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SUPPLEMENTAl MATERIAL 

1) Electron microscopy 

Electron probe microanalysis was carried out in the Fipke Laboratory for Trace Element 

Research (FiLTER) at University of British Columbia Okanagan (Kelowna, Canada) using a 

Cameca SX-Five-FE instrument to quantify major element compositions. Point measurements 

and composition maps were made using classical analytical conditions: 15 kV acceleration 

voltage and 10 nA beam current allowing ~1 µm beam size in wavelength-dispersive 

spectroscopy mode for the point analyses, and 15 kV, 40 nA with a 4 μm spatial resolution for 

the maps. The instrument was calibrated against mineral and oxide reference material from 

CF Minerals and Micro Analysis Consultants. Data are reported in Table S1 and in Figure S1 

(Supp. Mat).  

 

2) U–Pb petrochronology 

In situ LASS U–Pb petrochronology was performed on titanite at the University of California, 

Santa Barbara (USA) following methods outlined in Kylander-Clark et al. (2013) with 

modifications presented in McKinney et al., 2015. U–Pb isotope data were measured using a 

Nu Instruments Multicollector-Inductively Coupled Plasma Mass Spectrometer (MC-ICP-

MS) while trace element concentrations were collected on an Agilent 7700S quadrupole ICP-

MS. Both mass spectrometers were coupled to a Cetac / Teledyne Photon Machines excimer 

laser (193 nm wavelength) ablation system operated at 4 Hz repetition rate, 6 J/cm2 laser 

fluence, and 25 μm diameter laser spot size. Analyses consisted of 20s of data followed by 

15s washout. The following elements were measured: Pb, U, Th, Al, Si, Ca, Ti, V, Fe, Rb, Sr, 

Y, Zr, Nb, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta. 

Titanite unknowns were bracketed by analyses of primary and secondary standards. MKED 

was used as a primary reference titanite (ID-TIMS ages of 206Pb/207Pb: 1521.02 ± 0.55 

Ma; 207Pb/235U: 1518.87 ± 0.31Ma; 206Pb/238U: 1517.32 ± 0.32 Ma; Spandler et al., 2016). 

BLR (Bear Lake Road; 1047 ± 1 Ma (ID-TIMS); Aleinikoff et al., 2006) and Y1710C5 (388.6 

± 0.5 Ma (ID-TIMS), Spencer et al., 2013) were used as a secondary RMs and returned 

weighted-mean 206Pb/238U ages of 1063 ± 2 Ma (2σ, mean squares weighted distribution 

(MSWD) of 0.64, N = 56). and 385 ± 1 Ma (2σ, MSWD = 0.69) respectively. Trace element 

data were normalized to BHVO (Wilson, 1997) assuming stoichiometric Ti. A 207Pb-based 



common Pb correction was applied to titanite 238U/206Pb dates as implemented in IsoplotR 

(Vermeesch, 2018). Data are reported in Tables S2 (ages) and S3 (trace elements) (Supp. 

Mat). 

 

3) Pressure–Temperature estimates 

Multi-equilibrium thermobarometry was carried out using the THERMOCALC program in 

the Average P-T mode (Powell and Holland, 1994) for both specimens. Mineral activities 

were calculated with the AX software (https://www.esc.cam.ac.uk/research/research-

groups/research- projects/tim-hollands-software-pages/ax). The assemblage garnet rim + 

biotite + plagioclase + muscovite + quartz + water yields peak P–T estimates of 660 ± 30°C 

and 1.0 ± 0.1 GPa for specimen H65 and 670 ± 30°C and 1.1 ± 0.1 GPa for specimen H37 

(Fig. 2B).  

These results are consistent with the Zr-in-titanite isopleths (calibration of Hayden et al., 

2008; Fig. 2B) calculated from inclusions in garnet outer rims. The Ti-in-biotite thermometer 

applied to Ti-rich biotite from the matrix (Henry et al., 2005) also indicates similar peak-T 

conditions (650 ± 25°C; Fig. S1B). Ti-in-quartz (7-10 ppm (12 analyses); calibration of 

Thomas et al., 2010; Fig. S1D) and Zr-in-titanite (5-10 ppm) isopleths for inclusions in garnet 

inner rims yield lower temperatures at similar pressure condition (~595°C – 1.0 GPa), 

consistent with the Ti-in-biotite thermometry derived from a biotite inclusion in the same 

relative position (590 ± 25°C; i.e. grey box in Fig. 2A). It should be noted that quartz found in 

the outer rim yielded values below the detection limit. Since these grains are also in contact 

with the matrix (see Fig. 2A), they might have been affected by a late recrystallization during 

the retrograde history or a change in Ti activity. 

P-T conditions for the prograde titanite dates with an intermediate Zr content (Figs. 2C, D) 

were estimated at 1 GPa according to the prograde path independently constrained (Fig. 2B). 

Pink and blue arrows outline the prograde and retrograde evolution, respectively. 

 

4) Compilation of (U)HP rocks in worldwide orogenic systems (Figure 3) 

The following references were used to draw the P–T–t paths in Figures 3 and S3: 1: (St-Onge 

et al., 2013); 2: (de Sigoyer et al., 2000); 3: (Guillot et al., 2008); 4: (Wilke et al., 2010); 5: 

(Kaneko et al., 2003); 6: (Donaldson et al., 2013); 7: (Weller and St-Onge, 2017), 8: 

(Lardeaux, 2014); 9: (Schmid et al., 2013). 
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SUPPLEMENTAL MATERIAL CAPTIONS 
 
Figure S1. A: Representative compositional profiles in zoned garnet crystal from specimen 
H65. B: Titanium vs. Mg# in biotite from specimens H65 and H37. Isotherms were calculated 
using the Ti‐in‐biotite thermometer of Henry et al. (2005). C: (Gd/Yb) ratios (ppm) vs. 
207Pb-corrected 238U/206Pb ages in titanite from specimens H65 and H37. 
 
Figure S2. Representative mineral assemblages in the studied specimens H65 and H37. 
 
Figure S3. Larger example of Figure 3 with all the references included directly in the figure. 
 
Table S1. Selected representative analyses of garnet, micas and feldspar from point 
analysis. 
 
Table S2. U-Pb Titanite dates from the analyzed specimens of the Swat region. 
 
Table S3. Trace elements composition of titanite from the analyzed specimens of the Swat 
region. 
 
Table S4. Parageneses of analysed specimens and corresponding GPS coordinates from the 
Swat region. 
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