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Titanite is a common accessory mineral that is useful in determining both age (U-Pb isotopes) and 
pressure-temperature (P –T ) conditions (trace-element composition: Zr, rare earth elements (REE)). 
However, titanite has a propensity to recrystallize during metamorphism, fluid flow, and deformation, 
which can result in modifications to its isotopic and trace-element compositions. This modification has 
implications for the interpretation of titanite dates and the evaluation of pressure–temperature–time 
paths. The impact of deformation and recrystallization on trace-element mobility in titanite is investigated 
through microstructural and compositional mapping of titanite crystals from a sheared orthogneiss within 
an ultrahigh-pressure domain of the Western Gneiss Region (WGR), Norway. Results show that optically 
coherent titanite single crystals deformed in the dislocation creep regime and recrystallized by the 
process of grain-boundary migration, forming aggregates of titanite grains. Some of the aggregate grains 
record Caledonian-exhumation dates, whereas others have an inherited isotopic composition. Individual 
grains within the aggregate, regardless of their U-Pb isotopic composition, contain patchy zoning that 
formed during syn- to post-recrystallization fluid alteration and that is characterized by generally 
decreasing Ca and Ti and increasing Al and Fe from cores to rims. However, Zr and Sr concentrations are 
broadly zoned with respect to the long axis of the host crystal, without regard for the aggregate grain 
boundaries. REE do not show any obvious correlation with microstructure or age. These results indicate 
that many trace elements in titanite are unaffected by multi-stage, deformation-driven recrystallization; 
in contrast, Pb is variably mobile in these deformed titanite crystals. The combination of microstructural 
and high-spatial resolution geochemical and isotopic data reveals the potential extent of decoupling 
between the U-Pb isotopic system and the behavior of trace elements as pressure–temperature conditions 
change through time.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The composition and microstructure of some metamorphic 
minerals can be used to determine the pressure (depth), temper-
ature, and deformation conditions of the deep continental crust 
and thereby constrain tectonic processes, such as exhumation (e.g. 
Rubatto, 2002; Engi, 2017). Titanite (CaTiSiO5) is useful in this re-
gard because it occurs in a wide variety of rock types (Frost et al., 
2000) and may incorporate significant concentrations of trace el-
ements that provide estimates on the timing (U-Pb; e.g. Frost et 
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al., 2000), temperature and pressure (Zr; Hayden et al., 2008; Kapp 
et al., 2009) and recrystallization or breakdown of different miner-
als on the pressure–temperature (P –T ) path (rare earth elements 
[REE] and Sr; e.g. Stearns et al., 2015; Kohn, 2017).

A wide range of closure temperatures have been proposed 
for titanite based on a combination of experimental and field-
based studies (500–>840◦C; Cherniak, 1993; Mezger et al., 1991; 
Spencer et al., 2013; Stearns et al., 2015; Hartnady et al., 2019; 
Holder et al., 2019). This has led to U-Pb titanite dates being used 
to estimate the timing of high-temperature metamorphism and 
>840◦C magmatic crystallization (Hartnady et al., 2019) to cool-
ing along retrograde metamorphic P –T paths (e.g. Mezger et al., 
1991). Moreover, although inherited titanite has been widely doc-
ument in some terranes (e.g., Spencer et al., 2013), under certain 
conditions, titanite is highly reactive and recrystallizes readily (e.g. 
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Fig. 1. (a) Simplified geologic map of the Western Gneiss Region, Norway showing the location of the three UHP domains (Nordfjord, Sørøyane, Nordøyane) and the zones of 
crust that partially to minimally reacted during Scandian tectonics (after Garber et al., 2017). The location of the Salta shear zone is indicated by a star. (b) Simplified map 
of the Salta shear zone showing the region of high strain intensity and the location (yellow star) of the gneiss sample studied here (after Renedo et al., 2015). The sample 
was collected from latitude 62.02515 and longitude 5.34541 (using WGS84 datum). (c) Aerial photograph showing the southern portion of the Salta shear zone, with the 
southernmost eclogite from (b) outlined and the sample location shown again with a star. (d) Photomicrograph of the gneiss showing the location of the two studied host 
titanite crystals. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Kirkland et al., 2016). For example, the breakdown of rutile, il-
menite, and/or zoisite can produce titanite (e.g. Frost et al., 2000), 
or titanite may recrystallize due to heating, fluids, and/or deforma-
tion, as evidenced by a polycrystalline habit, core to rim changes in 
the isotopic and geochemical composition, and/or the presence of 
intra-grain dislocations and subgrains (e.g. Lucassen and Becchio, 
2003; Müller and Franz, 2004; Storey et al., 2007; Lucassen et al., 
2011; Spencer et al., 2013; Bonamici et al., 2015). This reactiv-
ity can make the interpretation of titanite U-Pb dates challenging 
because it may be unclear if the measured dates relate to cool-
ing through the Pb closure temperature or to other processes. For 
example, during exhumation of high-pressure rocks, new titanite 
may grow during decompression as rutile becomes unstable (e.g. 
Spencer et al., 2013; Marsh and Kelly, 2017) or as a result of re-
crystallization of relict titanite, which may be induced by fluids 
and/or deformation (e.g. Lucassen and Becchio, 2003; Garber et al., 
2017).

In parts of some ultrahigh-pressure (UHP) terranes, inherited ti-
tanite grains are present, suggesting that the U-Pb system in some 
titanite can remain undisturbed during both subduction to man-
tle depths and subsequent exhumation to the near surface (e.g., 
Tucker et al., 1987; Spencer et al., 2013; Garber et al., 2017). Ex-
tensive titanite geochronology has been conducted across much 
of the Western Gneiss Region (WGR), a giant (5000 km2 of UHP 
rocks/30000 km2 of HP rocks) ultrahigh-pressure terrane in west-
ern Norway (e.g. Tucker et al., 2004; Kylander-Clark et al., 2008; 
Krogh et al., 2011; Spencer et al., 2013; Garber et al., 2017). Most 
titanite yield U-Pb dates <405 Ma, interpreted as recording ti-
tanite recrystallization or neoblastic growth during cooling and 
exhumation of the WGR. However, in the southern WGR (Fig. 1), 
some titanite grains preserve Precambrian isotopic compositions 
(see ‘partially reacted domain’ in Fig. 1; Spencer et al., 2013; Gar-
ber et al., 2017). Titanite is not predicted to be stable at pressures 
greater than ∼1.2–1.5 GPa (e.g., Spencer et al., 2013) depend-
ing on Al–F–OH substitutions (Kohn, 2017); such pressures were 
far exceeded throughout the WGR during Caledonian orogenesis 
(Ravna and Terry, 2004; Hacker, 2006). Relict Precambrian grains 
of titanite, as well as rare Precambrian monazite, the preserva-
2

tion of symplectite in host orthogneisses, and relict Precambrian 
granulite-facies structures have all been used to argue that regions 
of the WGR, particularly in the southern WGR, did not significantly 
deform during Caledonian subduction and subsequent exhumation 
(e.g. Krabbendam et al., 2000; Hacker et al., 2015; Garber et al., 
2017).

Deformation and associated recovery and recrystallization of 
minerals play a strong role in controlling the rheology of meta-
morphic rocks (e.g. Urai et al., 1986). For individual minerals, 
these processes can also affect their isotopic and chemical com-
position (e.g. Reddy et al., 2006; Erickson et al., 2015; Piazolo et 
al., 2016). The observed microstructure within the rock can result 
from a combination of multiple dynamic and/or static recrystal-
lization mechanisms that aim to reduce the strain energy within 
the grains (e.g. Halfpenny et al., 2012), and each of these mech-
anisms has the potential to modify the composition of accessory 
phases important for deciphering the pressure–temperature–time 
(P –T –t) history of high-grade terranes. Thus, in high-grade, poly-
deformed terranes such as in the WGR, it is critical to tie the mi-
crostructure to different parts of the P –T –t path to reconstruct the 
tectonic history. Microstructures can preserve useful information 
for evaluating this tectonic history; however, careful evaluation of 
how those microstructures relate to the evolving P–T–strain path 
of the host is needed. Many studies have shown that the grain 
microstructure of high-temperature terranes results from the de-
struction of intragrain, highly strained features (i.e. dislocations, 
subgrains, low-angle boundaries) via growth of new relatively 
dislocation-free grains (e.g. Vandermeer and Juul Jensen, 1998). 
In comparison, experimental work in combination with electron-
backscatter diffraction (EBSD) studies of natural rocks have also 
shown that microstructures may be preserved during recrystalliza-
tion (e.g. Bestmann et al., 2005).

Throughout the WGR, there are numerous km- to m-scale wide 
shear zones that aided in the exhumation of the WGR from man-
tle depths to the near surface (e.g. Krabbendam and Dewey, 1998; 
Milnes and Koyi, 2000; Renedo et al., 2015). Here, we evaluate 
the microstructure of titanite crystals within a well-characterized 
shear zone in the southern WGR, the Salta shear zone (Fig. 1) 
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(Cuthbert et al., 2000; Carswell et al., 2003; DesOrmeau et al., 
2015; Renedo et al., 2015). We combine EBSD and compositional 
analysis of titanite crystals to investigate the relationship between 
microstructural evolution and trace-element modification of criti-
cal elements used to document P–T–strain conditions and timing 
of geologic events (e.g. Pb, Zr, Sr, REE). The individual crystals of 
titanite track a record of reactions that affected the protolith rocks 
to the WGR as well as the deformation history of the WGR during 
its exhumation from mantle depths to the near surface.

2. Western Gneiss Region and Salta Shear Zone

The WGR resulted from the collision of Laurentia with Baltica 
(e.g. Roberts and Gee, 1985). Parts of Baltica were subducted to 
mantle depths and underwent eclogite-facies metamorphism from 
ca. 425–400 Ma during the latest (Scandian) phase of Caledonian 
orogenesis (e.g. see geochronology summary in DesOrmeau et al., 
2015; Hacker et al., 2015). The UHP metamorphism is recorded in 
three domains that contain coesite-bearing eclogite and/or gneiss 
(Root et al., 2005) (Fig. 1a). Peak metamorphic conditions increase 
from the southern to the northern UHP domain, from ∼2.8 GPa, 
700◦C to ∼3.2–3.6 GPa, 850◦C, respectively (Cuthbert et al., 2000; 
Ravna and Terry, 2004; Hacker, 2006). These domains are separated 
by regions that have the same lithologies and protoliths but were 
metamorphosed at HP (Root et al., 2005).

Large-scale (10s of km wide) shear zones bound the WGR (e.g. 
Roberts and Gee, 1985; Krabbendam and Dewey, 1998), and nu-
merous small-scale (10s of m) shear zones also occur throughout 
the WGR, including within the three UHP domains (e.g. Milnes and 
Koyi, 2000; Renedo et al., 2015). These shear zones were active 
during exhumation of the WGR to mid-crustal depths by ca. 385 
Ma (e.g. Kylander-Clark et al., 2008; Spencer et al., 2013; Garber 
et al., 2017). This study focuses on strongly deformed orthogneiss 
from one of these small-scale shear zones—the Salta ductile shear 
zone (Renedo et al., 2015) in the Nordfjord UHP domain (Fig. 1a). 
The Salta shear zone exposes variably retrogressed eclogite pods 
enclosed in quartzofeldspathic gneiss across a 60 m wide zone 
(Fig. 1b,c). The main body of eclogite is tabular (20 x 3–5 m), 
strongly deformed, and compositionally layered, consisting of om-
phacite + garnet-rich layers that locally contain garnet–quartz lay-
ers. Relict coesite and polycrystalline quartz are found as inclusions 
in some garnet from the garnet–quartz layers in eclogite (Cuthbert 
et al., 2000; Renedo et al., 2015). The garnet–quartz layers are in-
terpreted to have been nearly pure coesite with accessory garnet 
at UHP (Carswell et al., 2003). Polycrystalline quartz has also been 
found in the host orthogneiss (Wain, 1997). Eclogite-facies meta-
morphism occurred from ca. 409–401 Ma based on U-Pb zircon 
and Sm-Nd garnet dates from the layered eclogite (Carswell et al., 
2003; DesOrmeau et al., 2015).

Microstructural data from highly elongate omphacite in the 
eclogite, and quartz fabrics in garnet–quartz eclogite layers and 
the host orthogneiss, indicate that the shear zone developed at 
eclogite-facies conditions and remained active during exhumation 
to amphibolite-facies conditions (Renedo et al., 2015). Both the lay-
ered eclogite and the orthogneiss share the same foliation and 
lineation orientations and evidence for top-to-the-west sense of 
shear. This shear zone lies in a region interpreted as partially 
reacted continental crust (Fig. 1a; after Garber et al., 2017) con-
taining both Scandian titanite and inherited Precambrian isotopic 
compositions in some titanite domains (Spencer et al., 2013; Gar-
ber et al., 2017). Only Precambrian zircons and no Scandian grains 
have been found in a layer-parallel leucosome from this shear 
zone and pegmatites from other parts of the Nordfjord UHP do-
main (Gordon et al., 2013; Kylander-Clark and Hacker, 2014). In 
addition, relict granulites near the shear zone (Krabbendam et al., 
3

2000; Wain et al., 2001) support the limited reactivity of this por-
tion of the WGR.

Variable titanite U-Pb ages have been reported from the WGR. 
Tucker et al. (1987, 1990, 2004) analyzed titanite from >55 gneiss 
and leucosome samples across the WGR with a combination of 
abraded multi-grain and single-grain TIMS analyses. The combined 
samples define a discordia array between ca. 1660 to 395 Ma. They 
report that in multiple samples, two types of titanite are observed: 
one that is coarser grained, darker in color, and blockier versus 
small, euhedral, yellow to light brown single grains or overgrowths. 
The latter are interpreted to be syn-metamorphic, neocrystallized 
Scandian grains, whereas the darker brown, blockier grains yield 
discordant results and are interpreted to be Gothian, ca. 1650 Ma 
grains that experienced variable thermally induced Pb loss.

Kylander-Clark et al. (2008) mainly analyzed titanite-bearing 
gneiss and leucosome samples from northeast and east of the 
northern and central UHP domains and in and south of the central 
UHP domain. The majority of the samples from east of the UHP do-
mains yield discordant titanite results, whereas those from within 
and south of the central domain show mainly Scandian ages. Their 
discordant results define two main discordia lines with upper in-
tercepts of ca. 940 and ca. 1635 Ma, and lower-intercept ages of 
ca. 390 Ma.

Subsequently, Spencer et al. (2013) conducted a campaign-
style LA-ICP-MS study of >150 titanite-bearing samples from 
across and between the UHP domains as well as from the east-
ern WGR. The majority of the samples each define a single 
238U/206Pb–207Pb/206Pb isochron with a Scandian age. These sam-
ples have 207Pb/206Pb data-defined intercepts ranging between 
0.83–0.99, with most clustering at ∼0.91 and one sample yield-
ing a lower value of 0.67. In the gneiss and leucosome samples 
that yield a mix of Precambrian and Scandian dates, the majority 
reveal a range of Precambrian to Caledonian dates across individ-
ual grains; the data did not fall along obvious regression lines in 
these samples and thus the 207Pb/206Pb intercepts are not defined.

Finally, Garber et al. (2017) expanded on the titanite dataset 
with a detailed petrochronology study on gneisses and leuco-
some samples from across the WGR. Like the other studies, they 
document a combination of Precambrian, mixed Precambrian–
Caledonian, and recrystallized and neoblastic Caledonian grains. 
For the samples that define a discordia line, most of the
207Pb/206Pb intercepts are between 0.73–1.0. The Caledonian grains 
are generally more Al-rich and LREE- and Fe-poor in compari-
son to Precambrian grains. The Caledonian grains have core-to-rim 
zoning, with the Fe and Al zoning anticorrelated in recrystallized 
grains versus similar zoning in neoblastic grains. Based on trace-
element zoning and the Caledonian age distribution, Garber et al. 
(2017) interpret that the recrystallized titanite formed as a re-
sult of dissolution-reprecipitation. In addition, the study describes 
recrystallized titanite that is typically found in less deformed, 
allanite-bearing rocks, whereas fine-grained, more highly strained 
gneiss more commonly contain neoblastic Caledonian titanite.

To better understand the effects of deformation on titanite 
recrystallization and composition, several titanite crystals from 
gneiss within the Salta shear zone were analyzed. Titanite crys-
tals are abundant in this gneiss, are ∼100–750 μm in length, and 
typically subhedral. In compariston, titanite from the gneiss in the 
middle of the shear zone, where the most intense deformation is 
observed, are small (<50 μm), making it difficult to analyze intra-
grain zones using laser-ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS). The titanite grains throughout the Salta 
shear zone are very low in U (Table A1); thus, a smaller spot size 
for analysis would yield data with such high uncertainties that it 
would not be useful for comparing intragrain microstructures with 
the chemical and isotopic composition of that portion of the grain. 
Therefore, the studied sample was collected from near the mar-
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Fig. 2. EBSD phase, inverse pole figure-X, and texture component orientation maps for the two titanite host crystals and grain aggregates studied in detail. The IPF maps are 
colored relative to a user-defined sample X direction and are overlaid on EBSD band contrast maps. The different aggregate grains are numbered. The texture component 
maps are also overlaid on EBSD band contrast maps and are made based on the location of the black cross within the interior of the host crystals. For both the IPF-X and the 
texture component maps, the black lines indicate grain boundaries (>10◦ misorientation), and the yellow lines, low-angle boundaries (between 2 and 10◦ misorientation).
gin of the highest strain mylonitic rocks (Fig. 1b,c). The selected 
gneiss consists of plagioclase + quartz + biotite, with accessory 
clinozoisite, apatite, zircon, and titanite. The gneiss has undergone 
significant grain-size reduction due to the shear zone strain and 
lacks allanite. Thus, the sample falls into a category of gneisses 
that would more likely contain neoblastic titanite (Garber et al., 
2017).

3. Methods

Two clusters of continuous, dark brown titanite within a sin-
gle thin section were targeted for this study (Fig. 1d). In addition, 
rutile that is enclosed by one of the titanite clusters was also an-
alyzed. The clusters are similar to titanite described as deformed 
with numerous subgrains and/or as dynamically recrystallized ti-
tanite in Spencer et al. (2013). Within a cluster, the titanite are 
cracked but lack obvious grain boundaries in an optical image. The 
crystals were mapped with an electron microprobe (EPMA) and 
with EBSD to determine chemical and microstructural character-
istics. This was followed by LA-ICP-MS analyses to determine the 
isotopic date and trace-element concentrations (Table A1). The ru-
tile was only analyzed by LA-ICP-MS (Table A2).

3.1. Microstructural analysis

Electron backscatter diffraction maps were collected with an 
Oxford EBSD detector and Aztec software on a Tescan Mira3 VP 
field emission scanning electron microscope housed within the Mi-
croscopy and Microanalysis Facility in the John de Laeter Centre, 
Curtin University. A working distance of 20 mm, a 70◦ stage tilt, a 
20 kV accelerating voltage, 4 x 4 binning, and a pixel/step size 
of 1 μm were used during the analyses. In addition to titanite, 
neighboring quartz, plagioclase, and biotite were indexed as well 
as rutile included within one of the titanite clusters. For the entire 
map area, post processing included correcting for wild spikes and 
4

a 5 nearest neighbor zero solutions correction. Further details of 
the EBSD analyses are included in the supplemental materials. The 
results are presented in maps and pole figures showing both the 
orientation relative to inverse pole figure-X (IPF-X) and relative to 
a specific spot in the grain aggregate (Figs. 2 and 3). For the latter, 
the spot chosen for the texture component map is located close to 
the center of the titanite cluster or potential core of the original 
host crystal. All parts of the two original crystals had recrystallized 
so we were not able to choose a location that contained the origi-
nal, non-replaced orientation.

3.2. Compositional analysis

Qualitative X-ray intensity maps were acquired using a JEOL 
8530F EPMA at the Centre for Microscopy, Characterisation, and 
Analysis housed within the University of Western Australia. Ana-
lytical conditions were 20 kV accelerating voltage, 100 nA beam 
current, and a focused beam. A 1 × 1 μm pixel size and 250 ms 
dwell time per pixel were used to make Al, Ce, Ti, Ca, Fe, Zr, F, 
and Si X-ray maps. The raw count data were acquired and pro-
cessed using the Probe Image and CalcImage applications. For all 
the maps (Fig. 4), the colors are scaled to the raw X-ray counts, 
with cooler colors representing lower element concentrations, and 
warmer colors higher concentrations. The color contrast was en-
hanced to show subtle zoning features using Golden Software’s 
Surfer application.

3.3. Isotopic analysis

The titanites and rutile were analyzed in situ using a Resonetics 
RESOlution M-50A-LR system comprising a Compex 102 193 nm 
excimer UV laser, connected to an Agilent 7700s quadrupole ICP-
MS within the GeoHistory Facility in the John de Laeter Centre 
at Curtin University. U-Pb isotopes and trace elements were mea-
sured during the same ablation. A 33 μm beam was utilized at a 
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Fig. 3. (a) Orthographic projection of a typical crystal form of titanite (after Paterson and Stephens, 1992); (b) Reference pole figure showing the orientation of the pole figure 
relative to the sample foliation and lineation; (c) Pole figures of poles to the <001> set of directions and the {010}, {100}, and {001} collection of crystal faces for all parts of 
the host titanite crystals. The pole figures are colored relative to the IPF-X and texture component maps for each host titanite grain and associated grain aggregates (Fig. 2).
5 Hz laser repetition rate and on-sample laser energy of 2 J/cm2

was used for the titanite analyses; analyses followed the proce-
dures described in Kirkland et al. (2016). For the rutile analyses, 
a spot diameter of 22 μm, a repetition rate of 7 Hz, and an on-
sample energy of 2.7 J/cm2 was used for the analyses. For several 
of the aggregate titanite grains within the overall coherent grain, 
the analysis consisted of nearly all of the grain, at least in one 
dimension; therefore, we are not able to assess trace-element zon-
ing in each, individual titanite grain within the grain aggregates. 
In a few cases, the spot overlapped grain edges (Fig. A1). There 
are minor inclusions within the titanite grains within host titanite 
1, including quartz and K-feldspar. These inclusions are observed 
in EDS maps and were avoided during the LA-ICP-MS analyses. 
Both ages and trace element content were determined using Io-
lite (U_Pb_Geochron4 and Trace Elements data reduction schemes, 
respectively (Paton et al., 2011)). Further details of the LA-ICP-MS 
analyses are presented in the supplemental materials.

The isotopic and geochemical composition of titanite may re-
flect multiple components, including inherited Pb from a precursor 
phase (e.g., rutile), common Pb, and radiogenic Pb (e.g., Romer and 
Rötzler, 2003; Lucassen et al., 2010; Stearns et al., 2015; Kirk-
land et al., 2016; Garber et al., 2017). To account for potential 
common Pb contributions, titanite dates are first calculated based 
on a Tera-Wasserburg concordia regression assuming mixing be-
tween common and radiogenic Pb on an intergrain level within 
each cluster of titanite that likely define an original titanite crystal 
or potentially even a precursor rutile crystal (Fig. 5) (e.g. Stearns 
et al., 2015). Those analyses included within the mixing line cal-
culation are those that define a clear statistically acceptable re-
gression and share a similar Th/U ratio. Additionally, we calculate 
intragrain dates to distinguish potentially different grain-scale Pb 
components (Fig. 6) (e.g. Kirkland et al., 2016). The difference be-
5

tween the U/Pb ratio at the 207-corrected age and the measured 
isotopic composition is interpreted as an estimate of the amount 
of common Pb (f207%). To ensure that the results are not biased 
by the chosen common Pb model, we calculate apparent ages us-
ing a variety of different Pb model compositions (with models 
appropriate for 0 Ma up to 1000 Ma) (Fig. A2). Importantly, the 
Scandian 207-corrected dates remain dominant no matter what 
common-Pb composition is used. Hence, neither the form nor the 
application of the common-Pb model that is used in the correction 
result in significant differences to the Caledonian-age component; 
the uncorrected 238U/206Pb dates show the same inherited versus 
Caledonian age trends as the 207-corrected ages (Table A1).

4. Results

Two titanite crystals near a clinozoisite grain were investigated 
in detail. The crystals have either a broadly sigmoidal or diamond 
shape (Fig. 1d). Titanite grain 1 is located directly adjacent to the 
clinozoisite and is ∼250 μm in length. This titanite nearly com-
pletely mantles rutile (Fig. 2), a common reaction texture in the 
host rock and in many high-pressure mafic rocks (e.g., Romer and 
Rötzler, 2003; Lucassen et al., 2010; Spencer et al., 2013). Titanite 
grain 2 is located proximal to a pressure shadow associated with 
the clinozoisite grain and is ∼300 μm in length. The EBSD results 
from the two studied titanite crystals reveal that each apparently-
coherent ‘grain’ is an aggregate of multiple smaller grains, each 
with straight boundaries, some of which intersect at triple junc-
tions (Fig. 2). In this work, we refer to the coherent titanite crystals 
1 and 2 as “host” grains, whereas the smaller crystals that compose 
the host are referred to as “aggregate” grains.

In host titanite 1, the nine grains making up the aggregate are 
elongated either perpendicular to the long axis of the relict rutile 
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Fig. 4. Electron microprobe X-ray maps of (a) host titanite 1, and (b) host titanite 2. The colors are scaled to the raw X-ray counts, with cooler colors representing lower 
element concentrations, and warmer colors indicating higher concentrations. The dashed black line in the Ca maps shows the outline of the grains within the aggregate 
defined by the EBSD data.
grain, or the grains wrap around the rutile that is present in the 
interior of the titanite aggregate (Fig. 2); the long axis of the rutile 
is parallel to foliation. Misorientation measurements between adja-
cent aggregate grains range from 5 to 86◦ , and there is an overall 
systematic change in the orientation of grains. The c-axes of the 
grains are dispersed along a great circle, broadly around the {010} 
pole (Fig. 3c). In addition, there is a ∼90◦ orientation relationship 
between the aggregate grains surrounding aggregate grain 1 (near 
one end of the host titanite grain) and the aggregate grains directly 
adjacent to the rutile, including grains 2-9, in {100} and {001} ori-
entations (Figs. 2 and 3). The LA-ICP-MS analyses reveal a range of 
207-corrected U-Pb dates from 580 to 379 Ma across the aggre-
gate (Figs. 5, 6, and A3). A regression through the analyses yields 
6

a lower-intercept age of 402 ± 17 Ma (MSWD = 1.3), with an ini-
tial 207Pb/206Pb of 0.92 ± 0.30 (2 sigma; data defined y-intercept) 
(Fig. 5). Aggregate grains 2, 5, and 9 are not included in the regres-
sion because of their higher Th/U ratio in comparison to the rest of 
the aggregate. The aggregate grains with the highest f207% (grains 
6 and 9) are both small grains (Table A1) that border the rutile 
grain; grain 6 is within the interior of the aggregate. Given their 
small grain size, the spot analysis clipped the grain edges (Fig. A1). 
The cracks or other spaces along the grain boundaries may have 
accumulated common Pb resulting in higher f207%. The rutile that 
is enclosed by host titanite 1 was also analyzed. Two spots on the 
crystal yield 207-corrected ages of 427 ± 35 Ma and 463 ± 57 Ma 
(Table A2).
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Fig. 5. Inverse concordia diagrams for the analyses across the aggregate of grains associated with host titanite 1 and 2, with the individual spot analyses colored by their 
Th/U ratio; each ellipse is labeled with the grain number from Fig. 2. For titanite 1, the regression does not include grains 2, 5, or 9 that had higher Th/U values. For titanite 
2, the regression does not include grain 8, where the analysis hit a crack.

Fig. 6. 207-corrected 206Pb/238U ages and Zr and Sr concentrations versus position in the host grain (see Fig. 2) The Zr and Sr symbols are colored relative to the IPF-X map 
(Fig. 2). The yellow bar represents titanite that recrystallized during Scandian exhumation, based on the U-Pb zircon data of DesOrmeau et al. (2015).
Host titanite grain 2 comprises an aggregate of grains elongated 
parallel to the main foliation. Misorientation between adjacent ag-
gregate grains range from 21 to 89◦ . The aggregate grains asso-
ciated with host titanite grain 2 show more orientation variation 
than those associated with host grain 1 but also reveal a con-
sistent and systematic variation in crystallographic orientation, in 
particular in the <001> axes, across the host grain (Fig. 3c). The 
aggregate grains also yield a spread in 207-corrected dates, ranging 
from 646 to 347 Ma (Fig. 6). Most of the aggregate grains define 
a single regression, with a lower-intercept age of 363 ± 13 Ma 
(MSWD = 1.1; excluding aggregate grain 8 and 14) and an initial 
207Pb/206Pb of 0.592 ± 0.035 (2 sigma) (Fig. 5). Aggregate grain 
8 was ablated partially through a crack, which may have modified 
the Pb composition (Fig. A1). The analysis through grain 14 ablated 
through the titanite; therefore, this analysis has very large uncer-
7

tainties and is not included in any of the regressions and is not 
shown in figures. Notably, the majority of the grains within the 
left side of the aggregate all have higher common to radiogenic Pb 
ratios (i.e., are farther off concordia) in comparison to the majority 
of the grains that make up the right side of the aggregate (Fig. 5).

X-ray element maps also highlight the multi-grain nature of the 
titanite aggregate grains (Fig. 4). The individual aggregate grains 
display distinct patchy zoning for some elements, with broadly de-
creasing Ca and Ti and increasing Al, Fe, and Ce (only in aggregate 
grains of host grain 2) concentrations from core to rim. Late frac-
tures cut the individual aggregate grains that make up both host 
titanite crystals 1 and 2. The fractures are enriched in Fe, Al, and 
Ca and depleted in Ti, with similar composition to the grain rims.

Trace elements also show variable patterns both within and be-
tween the host titanite grains 1 and 2 (Figs. 6, 7, A1). Overall, 
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Fig. 7. Rare earth element diagrams for the aggregate of grains associated with host titanite 1 and 2 color coded by the 207-corrected age, by the position across the grain, 
relative to the IPF-X map and to the texture component map (refer to Fig. 2 for the colors).
the aggregate grains have relatively flat profiles from the LREE to 
HREE and positive Eu anomalies. There is no correlation among 
207-corrected age, position within the aggregate, and REE pattern 
(Fig. 7). Some of the individual grains within host titanite grains 1 
and 2 have higher concentrations of REE, but it does not directly 
correlate with the degree of misorientation (Fig. 7). Strontium con-
tent ranges from 91 to 26 ppm across host titanite grain 1 and 
from 140 to 22 ppm across host titanite grain 2 (Figs. 6 and A1). 
In comparison, Zr content ranges from 118 to 29 ppm across host 
titanite grain 1 and a narrower range of 66 to 50 ppm across host 
titanite grain 2 (Figs. 6 and A1). Overall, comparing the concentra-
tions across the long axis of the crystal, the highest Sr values are 
found near the edges or ‘rims’ of the long axis of the host crystals, 
whereas the lowest Sr values are from the interior or ‘cores’. Zir-
conium shows the opposite pattern, with higher concentrations in 
the interior.

5. Discussion

In the following sections, we discuss how the titanite aggre-
gates formed, their importance in understanding the tectonic his-
tory of the Salta shear zone, and general implications these data 
provide in understanding the relationship between deformation 
and element mobility in titanite grains.

5.1. The relationship of titanite deformation with composition and age

During deformation, dislocations accumulate within grains. To 
reduce this build up in strain energy, dislocations may migrate to 
form subgrain boundaries and/or grain boundaries may migrate to 
form nuclei of grains with lower dislocation densities and lower 
strain energy (e.g. Urai et al., 1986). If terranes have been poly-
deformed and/or remained at high temperature conditions, the 
minerals may undergo multiple stages of deformation and dy-
namic and/or static recrystallization (e.g. Halfpenny et al., 2012). In 
some cases, it may be difficult to tie the microstructure to a spe-
cific event due to inheritance of intragrain low-angle boundaries 
(e.g. Bestmann et al., 2005) and/or due to mimicry of phases via 
topotactic or epitaxial growth (e.g. McNamara et al., 2012). Titan-
ite grains are common within the WGR orthogneiss (e.g. Tucker et 
al., 1987; Kylander-Clark et al., 2008; Spencer et al., 2013; Garber 
et al., 2017). The results from previous studies show that some of 
the titanite grains have undergone a long-lived metamorphic his-
tory. This study highlights how some titanites have also undergone 
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multi-stage deformation and associated recrystallization. Below we 
discuss the metamorphic reaction that formed the titanite followed 
by processes that subsequently affected the titanite grains.

In the deformed orthogneiss of the Salta shear zone, titanite 
grains are associated with clinozoisite and rutile. This suggests the 
reaction:

2clinozoisite + rutile + quartz = titanite + anorthite + 2H2O

which is encountered during decompression (Frost et al., 2000; 
Kapp et al., 2009; Marsh and Kelly, 2017). The titanite grains in this 
sample are not simple single crystals, but rather aggregates local-
ized within specific spatial regions of the host orthogneiss. These 
aggregates have a broad overall diamond or sigmoidal shape that 
is reminiscent of the typical morphology of metamorphic titanite 
grains (e.g. Kohn, 2017; Marsh and Kelly, 2017). EBSD data show 
that most grains within an aggregate have well-defined, straight 
grain boundaries (Fig. 2). The aggregate grains do not record any 
or minimal detectable internal misorientation variations but have 
large misorientation between adjacent grains (generally >20◦). 
Furthermore, the titanite grains within each aggregate are not ran-
domly oriented, but rather define a specific region in orientation 
space that progressively changes across the different aggregates 
(Fig. 3). Elements such as Sr and Zr also have broad core-to-rim 
zoning across the long-axis of the aggregate of grains (Figs. 6 and 
A1). Some of the grains do have fractures that are clear in the 
EBSD band contrast maps (Fig. 2); however, these fractures do not 
show any significant misorientation. This, combined with the well-
defined, in many cases triple-junction nature of the grain bound-
aries, suggest the grains formed under ductile conditions rather 
than due to late, low-temperature brittle deformation.

The aggregate titanite grains may represent either porphyrob-
lasts associated with metamorphism and fluids; topotactic or epi-
taxial growth of neoblastic titanite after older titanite and/or ru-
tile grains; and/or recrystallization of single titanite crystals af-
fected by later tectonic processes. Growth of neoblastic titanite by 
topotaxy or epitaxy on older titanite and/or rutile would result 
in the neoblastic titanite inheriting a preferred orientation dur-
ing growth (e.g. McNamara et al., 2012). However, metamorphic 
or topotactic growth of titanite does not explain the systematic 
variation in grain orientation observed across the two aggregates 
unless the host phase that is being replaced had previously been 
deformed and recrystallized (Fig. 3). Instead, the microstructural 
orientations, straight grain boundaries, lack of intragrain low-angle 
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Fig. 8. Schematic representation of Salta shear zone titanite evolution. (a) Precambrian titanite growth due to the breakdown of clinozoisite and rutile; some titanite inherits 
radiogenic Pb from U-bearing rutile. (b) Caledonian titanite underwent plastic deformation via dislocation creep. (c) Recovery and recrystallization by subgrain-rotation causes 
low-angle boundaries to form across the crystal. Minor Pb loss may have occurred during subgrain-rotation. (d) Minor neoblast titanite formation during the initial stages 
of grain boundary migration promotes variable Pb loss, while U, Zr, Sr, and the REE remain unaffected; neoblasts are internally undeformed. (e) Neoblasts continue to grow, 
with continued affects on the U-Pb system. (f) Annealing of the grains results in relatively straight grain boundaries.
boundaries, chemical zoning, and high misorientation between ad-
jacent grains are consistent with the diamond-shaped aggregates 
of titanite representing host, single titanite crystals that formed 
from the breakdown of rutile and that were subsequently affected 
by later tectonic processes creating the aggregate of smaller grains 
that are observed in the sample.

The aggregate of titanite in the highly strained gneisses of 
the Salta shear zone reflect a multi-stage deformation and re-
crystallization process (Fig. 8). Minor low-angle boundaries and 
the progressive change in orientation, broadly around the {010} 
pole in grain 1 and in the <001> axes for grain 2 (Fig. 3), indi-
cate the host titanite crystals plastically deformed by dislocation 
creep, as has been interpreted for a variety of geologic phases 
(Fig. 8b) (Hirth and Tullis, 1992; Reddy et al., 2006; Erickson et 
al., 2015). Multiple dynamic and potentially late static (during the 
amphibolite-facies overprint) recrystallization processes reduced 
the strain energy produced during dislocation creep (Fig. 8c–e) 
(Urai et al., 1986). Evidence for intragrain deformation features, 
such as core and mantle structures (Hirth and Tullis, 1992), should 
be found in grains formed by subgrain rotation. Furthermore, mis-
orientation would only be slightly greater than 10◦ between newly 
formed grains (e.g. Trimby et al., 1998). Instead, the lack of in-
tragrain microstructures and the high misorientation indicate that 
grain-boundary migration was the final recrystallization mecha-
nism (Fig. 8e) (Urai et al., 1986; Hirth and Tullis, 1992; Vander-
meer and Juul Jensen, 1998). Subgrain rotation is commonly asso-
ciated with grain boundary migration (e.g. Lloyd et al., 1997) and 
thus, may have preceded grain boundary migration recrystalliza-
tion of the host titanite crystals (Fig. 8c). Alternatively, deforma-
tion bands or other regions of high dislocation density could have 
served as points where high angle grain boundaries developed (e.g. 
Halfpenny et al., 2012).

Neoblasts nucleated on recovered subgrain-boundaries during 
grain-boundary migration (e.g. Doherty et al., 1997) (Fig. 8d). The 
neoblastic growth resulted in strain-free grains with high mis-
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orientation angles between them (Fig. 8e) (e.g. Piazolo et al., 
2012). During recrystallization, the ∼90◦ orientation relationship 
observed in parts of the aggregate grains of host titanite 1 (Fig. 3) 
likely represents exchange of {100} and {001}, with constant {010}, 
potentially because of the similar length of the a and c axes in the 
titanite crystal lattice. Finally, retrograde amphibolite-facies meta-
morphism at temperatures of 650–800◦C (e.g. Walsh and Hacker, 
2004) caused annealing of the grains, resulting in the end polygo-
nal grain shapes and relatively straight grain boundaries (Fig. 8f).

Many studies have shown that the orientation of the host 
crystal is completely to partially inherited during recrystallization 
(Bestmann et al., 2005; Erickson et al., 2015). In these aggregates, 
the original, plastically-deformed grain has been completely re-
placed and thus, it is difficult to evaluate the role of orientation 
inheritance within the microstructure. The observed orientation 
pattern across the two aggregates does indicate that if the aggre-
gate microstructure is partly inherited, the host grain must have 
undergone deformation prior to the recrystallization that produced 
the aggregate grains.

5.2. Geochronology of Salta titanite

Titanite grains may contain abundant common Pb, experience 
Pb loss, inherit radiogenic Pb from preexisting phases, and/or re-
crystallize; therefore, interpreting the U-Pb systematics and de-
termining the crystallization or cooling age from this mineral 
may be challenging, especially where 204Pb cannot be measured 
(e.g. Romer and Rötzler, 2003; Stearns et al., 2015; Garber et al., 
2017; Hartnady et al., 2019). Previous studies of WGR titanite sug-
gest that titanite grains of three different origins may be found 
within orthogneiss across the UHP terrane: 1) inherited Precam-
brian titanite, 2) recrystallized Scandian titanite, and/or 3) neoblas-
tic Scandian titanite grains (Tucker et al., 2004; Kylander-Clark et 
al., 2008; Krogh et al., 2011; Spencer et al., 2013; Garber et al., 
2017). Garber et al. (2017) describe specific geochemical character-
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istics that they propose can be used to define the three different 
types of titanite, in addition to their age and texture. Precambrian 
titanite has the highest LREE concentrations and is more Fe-rich 
and Al-poor in comparison to Scandian grains. Geochemical data 
from Scandian titanites, combined with trace-element biotite data, 
are used to argue that Scandian titanite recrystallization was facil-
itated by a hydrous, saline brine during Scandian metamorphism.

The results of this study show that individual grains within the 
titanite aggregates have scatter in their U-Pb age outside of an-
alytical uncertainty (Fig. 6). The two studied host titanite grains 
reveal different isotopic patterns across the aggregate. The aggre-
gate grains in host titanite 1 all cluster near concordia (Fig. 5), 
suggesting that the isotopic composition of the grains was not 
strongly affected by the initial Pb composition or by recent Pb 
loss. The isotopic data from the titanite 1 aggregate define an ini-
tial 207Pb/206Pb composition within error of that predicted by the 
Stacey and Kramers (1975) Pb-evolution model for an age of 402 
Ma (0.92 ± 0.30 versus 0.863, respectively). This initial 207Pb/206Pb 
composition is similar to what has been determined from previous 
titanite studies in the WGR (Spencer et al., 2013; Garber et al., 
2017). Aggregate grains 2, 5 and 9 that are not included in the 
regression all border a rutile crystal, have elevated Th/U values, 
reveal old 207-corrected ages, and fall to the left of a best-fit re-
gression line. These grains may have been influenced by inherited 
Pb from a precursor radiogenic phase (e.g., rutile) during titan-
ite growth and/or recrystallization (e.g., Romer and Rötzler, 2003; 
Marsh and Kelly, 2017). Grains 2 and 9 do have elevated Sr values 
in comparison to the other grains. Regardless, these three grains 
likely have a different common Pb composition than the other ag-
gregate grains.

In comparison, the aggregate grains within host grain 2 show 
much greater spread in their 207Pb/206Pb values relative to
238U/206Pb and define an initial 207Pb/206Pb value much lower in 
comparison to Stacey and Kramers (1975): 0.592 ± 0.035 versus 
0.860 for a 363 Ma date (Fig. 5) and lower than what has been 
defined from previous WGR titanite data (Spencer et al., 2013; 
Garber et al., 2017). The low initial 207Pb/206Pb value is best ex-
plained by incorporation of radiogenic Pb from a source outside 
titanite. Throughout the thin section, and evidenced in host grain 1, 
the titanite formed partially from the breakdown of rutile (Fig. 2). 
Host titanite 2 may have incorporated radiogenic Pb from rutile 
during rutile breakdown associated with titanite growth. Analyzed 
rutile is low in U (27–29 ppm), and the titanite in aggregate 2 
also has very low U concentrations (19 to <1 ppm). Romer and 
Rötzler (2003) also describe titanite crystals from several samples 
that grew and experienced the same P –T history but yield a va-
riety of ages due to radiogenic inheritance from precursor rutile 
and/or post-peak recrystallization of titanite enhanced by fluids 
and deformation. Notably, only some of the titanite show evidence 
for radiogenic inheritance, not all of the grains. The aggregate of 
grains within titanite 2 also show a spatial trend in isotopic com-
position. The majority of the grains comprising the left side of the 
aggregate have higher common to radiogenic Pb ratios in compari-
son to the rest of the aggregate (Fig. 5). This trend may also reflect 
some degree of sector zoning in the host titanite crystal that had 
developed prior to Scandian deformation and recrystallization.

Titanite U-Pb regression lines provide important insight into ag-
gregates and their interpretation as either 1) a mix of radiogenic 
and common Pb (aggregate 1 with an initial 207Pb/206Pb compo-
sition that matches with Stacey and Kramers (1975)), versus 2) a 
mix of three Pb components including, regional common Pb, in 
situ radiogenic Pb, and an additional distinct inherited radiogenic 
component (aggregate 2 with its low 207Pb/206Pb composition). In 
comparison, the calculated 207-corrected ages provide additional 
information on what is happening on the intergrain-scale within 
the aggregate. The calculated 207-corrected ages and the uncor-
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rected 238U/206Pb dates together reveal that both aggregates com-
prise a mixture of grains completely reset during the Caledonian 
and others with inherited Precambrian Pb. We interpret any ti-
tanite grain with a 207-corrected date older than ca. 409 Ma to 
reflect this inherited component (Fig. 6) (DesOrmeau et al., 2015). 
Furthermore, because some of the titanite grains within the ag-
gregates have an inherited Precambrian isotopic composition, the 
rutile to titanite breakdown reaction occurred prior to terminal 
Scandian processes. Garber et al. (2017) note rutile and zircon 
inclusions within many of their studied Precambrian titanites, sup-
porting pre-Scandian rutile-to-titanite-reactions.

5.3. The relationship between titanite deformation and trace-element 
mobility

Multiple studies have shown that important accessory miner-
als used for petrochronology, including zircon (Reddy et al., 2006; 
Piazolo et al., 2012, 2016), monazite (Erickson et al., 2015), and 
titanite (Müller and Franz, 2004; Bonamici et al., 2015), among 
others, can be affected by crystal-plastic deformation. For example, 
atom-probe studies of zircon show that dislocations act as element 
sinks, collecting and concentrating trace elements, such as U and 
other solute elements, as they move through the crystal lattice (Pi-
azolo et al., 2016; Reddy et al., 2016). In some cases, dislocation 
arrays can facilitate pipe diffusion of incompatible elements, in-
cluding Pb (Reddy et al., 2006; Piazolo et al., 2016).

In the WGR titanite described here, the individual aggregate 
grains within the host titanites reveal a mix of Scandian and inher-
ited 207-corrected ages (Figs. 5, 6, and A3). The scatter of the age 
distribution across the aggregates suggests that the host titanite 
grains experienced variable Pb loss during recrystallization (Fig. 8). 
Recrystallization may have been driven by fluids and/or deforma-
tion (e.g., Lucassen and Becchio, 2003; Garber et al., 2017). We 
favor a model in which both deformation and fluids impacted the 
trace element and isotopic systems of Salta titanite grains based 
on observations of chemical zoning within aggregate grains, the 
inherited 207-corrected ages, and evidence for grain boundary mi-
gration recrystallization. We discuss these topics below as well as 
their implications for interpreting P-T-t histories using titanite.

Some fluids were likely present during Salta shear zone activ-
ity associated with retrogression and exhumation of the gneisses. 
The patchy zoning in Ca, Ti, and Al within the titanite (Fig. 4) was 
mostly likely produced by fluid alteration of the titanite grains, 
with fluids penetrating along the grain boundaries. The fluids may 
also have affected the isotopic system of the titanites (e.g., Garber 
et al., 2017). However, the inherited titanite dates recorded in this 
study are younger (<650 Ma) than that which has previously been 
described for WGR titanites that show evidence of Pb diffusion but 
still yield demonstrably Precambrian dates (ca. 1600–950 Ma) (see 
summary in Garber et al., 2017). The inherited grains of this study 
may have had a different common Pb composition, and thus, the 
207-corrected ages may not be entirely accurate. Similar problems 
with the 207-correction, though, should have affected inherited ti-
tanite in other WGR studies that report Precambrian titanite ages. 
In titanite 2, the inheritance of radiogenic Pb could account for the 
younger inherited 207-corrected ages (ca. 440–646 Ma); however, 
this does not explain the young inherited ages observed in aggre-
gate grain 1 (ca. 460–580 Ma), where there is no evidence for an 
inherited radiogenic composition from rutile. The main difference 
between the samples studied herein and those studied in previous 
work is that the gneiss and the titanite within this gneiss of this 
study were affected by high strain, whereas most of the samples 
that yielded Precambrian titanite dates in previous work did not 
show evidence of Scandian deformation.

Given the clear evidence for deformation and associated recrys-
tallization affecting titanite grain orientations within the aggre-
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gates (Fig. 3), these factors must have also affected their isotopic 
composition during aggregate formation from the original titanite 
grains. Some Pb loss may have occurred during subgrain-rotation 
recrystallization and the formation of dislocation walls (Fig. 8c). 
Following subgrain rotation, a switch to recrystallization by a grain 
boundary migration process gave rise to neoblastic titanite to form 
the observed grain aggregates. The mobility of grain boundaries 
during neoblastic grain growth has been shown to be an effec-
tive mechanism of removing Pb from other accessory phases, for 
example monazite (Erickson et al., 2015). This reflects the higher 
diffusivity of grain boundaries relative to low-angle boundaries and 
dislocations and the more effective recrystallization mechanism 
for moving the grain boundary through the plastically deformed 
subgrained titanite. Thus, radiogenic Pb was not incorporated or 
was only partially incorporated into the neoblastic grains during 
the grain-boundary migration resulting in the variability in dates 
across the grain aggregates (cf. Erickson et al., 2015). We inter-
pret that grain-boundary migration was the main recrystallization 
mechanism that affected the U-Pb system in the shear zone ti-
tanite. The sub-grain rotation and grain-boundary migration re-
crystallization associated with strain minimization likely occurred 
as stress was diminishing and thus dislocation creep was slowing 
or ceased to occur and instead, diffusional processes dominated 
within the grains (e.g., Frost and Ashby, 1982). Thus, the grain-
boundary migration and associated Pb-loss most likely occurred 
at the end of deformation within the shear zone after the UHP 
rocks had been exhumed to mid-crustal depths and underwent 
amphibolite-facies metamorphism (Renedo et al., 2015).

As noted above, fluids were likely also present in the shear 
zone, especially during amphibolite-facies metamorphism. Given 
the patchy zoning within the individual grain aggregates, the flu-
ids were present either syn-recrystallization during grain-boundary 
migration or post-recrystallization. If present during deformation 
and shear zone activity, the fluids would only have increased grain-
boundary mobility and accelerated the rate of recrystallization pro-
cesses affecting the titanite (e.g. Urai et al., 1986; Gottstein and 
Shvindlerman, 2010). Thus, the combination of deformation and 
fluids resulted in the younger inherited ages observed in this study 
compared to previous WGR titanite studies.

Previous studies have argued that both U-Pb and trace element 
systems in titanite grains are equally affected by recrystallization 
(e.g. Storey et al., 2007; Stearns et al., 2015). Garber et al. (2017)
concluded that there was no evidence for Precambrian Zr inheri-
tance in the recrystallized WGR Caledonian titanite grains but did 
find Zr and other trace element inheritance (except for Pb) in the 
core of titanites that yielded partially reset U-Pb dates. This de-
coupling between the Pb and other trace-elements is found in un-
deformed titanite or in titanite with some deformation twinning. 
In the Salta titanite, the REE, Sr, and Zr do not show a correlation 
with the U-Pb age or to the major element abundances (e.g., Ca, 
Ti, and Al), nor do they show any correlation with proximity to 
the rutile in the grain aggregate of titanite 1 (Figs. 6, 7, S1). The 
distribution of Sr and Zr contents across the long axis of the aggre-
gate grains, with higher Zr and lower Sr concentrations in the host 
grain centers, is consistent with growth or alteration of single eu-
hedral titanite that would have crystallized during the Precambrian 
as part of the granulite-facies event that affected the protolith to 
the WGR rocks (e.g. Tucker et al., 2004). The Zr, Sr, and REE pat-
terns across the grains do not appear to have been affected by the 
multi-stage recrystallization of the host euhedral titanite grains or 
by the fluids that affected the individual aggregate grains. Thus, 
our results, combined with other recent work (e.g. Kirkland et al., 
2016), document that the U-Pb isotopic system was affected in a 
different manner than other key trace elements that have been 
used to link titanite ages with the P –T path during deformation 
and associated recrystallization and fluid flow. This is despite the 
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similar ionic radii and substitution site between, for example, Pb 
and Sr. In titanite from this highly deformed WGR gneiss, trace el-
ements are decoupled from the U-Pb system (Fig. 6).

6. Conclusions

The robust interpretation of geochemical and geochronological 
data from titanite requires an understanding of how trace element 
mobility is affected by metamorphism and deformation in high-
grade terranes. All the microstructural and compositional charac-
teristics observed in the shear zone titanite crystals from the WGR 
are consistent with crystal-plastic deformation of a Precambrian ti-
tanite grain followed by grain boundary migration recrystallization 
and the formation of an aggregate of strain-free crystals during 
Caledonian orogenesis (Fig. 8).

This study documents the dissimilar influence of deformation 
and fluids on both U-Pb isotopes and trace-element composition 
in dynamically and statically recrystallized titanite crystals. The 
U-Pb isotopes and trace elements are decoupled as a result of a 
multi-stage recrystallization process coupled with fluid mobility in 
a shear zone in the Western Gneiss Region, Norway. A comparison 
of U-Pb data and trace element distribution suggests this decou-
pling; however, EBSD analyses are powerful in deciphering the 
deformation and associated recrystallization history that affected 
the isotopic system of titanite and other accessory phases. This re-
sult highlights the importance of integrating microstructural and 
compositional mapping for titanite U-Pb geochronology and Zr-in-
titanite thermobarometry in order to relate pressure, temperature, 
and time in deformed rocks.
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