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Yu TJ, Wang PJ, Gao YF, Zhang Y and Chen CY. 2024. Discovery of the Late Jurassic peraluminous rhyolites and tonalite
porphyrites in the Tuquan area along the western margin of the Songliao Basin: Geological records from closure of the
Mongol-Okhotsk Ocean to continental collision between the Siberian plate and the Erguna-Songliao block. Acta Petrologica
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Abstract The southeastward subduction of the Mongol-Okhotsk Ocean, oceanic closure, and continental collision were important
regional tectonic events in the Late Mesozoic of Northeast Asia. They are closely related to magmatic activity, metamorphism, basin
formation and orogeny in the area. Accurately defining the spatiotemporal range of the interrelated geological processes of the above
three events is a prerequisite for understanding the tectonics of the region in the Late Mesozoic. However, it is difficult to conduct this
kind of investigation as it is difficult to find suitable geological records related to these events. We discovered peraluminous rhyolites
and tonalite porphyrites in the Tuquan area along the western margin of the Songliao Basin. These samples are probably related to the
oceanic closure and continental collision. The zircon LA-ICP-MS U-Pb dating results show that their crystallization ages are 156 + 1Ma
and 155 +1Ma, respectively, indicating they are the products of Late Jurassic magmatic events. They are calc-alkaline peraluminous
rocks with high aluminum saturation index A/CNK (1.32 ~2.13) and low content of MgO + FeO" (0. 96% ~3.37% ) and low ratio of
FeO'/MgO (2.84 ~5.02). Thin-section work shows that they contain high aluminum minerals such as sericite. Corundum molecules
(3.77% ~9.65% ) appear in CIPW standard mineral calculation, and these rhyolites and tonalite porphyrites are mapped in the
geochemical diagrams related to the S-I-M-A classification scheme of granites. These results show the characteristics of S-type granites.
The low ratios of Rb/Sr (0.35 ~0.55) and Rb/Ba (0.08 ~0.26) of rhyolites and tonalite porphyrites indicate that the primary
magma of rthyolites and tonalite porphyrites were originated from poor argillaceous arenaceous rocks. Zircon saturation temperature
calculation shows that the magmatic crystallization temperatures of rhyolites and tonalite porphyrites range from 837°C to 876°C , and
the samples have high ratio of Al,0,/TiO,(38.41 ~61.36), these temperatures are lower than the formation temperature of A-type
granite (900°C ). These rhyolites and tonalite porphyrites are richen in large ion lithophile elements such as Rb, Ba, K, and lack high
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field strength elements such as Nb, Ta, P, Ti. They also show low contents of Y (5.29 x 10 ® ~19.75 x107°) , Nb (7.44 x10~° ~
8.50 x107%), Sr (60.6 x 10 ° ~154.9 x10™°) and Yb (0.53 x10° ~2.40 x10°) , showing arc magmatic properties. In the R1-
R2 major element tectonic discrimination diagram, the samples are mainly projected within the range of collisional and orogenic
periods. The Nb-Y diagram shows that the samples are dotted in volcanic arcs and syn-collision granites. The Rb/10-Hf-Ta x 3 diagram
shows that the samples are located in the regions of volcanic arcs and collision type granite. The Sr-Yb diagrams indicate that rhyolites
and tonalite porphyrites were formed in the stage of crustal thickening. The tectonic discrimination for the rhyolites and tonalite
porphyrites in the Tuquan area is suggested that the Late Jurassic in the area was a period of the volcanic arc and continental crust
collision environments. It implies that their formation is related to oceanic crust subduction and continental collision during the closure
process of the Mongol-Okhotsk Ocean. The ratio of rhyolites (La/Yb) y range from 6. 62 to 8. 77, indicating a depth of 40 ~46km in
the source area. The ratio of tonalite porphyrites (La/Yb) y range from 7.93 to 13. 39, indicating a depth of 44 ~55km in the source
area. These results indicate that a continuous thickening process of the crust at 156 + 1Ma to 155 + 1Ma. These characteristics of
rhyolites and tonalite porphyrites provide key igneous rock evidence for evolution from oceanic subduction to continental collision.
Combined with the regional geological data, the tectonic-magmatic evolution model of the Mongol-Okhotsk Ocean from the subduction
and closure to the continental collision is constructed. In this paper, the influence range of the Mongol-Okhotsk Ocean tectonic system
reached the Tuquan area in the western margin of the Songliao Basin, the Mongol-Okhotsk Ocean was closed at 156 = 1Ma, and the
study area at 155 £ 1Ma was at the stage of continental collision and crust thickening after ocean closure.
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Fig. 1 Tectonic subdivisions of northeastern China and the location of the Tuquan area (a, modified after Liu et al. , 2017) and

simplified geological map of the Tuquan area showing sample locations (b, modified after BGMRJ, 1988)
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Fig.2  Field photographs and photomicrographs of the rhyolites and tonalite porphyrites in the Tuquan area

(a) the rhyolite was in unconformable contact with the Mid-Jurassic sandstones, which were intruded by lamprophyre; (b) the rhyolite was developed

in layers; (c¢) micro photographs of the rhyolite; (d) the contact between tonalite porphyry and the surrounding rock; (e) the local photograph of the

contact between tonalite porphyry and the surrounding rock; () micro photographs of the tonalite porphyry. Kfs-kfeldspar; Pl-plagioclase; Qtz-quartz;

Ser-sericite
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R2 REWRB/YUEMRERRKHETER LA-ICP-MS U-Pb EEHER
Table 2 LA-ICP-MS U-Pb isotopic data for zircons from the the rhyolites and tonalite porphyrites in the Tuquan area
Fi(x107%) [FH R A AR (Ma)
] o 207 207 206 207 207 206
MRSy oy oy ™D i E lo Fﬁ’ lo 238};’ lo ﬁ lo Wlﬁ“ lo Tl:;’ 1o
D12, {8
-1 31 200 422 0.47 0.05430 0.0023 0.178 0.0072 0.0241 0.0003 383.4 96.3 166.8 6.2 153.3 1.6
2 15 97 231 0.42 0.04840 0.0025 0.1596 0.0076 0.024 0.0003 120.5 118.5 150.3 6.6 153.0 2.1
-3 36 191 947 0.20 0.04930 0.0015 0.1628 0.0047 0.024 0.0002 161.2 65.7 153.2 4.1 152.6 1.3
4 31 199 403 0.49 0.05480 0.0022 0.1825 0.0069 0.0245 0.0003 466.7 95.4 170.2 5.9 155.8 1.9
-5 20 124 307 0.40 0.05150 0.0025 0.1739 0.0084 0.0244 0.0003 261.2 117.6 162.8 7.3 155.6 2.0
-6 50 390 505 0.77 0.04860 0.0016 0.1603 0.0054 0.0239 0.0003 131.6 87.0 151.0 4.8 152.1 1.6
-7 15 95 235 0.41 0.05330 0.003 0.1776 0.0086 0.0246 0.0004 342.7 124.1 166.0 7.4 156.6 2.6
-8 33 256 391 0.65 0.04890 0.0019 0.1604 0.0061 0.0239 0.0003 142.7 92.6 151.1 5.3 152.5 1.9
9 16 106 231 0.46 0.05280 0.0028 0.1719 0.0084 0.0243 0.0004 320.4 118.5 161.0 7.3 154.9 2.5
-10 25 157 318 0.49 0.05630 0.0025 0.187 0.008 0.0243 0.0003 464.9 100.0 174.0 6.8 154.8 2.0
-11 18 108 262 0.41 0.05550 0.0027 0.1856 0.0085 0.0246 0.0003 435.2 109.3 172.8 7.3 156.8 2.0
-12 38 274 556 0.49 0.04960 0.0018 0.1634 0.006 0.0241 0.0003 176.0 83.3 153.7 5.2 153.6 1.8
-13 16 94 244 0.39 0.05150 0.0029 0.1705 0.0092 0.0245 0.0004 264.9 95.4 159.8 8.0 155.7 2.2
-14 13 71 206 0.34 0.05080 0.0028 0.1691 0.0084 0.0248 0.0004 235.3 137.0 158.6 7.3 158.0 2.3
-15 29 230 339 0.68 0.05250 0.0026 0.179 0.0088 0.0253 0.0004 309.3 100.9 167.2 7.6 160.8 2.4
-16 21 134 323 0.41 0.05080 0.0024 0.1693 0.0077 0.0245 0.0003 235.3 111.1 158.8 6.7 156.0 1.8
-17 27 180 384 0.47 0.04980 0.0021 0.1647 0.0069 0.0242 0.0003 187.1 100.0 154.8 6.1 154.0 1.8
-18 51 388 557 0.70 0.04920 0.0017 0.165 0.0058 0.0243 0.0003 166.8 77.8 155.0 5.1 154.7 1.6
-19 29 211 340 0.62 0.05150 0.0024 0.1742 0.0078 0.0247 0.0003 261.2 105.5 163.1 6.8 157.2 1.7
20 27 160 385 0.42 0.05520 0.0023 0.1911 0.0072 0.0252 0.0003 433.4 92.6 177.6 6.2 160.7 1.9
21 13 84 206 0.41 0.05160 0.0033 0.1704 0.0096 0.0245 0.0004 333.4 148.1 159.8 8.3 155.9 2.4
22 24 164 305 0.54 0.05000 0.0025 0.1748 0.0081 0.0253 0.0003 194.5 116.7 163.6 7.0 161.0 1.8
23 17 117 295 0.40 0.04990 0.0027 0.1675 0.0084 0.0249 0.0003 190.8 159.2 157.2 7.3 158.3 2.2
24 49 373 496 0.75 0.05120 0.002 0.1742 0.0064 0.0249 0.0003 250.1 90.7 163.0 5.5 158.5 1.7
25 13 89 203 0.44 0.05000 0.0031 0.165 0.0093 0.0245 0.0003 198.2 141.7 155.1 &.1 156.0 2.2
26 16 115 243 0.48 0.05550 0.0027 0.1856 0.0081 0.0246 0.0003 435.2 109.3 172.8 7.0 156.8 2.0
27 20 125 325 0.38 0.05330 0.0024 0.1836 0.0078 0.0251 0.0003 342.7 96.3 171.1 6.7 160.0 1.9
28 19 135 290 0.47 0.05060 0.0027 0.1637 0.0078 0.024 0.0003 233.4 130.5 153.9 6.8 152.7 1.9
29 28 173 391 0.44 0.05450 0.0023 0.1845 0.008 0.0244 0.0003 390.8 94.4 171.9 6.8 155.6 2.0
-30 35 214 567 0.38 0.04890 0.0018 0.1673 0.0058 0.0249 0.0003 142.7 82.4 157.1 5.0 158.3 1.6
31 21 158 290 0.54 0.05020 0.0029 0.1689 0.0093 0.0244 0.0003 211.2 131.5 158.4 8.1 155.6 2.0
32 32 240 370 0.65 0.05020 0.0023 0.1725 0.0077 0.0249 0.0003 211.2 106.5 161.6 6.7 158.6 1.8
-33 40 306 443  0.69 0.04890 0.0018 0.1682 0.0062 0.0249 0.0003 142.7 83.3 157.9 5.4 158.7 1.8
34 30 235 360 0.65 0.04890 0.0024 0.1656 0.0077 0.0247 0.0003 146.4 114.8 155.6 6.7 157.0 1.9
35 14 94 246 0.38 0.04960 0.0025 0.1659 0.0076 0.0246 0.0003 176.0 123.1 155.8 6.6 156.8 1.9
-36 16 106 279 0.38 0.04930 0.0025 0.1653 0.0078 0.0246 0.0003 164.9 149.1 155.3 6.8 156.6 2.0
=37 35 280 351 0.80 0.04940 0.0021 0.1682 0.007 0.0246 0.0003 168.6 100.0 157.9 6.1 156.6 1.7
-38 25 174 316 0.55 0.05110 0.0021 0.1727 0.007 0.0245 0.0003 242.7 99.1 161.8 6.1 156.2 1.8
-39 36 255 418 0.61 0.05440 0.0021 0.1891 0.007 0.0253 0.0003 387.1 87.0 175.9 6.0 160.8 1.8
MN7, 35 =N KBy &
-1 4 154 291 0.53 0.04837 0.00229 0.16609 0.00802 0.02491 0.00066 117.3 100.1 156.0 6.3 158.6 2.3
2 3 88 172 0.51 0.05412 0.00334 0.18128 0.01113 0.0243 0.0007 375.6 126.4 169.2 9.0 154.8 2.7
3 5 176 320 0.55 0.05326 0.00254 0.17499 0.00846 0.02383 0.00064 339.8 96.5 163.7 6.6 151.8 2.3
4 4 54 119 0.45 0.05206 0.0043 0.17117 0.01393 0.02385 0.00074 288.1 172.2 160.4 11.7 151.9 3.0
-5 4 83 165 0.50 0.04825 0.00292 0.1658 0.01006 0.02492 0.00069 111.6 130.5 155.8 8.2 158.7 2.6
-6 4 72 182 0.40 0.05259 0.0032 0.17791 0.01079 0.02453 0.0007 311.1 126.2 166.3 8.7 156.2 2.6
-7 5 414 447 0.92 0.04813 0.00217 0.15877 0.0073 0.02392 0.00062 105.5 94.7 149.6 5.7 152.4 2.2
-8 6 255 187 1.36 0.04892 0.00222 0.1603 0.00721 0.02377 0.00071 143.8 102.9 151.0 6.3 151.5 4.4
9 10 208 331 0.63 0.04991 0.00166 0.16655 0.00576 0.02421 0.00067 190.8 75.5 156.4 5.0 154.2 4.2
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Continued Table 2
H(x107°%) [F) {7 2 HeAE A% (Ma)
I E = 207 207 206 207 207 206
WS g o g ™Y % o Tﬂ’f lo WPUb lo % lo Wlﬁ’ lo Wlﬁ’ lo
0 18 395 607 0.65 0.04811 0.00137 0.15476 0.00478 0.02334 0.00062 104.7 65.8 146.1 4.2 148.7 3.9
A1 10 144 362 0.40 0.04955 0.00177 0.17191 0.00629 0.02517 0.00071 173.7 8.5 161.1 5.5 160.3 4.5
42 14 204 456 0.45 0.05277 0.00183 0.17994 0.0064 0.02474 0.0007 318.8 77.1 168.0 5.5 157.5 4.4
437 120 247 0.48 0.04900 0.00188 0.16465 0.00643 0.02438 0.00069 148.0 87.4 154.8 5.6 155.2 4.4
4 13 293 437 0.67 0.04994 0.00152 0.15918 0.00517 0.02312 0.00063 192.3 69.4 150.0 4.5 147.4 4.0
45 8 143 279 0.51 0.05194 0.00237 0.17474 0.00802 0.02441 0.00071 282.8 101.1 163.5 6.9 155.4 4.5
46 14 202 537 0.38 0.04959 0.00137 0.15815 0.00482 0.02313 0.00062 176.0 63.3 149.1 4.2 147.4 3.9
47 10 152 355 0.43 0.05017 0.00157 0.16524 0.00549 0.02389 0.00066 202.8 71.1 155.3 4.8 152.2 4.1
A8 12 248 394 0.63 0.04919 0.00149 0.16042 0.00524 0.02366 0.00065 156.9 69.6 151.1 4.6 150.7 4.1
49 20 354 683 0.52 0.04932 0.00141 0.17255 0.00539 0.02538 0.00069 163.2 65.6 161.6 4.7 161.6 4.3
20 14 140 324 0.43 0.05273 0.00184 0.17204 0.00621 0.02367 0.00067 317.2 77.4 161.2 5.4 150.8 4.2
21 12 715 296 2.42 0.05066 0.00153 0.1772 0.00575 0.02537 0.0007 225.4 68.2 165.6 5.0 161.5 4.4
22 12 234 355 0.66 0.05044 0.00202 0.16793 0.00675 0.02415 0.00072 215.3 90.2 157.6 5.9 153.8 4.5
23 6 111 191 0.58 0.04921 0.0017 0.17293 0.00625 0.02549 0.00072 157.9 79.0 162.0 5.4 162.3 4.5
24 9 94 181 0.52 0.05106 0.00166 0.17342 0.00597 0.02463 0.00069 243.7 73.0 162.4 5.2 156.9 4.3
25 8 146 262 0.56 0.04901 0.00195 0.17172 0.00692 0.02542 0.00075 148.3 90.6 160.9 6.0 161.8 4.7
26 10 198 336 0.59 0.04921 0.00129 0.16458 0.0049 0.02426 0.00065 157.8 60.1 154.7 4.3 1545 4.1
27 9 129 314 0.41 0.05037 0.00155 0.16891 0.00559 0.02432 0.00068 212.2 69.6 158.5 4.9 1549 4.3
28 43 908 1494 0.61 0.05144 0.00219 0.17685 0.0076 0.02494 0.00075 260.6 95.0 165.3 6.6 158.8 4.7
29 11 171 399 0.43 0.04886 0.00174 0.1609 0.00599 0.02389 0.00069 140.9 81.7 151.5 5.2 152.2 4.4
30 6 8 197 0.42 0.04969 0.00184 0.16358 0.00628 0.02387 0.0007 180.5 84.1 153.8 5.5 152.1 4.4
31 10 187 308 0.61 0.05018 0.00157 0.17744 0.006 0.02564 0.00073 203.3 71.1 1659 5.2 163.2 4.6
32 13 270 408 0.66 0.04956 0.00149 0.17569 0.0058 0.02571 0.00072 174.2 68.9 164.3 5.0 163.6 4.5
33 41 894 1251 0.71 0.05006 0.00174 0.17384 0.00637 0.02518 0.00073 197.8 78.8 162.7 5.5 160.3 4.6
34 9 137 303 0.45 0.05133 0.00218 0.17801 0.00765 0.02515 0.00077 255.7 94.9 166.3 6.6 160.1 4.9
35 7 124 248 0.50 0.04888 0.0015 0.16256 0.00546 0.02411 0.00068 142.3 70.3 152.9 4.8 153.6 4.3
36 18 269 602 0.45 0.04924 0.00184 0.16508 0.0064 0.02431 0.00072 159.2 85.2 155.1 5.6 1548 4.5
379 144 297 0.49 0.04841 0.00132 0.15929 0.00496 0.02386 0.00066 119.2 63.0 150.1 4.3 152.0 4.2
0.030 0.030
g (@) (®)
0.028 0.028
> 0.026 D 0.026
: £
g 0.024 g 0.024
0.022 0.022
40 (Mean=(156il)Ma,n=39 ] [Mean=(155il)Ma,n=37 }
MSWD=18 MSWD=1.3
0.020 ' N L - 0.020 - - A
0.13 0.15 0.17 0.19 0.21 0.13 0.15 0.17 0.19 0.21
207pp/ 235U 207pp/ 235U

K3 S Xk R EUA (a) FIZE R N KB (b) LA-ICP-MS 5 7 U-Pb 418 A1 1 K 70 % 541 CL &%
Fig. 3 LA-ICP-MS zircon U-Pb concordia diagrams for rhyolite (a) and tonalite porphyrites (b) in the Tuquan area, show typical
CL images of zircons with U-Pb ages
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R3 REWRBRYLENXZAKPEEETER (W% ) MPETER( x10°°) HHER

Table 3 Major (wt% ) and trace ( x 10 %) element compositions of the rhyolites and tonalite porphyrites in the Tuquan area

s D11 D12 D13 D14 MN6 MN7 MNI10 MN11 MNI12
itk B RRNKB S
Si0, 74.28 72.35 72.52 73.05 69.75 68.23 72.47 72.13 70. 62
TiO, 0.27 0.29 0.37 0.31 0.29 0.30 0.29 0.28 0.29
Al, 0, 13.70 14. 65 14.21 14.18 16. 65 18. 16 17.40 17. 18 17.34
Fe, 0, 1.76 2.22 1.77 1.90 0.63 0.48 0.39 0.37 0.46
FeO 0.63 0. 66 1.19 0.79 1.53 1.19 0.36 0.56 0.78
FeO" 2.21 2. 66 2.79 2.54 2.10 1.62 0.71 0.89 1.21
MnO 0.05 0.05 0.04 0.05 0.06 0.07 0.05 0.04 0.05
MgO 0.44 0.53 0.58 0.51 0.43 0. 46 0.25 0.30 0.35
Ca0 0.16 0.14 0.16 0.15 0. 44 0.33 0. 06 0.06 0.15
Na, O 4.08 4.99 4.09 4.37 4.78 4.76 3.72 4.06 4.31
K,0 2.67 2.39 3.11 2.71 2.38 1.73 1.76 1. 69 1.87
P,0; 0.03 0.04 0.05 0.04 0.07 0.05 0.03 0.03 0. 04
LOI 1.65 1.60 1.73 1. 66 3.02 3.77 3.21 3.03 3.24
Total 99.73 99.91 99. 82 99. 82 100. 02 99.53 100. 01 99. 74 99. 82
Mg* 26.27 26.18 26. 95 26. 47 26.77 33.58 38.53 37.46 33.75
K,0 + Na, 0 6.75 7.38 7.20 7.08 7.16 6.49 5.48 5.75 6.18
K,0/Na, 0 0. 65 0.48 0.76 0.62 0.50 0.36 0.47 0.42 0.43
La 26. 07 22.23 17.02 21.45 13.71 13.77 12.99 7.84 11.77
Ce 57.11 47.50 36. 87 46. 42 27.77 27. 68 26. 90 14.71 23.48
Pr 6.79 5.94 4.43 5.63 3.56 3.75 3.30 2.30 3.17
Nd 25. 07 22.31 16. 62 21.03 13.43 14.30 12.13 8.72 11.94
Sm 4.86 4.43 3.23 4.11 2.57 2.73 2.22 1. 69 2.26
Eu 0. 80 0. 88 0.76 0. 81 0.44 0.36 0.24 0.20 0.30
Gd 4.44 4.04 2.77 3.68 2.45 2.54 1.99 1.49 2.07
Th 0. 66 0. 66 0.45 0.58 0.36 0.35 0.28 0.22 0.30
Dy 3.73 3.85 2.67 3.37 2.15 1.93 1.62 1.21 1.69
Ho 0. 81 0.82 0.56 0.72 0.43 0.35 0.30 0.23 0.32
Er 2.22 2.36 1.76 2.09 1.23 0.94 0. 84 0. 63 0. 88
Tm 0.34 0.38 0.28 0.33 0.19 0.13 0.12 0. 09 0.13
Yb 2.13 2.40 1.84 2.11 1.24 0. 80 0.70 0.53 0.78
Lu 0.34 0.38 0.30 0.34 0.19 0.12 0.10 0.08 12
Rb 84.57 66. 36 78.83 76.20 41.01 35.75 37.24 24. 89 34. 14
Ba 624.2 659.3 664. 2 648.9 517.2 136. 1 315.1 244.1 271.2
Th 9.49 8.68 6. 60 8.16 3.73 3.89 3.54 2.34 3.31
U 3.13 3.42 4.27 3.58 112 1.26 1.09 0. 89 1.08
Nb 8. 50 8.34 7.66 8.16 7.55 8.20 7.73 7. 44 7.72
Ta 0.92 0.96 0.78 0. 88 0. 40 0.42 0.41 0.42 0.41
Pb 13.25 12. 41 7.77 10. 85 4.84 5.98 3.55 4.11 4.53
Sr 152.4 143.6 154.9 150.2 117.0 87.4 100. 0 60. 6 88.7
Zr 302.3 323.8 335.8 320.3 283.2 321.9 313.3 313.9 307.7
Hf 9.57 10. 15 9.95 9.89 7.57 8.30 8. 41 8.28 8.13
Sc 4.87 7.46 4.49 5.46 4.81 4.19 3.33 4.51 4.17
\% 18.59 23.37 28. 34 23.09 2.07 2.35 2.88 2.23 2.36
Cr 7.68 6.38 8.91 7.58 8. 88 12. 49 9.51 9.20 9.93
Co 1. 80 2.45 3.13 2.40 1.91 1.59 1.73 0.90 1.47
Ni 3.23 3.05 2.77 3.01 2.19 2.77 4.36 1.70 2.59
Ga 18. 68 20. 86 20. 49 19. 99 18.33 17.39 16. 05 17.31 17.25
Y 19. 44 19.75 13.36 17.25 12.26 10. 57 8.22 5.29 8.67
Cs 3. 44 3.75 3.72 3.63 1.26 1. 00 0.94 0.79 0.98
SEu 0.52 0. 62 0.76 0.63 0.53 0.42 0.34 0.39 0.41

(La/Yb) g 8.77 6. 64 6. 62 7.28 7.93 12.29 13.39 10. 57 10. 83




TABRF: DT ANBEERR AR T LB AL E = AR B GLILNEF-TE KL F M E3) hhabdg ag b i 167

&ZR3
Continued Table 3
s D11 D12 D13 D14 MN6 MN7 MNI10 MN11 MNI12
itk B KnNKHE
S REE 135. 4 118.2 89. 56 112.7 69.71 69.75 63.71 39.92 59. 30
A/CNK 1.39 1.32 1.36 1.36 1.48 1.76 2.13 1.99 1.82
A/NK 1.42 1.35 1.40 1.39 1.59 1.87 2.16 2.01 1. 90
C 3.93 3.77 4.00 3.90 5.75 8.33 9.65 8.93 8.02
Q 39.90 33.17 36. 18 36.31 31. 54 33.45 45.14 42.83 37.79
Ab 35.26 42.97 35.30 37.68 41.72 42.08 32.53 35.53 37.74
Or 16. 11 14.38 18.73 16. 31 14. 50 10. 68 10.75 10. 33 11.45
An 0.64 0.44 0.52 0.53 1.77 1.36 0.10 0.10 0.39
Hy 1.69 2.82 2.09 2.15 3.08 2.68 0. 64 1.11 1.56
1 0.52 0.56 0.71 0.59 0.56 0.59 0.56 0.54 0.56
Mt 1.86 1. 80 2.36 1.99 0.94 0.72 0.52 0.55 0. 66
Ap 0.06 0.08 0.10 0.08 0.16 0.12 0.07 0.07 0.10

1 :FeO =FeO +0. 8998 x Fe, 0, ; Mg" =100 x MgO/ ( MgO + FeO" ) ;8Fu = Euy/(Smy x Gdy )**; A/CNK = Al,0,/( CaO + Na, 0 + K,0) ; A/NK
= A1, 05/ (Nay 0 + K, 0) ; CIPW SHHRIET ) 3% 5t 3 C R ; Q A1 Ab SHAH AT Or S IE A1 s An S35 A7 s Hy g 850041 5 11 Bk

Mt g RERRA™ s Ap ABEIKAT
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- @ Ex ®) ©
10 4l W 25F R i 4R
st
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(14 GERULICHACE FIZE A IR KB Si0,-(Nay0 + K,0) [0 (a, B Middlemost, 1994) Si0,-K,0 [ (b, J Peccerillo
and Taylor, 1976) 1 A/CNK-A/NK & f# (c,$& Maniar and Piccoli, 1989)
Fig. 4 SiO, vs. (Na,0 +K,0) classification diagram (a, after Middlemost, 1994 ), SiO, vs. K,O diagram (b, after Peccerillo

and Taylor, 1976) and A/CNK vs. A/NK (¢, after Maniar and Piccoli, 1989) of the rhyolites and tonalite porphyrites in the

Tuquan area
HIER T ARSI (] 3b £ 2) .

3.2 HuERLEEAHAE

SR X R BUE MY BN KB A F R MM ETE
SIFTEE R 3,
3.2.1 2&8A4FE

AU SI0, Erig R 72.35% ~74.28% ;AL O, &tk
13.70% ~14.65% ;Na,O ¥4 4.08% ~4.99% ;K,0 %
4 2.39% ~3.11% ; MgO 2 4t 0.44% ~ 0.58% ; 4 B
(Na,0 +K,0) &t 6.74% ~7.38% ;K,0/Na,0 {fi 2} 0. 48
~0.76,

WA INK B A Si0, Sy 68.23% ~72.47% ; Al 0,
BN 16.65% ~ 18.16% ; Na,0 & it 3.72% ~4.78% ;
K,0 &gk 1.69% ~2.38% ; MgO 4454 0.25% ~0.46% ;

4% (Na, O + K, 0) % 5. 48% ~7.16% ;K,0/Na,0 {H }y
0.36 ~0. 50,

FE TAS 4y ffeh, Wb A R R 3848 s AR AR i A X R
Wl 4a) ,1E Si0,-K, 0 FEfif o (B 4b) , FE 5 4% 8 285 Pk
#%, £ A/NK-A/CNK Elfr (Bl 4c) , WiFfE A S S
BT X 4. PR SO SRR R R B A/CNK fE Dy 1.32 ~
139 5P BIE R 1. 36, B 2 N B A 48 i Fide 5 A/CNK i
1.48 ~2.13,FEH{EH N 1. 84,

3.2.2 #EAE

WECER T BB (S REE) J 89.56 x 10 ¢ ~ 135. 4
x10°°  H TR INK B A 0 F B ( T REE)39.92 x
107°~69.75 x 10°°, i 80 R M + 0 K HAH (LREE/
HREE) %7 6. 96 ~8.23,(La/Yb)  {i} 6. 62 ~8.77 ,8Eu {ti }y
0.52 ~0.76, % [N K I A2 EM 170K HfH (LREE/HREE )
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Table 4  Zircon U-Pb dating of Late Jurassic magmatic rocks in Tuquan area and adjacent areas and their structural affinity and stress
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Fig. 5

chondrite-normalized REE patterns (a) and primitive mantle-normalized spider diagram (b) of the rhyolites and tonalite

porphyrites in the Tuquan area ( normalization values after Sun and McDonough, 1989)

Data sources; the Gangdese rhyolite in southern Tibet (Mo et al. , 2007 ) , the Chayanao-Ebisutoge rhyolite in Japan ( Kimura and Nagahashi, 2007 )
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(a)FeO"/Mg0-Si0, [&lff (#& Eby, 1990) ; (h)Na, O + K,0-10000Ga/ Al [ f# (3 Whalen et al. , 1987) ; (¢)P,05-8i0, [&lfi#t; (d) A( Al-Na-K)-

C(Ca)-F(Mg + Fe?* ) [l f# (4} White and Chappell, 1977)

Fig. 6 Rock type discrimination diagrams for the rhyolites and tonalite porphyrites in the Tuquan area

(a) FeO'/MgO vs. SiO, (after Eby, 1990) ; (b) Na, O + K, 0 vs. 10000Ga/Al (after Whalen et al. , 1987) ; (¢) P,0s5 vs. SiO,; (d) A (Al-Na-

K) vs. C (Ca) vs. F (Mg+Fe’*) (after White and Chappell, 1977)

KEE LS AT

PAIL M P G BUH I = IN K B A TE R T Bk 2
X EFE X P IE K A8 b 25 FIAE i I 5 25 14 (150 ~ 160Ma;
Wu et al. , 2011; Tang et al. , 2015) 242404 g BE H Bk R
Job Hi DX B 25 B TR A AR 4 A A R (154Ma; i 373k 55, 2014) |
M MR TBAE LLR IR S TUAE A A AR (158 ~ 154Ma; B e 4
85, 2018) (R2LZ WAL 1 E BT A — i S A R (R
%, 2008 ) FHAFUR i 4 B | 0% 28 b LR 1 ok LA (148 ~
160Ma; Zhang et al. , 2010; Ji et al. , 2019; Zhang et al. ,
2020) AT B A — 3K, HLA A F] A 2 2 305 2 B 0 A 3 75
(kL)
4.2 RYEMERRKDEREEE
MWk B IR SUE T = N By 5 0 A B B A 0

A SHAaME o, Hh B s MRS RA LA S
BEAHIA] K{ AL [AISi,0,0] (OH), |, HEHRE Y, A EA A H
TERE TZ R I IR R R B B ™ ) (BN 48 R
TR A AR T WM N A W EUE TS = N By 1
CIPW bR it B4R BR ENIES T (3.77% ~9.65%)
(3% 3), 538 B AL X 5 FEAE AH 21 ( Chappell and White,
2001) . VR EUAH R 3 = K B & & Sio, (68.23% ~
74.28% ) fIk MgO + FeO" (0.96% ~3.37% ) , $31u fFe 5 A/
CNK(1.32 ~2.13) KF 1.1, Jysd i 48 5 48 51 & ( Sylvester,
1998) . Ui 80 M = N K B & (1) FeO'/MgO . fH 45 11K
(2.84~5.02), 5 A BIAE K 5 25 U] & Bk 19 e A AN AH [R]
(FeO"/MgO > 10, Whalen et al. , 1987), 7E Si0,-FeO"/MgO
KRE (& 6a) , AL TS TR RE X N, AL
SR Z N A 10* x Ga/Al 2y 1. 69 ~2. 67, 7E L) 10* x
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Fig. 7 Petrogenetic discrimination diagrams of Th/Y vs. Nb/Y (a, after Boztug et al. , 2007) and Rb/Ba vs. Rb/Sr (b, after
Sylvester, 1998) for the rhyolites and tonalite porphyrites in the Tuquan area

Ga/ Al LU ABC A A0 40 51 LA v (181 6b) 4 SRR 45 5 T
TH S BIAE 5 KN . A5 L 3R W], A SR UG K
W, P,0, Ei ke, AR Si0, & i AR AT A2 Ak, 3k A BR
AR AE W] F X 45 1T 8RN S B 4% % %5 ( Watson and
Capobianco, 1981) , i 8CE FI ¥ = N K 4 1 i i PO, 78
A& /N (0.03% ~0.07% ) , #£ Si0,-P,0, Bt (E 6¢),
P,0; Fripids Sio, Gl AR e, 5 S Mk s
M AL G — 2. LA, 78 ACF g (& 6d) i E8UE il
B N B A FE M I S AE S BIAE A TE I, ke RLk
B RURMBCE T 2 NK A A BT S BITE XA R
4.3 RUEMEZAKBEERBEXER
Mk 2 R SO L 2 N By A B TR K
HA B w1 Si0, (68.23% ~ 74.28% ) 75, %K i) MgO
(0.25% ~0.58%) .Cr(6.38 x 10™° ~12.49 x 107%) . Co
(0.90 x107% ~3.13 x107%) Ni(1.70 x 10 ™° ~4.36 x10~%)
ik, SR IR A A REAE S [F] (RS X/ 5 22 [
A IR R R EE I K LA, FRBTTRBUA FIYE = N K By R R
TR EH o AT REPER N

MEBCEME = N B 1 Nb/U HfE (1,79 ~8.36) il
Rb/Sr HE (0. 35 ~ 0. 55) 5 KBl b 58 F- BI{E AR (Nb/U =
6.2; Rudnick and Fountain, 1995; Rb/Sr =0. 35; Hofmann et
al. , 1986) , 1 B 2 A [A] F H 08 57 35 {5 (Nb/U = 47 = 10;
Rudnick and Fountain, 1995; Rb/Sr =0. 034 ; Hofmann et al. ,
1986) . #£ Nb/Y-Th/Y FEfH (B Ta) , LA FITE R NK B
PSSR IR , WG AR FHR A R B MW B ER A A R

AR S AL i 2 A2 A8 T UL R 8 43 0 Bl 7
(Sylvester, 1998) . AZ B HTAA BEAL & a8 " 58 1 & 2
T (Searle et al. , 1997) , AL L FXT AR A B

Fh 2004 ( White and Chappell, 1988) , —fA BRI S
BV A I BR B AR B 1) Rb/Sr Fil Rb/Ba {H, 11 5
ARG 1 Jmb 5 (3 B8 B A B Iy Rb/Se #1 Rb/
Ba fE. WECA I = [N K By A # 59 Rb/Sr {524 0.35 ~
0.55,Rb/Ba {i2h 0.08 ~0.26, F£ Rb/Sr-Rb/Ba [& fi+ (&
Th) R BUEFIYE R N B A FE i X B AE DT A8 B A b
BT R BRI, SRR SCA A 2 N K By a3 R
X ARAb B Al T BUCE IR TR AR EE R 75% ~80% 11
FWbE RN E R TIE ARl 70% ~ 90% 11 54
{E

AR R AR b, S BT R R T R &
BEAAS & R0 Wy Bl A TR i T iy, R S T
SIS0 Bl )3 88 R 57, AL, O,/ TiO, [ fE 8/ (Patifio Douce
and Johnston, 1991) , FEUAE I = N By & AL O,/TiO, H
{EL 4 38. 41 ~61. 36, B AR 70 I fil ik 38 5K, 3 45 48 1
T BE A B AR B0 e 22 N A By ) B U DA R AR BE T,
(850 ~876°C ) #1 (837 ~ 849°C ) — & ( Miller et al. , 2003) ,
LEEEWTIREUCE MBS = N K By a8 B SR /N T 875C,
IR A BB R A A IR BUREE (900°C) .
4.4 MK HNFEES

WFIE DX B0 RIS = K B T B e R MR AL 2 4017
R ALO, AN 13.70% ~ 18. 16% ,Ti0, & i Y
0.27% ~0.37% , S wfr S5 AN R Rl 48 05 5 T 1025 S A Bk
AL AE AR ( Crawford et al. , 1987 ; Kimura and Nagahashi,
2007; Mo et al. , 2007) , ffiEICER IR 2270 0T SR, AL
HHRERNK B B4 Rb Ba K 55 KB TR A TR, 7
Nb.Ta P Ti &30, BA BN Y(5.29x107° ~
19.75x107°) Nb(7.44 x 10™° ~8.50 x 10™°) ,Sr(60. 6 x
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Fig. 8 Tectonic discrimination diagrams for the rhyolites and tonalite porphyrites in the Tuquan area

(a) Nb vs. Y (after Pearce et al. , 1984); (b) Rb/10 vs. Hf vs. Tax3 (after Harris et al. , 1986) ; (c¢) Srvs. Yb (after Zhang et al. , 2008) ;

(d) RI vs. R2 (after Batchelor and Bowden, 1985)

107° ~154.9 x 10 ™°) F1 Yb(0.53 x 10 ° ~2.40 x 10 ~°) 5 #t,
55 By AL R 5 2R BL ( Pearce, 1983) o MR PEE M 1 FIRETT
RRGRAE(KS) R XK msUE (156Ma) 5 H AH AL
The Chayanao-Ebisutoge {ff it 1% 5 ¥ 35 7 205 58 422 3/5 ( Kimura
and Nagahashi, 2007) , M3 2 N By i 2 3 -5 74 6 X0 I 24
IS 2L A A A - il [ Tl 4 A 458 3 S0 AL PR A - AN T
EA A (Mo et al. , 2007) ,

Pearce et al. (1984) ¥ 185 A 1R AFREL 70 e R 2L
A P ALk L SR 2R A [ Rl A Y, ST TOY-Nb JT 3 A
fi#to 7E Y-Nb [Efig ([ 8a) i 8UE M = N K By 5 8UR TE
LR [6) il 48 B A B DI, T BCE B AR Y
&, Harris et al. (1986) F| F Rb-Hf-Ta =70 [ ff ¢ BE#4) 15 15
PR BORE TR 97 2630 43 A AR T E5 e (R LLig) 48 B 8
[ 0 48 3 T A 2 A 458 208 5 M A 1 o AN AR S T8 B

#ro £ Rb/10-Hf-Ta x 3 [£/f% (& 8b) Hr, i 4UE Fk = N4
Wy A B S AE LRI 3 TR AR b2 DX S DY, T80 B A AR A
1=/ Rb 1 Ta fH , R BADFR XA 48 B 8CH T = N K B A
FEE ST < A AR RERE TE 5 A FRAE A L, 7T RETE BT
TR i 2 [ AR B B, TR SF (2008 ) IA S R PR 25 3K A St
FYb B AR RO A G, 2R 5 A B KR X
PR R SR PR A bR, 35 BE St =400 x 10 "° 1 Yb =2 x 10 ~°
HIFR AL < R 53 5 28 Fie B3 288, 58 S Ml DX 68 o O
SUHTE TAL Sr i Yb B B s TIRE A e N K B A 8
FAK Sr AR Yb BB BT h 3045 (1] 8¢) o ARG Sr Fi Yb
HE AR, 58 5% i X M 5 HA A IE & 7% (Sr <400 x 107°,
Yb>2 x107%) a4 5 Hb 7% (Sr < 100 x 10 ™%, Yb <2 x 10 %) J
feia 3, B Ak F b 72 & By Be (3K ESF, 2011) , Batchelor
and Bowden (1985) U NAE R ETE R -R, &0 7 K E g b B
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A3 HE I ALHFAE , 75 R, -R, B P (B 8d) i SUE &
ISR AE AR 1 L B B[R] R 3 B B , 95 2 TN B3 25 ) 3 P By
)l B B o I 7 F 9 DX 3k 0 B A1 BT JRORT RE 22 0 1 Al
T8 iy 381 DA AR B B

R A A B S0, &R S MIEE (A
CNK) , 2 2= 10b 5 B 5 2 740 20 o Rl 1 7 40, T ol 3 Bl -
{#315% ( Chappell and White, 2001) , Sylvester (1998 )1\ fy5iH
1t 8 AR B 9T PR T 43 [ il e 50 R il 4o 8 [ Al e
PR3 55 BT AR I 5 T JOT Al - 00 ) b e T JSE B B, 988 4
AIFRIE K Th U S5 T0 3R AR P 708 77 A ) B4 i, 44l UL
JE—fB/INT 875°C ; Ja il 18 B iod 58 T A8 54 5 T W T b 5% fin J
ZJ5 B3 HE R R R B B L R — R T
875C o AT AR BEAL B IR BUE FI e = N By R0 46
VALK 523 (3L S 850 ~ 876°C Fil 837 ~ 849°C ( Miller et al.
2003 ) , BB HAE ST MU BE /N T 875°C 33 5 ) 7R B 07 38 1
M I SRR L B0 58 B AR B S AR AL, OB AT fli-Fli
filf 8 3o 2 oMb 52O JSE By Bt ( Schérer et al. , 1986; von
Blanckenburg, 1992) ,

MBUE R N B A B 1T R & B, BREX
BAAR AR, 458 a5 BURHE , B e T2 )&
Fi e 4 Bl A Vs b iR P24 ( Pearce et al. , 1990 ; Harris et al. |
1986 ; Barbarin, 1999) . Hi#E Profeta et al. (2015) JH4N 1) =
& La/Yb H 5352 JEE W EIHE R X H = 21.277In
(1.0204(La/Yh ) ), it 8 T 1 B 1 576 J& B 29 Oy 40 ~
46km, 3 £ [N KBy ETE U #5785 B 290 44 ~ 55km , W] 3
FEAL T IR

R 1, IX I A SR R 1Y TR 3 K Sl s i R b
FWIRCRRAE (2255455, 20155 BB & 55, 2018; Zhang e
al. , 2020; Yu et al. , 2022) , XS b7 TR 1 IR AE 4 1R
B R o J IR M XK T b1 AR 2 T i It 4 (7 R,
2023) K242 W AU F B 1 X K - Ok 2 P A b
(Tang et al. , 2016; Chen et al. , 2022) , FE W 7L B R 2 i vp
FEl AR L M X AP R T SR Bl 5 00 A 3t 5% TR e, 2 S Buthse
SRR

S50 A TRMB R 7R v 5 SR B -l G 8 SR M
IR AL A RPAE R 91X ) IS P 2 A e DX Bl 36 75 5
WHFE IR SUE I 2 TN B 6 T 1, 2 BT 0 b e 1R Ak
TS AR, A T 5 ST R i ) k- ol A 2 45y B o

S-SR KGR T A TS X P AL 2y S00km , %48 7
VUL ST TP R A AT 2 L K, 7R SR K O R S AR, 98
200 ~300km, } i T+ 3000km , & 52 i -5 28 oK 5w 1 M A 1Y
P Sy - R S R VEAR A LE AL [ o 4 T ( Zorin,
1999 ; Parfenov et al. , 2003 ; Bussien et al. , 2011; Donskaya et
al. , 2013) , WFEALE TS [ #4E F ( Tomurtogoo et al. , 2005
Sun et al. , 2013; ZEFEF, 2015) , SET-SREE R s v H VH M)
AREGT T (Metelkin et al. , 2007 ) , fe 23 B0 (1R I
SERLIE AN S - U AR R P (ROBRAE, 1994) o BT A
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WFFEF ], AR X AR oy g st B %2 s B vp A FUE JRAE
P55k - S0 R pE M IR R B UTAH G (Meng, 2003 3 Wang et
al. , 2006, 2015; Zhang et al. , 2010; Wu et al. , 2011 ; Xu et
al. , 2013 ; Ouyang et al. , 2015; Li et al. , 2017 ; Tang et al. ,
2019) o FAIL I VE S 58 SR b X R BUE A = N B 25 1
FFITE B EF 5%, LA T 58 S Ml DX I ok 2 48 B 25 (156.0 +
2.3Ma;Yu et al. , 2022) RAZIRIREE , RIIDFTE XHE AR D 1
A1 UL T HG S B, ik 5 58l - SRR e ML B R L U AR R I
TOALIE 5 BUR 29920 22 - P St e Bl -l 0 4 Y B0 00 S R
—F(Zorin, 1999 ; Oxman, 2003 ; Metelkin et al. , 2010) , B
PRI HH I IR 52 - S IR S B G T RO A W RE AR T
a3 AN 5 R TORR 1) T 55 57 T 4, L Bk o 5 50 -0
RICTEM] G LA S Bli-Rli A A5G (Li et al. , 1999 ; Tang et al.
2015; Yang et al. , 2015) ,

WA = F N AR D b A S JE 2l 5l R
MR o £ BE 1 B B A A G (W et al., 20025 Zhang et
al. , 2010, 2011; Ji et al. , 2021; Liu et al. , 2022) , i IA
SRAEA S HRIAR I Ml e 2 B LR 20 1 31 ep R 2 (194 ~
174Ma) K H [ T i RS PEAR I 1) 74 4 o A7 5C ( Guo et
al. , 2015; Huang et al. , 2021) , BufR 2 {H 3] 5 I H B4
(173 ~133Ma) , {7 07 it B FAA S0 b R A7 7 BT Wb 1) 25 20 0%
BRI (Ji et al. , 2019) , K FM A EEAR AN of A5 0
PRF G R JR 0 B 7E X — I S et s o T E AR o 40 3t
PO s P i ok 2 ik 31 B T B (164 ~ 132Ma) , &
WAL ka2 K E (Zhang et al. , 20105 Ji et al.
2021) , A SCHFFE I 1L 23 b 7 2% 5 58 i IX W 1 2 tht 9 80
2 N B B 5 8UR t 9 PR D22 e 9 5 3K T 3l
[ (2 4) TR L T-00F o 5 I - B ol 8 B 055, 230 8 0
ShIFEIHAT B b 1) B AR B AT B e, BoA e 58
SRR WK e VE 19 M 5 A K (Zhang et al., 2008, 2010;
Ouyang et al. , 2015; Liet al. , 2017) , 769 4R % tH 31 51 2
P A SR oy DR SP3 A BRXe TSI Bl AR anfr 4% P A 7 (1)
(Xu et al. , 2013; Wang et al. , 2019) FI{fF #f J7 [) 1) B 728
(Maruyama et al. , 1997 ) , M ZR 0 Hb X H-I ok 27 {30 5L 2
TSI TE DA B 5 FTURR R T, R 0k 52 iy - 50 88 2R e v
P4 P LA 5% - T 43 i o 2 3 DX S 45 A PR S 0
M4 3E (Metelkin et al. , 20105 Xu et al. , 2013; Yang et
al. , 2015; F K%, 2023),

25 PRI AR SCIA O 52 7l -SSR AR A R Y
FEI B3R T WAL 1l PG 2% 5 R IX., B 5E IX Ak 287 HHE i 80
P IN KB G 0 Sl 58t -0 S g e e IR b 1) il -
i ol 8 Py e J5 i 37, A S 2R 7 25 B SR IX FE R B B (156 +
1Ma ~ 155 + 1Ma) 4b T 52 i -50 28 2% 50 v 141 G 3 Bl -l il 42
i, 156 + 1 Ma I 52 78-S 48 9 5 v pig 1) AT o, 51 A2 AL £
FE IG5 155 £ IMa I PYAR AL AR R UKl 98- -
AL B A Bl - 8RR b e 6 43 R e = TN
Braa(E9) .
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Fig. 9 The cartoon illustrations showing the geodynamic processes for the Mongol-Okhotsk Ocean during the Late Jurassic

(a) the southeastward subduction of the Mongol-Okhotsk Ocean led to rhyolitic magmatic activity at 156 + 1Ma; (b) the study area at 155 + 1Ma was
at the stage of continental collision and crust thickening after ocean closure, the derivation of tonalite porphyrites magmas from the partial melting of the
thickened lower crust. The relative positions of the Siberian Plate, Erguna-Xingan-Songliao Block, Mongol-Okhotsk Ocean, subduction zones and
reverse fault after Zorin (1999 ) ; The Siberian plate rotates clockwise after Metelkin et al. (2007 ) ; The southeastward subduction of the Mongol-
Okhotsk Ocean after Ouyang et al. (2015) ; The lamprophyre magmatic activity after Yu et al. (2022)
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