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Simultaneous acquisition of U-Pb isotope ratios and trace element abundances across titanite crystals formed in
an anatectic, high pressure granulite using LA-ICP-MS split-stream analysis has enabled evaluation of titanite
compositional systematics and intracrystalline variability during growth and residence in high-temperature,
melt-present environments. Although the titanite studied here have a comparatively low initial Pb (Pb0) component (Pb0/Pb*), the Pb0 is highly radiogenic relative to model crustal values, indicating inheritance from Ubearing accessory minerals consumed in the melt/titanite-forming reactions. Additionally, titanite crystals typically exhibit core-rim decreases in Pb0/Pb*, as deﬁned by 204Pb/206Pb, calculated 206Pb0/206PbT, and uncorrected 206Pb/238U spot date proﬁles. Near the margins this is clearly dominated by local U-enrichment, but in
the uniformly low-U interiors outwardly decreasing Pb0/Pb* appears to reﬂect decreasing Pb0 concentrations
during growth. The positive correlation among Pb0 and Sr concentrations in crystal interiors over length scales of
hundreds of micrometers is consistent with each having experienced similarly small degrees of diﬀusional relaxation, Given the high crystallization temperatures (> 800 °C) and likely slow cooling rates (~ 5 °C), our data
support slow Pb diﬀusivity in titanite, even at high temperature conditions, as has been proposed in a number of
recent studies.
Along the outer ~50–100 μm, U, Th, Zr, and REE concentrations are variably elevated relative to the crystal
interiors, with proﬁles taking one of two forms: 1) sharply increasing to highest concentrations inboard from the
crystal edge and decreasing again to lower values near the crystal edge, or 2) gradually increasing to highest
concentrations nearest the crystal edge. High-contrast BSE imaging shows that the former proﬁles are associated
with ~1–2 μm wide bright bands surrounding polygonal subgrains that tend to be developed where titanite is
(or formerly was) in contact with matrix feldspar (i.e. crystallized melt), and are inferred to represent traceelement-enriched dissolution-precipitation reaction fronts. The latter proﬁles are associated with diﬀuse, locally
wispy, brightness gradients adjacent to resorbed crystal boundaries, subgrain boundaries, or thicker bright bands
formed in contact with matrix hornblende crystals, and are interpreted as regions of enhanced element mobility
potentially resulting from the development of local micro-porosity pathways at some point in the recrystallization process.

1. Introduction
Titanite (CaTiSiO5) is a key accessory mineral for U-Pb geochronology and thermobarometry, yet it can exhibit complex compositional
variability and petrogenetic behavior (see reviews by Frost et al., 2000;
Kohn, 2017). Although this petrological complexity presents a challenge for interpreting U-Pb ages and P-T conditions derived from titanite analysis, it also presents an opportunity to evaluate the mineral
reactions and grain-scale physico-chemical processes operating within
titanite-bearing assemblages. The potential utility of titanite as a multi⁎

faceted petrological tool thus provides strong motivation for detailed
investigation of the relationship among U-Pb isotopic systematics, trace
element composition, and microstructural features preserved in metamorphic rocks.
One of the main obstacles to accurate titanite U-Pb geochronology is
the propensity for titanite crystals to incorporate signiﬁcant concentrations of common, or initial, Pb (Pb0) during growth, preventing
acquisition of concordant U-Pb ratios. The abundance and composition
of Pb0 can vary signiﬁcantly in diﬀerent crystallization environments,
and may be variable between and within crystals from the same sample
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(e.g. Romer and Rӧtzler, 2003; Schoene and Bowring, 2006). The
composition of Pb in local geochemical reservoirs may deviate signiﬁcantly from model crustal Pb compositions (e.g. Stacey and Kramers,
1975), particularly when U and Th-rich precursor minerals are involved
in titanite-forming reactions (Romer, 2001; Romer and Siegesmund,
2003). In these cases, application of the model Pb0 isotopic composition
for correcting U-Pb data can lead to spurious results, and incorrect interpretation of the ages and apparent zoning patterns obtained.
Interpretation of titanite U-Pb ages is further complicated by uncertainty over the temperature sensitivity of intracrystalline Pb diﬀusion. Early, ﬁeld-based investigations using TIMS yielded titanite U-Pb
ages from high grade metamorphic terranes that were younger than
zircon and monazite U-Pb ages, consistent with closure to diﬀusive Pbloss at temperatures ~600–650 °C (e.g. Heaman and Parrish, 1991;
Mezger et al., 1991). Results from subsequent experimental studies
supported higher closure temperatures (Tc) of 650 °C and 750 °C for
titanite crystals with 0.5 and 5 mm radii, respectively, for rocks cooling
at ~5 °C/Myr (Cherniak, 1993). Other studies found titanite to be more
retentive, calculating U-Pb Tc of ~740 °C for crystals as small as
0.3 mm (Schärer et al., 1994; Zhang and Schärer, 1996). More recently,
a number of ﬁeld-based studies utilizing in-situ U-Pb analyses of highgrade metamorphic titanite have shown that older metamorphic or
protolith ages can be retained through extended residence (> 15 Myr)
at temperatures in excess of 750 °C, even for crystal sizes as small as
0.2 mm (Kohn and Corrie, 2011; Gao et al., 2012; Spencer et al., 2013).
Based on these studies, Kohn (2017) suggested a nominal Tc of ~800 °C
for Pb in titanite, making it nearly as retentive as the high-T U-Pb
geochronology stalwarts zircon and monazite.
The shift toward favoring a higher nominal Tc for diﬀusive Pb-loss
in titanite has come with the recognition that younger U-Pb ages may
record recrystallization processes that reset the trace element systems in
metamorphic environments. Although a number of authors have attributed younger titanite U-Pb ages to recrystallization (e.g. Spencer
et al., 2013; Bonamici et al., 2014, 2015; Stearns et al., 2016), the
speciﬁc physico-chemical recrystallization process associated with the
resetting is commonly not speciﬁed. Two main types of recrystallization
processes are generally recognized for silicate minerals: (1) mechanically-induced recrystallization, where elemental components are mobilized by the movement of dislocations through the crystal lattice in
response to externally-imposed diﬀerential stress (“dynamic recrystallization” e.g. Bonamici et al., 2014); and (2) dissolution-precipitation, where elemental components are exchanged as the crystal is
dissolved and re-precipitated during changing equilibrium/saturation
states with respect to an interstitial ﬂuid/melt phase and associated
minerals (see Putnis, 2009 for thorough discussion; Lucassen et al.,
2011).
This contribution presents a detailed investigation of the U-Pb isotopic systematics and trace element composition for a suite of titanite
crystals within a high pressure maﬁc granulite from the Canadian
Grenville Province. Simultaneous acquisition of U-Pb isotope ratios and
trace element abundances shows that (1) the Pb0 component is strongly
radiogenic, (2) the Pb0/Pb* varies systematically from core to rim, as a
function of both U and Pb0 concentration, and (3) variations in Pb0
concentration correlate with variations in speciﬁc minor/trace elements, potentially elucidating the crystal-chemical mechanisms behind
incorporation of Pb0 and Pb diﬀusivity in titanite. Additionally, marginal increases in trace element concentration are shown to correspond
with a range of distinctive textural features observed in backscattered
electron (BSE) images, which are correlated with speciﬁc microstructural settings. These ﬁndings are discussed with reference to dissolution-precipitation, solid-state recrystallization, and thermally-activated volume diﬀusion.
2. Metamorphic and geochronological framework
The regional geological setting and petrogenetic relations associated
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Fig. 1. (a) Lithotectonic domain map of western Central Gneiss Belt (CGB) within the
Canadian Grenville Province. White dashed square shows area of panel b. Inset shows
extent of Canadian Grenville Province and location of known high pressure belts. Western
High Pressure (wHP) belt generally corresponds with area of CGB shown in panel a. See
Marsh and Culshaw (2014) for abbreviations. (b) Simpliﬁed geological map of the
Polycyclic Algonquin domain (modiﬁed after the Ontario Geological Survey, OGS Earth
map), showing the distribution of the main metamorphic rock types, HP metabasites, and
coronitic metagabbros. Studied samples from locality shown in bold polygon. Existing
zircon, monazite, and titanite U-Pb ages, and hornblende Ar-Ar ages for Novar and
Huntsville domains shown in colored rhombs (compiled from Cosca, 1989; Nadeau, 1990;
Mezger et al., 1993; Nadeau and van Breemen, 1998; Marsh and Culshaw, 2014). Bold
zircon ages represent protolith crystallization. Italic zircon and monazite ages from synto post-thrusting pegmatite dikes (Nadeau, 1990). (c) Temperature-time (T-t) diagram
showing thermo-chronological constraints from above (Zrn U-Pb from coronitic metagabbros added (Davidson and van Breemen, 1988)), with T-t associated path for SL2
domains. Note early cooling of ≥ 5 °C/Ma between ~ 1050–1000 Ma, followed by cooling
of ~ 2 °C/Ma between 1000 and 900 Ma. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

allochthonous Novar subdomain of the Central Gneiss Belt (CGB),
Grenville Province, Ontario (Fig. 1). Meter- to decameter-scale metabasite bodies are distributed throughout the allochthonous domains of
the CGB, most of which have general characteristics of either coronitic
metagabbros (coronites) or garnet and clinopyroxene-dominated eclogite/high-pressure (HP) granulite (see Rivers et al., 2002 for review).
Coronites contain baddeleyite that yields U-Pb ages of ca. 1170 Ma, and
is inferred to represent crystallization of the olivine-plagioclase gabbro
protoliths (Davidson and van Breemen, 1988). Zircon rims surrounding
baddeleyite generally yield U-Pb ages between 1046 and 1060 Ma, with
a preferred 207Pb/206Pb age of 1047 ± 5 Ma inferred to represent the
timing of granulite-facies metamorphism (Davidson and van Breemen,
1988). Eclogite/HP granulite-type metabasites, which do not exhibit
coronitic textures, typically contain polydomainal zircon, with cores
yielding ca. 1400 Ma (protolith) ages and rims yielding ca. 1090 Ma
ages and REE patterns typical of HP metamorphism (Ketchum and
Krogh, 1998; Marsh and Culshaw, 2014). This apparent diﬀerence in
metamorphic age between coronites and eclogite/HP granulite metabasites has yet to be investigated systematically, but potentially reﬂects
diﬀerent reaction histories for each protolith type. Both types of

with the titanite investigated here are described in detail by Marsh and
Kelly (2017), and summarized here. The samples were collected from a
decameter-scale metabasite complex (GB149) within the polycyclic,

Fig. 2. Photomicrographs of studied samples. (a) GB149A microstructure containing hornblende megacryst within the garnet-clinopyroxene-plagioclase matrix and large titanite along
the megacryst margin. Note dashed boxes showing locations of b & c. (b & c) Titanite crystals in boxed areas from a showing surrounding matrix phases and the characteristic clinopyroxene-ilmenite symplectite along the crystal margins. (d) GB149B microstructure containing large titanite within the garnet-clinopyroxene-plagioclase matrix. (e & f) Titanite crystals
in boxed areas from d. Mineral abbreviations after Whitney & Evans, 2010.
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spaced, thin (< 1 μm), curvilinear bands extending a short distance
into the titanite perpendicular to the grain boundary. The bands are
commonly spatially associated with the polygonal subgrains and symplectite coronas, and possibly represent micro-porosity pathways,
healed microfractures, or other physico-chemical discontinuities (see
Putnis, 2009 for extensive discussion); (3) thicker (< 5 μm), bright
bands parallel to the crystal boundary resembling marginal overgrowths (Fig. 3f, h). These bands are commonly observed where titanite
is in contact with coarse hornblende or matrix clinopyroxene (Cpx2 of
Marsh and Kelly (2017)); (4) diﬀuse brightness gradients adjacent to
subgrain boundaries, overgrowths, symplectite coronas, and locally
along crystal margins in contact with the interstitial feldspar. The internal character of the gradients ranges from uniform to patchy or
wispy, and their apparent width can be up to ~ 50 μm wide, although
they are commonly < 25 μm or entirely absent in some locations
(Fig. 3g–i). No clear correlation has been observed between brightness
magnitude or gradient width and the width of associated subgrain
boundary or corona, or the modal proportion of adjacent minerals
within the coronas. Energy-dispersive X-ray analyses show REE enrichment associated with each of the bright features, including the
diﬀuse gradients.

metabasite typically have high-strain, lithologically mixed margins
containing upper amphibolite-facies fabrics similar to those observed in
the ca. 1020–1080 Ma felsic to intermediate orthogneisses that dominate the CGB (Davidson and van Breemen, 1988; Culshaw et al., 1997;
Rivers et al., 2002; Marsh and Culshaw, 2014).
Within the southern Novar domain, Nadeau (1990) reported a
1444 ± 12 Ma zircon U-Pb Discordia upper intercept age from the host
orthogneiss (interpreted as the timing of igneous crystallization;
Fig. 1b), with a highly-uncertain lower intercept of 900 ± 120 Ma. A
titanite U-Pb age of 1039 ± 2 Ma was obtained from amphibolite near
the dated orthogneiss, and interpreted by the authors to represent
cooling through the ~650 °C Pb closure temperature (Mezger et al.,
1993). In the northern Novar domain, approximately 5 km ENE from
GB149, Marsh and Culshaw (2014) obtained a zircon U-Pb age of
1112 ± 12 Ma from a similar metabasite complex. Within the structurally overlying Huntsville domain (to the south of the Novar domain)
“syn-thrusting” pegmatite dikes contain zircon yielding ages of
1080 ± 1 Ma and 1046 ± 2 Ma and monazite yielding ages of
1063 ± 5 Ma and 1049 ± 2 Ma, whereas zircon from a “postthrusting” pegmatite dike yields an age of 1039 ± 4 Ma (Nadeau,
1990). Hornblende 40Ar-39Ar ages throughout this part of the lower
allochthonous domains typically fall between 970 and 1005 Ma,
whereas biotite and muscovite 40Ar-39Ar ages cluster around ca. 900 Ma
(Cosca, 1989). Compilation of these data indicate an extended period of
high
temperature
(~ 750–800 °C)
metamorphism
from
~ 1110–1040 Ma, followed by relatively slow cooling (~ 5 °C/Ma) to
~ 500 °C by ca. 985 Ma and even slower cooling (~ 2 °C/Ma) to
~ 300 °C by 900 Ma (Fig. 1c; Cosca, 1989).
Within the titanite-rich metabasite outcrop studied here, the primary maﬁc assemblage contains abundant leucosome, both interstitial
to the garnet-clinopyroxene assemblage (Fig. 2) and as medium- to
coarse-grained veins or pools locally forming interconnected networks.
The leucosome veins have abundant cm-scale hornblende (sensu lato)
megacrysts studded with abundant garnet inclusions, mm-scale titanite
crystals, and locally abundant coarse-grained scapolite (Marsh and
Kelly, 2017). Titanite crystals commonly contain abundant very ﬁne- to
medium-grained mineral inclusions resembling the matrix assemblage
(Grt-Cpx-Hbl-Pl), and rarely contain small anhedral rutile inclusions.
The titanite is partially to completely mantled by an ilmenite and
clinopyroxene dominated symplectitic intergrowth, with abundant
apatite and locally plagioclase and biotite (Fig. 2). X-ray mapping of the
titanite crystals reveals systematic compositional zonation in Ti, Al, and
F, with crystal interiors typically poorer in Ti and correspondingly richer in Al and F (Marsh and Kelly, 2017).
Marsh and Kelly (2017) proposed a clockwise P-T path with peak
P = ~1.5 GPa at T = ~750 °C, followed by heating to supra-solidus
conditions (> 800 °C) and eventual cooling and decompression (Fig.
S1). The calculated stability ranges of the Ti-rich phases indicate that
titanite growth likely corresponded with resorption of clinozoisite and
rutile into an increasingly Ca- and Ti-enriched anatectic melt near peak
T conditions, with the clinopyroxene-ilmenite symplectite-forming
during titanite breakdown reactions following melt crystallization
during cooling to upper amphibolite facies conditions. Thus, the mineral associations and microtextural features apparently reﬂect these
evolving P-T-X conditions and associated melting, grain- to outcropscale melt migration, and melt crystallization.
Detailed investigation of the titanite crystals using high-contrast
backscattered electron (BSE) imaging exposed a number of intracrystalline features, each commonly associated with speciﬁc microstructural settings (Fig. 3). The main feature types include: (1) localized
networks of irregularly-shaped polygonal subgrains up to a few ten of
microns across, with bright boundaries ~ 1–2 μm thick resembling recrystallization fronts (Fig. 3g, h). These subgrain networks are commonly observed where titanite is in contact with the plagioclase ± Kfeldspar matrix where no symplectite corona is present, as well as in
some (but not all) areas that have been replaced by the symplectite; (2)

3. Zircon U-Pb geochronology and trace element composition
U-Pb geochronology and trace element analysis of GB149 zircon
was conducted by LA-ICP-MS split-stream analyses in order to establish
a chronological framework for the metamorphic evolution of the metabasite and the evaluation of titanite U-Pb systematics. Details on the
analytical methods and processed U-Pb and trace element data are
presented in the Supplementary materials (Tables S1 & S2).
Both of the samples analyzed from GB149 (one leucosome- and titanite-bearing and one leucosome- and titanite-free) yield nearly
identical results, and were thus combined for the following discussion.
Crystal interiors and rims each form distinctive populations on the
Concordia diagram (Fig. S2a, b). Interior domains deﬁne a linear discordant array with upper intercept of 1442 ± 12 Ma and a poorlyconstrained lower intercept of 336 ± 240 Ma. Rim domains are largely
concordant, and deﬁne an upper intercept of 1087 ± 15 Ma with a
similarly poorly-constrained lower intercept of 259 ± 380 Ma. A
weighted average 207Pb/206Pb age of 1099 ± 6 Ma (MSWD = 1.02)
was calculated from 45 of the 53 rim domain analyses, with eight
analyses excluded due to extreme discordance or high uncertainty. The
region of overlap between upper intercept and 207Pb/206Pb weighted
average, 1093–1102 Ma, is taken as the best estimate of the zircon rim
age.
Zircon interior and rim domains also have distinctive trace element
compositions (Fig. S2c–f). Interior domains typically have higher total
REE (avg = 323 ± 206 ppm (all trace element uncertainties are 1σ)),
stronger negative europium anomaly (avg Eu/Eu* = 0.72 ± 0.18),
and greater heavy REE enrichment (avg YbN/GdN = 53 ± 29),
whereas rim domains typically have lower total REE (avg = 55 ± 71
ppm), highly-variable but generally weaker negative europium
anomaly (avg Eu/Eu* = 0.84 ± 0.28), and smaller heavy REE enrichment (avg YbN/GdN = 13 ± 12). Th/U are typically much higher
in interior domains (avg = 0.68 ± 0.19) compared with rim domains
(avg = 0.13 ± 0.17), whereas Hf concentration are typically lower
and more uniform in interior domains (avg = 0.63 ± 0.08 wt%)
compared with the more variably enriched rim domains
(avg = 0.97 ± 0.17 wt%). The trace element compositions of the interior domains are typical of zircon crystallized in intrusive igneous
rocks (e.g. Hoskin and Schaltegger, 2003), and indicate that the
1442 ± 12 Ma age represents the timing of protolith formation for this
locality. Conversely, the low total REE and Th/U of rim domains is
more typical of zircon formed during metamorphic (re)crystallization
(e.g. Hoskin and Schaltegger, 2003; Rubatto et al., 2009; Marsh and
Stockli, 2015), with the general lack of negative europium anomaly and
4
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Fig. 3. Backscattered electron (BSE) images of titanite microstructures in GB149 samples. (a–c) “Normal”-contrast images showing titanite crystals in contact with coarse-grained
hornblende, interstitial plagioclase, and clinopyroxene-ilmenite symplectite coronas. (d–i) High-contrast images showing various internal microstructures within titanite crystals deﬁned
by high brightness resulting from local trace element enrichment. Main features include: polygonal subgrains with bright boundaries (inferred recrystallization fronts) spatially associated
with adjacent plagioclase, thin overgrowths spatially associated with adjacent clinopyroxene (Cpx2) and hornblende, spaced curved lines perpendicular to grain boundaries (inferred
healed microfractures) spatially associated with adjacent plagioclase, and patchy to uniformly gradational zones (resembling diﬀusive inﬂux).

in relation to 238U/206Pb, with most spots closely approaching the
Concordia, indicating that the contribution of Pb0 to the total Pb isotopic composition is low (206Pb0/206PbT = 0.04–0.12). Linear regression through the data indicate strongly radiogenic Pb0 values for both
samples, with y-axis intercepts of 0.503 ± 0.045 for GB149A and
0.604 ± 0.048 for GB149B, providing data-deﬁned initial 207Pb/206Pb
values (207Pb0/206Pb0). Regression line lower intercepts yield U-Pb ages
of 1042 ± 9 Ma (MSWD = 1.2; 2σ uncertainty) for GB149A and
1052 ± 8 Ma (MSWD = 1.4) for GB149B, and a combined age for all
GB149 analyses of 1048 ± 6 Ma (MSWD = 1.4). Chondrite-normalized REE plots display relatively uniform MREE-enriched, HREE-poor
trends for all crystals in both samples (Fig. 4c), with few spots from
most crystals showing REE enrichment (see below).

low HREE enrichment suggesting that the 1093–1102 Ma rim domains
(re)crystallized within a garnet-stable, plagioclase and/or melt-free
(eclogite-type) assemblage (Rubatto, 2002; Rubatto and Hermann,
2007; Marsh and Culshaw, 2014).
4. Titanite U-Pb geochronology and trace element composition
Titanite crystals were analyzed in-situ from polished thin sections
cut from samples containing (1) a large, megacrystic hornblende within
a non-foliated garnet-clinopyroxene assemblage (GB149A) and (2) a
moderately foliated, hornblende-poor, garnet-clinopyroxene assemblage, with a higher proportion of leucosome (149B; Fig. 2). LA-ICP-MS
split-stream analyses were completed along eight linear traverses across
seven crystals (ﬁve from GB149A and two from GB149B). In order to
evaluate the U-Pb and trace element systematics of the large titanite
crystals, and potential intracrystalline U-Pb variability, the data were
treated both in aggregate (i.e. combining all analyses within each
sample) and within individual traverse segments (i.e. from crystal interior to margin). Details on the analytical methods and processed U-Pb
and trace element data are presented in the Supplementary materials
(Tables S3 & S4).

4.2. Intracrystalline U-Pb and trace element zoning
Within individual traverses, systematic intracrystalline spatial
variability in titanite U-Pb composition becomes more apparent. U-Pb
data from individual traverse segments deﬁne linear arrays in TeraWasserburg space; however, crystal interiors invariably have higher
Pb0/Pb* compared to their adjacent crystal margins (Fig. 5). Higher
Pb0/Pb* regions in the crystal interiors also have higher Al and lower Zr
and REE, with lower Al and higher Zr and REE concentrations correlating with more nearly concordant U-Pb compositions (Fig. S3). Uncorrected U-Pb dates for individual spots in traverse proﬁles generally
show systematic variation from core to rim, with old (≫ 1100 Ma) dates
in the crystal interiors and younger dates (ca. 1050–1090 Ma) along
crystal margins (Figs. 6 & 7). 207Pb-corrected U-Pb spot dates calculated

4.1. General U-Pb and trace element systematics
Tera-Wasserburg diagrams of uncorrected U-Pb data for all spots in
GB149A (n = 113) and GB149B (n = 95) yield linear discordant arrays
characteristic of a cogenetic population with variable initial Pb/radiogenic Pb ratio (Pb0/Pb*; Fig. 4a, b). 207Pb/206Pb are comparatively low
5
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uncorrected proﬁles, but at dates 40–60 Myr younger (Fig. 7). Crystals
with low regression 207Pb0/206Pb0 values show a clear correlation between the uncorrected U-Pb date, the calculated 206Pb0/206PbT (not
shown), and the measured 204Pb/206Pb and 208Pb/206Pb, with higher
values in the crystal centers and lower values along the margins.
For all crystals, the uncorrected U-Pb date proﬁles, 206Pb0/206PbT,
204
Pb/206Pb, and 208Pb/206Pb correspond closely with variations in Sr,
and to a lesser degree, Al concentrations. Th/U varies signiﬁcantly
across the crystals, typically with the lowest values in the crystal interiors and gradational to step-like increases to maximum values within
the crystal margins, whereas U is more uniformly low in crystal interiors with maximum values along the margins. In most crystals Th/U
proﬁles closely correspond with Nb and P concentration proﬁles, and
locally covary with 208Pb/206Pb through portions of crystal interiors
that typically contain the oldest uncorrected U-Pb dates. Neodymium
and Zr proﬁles are nearly identical to U, and share broadly similar
proﬁle characteristics with Th/U, Nb, and P with lowest concentration
in the crystal interiors.
Bivariate plots of 206Pb0/206PbT versus uncorrected 206Pb/238U spot
dates and selected trace element concentrations from GB149A further
display the relationship between U-Pb systematics and composition
(Fig. 8). 206Pb0/206PbT exhibit linear, positive correlations with uncorrected 206Pb/238U dates, Al, and Sr, with crystal interiors typically
having higher 206Pb0/206PbT, spot dates, Al, and Sr than the crystal
margins. The regression line x-intercept for 206Pb0/206PbT versus uncorrected 206Pb/238U spot dates (i.e. 206Pb0/206PbT = 0) yields a value
of 1039.6 Ma, nearly identical to the ages determined from regression
of U-Pb isotopic data in Tera-Wasserburg space (1042 ± 9 Ma). Conversely, Nd, Zr, and U do not show a linear correlation with
206
Pb0/206PbT. Each of these elements exhibit relatively uniform low
concentrations within the crystal interiors, spanning much of
206
Pb0/206PbT range (0.04–0.12), with higher concentrations in the
crystal margins restricted to very low 206Pb0/206PbT (0.02–0.04).
4.3. U-Pb and trace element characteristics of marginal microstructures
Viewing the marginal compositional variations within the context of
the microstructural features, as observed in high-contrast BSE imaging,
enables some clear associations to be established (Fig. 9). The bright
recrystallization fronts associated with polygonal subgrains coincide
with sharp, roughly two-fold increases in concentration of most heavy
trace elements, including U, Th, REE, and HFSE. Within the subgrains,
these trace element concentrations remain elevated proximal to the
recrystallization fronts, but trend toward lower values similar to those
within the crystal interiors over distances greater than ~25 μm
(Fig. 9d, h). Diﬀuse brightness gradients associated with the symplectite
coronas and marginal overgrowths also exhibit U, Th, REE, and HFSE
enrichment; however, the concentrations increase gradually toward the
crystal boundary commensurate with the brightness gradients and are
of more variable magnitude (typically less than two-fold increases;
Fig. 9h, l). In areas where both recrystallization fronts and diﬀuse
gradients exist, the concentration proﬁles exhibit irregular shapes, apparently reﬂecting superimposition of the two processes (Fig. 9f–h).
Fig. 4. (a & b) Tera-Wasserburg plots of uncorrected titanite U-Pb data for all spots in (a)
GB149A (n = 113) and (b) GB149B (n = 95). Linear regression of the data deﬁnes
Discordia with ordinate intercept (initial 207Pb/206Pb) of 0.503 ± 0.045 for GB149A and
0.604 ± 0.048 for GB149B. Discordia lower intercepts yield U-Pb dates of 1042 ± 9 Ma
for GB149A and 1052 ± 8 Ma for GB149B. (c) Chondrite-normalized REE plot for
GB149A (red) and GB149B (blue). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

5. Discussion
5.1. Timing of zircon and titanite growth
Field observations and micro-scale textural relations indicate that
titanite crystallized within leucosome-rich zones interstitial and adjacent to a garnet and clinopyroxene-dominated assemblage (Marsh and
Kelly, 2017). Phase equilibrium modeling for the metabasite bulk
composition shows that titanite crystallization is possible at intermediate- to high-pressure granulite-facies conditions in regions of local
Ca-enrichment, in this case associated with interactions with the calcic
interstitial melt (Marsh and Kelly, 2017). Zircon rim domains from

using the regression intercept 207Pb0/206Pb0 value for each sample yield
essentially unzoned proﬁles at dates between 1050 and 1020 Ma for
crystals with lower 207Pb0/206Pb0 (e.g. 0.439 in T6.1; Fig. 6), whereas
207
Pb-corrected U-Pb spot dates for crystals with higher 207Pb0/206Pb0
(e.g. 0.744 in T3.1; Fig. 7) have similarly shaped zonation patterns to
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Fig. 5. Intracrystalline spatial variability in titanite U-Pb composition. (a) Backscattered electron (BSE) image showing LA-ICP-MS traverse 6.1 across titanite from GB149A (Fig. 2b). Spot
colors correspond with data points shown in b–e. (b & c) Tera-Wasserburg diagrams for left and right half of traverse shown in A, color-coded for the spot locations. Note higher Pb0/Pb*
in the grain interiors compared to the grain margins. (d) BSE image showing LA-ICP-MS traverse 3.1 across titanite from GB149B (Fig. 2f). (e & f) Tera-Wasserburg diagrams for lower and
upper half of traverse shown in d.

et al., 2014). However, high-contrast BSE images of GB149 titanite do
not exhibit obvious zoning patterns through the crystal interiors, with
essentially uniform U, Th, REE, and HFSE concentrations (near their
minimum values). Conversely, elements such as Sr and Al do show
decreasing core-rim concentrations in the crystal interiors that closely
resemble the Pb0-related zonation.
The spatial variation in 206Pb0/206PbT, indicates that titanite crystal
interiors have higher Pb0/Pb* than outer portions. To some degree this
variation reﬂects the higher U concentrations along the crystal margins
(> 100 ppm); however, the decreasing 206Pb0/206PbT (from their
maximum values) within the uniformly low U crystal interiors
(Figs. 6–8) suggests progressively decreasing Pb0 uptake during growth.
The strong positive correlation between 206Pb0/206PbT and uncorrected
206
Pb/238U dates is consistent with the interpretation that intracrystalline U-Pb age zonation reﬂects mixing of Pb* with spatially
variable concentrations of Pb0 (Fig. 8), as opposed to diﬀusional Pb-loss
from the crystal margins. This inference is strengthened by the positive
correlation between 206Pb0/206PbT and Sr concentrations, as discussed
below. The magnitude of Pb0 uptake during growth could potentially
have been controlled by some combination of the following factors: (1)
temporal variations in the breakdown of proximal Pb-bearing precursor
minerals, (2) slow Pb diﬀusivity in the matrix relative to titanite growth
rate (i.e. Rayleigh distillation), or (3) changing partitioning of Pb between titanite and an evolving interstitial melt. Experimentally-determined partition coeﬃcients between titanite and dacitic melt suggest
that trace element uptake should be strongly inﬂuenced by the major
element composition of the melt (Prowatke and Klemme, 2005).
However, for most melt compositions investigated Pb should partition
more readily into titanite (DTtn/melt = 0.87) than U (DTtn/melt = 0.14)
and Th (DTtn/melt = 0.28), suggesting that diﬀerential titanite-melt
trace element partitioning played an important role in controlling the
composition of crystal interiors (Fig. 10).
The positive correlation between Pb0 and Sr across the entire range
of concentrations suggests a similar substitution mechanism into the
sevenfold Ca-site (Frost et al., 2000), which is consistent with the nearly
identical ionic radii and isovalence of Sr and Pb2 +. The weaker positive
correlation between Pb0 and Al indicates that substitutions involving Al

these samples have trace element compositions consistent with growth
or recrystallization in a garnet-stable, plagioclase and/or melt-poor
assemblage, suggesting that the 1093–1102 Ma U-Pb age corresponds
with the garnet-clinopyroxene-rutile assemblage that predates the titanite-producing, melt-present assemblage. This interpretation is
strengthened by similar zircon ages and REE compositions determined
for other leucosome-poor high-pressure metabasites in the CGB
(Ketchum and Krogh, 1998; Marsh and Culshaw, 2014), the formation
of which is presumably associated with an episode of relatively cold
(< 750 °C) thickening prior to the regional high-temperature metamorphism associated with the “Ottawan” phase (ca. 1080–1030 Ma) of
the Grenville orogeny (Culshaw et al., 1997; Rivers et al., 2002).
The low 206Pb0/206PbT of the investigated titanite indicates that the
U-Pb isotopic composition is dominated by in-grown radiogenic Pb, and
the lack of signiﬁcant lateral dispersion in 238U/206Pb suggests that Pb
loss was minor relative to analytical precision, justifying an assumption
of (near) concordance for the radiogenic portion of the U-Pb system. In
light of these characteristics we interpret the 1048 ± 6 Ma age from
the unconstrained linear regression intercept to represent the age of
titanite growth, indicating that high-pressure granulite-facies metamorphism (~ 825–850 °C) and leucosome crystallization occurred
~ 45 Myr after formation of the primary garnet-clinopyroxene eclogite
assemblage. This timeframe is consistent with the 1047 ± 5 Ma age of
granulite-facies metamorphism inferred for the widely-distributed coronitic metagabbros (Davidson and van Breemen, 1988), as well as the
1046–1063 Ma zircon and monazite ages from syntectonic pegmatite
within the superjacent Huntsville domain to the south (Nadeau, 1990).
5.2. Primary titanite growth
5.2.1. Compositional zoning and uptake
Systematic core to rim variation and correlation between U-Pb and
trace element composition in GB149 titanite is apparent from TeraWasserburg topology and traverse proﬁles for each crystal. Trace element zoning is common in titanite crystallized in melt-present environments, typically with highest REE and HFSE concentrations in the
cores and decreasing toward the rims (e.g. McLeod et al., 2011; Bruand
7
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Fig. 6. U-Th-Pb and selected trace element composition across GB149A titanite traverse 6.1, shown on aluminum (Al) map in upper left panel. Uncorrected 206Pb/238U dates are shown in
dark gray, and 207Pb-corrected dates calculated using the linear regression upper intercept are shown in white (207Pb/206Pb = 0.439). Horizontal gray bands represent zircon rim
Discordia intercept (1087 ± 15 Ma) and 207Pb/206Pb weighted average (1099 ± 6 Ma) ages with 2σ uncertainty. Measured 204Pb/206Pb, 208Pb/206Pb, Th/U ratios, and U, Al, Sr, Nd, Zr,
Nb, and P concentrations are shown for the same transect.

coupled during titanite growth.

in the octahedral (Ti) site varied similarly to those controlling Pb uptake. Crystal-chemical factors associated with increased Al concentration in titanite would tend to disfavor the incorporation of Sr, suggesting that local availability or ﬂuid/mineral buﬀering may be more
likely to inﬂuence relationships between Al and Sr (and Pb) uptake (e.g.
Lucassen et al., 2011). The uniformly low concentrations of U, Th, REE
and HFSE across crystal interiors do not correlate with the systematic
Pb0, Sr, or Al zoning, indicating that uptake of these elements was not

5.2.2. Potential initial Pb sources
The low average 207Pb0/206Pb0 value (0.561 ± 0.034) deﬁned by
linear regression of all analyses indicates that the Pb0 incorporated into
titanite during growth was highly radiogenic compared with the 0.916
value predicted by the Stacey and Kramers (1975) Pb-evolution model
for 1050 Ma. However, inspection of the 207Pb0/206Pb0 value calculated
8
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Fig. 7. U-Th-Pb and selected trace element composition across GB149B titanite traverse 3.1, shown on aluminum (Al) map in upper left panel. Uncorrected 206Pb/238U dates are shown in
dark gray, and 207Pb-corrected dates calculated using the linear regression upper intercept are shown in white (207Pb/206Pb = 0.744). Horizontal gray bands represent zircon rim
Discordia intercept (1087 ± 15 Ma) and 207Pb/206Pb weighted average (1099 ± 6 Ma) ages with 2σ uncertainty. Measured 204Pb/206Pb, 208Pb/206Pb, Th/U ratios, and U, Al, Sr, Nd, Zr,
Nb, and P concentrations are shown for the same transect.

melts are likely to have heterogeneous and strongly radiogenic Pb
compositions, due to a higher degree of melting and assimilation of
accessory minerals (e.g. Hogan and Sinha, 1991; Waight and Lesher,
2010). Thus, the leucosome found throughout the GB149 outcrop appears to have been isotopically-heterogeneous, likely resulting from
spatially variable dissolution of U- and Th-bearing minerals into the
melt prior to titanite crystallization.
Although U and Th are both incompatible, their partitioning into

for individual crystals, which ranges from 0.439 to 0.744, demonstrates
that the Pb0 composition was variable within the volumes captured in
the two thin sections. Radiogenic Pb isotopic compositions are typically
associated with growth from a local geochemical reservoir inﬂuenced
by the breakdown of U- or Th-rich precursor minerals, from which
signiﬁcant Pb* was released (Romer, 2001; Romer and Siegesmund,
2003). Quantitative petrological models and ﬁeld based-studies have
shown that high-temperature (metaluminous to peralkaline) crustal
9
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Fig. 8. Plots showing 206Pb0/206PbT versus uncorrected 206Pb/238U spot dates and trace element composition for GB149A. 206Pb/238U spot dates, Al and Sr show positive correlations with
U-Pb dates, with x-intercept (206Pb0/206PbT = 0) of 1039.6 Ma falling close to the pooled age determined from Tera-Wasserburg regression lower intercept (1042 ± 9 Ma). Nd, Zr, and U
concentrations do not correlate with U-Pb dates in grain interiors, exhibiting essentially uniformly low concentrations, with high concentration along the margins trending toward
younger uncorrected 206Pb/238U spot dates.

titanite relative to a silicate melt or ﬂuid should be roughly equal (or
moderately Th-favored; e.g. Tiepolo et al., 2002; Prowatke and
Klemme, 2005), suggesting the low Th/U in the GB149 titanite interiors
(< 0.2) results from growth in a Th-depleted, U-enriched environment.
Radiogenic Pb-producing minerals common in crustal rocks include the
low Th/U minerals rutile and zircon, and variable to high Th/U minerals allanite, apatite, monazite, and xenotime. Petrographic analysis
from GB149 shows abundant rutile and clinozoisite, and minor zircon
included in garnet porphyroblasts, and abundant zircon in the matrix.
The lack of rutile and clinozoisite in the matrix indicates that these
eclogite-facies minerals must have been consumed in the interstitial
melt prior to or during the titanite-producing reactions, and thus likely
contributed to U-Th-Pb systematics of the reservoir (Fig. 10). Small
(~ < 20 μm) anhedral rutile are observed within titanite in a few locations, indicating direct replacement and U-Th-Pb inheritance from
the precursor rutile by titanite in some locations. Clinozoisite consumption in the titanite-forming reactions also may be represented by
the high Sr and Al concentrations in the crystal interiors. Among the
higher Th/U minerals, breakdown of the phosphates apatite, monazite,
and xenotime would likely generate local enrichment of slow-diﬀusing
P at the reaction site. X-ray maps and spot traverses do show distinct
areas of P enrichment within the titanite, and a good correlation exists
between Th/U and P (Figs. 6 & 7). Thus, the dissolution of a phosphate
mineral into the melt likely contributed to the U-Th-Pb systematics of
titanite interiors as well.

et al., 1991; Cherniak, 1993, 2006; Watson and Cherniak, 2015). The
degree to which each of these processes may have been active in the
investigated samples is evaluated below.
5.3.1. Recrystallization/dissolution-precipitation
The bright bands that deﬁne the edges of polygonal subgrains
within titanite from both samples appear to record a recrystallization
process, with the trace element enriched bands possibly representing
the inboard edge of a migrating subgrain (i.e. recrystallization fronts).
Although titanite crystals in GB149B are aligned with their long axis
parallel to the weakly developed foliation, GB149A exhibits no discernable foliation and titanite are clustered with no preferred orientation. Furthermore, none of the investigated titanite exhibit petrographic
evidence for crystal-plastic deformation (i.e. no sweeping extinction or
deformation-related microstructures), and EBSD maps show < 5° lattice misorientation within the analyzed crystals and no spatial association between lattice misorientation and most of the observed subgrains. Thus, it appears more likely that a chemically-driven
recrystallization or dissolution-precipitation process is responsible for
the observed subgrains and associated marginal compositional variations.
The clear microstructural association of the investigated subgrains
with adjacent matrix feldspar (plagioclase with minor K-feldspar),
suggests that their formation is related to interaction with the interstitial melt, presumably late in the crystallization process. Subgrains are
also found adjacent to the clinopyroxene-ilmenite symplectite coronas
in some areas; however, the observation of subgrains in areas lacking
coronas, and the absence of subgrains in titanite adjacent to coronas in
some areas, indicates that the subgrains are not genetically related to
the symplectite-forming reaction.
In magmatic and ﬂuid-rich environments, titanite dissolution and
re-precipitation is common (e.g. Lucassen et al., 2011; McLeod et al.,
2011; Bruand et al., 2014). Changes in temperature, pressure, or melt/
ﬂuid compositions may destabilize titanite and lead to dissolution, with
subsequent system evolution enabling regrowth as titanite again becomes saturated with respect to the interstitial melt/ﬂuid (Putnis,
2009). In this model for subgrain formation, the high trace element
concentrations along the recrystallization fronts could have resulted
from local trace element enrichment of the adjacent melt/ﬂuid (i.e.
released from the dissolved titanite), followed by trace element uptake

5.3. Modiﬁcation by post-crystallization processes
The clear spatial association between U, Th, REE, and Zr enrichment
and distinctive microstructural features observed along titanite margins
indicates that the composition of the crystals were locally modiﬁed
after initial growth. As with most minerals, titanite is susceptible to a
number of common physico-chemical process in magmatic and metamorphic environments, including: (1) solid-state “dynamic” recrystallization or crystal-plastic deformation in response to diﬀerential
stresses (Spencer et al., 2013; Bonamici et al., 2014), (2) dissolution and
regrowth (precipitation) within an intergranular ﬂuid or melt as conditions controlling its solubility evolve with time (e.g. Lucassen et al.,
2011, 2012; McLeod et al., 2011), and (3) intracrystalline diﬀusion of
ions that are mobile at the ambient environmental conditions (Mezger
10
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Fig. 9. Relationship between marginal microstructures and trace element composition in GB149 titanite. (a, e, i) BSE images showing locations of high-magniﬁcation images shown
below. Note yellow dashed box and ﬁgure label. (b–c, f–g, j–k) High-contrast BSE images showing locations of LA-ICP-MS spot analyses in bottom panels. Note color-coded shading of
spots and data points. (d, h, l) Trace element concentrations across LA-ICP-MS traverses show in top panels, with color-coded data points correlating with spots show in above panels. Nd
shown on left axis, Zr and U shown on right axis. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

U and Th is available from this study, titanite would be expected to
incorporate U and Th from a late crystallizing melt/ﬂuid over the adjacent hornblende.

into titanite during regrowth. This model is consistent with the high
equilibrium titanite/melt partition coeﬃcients for REE and HFSE (e.g.
Tiepolo et al., 2002; Prowatke and Klemme, 2005). However, the high
concentrations of the incompatible U and Th as well as REE and HFSE,
and the return of all trace element concentrations to lower values
within the subgrain interiors, suggests that uptake was largely driven by
local enrichment along a thin boundary layer and may not have followed equilibrium partitioning.
The thin (bright) titanite overgrowths observed adjacent to large
hornblende crystals are also suggestive of precipitation from a locallytrace element-enriched melt/ﬂuid. Experimental studies of REE and Zr
partitioning between hornblende and dacitic melt are roughly an order
of magnitude less than for titanite and dacitic melt (Sisson, 1994).
Subsolidus titanite-hornblende REE and Zr partitioning determined
from retrogressed eclogite yield similar titanite-favored partitioning
coeﬃcients (Sassi et al., 2000). Although no data on the partitioning of

5.3.2. Intracrystalline diﬀusion
Although the data presented here lack the spatial resolution and
precision (for U-Pb data) required to quantitatively evaluate elemental
diﬀusivity, the general compositional correlations and proﬁle shapes,
and U-Pb isotope systematics, enable qualitative assessment of element
mobility within the titanite crystals during high-temperature residence.
5.3.2.1. Pb diﬀusion. The lack of resolvable dispersion in uncorrected
Pb/238U values in Tera-Wasserburg space and absence of near-rim
decreases in 207Pb0-corrected dates suggests that Fickian-type Pb-loss
was not signiﬁcant. Furthermore, 204Pb/206Pb and 206Pb0/206PbT have
nearly identical proﬁles to Sr - an element with roughly four orders of
206
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Fig. 10. Conceptual model for trace element uptake and
modiﬁcation in titanite. Upper panel shows initial titanite
growth in anatectic melt near peak T conditions (inset P-T
diagram), with clinozoisite, rutile, and U-Pb accessory minerals (e.g. apatite and zircon) partially dissolved into the
melt. Middle panel shows titanite recrystallization/dissolution-precipitation associated with varying solubility in
an evolving melt. Lower panel shows titanite resorption
associated with clinopyroxene-ilmenite symplectite formation during cooling and decompression (see inset) where
melt
has
mostly
crystallized
to
form
the
Pl ± Scp ± Kfs ± Qz leucocratic matrix. In middle and
lower panels, white lines and shading represent high trace
element concentrations associated with the depicted processes. P-T paths in inset based on the petrogenetic evolution of the GB149 samples from Marsh and Kelly (2017).

recrystallization fronts, but have proﬁle shapes similar to those
generated by Fickian-type diﬀusion (Fig. 9). Variable magnitudes and
length scales of trace element enrichment and the absence of
correlations with corona widths or modal proportion of adjacent
minerals, suggests that diﬀusive inﬂux was heterogeneous and
potentially complicated by additional physico-chemical processes.
Based on experimental data of Cherniak (1995, 2006), the ~25 μm
average length scale of apparent diﬀusive trace element inﬂux is
compatible with linear cooling from 800 to 700 °C (i.e. avg.
T = 750 °C) over ~1 Myr for Zr and ~ 24 Myr for Nd in oxidizing
conditions (annealed in air). However, Nd diﬀusion at the reduced
conditions that tend to favor the clinopyroxene-ilmenite symplectite
forming reaction (e.g. Xirouchakis and Lindsley, 1998; Harlov et al.,
2006) is implausibly slow, reaching 25 μm length scales in ~2 Byrs.
Alternatively, the titanite consuming, symplectite-forming, reaction
may not have been driven by changing fO2, but instead by decreased
aH2O or changing P-T conditions (Frost et al., 2000; Xirouchakis et al.,
2001), leaving Nd diﬀusion over tens of micrometers over 25 Myr
timeframes as a possibility. Although there is no published data estimating U diﬀusivity in titanite, based on experimentally-derived values
for apatite and zircon (Cherniak, 2010) U is expected to be essentially

magnitude slower diﬀusivity than Pb in the experiments of Cherniak
(1993, 1995) - consistent with Sr and Pb having experienced similar
length scales of diﬀusion in these samples. Based on the published Pb
diﬀusion parameters (Cherniak, 1993), complete re-equilibration of the
titanite U-Pb system is predicted over length scales of hundreds of
micrometers for rocks cooling from 800 °C at a rate of ≤ 10 °C/Myr
(Watson and Cherniak, 2015). The titanite studied here mostly have
radii of < 0.5 mm and crystallized at temperatures in excess of 800 °C,
with the thermal peak followed by slow cooling (~ 5 °C/Myr) through
the hornblende 40Ar/39Ar closure temperature (~ 500 °C; Cosca, 1989)
~ 50–80 Myr later (Fig. 1c). Our results support slow Pb diﬀusivity in
titanite, even at high temperature conditions, as has been proposed in a
number of recent studies (Kohn, 2017 and references therein). The
speciﬁc mechanisms controlling Pb diﬀusivity are not elucidated from
this study; however, we speculate that limitations on the rate of Pb
diﬀusion may result from complex coupled substitutions, potentially
involving the slower diﬀusing Sr and/or REE in the seven-fold Ca site.

5.3.2.2. U, REE, and Zr diﬀusion. The diﬀuse brightness gradients
associated with the symplectite coronas and marginal overgrowths
exhibit U, Th, REE, and HFSE enrichments similar to the thin
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immobile with regards to volume diﬀusion, even at unreasonably long
high-temperature residence.
One factor that may have enhanced the diﬀusive inﬂux adjacent to
the symplectite coronas (i.e. enabling diﬀusive-like proﬁles for U), is
the inward-moving titanite boundary. As the titanite-consuming reaction proceeds, the liberation of trace elements should produce high
concentrations along the boundary, with almost all trace elements of
interest having a higher aﬃnity for titanite than the product phases
(with the exception of HFSE potentially having an equal or higher afﬁnity for ilmenite). This should set up steep concentration gradients,
providing a large potential for driving inward diﬀusion. Another possibility to consider is that the diﬀusive transport of the trace elements
may have been enhanced by fast diﬀusion pathways generated during
the recrystallization process (Putnis, 2009). The melt/ﬂuid-present
dissolution-precipitation process that appears to have aﬀected the titanite crystals may have generated micro-porosity within the newly
precipitated material near the reaction front (Putnis, 2009). Thus subgrains formed during earlier dissolution-precipitation reactions may
have higher permeability enabling enhanced chemical transport from
the crystal boundary, as has been observed in experiments of titanite
replacing rutile in the presence of aqueous ﬂuids (e.g. Lucassen et al.,
2012), possibly resulting in the wispy bright bands observed within
many of the diﬀuse gradients. Microfracturing of the reactant ahead of
the symplectite-forming reaction front may have also occurred, now
represented by the short, bright lines extending into the titanite from
the crystal boundary (Fig. 9k). This process has been shown to be associated with pseudomorphic replacement by minerals of diﬀering
molar volume, and provides fast transport pathways for chemical
transport and localized reactions (Janssen et al., 2008; Putnis, 2009).
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2017.06.029.
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