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Table 1 Description of the volcanic rock samples from the Tuotuohe area in southern Qinghai
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Fig.2 Vesicular structures in the volcanic rocks from the Tuotuohe area in southern Qinghai
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Table 2 Major element contents (w,/% ) in the volcanic rocks from the Tuotuohe area in southern Qinghai
FE g2 HAA Si0, | ALO; | CaO | Fe,05 | FeO | K,0 | MgO | MnO | Na,O | P,O5 | TiO, | LOI | i

TTH12-LO8 iR qliE= 55.98 18.06 | 4.21 7.10 1.02 | 2.53 1.61 | 0.15 | 4.61 | 0.16 | 0.59 | 3.64 | 99.66
TTH12-L043 21l 58. 80 18.51 | 2.60 5.25 1.87 | 0.97 | 2.46 | 0.07 | 4.87 | 0.11 | 0.72 | 3.44 | 99.67
TTH12-L059 ML 1lA 59.21 18.10 | 3.01 4.43 1.98 | 0.97 1.74 1 0.06 | 7.21 | 0.14 | 0.71 2.28 | 99.84
TTH12-LO65 2155 60. 57 16.39 | 4.15 3.08 3.48 | 0.52 1.11 | 0.18 | 5.18 | 0.33 | 0.57 4.1 99. 66
TTH12-1.241 LT A 48. 20 15.72 | 8.08 7.34 1.47 1 0.71 | 4.77 | 0.14 | 5.88 | 0.33 | 0.98 | 5.91 99.53
TTH12-L044 ilEqiiE= 55 19. 18 1.31 6.37 2.64 | 0.36 3.5 0.13 | 7.76 | 0.09 | 0.77 | 2.64 | 99.75
TTH12-1.247 ZRFE A 51.31 18.43 | 8.32 4.70 | 3.77 | 1.18 | 3.30 | 0.25 | 3.45 | 0.15 | 0.71 3.90 | 99.47
TTHI12-1280 Bl 55.89 | 17.67 | 5.25 | 2.09 | 3.97 | 0.39 | 3.62 | 0.16 | 5.08 | 0.46 | 0.90 | 4.03 | 99.51
TTH12-1283 EAw= 48.25 14.84 | 7.51 4.02 8.15 | 1.47 | 6.66 | 0.64 | 2.44 | 0.26 | 1.97 | 3.14 | 99.35
TTH12-1.301 ViinaEalib= 54. 84 16.33 | 4.60 5.79 0.88 | 0.58 1.71 | 0.14 | 8.21 | 0.52 | 1.02 | 5.27 | 99.89
TTH12-L308 Gl 55.55 | 16.02 | 3.83 | 1.82 | 3.84 | 2.67 | 5.66 | 0.29 | 2.34 | 0.19 | 0.74 | 6.42 | 99.37
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Fig.3 Na,O0 +K,0 vs. SiO, diagram of the volcanic rocks from

the Tuotuohe area in southern Qinghai (Le Maitre,1989)
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Fig.4 Primitive mantle-normalized trace element spidergram of

the volcanic rocks from the Tuotuohe area in southern Qinghai
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Table 3 Trace element and REE contents (w,/10°) in the volcanic rocks from the Tuotuohe area in southern Qinghai

e TTH12-LO8 | TTH12-L043 | TTH12-L059 | TTH12-L065 | TTH12-1241 | TTH12-L044 | TTH12-L247 | TTH12-1280 | TTH12-1283 | TTH12-L301 | TTH12-L308
Li( pg/g) 26. 10 89. 60 18. 10 13.6 42.70 39.4 15. 30 717.00 26. 4 1.92 717.00
Be(pg/s) 0. 64 0. 62 0.74 0. 87 1.43 0.53 0.79 1.51 1.02 0. 68 1.05
Cr(pg/g) 5.87 16. 60 8.48 6.55 317.00 6.44 16. 90 58.20 181 47.80 42.80
Mn(pg/g) | 1629.00 | 650.00 543. 00 1857 1294. 00 1161 2636.00 | 1535.00 4494 1062.00 | 3010.00
Co(pg/g) 10. 50 17. 80 9. 05 6. 65 30. 00 23.8 21.50 18.70 39.1 14. 30 24.80
Ni(pg/g) 6.24 9.71 4.92 3.68 106. 00 5.4 16. 20 36.70 78.7 24.30 21.70
Cu(pg/g) 7.49 14.20 3.69 10. 4 2.14 12.8 18. 60 46. 50 44.9 3.22 31.10
Zn(png/g) 50.70 220. 00 66. 50 99 310. 00 391 60. 80 228.00 456 321.00 127. 00
Ga(pg/g) 16. 90 20. 00 12.70 16. 8 18.20 18.3 18.20 25.00 26.9 24. 80 21.20
Rb(pg/g) 48. 80 29.90 12.30 10.2 10.70 9.42 24.90 9.94 38.3 14. 40 63.70
Sr( pe/g) 178. 00 300. 00 445. 00 153 491. 00 303 368. 00 802. 00 283 288. 00 56. 10
Mo( pg/g) 0.35 0.41 0.59 0.51 0.97 0.28 0.46 0.90 0.33 0.79 0.33
Cd(peg/g) 0.07 0.07 0.12 0.09 0.11 <0.05 0.08 0.17 0.58 0.17 0.08
In(pe/g) <0.05 0. 05 0. 05 0. 06 0. 05 0. 05 0. 05 0. 05 0.08 0. 05 0.10
Cs(pg/g) 13. 80 20. 00 1.25 0.49 1.12 1.17 1. 14 2.06 1. 15 0.43 1.59
Ba(pg/g) 329. 00 157. 00 237.00 137 371.00 87.8 700. 00 627.00 1720 262. 00 1613. 00
TI(pe/g) 0.18 0.26 0.12 0.01 0.43 0.15 0.10 <0.05 <0.05 0.24 0.42
Pb(pg/sg) 11.10 26. 00 9.06 3.91 34.50 19.4 4.02 8.61 3.31 19.20 1.47
Bi( png/g) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Th( wg/g) 2.52 1.83 2.87 1. 56 15. 50 1. 04 3.20 5.79 1.17 4.57 2.33
U(pg/sg) 0.52 0.51 1.00 0.83 3.75 0.38 0.77 1.55 0.4 1.36 0. 84
Nb(ng/g) 2.39 1. 54 2.29 2.36 7.28 1. 14 2.27 12. 50 4.01 11. 30 3.53
Ta( pg/g) 0.22 0.13 0.20 0.19 0.53 0.1 0.16 0.70 0.32 0. 65 0.25
Zr(pg/g) 83.40 65. 50 96. 20 103 118. 00 46. 4 56.70 156. 00 135 154. 00 76.30
Hf(pg/g) 2.57 2.30 3.05 3.46 3.65 1.69 1.91 3.89 3.9 4.21 2.41
Sn( pg/g) 0.34 0.77 0.92 0.93 1.72 0. 63 0.87 0.90 0.99 0.96 0.97
Sb( pg/g) 0.12 0.19 0.26 0. 05 0.14 0.14 0. 06 0.16 0.1 0.13 0.18
Ti(pg/g) | 3556.00 | 4452.00 | 4103.00 3454 6231.00 4677 4535.00 | 5638.00 14780 7088.00 | 5016.00
W(pg/g) 0.35 0.31 0.32 0.3 1. 60 0.29 0.32 0.31 0. 06 0.22 0.08
As(pg/g) 29.70 68. 00 3.72 1. 86 12. 00 35.9 1. 14 -0.03 2.17 1. 56 2.78
V(pg/s) 89.30 215.00 108. 00 18.3 255. 00 178 206. 00 143. 00 356 171. 00 121. 00
La( pg/g) 9.77 7.44 10. 60 6.05 34.90 3.54 10. 30 50. 80 10.6 37.00 11. 80
Ce(pg/s) 16. 50 13.90 20. 50 18.5 60. 80 8.39 19.20 93.40 25.4 70. 10 22.90
Pr(pg/g) 2.62 2.03 2.82 2.02 6. 89 1.07 2.45 9.12 3.75 7.87 2.91
Nd(pg/g) 11.50 9.20 12.50 10. 4 25.60 5.28 10. 30 32.10 17.5 29.20 12.70
Sm( pg/g) 2.96 2.54 3.12 3.36 4.93 1.75 2.58 4.95 4.91 4.64 2.92
Eu(pg/g) 0.91 0.79 1. 04 1. 11 1.26 0.53 0.93 1.47 2.05 1.32 1.22
Gd(ng/g) 3.11 3.19 3.64 4.55 4.51 2.15 3.06 3.65 6.42 3.49 3.40
Th( ng/g) 0. 56 0.56 0. 62 0.78 0.75 0.38 0.50 0.62 1.1 0.53 0.55
Dy(pg/g) 3.28 3.58 3.61 4.82 3.78 2.45 3.03 2.70 6.43 2.30 3.42
Ho(pg/g) 0.70 0.77 0.79 1.09 0.80 0.51 0. 64 0.47 1.4 0.43 0.75
Er(pg/g) 2.20 2.27 2.45 3.33 2.44 1.68 2.01 1.38 4.09 1.15 2.43
Tm( png/g) 0.28 0.32 0.32 0.52 0.31 0.23 0.26 0.17 0.57 0.14 0.33
Yb(pg/g) 2.01 2.08 2.13 3.32 2.00 1.51 1.83 1. 10 3.7 0.87 2.24
Lu(pg/g) 0.32 0.34 0.34 0. 54 0.31 0.28 0.29 0.17 0.59 0.12 0.35

Th/Nb 1. 05 1.19 1.25 0. 66 2.13 0.91 1. 41 0. 46 0.29 0.4 0. 66
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Th/Yb 1.25 0.88 1.35 0.47 7.75 0.69 1.75 5.26 0.32 5.25 1. 04
Hf/Th 1.02 1.26 1. 06 2.22 0.24 1.63 0.6 0.67 3.33 0.92 1.03
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Geochemistry and geological implications of the volcanic rocks in the
potential areas of the permafrost hydrates from the Tuotuohe area,
southern Qinghai

TAN Pan-pan"*, LU Zhen-quan'*, CAI Jun-jun’, WANG Ting*, TANG Shi-qi’

(1. Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing 100037, China; 2. China
University of Geosciences, Beijing 100083, China; 3. Institute of Geology, Chinese Academy of Geological Sciences ,
Beijing 100037, China; 4. Center for Petroleum Resources Survey, China Geological Survey, Beijing 100029,
China)

Abstract; The Tuotuohe area in southern Qinghai is one of the potential areas of the permafrost hydrates, where the
source rocks are developed in the Lower — Middle Permian Jiushidaoban Formation of the Kaixingling Group, Upper
Permian Nayixiong Formation of the Wuli Group, Upper Triassic Bagong Formation of the Jiezha Group, and
Miocene — Oligocene Yaxicuo Formation. The volcanic rocks in the Tuotuohe area consist dominantly of basalt,
basalitic andesite, andesite, basalitic trachyandesite and trachyandesite. These volcanic rocks are characterized by
low TiO, contents, high Al,O, contents, low K,O contents and K,O < Na,O, and display the LREE-enriched REE
distribution patterns, and zigzag trace element distribution patterns with the depletion of the elements Ta, Nb,
P,0;, TiO,,Y, Yb, Sc, Cr and Ni. Petrochemically, the volcanic rock samples are all projected into the basalt
and andesite fields within the island-arc orogenic zone, as indicated by the ATK diagram. It is inferred that the
volcanic rocks in the Tuotuohe area may be originated from the island-arc environments. The volcanic activities may
facilitate the thermal maturity of source rocks, thermolysis of organic matter, generation of thermolysis gas and
formation of hydrates. Meanwhile, the volcanic rocks may also interpreted as the reservoir rocks of the hydrates due
to well-developed vesicular structures and connectivity. The fissures or cracks in the source rocks caused by
volcanogenic hydrothermal solution may contribute to the pathways and spaces for the migration and preservation of
the hydrates.

Key words: Tuotuohe area; permafrost hydrates; volcanic rock; geochemical signature; geological implication



