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PALEONTOLOGY

Arctic ice and the ecological rise of the dinosaurs

Paul Olsen'#, Jingeng Sha®*, Yanan Fang?, Clara Chang’, Jessica H. Whiteside?, Sean Kinney',
Hans-Dieter Sues*, Dennis Kent'®, Morgan Schaller®, Vivi Vajda’

Abundant lake ice-rafted debris in Late Triassic and earliest Jurassic strata of the Junggar Basin of northwestern
China (paleolatitude ~71°N) indicates that freezing winter temperatures typified the forested Arctic, despite a
persistence of extremely high levels of atmospheric Pco, (partial pressure of CO;). Phylogenetic bracket analysis
shows that non-avian dinosaurs were primitively insulated, enabling them to access rich deciduous and evergreen
Arctic vegetation, even under freezing winter conditions. Transient but intense volcanic winters associated with
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massive eruptions and lowered light levels led to the end-Triassic mass extinction (201.6 Ma) on land, decimating all
medium- to large-sized nondinosaurian, noninsulated continental reptiles. In contrast, insulated dinosaurs were
already well adapted to cold temperatures, and not only survived but also underwent a rapid adaptive radiation
and ecological expansion in the Jurassic, taking over regions formerly dominated by large noninsulated reptiles.

INTRODUCTION

The Late Triassic and earliest Jurassic are characterized as one of the
very few times in Earth history in which there is no evidence of polar
glacial ice sheets (I). Forests were present all the way to the Pangean
North Pole and into the southern latitudes as far as land extended.
Although there may have been other contributing factors, the leading
hypothesis is that Earth was in a “greenhouse” state because of very
high atmospheric Pco, (partial pressure of CO;) ~1000 to ~6000 parts
per million (ppm) (2, 3), the highest of the past 420 million years (Ma)
(4). Despite modeling results indicating freezing winter temperatures
at high latitudes (5, 6), empirical evidence for freezing has been
lacking. Here, we provide empirical evidence showing that, despite
extraordinary high Pco,, freezing winter temperatures did charac-
terize high Pangean latitudes based on stratigraphically widespread
lake ice-rafted debris (L-IRD) in early Mesozoic strata of the Junggar
Basin, northwest China (Figs. 1 and 2 and fig. S1). Traditionally,
dinosaurs have been viewed as thriving in the warm and equable
early Mesozoic climates, but our results indicate that they also en-
dured freezing winters. We argue that the rich plant resources of the
high latitudes were key for the survival of early herbivorous dino-
saurs and that insulated dinosaurs were well adapted to these cold
conditions. Adaptation to cold accounts for their success at the ex-
pense of large noninsulated reptiles during the volcanic winters of the
Central Atlantic Magmatic Province (CAMP) that marked the end-
Triassic extinction (ETE), one of largest mass extinctions of all time (7).

RESULTS

Late Triassic-Early Jurassic high-latitude L-IRD

Late Triassic and Early Jurassic strata of the Junggar Basin were de-
posited north of the Arctic Circle at about 71°N paleolatitude (Fig. 1;
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see the “Methods” section in Materials and Methods and fig. S1)
and consist of cyclical, coal-bearing, fluvial, and lacustrine rocks of
the Huangshanjie, Haojiagou, Badaowan, and Sangonghe forma-
tions (fig. S3). Within these strata, the ETE and Triassic-Jurassic
boundary are in the basal Badaowan Formation. Multiple, lacustrine
dark gray and black fine-grained (~0.1 to 63 um) thin-bedded later-
ally continuous lacustrine mudstone beds at multiple localities in
the Huangshanjie, Haojiagou, and Badaowan formations contain
dispersed 0.1- to 15-mm lithic grains (see the Supplementary Mate-
rials). Some of these beds also contain bivalve mollusks, clam shrimp,
isolated to partially disarticulated fish remains, and tetrapod frag-
ments. Quantitative granulometry of these layers with outsized clasts
shows a characteristic bimodal grain size distribution (Fig. 2) that,
in pelagic marine strata, is attributed to IRD (see the Supplementary
Materials) (8), a property also visible in hand samples (fig. S1 and
table S1). In lakes, as in marine environments not dominated by
glacial input, such as the Sea of Okhotsk (Fig. 2 and fig. S2), the ori-
gin of this IRD is seasonal ice that freezes along the shoreline, seizes
grains in contact with the bottom, and then drifts out into open water
when it breaks up and melts. Grains that may have saltated or were
strewn across the frozen surface as well as eolian dust can also con-
tribute (9). L-IRD have been used as surface ice proxy in Quaternary

Fig. 1. Pangaea at 202 Ma (Mollweide projection) showing location of Junggar
Basin (fig. S1) and Triassic dinosaurs. Data for dinosaurs are from (18,64, 77, 78)
and herein for Junggar. f denotes occurrences based on footprints data alone (64),
large silhouettes are herbivores, and smaller ones are small- to medium-sized car-
nivorous theropods. Modified from (78).
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Fig. 2. Comparison of granulometry results from the Junggar Basin lacustrine intervals with L-IRD and some without compared to results from select modern
bodies of water with and without seasonal IRD (sources of data from non-Junggar Lake in the Supplementary Materials). (A) Granulometry and examples of L-IRD
from the Junggar Basin. Left: Section is based from (76) and a modified Google Earth image of the Haojiagou section (fig. S1). Middle: Quantitative lasersizer granulometry
results of Junggar mudstone samples, with the mean (red line), the 95% confidence limits (dark gray envelope), and the range (light gray envelope) of repeated aliquots
shown (details in the Supplementary Materials). Right: 63- to 3000-um-sieved L-IRD from sample HGJ-44 of bed 24, >3000-um example, is a field photograph; scale is 1 cm
(details in the Supplementary Materials, fig. S5, movie S1, and tables S1 and S2). (B) Quantitative lasersizer granulometry comparisons between known IRD and material from
the Junggar Basin (locations for Sea of Okhotsk in fig. S2 and table S1): *Four-end-member model for the grain size distribution data, Lake Baikal; h1 and h2, hemipelagic
sediment-modified low-energy bottom currents (other Baikal cores have L-IRD of possible mountain glacier origin; see the Supplementary Materials); **typical examples
of glacial (g) and interglacial (i) sediment from the Sea of Okhotsk (8); ***Lake Qinghai sediments from the deep/central basin with L-IRD (li); ****Dian Lake shallow/
transitional lake zone with wave reworking of sediment and therefore has a much more continuous distribution of grain sizes. Photo credit: Clara Chang, Sean Kinney, and

Paul Olsen, LDEO, Columbia University.

lake deposits (9-11) and are distinct from other potential sources
of rafted grains (see the Supplementary Materials). However, not all
sediments from lakes with seasonal ice exhibit L-IRD (Fig. 2), for
reasons that are as yet unclear. We therefore illustrate examples of
sediment cores from water bodies with and without L-IRD that ex-
hibit seasonal freezing in Fig. 2 to compare with the Junggar lacustrine
strata showing similar variations in L-IRD. Shallow water, siltstones,
and sandstone beds interbedded with rooted intervals in all three
Triassic-Jurassic formations studied here produce dinosaur foot-
prints (see the Supplementary Materials and fig. $4) (12), demonstrat-
ing that dinosaurs were present at these arctic latitudes associated
with freezing winter temperatures as background climatic condi-
tions. This is consistent with available climate models that consis-
tently show freezing wintertime temperatures in high-latitude Asia
for the Late Triassic and Jurassic (5, 6, 13, 14) and congruous with
models for Mesozoic climate until extremely high Pco, levels (e.g.,
4480 ppm) are reached (15). However, despite these models, warm
arctic conditions have been asserted by some on the basis of equivo-
cal proxy data, e.g., an assessment possible in the absence of empirical
evidence of arctic freezing, such as these L-IRD. Although seasonal
freezing is indicated by our results, none of our data require the pres-
ence of perennial ice, ice sheets, or glaciers, although they are not
ruled out.

Early Mesozoic strata of the Junggar Basin are cyclical and
paced largely by strong obliquity as well as precessional insolation
(Milankovitch) cycles (16). These L-IRD provide a potential proxy
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for such cyclicity because the presence of at least some lacustrine
strata without L-IRD (Fig. 2) suggests warmer interludes without
wintertime freezing.

Triassic dinosaurian latitudinal zonation

Freezing temperatures in the forested high latitudes of the Triassic-
Jurassic have implications for the distribution of contemporaneous
tetrapods. While an ambitious cursorial tetrapod could conceivably
have walked from nearly pole to pole, the composition of tetrapod
communities was markedly latitudinally zonal (14, 17, 18), especial-
ly so for herbivorous dinosaurs (Fig. 1). Unlike the modern world,
the highest-diversity continental assemblages were in the midlat-
itudes (14). The oldest definitive evidence for dinosaurs (both car-
nivores and herbivores) (19) is from the Carnian age (~231 Ma)
Ischigualasto Formation at 48°S paleolatitude (20). By the mid-
dle to late Norian (~215 Ma), large (5 to 10 m) herbivorous basal
sauropodomorph dinosaurs (“prosauropods”) were common at mid-
latitudes (~24° to 60°) in both hemispheres, but continental tetra-
pod assemblages from the coal-bearing high latitudes have been
virtually unknown (18, 21).

In contrast, Norian assemblages from low paleolatitudes lack
herbivorous dinosaurs, while nondinosaurian and non-archosaurian
archosauromorphs, especially the semiaquatic phytosaurs and diverse
pseudosuchians, including herbivorous forms, are dominant (14).
While generally small carnivorous dinosaurs were present, they
comprised a relatively minor part of low-latitude communities (18).
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Most of the temnospondyl amphibians of the midlatitudes also differ
from those of low latitudes (22). In summary, large dinosaurian her-
bivores were restricted to higher latitudes (Fig. 1).

Plants also show a very strong latitudinal zonation (23). The equa-
torial tropics had floral assemblages dominated by conifers, seed
ferns, and ferns, at least during wet periods of climate cycles, and
many groups have extant representatives that are intolerant to freez-
ing. The semiarid tropics and subtropics had lower-diversity assem-
blages dominated by conifers, while midlatitude assemblages have
much higher-diversity floras. The forests of the high northern lati-
tudes (>60°) as in northwestern China had abundant deciduous, rela-
tively large-leafed conifers, Podozamites (24), gingkoes, and other
deciduous plants (25), and trees with wood with well-developed
growth rings (26), consistent with a cool to cold winter climate, per-
haps with some warmer interludes (see the Supplementary Materials).
This zonation is strongly reflected in the pollen and spore assem-
blages. Despite an apparent lack of geographic barriers, many taxa
are restricted to particular latitudinal belts, where some dominant
forms in the tropics and subtropics, such as Patinasporites, are absent
from high latitudes (27, 28), while some key taxa of the midlatitudes,
such as Rhaetipollis, are absent from the tropics (28).

Physiologically relevant characters map

to geographic distributions

We use a generalized phylogenetic bracket approach (29) based on
preserved soft tissue features of extinct tetrapods as well as soft tis-
sue and physiological traits from extant taxa to infer traits in specific
extinct groups in which soft tissue features and physiological traits
are not preserved (Fig. 3 and the Supplementary Materials). The
most important of these are as follows: (i) Nearly all present-day
reptiles are uricotelic (30) (synthesizing and excreting uric acid) and

thus conserve water. This was the case for basal dinosaurs as well as
terrestrial nondinosaurian Archosauriformes and is a highly advan-
tageous trait in hot and water-stressed environments. (ii) Given that
filamentous integumentary coverings (“protofeathers”) were wide-
spread in several clades of non-avian theropod dinosaurs (31), in-
cluding large-bodied ones (32), and in at least two clades of basal,
small-bodied plant-eating ornithischian dinosaurs (33), it is reason-
able to hypothesize that integumentary covers were primitive for
dinosaurs. Furthermore, these fossils also show that these proto-
feathers evolved in animals that were never capable of flight. The
filamentous integumentary structures of pterosaurs (34) are most
parsimoniously interpreted as homologous to those in dinosaurs, and
if that is the case, such structures were primitive for Avemetatarsalia
in general as was small body size (34-36). We argue that the simplest
functional hypothesis for these integumentary structures is that they
served for thermal insulation. The apparent lack of protofeathers or
feathers in known large sauropodomorphs in which integument is
at least partially preserved and some large-bodied theropods may be
related to their body size in warm climates (32, 37) and their need to
dissipate rather than retain heat, just as adult African elephants lack
fur. The minimal interpretation of the distribution of integumen-
tary filaments is that they served for insulation and were a primitive
character at the level of pterosaurs plus dinosaurs and plausibly the
entire Avemetatarsalia (34, 38). This is the most parsimonious de-
duction that can be made, even if the resurrected Ornithoscelida
(39) hypothesis (with ornithischians as the sister group of thero-
pods, excluding sauropodomorphs) proves most parsimonious for
dinosaur phylogeny (see the Supplementary Materials). In addition,
non-avian dinosaurs, while showing a variety of growth strategies,
tended to exhibit high growth rates and features indicative of high, if
variable, metabolic levels (40) compared to most, if not all (41),
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Fig. 3. Cladogram of physiologically important characters on phylogenetic framework. Feather type 1 is a bristle scale; feather types 2 to 6 include protofeathers
based on extant groups (birds) and fossil occurrences in which integumentary strictures are preserved; feather type 0, represented by a question mark, is a prediction that
protofeathers for insulation should be primitively present but what form they should take is unknown. For scales, abbreviations are as follows: f, scales are present on
the feet based on footprints assigned to that taxon; p, scales are predicted by the phylogenetic bracket approach; n, scale-like structures in some mammaliaformes
of uncertain homology. The clade Metopophora consists of all those synapsids more closely related to Homo than the Varanopidae. Details of sources are in the

Supplementary Materials.
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non-avemetatarsalian reptiles. This hypothesis depends only on the
homology of the filamentous integument of pterosaurs [pycnofibers
(42)] to protofeathers (43) and in having the Pterosauria as a basal
sister group to the Dinosauria, which is currently the most parsimo-
nious hypothesis.

These physiological and morphological attributes correlate to
geographical regions during the Triassic via the following scenario:
The absence of large herbivorous dinosaurs and the dominance of
pseudosuchians, both carnivores and herbivores, in the Late Triassic
tropics (18) suggest that herbivorous dinosaurs could not compete
with herbivorous pseudosuchians. Although both groups were urico-
telic water conservers based on ancestral state reconstruction (Fig. 3),
the absence of herbivorous dinosaurs may be related to the apparent
highly variable and unpredictable floral resources in at least most of
the tropics, which made the herbivorous dinosaurs with their high
metabolic rates incapable of establishing viable populations, while
the lower metabolic requirement pseudosuchian herbivores could
thrive (18), albeit at a smaller maximum body size.

In contrast, at mid- and higher latitudes, herbivorous pseudo-
suchians wereless common than herbivorousbasal sauropodomorphs
(14, 18). While preserved integument has yet to be found in these
dinosaurs, which were much smaller than the giant sauropods known
to be largely scaly, they are predicted to be insulated by our phylo-
genetic bracket approach. Such insulation would have allowed them
to take advantage of the abundant and more stable floral resources at
high paleolatitudes. We predict that large pseudosuchians, for which
there is no evidence of such insulation, will prove to be absent in
colder high latitudes, especially with freezing winter temperatures.
This is despite the possibility that basal crocodylomorphs or other
pseudosuchians may have been endothermic with high growth rates
[e.g., (41)]. We hypothesize that insulation and endothermy were
key advantages for Triassic herbivores, just as they permit modern
temperate, boreal herbivores to take advantage of the deciduous
vegetation in the summer and evergreen vegetation in the winter.
However, endothermy without insulation, as might have been the
case for at least some large pseudosuchians, would be a liability, not
an advantage, in the cold.

Volcanic winters caused the terrestrial ETE

Atmospheric Pco, was extremely high during most of the early
Mesozoic (>2000 ppm), particularly during the Late Triassic and
earliest Jurassic (~232 to 199 Ma) (Fig. 4) (2, 3, 44, 45). However,
there was a substantial decline (<2000) during the early and middle
Rhaetian (205.7 to 201.6 Ma) associated with a decrease in ocean
temperatures (2, 46). During this time, dinosaurian abundance and
size increased in the tropics, although apparently only theropods were
present (18).

The pulsed eruptions of the CAMP were associated with abrupt
doubling to tripling of Pco, before which Pco, had dropped from its
earlier zenith (44, 45). On the basis of modeling for anthropogenic
Pco, climate sensitivity, the CAMP-related increases would be ex-
pected to produce ~3° to 5°C (or higher) increases in average global
temperatures (4, 47) from the Rhaetian background. While abrupt
Pco, increases are clearly implicated in the marine invertebrate ex-
tinctions due to ocean acidification and anoxia (48, 49), the predicted
effects on land would seem to be at odds with the climatic conse-
quences of very high volcanic CO,. An increase in temperatures on
land should be expected to drive mid- to high-latitude tetrapods
poleward as seems to be the case with some plants (50). In contrast,
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Fig. 4. Timeline for the dinosaurian ecological takeover showing relationship
among CAMP, Pco,, L-IRD, extinction of large tropical pseudosuchians (including
their large uninsulated relatives), and the rise of global dinosaurian ecologi-
cal dominance. Note that the time scale is logarithmic for times younger than
199 Ma and older than 201.4 Ma. For Pco,, blue is based on soil carbonate proxy
(2,45) and green is based on a compilation of multiple proxies (4). PETM, Paleocene-
Eocene thermal maximum; K-Pg, Cretaceous-Paleogene boundary; T-OAE, Toarcian
anoxic event; ETE, end-Triassic extinction; EPE, end-Permian extinction.

members of higher-latitude tetrapod assemblages disproportion-
ately survived and migrated into the tropics, most notably basal
sauropodomorph dinosaurs that only then appear in North America
(51), and thus, on land, extinction selectivity is more consistent with
cold, specifically CAMP-induced volcanic winters.

Volcanic winters (52), the term for the devastating cooling caused
by volcanic sulfur aerosols, are well documented for historical and
older eruptions (53, 54). Cooling from sulfur aerosols has been
proposed as a contributor to the ETE [e.g., (55)]; there is plant physi-
ognomic and cuticular evidence for damaging increased sulfur
aerosols during that event (56, 57) and an increase in plants adapted
to low light levels such as ferns (both spores and macrofossils) (58).
Volcanic winters through the ~1 Ma bracketing the Triassic-Jurassic
transition were plausibly extreme and long in duration (>10 years).
Individual flows were thousands of cubic kilometers in volume, per-
haps the products of prolonged, even decade-long eruptions that
were two orders of magnitude larger than any historical eruptions
(59). Thus, even if the atmosphere saturated with respect to aerosols,
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the sustained eruptions with related pulses of sulfur would have
caused decade-long volcanic winters. CAMP emplacement was pulsed
at the hundred-thousand-year scale (44, 45, 60), with each pulse
consisting of several individual gigantic eruptions, with the conse-
quences enhanced because the CAMP emplacement straddled the
equator. Climate modeling specifically for the CAMP and ETE sug-
gests that the drops in temperature from volcanic sulfur aerosols were
much larger than the increases due to CO, warming, although much
shorter in duration (61). Sustained temperature drops in excess of
10°C (61) were possible, perhaps resulting in multiple events of trop-
ical freezing similar, although not as large in magnitude as modeled
for the aerosols of the K-Pg impact (Fig. 4) (62).

DISCUSSION

From their discovery, dinosaurs have been conceptually associated
with tropical or at least warm climates (63). This idea is antithetical
to them inhabiting the high latitudes with freezing winters or their
survival through episodes of volcanically induced winters. Empiri-
cal evidence of L-IRD in strata associated with dinosaur footprints
shows that these insulated archosaurs lived in areas and in times with
freezing conditions since their inception in the Late Triassic. In con-
trast, the tropical large terrestrial archosauromorphs of the Triassic,
including phytosaurs and pseudosuchians, lacked insulation and
presumably could not tolerate prolonged cold, let alone persistent
freezing. Thus, large-bodied (>1 m) terrestrial archosauromorphs went
extinct during the initial CAMP eruptions at the ETE. This is mark-
edly shown by both skeletal and footprint data from the paleotropics
(64). Of pseudosuchians, only small-bodied basal crocodylomorphs
survived the ETE and only the small (2 to 3 cm) pseudosuchian
track taxon Batrachopus has been found in post-ETE Rhaetian and
Hettangian strata. These small-bodied forms also lacked insulation
but could have survived in burrows during volcanic winters, as un-
insulated forms (e.g., turtles) do now where there are freezing win-
ters, and as has been proposed for survival through the K-Pg event
(65). Overall, archosauromorphs show no size selectivity through
the extinction (66), although they do when parsed into insulated
versus noninsulated clades (Fig. 3). Crocodylomorphs did not re-
occupy the continental semiaquatic phytosaurian niche until mil-
lions of years later (67).

There is, however, little or no evidence of extinction among di-
nosaurian clades during the ETE; they underwent an expansion in
maximum size and geographicrange (Fig.4). Basal sauropodomorphs,
abundant at mid- and higher latitudes during the Late Triassic, spread
into the tropics (28), definitive ornithischians appear for the first time
(28, 68), and the maximum size of theropods (at least in the tropics)
increased by 20% (64), equating to nearly a doubling of mass. The
climatic consequences of the doublings to triplings of CAMP input
of CO; that took tens to hundreds of thousands of years to dissipate
(2, 44, 45) seem an inadequate explanation for the selectivity of the
extinctions on land. This is especially true in light of the fact that
both dinosaurs and the victims of the CAMP were similarly uricotelic
and adapted to water stress. The terminal Triassic, abrupt CAMP-
related increase in Pco, stands out as unusual largely because it was
preceded by a drop in Pco; in the earlier Rhaetian (2), yet large-sized
pseudosuchians and non-archosaurian archosauromorphs that were
dominant in the tropics during the preceding 30 Ma nearly vanished
during the end-Triassic. The darkness and cold of volcanic winters
seems a far more parsimonious explanation of the selectivity of the
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extinction as opposed to a comparatively small increase in average
temperatures that could have been mitigated by poleward or altitu-
dinal migration.

Even as it has become clear that many dinosaurs were insulated
with protofeathers, the idea that non-avian dinosaurs were predom-
inately denizens of warm climates in an ice-free high Pco, hothouse
Mesozoic world has persisted. It is now apparent here based on em-
pirical evidence (rather than just models) that freezing temperatures
occurred seasonally at high latitudes during the Late Triassic and
Early Jurassic despite exceptionally high Pco,. Being primitively
insulated, dinosaurs were able to take advantage of the rich plant
resources in the high latitudes. Through their adaptation to cold
temperatures, dinosaurs were able to survive the CAMP volcanic
winters and thereby expand to dominate terrestrial communities
for the next 135 Ma, and, as birds, remain two to three times more
speciose than mammals to this day (69, 70).

MATERIALS AND METHODS

Junggar Basin materials

Outcrop samples from Haojiagou were collected by conventional
means (i.e., with pick and rock hammer), generally in a shallow trench
to a depth of 10 to 30 cm to below the visually weathered zone.
Locations of the sedimentary successions and sampling sites are
shown in fig. S1 and table S1. Core samples were recovered from
piston core VM32-158PC archived at the Lamont-Doherty Earth
Observatory (LDEO) and gravity core OK92-2231 (fig. S2) archived
at the Oklahoma State University (table S1). Approximately 5 cm’
of sediment from each of the cores was subsampled for grain size
analysis. IGSN (International Generic Sample Number) identifiers
for these samples are provided in table S1.

Dinosaur footprints have been found in the Sangonghe, Haojiagou,
and Badaowan formations. In the Sangonghe Formation, footprints
were found in the Haojiagou area outcrops, bed 110, NIGPAS (Nanjing
Institute of Geology and Paleontology Academy of Science) PB172137
(latitude: 43.67486°, longitude: 87.20023°) (fig. S4A), with the fig-
ured specimen consisting of a natural cast (convex hyporelief) of a
tridactyl footprint in tan (as weathered) fine sandstone. Its relative-
ly high angulation and relatively short digit III, given its small size,
suggests an ornithischian track, although this is not conclusive. Un-
derlying strata show typical “dinoturbation” (fig. S4B), which was
the clue that resulted in the recovery of PB172137. No additional
footprints were excavated or collected at this site because of logis-
tical issues related to their fragility and preservation. Badaowan
Formation footprints were found by our team at the Haojiagou out-
crops, bed 98, but not collected because of size (latitude: 43.67141°,
longitude: 87.20398°). This track consists of a partial tridactyl natural
cast (convex hyporelief) (fig. S4D) found as float on a small prom-
ontory capped by appropriate lithology, making its provenance certain.
Although it has a high angulation, its larger size and penetrative mode
of formation make assignment to a specific dinosaur group speculative.
In addition, a previously collected specimen from the Badaowan For-
mation was collected at the Wanminggou tracksite (latitude: 44.13889°,
longitude: 84.28028°, about 233 km west-northwest of the Haojiagou
outcrops, NIGPAS MV11) (12). It is a natural cast (convex hyporelief)
of a nearly complete right pes impression with another track anterior
to it that is a possible manus. Originally reported as cf. Changpeipus sp.
by Xing et al. (12), based on its small size of 10.7 cm, short digit III,
wide digital divarication, and metatarsal-phalangeal pad of digit IV
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in line with the axis of digit III, this track seems a better fit to
Anomoepus [criteria from (71)], the track of an herbivorous ornith-
ischian dinosaur. The Haojiagou Formation at the Haojiagou
outcrops, bed 24 (not collected) (latitude: 43.64571°, longitude:
87.20510°), shows another example of dinoturbation (fig. S2D).
These footprints were not excavated or collected at this site because of
logistical issues related to their fragility and preservation, and there-
fore, assignment to a specific dinosaur group is speculative.

Methods
Paleolatitude determination
Paleoclimatically useful continental reconstructions for the Meso-
zoic and Cenozoic are based on plate kinematics from the sea-floor
record extrapolated back to closure and within a paleolatitudinal
framework that is based on the assumption that the time-averaged
geomagnetic field closely approximates that of a geocentric axial di-
pole (GAD) such that those paleomagnetic poles that faithfully re-
cord the GAD are good approximations of Earth’s rotation axis [e.g.,
(72)]. Here, we use a 200-Ma mean pole using data from North America,
Eurasia, South America, and Africa to position the major continen-
tal assembly of Pangaea at around the time of the ETE and Triassic-
Jurassic boundary at ~200 Ma (73). Our working hypothesis is that
the Junggar and Tarim basins were already effectively docked with
respect to Siberia (74), and Siberia was part of Eurasia by the end
of the Permian. That being the case, we can rotate reported 200-Ma
mean poles to Siberian coordinates using standard reconstruction
parameters for the Atlantic-bordering continents and use that 200-Ma
pole to estimate the paleolatitude of the Triassic-Jurassic southern
Junggar Basin sampling site located today at 43.7°N, 87.2°E. As de-
tailed in the Supplementary Materials and supported by other syn-
theses, this 200-Ma pole gives a paleolatitude of 71.1° + 3.8°N for the
sampling site in the Junggar Basin.
Quantitative granulometry (grain size analysis)
sample preparation
Junggar sample preparation consisted of three steps. (i) Disaggrega-
tion and removal of organic material, pyrite, and carbonate cement:
We weighed out 10 to 20 g of rock, covered them with 30% H,O,, and
warmed them on a 50°C hot plate for >3 weeks. Additional 30% H,0,
was added as needed. In this process, peroxide also oxidized the
organic material. Oxidation of pyrite forms H,SO, that also dissolved
the carbonate cement. Initial tests using sonication to break up the
sample indicated that the carbonate was restricted to matrix cement,
and no carbonate clasts were present that would be dissolved. The
coarse fraction was inspected using light microscopy to verify total
disaggregation. In cases where samples were not disaggregated within
3 weeks, additional 20% HCI was added, reacted overnight, centri-
fuged, and rinsed. Then, 30% H,O, was added to remove the newly
liberated organics. Samples were rinsed and centrifuged three times
with deionized (DI) water. (ii) Charcoal removal: Saturated zinc
chloride solution was added to each sample and centrifuged to float
out charcoal and other recalcitrant organics, which were pipetted
off. This process was repeated until there was no visible charcoal left
in the sample. Samples were rinsed and centrifuged three times with
DI water. (iii) Sieving: Subsamples of disaggregated HJG-44, HJG-
103, and HJG-130 were sieved at 63 to 150, 150 to 250, 250 to 500,
500 to 1000, and >1000 pm (table S2), with results expressed as weight
percent relative to the whole rock.

Sea of Okhotsk sample preparation consisted of removal of or-
ganic material, carbonate microfossils, and biogenic silica. Samples

Olsen et al., Sci. Adv. 8, eabo6342 (2022) 1 July 2022

were heated, sonicated, and reacted overnight, first with 5% H,0,
to remove organics, then 10% HCI to remove carbonate, and finally
2 M NaCOs; to remove biogenic silica, as described in (8, 75). Samples
were centrifuged and rinsed three times with DI water.

Laser diffraction granulometry

Quantitative granulometry (grain size analysis) was conducted using
laser diffraction with Malvern Mastersizer 2000 and 3000. We used
a standard reference material and subsampled the sample to exhaus-
tion as detailed in the Supplementary Materials. (i) Samples were
sieved at 2 mm to remove the largest grains that would damage the
lasersizer. The Malvern software uses Mie theory to convert light en-
ergy scatter to grain size and reports grain size distributions as vol-
ume percentages. The fine fraction data are demonstrably precise
and accurate and show extremely high reproducibility. The coarse
fraction is more variable, reflecting the small numbers of larger par-
ticles in different pipetted aliquots of the same sample, which was
compensated by sampling to exhaustion. Visual inspection of the
rock samples, thin section, and a computed tomography (CT) scan
(movie S1) as well as sieving (Fig. 2 and table S2) confirm that the
quantitative results reflect a real coarse fraction component in these
samples. The mean and 95% confidence limits were calculated, and
these, along with the range of the data, are shown in Fig. 2.
CTscan

Samples were scanned at Yale University on a Nikon XT H 225 ST by
B.-A. Bhuller. The resolution was 0.023883 mm. Image stacks were
produced with VGSTUDIO, and the three-dimensional projection
was generated with Image].

Thin section

A thin section (fig. S4 and table S1) was prepared from the same piece
of mudstone of HJG-44 as used for the CT scan (movie S1 and table
S1) by Wagner Petrographic (UT, USA) and is a standard thin section
of 26 mm x 44 mm with a thickness of 30 um. A clear epoxy mount
was used, and the sample was double-polished. Photographs were
taken with a Keyence digital microscope with transmitted light.
Phylogenetics

We used generalized phylogenetic bracket analysis (29) to infer traits
in clades for which there is no physical evidence (see the Supplemen-
tary Materials for details). We mapped preserved soft tissue features
of extinct tetrapods as well as soft tissue and physiological traits from
extant taxa onto an existing cladogram, allowing the inference of
traits in specific extinct groups in which soft tissue features and
physiological traits are not preserved. The phylogenetic results of
Nesbitt (76) were used as the base tree on which the known integu-
mentary and physiological traits were plotted (Fig. 3). Details are in
the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6342
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