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Abstract Evidence in the world’s ocean current system

indicates an abrupt cooling from 34.1 to 33.6 Ma across the

Eocene–Oligocene boundary at 33.9 Ma. The remarkable

cooling period in the ocean, called the Eocene–Oligocene

transition (EOT), is correlated with pronounced mamma-

lian faunal replacement as shown in terrestrial fossil

records. For the first time within Asia, a section is mag-

netostratigraphically dated that also produces mammalian

fossils that span the Late Eocene—Early Oligocene tran-

sition. Three fossil assemblages revealed through the EOT

(34.8, 33.7, and 30.4 Ma) demonstrate that perissodactyl

faunas were abruptly replaced by rodent/lagomorph-

dominant faunas during climate cooling, and that changes

in mammalian communities were accelerated by aridifica-

tion in central Asia. Three fossil assemblages (34.8, 33.7,

and 30.4 Ma) within the north Junggar Basin (Burqin

section) tied to this magnetostratigraphically dated section,

reveal that perissodactyl faunas were abruptly replaced by

rodent/lagomorph-dominant faunas during climate cooling,

and that changes in mammalian communities were accel-

erated by aridification in central Asia. The biotic reorgani-

zation events described in the Burqin section are comparable

to the Grande Coupure in Europe and the Mongolian

Remodeling of mammalian communities. That is, the faunal

transition was nearly simultaneous all over the world and

mirrored global climatic changes with regional factors

playing only a secondary role.
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Introduction

As recorded by a large-scale positive marine benthic d18O

anomaly and gradual drops in sea level, a dramatic

decrease in deep-sea temperature occurred across the

Eocene–Oligocene boundary (EOB) 33.9 Ma (Miller et al.

1987; Zachos et al. 2001; Coxall et al. 2005; Tripati et al.

2005). At the same time, the major continental fauna

alteration in North America, Europe, and Asia is attributed

to the climatic Eocene–Oligocene transition (EOT) (Meng

and McKenna 1998; Grimes et al. 2005; Gale et al. 2006;

Zanazzi et al. 2007). The global scale climate change

during the EOT caused one of the most significant mammal

biotic reorganization events since the extinction at the end

of the Cretaceous period (Meng and McKenna 1998;

Kraatz and Geisler 2010). Eocene–Oligocene land mam-

malian fossils clearly record this reorganization, termed the

Mongolian Remodeling in Asia and the Grande Coupure in

Europe, when medium-sized perissodactyl communities
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were abruptly replaced by small-sized rodent/lagomorph-

dominant faunas (Meng and McKenna 1998; Kraatz and

Geisler 2010; Costa et al. 2011). The age of the Mongolian

Remodeling, however, is still not precisely reconstructed.

A broad pattern of aridification across the late Eocene

and early Oligocene epochs within central Asia was

recently reported in Mongolia (Kraatz and Geisler 2010)

and the northeast Tibetan Plateau (Dai et al. 2006; Dupont-

Nivet et al. 2007, 2008). Dupont-Nivet et al. (2007, 2008)

and Abels et al. (2011) built an age model based on

magnetostratigraphy and correlations between local/regio-

nal pollen records and a marine oxygen isotope reference

curve to perform their paleoenvironmental reconstructions

in the Xining Basin of northeastern Tibet. The mammalian

fossils found in the upper part of the Tibetan section cor-

respond to the late Oligocene. Dai et al. (2006) demon-

strated that late Eocene to early Oligocene fossils were

missing in Xining. Therefore, other studies are required in

order to find a section with both late Eocene and early

Oligocene fossils and to clarify the timing of the EOT in

Asia. Kraatz and Geisler (2010) reported on several sec-

tions across the EOT from Mongolia. Their age model was

based on a magnetostratigraphic compilation and direct tie

points to the geomagnetic polarity time scale (GPTS) via

radioisotopically dated basalts for a few short sedimentary

sequences that sometimes contained only one or two nor-

mal/reversed polarity zones. Although the authors descri-

bed faunal transitions during the EOT, late Eocene faunas

were not found. Finding both late Oligocene and early

Eocene faunas in one section would confirm the timing of

the EOT and determine the upper/lower limits of the

transition in continental Asia.

To better understand the character and timing of the

faunal transformation in Asia compared to Europe, as well

as differences and similarities between continental and

oceanic climate changes around the Eocene–Oligocene

boundary, we studied the Burqin section (northern Junggar

Basin, central Asia). The section is situated 1,000 km to the

west of the Mongolian section described by Kraatz and

Geisler (2010). Our section could be compared to sections

from similar time intervals in Europe and Mongolia in

order to specify a linkage to faunal transformation during

the EOT (Wu et al. 2004; Ye et al. 2005; Ni et al. 2007;

Costa et al. 2011).

The Junggar Basin, formed during late Paleozoic,

Mesozoic, and Cenozoic, is a large-scale piled sedimentary

basin bounded by the Tian-Shan Mountains to the south

and the Altay Mountains to the north. Bosboom et al.

(2011) demonstrate the remnants of a large epicontinental

sea at the end of Eocene in the middle of the Asian con-

tinent. In this paper, we base the timing of terrestrial

cooling and aridification on our magnetostratigraphic dat-

ing of mammalian fauna findings in the Burqin section.

Mammalian fossils of the Burqin section

The terrestrial Tertiary strata on the northern bank of the

Irtysh River near Burqin City (Fig. 1) consist of lower

rusty-yellow and purplish red beds of the Irtysh River

Formation, and upper yellowish-green sandstones with

variegated green mudstones beds of the Keziletuogayi

Formation (Ye et al. 2005; Ni et al. 2007). All stratigraphic

layers in the northern part of the Junggar Basin are hori-

zontal, and there are no signs of sedimentary discontinu-

ities or tectonic deformations in the region that makes the

Burqin section one of the key sections to study the EOT in

Asia. The sedimentary strata are folded and steep only in

the southern periphery of the basin (Carroll et al. 1990).

Three mammalian fossil assemblages were found across

the EOB during 1998 to 2006 within the Keziletuogayi

Formation in the Burqin section (Wu et al. 2004; Ye et al.

Fig. 1 a Study area location in Asia. b Location of the Junggar Basin and the Burqin section. The key Eocene–Oligocene localities in Asia: 1
Mongolia (Kraatz and Geisler 2010); 2 Xining Basin (Dai et al. 2006; Dupont-Nivet et al. 2007, 2008). Our study area is marked as a star

Int J Earth Sci (Geol Rundsch)

123



2005; Ni et al. 2007). The first assemblage was discovered

in a 70-mm thin layer of black manganese siltstone in

grayish green mudstone at a depth of 58 m. These findings

are described in detail by Ye et al. (2005) and Ni et al.

(2007) (see Table 1 in Ni et al. (2007) and Figure SM-1 in

the online Supplementary Materials). The first assemblage

is similar to the Khoer-Dzan and Ergilin faunas of Mon-

golia (Wu et al. 2004; Ye et al. 2005; Ni et al. 2007). Six

species representing four families include Cadurcodon cf.

C. ardynensis, Amynodontidae gen. et sp. indet., Gigant-

amynodon giganteus, Indricotheriinae gen. et sp. indet.,

Rhinocerotidae gen. et sp. indet., and Brontotheriidae gen.

et sp. indet.; all are perissodactyls. There were no fossils of

small mammals found in the paleontological screen-

washing. The apparent lack of forest-related species like

euprimates, chiropterans, and plesiadapiformes suggests an

absence of dense forest in Burqin during the studied

interval. Rhynchosia and Elaeagnus pollen findings and

evidence of perissodactyl-dominant mammals indicate a

warm subtropical climate (Ye et al. 2005).

The second mammalian assemblage includes fossils

found at a depth of 45 m in a 1.7 m layer of brown mud-

stone in between green sandstone strata (Fig. 2) (Ye et al.

2005; Ni et al. 2007). Fossils collected from the Burqin

section and two other neighboring localities of the same

stratigraphic level represent 13 species from 7 mammalian

genera (see Table 1 in Ni et al. (2007) for the complete

listing); all are mammals similar in size to Hyaenodon sp.

and Desmatolagus sp. and comparable to early Shandgo-

lian faunas (Ye et al. 2005; Ni et al. 2007) (also spelled as

Hsandagolian faunas in literature). The perissodactyl

components entirely disappear in the second mammalian

fossil assemblage. Such a critical change in the mammalian

assemblage indicates a faunal transformation from peris-

sodactyl-dominant mammals to rodents and lagomorphs

within the section.

The third assemblage, collected at a depth of 65 m in

green mudstone, is similar to the second, but importantly

reflects a faunal change from the lower two assemblages.

The dominant small-sized mammals of the third assem-

blage included 16 species similar in size to Palaeoscaptor

cf. P. acridens and Tupaiodon cf. T. morrisi, and analogous

to the Shandgolian from Mongolia (Meng and McKenna

1998; Ye et al. 2005; Kraatz and Geisler 2010).

The faunas transition in the Burqin basin correspond to

the Mongolian Remodeling and the Grande Coupure from

Europe (Meng and McKenna 1998; Wu et al. 2004; Ye

et al. 2005; Ni et al. 2007) linking those areas to the same

global cooling event across the Eocene–Oligocene bound-

ary. In all of these sections, Late Eocene faunas were

dominated by large perissodactyls, whereas the Early Oli-

gocene faunas are rich in rodents and lagomorphs.

The magnetostratigraphic result

In the Burqin section, we were able to sample a 128 m

interval that corresponds to the Irtysh River (lower part of

the section) and Keziletuogayi (upper part of the section)

formations at the north bank of the Irtysh River. Paleo-

magnetic sampling was performed approximately every

0.5 m. The paleomagnetic fold test could not be applicable

because of the horizontal bedding orientation. The upper-

most stratum of the section was dominated by a massive

grayish-white fluvial conglomerate that made paleomag-

netic sampling unfeasible. Therefore, our sampling began

from the grayish lacustrine sandstone and mudstone layers

beneath the conglomerate layer. There was a general trend

toward coarser particles upward to the top of the section.

At a depth of 26–37 m, the lithology of the Keziletuogayi

Formation was dominated by coarse yellowish sandstone,

which also did not yield to paleomagnetic analysis.

We performed measurements of magnetic susceptibility

(MS or v) versus temperature (v-T curves) of the bulk

sediment using an AGICO KLY-3 Kappabridge suscepti-

bility meter coupled with a CS-3 high-temperature furnace,

(a) (b)Fig. 2 Temperature

dependence of magnetic

susceptibility for representative

samples from the Burqin section
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from room temperature to 700 �C in an argon atmosphere

to prevent oxidation during heating. As shown in Fig. 2,

the v-T curves usually can be divided into two categories

according to their Curie-temperature behavior. The Type I

curve (Fig. 2a) represents the MS of brown sandstones or

sandy mudstones and demonstrates a characteristic decline

in magnetic susceptibility from 450 to 585 �C, a charac-

teristic of sediment containing magnetite. A moderate

decrease in MS below 200 �C is caused by contributions of

paramagnetic minerals following the Curie–Weiss law. The

Type II curve (Fig. 2b) represents the MS of red siltstones

and mudstones. The curve demonstrates two critical

decreases in MS at 585 and 690 �C, indicating that mag-

netite and hematite are major contributors.

Magnetic remanence was measured with a 2-G, three-

axis, cryogenic magnetometer housed inside a magnetic

shield with a background magnetic field of less than 300

nT. In the laboratory, we thermally demagnetized 178

samples from different depth intervals, applying 12–16

temperature steps up to 690 �C and measured the natural

remanent magnetization (NRM) after every step.

Representative orthogonal vectors diagrams demonstrate

that the studied samples possess two magnetic components.

The low-temperature component (LTC) does not decay

toward the original and usually could be removed at

250 �C (Fig. 3b–d). In a few samples, the LTC was

removed at 450 �C (Fig. 3a). The high-temperature com-

ponent (HTC) was observed from 300 to 585 �C in grey-

stones and to 690 �C in redstones and always decayed

toward the origin on the orthogonal diagrams. The same

HTC direction in gray and red beds with magnetite and

hematite, respectively, as the carriers of magnetization is

defined as the characteristic remanent magnetization

(ChRM) direction.

Our paleomagnetic analyses yielded reliable ChRM

directions from 126 samples. We identified 11 normal

polarity and 11 reversed polarity intervals. The detailed

magnetostratigraphy was determined by declination and

inclination correlations to the geomagnetic polarity time

scale of Cande and Kent (1995). In the Burqin section, 96

stable HTC directions were selected for the calculation of

the mean paleomagnetic direction: declination D = 359.6�,
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Fig. 3 Representative orthogonal vector projections of stepwise

thermal demagnetization of natural remanent magnetization for the

Burqin section. Demagnetization steps are in �C for all plots; open

and solid circles represent vector endpoints projected onto vertical

and horizontal planes, respectively
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inclination I = 57.1�, k = 13.3, and a95 = 4.1� (precision

parameter and half-angle radius of the 95 % probability

confidence cone). The presence of two opposite polarity

directions yields a positive reversal test (class B, following the

classification of McFadden and McElhinny 1990) (Fig. 4). At

95 % confidence, the difference between normal (N) and

reverse (R) polarities is 5.7� (DN = 0.1�, IN = 64.4�, k =

12.0, a95 = 7.7�, N = 53 samples; DR = 181.7�, IR = 55.5�,

k = 15.2, a95 = 6�, N = 43 samples), which is less than the

critical angle cc = 8.2�.

Paleontological constraints show that perissodactyls

dominate faunas of the Late Eocene, and that rodents and

lagomorphs (second and third assemblages in our section)

are the dominant faunas of the Early Oligocene. In the

context of our study, this suggests that the Eocene–Oligo-

cene boundary is between the first and second assemblages

of the Burqin section (Wu et al. 2004; Ye et al. 2005; Ni

et al. 2007). We matched our polarity scale to the GPTS in

the most evident intervals of reverse polarity at 40–55 m,

R2 and R3, to the long reverse polarity chrons C13r and

C15r, separated by a shorter normal polarity chron C15n

(Fig. 5). We then matched other polarity intervals further

up and down the section (Table 1). Although alternative

models for correlation to the GPTS exist (see below), our

model in Fig. 5 provides the most reasonable fit that is in

agreement with (1) the mammalian fossil assemblages of

the Keziletuogayi Formation found in the section and (2)

the gradual increase in sedimentary grain size from fine

grain sediment at the bottom of the Burqin section to

medium and course sandstone at the top of the section [the

rate of sedimentation increased from 0.78 to 0.95 cm/kyr

(Fig. 6)].

Linear interpolation between the magnetic chrons yields

ages of 34.8 and 33.7 Ma, respectively, for the first and

second faunal assemblages (Fig. 5). The third assemblage

is right above the N1 normal polarity of our sequences and

corresponds to an age of 30.4 Ma.

The alternative magnetostratigraphic model (Figure SM-2

in the online Supplementary Materials) was rejected

because it unreasonably shifts the Burqin faunal transition

far upward in the studied cross-section. In the rejected

model, the transition does not correspond to the EOB and

marine oxygen isotope curve transition. The model would

also imply the sedimentation rate decreases from 0.78 to

0.56 cm/kyr around the central segment of the studied

section and then sharply increases again to the top of the

section. It contradicts the field observation of the gradual

increase in the sedimentary grain size at the central part of

the cross-section.

Discussion

The fossil assemblages from the Burqin section provide

paleontological evidence for the onset of important envi-

ronmental change across the EOT that is consistent with

Fig. 4 Equal area projection of the high-temperature component

directions for 96 stable samples in the Burqin locality (plotted using

PaleoMac software (Cogné 2003). Closed (open) symbols: downward

(upward) inclinations. A red (green) star represents the mean

direction for the normal (reverse) polarity based on its a95 circle of

confidence. Black star represents the mean direction of the section

with its corresponding a95 circle of confidence
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the global climate shift characterized by a gradual decrease

in deep-sea temperature (Coxall et al. 2005; Tripati et al.

2005) recorded in the marine oxygen isotope curve

(Fig. 5). The prominent terrestrial biotic reorganization in

central Asia has been recognized and named the Mongolian

Remodeling (Meng and McKenna 1998). The Mongolian

Remodeling is characterized by a shift from Eocene

perissodactyl-dominant faunas to Oligocene rodent/lago-

morph-dominant faunas. Recently, Kraatz and Geisler

(2010) demonstrated that the first post-Mongolian

Remodeling faunas appeared as Hsandagolian EALMA

found in the Hsanda Gol Formation in Mongolia at

33.3 Ma. The earliest rodent/lagomorph-dominant fauna in

our section was found at 33.7 Ma (Fig. 5), indicating that

these faunas could have appeared throughout central Asia

at least 0.4 Myr earlier than was previously suggested

(Kraatz and Geisler 2010).

Dupont-Nivet et al. (2007) demonstrated that the aridi-

fication in central Asia around the EOB was a result of

global climatic cooling. The major Tibetan uplift occurred

a little earlier (*38 Ma) based on the Xining Basin data

(Dupont-Nivet et al. 2008). Gravel stratum in the upper

part of the study section indicates a larger river input to the

ancient lake (or intracontinental sea area) at the Burqin site

at *30 Ma. The courser grain horizons could indicate the

Central Asian epicontinental sea retreat around EOT as

discussed by Bosboom et al. (2011). While we observe

sedimentation rate changes precisely at the EOB, the

Fig. 5 Detailed magnetostratigraphy of the studied section and its

correlation with the GPTS of Cande and Kent (1995). The EOB is at

33.9 Ma (Gradstein et al. 2004). Marine oxygen isotope curve from

Coxall et al. (2005). The terrestrial EOT in the Junggar Basin is

constructed in this study. Numbers in the circles denote the faunal

assemblage 1, 2 and 3. 1 mudstone, 2 siltstone, 3 fine sandstone, 4

intermediate size sandstone, 5 coarse sandstone, 6 conglomerate, 7
normal polarity interval, 8 reversed polarity, 9 uncertain polarity, 10
faunal assemblage number after Ni et al. (2007), perissodactyl-

dominant mammalian fossils compose the assemblage 1, and rodent/

lagomorph-dominant fossils compose the assemblages 2 and 3
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mechanism that drove this is unclear as the region was

concurrently undergoing major tectonic uplift, climatic

change, and sedimentological regime change; all of which

are themselves closely intertwined. Regardless of the

mechanism, however, it is clear that the sedimentation rate

change we observe is strongly correlated temporally to

both regional and global events of the Eocene–Oligocene

Transition.

Most importantly, our studies imply that mammalian

reorganization occurred as a result of global cooling and

Asian aridification as shown by Dupont-Nivet et al. (2007).

The uplift of the Tibetan Plateau and the retreat of the

Paratethys epicontinental sea triggered aridification of

continental Asia (Graham et al. 2005; Harris 2006; Rowley

and Currie 2006; Zhang et al. 2007; Dupont-Nivet et al.

2007, 2008), which occurred 3 Myr before the EOB

(Dupont-Nivet et al. 2008). Therefore, global cooling may

have driven faunal turnover observed during the EOT

within Asia. Faunal reorganization within the Junggar

Basin occurred quickly, most likely between 34.8 and

33.7 Ma, and was followed by a long period of faunal

stability. Such terrestrial faunal change matches overall

patterns of reorganization during the marine EOT

(34.1–33.6 Ma), both of which were nearly coincident with

the EOB (33.9 Ma) (Coxall et al. 2005). It is possible that

the terrestrial EOT in the Junggar Basin could have ter-

minated (33.7 Ma) slightly before the onset of the marine

EOT (33.6 Ma) and the Grande Coupure in Europe (Costa

et al. 2011).

Conclusions

Three fossil assemblages revealed in the Burqin locality

(34.8, 33.7, and 30.4 Ma) demonstrate that perissodactyl

faunas were abruptly replaced by rodent/lagomorph-

dominant faunas. Our study establishes the age of fauna

transformations across the Eocene–Oligocene boundary

(33.9 Ma) in central Asia for the first time. The Eocene–

Oligocene transition in central Asia occurred at nearly the

same time as it occurred in Mongolia (Kraatz and Geisler

2010) and Tibet (Dupont-Nivet et al. 2007, 2008). These

findings strongly suggest that global cooling played a

leading role in the aridification and faunal transformation

in Asia.
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Table 1 Magnetostratigraphic age model for the Burqin section

Depth

(m)

Polarity chron

intervals (Ma)

Polarity chron

nomenclature

19.50 30.479 C12n end

44.25 33.545 C13n

58.35 34.655 C15n end

59.20 34.940 C15n

64.75 35.343 C16n.1n end

66.00 35.526 C16n.1n

69.75 35.685 C16n.2n end

76.50 36.341 C16n.2n

79.25 36.618 C17n.1n end

99.00 39.552 C18n.1n

101.75 39.631 C18n.2n end

103.00 40.130 C18n.2n

115.25 41.257 C19n end

115.75 41.521 C19n

121.75 42.536 C20n end

132.00 43.789 C20n

Correlation was performed using the GPTS of Cande and Kent (1995)
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Fig. 6 Stratigraphic level in meters versus age according to mag-

netostratigraphic correlation with the GPTS in the Burqin section.

Sedimentation rates of 0.78 and 0.95 cm/kyr are shown near fine grain

(dashed line) and coarser grain (solid line) sediment intervals in the

section. Circles (triangles) correspond to the geomagnetic event

boundaries from Fig. 5 for the fine (coarser) grain sediments
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