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Abstract 
Titanite U–Pb geochronology is a promising tool to date high-temperature tectonic processes, but the extent to and mecha- 
nisms by which recrystallization resets titanite U–Pb dates are poorly understood. This study combines titanite U–Pb dates, 
trace elements, zoning, and microstructures to directly date deformation and fluid-driven recrystallization along the Coast 
shear zone (BC, Canada). Twenty titanite grains from a deformed calc-silicate gneiss yield U–Pb dates that range from ~ 75 
to 50 Ma. Dates between ~ 75 and 60 Ma represent metamorphic crystallization or inherited detrital cores, whereas ~ 60 and 
50 Ma dates reflect localized, grain-scale processes that variably recrystallized the titanite. All the analyzed titanite grains 
show evidence of fluid-mediated dissolution–reprecipitation, particularly at grain rims, but lack evidence of thermally 
mediated volume diffusion at a metamorphic temperature of > 700 °C. The younger U–Pb dates are predominantly found 
in bent portions of grains or fluid-recrystallized rims. These features likely formed during ductile slip and associated fluid 
flow along the Coast shear zone, although it is unclear whether the dates represent 10 Myr of continuous recrystallization 
or incomplete resetting of the titanite U–Pb system during a punctuated metamorphic event. Correlations between dates 
and trace-element concentrations vary, indicating that the effects of dissolution–reprecipitation decoupled U–Pb dates from 
trace-element concentrations in some grains. These results demonstrate that U–Pb dates from bent titanite lattices and titanite 
subgrains may directly date crystal-plastic deformation, suggesting that deformation microstructures enhance fluid-mediated 
recrystallization, and emphasize the complexity of fluid and deformation processes within and among individual grains. 
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Introduction 

Establishing the timing, duration, and rates of deforma- 
tion 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 
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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 zon- 
ing providing direct links to the processes from which they 
formed (e.g., Austrheim 1987; Goncalves et al. 2012; Jamt- 
veit et al. 2016). However, most microstructural studies of 
rocks deformed at high temperature have focused on miner- 
als that are not datable using high-temperature radioactive 
isotope geochronology (for example, quartz and feldspar, 
e.g., Tullis and Yund 1987; Hirth and Tullis 1991). The 
microtextures of dateable accessory minerals that (re)crys- 
tallize in ductiley deformed rocks, therefore, provide a criti- 
cal, 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 

ORIGINAL PAPER 

mailto:amoser@ucsb.edu
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-022-01906-9&domain=pdf
http://orcid.org/0000-0002-4630-4531


1 3 

42  Page 2 of 27 Contributions to Mineralogy and Petrology (2022) 177:42 
 

 

petrochronometer to directly date the record of tectonic pro- 
cesses 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 con- 
necting 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 unaf- 
fected 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; Hartnady et al. 2019; 
Holder et al. 2019). Titanite may recrystallize via dissolu- 
tion–reprecipitation in the presence of (typically H2O-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 tem- 
peratures (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 metamor- 
phic processes. 

Recent advances in our understanding of titanite Pb clo- 
sure temperature (Kohn and Corrie 2011; Spencer et al. 
2013; Stearns et al. 2016; Garber et al. 2017; Kohn 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 vol- 
ume diffusion, titanite U–Pb dates have been variably inter- 
preted as crystallization or recrystallization ages depend- 
ing 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. 

Background 

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 systemat- 
ics 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 tem- 
perature for 100 μm-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 clo- 
sure temperature > 750 °C, compatible with slower Pb dif- 
fusion (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). The natu- 
rally 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 be considered 
“Dodsonian” cooling ages unless there is evidence for vol- 
ume 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 asymptoti- 
cally 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. 2016; 
Olierook et al. 2019). 

Alternatively, U–Pb dates are in the simplest case inter- 
preted 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 ages 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 titan- 
ite growth may produce concentric growth zoning, which 
broadly manifests as progressively outward-stepping com- 
positional 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 
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• arbitrarily shaped, lobate, 
cuspate, or patchy composi- 
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composition and/or dates 
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• grain displays lattice 

bending 
• correlation between date 

and microstructure 
• bent portions of grain have 
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bent grains are 
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Fig. 1 Expected titanite microtextures and relationships between date and distance from the edge of the grain, composition, or intragrain 
misorientation for various grain-scale processes that may be recorded by titanite U–Pb dates. See main text for explanation of processes 
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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; Wal- 
ters 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–reprecipi- 
tation, wherein a fluid-rich interface moves through a crys- 
tal, 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 recrystal- 
lized by dissolution–reprecipitation may preserve inward- 
convex, arbitrarily shaped, lobate/cuspate, or patchy com- 
positional domains that penetrate inward from the grain 
edges, fractures, twin planes, and/or inclusions (Fig. 1E; 
Geissler et al. 2003, 2007; Putnis et al. 2005; Putnis 2009). 
Evidence of dissolution–reprecipitation is common in mona- 
zite (Budzyń 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 (Cot- 
trell 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 microstruc- 
tural, 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; Papapav- 
lou et al. 2018; Moore et al. 2020; Fougerouse et al. 2021). 

Transmission electron microscopy and atom probe investi- 
gations of geologic materials have revealed the systematic 
enrichment of trace elements in free dislocations and dis- 
location 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 correla- 
tion 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). 

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; Craw- 
ford et al. 1987; Gehrels et al. 1991; Ingram and Hutton 
1994; Morozov et al. 1998; Thomas and Sinha 1999; Rus- 
more et al. 2001, 2005; Andronicos et al. 2003). The domi- 
nant 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 defor- 
mation 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 to 55 Ma. Deformation also 
affected the margins of the metamorphic country rocks to the 
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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 sam- 
ple) have been previously studied by Klepeis et al (1998) 
(Fig. 2B). Cross-cutting relationships in Sitklan Passage 
indicate two phases of Coast shear zone deformation: an 
initial phase of east-side-up deformation from ~ 65 to 57 Ma, 
constrained by the crystallization age of deformed tonalites, 
followed by ~ 57–55 Ma east-side-down 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 decom- 
pression and heating of rocks within the shear zone, as indi- 
cated by cordierite coronas on garnet and sillimanite pseu- 
domorphs 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. 

Sample description 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 

 
Fig. 2 A Location and generalized geologic map of the Coast Moun- 
tains Orogen and Coast shear zone. Thick black line delineates the 
main trace of the Coast shear zone. B Geology of Wales Island, Brit- 
ish Columbia. Red box denotes location of the titanite-bearing calc- 
silicate gneiss 01M1 analyzed in this study. Thick, dashed black line 
marks the main trace of the Coast shear zone. After Klepeis et al. 
(1998) 

The studied sample, 01M1, is a metasedimentary calc-sil- 
icate 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 zir- 
con (Figs. 3, S1). Titanite grains are idioblastic to hypidi- 
oblastic and ~ 50–1000 μm 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, S1). No lineation was observed. Undulatory 
extinction is pervasive in feldspar, and additional deforma- 
tion 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 direc- 
tion 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 
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Fig. 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. 
S1 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 

 
single polished thin section that was cut perpendicular to 
the foliation. 

 
Methods 

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 1–5 nA beam cur- 
rent, 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 Chan- 
nel 5 Flamenco application. The maps were collected by 
electron-beam rastering, with sampling on a 2 × 2 µm 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 six 
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 approxi- 
mate center of each grain. 

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 mov- 
ing the sample under a stationary 1–2 μm defocused beam, 
with a 150 or 200 ms dwell time, 20 kV accelerating voltage, 
and a 200 nA beam current. ProbeImage and CalcImage 
(Probe Software Inc.) were used to acquire and process the 
map data. 
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erf −1
� C − Cr 

� 
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  x  U–Pb dates 
 

 

Cc − Cr 

with slope 

√
4Dt U–Pb dates from 1,049 spot analyses across 20 titanite grains 

from sample 01M1 range from ~ 75 to 50 Ma (Fig. 4). Some 
individual titanite grains preserve almost this entire range 

m = 
1 . 
4Dt 

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

The role of volume diffusion at the grain scale in the ana- 
lyzed titanite grains was assessed by calculating the inverse 
error function of the normalized Pb and trace-element con- 
centrations. The linearity of the normalized erf–1 as a func- 
tion of distance from the grain edge was evaluated by cal- 
culating the correlation coefficient (Pearson’s r) and the r2 
values of linear regressions through these data. The relative 
uncertainties assigned to the erf–1 values were equivalent to 
the relative uncertainties of the in-run propagated (dates) 
and raw analytical (trace-element) uncertainties. 

Zr‑in‑titanite thermobarometry 
 

Zr-in-titanite temperatures were calculated using the calibra- 
tion 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 aTiO2 was assumed to be 
0.75 ± 0.25, as aTiO2 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 uncertain- 
ties on the Zr concentrations and the cited uncertainties on 
the assumed pressure and aTiO2, whereas the other excludes 
uncertainties related to pressure and aTiO2 (which implicitly 
assumes pressure and aTiO2 were constant during titanite (re) 
crystallization). 

 
Results 

A summary of 207Pb/206Pb-corrected 206Pb–238U dates (here- 
after 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–1 calculations, 
Zr-in-titanite temperatures, trace-element data, EBSD tex- 
ture component maps, and EPMA X-ray maps are contained 
in the supplemental material. 

in dates (e.g., grains 3, 16; Table 1); other grains yielded a 
smaller range, sampling various 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–1 calculations and date, trace-element, and micro- 
structural comparisons, as the large errors preclude mean- 
ingful interpretations from these spots (Fig. 4). 

Erf –1 calculations 

Figure 5 presents erf–1 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, 
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 r2 values of the linear 
regressions of the erf–1 calculations (including Pb) for 
each grain are small, and many of the r2 values them- 
selves 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 
Cr and Cc 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 r2 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. S2O), which points to the effect 
of outliers on Pearson’s r values. Although these obser- 
vations indicate that Pearson’s r is an imperfect measure 
of correlation for this reason, it still shows that the erf–1 
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–O, S3). 



42  Page 10 of 27 Contributions to Mineralogy and Petrology (2022) 177:42 

1 3 

 

 

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

 

Grain Grain 
length 
(µm) 

Dates (Ma)a Zr-in-ttn (°C)b Date and Zr 
correlated?c 

Misorientation 
(°)d 

LABse Zoningf Date-trace-element patterns Interpretationg 

1 300 68–57 720–762 N 2 N p None Diss–repr 
2 275 66–53 689–741 N 8 Y l–c, p Youngest dates highest REE Def ± diss–repr 

        concentrations  

3 700 76–55 706–754 N 4 Y l–c, p None Def ± diss–repr 
4 250 60–51 704–749 N 12 Y l–c None Def ± diss–repr 
5 375 75–58 685–763 Y 1 N l–c Youngest dates highest REE, Diss–repr 

        Zr concentrations  

6 550 67–56 704–773 N 3 N l–c None Diss–repr 
7 525 69–52 702–785 N 80 Y c–r, l–c REEs, Zr bimodal, not cor- Def ± diss–repr 

        related with date  

8 425 72–54 709–756 Y 2 N l–c, p REEs, Y, Zr, Hf concentrations Diss–repr 
        increase with younging date  

9 500 67–50 713–770 Y 2 N l–c REEs, Y, Zr, Hf, Fe concentra- Diss–repr 
        tions increase with younging  

date 
Sr decreases with younging 

date 
 

10 500 69–51 709–769 N 1 N l–c REEs, Y increase with young- 
ing date 

Diss–repr 

11 350 77–59 712–775 Y 1 N l–c LREEs, Zr, Nb, Hf increase 
with younging date 

Diss–repr 

12 500 70–53 721–776 Y 1 N c–r, l–c REEs, Y, Zr, Hf, Fe concentra- 
tions increase with younging 
date 

Diss–repr 

13 375 59–51 749–780 N 8 Y l–c None Def ± diss–repr 
14 250 68–55 706–779 Y 1 N c–r, p REEs, Y, Zr, Hf increase with 

younging date 
Diss–repr 

15 275 65–52 747–779 N 2 N l–c REEs, Y increase with young- Diss–repr 
ing date 

Youngest dates lowest Al 
concentrations 

 

16 400 71–53 709–771 Y 2 N c–r, l–c, p REEs, Y, Zr, Hf concentrations Diss–repr 
        increase with younging date  

Sr, Nb, Ta decrease with 
younging date 

 

17 550 59–54 765–783 N 8 Y l–c None Def ± diss–repr 
18 1050 68–50 703–743 N 5 N p LREEs bimodal, not correlated 

with date; MREEs, HREEs, 
Def ± diss–repr 

Y, Al 
Fe, Sr, Nb, Ta decrease with 

younging date 
19 900 69–50 714–740 Y 2 N l–c, p LREEs, Zr, Hf increase with 

younging date 
Al, Nb, Ta decrease with 

younging date 
20 325 67–51 701–743 Y 2 N l–c, p Zr, Hf increase with younging 

date 
Al decreases with younging 

date 

 
 

 
Diss–repr 

 
 

 
Diss–repr 

 
 

a207Pb/206Pb-corrected 206Pb–238U date using Stacey–Kramers common Pb value of 0.83 
bCalculated using Hayden et al. (2008) Zr-in-ttn calibration, P = 5.6 kbar, aSiO2= 1, aTiO2 = 0.75 
cY: Zr-in-titanite temperature and date are correlated; N: Zr-in-titanite temperature and date are not correlated 
dMaximum intragrain misorientation relative to point in center of grain 
eMisorientation across low-angle grain boundaries (LABs) is < 10° 
fc–r core–rim, l–c lobate–cuspate, p patchy (see main text for explanation) 
gdiss–repr dissolution–reprecipitation, def deformation 







Page 13 of 27  42 Contributions to Mineralogy and Petrology (2022) 177:42 

1 3 

 

 

 

◂Fig. 5 Representative Pb (A–C), Sr (D–F), Al (G–I), and Ce (J–K) 
erf–1 calculations from grains 3, 7, and 20. Distance measurements 
are the minimum distance of the spot from the nearest grain edge. 
Each distance measurement has an associated + 25 μm uncertainty 
not shown to preserve clarity. The correlation coefficients (r) and r2 
values of linear regressions between distance from the grain edge and 
the erf–1 of normalized concentration are low or negative, indicating 
that the spatial distribution of elements do not define an error func- 
tion at the grain scale and are unlikely to have formed by thermally 
mediated volume diffusion. (M–O) Date and U concentrations are not 
strongly negatively correlated at the individual grain scale, indicating 
that heterogeneous parent concentrations did not drive Pb volume dif- 
fusion 

 
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. 5M–O, 
S2), suggesting that U zonation did not obfuscate straightfor- 
ward 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 compo- 
sition during interface-coupled dissolution–reprecipitation 
(see “Dissolution–reprecipitation”). 

Dates vs. Zr‑in‑ttn temperature, trace‑element 
compositions 

With the exception of LaN/SmN, there is no clear corre- 
lation 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 pro- 
cess, or such a process was variably recorded by individual 
grains. It is also worth noting that Zr-in-titanite tempera- 
tures > 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, aTiO2, and 
Zr concentration are all considered, the underlying bimo- 
dality in Zr concentrations can be differentiated outside of 
their analytical uncertainties (Fig. 6A). As such, the sample 
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 obvi- 
ously 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 tempera- 
tures 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 corre- 
lation 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 respon- 
sible 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 data- 
set (< 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 remain- 
ing grains are uncorrelated and 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 group- 
ings 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 recrys- 
tallized the titanite at the scale of a single thin section and 
within single crystals, leading to the absence of clear sam- 
ple-scale (or in some cases, even grain-scale) trends. In the 
following section, we explore these recrystallization pro- 
cesses as revealed by the relationships among dates, zoning, 
trace-element compositions, Zr-in-titanite temperatures, and 
microstructures. 

Localized, grain‑scale processes recorded by titanite 
U–Pb dates 

 
Dissolution–reprecipitation 

 
The zoning textures and the relationships between dates and 
trace-element concentrations suggest fluid-driven recrys- 
tallization affected all the titanite grains analyzed in this 
study. For example, fluid-driven recrystallization textures 
are ubiquitous in the chemical zoning of the analyzed titan- 
ite (Figs. 7, 8, 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 
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Fig. 7 Undeformed titanite 
grain (grain 20) displaying 
lobate–cuspate zoning, one of 
three zoning patterns observed 
in the dataset. A Ce X-ray map, 
B chondrite-normalized REEs, 
C spider diagram of all meas- 
ured trace elements normalized 
to the median dataset core val- 
ues, and D misorientation map. 
Maximum and minimum con- 
centrations in A were quantified 
using LASS data. Translucent 
white spots in A 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, 2σ uncertainties 
on U–Pb dates for this grain 
are 2–5 Ma. White arrows in 
A denote lobate–cuspate rim, 
which is compatible with dis- 
solution–reprecipitation. The 
elements in this and the other 
spider diagrams are arranged in 
compatibility order in titanite 
(Shannon 1976). Zr and Hf con- 
centrations increase with young- 
ing date in this grain, whereas 
Al concentrations decrease with 
younging date (C) 

 
 
 
 
 
 
 
 
 
 
 
 

multiple fluids of different composition may have been pre- 
sent at the sample scale if they were sourced from the vary- 
ing 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 varia- 
tions among date and trace-element concentrations within 
the dataset. 

The composition of the fluid that drove titanite disso- 
lution–reprecipitation must account for the mobilization 
of Zr, REEs, and Pb. REEs and high field strength ele- 
ments (HFSE) like Zr are more soluble in aqueous solu- 
tions 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 eas- 
ily 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. 
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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 μm, our results are 
nonetheless compatible with the previously published con- 
clusions 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. 

 
Implications for the tectonometamorphic history 
of the Coast shear zone 

 
Coast shear zone titanite U–Pb dates in combination with 
trace-element concentrations, Zr-in-titanite temperatures, 
zoning, and microstructures suggest that intrusion of the 
Great Tonalite Sill caused simultaneous heating, fluid altera- 
tion and deformation of the country rocks. The fluid-recrys- 
tallized titanite rims with elevated Zr and REE contents 
and their associated ~ 60–50 Ma dates in the studied sample 
(Figs. 7, 8, 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 dur- 
ing 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 unde- 
formed intrusions suggest that the Coast shear zone near 
Portland Inlet was active from ~ 65 to 55 Ma but do not 
preclude deformation in the westernmost Coast shear zone, 
from which the sample analyzed herein is from, after this 

207Pb/206Pb-corrected 206Pb–238U date (Ma) 

 
Fig. 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 val- 
ues from the 11 grains that yielded increasing Ce concentration with 
younging date (see Tables 1 and S2) 

 
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 deforma- 
tion (Bonamici et al. 2015; Papapavlou et al. 2018; Gordon 
et al. 2021) and fluid flow (Garber et al. 2017; Holder and 
Hacker 2019). 

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 

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 dur- 
ing Coast shear zone slip. If this range reflects 10 Myr of 
continuous deformation, this suggests that the metasedimen- 
tary 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 interpreta- 
tion that the titanite were likely deforming at ~ 55 Ma (see 
“Timing of deformation and dissolution–reprecipitation”) 
is consistent with the notion that ductile deformation along 
the Coast shear zone ended around this time (Klepeis et al. 
1998). 

A bent domains 

weighted mean: 
55 ± 1 Ma 

(MSWD = 2.6) 
n = 123 

B rims 
weighted mean: 

58 ± 1 Ma 
(MSWD = 5.7) 

n = 174 

C cores weighted mean: 
64 ± 1 Ma 

(MSWD = 5.5) 
n = 237 

nu
m

be
r 
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Conclusions 

Integrated U–Pb, 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 dissolu- 
tion–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 to 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 ~ 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-recrystal- 
lized titanite further suggests that the relative compatibili- 
ties of Pb and trace elements in a mixed H2O–CO2 fluid 
drove differential date–composition decoupling during dis- 
solution–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 unambigu- 
ous interpretation of the deformation age, titanite remains 
a promising candidate to directly date both crystal-plastic 
deformation and fluid flow. 
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