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The chronostratigraphy of Guandao section has served as the foundation for numerous studies of the
end-Permian extinction and biotic recovery in south China. Guandao section is continuous from the
Permian–Triassic boundary to the Upper Triassic.

Conodonts enable broad delineation of stage and substage boundaries and calibration of foraminifer
biostratigraphy as follows. Changhsingian–Griesbachian: first Hindeodus parvus, and first appearance of
foraminifers Postcladella kalhori and Earlandia sp. Griesbachian–Dienerian: first Neospathodus dieneri,
and last appearance of foraminifer P. grandis. Dienerian–Smithian: first Novispathodus waageni and late
Dienerian first appearance of foraminifer Hoyenella ex gr. sinensis. Smithian–Spathian: first Nv? crassatus
and last appearance of foraminifers Arenovidalina n. sp. and Glomospirella cf. vulgaris. Spathian–Aegean:
first Chiosella timorensis and first appearance of foraminifer Meandrospira dinarica. Aegean–Bithynian:
first Nicoraella germanica and first appearance of foraminifer Pilammina densa. Bithynian–Pelsonian: after
last Neogondolella regalis, prior to first Paragondolella bulgarica and first appearance of foraminifer
Aulotortus eotriasicus. Pelsonian–Illyrian: first Pg. excelsa and last appearance of foraminifers
Meandrospira? deformata and Pilamminella grandis. Illyrian–Fassanian: first Budurovignathus truempyi,
and first appearance of foraminifers Abriolina mediterranea and Paleolituonella meridionalis. Fassanian–
Longobardian: first Bv. mungoensis and last appearance of foraminifer A. mediterranea. Longobardian–C
ordevolian: first Quadralella polygnathiformis and last appearance of foraminifers Turriglomina mesotria-
sica and Endotriadella wirzi.
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The section contains primary magnetic signature with frequent reversals occurring around the
Permian–Triassic, Olenekian–Anisian, and Anisian–Ladinian boundaries. Predominantly normal polarity
occurs in the lower Smithian, Bithynian, and Longobardian–Cordevolian. Predominantly reversed polarity
occurs in the upper Griesbachian, Induan–Olenekian, Pelsonian and lower Illyrian. Reversals match well
with the GPTS. Large amplitude carbon isotope excursions, attaining values as low as �2.9‰ d13C and
high as +5.7‰ d13C, characterize the Lower Triassic and basal Anisian. Values stabilize around +2‰

d13C through the Anisian to Carnian. Similar signatures have been reported globally. Magnetic suscepti-
bility and synthetic gamma ray logs show large fluctuations in the Lower Triassic and an overall decline in
magnitude of fluctuation through the Middle and Upper Triassic. The largest spikes in magnetic suscep-
tibility and gamma ray, indicating greater terrestrial lithogenic flux, correspond to positive d13C excur-
sions. High precision U–Pb analysis of zircons from volcanic ash beds provide a robust age of
247.28 ± 0.12 Ma for the Olenekian–Anisian boundary at Guandao and an age of 251.985 ± 0.097 Ma
for the Permian–Triassic boundary at Taiping. Together, the new U–Pb geochronology from the
Guandao and Taiping sections suggest an estimated duration of 4.71 ± 0.15 Ma for the Early Triassic
Epoch.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Guandao section occurs on the northern flank of an isolated car-
bonate platform, the Great Bank of Guizhou (GBG) in the center of
the Nanpanjiang Basin in southern Guizhou Province (Fig. 1). The
GBG and Guandao section hold importance as a key reference for
correlation in the basin because the GBG is the best exposed and
has the longest history among isolated carbonate platforms within
the basin. The basin center position of the GBG, far from terrestrial
influence, the high subsidence rates yielding a continuous record of
marine sedimentation, and the presence of continuous exposures
across the platform to basin profile make this area ideal for studies
of platform evolution, the end-Permian mass extinction and
Triassic biotic recovery.

Guandao section is composed primarily of deep-marine pelagic
carbonates with abundant microfossils punctuated by carbonate
turbidite and debris-flow breccia beds that contain
shallow-marine biota shed from the adjacent platform. Physical
and carbon isotope correlations tie the deep-marine record at
Guandao with shallow-marine record of the GBG (Payne et al.,
2004; Meyer et al., 2011; Kelley, 2014). Further advantages of
Guandao section for chronostratigraphy include the presence of
numerous volcanic ashes, preservation of magnetic reversals, and
record of high-magnitude carbon isotope excursions (Lehrmann
et al., 1998, 2005, 2006; Payne et al., 2004).

Guandao has served as a key section for age calibration support-
ing a wide range of studies on carbonate platform evolution
(Lehrmann et al., 1998, 2005; Kelley, 2014) patterns of reef evolu-
tion (Payne et al., 2006a), patterns of abundance, diversity and size
of fossils during Permian extinction and recovery (Payne et al.,
2006b, 2011; Tong et al., 2007; Song et al., 2011), and geochemical
studies of carbon isotopes, strontium isotopes, and redox sensitive
elements (Payne et al., 2004; Tong et al., 2007; Meyer et al., 2011,
2013; Schaal et al., 2011: Lau et al., 2013; Song et al., 2011, 2013).
The section has been resampled several times for conodonts, and
portions of the biostratigraphic data, magnetostratigraphy and
geochronology have been published as a contribution to stage
boundary definition (Lehrmann, 1993; Lehrmann et al., 1998,
2005, 2006; Payne et al., 2004; Wang et al., 2005; Orchard et al.,
2007). Much of the available data however, has been published
only in schematic form or remains unpublished. The purpose of
this paper is to present the integrated conodont and foraminifer
biostratigraphic data for the entire Guandao section and to provide
integration with available paleomagnetic reversal, magnetic sus-
ceptibility and carbon isotope data. In addition to graphic plots
the data is presented in a database in an online repository
(http://dx.doi.org/10.1594/PANGAEA.836206). The calibration of
the benthic foraminifer biostratigraphy with conodont stage/sub-
stage age assignment promises to improve age definition with for-
aminifers elsewhere. The integrated dataset provides new
magnetostratigraphic data to supplement the GPTS especially for
the Anisian–Ladinian portion of the section. Finally, publishing
the entire Guandao data set should be a significant benefit to
future studies of the Permian–Triassic history of the Guandao sec-
tion and south China.
2. Geologic setting

The Guandao section occurs on the basin-margin slope on the
northern flank of a Permian–Triassic platform, the Great Bank of
Guizhou in the Nanpanjiang Basin of south China. The GBG is the
northernmost of several isolated carbonate platforms within the
basin (Fig. 1). The Nanpanjiang Basin was a deep-marine embay-
ment in the southern margin of the south China tectonic block
and is bordered by the Yangtze Platform, a vast shallow-marine
carbonate platform that stretched across south China (Fig. 1). The
south China block existed in the equatorial eastern Tethys during
the Late Permian, and drifted northward crossing the equator
and reaching approximately 12� north latitude by the Late
Triassic (Enkin et al., 1992; Van-der-Voo, 1993). The GBG is dis-
sected by two synclines that have exposed continuous
cross-sections across the paleobathymetric profile from the
shallow-marine platform top, margin, basin-margin slope and
basin (Fig. 2). Guandao section occurs at the basin-margin slope
position in the western syncline, on the north flank of the GBG,
immediately south of the town of Bianyang (Fig. 2).

The GBG was initiated as a carbonate platform in the latest
Permian during a major transgression that drowned much of the
Yangtze Platform bordering the eastern Nanpanjiang Basin in the
area from Luodian to Guiyang (Fig. 1). This drowning expanded
the eastern part of the basin, as shallow-marine sedimentation
persisted near the former margin of the Yangtze Platform and
developed into an isolated carbonate platform (Lehrmann et al.,
1998, 2005). During the Early Triassic the GBG developed a
low-relief ramp like profile with oolite shoals developed at the
margin, shallow-subtidal to peritidal interior and slopes domi-
nated by pelagic carbonate mud deposition punctuated by thin car-
bonate turbidites and debris flows shed from the margin (Fig. 2). In
the Middle Triassic, Anisian Tubiphytes reefs developed at the mar-
gin, peritidal conditions continued in the interior and basin margin
slopes steepened (Fig. 2). By the Middle Triassic, Ladinian the plat-
form margin had developed approximately 400 m of relief above
the base of slope at Guandao and slope deposition shifted to grain-
stone breccia as slopes reached the angle of repose (Fig. 2). Finally,
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the platform developed a high-relief escarpment during the late
Ladinian, with breccia shed to the base of the escarpment as the
platform was drowned and the basin filled with siliciclastic tur-
bidites of the Bianyang Formation in the Carnian (Lehrmann
et al., 1998; Fig. 2).
3. Stratigraphy

Guandao section spans 774 m from the Upper Permian through
the Upper Triassic, Carnian (Figs. 2 and 3). The section begins in the
cherty skeletal limestone of the Upper Permian Wuchiaping
Formation (Fm.). The Wuchiaping represents shallow-marine depo-
sition on the Yangtze Platform prior to the Late Permian drowning
in the region north of the GBG. The Wuchiaping is a cherty bioclastic
packstone containing a diverse assemblage of shallow-marine fos-
sils including articulate brachiopods, mollusks, echinoderms, bry-
ozoans, corals, calcareous sponges, calcareous algae and
foraminifers (Lehrmann et al., 1998). The Wuchiaping is overlain
by silicious lutite (chert) of the uppermost Permian Talung Fm.
(Figs. 2 and 3). The Talung represents drowning of the Yangtze
Platform in the latest Permian. The Talung is a black,
nodular-bedded radiolarian siliceous lutite (chert) containing the
ammonoids Rotodiscoceras, Pseudotirolites, and Pleurondoceras
(Guizhou Bureau, 1987).

The Permian–Triassic boundary occurs within a black shale
interval 28 m thick overlying the Talung Fm. (Fig. 3). The bivalve
Claraia occurs in the upper part of the shale interval marking the
basal Triassic. Although the PTB occurs within a black shale
interval at Guandao, additional sections in the interior of the
GBG preserve the PTB within a limestone succession (Lehrmann
et al., 2003; Payne et al., 2004; Krull et al., 2004; Chen et al., 2009).

The Lower Triassic succession at Guandao has been mapped
regionally as the Luolou Fm. (Guizhou Bureau, 1987). The succes-
sion is 264 m thick and consists predominantly of platy
thin-bedded pelagic lime mudstone to wackestone with occasional
thin shale interbeds and punctuated by carbonate packstone–
grainstone turbidite and debris flow breccia beds (Fig. 3). Pelagic
lime mudstone beds are horizontally laminated or rarely bur-
rowed. Carbonate turbidite beds are composed of oolite, peloids
and intraclasts. Debris-flow breccias are matrix-rich and contain
a mix of oolite clasts derived from the platform margin and
lime-mudstone clasts derived from the slope. At the base of
debris-flow breccia beds, lime mudstone is commonly contorted
by soft-sediment deformation into wavy or overturned folds; how-
ever, there is no evidence of significant erosion beneath the debris
flow units. Between 187 and 224 m there is a conspicuous dolomi-
tized interval that includes two thick debris flow breccias beds
(Fig. 3). Several thin volcanic ash units occur in the Lower
Triassic succession and bracketing the Lower–Middle Triassic
(Olenekian–Anisian) boundary (Fig. 3).

The Middle Triassic succession at Guandao is regionally mapped
at the Xinyuan Fm. (Guizhou Bureau, 1987), however the Xinyuan
Fm. elsewhere in Guizhou is restricted to the Anisian and consists
of a mixed carbonate-clastic basin margin facies. The lithofacies
succession at Guandao is significantly different from the stratigra-
phy adjacent to the Yangtze Platform where most Triassic forma-
tions were defined. At Guandao the Middle Triassic succession is
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entirely carbonate and includes the Anisian and Ladinian (Figs. 2
and 3).

In the Anisian the Guandao succession continues with facies
and interpreted depositional environments similar to those of the
Lower Triassic; namely deep-marine slope sedimentation consist-
ing of pelagic lime-mudstone punctuated by carbonate pack-
stone–grainstone turbidite and debris flow breccia beds. The
composition of shallow-marine clasts and biota within intraclasts
delivered to the slope, however changes dramatically reflecting
the development of Tubiphytes reefs at the platform margin
(Figs. 2 and 3). Grains in the carbonate turbidite beds are domi-
nated by Tubiphytes fragments and crinoid ossicles with subordi-
nate bivalves, gastropods, echinoids and brachiopods. Clasts in
the debris-flow breccias include Tubiphytes and sponge bound-
stone derived from the margin reef. Breccia beds in the Anisian
are substantially thicker (reaching a maximum of 50 m) reflecting
steepening basin-margin slopes (Fig. 3). Like the Lower Triassic,
pelagic lime mudstone intervals beneath the debris-flow breccia
beds are commonly contorted by soft-sediment deformation but
there is no evidence of significant erosion beneath the
debris-flow units.
In the upper Ladinian there is a significant shift in facies to litho-
clastic grainstone breccia with Tubiphytes boundstone clasts and
fragmented Tubiphytes debris. The shift coincides with steepening
of the slope past 30� and reflects and a shift to grainflow deposition
(Fig. 3). In the Carnian there is yet another major shift in deposition
with the introduction of siliciclastic turbidites of the Bianyang Fm.
that ultimately filled the basin and buried the platform (Fig. 2). The
base of the turbidite sandstone and shale of the Bianyang Fm. was
logged at the top of Guandao section (Fig. 3). Breccia tounges within
the lower Bianyang Fm. contain carbonate boundstone clasts with a
diverse reef biota of Tubiphytes, scleractinian corals, sphinctozoan
and inozoan sponges and solenoporacean algae (Fig. 3). These brec-
cias were interpreted to have been eroded from the high-relief
escarpment of the GBG as siliciclastic turbidites were infilling the
basin (Lehrmann et al., 1998).
4. Conodont succession and boundary definition

Stage boundaries of the Triassic have been formally defined
with a Global Stratotype Sections and Point (GSSP) only for the
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base of the Griesbachian, Ladinian, and Carnian. Hence, the follow-
ing discussions of boundary placement for the remaining stages
may be regarded as tentative.
4.1. Permian–Triassic boundary

In Guandao section the Permian–Triassic boundary (PTB) is
placed at 17 m within a black shale interval at the first appearance
of the Early Triassic bivalve Claraia. Although conodonts were not
extracted from the shale, siliceous lutites of the Talung immedi-
ately beneath the Shale contain the Late Permian ammonoids
Rotodiscoceras, Pseudotirolites and Pleurondoceras (Guizhou
Bureau, 1987). The underlying limestone of the Wuchiaping Fm.
contains upper Permian conodonts of the genus Clarkina (0.2–
3 m; Figs. 4 and 5.22, 23), and the overlying limestone of the basal
Luolou Fm. contains Hindeodus parvus, the index for the basal
Triassic Griesbachian (45–57 m; Figs. 4 and 5.3, 4), and H. antero-
dentatus (55–56.6 m; Figs. 4 and 5.2). The GSSP of the PTB at
Meishan section was defined at the First Appearance Datum
(FAD) of H. parvus (Yin et al., 2001; Jiang et al., 2007). H. latidenta-
tus, H. praeparvus, and H. eurpypyge, the precursors to H. parvus
(Nicoll et al., 2002; Orchard, 2010), have not yet been identified
at Guandao, although they have been recognized in the PTB succes-
sion at Bianyang in the basin north of Guandao (Yan et al., 2013),
and on the platform to the south at Dawen (Chen et al., 2009).
4.2. Griesbachian–Dienerian boundary

In Guandao section the Griesbachian–Dienerian substage
boundary is placed at 68.8 m on the basis of the first occurrence
of Neospathodus dieneri (Figs. 4 and 5.5, 6). The placement of the
boundary is also supported by the last occurrence of Hindeodus
parvus in the underlying Griesbachian preceding the first occur-
rence of Ns. dieneri (Fig. 4). The Griesbachian–Dienerian boundary
is classically defined on the basis of ammonoids such as
Meekoceras, and Proptychites candidus (Tozer, 1974; Balini et al.,
2010; Orchard, 2008). Ns. dieneri was first reported from the Salt
Range in Pakistan (Sweet, 1970). It has been reported from a wide
variety of localities and is commonly cited as an indicator for the
Dienerian (Sweet, 1988; Metcalf, 1990; Orchard and Tozer, 1997;
Paull and Paull, 1997; Orchard and Krystyn, 2007; Zhao et al.,
2008; Orchard, 2010).
4.3. Induan–Olenekian (Dienerian–Smithian) boundary

The Induan–Olenekian boundary is placed at 131.9 m on the
basis of the first occurrence of Novispathodus waageni, Nv. postero-
longatus and the genus Eurygnathodus (Figs. 4 and 5.7–9).
Additional taxa that help constrain the boundary are the occur-
rences of Neospathodus cristigalli and Ns. peculiaris below the
boundary (Figs. 4 and 5.10–12), and the occurrence of Discretella
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Fig. 4. High-resolution biostratigraphic plot and age boundary assignments (stage and substage boundaries). Data is available in spread-sheet form in the online data
repository (ref). Lithologic column and other chronostratigraphic data are shown in Fig. 3. Diamonds indicate fossil occurrences. Blue are conodont species. Red are
foraminifer species. Bv. = Budurovignathus, Cl. = Clarkina, Cn. = Conservatella, Cs. = Chiosella, D. = Discretella, G. = Gladigondolella, H. = Hindeodus, Ng. = Neogondolella,
Ni. = Nicoraella, Ns. = Neospathodus, Nv. = Novispathodus, Pg. = Paragondolella, S. Spathicuspus, Ts. = Triassospathodus, Q. = Quadralella. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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discreta above the boundary (Figs. 4 and 5.14, 15). Interestingly Nv.
waageni was not recovered from the nearby basinal section at
Bianyang (Yan et al., 2013), although this species has a widespread
distribution in Asia. The FAD of Nv. waageni sensu lato (including
its morphological variants such as Nv. waageni eowaageni, Nv. waa-
geni waageni and Nv. posterolongatus; Zhao et al., 2004) occur along
with ammonoids such as Flemingites, Euflemingites, and Gyronites
that are considered to characterize the base of the Olenekian
(Smithian) in potential GSSP sections in Chaohu, Anhui, China
and Spiti, India (Tong et al., 2004; Orchard and Krystyn, 2007;
Orchard, 2007a; Krystyn et al., 2007). Recently, Goudemand
(2015) has refined the succession around the boundary in both
China and India and identified a succession of taxa that serve as
indicators of the boundary interval, including further variants on
the aforementioned Novispathodus species, Eurygnathodus spp.,
and Borinella nepalensis; the latter taxon occurs in neither
Chaohu nor Guandao. D. discreta has wide geographic distribution
and makes its first appearance later in the early Olenekian
(Orchard, 2010).

4.4. Smithian–Spathian boundary

In Guandao section the Smithian–Spathian substage boundary
is placed at 190.1 m on the basis of the first occurrence of
Novispathodus? crassatus (Figs. 4 and 5.16, 17). Additional con-
odonts supporting the placement of the boundary are the slightly
higher occurrences of Gladigondolella carinata, Cornudina, and
Spathicuspus spathi (Figs. 4 and 5.13, 20, 21, 28). Novispathodus?
crassatus characterizes early Spathian strata in North America
(Orchard and Tozer, 1997). Nv. pingdingshanensis is now also con-
sidered an important indicator for the Smithian–Spathian bound-
ary in south China (Zhao et al., 2008; Goudemand et al., 2012);
however this distinctive form with its strongly posteriorly-curved
denticles has not yet been found at Guandao section.

4.5. Olenekian–Anisian boundary

The Olenekian–Anisian boundary is placed at 267.3 m at
Guandao section on the basis of the first occurrence of Chiosella
timorensis (Figs. 4 and 6.1, 2). The Olenekian–Anisian boundary at
Guandao includes a major faunal turnover from assemblages dom-
inated by Triassospathodus ex gr. homeri, Novispathodus triangularis,
Nv. abruptus, and Spathicuspus spathi in the Olenekian
(Figs. 4 and 5.19, 24, 25, 28) to Cs. timorensis, Neogondolella ex gr.
regalis, and Gladigondolella tethydis in the basal Anisian
(Figs. 4 and 6.1–5, 13–16, 27). Ts. ex gr. homeri, S. spathi, and Gd.
carinata range across the boundary into the Aegean (Fig. 4). Cs.
gondelloides, the evolutionary precursor to Cs. timorensis, begins
slightly below the boundary, and Ng. regalis and G. tethydis first
appear in the Aegean after the first appearance of Cs. timorensis
(Fig. 4; Orchard et al., 2007).

In the proposed GSSP at Desli Caira, Dobrogea, Romania the
Olenekian–Anisian boundary is placed on the basis of the ammo-
noids Deslicairites below and Paracrochordiceras and Japonites
above, with the boundary closely corresponding to the first appear-
ance of Cs. timorensis (Gradinaru et al., 2006, 2007). Goudemand
et al. (2012) reported an occurrence of Cs. timorensis associated
with ammonoids of the late Spathian Neopopanoceras haugi Zone
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Fig. 5. Scanning electron microphotographs of conodonts from Guandao section. Scale bar is 200 lm. (1) Hindeodus typicalis (Sweet), GSC-131510, sample GDL-2. (2)
Hindeodus anterodentatus (Dia, Tian & Zhang), GSC-131511, sample GDL-7. (3, 4) Hindeodus parvus (Kozur & Pjatakova), GSC-131512, sample WG-8, GSC-131513, sample WG-
4. (5, 6) Neospathodus dieneri (Sweet), GSC-131514, sample GDL-16. (7) Eurygnathodus sp., GSC-131515, sample WG-88. (8) Novispathodus posterolongatus (Zhao & Orchard),
GSC-131516, sample GSL-19. (9) Novispathodus waageni (Sweet), GSC-131517, sample WG-47. (10, 11) Neospathodus cristagalli (Huckriede), GSC-131518, sample GDL-16,
GSC-131519, sample WG-35. (12) Neospathodus peculiaris (Sweet), GSC-131520, sample WG-33. (13) Cornudina sp., GSC-101549, sample UGD-19. (14, 15) Discretella discrete
(Muller), GSC-131521, sample WG-49. (16, 17) Novispathodus? Crassatus (Orchard), GSC-131522, sample WG-88. (18) Guangxidella bransoni (Muller), GSC-131523, sample
WG-82. (19) Novispathodus? Triangularis (Bender), GSC-101550, sample O-3. (20, 21) Gladigondolella carinata (Bender), GSC-101544, sample O-33. (22, 23) Clarkina sp., GSC-
131524, sample GDL-3, GSC-131525, sample GDL-1. (24, 25) Triassospathodus homeri (Bender & Stoppel), GSC-101545, sample O-33. (26) Nicoraella germanica (Kozur), GSC-
131526, sample GD-29. (27) Nicoraella kockeli (Tatge), GSC-131527, sample UGD-30. (28) Spathicuspus spathi (Sweet), GSC-101557, sample O-39.
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sample UGD-52, 7 from GSC-131529, sample UGD-53, 8 from GSC-131530, sample UGD-67. (9, 10) Neogondolella ex gr. constricta (Mosher and Clark), GSC-131531, sample
UGD-94. (11) Pg. ex gr. excels (Mosher), GSC-131532, sample UGD-72. (12–15) Ng. ex gr. regalis (Mosher), 12 from GSC-131533, sample GDL-21, 13–15 from GSC-131534,
sample UGD-34. (16–18) Budurovignathus truempyi (Hirsch), GSC-131535, sample UGD-94. (19, 20) Budurovignathus mungoensis (Diebel), GSC-131536, sample GDL-100.
(21, 22) Paragondolella inclinata (Kovacs), GSC-131537, sample UGD-118. (23–25) Quadralella polygnathiformis (Budurov & Stefanov), GSC-131538, sample UGD-127. (26, 27)
Gladigondolella tethydis (Huckreide) GSC-131539, sample UGD-105, GSC-131540, sample UGD-121.
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in Nevada, and therefore questioned the usefulness of the FAD of
Cs. timorensis as an index for the Olenekian–Anisian boundary.
However, the appearance of Cs. timorensis in combination with
the major turnover of conodont faunas as described above (see also
Orchard et al., 2007) provide a significant constraint on the bound-
ary position. The Olenekian–Anisian boundary at Guandao is con-
sidered to be an important reference section to supplement the
GSSP (Orchard et al., 2007).

4.6. Aegean–Bithynian boundary

The Aegean–Bithynian boundary is placed at 279.7 m based on
the first occurrence of Nicoraella germanica (Figs. 4 and 5.26). The
base of the Bithynian substage is defined in its type area of the
Kocaeli peninsula of Turkey by the first appearance of the ammo-
noid Nicomedites osmani (Assereto, 1974). There, the first occur-
rence of Ni. germanica occurs 5 m below the base of the Osmani
Zone(?), thus its appearance approximates the boundary place-
ment defined with ammonoids. The conodont succession from
Chios, the Germanic Basin, and Sicily also support the use of Ni. ger-
manica for definition of the base Bithynian. In these areas the
Bithynian strata contain Ni. germanica whereas strata of the under-
lying Aegean substage lack Ni. germanica but contain Cs. timorensis
(Nicora, 1977; Kozur, 1974a, 1974b, 2003).

4.7. Bithynian–Pelsonian boundary

The Bithynian–Pelsonian boundary is loosely constrained at
Guandao section as occurring somewhere between the last occur-
rence of Ng. ex gr. regalis (336.2–390.4 m; Figs. 4 and 5.13–16) and
the first occurrence of Paragondolella bulgarica (432.2 m;
Figs. 4 and 6.6–8). Uncertainty in boundary placement derives
from need for taxonomic revision of the high-bladed conodonts
here referred to the Ng. ex gr. regalis group. This group is typically
considered to range within the lower to middle Anisian (cf.
Orchard and Tozer, 1997) although examples are known from the
late Spathian: revision of the group into several taxa promises to
provide greater biostratigraphic resolution. The ammonoid
Balatonites balatonicus is used to define the base of the Pelsonian
stage in the type area of the Balaton Highlands of Hungary
(Vörös, 2003). The first occurrence of B. balatonicus is accompanied
by the conodont Pg. bulgarica supporting its use as a proxy for the
Pelsonian (Vörös, 2003).

4.8. Pelsonian–Illyrian

The Pelsonian–Illyrian boundary at Guandao is defined at
473.9 m based on the first occurrence of Paragondolella ex gr. excela
(Fig. 4; 6.11). Additional support for the boundary placement
comes from the first occurrence of Neogondolella constricta, which
first appears slightly lower than Pg. excelsa (Figs. 4 and 6.9, 10).
Pg. excela and Ng. constricta are considered typical upper Anisian
(Illyrian) taxa (Sweet, 1988; Orchard and Tozer, 1997; Brack
et al., 2005; Orchard, 2010). On the basis of ammoniods, the
boundary is typically placed at the transition from Bulogites zoldia-
nus to Rieppelites cimeganus or at the somewhat later FAD of
Paraceratites (Monnet et al., 2008; Balini et al., 2010), which is
approximated by the first occurrence of Ng. constricta and the later
occurrence of Pg. excelsa (cf. Muttoni et al., 1998).

4.9. Anisian–Ladinian (Illyrian–Fassanian)

In Guandao section the Anisian–Ladinian boundary is placed at
559.8 m on the basis of the first occurrence of Budurovignathus
truempyi (Figs. 4 and 6.16–18). The Anisian–Ladinian boundary is
defined in a GSSP in the dolomites of northern Italy based on the
first appearance of the ammonoid Eoprotrachyceras curionii
(Muttoni et al., 2004; Brack et al., 2005). Orchard (2010) noted that
the conodont Bv. praehungaricus, which appears in the top of the
underlying Nevadites secadensis zone, forms a useful conodont
proxy for the Anisian–Ladinian boundary. The successor species
Bv. truempy first appears within the E. curionii zone (Muttoni
et al., 2004) and therefore also is a useful proxy for the boundary.
4.10. Fassanian–Longobardian

The Fassanian–Longobardian boundary at Guandao is defined at
579.2 m based on the first occurrence of Budurovignathus mungoen-
sis and Paragondolella inclinata (Figs. 4 and 6.19–22). The upper
Ladinian embraces the Frankites regoledanus and F. sutherlandi
ammoniod zones (Balini et al., 2010), and associated conodont
proxies that occur in both the Longobardian of Tethys and in
North America include Bv. mungoensis and Pg inclinata (Orchard
and Tozer, 1997; Muttoni et al., 2004; Orchard, 2007b).
4.11. Ladinian–Carnian (Longobardian–Cordevolian)

The Ladinian–Carnian boundary is placed at 630.9 m based on
the first occurrence of Quadralella polygnathiformis
(Figs. 4 and 6.24, 25). The Ladinian–Carnian boundary has been
defined in a GSSP in the Dolomites of northern Italy on basis of the
first appearance of the ammonoid Daxatina canadensis (Manco
et al., 2004; Mietto et al., 2007). In North America the base of the
Carnian was defined by the Trachyceras desatoyense zone, although
Daxatina has also found to co-occur with ammonoids in the upper
part of the underlying F. sutherlandi zone in Nevada (Balini et al.,
2007; Orchard, 2010). In northern Italy, Spiti, and North America,
Q. polygnathiformis co-occurs or slightly preceeds the ammonoids
used in definition of the Ladinian–Carnian boundary, thus forming
a useful proxy for identifying the boundary (Orchard, 2010). In the
Guanling area of Guizhou, facies of the Wayao Formation that mark
the drowning of the Yangtze Platform contain conodont Quadralella
polygnathiformis and the Carnian ammonoid Trachyceras multituber-
tulatum (Yang et al., 1995; Enos et al., 2006; Hao et al., 2010).
5. Foraminifer succession and calibration with conodonts

5.1. Permian–Triassic boundary

In Guandao section neither the Permian–Triassic boundary
shales nor limestones at the base of the Luolou Formation have
yielded any foraminifera. However, despite the fact that character-
istic lowermost Triassic foraminiferal assemblages are absent in
deep-marine lithologies of the Guandao section, foraminifers are
present in the platform-interior succession of the Great Bank of
Guizhou. In Dawen and Dajiang sections, very close to the
Permian–Triassic boundary, a population of disaster taxa,
Postcladella kalhori and Earlandia spp., as described in Groves and
Altiner (2005), make their first appearances in the thrombolite
facies directly overlying the Changhsingian carbonates containing
Paleofusulina and advanced species of Colaniella (Lehrmann et al.,
2005; Payne et al., 2004). Known nearly from the entire western
Tethyan domain including Hungary, Italy, Austria, Serbia, Greece,
Turkey, Caucasus, Iran (Brönnimann et al., 1972; Zaninetti, 1976;
Altiner et al., 1980; Rettori, 1995; Groves et al., 2005, 2007;
Krainer and Vachard, 2011), Postcladella kalhori has been previ-
ously reported from the Nanpanjiang Basin and the Great Bank of
Guizhou by Song et al. (2009) and Payne et al. (2011) immediately
above the Permian–Triassic boundary calibrated by the occurrence
of earliest Triassic conodonts.



Fig. 7. Foraminifers from Guandao section. Scale bars are 100 lm. (1) Arenovidalina n. sp., PGD-112. (2) Arenovidalina abriolense (Luperto), PUG-051. (3–4) Hoyenella ex gr.
sinensis (Ho), PGD-176, PGD-168. (5) Meandrospira cheni (Ho), PGD-157. (6–7) Meandrospira dinarica (Kochansky-Devidé & Pantic), PUG-037, PGD-215. (8) Turriglomina carnica
(Dağer), PUG-145. (9) Turriglomina mesotriasica (Koehn-Zaninetti), PUG-089. (10) Turriglomina cf. magna (Urosevic), PUG-075. (11) Meandrospira? deformata (Salaj), PUG-054.
(12) Meandrospira n. sp., PGD-176. (13) Meandrospira pusilla (Ho), PUG-012. (14–15) Planiinvoluta? mesotriasica (Baud, Zaninetti & Brönnimann), PUG-085, PUG-065. (16)
Ophthalmidium sp., PUG-143. (17) Ophthalmidium exiguum (Koehn-Zaninetti), PUG-109. (18) Glomospirella cf. vulgaris (Ho), PGD-132. (19) Pilamminella grandis (Salaj), PUG-027.
(20) Pilammina densa (Pantic), PUG-063. (21–22) Trochammina almtalensis (Koehn-Zaninetti), PUG-054, PUG-091. (23) Piallina bronnimanni (Martini, Rettori, Urosevic &
Zaninetti?), PUG-145. (24) Galeanella sp., PUG-139. (25) Endoteba controversa (Vachard & Razgallah), PUG-037. (26) Endoteba bithynica (Vachard, Martini, Rettori & Zaninetti),
PGD-220. (27) Endoteba obturata (Brönnimann & Zaninetti), PUG-063. (28–29) Endotriada thyrrhenica (Vachard, Martini, Rettori & Zaninetti), PUG-043, PUG-089. (30–31)
Endotriadella wirzi (Koehn-Zaninetti), PUG-014, PUG-016. (32) Endotebanella kocaeliensis (Dağer), PUG-101. (33) Duostominid foraminifera (Variostoma sp.), PUG-063. (34)
Turrispirillina sp., PUG-043. (35) Endotebanella? n. sp., PUG-029. (36) Abriolina mediterranea (Luperto), PUG-093. (37) Involutinid foraminifera (Triadodiscus? sp.), PGD-131. (38)
Aulotortus eotriasicus (Zaninetti, Rettori & Martini), PUG-045.
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5.2. Griesbachian–Dienerian boundary

Foraminifers have not been recorded around this boundary in
Guandao section due to the unfavorable facies. In Dawen and
Dajiang sections from the platform interior of the Great Bank of
Guizhou both Postcladella kalhori and Postcladella grandis make
their last appearances close to the Griesbachian–Dienerian
boundary, correlated with the Guandao section on the basis of
carbon isotope and conodont data (Payne et al., 2004). P. grandis,
previously introduced by Altiner and Zaninetti (1981) as a ‘forma’
of P. kalhori has been raised to the species rank in this study and
the last appearance of this form nearly coincides with the
Griesbachian–Dienerian boundary. However, the last appearance
of P. kalhori postdates the boundary and this species makes its
last appearance both in the Dawen and Dajiang sections in the
early Dienerian. Although the data related with the last occur-
rence of P. grandis is totally new, the last appearance of P. kalhori
has already been reported in the Tethyan domain from the early
Dienerian (Rettori, 1995) or late Induan (Krainer and Vachard,
2011).
5.3. Induan–Olenekian (Dienerian–Smithian) boundary

Foraminifers are still absent in the Induan–Olenekian boundary
beds of the Guandao section which are primarily composed of
breccias layers. In Dawen and Dajiang sections, from the platform
interior, foraminifers are not diagnostic to delineate the Induan–
Olenekian boundary. Following the extinction of Griesbachian–
early Dienerian disaster forms, Hoyenella ex gr. sinensis makes its
first appearance toward the late Dienerian and ranges into the
Anisian. In the Tethyan realm some foraminiferal taxa whose first
appearances are reported to be close to the Induan–Olenekian
boundary (Rettori, 1995) are either absent (Arenovidalina
chialingchiangensis, A. amylovolutum, Gandinella silensis) in
Guandao section or appear in the Olenekian (Krikoumbilica
pileiformis).
5.4. Smithian–Spathian boundary

In Guandao section foraminifers appear for the first time in the
Smithian. Hoyenella ex gr. sinensis, already appeared in the
Dienerian of the inner platform succession of the Great Bank of
Guizhou, occurs frequently in the Smithian of Guandao section
and ranges higher up into the Anisian by crossing the Smithian–
Spathian boundary (Figs. 4 and 7.3–4). In the upper half of the
Smithian substage a new Arenovidalina species, probably the
ancestor of A. chialingchiangensis and A. amylovolutum, makes its
first appearance and this form disappears very close to the
Smithian–Spathian boundary (Figs. 4 and 7.1). Another form,
which disappears slightly below the Smithian–Spathian boundary,
is Glomospirella cf. vulgaris (Figs. 4 and 7.18). In the Tethyan
domain this form ranges from Dienerian to Spathian (Rettori,
1995). However, in Guandao material it seems to be confined to
the upper Smithian strata. The first appearance of involutinid for-
aminifera, probably the ancestor of triadodiscids occurs slightly
below the Smithian–Spathian boundary (Figs. 4 and 7.37). It should
also be noted that some species like Meandrospira cheni (Fig. 7.5),
Endoteba bithynica (Fig. 7.26), whose first appearances are reported
to be close to the Smithian–Spathian boundary in the Tethyan
domain (Rettori, 1995), occur for the first time above the
Smithian–Spathian boundary in Guandao section (Fig. 4). The rea-
son for these late appearances might be due to the presence of
unfavorable facies in the lower Spathian strata, mainly composed
of dolomites and breccias (Fig. 3).
5.5. Olenekian–Anisian boundary

In Guandao section Meandrospira dinarica (Fig. 7.6–7) and
Arenovidalina abriolense (Fig. 7.2) make their first appearances at
or slightly above the Olenekian–Anisian boundary (Fig. 4).
Although the first appearances of Endotebanella kocaeliensis
(Fig. 7.32) and Endotriadella wirzi (Fig. 7.30–31) were reported pre-
viously at this boundary in the Tethyan realm (Dağer, 1980;
Zaninetti, 1976; Rettori, 1995) these forms first occur in the late
or latest Spathian in Guandao material. Several forms known from
the Anisian of the Tethyan realm successively appear above the
Olenekian–Anisian boundary in the Aegean [Tolypammina gregaria,
Turrispirillina sp. (Fig. 7.34), Pilamminella grandis (Fig. 7.19),
Pilammina densa (Fig. 7.20)]. The lazarus taxon Endoteba contro-
versa (Fig. 7.25) with its recognizable sections occurs for the first
time in the latest Aegean (Fig. 4). We also note that true triadodis-
cids make their first appearance close to the Aegean–Bithynian
boundary. Nearly coincident with the first appearance of the stage
boundary indicator, Chiosella timorensis, Meandrospira dinarica
seems to be the best foraminiferal marker to delineate the
Spathian–Anisian boundary although it has been considered for a
long time as the zonal marker of Pelsonian in western Tethys
(Salaj, 1969; Zaninetti et al., 1972). Recently, in the study of Song
et al. (2011), illustrating the stratigraphic ranges of Late Permian
to Middle Triassic foraminifera from south China including the
data from Guandao section, stratigraphic distribution of M. dinarica
has been shown to be ranging from Olenekian to Anisian. We con-
sider that this confusing stratigraphic range given for M. dinarica is
most probably related with incorrect interpretation of the limits of
the taxon. M. dinarica population of Song et al. (2011) most proba-
bly comprises, in addition to the proper sections of M. dinarica, the
sections of M. pusilla and M. cheni from the Olenekian.
5.6. Aegean–Bithynian boundary

Neither the first nor the last appearances of foraminiferal spe-
cies perfectly coincide with this boundary defined on the basis of
the first appearance of the conodont marker, Nicorella germanica.
Among the species recognized in the Chinese material, Pilammina
densa (Fig. 7.20), appearing slightly below the boundary (Fig. 4)
could be the most diagnostic species approximating the Aegean–
Bithynian boundary. Considered as the marker of Pelsonian–
Illyrian in the Tethyan realm (Salaj, 1969; Zaninetti, 1976;
Rettori, 1995) the first occurrence of P. densa is definitely earlier
in the Chinese material. The two species, Endoteba bithynica
(Fig. 7.26) and Meandrospira pusilla (Fig. 7.13) appeared previously
in the Olenekian, make their last appearances in the Bithynian,
well above the Aegean–Bithynian boundary. The other species
which make their first appearances above the Aegean–Bithynian
boundary in this substage are Planinvoluta? mesotriasica
(Fig. 7.14–15), Endotebanella? n. sp. (Fig. 7.35) and Paleolituonella
reclinata. Among these forms, Endotebanella? n. sp., representing
a new trend in the evolution of endotebid foraminifera with
spine-bearing chamber corners, probably belongs to a new genus.
Paleolituonella reclinata, previously placed in synonymy under
Paleolituonella meridionalis by Rettori (1995) is definitely a valid
taxon with a smaller test and a thinner wall and appears much ear-
lier than the latter species in the Anisian (Fig. 4).
5.7. Bithynian–Pelsonian boundary

Despite the fact that the Bithynian–Pelsonian boundary is not
reliably drawn on the basis of conodont data two foraminiferal
species occur close to the lower boundary of the questionable
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interval below Pelsonian s. s. (Fig. 4). Aulotortus eotriasicus
(Fig. 7.38), known from Pelsonian in the Tethyan realm (Zaninetti
et al., 1994; Rettori, 1995), occurs for the first time slightly below
the Bithynian–Pelsonian boundary. Endoteba obturata (Fig. 7.27)
whose first appearance is known from the late Anisian (Rettori,
1995) occurs for the first time just at this boundary. Well above
the Bithynian–Pelsonian boundary but still within this question-
able Pelsonian interval, while A. eotriasicus, Endotebanella? sp.
and Turrispirillina sp. make their last appearances the genus
Ophthalmidium with its characteristic sections (Fig. 7.16) and
Endotriada thyrrhenica (Fig. 7.29–30) appear for the first time.

5.8. Pelsonian–Illyrian boundary

The Pelsonian–Illyrian boundary, clearly identified by conodont
data, coincides with the last occurrences of two foraminifera spe-
cies, Meandrospira? deformata (Fig. 7.11) and Pilamminella grandis,
which already appeared in Pelsonian s.s. From these forms, M.?
deformata seems also limited at the Pelsonian–Illyrian boundary
in the western Tethys (Rettori, 1995). Three Anisian species,
Meandrospira dinarica (Fig. 7.6–7), Pilammina densa (Fig. 7.20)
and Pilamminella grandis (Fig. 7.19) make their last appearances
slightly below the Pelsonian–Illyrian boundary. In the Tethyan
realm, stratigraphic ranges of M. dinarica and P. grandis do not
extend further into the late Anisian (Rettori, 1995; De Bono et al.,
2001) as it has been recorded in Guandao section, however, P.
densa is known from the late Anisian. The other species which
make their first appearances below the Pelsonian–Illyrian bound-
ary are Trochammina almtalensis (Fig. 7.21–22), Turriglomina meso-
triasica (Fig. 7.9), Turriglomina cf. magna (Fig. 7.10) and
Malayspirina sp. (Fig. 4). The first appearance of the genus
Turriglomina in the upper Pelsonian s.s. of Guandao section is per-
fectly in accord with the ranges given in the phylogenetical model
of Rettori (1995) illustrating the evolutionary derivation of
Turriglomina in the late Pelsonian from the M. dinarica ancestor.

5.9. Anisian–Ladinian (Illyrian–Fassanian) boundary

Many of the foraminifera species recognized in Guandao section
cross the Anisian–Ladinian boundary identified on the basis of the
first appearance of the conodont Budirovinathus truempyi (Fig. 4).
The last appearances of Hoyenella ex gr. sinensis (Fig. 7.3–4),
Turriglomina cf. magna (Fig. 7.10), Planiinvoluta? mesotriasica
(Fig. 7.14–15) and Endotriada tyrrhenica (Fig. 7.28–29) at or below
the boundary are possibly local or facies controlled since these
forms are known from higher levels of Triassic (Rettori, 1995).
Foraminifers which appear close to the boundary seem to be more
significant (Fig. 4). First appearances of Abriolina mediterranea
(Fig. 7.36) and Paleolituonella meridionalis slightly below the
boundary are quite comparable with ranges given from western
Tethyan domain (Zaninetti et al., 1992; Rettori, 1995). Although
their identifications are problematic, the first appearance of
Agathammina-like forms also coincides with the Anisian–Ladinian
boundary.

5.10. Fassanian–Longobardian boundary

Although foraminifers are mostly nondiagnostic for the charac-
terization of the Fassanian–Longobardian boundary in the Ladinian
(Zaninetti, 1976; Rettori, 1995) the last appearances of several for-
aminiferal species are recognized slightly below or above this
boundary in Guandao section. Slightly below the boundary,
Abriolina mediterranea (Fig. 7.36) and Malayspirina sp. (Fig. 4) make
their last appearances. Above the boundary, progressive disappear-
ances of Paleolituonella meridionalis, Ophthalmidium exiguum
(Fig. 7.17), Krikoumbilica pileiformis, Endoteba obturata (Fig. 7.27),
Endoteba controversa (Fig. 7.25) and Endotebanella kocaeliensis
(Fig. 7.32) might be significant to constrain the Fassanian–
Longobardian boundary in future studies. Involutinid foraminifera
(Aulotortus, Lamelliconus, Trocholina) which could be potential
markers to delineate this boundary (Zaninetti, 1976; Piller, 1978;
Rigaud et al., 2013) are remarkably absent or very rare in basinal
Guandao section because of paleoecological restrictions.
5.11. Ladinian–Carnian (Longobardian–Cordevolian)

The boundary delineated by the first appearance of the con-
odont, Quadralella polyganthiformis is also firmly constrained by
the successive last appearances of two foraminifera species,
Turriglomina mesotriasica (Fig. 7.9) and Endotriadella wirzi
(Fig. 7.30–31) occurring close to the boundary. These last appear-
ances (Fig. 4) are perfectly in accord with the data in Dağer
(1980) and Rettori (1995) from the western Tethys. In addition,
although its last appearance datum is not well known
Paleolituonella reclinata makes its last appearance at this boundary.
Several species comprising Triadodiscus sp., Tolypammina gregaria,
Trochammina almtalensis (Fig. 7.21–22), Ophthalmidium spp.
(Fig. 7.16), Arenovidalina abriolense (Fig. 7.2) progressively disap-
pear above the boundary in the Carnian (Fig. 4). We note that also
in the Carnian of Guandao section some populations representing
new steps in the evolution of Triassic foraminifera make their spo-
radic appearances. Galeanella sp. might be one the most ancient
records of galeanellid foraminifers widely known from the Upper
Triassic Tethyan reef belts (Zaninetti and Martini, 1993).
Turriglomina carnica (Fig. 7.8), Piallina bronnimanni? (Fig. 7.23),
Austrocolomia marschalli are the other Carnian forms (Fig. 4) known
from the Tethyan realm (Dağer, 1980; Martini et al., 1995; Rettori
et al., 1998).
6. Integrated chronostratigraphy

6.1. Paleomagnetic reversal stratigraphy

The Triassic geomagnetic polarity time scale (GPTS) has been
developed largely through integration of measurement of remnant
magnetic field reversals in strata calibrated with biostratigraphy of
ammonoids and conodonts. Longer and more continuous magne-
tostratigraphic records with good biostratigraphic control and rel-
atively steady sedimentation rates are most advantageous for
constraining magnetic reversal patterns. Guandao section, span-
ning continuous deep-marine sedimentation through the Upper
Permian though Carnian is one of the longest sections available
for the Triassic. Details regarding the sampling methods, magnetic
mineralogy, reliability of paleomagnetic data and reversal stratig-
raphy for the lower portion of Guandao section are presented in
the data repository item #2006229 (Lehrmann et al., 2006). The
reversal stratigraphy for the entire section is presented in Fig. 3.

The Upper Permian through Lower Triassic reversal stratigraphy
at Guandao correlates reasonably well with other marine sections
and provides support for construction of the GPTS (Hounslow and
Muttoni, 2010). In the Upper Permian, Changhsingian at Guandao
there is a shift from normal to reversed polarity in the uppermost
Wuchiaping to Talung Fm. (Fig. 3). Reversed polarity in the upper-
most Permian is similar to sections in Shangsi, China (Steiner et al.,
1989) and Abadeh, Iran (Gallet et al., 2000) although it differs from
the GSSP at Meishan which exhibits normal polarity across the PTB
(Yin et al., 2001). Hounslow and Muttoni (2010) suggested that the
normal polarity of the basal Triassic magnetozone LT1 extends
down into the uppermost Permian, Changhsingian consistent with
the pattern at Meishan, and that the apparent reversed polarity in
the uppermost Permian of other sections such as Abadeh, Iran,
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results from a hiatus in sedimentation and gap in the paleomag-
netic record. At Guandao, the PTB occurs within a shale interval
that was too friable to sample, thus the missing normal polarity
zone likely exists within this gap in sampling (Fig. 3).

The Induan–Olenekian reversal stratigraphy at Guandao inte-
grates well with other sections (Hounslow and Muttoni, 2010).
The normal to reversed couplet within the Griesbachian (Fig. 3)
correlates to LT1 and a normal polarity interval spanning the
Griesbachian–Dienerian boundary followed by a longer reversed
polarity interval within the Dienerian (Fig. 3) correlates to LT2 of
the GPTS (Hounslow and Muttoni, 2010). Although there is a gap
in the reversal record near the base of the Smithian (breccia and
shale) at Guandao (Fig. 3), the two short reversals in the lower
Smithian followed by a longer normal polarity zone in the upper
Smithian and lower Spathian are similar to other sections and cor-
respond to LT-4 through LT-6 (Muttoni et al., 2000; Hounslow and
Muttoni, 2010).

The Olenekian–Anisian boundary at Guandao, like that found in
other sections, is defined by a longer predominantly reversed
polarity interval in the Upper Olenekian (LT9r) followed by a pre-
dominantly normal polarity with several short reversed intervals
in the basal Anisian, Aegean to Bithynian (MT1–4) (Fig. 3;
Hounslow and Muttoni, 2010).

Although the base of the Pelsonian is poorly constrained bios-
tratigraphically at Guandao section, placement at 390.4 m (Fig. 3)
would be most consistent with the GPTS yielding a Pelsonian that
is dominantly of reversed polarity (MT4r) followed by a short nor-
mal to reversed couplet in the uppermost Pelsonian and basal
Illyrian (MT5) (Fig. 3; Hounslow and Muttoni, 2010).

The Anisian–Ladinian boundary at Guandao, as recognized
herein by the first occurrence of the condonodont Bv. truempyi, cor-
relates to a level slightly higher than the ammonoid E. curionii that
is used to define the boundary (Muttoni et al., 2004; Orchard,
2010). Using the ammonoid for boundary placement the boundary
falls at the base of magnetozone MT8 with a reversed interval at
the base of the Ladinian (Hounslow and Muttoni, 2010). The
slightly higher placement of the boundary at Guandao puts it
within a normal polarity interval at the base of MT9 (Fig. 3;
Muttoni et al., 2004; Hounslow and Muttoni, 2010).

The Upper Ladinian at Guandao is predominantly normal in
polarity with several short reversals each represented by only
one sample (half bar, Fig. 3). This pattern is similar to the pattern
of predominantly normal and several short reversed polarity inter-
vals integrated in the GPTS (M-9 to M-13; Hounslow and Muttoni,
2010). Finally, the Ladinian–Carnian boundary at Guandao follows
the last short reversed interval in the Longobardian and a long nor-
mal polarity above the boundary followed by two reversals in the
Cordevolian (Fig. 3). This corresponds to the pattern in the GPTS
(UT-1, 2; Muttoni et al., 2000; Hounslow and Muttoni, 2010).

6.2. Magnetic susceptibility

Magnetic susceptibility in marine carbonate successions is a
function of detrital and aeolian mineral concentration controlled
by fluctuations in influx of terrestrial lithogenic (siliciclastic) mate-
rial which responds both to changes in climate and continental
weathering and sea level fluctuations (Ellwood et al., 2000,
2013). Magnetic susceptibility samples were taken at intervals of
approximately 0.5–1 m from the Guandao section and were mea-
sured with the susceptibility bridge at Louisiana State University,
using the techniques described in Ellwood et al. (2013).

Magnetic susceptibility ranges from <1 � 10�10 to >1 � 10�7 -
m3/kg. The magnetic susceptibility curve shows a great deal of
character especially in the Lower Triassic portion of the section,
which also contains the greatest variability in d13C (Fig. 3). To some
extent there magnetic susceptibility is correlated with d13C,
yielding high magnetic susceptibility anomalies corresponding to
positive carbon isotope excursions in the Griesbachian, in the
upper Dienerian, and Lower Spathian (Fig. 3). The positive d13C
spikes, indicating a greater burial of isotopically light carbon, are
believed to be climate-change effects that also drive the flux of
detrital and aeolian particles into the marine environment, result-
ing in higher magnetic susceptibility values. The Anisian–Ladinian
shows lesser variability in magnetic susceptibility, but includes
fluctuations that do not correlate with d13C excursions. Spikes in
magnetic susceptibility in the Carnian near the top of the section
reflect increased detrital flux as the siliciclastic turbidites of the
Bianyang Fm. began infilling the basin in this area (Lehrmann
et al., 1998).

The prominent spikes in magnetic susceptibility in the
Griesbachian and upper Dienerian and Lower Spathian closely cor-
respond to the three greatest positive carbon isotopic excursions of
the Lower Triassic, but show no systematic correspondence to
lithologic variability in the section (Fig. 3). Large fluctuations in
carbon isotopes have been interpreted to result from massive
release of isotopically light carbon into atmosphere/ocean systems
perhaps from thermogenic carbon release from Siberian traps vol-
canism and associated changes in continental weathering, riverine
input of increased lithogenic nutrient into the oceans and associ-
ated changes in oceanic primary productivity (Payne and Kump,
2007; Meyer et al., 2011). The large magnetic susceptibility spikes
indicate significantly greater lithogenic influx into the Nanpanjiang
Basin as would be expected to correlate with increased continental
weathering and riverine flux increased burial of organic carbon
associated with the carbon cycle perturbations (Fig. 3).

6.3. Elemental geochemistry (Chemostrat GR log)

A synthetic chemical gamma ray log has been calculated for
Guandao section, with the calculation based on the concentrations
of elemental potassium, thorium and uranium (Ellis and Singer,
2007): Chemical gamma ray = (K � 16.32 � 0.83) + (Th � 3.93) +
(U � 8.09).

Calculated chemical gamma ray mimics the natural gamma ray
(GR) log which is commonly used in subsurface exploration to
characterize the rock or sediment in a borehole or drill hole. As
with a GR log, a chemical gamma ray log may be used to distin-
guish between different lithologies based on the amount of natural
gamma radiation emitted by certain rock types. Particularly, shale
emits more radiation than other sedimentary rock types such as
sandstone or limestone, because radioactive potassium is more
prevalent in the clay mineral fraction of shale; and additionally
the cation exchange capacity of clay minerals in shale causes them
to absorb more radioactive thorium and uranium.

In Guandao section the chemical gamma ray log shows lower
values in the packstone/grainstone intervals higher in the
sequence. The log shows a higher response in mudstone/wacke-
stone intervals (which will contain higher amounts of clay miner-
als), and the greatest response in the chemical gamma ray log is to
the shaly interval in the Griesbachian. The spikes in Chemostrat
gamma ray profile in the Griesbachian, upper Dienerian and
Lower Spathian mimic the magnetic susceptibility curve and posi-
tive carbon isotope excursions suggesting a similar driving mecha-
nism (Fig. 3).

6.4. Carbon isotope excursions

Guandao section and correlative sections in the shallow-marine
strata of the adjacent carbonate platform interior of the GBG con-
tain large magnitude carbon isotope excursions at the PTB and
through the Lower Triassic and basal Anisian followed by stable
values in the overlying Anisian through Carnian (Fig. 4; Payne
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et al., 2004). Similar high magnitude carbon isotope excursions
have been reported for the Lower Triassic in multiple sections in
south China, Europe, the Middle East, and Japan indicating that
they reflect perturbations in the global carbon cycle and therefore
should be useful in chemostratigraphic correlation (Atudorei and
Baud, 1997; Korte et al., 2005; Payne and Kump, 2007; Tong
et al., 2007; Horacek et al., 2007; Galfetti et al., 2007; Tanner,
2010).

The negative shift of �3‰ d13Ccarb at the PTB (Fig. 3) was mea-
sured in shallow-marine carbonate strata in the GBG at Dajiang
and Heping sections (Payne et al., 2004; Krull et al., 2004). The
excursion is not represented in Guandao because the PTB is devel-
oped in a black shale horizon, which has not yet been analyzed for
carbon isotopes. The excursion has been recorded in the equivalent
basin margin north of Guandao at Bianyang section (Meyer et al.,
2013).

Additional significant excursions that can be calibrated to the
integrated chronostratigraphy at Guandao (Fig. 3) include: a +3‰

shift to +4.9‰ d13C in the Upper Dienerian, a �7.8‰ shift to
�2.9‰ d13C in the upper Smithian, a +5.1‰ shift to +2.2‰ d13C
in the basal Spathian, a �3.2‰ shift to �1.0‰ d13C in the Middle
Spathian, a +5.7‰ shift to +4.7‰ d13C in the Aegean, followed by
a shift back to baseline values of 2‰ in the basal Bithynian and
one last +1‰ excursion in the middle Bithynian followed by stable
values around 2‰ in the succeeding Anisian through Carnian
(Fig. 3).
6.5. Geochronology

6.5.1. Olenekian–Anisian boundary in Guandao
The age of the Olenekian–Anisian (O–A) boundary at the

Guandao section was constrained by U–Pb ID-TIMS analyses on
single zircons from five interstratified volcanic ash interlayers that
straddle the boundary (Lehrmann et al., 2006; Ramezani et al.,
2007). The resulting chronostratigraphy placed the O–A boundary
at 247.2 (±0.4) Ma, which suggested a total duration of 5.4
(±0.6) m.y. for the Early Triassic Epoch when compared to the con-
temporaneous estimates of the PTB age from the GSSP section at
Meishan, eastern China (e.g., Mundil et al., 2004; Shen et al.,
2011). The analyzed Guandao zircons had been pre-treated some
by the air abrasion method (Krogh, 1982), and others by the mod-
ern chemical abrasion technique (CA-TIMS: Mattinson, 2005), to
mitigate the effects of Pb loss. In addition, weighted mean
206Pb/238U dates were calculated from statistically coherent clus-
ters of data after excluding ‘‘outlier’’ analyses interpreted as
xenocrystic zircon or having suffered persistent Pb loss.

Advances made in high-precision U–Pb geochronology since the
publication of the Guandao geochronological data have allowed for
improved accuracy and precision of zircon dates. Improvements
include production, calibration and community-wide use of the
EARTHTIME mixed U–Pb tracers, a more accurate estimate for
the present-day isotopic composition of natural U (Hiess et al.,
2012), and new algorithms and software for more rigorous statis-
tical treatment of ID-TIMS data and date uncertainties (McLean
et al., 2011; Bowring et al., 2011). These have been a major step
in eliminating interlaboratory bias and in moving towards a more
robustly calibrated geologic time scale. Here we present new zir-
con CA-TIMS analyses from three previously analyzed Guandao
ash beds reported in Lehrmann et al. (2006), using
state-of-the-art U–Pb analytical procedures, in order to assess the
accuracy of the published O–A boundary age. Our new analyses
utilize the EARTHTIME ET535 mixed 205Pb–233U–235U tracer, as
well as a more aggressive CA-TIMS zircon pre-treatment, and fol-
low the detailed analytical procedures described in Ramezani
et al. (2011, 2014). Complete U–Pb isotopic data and calculated
dates are presented in Table S1 (http://dx.doi.org/10.1594/
PANGAEA.836206). New geochronologic constraints on the O–A
boundary age are illustrated in Fig. 8.

Six new single-zircon analyses from sample PGD Tuff-1 that occurs
4.20 m below the O–A boundary in the lower Guandao section
(Lehrmann et al., 2006, 2007a, 2007b) form a highly coherent cluster
with a weighted mean 206Pb/238U date of 247.458 ±0.053/0.12/0.29
Ma (see Table S1 for notation) and mean square of weighted deviates
(MSWD) of 0.55 (Fig. 8). The weighted mean date is interpreted as the
age of eruption and deposition of the ash. It is 75 k.y. (0.3‰) older and
46% more precise than the previously reported date, although well
within the reported internal uncertainties.

Sample PGD Tuff-3 from 4.90 m above the O–A boundary in the
lower Guandao section (Lehrmann et al., 2006, 2007a, 2007b) pro-
duced six new zircon analyses, four of which form a coherent clus-
ter with a weighted mean 206Pb/238U date of 247.08 ±
0.11/0.17/0.31 Ma (Table S1 and Fig. 8) and a MSWD of 0.39. Two
older and significantly discordant analyses (z3 and z6) are evi-
dently of detrital/xenocrystic origin. The above weighted mean
date which represents the best estimate for the age of ash deposi-
tion is fairly comparable (0.02% younger, similar precision) to the
previously published date for this sample.

A subset of six CA-TIMS analyses from previously reported data
from sample GDGB Tuff-110 (Lehrmann et al., 2006) was
re-reduced from the stage of raw mass spectrometric data, with
state-of-the-art parameters and algorithms (see above). This ash
bed occurs 17.25 m above the O–A boundary. In addition, we aug-
mented these data with three additional new analyses (Table S1

http://dx.doi.org/10.1594/PANGAEA.836206
http://dx.doi.org/10.1594/PANGAEA.836206
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and Fig. 8) in order to evaluate the reproducibility of older U–Pb
analyses that were produced before adoption of the EARTHTIME
tracers. The new analyses exhibit more scatter that can be
accounted for by analytical uncertainties alone, similar to that
exhibited by the old data. A group of four old and two new analyses
form a coherent cluster with a weighted mean 206Pb/238U date of
246.939 ± 0.090/0.13/0.29 Ma and a MSWD of 0.37 (Fig. 8).
However two data points are slightly younger with 206Pb/238U
dates of 246.57 ± 0.15 Ma and 246.40 ± 0.17 Ma (Table S1 and
Fig. 8). As the former ‘‘young’’ analysis was produced using the lat-
est protocols, the latter data cannot be readily excluded on account
of persistent Pb loss. Therefore, the two youngest dates with a
weighted mean date of 246.50 ± 0.11 Ma should be considered as
the closest estimate for the age of deposition of the corresponding
ash bed.

The age of the O–A boundary at Guandao can be constrained by
linear extrapolation from the new U–Pb zircon dates correspond-
ing to the nearest bracketing ash beds PGD Tuff-1 and PGD
Tuff-3. This yields an age estimate of 247.28 ± 0.12 Ma for the O–
A boundary, which is statistically indistinguishable from – and fur-
ther refines – the previously reported boundary age of 247.2
(±0.4) Ma in Lehrmann et al. (2006, 2007a, 2007b).

6.5.2. Permian–Triassic boundary in Taiping
The duration of the Early Triassic Epoch (combined Induan and

Olenekian stages) is crucial to our understanding of ecosystem
reorganization and biotic recovery in the wake of the global
end-Permian extinction. Previous estimates for the Early Triassic
duration were based on U–Pb geochronology of Olenekian/Spathi
an–Anisian sections in south China (e.g., Lehrmann et al., 2006;
Ovtcharova et al., 2006) and that of the extensively studied PTB
sections in eastern (Meishan) and central (Shangsi) China (e.g.,
Bowring et al., 1998; Mundil et al., 2004; Shen et al., 2011).
However, these geographically distant, deep basin, PTB sections
are highly distinct from the O–A shallow platform sections in terms
of depositional facies and accumulation rate.

An expanded section of the PTB occurs at Taiping as part of the
Pingguo Platform of the Nanpanjiang Basin in south China
(Lehrmann et al., 2003). In addition to its proximity (within the
same basin), the Taiping section shares the same Permo-Triassic
depositional facies with Guandao, to which it is correlated via car-
bon isotope chemostratigraphy (Krull et al., 2004; Payne et al.,
2004). The earliest Triassic strata directly overlying the PTB are
characterized by calcimicrobial framestones that mark the first
appearance of conodont Hindeodus parvus (Lehrmann et al.,
2003). Seven distinctive volcanic ash beds occur on both sides of
the PTB interval at Taiping (Fig. S1: http://dx.doi.org/10.1594/
PANGAEA.836206), which provide the necessary material for
high-precision U–Pb geochronology. Here we report new U–Pb
CA-TIMS zircon dates from two ash beds that are closest to, and
straddle, the PTB boundary at Taiping. The use of latest analytical
protocols (e.g., ET535 tracer) makes these dates internally consis-
tent with those from the O–A boundary interval at Guandao
described above.

Sample TP Tuff-3 is from a ca. 0.2 m-thick ash bed that occurs
approximately 0.5 m below the PTB at the Taiping section. Four
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youngest zircon grains analyzed from this sample overlap within
2r analytical uncertainties with a weighted mean 206Pb/238U date
of 252.002 ± 0.072/0.13/0.30 Ma and a MSWD of 0.84 (Table S1
and Fig. 8). Two slightly older analyses (z4 and z6) with
206Pb/238U dates of 252.19 ± 0.13 Ma and 252.17 ± 0.13 Ma are
interpreted as detrital/xenocrystic and excluded from date calcula-
tion. Sample TP Tuff-4 is from a ca. 1.6 m-thick ash bed, the base of
which occurs approximately 4.7 m above the PTB. Four zircon anal-
yses from this sample yielded a weighted mean 206Pb/238U date of
251.835 ± 0.065/0.13/0.30 Ma and a MSWD of 1.0. Linear extrapo-
lation gives an age estimate of 251.985 ± 0.097 Ma for the PTB at
Taiping. The latter is consistent with the most recent age constraint
of 251.902 ± 0.024 Ma for the PTB at the GSSP in Meishan (Burgess
et al., 2014). Together, the new U–Pb geochronology from the
Guandao and Taiping sections suggest an estimated duration of
4.71 ± 0.15 Ma for the Early Triassic Epoch.
7. Importance and potential of Guandao section

Guandao section is a key section in south China for biostratigra-
phy and chronostratigraphy. Guandao section occurs on the
deep-marine basin margin slope of an isolated carbonate platform
in the middle of the Nanpanjiang Basin. The long section is contin-
uously exposed from the Upper Permian through lower Upper
Triassic and occurs within a cross section that is physically corre-
lated to the adjacent shallow-marine carbonate platform. The
section spans the end-Permian extinction and the Early to Middle
Triassic interval of biotic recovery.

Charts showing regional correlation of conodont and foramini-
fer biostratigraphic zonations with Guandao section are shown in
Figs. 9 and 10. Guandao section clearly has the advantage over
other sections in south China and elsewhere of being a very long,
continuously exposed section without significant unconformities
spanning the Upper Permian through Carnian. Studies of conodont
biozonation in sections on south China (cf. Bianyang, Jiarong,
Chaohu; Fig. 9) have extensive data from the Upper Permian and
Lower Triassic, but are lacking in the Middle and Upper Triassic.
Guandao section contains a world class Lower to Middle Triassic
(Olenekian–Anisian) boundary succession with high-resolution
biostratigraphy, geochronology and chronostratigraphic data that
will serve as an important reference section to supplement that
of the GSSP candidate at Desli Caira (Lehrmann et al., 2006;
Orchard et al., 2007). Other stage boundaries in the Guandao sec-
tion are approximated by the occurrences of key conodont species,
but precise placement of boundaries will require additional sam-
pling. As conodonts are abundant throughout the section, nearly
all of the other stage boundaries have potential for refined
bed-by bed sampling for conodonts and biostratigraphic analysis.
The Permian–Triassic boundary section at Guandao is occupied
by a black shale interval that thus far has not been sampled for
conodonts. Additional detailed study of conodonts in this interval
promises to provide an important complement to the Permian–
Triassic boundary sections in the adjacent GBG and the GSSP at
Meishan section.
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Likewise the Guandao section is important for foraminifer bios-
tratigraphy as it is a long uninterrupted section in comparison to
the various sections in the Tethyan realm that are used to develop
a foraminiferal biostratigraphy for the Triassic. Furthermore,
Guandao has the advantage of having the foraminifer distributions
calibrated to biostratigraphically important conodonts and other
chronostratigraphic data sets. If the selected species of foramini-
fera are plotted against the Triassic chronostratigraphy firmly fixed
by the conodont zonation in Guandao section, it is clearly seen that
the stepwise first appearances of many foraminiferal taxa (Fig. 10)
have a great potential for the construction of a detailed biostrati-
graphic scheme in the Tethyan realm. The Guandao section, partic-
ularly in the Olenekian–Carnian interval, contains many
foraminiferal species whose stratigraphic ranges are comparable
to those given in the literature by Zaninetti (1976), Dağer (1980),
He (1980), Salaj et al. (1988), Vachard and Fontaine (1998),
Altiner and Koçyiğit (1993), Rettori (1995), De Bono et al. (2001),
Márquez (2005) and Krainer and Vachard (2011). With these taxa,
it is possible to recognize or approximate not only stage or sub-
stage boundaries but also establish a detailed biostratigraphic sub-
division within the substages which would make the
chronostratigraphic resolution based on foraminiferal zonation
comparable with that provided by the conodont zonation. One
should also note that first appearances of taxa during a recovery
period following a major extinction event are always biostrati-
graphically significant because as the fauna recovers itself, like
the foraminiferal fauna recovering Olenekian through Middle
Triassic, diversity increases by the stepwise appearances of taxa.
Recently, Song et al. (2011) produced a high-resolution foraminifer
biostratigraphy by integrating data from several sections in south
China (Guandao, Bianyang, Qingyan, Chaohu, Shangxi). However
the data set is focused on the interval of recovery from the
end-Permian extinction and spans only up into the Anisian. The
new foraminifer data from Guandao presented herein spans up
into the Carnian and presents potential for additional
high-resolution biostratigraphic studies in the younger Triassic
succession.
8. Conclusions

A detailed biostratigraphy at Guandao section is based on the
occurrence data of 48 species of conodont and 42 species of fora-
minifer. The conodont biostratigraphy helps constrain the ranges
of important foraminifers, in many cases improving upon the con-
straints in range recognized from previous studies on sections from
the western Tethys. The combined conodont and foraminifer bios-
tratigraphy provides a robust age calibration at the substage level
and is integrated with paleomagnetic reversal stratigraphy, mag-
netic susceptibility, and chemostratigraphy.

Reversals match well with the GPTS. Intervals containing
numerous reversals span the Permian–Triassic, Olenekian–
Anisian, and Anisian–Ladinian boundaries. Predominantly normal
polarity intervals occur in the Lower Smithian, Bithynian, Longob
ardian–Cordevolian. Predominantly reversed polarity intervals
occur in the upper Griesbachian, Induan–Olenekian, Pelsonian
and Lower Illyrian.

Several large magnitude carbon isotope excursions characterize
the Lower Triassic and basal Anisian. Stable values around +2‰

d13C characterize the Anisian to Carnian. Similar signatures have
been reported globally. Magnetic susceptibility and synthetic
gamma ray logs show large fluctuations in the Lower Triassic with
an overall decline in magnitude of fluctuation through the Middle
and Upper Triassic. The largest positive spikes in magnetic suscep-
tibility and gamma ray values correspond to positive d13C excur-
sions in the Lower Triassic indicating a link between atmospheric
carbon release, terrestrial weathering, lithogenic flux to the marine
environment and organic carbon burial. High precision U–Pb anal-
ysis of zircons from volcanic ash beds provide a robust age of
247.28 ± 0.12 Ma for the Olenekian–Anisian boundary at Guandao
and an age of 251.985 ± 0.097 Ma for the PTB at Taiping.
Together, the new U–Pb geochronology from the Guandao and
Taiping sections suggest an estimated duration of 4.71 ± 0.15 Ma
for the Early Triassic Epoch.
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