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Paleogeographic Reconstruction. The illustration of Pangea in Fig. 1
and Fig. S1 was redrafted from a reconstruction for the Triassic—
Jurassic transition (201.6 Ma) produced by the PALEOMAP
Project (1-3) displayed using GoogleEarth. The positions of the
Pucara (Peru), Newark—Hartford (United States), Bristol Channel
(United Kingdom), and Junggar (Western China) basins on Pangea
were then translated as rigid plate south about 3° along the prime
meridian to bring their paleolatitude into agreement with ref. 4.
This slight reconfiguration produced virtually no change in the
latitude of the Junggar Basin at about 60° N from the PALEOMAP
reconstruction.

A 60° paleolatitude for the Junggar is in agreement with sev-
eral additional lines of evidence. Paleomagnetic determinations
of paleolatitude of Triassic-Jurassic strata from Junggar and the
adjacent Tarim Basin (e.g., ref. 5), although scarce and wholly
from sedimentary rocks, suggest a paleolatitude close to that of
the present 45° N. The existing paleomagnetic literature, how-
ever, does not take into account the effects of compaction-
induced inclination error (4, 6, 7), which is greatest at the latitudes
suggested by Carroll et al. (8) for the Junggar Basin. Correcting
for paleomagnetic inclination error has proved crucial in recon-
ciling discrepant igneous and sedimentary paleomagnetic data in
Eastern North America and Greenland (6) in strata correlative to
those discussed here, and a approximate correction of 10-15° of
paleolatitude is plausible for the Junggar Basin, an estimate of
which can be tested by the collection of additional paleomag-
netic data. Carroll et al. (8) show similarly high latitude for the
basin (~60° N) based on the plate-tectonic context. The esti-
mated position of 60° N as shown in the PALEOMAP re-
constructions is therefore plausibly the best available estimate
of latitude (Fig. 1).

Location of the Haojiagou Section. The Haojiagou and Badaowan
formations outcrop more or less continuously in badlands along
the Haojiagou (gou = valley) located at about 50 km southwest of
Uriimgi City on the southern margin of the Junggar Basin of the
northern Xinjiang Uygur (Uighur) Autonomous Region, North-
western China (Figs. 1 and 2 and Figs. S1 and S2). About 1,100 m
of this section is the basis of this report, beginning at ~43° 38.452’
N, 87° 13.266’ E and ending 43° 39.889° N, 87° 12.170° E. The
section has been studied in various aspects (e.g., refs. 9-16), but
only one summary on the cyclostratigraphy has been published to
date (17). The data presented here were collected on the east side
of the valley.

Construction of the LITH Index. The Haojiagou section was de-
scribed by Deng et al. (18), with the lithologic data being col-
lected and obtained during fieldwork in 1996, 1998, and 2008.
The initial analysis is distinguished by the thickness and litho-
logic features, reflecting the paleoenvironment, of each mea-
sured layer. By using the semiquantitative classification of lithology
called the “LITH” index (19), a hierarchy of cycles based on
sedimentary rock types was recognized, and the different digital
numbers (LITH values) were defined for various rock types
(Table 1). The variations (values between 10 and 130) in LITH
produce the obvious cyclicity. We converted two measurements
(depth measurements and LITH measurement), by interpolating
a LITH value at 0.1-m intervals within each layer, into a nu-
merical time series forming a new time series, LITH time series,
on which our times series analyses were performed (Fig. S3).
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Temporal Constraints on the Junggar Latest Triassic and Earliest
Jurassic Strata. Forty samples spanning the boundary of the
Haojiagou and Badaowan formations, Junggar Basin, China were
examined for palynology. Of these samples, 35 were usefully
productive samples (Fig. S3) and formed the basis of the range
chart shown in Fig. 3. Our analysis focuses on the ETE, supercedes
the palynological analysis in Sha et al. (15), and includes more
samples for higher resolution. Samples were processed at Global
GeoLab Ltd., Canada (www.globalgeolab.com) following standard
methods. The palynological slides and residues are stored at the
Department of Palacobiology, Swedish Museum of Natural History.

The sedimentary successions of the Haojiagou and Badaowan
formations at the Haojiagou section yielded well-preserved
miospore assemblages of medium diversity; 60 species of fossil
pollen and spore taxa were identified in this study, together with
a putative dinoflagellate (Chytroeisphaeridia sp.) and the chlor-
ophyte (green alga) Botryococcus braunii. The age assessment is
based on a combination of last and first appearance datums for key
taxa (Fig. S3). Typical Triassic elements persist up to bed 52, in-
cluding Lunatisporites rhaeticus and Limbosporites spp., whereas the
abundant occurrence of Retritriletes semimuris and Retritriletes aus-
troclavatidites in bed 53 suggests a Hettangian age (20), and the end
of the ETE interval (Fig. 3 and Fig. S3).

The presence of Cerebropollenites macroverrucosus and Cal-
lialasporites trilobatus in bed 81 suggests a Sinemurian-Pliens-
bachian age (21) for that level. The comparison with European
and Australian palynostratigraphical schemes is tentative be-
cause these regions represent different floral paleo-provinces
from those previously described for this region (9, 12) and be-
cause correlative zonation schemes between the regions have not
been erected. Identification of the Hettangian-Sinemurian bound-
ary to the Haojiagou section is more problematic because there is
apparently no change in sporomorph composition across that
boundary at the base-Sinemurian GSSP in the United Kingdom or
Europe in general (22-24).

Thus, based on the palynology, we have placed the top of the
extinction interval, still in the late Rhaetian, at the last appear-
ance datum (LAD) of the taeniate gymnosperm pollen L. rhaeticus.
This sporomorph is regarded as a near-end-Rhaetian marker in
Europe (including the United Kingdom), Greenland, and Eastern
North America (25-29), where its last appearance occurs close to
and above the initial expression of the end-Triassic extinction. In
Eastern North America, the last appearance of this pollen taxon
occurs in strata about 60 ky younger than the initiation of the
initial ETE, as constrained by both U-Pb dates and astrochronol-
ogy (30), and the Triassic—Jurassic boundary occurs about 40 ky
after that based on extraopolation and correlation with United
Kingdom sections (31). Thus, we use the LAD of L. rhaeticus
as a tie point to pin the ETE within the studied successions
(Figs. 2 and 3).

In terms of floral provinces, Sun et al. (ref. 13 and references
therein) argue that the Haojiagou (Late Triassic) floral assem-
blage belongs to the Danaeopsis—Symopteris assemblages [updated
from the original Danaeopsis—Bernoullia assemblage because the
latter name has a prior synonym that is a malvaceous angiosperm
(Bombacaceae)]| (32), “Northern China” continental floristic prov-
ince whereas the Badaowan (Early Jurassic) florules belong to the
Coniopters—Phoenicopsis or “Siberian” continental floristic province,
both of which are typical northern-hemisphere, high-latitude humid
assemblages. The transition between the Danaeopsis—Symopteris and
Coniopters—Phoenicopsis assemblages around the Triassic—Jurassic
transition is interpreted as indicating a transition to more humid
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and warm conditions (13). Generally, warm and humid conditions
in both formations are consistent with the broad-leaf gymnosperm
assemblage and the presence of common coal and are consistent
with many sedimentary basins in the early Mesozoic northern-
hemisphere high latitudes (33, 34) although they clearly represent
nonanalog communities and although it is very difficult to assess
whether these assemblages have any time significance.

In contrast, the numerical ages of the ETE are now well-under-
stood at 201.564 + 0.015 Ma (30), the Triassic-Jurassic boundary
between 201.32 + 0.13 Ma and 201.39 + 0.14 Ma (35) [mean of
201.36 + 0.14 Ma, rms error], and the Hettangian —Sinemurian
boundary at about 199.46 + 0.17 Ma (corrected from the original
199.43 + 0.10 Ma date of ref. 36), based on zircon **°Pb/**U
ages and astrochronology, with varying degrees of precision and
additional uncertainty (up to 0.1%) due to very slightly different
interlaboratory methods. The duration of the Hettangian is thus
now well-established, with the most recent estimates being 2 My
(U-Pb; ref. 37), 1.8 My (astrochronology; refs. 31, 38, and 39),
and 1.88 + 0.16 My (U-Pb; refs. 30 and 36). These durations are
all close to the duration of 2 My for the Hettangian in the most
recent timescale compilation (40). Based on the U-Pb dates and
astrochronology in ref. 30, we used the last appearance of
L. rhaeticus to tie the Badaowan section at 201.50 + 0.1 Ma
(Figs. 2 and 3 and Fig. S3).

Analytical Methods. The FFT and MTM spectra (Fig. 4 and Figs.
S4 and S5) were developed using Analyseries (2.0) (41), and the
evolutive wavelet spectrum was computed using the Matlab script of
Torrence and Compo (42) (paos.colorado.edu/research/wavelets/).
For all data, the original depth series was interpolated with an in-
crement of 0.1 m. Data were divided into two series: a low LITH
index series with values from 20 to 60, which were then reversed
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and rescaled to range from 0 to 40 (with 40 being fine grained and
0 being coarse), and a high LITH index series with values from 60 to
140 (with 60 being fine grained and 140 being coarse). For the
MTM spectra the following Analyseries options were used: linear
trend was removed, medium confidence vs. resolution was selected,
width.ndata product was 4, six windows were used, output was
resampled from 0 to 2 with a step of 0.001, and inferior and
superior error bars and amplitude spectra were computed (for
Fig. 4 and Fig. S4). For the FFT, periodograms (power spectra)
were prepared with the following Analyseries options: linear
trend was removed, Bartlett window was used, and output was
resampled from 0 to 2 with a step of 0.001. Note that Analyseries
does not use adaptive weighting and thus tends to overestimate
the number of significant harmonics in frequencies with low
power. Consequently, we regarded only cycles with high power
and high f-test statistics as having been meaningful. For the
405-ky filtered clipped-LITH data, a frequency of 0.0289855 m
per cycle was used with a bandwidth of 0.005, with a Gaussian
shape. For the 405-ky frequency of the total organic carbon
(TOC) data of ref. 38, a frequency of 0.00062486 cm per cycle
was used with a bandwidth of 0.0003 and a Gaussian shape. The
modulation of obliquity (Fig. S7) is based on bandpass filtering
the clipped LITH series with a 0.275 m per cycle frequency and
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Fig. S1. Paleogeographic and present position of the Junggar Basin. (A) Paleogeographic position of the Junggar Basin, Bristol Channel, Newark-Hartford,

and Pucara basins with the distribution of the Central Atlantic Magmatic Province shown in darker tan. (B) Map of the Junggar and Tarim basins, Northwest
China (based on ref. 8). as, Altay Shan; ks, Kunlun Shan; ts, Tian Shan. (C) Map of the surficial geology of the Urimqi area showing the position of the
Haojiagou section.
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Fig. S2. Images of the Junggar Basin section. (A) GoogleEarth image of Haojiagou section (red box), the location of which is shown in Fig. S1, showing
relatively undeformed strata tilting to the north-northeast. (B) Photograph of portion of the Haojiagou section including beds 45-53, looking west across the
valley. The section was measured on the east side of Haojiagou from where the photograph was taken.
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Fig. S3. Measured LITH index, simplified stratigraphic column, bed numbers, biostratigraphic data, and age model for the Haojiagou section. The occurrences
of taxa are shown by ticks based on new counts, on which the new sporomorph assemblages are based. The red line marks the top of the range of L. rhaeticus
in our studied section, the marker taxon used to correlate the lower Badaowan Formation to the eastern North American and United Kingdom sections (Fig. 4).
The numerical ages in the age model are based on recognition of the 405-ky cycle in the MTM spectra, with the ages indicated in red representing the
projections into the section of the initial end-Triassic extinction (201.6 Ma) and the Hettangian-Sinemurian boundary (199.7 Ma; thicker red bar indicated
uncertainty from Fig. 4), and the Norian-Rheatian boundary date is based on the Newark-Hartford APTS (interpreted by ref. 43) and the independent 2°®Pb/*38y
zircon Pucara Basin ashes (35). Gray fill in the standard ages indicates the range of possible boundary picks internal to data from the Junggar Basin itself, and the
dashed lines indicate stage boundaries as suggested in ref. 17. The 8'3C data are from ref. 33. All data are registered to the bed numbers as measured by this field
party in the Haojiagou section.
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Fig. S4. Wavelet spectrum, FFT, and MTM spectral results from the clipped LITH scale (grayed part clipped off) of the upper part of the Haojiagou Formation
through the upper member of the Badaowan Formation in the Haojiagou section. Conventions for temporal information are as in Fig. S3. In the evolutive FFT,
white is the highest relative power and black is the lowest. In the FFT spectra, high-amplitude peaks are labeled with their periods in meters and ky (kiloyears)
assuming recognition of the 405-ky cycle. In the MTM spectra, only those peaks in spectral power that have f-test significance above the 0.9 level and high
amplitude are labeled, and they are labeled in meters and kiloyears based on recognition of the 405-ky level.
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Fig. S5. Comparison of spectral analysis for the low LITH Index values (black in Figs. S3 and S4) and the high Index values (gray in Figs. S3 and S4) using the
multitaper method (MTM) with the f-statistic and the Blackman-Tukey method with coherence for the interval 435-690 m. The bands corresponding to orbital
frequencies are show in gray and are as follows: (A) 405-ky eccentricity (40.0-27.8 m) 469.6-326.4 ky; (B) ~100-ky eccentricity (9.7-7.0m), 114.0-82.7 ky;
(C) obliquity (4.3-3.6 m), 50.6-41.6 ky; and (D) climatic precession (2.3-1.9 m), 26.6-22.5 ky. They are also labeled with the major specific picks from Fig. S4. Note
that the two methods give essentially the same results on the two sets of values from the LITH index, with the orbital period being highly significant (f > 0.9),
high relative spectral power, and coherence (>0.6).

filtered 819 ky cycle (70 m)

X -
—“g) 10 AM Filtered ~40 ky cycles (3.6 m)
E 51
—
—
% o-
o
= 5
|l 1 |l I I I
350 400 450 500 550 600 650 700 750
A Stratigraphic Depth
T~ 819 ky (70 m) 300
£ E 800 oz
£  H ~l.6my. (~143m) S2F
5 5 600 L2005 T &
£ 100 £3C
o 2 400 coherency 08 S 5=
= - -100 £ £ 8
£ 200 0.7 S 2
32 a'sO
9] ; 0 E
= 0 T T T T T <
0 0.01 0.02 0.03

Frequency (Cycles/m)

oo}

Fig. S6. Modulation of the lithological expression of ~40-ky (3.6-m) obliquity cycle by the ~819-ky (~70-m) cycle identified by spectral analysis (Fig. S4).
(A) Comparison of AM filtered (Hilbert transform) of the filtered ~40-ky cycle from the clipped LITH series, with the filtered ~819-ky (~70-m) cycle from the clipped
LITH series. Note the close correspondence between the two independent filtered series showing that the lithological expression of ~40-ky (3.6-m) obliquity
cycle is in fact modulated by the ~819-ky (~70-m) cycle. (B) Blackman-Tukey spectra and coherence of the two series in A, showing quantitatively that the
lithological expression of ~40-ky (3.6-m) obliquity cycle is coherent (above 0.7) with the filtered ~819-ky (~70-m) cycle. Note that some modulation by the 2 x
819-ky cycle is expected within the obliquity band. The clipped LITH index series was bandpass filtered by frequency of 0.275 cycles/m (3.6-m period) with
a bandwidth of 0.02 and a Gaussian shape. The resulting series was AM filtered (Hilbert transform). The same clipped LITH index series was bandpass filtered at
a frequency of 0.014285 cycles/m (70-m period) with a bandwidth of 0.005 and Gaussian shape. Blackman-Tukey spectra were obtained with Analyseries
using a Bartlett window, with a bandwidth of 0.00416551, and the nonzero coherence is higher than 0.6056.
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Table S2. U-Pb and astrochronological ages compared: Explanation

Horizon or unit

Newark igneous U-Pb

Newark-Hartford APTS

-'
405ky ——~100ky — ~40ky = ~20ky
Fig. S7. The various major cycles discussed in this paper as they appear in the LITH index.

Table S1. LITH index values (rock colors range from black to light gray)

Lithology Environment LITH value
Coal or coal seam Dysoxic sediment-starved lake or swamp 10
Shale, carbonaceous shale Dysoxic lake 25
Mudstone Shallow lake 30
Silty mudstone Shallow lake 40
Muddy siltstone Shallow lake or paleosol 50
Fine-grained siltstone Shallow lake or paleosol 55
Medium-grained siltstone Floodplain or paleosol 60
Coarse-grained siltstone Floodplain or paleosol 65
Fine-grained sandstone Floodplain and fluvial 70
Fine-grained sandstone Fluvial 80
Medium-grained sandstone Fluvial 90
Coarse-grained sandstone Fluvial 100
Fine conglomerate: <4-cm clasts Fluvial 110
Medium conglomerate: <8-cm clasts Fluvial 120
Coarse conglomerate: >8-cm clasts Fluvial 130

- '

Pucara Basin U-Pb

Bristol Channel Basin
Pucara*/Newark"

Hettangian-Sinemurian boundary Not applicable 199.70 + 0.02 199.46 + 0.17* 199.61/199.66
Hook Mountain Basalt 200.916 + 0.064% 200.93 + 0.02 Not applicable Not applicable
Preakness Basalt 201.274 + 0.0327 201.28 + 0.02 Not applicable Not applicable
Rhaetian-Hettangian boundary Not applicable 201.42 + 0.02 201.36 + 0.14* 201.32/201.37

201.520 + 0.034!
201.564 + 0.015™

Orange Mountain Basalt
End-Triassic extinction

201.52 + 0.02**
201.56 + 0.02**

Not applicable
201.51 £ 0.15

Not applicable
201.51/201.56

*Using the Pucara ash-based ETE as a tie point (35).
TUsing the Newark igneous-based ETE as a tie point (30).

*Zircon 2°°Pb/38U age of Pucara Basin ash LM4-19B at the Hettangian-Sinemurian boundary, originally published as 199.43 + 0.1 Ma (15) but adjusted here to
199.46 + 0.17 based on a regression of ages of ashes dated by both Guex et al. (36) and Wotzlaw et al. (35), the latter using updated EARTHTIME protocols
(www.earth-time.org). B. Schoene (pers. comm., 02/15) has recalculated this age using current EarthTime protocols as 199.51 + 0.10.

$Zircon 2°°Pb/?38Y age of the Butner Diabase that applies to the Hook Mountain Basalt (30).

9Zircon 2%5Pb/*38U age of flow 2 of the Preakness Basalt (30).

#Average age and rms error of marine Pucara Basin ashes LM4-100/101 and LM4-90 zircon 2°°Pb/?*8U ages that bracket the ammonite-calibrated Triassic—
Jurassic boundary (35).

IIZircon 2°°Pb/?38Y age of the Palisade Sill that applies to the Orange Mountain Basalt (30).

**Age of the Triassic—Jurassic boundary as projected into the Newark APTS (31).

" Age of the continental ETE in the basins of Eastern North America and Morocco derived from zircon 2°Pb/?38U dates and astrochronology (30).
**Rounded age of the continental ETE (30) used as a tie point for the Newark astrochronology.
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