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ARTICLE INFO ABSTRACT

Editor by Dr A Webb Garnet is a key mineral in constraining the conditions and timing of metamorphism. Changes in its elemental
composition can record distinct pressure (P) and temperature (T) conditions, and information on timing can be
retained by its isotopic systems. Due to its mostly rigid behavior during deformation and high closure temper-
ature for Lu-Hf diffusion, garnet geochemistry is interpreted to reflect garnet growth undisturbed by subsequent
ductile deformation. However, nanoscale observations demonstrated element mobility into intracrystalline de-
fects and suggested that garnet may not be as geochemically robust as commonly thought. Here, we assess the
efficiency of dislocations in promoting grain-scale element mobility in garnet porphyroclasts naturally deformed
under high-T conditions using a range of high-spatial resolution microstructural and chemical-isotopic tech-
niques. We show that the development of low-angle subgrain boundaries in response to dislocation creep is
insufficient to promote grain-scale element mobility. However, we find that Ca, Mg and trace elements (e.g., La,
Ce, Lu, Hf, Sm, Ti, Zr and U) are mobilised on the grain-scale when the dislocation density exceeds the threshold
to form a dislocation network. Although dislocation networks can enhance element mobility, the differences in
P-T conditions from ‘low’- and ‘high-strain’ domains are negligible and unresolvable, reinforcing its geochemical
robustness to estimate the prograde garnet growth conditions. Nevertheless, dislocation networks facilitate syn-
kinematic diffusional Hf loss and Lu gain, demonstrating that garnet intracrystalline deformation can impact the
Lu-Hf geochronometer. These observations indicate that isotopic resetting in garnet is more complex than
previously assumed in rocks that underwent high-strain and temperature deformation.
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1. Introduction titanite (Papapavlou et al., 2017; Kavanagh-Lepage et al., 2022), and

apatite (Ribeiro et al., 2020; Odlum et al., 2022). However, the effects of

Garnet is a common metamorphic mineral in medium- to high-
temperature shear zones where it typically forms rigid porphyroclasts
within a higher strain matrix (Wang and Ji, 1999). The composition of
garnet (particularly in terms of major elements) is sensitive to changes in
pressure and temperature (P-T) conditions, and garnet incorporates
sufficient quantities of radiogenic isotopes amenable to dating (Baxter
etal., 2017). These features have made garnet a key mineral in resolving
the P-T-t history of metamorphic rocks and the orogenic belts in which
they reside (Baxter and Scherer, 2013).

Intracrystalline deformation has been shown to disturb key geo-
chronometers like zircon (Reddy et al., 2007; Piazolo et al., 2016),
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such processes on garnet are unclear due to difficulties to petrographi-
cally identify deformed garnet domains, and to carrying out in situ
isotopic analysis. Garnet chemical and isotopic systems have been
interpreted to reflect growth and to be undisturbed by subsequent
deformation (e.g., Voegelé et al., 1998). However, nanoscale studies
investigating the robustness of garnet composition to intracrystalline
deformation have found that dislocations may lead to segregation of
major and trace elements like Ca, Mg, Fe, Na and Ti into intracrystalline
defects (Tacchetto et al., 2022; Dubosq et al., 2023, 2024), which may
act as fast-diffusion pathways or trace element traps (Verberne et al.,
2022). Studies focused on grain-scale chemical modifications suggest
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element mobility associated with intracrystalline deformation at me-
dium- to high-T conditions over 500 °C (Storey and Prior, 2005;
Chapman et al., 2019). However, the rarity of well-developed micro-
structures like subgrains and dislocation networks (Prior et al., 2000,
2002) has prevented a thorough evaluation of the extent of such
recrystallisation process in garnet geochemistry.

Here, we explore the effect of intracrystalline deformation on garnet
chemistry and Lu-Hf chronometry using a novel in situ technique. We
combine microstructural, chemical mapping (major and trace element),
texturally-controlled Lu-Hf isotopic analysis and phase equilibrium
modelling to determine the role of deformation on grain-scale element
mobility in garnet deformed at high-T conditions. Our results provide
new insights into how intracrystalline deformation influences element
mobility and isotopic resetting in garnet under high -strain and -tem-
perature conditions.

2. Background

We studied garnet porphyroclasts from a high-T mylonitic paragneiss
(sample R3-7A) within the Além Paraiba shear zone (APSZ, SE Brazil;
Fig. S1, supplementary material SM'). The NE-trending APSZ is a dextral
transcurrent shear zone within the central Ribeira Belt, an ENE-trending
orogen in southeastern South America associated with the Neo-
proterozoic-Early Cambrian assembly of Western Gondwana
(Campanha et al., 2023). The APSZ extends for ~200 km and deforms
Paleoproterozoic ortho- and paragneiss from the Juiz de Fora Complex
(Paraiba do Sul Terrane; Fig. S1; Giraldo et al., 2019). Conventional
thermometry and titanium-in-quartz thermometry indicate regional
deformation temperature ranging from 600 to 800 °C (Cavalcante et al.,
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2018; Giraldo et al., 2019). The timing of pre-kinematic high-T meta-
morphism spans 595-590 Ma based on zircon U-Pb dates from mylonitic
ortho- and paragneiss (Giraldo et al., 2019), suggesting that the timing
of shearing deformation along the APSZ took place post metamorphic
peak (Heilbron et al., 2008). Monazite U-Pb dates as young as c. 550 Ma
are interpreted to reflect continuous (re)crystallisation after the meta-
morphic peak associated with amphibolite-facies shearing and associ-
ated retrograde fluid flow (Giraldo et al., 2019).

The studied sample is a mylonitic paragneiss primarily composed of
quartz (Qz), plagioclase (Pl), alkali feldspar (Afs), garnet (Gt), biotite
(Bt), and ilmenite (Ilm), with compositional banding marked by Afs- and
Pl-dominated ribbons (Fig. 1A and S2; mineral abbreviations after
Whitney and Evans, 2010). Given the high-T mineral assemblages,
absence of muscovite, and presence of leucocratic layering, we infer that
the peak metamorphic assemblage included anatectic melt. The mylo-
nitic matrix is defined by polygonal Qz-Pl-Afs, and the foliation is
marked by Qz-P1l-Afs ribbons and a spaced Bt foliation (Fig. 1A and S2).
We note the presence of interstitial Afs within Pl-dominated ribbons and
as inclusions in garnet along with quartz. Subhedral garnet comprises
~5 vol. % of the rock, and are commonly wrapped by Qz-Pl-Afs ribbons
to form o-shaped porphyroclasts with asymmetric Bt tails consistent
with dextral shear (Fig. 1A and S2). Garnet contains Qz, Bt, Afs, apatite
and pyrrhotite inclusions, and is crosscut by fractures perpendicular to
the X-direction of the finite strain ellipsoid (Fig. 1A and B). Quartz
displays strong crystallographic preferred orientation with the <c>-axis
close to the Y-direction of the finite strain ellipsoid, indicating recrys-
tallisation under high-T and strain conditions (Fig. 1B and C; Faleiros
et al., 2016).
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Fig. 1. A) Automated mineralogical map from the mylonitic paragneiss (sample R3-7A); B) Plane-polarized light photomicrographs of two studied garnet por-
phyroclasts; C) Quartz texture component map based relative to the yellow-cross; D) Quartz pole figures displayed in lower hemisphere, equal area projection with

contour half-width of 15°.
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3. Methods
3.1. Microstructural characterisation

Three garnet grains were selected for detailed microstructural
characterisation via electron backscatter diffraction (EBSD) mapping.
Crystallographic data were collected on a polished thin section cut
parallel to the kinematic plain (XZ plane in the finite strain ellipse). The
thin section was polished on a Buehler VibroMet II for four hours using
0.05 pm colloidal silica colloidal (ethylene glycol-based) prior to data
collection. A thin carbon coat was applied to mitigate charging (~5 um
thickness). The EBSD analyses were performed using the TESCAN Clara
field emission gun scanning electron microscope equipped with an Ox-
ford Instruments Symmetry EBSD detector in the John de Laeter Centre,
Curtin University. The EBSD data were collected using a 20 kV accel-
eration voltage, 1 nA beam current, 70° specimen tilt and variable step
sizes between 1.5 and 10 pym. Data processing was carried out using the
AZtecCrystal 2.1. Geometrically necessary dislocation maps (GND) were
produced in the same software based on the lattice curvature measured
by EBSD. The GND was calculated using a square Kernel shape with 3 x
3 pixel Kernel size, maximum angle of 10°, and an average Burger vector
1(110).

3.2. Garnet chemistry

Compositional data (major elements) were acquired at the Central
Science Laboratory, University of Tasmania, on a JEOL JXA-8530F Plus
field emission electron microprobe with 5 wavelength dispersive spec-
trometers at an accelerating voltage of 15 kV, beam current of 30 nA,
and beam diameter of 2 um. The calibration setup included analysing
crystals LIFL for Mn and Fe, PETL for Ca and Ti, TAPL for Na and Mg, and
TAP for Al and Si, with Ka lines being used for all elements.

Peak and background counting times were 10 ss for Na, 20 ss for Si,
Ca and Ti, 30 ss for Al and Mg, and 60 ss for Mn and Fe. The background
correction method was linear off-peak for Al, Ca, and Fe, and expo-
nential for Si, Mg, Ti, Mn, and Na. Unknown and standard intensities
were corrected for deadtime. The matrix correction method was PAP
with the LINEMU mass absorption coefficient dataset. Elements were
calibrated against natural and synthetic reference materials such as
synthetic rutile for Ti, natural rhodonite for Mn, natural jadeite for Na
(all P&H Developments, UK), Hematite Harvard H92649 for Fe,
Plagioclase Lake County NMNH115900 for Al, wollastonite (UTas in
house) for Ca, and Olivine MongOL Sh11-2 for Mg and Si. Garnet
structural formulae was calculated using MinPlot (Walters, 2022) using
12-equivalent oxygens. Garnet chemistry data are available in SM2.

X-ray elemental maps were acquired at the same spectrometer set-
tings as above by stage scanning at a dwell time of 50 ms per pixel with a
beam current of 30 nA and beam diameter of 1 ym. Only peak intensity
maps were acquired and the mean atomic number method with cali-
bration curves acquired on standards was used for background correc-
tion. The same -calibration standards as above were used for
quantification. Presentation output X-ray elemental maps were pro-
duced using the XMapTools platform (Lanari et al., 2014).

Trace element mapping was carried out via LA-ICP-MS analysis at
CODES Analytical Laboratories facility, University of Tasmania. The
analyses were conducted on RESOLution SE laser ablation system with
193 nm ArF excimer laser coupled with an Agilent 7900 quadrupole
mass spectrometer. The sample ablation was performed in He atmo-
sphere flowing at 0.35 L.min? and immediately combined with Ar
flowing at 1.05 L.min™. Straight nylon tubing 3 m long was used as an
interface between laser ablation system and ICPMS. Whole imaged area
was covered by a raster of parallel lines. Square laser beam of 9 um was
used with 9 um.sec™? rastering speed along the lines. Ablation was car-
ried out using laser fluence of 3.5 J.cm™ and frequency of 10 Hz. The
measured analytes include 23Na, 24Mg, 2771, 2%, 3'p, “3ca, 5S¢, 4°Ti,
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51y, 53¢y, 55Mn, 57Fe, %7n, 59Ga, 8%V, 9Zr, 118sn, 1391a, 140Ge, 146N,
W7gm, 183y, 157G, 163py, 172yp, 1751y, 1781, 208ph, 232Th and 238U.
Total sweep time was equal to 0.39 s, with individual dwell time of 2 ms
for major elements, and 20 ms for trace elements. The international glass
NIST SRM 612 was used as a primary reference material for initial
quantification and instrument drift correction, while glasses GSD-1G
and BCR-2G were used as secondary reference materials. Quantifica-
tion was performed using 2”Al as the internal standard element obtained
through EPMA analysis given its homogeneous distribution across ‘low’-
and ‘high-strain’ domains (~11 wt. %), normalizing all measured cat-
ions to 100 wt. % oxide total. The LADR software was used to determine
count rates (counts per second) to concentration (pg.g'l, ppm) conver-
sion factors. Trace element maps were constructed using the XMapTools
platform (Lanari et al., 2014) using the concentrations for each element

(ug-g ™).
3.3. Phase equilibrium modelling

We carried out forward phase equilibrium modelling to evaluate the
impact of intracrystalline deformation in the P-T conditions attained in
the garnet ‘low’- and ‘high-strain’ domains. Whole-rock major elements
of sample R3-7A were analysed in fused glass disc using a Panalytical
Axios Max Advanced X-ray fluorescence spectrometer (XRF) at the
GeoAnalitica-USP analytical center following Mori et al. (1999).
Whole-rock composition is available in SM2, along with interlaboratory
reference materials and detection limit for each measured element.

Calculations were performed using GeoPS (Xiang and Connolly,
2022) with 11 components (Si02-Aly,03-K50-CaO-FeO—
NapO-MgO-MnO-TiO,-02-H20) and the database of end-member
mineral thermodynamic properties from Holland and Powell (2011)
(version hp633ver). We considered 14 internally consistent
activity-composition models that include biotite, chlorite, chloritoid,
cordierite, garnet, ilmenite, mica, staurolite, orthopyroxene and melt
from White et al. (2014b, 2014a), epidote from Holland and Powell
(2011), feldspar from Holland et al. (2022), clinopyroxene from Green
et al. (2007) and spinel from White et al. (2002). The water content was
estimated at minimum at the solidus at 8 kbar (T-H20 modelling). We
evaluated the consistency between modelled and observed mineral
modes with isomodes (vol. %) of plagioclase, biotite and garnet
(Duesterhoeft and Lanari, 2020). We further evaluated the influence of
intracrystalline deformation affecting the attained P-T conditions in
garnet ‘low’- and ‘high-strain’ domains using the almandine (Xaim),
pyrope (Xprp), grossular (Xgrs) and spessartine (Xspss) isopleths, consid-
ering the EPMA data obtained from garnet-2 displaying the wider and
well-developed ‘high-strain’ domain.

3.4. Multi-mineral isotopic analysis

Garnet Lu-Hf, apatite and zircon U-Pb and mica Rb-Sr isotopic an-
alyses were carried out in situ on a polished thin section at the Geo-
History Facility (John de Laeter Centre, Curtin University). The
analytical setup includes a RESOlution 193 nm ArF excimer laser with a
Laurin Technic S155 sample cell coupled to an Agilent 7900 quadrupole
mass spectrometer for zircon and apatite U-Pb. Garnet Lu-Hf and biotite
Rb-Sr analyses were carried out using an Agilent 8900 triple quadrupole
spectrometer running in MS/MS mode (Hogmalm et al., 2017; Simpson
et al., 2021; Ribeiro et al., 2024). A ‘squid’ mixing device (Laurin
Technic) was used to smooth the pulses of aerosol between the laser and
mass spectrometer. Unknowns were bracketed with reference materials
to account for instrumental drift and assess accuracy and precision.
Laser conditions, gas flow, and mass spectrometer setup are summarised
in SM! . Garnet Lu-Hf, apatite and zircon U-Pb and biotite Rb-Sr dia-
grams and dates were calculated with IsoplotR (Vermeesch, 2018), with
propagated uncertainties presented as two standard error (2SE). Garnet
Lu-Hf and biotite Rb-Sr isochrons are presented in inverse space
following Li and Vermeesch (2021). Additional technical details are
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available in the supplementary material SM?, and the complete isotopic
dataset are presented in sm,

Garnet Lu-Hf analyses were carried out in two sessions, in which
glass NIST SRM 610 with known 17Lu/'7’Hf and '7°Hf/'7’Hf compo-
sition (Nebel et al., 2009) was employed as primary reference material.
Two secondary garnet reference materials (GWA-1 and GWA-2) were
further employed to account for laser-induced matrix effects and sec-
ondary age checks (Ribeiro et al., 2024). We filtered time-resolved sig-
nals using trace element signals (e.g., Y and Zr) to avoid the potential
influence of Lu- and Hf-bearing inclusions on 1”%Hf/1””Hf, which has not
observed in our dataset (Fig. S1). In session one, GWA-1 yielded a
matrix-uncorrected inverse isochron date of 1323 + 22 Ma (N = 33,
MSWD = 0.9), indicating an offset of ~4.4 % compared to the isotope
dilution Lu-Hf reference age (1267 + 3 Ma; Ribeiro et al., 2024). After
applying this correction factor (1.044) to the 7%Lu/Y7®Hf ratios
following Ribeiro et al. (2024), GWA-1 and GWA-2 yielded matrix
corrected inverse isochron dates of 1269 4+ 22 Ma (N = 33, MSWD =
0.8) and 948 + 26 Ma (N = 30, MSWD = 0.6), respectively, consistent
with reference ages (Ribeiro et al., 2024). In session two, GWA-1 yielded
a matrix-uncorrected inverse isochron date of 1301 £ 15 Ma (N = 27,
MSWD = 1.4), indicating an offset of ~2.7 % compared to the isotope
dilution Lu-Hf reference age. After applying this correction factor
(1.027) to the 7®Lu/'7°Hf ratios, GWA-1 and GWA-2 yielded matrix
corrected inverse isochron dates of 1267 + 15 Ma (N = 27, MSWD =
1.3) and 940 + 27 Ma (N = 29, MSWD = 1.3), respectively, in agreement
with reference ages.

Zircon 91,500 (Wiedenbeck et al., 1995) and Mount McClure apatite
(Schoene and Bowring, 2006) were employed as primary reference
materials for zircon and apatite U-Pb analyses, respectively. Zircon GJ-1
(Jackson et al., 2004) and Plesovice (Slama et al., 2008) were employed
as secondary reference materials and treated as unknowns, yielding
weighted 2°°Pb,/238U mean dates of 609 + 3 Ma (N = 24, MSWD = 1.1)
and 306 £+ 2 Ma (N = 22, MSWD = 1.1), respectively, in agreement with
reference ages. Madagascar (Thomson et al., 2012), Duluth-FC1
(Schmitz et al., 2003; Thomson et al., 2012) and Otter Lake (Barfod
et al., 2005; Chew et al., 2011) apatite were employed as secondary
reference materials and treated as unknowns. Madagascar apatite yiel-
ded a lower intercept date of 467 + 2 Ma (N = 26, MSWD = 0.8) on the
Tera-Wasserburg diagram. The Duluth-FC1 and Otter Lake apatite
yielded lower intercept dates of 1094 + 14 Ma (N = 26, MSWD = 0.7)
and 875 + 10 Ma (N = 1.5, MSWD = 1.5), respectively.

The 8Rb/%0Sr and ®7Sr/%Sr ratios were drift-corrected and cali-
brated against NIST SRM 610 (Woodhead and Hergt, 2001). Matrix
correction of drift-corrected 8Rb/20Sr was applied to biotite analyses
using a fractionation factor obtained from a pressed powder tablet of
phlogopite Mica-Mg that was analysed interspersed with the unknowns,
assuming a crystallization age of 519.4 + 6.5 Ma and %7Sr/%0Sr; of
0.72607 + 0.00070 (Hogmalm et al., 2017). Analyses of unknowns were
bracketed with in-house biotite reference material CKO01 (422 + 6 Ma;
Kirkland et al., 2007) and Mica-Fe (303 + 2 Ma; Rosel and Zack, 2022),
which yielded isochron dates of 418 + 17 Ma (N = 30, MSWD = 0.8) and
300 £+ 6 Ma (N = 30, MSWD = 0.2), respectively.

4. Results
4.1. Garnet microstructures

We observed deformation-related microstructures on four garnet
grains through EBSD mapping (Fig. 2). Garnet-1 displays a well-defined
low-angle boundary (LAB) up to 1.5° with slight crystallographic
misorientation (Fig. 2A). A relatively ‘high-strain’ (i.e., comparatively
more deformed) domain limited by a 2° boundary is present in the lower
right edge (Fig. 2A and B). This domain accumulated up to 5° misori-
entation and displays well-defined LABs forming a small dislocation
network (Fig. 2B). Garnet-1 displays LABs < 1° with three main orien-
tations (b;-bs, Fig. 2B), defining elongate polygonal subgrains of
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variable sizes (~20-500 um). These subgrains are characterised by a
density of tilt boundaries given by the geometrically necessary density
(GND) of ~3 - 10" m with a maximum misorientation angle of 10°.
Crystallographic axes are dispersed along small circles displaying
complexity with divergent clusters (Fig. S4).

Garnet-2 is dominated by a ‘low-strain’ domain displaying LABs up
to 0.5°, with negligible textural misorientation, crosscut by late-stage
fractures (Figs. 2C). The lower-right corner displays a large ‘high-
strain’ domain bounded by high-angle boundaries up to 13°, accumu-
lating ~15° relative misorientation to the garnet core (Fig. 2C and D).
The ‘high-strain’ domain is characterised by a dislocation network with
elevated GND of ~1.5 - 101 m™ compared to garnet-1. The crystallo-
graphic axes of the ‘high-strain” domain are dispersed along small circles
with divergent clusters (Fig. S2).

Garnet-3 is microstructurally dominated by a wide ‘low-strain’
domain bounded by a LAB up to 0.8° with negligible misorientation
(Fig. 2E and F). The ‘high-strain’ domain located in the top right edge is
bounded by a high-angle boundary (4° misorientation), accumulating
up to 35° misorientation compared to the ‘low-strain’ domain (garnet-3
core). Such ‘high-strain’ domain displays a dislocation network with
GND >2.0 - 10'* m?, similar to the ‘high-strain’ microstructures
observed in garnet-2 (Fig. 3D).

Similar to the other garnet grains, garnet-4 is also dominated by wide
‘low-strain’ domains bounded by curved to straight LABs (up to 1.3°),
accumulating negligible misorientation across the grain (up to 2°),
crosscut by late planar fractures (Fig. 2G). The lower corner displays an
asymmetric ‘high-strain’ domain accumulating up to 5° misorientation
relative to the ‘low-strain’ domain (Fig. 2H), characterised by disloca-
tion network with GND of ~1.5 - 10** m™2,

4.2. Garnet major element chemistry

Based on the array of microstructures, we selected garnet-1 and -2 to
evaluate the effect of garnet subgrain recrystallisation and intra-
crystalline deformation (associated with the formation of dislocation
networks) on major element chemistry variability (Fig. 3A and B).

X-ray elemental maps of garnet-1 indicate homogeneous composi-
tion across the subgrain domain (Fig. 3A and C), with a narrow rim
defined by a sharp Ca increase and Mg decrease (Fig. 3C). Minor Ca
enrichment occurs along LABs connected to the mylonitic matrix and
around quartz inclusions (Fig. 3C), which probably facilitated commu-
nication with the mylonitic matrix during retrograde metamorphism.
Garnet-1 has homogeneous Fe and Mn composition across the subgrain
and high-strain domain, lacking signs of microstructurally-controlled
resorption.

Despite displaying similar chemical characteristics to garnet-1, the
X-ray elemental maps from garnet-2 indicate an anhedral faint core with
slightly higher Ca content compared to adjacent ‘low-strain’ domains
(Fig. 3D), and a narrow rim defined by a sharp Ca increase. We note
higher Ca and lower Mg concentration within the ‘high-strain’ disloca-
tion network domain (Fig. 3D), whilst maintaining a homogeneous Fe
and Mn composition lacking signs of resorption.

4.3. Trace element distribution

Complementary to major element analysis, we selected garnet-3 and
-4 displaying a range of microstructures to evaluate the impact of
intracrystalline deformation on garnet trace element mobility.

Garnet-3 display a clear microstructural distinction between the
‘low-strain’ (garnet core with higher P, lower Ca concentration) and
‘high-strain’ (lower P, higher Ca concentration) domains, containing a
well-developed dislocation network (Fig. 4A and B). The ‘low-strain’
garnet core is characterised by mostly homogeneous trace element,
including P, Sc, Ti, Y, Zr, Sm, Lu and Hf, although subtle variations in
association with LABs (decrease in Sc, Ti, V, Zr) and fractures (increase
in Zr and Hf) are observable (Fig. 4B). The boundary between the ‘low-
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Fig. 2. Textural component maps (TC; relative to the white-cross) highlighting the misorientation across the garnet porphyroclasts (A-B, garnet-1; D-E, garnet-2;

E-F, garnet-3; G-H, garnet-4). KAM stands for Kernel average misorientation. Detailed microstructural maps from the high-strain domains are presented in Figs. 3
and 4 along with chemical maps (major and trace elements).
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3; C, garnet-4), grain reference orientation deviation (GROD) of garnet subgrains (D), and associated trace element maps (B, garnet-3; E, garnet-4). Misorientation
and trace element profiles (D-D’) are presented in Fig. 9 (see discussion). Trace element maps and scale-bars display element concentration in ug.g™.

to ‘high-strain’ domain is defined by a sharp trace element transition
(Fig. 4B), decreasing in Ti, Zr, Sm and Hf whilst increasing Y, Ce and Lu
concentration within the ‘high-strain’ dislocation network domain.

Garnet-4 has a complex microstructural setting with numerous
planar LABs (up to 1°), and sectored ‘high-strain’ domains containing a
dislocation network around and within the garnet subgrain domain
(Fig. 4C and D). In addition to the trace element characteristics
described for garnet-3, we note an increase in Cr and U concentration
within the ‘high-strain’ and subgrain domains, respectively, compared
to the ‘low-strain’ domains (Fig. 4E). Low-angle boundaries apparently
control Y, Zr and Lu distribution (Fig. 4E).

4.4. Phase equilibrium modelling

The interpreted peak metamorphic assemblage
(Bt-Gt-Ilm-Afs-P1-Qz-Sil-Melt) is predicted to be stable between
~790-840 °C and ~8.0-10.5 kbar (Fig. 5A). Isomodes of plagioclase,
biotite and garnet overlap with the interpreted stability field (Fig. 5A),
matching with the observed abundance of those phases in the sample
(Fig. 1A and S2). Modelled garnet compositions within the stability field
are similar to measured compositions in garnet-1 and -2 (Fig. 5B),
demonstrating initial garnet crystallization under high-T conditions.

4.5. Garnet Lu-Hf isotopes

We pioneered a new in situ Lu-Hf technique via triple quadrupole
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Fig. 5. Isochemical diagrams from the mylonitic paragneiss (R3-7A) contoured by the mode isopleths of plagioclase, biotite and garnet (vol. %; A), and the garnet
end-member isopleths (B). The mineral assemblage highlighted in yellow (Bt-Gt-Ilm-Afs-Pl-Melt-Qz-Sil) represents the equilibrium assemblage from the mylonitic
paragneiss. The average garnet composition refers to the ‘low’- and ‘high-strain’ domains from garnet-2. Mineral abbreviations follow Whitney and Evans (2010).

ICP-MS/MS to explore the effect of deformation on garnet isotopes. This
technique allows, for the first time, the characterisation of ‘low’- and
‘high-strain’ domains with sensible textural control. These data rein-
force the depleted radiogenic 7°Hf* content (overall <0.1 pg.gl) in
‘high-strain’ compared to ‘low-strain’ domains (overall ~0.1-0.4 ug.g’';
Fig. 6A), as indicated by the trace element distribution in garnet-3
(Fig. 4). The Y°Hf* depletion in ‘high-strain’ domains led to a higher
analytical uncertainty in the 175Lu/Y®Hf and Y7Hf/'77Hf ratios
(Fig. 6B).

When treated separately based on the microstructural and
geochemical features, the ‘low-strain’ domain dataset defines a robust
inverse isochron with variable 17Lu/!’®Hf ratios up to ~50 and
1771£/Y75Hf ratios down to ~1.0, yielding an isochron date of 612 = 20
Ma (MSWD = 1.1, N = 162; Fig. 6C). Conversely, the ‘high-strain’
domain dataset is characterised by a narrower spread in *”Lu/°Hf (up
to ~15) and relatively high 177Hf/1”%Hf ratios, yielding an isochron date
of 522 + 137 Ma (Fig. 6D).

4.6. Multi-mineral geochronology

Additional geochronometers including apatite and zircon U-Pb and
biotite Rb-Sr provide a framework for understanding the garnet Lu-Hf
dates. Subhedral to anhedral apatite inclusions in garnet define a mixing
trend between radiogenic and common-Pb components in the Ter-
a-Wasserburg diagram yielding a lower intercept date of 611 + 5 Ma (N
= 24, MSWD = 0.7; Fig. 7A). Anhedral and sub-rounded zircon grains
embedded in the mylonitic matrix display mostly a homogeneous dark
response in backscatter imaging, and sector zoning in cath-
odoluminescence lacks textural evidence of recrystallised rims (Fig. 7B,
inset). Zircon grains with average Th/U of 0.37 define a discordia array
yielding upper and lower intercept dates of 2463 + 21 and 521 + 15 Ma
(N = 10, MSWD = 1.9). The Paleoproterozoic upper intercept date is
inferred to reflect the timing of protolith’s crystallisation (Juiz de Fora
Complex; e.g., Araujo et al., 2021), whereas the lower intercept is
interpreted to reflect Pb-loss related to a Cambrian thermal event. The
apatite and zircon lower intercept dates are, respectively, consistent
with the with the ‘low’- and ‘high-strain’ garnet Lu-Hf isochron and

model dates.

Biotite defining spaced mylonitic foliation and pressure shadows and
included in garnet porphyroclasts were targeted for in situ Rb-Sr anal-
ysis. Regardless of the microstructural site, the biotite Rb—Sr data defines
a well-constrained inverse isochron date of 489 + 3 Ma (N = 85, MSWD
= 0.8), with an initial 87Sr/%0Sr of 0.730 + 0.006 (Fig. 6C).

5. Discussion
5.1. Linking deformation and element mobility

Garnet is a reactive mineral to metamorphic processes, preserving
growth mechanisms in its shape, and major and trace element zoning (e.
g., Rubatto et al., 2020). The studied garnet grains herein are euhedral to
subhedral displaying homogeneous major and trace element distribu-
tion in the ‘low-strain’ core, lacking signs of resorption processes often
highlighted by complex major and trace element patterns (de Béthune
et al., 1975; Rubatto et al., 2020). The homogeneity in major elements,
slow diffusion trace elements (e.g., P and Y) and transition metals (e.g.,
Sc, V, Cr) is suggestive of a pre-kinematic single garnet growth stage
under high-grade conditions (~790-840 °C and ~8.0-10.5 kbar) as
constrained by the phase equilibrium modelling (Fig. 5). Such inter-
pretation is consistent with quartz crystallographic data (Fig. 1D),
indicating high-T and strain conditions, and with P-T estimates for the
regional metamorphic conditions for the central Ribeira Belt (850 + 50
°C, 8.0 £ 1.0 kbar) during the Neoproterozoic (c. 610 Ma) (Bento dos
Santos et al., 2011).

Under high-T and strain conditions, garnet is expected to undergo
intracrystalline deformation. The observed garnet microstructures,
including low-angle subgrain boundaries and dislocation networks are
consistent with intracrystalline deformation via dislocation creep (Prior
et al., 2000, 2002). Such microstructures are overprinted by fracturing
likely associated with shear zone exhumation below amphibolite facies
(e.g., Voegelé et al., 1998), indicating that microplasticity was not
triggered by brittle deformation. Most trace elements (REE-Y-Ti) are
unaffected by subsequent brittle deformation (except Zr and Hf; Fig. 4B,
E), suggesting a selective replacement process rather than crack-seal
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represent statistical density contours (95 % confidence) calculated in RStudio.

mechanisms (e.g., Rubatto et al., 2020).

Although chemical gradients on deformed garnet have been inter-
preted to reflect chemical segregation induced by dislocation creep, the
relationship between diffusional processes and recrystallisation mech-
anisms remains underexplored (e.g., Chapman et al, 2019). We
approach this problem by using the grain reference orientation devia-
tion angle (GROD) to display the relative misorientation of specific
textural domains (i.e., ‘low’- and ‘high-strain’) from the grain average
orientation. We also consider the Ca content in terms of grossular
end-member (Xgs) profiles across the garnet microstructures. Profile
A-A’ across subgrains shows a homogeneous composition despite
widespread LABs highlighted by small steps in the misorientation profile
(Fig. 8A). A sharp Xg;s increase is observed in the garnet rim within

‘low’- and ‘high-strain’ domains. Thus, we infer that garnet subgrain
formation in response to dislocation creep under high-T conditions does
not cause significant intragrain chemical diffusion in major elements.
Profile B-B’ transects microstructures varying from relatively ‘low’- to
‘higher strain’ bounded by LAB up to 0.5° (Fig. 8B). The X, profile lacks
a clear relationship with misorientation.

We also extracted trace element profiles from LA-ICP-MS maps using
the transect sampling function in XMapTools (Lanari et al., 2014) to
compare with a GROD profile from garnet-3 (Fig. 4A). The ‘low-strain’
garnet core and the ‘high-strain’ dislocation network domains are
bounded by a LAB of ~5°, accumulating intragrain misorientation up to
20° (Fig. 4A). Some trace element profiles such as Lu and Y indicate an
increase in concentration with misorientation (Fig. 9A, B), while other
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trace elements like Zr and Ti become depleted compared to the ‘low--
strain’ garnet core domain. Trace element maps show that the ‘low--
strain’ garnet core displays homogeneously low concentrations of light
rare earth elements (LREEs), Lu and Y, and higher P, Ti and Zr con-
centration compared to the ‘high-strain’ domains, likely reflecting
growth characteristics during regional granulite facies metamorphism
(Bento dos Santos et al., 2011).

Modelled Lu and Y diffusion coefficients from representative profiles
extracted from garnet-3 (expressed in logD [m? e s7']; Figs. 9C and D) are
consistent with literature diffusion data calculated at ~800 °C and 1 GPa
(Carlson, 2012; Bloch et al., 2015; Rubatto et al., 2020), similar to our
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peak metamorphic estimates. The low concentration of Hf within the
‘high-strain’ domain (below detection level for trace element mapping
via LA-ICP-MS) prevent a comparison of its diffusivity with Lu. We note
that the low Zr concentration in ‘high-strain’ domains with sharp
boundaries (Fig. 4B and E, 9B) suggests that the development of a
dislocation network occurred during retrograde subsolidus meta-
morphism (e.g., Hermann and Rubatto, 2009). At lower temperatures,
diffusion coefficients are predicted to be slower than our estimates based
on the Arrhenius equation. However, the presence of dislocation net-
works appears to have enhanced trace element diffusion from ‘low’- to
‘high-strain’ garnet domains, resulting in rates comparable to those
observed under high-T conditions. This suggests that deformation pro-
cesses likely influenced trace element mobility during retrograde
metamorphism.

The relationship between chemistry (major and trace element) and
LABs indicates that individual dislocations are unlikely to facilitate
significant intragrain chemical diffusion on the grain scale, despite
favouring nanoscale element segregation diffusion via fast-diffusivity
pathways (pipe diffusion) and/or defect-impurity pair diffusion
(Tacchetto et al., 2022; Dubosq et al., 2024). We envisage that the
volume of such nanoscale segregation is negligible within the grain-scale
chemical system to promote a bulk grain chemical modification. Yet, our
findings indicate that major and trace elements are affected by
syn-deformation diffusional transport once the dislocation density is
sufficient to form a dislocation network (GND >1.0 e 10'% m™?). Irre-
spective of the diffusion mechanism, these processes are only efficient in
promoting grain-scale elemental mobility once a dislocation network
has formed, creating favourable microstructural domains to enhance
metamorphic reactions and chemical zoning (Caddick et al., 2010;
Chapman et al., 2019).

5.2. Intracrystalline deformation and P-T estimates

Since garnet is a key mineral for estimating the P-T conditions of
metamorphic processes, assessing the influence of intracrystalline
deformation on P-T estimates may prove crucial to evaluate garnet’s
robustness and reliability as a key petrochronometer. We assessed the
reliability of garnet as a petrological tool in high-strain and temperature
systems by coupling phase equilibrium modelling and garnet chemistry
from ‘low’- and ‘high-strain’ domains from garnet-2.

As discussed previously, the garnet major and trace element data
from the ‘low-strain’ core domains suggest a single garnet growth stage
at high-grade conditions (Bento dos Santos et al., 2011). The Xgpss and
Xaim contents of garnet are mostly invariable between ‘low’- and
‘high-strain’ domains, overlapping with the predicted stability field
(Fig. 5B). However, Xg s values (and Xpyp, to a lesser extent) are variable,
being primarily controlled by apparent changes in pressure (Fig. 5B).
Elevated X, content in the ‘high-strain’ dislocation network domain is
suggestive of a higher pressure up to ~11 kbar, although it is difficult to
assess if this truly represents an equilibrium composition as predicted
from phase equilibrium modelling (Palin et al., 2016; Yakymchuk, 2017
and references therein). Our modelling suggests that resolvable P-T
estimates from ‘low’- and ‘high-strain’ domains would require an
extensive chemical modification enhanced by intracrystalline deforma-
tion, which is unlikely achieved by diffusion via fast-diffusivity path-
ways (pipe diffusion) and/or defect-impurity pair diffusion as previously
suggested (Tacchetto et al., 2022; Dubosq et al., 2024). Therefore,
despite indicating that dislocation networks facilitate element mobility
in ‘high-strain’ domains, our findings indicate that the attained P-T
conditions inferred from the major element compositions of garnet
porphyroblasts can be considered a robust and reliable petrological tool
in high-strain and high-T conditions as long as deformation-induced
element mobility does not lead to dramatic chemical modifications.
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one-dimension with a ~90 Myr period based on the date differences ‘low’- and ‘high-strain’ garnet domains and zircon U-Pb lower intercept date (Fig. 10).

5.3. Intracrystalline influence on Lu—Hf isotopes

The behaviour of Lu-Hf isotopes on garnet has been debated in the
literature based on diffusion experiments and natural garnet response
(Scherer et al., 2000; Tirone et al., 2005; Smit et al., 2013, 2024; Bloch
et al., 2015), which has significant implications for understanding
garnet Lu-Hf dates. Irrespective of the preferred model to explain the
significance of garnet Lu-Hf dates, it is pivotal to highlight that previous
studies employing diffusion experiments and isotopic analysis were
carried out on undeformed garnet and with multi-grains isotope dilution
techniques. Although applicable to undeformed rocks, such models
neglect the influence of intracrystalline deformation features such as
dislocation networks promoting element diffusion as shown in this
study.

Resolving how intracrystalline deformation affects garnet Lu-Hf
dates has traditionally proved challenging due to technical barriers for
acquiring isotopic data with sensible spatial resolution using in situ laser
ablation techniques. Such limitations were overcome with the devel-
opment of reaction cell mass spectrometry approaches to minimise in-
terferences (Simpson et al., 2021). Trace element maps and in situ Lu-Hf
isotopes show Hf decrease and Lu increase within the ‘high-strain’
dislocation network compared to ‘low-strain’ garnet core domains
(Fig. 4B and E, 6A). Although isotopic loss during progressive meta-
morphism is expected for most geochronometers, our data indicate that
diffusion of parent and daughter isotopes occurred on dislocation net-
works. ‘Low-strain’ garnet core displaying undisturbed Lu-Hf isotopes
yields a robust isochron date of 612 + 20 Ma (Fig. 6C), consistent with
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U-Pb dates from apatite inclusion in garnet porphyroclasts (611 + 5 Ma;
Fig. 7A, 10). These dates constrain the timing of prograde garnet growth
during regional high-T metamorphism prior to ductile shearing in the
APSZ (Bento dos Santos et al., 2011; Giraldo et al., 2019). Conversely,
the Lu-Hf data from ‘high-strain’ dislocation networks yield an apparent
younger isochron date of 522 + 137 Ma (Fig. 6D), with larger analytical
uncertainty reflecting the pronounced 7®Hf* loss enhanced by the
dislocation network (Fig. 6B). To overcome the large uncertainty from
the isochron date, we calculated model Lu-Hf model dates from ‘low’-
and ‘high-strain’ domains using an anchored approach to initial
Y77H£/7®Hf ratio of 3.55 + 0.05, which span the entire range of initial
1771£/17%Hf ratios of the terrestrial reservoir (Spencer et al., 2019).
Model Lu-Hf dates from ‘low’- and ‘high-strain’ domains define two
distinct normal distributions (p << 0.05; t-Test with similar variance)
with mean model dates of 610 + 3 Ma and 520 Ma + 7 Ma (Fig. 10),
respectively. Such model dates, combined with distinct microstructural
and chemical characteristics, argue for a Cambrian ductile shearing
deformation in the APSZ (Fig. 10). This interpretation is supported by
the thermal reset of sector-zoned Paleoproterozoic zircon grains in the
mylonitic matrix at 522 Ma + 16 Ms (Fig. 7B, 10). Biotite Rb-Sr date
constrains the cooling of the APSZ at 489 + 3 Ma at greenschist facies
conditions.

Our findings demonstrate for the first time that syn-kinematic
intracrystalline deformation facilitates garnet recrystallisation
inducing isotopic resetting of ‘high-strain’ domains once a dislocation
network is developed, similar to the observed relationship between
intracrystalline deformation and U-Pb-trace element mobility in
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deformed zircon (Reddy et al., 2006; Piazolo et al., 2016). Our results
suggest that Lu gain coupled to Hf loss induced by dislocation network
domains may yield younger dates relative to the timing of prograde
garnet growth (Fig. 10). Based on the variation in Sm and U concen-
tration within the ‘low’- and ‘high-strain’ domains (Figs. 4B and E), we
envisage that garnet recrystallisation could disturb the Sm-Nd and U-Pb
geochronometers. Although in situ garnet U-Pb geochronology has
gained relevance (e.g., Bartoli et al., 2024), we note that in situ garnet
Sm-Nd via LA-ICP-MS is not yet a developed technique. Future research
focused on such techniques could address the impact of garnet defor-
mation/recrystallisation on other geochronometers in addition to
Lu-Hf.

6. Conclusion

We demonstrate that garnet porphyroclasts from a high-T mylonitic
paragneiss undergo intracrystalline deformation via dislocation creep
resulting in LABs. Furthermore, our results indicate that individual and
disconnected LABs do not promote bulk element mobility on the grain-
scale, thus maintaining deformed garnet’s geochemical integrity.
However, the geochemistry of ‘high-strain’ garnet is compromised once
microstructural domains have accumulated sufficient deformation to
form a dislocation network of LABs, promoting diffusion through fast-
pathways for major and trace elements. Nevertheless, the P-T esti-
mates derived from ‘low’- and ‘high-strain’ overlap within uncertainties,
implying that even highly deformed garnet porphyroclasts under high-
strain and temperature conditions can be reliable to estimate garnet
growth. Dislocation networks play a key role in facilitating diffusive loss
of Hf and Lu grain, affecting a widely used metamorphic geo-
chronometer and allowing ‘high-strain’ domains to record the timing of
ductile deformation under high-T conditions.
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