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华南二叠纪与三叠纪之交的浮游植物 
 
 

博士生：雷勇      导师：Thomas Servais；冯庆来 

 

摘  要 

 
二叠纪与三叠纪之交的生物大灭绝是自显生宙以来地球上发生的最大一次集群灭绝事

件，距今约 252Ma。这次事件造成当时海洋生态系统中大约 90%以上的物种灭绝。许多学者

将这次灾难事件归因于环境的突变，如海洋的大范围缺氧、西伯利亚火山喷发以及海平面骤

降等。而在统计生物多样性变化的时候，多数学者只关注海洋动物物种多样性的变化，对于

遍布海洋的浮游植物却是知之甚少。甚至于一些研究浮游植物的学者也只是参与争论二叠纪

与三叠纪之交的“真菌高峰”事件。而近年来，一系列关于二叠纪末期蓝细菌爆发的报道则

引发了大家对海洋初级生产者的注意。因此，本文主要研究了华南地区二叠纪与三叠纪之交

的疑源类，同时结合前人有关蓝细菌以及其它动物化石的数据，综合分析了二叠纪末生物大

灭绝期间浮游植物群落的演替及其对生态环境的影响。 

首先，笔者总结了二叠纪的疑源类化石。结果表明：相对于孢粉化石，二叠纪疑源类的

研究程度较低，但是其物种多样性远远超出前人的预计。尽管具大型膜壳的疑源类化石在古

生代中期以后就很少出现，但是具小型膜壳的类型在二叠纪的地层中仍然相当丰富。二叠纪

的各个阶都可以发现 20-30 个疑源类化石属。而某些常见的属（如 Micrhystridium 和

Veryhachium）则被报道超过 40 余次。然而，我们还需要更多的数据才能找到二叠纪疑源类

物种多样性的变化规律，而且需要对具小型膜壳的种类倍加留意。 
本文选取的七个剖面均位于华南地区二叠纪与三叠纪之交的地层中，包括中寨剖面、凉

风垭剖面、上寺剖面、甘溪剖面、峡口剖面以及东攀剖面。在这些剖面里找到了丰富且保存

完好的疑源类化石。大部分化石的膜壳较小，其直径在 20 微米左右，如：Micrhystridium、

Veryhachium 以及 Leiosphaeridia。同时也在上寺等剖面发现了一些具大型膜壳的疑源类化石，

如 Dictyotidium（膜壳直径达 80 微米）。而这些化石基本都在其它晚二叠世的地层中报道过。 
由于出现了十余种归属于 Micrhystridium 和 Veryhachium 的化石，且发现将其划归到物

种级别较为困难。因此，本文从化石膜壳形态学的角度将 Micrhystridium/Veryhachium complex
类群划分为五类。其中，Veryhachium cylindricum 亚属代表具椭圆形膜壳的类型；Veryhachium 
trispinosum 亚属囊括具三角形膜壳的类群；而 Veryhachium lairdii 亚属则包含所有四边形膜

壳的种类；Micrhystridium pentagonale 亚属涵盖五边形或者六边形膜壳的类群；而

Micrhystridium breve 亚属则包括具球形膜壳的物种。 
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为了研究华南地区二叠纪末期疑源类在海洋中的空间分布特征，文中选定六个剖面来分

析。这些剖面囊括从近岸浅海到远岸深水的沉积环境。根据疑源类属种的生物多样性和物种

的丰度，并结合前人的相关资料分析表明：（1）近岸地区的疑源类物种多样性较低，一般只

有 2-4 种（如中寨和东攀剖面）；而相对远岸的大陆架地区物种多样性较高，可以达到 10 种

左右（如煤山、上寺以及凉风垭剖面）；但是随着离岸距离的增加，大陆坡地区的疑源类物

种多样性同样是较低的（如甘溪和峡口剖面）。（2）在疑源类化石属一级上，Leiosphaeridia、
Reduviasporonites 以及 Micrhystridium 从近岸浅水环境到远岸深水地区均有分布；

Dictyotidium 和 Veryhachium 更多地出现于开阔的海域。（3）Schizosporis 则只在上寺和煤山

剖面的二叠纪与三叠纪之交的地层附近出现（海平面较低时），可能指示一种相对近岸浅水

的环境。（4）在物种级别上，具短突起的 Micrhystridium breve 在近岸环境中占据绝对优势，

且对营养盐的浓度较为敏感，其生物量的变化与 Fe 和 Al 元素的含量变化较为一致。而膜壳

较大（直径约 80 微米）的球形疑源类如 Dictyotidium reticulatum 一般出现在浅水区域，膜壳

较小（直径约 30 微米）的 Leiosphaeridia 则更多地分布在水体较深的环境中。同时，膜壳光

滑的 Leiosphaeridia minutissima 在近岸占据优势，而膜壳具颗粒纹饰的 Leiosphaeridia 
microgranifera 则在远岸较为丰富。（5）虽然链状疑源类 Reduviasporonites 出现在多个剖面，

但是众多学者认为的二叠纪末期的“真菌高峰”在扬子板块的海相地层中并没有出现。需要

指出的是，个体较大的 Reduviasporonites chalastus（单胞直径约 40 微米）常分布于近岸环境；

而个体较小的 Reduviasporonites catenulatus（单胞直径约 15 微米）则更多地出现在远岸深水

的区域。 
基于疑源类化石与动物化石的生物多样性变化规律，文中将华南二叠纪与三叠纪之交的

地层划分为较为明显的三个阶段。阶段 1 对应的牙形石生物带为 Clarkina changxingensis 带
以及 Clarkina yini 带，此阶段的疑源类化石生物多样性是三个阶段中最高的，发现疑源类达

10 属 28 种。与第一阶段相比，阶段 2 的疑源类化石生物多样性出现大幅降低，只出现 7 属

11 种。其对应的牙形石生物带为 Clarkina meishanensis 带、Hindeodus changxingensis 带、

Clarkina taylorae 带以及 Hindeodus parvus 带。而阶段 3 对应 Isarcicella staeschei 带和

Isarcicella isarcica 带，只有一种疑源类化石 Leiosphaeridia minutissima 零星地出现在凉风垭

剖面和甘溪剖面。 
二叠纪末期的生物大灭绝之前（阶段 1），海洋生态系统总体保持动态平衡，动物以及

浮游植物都具有较高的生物多样性。但是，由于环境的突变（如大规模的火山喷发、海平面

的骤降以及温度升高等），海洋生态系统的平衡被打破。大多数的动植物由于对环境的不适

应而惨遭灭绝，而生命力极强的蓝细菌却在这适宜的环境中大面积爆发，成为最主要的初级

生产者。然而，蓝细菌的爆发却给环境带来了持续性的恶化，首先是加大了海洋透光带中光

衰减的程度；其次是加速了海水中的氧气消耗；同时也为海洋动物提供了有毒的且贫营养的

食物。这三点影响对其它浮游植物以及大多数的海洋动物来说都是致命的。但是，不同物种

对于这些影响的反应却是不一样的。总体来讲，疑源类等其它类型的浮游植物基本从近岸海

域中消失，只分布在远岸的水域。而个体较大的动物则基本消失，体型较小的动物凭借其对

蓝细菌以及恶劣环境较强的适应性而得以残存（阶段 2）。然而此次生物危机并未结束，随

着温度的进一步升高以及无机营养盐的持续性输入，蓝细菌的爆发向远岸以及深水环境中扩
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张（阶段 3；上寺剖面 28 层以及煤山剖面 29 层），致使大多数在前一阶段残存的种类也不

能在这更为恶劣的环境中幸免而遭到灭绝，只剩下个别适应力极强的灾难种得以存活并繁盛

（如双壳类的 Claraia）。 
大规模的火山喷发可能是二叠纪末期生物大灭绝的导火索，其导致了生态环境的巨大变

化，如温度升高等。本文认为：高温以及陆地风化的加强直接促使蓝细菌的持续性爆发。而

蓝细菌的不断增殖则加深了海水的缺氧程度以及造成了其它浮游植物的大量减少。经过以上

的变化，海洋的缺氧、高温以及食物的缺乏则是海洋动物灭绝的直接原因。 
 

关键词：晚二叠世，早三叠世，生物大灭绝，疑源类，浮游植物 
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The phytoplankton at the Permian-Triassic boundary 

(PTB), South China 
 
 

Ph.D. Candidate：Lei Yong   Supervisors：Thomas Servais；Feng Qinglai 

 

ABSTRACT 
 

The end-Permian extinction event (252 Ma ago) is considered the greatest mass extinction in 
the history of the Earth, with over 90% of all marine species becoming extinct. Many authors try to 
explain the causes of this extinction, linking it to environmental catastrophes, such as ocean anoxia, 
Siberian trap volcanism, sea-level changes, etc., but the causal factors of the extinction still remain 
controversial. Most studies documented the extinction of marine metazoan groups, and usually 
ignore the fluctuations of the diversity of primary producers in the marine environments at the 
Permian-Triassic boundary (PTB), although the presence of a possible “fungal spike” in the Late 
Permian let to much debate. Recently, a series of papers analyzed the cyanobacterial changes 
during the PTB interval in South China. On the other hand, a few papers documented in the PTB 
strata the biodiversity changes of the acritarchs, which are considered to represent the major part 
of the organic-walled microphytoplankton in the Palaeozoic. The objective of the present study is 
to document the different phytoplankton communities (including acritarchs and cyanobacteria) in 
the Chinese PTB strata and to try to analyze the relationships between the mass extinction and the 
phytoplankton community changes at the PTB, South China. 

Firstly, we present a synthesis of the Permian fossil record of acritarchs at a global scale. The 
revision shows that Permian acritarch descriptions have largely been neglected, compared to other 
palynomorph groups, such as spores and pollen grains. While larger organic-walled cysts, as 
known from the Lower and Middle Palaeozoic, are usually absent, many smaller acritarchs are 
commonly found in Permian palynological assemblages. During most of the Permian stages, 
acritarch show a genus richness of about 20 to 30 genera. Some genera, such as Micrhystridium 
and Veryhachium, have been reported in over 40 publications. Nevertheless, many Permian 
acritarchs still need to be documented in detail, and additional systematical studies, in particular of 
the very small taxa, are needed to fully understand the diversity and significance of Permian 
acritarch. 

The description of new material includes the analyses of diverse and well-preserved latest 
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Permian phytoplankton assemblages from seven sections of the Yangtze Block (South China) from 
the localities Zhongzhai (Guizhou Province), Liangfengya (Chongqing City), Meishan (Zhejiang 
Province), Shangsi (Sichuan Province), Xiakou and Ganxi (Hubei Province) and Dongpan 
(Guangxi Province). Most of the species have been reported previously from other Late Permian 
sections elsewhere in the world. The South Chinese phytoplankton taxa are generally very small in 
size, usually displaying diameters of about 20 µm, and commonly include the genera 
Micrhystridium, Veryhachium and Leiosphaeridia. However, larger taxa with vesicles often 
exceeding 80μm  in  diameter, such as Dictyotidium, are also abundant in the Shangsi section.  

The taxonomical descriptions of the acritarch assemblages include a reevaluation of the 
classification of two of the most common taxa. Due to the presence of large populations of 
Micrhystridium and Veryhachium, a simple classification scheme for the 
Micrhystridium/Veryhachium complex is proposed, based on the geometrical shape of the vesicle. 
We propose dividing the complex into five groups: the Veryhachium cylindricum group, 
representing all ellipsoidal specimens; the Veryhachium trispinosum group, with triangular shape 
vesicles; the Veryhachium lairdii group, with rectangular central bodies; the Micrhystridium 
pentagonale group, including all pentagonal specimens; and the Micrhystridium breve group, 
representing all spherical forms. 

Subsequently, in order to analyze the spatial (palaeoecological) distribution of the 
organic-walled microphytoplankton in the Late Permian, the palynological material from six of the 
investigated sections from the Yangtze Block, South China, displaying different sediment facies 
types (from neritic to offshore palaeoenvironments, including basinal facies) has been investigated. 
Based on the diversity and relative abundance of acritarch species and genera, the new data from 
the Chinese Late Permian sections provide similar patterns as those described from other 
geological periods: (1) low diversities with 2 to 4 acritarch species occur in nearshore 
environments, whereas the higher diversities (more than ten acritarch species) appear in the 
offshore environments; (2) at the generic level, the genera Leiosphaeridia, Reduviasporonites and 
Micrhystridium are distributed widely, from nearshore facies corresponding to shallow water 
environments to offshore facies corresponding to deeper water settings, whereas some genera, such 
as Dictyotidium and Veryhachium, have a narrower distribution, occurring on the continental shelf 
and towards the basin, indicating open marine environments; (3) the genus Schizosporis only 
occurs around the PTB, when the sea level declined, probably indicating nearshore environments 
with shallow water settings; (4) at the specific level, the species Micrhystridium breve, displaying 
short spines, and Leiosphaeridia minutissima are indicative of neritic facies, whereas the other 
species of Micrhystridium and Veryhachium with longer spines (e.g., Micrhystridium stellatum and 
Veryhachium hyalodermum) and Leiosphaeridia microgranifera indicate more open marine 
environments. Big spherical acritarch   species   (over   80   μm   in   diameter),   such   as   Dictyotidium 
reticulatum, indicate shallow water environments; (5) in the PTB strata, the relative abundance of 
the enigmatic Reduviasporonites, interpreted by some authors as a fungal spore, is never higher 



x 
 

than   14%,   indicating   that   a   ‘spike’   of   Reduviasporonites did not occur in the Yangtze area. 
Reduviasporonites chalastus (40μm   in   length)   obviously   dominates   in   shelf   environments   of  
shallow water, whereas the smaller Reduviasporonites catenulatus (15μm   in length) is more 
common in deeper water. 

Another part of the present study concerns the interpretation of the phytoplankton changes in 
the investigated interval. Based on the analysis of the organic-walled microphytoplankton in the 
PTB strata of South China three different stages of acritarch communities around the PTB can be 
identified. Diverse (28 species attributed to 10 genera) and abundant acritarch assemblages occur 
in Stage 1, corresponding to the Clarkina changxingensis and Clarkina yini conodont biozones. 
Subsequently, moderately diverse acritarch assemblages (11 species in 7 genera) are present in 
Stage 2 at the Permian to Triassic transition, corresponding to the Clarkina meishanensis, 
Hindeodus changxingensis, Clarkina taylorae and Hindeodus parvus conodont biozones. Only one 
species (Leiosphaeridia minutissima) has been recorded in the Stage 3 possibly related to low 
biomass production, corresponding to the Isarcicella staeschei and Isarcicella isarcica conodont 
biozones.  

During the end Permian, the marine ecosystem was balanced before the mass extinction 
(Stage 1; diverse and abundant metazoan and phytoplankton communities). However, this balance 
was perturbated by dramatic environmental changes (e.g., large-scale volcanic eruptions, drastic 
sea-level changes and higher sea-water temperatures), which most probably promoted 
cyanobacterial blooms at a worldwide scale, as recorded by the presence of lipid biomarkers and 
microbialites. The cyanobacterial proliferation possibly had very negative effects on the metazoan 
diversities, aggravated ocean anoxia, and reduced the abundance and diversity of other primary 
producers (increased light attenuation). Many species of different metazoan groups became extinct 
during the Stage 2 when the marine environments were perturbated (anoxic conditions and 
food-limitation), when only few primary consumers developed, in particular those with small sizes 
or/and those that were insensitive to the cyanobacterial toxin. Along with the rising temperature 
and intense inorganic nutrients (Fe and P), the cyanobacterial blooms proliferated in offshore and 
deep waters (bed 28 in Shangsi and bed 29 in Meishan), when the acritarchs (high quality food for 
metazoan) became rare. Many species of the primary consumers that survived the end Permian 
mass extinction disappeared during the earliest Triassic, probably due a degradation of the 
environmental conditions (high temperature, ocean anoxia and food deficiency). Only a few 
disaster taxa dominated in the ocean (e.g. the bivalve Claraia). 

If the end Permian mass extinction was triggered by large-scale volcanic eruptions, important 
ocean anoxia, large food deficiency and high temperatures, we consider that the cyanobacterial 
blooms enhanced the ocean anoxia and food deficiency during the PTB. Nevertheless, the 
relationship between the mass extinction and cyanobacterial blooms are more complex than that 
we previously thought. 
Key Words: End Permian, Early Triassic, mass extinction, acritarchs, phytoplankton 
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Résumé 
 

La fin du Permien (- 252 Ma) est marquée par la plus grande extinction de masse dans 
l’histoire  de  la  Vie  sur  Terre,  avec  la  disparition  de  plus  de  90%  des  espèces  marines.  Beaucoup  
d’auteurs  ont  essayé  d’expliquer  les  causes  de  cette  extinction  notamment  en  la  mettant  en  relation  
avec  des   catastrophes   écologiques   tels   qu’une anoxie des océans, un volcanisme des trappes en 
Sibérie, et/ou des fluctuations du niveau marin. Cependant, les facteurs causant cette extinction 
restent   controversés.   De   nombreuses   études   ont   documenté   l’extinction   des   groupes   de  
métazoaires marins, mais le plus souvent en ignorant les fluctuations de la diversité de la 
production primaire dans les environnements marins à la limite Permien/Trias (Permian/Triassic 
boundary - PTB), alors  que  la  présence  d’un  possible  « pic fongique » dans le Permien terminal a 
provoqué un important débat. Plus récemment, des travaux ont analysé les changements des 
cyanobactéries autour de la limite Permien/Trias en Chine. Quelques articles documentent aussi 
dans les couches de la PTB les changements de biodiversité des acritarches, qui représentent la 
majeure   partie   du   microphytoplancton   à   paroi   organique   au   Paléozoïque.   L’objectif   de   l’étude  
présentée ici est de documenter les différentes communautés du phytoplancton (incluant les 
acritarches et les cyanobactéries) dans des couches de la limite Permien/Trias en Chine et 
d’essayer  d’analyser  les  relations  entre  l’extinction  de  masse  et  les  changements  des  communautés  
de phytoplancton au niveau de la PTB dans le sud de la Chine.  

Tout   d’abord,   nous   présentons   une   synthèse   de   l’enregistrement fossile des acritarches du 
Permien  à   l’échelle  globale.  Cette   révision  montre  que   les  descriptions  d’acritarches  du  Permien  
ont  largement  été  négligées,  en  comparaison  avec  d’autres  groupes  de  palynomorphes,  tels  que  les  
spores ou les grains de pollen. Alors que les kystes à paroi organique de grande taille, qui étaient 
très abondant dans le Paléozoïque inférieur et moyen, sont habituellement absents, beaucoup 
d’acritarches  de  petite  taille  sont  retrouvés  dans  les  assemblages  du  Permien.  Durant la plupart des 
étages du Permien, la richesse générique des acritarches est de 20 à 30 genres. Quelques genres, 
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comme Micrhystridium et Veryhachium, ont été signalés dans plus de 40 publications. Néanmoins, 
beaucoup   d’acritarches   du   Permien   ne   sont   pas   encore documentés en détail, et des travaux 
systématiques supplémentaires, notamment concernant les très petits taxons, sont nécessaires pour 
réellement  comprendre  la  diversité  et  l’importance  des  acritarches  au  Permien.    

La description de nouveau matériel inclut les analyses des associations de phytoplancton bien 
préservé et diversifié du Permien teminal de sept coupes géologiques du bloc de Yangtze (sud de la 
Chine) provenant des localités Zhongzhai (Guizhou Province), Liangfengya (Chongqing City), 
Meishan (Zhejiang Province), Shangsi (Sichuan Province), Xiakou et Ganxi (Hubei Province), et 
Dongpan (Guangxi Province). La plupart des espèces rencontrées ont été signalées auparavant 
dans  d’autres  coupes  géologiques  du  Permien  terminal  d’autres  parties  du  monde. Les taxons du 
phytoplancton  sont  généralement  de  taille   très  petite,   le  plus  souvent  d’un  diamètre  autour  de  20  
µm, et ils incluent souvent les genres Micrhystridium, Veryhachium et Leiosphaeridia. Par contre, 
des taxons plus larges avec des corps centraux qui souvent dépassent des diamètres de 80 µm, 
comme Dictyotidium, sont également abondant dans la coupe de Shangsi.  

Les  descriptions  des  assemblages  d’acritarches  incluent  une  réévaluation  de  la  classification  
de deux genres parmi les plus communs. Grâce à la présence de grandes populations de 
Micrhystridium et de Veryhachium, un simple schéma de classification, basé sur le contour 
géométrique du corps central, est proposé pour le « complexe  à Micrhystridium/Veryhachium». 
Nous proposons de diviser ce « complexe » en cinq groupes : le groupe Veryhachium cylindricum 
pour représenter tous les spécimens ellipsoïdaux; le groupe Veryhachium trispinosum pour toutes 
les formes triangulaires; le groupe Veryhachium lairdii pour les formes avec des corps centraux 
rectangulaires; le groupe Micrhystridium pentagonale incluant tous les spécimens pentagonaux; et 
le groupe Micrhystridium breve représentant toutes les formes sphériques.   

Ensuite, dans le but de comprendre la distribution spatiale (paléoécologique) du 
microphytoplancton à paroi organique du Permien terminal, le matériel palynologique de six 
coupes géologiques du bloc de Yangtze au sud de la Chine a été analysé. Ces coupes représentent 
des types de faciès sédimentaires différents (allant des paléoenvironnements néritiques à offshore, 
incluant  également  des  faciès  de  bassin).  Basées  sur  la  diversité  et  l’abondance  relative  des  genres  
et  des  espèces  d’acritarches,  les  nouvelles  données  des  coupes  géologiques  du  Permien  terminal  de  
Chine fournissent des modes de distribution paléoécologiques comparables à ceux des autres 
périodes géologiques :  (1)  des  faibles  diversités  de  2  à  4  espèces  d’acritarches  sont  présentes  dans  
des environnements près de la côte, tandis que les diversités plus élevées (plus de 10 espèces 
d’acritarches)  sont  présentes  dans  des  environnement  offshore ; (2) au niveau générique, les genres 
Leiosphaeridia, Reduviasporonites et Micrhystridium sont largement répandus, allant des faciès 
côtiers  correspondant  à  des  faibles  profondeurs  d’eau  jusqu’au  faciès  distaux correspondant à des 
profondeurs  d’eau  plus  grandes,  tandis  que  d’autres  genres,  tels  que  Dictyotidium et Veryhachium 
ont des distributions plus restreintes, présents sur le shelf continental et vers le bassin, indiquant 
des conditions marines plus ouvertes ; (3) le genre Schizosporis n’est  présent  qu’autour  de  la  PTB  
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quand les niveaux marins sont très bas, indiquant probablement des environnements près des côtes 
avec des niveaux marins peu profonds ; (4) au niveau des espèces, Micrhystridium breve, avec des 
appendices courts, et Leiosphaeridia minutissima, indiquent des faciès néritiques, tandis que 
d’autres   espèces   de Micrhystridium et de Veryhachium avec des appendices plus longs (p.ex., 
Micrhystridium stellatum et Veryhachium hyalodermum), ainsi que Leiosphaeridia microgranifera, 
indiquent  des  environnement  marins  plus  ouverts.  Les  espèces  d’acritarches  de  grande  taille  (plus  
de 80 µm en diamètre), comme Dictyotidium reticulatum, indiquent des environnements à faible 
profondeur   d’eau ;;   (5)   dans   les   niveaux   de   la   PTB,   l’abondance   relative   de   l’énigmatique  
Reduviasporonites, qui est interprété par quelques auteurs comme une spore fongique, ne dépasse 
jamais  14%,  révoquant  ainsi  l’existence  présumée  d’un  pic  de  Reduviasporonites dans la région du 
Yangtze. Reduviasporonites chalastus (40 μm   en longueur) dominait clairement les 
environnements de plateforme peu profonds, tandis que Reduviasporonites catenulatus, plus petit 
(15 μm  en longueur), est plus abondant dans des eaux plus profondes. 

Une  autre  partie  de  notre  étude  concerne  l’interprétation des changements du phytoplancton 
dans   l’intervalle   analysé.   Basés   sur   l’analyse   du   microphytoplancton   à   paroi   organique   des  
couches géologiques autour de la PTB du sud de la Chine, trois étages distincts avec des 
communautés à acritarches différentes sont identifiés. Des assemblages avec des acritarches 
abondants   et   diversifiés   (28   espèces   appartenant   à   10   genres)   sont   présents   dans   l’Etage   1,  
correspondant aux biozones à conodontes Clarkina changxingensis et Clarkina yini. Ensuite, des 
assemblages d’acritarches   modérément   diversifiés   (11   espèces   appartenant   à   7   genres)   sont  
présents   dans   l’Etage   2,   près   de   la   transition   Permien/Trias,   et   correspondant   aux   biozones   à  
conodontes Clarkina meishanensis, Hindeodus changxingensis, Clarkina taylorae et Hindeodus 
parvus. Une seule espèce (Leiosphaeridia minutissima) a  été  retrouvé  dans  l’Etage  3,  peut-être liée 
à une production de biomasse réduite, correspondant aux biozones à conodontes Isarcicella 
staeschei et Isarcicella isarcica. 
 A la fin du Permien, les écosystèmes   marins   étaient   bien   équilibrés   avant   l’extinction   de  
masse (Etage 1 ; communautés de métazoaires et de phytoplancton diversifiées et abondantes). Par 
contre, cet équilibre a été perturbé par des changements environnementaux dramatiques (p.ex., 
éruptions volcaniques à grande échelle, changements du niveau marin drastiques, températures de 
l’eau  de  mer  plus  élevées),  ce  qui  a  probablement  favorisé  des  proliférations  de  cyanobactéries  au  
niveau mondial, comme enregistrées par la présence de biomarqueurs lipides et de microbialites. 
La prolifération des cyanobactéries a probablement eu des effets très négatifs sur la diversité des 
métazoaires,  aggravés  par  une  anoxie  des  océans,  et  a  réduit  l’abondance  et  la  diversité  des  autres  
producteurs primaires   (atténuation   de   l’intensité   de   lumière).   Beaucoup   d’espèces   de   différents  
groupes  de  métazoaires  se  sont  éteintes  durant   l’Etage  2  quand  les  conditions  environnementales  
marines  ont  été  perturbées  (conditions  d’anoxie  et  limitation  de  nutriments),  quand  seulement peu 
de consommateurs primaires se sont développés, en particulier ceux de taille réduite et/ou ceux qui 
n’étaient  pas  sensibles  aux  toxines  des  cyanobactéries.  Lorsque  les   températures  augmentaient  et  
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que les nutriments inorganiques (Fe et P) étaient abondants, les cyanobactéries ont proliféré dans 
des  milieux  offshore  et  d’eaux  profondes  (couche  28  à  Shangshi  et  couche  29  à  Meishan),  pendant  
que les acritarches (nutriment de grande qualité pour les métazoaires) devenaient rare. Beaucoup 
d’espèces des   consommateurs   primaires   qui   avaient   survécu   à   l’extinction   de  masse   à   la   fin   du  
Permien disparaissaient dans le Trias le plus inférieur, probablement dû à une dégradation des 
conditions  de  l’environnement  (température  élevée,  anoxie  de  l’océan,  et  déficience en nutriment). 
Seulement quelques taxons dominaient dans les océans (p.ex., le bivalve Claraia). 
 Si   l’extinction   de  masse   du   Permien   a   été   initiée   par   des   éruptions   volcaniques   de   grande  
envergure, une importante anoxie des océans, une grande déficience en nutriments et des 
températures élevées, nous considérons que les proliférations des cyanobactéries augmentaient 
l’anoxie  des  océans  et  la  déficience  en  nutriments  durant  la  PTB.  Les  relations  entre  l’extinction  de  
masse et les proliférations des cyanobactéries sont plus complexes que ce qui était auparavant 
établi.  
  
Mots-clés：Permien terminal, Trias inférieur, extinction de masse, acritarches, phytoplancton 
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第一章 绪论 
 
 

§1.1 二叠纪-三叠纪之交生物大灭绝的研究进展 

 

1.1.1 生物大灭绝的过程分析 

据古生物化石资料显示，二叠纪与三叠纪之交的生物大灭绝是自显生宙以来地球上发生

的最大一次集群灭绝事件[1-3]，距今约 252Ma[4]。自上世纪 70 年代开始，国内外众多的古生

物学家对这一地质事件做了多方面的探索，发现这次事件造成当时海洋生态系统中大约 90%
以上的物种灭绝，同时造成近 70%的陆地生物灭绝[1-3]。而更多的研究则将焦点放在此次事

件的过程上。 
在华南地区，吴顺宝等[5]以及杨遵义等[6]对比了多条剖面的古生物化石资料，认为二叠

纪与三叠纪之交的生物大灭绝并非单期次灭绝，而是由多期次的灭绝组成。Yin et al. (2007）
则将煤山剖面二叠纪与三叠纪之交的生物灭绝过程分为三幕，序幕发生在 24e 层底部；主幕

发生在 25 层底部；而尾幕则出现在 28 层底[7]。然而，由于采样精度等原因，在这之前的研

究认为，煤山剖面的生物大灭绝事件是单幕式的灭绝事件，仅发生在 25 层底部[8]。而一些

学者对单一门类的生物化石研究发现，多数门类的化石呈现出双幕式的灭绝模式。如方宗杰
[9]提出，华南地区双壳类在二叠纪与三叠纪之交的大灭绝是双幕式的灭绝。此后，这种灭绝

模式在放射虫[10]、有孔虫[11]以及腕足类[12, 13]等化石门类中均得到了很好的印证。就在最近，

Song et al. (2012）在统计了华南地区二叠纪与三叠纪之交多个剖面共计 17 个门类 500 余种

生物化石资料后，明确提出此次灭绝事件是双幕式的灭绝[14]。同时发现，第一幕的灭绝发生

在二叠纪末期（煤山剖面 25 层底部），有 57%的物种遭到灭绝；第二幕则发生在早三叠世初

期（煤山剖面第 28 层顶部），共计 71%的物种灭绝。 
 

1.1.2 生物大灭绝的原因探讨 

全球各地的地质学家对二叠纪与三叠纪之交大灭绝事件的研究除了讨论其过程，同时对

大灭绝的原因也做了深层次的挖掘。到目前为止，尽管提出了众多的假说，如外星撞击[15-18]、

海洋缺氧或硫化[19, 20]、大规模火山喷发[21]以及海平面变化[22]等，但是种种假说均不能完全

解释此次大灭绝的原因。 
1）外星撞击 
地史时期的五次生物大灭绝中，白垩纪末期的生物大灭绝被认为是由于地外星体撞击所

致[23]。而早期的研究者认为，外星撞击同样是二叠纪与三叠纪之交生物大灭绝的首要原因。
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其主要的证据是发现部分界线粘土岩存在铱异常[15]、富勒烯及异常的稀有气体[24]、冲击石

英以及铁质微球粒等记录[16-18]。然而，这些结果在后续的研究中并没有得到重现。同时，外

星撞击的陨石坑也一直未被发现[25-27]。因此，这一假说并没有得到广泛的认可，还需要研究

者找到更加强有力的证据。 
2）大规模火山喷发 
大规模的火山喷发可以带来一系列的生态环境变化。首先，炙热的岩浆可以导致大面积

的森林火灾发生。其次，随岩浆喷出的高密度火山灰可以遮蔽阳光，对植物光合作用造成影

响，进而影响动物的生存。第三，火山喷发将释放大量的气体物质，其中，高浓度的二氧化

碳将加大全球碳排放，进而导致全球变暖；而二氧化硫和硫化氢等气体则可以形成酸雨以及

破坏臭氧层，从而对地球生物造成伤害[28]。同时，二叠纪与三叠纪之交的众多剖面都可以找

到数层由于火山喷发而形成的粘土岩。因此，大规模的火山喷发一直被多数地质学家认为是

二叠纪末期生物大灭绝的主要原因。 
殷鸿福等[29]很早就发现华南二叠纪与三叠纪之交的多个剖面都保存着火山粘土岩，并认

为该地区强烈的火山活动可能是导致生物大灭绝的原因之一。而 Wignall 则分析了地史时期

火山活动与生物灭绝的关系，并认为它们之间存在较好的联系[21]。因此，找到火山灰的来源

则成为支持这一假说的直接证据。而发生于二叠纪至三叠纪的两个大火山岩省（峨眉山大火

山岩省和西伯利亚大火山岩省）则成为学者们的关注焦点[30-36]。现有资料表明，峨眉山大火

山岩省基本可以确定是发生于中二叠世，可能为中二叠世末期生物灭绝的主要原因，却与二

叠纪末期的生物大灭绝无关[37]。目前，多数学者认为西伯利亚大火山岩省是二叠纪与三叠纪

之交生物大灭绝的重要原因[30-32]。但是，这些猜测并没有精确的年代学数据支持。相反，个

别数据显示，西伯利亚大火山岩省的主要喷发时间可能比此次生物大灭绝的时间更晚[34, 38]。

因此，这个假说还需要更多的年代学数据来支撑。同时，现阶段对火山如何影响环境，进而

造成生物灭绝的作用机制还不甚了解[39, 40]，需要更多的学者来做系统的研究。 
3）海洋大范围缺氧 
二叠纪与三叠纪之交的生物大灭绝的主体是好氧的海洋宏观生物，倘若海洋水体发生大

范围的缺氧事件，势必会对这些生物的生存造成巨大的影响。Isozaki[19]认为晚二叠世至早三

叠世期间，泛大洋一直处在缺氧的环境中。并指出此次海水缺氧事件的时间可能长达 20Ma，
其不仅是二叠纪末期海洋生物大灭绝的原因，也影响了早三叠世动物的复苏。而 Grice et al. 
(2005）更是认为当时海洋的透光带中已经富集了硫化氢，由此证明此次缺氧的程度相当严

重[20]。在这之后，多个剖面也相继报道了类似的现象[41-44]，更加证明了此次海水缺氧事件影

响范围较大，甚至可能是全球性的。因此，海水缺氧事件可能是二叠纪末期海洋生物大灭绝

的主要原因之一。 
4）海平面升降 
浅海地区是海洋生物生活的主要场所之一。海平面的骤降则会直接导致浅海地区面积的

减少，从而影响到海洋生物的生存。由于泛大陆的聚合，从晚古生代开始，海平面出现一期

明显的海退事件，而二叠纪末期达到当时海平面的最低值（图 1-1）。据图 1-1 可知，地史时

期的五次生物大灭绝与海洋面积的缩减具有较强的相关性。二叠纪与三叠纪之交的海退始于

长兴晚期，在全球多个剖面都有明显的沉积记录，煤山剖面在此期间则在第 24e 层底部出现
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一个Ⅱ型层序界面[45]。Newell[22]较早地认识到此次海平面的降低是生物大灭绝的原因之一。

然而，二叠纪末期的生物大灭绝并没有发生于此次海退事件期间，而是发生在处于海侵过程

中的煤山 25 层[14]。因此，海退事件可能并不是其主要原因，而海退之后引发的海水大面积

缺氧事件以及突发的大规模火山喷发事件才是二叠纪末期生物大灭绝的真正元凶[28]。 
关于二叠纪末期的生物大灭绝的原因，还有很多其他的假说，如海洋倒转事件[46]、甲烷

释放事件[47]、全球气候变化以及全球大火事件[13]等，然而过分地强调单一事件的作用并不

能解决二叠纪末期生物大灭绝的所有问题。因此，多数学者更倾向于是多种因素的综合作用

才导致了此次生物大灭绝事件的发生[7]。 
 

§1.2 二叠纪疑源类研究进展 

 
现代海洋浮游植物主要由三大类组成，钙质浮游植物（如钙藻），硅质浮游植物（如硅

藻）和有机质壳浮游植物（如沟鞭藻等）。钙藻和硅藻等浮游植物出现并繁盛于中生代，而

最早的有机质壳浮游植物则出现于前寒武纪[52]。同时，有机质壳浮游植物在早古生代达到繁

盛的顶峰，特别是奥陶纪和泥盆纪[53, 54]。奥陶纪时期，由于海平面较高，大陆架分布广泛，

导致作为初级生产者的浮游植物的生物量和生物多样性都极高，从而引起“奥陶纪生物大爆

发”  [51, 55]。而泥盆纪的浮游植物繁盛同样引发“Devonian nekton revolution” [56, 57]。由图 1-1
可知，浮游植物物种多样性的高低与地史时期海洋面积的大小呈较强的相关性。因此，从晚

泥盆世开始到早石炭世，浮游植物的生物量和生物多样性都出现了巨大的降低。 
于是，一些学者认为疑源类在这一时期出现缺失。而此阶段疑源类生物多样性的下降也

与古环境的其它参数变化关系密切，如海洋营养盐的减少，大气中二氧化碳浓度的变化等[58, 

59]。由于其它具有机质壳的浮游植物如沟鞭藻化石在晚三叠世才大量出现（图 1-1），因此，

Riegel[58]称石炭纪和二叠纪疑源类化石的生物多样性和生物量降低的事件为“Phytoplankton 
Blackout”（从晚泥盆世开始，持续将近 130Ma）。但是，Servais et al.（2006）对此提出质疑，

他认为疑源类壳体化石的缺失不足以说明浮游植物的不存在[60]。以现代大洋中的沟鞭藻为

例，只有少量沟鞭藻的壳体可以保存为化石[61]。 
Mullins and Servais[62]总结了石炭纪的浮游植物。他们发现，与早古生代浮游植物生物多

样性相比，其在石炭纪的生物多样性一般较低，且从 Tournaisian 到 Serpukhovian 越来越低，

在晚石炭世时，只有 1-3 种[62]。 
现有的研究表明，二叠纪疑源类化石个体较小，其直径通常在 20 微米左右，很难在普

通光学显微镜下进行研究。同石炭纪类似，二叠纪疑源类生物多样性同样很低，以致大多数

的学者都着重研究生物多样性更高，个体体积更大的孢粉化石，只是零星的报道一些疑源类。

因此在二叠纪地层的研究中，无论是化石带的报道，还是古环境的重建，孢粉化石组合的研

究都比疑源类的研究更为深入。 
生物亲缘关系方面，除了亲缘关系不明的疑源类，其它的一些浮游植物如绿藻已经在晚

古生代出现[63]。它们大多应该归属于 Prasinophyceae、Chlorophyceae 和 Zygnemaphyceae。
同时，一些菌孢也同样经常被报道。尤其是在二叠纪末生物大灭绝时期，一些学者认为出现
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了菌孢繁盛的高峰[64-68]。 
迄今为止，关于二叠纪的疑源类化石，只有两篇简短的总结文章[69, 70]。因此，本节首先

查阅了超过 100 篇关于二叠纪浮游植物的报道，同时检索了 Fensome et al.（1990）总结的二

叠纪疑源类的所有种类，期望总结二叠纪浮游植物多样性的变化规律[71]。同 Mullins and 
Servais [62]类似，本节研究的浮游植物包括了二叠纪所有的未知亲缘关系的海相疑源类化石，

也有一些可疑的非海相的疑源类化石，同时也囊括了已知亲缘关系的藻类化石，如绿藻。 
值得注意的是，本节的主要目的并不是讨论各类浮游植物的亲缘关系。所以对于某些亲

缘关系存在争议的属种（如 Leiosphaeridia 和 Polyedryxium），都将其视为疑源类化石。 
在研究二叠纪的地层时，尽管很多文章都提到了孢粉型化石组合，但是绝大多数都是研

究孢粉化石，只有近 100 篇文章报道了浮游植物化石（包括疑源类和其它藻类）。图 1-2 摘

录了这些文献中的关键信息，包括研究地区、地层时代、作者、时间、物种名等，其它信息

将在文中详细叙述。但是，根据 Fensome et al.（1990）的分类意见，某些属种如 Acanthotriletes
被归为孢子化石而没有被收录进本节[71]。 

本文参照国际地层委员会(ICS）划分二叠纪地层[72]。文中出现的所有物种，其种名都

收录在附录 A 中。 
 

1.2.1 早二叠世 

1.2.1.1 Gzhelian/Asselian 
在石炭纪与二叠纪之交（Gzhelian/Asselian），只有两篇文章描述了浮游植物。在阿根廷，

距离 San José de Jáchal 29 公里处 Tupe 组的岩层中，Gutiérrez et al.（2006）报道了 3 种浮游

植物化石 Botryococcus braunii、Leiosphaeridia sp.和 Brazilea spp. [73]。而 Gorter et al.（2008）
在澳大利亚 Treachery 组也发现了三个属的疑源类化石（Botryococcus、Baltisphaeridium 和

Ulanisphaeridium）[74]。 
 
1.2.1.2 Asselian 以及 Asselian/Sakmarian 

在早二叠世 Asselian/Sakmarian，有 5 篇文章描述了浮游植物化石。在南极地区 Beacon
群地层中，Kent et al.（1990）发现了保存完好且丰度较高的孢粉型化石[75]。主要是一些孢

子和花粉，但是同时也含有多种浮游植物化石，如 Botryococcus sp.、Diexallophasis sp.、
Leiosphaeridia sp.、Dictyotidium sp.、Tasmanites sp.、Brazilea scissa、Tetraporina sp.和
Quadrisporites horridus。在南极 Heimefrontfjella 的北部，Lindström[76]同样描述了几种疑源

类化石，包括 Acritarch sp. A、Botryococcus braunii、Leiosphaeridia spp.、Lophosphaeridium 
spp.、Dictyotidium sp.、Tasmanites sp. A、Tetraporina gigantea、T. tetragona、T. sp. A、Brazilea 
scissa 和 Quadrisporites horridus。 

在阿根廷西部 La Rioja 省，Di Pasquo et al.（2010）研究了三个剖面的地层，报道了两

个孢粉组合带，都产出疑源类化石 Portalites gondwanensis[77]。同时，他们认为其中一个化

石带的时代应该是 Asselian 与 Sakmarian 之交[77]。 
在乌拉圭这一时期的地层中，Beri et al.（2006）和 Beri et al.（2010）分别分析了来自
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San Gregorio 组的 4 个岩芯样品（DCLS24）和 32 个采自 Cerro Pelado 组的样品[78, 79]。他们

报道了多个属的浮游植物化石，如 Deusilites、Leiosphaeridia、Micrhystridium、Pilasporites、
Portalites、Brazilea、Tetraporina、Quadrisporites 和 Botryococcus[78, 79]。 

 
图 1-1 地史时期生物大灭绝与海平面以及浮游植物多样性变化的对比 

红色箭头指示五次生物大灭绝；A：生物多样性变化来自[48]；B：海洋面积变化来自[49]；C：浮游植物多样

性变化来自[50, 51]。 
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图 1-2a 二叠纪疑源类文献记录（参考文献见正文） 
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图 1-2b 二叠纪疑源类文献记录（接上图）
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图 1-2c 二叠纪疑源类文献记录（接上图）
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图 1-2d 二叠纪疑源类文献记录（接上图）
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1.2.1.3 Sakmarian 以及 Sakmarian/Artinskian 

大约有 10 篇文章报道了 Sakmarian 以及 Sakmarian/Artinskian 的浮游植物种类。在阿曼

的 Al Khlata 地区的冰川沉积物中，Besems and Schuurman[80]描述了两个孢粉组合带，其中都

含有藻类 Botryococcus braunii。而 Stephenson et al.（2003）认为，疑源类 Ulanisphaeridium 
omanensis 出现在最大海侵期的页岩里面[81]。在阿曼北部，Stephenson et al.（2008）报道了

疑源类 Leiosphaeridia 出现在 Haushi 的灰岩层中[82]。 
在巴西 Paraná 盆地，Quadros[83]记录了多种疑源类出现在石炭纪和二叠纪之交。而

Deusilites tenuistriatus 和新种 Dictyotidium souzae 出现在 Sakmarian/Artinskian 时期；

Tasmanites spp. 出 现 于 Sakmarian-Kungurian ； Micrhystridium breve 、 M. toigae 和

Comasphaeridium daemoni 仅现于 Kungurian。在这一地区北部，Souza and Callegari[84]报道了

一个保存较好的孢粉植物化石组合，同时 Botryococcus braunii、Deusilites tenuistriatus、
Portalites gondwanensis 和 Tasmanites sp.也存在其中。在 Paraná 盆地南部，Guerra-Sommer et 
al.（2008） 也发现了几种浮游植物化石，如 Maculatasporites minimus、M. gondwanenssi 和
Portalites gondwanensis[85]。 

在澳大利亚，Foster[86]以及 Foster and Waterhouse[87]分别调查了 Waterloo 海湾和 Canning
盆地的孢粉组合，同时报道了几种浮游植物化石，包括 Baltisphaeridium sp.、Leiofusa spp.、
Micrhystridium spp.、 Spongocystia eraduica、 Ulanisphaeridium sp. cf. Ulanisphaeridium 
berryense、Veryhachium spp.、Tetraporina simplex、Maculatasporites spp.、Quadrisporites 
horridus、Botryococcus braunii 以及 B. sp. 

在乌拉圭 Arroyo Seco 地区 Melo 组地层中，Mautino et al.（1998）报道了三种浮游植物

化石：Botryococcus braunii、Cymatiosphaera gondwanensis 和 Micrhystridium fragile[88]。而在

非洲 Karroo 组地层中，Jardiné[89]只发现了一种疑源类 Maculatasporites indicus。 
 

1.2.1.4 早二叠世晚期（Artinskian-Kungurian） 
有四篇文章记录了 Artinskian 的浮游植物化石。在印度 Bihar 地区的 Karanpura 煤田南

部，Leleand and Kulkarni[90]报道了两个孢粉组合带，同时描述了一个疑源类的新种

Maculatasporites karanpurensis。而在 Auranga 煤田中，Maithy[91]描述了另外一种疑源类

Maculatasporites ovalis。在秘鲁 Cuzco 地区，Doubinger and Marocco [92]报道了 4 种疑源类

Pyramidosporites sp.、Brazilea scissa、Peltacystia venosa 和 Quadrisporites horridus。而在巴

西 Paraná 盆地南部，Mori et al.（2012）记录了 9 种疑源类化石[93]。值得注意的是，两种疑

源类 Congoites sp.和 Quadrisporites lobatus 在二叠纪的记录中仅出现这一次。在挪威斯瓦尔

巴群岛，Mangerud and Konieczny [94] 分析了 16 个剖面的孢粉组合，发现最早的

Kraeuselisporites 化石组合带属于晚 Artinskian 到早 Capitanian。同时产出疑源类化石

Micrhystridium spp.、Unellium spp.和 Veryhachium spp.等[94]。 
在 Kungurian 到 Roadian 的地层中，有 6 篇文章报道了浮游植物化石。在加拿大 Peace

河流域，Jansonius[95]描述了超过 20 种的疑源类化石。但是大多数化石出现在早三叠世，只

有 6 种产出于 Kungurian 到 Capitanian。其中包括：Micrhystridium inconspicuum、M. sp.H.、
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Polyedryxium deflandrei、Protoleiosphaeridium conglutinutum、Spheripollenites scissus 和一个

新种 Leiosphaeridium ?belloyense。 
在美国堪萨斯，Tasch[96]描述了疑源类的两个新种 Hystrichosphaeridium leonardianum 和

H. equispinosum。在挪威巴伦支海南部的芬马克台地，Mangerud[97]分析了二叠纪至早三叠世

的孢粉型化石组合。其中 Dyupetalum sp. –Hamiapollenites bullaeformis 孢粉化石组合带属于

Kungurian 到 Roadian，产出 8 个属的浮游植物化石：Micrhystridium、Veryhachium、

Cymatiosphaera、Dictyotidium、Tasmanites、Brazilea、Maculatasporites 和 Reduviasporonites。 
在巴西南部 Candiota 煤田中，Cazzulo-Klepzig et al.（2002）发现了较为丰富的浮游植

物化石，包括：Botryococcus braunii、Portalites gondwanensis、Pilasporites calculus、Brazilea 
scissa、Tetraporina horologia、T. punctata 和 Quadrisporites horridus[98]。同时利用 U/Pb 测定

的年龄为 267.1 ±3.4 Ma，处于中二叠世[98]。 
在巴拉圭 Paraná 盆地，Pérez Loinaze et al.（2010）分析了 5 个采自 Mallorquin-1 井的

岩芯样品，发现 4 种疑源类化石 Gorgonisphaeridium sp.、Navifusa sp.、Cymatiosphaera 
gondwanensis 和 Reduviasporonites chalastus[99]。 

在巴布亚新几内亚 Bird’s  Head地区 Ainim 组和 Aiduna 组，Playford and Rigby[100]报道

了 5 种浮游植物化石，包括：Mehlisphaeridium regulare、Cymatiosphaera gondwanensis、
Maculatasporites indicus、Peltacystia venosa 和 Quadrisporites horridus。 
 
1.2.1.5 其它早二叠世疑源类化石记录 

由于缺乏准确的时代信息，很多二叠纪疑源类化石记录不能做出上述具体的分类。其

中有 23 篇报道疑源类化石的这类文章的时代只能归属到早二叠世或者早 Cisuralian[101]。值

得一提的是，其中研究南美洲地区的多达 13 篇。Césari and Gutiérrez [102]分析了阿根廷西部

地区晚石炭世至二叠纪的孢粉型化石带，发现 Fusacolpites fusus- Vittatina subsaccata（FS）
和 Lueckisporites- Weylandites（LW）生物带处于早二叠世，同时报道了疑源类化石 Brazilea 
scissa。而在阿根廷 Paganzo 盆地 Tasa Cuna 组，Balarino and Gutiérrez[103]报道了另外一种疑

源类化石 Portalites gondwanensis。同一地区的 Sauces 组，Pieroni and Georgieff[104]记录了 3
种疑源类化石：Botryococcus braunii、Portalites gondwanensis 和 Brazilea scissa。而最近在 Río 
Francia 组中，Gutiérrez et al.（2010）也发现了两种疑源类化石 Portalites gondwanensis 和

Tetraporina punctata[105]。 
在巴西 Paraná 盆地，许多学者研究了此地区的孢粉型化石。Tiwari and Navale[106]描述

了一个孢粉组合并报道了多达 14 种疑源类化石，其中包括 8 个新种：Balmeella densicorpa、
B. minuta、B. punctata、Brazilea crassa、B. punctata、Congoites baculosus、C. conatus、
Disectispora lobata。Paraná 盆地北部，Holz and Dias [107]记录了疑源类的 7 个属：

Micrhystridium、Pilasporites、Portalites、Veryhachium、Botryococcus、Tasmanites 和 Brazilea。
在相邻地区，Iannuzzi et al.（2006）报道了疑源类化石 Leiosphaeridia、Portalites、Brazilea、
Tetraporina 和 Quadrisporites[108]。而 Cazzulo-Klepzig et al.（2007）注意到，疑源类化石

Portalites、Brazilea、Tetraporina、Maculatasporites 和 Quadrisporites 经常出现在巴西南部煤

层的孢粉植物群中，但是 Botryococcus 却未被发现[109]。 
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在乌拉圭，Gutiérrez et al.（2006）从 San Gregorio 组的 4 孔钻井中发现了一些疑源类

化石，包括 Botryococcus、Portalites、Leiosphaeridia、Micrhystridium、Tetraporina、Pilasporites
和 Brazilea[110]。而最近 Beri et al.（2011）从 San Gregorio 另外一组钻井中描述了其它一些浮

游植物化石，如 Deusilites tenuistriatus、Mehlisphaeridium regulare 和 Cymatiosphaera[101]。它

们产自 Cristatisporites inconstans –Vittatina saccata 孢粉化石带，其时代属于早 Cisuralian[101]。 
在印度 Godavari 盆地，Tiwari and Moiz[111]描述了两个新种 Globulaesphaeridium densum

和 Gondisphaeridium leve。而在 Madhya Pradesh 地区，Lele and Chandra [112]则报道了一个疑

源类的新属 Foveofusa，同时描述了 8 个新种，包括：Foveofusa attenuate、F. cylindrical、F. 
mutabilis、F. obese、F. perforate、F. pumila、Leiosphaeridia indica 以及 L. umariensis。在 Bihar
地区，Hutar 煤田中的 Talchir 组里，Lele and Shukla[113]报道了 3 个疑源类化石新种：

Leiosphaeridia ghoshii、L. shepeleva 和 Tasmanites talchirensis。在 Rajmahal Hills 地区的

Chuparbhita 和 Hura 盆地，Banerjee and D'Rozario[114, 115]先后两次报道了一些疑源类和藻类化

石，如： Haplocystia 、 Pilasporites 、 Cymatiosphaera 、 Circulisporites 、 Kagulubeites 、
Maculatasporites、Peltacystia、Tetraporina 和 Quadrisporites horridus。 

在澳大利亚昆士兰中部地区的 Blair Athol 煤层，Foster[116]发现了丰富的微体植物化石，

其中也包括一些疑源类化石：Brazilea scissa、Circulisporites parvus、Maculatasporites 
delicates、Mehlisphaeridium fibratum、Peltacystia venosa、Pilasporites plurigenus、Quadrisporites 
horridus 和 Botryococcus sp.。之后在 Arckaringa 盆地，Gilby and Foster[87]报道了更多的疑源

类 化 石 种 类 ， 包 括 Diexallophasis? spp. 、 Leiofusa punctalirella 、 Leiosphaeridia. 
spp.、?Lophosphaeridium spp.、Maculatasporites amplus、M. gondwanensis、M. sp. cf. M. 
minimus、Micrhystridium spp.、Peltacystia venosa、Quadrisporites horridus、Spongocystia 
eraduica、Tetraporina sp. A、Ulanisphaeridium berryense、Botryococcus sp. A 和 Dictyotidium 
spp.。而在 Collie 盆地中的 Stockton 组，Backhouse[117]描述了 22 种浮游植物化石。其归属于

11 个疑源类化石属，包括：Leiosphaeridia、Mehlisphaeridium、Pyramidosporites、Spongocystia、
Cymatiosphaera、Brazilea、Circulisporites、Maculatasporites、Peltacystia、Tetraporina 和

Quadrisporites。 
在英国 Yorkshire 地区早二叠世的泥灰岩中，Wall and Downie[118]描述了 11 种疑源类化

石，归属于 4 个属：Baltisphaeridium、Leiofusa、Micrhystridium 和 Veryhachium，其中包括

两个新种 Baltisphaeridium debilispinum 和 Veryhachium flagelliferum。 
在也门 Kolli 组的 Khalaqah 段中，El-Nakhal et al.（2002）报道了 3 个浮游植物属：

Leiosphaeridia、Deusilites 和 Tasmanites[119]。同时他认为，疑源类 Deusilites tenuistriatus 和

D. tentus 应为同物异名[119]。 
在华北太原组，Kaiser[120]描述了一个微体古植物群，同时也记录了一种疑源类

Assamialetes giganteus。 
在俄罗斯乌拉尔地区，Dyupina[121]报道了一个疑源类新属 Inderites，并描述了 5 个新种

Inderites crassus、I. elegans、I. flexuosus、I. microreticulatus 和 I. scrobiculatus。 
值得一提的是，在各个地质时期被广泛报道的一类疑源类化石 Tasmanites 是由 Newton 

[122]在澳大利亚被称为“White Coal”的地层中首先描述的。 
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1.2.2 中二叠世 

在中-晚二叠世（瓜德鲁普统至乐平统），很少文章报道浮游植物。迄今为止，据统计，

在中二叠世，一共只有十篇文章提及了疑源类化石。同时，也只有少数几篇文章涉及到

Kungurian/Roadian 的疑源类。在 Roadian-Wordian 的地层中，Wilson[123]在美国俄克拉荷马州

记录了一种疑源类化石 Hystrichosphaeridium sp.。在犹他州 Phosphoria 和 Park City 组中，

Jacobson et al.（1982）描述了 6 种疑源类化石[124]。其中 4 种归属于 Micrhystridium，另外两

个为新种：Leiosphaeridia schopfii 和 Unellium phosphoriensis[124]。在俄罗斯 Kolguyev 岛，

Grigoriev and Utting[125]报道了 1 种疑源类化石 Micrhystridium spp.和两种绿藻化石

Cymatiosphaera sp.与 Tetraporina horologia。 
中二叠世（Roadian –Capitanian）地层中，在澳大利亚昆士兰 Rewan 组的煤层中里，Foster 

[126]描述了 5 种疑源类化石：Brazilea helbyi、B. helbyi forma gregata、B. helbyi forma helbyi、
B. plurigena 和 Tessellaesphaera tessellate。而在南极 Dronning Maud Land 地区 Vestfjella 山脉，

Lindström[76, 127, 128]从 62 块样品中发现了 3 种疑源类化石（Acritarch sp. A、Leiosphaeridia sp.
和 Mehlisphaeridium sp.）和 5 种其它藻类化石（Cymatiosphaera gondwanensis、Brazilea scissa、
Circulisporites sp.、Peltacystia monile 和 P. venosa）。在格林兰岛 Norwegian 大陆架中部的岩

芯样品里，Bugge et al.（2002）报道了 2 个疑源类化石属：Botryococcus 和 Tasmanites[129]。 
在土耳其 Hazro 地区 Wordian-Capitanian 的地层中，Stolle 先后三次[130-132]报道了共计 6

种浮游植物化石：Pyramidosporites cyathodes、Cymatiosphaera gondwanensis、Dictyotidium 
spp.、Tetraporina sp. A、Reduviasporonites chalastus 和 R. sp. B。 
 

1.2.3 晚二叠世 

1.2.3.1 长兴期以及二叠纪与三叠纪之交 
在二叠纪与三叠纪之交的地层中，有近 17 篇的文章报道了疑源类化石。在中国云南富

源，Ouyang[133, 134]描述了一些疑源类化石，包括：Archaeodinium cingulatum、Solisphaeridium 
solidurn、S. spinulatum、Tasmanites sp.、Psiloschizosporis scissus 和 Schizosporis sp.。在煤山

剖面，Ouyang and Utting[135]以及 Li et al.（2004a）先后发现了共计 6 个疑源类化石属

（ Baltisphaeridium 、 Leiosphaeridia 、 Micrhystridium 、 Veryhachium 、 Schizosporis 和

Tunisphaeridium）和 2 个绿藻化石属（Cymatiosphaera 和 Dictyotidium），同时也发现了类似

真菌的化石 Reduviasporonites[69]。值得一提的是，Ouyang and Utting[135]在文中认为疑源类化

石组合带 Leiosphaeridia changxingensis –Micrhystridium stellatum 出现在晚二叠世，并描述了

一个新种 Leiosphaeridia changxingensis。但是 Li et al.（2004a）阐述了煤山剖面疑源类的变

化趋势，没有提及化石带，也没有发现此种疑源类化石[69]。 
在欧洲和非洲的一些二叠纪 -三叠纪之交的地层中， Jekhowsky[136]描述了 6 种

Veryhachium 属的疑源类化石，其中包括两个新种：Veryhachium ?irregulare 和 V. reductum。

在巴基斯坦西部 Chhidru 组，Sarjeant et al.（1970）报道了 16 种疑源类化石和一种绿藻化石
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[137]。同时他强调，二叠纪的疑源类化石个体小且形态简单[137]。在肯尼亚 Maji ya Chumvi 组，

Hankel[138]记录了两种疑源类化石 Chordecystia chalasta 和 Reduviasporonites chalastus。而在

南极 Amery 群，McLoughlin et al.（1997）也报道了两种疑源类化石 Dictyotidium sp.和
Quadrisporites horridus[139]。 
 
1.2.3.2 其它晚二叠世疑源类化石记录 

和研究早二叠世地层一样，一些作者在研究晚二叠世的地层时，并不能得到确切的地

层时代信息，只能归为晚二叠世。在南极地区 Prince Charles 山，Balme and Playford[140]报道

了微体古植物组合带，其中产出疑源类化石 Schizosporis scissus。而在 Transantarctic 山中部，

Farabee et al.（1991）记录了疑源类化石 Pilasporites calculus[141]。之后在 Vestfjella 山的三个

剖面中，Lindström[127]详细分析了其孢粉组合，报道了较多疑源类化石：Acritarch sp. B、
Mehlisphaeridium sp. A、Leiosphaeridia sp. B、Cymatiosphaera gondwanensis、Brazilea scissa、
Circulisporites parvus、Peltacystia monile 和 P. venosa。 

在德国 Franconian 海湾，Schaarschmidt[142]描述了 21 种浮游植物化石，归属于 6 个化石

属：Baltisphaeridium、Buedingiisphaeridium、Micrhystridium、Polyedryxium、Veryhachium 和

Cymatiosphaera。同时他提到，这些疑源类化石的直径大都在 20 微米左右[142]。 
在以色列 Negev 地区北部，Horowitz[143, 144]先后描述了 12 种疑源类化石，归属于 5 个

属：Micrhystridium、Pterospermopsis、Solisphaeridium、Veryhachium 和 Tasmanites。而在南

非 Karoo 地区，Horowitz [145]报道了 7 种疑源类化石和一种藻类化石。归属于 5 个属：

Baltisphaeridium、Micrhystridium、Solisphaeridium、Veryhachium 和 Tetraporina。 
在澳大利亚，Balme and Segroves[146]描述了三个疑源类新种，Peltacystia calvitia、P. 

monilis 和 P. venosa。而在悉尼盆地北部地区的煤层中，McMinn [147]报道了 5 种疑源类化石，

包括：Mehlisphaeridium sp. cf. M. fibratum、Micrhystridium breve、M. sp. cf. M. inconspicuum、

M. karamurzae和新种Ulanisphaeridium berryense。在昆士兰中部，Fielding and McLoughlin[148]

记录了更多的疑源类化石，包括：Botryococcus braunii、Mehlisphaeridium sp. cf. M. fibratum、

Micrhystridium sp.、Portalites gondwanensis cf. Spongocystia sp.、Circulisporites parvus、
Peltacystia sp. cf. P. calvitium 和 Tetraporina horologia。 

在印度，Tripathi[149]分析了 Rajmahal 盆地 Chuperbhita 煤田的 RCH-151 岩芯样品，发现

了 4 个疑源类化石属 Balmeella、Botryococcus、Greinervillites 和 Leiosphaeridia。在坦桑尼亚

Kilombero 地区的 Karoo 超群，Dypvik et al.（2001）报道了 3 种疑源类化石 Mehlisphaeridium 
regulare、Cymatiosphaera gondwanensis 以及 C. sp.[150]。 

在巴基斯坦 Surghar 和 Salt 山，Balme[151]发现了 5 种疑源类化石 Inaperturopollenites 
nebulosus、Pyramidosporites racemosus、Peltacystia venosa、Quadrisporites horridus 和

Schizosporis scissus。而在同一地区，Hermann et al.（2012）则报道了 3 种疑源类化石：

Micrhystridium sp.、Veryhachium sp.和 Quadrisporites horridus[152]。 
 
1.2.3.3 二叠纪末期的真菌高峰 

在以色列二叠纪末的生物大灭绝期间，由于疑源类 Reduviasporonites 化石占据样品中
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孢粉型化石的 95%以上，而且 Eshet et al.（1995）认为其为一种真菌，于是首先提出了二叠

纪末期“真菌高峰”的概念[64]。紧接着，在意大利阿尔卑斯山南部，Visscher et al.（1996）
报道了疑源类化石 Reduviasporonites，也认为它是一种真菌的菌孢[66]。由于此化石在二叠纪

末期的大灭绝期间异常富集，他们同样认为此时出现了菌孢高峰[66]。之后在全球其它地区的

二叠纪-三叠纪之交的地层中，Looy et al.（2001）、Steiner et al.（2003）以及 Sandler et al.（2006）
先后也报道了真菌高峰的存在[65, 68, 153]。 

然而，一些作者认为这类疑源类化石并非真菌化石。在俄罗斯，Afonin et al.（2001）
描述了 Reduviasporonites 并认为其为一种藻类[154]。之后 Foster et al.（2002）采集了来自格

陵兰岛、英国、中国、俄罗斯以及澳大利亚等地 PTB 的样品，总结并重新详细地描述了

Reduviasporonites 化石，并将其归为两个种 Reduviasporonites catenulatus 和 R. chalastus[155]。

他们认为，这两个种都为链状，其最大的区别在于每一个单体胞囊的直径相差较大[155]。

Reduviasporonites catenulatus 的个体较小，其长度一般在 20 微米以下；而 R. chalastus 个体

较大，其长度在 20 至 60 微米之间。同时，他们还对 Reduviasporonites 做了化学分析，认为

其更像是藻类而不是真菌[155]。 
但是，Sephton et al.（2009）分析了 Reduviasporonites 的碳同位素和氮同位素等化学组

成，明确地认为其来源于真菌[156]。而后，Visscher et al.（2011）通过形态等方面的证据，更

加巩固了 Reduviasporonites 为真菌的结论[67]。关于 Reduviasporonites 是否为真菌的争论也许

并未结束，应该还会有更多的学者加入研究的行列中。 
 

1.2.4 其它二叠纪疑源类的报道 

另外还有 7 篇文章报道了二叠纪疑源类化石，但是缺乏更为准确的地层信息，我们无法

将其划分到以上各类。在澳大利亚的煤层中，Balme and Hennelly[157]以及 Stephen[158]报道了

2 种疑源类化石 Brazilea plurigenus 和 Psiloschizosporis scissus。在澳大利亚西部，Segroves[159]

详细地描述了一些浮游植物种类。在俄罗斯 Pre-Caspian 地区，Abramova and Martchenko[160]

描述了 3 个新种 Inderites bulbiferus、I. compactus 和 I. robustus。在刚果，Bose and Kar[161]

描述了一个新属 Greinervillites，同时描述了新种 Greinervillites undulatus。同一地区，Kar and 
Bose[162]又记录了另外一个新种 Maculatasporites zairensis。在日本二叠纪的砂岩中，Takahashi 
and Yao[163]报道了一种疑源类化石 Tasmanites tanbaensis。 
 

1.2.5二叠纪疑源类的古地理分布 

在早古生代的地层中，特别是奥陶纪和泥盆纪，疑源类不仅可以用于划分地层，同时

也可以用来恢复古地理环境。疑源类古地理分区不仅存在于早-中奥陶世[164, 165]，同样也存在

于志留纪[166]和泥盆纪[56, 167]。另一方面，近年来，研究疑源类古地理分布的学者越来越多
[168-172]。他们发现，疑源类大都富集在大陆架附近；而离陆地越远，其多样性越低，符合近

岸-远岸的分布规律。本文也将在第三章中重点讨论这个问题。 
以上的数据表明，在二叠纪，共计 45 个浮游植物化石属出现在南半球中纬度地区，共

http://data.gbif.org/species/browse/resource/1/taxon/4921722/
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来自于 57 篇文章的资料（图 1-3）。也有 27 属在北半球低纬度地区，它们出自 12 篇文章。

值得注意的是，二叠纪疑源类的数据量远远不够，还需要大量的研究工作，才能得到相对严

谨的结果。同时，在北半球高纬度地区至今还未找到疑源类化石，中纬度地区也只有 11 个

属被报道。而在南半球低纬度和高纬度地区，分别有 20 个和 17 个疑源类化石属被发现。如

图 1-3 D 所示，尽管目前数据量较小，但是仍然可以明显看出疑源类化石的多样性高低与研

究论文的数量成正相关。其较高的物种多样性来自于大量的研究工作，特别是在早二叠世（图

1-3）。 
就疑源类化石属的古地理分布而言，Cymatiosphaera 分布最广，从北半球中纬度地区一

直到南半球高纬度地区皆有发现。而另外一些属如 Baltisphaeridium、Micrhystridium 和

Veryhachium 分布在北半球中纬度地区至南半球中纬度地区。反之，Leiosphaeridia、
Dictyotidium、Tasmanites 和 Brazilea 则只出现在北半球低纬度地区到南半球中纬度地区，而

其它一些属的分布更窄。但是，也许只是因为调查研究的地区分布不均而导致了某些属种分

布较窄。值得一提的是，尽管 Portalites 被报道了多达 14 次，但是其仅限于分布在南半球中

纬度地区。 
与 Li et al.（2004a）的结论类似，目前为止，由于二叠纪疑源类的数据量太小且大多数

常见种都是世界性的广布种，而无法做生物古地理的研究[69]。 
在古环境的重建方面，大多数二叠纪的有机质浮游植物都出现在砂岩、粉砂岩、泥岩

和页岩中，即出现在近岸浅海或者潮坪环境。同时，多数研究孢粉的学者都着重调查陆地孢

粉化石，而大都忽略了疑源类的研究。即使报道了疑源类，其在孢粉组合中含量也极低。然

而此类近岸环境的有机质化石中应该包含较多海洋浮游植物，如绿藻类。只有少数几篇文章

研究了远岸海洋环境的疑源类[69, 82, 92, 94, 135]。而这些文章中出现的疑源类大都是直径较小的

种类，通常不超过 20 微米，皆为常见的疑源类种类，如 Baltisphaeridium、Micrhystridium 和

Veryhachium。 
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图 1-3 二叠纪疑源类的古地理分布图 

A：早二叠世（290Ma）；B：中二叠世（265 Ma）；C：晚二叠世（255 Ma）；均改自[173]；D：二叠纪疑源类随纬度的变化规律 
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图 1-4 二叠纪疑源类化石属的多样性变化 

二叠纪地层划分参考自[72]；*：真菌；**：藻类 
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1.2.6二叠纪疑源类的物种多样性 

以上结果显示，相对于早古生代，二叠纪疑源类的研究程度很低，很可能大部分的疑

源类化石都未被发现。与石炭纪的浮游植物类似[62]，现在仍然有很多问题不能解决。首先，

很多文章的详细地层时代不明（见上文）。其次，由于众多文献之间存在较长的时间间隔，

故很多属种的描述不尽相同，同时许多生物亲缘关系也不能确定。第三，各个时代间隔内的

研究程度不一致，导致无法准确评估整个二叠纪浮游植物物种多样性的变化趋势。因此，为

了更好地评价二叠纪浮游植物物种多样性的相对变化，本文不仅统计了浮游植物化石属种的

数量，同时也统计了各阶的研究论文数量。 
在统计的时候，如果某一属种出现在两个阶之间（或者更多，如 Kungurian 和 Roadian），

则其将被各计算一次，其结果如图 1-4 所示。同时，本文还统计了各属被报道的次数以及其

包含的物种的数量（图 1-5）。 
在早二叠世，浮游植物生物多样性程度较高，一般高于 30 个属（图 1-4）。而据现有的

资料显示，中二叠世和晚二叠世早期（Roadian-Wuchiapingian），其多样性较低，只有大约

20 属。但是，有 36 属的浮游植物被报道于二叠纪末期长兴阶（图 1-4）。然而如图 1-4 所示，

浮游植物的多样性与其报道的论文数量呈现较强的正相关，大量的研究集中在早二叠世与二

叠纪末期，从而导致较多的浮游植物属种被发现。 
在早二叠世，多样性最高的浮游植物组合由 Backhouse[117]报道于澳大利亚，共计 22 种

浮游植物化石。其它报道浮游植物种类超过 10 种的文章有：Gilby and Foster（1988）[174]、

Tiwari and Navale（1967）[106]、Beri et al.（2010）[79]、Lindström（1995）[76]、Mori et al.（2012）
[93]以及 Wall and Downie（1963）[118]。而在中二叠世，所有报道疑源类的文章里，都未超过

10 种，最高仅有 8 种[97, 175]。在晚二叠世，疑源类多样性最高的为 Schaarschmidt（1963），
其描述了 21 种化石，包括一种绿藻[142]。其次为 Sarjeant et al.（1970），报道了 16 种疑源类

和 1 种绿藻[137]。而 Horowitz（1973）也记录了 10 种疑源类和 2 种绿藻[143]。 
从图 3 可以看出，一些疑源类属在整个二叠纪都有报道，包括：Botryococcus、Brazilea、

Cymatiosphaera、Leiosphaeridia、Micrhystridium、Peltacystia、Polyedryxium、Pyramidosporites、
Tasmanites、Tetraporina 和 Veryhachium。某些属应该也出现于整个二叠纪，但是可能由于研

究较为局限的等问题，在某一段时期内未被记录。如 Baltisphaeridium 在 Capitanian 缺失。

然而，一些属的报道时间间隔较为局限，如 Comasphaeridium 和 Greinervillites 仅被发现于

Kungurian；Archaeodinium、Chordecystia、Psiloschizosporis、Tunisphaeridium 和 Wilsonastrum
仅报道于长兴阶。 

由图 1-5 可以清楚得知，一些疑源类属在二叠纪地层中出现非常频繁。Micrhystridium
被报道次数高达 55 次，涉及 27 个化石物种；与其类似，有 22 个物种被归为 Veryhachium，

也被报道了 46 次。还有一些种类出现频率较高，如 Brazilea、Leiosphaeridia、Tetraporina、
Maculatasporites、Peltacystia、Botryococcus 和 Quadrisporites 被分别记录多达 20 次；

Reduviasporonites、Cymatiosphaera、Tasmanites、Portalites、Circulisporites 和 Mehlisphaeridium
被报道也有十次以上。反之，Chordecystia、Diexallophasis、Unellium、Archaeodinium、Deunffia、



20          LEI Yong: Le Phytoplancton de la limite Permien-Trias du Sud de la Chine          2013.04 

 

Psiloschizosporis 和 Wilsonastrum 只被发现 2 次；而 Assamialetes、Buedingiisphaeridium、

Comasphaeridium、Disectispora、Globulaesphaeridium、Gondisphaeridium、Gorgonisphaeridium、

Inaperturopollenites、Leiosphaeridium、Navifusa、Protoleiosphaeridium、Pterospermopsis、
Tessellaesphaera 和 Tunisphaeridium 仅被报道过一次。 

在种一级分类水平中，一些物种也较为常见。Botryococcus braunii、Brazilea scissa、
Peltacystia venosa、Portalites gondwanensis 和 Quadrisporites horridus 出现了 10 次以上；

Brazilea plurigenus、Circulisporites parvus、Deusilites tenuistriatus、Mehlisphaeridium fibratum、

Micrhystridium breve、M. stellatum、Peltacystia monile、Tetraporina punctata、Veryhachium 
reductum、Reduviasporonites chalastus 和 Cymatiosphaera gondwanensis 也出现了 5 次以上。 

 
图 1-5 二叠纪疑源类化石各属被报道的次数以及各个属出现的物种数 

*：真菌；**：藻类 
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§1.3 二叠纪与三叠纪之交生物大灭绝研究存在的不足以及

本文的研究目的 

 

前人在研究二叠纪末期的海洋生物大灭绝的时候，多是基于动物化石，对广布于海洋中

的初级生产者研究较少。 

1）通过近些年对蓝细菌的研究表明，蓝细菌在二叠纪末期的生物大灭绝期间出现两期

异常的峰值，可能与大灭绝之后生态环境发生巨大变化有关。 

2）研究发现[14, 176]，钙质藻类的生物多样性在煤山 25 层底部出现大幅度降低，仅有一

种残存到早三叠世。 

3）在二叠纪末期，对于海洋中主要的具有机质壳浮游植物（疑源类）的研究较少，而

有关“真菌高峰”的讨论却持续近二十年。 

基于这些因素，本文将主要采集华南地区二叠纪与三叠纪之交疑源类的资料，同时综合

前人的其它数据，分析二叠纪末生物大灭绝期间浮游植物与生态环境的协同演化。 
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第二章 华南二叠纪与三叠纪之交的疑源类 
 
 

§2.1 研究区地质背景 

 
本文所涉及的二叠纪与三叠纪之交剖面共计七个，都位于华南地区扬子板块。分别为中

寨剖面、煤山剖面、上寺剖面、凉风垭剖面、峡口剖面、甘溪剖面以及东攀剖面（图 2-1）。
七个剖面囊括了海陆交互相、台地以及盆地相等沉积相。同时也涵盖了从近岸到远岸的古海

洋环境（图 2-2），各剖面详细的地层对比见图 2-3。以下将逐一概述各个剖面的地质背景。 
 

2.1.1 中寨剖面 

中寨剖面（26°09.110N，105°17.113E）位于贵州省西部，六盘水市东南部，距离六枝特

区 25 公里（图 2-1）[177]。该剖面自下而上连续沉积上二叠统龙潭组以及下三叠统飞仙关组。

龙潭组出露近 30 米（野外层号为 1-27），而飞仙关组出露约 10 米（层号为 28-37）。龙潭组

主要以砂岩和泥岩为主，也包括多层灰岩，产出双壳、腕足、介形虫、腹足类以及头足类等

化石[178]。飞仙关组则以钙质泥岩为主，夹少量火山灰沉积以及灰岩，产出少量腕足以及大

量的双壳类化石[178]。根据该剖面的沉积特征分析，其属于扬子台地西部的海陆交互相沉积

（图 2-2）[177-179]。基于牙形石 Hindeodus parvus 的出现，Metcalfe and Nicoll [177]认为二叠纪

与三叠纪之交的界限应该在 28 层的灰岩里。而 Shen et al.（2011）利用 U-Pb 测定第 29 层的

粘土岩的年龄为距今 252.24 ±0.13 Ma[4]。 
 

2.1.2 煤山剖面 

煤山剖面（31°03N，119°54E）位于浙江省长兴县西北部约 25 公里处（图 2-1）。该剖

面是全球界限层型的标准剖面，已于 2001 年被确定为全球二叠系-三叠系界限层型和点

（GSSP），且以牙形石 Hindeodus parvus 首次出现的煤山 D 剖面 27c 层作为三叠纪的开始
[180-182]。该剖面属于扬子板块东缘近大陆架碳酸盐台地沉积，水深在 30 至 60 米之间[180]。自

下而上出露为长兴组和殷坑组。长兴组上部岩性以灰岩为主，夹少量泥岩。而殷坑组底部则

以泥灰岩为主，夹少量灰岩以及火山灰沉积。根据 U-Pb 测年的数据，第 25 层和 28 层的绝

对年龄为距今 252.28 ±0.08 Ma 和 252.10 ±0.06 Ma [4]。 
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图 2-1 七个剖面所在的研究区地图 

 

 

图 2-2 华南地区晚二叠世末期古地理图（改自[183]）
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图 2-3 华南地区各研究剖面地层划分对比图 （划分依据见正文） 

C.=Clarkina; H.=Hindeodus; I.=Isarcicella; m.=meishanensis; mi.=microcuspidata; P. am.= Permian ammonoids;  
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2.1.3 上寺剖面 

上寺剖面位于四川省北部广元市剑阁县上寺村附近，处于上扬子西北部（图 2-1）[184, 185]。

该剖面较完整地出露大隆组以及飞仙关组的一部分。从上世纪 80 年代开始，已有大量的地

质工作者研究过该剖面，而本文将沿用李子舜等[186]划分的层位，以便于对比。大隆组包括

15 至 27 层，岩性以硅质灰岩为主，夹少量灰岩、泥岩以及火山灰沉积，产出化石包括放射

虫、双壳、腕足以及菊石等。28 层以上为飞仙关组，岩性以钙质泥岩和泥灰岩为主，夹少

量火山灰沉积，产出丰富的菊石。根据岩性以及其它沉积特征判断，该剖面沉积相变化较大，

大隆组处于远大陆架至盆地相沉积，而飞仙关组则属于近岸的潮坪环境[186]。根据菊石带以

及牙形石带，15-16 层为吴家坪晚期。而该剖面 PTB 的划分则具有较大的争议。若只依据

Hindeodus parvus 的首现，PTB 则将高于大灭绝界限 2-4 米[184-187]。而基于牙形石 hindeodid
和 gondolellid 的综合考虑，Jiang et al.（2011）认为 PTB 应该置于距 28 层底部 22 厘米处[188]。

根据 U-Pb 测年数据，第 27 层的绝对年龄为距今 252.28 ±0.13 Ma[4]。 
 

2.1.4 凉风垭剖面 

凉风垭剖面位于重庆市中梁山地区，临近山洞村的一个采石场（图 2-1）。该剖面露头极

好，晚二叠世长兴组与早三叠世飞仙关组下段沉积连续，界限清楚。长兴组以深灰色的厚层

灰岩为主，上部夹几层火山灰沉积，产出丰富的腕足、有孔虫、珊瑚、腹足类以及介形虫等

化石。飞仙关组则以泥质灰岩为主，夹少量页岩以及火山灰沉积，主要产出介形虫等化石。

该剖面处于中上扬子台地内部，离陆地较远。根据牙形石 Hindeodus parvus 的首现，该剖面

的 PTB 应置于第 6 层的灰岩里
（夏文臣，个人交流）

。 
 

2.1.5 峡口剖面 

峡口剖面（31°06.874N，110°48.221E）临近湖北省宜昌市兴山县峡口镇，处于扬子版块

北部（图 2-1）[189]。该剖面露头较好，出露晚二叠世长兴组与早三叠世大冶组。长兴组上部

（223 层-256 层）以薄层的泥岩以及泥质灰岩为主，而大冶组底部（257 层-270 层）则主要

为泥岩，夹少量几层火山灰沉积。根据岩性等沉积特征判断，该剖面属于开阔的大陆架沉积，

离陆地较远，海水较深（图 2-2）[189, 190]。根据最新的牙形石数据，Hindeodus parvus 的首现

位于 262 层[39]。 
 

2.1.6 甘溪剖面 

甘溪剖面（30°07.4′N，109°26.8′E）位于湖北省，临近恩施市（图 2-1）。该剖面延公路

分布，露头极好，连续沉积晚二叠世大隆组以及早三叠世殷坑组。大隆组上部（220 层至 233
层）以泥岩为主，夹少量灰岩及火山灰沉积。而殷坑组沉积厚度可达几百米，以中厚层灰岩
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为主，夹少量泥岩以及火山灰沉积。根据牙形石 Hindeodus parvus 的首现，该剖面的 PTB 位

于 238 层[191]。 
 

2.1.7 东攀剖面 

东攀剖面（22° 16.196N，107° 41.505E）位于广西省西部，南宁市以西约 80 公里，处于

扬子板块的南部（图 2-1）[192]。该剖面连续出露晚二叠世大隆组上部以及早三叠世罗楼组下

部。2 至 8 层以硅质岩和硅质泥岩为主，夹少量泥岩以及火山灰沉积，富含双壳，腕足，腹

足，介形虫以及放射虫等化石。9 至 14 层则以泥岩为主，夹少量火山灰沉积，产出少量菊

石、有孔虫以及放射虫等化石。Feng et al.（2007）认为大隆组处于大陆坡至盆地相（图 2-2）
[10]。由于该剖面产出可以指示深水环境的放射虫 Albaillella，He et al.（2005）认为第 5 层的

海水深度应该在 500 米左右[193]。而根据双壳以及菊石化石带，He et al.（2005, 2007a, b）以

及 Feng et al.（2007）建议将 PTB 定在 12 层与 13 层之间[10, 192-194]。 
 

§2.2 实验方法与结果 

 

2.2.1 疑源类化石的实验室处理过程 

大多数的疑源类被认为是海洋浮游植物，因此它们通常保存在海相的沉积岩地层中。目

前在多种沉积岩中均能发现疑源类化石，但是多见于泥岩与页岩之中，然而早期的研究者却

都热衷于在燧石薄片中寻找疑源类。采样时注意不宜采集已开始风化的露头样品。疑源类的

外壁与其它孢粉型化石的外壁类似，都是由抗酸碱腐蚀的孢粉素形成。本文中，疑源类的实

体化石均是运用标准的孢粉化石分离方法获得。 
 
1）样品前处理 

首先将采集到的样品用蒸馏水洗净，并除去风化或者污染的表面。然后将样品粉碎至直

径为 2~5mm 的颗粒，根据岩性的不同，粒径要求也不一样。例如，钙质岩石以及页岩等在

酸处理的时候反应强烈，不需要粉碎得过细。 
 
2）实验步骤 

1 加样：称取 50g 前处理完毕的样品放入 1000 毫升的塑料烧杯中（同时加入一粒石松

孢子用于计算样品中疑源类的含量）； 
2 加盐酸：将 36.5%的盐酸缓慢倒入烧杯中，同时用玻璃棒轻轻搅拌（防止反应过于强

烈而形成大量的气泡使样品溢出，盐酸与样品质量的比例大约为 3:1）； 
3 静置反应 24 小时，每隔 6 小时左右轻轻搅拌一次； 
4 中和：加入过量蒸馏水，并在静置 4-6 小时之后倒出上层清液。此步骤将重复 3-4 次，

直至杯中 ph 值为 7 左右；然后将样品晾干； 
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5 加氢氟酸：将 40%的氢氟酸缓慢倒入烧杯中，同时用玻璃棒轻轻搅拌，用量与盐酸相

同； 
6 重复步骤（3）；如果样品未能全部溶解，可以继续加入一定量的氢氟酸，再重复步骤

（3），直至样品溶解完毕； 
7 重复步骤（4）； 
8 离心：将剩下的样品残渣倒入 50ml 的离心管之中，在转速为 2000 转/秒的离心机中

离心 10 分钟左右，然后倒掉上层清液； 
9 重液分离：将离心得到的样品静置 24 小时左右之后，加入密度为 2.2 左右的重液并

搅拌均匀；然后离心 20 分钟，取上层浊液倒入 50ml 的玻璃烧杯中，并加入 5‰的醋酸溶液； 
10 再离心：玻璃烧杯中的混合物静置 24 小时，然后倒去上层清液，将剩下的浑浊液倒

入 10ml 的离心管之中，并加入蒸馏水，离心 10 分钟；重复 3-4 次，直至离心管中样品的 ph
值在 7 左右； 

11 统计与鉴定：取少量离心管中的残留物制作成临时装片或者永久装片，然后利用生

物显微镜进行疑源类的统计与鉴定。个别化石较多的样品则用毛笔在体视镜下挑取出疑源类

化石，并利用电子扫描显微镜成像。 
重液的配置：首先将锌粒（Zn）与氢碘酸（HI）在搪瓷盆中反应 24 小时，待反应完毕，

按照需要的重液密度加入适量的固体碘化钾（KI）。配置密度为 2.2 的重液用量约为：Zn：
HI：KI= 100 g：500 ml：500g。 
 

§2.3 疑源类的研究结果 

 
此次研究从扬子板块二叠纪与三叠纪之交的七条剖面采集了岩石样品共计 418 块。经实

验室处理之后，在其中的 94 个样品中发现丰富的疑源类化石。同时，在中寨剖面和上寺剖

面的较多样品中发现了大量的孢粉化石。各剖面的样品采集情况如表 2-1 所示。以下将对各

个剖面的疑源类化石实验结果进行逐一介绍。实验数据见附录 B。 
表 2-1：各剖面的样品采集数量以及含疑源类及孢粉的样品数量 

样品数量/剖面 中寨 煤山 上寺 凉风垭 峡口 甘溪 东攀 
采集样品 87 1 141 29 60 77 23 

含疑源类样品 5 1 52 7 6 11 12 
含孢粉样品 45 1 23 - - - 5 
 

2.3.1 中寨剖面 

由于中寨剖面属于海陆交互相，离陆地非常近，因此样品中的孢粉含量异常丰富。此次

研究共在 45 个样品中鉴别出 16 属的孢粉化石，其中绝大部分是孢子化石，只有极少量的花

粉（图 2-4）。孢粉组合中，以具较厚实的椭圆形壁的 Punctatosporites 和 Laevigatosporites
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两个属占据绝对优势，其百分含量在整个剖面的平均值分别达 37.4%和 17.1%，而其它属都

未超过 10%。在晚二叠世末期的 5 个样品中发现了少量的疑源类化石，包括：Baltisphaeridium 
sp.、Micrhystridium breve、M. stellatum 以及 Reduviasporonites chalastus。其中具短突起的

Micrhystridium breve 的含量最高，在 5 个样品中的平均值达到 58.6%。其次为 Baltisphaeridium 
sp.，达到 35.7%。 
 

2.3.2 煤山剖面 

Ouyang and Utting[135]以及 Li et al.（2004a）对煤山剖面的疑源类做了较为详细的调查[69]，

共发现疑源类化石 13 种，隶属于 9 属，包括：Baltisphaeridium、Cymatiosphaera、Dictyotidium、

Leiosphaeridia 、 Micrhystridium 、 Veryhachium 、 Reduviasporonites 、 Schizosporis 以

及?Tunisphaeridium（图 2-5）。而此次研究中，煤山剖面 26 层的疑源类及其百分比分别为：

Dictyotidium reticulatum （ 41.4% ）、 Micrhystridium stellatum （ 23.2% ）、 Veryhachium 
hyalodermum （16.0%）、Reduviasporonites chalastus （7.0%）以及 Schizosporis sp.（12.4%）。

同时，煤山剖面的早三叠世也发现大量的孢粉化石。 
 

2.3.3 上寺剖面 

上寺剖面疑源类化石的物种多样性是七个剖面中最高的，共在 37 个样品中发现疑源类

20 种，隶属于 8 属（图 2-6）。包括：Baltisphaeridium sp.、Dictyotidium reticulatum、D. sp.、
Leiofusa sp.、Leiosphaeridia microgranifera、L. minutissima、Micrhystridium breve、M. fragile、
M. pentagonale、M. stellatum、Reduviasporonites catenulatus、R. chalastus、Schizosporis scissus、
S. sp.、Veryhachium cylindricum、V. hyalodermum、V. nasicum、V. quadratum、V. sedecimspinosum
以及 V. sp. A。从属一级水平上看，球形疑源类 Leiosphaeridia 最为丰富，其相对含量达 50.8%；

而具突起的 Micrhystridium 以及 Veryhachium 分别为 26.8%和 11.1%。在种一级水平上，

Leiosphaeridia microgranifera、L. minutissima、Micrhystridium breve、Dictyotidium reticulatum
以及 Veryhachium hyalodermum 是最为常见的种。吴家坪晚期（15 层-16 层）几乎只出现膜

壳较大的球形疑源类 Dictyotidium reticulatum（膜壳直径在 80 微米左右）；长兴期则以膜壳

较小的球形疑源类 Leiosphaeridia 为主（膜壳直径在 30 微米左右）；但是在 PTB 附近，具突

起的疑源类的丰度明显升高，特别是具短突起的 Micrhystridium breve 在 28 层异常富集（图

2-6）。值得一提的是，链状疑源类 Reduviasporonites 的丰度在 PTB 附近也较高，但是最高只

有 14%。同时，25 层至 29 层中发现了大量的孢粉化石，甚至在 28 层顶部以后的地层中，

只出现孢粉化石。根据上寺剖面孢粉型化石的特征，本文将其划分为 3 个孢粉型化石组合带

（图 2-6）。 
1）Dictyotidium 组合带（15 层-17 层）：主要出现在吴家坪晚期，位于牙形石带

Neogondolella orienta 带顶部以及 Neogondolella yini 带底部。该组合带中疑源类属种单一，

只发现具大型膜壳的球形疑源类 Dictyotidium reticulatum，同时发现少量炭屑。 
2）Leiosphaeridia- Micrhystridium- Veryhachium 组合带（17 层-25 层）：出现于长兴期，
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包括牙形石带 Neogondolella yini 带和 Neogondolella meishanensis 带。其中，17 层顶部至 20
层底部缺乏孢粉型化石，而 20 层顶部至 25 层则以 Leiosphaeridia、Micrhystridium、

Veryhachium 占优，也含有少量孢粉化石，如：Leiotriletes、Lycopodiacidites 以及 Waltzispora。 
3）Pteruchipollenites- Leiotriletes 组合带（26 层-29 层）：主要位于二叠纪与三叠纪之交

的地层中，包括牙形石带 Hindeodus changxingensis 带以及 Hindeodus parvus 带。该组合带主

要以孢粉化石为主，包括：Lycopodiacidites、Waltzispora、 Indotriradites、Leiotriletes、
Cycadopites、Tripartites、Propterisispora、Lueckisporites、Pteruchipollenites、Alisporites、
Gardenasporites、Vitreisporites、Protohaploxypinus 和 Cordaitina。其中，孢子、花粉以及疑

源类三者的相对百分比为：43.7%、42.6%和 13.7%。同时，Pteruchipollenites 和 Leiotriletes
的含量分别达 18.4%以及 14.1%。而疑源类则以具短突起的 Micrhystridium breve 以及链状疑

源类 Reduviasporonites 为主要类型。 
 

2.3.4 凉风垭剖面 

凉风垭剖面共计发现疑源类 8 种 3 属，包括：Leiosphaeridia microgranifera、L. 
minutissima、Micrhystridium breve、M. pentagonale、M. stellatum、Veryhachium hyalodermum、

V. quadratum 以及 V. sedecimspinosum。在长兴组顶部火山灰沉积之后的泥岩中，

Micrhystridium 和 Veryhachium 的丰度极高，与上寺剖面 25 层的疑源类分布类似（图 2-5）。
而在早三叠世却只发现 Leiosphaeridia minutissima 一种疑源类化石。该剖面未发现孢粉化石。 
 

2.3.5 峡口剖面 

峡口剖面的疑源类物种多样性较低且生物量也不高，只在二叠纪末期的 6 个样品中发现

3 种疑源类化石（图 2-5），包括：Dictyotidium reticulatum、Leiosphaeridia microgranifera 以

及 Reduviasporonites catenulatus。其中，Leiosphaeridia microgranifera 占据绝对优势，在六个

样品中百分含量的平均值达 74.3%。 
 

2.3.6 甘溪剖面 

甘溪剖面的疑源类属种单一，只在早三叠世的十一个样品中发现了 Leiosphaeridia 
minutissima，且丰度不大（图 2-5）。含疑源类化石的层位几乎都是属于火山灰沉积之后出现

的泥岩，且未发现孢粉化石。 

 

2.3.7 东攀剖面 

东攀剖面疑源类的物种多样性同样很低，只有 2 种 1 属（图 2-5），包括：Leiosphaeridia 
microgranifera 和 L. minutissima。但是，其生物量相对较高，且 Leiosphaeridia microgranifera
在 15 个样品中相对百分含量的平均值高达 93%。同时，东攀剖面也发现少量的孢粉化石。 
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图 2-4 中寨剖面孢粉以及疑源类的丰度 
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图 2-5 各剖面疑源类化石出现的层位 （PTB 的划分依据见正文） 
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图 2-6 上寺剖面疑源类以及孢粉化石出现的层位和丰度（牙形石生物带来自[188]） 
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第三章 华南二叠纪与三叠纪之交疑源类生

存空间的分布特征 
 
 

§3.1 疑源类生存空间分布的研究现状 

 
疑源类通常被认为是海洋浮游植物的胞囊，因此常见于海相地层，多产于泥岩和页岩之

中，而少量出现在砂岩和灰岩中。非海相的疑源类也偶见于较新的地层之中。对于疑源类的

研究，前人的重点都集中在化石的形态学上，很少关注其亲缘关系以及在古环境上的应用。

目前讨论得较多的且应用广泛的是疑源类在古海洋中的空间分布研究。利用这些结果，可以

反应研究区当时距离海岸的远近以及间接地反应其水体深度。而此类研究多集中在疑源类生

物多样性最高的早古生代，其它时代偶见报道。 
在前寒武纪，由于疑源类化石贫乏，因此其生态学的研究相对较少。Butterfield and 

Chandler[195]在研究加拿大 Baffin 岛 Agu Bay 组的浮游植物时，提出：不同的海洋环境（从

局限浅海到深海）拥有不同的疑源类组合。（1）在近岸局限浅海的环境，主要以丝状和个体

较小的球形疑源类为主，且其生物多样性较低；（2）在近岸开阔的环境中，以丝状和体型较

大的疑源类（直径> 50 µm）为主，生物多样性较高；（3）在大陆架中部，海水较深地区（透

光带中），以丰富的球形疑源类为主；（4）在外大陆架水体更深的区域（透光带以下），以小

型的球形疑源类为主（直径<50 µm），且生物多样性较低；（5）而在大陆坡至洋盆，疑源类

的多样性非常低。 
在寒武纪和奥陶纪，疑源类的生态学研究变得非常普遍。在撒哈拉板块北部，Vecoli [170]

记录了丰富的疑源类化石。同时，他分析了各类疑源类组合所对应的沉积环境。他总结

到： leiosphaerid- Netromorphitae- Veryhachium 组合一般代表近岸、浅水的环境，且生物多

样性较低；而 Polygonium- Micrhystridium 组合则可以指示局限的海洋环境。 
在涉及到奥陶纪的地层中，有 5 篇文章调查了疑源类的分布规律。在美国 Midcontinent

中-晚奥陶世，Jacobson[168]认为：（1）leiosphaerid 组合代表了近岸浅水的环境；（2）
peteinosphaerid- Dicommopalla 组合代表浅海环境；而 baltisphaerid- veryhachid- Polygonium
则代表开阔海域。在美国印第安纳州的晚奥陶世 Eden 页岩，Colbath[196]鉴别出两个疑源类组

合，同时提出一个疑源类丰度变化的模型。在中国南部扬子板块早奥陶世大湾组，Xu[197]报

道了一个代表深水海洋环境疑源类组合，其属种包括 Striatotheca、Coryphidium、Pirea、
Acanthodiacrodium、Dasydiacrodium 和 Arbusculidium filamentosum。扬子板块中-晚奥陶世，

Li et al.（2004b）研究了疑源类从近岸到远岸的分布规律[171]。研究结果显示：（1）从近岸

到远岸，疑源类的丰度和多样性波动较大；（2）近岸环境，疑源类生物多样性较低（约有
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10 种），而远岸多样性较高（近 40 种）[171]。同一地区，Yan and Li[198]利用聚类分析和主成

分分析的方法鉴别出十个不同的疑源类组合，且认为它们由不同的环境因素控制。分析表

明：Stelliferidium 组合出现在内大陆架地区；Baltisphaeridium- Leiosphaeridia 组合、

Baltisphaeridium- Peteinosphaeridium 组合、Cymatiogalea 组合、Polygonium 组合以及

Stelliferidium- Leiosphaeridia 组合代表外大陆架；Baltisphaeridium 组合、Leiosphaeridia 组合、

Peteinosphaeridium 组合以及 Rhopaliophora 组合则指示深水的页岩盆地。 
在志留纪地层中，有 7 篇文章分析了疑源类的空间分布。Smith and Saunders[199]总结了

疑源类的分布与沉积相的关系。他们认为：（1）疑源类大多沉积于连续的开阔海域而很少出

现在河流沉积物中；（2）实体化石保存的完整程度可以反映其沉积环境：化石保存完好，说

明其沉积于开阔的深水区域，而如果化石多为碎片，则其沉积在近岸；（3）疑源类的分布直

接受到洋流的控制。在威尔士地区，有四篇文章对疑源类的分布规律做了详尽的研究 [169, 

200-202]。Dorning[169]识别出三个疑源类组合：分别可以指示近岸，远岸和深水。近岸组合中

疑源类多样性较低，通常包括 5-15 种；远岸大陆架的组合中，其多样性最高，达 25-60 种；

而深水组合与近岸组合类似，多样性很低，为 2-15 种。紧接着，Dorning [200]和 Dorning and 
Bell[201]又鉴别出四个疑源类组合，包括：Leiosphaeridia wenlockia 组合、Leiofusa tumida 组

合、Micrhystridium intonsurans 组合以及 Salopidium granuliferum 组合。它们分别出现在礁灰

岩相，近大陆架，远大陆架开阔海洋以及大陆架深水区域[200, 201]。而 Richardson and Rasul[202]

认为，疑源类与牙形石化石的组合可以指示海相沉积。同时，sporomorphs、micrhystrids 和

tasmanitids 则出现在近岸环境中。在利比亚 Rhadames 盆地，Al-Ameri[203]认为 tasmanitids 和
Veryhachium lairdi 可以指示泻湖环境。在瑞典哥特兰岛 Ludlow 地区的志留纪地层中，

Stricanne et al.（2004）通过三个不同的生态学类别，定性和定量地分析了疑源类的近岸-远
岸分布规律[172]。其中，在大陆架上，具刺疑源类丰富，而球形疑源类减少。在属一级水平

上，Micrhystridium 和 Dilatisphaera 更多的出现在近岸环境，而 Evittia、Percultisphaera 和

Oppilatala 则出现在远岸。同时，Micrhystridium 里具长刺或者刺较为复杂的类型通常出现在

大陆架上[172]。 
有三篇文章调查了泥盆纪疑源类的生态分布情况。在加拿大 Alberta 地区，Staplin[204]认

为疑源类的丰度与距生物礁的距离有关。球形疑源类的分布较为广泛；具薄刺的类型则一般

繁盛于生物礁附近；而具厚刺或者壳体为多面体的类型通常只分布在远离生物礁的区域[204]。

在德国西部地区晚泥盆世，Riegel[205]报道称疑源类在近岸浅海相对贫乏，而在远洋较为繁盛。

在美国爱荷华州Rapid群Cedar Valley组，Wicander and Wood[206]分析了孢粉型化石中疑源类

与孢粉的比例。结果显示，疑源类与孢粉的相对丰度反映了近岸-远岸的变化，高丰度的疑

源类组合通常指示海相且远岸的沉积环境[206]。 
古生代以后的地层中，由于疑源类的多样性急剧下降，其生态学的研究也相对减少。在

英格兰和南威尔士地区的侏罗纪地层中，Wall[207]认为疑源类的分布由环境控制：在封闭的

近岸环境中，具刺疑源类繁盛（富含 Micrhystridium 和 Baltisphaeridium）；而在开阔的大洋

环境里，以 Veryhachium、Leiofusa、Metaleiofusa 和 Domasia 为主。 
以上的研究表明：（1）与现代大洋浮游藻类的分布特征类似，疑源类在近岸浅水环境中

生物多样性较低，而在相对较为远岸的大陆架地区其生物多样性则非常高。但是不同时代的
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地层中，即使处于同一古环境位置，疑源类的生物多样性也有很大的差别。（2）具较短突起

的或者球形疑源类常出现于近岸环境；而具较长突起的类型则通常出现于远岸地区。这些研

究结果大都是基于疑源类丰富的早古生代，而本文则将在晚二叠世地层中继续开展类似的研

究，从而探求疑源类在海洋中的空间分布特征。 
 

§3.2 华南二叠纪-三叠纪之交疑源类的近岸-远岸分布特征 

 
现代海洋中藻类（如：沟鞭藻、硅藻以及颗石藻等）的分布与海水的一系列参数有关，

如水温、透光带的光照强度、ph值、营养盐的浓度、盐度以及氧气含量等[208-211]。与之类似，

疑源类在古海洋中的分布也应当与这些条件的变化有关[171, 212]。但是，现在还很难在老地层

中还原这些参数。因此，疑源类的生态学研究也相对落后。从上一节的资料可见，已有较多

的文献在研究早古生代疑源类的空间分布状况。但是，由于之前的一些学者认为疑源类生物

多样性在晚古生代较低（特别是石炭纪和二叠纪），以致很少有人关注这一时期疑源类的古

生态学信息。本章将利用在华南地区晚二叠世得到的疑源类数据来恢复疑源类在海洋中的分

布情况。 
本章选取晚二叠世疑源类较为丰富的6个研究剖面，包括：中寨、煤山、上寺、凉风垭、

峡口以及东攀剖面。中寨剖面位于扬子板块西部，为海陆交互相沉积[177-179]。煤山剖面位于

扬子板块东缘，其岩相为近大陆架台地[180]。上寺剖面处于扬子板块北缘，自吴家坪期开始，

由斜坡相逐渐转变为深水盆地相[186]。同煤山剖面一样，上寺剖面在晚二叠世末期至早三叠

世发现大量的孢粉化石。因此，这两个剖面受到陆源影响较大，离陆地较近。凉风垭剖面也

处于扬子板块北部，为浅水开阔台地沉积
（夏文臣，个人交流）

。峡口剖面位于扬子板块中部，处于开

阔地台的大陆架远端[189, 190]。凉风垭与峡口剖面均未发现孢粉化石，因此，认为它们距离陆

地较远。而位于扬子板块南部的东攀剖面则处于大陆坡至盆地相，其临近康滇古陆，受陆源

影响较大，样品中也发现较多的孢粉化石[10, 193]。为了便于讨论，基于岩相的变化以及距离

陆地的远近，我们将六个剖面做如下处理（图3-1）。而以下将从属和种两个级别来分别探讨

疑源类生物多样性的近岸-远岸分布规律。 

图3-1 二叠纪-三叠纪之交各剖面的沉积相 
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图3-2 疑源类各属在研究区的分布情况 

 

3.2.1 疑源类属一级的近岸-远岸分布特征 

如图 3-2 所示，离陆地最近的剖面（中寨和东攀）的疑源类物种多样性最低。一般只有

2-4 种，隶属于 4 个疑源类化石属。但是，距离陆地相对较远的剖面（煤山和上寺剖面）疑

源类物种多样性非常高。其中，上寺剖面的疑源类达到了 8 属 20 种。然而，随着与陆地距

离的进一步拉大，凉风垭以及峡口剖面的疑源类物种多样性反而逐步降低。凉风垭剖面共发

现疑源类 8 种，而峡口只有 3 种。 
本文的结果重现了早古生代疑源类的分布特征[169-171, 195, 205, 206]，即：疑源类多样性符合

近岸-远岸的分布规律。近岸地区，疑源类多样性低，而相对远岸的大陆架地区其多样性较

高。然而在大陆坡以及深海盆地附近，随着与陆地距离的拉大，疑源类多样性是逐步降低的。 
值得注意的是，Dorning [169]以及 Li et al.（2004b）[171]在研究早古生代的地层时发现，
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疑源类在远岸地区可以达到 25 至 60 种之多，即使在近岸地区也仍有十余种。而晚二叠世的

地层中，处于远岸区域的上寺剖面也只有 20 种疑源类被发现。但是，在绪论中已经分析到，

疑源类在地史时期的分布是不均匀的。早古生代是疑源类生物多样性的顶峰时期，奥陶纪有

报道的疑源类就高达 400 余种[51]，而二叠纪的疑源类至今也只有 200 余种被发现（见绪论）。

因此，笔者认为，疑源类生物多样性的背景值是造成疑源类物种多样性在不同时代、同一类

型的沉积相中差别较大的原因。 
在疑源类的属一级别，一些属的出现较为偶然，如 Cymatiosphaera、Leiofusa 以

及?Tunisphaeridium 仅在一个剖面被发现。而另一些属（如 Leiosphaeridia、Reduviasporonites
和 Micrhystridium）却是常见的种类，从近岸的浅水环境到大陆坡等深水地区都有发现（图

3-2）。还有一些属（如 Dictyotidium 和 Veryhachium）基本只在远岸较深水的环境中出现，指

示开阔的海域；而 Schizosporis 则只在上寺和煤山剖面的二叠纪与三叠纪之交的地层附近出

现（海平面较低时），可能指示一种相对近岸浅水的环境。 

 
图 3-3 疑源类的主要物种在研究区的分布特征 
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图 3-4 疑源类 Micrhystridium breve 的丰度与 Al、Fe 元素含量的相关性比较 
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3.2.2 疑源类种一级的近岸-远岸分布特征 

3.2.2.1 具刺疑源类 
在二叠纪的地层中，小型的具刺疑源类（Micrhystridium和Veryhachium）是被报道得最

多的疑源类属（见第一章）。而本文的研究中，共计十种疑源类归为这两个属，超过发现的

所有疑源类种类的三分之一。值得注意的是，在中寨剖面以及上寺剖面的PTB附近地层中，

具较短突起（一般2~4微米）的Micrhystridium breve在近岸、局限的环境中占据巨大优势（图

3-3）。而具较长突起（5微米及以上）的Micrhystridium和Veryhachium则大多出现在更为远岸

的开阔海域。如Micrhystridium stellatum和Veryhachium hyalodermum在上寺、煤山以及凉风垭

剖面都较为丰富。而类似的现象在早古生代的地层中也有发现[168, 170-172, 200, 202, 203, 207]，特别

是Stricanne et al.（2004）在Gotland的志留纪地层中同样观察到具短突起与长突起的

Micrhystridium的相对丰度随近岸-远岸的变化规律[172]。Servais et al.（2004）在其它一些疑源

类属种的形态学研究中也注意到类似的现象[54]。而现生沟鞭藻的研究中，Mertens et al.（2009）
则将此类现象与海水的盐度以及温度的变化相联系[213]。然而，上寺剖面二叠纪末期具短突

起疑源类的繁盛却与营养盐的大量输入有关。 
在二叠纪末期，华南多个剖面出现多期火山灰的沉积[29]。经证实，这些火山灰大都来自

于西伯利亚火山的喷发[30-32]。而随着海平面的降低，陆源物质（如Al、Fe）同火山灰带来的

营养盐（如Fe，N，P等）大量地涌入海洋中[214, 215]。这些含有大量营养盐的陆源碎屑会极大

地促进浮游植物的生长，同时，也可能促进蓝细菌的爆发（将在下一章中详述）。而这种促

进作用在上寺剖面表现得尤为显著。如图3-4所示，Micrhystridium breve与Al和Fe含量的线性

相关性（R2）都在0.5以上，呈现较强的线性相关。特别是在二叠纪与三叠纪之交的25层至

28层，Micrhystridium breve与Fe元素含量的变化保持一致。在此阶段，由于海平面的下降，

上寺剖面已经距离陆地较近[186]。25层中已经发现一些孢粉化石，而28层以后，几乎都是以

孢粉化石占主导地位（图2-6）。因此，在25层至28层，由于环境的剧烈变化，上寺剖面的疑

源类群落由之前的具长突起以及球形疑源类为主的类群逐渐转变为以具短突起的

Micrhystridium breve为主的群落。在此适宜的条件下，Micrhystridium breve的生物量随着大

量营养盐的涌入而迅速增加。 
 
3.2.2.2 球形疑源类 

Dorning[169]在研究志留纪的疑源类时指出，球形疑源类更多地出现在近岸或者盆地相的

环境中。在前寒武纪地层的研究中，Butterfield and Chandler[195]认为具小型膜壳的球形疑源

类一般出现在近岸或者外大陆架地区，而具较大且无纹饰膜壳的球形疑源类则多出现于大陆

架中部。Yan and Li[198]在调查了华南中 -晚奥陶世的疑源类之后发现，球形疑源类

Leiosphaeridia组合一般出现在深水环境的盆地页岩相。 
在本文中，Leiosphaeridia更多地出现在开阔的海域，如处于远大陆架、大陆坡或者盆地

相的上寺、峡口以及东攀剖面。从物种级别分析，膜壳表面具颗粒纹饰的Leiosphaeridia 
microgranifera一般发现于远岸的环境中，如峡口和上寺剖面；而膜壳表面光滑的
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Leiosphaeridia minutissima则在受陆源影响较大的东攀剖面占据绝对优势。 
具大型膜壳的另外一种球形疑源类Dictyotidium reticulatum（通常膜壳的直径在80微米以

上且一般被认为是一种绿藻）在上寺剖面的吴家坪期、长兴期的22层、煤山剖面的26层以及

峡口剖面PTB的附近层位都大量出现（图2-5和3-3）。而这些层位都是海平面较低的时期，因

此，此种疑源类可能指示一种浅水的环境。 
 
3.2.2.3 链状疑源类 

被大量学者争论的链状疑源类Reduviasporonites在扬子板块的二叠纪末期也有发现。尽

管其生物亲缘关系现在还没有统一的看法，但是随着在全球各地的相继报道，其无疑也是二

叠纪末期一类重要的疑源类类型。Reduviasporonites在此前的报道中一般都是出现在近岸、

靠近陆相的区域，如以色列的Yamin组[64]，意大利阿尔卑斯山南部的Tesero剖面[66]，以及南

非的Karoo超群[65]等。其峰值（Reduviasporonites的含量占据孢粉型化石总量的90%以上）一

般认为是在PTB以上1-3米的位置[64]，其它层位也有少量出现。而本文所调查的剖面除中寨

剖面处于海陆交互相之外，其余剖面都是典型的海相沉积。虽然Reduviasporonites在中寨、

煤山、上寺以及峡口剖面的样品中都有出现，但是其百分含量却很低，远远不及“真菌高峰”

的百分比（图3-3）。含量最高的为14%，位于上寺剖面的28层，二叠纪与三叠纪之交过渡层

中。物种级别上看，个体较大的Reduviasporonites chalastus（单个膜壳的长度为40微米左右，

宽度在20微米左右）常分布在近岸的环境中，如中寨和煤山剖面；而个体较小的

Reduviasporonites catenulatus（单个膜壳的长度为10~20微米，宽度约10微米）则更多地出现

在远岸深水的区域，如上寺和峡口剖面（图3-3）。 
 

§3.3 本章小结 

 
本章研究的 6 条二叠纪与三叠纪之交的剖面囊括了海陆交互相、近大陆架、远大陆架以

及大陆坡等沉积相。通过对扬子板块的 6 条剖面的疑源类定性和定量的分析发现，疑源类的

属和物种的多样性都符合近岸-远岸的分布规律（图 3-5）。并初步得到以下结论： 
1）扬子板块二叠纪末期，近岸地区的疑源类物种多样性较低，一般只有 2-4 种；而远

岸的物种多样性较高，可以达到 10-20 种左右。 
2）从疑源类属一级来看，Leiosphaeridia、Reduviasporonites 和 Micrhystridium 从近岸浅

水环境到远岸深水地区均有分布；Dictyotidium 和 Veryhachium 更多地出现于开阔的海域；

而 Schizosporis 则只在上寺 25 层和煤山剖面的 26 层出现（海平面较低时），可能指示一种相

对近岸浅水的环境。 
3）在种一级别，具短突起的 Micrhystridium breve 在近岸环境中占据绝对优势，且对营

养盐的浓度较为敏感，其生物量的变化与 Fe 元素的含量变化较为一致。而具较长突起的其

它种类的 Micrhystridium 以及 Veryhachium（如 Micrhystridium stellatum 和 Veryhachium 
hyalodermum）则较多地出现在远岸环境中。 

4）膜壳较大（直径约 80 微米）的球形疑源类如 Dictyotidium reticulatum 一般出现在浅
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水区域，而膜壳较小（直径约 30 微米）的 Leiosphaeridia 则更多地分布在水体较深的环境中。

同时，膜壳光滑的 Leiosphaeridia minutissima 在近岸占据优势，而膜壳具颗粒纹饰的

Leiosphaeridia microgranifera 则在远岸较为丰富。 
5）虽然链状疑源类 Reduviasporonites 出现在多个剖面，但是众多学者认为的二叠纪末

期的“真菌高峰”在扬子板块的海相地层中并没有出现。需要指出的是，个体较大的

Reduviasporonites chalastus 常分布于近岸环境；而个体较小的 Reduviasporonites catenulatus
则更多地出现在远岸深水的区域。 
 

 
图 3-5 疑源类近岸-远岸的分布规律示意图 
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第四章 华南二叠纪与三叠纪之交浮游植物

群落的演替及其对生态系统的影响 
 
 

§4.1 蓝细菌爆发对现代海洋生态系统的影响 

 
蓝细菌生存在地球上已经超过 35 亿年[216]，同时也是现代大洋中最为常见的光合固氮菌

之一[217, 218]。然而，蓝细菌的间歇性爆发却给淡水生态系统以及海洋生态系统带来了巨大的

生态危机[218, 219]。例如，近年来巢湖夏季频频爆发的蓝藻水华使昔日的饮用水水源遭到重度

污染[220]，而自从 20 世纪以来，几乎每年夏天波罗的海都会出现蓝藻爆发，给当地的生态环

境以及社会经济造成了巨大的损害[221]。 
由于多数蓝细菌都具有漂浮能力，因此它们可以在不同的水深环境中迅速繁殖[219, 222]。

而蓝细菌的持续性爆发会加快海洋透光带中光衰减的速度[223, 224]，进而造成其它需要进行光

合作用的初级生产者（如：硅藻和海草等）以及珊瑚等的生物量急剧降低[225, 226]。 
对于海洋中的动物而言，一些蓝细菌会产生大量的毒素。根据不同的作用部位，这些毒

素可以划分为：肝毒素（微囊藻素、节球藻素和拟柱饱藻毒素），神经毒素（类毒素和蛤蚌

毒素）以及一些皮肤毒素等[219]。而这些毒素都是蓝细菌产生的次级代谢产物，对蓝细菌自

身无害，却会增加浮游动物的死亡率或者使浮游动物失去繁殖能力等[227-229]。更为严重的是，

这些毒素都是生物毒素，可以通过食物链传递，从而威胁到更高营养级的海洋动物（如鱼类）

甚至是水鸟等[218, 228-230]。 
另一方面，即使不产生毒素，蓝细菌的爆发也会对生态系统造成极大的破坏。在蓝细菌

爆发期间，由于其通常在海洋表层大量繁殖且具有漂浮能力，因此只有极少量的蓝细菌被动

物摄食以及沉积到大洋底部。然而，蓝细菌在死亡之后，其残体从海水表层即开始分解，消

耗掉大量的氧气，致使海水中的溶解氧急剧减少，从而严重威胁到鱼类以及其它动物的生存
[231-234]。 

但是，蓝细菌在海洋中的爆发也需要多方面的条件。首先是需要大量的营养元素（如磷

和铁等）[235, 236]，其次是需要较高的温度和较为封闭的环境[226, 237, 238]。只有在以上条件都达

到的前提下，蓝细菌才会迅速繁殖。因此，多数的蓝细菌爆发事件都集中在夏季，且常出现

在半封闭的海湾环境中。 
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§4.2 华南二叠纪与三叠纪之交浮游植物群落的演化及其对

海洋生态系统的影响 

 

4.2.1 华南二叠纪与三叠纪之交海洋蓝细菌的爆发及其诱因 

在现代大洋中，两类丝状蓝细菌（Lyngbya 和 Trichodesmium）和一类球形蓝细菌

（Synechococcus）是造成蓝细菌爆发的主要元凶[226]。Lyngbya 一般固着在海草、珊瑚或者大

型海藻等底栖生物表面。但在平静的海洋环境中，它也能利用其漂浮能力在海洋表面迅速增

殖[226]。Trichodesmium 是一类缺乏异形胞的蓝细菌，主要出现在营养盐较为缺乏的热带以及

亚热带远洋环境中，但是在陆源输入较大的近岸环境容易形成水华[226]。丝状蓝细菌是主要

的光合固氮蓝细菌，它们利用自身的漂浮能力，能够利用海洋表层的营养盐并进行光合作用，

从而迅速繁殖[219, 222]。它们的限制性营养元素均为铁和磷，其适宜温度一般为 20°至 30°
[226]。相对而言，球形蓝细菌 Synechococcus 则常出现在更为开阔的海域中[239]。其形成的蓝

藻水华面积经常达到 100 平方公里以上，而且能够持续数月之久[223, 224]。同时，Synechococcus
可以在超过 30°的海水中生长[240]，而磷是其最主要的限制性营养元素。 

与之类似，在二叠纪与三叠纪之交的钙质微生物岩地层中，通常也会发现丝状蓝细菌

（Renalcis 或者 Epiphyton 以及 Rivularia）和球形蓝细菌两类化石[241-243]。含这两类蓝细菌化

石的钙质微生物岩在华南二叠纪末的生物大灭绝之后迅速增加[38]。而 Kershaw et al.（2007）
认为，微生物岩在早三叠世的古特地斯洋有着广泛的分布（图 4-1）[244]。同时，在煤山和上

寺剖面，蓝细菌的生物标志化合物（二甲基霍烷）的丰度在二叠纪末期的生物大灭绝之后也

出现两个明显的峰值[38, 245]。由此可以证实，二叠纪与三叠纪之交的海洋中的确出现了蓝细

菌爆发的事件。 
Joachimski et al.（2012）测试了煤山和上寺剖面牙形石化石的氧同位素，利用这些数据，

他们估算了当时海水的温度，其结论认为这两个剖面在二叠纪末期的大灭绝之后，海水温度

升高，从 25°迅速上升至 30°左右（图 4-2）[246]。同时，由于大范围的火山爆发以及陆源

风化的加强，大量的营养盐（含 Fe、P 元素）由陆地源源不断地输送到海洋中[214, 215, 246]。从

上述分析可知，种种适宜的环境条件导致了蓝细菌在二叠纪末期的生物大灭绝之后迅速爆

发。 
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图 4-1 二叠纪-三叠纪之交疑源类与蓝细菌的分布图 

A：古地理图改自[173]，微生物岩数据来自[244]； 

B：古地理图改自[183]，微生物岩数据来自[38]。 
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图 4-2 华南二叠纪-三叠纪之交浮游植物与后生动物化石生物多样性对比 

ME: mass extinction. I. is.: Isarcicella isarcica; I. s.: I. staeschei; H. p.: Hindeodus parvus; H. c.: H. changxingensis; C. t.: Clarkina taylorae; C. m.: C. meishanensis; C.y.: 

C. yini; C. ch.: C. changxingensis. 各剖面地层划分见正文；牙形石带以及层序地层资料来自[247]；动物化石多样性来自[8]；煤山剖面蓝细菌资料来自[247]；上寺剖

面蓝细菌来自
（谢树成，个人交流）

；海水温度来自[246]。 
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4.2.2 华南二叠纪与三叠纪之交疑源类的变化及原因分析 

与之相反，从二叠纪末至早三叠世，疑源类的生物多样性和丰度在华南地区却出现了明

显的降低（图 4-2）。如图 4-2 所示，笔者将二叠纪与三叠纪之交的这段地层按照煤山剖面的

牙形石生物带来构建，并未依据地层的实际厚度。图中，动物化石生物多样性的数据来自煤

山剖面[8]，而疑源类的数据则来自华南地区的七个剖面。动物与疑源类化石的生物多样性变

化较为一致，可以划分为较为明显的三个阶段（图 4-2）。阶段 1 对应的牙形石生物带为

Clarkina changxingensis 带以及 Clarkina yini 带，此阶段疑源类化石的生物多样性是最高的，

发现疑源类达 10 属 28 种。与第一阶段相比，阶段 2 的疑源类化石生物多样性出现大幅降低，

只出现 7 属 11 种。其对应的牙形石生物带为 Clarkina meishanensis 带、Hindeodus 
changxingensis 带、Clarkina taylorae 带以及 Hindeodus parvus 带。而最后一个阶段对应

Isarcicella staeschei 带和 Isarcicella isarcica 带，只有一种疑源类化石 Leiosphaeridia 
minutissima 零星地出现在凉风垭剖面和甘溪剖面。 

本文第三章分析了疑源类的近岸-远岸分布规律，认为疑源类在远岸的环境中的生物多

样性一般高于近岸环境[171]。而在长兴阶末期，华南出现一期较大幅度的海退事件，造成阶

段 2 初期的海平面低于阶段 1。因此，阶段 1 末期（煤山剖面 24 层顶部）疑源类生物多样

性降低的因素极有可能是海平面的下降。正常情况下，在阶段 2 至阶段 3 期间，疑源类的生

物多样性将随着海平面的回升而增加。然而，实际情况却大相径庭，疑源类的多样性仍然是

降低的。因此，必定还有其它重要原因导致了这个结果。 
如图 4-2 所示，从阶段 1 至阶段 3，疑源类的丰度大体上是降低的。但是，疑源类在上

寺剖面的 28 层和煤山剖面的 26 层（阶段 2）尽管属种较少，其生物量却很高。值得注意的

是，疑源类在火山灰之后的深色页岩或者泥岩中尤其富集，其生物多样性与生物量都较其它

层位高，如煤山剖面 26 层，上寺剖面 25 层和 28 层以及凉风垭剖面的 1 层。其原因为，在

火山喷发之后，大量的营养盐（如 Fe、N、P 等）沉降到海水中[215, 248, 249]，而这些营养元素

正是海洋中浮游植物生长的限制性元素，由此造成浮游植物的大量繁殖[250-252]。然而，这种

对疑源类的促进作用在阶段 3 的类似环境中却未能得到体现，如在上寺剖面的第 30 层以及

煤山剖面的 29 层均未发现疑源类化石。但是，其促进作用并不是没有体现，而是作用的主

体发生了改变。由图 4-2 可知，蓝细菌的繁盛正是始于以上两个层位，而下一节将分析其中

的具体原因。另一方面，具有较大争议的链状疑源类的丰度在华南是比较低的（不超过 14%），

远远达不到“真菌高峰”（90%以上）的程度[64-68, 153, 156]。因此，“真菌高峰”在华南二叠纪

末期并没有出现。 
 

4.2.3华南二叠纪-三叠纪之交浮游植物群落演化对生态系统的影响 

在二叠纪末期的生物大灭绝之前，动物和疑源类都具有非常高的生物多样性和丰度（图

4-2 和 4-3）[8]。然而，随着大规模的火山喷发以及海洋缺氧事件的发生，海洋中动物的生物

多样性急剧降低[19, 31-33, 253]。与此同时，由蓝细菌主导的钙质微生物岩却大面积地出现在浅
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海水域中[38]。而在这些钙质微生物岩中往往只能发现极少量的动物化石，如双壳类、介形虫

以及个体较小的腹足类等[241, 242]。 
Sun et al.（2012）测试了早三叠世牙形石的氧同位素，并估算了当时海水中的温度[176]。

其分析认为，早三叠世 Smithian 晚期，高温是大量动植物从赤道生态系统中消失的罪魁祸首
[176]。但是他们也注意到，Smithian 晚期的海水温度高达 40 度，而二叠纪末期的海水温度只

有 25 度[176, 246]。因此，高温并不是二叠纪末期生物大灭绝的首要因素。然而，这个温度已

经达到了蓝细菌爆发的适宜温度（20°至 30°），加之二叠纪末期海水中富集了大量的 N、

P、Fe 等浮游植物限制性元素（见上文），因此，蓝细菌得以急速增殖，广布二叠纪末期的

海洋，最后以钙质微生物岩的形式保存在地层中[38, 244]。 
在后生动物的食谱中，蓝细菌是一类低营养的食物，而其中的一些蓝细菌更具有较强的

毒性（见前文）[254, 255]。FerrÃo-Filho et al.（2001）在实验室的动物喂养实验中证实，即使

是不具有毒性的蓝细菌种类（Synechococcus elongatus）也不能很好地支撑浮游动物

（Moinodaphnia macleayi）的生长[234]。但是，只需要在其食物中加入少量的绿藻（营养价

值高），此类浮游动物的营养缺乏症状就会消失[234]。然而，不同的物种对蓝细菌的忍受能力

却是不一样的，这已在浮游动物、双壳类以及腹足类的实验中得到证实[218, 234, 256]。而 Limén 
and Ólafsson[257]将个体较大的双壳类和体型较小的介形虫混养在一起，同时让食物成为其限

制性因素。他们发现，在食物缺乏的情况下，个体较大的双壳类的物种多样性和丰度都急剧

降低，而体型较小的介形虫则几乎没有受到影响[257]。由此表明，在食物缺乏的环境中，体

型较小的初级消费者更容易在种间竞争中胜出[257]。 
回溯到二叠纪末期的生物大灭绝之前，海洋生态系统总体保持平衡，动物以及浮游植物

都具有较高的生物多样性（图 4-2，阶段 1）。浮游植物中，蓝细菌和链状的疑源类均较少，

主要出现球形以及具刺的疑源类，其丰度极高（图 4-3，阶段 1）。然而，由于环境的突变，

如大规模的火山喷发、海平面的骤降以及温度升高等（图 4-3，阶段 2）[31-33, 176, 246]，海洋生

态系统的平衡被打破。大多数的动植物由于对环境的不适应而惨遭灭绝，而生命力极强的蓝

细菌却在这适宜的环境中大面积爆发，成为主要的初级生产者（图 4-2 和 4-3，阶段 2）。然

而，蓝细菌的爆发却给环境带来了持续性的恶化，首先是加大了海洋透光带中光衰减的程度；

其次是加速了海水中的氧气消耗（图 4-3）；同时也为海洋中的动物提供了有毒的且贫营养的

食物（见前文 4.1 节）。这三点影响对其它浮游植物以及大多数的海洋动物来说都是致命的。

但是，不同物种对于这些影响的反应却是不一样的。总体来讲，疑源类等其它类型的浮游植

物基本从近岸海域中消失，只分布在远岸的水域，其总体的丰度是降低的。其中，球形疑源

类丰度降低，具刺疑源类以及链状疑源类的丰度升高（图 4-3，阶段 2）。而个体较大的动物

则基本消失，体型较小的后生动物凭借其对蓝细菌以及恶劣环境较强的适应性而得以残存
[258-262]。 

然而此次生物危机并未结束，随着温度的进一步升高以及无机营养盐的持续性输入，蓝

细菌的爆发向远岸以及深水环境中扩张，导致疑源类等其它浮游植物的多样性和丰度都急剧

降低，致使大多数在前一阶段残存的动物也不能在这更为恶劣的环境中幸免而遭到灭绝（图

4-2 和 4-3；阶段 3；上寺剖面 28 层以及煤山剖面 29 层），只剩下个别适应力极强的灾难种

得以存活并繁盛（如双壳类的 Claraia）[261]。 
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图 4-3 华南地区二叠纪-三叠纪之交海洋浮游植物与环境演变的示意图 

I.: Isarcicella; H.: Hindeodus; C.: Clarkina
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§4.3 本章小结 

 
1）在华南地区二叠纪与三叠纪之交的地层中，疑源类的生物多样性与后生动物生物多

样性的变化较为一致，都是逐步降低的，并且可以划分为明显的三个阶段；但是蓝细菌的丰

度在生物大灭绝之后却出现了明显的升高。 
2）如果认为大规模的火山喷发是二叠纪末期生物大灭绝的导火索，而海洋的缺氧、高

温以及食物的缺乏是动物灭绝的直接原因；那么，本文认为高温以及陆地风化的加强是蓝细

菌持续性爆发的诱因，而蓝细菌的增殖则加深了海水的缺氧程度以及造成了其它浮游植物的

减少。 
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第五章 疑源类化石的分类及系统描述 
 
 

§5.1 Micrhystridium/Veryhachium complex的划分 

 
具突起的小型疑源类 Micrhystridium 以及 Veryhachium 在整个显生宙的地层中都十分常

见。它们各自已有超过 200 个物种被记录[71]。正是由于如此多的物种存在，因此它们被称作

“waste-basket”属，类似的属还包括：Baltisphaeridium、Multiplicisphaeridium 以及 Polygonium 
[263]。多数孢粉学家在鉴定物种的时候，将膜壳为多角形且具多枚突起的疑源类划分到

Micrhystridium 中，而将膜壳呈多角形且具八枚及以下突起的疑源类划归 Veryhachium。值得

注意的是，由于这类化石个体在形态上呈现出一定规律的渐变性，因此在进行种一级别的鉴

定时，就显得尤为困难。 
二叠纪的 Micrhystridium 一般呈球形或者椭球形，膜壳上具数量不等，长短不一的突起。

但是突起的外形比较类似，几乎都不分叉，基部较宽，顶端渐尖且封闭。Micrhystridium 的

膜壳一般小于 20 微米，而其它膜壳较大且具突起的疑源类则一般归为 Baltisphaeridium 或者

Multiplicisphaeridium。Veryhachium 多为膜壳较小且呈多角形的疑源类，一般具少于 8 枚突

起。突起的外形与 Micrhystridium 类似，都较为简单，一般不分叉。 
如前文所述，Micrhystridium 和 Veryhachium 在二叠纪的地层中是被报道次数最多的属。

归属于 Micrhystridium 的 27 种疑源类共计被报道了 55 次，同时，Veryhachium 也被报道了

46 次，共包括 22 种。在种一级水平上，Micrhystridium breve、M. stellatum 以及 Veryhachium 
reductum 是最常见的物种。 

尽管众多学者在过去几十年里不断地对这两个属或者归属于它们的物种进行修订，但是

它们的属征还是具有很大的争议[263, 264]。由于在鉴别物种的时候不易将新的化石鉴定到种一

级别，因此，许多作者就使用 Micrhystridium/ Veryhachium complex 来表示这一特定类群的疑

源类化石[58, 64, 69, 118, 264-266]。 

由于许多作者已经对 Micrhystridium 和 Veryhachium 做过多次综述和修订，因此本文的

目的并不是对它们进行总结或者修订，而是根据它们的形态特征，为二叠纪的 Micrhystridium
和 Veryhachium 提出一个简单可行的分类方案。 

此次在扬子板块二叠纪与三叠纪之交的地层中，根据前人所描述的物种鉴别特征，共发

现十个物种可以归到 Micrhystridium 和 Veryhachium。但是，由于这些物种之间只具有细微的

差别，因此很难区分，且很多物种极有可能是同物异名。为了能够更为容易地区分这些物种，

本文建议将它们划分为五个不规范的类群，而划分依据只是其膜壳的几何形态而不考虑突起

的数量以及形态变化。 
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图 5-1 Micrhystridium/Veryhachium complex 分类示意图 

 
Servais et al.（2007）总结了奥陶纪 Veryhachium 的主要形态类型，同时沿用了前人的提

议，根据膜壳的几何外形，将 Veryhachium 划分为两个不规范的类群：Veryhachium trispinosum
亚属以及 Veryhachium lairdii 亚属。前者包括了所有具三角形膜壳的 Veryhachium 化石种类，

而后者则囊括了所有具四边形膜壳的 Veryhachium 物种[263]。 
与之相比，二叠纪 Veryhachium 的类型较多样，且很多类型与 Micrhystridium 存在较为

明显的渐变。因此，本文将沿用 Servais et al.（2007）的提议，且另外增加 Veryhachium 
cylindricum 亚属，其包括膜壳为椭圆形的 Veryhachium[263]。同时，再添加 Micrhystridium 
pentagonale 和 Micrhystridium breve 两个亚属。前者涵盖了膜壳为五边形或者六边形的
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Micrhystridium 或者 Veryhachium 的种类；而后者则包括了所有具球形膜壳的 Micrhystridium。 
本文中，Veryhachium cylindricum 亚属只含有 Veryhachium cylindricum 一种。Veryhachium 

trispinosum 亚属包括 Veryhachium hyalodermum 以及 V. sp.两个具三角形膜壳的物种。而

Veryhachium lairdii 亚属则包含了 Veryhachium nasicum、V. quadratum 以及 V. sedecimspinosum
三个物种。Micrhystridium pentagonale 亚属涵盖 Micrhystridium pentagonale 和 M. stellatum；

而 Micrhystridium breve 亚属则包括了 Micrhystridium fragile 以及 M. breve 两个物种。需要指

出的是，此分类为一种开放性的分类系统，任何真实存在于化石膜壳的其它几何类型都可以

添加入本系统中。如图 5-1 所示为这两个属物种的假想图，而图版 2 和图版 3 则为本文所观

察到的化石类型。可见，这些几何形态的膜壳都真实的出现在化石上，且其渐变的特征令它

们无法被准确地鉴定到种。而本文提出的分类系统可以较为容易地解决这个问题。 
本文所提出的分类方式只是基于形态学角度对Micrhystridium/Veryhachium complex类群

的化石做出快速而方便的划分，而并不能反映它们真正的生物亲缘关系。因此，未来的研究

应当利用生物化学等方法（如基于生物标志化合物）对疑源类的膜壳做细致的分析，从而得

到更为准确的生物关系图谱。值得注意的是 Grice et al.（2005）以及 Hays et al.（2011）对只

含有 Micrhystridium 与 Veryhachium 复合物的岩石进行了生物化学的研究，并认为 C33 
n-alkylcyclohexane 可能是它们的生物标志化合物[267, 268]。然而，目前测试的结果几乎都是基

于全岩的测试，即使找到了某一类生物标志化合物，也不能将其与特定种类的化石进行一一

对应。因此，测试特定种类疑源类的生物标志化合物显得尤为重要。 
完成类似工作的关键是在利用浸解法得到实体化石残留物之后，对疑源类化石进行分离

纯化。目前的技术有两种：一种是在体视镜下，利用显微操作仪挑选出特定的疑源类种类。

这种方法是最直接有效的方式，其纯度很高，但是效率较为低下，适用于化石膜壳较大，化

石丰度较高的样品。Sephton et al.（2009）利用此项技术挑取出链状的疑源类化石

Reduviasporonites，并对其做了详细的化学分析，包括碳同位素、氮同位素以及生物标志化

合物的分析等，从而认为它更像是一种真菌类生物[156]。另一种方法是利用流式细胞仪进行

分离。这种方法的原理是利用疑源类化石自发荧光的特性，使用流式细胞仪将具有荧光的化

石与不具荧光的杂质分离。其优点是效率高，可重复性强，对膜壳较小的疑源类尤其适用。

其缺点是纯度较低，不能分离出某一特定种类的化石。但是，我们可以利用化石直径的差别，

先利用不同孔径的筛网将疑源类按照直径的大小分类。然后，对不同类别分别进行纯化。因

此，这种方法对样品的要求较高，需要事先找到合适的样品。其样品的特征为：以一种疑源

类为主，或者几种疑源类的直径有较大的差别。Talyzina et al.（2000）利用这种方法纯化了

早寒武世的疑源类样品，并从这些分离出的样品中找到了沟鞭藻的生物标志化合物[269]。但

是他们制备的样品纯度较低，仍然未能将特定生物标志化合物与疑源类一一对应。然而，更

为精细的工作将是以后一个重要的研究方向。 
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§5.2 疑源类化石的系统描述 

 
根据 Colbath and Grenfell[63]的分类，本文将 Dictyotidium、Leiosphaeridia 以及 Schizosporis

作为绿藻。尽管众多学者对 Reduviasporonites 的生物亲缘关系做了大量的讨论，但是并没有

形成共识。因此，文中仍将其作为一种疑源类。 
 

Algae 
Division Chlorophyta Pascher, 1914 

Class Prasinophyceae Christensen, 1962 
Order Not assigned 

Family Pterosphaeridiaceae Mädler, 1963 
Genus Dictyotidium Eisenack, 1955, emend. Staplin, 1961 

模式种： Dictyotidium dietyotum (Eisenack, 1938) Eisenack, 1955 
 

Dictyotidium reticulatum Schulz, 1965 
图版 2，图 1-12 

Dictyotidium reticulatum Schulz, 1965, p. 278, 图版 23, 图 12-14 
 
描述：膜壳为球形至椭球形，表面覆盖网状纹饰。网状纹饰呈规则或者不规则的六边形，边

长 4~10 微米。膜壳的壁常形成单条或者多条呈笔直或者略微弯曲的褶皱。膜壳常具有横裂

等脱囊结构，将膜壳分为整体相连的两部分。 
测量数据：膜壳直径为 52(76)110  μm（从左至右依次为：最小值，平均值，最大值。以下皆

同）, 45（样本量） 
讨论：此类较大的球形膜壳在古生代及以前的地层中十分常见，但是在二叠纪地层中却较少

出现。同一时期，与之类似的是 Leiosphaeridia changxingesis Ouyang and Utting, 1990，但是

两者膜壳表面的纹饰有较为明显的区别。前者覆盖规则或者不规则的网状纹饰，而后者却为

较为粗糙的表面，颗粒状或者有微孔。 
文献记载：二叠纪，中国[135]、挪威[97]；三叠纪，德国[270]、西班牙[271] 
产出层位：此种疑源类在上寺剖面的吴家坪期和 22 层占据绝对优势。其它剖面如煤山 26 层

和峡口剖面等也有出现。 
 

Dictyotidium sp. 
图版 6，图 15-16 

 
描述：膜壳呈球形，表面由较为规则的四边形或者六边形紧密连接而形成。其边长为 2-4 微

米。而四边形或者六边形的内部通常被矿物充填。膜壳通常不具有褶皱和开口 
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测量数据： 膜壳直径为 30(36)42  μm,  5（样本量） 
讨论：当前种的膜壳几乎没有受到成岩过程中压实作用的影响而仍保持近球形的原状。与

Dictyotidium reticulatum 相比，当前种的膜壳直径只有后者的三分之一左右。由于发现的个

体有限，未能找到已知的种类与之对应。 
产出层位：上寺剖面 22 层。 
 

Genus Leiosphaeridia Eisenack, 1958, emend. Downie and Sarjeant, 1963 
模式种： Leiosphaeridia baltica Eisenack, 1958 

 
Leiosphaeridia microgranifera (Staplin, 1961) Downie and Sarjeant, 1965 

图版 5, 图 11-22 
Protoleiosphaeridium microgranifera Staplin, 1961, p.405, 图版 48, 图 4 

Leiosphaeridia microgranifera (Staplin, 1961) Downie and Sarjeant, 1965, p.124 
 
描述：膜壳椭球形至亚球形。膜壳表面具有较为密集的颗粒状纹饰，其颗粒通常近圆形，直

径为 0.5 微米左右。膜壳壁单层，较薄，约 1 微米，常形成笔直或者弯曲的多条褶皱，偶见

开口。 
测量数据： 膜壳直径为 25(32)40  μm, 14（样本量）; 
讨论：当前种与 Leiosphaeridia granulosa Staplin, 1961 较为相似，而当前种的膜壳较后者更

大。但是膜壳上颗粒状纹饰的单个颗粒的直径却明显小于后者，当前种的为 0.5 微米左右，

而后者的通常为 1 微米。 
文献记载：早志留世，宾夕法尼亚[272]；晚泥盆世，加拿大[204]  
产出层位：上寺与峡口剖面的晚二叠世多个层位均较为丰富。 
 

Leiosphaeridia minutissima (Naumova, 1949) Jankauskas, 1989 
图版 6，图 1-14 

Leiosphaeridia minutissima Naumova, 1949, p. 52-53, 图版 1, 图. 1-2, 图版 2, 图 1-2 
Leiosphaeridia minutissima (Naumova, 1949) Jankauskas, 1989, p. 79-80, 图版 9, 图 1-4, 11 

 
描述：膜壳球形至亚球形，表面光滑，不具其它纹饰。膜壳壁单层且较薄，常形成笔直或者

弯曲的多条褶皱，未见开口。 
测量数据： 膜壳直径为 25(31)40  μm,  23（样本量） 
讨论：当前种膜壳的大小与 Leiosphaeridia microgranifera 较为一致，且常一起出现。但是两

者膜壳的壁有显著的区别。当前种的壁是光滑的，而后者具有粒状纹饰。 
文献记载：新元古代，加拿大[195]、刚果[273]、捷克 [274]、印度[275]、俄罗斯[276-278]；埃迪卡拉

纪，波兰[279]、乌克兰[280]、乌拉圭[281]；寒武纪，捷克[282, 283]、俄罗斯[284] 
产出层位：在上寺、凉风垭、东攀、甘溪等剖面的多个层位较为丰富。 
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Class Zygnematophyceae Round, 1971 
Order Zygnematales Borge and Pascher 1913 

Family Zygnemataceae Kützing, 1843 
Genus Schizosporis Cookson and Dettmann, 1959, emend. Pierce, 1976 

模式种：Schizosporis reticulatus Cookson and Dettmann, 1959 
 

Schizosporis scissus (Blame and Hennelly, 1956) Hart, 1965 
图版 5，图 8-10 

Laevigatosporites scissus Blame and Hennelly, 1956, p. 56, 图版 1, 图 6-9 
Spheripollenites scissus (Blame and Hennelly, 1956) Jansonius, 1962, p. 82, 图版 16, 图 8 

Schizosporis scissus (Blame and Hennelly, 1956) Hart, 1965, p. 14 
 
描述：膜壳球形至椭球形。膜壳壁薄，厚约 1 微米，表面光滑，没有明显的褶皱。常具中裂

等开口将膜壳分隔成相似的两部分。 
测量数据：膜壳直径为 25(36)45  μm,  5（样本量） 
讨论：当前种的膜壳壁比 Micrhystridium、Veryhachium 以及 Leiosphaeridia 的壁都明显厚一

些，但是又不及 Dictyotidium 壁的厚度。常具有较为明显的脱囊结构是容易被鉴别的特征。 
文献记载：二叠纪，南极[140, 141]、澳大利亚[157, 159]、巴基斯坦[151]；三叠纪，加拿大([95] 
产出层位：在上寺 25 层中较为常见，煤山个别层位偶见。 
 
 

Schizosporis sp. 
图版 5，图 1-7 

 
描述：膜壳几乎都为球形，表面密集分布着 0.5~1 微米长的突起。突起中空，简单不分叉，

顶端封闭。膜壳常具中裂等脱囊结构，并将膜壳分隔成相似的两个部分。  
测量数据： 膜壳直径为 20(23)25  μm,  8（样本量） 
讨论：当前种与 Schizosporis scissus 以及 Leiosphaeridia microgranifera 都较为类似。当前种

同 Schizosporis scissus 一样具有中裂等脱囊结构，而 Leiosphaeridia microgranifera 很少发现

有开口。它们的膜壳表面也有明显的区别。当前种具有密集的短刺；Schizosporis scissus 是

光滑的；而 Leiosphaeridia microgranifera 则是具有颗粒状纹饰，且常具有不规则的褶皱。 
产出层位： 发现于上寺剖面的 21 层和 25 层。 
 

Acritarcha Evitt, 1963 
Genus Baltisphaeridium Eisenack, 1958, emend. Eisenack, 1969 

模式种： Baltisphaeridium (as Ovumhispidum) longispinosum Eisenack, 1931 
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Baltisphaeridium sp. 
图版 4，图 1 

 
描述：膜壳球形至亚球形，表面覆盖较为密集的突起。突起简单，坚实，不分叉，顶端封闭，

长度为 2-4 微米。膜壳壁较薄，厚约 1 微米，单层，无开口。 
测量数据：膜壳直径为 25(35)42  μm,  4（样本量）；突起长度：2-4  μm 
讨论：当前种与 Micrhystridium 以及 Veryhachium 都具有突起。然而，当前种的个体明显大

于 20 微米而不能归为 Micrhystridium。而其突起的数量较多，也不能归为 Veryhachium。由

于发现的个体数量较少，不能将其准确地命名。 
产出层位：偶见于中寨和上寺的个别样品中。 
 

Genus Leiofusa Eisenack, 1938 
模式种： Leiofusa fusiformis Eisenack, 1938 

 
Leiofusa sp. 
图版 4，图 2 

 
描述：膜壳呈纺锤形，表面光滑。膜壳壁薄，未见开口。膜壳两端均有一较长的突起。突起

中空，简单，不分叉，顶端封闭，长约为膜壳主体的一半。 
测量数据： 膜壳直径为 35  μm,  1（样本量）；突起长度：17  μm 
讨论：当前种的膜壳明显比 Micrhystridium 和 Veryhachium 的膜壳大。但是，它们的突起的

外形几乎是一致的。只是当前种的突起比后两者的较长。由于只发现了一个样本，因此未能

将其鉴定到种。 
产出层位：出现在上寺 21 层。 
 

Genus Micrhystridium Deflandre, 1937, emend. Sarjeant and Stancliffe, 1994 
模式种： Micrhystridium inconspicuum (Deflandre, 1935) Deflandre, 1937 

 
Micrhystridium breve Jansonius, 1962 

图版 4，图 13-24 
Micrhystridium breve Jansonius, 1962, p. 85, 图版 16, 图 62, 63, 66 

 
描述：膜壳球形至椭球形，表面光滑具 20~40 枚突起。突起简单，中空，不分叉，顶端封闭，

长 2~5 微米。膜壳壁单层且薄，一般厚 0.5~1 微米，偶见简单的开口。  
测量数据： 膜壳直径为 15(17)21  μm,  23（样本量）；突起长度：2-5  μm 
讨论：Sarjeant et al. (1970)认为 Micrhystridium breve 与 M. recurvatum forma brecispinosa 
Valensi, 1953 应该为同物异名[137]。当前种的特征较为明显，膜壳具有密集的短刺，可以很容

易地将其与其它种类相区别。 
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文献记载：二叠纪，巴基斯坦[137]、加拿大[285]、澳大利亚[147]、美国[124]、巴西[83]；三叠纪，

加拿大[95, 286-288]、西伯利亚[289]；志留纪，加拿大[290] 
产出层位：常见于近岸的环境中，出现在中寨，上寺以及凉风垭剖面。在上寺剖面的 25 和

28 层尤为丰富。 
 

Micrhystridium fragile Deflandre, 1947 
图版 4，图 5 

Micrhystridium fragile Deflandre, 1947, p. 8, fig. 13-18 
 
描述：膜壳球形至亚球形，表面光滑，具十枚左右的突起。突起较为细小而易弯曲，中空，

顶端封闭。突起的长度可达 10-15 微米，通常超过其膜壳的直径。 
测量数据： 膜壳直径为 9(11)12  μm,  4（样本量）；突起长度：11-15  μm 
讨论：当前种的膜壳主体（不包括突起）直径非常小，只有约 10 微米。而其突起的形态也

较为特殊，比 Micrhystridium 其它种类的突起较为细小。 
文献记载：二叠纪，乌拉圭[88]、英格兰[291]；三叠纪，英格兰[292]；侏罗纪，英格兰[207, 293, 294]、

以色列[291] 
产出层位：偶见于上寺 21-25 层。 
 

Micrhystridium pentagonale Stockmans and Willière, 1963 
图版 3，图 18-20 

Micrhystridium pentagonale Stockmans and Willière, 1963, p. 470-471, 图版 3, 图 32 
 
描述：膜壳呈五角形，表面光滑，可见简单的开口。一般附着 5-9 枚突起，其中 5 枚从膜壳

的五个角延伸出来，其余的 1-4 枚突起附着在膜壳中央。突起简单，中空，基部较宽，顶端

渐尖而封闭，其长度一般只有膜壳直径的一半左右。 
测量数据： 膜壳直径为 12(14)17  μm,  15（样本量）；突起长度：4-10  μm 
讨论：当前种膜壳的形状与 Micrhystridium stellatum 类似，但是更接近规则的五角形。后者

的突起可以更多，也更为细长。 
文献记载：志留纪，比利时[295]；石炭纪，土耳其[296];  
产出层位：常见于在上寺剖面的 21-25 层，偶见于凉风垭剖面。 
 

Micrhystridium stellatum Deflandre, 1945 
图版 4，图 6-12 

Micrhystridium stellatum Deflandre, 1945, p. 65, 图版 3, 图 16-19 
 
描述：膜壳为多角形，常为五边形或者六边形，表面光滑，具不定数量的突起，一般为 8-12
枚。突起简单，中空，顶端渐尖而封闭，长度为膜壳直径的一半至一倍。 
测量数据： 膜壳直径为 13(16)18  μm,  15（样本量）；突起长度：6-15  μm 
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讨论：当前种在地史时期十分常见，世界各地均有报道。其典型的特征为多角形的膜壳以及

细长的突起。在前文已将其与 Micrhystridium pentagonale 做过比较。 
文献记载：奥陶纪，美国[297]；志留纪，英格兰[169]、法国[298]、瑞典[299, 300]；泥盆纪，利比

亚[301]、波兰[302]；石炭纪，中国[303]、土耳其[296]；二叠纪，英国[118]、中国[135]、德国[142]、以

色列[143]；三叠纪，英格兰[292] 
产出层位：常见于中寨，煤山，上寺以及凉风垭剖面。 
 

Genus Reduviasporonites Wilson, 1962, emend. Foster, 2002 
模式种： Reduviasporonites catenulatus Wilson, 1962 

 
长期以来，Reduviasporonites 被许多作者认为是一种真菌化石。但是一些作者将其归为

一种绿藻[154, 155]。由于它的亲缘关系尚存疑问，因而在此将其仍划归为疑源类。值得注意的

是，许多支持其为真菌化石的作者认为在二叠纪与三叠纪之交的地层中存在一段

Reduviasporonites 的高峰[64, 66-68]。然而，在本文的研究过程中，笔者始终未能在华南 PTB 附

近发现此类现象。在华南地区各剖面，Reduviasporonites 化石的百分含量最高仅为 14%（上

寺剖面），远远低于“真菌高峰”的百分量（大于 90%）。 
 

Reduviasporonites catenulatus Wilson, 1962, p. 94-95, 图版：1, 图 1-6 
图版 7，图 12-17 

 
描述：膜壳整体为两节或多节组成的链状，单个膜壳呈亚球形或者椭球形，表面光滑或具褶

皱，节与节之间的连接处明显比膜壳其它部位厚。单个膜壳长约 20 微米，其长宽比为 1:1
至 1:2。 
测量数据：膜壳直径为 8(15)20  μm,  17（样本量） 
讨论：关于此类疑源类生物属性的争论已经持续十余年，最新的资料倾向于其为真菌。Foster 
et al. (2002)对它们做了详细的描述以及分类研究[155]。而当前种与 Reduviasporonites chalastus
的相似度非常高。其最大的区别只是在于当前种的单个膜壳要小于后者。 
文献记载：二叠纪，澳大利亚[155]、美国[304, 305]；白垩纪，加拿大[306] 
产出层位：常见于上寺与峡口剖面。 
 

Reduviasporonites chalastus (Foster, 1979) Elsik, 1999 
图版 7，图 1-11,18-23 

Chordecystia chalasta Foster, 1979, p. 109-110; pl 41, 图 3-9; 
? Brazilea helbyi forma gregata Foster, 1979, p. 112; 图版 41, 图 1-2. 

Tympanicysta stoschiana Balme, 1980, p. 22-24; 图版 1, 图 3-7; Afonin et al., 2001, p. 484-486, 
图 1; 2A-C, E,F. 

Reduviasporonites stoschianus (Balme) Elsik, 1999, p. 40; 图版 1, 图 1-24. 
? Reduviasporonites stoschianus (Balme) Elsik, 1999; Wood and Elsik, 1999, p.46-48; 图版：1, 
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图 1-9; 图版 2, 图 1-7. 
 
描述：膜壳整体为两节或多节组成的链状，单个膜壳亚球形或者近四边形，表面光滑或者具

褶皱节与节之间的连接处明显比膜壳其它部位厚。单个膜壳长约 40 微米，其长宽比为 2:1
至 6:1。 
测量数据： 膜壳直径为 15(36)65  μm,  19（样本量） 
讨论：当前种单个膜壳的个体明显大于 Reduviasporonites catenulatus，其余特征都类似。 
文献记载：二叠纪，澳大利亚[126, 155]、中国[135]、丹麦[307]、伊拉克[130]、肯尼亚[138]、巴拉圭
[99]、秘鲁[308]、俄罗斯[154]、土耳其[131]、美国[305] 
产出层位：常见于中寨、煤山以及上寺剖面的二叠纪与三叠纪之交的过渡层中。 
 

Genus Veryhachium Deunff, 1954, emend. Sarjeant and Stancliffe, 1994 
模式种： Veryhachium trisulcum (Deunff, 1954) Deunff, 1959 

 
Veryhachium cylindricum Schaarschmidt, 1963 

图版 3，图 21-25 
Veryhachium cylindricum Schaarschmidt, 1963, p. 64, 图版 18, 图 8-10 

 
描述：膜壳为长椭球形，表面光滑，多具 6 枚对称的突起。突起简单，中空，基部较宽，可

达 5-10 微米，顶端渐尖而封闭，长约 10 微米。其中两枚突起沿膜壳长轴延伸，剩下的四枚

突起对称地分布于短轴上下。 
测量数据： 膜壳直径为 15(18)22  μm,  13（样本量）；突起长度：8-12  μm 
讨论：当前种的形态较为特别，整体两轴对称。尤其是它的突起基部宽大，而且分布均匀，

易于识别，而一枚位于长轴端的突起常脱落。 
文献记载：二叠纪，德国[142] 
产出层位：常见于上寺剖面 21-25 层。 
 

Veryhachium hyalodermum (Cookson, 1955) Schaarschmidt, 1963 
图版 3，图 1-8 

Veryhachium hyalodermum Cookson, 1956, p. 188-189, 图版 1, 图 12-16 
Veryhachium hyalodermum (Cookson, 1956) Schaarschmidt, 1963, p. 62-63 

 
描述：膜壳扁平，呈三角形，表面光滑，具 4 枚突起，偶见开口。突起简单，中空，基部略

宽，顶部渐尖而封闭。其中三枚突起随膜壳的三个角延伸，其余一枚突起较短位于膜壳中央。  
测量数据： 膜壳直径为 10(12)14  μm,  25（样本量）；突起长度：9-15  μm 
讨论：Veryhachium 中有多个物种都只具有 4 枚突起，比如 Veryhachium ceratioides Stockmans 
and Willière, 1962、V. europaeum Stockmans and Willière, 1960 以及 V. leonense Cramer, 1964
等。实际上，这些物种之间的区别很模糊，也很难界定。而当前种的突起一般较后几种更为
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细长。 
文献记载：二叠纪，中国[135]、德国[142]、以色列[144]、南非[145]；始新世，澳大利亚[309] 
产出层位：常见于上寺剖面 21-25 层，以及煤山和凉风垭剖面。 
 

Veryhachium nasicum (Stockmans and Willière, 1960) Stockmans and Willière, 1962 
图版 3，图 9-12 

Stellinium nasicum Stockmans and Willière, 1960, p. 3, 图版 1, 图 3 
Veryhachium nasicum (Stockmans and Willière, 1960) Stockmans and Willière, 1962, p. 52 

 
描述：膜壳扁平，成规则或者不规则的四边形，表面光滑，一般具 5 枚突起。突起简单，中

空，基部略宽，顶部渐尖而封闭。其中四枚突起延膜壳四角伸展，剩下一枚突起附着在膜壳

中部。 
测量数据： 膜壳直径为 17(19)22  μm,  21（样本量）；突起长度：5-9  μm 
讨论：Veryhachium 中也有多个物种具有四边形的膜壳，而被许多作者称为 Veryhachium lairdii 
group。当前种地史时期分布较广，其突起也易于识别。 
文献记载：泥盆纪，比利时[310]、中国[303]、利比亚[311]；石炭纪，俄罗斯[301]；二叠纪，德国
[142] 
产出层位：常见于上寺剖面 21-25 层，以及凉风垭剖面。 
 

Veryhachium quadratum Schaarschmidt, 1963 
图版 4，图 4 

Veryhachium quadratum Schaarschmidt, 1963, p. 63, 图版 17, 图 8-10. 
 
描述：膜壳多角形，表面光滑，具 5-8 枚较短的突起。突起中空，顶端较钝，近圆弧状，多

延膜壳的边缘分布。突起一般宽约 2 微米，长 1-2 微米。 
测量数据： 膜壳直径约为 20  μm,  2（样本量）；突起长度：1-2  μm 
讨论：当前种与 Veryhachium 的其它物种区别较大。其突起十分短小，一般只有 1-2 微米，

易于鉴别。 
文献记载：二叠纪，德国[142] 
产出层位：偶见于上寺剖面 21 层。 
 

Veryhachium sedecimspinosum Staplin, 1961 
图版 3，图 13-17 

Veryhachium sedecimspinosum Staplin, 1961, p414, 图版 49, 图 9-11 
 
描述：膜壳呈规则或者不规则的四边形，表面光滑，具 6-8 枚突起。突起简单，中空，基部

较宽，顶端渐尖而封闭。其中 4 枚突起延膜壳的四个角伸展，剩下的突起（一般为 2-4 枚）

附着在膜壳中部，一般对称分布。  
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测量数据：膜壳直径为 15(16)17  μm,  4（样本量）；突起长度：7-13  μm 
讨论：当前种与 Veryhachium nasicum 非常相似，都具有相同形态的膜壳，突起的形态也是

类似的。唯一的不同点只是当前种的突起为 6-8 枚，而后者只有 5 枚。实际上，他们很可能

就是一个物种，只是人为地将其划分为不同种类。 
文献记载：泥盆纪，加拿大[204]；二叠纪，德国[295] 
产出层位：常见于上寺和凉风垭剖面。 
 

Veryhachium sp. 
图版 4，图 2 

 
描述：膜壳近三角形，表面光滑，具 3 至 6 枚突起。突起较短，简单，中空，顶端渐尖而封

闭。其中三枚突起延膜壳的三角伸展，其余的突起则附着在膜壳中央。 
测量数据： 膜壳直径约为 25  μm,  3（样本量）；突起长度约 5  μm 
讨论：当前种的膜壳与 Veryhachium hyalodermum 类似，呈三角形。但是前者的个体明显大

于后者。而后者的突起长度却明显长于前者。由于样本量较少，未能将其准确分类。  
产出层位：偶见于上寺剖面 21 层。 
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第六章 结论以及研究展望 
 
 

为了探索二叠纪与三叠纪之交生物大灭绝期间浮游植物与生态环境的演变，本文以具有

机质壳的浮游植物化石疑源类为重点研究对象，在华南二叠纪的有关地层中选取了七条地质

剖面。经研究得到以下结论： 
1）经过对二叠纪疑源类化石的文献综述表明：二叠纪疑源类化石的研究程度较低，但

是已经报道的疑源类化石数量已达 55 属、230 种（其中包含 77 个未定种），远远超过前人

对二叠纪疑源类数量的统计。二叠纪疑源类主要以长地史分布的属种为主，如

Micrhystridium、Veryhachium、Leiosphaeridia 以及 Brazilea 等。而且大多数疑源类的膜壳都

较小，直径约 20 微米。 
2）在空间尺度上，本文所研究的七条剖面涵盖了海陆交互相、近大陆架、远大陆架以

及大陆坡等沉积相。经过对疑源类定性以及定量的研究发现，疑源类的属和物种的多样性都

符合近岸-远岸的分布规律。近岸地区的疑源类物种多样性较低，一般只有 2-4 种（如中寨和

东攀剖面）；而较远岸的大陆架地区物种多样性较高，可以达到 20 种左右（如煤山、上寺以

及凉风垭剖面）；但是随着离岸距离的增加，大陆坡地区的疑源类物种多样性同样是较低的

（如甘溪和峡口剖面）。 
3）在疑源类化石属一级上，Leiosphaeridia、Reduviasporonites 以及 Micrhystridium 从近

岸浅水环境到远岸深水地区均有分布；Dictyotidium 和 Veryhachium 更多地出现于开阔的海

域；而 Schizosporis 则只在上寺剖面 25 层和煤山剖面 26 层出现（海平面较低时），可能指示

一种相对近岸浅水的环境。 
4）在物种级别上，具短突起的 Micrhystridium breve 在近岸环境中占据绝对优势，且对

营养盐的浓度较为敏感，其生物量的变化与 Fe 和 Al 元素的含量变化较为一致。而具较长突

起的其它种类的 Micrhystridium 以及 Veryhachium（如 Micrhystridium stellatum 和 Veryhachium 
hyalodermum）则较多地出现在远岸环境中。同时，本文从化石膜壳形态学的角度对

Micrhystridium/Veryhachium complex 类群做了简单的分类。其中，Veryhachium cylindricum 亚

属包括 Veryhachium cylindricum 一种；Veryhachium trispinosum 亚属包括 Veryhachium 
hyalodermum 以及 V. sp.两个具三角形膜壳的物种；而 Veryhachium lairdii 亚属则包含了

Veryhachium nasicum、V. quadratum 以及 V. sedecimspinosum 三个物种；Micrhystridium 
pentagonale 亚属涵盖 Micrhystridium pentagonale 和 M. stellatum；而 Micrhystridium breve 亚

属则包括了 Micrhystridium fragile 以及 M. breve 两个物种。 
5）膜壳较大（直径约 80 微米）的球形疑源类如 Dictyotidium reticulatum 一般出现在浅

水区域，而膜壳较小（直径约 30 微米）的 Leiosphaeridia 则更多地分布在水体较深的环境中。

同时，膜壳光滑的 Leiosphaeridia minutissima 在近岸占据优势，而膜壳具颗粒纹饰的

Leiosphaeridia microgranifera 则在远岸较为丰富。 
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6）虽然链状疑源类 Reduviasporonites 出现在多个剖面，但是众多学者认为的二叠纪末

期的“真菌高峰”在扬子板块的海相地层中并没有出现。需要指出的是，个体较大的

Reduviasporonites chalastus 常分布于近岸环境；而个体较小的 Reduviasporonites catenulatus
则更多地出现在远岸深水的区域。 

7）时间尺度上：在华南地区二叠纪与三叠纪之交的地层中，疑源类的生物多样性与动

物生物多样性的变化较为一致，都是逐步降低的，并且可以划分为明显的三个阶段。阶段 1
的疑源类生物多样性丰富，发现疑源类 10 属 28 种，其止于煤山剖面 24 层顶；而阶段 2 疑

源类生物多样性开始下滑，共计 7 属 11 种，其止于煤山剖面 27 层顶；而阶段 3 疑源类物种

多样性极低，只发现 1 种化石。但是蓝细菌化石的丰度在生物大灭绝之后的阶段 2 和阶段 3
均出现两个明显的峰值。其原因可能是适宜的环境条件（如：不断上升的海水温度以及火山

喷发和陆地风化带来的大量营养盐）导致了蓝细菌的不断增殖并使其迅速成为生物大灭绝之

后浅海环境中最主要甚至唯一的初级生产者。 
8）大规模的火山喷发可能是二叠纪末期生物大灭绝的导火索，其导致了生态环境的巨

大变化，如温度升高等。本文认为：高温以及陆地风化的加强直接促使蓝细菌的持续性爆发。

而蓝细菌的不断增殖则加深了海水的缺氧程度以及造成了其它浮游植物的大量减少。经过以

上的变化，海洋的缺氧、高温以及食物的缺乏则是海洋动物灭绝的直接原因。 
 
在本文的写作以及研究的过程中，笔者认识到一些当前二叠纪疑源类研究存在的不足： 
1）从二叠纪疑源类综述可以看出，中二叠世疑源类的研究基础是非常薄弱的，需要更

多学者去探索。 
2）本文的研究手段还过于传统，在以后更为精细的工作中，需要利用生物化学测试等

方法分析疑源类膜壳中保存下来的化学信号，进而探讨疑源类的生物亲缘关系。 
3）当前对于大规模的火山喷发对生物的影响过程还缺乏了解，需要更多的古生物学者

结合地球化学等资料来综合分析，从而更加明晰生物与环境的协同演化过程，为保护如今的

地球生态环境作出应有的贡献。 
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附录 A：二叠纪疑源类属种目录 
 

（55 属、230 种，含 77 个未定种） 
Acritarchs and Incertae Sedis 

Acritarch sp. A (Lindström, 1995 a; Lindström, 1995 b) 
Acritarch sp. B (Lindström, 1996) 

 
Genus Assamialetes Singh, 1975 
Assamialetes giganteus (Kaiser, 1976) Fensome et al., 1990 

 
Genus Archaeodinium Ouyang, 1979 
Archaeodinium cingulatum Ouyang, 1979 

 
Genus Baltisphaeridium (Eisenack, 1958) Eisenack, 1969 
Baltisphaeridium brevispinosum (Eisenack, 1931) Eisenack, 1959 
Baltisphaeridium debilispinum Wall and Downie, 1963 
Baltisphaeridium spp. (Li et al., 2004; Horowitz, 1990) 
Baltisphaeridium sp. (Foster, 1974; Gorter et al., 2008; Shu and Utting, 1990; Lei et al., 2012) 

 
Genus Balmeella Pant and Mehra, 1963 
Balmeella densicorpa Tiwari and Navale, 1967 
Balmeella minuta Tiwari and Navale, 1967 
Balmeella punctata Tiwari and Navale, 1967 
Balmeella sp. (Tripathi, 2001) 

 
Genus Buedingiisphaeridium Schaarschmidt, 1963 
Buedingiisphaeridium permicum Schaarschmidt, 1963 

 
Genus Brazilea Tiwari and Navale, 1967 
Brazilea crassa Tiwari and Navale, 1967 
Brazilea scissa (Balme and Hennelly, 1956) Foster, 1975  
Brazilea helbyi Foster, 1979 
Brazilea helby forma gregata Foster, 1979 
Brazilea helbyi forma helbyi Foster, 1979 
Brazilea plurigenus (Balme and Hennelly, 1956) Foster, 1979 
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Brazilea punctata Tiwari and Navale, 1967 
Brazilea sp A. (Backhouse, 1991) 
Brazilea sp. (Cazzulo-Klepzig et al., 2007; Holz and Dias, 1998) 
Brazilea spp. (Gutiérrez et al., 2005; Mangerud, 1994) 

 
Genus Circulisporites de Jersey, 1962 
Circulisporites parvus de Jersey, 1962 
Circulisporites sp. ( Lindström, 1995 a; Stephen, 1993) 
Circulisporites sp. A (Backhouse, 1991) 
Circulisporites sp. B (Backhouse, 1991) 

 
Genus Comasphaeridium Staplin and Jansonius et Pocock, 1965 
Comasphaeridium daemoni Quadros, 2002 

 
Genus Congoites Sah, 1967 
Congoites baculosus Tiwari and Navale, 1967 
Congoites conatus Tiwari and Navale, 1967 
Congoites spinosus Tiwari and Navale, 1967 
Congoites sp. (Mori et al., 2011) 

 
Genus Deunffia Downie, 1960 
Deunffia unispinosa (Schön, 1967) Sarjeant, 1970 

 
Genus Deusilites Hemer and Nygreen, 1967 
Deusilites tenuistriatus Gutiérrez and Césari et Archangelsky, 1997 
Deusilites sp. (Gutiérrez et al., 2006) 

 
Genus Disectispora Tiwari and Navale, 1967 
Disectispora lobata Tiwari and Navale, 1967 

 
Genus Diexallophasis Loeblich, 1970 
Diexallophasis sp. (Kent et al., 1990) 

 
Genus Foveofusa Lele and Chandra, 1972 
Foveofusa attenuata Lele and Chandra, 1972 
Foveofusa cylindrica Lele and Chandra, 1972 
Foveofusa mutabilis Lele and Chandra, 1972 
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Foveofusa obese Lele and Chandra, 1972 
Foveofusa perforata Lele and Chandra, 1972 
Foveofusa pumila Lele and Chandra, 1972 

 
Genus Globulaesphaeridium Tiwari and Moiz, 1971 
Globulaesphaeridium densum Tiwari and Moiz, 1971 

 
Genus Gorgonisphaeridium Staplin and Jansonius et Pocock, 1965 
Gorgonisphaeridium sp. (Pérez Loinaze et al., 2010) 

 
Genus Gondisphaeridium Tiwari and Moiz, 1971 
Gondisphaeridium leve Tiwari and Moiz, 1971 

 
Genus Greinervillites Bose and Kar, 1967 
Greinervillites sp. (Tripathi, 2001) 

 
Genus Haplocystia Segroves, 1967 
Haplocystia pellucida Segroves, 1967 

 
Genus Hystrichosphaeridium Deflandre, 1937 
Hystrichosphaeridium leonardianum Tasch, 1963 
Hystrichosphaeridium equispinosum Tasch, 1963 
Hystrichosphaeridium sp. (Wilson, 1960) 

 
Genus Inaperturopollenites Pflug and Thomson, 1953 
Inaperturopollenites nebulosus Balme, 1970 

 
Genus Inderites Abramova and Martchenko, 1964 
Inderites bulbifera Abramova and Martchenko, 1964 
Inderites compacta Abramova and Martchenko, 1964 
Inderites crassus Dyupina, 1970 
Inderites elegans Dyupina, 1970 
Inderites flexuosus Dyupina, 1970 
Inderites microreticulatus Dyupina, 1970 
Inderites robusta Abramova and Martchenko, 1964 
Inderites scrobiculatus Dyupina, 1970 

 
Genus Kagulubeites Bose and Maheshwari, 1968 
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Kagulubeites verrucosus Bose and Maheshwari, 1968 
Kagulubeites sp. (Banerjee and D'Rozario, 1988; Banerjee and D'Rozario, 1990) 

 
Genus Leiofusa Eisenack, 1938 
Leiofusa punctalirella Loeblich, 1970 
Leiofusa stassfurtensis Schön, 1967 
Leiofusa jurassica (Schön, 1967) Sarjeant, 1970 
Leiofusa sp. (Lei et al., 2012) 
Leiofusa spp. (Foster, 1974) 

 
Genus Leiosphaeridium Staplin, 1961 
Leiosphaeridium belloyense Jansonius, 1962 

 
Genus Lophosphaeridium(Timofeev, 1959) Downie, 1963 
Lophosphaeridium spp. (Gilby and Foster, 1988; Lindstrm, 1995 b) 
Lophosphaeridium sp. (Utting and S-petrole, 1978) 

 
Genus Maculatasporites Tiwari, 1964 
Maculatasporites amplus Segroves, 1967 
Maculatasporites delicates Foster, 1975 
Maculatasporites gondwanensis Tiwari, 1964 
Maculatasporites gravidus Playford and Rigby, 2011 
Maculatasporites indicus Tiwari, 1964 
Maculatasporites karanpurensis Lele and Kulkarni, 1969 
Maculatasporites minimus Segroves, 1967 
Maculatasporites zairensis Kar and Bose, 1976 
Maculatasporites sp. (Cazzulo-Klepzig et al., 2007; Hankel, 1992; Stephen, 1993) 
Maculatasporites spp. (Foster and Waterhouse, 1988; Mangerud, 1994) 
Maculatasporites sp A. (Backhouse, 1991) 

 
Genus Mehlisphaeridium Segroves, 1967 
Mehlisphaeridium fibratum Segroves, 1967 
Mehlisphaeridium regulare Anderson, 1977 
Mehlisphaeridium sp. (Lindström, 1995 a; Stephen, 1993) 
Mehlisphaeridium sp. A (Lindström, 1996) 

 
Genus Micrhystridium (Deflandre, 1937) Sarjeant and Stancliffe, 1994 
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Micrhystridium albertensis Staplin, 1961 
Micrhystridium bistchoensis Staplin, 1961 
Micrhystridium breve Jansonius, 1962 
Micrhystridium circulum Schön, 1967 
Micrhystridium densispinum Valensi, 1953 
Micrhystridium fragile Deflandre, 1947 
Micrhystridium inconspicuum (Deflandre, 1935) Deflandre, 1937 
Micrhystridium karamurzae Sarjeant, 1970 
Micrhystridium keratoides Spode, 1964 
Micrhystridium microspinosum Schaarschmidt, 1963 
Micrhystridium pakistante Sarjeant, 1970 
Micrhystridium parvispinum Deflandre, 1946 
Micrhystridium pentagonale Stockmans and Willière, 1963 
Micrhystridium piliferum Deflandre, 1937 
Micrhystridium piveteaui Valensi, 1963 
Micrhystridium recurvatum Valensi, 1953 
Micrhystridium setasessitante Jansonius, 1962 
Micrhystridium stellatum Deflandre, 1945 
Micrhystridium toigae Quadros, 2002 
Micrhystridium sp. (Beri et al., 2006; Beri et al., 2010; Fielding and McLoughlin, 1992; 
Gutiérrez et al., 2006; Holz and Dias, 1998; Utting and S-petrole, 1978) 
Micrhystridium sp.1 (Jacobson et al., 1982) 
Micrhystridium sp.2 (Jacobson et al., 1982) 
Micrhystridium sp.3 (Jacobson et al., 1982) 
Micrhystridium spp. (Foster, 1974; Foster and Waterhouse, 1988; Gilby and Foster, 1988; 
Grigoriev and Utting, 1998; Hermann et al., 2012; Li et al., 2004; Mangerud, 1994; Mangerud 
and Konieczny, 1993;) 
Micrhystridium sp. A (Schaarschmidt, 1963) 
Micrhystridium sp. B (Schaarschmidt, 1963) 
Micrhystridium sp. C (Schaarschmidt, 1963) 
Micrhystridium sp. H (Jansonius, 1962) 

 
Genus Navifusa Combaz and Lange et Pansart, 1967 
Navifusa sp. ( Pérez Loinaze et al., 2010) 

 
Genus Peltacystia Balme and Segroves, 1966 
Peltacystia calvitium Balme and Segroves, 1966 
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Peltacystia galeoides Segroves, 1967 
Peltacystia monilis Balme and Segroves, 1966 
Peltacystia venosa Balme and Segroves, 1966 
Peltacystia sp. (Stephen, 1993) 

 
Genus Pilasporites Balme and Hennelly, 1956 
Pilasporites calculus Balme and Hennelly, 1956 
Pilasporites plurigenus Balme and Hennelly, 1956 
Pilasporites sp. (Banerjee and D'Rozario, 1990; Gutiérrez et al., 2006; Holz and Dias, 1998; 
Gutiérrez et al., 2006) 
Pilasporites sp. B (Beri et al., 2006; Beri et al., 2010) 

 
Genus Polyedryxium Deunff, 1954 
Polyedryxium deflandrei Deunff, 1954 
Polyedryxium kraeuselianum Schaarschmidt, 1963 
Polyedryxium sp. (Sarjeant et al., 1970; Schaarschmidt, 1963) 

 
Genus Psiloschizosporis Jain, 1968 
Psiloschizosporis scissus (Balme and Henn, 1956) Ouyang, 1985 

 
Genus Pyramidosporites Segroves, 1967 
Pyramidosporites cyathodes Segroves, 1967 
Pyramidosporites racemosus Balme, 1970 

 
Genus Pterospermopsis Wetzel, 1952 
Pterospermopsis triangularis Horowitz, 1973 

 
Genus Protoleiosphaeridium Timofeev, 1959 
Protoleiosphaeridium conglutinatum Timofeev, 1959 

 
Genus Quadrisporites Hennelly, 1959 
Quadrisporites horridus( Hennelly, 1959) Potonié and Lele, 1961 
Quadrisporites lobatus (Tiwari and Navale, 1967) Ybert, 1975 
Quadrisporites sp. (Segroves, 1967) 
Quadrisporites spp. (Cazzulo-Klepzig et al., 2007) 

 
Genus Reduviasporonites (Wilson, 1962) Foster, 2002 
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Reduviasporonites catenulatus Wilson, 1962 
Reduviasporonites chalastus (Foster, 1979) Elsik, 1999 
Reduviasporonites stoschianus (Balme, 1980) Elsik, 1999 
Reduviasporonites sp. (Eshet et al., 1995; Visscher et al., 1996; Looy et al., 2001; Steiner et al., 
2003; Sandler et al., 2006; Sephton et al., 2009) 
Reduviasporonites sp. B (Mangerud, 1994; Stolle et al. 2011) 
Reduviasporonites spp. (Li et al., 2004) 

 
Genus Solisphaeridium Staplin and Jansonius et Pocock, 1965 
Solisphaeridium rossignoli Glikson, 1966 
Solisphaeridium solidurn Ouyang and Li, 1980 
Solisphaeridium spinulatum Ouyang, 1985 

 
Genus Spongocystia Segroves, 1967 
Spongocystia eraduica Segroves, 1967 
Spongocystia sp. (Fielding and McLoughlin, 1992; Stephen, 1993) 

 
Genus Spheripollenites Coupcr, 1958 
Spheripollenites scabratus Coupcr, 1958 
Spheripollenites scissus (Balme and Hennelly, 1956) Jansonius, 1962 
Spheripollenites sp. (Segroves, 1967) 

 
Genus Tessellaesphaera Foster, 1979 
Tessellaesphaera tessellata Foster, 1979 

 
Genus Tetraporina Naumova, 1939 
Tetraporina antiqua Naumova, 1950 
Tetraporina gigantea (Bose and Maheshwari, 1968) Backhouse, 1991 
Tetraporina horologia (Staplin, 1960) Playford, 1963 
Tetraporina punctata (Tiwari and Navale, 1967) Kar and Bose, 1976 
Tetraporina simplex Anderson, 1977 
Tetraporina superba Anderson, 1977 
Tetraporina tetragona Anderson, 1977 
Tetraporina sp. (Banerjee and D'Rozario, 1988; Cazzulo-Klepzig et al., 2007; Gutiérrez et al., 
2006; Iannuzzi et al., 2006; Kent et al., 1990; Segroves, 1967) 
Tetraporina sp. A (Backhouse, 1991; Gilby and Foster, 1988; Lindstrm, 1995 b; Stolle et al. 
2011) 
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Genus Tunisphaeridium Deunff and Evitt, 1968 
Tunisphaeridium sp. A (Li et al., 2004) 

 
Genus Ulanisphaeridium McMinn, 1982 
Ulanisphaeridium berryense McMinn, 1982 
Ulanisphaeridium omanensis Stephenson and Osterloff et Filatoff, 2003 
Ulanisphaeridium sp. (Gorter et al., 2008) 

 
Genus Unellium Rauscher, 1969 
Unellium phosphoriensis Jacobson, 1982 
Unellium spp. (Mangerud and Konieczny, 1993) 

 
Genus Veryhachium (Deunff, 1954) Sarjeant and Stancliffe, 1994 
Veryhachium brevispinum Horowitz, 1972 
Veryhachium conispinosum Schaarschmidt, 1963 
Veryhachium cylindricum Schaarschmidt, 1963 
Veryhachium europaeum Stockmans and Willière, 1960 
Veryhachium flagelliferum Wall, 1963 
Veryhachium formosum Stockmans and Willière, 1960 
Veryhachium hyalodermum (Cookson, 1955) Schaarschmidt, 1963 
Veryhachium irregulare Jekhowsky, 1961 
Veryhachium lairdi (Deflandre, 1946) Downie, 1959 
Veryhachium longispinum Horowitz, 1972 
Veryhachium nasicum (Stockmans and Willière 1960) Stockmans and Willière 1962 
Veryhachium quadratum Schaarschmidt, 1963 
Veryhachium reductum (Deunff, 1959) Jekhowsky, 1961 
Veryhachium rhomboidium Downie, 1959 
Veryhachium riburgense Brosius and Bitterli, 1961 
Veryhachium rosendae Cramer, 1964 
Veryhachium sedecimspinosum Staplin, 1961 
Veryhachium tzutsii Horowitz, 1972 
Veryhachium valensii (Valensi, 1953) Downie and Sarjeant, 1964 
Veryhachium variabilis Schaarschmidt, 1963 
Veryhachium sp. (Holz and Dias, 1998; Schaarschmidt, 1963; Utting, 1978) 
Veryhachium sp. A (Lei et al., 2012) 
Veryhachium spp. (Foster, 1974; Hermann et al., 2012; Li et al., 2004; Mangerud, 1994; 
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Mangerud and Konieczny, 1993; Stephen, 1993) 

 
Genus Wilsonastrum Jansonius, 1962 
Wilsonastrum colonicum Jansonius, 1962 

 
Fungi? 

Genus Chordecystia Foster, 1979 
Chordecystia chalasta Foster, 1979 
Chordecystia sp. (Stephen, 1993) 

 
Genus Portalites Hemer and Nygreen, 1967 
Portalites gondwanensis Nahuys and Alpern et Ybert, 1968 
Portalites sp. (Cazzulo-Klepzig et al., 2007; Gutiérrez et al., 2006; Holz and Dias, 1998) 

 
Division Chlorophyta Pascher, 1914 
Class Chlorophyceae Kützing, 1843 

Order Chlorococcales Marchand, 1895 
Family Dictyosphaeriaceae West, 1916 

Genus Botryococcus Kützing, 1849 
Botryococcus braunii Kützing, 1849 
Botryococcus sp. (Bugge et al., 2002; Foster, 1975; Foster and Waterhouse, 1988; Gorter et al., 
2008; Gutiérrez et al., 2006; Holz and Dias, 1998; Kent et al., 1990; Segroves, 1967; Stephen, 
1993; Tripathi, 2001) 
Botryococcus spp. (Besems and Schuurman, 1987) 
Botryococcus sp. A (Gilby and Foster, 1988) 

 
Class Zygnematophyceae Round, 1971 

Order Zygnematales Borge and Pascher, 1913 
Family Zygnemataceae Kützing, 1843 

Genus Schizosporis (Cookson and Dettman, 1959) Pierce, 1976 
Schizosporis reticulatus Cookson and Dettman, 1959 
Schizosporis dejerseyi Segroves, 1967 
Schizosporis scissus (Balme and Hennelly, 1956) Hart, 1965 
Schizosporis sp. (Shu, 1985; Shu and Utting, 1990; Lei et al., 2012) 

 
Order Not assigned 
Family Not assigned 
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Genus Tasmanites Newton, 1875 
Tasmanites punctatus Newton, 1875 
Tasmanites tanbaensis Takahashi and Yao, 1969 
Tasmanites talchirensis Lele, 1979 
Tasmanites sp. (Bugge et al., 2002; El-Nakhal et al., 2002; Holz and Dias, 1998; Horowitz, 
1973; Kent et al., 1990; Sarjeant et al., 1970; Shu, 1985; Souza and Callegari, 2010; Tasch, 
1963) 
Tasmanites spp. (Mangerud, 1994; Quadros, 2002 ) 
Tasmanites sp. A (Lindstrm, 1995 b) 

 
Division Prasinophyta Christensen, 1962 
Class Prasinophyceae Christensen, 1962 

Order Not assigned 
Family Pterosphaeridiaceae Mädler, 1963 

Genus Cymatiosphaera Wetzel, 1933 
Cymatiosphaera gondwanensis (Tiwari, 1965) Backhouse, 1991 
Cymatiosphaera sp. (Dypvik et al., 2001; Grigoriev and Utting, 1998; Mautino et al., 1998; 
Schaarschmidt, 1963; Utting and S-petrole, 1978) 
Cymatiosphaera spp. (Li et al., 2004; Mangerud, 1994) 
Cymatiosphaera sp. A (Backhouse, 1991) 

 
Genus Dictyotidium (Eisenack, 1955) Staplin, 1961 
Dictyotidium souzae Quadros, 2002 
Dictyotidium reticulatum Schulz, 1965 
Dictyotidium sp. A (Lindstrm, 1995 b) 
Dictyotidium sp. (Kent et al., 1990; McLoughlin et al., 1997; Lei et al., 2012) 
Dictyotidium spp. (Gilby and Foster, 1988; Stolle, 2007) 

 
Genus Leiosphaeridia (Eisenack, 1958) Downie and Sarjeant, 1963 
Leiosphaeridia baltica Eisenack, 1958 
Leiosphaeridia changxingensis Ouyang Shu and Utting, 1990 
Leiosphaeridia ghoshii (Lele, 1979) Fensome et al., 1990 
Leiosphaeridia indica Lele and Chandra, 1972 
Leiosphaeridia microgranifera (Staplin, 1961) Downie and Sarjeant, 1965 
Leiosphaeridia minutissima (Naumova, 1949) Jankauskas, 1989 
Leiosphaeridia schopfii Jacobson, 1982 
Leiosphaeridia shepeleva (Lele, 1979) Fensome et al., 1990 
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Leiosphaeridia tenuissima Eisenack, 1958 
Leiosphaeridia umariensis Lele and Chandra, 1972 
Leiosphaeridia sp.1 (Stephenson et al., 2008) 
Leiosphaeridia sp.2 (Stephenson et al., 2008) 
Leiosphaeridia sp. (Beri et al., 2006; Beri et al., 2010; El-Nakhal et al., 2002; Gutiérrez et al., 
2005; Kent et al., 1990; Iannuzzi et al., 2006; Lindström, 1995 a; Mautino et al., 1998; Mori et 
al., 2011; Segroves, 1967; Tripathi, 2001) 
Leiosphaeridia spp. (Gilby and Foster, 1988; Li et al., 2004; Lindstrm, 1995 b) 
Leiosphaeridia sp. A (Backhouse, 1991) 
Leiosphaeridia sp. B (Lindström, 1996; Lindström, 2005) 
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附录 B：华南二叠纪-三叠纪之交疑源类数据 
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中寨剖面                     
ZZ-27-6 80       108  188              
ZZ-22-3 76       224  300              
ZZ-22-2 180        210   30            
ZZ-20-1 60       180  240              
ZZ-19-3       120  120    20           
                     
煤山剖面                     
MS-26  230         128  39   69    89      
                     
上寺剖面                     
TS28b-10       1867               
TS28b-11       1944      17          
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TS28b-13 25       315      18          
TS28b-14       4751      105          
TS28a-16       1815     35  74          
TS28a-17     32   3025     268  854          
TS28a-18     51   3333     160  1017     48      
SS-25e     850  254  4455  126  230  321   118  76  50  126  3130  237   168   
SS-25c     86  10  1609   10  15      224  714  167     
SS-25a     8                 
SS293-6     450  162              5   
SS293-3     86  45           6      
SS292-12                23      
SS292-6                   14   
SS292-4  1980  330   350  366                
SS292-2     2327  3200                
SS292-1     980  1948                
SS291-7     3230  7693                
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SS291-6     5560  7903  24    55    15   36  50    72   
SS291-5     1380  3432          65       
SS291-4     270  111                
SS291-3     2200  1820  25               
SS291-2     2390  3045  78    14      25  24  10   33   
SS291-1     540  185  7          79      
SS290-10     330  372          21       
SS290-9     23  44  348    25       25    22   
SS290-8-1     16   275    45       67  56   56   
SS290-7     870  848  1078  36  15  380      72  549   36   36  
SS290-6     29   65          127      
SS290-5     130   211   13  4       49      
SS290-4     140  53  138  14         28      
SS289-3     2107  1657  26          26      
SS289-2     320  358  32   16  15       38      
SS289-1-2    35  790  834  11          34      
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SS288-42     390  854                
SS288-37     26   4               
SS288-34     250  66  21   5             
SS276-3  228                    
SS276-1  821                    
SS274-1  1368                    
SS274-1  410                    
SS16-31  219                    
SS16-28  182                    
SS16-26  219                    
SS16-23  156                    
SS16-16  2893                    
SS16-14  463                    
SS16-12  547                    
SS16-8  109                    
SS16-4  1127                    
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SS15-7  199                    
SS15-5  328                    
                     
凉风垭剖

面 
                    

LFY-22-B      58                
LFY-14-D      35                
LFY-13      89                
LFY-4-A     26  97                
LFY-1-B     58  226  52   42  141       108   28  99   
LFY-1-A     38  85  22   12  55       31   10  41   
LFY-7 下     126  456  223   168  335       201   56  134   
                     
峡口剖面                     
XK257-2     88                 
XK256     39                 
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XK254-2     78                 
XK254-1  78    99       34           
XK252  80    98       56           
XK248-2  67    89                 
甘溪剖面                     
GX-37      160                
GX-32      218                
GX-29      149                
GX-25      100                
GX-20      59                
GX-18      364                
GX-17      24                
GX-13      107                
GX-7      39                
GX239      37                
GX236      53                
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东攀剖面                     
DP12-B      124               
DP10-B     35  55                
DP10-A      68                
DP5-C      70                
DP5-B     22  89                
DP5-A      90                
DP3-B      56                
DP3-A     56  140                
DP2-I      190                
DP2-H     23  110                
DP2-G      280                
DP2-E      190                
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(1)Manuscript 1. Pages 121-195. 
Lei, Y., Servais, T., Feng, Q.L. The diversity of the Permian phytoplankton. Review 

of Palaeobotany and Palynology. 
(In press. DOI: 10.1016/j.revpalbo.2013.03.004) 

 
(2) Manuscript 2. Pages 196-218. 
Lei Yong et al. Palynology and palynofacies of the Upper Permian to Lower Triassic 

of Shangsi (Sichuan, China). Review of Palaeobotany and Palynology. 
(revised and under corrections) 

 
(3) Manuscript 3. Pages 219-231. 
Lei, Y., Servais, T., Feng, Q.L., He, W.H. The spatial (nearshore-offshore) distribution 

of latest Permian phytoplankton from the Yangtze Block, South China. 
Palaeogeography, Palaeoclimatology, Palaeoecology. 2012. (363-364): 
151-162. 

 
(4) Manuscript 4. Pages 232-249. 
Lei Y., et al. The phytoplankton community succession during the Permian-Triassic 

boundary in South China-one of the possible mechanism for the mass extinction. 
(To be submitted to Palaeogeography, Palaeoclimatology, Palaeoecology) 

 
(5) Manuscript 5. Pages 250-278. 
Lei, Y., Servais, T., Feng, Q.L., He, W.H. Latest Permian phytoplankton from the 

Yangtze Platform. Palynology. (Accepted for publication) 
 
(6) Manuscript 6. Pages 279-309. 
JUN SHEN, YONG LEI, THOMAS J. ALGEO, QINGLAI FENG, THOMAS 

SERVAIS, JIANXIN YU, and LIAN ZHOU. Volcanic Effects on Microplankton 
during the Permian-Triassic Transition (Shangsi and Xinmin, South China). 
(Submitted to Palaios) 
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Lei, Y., Servais, T., Feng, Q.L. The diversity of the Permian phytoplankton. Review of 
Palaeobotany and Palynology. (In press) 
DOI:10.1016/j.revpalbo.2013.03.004
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Manuscript 2: (Section 2.3.3) 
Submitted to Review of Palaeobotany and Palynology. (revised and 

under corrections) 

 

Palynology and palynofacies of the Upper Permian to Lower 

Triassic of Shangsi (Sichuan, China) 
 
Yong Lei1,2, Thomas Servais2, Jun Shen1, Nicolas Tribovillard2, Taniel Danelian2, Qinglai 
Feng1* 
 
1 State Key Laboratory of Geological Processes and Mineral Resources, China University of 
Geosciences, Wuhan, China 
2 UMR 8217 Géosystèmes, CNRS-Université Lille1, Cité Scientifique, F-59655 Villeneuve 
d’Ascq,  France 
*Corresponding author, E-mail: qinglaifeng@cug.edu.cn 
Fax: +86-027-67883002; Tel: +86-027-67883006 
Yong Lei, E-mail: leiyongdida@163.com; Tel: +86-13485387952 
Thomas Servais, E-mail: thomas.servais@univ-lille1.fr;  
Fax: +33-320436900; Tel: +33-320337220 
Jun Shen, E-mail: shenjun_2009@163.com; Tel: +86-18062435228 
Nicolas Tribovillard, E-mail: Nicolas.Tribovillard@univ-lille1.fr 
Fax. + 33-320434910; Tel. +33-320434100 
Taniel Danelian, E-mail: Taniel.Danelian@univ-lille1.fr 
Fax. +33-320434910; Tel. +33-320336108  
 
 
Abstract. The palynology, palynofacies and geochemistry of the Upper Permian to Lower 
Triassic sequence of the Shangsi section, northern Sichuan province, China, were analyzed to 
determine their petroleum source-rock potential and depositional environment. Three 
palynological zones are recognized, in ascending order the Dictyotidium (Wuqiapingian), the 
Leiosphaeridia –Micrhystridium –Veryhachium (Changxingian) and the Pteruchipollenites 
–Leiotriletes (Induan) assemblage zones. Five palynofacies types are recognized and interpreted in 
terms of depositional environments. Two main depositional intervals are recognized. The first 
interval (beds 15 to 22) is dominated by amorphous organic matter (AOM) and acritarchs, with 
moderate or high total organic carbon (TOC) values, indicating offshore and shallow–deep marine, 
dysoxic –anoxic depositional environments. The second interval (beds 23 to 29) is dominated by 
terrestrial components with low TOC values, clearly indicating deltaic–nearshore and shallow 
marine, oxic depositional environments. The former interval has a good petroleum potential, but 
the latter does not. 
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Keywords: acritarchs, Permian-Triassic, hydrocarbon-source potential, depositional environment 

 
Introduction 
Palynological investigations in the Late Permian are not common. Most of the existing 

published palynological studies focus on the taxonomy and biostratigraphy of spores and pollen 
grains, which are both usually abundant and diverse in Permian palynological assemblages. These 
plant-derived microfossils, that are much larger in size than the phytoplankton in the same 
assemblages, are easier to observe and to describe (in particular with the light microscope). As a 
result, numerous spores and pollen grains have been documented (e.g. Ouyang, 1982; 1986; 
Ouyang and Utting, 1990; Hou and Song, 1995; Ouyang and Hou, 1999a, b; Yang, 2002; Peng et 
al., 2006; Ouyang and Zhu, 2007; Zhang et al., 2007). However, studies on Permian acritarchs 
have generally been neglected (Lei et al., accepted).  

Several authors suggested that the palaeoclimate was different between North China and 
South China during the Late Permian to Early Triassic interval. For example Ouyang (1982, 1986) 
summarized the work on Late Permian and Early Triassic palynological assemblages in South and 
North China and suggested that, in ascending order, the Patellisporites meishanensis 
–Macrotorispora gigantean (Late Permian), the Yunnanospora radiate –Gardenasporites sp. 
(Late Permian), and the Aratrisporites –Lundbladispora (Early Triassic) assemblage zones 
indicated a humid and warm climate in South China, whereas in North China the Patellisporites 
–Nuskoisporites (Late Permian), Lueckisporites –Jugasporites (Late Permian) and Aratrisporites 
–Lundbladispora –Fulsaesporites –Scutasporites (Early Triassic) assemblage zones reflected a 
dry climate.  

In China, four papers have described acritarchs from the latest Permian Changhsingian Stage 
(Ouyang, 1982; 1986; Ouyang and Utting, 1990; Li et al. 2004a), documenting the presence of 13 
genera of organic-walled microfossils of unknown biological origin (acritarchs and related forms): 
Archaeodinium, Baltisphaeridium, Cymatiosphaera, Dictyotidium, Leiosphaeridia, 
Micrhystridium, Psiloschizosporis, Veryhachium, Reduviasporonites, Schizosporis, 
Solisphaeridium, Tasmanites and Tunisphaeridium. Ouyang and Utting (1990) mentioned the 
presence of a Leiosphaeridia changxingensis –Micrhystridium stellatum Assemblage Zone and 
described a new species (Leiosphaeridia changxingensis) from the Meishan section, Zhejiang 
Province, that serves as the Global Boundary Stratotype Section and Point (GSSP) for the 
Permian-Triassic Boundary (PTB). 

The concept of palynofacies studies has evolved during the last few decades. First introduced 
by Combaz (1964), palynofacies studies correspond to the analyses of the distribution in a 
sediment or a sedimentary rock of all variants of acid–resistant microscopic particulate organic 
matter. Palynofacies studies are especially used to understand depositional environment and 
hydrocarbon source potential. Analyzed parameters include the type, origin, size, abundance, and 
condition (color, shape, degradation) of the particles (Waterhouse, 1999). The particles of organic 
matter are considered as sedimentary components that reflect the original conditions in the source 
area and the depositional environments (Carvalho et al., 2006). The different palynofacies data 
allow palaeoenvironmental interpretations regarding palaeoceanography, palaeogeography, 
bottom–water oxygenation, climate change, and terrestrial vegetation change (Tyson, 1995). 
Palynofacies studies can also be used to stratigraphically define sedimentary sequences (Wood 
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and Gorin, 1998).  
A huge oolitic beach has been described from the Feixianguan Formation in the northern 

Sichuan basin, South China. More than 7200 km2 of bioherm–platform edge bank facies have 
been discovered with more than 6000×108m3 of gas to be explored in this area. These discoveries 
indicate an enormous exploration potential (Hong et al., 2008). It is considered that organic matter 
is fairly rare in the Feixianguan Formation, so that the gas only comes from the Upper Permian 
(Chen, 2007).  

The objectives of the present study are to identify and describe the composition of the 
palynological assemblages and the palynofacies types of the Shangsi section, in order to determine 
its hydrocarbon-source potential and its depositional environment. 

 
1. Geologic setting 
The Shangsi section is located near Guangyuan City, northern Sichuan Province, China (Fig. 

1-A and Fig. 1-B). It belongs to the northwestern corner of the Upper Yangtze block (Fig. 1-C). 
This area lies on the southern flank of the Longmenshan Indosinian folded zone of the Qinling 
folded system (Lai et al., 1996). The Shangsi section comprises, in ascending order, the Maokou 
Formation (Guadalupian), the Wujiaping Formation (Wuchiapingian), the Dalong Formation 
(Wuchiapingian to Changhsingian), and the Feixianguan Formation (Induan). The geology of the 
Shangsi section was first described by Li et al. (1986). The bed numbers of this latter study are 
also used herein. The uppermost Wuchiapingian (beds 15 to 16) are dominated by an alternation 
of mixed carbonate-siliceous rocks and siliceous limestones with a few mudstone intervals. Beds 
17 to 22 comprise an alternation of carbonate-rich siliceous rocks and siliceous limestone with a 
few mudstone intercalations, containing radiolarians, bivalves, brachiopods and ammonites. Beds 
23 to 29 comprise siliceous mudstone and calcareous mudstone with few claystone, containing 
abundant ammonites (Fig. 2). The facies of this section changed dramatically, from basinal facies 
(Dalong Formation) to more proximal facies (Feixianguan Formation) (Li et al., 1986). There is a 
dispute about the PTB in the Shangsi section. In accordance with the first occurrence of 
Hindeodus parvus, the PTB has to be placed in bed 30, over 4 meters above the mass extinction 
level (Li et al., 1986; Wignall et al., 1995; Lai et al., 1996; Nicoll et al., 2002; Jiang et al., 2011). 
However, Jiang et al. (2011) suggested that the PTB is placed 22 cm above the base of bed 28, 
based on hindeodid and gondolellid conodont taxa (Fig. 3). Recently, based on the U-Pb ages, an 
absolute age (252.28±0.13 Ma) has been attributed to the claystone of bed 27 by Shen et al. 
(2011). 
 

2. Material and methods 
 
141 samples were collected from the Upper Permian Dalong Formation and the Lower 

Triassic Feixianguan Formation, Shangsi section, Sichuan Province, southwest China. All the 
samples were analyzed for palynological and palynofacies studies. Most of these samples were 
also geochemically analyzed, in particular for major (125 samples) and trace elements (119 
samples), and for total organic carbon (TOC) composition (101 samples). 

 
2.1. Palynological and palynofacies analysis  
Fifty grams of each of the 141 palynological samples were prepared using standard 
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palynological methods. After treatment with hydrochloric (33%) and hydrofluoric acid (40%), the 
organic material was subsequently concentrated by treatment with zinc bromide solution (S.G. 
2.2). Samples were neither oxidized nor sieved. Lycopodium spores were added during processing 
to allow calculation of absolute particle abundances, following the procedure of Tyson and 
Follows (2000). Residues were studied with the use of light and scanning electron microscopy. 
Palynological slides are stored in the China University of Geosciences (Wuhan). 

To assess palynofacies components, particles were divided into four types, including 
palynomorphs (spores, pollen grains and acritarchs), phytoclasts (wood, leaf cuticles, and other 
vascular plant tissues), zooclasts (foraminifera linings, etc.), and unstructured organic matter 
(amorphous organic matter or AOM), following the subdivision of Tyson (1995). For each sample, 
300 particles were counted in transmitted light (including Lycopodium spores and amorphous 
organic matter). Spore and pollen grains were identified at the generic level, whereas acritarchs 
were identified at the specific level. 

 
2.2. Major and trace element analysis 
119 samples from the Shangsi section were prepared for chemical analyses. Visible veins and 

weathered surfaces were removed, before the samples were pulverized to ~200 mesh size in an 
agate mortar. Major element abundances were determined by wavelength–dispersive X–ray 
fluorescence (XRF) analysis on fused glass beads using a XRF–1800 apparatus at the Key 
Laboratory of Biogeology and Environmental Geology of the Ministry of Education, China 
University of Geosciences (Wuhan).       

Trace elements and REEs were measured using an Agilent 7500a ICP-MS (Inductively 
Coupled Plasma Mass Spectrometer) at the State Key Laboratory of Geological Processes and 
Mineral Resources, China University of Geosciences (Wuhan). About 50 mg of powder from each 
sample was weighed into a Teflon bomb and then moistened with a few drops of ultra–pure water 
before addition of 1 ml HNO3 and 1 ml HF. The sealed bomb was heated at 190ºC in an oven for 
more than 48 hours. After cooling, the bomb was opened and evaporated at 115ºC to incipient 
dryness, then 1 ml HNO3 was added and the sample was dried again. The resultant salt was 
re–dissolved with 3 ml 30% HNO3 before it was again sealed and heated in the bomb at 190ºC for 
12 hours. The final solution was transferred to a polyethylene bottle and diluted in 2% HNO3 to 
about 80 ml for ICP–MS analysis. Analysis of the international rock standards BHVO–2 and 
BCR–2 indicated that the analytical precision is mostly better than 5%, according to the RSD.   
 

2.3. Total organic carbon (TOC) analysis 
For the analyses of the total organic carbon (TOC) composition of 101 samples, the C and S 

elemental concentrations were measured using an Eltra 2000 C–S analyzer at the University of 
Cincinnati. Data quality was monitored via multiple analyses of the USGS SDO–1 standard, 
yielding  an  analytical  precision  (2σ)  of  ±2.5%  of  reported  values  for  C  and  ±5%  for  S.  An  aliquot  
of each sample was digested in 2N HCl at 50°C for 6 hours to dissolve carbonate minerals, and the 
residue was analyzed for TOC and non–acid–volatile sulfur (NAVS); total inorganic carbon (TIC) 
and acid–volatile sulfur (AVS) were obtained by difference. 

 
3. Results and interpretation 
3.1. Palynological Assemblages 
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This study indicates that diverse and abundant palynomorphs occur in the Upper Permian 
Dalong Formation and in the Lower Triassic Feixianguan Formation of the Shangsi section (Fig. 
2). After qualitative and quantitative analysis, three palynological assemblage zones are identified. 
These assemblage zones can be correlated and compared with the conodont zones and the 
palynological assemblages of the Meishan section (Fig. 3), based on the investigations of Li et al. 
(1986), Jiang et al. (2007; 2011) and Zhang et al. (2007; 2009). Below, the palynological 
assemblages of the Shangsi section are summarized in ascending order:  

(1) The Dictyotidium Assemblage Zone occurs in beds 15 to 17, corresponding to the lower 
part of the Dalong Formation and the Neogondolella orienta Conodont Biozone (Wuchiapingian) 
(Li et al., 1986) (Fig. 2). The palynological assemblage is very monotonous, of low diversity, and 
only comprises one large thick–walled acritarch, Dictyotidium reticulatum. 

(2) The Leiosphaeridia –Micrhystridium –Veryhachium Assemblage Zone occurs in beds 20 
to 25, in the upper part of the Dalong Formation, corresponding to the Neogondolella yini and 
Neogondolella meishanensis conodont Biozone (Changhsingian), (Jiang et al., 2011) (Fig. 2). This 
assemblage records the highest diversity and contains many acritarch species, including the 
following: Dictyotidium reticulatum, Dictyotidium sp., Leiofusa sp., Leiosphaeridia 
microgranifera, Leiosphaeridia minutissima, Micrhystridium breve, Micrhystridium fragile, 
Micrhystridium pentagonale, Micrhystridium stellatum, Reduviasporonites catenulatus, 
Reduviasporonites chalastus, Schizosporis scissus, Schizosporis sp., Veryhachium cylindricum, 
Veryhachium hyalodermum, Veryhachium nasicum, Veryhachium quadratum, Veryhachium 
sedecimspinosum, Veryhachium sp. Leiotriletes, Lycopodiacidites and Waltzispora. The genus 
Leiosphaeridia (with an average occurrence of over 67%) is the most common taxon in this 
assemblage, followed by the genera Micrhystridium (14.9%) and Veryhachium (14.8%). 

(3) The Pteruchipollenites –Leiotriletes Assemblage Zone occurs in beds 26 and 29, 
corresponding to the lower part of the Feixianguan Formation (Induan), dated to belong to the 
Neogondolella taylorae or Hindeodus changxingensis and Hindeodus parvus conodont biozones 
(Jiang et al., 2011) (Fig. 2 and Fig. 3). This assemblage zone includes the following taxa: 
Lycopodiacidites, Waltzispora, Indotriradites, Leiotriletes, Cycadopites, Tripartites, 
Propterisispora, Lueckisporites, Pteruchipollenites, Alisporites, Gardenasporites, Vitreisporites, 
Protohaploxypinus, Cordaitina, Baltisphaeridium sp., Leiosphaeridia microgranifera, 
Micrhystridium breve, Veryhachium hyalodermum, Reduviasporonites catenulatus and 
Reduviasporonites chalastus. The percentage of spore and pollen grains in this zone is relatively 
high (over 86% of all palynomorphs in average), with the spores being the most abundant (43.7%), 
and pollen slightly less frequent (42.6%). The taxa Pteruchipollenites (18.4%) and Leiotriletes 
(14.1%) dominate in this assemblage. Acritarchs are generally rare, only several species occur in a 
few samples of the lower part of bed 28. Some authors suggested that the enigmatic taxon 
Reduviasporonites is a fungal spore, interpreting the frequent abundance of this microfossil as a 
fungal  ‘spike’  just  below  the  PTB  (Eshet  et  al.,  1995;;  Visscher  et  al.,  1996; Looy et al., 2001; 
Steiner et al., 2003; Sandler et al., 2006; Sephton et al., 2009; Visscher et al., 2011). However, 
other authors (Afonin et al., 2001; Foster et al., 2002; Ouyang and Zhu, 2007) considered that 
Reduviasporonites is most likely of algal origin. In the present study, Reduviasporonites is 
recovered in seven samples with relatively low percentages (no more than 14% in every sample) 
(Fig.  2).  A  ‘spike’  of  Reduviasporonites does therefore not occur in the section analyzed in this 
study.  
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3.2. Palynofacies and total organic carbon (TOC) 
In the Shangsi section most samples show a clear dominance of amorphous organic matter 

(AOM) in the palynofacies samples. Palynomorphs are generally common, followed by 
phytoclasts and zooclasts. The varying character and changing distribution of the various 
palynological constituents are here classed into five palynofacies types and interpreted in terms of 
depositional environment. These are illustrated in figures 4 and 5, together with the concentrations 
of the different types of palynological organic matter. The values of TOC in the Shangsi section 
are generally high, ranging from 0.18% to 14% (Fig. 5). TOC values normally correlate well with 
the relative abundance of AOM in the sediment (Tyson, 1995). In the Shangsi section the TOC 
values show a positive correlation with the siliciclastic deposits. In the calcareous mudstones and 
limestones the average level is lower than that in siliciclastic lithologies (Fig. 5). It is therefore 
concluded that the TOC values in the Dalong Formation are much higher than those in the 
Feixianguan Formation. 

Palynofacies type A, present in bed 15 and up to the lower part of bed 17, is dominated by an 
alternation of carbonate and siliceous rocks and siliceous limestones with a few mudstone 
intervals. It is clearly dominated by AOM (average of 57.5% in all organic types). Palynomorphs 
are common (21%), but they belong to only one acritarchs genus, Dictyotidium. The percentage of 
phytoclasts is moderate (19.5%). A few foraminiferal linings occur in several samples. The TOC 
values of this palynofacies type are high, ranging from 0.33% to 12.03%, with an average value of 
6.12%. It is the highest average value observed for all the five types, showing that it has an 
excellent organic matter accumulation. According to the classification of kerogens, this 
palynofacies type is close to the kerogens that are classified as Type Ⅰ–Type Ⅱ kerogen using to 
Rock Eval parameters (Tyson, 1987, 1995; Carvalho et al., 2001) and has very good petroleum 
potential (oil prone).  

Palynofacies type B, present in the upper part of bed 17 up to bed 19, is dominated by 
carbonate-siliceous rocks and mud–siliceous limestones with a few mudstones and limestones. It 
shows some difference with palynofacies type A, as it contains large amounts of the 
well–preserved brown opaque AOM (over 94%) in all samples, which is irregular and sponge like. 
According to the character of AOM, it is derived from phytoplankton or bacteria (Tyson, 1995; 
Carvalho et al., 2006; Ercegovac and Kostic, 2006). In addition, some foraminiferal linings (about 
6%) occur in many samples. But palynomorphs and phytoclasts are absent in all samples from this 
palynofacies type. The TOC values change dramatically, ranging from the highest (14%) to the 
lowest (0.18%) levels. Their mean value is 3.73%, which is much lower than that in palynofacies 
type A. Similar to palynofacies type A, it could be classified as Type Ⅰ–Type Ⅱ kerogen (Tyson, 
1987; 1995; Carvalho et al., 2001) and has also good petroleum potential. 

Palynofacies type C (in the beds 20 to 25) is dominated by mud–siliceous limestones with a 
few mudstones and clays. In general, the amount of palynomorphs (about 58.4%) is the highest for 
all palynofacies types described in the sequence, while the brown opaque AOM (40.5%) is less 
abundant. Similar to palynofacies types A and B, a few foraminiferal linings occur in most 
samples of palynofacies type C. In addition, no terrestrial components are present. The 
palynomorphs are composed of a few genera of small, but well–preserved and thin–walled 
acritarchs, such as Leiosphaeridia, Micrhystridium, Veryhachium and others. The TOC values in 
the 44 samples range from 0.18% to 3.72%, with mean values of only 0.67%, much lower than 
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that in palynofacies types A and B. Palynofacies type C is close to the kerogen types classified as 
Type Ⅰ –Type Ⅱ kerogen based on the Rock Eval data (Tyson, 1987; 1995; Carvalho et al., 
2001), and has good petroleum potential. 

Palynofacies type D is dominated by limestones (bed 26) and calcareous mudstones (the 
lower part of bed 28) with a clay interval (bed 27). Similar to palynofacies type C the 
palynomorphs are the most common component (41.5%), with two–thirds of them being spore and 
pollen grains, only one–third of them are small acritarchs, dominated by the genus Micrhystridium. 
The AOM is less abundant (29.3%), and the phytoclasts (29.1%) become common again after they 
disappeared in the sequence. Foraminiferal linings only occur in one sample of this type. The TOC 
values in 5 samples range from 0.21% to 0.30%, with the lowest mean value (only 0.25%) of all 
five palynofacies types. Although palynofacies type D could be classified as Type Ⅱ kerogen 
(Tyson, 1987; 1995; Carvalho et al., 2001) it does not have a good petroleum potential. 

Palynofacies type E (in the upper part of bed 28 to bed 29) is dominated by calcareous 
mudstones. It contains only terrestrial components. The palynomorphs are the most common 
component (38.2%), represented by well–preserved spore and pollen grains. Phytoclasts are less 
abundant (33%), they are small, well–sorted, rounded and opaque. The other frequent component 
is the AOM (28.8%), that is rounded, or sharp to diffuse in outline. According to the character of 
the AOM, it appears to be formed by degraded terrestrial components (Tyson, 1995; Carvalho et 
al., 2006; Ercegovac and Kostic, 2006). Marine organic walled phytoplankton and foraminiferal 
linings are absent in this palynofacies type. The TOC values are generally low, except in two 
samples with 1.97% and 2.45%. The mean value is only 0.47%, a little higher than that in 
palynofacies type D. Thus, palynofacies type E could be classified as Type Ⅲ –Type Ⅱ kerogen 
(Tyson, 1987; 1995; Carvalho et al., 2001) and does not have a good petroleum potential. 

 
3.3. Major and trace element concentrations 
Concentrations of Al are rarely influenced by biogenic or diagenetic processes and, thus are 

commonly used to assess the amount of terrigenous material in modern marine sediments, 
sediment trap material, and ancient sedimentary rocks (Walsh et al., 1988; Murray et al., 1992; 
Saito et al., 1992; Murray and Leinen, 1996). Cross-plots reveal whether major/trace elements 
were supplied with the land-derived aluminosilicate fraction of the sediments. In the Shangsi 
Section, from the r values of these plots (Table 1), the results show that (1) Th, K and Ti 
concentrations are strongly correlated with Al (0.90<r<0.97); (2) Pb, Zr and Fe are less tightly 
correlated with Al (0.84<r<0.85); (3) Ba, Co, Cr, Cu, Mo, Ni, U, V, Zn, Si, Mn and Na are poorly 
to not correlated with Al (r<0.70); (4) Sr and Ca are negatively correlated to Al. However, it is out 
of the scope of the present paper to discuss in depth inorganic geochemistry, (see Shen et al., 
unpublished). The concentrations of Al are shown in Figure 5, indicating that, the Feixianguan 
Formation contains an abundant terrestrial fraction, but the Dalong Formation contains only a 
relatively reduced clastic fraction. 

Redox sensitive trace elements concentrations or ratios have long been used as palaeoredox 
proxies (Brumsack, 1980; Wignall and Myers, 1988; Dean et al., 1999; Riquier et al., 2006; 
Tribovillard et al., 2006; Algeo and Tribovillard, 2009). Hatch and Leventhal (1992) and Jones 
and Manning (1994) considered that the degree of pyritisation (DOP), as well as the V/Cr, U/Th, 
Ni/Co and V/(V+Ni) ratios are reliable tracers for palaeoredox conditions, subsequently frequently 
used by many authors (e.g., Wilkin et al., 1996, 1997; Joachimski et al., 2001; Lyons et al., 2003; 
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Algeo and Maynard, 2004; Riquier et al., 2006). In the present study, the concentrations of Co, Cr, 
Ni, Th, U and V are shown in Figure 5 and V/Cr, U/Th, Ni/Co and V/(V+Ni) ratios have been 
calculated and illustrated in Figure 6. The correlations between these element ratio values and 
redox conditions are shown in Table 2. The results show that: 

(1) the concentrations of Co and Th are high in the Feixianguan Formation, influenced by the 
high abundance of terrestrial components, to be compared to the concentrations of Cr, Ni, V and U 
in lower parts of the Dalong Formation (Fig. 5);  

(2) based on the cross-plots of some redox indices, such as V/Cr, U/Th, Ni/Co and V/(V+Ni), 
palynofacies type A and type B correspond to a dysoxic–anoxic environment of deposition (Fig. 
6), although the result of cross-plotting V/Cr vs. Ni/Co do not support this conclusion for 
palynofacies type B; 

(3) according to the cross-plots of V/Cr vs. U/Th and V/(V+Ni) vs. U/Th, the lower part of 
palynofacies type C (beds 20 to 21) corresponds to a dysoxic–anoxic environment, but the Ni/Co 
ratio indicates oxic conditions. In addition, the upper part of palynofacies type C (beds 22 to 25) 
corresponds to an oxic–dysoxic environment uniformly; 

(4) palynofacies types D and E clearly indicate oxic environmental conditions, although the 
V/(V+Ni) ratio shows anoxic environments. These results are shown in Figure 6, which indicates 
that beds 15 to 21 correspond to the most oxygen-poor conditions, while beds 26 to 29 have been 
deposited under the most oxygen-rich conditions.  

 
4. Discussion 
In general, the high percentage of AOM indicates reducing conditions and dysoxic–anoxic 

environments (Batten, 1983; Tyson, 1987). In the Shangsi section, most samples show high 
percentages of AOM, especially in palynofacies type A and type B. According to the above results, 
the interval between beds 15 to 21 represents a dysoxic–anoxic environment, beds 22 to 25 an 
oxic–dysoxic environment and beds 26 to 29 an oxic environment (Fig. 5). The environmental 
interpretation of the palynofacies types is as follows.  

Palynofacies type A: the AOM –palynomorph –phytoclast ternary plot of Tyson (1995) 
suggests that this type was deposited in an offshore marine environment with low terrestrial 
components (Fig. 7). Similar conclusions can be obtained from the fossil record and the 
geochemical results. The concentrations of Al in this palynofacies type are generally low (Fig. 5). 
This also suggests that the deposits are distant from any significant input of terrigenous material. 
There are a few radiolarian and many foraminiferal linings in beds 15 to 16 (Fig. 4). Based on the 
fossil records and lithology, Li et al. (1986) considered that these beds were deposited in 
platform-margin slope facies (Fig. 5). According to the cross-plots of redox indices, the 
palynofacies type A indicate dysoxic–anoxic environments. 

Palynofacies type B has abundant AOM. Many authors suggested that the abundance of 
AOM indicates the deposition in dysoxic–anoxic conditions during periods of sluggish circulation 
(Tyson, 1995; Al-Ameri et al., 1999; Filipiak, 2002; Schiøler et al., 2002; Carvalho et al., 2006; 
Blažeković  Smojić  et  al.,  2009).  Li  et  al.  (1986)  concluded  that  beds  17  to  19  have  been  deposited  
under deep water conditions, as indicated by the basinal facies (Fig. 5). Moreover, radiolarian-rich 
samples occur in bed 18 with low concentrations of Al. In addition, the geochemical results show 
that this palynofacies type corresponds to a dysoxic–anoxic environment (Figs. 5 and 6). It can be 
suggested that these sediments were deposited under offshore basin conditions and 
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dysoxic–anoxic oxygenation conditions. 
Palynofacies type C: The AOM –palynomorphs –phytoclasts ternary plot and the spore 

–pollen –microplankton ternary plot (Tyson, 1995) suggest that this palynofacies type was 
deposited in offshore environments with low levels of terrestrial components, similarly to 
palynofacies type A (Fig. 7). Some authors (Jacobson, 1979; Vecoli, 2000; Courtinat and Malartre, 
2003) considered that a dominance of the leiosphaerid acritarch class corresponds to a nearshore, 
shallow marine environment; the baltisphaerid –veryhachid –Polygonium class reflects, however 
an open marine environment; whereas the high abundance of Micrhystridium indicates restricted 
marine conditions. Li et al. (2004a) described the Late Permian acritarch assemblages from the 
Meishan section, dominated by the Micrhystridium –Veryhachium complex, and suggested that 
these assemblages are typical of offshore environments. Subsequently, Yan and Li (2010) 
considered that the Leiosphaeridia –Baltisphaeridium –Polygonium –Micrhystridium association 
corresponds to deeper marine environment. The palynomorphs of this palynofacies type are 
similar to those of the Meishan section, with low diversity but a high abundance of acritarchs, 
dominated by Leiosphaeridia, Micrhystridium and Veryhachium being less common. Beds 19 to 
21 are dominated by foraminiferal linings and no radiolarians are present (Fig. 4), in contrast to 
the abundance of radiolarians and the absence of foraminiferal linings in beds 22 to 25. From Li et 
al. (1986) sea-level curve, it appears that the sea level rose from beds 22 to 25, then it declined 
from beds 19 to 21, based on the fossil records and lithology, although both of the two parts were 
deposited in basinal environment (Fig. 5). Similar to palynofacies type A and B, the low 
concentrations of Al suggest that the deposits are too distant for any significant terrigenous input 
in beds 19 to 23. However, the concentrations of Al are much higher than those in beds 24 to 29.  

Palynofacies type D: The AOM –palynomorphs –phytoclasts ternary plot and the spore 
–pollen –microplankton ternary plot (Fig. 7) and the high concentrations of Al (Fig. 5) suggest 
that palynofacies type D was deposited in shallow marine and nearshore environments with a high 
abundance of terrestrial components (Tyson, 1995; Carvalho et al., 2006). According to the 
sea-level curve (Fig. 5), the sea level declined dramatically from bed 25, but it rose again after bed 
27 with a reduced input of terrestrial palynoclasts (compare to Pross et al., 2006). There is a 
temporary peak of acritarchs in bed 25, not only in terms of abundance but also diversity. A 
possible interpretation is that the metazoan animals that fed on acritarchs or algae strongly 
decreased during the latest Permian (Jin et al., 2000; Yin et al., 2007). However, there are only 
several acritarchs species with low abundance in bed 28. Moreover, only a few Micrhystridium are 
present in some samples, indicating restricted marine conditions (Vecoli, 2000; Li et al., 2004b; 
Ercegovac and Kostic, 2006).  

Palynofacies type E was deposited in deltaic to nearshore environments with a high 
abundance of terrestrial components (Fig. 7). The sea level in this palynofacies type appears a 
little higher than that in palynofacies type D (Fig. 5). There are lower abundances of terrestrial 
components in palynofacies type E than that in type D (compare Pross et al., 2006). According to 
the cross-plots of redox indices (Figs. 5 and 6), palynofacies type E indicates an oxic environment. 

 
5. Conclusions 
(1) Three palynological assemblage zones are identified. These are in ascending order: the 

Dictyotidium Assemblage Zone (Wuqiapingian), the Leiosphaeridia –Micrhystridium 
–Veryhachium Assemblage Zone (Changxingian), and the Pteruchipollenites –Leiotriletes 
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Assemblage  Zone  (Induan).  It  is  important  to  note  that  an  abundance  ‘spike’  of  Reduviasporonites 
is not observed at the PTB of the Shangsi section. This enigmatic taxon, considered by several 
authors as a fungal spore, occurs in seven samples with relatively low percentages. 

(2) From the varying character and distribution of the palynological constituents in the 
sediments of the analyzed succession, five palynofacies types can be identified, which relate to the 
different depositional environments (Table 3). Beds 15 to 21 have a high petroleum potential.  

 
Acknowledgments 

We wish to express sincere thanks to Mr. Qing Hu, Lei Zhang, Guichun Liu, Yu Xiang and 
Miss Guozhen Xu and Xiaomei Nie for their help in field work. We thank Carys Bennett 
(Université de Lille1, University of Leicester) for linguistic improvements and the correction of 
the text. This work was supported by the National Science Foundation of China (NSFC) project no. 
40839903, 40921062, the Chinese 973 (2011CB808800) and 111 programs (B08030) and by 
grants  of  the  University  of  Lille1  (“Allocation  Présidentielle”  and  “Bonus  Qualité  Recherche”)  
and the Conseil Régional du Nord (France).   
 
References 
 
Afonin, S., Barinova, S., Krassilov, V., 2001. A bloom of Tympanicysta Balme (green algae of 

zygnematalean affinities) at the Permian-Triassic boundary. Geodiversitas 23, 481-487. 
Al-Ameri, T.K., Al-Musawi, F.S., Batten, D.J., 1999. Palynofacies indications of depositional 

environments and source potential for hydrocarbons: uppermost Jurassic-basal Cretaceous 
Sulaiy Formation, southern Iraq. Cretaceous Research 20, 359-363. 

Algeo, T.J., Tribovillard, N., 2009. Environmental analysis of paleoceanographic systems based on 
molybdenum-uranium covariation. Chemical Geology 268, 211-225. 

Algeo, T.J., Maynard, J.B., 2004. Trace-element behavior and redox facies in core shales of Upper 
Pennsylvanian Kansas-type cyclothems. Chemical Geology 206, 289-318. 

Batten, D.J., 1983. Identification of amorphous sedimentary organic matter by transmitted light 
microscopy. Geological Society, London, Special Publications 12, 275. 

Blažeković  Smojić,  S.,  Smajlović,  J.,  Koch,  G.,  Bulić,  J.,  Trutin,  M.,  Oreški,  E.,  Alajbeg,  A.,  Veseli,  
V.,  2009.  Source  potential  and  palynofacies  of  Late  Jurassic  “Lemeš  facies”,  Croatia.  Organic 
Geochemistry 40, 833-845. 

Brumsack, H.J., 1980. Geochemistry of Cretaceous black shales from the Atlantic Pcean (DSDP 
Legs 11, 14, 36 and 41). Chemical Geology 31, 1-25. 

Carvalho, M.A., 2001. Paleoenvironmental reconstruction based on palynology and palynofacies 
analyses of the Aptian-Albian in the Sergipe Basin, northeastern Brazil. Universität 
Heidelberg, 1-150. (Unpublished Thesis).  

Carvalho, M.A., Mendonça Filho, J.G., Menezes, T.R., 2006. Palynofacies and sequence 
stratigraphy of the Aptian-Albian of the Sergipe Basin, Brazil. Sedimentary Geology 192, 
57-74. 

Combaz, A., 1964. Les palynofaciès. Revue de Micropaléontologie 7, 205-218. 
Courtinat, B., Malartre, F., 2003. Palynofacies variations in a carbonate ramp system environment 

(Upper Muschelkalk, NE France). Bulletin de la Société Géologique de France 174, 595-601. 
Chen, Z.Q., 2007. Discussion on gas exploration of Feixianguan Formation in the Lower Triassic 



206         LEI Yong: Le Phytoplancton de la limite Permien-Trias du Sud de la Chine         2013.04 

 

of Sichuan Basin. Acta Petrolei Sinica 28, 12-26 (In Chinese and English summary). 
Dean, W.E., Piper, D.Z., Peterson, L.C., 1999. Molybdenum accumulation in Cariaco basin 

sediment over the past 24 ky: A record of water-column anoxia and climate. Geology 27, 507. 
Ercegovac, M., Kostic, A., 2006. Organic facies and palynofacies: Nomenclature, classification 

and applicability for petroleum source rock evaluation. International Journal of Coal Geology 
68, 70-78. 

Eshet, Y., Rampino, M.R., Visscher, H., 1995. Fungal event and palynological record of ecological 
crisis and recovery across the Permian-Triassic boundary. Geology 23, 967-970. 

Filipiak, P., 2002. Palynofacies around the Frasnian/Famennian boundary in the Holy Cross 
Mountains, southern Poland. Palaeogeography, Palaeoclimatology, Palaeoecology 181, 
313-324. 

Foster, C.B., Stephenson, M.H., Marshall, C., Logan, G.A., Greenwood, P.F., 2002. A revision of 
Reduviasporonites Wilson 1962: description, illustration, comparison and biological affinities. 
Palynology 26, 35-58. 

Hatch, J.R., Leventhal, J.S., 1992. Relationship between inferred redox potential of the 
depositional environment and geochemistry of the Upper Pennsylvanian (Missourian) Stark 
Shale Member of the Dennis Limestone, Wabaunsee County, Kansas, USA. Chemical 
Geology 99, 65-82. 

Hong, H.T., Wang, Y. G., Yang, T.Q., Wen, Y.C., Xia, M.L., 2008. Sedimentary facies of 
Changxing Formation and distribution of organic reef gas reservoirs in northern Sichuan 
basin. Natural Gas Industry 28, 38-41 (In Chinese and English summary). 

Hou, J.P., Song, P., 1995. Late early Permian and Late Permian spore-pollen assemblages of 
Meishan, Changxing county, Zhejiang Province 25, 168–187 (In Chinese and English 
summary). 

Jacobson, S.R., 1979. Acritarchs as paleoenvironmental indicators in Middle and Upper 
Ordovician rocks from Kentucky, Ohio and New York. Journal of Paleontology 53, 
1197-1212. 

Jiang, H.S., Lai, X.L., Luo, G.M., Aldridge, R.J., Zhang, K.X., Wignall, P.B., 2007. Restudy of 
conodont zonation and evolution across the P/T boundary at Meishan section, Changxing, 
Zhejiang, China. Global and Planetary Change 55, 39-55. 

Jiang, H.S., Lai, X.L., Yan, C.B., Aldridge, R.J., Wignall, P.B., Sun, Y.D., 2011. Revised conodont 
zonation and conodont evolution across the Permian–Triassic boundary at the Shangsi section, 
Guangyuan, Sichuan, South China. Global and Planetary Change 77, 103-115. 

Jin, Y.G., Wang, Y., Wang, W., Shang, Q.H., Cao, C.Q., Erwin, D.H., 2000. Pattern of marine mass 
extinction near the Permian-Triassic boundary in South China. Science 289, 432-436. 

Joachimski, M.M., Ostertag-Henning, C., Pancost, R.D., Strauss, H., Freeman, K.H., Littke, R., 
Sinninghe Damste, J.S., Racki, G., 2001. Water column anoxia, enhanced productivity and 
concomitant changes in  δ13C  andδ34S across the Frasnian-Famennian boundary 
(Kowala--Holy Cross Mountains/Poland). Chemical Geology 175, 109-131. 

Jones, B., Manning, D.A.C., 1994. Comparison of geochemical indices used for the interpretation 
of palaeoredox conditions in ancient mudstones. Chemical Geology 111, 111-129. 

Lai, X. L., Yang, F. Q., Hallam, A., Wignall, P. 1996. The Shangsi section, candidate of the Global 
Stratotype section and point of the Permian-Triassic boundary.  In: Yin, H. F. (Ed.), The 
Palaeozoic-Mesozoic Boundary. Candidates of Global Stratotype Section and Point of the 



2013.04               Lille 1 University & China University of Geosciences (Wuhan)                207 

 

Permian-Triassic Boundary. China University of Geosciences Press, Wuhan, 113-124 . 
Lei, Y., Servais, T., Feng, Q.L. The diversity of the Permian phytoplankton. Review of 

Palaeobotany and Palynology (accepted for publication). 
Li, J., Cao, C.Q., Servais, T., Zhu, Y., 2004a. Later Permian acritarchs from Meishan (SE China) 

in the context of Permian palaeobiogeography and palaeoecology. Neues Jahrbuch für 
Geologie und Paläontologie, Monatshefte, 427-448. 

Li, J., Servais, T., Yan, K., Zhu, H.C., 2004b. A nearshore-offshore trend in acritarch distribution 
from the Early-Middle Ordovician of the Yangtze Platform, South China. Review of 
Palaeobotany and Palynology 130, 141-161. 

Li, Z.S., Zhan, L.P., Zhu, X.F., Zhang, J.H., Jin, R.G., Liu, G.F., Sheng, H.B., Shen, G.M., Dai, J.Y., 
Huang, H.Q., Xie, L.C., Yan, Z., 1986. Mass extinction and geological events between 
Palaeozoic and Mesozoic era. Acta Geologica Sinica 60, 1-15 (In chinese with English 
abstract) 

Looy, C.V., Twitchett, R.J., Dilcher, D.L., Van Konijnenburg-Van Cittert, J.H.A., Visscher, H., 
2001. Life in the end-Permian dead zone. Proceedings of the National Academy of Sciences 
of the United States of America 98, 7879. 

Lyons, T.W., Werne, J.P., Hollander, D.J., Murray, R., 2003. Contrasting sulfur geochemistry and 
Fe/Al and Mo/Al ratios across the last oxic-to-anoxic transition in the Cariaco Basin, 
Venezuela. Chemical Geology 195, 131-157. 

Murray, R.W., Leinen, M., 1996. Scavenged excess aluminum and its relationship to bulk titanium 
in biogenic sediment from the central equatorial Pacific Ocean. Geochimica et 
Cosmochimica Acta 60, 3869-3878. 

Murray, R.W., Buchholtz ten Brink, M.R., Gerlach, D.C., Russ III, G.P., Jones, D.L., 1992. 
Interoceanic variation in the rare earth, major, and trace element depositional chemistry of 
chert: perspectives gained from the DSDP and ODP record. Geochimica et Cosmochimica 
Acta 56, 1897-1913. 

Nicoll, R.S., Metcalfe, I., Cheng-Yuan, W., 2002. New species of the conodont genus Hindeodus 
and the conodont biostratigraphy of the Permian-Triassic boundary interval. Journal of Asian 
Earth Sciences 20, 609-631.  

Nie, X.M., Lei, Y., Feng, Q.L., Xiang, Y., 2012. Development laws of Changhsingian radiolarian 
fauna at the Shangsi Section of Sichuan Province and its control factors. Geological Review- 
(In Chinese and English summary, in press). 

Ouyang, S., 1982. Upper Permian and Lower Triassic palynomorphs from eastern Yunnan, China. 
Canadian Journal of Earth Sciences 19, 68-80. 

Ouyang, S., 1986. Palynology of Upper Permian and Lower Triassic strata of Fuyuan district, 
Eastern Yunan. Palaeontologia sinica 169, pp. 1-122 (In Chinese). 

Ouyang, S., Hou J.P., 1999a. On characteristics of the Cathaysian palynoflora. Acta 
Palaeontologica Sinica 38, 262–283 (In Chinese and English summary). 

Ouyang, S., Hou J.P., 1999b. On the relationship between the Cathaysia flora and Angara flora 
based on palynological data. Acta Micropalaeontologica Sinica 16, 351–368 (In Chinese and 
English summary). 

Ouyang, S., Utting, J., 1990. Palynology of Upper Permian and Lower Triassic rocks, Meishan, 
Changxing County, Zhejiang Province, China. Review of Palaeobotany and Palynology 66, 
65-103. 



208         LEI Yong: Le Phytoplancton de la limite Permien-Trias du Sud de la Chine         2013.04 

 

Ouyang, S., Zhu, H.C., 2007. Query  the  assumption  of  “end-Permian  fungal  spike  event”,  with  
special reference to the Permo-Triassic transitional palynofloras. Acta Palaeontologica Sinica 
46, 394–410 (In Chinese and English summary). 

Peng, Y.Q., Yu, J.X., Gao, Y.Q., Yang, F.Q., 2006. Palynological assemblages of non-marine rocks 
at the Permian-Triassic boundary, western Guizhou and eastern Yunnan, South China. Journal 
of Asian Earth Sciences 28, 291-305. 

Pross, J., Link, E., Ruf, M., Aigner, T., 2006. Delineating sequence stratigraphic patterns in deeper 
ramp carbonates: quantitative palynofacies data from the Upper Jurassic (Kimmeridgian) of 
Southwest Germany. Journal of Sedimentary Research 76, 524-538. 

Riquier, L., Tribovillard, N., Averbuch, O., Devleeschouwer, X., Riboulleau, A., 2006. The Late 
Frasnian Kellwasser horizons of the Harz Mountains (Germany): two oxygen-deficient 
periods resulting from different mechanisms. Chemical Geology 233, 137-155. 

Saito, C., Noriki, S., Tsunogai, S., 1992. Particulate flux of A1, a component of land origin, in the 
western North Pacific. Deep Sea Research Part A. Oceanographic Research Papers 39, 
1315-1327. 

Sandler, A., Eshet, Y., Schilman, B., 2006. Evidence for a fungal event, methane-hydrate release 
and soil erosion at the Permian-Triassic boundary in southern Israel. Palaeogeography, 
Palaeoclimatology, Palaeoecology 242, 68-89. 

Schiøler, P., Crampton, J.S., Laird, M.G., 2002. Palynofacies and sea-level changes in the Middle 
Coniacian-Late Campanian (Late Cretaceous) of the East Coast Basin, New Zealand. 
Palaeogeography, Palaeoclimatology, Palaeoecology 188, 101-125. 

Sephton, M.A., Visscher, H., Looy, C.V., Verchovsky, A.B., Watson, J.S., 2009. Chemical 
constitution of a Permian-Triassic disaster species. Geology 37, 875-878. 

Shen, S. Z., Crowley, J. L., Wang, Y., Bowring, S. A., Erwin, D. H., Sadler, P. M., Cao, C. Q., 
Rothman, D. H., Henderson, C. M., Ramezani, J., 2011. Calibrating the end-Permian mass 
extinction. Science 334, 1367-1372. 

Steiner, M.B., Eshet, Y., Rampino, M.R., Schwindt, D.M., 2003. Fungal abundance spike and the 
Permian-Triassic boundary in the Karoo Supergroup (South Africa). Palaeogeography, 
Palaeoclimatology, Palaeoecology 194, 405-414. 

Tribovillard, N., Algeo, T.J., Lyons, T., Riboulleau, A., 2006. Trace metals as paleoredox and 
paleoproductivity proxies: An update. Chemical Geology 232, 12-32. 

Tyson, R.V., 1987. The genesis and palynofacies characteristics of marine petroleum source rocks. 
Geological Society, London, Special Publications 26, 47. 

Tyson, R.V., 1995. Sedimentary Organic Matter: Organic Facies and Palynofacies. Chapman and 
Hall, New York, pp. 1-615. 

Tyson, R.V., Follows, B., 2000. Palynofacies prediction of distance from sediment source: A case 
study from the Upper Cretaceous of the Pyrenees. Geology 28, 569. 

Vecoli, M., 2000. Palaeoenvironmental interpretation of microphytoplankton diversity trends in 
the Cambrian-Ordovician of the northern Sahara Platform. Palaeogeography, 
Palaeoclimatology, Palaeoecology 160, 329-346. 

Visscher, H., Brinkhuis, H., Dilcher, D., Elsik, W., Eshet, Y., Looy, C., Rampino, M., Traverse, A., 
1996. The terminal Paleozoic fungal event: evidence of terrestrial ecosystem destabilization 
and collapse. Proceedings of the National Academy of Sciences of the United States of 
America 93, 2155. 



2013.04               Lille 1 University & China University of Geosciences (Wuhan)                209 

 

Visscher, H., Sephton, M.A., Looy, C.V., 2011. Fungal virulence at the time of the end-Permian 
biosphere crisis? Geology 39, 883. 

Walsh, I., Dymond, J., Collier, R., 1988. Rates of recycling of biogenic components of settling 
particles in the ocean derived from sediment trap experiments. Deep Sea Research Part A. 
Oceanographic Research Papers 35, 43-58. 

Waterhouse, H.K., 1999. Orbital forcing of palynofacies in the Jurassic of France and the United 
Kingdom. Geology 27, 511-514. 

Wignall, P.B., Myers, K.J., 1988. Interpreting benthic oxygen levels in mudrocks: a new approach. 
Geology 16, 452. 

Wignall, P.B., Hallam, A., Lai, X.L., Yang, F.Q., 1995. Palaeoenvironmental changes across the 
Permian/Triassic boundary at Shangsi (N. Sichuan, China). Historical Biology 10, 175-189. 

Wilkin, R.T., Barnes, H.L., Brantley, S.L., 1996. The size distribution of framboidal pyrite in 
modern sediments: An indicator of redox conditions. Geochimica et Cosmochimica Acta 60, 
3897-3912. 

Wilkin, R.T., Arthur, M.A., Dean, W.E., 1997. History of water-column anoxia in the Black Sea 
indicated by pyrite framboid size distributions. Earth and Planetary Science Letters 148, 
517-525. 

Wood, S.E., Gorin, G.E., 1998. Sedimentary organic matter in distal clinoforms of Miocene slope 
sediments; Site 903 of ODP Leg 150, offshore New Jersey (USA). Journal of Sedimentary 
Research 68, 856. 

Xie, S.C., Pancost, R.D., Wang, Y.B., Yang, H., Wignall, P.B., Luo, G.M., Jia, C.L., Chen, L., 2010. 
Cyanobacterial blooms tied to volcanism during the 5 my Permo-Triassic biotic crisis. 
Geology 38, 447. 

Yan, K., Li, J., 2010. The palaeoenvironmental implication of Early-Middle Ordovician acritarch 
communities from South China. Chinese Science Bulletin 55, 957-964. 

Yang X.Y., 2002. Late Permian spores and pollen thermal alteration index and organic matter 
types from the Longtan Formation in Southern Jiangsu. Acta Micropalaeontologica Sinica 19, 
309–315 (In Chinese and English summary). 

Yin, H.F., Feng, Q.L. Lai, X.L., Baud, A., Tong, J.N., 2007. The protracted Permo-Triassic crisis 
and multi-episode extinction around the Permian-Triassic boundary. Global and Planetary 
Change 55, 1-20. 

Zhang, K.X., Tong, J.N., Shi, G., Lai, X.L., Yu, J.X., He, W.H., Peng, Y.Q., Jin, Y.L., 2007. Early 
Triassic conodont-palynological biostratigraphy of the Meishan D Section in Changxing, 
Zhejiang Province, South China. Palaeogeography, Palaeoclimatology, Palaeoecology 252, 
4-23. 

Zhang K.X., Lai X.L., Tong J.N., Jiang H.S., 2009. Progresses on study of conodont sequence for 
the GSSP section at Meishan, Changxing, Zhejiang Province, South China. Acta 
Palaeontologica Sinica 48, 474–486 (In Chinese and English summary). 

 
Figure captions 
Figure 1: Location map of the Shangsi section (A and B); End Permian paleogeography in South 

China (C) (revised from Xie et al, 2010). 
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Figure  2:  Palynological  assemblages  of  the  Shangsi  section.  Each  bar  is  10  μm.  St.:  Stage  age;;  Fo.:  
Formation; Lith.: Lithology; C. Z.: Conodont Zone; P. a.: Palynological assemblages; Sa.: 
Samples;  

Figure 3: Conodont zones and palynological assemblages zones at Meishan and Shangsi. 
Compiled mainly from Li et al.(1986), Ouyang and Utting (1990), Jiang et al. (2007, 2011) 
Zhang et al. (2007, 2009). H.: Hindeodus; I.: Isarcicella; N.: Neogondolella; ch.: 
changxingensis; la.: latidentatus; lo.: longicuspidata; me.: meishanensis; pr.: praeparvus; st.: 
staeschei. 

Figure 4: Concentrations of organic matter and the palynofacies types in the Shangsi section. The 
concentrations of radiolarian are adapted from Nie et al. (in press). St.: Stage age; Fo.: 
Formation; Lith.: Lithology; C. Z.: Conodont Zone; P. a.: Palynological assemblages; Dic.: 
Dictyotidium; Lei.: Leiosphaeridia; Ver.: Veryhachium; Mic.: Micrhystridium; Phy.: 
Phytoclasts; For.: foraminiferal linings; Rad.: radiolarian. 

Figure 5: Concentrations of TOC and selected major and trace elements, sea-level changes and the 
results of redox conditions in the Shangsi section. St.: Stage; Fo.: Formation; Lith.: Lithology; 
C. Z.: Conodont Zone; P. t.: Palynofacies types; sea-level changes compiled mainly from Li 
et al. (1986). 

Figure 6: Crossplot of redox indices in five palynofacies types, revised from Riquier et al. (2006). 
V/Cr vs. U/Th, Ni/Co vs. U/Th, V/(V+Ni) vs. U/Th and V/Cr vs. Ni/Co. C1: bed 20 to bed 21; 
C2 : bed 22 to bed 25. 

Figure 7: AOM –Palynomorphs –Phytoclasts ternary plot and the Spore –Pollen –Microplankton 
ternary plot in Shangsi section, based on Tyson (1995). 

 
Table captions 
Table 1. Correlation coefficients (r) between Al and selected major and trace elements and level of 

significance of correlations (p). 
Table 2. Correlations between trace-element ratio values and redox zones. a: ranges for V/Cr, 

U/Th and Ni/Co are from Jones and Manning (1994); b: ranges for V/(V+Ni) are from Hatch 
and Leventhal (1992). 

Table 3. Depositional environments of the palynofacies types A-E. 
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Abstract. 

The end-Permian marine ecosystem changed dramatically. Large-scale volcanic eruptions, 
sea-level drop and intense terrigenous inputs, high sea-water temperatures and high inorganic 
nutrient concentrations promoted widespread cyanobacterial blooms, as recorded by lipid 
biomarkers and microbialites. These cyanobacterial blooms changed the marine ecosystems by 
increased light attenuation, depleted the water of oxygen and poisoned metazoan life. Here we 
document that diverse and abundant organic-wall phytoplankton (acritarchs) occurred before the 
metazoan mass extinction. However, in South China, the acritarchs communities continuously 
decreased in diversity and abundance synchronously along with cyanobacterial proliferations and 
metazoan mass extinctions towards the Permian-Triassic boundary (PTB). Our analyses shows 
that the decreasing organic-walled phytoplankton (acritarchs) diversity correlates with the 
decreasing diversity of marine invertebrates. We suggest that if the end Permian mass extinction 
was triggered by the large-scale volcanic eruptions, and was caused by the ocean anoxia, food 
deficiency and high temperature directly, the cyanobacterial blooms would have enhanced the 
ocean anoxia and food deficiency during the PTB. The relationships between the mass extinction, 
the diversity and abundance of the phytoplankton, and the cyanobacterial blooms are more 
complex than that we previously thought. 
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1 Introduction 

The end-Permian extinction event (252 Ma ago) was the greatest mass extinction in the 
history of the Earth, with over 96% of marine species getting extinct (Erwin 1990; Erwin et al., 
2002). Many authors try to explain the causes of the mass extinction and linked it with 
environmental catastrophes, such as ocean anoxia (Wignall and Twitchett, 1996; Isozaki, 1997; 
Kump et al., 2005), Siberian trap volcanism (Reichow et al., 2002, 2009; Kamo et al., 2003; 
Renne et al., 1995), expansion of oceanic oxygen-minimum zone (Algeo et al., 2011), but the 
causes remain controversial. On the other hand, most studies documented in detail the extinction 
of marine metazoans (e.g. Raup and Sepkoski Jr, 1982; Shen and Shi, 1996, 2002; Jin et al., 2000; 
Villier and Korn, 2004; Alroy, 2008; Song et al., 2009), but did ignore the changes of primary 
producers in marine environments at the Permian to Triassic boundary (PTB). Only the possible 
presence of a “fungal spike”  was  presented  as  a  probable  cause of the extinction, but was 
subsequently largely debated (Eshet et al., 1995; Visscher et al., 1996, 2011; Afonin et al., 2001; 
Foster et al., 2002; Sephton et al., 2009). Recently, a series of papers analyzed the cyanobacterial 
changes during the Permian-Triassic boundary interval in South China (Grice et al., 2005; Xie et 
al., 2005, 2007, 2010; Cao et al., 2009; Chen et al., 2011;). For instance, Xie et al. (2010) pointed 
out that widespread cyanobacterial mats occurred during a 5 my Permo-Triassic biotic crisis in 
this area. 

Cyanobacteria occurred on Earth probably 3.5 billion years ago (e.g. Schopf, 1993). They are 
one of the most diverse groups of photosynthetic and N2-fixing microorganism in modern oceans 
(e.g. Capone et al., 1997; Wiegand and Pflugmacher, 2005). However, cyanobacterial blooms are 
also considered to cause problems to other phytoplanktonic organisms and animals in both marine 
and freshwater systems (e.g. Briand et al., 2003; Wiegand and Pflugmacher, 2005). Most 
cyanobacterial species can colonize different depths in the water column by regulating their 
buoyancy (the possession of gas vesicles) (e.g. Walsby et al., 2001; Briand et al., 2003). 
Cyanobacterial blooms increase light attenuation (e.g. Phlips and Badylak, 1996; Phlips et al., 
1999), which reduces the distribution of other primary producers and metazoans, such as diatoms, 
sea grass beds and coral communities (e.g. Hall et al., 1999; O’Neil  et  al.,  2012). 

For the predators, several bloom-forming cyanobacteria are toxic, including hepatotoxins 
(microcystins, nodularins and cylindrospermopsins), neurotoxins (anatoxins and saxitoxins) and 
dermatotoxins/ irritant toxins (lyngbyatoxin A, aplysiatoxins and lipopolysaccharides), as their 
toxicological target (e.g. Briand et al., 2003). These toxic compounds, as the secondary 
metabolites produced by cyanobacteria, are dangerous for zooplankton (e.g. copepods), causing 
increased mortality and reduced reproductive output (e.g. DeMott et al., 1991; Engström-Öst et al., 
2002; Golubic et al., 2010). The toxicity is likely to be transferred and concentrated up in mussels, 
crustaceans and fish and on the entire food web (e.g. Endean et al., 1993; Engström-Öst et al., 
2002; Wiegand and Pflugmacher, 2005; Golubic et al., 2010; Karlson  and  Mozūraitis,  2011).    

Moreover, non-toxic cyanobacterial blooms may also damage the environment, and may 
even lead to the death of fishes and other animals (e.g. Stal et al., 2003). Sedimentary and grazing 
losses of cyanobacterial blooms are generally small (e.g. filamentous species occur on the marine 
surface layer), but most of these organic matters are decomposed in the surface layer and deplete 
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the water of O2 (e.g. Heiskanen and Kononen, 1994; Sellner et al., 1994; Vahtera et al., 2007; 
FerrÃo-Filho et al., 2001). 

The cyanobacterial blooms were possibly initiated by increased availability of nutrients (e.g. 
phosphorus and iron) (e.g. Bianchi et al., 2000; Boyd et al., 2004), and favoured by high water 
temperature (e.g. Kanoshina et al., 2003; O’Neil  et  al.,  2012; Posch et al., 2012). Interestingly, 
these environmental conditions (high inorganic nutrient concentrations and high temperature) 
exactly happened during the PTB by enhanced chemical weathering, intense terrestrial input and 
large-scale volcanic eruption (Sheldon, 2006; Algeo and Twitchett, 2010; Joachimski et al., 2012; 
Sun et al, 2012). Indeed, widespread cyanobacteria occurred in South China from shallow 
platform to deep sea settings during the PTB strata (Figure 1), recorded by calci-microbialite and 
biomarker data (Lehrmann, 1999; Wang et al., 2005; Xie et al., 2005, 2010). Although Xie et al. 
(2005; 2007) analyzed the cause of the enhanced cyanobacterial population, the relationship 
between the mass extinction and the widespread cyanobacteria remain unclear. 

Surprisingly, the evolution of the organic-walled microphytoplankton during the PTB strata, 
represented by the acritarchs, remains greatly unknown, although the organic-walled fraction of 
the microphytoplankton is the most common in Palaeozoic strata (Munnecke and Servais, 2008). 
More recently, Lei et al. (in press) reviewed the diversity of the Permian phytoplankton at a global 
scale, and noted that over 30 genera of phytoplankton have been recorded in the latest Permian 
strata (Changhsingian), and almost 30 species of phytoplankton have been documented from the 
Yangtze Block, South China (e.g. Li et al., 2004a; Ouyang and Utting, 1990). Lei et al. (2012) 
also investigated the inshore-offshore distribution of the end Permian phytoplankton in this area, 
indicating that the distribution patterns were similar to those of other Palaeozoic periods or to that 
of modern dinoflagellates. Nevertheless,, the phytoplankton community changes remain unclear. 
In the present study, we try to understand the phytoplankton community succession (including 
cyanobacteria and acritarchs) and to analyze the relationships between the phytoplankton 
community changes and the mass extinction at the PTB in South China. 
 
2 Geological setting 

Seven geological sections, located in the Yangtze Block of southern China (Fig. 1), have 
been analyzed for the present study. Five of these sections have already been described in detail by 
Lei et al. (2012) and the reader is referred to this latter study for details on the geological setting 
and the palynological content (including the organic-welled phytoplankton). The two other 
sections are presented below. 

 
2.1 Liangfengya section 

The Liangfengya section is located in Shandong Village, Zhongliang Mountain area, 
Chongqing City. This section comprises the Changxing Formation (bed 4 and below) and the 
Feixianguan Formation (beds 5 to 22). The geology of the Liangfengya section was described in 
detail by Wu et al. (1988). The beds 1 to 4 are dominated by limestones, with a few volcanic ash 
intervals. The beds 5 to 22 are dominated by mud-limestones with a few shales and volcanic ashes, 
containing conodont, brachiopods and ammonites. The facies of this section is interpreted as being 
located in intra-platform environments (Xia Wenchen, unpublished data). According to the 
conodont zone, the PTB is placed in bed 6. The three conodont biozones recovered in the 
Liangfengya section are the Clarkina yini Zone (beds 1 to 4), the Clarkina microcuspidata Zone 
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(beds 5 to 6-a) and the Hindeodus parvus Zone (beds 6-b to 22), in ascending order (Xia Wenchen, 
unpublished data). 

 
2.2 Ganxi section 

The Ganxi section (N30°07.4′, E109°26.8′) is located near Enshi City, Hubei Province. The 
uppermost Dalong Formation (Beds 220-233.3, 2.5 m) comprises mudstones with a few 
limestones. The Yinkeng Formation (over 100 m) is dominated by limestones with a few 
mudstone and volcanic ash intervals. According to the conodont zonation, the PTB is placed in 
bed 238 (Mutwakil et al., 2006). The three conodont biozones at the Ganxi section are the 
Clarkina yini Zone (beds 220-233.3), the Clarkina meishanensis Zone (beds 233.4-237) and the 
Hindeodus parvus Zone (beds 238), in ascending order (Mutwakil et al., 2006; Yin et al., under 
review).  
 
3 Materials and methods 
 
Palynological analysis 

Similarly to the previously analyzed sections (Lei et al., 2012), 106 samples have been 
collected from the two sections around the Permian-Triassic boundary (29 samples from the 
Liangfengya section; 77 samples from the Ganxi section). All the samples were analyzed for 
palynological studies. 

Fifty grams of each sample were prepared following standard palynological techniques. One 
Lycopodium spore was added in each of the samples before processing in order to allow 
calculation of absolute particle abundances, following standard counting techniques (Tyson and 
Follows, 2000). All samples were treated successively with 34% HCl and 40% HF for the 
respective removal of carbonates and silicates. The residues have subsequently been concentrated 
with zinc bromide solution (S.G. 2.1). The residues were neither oxidized nor sieved. The residue 
was studied using light microscopy and scanning electron microscopy. For each sample, 300 
particles were counted in transmitted light (including Lycopodium spores and acritarchs). The 
acritarch taxa were determined at the specific level. All palynological residues are stored in the 
collections of the China University of Geosciences (Wuhan). 
 
4 Results 
4.1 Acritarchs from the Ganxi and Liangfengya sections 

In the Ganxi section, the present investigation indicates that only one spherical  acritarchs 
(Leiosphaeridia minutissima) has been recorded rarely in the 10 samples (Table 1) from the end 
Permian to the Early Triassic (only 4 samples are shown in Fig. 2).  

In the Liangfengya section, about 8 species attributed to 3 genera have been recorded in the 7 
samples investigated, including Leiosphaeridia microgranifera, Leiosphaeridia minutissima, 
Micrhystridium breve, Micrhystridium pentagonale, Micrhystridium stellatum, Veryhachium 
hyalodermum, Veryhachium quadratum, Veryhachium sedecimspinosum. Diverse and abundant 
acritarchs occur in the end Permian strata of the Liangfengya section (Fig. 2, Table 1). 
Interestingly, similarly to the Ganxi section, only Leiosphaeridia minutissima occurs in the earliest 
Triassic.  
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4.2 Acritarch communities at the Permian-Triassic boundary in South China 
The acritarchs are here plotted against the conodont biozones, rather than the the sedimentary 

beds (Lei et al., 2012; Fig. 2). Based on the diversity of acritarchs throughout the differents 
sections, we can identify three different stages of acritarchs communities (Stage I to III) around 
the PTB in South China (Figure 2) and compare them with the diversity drop of metazoans leading 
to the mass extinction in the Meishan section (Jin et al., 2000). Some of the acritarchs species 
from the Late Permian of China are illustrated in Figure 3. 

Diverse (28 species attributed to 10 genera, Figure 2) and abundant acritarchs occur in Stage 
I, corresponding to the Clarkina changxingensis and Clarkina yini conodont Biozone. A 
moderately rich acritarch community (11 species attributed to 7 genera, Figure 2) is present in 
Stage II at the PTB transition, corresponding to the Clarkina meishanensis, Hindeodus 
changxingensis, Clarkina taylorae and Hindeodus parvus conodont biozones. Only a single 
species (Leiosphaeridia minutissima) has been recorded in Stage III indicating possible low 
biomass, corresponding to the Isarcicella staeschei and Isarcicella isarcica conodont biozones.  
 
5 Discussion 
5.1 The cyanobacterial proliferation  

Two genera of filamentous cyanobacteria (Lyngbya and Trichodesmium) and one coccoid 
cyanobacteria Synechococcus are the most conspicuous marine cyanobacterial bloom formers in 
modern oceans (O’Neil  et  al.,  2012). The filamentous cyanobacteria as N2 fixers can form dense 
surface blooms utilizing their buoyancy (the possession of gas vesicles) (Walsby et al., 2001; 
Briand et al., 2003). Generally, the genus Lyngbya more likely grows attached to seagrasses, 
macroalgae, corals and sediments (O’Neil  et  al.,  2012). However, Trichodesmium forms blooms 
distributed in pelagic environments with tropical and subtropical oceans (O’Neil  et  al.,  2012), 
whereas Synechococcus is a cosmopolitan open ocean cyanobacterial bloom former (Zwirglmaier 
et al., 2008). Nevertheless, all of these cyanobacteria only are promoted by high temperatures 
(even 30oC) and high concentrations of inorganic nutrients (e.g. P and Fe) (O’Neil  et  al.,  2012). 
Blooms of these cyanobacteria increase the light attenuation (Phlips and Badylak, 1996; Phlips et 
al., 1999), which has negative impacts on distributions of other phytoplankton groups, seagrass 
and coral communities (Hall et al., 1999; O’Neil  et  al.,  2012).  

Generally, two kinds of cyanobacteria-like microfossils occurred in the calci-microbialites in 
the PTB strata, including filamentous microfossils (Renalcis or Epiphyton and Rivularia) and 
coccoid microfossils (Lehrmann, 1999; Wang et al., 2005; Jiang et al., 2008). These 
cyanobacterial blooms occurred immediately after the end-Permian mass extinction as 
calci-microbialites in shallow water, South China (Xie et al., 2010; Fig. 1). Kershaw et al. (2007) 
suggested that the calci-microbialites have a wide geographic distribution but mostly existed 
within the Tethys Ocean in the earliest Triassic (Figure 1). Moreover, the cyanobacterial blooms, 
evaluated using biomarkers (2-methylhopane), occurred immediately following the end-Permian 
faunal extinction in deep water sediments of the Meishan section (Xie et al., 2005, 2010) and the 
Shangsi section (Zhou et al., in prepare, beds 28 to 33; Fig. 2). 

Joachimski et al. (2012) pointed out that the climate changed with a warming immediately 
after the end-Permian mass extinction (bed 27 in Meishan and bed 28 in Shangsi; Fig. 2), 
documented by the oxygen isotope records of conodont apatite. In the same time, the inorganic 
nutrients (e.g. Fe and P) increased dramatically by large-scale volcanic eruptions and the intense 
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weathering (Sheldon, 2006; Algeo and Twitchett, 2010; Joachimski et al., 2012). Those 
environmental conditions probably promoted the cyanobacterial proliferation and decreased the 
abundance and diversity of the other phytoplankton groups, seagrass and corals communities.  
 
5.2 The decreasing diversity of acritarch communities 

The diversity of the acritarchs was clearly reduced from Stage I to Stage II, possibly due to a 
sea-level drop (Figure 2). Many offshore sections changed to near-shore environments, where low 
diversities of acritarchs occurred (e.g. Li et al., 2004b; Lei et al., 2012). However, the acritarch 
diversity did not increase with the sea-level rise between Stage II and Stage III, possibly due to a 
cyanobacterial proliferation (e.g. high temperature and the light attenuation; see above). 

Generally, the abundance of the acritarchs decreased from Stage I to Stage III (Fig. 2). On the 
contrary, the acritarch biomass increased obviously in the beds after and close to the volcanic 
ashes (e.g. bed 26 in Meishan; beds 25 and 28 in Shangsi; bed 1 in Liangfengya; Fig. 2), the 
volcanic eruption being considered as fertilizing the marine ecosystems (Algeo and Twitchett, 
2010; Ayris and Delmelle, 2012; Lindenthal et al., 2012). These beds contain abundant inorganic 
nutrients (e.g. Fe), which probably initiated the blooms of phytoplankton in the surface ocean 
(Abraham et al., 2000; Duggen et al., 2010; Olgun et al., 2011). However, these stimulating 
phenomena did apparently not occur in Stage III (e.g. bed 29 in Meishan and bed 30 in Shangsi), 
maybe due to other environmental changes (e.g. high temperature and the light attenuation). On 
the other hand, the controversial taxa Reduviasporonites (interpretes by some authors as a fungal 
spore, but not by other authors) is present in some samples with relatively low percentages (never 
more  than  14%).  A  ‘spike’  of  Reduviasporonites (over 90% in sample, as documented elsewhere, 
see Eshet et al., 1995; Visscher et al., 1996, 2011; Looy et al., 2001; Steiner et al., 2003; Sandler 
et al., 2006; Sephton et al., 2009) does therefore not occur in any of the sections analyzed in South 
China. Indeed, Reduviasporonites most probably increased in abundance after the volcanic ashes 
and decreased in Stage III, as did most of all other acritarchs species. 
 
5.3 The possible relationship between the phytoplankton community changes and the mass 
extinction 

Before the mass extinction, diverse and abundant acritarchs and metazoans are documented 
from South China (Jin et al., 2000; Fig. 2). However, the diversity of the metazoan decreased 
dramatically along with the large-scale volcanic eruptions and ocean anoxia (Renne et al., 1995; 
Wignall and Twitchett, 1996; Isozaki, 1997; Reichow et al., 2002, 2009; Kamo et al., 2003; Kump 
et al., 2005). In the same time, the cyanobacterial blooms occurred immediately in the shallow 
waters in form of calci-microbialites (Xie et al., 2010), which were dominated by the 
microgastropods, bivalves and ostracodes (Lehrmann, 1999; Wang et al., 2005). 

Sun et al. (2012) pointed out that the high temperatures played an important role for the 
end-Smithian crisis, which drove most Early Triassic plants and animals out of the equatorial 
terrestrial ecosystems. They also noticed that the temperature of the sea water in the end Permian 
(about 25°C; bed 26 in Meishan) was not much higher as that in the end-Smithian (about 40°C; 
Joachimski et al., 2012; Sun et al., 2012). However, this temperature already stimulated the 
cyanobacterial proliferation at a worldwide level at the end Permian (Kershaw et al., 2007; Xie et 
al., 2010). And these cyanobacteria blooms maybe a major cause of the end Permian mass 
extinction. 
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In modern oceans, cyanobacteria are a poor-quality food for metazoans, caused by their 
toxicity and nutritional inadequacy (Hairston et al., 2007; Nascimento et al., 2009). FerrÃo-Filho 
et al. (2001), through feeding experiments, proved that even the non-toxic cyanobacterium 
Synechococcus elongatus supported poor growth in Moinodaphnia macleayi (zooplankton). 
However, the nutritional deficiency was overcome when Synechococcus was mixed with a few 
other green algae. Moreover, different species of metazoans have different physiological capacities 
to tolerate (or not) the cyanobacteria. These phenomena have been proved in zooplankton, 
bivalves and gastropods (FerrÃo-Filho et al., 2001; Lance et al., 2010; Wiegand and Pflugmacher, 
2005). Furthermore, Limén and Ólafsson (2002) showed that when the macrofauna (bivalves) and 
the meiofauna (ostracods) live in low energy systems (food-limitation) together, the abundance 
and diversity of macrofauna decreases, but the meiofauna still growth abundatntly. Limén and 
Ólafsson (2002) proved that the small size primary consumers have better access to the food 
available in the interference competition. 

These results can be discussed in the frame of the end Permian extinction, with marine 
ecosystems being balanced before the dramatic changes (diverse and abundant metazoan and 
phytoplankton; Fig. 2). However, this balance was destroyed by drastic environmental changes 
(e.g. large-scale volcanic eruptions, sea-level changes and high temperatures) (Renne et al., 1995; 
Reichow et al., 2002, 2009; Kamo et al., 2003; Joachimski et al., 2012; Sun et al., 2012), which 
possibly promoted the cyanobacterial blooms that rapidly spread all over the world (Kershaw et al., 
2007; Xie et al., 2010). The cyanobacterial proliferation would have poisoned the metazoans, 
accelerate the ocean anoxia and reduce the abundance and diversity of other primary producers 
(see above). Most species of the metazoans become extinct in the deteriorating environment 
during Stage II (anoxic and food-limitation system; Fig. 2), only some primary consumers grew 
well, probably those with small sizes or/and insensitive to the cyanobacterial toxin (He et al., 2010; 
Algeo et al., 2011; Song et al., 2011; Chen and Benton, 2012).  

Along with the rising temperatures and intense inorganic nutrients (Fe and P), the 
cyanobacterial blooms proliferated in offshore environments and deeper waters (bed 28 in Shangsi 
and bed 29 in Meishan), and the acritarchs (high quality food for metazoan) became rare (Fig. 2). 
Many species of primary consumers which survived in the end Permian mass extinction, became 
extinct during the earliest Triassic, probably due to the deteriorated environment (high temperature, 
ocean anoxia and food deficiency). Only a few disaster taxa dominated in the ocean (e.g. the 
bivalve Claraia) (Chen and Benton, 2012). 
 
6 Conclusions 

(1) The acritarch communities continuously decreased in diversity and abundance toward the 
PTB along with a cyanobacterial proliferation. The acritarchs being interpreted as the cysts of 
organic-walled microphytoplankton therefore indicate an indirect evidence of the presence (and 
decrease) of the cyst-forming phytoplankton.  

(2) If the end Permian mass extinction was triggered by large-scale volcanic eruptions and 
was caused by general ocean anoxia, food deficiency and high temperatures, we consider that 
cyanobacterial blooms, promoted by the high temperatures and intense inorganic nutrients, 
probably enhanced the ocean anoxia and food deficiency during the PTB.  

Nevertheless, the relationships between the mass extinction, phytoplankton diversity and 
abundance, and cyanobacterial blooms are more complex than that we previously thought.  
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Figure captions 
Fig. 1: Latest Permian paleogeography of the world (A, modified after Ziegler et al., 1997) and 

south China (B, modified after Feng and Gu, 2002). The distribution of calci-microbialites 
and Late Permian acritarchs are from Kershaw et al. (2007);Jiang et al. (2008); Xie et al. 
(2010); and Lei et al. (in press). 

Fig. 2: The Permian-Triassic Boundary sequence of south China. The data are provided for each 
conodont zone. MS: Meishan; ZZ: Zhongzhai; SS: Shangsi; LFY: Liangfengya; XK: Xiakou; 
GX: Ganxi; DP: Dongpan. ME: mass extinction. I. is.: Isarcicella isarcica; I. s.: Isarcicella 
staeschei; H. p.: Hindeodus parvus; C. t.: Clarkina taylorae; H. c.: Hindeodus 
changxingensis; C. m.: Clarkina meishanensis; C.y.: Clarkina yini; C. ch.: Clarkina 
changxingensis. The original references are as follows: Meishan section, Yin et al. (2001); 
conodont zones, Zhang et al. (2009); sequences, Yin et al. (in press); diversity of animals, Jin 
et al. (2000); C31 2-MHP, Xie et al. (2010); estimated water temperatures, Joachimski et al. 
(2012); absolute ages, Shen et al. (2011). The information of beds and conodont zones in 
other sections are modified respectively from (Li et al., 1986; He et al., 2005, 2007a, b, 2008; 
Feng et al., 2007; Jiang et al., 2011; Shen et al., 2012). The data of acritarchs shown in Table 
1 based on Lei et al., 2012, except for the new data of the Liangfengya and Ganxi sections. 
The data of C31 2-MHP in the Shangsi section are from Xie et al. (unpublished data) 

Fig. 3: Selected microphotographs of acritarchs species of the Permian-Triassic boundary interval 
of south China. 1-2: Veryhachium hyalodermum; 3-5: Veryhachium sedecimspinosum; 6-9: 
Michrystridium stellatum; 10-11: Michrystridium breve; 12: Schizosporis sp.; 13-15: 
Leiosphaeridia minutissima; 16-17: Leiosphaeridia microgranifera; 18-20: Dictyotidium 
reticulatum. The bar is 25 μm for 18-20, and 15 μm for 10-12, and 10 μm for the rest. 

Table captions 
Table 1: The concentrations of acritarch during the Permian to Triassic boundary, south China 

(particles/g ). 
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Abstract. Diverse and well-preserved latest Permian phytoplankton assemblages are described 
from four sections of the Yangtze Block (South China) from the localities Zhongzhai (Guizhou 
Province), Shangsi (Sichuan Province), Xiakou (Hubei Province) and Dongpan (Guangxi 
Province). Most of the species have been reported previously from other Late Permian sections 
worldwide. The South Chinese phytoplankton taxa are generally very small in size, usually 
displaying diameters of about 20 µm, and commonly include the genera Micrhystridium, 
Veryhachium and Leiosphaeridia. However, lager taxa with vesicles often exceeding 80μm  in  
diameter, such as Dictyotidium, are also abundant in the Shangsi section.  

Due to the presence of large populations of Micrhystridium and Veryhachium, a simple 
classification scheme for the Micrhystridium/Veryhachium complex is proposed, based on the 
geometrical shape of the vesicle. We propose dividing the complex into five groups: the 
Veryhachium cylindricum group, representing all ellipsoidal specimens; the Veryhachium 
trispinosum group, all with triangular shape vesicles; the Veryhachium lairdii group, all with 
rectangular forms; the Micrhystridium pentagonale group, all with pentagonal specimens; and the 
Micrhystridium breve group, with includes all spherical forms. 
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1. Introduction 

The group Acritarcha was created by Evitt (1963) as an informal grouping of all 
organic-walled microfossils with unknown or uncertain biological affinities (Servais 1996; 
Strother 1996). They first appear in the Proterozoic and reached maximum diversity during the 
early and middle Paleozoic, especially during the Ordovician and Early Devonian (Strother 1996; 
Servais et al. 2004, 2008). However, acritarch diversity dropped dramatically in the Late Paleozoic, 
particularly between the Late Devonian and Carboniferous, with very low diversities in the 
Carboniferous and Permian, leading to almost a complete absence of organic-walled 
microplankton, that was named by Riegel (1996, 2008) the ‘Phytoplankton  Blackout’. Servais et al. 
(2006)  questioned  the  existence  of  a  ‘phytoplankton  blackout,’  because  the  absence  of  resting  cysts  
in the fossil record does not necessarily imply the absence of phytoplanktonic cyst-building 
organisms in the Late Palaeozoic oceans. Subsequently, Mullins and Servais (2008) reviewed the 
diversity of the Carboniferous phytoplankton, and noted that phytoplankton diversity was still high 
in the earliest Carboniferous, but declined significantly from the Tournaisian to the Serpukhovian. 
Phytoplankton diversity in the Late Carboniferous was generally very low, with typically only one 
to three species being documented in each assemblage (Mullins and Servais 2008). Subsequently, 
Lei et al. (accepted for publication) similarly reviewed the diversity of the phytoplankton of the 
Permian, and pointed out that phytoplankton diversities were much more important than 
previously assumed, with highest diversities in the Early Permian and the latest Permian, where 
more than 30 phytoplankton genera have been reported.  

Chinese acritarch studies, like elsewhere also focused mainly on the Early and Middle 
Paleozoic, with only a few studies in the Permian (Li et al. 2002, 2004). In the Late Permian of 
South China, most palynological investigations were focused on the taxonomy and biostratigraphy 
of spores and pollen grains. Only four papers published so far (Ouyang 1982, 1986; Ouyang and 
Utting 1990; Li et al. 2004) have described acritarchs from the Permian-Triassic boundary (PTB), 
documenting the presence of 13 genera of acritarchs and related forms: Archaeodinium, 
Baltisphaeridium, Cymatiosphaera, Dictyotidium, Leiosphaeridia, Micrhystridium, 
Psiloschizosporis, Veryhachium, Reduviasporonites, Schizosporis, Solisphaeridium, Tasmanites 
and Tunisphaeridium. In these studies, the small taxa (diameter ca. 20 μm, such as Micrhystridium, 
Veryhachium and some species of Leiosphaeridia) are the most common.  

This paper will document the Late Permian acritarch populations from four sections of the 
Yangtze Block, South China, with a special focus on the dominant group of taxa belonging to the 
Micrhystridium/Veryhachium complex, for which we propose a simple classification scheme of 
five informal groups. 
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2. Geology setting  

The Yangtze Block, South China, displays numerous continuous sections  of Upper Permian 
and Lower Triassic sediments from different paleoenvironments, ranging from nearshore to 
platform and slope setting (Figure 1-C). For the present study, four sections have been investigated 
in the Guizhou, Sichuan, Hubei, Guangxi province (Figure 1-A, B). For each of these sections, the 
reader is referred to the corresponding geological and paleontological studies published. 
 
2.1. Zhongzhai section 

The Zhongzhai section (26°09.110N and 105°17.113E) is located about 5 km north of the 
Zhongzhai Village, near Langdai Town, Liuzhi County, Guizhou Province (He et al. 2008). The 
section is located in the western Yangtze Block (Figure 1) and it includes the uppermost Longtan 
Formation (beds 1 to 27) and the lowermost Yelang Formation (beds 28 to 37) that are investigated 
in this study. The Longtan Formation is mainly composed of brownish sandstones and mudstones 
with a few limestone intervals. The lowermost Yelang Formation is dominated by yellowish green 
or purplish red silty calcareous mudstones, and a few limestones and claystones at its base. 
According to the conodont zonation, Metcalfe and Nicoll (2007) considered that the 
Permian-Triassic boundary (PTB) at the Zhongzhai section is located in bed 28 (Figure 2). 
Recently, based on the U-Pb dates, the absolute age determination from the claystone of bed 29 by 
Shen et al. (2011), indicated an age of 252.24 ±0.13 Ma. 
 
2.2. Shangsi section 

The Shangsi section is located near Guangyuan city in the northern part of Sichuan Province, 
and belongs to the northwestern corner of the Yangtze Block (Lai et al. 1996) (Figure 1). Both the 
Dalong (upper Wuchiapingian to Changhsingian) and the Feixianguan formations (Induan) are 
exposed here. The geology of the Shangsi section was first described by Li et al. (1986). The 
interval from beds 17 to 22 is dominated by an alternation of carbonaceous-siliceous rocks and 
siliceous limestone with a few mudstone intervals. The interval from beds 23 to 29 is mainly 
composed of siliceous mudstones and calcareous mudstones with few claystone. Recently, Jiang et 
al. (2011) suggested that the PTB be placed 22 cm above the base of bed 28, based on hindeodid 
and gondolellid conodont taxa. Similarly to the Zhongzhai section, an absolute age (252.28 ±0.13 
Ma) was determinated from the claystones of bed 27 by Shen et al. (2011). 
 
2.3. Xiakou section 

The Xiakou section (31°06.874 N and 111°48.221E) is situated near the town of Xiakou, in 
Xingshan County, Yichang city, Hubei Province. It is located in the north of the Yangtze Block 
(Wang and Xia 2004) (Figure 1) and comprises the uppermost Changxing Formation (beds 223 to 
256), which is dominated by mudstones and muddy limestones, and the lowermost Daye 
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Formation (beds 257 to 270), which is dominated by mudstones with a few claystones. According 
to the new conodont biozonation, the PTB is placed in bed 262 (Shen et al. 2012a), rather than in 
bed 266 (Wang and Xia 2004; Hong et al. 2008, 2011). 
 
2.4. Dongpan section 

The Dongpan section, located at 22°16.196 N and 107°41.505 E (Shen et al. 2012b), is 
situated 80 km southwest of Nanning, Guangxi Province, in the southern portion of the Yangtze 
Block (He et al. 2007b) (Figure 1). Here, the Dalong Formation (beds 2 to 12) and the Luolou 
Formation (beds 13 to 14) are exposed. The interval from beds 2 to 8 is mainly composed of 
bedded siliceous rocks, muddy siliceous rocks and mudstones. The interval from beds 9 to 14 is 
dominated by mudstones and silty mudstones with thin intercalations of claystones (Feng et al. 
2007). According to He et al. (2005, 2007a, b) and Feng et al. (2007), beds 2 to 12 are considered 
to be Late Changhsingian in age and bed 13 is considered to be Early Induan in age. 
 
3. Material and methods 

Two hundred sixty nine samples have been collected from these four sections (45 samples 
from the Zhongzhai section; 141 samples from Shangsi; 60 samples from Xiakou; 23 samples 
from Dongpan). All of the samples were processed for palynological analysis. 

Fifty grams of each sample were prepared according to standard palynological methods. After 
treatment with hydrochloric acid (33%) and hydrofluoric acid (40%), the samples were 
concentrated by treatment with zinc bromide solution (S.G. 2.2). The samples were not oxidized or 
sieved. The residue was studied using light microscopy and scanning electron microscopy (SEM). 
All residues are stored in the collections of the China University of Geosciences (Wuhan). 
 
4. Palynological results  
    The present investigation indicates that diverse and abundant phytoplankton occur in the 
latest Permian of the Yangtze Block, South China, from the four different sections investigated 
herein (Figure 2). The highest diversity is observed in the Shangsi section, with twenty species and 
eight genera recorded in 37 samples, including Baltisphaeridium sp., Dictyotidium reticulatum, D. 
sp., Leiofusa sp., Leiosphaeridia microgranifera, L. minutissima, Micrhystridium breve, M. fragile, 
M. pentagonale, M. stellatum, Reduviasporonites catenulatus, R. chalastus, Schizosporis scissus, S. 
sp., Veryhachium cylindricum, V. hyalodermum, V. nasicum, V. quadratum, V. sedecimspinosum 
and V. sp. 

In the Zhongzhai and Xiakou sections, only a few species occur in several samples, including 
Baltisphaeridium sp., Dictyotidium reticulatum, Leiosphaeridia microgranifera, Micrhystridium 
pentagonale, M. stellatum, Reduviasporonites catenulatus and R. chalastus. In addition, only two 
species of Leiosphaeridia occur in the Dongpan section. However, they are abundant in 15 
samples (Figure 2). The palynofacies changes in the Shangsi section is described in a separate 
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paper (Lei et al. submitted), and the paleoenvironmental distribution of the different 
microphytoplankton taxa has been interpreted by Lei et al. (2012). The present paper describes the 
systematical paleontology of the investigated assemblages, with a special focus on the 
Micrhystridium/Veryhachium complex. 
 
5. The Micrhystridium/Veryhachium complex revisited 

The genera Micrhystridium Deflandre 1937 and Veryhachium Deunff 1954 are among the 
most widely recorded acritarch genera throughout the entire Phanerozoic. Fensome et al. (1990) 
listed more than 200 species of them respectively. With a wide range of diagnoses, they became 
typical  ‘waste-basket’  genera, similar to other genera, such as Baltisphaeridium (Eisenack 1958) 
Eisenack 1969, Multiplicisphaeridium Staplin 1961, and Polygonium Vavrdová 1966 (Servais et al. 
2007). Many palynologists described new species of small spherical acanthomorth acritarchs and 
placed them in Micrhystridium whereas numerous new small polygonal acritarch species were 
attributed to Veryhachium. However, because the interspecific variability is very great, it is 
commonly difficult, if not impossible, to distinguish the different species, as well as differentiating 
the two genera. These genera and their species thus form a large plexus with a continuum of 
intermediate morphotypes. 

Generally, the Permian specimens attributed to Micrhystridium display a spherical or oval 
vesicle, bearing many proximally open spines with closed tips, most often simple, and rarely 
branching. The vesicle diameter is usually less  than  20  μm (larger species were usually attributed 
to the genera Baltisphaeridium and/or Multiplicisphaeridium). On the other hand, Veryhachium 
embraces all smaller acritarchs with polygonal body outlines and less than eight spines.  

In the Permian, the two genera Micrhystridium and Veryhachium are very frequent. According 
to a recent literature search, 27 species of Micrhystridium were recorded 55 times in 26 
publications, whereas 22 species of Veryhachium were documented 46 times (Lei et al. accepted 
for publication). At the species level, Micrhystridium breve, M. stellatum and Veryhachium 
reductum are the most frequently reported species of the Micrhystridium/Veryhachium complex 
(Lei et al. accepted for publication). 

The genera Micrhystridium and Veryhachium have a complex taxonomical history and both 
have been revised and reviewed by many authors (see Sarjeant and Stancliffe 1994; Servais et al. 
2007). The taxonomy is still being debated, and it remains difficult to identify some of the 
individual species. This problem of identification was noted very early, and some authors used the 
term Micrhystridium/Veryhachium complex several decades ago (e.g., Wall and Downie 1963; 
Visscher and Brugman 1981; Sarjeant and Stancliffe 1994; Eshet et al. 1995; Li et al. 2004; Van de 
Schootbrugge et al. 2005; Riegel 2008).  

It is not the objective of this paper to fully review the classification scheme of the two genera, 
or to emend their diagnose which have been modified several times already. A full revision, 
including population analyses with biometrical studies, of all described taxa of the genera 
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Micrhystridium and Veryhachium, is necessary in order to understand the taxonomy of these taxa 
and to provide synonomical lists. Our objective is to propose a simple classification scheme that 
can easily be used for the analyses of latest Permian phytoplankton assemblages, especially by all 
palynologists that do not describe the acritarch taxonomy in detail. However, the simplified 
classification scheme presented here has not the intention to consider all previously described taxa 
as synonyms. 

In the present study of Late Permian phytoplankton assemblages from South China, ten 
morphotypes within the Micrhystridium/Veryhachium complex are recognized and are here 
tentatively attributed to formerly described species. However, interspecific and intergeneric 
variability is large and it is difficult to draw clear lines between the previously and formally 
described species. For identifying this complex more easily, we propose to divide them into five 
informal categories, which are based on the geometrical shape of the vesicle and do not take into 
account the morphologies of the spines (or appendices) (Figure 3).  

Servais et al. (2007) revised the oldest morphotypes of Veryhachium that first appeared in the 
Ordovician and, following the informal usage of several authors, proposed two informal groups for 
the genus Veryhachium in order to facilitate their classification: the Veryhachium trispinosum 
group was proposed for triangular specimens, and the Veryhachium lairdii group for rectangular 
forms.  

Compared to the Ordovician, the Permian morphotypes of Veryhachium are even more 
variable and include morphological transients that range into the genus Micrhystridium. Therefore, 
we continue the reasoning of Servais et al. (2007) and propose three additional informal groupings 
to facilitate the classification of these morphotypes in the Late Paleozoic. The informal 
Veryhachium cylindricum group is here proposed to include all ellipsoidal specimens of 
Veryhachium, whereas two informal groups for Micrhystridium are proposed. These correspond to 
the Micrhystridium pentagonale group for all pentagonal and hexagonal specimens, and the 
Micrhystridium breve group for all spherical specimens.  

In our study, the Veryhachium cylindricum group includes the previously described species 
Veryhachium cylindricum (Table 1). The Veryhachium trispinosum group includes all triangular 
specimens, among them Veryhachium hyalodermum and Veryhachium sp. The Veryhachium lairdii 
group includes all morphotypes with rectangular or square vesicles, such as Veryhachium nasicum, 
V. quadratum and V. sedecimspinosum. The Micrhystridium pentagonale group includes the two 
species Micrhystridium pentagonale and M. stellatum, whereas the Micrhystridium breve group 
includes both Micrhystridium fragile and M. breve. It is clear that this proposal is a tentative 
classification into an informal subgeneric scheme, and other geometrical shape-like groupings 
could be added if necessary. The idealized line drawings of Figure 3 illustrate that all vesicle 
shapes from triangular to square, pentagonal to polygonal, round and ellipsoidal, may exist, and 
the microphotographs of Plate 2 show that morphotypes with such vesicles shapes are actually 
present in the Permian assemblages. It is obvious that these specimens belong to a 
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Micrhystridium/Veryhachium complex and that the determination at the specific level becomes 
problematical when dealing with larger populations, as those recorded from the Chinese Permian. 
    The objective of this tentative classification into informal groupings is simply to propose a 
rapid classification scheme of the Micrhystridium/Veryhachium complex. We do not know if these 
morphotypes actually represent the cysts of a single biological species or of a greater number of 
taxa. It is beyond the scope of this paper to answer that question. However, future research, such as 
analysis of the biomarkers or biochemistry of the vesicle walls would help facilitate a better 
understanding of the generic relationship of the different taxa. Interestingly, Grice et al. (2005) and 
Hays et al. (2011) analyzed the biomarker of sediments from Greenland at the Permian-Triassic 
boundary, and suggested that the C33 n-alkylcyclohexane maybe a potential biomarker for the 
Micrhystridium/Veryhachium complex. So far, these data result from the analyses of both 
Micrhystridium and Veryhachium. Future research of separated Micrhystridium and Veryhachium 
populations may provide more precise interpretations. 
 
6. Systematic paleontology 

Acritarchs are, by definition (Evitt 1963; see also Servais 1996) organic-walled microfossils 
of unknown biological affinities. Several authors have suggested, mostly based on morphological 
comparisons with extant phytoplankton, biological relationships with various microalgal groups. 
According to various authors (e.g. Colbath and Grenfell 1995; Le Hérissé et al., 2009), the genera 
Dictyotidium, Leiosphaeridia and Schizosporis could be related to the green algae (Prasinophyceae 
and Zygnematophyceae). We follow this suggestion, without providing arguments for or against 
this interpretation. In addition, the animated debate of whether Reduviasporonites is of algal origin 
or a fungal spore continues (Eshet et al. 1995; Visscher et al. 1996, 2011; Afonin et al. 2001; 
Foster et al. 2002; Sephton et al. 2009). We do not discuss herein the biological affinity of 
Reduviasporonites, and tentatively place it in the acritarchs. All acritarchs are classified as 
‘Incertae sedis’ and listed in alphabetical order. 
 
Algae 
Division Chlorophyta Pascher 1914 
Class Prasinophyceae Christensen 1962 
Order Not assigned 
Family Pterosphaeridiaceae Mädler 1963 
Genus Dictyotidium Eisenack 1955 emend. Staplin 1961 
Type species. Dictyotidium dietyotum (Eisenack 1938) Eisenack 1955 
 
Dictyotidium reticulatum Schulz 1965  
Plate 1, figures 1-12 
Dictyotidium reticulatum Schulz 1965, p. 278, pl. 23, figs. 12-14 
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Description. The vesicle is spherical to subspherical, and covered by a reticulate ornamentation. 
The ornamentation includes irregular and interconnected fields, with four to six ridges. The width 
of each ridge is ca. 4-10  μm.  The wall is approximately 2-5 μm  thick and usually folded. Folds are 
straight or slightly sinuous. The wall occasionally splits open. 
Dimensions. Vesicle  diameter  52(76)110  μm,  45  specimens measured. 
Remarks. In Permian strata, the morphology and size of Dictyotidium reticulatum are comparable 
to those of Leiosphaeridia changxingesis Ouyang & Utting 1990. However, the surface of the two 
species is very different. The former is covered by an ornamentation of irregular ridges, whereas 
the latter is nearly laevigate to slightly scabrate, or punctuate with locally developed ridges. 
Previous records. Permian, China (Ouyang and Utting 1990); Norway (Mangerud 1994); Triassic, 
Germany (Schulz 1965); Spain (Besems 1981). 
Stratigraphic occurrence. Abundant in beds 15 to 22 of the Shangsi section, and present in the 
Xiakou section. 
 
Dictyotidium sp. 
Plate 3, figures 11-12 
Description. The vesicle is spherical. The surface of the vesicle is covered by irregular and 
interconnected fields, four to six-sided with ridges commonly 2-4  μm long, the fields are mostly 
hollow.  
Dimensions. Vesicle  diameter  30(36)42  μm,  5  specimens measured. 
Remarks. The vesicle of this species is nearly spherical in shape, and generally not folded. The 
fields are much smaller than those of Dictyotidium reticulatum. 
Stratigraphic occurrence. Present in bed 22 of the Shangsi section. 
 
Genus Leiosphaeridia Eisenack 1958 emend. Downie & Sarjeant 1963 
Type species. Leiosphaeridia baltica Eisenack 1958  
 
Leiosphaeridia microgranifera (Staplin 1961) Downie & Sarjeant 1963 
Plate 3, figures 19-21 
Protoleiosphaeridium microgranifera Staplin 1961, p. 405, pl. 48, fig. 4 
Leiosphaeridia microgranifera (Staplin 1961) Downie & Sarjeant 1963, p.124 
 
Description. The vesicle is ellipsoidal to spherical in outline, commonly folded, with a dense 
granulose wall. The granules are rounded, clearly separated,  and  about  0.5  μm  in  diameter. 
Dimensions. Vesicle  diameter  25(32)40  μm,  14  specimens  measured. 
Remarks. This species is similar to Leiosphaeridia granulosa Staplin 1961. However, the vesicle 
of the former is much larger and the granules are  much  smaller  (0.5  μm  in  diameter)  than  that  on  
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the  latter  (1  μm  diameter). 
Previous records. Lower Silurian, Pennsylvania (Johnson 1985); Upper Devonian, Canada 
(Staplin 1961) 
Stratigraphic occurrence. Abundant in the Shangsi and Xiakou sections. 
 
Leiosphaeridia minutissima (Naumova 1949) Jankauskas 1989 
Plate 3, figures 13-18 
Leiosphaeridia minutissima Naumova 1949, p. 52-53, pl. 1, figs. 1-2, pl. 2, figs. 1-2 
Leiosphaeridia minutissima (Naumova 1949) Jankauskas 1989, p. 79-80, pl. 9, figs. 1-4, 11 
 
Description. The vesicle is spherical to subspherical, smooth, single layered, always folded with 
the folds being straight or slightly sinuous. 
Dimensions. Vesicle  diameter  25(31)40  μm,  23  specimens  measured. 
Remarks. The outline of this species is similar to that of Leiosphaeridia microgranifera, and both 
of them are generally folded. However, the surfaces of the two species are usually very different. L. 
minutissima has a smooth vesicle wall, whereas L. microgranifera displays dense granules. 
Previous records. Neoproterozoic, Canada (Butterfield and Chandler 1992); Congo (Gaucher and 
Germs 2006); Czech Republic (Vavrdová 2008); India (Bhat et al. 2009); Russia (Maslov 2004; 
Stanevich et al. 2007; Vorob'eva et al. 2009); Ediacaran, Poland (Moczydlowska 2008); Ukraine 
(Leonov and Ragozina 2007); Uruguay (Gaucher et al. 2008); Cambrian, Czech Republic 
(Konzalová 1995; Steiner and Fatka 1996); Russia (Naumova 1949) 
Stratigraphic occurrence. Abundant in the Shangsi and Dongpan sections. 
 
Class Zygnematophyceae Round 1971 
Order Zygnematales Borge & Pascher 1913 
Family Zygnemataceae Kützing 1843 
Genus Schizosporis Cookson and Dettmann 1959 emend. Pierce 1976 
Type species. Schizosporis reticulatus Cookson & Dettmann 1959 
 
Schizosporis scissus (Balme & Hennelly 1956) Hart 1965 
Plate 3, figures 8-10 
Laevigatosporites scissus Balme & Hennelly 1956, p. 56, pl.1, figs. 6-9 
Spheripollenites scissus (Balme & Hennelly 1956) Jansonius 1962, p. 82, pl. 16, fig. 8 
Schizosporis scissus (Balme & Hennelly 1956) Hart 1965, p. 14 
 
Description. The vesicle is subspherical. The laevigate wall is 0.5-1um thick, and  occasionally 
splits open or into two halves.  
Dimensions. Vesicle diameter  25(36)45  μm,  5  specimens measured. 
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Remarks. The wall of this species is much thicker than that of other taxa, such as Micrhystridium, 
Veryhachium, Leiosphaeridia and other genera, but it is much smaller and thinner than that of 
Dictyotidium. Generally, the vesicle splits into two halves and is not folded. 
Previous records. Permian, Antarctica (Balme and Playford 1967; Farabee et al. 1991); Australia 
(Balme and Hennelly 1956; Segroves 1967); Pakistan (Balme 1970); Triassic, Canada (Jansonius 
1962) 
Stratigraphic occurrence. Recorded from beds 22 and 25, Shangsi section. 
 
Schizosporis sp. 
Plate 3, figures 1-7 
Description. The vesicle is spherical. Wall occasionally splits open or into two halves. Dense short 
spines (ca. 0.5  μm long) present along the surface of the vesicle, well-distributed, simple, hollow 
and acuminate, closed distally.  
Dimensions. Vesicle  diameter  20(23)25  μm,  8  specimens measured. 
Remarks. Similar to Schizosporis scissus, the wall of Schizosporis sp. splits open. Compared with 
Leiosphaeridia microgranifera, it has a similar vesicle (wall thickness and the dense spines). 
However, whereas L. microgranifera has a generally ellipsoidal and folded vesicle, that of 
Schizosporis sp. is spherical and rarely folded. 
Stratigraphic occurrence. Present in bed 25, Shangsi section. 
 
Group Acritarcha Evitt 1963 
Genus Gorgonisphaeridium Staplin and Jansonius & Pocock 1965  
Type species. Gorgonisphaeridium winslowiae Staplin and Jansonius & Pocock 1965 
 
Gorgonisphaeridium sp.  
Plate 2, figure 20 
Description. The thin and single layered vesicle is spherical to subspherical, and covered by dense 
short spines that are not pointed. 
Dimensions. Vesicle  diameter  25(35)42  μm,  process length 2-4  μm, 4 specimens measured. 
Remarks. This species is very different from Micrhystridium and Veryhachium, because of the 
spines and the general outline. The vesicle is clearly much larger than those of Micrhystridium, 
with dense spines on the surface of the vesicle that are solid and not pointed. 
Stratigraphic occurrence. Occurs in Zhongzhai and Shangsi sections. 
 
Genus Leiofusa Eisenack 1938 
Type species. Leiofusa fusiformis Eisenack 1938 
 
Leiofusa sp. 
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Plate 2, figure 13 
Description. The central body is elliptical. The thin wall is laevigate. Two long spines are present 
at both ends of the central body.  
Dimensions. Vesicle  diameter  35  μm,  spine  length  17-20  μm, 1 specimen measured. 
Remarks. The central body is much bigger than that of Micrhystridium and Veryhachium, but the 
spines are similar. As only one specimen is recorded, it is left in open nomenclature.  
Stratigraphic occurrence. Present in bed 21, Shangsi section. 
 
Genus Micrhystridium Deflandre 1937 emend. Sarjeant & Stancliffe 1994 
Type species. Micrhystridium inconspicuum (Deflandre 1935) Deflandre 1937 
 
Micrhystridium breve Jansonius 1962  
Plate 2, figures 21-25 
Micrhystridium breve Jansonius 1962, p. 85, pl. 16, figs. 62, 63, 66 
 
Description. The vesicle is ellipsoidal to spherical in outline. The wall is single layered and thin. 
About 20-40 processes are present along the surface of the vesicle, they are simple, hollow and 
acuminate, closed distally. Vesicle and process surfaces are laevigate.  
Dimensions. Vesicle  diameter  15(17)21  μm,  process length 2-5  μm, 23 specimens measured.  
Remarks. Sarjeant et al. (1970) suggested that Micrhystridium breve and M. recurvatum forma 
brecispinosa Valensi 1953 are possibly the same species. Because of its numerous, short spines it 
is easily recognized. 
Previous records. In Permian, Pakistan (Sarjeant et al. 1970); Canada (Utting 1978); Australia 
(McMinn 1982); USA (Jacobson et al. 1982); Brazil (Quadros 2002); In Triassic, Canada 
(Jansonius 1962; Utting et al. 2004; Utting et al. 2005; Zonneveld et al. 2010); Siberia (Ilyina and 
Egorov 2008); Cretaceous, Canada (Collom and Hills 1999). 
Stratigraphic occurrence. Abundant in beds 20 to 28, Shangsi section. 
 
Micrhystridium fragile Deflandre 1947 
Plate 2, figure 18 
Micrhystridium fragile Deflandre 1947, p. 8, fig. 13-18 
 
Description. The vesicle is spherical to subspherical, with a thin wall covered by tiny spines that 
are pointed and generally flexible. Most of these spines are longer than the diameter of the central 
body. 
Dimensions. Vesicle  diameter  9(11)12  μm,  process length 11-15  μm, 4 specimens measured. 
Remarks. The  vesicle  of  this  species  is  the  smallest  in  our  samples,  only  about  10  μm  in  diameter.  
The spines are more flexible than those of other species of Micrhystridium. 
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Previous records. Permian, Uruguay (Mautino et al. 1998); England (Sarjeant 1962); Triassic, 
England (Van de Schootbrugge et al. 2007); Jurassic, England (Wall 1965; Porter 1988; Stancliffe 
1990); Israel (Sarjeant 1962) 
Stratigraphic occurrence. Recorded from beds 21 to 25, Shangsi section. 
 
Micrhystridium pentagonale Stockmans & Willière 1963 
Plate 2, figures 11-12 
Micrhystridium pentagonale Stockmans & Willière 1963, p. 470-471, pl. 3, fig. 32 
 
Description. The thin-walled vesicle is pentagonal in outline. Five prominent spines are present 
along each corner. The other one to four spines arise from the central area of the vesicle. All spines 
are pointed. 
Dimensions. Vesicle  diameter  12(14)17  μm,  process length 4-10  μm, 15 specimens measured. 
Remarks. The outline of the vesicle is similar to that of Micrhystridium stellatum, but it has a 
more pentagonal shape. Moreover, the spines of the former are much shorter. 
Previous records. Carboniferous, Turkey (Higgs et al. 2002); Silurian, Belgium (Stockmans and 
Willière 1963) 
Stratigraphic occurrence. Present in beds 21 to 25 of the Shangsi and Zhongzhai sections. 
 
Micrhystridium stellatum Deflandre 1945 
Plate 2, figure 19 
Micrhystridium stellatum Deflandre 1945, p. 65, pl. 3, figs. 16-19 
 
Description. The vesicle is polyangular in outline. The thin wall is single layered. About 8 to 12 
strong but simple processes are present around the vesicle, they are relatively long, tapering, with 
sharp points and hollow. 
Dimensions. Vesicle  diameter  13(16)18  μm,  process length 6-15 μm, 15 specimens measured. 
Remarks. Common in Permian strata, the species can easily be distinguished because of its 
polyangular vesicle and the long spines. 
Previous records. Ordovician, USA (Eley and Legault 1988); Silurian, England (Dorning 1981); 
France (Deflandre 1945); Sweden (Gelsthorpe 2004; Stricanne et al. 2006); Devonian, Libya 
(Moreau-Benoit 1984); Poland (Filipiak 2009); Carboniferous, China (Gao 1986); Turkey (Higgs 
et al. 2002); Permian, Britain (Wall and Downie 1963); China (Ouyang and Utting 1990); 
Germany (Schaarschmidt 1963); Israel (Horowitz 1973); Triassic, England (Van de Schootbrugge 
et al. 2007);  
Stratigraphic occurrence. Common in the beds 21 to 28, Shangsi section, and present in the 
Zhongzhai section. 
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Genus Reduviasporonites Wilson 1962 emend. Foster et al. 2002 
Type species. Reduviasporonites catenulatus Wilson 1962  
Remarks. Reduviasporonites has been considered by several authors as a fungal spore. However, 
several authors (e.g. Afonin et al. 2001; Foster et al. 2002) questioned a fungal affinity, and 
suggested that it is a green algae. Because the biological affinity is so far unknown, we place it 
here within the acritarchs. Interestingly, many authors pointed out that the  ‘spike’  of  
Reduviasporonites occurs at the PTB (e.g. Eshet et al. 1995; Visscher et al. 1996). Indeed, around 
the PTB strata of South China, the relative abundances of Reduviasporonites is much higher than 
that in other strata, but they are never more abundant than 14% of an assemblage, which clearly 
indicates that  a  ‘spike’  does  not  occur  in  the  present  study. 
 
Reduviasporonites catenulatus Wilson 1962, p. 94-95, pl. 1, figs. 1-6 
Plate 4, figures 12-17 
Description. The vesicle is circular or oval in outline, sometimes folded, wall laevigate. Many 
cells connect together usually like a chain, but sometimes they are present as pairs of cells or as a 
single cell. The length/width ratio of the vesicle between 1:1 and 2:1. 
Dimensions. Vesicle  diameter  8(15)20  μm,  17  specimens measured. 
Remarks. Foster et al. (2002) described them in detail indicating that many characteristics are the 
same between Reduviasporonites catenulatus and Reduviasporonites chalastus. We simply 
distinguish them on the basis that the former is much smaller than the latter. 
Previous records. Permian, Australia (Foster et al. 2002); USA (Wilson 1962; Elsik 1999); 
Cretaceous, Canada (Kalgutkar and Braman 2008); 
Stratigraphic occurrence. Common in the Shangsi section, and present in the Xiakou section. 
 
Reduviasporonites chalastus (Foster 1979) Elsik 1999 
Plate 4, figures 1-11, 18-23 
Chordecystia chalasta Foster 1979, p. 109-110, pl. 41, figs. 3-9 
? Brazilea helbyi forma gregata Foster 1979, p. 112, pl. 41, figs. 1-2 
Tympanicysta stoschiana Balme 1979, p. 22-24, pl. 1, figs. 3-7 
Tympanicysta stoschiana Afonin et al. 2001, p. 484-486, figs. 1, 2A-C, E, F 
Reduviasporonites stoschianus (Balme 1979) Elsik 1999, p. 40, pl. 1, figs. 1-24. 
? Reduviasporonites stoschianus (Balme 1979) Elsik 1999, Wood & Elsik 1999, p. 46-48, pl. 1, 
figs. 1-9, pl. 2, figs. 1-7 
 
Description. The vesicle is subcircular or subrectangular, sometimes folded, smooth. Many cells 
connect together, usually forming a chain, but sometimes they are present as pairs of cells or 
isolated as a single cell. The length/width ratio of the vesicle varies between 2:1 and 6:1. 
Dimensions. Vesicle  diameter  15(36)65  μm,  19  specimens measured. 
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Remarks. The species is distinguished thanks to the characteristic chain forming cells, the vesicle 
being much larger than those of Reduviasporonites catenulatus.  
Previous records. Permian, Australia (Foster 1979; Foster et al. 2002); China (Ouyang and Utting 
1990); Denmark (Balme 1979); Iraq (Stolle 2007); Kenya (Hankel 1992); Paraguay (Pérez 
Loinaze et al. 2010); Peru (Wood and Elsik 1999); Russia (Afonin et al. 2001); Turkey (Stolle 
2010); USA (Elsik 1999);  
Stratigraphic occurrence. Common in the Shangsi and Zhongzai sections. 
 
Genus Veryhachium Deunff 1954 emend. Sarjeant & Stancliffe 1994 
Type species. Veryhachium trisulcum (Deunff 1954) Deunff 1959 
 
Veryhachium cylindricum Schaarschmidt 1963  
Plate 2, figures 14,15 
Veryhachium cylindricum Schaarschmidt 1963, p. 64, pl. 18, figs. 8-10 
 
Description. The vesicle is ellipsoidal in outline. The thin wall is single layered. Six prominent but 
simple processes are present around the vesicle, they are proximally wide (about  5  μm  in  width), 
and the tips are acuminate, and closed distally. 
Dimensions. Vesicle  diameter  15(18)22  μm, process length 8-12  μm, 13 specimens measured. 
Remarks. This species is easily recognizable, because of its six spines that are arranged 
symmetrically around the vesicle. Two of them prolong the long axis of the vesicle, and the other 
four spines are displayed symmetrically around the short axis of the vesicle. 
Previous records. Permian, Germany (Schaarschmidt 1963) 
Stratigraphic occurrence. Recorded from beds 21 to 25, Shangsi section. 
 
Veryhachium hyalodermum (Cookson 1956) Schaarschmidt 1963  
Plate 2, figures 1-4 
Veryhachium hyalodermum Cookson 1956, p. 188-189, pl. 1, figs. 12-16  
Veryhachium hyalodermum (Cookson 1956) Schaarschmidt 1963, p. 62-63 
 
Description. The vesicle is triangular in outline, with four processes. Three processes are present 
along each angle of the vesicle, and another process is attached on the central body. The processes 
are simple, long, and distally closed. The thin wall is single layered.  
Dimensions. Vesicle  diameter  10(12)14  μm,  process length 9-15  μm, 25 specimens measured. 
Remarks. Many species of Veryhachium with four spines or a triangular vesicles have been 
described, such as V. ceratioides Stockmans & Willière 1962, V. europaeum Stockmans & Willière 
1960, V. leonense Cramer 1964 and others. It is indeed difficult to distinguish V. hyalodermum and 
V. europaeum solely by their vesicle outline. However, the spines of the former are obviously 
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much longer than those of the latter. 
Previous records. Permian, China (Ouyang and Utting 1990); Germany (Schaarschmidt 1963); 
Israel (Horowitz 1974); South Africa (Horowitz 1990); Eocene, Australia (Cookson 1956) 
Stratigraphic occurrence. Common in beds 21 to 28, Shangsi section. 
 
Veryhachium nasicum (Stockmans & Willière 1960) Stockmans & Willière 1962  
Plate 2, figures 5-8 
Stellinium nasicum Stockmans & Willière 1960, p. 3, pl. 1, fig. 3 
Veryhachium nasicum (Stockmans & Willière 1960) Stockmans & Willière 1962, p. 52 
 
Description. The vesicle is rectangular in outline, with five processes. Four of these processes are 
present at each corner of the vesicle, and another process arises from the central body; the 
processes are simple, short, and distally closed. The thin wall is single layered. 
Dimensions. Vesicle diameter  17(19)22  μm,  process length 5-9  μm, 21 specimens measured. 
Remarks. There are many species of Veryhachium with rectangular vesicle and Servais et al. 
(2007) attributes them to the Veryhachium lairdii group. V. nasicum is easily recognized with its 
characteristic four spines present at each corner, and a further attached on the surface of the 
vesicle. 
Previous records. Devonian, Belgium (Stockmans and Willière 1960); China (Gao 1986); Libya 
(Moreau-Benoit 1984); Carboniferous, Russia (Marhoumi and Rauscher 1984); Permian, Germany 
(Schaarschmidt 1963) 
Stratigraphic occurrence. Common in beds 21 to 25, Shangsi section. 
 
Veryhachium quadratum Schaarschmidt 1963  
Plate 2, figure 17 
Veryhachium quadratum Schaarschmidt 1963, p. 63, pl. 17, figs. 8-10. 
 
Description. The vesicle is polyangular in outline. The thin wall is single layered, with about 5 to 
8 short spines, that are 2  μm  wide at their base and 1-2  μm  long. 
Dimensions. Vesicle  diameter  about  20  μm, process length 1-2  μm, 1 specimen measured. 
Remarks. This species is very different from the other species of Veryhachium, because of its very 
short spines, generally only 1-2  μm  in  length. 
Previous records. Permian, Germany (Schaarschmidt 1963) 
Stratigraphic occurrence. Present in bed 21, Shangsi section. 
 
Veryhachium sedecimspinosum Staplin 1961 
Plate 2, figures 9-10 
Veryhachium sedecimspinosum Staplin 1961, p. 414, pl. 49, figs. 9-11  
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Description. The thin wall is single layered, and the outline is rectangular, with five to eight 
processes. Four of these processes arise from each corner of the vesicle, and the other processes (2 
to 4 in number) arise from the central body. All of the processes are simple, short, and distally 
closed.  
Dimensions. Vesicle  diameter  15(16)17  μm,  process length 7-13  μm, 4 specimens measured. 
Remarks. Similar to Veryhachium nasicum, the rectangular vesicle of V. sedecimspinosum has 
four spines that arise from each corner. However, there are more (generally two to four) additional 
spines attached on the surface of the vesicle. 
Previous records. Devonian, Canada (Staplin 1961); Permian, Germany (Schaarschmidt 1963) 
Stratigraphic occurrence. Common in the Shangsi section. 
 
Veryhachium sp. 
Plate 2, figure 16 
Description. The vesicle is triangular with a smooth wall. Three short spines are present at each of 
the angles. One or two short additional spines arise from the central body. 
Dimensions. Vesicle  diameter  25  μm, process length about  5  μm, 1 specimen measured. 
Remarks. Similar to Veryhachium hyalodermum, Veryhachium sp. has a triangular vesicle, but it is 
much larger than the latter, and the spines are much shorter. Because only one specimen has been 
recovered, the species is left in open nomenclature.  
Stratigraphic occurrence. Present in bed 21, Shangsi section. 
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Figure captions: 
Figure 1: Location of four sections in South China (Zhongzhai section, Shangsi section, Xiakou 

section and Dongpan section) (A and B), and latest Permian paleogeography of South China 
(C, modified after Feng and Gu 2002). 

Figure 2: Phytoplankton distribution in the four investigated sections. 
Figure 3: Idealized line drawings allowing the proposal of a simplified classification scheme of the 

Micrhystridium/Veryhachium complex. 
Plate 1: Phytoplankton fossils from the latest Permian, South China. Each bar is 10μm. Figures 1-9 

were taken using SEM; figures 10-12 were taken using the transmitted light microscope.1-12: 
Dictyotidium reticulatum. All specimens are from Shangsi section/SS292-4. 

Plate 2: Phytoplankton fossils from the latest Permian, South China. Each bar is 10μm. All figures 
were taken using the transmitted light microscope. 1-4: Veryhachium hyalodermum; 5-8: 
Veryhachium nasicum; 9-10: Veryhachium sedecimspinosum; 11-12: Michrystridium 
pentagonale; 13: Leiofusa sp.; 14-15 Veryhachium cylindricum; 16: Veryhachium sp.; 17: 
Veryhachium quadratum; 18: Michrystridium fragile; 19: Michrystridium stellatum; 20: 
Baltisphaeridium sp.; 21-25: Michrystridium breve. The informations of section/sample 
numbers for all specimens are following. 1-12: Shangsi section/SS25-E; 13: Shangsi 
section/SS289-1-2; 14-15,17: Shangsi section/SS290-7; 16: Shangsi section/SS291-6; 18: 
Shangsi section/SS290-4; 19,21-25: Shangsi section/TS28-18; 20:Zhongzhai section/ZZ22-2. 

Plate 3: Phytoplankton fossils from the latest Permian, South China. Each bar is 10μm. Figures 
11-12 were taken using scanning electron microscopy (SEM); figures 1-10 and 13-21 were 
taken using the transmitted light microscope.1-7: Schizosporis sp.; 8-10: Schizosporis scissus; 
11-12: Dictyotidium sp.; 13-18: Leiosphaeridia minutissima; 19-21: Leiosphaeridia 
microgranifera. The informations of section/sample numbers for all specimens are following. 
1-10: Shangsi section/SS25-E; 11-12: Shangsi section/SS292-4; 13-14:Dongpan 
section/DP2-G; 15-16: Dongpan section/DP3-A; 17: Dongpan section/DP5-B; 18: Shangsi 
section/SS290-8-1; 19-21: Shangsi section/SS291-2. 

Plate 4: Phytoplankton fossils from the latest Permian, South China. Each bar is 10μm. All figures 
were taken using the transmitted light microscope. 1-11,18-23: Reduviasporonites chalastus; 
12-17: Reduviasporonites catenulatus. The informations of section/sample numbers for all 
specimens are following. 1-6, 11, 14, 23: Shangsi section/TS28-17; 12-13: Xiakou 
section/XK254-1; 16-17: Zhongzhai section/ZZ19-3; 7-10, 15, 18-22: Shangsi section/ 
TS28-18. 

Table 1: South Chinese species of the Micrhystridium/Veryhachium complex recorded in the 
present study and their attribution to five informal groups, based on their general central body 
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ABSTRACT 
 The end-Permian mass extinction, the most severe biocrisis in Earth history, has been 
attributed to major flood basalt volcanism, but direct evidence of volcanic effects on 
contemporaneous marine biotas is scarce. In this study, we examined the relationship of two 
components of the microplankton community (acritarchs and radiolarians) to volcanic ash deposits 
in two deepwater sections from South China (Shangsi and Xinmin). In these sections, each 
eruptive event  was  recorded  as  a  ‘volcanic  couplet’  consisting  of  a  pale,  0.1-3.0-cm-thick bentonite 
(altered volcanic ash) overlain by a dark, 0.1-1.0-cm-thick, organic-rich mudstone layer. Acritarchs 
were found in peak abundance in the mudstone overlying each ash layer but were otherwise 
present in only low concentrations in the background sediment. In contrast, radiolarians were rare 
in the volcanic couplets but frequently abundant in the background intervals. The thickest volcanic 
ash layers in both sections are found immediately below and above the latest Permian mass 
extinction (LPME) horizon. At this level, radiolarians underwent a major regional extinction but 
acritarchs  reached  their  peak  abundance,  confirming  their  role  as  a  ‘disaster  taxon’.  Above  the  
LPME, long-spined and small spherical acritarchs declined more rapidly than short-spined forms. 
The preference of the short-spined acritarchs for neritic inner-shelf facies may indicate that such 
areas served as biotic refugia during intervals of extreme environmental stress. We infer that 
volcanic eruptions during the Permian-Triassic transition had both positive effects (increased 
nutrient supply) and negative effects (metal toxicity, lowered seawater pH, increased turbidity) on 
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marine microplankton communities, the importance of which varied both spatially and temporally. 
 
Keywords: acritarch; radiolarian; South China; volcanic ash; mass extinction; end-Permian 
 

INTRODUCTION 

The end-Permian mass extinction at 252.28 Ma (Shen et al., 2011) was the largest biocrisis in 
Earth history, during which ~90% of marine and ~70% terrestrial species disappeared (Erwin, 
1994; Erwin et al., 2002; Alroy, 2010). It has been linked to the Siberian Traps based on age 
correlation (Campbell et al., 1992; Renne et al., 1995; Reichow et al., 2009; Korte and Kozur, 
2010), although the mechanisms by which these volcanic eruptions might have produced mass 
mortality remain under debate. Marine and terrestrial ecosystems are thought to have been stressed 
by a combination of global warming, acid rainfall, and changes in weathering rates and fluxes 
(Wignall, 2007; Algeo and Twitchett, 2010; Algeo et al., 2011a; Sobolev et al., 2011; Brand et al., 
2012; Iacono-Marziano et al., 2012; Ogden and Sleep, 2012; Romano et al., 2012; Sun et al., 2012). 
Despite the coincidence of the main mass extinction of marine invertebrates with thin volcanic ash 
layers at Meishan D (Jin et al., 2000; Yin et al., 2001), the relationship of volcanism to changes in 
the marine microplankton community has received only limited attention to date (Isozaki et al., 
2007; Shen et al., 2012a). 

Volcanic ash/tuff layers are widely present around the Permian-Triassic boundary (PTB) in 
both shallow- and deep-water areas of the South China craton (Yang et al., 1991; Yin et al., 1992). 
In shallow-water sections, volcanic activity may have been associated with a proliferation of 
microbialites (Xie et al., 2010). In deep-water sections, volcanic activity has been linked to 
changes in marine redox conditions (Shen et al., 2012a, 2012b) and carbon cycle perturbations 
(Shen et al., 2012c). The source of these ash deposits has been a matter of debate, with some 
workers favoring continent-margin subduction-zone volcanism (Yin et al., 1992; Yang et al., 2012) 
and others favoring flood basalt volcanism (Xu et al., 2007) or, more specifically, the early, highly 
felsic eruptions of the Siberian Traps large igneous province (Shen et al., 2012c; Zhao et al., 2013). 
In this study, we generated paleontologic and geochemical data for two deepwater sections in 
South China (Shangsi and Xinmin) in order to investigate the relationship between volcanism and 
changes in the composition of the marine microplankton community during the Permian-Triassic 
transition. 

 
MICROPLANKTON OF PERMIAN-TRIASSIC TRANSITION 

Acritarchs 

http://www.pnas.org/search?author1=Darcy+E.+Ogden&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Norman+H.+Sleep&sortspec=date&submit=Submit
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An acritarch is any small organic fossil that does not have a known biological affinity (Javaux 
et al., 2010). Many types are considered to be the resting cysts of eukaryotic marine algae, 
although some may be derived from archaea, bacteria, or metazoans. The group is thus 
polyphyletic, a condition reflected in the origin of their name, which can be translated to mean 
“confused  origin”.  Acritarch diversity has varied tremendously through time, probably in relation 
to changes in plankton communities, nutrients, seawater chemistry, or atmospheric pCO2 (see 
recent discussions in Riegel, 2008, and Strother, 2008). Acritarchs are closely associated with 
some major crises in Earth history, including the Triassic-Jurassic boundary crisis (van de 
Schootbrugge  et  al.,  2007),  and  hence  are  considered  to  be  ‘disaster  taxa’.      Paleozoic acritarchs 
may be the remains of an important group of primary producers, predating modern oceanic 
primary producers such as dinoflagellates and diatoms, which diversified only in the Mesozoic 
(Katz et al., 2004; Munnecke and Servais, 2008). Because so few acritarchs are known from the 
Recent, modern marine dinoflagellates have been used as ecological analogs for ancient acritarchs 
(Strother, 2008).  

The most common acritarch genera during the Late Permian to Early Triassic were 
Dictyotidium, Leiosphaeridia, Veryhachium, and Micrhystridium, representing four different 
morphological types. Spineless acritarchs had a smooth spherical shape and were either big 
spherical forms such as Dictyotidium, which could exceed 80  μm  in  diameter,  or  small  spherical  
forms such as Leiosphaeridia, which were generally 20-30 µm in diameter. Acritarchs with spines 
were either long-spined, such as Veryhachium and some species of Micrhystridium, or short-spined, 
as were other species of Micrhystridium. All of the spineless forms were of relatively small 
diameter (<20 µm).  

Acritarch diversity declined sharply at the time of the end-Permian crisis (Fig. 1). About 30 
genera of acritarchs were present in the Changhsingian (Late Permian), ten genera between the 
LPME and the PTB, and seven genera in the Griesbachian (earliest Triassic; Ouyang and Utting, 
1990; Li et al., 2004; Lei et al., 2012). Big spherical forms were the most strongly affected by the 
biocrisis; they declined abruptly at the LPME and went extinct at the PTB. Small spherical and 
long-spined forms also show a large decline at the LPME but survived into the Early Triassic. The 
short-spined forms, although relatively less diverse during the Late Permian, show the smallest 
decline during the P-Tr crisis interval (Fig. 1; Lei et al., 2012, 2013).  

 
Radiolarians 

Radiolarians are single-celled, eukaryotic marine zooplankton (Itaki, 2003). They are most 
abundant in the upper few hundred meters of the open ocean, although some species can be found 
at greater depths (Itaki, 2003). As with many types of zooplankton, they migrate diurnally through 
the water column, rising toward the surface at night in order to feed on phytoplankton and sinking 
below the photic zone during the day as a predator avoidance strategy. The siliceous skeletons of 
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radiolarians commonly accumulate in large quantities in deep-ocean areas, producing radiolarian 
oozes in areas below the calcite compensation depth (CCD), where calcareous skeletons are 
completely dissolved (Thurman and Trujillo, 2004). 

Deep-water sediments of Permo-Triassic age are commonly rich in radiolarians (Feng et al., 
2000, 2007; Sano et al., 2010), which are useful for biostratigraphic correlation of facies lacking 
calcareous and phosphatic microfossils (Xia et al., 2004). Four orders of radiolarians are known 
from the Late Permian: Spumellaria, Entactinaria, Latentifistularia, and Albaillellaria. The relative 
depth preferences of these orders have been determined from their distributions in marine 
sediments of that age: spumellarians and entactinarians generally lived in shallower water, whereas 
latentifistularians and especially albaillellarians preferred deeper-water environments (Kozur, 1993; 
Feng and Algeo, 2013). 

Radiolarians were strongly affected by the end-Permian crisis, with one order (Albaillellaria) 
going completely extinct at the LPME (Feng et al., 2000, 2007; Shen et al., 2012a; Feng and Algeo, 
2013). Latentifistularians almost disappeared at the same time, and their diversity and abundance 
remained very low through the mid-Induan. The radiolarian orders preferring shallower waters 
(entactinarians and spumellarians) fared relatively better, with only moderate decreases in diversity 
and abundance at the LPME and with a stronger recovery in the mid-Induan. Radiolarians that 
survived the PTB crisis interval underwent a major radiation in the Anisian, or early Middle 
Triassic (Fig.1; see reviews by Feng et al., 2000, 2007).  

 
STUDY SECTIONS 

During the Permo-Triassic, the South China craton was a small (~3×108 km2) peri-equatorial 
landmass located in the eastern part of the Paleotethys Ocean (Fig. 2A; Yang et al., 1987). The 
central part of the craton was a large area of shallow-marine carbonate facies known as the 
Yangtze Platform. West of this platform (equivalent to present-day north) was a carbonate ramp 
that descended toward the Qinling Sea, an arm of the Paleotethys. East of the Yangtze Platform 
(equivalent to present-day south) was the deepwater Nanpanjiang Basin, in which mainly siliceous 
and argillaceous sediments accumulated in the basinal facies. Sedimentation was essentially 
continuous in this basin during the Late Permian and Early Triassic, yielding an unbroken record 
of oceanic conditions throughout the crisis interval (Farabegoli and Perri, 2012; Yin et al., in 
review). 
 The Shangsi section is located on the southwestern margin of the Yangtze Platform (Fig. 2B). 
It has yielded one of the most detailed records of events during the Permian-Triassic mass 
extinction and was proposed as a candidate for the global stratotype section and point (GSSP) of 
the PTB (Lai et al., 1996). This section has been the subject of numerous biostratigraphic studies 
(Li et al., 1986; Lai et al., 1996; Nicoll et al., 2002; Jiang et al., 2011), providing a detailed 
framework for further research. The PTB was placed 22 cm above the base of Bed 28a by Jiang et 
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al. (2011). The present study investigated the interval from 1.2 m below to 0.5 m above the PTB, 
representing the upper Clarkina yini Zone, the C. meishanensis Zone, and the lower Hindeodus 
parvus Zone. Based on our correlation of Shangsi to the Meishan D GSSP and recent radiometric 
dating of the both sections by Shen et al. (2011), we estimate the durations of the study intervals 
below and above the PTB to be ~0.5 Myr and 0.01 Myr, respectively. 
 The Xinmin section is located in the southern part of the South China craton (Fig. 2B). There, 
the Upper Permian Dalong Formation consists of argillaceous limestone, mudstone, and black 
shale and is highly fossiliferous. In contrast, the uppermost Permian to Lower Triassic Daye 
Formation consists of yellow mudstone containing few fossils. The PTB was placed 15 cm above 
the base of Bed 6 on the basis of correlations of conodont and carbon isotope profiles to the 
Meishan D GSSP (Shen et al., 2012b, 2012c). The present study investigated the interval from 1.8 
m below to 0.4 m above the PTB, representing the upper Clarkina yini Zone, the C. meishanensis 
Zone, and the lower Hindeodus parvus Zone. Based on the timescale of Shen et al. (2011), we 
estimate the durations of the study intervals below and above the PTB to be ~0.3 Myr and 0.01 
Myr, respectively. Environmental conditions during deposition of the Xinmin section were 
considered in detail by Shen et al. (2012b, 2012c). 

Many volcanic ash layers are present in the two study sections, and they show an increase in 
frequency and thickness close to the PTB (Shen et al., 2012b, 2012c). Each ash layer is pale in 
color, soft in consistency, from 1 mm to <10 cm in thickness, and fossil free. The ash layers form 
the  lower  half  of  ‘volcanic  couplets’  in  the  study  sections,  the  upper  half  of  which  consists  of  thin  
(1 mm to few cm) laminated black mudstone layers with TOC concentrations up to 0.8%. These 
couplets are enclosed in background sediments consisting of deep-water deposits of calcareous 
mudstone at Shangsi and mixed calcareous and siliceous mudstones at Xinmin. The Shangsi 
section contains about six volcanic couplets and the Xinmin section about nine within the narrow 
study intervals bracketing the PTB (Figs. 3-4). In contrast, the much thinner Meishan D GSSP 
section contains only two couplets within the correlative interval, i.e., the volcanic ash layers of 
Beds 25 and 28 and their overlying black mudstone layers (Yin et al., 2001).  

 
METHODS AND MATERIALS 

Petrographic analysis 

Fifty grams of each sample were processed using standard palynological methods (Albani et 
al., 2006) for acritarch analysis. Each sample was spiked with a known number of Lycopodium 
spores, and the mixture was then treated with hydrochloric acid (36.5%) and hydrofluoric acid 
(40%). The residue was concentrated using zinc bromide solution (S.G. 2.2). Neither oxidative nor 
alkali treatments were applied. We determined the concentrations of acritarch by measuring the 
frequency ratio of the components to Lycopodium spores in the concentrated residues using light 
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microscopy and scanning electron microscopy (Tyson and Follows, 2000). Acritarch abundance 
was calculated from the ratio of the components of interest to the Lycopodium spores that had been 
added in the previous step. The concentration data shown in this study represent the abundance of 
each component per gram of sample.  

The technique of Pessagno and Newport (1972) was used to analyze radiolarians in this study. 
One hundred grams of each sample were placed in dilute (3%) hydrofluoric acid for eight hours 
and then rinsed. After repetition of this process for two weeks, the residues were sieved (0.054 mm) 
and dried. Specimens were recovered from the dry residue with a fine brush under a microscope 
for taxonomic identification. Specimens were counted as whole fossils when the shell was at least 
three-quarters preserved. Two large and/or three small siliceous shell fragments were also counted 
as one individual. The best-preserved specimens were mounted on stubs and photographed with a 
scanning electronic microscope (SEM) for more precise determinations. Sample diversity was 
calculated on the basis of SEM analysis. The concentration data shown in this study represent the 
abundance of each component per gram of sample.  

 
Geochemical analyses 

Samples for geochemical analysis were trimmed to remove visible veins and weathered 
surfaces and pulverized to ~200 mesh size in an agate mortar. Major element abundances were 
determined by wavelength-dispersive X-ray fluorescence (XRF) analysis of fused glass beads 
using a XRF-1800 at the State Key Laboratory of Biogeology and Environmental Geology, China 
University of Geosciences (Wuhan). Trace elements and REEs were measured by Agilent 7500a 
inductively coupled plasma mass spectrometry (ICP-MS) at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geosciences (Wuhan). C and S 
elemental concentrations were measured using an Eltra 2000 C-S analyzer at the University of 
Cincinnati. Data quality was monitored via multiple analyses of USGS SDO-1 standard, yielding 
an  analytical  precision  (2σ)  of  ±2.5%  of  reported  values  for  C  and  ±5%  for  S.    

 
RESULTS 

Biota in Shangsi section 

Although large spherical acritarchs (mainly Dictyotidium) are abundant in Wujiapingian and 
early Changhsingian strata at Shangsi, they were not recovered from the 1.7-m-thick study section 
bracketing the Permian-Triassic boundary (Lei et al., 2012). Only three types of acritarch were 
recovered from this interval: (1) small spherical forms, (2) long-spined forms, and (3) short-spined 
forms. The most abundant small spherical genus is Leiosphaeridia, the compressed vesicles of 
which are ~30 μm  in  diameter  and  have  a  dense  granulose  wall  (Fig.  5a-e). The most abundant 
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long-spined species are Veryhachium hyalodermum and Micrhystridium stellatum, which have 
~20-μm-diameter  polyangular  vesicles  with  8  to  12  simple  spines  or  ‘processes’  (Fig.  5f-h). 
Despite being relatively long (6-15  μm)  and  hollow,  the  spines  must  have  been  strong  as  they  are  
almost always preserved intact. The most abundant short-spined species is Micrhystridium breve 
(Fig. 5i-l).  Its  vesicles  are  <20  μm  in  diameter,  ellipsoidal to spherical in outline, and covered with 
from  20  to  40  spines,  each  of  which  is  2  to  5  μm  long,  hollow,  and  acuminate  (sharp-pointed). 

The stratigraphic distributions of all three types of acritarchs are similar. Both small spherical 
and long-spined forms show increased abundances in the upper part of Bed 25 (just below the 
LPME) and at the base of Bed 28 (around the PTB; Fig. 6A-B). Lower concentrations of acritarchs 
were recovered between the LPME and the PTB, an interval equivalent to the Clarkina 
meishanensis conodont Zone (Yin et al., 2001). Short-spined forms show a similar distribution to 
the other two types below the PTB, but above the PTB their range extends ~30 cm higher within 
Bed 28 than those of the small spherical and long-spined forms (Fig. 6C). The total mass of 
acritarchs closely reflects the stratigraphic distribution of the three main types (Figs. 6D). The 
three types of acritarchs have similar abundances below Bed 28 and, thus, contribute more-or-less 
equally to total acritarch mass, but short-spined forms are completely dominant within Bed 28 (Fig. 
6A-C, 7A). 

Radiolarians in the Shangsi section are mainly of the spherical variety (Fig. 5m), belonging 
to the order Spumellaria. They were abundant during deposition of much of the Upper Permian 
Dalong Formation but declined toward the LPME. In the study interval, radiolarian abundance 
decreases rapidly in the upper part of Bed 24 and falls to zero in Bed 25 (Fig. 7B). A small number 
of radiolarians are found in Bed 26, just below the main extinction horizon, but they disappeared 
entirely during the LPME. 

Total organic carbon (TOC) at Shangsi is low (0.2-0.5%), with the highest concentrations 
generally in the black mudstone portions of volcanic couplets (Fig. 7C). TOC shows modest 
positive covariation with acritarch concentration (Fig. 7A), with all intervals containing large 
concentrations of acritarchs also showing relative TOC enrichment (although the converse is not 
true). On the other hand, TOC shows no relationship to radiolarian concentrations (Fig. 7B). 

 
Volcanic ash layers in Shangsi section 

Six volcanic ash layers are found within the 1.7-m-thick study interval at Shangsi. They can 
be recognized easily in the field on the basis of color, consistency, and other characteristics (Fig. 3). 
The ash layers are also geochemically distinct, exhibiting higher Al concentrations (>8%) than the 
background sediment (Fig. 7D). The background sediment exhibits an increase in Al 
concentrations from <6% below Bed 25 to >6% in Beds 25-28, which may indicate that ash is 
present in significant amounts throughout the boundary interval—even within beds that are not 
obviously of volcanic origin. The background sediments show Pb/Al ratios similar to PAAS (i.e., 
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2-4 ppm/%; Taylor and McLennan, 1985; McLennan, 2001), but the black mudstone portions of 
volcanic couplets show 2-3X enrichment of Pb relative to these background values (Fig. 7E). 

 
Biota in Xinmin section 

    Acritarchs at Xinmin are represented mainly by Leiosphaeridia (in Beds 1-3) and 
Micrhystridium (in Beds 4-6) (J. Yu, unpubl. data). They are relatively abundant below the middle 
of Bed 5 (Fig. 8A), where their concentrations are roughly an order of magnitude lower than in the 
Shangsi section (Fig. 7A). In the upper half of Bed 5, acritarch abundance falls to low values in the 
volcanic ash layers but increases somewhat in the black mudstones, relative to concentrations in 
background sediments lower in the section (Fig. 8A). In Bed 6, acritarch abundance falls sharply 
in the black mudstone portions of volcanic couplets. 
 Radiolarians at Xinmin were also dominated by spumellarians, with very rare albaillellarians 
(Fig. 8B; Xiang et al., 2013). Radiolarian abundance below the LPME is somewhat greater at this 
locale compared to Shangsi (Fig. 7B). As at Shangsi, radiolarian abundance falls sharply as the 
LPME horizon is approached and is effectively zero above the LPME (Fig. 8B). 
 TOC concentrations are generally low at Xinmin (0-0.8%), with the highest values found in 
the black mudstone portions of volcanic couplets (Fig. 8C). TOC appears to show weak positive 
covariation to acritarch and radiolarian abundances below the LPME, and somewhat stronger 
positive covariation with acritarch abundance in the volcanic couplets around the LPME and PTB 
(i.e., upper half of Bed 5 and Bed 6). However, these relationships could not be rigorously tested 
owing to measurement of fossil concentrations and TOC values on different suites of samples. See 
Shen et al. (2012b, 2012c) for a more detailed examination of the geochemistry of the Xinmin 
section. 

Volcanic ash layers in Xinmin section 

Volcanic ash layers were preserved well in the Xinmin section because of its relatively deep 
environment (Shen et al., 2012b). They can be recognized easily in the field based on color, 
consistency, and other characteristics (Fig. 4). Nine ash layers are present in the 2.2-m-thick study 
interval (Fig. 8), although additional ash layers, generally at wider stratigraphic spacing, are 
present above and below this interval. The ash layers are geochemically distinct, having Al 
concentrations (>8%) higher than in the background calcareous mudstones (Fig. 8D; Shen et al., 
2012b). The background sediments exhibit Pb/Al and Cd/Al ratios similar to PAAS (i.e., ~2-4 
ppm/% for Pb/Al and 1-2 ppm/% for Cd/Al; Taylor and McLennan, 1985; McLennan, 2001), but 
the black mudstone portions of volcanic couplets show enrichment of Pb and Cd by a factor of 
~2-4X relative to background values (Fig. 8E). 
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DISCUSSION 

General environmental controls on acritarchs and radiolarians 

The distribution of phytoplankton in the modern ocean is influenced mainly by light, nutrients, 
and temperature (Thurman and Trujillo, 2004; Bouimetarhan et al., 2009). Photosynthetic primary 
producers are limited to the euphotic zone (~<100 m water depth) and frequently concentrated at 
much shallower depths (<10 m). Within the euphotic zone, phytoplankton abundance is often 
determined by the concentrations of major nutrients such as P and N, which are generally high 
within upwelling zones and low to moderate elsewhere. However, micronutrients such as Fe can 
be biolimiting in high-nutrient low-chlorophyll (HNLC) regions (Martin and Fitzwater, 1988), as 
shown by iron fertilization experiments (reviewed by Duggen et al., 2010). In most areas, modest 
increases in surface-water temperatures stimulate phytoplankton growth (Eppley, 1972; Nona et al., 
2000). If, as generally believed, Paleozoic acritarchs were important primary producers, then they 
would have been subject to a similar set of influences as modern marine phytoplankton. 

Environmental influences on Permian-Triassic acritarchs were considered by Lei et al. (2012). 
Based on studies in several areas of South China, they demonstrated that acritarchs were most 
abundant and diverse in shelf and upper-slope settings (Fig. 9). However, they noted a strong 
onshore-offshore gradient among the different types of acritarchs. Short-spined forms were 
relatively most abundant in neritic nearshore facies, but were also present in deep-shelf facies. 
Long-spined forms were present in nearshore facies but relatively more abundant in shallow- to 
deep-shelf settings. The small spherical species Leiosphaeridia was very rare in nearshore and 
shallow-shelf facies and showed an abundance peak in upper-slope settings (Fig. 9). As with 
modern plankton, this distribution reflects an optimization of different taxa to local environmental 
conditions, although the exact nature of the environmental controls remains uncertain (Servais et 
al., 2004; Lei et al., 2012). 

 The distribution of radiolarians in the modern open ocean is controlled by temperature, 
salinity, and water depth (Empson-Morin, 1984; Anderson et al., 1989; Matsuoka and Anderson, 
1992; Kling and Boltovskoy, 1995). Optimum growth and longevity are observed at moderately 
warm temperatures (close to 28⁰C), and temperatures higher than 35⁰C and lower than 15⁰C inhibit 
radiolarian reproduction (Anderson et al., 1989; Matsuoka and Anderson, 1992). Temperature is 
probably the dominant control on the latitudinal distribution of radiolarians (Empson-Morin, 1984; 
Abelmann and Gowing, 1997). Radiolarians favor normal-marine salinities (Anderson et al., 1989) 
and do not generally thrive in reduced-salinity, estuarine environments (Moore, 1978; Kling, 1976; 
Abelmann and Gowing, 1997). Most species of radiolarians exhibit specific depth preferences, 
resulting in vertically stratified distributions in oceanic systems (Funnell, 1967; Kling and 
Boltovskoy, 1995).  
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Radiolarians from the Permian-Triassic transition interval are recovered mainly from slope 
and open oceanic settings (Feng et al., 2000, 2007; Sashida et al., 2000; Xia et al., 2004; De Wever 
et al., 2006; Sano et al., 2010). Low-latitude regions such as South China exhibit significantly 
greater diversity and abundance of radiolarians than high-latitude regions such as Russia 
(Vishnevskaya, 1997; Feng and Gu, 2002; He et al., 2005; Feng et al., 2007), probably due to 
latitude-related temperature variation as in the modern ocean (Abelmann and Gowing, 1997). The 
water-depth dependence of Permian-Triassic radiolarian communities has also been demonstrated 
(Fig. 9; Kozur et al., 1993; Feng and Algeo, 2013). Only orders favoring relatively shallow-water 
conditions (e.g., the Spumellaria and Entactinaria) were recovered from shallower marine sections 
such as Meishan (He et al., 2005), whereas all radiolarian orders were recovered from some deeper 
marine sections such as Dongpan (Feng et al., 2007; Shen et al., 2012a; Xiang et al., 2013). This 
pattern demonstrates that certain orders (e.g., the Latentifistularia and Albaillelaria) favored 
relatively deeper water habitats (Feng et al., 2007; Feng and Algeo, 2013). 

 
Relationship of microplankton to volcanic ash layers in study sections 

Acritarch and radiolarian concentrations vary in a quasi-systematic manner in relation to the 
volcanic couplets identified in the two study sections. Below the LPME horizon, acritarchs are 
found at low concentrations in the background sediments and at peak abundance in the black 
mudstone layers of volcanic couplets (Figs. 7A, 8A). In contrast, radiolarians are relatively 
abundant in the background sediments but generally absent in the black mudstone layers (Figs. 7B, 
8B). Thus, acritarch and radiolarian concentrations are broadly anti-correlated. Acritarchs show no 
change in distribution pattern at and above the LPME, but radiolarians disappear almost 
completely from the study sections at this level.  

We infer that these relationships represent control of contemporaneous microplankton 
community composition by volcanically induced marine environmental changes. Other than the 
presence of the thin volcanic couplets at decimeter intervals, each study section is of nearly 
uniform lithology and without evidence of changes in depositional facies or water depth that might 
have influenced microplanktic organisms (Li et al., 1986; Wignall et al., 1995; Jiang et al., 2011). 
Therefore, we consider below what types of effects volcanism might have had on Permian-Triassic 
microplankton communities.  

Short-term volcanic effects on microplankton 

Volcanic ash is fine-grained tephra that is produced and dispersed through the atmosphere 
during volcanic eruptions; it has particle diameters ranging from submicron to less than two 
millimeters (Horwell, 2007). Volcanic ash produced by large explosive eruptions can be dispersed 
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thousands of kilometers away from the volcanic source and, thus, can potentially influence large 
areas of the ocean (cf. Duggen et al., 2010). Ash that settles in the ocean undergoes reactions with 
seawater and is eventually deposited and preserved in the form of bentonites (volcanic clay layers; 
e.g., Huff et al., 1992).  

When ash is deposited on the ocean, gases and metals can be released to seawater, perturbing 
surface-water chemistry and biogeochemical cycles (Jones and Gislason, 2008). The deposition of 
volcanic ash may enhance marine plankton productivity by providing nutrients such as Fe (Frogner 
Kockum et al., 2006). Bio-available iron salts absorbed on the surface of ash can be released 
rapidly on contact with seawater (Jones and Gislason, 2008; Duggen et al., 2010; Olgun et al., 
2011; Ayris and Delmelle, 2012). Addition of fine particulate iron to seawater can trigger a 
phytoplankton bloom at short timescales, i.e., days to weeks (Hamme et al., 2010; Lindenthal et al., 
2012). Such a bloom resulted from the eruption of Kasatochi in the Aleutian Islands in 2008, 
covering an area of ~106 km2 in the northeastern Pacific Ocean with fine ash (Langmann et al., 
2010a, 2010b). Ash from Alaskan eruptions, including the 1912 Katmai event, are also thought to 
have triggered lacustrine phytoplankton blooms, as inferred from historical records of salmon 
catches (Eicher and Rounsefell, 1957).  

Volcanic eruptions can also be detrimental to marine plankton through (1) hydrolysis of 
volcanic SO2 and CO2 to sulfuric and carbonic acids, resulting in acid rainfall and acidification of 
oceanic surface waters (Self et al., 2005); (2) leaching of toxic elements such as Pb and Hg from 
ash, poisoning the aqueous environment (Prosi, 1989; Felitsyn and Kirianov, 2002; Jones and 
Gislason, 2008); and (3) short-term suppression of planktic productivity through an increase in 
water turbidity linked to ash suspension (Felitsyn and Kirianov, 2002). Actualistic observations 
have been insufficient to document such effects on the plankton community for most historical 
eruptions, although several well-documented instances of effects on nektic organisms have been 
recorded. For example, the 1912 Katmai eruption in Alaska killed large numbers of salmon in 
several lakes into which flowed heavy volcanic mud slurries (Eicher and Rounsefell, 1957), and a 
1996 eruption in Kamchatka killed the entire fish population of Lake Karym within a few hours 
(Felitsyn and Kirianov, 2002). While historical volcanic eruptions generally have had more 
pronounced effects on small freshwater bodies than on larger oceanic watermasses, ancient 
mega-eruptions such as that at the PTB potentially would have had similar positive and negative 
effects on ocean-surface biotas. 

In the two study sections, pronounced changes in microplankton community compositions are 
observed in conjunction with each volcanic event (Figs. 7 and 8). The thin black mudstone layers 
that directly overlie each volcanic ash contain much higher concentrations of acritarchs than are 
found  in  the  background  sediment.  This  relationship  is  consistent  with  acritarchs  being  a  ‘disaster  
taxon’  that  exploited  the  disturbed  environmental  conditions  developing  in  the  aftermath  of  each  
volcanic eruption. Although the exact nature of the volcanically induced environmental changes 
that triggered acritarch blooms is uncertain, we hypothesize that settling volcanic ash introduced 
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extra nutrients to the ocean surface layer. Additionally, acritarchs may have been better able than 
other microplanktic organisms to cope with stresses in the immediate post-eruption environment 
such as watermass turbidity (Algeo and Twitchett, 2010), enhanced fluxes of toxic elements such 
as Pb (Fig. 7E; Sanei et al., 2012), and reduced dissolved oxygen levels (Shen et al., 2012b). 

In contrast to their beneficial effects on acritarchs, volcanic events appear to have been 
detrimental to the contemporaneous radiolarian community. Radiolarians are abundant in the 
background sediments of both study sections but nearly absent from the volcanic couplets (Figs. 7 
and 8). The reason for the vulnerability of radiolarians to volcanic eruptions is uncertain, but 
several possibilities can be considered. First, rapid changes in the composition of the 
phytoplankton community, e.g., from (unfossilized) eukaryotic algae during environmentally 
stable intervals to a variety of other planktic taxa (including acritarchs) during eruptions, may have 
caused radiolarians to starve if they were unable to adapt quickly to changes in food supply. 
Second, zooplankton may have been more physically vulnerable to the effects of ash deposition, 
e.g., through physical abrasion or chemical toxicity. Third, zooplankton may have been more 
sensitive to concurrent changes in marine environmental conditions, especially the development of 
more reducing conditions during many eruptions (Shen et al., 2012a, 2012b). Expansion of the 
oceanic oxygen-minimum zone and chemocline shallowing (Kump et al., 2005) would have been a 
likely consequence of stimulation of marine productivity by volcanic nutrients (Algeo et al., 
2011a). The negative effect of volcanic eruptions on zooplankton also has been documented in the 
deepwater Dongpan section, in which both the abundance and diversity of radiolarians decline in 
proximity to some ash layers (Shen et al., 2012a). 

 
Long-term volcanic effects on microplankton 

Intensification of volcanic activity during the latest Permian to earliest Triassic resulted in a 
change in the pattern of response of the microplankton community. Radiolarians experienced a 
major regional extinction at the level of the LPME (Fig. 1), disappearing entirely from the study 
sections (Figs. 7B and 8B). This extinction event is known to have occurred over a wide area, 
extending, at a minimum, across the eastern Tethys (Feng et al., 2000, 2007; Isozaki et al., 2007; 
Shen et al., 2012a) and central Panthalassic oceans (Algeo et al., 2010, 2011b). Some radiolarian 
orders went entirely extinct, e.g., the albaillellarians at the LPME and the latentifistularians during 
the Early Triassic, whereas other orders recovered and diversified in the aftermath of the PTB 
crisis, e.g., the entactinarians and spumellarians (Fig. 1). The post-crisis recovery of radiolarian 
faunas did not begin until the Dienerian (second half of the Early Triassic Induan Stage) and 
continued until at least the Anisian (early Middle Triassic; Fig. 1). 

Acritarchs also experienced a major extinction during the Permian-Triassic transition, 
although the timing, pattern, and significance of this event are less well understood. All types of 
acritarchs underwent a major reduction in diversity and abundance at the LPME (Fig. 1), as seen in 
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the study sections (Figs. 7A and 8A) and elsewhere (Lei et al., 2012). However, some types 
succumbed more rapidly than others: large spherical forms disappeared entirely at or close to the 
LPME, and small spherical and long-spined forms were sharply reduced at the same time (Fig. 1). 
However, surviving Paleozoic-type  acritarchs  were  effectively  ‘dead-clade  walking’ taxa 
(Jablonski, 2002; Algeo et al., 2011a) that are considered to have gone completely extinct by the 
mid-Early Triassic (Fig. 1; Riegel, 2008). Post-Early Triassic acritarchs are unlikely to be direct 
evolutionary descendants of the forms that dominated late Paleozoic acritarch assemblages 
( Riegel, 2008). 

The spatio-temporal distribution of acritarch types during the Late Permian and 
Permian-Triassic transition may provide insight into both their ecological roles and the nature of 
contemporaneous marine environments. At Shangsi, acritarch assemblages were dominated by 
large spherical forms such as Dictyotidium during the Wujiapingian and early Changhsingian and 
small spherical forms such as Leiosphaeridia during the mid to early late Changhsingian (Lei et al., 
2013). By the latest Changhsingian, acritarch assemblages were dominated by long-spined and 
short-spined forms (Fig. 6). Sharp declines are seen among the long-spined forms above Bed 25 
(just below the LPME) and among the short-spined forms above mid-Bed 28 (just above the PTB). 
While the reasons for earlier shifts are uncertain and may be due in part to long-term evolutionary 
trends, the changes in relative frequencies during the Permian-Triassic transition can be linked to 
marine environmental stresses. Late Paleozoic acritarchs exhibited a pronounced facies gradient, 
with small spherical forms predominant in deep-shelf to slope settings, long-spined forms in 
shallow-shelf settings, and short-spined forms in neritic inner-shelf settings (Fig. 9). The 
sequential decline of small spherical forms, followed by long-spined and then short-spined forms 
(Fig. 6), is thus consistent with a progressive encroachment of environmental stresses from the 
deep ocean onto continental shelves and, eventually, into nearshore regions. 

The long-term effects of the Siberian Traps flood basalt eruptions on marine environments 
have received considerable attention recently. These eruptions resulted in massive releases of the 
greenhouse gases CO2 and/or CH4 (Retallack and Jahren, 2008; Brand et al., 2012), resulting in a 
very large (~15⁰C) increase in tropical sea-surface temperatures (Romano et al., 2012; Sun et al., 
2012). This extreme warming event led to strong oceanic stratification (Horacek et al., 2007; Song 
et al., 2013), contributing to a major expansion of the oceanic oxygen-minimum zone (Algeo et al., 
2010, 2011b; Winguth and Winguth, 2012; Feng and Algeo, 2013). Upward movement of the 
chemocline (i.e., the upper surface of the oxygen-minimum zone; Kump et al., 2005) resulted in 
episodic eruption of H2S-rich deepwaters into the ocean-surface layer, which, at least locally, was 
closely linked to the major biotic crisis at the LPME horizon (Algeo et al., 2007, 2008). Because 
the upward movement of the chemocline was gradual (i.e., time-transgressive), its effects were felt 
first by marine biotas in slope and deep-shelf settings and only somewhat later by biotas in 
shallower settings (Feng and Algeo, 2013). This pattern meant that some nearshore settings were 
relatively protected from intensifying marine environmental stresses and served as biotic refugia 
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(Beatty et al., 2008; Zonneveld et al., 2010). In this context, the stratigraphic distribution of 
acritarchs at Shangsi can be understood as a product of their relative facies preferences, with the 
taxa favoring nearshore settings (i.e., short-spined forms) surviving for a longer period during the 
crisis interval than the taxa that lived further offshore . 

 
CONCLUSIONS 

Volcanism is likely to have had both positive effects (increased nutrient supply) and negative 
effects (metal toxicity, lowered seawater pH, increased turbidity) on the microplankton community 
of Permian-Triassic oceans. The abundances of different microplanktic organisms varied in 
response to volcanic activity during the latest Permian, with post-eruption increases in acritarchs, 
possibly due to Fe fertilization, and decreases in radiolarians, possibly due to metal toxicity or 
changes in food supply. As volcanism intensified during the earliest Triassic, radiolarians 
experienced a major regional extinction event. Acritarchs exhibited a more complex response, first 
peaking  (reflecting  their  role  as  a  ‘disaster  taxon’)  and  then  declining.  The  hardiest  acritarchs  were  
short-spined forms that persisted in neritic inner-shelf facies after long-spined and small spherical 
forms had disappeared from deep-shelf and slope facies, suggesting that shallow nearshore regions 
may have served as refugia during intervals of extreme environmental stress in the Early Triassic.  
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FIGURE CAPTIONS 
 
FIGURE 1—Diversity of acritarchs and radiolarians from later Permian to Middle Triassic. 
Representative acritarch genera are Dictyotidium for big spherical forms, Leiosphaeridia for small 
spherical forms, Veryhachium and some species of Micrhystridium for long-spined forms, and 
other species of Micrhystridium for short-spined forms. Acritarch diversity data from Lei et al. 
(2012, 2013); radiolarian diversity and range data from Feng et al. (2007), Isozaki (2009), and 
Shen et al. (2012a). Abbreviations: M-Triassic = Middle Triassic, LPME = latest Permian mass 
extinction, PTB = Permian-Triassic boundary. 
 
FIGURE 2—(A) Global paleogeography at the Permian-Triassic boundary (~252 Ma). (B) 
Changhsingian paleogeographic map of South China at the Clarkina meishanensis Zone (modified 
after Yin et al., in review). GSSP = Global Stratotype Section and Point.  
 
FIGURE 3—Field photos from Shangsi section showing the volcanic couplets of ash and 
mudstone (C1 to C3). AL = argillaceous limestone, VA = volcanic ash, M = mudstone. 
 
FIGURE 4—Field photos from Xinmin section showing (A) volcanic couplets in the full study 
section, and (B) detailed view of couplets C1 to C5 in a 1-m-thick interval. AL = argillaceous 
limestone, VA = volcanic ash, BS = black shale. 
 
FIGURE 5—Photomicrographs of microfossils from the Shangsi section. The scale bar is15 
for a- -e are Leiosphaeridia microgranifera; f-h are Veryhachium 
hyalodermum 8: Micrhystridium stellatum; i-l: Micrhystridium breve; m: radiolarian belonging to 
order Spumellaria. 
 
FIGURE 6—Concentrations of (A) small spherical acritarch, (B) long-spined acritarchs, and (C) 
short-spined acritarchs, and (D) total acritarch mass. The concentration data represent the number 
of individual acritarchs per gram of sediment. Total acritarch mass was calculated as 
ρ×(4/3)×π×(R3-r3),  where  ρ  is  the average density of acritarch vesicles (an estimate of 1.7 g cm-3 
was used; cf. Flenley, 1971), and R and r represent the radius of the outside and inside of the 

small spherical acritarch, and ~10 and 9 
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for acritarchs with spines; Fig. 4). The age data were base on Shen et al. (2011). Abbreviations: S = 
(sub) stage, F = formation, Z = conodont zone, B = bed, Lith = lithology, C = cycle; ME = (latest 
Permian) mass extinction, PTB = Permian-Triassic boundary; (conodont zones) C. = Clarkina, H.= 
Hindeodus, meishan.= meishanensis; (lithology) L = limestone, AL = argillaceous limestone, VA = 
volcanic ash, M = mudstone, and C = calcareous mudstone. The purple shaded bars are volcanic 
ash layers (cm), and the gray shaded bars represent mudstone layers overlying the ash layers. 
Other details as in Figure 3. 
 
FIGURE 7—Bio- and chemostratigraphic data of Shangsi section: (A) concentration of total 
acritarchs, (B) concentration of radiolarians, (C) total organic carbon (TOC), (D) Al, and (E) Pb/Al 
ratios (ppm/%). Concentrations based on the abundance of each fossil component in one gram 
sample (see text). Other details as in Figures 3 and 6. 
 
FIGURE 8—Bio- and chemostratigraphic data of Xinmin section: (A) concentration of total 
acritarchs, (B) concentration of radiolarians, (C) total organic carbon (TOC), (D) Al, and (E) 
element/Al ratios (ppm/%). Concentrations based on the abundance of each fossil component in 
one gram sample (see text). The units of Pb/Al and Cd/Al are 10-4 (ppm/%) and 10-6 (100×ppm/%), 
respectively. Ages were based on Yin et al. (2001) and Shen et al. (2011). Other details as in 
Figures 3 and 6. 
 
FIGURE 9—Facies and water depth distributions of actitarchs and radiolarians. Based on Feng et 
al. (2007), Lei et al. (2012), and Feng and Algeo (2013). 
 
FIGURE 10—Interpretative reconstructions of changes in marine environment and microplankton 
communities during the Permian-Triassic transition. (A) Abundance of radiolarian, and relative 
normal concentration of different kinds of acritarch in normal deposit preceding the LPME. (B) 
Higher abundance of acritarch, rare radiolarian and more abundance of organic matter deposit, 
along with the expansion of OMZ during the volcanic eruptions preceding the LPME. (C) Rare 
acritarch in the normal environment post the LPME. (D) Relatively enrichment of short-spined 
acritarch and organic matter along with the expansion of the OMZ during the volcanic eruption 
post the LPME. SL = sea level, OMZ = oxygen minimum zone. 
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