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Abstract: 25 

Conodonts from Permian-Triassic Boundary (P-TB) beds have been intensively 26 

investigated in recent years. Many species survived the end-Permian mass extinction, 27 

and some became cosmopolitan in the earliest Triassic. Most studies have focused on 28 

common families such as the Gondolellidae and the Achignathodidae, whilst the 29 

Ellisonidae is understudied due to the difficulties of reconstructing their multi-element 30 

apparatus. Here, we focus on the Ellisonidae from the Meishan, Shangsi and Gaohua 31 

sections in South China and find Merrilina (M.) spp. are common taxa. A representative 32 

species, M. ultima, previously regarded as a Changhsingian cool-water species, is found 33 

in warm, shallow platform settings of the earliest Triassic. Biostratigraphically, M. 34 

ultima ranges from the Hindeodus parvus Zone to the Isarcicella staeschei Zone at 35 

Meishan and to the I. isarcica Zone at Gaohua, whilst it only occurred in the Clarkina 36 

taylore Zone at Shangsi. A compilation of all published data suggests M. ultima firstly 37 

appeared in the C. meishanensis-H. praeparvus Zone and went extinct in the I. isarcica 38 

Zone. Merrillina spp. occur in various settings and latitudes, indicating that the species 39 

were likely cosmopolitan taxa that favoured surface-water habitats and were not 40 

restricted to cool waters.  41 

 42 
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1. Introduction 50 

The largest mass extinction of the Phanerozoic occurred in the latest Permian and 51 

eliminated nearly 80% of marine species (Fan et al., 2020). The ultimate cause(s) of the 52 

end-Permian Mass Extinction (EPME) is intensely debated, probably involving 53 

multiple killing mechanisms such as ocean deoxygenation, ocean acidification, and 54 

climate warming linked to the Siberian Traps eruption (Wignall and Hallam, 1992; Sun 55 

et al., 2012; Bond and Wignall, 2014; Burgess and Bowring, 2015; Clarkson et al., 2015; 56 

Benton, 2018). The aftermath of the EPME was characterised by persistent 57 

environmental stress that delayed the full recovery of the ecosystem (Bottjer, 2004; 58 

Payne et al., 2004; Sun et al., 2012). A minor late Early Triassic radiation began around 59 

249.58 Ma, but marine diversity remained low until the early Middle Triassic (Fan et 60 

al., 2020). 61 

Compared with most marine taxa, conodonts suffered only modest losses during 62 

the EPME and remained relatively diverse throughout the Early Triassic (Orchard, 63 

2007). A handful of species went extinct, but these were not substantially higher losses 64 

than those seen during background turnover. Four families, namely Achignathodontidae 65 

Clark 1972, Gondolellidae Lindström 1970, Ellisonidae Clark 1972, and 66 

Vjalovognathidae Shen, Yuan ＆ Henderson 2015 are known from Permian-Triassic 67 

boundary (P-TB) beds. Only the Vjalovognathidae went extinct during the EPME.  68 

In the aftermath of the end-Permian mass extinction, many surviving species 69 

expanded their geographic and ecological ranges, becoming cosmopolitan in the Early 70 

Triassic. The genera Hindeodus, Isarcicella, Clarkina, Neogondolella, Stepanovites, 71 

Merrillina, Hadrodontina, Pachycladina, and Ellisonia were globally widespread (Jin 72 

et al., 1996; Orchard and Krystyn, 1998; Wardlaw and Mei, 1999; Shen et al., 2006; 73 

Jiang et al., 2007; Kozur, 2007; Wang et al., 2017; Sun et al., 2021). Hindeodus and 74 

Isarcicella belong to the Achignathodontidae; Clarkina, Neogondolella, 75 

Mesogondolella belong to the Gondolellidae. The Ellisonidae clan includes common 76 



genera such as Stepanovites, Merrillina, Hadrodontina, Pachycladina, and Ellisonia. 77 

The Vjalovognathidae contains only one genus — Vjalovognathus. Mesogondolella 78 

and Vjalovognathus have a restricted distribution, occurring sparsely in the 79 

Perigondowana region (Brookfield and Sun, 2015; Wang et al., 2017). 80 

Most P-TB conodont studies have focused on the taxonomy and biostratigraphy 81 

of the Achignathodontidae and the Gondolellidae (Zhang et al., 1995; Metcalfe et al., 82 

2011; Yan et al., 2013), whilst only a few studies have examined the Early Triassic 83 

Ellisonidae (Koike et al., 2004; Koike, 2016). In this study, we provide a comprehensive 84 

study of the Ellisonidae in South China, including a detailed taxonomic description of 85 

representative taxa, and reveal their spatiotemporal distribution in P-TB strata. 86 

 87 

2. Studied sections and materials 88 

Three P-TB sites in South China were investigated: Meishan (Zhejiang Province), 89 

Shangsi (Sichuan Province), and Gaohua (Hunan Province). The sections were located 90 

either in slope settings developed adjacent to the Yangtze carbonate platform or on the 91 

platform (Fig. 1). The Meishan section is the Global Stratotype Section and Point 92 

(GSSP) for the P-TB and has been intensively studied (e.g., Yin et al., 2001, 2014; Shen, 93 

2012). The P-TB strata are composed of the Changxing Formation and the Yinkeng 94 

Formation, which were deposited in an upper slope setting. The Changxing Formation 95 

spans the uppermost Wuchiapingian to the Changhsingian, and is characterised by 96 

micrite and thinly interbedded chert horizons. The Griesbachian Yinkeng Formation 97 

mainly consists of shales and marls with minor, thin-bedded, micritic limestones (Yang 98 

and Jiang, 1981; Zhang and Tong, 1996). The Shangsi section consists of the upper 99 

Permian Talung Formation and the lower Triassic Feixianguan Formation, which record 100 

deposition in lower slope and intra-platform basin settings. The Talung Formation 101 

consists of bedded cherts, cherty carbonates, marl and thin shales. The Feixianguan 102 

Formation consists mainly of thin-bedded, micritic and argillaceous limestones (Li et 103 



al., 1989). The Gaohua section is composed of bioclastic micrites of the uppermost 104 

Changxing Formation and microbial and micritic limestones interbedded with ooids 105 

limestones of the Daye Formation. The section represents a shallow-water carbonate 106 

platform setting (Wang et al., 2016). 107 

A total of 47 samples, weighing 2-6 kg, were collected from the three study 108 

sections. Samples were dissolved in dilute acetic acid (~8 %), wet sieved, and dried at 109 

room temperature. A heavy sodium polytungstate liquid (2.81 g/ml) was used to 110 

separate heavy fractions. Merrilina spp. were selected from conodont assemblages for 111 

this study. Data from published studies (e.g., Jiang et al., 2014; Wang et al. 2017) are 112 

compiled for quantitative comparisons with Clarkina, Hindeodus and Isarcicella. 113 

 114 

3. Results 115 

Although rare, all study sections yielded Merrillina. Taxonomically, Merrillina 116 

has much more robust elements than Hindeodus and Isarcicella and can be easily 117 

differentiated from the ramiform elements of Clarkina.  118 

3.1 The Meishan section 119 

A total of 31 Merrillina ultima specimens were recovered from beds 27c and 28 120 

in the Meishan section (Table 2, Fig. 2-3). These include P1, P2, S1, S2, S3/4, and M 121 

elements. One P1 element (Fig. 2.1) and one S3/4 element (Fig. 3.1) were found in Bed 122 

27c, which belongs to the base of the H. parvus Zone (Fig. 4). They co-occur with 123 

Clarkina carinata, C. changxingensis, C. deflecta, C. tulongensis, C. zhejiangensis, C. 124 

meishanensis, C. taylorae, C. planata, H. typicalis, H. praeparvus, H. pisai, H. 125 

changxingensis, H. eurypyge, and H. parvus. More P1 (Fig. 2. 3-2.6, 2.9), P2 (Fig. 2.2), 126 

S1 (Fig. 2.8; Fig. 3.4, 3.5? 3.9, 3.11-3.12), S2 (Fig. 2.7; Fig. 3.8, 3.10), S3/4 (Fig. 3.2-3.3), 127 

and M (Fig. 3.6-3.7) elements were recovered in Bed 28 of the I. staeschei Zone (Fig. 128 

4). They co-occur with C. carinata, C. changxingensis, C. deflecta, C. tulongensis, C. 129 



zhejiangensis, C. meishanensis, C. taylorae, C. planata, H. typicalis, H. praeparvus, H. 130 

pisai, H. changxingensis, H. eurypyge, H. parvus, I. staeschei, I. lobata, and I. 131 

peculiaris. 132 

 133 

3.2 The Shangsi section 134 

Three M. ultima specimens were found in the Shangsi section (Table 2). One each 135 

of P1 (Fig. 5.2), M (Fig. 5.1) and S3/4 (Fig. 5.3) elements were recovered in Bed 28b of 136 

the Feixianguan Formation, which was in the lower part of the H. changxingensis Zone 137 

(Fig. 4). Their associated taxa are H. changxingensis, C. deflecta, C. taylorae, I. 138 

huckriedei, I. prisca, H. praeparvus, C. carinata, I. turgida, and H. eurypyge. 139 

Although the FAD of H. parvus is not established at Shangsi, the P-TB is placed in the 140 

middle of Bed 28a based on other criteria (Jiang et al., 2011; Yin et al., 2014). Hence, 141 

M. ultima appears at the base of the Griesbachian at this location. 142 

 143 

3.3  The Gaohua section 144 

In the Gaohua section, a single P1 (Table 2; Fig. 5.4), P2 (Fig. 5.5), S3/4 (Fig. 5.6), 145 

and S1 element were found in the lower part of the microbialite unit of the basal Daye 146 

Formation, corresponding to the H. parvus Zone. They are associated with H. 147 

praeparvus, H. parvus, H. typicalis, and H. bicuspidatus. Two S3/4 (Fig. 5.7) and two 148 

M elements were recovered in the ooid beds of the Daye Formation, which belong to 149 

the I. isarcica Zone. At this level, M. ultima co-occurs with H. praeparvus, H. parvus, 150 

H. typicalis, I. staschei, I. isarcica and I. turgida. No S0 element is found. 151 

3.4 Rarity of Merrillina in the P-TB of South China 152 

Merrillina (P1) is rare in study sections compared to other conodont taxa. As 153 

shown in Table 1, 70.33% of the P1 elements are Clarkina, 29.65% are Hindeodus-154 



Isarcicella (P1), and only 0.02% are Merrillina at Meishan. Similarly, at Shangsi, 56.76% 155 

of all conodont species are Clarkina, whereas 43.20% of taxa belong to Hindeodus and 156 

Isarcicella (P1), and only 0.41% are Merrillina. In the shallow water Gaohua section, 157 

Hindeodus and Isarcicella are dominant, comprising 98.55% of all P1 elements. 158 

Clarkina and Merrillina are both low in abundance, occupying only 0.72% of the 159 

assemblage. 160 

 161 

4. Systematic paleontology 162 

Genus Merrillina KOZUR, 1975 163 

Type species: Spathognathodus divergens BENDER & STOPPEL, 1965 164 

Merrillina ultima Kozur, 2004 165 

Fig. 2-3; 5 166 

2004 M. ultima -Kozur, 2004, page 5, figs.15-16 Plate 1 167 

2004 Stepanovites? mostleri -Kozur, 2004, page 57, figs.27-29 Plate 1 168 

2015 M. ultima-Wardlaw et al., 2015, pages 327, 331, figs.5,9 Plate 4; figs. 1-13, Plate 169 

6 170 

Diagnosis: the breviform digyrate P1 element is small and has a distinct cusp, with two 171 

to five discrete denticles located on the relatively low blade. The angulate digyrate P2 172 

element is twisted distinctly. The digyrate M element has an obvious cusp and curves 173 

inwardly. The alate S0 element is triramous, inclines posteriorly and has a large ultimate 174 

denticle. The strongly arched S1 element is downward curved at the posterior end. The 175 

S2 element is bipennate with a distinct cusp located near the middle part of the process. 176 

The bipennate S3 and S4 elements are similar in morphology and generally straight. The 177 



anterior process is moderately curved inward. 178 

Description: the P1 element is breviform digyrate and has a distinct cusp inclined 179 

forward at ~45-50°, two-four discrete denticles on the blade, with (occasionally) a tiny 180 

denticle in front of the cusp. The denticles between the cusp and the last erect denticle 181 

are generally incline posteriorly. The lower side is moderately excavated and 182 

asymmetrical.  183 

The twisted P2 element is breviform digyrate and has a short anterior and a 184 

relatively longer posterior process. The cusp is quite large, and one or two smaller, near-185 

erect denticles are located on the anterior process. Four smaller denticles incline 186 

posteriorly, sitting on the posterior process. The lower side of the element is widely 187 

excavated and is flattened in most areas of the element. 188 

The M element is breviform digyrate and has a distinct cusp that is curved inward. 189 

The posterior process is short and bears small denticles. The anterior process bears from 190 

two to four large erect or slightly forward-inclined denticles. The lower side shows 191 

shallow excavation and is broad in both processes. A deep basal furrow is present in the 192 

central part of the element, which is rather broad in the anterior process. The basal 193 

furrow under the cusp is widened to an elongated basal cavity. The inner side of the 194 

basal cavity is widened and like an upside-down cup.  195 

The S0 element is alate and triramous. The elongated and slightly curved posterior 196 

process bears five to six big denticles that incline increasingly toward the posterior. The 197 

largest denticle is located in the posterior third of the posterior process. The large 198 

ultimate denticle lies in the prolongation of the posterior process and is inclined strongly. 199 

Two anterior processes are short and slightly forward-directed. A basal cavity is 200 

developed under the cusp, and the lower side under the anterior half of the posterior 201 

process is wide and deeply excavated.  202 

The S1 element is bipennate, slightly curved or nearly straight. A moderate cusp 203 

lies in the middle of the element and is strongly bent backwards. The anterior and 204 



posterior processes both bear from five to seven small denticles. All the denticles are 205 

inclined backwards. Those on the anterior process vary in size, and the first denticle is 206 

nearly directed downward. Denticles on the posterior process increase in size and 207 

become more reclined posteriorly. The basal furrow is broad on the lower side and is 208 

distinctly widened below the cusp to an elongated basal cavity. 209 

The S2 element is bipennate, with a distinct cusp posteriorly inclined located near 210 

the middle part of the process. The posterior process beside the cusp is nearly 211 

perpendicular to the anterior process. The anterior and posterior processes are both 212 

denticulated with discrete small denticles. 213 

The S3/4 elements are bipennate and straight. A downward inflexion occurs at the 214 

end of the posterior process; at the anterior end, an upward inflexion appears. The 215 

anterior process is short and moderately inwardly curved at the end. It bears from one 216 

to five denticles—the first two are large. A very big cusp is inclined posteriorly. The 217 

posterior process is relatively long and bears more denticles than the anterior process, 218 

with the last two being distinctly larger and inclining posteriorly. Sometimes, a tiny 219 

denticle presents between the large denticle and the cusp. A very small denticle may 220 

occur at the posterior end of the process. The lower side is wide and deeply excavated.  221 

Remarks: Merrillina is characterised by its digyrate P elements and very robust M and 222 

S elements with tall and robust cusps. Different species of Merrillina have distinct P1 223 

elements, while their S and M elements are generally similar. The Merrillina multi-224 

elements generally have denticles with round cross-sections, which differ from 225 

ramiforms of other groups such as Achignathodontidae and Gondolellidae. Another 226 

Permian ellisonid, Stepanovites (synonymised with Sweetina and Kamagnathus), has 227 

three processes in the P1  element. This is very different to the digyrate P1 element in 228 

Merrillina. Both Merrillina and Stepanovites have M elements with an enlarged basal 229 

cavity directed to the posterior.  230 

The P elements of M. ultima are breviform digyrate, the P1 element has a very large 231 



cusp that is posteriorly inclined. The P2 elements are angulate twisted with distinct cusp. 232 

The M elements are breviform digyrate. The cusp is robust, tall and located in the 233 

middle part of the element. The S0 elements are alate and triramous, the S1/2 elements 234 

are extensiform digyrate and strongly curved. The S3/4 elements are bipennate, straight 235 

and nearly similar in morphology.  236 

Occurrence: H. parvus Zone to I. staeschei Zone in the Meishan section, H. 237 

changxingensis to C. taylorae Zone in the Shangsi section, H. parvus Zone to I. isarcica 238 

Zone in the Gaohua section. The uppermost Changxingian to the base of the 239 

Griesbachian. 240 

5. Discussion 241 

5.1 The temporal-spatial distribution of Merrillina ultima 242 

M. ultima is well known in P-TB beds, e.g. in Vietnam (Wardlaw et al., 2015), 243 

South China (Metcalfe and Nicoll, 2007; Chen and Wang, 2009; Wang et al., 2016) and 244 

Iran (Kozur, 2004, 2007). In Vietnam, the P1 element of M. ultima co-occurs with H. 245 

parvus erectus in the H. parvus Zone and other elements are found in the older H. 246 

praeparvus Zone (Wardlaw et al., 2015). In South China, M. ultima co-occurs with H. 247 

praeparvus and C. meishanensis in the P-TB beds at Zhongzhai, Guizhou Province 248 

(Metcalfe and Nicoll, 2007). It is also reported from microbial limestone belonging to 249 

the C. zhejiangensis-H. eurypyge "partial range biozone" at Dawen, which could 250 

correlate with the C. meishanensis-H. praeparvus Zone at Meishan (Chen et al., 2009). 251 

In the Wuzhuan section, M. ultima is present above the H. parvus Zone (Brosse et al., 252 

2015). In Iran, M. ultima is recorded from the C. meishanensis-H. praeparvus Zone in 253 

the latest Changhsingian (Kozur, 2004). 254 

In this study, M. ultima is recovered in the C. taylorae Zone of the Early Triassic 255 

in the Shangsi section (Jiang et al., 2011) and in the H. parvus Zone and the I. staeschei 256 

Zone in the Meishan section (Jiang et al., 2007). Most specimens from the Gaohua 257 



section are found in the H. parvus Zone and the I. isarcica Zone.  258 

Collectively, the first appearance of M. ultima is in the latest Changhsingian C. 259 

meishanensis-H. praeparvus Zone, an event that is synchronous in North America, Iran, 260 

and South China (Fig. 6). This short-lived species has its last occurrence in the I. 261 

isarcica Zone.  262 

 263 

5.2 The ecology of Merrillina 264 

M. ultima was long postulated as a cool water species of the latest Permian, and 265 

was previously only reported from Iran and North America (Mei and Henderson, 2001; 266 

Kozur, 2004, 2007). However, this notion was based on the idea that the Changhsingian 267 

to mid-Griesbachian was a cool period (Mei and Henderson, 2001). Both Iran and South 268 

China were situated in equatorial latitudes during the P-T transition and saw a seawater 269 

temperature increase of ~8-10 ºC to 38-40 ºC (Joachimski et al., 2012; Sun et al., 2012; 270 

Schobben et al., 2014). The nearly contemporaneous occurrences of M. ultima in the 271 

equatorial Tethyan ocean suggest the taxon was well-adapted to warm environments. 272 

Although rare, occurrences of Merrillina spp. in different settings and latitudes indicate 273 

that the species were cosmopolitan and likely tolerant of a broad range of temperatures 274 

(Fig. 7). 275 

The distribution of Merrillina in our study sections adds further light on the 276 

environmental context (Fig. 8). In the Shangsi section, M. ultima was found in the lower 277 

part of the H. changxingensis Zone when depositional conditions were well-oxygenated 278 

(Bond and Wignall, 2010). However, in the upper part of the C. taylorae Zone, an 279 

anoxic event occurred in this area (Xiang et al., 2016), and no Merrillina is found at 280 

this level. In the Meishan section, M. ultima occurs in upper dysoxic-oxic facies that 281 

developed after an anoxic interval at the P-TB (Li et al., 2015). Intense anoxia develops 282 

again in the upper part of the I. isarcica Zone at Meishan, but M. ultima had already 283 

gone extinct by this level. In the Gaohua section, the species occurs in shallow-water, 284 



upper dysoxic sediments on a carbonate platform (Wang et al., 2016). The cross-285 

comparison of Merrillina's occurrences and redox conditions recorded in its host rock 286 

reveals that the taxon only occurred in settings with Eh (redox potential) better than 287 

upper dysoxic and was also possibly a surface dweller.  288 

 289 

5.3 Evolution of Permian-Triassic Merrillina  290 

Kozur (1975) established Merrillina with M. divergens Kozur, 1975 being the type 291 

species. The genus is one of the key biostratigraphically important taxa in the Permian. 292 

Merrillina has several representative species. However, their evolutionary lineages are  293 

poorly understood. The oldest Merrillina is the Wordian Merrillina galeata Bender and 294 

Stoppel 1965 (Fig. 6) from Wyoming and Nevada, USA (Clark and Behnken, 1971; 295 

Wardlaw and Collinson, 1984) and Sicily (Bender and Stoppel, 1965). The P1 element 296 

of Merrllina galeata is slightly twisted, and is characterised by its posteriorly direct 297 

cusp that was flanked with two subequal sized denticles anteriorly and one to four 298 

smaller denticles posteriorly.  299 

 M. galeata was succeeded by M. divergens of Capitanian to Wuchiapingian in 300 

ages (Fig. 7). The Capitanian M. divergens is widely reported from Germany (Bender 301 

and Stoppel, 1965; Swift, 1986), Poland (Szaniawski, 1969), Iran (Kozur, 2004), and 302 

North America (Wardlaw and Collinson, 1979; Wardlaw and Collinson, 1986; Wardlaw 303 

and Mei, 1998). The P1 element of M. divergens is short and shows slight lateral bowing, 304 

with three to seven denticles on a mid-height blade. The denticles increased in size and 305 

inclination posteriorly. The terminal main denticle is the largest one and is sometimes 306 

succeeded by a small denticle. The basal cavity is expanded laterally, broadly flaring 307 

beneath the main denticle and tapering anteriorly. The report of M. divergens from Iran 308 

and in the Zechstein in the north England mark their youngest occurrence in the Late 309 

Permian (Swift and Aldridge, 1982; Swift, 1986; Kozur, 2004). M. praedivergens of the 310 

Capitanian age, (Clark and Behnken, 1971) was thought to be a transitional species 311 



from M. galeate to M. divergens, which was later designated to M. divergens in 312 

Wardlaw et al., (2015). The specimen has fewer denticles on the carina, but a very 313 

robust cusp generally succeeded by a small anterior denticle. The denticles are more 314 

discrete compared to M. galeata but more fused compared to M. divergens (Fig. 6).  315 

The lower Wuchiapingian M. postdivergens (Fig. 6; Fig. 7) is known in the 316 

northwestern Iran, ranging from the C. asymmetrica Zone (≈C. niuzhuangensis Zone) 317 

to the C. leveni Zone (Kozur, 2004). The P1 element of M. postdivergens has a large, 318 

strongly inclined cusp, with narrow, needle-like denticles strongly inclined posteriorly, 319 

sometimes bearing a small, erect anterior denticle. Compared to M. divergens, M. 320 

postdivergens generally has fewer denticles on the carina, the strongly inclined cusp 321 

become more distinctive. The denticles of M. postdivergens are more discrete than those 322 

on M. divergens (Fig. 6).  323 

M. ultima appeared in the latest Permian and ranged to the earliest Triassic I. 324 

isarcica Zone. An unidentified species of M. sp. (Fig. 7) has been reported from the 325 

Griesbachian at Dajiang, Guizhou Province, and could be the youngest species of this 326 

genus (Jiang et al., 2014). Although Merrillina was not documented in much of the 327 

upper Wuchiapingian to the lower Changshingian, other species may have existed at 328 

this time. It seems that Merrillina evolved larger cusps through time. The cusp of M. 329 

ultima are clearly more robust than those of its ancestor M. postdivergens. The youngest 330 

M. sp. from Dajiang has the most robust cusp among all known species in the genus 331 

Merrillina (Fig. 7). 332 

In summary, the Merrillina lineage was never particularly diverse, with no more 333 

than two species extant from its first occurrence in the Wordian until its extinction in 334 

the late Griesbachian. It is noteworthy that a long evolutionary gap of ~5 Myr between 335 

M. ultima and M. postdivergens occurred in the Late Permian could be due to low 336 

research intensity (Fig. 6). 337 

 338 



6. Conclusions 339 

A systematic investigation of the P-TB Merrillina has been carried out in three 340 

sections in South China. By compiling published records of Merrillina, the following 341 

conclusion can be drawn: 342 

1) Merrillina is an uncommon but widespread conodont genus, ranging from the 343 

Middle Permian to the earliest Triassic, that survived the vicissitudes of the Permo-344 

Triassic boundary for a short interval. The final species, M. ultima was the most 345 

geographically widespread and had a near-cosmopolitan distribution. 346 

2) M. ultima first appeared in the C. meishanensis-H. praeparvus Zone and went 347 

extinct in the I. isarcica Zone. The report of M. ultima in the Early Triassic from South 348 

China indicates that it was well-adapted to warm environments. The facies distribution 349 

of this youngest species, notably its absence from anoxic-euxinic strata, suggests that 350 

Merrillina probably favoured well-ventilated surface-water habits.  351 

 352 
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 363 

Figure and Table captions 364 



Fig. 1 Location map of the Meishan, Shangsi and Gaohua sections (A) and 365 

palaeogeographic reconstruction of the South China Block during the Permian-Triassic 366 

transition showing three study sections (B), revised from Yin et al., (2014). 367 

 368 

Fig. 2 SEM photos showing M. ultima specimens from the Meishan section 369 

1, 3-6, 9. Merrillina ultima Kozur, P1 element, 1a, lateral view, MS 27c-i005, 1b, lower 370 

view, MS B27c-B-i005, Yinkeng Formation, sample MS B27c, H. parvus Zone, the 371 

base of Griesbachian; 3a, lateral view, MS B28-i033, 3b, lower view, MS B28-B-i033, 372 

Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian; 4a, 373 

lateral view, MS B28-i037, 4b, lower view, MS B28-B-i037, Yinkeng Formation, 374 

sample MS B28, I. staeschei Zone, the base of Griesbachian; 5, lateral view, MS B28-375 

i028, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian; 376 

6a, lateral view, MS B28-i035, 6b, lower view, MS B28-B-i035, Yinkeng Formation, 377 

sample MS B28, I. staeschei Zone, the base of Griesbachian; 9, lateral view, MS B28-378 

i027 , Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian. 379 

2. Merrillina ultima Kozur, P2 element, lateral view, MS B28-i041, Yinkeng Formation, 380 

sample MS B28, I. staeschei Zone, the base of Griesbachian;  381 

7. Merrillina ultima Kozur, S2 element, 7a, lateral view, MS B28-i024, 7b, lower view, 382 

MS B28-B-i024, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of 383 

Griesbachian. 384 

8. Merrillina ultima Kozur, S1 element,8a, lateral view, MS B28-i022, 8b, lower view, 385 

MS B28-B-i022, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of 386 

Griesbachian. 387 

 388 

Fig. 3 SEM photos showing M. ultima specimens from the Meishan section (continued) 389 



 1-3. Merrillina ultima Kozur, S3/4 element, 1a, lateral view, MS 27c-i003, 1b, lower 390 

view, MS B27c-B-i003, Yinkeng Formation, sample MS B27c, H. parvus Zone, the 391 

base of Griesbachian; 2, lateral view, MS B28-i031, Yinkeng Formation, sample MS 392 

B28, I. staeschei Zone, the base of Griesbachian; 3a, lateral view, MS B28-i019, 3b, 393 

lower view, MS B28-B-i019, Yinkeng Formation, sample MS B28, I. staeschei Zone, 394 

the base of Griesbachian.  395 

4,9, 11-12. Merrillina ultima Kozur, S1 element, 4a, lateral view, MS B28-i021, 4b, 396 

lower view, MS B28-B-i021, Yinkeng Formation, sample MS B28, I. staeschei Zone, 397 

the base of Griesbachian; 9a, lateral view, MS B28-i021, 9b, lower view, MS B28-B-398 

i021, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian; 399 

11, lateral view, MS B28-i012, Yinkeng Formation, sample MS B28, I. staeschei Zone, 400 

the base of Griesbachian; 12a, lateral view, MS B28-i039, 12b, lower view, MS B28-401 

B-i039, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base of 402 

Griesbachian.  403 

5. Merrillina ultima Kozur, S1? element, lateral view, MS B28-i029, Yinkeng 404 

Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian. 405 

6-7. Merrillina ultima Kozur, M element, 6, lateral view, MS B28-i023, Yinkeng 406 

Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian; 7, lateral 407 

view, MS B28-i009, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base 408 

of Griesbachian.  409 

8, 10. Merrillina ultima Kozur, S2 element, 8, lateral view, MS B28-i026, Yinkeng 410 

Formation, sample MS B28, I. staeschei Zone, the base of Griesbachian; 10, lateral 411 

view, MS B28-i015, Yinkeng Formation, sample MS B28, I. staeschei Zone, the base 412 

of Griesbachian; 413 

 414 

Fig. 4 Conodont biostratigraphy for the Permo-Triassic boundary interval in Meishan, 415 



Shangsi and Gaohua sections, based on Jiang et al. (2009) and Zhang et al. (2009), Jiang 416 

et al. (2011), and Wang et al., (2016), respectively.  417 

 418 

Fig. 5 SEM photos showing M. ultima specimens from Shangsi and Gaohua sections 419 

1. Merrillina ultima Kozur, M element, lateral view, SS-28b-i001, Feixianguan 420 

Formation, sample SS-28b, H. changxingensis Zone, latest Changshingian; 421 

2. Merrillina ultima Kozur, P1 element, 2a, lateral view, SS-28b-i002, 2b, lower view, 422 

SS-28b-B-i002, Feixianguan Formation, sample SS-28b, H. changxingensis Zone, 423 

latest Changshingian;  424 

3. Merrillina ultima Kozur, S3/4 element, lateral view, SS-28b-i003, Feixianguan 425 

Formation, sample SS-28b, H. changxingensis Zone, latest Changshingian. 426 

4. Merrillina ultima Kozur (Fig. 3.9, Wang et al. (2016)), P1 element, 4a, lateral view, 427 

GHC-5-i003, 4b, lower view, GHC-5-B-i003, Daye Formation, sample GHC-5, H. 428 

parvus Zone, the base of Griesbachian; 429 

5. Merrillina ultima Kozur (Fig. 3.12, Wang et al. (2016)), P2 element, 5a, lateral view, 430 

GHC-4-i006, 5b, lower view, GHC-5-B-i003, Daye Formation, sample GHC-4, H. 431 

parvus Zone, the base of Griesbachian;  432 

6. Merrillina ultima Kozur, S3/4 element, 6a, lateral view, GHC-5-i005, 6b, lower view, 433 

GHC-5-B-i005, Daye Formation, sample GHC-5, H. parvus Zone, the base of 434 

Griesbachian;  435 

7. Merrillina ultima Kozur, S3/4 element, 7a, lateral view, GHC-8-i001, 7b, lower view, 436 

GHC-8-B-i001, Daye Formation, sample GHC-8, I. isarcica Zone, the base of 437 

Griesbachian. 438 

Fig. 6 The temporal-spatial distribution of Merrillina. The Meishan occurrence is from 439 



Shen et al. (2019). M. sp. is from Jiang et al. (2014); M. ultima is from Kozur (2004); 440 

M. postdivergens is from Kozur (2004); transitional morphology from M. galeata to M. 441 

divergens from Clark and Behnken, 1971; M. divergens from Swift (1986); M. galeata 442 

is Wardlaw (1984). Abbreviations for the genera: J. for Jinogondolella, C. for Clarkina, 443 

H. for Hindeodus, I. for Isarcicella, M. for Merrillina. 444 

Fig. 7 Distribution of Merrillina spp. from the Wordian to the Griesbachian 445 

(palaeogeography map is modified after stampfli et al., 2004). Sites: 1, Zhejiang 446 

(Meishan section), South China; 2, Hunan (Gaohua section), South China; 3, Sichuan 447 

(Shangsi section), South China; 4-6, Guizhou (4, Dawen section; 5, Zhongzhai section; 448 

6, Dajiang section), South China; 7, Lung Cam, Vietnam; 8, Abadeh and Shahreza, 449 

Central Iran; 9, Sicily, Italy; 10, Wyoming and Nevada, United States; 11, Schleswig-450 

Hoslstein, Germany; 12, Zechstein 1 strata, Poland; 13, Zechstein 1 strata, Northern 451 

England.  452 

Fig. 8 Occurrence of M. ultima (light yellow area) compared with redox conditions in 453 

the Meishan, Shangsi, and Gaohua sections. Redox conditions are from Li et al. (2015), 454 

Bond and Wignall (2010), and Wang et al. (2016); the logs are revised in the original 455 

scale. 456 

Table 1 Compilation of conodont abundance from the study sections (C. yini Zone-I. 457 

isarcica Zone). Data from Meishan and Shangsi are compiled from Jiang et al. (2007; 458 

2011); Data from Gaohua are from Wang et al., 2016; Merrillina from this study. 459 

Table 2 Numbers of Merrillina specimens recovered in study sections. 460 
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