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Map showing the tectonic background of the Sichuan Basin and general paleogeography of the Norian
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Table 1 Major element variations in the bulk rocks of the Norian-Rhaetian transition from the Xujiahe Formation

i /m sio, ALO, Fe,0, MgO Ca0 Na,0 K,0 Ti0, MnO P,0,
105.50 55.17 18.22 6.52 2.50 3.53 0.68 4.17 0.76 0.04 0.14
107.00 56.18 13.07 453 3.82 7.08 0.93 2.67 0.69 0.03 0.15
107.40 52.09 12.28 479 3.99 9.94 0.90 2.60 0.64 0.04 0.15
109.05 62.91 16.42 6.46 1.90 0.75 0.73 3.24 0.89 0.03 0.15
109.50 80.86 8.14 2.84 0.84 035 0.84 1.49 0.63 0.03 0.09
110.20 70.27 13.25 4.40 1.51 0.54 0.80 2.43 0.98 0.03 0.10
111.00 58.29 18.17 6.22 2.51 1.23 0.67 3.53 0.87 0.03 0.14
11250 56.73 17.58 7.70 2.61 1.80 0.71 3.90 0.81 0.06 0.17
11450 55.54 14.12 530 3.23 6.99 0.93 3.04 0.71 0.06 0.17
115.00 55.98 11.76 4.60 239 9.58 0.98 2.42 0.63 0.07 0.15
11550 61.15 11.28 5.57 1.82 6.89 1.05 2.19 0.64 0.13 0.15
11650 62.29 10.77 4.06 1.46 8.11 0.97 2.18 0.55 0.05 0.14
117.00 58.39 14.60 537 244 557 0.93 2.99 0.81 0.06 0.15
119.00 53.70 16.35 5.86 2.25 6.61 0.66 3.68 0.62 0.05 0.16
119.50 48.02 11.73 472 2.69 14.09 0.85 2.45 0.60 0.10 0.14
120.00 40.12 9.99 3.98 272 22.16 0.84 2.10 0.53 0.10 0.14
12050 37.93 8.59 3.63 3.73 23.03 0.79 175 0.45 0.09 0.12
121.00 38.53 9.79 5.03 421 19.85 0.73 2.01 0.50 0.08 0.11
12150 43.31 5.49 2.35 2.29 24.69 0.90 L13 032 0.06 0.09
12220 48.72 10.62 428 2.85 15.10 0.84 221 0.54 0.04 0.12
12250 38.83 9.33 3.60 4.45 20.69 0.78 1.96 0.48 0.05 0.10
123.40 44.59 19.95 3.0 1.32 3.66 0.62 3.14 0.61 0.01 0.05
123.45 5755 18.99 1.92 1.60 0.86 0.62 3.76 0.66 0.01 0.04
12375 75.65 12.45 1.67 0.62 027 0.98 2.52 0.71 0.01 0.05
123.85 73.41 13.33 2.66 0.95 037 101 2.73 0.80 0.01 0.09
124.00 70.94 13.75 3.67 127 0.53 0.99 2.73 0.77 0.02 0.12
127.00 64.04 7.83 3.14 155 8.77 1.07 1.80 0.42 0.05 0.1
128.00 64.10 7.90 3.16 231 8.12 124 1.82 0.42 0.05 0.1
130.20 66.45 8.12 3.22 1.48 7.35 118 1.92 0.42 0.05 0.12
132.50 61.47 7.98 3.18 2.44 8.77 1.20 1.89 0.43 0.05 0.12
13350 66.06 8.53 3.55 1.25 7.74 1.04 2.00 0.43 0.04 0.12
134.00 62.19 7.74 2.83 2.33 9.11 121 1.84 0.40 0.06 0.1
135.00 62.91 7.79 2.85 1.84 10.13 114 1.86 0.41 0.06 0.1
137.70 58.45 13.67 452 1.84 638 0.78 3.16 0.68 0.03 0.15

o Em TR NN % R K ALR Zn JTER & 51 H SCHk(2] .



1216 o % R 428

R2 AREEN—HENERMETRAER

Table 2 Trace element variations in the bulk rocks of the Norian-Rhaetian transition from the Xujiahe Formation

1% /m v Cr Ni Zn Ga Rb Sr Y Zr Nb Ba Ph

105.50 14469 12379 5031 108.16 2531 173.94  100.18  24.73 145.91 2007 67238 37.00
107.00 135.56 86.77  45.83 67.37 17.49 11568 12094  21.90  204.95 1628  393.48 27.91
107.40 95.60 87.30  35.29 7544 1524 11418 159.48 2592 169.63 1157  401.78 23.12
109.05 16032 11247  60.22 85.09 2049  148.60 7488 2897  229.07 1897  460.21 28.11
109.50 64.98 4805  21.01 6296  11.49 61.70 39.62 2505 31093 1322 25235 —

110.20 103.36 86.45 5522 59.50  18.88 104.80 6323  31.04 37688 2133  387.70 19.55
111.00 14637 10475  47.18 119.17  25.10  177.33 84.51 30.27 182.44 18.60  450.96 34.84
112.50 138.19  109.83 7649 12389  21.78 171.55 86.95  28.97 15652 20,65  577.07 97.96
114.50 124.55 87.93  42.49 91.28 19.53 129.44 12062 30.60  179.73 18.68  494.26 37.55
115.00 87.74 7714 41.55 74.81 18.45 101.61 94.15  27.77 187.84 1543 382.97 21.85
115.50 86.16 79.89  42.28 65.69  16.96 94.13 93.19 2397 21136 1416  464.94 30.56
116.50 72.00 69.95  37.59 73.24 14.28 86.74 7932 21.57 176.23 1149 407.98 37.71
117.00 11092 10592 49.69 92.74 19.63 126.45 9372 2538 20745  21.01 506.45 40.88
119.00 129.59 9259  44.79 9558  21.45 157.58 11310 2592 12890  13.80  603.55 35.78
119.50 113.75 73.02  36.75 76.60 1535 10620 18245  27.23 147.41 1591 414.50 40.01
120.00 77.88 7492 49.17 75.13 12.46 9373 237.19 2495 12840 1262 359.12 37.66
120.50 78.19 62.02  43.74 56.57 12.03 7976 249.79 19.94 105.98 8.07  293.33 34.72
121.00 99.27 66.67  30.81 64.01 1096  101.61 24143  20.60 102.88 11.08  367.94 42.51
121.50 49.14 35.36 18.50 29.30 8.71 46.84  304.75 19.51 153.22 6.40 212,94 18.19
122.20 104.52 70.80  36.65 5636 13.53 99.12  181.39 18.53 185.34 9.14 32896 25.22
122.50 90.36 58.84  39.26 56.88 8.17 9932 27552 2070 127.00 9.07  341.36 28.45
123.40 182.45 90.05  22.05 477 2349 23151 10092 61.59 179.53 2524 42921 104.19
123.45 124.34 92.38 9.32 1620  27.02 191.00 73.29 18.97 135.60 1733 470.93 5.27
123.75 62.67 67.62 7.24 10.85 15.24 101.41 53.07 2592 32864 1525 39537 11.72
123.85 82.39 89.84 2445 32.13 19.53 113.18 5698 2505  261.79 19.12 430.26 15.56
124.00 10273 85.08  45.52 63.70  15.67 114.38 57.94 3114 27530 1751  434.89 16.20
127.00 70.32 85.61 43.53 31.30 6.99 5542 10834 18.53  253.59 1036 350.61 16.62
128.00 57.95  103.59  33.83 39.89 8.49 63.90  115.32 1875 227.97 10.64  389.91 14.83
130.20 55.12 90.37  44.99 33.60 9.67 6450  120.09 18.10  243.08 9.56  404.73 34.21
132.50 56.69 77.14 3112 32.87 8.92 6539  120.51 1646  216.46 879  336.21 7.36
133.50 45.15 9132 33.63 31.61 11.17 70.18  116.07 1831  235.88 8.51 379.82 1478
134.00 51.97 73.65  37.69 33.08 8.39 60.01  123.69 1657  230.57 8.73  320.76 19.09
135.00 57.32 86.45  29.77 29.30 7.21 5991 132,69 2223 213.56 9.86  341.25 21.89
137.70 13147  103.80  52.92 56.15 17.49 133.24 9499  21.14 25339 14.41 399.26 22.15

T R T ATy uglg s 76 R Ni FITRb JCE & 51 H SCHR(2].
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Table 3 Summary of chemical weathering indices and their computational formulae
s TRbRA PR ESLYAEN ERPUIN
RERR LR R %
1 =Si0,/A1,0, Ruxton™
(R: Ruxton Ratio)
LA KL : s
2 =A10,/(ALO +Na,0+K,0+Ca0")x100 Nesbitt et al.™
(CIA: Chemical Index of Alteration) o o7
AR AL FE 5L , »
3 =AL,0,/(ALO +Na,0+Ca0")x100 Harnois"™
(CIW: Chemical Index of Weathering) : :
AT v Y
4 =(AL0,-K,0)/(AL,0,~K,0+Na,0+Ca0")*x100 Fedo et al.*”
(PIA: Plagioclase Index of Alteration) T T
Na THFEFE L fa1)
5 =(Na/Zr),#‘./(Na/Zr),;J...—l Rasmussen et al.
(zNa: Chemical weathering depletion) " o
PRAL WSS . a2
6 =(Ca0"+Na,0+Mg0)/Ti0, Yang et al."”!
(LCWP: Loss chemical weathering proxy)
WA S ‘ )
7 =(Fe,0,+K,0+Na,0+Ca0"+MgO+MnO+Ti0,)/AL0, Cox et al."™”

(ICV: Index of compositional variability)
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%100 (2)
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m) (3)
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Table 4 Geochemical data and proxies in the bulk
rocks of the Norian-Rhaetian transition from the

Xujiahe Formation, Sichuan Basin

Bi¥m  CIA,~ CIW  PIA ICV Rb/Sr Ti%
105.50 80 89 8 10 07 50 51 17 05
107.00 73 81 77 15 07 81 73 10 04
107.40 72 80 76 16 06 89 72 07 04

tNa LCWP R

109.05 79 88 85 1.0 08 3.6 65 20 05
109.50 73 82 78 1.0 08 30 169 16 04
110.20 78 87 84 1.0 09 2.8 9.0 1.7 06
111.00 80 89 87 1.0 08 44 55 21 05
112.50 79 88 85 1.1 0.7 49 55 20 05
114.50 74 82 78 1.3 0.6 7.0 67 1.1 04
115.00 70 79 74 13 0.6 6.7 81 1.1 04
115.50 69 71 72 1.3 07 59 92 10 04
116.50 69 71 73 1.2 06 6.0 9.8 1.1 0.3
117.00 74 83 79 1.2 07 52 68 13 05
119.00 79 88 85 1.0 07 5.6 56 14 04
119.50 72 81 76 1.4 0.6 72 70 06 04
120.00 70 78 74 15 06 8.2 68 04 03
120.50 69 71 72 20 05 11.6 75 03 03
121.00 72 80 76 2.0 05 11.2 67 04 03
121.50 58 65 59 22 06 125 134 02 02
122.20 71 79 75 1.5 0.7 8.2 78 05 03
122.50 70 78 74 20 0.6 12.4 7.1 04 03

123.40 81 91 89 06 08 4.1 38 23 04
123.45 81 90 88 0.6 0.7 42 52 26 04
123.75 71 86 83 0.7 08 25 103 19 04
123.85 71 86 83 0.8 07 2.8 94 20 05

124.00 71 86 82 09 08 3.4 88 20 05
127.00 62 69 63 1.5 0.7 86 139 05 03
128.00 59 66 59 1.8 0.6 1.1 138 06 0.3
130.20 61 68 61 1.5 0.7 89 139 05 03
132.50 60 67 60 19 06 1.1 131 05 03
133.50 64 71 65 14 0.7 74 132 06 03
134.00 59 66 59 1.9 06 1.5 137 05 02
135.00 61 68 61 1.7 06 9.7 137 05 02
137.70 76 84 80 1.1 08 49 73 14 04

U AE 82 o i b nl B8 22 21K 8h ) 4y ik 4
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FWEIPIBA, Si flm i T E (U Th Zr Hf)
T EEAAEMEY P, KRS TR N
AT SR AE AR AR 7, DT 5 Ak 24 XAk FE
B FEARRIRAL ST, 4R TR Wy R DR
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5.2 NRBREHA2 KPR EH

ARG HMFE T W50 20 NRT B 32 43
WIUR, s T R ER LA 38 pr 2 TR AR
S VU Za b T Hb DX A G AT 20 NRT B %) ol A0k
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Fig.5 Geological events and geochemical curves across the Norian-Rhaetian transition
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Abstract: [Objective] The paleoclimate and environment have changed significantly across the Norian-Rhaetian

transition (NRT, Late Triassic) , as demonstrated by carbon-isotope fluctuations and biological extinction events.
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However, the causes of climate perturbations and biotic crises during the NRT remain controversial. It is believed
that the eruption of contemporaneous volcanisms (e.g., the Angayucham Large Igneous Province ) was the main cause
of paleoenvironmental changes during the NRT. The large-scale volcanic activity released a large amount of
greenhouse gases, which resulted in global temperature rise, carbon-isotope perturbation, and biological crises
during the NRT. At present, the majority of NRT studies have focused on the shallow marine strata in the Tethys region,
but knowledge on the changes in terrestrial paleoclimate, paleoenvironment, and their driving mechanism during the
NRT is extremely limited. Studies have shown that terrestrial strata can faithfully record paleoclimatic and paleo-
environmental changes during geological events, such as the end-Permian mass extinction. However, previ-
ous studies mainly focused on paleobotany, sedimentology, organic carbon isotopes, and wildfires during the NRT in
the Sichuan Basin, but lacked element geochemical evidence, limiting the accurate understanding of the climatic
changes in this time interval and the comparison between different research methods. [Methods] To tackle this
scientific question, we examined the Norian-Rhaetian section (Xujiahe section) located 4.5 km NE of Guangyuan
city, northwest Sichuan Basin. Thirty-four samples were collected at a resolution of 10 cm to 2 m in the Xujia-
he section for major and trace element compositions. The surface dust and weathered portions of samples were
removed with a rasper and then washed with deionized water. After 8 hours of oven drying at 50 °C, samples were
ground into powder using agate mortars. Sample preparations were completed in the School of Materials and Chemistry
& Chemical Engineering, Chengdu University of Technology. Analysis of major and trace elements in samples was
completed at the Institute of Earth Environment, Chinese Academy of Sciences, Xi 'an. A glass bead was created by
fusing 0.6 g of the powdered sample with 6 g of dry lithium tetraborate (Li,B,0,) for 5 minutes at 1 000 °C. The glass
bead was further scanned by an X-ray fluorescence spectrometer (WD-XRF; PANalytical, Ea Almelo, The Nether-
lands). The analytical accuracy was better than 2%. [ Results and Discussions] The analyzed samples have high
Chemical Index of Alteration (CIA) values and Rb/Sr at 105.5, 110.2-122.5, 119, 123.4-123.45, and 137.7 m in
the Xujiahe section, and low CIA values and Rb/Sr at 107, 109.5, 115.5-116.5, 121.5, and 127-135m. The upper-
most part of Upper Norian successions (105.5-129.5m) have CIA values ranging from 59 to 82, with a mean of 73;
Rb/Sr values ranging from 0.2 to 2.6, with a mean of 1.2; and R values ranging from 3.8 to 16.9, with a mean of 8.2.
For the Norian-Rhaetian boundary interval (NRB, 129.5-135 m), CIA values range from 59 to 63, with a mean of
60; Rb/Sr values range from 0.5 to 0.6, with a mean of 0.5; and R values range from 13.1 to 13.9, with a mean of
13.5.[Conclusions ] Results show that the climate fluctuated frequently during the NRT of Xujiahe section in the
Sichuan Basin. The Late Norian was dominated by warm and humid climate, which was interrupted by a short-term
cooling event close to the NRB. The prevailing mega-monsoon in Pangaea during the Late Triassic may be the main
trigger for the frequent climate change and NRB cooling events in the Xujiahe section, but the influence of volcanic
activity and wildfire events on the paleoclimate system cannot be eliminated in this time period. To determine the
precise timing of volcanic eruptions and wildfires during the NRT and how they contributed to climate change, more
research is needed.
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