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The Eocene-Oligocene Boundary (~34 million years ago) marks one of the largest extinctions of marine
invertebrates in the world oceans and of mammalian fauna in Europe and Asia in the Cenozoic era. A shift to
a cooler climate across this boundary has been suggested as the cause of this extinction in the marine
environment, but there is no manifold evidence for a synchronous turnover of flora, fauna and climate at the
Eocene-Oligocene Boundary in a single terrestrial site in Asia to support this hypothesis. Here we report
new data of magnetostratigraphy, pollen and climatic proxies in the Asian interior across the Eocene-
Oligocene Boundary; our results show that climate change forced a turnover of flora and fauna, suggesting
there was a change from large-size perissodactyl-dominant fauna in forests under a warm-temperate climate
to small rodent/lagomorph-dominant fauna in forest-steppe in a dry-temperate climate across the Eocene-
Oligocene Boundary. These data provide a new terrestrial record for this significant Cenozoic
environmental event.

marking a dramatic shift from a “greenhouse” to an “icehouse” world'*®. This event also characterizes

one of the largest mammalian fauna turnovers and extinctions, named the Grande Coupure in Europe®’.
In Asia, Meng and McKenna’® reviewed fossil records from tens of sites in Mongolia and northern China, which
yielded a composite record showing a turnover in the fauna named “Mongolian Remodelling”. In addition to the
abrupt changes of mammalian fauna, climatic changes have also been identified across the Eocene-Oligocene
Boundary'*"*. However, there still lacks in situ multidisciplinary studies of flora, fauna and climate focused on a
same site in Asia. Here, we present mammalian, vegetation, and climatic records from Paleogene deposits that
show a synchronous turnover of flora, fauna, and climate at the Eocene-Oligocene Boundary.

Our study site lies in the Junggar Basin in northwestern China. This basin is situated between the Altay
Mountains to the north and the Tianshan Mountains to the south (Fig. 1la). Our section is located at
Keziletuogayi (47°50'26"N, 86°40'45"E, 520 m above sea level), adjacent to the Ertix River (Fig. 1b). In the
Paleogene deposits there are Late Eocene to Early Oligocene mammalian fossils'>"". However, to date, there
has been no study of the vegetation and climatic changes across the Eocene-Oligocene Boundary at this site.

In order to understand in situ floral, faunal, and climatic changes, we collected multiple samples, focusing on
the middle to upper parts of the Keziletuogayi section (Fig. 2a). In general, the sedimentary facies are fluvial to
lacustrine; the lower part is dominated by bright brown sandstone/siltstone with intercalated white cross-bedded
sandstones, while the upper part is characterized by light-yellow sandstone/siltstone (Fig. 2b). Oriented speci-
mens were collected for paleomagnetic polarity studies and bulk samples for analysis of paleovegetational and
climatic changes.

The chronology of the studied section is based both on the new magnetostratigraphic data (Supplementary
Table 1) and biostratigraphic age control (Fig. 2¢c). Firstly, based on the previous paleontological studies together
with our newly discovered mammalian fossils (Supplementary Table 2), three mammal assemblages (A1 to A3)
were identified'>'”'*. These mammal assemblages correlate well with Asian and European land mammal ages'®™'®.
Among them, A3 corresponds to the Latest Eocene Ulangochuan age (Chinese Land Mammal Ages, CLMA),
whereas A2 and A1 correspond to the Early Oligocene Ulantatalian age (Fig. 3a). With the above biostratigraphic
age controls, the measured paleomagnetic polarity of the section could be correlated well with the geological time

T he Eocene-Oligocene Boundary was one of the most pronounced climatic events of the Cenozoic era,
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Figure 1| Map showing the Junggar Basin and the location of the studied section in China. (a), Location of the Junggar Basin. (b), Geological map and
the location of the Keziletuogayi section. (Maps was drawn by Jimin Sun using the Software of Canvas 8.0.2).

scale 2004 (GTS 2004, Gradstein et al.*) that covers polarity chrons
from the upper C16n.2n to the lower C12r, and spanning a time
range of 36-33 Myr ago (Fig. 2¢).

Mammalian fossils from A3 consist both of large size perissodactyl
mammals and the newly discovered small mammalian fossils, but
they are dominated by giant perissodactyl mammals (Fig. 3a). This
assemblage is similar to that of the Ergilin fauna of Mongolia>",
which has a Latest Eocene age. In contrast to the A3 mammal fossils,
fossil assemblages of A1 and A2 are dominated by small rodents and
lagomorphs (Fig. 3a), comparable to those of the Early Hsandagolian
fauna of Mongolia'®*'"**, which suggests an Early Oligocene age.
Therefore, the mammalian fossils of this section reveal a distinct
faunal turnover pattern characterized by a shift from Late Eocene,
giant perissodactyl-dominant fauna to Early Oligocene, small
rodent/lagomorph-dominant fauna (Fig. 3a).

Vegetational changes in the section were reconstructed with pol-
len analysis (Supplementary Table 3). Our results indicate two dis-
tinct vegetation types across the Eocene-Oligocene Boundary
(Fig. 3b). The Late Eocene terrestrial flora were dominated by
broad-leaved species of Betulaepollenites, Quercoidites, Ulmipolle-
nites, Juglanspollenites, and coniferous species of Piceaepollenites,
Pinuspollenites, Abiespollenites, and Podocarpidites, whereas the herb
taxa only occupied less than 7 percent (Fig. 3b). The vegetation type
during the Late Eocene was a mixed coniferous—broad-leaved forest.
However, there was a remarkable change of pollen transitioning into
the Early Oligocene (Fig. 3b). The Early Oligocene pollen flora are
characterized by an abrupt increase in herb taxa including Arte-
misiaepollenites, Chenopodipollis, Graminidites, Ephedripites, Ros-
apollenites, Compositoipollenites and other herb species, whereas
the tree species of Juglanspollenites, Quercoidites, and Podocar-
pidites largely decrease, implying a forest-steppe environment with
open grasslands.

Further analysis of the pollen species can be used to infer both
temperature and aridity changes. The relatively high percentage of
mesothermic species of Juglanspollenites and Quercoidites, together
with the evergreen hydrothermal species of Podocarpidites suggest a
warm-humid climate in the Late Eocene, but such species decreased
to lower percentages after the beginning of the Oligocene, suggesting
a change to a cooler climate (Fig. 3b). Among the herb taxa, Arte-
misiaepollenites and Chenopodipollis are very commonly in dry
steppes, while Ephedripites is a dry shrub. The abrupt increase in
such xerophytic elements suggests that the climate tended to become
drier after the start of the Oligocene (Fig. 3b). Therefore, our pollen
results reveal an abrupt shift in the ecosystem from warm-humid
forest in the Late Eocene to dry-temperate forest-steppe in the Early
Oligocene.

Recent reviews of Paleogene palynoflora in eastern China also
revealed evidence of cooling from the Late Eocene into the
Oligocene®, but lack evidence for a drier climate. A possible cause
for a wet climate in the Oligocene in eastern China is the short
distance to the Pacific Ocean compared with the remote inland
basins in western China.

Therefore, the enhanced cooling and aridity indicated by the pol-
len data in the Junggar Basin was essentially synchronous with the
beginning of the Oligocene, and it is also consistent with the turnover
time of mammals. Similar results from the Hampshire Basin of
England show that faunal turnover in the rodents in the latest pre-
Grande Coupure fauna coincided with a change in vegetation types’.

Our new paleoclimatic reconstructions are based on multiple cli-
matic proxy parameters (Supplementary Table 4) (Fig. 4). Clay
minerals are very common in sedimentary rocks and soils; their
categories and the relative concentrations of different minerals are
mostly dependent on the degree of chemical weathering. More spe-
cifically, kaolinite forms in warm and humid climates, particularly
under tropical and subtropical conditions®. Fig. 4a clearly indicates
that the content of kaolinite is much higher in the Late Eocene sedi-
ments, but it decreases abruptly above the Eocene-Oligocene
Boundary, suggesting weaker chemical weathering and a relatively
cool-dry climate after the beginning of the Oligocene. Recent min-
eralogical studies of Cenozoic sediments in the Tarim Basin, which is
a neighboring basin, located to the south of the studied Junggar
Basin, also indicate a dramatic decrease of kaolinite from the Late
Eocene to Early Oligocene, implying climatic cooling at and after the
end of the Eocene®.

Sediment color has long been used as a paleoclimatic parameter®.
The redness (a*) is related to the presence of reddish crystalline iron
oxides such as goethite and hematite that form during chemical
weathering, and accordingly the redness is climate dependent”.
Fig. 4b shows that there is a general trend towards lower values,
suggesting there was weakening chemical weathering after the start
of the Oligocene.

Due to the extremely low solubility of Fe oxides over the normal
pH range of soils, Fe,O; produced during mineral weathering is
precipitated mainly as hematite and goethite. The content of Fe,O3
has been used as a parameter in reconstructing past climatic
change®®. Because the iron oxides have a pronounced effect on sedi-
ment color, this can account for the very similar variation trends
between the content of Fe,O; and the redness (Fig. 4b, c). A similar
relationship was reported in the long-term paleoclimatic changes in
the Qaidam Basin®®, which is also a large inland basin in the north-
west China. The higher values of both redness and Fe,0; content
imply stronger chemical weathering under relatively warmer and
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Figure 2 | Lithology and the magnetostratigraphy of the Keziletuogayi section. (a), The lithology of the section. (b), Photo showing the boundary
(indicated by the red arrow) of the Late Eocene and Early Oligocene strata. (c), Magnetostratigraphy and mammalian fossils zones (A1l to A3) of the

Keziletuogayi section. (Photo was taken by Jimin Sun).

more humid climatic conditions during the Eocene. The climatic
shift at the Eocene-Oligocene Boundary is more remarkable in the
high-resolution curve across the boundary (Fig. 4d, e).

Therefore, our new data from the interior of Asia demonstrate
simultaneous changes in fauna, ecosystem and climate, suggesting
a change from a perissodactyl-dominant fauna in forests in a warm-
temperate climate in the Late Eocene to a small rodent/lagomorph-
dominant fauna in a forest-steppe, dry-temperate climate in the
Early Oligocene (Supplementary Figure 1); this provides an import-
ant new terrestrial record of dramatic environmental changes at the
Eocene-Oligocene Boundary.

Moreover, it has become increasingly apparent that Earth’s cli-
mate underwent a dramatic change when a permanent ice sheet
began to form in Antarctica about 34 million years ago, at the
Eocene-Oligocene Boundary®®. The large ice sheet actively inter-
acted with the rest of the climate system by amplifying, pacing, and

potentially driving global climatic cooling, and this caused a dramatic
response in the biosphere. The new record presented here documents
important synchronous continental climatic and biotic changes dur-
ing the transition from the warm Eocene world to the cool Oligocene,
and therefore has implications for the effect of onset of Antarctic
glaciation on regional aridity and the evolution of flora and fauna in
Asia. Apart from the Junggar Basin, this aridification since the begin-
ning of the Oligocene is also well documented by several paleoenvir-
onmental studies in the Xining and Tarim Basins as well as in the
southern Mongolia in the central Asian continent'-**, although
Bosboom et al.** argued that there may be a major hiatus across
the Eocene-Oligocene Boundary in the Tarim Basin.

It is interesting to discuss the effects of Tibetan Plateau uplift and
global climatic cooling on the paleoenvironmental shift at the
Eocene-Oligocene Boundary. Although the Tibetan Plateau uplift
was responsible for aridification in central Asia by creating a rain
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Figure 3 | Fauna and Flora records from the Latest Eocene to the Early Oligocene in the Keziletuogayi section. (a), Mammalian faunas of the section,
noting the distinct mammalian turnover across the Eocene—Oligocene Boundary, CLMA: Chinese Land Mammal Ages; ALMA: Asian Land Mammal
Ages. (b), Vegetation changed from forests to forest-steppe environment after the beginning of the Oligocene.

shadow, the timing of the uplift may have been diachronous®'. The
oblique subduction of the Indian lithosphere beneath Tibet accounts
for the stepwise rise of different parts of the Tibetan Plateau ranging
from 55 Myr ago in the southwest to the latest uplift of its north-
eastern margin in the last few million years*>*. To date, there is still a
lack of evidence for dramatic uplift of Tibet at 34 Myr ago, and
therefore there is some uncertainty that the growth of the plateau
could have reached a threshold elevation that could trigger a change
in atmospheric circulation and climatic patterns. Therefore, the con-
temporaneity of the coeval changes in climate, plant and animal
communities and the initiation of the Antarctic glaciation further

demonstrate that the cause of such a synchronous turnover was
global cooling rather than regional tectonic uplift.

Methods

Magnetostratigraphy. Specimens for magnetostratigraphic analysis were oriented
with a magnetic compass in the field. All samples were subjected to stepwise thermal
demagnetization, commonly using the following stepwise heating routine: (i) 100°C
or 50°C steps up to 500°C; and (ii) 25°C or 10°C steps up to 640°C or 690°C. The
magnetic remanence was measured with a 2G, three-axis, cryogenic magnetometer
housed in field-free space (300 nT) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences. Thermal demagnetization of the samples revealed two
remanence components: a secondary magnetization with low unblocking
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temperature; and a characteristic remanent magnetizations (ChRM) with high
unblocking temperatures mostly between 450°C and 670°C. The stable ChRM
direction of each specimen was calculated using linear regression techniques and the
mean site value was obtained following Fisher’s statistics.

Pollen analysis. At least 100 g of sediment was used for each sample in order to
acquire enough pollen grains. Samples were treated with HCI (35%) and HF (70%) to
remove carbonates and silica. Separation of the palynomorphs from the residue was
performed by using ZnCl, (density = 2). Slides were prepared by mounting the pollen
grains in glycerin jelly, and then counted under a microscope using X400
magnifications. For each sample, pollen grains were counted until a minimum pollen
sum of 200 grains was reached.

Color measurement. For color measurement, samples (1.5 g) were first dried at 40°C
for 24 h, then crushed to powder, and finally measured using a handheld Minolta-
CM2002 spectrophotometer. The color reflectance of all samples are given by the
spherical L*a*b* color space, among them, a* represents redness.

Clay mineral analysis. Samples for clay mineral analysis were firstly treated with
acetic acid (10%) and H,0, (30%) to remove carbonates and organic matter. Clay
fraction of <2 um was extracted, pipetting according to Stokes’ Law. Mineralogical
analyses were completed with a X-ray Diffractometer (DMAX 2400). We estimated
that the analytical uncertainties were about *+10%.

Fe,0; content measurement. For each sample, 0.05 g powder was first acid-treated
(5 ml HF, 1 ml HNOj and 0.5 ml HCIO,) and heated, then the treated samples were
dissolved in 10 ml HCI and measured using atomic absorption spectroscopy
(PinAAcle 900F). The analytical uncertainties were less than about *5%.
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