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Constraints for post-orogenic extension of the northern margin of the Qaidam Basin from the Late

Silurian—Late Devonian igneous rocks in the Gahai—Nanshan area

Abstract: [Objective] The northern margin tectonic zone of the Qaidam Basin underwent a transition from oceanic
subduction to continental subduction during the Early Paleozoic, resulting in the formation of the ultrahigh-pressure
metamorphic zone known as the northern Qaidam tectonic zone (NQTZ). There has been a longstanding debate regarding
the collapse time of the NQTZ. The Maoniushan Formation has long been regarded as a sign of the end of orogeny;
however, recent studies show that the Maoniushan Formation has spanned a long time, and it is controversial when the
orogenic belt began to collapse. This study aims to determine the age and genetic background of the Maoniushan Formation
and to understand the tectonic transition process of the northern Qinghai—Tibet Plateau from the Proto-Tethys to the Paleo-
Tethys. [Methods] Deep-earth samples, including volcanic and intrusive rocks, offer valuable insights into the activity of
the crust during this period. In order to investigate the volcaniclastic rocks and granites in the Gahai—Nanshan area, located
in the eastern section of the NQTZ, zircon LA-ICP-MS U-Pb chronology and Lu—Hf isotope methods were employed to
explore the formation age of igneous rocks and the characteristics of source rocks. [Results] The zircon U-Pb chronology
reveals that the volcaniclastic rocks of the Maoniushan Formation originated approximately 423 Ma. Furthermore, the
intrusive granite was formed at 370 Ma, indicating that the volcanic eruption occurred during the Late Silurian, while the
subsequent intrusion and crystallization of the granites occurred during the Late Devonian. The zircon Lu—Hf isotope data
reveals that the ey(f) values of the Late Silurian tuffs are concentrated within the range of —11.5 to —8.3, and the
corresponding two-stage Hf model ages are primarily between 1945-2133 Ma. These results indicate that the volcanic
rocks predominantly originated from partially melting ancient crustal materials. In contrast, the ey(f) values of the Late
Devonian intrusive granites exhibit a distribution within the range of 3.9-9.1, accompanied by two-stage Hf model ages
primarily falling within the 792—1118 Ma range. The results suggest that the granites mainly resulted from partially melting
Meso-Neoproterozoic crustal materials. Based on a comprehensive analysis of regional geological and petrological data, it
is postulated that the Late Silurian—Early Devonian witnessed pronounced orogenesis resulting from continental deep
subduction. This event led to substantial crustal thickening in the NQTZ, where the thickened crustal basement of the
Oulongbruk experienced partial melting, ultimately giving rise to the volcanic rocks observed during this period. During the
Late Devonian, delamination of the thickened crust facilitated the upwelling of the asthenosphere mantle, triggering
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regional crustal extension. The interaction between mantle material and crust results in the formation of granitic—volcanic
rocks. [Conclusion] The Maoniushan Formation in the region encapsulates a significant period, making it unsuitable to
represent the end of orogeny. Late Devonian igneous rocks indicate that the NQTZ entered a period of substantial crustal
extension during this time. [Significance] The late Devonian igneous rocks of Maoniushan Formation regionally mark the
end of orogeny and the beginning of the Paleo-Tethys tectonic domain.

Keywords: Tibetan Plateau; Late Paleozoic; northern margin of the Qaidam Basin; igneous rocks; tectonic setting
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Fig. 1 Simplified tectonic map of the northern margin of the Qaidam Basin (modified after Zhang et al., 2017a)
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Fig.2 Geological sketch map of the volcanic rocks and granites of the Maoniushan Formation in southern Wanggaxiu
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Fig. 3 Field and microscopic photos of volcanic rocks and intrusive rocks in southern Wanggaxiunan

(a) Field macroscopic contact relationships of volcanic rocks and granites; (b) Microscopic characteristics of volcanic rocks; (c) Microscopic

characteristics of granites

Pl-plagioclase; Qtz—quartz; Kfs—K-feldspar
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Fig. 4 Zircon cathodoluminescence (CL) images of volcanic rocks

and granites

(a) Zircon CL image of volcanic rock sample NQC021-1; (b) Zircon
CL image of granite sample NQC022-1
The yellow circles represent zircon U-Pb sites, and the red circles

represent zircon Hf sites.
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Table 1 U-Pb chronological analysis results of zircon samples
B, Th/x10° U/x10° ThU 27pp*Ph lo szlll—;J/jif tt%{f 2pb/Py lo 2Pb/*Pb 1o Z“f":bﬁ;i/j\éa lo *Pb/U lo

Rk NQC021-1
NQCO021-1.1 117 104 1.12 0.0555  0.0039 05105 0.0355 0.0667 0.0018 434 149 419 24 416 11
NQC021-1.2 71 82  0.86 0.0560  0.0044 0.5251 0.0403 0.0680 0.0019 452 164 429 27 424 11
NQC021-1.3 136 166 0.82 0.0555  0.0031 0.5121  0.0289  0.0670  0.0017 431 122 420 19 418 10
NQCO021-1.4 119 147 0.81 0.0561  0.0029  0.5528 0.0280 0.0715 0.0017 455 109 447 18 445 10
NQCO021-1.5 66 77 0.85 0.0557  0.0046  0.4997 0.0406 0.0651  0.0018 439 174 412 27 407 11
NQC021-1.6 117 124 094 0.0561  0.0030 0.5282  0.0283  0.0682  0.0017 458 116 431 19 425 10
NQC021-1.7 111 145 0.77 0.0551  0.0041 0.4972 0.0367 0.0654 0.0018 416 159 410 25 409 11
NQC021-1.8 158 158 1.00 0.0562  0.0023 0.5374 0.0220 0.0694 0.0016 459 88 437 15 432 10
NQC021-1.9 208 146 1.42 0.0557  0.0034 0.5094 0.0313  0.0664 0.0017 439 132 418 21 414 10
NQCO021-1.10 150 140 1.07 0.0557  0.0028 0.5173  0.0261 0.0674 0.0016 440 109 423 17 420 10
NQCO021-1.11 70 89  0.78 0.0573  0.0048 0.5887 0.0489 0.0745  0.0022 502 176 470 31 464 13
NQC021-1.12 86 117 074 0.0561  0.0028 0.5288 0.0266  0.0684  0.0017 455 108 431 18 427 10
NQC021-1.13 107 133 0.80 0.0556  0.0031 0.4969 0.0273  0.0649 0.0016 435 119 410 19 405 10
NQC021-1.14 90 110 0.81 0.0559  0.0037 0.5564 0.0369 0.0722  0.0019 448 143 449 24 449 11
NQCO021-1.15 204 232 0.88 0.0563  0.0026  0.5373  0.0249  0.0692  0.0017 464 100 437 16 431 10
NQCO021-1.16 672 279 240 0.0556  0.0019 0.5329 0.0182  0.0696  0.0016 434 72 434 12 434 10
NQCO021-1.17 109 140  0.78 0.0556  0.0026  0.5408 0.0256  0.0705  0.0017 437 101 439 17 439 10
NQC021-1.18 92 130 0.71 0.0560  0.0028 0.5413  0.0268 0.0701  0.0017 453 106 439 18 437 10
NQC021-1.19 117 112 1.05 0.0556  0.0025 0.5315 0.0240  0.0693  0.0017 437 97 433 16 432 10
NQC021-1.20 69 77 0.90 0.0548  0.0041 0.4891 0.0360 0.0647 0.0018 405 158 404 25 404 11
NQC021-1.21 50 95 053 0.0550  0.0033  0.5038 0.0304 0.0665 0.0017 411 129 414 21 415 10
NQC021-1.22 162 184 0.88 0.0555  0.0020  0.5297  0.0190  0.0692  0.0016 432 76 432 13 431 10
NQC021-1.23 107 119 0.90 0.0562  0.0031 0.5364 0.0291 0.0692  0.0017 459 117 436 19 432 10
NQC021-1.24 134 176~ 0.76 0.0559  0.0020 0.5214 0.0192 0.0677  0.0016 448 78 426 13 422 9
NQC021-1.25 89 122 0.73 0.0560  0.0025 0.5212  0.0237 0.0675 0.0016 454 98 426 16 421 10
NQC021-1.26 82 115 0.72 0.0555  0.0024 0.5212 0.0225 0.0682 0.0016 431 93 426 15 425 10
NQC021-1.27 81 113 0.71 0.0558  0.0034 0.5110 0.0310 0.0664  0.0017 444 130 419 21 415 10
NQC021-1.28 155 132 1.18 0.0656  0.0029  0.5989  0.0265 0.0663  0.0016 792 90 471 17 414 10
NQC021-1.29 89 93 0.96 0.0553  0.0023 0.5032  0.0210 0.0660 0.0016 423 89 414 14 412 9
NQC021-1.30 96 126  0.76 0.0551  0.0021  0.5033  0.0196 0.0663  0.0016 417 83 414 13 414 9

FEdh NQC022-1
NQC022-1.1 600 824  0.73 0.0551 0.0012  0.4523  0.0056  0.0595  0.0007 416 45 379 4 373 4
NQC022-1.2 600 548 1.09 0.0554  0.0012  0.4717 0.0063 0.0617  0.0007 430 47 392 4 386 4
NQC022-1.3 683 971 0.70 0.0539  0.0011 0.4404 0.0054 0.0592  0.0007 368 46 371 4 371 4
NQC022-1.4 420 622  0.67 0.0549  0.0012  0.4659 0.0062 0.0616  0.0007 407 47 388 4 385 4
NQC022-1.5 538 751 0.72 0.0552  0.0012 0.4565 0.0058 0.0600 0.0007 418 46 382 4 376 4
NQC022-1.6 372 579  0.64 0.0554  0.0012 0.4810 0.0060 0.0630 0.0007 427 46 399 4 394 4
NQC022-1.7 329 550  0.60 0.0540  0.0012 0.4667 0.0060 0.0627  0.0007 370 47 389 4 392 4
NQC022-1.8 744 927  0.80 0.0548  0.0011  0.4459 0.0054 0.0590 0.0007 406 46 374 4 369 4
NQC022-1.9 709 986  0.72 0.0547  0.0011 0.4482 0.0055 0.0595 0.0007 398 46 376 4 372 4
NQC022-1.10 790 805 098 0.0549  0.0013 0.4010 0.0061 0.0530 0.0006 408 50 342 4 333 4
NQC022-1.11 286 442 0.65 0.0591  0.0013 0.4821 0.0070  0.0592  0.0007 570 48 400 5 371 4
NQC022-1.12 883 1035 0.85 0.0547  0.0011 0.4506 0.0055 0.0598  0.0007 398 46 378 4 374 4
NQC022-1.13 863 983 0.88 0.0543  0.0011 0.4473  0.0054 0.0597 0.0007 383 46 375 4 374 4
NQC022-1.14 1039 1051 0.99 0.0556  0.0012  0.4262 0.0055 0.0556  0.0006 436 46 361 4 349 4
NQC022-1.15 1071 1221 0.88 0.0542  0.0011 0.4487 0.0054 0.0601  0.0007 378 46 376 4 376 4
NQCO022-1.16 943 1015 0.93 0.0546  0.0011 0.4369 0.0053 0.0580  0.0007 396 46 368 4 364 4
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o P IR0 % A FleMa
FRIREC /0 UROT TOVU S gy lo  Pb™U 16 ™Pb*U_ 1o *'PbF™Pb 1o *PbAPU 1o PO/'U 1o
NQC022-1.17 753 1015 0.74 0.0540 0.0011 0.4308 0.0052  0.0579  0.0007 370 46 364 4 363 4
NQC022-1.18 618 736 0.84 0.0542 0.0012  0.4381  0.0057  0.0586  0.0007 378 47 369 4 367 4
NQCO022-1.19 710 894 0.79 0.0557 0.0012  0.4522  0.0055  0.0589  0.0007 439 45 379 4 369 4
NQC022-1.20 715 993 0.72 0.0556 0.0012  0.4438  0.0059  0.0579  0.0007 437 47 373 4 363 4
NQC022-1.21 755 992 0.76 0.0561 0.0012  0.4558  0.0055 0.0589  0.0007 455 45 381 4 369 4
NQC022-1.22 649 737 0.88 0.0548 0.0012  0.4449  0.0060  0.0589  0.0007 403 47 374 4 369 4
NQCO022-1.23 171 150 1.14 0.0589 0.0016  0.4825 0.0097  0.0594  0.0007 562 56 400 7 372 4
NQC022-1.24 893 870 1.03 0.0540 0.0011  0.4378  0.0054  0.0588  0.0007 373 46 369 4 368 4
[ 23 WES A1 64T T Lu—Hf [F) 47 254087, 40 BT 45 5 0L
F2HMKE 6,
B 1 IR0 B 68.3% L . .
0.084 e DA L I 485 B K 5 BF 5 (NQCO021-1) Lu—Hf [7] 37 & 4
460 a .
oasog |1 b o B4 S L 85 o) LR 115~ —8.3, F 8
o] !| 1 |' Wi %9 —9.5, L I W Er HEBE 2% 4R I (i (7S, 4 th
oors g | 1] | 1945~2133 Ma, b /55 K LU B 2 B0 T il & L oe
38 .
o 0072 Yy Jo 1) ¥ O K i
= T K KA RE B (NQC022-1) Lu—Hf [/ 7 2 4%
£ 0.068 . .
Préa R Won, 8547 endn) (HAE TP AE 3.9~9.1, S {H N
0.064 6.7, I By B HEAE =X AR % B (TG, & h 7E 792~
0.060 1118 Ma, 78 — AL B A B2 T — ooy fRh
' INECE- 24 iy =423+ 5Ma, .
n=28, MSWD=1.3 e .
0‘058.35 0.45 0.55 0.65 0.75
207Pb/235U 5 —Lﬂ’ —L%
0068 BRI 0B 68.3%
. ggg Box heights are lo . 5.1 q:%q: |J_| gﬁﬂﬂ'ﬁ
410, ST .
ngﬂ”mﬂ | £ ALK DR MR el 2 05 e
S | “|||” I 3905 W25 A bR s, 7E 588 AR 7R B — 4 i K 7 22 0 —
R EL 2 AR LI UL A T BRI B LR LA
g 37 R TR, S 300 3 AR A U 4 kO 2 A —
O
£ vosel 150 Lo R B A A ORI LRI B U A g (7 I 48 M ST
, WP JR, 1991) o B IS, XHIZ )20 H AR JE A B
BT 4 4 =370+2Ma, . " -
0052l 330 n=18, MSWD=1.03 I A BT R T K o 9 AR AR 2 43 B AR, 4R 4R 1
AT I B A A 3k v 1 S T B A 0 {43 A AE
0.048 . . N N 429~442 Ma, %%%Ei%%ﬁ%ﬁ@ﬂ_*ﬁég
030 oA O ey U0 H 40 58, o 5 A B 47 AR O 407.9 Ml 3 A

a—NQCO021-1 4 45 BE JK & ¥ &5 47 U-Pb % Al il 28 5 b—NQC022-1 —
AL B A7 U—Pb 18 ATl 28

B 5 4 % U-Pb ik fo i &

Fig. 5 Concordia plots of zircon U-Pb analysis

(a) Concordia plot of zircon U-Pb analysis for the NQC021-1 welded
tuff sample; (b) Concordia plot of zircon U-Pb analysis for the
NQC022-1 granite sample
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Table 2 Lu-Hf isotopic analysis results of zircon samples

R "Yb/"Hf(corr) 20 "Lu/'7Hf(corr) 20 Hf/Hf(cor) 20 4F#/Ma (HETHD: eu(t) TowMa TS, Ma  f:
FE5h NQC021-1
NQC021-1-01 0.034248  0.000594  0.001129  0.000019  0.282194  0.000009 423 0282185 —11.5 1497 2133 —0.97
NQC021-1-02 0.033994  0.000152  0.001091  0.000004  0.282277  0.000010 423 0282268 -85 1379 1947 —0.97
NQC021-1-03 0.047536  0.000710  0.001466  0.000019  0.282236  0.000010 423 0282224 —10.1 1451 2045 —0.96
NQC021-1-04 0.027696  0.000124  0.000907  0.000002  0.282247  0.000012 423 0282240 -9.5 1414 2011 —0.97
NQC021-1-05 0.035441  0.000076  0.001206  0.000005  0.282207  0.000010 423 0282198 -—11.0 1481 2104 —0.96
NQC021-1-06 0.044461  0.000392  0.001440  0.000012  0.282260  0.000010 423 0282249 —92 1415 1991 —0.96
NQC021-1-07 0.029350  0.000523  0.000956  0.000015  0.282277  0.000009 423 0282270 -85 1374 1945 —0.97
NQC021-1-08 0.035990  0.000026  0.001163  0.000002  0.282267  0.000011 423 0282258 -89 1396 1971 —0.96
NQC021-1-09 0.041318  0.000346  0.001328  0.000009  0.282243  0.000010 423 0282232 9.8 1436 2028 —0.96
NQC021-1-10 0.050256  0.000847  0.001622  0.000028  0.282247  0.000010 423 0.282234 9.7 1441 2023 -0.95
NQC021-1-11 0.031623  0.000296  0.001050  0.000008  0.282267  0.000010 423 0282258 -89 1392 1970 —0.97
NQC021-1-12 0.027814  0.000151  0.000923  0.000004  0.282255  0.000010 423 0282248  —92 1403 1993 —0.97
NQC021-1-13 0.041611  0.000395  0.001372  0.000011  0.282266  0.000011 423 0282255 —9.0 1404 1976 —0.96
NQC021-1-14 0.038453  0.000236  0.001275  0.000009  0.282276  0.000011 423 0282266  —8.6 1388 1953 —0.96
NQC021-1-15 0.039464  0.000177  0.001343  0.000009  0.282255  0.000011 423 0282244  —9.4 1420 2001 —0.96
NQC021-1-16 0.062720  0.001202  0.002001  0.000039  0.282275  0.000010 423 0282259 8.8 1415 1967 —0.94
NQC021-1-17 0.031225  0.000069  0.001036  0.000005  0.282248  0.000009 423 0282240 9.5 1417 2010 —0.97
NQC021-1-18 0.029106  0.000137  0.000965  0.000003  0.282243  0.000009 423 0282235 —9.7 1422 2022 —0.97
NQC021-1-19 0.031030  0.000302  0.001068  0.000011  0.282283  0.000009 423 0282275 —83 1369 1933 —0.97
NQC021-1-20 0.036392  0.000577  0.001196  0.000016  0.282233  0.000009 423 0282223 —10.1 1445 2047 —0.96
NQC021-1-21 0.041738  0.000511  0.001393  0.000015  0.282247  0.000009 423 0282236  —9.6 1432 2018 —0.96
NQC021-1-22 0.038010  0.000197  0.001233  0.000004  0.282226  0.000010 423 0282216 —10.3 1455 2063 —0.96
NQC021-1-23 0.029763  0.000130  0.000993  0.000006  0.282260  0.000009 423 0282252 9.1 1399 1984 —0.97
NQC021-1-24 0.038654  0.000512  0.001306  0.000012  0.282232  0.000009 423 0282222 -102 1450 2051 —0.96
B NQC022-1
NQC022-1-01 0.103309  0.000606  0.003111  0.000014 0282782  0.000013 370 0.28276 77 706 877 —0.91
NQC022-1-02 0.083531  0.000728  0.002551  0.000020  0.282785  0.000013 370 0.28277 8.0 691 861  —0.92
NQC022-1-03 0.115297  0.000260  0.003376  0.000008  0.282756  0.000013 370 0.28273 6.8 750 938 —0.90
NQC022-1-04 0.077607  0.000398  0.002522  0.000009 0282722  0.000018 370 0.28270 57 783 1003 —0.92
NQC022-1-05 0.090154  0.000649  0.002648  0.000010 0282749  0.000012 370 0.28273 6.7 746 945 —0.92
NQC022-1-06 0.073166  0.000918  0.002312  0.000042 0282717  0.000016 370 0.28270 56 78 1012 —0.93
NQC022-1-07 0.054888  0.000462  0.001788  0.000012 0282720  0.000013 370 0.28271 59 770 996  —0.95
NQC022-1-08 0.129764  0.000560  0.003796  0.000018  0.282767  0.000012 370 0.28274 71 742 920 —0.89
NQC022-1-09 0.116006  0.001672  0.003686  0.000060  0.282747  0.000018 370 0.28272 63 771 965 —0.89
NQC022-1-10 0.098911  0.000872  0.002868  0.000021  0.282767  0.000012 370 0.28275 73 723 906  —0.91
NQC022-1-11 0.090238  0.000438  0.002785  0.000015 0282766  0.000016 370 0.28275 72 723 907  —0.92
NQC022-1-12 0.119983  0.000770  0.003562  0.000028  0.282790  0.000015 370 0.28277 79 702 864 —0.89
NQC022-1-13 0.113965  0.000512  0.003316  0.000006  0.282766  0.000013 370 0.28274 7.1 733 915 —0.90
NQC022-1-14 0.084701  0.001645  0.002555  0.000032 0282731  0.000011 370 0.28271 6.1 770 983 —0.92
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gLk 2

FEfh 76y b/'""Hf(corr) 20 "SLu/'""Hf(corr) 20 SHf/"Hf(corr) 26 FEMa (THE'THD, e() Tow/Ma TS, /Ma .

DM

NQCO022-1-15 0.108632 0.000480 0.003333 0.000021
NQCO022-1-16 0.104501 0.000712 0.003021 0.000029
NQC022-1-17 0.107449 0.001432 0.003214 0.000024
NQCO022-1-18 0.087261 0.000626 0.002681 0.000011
NQC022-1-19 0.073360 0.001430 0.002150 0.000023
NQC022-1-20 0.088215 0.000424 0.002697 0.000012
NQCO022-1-21 0.122924 0.001106 0.003478 0.000041

NQCO022-1-22 0.068908 0.000702 0.002339 0.000031

0.282676 0.000021 370 0.28265 3.9 869 1118 -0.90

0.282741 0.000012 370 0.28272 6.3 765 968  —0.91
0.282760 0.000014 370 0.28274 6.9 740 927  -0.90
0.282729 0.000016 370 0.28271 6.0 775 989  -0.92
0.282740 0.000013 370 0.28272 6.5 749 957  —0.94
0.282725 0.000017 370 0.282706 5.8 782 999  —0.92
0.282822 0.000018 370 0.282798 9.1 653 792 -0.90

0.282685 0.000023 370 0.282669 4.5 832 1082 -0.93

NQC022-1-23 0.133672  0.001358  0.003873  0.000049  0.282771  0.000013 370 0282745 72 737 912 —0.88
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Fig. 6 Zircon Hf isotopic composition of the samples

(a) en?) frequency distribution plot of zircons from the NQCO021-1 welded tuff sample; (b) Two-stage Hf model ages of zircons from the

NQCO021-1 welded tuff sample; (c) eud?) frequency distribution plot of zircons from the NQC022-1 granodiorite sample; (d) Two-stage Hf model

ages of zircons from the NQC022-1 granodiorite sample
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