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Abstract

Based on analyses of single, thermally annealed and chemically abraded zircons, a new high-precision U-Pb age of 251.22+
0.20 Ma is established for a volcanic ash layer within the “Kashmirites densistriatus beds” of early Smithian age (Early Triassic) from
the Luolou Formation (northwestern Guangxi, South China). This new date, together with recalculated uncertainties of previous U—
Pb ages from the same section [M. Ovtcharova, H. Bucher, U. Schaltegger, T. Galfetti, A. Brayard, J. Guex. New Early to Middle
Triassic U-Pb ages from South China: calibration with ammonoid biochronozones and implications for the timing of the Triassic
biotic recovery. Earth Planet. Sci. Lett. 243 (2006) 463—475.] allows constraining the time framework of the Early Triassic and leads
to an estimated duration of (i) ca. 0.7+0.6 My for the Smithian and (ii) a maximal duration of ca. 1.4+0.4 My for the Griesbachian—
Dienerian time interval. The new U-Pb age considerably reduces the absolute age gap comprised between the Permian—Triassic
boundary and the Spathian (late Early Triassic).

The new age framework provides the basis for the calibration of a new carbonate carbon isotope and ammonoid records of the
Early Triassic Luolou Fm., which in turn are of high significance for global correlations and for carbon cycle modeling. This
calibration indicates that the most significant and fastest Early Triassic carbon isotope perturbations occur between the earliest
Smithian and the early Spathian, thus spanning a time interval of about 1 My. Whatever caused these carbon cycle shifts of high
intensity and short duration, there is evidence for connections between these fluctuations, the pulsate recovery of ammonoids and
conodonts as well as climate changes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Large carbon cycle fluctuations are known to occur
in the aftermath of the end-Permian mass extinction (e.g.
[1-6]). Crucial for carbon cycle modeling and for the
interpretation of carbon isotope signals is a precise time
framework based on the calibration of high-resolution
ammonoid zones with high-precision radiometric ages.
Up till now radiometric ages were available only for the
Spathian (late Early Triassic) [7]. A minimal duration of
4.5+0.6 My for the Early Triassic has been established
[7] and subsequently an estimate of ca. 5 My has been
proposed [8]. Both estimates, which rely on the age of
the Permian—Triassic boundary of 252.6+0.2 Ma [9],
reveal a duration of the Spathian of at least half of the
entire Early Triassic. The radio-isotopic age gap
comprised between the Permian—Triassic boundary
and the Spathian has hampered the establishment of a
precise time frame of the initial phase of the Early
Triassic biotic recovery and the calibration of the major
fluctuations of the C-isotope record. Thus, the new early
Smithian U-Pb age presented here provides crucial
information for a new age model.

The new early Smithian U-Pb date, together with
recalculated uncertainties of Early and Middle Triassic
ages [7] and the refined calibration of ammonoid
zonation, provides for the first time a precise timing of
the globally recognized carbon cycle perturbations (e.g.
[10,11,2-4,6,12]) during Early Triassic times.

2. Geological setting and paleontological age control

Carbon isotope and volcanic ash layer samples were
collected from the Early Triassic outer platform series of
the Nanpanjiang Basin (South China Block) (see
Lehrmann et al. [13] for a description of this basin).
The studied Early Triassic series at Jinya/Waili (north-
western Guangxi; Fig. 1) belongs to the Luolou
Formation and consists of a mixed carbonate—siliciclas-
tic, ammonoid- and conodont-rich sedimentary succes-
sion (Fig. 2). At Jinya/Walili, the base of the Luolou Fm.
starts with a ~ 7-m-thick unit composed of calcimicro-
bial limestones. This unit apparently conformably over-
lies the Late Permian Wujiaping Fm. The presence of
foraminifers such as Earlandia sp., Rectocornuspira
kalhori, Spirorbis phlyctaena, Cornuspira mahajeri as
well as the ostracod Liuzhinia antalyaensis' [14,15], 2
and 7 m above the base of the calcimicrobial limestone

" In the eastern Sichuan Province, Kershaw et al. [14] found the
ostracod Liuzhinia antalyaensis associated with the earliest Triassic
conodont marker Hindeodus parvus (Kozur and Pjatakova).

suggest a Griesbachian age for this unit. The calcimi-
crobial limestone is overlain by a ~40-m-thick mixed
series of thin-bedded, dark, laminated, suboxic lime-
stones alternating with dark, organic-rich shales. As
suggested by poorly preserved ammonoids (?Ophiceras
sp.), the lowermost part of this unit could still be of (late)
Griesbachian age. The next younger ammonoid fauna is
an assemblage (Ambites, Vishnuites and Meekophi-
ceras) that correlates with the North American Candidus
Zone of early Dienerian age. The rest of the Dienerian
fossil record is poor. Early Smithian faunas occur some
10 m higher up (“Hedenstroemia hedenstroemi beds”
and “Kashmirites densistriatus beds”). A prominent,
cliff-forming, ~3 m thick, bioturbated limestone of
middle Smithian age (i.e. “Flemingites rursiradiatus
beds”) occurs ca. 15 m above the base of the mixed
series. Black, laminated and organic-rich anoxic shales
enclosing early diagenetic limestone concretions invari-
ably underlie the “F rursiradiatus beds”. A second
interval of similar lithology consistently occurs at the
very end of the Smithian (i.e. “Anasibirites multiformis
beds”). The next overlying ~40-m-thick unit is almost
exclusively composed of grey, nodular, and highly
bioturbated limestones. As indicated by ammonoids,
the deposition of this massive carbonate succession
spans almost the entire Spathian, from the earliest
“Tirolitid n. gen. A beds” (Ovtcharova et al. [7] and
Bucher et al., ongoing work) to the Haugi Zone. Only the
“Courtilloticeras stevensi beds” of the latest Spathian
[16,17] have not been documented. The transition from
the Luolou Fm. to the overlying Baifeng Fm. is marked
by a conspicuous ~ 15-m-thick unit composed of
nodular siliceous limestones termed “Transition beds”.
A newly documented radiolarian assemblage occurring
~1 m above the base of these beds comprises the taxa
Eptingium sp., Pantanellium sp., Plafkerium sp., and
Pseudostylosphaera sp., along with 6-spine spumellar-
ians (gen. et sp. indet.) [18]. This association correlates
with the TR2A or TR2B assemblage zones of early
Anisian age [19], and thus demonstrates the absence of a
significant gap within this unit. The “Transition beds” are
overlain by a very thick series (>1000 m) of thickening
and coarsening upward siliciclastic turbidites (Baifeng
Fm.). A few thin carbonate layers are still intercalated
within the basal, predominantly shaly part of this
prograding turbiditic series.

In addition to the two previously dated volcanic
ash layers, which invariably occur in the lower and
upper Spathian [7], we report here a new 2-cm-thick,
fine-grained volcanic ash bed (CHIN-40) occurring
within the “K. densistriatus beds” of early Smithian
age (Fig. 2).
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Fig. 1. Location map of the Jinya/Waili area and other sites mentioned
in the text.

3. U-Pb zircon geochronology

As discussed in many papers (e.g. [20,9,21]) high-
precision ID-TIMS (Isotope Dilution Thermal Ionization
Mass Spectrometry), U-Pb analyses on single-zircon
crystals are commonly applied for dating volcanic ash
layers. We assume that the zircon crystallization age
closely approximates that of the volcanic eruption and
ash layer deposition. Zircon is the preferred mineral for
dating sedimentary sequences because of its lowest
diffusion coefficients for Pb and U [22] and highest
resistance against post-crystallization system distur-
bance. Nevertheless, complications in getting precise
and accurate zircon ages may arise mainly by following
effects: (1) post-crystallization lead loss and; (2)
incorporation of old cores acting as nuclei during
crystallization, or more generally, of foreign lead with
a radiogenic composition indicative for a pre-ash
depositional age. To minimize the probability of
inheritance and reliable dating, mainly single zircon
grains are selected for analyses after preliminary
microscopic inspection in transmitted light. Following
the chemical abrasion (CA) technique [23], all the grains
were subjected to high temperature annealing and HF
leaching procedure, which recently proved to be most
efficient in eliminating of the discordance caused by Pb
loss [9]. Theoretically, successful application of CA
technique ensures “close system” behavior of the
residual zircon and thus single grain analyses yielding
a tight concordant cluster of U-Pb ages with precisions
better than 0.1%. Additional complication arises from
the small sample size, the relatively low concentration of

U and young age, resulting in low amounts of radiogenic
Pb for analysis. This requires low analytical blanks and
good control of the blank isotopic composition.

During the last few years, determination of analytical
uncertainties and error propagation became an important
issue for intercalibrating geochronologic data between
different laboratories. Many publications highlight the
differences between random (or internal) and systematic
(external) errors emphasizing that systematic errors
should be propagated when comparing dates from
different laboratories and the uranium decay uncertain-
ties should be incorporated when comparing data from
different geochronologic methods [24-26]. This
requires not only incorporation of systematic errors
but also agreement on the algorithms of error propaga-
tion and statistical analysis of U-Pb and *’Ar/*°Ar data,
especially for the purposes of geologic time scale
calibration. In most recent studies data reduction and
age calculation are done using PbMacDat (Coleman,
unpublished), where error propagation is given by
equations of Ludwig [27]. Another program for age
calculation and error propagation is ROMAGE (Davis,
unpublished). This latter program was used to data
reduction of zircon U-Pb ages from Early and Middle
Triassic volcanic ash layers from South China [7], using
measured 2°’Pb/?%°Pb ratios for the determination of
radiogenic lead concentration. In order to make this
previous data comparable with other recent publications
concerning similar time-scale problems (e.g. [28,8]), we
recalculated our data using the PbMacDat program and
the algorithms of Ludwig [27], using measured
206pp/205Ph ratios for radiogenic lead concentration
calculation. The uncertainties of the tracer and blank
lead isotopic composition and of mass fractionation
correction are propagated to the final uncertainties of
isotopic ratios and ages. Uncertainties are therefore
strictly comparable to the “external uncertainties” of
Lehrmann et al. [8], Schoene and Bowring [25] and
Schoene et al. [26]. We therefore refer to the Early and
Middle Triassic age values reported in Ovtcharova et al.
[7] with the following recalculated uncertainties: sample
CHIN-10 (“Tirolites/ Columbites beds”): 250.55+
0.40 Ma; sample CHIN-23 (N. haugi Zone): 248.12+
0.28 Ma; sample CHIN-29 (4. hyatti Zone): 246.83+
0.31 Ma and sample CHIN-34 (B. shoshonensis Zone):
244.60+0.36 Ma. U-Pb ages with recalculated uncer-
tainties are marked with an asterisk (*) in Figs. 2 and 4.

The analytical procedures used for U-Pb dating used
in this study are identical to those described in
Ovtcharova et al. [7]. Data reduction and age calculation
have been done using the algorithms of Ludwig [27],
while generation of concordia plots and calculation of
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weighted mean have been done with the program
Isoplot/Ex v.3 of Ludwig [29].

3.1. Results: sample CHIN-40

Zircons from sample CHIN-40 are short to long
prismatic (up to 200 pm in their longest dimensions),
often cracked, rich in apatite and fluid inclusions. Six
single long prismatic crystals were analyzed from this
sample (analytical data are given in Table 1). All the
analyses (Fig. 3) are concordant within analytical error
and define a weighted mean *°°Pb/***U age of 251.22+
0.20 Ma (MSWD=0.4), which we consider the best
estimate for the age of these zircons and inferentially the
volcanic ash bed within the early Smithian “K.
densistriatus beds” fauna.

4. Calibration of ammonoid biochronozones with
U-Pb ages and implications

All new and previously published U-Pb ages with
recalculated uncertainties and the ammonoid succession
available from the Luolou Fm. (updated from Ovtchar-
ova et al. [7]) are summarized in Fig. 4.

The implicit assumption of equal zone duration as
used in the recent Triassic time scale [30] has been
demonstrated to be largely erroneous [31,7]. During
times of extreme fluctuations of taxonomic diversity,
such as during the Early Triassic [32], the disparity
between equal zone duration and effective duration
significantly aggravates [31]. The obviously uneven
duration of zones stresses the need for independent
calibration of the Early Triassic ammonoid zones by
means of radio-isotopic ages.

Until a more thorough knowledge of Early Triassic
ammonoid faunas is achieved, we prefer the term “beds”
rather than “Zone” for age-diagnostic associations,
which have not already been formally defined as
zones. This is meant to avoid unnecessary profusion
of zonal names until a paleogeographically comprehen-
sive data set of Early Triassic ammonoid data will be
processed with the Unitary Associations method [33].

Following the definitions for the mid-/high-latitude
records [34,35], the base of the Smithian is assumed
here at the base of the “H. hedenstroemi beds”. Another

option for the base of the Smithian (i.e. the base of the
Olenekian) is currently being discussed within the
frame of the Subcommission of Triassic Stratigraphy.
According to this proposal, the “F. rursiradiatus beds”
and their worldwide correlatives would define the base
of the Smithian. Until a formal agreement on a new
definition of the base of the Olenekian is reached, we
use the mid/high latitudinal definition of the Smithian
[34,35].

Considering a 250.55 Ma+0.40 Ma age for the early
Spathian (i.e. “Tirolites/Columbites beds” — CHIN-10;
[7]) and the new U—Pb age associated with the early
Smithian “K. densistriatus beds” fauna (i.e. CHIN-40:
251.2240.20 Ma, this study), an estimated duration of
ca. 0.7£0.6 My can be inferred for the Smithian
substage. This new age constraint emphasizes the
extremely high rate of the ammonoid diversification
during mid-Smithian times (“F rursiradiatus beds” and
“Owenites koeneni beds”).

Additionally, taking into account the Permian—
Triassic boundary age of 252.6+0.2 Ma [9] and the
carly Smithian “K. densistriatus beds” age of 251.22+
0.20 Ma, a maximal duration of ca. 1.4+0.4 My can be
inferred for the Griesbachian—Dienerian interval. As
already pointed out by Ovtcharova et al. [7], the 251.4+
0.3 Ma age of Bowring et al. [36] for the Permian—
Triassic boundary leads to an unrealistic estimate of the
duration of the Early Triassic stages. Moreover, this
previous age estimate of the Permian—Triassic boundary
conflicts with our new early Smithian age in that it
would imply an extremely short duration of ca. 200+
500 ky (!) for the Griesbachian—Dienerian interval.

5. Early Triassic carbonate carbon isotope record
5.1. Samples and analytical technique

High-resolution sampling (10-40 cm) was carried
out throughout the entire Early Triassic sedimentary
succession. Samples were cautiously cleaned, cut in thin
slabs and selectively drilled with a diamond-tipped drill
to produce a fine powder.

Carbonate carbon and oxygen isotopes measure-
ments (613 Cearp and SISOcarb) were performed at the
Institute of Mineralogy and Geochemistry of Lausanne

Fig. 2. Jinya/Waili composite section of the Luolou and Baifeng Fm. with: (i) the stratigraphic position of the new (CHIN-40; GPS position: N24°35’
23.5"/E106°52'49.6") and previously analyzed ash beds [7] (CHIN-10/23/29/34). The recalculated analytical uncertainties of previously published
U-Pb ages [7] are marked with an asterisk (*) (see Section 3 for further details); (i) composite carbonate carbon isotope data and (iii) anoxic trends
(darker shading denotes greater intensity of anoxia). Compiled sections: (1) Laren PTB Section (GPS position: N24°36'32.6", E106°52/28.9"; (2)
Waili Fall Section (GPS position: N24°35’07.1”, E106°52/59.9"; (3) Laren Road-cut Section (GPS position: N24°36'23.6”, E106°52'37.9"); (4)
Waili Panorama Section (GPS position: N24°35/19.8”, E106°52/59.6"); (5) Wan Tuo Section (GPS position: N24°35/30.9”, E106°51’45.9"); (6)
Waili Fall Transition beds Section (GPS position: N24°35'01.7”, E106°53703.5").
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Table 1
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U-Pb isotopic data of analyzed zircons

Sample Weight Concentration Th/ Isotopic ratios Correlation Ages
no. (mg) U coefficient (Ma)
§) Pb  Pb 206/ 207/ Error 207/ Error 206/ Error 20 206pp;  207pp/  207pp/
(ppm) (ppm) com. pg 204° 206 (%)° 235° 2384 (%) 28y By 2%pyp
CHIN-40
1 0.0012 324  13.60 0.91 0.53 197 0.051700 1.19 0.283200 1.27 0.039720 0.18 0.50 251.13 253.19 272.38
2 0.0010 131 584 123  0.64 72 0.052850 3.80 0.290040 4.00 0.039800 0.29 0.71 251.62 258.59 322.32
3 0.0010 196 856 1.58  0.51 80 0.051870 3.27 0.284470 3.43 0.039770 0.26 0.64 251.42 254.19 279.85
4 0.0007 185  7.80 0.76  0.55 1405 0.051370 0.24 0.281380 0.31 0.039730 0.20 0.63 251.15 251.75 257.41
5 0.0007 329 1390 0.62  0.58 2657 0.051410 0.14 0.281580 0.23 0.039710 0.18 0.79 251.14 251.91 259.11
6 0.0014 654 2744 0.75  0.54 1993 0.051210 0.15 0.280600 0.25 0.039740 0.18 0.81 251.20 251.13 250.48

# Calculated based on radiogenic 208pp296py, ratios, assuming concordance.

® Corrected for fractionation and spike.

c

Corrected for fractionation, spike and blank (all common lead was assumed to be procedural blank).

4 Corrected for initial Th disequilibrium, using an estimated Th/U ratio of 4 for the melt.

e

Errors are 207; propagated using the algorithms of Ludwig [27].

University using the same analytical procedure as
described in Spdtl and Vennemann [37]. All measure-
ments were done using a Thermo-Finnigan GasBench II
equipped with a CTC Combi-Pal autosampler and
linked to a Delta®™ XL mass spectrometer calibrated
with Carrara Marble internal standard (2.05%o0 C/—1.7%o
0) and NBS-19.

Reproducibility of replicate analyses was better
than +0.1%o for standards and +£0.15%o for sediment
samples for both carbon and oxygen isotope ratios. All
isotope results are reported in conventional & notation
defined as per mil (%0) deviation vs. VPDB.

0.03995{ CHIN-40
0.03985
-
w0
&
& 0.039751
0.03965
Ns 251.22 + 0.20 Ma
MSWD = 0.4
0.03955 : : : :
0265 0275 0285 0295  0.305
207Pb]'235U

Fig. 3. Concordia plots showing the results of single-zircon analyses
from the volcanic ash layer sample (CHIN-40) from the early Smithian
“Kashmirites densistriatus beds”. Individual analyses are shown as 2o
error ellipses. Numbers correspond to zircon numbers displayed in
Table 1. The given age is a weighted mean 2*°Pb/***U age at 95%
confidence level.

5.2. Results

All analytical data (613C03rb and 6180%,1,) are
provided in Supplementary Table 1 in the Appendix.
In Fig. 2, the measured carbonate carbon isotope ratios
are plotted against the composite profile. This profile
combines 6 sections sampled in the vicinity of the
villages of Jinya and Waili. The composite section has
been compiled by means of lithological markers (i.e.
sharp lithological changes, volcanic ash layers), which,
as demonstrated by the refined ammonoid age control,
are synchronous. The assessment of possible diagenetic
overprints of the isotope record of the Jinya/Waili area is
discussed in Galfetti et al. [6].

Beside the widely recognized Permian—Triassic
boundary negative excursion, the C-isotope trend
shows essentially 4 positive and 3 negative excursions
between this boundary and the Early/Middle Triassic
boundary.

The most significant negative excursion (from ca.
4.2%0 to —0.2%o) straddles the Permian—Triassic
boundary. More positive values are detected within
the late Griesbachian — early Dienerian interval. Stable
values around 0.6%o occur during most of the
Dienerian. A second moderate positive excursion
coincides with the onset of organic-rich shale deposi-
tion of early Smithian age (“H. hedenstroemi beds” and
“K. densistriatus beds”). This excursion peaks just
below the base of the “F rursiradiatus beds” with
values around 2.3%o. and is followed by a marked
negative shift to values comprised between 1.5%o and
0%o at the base of the “O. koeneni beds”. Although
values from the “O. koeneni beds” are relatively
scattered, they are comprised within a range between
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—2%o and 0%o. Such unusual low values (i.e. ~—2%o)
may be plausibly explained by an overprint of the
carbon isotope record by deep burial diagenesis of the
“O. koeneni beds” (see Galfetti et al. [6] for further
details). A sharp and prominent positive shift (up to
4%o) coincides with organic-rich shale deposition of the
latest Smithian “A. multiformis beds” (see also Galfetti
et al. [6]). Peak C-isotope values of about 3%o coincide
with the onset of the nodular limestone at the very base
of the Spathian (“Tirolitid n. gen. A beds”). Following
this major C-isotope event, a gradual decrease to values
of about —0.5%o is observed within the middle part of
the nodular limestone. A last positive excursion
straddles the Spathian—Anisian boundary (i.e. “Transi-
tion beds”) and differs remarkably from the previous
ones by its gradual increase of the C-isotope values
from the middle Spathian onward. The Anisian C-
isotope trend shows a moderate decrease to values
around 0%o.

5.2.1. Comparison with other Early Triassic carbon
isotope records

Despite differences in depositional environments (i.e.
facies and bathymetry), the new carbon isotope curve
from the Early Triassic Luolou Fm. correlates well with
other published carbon isotope records from the Tethyan
and Boreal realms, confirming the global significance of
the carbon isotope record within the Early Triassic (see
[1,2,4-6,12,38] for review).

Our C-isotope data from the Jinya/Waili section
reproduce the widely recognized negative excursion at
the Permian—Triassic boundary (e.g. [39,10]). More
positive 63 Ceup values characterize the middle—late
Griesbachian/early Dienerian interval. Similar trends
with comparatively lower magnitudes, known from
Dawen, Dajiang and Meishan (S-China [3,40]), Abadeh
and Zal (Iran [4,41,38]) and are also recorded in the
Jinya/Waili section.

The Dienerian—Smithian positive excursion, which
has been outlined first at Losar (N-India [2]) and later
at Dawen/Dajiang (S-China [3]), Wadi Wasit South
(Oman [4]), Pufels, Uomo (Italy [41,42]), Taskent
(Turkey [4]), Abadeh, Zal, Amol (Iran [38]), Muth (N-
India; Richoz, personal communication, 2007) as well
as at Chaohu and Pingdingshan (South China [43,40]),
corresponds to the positive excursion occurring within
the “H. hedenstroemi beds” and the “K. densistriatus
beds” of the Luolou Fm. Whatever the final substage
assignment of these ammonoid beds might be (see
Section 4), the magnitude of this shift is much lower in
the outer platform series of the Jinya/Waili area
(+2.2%0) compared to the nearby (~100 km) inner

platform thrombolite-bearing cyclic limestone of the
Great Bank of Guizhou (+8%o) [3]. Similarly high
positive values (+6%o) are also documented from the
calciturbidites at Wadi Wasit South (Oman [4]), from
the shallow, subtidal siliciclastic—carbonate rocks at
Uomo (Italy [42]), and from the shallow water, oolite-
bearing limestones at Taskent (Turkey [4]), Abadeh,
Zal and Amol (Iran [38]). Hence, it appears that this
positive shift reaches much higher C-isotope ratios in
inner platform settings, and/or in carbonate rocks
directly transported by turbiditic currents from such
shallow water settings. A general trend to higher C-
isotope values in proximal depositional settings is
known from Devonian [44], Triassic [40] and Cretac-
eous [45] examples. However, for the late Dienerian—
early Smithian interval, differences of 4%o to 6%o
between proximal and distal settings appear as
extremes and are difficult to explain, especially when
comparing the Dawen/Dajiang sections of the Great
Bank of Guizhou [3] and the Jinya/Waili area, which
both belong to the same basin and are located only
~100 km far apart.

One of the most intriguing features of the Early
Triassic carbon isotope record is the prominent late
Smithian—early Spathian (“4. multiformis beds” —
“Tirolitid n. gen. A beds”) positive carbon isotope
shift, which follows the typical low &'*Ceay, values of
the middle Smithian (“O. koeneni beds”). The global
extent of this shift has been demonstrated by its
occurrence at Guandao, Chaohu, Majiashan, Pingding-
shan (S-China [46,3,40]), Losar (N-India [2]), Nammal
Gorge, Landu Nala (Pakistan [1,2]), Uomo (N-Italy
[42]), Zal (Iran [38]), Sal (Oman [4]) and Dicksonfjellet
(Spitsbergen [12]). Peak 6'*Cea values usually reach
~2%o, except for the Chaohu, Majiashan, Pingdingshan
and Sal sections with values ranging from +4%o to
+8%o. This major excursion, coinciding with a global
regressive—transgressive cycle [47—49] and organic-rich
shale deposition in Jinya (South China [6]) and in Losar
(North India [6]), is coupled (i) with the most drastic
ammonoid/conodont turnover (i.e. extinction followed
by radiation) ever detected within the entire Early
Triassic [50,51], (ii) with a major change in spore—
pollen assemblages in the Boreal Realm [52,12], and
(ii1) with the end of the radiolarite gap in the Tethys and
in the low-latitude Panthalassa [53].

The well-expressed Spathian—Anisian positive car-
bon isotope shift, which follows low middle Spathian
8'3Carp values, has already been identified at Losar (N-
India [2]), Desli Caira (Romania [2]), K¢ira (Albania
[2]), Guandao (S-China [3]), Palazzo Adriano (Italy
[41]) and at Jinya (S-China [6]). This protracted
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excursion coincides with another major regressive—
transgressive cycle [48] and with a moderate ammonoid/
conodont turnover [54,51]. Maximal C-isotope values
of this long-term perturbation locally range from +3%o
to +4.5%o, without clear trends related to bathymetry.
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with U-Pb ages demonstrate that the four Early Triassic
substages are of extremely uneven duration. The new
early Smithian “K. densistriatus beds” U-Pb age allows
narrowing down the duration of the Griesbachian—
Dienerian interval as well as the duration of the Smithian
substage, which are estimated to be ca. 1.4+0.4 My and
to ca. 0.7+0.6 My, respectively. A minimal duration of
24+0.9 My has been inferred for the Spathian [7].
Recalculations of analytical uncertainties of the pre-
viously published Spathian U-Pb ages [7] now lead to a
minimal duration of 2.4+0.7 My, thus confirming that it
represents about half of the duration of the entire Early
Triassic. The integration of these high-precision U-Pb
ages with the new Early — early Middle Triassic C-isotope
record from northwestern Guangxi allows constraining
the duration of the strongly fluctuating carbon isotope
signal in the wake of the end-Permian biotic crisis. This
calibration shows a striking contraction in time of the C-
isotope shifts for the Smithian time interval (compare
Figs. 2 and 4). Hence, following the major negative shift
straddling the Permian—Triassic boundary, the major
perturbations of the global carbon cycle appear to be
restricted to the early Smithian — early Spathian time
interval of less than 1 My duration (Fig. 4). C-isotope
values also vary with comparable magnitudes before and
after this time interval, but at a much slower rate. The two
episodes of black, organic-rich shales in NW Guangxi and
in the northern Indian margin (i.e. Losar section, cf.
Galfetti et al. [6]) coincide with positive shifts falling
within the time interval characterized by rapid changes in
C-isotope ratios. At least one of these positive shifts (i.e.
the end-Smithian shift) concurs with a major ammonoid
and conodont extinction (Fig. 4) and is immediately
followed by a marked climatic change at the Smithian—
Spathian boundary [32,52,6,12]. Any hypothesis of
causal mechanisms triggering this array of Early Triassic
biotic and abiotic changes needs to be compatible with the
documented C-isotope fluctuation rates. Since the
accuracy of carbon cycle models heavily relies on a
high-resolution time framework (e.g. [55]), the new age
data set provided in this paper should lead to the improve-
ment of future Early Triassic carbon cycle simulations.

7. Conclusion

A new high-precision U-Pb age of 251.22+
0.20 Ma associated with the early Smithian ammonoid
fauna of the “K. densistriatus beds” has been
measured from the Early Triassic Luolou Fm. (north-
western Guangxi, South China). This new age (i)
reduces the absolute age gap comprised in the time
interval between the P/T boundary and the early
Spathian and (ii) provides a fundamental tie point for
the timing of the Early Triassic biotic recovery. Taking
into account the Permian—Triassic boundary age of
252.6+0.2 Ma [9], a maximal duration of ca. 1.4+
0.4 My has been estimated for the Griesbachian—
Dienerian interval and a duration of ca. 0.7+£0.6 My
has been calculated for the Smithian. Alternatively, a
Permian—Triassic boundary age of 251.4+0.3 Ma [36]
leads to an unrealistic short duration of 200+500 ky
(1) for the Griesbachian—Dienerian interval. Hence, the
Permian—Triassic boundary age of Mundil et al. [9] —
rather than that of Bowring et al. [36] — shows greater
consistency with our new set of Early Triassic ages
and should be preferred in future studies.

The integration of this new early Smithian U-Pb age
with the ammonoid zonation and with recalculated
uncertainties of previous Early/Middle Triassic ages [7]
lead to the first precise calibration of the new high-
resolution carbonate carbon isotope record (813Ccarb)
obtained from Early Triassic outer platform series (Luolou
Fm.) of the Nanpanjiang Basin. The calibration of this C-
isotope record and its correlation with other Early Triassic
C-isotope curves demonstrates that the largest and fastest
C-isotope perturbations take place essentially during the
early Smithian — early Spathian time interval, a time span
corresponding to less than 1 My.

The middle Smithian (i.e. “F rursiradiatus beds”)
appears as the first major and global diversification
episode for nektonic clades, such as ammonoids [56]
and conodonts [51] characterized by intrinsic high
evolutionary rates. The low diversity phases of these
two clades coincide with the two major positive C-
isotope excursions: (i) during the early Smithian and (ii)

Fig. 4. Calibration of carbonate carbon isotope data from northwestern Guangxi with ammonoid biochronozones and U-Pb ages. The recalculated
analytical uncertainties of previously published U-Pb ages [7] are marked with an asterisk (*) (see Section 3 for further details). Uncertainties in the
biochronological correlations between the high-resolution North American ammonoid zonation and the South Chinese paleontological ages are
indicated by thick vertical black bars. Ammonoid data are compiled from the following sources: Griesbachian and Dienerian from North America
[35]; Spathian from North America [16,17] and Bucher et al. (ongoing work). Anisian from North America [67,68]; Smithian from NW Guangxi
(Brayard and Bucher [56]); Spathian from NW Guangxi (Bucher et al., ongoing work). Among the four U-Pb ages reported from S-Guizhou by
Lehrmann et al. [8], only one tuff (GDGB — Tuff 110) is associated with conodonts allowing unequivocal and precise correlation with the North
American ammonoid faunas (i.e. the Isculites constrictus subzone). Note the anoxic trends (darker shading denotes greater intensity of anoxia) and
the ammonoid/conodont turnover (i.e. extinction [dark grey] followed by a radiation [light grey]) around the Smithian—Spathian boundary.

Abbreviations: Gries=Griesbachian; Dien=Dienerian.
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during the latest Smithian. As shown by ammonoid
taxonomic diversity and paleobiogeographic distribu-
tion patterns, high diversity values are concomitant with
the resumption of the biogeographical differentiation,
essentially manifested by steep latitudinal diversity
gradients [32]. On the other hand, benthic clades with
comparatively low evolutionary rates (e.g. ostracods
[57], gastropods [58]) did not start recovering until
Spathian time, i.e. when the rates of the C-isotope
fluctuations slowed down. Moreover, recently it has
been shown that the major ammonoid and conodont
evolutionary turnover concur with climatic changes as
inferred from boreal palynological assemblages and
with the global positive C-isotope excursion recorded
around the Smithian—Spathian boundary [12].

What cause(s) led to these profound Early Triassic
biotic and abiotic changes remain speculative, especially
in the absence of a complete and high-resolution organic
carbon isotope record. The global, latest Smithian,
positive C-isotope perturbation reflected in the inor-
ganic [2,3,4,40,6] and organic carbon reservoirs [12]
could be eventually explained by an enhanced storage
and preservation of organic matter in the ocean. To date,
the best evidence for Early Triassic black shales comes
from the deep-sea Panthalassic record (e.g. Japan [59]).
This increased storage may be explained by anoxia and/
or by an increase in primary production (e.g. [60]). By
analogy with analogous carbon cycle perturbations in
the Devonian [61], Jurassic [62], Cretaceous [63], and
according to a recently published Early Triassic carbon
cycle model [55], phases of CO, degassing via
volcanism appear as a conceivable trigger for global
carbon cycle disturbance. In such a scenario, a sustained
phase of repeated CO, injections might occur during
middle Smithian times (“F. rursiradiatus and O. koeneni
beds”), for which the most significant and fastest
negative shift from +2%o to ca. —1%o is documented.
The steep, positive C-isotope shift around the Smithian—
Spathian boundary could therefore represent the bio-
sphere response to altered pCO, levels.

As already pointed out [7,6,12], the protracted
magmatic activity in the Siberian Basin (e.g. [64])
makes this area a likely volcanic source for a massive
CO; supply during the Early Triassic. Additionally, the
metabasic lavas of supposedly Early to Middle Triassic
age of the Niliifer Unit (N-Turkey [65,66]), which have
also been interpreted as remnants of a large igneous
province, could be considered as a potential and
supplementary CO, source. The short duration of the
P/T boundary — early Spathian interval (2.0+0.6 My)
makes a causal connection between the documented C-
isotope perturbations and the volcanic activity quite

probable. However, direct evidence for such volcanic
activity during the Smithian is still missing. On the other
hand, none of the presently available data from the
Siberian Basin permit to exclude an additional eruptive
phase some 1.5 to 2 My after the main eruptive activity.
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