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Constraining crystallization pressure and thus intrusion depth of granites in various geo-
dynamic settings remains challenging, yet important to further our understanding of
magma system and crustal evolution. We propose that titanite, which is a common
accessory in metaluminous and weakly peraluminous granites, can be used as a barometer
if it crystallized in magmatic, near-solidus conditions and in equilibrium with amphibole,
plagioclase, K-feldspar, quartz, biotite, and magnetite + ilmenite. Titanite Al;03 increases

K ds: . . . R .

eywords with pressure (P) according to: P (in MPa) = 101.66 x Al,0s3 in titanite (in wt%) + 59.013
Titanite > . . o ) L
Amphibole (R® = 0.83) with estimated uncertainties of ~+60 to ~+100 MPa for crystallization between
Barometer ~150 and 400 MPa. We highlight that the current calibration dataset is limited, and that
Pressure systematic experimental studies are needed to rigorously quantify the relation. The most
Granite important use of this empirical barometer will be for rocks in which amphibole is present

but significantly altered, or in combination with amphibole barometry, as titanite can be
easily dated by LA-ICP-MS.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/

).

1. Introduction cooling (e.g., Anderson et al., 2008; Bartoli et al., 2014;

Clemens and Wall, 1981; Dall’Agnol et al., 1999; Harlov et

Estimates on crystallization pressure for igneous sys-
tems provide key constraints on where in the crust magma
ponding takes place in a range of geodynamic settings
(Anderson et al., 2008; Blundy and Cashman, 2008; Scaillet
et al., 2016). Constraints on crystallization pressure for
granitic magma systems are based on phase-equilibrium
experiments, pressure-sensitive mineral assemblages and
their composition, and rarely on CO, and H,O contents of
fluid or melt inclusion studies, as fluid and crystallized melt
inclusion compositions typically get reset during slow
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al.,, 2013; Mutch et al., 2016; Scaillet et al., 1995, 2016).
Hornblende is the most commonly employed mineral
barometer for silicic plutonic systems, for which the Al
content increases with pressure, but also with other
intensive parameters, including temperature, oxygen
fugacity, and magma/melt/fluid composition (Anderson
and Smith, 1995; Erdmann et al., 2014; Hammarstrom
and Zen, 1986; Holland and Blundy, 1994; Hollister et al.,
1987; Johnson and Rutherford, 1989; Mutch et al., 2016;
Putirka, 2016; Schmidt, 1992; Zhang et al., 2017). Horn-
blende is thus a useful barometer, if the variation in
intensive parameters other than pressure is limited or well-
constrained, as is typically the case for amphibole crystal-
lized from granitic magmas in near-solidus conditions and
in equilibrium with a multiply saturated phase assemblage
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(e.g., Anderson and Smith, 1995; Hammarstrom and Zen,
1986, 1992; Mutch et al., 2016).

Like amphibole, titanite is known to incorporate
increasing amounts of Al with increasing pressure (Markl
and Piazolo, 1999; Oberti et al, 1991; Smith, 1981;
Tropper et al., 2002). The titanite Al content, however,
also varies with intensive parameters other than pressure,
mostly with magma, melt, rock, and/or temperature (e.g.,
Bernau and Franz, 1987; Carswell et al., 1996; Enami et al.,
1993; Markl and Piazolo, 1999). The thermobarometric
potential of titanite has been previously considered for
subsystems (Enami et al., 1993), but it has been questioned
where a large range of whole-rock/system compositions
was considered (Markl and Piazolo, 1999). We test here
if titanite crystallized from granites in magmatic near-
solidus conditions in rocks with the equilibrium assem-
blage of titanite—amphibole—biotite—quartz—plagioclase—K-
feldspar—magnetite + ilmenite may be a useful barometer
in a similar fashion as existing Al-in-hornblende solidus
barometers, i.e. in cases in which variation in intensive
parameters other than pressure (e.g., temperature,
composition) was limited during its crystallization. Titanite
could provide barometric constraints in addition to
amphibole and for rocks in which amphibole is significantly
altered. Titanite, moreover, has the advantage that it
can be easily and accurately dated by LA—ICP—MS (Storey
et al.,, 2006; Sun et al., 2012), and that it has been devel-
oped as a metallogenetic indicator (Pan et al., 2018; Xie
et al., 2010).

2. Data and methods

We use a combination of new and published composi-
tional data and petrographic observations for titanite,
amphibole, and plagioclase from nine granitic intrusions as
summarized in Supplementary Tables 1 and 2. We high-
light that most granites comprise titanite, which is inter-
preted to have crystallized from sub-solidus fluids (the so-
called “hydrothermal titanite”) in addition to titanite
crystallized in magmatic conditions. The hydrothermally
crystallized titanite typically forms irregular rims on
magmatic crystals or unzoned, interstitial crystals (Fig. 1).
The hydrothermally crystallized zones are characterized by
high-F and/or Cl and low Fe;03 and Zr contents (e.g., see
also Aleinikoff et al., 2002; Broska et al., 2007; Che et al.,
2013; Xie et al., 2010), which are easily identified in back-
scattered electron imaging mode and/or through electron
microprobe analysis. The composition of any hydrothermal
titanite has been excluded from our dataset, and such
compositions also have to be identified and excluded in
studies considering the Al-in-titanite barometric relation
that we propose.

We first use amphibole and +plagioclase compositions
to independently estimate the crystallization temperature
and pressure for the nine considered granite intrusions. We
then use the estimated amphibole crystallization pressures
to evaluate titanite's Al compositional variation as a func-
tion of the magmatic crystallization pressure. We have
taken this approach as accurate compositional data for
titanite experimentally crystallized in granitic systems in
magmatic near-solidus conditions are not available to date.

The main reason for this is that titanite crystallized in such
conditions is typically <2—5 pm in maximum dimension,
resulting in contaminated compositional analyses.

We have determined titanite, amphibole, and plagio-
clase compositions for crystals from the Shipi, the
Guposhan, and the Qiatianling plutons of southeast China,
and for two unnamed intrusions on Melville Peninsula,
Nunavut, northern Canada. Published data for the Qitian-
ling and the Guposhan intrusions from Xie et al. (2010) and
Wang et al. (2013) are also considered. Published data that
we have used in addition are for titanite, amphibole, and
plagioclase from the Mount Princeton batholith, Colorado,
United States (data from Ackerson, 2010; Toulmin and
Hammarstrom, 1990), from the Tuolumne batholith, Cali-
fornia, Unites States (Half Dome and Cathedral Peak units;
data from Solgadi, 2010), from the Soultz-sous-Foréts
pluton, Alsace, France (data from Stussi et al., 2002), and
from the Avro granite, Aspd, Sweden (data from Morad
et al, 2009). These four intrusions were considered to
supplement our data, as their geology and petrology are
described in sufficient detail, as we were able to find the
compositional data that are necessary for our evaluation,
and as they have crystallized at pressures where our data
are limited. We did not consider granitic systems, if we
were uncertain if amphibole and/or titanite were in equi-
librium (e.g., Mesquita et al.,, 2018), or if we suspected
partial hydrothermal alteration of magmatic crystals (e.g.,
Fe-poor and F-rich compositions reported by Enami et al.,
1993). We have classified whole-rock compositions of the
considered samples according to Fe* (Fe!®!/[Fe0%™ + MgO]),
molar Na;O + Ky;0—CaO, and ASI (molar Al/
[Ca—1.67P + Na + K]), following Frost et al. (2001) (Fig. 2).
The mineral abbreviations used are those of Whitney and
Evans (2010). Reported titanite compositions are compo-
sitions of magmatic crystal cores. In our samples and where
they have been described in detail, titanite typically shows
small-scale oscillatory zoning and limited core-rim zoning.
Following others, we show Fe as Fe,03 (total), given that
most Fe in titanite is present as Fe>* (Enami et al., 1993;
King et al., 2013; Oberti et al., 1991). Amphibole crystals
in our samples, and where they have been described in
detail, are also mostly unzoned (Fig. 1a, b), except for some
crystals that show evidence of alteration, and we have
therefore focussed on presenting magmatic core composi-
tions in the figures and tables.

We have calculated amphibole stoichiometry based on
23 oxygens for the thermometric and barometric calcula-
tions as required by the different calibrations. The amphi-
bole crystallization pressure was determined using the Al-
in-hornblende barometer of Mutch et al. (2016), which is
applicable to granite bulk compositions (sensu lato) from
which amphibole has crystallized between ~80 and 1000
MPa. The calibration has the largest database of all
currently available amphibole barometers for granitic sys-
tems, including data from previous calibrations. It has an
estimated uncertainty of +16%, using the hornblende Al
(total) content as the only input parameter, but also re-
quires amphibole crystallization at 725 + 75 °C, and equi-
librium with plagioclase (An15-80)—biotite—quartz—K-
feldspar—ilmenite/titanite—magnetite and a H,O-rich fluid
(Xg20 > ~0.9). All our considered samples have the
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Fig. 1. Backscattered electron (BSE) images showing typical (a,b) magmatic amphibole, and (c,d) magmatic and hydrothermal titanite crystals and crystal zones.
(a) Euhedral, largely unzoned single amphibole crystal, and (b) euhedral-subhedral cluster of largely unzoned amphibole and biotite crystals in the Qitianling
granites. (c) Typical euhedral, oscillatory-zoned magmatic titanite crystal (pink label) from the Shipi intrusion with thin, <50 um wide, irregular rim of hy-
drothermal titanite (green labels). The hydrothermally crystallized rim, which is notably absent in contact with magmatic plagioclase and magnetite, is char-
acterized by a relatively dark BSE response. (b) Interstitial, largely unzoned hydrothermal titanite (green label) from the Guposhan intrusion with an apparent
inclusion of a euhedral, magmatic titanite crystal (pink label and outline), which is likely the tip of a larger crystal. Amp = amphibole; Ttn = titanite;
Pl = plagioclase; Kfs = K-feldspar; Bt = biotite; Mag = magnetite; Ilm = ilmenite; Chl = chlorite.

appropriate mineral assemblage for applying the barom-
eter. The presence of amphibole records that melt H,O
contents were >4 wt% at least in near-solidus conditions
(e.g., Dall’Agnol et al,, 1999; Huang et al., 2019). That Xy, of
the systems was >0.9 is possible (probable), as we have no
evidence of abundant CO; in the studied systems, but even
a relatively low Xy, of ~0.75 has no effect on the calculated
pressure beyond the uncertainty of the method (cf. Mutch
et al.,, 2016).

Amphibole crystallization temperatures were calcu-
lated using the amphibole equation 5 and equation 6
thermometers of Putirka (2016) and the amphibole—
plagioclase thermometer of Holland and Blundy (1994;
equation A for quartz-bearing equilibrium assemblages).
The two applied thermometers of Putirka (2016) have been
calibrated for igneous calcic amphibole. The equation 5
thermometer requires amphibole Si, Ti, Fe, and Na
composition as input; the equation 6 thermometer also
requires a pressure estimate, for which we have used the
calculated amphibole pressures. The range of application is
not explicitly defined for the thermometers, while both
calibrations are inferred to have standard errors of ~+50 °C.
The Holland and Blundy (1994) amphibole—plagioclase
equation A thermometer was formulated for estimating
crystallization temperatures between 400 and 900 °C, for a
wide range of amphibole and whole-rock compositions,
and at an estimated uncertainty of +40 °C. Input parame-
ters are amphibole Si, Al, Fe, Mg, Ca, Na, and K composition,

plagioclase An content, and pressure, for which we have
used the values calculated using the Mutch et al. (2016)
calibration. The thermometer requires Ca > 1.5 apfu,
Si = 6.0—7.7 apfu, AlY' < 1.8 apfu, Na > 0.02 apfu, and
plagioclase An < 90. Anderson and Smith (1995) suggest
that the thermometer should not be applied to amphibole
with calculated Fe3*/(Fe3*+Fe®*) < 0.20—0.25, estimated
on the basis of 23 oxygens. We stress that several of our
amphibole compositions have Fe*t/(Fe*++Fe®") < 0.20 (i.e.
all amphibole from the studied ferroan granites), for which
we have nevertheless calculated crystallization tempera-
tures, but only for a complete and critical discussion. We
also note that the calculated Fe** and Fe?" contents for
amphibole vary significantly depending on the stoichio-
metric model considered and on the abundance of
unquantified species (Hawthorne et al., 2012; Schumacher,
1997), and that the calculated values should therefore not
be quantitatively interpreted.

3. Geological context

The considered granites are from locations in China,
Canada, France, Sweden, and the United States. The Tertiary
Mount Princeton batholith (United States, Colorado) is
exposed over ~25 km x 35 km, forming a shallow, sub-
caldera intrusion at the northern end of the Southern
Rocky Mountain volcanic field (Lipman, 2007; Toulmin and
Hammarstrom, 1990). The Late Cretaceous Tuolumne
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Fig. 2. Whole-rock composition of samples from which titanite and amphibole compositions were considered (red and blue symbols, see legend for details),
granite (sensu lato) compositions from the GeoRoc database (green symbols), and the range of granite compositions from which amphibole has been used for the
calibration of the Mutch et al. (2016) Al-in-hornblende barometer (green field). (a,b) Classification diagrams of Frost et al. (2001) where AC = alkali-calcic,
CA = calc-alkalic, F = ferroan, and M = magnesian. All compositions were re-normalized to 100 wt% anhydrous. * Total iron calculated as FeO or Fe,0s,
respectively. Data for Mount Princeton are from Toulmin and Hammarstrom (1990), for Shipi from this study, for Tuolumne from Solgadi (2010), for Soultz-sous-
Foréts from Stussi et al. (2002), for Aspo from Drake et al. (2006), for Guposhan from Wang et al., 2014, for Melville from Erdmann et al. (2013), and for Qitianling

from Huang et al. (2019).

batholith (California, United States) is exposed over
~30 km x 50 km, emplaced into a basement of metasedi-
mentary and granitoid rocks (Bateman, 1992). The Mount
Princeton and Tuolumne granites formed from fraction-
ated, crustally-contaminated yet mantle-derived magmas
(Bateman, 1992; Johnson et al., 1990). The Paleoproterozoic
Aspd granites are exposed in a suite of diorites and
granites in southeastern Sweden (Drake et al., 2006;

Morad et al., 2009). The Carboniferous Soultz-sous-Foréts

monzogranites, which mostly have crustal sources but a
mantle-derived component, were emplaced into granitic
basement during the Varsican orogeny (Stussi et al., 2002).
The Shipi pluton (China, Fujian) comprises Jurassic (horn-
blende-free) granites and a small (~10 km x 20 km) stock of
Cretaceous, hornblende-bearing granites, which we have
characterized. The granites primarily represent crustally-
derived melts, but they also comprise a mantle-derived
melt component (Wang et al, 2016). The Jurassic
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Qitianling and Guposhan plutons crop out over
~50 km x 50 km in the Nanling Range of southeast China,
representing crustal melts with limited mantle input (Shu
et al, 2011; Wang et al., 2014; Zhao et al., 2005). The
Paleoproterozoic Melville granites (Canada, Nunavut) form
small-scale intrusions exposed over < 5 km? that are part of
a ~100—300-km-wide granite belt. They represent crustal
melts with no mantle input (Erdmann et al., 2013).

4. Results and discussion
4.1. Whole-rock compositions and petrography

The considered granites have compositions that
compare to those of granites worldwide (Fig. 2). They are
(1) magnesian, calc-alkalic to alkali-calcic, and metal-
uminous to peraluminous monzogranites; and (2) ferroan,
calc-alkalic to alkali-calcic, and metaluminous to per-
aluminous monzogranites (Fig. 2a, b). The SiO, content of
the magnesian and ferroan granites overlaps (Fig. 2a—d),
while the magnesian ones tend to lower SiO; and TiO», yet
to higher MgO, Al,03 and CaO (Fig. 2b—e) than the ferroan
granites. Most of the considered granite samples match the
compositions of granites from which amphibole composi-
tions have been used to calibrate the Al-in-hornblende
barometer of Mutch et al. (2016), with the exception of
the most TiO,-rich and the some relatively CaO-poor
ferroan granite samples (Fig. 2d, e).

All granites have the characteristic assemblage amphi-
bole—titanite—biotite—plagioclase—K-feldspar—quartz—
magnetite + ilmenite (our data; Erdmann et al., 2013; Morad
et al., 2009; Solgadi, 2010; Toulmin and Hammarstrom, 1990;
Wang et al,, 2014, Supplementary Table 1), where amphi-
bole and titanite form subhedral to euhedral phenocrysts
(Fig. 1). Amphibole is largely unzoned, showing composi-
tional core plateau zones (Fig. 1a, b), while crystals locally
show patchy zoning and low-temperature alteration to
chlorite (our observations; Solgadi, 2010; Stussi et al., 2002;
Toulmin and Hammarstrom, 1990). Amphibole replacement
by biotite or titanite, in contrast, is not observed (Fig. 1a, b)
or described in the literature examples. Some titanite crys-
tals show sector zoning in their cores, while most crystals
are largely unzoned (our observations; Ackerson, 2010),
except for fine-scale oscillatory zoning (Fig. 1c). Largely
unzoned, hydrothermally crystallized titanite is variably
present (Fig. 1c, d), but was excluded from our analyses and
considerations.

4.2. Amphibole composition and crystallization conditions

All amphibole from the considered samples is calcic,
with magnesiohornblende composition in the magnesian
granites and with ferroedenite to hastingsite composition
in the ferroan granites (Supplementary Table 1; Fig. 3,
following the classifications of Leake et al. (1997) and Frost
et al. (2001)). Amphibole from the magnesian granites has
lower Al»03, TiO,, and +NayO (Fig. 3a—c) yet higher SiO,
and Xy (Fig. 3d) than amphibole from the ferroan granites.
The higher Xug and lower TiO of amphibole from the
magnesian granites as compared to the ferroan granites
mirror the whole-rock compositional differences (Figs. 3b,

d versus 2b, d), while the low Al;03 content of amphibole
contrasts with the high Al,O3 contents of the magnesian
whole rocks (Figs. 3a versus 2c). The calculated Fe3*/
(Fe** + Fe®*) values are higher for amphibole from the
magnesian granites (> 0.20) than for amphibole from the
ferroan granites (<0.19; Supplementary Table 1; Fig. 3f),
which attests to more oxidizing conditions in the magne-
sian magma systems.

Crystallization temperatures calculated using the
Putirka (2016) equations 5 and 6 thermometers range be-
tween ~715 and ~800 °C for amphibole from both granite
types, and they are thus significantly above the H,O-rich
granite solidus (Fig. 3g; Supplementary Table 1). We
interpret them as significant overestimates (1) because
textures (subhedral-euhedral morphology) record that
amphibole was stable at the solidus (i.e. crystals were not
partially replaced by other magmatic phases such as biotite
or titanite) and (2) because the largely unzoned character
of the amphibole crystals indicates crystallization and/or
equilibration at the solidus, and not over a large tempera-
ture range (e.g., from near-liquidus to near-solidus tem-
peratures). The calculated temperatures are thus mostly
above the estimated standard errors of the method
(~+50 °C) but within maximum errors of ~150 °C (cf. Fig. 5g,
h of Putirka, 2016) of haplogranite solidus temperatures.
We stress that our choice of input pressures (calculated
using the Mutch et al. (2016) calibration) has no significant
effect on the calculated crystallization temperatures, i.e. a
change by +500 MPa results in a <+10 °C variation of the
calculated temperatures. Considering the range of Putirka's
calibration data (where > 95% of the data are for amphibole
crystallized at 750—1100 °C), we suggest that the ther-
mometers should not be used for amphibole crystallized
from granitic magmas in near-solidus conditions. The
amphibole—plagioclase  crystallization = temperatures
calculated using the Holland and Blundy (1994) equation A
thermometer for quartz-bearing assemblages are also high
(~700—890 °C) for amphibole from the ferroan granites
with calculated Fe**/(Fe>* + Fe?*) of 0.06—0.19 (on average
~0.07—-0.13; Fig. 3h; Supplementary Table 1). The input
pressure decreases the calculated temperatures (by ~15 °C
for 100 MPa), and thus cannot account for the differences in
calculated crystallization temperatures of ~700—890 and
~630—20 °C for the ferroan and magnesian systems with
inferred crystallization pressures of ~260—430 and
~130—240 MPa, respectively (Fig. 3g, h; Supplementary
Table 1). As alluded to by Anderson and Smith (1995),
temperatures calculated for the Fe>*-poor amphibole
crystals from the ferroan granites, which have crystallized
in relatively reducing conditions, should not be considered
for temperature estimates using the Holland and Blundy
(1994) calibration (Fig. 3f, h) (for which the amphibole
Na—K content is used in the calculation, which is depen-
dent on temperature, but also strongly on the amount of
Fe3* substitution and coupled vacancies on the A- and B-
sites). The amphibole—plagioclase temperatures calculated
for the magnesian granites with calculated amphibole
Fe>*|(Fe>*+Fe?*) of ~0.20—0.30 or higher, in contrast, are
close to the haplogranite solidus, which we consider as
robust and realistic estimates (Fig. 3h; Supplementary
Table 1). Independent estimates further suggest that the
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Fig. 3. Amphibole compositions (a—e) and calculated crystallization conditions (f—h). Data from the Mutch et al. (2016) amphibole barometer calibration dataset
and from Huang et al. (2019) for amphibole crystallized in 300 MPa experiments and at <750 °C are shown for comparison. T = temperature; P = pressure;
HB1994 = Holland and Blundy (1994); M2016 = Mutch et al. (2016); and P2016 = Putirka (2016). (f) Amphibole with calculated Fe>*|(Fe>*+Fe?*) <0.20—0.25
(below the grey dashed line) should not be employed for estimating the crystallization temperature using the Holland and Blundy (1994) thermometers (cf.
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granites and amphibole of the magnesian and ferroan in-
trusions crystallized at comparable temperatures, i.e. at <
700 and >650 °C (Supplementary Table 1). The thermom-
eters of Putirka (2016) adequately capture this relation (i.e.
comparable crystallization temperatures, while they over-
estimate crystallization temperatures), likely because they
consider the amphibole Ti and Fe contents in addition to
the Si and Na contents, which relate to fO, variation.

The amphibole crystallization pressures calculated
using the Mutch et al. (2016) barometer indicate that the
magnesian  granites formed at lower pressures
(~130—240 MPa) than the ferroan granites
(~260—390 MPa), where data are clustered at ~150—200
and at ~300—390 MPa (Fig. 3g, h). The inferred near-solidus
crystallization of the equilibrium assemblage amphi-
bole—plagioclase—K-feldspar—quartz—biotite—titanite—
magnetite + ilmenite makes the barometer applicable,
ruling out that the variation in the Al content of the
amphibole and thus the calculated pressure variation is an
artefact of highly variable crystallization temperature. Dif-
ferences in the composition of the system Al,03/SiO;
equally cannot account for the variable amphibole Al,03
and thus the calculated pressure difference, as amphibole
from the relatively Al,Os3-rich, magnesian granites is Al-
poor compared to amphibole from the Al,Os-poor,
ferroan granites (Fig. 2¢). That amphibole from the ferroan
granites partly differs in composition from the ones used in
the Mutch et al. (2016) barometric calibration (Fig. 3a—d)
could be problematic for our pressure estimates. We note,
however, that the Al,O3 content of amphibole from the
ferroan granites (e.g., phase equilibrium experiments of
Huang et al.,, 2019) and the Al,03 content of amphibole
from the calibration experiments of Mutch et al. (2016) are
equivalent (e.g., ~8.9 versus ~9.5 wt%), which is important
as pressures are calculated using the total Al content.
Variation in oxygen fugacity, which we infer for the ferroan
granites (relatively reducing) and the magnesian granites
(relatively oxidizing) affects amphibole's Xy and TiO;
composition, but not its Al;03 content (e.g., data compila-
tion in Erdmann et al., 2014). We therefore consider the
variation in the amphibole Al content to be largely a pri-
mary record of pressure and suggest that the differences in
pressure determined for the magnesian granites
(~150—230 MPa) and the ferroan granites (~300—390 MPa)
are robust and realistic estimates (Supplementary Table 1).
The calculated amphibole crystallization pressures are also
consistent with independent estimates for the Melville-1,
the Mount Princeton, and the Qitianling intrusions
(Supplementary Table 1).

4.3. Titanite composition and crystallization conditions

Titanite, like amphibole, shows considerable composi-
tional variation in the considered intrusions (Fig. 4;
Supplementary Table 2). Titanite crystals from the
magnesian granites have low Al;03 and high TiO, contents

compared to the crystals from the ferroan granites (Fig. 4a),
where Al,03 and TiO; show a negative correlation. Al,03
and Fe,03 (total) contents are positively correlated for
titanite from individual systems, but not for the entire
dataset (Fig. 4b). SiO, and Fe,Os (total) concentrations
closely compare in titanite from all granites, but tend to be
slightly higher for titanite from the ferroan granites (Fig. 4b,
c).

Titanite crystals from our dataset are characterized by
limited core-rim zoning. Their CaO and TiO, contents show
oscillatory zoning and a weak increase from core to rim
(Fig. 5a). CaO and TiO; correlate negatively with the
analytical totals of the microprobe analyses, indicating that
they are variably substituted by undetected elements
(mostly REEs and HFSEs; King et al., 2013). Fe,0s3 (total) and
F are negatively correlated (Fig. 5b), showing minor
compositional variation. Core-rim and oscillatory zoning
are taken to record limited temperature and compositional
evolution and kinetics of crystallization. Al;03 shows no
significant zoning (Fig. 5a, b), highlighting that its con-
centration could have been largely controlled by the crys-
tallization pressure.

For titanite core compositions from the nine studied
intrusions, we note an increase of Al,03+Fe;05 (total) at the
expense of TiO, (Fig. 4a, d; Supplementary Table 2). The
composition of the melts that were in equilibrium with
titanite is unknown, but the magnesian and the ferroan
whole rocks have overlapping Al,03/TiO, and Al,03+Fe,03
(total)/TiO, (Fig. 2¢, d), while titanite from the magnesian
granites has lower Al;03/TiO; ratios than crystals from the
ferroan granites (Fig. 4a), and we thus suggest that magma/
melt compositional variation did not primarily control the
variable Al;03 compositions of titanite. Titanite
Al,03+Fe;03 (total)/TiO, is known to increase with
decreasing temperature (Enami et al., 1993), and the higher
Al,03+Fe;03 content of titanite in the ferroan granites
could thus indicate crystallization at lower temperature.
We infer, however, that amphibole and titanite from both
granite types have crystallized in near-solidus conditions at
< 700 and >650 °C, while we note that an increase of TiO;
over Al,03-+Fe;03 from core to rim in crystals (e.g., Fig. 5)
likely records crystallization during minor cooling (cf.
Enami et al., 1993). Oxygen fugacity has been proposed as a
possible control on titanite Fe,Os (total) and Al,O3
composition, where it was suggested that Fe,03 (total) in-
creases at the expense of Al,O3 in increasingly oxidizing
conditions (Pan et al., 2018), while no direct evidence of
such substitution (e.g., through measurement of Fe?*Fe3*
concentrations) has been provided. We have no direct
constraints on the Fe?*/Fe*>* compositions of our titanite
crystals, but we observe a weak positive (not a negative)
correlation between the titanite Al;03 and Fe,Os3 (total)
contents, at least for individual systems (Fig. 4b). We
further highlight that the titanite Fe,Os3 (total) contents of
the crystals largely overlap, while the Al,O3 contents do
not, which argues against fO, variation as a primary

composition is not shown, as Morad et al. (2009) reported only major element and some minor element compositions for amphibole (in apfu), which we have

used for our pressure calculations (Supplementary Table 2).
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Fig. 4. Titanite compositions (a—d) and calculated crystallization conditions (e). *Average pressure determined using amphibole composition and the calibration
of Mutch et al. (2016); values are reported in Supplementary Tables 1 and 2. ** Total iron reported as Fe,0s3. Titanite Al,03 positively correlates with calculated
amphibole pressure. Systematic, experimental data are needed to rigorously constrain the relation and its uncertainties. The grey, vertical bars indicate the +16%
uncertainty for the calculated hornblende crystallization pressures; the grey, horizontal bars indicate the detected Al,03 compositional variation.

compositional control on titanite Al,0s. As for amphibole,
we therefore posit that the Al,03 content of the titanite
crystals, which formed in magmatic, near-solidus condi-
tions and in equilibrium with the assemblage of amphibole,
plagioclase, K-feldspar, quartz, biotite, and magnetite
+ ilmenite, is largely controlled by the crystallization
pressure, which is in agreement with the qualitative eval-
uation of Enami et al. (1993).

Titanite Al + Fe substitute for Ti (Fig. 4a, d;
Supplementary Table 2; cf. Enami et al., 1993), while other

elements also substitute for Ti (e.g., King et al., 2013).
Relating the titanite Al,03 content and the crystallization
pressure estimated using the amphibole compositions, a
linear fit to the data for the nine intrusions yields:

P (MPa) = 101.66 x (Al;03 Ttn wt%) + 59.013 (R? = 0.83)

We suggest that the proposed barometric equation
can be used to distinguish between titanite formed at
relatively low pressure (e.g., at <200 MPa) and titanite
formed at relatively high pressure (e.g., at
~300—400 MPa). We caution that the barometer may not
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and small-scale oscillatory zoning likely record near-solidus cooling, melt
compositional variation, and crystallization kinetics.

perform at higher or at lower pressure (i.e. at > 500
and <100 MPa), where the inferred linear relationship
may not apply (e.g., as inferred for amphibole by Mutch
et al.,, 2016), and we highlight that most calibration
data cluster between ~150 and 200 and ~300 and
390 MPa (Fig. 4e). All calculated titanite pressures are
within +54 and on average within +30 MPa of the
calculated amphibole pressures (Supplementary Table 2).
Average uncertainties appear thus to be ~+60 to
~+100 MPa for calculated pressures between ~150 and
400 MPa (considering our average error plus an esti-
mated 16% uncertainty of the Mutch et al. (2016) cali-
bration). We stress, however, that the limited dataset
does not allow us to rigorously constrain uncertainty, and
we thus recommend that the calibration and its uncer-
tainty are critically evaluated. Additional, high-quality
data are needed to rigorously constrain titanite's
compositional variation as a function of pressure, while
characterizing and correcting for the effect of variation in
other intensive parameters (e.g., limited near-solidus
temperature variation).

We have tested the proposed equation for titanite
compositions from Cu—Au and W—Mo mineralized, Late
Triassic—Early Jurassic porphyries from Mount Milligan and
Boss Mountain in British Columbia, Canada. Magmatic
titanite from the Mount Milligan and Boss Mountain por-
phyries has on average ~0.97 wt% Al,03 (Celis, 2010; Che
et al, 2013), calculating crystallization pressures of
~158 MPa, (Supplementary Table 2). Tight, independent
pressure estimates do not exist for the porphyries, but (1)
stratigraphic constraints suggest crystallization pressures
of >90 MPa for the Boss Mountain porphyries (del Real
et al., 2017), while (2) amphibole crystallization pressures
of spatiotemporally associated ore-bearing porphyries
indicate crystallization at ~110—200 + 40 MPa (Zhu et al.,
2018), thus bracketing our titanite pressure estimates.

5. Conclusions

We propose that the Al content of titanite crystallized
from granitic magmas (sensu lato) in magmatic near-
solidus conditions and in equilibrium with amphib-
ole—plagioclase—K-feldspar—quartz—biotite—magnetite
+ ilmenite records pressure variation in a similar fashion as
the Al content of amphibole. We propose a preliminary
empirical barometer with pressure (P in
MPa) = 101.66 x (Al;03 Ttn wt%) + 59.013 (R?> = 0.83),
based on amphibole barometric constraints. Systematic,
experimental data collection, and critical application are
needed to achieve the accuracy of current Al-in-
hornblende barometers and to define titanite's composi-
tional variation as a function of pressure independently of
that of amphibole, while constraining the effect of minor,
near-solidus temperature and compositional variation or
the variation of other intensive parameters on titanite
Al,O3 content.
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