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Evaluation of in situ U-Pb dating method of titanite by LA-ICP-MS and its
constraints on the metamorphic and anatectic ages of retrograded eclogites
from the central Himalaya
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Abstract: Titanite U-Pb dating is a significant way to investigate the geological processes such as metamorphism
and partial melting. Here, we evaluate in situ titanite U-Pb dating method based on three well-known titanite stand-
ards (BLR-1, Ontario, Pakistan), using ThermoFisher Scientific iCapRQ quadrupole-inductively coupled plasma-
mass spectrometer (Q-ICP-MS) coupled with 193 nm ArF excimer Geol.as HD laser-ablation system. After evaluating
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the influence of beam diameters, laser energy, and repetition rates on the U-Pb isotopic fractionation, the optimal
instrumental conditions were confirmed at 5~8 J/cm®, 5~8 Hz, 44 pm. Besides, the titanite standards were accu-
rately determined with ages of 1 047+6 Ma for BLR-1, 1 055+6 Ma for Ontario, 21.0+0.6 Ma for Pakistan. Fur-
ther, we chose the granulitized eclogite and its partial melts from the central Himalaya for titanite U-Pb dating. Two
types of titanite were recognized from the Himalayan granulitized eclogite and its partial melts, metamorphic type in
eclogite and peritectic type in the leucosome. The metamorphic titanites in granulitized eclogites are characterized
with lower Nb, Ta, Y but higher Nb/Ta. The U-Ph ages for three sets of metamorphic titanites are 14. 1x1. 6,
14.2+0. 4 and 15.3+2.5 Ma. However, titanite commonly appears as the retrograded product and records the
cooling age in eclogite, hence this study insists that granulitized eclogite from the central Himalaya has retrograded
into granulite facies to high amphibolite facies at 15~ 14 Ma, combined with the Zr thermometer (700 ~850°C) of
the titanite. The peritectic titanites with melt inclusions occurred are characterized with higher Th, Nb, Ta, REE
and Th/U ratio but lower Nb/Ta ratio than the metamorphic type. Forty laser analyses for the peritectic titanite
yield intercept ages of 12. 1+1.7 Ma, consistent with the zircon rims (13.5+0.9 Ma) from the leucosome, but
much younger than the zircon mantle (17.3+3.2 Ma), these results indicate eclogite from the central Himalaya has
undergone decompression melting during the middle Miocene. Two different types of titanite U-Pb dating limit the

retrograde metamorphism time of granulite facies to high amphibolite facies at 15~14 Ma and the partial melting age

at about 12 Ma during the exhumation process.

Key words: metamorphic titanite; peritectic titanite; U-Ph dating; eclogite; the central Himalaya
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Table 1 Titanite standards BLR-1 and Ontario U-Pb

element fractional index for different laser ablation

conditions
REEIA bk el CRITRIEEFL %
/pm /Hz /(- Cm_z) BLR-1 Ontario
3 10.9 10
5 7.7 8.7
32 5 8 8.7 8.3
10 9.4 11.3
13 8.5 8.1
3 10.5 10.2
5 9.3 9.2
44 5 8 8.8 9.2
10 9.2 8.8
13 9 7.3
3 12.7 12.3
5 6.3 7.2
32 5
8 5.7 5.5
10 8.8 10. 4
3 14.8 11.8
5 9.3 9.2
44 5
8 8.3 7.6
10 9 8.6
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Fig. 2 *“Pb/**U fractionation of titanite standard BLR-1 under diffierent laser energy, repetition rates and beam diameters
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Table 2 Titanite U-Pb age data for standards BLR-1, Ontario and Pakistan
[Fz R Al [FI RAF iR/ Ma
p=Re2
pp/y e ®ppPU 1o PP 1o TPh/XPh 1o PTPh/PU 0 1o Mpr/PPU e
BLR-1
7Z_BLR-1-1 1.815 0. 044 0.176 6 0.002 8 5.663 0. 088 0.0747 0.001 6 1 056 16 1 048 15
Z-BLR-1-2 1.748 0.041 0.1751 0.0027 5.711 0.088 0.0720 0.0015 1026 15 1 040 15
Z-BLR-1-3 1. 850 0.043 0.176 4 0.0027 5.669 0.087 0.0758 0.0016 1063 16 1047 15
Z-BLR-1-4 1.822 0. 044 0.178 0 0.002 8 5.618 0. 088 0.0735 0.0015 1053 16 1 056 15
7Z-BLR-1-5 1. 857 0. 044 0.178 0 0.002 8 5.618 0. 087 0.0753 0.001 6 1068 17 1 056 15
Z-BLR-1-6 1. 802 0.043 0.1775 0.002 7 5.634 0. 086 0.0738 0.001 5 1045 16 1053 15
Z-BLR-1-7 1.767 0.041 0.1727 0.0027  5.790 0.089 0.0738 0.0015 1033 15 1027 15
Z-BLR-1-8 1. 848 0.044 0.1805 0.0028 5.540 0.084 0.0743 0.0016 1 067 15 1070 15
7Z-BLR-1-9 1. 804 0. 042 0.176 3 0.002 8 5.672 0. 088 0.0745 0.0015 1047 15 1049 16
7Z-BLR-1-10 1.754 0.043 0.1736 0.002 7 5.760 0. 090 0.0747 0.001 6 1 031 17 1 032 15
Z-BLR-1-11 1.775 0.042 0.1749 0.002 7 5.718 0. 088 0.0751 0.001 5 1 036 15 1039 15
Z-BLR-1-12 1.787 0.043 0.176 7 0.0028 5.659 0.090 0.0749 0.0016 1 040 16 1 049 16
7Z-BLR-1-13 1.799 0.042 0.1746 0.002 7 5.727 0. 089 0.0759 0.0015 1 045 16 1037 15
7Z-BLR-1-14 1. 845 0. 044 0.1795 0.002 8 5.571 0. 085 0.0743 0.001 5 1 061 16 1 064 15
Z-BLR-1-15 1. 841 0.044 0.1757 0.0027 5.692 0.087 0.0764 0.0015 1 060 16 1 043 15
7Z-BLR-1-16 1. 831 0.045 0.1783 0.0028 5.609 0.088 0.0747 0.0015 1056 16 1 058 16
Z-BLR-1-17 1.735 0.043 0.1735 0.0027 5.764 0. 088 0.0720 0.0015 1021 16 1032 15
Z-BLR-1-18 1.852 0. 047 0.178 6 0.002 8 5.599 0. 086 0.0749 0.001 6 1 066 17 1059 15
7Z-BLR-1-19 1. 806 0. 040 0.178 1 0.002 7 5.615 0. 085 0.072 6 0.001 4 1047 15 1 056 15
Z-BLR-1-20 1.767 0.041 0.1757 0.0027 5.692 0.087 0.0722 0.0015 1033 15 1 044 15
7Z-BLR-1-21 1.833 0.042 0.1745 0.0028 5.731 0.090 0.0762 0.0015 1057 15 1 039 15
Ontario
Z-Ontario-1 1.816 0. 045 0.176 3 0.002 8 5.672 0. 090 0.0742 0.001 6 1051 16 1047 15
Z-Ontario-2 1.773 0. 044 0.1750 0.002 8 5.714 0. 090 0.0731 0.001 6 1035 16 1039 15
Z-Ontario-3 1. 830 0.043 0.176 2 0.0027  5.675 0.087 0.0739 0.0015 1 056 16 1 046 15
Z-Ontario-4 1.822 0.043  0.1773 0.002 8 5.640 0.087 0.0737 0.0016 1053 16 1052 15
Z-Ontario-5 1. 876 0. 045 0.1772 0.002 7 5.643 0. 086 0.076 5 0.001 6 1072 16 1052 15
Z-Ontario-6 1.778 0. 042 0.172¢8 0.002 7 5.787 0. 089 0.0745 0.001 5 1037 15 1 028 15
Z-Ontario-7 1:792 0.043 0.1747 0.002 7 5.724 0. 087 0.0748 0.001 6 1042 16 1 038 15
Z-Ontario-8 1.814 0.044 0.1728 0.0027 5.787 0.090 0.0750 0.0016 1 050 16 1027 15
Z-Ontario-9 1.799 0.045 0.1774 0.0028 5.637 0.087 0.0737 0.0016 1 044 16 1 053 15
Z-Ontario-10 1.819 0. 042 0.1794 0.002 8 5.574 0. 085 0.0748 0.001 5 1054 15 1 064 15
Z-Ontario-11 1.848 0. 044 0.1819 0.002 8 5.498 0. 085 0.0756 0.001 5 1 062 16 1077 16
Z-Ontario-12 1.743 0.041 0.1733 0.002 8 5.770 0.092 0.0740 0.0015 1 024 15 1 030 15
Z-Ontario-13 1. 850 0. 045 0.1798 0.002 8 5.562 0. 085 0.0750 0.001 6 1063 16 1 066 15
Z-Ontario-14 1.883 0.044 0.1788 0.0027 5.593 0.084 0.0771 0.0015 1075 16 1 060 15
Z-Ontario-15 1.933 0. 045 0.1814 0.002 8 5.513 0. 085 0.0773 0.001 6 1092 16 1074 15
Z-Ontario-16 1.878 0. 044 0.1772 0.002 7 5.643 0. 086 0.0775 0.001 6 1075 17 1052 15
Z-Ontario-17 1. 866 0.044 0.1772 0.0028 5.643 0.089 0.0763 0.001 6 1073 16 1 052 16
Z-Ontario-18 1.843 0.043 0.176 3 0.002 7 5.672 0. 087 0.076 0 0.001 6 1 060 15 1047 15
Z-Ontario-19 1. 860 0. 044 0.178 0 0.002 8 5.618 0. 087 0.0750 0.001 5 1072 16 1 056 15
Z-Ontario-20 1.923 0. 045 0.178 9 0.002 8 5.590 0. 087 0.076 8 0.001 6 1 089 16 1 061 15
Z-Ontario-21 1. 864 0. 046 0.1795 0.002 8 5.571 0. 087 0.0758 0.001 6 1 068 16 1 064 16
Z-Ontario-22 2. 164 0.065 0.176 8 0.0029 5.656 0.091 0.0882 0.002 1 1167 21 1 049 16
Pakistan
Z-pakistan-2 0.031 0.004 0.0033 0.0001 307.692 10.888 0.0730 0.008 5 31.1 3.5 20.9 0.8
Z-pakistan-3 0. 045 0. 005 0.0037 0.0001 273.224  8.958 0.0980 0.0110 44. 4 4.6 23.5 0.8
Z-pakistan-4 0.034 0. 004 0.0031 0.0001 326.797 14.418 0.0810 0.009 0 33.7 3.6 19.7 0.9
Z-pakistan-5 0. 042 0. 004 0.0033 0.0001 303.030 9.183 0.086 0 0.009 0 41.1 4.3 21.3 0.7
Z-pakistan-6 0.030 0.004 0.0034 0.0002 290.698 12.676 0.0640 0.009 0 29.8 4.0 22.1 1.0
Z-pakistan-7 0.032 0.004 0.0035 0.0001 284.900 10.958 0.0710 0.009 0 31.4 3.7 22.6 0.9
Z-pakistan-8 0.021 0.003 0.0032 0.0001 312.500 13.672 0.0480 0.007 5 21.2 3.1 20.6 0.9
Z-pakistan-9 0.029 0. 004 0.0034 0.0001 294.985 11.747 0.0610 0.0070 28.9 3.5 21.8 0.9
Z-pakistan-10 0.029 0. 004 0.0034 0.0001 298.508 12.029 0.0660 0.009 0 28.9 3.7 21.6 0.9
Z-pakistan-11 0.014 0.002 0.0034 0.0002 292.398 13.679 0.0310 0.0055 14. 1 2.4 22.0 1.1
Z-pakistan-12 0.020 0.003 0.0034 0.0001 294.118 11.246 0.0440 0.007 5 19.9 3.4 21.9 0.9
Z-pakistan-13 0. 086 0. 009 0.0042 0.0002 239.234 9.443 0.1540 0.0160 83.0 8.5 26.9 1.1
Z-pakistan-14 0.032 0. 005 0.0036 0.0002 274.725 11.698 0.0680 0.0105 31.4 4.6 23.4 1.0
Z-pakistan-15 0. 038 0. 004 0.0036 0.0002 281.690 11.902 0.0880 0.009 0 37.6 3.5 22.8 1.0
Z-pakistan-16 0.027 0.004 0.0032 0.0001 311.527 14.072 0.0700 0.0110 26.9 4.0 20.6 0.9
Z-pakistan-17 0.023 0.003 0.0034 0.0002 295.858 13.567 0.0490 0.006 5 23.3 3.1 21.8 1.0
Z-pakistan-18 0. 026 0. 004 0.0032 0.0001 313.480 14.249 0.0580 0.0100 25.5 4.2 20.5 1.0
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Table 3 Titanite U-Pb age data for retrograded eclogites and leucosome from the Arun Valley area of the central Himalaya

. [F 0 2 L AE [RI7 ZRAF#%/ Ma
i
- Wp, B85y e Wpp2By 20 o BUSPL 20 27pL2%pL 20 p 2pp/BBY 20 WTpp2BY 20
14 (NP-36L)
NP-36L.1 0.123 0. 009 0.0037 0.0002 0.29 268. 82 16. 62 0.233 0.017 0.59 119 8 23.9 1.5
NP-36L.2 0.152 0.015 0.004 1 0.0003 0.51 245.70 16. 30 0.256 0.020 0.32 145 13 26.2 1.7
NP-36L.3 0.145 0.014 0.0041 0.0002 0.24 243.31 13.62 0.265 0.026 0.37 140 13 26.4 1.5
NP-36L.4  0.200 0. 020 0.0051 0.0003 0.32 197. 63 12. 11 0.270 0.025 0.30 184 17 32.5 2.0
NP-36L.5 0.089 0.008 0.0030 0.0001 0.21 338.98 16. 09 0.224 0.020 0.16 87 7 19.0 0.9
NP-36L.6 1.920 0.250 0.0336 0.0035 0.09 29.76 3.10 0.399 0.066 0.58 1103 81 217 23
NP-36L.8 0.094 0.008 0.0029 0.0002 0.19 346.02 19. 16 0.232 0.020 0.41 91 7 18.6 1.0
NP-36L.9 0.142 0.013 0.0040 0.0002 0.05 251.26 13.26 0.251 0.023 0.58 134 11 25.6 1.4
NP-36L.10 0. 149 0.012 0.0039 0.0002 0.25 257.07 15. 86 0.275 0.023 0.42 143 11 25.0 1.5
NP-36L.11 0.149 0.012 0.0044 0.0003 0.24 229.36 13. 15 0.251 0.023 0.44 141 11 28.1 1.6
NP-36L.12 0.119 0.010 0.0037 0.0002 0.22 272.48 15.59 0.245 0.026 0.58 116 10 23.6 1.3
NP-36L.13 0.158 0.011 0.004 3 0.0003 0.05 232.02 13.46 0.267 0.022 0.49 149 9 27.7 1.6
NP-36L.14 0.216 0.017 0.0057 0.0003 0.23 176. 06 9.92 0.285 0.025 0.45 198 14 36.5 2.1
NP-36L.15 0.189 0.018 0.0049 0.0004 0.08 204.08 15.41 0. 281 0.030 0.62 175 15 31.5 2.4
NP-36L.16 0.122 0. 009 0.0037 0.0002 0.18 268. 10 13. 66 0.240 0.020 0.64 118 9 24.0 1.3
NP-36L. 18 0.202 0.015 0.0057 0.0003 0.11 176.99 10. 65 0.279 0.027 0.42 187 13 36.3 2.2
NP-36L..19 0.086 0. 009 0.0030 0.0001 0.26 338.98 16.09 0.216 0.019 0.08 84 8 19.0 0.9
NP-361..20 0.089 0. 008 0.0033 0.0001 0.31 305.25 13.04 0. 200 0.019 0.6l 86 7 21.1 0.9
NP-36L..21 0.119 0.010 0.0037 0.0002 0.10 268.82 15.18 0.239 0.024 0.65 114 9 23.9 1.3
NP-36L.22 0.156 0.012 0.0053 0.0005 0.37 189.3 17.22 0.223 0.021 0.70 147 11 34.0 3.1
NP-36L.23 0.159 0.014 0.0045 0.0003 0.17 220.75 14.13 0.249 0.024 0.54 149 12 29.1 1.8
NP-36L.24 0.189 0.016 0.0051 0.0003 0.22 194.93 9.50 0.270 0.027 0.67 178 15 33.0 1.6
NP-36L..25 0.230 0.021 0.0063 0.0004 0.25 158.48 10. 05 0.272 0.025 0.52 212 18 40.5 2.5
NP-361..26 0.193 0.015 0.0049 0.0003 0.10 202. 84 11.52 0.292 0.026 0.67 179 13 31.7 1.8
NP-36L.27 0. 140 0.010 0.0038 0.0002 0.14 263. 85 13.92 0.275 0.024 0.54 133 9 24.4 1.3
NP-36L..28 0.098 0.011 0.0038 0.0002 0.19 265.25 12. 66 0.194 0.021 0.21 95 10 24.2 1.2
NP-361..29 0.138 0.012 0.0049 0.0003 0.18 202.84 10.29 0.209 0.023 0.66 131 11 31.7 1.6
NP-36L..31  0.110 0. 008 0.0034 0.0002 0.04 294.12 12.98 0.236 0.015 0.54 106 7 21.9 1.0
NP-36L.32  0.097 0.008 0.0032 0.0002 0.04 315.46 14.93 0.215 0.018 0.44 93 7 20.4 1.0
NP-36L.33 0.171 0.018 0.0047 0.0004 0.69 214.59 16. 58 0.271 0.025 0.22 160 15 30.0 2.3
NP-36L.34 0.189 0.018 0.0049 0.0003 0.18 203.25 12. 81 0.277 0.027 0.44 178 15 31.7 2.0
NP-36L..35 0.207 0.015 0.0052 0.0002 0.21 191.20 8.77 0. 287 0.024 0.66 191 13 33.6 1.6
NP-361..37 0.144 0.012 0.0047 0.0003 0.27 211.42 13. 86 0.214 0.020 0.42 136 11 30.4 2.0
NP-361..39 0.176 0.012 0.0049 0.0003 0.08 206. 19 11.05 0. 255 0.020 0.74 164 11 31.2 1.7
NP-36L.41 0.297 0.027 0.0070 0.0005 0.43 143. 06 10. 44 0.300 0.021 0.39 263 21 44.9 3.3
NP-36L.42 0.267 0.016 0.0065 0.0003 0.13 152.91 7.72 0.287 0.020 0.80 242 13 42.0 2.1
NP-36L.43 0.133 0.013 0.0042 0.0003 0.48 238. 66 15.95 0.229 0.019 0.35 127 11 26.9 1.8
NP-36L.44 0.168 0.020 0.0049 0.0004 0.34 203.25 14. 46 0.243 0.026 0.24 156 17 31.6 2.2
NP-361..45 0.154 0.012 0.0046 0.0003 0.16 218.34 11.92 0.243 0.019 0.50 146 11 29.4 1.6
NP-36L.46 0.316 0.025 0.006 6 0.0004 0.25 152. 67 10. 02 0.345 0.028 0.58 282 20 42.1 2.8
RARMMEA (NP-21)
NP-21-1.1 4.920 0. 700 0.0658 0.0066 0.66 15.20 1.52 0. 549 0.062 0.60 1 791 120 410 40
NP-21-1.3  8.310 1. 300 0.1104 0.009 3 0.70 9.06 0.76 0.550 0.061 0.25 2247 140 674 54
NP-21-1.4 11.62 1. 600 0.1499 0.0110 0.58 6.67 0.49 0.558 0.064 0.39 2567 140 899 62
NP-21-1.5 34.40 4.700 0.4630 0.0320 0.59 2.16  0.15  0.551  0.058 0.58 3629 120 2470 150
NP21-1.6 0.086  0.013 0.0029 0.0002 0.47 340.14 2545  0.210  0.027 0.17 8 12 189 1.4
NP-21-1.7 1.530 0.230 0.0212 0.0019 0.25 47.17 4.23 0.537 0.078 0.50 932 94 135 12
NP-21-1.8 2.430  0.350 0.0344 0.0022 0.31 29.07 1.86  0.506 0.061 0.56 1238 100 218 14
NP21-1.9 2,200  0.380 0.0310 0.0040 0.74 32.26  4.16  0.527  0.065 0.35 1162 130 196 25
NP-21-1.10 0.755 0.110 0.0119 0.0011 0.38 84.03 7.77 0. 450 0.057 0.62 567 62 76.5 7.1
NP-21-1.11 3.280  0.480 0.0460 0.0042 0.57 21.74  1.98  0.545  0.066 0.52 1471 120 289 26
NP-21-1.12  2.550 0. 360 0.0354 0.0026 0.04 28.25 2.07 0.529 0.070 0.67 1284 110 224 16
NP21-1.13 4.960  0.760 0.0617 0.0054 0.57 16.21  1.42  0.603 0.074 0.47 1803 120 385 33
NP-21-1.14 0.966 0. 140 0.0141 0.0013 0.24 70.92 6.54 0.507 0.071 0.72 681 72 90.2 8.3
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Continued Table 3-1
. [F 0 2 L AE [RI7 ZRAF#%/ Ma
=¥
L 207 Pb/mSU 20 206 Ph/238U 20 p 238 U/Z%Pb 20 207 Ph/206Ph 20 p 206 Ph/ZBSU 20 207 Pb/’BSU 20
NP-21-1.15 1.670 0. 250 0.0230 0.0020 0.63 43.48 3.78 0.539 0.062 0.49 985 93 146 12
NP-21-1.16 1.100 0. 240 0.0154 0.0025 0.73 64.94 10. 54 0. 505 0.085 0.19 710 130 98 16
NP-21-1.18 10.30 2.300 0.1280 0.0240 0.91 7.81 1.46 0. 561 0.066 0.28 2340 220 760 130
NP-21-1.19 0. 822 0.076 0.0109 0.0008 0.47 92.00 6.77 0.537 0.038 0.37 605 42 69.7 5.1
NP-21-1.20 13.80 1. 400 0.1810 0.0170 0.73 5.52 0.52 0.557 0.033 0.43 2 739 96 1082 89
NP-21-1.21 6.540 0. 640 0.0798 0.006 3 0.56 12.53 0.99 0.594 0.043 0.53 2 041 91 494 38
NP-21-1.22 0.915 0. 084 0.0140 0.0012 0.53 71.43 6.12 0. 506 0.035 0.47 662 47 89.5 7.9
NP-21-1.23 40.20 6. 900 0.5080 0.0810 0.93 1.97 0.31 0. 569 0.031 0.21 3670 180 2560 350
NP-21-1.24 19.00 2. 600 0.2300 0.0260 0.88 4.35 0.49 0. 560 0.041 0.40 2980 130 1320 140
NP-21-1.25 7.300 1.300 0.0930 0.0160 0.93 10. 75 1.85 0.562 0.042 0.20 2110 160 565 92
NP-21-1.26 33.50 2. 600 0.4310 0.0280 0.41 2.32 0.15 0.575 0.036 0.69 3 587 79 2300 130
NP-21-1.27 0.271 0.024 0.0052 0.0004 0.13 193. 42 14.22 0.388 0.033 0.61 243 19 33.2 2.4
NP-21-1.28 3.780 0. 320 0.0513 0.0036 0.53 19.49 1.37 0.562 0.037 0.73 1 580 69 322 22
NP-21-1.29 5.470 0. 620 0.0756 0.0072 0.65 13.23 1.26 0.529 0.032 0.26 1911 100 468 43
NP-21-1.30 2.370 0.330 0.0345 0.0047 0.83 28.99 3.95 0. 509 0.039 0.46 1219 100 218 29
NP-21-1.31 2.250 0.230 0.0307 0.0035 0.42 32.57 3.71 0.549 0.056 0.73 1202 72 194 22
NP-21-1.32 12.70 1. 600 0.1680 0.021 0 0.87 5.95 0.74 0.561 0.037 0.39 2630 130 990 110
NP-21-1.33 6. 600 0. 960 0.0920 0.0130 0.94 10. 87 1.54 0.542 0.026 0.14 2070 130 561 73
NP-21-1.35 3.290 0.330 0.0483 0.0048 0.45 20.70 2.06 0.523 0.051 0.76 1 486 78 304 29
NP-21-2.1 12. 80 1.300 0.1420 0.0130 0.61 7.04 0.64 0.673 0.044 0.46 2669 100 850 71
NP-21-2.2 10.95 1.200 0.1320 0.0150 0.80 7.58 0. 86 0.581 0.038 0.42 2489 100 794 84
NP-21-2.3  6.650 0. 660 0.0809 0.0069 0.21 12. 36 1.05 0. 636 0.066 0.73 2 060 82 507 43
NP-21-2.4  4.440 0.470 0.0601 0.0055 0.70 16. 64 1.52 0.543 0.044 0.39 1 699 88 376 33
NP-21-2.5 4.310 0. 480 0.0565 0.0052 0.44 17.70 1.63 0.554 0.060 0.54 1671 91 354 31
NP-21-2.6 5.800 0. 550 0.0808 0.0056 0.56 12.38 0. 86 0.513 0.029 0.33 1 963 77 500 33
NP-21-2.7 17.90 1. 900 0.236 0 0.0210 0.61 4.24 0.38 0.518 0.037 0.38 2965 110 1360 110
NP-21-2.8 5.700 0. 500 0.0837 0.0045 0.18 11.95 0. 64 0.507 0.035 0.43 1919 77 518 27
NP-21-2.9 1.360 0.200 0.0201 0.0029 0.74 49.75 7.18 0. 488 0.037 0.36 860 85 128 18
NP-21-2.10 38.40 4,300 0.501 0 0.0430 0.85 2.00 0.17 0.579 0.029 0.22 3760 100 2600 190
NP-21-2. 11 19.70 2.400 0.2530 0.0280 0.71 3.95 0. 44 0.574 0.042 0.27 3030 120 1440 140
NP-21-2.12 2.740 0. 330 0.0352 0.0037 0.43 28.41 2.99 0.559 0.062 0.62 1351 87 223 23
NP-21-2.13 10.40 1.200 0.1270 0.0140 0.63 7.87 0. 87 0.592 0.046 0.28 2470 100 779 84
NP-21-2.14 12.84 1. 100 0.1730 0.0130 0.42 5.78 0.43 0.556 0.036 0.65 2 658 78 1023 72
NP-21-2.15 8.380 0. 820 0.1120 0.0095 0.52 8.93 0.76 0. 545 0.041 0.45 2 268 86 682 55
NP-21-2.16 32.00 2. 800 0.3900 0.0280 0.51 2.56 0.18 0.574 0.035 0.30 3 546 88 2110 130
NP-21-2.18 7.360 0. 650 0.0957 0.0067 0.28 10. 45 0.73 0.578 0.044 0.65 2 144 80 588 40
NP-21-2.19 4.260 0. 530 0.0610 0.0079 0.73 16. 39 2.12 0.521 0.042 0.58 1700 110 380 48
NP-21-2.20 29.00 3.000 0.3670 0.0290 0.84 2.72 0.22 0.573 0.028 0.16 3435 110 2000 140
NP-21-2.21 9.270 0.970 0.1208 0.0110 0.39 8.28 0.75 0.552 0.047 0.57 2 338 99 733 61
NP-21-2.22 43.00 5. 800 0.5510 0.0670 0.89 1.81 0.22 0. 580 0.032 0.18 3800 150 2780 280
NP-21-2.23 3.210 0. 330 0.046 6 0.0049 0.33 21.46 2.26 0.537 0.062 0.75 1 476 87 293 30
NP-21-2.24 11.90 2.400 0.1430 0.0300 0.94 6.99 1.47 0. 628 0.044 0.23 2510 190 850 160
NP-21-2.25 22.80 3. 600 0.2940 0.0470 0.87 3.40 0.54 0.584 0.043 0.24 3160 160 1620 230
NP-21-2.26 1.630 0. 130 0.0229 0.0015 0.26 43.67 2.86 0.519 0.035 0.65 978 51 146 9
NP-21-2.27 3.240 0.370 0.0430 0.0039 0.24 23.26 2.11 0.569 0.061 0.52 1472 86 271 24
NP-21-2.28 0.771 0.073 0.0120 0.0008 0.26 83.40 5.70 0.475 0.038 0.58 587 45 77 5
NP-21-2.29 10.54 1. 000 0.1319 0.008 8 0.28 7.58 0.51 0.583 0.043 0.51 2 465 88 798 50
NP-21-2.30 20.70 2. 000 0.2550 0.0170 0.43 3.92 0.26 0.594 0.033 0.39 3102 92 1 459 86
NP-21-2.31 20.80 1. 800 0.2640 0.0190 0.52 3.79 0.27 0.571 0.035 0.49 3113 87 1504 97
NP-21-2.32 5.010 0.510 0.0658 0.0059 0.25 15.20 1.36 0.542 0.050 0.68 1825 86 410 35
NP-21-2.33 9.500 1. 400 0.1230 0.0170 0.80 8.13 1.12 0.579 0.045 0.35 2360 140 740 97
IR (NP-24)
NP-24-2 0.174 0.015 0.0039 0.0002 0.54 258.40 14. 69 0.313 0.017 0.07 162 13 24.9 1.4
NP-24-3 0. 185 0.015 0.0039 0.0002 0.14 259.07 14.77 0.339 0.020 0.65 172 12 24.8 1.4
NP-24-4 8.700 0.760 0.0858 0.0050 0.33 11. 66 0. 68 0.676 0.036 0.40 2 294 81 530 30
NP-24-5 18. 40 4. 400 0.1770 0.041 0 0.96 5.65 1.31 0.709 0.032 0.13 2600 350 1020 230
NP-24-6 0.233 0.018 0.0044 0.0002 0.24 226.76 12. 34 0.380 0.019 0.58 212 15 28.4 1.6
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. Rl % HL A [} A/ Ma
N \
AR 207 Pb/235U 20 206 Pb/238U 20 p 238 U/ZOGPb 20 207 Pb/206 Pb 20 p 206 Pb/ZSSU 20 207 Pb/ZBSU 20
NP-24-7  0.246  0.020 0.0047 0.0003 0.09 215.05 12.49  0.383  0.027 0.69 223 16 29.9 1.7
NP-24-8  0.780  0.063 0.0098 0.0006 0.32 101.73  5.90  0.560  0.039 0.55 588 38 63.1 3.6
NP-24-9  0.158  0.015 0.0037 0.0002 0.51 273.97 15.76  0.318  0.021 0.14 149 13 23.5 1.4
NP-24-10  0.244  0.019 0.0045 0.0003 0.19 223.71 12.51  0.389  0.023 0.43 222 16 28.8 1.6
NP-24-11  0.153  0.012 0.0036 0.0002 0.13 275.48 14.42  0.298  0.015 0.4l 144 10 23.3 1.2
NP-24-12  5.410  0.770 0.0561 0.0069 0.89  17.83 2.19  0.674  0.034 0.05 1890 120 351 42
NP-24-13  0.110  0.009 0.0032 0.0002 0.37 309.69 15.35  0.247  0.013 0.27 106 8 208 1.0
NP-24-14  0.585  0.058 0.0076 0.0006 0.64 130.89  9.94  0.551  0.036 0.44 465 36 49.0 3.7
NP-24-15 0.110  0.012 0.0033 0.0002 0.72 304.88 16.73  0.235  0.018 0.33 106 11 211 1.1
NP-24-17  0.247  0.021 0.0045 0.0003 0.08 222.72 12.40  0.391  0.028 0.53 223 17 28.9 1.6
NP-24-20  0.058  0.005 0.0026 0.0002 0.04 387.60 22.53 0.165 0.013 0.53 58 5 166 0.9
NP-24-22  0.198  0.015 0.0041 0.0002 0.12 246.91 12.80  0.342  0.018 0.51 183 13 26,0 1.4
NP-24-24  0.750  0.060 0.0098 0.0007 0.06 102.15  6.99  0.546  0.037 0.74 566 35 62.8 4.3
NP-24-25 0.599  0.048 0.0084 0.0006 0.15 118.62 8.16  0.501  0.037 0.69 475 31 541 3.7
NP-24-26  0.159  0.014 0.0036 0.0002 0.05 275.48 15.18  0.315  0.022 0.48 151 12 23.3 1.3
NP-24-27 0.462  0.049 0.0067 0.0005 0.54 149.03 11.99  0.483  0.034 0.35 383 34 431 3.4
NP-24-28  0.085  0.008 0.0028 0.0001 0.29 356.25 17.77  0.211  0.015 0.17 83 7 181 0.9
NP-24-29  0.361  0.034 0.0061 0.0004 0.29 162.87 11.41  0.433  0.033 0.65 311 25 39.5 2.8
NP-24-30  0.152  0.013 0.0036 0.0002 0.08 280.11 17.26  0.301  0.026 0.6l 144 12 229 1.4
BRI E (NP-74)

NP-74-1  5.390  0.720 0.0924 0.0059 0.46  10.82 0.69  0.434  0.045 0.53 1881 110 569 35
NP-742  3.370  0.450 0.0610 0.0040 0.24  16.39 1.07 0.409  0.043 0.49 1499 100 385 23
NP-74-3  1.530  0.220 0.0274 0.0021 0.41  36.50  2.80  0.412 0.050 0.52 933 8 174 13
NP-74-5  2.500  0.330 0.0428 0.0023 0.05 23.36 1.26  0.420 0.046 0.54 1274 93 270 14
NP-74-6  1.850  0.270 0.0344 0.0024 0.47  29.07 2.03 0.397 0.047 0.36 1061 91 218 15
NP-74-7  5.870  0.780  0.1100 0.0083 0.17  9.09 0.69  0.374 0.047 0.80 1950 110 671 48
NP-74-8  2.290  0.320  0.0417 0.0031 0.48  23.98 1.78 0.415 0.045 0.41 1219 87 263 19
NP-74-9  0.769  0.100 0.0141 0.00010 0.33 71.17 5.02  0.38  0.046 0.51 576 61  89.9 6.3
NP-74-10 4.780  0.630  0.0830 0.0047 0.53  12.05 0. 68 0.415 0.043 0.38 1781 120 513 28
NP-74-11  0.912  0.140 0.0176 0.0018 0.63 56.82 5.8l 0.369 0.047 0.42 650 72 113 11
NP-74-12  '5.680  0.770  0.0989 0.0063 0.53  10.11 0.64  0.416  0.043 0.29 1926 110 607 37
NP-74-13  1.325  0.180 0.0256 0.0017 0.01 39.06  2.59  0.365 0.045 0.63 851 80 163 11
NP-74-14  2.180  0.290 0.0409 0.0025 0.22  24.45 1.49  0.389  0.042 0.53 1175 92 258 15
NP-74-15 3.390  0.480 0.0587 0.0044 0.68  17.04 1.28 0.420 0.046 0.34 1486 120 367 27
NP-74-16 3.920  0.530 0.0708 0.0043 0.22 14.12  0.86  0.394  0.045 0.45 1608 110 441 26
NP-74-17  5.730  0.770  0.1044 0.0064 0.46  9.58 0.59  0.394  0.041 0.49 1936 120 639 37
NP-74-18  9.730  1.300 0.1700 0.0120 0.68  5.88 0.42  0.425 0.046 0.31 2417 140 1009 67
NP-74-20  4.040  0.820 0.0690 0.0110 0.91  14.49 2.31 0.404  0.044 0.17 1560 160 429 67
NP-74-21  3.500  0.480 0.0596 0.0042 0.45  16.78 1.18 0.422  0.044 0.49 1525 110 373 25
NP-74-22  1.846  0.240 0.0339 0.0020 0.13  29.50 1.74  0.413  0.048 0.64 1071 96 215 12
NP-7423  3.910  0.540 0.0678 0.0058 0.64 14.75 1.26  0.432  0.047 0.62 1614 110 422 35
NP-74-24  1.720  0.330 0.0311 0.0046 0.89 32.15 476 0.391  0.042 0.18 978 120 197 28
NP-74-25 8.830  1.200 0.1443 0.0088 0.37  6.93 0.42  0.436  0.046 0.56 2329 120 868 50
NP-74-26  0.181  0.029 0.0051 0.0003 0.46 195.31  12.97  0.265  0.035 0.07 167 25 329 2.2
NP-74-27 6.750  0.870 0.1099 0.0057 0.09  9.10 0.47 0.446  0.046 0.62 2074 110 672 33
NP-74-28  2.440  0.330 0.0467 0.0029 0.22  21.41 1.33 0.376  0.042 0.59 1253 100 294 18
NP-7429  1.621  0.220 0.0338 0.0018 0.09  29.59 1.58 0.343  0.038 0.6l 980 81 214 11
NP-74-30  1.010  0.200 0.0182 0.0029 0.89  54.95 8.75 0.402 0.046 0.40 682 97 116 18
NP-74-31  8.270  1.100 0.1521 0.0077 0.16  6.57 0.33 0.411  0.042 0.49 2262 110 912 43
NP-74-32  0.474  0.077 0.0111 0.0012 0.81  90.09 9.74  0.325 0.038 0.08 389 52 7.1 7.5
NP-74-33  4.260  0.560 0.076 1 0.0045 0.48 13.14  0.78 0.392  0.042 0.64 1694 110 472 27
NP-74-34  3.630  0.750 0.0660 0.0110 0.91  15.15 2.53 0.395 0.044 0.11 1490 180 408 66
NP-74-35 3.230  0.510 0.0579 0.0054 0.74 17.27 1.61 0.417 0.045 0.29 1448 130 362 33
NP-74-36  5.510  0.710  0.0999 0.0058 0.22  10.0l 0.58 0.407  0.045 0.81 1897 110 613 34
NP-74-37  4.300  0.610 0.0791 0.0053 0.72 12.64  0.85 0.397 0.042 0.18 1679 110 490 32
NP-74-38  0.217  0.032 0.006 1 0.0004 0.21 164.47 10.55  0.258  0.031 0.42 201 26 39.1 2.5
NP-74-39  1.160  0.200 0.0230 0.0024 0.79 43.48  4.54  0.357  0.041 0.13 771 95 147 15
NP-74-40  4.600  1.200 0.0780 0.0170 0.95 12.82  2.79  0.422  0.045 0.19 1540 270 480 100
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Fig. 6 Microphotos of retrograd eclogites and titanite inclusions in the leucosome from Arun Valley area
a—IRASRRNEAHE i NP-36 A77E W] SR BRIV A AR G R0 b—IRASES AUR A, B0 WHE A Grt-Cpx-Opx-Amp-P1-Qz;

o f—IRABTMEE TR BT s d e j—REATEIEMEA; g h ik | m—5EE A8 PR @R B-P1-Rt-Qz , Amp-Qz . P1-Qz Kfs-Qz; §7H)
5 4% Whitney 1 Evans (2010) : Gri— A F41; Cox—HRHEA; Amp—FMINA; B—RB ot PI—RHOA ;) Im—EkET; Ti—H 47
Kfs—# K13 Qr—AfJE
a—retrograded eclogite sample NP-36 exhibits clear boundaries between retrograded eclogite and leucosome ; b—mineral in the retrograded eclogite ,
consisting of Grt-Cpx-Opx-Amp-P1-Qz; ¢, f—metamorphic titanite in retrograded eclogite; d, e, j—peritectic titanite in leucosome; g, h, i, k, 1,
m—the peritectic titanites with melt inclusions Bt-P1-Rt-Qz, Amp-Qz, P1-Qz, Kfs-Qz; Mineral abbreviations are after Whitney and Evans (2010) :
Grt—garnet; Cpx—clinopyroxene; Amp—amphibole; Bt—biotite; Pl—plagioclase; Ilm—ilmenite; Tin—titanite; Kfs—K-feldspar; Qz—quartz
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JEBF AR 23 ~ 16 Maj BRORL A HH 19 28 T 5% 14 24
780°C | 1.2 GPa;J5 B INA A & AR R &R 2
675°C 0. 6 GPa, L NZ) 14 Ma,

X IB ARG S RE S NP-21 B9H8 A R AT 64 Wik
YUA3HT , WO Th U & AR LRI FE 4K, Th
FHERIE L 1x107° ~ 148x 107 Z 8], U &2 7E 4. 8
10 °~521x10°° Z[d], Th U &3 AL S, NP-24 1
PEAR, A K 4 Th/U {EABALE 0. 13 ~ 1. 39 Z i),
HR4E Th/U B 31746 A4 8 K iy X4y, & Th/U fH
(>1.5) AT RERA AR A, 1 A2 53 s AR 41 1) Th/ U
EHBAK (< 1.5, Gao et al. , 2012) ., H T A K EE
AEA K EEE Ph & i, K IR AT R S
Tera-Wasserburg [ 317 U ET, BT 3R A 1) T 28 554F
W& A AR AT IS, AT T BRI P BRI, 64 AR
SR A AR N 14, 1+1.6 Ma(20, MSWD=1.4;
Te) . TEM T ouZ KA, A 5 NP-21 B4 4 B
A &4 MREE 5 it HREE AY4FAE , 380 FAF Fu 1IE5
W 7d) . FES NP-21 MRS A0 Ze 5 TR i 1
725~805°C . XTiRABMIME S HE fh NP-24 (14 £ 23
1724 WIEH 43 B, FE S sl Th U & 28 (K Th
FE 12x107° ~ 140x10°° Z[A], U 7E 15. 1x107° ~532x
10°° ZJa], H Th/U=0.36~1. 40, 24 M0G0 H1 85
YRR R 22 AR 14,20, 4 Ma (20, MSWD
=0.84; [& Te), A BRI A A5 AL B i b, FE A
NP-24 (8 1 A 224 s % LREE, 7 $ii HREE *§
fE, Z 8 Eu 5%, D8 Eu 19 IE 5%
(B 7f) . M NP-24 BIHEAT Ze IR EETHPRGIFE 785 ~
860°C , FAT/AT T FES: NP-74 v 38 i A1 kL Y
U-Pb 41, 7£ Tera-Wasserburg 55 i 2 K Hh | %K fiy
#51 15.322.5 Ma (20, MSWD=0. 86) [ F 52 5 4F
W& 7g) . FEERRIR A bR AL R, S By 7Y
REE ##1E, & % MREE i HREE, H HA Eu fi 5
W Th) . FEEY NP-74 BB A0 Ze I8 BT PR 72
705~780°C , 3 AR AR A A B S A 4 s T K
i A R A4 HoAT 545t HREE B4R (& 7d .76 7h) .
Scibiorski %5 (2019) #£H Dy/Yb (B W AE R b8 £ 45 i
AR R O S A A T A WS bR, F64T1 0 A
f) BTG WS A7 ORI BA Dy/ Yb>2 HIARAE , 4545 H
BA%) HREE F#1E , 4878 A8 BAl A 5 4 7 A 2 L7
M, EESA T, Eu EEE SRRKRAFAEAL, R
SRAT B Eu T 55 o T BB S B T A 1Y) 4 2R R AIE
(Rubatto, 2002) , X 48 K2 A GEFZ MG A1 1) Eu &
i, WA MMEE TR &R B O T45

AR R ICZE 1 ] P (Lucassen et al. |, 2011)
78 3 RS AR A B Bu S H TS BN ENE, T
RHE A — BEAFAE T IRORLA A5 30 2= M N A A, T
PIAHAEIZFE S Eu 19 55 5 8HS A A B 5 A
P

ITH, FRATXT Arun Valley Hb X H 55 A0 48 1 5 F)
FHIEA BOEIX /N BE (5 AT 10 pum ) 58 4E 735, X
AR F A E AR ERETT T U-Ph 4020 HT,
PAT T 29 24 Ma YRS (FF BB A HARER
TR R P 7 ST A AR [ B R A AR S
NP-24 {53 4 A A T AR50, 3R A% T 29 17 Ma
YA (e R FER ) D T RURRCRE 5 AH S
B U-Ph IR RE S, O 5 BRRRL A & s AR,
[F] A, 7 Ama Drime Hb X IR AR R A2 Al 41 25 HY 15. 4+
0.2 Ma F1 14.30. 8 Ma FY4F 1, U4 A RF by 1R A8 i
B B v s PR R 7 - R B8 A TN 2 A B 28 AR % ( Wang
et al. , 2021a; Dong ef al. , 2022) . 45&H LR
IR AT Ze JREETH AT ABESY, FRATTINCA Arun
Valley HbIX 7228 BTAR A7 22 4F 25 50T DL I 18 728 A
EAE 15~ 14 Ma 1R78 2 JFORCA AR 2 05 A TN
3.2 A2 PESHEREIEA U-Pb EERE

RT@BEENRERA

rh s R 28 7 e TRRRRL S AR S, Ay R
rh R I AR A R R S B R BB R AT IR R X
Arun Valley #b[X {1} &% 118 2243 85 o (NP-36M ) IR
IR AR (NP-36L) PR A PEAT T U-Pb 4542441
Hr. Wang %5(2021a) il Wu %5 (2022) 8 H =5
PLAE A RE A e BT B T R TR AR AR
(>900°C ), JF KA 1 Il . B AR MM 3 3 o3
A=A R AR BB KA AR RN AINA
%, kb B HAT = ) Na,0/K,0 Fl Sr/Y fH,
5k EIE —3 (Liu et al. , 2022), Liu %
(2023) X IB S ARG A5 (NP-36M ) I 12 0,44 ( NP-361)
FEEE AT T 10 wm /NREBE U-Ph SE 4, IR A M
AR U-Ph EHE4AH 13.5+0.9 Ma (n=5, MSWD
=0.36) HYAE FUARE IS, 1R R HRES A1 U-Pb 4R
BT A AR 17.3+3.2 Ma (n=6, MSWD =
3.7) M H B A AF R 13.9+0.2 Ma (n=6,
MSWD=1.3) .

AT TR AR S AR AR A8 A AT T
fliet T 22 03 I Xof e e A v 43 (W Al A i2E 4T U-Pb
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