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a b s t r a c t

We have studied three Permian–Triassic (PT) localities from China as part of a combined magnetostrati-
graphic, 40Ar/39Ar and U–Pb radioisotopic, and biostratigraphic study aimed at resolving the temporal
relations between terrestrial and marine records across the Permo-Triassic boundary, as well as the rate
of the biotic recovery in the Early Triassic. The studied sections from Shangsi (Sichuan Province), Langdai
(Guihzou Province), and the Junggar basin (Xinjiang Province), span marine, paralic, and terrestrial PT
environments, respectively. Each of these sections was logged in detail in order to place geochronologic,
paleomagnetic, geochemical, conodont and palynologic samples within a common stratigraphic context.
Here we present rock-magnetic, paleomagnetic and magnetostratigraphic results from the three locali-
ties.

At Shangsi, northern Sichuan Province, we sampled three sections spanning Permo-Triassic marine car-
bonates. Magnetostratigraphic results from the three sections indicate that the composite section con-
tains at least 8 polarity chrons and that the PT boundary occurs within a normal polarity chron a short
distance above the mass extinction level and a reversed-to-normal (R-N) polarity reversal. Furthermore,
the onset of the Illawarra mixed interval lies below the sampled section indicating that the uppermost
Permian Changhsingian and at least part of the Wuchiapingian stages postdate the end of the Kiaman
Permo-Carboniferous Reversed Superchron.

At Langdai, Guizhou Province, we studied magnetostratigraphy of PT paralic mudstone and carbonate
sediments in two sections. The composite section spans an R-N polarity sequence. Section-mean direc-
tions pass a fold test at the 95% confidence level, and the section-mean poles are close to the mean PT
pole for the South China block. Based on biostratigraphic constraints, the R-N transition recorded at Lang-
dai is consistent with that at Shangsi and demonstrates that the PT boundary occurred within a normal
polarity chron a short distance above the mass extinction level.

In the southern Junggar basin, Xinjiang Province, in northwest China, we determined the magnetostra-
tigraphy of three sections of a terrestrial sequence. Normal and reversed polarity directions are roughly
antipodal, and magnetostratigraphies from the three sections are highly consistent. Combined bio- and
magneto-stratigraphy used to correlate this sequence to other PT sequences suggests that the previ-
ously-proposed biostratigraphic PT boundary in the Junggar sections was most likely misplaced by earlier
workers suggesting that further work is necessary to confidently place the PT boundary there.

Published by Elsevier Ltd.
1. Introduction

The Permian–Triassic boundary marks the largest mass extinc-
tion in Earth’s history when perhaps over 90% of marine life and
70% of terrestrial life was extinguished (Raup, 1979; Rohde and
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Muller, 2005). Unfortunately, good records of this period are scant
due to a near global stratigraphic break in records spanning that
time. In virtually all records of the latest Permian to earliest Trias-
sic there appears to be a lithologic change coincident with the
biostratigraphic Permian–Triassic (PT) boundary, leading to uncer-
tainties about the completeness of even the best records. Thus,
questions about the timing and duration of this mass extinction,
as well as the synchroneity of marine and terrestrial extinctions,
have proven difficult to resolve.
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The broader study, of which this is a part, entails a multidisci-
plinary paleomagnetic, 40Ar/39Ar and U–Pb isotopic-dating, bio-
stratigraphic, and chemostratigraphic study of PT boundary
sections in China that span marine-to-terrestrial paleo-environ-
ments. The aim of this research is to constrain the age and duration
of extinctions and of biologic recovery in land and marine settings,
and to determine the extent to which the end-Permian biotic crisis,
or correlative isotopic anomalies, in the sea and on land were syn-
chronous. In this paper, we report on magnetostratigraphic results
from three Chinese PT-section localities (Fig. 1) from Shangsi (Sich-
uan Province), Langdai (Guihzou Province), and the Junggar basin
(Xinjiang Province), that represent marine, paralic (terrestrial to
shallow marine), and terrestrial environments, respectively.

1.1. PT biostratigraphic boundary definition

Recent biostratigraphic work at the global stratotype and para-
stratotype sections (GSSP) for the base of the Triassic at Meishan
(Zhejiang Province, China) and Shangsi (Sichuan Province, China)
respectively, recognizes several species of the conodont genus
Hindeodus as key index species for identifying the PT boundary
and transition level (Metcalfe et al., 2001; Metcalfe et al., 2007; Ni-
coll et al., 2002). The first appearance of the Triassic species Hinde-
odus parvus is used (Yin et al., 1996) by the Subcommission on
Triassic Stratigraphy and the International Union of Geological Sci-
ences to define the boundary (Yin et al., 2001). We note that this
boundary necessarily lies stratigraphically above the mass extinc-
tion level.

Although a Global Stratotype Section has been established for
the PT boundary at Meishan, Changxing County, Zhejiang Province
China (Yin et al., 2001), recent biostratigraphic studies (Metcalfe
et al., 2007; Nicoll et al., 2002) highlight ongoing problems of pre-
cise correlation of the PT boundary. Because radioisotopic-age, and
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perhaps magnetostratigraphic controls are better constrained at
Shangsi, and because Shangsi appears to be a more complete sec-
tion, we suggest that Shangsi may represent a better type marine
record of PT boundary time than Meishan.

In the non-marine environment, the PT boundary has long been
considered by vertebrate paleontologists to be marked by the first
appearance of Lystrosaurus (e.g., Lucas, 1998). More recent work
has however demonstrated that the first appearance of Lystrosau-
rus in the Karoo basin is within a reversed magnetic polarity chron
and that the last Dicynodon occurs higher than the first Lystrosaurus
within the lower part of the succeeding normal polarity chron. The
PT boundary is interpreted to be a little higher in the sequence
within the same normal polarity chron (for further discussion see
Metcalfe et al., this issue; Lucas, this issue). At Dalongkou, Junggar
Basin, there is also an overlap between Lystrosaurus and Dicynodon,
and this, combined with evidence from palynomorphs and conch-
ostracans, suggests that the PT boundary location is still equivocal
but probably located high in the Guodikeng Formation or in the
lower part of the Jiucaiyuan Formation (see Metcalfe et al., this
issue).

1.2. Causes for PT mass extinctions

Although the late Permian to early Triassic biotic transition was
among the most dramatic events in the history of life on Earth,
there has yet to emerge a clear picture of the causes and dynamics
of this transition. Some argue that the PT boundary extinction was
rapid, perhaps resulting from some combination of volcanically
induced climate change (e.g., Courtillot et al., 1999; Courtillot
and Renne, 2003; Renne et al., 1995), oceanic anoxia due to deep-
water overturn (Wignall and Twitchett, 1996), hypercapnia (Knoll
et al., 2007), melting of gas hydrates (Krull and Retallack, 2000; Ry-
skin, 2003), large-scale marine regression and/or transgression
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(Hallam and Wignall, 1999), and/or bolide impact (Becker et al.,
2001; Hagstrum, 2005; Kaiho et al., 2001; Rampino, 1992; Xu
and Yan, 1993), although evidence for the later is scarce (Farley
et al., 2005; Glikson, 2004; Müller et al., 2005; Renne et al.,
2004a; Wignall et al., 2004).

The close coincidence of the PT mass extinction with the erup-
tion of the Siberian Traps (the main pulse of volcanism is con-
strained by 40Ar/39Ar to an age of 250 Ma; Reichow et al., 2002;
Renne, 1995) is perhaps the most compelling argument for volca-
nism as a direct causal mechanism for the PT biotic crisis. Nonethe-
less, continued and vigorous discussion of this topic indicates that
the issue has not yet been settled and highlights the need for fur-
ther research. Because marine and non-marine environments may
react at different times and in very different manners depending
on the trigger of mass extinction, the relative timing of biotic
change, isotopic shifts, and geochemical anomalies in marine and
terrestrial sections may be crucial in distinguishing between differ-
ent causal mechanisms.

1.3. Radio-isotopic age constraints on the PT boundary

Volcanic ash/clay layers were sampled at Shangsi and Langdai
sections for both U–Pb and 40Ar/39Ar radio-isotopic dating, as part
of this study. Radioisotopic results from this work are presented
elsewhere (Mundil et al., 2004) and summarized here. Zircons
and feldspars were extracted from the bentonite layers and dated
using the IDTIMS method for U–Pb analyses and for single-grain
laser-fusion 40Ar/39Ar analyses, respectively. Several U–Pb single
zircon ages (using the CA-TIMS technique, Mattinson, 2005) from
Shangsi and Meishan yield an age for the PT boundary that is
slightly older than 252 Ma and suggest the extinction event
was very rapid, spanning less than a few 100 ka (Mundil et al.,
2004). It is important to note, however, that recent studies com-
paring U–Pb and 40Ar/39Ar data from the same rocks show that
40Ar/39Ar ages are systematically younger by 1% for Mesozoic
times (the bias decreases with age), due most likely to miscalibra-
tions of the 40K decay constant and the age of the flux monitor
(Min et al., 2000; Mundil et al., 2006b). This suggests that re-
ported 40Ar/39Ar ages of �250 Myr for the PT boundary, from
the GSSP at Meishan (Renne et al., 1995) and Shangsi (Renne
et al., 2004b), and for the main pulse of the Siberian Traps (Renne
et al., 1995), are �2.5 Ma too young. Taking this systematic bias
into account, the 250 Ma 40Ar/39Ar age corresponds to a corrected
age of �252.5 Ma, in agreement with U–Pb data from Shangsi and
Meishan (Mundil et al., 2004). An age in excess of 252 Ma is in
contrast to a recent estimate of the age of the boundary of
251.0 ± 0.4 Ma (adopted by Wardlaw et al., 2004, for the most re-
cent timescale compilation) that is based on previous U–Pb age
data by Bowring et al. (1998) that have been shown to be inaccu-
rate (Mundil et al., 2001).

The only PT boundary age data from tuffs in non-marine sec-
tions come from sections in the southwestern United States and
eastern Australia that yield U–Pb ages of �252 Ma (Chang et al.,
2007; Mundil et al., 2006a). Biostratigraphic correlation with mar-
ine sections remains elusive; however, new magnetostratigraphic
data (Chang et al., 2007) in combination with these age data may
prove useful for future global correlations.

1.4. Correlating PT sections

China, which holds some of the most continuous PT sections
known, presents a unique opportunity for comparing marine and
non-marine PT sediments and assessing the timing of PT boundary
events in marine and terrestrial environments. This cannot be
done, however, without a means of precisely correlating geograph-
ically distant sections. Lithologic correlations of the boundary zone
have proven to be unreliable due to sedimentologic, tectonic,
paleogeographic, and climatic differences between sections
(Lozovsky, 1998). Biostratigraphic methods, however, promise a
more accurate means of tying together disparate sections. It has
been suggested that a reported fungal spike (Erwin, 1993) occur-
ring at several PT boundary sites followed the widespread and ra-
pid demise of vegetation at the mass extinction boundary, and
represents the proliferation of fungi on large volumes of decaying
plant matter. If so, the fungal bloom might have spanned a brief
interval (less than 40,000 yrs) following the PT boundary event
and could therefore be used to correlate marine and non-marine
sections (Steiner et al., 2003). It has been shown (Foster et al.,
2002), however, that the supposed fungal spores are likely algae
remains which could not have acted as a metaboliser of dead veg-
etation resulting from the extinction event. In fact, these fossils are
documented at stratigraphic levels ranging far from the PT bound-
ary zone (spanning several million years) and well outside the time
postulated for mass extinction, thus precluding them as marker
horizons to indicate the PT boundary or to correlate remote PT
sections.

Carbon isotope studies (e.g., Baud et al., 1989; Holser et al.,
1989; Krull and Retallack, 2000; Morante, 1996; Payne et al.,
2007; Wang et al., 1994; Wignall et al., 1998) show that a large
negative shift in stable carbon isotopes in marine and non-marine
records is associated with the PT boundary and can be used to cor-
relate PT stratigraphy and to detect hiatuses in sedimentation, par-
ticularly in marine settings. Because the character of the isotopic
excursions near the PT boundary are different in different environ-
ments and depending on the source of carbon analyzed, carbon iso-
topic studies are limited as a fine-scale correlation tool (for further
discussion, see Metcalfe et al., this issue).

Magnetostratigraphy, on the other hand, may offer the greatest
potential for correlating vastly different environments (marine and
terrestrial) that are unlikely to contain the necessary biologic, lith-
ologic, or chemical material for correlating all sections. Further-
more, a magnetic reversal, near the mass extinction level, could
provide a globally synchronous horizon for linking PT sections.

1.5. Global PT boundary magnetostratigraphy

Global magnetostratigraphic compilations of PT boundary sec-
tions (e.g., Gallet et al., 2000; Nawrocki, 2004; Steiner, 2006; Szur-
lies et al., 2003) reveal that a majority of PT records places the mass
extinction level within a reversed polarity chron or coincident with
a reversed-to-normal (R-N) polarity transition and the biostrati-
graphic boundary within the lower part of the succeeding normal
polarity chron. Nonetheless, notable discrepancies exist, with some
records placing the biostratigraphic boundary within the normal
chron slightly above the reversal boundary (e.g., Menning, 1995),
while others place it coincident with the polarity transition (e.g.,
Steiner et al., 1989).

At Meishan, the PT boundary and the mass extinction event are
placed within the normal magnetozone above the PT-proximal
reversal (Li and Wang, 1989). Some indication, however, of the
possible presence of the minerals goethite and hematite, which
commonly occur as secondary minerals that can carry post-deposi-
tional magnetizations, casts some doubt on the reliability of the
magnetic record derived from these sediments. This uncertainty
is further supported by inconsistencies between the study of Li
and Wang (1989) and more recent paleomagnetic results of Zhu
and Liu (1999), which place the boundary within a short reversed
polarity chron. The discrepancy between these two studies and
with the majority of other PT records suggests that additional de-
tailed rock-magnetic and magnetostratigraphic studies are re-
quired to determine whether a reliable paleomagnetic record can
be obtained from the Meishan section.
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Lower Triassic magnetostratigraphy has been reported by Stei-
ner et al. (1989) for sections from Sichuan Province (China) that
extend from the PT boundary to the upper part of the Lower Trias-
sic (Spathian). Their results suggest that the Early Triassic spans
nine polarity zones, the same number found for sections from
the Canadian Arctic (Ogg and Steiner, 1991). Correlation of the Chi-
nese and Arctic records, however, appears questionable based on
biostratigraphy alone.

Numerous studies spanning the Late Permian (e.g., Haag and
Heller, 1991 – Pakistan; Khramov, 1974 – Ural Mountains; Moli-
na-Garza et al., 1989 – northern Texas) consistently reveal that
the Late Permian spanned several (5–7) normal polarity chrons.
None of these studies, however, adequately constrain the age of
the Permo-Carboniferous Reversed Superchron (PCRS). The PCRS,
also called the Kiaman Superchron, is a 40 m.y.-long period of
dominantly reversed polarity that ended sometime in the Late
Permian with what has been called the Illawarra reversal (Irving
and Parry, 1963); a feature that is commonly used to correlate
Permian sections. Despite the obvious importance of a well-con-
strained age for this reversal, no reliable ages spanning it have
been obtained to date for correlation purposes.

The work presented here represents the first multi-disciplinary
approach to map the chronostratigraphy of biotic, isotopic and
chemical changes across the PT using magnetostratigraphy and
radioisotopic geochronologic methods. Furthermore, because this
work involves sampling of some of the most continuous PT bound-
ary sections in marine, terrestrial and paralic environments, it has
the unique potential to address the relative timing of onshore and
offshore changes.
2. Methods

2.1. Sampling

Most samples (taken using a gasoline-powered drill) were ori-
ented using magnetic and sun compasses. Cores of 2.5 cm diameter
were later cut into 2.2 cm long specimens for performing paleo-
and rock-magnetic measurements. In less consolidated material
that was difficult to drill, hand samples were taken and oriented
with a magnetic compass. Hand samples were later sub-sampled
in the laboratory to yield 1 cm3 cubic specimens for measurement.
Sampling density within each section varied depending on the
quality of the outcrop and the position within the section. In gen-
eral, finer-grained material was preferentially sampled and the
highest density sampling performed near the expected PT
boundary.

2.2. Rock magnetic measurements

Rock magnetic measurements were made to aid interpretations
of sample demagnetization behavior, constrain the magnetic min-
eralogy, and assess the quality of magnetic records. We performed
susceptibility versus temperature (K–T), isothermal remanent
magnetization (IRM), and Lowrie 3-axis IRM/thermal demagneti-
zation experiments (Lowrie, 1990) using facilities at U.C. Santa
Cruz (UCSC) and the Berkeley Geochronology Center (BGC). Low-
field magnetic susceptibility versus temperature (25-700�C) exper-
iments were made on powdered samples (from all three localities)
in argon with an AGICO KLY-2 Kappabridge equipped with a CS-2
furnace. A Princeton Instruments MicroMag AGFM was utilized
for some isothermal remanent magnetization (IRM) acquisition
experiments that were performed on small (�200 mg) rock chips
(from Shangsi and Langdai localities). We also performed IRM
experiments on whole (11 cm3) specimens (from Shangsi and
Junggar localities) using an ASC Scientific (ASC) impulse magne-
tizer. We determined Curie temperatures from our K–T data using
the technique of Prevot et al. (1983). Rock magnetic results are pre-
sented in Appendices A and B.

2.3. Remanent magnetization

Remanent magnetization measurements were made in shielded
rooms at the BGC and UCSC paleomagnetism laboratories using 2G
Enterprises cryogenic magnetometers. We applied both stepwise
thermal (the principal method applied) and alternating field (AF)
demagnetization (generally consisting of more than 15 steps) to
samples to determine characteristic and overprint components of
magnetization. AF demagnetizations were performed with 2G
two-axis and Sapphire Instruments AF demagnetizers, and thermal
demagnetizations were carried out in air in ASC and UCSC-in-
house built shielded furnaces. In general, we found very good
agreement between AF and thermal results, though thermal
demagnetization was generally more effective for removing strong
present day field (PDF) overprints and for revealing high-stability
secondary overprints.

Characteristic components of magnetization (ChRM) were de-
rived using least squares principal component analysis (Kirschvink,
1980). For the determination of mean paleomagnetic directions
and confidence circles, we used Fisher (1953) statistics as modified
by McFadden and McElhinny (1988) for the inclusion of great circle
data. Fold tests were applied following the method of McFadden
(1990) and reversal tests following the method of McFadden and
McElhinny (1990).

2.4. Polarity determination

Sample characteristic remanent directions for the stable end-
point magnetizations were determined by fitting lines to at least
three successive demagnetization steps. We determined polarity
from the great circle demagnetization data by fitting great circles
to at least three points of the demagnetization data and determin-
ing if that great circle path, with increasing levels of demagnetiza-
tion, trended toward the expected normal or reversed polarity
direction.

Depending on the strength of the overprints and stability of the
primary magnetizations, the demagnetization results were divided
into three groups: stable endpoint magnetizations, great circle
trends, and unstable or completely overprinted magnetizations.
Sample magnetization data were accepted or rejected based on
the criteria discussed below.

Although many of the samples yielded good quality data that al-
lowed a straightforward determination of polarity, determining
polarity from some samples was difficult due to unstable magneti-
zations, complete PDF overprints, or strong high-stability second-
ary overprints. Samples with clearly unstable demagnetization
behavior were simply discarded. Determining which of the data
were excessively influenced by the present field or by high-stabil-
ity secondary overprints was more difficult, as there is a variable
degree to which these magnetization directions succeed in reach-
ing the expected PT direction. To determine if sample data were
usable, we considered the angular distance between best-fit direc-
tions or great circles, and PDF and PT reference directions [i.e., ref-
erence directions of Yang and Besse (2001) for Shangsi and Langdai
localities, and Nie et al. (1993) for the Junggar locality]. We consid-
ered directions to be excessively influenced by secondary over-
prints and did not use them to determine locality mean
directions and magnetostratigraphy, if (1) best-fit directions (or
the last point used to fit great circles) were within an angular dis-
tance (A) from the PF direction (where A is 25% of the angular dis-
tance between PF and expected direction) and, (2) if great circles
did not trend to within 25� of the expected direction. Some sam-
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ples for the Shangsi sections that did not fully meet these criteria,
but which we still considered may yield reliable information on
sample polarity, were used to help guide interpretion of section
magnetostratigraphies.

3. Shangsi marine sections, Sichuan Province

At Shangsi, northern Sichuan Province, in the Longmenshan
Indosinian folded zone of the Qinling fold system, we have sam-
pled two nearby parallel sections, and a third section that lies
within the opposing limb of an anticline (Fig. 2). Earlier magneto-
stratigraphic studies at Shangsi indicate that the locality contains
at least six polarity chrons and that the PT boundary likely corre-
sponds with, or shortly precedes, an R-N polarity transition (Heller
et al., 1988; Steiner et al., 1989). These earlier studies, however,
lacked both a fold test and multiple sections that could corroborate
the magnetostratigraphic results and test the reliability of rema-
nence. In addition, because these studies did not sample a 3 m zone
of friable, silty sediments occurring immediately above the extinc-
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tion level, they were unable to determine the precise position of
the boundary with respect to the nearby polarity reversal. The
present study involves detailed paleomagnetic sampling of multi-
ple sections to address lingering questions regarding the reliability
of the magnetostratigraphic record, and to accurately place mag-
netostratigraphic, biostratigraphic, geochronologic and chemo-
stratigraphic samples within a common stratigraphic and
temporal framework.

3.1. Geologic setting

Some of the most continuous marine records of the PT boundary
occur at Shangsi, where the Wujiaping, Dalong and Feixianguan
formations comprise a sequence of marine limestones and shales
that span the late Permian and early Triassic (Lai et al., 1986b,
1996; Wignall et al., 1995; Yang et al., 1987). These sediments,
which were deposited on the Yangtze platform, presently crop
out in the Longmenshan Indosinian folded zone of the Qinling fold
belt along the northern margin of the Yangtze block (Figs. 1 and 2).
Daan

Baishui

Guangyaun

Ningqiang
Yanzibian

Wu-tung-yuan

106°

106°

33°

32°

1 km

Ordovician

Silurian

Devonian-Carboniferous

lower Permian

upper Permian

Lower Triassic

Upper-Middle Triassic

Jurassic

Cambrian

}

06

ection labels refer to SHR – Road section, SHC – Creek section (main), and SHN –
of a northeast-trending anticline. Section SHN lies to the northwest on the opposing



526 J.M.G. Glen et al. / Journal of Asian Earth Sciences 36 (2009) 521–540
The PT biostratigraphic boundary has been placed approximately
1 m above the boundary between the Dalong and Feixianguan for-
mations (Lai et al., 1996). Recent conodont biostratigraphic studies
and graphic correlation suggest a similar placement (Metcalfe
et al., 2007).

The Wujiaping Formation (58 m thick), which comprises the
lower portion of the Shangsi stratigraphy, consists primarily of
thick-bedded limestones and is marked by a coal seam at its base.
The overlying Dalong Formation (42 m thick) comprises medium-
bedded limestones overlain by thin interbeds of limestone and
shale. The Feixianguan Formation (61 m of sampled section) has
an 8 m thick zone of mudstone and shale at its base, which con-
tains the PT boundary interval, and overlying medium to thinly
bedded limestones, micritic limestones, shales and marl. For a de-
tailed stratigraphic description of the Shangsi locality, see Metcalfe
et al. (2003) and Metcalfe and Nicoll (2007).

We sampled three sections of the Shangsi stratigraphy that pro-
vide duplicate parallel sequences and the possibility of performing
a fold test. The main section, exposed in a creek bed at Shangsi near
the city of Guangyuan, is situated on the southeast limb of an anti-
cline trending 40o (SHC, Fig. 2). A parallel though less complete
section, sampled along a road �25–150 m above the main section
(SHR, Fig. 2), coincides with sampling performed by previous work-
ers (Heller et al., 1988; Steiner et al., 1989). The third, apparently
condensed, section having a lower accumulation rate was taken
�3.5 km to the northwest on the opposing limb of the anticline
(SHN, Fig. 2).

We sampled at roughly 1 m intervals throughout the sections,
and more closely near the boundary, collecting a total of 286 cores
and nine oriented hand samples from the three sections that span
over 170 m of composite stratigraphy from the base of the Wujia-
ping Formation up through the Feixianguan Formation. Oriented
hand samples were taken from a poorly consolidated clastic zone
of silt and mudstones lying immediately above the mass-extinc-
tion level. This was necessary because the sediment was too friable
to sample by drilling, which most likely accounts for why previous
sampling efforts by Heller et al. (1988) and Steiner et al. (1989) did
not recover material from these lowermost Triassic detrital
sediments.

Average dips of the beds were 48� and 46� for the northwest
and southeast limbs respectively. Within a <20 m deformed zone
in the Feixianguan Formation, however dips varied significantly
from the section mean, ranging from 16� to 64�. The overall strike
of beds is 40� and 223� for the northwest and southeast limbs,
respectively.

3.2. Biostratigraphy

Biostratigraphic studies of the Shangsi sections (Metcalfe et al.,
2007; Nicoll et al., 2002) indicate that the first occurrence of Hinde-
odus parvus is 4.5 m above the major lithologic boundary between
Dalong and Feixianguan formations that marks a disruption of car-
bonate deposition by the accumulation of siltstones and mud-
stones. The occurrence of Hindeodus chanxingensis Wang, and
graphic correlation however suggest that the PT boundary lies clo-
ser (within 1 m) to the formation boundary (Metcalfe et al., 2007).
The transition from carbonate to mud deposition also corresponds
with the stratigraphically highest observed typical Permian fauna,
and with what is believed to be the mass extinction level. Limited
conodont control suggests that the northwest limb lies entirely
above the biostratigraphic boundary.

3.3. Rock magnetic results

The majority of the Shangsi samples are weakly magnetic and
have low initial magnetic susceptibilities [average natural
remanent magnetization (NRM) magnetization was 1.83 �
10�4 A/m, and average initial susceptibility was 1.9 � 10�5 SI].

K–T data often show flat heating curves up to 350–400 �C, fol-
lowed by a bump in susceptibility that peaks in the range of
350–550 �C (Appendix A1). Significant drops in susceptibility, with
inflections between 550 and 580 �C suggest the presence of mag-
netite. Cooling curves generally display large increases in suscepti-
bility that indicate chemical reactions occur upon heating, due
likely to the oxidation of pyrite to magnetite. AF-demagnetization
results reveal that the majority of samples have a magnetic miner-
alogy dominated by a soft magnetic mineral. Data from Lowrie 3-
axis IRM thermal demagnetization experiments indicate that
sample magnetizations reach substantial saturation at low applied
fields (0.12 T) and that remanence is dominated by a low-coerciv-
ity, high intensity magnetization mineral, such as titanomagnetite,
that is largely destroyed by 550 �C (Appendix B1). Below 450 �C,
directional data from these tests show that the composite magne-
tization direction of these artificially magnetized samples
remained close to the direction of the softest IRM axis.

Medium bedded limestones and thin interbedded limestone
and mudstone units within the Dalong Formation contain organic
material that may have formed in place or was derived elsewhere,
such as the coal seam at the base of the sampled portion of the
Wujiaping Formation, and subsequently migrated into the bedded
units higher in the section. In either case, reducing conditions asso-
ciated with petroleum formation may have effected the remanence
signal in this portion of the section. Indeed, the majority of samples
that yielded directions which were considered unreliable (see dis-
cussion below) came from this part of the stratigraphy.

Titanomagnetite is most likely the primary carrier of magneti-
zation. It is therefore likely that the sediments carry a stable pri-
mary remanence. However, a significant presence of pyrite in
some samples, especially low in the stratigraphic section, is of
some concern as it could reflect post-depositional reduction
accompanied by the destruction of primary magnetic carriers like
magnetite and even the generation of new magnetic material in
the form of iron sulfides. Iron sulfides, such as greigite or pyrrho-
tite, may indeed be present as a second phase characterized by
moderate to high coercivities and moderate unblocking tempera-
tures (300–400 �C).

3.4. Magnetic remanence results

We applied stepwise thermal demagentization consisting of
roughly 15 steps in order to determine characteristic components
of magnetization. Results from the parallel sections are in close
agreement, and confirm the principal magnetozones of Heller
et al. (1988), indicating that the magnetostratigraphy can be reli-
ably reproduced within the section.

In order to determine the magnetic stratigraphy, we stepwise
AF and thermally demagnetized over 300 specimens from the three
sections. AF and thermal demagnetization yielded similar results,
but thermal demagnetization was generally more effective at
removing secondary overprints. Natural remanent magnetization
directions from all sections cluster around the PDF direction in
geographic coordinates and scatter after applying a bedding cor-
rection (Appendix C1), indicating that the NRM directions reflect
the presence of a post-folding PDF overprint.

Although sample magnetizations carry, in some cases, a signif-
icant overprint component, both normal and reversed stable end-
points were isolated from samples in all three sections. In many
cases, however, directions had to be inferred from great circle
analysis.

Demagnetization data reveal that a presumably viscous over-
print of north and down disappeared by between 200 �C and
250 �C, after which sample magnetizations of both polarities
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decayed linearly toward the origin (Appendix D1) up to between
300 �C and 400 �C. Above 450 �C to 500 �C, these magnetizations
often became unstable or trended toward anomalous directions.

We limited our interpretation of the sample demagnetization
data to the range below which spurious magnetizations are ob-
served (�400 �C) due to an unstable primary remanence or chemi-
cal alterations. The stable endpoint directions determined from the
sample data below this temperature appear to be primary direc-
tions since, as discussed below, they are consistent with the PT
direction derived from the reference pole for the South China block,
and reversed and normal polarity directions are roughly antipodal.

Based on the criteria and methods discussed above, we ac-
cepted and determined polarity from 114 of the 301 measured
samples (Appendix G1). While many of the Shangsi samples al-
lowed a straightforward determination of polarity, some, particu-
larly from the lower portion of the sampled stratigraphy, yielded
spurious results. Samples, from a roughly 30 m zone in the lower
half of the sampled of section, containing significant amounts of
organic material yielded directions that were unstable or close to
the present or geocentric axial dipole field direction, suggesting
that they had undergone post-folding remagnetization, likely asso-
ciated with the presence of hydrocarbons.

Secondary overprinting, though varied, was observed to some
degree at horizons scattered throughout the section, often leading
to demagnetizations that failed to fully reach the expected PT
direction. In these cases polarity determinations were made from
demagnetization curves based on a comparison of the expected
PT direction derived from the reference pole for the South China
block (Yang and Besse, 2001).

In the majority of cases where sample magnetizations did not
attain stable endpoints, magnetization data did, however, trend
along stable two-component great circles between the PDF over-
print direction and a ChRM that is consistent with the expected
PT direction (Appendix E1). In general, these great circle magneti-
zations were stable over a temperature range similar to those mag-
netizations that attained stable endpoints (350–450 �C). In
addition, the great circle paths roughly trend toward the same
directions that were attained by the stable endpoint magnetiza-
tions discussed above (Fig. 3).
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Fig. 3. (A) Stereonet showing sample directions (black) and section means (red) for the
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Samples that displayed unstable behavior during demagnetiza-
tion or were significantly overprinted by the present-day field
were considered unreliable and were not used for polarity deter-
minations. Samples from the Dalong Formation that contained sig-
nificant organic material, generally had lower NRM intensities and
lower initial susceptibilities perhaps rendering them more suscep-
tible to PDF overprints. Additionally, the oxidation of pyrite to
magnetite may be responsible for the spurious demagnetization
behavior observed in some cases, as this reaction disrupted the
sample magnetizations before they attained stable endpoints.

We accepted demagnetization data, which included stable
endpoint magnetizations and great circle trends, from 42 sam-
ples. An additional 35 samples, yielding great circle trends that
did not fit the full selection criteria but displayed distinctive
trends towards either the normal or reversed expected PT direc-
tion, were used to help determine polarity. The remainder of
the data was discarded due to unstable demagnetization behav-
ior, complete present field overprints, or other high-stability sec-
ondary overprints.

Accepted line and great circle fits to the demagnetization data
(Appendices F1, G1, H1) were combined to yield mean normal
and reversed directions that are roughly antipodal. A fold test per-
formed on mean directions from both primary (SHC&SHR, Fig. 2)
and alternate (SHN, Fig. 2) sections, however, was inconclusive
due to the fact that the shallow northeast ChRM lies very close
to the trend of the regional fold axis. Nonetheless, directions and
great circles (Fig. 3, Appendix F1), and the Shangsi locality mean
(Appendix I) are consistent with previous results for the Perm-
ian–Triassic South China block (Yang and Besse, 2001), suggesting
that the paleomagnetic directions from Shangsi that passed the
selection criteria for inclusion are reliable, and consistent with
the sediment remanence representing a primary magnetization ac-
quired during or soon after deposition.

3.5. Magnetostratigraphy

Magnetostratigraphic results from parallel sections are in gen-
eral agreement (Fig. 4), and mostly confirm the principal magne-
tozones of Heller et al. (1988). Some differences between our
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results and those of Steiner et al’s. 1989 and Heller et al’s. (1988)
may be ascribed to the differences in the treatment of samples
performed in the various studies, the effects of incomplete re-
moval of overprints, and some ambiguities in correlating sample
positions. A general agreement of the various studies, however
seems to indicate that the magnetostratigraphy for the most part,
is reliably reproduced within the section (Fig. 5). Given this gen-
eral consistency, we believe that the data selection criteria effec-
tively exclude low-stability magnetizations and strong secondary
overprints, and that secondary overprints associated with the
remaining samples do not significantly limit our ability to deter-
mine their polarity.

The magnetostratigraphic correlation of the two nearby, paral-
lel (southern) sections was corroborated by tracing stratigraphic
units between sections. Correlating these with the third (northern)
section located several miles away was more difficult due to the
lack of exposure of the PT boundary in that section. Based on the
general character of lithologic units, and on an estimate of the
stratigraphic distance to the basal coal bed, which was exposed
in a nearby mine, we correlated the normal-to-reversed polarity
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transition in this section with that in the uppermost part of the
main section (Fig. 4). This correlation is consistent with the limited
biostratigraphic control that was recovered from high in the se-
quence from both southern and northern sections, where sufficient
numbers of conodonts of the species of Isarcicella [samples 44
(112.5 m) and 47 (129 m) in the main southern section, and sam-
ple SHN/C-1 (22 m) in the northern section] confirm that the entire
sampled sequence from the northern section lies above the bio-
stratigraphic boundary.

The composite section spans a sequence of at least eight princi-
pal polarity chrons (Fig. 4) and shows that the onset of the Illa-
warra mixed interval lies below the measured section (which
extends 50 m below the previous study of Heller et al., 1988) indi-
cating that the uppermost Permian Changhsingian and at least part
of the Wuchiapingian stages postdate the end of the PCRS. Further-
more, given the new age data from Shangsi (Mundil et al., 2004), it
can be concluded that the age of the Illawarra reversal marking the
end of the PCRS is older than 260 Ma.

As mentioned above, the PT biostratigraphic boundary occurs
within a normal polarity chron, 5 m above the inferred mass
extinction level at the base of the clastic zone. Results from hand
samples taken from the clastic zone lying immediately above the
mass-extinction boundary indicate that at Shangsi, the onset of
an R-N polarity transition is indistinguishable (within 50 cm)
from the bio- and litho-stratigraphic boundary. This coincidence
of magneto- and bio-stratigraphic boundaries will likely play a
key role in interpreting how terrestrial and marine sections
correlate.



530 J.M.G. Glen et al. / Journal of Asian Earth Sciences 36 (2009) 521–540
4. Langdai sections, Guihzou Province

Near Langdai (NW Guizhou Province in the South China block),
terrestrial to shallow marine (paralic) mudstone and carbonate
sediments that span the PT boundary were sampled in two sec-
tions situated on opposing limbs of an anticline, located �10 km
apart. We sampled in detail near the inferred PT boundary at the
Langdai sections to identify the R-N polarity transition found at
or near the PT boundary in several marine sections (e.g., Heller
et al., 1995, Fig. 1). High-resolution isotopic dating on ash layers,
as well as biostratigraphic investigations in this section, are also
being undertaken to aid correlations between the sections and to
help constrain the timing of the PT biotic crisis.

4.1. Geologic setting

The Permian–Triassic Langdai sediments comprise a sequence
of paralic sediments that outcrop near Langdai in northwest Guiz-
hou Province in the South China block (Figs. 1 and 6). These sedi-
ments were subsequently folded probably sometime in the
Jurassic (Yang and Besse, 2001).

The sediments from the Langdai sections consist of interbeded
green, tan, grey, and brown sandstones, siltstones, mudstones
and shales. In the Guizhou area, the upper Permian and lower Tri-
assic belong to the Xuanwei Formation, which is overlain by the
fresh lake-swamp facies (clastics+coal) 
fresh lake-swamp facies

seamarsh
littoral facies 
(clastics+coal)

lit
(cl
+c

land
Tan

Zh

Weining

Shuich

Panxian

Xuanwei
Dongchuan

Fuyuan

104°

104°

103°

103°

26°

54321

west

Dongchuan Fm
Kayitou Fm

Xuanwei Fm

Shuic

Emeishan basalt

Lungtan F

Ye

Xuanwei

Sichuan-Yunnan old land

Dongchuan

Fig. 6. Index map showing the location of sampled Langdai sections (Zhongzhai and T
province boundaries (dashed grey line), and facies boundaries (blue lines). Lower panel s
Units include: (1) landmass; (2) sandstone and/or siltstone; (3) mudstone and/or shale; (
et al. (2005). (For interpretation of the references in colour in this figure legend, the rea
Lower Triassic Kayitou Formation. For a detailed paleogeographic
and stratigraphic description of the PT sections in the Ghuizou
province, see Peng et al. (2005).

Two sections were sampled (involving over 100 oriented cores,
in total) to provide a fold test and duplicate magnetostratigraphies.
The first section, at Zhongzhai, is located �7.5 km northwest of
Langdai within the northeast limb of a northwest-trending anti-
cline with dips on the order of 20–30�. For detailed stratigraphic
logs of the Zhongzhai section, see Metcalfe and Nicoll (2007). The
second section, at Tanghaishui, located �3.5 km west-southwest
of Langdai and �7 km south-southeast of Zhongzhai, occurs within
the northwest limb of a second northwest-trending anticline dis-
playing dips of 40–50�. The PT boundary is present in the Zhongz-
hai section but not at Tanghaishui. The two sections are correlated
by bio- and litho-stratigraphy.

4.2. Biostratigraphy

Macrofaunal, palynoflora, and conodont faunas from the Lang-
dai sections indicate the PT boundary lies between two sampled
volcanic ash/clay layers (Metcalfe and Nicoll, 2007; Peng et al.,
2005) at 6.23 and 6.38 m from the base of the measured section
at Zhongzhai (Fig. 8). The PT boundary is unequivocally determined
as occurring between these two ash beds by two conodont faunas
in limestone beds immediately below and above which contain
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typical latest Changhsingian and basal Triassic (with H. parvus)
conodonts. The mass extinction level is placed at the top of a
50 cm thin dark grey shale with Changhsingian brachiopods and
the R-N polarity transition determined here occurs within this
mudstone (Metcalfe and Nicoll, 2007).

4.3. Rock magnetic results

Both Langdai sections yield similar rock magnetic characteris-
tics. The majority of samples, regardless of their individual lithol-
ogy, have a magnetic mineralogy dominated by titanium-poor
titanomagnetite with minor ilmenohematite. Average NRM inten-
sities and magnetic susceptibilities were 1.5 � 10�1 A/m, and
6.6 � 10�3 SI units, respectively. Thermomagnetic susceptibility
(K–T) curves, for the majority of samples, generally show a steep
drop in susceptibility around 550 �C to 580 �C (Appendix A2). We
interpret the steep drop as the Curie temperature of low-Ti titano-
magnetite, while the persistence of some susceptibility above
600 �C suggests the presence in some cases of ilmenohematite.
AF demagnetization to 100 mT did not completely demagnetize
these samples, further suggesting the presence of a high coercivity
component such as ilmenohematite and/or goethite. Reflected
light microscope observations reveal detritial magnetite grains,
with ilmenite lamellae exsolutions, that range in size from 1 to
45 lm.

The rock magnetic results (Appendix A1) and petrological
observations discussed above suggest that titanomagnetite, the
most likely primary carrier of magnetization in these types of sed-
iments, dominates the sample remanences such that these samples
should be good paleomagnetic recorders. The remanence data are
consistent with this conclusion, as most of the samples from these
sediments yield stable endpoint magnetizations or stable two-
component great-circle magnetizations. The presence of ilmenohe-
matite and goethite is of concern, as it probably carries a secondary
remanence, but the majority of data presented below indicate that
the effects of this component on our polarity determinations are
minor. Large increases in susceptibility observed in some K–T
curves upon cooling from 700 �C (Appendix A2, C and F) as well
as ‘bumps’ in curves upon heating, in the range of 300–400 �C
(Appendix A2, A and D), suggest the presence and alteration of iron
sulfides.
A 0

180

270

presen

referen

geographic

Fig. 7. Stereonets showing the Langdai sample directions of magnetization before (A) an
(star) and the reference direction (square) with its associated 95% confidence limit fo
hemisphere.
4.4. Magnetic remanence results

In order to determine the magnetic stratigraphy, we measured
and stepwise AF and thermally demagnetized 83 samples from
the two Langdai sections. Natural remanent magnetization direc-
tions from all sections cluster around the PDF direction in geo-
graphic coordinates (Appendix C2) and scatter after bedding
correction, indicating that the NRM directions reflect a post-folding
PDF overprint.

Thermal demagnetization was the most effective technique for
removing overprints (Appendices D2, E2). A presumably viscous,
PDF overprint of north and down disappeared between 150�C
and 400�C (typically below 250�C). A high stability component that
decayed linearly toward the origin was revealed in nearly 80% of
the samples. These characteristic remanent components were typ-
ically isolated between 450 �C and 600 �C. The stable endpoint
directions determined from the demagnetization data appear to
be primary PT directions, as the mean section directions (Fig. 7)
pass a fold test.

Roughly 20% of all samples were seriously effected by strong,
unremoved overprints. All reversed directions in the Zhongzhai
section were obtained using great circle analysis (Appendix F2).
In general, these great circle magnetizations were stable over a
temperature range similar to that for which characteristic direc-
tions were isolated in samples yielding stable endpoint magnetiza-
tions (450–500 �C) though, in some cases above 450 �C to 500�C,
magnetizations became unstable or trended toward anomalous
directions. Applying the data selection criteria discussed earlier,
we accepted polarity determinations from 84% of the 83 samples
measured. For a summary of the accepted data, see Appendix G2.

Section-mean directions pass a fold test at the 95% confidence
level, and normal and reversed directions are roughly antipodal.
Furthermore, the Langdai locality mean direction lies close to the
reference PT direction of Yang and Besse (2001). We consider these
results to indicate that the Langdai data reflect reliable pre-folding
primary PT magnetizations.

4.5. Magnetostratigraphy

Sample polarities were determined from these data to yield sec-
tion magnetostratigraphies listed in Appendix G2 and shown in
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d after (B) applying bedding corrections. Also shown are the present field direction
r the South China block (Yang and Besse, 2001). Open symbols are on the upper
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Fig. 8. The magnetostratigraphies of the two sections are consistent
with the biostratigraphic correlation and with reasonable
estimates of expected deposition rates. The two section magneto-
stratigraphies are consistent and result in the composite magnet-
ostratigraphy shown in Fig. 8. The composite section spans an R-
N polarity sequence.
5. Junggar terrestrial, Xinjiang Province

Lacustrine-fluviatile sedimentary sections from the southern
Junggar Basin in the northern Bogda Shan foothills of Xinjiang
Province, NW China, are believed to represent some of the best ex-
posed and most complete PT-boundary terrestrial sequences in the
world. We have sampled three duplicate sections for magnetostra-
tigraphy believed to span the non-marine sequence of the Cangf-
anggou group from the late Permian to early Triassic. Two of the
sections were taken from opposing limbs of an anticline, while
the third was sampled some 100 km away.

The focus of this study was to locate the end of the nearest siz-
able reversed chronozone to the inferred biostratigraphic bound-
ary of Ouyang and Norris (1999). This R-N polarity transition has
been found at or near the PT boundary in several marine and con-
tinental sections (e.g., Gallet et al., 2000; Nawrocki, 2004; Szurlies
et al., 2003) and, in combination with a good biostratigraphy of the
section, could provide a robust correlation of this sequence to the
marine sequence.

5.1. Geologic setting

The Cangfanggou group is a sequence of lacustrine to fluvial sed-
iments that outcrop along the southern margin of the Junggar basin
(Figs. 1 and 9). These sediments supposedly accumulated in and
around a large lake that covered much of the ancestral basin (Car-
roll, 1998); they were subsequently folded and exposed during
the most recent stage (roughly 5 Ma) of uplift along the Tien Shan
(Avouac et al., 1993). Ouyang and Norris (1999), argue that sedi-
mentation of this group was continuous through the PT boundary.
Based on a combination of their own palynologic data and the pale-
ontologic data of Li et al. (1986a), they placed the PT biostratigraphic
boundary within the Guodikeng Formation, thirty meters below the
Guodikeng-Jiucaiyuan lithologic boundary. Previous paleomagnetic
studies of the Cangfanggou group include two tectonic studies (Nie
et al., 1993; Sharps et al., 1992) and one magnetostratigraphic study
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(Li et al., 1981), none of which have the stratigraphic resolution nec-
essary for the precise correlation that we seek.

Three sections of this sequence were sampled for this study. The
first two sections (Dalongkou North and Dalongkou South) were on
the north and south limbs of the steeply dipping Dalongkou anti-
cline, 20 km west of Jimsar (Fig. 9). The third section, Lucaogou,
was taken in an overturned monocline located 20 km east of Uru-
mqi (Fig. 9). We loosely correlated the three sections based on a
few sharp lithologic boundaries. Dips of the beds were steep to
overturned: Dalongkou north limb attitudes varied between 70�

and 83� to the north, Dalongkou south limb attitudes varied be-
tween 55� and 125� to the south, and Lucaogou attitudes were all
roughly 115� to the northwest.

Sampling for the present study spanned the lower Wutonggou
Formation, through the overlying Guodikeng Formation, and into
the lower Jiucaiyuan Formation. Lithologically, the late Permian
(P2) Wutonggou Formation comprises several thick beds of fine
to medium-grained tan sandstones with brown mudstone inter-
beds. The transitional (P2 � T1) Guodikeng Formation comprises
friable brown laminated mudstones and small intervals of green,
grey, tan, and purple sandstones, siltstones, and shales. The Jiucaiy-
uan Formation, where sampled, is characterized by thick beds of
light colored sandstones interbedded with brown mudstones. For
a more detailed stratigraphic description of these sections, see
Metcalfe et al. (this issue).

5.2. Biostratigraphy

The placement of the PT boundary at Dalongkou and Lucaogou
on biostratigraphic criteria is equivocal. However, available bio-
stratigraphic, chemostratigraphic and palaeoclimatic data (see
Metcalfe et al., this issue) suggests that the PT boundary is located
high in the Guodikeng Formation or even as high as the basal Jiu-
caiyuan Formation at Dalongkou. An overlap of the Upper Permian
Dicynodon and Lower Triassic Lystrosaurus vertebrate fossil assem-
blages suggests the boundary is at or higher than the last appear-
ance datum (LAD) of Dicynodon (at �180 m above the base of the
Guodikeng Formation) in the uppermost Guodikeng. This place-
ment is supported by conchstracan biostratigraphy (Metcalfe
et al., this issue).

As part of a companion study, palynomorphs have also been
studied. Samples from this study yielded far more palynomorphs
than any previous study and three palynomorph assemblages have
been recognized (Metcalfe et al., this issue). The upper assemblage,
characterized by Lundbladispora foveota, Pechorosporites disertus
and Otynisporites eotriassicus includes both typical Permian and
Triassic forms and a high proportion of abnormal pollen grains
indicative of severe climatic conditions (Foster and Afonin, 2005).
It is interesting to note that despite high palynomorph yields and
large numbers of samples, the key Early Triassic form Aratrisporites
was not recovered suggesting that earlier accounts (Ouyang and
Norris, 1999), which indicate its presence in the upper Guodikeng
Formation, may not be reliable. Furthermore, while Otynisporites
mostly occurs in the uppermost Permian, and is generally re-
stricted to the latest Permian, it has been found (Greenland, Wor-
die Creek Formation, Jameson Land – Foster and Afonin, 2005)
several meters above the first appearance of Hindeodus parvus in
the Lower Triassic. Their occurrence, therefore, does not necessar-
ily indicate a Permian age. Palynomorphs therefore do not allow
for an accurate placement of the mass extinction level in the sec-
tions at present (Foster et al., 2002). In summary, the PT boundary
lies – conservatively reckoned – somewhere in the uppermost part
of the Guodikeng Formation, or lower part of the overlying Jiucaiy-
uan Formation.
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5.3. Rock magnetic results

Data from all of the Junggar sections indicate the presence of
titanomagnetite, though distinct differences between the forma-
tions was evident in IRM acquisition curves, Lowrie experiments,
and certain K–T curves (Appendices A3, B2). Average NRMs were
1.03 � 10�1 A/m, 3.29 � 10�2 A/m, and 1.2 � 10�2 A/m for Guodik-
eng, Jiucaiyuan, and Wutonggou formations, respectively. Average
initial susceptibilities were 2.8 � 10�3 SI, 7.1 � 10�4 SI, and
6.9 � 10�4 SI for the Guodikeng, Jiucaiyuan, and Wutonggou for-
mations, respectively.

The majority of samples from the Guodikeng and Jiucaiyuan for-
mations have a magnetic mineralogy dominated by Ti-poor titano-
magnetite with minor ilmenohematite and less common
titanomaghemite. Thermomagnetic susceptibility (K–T) curves
generally show a steep drop in susceptibility between 520 �C and
580 �C, followed by a small tail of susceptibility up to 680 �C
(Appendix A3). We interpret the steep drop as reflecting the Curie
temperature of low-Ti titanomagnetite. However, the persistence
of some sample remanence above thermal demagnetization to
600 �C and above AF demagnetization to 200 mT, as well as ferro-
magnetic susceptibility up to 680 �C, suggests the presence of
ilmenohematite. A few samples from the Guodikeng Formation
(not shown) display a small irreversible bulge in susceptibility
between 150 �C and 450 �C that probably indicates titanomaghe-
mite that inverted during heating. Data from IRM acquisition
experiments corroborate the dominance of titanomagnetite and
presence of ilmenohematite; sample magnetizations reach sub-
stantial saturation at low applied fields (0.1 T, Appendix B2), fol-
lowed by small increases in magnetization at higher fields. Data
from 3-axis IRM thermal demagnetization experiments (Appendix
B3) show a low-coercivity, high intensity magnetization that is lar-
gely destroyed by 550 �C (probably titanomagnetite) and a high
coercivity, low intensity magnetization that persists up to higher
temperatures (probably ilmenohematite).

The rock magnetic results discussed above suggest that titano-
magnetite, the most likely primary carrier of magnetization in
A
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present field
reference dir

0
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geographic

Fig. 10. Stereonets showing the Junggar sample directions of magnetization (A) before, a
(star) and the normal and the reversed reference directions (square) with its associated 9
upper hemisphere.
these types of sediments, dominates the sample remanences such
that these samples should be good paleomagnetic recorders. The
remanence data are consistent with this conclusion, as most of
the samples from these formations yield stable endpoint magneti-
zations or stable two-component great-circle magnetizations. The
presence of ilmenohematite is of concern, as it probably carries a
secondary remanence, but the majority of data presented below
indicate that the effects of this component on the polarity determi-
nations are minor.

Wutonggou samples showed unusual K–T behavior (Appendix
A3, E and F) that was not observed in either Guodikeng or Jiucaiy-
uan samples. Their K–T curves are mostly flat up to between 425 �C
and 500 �C, above which the majority of the data show a spike in
susceptibility that drops sharply back down at an average temper-
ature of 550 �C, later followed by large increases in susceptibility
on cooling. This spike indicates chemical reactions upon heating
that likely reflect the creation of magnetite from a very weakly
magnetic or paramagnetic iron phase. Some sample data lack the
K–T reaction spike but nonetheless show the strong gain in suscep-
tibility on cooling, indicating that the same reaction occurred, only
more slowly or at a higher temperature. IRM acquisition experi-
ments further suggest that magnetite was generated by this reac-
tion: these samples show similarly shaped IRM acquisition
curves before and after heating to 550 �C, but with substantial
increases in saturation magnetization after heating.

The oxidation of pyrite to magnetite is the best explanation for
this K–T behavior because this reaction occurs over a temperature
range comparable to that observed in other experiments and
because pyrite is paramagnetic, explaining why we see no mag-
netic evidence for this phase until it oxidizes. Examination of se-
lected samples under reflected light and analysis by an ARL
scanning electron microscope quantometer revealed <50 lm high
reflectance grains of pyrite as well as larger grains of rutile, ilmen-
ite, and titanomagnetite. The presence of pyrite in this formation is
unusual given the oxic nature of the depositional environment, but
we are unable to speculate on whether this pyrite is detrital, diage-
netic, or secondary (Machel, 1996). Regardless of how it arrived in
B

orth Limb
outh Limb
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stratigraphic

nd (B) after applying bedding corrections. Also shown are the present field direction
5% confidence limit for the Junggar Basin (Nie et al., 1993). Open symbols are on the
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the sediments, the presence of paramagnetic pyrite could have no
effect on the primary magnetization of the samples.

As with the Jiucaiyuan Formation, we were able to determine
polarities from many of these samples, although there was a great-
er proportion of unstable or completely overprinted samples from
the Wutonggou Formation than from the Guodikeng Formation.
The weaker magnetic properties of the Wutonggou samples, in
combination with the disruption caused by the pyrite-magnetite
reaction, may explain the lower quality remanence data.

5.4. Magnetic remanence results

In order to determine the magnetic stratigraphy, we stepwise
AF and thermally demagnetized over 300 samples from the three
sections. Natural remanent magnetization directions from all sec-
tions cluster around the PDF direction in geographic coordinates
and scatter after applying bedding corrections (Appendix C3), indi-
cating that the NRM directions are consistent with a post-folding
PDF overprint.

Thermal demagnetization was the most effective technique for
removing strong PDF overprints and for revealing high-stability
secondary overprints. Thermal demagnetization completely re-
moved the PDF overprint and isolated a linear high stability com-
ponent in 16% of the samples, almost all of which came from the
Guodikeng Formation. In these data, a presumably viscous over-
print of north and down disappeared by between 250 �C and
400�C, after which sample magnetizations of both polarities de-
cayed linearly toward the origin (Appendix D3) up to between
450 �C and 600 �C. Above 500 �C to 600 �C, these magnetizations
usually became unstable or trended toward anomalous directions
(Appendix E3).

Lowrie experiment data from these samples suggest that the
demagnetization behavior (Appendices B2, D3) is the result of
the demagnetization of a dominant titanomagnetite component
up to around 500 �C, followed by the dominance of a high stability
ilmenohematite component to above 600 �C. Below 550 �C, direc-
tional data from these tests (not shown) reveal that the composite
magnetization direction of these artificially magnetized samples
remained close to the direction of the softest IRM axis that should
be carried primarily by titanomagnetite. We therefore limit our
interpretation of the sample demagnetization data to the range
in which the effects of the ilmenohematite are minimized (below
550 �C).

Due to strong overprinting by the present day field, nearly all
sample magnetizations from the Jiucaiyuan and Wutonggou for-
mations and many sample magnetizations from the Guodikeng
Formation did not attain stable endpoints. The majority of these
less ideal data did, however, trend along stable great circles that
trend between the PDF overprint direction and a ChRM that is
quite consistent with the stable endpoint directions discussed
above (Appendix E3). In general, these great circle magnetiza-
tions were stable over a temperature range similar to those mag-
netizations that attained stable endpoints (100–500 �C), and they
trend from the PDF direction (Appendix F3) toward roughly the
same direction that was attained by the stable endpoint magne-
tizations discussed above (Fig. 10). In the Guodikeng Formation,
rock magnetic data from the samples with great circle magneti-
zations are indistinguishable from rock magnetic data of those
with stable endpoint magnetizations, so we cannot attribute
the tenacity of the PDF overprint to any difference in rock
properties.

We discarded samples with unstable demagnetization, signifi-
cant PDF overprints, and strong secondary high-stability over-
prints. Based on the criteria discussed above, we accepted and
determined polarity from 201 of the 314 samples measured. For
a summary of the accepted data, see Appendix G3.
Although these stable endpoint directions (Fig. 10), as well as
the locality mean (Appendix I), lie near the expected direction of
Nie et al. (1993), they yield reversal and fold tests that are incon-
clusive. This is likely due to unremoved secondary syn- or post-
folding magnetizations (e.g., carried by ilmenohematite). The per-
sistence of secondary components, which may limit our ability to
determine an accurate PT paleomagnetic pole, nonetheless, is not
considered to have significantly undermined our ability to deter-
mine sample polarity.

5.5. Magnetostratigraphy

Applying the data selection criteria, we obtained the results
listed in Appendix G3 and shown in Fig. 11. It is notable that the
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polarity results shown for all of the sections do not change if we
include those samples that we excluded based on the criteria dis-
cussed above. Nonetheless, we cannot fully account for nor remove
the overprints; we therefore chose to exclude these data from our
final results.

We consider these results to yield a reliable PT magnetostratig-
raphy because both polarities are present and are roughly antipo-
dal, and because our directions agree with previous late Permian
results from the Junggar basin. More importantly, the three mag-
netostratigraphies appear highly consistent; if a remagnetization
had occurred, it must have occurred at very consistent strati-
graphic levels across a lateral distance of 100 km.

The composite Junggar magnetostratigraphy is shown in Fig. 11.
The small reversed chronozone seen in the Guodikeng Formation
at Loucaogou is missing at Dalongkou, likely due to that fact that
the chronozone is sufficiently thin (<1.5 m) such that we could
have missed sampling it in the Dalongkou sections. In the Dal-
ongkou south limb and Lucaogou sections, there is a slight dis-
agreement in the location of the major R-N polarity transition;
the transition is just above the Wutonggou/Guodikeng lithologic
boundary at Dalongkou, whereas it occurs at the lithologic bound-
ary at Lucaogou. We attribute this discrepancy to the lack of suit-
able samples in the 10 m above the lithologic boundary at
Lucaogou. The reversed chron at Lucaogou may continue several
meters into the lower Guodikeng, but we were unable to sample
those rocks due to lack of exposure.

A persistent feature of the marine PT magnetic record is an R-N
polarity transition at or just above the end-Permian mass extinc-
tion level. The closest R-N transition in the P2 � T1 formations of
the Canfanggou group is just above the Wutonggou–Guodikeng
formation boundary, surprisingly over 160 m below the inferred
biostratigraphic boundary of Ouyang and Norris (1999). Although
there is a short reversed chron in the upper Guodikeng Formation,
it seems unlikely, based on generally accepted sedimentation rates,
that this <1.5 m thick chron in a non-marine section is the equiva-
lent of the �5–10 m thick reversed chrons seen below the PT
boundary in the marine and paralic sections. Also, because we
sampled the Guodikeng Formation at the three sections in detail
and because the Guodikeng samples yielded good quality data, it
is unlikely that we missed a large reversed chron in that formation.
Rather, our magnetostratigraphic correlation of the Junggar sec-
tions to Chinese marine sections suggests that there is a sizable
mismatch between the marine biostratigraphic boundary and the
non-marine mass extinction boundary placement of Ouyang and
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Norris (1999) at the Junggar sections. As noted earlier, there is rea-
son to question the placement of the boundary by Ouyang and Nor-
ris (1999). Thus, assuming that the marine magnetostratigraphies
are correct and that the PT biostratigraphic transition was even re-
motely time-equivalent in the marine and non-marine realms, the
simplest interpretation of our data is that the mass extinction
boundary has been misplaced in these sections.

On biostratigraphic grounds (see above), the PT boundary is
best positioned somewhere between the middle Guodikeng For-
mation and the lowest Jiucaiyuan Formation. In light of this, the
mass extinction level may correspond with a short reversed chron
in the upper Guodikeng Formation, consistent with the interpreta-
tion of Ouyang and Norris (1999), or with the R-N polarity reversal
near the Wutonggou–Guodikeng formation boundary. In the for-
mer case, the upper Guodikeng Formation must be highly con-
densed, characterized by significantly lower sedimentation rates
or containing hiatuses. We consider the latter case to be more
likely as it does not require large stratigraphic gaps or fluctuations
in deposition. In addition, this interpretation is consistent with re-
cords from South Africa (De Kock and Kirschvink, 2004; Ward et al.,
2005) that indicate the R-N reversal falls within an overlapping
interval of co-occurrence of Lystrosaurus and Dicynodon, and that
the lowest occurrence of Lystrosaurus lies in an interval of reversed
polarity.
6. Discussion

Paleomagnetic data from the three studied localities at Shangsi,
Langdai, and Junggar yield consistent results from parallel, over-
lapping sections, and provide locality means that lie close to their
respective PT and Lower Triassic reference poles, suggesting that
the paleomagnetic directions are consistent with the sediment
remanence representing primary PT magnetizations.

Magnetostratigraphic studies at Shangsi (Figs. 4 and 5), which
indicate that the composite section contains at least eight principal
polarity chrons, are consistent with other PT records (Fig. 12) that
show the Late Permian to Early Triassic spanned several (5–10)
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normal polarity chrons. The composite magnetostratigraphy from
Shangsi, which bottoms out in a normal polarity chron, shows that
the onset of the Illawarra mixed interval lies below the sampled
section, indicating that the uppermost Permian Changhsingian
and at least part of the Wuchiapingian stages postdate the end of
the Permo-Carboniferous Reversed Superchron (PCRS). Because
the Shangsi record did not extend to the Illawarra reversal that
marks the end of the PCRS, we are unable to address the timing
of its termination. As no reliable dates spanning the PCRS have
been obtained from any of the existing studies, the age of this crit-
ically important marker for correlating Permian sections remains
poorly-constrained but can be confidently placed at >260 Ma (as
shown at Shangsi, Mundil et al., 2004).

Magnetostratigraphic studies at Shangsi reveal that the PT
extinction level corresponds closely with an R-N polarity transi-
tion. Paleomagnetic results from hand samples taken from the
clastic zone lying immediately above the mass-extinction bound-
ary, indicate that at Shangsi, the onset of the R-N polarity transition
is indistinguishable (within 50 cm) from the bio- litho-strati-
graphic boundary. A number of other marine PT boundary sections
from around the world (e.g., Gallet et al., 2000; Nawrocki, 2004;
Szurlies et al., 2003) similarly show an R-N transition occurring
at or near the PT boundary (Fig. 12). Paleomagnetic results from
Langdai sections (Fig. 8) show that the combined paralic stratigra-
phy spans an R-N polarity sequence interpreted as the same R-N
transition found to be coincident with the PT extinction level at
Shangsi.

Magnetostratigraphic results from the Siberian Traps (Gurev-
itch et al., 1995), also indicate that the inferred PT boundary coin-
cides with an R-N polarity chron boundary. In addition,
recalculated ages from the Siberian traps (Min et al., 2000; Mundil
et al., 2006b; Renne et al., 1995) based on data reported by Renne
and Basu (1991) are indistinguishable from each other and from
the accepted age of the PT boundary (Mundil et al., 2004) within
uncertainties of perhaps 200 ka. These results indicate that the
normal chron, spanning most of the Abaglakh–Noril’sk section
(Gurevitch et al., 1995), likely corresponds with the normal chron
in the Chinese sections reported here that extends across the PT
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boundary, consistent with claims that the bulk of the Siberian
Traps were erupted in a relatively short period of time (perhaps
on the order of 1 m.y. or less). Because the magnetic polarity rever-
sal near the PT coincides with lithologic and presumed mass
extinction boundaries, it provides a convenient proxy for identify-
ing the PT and extinction levels in other (particularly terrestrial
and non-marine) sections.

Paleomagnetic results from the southern Junggar basin (Fig. 11)
yield a composite magnetostratigraphy containing three principal
polarity chrons (N-R-N). The principal reversed chron recovered
from the Junggar sections may correspond with the latest Permian
reversed chron recorded in the Shangsi and Langdai sections.
While this would indicate that the Guodikeng Formation repre-
sents a somewhat expanded section compared to the marine and
paralic records, it is consistent with bio- and magneto-strati-
graphic results from other terrestrial records (De Kock and Kirschv-
ink, 2004; Ward et al., 2005). An alternative interpretation would
be that the mass extinction level lies above a short reversed chron
in the upper Guodikeng Formation, near the inferred boundary of
Ouyang and Norris (1999). While we cannot preclude this possibil-
ity, it is not consistent with the results of De Kock and Kirschvink
(De Kock and Kirschvink, 2004), and would imply the Guodikeng
Formation is highly condensed compared to the rest of the com-
posite Junggar section.

There was no opportunity to radio-isotopically date the Junggar
sections, due to the lack of volcanic deposits there. Hence, the PT
boundary cannot be placed unequivocally in the sampled Junggar
sections. Thus we are precluded from addressing any potential
phase-lag in the timing of terrestrial and marine responses to the
end-Permian extinction event. However, the Langdai sections, al-
low for a comparison of paralic and marine environments. The
Langdai sections, like those at Shangsi, show the inferred mass
extinction level to closely correspond to the PT proximal R-N polar-
ity transition (within 50 cm) and to be slightly lower than the first
appearance of H. parvus (less than 1 m at Langdai and �4.5 m at
Shangsi). Therefore, to within the resolution of our sampling
(�50 cm) there appears to be no lag in the timing of the inferred
extinction boundary in marine and paralic sections.
7. Conclusions

We have studied three Chinese Permian–Triassic (PT) localities
spanning terrestrial, paralic, and marine environments from local-
ities at Junggar (Xinjiang Province), Langdai (Guihzou Province),
and Shangsi (Sichuan Province), respectively. The primary focus
of this work was to establish the magnetostratigraphy of the three
study localities within the framework of radio-isotopic, chemo-
stratigraphic, biostratigraphic and lithostratigraphic records to tie
PT paralic, non-marine, and marine environments, and assess the
timing of PT-boundary events on land and in the oceans. It was
of particular interest to establish the precise occurrence of a re-
versed-to-normal (R-N) polarity transition, previously reported to
lie approximately near the PT boundary at several PT marine sec-
tions, that could provide a key means of correlating the sections.
To locate this polarity transition, we sampled in detail near the
PT boundary so that we might be able to correlate the marine
and non-marine sections at the meter or sub-meter scale.

At Shangsi our results confirm the polarity stratigraphy of Hel-
ler et al. (1988), while also providing magnetostratigraphy from
parallel sections, and more detailed sampling. The composite mag-
netostratigraphic record shows that the onset of the Illawarra
mixed interval lies below the measured section indicating that
the uppermost Permian Changhsingian and at least part of the
Wuchiapingian stages postdate the end of the Permo-Carbonifer-
ous Reversed Superchron (PCRS). New age data from Shangsi reveal
that the age of the Illawarra reversal marking the end of the PCRS is
over 260 Ma.

PT paralic mudstone and carbonate sediments from sections
near Langdai, NW Guizhou Province span an R-N polarity se-
quence. Section-mean directions pass a fold test at the 95% confi-
dence level, and the section-mean poles are close to the mean PT
pole for the South China block. Correlating the R-N transition re-
corded at Langdai sections with that at Shangsi allows us to con-
strain the biotic crisis in the Langdai paralic PT sediments.
Results from marine (Shangsi) and paralic (Langdai) sections are
consistent, yielding an R-N transition that lies significantly below
the biostratigraphically defined PT boundary, but coincident with
the mass extinction horizon. To within the resolution of our sam-
pling (�50 cm) there appears to be no lag in the timing of the in-
ferred extinction boundary.

Paleomagnetic results from terrestrial sections in the southern
Junggar basin are highly consistent, and yield a composite
mangetostratigraphy containing three principal polarity chrons.
A mismatch of marine (Shangsi) and terrestrial (Junggar) magneto-
stratigraphies, and recent palynologic data from the terrestrial sec-
tions, lead us to conclude that the PT boundary has been
misplaced. While some ambiguity remains over the location of
the biostratigraphic PT boundary in the Junggar sections, we inter-
pret the PT-boundary to lie a significant distance (�150 m) below
earlier interpretations.
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