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11 Abstract

12 The Permian-Triassic (P-Tr) crisis was the largest mass extinction of the Phanerozoic and 

13 eliminated over 90% of marine species. However, the nature of marine productivity 

14 changes during the crisis is a matter of on-going debate. Here, thermoluminescence (TL) 

15 measurements from 144 bulk carbonate samples from Meishan (South China) show two 

16 levels of variation in TL peak intensities at ~270°C. The first-order variation is 

17 characterized by a rapid, nearly three-fold increase. A secondary variation is interpreted to 

18 record periodic fluctuations on a Milankovitch scale (~20-kyr rhythm). The periodic 

19 variations of TL are negatively correlated with Mn concentrations, suggesting primary 

20 productivity is a key factor controlling the TL peak intensity by photo-reduction of 
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21 particulate Mn in the presence of organic matter. Therefore, the periodic fluctuations of 

22 TL were likely controlled by primary productivity changes on orbital timescales. A 

23 significant rise of TL peak intensities across the P-Tr boundary represents the rapid 

24 increase of dissolved Mn associated with enhanced marine productivity and/or oceanic 

25 anoxia.

26 Keywords:

27 Meishan section, Permian-Triassic extinction, dissolved Mn, Milankovitch cycle, carbon 

28 isotope, oceanic anoxia 

29 1. Introduction

30 The Permian-Triassic (P-Tr) mass extinction was the largest crisis of the Phanerozoic with 

31 ~90% of marine species lost (e.g., Erwin, 1993; Song et al., 2013b). Biodiversity of marine 

32 invertebrates was dramatically reduced and remained low during the Early Triassic (Alroy et al., 

33 2008). However, primary productivity changes during this extinction event and its aftermath are 

34 poorly understood. Both the low- and high-productivity levels have been advocated for the Early 

35 Triassic oceans. Purported evidence for low-productivity levels, includes a decrease in fossil 

36 abundance (Twitchett, 2001), a reduction in fossil size (Twitchett, 2007; He et al., 2015), and 

37 negative excursion in marine carbonate δ13C values (Rampino and Caldeira, 2005). Alternatively, 

38 high-productivity has been invoked with supporting evidence including enhanced carbon isotope 

39 depth gradients (Meyer et al., 2011; Song et al., 2012a; Song et al., 2013a), the development of 

40 organic-rich mudstones (Suzuki et al., 1998), increased burial fluxes of organic carbon (Algeo et 

41 al., 2013; Shen et al., 2015), cyanobacteria blooms (Xie et al., 2007). 



42 Dissolved Mn in shallow water is influenced by biochemical processes, which are linked to 

43 primary productivity. A typical dissolved Mn profile shows a maximum concentration in the 

44 surface due to the photochemical reduction of particulate Mn in the presence of dissolved 

45 organic substances, such as humic acid (Sunda et al., 1983; Sunda and Huntsman, 1994). This 

46 photochemical reduction effect is amplified as dissolved organic matter concentration increases 

47 in more productive waters, resulting in an increase of dissolved Mn. Dissolved Mn in seawater 

48 can substitute in calcite lattices, although it is restricted by the distribution coefficient 

49 (Dromgoole and Walter, 1990). However, it is very difficult to measure the Mn content in calcite 

50 because it is hard to distinguish Mn substituted in calcite lattices from rhodochrosite (MnCO3). 

51 In addition, exchangeable Mn2+ absorbed by clays also interferes with the results. Although 

52 MgCl2 and CaCl2 have been used to extract exchangeable metals (e.g., Poulton and Canfield, 

53 2005), it is difficult to confirm that the exchangeable Mn2+ has been completely removed.

54 Thermoluminescence (TL) in calcite is usually associated with the presence of Mn2+ 

55 substituted in calcite lattices (Medlin, 1959; Calderón et al., 1996). TL is the thermally 

56 stimulated emission of light following the previous absorption of energy on electrons trapped in 

57 mineral lattices from electromagnetic or ionizing radiation (Bos, 2006). Thus, TL from carbonate 

58 samples, which have been radiated enough to make energy storage electrons reach a saturated 

59 state, is related to the crystal lattice properties. The intensity of the ~270°C peak has been 

60 reported to be linear with Mn2+ concentrations, as Mn2+ is considered as the isolated activator 

61 center for calcites (Medlin, 1968; Calderón et al., 1996; Polikreti et al., 2003). Unfortunately, 

62 Fe3+, Co2+ and Ni2+ can act as effective poisoners for Mn luminescence (Medlin, 1959, 1968). 

63 Usually, Co and Ni concentrations in limestones are less than 100 ppm and almost two orders of 



64 magnitude lower than those of Fe and Mn (Graf, 1960). Iron is preferably present in the soluble 

65 divalent state in the ocean and has no quenching effect unless in the presence of SO4
2- or PO4

3- 

66 (Medlin, 1959). Iron is an essential element and is present in low concentrations in the surface 

67 layer as a result of the uptake by plankton (Morel and Price, 2003; Boyd and Ellwood, 2010), 

68 resulting in concentrations that are an order magnitude lower than Mn concentrations in both 

69 oxic and anoxic oceans, e.g., the northern Pacific Ocean (Landing and Bruland, 1980; Martin and 

70 Michael Gordon, 1988), the eastern Atlantic Ocean (Statham et al., 1998), the Black Sea 

71 (Haraldsson and Westerlund, 1988; Lewis and Landing, 1991), and the Framvaren Fjord 

72 (Haraldsson and Westerlund, 1988; Yao and Millero, 1995).. Therefore, the quenching effect of 

73 Fe2+ on calcite is possibly weak. Therefore, the intensities of the ~270°C peak of carbonate 

74 samples are usually controlled by Mn substituted in calcite lattices. This is supported by 

75 experimental studies that show dissolved Mn in waters has a positive relationship with Mn 

76 substituted in precipitated calcite (Fujiwara, 1964; Polikreti et al., 2003). Thus, with provisos, 

77 carbonate TL, provides a proxy of the Mn content in calcite and a means of assessing the original 

78 dissolved Mn variations in seawater. In this study, high-resolution carbonate TL data, together 

79 with isotopic and elemental measurements from the Meishan section (global stratotype section 

80 and point, GSSP of the P-Tr boundary), are used to examine changes of primary productivity 

81 during the P-Tr transition.

82 2. Geological setting

83 We measured the TL of carbonates from the Meishan section, the Global Stratotype Section 

84 and Point (GSSP) of the Permian-Triassic boundary (Yin et al., 2001). The ~1.4 m thickness of 

85 strata from Beds 24−30 contains six conodont zones (Clarkina yini Zone (Bed 24), C. 
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86 meishanensis Zone (Beds 25), Hindeodus changxingensis Zone (Beds 27a−b), H. parvus Zone 

87 (Bed 27c), Isarcicella staeschei Zone (Beds 27d−28) and I. isarcica Zone (Beds 29 and above); 

88 Yin et al., 2001; Jiang et al., 2007) of approximately 240 thousand years duration (Wu et al., 

89 2013; Burgess et al., 2014). The P-Tr boundary is defined by the first occurrence of Hindeodus 

90 parvus at the base of Bed 27c (Yin et al., 2001; Jiang et al., 2007). The strata near the P-Tr 

91 boundary were deposited on the northeastern slope margin of Yangtze Platform in the eastern 

92 part of Paleotethys near the paleoequator (Fig. 1). 

93 3. Methods

94 Thin-sections were obtained from a selection of samples, in order to undertake petrographic 

95 analysis of the sediments and to observe any diagenetic alteration of the samples. 

96 Cathodoluminescence (CL) microscopy was performed on CL8200MK5 cold-cathode 

97 luminescence device mounted on a Leica DM2500P Polarization Microscope equipped with a 

98 Leica DFC300FX digital camera. Operating voltages were 20 kV and gun current levels were 

99 312 μA. 

100 Thermoluminescence and geochemical analyses were performed in the State Key Laboratory 

101 of Biogeology and Environment Geology, China University of Geosciences (Wuhan). A total of 

102 144 carbonate samples, without calcite veins, were selected, ground and trimmed prior to 

103 powdering (200 mesh), and subsequently naturally dried. Before TL measurements, all samples 

104 were gamma-irradiated in the laboratory with a dose of 20 kGy so that energy reach a saturated 

105 state. The TL measurements were performed with RGD-3B thermoluminescence dosimeter 

106 (TLD). The samples were heated at rate of 5°C/s from 50°C to 400°C under a CO2 atmosphere. 



107 The instrument sensitivity was set to 5.4. The experimental data was divided by the percentage 

108 content of calcium and magnesium to get the final data.

109 Element abundances (Ca, Mg, Mn, and Sr) were obtained from the same powdered samples. 

110 Each sample (5 ± 0.3 mg) was adequately dissolved in 10 mL 1% nitric acid, and then filtered to 

111 remove insoluble substances. The diluted solution was measured by IRIS Intrepid II XSP in the 

112 State Key Laboratory of Biogeology and Environment Geology, China University of 

113 Geosciences (Wuhan). Analytical precision was better than ±5‰.

114 Carbon and oxygen isotopic analyses were performed at the State Key Laboratory of 

115 Biogeology and Environmental Geology of the China University of Geosciences (Wuhan). Each 

116 powdered sample (150−400 μg) was placed in a 10 mL Na-glass vial, sealed with a butyl rubber 

117 septum, and reacted with 100% phosphoric acid at 72°C after flushing with helium. The evolved 

118 CO2 gas was analyzed for δ13C and δ18O using a MAT 253 mass-spectrometer coupled directly 

119 to a Finnigan Gasbench II interface (Thermo Scientific). Analytical precision was better than 

120 ±0.1‰ for both δ13C and δ18O based on replicate analyses of two Chinese national standards 

121 (GBW 04416: δ13C = +1.61‰, δ18O = −11.59‰; GBW 04417: δ13C = −6.06‰, δ18O = 

122 −24.12‰). All the values are reported in the per mil notation relative to the Vienna Pee Dee 

123 Belemnite (VPDB) standard.

124 4. Results

125 Bed 24, the top unit of the Changxing Formation, is formed of bioclastic packstone with 

126 microsparite and sparry calcite matrix (Fig. 4A). The matrix in Bed 24 is non-luminescence to 

127 dull-orange luminescence (Fig. 4B). Bed 27 comprises biotic wackestone with microsparite, 



128 micrite matrix (Fig. 4C). The matrix in Bed 27 is dull-orange luminescence (Fig. 4D). Beds 29 

129 and 30 are marlstone with micrite matrix and lacks any fossil fragments (Fig. 4E). Micritic 

130 matrix shows bright-orange luminescence (Fig. 4F). The typical glow curve of carbonate is given 

131 in figure 2. The TL data, as well as carbon isotope and Mn concentrations from the P-Tr 

132 boundary strata, are illustrated in figure 3 and Table S1. The TL peak intensities at ~270°C are 

133 normalized by carbonate (CaCO3 + MgCO3) molar contents. The curve of TL peak intensity 

134 shows a rapid, increasing trend and a prominent periodic variation from Beds 24 to 30. It 

135 averages ~12400 arbitrary unit/mol (a.u./mol) in Bed 24 and increases by ~21820 a.u./mol across 

136 the main extinction horizon (Beds 25 and 26) and fluctuates around ~36170 a.u./mol in Bed 27. 

137 The TL curve shows an overall increase from ~30,000 to ~60,000 a.u./mol in Beds 29 and 30. 

138 Wavelet analysis shows that the secondary variations in TL data are characterized by a periodic 

139 feature, which accords with the ~20-thousand years (kyr) filter (Fig. 3). 

140 The curve of Mn concentrations shows a similar increase during the P-Tr transition and 

141 periodic variations from Beds 24 to 30 (Fig. 3). Mn concentration is approximately 100 ppm in 

142 the lower and middle parts of Bed 24 and increases above this level, reaching up to 1200 ppm at 

143 the top of Bed 29. This is followed by a rapid decrease from 1200 ppm to ~550 ppm in Bed 30. 

144 The δ13C values of carbonate rocks exhibits a decline across the P-Tr boundary. They range 

145 from 0.04 to 3.36‰ VPDB in Bed 24 with a weak periodicity (Fig. 3). Samples from Bed 27 

146 show an obvious variation in δ13C values from −1.29 to 1.34‰ VPDB. In Beds 29 to 30, there is 

147 little variation in δ13C values from 0.51 to 1.46‰ VPDB.

148 5 Discussion



149 5.1. Preservation of primary TL signatures

150 Two major factors influence the TL peak intensities of carbonates: (1) number of electronic 

151 trapping centers (crystal defects) in the carbonate lattices, which form during the process of 

152 crystallization of carbonate minerals, and (2) environmental radiation from rays generated by the 

153 decay of radioelements (e.g., U and K) around. With longer radiated time and higher radiant 

154 intensity, the number of energy storage electrons in crystal lattices would increase and emit a 

155 stronger TL. For carbonate samples from the P-Tr boundary interval, all of them have been 

156 gamma-irradiated in the laboratory with a dose of 20 kGy to ensure the energy has reached a 

157 saturated state, and thus the environmental radiation is unlikely to have influenced TL peak 

158 intensity variations. Therefore, the major factor influencing the TL peak intensities of carbonates 

159 from the P-Tr strata is the number of electronic trapping centers in carbonate, which is related to 

160 the type and concentration of impurity ions (e.g., Mn2+ and Fe3+) doped in carbonate (Medlin, 

161 1959, 1968). 

162 Diagenesis can change the chemical composition and lattice properties of carbonate 

163 components (Brand and Veizer, 1980, 1981; Algeo et al., 1992), which can alter the primary TL 

164 signatures. During diagenetic stabilization with meteoric waters, Mn may be incorporated and Sr 

165 may be expelled from the carbonate system (Brand and Veizer, 1980). It is generally accepted 

166 that Mn2+ is the most important activators of extrinsic CL in carbonate minerals (yellow-orange 

167 CL for calcite and yellow-red CL for dolomite) (Richter et al., 2003). Therefore, carbonates with 

168 bright-orange CL in Beds 27, 29 and 30 possibly contain more Mn ions than that in Bed 24. 

169 Besides, the carbonate rocks with Mn/Sr ratios less than 2 were generally not subjected to 

170 significant diagenesis (Jacobsen and Kaufman, 1999). Samples in Bed 24 with low Mn/Sr ratios 



171 (0.02−1.95, Table S1) possibly indicate minor diagenetic alteration. Although samples in Beds 

172 27, 29 and 30 have high Mn/Sr ratios (1.80−5.47, Table S1), there is poor negative covariance 

173 between Mn/Ca and Sr/Ca in each bed (Fig. 4A). This is likely the result of the transitions from 

174 limestone (Bed 24) to muddy limestone (Beds 27, 29 and 30).

175 In addition, a positive correlation between δ13C and δ18O in Beds 27, 29, and 30 is presented 

176 in our data. This correspondence is generally thought to be caused by meteoric diagenesis (Brand 

177 and Veizer, 1981). However, such an analysis might not be valid in this case because our 

178 samples are positioned in a region of the δ13C and δ18O cross-plot (Fig. 5B) that is not typical for 

179 carbonate rock subjected to meteoric diagenesis (Knauth and Kennedy, 2009). This region is 

180 thought to be experienced later deep burial and/or metamorphic alteration (shown by the red 

181 arrow in Fig. 5B; Knauth and Kennedy, 2009). Besides, the carbonate succession in the Meishan 

182 section is generally considered to have accumulated on a carbonate slope in water ~100−200 m 

183 deep with no indications of subaerial exposure (Zheng et al., 2013). 

184 To sum up, samples in Bed 24 may preserve the primary TL signature with minor diagenetic 

185 alteration. Although samples in Beds 27, 29, 30 were subjected to potential diagenesis, the 

186 significant periodic variations of carbonate TL peak intensities are not altered. These periodic 

187 variations accord with the ~20-kyr (~10 cm thick strata) filter (see Fig. 3). If the increase of 

188 carbonate TL peak intensities were principally triggered by diagenesis, such minor periodic 

189 fluctuations can hardly be retained. 

190 5.2 Periodic variations of TL peak intensities associated with orbital forcing

191 As shown in figure 3, a prominent periodic variation is seen in the TL peak intensities, which 



192 is almost consistent with the magnetic susceptibility, and possibly accords with the 

193 Milankovitch-band 20-kyr precession cycle (Wu et al., 2013). Although the periodic variation of 

194 carbon isotope is not as clearly seen as in the TL data, it is likely coincident with both TL peak 

195 intensity and magnetic susceptibility to a certain extent as shown by black arrows (Fig. 3). 

196 However, Mn concentrations of bulk samples show obvious inverted variations with the TL peak 

197 intensities. Both intervals below and above the main extinction horizon (Bed 25 at Meishan, see 

198 Song et al., 2013b) see a negative relationship between Mn concentrations and TL peak 

199 intensities in Bed 24 (n = 80, r = −0.39, p < 0.01) and Beds 27−30 (n = 64, r = −0.56, p < 0.01) 

200 (Fig. 6).

201 The negative relationship between TL peak intensities and Mn concentrations demonstrates 

202 that TL peak intensities can reflect dissolved Mn in paleo-ocean, and likely result from the 

203 periodic change of primary productivity on orbital timescales. Increased primary productivity 

204 can enhance the photo-reduction of particulate Mn in shallow water, because the reduction 

205 depends on organic matter (Sunda et al., 1983; Sunda and Huntsman, 1994). In addition, more 

206 organic matter would consume dissolved oxygen and result in relatively reducing environments. 

207 As a result, dissolved Mn concentration increased while particulate Mn concentration decreased 

208 in shallow water. Finally, carbonate TL peak intensities elevate due to higher Mn content 

209 substituted in calcite lattices, but total Mn concentrations possibly reduce on account of lower 

210 particulate Mn concentrations. This process can also be linked to carbon isotope fluctuations. As 

211 shown by black arrows in Fig. 3, higher δ13C values correspond to increased carbonate TL peak 

212 intensities in Beds 24, 27 and 29. A similar ~20-kyr periodicity of carbon isotopes was detected 

213 in planktonic foraminifers of Late Quaternary age (Schneider et al., 1994), possibly due to 



214 precessional-scale variation of upwelling intensity. Because of depleted 13C in organic carbon, 

215 high primary productivity can increase the δ13C value of dissolved inorganic carbon.

216 The second-order variation of TL peak intensities is negatively correlated with Mn contents, 

217 but the first-order variation especially the rapid increase across the P-Tr boundary accompanies 

218 with the increase of total Mn contents. This phenomenon is possibly due to lithological variation 

219 at the transitions from limestone (Bed 24) to muddy limestone (Beds 27, 29 and 30), perhaps 

220 driven by enhanced continental weathering (Algeo and Twitchett, 2010; Song et al., 2015). 

221 Lithological variation can effectively change Mn contents, but have little influence on carbonate 

222 TL. In addition, a negative excursion in carbonate δ13C occurred during the P-Tr transition. This 

223 may be due to release of volcanic CO2 from the Siberian Trap volcanism (Wignall, 2001; 

224 Reichow et al., 2002; Vyssotski et al., 2006; Korte and Kozur, 2010), and methane from thermal 

225 metamorphism of organic-rich sediments by igneous intrusion (Korte and Kozur, 2010; Burgess 

226 et al., 2017). 

227 5.3 Increased TL peak intensities and their implication for primary productivity change

228 The three-fold increase of carbonate TL peak intensity from 12410 to 34320 a.u./mol across 

229 the P-Tr boundary is likely a result of increased dissolved Mn in shallow water. In modern ocean, 

230 Mn ions is lost from the water column via scavenging and sinking of particulate Mn oxides 

231 (Sunda and Huntsman, 1994). This is observed below the photic zone, where dissolved Mn 

232 concentrations decrease quickly with increasing depth to low uniform concentrations (~0.15 

233 nmol/L in deep ocean) (Landing and Bruland, 1980; Statham et al., 1998). However, in the 

234 surface layer a typical dissolved Mn profile shows elevated concentrations (e.g., Landing and 



235 Bruland, 1980) due to the photo-reduction of particulate Mn in the presence of dissolved organic 

236 substances, such as humic acid (Sunda et al., 1983; Sunda and Huntsman, 1994). Therefore, in 

237 the P-Tr ocean, widespread oceanic anoxia, even in the photic zone, (Wignall and Twitchett, 

238 1996; Grice et al., 2005; Kaiho et al., 2012; Song et al., 2012b) might contribute to increased 

239 dissolved Mn in shallow water. In addition, increased dissolved Mn also suggests higher primary 

240 productivity, that would have led to elevated photo-reduction of particulate Mn. 

241 Higher productivity after the P-Tr boundary crisis is also supported by other proxies (Fig. 7). 

242 Enhanced continental weathering (Algeo and Twitchett, 2010; Winguth and Winguth, 2012; 

243 Song et al., 2015) may have played a key role in the increase of marine productivity during the 

244 P-Tr transition. The increased terrigenous run-off would also supply more nutrients to the oceans 

245 (Algeo and Twitchett, 2010; Winguth and Winguth, 2012; Song et al., 2015), which would 

246 fertilized the Early Triassic oceans. As a result, primary producers, e.g., cyanobacteria and green 

247 sulfur bacteria, bloomed in the Early Triassic ocean (Grice et al., 2005; Xie et al., 2007), 

248 generated a vigorous biological pump (Meyer et al., 2011; Song et al., 2012a; Song et al., 2013a).

249 Evidence for low primary productivity, such as decreased in fossil abundance (Twitchett, 

250 2001) and smaller fossils (Twitchett, 2007) can alternatively be explained as a response to harsh 

251 environmental conditions independent of productivity changes, e.g., ocean anoxia (Wignall and 

252 Twitchett, 1996; Grice et al., 2005; Kaiho et al., 2012; Song et al., 2012b) and global warming 

253 (Joachimski et al., 2012; Sun et al., 2012). Furthermore, species in eutrophic environments are 

254 often 'r-strategists' which are often small and show rapid growth and onset of sexual maturity 

255 (Pianka, 1970). 



256 6 Conclusions

257 High-resolution TL measurements based on 144 carbonate samples of GSSP Meishan section 

258 show that carbonate TL peak intensity at ~270°C is characterized by two features during the P-Tr 

259 transition, periodic variations and a long-term rapid increase. The former span the Late Permian 

260 to Early Triassic and accord with a Milankovitch-band ~20-kyr rhythm. The rapid rise occurs at 

261 the latest Permian extinction horizon, and shows values rise nearly threefold. The periodic 

262 variations of TL peak intensities are negatively correlated with Mn concentrations, possibly 

263 caused by primary productivity change at orbital timescales. Increased primary productivity can 

264 provide more organic matter for photo-reduction of particulate Mn in shallow water. As a result, 

265 carbonate TL peak intensities elevate due to higher dissolved Mn concentration, but total Mn 

266 concentrations of samples possibly reduce on account of lower particulate Mn concentrations. 

267 The rapid rise of TL peak intensity across the P-Tr boundary potentially records increased photo-

268 reduction of particulate Mn due to higher primary productivity and/or enhanced reduction of Mn 

269 oxides under anoxic environments.

270
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437 Figure Captions

438 Fig. 1. Schematic maps of the study area. A. Location map showing the study site, modified 

439 from Feng et al. (1997) and Lehrmann et al. (1998). B. Paleogeography illustrating the position 

440 of South China during the Permian-Triassic transition, modified from Scotese (2001).

441

442 Fig. 2. Typical TL glow curve of the carbonate sample from Meishan Section. Three peaks are 

443 generally observed in accord with other researches (Bruce et al., 1999; Polikreti et al., 2003; 



444 Abdel-Razek, 2016). The peak at ~170°C is likely produced by laboratory dosed phototransfer 

445 (Bruce et al., 1999; Polikreti et al., 2003). Thepeak at ~270°C depends on Mn concentration, 

446 because Mn is considered to be the main isolated activator center for calcite (Medlin, 1959; 

447 Polikreti et al., 2003). The peak at ~350°C is possibly a spurious signal (Roque et al., 2001) and 

448 caused by mechanical treatment (Baı̈etto et al., 2000). 

449

450 Fig. 3. Profiles of δ13Ccarb, magnetic susceptibility, Mn concentrations of bulk samples and 

451 carbonate TL-peak and wavelet analysis for TL and Mn contents across the P-Tr boundary at 

452 Meishan. Magnetic susceptibility values (MS, black solid curve) are from Wu et al. (2013) and 

453 the dotted black curve represents the 20- kyr precession cycle (Wu et al., 2013). The U-Pb ages 

454 are from Burgess et al. (2014). The dotted pink curve shows the periodic variations in TL-peak 

455 after wavelet analysis. The blue dotted curve present wavelet analysis for Mn concentrations. 

456 δ13Ccarb and TL mostly co-vary with magnetic susceptibility and accord with the ~20- kyr filter.

457

458 Fig. 4. Photomicrographs under plane polarized light and CL showing some recrystallization 

459 evidence. A. Photomicrograph under plane light of Bed 24 showing grainstone filled with 

460 microsparite and sparry calcite matrix. B. Same area as A under CL, showing calcite crystals 

461 with dull-orange luminescence. C. Photomicrograph under plane polarized light of Bed 27 

462 showing wackestone filled with microsparite and micritic calcite matrix. D. Same area as C 

463 under CL, showing matrix with dull-orange luminescence. E. Photomicrograph under plane 

464 polarized light of Bed 29 showing wackestone filled with micritic calcite matrix. F. Same area as 

465 E under CL showing matrix with bright-orange luminescence. 



466

467 Fig. 5. Cross plots of (A) Sr/Ca vs Mn/Ca, (B) δ13C vs δ18O from Meishan. B also shows the 

468 range of Cenozoic carbon and oxygen isotope values from rocks subjected to the influence of 

469 either marine or meteoric pore water (Knauth and Kennedy, 2009).

470

471 Fig. 6. Cross plots between Mn concentrations and TL. Mn concentrations show a negative 

472 relationship with TL in both Bed 24 (n = 80, r = −0.39, p < 0.01) and Beds 27-30 (n = 64, r = 

473 −0.56, p < 0.01).

474

475 Fig. 7. Comparison of carbonate TL and other paleo-productivity proxies across the P-Tr 

476 boundary. A. Decreased δ13C differences between pristane and phytane and n-C17 and n-C18 

477 alkanes reflecting increased autotrophs (Grice et al., 2005)) B. C31 2-methylhopane (2-MHP) 

478 index interpreted to reflect cyanobacteria proliferation (Xie et al., 2007). C. The 13Ccarb-depth 

479 gradient suggesting onset of a vigorous biological pump in the late Permian (Song et al., 2012a). 

480 D. Carbonate TL peak intensities. C. m - Clarkina meishanensis, H. chan - Hindeodus 

481 changxingensis, H. parv - Hindeodus parvus, I.st - Isarcicella staeschei.



Basinal deposits

Slope deposits

Carbonate deposits

Alluvial deposits

Land

Clastic deposits

North

0 100 200km

Studied sectionCity

-70°

-30°

0°

  30°

  70°

South China

26°N

22°N

30°N

102°E 106°E 110°E 114°E 118°E 122°E

Tethys

Pangea

Panthalassa

B

A

Yangtze Platform

Chengdu
Wuhan

Nanjing

Meishan Shanghai

Kunming

Guiyang

Changsha
Nanchang

Fuzhou

Guangzhou
Nanning

Nanpanjiang Basin

Late Permian



0

200

400

600

800

1000

1200

1400

100 200 300 400

~270°C

Temperature (°C)

T
L 

in
te

ns
ity

 (a
.u

.)

~170°C

~350°C



24

29

27

26
25

28

30

C
ha

ng
hs

in
g

Y
in

ke
ng

La
te

 P
er

m
ia

n

-80

-10

-70

0

-60

10

-50

20

-40

30

-30

40

-20

50

60
(cm)

Serie
s

Form
atio

n

Bed n
umber

Lith
ology

e
e

e e Skeletal limestone Claystone Mudstone Muddy limestone

e
e e

e
e e

e
e e

e
e e

e
e e

e
e e

e
e e

e
e e

e
e e

e
e e

e

-2 -1 0 1 2 3 4

-2 20 4 6 8

0.40 0.8 1.2

40200 60 80
3TL-peak (×10  a.u./mol)

0.2 0.6 1.0

3 Mn(×10 ppm)

251.941 ± 0.037 Ma

251.880 ± 0.031 Ma



0.5 mm 0.5 mm

0.5 mm 0.5 mm

0.5 mm 0.5 mm

A B

C D

E F



Alteration

0

2

3

4

-1

1

-12 -10 -8 -6 -4 -2 0

B

13 δ
C

 (‰
 V

P
D

B
)

ca
rb

18δ O  (‰ VPDB)carb

Marine

Meteoric

0 1 2 3 4 5 6

S
r/

C
a 

(m
m

ol
/m

ol
)

Mn/Ca (mmol/mol)

A

0.6

0.4

0.2

0.8

1

1.2
Bed 24
Bed 27
Bed 29
Bed 30



, 

Bed 24
Beds 27, 29 and 30

r = − 0.56, p < 0.01

r = − 0.39, p < 0.01

3
T

L-
pe

ak
 (×

 1
0

 a
.u

./m
ol

)

Mn (ppm)
0 500 1000 1500

0

10

20

30

40

50

60

70

80



 Clarkina yini C. m  H. chan H. parv I. st Isarcicella isarcica  

Permian Triassic

-2

0

2

0

0.2

0.4

microbialites 

C
31

 2
-M

H
P 

In
de

x

13
C

-d
ep

th
 g

ra
di

en
t 

ca
rb

C
ar

bo
na

te
T

L 
pe

ak
 in

te
ns

iti
es

(‰VPDB)

3(×10  a.u./mol)

40

20

0

60

80

-1

0

1

13
Δ

δ 
= 

(a
ve

ra
ge

 o
f δ

C
 n

-C
 +

 n
-C

) −
 

17
18

13
(a

ve
ra

ge
 o

f δ
C

 p
ris

ta
ne

 +
 p

hy
ta

ne
) 

autotrophy

heterotrophy

B

C

D

A

(‰VPDB)


