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The time scale of the Late Triassic Epoch has a divergence of age models, especially for the durations 
of competing definitions for its Rhaetian Stage (uppermost Triassic). The astrochronology derived from 
relative depth of lacustrine-bearing clastic successions and astronomically tuned geomagnetic polarity 
time scale (APTS) of the Newark Supergroup of eastern North America provides a basis for the 
Late Triassic time scale. However, the Newark APTS has been challenged regarding its age scale and 
completeness; therefore an independent astronomical-tuned magnetic polarity zonation is required to 
verify the upper Newark APTS reference scale. We compiled a 6.5 million year (myr) APTS with magnetic 
stratigraphy from four sections of the lacustrine-fluvial, dinosaur-track-bearing Xujiahe Formation in the 
Sichuan Basin of South China that also has dating from detrital zircons and regional biostratigraphy. 
Variations in natural gamma-ray and magnetic susceptibility that reflect variable continental weathering 
in the source regions of the Xujiahe Formation are paced by Milankovitch cycles, especially the 100-kyr 
short eccentricity and 405-kyr long eccentricity. The cycle-tuned magnetostratigraphy of the Xujiahe 
Formation is compared directly via the magnetic-polarity zones to the depth ranks of the Newark 
Supergroup that are indicative of relative depths of lacustrine facies. The Sichuan APTS indicates that 
there is no significant hiatus between the sedimentary succession and the basalt flows at the top of the 
Newark Supergroup. The Sichuan APTS is compatible with the magnetostratigraphy from the candidate 
Global Boundary Stratotype Section and Point (GSSP) for the Norian–Rhaetian boundary interval at the 
Pignola–Abriola of South Italy, but does not extend downward to the proposed GSSP in Austria associated 
with the longer Rhaetian option. The earliest dinosaur tracks in China are from the middle of this Xujiahe 
Formation, therefore are implied to be middle Rhaetian in age. This Sichuan APTS helps to resolve the 
controversy about the completeness and reliability of the Newark-APTS, and can be used in the future 
to verify if isotopic excursions in organic carbon recorded in the Italian sections that are proposed as 
possible secondary markers for a base-Rhaetian definition are global in nature.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Triassic is a key stratigraphic interval bounded by end-
Permian and end-Triassic mass extinctions. It witnessed evolution-
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ary appearance and early diversification of dinosaurs and several 
major crises (Nesbitt et al., 2010; Olsen et al., 2011; Preto et al., 
2010; Sereno, 1999; Wignall et al., 2007). The Triassic has been 
inferred to be a greenhouse world without continental ice-sheets; 
and paleoclimate changes modulated by Milankovitch cycles left 
depositional signatures that are invaluable for high-resolution scal-
ing (e.g., Frakes et al., 1992; Ogg, 2012; Tanner, 2010). However, 
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Fig. 1. Comparison of various estimates for the Norian–Rhaetian boundary and the duration of the Rhaetian (modified from Wotzlaw et al., 2014 with inputs from the 
Pignola–Abriola section by Maron et al., 2015 and Rigo et al., 2016 and a review by Kent et al., 2017). Note that an inferred gap spanning up to 5 myr in the Newark 
basin is not supported by our study. Pignola–Abriola (Bertinelli et al., 2016) and Steinbergkogel (Hüsing et al., 2011) sections are proposed candidates for the Rhaetian 
GSSP. The “Long-Rhaetian” options were based on either correlations using sporomorphs in the Newark basin (Kent and Olsen, 1999; Olsen et al., 2011) or correlations to 
Newark polarity chrons using biostratigraphic criteria for the Norian–Rhaetian boundary associated with the conodont Mi. posthernsteini sensu lato at Steinbergkogel (Hüsing 
et al., 2011; Muttoni et al., 2010; Ogg, 2012). The “Short-Rhaetian” options include correlations using Mi. posthernsteini sensu stricto in the Pignola–Abriola section in the 
equivalent of Chron E20r (e.g., Bertinelli et al., 2016; Maron et al., 2015; Rigo et al., 2016). The Pignola–Abriola candidate for the GSSP is close in numerical age to the mean 
U–Pb zircon date (205.50 ± 0.35 Ma) shortly above the extinction of bivalve Monotis in Peru (Wotzlaw et al., 2014). The Pignola–Abriola section also records a significant 
negative δ13C excursion (Maron et al., 2015) and a shift to a cooler Rhaetian climate in Italy as inferred from a positive shift in δ18O in conodont apatite (Trotter et al., 2015). 
H.: Hettangian; NMB: North Mountain Basalt. TJB: Triassic–Jurassic boundary.
the apparent 36 million years long (myr) “Upper Triassic gap” 
in radiometric-dating of inter-regional biostratigraphic zonations 
remains a major challenge in constructing a global time scale 
(Ogg, 2012). Therefore, there is extreme divergence of opinions on 
the chronostratigraphic models for the durations and ages of Up-
per Triassic stages and biozones (e.g., Gallet et al., 2003, 2007; 
Hounslow and Muttoni, 2010; Muttoni et al., 2004; Ogg, 2012;
Ogg et al., 2016).

The 405-kyr long eccentricity cycle that modulates Earth’s cli-
mate is caused by the motions of orbital perihelia of Jupiter and 
Venus (e.g., Laskar et al., 2011). Due to the large mass of Jupiter, 
it is the most stable Milankovitch cycle through at least the entire 
Phanerozoic (e.g., Hinnov, 2013). The Late Triassic magnetostratig-
raphy tuned to this 405-kyr cycle from astronomically paced vari-
ations in lacustrine-fluvial facies of the Newark Supergroup in 
the Newark Basin has been used as a tool for chronostratigra-
phy, and for intrabasinal and interbasinal correlation (Gallet et al., 
2003, 2007; Hounslow and Muttoni, 2010; Hounslow et al., 2004;
Hüsing et al., 2011; Kemp and Coe, 2007; Kent and Olsen, 1999,
2000; Krystyn et al., 2002; Maron et al., 2015; Muttoni et al., 2010;
Olsen and Kent, 1996; Olsen et al., 2011; Tanner, 2010; Zhang et 
al., 2015a).
Nevertheless, the age and completeness of the non-marine 
Newark Supergroup are not accepted universally (Fig. 1). First, 
some interpretations of its terrestrial biostratigraphy (e.g., con-
chostracan and palynological assemblages) pointed to a “significant 
unconformity” spanning the early Rhaetian (van Veen, 1995) or 
perhaps most of the Rhaetian in this Newark Supergroup (Kozur 
and Weems, 2005, 2010). Secondly, correlation between this non-
marine Newark-APTS to the Upper Triassic magnetostratigraphy of 
fossiliferous marine sections was partly ambiguous due to a dearth 
of such sections that had both fairly constant accumulation rates 
and precise biostratigraphy from ammonoids and/or conodonts. 
Indeed, some suggested correlations have inferred that the upper-
most Norian and most of the Rhaetian deposits in the Newark 
Basin are missing (e.g., Gallet et al., 2003, 2007; Krystyn et al., 
2002; Tanner and Lucas, 2015; Ogg, 2012). However, many other 
studies argue that there is no gap in the Newark Supergroup (e.g., 
Kent et al., 2017; Muttoni et al., 2004, 2010). Therefore, the Late 
Triassic APTS needs to be re-evaluated independently with sections 
outside of basins in eastern North America.

Another disagreement is how to define an international Rhaetian 
stage with criteria that have global correlation potential. There are 
currently two candidates using different conodont fossil criteria 
for defining an international Norian–Rhaetian boundary (Global 
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Fig. 2. Late Triassic paleogeography indicating sampling locations and other major reference sections. The base map is from R. Blakey, http :/ /jan .ucc .nau .edu /~rcb7. 1. Xujiahe 
and Zilanba, 2. Qilixia, and 3. Tanba sections in the Sichuan Basin of South China. 4. Rhaetian GSSP candidate at Pignola–Abriola section of South Italy. 5. Rhaetian GSSP 
candidate at Steinbergkogel section of Austria. 6. Newark Basin of USA.
Boundary Stratotype Section and Point, GSSP) (Fig. 1). Both GSSP 
candidates, Steinbergkogel section in Austria and Pignola–Abriola 
section in Italy, have magnetostratigraphy that have been corre-
lated to the Newark cycle-scaled polarity pattern (e.g., Bertinelli et 
al., 2016; Hüsing et al., 2011; Kent et al., 2017; Maron et al., 2015;
Ogg et al., 2016). The duration of the Rhaetian Stage would be 
approximately 4 myr with the Italian GSSP candidate, which uses 
the first occurrence (FO) of Misikella posthernsteini sensu stricto 
as the marker of the base-Rhaetian (e.g., Bertinelli et al., 2016;
Maron et al., 2015; Rigo et al., 2016) but would span nearly 8 myr 
with the Austrian candidate using the FO of Mi. posthernsteini
sensu lato (Hüsing et al., 2011; Muttoni et al., 2010) (Fig. 1). The 
proposed base of the Rhaetian at the Italian Pignola–Abriola sec-
tion is just above a significant negative carbon-isotope excursion, 
and this event has been suggested as a potential global marker 
(e.g., Rigo et al., 2016). Documenting an expanded continuous 
terrestrial section across the proposed Norian–Rhaetian transition 
interval that can be confidently correlated with an integrated cy-
clostratigraphy and magnetostratigraphy to the Newark and GSSP 
candidates would enable testing whether there were global dis-
tortions in the carbon cycle that could serve as a useful GSSP 
definition.

In eastern Tethyan region, the Upper Triassic Xujiahe Forma-
tion (= former Hsuchiaho Formation) in the Sichuan Basin of 
South China consists of rhythmic lacustrine-fluvial sediments that 
record the oldest dinosaur footprints in China (Wang et al., 2010;
Xing et al., 2013; Yang and Yang, 1987). The lithology, bios-
tratigraphy, sedimentology, detrital zircon geochronology, paleo-
climatology and other aspects of this formation have been in-
tensely studied (Chen, 2011; Gu and Liu, 1997; L. Li et al., 2016;
M. Li et al., 2016a; Luo et al., 2014; Wang et al., 2010).

Our goal was to test the Newark APTS by a combined magne-
tostratigraphy and cyclostratigraphy study of expanded sections of 
the Xujiahe Formation in Sichuan, China. With available age con-
straints of biostratigraphy and detrital zircon geochronology, we 
were able to (1) construct a high-resolution APTS for the Xujiahe 
Formation and the earliest records of dinosaurs in China, (2) cor-
relate the Xujiahe APTS with the Newark APTS, and (3) provide 
independent constraints for the Late Triassic time scale.

2. Geological background

2.1. The Xujiahe Formation in the Sichuan Basin of South China

2.1.1. Xujiahe Formation lithostratigraphy and studied sections
The Sichuan Basin, located on the eastern border of the Tibet 

plateau covers for 5 × 105 km2 in South China. It was located 
in the low mid-latitudes of the eastern Tethyan region during the 
Late Triassic (Fig. 2). Spore-pollen study indicates humid and warm 
climate in that region during the late Triassic (e.g., Wang et al., 
2010). Precambrian through Middle Triassic marine sequences in 
the Sichuan Basin and surrounding basins are overlain by terres-
trial strata of Late Triassic age over whole Sichuan Basin. This 
deposition environment change derived from the collision of the 
South China block with North China and other Asian plates during 
the Middle-Late Triassic (Gu and Liu, 1997). The overlying Jurassic 
and Cretaceous terrestrial red-bed successions are well preserved 
in the eastern and northeastern margins of the Sichuan basin (Gu 
and Liu, 1997).

The Late Triassic Xujiahe Formation consists mainly of yellow 
and gray sandstone, gray mudstones and dark shales (Wang et 
al., 2010; Zheng et al., 2015). The main depositional facies are 
alternations of lacustrine- or fluvial-dominated deposits with low-
quality coal horizons. Generally, the Xujiahe Formation is divided 
into 6 members, but the character of these members varies across 
the basin. The first, third and fifth members are characterized by 
fine-grained sandstones, mudstones and coal with abundant fos-
sil plants; and the second, fourth and sixth members are domi-
nated by medium- to coarse-grained sandstone (Wang et al., 2010). 
The lowermost Xiaotangzi Member is dominated by continental 
deposits but with some interbedding of marine strata that yield 
marine bivalves (e.g., Gou, 1998; Gu and Liu, 1997). However, dif-
ferent research groups have locally divided the Xujiahe Formation 
into 4 to 7 members; and the lithological recognition and corre-
lation of these divisions depends heavily on subjective judgments 
(e.g., Gu and Liu, 1997).

The underlying Middle Triassic Leikoupo Formation consists pri-
marily of medium- to thick-bedded marine limestone and dolomite 
interbedded with karst breccias, sandstones and mudstones. The 
total thickness of the Leikoupo Formation ranges from ca. 360 to 
460 m in northern Sichuan Basin (e.g., Gu and Liu, 1997). A pale-
osol bed between the Leikoupo and Xujiahe formations represents 
a well-developed unconformity, which interpreted as coincident 
with a major tectonic “Indonesian Movement” event in eastern 
Asia (e.g., Gu and Liu, 1997). The Xujiahe Formation is conformably 
overlain by the lowermost Jurassic Zhenzhuchong Formation at 
Tanba and Qilixia sections and by the Baitianba Formation at Xu-
jiahe section. These Jurassic sediments consist of a thin basal bed 
of conglomerate and siliceous sandstones followed by feldspathic 
sandstones in their middle and upper parts.

We focus on four outcrops for the Xujiahe Formation in the 
Sichuan Basin of South China. The Xujiahe section (GPS: 32.493◦N, 
105.846◦E), 1 km north of Gongnong town, Guangyuan City in 
northern Sichuan Province, is the stratotype section of the Xujiahe 

http://jan.ucc.nau.edu/~rcb7
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Fig. 3. Lithology, gamma-ray, and magnetic polarity patterns (Paleomag) of the Xujiahe Formation at the Xujiahe and stratigraphically lower Zilanba sections in the Sichuan 
Basin, South China. Paleomag: the leftmost simplified magnetozone column removes “half-bars” (polarity interpreted from only a single sample) and uncertain polarity zones, 
except two “half-bars” within XJH4r, which seem to have counterparts in the Newark Basin. Details of polarity interpretation and rating for each sample are given in the 
Supplemental Material.
Formation (Fig. 3; Gu and Liu, 1997). The Zilanba section (GPS: 
32.424◦N, 105.649◦E) near Zilanba Dam, 4 km north of Baolun 
town, Guanyuan City, has well-exposed sections of the lowermost 
part of the Xujiahe Formation. The Qilixia section (GPS: 31.197◦N, 
107.744◦E), 17 km south of Xuanhan County of Dazhou City, is one 
of the most complete well-exposed sections for the Xujiahe Forma-
tion (Fig. 4; Wang et al., 2010). The Tanba section (GPS: 29.927◦N, 
106.379◦E), 10 km southeast of Hechuan, Chongqing City, is one 
of the best preserved sections for the upper part of the Xujiahe 
Formation (Fig. 5).

2.1.2. Biostratigraphy
Fossils from the Xujiahe Formation provide some broad con-

straints on its geological age. Two bivalve assemblage zones, 
Burmesia lirata–Myophora (Costatoria) seperata–Yunnanophorus boulei
assemblage zone and Yunnanophorus baoxingensis–Pemophorus eme-
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Fig. 4. Cyclostratigraphy of the Xujiahe Formation at the Qilixia section in the Sichuan Basin of South China. Left: Gamma-ray series is interpolated using a median sampling 
rate of 0.25 m (black). Detrended gamma-ray after removing a 50% ‘lowess’ trend (gray) shows filtered 40-m (red) and 12.5-m (dashed blue) cycles (Gaussian filter, passband: 
0.025 ± 0.008 and 0.08 ± 0.03 cycles/m, respectively) that are interpreted as long-eccentricity and short-eccentricity astronomical cycles, respectively. Right: 2π MTM power 
spectrum and evolutionary power spectrum of gamma-ray series using a 150-m sliding window. Note that a positive excursion in gamma-ray in the mud-rich interval at 
Beds 16 and 17 is interpreted as an individual long-eccentricity cycle. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 5. Lithology, gamma-ray (GR), magnetic susceptibility (MS), magnetic polarity patterns (Paleomag) of the Tanba section, Sichuan Basin of South China. Paleomag: the 
leftmost simplified magnetozone column removes “half-bars” (polarity interpreted from only a single sample) and uncertain polarity zones. Details of polarity interpretation 
and rating for each sample are given in the Supplemental Material.
iensis–Weiyuanella rhomboidalis assemblage zone, were recognized 
in the Xujiahe Formation of the Sichuan Basin (Gou, 1998). The 
former bivalve zone spans the first and second Members of the Xu-
jiahe Formation with a wide distribution within the Sichuan Basin. 
This assemblage has been correlated to the Napeng Fauna from 
Burma and the Burmesia Fauna from southwestern China, Viet-
nam, Indonesia, Oman and Armenia. The appearance of Burmesia 
lirata is considered to indicate a Norian age (e.g., Chen et al., 1979;
Gou, 1998; Wang et al., 2010). The overlying bivalve zone encom-
passes the third member through the top of the Xujiahe Formation. 
The first appearance of fresh-water specimens and the increase 
in the amount of brackish fauna make it distinct from the lower 
assemblage. The age of this assemblage is suggested to be Norian–
Rhaetian in age based on a comprehensive analysis of the bivalve 
fossils (Gou, 1998). Ostracods in the Xujiahe Formation belong to 
the Sulcocythere–Oncocythere–Darwinulla assemblage that is sug-
gested to be Rhaetian in age (Wang et al., 2010).

The presence of fossil plants Equisetites sarrani, Dictyophyllum
nathorsti, Clathropteris platyphylla, Clath. meniscioides, Lepidopteris 
ottonis, Pterophyllum ctenoides, Pt . ptilum, Cycadites saladini and 
Ptilozamites chinensis in the Xujiahe Formation indicates a Norian–
Rhaetian age (e.g., Wang et al., 2010). The appearance of typical 
elements of Norian–Rhaetian sporomorphs Chasmatosporites aper-
tus, Chasmatosporites hian, Lunzisporites lunzensis and Neoraistrickia
taylori, combined with the absence of typical Jurassic elements 
such as Classopollis minor, Class. annulatus and Perinopollenites at 
Qilixia of Xuanhan also suggest a Norian–Rhaetian age for the 
Xujiahe Formation (e.g., Li and Wang, 2016; L. Li et al., 2016). 
Recognition of the Dictyophyllidites–Lunzisporites–Chasmatosporites
sporomorph assemblage at Tanba of Hechuan and Dictyophyllidites–
Cyathidites–Pinuspollenites–Cycadopites assemblage at Qilixia of Xu-
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anhan suggests a Norian–Rhaetian (probably Rhaetian) age for the 
Xujiahe Formation for these sections (e.g., Li and Wang, 2016;
L. Li et al., 2016).

In the overlying Zhenzhuchong Formation, the appearance of 
the fossil plants of Grammaephloios icthya, Todites hartzi, Nilsso-
nia incissoserrata, Ginkgoites marginatus and Storgaardia spectabilis
are considered to indicate an early stage of Early Jurassic age (Ye 
et al., 1986). The appearance of Jurassic plants Coniopteris, Todites
and Czekanowskia, sporomorph Classopollis and Cyathidites minor, 
and of the bivalve Margaritifera (Qiyangia) in the Zhenzhuchong or 
the lateral equivalent Baitianba formations that overlie the Xuji-
ahe Formation, indicates these are Early Jurassic in age. Therefore, 
the Triassic–Jurassic boundary within the Sichuan Basin is gener-
ally assigned to be at or near the lithostratigraphic boundary be-
tween the Xujiahe and the Zhenzhuchong (or its lateral equivalent 
Baitianba) formations (e.g., Gu and Liu, 1997; Li and Wang, 2016;
L. Li et al., 2016; Wang et al., 2010).

The oldest dinosaur track reported in China are those named 
Pengxianpus cifengensis in the third member of the Xujiahe For-
mation (Yang and Yang, 1987). Other footprints include those of 
tridactyls from the Xujiahe Formation in the Tianquan County and 
the Longguan trackway of a bipedal archosaur in its fourth mem-
ber (e.g., Xing et al., 2013).

2.1.3. Detrital zircon geochronology
Detrital zircon geochronology has developed rapidly during the 

past two decades due to the widespread occurrence of zircons in 
sedimentary rocks and the ability to efficiently determine reason-
able precise U–Pb dates from individual crystals (Gehrels, 2014). It 
is widely accepted that a sedimentary unit can be no older than 
the youngest concordant age of detrital zircon grains (e.g., Gehrels, 
2014; Sun et al., 2013).

The youngest concordant U–Pb date of detrital zircons recov-
ered from the Members I and II of lower Xujiahe Formation at 
Xujiahe section using laser ablation–inductively coupled plasma–
mass spectrometer (La-ICP-MS) is 214 ± 4 Ma and 213 ± 2 Ma, re-
spectively (Chen, 2011). The youngest detrital zircon ages from the 
middle and upper Xujiahe Formation are 211 ± 3 Ma, 214 ± 4 Ma, 
209 ± 4 Ma, and 207 ± 8 Ma (Chen, 2011; Zhang et al., 2015b). 
These ages indicate that the deposition of the Xujiahe Formation 
started after 214 ± 4 Ma at Xujiahe section in northern Sichuan 
Basin and that the majority of the formation is no older than 
207–209 Ma. The youngest concordant date from detrital zircons 
recovered from the Member IV of the Xujiahe Formation at Jiang-
nan Orogen is 202 ±4 Ma (Zhang et al., 2015b), and three youngest 
ages from the Xujiahe Formation at Lianghekou Town of Tongjiang 
County, northeastern Sichuan Province are 203 ± 2, 204 ± 2, and 
204 ± 2 Ma (Luo et al., 2014).

Reliable La–ICP–MS dates can be obtained via careful exami-
nation of cathodoluminescence (CL) images and from concordant 
analyses of zircon populations (e.g., Gehrels, 2014; Golding et al., 
2016). Lead loss from single detrital zircon grains, however, may 
lead to an inaccuracy of measured dates. The actual ages of these 
youngest detrital zircon ages from the middle and upper part of 
Xujiahe Formation could be 2 to 3-myr older than their measure-
ment by Chen (2011), Luo et al. (2014) and Zhang et al. (2015b)
due to the potential effects of lead loss. Therefore, even consid-
ering the potential lead loss, the upper Xujiahe Formation should 
be younger than 205 Ma. The details of the concordance analyses 
of zircon ages are given in the Supplemental Material, and U–Pb 
dates of detrital zircons are tabulated in Supplementary Table A.1.

2.2. The Newark Supergroup in North America

During the Triassic, the breakup of the Pangaea Supercontinent 
produced a series of continental rift basins along the current east-
ern North America and conjugate margins of Africa and Europe. 
Over a period of at least 32 myr in eastern North America, these 
basins were filled at a rapid rate by the Newark Supergroup, which 
consists of as much as 7 km of fluvial and lake sediments with 
lava flows within the younger strata (e.g., Kent and Olsen, 1999;
Olsen, 1978; Olsen et al., 2011). Long-term variations in the 
monsoonal rainfall produced pronounced transgressive-regressive 
cyclicities as the basin lakes deepened or dried. Van Houten (1962)
recognized a succession of lithologically distinct cycles in lake fa-
cies and estimated that these cycles occurred at 104 to 105 yrs, 
therefore were probably linked to Milankovitch cycles. These ‘Van 
Houten cycles’ of astronomically-paced cycles of the Newark Super-
group can be digitalized as depth-rank series of sedimentary facies 
(Olsen and Kent, 1996). Power spectra of the depth rank series in 
the Newark Basin reveal significant wavelengths that correspond 
to 405 kyr, 125 kyr and 95 kyr eccentricity cycles, and 23 kyr 
and 19 kyr precession cycles (Olsen and Kent, 1996). These enable 
the tuning of the magnetic polarity stratigraphy of the Newark Su-
pergroup, thereby forming the basis of the Newark-APTS for the 
Late Triassic magnetic polarity pattern (e.g., Kent and Olsen, 1999;
Olsen et al., 2011). Magnetostratigraphy from sections in other 
regions supports portions of this Newark polarity pattern (e.g., 
Gallet et al., 2003, 2007; Hounslow et al., 2004; Kent and Olsen, 
1997, 2000; Krystyn et al., 2002; Maron et al., 2015; Muttoni et 
al., 2004, 2010; Rigo et al., 2016); therefore, even though some 
correlations to portions of the marine magnetostratigraphy remain 
uncertain, the Newark APTS is fundamental basis for the age model 
for the current integrated Late Triassic time scale (e.g., Gradstein et 
al., 2004; Kent et al., 2017; Ogg et al., 2012, 2016).

3. Methods

3.1. Interpretation of paleomagnetic polarity and magnetostratigraphy

Paleomagnetic samples from the Xujiahe, Zilanba, and Tanba 
sections in the Sichuan Basin were drilled and oriented in the 
field at an average sampling interval of 5.4 m, 2.3 m, and 2.2 m, 
respectively. The suites from Xujiahe (115 samples) and Zilanba 
(23 samples) were measured using 2G-755 cryogenic magnetome-
ters at the Paleomagnetic and Environmental Magnetism Labora-
tory, China University of Geosciences (Beijing), and the Tanba set 
(89 samples) was measured at the Institute of Geomechanics, Chi-
nese Academy of Geological Sciences laboratory. Each sample was 
progressively thermal demagnetized in a magnetically shielded 
room of ca. 10 temperature steps depending on the individual 
magnetic behaviors, and its characteristic direction with apparent 
polarity was assigned using the public Paleomagnetic Analysis Pro-
gram V4.0 (Zhang and Ogg, 2003). The interpreted polarity and 
characteristic directions of the samples were given a quality rat-
ing of ‘N(R)’, ‘NP(RP)’, ‘NPP(RPP)’, ‘N?(R?)’ or ‘INT’ according to 
a semi-subjective judgment of the behavior of the magnetic vec-
tors through the stepwise demagnetization. All sample magnetic 
behaviors were interpreted independently by at least two of us 
(Y.Z., J.O., M.L.); and a conservative compromise was reached dur-
ing a later discussion. Examples of representative behaviors and 
assigned quality ratings are in Fig. 6. N/R-rated samples were given 
full weight and ‘P’-rated samples were given only half-weight in 
computing mean directions for each section. A ‘PP’ tag was applied 
to samples that had a distinct trend toward either the normal-
polarity or reversed-polarity hemisphere (according to the ‘N/R’ 
and ‘NP/RP’ rated directions) prior to onset of unstable behav-
ior, therefore were considered indicative of the underlying polarity. 
These ‘PP’ rated samples were judged to be too far from attaining 
an endpoint to be used in statistics for computing mean directions. 
A ‘?’ qualifier was used to denote possible trends toward an under-
lying polarity, and ‘INT’ is either entirely uncertain or displayed an 
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Fig. 6. Examples of demagnetization plots for different polarities and quality ratings from the Xujiahe, Zilanba and Tanba sections in the Sichuan Basin, South China. Vectors of 
remanent magnetization during progressive thermal demagnetization are displayed on a stereographic projection (right side of each pair) and on a projected vector diagram 
(left side, as a modified Zijderveld-type diagram in which the declination is projected onto a horizontal surface and the actual inclination is displayed). In the stereographic 
projection, the open markers indicate negative inclinations. The steps selected for the calculation of the mean characteristic direction (ChRM) are indicated by green dots in 
each plot; and, for these examples (and most other samples in these sections), the calculated vector for the characteristic direction is forced to pass through the origin because 
the high variance on individual measurements of these weakly magnetized samples precluded calculation of a valid removed-vector in these intervals. A sample-by-sample 
explanation for the polarity interpretations and quality ratings is given in Appendix 1 (Supplemental Material). GMB008 (688.85 m; grayish-green fine-grained sandstone) – 
polarity rating of “N?”: The magnetic vectors during demagnetization display a drift from NRM toward West; but then seemed to return with no indication of a trend toward 
the reversed-polarity hemisphere. Unstable directions or too weak (high noise levels) above 525 ◦C. Therefore, the characteristic direction was rated “N?” and assigned to 
the interval of 400–500 ◦C. The computed ChRM is 306.2◦ declination and 50.2◦ inclination with a standard deviation of 10◦ . GMB42 (557.9 m; medium-grained sandstone) 
– polarity rating of “RP”: The magnetic vectors display a rapid rotation from NRM to a reversed polarity semi-stable endpoint (southward with upward inclination) at 
350–525 ◦C, which was selected for the characteristic direction. The remanent magnetization is too weak or unstable upon heating to 550 ◦C and higher. The ChRM of 194.8◦
declination and −25.6◦ inclination was rated “RP” because it has a relatively high 16◦ standard deviation. GMB207 (−0.02 m; limestone at top of Leikoupo Formation) – 
polarity rating of “N”: Even through there is an anomalous shift in vector direction for the 150–200 ◦C steps; there is a semi-stable cluster with northeastern direction from 
350 to 550 ◦C (but weak). Unstable directions and intensity from 585 ◦C onward. The characteristic direction using the tight cluster at 450–550 ◦C is 56.6◦ declination and 
59.9◦ inclination with only a 3.3◦ standard deviation, therefore is rated “N”. GMB73 (395.2 m; medium-grained sandstone) – polarity rating of “R”: The magnetic vectors 
rotate from NRM to a reversed-polarity direction (southwest with upward inclination). Unstable directions and intensity from 585 ◦C onward. The characteristic direction 
using the semi-stable cluster of reversed-polarity directions at 350–550 ◦C is 236.4◦ declination and −46.9◦ inclination (but with a relatively high 16◦ standard deviation) 
and is rated “R”. TB44.18 (−44.18 m; light gray coarse-grained sandstone) – polarity rating of “NPP”: During progressive thermal demagnetization, the vectors move slightly 
moving away from NRM direction but paused at a northwest declination, rather than the northeast declination of most other “normal polarity” samples; therefore a rating of 
“NPP is assigned. The characteristic direction of the 325–375 ◦C interval is 313.9◦ declination and 32.6◦ inclination (4.7◦ standard deviation). Vector directions and intensities 
are unstable or too weak above 400 ◦C. TB82.8 (−82.8 m; variegated coarse-grained sandstone) – polarity rating of “RPP”: The vectors have a nice progressive trend toward 
the reversed-polarity hemisphere, but never reached an endpoint near the expected R cluster, therefore the characteristic direction is rated “RPP”. The ChRM of the interval 
of 425–475 ◦C is 113.2◦ declination and 2.9◦ inclination (12.6◦ standard deviation). Vector directions and intensities are unstable or too weak above 500 ◦C. JTB24.6 (24.6 m; 
pinkish fine-grained sandstone) – polarity rating of “NP”: Vectors move slowly moved away from present-field NRM direction, but do not reach an endpoint. No trend toward 
reversed-polarity hemisphere, therefore ChRM is rated “NP”. The ChRM of the interval of 375–425 ◦C is 347.3◦ declination and 66.8◦ inclination (7.7◦ standard deviation). 
Vector directions and intensities are unstable or too weak above 450 ◦C. JTB19 (19.0 m; light gray silty sandstone) – polarity rating of “RP”: The magnetic vectors display a 
reversed-polarity direction (southward with negative inclination) beginning with 200 ◦C, although do not attain a stable reversed-polarity endpoint, therefore the ChRM is 
rated “RP”. The ChRM of 250–325 ◦C is 174.8◦ declination and −10.6◦ inclination (5.0◦ standard deviation). Vector directions and intensities are unstable or too weak above 
350 ◦C.
endpoint that was intermediate between the ‘N’ and ‘R’ poles. The 
Appendix in the Supplemental Material tabulates the complete de-
magnetization data for each individual sample, its lithology, the 
logic for interpreting the polarity and quality rating for that sam-
ple, and its characteristic direction computed from the highlighted 
steps.

For graphic purposes, a virtual geomagnetic pole latitude (VGP 
latitude) was computed from each characteristic direction. Most 
samples did not attain a stable endpoint, therefore a subjective 
quality rating was assigned to each characteristic direction that 
reflected our confidence in assigning its polarity and whether its 
characteristic direction should be weighted or omitted from com-
puting the mean direction for each section. Details on the mean 
directions are given in the Supplemental Material C.

3.2. Gamma-ray, magnetic susceptibility, and water depth-rank logs

Variations in spectral gamma-ray (GR) are mainly affected by 
relative clay to sand ratios in the sediment, which in turn are 
linked with intensity of terrestrial weathering and runoff in the 
watershed regions, therefore are actively governed by the paleo-
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Fig. 6. (continued)
climate conditions (e.g., M. Li et al., 2016a; Zhang et al., 2015a). 
Magnetic susceptibility (MS) can also serve as a proxy of detri-
tal clay/sand ratios, therefore is affected by similar processes (e.g., 
Boulila et al., 2010; Thompson et al., 1975). Low values for gamma-
ray and magnetic susceptibility are associated with coarser-grained 
clastics such as fluvial-derived sandstones, whereas high values 
for gamma-ray and magnetic susceptibility are generally associated 
with shale and siltstone, such as lacustrine deposits.

In a generalized conceptual model of paleoclimate, the ampli-
tudes of precession as modulated by eccentricity will govern the 
average summer temperatures for mid-latitudes. During periods 
having a high eccentricity, the hotter summers produce an in-
tensified monsoonal climate. Increased summer precipitation led 
to greater weathering (more clay production), more runoff and 
the formation of deepening and broadening lakes, hence a high 
gamma-ray and magnetic susceptibility from the clay-rich inter-
vals (e.g., Boulila et al., 2010; M. Li et al., 2016b) and a high 
depth rank (Olsen and Kent, 1996). During episodes of low ec-
centricity, cooler summers would have resulted in a weaker mon-
soonal and more semi-arid climate, therefore leading to shallow-
ing and shrinking of lakes but an influx of coarser-grained sedi-
ments into fluvial-delta system that would be characterized by low 
gamma-ray and magnetic susceptibility (e.g., Boulila et al., 2010;
M. Li et al., 2016b), and a low depth rank (Olsen and Kent, 1996). 
Even though other climatic and depositional setting conditions 
will also fluctuate, the general average character of gamma-ray 
and magnetic susceptibility logs are appropriate proxies to identify 
astronomical-paced sedimentary cycles (e.g., M. Li et al., 2016b).

Gamma-ray intensity was measured using an RS-230 gamma 
detector. Our measurements at the Xujiahe and Tanba sections 
used a recording time of 60 s were at 0.25-m intervals for thin-
bedded claystone and sandstone, and at 0.5-m intervals for thick-
bedded sandstone. We also logged with a handheld magnetic sus-
ceptibility meter KM-7 with a sensitivity of 10−6 SI and a 0.1-m 
sampling rate. The depth-rank series (0–2000 m) in the Newark 
Basin are from composite records of Rutgers, Somerset, Weston 
and Martinsville drill cores (available online at http :/ /www.ldeo .
columbia .edu /~polsen /nbcp /data .html).

3.3. Time series methods

The identification of potential astronomical signals within the 
logs followed a typical procedure: (1) The gamma-ray series were 
pre-whitened using MatLab script “smooth” by subtracting a long-
term trend (Cleveland and Devlin, 1988). (2) Evolutionary fast 
Fourier transform (FFT) spectrograms for inspecting stratigraphic 
frequencies and patterns of the untuned and tuned series were 
computed using “evofft.m” (Kodama and Hinnov, 2014). (3) We 
analyzed both the untuned and tuned data with the multitaper 
method (MTM) spectral estimator (Thomson, 1982). (4) Conven-
tional red noise models of time series are estimated using the 
MatLab script “redconf.m” by Husson (2014). (5) Based on the 
inferred wavelengths of prominent cyclicities, Gaussian bandpass 
filtering was applied in Analyseries 2.0.8 (Paillard et al., 1996) to 
aid in the isolation of potential astronomical parameters. (6) The 
gamma-ray and magnetic susceptibility series were tuned using 
“Age Scale” function of Analyseries based on the inferred 405-kyr 
eccentricity cycles identified by filtering. (7) The power spectra of 
the tuned records were examined for frequency peaks correspond-
ing to the predicted orbital eccentricity, obliquity, and precession 
index of the Laskar 2010d solution (Laskar et al., 2011). The obliq-
uity and precession index for the La2010d solution are calculated 
using the procedure provided in Appendix A of Wu et al. (2013). 
The La2010d ETP is theoretical time series that constructed from 
the sum of the normalized eccentricity (E), obliquity (T), and pre-
cession (P).

http://www.ldeo.columbia.edu/~polsen/nbcp/data.html
http://www.ldeo.columbia.edu/~polsen/nbcp/data.html
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4. Results

4.1. Magnetostratigraphy

Prior to thermal demagnetization, most of the samples dis-
played a significant overprint of present-day field in geographic 
(pre-tilt-correction) coordinates (Fig. 6). The majority of this over-
print was removed by 300 ◦C. The remnant magnetization vectors 
of most samples began to display anomalous shifts in directions 
with an increase in intensity that was often accompanied by an 
increase in susceptibility at or above 450 ◦C (Fig. 6). This phe-
nomenon might be formation of new magnetic minerals from the 
oxidation of iron sulfides and/or dehydration of iron-rich clays 
(e.g., goethite that may contribute to the brownish alteration on 
the exposed surfaces of these outcrops). Therefore, most character-
istic directions of magnetization were commonly computed using 
the 350–450 ◦C range of the demagnetization trends. No additional 
magnetic mineral tests were run, but the demagnetization behav-
iors and the dark gray to brownish gray coloration of the samples 
suggest that the main magnetic minerals are a combination of 
magnetite with secondary iron sulfides and goethite. The inter-
preted polarity and characteristic directions of the samples were 
given a quality rating of ‘N(R)’, ‘NP(RP)’, ‘NPP(RPP)’, ‘N?(R?)’ or ‘INT’ 
according to a semi-subjective judgment of the behavior of the 
magnetic vectors through the stepwise demagnetization (Fig. 6).

About 10% of the total samples displayed a progressive decay 
in intensity with a stable direction upon heating above ca. 300 ◦C 
and were given a high-quality rating (‘N’ or ‘R’) of polarity inter-
pretation. Approximately 15–20% of the measured samples were 
given a ‘P’ tag of ‘RP’ or ‘NP’ because the residual magnetization 
vector was considered close to attaining an endpoint before losing 
its residual magnetization or experiencing a surge in susceptibility 
that resulted in onset of unstable directions and intensity.

Of the 115 measured samples from the Xujiahe section, only 
60% (68) displayed useful indications of polarty (ratings of N-NP-
NPP-RPP-RP-R); and the rest were of uncertain polarity (N?, R?) or 
were indeterminate. Of the 26 samples from Zilanba, 17 had def-
inite polarity interpretations, but only half (44) of the Tanba set 
of 89 samples received these ratings. Details on the interpretations 
of each magnetic sample are in the Appendix in the Supplemental 
Material.

The computed paleolatitudes of the Xujiahe and Tanba sections 
before compensating for potential inclination shallowing during 
compaction of these sandstones are very similar at 18◦N and 17◦N 
(with 95% confidence of 6◦ and 9◦ , respectively) (see Supplemen-
tal Material). Clastic sediments, especially those with a significant 
clay component, undergo compaction that results in a flattening 
of the preserved magnetic inclinations. Applying the general cor-
rection parameters suggested by Kent and Tauxe (2005) implies 
that a computed 18◦N paleolatitude from the raw data in the 
Xujiahe section might equate to an actual paleolatitude of about 
29◦N, which is similar to the position of the South China Block in 
regional plate reconstructions. Additional details on the mean pa-
leomagnetic directions are in Supplemental Fig. C.1 and Table C.1.

The composite magnetostratigraphic pattern for the Leikoupo, 
Xujiahe, and Baitianba formations from the combined Xujiahe and 
underlying Zilanba sections has eleven main magnetic polarity in-
tervals, which we labeled from ZLB1r to ZLB4r and XJH3n to XJH7n 
in ascending order (Fig. 3; Suppl. Fig. C.2). At Tanba, the magnetic 
polarity pattern is dominated by just five intervals, labeled TB1r to 
TB3r in ascending order (Fig. 5).

4.2. Cyclostratigraphy

Evolutionary power spectra of the studied sections indicate no 
obvious, major frequency changes within the time series of the 
Xujiahe Formation, which likely suggest relatively little major vari-
ations in accumulation rates through these sections (Figs. 4 and 7). 
The average power spectra of the Xujiahe and Tanba series in-
dicate similar sedimentary wavelengths, i.e., ca. 59 m, 16–22 m, 
5–6 m, and ∼3 m (Fig. 7), that we interpret as the 405-kyr long-
eccentricity, ca. 100-kyr short-eccentricity, 36-kyr obliquity and 
20-kyr precession cycles, respectively (e.g., Laskar et al., 2011). 
The power spectrum of the Qilixia series displays peaks of 42 m, 
9.5–16 m, and 2.3–3 m, which we assign as the 405-kyr, ∼100-kyr, 
and 20-kyr cycles (Figs. 4 and 8), respectively. Correlation among 
Qilixia, Xujiahe, Zilanba, and Tanba sections are in Supplemental 
Fig. C.2.

We also analyzed the oscillations of Newark depth-rank se-
ries in the upper Norian–Rhaetian (0–2000 m in Fig. 8). The 
power spectrum of this rank series shows significant peaks of 
59 m, 14–18 m, and 3–4 m (Fig. 8), which have been previ-
ously correlated with 405-kyr long-eccentricity, ∼100-kyr short-
eccentricity, and ∼20-kyr precession cycles, respectively (Olsen 
and Kent, 1996). These results were independently derived from 
the 2000 m depth-rank series of the Newark Basin that are consis-
tent with Olsen and Kent (1996, 1999).

We tuned the filtered 42–59 m wavelengths in the Sichuan and 
Newark basins to the 405-kyr long-eccentricity cycles. In addition 
to this assigned 405-kyr frequency, the power spectra of tuned GR 
series in the Sichuan Basin display significant cycles with frequen-
cies of 172–161 kyr, 104–95 kyr, 36 kyr, and 28–17 kyr. Power 
spectrum of the tuned depth rank series of the Newark series has 
significant peaks at 405 kyr, 122 kyr, 94 kyr, 24 kyr, and 20 kyr 
(Fig. 9).

The tuned gamma-ray series at Xujiahe section implies that 
the interval from Bed 11 to Bed 40 has about 5.5 of the 405-kyr 
long-eccentricity cycles; therefore, it spans ca. 2.2 myr. The Xuji-
ahe Formation from −176 m to 0 m at Tanba is more than 3.5 
long-eccentricity cycles, implying a span of 1.4 myr (Fig. 10). The 
duration of the Xujiahe Formation at Qilixia is 5.9 myr. The du-
ration of magnetic polarity zones in the Newark Basin is listed in 
Table 1, which are identical to those reported by Kent et al. (2017).

5. Discussion

5.1. Correlation of the cycle-scaled magnetostratigraphy among the 
Newark and Sichuan basins

The cycle-tuned durations of the polarity zones at Xujiahe, 
Tanba and the Newark composite enable a unique correlation 
of their magnetostratigraphy patterns (Table 1; Fig. 10; Suppl. 
Fig. C.2). For example, the relatively long normal-polarity zone at 
the top of Sichuan successions (polarity zones XJH5n and TB2n) 
spans 0.78 myr at Tanba. The following reversed-polarity zone 
(XJH5r and TB2r) has a duration of 0.36 myr at Tanba. The dura-
tions of this normal/reversed-polarity pair (0.78/0.36 myr) is nearly 
identical to the durations of the uppermost Triassic polarity zones 
“E22n/E22r” (0.64/0.31 myr in this study or 0.61/0.31 myr by Kent 
et al. (2017)) in the Newark basin (Table 1).

Similarly, the duration of the underlying normal/reversed-
polarity pair at Xujiahe (XJH4n/XJH4r) is consistent with the next 
older Newark pair of E21n/E21r. The lowermost long reversed-
polarity zone XJH3r spans 1.35 myr, which is identical to the 
reversed-polarity zone E20r.2r (1.31–1.38 myr) in the Newark ref-
erence scale (Table 1).

This implied age of the Xujiahe Formation is compatible with 
the limited biostratigraphy and with the constraints from detrital 
zircon geochronology, which suggests at least part of the forma-
tion should be younger than 203 ± 2 Ma or 202 ± 4 Ma (see 
Section 2.1.3; Luo et al., 2014; Zhang et al., 2015b). The mag-
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Fig. 7. Cyclostratigraphy of the Xujiahe Formation sections at Tanba (upper diagram) and Xujiahe (lower diagram) in the Sichuan Basin. Tanba: MS, GR and filtered 59-m and 
15-m cycles (Gaussian filter, passband: 0.017 ± 0.004 and 0.058 ± 0.018 cycles/m, respectively). 2π MTM power spectrum and evolutionary power spectrum of MS series. 
Window is 80 m. Xujiahe: GR series after removing 35% ‘rloess’ trend with filtered 59-m and 15-m GR cycles from 100 to 425 m (Gaussian filter, same passband as at 
Tanba). 2π MTM power spectrum and evolutionary power spectrum of GR series from 100 to 425 m. Window is 120 m. See Figs. 3 and 5 for lithology and magnetic polarity 
patterns (paleomag) of both sections.
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Fig. 8. Cyclostratigraphy of the Late Triassic in the Newark Basin of North America. Left: Depth rank (Olsen and Kent, 1996) and filtered 59-m cycles (red) (Gaussian filter, 
passband: 0.017 ± 0.003 cycles/m). Paleomag: magnetic polarity zones follow Kent and Olsen (1999). Middle: 2π MTM power spectrum and evolutionary power spectrum 
of rank series using a 100-m sliding window. ‘E’ = 405-kyr long-eccentricity cycle; ‘e’ = 100-kyr short-eccentricity cycle; ‘P’ = precession cycles. Right diagram of the 
interpretation of the depth rank (gray box) is from Olsen and Kent (1996); in which ‘environment’ notations are (1) playa, (2) alternating playa and shallow lake, (3) shallow 
lake with desiccation episodes, (4) deep perennial lake, and (5) very shallow lake. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
netic polarity correlations also indicate that a hiatus spans the 
Triassic–Jurassic transition at the lithologic boundary between the 
Xujiahe Formation and the overlying Zhenzhuchong or Baitianba 
formations at the Xujiahe and Tanba sections, respectively, in the 
Sichuan Basin. The majority of the Hettangian is missing because 
the lowest significant reversed-polarity zone of the Jurassic begins 
in the late Hettangian (e.g., Hüsing et al., 2014; Kent and Olsen, 
2008).

The correlation of the Xujiahe cycle-tuned polarity scale with 
the APTS reference scale from the Newark Supergroup provides 
constraints for the ages of other events within the Xujiahe For-
mation in the Sichuan Basin. The scale also enables the projected 
placement of events that are calibrated to magnetostratigraphy 
in other regions, such as options for defining the Rhaetian GSSP 
(Fig. 10). In addition, the relative placement of the magnetic re-
versals within the individual identified cycles in the Newark and 
Sichuan basins indicate a very similar response of the two de-
positional settings to long-term Milankovitch cycles. A deepened 
lacustrine facies in the Newark Basin generally corresponds to a 
finer-grained or more clay-rich facies (hence higher gamma ray 
values) in these Sichuan outcrops.
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Fig. 9. 2π MTM of tuned power spectra. From the top: La2010d ETP: Power spec-
trum of the normalized eccentricity (E), obliquity (T), and precession (P) from 
201 Ma to 207 Ma of the astronomical solution La2010d (Laskar et al., 2011).
Qilixia: Power spectrum of the tuned GR series interpolated to a 2.91-kyr mean 
sampling rate. Xujiahe & Tanba: Power spectrum of the tuned GR series of Xujiahe 
and Tanba sections interpolated to a 2.07-kyr mean sampling rate. Newark: Power 
spectrum of the tuned depth rank series interpolated to a 5.9-kyr mean sample rate.

5.2. Dating the earliest dinosaur tracks in China

Our high-resolution cycle-tuned time scale for the Xujiahe For-
mation dates the occurrence of the earliest dinosaurs tracks in 
South China. Archosaur diversification was underway by the Mid-
dle Triassic, and small dinosaurs evolved during the Carnian of 
the Late Triassic; dinosaurs became relatively common compo-
nents of continental communities at high latitudes (e.g., Nesbitt 
et al., 2010). However, even though the South China and North 
China plates joined onto the Laurasia supercontinent during late 
Carnian, the records of Triassic dinosaurs in China are rare and 
poorly dated until our study. The earliest track fossils of dinosaurs 
in China are reported from the middle of the Xujiahe Formation 
(Xing et al., 2013; Yang and Yang, 1987). At our Xujiahe, Qil-
ixia, and Tanba sections, the middle of the Xujiahe Formation is 
dated by the astronomical tuned magnetic polarity time scale as 
ca. 204 Ma, or about 2.5 myr before the end of the Triassic Period. 
Whether the arrival of dinosaurs into the former isolated South 
China “island” plate was delayed until significantly after the plate 
collisions or was precluded due to environmental conditions is un-
known. The global Rhaetian tetrapod record is poorly known, but 
only after the end-Triassic extinction event did dinosaurs dominate 
the global terrestrial “Jurassic Park” ecosystems (e.g., Olsen et al., 
2011; Sereno, 1999).

5.3. Projected placements of the Norian–Rhaetian boundary and 
postulated carbon-isotope excursions

One major disagreement is how to define an international 
Rhaetian stage with criteria that have global correlation poten-
tial. The Norian–Rhaetian boundary working group of the Triassic 
Subcommission of the International Commission on Stratigraphy 
voted to use the first appearance datum (FAD) of the conodont 
Misikella posthernsteini, which seems to have slowly diverged from 
the long-ranging Misikella hernsteini (Krystyn, 2010). Nevertheless, 
there are disagreements on the level within this progressive diver-
gence when Mi. posthernsteini can be considered as a distinct taxon 
(e.g., Bertinelli et al., 2016; Maron et al., 2015; Ogg et al., 2016;
Orchard et al., 2007; Rigo et al., 2016).

The proposed GSSP for base-Rhaetian at the Steinbergkogel sec-
tion near Hallstatt in Austria identifies the base of Mi. posthern-
steini in a broader sense (sensu lato, s.l.) (Krystyn et al., 2007)
that is just above a change from a major normal-polarity mag-
netozone to a reversed-polarity-dominated magnetozone (Fig. 10; 
Hüsing et al., 2011). This candidate definition is consistent with 
the conclusion that the base-Rhaetian falls within Newark mag-
netozones E17r–E19r in the 207–210 Ma interval (e.g., Muttoni et 
al., 2010, 2014). This Austrian level would assign approximately 
3 ammonoid zones of the Tethyan realm to the Rhaetian Stage; 
and the proposed correlation of its magnetostratigraphy to the 
Newark APTS would imply a duration of approximately 8 myr and 
a basal age of ca. 209.5 Ma (e.g., reviews in Kent et al., 2017;
Ogg et al., 2016).

In contrast, other candidate definitions for assigning the No-
rian/Rhaetian boundary would imply a much shorter duration for 
the Rhaetian Stage (e.g., Rigo et al., 2016; Wotzlaw et al., 2014). 
A proposed GSSP in the Pignola–Abriola section in the South-
ern Apennines of Italy uses the FAD of a more developed form 
of Mi. posthernsteini (sensu stricto, s.s.) (Bertinelli et al., 2016;
Maron et al., 2015; Rigo et al., 2016). This Italian level is very 
high within a reversed-polarity-dominated magnetozone; and its 
suggested correlation to the Newark APTS (E20r.2r) would imply 
an approximate 4-myr duration for the Rhaetian with an esti-
mated basal age of 205.7 Ma (e.g., Kent et al., 2017; Maron et al., 
2015). This proposed Italian GSSP level is near the base of the ra-
diolarian Proparvicingula moniliformis Zone, and may be near the 
disappearance of standard-size taxa of the bivalve genus Monotis
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Fig. 10. Tuned paleoclimate proxy series in the Newark and Sichuan basins and their potential correlation with the two candidate sections for the Norian–Rhaetian boundary.
Newark Basin: Timescale and magnetic polarity patterns (Kent and Olsen, 1999; Olsen et al., 2011), 405-kyr tuned depth ranks, and filtered 405-kyr cycles (Gaussian 
filter, passband: 0.00248 ± 0.0005 cycles/kyr). Sichuan Basin: Tuned GR series at Xujiahe, Tanba, and Qilixia sections and filtered 405-kyr cycles (Gaussian filter, passband: 
0.00248 ± 0.0005 cycles/kyr). Magnetic polarity zones (the simplified columns) at Xujiahe (XJH3–XJH4) and Tanba (TB1–0TB3) are tuned using 405-kyr cycles. Magnetic 
polarity zones ZLB3–0ZLB4 at Zilanba and XJH5–XJH6 at Xujiahe are aligned with the corresponding magnetic chrons in the Newark Basin. The Triassic–Jurassic boundary is 
dated as 201.36 Ma (Wotzlaw et al., 2014). The oldest CAMP basalt is dated as 201.566 ± 0.031 Ma, which is slightly older than the Triassic–Jurassic boundary (Blackburn et 
al., 2013). Correlation of the magnetostratigraphy of the Italian candidate (FAD of conodont Mi. posthernsteini s.s.) and Austria candidate (FAD of conodont Mi. posthernsteini s.l.) 
for the Norian–Rhaetian boundary to the Newark APTS (red dashed lines) implies a projected date of 205.7 Ma or 209.8 Ma, respectively (Hüsing et al., 2011; Kent et al., 2017;
Maron et al., 2015, and this study). Note that the magnetic zones of two GSSP candidates are plotted in depth. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
(although these taxa do no occur within the proposed Italian GSSP 
section). The Italian GSSP candidate is just above a negative ex-
cursion in δ13C of organic carbon, which might be a more useful 
means to correlate among different regions (Rigo et al., 2016). The 
Italian GSSP level is also characterized by a positive shift of up 
to 0.77� in δ18O of conodont apatite (from ∼20.25� to 21.02�), 
which indicates a cooling trend across the Norian–Rhaetian bound-
ary (Trotter et al., 2015), although other two Italian sections don’t 
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Table 1
Calibration of cycle-tuned durations of the main polarity zones among the Newark APTS (Kent et al., 2017, with 
ages of polarity chrons adjusted to a 201.57 Ma date assigned to the overlying CAMP basalt) and the two magne-
tostratigraphies from the Sichuan basin. Estimates of polarity zones in Sichuan sections are according to tuning 
to 405-kyr long-eccentricity cycles; but the precision in placement of polarity boundaries is typically an eighth of 
a cycle, therefore has an inherent uncertainty of ca. ±0.05 myr. CAMP: Central Atlantic magmatic province.

Newark chron base age Newark chron duration 
(myr)

Xujiahe chron Tanba chron

Kent et al., 2017 Chron Kent et al., 2017 This 
study

Chron duration 
(myr)

Chron duration 
(myr)

201.57 Onset of CAMP basalt within E24n
201.59 E24n
201.60 E23r 0.01 0.02
202.49 E23n 0.89 0.94 XJH6n TB3n
202.80 E22r 0.31 0.31 XJH5r TB2r 0.36
203.41 E22n 0.61 0.64 XJH5n TB2n 0.78
204.12 E21r 0.71 0.72 XJH4r 0.81 TB1r
204.65 E21n 0.53 0.57 XJH4n 0.36
206.03 E20r.2r 1.38 1.31 XJH3r 1.35
206.07 E20r.1n 0.04 0.04 XJH3n
show a similar trend, which were influenced by monsoonal up-
welling in the northwestern Tethys (Trotter et al., 2015). The im-
plied 205.7 Ma age for the Italian GSSP level from its correlation 
with the Newark APTS is in agreement with a ca. 205.5 ± 0.3 Ma 
age from zircon U–Pb dates of ash beds in Peru above the local 
highest occurrence of Monotis subcircularis (Wotzlaw et al., 2014), 
although that Peru section lacks both magnetostratigraphy and 
conodont biostratigraphy.

Currently neither of the proposed GSSP options have included 
analyses on the statistical variability within the marker conodont 
populations, on whether the conodont FADs can be recognized and 
with similar placement relative to carbon-isotope excursions and 
magnetic polarity zones in other sections, on the actual correlation 
to traditional ammonoid zones, and on whether the array of events 
in the Tethys can be recognized and correlated in other regions. 
For both options of the Rhaetian Stage, the estimates of its dura-
tion and basal age are mainly derived from the correlation of the 
magnetostratigraphy of the sections to the Newark APTS, because 
none of the marine sections have published cyclostratigraphy.

Are there events in the terrestrial records in South China that 
might be useful for identifying and correlating either of these 
GSSP candidates for field mapping of sections which lack cycle-
scaled magnetostratigraphy? Our current Xujiahe APTS does not 
extend downward beyond the equivalent of 207.2 Ma (Fig. 10); 
therefore, the older Austrian option would need to be tested else-
where. The Italian option for the Rhaetian GSSP would project to 
the coarse-sand-rich facies in the lower part of Sichuan 405-kyr 
cycle E40511 and to the lowermost portion of the Newark “cycle 
E40511” (Fig. 10).

An upward trend to a cooler Rhaetian as recorded in the Ital-
ian GSSP candidate section (Trotter et al., 2015) has suggested 
within the Xujiahe Formation in the Sichuan Basin (Tian et al., 
2016). Silicified conifer woods (Xenoxylon guangyuanense) occur 
within the second member of the Xujiahe Formation in Guangyuan 
and Wangcang regions, northern Sichuan Basin (Fig. 3; Tian et 
al., 2016). Xenoxylon is a significant genus for paleobiogeography, 
because it is associated with cooler and/or wetter climates in 
the Northern Hemisphere throughout its Late Triassic–Late Cre-
taceous range. The occurrence of Xenoxylon in the Sichuan Basin 
suggests a short-term cooling event (Tian et al., 2016), sand-
wiched within a generally warm and wet climate that largely 
prevailed over the lower latitude regions of the Northern Hemi-
sphere (e.g., Wang et al., 2010). The cooling event in the Sichuan 
Basin at low mid-latitudes on the eastern rim of Tethys appears 
to be coeval with the temperature decline across the Norian–
Rhaetian boundary in Italian GSSP candidate (Trotter et al., 2015;
Tian et al., 2016).
These Sichuan sections with their calibrated cyclo-magnetostra-
tigraphy time scale might enable a testing of whether the proposed 
carbon-isotope signatures and other marine-based Rhaetian events 
can be recognized in terrestrial settings. At the Pignola–Abriola 
section, the Italian GSSP candidate level is about 50 cm above a 
major negative δ13C excursion of ca. 6� in organic carbon (e.g., 
Rigo et al., 2016). This has been suggested to correlate to a ca. 3�
negative excursion near the extinction of bivalve Monotis in the 
Williston Lake of British Columbia (Wignall et al., 2007). If this is 
indeed a major excursion in the global carbon system as proposed 
by Rigo et al. (2016), then the Xujiahe Formation with its abundant 
plant debris and spore-pollen assemblages would provide a superb 
test. The Xujiahe APTS enables a projected placement of such an 
excursion of δ13C of organic carbon to within a few meters in one 
cycle; therefore, if it can be recognized in these thick lacustrine-
fluvial deposits, then this will be a major reason to adopt the 
Italian GSSP option for a global definition of the Norian–Rhaetian 
boundary.

6. Conclusions

The cyclostratigraphy from high-resolution gamma-ray and 
magnetic susceptibility logs was applied to tune the magne-
tostratigraphy of the Xujiahe Formation in the Sichuan Basin of 
South China to long-eccentricity 405-kyr astronomical cycles.

(1) The combined cyclostratigraphy and magnetostratigraphy of 
the Xujiahe Formation verify the cycle-tuned magnetostratigraphy 
of the upper 6 myr of the Newark Supergroup in North Amer-
ica. The projected ages from that Newark succession are consistent 
with the general biostratigraphy and detrital zircon geochronology 
of the Xujiahe Formation, and enable the first high-resolution dat-
ing of this formation.

(2) The Xujiahe Formation in the Sichuan Basin spans 5.9 myr, 
i.e., from 207.2 Ma to 201.3 Ma at the Qilixia section.

(3) The earliest footprints of dinosaurs reported in the mid-
dle Xujiahe Formation, which are the oldest record of dinosaurs 
in South China, have a projected age of 204 Ma, or about 2.5 myr 
prior to the base of the Jurassic.

(4) The cycle-tuned magnetostratigraphy of the Xujiahe Forma-
tion and the Newark Supergroup enable a projection of the candi-
date GSSP section for the Rhaetian at the Pignola–Abriola section 
of South Italy to a precise placement within a depositional cycle 
in the Xujiahe Formation. The cooling shift into the Rhaetian re-
vealed from δ18O trends of conodont apatite from the Italian GSSP 
candidate appears to coincide with the occurrence of paleoclimate-
sensitive silicified conifer woods in the Sichuan Basin. The plant-
debris-rich Xujiahe Formation will provide a powerful future test 
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of whether there was indeed a global negative δ13Corg excursion 
that affected terrestrial ecosystems at this predicted level.
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