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Lethally Hot Temperatures During the
Early Triassic Greenhouse

Yadong Sun,*?* Michael M. Joachimski,?
Haishui Jiang, Lina Wang," Xulong Lai®

Paul B. Wignall,? Chunbo Yan,* Yanlong Chen,*

Global warming is widely regarded to have played a contributing role in numerous past biotic crises.
Here, we show that the end-Permian mass extinction coincided with a rapid temperature rise to
exceptionally high values in the Early Triassic that were inimical to life in equatorial latitudes and
suppressed ecosystem recovery. This was manifested in the loss of calcareous algae, the near-absence
of fish in equatorial Tethys, and the dominance of small taxa of invertebrates during the thermal
maxima. High temperatures drove most Early Triassic plants and animals out of equatorial terrestrial
ecosystems and probably were a major cause of the end-Smithian crisis.

nthropogenic global warming likely is
contributing to the rapid loss of biolog-
ical diversity currently occurring (7). Cli-
mate warming also has been implicated in severe
biotic crises in the geological past, but only as a
corollary to more direct causes of death such as

Fig. 1. Early Triassic pa-
leogeography showing
reported occurrences of
fish and marine reptiles
in the Smithian. Note rare
equatorial occurrence of
both groups when ich-

(~252-247Ma)

Early Triassic World

60°N

the spread of marine anoxia (2). Here, we show
that lethally hot temperatures exerted a direct
control on extinction and recovery during and
in the aftermath of the end-Permian mass ex-
tinction. As well as the scale of the losses, the
aftermath of this event is remarkable for several

reasons, such as the prolonged delay in recov-
ery (3), the prevalence of small taxa (4), and the
absence of coal deposits throughout the Early
Triassic (5). These and several facets of low-
latitude fossil records shown below, including
fish, marine reptile, and tetrapod distributions,
can be related to extreme temperatures in excess
of tolerable thermal thresholds.

Climate warming long has been implicated
as one cause of the end-Permian crisis (2, 6), with
carbon dioxide release from Siberian eruptions
and related processes providing a potential trig-
ger for it (7, 8). Conodont apatite oxygen isotope
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Fig. 2. Oxygen isotopes of conodont apatite and carbon isotopes of carbonates
from the Nanpanjiang Basin. Oxygen isotopes show two thermal maxima in the
late Griesbachian and late Smithian. Scanning electron microscope investigation of
conodont surfaces shows microreticulation and no sign of recrystallization (supple-
mentary text 3). Absolute age constraints are given in supplementary text 9; data
for Meishan and Shangsi sections compiled from (9); leaf icons represent marine
and terrestrial G plants (24). Modern equatorial SST ranges (annual mean) from (48).

www.sciencemag.org SCIENCE

The error bar stands for external reproducibility of SBOapaﬁ‘E measurements (2c). The
black trendline represents smoothed smoapame fluctuations estimated from the
upper water column taxa. Note uncertainty of correlating conodont zones with ab-
solute ages. Aeg., Aegean; Bith., Bithynian. Conodont zonations: 1, Ng. changxingensis;
2, Ng. yini; 3, Ng. meishanensis; 4, H. changxingensis; 5, H. parvus; 6, Is. staeschei;
7, Is. isarcica; 8, Ng. planata; for genera abbreviations, see table S4.VSMOW,
Vlienna Standard Mean Ocean Water; VPDB, Vienna Pee Dee Belemnite.
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ratio (5'%0) is a reliable proxy for paleoscawater
temperatures (9), and conodonts suffered few
genus-level losses at the end of the Permian (10),
allowing continuous sampling of the same gen-
era over multimillion-year intervals (/7). We used
818031,&“te of conodonts from sections in the
Nanpanjiang Basin, South China, to reconstruct
Late Permian to Middle Triassic equatorial sea-
water temperatures (Fig. 1 and supplementary
text 1). Our main record, measured on the genus
Neospathodus, is a monitor of upper water col-
umn temperatures (estimated ~70 m water depth,
supplementary text 2), whereas data from ex-
tremely shallow water taxa (Pachycladina or
Parachirognathus spp., Platyvillosus spp.) pro-
vide sea surface temperatures (SSTs).

Our results show large, near-synchronous per-
turbations in both carbon isotope ratios (8'>Ceyp)
and 5‘8oapame with three positive excursions
observed in the Dienerian [~251.5 million years
ago (Ma)], early Spathian (~250.5 Ma), and at
the Spathian-Anisian (Early-Middle Triassic)
transition (~247.5 Ma). The minima in 3 Ceart
and 8180.(,13.(“1-te are measured in the Griesbachian
(~252.1 Ma) and the Smithian-Spathian transi-
tion (~250.7 Ma) (Fig. 2). The Blgoapaﬁte values

of'the analyzed conodonts taxa accord with their
habitats in different water depth: Neospathodus
spp. shows ~0.7 per mil (%o) heavier values
than those from shallow-water Pachycladina/
Parachirognathus spp. and Platyvillosus spp.
Deeper-water gondolellids show even heavier
SISO;,p.(m-te (~0.4%o) than Neospathodus spp. (sup-
plementary text 2 and table S1). Latest Spathian—
carly Anisian oxygen isotope data from Bianyang
and Guandao are more scattered and up to 1.3%o
heavier compared with samples from other sec-
tions. These two locations are close to the Great
Bank of Guizhou (Fig. 1), and such '*0 enrich-
ment toward platform interior is interpreted to be
due to evaporation as seen on the modern Bahama
Bank (72). However, most of the presented data
are from distal, open-water environments and
therefore present a faithful paleotemperature
record (supplementary texts 3 and 4).
Calculation of seawater temperatures from
8'%0 values (supplementary text 5) reveals rapid
warming across the Permian-Triassic boundary
[21°to 36°C, over ~0.8 million years (My); (9)],
reaching a temperature maximum within the
Griesbachian (~252.1 Ma) followed by cooling in
the Dienerian. A second rise to high temperatures

is seen in the late Smithian (~250.7 Ma), followed
by relatively stable temperatures in the Spathian,
cooling at the end of this stage and stabilization
in the early Middle Triassic (Fig. 2). The late
Smithian Thermal Maximum (LSTM) marks the
hottest interval of entire Early Triassic, when up-
per water column temperatures approached 38°C
with SSTs possibly exceeding 40°C (Fig. 3).
The entire Early Triassic record shows tem-
peratures consistently in excess of modern equa-
torial annual SSTs. These results suggest that
equatorial temperatures may have exceeded a
tolerable threshold both in the oceans and on
land. For C; plants, photorespiration predom-
inates over photosynthesis at temperatures in
excess 0f 35°C (13), and few plants can survive
temperatures persistently above 40°C (/4). Sim-
ilarly, for animals, temperatures in excess of
45°C cause protein damage that are only tem-
porarily alleviated by heat-shock protein produc-
tion (/5). However, for most marine animals,
the critical temperature is much lower, because
metabolic oxygen demand increases with tem-
perature while dissolved oxygen decreases (/6).
This causes hypoxaemia and the onset of an-
aerobic mitochondrial metabolism that is only
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Fig. 3. Early Triassic diversity of major marine groups and temperature
trends showing inverse relationship: Peak diversity corresponds to cool
climate conditions around the Dienerian-Smithian boundary, early Spathian,
and early Anisian (named cooling events | to Ill), whereas low diversity in
Griesbachian and Smithian correlates with peak temperatures. Diversity of
marine groups from (37—39, 49-52); fish and marine reptile only show the
general presence of taxa; no quantitative diversity data are available (sup-

10 20 30 40 50 60
Number of genera

10 20 30 40 50

Not to scale
Number of species

as Fig. 2.

Not to scale

18.0 19.0 20.0 21.0 22.0
5"°0, 01 (% VSMOW)

plementary text 6). Floral data (28—30, 42) show the loss of equatorial
conifer-dominated forests above the Permian-Triassic (PT) boundary, with
the earlier reappearance of this forest type at high latitudes. Gray band
represents the first-order seawater temperatures trend (upper water column,
~70-m water depth) estimated by this study; red trend line represents
possible SST derived from shallow water taxa. Same stratigraphic scheme
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sustainable for short periods (/7). As a conse-
quence, marine animals cannot long survive tem-
peratures above 35°C, particularly those with a
high performance and high oxygen demand, such
as cephalopods (/6).

Extreme equatorial warmth should have left
a distinct signature in the Early Triassic fossil
records, a proposition that we examine here.
The fossil fish record is exceptionally good in
the Early Triassic, with many well-preserved
faunas known from locations such as Madagas-
car, Greenland, and British Columbia (supple-
mentary text 6). This is related to the widespread
distribution of anoxic facies (/8) that provide ex-
cellent preservational conditions for such fossils.
However, our compilation of fish occurrences re-
veals that they are very rare in equatorial locales,
especially during the late Griesbachian and the
Smithian, despite being common at higher lati-
tudes at these times (fig. S1 and table S2). This
rarity is extraordinary because Early Triassic
units, such as the dysoxic-anoxic Daye Forma-
tion of South China, are widespread (supple-
mentary text 7) and yet do not yield a fossil fish
fauna. The general absence of ichthyofauna in
equatorial regions coincides with the temperature
maxima reconstructed from the Blgoapaﬁte record,
and we interpret this coincidence as recording
equatorial exclusion because of inhospitably high
temperatures. In contrast, invertebrates remain
common in these intervals (/9), especially sessile
mollusks with their better adapted oxyconform-
ing metabolism allowing them to cope with syn-
ergistic stresses of high temperature and low
oxygen (17, 20). Like fish, marine reptiles also
exhibit high aerobic activity and are likely to
have had a relatively low oxygen-limited thermal
tolerance. Examining Early Triassic marine rep-
tile (ichthyosaur) occurrences reveals that they
too are not found in equatorial waters until the
middle-late Spathian (supplementary text 6),
~1 to 2 My after their first appearance in higher
latitudes during the Smithian (27, 22). Other
notable absences from equatorial oceans are cal-
careous algae, whose outage spans the entire end-
Permian—early Spathian interval although they
are present in higher latitudes [e.g., Spitsbergen,
(23)]. Their equatorial absence (supplementary
text 8) likely reflects inhibiting temperatures,
whereas the abundance of calcimicrobial carbon-
ates in shelf waters, one of the stand-out features
of the Early Triassic (24), was possible because of
the much higher temperature tolerance of cyano-
bacterial photosynthesis (/6).

Critically high temperatures may also have
excluded terrestrial animal life from equatorial
Pangea, and with SSTs approaching 40°C the
land temperatures are likely to have fluctuated
to even higher levels. Our compilation of tetra-
pod fossil occurrences reveals them to be gen-
erally absent between 30°N and 40°S in the Early
Triassic (Fig. 1), with rare exceptions (25, 26);
this is a stark contrast to Middle and Late Triassic
occurrences, when they occur at all latitudes
(fig. S1). This equatorial “tetrapod gap” does

www.sciencemag.org SCIENCE VOL 338

not reflect an absence of suitable strata for their
preservation. For example, the Buntsandstein of
Europe is one of the best known and most in-
tensively investigated terrestrial formations of
the Early Triassic; tetrapods are exceptionally
rare in the lower part (Induan) and only become
common in middle and upper units (late Early
Triassic to Middle Triassic) (27). The tetrapod
gap of equatorial Pangea coincides with an end-
Permian to Middle Triassic global “coal gap” that
indicates the loss of peat swamps (5). Peat for-
mation, a product of high plant productivity, was
only reestablished in the Anisian and then only
in high southern latitudes (5), although gym-
nosperm forests appeared earlier (in the Early
Spathian), but again only in northern and south-
ern higher latitudes (28, 29). In equatorial Pangea,
the establishment of conifer-dominated forests
was not until the end of the Spathian (30), and
the first coals at these latitudes did not appear
until the Carnian ~15 My after their end-Permian
disappearance (5). These signals suggest equa-
torial temperatures exceeded the thermal toler-
ance for many marine vertebrates at least during
two thermal maxima, whereas terrestrial equato-
rial temperatures were sufficiently severe to sup-
press plant and animal abundance during most of
the Early Triassic.

Thermal tolerance is likely to decrease for
organisms with larger body sizes (37). Nonlethal
effects of temperature increase include smaller
adult size, which, in conjunction with increased
juvenile mortality at higher temperatures (32, 33),
will produce a fossil record dominated by small
individuals. This is a well-known phenomenon in
the Early Triassic marine fossil record and has
been termed the Lilliput effect (4). We suggest
that this effect is a response to high tempera-
tures and that it should be most clearly seen in
equatorial assemblages, especially during the
Griesbachian and Smithian thermal maxima. This
prediction is confirmed by data from equatorial
marine fossils where small body and trace fossil
assemblages are confined to these intervals (34, 35).
Low oxygen levels also are known to cause small
size in marine invertebrates (36), but, although
marine dysoxia was a global phenomenon in the
Early Triassic (/8), the restriction of the Lilliput
effect to equatorial latitudes indicates that this was
primarily a temperature-controlled phenomenon.

The relation between global warming and
extinction can be examined in the Early Triassic.
The rapid temperature rise across the Permian-
Triassic boundary coincides with mass extinction,
although absolute temperatures at the time of
crisis were only modest [< 30°C (9)]. Together
with temperature rise, synergistic factors, such as
spread of anoxia, may also play important roles
in marine extinction (2, 18). However, the sub-
sequent loss of many Permian holdover taxa later
in the Griesbachian (conodonts, radiolarian, and
brachiopods) may reflect lethal temperatures fol-
lowed by temporary recovery and radiation in the
cooler Dienerian (Fig. 3). The clearest temperature-
extinction link is with the LSTM and the end-

REPORTS

Smithian event that saw major losses among
many marine groups, including bivalves, cono-
donts, and ammonoids (37-39). Contemporane-
ous losses among tetrapods on land (25) suggest
that this was a crisis that affected a broad di-
versity of ecosystems.

The ultimate driving factor behind the end-

Permian warming long has been attributed to
greenhouse gas emissions, either from volcano-
genic (8) or thermogenic sources (40). Both are
expected to leave a negative excursion in the
8'3C record, and this is the case for both the end
Permian—Griesbachian and Smithian intervals
(Fig. 2), although it has yet to be demonstrated
that a second pulse of Siberian volcanism oc-
curred in the Smithian. However, to maintain
high temperatures for the ~5 My of the Early
Triassic requires strong, persistent greenhouse
conditions. High temperatures also could greatly
enhance the activity of decomposers (e.g., fungi
and bacteria), resulting in the release of large
amounts of terrestrial light carbon into the at-
mosphere (47) and consequently forming oligo-
trophic, humus-poor soils as observed in modern
Amazon rainforests and in Early Triassic soils
of Australia and Antarctica (42). Together with
global suspension of peat formation, elevated de-
composition rates may have led to a significant
reduction in organic carbon burial on land fur-
ther contributing to higher atmospheric CO,
levels (43).

High and oscillating temperatures in the Early

Triassic likely controlled the pace and nature of
recovery in the aftermath of the end-Permian
mass extinction as shown by an inverse relation-
ship between the temperature and biodiversity
changes, the temporary loss of both marine and
terrestrial vertebrates, and the reduced size of
the remaining invertebrates. SSTs derived from
8'%0 data offer no evidence that a climate ther-
mostat may ameliorate tropical warming by re-
distributing warmth to the poles (44). Rather,
extreme global warming may progressively force
taxa to vacate the tropics and move to higher lat-
itudes or become extinct. Marine organisms ex-
hibiting low oxygen-dependent thermal tolerance,
such as vertebrates, are the first to leave.

11.

12.
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A Complete Terrestrial Radiocarbon
Record for 11.2 to 52.8 kyr B.P.
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Radiocarbon (**C) provides a way to date material that contains carbon with an age up to
~50,000 years and is also an important tracer of the global carbon cycle. However, the lack of
a comprehensive record reflecting atmospheric *#C prior to 12.5 thousand years before the
present (kyr B.P.) has limited the application of radiocarbon dating of samples from the Last
Glacial period. Here, we report *C results from Lake Suigetsu, Japan (35°35’N, 135°53'E),
which provide a comprehensive record of terrestrial radiocarbon to the present limit of the

14C method. The time scale we present in this work allows direct comparison of Lake Suigetsu
paleoclimatic data with other terrestrial climatic records and gives information on the connection
between global atmospheric and regional marine radiocarbon levels.

ake Suigetsu contains annually laminated
sediments that preserve both paleoclimate
proxies and terrestrial plant macrofossils
that are suitable for radiocarbon dating. The lake’s
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potential to provide an important archive of at-
mospheric radiocarbon (**C) was realized in 1993
(7). However, the single SG93 sediment core
then recovered included missing intervals be-
tween successive sections (2). This, together with
the difficulty of visual varve counting, resulted in
inconsistency between the SG93 and other '*C
calibration records (3). The SG06 core-set re-
covered in 2006 consists of four parallel cores
that together avoid any such sedimentary gaps
(4). Here, we report 651 14C measurements cov-
ering the period between 11.2 and 52.8 thousand
years before the present (kyr B.P.) tied to a time
scale derived from varve counting and temporal
constraints from other records. Using visual mark-
ers, we applied a composite depth (CD) scale to
all cores, including SG93. We also define an event-
free depth (EFD), which is the CD with substan-

tial macroscopic event layers (such as turbidites
and tephras) removed.

Accelerator mass spectrometry radiocarbon
dating (5) has been conducted on terrestrial plant
macrofossils selected from the SG06 cores to
cover the full '*C time range, from the present to
the detection limit of the "*C method (0 to 41 m
CD) (table S1). The results already reported from
the control period (0 to 12.2 kyr B.P.) (6), covered
by the tree-ring—derived calibration curve (7), act
to demonstrate the integrity of the sediments and
to anchor the floating SGO6 varve chronology,
because varves do not extend into the Holocene.

The varve-based chronology for SG06 (5, 8, 9)
provides our best estimate of the true age of the
cores for the period ~10.2 to 40.0 kyr B.P., based
only on information from the site. It provides
good relative chronological precision and has the
advantage of being independent of other dating
techniques. However, the cumulative counting un-
certainty inevitably increases with age (~6% at
40 kyr B.P.). The full varve chronology (Fig. 1A
and table S1) has been extrapolated on the basis
of EFD to cover the period 40 to 53 kyr B.P.

To better constrain the uncertainties in the
varve chronology, we can directly compare the
Suigetsu data set and other archives that provide
information on atmospheric '*C and associated
independent ages. The two most useful records
for this purpose are the Bahamas speleothem GB89-
25-3 (10) and the Hulu Cave speleothem H82
(11), both of which have extensive '*C- and U-Th—
based chronologies. In both cases, we would ex-
pect the radiocarbon in the speleothems to respond
to changes in atmospheric '“C content, despite the
groundwater containing a dead-carbon fraction
(DCF) from dissolved carbonates. Estimated DCF
for these speleothems was 2075 + 270 radiocarbon
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Materials and Methods

Materials
Oxygen isotope values represent analyses of ~15 000 conodont elements extracted from ~
2 tons of carbonate rocks. Samples derive from five sections in the Nanpanjiang Basin.

The sections, from north to south, are:
1. Jiarong Section (25.90° N, 106.55° E)

The Early Triassic carbonate rocks are exposed in a roadcut in the local market at Jiarong
Village, Huishui County, Guizhou Province. The section spans the Permian-Triassic (P-
T) boundary to the middle-late Spathian and represents a platform margin setting.
Detailed conodont biostratigraphy was provided by Chen (53) based on intensive study of

a rare conodont fauna. Conodont Colour Alteration Index (CAI) of this section is 1.0-2.0.
2. Bianyang Section (25.6446° N, 106.6191° E)

This basinal section is located in the abandoned Xiajiawan Quarry and an adjacent hill in
Bianyang County, Guizhou Province. The section is well exposed (in winter) and spans
the Late Permian to Middle Triassic interval. The Late Permian to middle Spathian
carbonate rocks were studied in the quarry, the late Spathian to middle Triassic is
exposed in the small hill immediately next to the quarry. There is a small brick factory
mining the mudstone of Xinyuan Formation (Middle Triassic) at the foot of the hill. The
two outcrops slightly overlap each other in the upper Spathian. The section yields

abundant conodonts with a CAl of 1.0 to 2.5.





3. Guandao Il Section (25.6130° N, 106.6327° E)

The Guandao |1 Section is the best studied Middle Triassic section in South China. The
section exposes a distal late Olenekian to Carnian slope succession (54) and was studied
in detail for biostratigraphy and sedimentology (54-56). We sampled the uppermost
Spathian to lower Pelsonian part of the section. Conodont abundance is very high in the

Spathian but low in the Middle Triassic. CAl is 1.5-2.5.

4. Jinya sections

A series of sections spanning the P-T boundary to earliest Middle Triassic are exposed in
the Jinya County, Guangxi Province. The Early-Middle Triassic succession generally
represents a basinal setting. The area was very well studied for stratigraphy and
sedimentology (19, 57). Samples were collected in two roadcuts close to the villages of
Laren and Wantou. The Laren outcrop (24.6073° N, 106.8775° E) ranges from the
lowermost Smithian to middle-upper Spathian. The Wantou outcrop (24.5915° N,
106.8625° E) comprises the uppermost Spathian to lower Anisian. The CAI of conodont

elements from this section is 2.0-4.0.

5. Zuodeng Sections (23.4537° N, 106.9933° E)

The Zuodeng sections are located near the Village Denggaoling in Zuodeng County,
Guangxi Province. The exposed carbonates represent a highly condensed basinal setting.
Conodont biostratigraphy was firstly established by Yang et al. (58). Tong et al. (59)
reported a positive carbon isotope excursion from this section using Yang et al.’s

biostratigraphic framework. However, the section is duplicated due to a fault (shown as a





gap in both Yang and Tong’s work) which former studies failed to recognize. The section

yields abundant conodonts with a CAl ranging from 3.0 to 4.5.
Methods
1. Oxygen isotope analysis of conodont apatite

Conodonts were extracted from rock samples (with an average size of 8-10 kg) by using
acetic acid dissolution (60) and taxonomically separated from multi-generic assemblages
using a binocular at the micropaleontology laboratory of the China University of
Geosciences at Wuhan. The conodont elements were further examined for surface

recrystallization using optical microscope and scanning electron microscopy (SEM).

Conodont phosphate has a general formula CasNag 14(CO3)0.16(PO4)3.01(H20)0.85F0.73. The
PO,* group was isolated and precipitated as AgsPO, by using the method described by
Joachimski et al. (61). 0.24-0.76 mg of mono-generic conodonts elements (~50-150
individuals) were weighted into a PE beaker and dissolved by adding 33 pl 2M HNOs.
The solution was neutralized with 2M KOH. Ca** was removed as CaF, by adding 2M
HF and centrifugation. After centrifugation, the supernatant clear solution was transferred
to a new PE beaker and 0.5 ml silver amine solution were added to precipitate phosphate
as trisilverphosphate (AgsPO,). The beakers were stored in a dry oven at 60 °C for 8 hour
to precipitate quantitatively AgsPO,. The AgsPO, crystals were homogenized using a

small agate mortar.

Oxygen isotope analyses were performed using a TC-EA (high-temperature conversion-
elemental analyzer) coupled online to a ThermoFinnigan Delta Plus mass spectrometer at

the Stable Isotope Laboratory of the GeoZentrum Nordbayern, University of Erlangen-





Nuremberg, Germany. 0.12 to 0.3 mg AgsPO, was weighed into silver foils. Samples as
well as standards were generally measured in triplicate or quadruplicate (He flow rate is
80 ml/s, reactor temperature is set to 1450 °C, and column temperature is 90 °C). At 1450
°C, the silver phosphate is reduced by glassy graphite to CO as the analyte gas (62). The
CO was transferred in the helium stream through a gas chromatograph via a Conflo 111
interface to the mass spectrometer. To monitor any potential drift in values or memory
effects, a laboratory standard was analyzed every two or three samples. The internal
reproducibility, controlled by replicate analysis of individual samples, ranged from +0.01
to £0.38 %o (25). The daily external reproducibility, controlled by replicate analysis of
standard NBS 120c (22.6 %0, VSMOW-Vienna Standard Mean Ocean Water), was +0.11

to £0.15 %o (20). Total external reproducibility was +0.16 %o (25, n=70).

2. Carbon isotope analysis of carbonate

Carbonates were sampled using a micro-drill on fresh-cut rock surface. The carbonate
powders were reacted with 100% phosphoric acid at 70 °C using a Gasbench 11
connected to a ThermoFinnigan Delta V Plus mass spectrometer. All values are reported
in per mil relative to V-PDB (Vienna Pee Dee Belemnite) by assigning a 5'°C value of
+1.95%0 and a 520 value of -2.20%. to NBS 19. Reproducibility was monitored by
replicate analysis of standards NBS 19 and IAEA CO-9 and was better than +0.09%o

(20).

Supplementary Text

1. Paleogeography of Nanpanjiang Basin





The Nanpanjiang Basin was situated at the southwestern edge of the Yangtze Platform
(Fig. 1). In the latest Permian, the Yangtze Platform was situated at an equatorial position
in the Paleo-Tethys, gradually rotated counter clockwise and moved northwards to 12 °N
in the early Middle Triassic (46, 63, 64). The Nanpanjiang Basin was estimated to have

been situated at a paleolatitude of ~6 °S to ~7 °N during the Early Triassic.
2. Early Triassic conodont ecology

Soft body fossils of Conodontophora (conodont bearers) revealed that conodont animals
had very well developed body muscles, fins and eyes (65), indicating they had swimming

ability.

The Early Triassic conodont taxa Pachycladina/Parachirognathus and Platyvillosus are
characterized by the most robust elements among Early Triassic conodonts and are most
commonly found in platform settings, but can be observed as well, although more rarely,
in near-shore to offshore basinal environments. These taxa are generally accepted as
shallow water taxa well adapted to high energy conditions (66, 67). The conodont taxa
Neospathodus is also found in platform to basinal environments (66), but is generally
most abundant in deeper water settings. This may partly be due to the delicate

morphology of the elements that may not be preserved in high energy settings.

The 6180apatite values measured on monogeneric samples of Neospathodus from platform
margin sections are comparable to coeval samples obtained from basinal sections,
indicating that Neospathodus lived within the water column rather than near to the sea

floor.





A difference in 8"®Opaie is Only registered above the species level (table S1).
Monogeneric samples of the shallow-water taxa Pachycladina/Parachirognathus spp.
(late Smithian) and Platyvillosus spp. (Dienerian to Smithian) are consistently ~0.7 %o
lighter than monogeneric samples composed of Neospathodus spp.. Neospathodus is ~0.4
%o lighter than coeval deeper-water gondolellids. These differences in 8'®Ogpatite can be
interpreted as ~3.0 and 1.7 °C temperature differences, respectively, likely reflecting
different water depths. Assuming that Pachycladina/Parachirognathus and Platyvillosus
lived in near surface waters, these differences would indicate water depths of ~70 m for
Neospathodus and of ~85 m for Neogondolella, considering a temperature/water depth

gradient as in modern equatorial oceans (68).
3. Conodont CAl and 8"®Ogpatite

Previous studies have shown that there was no identifiable apatite re-crystallization in
specimens of CAIl 1.0-4.5 (69), except when specimens were heated for long terms in
which case surface recrystallization started at CAl 1.5 while the internal recrystallization
only occurred when CAI reached 5.0 (70). A Devonian case study also showed that there
is no major difference in oxygen isotope values between samples having CAlI’s of 1 to 5

(61).

The §'®Ogparite Values measured from different sections (this study) are generally
compatible though the CAI ranges from 1.0-4.5. This suggests that a different

thermal/diagenetic history of the sediments did not affect the oxygen isotope ratios.

4. Paleoenvironment settings (water-depth) and 5"°Ogpatite





Slsoapatite data from different sections are generally consistent with each other throughout
the Early Triassic. However, the 20 values of conodonts from the Jiarong, Jinya and

Bianyang sections are ~0.7%o lighter than those of conodonts from the Zuodeng sections
in the Smithian-Spathian interval, suggesting slightly higher temperatures in the shallow

platform environments.
5. Paleotemperature calculations

We calculate temperatures using the equation of Puceéat et al (71) and assuming that the
Early Triassic was an ice-free period (82 Oseanater= -1 %o0) and salinity in the Nanpanjiang
Basin maintained constant during the Early Triassic (see discussion below). The §*°0
value of standard NBS120c used to calibrate the oxygen isotope analyses was reported as
21.7%o (72) or 22.6%o (62). All values reported in this study were calibrated using a 520
value of NBS120c of 22.6 %o (63). Calculated temperatures reported herein are
independent to the value of NBS 120c since the temperature equation of Pucéat et al. (71)

includes a correction factor for this uncertainty.

It is generally accepted that the Carboniferous-Permian glaciations terminated by the end
of Early Permian (73). Small size ice sheet had diminished by the end of Middle Permian
(74). Despite the debate on the climate during the Changhsingian, there is no evidence to
suggest that the Late Paleozoic glaciations lasted into the Late Permian. The Early
Triassic is generally accepted as a hot time period with high atmospheric pCO, (75). Even
at 61°S, the climate was unusual warm and wet (76). Circulation models for Triassic also
predict a greenhouse world without permanent ice caps (6). We therefore assume that the

Early Triassic was an ice-free world.





The U-shaped Nanpanjiang Basin opened to the Panthalassan Ocean and was presumably
well-connected to the open oceans. The South China Block was distant from any major
continents; large fluvial freshwater input was therefore highly unlikely. The Cimmerian
microplates did not close the Paleo-Tethys until Late Triassic. We thus assume that the

salinity in the Nanpanjiang Basin was constant and normal-marine in the Early Triassic.
S6. Early Triassic marine fish and reptile diversity

During the Griesbachian to Smithian, fishes only rarely occurred in the equatorial Tethys.
Most diverse and abundant Early Triassic fish faunas were exclusively reported from
high latitudes as for example Alberta/British Columbia (Smithian-Anisian), Ellsemere
Island (Smithian), Greenland (latest Changhsingian-Dienerian), Madagascar (Dienerian)
and West Spitsbergen (Griesbachian-Spathian) (references see table S2). From low
latitudes, reported ichthyofauna includes bony fish from South China (lower
Griesbachian) (77) and fish/sharks (teeth) from Iran and Turkey (Dienerian) (78, 79).
During the Smithian, fishes mainly occurred in northern high latitudes. The reported
equatorial Smithian fishes occurrences from low latitudes include bony fish from the
lower Yangtze platform of South China (paleolatitude, ~15 °N) (80) and Utah
(paleolatitude, ~10 °N) (81) as well as sharks from the Nanpanjiang Basin (paleolatitude,
~0-5 °N) (82). During the middle-late Spathian, fishes were more common than during
the Smithian in equatorial latitudes (table S2). In the Anisian, fishes were abundant and

globally diverse (figure S1).

In equatorial-subequatorial South China, fish diversity was relatively high during the Late

Permian with sharks, saurichthys, coelacanths and palaeonisciformes being common (83-
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85). However, most reported Early Triassic ichthyofauna were either of Dienerian or
middle-late Spathian age (86, 87). Fishes were uncommon in the late Griesbachian and
late Smithian. The Smithian South China sea was dominated by Chondrichthyes
(Hybodus) with even rare occurrence of bony fish as reported by Tong et al. (80) from the
lower Yangtze Platform (paleolatitude, ~15 °N). These fishes became more abundant in
the middle to late Spathian (82), diversified in the Pelsonian (Middle Triassic) (88, 89)

and show a high diversity in the Ladinian and Carnian (90).

The general absence of ichthyofauna in low latitudes is also confirmed by our fish teeth
collections from South China. Griesbachian to Smithian fish teeth are very rare. The
increase in fish teeth abundance started in the middle-late Spathian (Neospathodus

homeri Zone). Fish teeth are common in the Anisian (table S3).

The oldest known Triassic marine reptiles in South China are Ichthyosauria,
Eosauropterygia and Hupehsuchia. Chaohusaurus geishanensis, co-occurring with the
Spathian ammonite Subcolumbites, representing the oldest Triassic ichthyosaur (sensu
lato) known from equatorial-subequatorial South China (91). Other representative Early
Triassic species such as Hupehsuchus nanchangensis, Hanosaurus hupehensis and
Keichousaurus yuananensis were all recovered from the Jianglingjiang Formation of
Spathian age, although Nanchangosaurus suni may be slightly older (92). Marine reptiles
became fairly diverse in the Nanpanjiang Basin during the Middle and Late Triassic

including ichthyosaurs, mixosaurs, pistosaurus, thalattosaurs, and nothosaurs (93).

Globally, ichthyosaurs first appeared in the Smithian and were initially restricted to

northern high latitudes (e.g., British Columbia and Spitsbergen; 21, 22). Other reports on
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early ichthyosauria include fragments from Idaho of possible Smithian-Spathian age (94).
Ichthyosaurs occurred in equatorial latitudes (e.g., South China) only during the mid-late
Spathian (95) and became diverse and widely distributed in the Anisian (fig. S1 and table

S2).
7. Daye Formation in South China

The Early Triassic Daye Formation is a widely exposed unit on the middle Yangtze
Platform and the Nanpanjiang Basin of South China (e.g. 47). It represents fine
laminated, thinly bedded and horizontally burrowed carbonate succession of dysoxia-

anoxia conditions.
8. Algal gap in the low latitudes during the Early Triassic

Calcareous algae are not known at low latitudes during the Griesbachian and Dienerian
(e.g., 49). However, Galfetti et al. (19) reported a “probable dasyclad algae” from a
Dienerian sample from the Laren Section, shown in their figure 7c, d. However, their
figure 7c shows a uniserial foraminifer with clear chambers and 7d shows an
indeterminate fragmented bioclast with internal structures being destroyed. Thus it could

hardly be surely identified as an alga.
9. The absolute ages

The absolute age constraints for the Early Triassic substages are adopted from Mundil et
al. (96), Galfetti et al. (97) and Lehrmann et al. (98). These ages were all produced by
using the same method of CA-TIMS (chemical abrasion thermal ionization mass

spectrometry) and thus minimized the cross-methods discrepancy.
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Fig. S1.

Fish, marine reptile, and terrestrial tetrapod latitudinal distributions from Late Permian to
Middle Triassic, showing that vertebrates generally vacated the equator from the latest
Permian to Smithian but returned in the Spathian to Anisian. Paleogeographic
reconstruction after (45, 46, 64); fish and marine reptile data see table S2; tetrapod data

from (25, 26, 99-101).
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Table S1.

Difference in 5"°0paite for different conodont genera. Neospathodus is generally 0.3-0.4

%o heavier than Neogondolella, but 0.7-0.8 %o lighter than Platyvillosus. There is no
difference in Slsoapame between different species of Neospathodus. Ns.- Neospathodus;

Ng.- Neogondolella. Note that the genus Neogondolella here is used as an

undifferentiated general name for all Early Triassic gondolellids.

Sample | Conodont taxa 30 1std.dev. | n
(%0VSMOW)
GDJ33 Ns. homeri P1 21.3 0.12 4
Ns. spathi P1 21.3 0.10 4
Ng. spp. P1 21.6 0.38 2
WTCO07 | Ns. homeri & abruptus? 18.9 0.10 4
Ns. spathi P1 18.9 0.08 2
WTCO05 Ns. spp. P1 18.6 0.15 3
Ng. spp. P1 19.0 0.14 4
ZDC44 Ns. spp. P1 195 0.23 4
Platyvillosus spp. P1 18.7 0.20 4
ramiform 20.5 0.06 3
ZDCB Ns. spp. P1 19.2 0.18 4
Platyvillosus spp. P1 185 0.07 4
ramiform 18.9 0.33 4
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Table S2.

Late Permian to Middle Triassic occurrences of fish/shark and marine reptiles based on

published studies and the Paleobiology Database (preferably data with robust

biostratigraphic controls). * indicates poor age control.

Stages Taxa Location Reference
Changhsingian Fish/shark (including Russia Minikh, (102)
remains) Greenland Bendix-Almgreen, (103); Dunbar, (104)
Japan Goto, (105)
South China Wang and Liu, (83)
Iran Sweet and Mei, (106)
Pakistan Waagen, (107)

“marine” reptile

Madagascar * (paralic)

Carroll, (108)

Griesbachian

Fish/shark (including
remains)

East Greenland

Perch-Nielsen et al. (109); Stemmerik et al. (110)

British Columbia

Mutter and Neuman, (111)

Japan Goto, (92)

Idaho Evans, (112)

South China Zhao and Lu, (77)
Pakistan Wignall and Hallam, (113)

marine reptile

None known for sure

Dienerian Fish/shark (including East Greenland Perch-Nielsen et al. (109); Stemmerik et al. (110)
remains) British Columbia Mutter and Neuman, (111)
Spitsbergen Stensi6 (114, 115)
Russia Shigeta et al. (116)
Japan Goto, (105)
South China Liu et al. (86)
Iran Fraiser et al. (78)
Idaho Evans, (112)
Turkey Thies, (79)
Madagascar Battail, (117)
“marine” reptile Australia (paralic) Kear, (118)
Kenya* (paralic) Harris and Carroll, (119)
Madagascar* (paralic) Ketchum and Barrett, (120)
Smithian Fish/shark (including Alberta Lambe, (121)
remains) British Columbia Mutter and Neuman, (111)
Spitsbergen Romano and Brinkmann, (122)
Ellesmere Island Schaeffer and Mangus, (123)
Alaska* Patton and Tailleur, (124)
Japan Goto, (105)
Russia Ivanov and Klets, (125); Shigeta et al. (116)
South China Tong et al. (80)
Idaho* Schaeffer and Mangus, (123)
Utah Fraiser, (81)
India* Geol, (126)
Ichthyosaurs and other British Columbia Callaway and Brinkman, (21); Brinkman et al.
marine reptile (127)*
Svalbard (Barentsgya, Cox and Smith, (22)
Edgeya, Spitsbergen)
Spathian Fish/shark (including British Columbia Mutter and Neuman, (111)

remains)

Spitsbergen Stensid, (114, 115)

Alaska* Patton and Tailleur, (124)
Russian Ivanov and Klets, (125)

Japan Goto, (105)

South China Su and Li, (87); Wang et al. (82)
Iran Baud, (128)
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Israel

Brotzen, (129)

India

Chhabra and Mishra, (130)

Ichthyosaurs and other
marine reptile

South China (late Spathian)

Chen, (95)

British Columbia

Callaway and Brinkman (21)

Spitsbergen Motani, (131)

Japan Motani et al. (132)

Idaho Massare and Callaway, (94)

Anisian Fish/shark (including Russian Ivanov and Klets, (125)

remains) Japan Goto et al. (133)

South China Zhang et al. (88)

Switzerland Biirgin, (134)

Italy Tintori et al. (135)

Germany Diedrich, (136)

Poland Assmann and Rauff, (137)

Iran Baud, (128)

France Corroy, (138)

Austria Mostler, (139)

Nevada Rieppel et al. (140)

Israel Brotzen. (129)

India Chhabra and Mishra, (130)
Ichthyosaurs and other British Columbia Nicholls and Brinkman, (141)
marine reptile Spitsbergen Sander, (142)

Russian Polubotko and Ochev, (143)

South China Hu et al. (144)

Switzerland Sander, (145)

Italy Sander, (145)

Spain Fortuny et al. (146)

Germany Maisch and Matzke, (147)

Nevada Sander et al. (148)

Timor (Indonesia) Huene, (149)

Israel Rieppel, (150)
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Table S3.

Abundance of fish teeth and conodonts in the Jiarong (Griesbachian-Spathian) and

Guandao Il (Spathian-Illyrian) sections, showing that Griesbachian-Smithian fish teeth

are rare. Conodont genera names see table S4.

. Sample Weigh | Conod | Fish . Sample Weigh | Conod | Fish
Stage Zonation No. P ngg ont teeth Stage Zonation No. P t/kgg ont teeth
Jiarong Section Guandao Section

JRC-59 5.0 0 0 GD2-79 | 24 30 0
JRC-58 5.0 46 0 GD2-78 | 24 12 0
Ns. JRC-57 50 13 0 GD2-77 | 23 45 0
homeri | JRC-56 50 57 0 Pdeglae?lg” GD2-76 | 24 7 0
JRC-55 50 1 0 excolsq | GD2-75_| 23 13 0
JRC-54 5.0 39 2 GD2-74 | 23 0 0
JRC-53 5.0 15 0 GD2-73 | 24 1 0
| JRC-52 50 35 1 GD2-72 | 24 19 0
Com‘r:]'som JRC-51 50 38 0 GD2-71 |23 6 0
Soathi JB-14 45 0 0 GD2-70 | 24 11 0
pan JRC-50 50 53 2 GD269 | 23 14 0
JRC-49 5.0 2 0 GD2-68 | 23 29 0
JRC-48 50 0 0 GD2-67 | 24 1 0
JRC-47 50 2 0 GD2-66 | 24 109 |0
JB-09 50 82 0 GD2-65 | 48 37 8
Pinggings 1B-17 00| 10| 0 Ng,  |[GD264 [31 [0 0
hanenas | JRC-46 5.0 20 0 consyicy | GD263 | 2.4 19 16
JRC-45 50 8 0 . GD2-62 |21 17 0
JB-13 52 12 0 GD2-61 | 34 0 0
JB-12 59 40 0 GD2-60 | 2.7 3 0
JB-11 54 | 482 0 Anisia GD2-59 | 23 0 0
JB-10 5.0 50 0 n GD2-58 | 24 8 0
JRC-44 50 60 1 GD257 |23 20 4
Pacmg"ad JRC-43 5.0 0 0 GD2-56 | 2.3 0 0
oblique | _IRC42 5.0 0 0 GD2-55 | 24 0 0
JRC-41 50 6 0 GD2-54 | 24 0 0
JRC-40 5.0 12 0 GD2-53 | 33 0 0
JRC-39 5.0 41 1 GD2-52 | 26 14 0
JRC-38 5.0 0 0 GD2-51 | 24 7 0
JB-08 4.9 60 0 GD2-50 |29 7 0
Smithi JRC-37 50 0 0 GD2-49 | 21 3 2
”;:f ' JRC-36 5.0 0] 0 GD2-48 | 1.6 11 21
JRC-35 5.0 0 0 GD2-47 | 21 2 0
JRC-34 5.0 ol o Pdarla?lon GD2-46 | 2.2 21 13
Wal;llsg.eni JRC-33 50 0 0 bul‘;gri‘za GD2-45 | 25 9 4
JRC-32 50 9 0 GD2-44 | 20 17 0
JRC-31 5.0 5 0 GD2-43 | 2.7 0 0
JRC-30 5.0 0 0 GD2-42 | 2.7 0 0
JB-07 4.9 32 0 GD2-41 |25 0 0
JRC-29 50 42 0 GD2-39 | 4.1 0 0
JRC-28 5.0 4 0 GD2-38 | 24 0 2
JB-06 4.6 31 0 GD2-37 |22 0 0

[
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JRC-27 5.0 91 0 GD2-36 2 0 3
JRC-26 5.0 133 0 GD2-35 3.8 0 0
JB-05 5.1 0 0 GD2-34 2.8 7 0
JRC-25 5.0 0 0 GD2-33 2.9 0 0
JRC-24 5.0 32 0 GD2-32 2.6 0 0
JRC-23 5.0 0 0 GD2-31 2.7 12 0
JRC-22 5.0 7 0 GD2-30 3.4 0 0
JRC-21 5.0 0 0 GD2-29 2.4 0 0
JRC-20 5.0 0 0 GD2-28 2 3 0
JRC-19 5.0 2 0 GD2-27 2.3 1 2
JRC-18 5.0 0 0 GD2-26 2.6 2 5
JRC-17 5.0 5 0 GD2-25 2.6 17 4
JRC-16 5.0 0 0 GD2-24 3 7 5
JB-04 5.1 17 0 GD2-23 2.5 8 0
JRC-15 5.0 0 0 GD2-22 2.3 89 0
JRC-14 5.0 0 0 GD2-21 3.9 0 0
Diener Ns. JRC-13 5.0 0 0 GD2-20 2.2 0 0
ian cristagalli | JRC-12 5.0 9 0 GD2-19 2.5 3 0
JRC-11 5.0 12 0 GD2-18 2.7 3 0
JB-03 5.0 14 0 Nic. GD2-17 25 1 0
JB-02 4.0 7 0 kokeli GD2-16 2.2 4 0
JB-01 6.7 4 0 GD2-15 2.6 0 0
XJR-27 6.5 0 0 GD2-14 2.7 14 0
XJR-26 5.2 5 0 GD2-13 2.5 4 0
XJR-25 7.5 0 0 GD2-12 2.6 7 0
XJR-24 5.5 25 0 GD2-11 2.5 9 1
XJR-23 4.3 0 0 GD2-10 2.2 0 0
Ng. XJR-22 5.5 0 0 GD2-9 2.7 7 0
discreta | XJR-21 8.0 0 0 GD2-8 2.6 37 0
XJR-20 4.2 4 0 Nic. GD2-7 2.5 0 0
XJR-19 5.6 1 0 germanic | GD2-6 3 17 0
us
XJR-18 5.2 2 0 GD2-5 25 6 0
XJR-17 5.3 19 0 Ch. GD2-4 2.7 106 0
H. XJR-16 4.0 0 0 timorensi
Gries- | sosioensis S
bachia XJR-01 6.2 23 0 . GD2-3 2.7 165 0
n XJR-02 48 51 0 Spanth'a oo [GD22 |27 | 1500 | >50
XJR-03 4.1 6 0 GD2-1 4.2 1700 >50
XJR-04 4.0 20 0
XJR-05 3.0 3 0
XJR-06 5.1 0 0
XJR-07 3.5 0 0
XJR-08 4.9 0 0
H. parvus | XJR-09 7.5 0 0
XJR-10 45 5 0
XJR-11 5.2 4 0
XJR-12 6.2 8 0
XJR-13 4.0 12 0
XJR-14 4.0 0 0
XJR-15 45 0 0
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Table S4.

Oxygen isotope data of conodonts and carbon isotope of whole rock carbonates.

Oxygen isotope data
Sample conodont taxa \?:Ia(‘%\;) 1dfset\5j n p?;lt:;nb(:srz) Conodont Zonation
Guandao Il Section of the section
GD2-22 Ramif. 20.4 -- 1 6010
GDJ42 Ramif. 22.2 0.20 4 4271 . .
- Ni. kockeli
GDJD Ramif. 21.6 0.14 3 3971
GD2-8 Ramif. 20.7 0.19 4 2641
GDJ37 Ns. P1 + Ramif 21.1 0.09 4 2621 Ni. germanicus
GDJ36 Ns. P1 + Ramif 21.3 0.14 4 2076 Ng. regalis
GDJ35 Ns. P1 + Ramif 20.7 0.14 3 1731
GDJ34 Ramif. 21.6 0.28 3 1542 Ch. timorensis
GD2-4 Ramif. 20.1 -- 1 1300
Ns. homeri P1 21.3 0.12 4
GDJ33 Ns. spathi P1 21.3 0.10 4 1197
Ng. spp. P1 21.6 0.38 2
GDJ32 Ns. spp. P1 18.7 0.27 4 987
GDJ31 Ns. spp. P1 20.3 0.16 4 817
GD2-3 Ns. P1 + Ramif 20.8 0.40 2 579
GDI30 Ns. s.pp. P1 20.5 0.19 4 467
Ramif. 20.7 0.26 4
Ns. spp. P1 20.6 0.35 3 i-
Gb22 Ramilil.D 20.6 019 | 4 313 sl\lysmrr:ﬁertnrelﬂlsN Zone
Ns. spp. P1 19.6 0.21 2 269
GD-J24b Ramif. 20.5 0.29 4
GD-J24a Ramif. 19.7 0.20 2 264
GD-J01 Ns. spp P1 18.2 0.16 4 75
Ns. spp P1 19.7 0.16 4
GD-J6 - 58.5
Ramif. 20.2 0.22 3
GD2-1 Ns. P1 + Ramif 20.4 0.09 4 51
GD-J2 Ns. P1 + Ramif 19.8 0.16 3 36
Jinya sections-Laren roadcut
LRCO7 Ns. spp. P1 18.8 005 | 4 1058 L\:z'p'“gd'”gSha”e”
LRCO05 Ramif. 17.9 0.14 4 710
LRCO03 Ramif/Parach.sp? 17.9 0.08 5 433 Ns. waageni
LRC02 Ramif. 17.8 -- 1 290
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LRCO01 Ramif. 19.1 0.35 | 2 195
Wantuo outcrop
WTC12 Ramif. 18.8 0.05 3 1242 . .
- Ch. timorensis
WTCO09 Ramif. 194 0.14 4 980
WTCO08 Ramif. 195 0.07 4 913
Ns. spp. P1 18.9 0.10 4
WTCO07 PP - 828
Ns. spathi P1 18.9 0.08 2 828
WTCO06 Ramif. 19.1 0.09 4 788
latest Spathian, Ns.
WTCO5 Ns. spp. P1 18.6 0.15 3 680 homeri Zone
Ng. spp. P1 19.0 0.14 4 680
WTCO03 Ns. spp. P1 18.5 0.10 4 310
WTCO02 Ns. spp. P1 18.6 0.08 4 214
WTCO01 Ns. spp. P1 18.5 0.40 2 55
Zuodeng sections- Zuodeng Il
ZDCY2 Ramif. 19.7 0.17 4 --
ZDC58 Ramif. 18.6 0.26 4 2445
ZDC57 Ns. ramiform 18.6 0.22 4 2143
ZDC56 Ramiform 18.5 0.04 3 2028 .
- Ns. homeri
ZDC55 Ns. ramiform 18.8 0.22 4 1883
ZDC54R Ns. ramiform 19.0 0.21 4 1581
ZDC53 Ns. ramiform 19.2 0.25 4 1437
ZDC52 Ns. ramiform 18.9 0.17 3 1266
ZDC51 Ns. ramiform 18.8 0.21 2 1150 . .
Ic. collinsoni
ZDC50 Ns. spp. P1 18.2 0.24 4 1113
ZDC49 Parach. spp. 18.5 0.07 4 1093
Parach.sp
ZDC48 Parach. spp. 18.6 0.15 4 991
ZDC47 Ns. ramiform 18.7 0.10 4 897
ZDC46 Ns. ramiform 18.7 0.12 3 765
ZDC45 Ns. ramiform 18.6 0.24 4 560
Ns. spp. P1 19.2 0.18 4
ZDCB Platyvillosus P1 185 0.07 4 535 Ns. waageni
ramiform 18.9 0.33 4
Ns. spp. P1 195 0.23 4
ZDC44 Platyvillosus P1 18.7 0.20 4 517
ramiform 20.5 0.06 3
Ns. spp. P1 19.0 0.12 4
ZDCA - 470
ramiform 19.0 0.22 4
ZDC43 Ns. ramiform 19.0 0.20 4 380 Ns. dieneri
ZDC42 Ns. ramiform 18.9 0.10 4 340
ZDC41 Ns. ramiform 18.8 0.26 4 154
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Zuodeng |

ZDC34 ramiform 18.8 0.22 3 6391 upper Ns. homeri
ZDC32 Ng. spp. P1 19.1 0.13 2 5841 middle Ns. homeri

Ns. spp. P1 18.8 0.32 3
7DC31 il 5151 Ns. .

ramiform 18.7 0.17 4 pingdingshanensis
ZDC30 Ns. spp. P1 18.5 0.11 4 4836 .

- lower Ns. waageni

ZDC29 Ns. P1 + Ramif 18.9 0.05 3 4331
ZDC28 Ns. spp. P1 18.8 0.24 4 3800 basal Ns. dieneri
ZDC24 Ng. ramiform 18.3 -- 1 2836 Ng. carinata zone
ZDC21 H. spp. P1 19.9 0.12 3 1736
Bianyang Section-hill outcrop

Ramiform 19.6 0.23 3
BC-14 2027

Ns. spp. P1 19.2 0.19 2
BC12-3 Ramiform 19.4 0.16 2 1693
BC12-1 Ramiform 19.6 0.15 3 1438 Ch. timorensis
BC12 Ramiform 19.6 0.06 3 1378
BC12B Ns. spp. P1 19.4 0.18 4 1350
BC12C Ns. spp. P1 19.5 0.16 3 1210
BY-D Ns. spp. P1 19.1 0.17 4 1100
BC-07 Ns. P1 + Ramif 18.8 0.18 3 964
BC-06 Ns. P1 + Ramif 18.8 0.17 4 865
BC-05 Ns. ramiform 18.8 0.11 3 798
BC-04 Ns. ramiform 18.5 0.53 2 696 .

- Ns. homeri

BY-Y2 Ns. P1 + Ramif 19.1 0.38 4 616.5
BY-Y1 Ramiform 19.0 -- 1 529

Ns. spp. P1 18.7 0.17 3 230
BY-B -

Ramiform 18.6 0.15 4 230
BC-01 Ns. P1 + Ramif 18.7 0.11 2 65
Bianyang Quarry outcrop
BYC19-2 | Ramiform 20.2 0.15 4 .

Spathian
BYC19-1 | Parach. spp. 17.9 0.08 4
BYC16-2 | Ramiform 17.8 0.06 4
BYC14-3 | Ramiform 17.8 0.07 3 L
- Smithian

BYB5 Ramiform 18.0 0.31 3
BYB4 Ramiform 17.6 0.07 3
BYC7-1 Ns. P1 + Ramif 194 0.20 3 middle Ns. dieneri
BXC08 Hin. spp. P1 19.3 0.16 4 H. parvus
Jiarong sections
JRC57 ramiform 18.1 0.17 3 120 basal Ns. homeri
JRC51 ramiform 18.5 0.10 4 110 Ic. collinsoni Zone
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JB17 Ns. P1+Ramif. 17.8 0.10 3 107 Ns.

JB11 ramiform 17.8 0.09 3 104 pingdingshanensis
JBO08 Parach. spp. 17.6 0.09 4 96 Parach. sp-upper
JB06 Parach. spp. 17.3 0.05 4 92 Ns. waageni
JRC27 ramiform 175 0.18 4 67 mid. Ns. waageni
GJR16 ramiform 18.3 0.30 4 11 basal Ns. dieneri
XJR26 ramiform 17.9 0.27 4 31 upper. Griesh.

Note: 1. There is no Ns. waageni at Bianyang section. The Smithian of Bianyang is defined by overall
consideration of secondary zonations of Ns. cristagalli and Ns. discretus; 2. Conodont genera names:
Ch., Chiosella, H., Hindeodus, Ic., Icriospathodus, Is., Isarcicella, Ni., Nicoraella, Ng., Neogondolella,
Ns., Neospathodus, Parach., Parachirognathus and/or Pachycladina. 3. All data were calibrated to
NBS-120c=22.58%0 VSMOW. The oxygen isotope ratios should be lowered by 0.9%, if a value of

21.7%0 VSMOW is assigned to NBS-120c. Reported temperatures are independent of the value of NBS-

120c, since they were calculated with the equation given by Pucéat et al (71).

Carbonate carbon isotope data

5'C Mean | 50 Mean sample 33C Mean | &0 Mean
Sample No. %0 V-PDB | %o V-PDB | Position No. %o V-PDB | %0 V-PDB | Position
Guandao Il Zuodeng sections

GD 100 1.60 -2.12 5176 ZDC-73 2.53 -7.33 89

GD 99 1.64 -1.67 5101 ZDC-72 2.61 -7.99 59

GD 98 1.69 -2.52 5001 ZDC-71 2.86 -6.15 39

GD JA 1.90 -2.51 4901 ZDC-70 2.69 -6.78 19

GD 97 1.95 -2.40 4801 ZDC33 2.24 -7.18 6046
GD 96 1.87 -2.62 4701 ZDC32 2.47 -7.08 5841
GD 95 1.28 -3.15 4601 ZDC31 -0.15 -7.14 5151
GD JB 2.09 -2.52 4501 ZDC30 0.10 -7.02 4836
GD 94 211 -2.33 4401 ZDC29 2.54 -5.95 4331
GD 93 2.13 -8.49 4301 ZDC28 1.43 -6.96 3800
GD 92 2.00 -2.42 4181 ZDC27 1.84 -5.79 3570
GD 91 2.33 -2.26 4071 ZDC26 1.58 -6.51 3331
GD 90 243 -3.28 3871 ZDC25 0.96 -4.92 3116
GD 89 3.02 -2.59 3771 ZDC24 0.09 -6.70 2836
GD 88 2.98 -2.42 3671 ZDC23 1.32 -5.48 2486
GD 87 1.96 -1.35 3571 ZDC22 1.77 -5.25 2065
GD 86 1.91 -2.51 3471 ZDC21 1.18 -4.95 1736
GD 85 2.14 -2.22 3371 ZDA45 0.75 -4.56 1355
GD 84 2.29 -1.77 3271 ZD41 0.91 -4.16 1280
GD 83 1.66 -3.14 3171 ZD40 0.71 -3.85 1277
GD 82 2.44 -1.39 3081 ZD39 0.89 -4.52 1210
GD 81 2.35 -2.21 3001 ZD38 0.06 -5.46 1207
GD 80 2.34 -3.08 2901 ZD36 0.40 -4.18 1150
GD 79 1.62 -3.10 2801 ZD35 0.33 -4.69 1143
GD 78 1.64 -2.69 2721 ZD34 0.40 -4.26 1119
GD 77 2.32 -2.65 2621 ZD31 0.18 -4.68 1090
GD 76 3.46 -3.43 2101 ZD30 0.07 -5.28 1045
GD 75 3.64 -3.34 2071 ZD29 0.16 -5.72 1023
GD 74 4.07 -3.29 2031 ZD28 0.74 -3.98 843
GD 73 3.53 -2.39 1831 ZD27 0.75 -4.20 823
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GD 72 4.30 -0.84 1776 ZD26 0.73 -4.47 803
GD 71 3.65 -2.86 1746 ZD25 0.55 -4.86 753
GD 70 4.25 -3.49 1711 ZD24 0.60 -4.25 683
GD 69 4.42 -2.84 1681 ZD16 0.80 -4.87 309
GD 68 4.19 -3.36 1655 ZD14 0.90 -4.39 289
GD 67 4.39 -2.45 1615 ZD13 0.73 -4.78 259
GD 66 4.43 -3.06 1557 ZD12 0.85 -4.60 233
GD 65 3.72 -3.76 1487 ZD08 1.06 -8.21 162
GD 64 3.88 -2.89 1447 ZD06 1.68 -6.00 132
GD 63 4.52 -0.31 1397 ZD05 1.29 -8.14 115
GD 62 4.01 -2.84 1367 ZD03 1.74 -7.45 90
GD 61 3.94 -2.67 1247 ZD01 2.00 -6.68 25
GD 31 3.99 -3.61 1500 Bianyang Section
GD 30 3.73 -4.43 1449 BB-62 1.98 -5.8 2720
GD 29 3.98 -2.97 1399 BB-63 2.50 -4.77 2610
GD 28 4.03 -3.31 1309 BB-61 3.35 -4.63 2350
GD 27 4.44 -2.83 1229 BB-60-3 3.35 -5.31 2280
GD 26 4.57 -2.76 1169 BB-60-2 3.66 -3.90 2200
GD 25 3.65 -3.68 1119 BB-59 3.62 -5.14 2133
GD 24 3.83 -2.33 1069 BB-58 3.43 -4.75 2073
GD 23 3.35 -2.12 989 BB-57 4.01 -3.51 2015
GD 22 2.75 -1.75 839 BB-56 3.87 -4.39 1693
GD 21 2.87 -2.39 789 BC-12-3 3.62 -4.99 1843
GD 20 2.44 -1.81 739 BB-54 3.75 -4.83 1568
GD 19 1.91 -2.43 689 BB-53 3.75 -4.06 1518
GD 18 1.92 -2.30 609 BC-Z 3.43 -5.14 1491
GD 17 1.68 -2.97 559 BB-52 3.47 -4.99 1401
GD 16 1.32 -2.60 514 BB-51 3.59 -5.1 1266
GD 15 1.51 -2.01 479 BB-50 3.69 -5.18 1211
GD 14 1.62 -3.15 359 BB-48 3.44 -5.00 1155
GD 13 1.39 -1.61 328 BB-45 3.26 -4.32 1110
GD 12 1.82 -2.50 293 BB-43 3.08 -4.10 1090
GD 11 1.07 -3.72 268 BB-42 2.98 -3.94 1079
GD 10 1.40 -3.01 246 BB-41 2.32 -4.80 1013
GD9 1.26 -2.75 226 BB-40 2.37 -5.44 997
GD 8 1.39 -2.33 201 BB-39 2.57 -4.61 964
GD7 1.44 -2.93 170 BB-35 2.11 -5.01 865
GD 6 1.40 -2.02 140 BB-34 2.21 -5.10 840
GD 5 2.39 -0.41 110 BB-32 1.66 -5.67 822
GD 4 1.42 -2.70 85 BB-31 1.82 -5.22 798
GD 3 1.26 -3.14 55 BB-30 1.86 -5.10 754
GD 2 1.10 -2.27 25 BB-29 1.85 -5.12 714
GD1 0.75 -2.79 0 BB-28 1.72 -5.20 696
Jinya sections-Wantou outcrop BB-27 1.69 -5.09 665.5
WTC12 3.58 -7.50 1242 BB-26 1.93 -6.16 643.5
WTC11 3.20 -7.54 1105 BB-25 1.86 -5.02 618.5
WTC10 4.21 -6.77 1070 BB-24 1.87 -5.71 606.5
WTCS8 3.28 -5.33 913 BB-23 1.77 -5.26 598
WTC6 2.60 -6.27 788 BB-22 1.53 -5.95 579
WTC5 1.89 -6.67 680 BB-21 131 -6.87 566
WTC4 1.19 -6.30 381 BB-20 1.47 -4.93 553
WTC3 1.00 -7.43 310 BB-18 1.70 -4.44 529
WTC2 1.11 -7.02 214 BB-16 1.94 -4.96 516
Laren outcrop BB-15 1.64 -5.42 503
LR6 1.56 -71.72 1003 BB-13 151 -5.64 486
LR5 -1.86 -7.31 710 BB-12 1.43 -5.72 480
LR4 -1.69 -7.15 563 BB-11 1.79 -4.82 462
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LR3 -1.70 -7.52 433 BB-10 1.75 -4.27 456
LR2 -1.81 -71.47 290 BB-8 1.80 -6.22 442
LR1 -1.87 -7.42 195 BB-7 1.78 -5.10 410
Zuodeng sections BB-5 2.04 -5.53 365
ZDC-117 0.59 -71.57 2143 BB-4 242 -3.77 320
ZDC-116 0.63 -71.72 2028 BB-3 1.86 -4.28 230
ZDC-115 0.57 -7.90 1883 BB-2 1.86 -4.99 170
ZDC-114 0.87 -7.92 1823 BB-01 0.76 -5.93 65
ZDC-113 2.36 -7.30 1653 Jiarong sections
ZDC-111 241 -6.94 1537 J-86 0.36 -6.93 1355
ZDC-110 241 -5.91 1497 J-85 0.07 -7.42 1345
ZDC-109 1.72 -7.73 1437 J-84 0.90 -6.09 1325
ZDC-108 2.55 -7.24 1369 J-83 -0.49 -7.64 1230
ZDC-107 2.93 -7.44 1266 J-82 0.89 -6.35 1220
ZDC-106 b -3.78 -7.62 1199 J-80 1.01 -6.87 1200
ZDC-106 -1.55 -71.76 1195 J-78 1.67 -8.24 1190
ZDC-106 Il
(whole rock) -1.52 -7.75 1195 J-76 1.85 592 1178
ZDC-105 0.64 -10.79 1150 J-75 -0.76 -6.22 1170
ZDC-104 -0.22 -8.78 1113 J-74 2.63 -5.72 1160
ZDC-103 -0.17 -9.24 1093 J-72 2.06 -5.77 1150
ZDC-102 -0.17 -7.24 1019 J-71 3.22 -5.51 1120
ZDC-101 -0.65 -7.59 965 J-69 4.12 -5.62 1110
ZDC-100 -0.31 -7.52 932 J-66 2.04 -8.28 1090
ZDC-99 -0.64 -7.09 915 J-62 2.76 -6.05 1060
ZDC-98 -0.08 -6.83 897 J-60 -0.14 -7.36 1030
ZDC-97 -0.33 -6.94 877 J-55 -1.22 -6.03 1000
ZDC-96 0.13 -6.86 822 J-51 -1.70 -7.77 955
ZDC-95 0.12 -6.69 820 J-50 -1.70 -7.64 920
ZDC-94 0.09 -6.60 765 J-47 -1.66 -7.02 900
ZDC-93 0.39 -6.74 735 J-45 -1.80 -6.22 870
ZDC-92 0.51 -7.09 715 J-44 -1.52 -6.79 850
ZDC-91 1.42 -6.73 690 J-41 -1.83 -7.34 830
ZDC-90 1.61 -6.85 660 J-40 -1.17 -6.23 795
ZDC-89 0.55 -6.81 620 J-39 -1.18 -6.36 770
ZDC-88 2.54 -6.68 560 J-37 -1.17 -6.37 760
ZDC-87 2.66 -6.47 540 J-36 -0.97 -5.9 740
ZDC-86 2.01 -6.96 517 J-35 -1.14 -6.57 720
ZDC-85 3.30 -4.90 512 J-32 -0.88 -6.32 700
ZDC-84 3.05 -7.40 470 J-30 -0.49 -6.46 690
ZDC-83 2.72 -6.86 430 J-28 -0.61 -5.61 660
ZDC-82 2.63 -6.75 380 J-25 -0.08 -6.19 630
ZDC-81 3.21 -5.24 350 J-22 0.36 -6.14 600
ZDC-80 2.86 -6.10 340 J-20 0.38 -6.14 560
ZDC-79 2.77 -6.39 287 J-17 1.58 -6.04 530
ZDC-78 2.81 -6.49 247 J-14 212 -5.17 500
ZDC-77b 3.06 -6.36 217 J-11 2.57 -6.12 460
ZDC-77a 2.52 -6.49 207 J-09 2.96 -5.97 430
ZDC-76 2.19 -6.79 177 J-06 3.32 -5.62 400
ZDC-75 247 -6.66 164 J-04 3.66 -5.89 390
ZDC-74 2.45 -6.67 144 J-01 3.45 -5.08 380
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