures (PF) and misorientation axes as inverse pole figures (IPF). Maxima of contoured PF and IPF area given (mrd).

In contoured c-axis plots of ribbons and the c-axis data plot of ribbon-clast-2 the angle between the maximum and the center of the pole figures (Y-axis) is given. For
ribbon-clasts and exemplary for ribbon-4, misorientation axes are plotted for specific misorientation angle intervals up to 40°. Note, for ribbon-4 the axes persistently
clusters around <c¢> for the entire range of misorientation angle (2-40°). This indicates that even high angle boundaries (>10-15°) are controlled by mainly prism<a>

slip.
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The SIMS data reveals very homogenous low [Ti] (0.3-0.6 ppm) for the dark CL layers (Figure 11a). The
CL-brighter (ultra)mylonitic layers are more heterogeneous in the [Ti] (0.8-2.2 ppm) as reflected in the heter-
ogeneous CL shade. Many of the elongated recrystallized grains (gtz,,) show CL-brighter cores and CL-darker
structures along the HAB (especially where GB pores are evident). In general, the CL shade can vary within and
between these layers.

4.3. Late-Stage Quartz (gtz;) Veins

Late-stage quartz (gtz;) veins (locally associated with chlorite) crosscut the foliation of the deformed quartz veins.
These veins are easily identified in CL images by their dark, homogeneous shade crosscutting the CL banding
of the protomylonitic to (ultra)mylonitic microstructure (Figures 11a, 12b—12d and 12f). Thin gtz, veins can be
easily overlooked under the optical microscope due to the epitaxial growth of the quartz infilling on the host-vein
quartz (Figure 12a). These veins are slightly involved in ductile deformation and show the same type of deforma-
tion features as the hosting deformed quartz and therefore are referred to as a syn-kinematic late stage quartz (see
also Menegon & Fagereng, 2021). In Figure 12f the host ribbon grain (r-2) and the filling of the crosscutting gz,
vein show (a) the same dispersion patterns of the CPO in the pole figures, and (b) similar clustering around <c>
and around the Y-axis in the misorientation axis plots in crystal and sample coordinates, respectively. Only minor
dynamic recrystallization is recorded in the gtz veins as result of the low accumulated strain. The homogeneous,
dark CL shade corresponds to [Ti] in the range of 0.1-0.5 ppm (mainly 0.1-0.3 ppm) (SIMS-profile 5, 6, 11 and
12 in Figure 11a).

4.4. Chlorite Thermometry

We applied chlorite thermometry (Bourdelle, 2021) to obtain independent information on the deformation tem-
perature to complement the Ti-in-quartz estimates. This method has been shown to be particularly efficient for
determining deformation temperature in the greenschist facies (Calzolari et al., 2018; Cantarero et al., 2014; Lac-
roix et al., 2012; Mizera et al., 2020; Zihlmann et al., 2018). We used the calibration of Vidal et al. (2005, 2006),
which is based on two independent internal equilibria amongst the end members of the chlorite solid solution in
presence of quartz and H,O (see Ganne et al., 2012 for calculation details).

From three different microstructural sites in three samples (Figure S6 in Supporting Information S1) syn- and
late-mylonitic chlorites were analyzed with an electron probe microanalyzer (see methodical section in Sup-
porting Information S1). The equilibrium temperature was calculated for each analysis, assuming a pressure
of 0.3 GPa (Table 1, see Section 5.3.2.2. for explanation). Syn-kinematic chlorite from microshear zones and
strain shadows (Figure S6a in Supporting Information S1) yields temperatures between 238 and 268°C. Chlorite
growing in garnet cracks is interpreted as syn-to late-kinematic (Figure S6b in Supporting Information S1) and
yielded temperatures in the range between 272 and 352°C. The unoriented chlorite from a syn-deformational
qtz, vein crosscutting the mylonitic foliation (Figure S6¢ in Supporting Information S1, see Section 4.3) yields
temperatures between 265 and 333°C.

The estimated temperatures are affected by an error of 30°C (Plunder et al., 2012) to 50°C (Powell & Hol-
land, 2008). Increasing the ambient pressure to 0.5 GPa results in an increase of the sample average temperature
of less than 10°C. A high degree of oxidation tends to yield a low temperature (Vidal et al., 2005, 2006). There-
fore, the largest source of error is likely to be the unknown ferrous/ferric iron ratio of each chlorite analysis.
However, tests carried out by varying the range of ferrous/ferric iron indicates that its impact remains within
50°C. With an uncertainty of 50°C, the average temperatures in the three microstructural sites overlap within
error, implying that syn- and late-kinematic chlorite grew at similar conditions. Only one sample yielded tem-
perature consistently below 300°C (Table 1). Owing to the irregular surface of chlorite in microshear zones and
strain shadows in this sample (Figure Sé6alll in Supporting Information S1) and the small number of analyses,

Figure 11. (a) SEM-CL image of (ultra)mylonite microstructure including (ultra)mylonitic layers (m), ribbon grains (r), ribbon-clasts (rc) and crosscutting late-stage
quartz (gtz,) vein. SIMS analysis spots are color-coded with respect to [Ti] - key is given. (b) (I-III) Enlargement of an area of ribbon-2 (r-2) as marked in (a). Black
lines in (I, IT) represent upper and lower GB of ribbon-2. (I) SEM-CL image. (II, III) Optical microphotograph (PPL, XPL). In (I) ribbon-2 shows low spatial density
of fluid-related GB pores compared to the adjacent (ultra)mylonitic layers, corresponding to CL intensity variation in (a). (IV) EBSD map (step size: 500 nm) of area as
marked in (I-III) color coded with respect to Euler angles. Boundary levels follow those of Figure 5. Note high spatial density of subgrain boundary in quartz ribbons.
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Figure 12. Late-stage quartz (gtz,) veins crosscutting the protomylonitic (a-d) and (ultra)mylonitic (e-h) microstructure. Optical microphotographs (XPL; a, ) and
corresponding SEM-CL images (b-d, f). (e-h) Qrz, veins crosscutting the (ultra)mylonite are syn-kinematically deformed. (g) EBSD map (step size: 500 nm) of area as

t=
marked in (f). White lines in () and (g) mark boundaries of gz, vein. (h) Orientation data of ribbon-2 and gtz, vein are plotted as pole figures (PF) and misorientation
axes of LAB as inverse pole figures (IPF) and PF.
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Table 1
Results of Chlorite Thermometry Showing the Number of Analyses, the Calculated Temperature Range, Average and
Standard Deviation for Each Microstructural Site of Figure S6 in Supporting Information S1

Microstructural site n T min [°C] T max [°C] avg T [°C] std T [°C]
A: Chl in strain shadow or microshear zone 13 238 268 255 11
B: Chl in garnet cracks, retrogression product of garnet 31 272 352 315 24
C: Chl in gtz-, vein 38 265 333 300 19

less weight should be put on this sample. We therefore conclude that chlorite thermometry provides a reasonable
estimate of 300 + 50°C for the deformation temperature, most likely in the upper part of this range.

5. Discussion
5.1. Conditions of Quartz Vein Formation and Deformation

The high temperature grain boundary migration microstructure (>500°C; e.g., Stipp et al., 2002) of the coarse-
grained quartz veins (Figure 3), and its structural position, points to crystallization condition syn-kinematically to
the main foliation evolution during amphibolite-facies conditions at 510-590°C and 0.5-0.6 GPa (Linner, 1999).
The quartz veins were later exploited as ductile shear zones along a sub-vertical ca. W-E-striking pseudotachy-
lyte-bearing fault/shear zone, with dextral strike-slip kinematics, cutting discordantly the main foliation of the
host rocks. A strike-slip kinematic, and the association with pseudotachylytes, is typical of the Oligocene-Mio-
cene faulting in the Austroalpine and Penninic units of the Eastern Alps (Ceccato & Pennacchioni, 2018; Manck-
telow et al., 2001). These strike-slip faults accommodated shortening and the lateral escape of the Alpine stack at
the front of the Dolomites indenter (Ratschbacher et al., 1989). Since only dextral shear sense is recorded in the
mylonites and the brittle fault rocks, the shear zone most likely belongs to the dextral Periadriatic fault system
active after 30 Ma (Mancktelow et al., 2001). This postdates the Cretaceous/Paleocene exhumation constrained
by biotite Rb/Sr ages (Linner, 1999) and indicates that deformation took place at the base of the upper crust,
consistent with (i) the temperatures estimated from the chlorite thermometry, and (ii) the occurrence of ultra-cat-
aclasites and pseudotachylytes coeval with ductile shearing in the quartz veins.

5.2. Resetting of [Ti] During Deformation

Resetting the initial 3—4 ppm [Ti] of coarse-grained gtz, grains down to 0.3-0.5 ppm of recrystallized gz, grains
in strongly deformed domains is heterogeneous. Two main factors apparently caused resetting of the [Ti]: (a) the
amount of free available fluids in combination with dynamic recrystallization is responsible for the strongest re-
setting, and (b) the development of SGB is responsible for a minor resetting. The SIMS analyses have established
the strong correlation between the CL shade and [Ti]. In the following we use the term resetting to indicate the
decrease of the [Ti] with respect to that of pristine vein quartz crystals, corresponding to change to darker CL
gray shades. We discuss the influence of different parameters (fluids, recrystallization, CPO, clast orientation and
strain) on the [Ti]/CL resetting.

5.2.1. Effect of Fluids

Syn-kinematic infiltration and/or re-distribution of free aqueous fluids (e.g., released from fluid inclusions of
the protolithic quartz vein grains during deformation) played a major role in [Ti] resetting. We have no evidence
that these fluids moved out of the quartz vein system during deformation. The main mechanism producing grain-
scale fluid pathways is SGR recrystallization resulting in a pervasive network of fluid-permeable GB. As a result,
there is a general switch to dark CL shades and low [Ti] from gtz, coarse grains to gtz, recrystallized aggregates
(e.g., Figures 8f—8h). GB permeability is witnessed by widespread occurrence of pores along HAB, as reported
in other quartz mylonites (Fitz Gerald et al., 2006). In contrast, LAB are either free of porosity or show only
minor porosity (e.g., Figure 5i-5k and 7). The syn-kinematic fluid infiltration is well documented in Figure 6a,
where there is a distinct degree of [Ti] resetting, in the recrystallized quartz matrix surrounding the composite
quartz porphyroclast, between the low pressure domains (preferential sink of fluids, stronger resetting) and the
high pressure domains (weaker resetting) (see schematic stress field, marked in Figure 6a). The contrast in CL
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shade between extensional and contractional sites is not associated with a change of CPO of the gtz, aggregate or
of the active slip systems (Figures 6a—6c¢). [Ti] resetting along GB commonly affects a thickness by as much as
several tens of microns (Figure 6a, Figure S4 in Supporting Information S1). An enhanced resetting may result
from a combination of dissolution and precipitation along GB (Yund & Tullis, 1991). Especially in dilation sites a
resetting by precipitation is very likely (e.g., Figure 4S) even when it cannot be unambiguously shown. Complete
resetting is also evident even where the degree of recrystallization and the strain are low (e.g., tip of recrystalli-
zation zone in Figures 8f—8h) or is strictly localized along interconnected intracrystalline HAB (black arrows in
Figures 8f-8h). On the other hand, in high strain zones at the shortening quarters around clasts the GB fluid was
drained and moved to extensional and dilatant zones under microscale pressure gradients (Figure 6a). Therefore,
in shortening quarters resetting took place to a minor extent despite the pervasive dynamic recrystallization (see
also Section 5.2.1.2). Within strongly localized and recrystallized microstructures, for example, interconnected
microshear zone network in the protomylonites (black arrows in Figures 4a—4d, Figure 5a and 5b, Figure S3 in
Supporting Information S1) or between clasts in the (ultra)mylonites (white arrows in Figures 4c and 4d, black
arrows in Figures 4g and 4h), available fluids were concentrated and promoted a strong resetting (Figure S3 in
Supporting Information S1).

A CL shade gradient toward the grain interior is observed along GB and locally along SGB (e.g., Figure 5e).
Cherniak et al. (2007) showed that diffusion distances are limited at low temperatures. Ti volume diffusion
over a distance of 1 pm is estimated to take more than 1 Ma at ~300°C (the inferred deformation temperature
of the investigated quartz veins). This diffusion rate is too sluggish to explain the observed 3-10 pm-thick [Ti]
zonation. However, dislocations can act as fast diffusion pathways in a process known as pipe diffusion (Legros
et al., 2008). Most diffusion experiments have been carried out under static conditions and therefore proba-
bly underestimate diffusion rates of deformation microstructures (Chakraborty, 2008, and references within). In
deformation experiments, Yund et al. (1981) concluded, based on dislocation density gradients, that pipe diffu-
sion enhanced the diffusion coefficient for oxygen and therefore promoted faster chemical exchange in albite.
Piazolo et al. (2016) showed direct evidence by atom probe tomography that trace elements within deformed
zircons are concentrated along dislocations piled up at SGB. For the quartz veins studied here, [Ti] are too low to
carry out atom probe analysis. However, CL gradients are mainly occur where GB and SGB are correlated with
a high density of fluid-related pores, implying that diffusion is promoted by the presence of fluids in. Nachlas
et al. (2018) speculated that enhanced diffusion along dislocation structures (pipe diffusion) may also contribute
to [Ti] resetting.

5.2.1.1. Effect of Subgrain Boundaries

Resetting related to SGB ranges from (a) a strongly localized effect along individual SGB to (b) a nearly homoge-
neous effect in strongly substructured (high spatial density of SGB) domains. In both cases, associated GB pores
are basically absent, and the degree of resetting is minor compared to wetted GB and SGB.

(i) Local [Ti] resetting along SGB

In Figure Se the network of thin dark-gray CL linear features within the gz, grain correspond to a LAB network
(Figures 5f and 5k). Dislocations along SGB can cause non-bridging oxygen hole center defects under electron
irradiation and act as intrinsic defects producing a 650 nm emission peak in the red wavelength range in quartz
(Hamers et al., 2017 and references within). However, the CL network described above is not visible using a
red filter (600-700 nm) or as brighter structures in the polychromatic CL images (as e.g., seen in Figure 11b-
I). This observation excludes intrinsic defects being responsible for the observed CL features. We suggest that
diffusion along SGB caused decreasing [Ti] (see Section 5.3). Note that the very localized CL shade darkening
along SGB is too small for SIMS analysis (beam spot size ca. 10 X 15 pm, see methodical section in Supporting
Information S1). Nachlas et al. (2018) experimentally simulated prograde deformation conditions by deforming
Ti-undersaturated coarse-grained quartz clasts in a fine-grained Ti-saturated quartz matrix. They observed slight-
ly brighter CL shades along SGB and to some extent also broader diffusion pattern from the SGB into the host
grains. It was concluded that a higher [Ti] concentration occurred along SGB by diffusion.

(ii)) Homogeneous [Ti] resetting in areas with high SGB density

The margin of deformed gtz, porphyroclasts commonly shows a gradual darkening of the CL shade toward the
adjacent, CL-dark gtz, mylonitic matrix. This effect is especially marked where a high spatial density of SGB is
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present at the clast margin (Figures 6f—6i). The corresponding partial [Ti] resetting (up to 50 pm, SIMS-profile
13 in Figures 6a and 6f) cannot result from sluggish volume diffusion of Ti (see above and Section 5.2.1.). Rather
syn-kinematic rearrangement of SGB and migration within the relatively highly strained grain margins can ex-
plain the process of resetting. SGB migration was observed in metals, analogue materials (Drury et al., 1985; Urai
et al., 1986) and in rock-salt (Bestmann et al., 2005). Nachlas et al. (2018) argued that SGB migration is able to
reset the deformed parts of the grain, where SGR recrystallization is evident, to a uniform higher [Ti] compared
to the host.

5.2.1.2. Effect of Clast Orientation, Strain, Recrystallization, and Available Fluid in Strongly Deformed
Vein Portions

Highly strained quartz ribbons with high SGB spatial density and misorientation axes around <c> preserve
the pristine CL/Ti signal (e.g., ribbon-2, Figures 10 and 11). This was also observed in the experiments of Na-
chlas et al. (2018). Therefore, continuous SGB rearrangement by mainly prism<a> slip, not leading to dynamic
recrystallization, allows homogeneous crystal deformation without resetting. Only marginal resetting took place
within the quartz ribbons, which are nearly free of GB pores that act as barriers for fluids. However, at incipiently
recrystallized ribbon tips, a higher spatial density of GB pores is evident and is associated with stronger resetting.

In the ultramylonite with the characteristic extinction banding there is no strict correlation between [Ti]/CL and
the CPO (LAB misorientation axis and related slip systems), the density of GB pores or the (sub)grain size (Fig-
ures 10 and 11). However, the original orientation of the vein crystals plays a major role for the microstructural
evolution during increasing deformation (Ceccato et al., 2017). The degree of the [Ti] resetting depends strongly
on the amount of the available fluids, and only to a minor degree on the “cycles” of dynamic recrystallization
(Takaki et al., 2009). A strong [Ti]/CL resetting occurs where fluids were (a) channeled in microshear zones
(e.g., Figure 4c, 4d, 4g and 4h as marked by arrows; Figure S3 in Supporting Information S1), (b) concentrated
in extensional quarters (strain shadows) around porphyroclasts (e.g., inset in Figures 4b and 6a) and (c) concen-
trated in dilatant sites of boudinage-like structures (e.g., Figure 6 and Figure S4 in Supporting Information S1,
see also Bestmann & Pennacchioni, 2015). Figures 4c and 4d shows an example (marked by white arrows) where
the dark CL shade indicates [Ti] resetting due to fluids directed preferentially into strain shadows and channeled
in microshear zones between the array of clasts aligned in one layer in the mylonitic matrix. Comparable strain/
recrystallization microstructures with lower fluid/rock volume ratio show minor [Ti] resetting (e.g., shortening
quarters around porphyroclasts, Figure 6a) than the ones with a high fluid/rock volume ratio (Bestmann & Pen-
nacchioni, 2015). Thus, the moderate and incomplete resetting took place under relative dry conditions due to
continuous rearrangement and movement of SGB and GB during ongoing cycles of SGR recrystallization. This
observation is supported by Ashley et al. (2014) and Bestmann and Pennacchioni (2015) who previously suggest-
ed the importance of an inter-crystalline fluid to promote Ti-removal from quartz during deformation by SGR
recrystallization.

In summary, under conditions where SGR recrystallization and prism <a> intracrystalline slip are predominant,
deformation-induced resetting of [Ti] in the deformed quartz veins remains heterogeneous up to high strain and
pervasive recrystallization. The different crystallographic orientation of the vein crystals determines whether
quartz persists as relatively low-strain porphyroclasts, stretches into mono-crystalline ribbons, or recrystallizes to
mylonitic aggregates. Dynamic recrystallization by SGR represents an efficient process to dramatically increase
the GB surface area per unit volume and importantly lead to an invasive permeability network, allowing fluids to
reach grain interiors and therefore decreasing the diffusion length for compositional exchange. In fact, HAB com-
monly host GB fluids. Therefore recrystallization enhances permeability and fluid-assisted [Ti] re-equilibration.
Microscale strain heterogeneities also result in pressure gradients that guide fluid redistribution and differential
[Ti] re-equilibration between fluid-rich and fluid-poor domains even in fully recrystallized aggregates. We sug-
gest that fluids are the main agent of [Ti] re-equilibration. In contrast to HAB, LAB are in most cases impermea-
ble to fluids and induce only subordinate [Ti] re-setting. Mylonites commonly show a CPO banding where recrys-
tallized and strongly elongated grains gfz,, containing a high SGB density are surrounded by small gzz,, grains.
This microstructure reflects the derivation from original crystals with different crystallographic orientation that
control the selective activation of the main intracrystalline slip systems. This CPO banding is in part reflected in
the [Ti] re-setting indicating that the CPO affects the strength and fluid redistribution with a dependence on the
original orientation of the vein crystals, the amount of strain within each band, and the amount of fluid available.
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5.2.2. Influence of Late-Stage Syn-deformational Quartz (¢g¢z;) Veins

The fluid infiltration associated with the formation of the late-stage giz; veins does not have a significant effect
on the [Ti]/CL signature of the crosscut host mylonitic fabric. The crosscutting new gtz; veins show a homoge-
nous dark CL shade in sharp contact with the CL shade banding of the host quartz vein (gtz,, gz,) except for a
very limited, micron-scale diffusional transition in contact to the ultramylonite (Figure 12f). This indicates that
fluid percolation along the quartz veins was only effective during synchronous mylonitization by crystal-plastic
deformation and no later fluid infiltration contributed to CL/[Ti] resetting. The evolving grain-scale microstruc-
ture during flow (especially associated with new GB formation by SGB recrystallization) provided transient and
mobile porosity allowing fluid transport. This is consistent with the observed partitioning of fluids along pressure
gradients induced by flow perturbation around porphyroclasts (e.g., inset in Figure 4b; Figures 4a and 4d).

5.3. Application of TitaniQ
5.3.1. TitaniQ of Quartz Vein Formation

TitaniQ calibrations (Huang & Audétat, 2012 — HA12; Thomas et al., 2010 — TH10) are based on synthetic
quartz grown from silica-saturated aqueous fluid in presence of rutile. Synchrotron analysis of veins studied
here reveals the occurrence of rutile inclusions within both the coarse quartz vein crystals and the recrystallized
microshear zones (Figure S2 in Supporting Information S1). This constrains TiO, activity to unity (a,o, = 1)
(e.g., Thomas et al., 2010). Assuming the pressure estimates of Linner (1999), the TH10 of pristine [Ti] (3.0-4.7
ppm) preserved in deformed quartz clasts yields 388—410°C (0.5 GPa) and 405-427°C (0.6 GPa). HA12 results
in approximately 100°C higher temperatures; 492-519°C and 507-534°C. Therefore, TH10 calculations are far
below the temperature of amphibolite facies metamorphism (510-590°C, Linner, 1999) during which the quartz
veins have crystallized.

5.3.2. TitaniQ of Quartz Vein Deformation
5.3.2.1. Influence of Deformation Processes and Related Microstructures for Ti-in-qtz Re-Equilibration

Several studies have shown that SGR recrystallization is inefficient to cause [Ti] re-equilibration (e.g., Ashley
et al., 2013; Grujic et al., 2011). Grujic et al. (2011) concluded that only grain boundary migration (GBM) above
~540°C can cause complete [Ti] resetting. Nachlas et al. (2018) showed experimentally that SGB migration is
able to promote [Ti] resetting. Haertel et al. (2013) inferred that during retrograde deformation, SGR together
with fluid-mediated bulging recrystallization were capable of re-equilibrating [Ti] at 350—400°C. However, they
concluded that SGR recrystallization alone was not capable of re-equilibrating [Ti] (Haertel et al., 2013). These
studies infer that SGR recrystallization represents a structural rearrangement of the lattice coupled with grain size
reduction, but does not involve SiO, transport and therefore is not efficient for [Ti] re-equilibration. Further, the
duration (cycles) of dynamic recrystallization and the amount of strain were inferred to play an important role in
[Ti] resetting (Ashley et al., 2014; Bestmann & Pennacchioni, 2015; Kidder et al., 2013; Nachlas & Hirth, 2015).
In this view, ultramylonites (i.e., portion of nearly complete dynamic recrystallization) should represent the best
candidates for applying TitaniQ. Here we show that the amount of free fluids percolating through the specific
microstructure (especially along GB) is critical in controlling [Ti] resetting. A precise strain threshold is not es-
sential, instead almost complete resetting occurs along wetted HAB and/or where dilatation sites provided sinks
for fluids and syn-kinematic quartz precipitation (Bestmann & Pennacchioni, 2015; Haertel et al., 2013). In those
microstructures the [Ti] (0.2-0.3 ppm) is in the same range as in (ultra)mylonitic layers (showing high density of
GB pores) characterized by homogeneous low dark CL and corresponding homogeneous low [Ti] (0.3-0.6 ppm).

5.3.2.2. Application of TitaniQ to (Ultra)Mylonites

As discussed above (Section 5.1), it can be reasonably assumed that the studied veins were deformed near the
base of the brittle-ductile transition of the crust, ~300-350°C that roughly occurs at 10-12 km depth (e.g., Hirth
& Beeler, 2015), corresponding to ~0.3 GPa. Acosta et al. (2020) pointed out that HA12 was experimentally
calibrated at lower pressure (0.1-1.0 GPa) than TH10 (0.5-2.0 GPa) and therefore should ideally be more suit-
able for the investigated quartz veins. At 0.3 GPa, the temperatures calculated with the 2 calibrations differs by
ca. 70-100°C for a [Ti] range of 0.2-0.6 ppm and for an a,, range of 0.1-1, with HA12 giving systematically
higher temperatures. Provided the assumed ambient conditions of ~300-350°C are correct, temperature values

in this range are obtained with HA12 with a_. ., =1 (320-369°C) or with TH10 with a_.,, = 0.2 (305-355°C). If
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our multi-methodological microstructural analysis allows identification of proper sites of compositional re-equi-
libration for TitaniQ, the use of HA12 and TH10 calibrations need to have a rigorous constraint on the Ti activity
for the application of the thermometer (and the choice of the appropriate calibration). Small rutile inclusions are
present within the coarse quartz vein crystals as well as along the crosscutting microshear zone showing the same
dark CL shades as the ultramylonitic samples analysed by SIMS (Figure S2g, h in Supporting Information S1).
Further, during dynamic recrystallization rutile inclusions within gz, grains are exposed into the gfz, matrix and
are in contact with the GB fluid. Therefore, we infer that mylonitic deformation occurred under Ti-saturated con-
ditions due to water-assisted rapid diffusion along the interconnected GB network (Bromiley & Hiscock, 2016;
Farver & Yund, 1991; Nachlas et al., 2018; Thomas & Watson, 2014). In summary, the calculated temperature
of 320-369°C using HA12 (as the low-pressure TitaniQ calibration) and a,,, = 1 represents the most reliable
estimate for the mylonitization of the quartz veins. Therefore, the TitaniQ and the chlorite thermometry are well
within error of each other for syn-kinematic deformation. It should be emphasized that, if the partially re-equil-
ibrated mylonitic matrix of the shortening quarters around porphyroclasts (Profile-10 & 15 of Figure 6: [Ti]
1.5-2.5 ppm) is used for TitaniQ thermometry, the calculated deformation temperature is 415-444°C (HA12 at

0.3 GPa, a_. ., = 1) that is, significantly higher than for the extensional reset quarters.

TiO2

6. Conclusions

The studied quartz veins indicate that deformation-induced Ti-in-quartz resetting toward lower concentrations is
possible in the regime of subgrain rotation (SGR) recrystallization. Field constraints and chlorite thermometry
suggest that quartz vein deformation occurred at low temperatures (<350°C) in the ductile field near the base of
the brittle crust. The microstructural complexity of the quartz mylonites requires a careful selection of the do-
mains of most complete re-equilibration for applying TitaniQ. This is only possible through a detailed correlated
analysis by optical and SEM (cathodoluminescence, CL; backscatter orientation contrast, BSE-OC; electron
backscatter diffraction, EBSD) microscopy as a necessary pre-requisite to Ti measurement by secondary ion
mass spectrometry (SIMS). The measured [Ti] in most complete re-equilibrated mylonitic domains (e.g., strain
shadows or microshear zones) yield consistent TitaniQ temperatures for the condition close to the brittle-ductile
transition and rutile-buffered Ti activity (320-369°C applying HA12 calibration at 0.3 GPa).
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