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a b s t r a c t

As a crucial part of the Asian monsoon stretching from tropical India to temperate East Asia, the Indian
monsoon (IM) contributes predominant precipitation over Asian continent. However, our understanding
of IM’s onset, development and the underlying driving mechanisms is limited. Increasing evidence indi-
cates that the IM began in the Eocene or even the Paleocene and was unexceptionally linked to the early
rise of the Tibetan Plateau (TP). These were challenged by the heterogeneous and diachronous uplift of
the TP and all the reported records were confined to tropical zone under tropical monsoon driven by
the Intertropical Convergence Zone (ITCZ) that is irrelevant to the TP. Therefore, reliable paleoclimatic
records from the extra-tropical IM region is crucial to reveal how the tropical IM expanded to subtropical
and temperate zones and what driving factors might be related to it. Here we present robust Eocene pale-
oenvironmental records from central Yunnan (~26�N) in subtropical East Asia. The multiproxy results of
two sites demonstrate a consistent sudden switch from a dry environment in the early Eocene to a sea-
sonally wet one at 41 Ma, suggesting a jump of the tropical IM to the southern subtropical zone at 41 Ma.
The full collision of India with Asia, and the resulting changes in paleogeography at 41 Ma (closure of the
Neotethys sea, retreat of the Paratethys seas, fast northward movement of the southern margin of the TP
and rise of the central TP), aided by synchronous Antarctic cooling, might have worked together to drive
the IM enhancement and northward expansion.

� 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction could play a critical role in the Asian monsoon system under which
The Asian monsoon consists of Indian monsoon (IM) and East
Asia monsoon (EAM). It stretches from the tropical Indian Ocean,
South and Southeast Asia, and subtropical and temperate East Asia,
to Northeast Asia at ~55�N and is the only exception from the
encircled global tropical monsoon system confined to low latitudes
(<20�–23�N and S). Modern observation and numerical modeling
demonstrate that the global tropical monsoon is driven by the sea-
sonal migration of the Intertropical Convergence Zone (ITCZ) [1,2]
and irrelated to the uplift of the Tibetan Plateau (TP) (Fig. 1a, b) [4–
6]. The studies and our recent data indicate that most moisture of
the EAM region comes also from the IM [2,7] (Fig. 1c). Thus, the IM
over half of the world’s population lives. However, when the IM
commenced and how it developed through time remain incom-
pletely known and is still a subject of debate, which have ham-
pered our understanding and prediction of the future Asian
monsoon change with global warming.

The IM was previously thought to initiate in the late Miocene
[8,9], or the early Miocene [10]; however, several recent studies
greatly extended the initiation time back to the Eocene, the Pale-
ocene [11–20] or even to the Cretaceous [11,21]. These large con-
troversies arose mostly from undistinguishing of the IM and EAM
from the more ancient ITCZ-driven tropical monsoon and from
lacking of precisely dated continuous robust paleoclimatic records.
Most reported Eocene or Paleocene IM records were actually
within the range of the ITCZ-driven tropical monsoon. Poorly con-
strained geological evidence, because of lack of precise dating and
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reliable monsoon proxy, biases our precise understanding of the IM
evolution.

Numerical modeling showed that without the TP, the IM was
still over the Indian subcontinent and was confined <20�N as an
ITCZ-driven tropical monsoon, but with the existence of the TP,
the tropical IM jumped beyond the tropics northwards to the
middle-latitude temperate zones [4–6], which here we named as
the ‘‘extra-tropics” to distinguish the latitudinal positions from cli-
mate categorizations. Thus, long well-dated paleoclimatic records
from the subtropical IM region are crucial to provide age con-
straints on northward expansion of the IM, because such area
would have had dry climate due to the sinking air of the Hadley
cell, and timing of seasonal climate wetting of this subtropical IM
region would provide the best evidence for northward jump of
the IM [22].

Here we provide well-dated robust continuous paleoenviron-
mental records from two 500-km apart parallel sections in Yunnan,
SW China under the modern IM climate (Figs. 1c and S1–S3 online).
Our records demonstrate that the IM has dramatically enhanced
and expanded outside the tropics to the subtropical southern East
Asia of ~26�N at 41 Ma.
2. Stratigraphy and chronology

2.1. Stratigraphy

Paleogene stratigraphy in Yunnan is widely distributed in
many large long-narrow Meso-Cenozoic basins distributed
between or along large transpressional faults, with basin surfaces
at altitudes of ~1000–1500 m. Most Neogene and Quaternary
sediments deposited in smaller narrow pull-apart basins in for-
mer larger Paleogene basins along slip faults and unconformably
superimposed on the Paleogene stratigraphy. The unconformity
represents a strong compression, uplift and erosion event in
response to the continued indention of India into Asia (Fig. S1
online). These two suits of Cenozoic stratigraphy in Yunnan have
long been recognized for their distinct characteristics. The lower
part of the succession is represented by Paleogene red beds con-
sisting of mostly purple-brown red fine conglomerates, sand-
stones and mudstones that contain evaporites (salts and
gypsum) and eolian dune sandstones in some successions, while
the upper part is formed of Neogene-Quaternary light coloured
(grayish, greenish, yellowish) and coal-/limestone-bearing sedi-
ments [23]. The sharp lithological change has long been regarded
as the evidence for the onset of Asian monsoon in the early Mio-
cene [22]. Recent studies revealed that some previously regarded
Neogene sediments are now dated to be the late Eocene and Oli-
gocene in age [24–26]. We chose two 500-km apart parallel sec-
tions, the Shuanghe (SH) (103�57019.40 0E, 25�24016.70 0N) and
Caijiachong (CJC) (99�50040.10 0E, 26�35045.20 0N) sections in the
Yunnan Plateau with a mean altitude of ~1800–2000 m
(Fig. 1c) for detailed chronological and monsoonal climate re-
evaluation study.
Fig. 1. Distribution of the Asian monsoon and location of the studied region. (a) Obser
exceptional extension of the Asian monsoon from tropics up to the middle latitude of ~5
(a)) with respect to the TP and Asian inland and subtropical dry regions. (c) DEM show
(marked by green stars) with respect to the TP and the Asian monsoons. In (b), the white b
(taken from Ref. [1]). IM and EAM mean the Indian monsoon and East Asia monsoon, res
800 mm isopleths of mean annual precipitation, which divide the arid, semi-arid, sub-hu
The solid arrows indicate moisture direction and flux (g/(m s)) at mean 850 hPa calcu
Institute of Atmospheric Physics, Chinese Academy of Sciences. Similar moisture paths of
the abbreviation of monsoon.
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The measured SH (300 m) and CJC (162 m outcrop + 90 m
borehole = 252 m) sections from the two basins developed sim-
ilar stratigraphic successions and lithology, with gypsum-bearing
red beds in the lower and limestone/marl or/and coal-bearing
sediments in the upper parts, indicating a sedimentary environ-
ment shift from a floodplain dominated environment to a
swamp-fluviolacustrine succession, where evaporation mostly
exceeds precipitation in the former but opposite in the latter
(Figs. 2a, o, S2, and S3 online). The low but linear co-variance
of limestone oxygen and carbon isotopes indicates that the
upper parts of the SH and CJC sections were formed in fresh
water closed lakes rather than in marine environments [28]
(Fig. S4 online). This is further confirmed by the presence of fos-
sil fresh water fish, crocodiles, gastropods and charophytes in
the limestone/marl layers of the upper CJC section (Figs. 2 and
S3 online). We have not observed any obvious erosion surface,
instead a horizontal contact between the dry red beds and the
above wet swamp-fluviolacustrine succession (Figs. S2 and S3
online). Thick volcanic rock layers are found in both sections,
including three layers in the upper SH section and one 5-m thick
tuff layer at the top of the CJC section (Figs. 2a, o, S2, and S3
online). These volcanic rocks show distinguishable characteristics
of weathered soft lithology of grey color, pored and massive
structure, and porphyritic texture with clearly visible phe-
nocrysts of muscovite and biotite (Figs. 2a, o, S2, and S3 online).
2.2. Chronology

Laser U-Pb dating was applied to zircon grains from the upper-
most volcanic layer imbedded in coal seams at thickness of 245 m
of the SH section and the tuff layer at the top of the CJC section
(Figs. 2a, o, S2, and S3 online). All the zircon grains show euhedral
crystals with concentric rings indicative of magmatic origin and
have similar ages with one distinct peak, yielding an average age
of 37.03 ± 0.36 Ma (2r) for the uppermost volcanic layer in the
SH section and an average age of 35.49 ± 0.78 Ma (2 r) for the tuff
layer at the top of the CJC section (Fig. 3).

Slightly below this tuff layer presents the famous Caijiachong
fauna, which was known as late Eocene in age and forest type fossil
mammals [29,30] (Figs. 2o and S3 online), well agreed to our zircon
U-Pb ages.

Detailed paleomagnetic analyses were applied to the two sec-
tions. Oriented samples were collected at intervals of 0.5–1 m.
Rock magnetic measurements of some representative samples
indicate that hematite and/or magnetite are the principle magnetic
minerals (Fig. S5 online). Thermal demagnetization (TD) was per-
formed for characteristic remanent magnetization (ChRM) isola-
tion (Fig. S6 online). Positive reversals tests (Fig. S7 online)
suggest that the secondary overprints of the ChRM were most
likely cleaned. All reliable outcrop ChRM directions were turned
into virtual geomagnetic pole (VGP) latitudes according to their
declinations and inclinations, whereas the borehole ones are only
inclinations, and both were plotted as function of depth in Fig. 2.
ved (thick contour) and simulated (shading) global monsoon domain showing an
5�N in East Asia (modified from Ref. [2]). (b) The Asian monsoon range (taken from
ing the locations of the studied region (white square) and the SH and CJC sections
roken line shows the boundary between modern tropical and subtropical monsoons
pectively. In (c), the white, yellow and light blue dotted lines indicate 250, 400 and
mid and humid monsoonal regions to their northwest and southeast, respectively.
lated from re-analyzed data of NOAA-CIRES in 1851–2014 by Dabang Jiang at the
monsoons as grey shaded zones by Johnson [3] are also plotted for comparison. M. is



Fig. 2. Litho- and magneto-stratigraphy with lithofacies and climatic proxy records of sporopollen, redness, hematite/goethite (Hm/Gt) ratio and salinity as a function of
depth for the SH (a–h) and CJC sections (j–o). Oxygen isotope variation along growth lines of a fossil gastropod Parafossarulus at the ~190 m level of the CJC section is shown in
the lower-left part (p, q). The correlations of the observed magnetic polarities with the geomagnetic polarity time scale (GPTS) [27] chrons 16n to 19r for the SH section (g–i)
and 16n–21n for the CJS section (i–k) are based on constraints of radiometric and fossil mammal ages in both sections (a, o and Figs. S2 and S3 online). Moisture-loving taxa
refer to Podocarpidites + Keteleeriaepollenites + Taxodiaceae and xerophytic taxa are Ephedripites + Chenopodipollis. Note that the striking lithological changes from gypsiferous-
calcareous red beds to freshwater limestones/marls in both sections and coal-bearing sediments in the SH section; the seasonal oxygen isotope variations in the gastropod
shells from the upper CJC section (<41 Ma) and coincidental shifts of all environmental and climatic proxy records at ~41 Ma. All these collectively indicate the onset of the IM
in Yunnan subtropical region at ~41 Ma. N and R in (h) and (j) are the observed normal and reversed polarities, respectively. Detailed stratigraphy, lithofacies and
paleomagnetism are referred to Supplementary materials.
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A total of 6 (10) normal and 6 (9) reversed polarity zones were
obtained for the SH (CJC) section.

Utilizing the above two radiometric ages as the anchor points,
the obtained magnetic polarity zones were well correlated to the
chrons 16n to 19r for the SH section (i.e., N1–N5 to chrons 16n–
18n, N6 to 19n, and R5–R6 to 18r–19r) and to 16n–21n for the
CJC section (i.e., N1–N5 to chrons 16n–18n, N7, N9 and N10 to
19n, 20n and 21n, respectively) of the geomagnetic polarity time
scale (GPTS) [27]. These correlations yield magnetostratigraphic
ages of ~42.7–36 and ~47–36 Ma for the SH and CJC sections,
respectively (Fig. 2) (see Supplementary materials for details).
The abrupt lithofacies change from the lower red beds to the upper
freshwater limestone/marl or coal series in both sections were thus
constrained to be ~41 Ma (Fig. 2).
3. Evidence for a dry to wet transition and onset of the Eocene
subtropical Indian monsoon

Paleoclimate records in these two sites consistently show a
sharp dry-wet transition at 41 Ma (Fig. 2). This inference was based
on several lines of evidence.

First, sediments change from red beds to limestones/marls in
both sites at 41 Ma, interpreted as a result of lake expansion and
climatic wetting (Figs. 2a, o and S2–S4 online). This sharp envi-
ronmental change can be also seen clearly from sediment colour
and hematite/goethite (Hm/Gt) ratio variations. Before 41 Ma,
sediment redness and Hm/Gt ratio were high, but decreased
rapidly at 41 Ma (Fig. 2c, m). It is well known that fine-
grained hematite is a pigment and its high content indicates a
dry climate [31,32]. Further evidence comes from decreased
2323
salinity, consistent with lake expansion and climatic wetting
(Fig. 2d, n).

Second, the sporopollen record in the SH section provides fur-
ther evidence. It shows that the vegetation was dominated by
tropical-subtropical species (sparse forest-grassland of largely xer-
ophilous plants such as Ephedra and Chenopodiaceae, and some
broad-leaved tree species such as Carya, Castanea and Ulmus (ch-
estnut, oak and elm)) before ~41 Ma but changed to the subtropical
evergreen- and deciduous-broadleaved and coniferous tree mixed
forest of mainly walnut, birch, pine, and spruce in the upper sec-
tion after 41 Ma (Figs. 2e, f and S8 online). This shift is further indi-
cated clearly by the rapid decrease of content of drought-tolerant
plants of mostly Ephedra and Chenopodiaceae (from average
23.6% to 3.4%) and considerable increase of moisture-loving types
from average 4% to 10.3% at ~41 Ma (Fig. 2e, f). Both suggest that
the previous tropical-subtropical hot-dry climate was replaced by
a subtropical warm-humid one at ~41 Ma.

Third, presence of fossils of freshwater fish, crocodiles, algae,
gastropods and Charophytes and large mammals in the upper CJC
section and few fossil rodents in the lower CJC section indicate a
savanna-to-forest ecological environment shift at ~41 Ma, clearly
suggesting climatic wetting (Figs. 2o and S3 online).

Fourth, stable isotope analyses indicate a seasonal wetting cli-
mate after 41 Ma in Yunnan. The oxygen isotope compositions of
shell laminae along growth lines in the Assimineidae gastropod
Parafossarulus, in the strata after 41 Ma, show significant seasonal
variations, with peak values (~�7‰) similar to present day oxygen
isotope values of stalagmites and lake carbonates in Yunnan
[33,34]. Their mean value (~�5‰) is also similar to modern shells
of gastropods and bivalves in Yunnan [35] (Figs. 2p, q and S4 online),
suggesting a similar climate and strong IM during the late Eocene.



Fig. 3. Cathodoluminescence images of representative zircon grains (upper) and their concordia diagrams of LA-U-Pb dating (lower) for the tuffs in the SH (a, c) and CJC
sections (b, d).
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We interpreted the above shift of the paleoclimate and paleoen-
vironment from a dry-hot condition to a seasonal wet-warm one in
Yunnan as a result of onset of the IM in the southern subtropics at
41 Ma associated with the IM enhancement and northward
expansion.
4. Driving forcings for the IM intensification at 41 Ma

We notice that the IM intensification and expansion at 41 Ma is
synchronous with full merging of the India-Asia continents, which
we argue as the forcing for the observed IM intensification and
expansion.

We argued that the remarkable decrease and rotation of the
northward movement of the Indian plate at ~41 Ma following the
India-Asia initial collision at ~55 ± 5/10 Ma [36–38] (Fig. 4b) could
be a consequence of the full emerging of the Indian and Asian con-
tinents due to strong resistance from the Asian continent (Fig. 4a–
c). This inference is also supported not only by the synchronous
close of the Neotethys sea between the Indian and Asian continents
[38] and fast retreat of the Paratethys sea to the northern side of
the TP [39,40] (Figs. 4a–d and S9 online), but also synchronous ces-
sation of the Gangdese magmatism (granitoid batholith intrusion
and basaltic-andesitic volcanism) related to the Neotethyan ocea-
nic slab subduction due to the successive subduction of the Indian
continent [36,54–56]. Full merging of the India-Asia continents
2324
could have intensified the IM from several aspects which we elab-
orate as follows.

First, we suggest that the demise of the Neotethys sea [38] and a
fast retreat of the Paratethys sea at ~41 Ma [39,40] (Figs. 4a–d and
S9 online), which might be enhanced by the long-term Eocene glo-
bal sea level decline trend [44,45] (Fig. 4d), might potentially cause
the observed paleoclimatic and paleoenvironmental transition and
intensification of the IM via two processes. (1) Neotethys sea dis-
appearance can decrease the buffering ability of waterbody to tem-
perature and precipitation variations in the IM region, intensifying
the IM. This mechanism is similar to the proposed mechanism for
the Paratetheys sea to account for the 30 Ma environmental
changes [55]. However, the fast retreat of the Paratethys sea actu-
ally commenced at ~41 Ma rather than 30 Ma [39,40]. (2) Land area
enlargement can increase land heating, especially in the tropical
region, thus strengthening the Indian low-pressure center in sum-
mer, which is the key factor in determining the IM intensity in
modern condition and model simulations.

Second, the full merging of the India-Asia continents would
have caused widespread upper crustal deformation and uplift of
the Gangdese Shan. Although an Andean-type Gangdese Shan at
similiar to present elevation might have already existed during
the Cretaceous and Paleocene [15], the Gangdese Shan had
increased crust thickening and magnetism at ~50–51 Ma, probably
due to break-off of the subducted Tethys oceanic slab from the
Indian continent plate and basaltic underplating. This crust



Fig. 4. Diagram showing the concurrence or coupling of the major forcings responses for enhancement and expansion of the tropical IM to the southern subtropics at ~41 Ma.
(a) Paleogeography and paleoclimatic pattern of Asia at 40 Ma showing a full merging of Indian plate with Asian continent at ~41 Ma. Note the tropical monsoon was confined
below 20�N. Red and light blue circles indicate the youngest marine stratigraphy at ~41 and 35 Ma, respectively (Fig. S9 online for details). G, T and BN indicate the Gangdese
Shan, Tanggula Shan and the Bangong-Nujiang lowland between the Gangdese Shan and the Tanggula Shan. Yellow (dotted) broken line shows the (Great) Indian plate at
55 Ma. Light blue broken line indicates the range of the Paratethys sea at 42–47 Ma (compiled from Refs. [39–42]). Green star marks the location of the studied region.
Paleogeography was modified from Ref. [38] for the latest updated topographic revision for the Tibetan region [43] and the sea boundary revision for the Paratethys sea at
~40–39 Ma [39,40]. (b) Variations of moving speed and direction of the Indian plate during the Cenozoic [36]. (c), (d) Westward retreat and sea level drop of the Neotethys and
Paratethys seas (calculated from Fig. S9 online and its references). Global sea level falls from Ref. [44] (brown solid line) and in detail from Ref. [45] (blue solid line) are also
plotted in (d) for comparison. (e) Northward movement of the southern margin of the Tibetan Plateau, calibrated for the reference point (29�N, 88�E) in the Gangdese Shan
[46] from Refs. [47,48]. (f) Uplift of the Tanggula Shan, complied from Refs. [15,49,50]. (g) Cooling and ephemeral onset of the Antarctic ice sheet [51–53]. (h) Northward
migration of global planetary circulation zones driven by the Antarctic ice sheet expansion.
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thickening and magmatic and volcanic addition should have fur-
ther lifted the Gangdese Shan. The existence of the elevated Gangd-
ese Shan served as the southern boundary of the TP before the
Miocene uplift of the Himalayas. It has been proposed that the
IM precipitation is particularly sensitive to the Himalayas which
can intensify the IM via its orographic and thermal role [4]. We
argue before uplift of the Himalayas, the Gangdese Shan has served
as a similar role to the Miocene Himalayas as a forcing for the IM.

Third, recent detailed paleomagnetism of the Linzizong volcanic
rocks reveals a fast and large scale northward movement of the
2325
Gangdese Shan around 41 Ma from about 10.5� + 4.3�/�4.0�N at
55–43 Ma or 20.8� + 4.1�/�3.7�N at 54–47 Ma to 31.5�+5.1�/
�4.5�N at 43–40 Ma [47,48,57], calibrated for the reference point
(29�N, 88�E) in the Gangdese Shan [46] (Fig. 4e). Even if there is
large uncertainties associated with paleomagnetic reconstruction
of paleolatitudes [58], this fast latitudinal change is generally
consistent with the fact that the southern margin of the Tibetan
Plateau was indented and pushed to move northwards in a great
deal to absorb at least 1000 km indentation by the Indian plate,
especially at the time of ‘‘full-merging” of the India and Asia
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continents. Because the Gangdese Shan acted locally as a barrier
for monsoon moisture input, we argued that a fast northward
movement of the high Gangdese Shan at ~41 Ma would have
allowed the northward expansion of the monsoon moisture at that
time. This is also supported by some recent numerical modeling
[59,60].

Fourth, the pulse uplift of the Tanggula Shan in the central TP at
~43–40 Ma [49,61,62] is also likely a response to the full merging
of the Indian-Asian continents and might serve also as a forcing
factor to enhance the IM at ~41 Ma due to its mechanical and ther-
mal functions akin to those of the Himalaya [4]. Although the
southern-central TP was recently demonstrated to develop a broad
Bangong-Nujiang lowland between the Gangdese Shan and the
Tanggula Shan (Mts.) [15,43], the Tanggula Shan had also attained
great crust thickening and partial melting and volcanism at ~45–
38 Ma [61,63,64], followed by a phase of rapid deformation and
uplift at ~43–40 Ma [49,61,62], probably having attained its pre-
sent elevation in the late Eocene [15,49,50] (Fig. 4f). This is proba-
bly due to its location in the previously-existed weakened suture
and orogenic belt, or subduction of the northern Lhasa block
beneath the Qiangtang block [62], or magmatic addition or a com-
bination of the above [43]. Thus, the thermal role of the Tanggula
Shan can attract the tropical IM moisture to flow into the broad
Bangong-Nujiang lowland and mechanically hit the Tanggula Shan
to rain and release latent heating, which in turn will enhance the
IM. Uplift of the central TP has been numerically modelled to
enhance the IM [60].

As partially an eastern extension of the Tanggula Shan, the
observation that the NW Yunnan was uplifted to near its elevation
(~2.6 km) by the latest ~40 Ma [65] may also contribute to enhance
the dry to wet shift in Yunnan through raining and thermal effects.

Fifth, the ephemeral Antarctic glaciation and global cooling at
~41 Ma [51,52], driven by the initial Antarctic Circum-polar Cur-
rent (ACC) and related enhanced ocean productivity caused by
the initial opening of the Drake Passage between South America
and Antarctic at that time [53], might add another force to drive
all global planetary climate zones migrating northwards and thus
enhance the Asian monsoon circulation to expand to Yunnan at
that time (Fig. 4g, h). Such thinking was proposed for the late or
modern monsoon enhancements [1,66].

Our results do not support that CO2 has played a paramount
role in determining the IM intensity in the Eocene, as suggested
by some studies [14], because CO2 was higher during the early
Eocene than the later Eocene [67]. Instead, we observed IM inten-
sification at the low CO2 late Eocene. The less strong IM during the
high CO2 early Eocene suggests that tectonics was likely the dom-
inant forcing factor for Asian monsoon evolution, consistent with a
similar conclusion made regarding EAM based on numerical model
integration [43].

In summary, the paleoclimatic and paleoenvironmental records
from Yunnan provide a comprehensive understanding of the IM
variations for the first time. The records reveal that the modern
alike IM did not exist in the subtropical zone until after 41 Ma. This
new finding on the onset of the IM in the southern subtropics at
41 Ma requires a revision of our current understanding of the
first-order controlling factors of the IM. The concurrence or cou-
pling of combined factors (greatly enlarged land area, thus
increased land-sea contrast due to closure of the Neotethys sea
and retreat of the Paratethys sea with fast global sea drop and
Antarctic cooling, fast northward movement of the southern mar-
gin of the TP, lifted Gangdese Shan, and rapid uplift of the central
TP) might have collectively resulted in the greatly enhanced trop-
ical IM and its northward expansion to the southern subtropics.
Our results suggest a less important role of CO2 to the IM and have
significant implications for understanding future IM variations.
Although we listed a few potential mechanisms for the observed
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fast dry-wet transition in Yunnan at 41 Ma, we could not pin down
the ultimate mechanisms for this event. However, some insights
can be gained from rapid climatic transitions like EOT (Eocene–Oli-
gocene transition) [68,69] and MMCT (middle Miocene climate
transition) [70], in which special orbital configuration helped the
climatic system to cross some tipping point within the context of
slow paleoceanography or tectonic processes. Therefore, we infer
that the fast nature observed here would likely require a similar
mechanism. In future, numerical modelling is needed to pin down
the exact mechanisms for this environmental shift in the Eocene.
We anticipate that one of the above mentioned mechanisms, or a
combination of them, under the influence of orbital parameter
changes and long term CO2 decrease, would be able to explain
the observed likely most dramatic Asian environmental shift in
the Eocene.
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