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Petrogenesis of Cambrian plagiogranites in the Shangdan suture zone of the
West Qinling: Insights to subduction initiation of the Proto-Tethys
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(1. Institute of Geology Chinese Academy of Geological Sciences, Beijing 100037, China; 2. School of Earth and Space
Sciences, Peking University, Beijing 100871, China)

Abstract: Oceanic plagioganites refers to felsic intrusions which can be generated in different tectonic setting inclu-
ding midocean ridge and subduction zone. Plagiogranite is volumetrically minor component of oceanic crust and
ophiolites, but it is crucial to probe the evolution of oceanic lithosphere, subduction initiation and mechanism
of oceanic-continental transformation. In this paper, we carried out an integrated study of petrology, geochemistry
and zircon U-Pb chronology for the newly identified plagiogranite in the Tianshui area of the western part of the
Shangdan suture zone. The whole rock geochemistry indicate that the plagiogranite have high content of SiO, and
Al,O; and low content of K,O and TiO,, and show characteristics of low potassium subalkaline, metaluminous to

weak peraluminous. In terms of trace element composition, they are relatively enriched in Sr and depleted in Nb, Ta
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and Ti, and show a characteristic of REE trends is relatively flat. Generally, it has geochemical affinities to oceanic
plagiogranite which formed via partial melting of subducted oceanic crust slabs in shallow level and developed in the
forearc area. Zircon U-Pb datings of plagiogranite samples yield age of 526+4 Ma, 515+4 Ma and 517+6 Ma,
respectively. Combined with previous studies data, we suggest that the Shangdan suture zone of the West Qinling
records similar forearc magmatic rock associations as that of the Izu-Bonin-Mariana (IBM) subduction zone. The
boninites, High-Mg andesites and plagiogranites generated almost simultaneously in forearc setting, reflecting the
initial subduction of the Shangdan ocean at Early Cambrian. Combining the present study with regional geological

data reveals that the northern Central China Orogenic system experienced a simultaneous subduction initiation of

Proto-Tethys at Cambrian, similar to the scale in the IBM subduction zone.

Key words: West Qinling; Shangdan suture zone; plagiogranite; partial melting; subduction initiation
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Fig. 1 Simplified tectonic location of the Qinling Orogen( a, modified after Guo et al. 2023) , simplified tectonic map of the
Qinling orogen showing the location of the study area (b, modified after Dong et al. , 2011a) and simplified geological map of

the Tianshui area in the western of the North Qingling Orogen (c, modified after Geological Bureau of Shaanxi Province, 19690)
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Fig. 2 The outcrop photos (a and ¢) and photomicrographs (b and d) of the plagiogranites in Tianshui area
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Fig. 3 U-Pb concordia diagram (a, c, e), chondrite normalized REE patterns and cathodoluminescence images (b, d, f)

for zircons from plagiogranites ( chondrite normalization uses values from Sun and McDonough, 1989)
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F2 PKENEHED LAICP-MS B TESTER wy/107°
Table 2 LA-ICP-MS rare earth elements of zircons in palgiogranites

e La Ce Pr Nd Sm Fu Gd Th Dy Ho Er Tm Yb Lu

BEdh QL22-10-10. 3
1 0.08 11.68 0.19 3.51  7.31 1.13 50.67 18.48 241.95 100.18 498.11 109.82 1 151.75 227.70
2 0.09 13.32  0.20 3.03 632 1.58 43.73 16.45 214.89 89.56 450.40 104.17 1 123.67 232.78
3 0.03 13.01 0.23 3.71 6.8l 115  44.18 16.74 221.82 96.79 509.69 119.60 1 349.48 282.44
4 0.0 2.49 0.01 0.45 1.89 0.33 14.63 5.88 8516 37.21 184.80 40.45 414.67 83.99
5 0.02 10.46 0.15 3.10 7.16 1.26 52.81 19.75 266.04 108.41 541.92 119.39 1254.04 248.11
6 0.08 27.22  0.10 1.56 4.58  1.62 45.17 17.55 250.21 110.19 564.85 127.89 1402.09 293.06
7 0.08 18.28 0.28  5.02 11.19 1.83  66.67 24.51 326.55 137.09 681.61 159.82 1675.81 343.37
8 0.18 19.54 0.39  6.13  12.26 1.89  69.55 24.73 326.64 133.75 676.55 152.55 1647.12 327.30
9 0.0 3.49 0.03 0.66 2.24 0.38 1562 5.98 82.16 3541 7. 75 41.51 440.00 90.77
10 0.11 43.72  0.17 2.5 6.64 1.37 47.78 18.88 275.95 128.65 712.01 178.65 2204.67 479.93
11 0.26 16.05 0.36  4.59  8.54 1.53 46.81 16.55 222.51 91.96 490.18 116.05 1261.05 257.56
12 0.06 6.8 0.07 0.96 1.46 0.35 9.38  3.67 58.35 29.73 187.56 52.66 687.15 159.25
13 0.05 2532 0.11 1.98 6.81 1.18 58.63 22.35 304.18 125.61 639.49 140.93 1509.44 288.42
14 0.01 10.18 0.19  3.26 8.05 1.25 5536 20.72 270.12 112.26 554.49 123.42 1293.29 250.91
15 .22 23.03 1.28 13.22 18.26 3.85 109.31 38.79 485.18 193.34 903.77 191.42 1 868.89 355.00
16 0.01 11.42 0.13 2.72 477 0.8 29.02 11.17 152.78 69.04 389.96 96.83 1 113.69 235.67
17 0.01 13.08 0.18 3.56 848 1.20 57.76 21.42 276.86 114.81 579.64 127.07 1347.64 261.68
18 0.08 9.40 0.15 2,49 561 0.9 3691  13.51 .14 75.98 400.20 91.56 1 000.05 207.08
19 0.08 24.23  0.29 449 8.0l 262 47.26 17.15 218.34 96.23 520.44 129.16 1544.29 353.46
20 0.09 579 0.08 0.98 1.37 0.33 855 3.43 50.05 25.04 161.27 4509 602.29 137.01
21 0.01 874 0.09 2.19 572 0.90 41.24 1596 206.79 87.48 445.56 98.19 1054.00 200.46
22 0.01 6.50 0.08 1.61 493 0.71 3558 13.77 182.92 76.82 392.33 87.17 916.56 176.88
23 0.06 11.13  0.10 1.15 1.88  0.42 13.69 6.15 96.27 49.37 294.66 76.72 934.83 201.58
24 0.14 22.69  0.40  7.45 19.45 3.22 132.71 47.83 599.28 234.77 1098.34 225.82 2208.18 403.50
25 0.00 6.30 0.02 0.3l 1.09 0.29 9.99 418 62.25 28.72 158.25 38.45 432.56 94.82

FEf QL21-3-4. 1
1 0.02 508  0.07 0.69 1.43 0.39 7.26 2.43 33.07 15.68 89.92 25.96 315.66 68.25
2 0.0l 3.91 0.05 0.44 1.03 0.27 5.8 206 27.52 11.64 61.48 16.49 186.48 37.18
3 0.01 7.25 0.14 1.63 3.29 0.81 16.76 554 71.54 29.42 151.92 38.55 416.09 82.04
4 0.02 699 0.28 310 571 1.22 2690 869 105.70 42.20 203.07 49.28 507.65 93.98
5 28.06 32.17 5.84 16.23 6.13  1.02 20.79 6.47 81.36 33.65 173.25 43.36 469.69 90.63
6 0.05 5.8 0.16 1.73 3.13 0.70 13.05 3.97 50.10 21.03 113.88 30.53 358.61 75.12
7 0.01 10.18 0.13  1.35 2.8 0.69 14.19 4.95 71.45 32.88 186.02 50.98 569.08 115.91
8 0.02 548 0.25 312 423 1.10 1563 4.80 57.37 23.85 127.75 34.76 399.67 82.98
9 3.81  11.63 0.98 3.54 3.24 0.71 1576 5.12 67.21 28.68 151.63 38.76 420.90 83.56
10 0.76  9.07 0.54 4.63 6.66  1.40 30.24 9.37 117.21 45.26 217.96 52.12 528.32 98.65
11 0.01 7.32 020 1.98 3.75 0.82 15.84 5.17 65.93 27.80 148.77 39.32 438.75 89.60
12 0.02 621  0.23 2,42 438 1.12 19.82  6.21 7577 29.40 148.91 37.43 403.86 78.84
13 0.0 827 0.11 0.98 1.99 0.58 9.89  3.48 49.04 22.80 132.55 37.68 451.93 96.09
14 0.01 4.45 0.04 0.52 1.34 0.3¢ 7.61 2.66 36.86 15.94 87.07 23.87 274.83 57.12
15 0.01 9.8 0.31 3.16 578 1.41 30.68 9.94 122.44 49.64 247.78 59.63 636.55 120.36
16 0.0 7.21  0.20 2.02 399 0.8 19.57 6.18 76.11 31.07 155.73 38.70 418.98 79.27
17 0.0 7.65 0.20 2.32 431 0.93 2315 7.20 91.25 36.59 181.33 44.59 469.55 89.53
18 0.01 6.4 0.16 1.60 3.71 0.76 17.61 5.52  69.58 27.50 140.13 35.57 384.61 75.39
19 0.60 8.8 0.22 1.29 2,11  0.42 9.92  3.50 47.42 20.89 115.58 31.86 364.56 75.82
20 0.02 825 0.35 393 7.13 1.71 3538 10.80 128.76 49.96 239.24 56.54 583.57 107.71
21 0.02 6.42 0.16 2.20 3.37 0.79 1519 4.8 56.60 23.21 117.88 30.57 346.27 66.07
22 0.05 11.05 0.31 3.19 592 1.16 26.53 831 105.55 42.14 215.37 55.02 587.50 113.74
23 0.03 7.44  0.21 2,27 426 0.99 21.26 6.80 84.57 34.19 171.49 42.86 457.55 86.49
24 0.02 7.05 0.17 1.67 3.06 0.68 1526 5.02 62.98 26.36 138.89 36.79 401.70 79.94
25 0.01 7.86 0.22 236 493 1.09 21.83 6.94 85.95 33.46 170.51 41.96 445.79 85.24
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5k 2-1
Continued Table 2-1
s s La Ce Pr Nd Sm Fu Gd Th Dy Ho Er Tm Yb Lu
26 0.01 7.07  0.26 2.8  5.47 1.26  26.28  8.37 102.75 40.15 192.54 46.01 469.53 87.39
27 0.01 9.09  0.08 .25 2.70 0.66 15.19 5.22  72.82 31.34 166.28 42.18 461.20 89.57
28 0.01 5.03  0.20 2,30 3.72 1.06 15.34 4.67 55.69 22.65 115.25 30.22 331.43 66.19
29 1.78  7.77  0.46 1.63 1.59  0.35 6.40 2.08 27.23 11.98 66.33 18.90 233.47 50.65
30 0.01 6.10  0.07 1.14 2,42 0.60 12.73 4.27 54.33 22.48 117.42 30.34 325.55 63.33
31 3.41 22,14 1.71  6.76 450 0.81 14.94 4.85 63.89 28.51 166.05 47.96 581.67 121.83
FEMh Q122-6-5. 2
1 0.14 7.22 0.16 2,20 3.79 0.99 18.37 5.70 70.84 28.79 151.15 34.72 378.26 81.29
2 0.01 13.93  0.06 1.44  3.33  0.85 19.22 6.73 95.19 42.13 229.32 53.58 594.48 127.42
3 0.02 9.67 0.12 203 4.29 1.10 22,70 7.29 90.25 39.16 201.36 46.83 508.52 109.52
4 0.01 12.06 0.14 2.68 530 1.24 28.49 877 108.85 44.93 228.83 51.69 550.39 112.67
5 0.11 6.50  0.14 1.46  2.46  0.64 12.37 4.12 49.62 21.28 108.13 24.36 273.34 58.70
6 0.01 6.08  0.09 1.48 2,43 0.71 11.50 3.57 42.36 18.21 101.19 25.67 296.06 69.07
7 0.01 10.59 0.05 0.85 2.23 0.5 13.76 4.58 61.80 26.55 144.05 33.73 371.72 79.17
8 0.01 9.96 0.10 1.92 400 1.02 21.61 7.06 90.05 37.84 205.64 46.56 517.23 106.91
9 0.01 8.38  0.08 1.37  3.08 0.65 14.97 4.78 61.67 26,21 138.45 33.61 369.42 78.47
10 0.01 5.84  0.05 0.74 .15 0.53 5.15 1.64 20.69 9.11 53.79 14.44 190.67 49.15
11 0.20  6.33 0.13  0.85 .53 0.31  7.97  2.61 33.01 1469 76.07 19.24 215.91 47.02
12 0.01 8. 11 0.04  0.77 1.91 0.44 10.14  3.38  43.69 19.52 104.54 24.39 279.36 62.13
13 0.01 5.81  0.04 0.72 1.74  0.43 921 2.8 3550 15.17 81.25 19.98 230.94 51.29
14 0.01 7.00 0.09 1.70  3.49 0.80 18.74  5.77  69.45 29.54 148.85 34.27 379.19 81.09
15 0.01 8.03 0.14 2.56  4.87 .29 24.59  7.44 89.83 37.07 181.48 40.29 438.61 92.15
16 0.01 2.82  0.01 0.25  0.50 0.22 209 0.76 9.50 4.54 28.31 820 115.28 30.23
17 0.01 5.73  0.03  0.55 1.18  0.32 598 2,06 27.40 12.71 73.54 18.53 237.09 54.68
18 0.01 13.33  0.07 1.42  2.96 0.88 16.38 6.00 83.21 39.72 218.94 52.27 630.77 131.92
19 0.01 6.52  0.02  0.65 1.53  0.39 9.07 3.08 39.76 17.80 96.38 23.46 278.52 60.10
20 0.0  11.56  0.06 .16 2.62 0.59 14.05 4.63 59.82 2599 137.10 31.89 366.02 74.70
21 0.01 7.00  0.07 1.51 2.90 0.74 14.92  4.66 56.21 24.06 127.69 30.22 355.28 73.84
22 0.02  7.87 0.15 2.66 4.44 1.09 22.81 7.06 85.18 33.92 174.71 40.69 456.62 96.51
23 0.01 4.30  0.07 1.19 1.73  0.54 7.78  2.32 27.66 12.13 64.96 16.41 204.86 45.13
24 0.20  20.67 0.31 3.66 574 1.39 33.20 11.18 138.03 57.91 298.76 66.52 715.24 147.00
25 0.52 852 019 202 32 0.75 16.04 4.95 59.27 24.66 124.81 28.71 319.54 64.85
26 0.02 47.68 0.37 7.55 15.27 3.36  79.67 24.58 280.56 109.67 524.95 118.10 1232.41 235.49
27 0.01 11.54 0.04 0.83 1.60  0.47 9.65 3.19 40.12 18.27 102.96 25.56 303.22 68.13
28 0.01 4.54 0.01 036 0.90 0.27 4.93 1.46  20.26 8.8  50.51 12.52 154.74 36.10
29 0.01 7.80  0.07 .20 2.55 0.72 15.05 4.84 61.00 26.69 140.93 33.20 381.34 82.13
30 0.01 6.99  0.07 1.51 2,62 0.66 12.72 4.06 50.04 21.88 117.18 28.17 327.69 71.12
31 0.01 7.34  0.08 1.95  3.89 1.02  19.16 5.71  70.57 28.31 141.35 32.10 354.21 74.12
32 0.01 5.94  0.02  0.40 .01 0.30 6.66 2.16 27.75 11.90 63.18 15.03 175.72 37.11
33 1.55  16.26 0.60  4.94  5.27 1.30  25.46 7.68 91.36 36.13 185.98 40.66 452.43 93.58
34 0.32 7.15 0.12  0.91 1.24  0.31 7.88  2.60 34.44 1511 84.25 21.31 248.72 57.41
35 0.02 23.13 0.28 514  9.99 1.89  48.76 14.05 160.15 59.84 292.85 63.08 646.20 131.57
36 0.01 5.99  0.07 1.58 2.8  0.67 13.92 4.35 54.03 21.42 114.86 26.50 312.01 65.21
37 0.12 10.96 0.16 1.86 2.58 0.79 14.34 4.83  68.71 32.56 186.79 46.55 535.85 119.86
38 0.23 840 0.13 1.61 252 0.58 12.70  4.08 51.49 21.41 122.39 28.93 332.24 75.05
39 0.01 7.13  0.09 1.97 403 0.99 20.00 6.54 79.75 31.94 160.02 36.02 387.41 79.87
40 0.21 8.99 0.10 1.15 2.05 0.52 12.30 3.98 54.55 24.41 136.13 33.07 383.23 86.03
41 0.01 7.33 0.05 0.8 2,10 0.57 12,31 3.93  52.49 22.63 120.73 28.60 326.05 72.62
42 0.01 7.64 0.04 0.85 2.00 0.52 12.05 4.05 53.96 24.44 134.41 31.89 364.38 79.94
43 0.01 5.73  0.05  0.97 1.98  0.51 11.24 3.62 45.34 19.42 102.65 24.04 276.31 59.06
44 0.01 12.80 0.05 .15 2,15 0.72 12.31  4.29 60.95 29.56 '7.38 45.22 560.16 132.83
45 0.01 5.80  0.29 .42 2.62 0.76 13.22  4.13  51.49 21.81 114.59 26.59 300.22 65.87
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Fig. 4 Zircon Hf(¢)—t diagram (a) and histograms of eHf(#) values (b) for plagiogranite in Tianshui area [ the eHf(t)

irange for new crust is from Dhuime et al. , 2011 ]

(Ishikawa et al. , 2005; Yang et al. , 2021) , LA 1
T RV A A IR AE BRI ES & o 5 Rz
SRR 5 B TN 25 838 s Rl oA 7T 2 Bt 215 4
BRAE 22 FR1E (46 54 )T 75 A1 ( Coleman and Peterman,
1975; Flagler and Spray, 1991; Floyd et al. , 1998;
Karson et al. , 2001: Scarrow et al. , 2001; 2R
4%, 2003; Grimes et al., 2013; Freund et al.
2014) . 5245 TICER P BCR AN 22 57 TR B 45 ik
FEH SiO, FE A La 3 Yb 7 & B A B i 1IE A0 ¢
P, T B 70 s ol 3 52 vl ) I AR G M Bl B B4R G
(Brophy and Pu, 2012) , ASCHYRHAE A 1 i 2
AEARH La F1 Yb &4, 7E La-Si0, Elf#r Sio, &
A La 35 BAT A DG, W 0 o0 s il i) i 4
It H ML AE Rb—Rb/La [ ff# it A7 B (1 Ta,
Th) o HFASSCHO B [F) #1 TN R O 2 i A
ZRATEMESLMT (0.5~0.8 GPa) UM LI 1Y 25
HAAXT L (France et al. , 2010) , ¥R A ol M TN A 1Y
HR Rl AT BE R A UCE KR S POk TR (&1 8)
I HAER Y SEu 71575 F155 MREE/HREE 73 %
W 5 S I R h sk B A A R IN A B4 — 3K
PRI, AT 0 32 58 M o A TR e A T A P 2 U T
FHEG A RHCAE B A 1 R, PH I8 RHC AR 1
B eHE(¢) BUMACE A TE+12. 05£0. 62 F
+12. 80+0. 39 Z [i] , 55 7 A= 75 B4 8 94 Hf A b 7
() eHE(e) fH(+12. 050, 62 ) 7815 22 15 Fil P 3 — 3
(Dhuime et al. , 2011) (& 4) ,#E—BULH PG 224 R}

FAE R T BRI T 5 RV M SE PR A il

0 S IICE SR HE R 2R HE AR/ T 3477 4
Hume Y [R) 7 3R Fe (B 32 2 il T /b 2 TR B9 BTk
(Dhuime et al. , 2011) , 755 90A 3 A H U Fil Ba 45
A ITCR LS 2 Z M vt AR FNTCAR W (52 W), 11T Th
JLE X Z ( Hawkesworth et al. , 1997) , ¥EULTEAHSE )
XU 1 [Tt R i S s S T DX 52 TTOAR ) 52 il 114 s
(Bl 7e.7d) o TR e ITTAR ) 1 IRk 27 F0 b 35k )
PRFFEUE S FR 53 Bl ¢ 400 ot 2 Hh AT o % 1 % 1 30
% ( Scholl and Huene, 2007) , 1fii £ Nb/U-Nb F
Ce/Ph—Ce [EIfifE b K 22 J0RE il v A 2 BRI o DAL
(-2 A S R P (Su et al. , 2017) (] 9a.9b) , 3
— P EIE T U ZR I M AL b o A UR X BAT TR Y
TR, 44K, B Y eHE(¢) (ALY ASTAE (0. 80
~1.04) #R LRI 2 5 LU BIHE R A TR

BRULZ A1 BER AR A S/ Y HAE R Y b
LR - Lo R B, 5 TR TS A
FR 0 5% B B RRAIE B R AR 4 s W J s ik i A
TEART vy 50 ¥ 10 DX 3, 3 7 L A o
H VRIS 2 U A bR IR 3 A, AN 2 DA R A
RS SR, ZERILG AR B B, SICAT A7 B 1 I
FIRY I P 4 8 AR EA ) A0 oot 2 2 () 4 00 T A AR
VPR B A AT o Al R B T B K AR R 0 J
(Stern and Gerya, 2018; Yang et al. , 2021) , H I,
FRATTHEDN P Z2 08 Ry P S TP R RHC AR R A = TER)
UG ORF I B B, T VR ST AR AR iy e A B 0 Rl Y
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F4 LLRBELFRAMRP/RERETEITE (w,y/ %) MHEITTE (w,/107°) AR

Table 4 Major(w,/%) and trace (w,/10™°) elements of Whole-rock of plagiogranite in the Tianshui area

FHE 106°1'31.23"E

G 3ae11isg gary 1007131477 3401158, 66N 105°23'30. 59"E, 34°36/46. 30"N 106°132. 11"E,34°11758. 45"N
B 021-3- QL22-6-  QL22-6-  QL22-6-  QL22-6-  QL22-10- DI1002-4- D1002-4-  DI002-4-  D1002-4-
i 4.1 5.2 5.2a 5.2b 5.2¢ 10.3 1.1 1.2 1.4 1.5
Si0, 68.65 66.32 65.80 69.23 63.19 69. 18 69.72 68.49 65.78 66.40
TiO, 0.32 0.32 0.31 0.32 0.31 0.27 0.28 0.31 0.29 0.33
AL, 0, 15.57 16.53 15. 11 15. 44 15. 69 13.58 14. 61 15.25 14.93 15.01
Fe,0, 0.53 0.87 1.67 0.60 0.76 3.46 1.08 1.00 2.14 1.47
FeO 1.52 1.94 2.64 1.58 1.74 2.30 1.66 1.58 2.84 2.44
MnO 0. 14 0.17 0.19 0.13 0.13 0.05 0.11 0. 10 0.11 0.15
MgO 2.18 2.31 3.18 2.17 2.32 1.37 2.15 2.16 2.38 3.22
Ca0 4.14 4.19 3.68 3.70 3.61 5.43 4.71 4.91 5.60 4.29
Na, 0 4.68 5.02 4.32 4.41 4.56 2.58 4.29 4.48 3.99 4.02
K,0 1.07 0.76 0.76 1.45 0.98 0.28 0.65 0.62 0.58 0.74
P,0; 0.08 0.07 0.12 0.08 0.07 0. 04 0.06 0.07 0.08 0.11
LOI 0.89 1.03 1.44 1.00 1.11 0.79 0.75 0.72 0. 80 1.37
SUM 99.77 99.50 99.22 100. 11 99.47 99.33 100. 08 99.68 99. 50 99. 54
A/CNK 0.95 0.99 1.03 0.99 1.04 0.94 0.90 0.90 0. 86 0.99
A/NK 1.76 1.82 1.91 1.75 1.83 2.99 1.88 1.90 2.08 2.03
ASI 0.96 1.00 1.04 1.00 1.04 0.94 0.90 0.90 0.86 1.00
Mg" 66 60 58 65 63 31 59 61 48 60
Li 6.12 7.23 12.00 7.39 9.38 3.63 6.52 6.77 7.58 17.48
Be 0.71 0.84 0.75 0.68 0.70 0.42 0.85 0.88 0.74 0.85
Se 17.55 16. 64 21.85 15.87 15. 54 11.06 15.91 17.26 17.17 18.29
\Y 99.40 82.54 120. 45 86.99 84.38 134. 89 90.73 96.01 120.98 90.13
Cr 7.98 23.69 17. 83 15.77 16. 98 41.98 18. 60 20.41 20. 55 18. 66
Co 2.88 5.15 10. 20 2.70 4,04 7.05 3.68 3.65 11.59 4.32
Ni 4.46 4.40 6.08 3.05 4.36 6.66 4.32 4.26 5.50 4.57
Cu 1.73 11.23 26. 68 3.76 7.31 6. 19 3.31 3.50 23.77 11.86
Zn 67.71 74. 80 137.98 65.83 75.07 8.76 72.65 66. 54 71.17 69.42
Ga 13. 46 13.76 14. 98 12.82 13.51 12. 04 13. 68 14. 80 16. 00 12. 86
Rb 14.17 9.71 10. 85 18.69 12.75 6.42 8.34 7.68 6.10 10. 62
Sr 280. 98 148,73 156. 54 153. 64 205.48 162.70 182.35 196. 19 327.90 213.23
Y 17.95 14.59 20.01 13.63 13.71 8.91 16.02 17.02 15. 48 16.25
Zr 119. 46 104. 42 112.95 101.39 105. 10 79.32 107. 41 120. 67 114. 41 105. 51
Nb 2.53 2.31 2.38 2.26 2.16 0.71 2.16 2.45 2.21 2.50
Sn 2.03 2.13 2.81 1.72 1.54 0.80 2.22 2.18 1.31 1.29
Cs 2.14 1.85 2.84 2.45 1.99 3.56 1.32 1.36 0.88 3.08
Ba 177. 17 128.77 116.58 234. 67 164. 69 75.92 226. 15 219.95 136. 95 156. 40
La 8.73 7.21 9. 46 7.30 7.74 3.35 8. 66 9.92 15.15 10. 34
Ce 26.55 21.47 29.08 22.06 23.20 7.25 27.73 30. 31 35.83 26.89
Pr 3.84 3.01 3.95 3.26 3.39 0.95 4.19 4.42 4.44 4.07
Nd 17.13 12.88 16. 47 13. 98 14.24 4.09 17.91 18.44 17.56 17.76
Sm 3.87 2.88 3.74 3.22 3.39 1.06 3.85 3.93 3.50 3.73
Eu 0.82 0.74 0.83 0.74 0.76 0. 50 0.77 0.81 0.81 1.00
Gd 3.09 2.40 3.00 2.51 2.55 1.32 3.02 3.14 2.71 3.15
Th 0.47 0.39 0.50 0.38 0. 40 0.25 0. 44 0. 46 0.42 0.46
Dy 2.75 2.30 2.99 2.12 2.18 1.35 2.78 2.82 2.60 2.68
Ho 0. 64 0.53 0. 66 0.48 0.47 0.33 0.57 0. 62 0.55 0.58
Er 1.91 1.76 2.19 1.60 1.53 0.95 1.73 1.90 1.64 1.67
Tm 0.32 0.26 0.32 0.24 0.24 0. 14 0.29 0.29 0.28 0.28
Yb 2.16 1.95 2.26 1.73 1.76 1.06 2.04 2.11 2.01 2.12
Lu 0.35 0.33 0.37 0.29 0.28 0.18 0.34 0.35 0.33 0.37
Hf 3.07 2.76 3.19 2. 68 2.73 1.95 2.85 3.50 3.13 2.98
Ta 0.17 0.18 0.19 0.16 0.15 0.06 0.15 0.17 0.15 0.16
Tl 0.17 0.08 0.09 0.17 0.12 0.03 0.06 0.05 0.05 0.10
Ph 4.51 4.83 4.93 4.28 4.60 1.36 5.80 5.85 6.59 4.76
Th 4.35 3.87 5.21 4.17 4.32 0. 60 3.99 4.48 4.17 4.53
U 0.74 0. 64 0.90 0.54 0.63 0.33 0.75 0.82 1.09 0.75
St/Y 15. 65 10. 19 7.82 11.27 14.99 18.26 11.38 11.53 21.18 13.13
(La/Yh) 2.72 2.49 2.82 2.84 2.97 2.13 2.87 3.17 5.08 3.29
EwEd* 0.73 0.86 0.76 0. 80 0.79 1.30 0. 69 0.70 0.80 0.89
S REE 72.63 58. 14 75. 84 59.91 62.13 22.79 74.32 79.52 87.80 75.10

Mg" =Mg?* /(Mg™ +Fe®*) (FEJR L) ; A/CNK = Al,05/( CaO+Na,0+K,0) (FE/K L) ; A/CN=Al,0,/( CaO+Na,0) (FE/RK ) ; Eu/Eu” =
(Eu) y/ +/(Sm) . (Gd) y ; ASI=AL,0,/(( CaO-1.67 = P,05) +Na,0+K,0) (EE/R L) ,
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P TR 52 3 A0 5 AR B 520 R A SRR
fin 55 PO R BT L b DX BT 47 0 Talkeetna 1 DX 1 fif &
Semail 1 X7 H T HIRAETERE b B9 R PERHS AL B A E
17X (Hosung et al. , 2019; Yang et al. , 2021; Li
et al. , 2022) , K BLUE A HA A RLAY HBR AL 22 45
ik, RARHE I 5 IR EE N R 20 5 (4 1 24K 1
(1 10a,10b ) , 75 5 7 4 3 30455 40 0 141 At v BT A1
FEALIIVE A B IUASKER A (B 10e,10d) o fEH £
AR TR AL, PEZE I RHCAE R A 5 B B X
TE TR v e 5 ORI RN b 7 i A 3 ] 3 3 4
a8 AT ) AR A b e LA S BT 38 it DX 5 vh i 2
WA R el s P 1) AR A B 2 30T T — 2, T Bl
3 DCHYRH AL b o PR AR 4 A R B S 7 R
B2 A5 Bl (Rollison, 2015; Angelo et al. , 2023)
5.2 fRmEEHIRA

UTAER R AL ZR 0 3 1 Rty A AU o 4 4 K
RlfAR I LA AR e L A KRR R (Wang
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et al. , 2009; Dong et al. , 2011a; 5KEFE, 2011,  MAE/(Liet al. , 2015) , HAFAES L (Yang et al. |
Wang et al. , 2015; Dong and Santosh, 2016; Liu e¢  2018),
al. , 2016) ,{H3CT HAT LRI o i i A0 L AL ) 4T3 3 RIS B, A SCRT BIF 9 1Y H 8 T PG 22 08
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R PRAE A R RHEAE B 25 i i IR o 9 BE A 7
FEHR TG Al P, SR AT IR R R RHEAE
Ao 3IMRHEAE R A RS RS T 5264 515+4
15176 Ma 854 U-Pb 4EW8 ., % HLHT ABF9E 45
I AR FEARAT B A I A T 26 T B b X S K 7
Hh PR A 2 5 (508 £3 Ma) Fl1 G T4 ip 4t 1R 24
o R K (53449 Ma) ZIH], i A 2K
BT SRS T — & h IR A oA (8 iR
45, 2005) , J5 & W EA 2L F MORB i Hb Bk b 2% 4%
fE 5 HIE Ty 0 RPE SRS v (22 TR,
2007) , MEAM, T HL DT HGE 1Y = BE L Ll At 2
AR RS (5146 Ma) (BEEMSE, 2022) 1% —
RIS 5L Z e 18 LAl AR BO™ TR SR8 b Bk %
AR A (5241 Ma) (2RSS, 2012) thighy
—, GAEHE, XA AHERMT I G -/
— I HLAZ 44 (1BM) 4 oty 7 1 36 16 B BE DT 192 A
A (FEAIRER-FI P LR A B L ) . I,
BATAR B FHA (JFRREE TR ) B IR i 4f T RBAE &
AR FER 20 R ] (526 ~524 Ma) ,
5.3 KiiEEX

R AR e 1P R LR -
B R 4z — 4B - AL 08 oty AR AR 1L 52 2 R e
TR 2 B E A G S ( Cawood and Buchan, 2007 ;
Stampfli et al. , 2013; Zoleikhaei et al. , 2021, 5K
A, 2023) 0 X --ai D RER RS SRR
Wi, S350 1 24 DAAHAB B AR Ay 44 10 SRR 4R 0 v 40
STEER A A (5K BT S, 2015, 2023 R T S,
2020) , i F2 3K B4y S A R o Y Ak R R e
FFRIE , 3ot A 2 38 3 ek 1 BT J% 4 b DX 400 6 0 o 114
WG TAE, R B AR B 1T A 00 46 R o 1 P ) 2R L
B LR RE ( Yao et al. , 2021) , A SCHh iy K
RHEAE 7 5 X IR A A A SR RS R,
ZE U8 3 1117t PG BE AT A0 b 5 e BT JR 4 AL AR 142 1
X AR AR AR v i B AR 3 — B0 (Xia et al. , 2012;
Song et al., 2013; Yao et al., 2021; 5K & H 55,
2023) , A AN, U A g s Ly S ) BT B
L DR R T T AO0 opke & st [) JL~F- T [ ek, B % A
e - ZE R WA R A SRR AR, X
TR GG b ) R ASE SS A0L T3r A= X IBML AR 7 ( Tshi-
zuka et al. , 2011)

6 ZHiE

(1) PUZRIGRTPHAE A A RHC AL B H AT B

) K,0 F1 TiO, & &, VL @ + oo £ w4 R
TR M EERE FFEATE(LILE) , 7Hi&
Yot R (HFSE) M HRRE , fit o0 2 5 4G Hh i br v 1k
Ik o J&] R i 7 Nb Ta Ti B9 B 2 2%, S/Y (H
1%, eHE()(EHE (FE+12.05 F+12. 80 Z[a]) , HE
PUZR IS RHAE B 5 T8 BT B PRGN oh B B, A
AR Ity Y S R M A 0 s i P 7=

(2) 3 ARHEAE XA 1A KA AR 2 0
526+4 515+4 1 5176 Ma, #8758 B SFE (JEER4R 3
) WA bR T BB & A fE R IR R

(3) ACZRUA 3 LA IR B2 4 R B4R 5 b et Ll
VY B Y Fe BT 2R A AN AR i T — 2, WA WoR
A ZERTPERRAE VR e Ll R TR R R AR
Hr R G 0 o A RS AT AL A 1BM Ry
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