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3.3. Sr–Nd–Pb–O isotope analyses
Sr, Nd, and Pb isotope compositions of selected samples from the plutons and their MMEs were performed at the Department of Geological Sciences, New Mexico State University. All isotopic measurements were conducted using TIMS on a VG Sector 30 mass spectrometer. Samples were loaded onto rhenium filaments on either the Cathode on bead of a single filament or on the side filament of a triple-filament assembly. The reproducibility of 87Rb/86Sr and 147Sm/144Nd ratios is within 0.3%, and 87Sr/86Sr and 143Nd/144Nd ratios are within ±0.000025 and ±0.00003, respectively. NBS 987 standard analyses yielded values of 0.710226 (11), 0.710213 (13), 0.710219 (10), and 0.710260 (11). Pb isotopes were analysed using the middle filament position of a Cathodeon bead assembly. Samples were loaded using 5% HNO3 in a matrix composed of silica gel and phosphoric acid. Approximately 2 µL of silica gel was positioned on the filament, and 1 µL of phosphoric acid was added. Standards were also loaded and analysed using the same procedures. The mean values of the standards were 206Pb/204Pb = 16.844, 207Pb/204Pb = 15.379, and 208Pb/204Pb = 36.199. Deviations from standards are within 0.2%. Detailed analytical procedures for Sr, Nd, and Pb isotopic measurements are provided by Ramos (1992).
The oxygen isotope compositions of selected samples from the plutons and their MMEs were measured using a dual-inlet Finnigan MAT 252 isotope ratio mass spectrometer at the Queen’s University, Ontario (Canada). Oxygen was extracted using the BrF5 method of Clayton and Mayeda (1963). Oxygen isotope compositions were reported as δ18O (per mil) with regard to the standard V-SMOW. The oxygen isotope fractionation factors proposed by O’Neil and Taylor (1969), Fayek and Kyser (2000), and Wenner and Taylor (1971) were used in this study for water-muscovite, water-uraninite, and water-chlorite, respectively. δ18O values of the minerals are reproducible to ±0.2‰, while δD values are reproducible to ±3‰. By using the described procedure, the determined δ18O value of NBS-28 quartz is +9.6‰, and the δD value of NBS-30 biotite is −65‰.

3.4. In situ zircon Lu‑Hf isotope analysis
In-situ Lu-Hf isotope compositions of zircon separate from the plutons and their MMEs were measured using a Nu Plasma II MC-ICPMS (Nu instruments) equipped with a New Wave Research 193 nm ArF excimer Laser Ablation system (ESI) at the Korea Basic Science Institute (KBSI). Laser ablation for Lu-Hf isotopic analyses was targeted for the analysed points for U-Th-Pb isotopes or new points within the same cathodoluminescence domains. The Nu Plasma II mass spectrometer contains sixteen fixed Faraday detectors and five ion-counting electron multipliers. Among these, signal intensities were measured with ten Faraday collectors to simultaneously detect the required isotopes: 172Yb (low 4), 173Yb (low 3), 174(Yb+Hf) (low 2), 175Lu (low 1), 176(Yb+Lu+Hf) (axial), 177Hf (high 1), 178Hf (high 2), 179Hf (high 3), 180Hf (high 4) and 182W (high 6), respectively. Instrument parameters include a spot size of 50 µm, a 10-Hz repetition rate, and energy density of 6-8 J/cm2. He (650 ml/min) and N2 (2 ml/min) were used as carrier gases for higher Hf isotope intensity (Iizuka and Hirata, 2005). Background intensities, dwell time, and wash-out time were measured for 30 s, 60 s and 10 s, respectively. A time-resolved analytical (TRA) procedure was employed to monitor the measured isotope ratio. Signal intensities for each detector were collected every 0.2 s (integration time). The interference of 176Lu and 176Yb on the 176Hf signal were corrected by using Chu et al. (2002) and Vervoort et al. (2004), respectively. The mass bias of measured Hf isotopic ratios was corrected to 179Hf/177Hf = 0.7325, using an exponential correction law (Russel et al. 1978; Patchett et al. 1981). The 176Lu/177Hf and 176Yb/177Hf ratios were calculated after Iizuka and Hirata (2005). Data reduction was carried out using Iolite 2.5 running within the Igor Pro 6.3.5.5 software program (Paton et al. 2011). Raw data were corrected for the background, laser-induced elemental fractionation and mass discrimination. All ratios were calculated with 2σ errors. During the sample analysis, to evaluate the precision and accuracy of 176Hf/177Hf ratios, two reference zircons 91500 (0.282297; Griffin et al. 2000) and Plešovice (0.282482; Sláma et al. 2008) were repeatedly analysed at the beginning and end of each analytical session and at regular intervals during session.

3.5. SHRIMP U–Pb zircon dating analyses
U–Pb zircon dating analyses from the plutons and their MMEs were carried out using the SHRIMP IIe/MC at the Korea Basic Science Institute. A 2-4 nA mass-filtered O2-primary beam was focussed on an elliptical spot of ca. 20×25 μm diameter, with a 120-micron Kohler aperture, on the polished surface of zircon with 10-kV accelerating voltage. Each spot was rastered with the primary beam for 2-3 minutes prior to the analysis and was then analysed for five cycles with a single electron multiplier. During one cycle, the magnet was stepped through nine peaks of 90Zr216O (counting time = 2 s), 204Pb (10 s), 206Pb (50 s), 207Pb (100 s), 208Pb (25 s), 238U (5 s), 232Th16O (2 s) and 238U16O (2 s), respectively. The collector slit was fixed at 100-μm width, achieving a mass resolution of approximately 5000 at a 1% peak height. FC1 (1099 Ma; Paces and Miller, 1993) and SL13 (U=238 ppm) standard zircons were used for Pb/U calibration and U abundances, respectively. Pb/U ratios were calibrated against FC1 using the power law relationship between Pb+/U+ and UO+/U+, while the Th/U ratios were estimated using a fractionation factor derived from the measured 232Th16O+/238U16O+ versus 208Pb/206Pb of the SL13 standard. The common Pb was removed with the 207Pb correction method using the model of Stacey and Kramers (1975). Data processing was conducted using the SQUID 2.50 and Isoplot 3.75 programs, which ran with Excel 2003 (Ludwig, 2009). Since the apparent age of some U-Pb zircons was approximately 1.8 to 2.2 Ma, it is necessary to correct the Th/U ratios for the disequilibrium of the U-Pb system (Guillong et al. 2014). Using U and Th concentrations from whole rock geochemistry (U=3.7 ppm, Th =14.3 ppm), the corrected ages are ~2.5 percent older than the uncorrected ages.
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