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ABSTRACT

Dating Deformation with Titanite

by

Amy Catherine Moser

Directly dating deformation is a critical, unresolved challenge in tectonics. The mineral
titanite (CaTiSi0Os) is one of the best candidates for a “deformation chronometer”—a way to
interpret dates in their microstructural context to directly date deformation. The purpose of
this dissertation is to assess the utility of dating deformation with titanite (“titanite
deformation chronometry”). In the following three chapters, I integrate in situ titanite U-Pb
geochronology with microstructures, zoning, and trace-element compositions of titanite
from three ductile shear zones to (1) develop titanite deformation chronometry by assessing
titanite recrystallization mechanisms in the Coast shear zone, British Columbia; (2) apply
titanite deformation chronometry to directly date amphibolite-facies deformation in the
Anita Shear Zone, New Zealand; and (3) evaluate the applicability of titanite deformation
chronometry to constraining the temperature and fluid compositions during ductile
deformation using an example from cm-scale, Cretaceous shear zones in the Eastern
Transverse Ranges, CA. Work from the Coast shear zone, British Columbia illustrates that
interface-coupled dissolution—reprecipitation and lattice bending were coupled grain-scale

processes that together variably reset titanite U-Pb dates, demonstrating the feasibility of
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titanite deformation chronometry. The application of titanite deformation chronometry to the
Anita Shear Zone revealed that amphibolite-facies deformation ended at ~11 Ma,
unequivocally linking these fabrics to high-temperature deformation within the Alpine Fault
system. The example from the Eastern Transverse Ranges illustrates that titanite
deformation chronometry is not only a powerful tool to date events in ductile shear zones,
but also to document the degree to which temperature and fluid compositions evolve during

ongoing deformation.
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INTRODUCTION

Documenting the timing and rates of high-temperature deformation is an outstanding
challenge that is crucial for a complete understanding of numerous tectonic processes (e.g.,
Huntington and Klepeis, 2018). Ductile deformation has traditionally been dated through
indirect methods, including by dating cross-cutting relationships and/or synkinematic
intrusions (e.g., Klepeis et al., 1998), linking cooling ages to shear-zone related exhumation
(e.g., Jacobson et al., 2007), or by dating synkinematic, neocrystallized minerals (e.g.,
Papapavlou et al., 2017; Ring et al., 2019). The applicability of these approaches, however,
can be limited: cross-cutting relationships may be absent or the range of permissible
deformation ages that they permit too broad, the closure temperatures of high-temperature
thermochronometers are too low to capture cooling in the deepest lithosphere, and whether
minerals crystallized pre- or synkinematically is not always clear. In addition, the conditions
of deformation—such as the strain rates, differential stress, temperature, pressure, and fluid
compositions—are typically constrained by phases separate from those used to date
deformation (e.g. quartz, feldspar; Tullis and Yund, 1987; Hirth and Tullis, 1992). This
creates significant ambiguity in relating the timescales to the conditions of deformation.
Ideally, dates could be combined with microstructural information from the same crystal in a
direct approach to dating deformation.

Examples from the materials science literature illustrate that dislocation glide and climb
can alter the trace-element systematics of materials. Dislocations serve as fast diffusion
pathways (i.e., pipe diffusion; Hart, 1957; Love, 1964) and sweep point defects through
deformed metals (i.e., Cottrell atmospheres; Cottrell and Bilby, 1949), ultimately depositing

them in grain boundaries where they are trapped or removed (e.g., Piazolo et al., 2016;
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Kirkland et al., 2018). A growing body of atom probe tomography studies demonstrate that
these processes are directly applicable to geologic materials (e.g., Piazolo et al., 2016;
Peterman et al., 2016; Kirkland et al., 2018; Fougerouse et al., 2021). These studies
demonstrate that dislocation glide and climb redistribute trace-elements—including
radiogenic Pb—and indicate that crystal-plastic deformation may lead to direct resetting of
dates. Radiometric dating thus has the potential to provide direct constraints on the timing of
deformation when interpreted in their microstructural context (e.g., Piazolo et al., 2012,
2016; Fougerouse et al., 2021).

The titanite U-Pb system is one of the best candidates for such a “deformation
chronometer”. It is a common accessory mineral in igneous and metamorphic with diverse
bulk compositions (Frost et al., 2000). Titanite has a high Pb closure temperature (>750 °C;
e.g., Spencer et al., 2013; Stearns et al., 2016; Holder et al., 2019; Hartnady et al., 2019);
titanite dates are therefore more likely to reflect crystallization or recrystallization at all but
the most extreme metamorphic temperatures (Holder et al., 2019). Titanite also incorporates
many trace-elements into its crystal structure that can be used to document the pressure and
temperature conditions of (re)crystallization (Hayden et al., 2008; Garber et al., 2017).
Importantly, titanite responds to deformation, being shown to both neocrystallize
synkinematically and undergo dislocation creep (e.g., Bonamici et al., 2015; Papapavlou et
al., 2017; Gordon et al., 2021). Further, individual titanite crystals are commonly hundreds
of microns long (e.g., Spencer et al., 2013; Holder et al., 2019), permitting straightforward
comparisons among dates, microstructure, and zoning using in situ techniques like laser-

ablation ICP-MS.
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The purpose of this dissertation is to assess the utility of the titanite U-Pb system in
directly dating and constraining the conditions of deformation. Because titanite U-Pb dates
may reflect crystallization, recrystallization, cooling, or deformation (e.g., Bonamici et al.,
2015; Stearns et al., 2016; Garber et al., 2017; Holder and Hacker, 2019), interpretation of
titanite U-Pb dates as deformation ages requires careful consideration of the intragrain
relationships among dates and chemical zoning, microstructure, and distance from the grain
edge and/or grain size. Chapter 1 develops an approach to assess the extent to which various
metamorphic processes reset titanite U-Pb systematics and thus directly link titanite U-Pb
dates to the tectonic processes that they reflect—including deformation. In this integrated
titanite U-Pb, trace-element, microstructural, and zoning dataset from the Coast shear zone,
British Columbia, dates young with increasing lattice misorientation and ~55 Ma dates are
spatially correlated with fluid-related zoning. These observations indicate that fluid-driven
recrystallization and ductile deformation were coupled processes that together reset U-Pb
dates and highlight the multitude of processes that may be recorded by a single chronometer
in a single sample. The ~55 Ma deformation and fluid-flow age that is documented by the
dataset is consistent with previous constraints on the timing of ductile shearing along the
Coast shear zone (Klepeis et al., 1998). This dataset therefore provides the framework to
date ductile shear zone processes elsewhere using “titanite deformation chronometry”. This
chapter is published in the journal Contributions to Mineralogy and Petrology and is
reproduced here with the required permission of the authors.

With this context, chapter 2 explores the applicability of titanite deformation
chronometry to ductile shear zones with complex, polyphase deformation histories. The

Anita Shear Zone, South Island, New Zealand, is a km-scale ductile shear zone that
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preserves at least four phases of deformation at amphibolite- to greenschist-facies conditions
(Klepeis et al., 1999). The tectonic significance of the amphibolite-facies fabrics—including
their potential relationship to the Miocene development of the Pacific—Australian plate
boundary—hinges almost entirely on when they formed (Hill, 1995a, 1995b; Klepeis et al.,
1999; Claypool et al., 2002; Czertowicz et al., 2016a). Relationships among titanite U-Pb
dates, lattice bending, deformation twins, grain zoning, and trace-element concentrations
from titanite deformed in the Anita Shear Zone are consistent with: (1) initial development
of the Anita shear zone at amphibolite-facies conditions during extension and orogenic
collapse of the Paleo-Pacific Gondwana margin prior to ~90 Ma and (2) amphibolite-facies
transpression within the broader Alpine Fault system that commenced as early as ~25 Ma
and ended at ~11 Ma. The Anita Shear Zone titanite deformation chronometry dataset
therefore provides a critical and rare constraint on the timing of high-temperature fabric
formation along the Pacific—Australian plate boundary that was not captured by other U-Pb
geochronometers (e.g., zircon) in the same rocks. These results demonstrate that titanite
deformation chronometry is useful for constraining the timing of deformation in polyphase
shear zones, that both lattice bending and deformation twins play an important role in
resetting dates in deformed titanite, and that complex titanite U-Pb datasets from deformed
rocks may require microstructural context to be interpreted. A manuscript that presents this
dataset is currently in preparation to be submitted to the Journal of Metamorphic Geology.
In addition to dating shear zone processes, titanite trace-element systematics make it an
ideal candidate to (1) constrain the temperature and fluid compositions of deformation, and
(2) document how those conditions change during ongoing deformation. Such constraints

are critical for conceptual and quantitative models of how the mid- to deep lithosphere
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deforms. Chapter 3 presents an application of titanite deformation chronometry to cm- and
dm-scale, mylonitic ductile shear zones in the Eastern Transverse Ranges, CA that details
the evolution of temperature and fluid compositions over <1 Myr timescales within these
structures. Titanite in these mylonites preserve two textures (rims and aggregates) with
different trace-element signatures; dates from both textures constrain the timing of
deformation to ~75 Ma. Rims have elevated F contents and record cooler Zr-in-titanite
temperatures than the aggregates; these data are consistent with cooling of the system and
the evolution of the fluid that accompanied deformation to a more F-enriched brine as
deformation progressed. Bent titanite in these mylonites yield partially- to completely reset
dates. The trace-element systematics of these grains indicate that bent lattices provided
efficient pathways for fluids to recrystallize grain interiors and that fluid-driven
recrystallization may be the ultimate mechanism by which dates are reset in titanite
deformed by dislocation creep. Titanite deformation chronometry is thus a powerful
approach to not only date ductile shear zones, but also to document the degree to and
timescales over which temperatures and fluid compositions evolve throughout a single
deformation event.

Data tables and oversized figures referenced in the text are available with the electronic

supplementary materials associated with this dissertation.
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CHAPTER 1: LINKING TITANITE U-PB DATES TO COUPLED DEFORMATION
AND DISSOLUTION-REPRECIPITATION

1. Introduction

Establishing the timing, duration, and rates of deformation and fluid flow in ductile shear
zones is essential for understanding a host of tectonic processes such as strain partitioning,
feedbacks between shallow and deep-crustal deformation, plate boundary initiation and
evolution, and the differentiation of Earth’s crust. Despite their significance, directly dating
ductile slip and associated fluid flow remains challenging. It is well known that deformation
and fluids (re)crystallize mineral assemblages as shear zones evolve, with the resulting
microstructures and compositional zoning providing direct links to the processes from which
they formed (e.g., Austrheim, 1987; Goncalves et al., 2012; Jamtveit et al., 2016). However,
most microstructural studies of rocks deformed at high temperature have focused on
minerals that are not datable using high-temperature radioactive isotope geochronology (for
example, quartz and feldspar; e.g., Tullis and Yund, 1987; Hirth and Tullis, 1992). The
microtextures of dateable accessory minerals that (re)crystallize in ductiley deformed rocks
therefore provide a critical, but underexplored, window into the timing and nature of high-
temperature deformation.

Of the minerals that incorporate appreciable U and Th into their crystal structures,
titanite is a useful petrochronometer to directly date the record of tectonic processes
preserved in metamorphic rocks. Many crustal rocks contain titanite (Frost et al., 2000), as it
crystallizes in a wide range of bulk compositions and metamorphic conditions, and
commonly forms crystals several hundred microns in length (Frost et al., 2000; Spencer et

al., 2013; Holder et al., 2019). Titanite also incorporates many trace elements into its crystal



structure that can be used to constrain ambient P-T conditions, either using direct
thermometry or by connecting titanite to metamorphic assemblages (Hayden et al., 2008;
Spencer et al., 2013; Garber et al., 2017; Kohn, 2017). Contrary to experimental data
(Cherniak, 1993), data from natural rocks demonstrate that titanite remains largely
unaffected by thermally mediated volume diffusion of Pb at temperatures <750 °C (Rubatto
and Hermann, 2001; Kohn and Corrie, 2011; Spencer et al., 2013; Stearns et al., 2016;
Kohn, 2017; Marsh and Smye, 2017; Walters and Kohn, 2017; Holder and Hacker, 2019).
Titanite may recrystallize via dissolution—reprecipitation in the presence of (typically H>O-
rich) fluids (Garber et al., 2017; Marsh and Smye, 2017; Walters and Kohn, 2017; Holder
and Hacker, 2019), undergo crystal-plastic deformation at moderate to high metamorphic
temperatures (greenschist- to granulite-facies conditions), and preserve several generations
of zoning and microstructures (Bonamici et al., 2015; Papapavlou et al., 2017, 2018; Gordon
et al., 2021), providing a rich record of superposed metamorphic processes.

Recent advances in our understanding of titanite Pb closure temperature (Kohn and
Corrie, 2011; Spencer et al., 2013; Stearns et al., 2016; Garber et al., 2017; Hartnady et al.,
2019; Holder et al., 2019) have cast doubt on many early interpretations of titanite U-Pb
dates as cooling ages. In the absence of evidence for thermally mediated volume diffusion,
titanite U-Pb dates have been variably interpreted as crystallization or recrystallization ages
depending on the relationships among U-Pb dates, microtextures, and trace-element
compositions. This study investigates the mechanisms of recrystallization in titanite by
integrating U-Pb dates, trace-element concentrations, compositional zoning, and
microstructural data from twenty titanite grains from a single calc-silicate gneiss that was

metamorphosed and deformed in the Coast shear zone, British Columbia (Ingram and



Hutton, 1994; Klepeis et al., 1998; Rusmore et al., 2001; Andronicos et al., 2003). We
demonstrate the range and complexities of processes that are responsible for titanite
recrystallization at the scale of a single thin section and present a framework to link titanite

U-Pb dates to the timing of deformation and metamorphic fluid flow.

2. Background

2.1. Effects of cooling, crystallization, fluids, and deformation on U-Pb systematics

U-Pb dates from accessory minerals may reflect one or more processes that can be tied to
the tectonothermal history of a rock. Given the extensive previous work on U-Pb
systematics in titanite and other U-bearing minerals, we first consider expected relationships
among textural, microstructural, and elemental/isotopic observations in titanite as a function
of the mechanism or process responsible for their formation (summarized in Fig. 1).

U-Pb dates are frequently interpreted as cooling ages, or the time that thermally
mediated volume diffusion of Pb ceased as that mineral cooled (Fig. 1A; e.g., Dodson,
1973). Experimental titanite data suggest that the Pb closure temperature for 100 um
diameter titanite subject to a ~10 °C/Myr cooling rate is ~600 °C (Cherniak, 1993).
However, the length scales of Pb diffusion in natural rocks indicate a closure temperature
>750 °C, compatible with slower Pb diffusion (Kohn and Corrie, 2011; Spencer et al., 2013;
Stearns et al., 2016; Garber et al., 2017; Hartnady et al., 2019; Holder et al., 2019). The
naturally constrained intracrystalline diffusivity of Pb in titanite is similar to the
experimentally measured diffusion of Sr in titanite, which is reasonable given their similar
charge and ionic radii (Cherniak, 1995; LaTourrette et al., 1996). Though commonly

interpreted as such without detailed, grain-scale data, titanite U-Pb dates cannot confidently
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be considered “Dodsonian” cooling ages unless there is evidence for volume diffusion in the
spatial distribution of Pb and/or U-Pb dates. Such evidence might include variation in dates
from grain core to rim, with older dates in the cores asymptotically approaching younger
dates in the rims (Fig. 1A; Crank, 1975) or dates that vary systematically with grain size,
with larger grains yielding older dates and smaller grains yielding younger dates (Bonamici
et al., 2015; Kirkland et al., 2018; Olierook et al., 2019).

Alternatively, U-Pb dates are in the simplest case interpreted as crystallization ages, or
the time that a mineral formed below its Pb closure temperature. Growth, sector, or core—rim
zoning combined with distinct U-Pb dates from compositional domains provide evidence
that dates reflect the timing of crystallization (Fig. 1B-D). Variations in P, T, and/or trace-
element partitioning/availability during titanite growth may produce concentric growth
zoning, which broadly manifests as progressively outward-stepping compositional domains
with sharp or gradational boundaries (Fig. 1B; Lucassen et al., 2011; Bonamici et al., 2015;
Garber et al., 2017). In such cases, the U-Pb dates are expected to decrease from core to rim
and reflect the duration of titanite growth. Sector zoning may also be produced during
crystal growth if partition coefficients vary among different crystal faces and crystal growth
outpaces intracrystalline volume diffusion (Fig. 1C; Hollister, 1970; Watson and Liang,
1995); in titanite, trace-element concentrations in different sectors that crystallized
simultaneously may vary by a factor of three (Fig. 1C; Paterson et al., 1989; Hayden et al.,
2008; Walters and Kohn, 2017). Secondary titanite growth is indicated by core—rim
overgrowth textures or multiple generations of compositionally distinct grains, both with
clear U-Pb date populations (Fig. 1D; Bonamici et al., 2015; Garber et al., 2017; Olierook et

al., 2019).



Titanite dates may also be recrystallization ages. Grains may recrystallize by interface-
coupled dissolution—reprecipitation, wherein a fluid-rich interface moves through a crystal,
replacing the precursor grain with the same (or similar) phase of different composition
and/or date, and typically preserving the original crystal shape (Geisler et al., 2003, 2007;
Putnis et al., 2005; Putnis, 2009). Minerals recrystallized by dissolution—reprecipitation may
preserve inward-convex, arbitrarily shaped, lobate/cuspate, or patchy compositional domains
that penetrate inward from the grain edges, fractures, twin planes, and/or inclusions (Fig. 1E;
Geisler et al., 2003, 2007; Putnis et al., 2005; Putnis, 2009). Evidence of dissolution—
reprecipitation is common in monazite (Budzyn et al., 2011; Harlov et al., 2011; Williams et
al., 2011; Seydoux-Guillaume et al., 2012; Hacker et al., 2015; Weinberg et al., 2020),
zircon (Geisler et al., 2003, 2007; Tomaschek et al., 2003; Soman et al., 2010), and
increasingly recognized in titanite (Smith et al., 2009; Spencer et al., 2013; Bonamici et al.,
2015; Garber et al., 2017; Marsh and Smye, 2017; Holder and Hacker, 2019).

In addition to volume diffusion and (re)crystallization, the presence and movement of
line defects through a crystal (i.e., dislocation creep) can redistribute trace elements (Cottrell
and Bilby, 1949; Turnbull and Hoffman, 1954; Hoffman, 1956; Hart, 1957; Huang et al.,
1989; Larche and Cahn, 1985; Love, 1964; Rabier and Puls, 1989; Ruoff and Balluffi, 1963;
Swiatnicki et al., 1986), including radiogenic Pb (Peterman et al., 2016; Piazolo et al., 2016;
Fougerouse et al., 2021). Deformation-induced trace-element mobility in minerals has been
inferred and directly observed from various microstructural, geochronology, and trace-
element datasets (Reddy et al., 2006; Timms et al., 2006, 2011; Macdonald et al., 2013;
Piazolo et al., 2016; Kovaleva et al., 2017; Kirkland et al., 2018; Fougerouse et al., 2021). A

number of these datasets show correlations between U-Pb date and microstructure in several



dateable minerals; deformed grains, mechanical twins, and low-angle subgrain boundaries
have the youngest dates and/or the greatest discordance in the U-Pb system (Moser et al.,
2009; Macdonald et al., 2013; Bonamici et al., 2015; Kovaleva et al., 2017; Langone et al.,
2017; Papapavlou et al., 2017; Moore et al., 2020; Fougerouse et al., 2021). Transmission
electron microscopy and atom probe investigations of geologic materials have revealed the
systematic enrichment of trace elements in free dislocations and dislocation loops, and the
loss or retention of trace elements along subgrain boundaries (Peterman et al., 2016; Piazolo
et al., 2016; Kirkland et al., 2018; Fougerouse et al., 2019, 2021). These data suggest that
crystal-plastic deformation may partially or fully reset the U-Pb system in deformed
minerals, and it is reasonable to expect that this includes titanite (Bonamici et al., 2015;
Papapavlou et al., 2017, 2018; Gordon et al., 2021) even if the precise mechanisms of
dislocation-facilitated Pb transport differ among minerals (e.g., Kirkland et al., 2018). U-Pb
dates can be interpreted as deformation ages if a grain displays lattice misorientation
(hereafter referred to as “bending” or “bent grains”), low-angle boundaries (>1° but <10° of
misorientation across a subgrain wall), and/or dynamically recrystallized new grains (>10°
with respect to parent grain) and a correlation between U-Pb date and microstructure (Fig.
1F). For example, U-Pb dates may decrease with increased bending, or subgrains and/or
bent grains may have the youngest dates (Fig. 1F), although examples from the literature
demonstrate these relationships could be more complex if elements are redistributed within
and not lost completely lost from the grain during dislocation creep (e.g., Kovaleva et al.,

2017).

2.2. Geologic setting



The Coast Mountains Orogen is a ~1700 km-long, ~5—-175 km-wide, Jurassic to Eocene
calc-alkaline batholith located in westernmost British Columbia and southeasternmost
Alaska (Fig. 2A; e.g., Harrison et al., 1979; Crawford and Hollister, 1982; Gehrels et al.,
1991). The Coast Mountains host the Coast shear zone, a 5-15 km-wide, >1200 km-long,
subvertical, crustal-scale, ductile shear zone along and within the western edge of the Great
Tonalite Sill (Fig. 2A; Hollister and Crawford, 1986; Crawford et al., 1987; Gehrels et al.,
1991; Ingram and Hutton, 1994; Morozov et al., 1998; Thomas and Sinha, 1999; Rusmore et
al., 2001, 2005; Andronicos et al., 2003). The dominant foliation and lineation throughout
the Coast shear zone are both steep, with predominantly east-side-up kinematic indicators
(e.g., Ingram and Hutton, 1994). Most workers interpret these features to reflect largely dip-
slip motion (e.g., McClelland et al., 1992; Klepeis et al., 1998), but some have proposed that
the steep fabrics developed during transpression (Fossen and Tikoff, 1998). The timing of
deformation in the Coast shear zone is primarily constrained by the crystallization age of the
Great Tonalite Sill, a 5-30 km-wide, sheetlike pluton that intruded synkinematically with
the Coast shear zone from ~80-55 Ma. Deformation also affected the margins of the
metamorphic country rocks to the east and west of the sill (Fig. 2; Ingram and Hutton, 1994;
Rusmore and Woodsworth, 1994; Klepeis et al., 1998).

The structural, metamorphic, and tectonic histories of these units in Sitklan Passage
(location of the studied sample; Fig. 2B) have been previously studied by Klepeis et al.,
(1998). Cross-cutting relationships in Sitklan Passage indicate two phases of Coast shear
zone deformation: an initial phase of east-side-up deformation from ~65-57 Ma, constrained

by the crystallization age of deformed tonalites, followed by ~57-55 Ma east-side-down
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deformation defined by a suite of deformed pegmatites and undeformed plutons (Klepeis et
al., 1998). The latter phase was concentrated in the western portion of the shear zone,
hereafter referred to as the “westernmost Coast shear zone.” These data suggest ductile
deformation along the Coast shear zone in Sitklan Passage ceased around 55 Ma (Klepeis et
al., 1998). Early, east-side-up deformation occurred during or after decompression and
heating of rocks within the shear zone, as indicated by cordierite coronas on garnet and
sillimanite pseudomorphs after kyanite and staurolite in Coast shear zone metapelites
(Klepeis et al., 1998). Garnet geochemistry and cordierite coronas indicate that the early
deformation phase occurred at 5.6 & 0.4 kbar and 710 + 30 °C (Klepeis et al., 1998); there

are no prior P-T estimates for the later, east-side-down deformation.

3. Sample description

The studied sample, 01M1, is a metasedimentary calc-silicate gneiss from Wales Island
between Portland Inlet and Sitklan Passage (54.741389 N, 130.614345 W; Fig. 2B). The
sampled unit comprises metamorphic country rocks intruded by Paleocene—Eocene tonalite
sills and pegmatite dikes (“CSZ metasediments and amphibolites,” Klepeis et al., 1998; Fig.
2, this study) including the Great Tonalite Sill. The gneiss consists of diopside, potassium
feldspar, plagioclase feldspar, Ca-amphibole, titanite, clinozoisite, biotite, quartz, calcite,
white mica, chlorite, and trace zircon (Figs. 3, S1). Titanite grains are idioblastic to
hypidioblastic and ~50—1,000 um in maximum length. The bulk rock fabric consists of a
foliation defined by compositional layering, with different proportions of diopside and
feldspar; the long axes of most titanite grains are aligned with this fabric (Figs. 3, Fig. S1).

No lineation was observed. Undulatory extinction is pervasive in feldspar, and additional
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Figure 3. Cross-polarized light images of titanite analyzed from calc-silicate gneiss 01M1. (A) Grain 4, (B)

grain 12, (C) grain 19, (D) grain 20. S; denotes orientation of foliation (42/028, dip/dip direction) defined by
compositional layers of diopside and feldspar. Amp: Ca-amphibole; bt: biotite; cal: calcite; czo: clinozoisite;
di: diopside; kfs: K-feldspar; pl: plagioclase feldspar; ttn: titanite; qz: quartz; zrn: zircon.
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deformation microstructures are limited to undulatory extinction and low-angle boundaries
in a few titanite grains; other phases are mostly unaffected. No shear bands were observed in
thin section. The foliation dips moderately (dip—dip direction 42/028) at the studied sample
site. Projection along strike places the sample within the westernmost Coast shear zone
described above. All analyses were conducted on a single polished thin section that was cut

perpendicular to the foliation.

4. Methods

4.1. Electron-backscatter diffraction (EBSD)

Titanite EBSD data were collected on an FEI Quanta 400F field emission source scanning
electron microscope coupled with an HKL Technology Nordlys II EBSD camera at the
University of California, Santa Barbara. Data were acquired at an accelerating voltage of 20
kV, a 1-5nA beam current, a working distance of ~15 mm, and the sample surface inclined
at 70° to the incident electron beam. EBSD pattern maps were acquired and indexed using
Oxford/HKL Channel5 Flamenco application. The maps were collected by electron-beam
rastering, with sampling on a 2x2 um grid. EBSD Maps were processed with Oxford/HKL
Channel 5 Tango application. Data processing included two steps: removal of single pixels
possessing a large misorientation with respect to neighboring pixels, and assignment of an
average-orientation to any unindexed pixel with at least 6 neighboring indexed pixels of the
same phase. To visualize substructure within individual grains (microstructure), maps of
relative misorientation within a grain were calculated; these maps were calculated relative to

a point in the approximate center of each grain.

12



4.2. Electron microprobe (EPMA) X-ray maps

Al Fe, Zr, Nb, and Ce X-ray maps were collected using a 5-spectrometer Cameca SX100

EPMA at the University of California, Santa Barbara. The data were collected by moving

the sample under a stationary 1-2 um micron defocused beam, with a 150 or 200 ms dwell
time, 20kV accelerating voltage, and a 200 nA beam current. Probelmage and CalcImage

(Probe Software Inc.) were used to acquire and process the map data.

4.3. Laser-ablation split-stream inductively coupled plasma mass spectrometry (LASS)

U, Th, and Pb isotopes and trace elements were collected simultaneously from titanite in
thin section using the LASS methodology described by Kylander-Clark et al., (2013) and
Kylander-Clark (2017). A total of 1,049 laser-ablation spots were analyzed on 20 titanite
grains in three separate analytical sessions; all spots within individual grains were collected
in the same session. U-Th-Pb isotopes were measured on a Nu Instruments Plasma 3D
multi-collector ICP in the first session, and on a Nu Instruments Plasma HR-ES multi-
collector ICP in sessions two and three. Trace elements were measured on an Agilent 7700X
quadrupole ICP-MS in all sessions. These mass spectrometers were coupled to a
Cetac/Photon Machines 193 nm excimer Excite laser with a HelEx cell. Titanite crystals
were ablated with a 25 pm spot size and a laser fluence of ~1 J/cm?2 at 4 Hz (sessions one
and two) and 5 Hz (session three) for 60 shots per analytical spot. To remove surface
contamination, two cleaning shots with 15-20 s washout were fired prior to each analysis.
Matrix-matched standard MKED1 (1521.02 + 0.55 Ma 2%Pb/?°’Pb isotope dilution thermal
ionization mass spectrometry date; Spandler et al., 2016) was run every ~8 unknowns, and

was used as the primary standard for the U/Pb, Th/Pb, and Pb/Pb isotopic ratios. Titanite
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secondary standards BLR (1047.4 + 1.4 Ma concordia date, Aleinkoff et al., 2007),
Y1710C5 (388.6 & 0.5 Ma 207Pb/?%Pb-corrected 2°°Pb/2*8U ID-TIMS date; Spencer et al.,
2013) and Fish Canyon (28.4 + 0.05 ID-TIMS date; Schmitz and Bowring, 2001) along with
glass NIST SRM 612 (no date; Pearce et al., 1997) were interspersed in each run to monitor
U-Th-Pb ratio accuracies. MKED1 was chosen as the primary standard as it is assumed to be
homogeneous and have no common Pb (Spandler et al., 2016). The 2°’Pb/?%Pb ratios of the
NIST SRM 612 analyses were homogeneous and yielded single populations in-run,
suggesting this assumption is valid for the dataset (Table S1E). Lower-intercept,
207Pb/2%Pb-corrected 2°°Pb/>38U dates (assuming the contemporaneous Stacey and Kramers,
1975 common-Pb 207Pb/2%Pb values of 0.91, 0.86, and 0.83, respectively) for the secondary
standards across the three analytical sessions were 1042 = 3 Ma (BLR), 388 + 3 Ma
(Y1710CS5), and 28 + 2 Ma (Fish Canyon Tuff; Table S1), which are within 0.5, 0.0, and 0.0
% of their known values, respectively, where 0.0 % indicates the lower-intercept dates were
the same as the known reference value. The U and Pb isotopic data were reduced in IgorPro
6.37 with the Iolite 2.5 plugin using the “U-Pb Geochronology3” reduction scheme (Paton,
2011). The first and last two seconds of each integration were removed prior to the
downhole correction; integrations were manually trimmed to include only homogenous
portions of the analyses (i.e., to remove inclusions) after the downhole correction was
applied.

Two ratio uncertainties are reported for 207Pb/?*°U, 206Pb/2*8U, 207Pb/2%Pb, and
208pb/232Th for each analysis: in-run uncertainties that should be used to compare dates from
the same grain and/or the same session, and uncertainties required to compare dates across

the three analytical sessions. In-run uncertainties include analytical uncertainties and an
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additional 2% uncertainty propagated in quadrature to each measured ratio, with additional
uncertainty added (where required) to make in-run secondary standard BLR a single
population within a given run (Table S1). Full dataset uncertainties (~3% for 2°°Pb/?38U,
~5% for 27Pb/2%Pb) include analytical uncertainties and additional uncertainty required to
make secondary standard BLR ratios a single population across the entire dataset. The
207Pb/?33U uncertainties were recalculated using the propagated uncertainties in 2°°Pb/?8U
and 207Pb/?%Pb, as 2*°U was not measured but calculated assuming a 2*3U/>3°U of 137.88.
The analytical precision afforded by the laser-ablation approach is such that using the
updated 2*3U/>*°U value does not change our results. The titanite U-Pb dates were calculated
assuming a Stacey and Kramers (1975) common-Pb 2’Pb/2%Pb ratio of 0.83 + 0.04, which
matches the upper Tera-Wasserburg concordia intercept defined by the distribution of U-Pb
ratios in the analyzed titanite (Fig. 4). As with the individual U-Th-Pb ratios, in-run and
whole dataset uncertainties are also reported for the 20’Pb/?%Pb-corrected 2°Pb-?*U dates.
NIST SRM 612 was used as the primary standard for the trace elements (Pearce et al.,
1997). The trace-element data were reduced using IgorPro 6.37 with the Iolite 2.5 plugin
using the “Trace Elements” data reduction scheme, and assuming 19.2 wt % Ca in the
unknown titanite analyses. The trace-element concentrations for secondary trace-element
standard MKED1 were within ~10% of the expected values for the reference material, which
is typical for use of NIST glasses as a primary reference material for trace elements (Liu et

al., 2008).

4.4. U and Pb concentration calculations

15



1.0

A n=1,049

anchored to
Stacey-Kramers
0.8

207Pp/25Pp

238Uﬁ06Pb
B n=1,002
100 |-
80 F
S
2
P E
L 60 @
S 3
S o
s 5
40+ >
5
20
0 |

80 70 60 50 40
207pp2%°Ph-corrected 2°°Pb—?%¢U date (Ma)

Figure 4. (A) Tera-Wasserburg concordia diagram of all 1,049 titanite laser-ablation analyses from this study.
Uncertainties plotted are those required to make secondary standard BLR a single population across all three
analytical sessions. Gray ellipses indicate analyses with in-run U-Pb date uncertainties >10% that were
removed from the final dataset. Blue ellipses indicate analyses with in-run U-Pb date uncertainties <10%.
Isochrons anchored to Stacey and Kramers (1975) common Pb ratios for the oldest (75 Ma) and youngest (50
Ma) date are shown for reference. (B) Histogram and probability density function of 1,002 U-Pb dates with
uncertainties <10% used in the final dataset.
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Reported titanite U concentrations from the Nu Instruments Plasma 3D multi-collector and
Nu Instruments Plasma HR-ES multi-collector ICPs were calculated in Iolite using MKED1
(Spandler et al., 2016) as a primary standard. NIST SRM 612 U concentrations were
homogeneous within error within each session, although they are inaccurate by up to ~15%
(Table S1). Therefore, even if the reported U concentrations of unknown titanites are
inaccurate, the homogeneity of the NIST SRM 612 values suggests that measured U
concentrations systematically deviate from their true values by the same amount and are
therefore comparable within the same session. Reported U concentration uncertainties
include additional uncertainty added in quadrature to make secondary standard NIST SRM
612 a single population in-run (Table S1).

206pp, 207pb, and 2%8Pb concentrations were calculated from U concentrations, using the
downhole-corrected 2°Pb/>38U, 297Pb/?%Pb, and 2°®Pb/?°Pb ratios (with MKED1 as the
primary standard) and molar masses of 238U and the respective Pb isotopes (see also Garber
et al., 2020). 2%4Pb was calculated from raw 2*4Pb/?°Pb of the unknowns scaled by a factor
required to make NIST SRM 612 2%4Pb/?%Pb ratios the known value for each run. We
calculated Pb concentrations in this manner rather than using the values produced in iolite as
iolite assumes the isotopic ratios in the reference material and the unknowns are the same
(Paton, 2011). Iolite’s approach therefore returns incorrect Pb concentrations for minerals
with significant radiogenic Pb. The total Pb concentrations for secondary standards BLR
(Aleinkoff et al., 2007) and NIST SRM 612 calculated in this manner overlap previously
reported values (Table S1). Like the uncertainties in 2°°Pb/?3%U and 2°’Pb/?*Pb discussed
above, 2% uncertainty was added in quadrature to the 2°Pb/2%Pb and 2°Pb/?°Pb ratios;

additional uncertainty was added where required to make secondary standards BLR
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(?8Pb/?%Pb) and NIST SRM 612 (2%4Pb/2°Pb) a single population in-run. Only in-run
uncertainties are reported for the 2°8Pb/2°Pb and 2°*Pb/2%Pb ratios as Pb concentrations were
only compared within individual sessions. Uncertainties in the concentrations of the Pb
isotopes were propagated in quadrature based on the U concentration uncertainties and
uncertainties in the U/Pb and/or Pb/Pb ratios used in each individual Pb isotope
concentration calculation. The total Pb concentration uncertainty includes the uncertainties
of 204Pb, 295Pb, 207Pb, and 2°*Pb added in quadrature. The fraction of common 2°Pb and
207Pb in each analysis was calculated from the measured 2°"Pb/?%Pb, radiogenic 2°’Pb/?*Pb
for the 2°7Pb/?%Pb-corrected °Pb—238U date and assumed Stacey-Kramers (1975)
207Pb/2%Pb value (0.83) following the approach outlined by Williams, (1998). The fraction
of common 2%Pb was similarly calculated from the fraction of common 2°Pb, Stacey-
Kramers (1975) 2°8Pb/2%Pb value (2.07) for the 2°’Pb/>*Pb-corrected 2°°Pb-238U date, and
measured 2°8Pb/2%Pb (Williams, 1998; Garber et al., 2020). This approach circumvents
assumptions about data concordance and the precision and accuracy of using a 2*Pb
correction. The equations used in the Pb concentration and common Pb fraction calculations

can be found in the appendices.

4.5. Erf~! calculations
A normalized concentration gradient that results from volume diffusion is defined by Crank

(1975):
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where C is the concentration at a given spot, C; is the concentration at the rim, C. is the
concentration at the core, x is the distance from the edge of the grain, and D is the diffusivity
for a given duration of time (7). For the purposes of treating the concentration data in each
grain as a diffusion experiment, we define C, and C. as the minimum and maximum
concentration within each grain, regardless of whether they occur at the rim or core.
Rearranging this equation, the inverse error function of the normalized data that results from

volume diffusion is a line:

C —C, X
erf‘1< ) =
Cc - Cr V4Dt
with slope:
1
m = —
4Dt

Therefore, for single-element data, this approach can be used to calculate the diffusivity of
that element if the duration of time at constant temperature is known.

The role of volume diffusion at the grain scale in the analyzed titanite grains was
assessed by calculating the inverse error function of the normalized Pb and trace-element
concentrations. The linearity of the normalized erf”’ as a function of distance from the grain
edge was evaluated by calculating the correlation coefficient (Pearson’s r) and the r? values
of linear regressions through these data. The relative uncertainties assigned to the erf’
values were equivalent to the relative uncertainties of the in-run propagated (dates) and raw

analytical (trace-element) uncertainties.
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4.6. Zr-in-titanite thermobarometry

Zr-in-titanite temperatures were calculated using the calibration of Hayden et al., (2008). A
pressure of 5.6 + 0.4 kbar was assumed based on thermobarometry of a metapelite exposed
near the studied sample (Klepeis et al., 1998). The presence of quartz in the studied sample
indicates that asio2 = 1. Because rutile is absent, the ario2 was assumed to be 0.75 + 0.25, as
arioz? in titanite-bearing rocks is likely >0.5 (Chambers and Kohn, 2012; Ghent and Stout,
1984; Kapp et al., 2009). Two Zr-in-titanite temperature uncertainties are quoted herein: the
first incorporates the analytical uncertainties on the Zr concentrations and the cited
uncertainties on the assumed pressure and ario2, whereas the other excludes uncertainties
related to pressure and ario2 (which implicitly assumes pressure and ario2 were constant

during titanite (re)crystallization).

5. Results

A summary of 2°7Pb/2%Pb-corrected 2°°Pb-238U dates (hereafter simply referred to as “U-Pb

dates”), Zr-in-titanite temperatures, microstructures, zoning, and trace-element-date patterns
for each of the analyzed grains is reported in Table 1. The complete U-Pb isotopic data, erf’
calculations, Zr-in-titanite temperatures, trace-element data, EBSD texture component maps,

and EPMA X-ray maps are contained in the appendices.

5.1. U-Pb dates
U-Pb dates from 1,049 spot analyses across 20 titanite grains from sample 01M1 range from
~75-50 Ma (Fig. 4). Some individual titanite grains preserve almost this entire range in

dates (e.g., grains 3, 16; Table 1); other grains yielded a smaller range, sampling various
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Grain Date and
Grain length Dates Zr-in-ttn Zr Mis LABs® Z()ningf Interpretation®
um) Ma)' (0  correlated?* (°)"
1 300  68-57 720-762 N 2 N p diss—repr
2 275 6653 689-741 N 8 Y 1-c, p def + diss—repr
3 700  76-55 706-754 N 4 Y 1-c, p def + diss—repr
4 250 6051 704-749 N 12 Y I-c def + diss—repr
5 375 75-58 685-763 Y 1 N 1-¢ diss—repr
6 550 67-56 704-773 N 3 N 1-¢ diss—repr
7 525  69-52  702-785 N 80 Y c1, 1-c  def £ diss—repr
8 425  72-54 709-756 Y 2 N lI-c, p diss—repr
9 500 67-50 713-770 Y 2 N 1-¢ diss—repr
10 500 69-51 709-769 N 1 N 1-c diss—repr
11 350 77-59 712-775 Y 1 N 1-¢ diss—repr
12 500 70-53 721-776 Y 1 N cr, 1-¢ diss—repr
13 375  59-51 749-780 N 8 Y l-c def + diss—repr
14 250  68-55 706-779 Y 1 N cI, p diss—repr
15 275  65-52  747-779 N 2 N 1-c diss—repr
16 400 71-53 709-771 Y 2 N cr, l-¢c, p diss—repr
17 550 59-54 765-783 N 8 Y l-c def + diss—repr
18 1050 68-50 703-743 N 5 N p def + diss—repr
19 900 6950 714-740 Y 2 N l-c, p diss—repr
20 325 67-51 701-743 Y 2 N 1-c, p diss—repr

a 207Pb/206

206 238

Pb-corrected = "Pb-"""U date using Stacey-Kramers common Pb value of 0.83

® calculated using Hayden et al. (2008) Zr-in-ttn calibration, P = 5.6 kbar, agjo, = 1,

aTtio = 0.75

Y: Zr-in-titanite temperature and date correlated; N: Zr-in-titanite temperature and

d

¢ misorientation across low-angle grain boundaries (LABs) is <10°

date not correlated

maximum intragrain misorientation relative to point in center of grain

for core-rim, 1-c: lobate-cuspate, p: patchy (see main text for explanation)

& diss—repr: dissolution—reprecipitation; def: deformation

Table 1. Summary of titanite U-Pb dates, zoning, microstructures, and trace-element signatures.

21



subsets of the thin section-scale date distribution (e.g., grains 4, 13, 17; Table 1). We
excluded 47 spots with uncertainties greater than 10% from the erf’ calculations and date,
trace-element, and microstructural comparisons, as the large errors preclude meaningful

interpretations from these spots (Fig. 4).

5.2. Erf! calculations

Figure 5 presents erf! plots of normalized Pb, Sr, Al, and Ce concentration for grains 3, 7
and 20, as these grains reflect the array of grain sizes observed in the sample. Al (high
diffusivity), Sr and Pb (intermediate diffusivity), Ce (low diffusivity) are used to represent
the spectrum of elemental diffusivity rates in titanite (Cherniak, 1993; Cherniak, 1995;
LaTourrette et al., 1996; Holder et al., 2019). Sr may also be considered a proxy for Pb
diffusion, as the two elements have identical charge and similar ionic radii (LaTourrette et
al., 1996; Holder et al., 2019). In general, the correlation coefficients and 12 values of the
linear regressions of the erf! calculations (including Pb) for each grain are small, and many
of the r? values themselves are negative (Figs. 5, S2). This observation still holds when
radiogenic and common Pb are considered separately (Fig. S2). Negative correlation
coefficients in these plots are a function of the way we have defined C; and C. as the
minimum and maximum concentrations of the grain rather than the defined rim and core,
and thus demonstrate instances where concentrations increase rather than decrease at the
grain edges. Negative r? values indicate modeled linear regressions that are a poorer fit to
the data than a horizontal line. Even those data with high correlation coefficients do not
define a line (e.g., total Pb in grain 15, Fig. S20), which points to the effect of outliers on

Pearson’s r values. Although these observations indicate that Pearson’s r is an imperfect
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measure of correlation for this reason, it still shows that the erf”’ plots reveal no correlation
between concentration and spot location within a grain. Correlation coefficients for U
concentrations vs. U-Pb date (to assess the role of Pb diffusion driven by U concentration
gradients; Paul et al., 2019) range from —0.5 to +0.7, but most values cluster around zero

(Figs. 5 M-0, S3).

5.3. Sample-scale Zr-in-titanite temperatures and trace-element concentrations
Calculated Zr-in-titanite temperatures range from ~700-780 °C (Fig. 6A, Table 1). The
calculated Zr-in-titanite temperatures from the oldest U-Pb spots overlap published
equilibrium thermometry constraints from a nearby Coast shear zone metapelite (~700 °C;
Klepeis et al., 1998), suggesting that the Zr-in-titanite temperatures are broadly accurate. U-
Pb date and Zr-in-titanite temperature are not correlated at the sample scale (Fig. 6A). It is
notable, however, that most Zr-in-titanite temperatures >750 °C are from spots younger than
~65 Ma. With the exception of Lan/Smn, which increases with decreasing date, there are no

consistent sample-scale trends in date vs. trace-element content (Fig. 6B—D).

5.4. Zoning and individual grain trace-element concentrations

EPMA X-ray maps reveal three types of zoning in the analyzed titanite crystals; the zoning
is most evident in the Al and Ce maps (Figs. 7, 8, 9). Seventeen grains have inward-
penetrating, lobate—cuspate rims (Figs. 7A, 8 A) that are particularly distinctive in the Al
maps (Fig. 8A), but also mimicked by the Ce zoning in ten of these grains (e.g., Fig. 7A).
Seven titanite grains display Al, Ce, and Nb zoning that is patchy or irregular (Fig. 8A). No

porosity or inclusions are associated with the lobate—cuspate rims or areas of patchy zoning,
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Figure. 7 Undeformed titanite grain (grain 20) displaying lobate—cuspate zoning, one of three zoning patterns
observed in the dataset. (A) Misorientation map, (B) Ce X-ray map, (C) chondrite-normalized REEs, and (D)
spider diagram of all measured trace elements normalized to the median dataset core values. Maximum and
minimum concentrations in (B) were quantified using LASS data. Translucent white spots in (B) indicate the
location of LASS analyses and the associated U-Pb dates (Ma). In-run date uncertainties from the dark gray
spots are >10% and were removed from the final dataset. In-run, 2c uncertainties on U-Pb dates for this grain
are 2—5 Ma. White arrows in (B) denote lobate—cuspate rim, which is compatible with dissolution—
reprecipitation. The elements in this and the other spider diagrams are arranged in compatibility order in
titanite (Shannon, 1976). Zr and Hf concentrations increase with younging date in this grain, whereas Al
concentrations decrease with younging date (D).
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Figure 8. Undeformed titanite grain (grain 19) displaying patchy and lobate-cuspate zoning, two of three zoning
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and (D) spider diagram of all measured trace elements normalized to the median dataset core values. Maximum
and minimum concentrations in (B) were quantified using LASS data. Translucent white spots in (B) indicate
the location of LASS analyses and the associated U-Pb dates (Ma). In-run date uncertainties from the dark gray
spots are >10% and were removed from the final dataset. In-run, 2¢ uncertainties on U-Pb dates for this grain
are ~2 Ma. White arrows denote lobate—cuspate rim, compatible with dissolution—reprecipitation. Light rare-
earth element, Zr, and Hf concentrations increase with younging date in this grain, whereas Al, Nb, and Ta
concentrations decrease with younging date (C,D).

27



as revealed by BSE imaging (Fig. S4). Four grains exhibit core—rim zoning in the Ce X-ray
maps, with low-Ce cores and high-Ce rims, but these same grains have lobate—cuspate rims
or patchy zoning in the Al maps (Figs. 9A, S5N, S5P).

Correlations among date and some measured trace elements exist in 14 of the grains, but
the trace-element—date correlations vary randomly from grain to grain (Figs. 7, 8, 9). For
example, young spots in some grains have higher concentrations of nearly every measured
trace element (e.g., grain 12; Fig. 9B and C). Other grains have more-complex date—trace-
element correlations, with some trace-element concentrations increasing with younging date
and others decreasing (e.g., grain 19; Fig. 8B and C), only a few elements correlated with
date (grain 20, Fig. 7B and C), or a bimodal distribution of trace-element concentrations that
are not correlated with date (e.g., grain 7; Fig. S5G). Six of the analyzed grains yielded no

relationship between date and any measured trace element (e.g., grain 3, Fig. S5C).

5.5. Intracrystalline deformation

The degree of intracrystalline deformation is variable among the grains. Thirteen of the
analyzed titanite have <3° of misorientation with respect to the center of the grain; these
titanite crystals also lack low-angle grain boundaries (1-10° of misorientation; e.g., Figs.
7A, 8A, 9A, Table 1). Six of the remaining titanite grains show ~4—12° of lattice bending,
with one grain having up to 80° of misorientation relative to the central reference point (Fig.
10A-D). Six of the seven bent grains also have low-angle boundaries (Fig. 10, Table 1). The
bent grains are not oriented differently with respect to the bulk rock fabric compared to the
unbent crystals and are not in microstructurally different portions of the rock (e.g., in shear

bands) (Fig. S1). This suggests there is no systematic control on whether the titanite lattices
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Figure 9. Undeformed titanite grain (grain 12) displaying core-rim zoning, one of three zoning patterns
observed in the dataset. (A) Misorientation map, (B) Ce X-ray map, (C) chondrite-normalized REEs, and (D)
spider diagram of all measured trace elements normalized to the median dataset core values. Maximum and
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grain are ~2 Ma. Rare-earth element, Y, Fe, Zr, and Hf concentrations increase with younging date in this grain
(C, D). The geometrically simple rim revealed by the Ce X-ray map is interpreted to have resulted from
dissolution—reprecipitation rather than secondary titanite growth.
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Figure 10. EBSD maps and dates for the seven bent titanite grains. (A—D) Date vs. misorientation plots and
EBSD maps for the four bent grains wherein dates young with increasing lattice bending: (A) grain 7, (B) grain
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were bent during deformation. Most low-angle boundaries and bent portions of grains are
found at grain tips (Fig. 10). Of the seven grains with subgrains, low-angle grain boundaries,
and/or significant lattice bending, four display relationships between date and lattice
bending (grains 2, 3, 7, 18; Fig. 1I0A-D) and three have no dates older than ~60 Ma (grains

4,13, 17; Fig. 10 E-G).

6. Discussion

6.1. Volume diffusion of Pb and other trace elements

The erf! calculations suggest that the ~25 Myr spread in titanite U-Pb dates does not reflect
a diffusive Pb-loss process at the scale of individual grains (Figs. 5, S2). The erf! of the
normalized Pb concentration and distance from the edge of a grain are not correlated in any
of the titanite grains (Figs. SA—C, S2). The exception is grain 15, which has a correlation
coefficient for Pb vs. distance of ~0.76 (Fig. S20). However, in this grain, distance and Sr
concentration are negatively correlated, whereas the opposite relationship is expected from
volume diffusion (Fig. S20). If Pb and Sr behave similarly with respect to intracrystalline
diffusion in titanite (LaTourrette et al., 1996; Marsh and Smye, 2017), the contrasting Pb vs.
Sr observations make it unlikely that Pb moved via volume diffusion in this grain. Further,
none of the measured trace elements yield error function-like correlations between
concentration and distance from the grain edge in any of the crystals (Figs. 5, S2). No
element, Pb included, appears to have moved via volume diffusion at the grain scale; this
requires that the titanite U-Pb dates are not cooling ages, even though the calculated Zr-in-

titanite temperatures approached conditions at which Pb diffusion in titanite has been
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observed in other rocks (e.g., Garber et al., 2017). We note that our approach precludes
assessment of volume diffusion at lengthscales smaller than the analytical spot size (25 um).

We tested for the effects of U zoning on volume diffusion of Pb by evaluating the
relationship between date and U concentration in each titanite grain (Paul et al., 2019). It has
been shown elsewhere that heterogeneous U distributions result in Pb concentration
gradients that can drive volume diffusion, producing negative correlations between U-Pb
date and U concentration (Paul et al., 2019). Except for three grains (grains 5, 7, and 13), U-
Pb date and U are not negatively correlated in the Coast shear zone titanites (Figs. 5 M-O,
S2), suggesting that U zonation did not obfuscate straightforward core—rim variations in U-
Pb date. Rather than volume diffusion, the relationship between date and U concentration in
three grains more likely reflects changing fluid composition during interface-coupled

dissolution—reprecipitation (see section “Dissolution—reprecipitation” below).

6.2. Dates vs. Zr-in-ttn temperature, trace-element compositions

With the exception of Lan/Smn, there is no clear correlation between the titanite U-Pb dates
and trace-element compositions or Zr-in-titanite temperature at the scale of the entire dataset
(Fig. 6). This implies that the titanite did not simultaneously undergo the same
(re)crystallization process, or such a process was variably recorded by individual grains. It is
also worth noting that Zr-in-titanite temperatures >750 °C are restricted to dates younger
than 65 Ma, and that Zr-in-titanite temperatures younger than 65 Ma are bimodal (~725 or
~770 °C). Although these temperatures cannot be resolved if the uncertainties on pressure,
ario2, and Zr concentration are all considered, the underlying bimodality in Zr concentrations

can be differentiated outside of their analytical uncertainties (Fig. 6A). As such, the sample
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effectively records two distinct Zr concentrations within and between different titanite grains
that (re)crystallized at the same time. Such bimodality is typically ascribed to sector zoning
in titanite (Paterson et al., 1989; Hayden et al., 2008; Walters and Kohn, 2017), yet none of
the grains are obviously sector zoned (Fig. S5).

A closer look at the Zr-in-titanite data reveals multiple date vs. temperature patterns
(Fig. 11) across individual grains. Date and temperature are correlated in nine grains; in
these grains, temperature increases with younging date (Fig. 11A). We suggest the ~700 °C
temperatures from spots yielding the oldest dates (~75—-60 Ma) reflect the ambient
temperature during initial crystallization, as the temperatures overlap prior constraints for
the beginning of Coast shear zone deformation (Klepeis et al., 1998). It is expected that the
ambient metamorphic temperature increased during intrusion of the Great Tonalite Sill at
~65 Ma; the higher temperatures from the younger (~60—50 Ma) spots likely record peak
metamorphic conditions at this time. The correlation between date and temperature in these
grains represent instances of dates and Zr contents reset at the same time, most likely by the
same process.

The data patterns from the remaining grains are responsible for the bimodality of
temperature data at the sample scale. Three grains yield the full sample range in dates, but
the Zr-in titanite temperatures are consistently low (~700-730 °C; Fig 11B). An additional
subset of grains yields a more restricted range of young dates (<65 Ma) and the calculated
temperatures are largely >750 °C (Fig. 11C). Two grains produce among the youngest dates
in the dataset (<60 Ma) with all temperatures >750 °C (Fig. 11D). A single titanite crystal
likewise exhibits only young dates (<60 Ma), but with <750 °C temperatures (Fig. 11E).

Finally, U-Pb dates and Zr contents of the three remaining grains are uncorrelated and
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encompass the entire date and temperature range of the dataset (Fig. 11F). These data
demonstrate that U-Pb and Zr resetting was highly variable at the scale of individual grains.
There are no consistencies among the microstructures, compositional zoning, or grain size
within the above groupings of titanites (Table 1; Fig. S5), nor are they spatially related
within the thin section (Fig. S6). These data imply that localized, grain-scale processes
heterogeneously recrystallized the titanite at the scale of a single thin section and within
single crystals, leading to the absence of clear sample-scale (or in some cases, even grain-
scale) trends. In the following section, we explore these recrystallization processes as
revealed by the relationships among dates, zoning, trace-element compositions, Zr-in-titanite

temperatures, and microstructures.

6.3. Localized, grain-scale processes recorded by titanite U-Pb dates

6.3.1. Dissolution—reprecipitation

The zoning textures and the relationships between dates and trace-element concentrations
suggest fluid-driven recrystallization affected all the titanite grains analyzed in this study.
For example, fluid-driven recrystallization textures are ubiquitous in the chemical zoning of
the analyzed titanite (Figs. 78, S5). Each of the twenty analyzed titanites preserves either
lobate—cuspate rims and/or patchy zoning in at least one element (Figs. 7A, 8A, 9A, S5),
although several grains have comparatively simple core-rim Ce zoning (e.g., Fig. 9A). The
inward-penetrating, lobate—cuspate rims are diagnostic of interface-coupled dissolution—
reprecipitation recrystallization, in which a fluid-driven reaction boundary propagates into
the crystal along grain rims, cracks, twin planes, or around inclusions (Geissler et al., 2003,

2007; Holder and Hacker, 2019; Putnis et al., 2005; Putnis, 2009; Fig. 1E). However, even
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the titanite grains that lack these features may have been affected by fluids. Intragrain
interfaces become lobate—cuspate when the migrating interface becomes pinned by
impurities such as inclusions (e.g., Ruiz-Agudo and Putnis, 2012); without these impurities,
the reaction boundary may be near-planar and produce more geometrically straightforward
core—rim relationships. Given that the grains with simple core-rim Ce zoning also have
lobate—cuspate or patchy domains in the Al maps (Fig. S5G, L, N, P), we suggest that all the
titanite rims record the propagation of dissolution—reprecipitation reactions.

In addition to the chemical zoning textures, the absence of systematic, reproducible
variations (Fig. 6) among the dates and trace-element compositions can also be explained by
the effects of dissolution—reprecipitation. The precise trace elements that correlate positively
or negatively with date differ from grain to grain (Table 1; Figs. 8B and C, 9B and C), and
some grains yield few or no clear relationships with any trace elements (Figs. 7B and C,
Table 1). For example, dates are roughly correlated with all the REEs in ten of the titanite
crystals, with Zr content in nine grains, and with Al content in three grains (Table 1; Figs.
7B and C, 8B and C, 9B and C). During dissolution—reprecipitation, the fluid composition at
the reaction front continually evolves as the precursor grain dissolves and reprecipitates,
potentially resulting in evolving fluid compositions at the individual grain scale (Lippmann,
1980; Putnis and Mezger, 2004; Putnis et al., 2005; Putnis, 2009). If the local fluid
composition controls the composition of the reprecipitated phase(s), and if the local fluid
composition evolves as each titanite dissolution—reprecipitation reaction proceeds, the extent
to which U-Pb dates and trace-element contents are reset may differ within and among
individual grains (Fig. 1E; Geisler, 2007; Hacker et al., 2015; Holder and Hacker, 2019;

Putnis and Mezger, 2004; Putnis et al., 2005; Putnis, 2009). Alternatively, multiple fluids of
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different composition may have been present at the sample scale if they were sourced from
the varying lithologies of the western metamorphic belt and the Great Tonalite Sill (e.g.,
Klepeis et al., 1998) and remained immiscible during metamorphism (Vard and Williams-
jones, 1993; Romer et al., 2005; Heinrich, 2007). Regardless of their scale or precise
mechanism of their production, variable fluid compositions could explain the nonsystematic
variations among date and trace-element concentrations within the dataset.

The composition of the fluid that drove titanite dissolution—reprecipitation must account
for the mobilization of Zr, REEs, and Pb. REEs and high field strength elements (HFSE)
like Zr are more soluble in aqueous solutions that contain fluorine (Keppler, 1993; Pan and
Fleet, 1996; Hetherington et al., 2010; Rapp et al., 2010; Migdisov et al., 2011). The
increasing Lan/Smn with younging date (Fig. 6B) and with increasing Zr-in-titanite
temperature (Fig. S7) further supports an F-bearing fluid, as LREE-F+ aqueous compounds
stabilize with increasing temperature (Migdisov et al., 2009). Carbonate-rich fluids also
promote mobilization of the HFSE and REEs (Pouchon et al., 2001; Curti and Hummel,
1999), but the REEs complex more easily with carbonate anions than the HFSE
(Chakhmouradian and Williams, 2004), which is contrary to the mobilization of both the
REEs and Zr that we observed. Further, high fluid Xco2 in calcsilicates stabilizes rutile over
titanite (Frost et al., 2000; Chakhmouradian and Williams, 2004) and high Ca contents favor
precipitation of fluorite (Salvi et al., 2000), but rutile and fluorite are absent from the studied
sample. The absence of fluid inclusions in the analyzed titanite crystals preclude directly
constraining the composition of the fluid(s) that recrystallized the grains. Further, to our
knowledge, there are no experimental data on the fluid compositions associated with titanite

dissolution—reprecipitation. Nevertheless, the data broadly support a metamorphic fluid that
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was likely an F-bearing, Ca-poor, H>O-dominant CO»-subservient mixture in which the
relative proportions of F, H>O, and CO; continually evolved as a result of dissolution—
reprecipitation, producing variable relationships between dates and trace-element
concentrations within and among grains. Such a mixed H2O—CO; metamorphic fluid is
further supported by the presence of hydrous (amphibole, clinozoisite, biotite) and carbonate
(calcite) minerals in the studied calcsilicate (Fig. 3).

The reason for the variable Pb removal from the grains is less clear. One potential
explanation is that radiogenic Pb did not have a consistent oxidation state during
recrystallization. For example, if radiogenic Pb was tetravalent, it would have behaved like a
HFSE and have been relatively fluid immobile (Frei et al., 1997; Kramers et al., 2009)
except in F-rich fluids (see above, Keppler, 1993; Pan and Fleet, 1996; Jiang et al., 2005;
Hetherington et al., 2010; Rapp et al., 2010; Migdisov et al., 2011). On the other hand, if Pb
was dominantly 2+, it would have behaved like a large-ion-lithophile element and be more
soluble in a range of fluid compositions (Kramers et al., 2009). Direct constraints on the
radiogenic Pb oxidation state in titanite, however, suggest that it is uniformly divalent
(Syverson et al., 2019), making this explanation less plausible. Alternatively, radiation
damage accumulation can promote recrystallization by a diffusion-reaction process
(Rizvanova et al., 2000; Davis and Krogh, 2000; Geisler et al., 2007), and variable degrees
of radiation damage among the analyzed grains might have driven differential removal of
Pb. This hypothesis is permissible if some of the titanite grains are detrital (see discussion
below), but if the oldest titanite date reflects the onset of metamorphic titanite
crystallization, the temperatures would have been too high to permit significant radiation

damage accumulation (c.f., Coyle and Wagner, 1998). Instead, we suggest that the
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decoupled dates and trace-element contents may reflect the remobilization but not removal
of radiogenic Pb during dissolution—reprecipitation, giving host to “parentless daughter”, as
has been proposed for some fluid-affected zircon (Hoskin and Black, 2000; Carson et al.,
2002; Kusiak et al., 2013; Weinberg et al., 2020). However, why this phenomenon occurred
in some grains and not others cannot be resolved with our data, but it may be linked to the

likely variable fluid compositions at the thin-section scale as discussed above.

6.3.2. Deformation

Four titanite grains have ~4—80° of lattice misorientation with respect to a central reference
point (“bent grains”), low-angle boundaries at grain tips, and U-Pb dates that span the entire
~75-50 Ma range of the dataset (Table 1; Figs. 10A-D). Dates young with increasing lattice
bending in these crystals, with the youngest dates (~60—-50 Ma) in the rotated grain tips and
subgrains (Fig. I0A-D). This relationship suggests that the dates from bent grain tips record
the timing of crystal-plastic deformation. Three additional titanite grains display ~8—12 ° of
total intragrain misorientation, have low-angle grain boundaries, and yield no U-Pb dates
older than ~60 Ma (Table 1; Fig. 10E—G). Further, it is only in bent grains where this more
restricted range in dates is observed. This implies that the U-Pb dates from these grains were
completely reset as a result of the lattice bending that accommodated deformation.

We note that the evidence for dissolution—reprecipitation makes it difficult to
unequivocally interpret that the ~60—50 Ma dates from the bent grains record the timing of
lattice bending (deformation) rather than fluid-mediated recrystallization. Two of the bent
grains (grains 3 and 18; Fig. 10B, D) have ~60—-50 Ma dates in unbent parts of the grain;

these young dates likely reflect the timing of interface-coupled dissolution—reprecipitation,
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rather than lattice bending. Additionally, U-Pb dates are positively or negatively correlated
with some trace-elements in two of the bent grains (grains 2 and 18; Figs. S5B, S5R),
consistent with date resetting by interface-coupled dissolution—reprecipitation rather than
lattice bending. Nevertheless, there is always a relationship between microstructure and date
in bent grains: dates either young with increasing misorientation or all dates are younger
than 60 Ma (Fig. 10). Despite the evidence for dissolution—reprecipitation, these consistent
patterns between dates and microstructure suggests that lattice bending played a role in
resetting the U-Pb dates in the bent grains.

The gradational nature of lattice bending and the low-angle subgrain boundaries (Fig.
10) implies that these deformation microstructures formed from the production and motion
of dislocations within the titanite. If these are dislocation-related microstructures, and the
development of these microstructures played a role in resetting the U-Pb dates, this suggests
that dislocations and low-angle boundaries facilitated Pb loss from the titanite. However, we
cannot unequivocally invoke the role of dislocations in resetting U-Pb dates given the
analytical scale of the dataset. Further, the only existing nanoscale observations of
dislocations in titanite show no change in Pb concentration within or across low-angle grain
boundaries (Kirkland et al., 2018), implying that in some instances, dislocation-facilitated
diffusion (i.e., pipe diffusion and Cottrell Atmospheres) may not affect Pb. We suggest that
deformed titanite whose microstructures yield young dates are promising candidates for
future studies aimed at constraining the mechanisms and complexities of dislocation

facilitated Pb loss in titanite.

6.3.3. Coupled deformation and dissolution—reprecipitation
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As discussed above, the superposition of lattice bending and low-angle boundaries on fluid-
related zoning makes it difficult to differentiate the roles that deformation and fluid-
mediated recrystallization played in resetting the titanite U-Pb dates. In addition, the trace-
element compositions of the three grains whose dates we interpret to have been completely
reset by deformation (Fig. 10E—G) overlap the range of compositions from the undeformed,
fluid-recrystallized rims (Fig. S8). This suggests that the trace-element signatures of the
three deformed, completely reset grains were affected by the same fluids that produced the
lobate-cuspate rims in other grains. Further, it is only in the bent grains that the trace-
element contents appear to be reset across the entire grain and not just at grain margins.
These two observations imply that lattice bending and dissolution—reprecipitation were
coupled processes that together worked to reset dates and trace-element signatures in the
bent grains. We suggest that microstructures provided fast diffusion pathways that facilitated
isotopic and trace-element exchange between the fluid and grain interiors in the bent grains,
similar to the role porosity has been suggested to play in dissolution—reprecipitation
reactions (Putnis, 2009). The resetting of U-Pb dates by lattice bending, therefore, was likely

never independent of fluid alteration in these titanite.

6.4. Timing of deformation and dissolution—reprecipitation

Dates from the bent grain tips, subgrains, and crystals we interpret to have been completely
reset from deformation range from ~60-50 Ma (Fig. 12A). The weighted mean of these
dates is 55 + 1 Ma (MSWD = 2.6; Fig. 12A). These data are consistent with either ~10 Myr

of continuous deformation or a range of partial to complete resetting of dates during a
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Figure 12. Probability density functions, histograms, and weighted mean values for (A) bent domains, (B)
fluid recrystallized rims, and (C) grain cores. Dates included in (A) comprise dates from bent grain tips in
grains 2, 3, 7, and 18, as well as all dates from grains 4, 13, and 17 (see Table S2). Dates included in (B) and
(C) are rim and core values from the 11 grains that yielded increasing Ce concentration with younging date
(see Tables 1 and S2).
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discrete deformation event. Ten million years of deformation would be compatible with
previous interpretations that the Coast shear zone was active from ~65-55 Ma (Klepeis et
al., 1998). However, without more detailed work on the effects of crystal-plastic
deformation on elemental mobility in titanite, it is not possible to differentiate between a
protracted deformation history or partial to complete resetting of dates during deformation.
We therefore suggest that these titanite were almost certainly deforming around 55 Ma, and
that deformation may have begun as early as 60 Ma and ended as late as 50 Ma.

We constrain the timing of interface-coupled dissolution—reprecipitation using the dates
from the fluid-recrystallized rims wherein dates young with increasing Ce concentration (11
grains, see Table 1). The consistent relationship between dates and Ce concentrations in
these grains suggests that these rim dates accurately reflect the timing of fluid mediated
recrystallization. Similar to the bent titanite, dates from the fluid recrystallized rims largely
range from ~60-50 Ma (Fig. 12B). The weighted mean of dates from the recrystallized rims
is 58 + 1 Ma (MSWD of 5.7; Fig. 12B). The spread in dates and high MSWD imply either
~10 Myr of dissolution—reprecipitation reactions, or partial to complete resetting of the U-Pb
system during a discrete event (e.g., Kelly et al., 2012). It is not possible to discriminate
between these two interpretations; we conservatively suggest that 60 Ma is the maximum
onset of titanite dissolution—reprecipitation, that these reactions were likely ongoing at 58
Ma, and that fluid mediated recrystallization ceased by 50 Ma.

The timing of initial titanite crystallization is constrained by dates from grain cores
wherein dates young with increasing Ce concentration (11 grains, see Table 1). The
consistent relationships between dates and Ce concentrations in these grains suggest that

dates from these cores were least affected by fluid mediated recrystallization and are most
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likely to faithfully record the timing of crystallization. Dates in the cores of the fluid-
recrystallized titanite range from ~75—-60 Ma with a weighted mean of 64 Ma (MSWD =
5.5; Fig. 12C). The spread in dates and large MSWD suggests either 15 Myr of continuous
titanite crystallization (e.g., Stearns et al., 2016), partial fluid-mediated resetting of titanite
that crystallized at 75 Ma, or detrital cores with crystallization ages significantly older than
75 Ma that were partially reset at ~60—-50 Ma. It is not possible to differentiate among these
interpretations of the oldest titanite dates given the current data. We therefore suggest that

titanite neocrystallization ceased by 60 Ma.

6.5 Implications for titanite petrochronology

The twenty analyzed titanite grains and their associated U-Pb dates, zoning, trace-element
composition, and microstructures preserve evidence for simultaneous interface-coupled
dissolution—reprecipitation and lattice bending within a single sample. These data highlight
the range of processes that can be recorded by titanite grains subjected to the same
metamorphic and deformation history at the scale of a single thin section. The workflow
presented herein demonstrates the potential complexities in titanite U-Pb dates, and how
careful comparison of date with distance from the grain edge, trace-element composition,
zoning, and microstructure makes it possible to link those dates to multiple, simultaneous
processes affecting titanite chemistry. Our efforts further show that sample-scale date and
chemical trends may be misleading: our full titanite dataset shows that there are very few
robust sample-scale trends despite the prevalence of clear correlations within individual
grains, and indicate chemical heterogeneity on sub-grain, grain, and thin-section scales that

might not be evident without detailed, grain-scale analyses.
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The highly variable, unsystematic coupling-decoupling of U-Pb dates and trace-element
contents observed in the titanite grains in this study, and of titanite and other accessory
minerals (zircon, monazite) elsewhere in the literature, is an increasingly recognized
phenomenon that apparently results from some combination of fluid alteration, volume
diffusion of U and/or Pb, and deformation (Kunz et al., 2018; Garber, Smye, et al., 2020;
Weinberg et al., 2020; Gordon et al., 2021). The microtextural evidence of dissolution—
reprecipitation presented here implies that U-Pb date and trace-element decoupling in the
Coast shear zone titanite was driven by differences in the chemical potentials of trace
elements and Pb between the titanite and the metamorphic fluid (Putnis and Mezger, 2004;
Putnis, 2005, 2009), and that these controls never achieved equilibrium on the thin-section
scale.

Although many advances have been made in the past decade (Moser et al., 2009;
MacDonald et al., 2013; Bonamici et al., 2015; Piazolo et al., 2016; Kovaleva et al., 2017,
Langone et al., 2017; Papapavlou et al., 2018; Moore et al., 2020; Fougerouse et al., 2021;
Gordon et al., 2021), directly dating crystal-plastic deformation, fluid flow, and other
processes associated with slip along ductile shear zones remains challenging. Titanite U-Pb
dates are correlated with deformation microstructures in our dataset—bent grains, bent grain
tips, and subgrains have the youngest dates—but the evidence for dissolution—reprecipitation
makes it difficult to specify an unequivocal deformation age. Still, these data contribute to a
growing body of work demonstrating that titanite is a promising candidate to directly date
crystal-plastic deformation (Bonamici et al., 2015; Papapavlou et al., 2017; Gordon et al.,

2021) and fluid flow (Garber et al., 2017; Holder and Hacker, 2019).
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Zr-in-titanite data (this study) and prior constraints on metamorphic temperatures of
Coast shear zone metapelites (Klepeis et al., 1998) suggest that the analyzed Coast shear
zone titanite resided at >700 °C for ~25 Myr, yet the crystals show no conclusive evidence
for volume diffusion of Pb at the titanite grain scale. Although we cannot rule out volume
diffusion at lengthscales less than 25 um, our results are nonetheless compatible with the
previously published conclusions that Pb volume diffusion in titanite at <750 °C may be
negligible (Stearns et al., 2016; Kohn, 2017; Holder et al., 2019). Our data support the
notion that titanite U-Pb dates should not be interpreted as cooling ages in the absence of

spatial information supporting that contention.

6.6 Implications for the tectonometamorphic history of the Coast shear zone
Coast shear zone titanite U-Pb dates in combination with trace-clement concentrations, Zr-
in-titanite temperatures, zoning, and microstructures suggest that intrusion of the Great
Tonalite Sill caused simultaneous heating, fluid alteration and deformation of the country
rocks. The fluid-recrystallized titanite rims with elevated Zr and REE contents and their
associated ~60—50 Ma dates in the studied sample (Figs. 7-9, 11A, 12B) likely record
heating and igneous or metamorphic fluid influx associated with these intrusions (Hayden et
al., 2008), although these data may alternatively reflect the combined effects of exhumation
and heating during intrusion of the Great Tonalite Sill (e.g., Wood et al., 1991; Klepeis et
al., 1998). The increase in temperature at ~60 Ma may reflect advective fluid pulses or
conductive heating from the Sill, but the precise cause is unknown.

Zircon crystallization ages from deformed and undeformed intrusions suggest that the

Coast shear zone near Portland Inlet was active from ~65—-55 Ma but do not preclude
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deformation in the westernmost Coast shear zone, from which the sample analyzed herein is
from, after this time (Klepeis et al., 1998). U-Pb dates from the bent titanite grains and grain
tips are consistently ~60—50 Ma (Figs. 10, 12), implying that these data record titanite
deformation during Coast shear zone slip. If this range reflects 10 Myr of continuous
deformation, this suggests that the metasedimentary rocks west of the Great Tonalite Sill
(Fig. 2B) deformed as late as ~50 Ma, 5 Myr after the end of Great Tonalite Sill magmatism
and 5 Myr later than previously suggested (Klepeis et al., 1998). This interpretation is
consistent with the conclusion that the youngest phase of Coast shear zone deformation was
concentrated in a ~1-2 km zone west of the Sill (Klepeis et al., 1998). Alternatively, our
interpretation that the titanite were likely deforming at ~55 Ma (see section “Timing of
deformation and dissolution—reprecipitation” above) is consistent with the notion that ductile

deformation along the Coast shear zone ended around this time (Klepeis et al., 1998).

7. Conclusions

Integrated U-PDb, trace-element, zoning, and microstructural data from twenty titanite
crystals deformed in the Coast shear zone demonstrate that the grains were modified by two
metamorphic processes—interface-coupled dissolution-reprecipitation and lattice bending
that accommodated deformation—at the scale of a single thin section. Dates from lobate—
cuspate rims, bent grains and grain tips, and subgrains range from ~60-50 Ma, suggesting
up to 10 Myr of fluid mediated recrystallization and date resetting via lattice bending. These
data are consistent with the onset of concomitant deformation, fluid-flow, and heating and/or

exhumation from intrusion of the Great Tonalite Sill and slip along the Coast shear zone by
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~60 Ma. Deformation and fluid-flow within the shear zone may have been ongoing as late as
~50 Ma.

Extremely variable correlations between titanite U-Pb dates and trace-elements imply
thin section- or even grain-scale differences in the composition of the fluid driving
dissolution-reprecipitation. The decoupling of U-Pb dates and trace elements in some of the
unbent, fluid-recrystallized titanite further suggests that the relative compatibilities of Pb
and trace elements in a mixed H2O-COx> fluid drove differential date—composition
decoupling during dissolution—reprecipitation. Deformation microstructures are
superimposed on fluid-recrystallized rims, implying that these two processes were coupled
at the grain scale and that microstructures may have provided pathways for fluids to reach
the reaction front. Although the evidence for fluids and deformation in the same thin section
precludes an unambiguous interpretation of the deformation age, titanite remains a

promising candidate to directly date both crystal-plastic deformation and fluid flow.
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CHAPTER 2: TITANITE DEFORMATION CHRONOMETRY REVEALS
MIOCENE AMPHIBOLITE-FACIES DEFORMATION ALONG THE ALPINE
FAULT SYSTEM, SOUTH ISLAND, NEW ZEALAND

1. Introduction

Ductile shear zones commonly preserve superimposed fabrics that represent deformation
events with different kinematics and/or conditions (i.e., T, P, stress, strain rate, fluid content
and composition) of deformation. These spatially coincident fabrics evolve during a single
or temporally separate deformation events. Decoding polyphase deformation in ductile shear
zones, including dating when the fabrics formed and whether they represent continuous or
temporally distinct events, is paramount for elucidating their tectonic significance.
Thermochronometers with different temperature sensitivities can be used to constrain the
timing of polyphase deformation during cooling (e.g., Jacobson et al., 2007), minerals that
define fabrics that formed at different P-T-fluid conditions can be dated to determine the
timing of synkinematic growth, or cross-cutting relationships may help define overlapping
deformation events. These approaches, however, are less useful where superimposed fabrics
formed under similar conditions or where cross-cutting relationships are absent. In these
instances, a direct means to date deformation is required.

Deformation chronometry—the interpretation of dates in their grain-scale
microstructural context (e.g., Piazolo et al., 2012, 2016; Odlum and Stockli, 2020; Odlum et
al., 2022; Gordon et al., 2021; Moser et al., 2022)—is one potential tool to directly constrain
the timing of temporally distinct, spatially coincident phases of deformation. Prior work on
deformed zircon (Piazolo et al., 2012, 2016), titanite (Gordon et al., 2021; Moser et al.,

2022), and apatite (Odlum et al., 2022; Odlum and Stockli, 2020) demonstrates partial to
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complete radiogenic Pb loss as a result of lattice bending, subgrain development, and
neoblastic grain growth. When minerals are deformed, their U-Pb dates may directly date
the timing of deformation when interpreted in their microstructural context (Gordon et al.,
2021; Moser et al., 2022; Odlum et al., 2022; Odlum and Stockli, 2020; Piazolo et al., 2012,
2016). Several aspects of titanite make it one of the most-useful high-temperature (i.e., >500
°C) deformation chronometers. It has a relatively high closure temperature (>750 °C; Garber
et al., 2017; Hartnady et al., 2019; Holder et al., 2019; Kohn and Corrie, 2011; Moser et al.,
2022; Spencer et al., 2013; Stearns et al., 2016), is prevalent in igneous and metamorphic
rocks with diverse bulk compositions (e.g., Frost et al., 2000), incorporates a variety of trace
elements that reflect ambient metamorphic conditions (Garber et al., 2017; Hayden et al.,
2008), and can form grains several hundreds of microns long (e.g., Spencer et al., 2013;
Garber et al., 2017; Holder et al., 2019). Previous work that directly links titanite U-Pb dates
to the timing of deformation, however, focused on shear zones with a single phase of
deformation where the tectonic context is well established (Gordon et al., 2021; Moser et al.,
2022). The response of titanite to protracted, polyphase deformation histories has not been
studied and is thus unclear.

The Anita Shear Zone (ASZ; Fig. 1) is a polyphase, ductile shear zone that parallels the
west coast of northern Fiordland, South Island, New Zealand (Fig. 1; Hill, 1995a, 1995b;
Klepeis et al., 1999; Czertowicz et al., 2016a). The ASZ preserves at least three phases of
superimposed, amphibolite- to greenschist-facies deformation that have variably been
attributed to extensional orogenic collapse of the Fiordland sector of the Median Batholith

and/or Cretaceous rifting of Zealandia from Gondwana (Hill, 1995a, 1995b;
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Klepeis et al., 1999), Cretaceous transpression during oblique convergence within the
Median Batholith (Czertowicz et al., 2016a), a Late Cretaceous precursor to the Alpine Fault
zone (Blattner, 1991), transpression as a result of tectonic reorganization and/or oblique
microplate convergence in the mid-Cenozoic (Klepeis et al., 1999), and a mid-to deep
crustal record of transpression along the broader Alpine Fault system in the Miocene
(Claypool et al., 2002; Klepeis et al., 1999). The predominant fabric is an amphibolite-
facies, subvertical, NE-striking foliation with a moderately to gently NE/SW plunging
lineation interpreted to have formed during dextral transpression (Klepeis et al., 1999). The
tectonic significance of the ASZ, including its potential to preserve a mid- to deep-crustal
Miocene window into the evolution of the Pacific—Australian Plate boundary, relies on the
age of these subvertical, amphibolite-facies fabrics. However, limited existing
geochronology only broadly constrains the timing of this transpressive, amphibolite-facies
deformation (Claypool et al., 2002; Czertowicz et al., 2016a) to between the Early
Cretaceous and mid-Miocene (Klepeis et al., 1999).

This contribution integrates titanite U-Pb dates, microstructures, trace-element
compositions, and zoning (i.e., titanite deformation chronometry) to determine the timing of
amphibolite-facies deformation along the ASZ. We further relate the newly determined
deformation age to the mid- to deep-crustal record of the evolution of the Pacific-Australian
Plate boundary from the Cretaceous to the Miocene. The dataset herein demonstrates the
applicability of titanite deformation chronometry to shear zones with protracted deformation

histories and whose timing of deformation is enigmatic.

2. Geologic background
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2.1 Cretaceous—Miocene evolution of Fiordland and the Pacific-Australian Plate
boundary

The Median Batholith, New Zealand, comprises ~10,000 km? of metaplutonic rocks that
represent the Devonian to Early Cretaceous magmatic arc along the paleo-Pacific, east
Gondwanan margin (Fig. 1; Mortimer, 1999). Orthogneisses and metamorphic country rock
in western Fiordland preserve final emplacement of Median Batholith plutons from ~129—
115 Ma, which culminated in crustal thickening, heating, and granulite-facies
metamorphism that lasted until ~105 Ma (Buriticé et al., 2019; J. A. Hollis et al., 2003,
2004; Klepeis et al., 2022; Mattinson et al., 1986; Ringwood et al., 2021; Schwartz et al.,
2016; Stowell et al., 2014; Tulloch and Kimbrough, 2003). Several mid- to lower-crustal
transpressional shear zones were active during these end stages of Median Batholith
construction and oblique convergence along the plate boundary, including the George
Sound, the Grebe-Indecision Creek, and the Straight River shear zones (Fig. 1; Allibone and
Tulloch, 2008; Buritica et al., 2019; Klepeis and Clarke, 2004; Klepeis et al., 2022; Marcotte
et al., 2005; Scott et al., 2011). Subduction-related plutonism ended around ~110 Ma, with
extensional collapse of the lower crust initiating at ~108—106 Ma (Schwartz et al., 2016,
2017). Multiple ductile, amphibolite-facies shear zones accommodated extension in the mid-
to lower-Fiordland arc crust, including the Doubtful Sound and Resolution Island shear
zones (Fig. 1; Allibone et al., 2009; Betka and Klepeis, 2013; Gibson, 1988; Gibson and
Ireland, 1995; Klepeis et al., 2007, 2016; Oliver, 1980; Schwartz et al., 2016). Zealandia had
rifted from Gondwana by ~83 Ma, when seafloor spreading began along the Tasman Ridge

(Gaina et al., 1998). Seafloor spreading in the Tasman sea continued until ~52—47 Ma

53



(Lawver and Gahagan, 1994) and was followed by the initiation of the modern Pacific—
Australian plate boundary at ~45 Ma (Sutherland, 1995).

Fiordland remained a rifted margin until ~25 Ma (Klepeis et al., 2019), when the Pacific
Plate motion changed and the Australian/Pacific plate boundary reorganized to
accommodate convergence (Jicha et al., 2018; Lebrun et al., 2003; Sutherland et al., 2006).
At present, the tectonic setting of the Fiordland sector of the Median Batholith is complex; it
lies in the upper plate of the Puysegur subduction zone (e.g., Sutherland et al., 2009; Klepeis
et al., 2019) with the southernmost Alpine Fault offshore to the northwest (Fig. 1; Lebrun et
al., 2000; Barnes et al., 2005). The modern, oblique convergence of the Pacific and
Australian tectonic plates is accommodated by dextral motion along the Alpine Fault zone
(Fig. 1A; Norris and Cooper, 2000; Demets et al., 2010) and subduction along the Puysegur
trench (Fig. 1A; DeMets et al., 1994; Collot et al., 1995). The age of synkinematic
lamprophyre dikes along the SE Alpine Fault (Cooper, 1987) and the presence of a through-
going, continental rift system in the Oligocene (Kamp, 1986) indicate that strike-slip motion
began on the Alpine Fault at ~25 Ma (Cooper, 1987). Initiation of subduction along the
Puysegur trench may have begun as early as ~25 Ma (Klepeis et al., 2019; Lebrun et al.,
2003) and was ongoing by ~16—8 Ma (Sutherland et al., 2006).

Potassium feldspar “°Ar/*°Ar dates from dextral shear zones in central Fiordland indicate
that mid- to upper-crustal faults accommodated transpression from ~25-10 Ma,
approximately contemporaneous with the initiation of the Alpine Fault zone and subduction
along the Puysegur trench (Fig. 1B; Klepeis et al., 2019b). Low-temperature
thermochronometers, including zircon and apatite fission track and (U-Th)/He dates reveal a

phase of rapid cooling that began in southwest Fiordland at ~25—-15 Ma (Sutherland et al.,
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2009). The timing of rapid cooling becomes younger towards northern Fiordland, with the
onset of cooling at ~10 Ma in the proximity of Milford Sound and the ASZ. This cooling is
attributed to northeastward migration of the leading edge of the Australian slab and
associated exhumation that resulted from subduction initiation (Sutherland et al., 2009).
Convergence rates increased through the Miocene, concomitant with progressive
development of the Puysegur trench (Sutherland et al., 2009).

The mid- to deep-crustal record of the Miocene evolution of the Australian—Pacific Plate
boundary is limited. Constraints on the evolution of the plate boundary along the
southernmost Alpine Fault and the Puysegur Trench come from plate reconstructions
(Lebrun et al., 2003), offshore seismic data (Barnes et al., 2005; Lebrun et al., 2000;
Sutherland et al., 2006), kinematic data from mid- to upper-crustal brittle faults (Klepeis et
al., 2019), and mid- to low-temperature thermochronology (Claypool et al., 2002; Klepeis et
al., 2019; Sutherland et al., 2009). Similarly, farther to northeast along the central Alpine
Fault, much is understood about the upper-crustal deformation record and the low-
temperature cooling and exhumation history of the Southern Alps (Adams, 1981; Batt et al.,
2000; Boulton et al., 2012; Kamp et al., 1989; Little et al., 2005; Michailos et al., 2020; Ring
and Bernet, 2010; Sutherland et al., 2012; Tippett and Kamp, 1993; Toy et al., 2015), but
there are few data that bear on the timing and broader record of high-temperature, mid- to
deep-crustal deformation along the plate boundary (e.g., Ring et al., 2019). The mid- to
deep-crustal record of Alpine Fault mylonitization is primarily preserved within the Alpine
Schist, a metamorphosed accretionary wedge that formed along the paleo-Pacific eastern
Gondwana margin in the Mesozoic (Grapes and Watanabe, 1992; Little et al., 2002; Norris

and Cooper, 2003). Despite the Alpine Fault-related mylonitization of the Alpine Schist,
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most high-temperature mineral assemblages and geochronometers in the Alpine Schist
preserve the Cretaceous record of metamorphism that is broadly related to the rifting of
Zealandia from east Gondwana (Briggs et al., 2018; Chamberlain et al., 1995; Cooper and
Ireland, 2013; Grapes, 1995; Grapes and Watanabe, 1992; Mortimer and Cooper, 2004;
Scott et al., 2015; Vry et al., 2004). The exception is a single study by Ring et al., (2019)
that combined petrologic modeling and muscovite Rb-Sr geochronology to date the end of
amphibolite-facies mylonitization of the Alpine Schist at ~11 Ma along the central Alpine

Fault.

2.2 The Anita Shear Zone

The ASZ is a 180 km-long, ~4 km-wide, steeply-dipping, NE-SW-striking ductile shear
zone along the west coast of northern Fiordland, South Island, New Zealand (Fig. 1). The
shear zone deforms five units from west to east: the Saint Anne Gneiss (which hosts the
western margin of the shear zone), Thurso Gneiss, Anita Ultramafite, Jagged Gneiss, and the
Western Fiordland Orthogneiss; the latter two of which host the eastern margin of the shear
zone (Fig. 1C). The Saint Anne Gneiss and Thurso Gneiss are predominantly
metasedimentary units composed of intercalated metapelites, metapsammites, calc-silicates,
and marbles, representing the metamorphic country rock of the Median Batholith; minor
mafic gneisses are found in both units (Bradshaw, 1990; Czertowicz et al., 2016; Hill,
1995a; Klepeis et al., 1999; Wood, 1972). These metasedimentary rocks are inferred to have
Paleozoic depositional ages based on correlation with the Tuhua sequence in central
Fiordland (Bradshaw, 1990; Gibson, 1988; Hill, 1995a). The Anita Ultramafite is largely a

harzburgite interpreted as a sliver of the sublithospheric mantle that was tectonically
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emplaced beneath the Median Batholith (Wood, 1972; Hill, 1995a; Czertowicz et al., 2016a;
Czertowicz et al., 2016b). The Jagged Gneiss represents a deformed portion of the Arthur
River Complex, a suite of metagabbroic to metadioritic orthogneisses with a Carboniferous
crystallization age and an Early Cretaceous (~136—129 Ma) metamorphic overprint (Tulloch
et al., 2011). The southernmost portion of the ASZ (near Poison Bay, Fig. 1C) deforms the
dioritic to monzodioritic Worsley Pluton of the Western Fiordland Orthogneiss that was
emplaced in the structurally deepest portions of the Fiordland arc at ~124-122 Ma (Fig. 1;
Gibson, 1988; Ireland and Gibson, 1998; Klepeis et al., 2022; Klepeis et al., 2007, 2016;
Mattinson et al., 1986; Muir et al., 1998; Schwartz et al., 2017; Tulloch and Kimbrough,
2003). The fabrics in the ASZ are variably gneissic, schistose, and mylonitic depending on
the lithology, with calc-silicates tending to be gneissic and the mafic- to ultramafic
assemblages mylonitic (Hill, 1995a).

On the basis of foliation and lineation geometry, mineral assemblage and chemistry,
kinematic vorticity, and cross-cutting relationships, Klepeis et al., (1999) recognized four
phases of amphibolite- to greenschist-facies fabric formation within the ASZ. The earliest
recognizable fabric, which pre-dates ASZ deformation, is a gneissic foliation that is folded
and dips moderately east and west with variably oriented down-dip mineral lineations; this
fabric is relict bedding in the Thurso Gneiss. This fabric is overprinted by a gently to
moderately NE-dipping, amphibolite-facies mylonitic fabric with a gently NNW-SSE
plunging lineation (Klepeis et al., 1999). Kinematic indicators and vorticity analyses in these
fabrics are consistent with dextral, top-down-to-the SE simple shear on the gently NE-
dipping foliation planes (Klepeis et al., 1999). Outcrops that preserve these low-angle

fabrics are found predominantly on the north shore of Poison Bay (Czertowicz et al., 2016a).
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Thermobarometry of a metapelite from the Thurso Gneiss that preserves these low-angle
fabrics suggests that deformation occurred at ~12 kbar and 580 °C (Klepeis et al., 1999).
The geometry, kinematics, and PT conditions of this phase of deformation led Klepeis et al.,
(1999) to suggest that the ASZ initiated as a low-angle, extensional ductile shear zone
during mid-Cretaceous crustal thinning and exhumation of the Fiordland arc—though
without direct age constraints, the precise tectonic significance of these low-angle,
amphibolite-facies fabrics remains unclear.

Superimposed on the low-angle, amphibolite-facies fabric is a subvertical, NE-SW
striking foliation with a shallowly NE-SW plunging lineation; this is the prevailing high-
temperature fabric within the shear zone (Czertowicz et al., 2016a; Klepeis et al., 1999).
Kinematic vorticity analyses revealed that these fabrics resulted from pure shear involving a
strong component of horizontal shortening, which together with kinematic indicators is
consistent with formation during dextral transpression (Klepeis et al., 1999). The steep,
amphibolite-facies foliation transposes and truncates the shallowly dipping fabric (Klepeis et
al., 1999). PT estimates from Thurso Gneiss metapelites that preserve the steep, high-
temperature fabric suggest that transpressive deformation occurred at ~8—9 kbar and ~590—
660 °C (Czertowicz et al., 2016a; Klepeis et al., 1999) and quartz deformation
microstructures are consistent with deformation above ~500 °C (Czertowicz et al., 2016a).
These PT estimates permit cooling and exhumation between the two amphibolite-facies
deformation events, but neither is required when uncertainties on the thermodynamic models
and am2o are taken into account (Czertowicz et al., 2016; Klepeis et al., 1999). Constraints
on the age of this phase of deformation are sparse; deformation of the Western Fiordland

Orthogneiss at the southern end of the shear zone (Fig. 1; Hill, 1995a, 1995b; Klepeis et al.,
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1999) requires that these fabrics postdate emplacement of the 124-122 Ma Worsley Pluton
(Gibson, 1988; Ireland and Gibson, 1998; Klepeis et al., 2007, 2016; Mattinson et al., 1986;
Muir et al., 1998; Schwartz et al., 2017; Tulloch and Kimbrough, 2003). Metamorphic
zircon rims sampled from the subvertical, high-temperature fabrics within the Saint Anne
Gneiss are ~103 Ma (Czertowicz et al., 2016a), although this could record metamorphism
that preceded dextral transpression at amphibolite-facies conditions. Without direct
constraints on their deformation age, the steep, high-temperature fabrics have been variably
attributed to extensional orogenic collapse and exhumation of the deepest portions of the
Fiordland batholith in the mid-Cretaceous (Czertowicz et al., 2016; Hill, 1995a, 1995b),
oblique microplate convergence in the Late Cretaceous related to the establishment of
seafloor spreading in the Tasman Sea (Klepeis et al., 1999), tectonic reorganization in
response to the cessation of mid-ocean ridge spreading along the Tasman ridge in the early
Cenozoic (Klepeis et al., 1999), or the mid- to deep-crustal record of Miocene transpression
associated with the development of the broader Alpine Fault system (Claypool et al., 2002;
Wood, 1972).

A NNE-striking, subvertical, brittle-ductile, greenschist-facies foliation with
subhorizontal slickenlines cuts the steep, amphibolite-facies fabrics (Klepeis et al., 1999).
The brittle-ductile fabrics are predominantly developed at the western margin of the ASZ
within the Saint Anne Gneiss and along the margins of the Anita Peridotite (Klepeis et al.,
1999). These greenschist-facies structures are <10 m wide and distinguished by the
predominance of muscovite (Saint Anne Gneiss) and cataclastic textures (Klepeis et al.,
1999). K-Ar white mica dates of 30-12 Ma from greenschist-facies brittle-ductile fabrics in

the Saint Anne Gneiss at Poison Bay were interpreted to record Miocene neocrystallization
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(Claypool et al., 2002). Prior work suggests that the greenschist-faces shear zones represent
reactivation of the steep, amphibolite-facies fabrics as brittle splays of the Alpine Fault Zone

beginning in mid-Miocene (Claypool et al., 2002; Klepeis et al., 1999).

3 Methods and approach

3.1 Titanite U-Pb deformation chronometry background and approach

Titanite U-Pb dates may reflect the timing of cooling, new mineral growth, recrystallization,
and/or deformation depending on the pressure, temperature, fluid-flow, and deformation
history of a given sample (Bonamici et al., 2015; Cherniak, 1993; Frost et al., 2000; Garber
et al., 2017; Gordon et al., 2021; Hartnady et al., 2019; Holder and Hacker, 2019; Holder et
al., 2019; Kohn, 2017; Kohn and Corrie, 2011; Moser et al., 2022; Mottram et al., 2019;
Papapavlou et al., 2017; Spencer et al., 2013; Stearns et al., 2016; Walters et al., 2022;
Walters and Kohn, 2017). Diffusion experiments suggest that the titanite Pb closure
temperature is ~600 °C (Cherniak, 1993), but subsequent empirical studies demonstrate that
thermally mediated volume diffusion of Pb is negligible at temperatures <750 °C (Hartnady
et al., 2019; Holder et al., 2019; Kohn and Corrie, 2011; Marsh and Smye, 2017; Moser et
al., 2022; Smye et al., 2018; Spencer et al., 2013; Stearns et al., 2016). Titanite U-Pb dates
are therefore more likely to record the timing of igneous and/or metamorphic crystallization
or recrystallization, rather than cooling, at all but granulite-facies conditions. For example,
microstructures compatible with recrystallization by interface-coupled dissolution—
reprecipitation are common in titanite (Bonamici et al., 2015; Garber et al., 2017; Holder
and Hacker, 2019; Moser et al., 2022; Walters et al., 2022); in this process, a fluid-driven

recrystallization front propagates through a crystal, variably resets date and trace-element
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compositions, and preserves the original grain shape (Geisler et al., 2003, 2007; Putnis and
Mezger, 2004; Putnis et al., 2005).

Both the presence of dislocations and motion through crystal lattices via dislocation
glide and climb may also result in the loss of trace-elements—including Pb—in minerals
(e.g., Lee, 1995; Reddy et al., 2006, 2009, 2016; Timms et al., 2006, 2011; Peterman et al.,
2016; Piazolo et al., 2016; Kirkland et al., 2018; Fougerouse et al., 2021). Diffusion is
enhanced along the cores of dislocations, a phenomenon known as “pipe diffusion” (Hart,
1957; Love, 1964). Diffusion may similarly be enhanced along the disorganized crystal
structure at subgrain boundaries (Hoffman, 1956; Swiatnicki et al., 1986; Turnbull and
Hoffman, 1954). Further, the stress field around dislocations affects the chemical potential
of interstitial trace elements, trapping point defects and sweeping them towards (sub)grain
boundaries (also known as "Cottrell Atmospheres"; Cottrell and Bilby, 1949; Johnston and
Gilman, 1959; Rabier and Puls, 1989). The effects of pipe diffusion, subgrain boundary
diffusion, and Cottrell Atmospheres are well known in the materials sciences, and a growing
body of atom probe tomography studies on geologic materials demonstrates that these
processes also affect trace-element concentrations in minerals—including radiogenic Pb—
though the exact mechanisms by which line defects affect chemistry and reset dates may
differ mineral to mineral (Peterman et al., 2016; Piazolo et al., 2016; Kirkland et al., 2018;
Fougerouse et al., 2021). These processes are collectively referred to as “dislocation-assisted
diffusion” hereafter.

Thermally mediated volume diffusion, neocrystallization, interface-coupled dissolution—
reprecipitation, and dislocation-assisted diffusion generate diagnostic patterns among dates,

trace-element zoning, microstructures, and position within an individual titanite grain that
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can be used to directly link dates to the process(es) that they record (e.g., Moser et al.,
2022). In grains affected by volume diffusion, dates may young towards grain edges
(Bonamici et al., 2015) and/or with decreasing grain size (Kirkland et al., 2016; Olierook et
al., 2019). Titanite neocrystallization (including secondary crystallization) typically
manifests as concentric, sector zoning, and/or core—rim zoning wherein dates vary
systematically with trace-element composition (Garber et al., 2017; Walters and Kohn,
2017). Dissolution—reprecipitation produces diagnostic lobate—cuspate or scalloped
compositional domains that penetrate inwards from grain boundaries, twins, fractures,
and/or inclusions (Garber et al., 2017; Geisler et al., 2003, 2007; Hartnady et al., 2019;
Holder and Hacker, 2019; Moser et al., 2022; Putnis and Mezger, 2004; Putnis et al., 2005;
Walters et al., 2022). In grains affected by dislocation-assisted diffusion, dates may young
with increasing lattice bending (Moser et al., 2022) and/or bent or dynamically recrystallized
grains may yield younger dates compared to their undeformed counterparts (Gordon et al.,
2021; Moser et al., 2022). Rigorous interpretation of titanite U-Pb dates in terms of grain-
scale (re)crystallization process(es) therefore requires comparison of U-Pb dates with trace-
element composition, zoning geometry, microstructure (including the development of lattice
bending and subgrains), and location with respect to the edge of the grain and/or grain size
(c.f. Moser et al., 2022). We integrate electron backscatter diffraction data and wavelength
dispersive X-ray spectroscopy maps together with laser-ablation split-stream analyses of
titanite U-Pb dates and trace-element concentrations to directly tie U-Pb dates to the

process(es) responsible for titanite (re)crystallization within the ASZ.

3.2 Electron backscatter diffraction (EBSD)
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Electron backscatter diffraction (EBSD) data were acquired with an FEI Quanta 400F field
emission source scanning electron microscope and attached HKL Technology Nordlys II
EBSD camera at the University of California, Santa Barbara. The data were collected at a
working distance of 15—17 mm using a 20 kV accelerating voltage and 1-5 nA beam
current, with the surface of the sample tilted 70° with respect to the electron beam.
Oxford/HKL Channel 5 Flamenco software was used to collect and index EBSD patterns.
Patterns were acquired using electron-beam rastering with a pixel size of 2—5 pm. Relative
misorientation maps were created using Oxford/HKL Channel 5 Tango application. To
reduce noise in the misorientation maps, isolated pixels (i.e., pixels with no indexed
neighbor pixels, no indexed neighbor pixels of the same phase, or whose orientation differed
significantly from all neighbors) were removed and unindexed pixels surrounded by at least
six pixels of the same phase were assigned an average orientation based on the neighboring
pixels. Points in the approximate center of the grains were used as the reference point and

are marked in each misorientation maps.

3.3 Electron probe microanalysis (EPMA) wavelength dispersive X-ray spectroscopy
(WDS) maps

Data for Al, Fe, Ca, Nb, and Ce WDS maps were obtained with a five-spectrometer Cameca
SX100 EPMA at the University of California, Santa Barbara. Fe Ka and Ce La X-rays were
analyzed with an LiF crystal, Nb Lo and Ca Ka X-rays with a PET crystal, and Al Ka X-
rays with a TAP crystal. Map data were acquired with a 2 pm pixel size, dwell time of 100—

200 ms, 15-20 kV accelerating voltage, and 200 nA beam current. X-ray maps were
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collected using Probe Software Inc.’s Probelmage application; maps were processed in

Probe Software Inc.’s CalcImage application and Golden Software’s Surfer application.

3.4 Laser-ablation split-stream inductively coupled plasma mass spectrometry (LASS)
Isotopes of U, Th, and Pb were acquired simultaneously with trace-element concentrations
across eight analytical sessions using the LASS workflow outlined by Kylander-Clark et al.,
(2013) and Kylander-Clark (2017). 233U, 232Th, 298Pb, 207Pb, 2°Pb, 2*4Pb were measured
using a Nu Plasma HR-ES multi-collector ICP-MS in sessions one through five and session
eight; a Nu Instruments Plasma 3D multi-collector ICP-MS was used in sessions six and
seven. Titanite was ablated with a Cetac/Photon Machines 193 nm excimer Excite laser in a
HelEx cell, using a 25 pum or 35 um laser spot size, and laser fluence of 1 J/cm?. Spots were
ablated for 60 to 70 shots at a repetition rate of 4 or 5 Hz. Prior to analyses, two cleaning
shots were applied and permitted to washout for ~15-20 s. Titanite MKED1, with
207pPb/2%Pb isotope-dilution thermal-ionization mass spectrometry (ID-TIMS) age of
1521.02 + 0.55 Ma (Spandler et al., 2016) was chosen as the primary reference titanite for
U, Th, and Pb isotopes. To assess accuracy and precision, three secondary reference titanites
were analyzed for U, Th, and Pb isotopes including BLR (1047.4 = 1 Ma ID-TIMS
concordia date; Aleinikoff et al., 2007), Y1710C5 (388.6 + 0.5 Ma 2’Pb-corrected 2°°Pb-
238U ID-TIMS date; Spencer et al., 2013), and Fish Canyon (28.4 = 0.05 Ma 2°Pb-238U ID-
TIMS date; Schmitz and Bowring, 2001).

U, Th, and Pb isotopic data were reduced using the IgorPro software (version 6.37),
Iolite plugin (version 2.5), and “U-Pb Geochronology3” data reduction scheme (Paton,

2011). Two seconds were removed from the beginning and end of each integration before a
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downhole fractionation correction was applied. After correcting for downhole fractionation,
integrations were manually edited to remove heterogeneous portions (i.e., the signal from
inclusions). Additional uncertainty was added in quadrature to 2°°Pb/?*3U (2.2%) and
207Pb/2%Pb (3.6%) until all analyses of BLR formed a single population (i.e., MSWD ~1)
across all eight analytical sessions. Anchored inverse isochron ages (using the
contemporaneous Stacey and Kramers, 1975 initial Pb ratios) of the secondary reference
materials across all eight analytical sessions were 1046 + 2 Ma for BLR (MSWD 0.8, initial
207Pb/2%Pb = 0.91), 389 + 1 Ma for Y1710C5 (MSWD of 1.1, initial 2°’Pb/?*Pb = 0.86), and
27 + 1 Ma for Fish Canyon (MSWD 0.9, initial 2°’Pb/?%Pb = 0.83). The ages for BLR and
Y 1710CS5 overlap the known values within uncertainty; the Fish Canyon age is within 1.4%
of the known value. The 2°’Pb-corrected 2°°Pb-238U dates for the unknown titanite were
calculated using an initial 2°’Pb/2%Pb of 0.83 + 0.5 Ma, which overlaps the 2°’Pb/?*Pb
intercept in Tera-Wasserburg space of the free-regressed unknown data and accounts for the
range of Stacey and Kramers (1975) values for the Cretaceous—Miocene titanite dates.
Concentrations of 2*Mg, 2’Al, 28Si, 31P, #Ca, 3Ca, *Sc, “Ti, >V, 32Cr, >°Fe, ®Sr, Y,
907r, 93Nb, 10Ce, 4IPr, 46N, '47Sm, 'S3Eu, 157Gd, 'Tb, '®*Dy, '65Ho, 'Er, '¢Tm, 72Yb,
175Lu, 178HTf, '8! Ta were measured simultaneously using an Agilent 7700X quadrupole ICP-
MS. Glass BHVO2G was analyzed as the primary standard for trace-element concentrations
using the December 2009 GEOREM preferred values. MKED1 served as a secondary
reference material for the trace-element analyses. Trace-element data reduction was
performed using the IgorPro (version 6.37) software, lolite plugin (version 2.5), and the

“Trace Elements” data reduction scheme. Reduced values use an assumed 19.2 wt% Ca in
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titanite. No additional external uncertainty was added to the trace-element concentrations.

MKEDI1 yielded trace-element concentrations within ~15% of previously reported values.

4. Results

4.1 Sample descriptions

All five samples in this study are from the Thurso Gneiss, a heterogeneous unit comprising
metasedimentary calc-silicate gneisses, metapsammites, metapelites, and mafic gneisses
(Fig. 2; Wood, 1972; Hill, 1995a; Klepeis et al., 1999). Samples were collected from the
northern and southern ends of the shear zone from exposures along Anita Bay (48A and
47A) and Poison Bay (45C, 106A, and 106E) (Fig. 1C). Sample 48A is a calc-silicate
paragneiss consisting of feldspar, amphibole, calcite, titanite, clinozoisite, biotite, apatite,
zircon, and opaque minerals (Fig. 2A). The titanite are up to ~1000 um long and are
idioblastic to hypidioblastic (Fig. 2A). The foliation is defined by biotite, long axes of
titanite grains, and compositional layers of amphibole and feldspar. Feldspar microstructures
in this sample are consistent with bulge recrystallization (Fig. 2B); the orientation of minor
fractures in feldspar suggests that these fractures occur along cleavage planes (Fig. S1).
Additional deformation microstructures in 48 A include undulatory extinction in feldspar and
titanite (Fig. S1), as well as deformation twins in titanite. No penetrative brittle fabric was
observed in this sample (Figs. 2A, B; S1). Sample 47A is marble comprising calcite,
amphibole, white mica, and titanite (Fig. 2C, D). The titanite grains are small (<100 um in
length, commonly <50 um long), wedge-shaped crystals with long axes aligned with the
foliation (Fig. 2C); the titanite are concentrated in an amphibole-rich band (Fig. 2C). In

addition to aligned titanite grains, the foliation is defined by the compositional bands of
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Figure 2. Cross-polarized light, thin section photomicrographs of analyzed in this study. (A and B) Sample
48A; (C and D) sample 47A; (E and F) sample 45C; (G and H) sample 106A; (I and J) sample 106E. Red
arrows: feldspar bulge recrystallization microstructures. Yellow: serrated edges of calcite twins. White arrows:
truncated zoning in epidote grains. Fsp: feldspar; amp: amphibole; bt: biotite; czo: clinozoisite; ttn: titanite;
cal: calcite; zrn: zircon; wm: white mica; ep: epidote; di: diopside; tr: tremolite; qz: quartz; gt: garnet.

67



calcite and amphibole. Calcite grains are twinned (Figs. 2D, S1); wide twins with serrated
boundaries are consistent with type IV calcite twins, though type I and type II twins are also
present (Figs. 2D, S1).

Sample 45C from Poison Bay is an epidosite composed of epidote, tremolite, diopside,
titanite, calcite, and quartz. (Fig. 2E, F). A ~3 mm thick band of hornblende, feldspar, and
opaques within the thin section is consistent with a mafic protolith for the epidosite. Titanite
have a maximum length of ~800 um and are sphenoidal grains that are broadly aligned with
the foliation and lineation (Fig. 2E). The foliation in the epidosite is dominated by a shape-
preferred orientation of the epidote and tremolite (Fig. 2E, F). Epidote zoning, visible in
cross-polarized light, is concentric and truncated at the long axes of grain margins,
consistent with their deformation via dissolution—reprecipitation creep (Fig. 2F). Quartz is
minor but fine-grained and polygonal (Fig. 2F). Titanite twins and undulatory extinction are
uncommon, but subgrains are visible in cross-polarized light. Sample 106A is an
amphibolite gneiss consisting of amphibole, plagioclase, garnet, quartz, biotite, titanite, and
opaques (Fig. 2G, H). All titanite are <100 um idioblastic grains, with the majority <50 um
long. Most of the titanite crystals are aligned with the foliation, which is predominantly
defined by aligned long axes of amphibole grains (Fig. 2G). Feldspar is generally fine-
grained and displays bulge recrystallization (Fig. 2H); few feldspar porphyroclasts are
present. Quartz is fine-grained and polygonal. Sample 106E is a calc-silicate gneiss
comprising rounded, elongate porphyroclasts of feldspar, amphibole, garnet, titanite, and
clinozoisite in a fine-grained matrix of intergrown biotite, feldspar, and quartz (confirmed
by EDS; Fig. 21, J). The foliation is dominated by the long axes of all porphyroclasts,

including titanite. Most titanites are <100 pm long, with few ~200 pm grains. The matrix is
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coherent and preserves no evidence of fracturing or disaggregation of grains (Fig. 2J). No
penetrative brittle fabric is observed in any samples from Poison Bay (Figs. 2E-J).

Titanite LASS analyses were acquired from these five samples; all analyses were
completed on standard thickness, microprobe-polished thin sections. Analyses from 48A and
45C were performed on thin sections cut perpendicular to the foliation and oblique to the
lineation; additional thin sections were cut perpendicular to the foliation and parallel to the
lineation to confirm the orientation of the titanite with respect to the bulk-rock fabric.
Samples 48A and 45C were selected for detailed grain-scale analyses (LASS + EBSD +
EPMA) as representative samples from the north and south ends of the shear zone,
respectively. In the results and discussion, we focus on the grain-scale relationships among
dates, trace-element concentrations, zoning, and microstructure from these two samples. The

complete results can be found in the appendices.

5.2 Titanite U-Pb dates

Titanite LASS analyses (n=1,241 across all five samples) yielded 2°’Pb-corrected 2°Pb-238U
dates (hereafter “U-Pb dates”) that predominantly range from ~90 Ma to ~11 Ma (Fig. 3;
Table S2). Samples 48A, 45C, 106A, and 106E produced dates that span the full range of
the dataset (Figs. 3A, C—E, 4). Sample 45C is the only sample that produced dates older than
~90 Ma, with 6 of 165 dates up to ~120 Ma (Figs. 3C, 4D—F). Several spots from 45C had
too little U too calculate a date, but the trace-element concentrations from those spots are
reported to assess the possibility of thermally mediated volume diffusion (Table S2). Sample
47A yielded a single population of dates at 11 = 1 Ma (MSWD = 0.9; Fig. 3B). In sample

48 A, some grains preserve the sample-scale or near sample-scale range in dates (Fig. 5; S2),
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whereas a subset of grains produced largely Miocene dates with some of these grains
producing single populations in Tera-Wasserburg concordia space (e.g., MSWD ~ 1; Figs. 6,
7, S3, S4). Individual grains in sample 45C yielded a range in dates, with most grains
producing the sample-scale range in dates (Figs. 8, 9, S5, S6); no individual grains in 45C

produced exclusively Miocene dates or single populations.

5.3 Sample-scale trace-element concentrations and Zr-in-titanite temperatures

The relationship between date and trace-element concentration varies from element to
element and sample to sample (Figs. 4, S7). In sample 48A, Fe concentrations form a
triangle-shaped field in date—composition space; Miocene dates yield Fe concentrations that
span the full sample-scale range, whereas analyses with older dates define a progressively
more restricted range of high Fe concentration. (Fig. 4A). Ce concentrations produce three
distinct trends on a plot of date versus Ce concentration (Fig. 4B). First, a subset of analyses
yields the sample-scale range in dates (~90—11 Ma) with Ce concentrations from ~3500—
6000 ppm. A second group of data has a similar spread in dates with distinctly low Ce
concentrations (~200-1000 ppm). Finally, dates younger than ~20 Ma have Ce
concentrations that span sample-scale range (e.g., 200-6000 ppm). Similar patterns are
present when dates are compared to LREEs, Th, Hf, and Zr (Figs. 4C, S7TA). We do not
report Zr-in-titanite temperatures as the total uncertainty on the calculated temperatures are
too high to be geologically meaningful. The presence of titanite but absence of rutile, and
absence of quartz in some samples indicates that atio2 = 0.75 and asio2 <1. When combined

with the uncertainties in pressure, Zr concentration, and the thermobarometer calibration, the
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Figure 3. Tera-Wasserburg concordia diagram of titanite LASS analyses from the five studied samples.
Reference isochrons in (A,C—E) are anchored to contemporaneous Stacey-Kramers (1975) initial Pb ratios
(0.84 for 90 Ma and 0.83 for 11 Ma). Isochron in (B) is an unanchored regression through the data.
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total 2o uncertainty in absolute temperatures is ~180 °C, although observed trends in Zr may
still reflect changes in relative (re)crystallization temperatures.

When dates are compared to trace-element concentrations in sample 45C, two general
patterns emerge. Sr, Fe, and the REEs + Y show weak trends of decreasing concentration
with younging date, with the youngest (e.g., Miocene) dates producing among the lowest
concentrations at the sample scale (Figs. 4D, E; S7B). The remaining elements (including
Zr) yield no discernable pattern between date and composition (Figs. 4F, S7B). Similar to
sample 48A, temperature uncertainties are too high to make meaningful interpretations; we

instead focus on the change in Zr concentration.

5.4 EBSD relative misorientation maps

Relative misorientation maps and plots of date vs. misorientation reveal that individual
titanite grains preserve gradual, rather than sharp, changes in lattice orientation (hereafter
lattice “bending”) with respect to a central reference point in both samples 48A and 45C
(Figs. 5A, 6A, 7A, 8A, 9A). Intragrain lattice bending commonly ranges from ~10-25° and
is typically greatest at grain tips (Figs. 5A, 6A, 7A, 8A, 9A). Subgrain boundaries are
common, particularly at grain tips where cumulative misorientation is greatest (Fig. SA, 6A,
7A, 8A, 9A). Twins are near-ubiquitous in grains from 48A (Figs. 5A, 6A, 7A) and only
appear in a single grain from sample 45C (Fig. S6). The vast majority are <5 pm wide and
the thickness of individual twins varies along their length (Figs. 5A, 6A, 7A). The
predominant misorientation angle-axis relationship that defines twins is 74°/<102> (Fig.

S8). The twins are typically bent to the same degree as the host grains (Fig. 5A, 6A, 7A).
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5.5 Zoning and grain-scale date vs. trace-element concentrations

Titanite EPMA X-ray maps from sample 48A reveal compositional zoning that is most
evident in Fe and Ce (Figs. 5B, C; 6B, C; 7B, C; S2, S3). Most grains in 48A yield core-rim
relationships in Fe and Ce, with high Fe and Ce cores and comparatively low Fe and Ce rims
(Figs. 5B, C; 6B, C; S2, S3). The contrast in core—rim zoning is sharper in Ce compared to
Fe (Figs. 5B, C; 6B, C; S2, S3). The geometry of Fe and Ce rims in 48 A ranges from broad
scallops (Figs. 6B, C; 7B, C) to lobate—cuspate (Figs. S2, S3). Both Fe and Ce X-ray maps
reveal thin, straight domains that transect grains cores; these domains are typically wider in
Fe maps when compared to Ce maps (Figs. 5B, C; S2, S3). A subset of grains from sample
48 A are near-homogeneous in mapped elements (Figs. 7B, C; S4).

Zoning in sample 45C is clearest in the Fe, Ce, and Al maps (Figs. 8B, C; Figs. 9B, C;
S5, S6). Grains in 45C preserve core—rim relationships in Ce, with elevated Ce
concentrations in the cores compared to the rims (Figs. 8C, 9C; S5, S6). A subset of grains
in sample 45C have similar core-rim zoning in Fe concentrations (Fig. 8B). Though core-
rim zoning is typically concentric in these grains (Fig. 8B, C), some Ce rims have irregular,
lobate—cuspate geometries (Fig. 9C). Rims of elevated Fe and Al content are common in
grains from 45C (Figs. 8B, 9B; S5, S6); these rims are thinner than the low-Ce rims (Figs.
8C; 9C). Thin, linear domains of depleted Ce and Fe content are only present in a single
grain from 45C (Fig. S6).

The relationships between dates and trace-element concentrations vary among the
individual grains. In sample 48A, grains that preserve the sample-scale range in dates yield
correlations between date and trace-element compositions that mirror the sample-scale

trends (e.g., Fe, Ce; Fig. 5F, G; cf. Fig 4). Titanite grains with only Miocene dates have
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either a broad range of individual trace-element concentrations comparable to the range
observed at the sample scale (Fig. 6E, F; cf. Fig. 4) or yield homogeneously low trace-
element concentrations (Fig. 7D—F). In some grains from sample 45C, dates are correlated
with composition in a way that mimics the sample-scale patterns (Figs. 8F,G; S5; cf. Fig 4);
Sr, Fe, REEs, and Y decrease with younging date whereas the remaining elements produce
no discernable relationship with date. Other grains yield no discernible pattern among dates

and any trace-element (Figs. 9F, G; S6).

6. Discussion

6.1 Grain-scale relationships among dates, zoning, composition, and microstructure:
Sample 484

6.1.1. “Cretaceous—Miocene” titanite

Most grains in sample 48A preserve core—rim zoning in Ce and a range of Cretaceous to
Miocene dates (“Cretaceous—Miocene” titanite; Figs. 5, S2). Dates as old as ~90 Ma in the
cores of these grains (Figs. 5, S2) suggest that this is the maximum timing of initial titanite
crystallization (Fig. 10A). Many “Cretaceous—Miocene” grains also yield Cretaceous dates
in low Ce rims (Fig. S2). Cretaceous dates in grain rims may have resulted from (1)
secondary titanite crystallization or interface-coupled dissolution—reprecipitation shortly
after titanite core crystallization in the Cretaceous (i.e., at timescales undetectable by the
precision of LASS) or (2) incomplete resetting of U-Pb dates during a much later (e.g.,
Miocene) phase of dissolution—reprecipitation (Moser et al., 2022; Walters et al., 2022). It is

not clear from our data which of these interpretations is the most likely. It can only be stated
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that the rims developed after ~90 Ma and that a phase of rim development may have
occurred prior to deformation in the Miocene (Fig. 10B).

The youngest dates in “Cretaceous—Miocene” titanite may reflect Pb loss by volume
diffusion, the timing of secondary titanite growth, interface-coupled dissolution—
reprecipitation, dislocation-assisted diffusion, or some combination of these processes. To
evaluate the effect that volume diffusion had on the “Cretaceous—Miocene” titanite U-Pb
dates at the grain scale, the inverse error function (erf’) of dates and Pb concentrations
(from the LASS trace-element concentrations, normalized to the maximum and minimum
values within individual grains) was calculated and compared to the distance between the
analysis and edge of the titanite grain. A concentration gradient that results from thermally
mediated volume diffusion of a finite source should define an error function (erf) with
respect to distance from the edge of the grain. The erf’ of such a concentration gradient is a
line with intercept zero, whose slope is proportional to the diffusivity of the element (cf.
Crank, 1975; Stearns et al., 2016). We assessed whether erf! distributions of date and Pb
concentrations are linear and therefore explicable by thermally mediated volume diffusion at
the grain scale using Pearson’s r and the r? of linear regressions, both calculated in
MATLAB (cf. Moser et al., 2022). Of the 18 grains analyzed from sample 48 A that preserve
a broad range of dates, most did not yield erf-like distributions of date, total Pb, radiogenic
Pb, or common Pb concentrations (Figs. 4H, S9A). Only two grains in sample 48A yielded a
relationship between date and distance from the edge of the grain that are defensibly erf-like
(Pearson’s r’s of ~0.8 and r? of linear regressions ~0.6; Fig. S9A). Two additional grains
from 48 A produced erf*!-like distributions of radiogenic Pb (Pearson’s r’s of 0.5, 0.7; r? of

linear regressions 0.7 and 0.8; Fig. S9A). However, Sr—to which Pb diffusivity should be
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comparable based on the similar charge/radius ratios of the two elements (Cherniak, 1995;
LaTourrette et al., 1996)—does not produce an erf-like relationship with distance from the
grain edge in these grains (Pearson’s r = 0.12-0.7; r? of linear regressions = —-0.12-0.32; Fig.
SA9). This suggests that erf-like relationships between date and distance from the edge of
the grain are not the result of thermally mediated volume diffusion. In addition, there is no
consistent correlation between dates and U concentrations as one might expect if
heterogeneities in radiogenic Pb concentrations drove volume diffusion that obscured a
simple core—rim distribution of dates (Fig. S7A; Paul et al., 2019); these effects, however,
could be muted given that common Pb concentrations are higher than radiogenic Pb
concentrations in these grains. Overall, the data suggest that the spread in dates in sample
48A is unlikely to reflect volume diffusion of Pb.

Titanite neocrystallization is expected to produce a single age population with a distinct
trace-element composition and texture (e.g., grain size, core—rim relationships; Garber et al.,
2017; Walters et al., 2022). Neither of these, however, is true for Miocene dates in
“Cretaceous—Miocene” titanite. Miocene dates produce the sample-scale range in trace-
element concentrations and were found in both cores and rims of “Cretaceous—Miocene”
titanite (Figs. 4, 5, S2). In addition, dates from “Cretaceous—Miocene” titanite fill the
complete range from Late Cretaceous to mid Miocene, rather than producing two distinct
populations. Though it is not possible to rule out that some titanite neocrystallization
occurred in the Miocene, it alone is an unsatisfactory explanation for the range of Miocene
dates observed in “Cretaceous—Miocene” titanite.

Dates that are reset by dislocation-assisted diffusion that results from crystal lattice

reorientation should produce a relationship between dates and dislocation—related
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microstructures. For example, dates may young with increasing lattice bending within
individual grains (Moser et al., 2022), subgrains and/or dynamically recrystallized grains
may yield younger dates (Gordon et al., 2021; Piazolo et al., 2012), or spots that overlap
deformation twins may produce younger dates (Bonamici et al., 2015; Fougerouse et al.,
2021). The tips of “Cretaceous—Miocene” titanite are typically bent by up to ~25° compared
to grain cores (Fig. 5A; S2). The gradual changes in lattice orientation from grain centers to
tips is consistent with bending caused by dislocation creep. Dates from bent grain tips are
typically among the youngest in the dataset, regardless of whether they are in cores or rims
(Fig. 5B, C; S2). For example, the “Cretaceous—Miocene” grain shown in Figure 5 yielded
multiple Miocene dates from the high-Ce core that also are within the bent grain tip (Fig.
5A, C). This relationship between lattice bending and dates in “Cretaceous—Miocene” grains
suggests that lattice bending contributed to resetting titanite U-Pb dates in the Miocene.

In addition to lattice bending, “Cretaceous—Miocene” titanite preserve thin, tapering
twins with a misorientation angle-axis relationship of 74°/<102> with respect to the host
grain (Fig. 5A; Fig. S8). This geometry is consistent with the misorientation angle-axis
relationship that is specifically produced by titanite deformation twins, rather than growth
twins (Borg and Heard, 1972; Papapavlou et al., 2018). Combined with the tapered nature of
these grains, these observations imply that that the titanite twins in sample 48A are
deformation twins, rather than growth twins. Deformation twins imaged by EBSD
correspond to thin (i.e., <5 um-wide), linear domains of low Fe and Ce concentration in
WDS X-ray maps (Fig. 5A—C). Other similarly oriented, linear, low-Fe and low-Ce
domains, including those that cut across the cores of some grains, are not revealed by the

EBSD data (Fig. 5A—C), but given their similar geometries and similar Fe and Ce response
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in WDS maps, these are also likely deformation twins that are thinner than the step size (2—5
um) of the EBSD data acquisition. This interpretation is supported by grains where EBSD
data were acquired with two different step sizes; the data collected with a smaller pixel size
(2 um) revealed additional deformation twins not captured by the data acquired at a larger
step size (5 um; Fig. S10).

The depletion of Fe and Ce in deformation twins indicates that deformation twinning
resulted in the loss of at least some trace elements from the ASZ titanite. Removal of trace
elements from deformation twins may be a direct or indirect process. For example, the
formation of deformation twins in monazite has been suggested to have resulted in complete
Pb loss from within deformation twins (Fougerouse et al., 2019); in such cases, dates from
deformation twins constrain when the twins formed. Others have suggested that deformation
twins promote trace-element loss by thermally mediated volume diffusion by cutting crystals
into smaller diffusion domains (Bonamici et al., 2015). Twins may also serve as preferential
pathways for fluid-mediated recrystallization. In the titanite from 48A, the lengthscale over
which Fe and Ce were lost from within and around deformation twins is clearly different;
zones of Fe depletion that surround deformation twins are wider than zones of Ce depletion
(cf. Figs 5B and 5C). The spatial variability to which different elements are affected by the
deformation twins and the observation that elements were lost not only from within—but
also around—twins implies that a process other than twinning itself was at least partially
responsible for trace-element loss within and around the deformation twins. Thermally
mediated volume diffusion of trace elements from portions of the crystal cut by deformation
twins would produce lengthscales of trace-element loss that scale with elemental diffusivity.

Iron is expected to diffuse more easily than Ce in titanite (Holder et al., 2019), consistent
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with the greater lengthscale of Fe loss. However, even if deformation twins developed when
the titanite first crystallized (e.g., ~90 Ma) and remained at T ~ 600 °C for ~80 Myr, the
characteristic diffusion lengthscale for Fe is too short (<1 um; using the diffusivities of
Holder et al., 2019) to explain ~10 um-wide zones of Fe-loss around deformation twins.
Alternatively, interface-coupled dissolution—reprecipitation may lead to variable resetting of
dates and trace-clements (Holder and Hacker, 2019; Moser et al., 2022; Walters et al.,
2022); the varying lengthscales of trace-element loss in domains surrounding deformation
twins may simply reflect the lengthscales over which recrystallization reset various trace
elements. The recrystallization of titanite along twin planes by fluid is therefore a more
plausible explanation for the variable response of trace-elements in domains surrounding the
deformation twins. It is not possible, however, to rule out the possibility that the propagation
of the deformation twins themselves expelled trace-elements (including radiogenic Pb) from
these grains (e.g., Fougerouse et al., 2021).

Deformation twins that transect the cores of “Cretaceous—Miocene” titanite provide an
explanation for the range of Miocene—Cretaceous dates in unbent titanite cores (Fig. SA,
10C). In “Cretaceous—Miocene” titanite, dates are linearly correlated with Fe concentrations
(Fig. 5F). This relationship suggests that dates were reset to the same degree as Fe
concentrations and is consistent with mechanical mixing between a Cretaceous age domain
with high Fe concentrations (untwined portions of cores) and a Miocene domain with low Fe
concentrations (deformation twins; Fig 10C). Further, LASS spots from the cores of
“Cretaceous—Miocene” that produced a range of Cretaceous to Miocene dates clearly
overlap deformation twins (Figs. SA—C). We suggest that the deformation twins preserve

Miocene dates, and that the range of “Cretaceous—Miocene” dates from unbent titanite cores
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are geologically meaningless, mixed analyses of Cretaceous cores and Miocene deformation
twins (Fig. 10C). This interpretation requires that the fluid event responsible for
recrystallization around deformation twins occurred in the Miocene and resulted in complete
resetting of dates (Fig. 10C).

The preferential recrystallization of deformation twins may have been syn- or post-
deformational. “Zoned Miocene” titanite (see section 6.1.2 below), wherein not all
deformation twins have been fluid recrystallized, provide evidence that deformation
twinning and lattice bending of titanite were ongoing in the Miocene. Further, titanite from
sample 45C record a Miocene phase of dissolution—reprecipitation that did not preferentially
recrystallize bent grain tips, subgrains, and deformation twins (see section 6.2 below). This
suggests that the exploitation of microstructures as fast diffusion pathways by fluids may be
enhanced only if lattice reorientation and interface-coupled dissolution—reprecipitation are
concomitant. We therefore prefer the interpretation that fluid-recrystallization, deformation
twinning, and lattice bending occurred simultaneously in sample 48 A, and that the youngest
dates (i.e., ~11 Ma) from “Cretaceous—Miocene” grains provide direct constraints on the

timing of plastic deformation of titanite within the ASZ.

6.1.2 “Zoned Miocene” titanite

A subset of grains from sample 48A preserve core—rim zoning in Ce but yield
predominantly Miocene dates (“zoned Miocene” grains; Figs. 6, S3). “Zoned Miocene”
grains yield similar zoning patterns and range of trace-element concentrations as the
“Cretaceous—Miocene” grains; these observations imply that “zoned Miocene” grains

experienced the same Cretaceous crystallization and subsequent (re)crystallization history as
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the “Cretaceous—Miocene” grains. We therefore suggest that the “Zoned Miocene” grains
grew and were recrystallized by fluids in the Cretaceous; this interpretation requires that the
U-Pb system in these grains was completely reset in the Miocene by volume diffusion,
fluids, or deformation and dislocation-assisted diffusion.

Thermally mediated volume diffusion may produce a relationship between grain size and
date, such that smaller grains produce younger dates and larger grains yield older dates (e.g.,
Kirkland et al., 2016). Though most “zoned Miocene” grains are among the smallest in the
dataset (grains ~400 um long or less), other similar-sized grains retain Cretaceous dates
(Fig. S2). Further, as outlined above, the maximum possible duration of heating within the
Anita Shear Zone (600 °C for ~80 Myr; based on thermobarometry and thermodynamic
modelling by Klepeis et al., 1999 and Czertowicz et al., 2016a) suggests a characteristic
diffusion distance of Pb of <1 um (for naturally determined diffusivities, e.g., Hartnady et
al., 2019; Holder et al., 2019) to 13 um (for experimental diffusivities; Cherniak 1993).
Such characteristic diffusion lengthscales are insufficient to explain thermally mediated
volume diffusion of Pb in grains as large as ~400 um. Further, as previously discussed, dates
and Pb concentrations do not form erf!-like relationships in “Cretaceous—Miocene” titanite
(Figs. 5SH, S9A). Together, these observations indicate that Pb did not move via thermally
mediated volume diffusion at the grain-scale in any grain from sample 48A. Miocene dates
in “zoned Miocene” grains are therefore not cooling ages.

The primary difference between “zoned Miocene” and “Cretaceous—Miocene” grains is
the nature of lattice bending and deformation twinning in the different groups. Although the
cumulative lattice bending is similar in “zoned Miocene” and “Cretaceous—Miocene”

titanite, lattice bending is more throughgoing or penetrative in “zoned Miocene” compared

88



to “Cretaceous—Miocene” grains, the latter of which are bent only at the tips (cf. Figs. SA
and 6A; S2 and S3; Fig. 10C). Additionally, many “zoned Miocene” grains have an
apparently greater density of deformation twins than “Cretaceous—Miocene” titanite (cf.
Figs. 5A and 6A; S2 and S3) although this is difficult to quantity given that not all twins
were captured by the EBSD data (see above, Fig. S10). These observations are consistent
with the complete resetting of U-Pb dates by lattice bending and deformation twinning in the
“zoned Miocene” titanite (Fig. 10C).

The reorientation of crystal lattices in “zoned Miocene” grains may have directly or
indirectly reset U-Pb dates; the development of lattice bending and deformation twins may
have reset the dates themselves (Fougerouse et al., 2021; Gordon et al., 2021; Odlum et al.,
2022; Piazolo et al., 2016) or provided fast pathways for fluids to interact with and
recrystallize grain interiors (Moser et al., 2022). A subset of grains in sample 48A yield
predominantly Miocene dates and have homogeneous trace-element compositions (Fig. 7;
see section 6.1.3 “Homogeneous Miocene” titanite below). We interpret the Miocene dates
and homogeneous trace-element compositions as evidence that some grains were completely
reset by fluid-mediated recrystallization in the Miocene. However, the core—rim zoning in
Ce preserved in the “zoned Miocene” titanite (Fig. 6C) implies that the cores of these grains
escaped complete fluid recrystallization in the Miocene. Further, even where revealed by
EBSD maps, deformation twins are not always visible in Fe and Ce X-ray maps in “zoned
Miocene titanite” (Figs. 6B, C; S3), suggesting that deformation twins were not ubiquitously
recrystallized by fluids. Though fluids may have aided in resetting dates in “zoned Miocene”
titanite, the relationships among dates, zoning, trace-element concentrations, and

microstructures suggest that lattice bending and deformation twinning were the primary

&9



mechanisms of date resetting in “zoned Miocene” grains (Fig. 10C) and that dates from

these grains provide a direct constraint on the timing of deformation.

6.1.3 “Homogeneous Miocene” titanite

An additional group of titanite grains from sample 48A yield largely Miocene dates and are
broadly homogeneous in all mapped elements (“homogeneous Miocene” titanite; Fig. 7).
The homogeneous distributions of elements and Miocene dates suggest that they
experienced a different (re)crystallization history than the “Cretaceous—Miocene” titanite
and the “zoned Miocene” grains. The trace-element homogeneity and Miocene dates of the
“homogeneous Miocene” titanite may reflect thermally mediated volume diffusion of Pb and
other trace-elements, titanite neocrystallization in the Miocene, or complete resetting of
dates and trace-elements by dislocation-assisted diffusion and/or fluid-mediated
recrystallization.

We calculated the erf*! of the normalized concentration gradient for every element
measured via LASS in all grains from sample 48A to determine whether any element moved
by thermally mediated volume diffusion at the grain scale (Fig. S9A). Of the 40 grains from
sample 48A, 17 grains produced erf-like relationships between date and at least one element
(Pearson’s r and r? of linear regressions both >0.5; Fig. S9A). However, the specific element
(or elements) that define erf-like distributions differs grain to grain (Fig. S9A). Further, if
trace-element homogenization in “homogeneous Miocene” titanite is a result of volume
diffusion, all grains of comparable size (i.e., <500 um long) should yield homogeneous
trace-element compositions. Yet, several <500 um long grains from sample 48A preserve

core-rim zoning in Ce (e.g., “zoned Miocene” grains, Fig. 6). In addition, homogenization of

90



Ce concentration gradients in even ~50 um-long titanite would require UHT conditions
(>900 °C) for more than 90 Myr (Cherniak, 1995; Holder et al., 2019), which is
incompatible with the geology of the Anita Shear Zone and thermodynamic constraints on
the deformation temperatures (Czertowicz et al., 2016a; Klepeis et al., 1999). Collectively,
these observations indicate that the Miocene dates and homogeneity of trace-element
concentrations in “homogeneous Miocene” titanite are incompatible with thermally
mediated volume diffusion at the grain scale.

Alternatively, “homogeneous Miocene” titanite may be neocrystallized grains, in which
case analyses from these grains should produce a single population of dates with distinct
trace-element compositions (e.g., Garber et al., 2017; Walters et al., 2022). Though
“homogeneous Miocene” titanite clearly have different trace-element contents compared to
“Cretaceous—Miocene” and “zoned Miocene” grains, regression of an inverse isochron
through all spots from homogenous titanite reveals that the dates do not define a single
population (Fig. 7G). More than ~30 Myr of titanite growth would be required to account for
the range in dates in the homogeneous grains, which seems implausible. These observations
suggest that “homogeneous Miocene” titanite are unlikely to be neocrystallized titanite.

If dates and trace-element compositions of the “homogeneous Miocene” titanite have been
reset by lattice bending and deformation twinning, the degree of lattice bending and/or
density of deformation twins should be comparable to “zoned Miocene” titanite. Though
some “homogeneous Miocene” titanite have 10° or more of penetrative lattice bending (i.e.,
more than just the tips of the grain are bent) and have deformation twins (Fig. 7), other
grains in this group have only bent tips and/or lack deformation twins (Fig. S4). This

indicates that lattice reorientation alone is insufficient to explain the resetting of dates and
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trace-element compositions in these grains. Instead, we favor the interpretation that fluids
drove recrystallization, U-Pb date resetting, and trace-element homogenization in the
Miocene. The similarity between the trace-element composition of “homogeneous Miocene”
titanite and the composition of twins from Cretaceous grains, which we suggest were
preferentially recrystallized by fluids in the Miocene, supports this interpretation (cf. Figs. 5
and 7). Similar dates between “zoned Miocene” and “homogeneous Miocene” titanite
suggest that lattice bending, deformation twinning, and fluid-mediated recrystallization were
contemporaneous. Recrystallization in the “homogeneous Miocene” grains may have been
promoted by the lattice bending, subgrain boundaries, and twins present in these grains

(Moser et al., 2022).

6.1.4 Sample-scale patterns in date vs. trace-element concentrations

These three groups of titanite from sample 48A each yield distinct patterns between dates
and trace-element concentrations that combine to produce the date—trace element
relationships at the sample scale (cf. Fig. 4A—C and Fig, 10C). In “Cretaceous—Miocene
titanite”, date—trace element patterns reflect the combination of (1) the varying behavior of
dates and trace-element concentrations in domains surrounding deformation twins, resulting
in mechanical mixing of domains of varying age but uniform trace-element composition;
and (2) portions of the grain wherein dates have been completely reset but the original
zoning in the LREESs, Zr, and Hf remains intact (Figs. 5, 10C). The latter domain produces
uniformly Miocene dates with the core—rim range in trace-element contents (Fig. 10C). In
“zoned Miocene” grains, the complete resetting of dates coupled with the preservation of

core—rim zoning results in chiefly Miocene dates that produce the sample scale range of
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LREE, Zr, and Hf contents (Figs. 6, 10C). Finally, dates and trace-element concentrations
that have both been reset in “homogeneous Miocene” titanite provide Miocene dates with

uniform trace-element compositions (Figs 7, 10C).

6.2 Grain-scale relationships among dates, zoning, composition, and microstructure:
Sample 45C
Unlike sample 48A, every grain from 45C preserves a broad range of dates (Figs. 8, 9, S5,
S6). The range of Cretaceous—Miocene dates in sample 45C may reflect volume diffusion,
neocrystallization, interface-coupled dissolution—reprecipitation, dislocation-assisted
diffusion, or some combination of these processes. Of the eight grains dated from sample
45C, only two grains have erf-like relationships between date and position with the grain
(Figs. 8H, 9H, S9B). Neither of these grains yield relationships between Sr concentrations
and distance from the edge of the grain, suggesting that erf-like distributions of dates are not
the result of volume diffusion. Further, there are no consistent correlations between date and
U concentrations in grains where erf-like distributions of dates are absent, implying that
heterogeneities in Pb concentrations did not drive volume diffusion and obscure otherwise
straightforward relationships between dates and distance (Fig. S7B; Paul et al., 2019). We
note, however, that the effects of heterogeneous parent concentrations could be masked by
high common Pb concentrations. Together these observations suggest that the range of dates
in sample 45C do not reflect thermally mediated volume diffusion of Pb.

Grains from sample 45C typically preserve core-rim zoning in Ce (Figs. 8C, 9C; S5,
S6). In some grains, dates and Ce concentrations are correlated, with dates younging with

decreasing Ce concentrations (e.g., Fig. 8@G). In grains where dates and Ce concentrations
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are correlated, dates are also correlated with other elements that define core—rim zoning,
including Fe, P, Sr, Zr, REE, and Y (Figs. 8F, S5). These linear relationships between dates
and trace-element concentrations are consistent with analytical mixing of old cores and
young rims, each with distinct trace-element compositions. Young rims could have
conceivably formed from secondary titanite growth or interface-coupled dissolution—
reprecipitation. Straightforward relationships among dates and trace-element concentrations
are not present in all grains (Figs. 9, S6) or in all trace elements at the sample scale (Fig.
4D-F) in 45C. For example, the grain in Figure 9 preserves core-rim zoning in Ce
concentrations (Fig. 9C), yet there is no correlation between date and Ce concentration (Fig.
9F)—or any other element for that matter (Fig. 9E). Further, some grains in sample 45C
preserve patchy Al zoning in grain cores (Fig. 9B) and/or lobate—cuspate rims evident in
both Al and Ce WDS X-ray maps (Figs. 9B, C). Such zoning geometries are typically
ascribed to interface-coupled dissolution—reprecipitation (Holder and Hacker, 2019; Moser
et al., 2022; Walters et al., 2022). Together, these observations suggest that core—rim zoning
in sample 45C resulted from interface-coupled dissolution—reprecipitation, and that the
resetting of dates and trace-element concentrations was variable both within and among
grains (Holder and Hacker, 2019; Moser et al., 2022; Walters et al., 2022). The broad range
of dates from both cores and rims in some grains from this sample (Fig. 9) most likely
reflects this variable date resetting. The youngest dates (e.g., ~11 Ma) from grains where
dates and trace-element concentrations are correlated (i.e., in grains where dates and trace-
elements appear to have been reset to the same degree; Fig. 8) suggest that dissolution—

reprecipitation of titanite in sample 45C occurred in the Miocene.
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The tips of titanite grains from sample 45C are bent up to ~25 °C with respect to the
center of grains (Figs. 8A, 9A). Dates consistently young with increasing lattice bending
(Figs. 8E, 9E) and subgrains yield among the youngest dates from this sample (Fig. 9A).
These relationships between date and lattice bending and/or the presence of subgrains in
sample 45C are compatible with the Miocene dates reflecting the timing of deformation
(e.g., Moser et al., 2022). Evidence for fluid-driven date resetting in the Miocene, however,
makes it impossible to claim that Miocene dates in sample 45C result from lattice bending
alone. Note, however, that dates and microstructure are correlated in all but one grain from
sample 45C (Figs. 8D, 9D, S5, S6), even in grains that lack straightforward relationships
between date and trace-element composition (e.g., Fig. 9). Further, Miocene dates are
uncommon in sample 45C, with only 17 of 165 individual spot dates younger than 23 Ma.
Of these 17 Miocene dates, 15 come from bent grain tips or subgrains (Figs. 8A, 9A). These
aspects of the relationship between dates and lattice bending/subgrains provide compelling
evidence that some component of the Miocene dates in this sample resulted from lattice
bending and/or subgrain development. Relationships among dates, zoning, trace-element
compositions, and microstructure therefore suggest that both dissolution—reprecipitation and
lattice bending occurred in the Miocene and that Miocene dates in sample 45C likely reflect
a combination of these processes.

Grains from sample 45C also preserve scalloped to lobate—cuspate rims of elevated Fe
and Al concentrations and are devoid of U (Figs. 8B, 9B). The geometry of these domains is
consistent with their formation via dissolution—reprecipitation. These rims are spatially
distinct from and outboard of low Ce and low Fe rims (Figs. 8B, 8C, 9B, 9C), indicating that

this fluid event postdated the formation of low Ce and low Fe rims, the latter of which was
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contemporaneous with lattice bending and subgrain development. Notably, fluids
responsible for Fe- and Al-enriched rims do not appear to have everywhere preferentially
recrystallized bent grains tips and subgrains. This is particularly evident in Figure 9, where
none of the subgrains have Al contents that match those of these latest-stage rims. Further,
in the one grain with deformation twins in this sample, the deformation twins have low Al
contents (Fig. S6), indicating that they were not recrystallized by the late-stage fluids. These
observations imply that post-deformational fluids do not necessarily exploit microstructures
as fast diffusion pathways. Instead, fluid-mediated recrystallization of deformation twins,
bent crystal lattices, and subgrains may only be enhanced when these processes are

concomitant.

6.3 Conditions and timing of deformation

The titanite and bulk-rock microstructures provide independent constraints on the conditions
of deformation of the samples analyzed herein. Feldspars in samples 48A and 106A preserve
bulge recrystallization microstructures (Figs. 2B, H; S1) indicating deformation at
temperatures >500 °C (Pryer, 1993; Olsen and Kohlstedt, 1985; Tullis and Yund, 1987;
Vidal et al., 1980). Though minor brittle fractures are present in feldspar, the orientations of
these features are consistent with their occurrence along cleavage planes (Fig. S1), which is
typical of plastically deformed feldspar, even at temperatures higher than ~700 °C (Brown
and Macaudiére, 1984; Goode, 1978; Kruse and Stiinitz, 1999; Kruse et al., 2001; Sodre
Borges and White, 1980; Stiinitz et al., 2003; Tullis and Yund, 1987). Further, lattice
bending and other dislocation-related microstructures have been previously reported in

amphibolite-facies titanite (Bonamici et al., 2015; Gordon et al., 2021; Kirkland, et al.,
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2018; Moser et al., 2022; Papapavlou et al., 2017). Type IV calcite deformation twins in
sample 47A further indicate that deformation occurred at temperatures >250 °C (Fig. 2D;
Vernon, 1981; Burkhard, 1993). Finally, none of the analyzed samples preserve a
penetrative brittle fabric (Fig. 2), suggesting that deformation of these units was
predominantly ductile. The bulk-rock deformation microstructures, including those
preserved by titanite, primarily preserve a record of ductile deformation at amphibolite-
facies conditions in the ASZ.

All dates from “zoned Miocene” and “homogeneous Miocene” grains in sample 48A
were collated to determine the timing of amphibolite-facies deformation. These textural and
compositional groupings do not produce single date populations in Tera—Wasserburg space
(Fig. 6G, 7G). Probability density functions and associated histograms of all dates from
“zoned Miocene” (Fig. 11A) and “homogeneous Miocene” grains (Fig. 10B) yield peaks at
~11 Ma (Fig. 10). These date distributions suggest that titanite ductile deformation, and by
inference amphibolite-facies deformation, ended around 11 Ma. An ~11 Ma deformation age
is consistent with the youngest dates from bent grain tips in samples 48A and 45C (Figs. 5,
8, 9), the youngest dates in samples 106A and 106E (Fig. 3D, E), and a single titanite date
population of 11 +£ 1 Ma (MSWD = 0.9, Fig. 3B) in sample 47A.

The range of dates from “zoned Miocene” and “homogeneous Miocene” titanite may
reflect protracted titanite deformation, partial resetting of U-Pb dates, or a combination of
these processes. The majority of “zoned” and “homogeneous Miocene” titanite preserve
single populations of U-Pb dates (i.e., MSWD ~1; Wendt and Carl, 1991; Figs. 6D, 7D, S3,
S4). Individual grain single populations range from ~20—7 Ma for “zoned Miocene” (Fig.

S3) titanite and ~16—7 Ma for “homogeneous Miocene” titanite (Fig. S4). The range of
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Figure 11. PDFs and histograms of all titanite U-Pb dates from (A) “zoned Miocene” and (B) “homogeneous
Miocene” grains from sample 48A. Peaks in these PDFs at ~11 Ma suggest that this is the end of titanite
recrystallization during amphibolite-facies deformation.
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single populations is distinguishable outside of the associated uncertainties for the “zoned
Miocene” grains, but those from the “homogeneous Miocene” titanite overlap within
uncertainty. Varying single populations among “zoned Miocene” titanite could reflect the
time-progressive resetting of dates among individual grains as conditions became favorable
for different grains to deform. The range in single populations among individual “zoned
Miocene” grains is consistent with a record of protracted, rather than punctuated,
amphibolite-facies deformation. If the range in individual dates from the “zoned” and
“homogeneous Miocene” titanite record the duration of this protracted deformation, the
spread in dates permits the interpretation that ductile deformation within the ASZ began
around ~25 Ma and continued until ~11 Ma (Fig. 10). Deformation beginning at ~25 Ma in
the ASZ is compatible with the reorganization of the Pacific—Australian Plate boundary, the
onset of transpression, and the development of a throughgoing, strike-slip Alpine Fault
system at ~25 Ma (Cooper, 1987; Kamp, 1986). On the other hand, the dispersion in dates in
“zoned” and “homogeneous Miocene” titanite could also be explained by a range of partial
to complete resetting of dates by dislocation-assisted diffusion and interface-coupled
dissolution—reprecipitation. The range of titanite U-Pb dates from the predominantly
Miocene titanite are therefore compatible with the onset of ductile deformation at ~25 Ma

along the ASZ, but protracted deformation is not required to explain these data.

6.4 Tectonic implications for the Anita Shear Zone
6.4.1 Cretaceous rifting of Zealandia from Gondwana
The ASZ initiated as a low-angle, vertically thinning, extensional shear zone in the lower

crust (Klepeis et al., 1999). Comparison with other lower-crustal shear zones in Fiordland
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(e.g., Doubtful Sound and Resolution Island shear zones; Fig. 1B; Klepeis et al., 2016;
Schwartz et al., 2016) led previous workers to suggest that this early deformation history
was most likely related to extensional orogenic collapse of the Zealandia Cordillera (Klepeis
et al., 1999). A lack of geochronologic constraints, however, prevented direct testing of this
hypothesis. Distributions of titanite U-Pb analyses from samples 48A, 45C, 106A, and 106E
indicate that initial titanite crystallization in the ASZ occurred prior to ~90 Ma. We take ~90
Ma to be the youngest possible timing of initial titanite crystallization and formation of the
low-angle fabrics in the Anita Shear Zone as it is unclear whether any analysis escaped
mixing with Miocene deformed and recrystallized domains (e.g., Fig. 5). The few (i.e., 6 of
165) dates as old as ~120 Ma in sample 45C may reflect titanite growth during regional
metamorphism associated with Early Cretaceous plutonism in the adjacent Worsley Pluton
(124-122 Ma; Hollis et al., 2003, 2004; Mattinson et al., 1986; Schwartz et al., 2016;

Stowell et al., 2014; Tulloch and Kimbrough, 2003).

6.4.2 Miocene deep crustal record of transpression and exhumation

U-Pb dates from “zoned Miocene” and “homogeneous Miocene” titanite are compatible
with the onset of transpression along the ASZ at ~25 Ma, coincident with tectonic
reorganization of the Pacific—Australian Plate boundary, as a change in Pacific Plate motion
caused the Pacific—Australian Plate boundary to become convergent (Jicha et al., 2018;
Lebrun et al., 2003; Sutherland et al., 2006). The Alpine Fault also developed as a through-
going, strike-slip feature at this time (Cooper, 1987) and subduction along the Puysegur
Trench may have initiated as early as ~25 Ma (Klepeis et al., 2019; Lebrun et al., 2003). In

addition, feldspar and muscovite “°Ar/*’Ar dates from structures in central and western
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Fiordland indicate that dextral and oblique dextral-reverse slip were active in Fiordland
beginning at ~25 Ma (Klepeis et al., 2019). The ASZ is therefore one of several Miocene,
dextral transpressive structures that accommodated relative motion between the Pacific and
Australian Plates beginning at ~25 Ma, coincident with the initiation of subduction along the
Puysegur Trench and the onset of dextral motion on the Alpine Fault. The ASZ, however, is
unique in that it provides the mid- to deep-crustal, rather than upper-crustal, record of plate
reorganization and the onset of late Oligocene-early Miocene dextral transpression along the
Pacific—Australian Plate boundary and broader Alpine Fault system.

Few direct constraints exist on the timing of ductile deformation associated with the
onset of transpression along the Pacific-Australian Plate boundary in the Miocene. This
presents a rare and much needed constraint on the timing of high-temperature, Miocene
transpressive fabrics along the broader Alpine Fault system. Ring et al. (2019) obtained ~11
Ma Rb-Sr muscovite dates from Alpine Schist mylonite proximal to the main trace of the
Alpine Fault between the Waikukupa River and Harold Creek (Fig. 1A). Together with PT
estimates of mylonitization, these data were interpreted as the end of amphibolite-facies
mylonitization of the Alpine Schist (Ring et al., 2019). Our work suggests an identical date
for the end of amphibolite-facies along the ASZ. Though these datasets come from only two
localities separated by ~300 km along strike of the Alpine Fault, together they suggest a
broad synchroneity of the initiation of exhumation of the ductile, deep crustal roots of the
broader Alpine Fault system.

The end of amphibolite-facies deformation along the ASZ may reflect a switch in
deformation style in Fiordland at ~11 Ma. For example, reverse faults were active in central

and northern Fiordland at ~8—7 Ma and have been suggested to have accommodated initial
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collision between the leading edge of the Australian slab and the subducted Hikurangi
plateau (Klepeis et al., 2019a; Klepeis et al., 2019b). Tectonic reorganization that resulted
from this collision may have shut off transpression along the ASZ in favor of more
favorably oriented structures in central and northern Fiordland. However, K-Ar white mica
dates from greenschist-facies structures at the western margin of the ASZ suggest a switch
from amphibolite-facies ductile deformation to greenschist-facies brittle deformation around
~12 Ma (Claypool et al., 2002). Cooling and exhumation to greenschist-facies conditions in
the mid-Miocene is compatible with previous low-temperature thermochronology studies
that document the initiation of rapid cooling in SW Fiordland around ~25-15 Ma (House et
al., 2002; House et al., 2005; Sutherland et al., 2009). Rapid cooling propagated towards the
NE through the Miocene, with the onset of cooling reaching northern Fiordland in proximity
of the ASZ by ~10 Ma (House et al., 2002, 2005; Sutherland et al., 2009). This cooling
signature has previously been attributed to exhumation associated with subduction initiation
and the NE propagation of the leading edge of the subducting Australian Plate (House et al.,
2002, 2005; Sutherland et al., 2009) and coincides with the timing of reverse motion along
the Mount Thunder and Glade-Darran faults in northeast Fiordland (Klepeis et al., 2019).
The spatial and temporal overlap of the ~11 Ma titanite deformation age in the ASZ, white
mica K-Ar dates in the ASZ, and onset of rapid cooling in NE Fiordland suggests that the
end of amphibolite-facies deformation reflects the initiation of cooling and exhumation of
the ASZ through the brittle-ductile transition around ~11 Ma, resulting in the localization of
strain onto brittle faults along the margins of the shear zone (Claypool et al., 2002; Klepeis

et al., 1999). The ASZ therefore provides a window into how the mid to deep crust

102



responded to this early- to mid-Miocene phase of rapid cooling and exhumation in

Fiordland.

6.5 Implications for dating deformation with titanite

This work demonstrates that titanite deformation chronometry provides a means to
determine the timing of deformation in polyphase ductile shear zones. Based on correlations
to other shear zones, cross-cutting relationships, and limited zircon U-Pb dates, prior work
along the ASZ suggested that amphibolite-facies, ductile transpression was Cretaceous
(Czertowicz et al., 2016a; Hill, 1995a; Klepeis et al., 1999). The data presented herein
indicate that amphibolite-facies transpression also occurred in the Miocene. Titanite
deformation chronometry is therefore able to reveal phases of high-temperature deformation
that may not be captured by other high-temperature geochronometers (such as zircon U-Pb
geochronology) or cross-cutting relationships.

Relationships among dates and microstructure in the ASZ titanite indicate that lattice
bending and deformation twins both contributed to U-Pb date resetting. Dates young with
increasing lattice bending, spots that overlap deformation twins yield dates in between the
inferred Cretaceous crystallization age and the Miocene deformation age, and grains with
more penetrative lattice bending and greater densities of deformation twins produce
predominantly Miocene dates. Further, titanite in sample 48A are more pervasively
deformed than those from sample 45C; grains in 48A have greater degrees of cumulative
lattice misorientation, a greater density of deformation twins, and a greater proportion of
Miocene dates compared to sample 45C, consistent with the interpretation that lattice

reorganization was the dominant mechanism by which dates were reset in the Miocene.
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These observations add to a growing body of literature that implies that lattice bending,
deformation twinning, and dynamic recrystallization play an important role in resetting U-
Pb dates in deformed titanite (Bonamici et al., 2015; Gordon et al., 2021; Moser et al.,
2022). However, without observations from a finer spatial scale, such as from atom probe
tomography (Piazolo et al., 2016; Kirkland et al., 2018), the precise mechanisms by which
these processes reset dates remain unclear.

A major outstanding uncertainty of directly dating deformation with titanite concerns
whether lattice reorientation results in direct or indirect resetting of U-Pb dates. In previous
studies, the superposition of lattice bending and subgrains on fluid-related zoning has made
it difficult to unequivocally state that lattice reorientation was the sole process that affected
U-Pb systematics (Gordon et al., 2021; Moser et al., 2022). Instead, workers have postulated
that fluids and dislocation-assisted diffusion together reset dates, with the possibility that
dislocation-related microstructures only indirectly affect dates by providing efficient
pathways for fluids to react with grain interiors (Gordon et al., 2021; Moser et al., 2022).
The late-stage, fluid-related rims in sample 45C imply that fluids that post-date deformation
do not necessarily preferentially recrystallize bent lattices, subgrains, and deformation twins.
Rather, fluid-related recrystallization in bent tips, subgrains, and deformation twins may be
enhanced when these two processes occur simultaneously. If true, dates from these features
could be taken as the deformation age, even where there is superposed evidence for fluid-
driven recrystallization. Further work, however, is required to address this hypothesis.

The ASZ titanite data are inherently complex, with individual grain and sample-scale
relationships among dates, composition, and zoning that are difficult to explain by volume

diffusion, neocrystallization, or interface-coupled dissolution—reprecipitation alone. It is
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only with the additional context provided by the lattice orientation information that these
complexities resolve. For example, without the relative misorientation maps, the reason why
some grains with core—rim zoning produce Miocene dates (“zoned Miocene” titanite)
whereas others yield dates as old as ~90 Ma (“Cretaceous—Miocene titanite’’) would be
unclear. Our study therefore demonstrates that in some instances, lattice orientation

information is required to accurately interpret titanite U-Pb dates.

7. Conclusions

Titanite deformation chronometry reveals a previously unknown phase of Miocene,
amphibolite-facies, transpressive deformation along the Anita Shear Zone, western
Fiordland, New Zealand. Titanite U-Pb dates across four samples predominantly range from
~90-11 Ma, with a single sample yielding a single population of ~11 Ma dates. Detailed
grain-scale data (EBSD relative misorientation maps, WDS X-ray maps, LASS U-Pb dates
and trace-element concentrations) demonstrate that this range of dates is not readily
explained by volume diffusion, neocrystallization, or interface-coupled dissolution—
reprecipitation alone. Instead, relationships between dates and lattice bending, as well as
dates and deformation twinning, indicate that lattice reorientation as a result of deformation
was the primary mechanism by which dates were reset in the Miocene. Lattice reorientation
was accompanied by fluid-mediated recrystallization; which variably reset dates and trace-
elements concentrations in and around deformation twins. Dynamic recrystallization of
feldspar and the lack of a penetrative brittle fabric in the studied samples implies that the
bulk of deformation, including plastic deformation of titanite, occurred at amphibolite-facies

conditions. Dates from grains interpreted to have been completely reset by lattice bending,
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deformation twinning, and fluid-mediated recrystallization are chiefly ~11 Ma, suggesting
the end of amphibolite-facies deformation at that time; the range of dates from these grains
is compatible with the onset of amphibolite-facies deformation as early as ~25 Ma. These
results demonstrate that titanite deformation chronometry is a powerful tool capable of
revealing cryptic phases of high-temperature deformation that may not be captured by other
high-temperature geochronometers (such as the zircon U-Pb system) or cross-cutting
relationships.

The previously unresolved timing of ductile deformation along the ASZ posed major
uncertainties for the interpretation of its tectonic significance. The oldest (i.e., ~90 Ma)
titanite dates in this study are compatible with initiation of the ASZ in the mid-Cretaceous as
a low-angle structure that accommodated lower crustal thinning during the extensional
orogenic collapse of the Median Batholith and/or the onset of rifting of Zealandia from
Gondwana. The Miocene deformation age for amphibolite-facies transpressive fabrics
revealed herein indicate that the ASZ provides a mid- to deep-crustal window into the onset
of dextral transpression along the Pacific-Australian Plate boundary, coincident with the
development of the Alpine Fault and subduction initiation along the Puysegur Trench. Our
dataset represents one of only a few examples that date high-temperature fabrics associated
with the onset of transpression along the broader Alpine Fault system. Amphibolite-facies
transpression along the ASZ ended at ~11 Ma, and likely reflects exhumation of the shear
zone through the brittle-ductile transition, simultaneous with the onset of rapid cooling in

northwest Fiordland.
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CHAPTER 3: TITANITE PETROCHRONOLOGY DOCUMENTS SECULAR
TEMPERATURE AND FLUID EVOLUTION DURING DUCTILE
DEFORMATION: AN EXAMPLE FROM CRETACEOUS SHEAR ZONES IN THE
EASTERN TRANSVERSE RANGES

1. Introduction

The rheology of the ductile, mid to deep crust plays a fundamental role in the strength of
continental lithosphere. Our conceptual and quantitative understanding of how the mid to
deep crust deforms, however, is incomplete (e.g., Biirgmann and Dresen, 2008). Many
variables influence lithospheric rheology (e.g., mineralogy, temperature, pressure,
differential stress, strain rate, fluid abundance and composition), illustrating the inherently
complex nature of developing such conceptual and quantitative modelling frameworks
(Burlini and Bruhn, 2005; Biirgmann and Dresen, 2008). In addition, the conditions of
deformation are not steady state, changing throughout a single phase of deformation.
Creating a full picture of how the ductile-plastic portion of the lithosphere deforms requires
quantitative constraints on the conditions of ductile deformation and how these conditions
vary over the lifetime of individual ductile shear zones. Yet, directly constraining the
timescales and conditions of deformation is challenging, and how the conditions of ductile
deformation vary throughout a single deformation phase remain poorly understood. This is
in part because dating deformation remains difficult, and constraints on the timing vs. the
conditions of deformation typically come from separate minerals (e.g., quartz and feldspar
(Tullis and Yund, 1987b; Hirth and Tullis, 1992) vs. zircon (Piazolo et al., 2012), monazite
(Dumond et al., 2022), titanite (Moser et al., 2022), and apatite (Odlum et al., 2022). There

is thus a need for new approaches that combine information on the timing and conditions of
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deformation (i.e., temperature, pressure, differential stress, strain rate, fluid abundance and
composition) from the same mineral.

The titanite U-Pb system is perhaps one of the best candidates to integrate constraints on
the timing and conditions of deformation in ductile shear zones. Titanite is a common
accessory mineral in many crustal rocks (Frost et al., 2000) and has a high apparent U-Pb
closure temperature (Hartnady et al., 2019; Holder et al., 2019; c.f. Cherniak, 1993), making
it more likely to record (re)crystallization than cooling at all but granulite-facies
metamorphic conditions. It has a propensity to recrystallize in the presence of metamorphic
fluids, which resets U-Pb dates and provide a direct constraint on the timing of fluid
infiltration (e.g., Holder and Hacker, 2019). Zr contents in titanite can also be used to
document the temperature of (re)crystallization (Hayden et al., 2008). Titanite has been
empirically shown to respond to deformation by neocrystallizing synkinematically
(Papapavlou et al., 2017) and/or undergoing crystal-plastic deformation (Bonamici et al.,
2015; Gordon et al., 2021; Moser et al., 2022), providing a means to link the timing to the
temperature and fluid conditions of deformation. However, the full extent to which titanite
responds to and records the timing and conditions of ductile deformation remains
incompletely understood (Bonamici et al., 2015; Gordon et al., 2021; Moser et al., 2022),
limiting its application to structural problems.

This contribution presents an integrated titanite U-Pb, microstructure, zoning, and trace-
element dataset from Cretaceous, cm- to dm-scale ductile shear zones hosted in the Jurassic
Cottonwood pluton, Eastern Transverse Ranges. These shear zones are ideal for resolving
the above problems as their deformation age is (1) independently constrained by aplite dikes

and (2) significantly younger than the intrusion age of the host pluton, making it clear which
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titanite textures, trace-element compositions, and dates are related to shear-zone
deformation. We evaluate the usefulness of titanite petrochronology to delineate not only the
timing, temperature, and fluid compositions of deformation, but also how these conditions
evolve with ongoing deformation. The dataset further illuminates the diversity of weakening
mechanisms that may be concomitant, demonstrating the complex rheological evolution that

may occur during a single deformation.

2. Geologic Setting and Field Observations
The Cottonwood Pass area of Joshua Tree National Park is located in the eastern Hexie
Mountains of the Eastern Transverse Ranges (Fig. 1). Exposed bedrock comprises Mesozoic
Cordilleran arc rocks typical of the Eastern Transverse Ranges and Mojave crustal province
basement (Fig. 1; Wooden and Miller, 1990; Powell, 2001; Barth et al., 2008; Needy et al.,
2009; Economos et al., 2021). In the field area (Fig. 1B), Proterozoic gneisses (Powell,
2001) were intruded by the granitic to granodioritic Cottonwood pluton at ~155 Ma (Barth et
al., 2008) followed by the granitic Smoke Tree Well pluton and granodioritic Porcupine
Wash pluton at ~75 Ma (Needy et al., 2009; Fig. 1B). Previous Al-in-hornblende
thermobarometry indicates that the Porcupine Wash Pluton was emplaced at ~11 km depth
(Needy et al., 2009). There are no emplacement depth estimates for the Cottonwood or
Smoke Tree Well plutons. Mesozoic Cordilleran subduction-related arc magmatism ended in
the Eastern Transverse Ranges and central Mojave region at ~74 Ma (Economos et al.,
2021).

Our observations focus on a series of discrete, cm- to dm-scale mylonitic shear zones

that deformed the Jurassic Cottonwood pluton (Fig. 2). These shear zones are anastomosing
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Figure 1. (A) Regional geologic map of the Eastern Transverse Ranges. Inset shows location of Fig. 1B. After
Barth et al., (2008). (B) Geologic map of the Cottonwood Pass area of Joshua Tree National Park. Cottonwood
pluton (CW); Porcupine Wash pluton (PW); Smoke Tree Well pluton (STW). Yellow star denotes study
location. After Powell (2001) and Barth et al., (2008); includes new mapping by the authors.
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at the outcrop-scale, bifurcating around relatively undeformed host blocks of the
Cottonwood pluton (Fig. 2B). In general, the shear zones are either gently to moderately
dipping, broadly NE-SW striking with oblique, normal-sense kinematics, or subvertical,
ESE-WNW striking with sinistral kinematics (where shear sense could be determined; Figs.
2C—F; S1). The strike of the gently to moderately dipping shears is highly variable across
the field area (Fig. S1). Lineations are gently dipping in both the moderately dipping and
subvertical shears (Fig. S1). The shear zones are variably subparallel to and offset aplite
dikes (Figs. 2C-F); some offset dikes are continuous for several meters within individual
shear zones (Figs. 2E, F). Centimeter-thick quartz veins are common in both the gently to
moderately dipping shear zones and are broadly oriented subparallel to the mylonitic
foliation; they are never observed cutting the shear zones at a high angle (Figs. 2G, H).
There are few other reports of Late Cretaceous shear zones in the Eastern Transverse
Ranges. Recent work describes a km-scale, synmagmatic shear zone with contractional
kinematics active at ~76—72 Ma in the Little San Bernardino Mountains (Friesenhahn,
2018). In the central Mojave, km-scale mylonitic shear zones associated with regional
extension were active from ~74—68 Ma (Wells et al., 2005; Wells and Hoisch, 2008). Farther
south, km-scale ductile thrusts in the Cargo Muchacho Mountains reveal the onset of
Laramide contractional tectonics in the southwestern Cordillera around ~65 Ma (Cawood et
al., 2022), consistent with recent work that suggests that Laramide orogenesis in this part of
the North American Cordillera occurred exclusively after ~74 Ma (Economos et al., 2021).
As such, the scale and expression of the Cottonwood shear zones appears to be regionally

unique.
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aplite dike
’ crystallization age:
75+ 2 Ma

Figure 2. Field photographs of cm- to dm-scale mylonitic shear zones developed in the Cottonwood pluton.
(A) Cm-scale shear zone showing strain gradient from relatively undeformed Cottonwood pluton host into core
of gently E-dipping shear zone. (B) Shear zones are anastomosing at the outcrop scale, bifurcating around
comparatively undeformed blocks of host Cottonwood pluton. (C) Unannotated and (D) annotated photo of
gently E-dipping shear zone with subparallel aplite dike. (E) Unannotated and (F) annotated photo of
subvertical, ESE-WNW striking shear zone that cuts a ~75 Ma aplite dike. (G, H) Cm-scale quartz veins are
common in the shear zones and sub-parallel the mylonitic foliation.
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3. Sample descriptions and petrography

We present titanite microtextural, U-Pb, and trace-element data from two Cottonwood
pluton mylonites: 5-1A (Fig. 3, S2; 33.807231 N, 115.803005 W) and 18-7A (Fig. 3, S2;
33.807193 N, 115.803447 W). Sample 5-1A is from the shear zone shown in Figure 2B;
sample 18-7A is from the shear zone shown in Figures 2E and 2F that offsets an aplite dike.
Both samples contain feldspar, quartz, biotite, titanite, ilmenite, magnetite, and minor zircon
and apatite (Fig. 3, S2). Feldspar porphyroclasts in sample 5-1A have core-mantle
microstructures, with some larger grains displaying irregular or serrated grain boundaries,
compatible with subgrain rotation recrystallization (Figs. 3A, C). In sample 18-7A, feldspar
is fine-grained and porphyroclasts are absent (Fig. 3B, D). Quartz deformation
microstructures in both samples are consistent with recrystallization via subgrain rotation
and/or grain-boundary migration (Figs. 3C). Subdomains of larger quartz grains that parallel
the foliation are present in both samples (Fig. 3C, D). Titanite grains in the two samples
range from euhedral to subhedral, several-hundred pum micron-long grains that typically
have their long axes aligned with the foliation (Fig. 3A; S2) to titanite aggregates that are
ubiquitously aligned with the foliation, wherein individual grains are <50 um long (Fig. 3B;
Fig. S2). The euhedral/subhedral grains are only present in sample 5-1A, whereas titanite

aggregates are present in both samples (Fig. S2).

4. Titanite Petrochronology Approach and Methods
Titanite U-Pb dates record a variety of tectonothermal processes depending on the P-7 and
deformation history of a rock. For example, U-Pb dates may reflect one or more phases of

igneous and/or metamorphic titanite neocrystallization (i.e., crystallization ages; Spencer et
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Figure 3. Cross-polarized light photomicrographs showing dominant titanite textures as well as feldspar and
quartz microstructures from the Cottonwood mylonites. (A) Sub- to euhedral titanite (sample 5-1A) and (B)
titanite aggregates (sample 18-7A). Feldspar microstructures are consistent with subgrain rotation
recrystallization of feldspar in sample 5-1A (A, C) and complete recrystallization of feldspar in sample 18-7A
(B, D). Quartz deformation microstructures indicate grain-boundary migration (C). The textures of elongate,
foliation parallel domains of larger quartz grain size are likely quartz veins (A, D) which are observed in
outcrop. Fsp: feldspar; qz: quartz; bt: biotite; ttn: titanite; ilm: ilmenite; mag: magnetite.
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al., 2013; Stearns et al., 2016). Thermally mediated volume diffusion of radiogenic Pb
produces relationships between date and grain size and/or distance from the edge of a crystal
that reflect cooling below the titanite Pb closure temperature (i.e., cooling ages; Dodson,
1973; Cherniak, 1993; Bonamici et al., 2015; Garber et al., 2017). Titanite further
recrystallizes via dissolution—reprecipitation recrystallization, wherein a fluid infiltrates a
crystal, replaces the original grain with the same or similar phase, alters the trace-element
composition, and variably resets the U-Pb dates (i.e., recrystallization ages; Holder and
Hacker, 2019; Moser et al., 2022; Walters et al., 2022). The development of crystal-plastic
deformation microstructures can also affect U-Pb dates in titanite and other minerals, with
dislocations and/or subgrain boundaries variably trapping or serving as fast diffusion
pathways for Pb and other trace-elements, or forming efficient conduits for fluids to
recrystallize grain interiors (e.g., Reddy et al., 2006; Bonamici et al., 2015; Piazolo et al.,
2016; Fougerouse et al., 2021; Gordon et al., 2021; Moser et al., 2022; Odlum et al., 2022).
Each of these processes produces diagnostic intragrain spatial patterns among U-Pb
dates, trace-element concentrations, and microstructures that can be used to identify the
process responsible for the U-Pb date and trace-element distributions (Cherniak, 1993;
Spencer et al., 2013; Bonamici et al., 2015; Stearns et al., 2016; Garber et al., 2017; Walters
and Kohn, 2017; Holder et al., 2019; Holder and Hacker, 2019; Moser et al., 2022; Walters
et al., 2022). We combine backscattered electron (BSE) imaging, electron backscatter
diffraction (EBSD) data, laser-ablation split-stream ICP-MS (LASS) analyses of U-Pb dates
and trace-element concentrations, together with electron probe microanalysis (EPMA)
measurements of F contents to differentiate among the above processes and relate titanite U-

Pb dates to zoning, microstructures, and trace-element compositions. All data were acquired
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in standard thickness, microprobe-polished thin sections. A detailed discussion of the effect
of volume diffusion on titanite U-Pb dates is included in the supplementary material (Text

S1, Fig. S3).

4.1 Scanning electron microscopy (BSE and EBSD)

Scanning electron microscopy (SEM) data were acquired on an FEI Quanta field emission
source SEM at the University of California, Santa Barbara. The BSE images were acquired
at a 14 mm working distance, 10 kV accelerating voltage, and 1-5 nA beam current.
Electron backscatter diffraction (EBSD) data were collected and indexed using an HKL
Technology Nordlys II EBSD camera and Oxford/HKL Channel 5 Flamenco software with
a 20 kV accelerating voltage, 1-5 nA beam current, and at a ~15 mm working distance. The
polished sample surface was tilted 70° with respect to the electron beam. EBSD data were
acquired using an electron-beam rastering approach over a 2 x 2 pm grid. The data were
processed using Oxford/HKL Channel 5 Tango application; single pixels whose orientations
deviated significantly with respect to neighboring pixels were removed, and unindexed
pixels were assigned average orientations if at least six of the neighboring pixels were
indexed as titanite. Relative misorientation maps were created using Oxford/HKL Channel 5

Tango and titanite pole figures were made using MTEX in MATLAB.

4.2 LASS
Titanite U-Th-Pb isotopes and trace-element concentrations were acquired simultaneously in
a single analytical session using the LASS approach outlined by Kylander-Clark et al.,

(2013, 2017). 238U, 232Th, 28Pb, 207Pb, 20°Pb, and 2**Pb were analyzed on a Nu Instruments

116



Plasma HR-ES multicollector ICP-MS. *Mg, 2’Al, 28Si, #4Ca, Sc, *’Ti, °'V, 32Cr, >*Mn,
S6Fe, $8Sr, 99Y, 9Zr, 93Nb, 1La, '“0Ce, 4IPr, 146Nd, '47Sm, '3Eu, 157Gd, 'Tb, 1Dy, '6Ho,
166Er, 199Tm, 172Yb, !75Lu, !78Hf, '3!Ta, and '3>W were measured on an Agilent 7700X
quadrupole ICP-MS. Samples were ablated using a Cetac/Photon Machines 193 nm excimer
laser with a HelEx cell, using a 25 pum spot size and ~1 J cm™ laser fluence at 5 Hz for 15 s.
Two cleaning shots were fired prior to each analysis and permitted to washout for 20 s.
MKEDI titanite (1521.02 £ 0.55 Ma 2°7Pb/?%Pb ID-TIMS date, Spandler et al., 2016)
was selected as the primary standard for U-Th-Pb isotopes and synthetic trace-element glass
NIST SRM 612 (Pearce et al., 1997) was the primary trace-element standard. Both primary
reference materials were analyzed once for every ~8 unknown analysis. Titanite reference
materials BLR (1047.4 + 1.4 Ma concordia date, Aleinikoff et al., 2007), Y1710C5 (388.6 +
0.5 Ma common Pb corrected 2°°Pb-23Pb ID-TIMS date, Spencer et al., 2013), and Fish
Canyon (28.4 + 0.05 Ma, 2*°Th-disequilibrium corrected 2°Pb-23¥U ID-TIMS date, Schmitz
and Bowring, 2001) were analyzed as secondary standards to confirm U-Th-Pb ratio and
trace-element concentration accuracies. The 2°7Pb/?%Pb-corrected dates for the secondary
titanite reference materials in the analytical sessions presented here were 1046 + 7 Ma
(BLR, MSWD = 1.04; Stacey and Kramers, 1975 common 2°’Pb/2%Pb = 0.91), 394 + 3 Ma
(Y1710C5, MSWD = 0.5; Stacey and Kramers, 1975 common 2°’Pb/?°Pb = 0.86), and 28 +
1 Ma (Fish Canyon, MSWD = 1.9; Stacey and Kramers, 1975 common 2°’Pb/?%Pb = 0.83),
which are all within 1.4% of their known values (Table S1). The trace-element
concentrations of the MKEDI1 analyses are within ~10% of their reported values, which is a

typical uncertainty when NIST glass is used as the primary standard (Liu et al., 2008).
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The U-Th-Pb and trace-element data were reduced using the Iolite 2.5 plugin for IgorPro
6.37 with the “U-Pb Geochronology3” (for U-Th-Pb isotopes) and “Trace Elements” (for
trace-element concentrations, assuming 19.2 wt % Ca in the unknown titanite analyses) data
reduction schemes (Paton, 2011). Integrations excluded the first two and last two seconds of
each analysis prior to the downhole correction; integrations for unknowns were also
trimmed to select only homogeneous date and trace-element portions to remove the effects
of inclusions. Reported uncertainties for 2°Pb/>*¥U and 2°’Pb/2°Pb include additional
uncertainty propagated in quadrature to make secondary titanite reference material BLR a
single population (i.e., MSWD = 1). These additional uncertainties were 2% for 2’Pb/?°Pb
and 3.1% for 2°Pb/>*8Pb. All reported titanite dates are 2’Pb/?°Pb-corrected 2°°Pb-233U
dates using a common 2°’Pb/2%Pb of 0.86 + 0.05, as defined by the 2°’Pb/?*°Pb intercept of
an unanchored regression through the youngest population of titanite U-Pb analyses; this
value is within uncertainty of the Stacey and Kramers (1976) 2°’Pb/?Pb intercept for the

measured dates (0.84).

4.3 Electron probe microanalysis (EPMA)

Quantitative analyses of major and select trace elements in titanite were performed using a
Cameca SX100 electron microprobe equipped with five wavelength dispersive
spectrometers and Thermo NSS EDS system. The data were acquired with a 15 kV
accelerating voltage, 40 nA beam current, and 5 um beam width. Si K, Ca K, and Ti K, X-
rays were acquired using EDS. Fe K, X-rays were analyzed on an LLIF; Mn K, Ce Lo, Y
Ly, and Nb L, on an LPET; Al K, on an LTAP; and F K, and O K, on PCO crystal. Dwell

times were 20 s for Y and Nb; 36 s for F and O, 50 s for Mn; 80 s for Ce, Al, and Fe; and
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162 s for Si, Ca and Ti. Reference materials included natural and synthetic minerals and
glasses. The stoichiometry of each analysis was determined using the workflow outlined in

Oberti et al., (1991) with all Fe assumed as ferric.

4.4 Zr-in-titanite thermometry

Zr-in-titanite temperatures were calculated using the Zr concentrations analyzed by LASS
and the Hayden et al., (2008) Zr-in-titanite thermometer. We assumed a pressure of 0.3 £+ 0.1
GPa for the calculation from previous estimates of the emplacement depth of the Cretaceous
Porcupine Wash pluton (~11 km; Needy et al., 2009), which cuts the Cottonwood pluton and
was synchronous with aplite dike intrusion and ductile shearing. We further adopted asio2 =
1 and atio2 = 0.75 £ 0.25 based on the presence of quartz and titanite, but the absence of
rutile (Kapp et al., 2009). We report two uncertainties for each of the temperature estimates:
one that includes the uncertainties on the Zr concentrations only (assuming identical
pressure and ario2 among all measured titanite spots), and a second that includes the

uncertainties on the pressure and arioz estimates.

S. Results

5.1 Titanite petrochronology

5.1.1 U-Pb dates and textures

Titanite LASS analyses (n = 245) were acquired from 14 grains from the two samples (8
sub- to euhedral grains and 4 aggregates from 5-1A, 2 aggregates from 18-7A; Fig. S2,
Table S2). The compiled U-Pb data in Tera-Wasserburg concordia space define populations

at 151 + 2 Ma (anchored to initial 2°’Pb/2°Pb = 0.86, MSWD = 1.2, 108 analyses; Fig. 4)
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Figure 4. Summary of titanite U-Pb data. (A) Tera-Wasserburg concordia diagram of all 245 titanite LASS
analyses from this study. Gray ellipses indicate those used to calculate the oldest population in the dataset,
interpreted as the igneous crystallization age of the euhedral titanite. Red ellipses indicate those taken to
calculate the youngest population in the dataset, interpreted as the deformation age of the shear zone. White
ellipses are those that do not belong to either population and are interpreted to record a combination of partially
reset dates and analytical mixing of crystallization and recrystallization ages. (B) Histogram and probability
density function of all 2°’Pb-corrected 2°Pb-2*8U titanite dates illustrating the bimodality of titanite U-Pb dates
observed in this study.
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and 75 £ 1 Ma (unanchored, MSWD = 1.2, 87 analyses; Fig. 4). A subset of analyses (n =
50; Fig. 4) fall between these populations. Three key relationships among grain morphology,
zoning, and microstructure characterize these distinct date populations.

First, all dates from the titanite aggregates belong to the ~75 Ma population (Figs. 5,
S4); no age inheritance is observed. BSE images reveal that individual grains within the
aggregates are concentrically zoned, have minor lobate—cuspate rims, or are nearly
featureless in BSE (Figs. 5A, B, S4). Many individual titanite grains in the aggregates are
cored by <10 pm diameter ilmenite inclusions (confirmed by EDS; Fig. 5A, B, S4) and all
aggregates are spatially associated with magnetite and ilmenite (confirmed by EDS; Figs.
5A, B; S2, S4). Triple-junction, ~120° grain boundaries are common in the titanite
aggregates, though these are more evident (and grain boundaries are straighter) in aggregates
from sample 18-7A than in 5-1A (Figs. 5A, B, S4). EBSD data of the aggregates
demonstrate that the misorientation between individual grains within the aggregates is >10°
(Figs. 5C, D, S4); low-angle boundaries (LABs; 1-10°) are common within individual
grains, with aggregates from 5-1A preserving more LABs than those from sample 18-7A
(Figs. 5C, D. S4). Pole figures reveal dispersion of the crystallographic axes and poles to
crystallographic planes in predominantly great circles; this is particularly evident in the
<010> pole figures, in which poles that lie close to the primitive are dispersed along it (Figs.
SE, F, S4). An unanchored Tera-Wasserburg regression of all U-Pb analyses from the
aggregate titanite grains from both samples (n = 57) defines a single population at 76 + 1 Ma
(MSWD = 1.2; Fig. 5G).

Second, BSE-dark, lobate-cuspate rims in unbent, sub- to euhedral titanite grains yield

dates that predominantly belong to the 75 Ma population (21 of 25 analyses; Fig. 6A, B, S5),
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Figure 5. Titanite aggregates from sample 5-1A (left) and 18-7A (right). (A, B) BSE images of aggregate
grains. Green arrows in (A) denote lobate—cuspate rims. Inset 1 in (B) shows ilmenite cores. Inset 2 in (B)
shows 120° grain boundaries, demarcated by blue arrows. Mineral abbreviations are the same as Figure 3. (C,
D) Inverse pole figure (IPF) and grain boundary maps. IPF coloring is shown in legend below (C). (E, F) Pole
figures of <010> direction in the grains shown in (A-D). Coloring is the same as IPF. Insets 3 and 4 are
enlarged to show detail of dispersion of <010> axes around the primitive. (G) Tera-Wasserburg concordia
diagram of all U-Pb analyses (n = 57) from titanite aggregates in the dataset.
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with a subset of dates intermediate between the 151 Ma and 75 Ma populations (4 of 25
analyses; Fig. 6A, B, S5). The cores of these grains are characterized by sector and/or
oscillatory zoning (Fig. 6A, S5) and largely yield 151 Ma dates (Figs. 6A, S5). EBSD
misorientation maps demonstrate that five of the seven sub- to euhedral grains analyzed are
effectively unbent (Fig. 6D, S5). The outermost ~20 pm of some of these grain tips are
rotated by up to ~6°, but we were unable to sample these domains for LASS analyses due to
their small size.

Third, EBSD misorientation maps reveal that two of the analyzed sub- to euhedral grains
display up to 10° of continuous intragrain misorientation (Fig. 7A, B). Like the unbent sub-
to euhedral grains (e.g., Fig. 6), BSE images demonstrate that these grains contain BSE-
dark, lobate—cuspate rims with 75 Ma dates (Fig. 7C, D). Unlike the unbent grains, however,
BSE-dark domains cut across the interiors of bent grains, resulting in convoluted and patchy
zoning (Fig. 7C, D). Date and misorientation are demonstrably related in these complexly
zoned portions (Fig. 7E, F). In one of the bent grains, 15 of 17 analyses from the misoriented
grain tip fall between the 151 Ma population and the 75 Ma population (Fig. 7A, E). In the
other bent grain, dates young with increasing misorientation and 5 of the 8 analyses that
belong to the 75 Ma population lie entirely within lobate-cuspate, BSE-dark domains (Fig.
7D). The majority of dates that fall between the 151 Ma and 75 Ma population when the

complete dataset is considered (33 of 50 analyses) come from these two bent grains.

5.1.2 Trace-element chemistry and Zr-in-titanite temperatures
The trace-element compositions and Zr-in-titanite temperatures systematically vary among

these date—texture groupings. Aggregates from sample 5-1A are depleted in nearly all REEs
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Figure 6. Representative data for unbent, sub- to euhedral titanite in sample 5-1A. (A) BSE images with red
arrows indicating lobate—cuspate rims. (B) Same BSE images as (A) with location of LASS analyses. Spots are
colored based on the date population to which they belong. Numbers are individual 2°’Pb-corrected 2°°Pb-238U
dates; the uncertainties on most dates range from ~3—7%. (C) Tera-Wasserburg concordia diagram of all U-Pb
analyses (n = 25) from lobate—cuspate rims in the dataset. Ellipses are colored the same as the LASS spots in
(B). (D) EBSD relative misorientation maps of the two grains shown in (A) and (B) demonstrating that the
lattices of these grains are not bent at scales detectable by the 25 um laser-ablation spot. Circles in right grain
are laser-ablation spots; the EBSD data for this grain were collected subsequent to LASS analyses.
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Figure 7. Microstructure, zoning, and relationship between date and lattice bending for the two bent grains
from sample 5-1A. (A, B) EBSD relative misorientation maps. Misorientation scale in (B) applies to both
grains. (C, D) BSE images of grains shown in (A) and (B). Red arrows indicate lobate—cuspate and patchy
textures. Spots in (A-D) are LASS analyses colored by date population. Numbers are individual 2°’Pb-
corrected 2°Pb-238U dates for these spots; most date uncertainties are ~3—7%. (E, F) Individual 2*’Pb-corrected
206ph-238Y date vs. misorientation for the two grains shown in (A-D). Coloring is the same as in (A-D).
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(except for Eu), Y, Fe, Zr, Hf, Nb, and Ta when compared to the sector and oscillatory-
zoned cores in the same sample (Fig. 8A). The individual trace-element concentrations of
the aggregates from the two samples are broadly comparable, though Fe is demonstrably
higher, and V and Cr are lower in aggregates from sample 18-7A compared to sample 5-1A
(Fig. 8B). BSE-dark rims in sample 5-1A are depleted in the REEs, Y, Sr, Mg, Mn, Fe, Hf,
Zr, Nb, and Ta and richer in Cr, Sc, V, and Al compared to their oscillatory and sector-
zoned cores (Fig. 8C).

Chondrite-normalized REE profiles of the cores and aggregates from both samples have
similarly flat shapes with La depletions (Fig. 9A). The cores yielded a pronounced negative
Eu anomaly; Eu anomalies are comparatively minor in the aggregates from both samples,
with the aggregates from sample 5-1A yielding a slight negative Eu/Eu* and aggregates
from sample 18-7A yielding a slight positive Ew/Eu* (Fig. 9A). M-—HREE abundances are
similar in the rims from sample 5-1A and the aggregates from both samples; Eu/Eu* is
similar in the rims and aggregates from sample 5-1A (Fig. 9A). The LREEs are depleted in
the rims in sample 5-1A compared to the cores and aggregates from both samples (Fig. 9A).

Fluorine abundances cluster into two distinct populations: (1) F is generally higher in
rims from sample 5-1A compared to oscillatory/sector zoned cores and aggregates from both
samples and (2) F contents are similar among aggregates from both samples and the cores
from 5-1A (Fig. 9B; Table S3). A subset (3 of 31) of rim F analyses yielded values
comparable to cores and aggregates, whereas 4 of 24 F analyses from the aggregates in
sample 5-1A are comparable to values from rims (Fig. 9B; Table S3). Rims also have

systematically higher F/(Al+Fe*") (Fig. 9B; Table S3). F is positively correlated with Al +
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Fe** (Fig. 9B), consistent with substitution of Al and Fe complexed by volatiles (typically F,
OH) in the octahedral Ti site in titanite (Franz and Spear, 1985; Carswell et al., 1996).
Calculated temperatures from the sector- and oscillatory-zoned cores range from ~680—
760 °C (Fig. 9C). The temperatures from the aggregates in both samples are predominantly
~640-710 °C (Fig. 9C). The BSE-dark, lobate-cuspate rims record temperatures of ~600—
620 °C (Fig. 9C). Although these temperature differences cannot be resolved if the full
external uncertainties in pressure and arioz are considered, the Zr concentrations of these
date-texture populations do differ outside of their 2c analytical uncertainty (Fig. 9C).
Nb/Ta is similar among the cores and aggregates from both samples (Fig. 9D). In
general, Nb/Ta values are higher in the rims than in the cores and the aggregates, though
some rim analyses yielded Nb/Ta values that overlap those from cores and aggregates. Rim

and aggregate Zr/Hf ratios are similar to but slightly higher than those from cores (Fig. 9E).

5.2 Aplite dike zircon U-Pb data

We acquired zircon U-Pb data from the aplite dike offset by the shear zone in Figure 2E and
2F to independently confirm the timing of deformation along the Cottonwood shear zones
(Figure S6, Table S4). The zircon U-Pb data were acquired at the Arizona LaserChron
Center; the zircon U-Pb methods and data treatment are presented in the supporting
information (text S1). Concordant zircon U-Pb analyses from the aplite dike fall into three
groups. Three concordant analyses from oscillatory zoned zircon yield Proterozoic dates
between ~1.8 and ~1.6 Ga (Fig. S6). Ten concordant analyses from oscillatory and sector-
zoned zircon cores yield a coherent, Jurassic population at 148 = 3 Ma (MSWD = 2.1; Fig.

S6). The youngest, coherent zircon U-Pb date population is defined by five concordant
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analyses with a weighted mean 2°Pb-238U age of 75 + 2 Ma (MSWD = 0.9; Fig S6). The
analyses that define this 75 Ma population sample sector-zoned cores, oscillatory zoned

cores, and oscillatory zoned rims (Fig. S6).

6. Discussion

6.1 Titanite U-Pb date and textural interpretation

6.1.1 Igneous titanite crystallization and shear zone deformation age

The bimodality in titanite U-Pb dates from the two samples (Fig. 4) suggests that these data
record the timing of punctuated processes at ~151 and ~75 Ma. Dates that make up the ~151
Ma population are exclusively located within the sector- and oscillatory-zoned cores of the
sub- to euhedral grains (Figs. 6, 7, S5). This age also overlaps prior constraints on the
intrusion age of the Cottonwood pluton (155 + 2 Ma, Barth et al., 2008). Together these data
suggest that the 151 Ma population represents the igneous crystallization age of the titanite
in the Cottonwood pluton (Fig. 10A). The younger, ~75 Ma titanite population is
indistinguishable from the youngest coherent population of zircon U-Pb dates from the
aplite dike (Fig. S6). Because the analyses that comprise the ~75 Ma zircon population are
sampled from sector-zoned cores, oscillatory zoned cores, and oscillatory zoned rims, we
take ~75 Ma as the crystallization age of the dike. As the aplite dikes are offset by the shear
zones, they provide an independent constraint that deformation must have occurred at or
after 75 Ma. Given this context, the ~75 Ma titanite population most likely reflects the
timing of deformation along the ductile shear zones. Each of the three titanite textural
groupings described in section 4.1.1 can be linked to separate, but related processes active in

the ductile shear zones at ~75 Ma.
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Figure 10. Cartoon summary of Cottonwood shear zone and titanite textural evolution. (A) At ~151 Ma, the
Cottonwood pluton intruded the Pinto Gneiss. The sub- to euhedral igneous titanite crystallized in the host
pluton, recording temperatures of ~680—760 °C. (B) At ~75 Ma, the Porcupine Wash (and Smoke Tree Well)
plutons intruded along with the aplite dikes. Deformation and hydrous, F-bearing fluid flow initiated at ~640—
710 °C and was recorded by synkinematic titanite neocrystallization. The synkinematic aggregates deformed
via dislocation creep. (C) Less than 1 Myr later, the fluid composition evolved to be more F-enriched and the
system cooled to ~600—-620 °C, recorded by lobate-cuspate, dissolution—reprecipitation rims on the sub- to
euhedral titanite. Fluid-mediated recrystallization of the sub- to euhedral grains was enhanced by lattice
bending. Recrystallization of the titanite aggregates by the cooler, F-enriched fluids was less extensive
compared to the sub- to euhedral grains. Mineral abbreviations are the same as Figure 3.
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6.1.2 Synkinematic titanite growth at 75 Ma

Dates from the titanite aggregates define a single population that is consistent with the
maximum deformation age defined by the aplite dikes; there is no trace of an inherited,
igneous crystallization age in these titanite (Fig. 5). These aggregates are spatially associated
with magnetite and/or ilmenite and some individual grains within the aggregates preserve
small ilmenite cores (Figs. 3B, 5A, B, S2, S4). In addition, all aggregates are aligned with
the foliation in both samples (Figs. 3B, 5, S2, S4). Together, these data and observations
suggest that the aggregate grains formed as a result of synkinematic titanite
neocrystallization at 75 Ma, rather than recrystallization of Late Jurassic igneous titanite
(Fig. 10B).

The microstructure of the aggregates implies that these titanite grains actively deformed
and flowed as they crystallized (Figs. 5, S4). Many individual aggregate grains contain low-
angle grain boundaries (Figs. 5C, D, S4); crystallographic axes as well as poles to planes are
dispersed along great circles (Figs. SE, F, S4). These data are consistent with the
deformation of these titanite aggregates by dislocation creep, most likely subgrain rotation
recrystallization (Lloyd et al., 1997). The polygonal nature of the aggregate grains indicates
that temperatures remained high enough after deformation ceased to cause grain boundary

area reduction (Bons and Urai, 1992; Gordon et al., 2021).

6.1.3. Titanite dissolution—reprecipitation during deformation
The sub-to euhedral titanite preserve BSE-dark, lobate—cuspate rims that predominantly
yield ~75 Ma dates (Figs. 6, S5). Such textures are compatible with recrystallization via

dissolution—reprecipitation, a process by which fluids drive recrystallization, changing the
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trace-element composition of a grain but preserving the grain shape (Geisler et al., 2007;
Putnis, 2009). Strikingly similar textures have been observed in numerous other titanite
grains interpreted to have recrystallized via dissolution—reprecipitation (Garber et al., 2017;
Holder and Hacker, 2019; Moser et al., 2022; Walters et al., 2022). The dates from the
lobate—cuspate rims are identical (within uncertainty) to the timing of deformation recorded
by the synkinematic titanite aggregates (Fig. 5). These observations imply that the sub- to
euhedral, protolith igneous titanite recrystallized via interface—coupled dissolution-
reprecipitation during ductile deformation at ~75 Ma (Fig. 10C). Some rims are nearly
continuous around entire titanite grains, and we do not observe any textures indicative of
dissolution—reprecipitation creep (“core and beard” structures; Wintsch and Yi, 2002).
Therefore, fluid-driven recrystallization was most likely interface-coupled and did not

directly cause titanite deformation.

5.1.4. Fluid-driven recrystallization in bent grains

The relationship between dates and microstructure in the two grains with bent crystal lattices
suggests that lattice bending played some role in resetting U-Pb dates in some grains (Fig.
7). In one grain, dates from the bent grain tip scatter between the igneous titanite
crystallization age and the deformation age of the shear zone (Fig. 7A, C, E). In the other
grain, dates young with increasing lattice bending and only 1 out of 17 analytical spots
preserves the igneous crystallization age of the grain (Fig. 7B, D, F). These relationships
imply that either the development of lattice bending directly facilitated Pb loss via

dislocation-assisted diffusion (e.g., Piazolo et al., 2016; Gordon et al., 2021) or that the
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microstructures served as efficient pathways for fluids to infiltrate and recrystallize bent
domains (e.g., Moser et al., 2022).

The zoning, dates, and trace-element signatures of the titanite microstructures are most
consistent with the latter interpretation, i.e., preferential reaction of bent domains with the
fluids responsible for dissolution—reprecipitation recrystallization. This is supported by the
observation that deformation microstructures (EBSD) correlate with convoluted and/or
patchy trace-element zoning (BSE), and it is only in bent domains that BSE-dark, fluid-
related zoning is observed in grain interiors (cf. Figs. 6 and 7). For example, a BSE-dark
compositional domain cuts across the entirety of the smaller of the two deformed grains and
is continuous with a BSE-dark lobate—cuspate rim that likely formed by dissolution—
reprecipitation recrystallization (Fig. 7D). Further, dates from the bent grains range from the
igneous crystallization age to the deformation age (as recorded more robustly by aggregates
and fully recrystallized rims). This date span can be explained by either mechanical mixing
of fully fluid-reacted and unreacted, igneous domains, or a range of partial to complete
resetting of U-Pb dates. Mechanical mixing should produce mixing lines between the ~151
Ma population (i.e., cores) and the ~75 Ma population (i.e., rims) for every measured trace
element. The relationship between dates and trace-element concentrations in the bent grains
could plausibly be explained by mixing for some elements, but not for every element
measured (Fig. S7). For example, Ce concentrations decrease monotonically with younging
date in the bent grains (Fig. S7; consistent with mechanical mixing), but V concentrations in
areas of convolute zoning retain the composition of unreacted cores (Fig. S7). These data are
consistent with the variable resetting of dates and trace-element signatures, as commonly

observed in fluid-recrystallized domains (Holder and Hacker, 2019; Moser et al., 2022;
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Walters et al., 2022). This indicates that the range of dates in the bent titanite at least partly
result from partial resetting by dissolution—reprecipitation, though the small size of some
fluid-reacted domains indicates that some mechanical mixing did occur. Together with the
observations of convoluted and patchy zoning in the interior of the bent titanite, these data
imply that titanite dislocation creep was not wholly sufficient to totally reset the titanite U-
Pb and trace-element systematics, and instead facilitated enhanced fluid-related

recrystallization in these grains (Fig. 10C).

6.2 Evolution of temperature and fluid composition during deformation

Calculated Zr-in-titanite temperatures from the titanite aggregates from both samples and the
lobate—cuspate rims are predominantly ~600—-700 °C, with most temperatures from the rims
~30 °C (or ~30 ppm Zr) lower than those from the titanite aggregates (Fig. 9C). This
difference may reflect an increase in pressure, a difference in quartz, zircon, or rutile
activity, or a true temperature difference between the two titanite populations. Assuming
constant temperature, a 30-ppm difference in Zr concentrations would require an increase in
pressure of ~0.2 GPa between aggregate and rim (re)crystallization, or about ~7.5 km of
burial in timescales undetectable by the precision afforded by LASS for these dates (i.e., ~1—
3 Myr). This is geologically unreasonable and can be ruled out as the primary cause. The
presence of quartz and zircon indicate that the asio2 and azsios of the system are both 1, and
the varying Zr-in-titanite temperatures are not easily explained by under-estimating asioz or
over-estimating az:o2. Underestimating ario2 by ~0.25 in the rims (i.e., ario2 = 1 instead of
0.75) could explain a ~15 °C difference in calculated Zr-in-titanite temperatures between

cores and rims, but this cannot account for the totality of the offset. Varying ario2 also seems
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less plausible given that the two titanite textures occur in the same rock. Alternatively, the
lower Zr contents in the rims could reflect ~30 °C of cooling between synkinematic titanite
aggregate crystallization and dissolution—reprecipitation recrystallization of the titanite rims.
This would imply that the titanite aggregates record early deformation at temperatures >630
°C, with rim recrystallization occurring as the system cooled (Fig. 10B, C). Such an
interpretation is supported by the indistinguishable dates between the aggregates and rims.
We therefore find it most plausible that the two ~75 Ma titanite textures with varying Zr
content faithfully record the temperature evolution of the shear zone as deformation
progressed.

The two titanite textures with the same age (aggregates and rims) but different trace-
element compositions (Figs. 8, 9) require that two titanite-producing reactions occurred at
timescales shorter than LASS uncertainties (i.e., <1-3 Myr). The increase in F compositions
and F/[Al+Fe**] in the rims compared to the aggregates suggests that the two titanite-
producing reactions reflect changing fluid compositions as deformation progressed. Elevated
F contents alone could be explained by rims enriched in Al (as F incorporation into titanite
is complexed with Al and is thus “Al limited”); however, the increased F/[Al+Fe**]
indicates a difference in absolute F contents of the system between aggregate and rim
(re)crystallization.

Several aspects of the mineralogy of the mylonites, as well as the geochemistry of the
fluid-reacted titanites, are consistent with a predominantly hydrous fluid accompanying
deformation. The mylonites lack carbonate minerals that would indicate high CO» fluid
pressures. In addition, the samples contain other hydrous phases (biotite, apatite) that most

likely (re)crystallized during deformation. Further, the presence of titanite over rutile and
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ilmenite is consistent with high am2o (Frost et al., 2000; Kohn, 2017). Finally, the loss of
REEs and high field-strength elements in fluid-recrystallized rims is consistent with their
recrystallization in the presence of a hydrous, halogen-bearing fluid (Migdisov et al., 2009;
Rapp et al., 2010). The titanite chemistry thus records the evolution of the fluid that
accompanied deformation from a hotter (640-710 °C), more hydrous fluid (during aggregate
crystallization; Fig. 10B) to a cooler (600—620 °C), more halogen-rich brine (during rim
recrystallization; Fig. 10C).

The fluid composition evolution could reflect the closed-system partitioning of elements
into co-crystallizing mineral phases (such as biotite or apatite) or an open-system change in
fluid composition. The rim-forming reaction resulted in the enrichment of F, increased
F/[Al+Fe**], depletion of LREEs, elevated Nb/Ta, and unchanged Zr/Hf compared to the
aggregate titanite grains (Figs. 8, 9). Co-crystallization of biotite should result in LREE
depletion (Mahood et al., 1983) and similar Zr/Hf ratios between the two textures (Nash and
Crecraft, 1985). However, co-crystallizing biotite would not drive titanite enrichment in F
(as biotite preferentially incorporates F over OH; Zhang et al., 2022) or elevated titanite
Nb/Ta ratios (as Dnv/Dra is higher for biotite than for titanite; Nash and Crecraft, 1985;
Prowatke and Klemme, 2005; Acosta-Vigil et al., 2010; Stepanov and Hermann, 2013).
Similarly, co-crystallizing apatite could deplete LREEs (Prowatke and Klemme, 2006), but
F contents, Nb/Ta, and Zr/Hf should all decrease in titanite that (re)crystallized with apatite
(Mathez and Webster, 2005; Prowatke and Klemme, 2006). Alternatively, if the fluids were
sourced from the Smoke Tree Well pluton (which intruded at ~75 Ma), then the change in
fluid composition could reflect the evolving fluid composition as the pluton crystallized.

Fluorine is preferentially incorporated into the residual melt in igneous systems rather than
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the exsolved fluid phase; the F-enriched fluids recorded by the titanite rims could represent a
transition from pluton-derived fluids to aplite-derived fluids. However, late-stage exsolved
fluids typically only evolve to high F contents if systems are significantly F-enriched (e.g.,
fluorite precipitating; Dolejs and Zajacz, 2018). Regardless of how or why the fluid
composition changed, the elevated F contents and increased F/[Al + Fe**] contents in the
titanite rims are consistent with the fluid evolving towards a more F-rich brine as
deformation progressed (Fig. 10B, C).

A few analyses from lobate—cuspate BSE dark rims retain trace-element compositions,
including F, Zr, and Nb/Ta, that are similar to cores and the aggregate grains (Fig. 9B-D).
These data indicate that either some rim development commenced at the same temperature
and fluid conditions as synkinematic titanite aggregate neocrystallization, or that trace-
element contents were incompletely reset from their core compositions. If these values
record “early” rim development (i.e., prior to cooling and evolution of fluid to more F-
enriched brine, synchronous with aggregate crystallization) then the analyses with
“core/aggregate-like” Zr contents should also retain “core/aggregate-like” Nb/Ta. This,
however, is not the case, as several spots with low Nb/Ta (i.e., <40) also yield low Zr
contents (i.e., <630 °C or <60 ppm; Fig. S8). Further, the three EPMA analyses from rims
with F contents similar to aggregates and cores are located near LASS analyses that yielded
incompletely reset U-Pb dates (Fig. S9). These data indicate that these rare rim spots with
“core/aggregate-like” trace-element compositions reflect incomplete resetting rather than
early rim development.

Conversely, four EPMA analyses from aggregate grains produced F-contents similar to

those in rims (Fig. 9B) and three LASS analyses from aggregates yielded Zr contents and
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thus temperatures consistent with depleted values observed in rims. These F-enriched and
Zr-depleted spots from aggregates are predominantly located within BSE-dark, lobate-
cuspate domains at individual grain margins (Fig 5A, Fig. S9). These observations
demonstrate that aggregates did experience some interface-coupled dissolution—
reprecipitation after they crystallized, although fluid-recrystallization was clearly more
extensive in the sub- to euhedral igneous titanite (cf. Figs. 5 and 6). Fluid-mediated
recrystallization of the aggregate grains by the F-enrich fluid confirms that such
recrystallization post-dated synkinematic titanite neocrystallization. This observation
supports the contention that the lower temperatures and higher F-contents of rims record the

time-progressive evolution of temperature and fluid composition in these shear zones.

6.3 Tectonic significance of the Cottonwood shear zones

The limited range of Cretaceous titanite U-Pb dates suggest that the Cottonwood shear zones
represent a short-lived pulse of Cretaceous crustal weakening; here we consider the possible
tectonic drivers of these features. One explanation is that these structures represent a
punctuated, mid-crustal response to regional tectonism. However, field observations and
structural data demonstrate that the geometries of these shear zones vary at the m and tens of
m scale, and their complex kinematics are not readily explained by a prevailing regional
tectonic stress field (Fig. S1). Further, though the shear zones are synchronous with the end
of Cretaceous magmatism (Economos et al., 2021) and the onset of extension and
exhumation in the broader Mojave (Wells and Hoisch, 2008), other regional, Late
Cretaceous shear zones in the southwest Cordillera have km-scale mylonite zones (Wells

and Hoisch, 2008; Friesenhahn, 2018; Cawood et al., 2022), some of which host evidence
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for voluminous fluid flux (Wells and Hoisch, 2008; Cawood et al., 2022). These
observations are inconsistent with the formation of the Cottonwood shear zones as regional
tectonic structures, which are expected to have consistent kinematics and geometries, as well
as a similar age and deformation style, as other Late Cretaceous, regional shear zones in the
southwest Cordillera.

Alternatively, the Cottonwood shear zones may have formed in response to local
plutonism, such as the intrusion of the ~75 Ma Porcupine Wash and Smoke Tree Well
plutons (Fig. 1B; Needy et al., 2009). In this model, the shear zones accommodated the
emplacement of the plutons themselves and/or represent weakening of the host rocks from
the thermal/fluid pulse associated with plutonism. Such a causal relationship between
plutonism and shearing predicts several relationships. First, deformation along the shear
zones would be broadly coeval with plutonism. Second, the duration of deformation is
expected to mirror the duration of magmatism, which for the Cottonwood area plutons
should be ~1 Myr based on the limited age range of the local Late Cretaceous plutons (Fig.
1B; ~75 Ma plutons only, Needy et al., 2009). A causal relationship between plutonism and
deformation also predicts a spatial relationship between the plutons and shear zones; shear
zone density would likely increase with proximity to the pluton due to the localized stress
field and/or the thermal/fluid aureole surrounding the pluton. Evidence for weakening as a
result of fluid influx may include the localization of veins and dikes along shear zones
and/or evidence for fluid-driven recrystallization within the shear zones.

Our data nominally agree with these predictions and support the notion that these ductile
shear zones developed in response to local Cretaceous plutonism. The titanite and zircon U-

Pb data reveal that shearing and fluid flow in the Cottonwood shear zones—and intrusion of
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the aplite dikes, Porcupine Wash, and Smoke Tree Well plutons—were geologically
synchronous and short-lived (i.e., less than a few million years), suggesting that these
processes were concomitant. Further, mapping and field observations reveal that the shear
zones are broadly clustered within tens of m of the Cottonwood—Porcupine Wash contact,
though further work is required to confirm their spatial extent. Finally, quartz veins that
subparallel the mylonitic fabric (Figs. 2G, H; 3A, D) testify to high fluid pressures
synchronous with shearing, and the ~75 Ma fluid-recrystallized rims in the titanite provide
evidence for localized fluid flow that was contemporaneous with deformation. Our data and
observations are therefore compatible with the cm- to dm-scale Cottonwood shear zones
reflecting a transient phase of deformation, heating, and fluid flow that accompanied the
emplacement of the Porcupine Wash and/or Smoke Tree Well plutons, reflecting localized
rather than regional crustal weakening. However, additional data, including high precision
geochronology from the plutons, dikes, and shear zones, as well as more extensive mapping,

are required to further test this hypothesis.

6.4 Implications for dating deformation with titanite

Previous titanite datasets demonstrate that titanite U-Pb petrochronology is potentially a
useful tool to constrain the timing of ductile deformation (Bonamici et al., 2015; Papapavlou
etal., 2017; Gordon et al., 2021; Moser et al., 2022). Here, dates from deformed,
synkinematic titanite aggregates provide an unequivocal deformation age for the studied
shear zones. In addition, the trace-element compositions of the titanite aggregates and rims
document the temperature at which deformation initiated, cooling of the system as

deformation progressed, as well as the evolving volatile contents of the fluid that
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accompanied deformation (Fig. 10). Titanite petrochronology is therefore a powerful
approach to not only date ductile shear zones, but also document the temperature and fluid
compositions of deformation and how these conditions change within a single deformation
event.

Further, our integrated titanite petrochronology dataset provides evidence for multiple
weakening mechanisms within the Cottonwood shear zones. Ductile deformation
accompanied intrusion of the Porcupine Wash and Smoke Tree Well plutons (Fig. 1B),
which would have provided a heat source and a mechanism for thermal weakening.
Neocrystallized, synkinematic titanite aggregates acted as a weak phase during deformation,
deforming via dislocation creep (Fig. 5). The hydrous, F-bearing fluids that accompanied
deformation would have been further capable of modifying the strength of the host pluton
through the crystallization of new phases (e.g., the synkinematic titanite) and/or hydrolytic
weakening (White and Knipe, 1978; Tullis and Yund, 1985; Paterson, 1989; Kronenberg,
1994). This contribution thus highlights the diversity of weakening mechanisms that may be
simultaneously active during a single deformation event and that titanite petrochronology
captures the complex rheological evolution of ductile shear zones.

Prior work on deformed titanite suggests that in some cases the development of
dislocation-related microstructures results in complete resetting of U-Pb dates (Gordon et
al., 2021; Moser et al., 2022). In this contribution, two bent titanite yield a range of dates
between the crystallization age of the Cottonwood pluton and the deformation age of the
shear zones, with one bent grain tip producing dates that predominantly fall between these
populations (Fig. 7). These data demonstrate that lattice bending alone is not always

sufficient to wholly reset U-Pb dates. The precise reason(s) for the variable effects of the

142



presence and motion of dislocations on the mobility of Pb in titanite remain unclear and
likely relate to several variables beyond the scope of this study. However, we note that the
duration of deformation may play a significant role. In other, much larger (i.e., km-scale)
mylonitic shear zones, titanite U-Pb dates have been shown to be completely reset as a reset
of lattice bending and subgrain development during deformation episodes lasting up to ~10
Myr (Moser et al., 2022). In contrast, the Cottonwood shear zones record only a short (<1
Myr) phase of high-temperature deformation and fluid flow on cm- to dm-scale shear zones.
Further work, however, is required to test this hypothesis.

In addition, evidence of fluid-mediated recrystallization that was simultaneous with
deformation in previous studies has made it challenging to discriminate between the relative
roles of fluids and the direct effects of dislocations on U-Pb dates (Gordon et al., 2021;
Moser et al., 2022). In the dataset presented here, the bent grains are the only ones with
fluid-related zoning that cuts across grain interiors, rather than only being developed at grain
margins (Fig. 7C, D; cf. Fig. 6). These observations illustrate a clear relationship between
lattice bending and the extent of fluid-related recrystallization. Though there may be direct
effects of lattice bending on U-Pb dates, it is clear that in some cases fluid-related
recrystallization is required to ultimately reset U-Pb dates in titanite with bent crystal

lattices.

7. Conclusions
Titanite petrochronology documents the timing and evolving temperature and fluid
composition of deformation in <m-scale, Cretaceous ductile shear zones in the Jurassic

Cottonwood pluton, Eastern Transverse Ranges. Neocrystallized titanite aggregates are
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spatially associated with ilmenite and magnetite and yield a single population of U-Pb dates
at ~75 Ma. Microstructural evidence of dislocation creep indicates that these grains
deformed plastically during synkinematic neocrystallization. Sub- to euhedral titanite
preserve oscillatory- and sector-zoned cores with ~151 Ma dates that record the timing of
igneous titanite crystallization in the host Cottonwood pluton. Lobate-cuspate rims on these
grains yield predominantly ~75 Ma dates that record the age of fluid-mediated
recrystallization in the presence of F-rich, hydrous fluids. Titanite with bent crystal lattices
yield a range of ~151 to 75 Ma dates, demonstrating that lattice bending enhances fluid-
driven recrystallization and that fluids may be the ultimate mechanism by which dates are
reset in bent grains. Deformation and fluid flow at ~75 Ma within these shear zones was
synchronous with the intrusion of aplite dikes, as well as the Porcupine Wash and Smoke
Tree Well plutons. Together with the irregular geometries and kinematics of the shear zones,
these data are consistent with a punctuated phase of high-temperature deformation that
accompanied the intrusion of plutons in the mid crust.

Titanite aggregates and fluid-recrystallized rims record different Zr-in-titanite
temperatures and F contents despite their indistinguishable ages. The aggregates document
the initiation of deformation at ~640—710 °C under hydrous, F-depleted fluid conditions,
whereas rims formed at ~600—620 °C in the presence of a comparatively F-enriched fluid.
These data are consistent with the evolution of the fluid that accompanied deformation to a
more halogen-enriched brine as the system cooled during ongoing deformation. Titanite
petrochronology is therefore a powerful tool to date deformation, constrain changes in
temperature and fluid compositions during ductile shearing, and document the complex

rheological evolution of ductile shear zones.
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APPENDICES
APPENDIX 1
TEXT S1

Equations used to calculate Pb concentrations:

204pp ppm = (U ppm) X

1mol U 0.9928 mol 38U mol 2°°Pp mol 2°Pp 203.9730 g 2°7Pb
( ) X 238 X 206 X 207
238.02891g U 1molU mol “*°U m mol “"°Pb m 1 mol “*’Pb

206 1mol U 0.9928 mol 238U mol 2°°Pp 205.9745 g 2°°Pb
Pb ppm = (U ppm) X ( )
m

X
238.02891 g U 1mol U mol 238U 1 mol 2°°Pb

1molU
207ph ppm = (U ppm) X ( ) X

0.9928 mol ***U\ _ (mol *°°Pb mol 2°’Pb 206.9759 g *’Pb
23802891 g U . N

X
1mol U mol 238U mol 2°°Pp 1 mol 2°7Pb

X

1molU )

208p), — Wppm) x ( 0.9928 mol ***U\ _ (mol *°°Pb mol 2°®Pb 207.9757 g *’Pb
ppm = U ppm 238.02891 g U - -

1molU mol 38U mol *°°Pb 1mol *°Pb
Equations used to calculate fraction **°Pb, *’Pb, and ***Pb that is common Pb:
206Pb /206 Py = (207 P, /206 Ph) (27 Ph, /29 Ph)*) /(207 Ph /206 Ph) (207 Ph /206 Ph) )
207 Phe/207 Pl = 206 P /206Phex (297 Ph/296 Pb)ey/ (297 P25 Pb)m)
203 P, /208 P, = 206 P /206Phex (29 Ph,/296 Pb)e// (298 Pl /296 Pb)m)
Where 2XPb./2"XPby is the fraction 20XPb common, (2**Pb/2**Pb)n is the measured ratio,

(?7Pb/2%Pb)* is the radiogenic Pb value for the 2"Pb-corrected 2°°Pb—2>*8U date, and

(?*XPb/2*XPb), is the Stacey and Kramers (1975) two-stage terrestrial Pb model value.
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Figure S4, continued
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Zr and dates correlated range dates, Ts >750 °C dates <60 Ma, Ts scattered
range dates, Ts <730 °C dates <60 Ma, Ts >750 °C dates and Ts scattered

n»

Figure S6. Locations of analyzed titanite grains within the studied thin section. Grain numbers are colored by
Zr-in-titanite-date patterns.
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5 T T T T T
typical uncertainty (P, atioz, Zr vary)

typical uncertainty )
‘ (only Zr varies)

800

Zr-in-titanite T (°C)

Figure S7. Chondrite-normalized La/Sm as a function of Zr-in-titanite temperature for sample M8701M1.
Excluding outliers, Lan/Smn increases with increasing Zr-in-titanite temperature, supporting the likely
F-bearing composition of the metamorphic fluid.
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Figure S8. Date vs. Ce concentration plots for (A) the 11 grains wherein Ce concentrations increase with
younging date (see Tables 1 and S2) and (B) the three bent grains wherein all dates are younger than

60 Ma (see Table 1). Grayed-out data points in (A) are anomalously high core and rim values from grain
19 that obscure the broad relationship between dates and Ce concentrations in the remaining grains. Ce
concentrations from the three bent grains that yielded exclusively <60 Ma dates (B) fall within the range
of Ce concentrations from the fluid-recrystallized rims (A).
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APPENDIX 2

Figure S1. Additional thin section photomicrographs of feldspar deformation microstructures from sample
48A (A-D) and calcite deformation twins from sample 47A (E-F). Blue arrows in (D) indicate minor fractures
whose orientations are consistent with their occurrence along cleavage planes. Red arrows in (E-H) denote
serrated edge of twins that are indicative of type IV calcite deformation twins.
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Figure S2. (following pages) EBSD misorientation maps, WDS X-ray maps, spot locations, date vs.
(misorientation, Ce, Fe, Zr), and Tera—Wasserburg concordia diagrams for “Cretaceous—Miocene”

grains in sample 48A. Legend for this figure is above and is relevant for each grain. The 25 pm LASS spot
serves as scale for each grain. Number at top of EBSD and WDS maps is grain number for reference to Table
S2. The maximum misorientation for each grain is listed at the top and is applicable to the host grain and the
deformation twins. The plots on the pages that follow the maps are those for the preceding grain. Grains
without date vs. misorientation plots are those that are unbent.
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48A-0129-9; max misorient 5°
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48A-0202-19; max misorient 5°
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48A-0129-3; max misorient 10°
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48A-0129-15; max misorient 3.5°
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Figure S3. (following pages) EBSD misorientation maps, WDS X-ray maps, Tera—Wasserburg concordia
diagrams, and spot locations for “zoned Miocene” grains from sample 48A. Legend for this figure is above and
is not repeated for each grain. The 25 um LASS spot serves as scale for each grain. Number at top of EBSD
map is grain number for reference to Table S2. The maximum misorientation for each grain is listed at the top
of the maps and is applicable to the host grain and the deformation twins.
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Figure S4. (following pages) EBSD misorientation maps, WDS X-ray maps, Tera—Wasserburg concordia
diagrams, and spot locations for “homogeneous Miocene” grains from sample 48A. Legend for this figure is
above and is not repeated for each grain. The 25 um LASS spot serves as scale for each grain. Number at top
of EBSD map is grain number for reference to Table S2. The maximum misorientation for each grain is
listed at the top of the maps and is applicable to the host grain and the deformation twins.
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Figure S5. (following pages) EBSD misorientation maps, WDS X-ray maps, spot locations, date vs.
(misorientation, Ce, Fe, Zr), and Tera—Wasserburg concordia diagrams for grains from sample 45C where
dates and composition are correlated. Legend for this figure is above and is relevant for each grain. The 25 um
LASS spot serves as scale for each grain. Number at top of EBSD and WDS maps is grain number for
reference to Table S2. The maximum misorientation for each grain is listed at the top and is applicable to the
host grain and the deformation twins. The plots on the pages that follow the maps are those for the

preceding grain.
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Figure Sé6. (following pages) EBSD misorientation maps, WDS X-ray maps, spot locations, date vs.
(misorientation, Ce, Fe, Zr), and Tera—Wasserburg concordia diagrams for grains from sample 45C

where dates and composition are not correlated. Legend for this figure is above and is relevant for each grain.
The 25 um LASS spot serves as scale for each grain. Number at top of EBSD and WDS maps is grain number
for reference to Table S2. The maximum misorientation for each grain is listed at the top and is applicable to

the host grain and the deformation twins. The plots on the pages that follow the maps are those for the
preceding grain.
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Figure S8. Misorientation transects showing misorientation axis-angle relationships across twins.

(A) Singular grain from sample 45C with deformation twins. (B-D) Grains from 48A shown in main text
(Figs. 5, 6, 7). Relationships are consistent with the 74°/<102> misorientation axis-angle relationship
expected from titanite deformation twins. Misorientation angle is with respect to starting point.
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_J~ > 2° subgrain boundary _f > 10° grain boundary + reference orientation

Figure S10. EBSD relative misorientation maps acquired at two different step sizes (left: 5 pm; right: 2 um)
demonstrating that for some grains, the data acquisition step size may have been too coarse to capture all
deformation twins.
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APPENDIX 3

S1.1 Volume diffusion assessment

Approach

Titanite U-Pb dates are often suggested to be cooling ages, recording the end of thermally mediated
Pb volume diffusion (e.g., Dodson, 1973). Experimental data suggest that the nominal closure
temperature for Pb in titanite should be ~600 °C (Cherniak, 1993). Datasets from nature, however,
demonstrate that the titanite Pb closure temperature is much higher, likely >750 °C (Kohn and
Corrie, 2011; Spencer et al., 2013; Stearns et al., 2016; Kohn, 2017; Marsh and Smye, 2017; Smye et
al., 2018; Hartnady et al., 2019; Holder et al., 2019). Titanite U-Pb dates may therefore remain
unaffected by thermally mediated volume diffusion at all but the most extreme temperatures (i.e.,
granulite-facies conditions) and should not be interpreted as cooling ages without accompanying
evidence (e.g. Bonamici et al., 2015; Kirkland et al., 2016; Olierook et al., 2019)

Crank (1975) defines a volume-diffusion related concentration gradient as:

6=¢) = o (75)

C is the concentration of a given element at a given location, C,is the concentration of that
element in the rim, C. is the concentration of that element in the core, x is the location of the
spot along the concentration gradient (i.e., distance from the edge of the grain), D is the
diffusivity of the element of interest, and # is time (in seconds). Taking the inverse error

function of this equation results in:

erf_1<C—Cr) X
CC_CT V4Dt
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The erf’ of a normalized concentration gradient produced by volume diffusion is therefore a

line with slope:

The erf! of a concentration gradient that is the result of volume diffusion at the grain scale
should define a line with respect to distance from the edge of the grain.

To assess whether the titanite U-Pb dates reported herein could be explained by
thermally mediated volume diffusion of Pb, we evaluated whether dates and Pb
concentrations define an erf with respect to distance from the edge of the grain by
calculating the erf™ of the normalized Pb concentration gradients and date gradients. We
also evaluated the concentration gradients of all measured elements to determine whether
any measured element moved by thermally mediated volume diffusion. Pearson’s r
(correlation coefficient) and r? of linear regressions (using the fitlm function in MATLAB)
of the normalized erf ™ data were calculated to evaluate whether such data are linear and
could plausibly be explained by volume diffusion. For the linear regression calculations,
each of the normalized concentration values were assigned a percent uncertainty equivalent
to those reported for the dates and trace-element concentrations. For each element, we define
C. and C; as the maximum and minimum concentrations, respectively, which is a reasonable
approximation given that most elements are enriched in cores compared to rims (Fig. 8C).

Erf ! of the normalized concentration gradients were only calculated for the sub- to

euhedral grains in sample 5-1A (e.g., Figs. 6, 7) as the aggregate grains did not show any
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variation in date. This approach can only assess the role of thermally mediated volume
diffusion at the grain scale and cannot account for volume diffusion that may have occurred
at spatial scales smaller than the analytical spot size (i.e., 25 um).

U and Th concentration concentrations used in the erf! calculations are those measured
from the Nu Instruments Plasma HR-ES multi-collector ICP and calculated in Iolite with
MKEDI (Spandler et al., 2016) as the primary reference material. Additional uncertainty
was added to unknown U and Th concentrations to make secondary U and Th concentration
reference material NIST SRM 612 values a single population (2.9% for U and 2.6% for Th).
Measured U concentrations in NIST SRM 612 were within the known values. Measured Th
concentrations in NIST SRM 612 deviate from the known value by ~10%, but
concentrations were homogeneous in-run suggesting that unknown Th concentrations are
systematically different from the true values and are thus comparable.

Pb concentrations produced in iolite using MKED1 as the primary reference material
assumes the same isotopic ratios in the reference material and the unknowns. This method
calculates inaccurate Pb concentrations when the analyzed materials contain substantive
radiogenic Pb. Individual Pb isotope concentrations were thus recalculated using the

following equations:

S04 1mol U 0.9928 mol 238y mol 2°°Ph mol 2°*Pb 203.9730 g 2°7Pb
Pbppm = (U ppm) X ( )
m m

X
238.02891 g U 1mol U mol 238U mol 2°°Pp 1mol 2°Pb

206ph ppm = (U ppm) X (

1mol U ) 5 0.9928 mol 238U mol 2°°Pp 205.9745 g 2°°Pb
238.02891 g U 1mol U mol 2%y J 1mol 2°Pb

207 1mol U 0.9928 mol 38U mol 2°°Pp mol 2°7Pb 206.9759 g 2°7Pb
Pbppm = (U ppm) X ( )
m m

X
238.02891 g U 1mol U mol 238U mol 2°°Pp 1mol 2°’Pb
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208ph ppm = (U ppm) X (

1mol U ) N 0.9928 mol 38U mol 2°°Pp mol 2°8Pp 207.9757 g *°’Pb
238.02891 g U 1mol U mol 28y |~ \mol **Pb) 1mol 2°’Pb

The 2°Pb/?38U, 297Pb/2%Pb, and 2°Pb/?°°Pb ratios are the downhole-corrected values using
MKEDI as the primary reference material. Like the 2°°Pb/?*¥U and 2’Pb/?°°Pb in the main
text, additional uncertainty was added to 2°Pb/?**Pb to make secondary reference material
BLR a single population (2.0%). The 2°*Pb/?%Pb values used in the calculations are the raw
204pp/20Ph values scaled by a factor to make raw NIST SRM 612 2%4Pb/?%Pb the known
value (3.0). Additional uncertainty was added to 2°*Pb/2°Pb to make the NIST SRM 612
values a single population (3.2%). The Pb concentration uncertainties were propagated in
quadrature using the uncertainties in U concentrations and the uncertainties in the ratios
involved in each isotope concentration. The total uncertainty reported for the Pb
concentrations includes those for 24Pb, 2°°Pb, 2°7Pb, and 2°*Pb added in quadrature. The Pb
concentrations calculated this way for secondary reference material BLR are within
previously reported values (Aleinikoff et al., 2007) and within 4.1% for NIST SRM 612
(Table S1).

In addition to Pb concentrations, the concentrations for radiogenic and common Pb were
calculated for each spot in order to evaluate their potentially differing behavior. The fraction

of common 2%Pb, 27Pb, and 2°°Pb were calculated using the following equations:

206 Pl /206 b, = (207 Pl /205 Pb) (297 Pb,/206 Pb) ) /(297 Ph /206 Pb )~ (297 Pb /296 Pb) *)

207Ph /207 Pl = 206 Pb, /206 by ((297Ph,/296Pb). /(207 Pb /206 Pb),,)
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208 Ph. /208 Pby = 206 Pb, /206 Pbyx ((296Ph,/296Pb). /(20 Pb /206 Pb),)

20Xph./20XPby is represents the fraction of that Pb isotope that is initial Pb, (***Pb/?**Pb),, is
the measured ratio in the unknown, (2*’Pb/?*Pb)* is the calculated radiogenic 2"Pb/?**Pb for
the measured 2°’Pb-corrected 2°°Pb—2*8U date, and (>**Pb/?°XPb). is the assumed common
Pb ratio, which was 0.86 for 2°’Pb/?°°Pb (see main text for discussion) and 2.08 for
208pp2Pp (Stacey and Kramers, 1975 two-stage terrestrial Pb model value). Calculating
the proportions of common and radiogenic Pb in this way avoids assumptions about

concordance as well as the precision and accuracy inherent in a 2%Pb correction.

Results and discussion

The results of the erf ™ calculations are presented in Fig. S3. Negative r? values, though
counterintuitive, indicate instances in which a horizontal line is a better fit to the data than
the calculated linear regression. Negative Pearson’s r values represent grains in which
elemental concentrations increase rather than decrease towards grain rims and result from
how C. and C, were defined in our calculations. The erf*! calculations for five of the eight
euhedral grains produced low r? and r values (i.e., both r? and r <0.5) for normalized date,
total Pb concentration, common Pb concentration, and radiogenic Pb concentration (Fig.
S3A, D, E, G, H). The range in dates produced by these grains is therefore not readily
explained by thermally mediated volume diffusion of Pb. Three grains produced an r? or r
value greater than 0.5 for at least one of normalized date, total Pb concentration, common Pb
concentration, and/or radiogenic Pb concentration (Fig. S3B, C, F). However, in these same

three grains, the erf™’ of normalized Sr concentration gradients is not linearly correlated with
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distance. Sr and Pb have similar charge/radius ratios and are expected to have similar
diffusivities; these elements should behave similarly if a grain underwent thermally
mediated volume diffusion (LaTourrette et al., 1996; Marsh and Smye, 2017). Despite the
erf-like correlations between distance and at least one of date, total Pb concentration,
common Pb concentration, and radiogenic Pb concentration in these three grains, the
discrepancies between these values and normalized Sr concentrations suggest that these
relationships do not result from thermally mediated volume diffusion. The fact that such
correlations are also not consistent grain to grain further supports the contention that none of
the titanite U-Pb can be interpreted as cooling ages.

Five of the eight sub-to euhedral grains do not yield any convincingly erf-like
relationships between distance and any measured trace element (r? or r < 0.5 for every
element; Fig. S3A, D-G). The five remaining grains, however, yield some erf-like
relationships between date and trace-element concentration (both r? and r >5, indicating that
variables are correlated, and that the correlation is linear Fig. S3B, C, H). The elements that
produce these relationships, however, are not consistent from grain to grain. For example, Zr
and Hf have erf-life relationships with distance in S3B, Mg and Mn decrease in an erf-like
fashion with respect to distance in S3C, and concentration gradients of Pr and HREEs have
an erf-like correlation with distance in S3H. The lack of consistent erf-like relationships
between date and trace-element concentrations suggests that no element moved via
thermally mediated volume diffusion at the grain scale. Erf-life concentration gradients in
some elements in some grains likely reflect fluid-related zoning (observed in BSE, see main

text Figs. 6, 7) with variable geometry and thickness among the analyzed grains (Fig. S5).
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S1.2 Zircon U-Pb methods

Zircon U-Pb isotopic analyses were performed by LA-ICP-MS at the Arizona LaserChron
Center (ALC). All analyses were completed on polished epoxy mounts. Zircons were first
imaged by Cathodoluminescence (CL) using a Hitachi 3400N SEM paired to a Gatan CL2
detector to guide laser spot placement. U and Pb isotopes were analyzed on an Element2 HR
single collector ICP-MS using the method outline by Gehrels et al. (2008), Gehrels and
Pecha (2014), and Pullen et al. (2018). The zircons were ablated using a Photon Machines
Analyte G2 193 nm excimer laser coupled to a HelEx ablation cell, using a 20 pm spot size
and ~7 Jem™ laser fluence at 7 Hz for 10 s. The resulting laser pit was ~10 pm deep. Each
ablation is bracketed by two 8 s pauses to measure backgrounds and for the signal to
washout. Measured isotopes included 233U, 233U, 232Th, 298Pb, 207Pb, 2°Pb, 24(Pb + Hg), and
202Hg. Total integration time for each output data point was 3.0 s for 38U, 4.5 s for 2°U, 0.7
s for 232Th, 0.7 s for 2%Pb, 8.3 s for 2’Pb, 5.9 s for 2%Pb, 2.3 s for 2°(Pb + Hg), and 1.5 s for
202Hg, SLM zircon was used as the primary reference material and FC-1 and R33 zircon
were analyzed as secondary reference materials.

The zircon isotopic data were reduced using ALC in-house python code and excel macro
E2agecalc. Details of this python code are available from the Dat File Decoder link on the
ALC web page (under Tools). E2agecalc first calculates backgrounds for each mass based
on the 8 s prior to each ablation. The backgrounds are subtracted from the mass intensities
from each integration. 2**Pb intensities are calculated using the natural 2?Hg/?**Hg of 4.3.
Typically, the Hg correction is not significant as Hg backgrounds are low (~150 cps). A
preliminary 2°Pb-238U date is calculated from which to determine the appropriate Stacey

and Kramers (1975) initial Pb ratios to apply in the common Pb correction. E2agecalc then
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applies a common Pb correction to 2°Pb, 2°7Pb, and 2°Pb based on the measured 2°°Pb/?*Pb
and the assumed Stacey and Kramers (1975) initial Pb. Fractionation factors for 2°°Pb/?3%U,
206ph207Ph, and 2°%Pb/?*?Th are calculated based on the measured and known ratios of the
reference materials. Additional uncertainty required to explain the excess dispersion in the
measured values of the standards is then determined. The fractionation factors of 2°°Pb/>*8U,
206pp/207Ph, and 2°¥Pb/>3?Th are applied to the unknows using a sliding window that averages
~8 standard analyses. Ratio and date uncertainties include propagated measurement
uncertainties (for 2°Pb/>*¥U and 2°Pb/?>*2Th), standard deviation of measured values (for
206pp/207Ph and 2%Pb/2*4Pb), and the overdispersion factor. Reported uncertainties include
systematic uncertainties on the scatter of reference material analyses, uncertainties on the
absolute age of the reference materials, uncertainties in the assumed initial Pb values, and
uncertainties in the 2*3U and ?*>U decay constants. The down-hole slope of 2°Pb/?*8U is
calculated to determine whether individual analyses transected cracks or inclusions. The
reported U and Th values for the unknowns are calculated based on secondary reference
material FC-1.

The relative discordance (based on 2°Pb/?*3U and 2°’Pb/?°Pb dates for analyses >1000
Ma; based on 2°°Pb/?*8U dates and 2°’Pb/?*>U dates for analyses <1000 Ma) were calculated
for each analysis. Analyses that had an absolute value of relative discordance >6% were
deemed “discordant” and excluded from final age interpretations. “Preferred date (Ma)”
reported in table S3 is the 2°7Pb/2%Pb date for analyses older than 1000 Ma and the

206pp/238U date for analyses younger than 1000 Ma.
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Figure S1. Geologic map of the field area (top) and stereonets of poles to shear zone planes (bottom left)
and shear zone lineations (bottom right).
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section
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Figure S2. Thin section photomicrographs of analyzed titanite grains from samples 5-1A and 18-7A. S1
denotes orientation of foliation (dip, dip direction 25/130 for 5-1A and 90/010 for 18-7A. Feldspar (fsp);

biotite (bt); titanite (ttn); ilmenite (ilm); quartz (qz); zircon (zrn); magnetite (mag).
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5-1A:grain 2
BSE

,@. lineation

(° o\
LASS spot > 1° subgrain boundary (> 10° grain boundary '

Figure S4. (following pages). Summary of textures, zoning, and microstructure for aggregate titanite
grains.
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5-1A: grain 9

(1_20) lineation 9 P

BSE and IPF map for this grain can be
found in Figure 5 in the main text.
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18-7A: grain 1-1
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18-7A: grain 1-2

lineation o

BSE and IPF map for this grain can be
found in Figure 5 in the main text.
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18-7A: grain 2-2
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18-7A: grain 2-4
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Figure S5. BSE maps (left) with overlain LASS spots and 2’Pb-corrected 2°°Pb-238U dates (center) and EBSD
relative misorientation maps for unbent, euhedral titanite (right). Typical date uncertainties are ~3.5% (see also
Table S2). Red arrows denote lobate—cuspate rims indicative of interface-coupled dissolution—reprecipitation.
White arrows on EBSD maps denote misorientation changes across brittle fractures visible in BSE images.
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O U-Pb date (concordant)

Figure S6A. Zircon CL images, laser-ablation spots, and U-Pb dates from zircons from aplite dike sample 18-
7C. Dates older than 1000 Ma are 2°’Pb-2°Pb dates. Dates younger than 1000 Ma are 25Pb-238U dates. See text
S1 for discussion of discordance filter.
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Figure S6B. Zircon U-Pb Tera-Wasserburg concordia diagrams (left) and rank-age plots (right) of zircon U-Pb
data from aplite dike sample 18-7C. (A,B) Proterozoic dates, (C,D) Jurassic dates, (E,F) Cretaceous dates.
Ages quoted in (D) and (F) are weighted means of the youngest coherent populations in each group. See text
S1 for details on concordance filters.
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Figure S8. Zr vs. Nb/Ta for LASS analyses from BSE-dark, lobate—cuspate rims in sample 5-1A.
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Figure S9. Locations of titanite EPMA analyses. Numbers in LASS spots are dates in Ma.
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Figure S9, continued. Locations of titanite EPMA analyses. Numbers in LASS spots are dates in Ma.
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Figure S9, continued. Locations of titanite EPMA analyses.
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