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Abstract

Although there is increasing evidence for wet, monsoonal conditions in Southeast Asia during the late Eocene, it has
not been clear when this environment became established. Cenozoic sedimentary sequences constrained by radio-
metrically dated igneous rocks from the Jianchuan Basin in the southeast flank of Tibetan Plateau now provide a sec-
tion whose facies and climatic proxies determine this evolution. Semi-arid conditions had dominated the region since
Paleocene controlled by the northern sub-tropical high pressure system, culminating in mid Eocene when desert
dunes developed. From 36 Ma, the basin began to accumulate swamp sediments with coals, together with synchro-
nous braided river deposits and diversified pollen assemblages, indicating significant increase in precipitation. This
remarkable transition from dry to wet conditions precedes the Eocene/Oligocene boundary at 34 Ma, thus excluding
general global cooling as the prime driver. We propose that uplift of Tibetan Plateau might have reached a threshold
elevation by that time, operating through thermal and dynamic forcing, causing the inception or significant intensifi-

cation of monsoonal rains to penetrate into this downwind locality.
Keywords: Desert, Late Eocene, Onset of Asian monsoon, Tibetan Plateau

1 Introduction

The Asian monsoon is the global type example of how
the solid Earth and atmosphere interact with one another
in order to drive significant climate change (Webster
et al. 1998; Wang 2010) (Fig. 1). Although it is clear that
there are several processes that affect the intensity of the
Asian summer monsoon (e.g., solar insolation, ocean
temperatures and glacial cycles), there is little doubt
that the present strong intensity is at least partly related
to the uplift of the Himalaya in the case of the South
Asian monsoon (Boos and Kuang 2010), as well as the
elevation and broadening of the Tibetan Plateau in East
Asia (Molnar et al. 2010; Tada et al. 2016). It has been
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proposed that at least parts of southern Tibet may have
been elevated to significant altitude (i.e., similar to today)
before the collision between India and Eurasia (Najman
et al. 2010), generally dated at around 50-60 Ma (Najman
et al. 2010; DeCelles et al. 2014; Wu et al. 2014; Hu et al.
2016). Nonetheless, there is little doubt that compres-
sional deformation, lithospheric delamination and under
thrusting of Indian crust under the active continental
margin of Eurasia must have driven significant uplift of
rock and likely the Earth’s surface following the onset of
collision (Wang et al. 2008; Xu et al. 2013). This raises
the possibility that the monsoon might have intensified
shortly after the start of collision, despite the fact most
climatic reconstructions date its initiation to being much
later (Gupta et al. 2015; Sun and Wang 2005; Clift et al.
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2008). Indeed, climatic modeling supports such a view,
showing that some degree of monsoon circulation would
be sustainable within the framework of continental dis-
tribution and paleo-latitudes at the time (Huber and
Goldner 2012; Carmichael et al. 2016), if not before the
collision.

The prediction of an early onset to the monsoon is,
however, largely in conflict with much existing pale-
oclimate and oceanographic data, although it should
be recognized that there are relatively few records from
the Eocene or Oligocene. Early reconstructions of the
monsoon that were derived from scientific ocean drill-
ing records in the Indian Ocean pointed toward initial
intensification only after around 8 Ma (Kroon et al. 1991;
Prell et al. 1992). The 8 Ma age was consistent with other
constraints, such as the stable isotope data linked to the
types of vegetation in the NW Himalayan foreland basin
(Quade et al. 1989), as well as with dust records in the
North Pacific (Rea 1994). This view was subsequently
superseded by reconstructions that favored strengthen-
ing around the start of the Miocene, around 24 Ma (Sun
and Wang 2005; Clift et al. 2008; Guo et al. 2002), and
reduction in intensity in the late Miocene. If collision
started at 50-60 Ma, then why would intensification be
delayed so long?

In contrast to the multitude of Neogene records, docu-
mentation of environmental conditions during the Paleo-
gene is substantially less well developed, a situation that
makes it hard to test for an early onset monsoon. This
partly reflects the scarcity of suitable sections to study.
A major unconformity in the Himalayan foreland basin
has removed much of the upper Eocene and Oligocene
record in that region (Najman 2006). While suitable
records are likely preserved in the marine basins around
Asia these sediments for the most part are deeply bur-
ied under younger deposits, so that they are often out
of reach of most drilling technology and have only been
seismically imaged except in the shallowest parts (Cur-
ray et al. 2002; Clift et al. 2001). Nonetheless, informa-
tion has begun to point to monsoonal climatic conditions
much earlier than previously recognized. In southern
China, leaf morphologies have been used to argue for
a weak monsoon similar in the style to the Indonesian-
Australian system in that area by the Eocene (Spicer
et al. 2016). In the NE Tibetan Plateau, the Xining Basin
(Fig. 1) was found to contain a sequence of Eocene lake
deposits including evaporites overlain by Oligocene flu-
vial sedimentary rocks. This sequence was interpreted
to indicate drying across the Eocene Oligocene bound-
ary (~33.6 Ma) (Dupont-Nivet et al. 2007). Although
evaporites are generally associated with desiccating, hot
environments they do require the presence of a water
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source in order to supply material to evaporate. This dis-
covery implied that there was more precipitation in the
Eocene than in the subsequent Oligocene. These authors
suggested that this transition from wetter conditions
into more arid ones was driven by the sharp cooling and
global climate across this boundary (Zachos et al. 2001).

Further information concerning Eocene climate was
derived from the recognition in the Xining Basin of
Upper Eocene eolian sedimentary rocks (Mahalagou For-
mation) dated between 40 and 33 Ma (Fig. 1) (Licht et al.
2014). Because the source of these sediments was toward
the west of the basin, it was inferred that these materi-
als were transported by westerly winter monsoon-related
circulation. This implies that an atmospheric pattern with
similarities to the present day had been established at this
time. Whether this really indicates the establishment of
summer monsoon rains is another question, because the
winter and summer monsoons do not necessarily develop
in parallel with one another, despite sometimes showing
some degree of linkage (Talbot 1990). Windblown silt is,
however, not an indicator of rainfall intensity. Further
support for a Late Eocene monsoon was supplied in the
form of oxygen isotope data from Myanmar (Licht et al.
2014) (Fig. 1). These data were measured from growth
rings in gastropods and showed a strong seasonality, a
typical feature of the monsoon. The isotopic composition
of calcite in shells is derived from the water from which is
precipitated, that in turn reflects rainwater compositions.
As a result, these values are often interpreted as a proxy
for rainfall intensity (Talbot 1990). Rainwater becomes
more negative in §'0 with heavier rainfall, although the
source of the water is also a significant influence, albeit
harder to constrain (Gat 1980; Rozanski et al.1993). The
shell-derived 8'0 data argued for there being both wet
and dry seasons in the Late Eocene (Licht et al. 2014).
However, some concerns remain because Myanmar is
now, and was then, in a relatively coastal situation where
precipitation might occur regardless of there being a
monsoon system or not.

Stronger evidence for an Eocene monsoon has come
from the Jianchuan Basin of Yunnan in SW China, posi-
tioned on the SE flank of the Tibetan Plateau (Fig. 1). This
lies in a much more continental setting and requires the
rain front to penetrate far into the continent in order to
provide significant precipitation. Although for a long
time, the sediments in this basin were believed to date
from the Paleocene up to the Pliocene recent re-dating
of the section (Gourbet et al. 2017), supported by new
constraints presented here, demonstrated that some of
the youngest sedimentary rocks in the basin are Upper
Eocene. These data constrain the deposition of the
Shuanghe Formation (coal series) to being between 36
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Fig. 1 Location map showing the DEM of Tibetan Plateau and surrounding regions. Also showing are the general climatic configuration (Westerly
Jet, South Asian monsoon and Southeast Asian monsoon). Xining Basin and central Myanmar Basin are marked by XB and MB, respectively. Note
that the present-day northern Westerly Jet is deflected into northern and southern branches owing to the orographic effects of Tibetan Plateau

and around 35 Ma, based on radiometric ages of igne-
ous intrusions and volcanic rocks, with ages of around
35 Ma being found in the overlying Jianchuan Formation.
Sorrel et al. (2017) interpreted the Shuanghe Formation,
a sequence of fluvial sandstones, siltstones, shales and
interbedded coals as having been deposited in a swamp
forest environment that was established before 35.5 Ma.
They considered the Jiuziyan Formation, a limestone, to
underlie the Shuanghe Formation and to represent wet
conditions, but slightly more temperate and arid than the
overlying swampy sequences. They further proposed that
this transition was indicative of a monsoon climate estab-
lished before 35.5 Ma.

In this study, we present new high-resolution radio-
metric data that support and extend the age assignment
of Gourbet et al. (2017), but we re-interpret the stratig-
raphy of the Jianchuan Basin to argue that the wet con-
ditions of the Shuanghe Formation (and the Jinsichang
Formation) were preceded by an prolonged arid period
and that there was a well-defined, rapid transition from
arid to humid at ~36 Ma, predating by around 2 m.y. the
climate transition of the Xining Basin at the Eocene—Oli-
gocene boundary. We argue that the climatic wettening at
36 Ma represents the first major onset of summer mon-
soon rains and that this was not linked to global climate
but rather to uplift of the Tibetan Plateau.

2 Geological setting and lithostratigraphy

The Jianchuan basin is one of several in the SE flank of
the Tibetan Plateau, whose origin is tied to the Cenozoic
strike-slip faulting associated with the process of “extru-
sion” of rigid tectonic blocks away from the India-Eurasia
collision zone (Figs. 1 and 2A) (Morley 2002; Tapponnier
et al. 2001). Earlier mapping had suggested that this was a
long-lived basin spanning Paleocene to Pliocene (Yunnan
Bureau of Geology and Mineral Resources 1990; Mount-
ney 2012), but with disputed chronostratigraphy owing to
the lack of absolute age anchors. Recent radiometric dat-
ing of volcanic rocks, tuff and volcano-sedimentary rocks
interbedded in the sequences has enabled the recon-
struction of a stratigraphy with much higher age preci-
sion (Yang et al. 2014; Gourbet et al. 2017; Zheng et al.
2020), which is now further refined by new ages provided
in this study. The following describes the lithologic for-
mations of Cenozoic rocks from Jianchuan Basin, in the
context of new chronology.

Yunlong Formation: Cenozoic sedimentary sequences
start with Yunlong Formation which is composed of dark
red, mudstone and siltstone (Fig. 2B, C). Regional strati-
graphic correlation suggests that the Yunlong Forma-
tion (termed Mengyanjing Formation by Gourbet et al.
(2017)), although sparsely exposed in Jianchuan Basin,
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is widespread across the SE margin of Tibetan Plateau
and is of Paleocene age. Facies analysis indicates that the
Yunlong Formation was deposited in a fluvial-lacustrine
setting under a relatively arid regime, although one still
requiring some precipitation.

Baoxiangsi Formation: The Yunlong Formation is
overlain by the Baoxiangsi Formation (Fig. 2B), which
makes up the largest single part of the basin fill, with a
thickness up to ~ 600 m.

The lower part of Baoxiangsi Formation is composed
predominantly of conglomerate and coarse sandstone
(Fig. 2B, D-F). Bedding is often thick (> 1 m), and erosive
contacts place poorly sorted, matrix-supported conglom-
erate over coarse to medium grained sandstones, which
are often massive in character, but locally show trough
cross-bedding testifying to high energy current-driven
sedimentation. The provenance of the conglomerates is
spatially heterogeneous across the basin, suggestive of
quite localized sources and short transport distances that
preclude large-scale mixing. Facies analysis indicates that
much of the lower Baoxiangsi Formation was deposited
in a proximal alluvial fan and/or associated braided river
systems (Zheng et al. 2020).

The upper part of Baoxiangsi Formation, with an aver-
age thickness of~200 m, consists mainly of dark red,
thick-bedded sandstone with large-scale, high-angle
trough and planar cross-bedding (Fig. 2G). Superposed
large-scale, high-angle trough and planar cross-bedded
sandstones are interpreted as eolian dune facies (Brook-
field and Silvestro 2010) (Fig. 3A, B). In these deposits,
the upper cross-bedding truncates the underlying one to
form a superimposition surface (S). Although the cross-
bedded sandstones are just the remaining bedforms from
the original primary dunes (Mountney 2012), the thick-
ness of individual beds and bedding sets still exceeds 6 m
and tens of meters, respectively. Wavelengths range from
tens to hundreds of meters in length. The cross-bedding
can be further divided into grainfall and grainflow strata
(gf), as well as wind ripple strata (wr), which interfin-
ger with one another and could reflect seasonal winds
changes (Loope et al. 2001). As the reactivation surfaces
(R) result from periodic migration, they are common
in every eolian cross-bedding set. The interdune facies
association is composed of both arid and moist inter-
dune units. Moist interdune deposits are only observed
in marginal parts of the basin, consisting of wavy lami-
nated sandstones, adhesion-rippled sandstones and
small-scale contorted bedded sandstones. Arid interdune
units are widespread throughout the basin and are com-
monly interbedded with the dune units. Arid interdune
sediments are dominated by low-angle translatent wind-
ripple strata, separated from the dune sandstones by
interdune migration surfaces (I), but they share the same
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source of sand as the dune sediments, so that there is no
difference in composition between the two units.

Further investigation of thin sections, grain size distri-
bution and surface morphology of quartz grains under
scanning electron microscope (SEM) provides more
evidence to support an eolian origin (Fig. 3C). The sand-
stones are grain-supported quartz arenites, lithic or
feldspathic quartz sandstones, consisting dominantly of
quartz and minor feldspar, as well as lithic fragments and
rare mica and clay minerals. The particles are medium
to fine grained, sub-rounded to rounded, well-sorted. In
addition, the grains are covered by a distinct thin coat-
ing of iron oxides that formed under relatively dry condi-
tions. The results of the grain size analysis show a clear
unimodal distribution in percentage histograms and typi-
cal single stage distributions in log-probability grain-size
distribution curves, indicating the presence of a domi-
nant saltation population with minor amounts of traction
and suspension populations. SEM images of the quartz
grains show that most of the grains are in the rounded
and well-rounded classes, although subrounded and
subangular grains can also be seen. Dish- and crescent-
shaped impact scars, elongated depressions and adhering
particles are commonly present. These surface character-
istics all point toward sedimentation in an eolian dune
environment (Garzanti 2018).

Jinsichang Formation: Across most of the basin,
the Baoxiangsi Formation is overlain by the Jinsichang
Formation (~300 m thick and amalgamated with the
Baoxiangsi by Gourbet et al. (2017) (Fig. 2B, H). This for-
mation is characterized by horizontally bedded, cross-
bedded, medium-grained sandstone sets, with beds up
to 2 m thick, interbedded with minor mudstone. These
beds can be found amalgamated into stacks of beds tens
of meters thick, usually palely yellowish colored and con-
trasting with the redder, muddier rocks of the Baoxiangsi
Formation. The Jinsichang Formation is interpreted to
have been deposited in a major fluvial system, likely
braided in character, given the lack of overbank facies
(Miall 1977; Zheng et al. 2020).

Jiuziyan Formation: The Jiuziyan Formation con-
sists of a multi-story carbonate succession interbed-
ded with massive, matrix-supported conglomerates and
argillaceous calcisiltites (Fig. 2I). The Jiuziyan Forma-
tion is restricted to a limited area in the central part of
Jianchuan Basin, with a thickness of up to several tens
of meters. The Jiuziyan Formation has previously been
interpreted as being a marine deposit (Li et al. 1988).
However, recent studies suggested that it was deposited
in a palustrine-lacustrine environment (Sorrel et al. 2017;
Sakuma et al. 2021). The Jiuziyan Formation is charac-
terized by micritic and microspar to sparry limestones,
with interbedded marls and conglomerates. Fossil reeds,
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Fig. 2 A Cenozoic geology map of Jianchuan Basin; B lithostratigraphy of Cenozoic successions of Jianchuan Basin, with emphasis on
sedimentary facies; C Yunlong Formation showing red weathered siltstones interbedded with minor sandstones and conglomerates; D Red,

thin to medium bedded sandstones interbedded with conglomerates of the Baoxiangsi Formation; E Massive think-bedded conglomerates of
Baoxiangsi Formation; F Poorly sorted fanglomerate and sandstones of the Baoxiangsi Formation; G Upper Baoxiansi Formation, showing dark red,
thick-bedded sandstones with large-scale, high-angle trough and planar cross-bedding; H Stacked, thick-bedded typical pale colored sandstones
of the Jinsichang Formation; I Massive thick-bedded limestone of the Jiuziyan Formation, and stromatolites within the limestone (I'); J, Shuanghe
Formation, showing coals with interbedded fine sandstones, siltstones, shales, and volcano-sedimentary rocks

“

oncolite and stromatolites are locally abundant. The
Jiuziyan Formation was assigned a Paleocene to Middle
Eocene age by Li et al. (1988), based on the fossil assem-
blages. Our new stratigraphic investigation indicates that
it is Late Eocene in age.

Jiuziyan carbonates crystalized in an enclosed water
body (Sakuma et al. 2021), or a travertine setting simi-
lar to Baisuitai in northern Yunnan province described
by Liu et al. (2010). The calcium of these deposits was
likely fed by springs, as indicated by isotope values.
Part of the Jiuziyan Formation shows laminated struc-
tures from which oxygen-carbon isotopes were analyzed
(Fig. 4). Generally, high 8'C (42 to+7%o) and low §'%0
(<—10%o) indicate an endogenic origin of CO, and high
temperature or low 8'80 of water (see Supplementary

Information for analytical details). The samples show
laminated structures consisting of dark and light layers
of a few mm to 1 cm thick. The dark layers are porous,
peloidal, and generally high in §'*C, while the light lay-
ers are densely calcified and low in 8'C (Fig. 4). The dark
and light layers are interpreted to represent dry/cold and
wet/humid seasons, respectively. This seasonality is a fea-
ture of a monsoon climate.

Shuanghe Formation: The Shuanghe Formation is
about 200 m thick, consisting of poorly consolidated
sandstones and marlstones regularly interbedded with
coal deposits (that thicken upwards) and occasional lava
flows, tuffs and volcano-sedimentary levels (Fig. 2J). The
distribution of the Shuanghe Formation is restricted to
the central part of Jianchuan Basin, where the Jinsichang
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Formation is absent. The Shuanghe Formation in
observed to overly the Baoxiangsi Formation conform-
ably in some places. But in many cases, the contact of
Shuanghe Formation with the underlying unit is hard to
observe due to poor exposure.

In previous studies, the Baoxiangsi (including the Jin-
sichang Formation) was interpreted to be over lain by a
carbonate interval, the Jiuziyan Formation, and in turn
by the Shuanghe Formation (Gourbet et al. 2017; Yun-
nan Bureau of Geology and Mineral Resources 1990).
However, in our reassessment of the basin fill we com-
bine the Jinsichang, Jiuziyan and Shuanghe Formations
into a single unit, with the different formations repre-
senting contrasting lateral facies changes across the
basin (Fig. 2B). We note that in the SE Jianchuan basin
the Shuanghe Formation overlies the Baoxiangsi For-
mation conformably without any intervening Jinsichang
or Jiuziyan Formations, as seen further north (Fig. 2A).

We concur with Sorrel et al. (2017) that deposition
of the Shuanghe Formation represents sedimentation
under relatively humid conditions, as shown by the pres-
ence of coals interbedded with medium-bedded flu-
vial sandstones and shales, likely of a meandering river
facies, based on the presence of channelized sands and
tabular muddy overbank facies (Smith 1987) (Fig. 2B).
Sandstones frequently show the imprint of wood and
leaf debris showing the presence of a vibrant flora. Pol-
len studies show that Pinus is still present, together
with Quercus, Poaceae (grasses) and occasional Cype-
rus, spanning temperate to tropical settings (refer to
Palynological Study). Polypodiaceae ferns are also com-
mon in this formation, and critically these are distinc-
tive of wet conditions, often rain forests (Mathews et al.
2013). The Shuanghe Formation is cut by intrusive rocks
(mostly lamprophyres), which form numerous sills in
the coal-rich levels, as well as occasional lava flows, tuff
and volcano-sedimentary levels (Fig. 2J). We note that
the Shuanghe Formation is restricted to the central and
eastern parts of Jianchuan Basin, where the Jinsichang
Formation is absent (Fig. 2A). We therefore propose that
the two formations were deposited at the same time, but
as lateral facies equivalents. This sequence was then cov-
ered by the Jianchuan Formation (0-300 m thick), which
mostly consists of volcaniclastic deposits related to the
magmatism that intrudes the section.

Jianchuan Formation: Jianchuan Formation overlies
unconformably on Shuanghe and Jinsichang Forma-
tions (Fig. 2B). It has previously been assigned a Pliocene
age (Yunnan Bureau of Geology and Mineral Resources
1990). Jianchuan Formation consists mainly of pyroclas-
tic rocks, volcanic tuff and volcano-sedimentary rocks.
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3 Samples, methods and results

3.1 %Ar/3°Ar dating and Chronostratigraphy

We prepared sanidine and/or biotite single-crystal ali-
quots from a pyroclastic flow (sample #140902-04) from
the Shuanghe Formation and a biotite (#141021-01)
and muscovite (#140903-05) crystal populations from
two lamprophyre intrusions and a sanidine population
(#140902-05) from a trachyte intrusions, all of them
cross-cutting the Shuanghe Formation. The various
were carefully hand-picked under a binocular micro-
scope in order to select the freshest and inclusion-free
crystals. The selected crystals were thoroughly rinsed
with distilled water in an ultrasonic cleaner. Samples
were loaded into large wells of one 1.9 cm diameter and
0.3 ¢cm depth aluminum discs. These wells were brack-
eted by small wells that included Fish Canyon sani-
dine (FCs) used as a neutron fluence monitor for which
an age of 28.294+0.036 Ma (lo) was adopted (Renne
et al., 2011). The discs were Cd-shielded (to minimize
undesirable nuclear interference reactions) and irra-
diated during 3 h in the USGS TRIGA reactor, in Den-
ver, Colorado (USA) or in the Oregon State University
TRIGA reactor, in Corvallis, Oregon (USA). The mean
J-values computed from standard grains within the small
pits and determined as the average and standard devia-
tion of J-values of the small wells for each irradiation
disc are given along with the raw data. Mass discrimi-
nation for each sample was monitored using an auto-
mated air pipette and calculated relative to an air ratio
of 298.56 0.31(Lee et al. 2006). Correction factors for
interfering isotopes were (*’Ar/*’Ar) Ca=6.95x10"*
(£1.3%), (°Ar/*Ar) Ca=265x10"* (£0.84%) and
(Ar/*°Ar) K=7.30 x 107* (£12.4%) (Renne et al. 2013)
for the OSU reactor. The “°Ar/*’Ar analyses were per-
formed at the Western Australian Argon Isotope Facility
at Curtin University on two different instruments (either
a MAP 215-50 or an ARGUS VI), for which details are
provided below. The raw data were processed using the
ArArCALC software (Koppers 2002), and ages were cal-
culated using decay constants recommended by Renne
et al. (2011). All parameters and relative abundance val-
ues have been corrected for blank, mass discrimination
and radioactive decay.

Our criteria for the determination of plateaus or con-
cordant age populations (for single crystals analyses) are
as follows: plateaus must include at least 70% of 3°Ar,
and be distributed over a minimum of 3 consecutive
steps that agreeing at 95% confidence levels and indicate
a probability of fit (P value) of at least 0.05. Concordant
single-crystal age population need to include three con-
cordant ages and a P value of at least 0.05. Plateau ages
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Fig. 4 Laminated structures and oxygen-carbon isotopes of two carbonate samples from Jiuziyan Formation

(Fig. 5) are given at the 20 level and are calculated using
the mean of all plateau steps, weighted by the inverse var-
iances of their individual analytical uncertainties. Inverse
isochrons include the maximum number of steps with
a probability of fit>0.05. S-factors showing the spread
along the inverse isochron (Jourdan et al. 2007), and
“Ar/3®Ar intercept values are provided. Uncertainties
include analytical and J-value errors; those that incor-
porate all sources of uncertainty are indicated by square
brackets (e.g., [£3.0 ka]). Finally, all ages calculated in
this study are all given at the 20 level.

Pyroclastic flow (#140902-04)—this sample yielded
a robust age of 35.74+0.08 Ma (n=13/15; P=0.57)
for the sanidine crystals and several age populations of
37.16+0.25 Ma (n=7/15; P=0.57), 36.05+£0.40 Ma

(n=3/15; P=0.72) and 25.3+ 1.5 Ma (n=4/15; P=0.91)
for the biotite crystals. We note that the sanidine age is in
agreement with the biotite age population that returned
an intermediate age, and since sanidine in general less
easily affected by alteration and 39Ar recoil loss prob-
lems, we therefore believe that sanidine provides the best
age estimates (35.74+0.08 Ma) for the eruption of this
volcanic tuff (Fig. 5A).

Trachyte intrusion (140902-5)—the sanidine population
from this sample yielded a plateau age of 35.65+0.09 Ma
(P=0.14) and an inverse isochron age of 35.75+0.10 Ma
(P=0.73) with a 40Ar/36Ar intercept ratio of 290+ 5 and
a spreading factor of 25% anchored on the radiogenic axis
(not shown).
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Lamprophyre (#140903-5)—The muscovite popula-
tion from this sample failed to give any plateau age and
rather showed a diffusion profile converging toward an
age of ~65 Ma.

Lamprophyre  (#141021-01)—The biotite popula-
tion from this sample did not yield any plateau age and
showed a wavy spectra with individual step ages mostly
distributed between 38 and 35 Ma (Fig. 5B).

3.2 Palynological study

One hundred and three samples were taken from the
Cenozoic rocks for palynological identification. Standard
preparation techniques were applied, including diluted
hydrochloric acid digestion, hydrofluoric acid digestion,
concentrated hydrochloric acid and enumerated using an
OLYMPUS optical microscope at 400 x magnification.
Seventy-six samples counted comprised in excess of 100
pollen grains, which were used to rebuild the vegetation
in the region. A total of 73 pollen and spore types were
enumerated, 53 to genus level. The pollen assemblages of
different formations are described below (Fig. 6).

Yunlong Formation: The high proportion of coni-
fer pollen like Pinus or xerophytic steppe elements
dominated by Artemisia characterizes the Yunlong
Formation, with deciduous broad-leaved tree like
Alnus occurring in less amount. Others, like Quercus,
Ulmaceae, and Corylus/Carpinus usually stay at low
percentages. Pollen assemblage reflects the appearance
of a pinewood or a sparse steppe environment, indicat-
ing relatively arid conditions.

Baoxiangsi Formation: The pollen assemblage con-
sists mainly of Pinus and the deciduous broadleaved trees
of Alnus with slightly more herbs of Poaceae than Yun-
long Formation. In some intervals, assemblage is domi-
nated by deciduous broadleaved trees of Ulmaceae with
the xerophytic steppe elements of Ephedra. All together
these represent a sparse forest environment, indicating a
temperate environment.

In the eolian sand dune deposits of upper Baoxiangsi
Formation, the high proportion of evergreen broadleaved
tree like Quercus characterizes this zone, suggesting the
development of subtropical forest and warm climate.

Jinsichang/Shuanghe Formation: The high propor-
tion of deciduous broad-leaved trees of Ulmaceae charac-
terizes this zone, together with conifer pollen like Pinus,
Picae, and evergreen broad-leaved trees of Quercus
occurred occasionally. The herb elements like Poaceae,
Ranunculaceae and Cyperus have increased. Then, the
dominating Polypodiaceae ferns appeared in this forma-
tion. The assemblage indicates distinctive of warm and
humid/wet conditions, often rain forests.
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3.3 Hematite /goethite ratios

Hematite and goethite are common in soil, being the
weathering products of iron-bearing silicate, and are sen-
sitive to climatic conditions. Arid, warm climates favor
the formation of hematite, while cooler, humid climates
result in the formation of more goethite. The hema-
tite/goethite ratio increases as the annual temperature
increases and soil moisture decreases.

Hematite and goethite concentrations were meas-
ured in the Key Laboratory of Surficial Geochemistry,
Ministry of Education of China (at Nanjing University),
by using PerkinElmer Lamda 900. Thirty-one samples
from different stratigraphic positions were measured for
hematite and goethite contents. In general, Yunlong and
Baoxiangsi Formations have higher contents of hema-
tite and lower content of goethite. More distinguishably,
the hematite /goethite ratios of Yunlong and Baoxiangsi
Formations are much higher than that of Jinsichang and
Shuanghe Formations (Fig. 7B).

4 Discussions

4.1 Aridity during the early paleogene

Relatively arid climatic conditions in the SE Tibetan
Plateau are inferred from the sedimentary facies of the
Yunlong and Baoxiangsi Formations (Fig. 2B). Facies
analysis indicates that the Yunlong Formation was
deposited in a fluvial-lacustrine setting under a rela-
tively arid regime, although one still requiring some
precipitation. High contents of hematite and high
degrees of redness of the sediments indicate strong oxi-
dation (Fig. 7B). Pollen analysis reveals a sparse flora
assemblage, with Pinus, Alnus and Artemisia indicat-
ing temperate conditions (Figs. 6 and 7C). Deposition
of the Baoxiangsi Formation marks a new phase of
basin development, with widespread fanglomerate and
proximal sandstone representing initiation of uplift of
the surrounding basement rocks as the pull-apart basin
opened (Fig. 2B). Climatic conditions of lower Baox-
iangsi Formation were generally similar to that of the
Yunlong Formation, with redness, suggestive of hema-
tite in the soil, indicative of oxidation, likely linked to
at least seasonal aridity (Schwertmann 1971). Pinus,
Alnus and Ulmaceae pollen indicate temperate condi-
tions (Mathews et al. 2013). Aridity culminated during
the deposition of upper Baoxiangsi Formation when
eolian sand dunes were being developed, which indi-
cates a desert environment (Fig. 3). Previous studies
have revealed that similar desert and steep environ-
ments existed over a much broader region across China
(Sun and Wang 2005; Zhang et al. 2012). This situation
is interpreted to represent a climatic zone dominated
by sub-tropical high pressure system.
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4.2 Onset of monsoon climate at~36 Ma

Relatively humid climatic conditions are required to
explain the facies of the Shuanghe, Jinsichang and
Jiuziyan Formations (Fig. 2B). The Shuanghe coal beds,
as discussed above, are typical of swamp and fluvial-
lacustrine environments. Not only does the sedimen-
tary facies indicate the existence of flowing, permanent
water, but the pollen assemblage reveals a diverse eco-
system indicative of wet subtropical conditions (Fig. 6).
Facies analysis of the Jinsichang Formation indicates
that it was deposited within a large fluvial system,
most likely dominated by braided rivers. The evidence
indicates significant moisture supply to the region to
sustain a lacustrine, swamp and significant fluvial sys-
tem, which contrasts with the arid environments that
characterized the Yunlong and Baoxiangsi Formations.
Onset of monsoon climate would have greatly altered

the ecosystem, promoting biodiversity in the region (Su
et al. 2019).

4.3 Climatic transition at ~ 36 Ma: orography-versus global
cooling-driven
In this study, we confirm not only the existence of
humid conditions in the Late Eocene in the Jian-
chuan Basin, but critically also show for the first time
a major climatic transition around 36 Ma (Fig. 7). The
evidence for swampy and fluvial conditions is consist-
ent with earlier research in the area (Tapponnieret al.
2001) and with indications of a wet monsoonal climate
in Myanmar, as well as in NE Tibet at that time (Wan
et al. 2007). Although Sorrel et al. (2017) suggested
moderately drier conditions for the carbonates of the
Jiuziyan Formation this interpretation is not consist-
ent with this sediment being equivalent in time to the
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Jinsichang and Shuanghe Formation. In any case, it is
our identification of windblown desert dune sands that
accumulated to a great thickness that provides con-
crete evidence for long-lived arid conditions in the mid
to late Eocene, followed by a relatively rapid transition
into a wetter monsoonal environment. Furthermore,
the fact that these desert (arid) conditions extended
over much of China indicates that this was significant
climatic phenomena, and not just a local feature (Sun
and Wang 2005). We note that this transition from dry
to wet occurs at 36 Ma and therefore does not corre-
late with any significant change in the global climate.
We noticed that Fang et al. (2021) proposed that this
change could have occurred at~41 Ma. The possible
reason for the age discrepancy could have been caused
by the complexity of the sedimentary sequences. More
importantly and more precisely, as we have observed,
the sedimentary sequences have been, in many places,
misplaced due to faulting caused mostly by volcan-
ism. It is an on-going mission to refine the chronology
of the sequence. Our age control is based on dating of
the volcanic rock (lamprophyre) that has been intruded
into the sequence and the volcano-clastic rock that is
interbedded in the sequence. In any of the cases, the
transition contrasts with the proposed drying of the cli-
mate at 34 Ma, across the Eocene—Oligocene boundary,
which correlates with a time of global cooling (Fig. 7)
(Dupont-Nivet et al. 2007). Our reconstruction of a
significant wettening of the climate does not correlate
with a corresponding global temperature event (Zachos
et al. 2001). Instead, it may well be attributed to the
orographic effects of Himalaya and Tibetan Plateau.
Uplift of parts the Tibetan Plateau at this time (Wang
et al. 2008; Xu et al. 2013) is anticipated to have affected
atmospheric circulation patterns and resulted in inten-
sification of the East Asian monsoon, while deflecting
the influence of the Westerly Jet (Fig. 1). It has been
increasingly recognized that the Eo-Oligocene was a
time of topographic uplift of the plateau and it is possi-
ble that this had progressed to a critical level of altitude
and extent where a rapid transition from dry and wet
conditions occurred (Wang et al. 2008; Xu et al. 2013;
Prell and Kutzbach 1992; Liu et al. 2017). The change
from arid into humid conditions represents a cessation
of dominance by the sub-tropical high pressure sys-
tem in controlling the climate of Southeast Asia, even
if the summer monsoon had not yet reached maximum
intensity (Additional file 1).
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5 Conclusions

Cenozoic sedimentary rocks from the southeast flank
of Tibetan Plateau record a drastic climatic change
from general aridity to monsoonal conditions around
36 Ma. Paleocene aridity belonged to a much broader
arid zone across East Asia, which was formed under the
influence of northern sub-tropical high pressure sys-
tem when Tibetan Plateau was not high and extensive
enough to obstruct the general circulation. Uplift of
Tibetan Plateau might have reached a threshold eleva-
tion during late Eocene, which deflected the Westerly
Jet and altered the general circulation system, caus-
ing the inception or significant intensification of mon-
soonal rains to penetrate into this downwind locality
through thermal and dynamic forcing.
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