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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 Palacozoic. 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 (Chonggqing 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 pm, and commonly include the genera
Micrhystridium, Veryhachium and Leiosphaeridia. However, larger taxa with vesicles often
exceeding 80um 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 (palacoecological) 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 palacoenvironments, 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 um 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
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than 14%, indicating that a ‘spike’ of Reduviasporonites did not occur in the Yangtze area.
Reduviasporonites chalastus (40um in length) obviously dominates in shelf environments of
shallow water, whereas the smaller Reduviasporonites catenulatus (15pm 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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Le Phytoplancton de la limite Permien-Trias

du Sud de la Chine

Candidat : Lei Yong
Directeurs de Theése : Thomas Servais (Université de Lillel) ;
Feng Qinglai (China University of Geosciences) ;

Résumé

La fin du Permien (- 252 Ma) est marquée par la plus grande extinction de masse dans
I’histoire de la Vie sur Terre, avec la disparition de plus de 90% des espéces 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 1’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 a 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 a paroi organique au Paléozoique. L’objectif de I’é¢tude
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 1’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 synthése de 1’enregistrement fossile des acritarches du
Permien a I’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 a paroi organique de grande taille, qui étaient
trés abondant dans le Paléozoique 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 a 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 trés petits taxons, sont nécessaires pour
réellement comprendre la diversité et I’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 espéces 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 trés petite, le plus souvent d’un diametre autour de 20
um, et ils incluent souvent les genres Micrhystridium, Veryhachium et Leiosphaeridia. Par contre,
des taxons plus larges avec des corps centraux qui souvent dépassent des diameétres de 80 um,
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. Grice & 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 a Micrhystridium/Veryhachiumy.
Nous proposons de diviser ce « complexe » en cinq groupes : le groupe Veryhachium cylindricum
pour représenter tous les spécimens ellipsoidaux; 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 a 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 faciés sédimentaires différents (allant des paléoenvironnements néritiques a offshore,
incluant également des faciés de bassin). Basées sur la diversité et ’abondance relative des genres
et des espéces d’acritarches, les nouvelles données des coupes géologiques du Permien terminal de
Chine fournissent des modes de distribution paléoécologiques comparables a ceux des autres
périodes géologiques : (1) des faibles diversités de 2 a 4 especes d’acritarches sont présentes dans
des environnements preés de la cote, tandis que les diversités plus élevées (plus de 10 especes
d’acritarches) sont présentes dans des environnement offshore ; (2) au niveau générique, les genres
Leiosphaeridia, Reduviasporonites et Micrhystridium sont largement répandus, allant des faciés
cotiers correspondant a des faibles profondeurs d’eau jusqu’au facies distaux correspondant a 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 trés bas, indiquant probablement des environnements prés des cotes
avec des niveaux marins peu profonds ; (4) au niveau des especes, Micrhystridium breve, avec des
appendices courts, et Leiosphaeridia minutissima, indiquent des faciés néritiques, tandis que
d’autres espéces 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 espéces d’acritarches de grande taille (plus
de 80 pm en diamétre), comme Dictyotidium reticulatum, indiquent des environnements a faible
profondeur d’eau; (5) dans les niveaux de la PTB, I’abondance relative de I’énigmatique
Reduviasporonites, qui est interprété par quelques auteurs comme une spore fongique, ne dépasse
jamais 14%, révoquant ainsi 1’existence présumée d’un pic de Reduviasporonites dans la région du
Yangtze. Reduviasporonites chalastus (40 pm en longueur) dominait clairement les
environnements de plateforme peu profonds, tandis que Reduviasporonites catenulatus, plus petit
(15 pm en longueur), est plus abondant dans des eaux plus profondes.

Une autre partie de notre étude concerne I’interprétation des changements du phytoplancton
dans D’intervalle analysé. Basés sur I’analyse du microphytoplancton a paroi organique des
couches géologiques autour de la PTB du sud de la Chine, trois étages distincts avec des
communautés a acritarches différentes sont identifiés. Des assemblages avec des acritarches
abondants et diversifiés (28 espéces appartenant a 10 genres) sont présents dans I’Etage 1,
correspondant aux biozones a conodontes Clarkina changxingensis et Clarkina yini. Ensuite, des
assemblages d’acritarches modérément diversifiés (11 espéces appartenant a 7 genres) sont
présents dans I’Etage 2, prés de la transition Permien/Trias, et correspondant aux biozones a
conodontes Clarkina meishanensis, Hindeodus changxingensis, Clarkina taylorae et Hindeodus
parvus. Une seule espece (Leiosphaeridia minutissima) a été retrouvé dans 1’Etage 3, peut-étre liée
a une production de biomasse réduite, correspondant aux biozones a conodontes Isarcicella
staeschei et Isarcicella isarcica.

A la fin du Permien, les écosystémes marins étaient bien équilibrés avant 1’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 a grande échelle, changements du niveau marin drastiques, températures de
I’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 trés négatifs sur la diversité des
métazoaires, aggravés par une anoxie des océans, et a réduit I’abondance et la diversité des autres
producteurs primaires (atténuation de l’intensité de lumicre). Beaucoup d’especes de différents
groupes de métazoaires se sont éteintes durant 1’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 a Shangshi et couche 29 a Meishan), pendant
que les acritarches (nutriment de grande qualité pour les métazoaires) devenaient rare. Beaucoup
d’especes des consommateurs primaires qui avaient survécu a I’extinction de masse a la fin du
Permien disparaissaient dans le Trias le plus inférieur, probablement dii a une dégradation des
conditions de I’environnement (température élevée, anoxie de I’océan, et déficience en nutriment).
Seulement quelques taxons dominaient dans les océans (p.ex., le bivalve Claraia).

Si I’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
I’anoxie des océans et la déficience en nutriments durant la PTB. Les relations entre 1’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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JE S San José de Jachal 29 22 FEAL Tupe A JZH, Gutiérrez etal. (2006) #RiE T 3 Fhiziif
YA Botryococcus braunii. Leiosphaeridia sp.F1 Brazilea spp. "> T Gorter et al. (2008)
TEMURF. Treachery A I 7 =AM @WEEIERN A (Botryococcus Baltisphaeridium F

Ulanisphaeridium) "4,

1.2.1.2 Asselian LA f2 Asselian/Sakmarian

1B & Asselian/Sakmarian, A 5 F CFERE T IFIFEY A . fER KX Beacon
T, Kent et al. (1990) KL T RA7564F B ERE MMM AL AT, J 32— L
FRAER, (2R EE 2 MFHEY A, W Botryococcus sp.~ Diexallophasis sp.~
Leiosphaeridia sp.~ Dictyotidium sp.~ Tasmanites sp.~ Brazilea scissa~ Tetraporina sp.f
Quadrisporites horridus. 1£FiH% Heimefrontfjella fJAL#E, Lindstrom! FREHER T ) LAREEYE
Ftb A, BLFE Acritarch sp. Av Botryococcus braunii~ Leiosphaeridia spp.~ Lophosphaeridium
spp.~ Dictyotidium sp.. Tasmanites sp. A~ Tetraporina gigantea- T. tetragona- T.sp. A. Brazilea
scissa A1 Quadrisporites horridus -

TEFT AR ZE V658 La Rioja 4, Di Pasquo et al. (2010) 7% 7 = /ANHHAIHZE, & TH
N A, #FE BRI Portalites gondwanensis”" . [FIRF, AT —AME
FH R AR 1% /& Asselian 5 Sakmarian 22 3217,

ES R FIX— R Z S, Beri et al. (2006) 1 Beri et al. (2010) 4 Hl5-47 T7RH
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San Gregorio 411 4 i (DCLS24) A1 32 MK H Cerro Pelado 4 1IFE TS ™1, Aibif]
R8T 2N EERIFE A, W0 Deusilites< Leiosphaeridia. Micrhystridium~ Pilasporites-
4 Y, 4

Portalites Brazilea Tetraporina~ Quadrisporites 1 Botryococcusm’ I,
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1.2.1.3 Sakmarian A} Sakmarian/Artinskian

KRZIA 10 s CEHIE T Sakmarian LA Sakmarian/Artinskian [F7FHFEYIFISS . 1R S
(1 Al Khlata 31 [X (57K ) 11T A 4, Besems and Schuurman™ i 7 Aok 4 &5, Hrh#
A #2K Botryococcus braunii. i Stephenson et al. (2003) \~, %E¥HKE Ulanisphaeridium
omanensis 1L FRIFR IR TUA BB, £EFT2 1L, Stephenson et al. (2008) IRi& T
$EURZE Leiosphaeridia Y IIAE Haushi 2% 2 2 b,

EEPY Parana 751, Quadros™ it T Z MBI IMA L REM “BLZ . 1M
Deusilites tenuistriatus F1# Ff Dictyotidium souzae H BL1E Sakmarian/Artinskian i Hf ;
Tasmanites spp. i I T Sakmarian-Kungurian ; Micrhystridium breve « M. toigae #
Comasphaeridium daemoni X T Kungurian. 7£1X—#1[X 6%, Souza and Callegari® i3 1
—/MRER I R A LA, [FB) Botryococcus braunii~ Deusilites tenuistriatus
Portalites gondwanensis 1 Tasmanites sp. WAFEH H1 . 7£ Parana 7, Guerra-Sommer et
al. (2008) BRI T UMY AT, W Maculatasporites minimus~ M. gondwanenssi i1

Portalites gondwanensis[gs] o

PE KL, Foster®™ LA & Foster and Waterhouse!®" 43 1% T Waterloo 3% #11 Canning
IR H S, RINHRIE 1 LRI, B3E Baltisphaeridium sp. Leiofusa spp.
Micrhystridium spp. « Spongocystia eraduica « Ulanisphaeridium sp. cf. Ulanisphaeridium
berryense Veryhachium spp.. Tetraporina simplex. Maculatasporites spp.~ Quadrisporites
horridus~ Botryococcus braunii VL J2 B. sp.

TE 5 $i = Arroyo Seco Hi[X Melo ZAH1/ZH, Mautino et al. (1998) i | = FyF Ut
A : Botryococcus braunii~ Cymatiosphaera gondwanensis R Micrhystridium fragile[gg]o MAE
FEIM Karroo HHUZEH, Jarding™ R &I T —MEEVE 2 Maculatasporites indicus .

1.2.1.4 =S (Artinskian-Kungurian)

HVUECFEILFE T Artinskian JVFIFEM A . 7EEIEE Bihar #1[X 1) Karanpura & H
#8, Leleand and Kulkarni' 338 T AN fll by 240 & 5, (A B 838 1 — AN 58 5 2 (10 39 Aol
Maculatasporites karanpurensis. Ti{E Auranga #H 51, Maithy® V3R T 5 4h—Ff g U5 2%
Maculatasporites ovalis. R Cuzco H1[X, Doubinger and Marocco PHRIE T 4 Filt ik
Pyramidosporites sp.~ Brazilea scissa Peltacystia venosa F1 Quadrisporites horridus. Tij7EE
74 Parana 7G5, Mori et al. (2012) it 1 9 Mt A, MEERZ, PikhsE
V82K Congoites sp.F Quadrisporites lobatus 1F & 20 HC s A HBLIX — R 7EIR R FLR
EL# &, Mangerud and Konieczny P#4r#1 7 16 ANHITH MM 4 &, KPR F 1
Kraeuselisporites A1 404 7 J& T W Artinskian 2|5 Capitanian. [F] B 7= H S8 IR R4 A

Micrhystridium spp.~ Unellium spp.f! Veryhachium spp.%%[%]o

£ Kungurian ¥ Roadian FJHb)/=m, A 6 FSCERIE [ FEDNA . EINE X Peace
TR, Jansonius A T AT 20 FhBEIRIM G . (HE RSB HBE R =2, H
A 6 Fi/= T Kungurian #| Capitanian. HA4E: Micrhystridium inconspicuum. M. sp.H..
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Polyedryxium deflandrei Protoleiosphaeridium conglutinutum- Spheripollenites scissus F1—>
HFh Leiosphaeridium ?belloyense s

75 2 E BT 7, TaschP® ik T 5EUEE AN ET A Hystrichosphaeridium leonardianum
H. equispinosum. {EIREEAS SHEREHIZT D 50 5 1, Mangerud® o3 #r 7 — B4t 8 5 = Sl
it A H A . o Dyupetalum sp. —Hamiapollenites bullaeformis f¥y b A 4H &4 & T
Kungurian #| Roadian, =t 8 NEWFIEEM A . Micrhystridium . Veryhachium
Cymatiosphaera- Dictyotidium~ Tasmanites~ Brazilea. Maculatasporites 1 Reduviasporonites

TE LU Candiota JEH H, Cazzulo-Klepzig et al. (2002) KIL T B ATF & T HEE
Witk Ar, B35 : Botryococcus braunii Portalites gondwanensis~ Pilasporites calculus Brazilea
scissa~ Tetraporina horologia. T. punctata M Quadrisporites horridus® . [&I | U/Pb I 5E
[RI4E 4 Y 267.1 £3.4 Ma, AbT-rh =i,

TEEL 42 Parana 7, Pérez Loinaze et al. (2010) 437 1 5 4~K H Mallorquin-1 1
FHOFEN, KU 4 MERIEIA Gorgonisphaeridium sp.. Navifusa sp.~ Cymatiosphaera

gondwanensis 1 Reduviasporonites chalastus" .

FEEARIEHT LA TF Bird’s Head 31X Ainim 01 Aiduna 41, Playford and Rigby! "4 i&
T 5 FhFEHEMMA, B Mehlisphaeridium regulare~ Cymatiosphaera gondwanensis-

Maculatasporites indicus~ Peltacystia venosa ! Quadrisporites horridus »

12.1.5 e SIS

H T8 = AEF R AUE R, IR2 B 45BN ALK A M FiR BRI, H
T 23 BEARIE BEIR AN AT AOIX S B AR I A R B R B e F Cisuralian™*', {8
B3R, Hho X 2k 13 5. Césari and Gutiérrez '3t 1 BT AR EE 74 45
Mo X WA okt 2 — S A A Y, RIN Fusacolpites fusus- Vittatina subsaccata (FS)
F Lueckisporites- Weylandites (LW) ¥ ib TR —Stt, [FHRIE 75 ERNA Brazilea
scissa. TTEFTHEEE Paganzo 7 Hb Tasa Cuna #H, Balarino and Gutiérrez!' P43 T %3 #h—FhE
PR Portalites gondwanensis. [F—3H1[X ) Sauces £, Pieroni and Georgieff!' itk 7 3
FEEIRZRA A . Botryococcus braunii Portalites gondwanensis 1 Brazilea scissa. T £ T 7E Rio
Francia 417, Gutiérrez et al. (2010) tHEI T A EEIEZRA A Portalites gondwanensis F

Tetraporina punctata[ms]

FEELPY Parana i, VFZFFH BT T BLHLX (ALK 40 AT . Tiwari and Navale! "Mk
TS IRGE T 2k 14 MEEERAA, HA a3 8 MM Balmeella densicorpa-
B. minuta. B. punctata. Brazilea crassa. B. punctata. Congoites baculosus. C. conatus-
Disectispora lobata . Parand 7L #5, Holz and Dias "0 5 TR KK 7 MNE:
Micrhystridium- Pilasporites Portalites Veryhachium. Botryococcus~ Tasmanites 1 Brazilea.
FEAHABHLIX, Tannuzzi etal. (2006) #Ri& | 5EIEEW A Leiosphaeridia Portalites Brazilea-
Tetraporina M Quadrisporites'™. T Cazzulo-Klepzig et al. (2007) W&, BB A
Portalites. Brazilea. Tetraporina. Maculatasporites 1 Quadrisporites 227 H AT B 7 B H4E
2RO EES, (HZ Botryococcus HIAAE RZI.
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£S5 %i=E, Gutiérrez et al. (2006) M San Gregorio 211 4 FLEYHH R I T —LLEEJHE
WA, BFE Botryococcus Portalites~ Leiosphaeridia~ Micrhystridium- Tetraporina- Pilasporites
M Brazilea""" . Tj#%iT Beri et al. (2011) M San Gregorio 3 #h—2H &k iR 7 He — Lz

[101]  »>,

o b
roi

WY A, W Deusilites tenuistriatus~ Mehlisphaeridium regulare 1 Cymatiosphaera
{1172 8 Cristatisporites inconstans —Vittatina saccata ¥y 4775, HEARJE T 5 Cisuralian

FEENFE Godavari 7, Tiwari and Moiz!" " 53R T W ASETF Globulaesphaeridium densum
M1 Gondisphaeridium leve. Ti{E Madhya Pradesh #i[X, Lele and Chandra ""M#Ri#& 7 — M5k
WENHE Foveofusa, [FIBIHEIR T 8 MNHiFh, HH5: Foveofusa attenuate. F. cylindrical. F.
mutabilis. F. obese F.perforate~ F.pumila. Leiosphaeridia indica VA% L. umariensis. 1% Bihar
X, Hutar #BEHSH) Talchir 2L, Lele and Shukla"'" 4{3E T 3 ANBEUESAL A Hifh
Leiosphaeridia ghoshii~ L. shepeleva 1 Tasmanites talchirensis. {F Rajmahal Hills Hb[X ]
Chuparbhita 1 Hura 731, Banerjee and D'Rozariol' " "1 J5 PR RIE T — e BRIF S ANESRAL
£, Un: Haplocystia < Pilasporites < Cymatiosphaera ~ Circulisporites < Kagulubeites «
Maculatasporites~ Peltacystia. Tetraporina 1 Quadrisporites horridus

FEBURRI T B =22 Fpi X [ Blair Athol #£/2, Foster VR T £ & MR LA,

Ho B — e 8e i K10 1 : Brazilea scissa~ Circulisporites parvus Maculatasporites

delicates - Mehlisphaeridium fibratum- Peltacystia venosa- Pilasporites plurigenus- Quadrisporites
horridus F1 Botryococcus sp.. 2 JG1E Arckaringa 7, Gilby and Foster™® 418 1 B £ () SE 5
KA K, B ¥ 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 1 Dictyotidium
spp.. MMi7E Collie 711 Stockton 41, Backhouse!' "Mk T 22 Mgt 7. HIAJE T
11 MR R, BLFE: Leiosphaeridia~ Mehlisphaeridium- Pyramidosporites- Spongocystia-
Cymatiosphaera Brazilea Circulisporites~ Maculatasporites Peltacystia Tetraporina
Quadrisporites .

FEYEH Yorkshire #1[X .~ Z it 4, Wall and Downie! "™'iiik 7 11 Fhiesi 1k
fi, HET 4 NN&: Baltisphaeridium- Leiofusa~ Micrhystridium 1 Veryhachium, 4%
WA Baltisphaeridium debilispinum A Veryhachium flagelliferum .

7EHTT Kolli 41/ Khalagah B{H', El-Nakhal et al. (2002) Ri& T 3 MFHEY)E
Leiosphaeridia. Deusilites ¥ Tasmanites"". RN, $EIEE Deusilites tenuistriatus
D. tentus NN F 41,

FEAEJL KR AL, Kaiser "R T — ANk S B BE, B0 T — R R 2K
Assamialetes giganteus

FEARE #7 SRR X, Dyupinal " {38 T — ANEEISHR Inderites, AR T 5 ANHifh
Inderites crassus~ 1. elegans~ 1. flexuosus~ 1. microreticulatus 1 1. scrobiculatus .

BG4, ESA I R T2 HE ) — S 5E IR AT Tasmanites 72 HH Newton
U220 ORI FR A “ White Coal” HHLZ B SetiiR (1.
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1.2.2 h_Eit

fE-ip St ONES RS E R TS5, RO EREFIFEY . 2581k, #E5ir,
e &, —ILHFPRCER L TR A B, WD) URSCES L
Kungurian/Roadian [J4EJ§2% . 7 Roadian-Wordian FIHZ, Wilson!"* 78 3 48 5 Fi i 2 M|
ook T —MERIRZM A Hystrichosphaeridium sp.. TEMuAt/N Phosphoria Al Park City 241,
Jacobson et al. (1982) ik T 6 ez, Hrb 4 MRR T Micrhystridium, 54N
AN Leiosphaeridia schopfii 1 Unellium phosphoriensis'® . 7E4% 1 Kolguyev &,
Grigoriev and Utting 'R 38 7 1 FSEIHEAA Micrhystridium spp. FI P B 4% #1611
Cymatiosphaera sp.5 Tetraporina horologia.

1 — &t (Roadian —Capitanian) #1Z2 o, 7R B+ 2% Rewan 4= o 5L, Foster
20858 7 5 FhEEUEZEAL AT . Brazilea helbyi. B. helbyi forma gregata. B. helbyi forma helbyi.
B. plurigena 1 Tessellaesphaera tessellate . T 7E. 74§ Dronning Maud Land H1[X Vestfjella 111 ik,
Lindstrom"® 27 2\ 62 Bkt R BT 3 FhERIRIAL AT (Acritarch sp. A+ Leiosphaeridia sp.
F Mehlisphaeridium sp.) 1 5 FhH & #ERAA (Cymatiosphaera gondwanensis- Brazilea scissa-
Circulisporites sp.~ Peltacystia monile 1 P. venosa) . {EF$HR% 5 Norwegian Kt 2L A
RS HL, Bugge etal. (2002) /38 T 2 MNEEIEEIL A B : Botryococcus A1 Tasmanites'*

7£ +HH: Hazro #i[X Wordian-Capitanian fJH1UZ 1, Stolle 4¢J5 =k 32758 74kt 6
MIFUFEYI A . Pyramidosporites cyathodes. Cymatiosphaera gondwanensis~ Dictyotidium
spp.~ Tetraporina sp. A« Reduviasporonites chalastus 1 R. sp. B

1.2.3 B - &1t

1231 KM K - BL5 =842

E 2L =L AZNHET, HiE 17 B0 CERE THRER A EThEAME
U5, Ouyang!™> PR T —BeRBEIEAL T, B4E: Archaeodinium cingulatum. Solisphaeridium
solidurn- S. spinulatum . Tasmanites sp.~ Psiloschizosporis scissus F1 Schizosporis sp.. TE/E1L
#I1H, Ouyang and Utting*'BAJ% Li et al. (2004a) &5 R I T 3Lit 6 AMNERERI AR

( Baltisphaeridium ~ Leiosphaeridia ~ Micrhystridium ~ Veryhachium  Schizosporis Fl

Tunisphaeridium) K1 2 NgiE A JE (Cymatiosphaera 1 Dictyotidium), R HL T 24LL
FRE A Reduviasporonites[69]o fE13—42EH 2, Ouyang and Utting[m]ﬁiﬁljﬁ\?'ﬂ SR
FH A7 Leiosphaeridia changxingensis —Micrhystridium stellatum HIFERE — S, FFHIR T
— AN Leiosphaeridia changxingensis. 1E72 Li et al. (2004a) [ 16 i35 eI 28 1948
thitash, BARKCAT, BEH RIS,

FERRM A AEM M — 2 = B4 - =B L2 LHMZEF, Jekhowsky ik T 6 Fb
Veryhachium J&FISEIRFM AT, HAPBFEHRANFif: Veryhachium ?irregulare 1 V. reductum.
£ B IL T IH U R Chhidru 2, Sarjeant et al. (1970) %38 T 16 FhEEIEIAL A A —Fhag i 47
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ST, el A, — B2 K BEIR A A AMA /N FLR A T, 76 # 8 I Maji ya Chumvi 41,
Hankel 50 5% 7 WS Chordecystia chalasta 1 Reduviasporonites chalastus. Ti1E

Mtk Amery Ff, McLoughlin et al. (1997) tH4RI& T HFEEJRZRIAT Dictyotidium sp.
139]

Quadrisporites horridust

1232 e —SHEEERA A II R

AT SR —F, — SRR R S I E R, AR B U
ERRAE R, HAgA g — Bt fER X Prince Charles 1L, Balme and Playford"**#}i&
TR E A G, e BEEIRSRA A Schizosporis scissus. TAE Transantarctic L1735,
Farabee etal. (1991) i3t T BEIHRAA Pilasporites caleulus". 2 JG1E Vestfjella 1l i =4
Fif R, Lindstrom! VR4 HT 7 AR AL S, I8 TR ZSEIEI A Acritarch sp. B
Mehlisphaeridium sp. A Leiosphaeridia sp. B. Cymatiosphaera gondwanensis Brazilea scissa-
Circulisporites parvus~ Peltacystia monile 1 P. venosa.

fE#8E Franconian #F7%, Schaarschmidt! ik 7 21 FF it a, 1HET 6 M
J&: Baltisphaeridium. Buedingiisphaeridium- Micrhystridium- Polyedryxium~ Veryhachium F
Cymatiosphaera. [RINARIRE], XEEEFIALAT ) ELAR KHBIE 20 ok /2414,

FE LA Negev Hi[X J6#8, Horowitz!'* "5 F ik T 12 Fseizkib i, HET 54
J&: Micrhystridium~ Pterospermopsis~ Solisphaeridium- Veryhachium 1 Tasmanites. 1L
Ik Karoo Hi[X, Horowitz "“HRiE 7 7 FhgEEIMbaf—FELa. HET 5 NE:
Baltisphaeridium~ Micrhystridium~ Solisphaeridium- Veryhachium 1 Tetraporina.

FEMAFII, Balme and Segroves' ‘iR T = MNEEIRIH B, Peltacystia calvitia- P.
monilis M P.venosa. iR e ZHALEHLX FEE A, McMinn "HRIE T 5 MEedRAL A,
45 : Mehlisphaeridium sp. cf. M. fibratum~ Micrhystridium breve. M. sp. cf. M. inconspicuum-
M. karamurzae FIFA Ulanisphaeridium berryense .E =224 %, Fielding and McLoughlin!**!
ok T 2B A, EFE: Botryococcus braunii~ Mehlisphaeridium sp. cf. M. fibratum-
Micrhystridium sp.. Portalites gondwanensis cf. Spongocystia sp.. Circulisporites parvus -
Peltacystia sp. cf. P. calvitium F Tetraporina horologia.

FEENFE, Tripathi!*4}#1 7 Rajmahal 751 Chuperbhita %5 FH ) RCH-151 &5 RE, &I
T A NEEESRAC A B Balmeellas Botryococcus Greinervillites 1 Leiosphaeridia. {E3H3XJEE
Kilombero Hi[X ['] Karoo ##f, Dypvik et al. (2001) I8 | 3 FEEIIEM A Mehlisphaeridium
regulare. Cymatiosphaera gondwanensis VA% C. sp.[lso]o

FEEHEEWIH Surghar F1 Salt 11, Balme!"EILT 5 FhEEWENA Inaperturopollenites
nebulosus ~ Pyramidosporites racemosus~ Peltacystia venosa~ Quadrisporites horridus F
Schizosporis scissus. AR —H[X, Hermann et al. (2012) Ni&E T 3 FEEHEEIA:

Micrhystridium sp. Veryhachium sp. ! Quadrisporites horridus"*,

1.2.3.3 &R B =
e LA — B RIAEY R KL A0, HT5EJRZE Reduviasporonites AT S HEAE S
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TR EULA 95% LA b, 1 B Eshetetal. (1995) AN N—FhERE, TRELEHT -5
LR “HE g RS, B, B RIR B EE S, Visscher etal. (1996)
B T 5EIRIEA AT Reduviasporonites, WANNE & — P E EHS, BT AR =B
R R A B S w4, A TRIREA N B T B A e o0, 2 S /e 43R e s X 1)
—BE- B HIMZET, Looy et al.(2001). Steiner et al. (2003) A & Sandler et al. (2006)
S JE RIS T B m g AR AE S 8 1

SR, —EAEF U NI R R A R AE WA . FEMRZ r, Afonin et al. (2001)
R T Reduviasporonites ) NHN—FhigEk, 2 J5 Foster et al. (2002) K4 TR E K
Bty EE . P EL RS DUHORR S L PTB AR, S g ER i E A ifg 1
Reduviasporonites 41, LA N DFh Reduviasporonites catenulatus 1 R. chalastus',
AT, SR PSR AR REIR LR K 0 IX 0 7E T4 — B 1 B 3 1) B A b 2 e kU,
Reduviasporonites catenulatus W/MEE/N, HAKE—BAE 20 CKLLR s 10 R. chalastus MK
BOR, HAKRAE 20 & 60 UK Z[A]. [AI), AATTEXT Reduviasporonites i T 465753, K
HE G R EEmA R EE,

{H/Z&, Sephtonetal. (2009) 434 T Reduviasporonites W [R5 2 AR A7 2 554k 24 20
B Ay HoRYE T B0, TMiJE, Visscher etal. (2011) it RSy M IESE, &
IMIE T Reduviasporonites NEH 25181, 5T Reduviasporonites J& 75 B i K48 B
TEREGEW, ROZIESH L2 1 FH MR RATHH .

1.2.4 HE B85 RLHRE

FINEH T R CERIE T SRR, (s = oM I HLZE S, |G
K H R BILL_E#, FEBRFIT X2, Balme and Hennelly! "L & Stephen'**"#fti&
2 FhEEIRZEM A Brazilea plurigenus T Psiloschizosporis scissus . TEMKFIL PEEE , Segroves! ™!
PEAH R | — LI e A . 7R 4% % 1 Pre-Caspian #i[X, Abramova and Martchenko!"®”
R T 3 N Inderites bulbiferus. 1. compactus M1 1. robustus. TERIE, Bose and Kar!'®!
R T —NH)E Greinervillites, [FIIN 518 7 #iF Greinervillites undulatus . [7]—H[X, Kar and
Bose!"" A0 3E T B4 ANF I Maculatasporites zairensis . 75 1 A — B 20 (b4, Takahashi
and Yao!' il T —FhEEIEI AT Tasmanites tanbaensis

1.2.5 —BLEEIRARNHHIESH

FER S AARHE S, Rl 2 R ME i, SERAMTLN TR HE, Fr
AT DU SRy MO FE IR o S8 58y M43 DX AU A AE T - B 1O 195, ) Bt A7
FTHEPLUTRRELCS T Oy, TR, B TR IR I A ) R
HOSAP, A AT RN, BEVRZHS & SR AE KPR I s 1 B Pt iize, 2 REMEBIS, &R
FR-IZ R B o AR . A SCH AR 55 = 5 o E R I A AL

CLERISEERY, £ 8%, It 45 D Acn g R OUE R EERR A R IX, 3L
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KRBT 57w ERTR (B 1-3). W 27 BAEICERIRA X, STH A 12 /H3CE,
EAERNZ, SRR EIREETEAY, EHFERENTR TIE, A RS RAEx™
B FN, EAEERESA T HIX £5IERKBIGEERN A, TAEHIX B AE 11 4
JEWARE o T LR L ERACA FE AN S A BE X, 23 04 20 AT 17 DMEEERA A B BRI, 1
K 1-3 D s, KRB HATEEE SR, HR20R 0] LARE 1 SIS 1 2 FEIt s S i
FEAR SCHIECR BRI AH O . HA s A Z ek B T R E T AR, Kol E R St (&
1-3),

AR A B I A B AT 5 5 Cymatiosphaera ATt MNALKERAF A EHL X —
HAE PSS EMX A KM M 5Ih—L 8 W Baltisphaeridium Micrhystridium F
Veryhachium 5y FEALFERP A X R RPAFHIX . R, Leiosphaeridia
Dictyotidium~ Tasmanites 1 Brazilea W) X H BUAE I ERAK A B [X 3 g BRI\ A EEHIIX, T
HE B amEs . B2, Wi 2RI L IX 23 A AN S50 5 30T F2L 8 5y
MR AR —1R1JE, RE Portalites #4RIE T 235 14 K, AHJ& HALIR T 7041 76 B 2 BR o
REHIX .

5 Lietal. (2004a) [Z5100L, Bk, BT =& 580 &R X2 5
H LR A2 T P () A, T IETR AR o R A

AR EETTH, KR _BLKEIFFEYE LIS, miba. ke
AT, RIS AR R iR B W PP IR ST o Ry, 2 KO0t S by 0 27 2 15 2 1R 725 e M £
W, TORHE NS | BEIEEAT 7T . RIEHRGE | BEIEE, HAEMBA S h & B WRIC. &
T 2RI R IR B A DL A A T B2 B S B Mg P I i), gkl . A DB LR SR
WEFC T 320 PR R [ SR 21 82 92 9% 11 i i sty e et L BRI R HR A2 BRI
PRI, JEHEAEE 20 ek, BONE WRISEIRZEPSE, W Baltisphaeridium Micrhystridium 1

Veryhachium
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1.2. 6 _ELFRLNIFH RN

PLEZERE R, AT R AN, SRR RS, R R ER 70 (1 BE
TR ERY R . HHROIFHADIM, BAETSRA R Z W AR . 5k,
IRZ CE MV E N ARAT (W B30 . Hik, BT AR 2 SCHR A AF LB 1R I Ta] (8] g
HUR Z IR A REIR A AR, RNV 2 ARG R R WAREIE . 8=, &I RN
WRIREA S, SFBOCEMER IS S IR 2 A& 3. Rk, A
T P — B LRI 2 FEE A AR A, A SCAMY G T i A A JE A
B, FNWREE 7S Eru it scioE .

TEGE LT BN, W R — & AR N 2 1] (835 55 %2, 41 Kungurian 1 Roadian),
TR T R — Ik, HES R 1-4 PoR. B, KOG T & S8 ARaE i s bR
&M EE (K 1-5).

ER TS, FIEAEMZ R RS, BT 30 M e (B 1-4). miEIA
FRNER, oS SR (Roadian-Wuchiapingian), HZFEHEEAK, RA KL
20 J@. H2, A 36 BIFIHEYPARE T B LA MNH (B 14D, R 14 Fis,
VIR 2 R 5 HARGE BRSO R IR I IEAH G, RERTF e R St 5 =
SLARW], 3B PRI A 8 AR I

TR TR, ZAEMER IR A4 4 B Backhouse! ' HRE THUCRITE, kit 22 i
A . SIS B RISGT 10 R SCEAT . Gilby and Foster (1988) [,
Tiwari and Navale (1967) "%l Beri et al. (2010) "), Lindstrém (1995) "', Mori et al. (2012)
PIL K Wall and Downie (1963) U™, fijfeeh —&itt, FraiRiEsedidemcs s, #Am
10 B, S 8 Rl 1, fEm S, BEUESE LRV RSN Schaarschmidt (1963),
HAHR T 21 Bk, BdE—Fhegm! 2, 2N Sarjeant et al. (19700, FRIE T 16 FhgEHE
A1 A7, i Horowitz (1973) Bi0% T 10 FHEEHIEA 2 Pl

ME 3 ATLLEH, —SEEiR BB S 4 #AMIE, ©35: Botryococcus Brazilea
Cymatiosphaera- Leiosphaeridia~ Micrhystridium- Peltacystia~ Polyedryxium. Pyramidosporites-
Tasmanites~ Tetraporina A Veryhachium. 5-25J@NZ W H T8 &4, H2TREHE T
FENRPRE SR, ER— B AN R d % . W Baltisphaeridium 1t Capitanian $f% .
SR, — 2@ FHRE R TR A BB BN RFR, 41 Comasphaeridium 1 Greinervillites {45 &< 3T
Kungurian; Archaeodinium~ Chordecystia~ Psiloschizosporis~ Tunisphaeridium 1 Wilsonastrum
IR IE T KB .

HE 1-5 ATLIER#A A, —SERRRRE S L HZE R BIEER IS . Micrhystridium
WARTE RE=IE 55 U0 W 27 MeaRh: SR A 22 DMMIAN Veryhachium,
WHEARIE T 46 Ko IEH —LR SR IINRE S, W Brazilea. Leiosphaeridia- Tetraporina-.
Maculatasporites « Peltacystia~ Botryococcus F1 Quadrisporites #7457 Aic sk 218 20 IK;
Reduviasporonites Cymatiosphaera- Tasmanites- Portalites Circulisporites 1 Mehlisphaeridium
WA IE WA KA L. )R Z , Chordecystia~ Diexallophasis~ Unellium« Archaeodinium Deunffia
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Psiloschizosporis 1 Wilsonastrum RAEKIL 2 IR; 1 Assamialetes Buedingiisphaeridium.
Comasphaeridium- Disectispora~ Globulaesphaeridium Gondisphaeridium Gorgonisphaeridium-
Inaperturopollenites « Leiosphaeridium Navifusa Protoleiosphaeridium . Pterospermopsis
Tessellaesphaera 1 Tunisphaeridium (Y HRIEIL — K.

TEF— 43K Prp, — SR N W. Botryococcus braunii~ Brazilea scissa-
Peltacystia venosa~ Portalites gondwanensis 1 Quadrisporites horridus 37 10 XL L
Brazilea plurigenus- Circulisporites parvus- Deusilites tenuistriatus~ Mehlisphaeridium fibratum-
Micrhystridium breve. M. stellatum. Peltacystia monile. Tetraporina punctata. Veryhachium

reductum~ Reduviasporonites chalastus 1 Cymatiosphaera gondwanensis BT 5 UL L.

1<

10 20 34 40 S0

Mictivysteiiam
Veryhactlam
Brarhea
Ledospheariiia
Tetraporina
s
Paitacystin == _
**Botryococcus
Quadnapaorit
»rReduviasporonites
«+Cymatiosphasrs
»* Tasmanitos
*Portalites

PiL "
1o

Circufisporites
MehVsphaesdiam
Inderites
= Dictyarich
Batisphaericium
Schirogpons

Dousitites

Foveofusa
A "

=== The times of reported
The number of species

P
Pyr

Spangocystia
Solsphaeridium

Ulanéisoh "

Balmeaslls

Congoites

Leiofusy
Polyedryxium
Kagulubeites
Hystrichosphaendiam
Sphenpollanites
Lophosphaenicium
Haplocy sl
*«Chovdecystia
Olexaliophasis
GrainarviWtes
UnelWum
Archaeodimium
Psifoschizospons
Wilsanasirum
Deuntfia
Assamialetes
BuedingWsphasiciam
Comasphoondium
Digectisporn
Globtuloesphaeridium
Gondisphaendium
Gorganisphaeriium
inapariuropalienites
Loicaphaesdium
Nav¥usa
Protaloicsphaeridium
Pleragpermopsis
TesseNaosphaom
Tumisphameiodam

Kl 1-5 Z & L8R RMNA &R B OB IR B DL & SN s L R 4L
* FUHE; vk JER
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§1.3 ZEBLE5=BL I XEVMAKREMAREENTFTEUR
AR EHAEY

A NAEWF AL — B AR I R I, 22 FE T, XA TilEdh
IR AP H W TR

1) LT ST AN B T TR, AR AR B D AR R AR R 4 30 1) B
FHREE, WS KKLZ RESHEREERENAT K.

2) WRFRBN O, R A 2 BRI L 25 R RCHE BRI B RS, U —
M AR =B i

3) FEBLARW, MR RN BEAIUR R EY BRI IR, i
AR CHREE” KPR ARRHE

FTRER R, AOK FEREEMIX —EBL 5 =B L THIERTR, RN 286G
BTN ERE, ot &L REVIK IR P2 ) 5 A S B b R AL
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B B S5 =84 2 AW AR

§2.1 MIRXMRER

RIS R B 5 =8 L2 RGBS, B TR X TR, 258
FEH S Bl ESRRE  m ER bk R TE HER R T DA AR R (] 2-1D.
BB FESE ViR T G DL R EIHAR SRR . [ 5 1 AT R B R 1
FEAET (B 2-2), A5 VEA A RN FE LB 2-30 DU REIZR MR 2% 1 T ) 3 o 7 5t

2.1.1 pERIE

HZEHITH (26°09.110N, 105°17.113E) A7 T BN E TEHES, ANEKTTARmEE, R /SHE
X 25 B (B 2-1) U7, %0 B R i _EESET | B8 ALl R R =88 Al o4
T A FRIT 30 K (BFAMNZE SN 127D, 1 AR H BR 20 10 oK (JZ2578 28-37). KiEAH
FEUREREAE NE, BEFEZERS, PHEIGE. Bia. MER. BERLLEL R RS
WA TRAN AL LA R N, e b B LRI A K, 72 A B i DA K
B a " MRS TR R, LB T2 T 6 H o 5 A e A8 ELAR AR
(& 2-2) WP BT Hindeodus parvus )31, Metcalfe and Nicoll "7\ =S4
5 =802 MR NAZIE 28 2K A B . 1M Shen etal. (2011) FJF U-Pb MIESE 29 )21
ki A HAER NEE S 252.24 +0.13 Mal,

2.1.2 KB

FEWLRITH (31°03N, 119°54E) £ THLE KME AL 25 A B4 (B 2-1). i%#]
2R TR R bR AR, CF 2001 FEHMHEN SR -SR-S RAMWERM S
(GSSP), HUIFA Hindeodus parvus B IR HEILRIELL D #H 27¢ EEA =S L0
(1801821 32 0 T J8 T3 7 CHR AR 3 K B SRR IR ik (5 ML U, ZKIRAE 30 2 60 Kz [0,
T B KA . KM B LURAE N, e mTR . RS R R )
DIV IR N, JebBIRE LA K IRGUR . W% U-Pb MAEEE, 28 25 )2/ 28 JZ 4
SHE RS R4 252.28 +0.08 Ma il 252.10 +0.06 Ma 1,
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2.1.3 EFHmE

B vk L DR i oy 3= e 1 VA (N el w7 i (G 38 D Ll W
T T S B T 0 KR 2H LR KA SR — 34 . A B4l 80 ARG, O KE ML
JRTAEE WL E, fASCEE 2 TSRS B, UMEFXTEh. KEEA S
15 227 2, GMLMER A NE, RADEKRS . Jeia UK ILIRGTR, 7= B ACA SR TEUH
diy XFe. iR A& AT 28 JELLEN RAISRH, ATELS Bile e Ae Koa v, kb
KK, PR E %A iRYEEME L e TTRRRR AR, 125 T TR A AR AR,
KB AT 528 KRl A8 28 Z AR TR, 10 KA S 2 00 8 T30 2 (sl PR A5 1), AR 3 0 5 LA
KA A, 15-16 JZNRFFMM . mizElim PTB BRI W EAERI . 5 R AR
Hindeodus parvus (L, PTB NPT K KL FER 2-4 KUY i 3F F 4 hindeodid
A1 gondolellid [R1£5 4 %1€, Jiang et al. (2011) I\~ PTB Ni%E T 28 2K HE 22 JEK AL,
WA U-Pb WAE R, 55 27 R MAXFE RS R4 252.28 £0.13 M.

2.1. 4 JERXTE|mE

R BT £ - PR R L X, W LR B — SR (P 2-1) 20 1 8 A
U, W OGS = A AR R BT, SURIEAE . KON LIRR (4 52
Wt NE, EMITURKWIGTR, P HFE ML AL B SRR
e AN LI BRI A9 E, R BT DR KU, 2 272 A U
ZHITAL T b R 7 M U, BB SEIE . AR B Hindeodus parvus 1 BL, 2T
) PTB RLEL T35 6 Jo iy s | 0 P,

2.1.5 BEO3IE

Uk 5T (31°06.874N, 110°48.221E) ISk & & 6 Bk 8, 4T ik
JeER (B 2-1) U, T Rk, MR S R M S R =B R KM R
(223 J-256 J2) VAHEIeE LU BACE NE, TRIBHREH (257 /2270 J2) W%
N, F bR LR KRR o MRHE 2 PR S DURRRRAE T, 12350 T & I ol 1) K 4R AL
Bl , KRR (B 2-2) U0 AR B I F A B, Hindeodus parvus BT HIL
fr T 262 2P,

2.1.6 HiZ&H\

HIEEIH (30°07.4'N, 109°26.8'E) Az Fildbd, Wmim Bt (B 2-1). ZH T e A B
AR, B SAREE, SRR SR D LR =SB . KA B (220 JE 2 233
) LRENT, KDBERE KKK BSTHTTREE L LE kK, R EE K S
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A, FAbEYA LLCKIIRDTRR . R8T A Hindeodus parvus W1 B, %5 1] PTB fiL
F 238 21,

2.1.7 HERIE

FREEFIH (22°16.196N, 107° 41.505E) fiF 7 P4 PEEE, mE T bAPEL) 80 A H, &bF
WP (B 2-1) U2, i i tH FE e — Bt R A i DA S B = B B AR R
e 2 2 8 FURERUEMEERE S NE, RAOBIRAEUSLKIKIR, E&0N5E, He, H
B, NMEHRUCLRRO . 9 & 14 BN A NE, DR KRG, 7oHb R4
fiv B LR UL U 4 f . Feng et al. (2007) AN KB AT KRS 2 @A (K 2-2)
OV, Hy 4% 7 AT DASR s KBRS U R Albaillella, He etal. (2005) AR 5 21
WEIKIRFE ZAE 500 KA A, ARIE TS L 454t A5, He etal. (2005, 2007a,b) LA
J Fengetal. (2007) & PTB E4E 12 25 13 E [l 92194,

§2.2 SXWHESS

2.2.1 BERE N ASEELIETIE

KRB BEIRR) ORI, I EATE W R TIR A R .
HIFE 2 A UTRUA T RE R ISR, (HRZ WA 50Ua 21, SR TR it 7o A1
FOE TAERE A T o R BRI o SR IE A EER AR COIT A6 KA I #a S o BEURIEHY
HMEE 5 e AR A AT B AMBESRAEL, #R 2 e PURR B T A BT . A, BRI S
PR B IE AR AE R fk A A 70 B T I3RS

1) ¥ it /7 b 2

T e R B RE S 2R IRK e, JRRR B X ECE TS G R T . SRR FE R E
BN 2~5mm KR, RIS EMERARE, RAREREA—FE. G, 855 A UKL TUA S5
i b 3 T A% S MR B, AN TR DR AR I A

2) SEHDIR

1 It FREL 50g AL 2 58 B2 AORE SR BN 1000 22T+ SRHGE AR - CIRJIN NN — KL A A
T T TSR BRI S D

2 INERER: Rt 36.5%MEEIREARE N Bt T, RN B R e e (B 1k e i 56
R0 OB AR i Y ShIR S i BB LK 2908 3015

3 BN 24 /NI, BERE 6 NN A BB RE— I

4t IR B ZRUK, JFERE 4-6 N2 JE I EEE. P BRI E R 3-4 0,
ELEMT ph AN 7 L AR5 R T
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5 INERIR: K 40% M E MR BN Bt RN R, HESHmRM
CiF

6 HEILER (3); WERMEMORREETREM, TTRIgkEMA —ERBNERE, HESDRE
(3), HEFMEMTEE;

7 BRDE (4);

8 s KR AR BRI 50ml (B0 2, FERRIEDN 2000 Fe /AR I B L
B0 10 73, SRR B RS

9 HEHE: KEORBINEREE 24 MTELZIE, MANERER 2.2 KA NER
PP 5] SRIEES 0 20 23, B L Z BN 50ml BRI AR, TR 5% TE IR VA VK

10 FEESO: BEHSREA R FR -G E 24 /NI, SRJEE12 LEIEWRL KRR VR R
A 10ml B OEZ A, AR, B0 10 58 BE 3-4 K, HESOE PRI ph
B7E 7 KA

11 ot 5% BUSEEOE T 5 Vi s e i s Kk A, ARE R A
VB R AT BRI E I Gt 5 258 o ST B2 HOARE ot U B B A AL B T PR B il
WA, FERIAT 9 AR U

HRMIECE: ERMERR (Zn) S5EMER (HD ERFER TR 24 /N, 7R 585,
F2RET B AR PG B [ AU (KD BCE®RON 2.2 MERAELAAN: Zn:
HI: KI=100g: 500 ml: 500g.

§2.3 FRKMIMRER

PRI TN TR — B L 5 =B L A -ERTITRE 1A AR 418 B, 25
W2 JE, P 94 MRS TR B BRI . RN, 7R S T A L SF
T R PR PO BL T KRR . SRR SRR LR 2-1 Pos. LR &
AN BEIR SR AT SR E R BT IZ — vl . SEIR A LT3R B.

®2-1: JEEHNHEREHEURSRRLLEMPOEREE

FE 2R/ TH g oAl R mXEE | ke HE R
SREEFE il 87 1 141 29 60 77 23
B BRI 5 1 52 7 6 11 12
R 45 1 23 - - - 5

2.3.1 PEFE

BT e 8 TRl A2 BAH, SR AR T, BUAERh fEkR S B R T E . ik
WEFEILAE 45 MFEM PRI 16 B A, KR8 a2 lriea, RARbERE
¥ (B 2-4). e, DLRBIESLHIGETEEER] Punctatosporites F1 Laevigatosporites
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PIAN B AR AR S, HoE 4 A BN K~ 3ME 73 0k 37.4%F0 17.1%, 11 H & J8 #B
AL 10%. EBE BRI 5 DMFEG R 7 D E SRR A, B8 : Baltisphaeridium
sp.~ Micrhystridium breve. M. stellatum UL} Reduviasporonites chalastus. 1256 54LI1]
Micrhystridium breve & 5 5, 1E 5 AME i P EIE B 58.6%  HVKN Baltisphaeridium
sp., 5% 35.7%.

2.3.2 Hi#lm

Ouyang and Utting!"** LA Li et al. (2004a) XK (L1 31T (1 IR S0 T BN TEA0 ) 1 21,
IRIEEIRIA A 13 7, RJET 9 J8, 848 : Baltisphaeridium Cymatiosphaera- Dictyotidium-
Leiosphaeridia « Micrhystridium « Veryhachium . Reduviasporonites - Schizosporis LA
S 2Tunisphaeridium (& 2-5). TMGRAFFEH, SELSHIT 26 2R SRRSO E 7 o o :
Dictyotidium reticulatum  ( 41.4% ) . Micrhystridium stellatum  (23.2% ) Veryhachium
hyalodermum (16.0%). Reduviasporonites chalastus (7.0%) VA Schizosporis sp. (12.4%).
(IR, L ) L = Bt R K & DA

2.3.3 EFEIm\

SR SRR A A YRR AR R B T B = i, SEAE 37 AR T R LB IEEE
20 F, RJET 88 (K 2-6). fLFE: 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
PLI V.sp. Ao B — KV B, BRIESEVESS Leiosphaeridia 5 8= & , HAHX & 81X 50.8%;
M H SN Micrhystridium VA K. Veryhachium 5358 26.8%A1 11.1%. {EF—Z0KF L,
Leiosphaeridia microgranifera~ L. minutissima~ Micrhystridium breve. Dictyotidium reticulatum
PLJ Veryhachium hyalodermum 5& 5 R WLEIFR. REIFMEHEA (15 2-16 ) LT H HILR
SRR BRI S8R 2R Dictyotidium reticulatum (JESEEAZTE 80 WOKAE AT ) KM DK
BUNIERICEEUEZE Leiosphaeridia N (5 HARLE 30 oK A4 ) (HIELE PTB iz, AR
R BEIRRINE BRI &, Rl B IS Micrhystridium breve TF 28 R H &% (K
2-6). fHIF—HEHIZ, BEREEIHZE Reduviasporonites [F)FFE/E PTB M i &, HaAfm R
7 14%. [FNf, 25 22 29 RHRIL T KENMRH, E2E 28 R LUG Fh)ZE+,
IR A R4 Sp T A B AR, A SOR LRI 8 3 ANl A A &

(E2-6) .

1) Dictyotidium &5 (15 F-17 2) « FEHIERFIEMY, T FRA W
Neogondolella orienta i 113 VA & Neogondolella yini T JKER. %A P SEIRZSEFh#—,
ORI R RS BRIE S YRR Dictyotidium reticulatum, [FIB & I/D &R S .

2) Leiosphaeridia- Micrhystridium- Veryhachium A&7 (17 |2-25)2) « HIITEK M,
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AFEF AT Neogondolella yini 75 Fl Neogondolella meishanensis iy . H, 17 JZTETA 20
FIRE G = Ak A, 1 20 ETE AR 25 EWLL Leiosphaeridia~ Micrhystridium
Veryhachium 510, WEH /D &EAK LA, W: Leiotriletes. Lycopodiacidites U\ J Waltzispora.

3) Pteruchipollenites- Leiotriletes A&7 (26 J2-29 |2) : FEN T B4 5 =84
i Zrh, Q35S AW Hindeodus changxingensis ‘i PA X Hindeodus parvus i » %2 &7 £
BRIt A N FE, S Lycopodiacidites . Waltzispora~ Indotriradites « Leiotriletes
Cycadopites~ Tripartites~ Propterisispora~ Lueckisporites Pteruchipollenites. Alisporites -
Gardenasporites~ Vitreisporites~ Protohaploxypinus 1 Cordaitina. HH, 5. 18k LS SE
PR =FH A E N 43.7%. 42.6%K1 13.7%. [FISF, Pteruchipollenites 1 Leiotriletes
)5 B liE 18.4%LL K 14.1%. T &EYRE 2RI LR A SEAL 1) Micrhystridium breve UL FEIREE
VPi2K Reduviasporonites J§FEHRM,

2.3. 4 JEXTE|mE

o R ) T e R L EEYR S 8 B 3 JB, BHE: Leiosphaeridia microgranifera L.
minutissima~ Micrhystridium breve. M. pentagonale. M. stellatum~ Veryhachium hyalodermum .
V. quadratum UL} V. sedecimspinosum . 1E A& 2% 2 TER K 1L AR UTAR 2 J5 e &
Micrhystridium R Veryhachium W= Bk, 5 ESFHIH 25 ZR5EIEESmAEALL (EB 2-5).
e =S R Leiosphaeridia minutissima —F SR AT o 1235 T A K AR A .

2.3.5 EEO3|m

e 1 51 THD R SR USSR A Z AR VR RUIR B AR Ay, RAE BRI 6 AMFE &I
3MEERIA A (B 2-5), GFE: Dictyotidium reticulatum~ Leiosphaeridia microgranifera LA
M Reduviasporonites catenulatus. 7, Leiosphaeridia microgranifera (5¥ 46X, 1E7514
FEf S R AF IS 74.3%.

2.3.6 HiZ&@

HEMNmMMEFEREME—, HIEF =310+ MNP RILT Leiosphaeridia
minutissima, HFEELEAK (F2-5). FEEEMAREL) LT A Z R T K KT 2 5 BBl
Fies, HARKMARA.

2.3.7 RE3\
AREER I SEIR R A ZREE RIAERAC, RA 250 1 )& (B 2-5), @3: Leiosphaeridia

microgranifera F1 L. minutissima. {H:&, HAEVEMANE S, H Leiosphaeridia microgranifera

FE 15 MR R B 40 & B P E R 93%. RIS, ZREEH| R /b B R A
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S — 3 /f’klﬁ % /\K ‘)?‘ \Fé ;[
—_— Y —_—

;I% - 4 E‘ —l—‘ - 9\: / N 7<

177 lmﬁﬁ/\%ﬁ%ﬁ

§ 3.1 BLEXEEFZTE S MEVARIIK

SEIRIIE T NN R A M, R WA, 27 TIRAE M IUEZ
T B IR A K T AR A R SRR SR AR WL TS IR 2 e 6 T ARSI
T, BN E GRS b, IR RIE RGO R UL AR M8 N H .
H AT A5 2 1 HLR 32 1 2 SR S A v e o (1) 23 [R) 0 A i 7. IR 25 5L, vl b
SSONERIEFEIX 2 I S B R ze 0 DA B ) s S FL K AAR VR B2 o T SR 7 22 B i A BRI 2R A
Y2 pEve e B 5 AR, B A L ARE .

ERTFERA, M TRERARTZ, FIHARZME A . Butterfield and
Chandler! '7EWF 7T 42 K Baffin & Agu Bay 4LIVEIFHEAIN, $2H: AREFEHEARE OA
SR BRIR R HEARIMSEIERAHE. (1) fEin R RRERERIIAE, 3 E LR AAMK
BUNWBERIRERER AN, HHAMZFEG: (20 il FIFRERIET, L2 RAAREL
KEIBEEAE (EAE> 50 pm) A, AWZ PR (3) fERREZEHE, HEKERIX (GF
Jeir), PLEERERIEEEER N T (4) FEAPREGKAA TR X GBI AT, B/
RMERESIE R A E (BR<S0 pm), HAEVZHEWEIL: (5 MR RER, 5EHEE
2 PR AR

FEFERAANBILL, SEIRI M A S0 F ARG R B . e IEEE, Vecoli ')
W3R T FEEMSIERMN A BN, M 7 & REEIE KA A B B TTAR IR R . Atz 45
#: leiosphaerid- Netromorphitae- Veryhachium H&—MARERIT R KA, HAEMZ
FEMERUE; T Polygonium- Micrhystridium 206 W v] LAFE 7 53 BR AR IR BE o

TEW R B BEH LR Z S, A5 FRCEFE 7R M. 752 E Midcontinent
-l B T, Jacobson!"™iA Ay: (1) leiosphaerid ZH&/8% T jF /K MIFFEE:  (2)
peteinosphaerid- Dicommopalla #H& A EHEH ;1 baltisphaerid- veryhachid- Polygonium
AR T Nl . .55 [ ED 55 e 4 M O I B H 1 Eden U2, Colbath™ V% 5 Hi AN SR 41

, IR —ANEEIRSEE B AL AR Y . 7 o [ B 3 T AR R T RIS A, Xl MR
iﬁT MEEBERKE R IERA S, HEMEIE Striatotheca~ Coryphidium. Pirea-
Acanthodiacrodium- Dasydiacrodium T Arbusculidium filamentosum . 37 - B8 g
Li et al. (2004b) BT T SEVE A AT B A0 o0 A AR BRI B R: (1D WL
PR, BEFERMERMZAEMESE R () ERE, REREVZRERK (X8
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PEBFRAR I R = AR T Re I R RS IERIEOLT, fERTE 2 BB 3 MlE], SEiEEMA
V) 22 FE N B A T T R IR T B . SR, SERRIG LA R AR R E, SRR E 2 A AR 2
FRAK . PRk, e H e EEE RS T XA R.

WA 4-2 s, BB 1 P 3, BEERMFERRAR ER K. H2, SEERAE R
SEHITH) 28 JEAELFIE K 26 /2 (BB 2) REEMED, HAYMEHIRE. HEAFEREMN
&, BEERAE KK R A ITUEEE s U E S, AV ZE 5 A EH R E
EALE, LI 26 2, ESFHIE 25 2R 28 JE LU L ERIERIH M 1 )2 HIEEN, 17
KU R 2 J5, KEMEFRE: (0 Feu N P 2%) PRI AK RS 24829 s 5 n &
E AU PE PR R A K SRR M e 2, s AR A (0 R 022, AR, XA
XTEEIRIE R AR FAERY B 3 SRR R h A1 R REAS BMATL, Wire ESFHITAES 30 Z LK
PELFIE R 29 BE¥IRRIEEER A . B, HRHERIFARBA R, Ml E
PR T B . HE 4-2 aT A1, AN B IR T L EWANEAL, TR — R i
(R EARJE A o 55— J7 T, FA BRGSO EEIR SR IR S 1 =5 BEE A 7 2 LLBUIR I CA B 14%),
TILIEARF] “ EBH G (90%LL 1) [RFEEEores 195 01 R, “ B mie R AL
ARIAFFEA HI .

4.2. 3R B -Z B Z R FFEYERE R U E S RGN

FE B LR KL LR, shAEEIRR A B A AR R B 2 e (K
4-2 1 4-3) B, BRI, B KRB KR DL SRR SR A R B
ZHEMERURIRRART 217 20 Sk, R AR S S SR P K T BT T
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WK S T AR A R B A A R AR AR B R AR B Eh A, IR AR
AR /N (R R 22424,

Sunetal. (2012) WA T H =B F A MEIRO R, FHAE T 2K rE R,
HAHrloy, B==&1t Smithian B, w2 KEIEYNIHEES RG0HHE KSR B B
70 (E AT E R ), Smithian MR I /KURE Ik 40 FE, T — B4 AR IR E R
£ 25 O Nk, RIS SRR IEY KA BN R, XANRED
SRR TR R IEERE (20° £ 30° ), Iz S K KPEE T KER N,
P. Fe SEFIFHEYIRGI MR (W30, Bk, WE4iES Lo, | &2 KK
WEE, TR DA A 0 B SR AR 2 B 24,

fE )G S il b, TR SRRE IR HE YD, T i S A R B A R Y
FME (AT P42, FerrAo-Filho et al. (2001) 75228 (B MEFESLb hiFse, RIfE
A EA RN E M2 (Synechococcus elongatus ) A~ Be AR 4 b =7 34 77 Ui 2 W)
(Moinodaphnia macleayi) 1] AP \E, RHEEELEH A BERSE CER N
D, ISR E IR AR IR 2 R, SRTf, N IR] Ak 40 8 1 2 52 g
HURAR—FEN, X CETRIF . WEE DL R S5 i3 BESE T 24 2% 1 Limén
and Olafsson'> B AMAR K (X FER AR TIE N TE IIRFRIE— L, [FIRHEA ROy LR
HITERZR o AT, fERYISRZ FIEIL T, MRS R 2 A =F A 2R
BEA, TIARRUE/ NI T LT3 A 52 21 > kR, fE R ST, 1A
BB /INFRIAIER T B 2 5 25 5 AE A IR 58 4 b i 1 270,

[l ) 2] — B LRI E Y IR A BT, WA S RGER IR RRFT, ShPLL it Y)
WEERENAEMZRME (42, B D. FIHEDF, SRR S ER R D,
FEHBERIE DL BRI SERSE, HEEWE (B 4-3, BrED. R, B TFHERRA,
AN RFBE R LB P T SR B DA S IR FE T (J1 4-3, BBt 2) B3 1702400 g
SRGHFERATI . K2 ERIEEY) BT RIABE R A E BSR4, 1Ay s i s
R AN AE R0l BRI ORI R A, O E RN (K 4-2 F14-3, BB 2). 2
T W34 R R R RN G5 PR B R 1 R BV B8, B SRR T el O IR A
FLUCRINIE T K ) STEFE (B 4-3); At TR Bt T 2 BL30E 7= 1
B (AT 4.1 ). X = s M I ) ALK 2 B SR i A Fe B i
B, AR T IX L5 M i S S AN A —FERT . SRR TE, SEURREE B R I P AE
PIFE A W BT 2, ROMAGAEIZ R /KIS, JLER IR BRI . Horbr, BRIESEVR
FAFPEREAR, BARIBEHSE LR BERBER M F BT (& 4-3, BB 2). M MEBCRRIE
T BEATH 2, AT A /N 1) i A6 B4 58 A LT W 2 7 DA R 25 A B A ok (1 3 7 11 1 73 DA e A7

[258-262]

[

SRR A ENLIE RGN, B R R — P T DL RS FR 3 M RF e e N,
B AR R 1) 328 J2 DA AR K IR TR 97K, 3 3R U SIS A L R AR A 1) 22 PR = P R
BREAR, S0 K 2 HE R — M BORAF M s A BELE X BE 900 55 B PR 555 Hh = i T 3 K 4 (1A
4-2 F14-3; BB 3; bSFHI 28 2 AR 29 2D, RIS B 58 1) 9¢ e
BUAAHIFERE (T2 Claraia) Y,
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BT BEIl ME2Z1G: I.staeschei-lisarcica 3
*x

KK (Fe™) g ikt (N,P)

B BE Il ME12 1 C.meishanensis-H.parvus

fe» Kl K (Fe™)  poom tv 4y (N,P)

.........

Bir By | IE® 5% C.changxingensis-C.yini

L % (Fo™)  hhm MLty (N,P) HST ey

—~— A el o S e A S S S e i
=

g & B
HE 7K 35 FE (m)

&

Bl 4-3 R X &4 =S a 2 IR EY) S R R B E
1.: Isarcicella; H.: Hindeodus; C.: Clarkina
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§4.3 AZF/N

D fEERIIX &L 5 =8 L2 MR, SRR EMZ RS s A 2
FEVERIZRACBON — B, #RREE L AR, JFH AT AR 72 9 B =B B (H 2 AR B
FELEA R R 2 JaH BT W R T+

2) IR R KR fe — B LR A ICKAR T KRR, TMFERsE. &
VLK BV sk Z RSN A BAR IR R A, ARSCN A eyl DA i X A PR s 4
TR TR AR A (V05 DAL TS 4 BT 00 SR DU IR T e 7K PR SR JEE DA R B ol 1 e i i W )
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FHhE SRR R RS IA

85.1 Micrhystridium Veryhachium complex BYXI 45

HIGRI /N EEIRIE Micrhystridium UL Veryhachium 155N B4R 5 I HLZ A #+o08

Wo A% E B 200 MRt Y. R B Tk 2 e AEAE, BRI TR A

“waste-basket” J& , ZXMLFI JR L ELFE : Baltisphaeridium~ Multiplicisphaeridium VL J. Polygonium
RO, L2 B ftby 2 A0 %5 58 WD Rh A%, ORISR £ AR T LR 4 A SR 1 S R K R 43 3
Micrhystridium W, TP IS 22 /AT H B )\ MU LT AL SRR Veryhachium. {E15
HEERE, HTRBNAMEERS L2 — @ AR T, R AE AT M — 200 1) %
SEI, FRRAF IR AE .

Z B2 Micrhystridium — R FRIZBCEFEERE, B E RBEASE, KEA—KRE.
{HR TR ANE LB, JUTPEA D X, S, TumEise B . Micrhystridium 1)
JBEFE— /N T 20 feK, T H B IR SRR HE SR B 5E IR SR — VAN Baltisphaeridium 803
Multiplicisphaeridium. Veryhachium 2% RJEEE/N HEZ MBS, —HBADT 8 HR
. REWINES Micrhystridium FL, #BONE R, —BKAD X,

WIHTSCRTIR, Micrhystridium K1 Veryhachium 7£ .2 0 F1 )2 P2 BB s £ 1) -
VAJE T Micrhystridium (1) 27 FhEEIERILTHARIE 1 55 X, [FIW, Veryhachium WAHHRIE T
46 X, JLEFE 22 B, FEM—ZRIKF L, Micrhystridium breves M. stellatum A} Veryhachium
reductum 72 55 WP Tl

R RZ - FH AR 2L AW X AN & 20 V8 T e AT A e T 2T, Ha2
EATHB AR B A IR KR40 2, iy T 70 5 R 1A 505 8 B A A 5 B —
200, K, W2AEE AR Micrhystridium/ Veryhachium complex K3R 781X — 45 e A 5
LKA 155 64 69, 18, 264-266]

H T2 1EE S &%) Micrhystridium F1 Veryhachium 0k 2 IR EERFMELT,  RIEA LY
H AR e T AT S 83T, TR RE AR RE, 8 B4 Micrhystridium
A Veryhachium $& H — RT3 KT &

WIRES TR BAL S =S L2 ZRIZES, RIEET AR A SERRE, 3Lk
AN F R LLHE] Micrhystridium R Veryhachium. 1852, BHTXEYmp 2 (6 S BAGH5HE
ZE), PIARAEX 7, BARZ IR A W Re R Y544 « N 1 e B 925 By Hi [X 431X Lefifr,
ATV EATTRI S 9 TS A TG A, 110104 R 2 FL B 1) J LRI T 28 1 AN 25 R S
(R LA
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i M.brevegroup

Q M. pentagonale group

Servais et al. (2007) &L&5 7 BEHL Veryhachium W FE BRI, FRWEH T a0 AR
W, MRAE R SE B T LRI, ¥ Veryhachium X5y RPN ASERIE B2 : Veryhachium trispinosum
W J& A& Veryhachium lairdii W.J& . Fi# 84 7 B = MICILTEN Veryhachium 1A FHEE,
1M1 i 5 M B RS 7 By B VUL RR5ER) Veryhachium PR,

HZ M, =34 Veryhachium WIREE 2R, HARZHKMY Micrhystridium fEEHA
B A . Rk, ASCEWH Servais et al. (2007) [, H 5 AMEIN Veryhachium
cylindricum )&, HAFEESTAMEEIEH Veryhachium®™ . RN, I Micrhystridium
pentagonale F1 Micrhystridium breve W-/NLJ&. BIE MG 1 5 A TLIA TR B N UTE I
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Micrhystridium (& Veryhachium WIFPZE; 1 5 2 WELHE 7 G BERIEALFENT Micrhystridium
AR H, Veryhachium cylindricum YV.J& R &4 Veryhachium cylindricum — % . Veryhachium
trispinosum UJEELEE Veryhachium hyalodermum VLK V. sp.AH = MY F . T
Veryhachium lairdii Y.J& W2 T Veryhachium nasicum- V. quadratum VL )2 V. sedecimspinosum
=ANWFR . Micrhystridium pentagonale Y& K55 Micrhystridium pentagonale F1 M. stellatum;
M Micrhystridium breve Y.J& W5 T Micrhystridium fragile VA M. breve i N0 FH . 75545
HRE, AR 3 R R G, AT AR T IR 1 & T LRI R AL AT LA
IR R G . Wl 5-1 B NIZ AN @ iR AR, i b 2 A& R 3 00 9 A STk
HEWA AR, W, XL JURITEASRERER RS I A B, BB RHIE 2 &
VB M4 E B AR B 173 R R G AT LUBON S 2 H A TR A i) it

AR 53207 OR BT TR 22 A FEXT Micrhystridium/Veryhachium complex Z5HE
(A A A R PR T 7 (3R BRI 53, T HEASRE IR BV EATT I IE AR VISR & OC R . BRIk, RREIBHIT
R4 R AN 5T (I T AR EAC G X BER SR B e 4t 20 20, TS
P T ONAER R A R RS . EHASER A2 Grice et al. (2005) PLJ% Hays etal. (2011) Xf X
A Micrhystridium Y Veryhachium SHWHIE AT TAEMAZRI R, HiIAA C33
n-alkylcyclohexane m] fE/2 E A THIAEDIbR AL A2, R0, H RTIRMIZS 5 LT A2 2
TAERNES, B E] 7HE—RAEYRENEY, AR SR e MR A T ——
XN o DRI, AR S A S SRS SR I AL MIbr A G AR N R 2.

56 RN A () SR B AE A IR AR B SEARM R B B 5 5 BEIESRA A HEAT 70 15
aif . HETHEARA WM. — MR ARG T, FH SRk H R E SRR
KRR EEA I, HAERE, HRAEENICT, @R T AR,
f F EEEE IR i o Sephton et al. (2009) F| A i I 57 A Bk HY H 55 R 19 B U5 KL A
Reduviasporonites, FFXIHAN 7 VAN 2201, BFERFEIN R RIFALZR DL YR &40
BRI, VNS AR —Fh B2 AW 5 —Fhor i R T gl kA7
I3 o XA VR B R R FH BRI RA A B R TG, AT IR S K B G AL
A EARTRNIRE . AR 2R, WTEEMMR, SRR/ NSRRI HIEH .
Hh SR AR, ARE & B IE—RE MR o (H2, JRATAT ORI A EAR I 2251,
Fe R A R FLAR ) 05 XK SR AR IR BAR I RN 2 AR TE, AN A 43 ik A7 44k o
I, SRR ITVERE SR, TR R R B S IE IR . R BRHIE g DA —FhEEYE
FoNE, BE USRI BEARABCRAIZE . Talyzina etal. (2000) FHXF k4L T
LZE R A SEPERE S, F AR L B H AR AR B T I A bR AL A P B
e AT T A B R Al AE PTG, I OR R BRRE R € AE AR BAL B 5 BEIER —— X M. SRTM,
DRGSR TARR 2 LS — AN SR T 1A
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§5.2 BRXMM ARG HIA

FR4& Colbath and Grenfell {532, A 306t Dictyotidium - Leiosphaeridia VA J% Schizosporis
VERNEREE . RENZ FE N Reduviasporonites W EWVISEG R 2 T KERIHE, HAEIKE
TERGEIR . R, SO TR ARy —Fh eIk

Algae
Division Chlorophyta Pascher, 1914
Class Prasinophyceae Christensen, 1962
Order Not assigned
Family Pterosphaeridiaceae Midler, 1963
Genus Dictyotidium Eisenack, 1955, emend. Staplin, 1961
R M. Dictyotidium dietyorum (Eisenack, 1938) Eisenack, 1955

Dictyotidium reticulatum Schulz, 1965
Kl 2, K&l 1-12
Dictyotidium reticulatum Schulz, 1965, p. 278, Kl 23, K 12-14

R BT NERIE BAERIY, RN 55 RS DRSS R B AN /N ia 0%, 4
K 4~10 fCK . BREFEHBE T B 2k 80 2 2% BB H alH IS TS it g 4. e A e
LM PELER, RIS o R R P B

WEHHE: WA EAN 52(76)110 um NAEBGKITA: wAME, F¥ME, &KE. LN
[, 45 (FEARE)

Wil BRI TSR dT AR S LR 2 op 1209 WL, (EUR 7R — S a2 #1#/b
HIL. Fl—m#, 522 Leiosphaeridia changxingesis Ouyang and Utting, 1990, {H/&
PR JE 5E 2 T FR) SUAT O SR DXl o RG22 o D 5 AN KOO0 ) IR S0 i, T s 5 20
BRSO, RURCIR B A AL .

XERICE: —Sa, hEDL b =aa, mEP. pugept

FEHBEAL: MEAREEIESRAE ESFRII 0 R R AN 22 2 SRR . HemanEl 26 )=
ARl 13 THT A5 AT HR B

Dictyotidium sp.
KRR 6, K 15-16

R NRGTEERIE, R BV DU T 8 NI T B LT . Hal Ko 2-4 1
Ko VU B 7T 0 N SR8 T e 3. B Feil o A B AR AT
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WEHIE: BEEAN 303642 um, 5 (FEAE)

Wil: GEIARIESE LT A 2 2 A o FE R S s i U R R BB 5k . 5
Dictyotidium reticulatum FHEG, SATFRSZERRAEHN =02 —EH. HT R
AR, KRB CRHBIPRS Z KR,

FEHBEAL: R IEH 22

Genus Leiosphaeridia Eisenack, 1958, emend. Downie and Sarjeant, 1963
A FP: Leiosphaeridia baltica Eisenack, 1958

Leiosphaeridia microgranifera (Staplin, 1961) Downie and Sarjeant, 1965
R 5, B 11-22
Protoleiosphaeridium microgranifera Staplin, 1961, p.405, Kl 48, K 4
Leiosphaeridia microgranifera (Staplin, 1961) Downie and Sarjeant, 1965, p.124

R BSEHERY 2 WERIE . BESER I B BON S RRURDIRSU,  HRkDE FE B, B
BR 0S5 WK A . EFRRERLES, B, 291 6eKk, WRBEEHEE S M2 %89, [EmL
F.

WEEYE: BFEEAN 25(32)40 pm, 14 (FEAR) ;

Wig: MHTM Y5 Leiosphaeridia granulosa Staplin, 1961 NARML, T 4 BIR B NE TR 5 & T
Ko AHRMETE ERURCIRSU B 5N 0N AR B /N T a2, UEiTMih 0.5 ek a4,
M5 E B A 1K,

CERICER: FAERE, mAERTR Mgt hng ot

FEHEAL: ESFSB ORI St 2 A ZAIECNFEE .

Leiosphaeridia minutissima (Naumova, 1949) Jankauskas, 1989
K e, Kl1-14
Leiosphaeridia minutissima Naumova, 1949, p. 52-53, Kk 1, K. 1-2, B 2, K 1-2
Leiosphaeridia minutissima (Naumova, 1949) Jankauskas, 1989, p. 79-80, Kz 9, K 1-4, 11

WR: WAL R UERIY, RN, AR ELUR. Brose iz HiRw, W mRE e
L 2 kA, RAIFH.

WEHIE:  HFREAEN 25(31)40 um, 23 (FEAE)

Wi HEiAIETEH K/ NS Leiosphaeridia microgranifera 88—, Hu—&EHBl. HEM
HIEFRR R BERX A MR EE I, TG & HARRE .

SCEREER: Froo AR, skl RISREP fEw PR R AR i e
gi, PP PO gy S s, BRSOV R S

FPEHEM: 7ELTF. A, RZE, HREEHHNZDNEMERNEE.
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Class Zygnematophyceae Round, 1971
Order Zygnematales Borge and Pascher 1913
Family Zygnemataceae Kiitzing, 1843
Genus Schizosporis Cookson and Dettmann, 1959, emend. Pierce, 1976
BEAFP: Schizosporis reticulatus Cookson and Dettmann, 1959

Schizosporis scissus (Blame and Hennelly, 1956) Hart, 1965
KR 5, & 8-10
Laevigatosporites scissus Blame and Hennelly, 1956, p. 56, Kk 1, &l 6-9
Spheripollenites scissus (Blame and Hennelly, 1956) Jansonius, 1962, p. 82, Kk 16, & 8
Schizosporis scissus (Blame and Hennelly, 1956) Hart, 1965, p. 14

iR BSRERE BMRERY . BoTREE, B4 1 oK, R, BAHERE. wEhR
ST VR JBESE 23 B SRR ABLER) 9 509 o

WEEE: B EAN 25(36)45 um, 5 (FEARD)

Wig: MM IRSCEELL Micrhystridium. Veryhachium VLK. Leiosphaeridia W)EEHSIH & 5 —
88, fHJ2 XA K Dictyotidium BER)JEFE . H HATEY W] 5 1 I 4540 72 25 5 5 (PR AIE
XEREER: =B, mig ML ORI Rt =&, s k™
FEHRBESL: E ESF 25 EHECNE R, Bl EAE .

Schizosporis sp.

Eh 5, & 1-7

WiR: WL FACNERIE, RMEFEELEDAE 0.5~1 MOKKRE. "ighss, fRAn X,
TisimEt Ao JBESe B Hoh RAE e ah i), I B 5 7 B AR LB PR AR 43

WEEAE: T EAN 2023)25 um, 8 (FFAE)

Wi: MHTF S Schizosporis scissus VLI Leiosphaeridia microgranifera H3HE NI 2 HTFh
[6] Schizosporis scissus —F-EA M RENRTELEN, T Leiosphaeridia microgranifera {R/> K
FHH O AT ER A R XA . SaiFh LA % EM ;s Schizosporis scissus &
HIE ;s T Leiosphaeridia microgranifera W& B A RURLRS,  H o A AU FEY] .
FEHBEAL: RILT _ESFHEITH R 21 ER25 2.

Acritarcha Evitt, 1963

Genus Baltisphaeridium Eisenack, 1958, emend. Eisenack, 1969
B F:  Baltisphaeridium (as Ovumhispidum) longispinosum Eisenack, 1931
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Baltisphaeridium sp.
Kl 4, K1

IR : LR WERTY, RIHEGEOVE RN, REFE R, B2, A, TimE H,
KRN 2-4 Tok. BReBERGH, B4 15k, B2, T H.

PIBBEE: R EE N 253542 um, 4 (FEAR); REKE: 2-4 um

Wig: MATM5 Micrhystridium VLK Veryhachium #E A RAL . SR, A0 F AT K
T 20 TeK A BEIA N Micrhystridium. THRGENEERZ, WABRIAN Veryhachium. H
TR EEEED, ANRER I HER L dr 44 .

FEHEAL: BT 2R SRS R

Genus Leiofusa Eisenack, 1938
BAF:  Leiofusa fusiformis Eisenack, 1938

Leiofusa sp.

K 4, B2

R B RgEY, R, PR, RUJFO. BEmumiy A —RKHRE. "
R, T, AN X, T P, KL T E R —

WERHE: FREFN3Sum, 1 (FEAR); REKE: 17 um

Wik: METM I IESEH S LY Micrhystridium R Veryhachium WESERK. {Hig, TR RER
SMEILFR 3. R SRR SRR e K . BT HRIL T —MEAS, PROR AR
P H A E B Fh

PR B HIAE BSF 21 B

Genus Micrhystridium Deflandre, 1937, emend. Sarjeant and Stancliffe, 1994
WRH:  Micrhystridium inconspicuum (Deflandre, 1935) Deflandre, 1937

Micrhystridium breve Jansonius, 1962
Kb 4, Kl 13-24
Micrhystridium breve Jansonius, 1962, p. 85, FEh 16, & 62, 63, 66

iR TR BMERY, RIDEHEH 20~40 MR . REF R, 7, AN, Tisms i,
K 2~5 oK. ETeEE LR Hi, — & 0.5~1 oK, 1 AR T .

WMEEHE: BFEEEN 15(17)21 pm, 23 BEAR); REKE: 2-5um

¥i8: Sarjeant et al. (1970)iI\°A Micrhystridium breve 5 M. recurvatum forma brecispinosa
Valensi, 1953 N iZ A P57 4170 SRR ORFIE RO B &2, BSE A B MR, 7T DUR %
Sy U FL S B R X )
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SCERiCER: A, IR s kB gocR it gt mpg®l, =84,
Tngm s 286288 - pran R R, L, g ko

PEHEBEL: W T AR, HIE TS, FIELURE RIS . £ FSEEm 25
28 EIUANEE.

Micrhystridium fragile Deflandre, 1947

K 4, S
Micrhystridium fragile Deflandre, 1947, p. 8, fig. 13-18

WiR: BB R Y, REEHE, B TRAELGMRE. e/ ms s, 75,
Tl dt P . SRR RE AT 10-15 ek, 385 2 BAR .

PIEHAE: I EA N 911)12 pm, 4 CREAR); REKE: 11-15um

W METM RIS R (MERERER) BERERE/D, JHEZ 10 k. miHIGEHESHE
BONERR, EE Micrhystridium FoE RS SEEBCA /N o

HERICER: B4, B sk s =B, sep s, gk g, gk a0 293 2
IR

FPEHES: BT EFE 2125 2.

Micrhystridium pentagonale Stockmans and Williere, 1963

Klh 3, & 18-20
Micrhystridium pentagonale Stockmans and Williére, 1963, p. 470-471, KRR 3, K 32

B WS R T, REDLE, ALEREIF . RIS 50 K, e s MO
MIFAFAE R, AN 14 MOSRIETERCE hol, SO, o, HEIoE. Tk
WERTTE M, FK B Rk fe .

REHHR:  BUEEAN 1204917 m, 15 REAED: 5K 4-10 um

Wik: HETMIESEHIR S Micrhystridium stellatum 230, HAEAFHET M HMAE. FE
SEITLIE S, Bk,

SCHREER: R, ORI e, HHEP

FPEHRBAL: WL TR ESRRIE 21-25 2, 45 00T A T .

Micrhystridium stellatum Deflandre, 1945
Kb 4, & 6-12
Micrhystridium stellatum Deflandre, 1945, p. 65, Kl 3, K 16-19

R W N2 MY, WONTUDREENLE, REDHE, AAEHENRE, —50h 8-12

M. ST, Has, Tumdrdmd i, KENERERN 2.
PEBE: JESEEAN 13(16)18 pm, 15 (FEARE); REKE: 6-15um
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W HFTRIERL SR AL, A A RE . LR R IE N £ A TR R ST DAL
MK AR . ET X HE Micrhystridium pentagonale i3 HEEL
SCRRCER: g4, EEPT B, skl EPL s v maa, Rk
WU 2B kgl i EPSL R EEPY magl, !t el e el
aple, =g, dgst?

PEHBAL: HWT g, Bl ESE LUK RS .

Genus Reduviasporonites Wilson, 1962, emend. Foster, 2002
BERFH:  Reduviasporonites catenulatus Wilson, 1962

KIHLLK, Reduviasporonites $VF ZAEE Nt — M E WA . H2 —L/EEH TN
— R >t P TR SRS R MATRE I, DRI AR A LRI A BRI . (AR R
Z, "TEXFHHAERNMARNEZE NN E 245 =8 L4 2 THMZE P AL K
Reduviasporonites {17506 %1 R 1T, EASCHIRTFC IR, EHIGLARBE/EER PTB [
T RIVEEI R . TEEFHIX S5, Reduviasporonites P AT 438 i IUN 14% (L
SERIED, @S] “HEmE” MEaE CRT 90%).

Reduviasporonites catenulatus Wilson, 1962, p. 94-95, Elfx: 1, & 1-6
Bl 7, B 12-17

iR TR NP TR TR FRIR, MR 2 BRI ECE SRR, R DG B
G, TET I BEREAL B RS AR . B 20 flOK, HAKTEEEA 101
£ 1:2

WEHE: BT AN 8(15)20 pm, 17 (FEARD)

WiB: KT IREEERAEY B G0 CARF SR, BRI BRHEA T H W B . Foster
et al. (2002)%F AT T VELH AR LA K 20 250 72, T4 RTF 5 Reduviasporonites chalastus
AL EE JE 8 e R KA X ) AR AE T 4 AT A B IR e BN T R &

XHRIEE: —Ba, AR, @bl e, g KB

FEHBESL: W T ESF R O

Reduviasporonites chalastus (Foster, 1979) Elsik, 1999
Bk 7, K 1-11,18-23
Chordecystia chalasta Foster, 1979, p. 109-110; pl 41, ¥ 3-9;

? Brazilea helbyi forma gregata Foster, 1979, p. 112; Kl 41, & 1-2.
Tympanicysta stoschiana Balme, 1980, p. 22-24; EJix 1, &l 3-7; Afonin et al., 2001, p. 484-486,
1;2A-C, E,F.

Reduviasporonites stoschianus (Balme) Elsik, 1999, p. 40; Kl 1, K 1-24.

? Reduviasporonites stoschianus (Balme) Elsik, 1999; Wood and Elsik, 1999, p.46-48; Elfix: 1,
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Kl 1-9; KRk 2, K 1-7.

R ST BN B T B ERIR, ARSI BRI B T MU, RIHDGHE s B
FEAETT 571 2 8] B A B 2 BB 52 LB A ) . BRI TR K 40 Tk, HKBELN 2:1
£ 6:1.

PEBIE. HEFEEAN 15(36)65 pm, 19 (FEAE)

Wig: Rl AR ST MR B B KT Reduviasporonites catenulatus, HARHFEARIAL,
SCRRIEER: &g, MRS I @I RO g L E R, e
991 FpB08)  frnm 154 (31 2 [g105]

FPEHBEAL: HA T EE LA BRI RS =R AR MEE R

Genus Veryhachium Deunff, 1954, emend. Sarjeant and Stancliffe, 1994
B F:  Veryhachium trisulcum (Deunff, 1954) Deunff, 1959

Veryhachium cylindricum Schaarschmidt, 1963

Kb 3, Kl 21-25
Veryhachium cylindricum Schaarschmidt, 1963, p. 64, Fhi 18, & 8-10

HiR: WSO KAMERTE, R, 28 6 MOdRmsE, R, s, R, o
i 5-10 fleok, TR A, K2 10 oK. HAhm R s i s fh e (i, F6 R PO
TR 5> A7 T Al R

PEHAE: S EAN 15(18)22 um, 13 (FEAER); FGEKFE: 8-12 um

g HETR RS EONRER, BB RHR SRR K, i s,
Gy F R, iR i (0 SR B

XERiCE: e, mEt

FPEHBEAL: # LT ESEHI 21-25 2.

Veryhachium hyalodermum (Cookson, 1955) Schaarschmidt, 1963
Kl 3, Kl1-8
Veryhachium hyalodermum Cookson, 1956, p. 188-189, Kk 1, K 12-16
Veryhachium hyalodermum (Cookson, 1956) Schaarschmidt, 1963, p. 62-63

iR BT, BEM, REDGHE, B4R, BRIT0. SGERiR, e,
i THATIR T P o JH i =R RGBS B B 52 P =/ AR B A AR — MR R AL T e v e
WERE:  BIFEEAN 10(12)14 um, 25 (BEAER); SGEKE: 9-15 um

WiR: Veryhachium A ZANME R BAT 4 MUEGE, LLUN Veryhachium ceratioides Stockmans
and Williere, 1962, V. europaeum Stockmans and Williére, 1960 LA} V. leonense Cramer, 1964
o bR b, XEWRh 1A DXOMARIER, ARMEFLE o« T A ) SRR — AR T LA EE

© 2013 Tous droits réservés. lilliad.univ-lille.fr



These de Yong Lei, Lille 1, 2013

60 LEI Yong: Le Phytoplancton de la limite Permien-Trias du Sud de la Chine 2013.04
MK
SCERiEE: @, hEYYL mEUL pap L maE Y dartt,  OCR R
FEHBAL: H LT ERFHITE 21-25 2, AR L AT I

Veryhachium nasicum (Stockmans and Williere, 1960) Stockmans and Williere, 1962
KRR 3, & 9-12
Stellinium nasicum Stockmans and Williére, 1960, p. 3, Kk 1, K 3
Veryhachium nasicum (Stockmans and Williére, 1960) Stockmans and Williére, 1962, p. 52

WiR: Wk T, BONECE AU, Riiuh, —8E S B, KRR, +
7, ARG E, TRRETR M . K UM E S Y AR, R T — BRI RS
HE

PEHAE: S EAN 17(19)22 um, 21 (FEAE); FEKEE: 59 um

Wik: Veryhachium HHH Z AR BA WL IS, T8V 2B & BN Veryhachium lairdii
group. RTINS IR, HAREEW S T .

SCRREE: R, HRIEEOL R ECSL FIEY aka, RE Y —aal, mE

[142]

FEEHEAL: BT ESFEIH 21-25 1, PR3 R H T

Veryhachium quadratum Schaarschmidt, 1963
KR 4, K4
Veryhachium quadratum Schaarschmidt, 1963, p. 63, Kk 17, K 8-10.

R B2 My, RKioth, B S-8HBRENRE. Rdas, Tumies, mEyeR, £
FENEFERIA G A . ML 2 ek, & 12 ek

WERHE: FRELLN20um, 2 (FEATE); REKE: 1-2um

Wik: UFTMYS Veryhachium W EWFIX NN . HRE 550, —KRA 12 5K,
O T %

XHEREE: Sy, mEUe

FEHEA: LT ESFEFIH 21 2.

Veryhachium sedecimspinosum Staplin, 1961
KRR 3, K 13-17
Veryhachium sedecimspinosum Staplin, 1961, p414, &R 49, & 9-11

R BT SN EE AWK PYILE, REDEH, R 6-8 MRk, Fultfa, hhas, 2

BE, TimdTRmd . Hord 4 MGEIERTHIIA R, #TRRSRE (o 2-4 B0
P& R TE T, — AR AR AT o
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WEBIE: S EAN 15(16)17 um, 4 (FEAR): FGEKFEE: 7-13 um

Wik: METF S Veryhachium nasicum JEHEFLL, #EGHFEEEIEE, REREESHE
HALRY o P — AN R A G BT A S 6-8 KL, TR WA 5 8. S2br b, fbA1ETTHE
e MR, FUR A ONHE R A AR R RIS

SCHRICER: JesEa, s AR, —Ea, pmEe

FEHBAL: LT S A U T

Veryhachium sp.
KRR 4, K2

WiR: St =M, REOGH, B3 % 6 RlE. TEEH, g, %, Tumdrom s
o Hrh =R EREEFR) = MR, HARMRENME R,

MERHE: FREFLN25um, 3 FEAR); REKEL S um

Wis: MATF IS S Veryhachium hyalodermum ZRMEL, 2 =M. {HERTE AR E K
TlEHE. MEHENREKENHERK TS . B THEAERD, REOELAER .
FEHBAL: 5T ESERIE 21 .
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FNE SR LA RS

NTRREZBLES =B LAY IR LAY 5 RSB, ASCLLAEA
BUB 52 PR ) A SRR N i 0 R, (RS S 40 A G = i L 1 B 2k i
HlH . AR LU L

D @i — B HIERNA SCREER R Y] . B LR AT R EBIR,
ROEHRIERESRHRRMATECIA 55 B, 230 Fr (HHEE 77 NMRER), maiEidim A
X ZBARFERBEN SR, ZSLRFERTEDRKM AWM EM NI, W
Micrhystridium. Veryhachium~ Leiosphaeridia VA% Brazilea 5. T H. K2 55 IR R 152 H
B, HARZ 20 TOK.

2) fEARREE b, RSO -G Ak i es iR B I RREAE . i KR 2R DA
SR B S DR o 80 X BEVR SIS E 11 LA R E BRI 0 R I, BRI S 1) Ja8 AN A M ) 22 1 4
FFE i - R I AT A o I R B DX I BRI SR Al Z AR PERUIS, — A 2-4 0 (o 58
IREER D5 TR 5 B K S 28 o X )b 2 ARy, T DAIS 3 20 Fpeds (gl BSRRA
SO R T D AH AP B R PR B B3 0, R 3B bt X1 B8 5 S A0 b 22 A4 (R 2 LA 1)

Chn B A 135 1D o

3) TSR A B — b, Leiosphaeridia. Reduviasporonites VAN Micrhystridium Mt
R KA ES B R VR K U X Y F 9304 Dictyotidium K1 Veryhachium 5522 i H B0 8 7O
I5; 1M Schizosporis WA AE ESFEITR 25 AL &I 26 /2 HIL G ITEARA ), AlREtER
— PRI R K A B

4) 1EYIRn b, B RALH Micrhystridium breve TE1E A EEH 4o e %, HXT
B IR IR RO U, HAME IS Fe fil Al TR & ERMEA—E mERKR
TR E IR Micrhystridium VL)% Veryhachium(Ul Micrhystridium stellatum 1 Veryhachium
hyalodermum ) W 22 i I AE 2 FR IR 8 o RIS, AR SC A A 5 78 TR 45 2 1 A B 6
Micrhystridium/Veryhachium complex ZEHEM 1 TR FRH5325 . HAr, Veryhachium cylindricum V.
J& LG Veryhachium cylindricum — 5 Veryhachium trispinosum V)& ¥ Veryhachium
hyalodermum VL)% V. sp. BN E = MTEEFRIVIM; 1 Veryhachium lairdii )& W& T
Veryhachium nasicum~ V. quadratum UL} V. sedecimspinosum = \~W)FH; Micrhystridium
pentagonale YV.J& W &5 Micrhystridium pentagonale R M. stellatum; T Micrhystridium breve V.
JE NS T Micrhystridium fragile UL}z M. breve P/ FH

5) BRSEROR (EAAZ) 80 k) MIEKIESEIRIZU Dictyotidium reticulatum — i H BLAE TR
KX, TR (EAZ) 30 KD 1 Leiosphaeridia W) 58 22 3 73 A 75 K AR SR IR
[, FEFE I B Leiosphaeridia minutissima 18T 5 5 8 P03, 10 B 52 B 550K S0 1
Leiosphaeridia microgranifera WEIZ R BCAFE o
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6) EIRNEEIRGEIRIE Reduviasporonites HIMAEZ AN, (HE R Z EH NN S 40K
WM “HTE &g £ TR E D IR R A I . [EBHRR, MEBRW
Reduviasporonites chalastus 5340 T IR T MEE N Reduviasporonites catenulatus
U 58 2ty HH LA 278 5 VR K R X3

7> BEREE b X a5 =S A ZHHZET, SEERINAENZ S
WA ZRNER By — B, #ORIZEDREARHT, BT BLRI 2 W2 B =B B Bk 1
WEEIRRAE Z R E, RIS 10 J& 28 FF, b THELHT 24 210 FTEL 2 5
WA Z AT ™, Rt 7 )8 1A, bR 27 BT mbrE 3 SRR A
ZREERAC, KRB iAo (R R AR A A B R BEAE AR ROK 48 2 5 BB B 2 R B 3
BT IS B B A . LR PR AT R i B AR SR (i AW B TR K IR EE B A K
W% A M i 1t XU SR R KB SR R ) 350 7 W T ) AN W 8 e O T O A ROK 8 2
JE R L B IR A e

8) KIBLH K I WA T REE — B ARBIEY KGR KR, RSB ASHENE
KA, Ui FE T =55 o ARS0Ny: fayilm DA R i i A FR) I i B {1 45l W 200 T PR R R 1 R
T S 200 T ) A DT 8 B D I 1 /K ) S SR A B e 17 HL e R D T K Rtz o 2 B
AR, R e DAL B S W R S R A ) ELAE R A

FEAHGIELL R TR R, B AR B — 22 i — B LRI R FUAFAE I A2 «

D N BAREFERGIA T LR, b S I BEFESEI B U A R AR s 1,
ZHEERR

2) AT BOL L T4, 18 LUE ORI TAE T, /& 2R A 2 5%
THEI T BEIR R T T ORAF ORI A5 S, BEMIRIT IR ARG R R .

3) HHE TR KRS LR I AR R 1, R 2 R R
25 G WERAL A A BURLRER G 0 M, T SE DB A=) S5 A by AL I R, D R a0 41
M ERAE SR A A R DTk
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oot

AR A S R R R, [l E S ], — BRI SE R S KRR A A 2 —
Ao, BRIREMK. IR R TR b, Bk .

TG, IR BRI SIS PR B, HERE B L 55 S TARE L S R
ATER RIS ). TAEMAE R ERE . fEIR SO iRTh BP AR RAE . SEERAbBE DL S it
MHIERI RS, EZIHE O S AR AR, B2t TR E KNS
SCRFo [RI, R A B E b K R ) 5 4 — > 5T Thomas Servais BF7T 01 . 7RG A B
T, WA BAH I RNEE IR — KT 220 ) o AEMANBdE 3, FREIRAM 7 /# 1
H ORI, #Emsem ¥ 2 PR HEE .

TR b7 B AT AL LR AE 22 2] B DA ARG h 80T 5 5 B I 8 2R (e 5
RS 2 AL DL S S g N 25 T IS Bl o [F)IS Eh B B /R bR 0 . R R . R e
Az, BXEHERUSGKR T HI%, MR I T R4 7 7 IRERIHBIATE T [FFE R
RERE, B, R R KL 5KE. A TR R, M. EUR. A
REE. S/ME Somdy. 8BS, MAIER AN TR, = NS DU AR 5 ) v i 3 B A 1S
AN RENE S 3 58 i AR A 27 TR

J&f Taniel Danelian #{#%. Nicolas Tribovillard #{#% L & Stephanie ninive 2 -7 BL/R—
KSR F BN 3 45 . [F)Is /ST Elisabeth Locatelli % 3 F 3k B A2 (02 55 3Cik, 1EFRAS LA
BONAET RS 45 — B MEEIEE.

BB e 5 AE PRI AT IR 2R ZE S MR ZR 50K 2411 Yukio Tsozaki #3755 A NFETH
- JTE) A R IR ST H 1 5 B e WA 1L

TR BERE 2 AR RO B 5 SRR IR IR ZE 13k o7 0P R R0 SCRE 55
% o
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1-12: Dictyotidium reticulatum Schulz, 1965
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8+ 16: i XUILH#H/LFY-1-A
1-8: Veryhachium hyalodermum (Cookson, 1955) Schaarschmidt, 1963
9-12: Veryhachium nasicum (Stockmans and Williére, 1960) Stockmans and Williere, 1962
13-17: Veryhachium sedecimspinosum Staplin, 1961
18-20: Michrystridium pentagonale Stockmans and Williére, 1963
21-25: Veryhachium cylindricum Schaarschmidt, 1963
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Baltisphaeridium sp.
Leiofusa sp.
Veryhachium sp.
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Veryhachium quadratum Schaarschmidt, 1963
5: Michrystridium fragile Deflandre, 1947

6-12: Michrystridium stellatum Deflandre, 1945
13-24: Michrystridium breve Jansonius, 1962
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1-7: Schizosporis sp.

8-10: Schizosporis scissus (Blame and Hennelly, 1956) Hart, 1965

11-22: Leiosphaeridia microgranifera (Staplin, 1961) Downie and Sarjeant, 1965
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1-14: Leiosphaeridia minutissima (Naumova, 1949) Jankauskas, 1989
15-16: Dictyotidium sp.

17-19: foraminifera linings
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1-11. 18-23: Reduviasporonites chalastus (Foster, 1979) Elsik, 1999

12-17: Reduviasporonites catenulatus Wilson, 1962
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2-3. 10, 12, 16+ 19: HZEHITH/ZZ-61;
5-8. 11, 13: HZEHIM/ZZ-37;
14-15. 17-20: 3&HHI/ZZ-90
1-3: Tripartites cristatus Dybova and Jachowicz, 1957

4-8: Triquitrites sinensis Ouyang, 1962

9-13: Leiotriletes exiguus Ouyang and Li, 1980
14-15: Waltzispora strictura Ouyang and Li, 1980
16-20: Neoraistrickia sp.
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10-13: P Z&HIHI/ZZ-37;
14-17: HFEFI1H/ZZ-61
1-5: Crassispora orientalis Oyang and Li, 1980
6-9: Densosporites sp.
10-20: Cyclogranisporites sp.
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10, 16: FEHIHE/ZZ-37;
13-14: hIEHITH/ZZ-51
1-5: Laevigatosporites lineolatus Ouyang, 1962
6-12: Punctatisporites pistilus Ouyang, 1986
13-16: Punctatosporites sp.
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3-4: HIEHIHI/ZZ-60;
10-12: 1 ZEHH/Z2Z-37;
13-14. 19-20: HZEH|HI/ZZ-94;
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17-18: HH2&HlIfI/2Z-61
1-3: Apiculatasporites perirugosus (Ouyang and Li, 1980) Ouyang,1982

4-12: Lycopodiacidites sp.
13-20: Calamospora sp.
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3-6: HIEHII/ZZ-37;
7-8: HIEFII/ZZ-57;
9-10: THFEHIHI/ZZ-5;
11-12, 14-18: LSFHIHI/TS-18;
19-20. 23-25: ESFHIHEI/TS-14;
21-22, 26: _ESFEITH/TS-10;
1-18: Cycadopites sp.
19: Tripartites cristatus Dybova and Jachowicz, 1957
20: Waltzispora sp.
21: Proterisispora sparsus Ouyang and Li, 1980
22: Indotriradites reidii Foster 1979
23-24: Dictyophyllidites barrisii Couper, 1958
25: Leiotriletes sp.

26: Proterisispora sp.
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1. 6-7. 11-12: _ESFHITH/TS-14;
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9. 14-15: LESpHITH/TS-11
1-6. 10-12: Alisporites sp.
7-9: Lueckisporites virkkiae (Potonié and Klaus, 1954) Klaus, 1963
13-14: Protohaploxypinus sp.
15: Platysaccus sp.
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fif=x A: B BEIRKEF H

(55 )& 2307, & 77 MRZEM)
Acritarchs and Incertae Sedis
Acritarch sp. A (Lindstrom, 1995 a; Lindstrom, 1995 b)
Acritarch sp. B (Lindstrom, 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

Bratzilea 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. ( Lindstrom, 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 (Schon, 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 Schon, 1967

Leiofusa jurassica (Schon, 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. (Lindstrom, 1995 a; Stephen, 1993)

Mehlisphaeridium sp. A (Lindstrom, 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 Schon, 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 Williére, 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 Deunft, 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.,
20006; [annuzzi 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 Williére, 1960

Veryhachium flagelliferum Wall, 1963

Veryhachium formosum Stockmans and Williere, 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 Williére 1960) Stockmans and Williere 1962

Veryhachium quadratum Schaarschmidt, 1963
Veryhachium reductum (Deunft, 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 Kiitzing, 1843
Order Chlorococcales Marchand, 1895
Family Dictyosphaeriaceae West, 1916

Genus Botryococcus Kiitzing, 1849

Botryococcus braunii Kiitzing, 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 Kiitzing, 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 Midler, 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; EI-Nakhal et al., 2002; Gutiérrez et al.,
2005; Kent et al., 1990; Iannuzzi et al., 2006; Lindstrom, 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 (Lindstrom, 1996; Lindstrém, 2005)
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A ppendix C: The papers and unpublished manuscripts
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Lei, Y., Servais, T., Feng, Q.L. The diversity of the Permian phytoplankton. Review
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(2) Manuscript 2. Pages 196-218.

Lei Yong et al. Palynology and palynofacies of the Upper Permian to Lower Triassic
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(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.
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(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.
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(5) Manuscript 5. Pages 250-278.
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Abstract. The Palaeozoic fossil record of anganic-walled microphytoplankion is
represented by the acntarchs, orgame-walled microfossils (OWMs) considered mostly
as the resting cysts of phytoplanktonic organisms, although the biological affimities of
the acritarchs are, by definition, unknown. Acritarchs appear in the Precambrian and
reach their highest diversity in the Lower and Middle Palacozoic (Cambrian 1o
Devonian). After a drastic diversity drop in the Devonian, they are considered to be of

very low diversity in the Upper Palacozoic (Carboniferous to Permian), where some
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authors claim the presence of a “phytoplankion blackout” due 10 nutrient depletion in
the oceans. Here we present a synthesis of the Permian fossil record of acnitarchs. The
revision shows that Permian acritarch descriptions have largely been neglected,
compared to other palynomo h 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, 1n addition, several OWMs interpreted s fungal spores have been
described. but also possible green algae. including chlorophycean, prasinophycean or
zygnematophyceaen algae. During most of the Permian stages, OWMs show genus
richness of ubout 20 to 30 generw. Some gener, such as Micristridium and
Veryhachium, have been reported in over 40 publications. Nevertheless, many
Permian acrturchs 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 phytoplankton,

Keywords: Permian, phytoplanktos, acritarch, diversity

1. Introduction

The modern marine phytoplankton is dominated by three algal groups: calcarcous
coccolithophorids, siliceous diatomsand organic-walled dinoflagellates. While the
calcareous and siliceous phytoplankton only diversified in the Mesozoic, the presence

of organic-walled microphytoplankton in the fossil record dates back to the
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Precambrian (e.g., Katz et al., 2004). Organic-walled microphytoplankton lave
largely been recorded from the Palacozoic, whereas siliceous microplankton seems
absent and calcareous phytoplanktonic organisms only possibly exist since the early
Palacozoic, probably due to preservation problems (Munnecke and Servais, 2008).
The highest diversities of organic-walled phytoplankton are recorded in the Lower
and Middle Palacozoic, with a possible maximum of diversity being reached during
the Ordovician and Early Devonian {e.g., Molyneux et al., 1996; Swrother, 1996;
Servais et al., 2004). During the Ordovician, sea levels were very high, and the
epicontinental shelves had their greatest extension, triggering the ‘Great Ordovician
Biodiversification Event’ with abundant phytoplankton playing an important role at
the base of newly established traphic webs (Servais et al., 2008, 2010), The abundant
und diverse phytoplankton present in the Devonian occans (Le Hérisse et al., 2000)
was also involved in the ‘Devonian nekton revolution” (Klug et al. 2010). It was only
during the Late Devonian and towards the Devonian-Carboniferous boundary that
acritarch diversity dramatically dropped (e.g., Mullims and Servais, 2008).

Acritarchs were considered to become almost absent in the Carboniferous and
Permian, because larger cysts are no longer observed in the fossil record. This drop of
diversity of resting cysts in the fossil record has been related to different
palacoenvironmental conditions, such as nutrient changes in the oceans, or changes in
100, (see recent discussions in Riegel, 2008; Strother, 2008; Strother et al., 2010).
Riegel (1996, 2008) named this Late Palacozoic interval with a virtual absence of

organic-walled phytoplankton the ‘Phytoplankton Blackout', because (after the Late
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Devonian acritarch “extinction” and a 130 million year period of absence of large
phytoplanktonic cysts in the fossil record) organic-walled dinoflagellate cysts are only
recorded since the Triassic and did not strongly diversify before the Late Triassic and
Jurassic. 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 the phytoplankton in the Late Palacozoic oceans. In the modem oceans,
only 8 minor part of the dinoflagellates produce resting cysts that are fossilisable (e.g.,
Head. 1996).

Mullins and Servais (2008) reviewed the diversity of the Carboniferous
phytoplankton. and noted that phytaplankton divessity dechined significantly from the
Toumaisian to the Serpukhovian, Phytoplankton diversity in the Late Carboniferous
was generally very low, with typically only 1-3 species being documented in cach
assemblage (Mullins and Servais, 2008).

Permian acritarch studies have generally been neglected. Most palynological
investigations foets on spores and pollen grains that are usually abundant and diverse
in Permian palynological assemblages. These plant-derived microfossils, that are
much larger in size than phytoplankton in the same assemblages, are casier to observe
and to describe (in particular with the light microscope). For these reasons pollen and
spores became of great importance, not only for Permian palynostratigraphy, but also
for palacogeographical and palacoenvironmental reconstructions,

Perminn acritarchs recovered in palynological shides are generally very small in

size, usually not reaching the diameser of 20 um, They are therefore maore difficult to
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study in detail with the light microscope. Permian acritarchs, similar to those from the
Carboniferous, are generlly considered to be of low diversity and low abundance,
and they are not a significant component in biostratigraphic and palacobiogeographic
studies.

In addition 10 acritarchs, organic-walled microorganisms refated 1o the green
algae (Divisions Chlorophyta and Prasinophyta) have been documented in the Late
Palaeczoic (e.g., Colbath and Grenfell, 1995), These morphotypes probably include
prasinophytes and variows chlorophyte groups, including members of the
Hydrodictiaceae, Botryococcaceae and members of the Zygnemataceae. In addition,
fungal palynomorphs have been reported. in pasticular in the Late Permian, with an
animated debate about a tungal spike in the late part of the Permian that nught have
been implicated in the Permian-Triassic extinction event {e.g. Eshet et al., 1995;
Steiner et al,, 2003),

A consistent surmmary of Permian phytoplankton has never been published and
only two short reviews of Permian acritarchs have been presented (Li et al,, 20044,
Traverse, 2007), Here we summarnize the current knowledge on Permian
organic-walled phytoplankton, wath the aim to understand it significant diversity
changes can be observed and if the peographical distibution of the assemblages
allows any palacobiogeographical interpretation. We try to bring all literature data
wgether, by reviewing all taxa listed by Fensome et al. (1990) and by compiling the
more recent literature published after the compilation of the catalogue of Fensome et

al, (1990), Like Mullins and Servais (2008), we review all OWMs of unknown
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affinities (“acritarchs’), includingtaxa such as the possibly non-marine genus
Mehlisphaeridiym, but also possible prasinophycean, chlorophycean, zvgnemataceacn
and hydredictyaceaen algae that are described in the literature. lnaddition, several
wxa of OWMs from the Penmian have been tentatively attnibuted to fungal spores
(Eshet et al,, 1995; Visscher et al,, 1996; Sephton et al., 2009; Visscher et al,, 2011).
It is beyond the scope of the present paper to discuss the possible biological
affinities of all the different taxa described in the Permian. The genera Leiosphaeridia
and Polyedryxium, regarded as prasinophytes by several authors, are here considered
as acritarchs (i.e., organic-walled microtossils of unknown biological affinities). We
do not propose any new attribution to biological groups and consider most taxa as
*acritarchs’, Le. organisms of unknown biological affinity. A few taxa are herein
attributed to the green algae. following current consensus of their affinities in the

literature(Colbath and Grenfell, 1995).

2. The Permian phytoplankton record

Although many papers mention acritarchs in palynologacal assemblages
(particularly in works dedicated to Perman spores and pollen grains), only about one
hundred publications concem descriptions of acritarchs, prasinophytes, chloryphycean,
zygnemataceaen and hydrodictyaceaen algae from Permian strata. Figure |
summarizes the descriptions of manine organic-walled palynomorphs and probable
phytoplankton in the indsvidual papers on Permian palynology. For each individual

article, the authors, the country from which the assemblages were deseribed, wxd the
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biostratigraphical age that was provided in the study are indicated in Figure 1.
Following  Fensome et al, (1990), we do not include miospores or other tuxa (such as
Acanthorrileres) that have been incorrectly assigned to the acritarchs,

Strutigraphy follows the Permian stratigraphical subdivisions of the Intemational
Commission on Stratigraphy (1CS), based on Gradstein et al. (2004). A steatigraphic
scheme of the Permian is provided within Figure 3, A comprehensive list of all

Permian acritarch taxa (including author names) is provided in Appendix 1.

2.1 Early Permian (Cisuralian)
2.1.1. Gzhelian/Asselian

Only twao papers have described organic-walled microplankton from
Carboniferous-Permian boundary strata (Gzhelian/Asselian). In Argenting, Gutiérrez
et al. (2003) identified Botryococeus braunit, Letosphaeridia sp. and specimens
attributed 10 Brazileq spp.. from the Tupe Formation, located south of the Mina La
Delfina locality, about 29 km northeast of San José de Jachal. Gorter et al. (2008)
reported the three genera Botmocaceus, Baltisphaeridim wnd Ulanisphaeridium from

the Treachery Formation, Lower Kulshill Group, Australia.

2.1.2 Asselian and Asselian'Sakmarian
Five studies mention phytoplankton from earfiest Permian strata. In Antarctica,
Kent et al. (1990) studied the palynology of the Beacon Supergroup sedimentary

rocks exposed at Milorgfiells, Dronning Maud Land, and found a relatively rich and
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well preserved palynoflora, dominated by spores and pollen grains, but also including
Barrvococeus sp., Diexallophasis sp., and Leiosphaeridia sp., two prasinophytes
(Dicrvotidium sp., Tasmaniies sp.), together with Brazilew scissa, Tetraporing sp. and
Ouadrisporites horridus.

Lindstrom (1995b) described several acritarchs from three localities in the
northern Heimefrontfjella, Antarctica (namely A and C in Milorgfjella and Lidkvarvet
in Sivorgfjella), including the taxa: Acnitarch sp, A, Botryococcus braunii,
Leiasphaeridia spp.. Lophasphaeridium spp.. Dicivotidiven sp.. Tasmanites sp. A.
Tetraporing gigantea, T. tetragona, T, sp. A, Brazilea scissa, and Quadrispovites
hovridus.

Di Pasquo et al, (2010) studied three outerops of the Libertad and Sauces
Formations from the Los Suuces area in the Province La Rioja. western Argentina,
and defined two assemblage zones, vielding the acritarch Povralites gondwanensis.
They considered that the age of the assemblage 2 was of Asselian/Sakmarian.

Two studies described phytoplankton taxa from the Asselian to Artinskian in
Uruguay. Beni et al. (2006) analyzed four samples of borehole DCLS24 from the San
Giregonio Formation. Subsequently, Ben et al. (2010) analyzed 32 outcrop samples
and thirty borehole samples from the Cerro Pelado Formation, including the acnitarch
genern Deusilites, Leiosphoeridia, Micvhystridium, Pilasporites, and Portalites, but
also the genera Brazilea and Terraporing, as well as Quadrisporites and

Barrvocaceus.
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2.1.3. Sakmarian and Sakmarian/Artinskian

About ten publications reported Sakmarian or Sakmarian/Aninskian
phytoplankton taxa, Besems and Schuurman (1987) described two palynological
assemblages from glacial deposits in the Al Khlata area of Oman. Both assemblages
contain Borrvacoccus braunil, Stephenson et al. (2003) considered that the *maximum
flooding shale’ in Oman marked by & unique palynological assemblage contaiming the
acritarch Ulanisphaeridium omanensis, Subsequently, Stephenson et al, (2008)
recovered Leinsphaeridia from the Haushi imestone, which was deposited in a
shallow embayment of the Neotethys Ocean in areas of northern Oman and pants of
southeast Sands Arabia.

In Brazil, Quadros (2002) documented acritarchs and prasinophytes in
Permo-Carboniferous sediments of the Paring Basin. Deusilites temuistriatus and the
newly descnbed prasinophyte species Dictyaridiun sacae occur in the
Sakmarian/Artinskiant Tasmanites spp. occurs in the Sakmarnan-Kungurian; and the
three acritarchs Micrhysevidium breve, Micrhysiridium tolgae and Comasphaeridium
daerani were deseribed from the Kungurian, In the northeastern portion of the
Brazilian Parana Basin, Souza and Callegari (2010) reported a well-preserved
palynoflora of spores and pollen. but the taxa Borrvococcus braundi, Deusilites
tenuistriane, Portalites gondwarensis and Tasmanites sp. also occur. [n the southern
Parand Basin the presence of phytoplankton elements, such as Maculaiaspovites
minimuy and M. gondwanenssi, but also Portalites gondwanensis were confimmed by

Guerra-Sommer et al. (2008),
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In Australia Foster (1974) and Foster and Waterhouse (1988) investigated the
palynology from Waterloo Bay, Yorke Peninsula, South Australia, and from the Grant
Formation on the Barbwire Terrace, Canning Basin, Western Australia. They reported
several phytoplanktonic acritarchs (?Baltisphaeridium sp.. Leiofusa spp.,
Micohystridium spp., Spongocystia eradica, Ulanisphaertdivm sp, of. U, berrvense,
Veryvhachium spp.). but also other tixa that are possibly refated to the green algae,
such as Terraporina simplex, Maculatasporites spp.. Quadrisporiies hovridus,
Bowrvocaccus braunii and Botryococcus sp.

In Uruguay Mautino et al, (1998) described several taxa from the Melo
Formation at Arroyo Seco. Botrvoeaccns braunii, Cymatiosphaera gondwanensis and
Micriystridium fragile were reported in the Permian of Uruguay for the first time,

Only one species has been reported from the entire African continent,

Macudaraspovites indicus from the Karroo Formation of Gabon (Jarding, 1974),

2.1.4. Late Eariv Permian (Artinskian- Kungurian)

Four papers reported Artinskian phytoplankton. In India, Lele and Kulkarm
(1969) reported two miospore assemblages inclwding the new acnitarch species
Maculatasporites karanpurensis from the Argada sector, south Karanpura coalfield,
Bihar. Masthy (1971) reported a fossil flora from the early Artinskian in the Auranga
Coalfield, including the new acritach taxon Maculatasporites avalis, Doubinger and
Marocco (1981) identified several taxa from the Copacabana group in the Cuzco arca

(Peru), including Pyramidosporites sp., Brazilea scissa, Peltacystia venosa, axd

10
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Quadrisporites horridus. Nine genera were documented from the southernmost
Parana Basm, Brazil, by Mon ct al. (2012). Intercstingly, Congoites sp. and
Ovadrisporites lobxatus reported in this sudy have yet to be recovered from other
Permian strata around the world.

Mangerud and Konieczny (1993) investigated 16 Iate Artinskian to ¢arliest
Tatarian (Capitanian) age sections from Spitsbergen, Svafbard. This youngest Permian
Kraeuselisporites assemblage from the Kapp Starostin Formation contains
Micrhystridium spp.. Unellivn spp. and Vervhachivm spp.

Six studies reported Kungunan/Roadian phytoplankton, Jansonius (1962)
described more than 20 acritarchs from the Peace River area, Canada, from kevels of
which the stratigraphical age ranges from the Kungurian to Capitanian. Most of the
specimens were found in Lower Triassic strata and only 6 species occur in the Late
Permian, including Micrhystridivm tnconspicunm, M, sp. H., Polvedryxitn deflandret,
Protoleiosphaeridiun conglutimaam, Spheripoilenites scissus and
Leiasphacridim *belloyense,

In the USA, Tasch (1963) described two species Hystrichosphaeridium
leanandiamem and H. equispinosum from Kansas. Mangerud (1994) identified three
palynological assemblages from the Permian and lowenmaost Triassic succession of the
Fmnmark Platform in the southwestern parts of the Barents Shelf, off-shore Norway.
Seven spectes occur in the Dvupetalion sp, — Hamiapollenites tudlaeformis
Assemblage Zone (Kungurian-Roadian), including the genera Micrhvstridium and

Veryhachium, Cymatiosphaera, Dictyotidivm and Tasmanites, as well as Brazilea and

1
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Maculatasporites, 1ogether with the enigmatic Reduviasporonites.

In southern Brazil, Cazzulo-Klepzig et al. (2002) studied the coal-bearing strata
of the Candiota Coalfield. The assemblages include Botrvococeus hraunil, Portalires
gaovdwanensis, Pilasporites calculus, Brazilea scissa, Tetrapavina horologia, T2
prenctata and Quadrispovites horridus, The absolute age determination from a tonstein
interbedded in the Candiota Upper Coal Seam, using LUPh, indicated an age of
267.1£3,4 Mg, thus possibly indicating a Middle Permian age.

In Paraguay. Pérez Loinaze et al. (2010) analyzed five samples from three levels
in cores of the Mallorquin-1 well, Parund Basin. They recovered Gorgonisplaeridium
sp.. Navifusa sp., Omatiosphaera gondwanensis, and Reduviasparonites chalastus.

More recently, in West Papua, Playford and Rigby (2011) documented five
species of phytoplankton from the Bird's Head region (Amim Formation) and the
Central Ranges of the Bird's Body region (Aiduna Formation), including the acritarch
Mehlisphaeridium regulare, (he prasinophyte Cymatiosphaera gondwanensis, and

Maculatasporites indicus, Peltacysiia venosa, and Quadrisporites hovridus.

2.1.5. Other Early Permian acritarchs recovds

Many other records come from Permian strata that are not peecisely dated.
Twenty-three studies have reported phytoplankton from Early Permian strata, but the
lack of precise swratigraphical information means that they can only be assigned 1o the
Early Permian or Early Cisuralian (Beri et al., 2011). Thirteen of these investigations

were published hased on South American material, Lower Carboniferous o Permian

12
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palynological zones were described from sections in central-western Argentina by
Césari and Guticrrez (2000), with the uppermost Fusacolpites fusus-Vittatina
subsaceata (FS) and Liwckisporites-Weviandites (LW) biozones iﬂﬁcating an Early
Permian age. Only one taxon was cited: Brazilea scissa. In the Paganzo Basin,
Argentina, Balanino and Gutiérrez (2006) described anotber acritarch, Portalifes
godwanensis, from the Tasa Cuma Formation. Pienoai and Georgieff (2007) reported
Bavryococens brawnii and Portalites gondwanensis, but also Brazilea scissa from the
Sauces Formation. More recently, Gutiérrez et al. (2010) documented Portalites
gandwanensis and Tetrapovina punciata fram the Rio Francia Formation,

In the Parani Basin, Brazil, Towan and Navale ( 1967) reported one pollen and
spore assemblage, including 14 species of acritarchs, with eight new species
Balmeella densicorpxr, B mintta, B. punctata, Brazilea crassa, Brazilea punctata,
Congoites baculosus, € conatus, Disectispora lobata. Holz and Dias (1998) reporeed
the genera Micrhystridium, Pilasporites, Portalites and Yeryhachium, but also
Borrvococens, as well as Tasmanites and Brazilea from samples investigated from the
northeastern regson of the Rio Grande do Sul State. fannuzz et al. (2006) documented
the acnitarchs Leiosphaeridia and Povtalites, Brazilea and Tetraporina, and
Onadrisporites from the Itararé and Rio Bonito units. Cazzulo-Klepzg et al. (2007)
noted that the genera Pavtalites, Brazilea, Terraporina, Macularasporites and
Ouadrisporites wese commonly found in south Brazilian ccal palynofloras, but
Borvococeus was not recorded.

In Uruguay, Gutiérrez et al, (2006) described some acritarchs from four side well

13
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cores of the Cerro Largo Sur-24 borehole, referred to the upper part of the San
Gregono Formation, including Botrrvacoccus, Portalites, Leiosphaeridia,
Micotyvsividium, Tetraporina, Pilasporites, and Brazilen, Recently, Beri et al, (2011)
analyzed the palynology from borehole 254 (DINAMIGE), extending from the San
Gregonio to the Yaguard Formation. They reported two acritarchs (Deusilites
tenmistriatus, Mehlisphaeridium regulare) and one prasinophyte (Cymatiosphaera) n
the Cristatisporites inconsians —Vittating saccaig Assemblage Zone (IS). An early
Cisuralian age was proposed for this Zone.

In India, Tiwari and Moiz (1971) desenibed two new species,
Globulaesphaeridium densiam and Gondisphaeridium leve. from the Godavan Basin,
Lete and Chandra (1972) reported one new genus (Fovenfieia) and 8 new species from
Madhya Pradesh, inclqd'ng Foveofusa attenuate, £ cviindrical, F. mutabilis, F. obese,
F. perforate, F, pumila, Letosphaeridia indtea and L, wnariensis, Lele and Shukla
(1979) analyzed the palynology from the Talchir Formation of the Hutar Coalfiekd,
Bihar, and reporsed three new acnitarchs: Lefosphaeridia ghoshil, L. shepeleva and
Tasmanites talchirensis. Banerjee and D'Rozanio (1988, 1990) reported some
phytoplankton taxa from lower Gondwana sediments in the Chuparbhita and Hura
Basins, Rajmahal Hills. Many genera and species are the same in these two papers,
including the genem Haplocystia and Pilasporites, the prasinophyte Cymariosphaera,
and the possible green algae Cirowdisporites, Kagudubeites, Macwlatasporiies,
Peltacystia, Tetraporina and Quadrispovites horridus.

In Austradia, Foster (1975) analyzed plant microfossils from the Biair Athol Coal

14
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Measures, central Queensland, and reported eight acritarchs: Brazilea scissa,
Circulisporites parvus, Maculataspovites delicates, Mehiisphaeridium fibratum,
Peltacystia venosa, Pilaspoviies plueigenus, Quadrispovites hovridus and
Bawryococeus sp. Gilby and Foster (1988) analyzed the palynology of the Arckaringa
Basin and reported a high number of acritarch species, including Diexallopiasis? spp.,
Leiofusa minctalivella, Leiosphaeridia. spp., ?Lophosphaeridium spp.,
Macularasporites amplus, M. gondwanensis, M. sp. of. M. minimus, Micriysiridium
spp.. Peltacystia venosa, Quadrisporites hovridus, Spongocystia eraduica,
Tetvaporina sp. A, Ulanisphaeridium bermense, Borrvococeus sp, A and Dictvoridiun
spp. Backhouse (1991) desenbed 22 phytoplankton species from the Collie Coal
Measures and the underlying glacigene Stockton Formation, in the Collie Basin,
including five acntarchs from the four penera Leiosphaeridia, Mehlisphaeridium,
Pvramidosporites, and Spongocystia, two prasinophytes (Cymatiasphaera
gondwanensis and Cvmatiasphaera sp. A), and fourteen species attributed to the five
genera Brazifea, Circulisporites, Macularasporites, Peltacystia and Tetraporing,
together with the species Quadrisporites horridus. By comparing the palynological
results with peeviously published palynological studies from Western Australian struta
with marnine faunas, an age range of uppermost Carboniferous/Asselian to Early Late
Permian was suggested for the Permian of the Collic Basin.

In Great Britain, Wall and Downie (1963) described eleven acritarchs attributed
1o four genera (Baltisphaeridium, Leiofusa, Micohystridium and Vervhachium) from

Lower Permian marls of Yorkshire, including two new species (Baltisphaeridivom
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debilispimem and Veryhachium flagelliferim).

In Yemen, Ef-Nakhal et al. (2002) reported that the acritarchs Leiasphaeridia and
Dewsilites and the prasinophyte Tasmaniies are common in the Khalagah Member of
the Kolli Formation, and that Dewsilites tenuistriatus should be considered a junior
synonym of Deusilites fentuy,

In China, Kaiser (1976) documented a microflora from Tatyuan, with one
acritarch, Assamialetes giganteus.

In Russia. Dyupina (1970) described five new species of the genus Inderites
from the Urals: Inderites crassus, I elegans, I, flexuasus, I microveticudatiy and 1.
scrobiculatus.

Interestingly, the widely cited taxon Tasmianites was first descnibed from Permian
strata n Australia by Newton (1875) who erected the type-species Tasmanites

panctatus based on descriptions of an assemblage from the “White Coal”,

2. 2. Middle Permian (Guadalupian)

Only ten studies concern phytoplankton from the Middle Permian (Guadalupsan)
and the lower part of the Upper Permian (Lopingian) . although a few papers report
palynomorphs from Kungurian/Roadian strata. spanning the Lower-Middle Permian
boundary. In Roadian-Wordian strata, Wilson (1960) reported Hystrichosphaeridium
sp. from Oklahoma. Jacobson et al. (1982) described six species of acritarchs
(including four species of Micrhvstridium and two new species: Lelosphaeridia

schopfii and Unellium phosphoriensis) from well-dated samples in the Permian
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Phosphoria and Park City Formations in northeastem Utah, USA. In Russia, Grigonev
and Utting (1998) documented ncritarchs related to Micrinvstridium spp., the
prasinophyte Cymatiosphaera sp., together with Tetraporing horologia from
Kolguyev Island.

Foster (1979) described five new species from Middle Permian (Roadian
~Capitanian). Blair Athol Coal Measures, Baralaba Coal Measures, and the basal
Rewan Formation of Queensland, Australia, including Bruzilea helbyi, B. helbyi
forma gregata, B. helbyi forma helbvi. B. plurigena and Tessellaesphaera tesseliate.
Lindstrém (1994, 1995a) analyzed the palynology of 62 samples from the southern
section of a sedimentary sequence exposed at Fossilryggen m the Vestfjella mountain
range in Dronning Maud Land, Antarctica. He recovered three acritarchs (Acnitarch sp,
A, Leiosphaeridia sp. and Mehlisphaeridium sp.), the prasinophyte Cymariosphaern
govdwanensis, and Brazilea scissa, Circulispovites sp., Peltacystia monile, and P,
venosa. Subsequently, Lindstrom (2005) reported Leiosphaeridia sp. B, Peltacystia
montle and P. venosa, and Quadrisporites hovvidus from northern Vestfjella. In
Norway, Bugge etal. (2002) reported Botnvococcus and Tasmanites from core
samples on the castern margin of the mid-Norwegian shelf,

Stolle published three studies on Wordian-Capitanian strata from Turkey (Stolle,
2007; Stolle et al., 2010; Stolle et al., 2011) from Wordian-Capitanian strata from
Turkey, She found Pyramidosporites cyathodes, Cymatiosphaera gondwanensts and
Dictyatidium spp., and Tetrapovina sp. A, Reduviaspovonites chalasius and R. sp. B

from the Kas and Gomaniibrik formations in the Hazro outerop area,
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2.3. Late Permian (Lopingian)
2.3.1. Changhsingian and the Pevian-Triassic Boundary (PTB)

Seventeen papers have described acntarchs from the fatest Pecmian
Changhsingian Stage and from Permian-Triassic Boundary strata, In China, Ouyang
(1982, 1985) described three acritarchs (Archaeadiniton cingulatum, and the two new
species Salisphaeridium solidurn and S, spimdagum), wgether with Tismanires sp,,
Psilaschizosporis scissus and Schizasporis sp. from eastern Yunnan, Ouyang and
Utting, (1990) and Li et al. (2004a) reported five acritarch genera ( Baltisphaeridium,
Leiosphaeridia, Micohysiridium, Veryhachium and Tunisphaeridium), two
prasinophyte genera (Cymatiosphaera and Dictvetidium), and Reduviasporonifes and
Schizasporis from the Meishan section, Zhejiang Province, that serves as the Global
Boundary Stratotype Section and Point (GSSP) for the PTB. While Ouyang and
Utting (1990) mentioped the presence of a Leiosphaeridia changxingensis
~Micrhystridivm stellatum Assemblage Zone and described a new species
(Leiosphaeridia changvingensis), Li et al. (2004a) did not propose assemblage zones
or new species, but ted to understand the phytoplankton community changes befare
the PTB.

Covering the Permian-Triassie transitional interval, Jekhowsky (1961} described
six species of Fervhachivm (including two new taxa: Feryhachium Pirecgulare and V.
recuctum) from Europe {former Yugoslavia) and Africa (Tunisia, Libya, Madagascar),

whereas Sarjeant et al. (1970) described sixteen acritarchs and one prasinophyte from
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the Chhidru Formation, in West Pakistan. Sasjeant et al. (1970) noted that the Permian
acritarchs are uniformly small and of simple morphology. Hankel (1992) documented
Chovdecystia chalasta and Reduviasporomives chalastus from the Maji ya Chumwi
Formation, Kenya. McLoughlin e al. (1997) reported Dictyotiditan sp. and

Quadrisporites horridus from the Amery Group, in Antarctica,

2.3.2. Other Late Permian acritarchs records

Similarly to the studies of Early Permian strata, several authors have reported
phytoplankton from Late Permian strata, but the fack of precise stratigraphical
information permits assignment only to the Late Perman. From the Antarctic area,
Balme and Playford (1967) studied plant microfossils from the Prince Charles
Mountams, and recorded Schizasporis scissus. Pilasporites calculus was documented
from the Buckley Formation of the Central Transantarctic Mountains by Farabee ct al,
(1991). Lindstrom ( 1996) analyzed the palynology from three sections at Fossilryggen
in the Vestfjella mountain range, and recorded Acritarch sp. B, Mellisphaeridium sp.
A, Leiasphaeridia sp. B. Cymatiosphacra gondwanensis, Brazilea scissa,
Cireulisporites parvus, Peltacystia monile, and P, venosa.

In Germany, Schaarschmidt { 1963) described five acritarch genera
(Baltisphaeridium, Buedingiisphaeridivm, Micrivstridium, Polvedryxium,
Veryhachium) and the prasinophyie genus Cymaniosphaera, including 21 species
{seven of them were newly established) from the coast of the Franconian bay. In

addition, he noted that most of the acritarchs were smaller than 20 pm
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In Israel, Horowitz ( 1973) described 12 species from two boreholes in the
northern Negev, including four acritarchs (Micrhvsaridium, Preraspermopsis,
Solisphaeridium and Fervhachium) and Tasmanites. Subsequently, Horowitz (1974)
described seven acntarchs attributed 10 the geaus Peryhachiun from the same
boreholes. Furthermore, Horowitz (1990) reported seven acritarchs and a possible
zygnemataceaen alga from the Karoo region of the Republic of South Africa,
belonging to Baltisphaeridiven, Micrinsiridium, &Ai.mb«wﬁdinm, Fervhachium and
Tetraporina.

From Australia, Balme and Segroves (1966) described three new species,
including Peltacystia calvitia, P monilis and £ venosa. McMinn ( 1982) descnibed
tive acritarchs from the coal measure sequences of the Northern Sydney Basin,
including Meldisphaeridium sp. f. M. fibratum, Micrhystridium breve, M. sp. cf. M.
inconspicienn, M. karamwgzae and the new species Ulanisphaeridium berrvense,
Fielding and McLoughlin (1992) studied the sedimentology and palynology from the
vicinity of Fairbaim Dam, near the town of Emerald in central Queensiand, and
documented Botrnyococeus brawnii, Mehlisphaeridium sp. f. M. fibratum,
Micolyvsiridium sp., Portalites gondwanensis, of. Spongocystia sp., Circulisporites
parvus, Peltacystia sp. cf. P. calvitium and Tetraporina horologia.

In India, the occurrence of four geneny, including Balmeella, Botryvococcus,
Greinervillites and Leiosphaeridia, was reponed from the Borehole RCH-151, in the
Chuperbhita Coalfield, Rajmahal Basin, by Tripathi (2001). From Tanzamia, the taxa

Meldisphaeridiim regulare, Cymatiosphaera gondwanensis and C. sp. were
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documented from the Karoo Supergroup in the Kilombero Rift Valley by Dypvik et al,
(2001).

From Pakistan, Balme (1970) reported on an assemblages of spores and pollen
from the Surghar Range and Salt Range, which included five acritarchs, two of them
were newly established: Inapertwropolleniies nebwdosus, Poramidospovites vacemosus,
Peltacystia venasa, Quadrisporites horridus and Schizosporis scissus. Hermann et al.
(2012) recently analyzed the uppermost Permian 1o Middle Triassic palynology from
the Salt Range and Surghar Range. reporting the acritarchs Micrinstridium sp. and

Veryhachium sp., but also Quadrisporites horridus from the late Permian strata,

2.3.3. The possibie presence of a fungal spike in the Late Permian

In Italy, Visscher et al. {1996) reported the genus Reduviasporonites from the
Southem Alps and interpreted this palynomorph as a fungal spore. Because of the
massive oceurrence of Reduviasporonites they suggested the presence of a fungal
event just before the Permian-Tnassic Boundary (PTB) and considered this event as
very mmportant component of the mass extinction. More recently, Sephton et al. (2009)
analyzed the geochemical composition of Reduviasporonites from the PTB section of
Tesero in the Southem Alps, They suggest that Redinviasporonites is indeed of fungal
ongin, according to results of organic chemistry analyses, including studics of carbon
and nitrogen isotopes, as well as C/N ratios, Very recently, Visscher et al. (2011)
confirmed this conclusion regarding the interpretation of the taxon Rediviasporonites.

It was in Istael that Eshet et al, (1995) first defined & ‘fungal spike”, with the
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genus Reduviasporonites making up 1o 95% of the palynomorphs in palynological
assemblages recovered within the widespread claystone horizon that marks the PTB
locally. In South Africa, Steiner et al, (2003) reported a one meter thick “fungal
abundance spike’ in the southern Karoo Supergroup, with high abundances of
Reduviasparonites, Sandler et al, (2006) reported a *fungal event” at the PTB from two
cores, the Makhtesh Qatan 2 (core 9) and Avedat | (core §) dnll holes in Israel.

Several authors have subsequently criticized these interpresations and the
attribution of Reduviasporonites to the fungi. In European Russia. Afonin et al. (2001)
repocted Thmpanicysta stoschianuy at the Permian-Trassic boundary on the left bank
of the Kichmenga River near Nedubrovo Village, Vologda region. This taxon, very
similar to Reduviasporonites, was interpreted to be of algal origin. Subsequently,
Foster et al. (2002) suggested that Tvmpanicysta stoschiana 1s a junior synonym of
Redwviasporonites chalasins. Foster etal, (2002) reviewed the genus
Rediviasporonites Wilson 1962 in detail, and described two species,
Redwviasporonires catemdatus and Reduviasporonites chalasius, from several
sections from Greenland, Britain, China, Saudi Arabia, Russia and Australia, Foster et
al, (2002) also suggested that this palynomorph s most likely of algal, rather than
fungal ongin.

Several other authors reported Reduviasporonites (see Figure 1). In East
Greenland, for example, Looy et al. (2001) found abundam spores and pollen grains
in a palynological assemblage from the Schuchert Dal Formation, Jameson Land and

Scoresby Land. that also included Redintasporonites,
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It appears that the debate as to whether Reduviaspovonites is of algal or fungal

orgin and if a *fungal cvent’ really existed, will probably continue in the next years,

2.4. Other Permian acritarch records

There are another seven papers reporting phytoplankton from Permian strata with
no precise stratigraphical information. Balme and Hennelly (1956) described two new
species (Brazilea plurigenus and Psiloschizospoyis soissus) from Australian coals, In
Russia, Abramova and Martchenko( 1964} reparted three new species from the
Pre-Caspian region, including Inderites bubiferus, I, conyxretus and I robustis, From
Congo, Bose and Kar {1967) desenibed one new genus wath the new species
Greinerviliites undularus whereas Kar and Bose (1976) reported the new species
Maculatasporites zairensis from the same country {then named Zaire). In Japan,
Takahashi and Yao (1969) reported some plant micrefossils from the Permian
sandstone i the southern marginal area of the Tanba belt, with the new species
Tasmanites fanbaensis, Segroves (1967) described in detail the phytoplankton from
western Australia, wheneas Stephen (1993) investigated Australion Permian coal

measure stnsa.

3. Palacogeographical and palacoenvironmental distribution of Permian
phytoplankton
Acritarchs are well known to provide not only useful biostratigraphical data from

the Palaeczoic rocks, but also palacobiogeographical and palacoenvironmental
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information, in particular between the Ordovician and Devonian. An acritarch
provincialism is particularly obvious in the Early-Middle Ordovician (e.g., Li and
Servais, 2002; Servais et al., 2003), but also present in the Silunan (¢.g., Le Hérissé
and Gourvenneg, 1995) and Devonian (.., Le Hérissé et al, 1997, 2000). On the
other hand, inshore-offshore variations of acritarch assemblages and
palacoenvironmental changes have been discussed for many years, and i 15 generally
accepred that highest abundances and diversities are recorded on the shelves, with
lower diversity acritarch assemblages present in nearshore and offshore
environnements {e.g., Jacobson, 1979; Doming, 1981; Vecoli, 2000; Li et al., 2004b;
Strcanne et al.. 2004). It is thus particularly interesting to understand if
palacobiogeographical or palacoenvironnemental signals can also be provided by the
Permian acriturchs.

Our literature review shows that 45 genera were reported in 57 papers published
from southern middle palacolatitudes, whereas 27 genera were documented i 12
papers from northiern low palacolatitudes (Figure 2). However, the Permian dataset is
far from bemg complete. There are no documents of phytoplankton from northern
high palacolatitudes and only eleven genera are reported from northem middle
palaeolatitudes. In addition, there are twenty and seventeen genera, respectively,
deseribed from southemn low palacolatitudes and from southem high palacolatitudes.
As illustrated in Figure 2D, it is obvious that the dataset is far from being complete,
but it 15 also clearly illustrated that the number of investigations correlates with the

number of described taxa, The diversity ‘peak’ in the southem hemisphere is clearly
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related 1o the greater number of publications and the higher number of investigated
arcas and samples, in particular for the Early Permian (Figure 2A),

It appears that the genus Cymariosphaera has been documented widely, from
noethern middle palacolatitudes to southem high patacolatitudes: Some “classical’
acritarch genera (Beltisphacridium, Micohystridium, Veryhachium) were reported
from almost all intervals between northern middle palagolatitudes to southern middle
palaeolatitudes, and they seem virteally cosmopolitan. On the cther hand, the genera
Leiasphaeridia, Dictvotidium. Tasmanites and Brazilea are present between northem
low palacolatitudes to southem middle palacolatitudes, but the datasets are most
probubly not complete. Many genera have a narmower distnbution. but this is probably
the result of limited documentation and does not reflect a palacobiogeographical
distnbution. However. most interestingly, the genus Povtalites was documented
fourteen times and seems to be only distributed in southern middle patacolatitudes.

Our results suppart the conclusion by Li et al. (2004a), that Penmian acritarch
data are 100 sparse to support pilazobiogeographical interpeetations. Most of the
common acritarch taxa seem 1o have i cosmopolitan distribution. The distribution of
taxa that might be attributed to different {(green) algae groups does also not allow any
palacobiogeographical interpretation so far.

In terms of palacoenvironmental distribution, most of the Permian organic-walled
phytoplankton was reported from (nearshore) shallow marine or lagoonal
environments. Most palynological investigations of Permian rocks focus on the study

of plant-derived palynomorphs, which are necessisanly of terrestrial origin. Acritarchs
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are usually only described as minor components of these assemblages. These
nearshore environments sometimes include high numbers of larger sized OWMs that
are probably related to freshwater green algae, As already indicated by Colbath and
Grenfell (1995) several of these OWMs may have different brological affinities and
all are not necessanly attributable to the marine phytoplankton. As the biological
affinitics remain mostly unknown, 1t 15 difficult to estimate the rutio of freshwater
forms.

Only a few papers investigated assemblages from more offshore marine
environments (¢.g., Doubinger and Maroceo, 1981; Ouyang and Utting, 1990,
Mangerud and Konieczny, 1993; Liet al., 2004a; Stephenson et al., 2008). These
studies mostly document large numbers of smaller sized acritarchs (usually smaller
than 20 pum), including gh numbers of the “common’ taxa Baltisphaeridium.
Micrlsystricivm and Vervhachium, that are considered as typically marine forms,

probably resting cysts of phytoplankton.

4. Permian phytoplankton diversity

Relatively few studies focus on the description of the marine organic-walled
phytoplankton of the Late Palacozoic and most probably the major part of the
phytoplankton still remains undescribed. Similar to the Carbeaiferous (Mullins and
Servais, 2008), there are still a number of barnors 10 estimating the Permian
phytoplankton diversity. Firstly, there is a lack of precise age control in some studtics

(see above), Secondly, taxonomic consistency and/or accuracy remain in many cases
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uncertain. Detailed revision is needed for most of the Permian taxa- that were
described many years ago when biometrical and vanability studies were not yet
common, Thirdly, the number of investigations and the vanable durasion of the
Permian stages continue 10 effect those diversity caleulations that are possible 1o date
accurately. Finally, another bias in our dataset may be the reworking of older
palynomorphs in younger sedmments. However, it is often impossible to distinguish
reworked from " sind” specimens, Most of the published biodiversity studies do not
take into account this possible bias. In order to illustrate relative diversity fluctuations
through Permian tome., we compared the number of described taxa  with the number
of samples and mvestigations for each stratigraphic stage.

Taxa that occur in two (or more) stages are counted as occurving in both (or all)
stages. The resulting “total diversity’ is illustrated in Figure 3. In addition, we counted
the number of species and the number of times that species were reported in every
genus (Figure 4).

Early Permian, over 30 phytoplankton genera are recovded (Figure 3), Taxon
richness  appears to drop in the Middle to lower Upper Permian, with only about
mwenty phytoplankton genera described between the Roadian to Wuchiapingian.
However, there are 36 genera recorded 1n the uppermost Permian, in the
Changhsingian stage (Figure 3). There seems to be a clear correlation between the
number of investigations and the number of taxa recorded, the high diversities in the
Lower and uppermost Permian correlating with the greater number of investigations

(Figure 3).
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The most diverse phytoplankton assemblage occurs in the Eardy Permian of
Austrulia, with twenty-two phytoplankton species desonbed by Backhouse (1991).
The investigations of Gilby and Foster (1988), Tiwari and Navale (1967), Beri et al.
(2010), Lindstrom (1995b), Mori et al. (2011), and Wall and Downie (1963), report
over ten species in each Early Permian assemblage. The number of Middle Permian
phytoplankton species in a single study never exceeds ten, with the highest records of
cight species in the papers by Lindsirdm (1995a) and Mangerod (1994),
Schaarschmidt (1963) describe 21 phytoplankton species from the Late Permian,
including one prasinophyte. This maximim is followed by the description of 16
acritarchs and one prasmophyte from western Pakistan by Saneant et al. (1970) and
the recording of ten acritarchs and two prasinophytes from Israel by Horowitz (1973).
Detailed taxonomic revisions would be needed 1o determine if these higher diversities
recorded in the Permian are simply artifact of taxonomic splitting.

Some phytoplankton taxa occur in all Permian stages, including the genera
Borvococens, Brazilea, Cymatiosphaera,, Lefosphaeridia, Micohysiidium,
Peltacystia, Polvednedum, Pyvramidosporites, Tasmanites, Tetraporing, and
Vervhachium (Figure 3). Some genera are found m almost all stages, except in the
Wuchiapingian (Dictyotidium and Quadrisporites), On the other hand,
Baltisphaeridium is reported from all stages except from the Capitanian. This may
suggest that these taxa are peesent during the entire Permian, but not yet recorded
from the Capitanian and Wuchiapingian, respectively. On the contrary,

Comasphaeridium and Greiervillites are only found in the Kungurian, and
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Archavodimum, Chordecystia, Psitoschizaspovis, Tumisphaeridium and Wilsonastrum
only in the latest Permian stage, the Changhsingian.

Several phytoplankton taxa were reported frequently in Permian strata,
Twenty-seven species of Micrlnstrdivm were reported 55 times, whereas 22 species
of Fervihachiun were documented 46 times in the Permian (Figure 4), The genera
Brazilea, Leiosphaeridia, Tetraporina, Maculatasporites. Peltacystia, Botryvcoccus
and Quadrisporites were reported more than 20 times: Reduviasporoniies,
Cymatiosphaera, Tasmanites. Portalites, Circulisporites and Mehlisphaeridiunt were
documented more than ten times. Many taxa show fewer recordings, such as
Chordecystia, Diexallophasis, Unelitum, Archaeodinium, Deuntfia, Psilaschizasporis
and Wilsonastrum that were only reported twice. Single recordings have been
regstered for the genera dssamialetes, Buedingiisphaeridium, Comasphaeridium,
Disecrispova, Globulaesphaeridium, Gondisplaeridium, Gorgontsphaeridium,
Inapertropollenites, Leiosphaeridinm, Navifusa, Protoleiosphaeridium,
Prerospermopsis, Tessellaesphaera and Tunisphaeridiven (Figure 4),

Al the species level, several taxa were reported very frequently in Permian strata,
Banvoceceus braunii, Brazilea scissa, Peltacystia venosa, Povtalites gondwanensis
and Quadrisporites horrdus were documented more than ten times. Brazilea

Plurigenus, Cireulisparites parvus, Deusilites tenuistriatus, Mehlisphaeridium

[ibratum, Micohysueidivm breve, Micthysiridivm stellawm, Peltacysiia monile,

Tetraporing prnctata, Vervhachium reductum, Redwviasporonites chalastus and

Cymatiosphaera gondwanensis were reported more than five times.
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5. Conclusions

About 100 studies have reported acritarchs and green algae (Prasinophycese,
Zygnemataceae and Hydrodictyaceae) from Pesmian strata. More than half of these
publications concerned strata of the Early Permian, and only ten papers reported
Middle Permian phytoplankton. The muority of the descriptions are from localities
that were located in southem middle Permian palacolatitudes, Most studies focused on
terrestrial plant-derived palynomorphs described from palacoenvironments. located at
the margins of the Gondwanan supercontinent. More than twenty papers were
reported from South Amenca, witha high number of publications from Bruzil.
Argenting, Uruguay and Paraguay. On the other hand, only twenty-five papers
concern the Permian northern hermisphere and very few papers documsent high
palacolatitudes.

The dataset on Permian phytoplankton is both inconsistent and in taxon richness
curve strongly correlates with the number of investigations. The refatively high
phytoplankton diversities in the Early and latest Permian can be correlated with the
greater number of investigations: 45 and 36 phytoplankton gencra are desenibed in the
Kungurian and Changhsingian stages, but only 20 genera, respectively, i the Wordian
and Capitanian stages. Therefore, we do not propose that this high-low-high pattern
characterizes the permain record, The most common recorded genera are
Micrhvseridium and Vervhachium. These are most probably open marine

phytoplankton cysts, but many palynomorphs thought 1o belong to freshwater green
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algae,

If small marine acnitarchs (usually smaller than 20 pm) were to be described in
detail, they might reveal a much higher morphological diversity than previously
recorded. This is the case with - diverse, but commonly ignored, small Cretaceaous
acritarchs described by Habib and Knapp (1982) and Schrank (2003). However, given
the present state of knowledge, the record of Permian acritarchs, when exmmined in
detail, continees 10 support more general studies which have remarked on a dearth of
cyst-forming phyvtoplankton during the Carboniferous-Triassic interval ever since the

pioncering work of Helen Tappan (Tappan, 1980).
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Figure captions

Figure |, {&,bc.d) Organic-walled microphytoplankton cited in Permian palynological
papers. All taxa are here considered as acntarches, i.e.. of unknown biological
affinitics, except species marked as (%) representing possible fungi and as (**)
representing possible green algee.

Figure 2. Palacogeographical distnbution of Permian phytoplankton.
Palacogeographical reconstruction for the Early Permaan (2A) (290 Ma), Middle
Permian (2B) (265 Ma) and Late Pevmian (2C) {255 Ma) afier Ziegler et al,
(1997). 2D illustrates the numbers of published papers and recovered genera and
species for the different palacolatitudes,

Frgure 3. The phytoplankton genenic divessity in the Permian. Stratigraphical scale
after Gradstein et al. (2004). * Fungy; ** Algac

Figure 4. Number of records of Permian phytoplankton genera in Iiterature, and

number of records of specics in every genus. * Fungi; ** Algac

Table caption

Appendix 1. The list of Permian acritarch taxa
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Appendix

Acriturchs und Incertae Sedis

Acriearch sp, A (Lindstrom, 1995 a; Lindstriim, 1995 b)

Actitarch sp. B ( Lindsirdm, 1996}

Genas Assumfaleres Singh, 1973

Assimaletes gigantews (Kaiser, 1976) Fersome et al,, 190

Genus Arvchacadinnm Ouyang. 1979

Archucodinium cingulatum Ouyang, 199

CGenss Sultispheridium (Escnack, 1953) Eisemack. 1969

Balrispsericisum brevl (Ei ck. 1931) Ei k. 1959

s

Balvisphoeridiun deldisgrinum Wall and Downie, 1963

Baltighaeridim spp. (Li <t al., 2004; Hovowitz, 1990)

Baitisphoeridmm sp, (Foster, 1974, Gorter et al., 2008; Shu aex] Utting. 1990)

Gemrs Balmeelle Pant and Mehra, 1963

Ralmewdia densicorpa Tiwan and Navale, 1967

Balmeella minute Tiwan and Navade, 1967

Batmeella punctara Tiwan and Navale, 1967

Balmeella sp. (Tripathy, 2001)
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Gennrs Buwedingiisphaeridism Sch hodt, 1963

)

Buedingaisphacridivm permtcuwn Schanrschmid, 1963

Genass Hrazilea Tiwan and Nuvale, 1967

Braztlea ervssa Tiwari and Navale, 1967

Bruziea scissu {Balme axd Hennel ly, 1956} Foster, 1975

Brazilea helhv Foster, 1979

Brazilew hothy forma gregara Foster, 1999

Bruziloa kelhy) forma helbwi Fosker, 1979

Brazilea plurigesws (Balme and Heapelly, 1956) Foster, 1979

Brazilea puncrata Tiwan aod Navale, 1967

Brazilea sp A, (Backbouse, 1991)

Rrazilea sp. (CazmloKlepag et al., 2007: Holz and Dias, 1995)

Brazilva spp, (Guiiérrez et al, 2005, Mangerod, 1994)

Gens Circndivpanites de Jersey, 1962

Clronlisparites parvas de Jersey, 1962

Clrewlisporiney sp. | Lindstrdin, 1995 a; Swephen, 1993)

Clrowlisparites sp. A (Backhouse, 1991)

Clrewdisparitey sp. B {Backhouse, 1991)
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Gemrs Comasphaersdium Staplin and Jansooius ot Pocock, 1965

Commasphacridium doemoni Quadros, 2002

Genass Congeiter Saly, 1967

Cromgoites bavwdastes Towan and Navale, 1967

Congoites comnuy Tiwan and Navale, 1967

Congoites spvnosas Trwaed and Navale, 1967

Comgoftey sp(Mod et al, 201 1)

Genars Doyl Dvwile, 1960

Devnffia wnispinosa (Schon, 1967) Sarjcant, 1970

Genges Dvidises Hemen and Nygreen, 1967

Deusilites somaurmanes Gutierrez and Césan et Archangelsky, 1997

Diusilites sp. (Gutibrrez et al, 2006)

Gemns Disecapara Tiwan and Navake, 1967

DNseenispara fobare Tiwan and Navake, 1967

Gensss DVexaflopdasis Loeblich, 1970

Diexallophavis sp. (Kent et al, 1990)
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Gemps Fowefusa Leke and Chandra, 1972

Fovevyfuve attenuata Lele and Charxlra, 1972

Fovenfise eylimdrion Lele and Chandra, 1972

Foveofusa mutahiliy Lede 2ncd Chandra, 1972

Foveofusi obese Lele and Chandre, 1972

Foveofusa perforata Lele and Chandra, 1972

Foveofisa pywila Lede and Chandra. 1972

Genats Glafaaesphaeridium Trwan and Moiz, 197)

Glotslaesphaeridiom densiom Tiwnri and Moz, 1971

Gemrs Govgomisphaenidium Staplin and Junsanivs et Pocock, 1965

Gorgonisphaeridinm sp. (Pérez Lainaze et al,, 2010)

Geres Gondigphmeridiom Tiwan sxd Moiz, 1971

Gondisprheridium (eve Tiwan and Maiz, 1971

Geons Grednervillites Bose and Kar, 1967

Grednervillizes sp (Trapathi, 2001)

Genas Haplocystia Segroves, 1967

Haplocsstla pelichda Segroves, 1967
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Gemars Hyserichosphaeridium Deflandre, 1937

Fhmrichasphaeridiim leonardiamum Tasch, 1963

Hserichasphaeridhon equispinasum Tasch, 1963

Hystrichasphaeridium s, (Wilson, 1960)

Getws Impertiropalfenites Pllug and Thoemson, 1953

Incpertwrapolieniies mebvlesuy Balme, 1970

Genars Inderites Ahramova and Manchenkoy 1964

Inderites hulhifera Abramaova and Martchenko, 1964

Indevites compacty Abramova and Martchenko, 1964

Inderitey craxyus Dyupiog, 1970

Inderires elegane Dyupana, 1970

Incherites Texsiomus Dyapine, 1970

Incerites mucrovetionlanes Dyvping, 1970

Imcerites rodwiste Abramova anx) Martchenko, 1964

Inderites soroticnlans Dyupena, 1970

Gengs Kugwlibettes Bose and Maheshwari, 1968

Kagulubwites verrweooey Bose aod Mabestwari, 1968

Kaguliheltes sp. (Banerjee and DRozana, 1988; Banerjee and DYRozanio, 19940)
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Gienars Ledofio Ersenack, 1938

Lerofusa puncralivelia Loeblich, 1970

Leiofuse sassfurtensy Schoa, 1967

Leinfisu jurassica {Schin, 1967) Sanjeut, 197

Leiywse spp. (Foster, 1974)

Gems Ledosphaeridium Staplin, 1961

Leiosphaoridivm bellayense Jansonivs, 192

Genars Ledasphavridia (Eisenack, 1958) Downic and Sarjeant, 1963

Letosphacriaia baltice Eisemnck, 1958

Leiosphaeridia changoingenyiy Ouyang Shu and Utting, 1950

Lerosphaocridia ghoci {Lele, 1979) Fensome ot al,, 1990

Leiosphoeridio imdica Lele and Chandra. 1972

Leisphaerisio mimaticsim (Naumova, 1N9) Jankauskes, 1989

Leveuphaeridia schopyii Jacobson, 1982

Letenpihaerkdia shepeleva (Lebe, 1979) Fensome ctal., 1990

Leionphaeridio nonndasima Eisenack, 1958

Lesosphaeriaia iumaesensis Lele and Chandra, 1972

Lesosphaeridic sp.| (Stephenson et al., 2008)

Lelasphavridia sp.2 (Stephenson ot al,, 2008)
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Lelogpiaerkdia sp. (Beri et al., 2006; Beri et al., 2000; EFNakhal ¢t al, 2002; Guticrrez et al., 2005;
Kent et al.. 1990; Lanmeez e al., 2006: Lindstrien, 1995 o; Mautmo et al, 1998, Mon et al.. 2011,

Seroves. 1967; Tripathi, 2001)

Leiosphaeridio spp. (Gitby und Foster, 1988; Li et al,, 2004; Lindstrm, 1993 b)

Leimsphaeridia sp. A {Backhouse, 1991)

Levosphaeridia sp. B (Lindserom, 1996; Lindstram, 2005 )

Genass Laphasphaenidium| Timofeev, 1959) Downie, 1963

Lophosphaeridivom spp. (CGalby and Foster, 1988; Lindserm, 1995 b)

Lophasphaericinm sp. (Utting and S-petrole. 1975)

Geos Macwlatasporites Tiwar, 1964

Macwlatasporites ampluy Segroves, 1967

Macwlatasponines dvficates Posser, 1975

Macwlmtasporites gomdianensis Tiwan, 1964

Moculatasporites yrvidus Playfard and Righy, 2011

Maoculatasporites indicuy Tiward, 1964

Maculatasponites karangmoensts Lede ancd Kufkami, 1969

Muocwdatasporises minimus Segroves, 1967

Macrdatasporites zairenyis Kar and Bose, 1976

Maculataspovites sp. (Cazaslo-Klepesg et al. 2007: Hankel, 1992: Stephen, 1993)

Moxulatasporites spp (Foster and Waterhouse, [958 Mangerud, 1994)

Maocwlatasponites sp A {Backhouse, 19%91)
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Genars Mehlesphaeridiom Seproves, 1967

Mehlisphaeyicdivem fibrarum Segroves, 1967

Meklisphacridivm regulare Anderson, 1977

Meklisphaericdiven sp, (Lindstrim, 1995 ; Stephen, 1993

Mehlisphaeridinme sp. A {Lindstrien, 1996)

Gens Miceystestiom (Deflandre, 1937) Sarjeant and Sunclifte, 1994

Micrhystrichum albertensis Saplin, 196)

Micrhyseridium Nstohoensis Staplin, 1961

Micrhpstridium beeve Jansonis, 1962

Micrystridium circulum Schia, 1967

Micriwstrideum densispaman Valensi, |953

Micrhystridium fragite Deflandre, 1947

Micrhystricium gnconypicanm (Deflandre, 1935) Deflandre, 1937

Micrhystridium karamurzae Saypeant, 1970

Mivehystridum kevataides Spode., 1964

Micriystridiam mlernspimonan Schaarschmich, 1963

Micrhystridium pakisranre Sarjeant, 1970

Micrhystridium parvivpinee Deflaxdre, 19446

Micriystridium pélifonom Deflandre, 1937
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Micrhystridium piveteans Valersi, 1963

Micrhystridium recurvanine Valensi, 1953

Micrystrdium sevavessinante Japsons, 1962

Micriwstridium stellanm Deflandre, 1945

Micriystridium toigae Quadros, 2002

Migriystridium sp. (Beni et al,, 2006; Beri et al,, 2010 Fickling and MeLoughlin, 1992; Guticrrez ot
al., 2006; Holz and Das, 1998, Utting and S-petroke, 1978)

Micrhystriokum sp.1 (Jacobson et al., 1982)

Micehystridiam sp.2 (Jacobson ctal, 1982)

Micrhystridhum sp.3 (Jacobson et al, 1982)

Micristridium spp, | Foster, 1974, Foster and Witerhouse, 198K Gilby and Foster, 1988 Grigoaey
and Utting, 1998; Hermann et al., 2012; Li et al,, 2004; Mangerud, 1994; Mangenad and Konieczny,
1993

Micrhystridkam sp. A (Schaarschmick, 1963)

Micrhystridium sp. B {Schanrschmidr. 1963)

Migriystridium sp. C {Schaarschmidt, 1963)

Micriwstridiunesp. H {Jansonies, 1962)

Genss Vavifusa Combaz and Lange et Pansaet, 1967

Nevifusa sp. ( Pérez Loinize et al. NH0)

Geoas Pellacyario Balme and Segroves, 1966

Peltacystia calvitiom Bakme amt Seprives, 1966

Pelcvstia gateoides Segroves, 1967
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Pelurcysria monills Balme and Segroves, 1966

Peliacystia venosa Balme and Segroves, 1966

Pelacysnia sp, (Seephen, 1993)

Gemss Pilasporites Balme and Hennelly, 1956

Pilasporites colewlrer Batme and Hennelly, 1956

Piluspovites plurigenes Balme and Hennelly, 1956

Pilasporites sp. (Baneoee und DRozano, 1990; Gutiémez o al - 2006; Holz and Dias, 1998; Guhiérrez
etal., 2006)

Pilisporires sp. B (Beni et al,, 2006; Ben et al,, 2010)

Genars Polvedrvyium DeunfT, 1954

Polvedryxivm deflondret Detnft, 1954

Potvedrvxiim Lm-uw_llmm Schoarschmd, 1963

Polyedryxinm spy (Sameam ct b, 1970; Scharschmadt, 1963)

Gemss Prloschizosponiy Jain, 1968

Puloschizospons seissuy (Balme and Henn, 1956) Ouyang, 1985

Genas Pyromidospovines Segroves, 1967

Pyeamid e cvathoddes Segroves, 1967

W

Pyramidasporites ravesmasus Balme, 1970
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Gemns Preraspermapsls Wetzel, 1952

Prercapermopnis triangularis Hoeowitz, 1973

Gemss Pratoleicsphaeridivm Timoleev, 1959

Protolesaphacridium cangluri Timodeey, 1959

Getws Qrdrispovites Hennelly. 1959

Craadeispanites hovridust Hennelly, 1959) Poconi€ and Lede. 191

Cuadrispovites fobares (Trwan and Navale, 19%67) Yhen, 1975

Cradrispovites sp (Segroves, 1967)

Cvadrispovites spp. (Cazoalo-Klepaig et al | 2007)

poris (Cookson and D 1959) Pierce, 1976

Soh, 25 retsewdiaes Cookson and Tk 1959

Solvizospuoeis deferseyi Sogroves, 1967

Schizasporis scissies (Halme amd Heonelly, 1956) Hart, 1965

Sohizasporas sp. (Shu, 1985, Shu and Uiy, 1990)

Genas Solispiareridiom Saplm mud Jamsonius et Pocock, 1968

Saftsphaceidium rosstgnat Glikson, [966

Sallsphaacridium solidwnw Ouyang and Li, 1980

Saftsphacridium spinslaram Ouyang, 1985

&7
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Glenars Spongocivig Segroves, 1967

Spongocystio eraduica Segroves, 1967

Sporgocyiia sp. (Fielding and McLoaghlin, 1992; Stephen, 1993)

Gens Sphenpolienites Couper. 1958

Sphenipadlenitey wabvanes Couper. 1958

Sheripoflenites wisvny (Balme and Hennelly, 1956) Jansoniss, 1962

Sheripaflenites sp. (Segroves, 1967)

Genass Tessellaesphaera Fosser, 1979

Tessellaesphaeny tessedlare Fosier, 1979

Genars Terraporinn Naumova, 1939

Tesraporing antigua Naumovs, 1950

Tetraporing gigeatea (Bose and Maheshwarl, 1968) Backhowse, 1991

Tesraporina harclogia ( Staplm, 1960) Playfoed 1963

Tesraporina punctova | Towan and Novale, 1967) Kar und Bose, 1976

Teteaporing simphes Anderson, 1977

Terraporing superba Andersa, 1977

Terraporing seragnme Andersoa, 1977

Terraporing sp. (Baneopee and D'Rozano, 1985 Cazzulo-Klepzig et al,, 2007, Guudsrerz o al., XK6;
lanreza et al., 2006 Kent et al,, 1990 Segnwves, 1967)
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Tetraporing sp, A (Backhouse, 1991; Gilby anxl Foster, 1988, Lindstrm, 1995 b; Stodle et al. 2011)

Genns Tinéspivaradiam Deunf) and Evin, 1968

Tumsphsaenichm sp. A (L et al, 2004)

Genass Ulanisphaeriativon McMinn, 1982

Llamisphoeridium berrverse MeMinn, 1982

W

Llamisphoeriditn omanensis Stepbenson and Osterlof! et Filatoff, 2003

Clamlsphoeridinm sp. (Gorter etal., 200%)

Genas Ul Ruvsches, 1969

Unelliums phosphorionsls Jacohson, |982

Cinelliame spp. (Mangenad and Koniecny, 1993)

Genars Peryhaokiom (DeanfT, 1954) Sarjeant and Saancliffe, 1994

Veryhachiot hrevispinam Horowitz, 1972

Vervhachitm conispinosum Schanrschmadl, 1963

Veryvhachiom cvlindricum Schasschnndt, 1963

Vervhachinm curopoesm Stockmans and Williére, 1960

Vervhachiire fagelliferim Wall, 1963

Vervhachuiam formasum Sockmans and Willsére, 1960

Vervhachinmm hvatodermum (Coolson, 1955) Schaarschmadt, 1963

Vervhachiiaw irregudare Jekhowsky, 1961

63
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Veryhachivam futndi (Deflandre, 1946) Downie, 1959

Vervhachivom longtspanem Horowstz, 1972

Veryhachumm navieum (Ssockrmans and Williere £960) Stockmans and Williére 1962

Veryhach 4 <0l himidt, 1963

Vervhachivm reductam (DeunfT, 1959) Jekhowsky, 1961

Fervhachinm rhomboidim Downe, 1959

Fervhachim ridwygense Brosius and Bitterty, 1961

Veryhachivm rosembae Cramer, 1964

Feryhachivmm sedecinppinosaon Staplin, 1961

Vervinachiram rmuest) Hoeowitz, 1972

Veryhachiim valensii (Valensi, 1955) Downic and Sarjeant, 1964

Veryhachinm vanahills Schasrschmadt, 1963

Veryhachivm sp. (Holz and Dis, 1998; Schasrschmidt, 1963; Utting and S-petrole, 1978)

Verviachupm spp. (Foster, 1974; Hermann et al, 2012; Li o al., 2004; Mangenad, 1994; Mangerud and
Konicezny, 1993 Ssephen, 1993}

Genass Wilsomastrum Jansorsus, 1962

Wilsowastriom colomicam Jansonius, 1962

Fungi?

Gensts Chovdecysaia Foster, 1979

Chordecytia chalasss Foster, 1979

Chovdecysaia sp. (Stephen, 1993)
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Genars Portalites Hemer and Nygreen, 1967

Portalites gondwanensis Nahuys and Alpem et Yoo, 1968

Partalites sp.{Cazzalo-Klepzig et al., 2007; Gutiérrez et al, 2006; Holz and Dias, 1998)

Division Chlorephyts Pascher, 1914

Class Chloruphyceae Katzng, 1843

Order Chlorecoccales Marchand, 1895

Family Dictyesphaerisceae West, 1916

Genas Boryococens Kilwzing, 1849

Borryococews hrawnil Kiltzang, 1549

Botrvococous sp. (Bugge o al, 2002; Foster, 1975, Foster and Waterhouse, 1988, Garter ot al., 2008,
Gunidrrez ot al., 2006 Hole and Dias, 1998 Kent et al,, 1990 Segroves, 1967, Stephen, 1993, Tapatha,
2001)

Rorevooncews spp. (Besems ind Schuseman, 1987)

Hotrvococow sp, A (Gilby and Foster, 1988)

Order Not assigned

Family Not assigned

CGemns Tavmanites Newton, 1875

Taxmanites punciates Newton, 1875

Teosmsanites tanbreveriy Takabashi and Yao, 1960

Tasmanites talchirensis Lele, 1979

Tasmanites sp. {Bugpe et ol . 002, E3-Nakhal e al L 2002; Hols and Das, 1998; Horowitz, 1973; Kent

n
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ctal., |99 Sarjeant et al, 9N Sha 1985; Sowza and Callegani, 2004 Tasch, 19%63)

Taomanites spp. (Manperad, 19949; Quachros, 2002 )

Tasmanites sp. A (Lindlserm, 1995 b)

Class Zygoematophycene Roumd, 1971

Order Zygnematales Kitzing, 1898

Family Not assigned

Gems Redotaspovonifes (Wilson, |9%62) Faster, 2002

Revhuvsasporoites cavemdanes Wilson, 1962

ot ol {Faster, 1979 Eksik. 1999

Reuviasparonines stoschigouy (Bahne, 1980) Elsik, 1999

Reduvlasparonites sp, (Eshet et al,, 1995; Visscher et al, 1996; Looy et al,, 2001; Steiner et al,, 2003;

Sandier e al., 2006; Sephon ef al, 2000)

Redwviasparonires sp, B (Mangensd, 1994; Stolle etal. 2011)

Reduviasparonites spp. (Li e al, 2004)

Division Prasinophyta Christensen, 1962

Class Prasinophyceae Christensen, 1962

Order Not assigned

Family Merosphaeridiaceac Madler, 1963

Genas Cymatiasphaers Wetzel, 1933

Cymatiospharni gondy i {Tiwari, 1965) Backhouse, 1991

¥

Crymativsphaera sp. (Dypyik et al., X01: Grigorsey and Utting, 1998 Mautino et al., 1998,
Schuarschmact, 1963; Utting and S-petrole, 1975)
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Cyvmariosphaena spp. (Li et al, 2004; Mangerod, 1994)

Cyvmatiosphaera sp. A (Backhowse, 1991)

Gensss Dicrvoniciem (Eisenack, 1955) Staplin, 1961

Déesyoridivm sovzae Quaddros, 2002

Dicovotidivm reticelatum Schulz, 1965

Dicrvotidiom sp. A (Lindstm, 1995 b)

Dicoyoriciom sp. (Kent et al.. 1990; McLoughlin et al., 1997)

Dvenvoricinm spp. (Gilby and Foster, 1988, Stolle, 2X07)

E ]
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Highlights

1. We review the Permzan phytoplankton, based on about 104 publications.

2. We observe relatively high phytoplankton diversities in the Early.and latest
Permian.

3. Most taxa are related to the acritarchs,

4. Some other taxa nre probably belonging 1o the green algae or to the fungi.
5. The most common genera recorded in Permian are the

Micrhvstridivm and Vervhachium.

”
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Manuscript 2: (Section 2.3.3)

Submitted to Review of Palaeobotany and Palynology. (revised and
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Palynology and palynofacies of the Upper Permian to Lower

Triassic of Shangsi (Sichuan, China)
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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 (Wugqiapingian), 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 palacoclimate 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 palacoceanography, palacogeography,
bottom—water oxygenation, climate change, and terrestrial vegetation change (Tyson, 1995).
Palynofacies studies can also be used to stratigraphically define sedimentary sequences (Wood

lilliad.univ-lille.fr



© 2013 Tous droits réservés.

These de Yong Lei, Lille 1, 2013

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

and Gorin, 1998).

A huge oolitic beach has been described from the Feixianguan Formation in the northern
Sichuan basin, South China. More than 7200 km® of bioherm—platform edge bank facies have
been discovered with more than 6000x10°m”’ 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 HNOjs and 1 ml HF. The sealed bomb was heated at 190°C in an oven for
more than 48 hours. After cooling, the bomb was opened and evaporated at 115°C to incipient
dryness, then 1 ml HNO; was added and the sample was dried again. The resultant salt was
re—dissolved with 3 ml 30% HNO; before it was again sealed and heated in the bomb at 190°C for
12 hours. The final solution was transferred to a polyethylene bottle and diluted in 2% HNO; 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 (20) of £2.5% of reported values for C and £5% for S. An aliquot
of each sample was digested in 2N HCI 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 palacoredox
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 palacoredox 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; Schigler et al., 2002; Carvalho et al., 2006;
Blazekovi¢ Smoji¢ 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.
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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 um. 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; 1.: 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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Figure 7:

Phytoclasts

Table 1:

Palynofacies lypes

Microplankion

Theoratical
regressive

Pollan

Trace elements (ppm)

Major elements (%)

n=118 r p n=125 r P
Ba 0.69 <0.01 Si 0.27 <0.01
Co 0.51 <0.01 Fe 0.85 <0.01
Cr 0.10 Mn  0.23 <0.01
Cu 0.56 <0.01 Mg 0.34 <0.01
Mo -0.19 <0.05 Ca -0.57 <0.01
Ni 0.10 Na 0.68 <0.01
Pb 0.84 <0.01 K 0.97 <0.01
Sr -0.59 <0.01 Ti 0.90 <0.01
Th 0.94 <0.01

U -0.29 <0.01

\" -0.11

Zn 0.45 <0.01

Zr 0.84 <0.01

lilliad.univ-lille.fr



Thése de Yong Lei, Lille 1, 2013

© 2013 Tous droits réservés.

218 LEI Yong: Le Phytoplancton de la limite Permien-Trias du Sud de la Chine 2013.04
Table 2:
Oxic zone Dysoxic zone Anoxic zone
Ni/Co @ <5.00 5.00-7.00 >7.00
U/Th? <0.75 0.75-1.25 >1.25
VI/Cr @ <2.00 2.00-4.25 >4.25
V/(V+Ni)b <0.46 0.46-0.60 0.54-0.82
Table 3:
. : Kerogen Source
Palynofacies type Depositional Environments TOC Algae Type potential Beds
Spore and Pollen- Deltaic-nearshore and shallow Low Low or i - Upper part of
Phytoclasts-AOM marine with oxic conditions absent bed 28 to 29
Acritarchs-AOM-  Nearshore and shallow marine Bed 22 to lower
Phytoclasts with oxic -dysoxic conditions Low, Mooeste X == partof bed 28
Acritarchs-AOM (Lﬂshore and de.ep bas_i ? with Moderate High 111 Qilprone  Bed 20to0 21
ysoxic -anoxic conditions
Offshore and deep basin with Low or
AOM dysoxic -anoxic conditions High absent -l Ol prone Bed 1710 19
AOM-Acritarchs Offshore and shallow marine with High High -1 Oilprone  Bed 15t0 16

dysoxic -anoxic conditions
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Paper 3: (Section 3)

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.
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The spatial (nearshore-offshore) distribution of latest Permian phytoplankton from
the Yangtze Block, South China
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* Soae Key Loderoawy of Geovogron! Processes and Miversd Resources, Ovive Uinversky of Gasiciendes, Waborr (i
¥ AR 8217 Chosysutmes, CNES-Untversind Libe], O0F Soemnfigee. F-55555 Wienewve A<y, frave

* Sade Key Ladaronony of o

' Gaokogy, Chino Undversity of Censciences. Wanae, Cvin

ARTICLE INVO

ABSTRACT

Articie Mstary:

Receroed 18 May 2012

Recerwnd in rovrsadd Sorm § Apgua 2012
Accogted 11 Septomtser 2012

Available erfirm 20 Septrrrdwer 2012

Keymwonds.

Aaritarchs diversky
Paytoplankivn disribation
Late Permian
Patocavaonmern

In order Lo analyar the sparial ( pasececoigcal) distribution of the angasic-walod microphyviogdankion in the
Lane Permian, flve sections from the Yangiae Block, South China, displaing different sediment fackes types
[ from nentic to offshoes palkecenvimnments, Incluckeg basinal fackes) have been pabmatogically,
HmmmmWNMMJmmmmWammmme&m
prowvide similar p ar 2 (1) dow diversiaes wath 2 o4

Species occur in by ‘ the bigher dwersities | more than ten acritacch species| ap-
pear in the offihore exwironmests: (2) af the gevmenc kevel, (be genera Lewsphoendin. Seduvagrvoniles and
Micritystridlonm dee distritased widely, from Taciens corres ponding 0o saBow wirkey Covininmenss (o
affdwee lacies conesponding 10 deoper waler sestings, wheress some gerera such a6 INayoridhem and
Veryhar e, have 4 namower BsTaion, occurming on the conginental shetf and towands the basin, Indicating
opnmemmm(:xurmhmuhnmnamndmmn ~Triassic-Boundary (18],
when the sea kevel dedined, probably with shallow water settngs; (4) at
the specific leved, themmmhysmhmbm dtmmmmmdlmp'nmdummmm
-Mdmmmmemmn«m and Veryhockium with longer spenes
e Moy tridium steflatiom and VerySochium Ayadod ] and Levosphoerid uu‘- ograngbre indiate moee
apen M evinonments By sphencal acritarch species (over 80 pm in 3 owch as Dy

reticasieam, ndicate shafow wates eodronments: and (5 in the TS straca, (e refative abarrdance of the erg-
T R kaparonies, iterpretind by soone authors a5 a fungl spore, s nod Bigher than 142 in every sample,
indicaring that 3 “spike’ of Reduviiporonies does not ocou @ the Yangtze area Safumicsporonites chalastus
I shedf of shallow water, whereas the smaller

(@ pm in length] otrvioesly d

thwmm:&m{ls sm in kengeh) are more commen in deeper water.

© 2012 Elsevier BV All nghts reserved.

1. Intreduction

1.1, Phytophankron pafececologty and objectives of this paper
The dstributon of modem

and bottom water oxygenation {e.g, Devillers and De Vernal, 2000
Pospeiova et al., 2004, 2008; Bouimetartan et al. 2009, In comparison
with the peesent-day dmodlageilates, the distibution of the Palecenic
acritardhs (mostly representing the coganic-walled microphytoplankeon )

* Comexponding aethor. Tel: + 10 27 H7RS 3006 e -+ 86 77 OTRE0
-l nddreses: mporgdica®16.com (Y, Lotk thomanservasiiunee-Mie 1 &
(T, Servas ), ginglaifong®oug erhaam (Q Pemgh, whebangifougedusn (W, He)
! Tel: + 86 1348347052
* e 30 SNGATR0; fax + 13 2053600
' T 6 1897 HTI0

ORS1-(ER2S ~ W Beart saitey © 2012 Ebevuer ILY. ALl cggs neserved
e e dol g 10191 | palee N2 0010

is st probuably inflenced by simiar factoes (e, Stricanne and Servais,
J002; U et b 20040) In Paeonoic secdiments, It is difficult to analyze
these tacrors. and It is thus only speculative to interpret the refatooships
between the distnbution of acriarchs and the diverse paleoccalogical
pardenieters. Based on the mioemation avadalde from sedimenn faces
andd water depth, previoas studies mdicated particudar spatial distnbogion
patrerns for agritarchs from Lower and Middle Paleceoic strata, especially
in the Ordordcian (Jacobson, 1979; Colbsath, 1980; Xa, 1997; Vecal, 2000;
Li et al. 2004k, Molynews, 2002; Yan and L, 2010). the Silurian (Sl
and Sounders, 19%0; Doming, 1981, 1967; AlAmen, 1983; Doming and
Bell, 1967; Richardson and Rasul, 196 Stncanne et al, 2004) and the
Devonian [Staplin, 1961; Reged, 1974; \Wicander and Wood, 19971 In
which highest diversities of acriarchs are generally recorded on the con-
tinental sholf eoviroriments [ for smimanies. see also Molyneux ot al,
T90G; Strother, 1996 Servais et al, 2004a).

However, paleoecodogical data far the organic-walled microfossils
are so far fairly unknown from the Late Paleczoic. where acritarchs
were considered 1o become almast absent, because larger cysts are
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o longer observed in the tossil record. Riegel | 1996, 2008 |, for exam-
phe. named this Late Paleczoic interval with a virtual absence of
oeganic-walled phytoplankton (after the Late Devonian acritarch
‘extinction” and belore the appearance of dinollagellate cyses in the
Triassic) the ‘Phytoplankton Blackout', However, athough larger
cysts appear to be virtually absent, numerous arganic-walled mcro-
phytoplankion morphotypes exist during the Carboniferous and
Permian. Mulins and Servais {2008) reviewed the divessity of the
Carbaniferous phytoplankton, and noted that phytoplankton diversi-
ty was still high in the earliest Carboniferous, but declined significant-
ly fram the Tournaisian 1o the Serpukhovian, Miytoplankion diversaty
In the Late Carboniferoas was generally very Jow, with typially
only 1-3 species being documented in each assemblage {Mullins
and Servais 20081 Regarding the Permian, Lei ot ol (accepted foe
publication | reviesed the dversity of the phytoplankton of this geo-
logical period, based on a detaded literature revision of more than
100 publications focused an Permian phytoplanktonic studies. These
authors pointed out that the phytoplinkion dversities are much
higher than previowsly assumed, with highest diversities in the
Early ferméan anc the latest Permian, where over 30 physoplanktan
gevera have been reported.

The main obyective of the present study i to understand the spatial
dstribution of the phytoplankton in the latest fermian, includling the
analyses of the diversity at the generic and specific kevels, and of the rel-
ative abundance of the different taxa. The Yangze Block. South (hina,
represents an keal key-area for such a study, because a degalled Irves-
tigation of the phytoplankzon from different facies { from neritie to off-
shore palecernvironments induding businal facies) is posslie due 1
the presence of well preserved assemiXages from the same age Interval.

ey, / 63364 N2} 157162

dass” coresponds 10 a shoal environment; and the “baltsphaerid-
veryhachid-Pohygoniuns” dlass reflected an apen marine enviranment.
I the Upper Ordovician, Colbath [ 1980} idertified two phytoplank-
ton comumunities, and propased a model of changing water nusses
o explain the abundance fluctuations from a core of the Eden
Shale, Indiana, USA. In the Lower Ordavician of China, Xu (1997
roted that abuandant acritarchs from the Dawan Foemation, Yanglze
Platform, South China, (ocluding Sriatochecs, Coryphitium,  Pirea,
Acanthodvacrodium, Dasydiocodium and Arbuscufidium fSamentosum,
indicated a deepwater environment. The so far the most detailed
study from the Lower-Middle Ordovican of the Yamgtze Platform
South China, is that fram U et al. [20040), who reported a continaous
nearshore to offshore trend in acitarch distrbution, The investigations
of 4 selection of sections ranging from insyre (o offshoce sestings
indicared thag the nearshore environments show low diversity assem-
blages with about 10 acntarch species, whereas the offshore shelf
environments reflect higher diversities with about 40 species. [n the
same area, Yan and LI (2010) divided ten aorarch assemidlages by
using cluster and princpal  companent analysis. They suggested
that the acritarch assemblages and their dsstributions are controlled
by enviroomental dunges In addition, they conchuded that the
Stelferidium assemblage occurs in the (nner shell environments;
lhe mwuum-mmmnﬂn assemblage, Salosphoeridim-
age, Cymatingalea assemblage, Pobygonium
mmmmmmuwmmmmmmm
shelf epvirooments, and the Balrsphaenidium assemblage, Letosphaerio
assemblage, Feteinaphoenidfium assemblage and Rhopaliophora assems-
Dlage intubited the deep water shale basin emimoments.
Another detailed study of the af Ordoviclan
mardts{mSwth(hmmhaofrmomaallmo‘J‘ These

1.2 Review of previous investigations on Pr and Pl

atemptedd to understand the compasitiona fluctuations aff

phytoplankion palevecalogy

In the Neoproterozone palecccologacal stadies on the organic-walled
microfossils remain rare. Howeyer, Buttesfiekd and Chandler (1992
recognized five phivtoplankron 2ones from the Agu Bay Formation,
Baffin tsland, Arctic Canada, which were interpresed as comesponding
to restricted nearshore to basinal evironments. The auhors concluded
that: {1} in the nearshoce restricted environmends, the fossils are domy-
inated by aurochithonous filaments and small spherods with Jow diver-
sities: (2) in the nearshore unrestricied environments, the filaments
and large acritarchs { > 50 pmin diameter) are atandant with moderate
to high diversities; (3] in the middle part of the shelf. corresponding 1o
moderately deep environments (lower photic zooe), moderately
dverse assemblages of spherical acitarchs are present wathout sub-
stantially ormamented forms; [4) in the middle 10 cuter shelf deep
water ensimaments [ subphatic zone), a low taxonomic diversity is ob-
served in s dominated by moderately Lirge to small spher-
vidks (< wmlnd.mer] M(S]mlhedupﬁnhm& turbiditic
dominated environments, o 0 deeper water seftings.
acritarchs are abundant, but geoerally of vrrylowtmmx dwmuy

In the Cambrian and Ordosacian, p logical intery
are more abundanc. Vecoll rM)mdmxdrmympm)aon
diversity and abundance from siccessions of the North Sshara
Matform allow the proposal of several classes indicating tﬁﬁ'ﬂtﬂt
palecenvirurements, Vecoli {2000 ) conduded that the high d
of the leiosphaerid-Netromorphitae and Verphachiuen classes n low-
diversity assemblages can be related to nearshore, shallow-marine
conditions; the Polygonsim-Micrhiystniditm dass cooresponds 1o low-
diversity assermblages and seens generally indicative of restricted
manne conditions,

Seven studees mvestigated the distribubon of the arganicowalled
phytoplankton from Crdovidan straty, In the Mddie and Upper
Ordovician of the Midcontinent, USA. Jacobson (1979) considered
thta&nnmedth‘tmﬁxndclw‘mmdswa nearshore,
the “peteinasphaend-Dicommopol

acritarch assemblages by using an Interprecative model Integrating
the mshare-offshore trend and climate {tempesature | through time.
The model predicts that phytoplankton diversity increases from
cold, praximate habslacs, towards warmey, distal environments.

In the Early Ordoviclan (the Skiddaw Group, northemn England ).
Maoltyneus (2008 coocluded that in deep-water sestings amtarch
diversity paraliels sea-level changes, with high divensties cocurring dur-
ing lowstands and low diversity during highstands. Molyneu (2009)
also suggested thar high acritarch dwersitses ocour in offshoce settings.
and that kw diversities are present in nearshore and basial sestings.

In Siltertan strata, seven papers reported the spatial dstabution of
phytoplanktoa. Smith and Saunders (1970) summanzed the relation-
ship between acrtarch distnibution and sedimentary facies in a series
of Sisirian clastics representing several major depasitional emeron-
ments, They suggested that (1) the aontarchs are confined o deposi-
thonal areas comtinuously oc intermittently open to manne waters
and do nat occur in the fluvial depasits; (2) the degree of preserva-
tion reflects the depasitional environment: forms from deeper open
marine sediments are generally well preserved, while thase in near-
shore and transitional facies are usually fragmentary and degraded;
and (1) acrarch distnbution patterns are in part controlled by direc-
tions of peevailing currents. In the Weish Borderland and Wales,
Usiited Kingdom, four studies analyzed acritarch distribution i same
detail (Darning 1981, 1987: Daming and Bell, 1987; Richandson and
Rasul 1990), Three acritarch assemblages (nearshore, offshore and
deep water) were recognized by Dormang (1981) He conduoded that
5-15 speaes were found in the nearshore assemblages: generally
25-60 species in offshore shell assemblages: anly 2415 species in
deep water assemblages. Subsaquently, Dorning (1987 and Doming
and Bell 1987 recognizedd four acritarchs assembilages, including the
[evasphaeridia werlockin Assemuar. the Lewfisa tumadn Assemblage,
the Micrhysimidium & bl and the Sofupidium
grovliferim Assemblage. which wm atributed to reefl limestone,
shallow shelf carbonates, open shell carbonates and deeper shell emi-

pectively. Richardsan and Rasal ( 1990) considersd that
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i their investigations acrarchy, chitinozoan, and scolecodont associa-
mmumirakdmmcfarrs.vﬁ*wmums.mxrmm

wtids p near the shareline. in the Rhadames
Basin, Libya, AbAmen ( 1983] analyzed the acd-resistant microfossils
and used them 1o determunate different palecenmironments. He
wiggested that the tasmanitids may indicate a lagoonal environment,
and that the peak af the acritarch species Veryhachium lenfi ocours in
the ransitional boundary between Intermediage and lagoonal settmngs.
Strcanne e1 al. (2004) analyzed both qualitatively and quantitatively
lhmanhmmhuumhngmumhut-omwruammﬂ!
LucBow of the Silunan of Gotbed, Sweden. They noted | logical
changes at three different levels: asqxagmmklwd(mhmmhk
armitarchs increase towards the shell but sphasromorphs decrease), 3
genenic leved (the aortarchs Micrhysericam and OSatisphoery are abun-
dane in the proximal fackes, while Evimia. Percuttisphora and Oppilecale
arecomman in distal environments |, and a specific leved (Micrhystridium
marphotypes tend o present longer and moere complex processes
towards the shell).

Three papers investigated the distribution of phytoplankzon in the
Devonian. Based on studies from Alberta, Canada, Staplin (1961) was
the first who 50 years ago already noted acritarch abuindance danges
In redation to the distance from reefs. Spherical forns weve considered
widespread. the thin-spimed spedes are widespread bat more comman
near the reefs, while the thick-spined and polyhedral forms were
considered only abundant in off-reef strata. bn the Lower and Middie
Devordan rocks of wesiern Genmany, Riegel (1974) reported that the
nentic faoes is connected with poor phytoplankton assemblagses,
wihereas the pelagic lacies geoerally peoduced sbundant and diversilied
phytoplanktan. In the Rapid Member of the Cedar Valley Foemation,
lowa, Wicander and Wood (1997) imvestigsted the  fluctuations
n the microphytoplanktan and anadyzed the relative perventage of
palynomoephs in the microptytopliniton/spore assemnblages. They
suggested that the dominance of microphytoplankron compared to

e

spores reflects an inshore-ofshore rend, with higher abundances of
aaitarchs indicating normal-manne near to offshore enviranments.
Few studies discuss acritarch paiececology in past- Palearoic strata,
In the Jurassic of England and South Wales, Wall (19565) conduded
that acrearch dstibunion was controlled by environmentad changes:
in the inshore settings with enclosed enviconments, the assemblages
were compased of acanthomorphic agitarchs (Micrystridiam and
Baftisphaeridium), whieweas in the open sea the assemblages were
daminated by the raxa Veryhaohium, Ledofuse, Meraletofisa and Domasin

2. Geological setting of the Yangtze Platform at latest Permian

For the present study, five geological sections have boen analyzed.
They are 4l located in southern Ching, correspondang to the Yangtze
Block, and are located in the Guizhou, Zhepang, Sichuan, Hubed
and Guangxl Provinces [Fig. 1). The sections correspond to different
paleogrographical and pakeoermronmental settings, from near-share
shallow-water to deeper water and slope environments [Figs 2, 3),
and they all cover the Latest Pesmian to Eariest Trassic mterval. includ-
ing the Permian-Triassic bounclasy (PT8) (Fig. 4)

2.1. Dvangzhol section

The Zhongzhai section (26°09.110N and 105717,113€) is located
approximately 150 ke WSW of Guiyang and 25 km SW of Liuzhs
County, in e western Guizhou Province {Fig 1) (Metcaffe anit
Nacodd, 2007), It is located in the serrestrial to neritic transitional faces
in the west of the Yangtze Block {Fgs. 2, 3) (Peng et al, 2005;
Metcalfie and Nicoll 2007; He & al,, 2008). This section comprises
the uppermost Longtan Foomation [bed 1 to bed 27 and the lower-
most Vdaru Fomwm (bed 28 to bad 37) (Fig. 4). The Longtan
Formation sand and with 3 few
lurestone lmewals. contalning braclsopods, bivaws, gastropods,

ENg

HENAN

g 1. Location of the Sve imvesigatod wactaes Suen the Yargtor Mook, South (s | Zhonggaha, Montus, Surgs, Kiabos and Dogues wxtam
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Land Shaliow Shell  Desp Shelt Platform  Slope Palagic

Depth {m)

Sections ZZ=Zhongzhal MSeMeighan SS=Shangsl XKaXigwou DP=Dongpan

A Z Enaned warer depth and sodinerrary faoes duriag the PTR of the fve imvestigasd sectiots froom che Yaagre Bock, Soath Ouna (Zhoogmial Meishan Shangs, Xoiou and

Doagain sectknm)

ostracods and cephalopods (He et al. 2008), The Jowermnost Yelang
Formation comprises yellawish green or purplish red silty calcareous
mudstones, and a few limestones and daystomes at the base of the
formation, containing lingulld brachiopods and abundast bivalves
(Gao et al, 2009 He & al. 2008). According to the conodoat
baczonation, Metcalie and Nicoll (2007 ) suggested that the PT8 at the
Zhangzhai section 5 located in bed 30. In addition, based oo the U-Pb
dates, the absokite age determimation fram the claystone of bed 29 by
Sher et 3l (2011b) indicated an age of 25224 +0.13 Mo

22 Meishan secrian
The Meashan section (11703 N and 119°54E] is Jocated aboct

25 km northwest of the Changxing County, in the Zhejung Province
(Fig. 1) This section has been accepted as the Global Stratotype

Section and Posnt (GSSP) for the PTH m 2001, with the boundary
marke by the first appearance datum (FAD) of Hindeodsss parvas, 3t
the biuse of bed 27¢ in Section D (Yin o al, 2001; Jiang «1 al, 2007;
Zhang et al., 2007). This stratotype section i located i an Intra-
platform depression between the uplift and the platform, mostly in
the range of 30 to 60 m depth during the PTB (Yin et al. 2001)
(Figs. 2 axl 3). The Meishan section disphays the Changxing Forma-
tion (bed 22 to bad 24) and the Yinkeng Formation (bed 25 w bed
30). The uppermost Changring Formation comprises imestones
with 4 few mulstones The kwermast Yinkeng Formation & domi-
nated by muddy limestones and limestones with a few mudstone
andclaymmlmrrvalv[ﬂ; 4], Based o0 the U-F dates. the absolute

ined from the ¢l of bed 25 and bed 28 by Shen

age de
er 4l (2011h) indicated an .age af 25228 +0.08 Ma and 252.10 +
0.06 Ma, respectively,
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The Shangsi section is Jocated near Guangywan city i the narthern
Sichuan Province, in the northwestern mangn of the Upper Yangtae
Block (Figs 1 and 3) (Wignall et al. 1995; Lai et al., 1996} The
Shangsi section comprises the Dafong Fo ion (Wchiapingian to
Changhsingian) and the Reixiangun Formation (induan), The geol-
ogy of the Shangsi section was first described In detasl by L er al
(19861 The beds 17 to 22 compeise an alternation of carbonaceous
and siliceous rocks and siliceous limestones with a few mud

samphe from the Meishan section), All the samgples were analyzed for
palynalogical studics,

Filty grams of each sample were prepared foliowing standard pal-
ynological rechnigues. After treatment with hydrochioeic ackd {33%)
and hydrofluonc acid [40%), the samples have been subsequently
concentrated with zinc bromide solution (SG 2.2). Known amounts
of Lycopodium spores were added durlng the peocess In order to
allow Gkulanon of absolate panicle abundances. following standard

inteyvals, containing radiolarians, bevalves, brachiopods and amemo-
nates. Beds 23 1o 29 comprise sillceous madstones and calcareous
mudstones with few claystones, containing abundant ammonites
(Fig 4). The facies of this section changed dramatically from a basinal
(Dadong Foomatan) 1o a nentic environment | Febaanguan Forma-
tion) (L et al. 1985), The precise Jocation of the I'TB in the Shangsi
sectian is still debated, Accoeding to the frst occurrence of Hindeodus
purvas, the PTB has to be placed within bad 30, over 4 m above the
mass extimction keved (U et al., 1986: Wignall et ak, 1995; Lal et al.
1996; Nocoll et al. 2002; Jiang ot al, 2011). Howewer, Jiang et al
(2011) angested that the PTE & placed 22 cm above the base of
bed 28, based on hindeodid and gondodellid conodont taxa. Recently.
new U-b data indicate an absolute age of 25228 +0.13 Ma, deter-
mined fram the caystone of bed 27 (in the present paper) by Shen
etal (2011b).

24 Xinkou soction

The Xaakou section (31°06.874N and 110°48221E) &s locased near
Xiakou town. in Xingshan County, Yichang cty, Hubet Province
(Fi 1), This area corresponds to the north of the central Yangtze
Biock (Wang and X, 2004) (Fig. 3]. The section indudes the
Changxng and Daye formations. The uppermost Changang Farma-
tion [bed 223 to bed 256) is composed of thin-bedded mudstanes
and musckly limestanes, The lowermast Daye Formation (bed 257 to
bed 270) Is dominated by mudstones with a few claystores (Fig. 4).
Both formations indicate an open continental-shell sedimentary envi-
roament (Wang. 1998; Wang and Xia, 2004) (Fig, 2), According to
the pew conodont zoaation, the I'TB s placed in bed 262 [Shen et al.
In press), rather than in bed 266 (Wang and Xia. 2004; Hang et al.
2008, 2011),

2.5 Dongnan section

The Dongpan sectan (22° 16 196N and 107" 41.5068) (Shen == al.
20112), is situated 80 km southwest of Nanning Guangxl Frovince, in
the southern part of the Yangtze Block (He et al, 2007b) (Fgs 1, 3.
This section wses the Dalong (beds 2 t0 12) and Luolow Formatiins
(beds 13 to 14) {Fig. 4). Accoeding to Feng et al, (2007), bedds 2 to 8 are
mainly composed of bedded sdicoous rocks, muddy siliceous rocks and
mudstones. containmg bivalves, brachiopods, gastropods, ostracods.
and radiclanians, Beds 9 to 14 are dammnated by mudstones and silty
mudstooes with thin intercalations of claystones, contalning @ fow
ammeoaids, foraminifers, and radioladans. Feng et al (2007) con-
sideredd that the Dalong Formation was depasited in dope to basin env-
rocements {Fig 2). In additson, based on the abundance of the despwater
radiotanian Aballlefla. bed 5 indicates a water depeh of nearty 500 m
(He et al, 2005), According to the distrbutian of the bivahes and am-
monoids, He et al. (2005, 2007a) and Feng et al (2007), suggestod
u?ummmmmmmmmubemmmlu
12and bed 13,

3. Materials and methods

270 samples have been collected from the five sections (45 samples
from the Zhongzhad section; 141 samyples from the Shangsi section; 60

[Tysom and Follows, 2000). The samples were
mbuouﬂiudnus-evedm:admwasmdndmigum-
croscopy and scanning electron microscopy. The phytoplankton taxa
were determined at the genenc and the speafic level All patyno-
logacal slides are stored n the collections of the China University of
Gepsclences (\Wuhan).

4. Results

The present ivestigation indicares that diverse and abundant
phytoplankton ocours in different paleoenvironmental settings from
the latest Permian af the Yanglze Block, South China (Fig, 4), The rel-
ative aburdance of the phytoplankton species in each of the sections
is presented in Table 1,

In the Shangsi section, about 20 species corresponding to
B gepera have been recorded in the 37 samples investigated. They in-

quadraturm, Yeryhochium

Indicated in Table 1. the genus Lefosphoericka (S0.8%) Is the most
common, followed by Micfivsindium (2682} and  Veryhachinm
(11.15). At the species kevel, the acritarhs of the Shangsi section are
dearly dominated by L micrograngfivo, L minucksing and M. brewe.
0. revicubatum and V. yefodirmiem ane also common,

In the Metshan section, Ouyang and Utting (1990 and 1 et al.
(2004a) reported nine phytoplankton genera (Baltisphaericium,
Cymatiosphoern, Cicovoridium,  Leiosphaeridia,  Micrhystridiam,
Veryhachium, Reduviesporonites, Schimspors and 7 Tunisphoeriaium ).
|nnx-presaxmny five phytoplankton specses ocour in bed 26,

uding Dicnyocidium reniadanm [41.4%), Mokysodium stellanum
(mx),wommmmmnmusm].mmmudwmm
(740%) and Schszaparss sp. (124%)

In the Zhongzhai and Xaxkou sections, caly a few speces oo In
several samples, induding Bavdsphoeridiam sp, Oxnwoodiam resaufanm,
umm mwmﬁm ﬁrﬂuwﬂum hm\'. lﬁﬁwﬂium

Interestingly. Mbmlsaex)snmmmmnsmﬁsmm
Zhoagrhai section, whereas L micragranifera ( 74.5%) 5 chearly dominant
in the Xiakou section. In the Dongpan sectian, only two speces af

K ridic are foand, however, they are abundantly present in
fifteen samples (Fg 4).

5. Discussion

5.1, Piytoplankton distribution changes m the fatest Permion of the
Yongtze Block suuth Chima

Similar to previous studies on acritarch paleoecology from the
Paleozoic, the phytoplankton distribution changes from the pear-
shore-offshare transect of the Yangtze Block are bere interpreted in
relapon to the changing palececalogy. The palesecoéogical dismibu-
tion is analyzed in terms of diversity (at the generic and spedfic
level) and of relative aburclance.

2013.04 Lille 1 University & China University of Geosciences (Wuhan) 227
138 Yideols ey, 6364 L0020 5116
2.3 Shongst section samples from the Xiakou, 23 samples from the Dongpan sectian; o0e
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5.2, Spatial diseribution of plovtoplankion in terms of diversity of tve

Presaous studies (Rgs. 2 and 3) indlicated that in the western part
of the Yangtze Block the Zhongzhai section is Jocated in the terrestria
to nerttic transitional facies (Peng et al, 2005; Metcalfe and Nicoll,
2007; He et al, 2008), while in the southern part of the Yangtze
Blodk, according to He et al (2005) and Feng et al {2007), the
Dongpan section was deposited i slope o basinal enviroaments.
In addition, based on the abundance of the deepwater radiolartan
Albaillelin, bed 5 was interpretad as indicating water depths of about
S00 m (He et al., 2005). In the eastern part of the Yangtze Blodk the
Meishan section &5 focated in an ingra-platform depression between
the uplift and the platform (Yin et 3, 2001), whereas in the northern
puart of the Yargtze Block the Shargsi section was deposited] in deep-
water with offshore setrings during the latest Permian [Li e€ al. 1965).
Finally, the Xiakou section was deposited in open continental-shelf
with offshore settings (Wang, 1958; Wang and Xa, 2004).

bn oeder to understand the difTerent palecerniranments More eas-
My and to incerpeet the spadal distribution of the phytoplankton taxa,
the five sectans have been tentatively placed in a nearshore—offshare
transect in Figs 5 and 6.

Bath the nearshore environmenss of the i section and
the basinal facies of the Doogpan section indicate low diversities of
only 2 to 4 acritarch species distributed in 1 ta 3 genera (Fig 5), How-
ever, in the offshare envircaments, the platform (Meishan section)
and the basinal (Shangst section) fackes show mach higher phyto-
plankton diversities with vp to 20 acritarch species in up to 9 genera
(T 5). In additson, far from the shoce and thos from terrestial input,
the offshoce settings in deeper water environments ( Xiakou section)
show 3 very Jow diversity of phytaplankton.

The present investigation thus confinms the distribution trends
that have been reported in previows studies (Riegel, 1974, Dorning,
1981 Buterfiedd and Chandler, 1992; Wicander and Wood, 1997;

Zhongzhai  Moishan

Vecali, 2000; L et al., 2004b). For example, Doening (1981) and L
et al. (2004b) counted caly about 10 aitarch speces in nearshore

but Ity 25 to 60 speces in offshere settings,
These numbéss have 10 be placed s the context of & much higher
diversity in the Ordovidan and Siurlars, wath over 400 acritarch spe-
cies being reported in the different Ordavician periods | Servais et al.
2008, for example, whereas no more than 100 acritarch species in
about 40 genera were documented for dee entive Late Permian (Led
et al. accepeed for publication ),

At a cualitative leved, it s interesting to analyze the dstribugion
of several individual toa. AL the generc leved, for example, some
genera appear occaslonally, such a COymanosphaerg, Lekstsa and 7
Tumisphaeridium, Other genera, such as (oiosphaeniin, Rediniasporonites
and Micrigstridium, are distributed moee widely, from the pearshoee en-
vircoments with shallow water settings to offshore environments in
deeper water. The genera IXayonsdium and Veryhoohium have narrower
distribuions, as they ocour oo the shell and toward the basin, indicaging
an open marine eoviroament The geres Schizospons only ocours around
the FTB of the Shangst and Melshan sections (Fg 4] In sevels when the
sea level dedined, probadly inchicating nearshore settings with shallower
WaLers

5.3 Spatial diszriburion of phyeaplankeon af e fevel of relarw
abundance of speaes

In Permian strata, the species of Miatysoridium and Veryhachium
were reported most froquently (Servais et al, 207. Let et al.
accepted for publication). In the present study, over 1en species of
these two genera were reported, representing nearly one half of all
species occuming in the Late Permian of southern China. Interestingly,
the species Micrhystridium breve (displaying short spines) is obmi-
ously dominant in the Zhoagzhai section and around the PTB of the
Shangsi section (Figs. 4 and 6), indkcating nerinic facwes. whereas the
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other species of Micrfystridium and Veryhochium with looges spines
(eg Micrhyseridium stellaten and Veryhachium dyalodermum) are
geverally common in the Meishan and Shangsi sections (Figs. 4
and 6), showing a cearly open marine environment. This observation
Is thus samdlar to the resules of ather authors {Wall, 1965: Jacobson,
1978; Al-Ameri, 1983; Doming. 1987, Richardson and Rasul, 199(;
Vecoli, 2000; U et al, 2004a; Stricanne et al, 2004; Servas et al.
2007} and in paricular with the stody of Strcanne et al (2004),
who observed a change in the relative dundance of long and
short spined micrhystekds n the nearshore-affshore ransect of the
Silurian of Gotland. Such changes In the moephalogy (lengeh) of
phytoplankton {dinoflageliates] have been documented in detail
and related to salinity and temperatune lluctuations [eg, Mertens
et al, 2009, and references therein). Such changes
have also been interpreted concerning some acritarch taxa (Servals
et al, 2004by

For the sphetical acritaccls. Dorning (1981 ] indicated higher peo-
partions in nearshoce environments and in the basinal facies m the Si-
lurian. In the latest Precambnan, Butterfiekd and Chandler (1992)
suggested that the small spheroids dominated in the nearshore set-
tings and in the outer shelf enviconment, whereas larger spherical
aatarchs with no substantial omamentabon were more comman
in the middle part of the shelf, Similady, Yan and Li (2010) concluded
that the Leinsphueridio assembilage of the Lower-Middie Ordovician In
South China inhabited the deep water shale basin eovironments, In
the preseat snxly, the small spherical acritarchs Letosphaenidin dearly
domenate in the open marine enviroaments, from the shell o the ba-
sénal settings {Dongpan section, Shangss section and Xiakou section)
(Figs 4 and 6). The species Lefosphaendia microgranifena that is char-
acterized by a granulose vesicle wall is also commeon in offshore envi-
roaments. On the other hand, the species Leiosphoeridio minasissime
with smooth vesicles generally ocours mare frequentdy In the pear-
shore settings of the Dongpan section {Figs, 4 and 6) In addition,
the big spherical species (over 80 pm in diameter) Dictyoridium

reticelatiom (considered by some authoes s a prasinophyte) is abun-
dant in bed 22 of the Shangsi section and in bedd 26 of the Meishan
section when the sea level dediined, indicating shallow water envi-
roauments [Figs 4 and 6).

It is particularly interesting to analyze the spatial distribution of the
gems Redeninsporonites, which is 4 Laxon consklersd by same authoes
as a fungal spore and indicating a Fungal speke’ keading 1o the mass ex-
nmﬂmofdnl’rﬂ’cz.vmrﬂaL 1996), Previous studies show
that the ‘spile’ of acours at shaflow maring environ-
ments of the PTB (Eshet ex al, 1995, Visscher et al. 1996, Looy et al.
2001; Stewner of al.. 2003; Sandder et al. 2006). Indeed. around the
PTB strata, the relative abundances of Reduviasporonites are much
lggher than that in other straza, but they are never more abxindant
than 14%, which dearly Indicates that a ‘spike’ does not ccour in South
China. at least n the present stxdy Interestingly, the spedes
Reduviesorunites chaiastes displaying big vesicles (40 um in length)
obwicusly doeninates in shell emtronments of shaliower waeer (Meishan
secuon and Zhongzhai section), whereas the species Rechinfasporonies
mmmlwwmhmﬂuvcndes(!ssmmlﬂwh)smm
in deeper wialer environments of the Shangsi and Xiakou sectans
(Figs. 4 and 6}

6. Conclusians

The quantsative palynological investigations of five sections
(from nenitc to offshore, induding basinal facies] in the latest
Permian of the Yangtze Block, southern (hina, allows an mierprela-
tion of the spatial distribution of the phytoplankton integrating both
the diversity of spedes and genera and the relative abundance of spe-
cies. The present investigation prossdes the following infarmation:

(1) low acritarch diversities of 2 to 4 aoarch species eccur in the
nearshore enwironments, whereas the higher diversities of up
o 20 acritarch species appear in the olfshore environment.
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[2) at the genenc leved the genera Leusphoeridia, Reckoiasporonites nﬁ%“' Bl Harwood, Chichester,
and Miofgstridium are dstributed wadely, from nearshore ,,,,_‘E"“f‘ 00, 1087, The S thenate shell micrfiors! séritarch @snita-
settings in shaflow water to offshore settings in deeper water, tom W the Mech wtnh:-l:enwn Famumon |n:‘o’:m';u‘(ml
The genera DNceyotidium and Veryhachiuem have nasrower disins- gmﬁ Bl Howeod, Clach En-
butians, occurning on the shelf and towards the basin, iNGKCAING g%y ampion, M. iseches, M., 1955, Purgal vt asl patynobogicl s of
apen manne The genws S¢ goris only oooas wm-wmmmm-iwmeCW!!
oo R ettty v ing ¥ Qt.llv W, G S22 Mg VY., VX, Zrarg, 1, 2007, Radibesn eviligun
&~ I,
nearshare sedtings in shallow water. "lL m-mumnsmnou r:u.mmﬂmm
(3) at the specific level the specles Micrfiystrifium breve displaying m Va2,
short spines indicates neritic facies, whereas the other mvamutmvo.m»mmmrmwmm
species of Micrhy=ridiurm and Veryhadhitm with longer spines s B China. A Jourk of § 33,
(eg. Miokpstridium stefiatm and Veryhoohiom yalodenmuml e Wit Shen. 2. Ferg. QL, G S2. 2003, A Late Changhingian [ L Permian
are indicative of more open marine emdronments, mmm(“ lmﬁgnﬁzr:mmﬁx;wnm
(4) far the sphenical aotarchs, the soull spherical Lsosphweridia souithavn Coargal . Pabeumiuiogy
: e WL Weldo Ciu S Meng VY. 7vieg F. W, 52, 20074 A Late
clearly indicae deeper water. The speces  Lelosphaeridia Mn:-nfaq:w m:s:_l:hm Garra froms the miwdna P
microgranifira with granulcse walls is more common i offshone &ﬁgtﬁmg;mumdmm;«imu&m" -
settings while [mogphoeridia minutisima with smooth walls Carepiy
generally ocours in nearshore settings. In addition, the beg spher- mm%"mmm"' i i
scal (over 80 ym i diameser) acritarch species INcyaddiim Palascocslogy 252, 16
reticaslatum indicaces shallow water settings, H.'WJLQI.CILGILY‘LR!I;VQ.MV mnmmm
(5) & the PTB strata, the relative aburdance of Rexh i i i 7t e e
5 never ht;fmagnn lﬂ.mMﬁh Indicates that a m does m%&:‘u:#m Xoe H. m::“mmn:nmmm:;m
not oocur, In addition, larger spicies Rechnasporonites ey of el Mabine wectiin evderce of clay provemnance ad s
chalestuss abwiousty dominates in shelf envirooments of shallow A L aion .
. poedude 1o
wiater, wheseas the smaller Reduvoronies CUENUIILS AU 1 tagmcion and rmironset Chnge s he permas. s asmry 70,
MOCe COmenon in deeper wagers. seufhern Cuina. Clays and Clay Minczais 59, 475489,
Jacistuon, SR, FOM. Acritarchis as pabooerneon ental anbcates in Maode and Ugper
mﬁ"‘bﬁw r Oheo st Mew Yorks Journad of Padeontudogy 53,
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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 N,-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; Engstrdm-Ost 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; Engstrom-Ost et al.,
2002; Wiegand and Pflugmacher, 2005; Golubic et al., 2010; Karlson and Moziraitis, 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 O, (e.g. Heiskanen and Kononen, 1994; Sellner et al., 1994; Vahtera et al., 2007;
FerrAo-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 Palacozoic 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,
Chonggqing 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% HCI 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 I1I) 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 11 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 N, 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 30°C) 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 11, 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 11 and Stage 111, 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 I1I (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). FerrAo-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 (FerrAo-Filho et al., 2001; Lance et al., 2010; Wiegand and Pflugmacher,
2005). Furthermore, Limén and Olafsson (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
Olafsson (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. 1. is.: Isarcicella isarcica; 1. 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); C3; 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 C3; 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 pm for 18-20, and 15 pm for 10-12, and 10 um 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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Fig. 3
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Table 1
Spherical Acanthomorphic Spherical Acanthomorphic "

Samples acritaroh acritarch Reduviasporonites  Samples acritarch acritarch Reduviasporonites
Zhongzhal section Meishan section

77276 0 188 0 MS-26 230 217 3%
Z222-3 0 300 0 Xiakou section

2z22-2 0 210 0 XK257-2 88 0 0
ZZ20-1 0 240 0 XK258 39 0 0
Z219-3 0 120 20 XK254-2 78 0 0
Shangsi section XK254-1 177 34 0
$S28b-10 0 1867 ey o9 o 8
S828b-11 0 1944 17

§828b-13 0 315 18 Liangfengya section

SS28b-14 0 4751 105 LFY-22-B 58 0 0
58528a-16 0 1815 109 LFY-14-D 35 0 0
S828a-17 0 3025 1122 LFY-13 89 0 0
SS28a-18 0 3381 177 LFY-4-A 123 0 0
S§825-E 1054 8793 118 LFY-1-B 284 469 0
$825-C 26 2740 0 LFY-1-A 123 1 0
S825-A 8 0 0 LFY-7(down) 582 117 0
§822 2873 176 2 Dongpan section

Ganxi section DP12-B 124 0 0
GX-37 160 0 0 DP10-B 90 0 0
GX-32 218 0 0 DP10-A 68 0 0
GX-29 149 0 0 DP5-C 70 0 0
GX-25 100 0 0 DP5-8 111 0 0
GX-20 59 0 0 DPS-A S0 0 0
GX-18 364 0 1] DP3-8 56 0 0
GX-17 24 0 0 DP3-A 196 0 0
GX-13 107 0 0 DP2-1 190 0 0
GX-7 39 0 ] DP2-H 133 0 0
GX239 37 0 0 DP2-G 280 0 0
GX236 53 0 0 DP2-E 190 0 0
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Latest Permian acritarchs from South China and the
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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 pm, and commonly include the genera Micrhystridium,
Veryhachium and Leiosphaeridia. However, lager taxa with vesicles often exceeding 80pum 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 Palacozoic 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 pm, 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 Vavrdova 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 pm (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. 1t 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 Midler 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 um. The wall is approximately 2-5 um thick and usually folded. Folds are
straight or slightly sinuous. The wall occasionally splits open.

Dimensions. Vesicle diameter 52(76)110 pum, 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 pm long, the fields are mostly
hollow.

Dimensions. Vesicle diameter 30(36)42 um, 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 um in diameter.
Dimensions. Vesicle diameter 25(32)40 pum, 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 pm in diameter) than that on
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the latter (1 pm 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 pum, 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 (Vavrdova 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
(Konzalova 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 Kiitzing 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 pum, 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 pm long) present along the surface of the vesicle, well-distributed, simple, hollow
and acuminate, closed distally.

Dimensions. Vesicle diameter 20(23)25 um, 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 pm, process length 2-4 um, 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 um, spine length 17-20 um, 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 pm, process length 2-5 um, 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 pm, process length 11-15 um, 4 specimens measured.
Remarks. The vesicle of this species is the smallest in our samples, only about 10 pm 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 & Williére 1963
Plate 2, figures 11-12
Micrhystridium pentagonale Stockmans & Williére 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 pum, process length 4-10 pm, 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
Williére 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 pm, process length 6-15 pm, 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 lacvigate. 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 um, 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 pum, 19 specimens measured.

© 2013 Tous droits réservés. lilliad.univ-lille.fr



These de Yong Lei, Lille 1, 2013

2013.04 Lille 1 University & China University of Geosciences (Wuhan) 263

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 pm in width),
and the tips are acuminate, and closed distally.

Dimensions. Vesicle diameter 15(18)22 pm, process length 8-12 pm, 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 pm, process length 9-15 pm, 25 specimens measured.
Remarks. Many species of Veryhachium with four spines or a triangular vesicles have been
described, such as V. ceratioides Stockmans & Williere 1962, V. europaeum Stockmans & Williére
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 & Williére 1960) Stockmans & Williére 1962

Plate 2, figures 5-8

Stellinium nasicum Stockmans & Williére 1960, p. 3, pl. 1, fig. 3

Veryhachium nasicum (Stockmans & Williére 1960) Stockmans & Williére 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 um, process length 5-9 um, 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 Williere 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 um wide at their base and 1-2 pm long.

Dimensions. Vesicle diameter about 20 um, process length 1-2 um, 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 pm 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 pum, process length 7-13 pm, 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 um, process length about 5 um, 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 10pm. 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 10pm. 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 10um. 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 10pm. 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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V. trispinosum group

Table 1:

Group name Shape of the vesicle Include in this paper

V. eylindricum group ellipsoidal V. eylindricum
V. trispinosum group triangular V. hyalodermum V. sp.
V. laidii group rectangular V. nasicum V. quadratum V. sedecimspinosum
pentagonal
M. pentagonale group & hexagonal M. pentagonale M. stellatum
M. breve group spherical M. fragile M. breve
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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; Tacono-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., 2012¢; 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
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An acritarch is any small organic fossil that does not have a known biological aftinity (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 pCO, (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 um in diameter, or small spherical
forms such as Leiosphaeridia, which were generally 20-30 pum 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 pm).

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 (~3x10® km?) 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 (20) 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 um 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-um-diameter polyangular vesicles with 8 to 12 simple spines or ‘processes’ (Fig. 5f-h).
Despite being relatively long (6-15 um) 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-1). Its vesicles are <20 pm in diameter, ellipsoidal to spherical in outline, and covered with
from 20 to 40 spines, each of which is 2 to 5 pm 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. Sm), 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 28°C), and temperatures higher than 35°C and lower than 15°C 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 ~10° km” 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 SO, and CO, 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 CO, and/or CH,4 (Retallack and Jahren, 2008; Brand et al., 2012), resulting in a
very large (~15°C) 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 H,S-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 m
for a-l and 50 m for m. a-e are Leiosphaeridia microgranifera; f-h are Veryhachium
hyalodermum 8: Micrhystridium stellatum; i-1: 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
px(4/3)xmx(R*-r*), where p is the average density of acritarch vesicles (an estimate of 1.7 g cm™
was used; cf. Flenley, 1971), and R and r represent the radius of the outside and inside of the

acritarch shell, respectively (~15 and 13.5  m for small spherical acritarch, and ~10 and 9 m
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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™* (ppm/%) and 10 (100xppm/%),
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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