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The Smithian/Spathian boundary (late Early Triassic): a review of ammonoid, conodont, and carbon-isotopic criteria.

Introduction 78 79

The Early Triassic is officially divided into two stages, the Induan and Olenekian, with the 80 latter divided into two substages, the Smithian (ca. 0.7 Myr long) and Spathian (ca. 3 Myr long) 81 (Fig. 1; Ovtcharova et al., 2006Ovtcharova et al., , 2015;;[START_REF] Lehrmann | Timing of recovery from the end-2018 Permian extinction: Geochronologic and biostratigraphic constraints from south China[END_REF][START_REF] Brayard | Proharpoceras Chao: a new ammonoid lineage surviving the end-1667 Permian mass extinction[END_REF]Mundil et 82 al., 2010;[START_REF] Baresel | Precise 1639 age for the Permian-Triassic boundary in South China from high-precision U-Pb 1640 geochronology and Bayesian age-depth modeling[END_REF]. An alternative timescale based on cyclostratigraphic analysis of 83 successions in Germany and China has assigned durations of 1.7 and 1.4 Myr to the Smithian 84 and Spathian substages, respectively (Li et al., 2016a). The boundary between the Smithian Basin, grading from sandstones of the Bjorne Formation on the basin margin to shaly siltstones 305 of the Blind Fjord Formation in the basin center (Tozer, 1961;Embry, 1986[START_REF] Embry | Geology of the 1796 Innuitian Orogen and Arctic Platform of Canada and Greenland[END_REF]. The Blind 306 Fjord Formation consists of three members, the Confederation Point Member (Griesbachian to consisting of Xenoceltites subevolutusand various prionitids, within the late Smithian A. tardus 397 Zone [START_REF] Nakrem | Triassic conodonts from Svalbard and their Boreal correlations[END_REF]. [START_REF] Weitschat | Biostratigraphy of the uppermost part of the Smithian Stage 2379 (Lower Triassic) at the Botneheia, W-Spitsbergen[END_REF] Keyserlingites sp. [START_REF] Nakrem | Triassic conodonts from Svalbard and their Boreal correlations[END_REF]. Neogondolella ex. gr. regalis (assigned to Ng. jubata 404 by [START_REF] Dagis | Verhnij Paleozoj i Trias Sibiri. 1774 (Upper Paleozoic and Triassic of Siberia.) Trudy Akademija[END_REF] was also reported from the Keyserlingites subrobustus Zone 405 [START_REF] Nakrem | Triassic conodonts from Svalbard and their Boreal correlations[END_REF]. Conodont data are thus lacking for the early Spathian but overall support 406 placement of the SSB between the X. subevolutus and B. euomphala beds.

407 408

Carbon-isotope chemostratigraphy 409 410

Carbon isotope studies of the Smithian and Spathian substages in Spitsbergen, shown as 411 δ 13 C org , are from Dicksonfjellet (Galfetti et al., 2007a), Festningen [START_REF] Grasby | Mercury anomalies 1854 associated with three extinction events (Capitanian crisis, latest Permian extinction and 1855 the Smithian/Spathian extinction) in NW Pangea[END_REF], and 412

Vindodden [START_REF] Wignall | Ultra-shallow-marine anoxia in an Early Triassic shallow-marine clastic ramp 2385 (Spitsbergen) and the suppression of benthic radiation[END_REF] sections (Fig. 7). Ammonoid data are available in 413

Dicksonfjellet (Weitschat and Dagys, 1989), while no biostratigraphic work has been done to Festningen section by [START_REF] Wignall | Ultra-shallow-marine anoxia in an Early Triassic shallow-marine clastic ramp 2385 (Spitsbergen) and the suppression of benthic radiation[END_REF] following the same chemostratigraphic approach.

426

They showed stable and low values (ca. 32 ‰; N3*) during the middle Smithian, then a 427 positive excursion following a δ 13 C org minimum at their inferred SSB (however, this level is 428 actually the N3 event, which is of middle Smithian age; see Section 5.3). The lower Spathian 429 is charactereized by a peak at ca. 28 ‰ (P3*), followed by a gradual decrease to ca. 30 ‰ 430 in the middle Spathian.

431 432

Western Canadian Sedimentary Basin (eastern Panthalassa)

433 434

Ammonoid and conodont biostratigraphy 435 436

The Western Canadian Sedimentary Basin (WCSB) contains ammonoid faunas that have 437 been used, generally in conjunction with Canadian Arctic data, in the construction of a 438 preliminary Early Triassic biozonation scheme for northwestern Pangea [START_REF] Tozer | Canadian Triassic ammonoid faunas[END_REF]. Triassic

northeastern British Columbia [START_REF] Tozer | Marine Triassic faunas of North America: their significance for assessing 2342 plate and terrane movements[END_REF]. Lower Triassic stratigraphic successions mainly 441 consist of the Phroso Formation (siltstone) and Vega Formation (siltstone) in the south, and the occurrence of ?Icriospathodus collinsoni.

and Helongshan formations comprise interbedded mudstone and (muddy) limestone, whereas [START_REF] Komatsu | Carbon isotopic excursions and detailed ammonoid and 1989 conodont biostratigraphies around Smithian-Spathian boundary in the Bac Thuy 1990 Formation, Vietnam[END_REF]Chen-YL et al., 2018;[START_REF] Leu | Clade-dependent size response of conodonts to 2027 environmental changes during the late Smithian extinction[END_REF][START_REF] Leu | Clade-dependent size response of conodonts to 2027 environmental changes during the late Smithian extinction[END_REF]. 

675

pingdingshanensis Zone; P3) [START_REF] Zuo | Carbon and oxygen isotopic stratigraphic 2474 correlation and its paleoenvironment significance during the Lower Triassic, Chaohu, 2475 Anhui Province, China[END_REF][START_REF] Zuo | Carbon and oxygen isotope stratigraphy of 2477 the Lower Triassic at Northern Pingdingshan section of Chaohu, Anhui Province, China[END_REF]Tong et al., 2007) 

683

The proximity of the three Chaohu sections allows an evaluation of the relationships 684 between biostratigraphic markers and features of their carbon isotope profiles .

685

Taking Nv. pingdingshanensis as an example, the first occurrence of this taxon shows 686 somewhat variable locations relative to the major features of the δ 13 C profiles (i.e., N3 and P3). corresponds to a δ 13 C value of ~0 ‰ that represents ~50 % of the rise from N3 to P3 (Fig. 10).

697

It is unlikely that Nv. pingdingshanensis was not present in all three sections simultaneously 698 (since they are within 1 km of each other), and the differences in stratigraphic placement of its 699 first occurrence likely results from local environmental and taphonomic controls, with the West 700

Pingdingshan section recording the oldest first occurrence and the other two sections slightly 701 younger first occurrences ("Signor-Lipps Effect"; [START_REF] Signor | Sampling bias, gradual extinction patterns, and catastrophes 2222 in the fossil record[END_REF][START_REF] Raup | Biological extinction in earth history[END_REF] Guandao [START_REF] Wang | Triassic conodont succession and stage 2361 subdivision of the Guandao section, Bianyang Luodian[END_REF][START_REF] Lau | Marine anoxia and delayed Earth system 2014 recovery after the end-Permian extinction[END_REF], Mingtang [START_REF] Liang | Lower-2043 Middle Triassic conodont biostratigraphy of the Mingtang section, Nanpanjiang Basin, 2044 South China[END_REF], Jiarong [START_REF] Song | Integrated Sr isotope variations and global environmental 2240 changes through the Late Permian to early Late Triassic[END_REF], 2018), Shitouzhai [START_REF] Zhang | Amelioration of marine 2426 environments at the Smithian-Spathian boundary, Early Triassic[END_REF], Bainyang [START_REF] Yan | Uppermost Permian to Lower Triassic conodonts at Bianyang section, Guihzou Province, 2393 South China[END_REF] and 722

Qingyan (Ji et al., 2011) in southern Guizhou, andZuodeng (Tong et al., 2007, revised after 723 [START_REF] Yang | New knowledge on the Lower Triassic of Zuodeng, 2395 Tiandong County, Guangxi[END_REF] in northwestern Guangxi.

724

In the Jinya area, ammonoid biostratigraphic studies led to the recognition of eleven 725 beds/zones in the Smithian and Spathian substages (Galfetti et al., 2007b, c; Fig. 5E) of which 726 some can be further refined [START_REF] Brayard | Smithian (Early Triassic) ammonoid faunas from northwestern 1656 Guangxi (South China): taxonomy and biochronology[END_REF]. Olenekian conodont data from this area are largely unpublished (Goudemand, 2014a Spathian age) (Fig. 11). The conodont Nv. ex gr. pingdingshanensis was reported at three (3) from strata between the Tirolites cf. cassianus and Tirolites sp. nov. beds (between KC02-814 10 and KC02-14) [START_REF] Maekawa | Conodont Succession[END_REF][START_REF] Komatsu | Carbon isotopic excursions and detailed ammonoid and 1989 conodont biostratigraphies around Smithian-Spathian boundary in the Bac Thuy 1990 Formation, Vietnam[END_REF].

815

Based on ammonoid data, [START_REF] Komatsu | Carbon isotopic excursions and detailed ammonoid and 1989 conodont biostratigraphies around Smithian-Spathian boundary in the Bac Thuy 1990 Formation, Vietnam[END_REF] Topmost Limestone members) [START_REF] Waagen | Salt-Range fossils. Vol. 2: Fossils from the Ceratite Formation[END_REF][START_REF] Kummel | Stratigraphic boundary problems: Permian and Triassic of 2011 West Pakistan[END_REF][START_REF] Guex | Le Trias inférieur des Salt Ranges, Pakistan: problèmes biochronologiques[END_REF]. and Surghar Range by Brühwiler et al. (2010cBrühwiler et al. ( , 2011Brühwiler et al. ( , 2012a) ) Carbon isotope profiles for the Olenekian Stage have been reported from the Nammal 900 [START_REF] Baud | Late Permian and Early Triassic evolution of the 1644 Northern Indian margin: carbon isotope and sequence stratigraphy[END_REF]Galfetti et al., 2007c, modified after Baud et al., 1989[START_REF] Atudorei | Constraints on the Upper Permian to Upper Triassic marine carbon isotope 1623 curve. Case studies from the Tethys[END_REF] In the Spiti Valley of northern India, Olenekian strata belong to the Mikin Formation, Member (Brühwiler et al., 2010a). Lower Triassic ammonoids and conodonts have been

925
studied in a series of sections including Mud, Guling, Lalung, and Losar (Brühwiler et al., 926 2007(Brühwiler et al., 926 , 2012b;;Krystyn et al., 2007a, b). To date, biostratigraphic works in the Spiti Valley have 927 focused mainly on the Permian/Triassic and Induan/Olenekian boundaries, as well as Smithian 928 ammonoids [START_REF] Orchard | Taxonomy and correlation of Lower Triassic (Spathian) segminate[END_REF]Krystyn, 1998, 2007;[START_REF] Krystyn | Lower and Middle Triassic stage and substage 1999 boundaries in Spiti[END_REF]Orchard, 2007).

929 At Mud, Brühwiler et al. (2010a, 2012b) order [START_REF] Bhatt | Conodont biostratigraphy of the Lower Triassic in 1651 Spiti Himalaya, India[END_REF][START_REF] Krystyn | Lower and Middle Triassic stage and substage 1999 boundaries in Spiti[END_REF][START_REF] Krystyn | Muth (Spiti, Indian Himalaya) a candidate 2001 Global Stratigraphic Section and Point (GSSP) for the base of the Olenekian Stage[END_REF]Orchard and Krystyn, 2007) (Fig. 5G).

943

Therefore, the SSB could be placed at or below the first occurrence of Ic. collinsoni.

944 945

Carbon-isotope chemostratigraphy

946 947

Carbon isotope profiles have been reported from the Mud and Losar sections, Mud profile 948 covering the upper Dienerian to lower Smithian (Krystyn et al., 2007a), and the Losar profile 949 covering the whole Olenekian [START_REF] Atudorei | Constraints on the Upper Permian to Upper Triassic marine carbon isotope 1623 curve. Case studies from the Tethys[END_REF]Galfetti et al., 2007c) (Fig. 12). At Mud, the [START_REF] Hips | Lower Triassic shallow marine succession in the Bükk Mountains, 1901 NE Hungary[END_REF]Balkans, Kittl, 1903;[START_REF] Krystyn | Die Tirolites-Fauna (Ammonoidea) der untertriassischen Werfener 1996 Schichten Europas und ihre stratigraphische Bedeutung[END_REF]Golubić, 1996Golubić, , 966 2000)). Additionnally, mostly reported faunas are early Spathian, and detailed biostratigraphic ammonoids. However, Smithian material is beginning to be described relatively finely in 969 some places (e.g., Ðacović, 2017), suggesting that future biostratigraphic improvements 970 around the SSB are possible. Sections in the Caucasus mainly include Smithian ammonoids 971 (e.g., [START_REF] Popov | Some Early Triassic ammonoids of northern Caucasus[END_REF], whereas reported taxa from Mangyshlak are mainly early Spathian in age 972 (e.g., [START_REF] Krystyn | Lower and Middle Triassic stage and substage 1999 boundaries in Spiti[END_REF]. Here again, future improvements in ammonoid biostratigraphy may 973 help to better constrain the SSB. Detailed ammonoid zonal schemes for the SSB in the 974 Middle East are also lacking, in part due to the limited acessibility of this area (e.g., Iran, 975 [START_REF] Balini | The Triassic 1632 stratigraphic succession of Nakhlak (Central Iran), a record from an active margin[END_REF][START_REF] Vaziri | A review on Late Scythian to Middle Anisian ammonoids from the Alam 2356 Formation in Nakhlak area, Central Iran[END_REF]. However, some abundant and diversified assemblages are 976 known from the Smithian and Spathian of Oman [START_REF] Tozer | Triassic ammonoids from Jabal Safra and Wadi Alwa, Oman, 2348 and their significance[END_REF]Brühwiler et al., 977 2012c), suggesting that future biostratigraphic improvements are also possible in this region.

978

Latest Permian-Early Triassic conodonts have been extensively studied in Europe, for 979 example, in Italy [START_REF] Huchkriede | Die conodonten der mediterranen Trias und ihr stratigraphischer Wert[END_REF][START_REF] Assereto | The Permian-Triassic 1619 boundary in the southern Alps (Italy)[END_REF]Mostler,1982;Perri, 1986 , 2005;Horacek et al., 2007b;[START_REF] Richoz | 2172 Permian-Triassic boundary interval in the Middle East (Iran and N. Oman): Progressive 2173 environmental change from detailed carbonate carbon isotope marine curve and 2174 sedimentary evolution[END_REF].

pattern of large-scale carbon-isotopic fluctuations, as described above, there are nonetheless 1101 small differences in δ 13 C profiles that may have significance for global correlation of the SSB. 1114

Most SSB sections exhibit a rapid shift from N3 to P3 (i.e., Interval II; see Fig. 13A). We widely distributed biostratigraphic markers that may be useful for future definitions of the SSB.

1182

The definition of any GSSP ideally employs multiple bio-, chemo-, and physical criteria, and 1183 when fossils are rare or lacking, as is the case for some SSB sections, then alternate proxies 1184 must be sought. The SSB transition corresponds to a rapid positive shift of δ 13 C from the middle 1185 Smithian N3 minimum to the early Spathian P3 maximum (Interval II; Fig. 13), making the on mdpt(N3-P3) corresponds well to ammonoid biostratigraphic constraints at Jinya and would beds are known so far from the Canadian Arctic (Tozer, 1967). Thus, adequate biostratigraphic what it is mdpt(N3-P3), this one being located at the top of the late Smithian GXP assemblage.

1440 [START_REF] Sakuma | High resolution lithostratigraphy and organic carbon 2183 isotope stratigraphy of the Lower Triassic pelagic sequence in central Japan[END_REF] placed the SSB between mdpt(N3-P3) and P3 in Inuyama (Fig. 7).

1441

To sum up, there is a rather good correspondence of mdpt(N3-P3) to known 1442 biostratigraphic constraints on the SSB although some regional to local influences can 1711 Brühwiler, T., Bucher, H., Roohi, G., Yaseen, A., Rehman, K., 2011 (2009), which were drawn from global conodont records (Orchard, 2007) and regional (Canadian) ammonoid records (Tozer, 1981a(Tozer, , b, 1994)). Conodont size data from Chen-YL et al. ( 2013), based on Neospathodus, Triassospathodus and Novispathodus taxa in South China (see also [START_REF] Leu | Clade-dependent size response of conodonts to 2027 environmental changes during the late Smithian extinction[END_REF]. Ammonoid latitudinal gradients from [START_REF] Brayard | The Early 1661 Triassic ammonoid recovery: Paleoclimatic significance of diversity gradients. 1662 Palaeogeography[END_REF]. The geological time scale (note: non-linear ordinal axis) was simplified and adapted from Burgess et al. ( 2014) and [START_REF] Shen | Marine productivity changes during the end-Permian crisis and Early Triassic 2204 recovery[END_REF]. SSB = Smithian/Spathian boundary. 

85and

  Spathian substages is an important transition during the recovery of marine ecosystems 86 following the end-Permian mass extinction (EPME). Marine faunas show major rapid changes fluctuations correspond to the large carbonate C-isotope shifts and temperature fluctuations of 174 the Early Triassic, likely reflecting the sensitivity of these clades to climatic and environmental

414

  date in the Festningen and Vindodden sections. At Dicksonfjellet, the δ 13 C org profile exhibits 415 low values (ca. 34 to 33 ‰) in the middle Smithian (within the Euflemingites romunderi 416 Zone), followed by a positive excursion beginning from the base of the upper Smithian to ca. 417 28 ‰ (P3*) in the lowermost Spathian (base of the Euomphala Zone), and then a gradual 418 decrease to ca. 32 ‰ in the upper Spathian (within the Subrobustus Zone) (Galfetti et al., 419 2007a). The δ 13 C org profile at Festningen was chemostratigraphically correlated with Smith 420 Creek by Grasby et al. (2016), who showed a δ 13 C org maximum of ca. 25 ‰ (P2*) in the 421 lowermost Smithian, then a negative excursion to a minimum of ca. 33 ‰ (N3*) at what they 422 considered as the SSB (but which more likely represents the middle Smithian), followed by a 423 rebound to ca. 29 ‰ (P3*) in the lower Spathian, and a gradual decrease to ca. 32 ‰ (N4*) 424 in the middle Spathian. The δ 13 C org profile at Vindodden was correlated with the nearby 425

811

  stratigraphic levels: (1) from the lower part of the uppermost Smithian X. variocostatus beds 812 (KC02-08); (2) from the top of the basal Spathian Tirolites cf. cassianus beds (KC02-10); and 813

857

  Recently,PJRG (1985) proposed subdivision of the succession into the Mittiwali (comprising 858 Units 1 to 5) and Narmia members in the Salt Range and the nearby Surghar Range, in which 859 Unit 2 (mudstone) was equivalent to the Ceratite Marls, Unit 3 (shale-sandstone) to the the 860 Ceratite Sandstone, Unit 4 (limestone) to the Upper Ceratite Limestone and lower part of the 861 Bivalve Beds, Unit 5 (sandstone-shale) to the upper part of the Bivalve Beds and Dolomitic 862 Beds, and the Narmia Member to the Topmost Limestone. Important sections for Lower 863 Triassic biostratigraphic studies include the Nammal Gorge, Chiddru and Zaluch locales in the 864 western Salt Range, and the Narmia and Chitta-Landu in the Surghar Range. 865 The high-resolution ammonoid zonation established from different sections in Salt Range

  866

901and

  Chhidru of the Salt Range, and Chitta-Landu of the Surghar Range in Pakistan(Baud et 902 al., 1996; Hermann et al., 2011) (Fig.12). The ammonoid and carbon isotope studies at Salt 903 Range and Surghar Range facilitate intercalibrations(Hermann et al., 2011). The δ 13 C carb 904 profile in Nammal exhibits stable values of ca. 2 ‰ in the middle Smithian (N3), a positive 905 excursion to ca. +2 ‰ across the SSB, and then a decrease to ca. 2 ‰ by the mid-Spathian.906In the composite section (Nammal, Chhidru, Chitta-Landu and Narmia gorges) of Hermann et 907 al.(2011, 2012), δ 13 C carb values were only reported from the middle to uppermost Smithian,908showing similar variations as inGalfetti et al. (2007c). The δ 13 C org profile of the composite 909 section exhibits high values (ca. 24 to 28 ‰) in the lower Smithian, followed by a negative 910 excursion to ca. 33 ‰ (N3*) in the middle Smithian (Pseudoceltites multiplicatus beds), then 911 back to ca. 26 ‰ (P3*) in the lowermost Spathian(Hermann et al., 2011[START_REF] Schneebeli-Hermann | Palynology of the Lower Triassic succession of Tulong, South Tibet-Evidence 2190 for early recovery of gymnosperms[END_REF]. Within the 912 Spathian, the δ 13 C org signal shows a slight decrease to ca. 30 ‰ (N4*?) then an increase to ca. 913 26 ‰ in the upper Spathian. In the Salt Range and Surghar Range, however, the δ 13 C org profile 914 of the Smithian interval is slightly different from those of other sections globally (Figs. 7, 11-915 12), possibly due to unusual sedimentation rates, or diagenetic alteration or contamination of 916 the organic carbon isotope record. .1. Ammonoid and conodont biostratigraphy 921 922

1102

  To facilitate discussion of carbon-isotopic variations, we have divided the Olenekian into four 1103 intervals, with Interval I representing the P2 to N3 shift, Interval II the N3 to P3 shift, Interval 1104 III the P3 to N4 shift, and Interval IV the N4 to P4 shift (Fig.13A). Furthermore, we define 1105 "mdpt(N3-P3)" as the midpoint in units of per mille PDB between the absolute δ 13 C value of 1106 the N3 minimum and that of the P3 maximum in a given stratigraphic section. Present 1107 indications are that the SSB may slightly predate the P3 maximum, which is early Spathian.1108Because the N3 minimum may not be correlative between sections (owing to a slow initial rise 1109 and consequent difficulties in uniquely locating this point in some sections), it can be useful to 1110 have another pre-P3 geochemical marker. The mdpt(N3-P3) marker can serve this purpose 1111 because by the midpoint of the N3-to-P3 shift, δ 13 C was rising rapidly in many SSB sections, 1112 and this point can therefore be roughly correlated at a global scale in the absence of 1113 biostratigraphic data.

  1115are particularly concerned with variation between the lowermost Smithian and lowermost 1116 Spathian (i.e., Intervals I and II), within which we identified four major different patterns of 1117 δ 13 C variation (Fig.13B). This variation is mainly related to the shape and position of the N3 1118 minimum, with implications for placement of the Interval I/II contact (see discussion in Section 1119 5.3). Pattern 1 is characterized by an N3 minimum in the middle Smithian, followed by a slow 1120 rise in δ 13 C through the late Smithian before a rapid rise across the SSB. Pattern 2 is 1121 characterized by a protracted δ 13 C minimum during the middle Smithian, before a rapid rise in 1122 the late Smithian. Pattern 3 is characterized by a slow decline in δ 13 C through the early Smithian, 1123 reaching the N3 minimum during the middle Smithian, before a rapid late Smithian rise. Pattern 1124 4 is a variant on Pattern 3, in which the decline in δ 13 C from the P2 maximum to the N3 1125 minimum apparently does not show distinct rapid and slow stages (as in Pattern 3; Fig. 13B). 1126 1127 4.2. Other chemostratigraphic records (Δδ 13 C DIC , δ 34 S and 87 Sr/ 86 Sr) 1128 1129 In addition to δ 13 C, various other chemostratigraphic records show pronounced variations 1130 during the Early Triassic. Meyer et al. (2011) and Song-HY et al. (2013) documented changes 1131 in the vertical gradient of δ 13 C of dissolved inorganic carbon (DIC) in Early Triassic seawater 1132 based on secular differences in the δ 13 C carb profiles of sections deposited at different water 1133 depths. Song-HY et al. (2013) showed that Δδ 13 C DIC reached high values (ca. +4 to +7 ‰) 1134 during the middle-late Smithian, when a hot climate prevailed, and subsequently declined to 1135 ca. 0 ‰ in the early Spathian, coincident with climatic cooling (Fig. 14A). Song-HY et al. 1136 (2013) linked this pattern to the influence of temperature changes on the vertical temperature 1137 structure of the water column, with warming leading to intensified water-column stratification, 1138 reduced vertical overturn, and thus higher Δδ 13 C DIC values (sustained by the "biological 1139 pump"), and cooling leading to reduced stratification, invigorated overturn, and lower Δδ 13 C DIC 1140 values. 1141 The δ 34 S values of carbonate-associated sulfate (CAS) and evaporites, which are used as 1142 a proxy for contemporaneous seawater sulfate δ 34 S, show large variations throughout the Early Biological and environmental studies of the Smithian-Spathian transition will ultimately 1179 lead to a formal definition of the SSB, and the present study provides a first background for 1180 moving forward toward this objective. Both ammonoids and conodonts offer numerous and 1181

1431

  data allowing for constraining the SSB placement are available only in a few sections, leading 1432 to variable uncertainties in placements of the SSB when compared to mdpt(N3-P3) or P3. In 1433 these regions, carbon-isotope correlations were used in some sections for placement of the SSB, 1434 but the δ 13 C datum chosen was not consistent among different studies. For example, Grasby et 1435 al. (2013) placed the SSB at P3 in Smith Creek, Grasby et al. (2016) placed it at N3 in 1436 Festningen, Galfetti et al. (2007a) placed it near mdpt(N3-P3) in Dicksonfjellet (just above late 1437 Smithian Anawasatchites tardus beds), and Wignall et al. (2016) placed it between N3 and 1438 mdpt(N3-P3) in Vindodden. In the Mineral Mountains Thomazo et al. (2016) placed it near 1439

1443

  modulate this inference. An approximate placement of the SSB based at least partly on carbon 1444 isotope chemostratigraphy thus can help to systematize SSB placement and avoid too important 1445 miscorrelations related to inadequate biostratigraphic records (e.g.,Figs. 7 and 12). 1446 Stratigraphic boundaries are not customarily based on chemostratigraphic records, but, based 1447 on present-day data, the use of mdpt(N3-P3) can be an auxiliary criterion to locate the SSB. 1448 Obviously, the use of δ 13 C records for correlation or auxiliary definition of the SSB should 1449 be preceded by an evaluation of stratigraphic hiatuses and facies changes in the sections under 1450 investigation. The δ 13 C records of most SSB sections in South China are considered to be lower than that of Chen-YL et al. (2015) (see Section 3.7). At Zuodeng, Sun et al. (2012) placed 1521 the SSB at a δ 13 C carb value of ~0 ‰, which is lower than the +2 ‰ for the SSB reported by 1522 Tong et al. (2007). The same inconsistency also occurs at Jinya, where δ 13 C carb at the SSB is ~ 1523 2 ‰ in Sun et al. (2012) but ~+2 ‰ in Galfetti et al. (2007c). Thus, systematic misplacement 1524 of the SSB (e.g., based on the first occurrence of Nv. pingdingshanensis) in multiple sections 1525 is one of the underlying causes of the erroneous conclusion concerning the timing of the 1526 Smithian Thermal Maximum in Sun et al. (2012).1527Inconsistent placement of the SSB has thus resulted in different interpretations of 1528 Smithian-Spathian transition events (see[START_REF] Sun | Lethally hot temperatures during the Early Triassic greenhouse[END_REF][START_REF] Sun | Response to Comment on "Lethally hot temperatures during the Early 2276 Triassic greenhouse[END_REF][START_REF] Romano | Climatic and biotic upheavals 2177 following the end-Permian mass extinction[END_REF] 1529[START_REF] Romano | Climatic and biotic upheavals 2177 following the end-Permian mass extinction[END_REF][START_REF] Leu | Clade-dependent size response of conodonts to 2027 environmental changes during the late Smithian extinction[END_REF]. Goudemand et al. (2013) recompiled a subset of δ 13 C and 1530 δ 18 O conodont data, originally from Sun et al. (2012), based on ammonoid biostratigraphic control 1531 (Fig. 16B) constraining the SSB to between the Anasibirites and Tirolitid beds, corresponding 1532 to the Nv. pingdingshanensis Zone (i.e., between the first occurrences of Nv. pingdingshanensis 1533 and Ic. collinsoni). Goudemand (2014b) updated the calibration between δ 13 C and δ 18 O conodont 1534 based on conodont zonations and absolute ages, and his placement of the SSB is close to the 1535 mdpt(N3-P3), below P3 (Fig. 13; see also Goudemand et al., 2018). Based on his work and the 1536 stratigraphic framework of the present study, the Smithian Thermal Maximum (herein named) 1537 peaked in the middle Smithian, around the N3 carbon-isotope minimum, rather than close to 1538 the SSB as shown in Sun et al. (2012) (see discussion in Goudemand et al. 2013, 2018 and than by hyperwarming (Fig. 16). 1541 Regardless of which fossil group is used in definition of the SSB, the N3-to-P3 positive 1542 δ 13 C excursion is a good proxy for placement of the SSB. Therefore, δ 13 C chemostratigraphy 1543 can play an important role in the formal definition of the SSB. Re-evaluation of the timing of 1544 onset of the Smithian Thermal Maximum will help our understanding of the environmental and 1545 biotic changes across the SSB and more broadly during the Early Triassic recovery. the history and present status of global ammonoid and 1550 conodont biostratigraphic research on the Smithian and Spathian substages, coeval 1551 chemostratigraphic records of δ 13 C , Δδ 13 C DIC , δ 34 S CAS and 87 Sr/ 86 Sr, and their relationships to 1552 climate change during the Smithian-Spathian transition. 1553 The Smithian/Spathian boundary (SSB) potentially can be defined on the basis of 1554 ammonoid or conodont data. Ammonoid faunas show a pronounced transition from late 1555 Smithian forms belonging to e.g., the genera Wasatchites, Anasibirites, Glyptophiceras and 1556 Xenoceltites to early Spathian forms belonging to e.g., Bajarunia, Tirolites and Columbites. 1557 The future definition of the SSB should be fuided by existing ammonoid-based biostratigraphic 1558 constraints. Specifically, it should fall between strata containing late Smithian forms belonging 1559 to the AW and GXP assemblages and strata containing early Spathian forms belonging to the 1560 genera Bajarunia, Doricranites, and/or Tirolites. Conodont faunas change across this divide 1561 from late Smithian forms such as Scythogondolella milleri, Borinella buurensis and Foliella 1562 gardenae to early Spathian forms such as 'Triassospathodus' hungaricus, Neogondolella aff. 1563 sweeti, Icriospathodus spp., and Novispathodus brevissimus. The first appearance of 1564 Novispathodus pingdingshanensis, which has been proposed as a marker for the SSB, occurs 1565 in several places with both ammonoids (Xenoceltites) and conodonts (Sc. milleri) regarded as 1566 traditionally of late Smithian age. The ranges of these various taxa, as well as that of other 1567 conodonts with potential for definition of the SSB, requires more work. 1568 Carbonate carbon-isotopes (δ 13 C carb ) change rapidly through the Smithian-Spathian 1569 transition interval, from the middle Smithian N3 minimum to the early Spathian P3 maximum, 1570 providing potential isotopic markers that could be linked to a biostratigraphically defined SSB. 1571 In particular, the isotopic midpoint of the N3-to-P3 shift (herein termed 'mdpt(N3-P3)') is 1572 generally close to the level of the SSB based on biostratigraphic constraints and may serve as 1573 an auxiliary definition of the boundary. A test of the utility of the mdpt(N3-P3) marker as a 1574 proxy for the SSB based on biostratigraphically well-studied SSB sections shows that 1575 mdpt(N3-P3) is generally within 2 m of the accepted position of the SSB, especially for 1576 sections in the Tethys region. It should be noted that the actual δ 13 C value of mdpt(N3-P3) is 1577 site-specific, depending on water-depth and other local environmental factors. 1578 Stratigraphic relationships among ammonoids, conodonts, and carbon isotope excursions 1579 show that the Smithian Thermal Maximum (herein named) was approximately synchronous 1580 with the N3 carbon-isotope minimum and, thus, of middle Smithian age. The 1581 Smithian/Spathian boundary proper coincided with a pronounced relative cooling event. and diversity dynamics of the Early Triassic ammonoid recovery: the Smithian faunas of 1709 the Northern Indian Margin. Palaeogeography, Palaeoclimatology, Palaeoecology 297,

Figures and captions Fig. 1 .

 captions1 Figures and captions

Fig. 2 .

 2 Fig. 2. Stratigraphic ranges of main ammonoid families through the Smithian and early Spathian. Based on ammonoid studies from Brayard et al. (2007b, 2013), Shigeta and Zakharov (2009), Brühwiler et al. (2010c, 2011, 2012a, b), Guex et al. (2010), Smyshlyaeva and Zakharov (2012), Jenks et al. (2013, 2015), Zakharov and Abnavi (2013), Zakharov et al. (2013), Shigeta et al. (2014),[START_REF] Jattiot | Revision of 1930 the genus Anasibirites Mojsisovics (Ammonoidea): an iconic and cosmopolitan taxon of 1931 the late Smithian (Early Triassic) extinction[END_REF][START_REF] Jattiot | Smithian 1933 ammonoid faunas from northeastern Nevada: implications for Early Triassic 1934 biostratigraphy and correlation within the western USA basin. Palaeontographica A 309[END_REF],[START_REF] Shigeta | Spathian (Late Olenekian, Early Triassic) Ammonoids from 2206 the Artyom Area, South Primorye, Russian Far East and Implications for the Timing of 2207 the Recovery of the Oceanic Environment[END_REF],[START_REF] Zakharov | New Middle Olenekian (Early Triassic) 2413 Ammonoids of South Primorye[END_REF],[START_REF] Shigeta | Discovery of the Early Spathian (Late Olenekian, Early 2209 Triassic) Ammonoid Tirolites in the Hiraiso Formation, South Kitakami Belt, Northeast 2210 Japan[END_REF],Ware et al. (2017Ware et al. ( , 2019)), and[START_REF] Jenks | Smithian (Early Triassic) ammonoids from Crittenden Springs, 1941 Elko County, Nevada: taxonomy, biostratigraphy and biogeography[END_REF]. Dien. = Dienerian, Ind. = Induan, ,SSB = Smithian/Spathian boundary.

Fig. 4 .

 4 Fig. 4. Paleogeographic maps for key areas of Smithian-Spathian studies: (A) global, (B) Canadian Arctic, and (C) South China (see Bagherpour et al., 2017, for alternative facies distribution). Dotted line in B shows the margin of the Sverdrup Basin[START_REF] Tozer | Canadian Triassic ammonoid faunas[END_REF]. Map sources: base map of A is copyright Ron Blakey, Deep Time Maps; B is fromOrchard (2008), and C is fromSong et al. (2013).

Fig. 5 .

 5 Fig.5. Simplified correlation of some regional ammonoid-conodont zonation schemes for the Smithian-Spathian substages. Blue and orange bars at tops of columns represent ammonoid and conodont zonations, respectively. Note that ammonoid biozones are usually based on faunal assemblages that are not temporally continuous (see[START_REF] Jenks | Biostratigraphy of Triassic 1952 ammonoids[END_REF], for a detailed review), whereas conodont biozones are usually based on first occurrences of key conodont taxa and, thus, generally shown as temporally continuous. The two zonations may therefore not exactly

Fig. 8 .

 8 Fig. 8. Conodont, ammonoid and carbon isotopic stratigraphy at South Majiashan section in Chaohu area, eastern China. Data sources: carbon isotope from Tong et al. (2007); conodont ranges from Zhao et al. (2007a); ammonoid ranges from Guo (1982) and Tong et al. (2004). Abbreviations: Ng. = Neogondolella; Ns. = Neospathodus; Nv. = Novispathodus; Tr. = Triassospathodus.

Fig. 9 .

 9 Fig. 9. Conodont, ammonoid and carbon isotopic stratigraphy at North Pingdingshan section in Chaohu area, eastern China. Data sources: carbon isotope from Zuo et al.(2004); conodont and ammonoid ranges fromZhao et al. (2007a). See Figure8for legend and abbreviations.

Fig. 10 .

 10 Fig. 10. Conodont, ammonoid and carbon isotopic stratigraphy at West Pingdingshan section in Chaohu area, eastern China. Data sources: carbon isotope from Tong and Zhao (2011) (orange), Liang et al. (2011) (pink) and Zhao and Zheng (2014) (light blue) conodont ranges from Zhao et al. (2007a) (red circles) and Liang et al. (2011) (blue circles); ammonoid ranges from Zhao et al. (2007a). Placement of the SSB (i.e., first occurrence of Nv. pingdingshanensis) by Zhao et al. (2007a) is shown as a red line and the revised datum by Liang et al. (2011) as a blue line. Solid circles represent first occurrences of individual conodont species. See Figure 8 for legend and abbreviations.

Fig. 12 .

 12 Fig. 12. Detailed correlations of Smithian-Spathian sections in the southern Tethys (North Indian Margin) and western Tethys regions based on a combination of ammonoid and conodont biostratigraphy and C-isotope chemostratigraphy. Data sources: Salt Range and Surghar Range from Hermann et al. (2012) (note: oblique lines represent uncertainty in SSB placement); Losar from Galfetti et al. (2007c); Tulong from Brühwiler et al. (2009, 2010) and Schneebeli-Hermann et al. (2012); L' Uomo from Horacek et al. (2007a); Trudener Bach and Lungenfrischgraben from Horacek et al. (2010); Plavno from Aljinović et al. (2018); Zal, Amol, and Abadeh from Horacek et al. (2007b); Sal from Richoz (2006); Radio Tower from Clarkson et al. (2016); Taşkent from Lau et al. (2016); Musandam from Clarkson et al. (2013). Abbreviations (sub/stages): Dien. = Dienerian, Ind. = Induan, An. = Anisian; (ammonoids): Al. = Albanitid n. gen, Bc. = Brayardites compressus, Co. = Columbites, C.s. = Clypeoceras superbum, Es. = Escarguelites spitiensis, Euf = Euflemingites cirratus, F. = Flemingites, F.bh. = Flemingites bhargavai, Fe. = Fengshanites, Fl.n. = Flemingites nanus, Gly = Glyptophiceras sinatum, He. = Hellenites, Na. = Nyalamites angustecostatus, Nam = Nammalites pilatoides, No. = Nordophiceras, Np. = Nammalites pilatoides, Nya = Nyalamites angustecostatus, Pa. = Paragoceras, P.G. = Pseudodanubites-Gymnites, Pm. = Pseudoceltites multiplicatus, Prh = Prohungarites, Psc = Pseudoceltites multiplicatus, Tc. = Truempyceras compressum, Tr = Tirolites, Was = Wasatchites distractus, Wd. = Wasatchites distractus, Xed = Xenodiscoides perplicatus, X.G. = Xenoceltites-Glyptophiceras. See Figure 1 for timescale and Figure 7 for legend (including green and red arrows).

Fig. 13

 13 Fig. 13. (A) Carbon-isotope Intervals I to IV of the Olenekian substage. δ 13 C data from Payne et al. (2004) and Chen and Benton (2012); N2-N3 and P2-P4 represent δ 13 C minima and maxima per Song et al. (2013); and mdpt(N3-P3) is the isotopic midpoint between N3 and P3. (B) δ 13 C variation patterns 1 to 4 within the early Smithian to early Spathian (Intervals I-II) based on 29 sections globally; asterisks (*) represent tentative assignments. The pink boxes highlight Interval II, which encompasses the SSB. The early/middle/late subdivisions of the Smithian and Spathian are based on ammonoid biostratigraphic studies as reviewed in Jenks et al. (2015). Representative ammonoid assemblages for Pattern 1 from Salt and Surghar ranges (Hermann et al., 2012) and Losar (Galfetti et al., 2007c), for Pattern 2 from Jinya (Galfetti et al., 2007c), and for Pattern 4 from Mineral Mountains (Thomazo et al., 2016). For abbreviations of ammonoid assemblages, see Figures 7, 11-12. See Figure 1 for other details.

Fig. 14 .

 14 Fig. 14. Some other geochemical records for the Smithian and Spathian: (A) Δδ 13 C DIC (from Song-HY et al., 2013), (B) δ 34 S CAS (from Song-HY et al., 2014), and (C) 87 Sr/ 86 Sr (dashed red line = Sedlacek et al., 2014; solid blue line =[START_REF] Song | Integrated Sr isotope variations and global environmental 2240 changes through the Late Permian to early Late Triassic[END_REF]. Conodont zones are fromSong-HY et al. (2013, 2014). Dien. = Dienerian, Ind. = Induan, An. = Anisian.

Fig. 16 .

 16 Fig. 16. Comparison of SSB placement based on mdpt(N3-P3) (red solid line; this study) with earlier SSB placements (blue dash lines) of Sun et al. (2012; A) and Goudemand et al. (2013; B). The orange field represents the interval of the Smithian Thermal Maximum (STM). Note that our SSB placement corresponds to a cooling event, as now widely accepted (e.g., Goudemand, 2014b, 2018; Zhang-L et al., 2017; Zhang-F et al., 2018; Stebbins et al., 2018a, b). Abbreviations: Nv. pingding. = Nv. pingdingshanensis; A3 = Kashmirites densistriatus; A4 = Flemingites rursiradiatus; A5 = Owenites koeneni; A6 = Anasibirites multiformis; A7 = Tirolitid n. gen. A; A8 = Tirolites/Columbites; A9 = Procolumbites; C9 = Neospathodus dieneri; C10 = Novispathodus waageni; C11 = Parachirognathus sp.; C12 = Nv. pingdingshanensis; C13 = Icriospathodus collinsoni; C14 = Triassospathodus homeri/Ns. symmetricus. See Figure 1 for other details.

  

  

  

  

  also reported a late Smithian 398 conodont fauna with Sc. milleri, Sc. mosheri, Borinella aff. buurensis and Nv. waageni, from 399 7 m below the top of the Lusitaniadalen Member, within the A. tardus Zone on the southern 400 shore of Sassenfjorden (close to Botneheia). No conodonts were recovered from the lower part 401 of the Vendomdalen Member (lowermost Spathian), but gondolellids are present at 31 to 54.4 402 m above the base of the Vendomdalen Member, within the range of the late Spathian

	403

  Tong et al., 2007; Zhao et al., 2007a). In this context, placement of the 661 SSB in the Chaohu area at the first occurrence of Nv. pingdingshanensis is consistent with the 662 existing constraints based on local ammonoid data, but it may be diachronous with respect to

		the position of the SSB (	
	617	in three closely spaced sections (<1 km apart): West Pingdingshan (31°38 00	N,
		117°49 43	E), North Pingdingshan (31°38 14	N, 117°49 53	E), and South

614

the Nanlinghu Formation is composed of thin shale and interbedded thin and thick limestone the Yingkeng Formation to the top of the Nanlinghu Formation. The SSB transition is present 663 occurrences of Nv. pingdingshanensis in upper Smithian beds globally

(Orchard and Zonneveld, 664 

2009;

  The North Pingdingshan and West Pingdingshan sections show similar δ 13 C carb profiles 669 from the lower Smithian to the lower Spathian, and South Majiashan yields a continuous 670 δ 13 C carb profile from the uppermost Smithian to the upper Spathian (Figs. 8-10). At North 671 Pingdingshan and West Pingdingshan, the δ 13 C carb profiles exhibit high values (ca. 0 ‰) in the

	665	
	666	3.6.2. Carbon-isotope chemostratigraphy
	667	
	668	

672

lowermost Smithian (base of the Novispathodus waageni eowaageni Zone; close to P2), 673 followed by negative excursions to ca. 7 to 4 ‰ in the middle Smithian (mid-Nv. waageni 674 waageni Zone; N3), and then a rebound to ca. +4 ‰ in the lowermost Spathian (lower Nv.

Nanpanjiang Basin, southwestern China (eastern Tethys)

  

	706	
	707 3.7 708
	709	3.7.1. Ammonoid and conodont biostratigraphy
	710	
	711	During the Early Triassic, the Nanpanjiang Basin (mainly northwestern Guangxi and
	712	southern Guizhou provinces) was an epicontinental sea between the Yangtze Platform and the
	713	western Panthalassic Ocean (Enos et al., 2006). In Nanpanjiang Basin, the Lower Triassic
	714	mainly consists of the Luolou Formation (limestone and limestone-shale interbeds) and part of
	715	the overlying Ziyun Formation (thick-bedded micritic and intraclastic limestone with thin
	716	argillites) (Enos et al., 2006). Studies of Olenekian ammonoid biostratigraphy have been
	717	undertaken mainly in the Jinya area (northwestern Guangxi) (Galfetti et al., 2007b, c; Brayard
	718	and Bucher, 2008) and Jiarong section (southern Guizhou) (Chen-YL et al., 2015). Detailed
	719	conodont biostratigraphic analyses have been reported from a number of sections including
	720	

. Given 702 that this problem exists in such a limited area as at Chaohu, it must be a common phenomenon occurrence are local and diachroneous and obviously do not represent the true first appearance 705 of a specific taxon in a given area, especially when only limited work has been done.

with Anasibirites and Xenoceltites-Pseudosageceras augustum assemblages 731 respectively at the base and top of these beds), and those from the Spathian are the Tirolitid n.

  

		crassatus and Triassospathodus homeri zones at Guandao (Tong et al., 2004; Lehrmann et al.,
	749 793	2015); the Tr. homeri-Tr. triangularis Zone at Mingtang (Liang et al., 2016); the Nv.
	750 794	pingdingshanensis, Icriospathodus collinsoni, Tr. homeri and Tr. triangularis zones at Jiarong 3.8
	751	(Chen-YL et al., 2015, 2018); the Nv. pingdingshanensis and Tr. homeri zones at Shitouzhai
	752	and Zuodeng (Tong et al., 2007; Zhang et al., 2015); and the Ic. collinsoni and Tr. homeri zones
	753	at Bianyang (Yan et al., 2013) (Fig. 11).
	754	At Guandao and Zuodeng, the SSB was placed at the first occurrences of Novispathodus
	755	crassatus and Nv. pingdingshanensis, respectively (Tong et al., 2004, 2007; Lehrmann et al.,
	756	2015) (Fig. 11). At Jiarong, only one ammonoid zone of early Spathian age was recognized,
	757	i.e., the Columbites beds in the upper part of the Luolou Formation, ~5 m above the first
	758	occurrence of Nv. pingdingshanensis (Chen-YL et al., 2015). Chen-YL et al. (2015) inferred
	759	that some small specimens of Nv. pingdingshanensis were of late Smithian age (see Maekawa
	760	and Komatsu, 2014; Komatsu et al., 2016 in An Chau Basin, Section 3.8) and placed the SSB
	761	within the Nv. pingdingshanensis Zone, between the first occurrence of Nv. pingdingshanensis
	762	and the Columbites beds. Chen-YL et al. (2018) recently revised conodont occurrences in
	763	Jiarong and confirmed the late Smithian occurrence of Nv. pingdingshanensis. At Mingtang
	764	and Shitouzhai, reports of early Spathian conodonts are not well-established. Thus, the SSB
	765	was placed based only on global correlations of carbon isotope profiles (Zhang et al., 2015;
	766	Liang et al., 2016; see Section 3.7.2). At Bianyang, the SSB was not clearly located because
		). The Smithian ammonoid beds/zones are the
	728 772	Clypites sp. indet. beds, Kashmirites kapila beds, Flemingites rursiradiatus beds, Owenites
	729 773	koeneni beds (subdivided in Ussuria, Hanielites and Inyoites horizons) and Anasibirites 3.7.2. Carbon-isotope chemostratigraphy
	730 774 multiformis beds (732 gen. A beds, Tirolites/Columbites beds, Procolumbites beds, Hellenites beds, and 775
	733	Neopopanoceras haugi Zone, in ascending order (Galfetti et al., 2007b; Brayard and Bucher,
	734	2008). The SSB was placed at the base of the Tirolitid n. gen. A. beds, ~1-2 m above the late
	735	Smithian Xenoceltites-Pseudosageceras augustum assemblage of the A. multiformis beds (Fig.
	736	6D). Note that another ammonoid assemblage of undetermined taxa, and thus of uncertain age,
	737	occurs between the late Smithian Xenoceltites-Pseudosageceras augustum assemblage and the
	738	earliest Spathian Tirolitid n. gen. A beds (Brayard and Bucher, 2008). This undetermined
	739	assemblage could correspond either to latest Smithian or earliest Spathian ammonoid beds.
	740	Conodont biostratigraphic studies reported only the Novispathodus waageni Zone within
	741	the Smithian in the Guandao, Mingtang, Shitouzhai, and Zuodeng sections (Tong et al., 2004,
	742	2007; Zhang et al., 2015; Lehrmann et al., 2015; Liang et al., 2016) (Fig. 11). In the Jiarong
	743	section, reported Smithian conodont zones are in ascending order, the Nv. waageni eowaageni,
	744	Nv. waageni waageni, Discretella discreta and Pachycladina-Parachirognathus zones (Chen-
	745	YL et al., 2015; but see Chen-YL et al., 2018, for an update based on quantitative
	746	biostratigraphic methods). In the Bianyang section, they are the Ds. discreta and Pachycladina-

767

only early Spathian Icriospathodus collinsoni was recovered

[START_REF] Yan | Uppermost Permian to Lower Triassic conodonts at Bianyang section, Guihzou Province, 2393 South China[END_REF]

. At Qingyan, 768 the Olenekian strata were assigned to the Nv. waageni and Triassospathodus homeri conodont 769 zones, and the FAD of Nv. crassatus and Nv. pingdingshanensis are (nearly) the same as the 770 first occurrence of Tr. homeri, making placement of the SSB somewhat equivocal (Ji et al., 771 2011).

In Nanpanjiang Basin, carbon isotope profiles of the Olenekian Stage have been generated 776 for multiple sections, including Jinya area

(Galfetti et al., 2007c), Guandao (Tong et al., 2007)

, 777

Zuodeng (Tong et al., 2007)

, Jiarong

(Chen-YL et al., 2013)

, Mingtang

[START_REF] Liang | Lower-2043 Middle Triassic conodont biostratigraphy of the Mingtang section, Nanpanjiang Basin, 2044 South China[END_REF] 

and 778 Shitouzhai

[START_REF] Zhang | Amelioration of marine 2426 environments at the Smithian-Spathian boundary, Early Triassic[END_REF] 

(Fig.

11

). Guandao and Mingtang show similar δ 13 C carb trends, 779 with a negative excursion from high values (ca. +4 to +6 ‰) in the lowermost Smithian to ca. 780 2 ‰ (N3) in the middle Smithian, a rebound to ca. +2.5 ‰ in the lowermost Spathian, a long 781 plateau in the lower Spathian, a second negative excursion to ca. 1 ‰ (N4) in the middle 782 Spathian, and finally a positive excursion to ca. +4 ‰ in the uppermost Spathian (Tong et al., 783 2007;

[START_REF] Liang | Lower-2043 Middle Triassic conodont biostratigraphy of the Mingtang section, Nanpanjiang Basin, 2044 South China[END_REF]

. The δ 13 C carb profile at Jiarong is similar to that at Mingtang except 784 for the absence of a plateau in the lower Spathian

(Chen-YL et al., 2013)

. At Zuodeng, δ 13 C carb

785

shows high values (ca. +4 ‰) in the lowermost Smithian, a decrease to ~0 ‰ (N3) in the middle 786 Smithian, a rebound to ca. +3 ‰ (P3) in the lower Spathian (base of the Nv. pingdingshanensis 787 Zone), a minor negative excursion (to ca. +1 ‰; N4) in the mid-Spathian, and finally 788 fluctuations between ~0 and +4 ‰ in the upper Spathian

(Tong et al., 2007)

. The δ 13 C carb profile 789 at Jinya is similar to that at Zuodeng except for a gradual increase in the late Spathian (Galfetti 790

et al., 2007c)

. At Shitouzhai, δ 13 C carb varies between ca. +1 ‰ and 3 ‰

[START_REF] Zhang | Amelioration of marine 2426 environments at the Smithian-Spathian boundary, Early Triassic[END_REF]

, Spathian is comparable to those at Guandao and Mingtang.

. An Chau Basin, northern Vietnam (eastern Tethys)

  

	795	
	796	3.8.1. Ammonoid and conodont biostratigraphy
	797	
	798	The An Chau Basin was another epicontinental sea connected to the Nanpanjiang Basin

799

and bordering the western Panthalassic Ocean during the Early Triassic. In this basin, the 800 Lower Triassic succession consists of the Lang Son Formation (siliciclastics) of Induan-early 801 Olenekian age and the Bac Thuy Formation (fossiliferous carbonates, limestone breccia, 802 hemipelagic basinal marl and mudstone) of Olenekian age (Komatsu and Dang 2007; Maekawa 803 and Komatsu, 2014; Maekawa et al. 2015; Komatsu et al., 2016). 804 To date, only the Bac Thuy Formation has yielded both ammonoids and conodonts of 805 Olenekian age. Komatsu et al. (2016) reported four ammonoid beds from KC-02 (in ascending 806 order, the Owenites koeneni and Xenoceltites variocostatus beds of middle and late Smithian 807 age, respectively, and the Tirolites cf. cassianus and T. sp. nov. beds of early Spathian age) and 808 three conodont zones (the Novispathodus ex gr. waageni Zone of Smithian age, the Nv. ex gr. 809 pingdingshanensis Zone straddling the SSB, and the Icriospathodus collinsoni Zone of early 810

Salt Range and Surghar Range, Pakistan (southern Tethys)

  In the An Chau Basin, the δ 13 C carb profile exhibits stable values of ca. -2 ‰ through the 837 middle Smithian (up to the top of the Owenites koeneni beds; N3), followed by a positive 838 excursion to maximum values of ca. +6 ‰ in the uppermost Smithian (within the X.

	839	variocostatus beds; P3) or earliest Spathian if we took into account our potential revised
	840	assignment, and finally a negative excursion to ca. +1 ‰ from this point into the lower Spathian
	841	(Komatsu et al., 2016; Fig. 11).
	842	
	843 3.9. 844
	845	3.9.1. Ammonoid and conodont biostratigraphy
	846	
	847	A highly resolved Smithian ammonoid zonation based on the quantitative Unitary
	848	Association (UA) method has been proposed by Brühwiler et al. (2010c, 2011) using sections
	829	KC02-08 suggest it may not pertain to this species. However, at NT01-07, well-preserved
	833	
	834	3.8.2. Carbon-isotope chemostratigraphy

placed the SSB in the An Chau Basin at 816 the base of the T. cf. cassianus beds, which is ~0.95 m above the first occurrence of the Nv. ex 817 gr. pingdingshanensis, and proposed that the conodont Nv. ex gr. pingdingshanensis ranged 818 from the uppermost Smithian into the lowermost Spathian. The ammonoid Xenoceltites sp. was 819 also reported from the T. cf. cassianus and Columbites sp. beds of the An Chau Basin (i.e., 820 Sample 14 in

[START_REF] Komatsu | Carbon isotopic excursions and detailed ammonoid and 1989 conodont biostratigraphies around Smithian-Spathian boundary in the Bac Thuy 1990 Formation, Vietnam[END_REF]

. However, this placement of the SSB may be called into 821 question owing to some uncertainties in taxonomic identifications in this study. After 822 reconsideration of Xenoceltites variocostatus specimens from KC02-10 illustrated in Shigeta 823 et al. (2014), these may not pertain to this late Smithian species. Some illustrated specimens of 824 KC02-11 also resemble some early Spathian Bajarunia (sensu lato) forms. Overall, if true, 825 these few new tentative assignments may imply that the top of the X. variocostatus beds has to 826 be only slightly shifted downward, as well as their considered SSB, as other determinations of 827 X. variocostatus appear robust. Thus, Nv. ex gr. pingdingshanensis in KC02-10 and overlying 828 beds may be of earliest Spathian age. A reconsideration of Nv. ex gr. pingdingshanensis from 830 specimens of X. variocostatus specimens co-occur with Nv. ex gr. pingdingshanensis, thus 831 supporting a FAD of Nv. ex gr. pingdingshanensis within the late Smithian as observed in other 832 some other basins (also see discussion in Section 5.2).

849 from the North Indian Margin. A total of 14 UA zones have been defined based on material 850 from Pakistan (Salt Range), northern India (Spiti) and Tulong (Tibet) allowing detailed 851 calibration and correlation of Smithian δ 13 C curves. 852 The Salt Range, located on the northern Gondwanan shelf in the southern Tethys Ocean 853 during the Early Triassic, has an Olenekian succession consisting of, in ascending order, the 854 Ceratite Beds (Ceratite Marls and Ceratite Sandstone members), Bivalve Limestone (Upper 855 Ceratite Limestone and Bivalve Beds members), and Dolomite Group (Dolomitic Beds and 856

  Hermann et al., 2011). Spathian rocks being eroded above the BB at Chhidru, this 881 section is uninformative for Spathian biostratigraphy. Overall, these ammonoid data constrains 882 the position of the SSB in Pakistan to between the Glyptophiceras sinuatum beds and the Zone, occupying a narrow interval between the Nv. waageni and Ng. elongata zones, 888 was recognized only at Chhidru. Spathian conodont species in the Tr. triangularis-Tr. homeri 889 Zone, including Tr. triangularis, Tr. homeri, Ng. elongata and Ng. jubata, range through a ~40-890 m-thick stratigraphic interval from the top of Unit 4 to near the top of the Narmia Member 891(PJRG, 1985). Therefore, based on these conodont data, the SSB can be constrained to between 892 the first occurrences of the Ng. elongata and Tr. triangularis. Recent works ofRomano et al. 
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	874	Chhidru sections. Late Smithian ammonoids from the lower part of Unit 4 (equivalent to the

consists of 13 Smithian UA zones 867 of which 2 are late Smithian (Fig.

5F

): the Wasatchites distractus beds (including the iconic 868 genus Anasibirites), and the Glyptophiceras sinuatum beds (including Xenoceltites 869 variocostatus) (Fig.

6E

). As in other area worldwide, the Glyptophiceras sinuatum beds are of 870 latest Smithian age (e.g.,

[START_REF] Jenks | Biostratigraphy of Triassic 1952 ammonoids[END_REF]

. The SSB is thus placed just above the G. sinuatum 871 Zone within the "Bivalve Beds" (BB;

Brühwiler et al., 2012a)

. 875 upper part of Upper Ceratite Limestone) include Anasibirites kingianus and Xenoceltites sp.
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(PJRG, 1985)

. The upper part of Unit 4 includes A. kingianus and X. aff. evolutus

(PJRG, 1985)
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Early Spathian Tirolites sp. was recently sampled a few meters above the BB at Chitta-878 Landu. Procolumbites was found at the top of the BB at Nammal, but as Procolumbites is the BB (883 Tirolites sp. beds. 884 The first conodont study in Nammal Gorge and Narmia yielded three zones, in ascending 885 order, the Novispathodus waageni and Neogondolella elongata zones of Smithian age and the 886 Triassospathodus triangularis-Tr. homeri Zone of Spathian age (PJRG, 1985; Fig. 5F). The 887 Sc. milleri 893 (2013), Leu et al. (2018), and Goudemand et al. (2018) reported several new occurrences of 894 conodonts in Nammal and especially confirmed the occurrence of Nv. pingdingshanensis 895 within the late Smithian Glyptophiceras sinuatum ammonoids beds.

  reported fourteen ammonoid UA zones of 930 Smithian age, including the late Smithian Wasatchites distractus, Subvishnuites posterus and 931Glyptophiceras sinuatum beds, in ascending order (Fig.5G and 6F). The W. distractus beds 932 also contain abundant specimens of Anasibirites; this assemblage can be correlated worldwide 933 (e.g.,[START_REF] Jenks | Biostratigraphy of Triassic 1952 ammonoids[END_REF][START_REF] Jattiot | Revision of 1930 the genus Anasibirites Mojsisovics (Ammonoidea): an iconic and cosmopolitan taxon of 1931 the late Smithian (Early Triassic) extinction[END_REF][START_REF] Jattiot | Smithian 1933 ammonoid faunas from northeastern Nevada: implications for Early Triassic 1934 biostratigraphy and correlation within the western USA basin. Palaeontographica A 309[END_REF]. The S. posterus beds contain S. posterus,934Pseudosageceras augustum, and Xenocelties cf. variocostatus. This interval, together with the 935 overlying G. sinuatum beds, are indicative of the latest Smithian(Brühwiler et al., 2010a; 936[START_REF] Jattiot | Smithian 1933 ammonoid faunas from northeastern Nevada: implications for Early Triassic 1934 biostratigraphy and correlation within the western USA basin. Palaeontographica A 309[END_REF]. Tirolites is reported from overlying lower Spathian beds(Brühwiler et al. 

937 2010a, 2011), but with uncertainty on its exact occurrence. Nevertheless, based on ammonoids 938 the SSB can be placed above the G. sinuatum beds and below the Tirolites beds. 939 The corresponding conodont zones at Mud are the lower-middle Smithian Novispathodus 940 waageni eowaageni and Nv. waageni waageni, the upper Smithian Scythogondolella milleri, 941 and the Spathian Icriospathodus collinsoni and Chiosella gondolelloides zones, in ascending 942
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Conodont taxa characteristic of the late Smithian substage are useful in constraining the 1237 SSB. The Ellisoniidae family (e.g., Pachycladina, Foliella, Parachirognathus, Furnishius and 1238 Hadrodontina) and Mullerinae subfamily (e.g., Discretella, Wapitiodus, Guangxidella, 1239 Conservatella and Scythogondolella) mostly went extinct before or at the SSB (Orchard, 2007).

1240 Diagnostic late Smithian taxa of the Ellisoniidae family have been identified in many areas, 1241 e.g., Pachycladina from southwestern China (Yan et al., 2013;Chen-YL et al., 2015), Pa.

1242 obliqua and Pa. inclinata from southern Europe (Perri, 1991;Aljinović et al., 2011; Sudar et 1243Sudar et al., 2014;; Chen-YL et al., 2016); Foliella from Croatia (Aljinović et al., 2011), F. gardenae 1244 from other southern European locales (Sudar et al., 2014; Chen-YL et al., 2016); 1245 Parachirognathus from Japan (Zhang et al., 2017) and southwestern China (Yan et al., 2013; 1246 Chen-YL et al., 2015), Pa. ethingtoni, and Furnishius and Hadrodontina anceps from southern 1247 Europe (Aljinović et al., 2011). Members of the Mullerinae subfamily that are characteristic of 1248 the late Smithian include Discretella from Japan (Zhang et al., 2017), Ds. discreta from the 1249 Canadian Arctic (Mosher, 1973; Orchard, 2008), western British Columbia (Orchard and 1250 Zonneveld, 2009), western United States (Orchard and Tozer, 1997; Orchard, 2008; Orchard 1251 and Zonneveld, 2009), and southwestern China (Yan et al., 2013;Chen-YL et al., 2015); 1252 Wapitiodus(?) from Japan (Zhang et al., 2017), W. robustus from western British Columbia 1253 (Orchard and Zonneveld, 2009); Guangxidella bransoni from British Columbia Orchard (2008) 1254 and the western United States (Orchard and Tozer, 1997; Orchard, 2008;Orchard and 1255 Zonneveld, 2009); Conservatella conservativa from Canadian Arctic (Mosher, 1973; Orchard, 1256 2008) and the western United States (Orchard and Tozer, 1997; Orchard, 2008;Orchard and 1257 Zonneveld, 2009); Sc. lachrymiformis, Sc. rhomboidea, Sc. milleri and Sc. mosheri from the 1258 Canadian Arctic (Orchard, 2008), Sc. milleri and Sc. mosheri from Spitsbergen (Weitschat and 1259 Lehmann, 1978; Clark and Hatleberg, 1983;Hatleberg and Clark, 1984) and the western United 1260 States (Müller, 1956; Orchard and Tozer, 1997; Orchard, 2008), Sc. lachrymiformis, Sc. milleri, 1261 Sc. mosheri and Sc. phryna from western British Columbia (Orchard and Zonneveld, 2009), 1262 Sc. milleri from the Spiti Valley (Bhatt et al., 1999;Krystyn et al., 2004Krystyn et al., , 2005;;Orchard and 1263 Krystyn, 2007) and the Salt Range (PJRG, 1985).

1264 Some genera of the Novispathodinae (e.g., Novispathodus, Triassospathodus) and 1265 Neogondolellinae (e.g., Neogondolella) subfamilies survived and rediversified after the late 1266 Smithian extinction (Orchard, 2007), generating key early Spathian taxa that could be used in 1267 the definition of the SSB. Commonly assumed members of this surviving and recovery fauna 1268 included 'Tr.' hungaricus, Ng. aff. sweeti, and Nv. pingdingshanensis, which were first 1269 reported from Hungary (Kozur and Mostler, 1970), the WCSB/western USA (Orchard and 1270 Tozer, 1997), and Chaohu (Zhao et al., 2007a), respectively. Later, 'Tr'. hungaricus was also 1271 reported from Sichuan Province, South China (Tian et al., 1983), the western USA (Lucas and 1272 Orchard, 2007), and various localities in Europe (Kolar-Jurkovšek et al., 2013; Chen-YL et al., 1273 2016); Ng. aff. sweeti was reported from Chaohu (Zhao et al., 2007a); and Nv. 1274 pingdingshanensis was reported from multiple sections in the South China region (Tong et al., fall into the stratigraphic interval in between the Anasibirites beds and the Tirolitid n. gen. A. 1410 In the An Chau Basin, the SSB was constrained to between the Xenoceltites and Tirolites beds, 1411 but the lower constraint is biostratigraphically questionable as discussed above (see Sections 1412 3.8.1 and 5.1). 1413 In the southern Tethyan region, the Smithian and the SSB is better constrained 1414 biostratigraphically, e.g., at Salt and Sughar Ranges (Hermann et al, 2012), Losar (Galfetti et 1415 al., 2007c) and Tulong (Brühwiler et al., 2009), than western Tethyan region which is mainly 1416 based on carbon isotope correlations (Fig. 12), e.g., L'Uomo (Horacek et al., 2007a),

Lungenfrischgraben and Trudener Bach (Horacek et al., 2010), Zal, Amol and Abadeh 1418 (Horacek et al., 2007b), and Musandam (Clarkson et al., 2013). In the Salt and Sughar Ranges, 1419 Tulong, and Losar, the SSB is close to P3 and above the mdpt(N3-P3). At Amol and Abadeh, 1420 the SSB was placed close to P3; at L'Uomo, Zal and Musandam, the SSB was placed below 1421 the mdpt(N3-P3) (Fig. 12). The SSB was not defined in the Lungenfrischgraben and Trudener 1422 Bach sections (Horacek et al., 2010). Thus, in these areas, small regional inconsistencies in 1423 placement of the SSB compare to the mdpt(N3-P3) can be noticed and highlight the influences 1424 of local conditions on the observed signal. However, mdpt(N3-P3) is most of time located not 1425 far from the SSB defined by biostratigraphic markers. 1426 In the Boreal and eastern and central Panthalassic regions, ammonoid biostratigraphic data 1427 for the SSB interval are variable in terms of temporal resolution and quantity among basins 1428 (Fig. 7). For example, ammonoid biozonation of the late Smithian and early Spathian is 1585 This study was supported by NSFC grants (No. 41673011, 41473006, 41272025 to LSZ, 1586 41803011 to LZ and 41821001 to XSC), by Natural Science Foundation of Hubei Province 1587 (No. 2018CFB263 to LZ), by China Postdoctoral Science Foundation (2018M642945 to ZYL) 1588 and by the Fundamental Research Funds for the Central Universities, China University of 1589 Geosciences-Wuhan (No. CUGQYZX1728 and CUGCJ1815 to LSZ, CUG170683 to LZ). 1590 This paper was started when the senior author was a visiting scholar at the University of 1591 Cincinnati during 2015-2016 with support from the China Scholarship Council (No. 1592 201506410031). This work is also a contribution to the ANR project AFTER (ANR-13-JS06-1593 0001-01; to A.B.) and was also supported by the French "Investissements d'Avenir" program, 1594 project ISITE-BFC (ANR-15-IDEX-03; to A.B.).
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Despite these existing high-resolution biostratigraphic studies, placement of the SSB is 1471 still inconsistent in some sections within these areas. For example, in the An Chau Basin, 1472 [START_REF] Komatsu | Carbon isotopic excursions and detailed ammonoid and 1989 conodont biostratigraphies around Smithian-Spathian boundary in the Bac Thuy 1990 Formation, Vietnam[END_REF] placed the SSB at the base of the Tirolites cf. cassianus beds (see 1473 discussion of biostratigraphic data in Section 3.8.1), which are stratigraphically above the P3 1474 carbon-isotope maximum. This placement is inconsistent with other sections worldwide, in 1475 which the SSB lies close to the mdpt(N3-P3) or below P3 (Fig. 11). The underlying problem 1476 here appears to have been the potentially doubtful attribution by [START_REF] Komatsu | Carbon isotopic excursions and detailed ammonoid and 1989 conodont biostratigraphies around Smithian-Spathian boundary in the Bac Thuy 1990 Formation, Vietnam[END_REF] of some 1477 poorly preserved ammonoid specimens to Xenoceltites variocostatus, which is usually 1478 considered as a marker for the late Smithian (see Section 3.8.1). Thus, more work is needed at 1479 this section to confirm the placement of the SSB, which probably is actually located between 1480 mdpt(N3-P3) and P3.

1481

In the western Tethys, limited biostratigraphic data resulted in the SSB being identified 1482 mainly on the basis of carbon-isotope correlations, but (as noted in Section 5.3) there has been Hermann, E., Hochuli, P. A., Bucher, H., Roohi, G., 2012. Uppermost