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Introduction

The attached Supporting Information includes: (1) Text AS1-AS9; (2) FiguresA S1-AS5; (3)
Captions for Figures AS1-AS5; and (4) Captions for Tables AS1-AS16; (5) References.

Text AS1-AS9 primarily describes methodological and analytical procedures.

Figures AS1-AS5 and Tables AS1-AS16 visualize and the following datasets: EPMA-based
mineral-chemistry analyses; thermobarometry computational details; U-Pb geochronology
analytical details for zircon, titanite, and monazite (also includes trace-element data);
Kolmogorov-Smirnov (K-S) test results for detrital-zircon analyses, and Hf-in-zircon analytical
details.



Supporting Information A: Text AS1-AS9

Text AS1. Methods: Mineral chemistry

For a representative subset of samples, we identified minerals using energy- and wavelength-
dispersive X-ray spectroscopy detectors (EDS and WDS, respectively) on a Cameca SX100
electron probe microanalyzer (EPMA) equipped with five WDS spectrometers at the Michael J.
Drake Electron Microprobe Laboratory at the University of Arizona. A 20 kV accelerating
potential was used in all analyses. Depending on the analyzed mineral, one of four different
analytical routines was used; these routines were optimized for titanite, epidote-group
minerals, and general silicates/oxides. The four analytical routines were all similar in set-up,
and differed primarily in whether elements were treated as major elements or trace elements,
and in the particular selection of minor and trace elements sought. For all routines, major and
minor elements were analyzed for 10-30 s each with a 20 nA beam current (on brass), and
trace elements were analyzed for 10-60 s each at 299 nA. To minimize alkali loss and
accompanying sample damage, Na and K (when sought) were analyzed first in the routine. Cl
and F were analyzed first during the high current, second condition portion of each analytical
routine.

For trace-element analyses, peak background positions were selected to avoid interfering lines
and to attain detection limits as close to the theoretical values as possible. For some elements,
interferences were unavoidable (e.g. the shoulder of the Ti Kb peak on the V Ka peak); in these
cases, apparent concentrations were corrected with appropriate calibration curves based on
analysis of synthetic standards. Approach of idealized detection limits was also enhanced by
operating in differential mode (energy filtering) with Cameca’s internal baseline and window
data to largely eliminate higher order overlaps. Through the use of differential mode and the
selection of appropriate peak and background positions, 20 detection limits for most of the
analyzed trace elements ranged from 20 to 200 ppm. The raw count data were processed
using the PAP routine supplied by Cameca [Pouchou and Pichoir, 1991].

We calculated mineral formulas (Tables 52-7) from our measured raw weight percentages
using cation-based normalization and site-filling schemes relevant for each mineral (except for
the micas, which we normalized to 11 oxygens). We estimated H,O (for hydrous minerals) and
Fe**/3Fe (for Fe-bearing minerals) from charge balance and stoichiometry considerations
(except for Fe**/3Fe for the micas, for which we assumed a value of 0.116 after Holdaway
[2000]). We use Whitney and Evans’[2010] mineral abbreviations to describe mineral
assemblages. Amphibole analyses are plotted in Fig. S1 following Leake et al. [1997].

Text AS2. Pinite in Garm granulite-facies paragneiss sample 127562

Pinite comprises 24% of sample 127562 (deduced from point counting 1500 grains) and
signifies strong retrogression and/or alteration of cordierite. Pinite is a yellow, very-fine-
grained, K + Al-rich aggregate of muscovite/sericite/paragonite + Al-silicate/pyrophyllite +
chlorite + quartz, for which Ogiermann and Kalt [2000] recognize two pathways of formation:
(i) direct alteration of cordierite by a K*-bearing fluid to form muscovite + Al-
silicate/pyrophyllite + chlorite + quartz; or (ii) retrogression of cordierite to Al-
silicate/pyrophyllite + chlorite + quartz, followed by sericitization by a K*-bearing fluid. We



propose a third end-member “pinitization pathway,” whereby the K in pinite comes from K-
feldspar as a reactant: cordierite + K-feldspar Y pinite. We prefer our retrogressive
“pinitization pathway” because we identified relict cordierite and K-feldspar grains (with EDS)
within pinite, which implies the presence of K-feldspar as a reactant phase.

Text AS3. Methods: Al-in-hornblende barometry, amphibole-plagioclase thermometry,
and Zr-in-titanite thermometry

We estimated temperatures using Holland and Blundy’s [1994] “amphibole-plagioclase”
thermometer (based on Ed-Ri exchange; + 40 °C calibration uncertainty) and iteratively
calculated corresponding pressures using Anderson and Smith’s [1995] “Al-in-hornblende”
barometer (+ 0.6 kbar calibration uncertainty). Holland and Blundy’s [1994] thermometer is
based on Na-Ca exchange for the reaction Ed + Ab = Rct + An, and was calibrated both
experimentally and with natural igneous and metamorphic assemblages. The “Al-in-
hornblende” barometer [Hammarstrom and Zen, 1986; Anderson and Smith, 1995] is based on
increasing Al of amphibole with pressure and was experimentally calibrated with igneous,
melt-bearing assemblages.

We mostly selected pairs of analyses close to grain boundaries (within ~20 um) between
amphibole and plagioclase rims (“rim pairs”) to validate the assumption of local equilibrium
between the phases and establish a consistent benchmark for intra- and inter-sample
comparison. Furthermore, because the rims of amphibole and plagioclase grains are the most
likely to have crystallized last during protracted grain nucleation in a cooling and
decompressing granitic melt, they provide the best estimate for granitoid emplacement
temperatures and pressures. We focused on domains of amphibole and plagioclase that
appeared fresh in BSE, showing homogenous zoning and minimal or no signs of alteration.

Because Anderson and Smith’s [1995] Al-in-hornblende barometer was calibrated based on the
presence of Kfs + Pl + Hbl + Bt + Fe-Ti oxide + Ttn + melt, we carefully confirmed/denied the
presence of this assemblage in the samples for which we employ the barometer (12TS09,
12TS111 and 12TS114). In particular, we verified the presence or absence of the accessory
minerals (Fe-Ti oxide and titanite) with EDS (Table 2). [Imenite (Fe-Ti oxide) occurs in all three
samples; titanite occurs in 12TS111 and 12TS114 but not in 12TS09. We note that although the
absence of titanite in 12TS09 is not ideal, it is not fatal either because TiO, activity plays a
minor role compared to that for major elements in the dependence of Al concentration in
hornblende on pressure. Therefore, we regard first-order patterns in pressure-temperature
estimates for 12TS09 to be meaningful but do not emphasize detailed trends.

We also applied Holland and Blundy’s [1994] amphibole-plagioclase thermometer to two Garm
amphibolite-facies gneisses (12T547 and 12T559). As with the granitoids, we analyzed fresh,
paired amphibole and plagioclase domains within ~20 um of amphibole-plagioclase grain
boundaries. We report Amp-Pl temperatures (based on Ed-Ri exchange) at 7 kbar as the mean
and 20 standard deviation of individual analyses (Fig. 6, Table 6). 12TS47 is fresh and has a
granoblastic texture (Fig. 3c) indicating thorough annealing and equilibrium at the scale of the
sample. Sample 12TS59 contains elliptical, weakly but commonly altered plagioclase
porphyroclasts set in a matrix of fresh amphibole (Fig. 3d).

We implemented Hayden et al.’s [2008] “Zr-in-titanite” thermometer to estimate granitoid-
crystallization temperatures for Garm granitoid sample 12TS114. We assumed aTiO, = 0.7 and
aSiO, = 0.95 because most (if not all) of the titanite crystallized well before quartz, which



means aSiO, was buffered by the silicate assemblage that crystallized coeval with titanite. We
report the Zr-in-Ttn temperatures at 7.9 kbar.

Text AS4. Methods: GARB thermometry and GASP barometry

We used Ganguly et al.’s [1996] calibrations and implementation routines of the garnet-biotite
thermometer (GARB) and garnet-Als-plagioclase-quartz barometer (GASP) for garnet + biotite-
and Grt + Sil + Pl + Qz-bearing rocks to estimate peak-metamorphic temperatures and
pressures (Table 6). Regarding the biotite solution model for GARB, Fe-Mg mixing in biotite is
defined to be ideal. We defined mixing of octahedral Al and Ti in biotite using Patifio Douce et
al.’s [1993] “model A" rather than assuming ideal mixing, for which we observed (but do not
report) higher temperatures that we regard as temperature overestimates. For garnet, we
defined Fe**/3Fe based on charge-balance calculations. For biotite, we defined Fe**/3Fe =
0.116 for all analyses after Holdaway [2000] because charge-balance estimation is not possible
with our 11-oxygen normalization scheme. Both the GARB and GASP routines implement the
garnet solution model of Ganguly et al. [1996]; GASP implements the plagioclase solution
model of Elkins and Grove [1990]. Molar volume, enthalpy and entropy are defined after
Berman [1988] and the pure end-member GASP reaction is based on Koziol and Newton’s
[1988] experimental data.

The GARB exchange thermometer, which is based on Fe?’-Mg exchange between garnet and
biotite (Alm + Phl = Ann + Prp), is simple in essence from a prograde perspective where Mgan
and Feg: correlate positively with temperature. Two complexities that occur during
retrogression, however, necessitate a careful pairing scheme between garnet and biotite
analyses to retrieve peak-metamorphic temperatures. First is retrograde Fe**~Mg re-
equilibration during cooling, which simply reverses the prograde pattern, rendering garnet
rims and adjacent biotite representative of retrogressive temperatures (albeit in local
equilibrium with each other due to proximity). Second is the high propensity for retrograde
garnet resorption, a net-transfer reaction which, due to generally higher Fe?!/(Fe** + Mq) for
garnet than for biotite, increases Fe?'/(Fe** + Mq) for Bt during retrogression, thereby shifting
garnet and biotite compositions in the same direction [Kohn and Spear, 2000].

Garnet in all samples in this study exhibits resorption textures (primarily anhedral grain
boundaries) and chemical zoning indicative of retrograde Fe-Mg exchange (enriched Fe and
depleted Mg near rims) and resorption (enriched Mn). Chemical zoning is indicated in EPMA
transects for 12TS30 and 12TS62 (Fig. S2; Table 6) and more simply by comparative core and
rim chemistry for all garnet-bearing samples (12TS30, 12TS34, 12TS62, 12TS73; Tables 6, S4).
We adopted a comparative approach to pairing garnet and biotite analyses, whereby we
implemented two schemes and observed the temperature estimates: (i) pairing garnet rims
with adjacent biotite rims; and (ii) pairing Femax, Femin, and Fe,g analyses from a suite of garnet
cores with those from matrix biotite (Fig. 6). Scheme (i) is attractive because erroneous
estimates



