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ABSTRACT

Spicer RA & Farnsworth A 2021. Progress and challenges in understanding Asian palacogeography and monsoon evolution
from the perspective of the plant fossil record. Journal of Palacosciences 70(2021): 213-235.

Land surface elevation, climate and vegetation are intrinsically linked at a range of spatial and temporal scales. In the case of

Asia, complex relief hosts some of the richest biodiversity on our planet and is dominated by a system of monsoons, the features of
which are determined in large part by topography and land surface characteristics, including vegetation. Such regions have not only
acted as an incubator for evolving species but also as refugia during periods of environmental crisis. The exceptional topography
of Asia includes the largest and highest elevated region on Earth, the Tibetan Plateau, along with the Himalaya and the Hengduan
mountains, collectively referred to here as the THH region. In recent years there has been a revolution in thinking as to how the
THH was formed, how the several monsoons systems that affect it have changed, and how it has influenced regional, even global,
biodiversity evolution. Accurately dated plant fossils have played key roles in these advances. Here we review the complex evolution
of the THH landscape, the modernization of the biota in the Paleogene, and the transition to the modern landscape and monsoon
systems in the Neogene. We show how these changes in understanding have been brought about by recent fossil discoveries and
new radiometric dating of previously known assemblages, methodological advances arising from integrating improved proxy data,
and numerical palacoclimate modelling. Significant knowledge gaps remain, however, which demand further advances in proxy
and numerical methodologies, as well as new fossil discoveries in key locations for specific time intervals.
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INTRODUCTION

UMEROUS papers attempt to link the Indo—Eurasia

collision and the Tibetan—Himalayan orogeny to
changing monsoon dynamics and biodiversity evolution,
often based on nothing more than supposition and a poor
understanding of how these events fit together in time and
space. For example, many papers on molecular phylogenetics
have (wrongly) ascribed Miocene diversification events
within Asia to the 'uplift of the Tibetan Plateau' and monsoon
development (reviewed in Renner, 2016). We can say with

confidence that this is wrong because recent work has
demonstrated that there was no such thing as the uniform
rise of a pre—formed plateau (Spicer et al., 2020 a, b) and that
although plateau formation had taken place by the Miocene
much of the orogeny occurred in the Paleogene (Ding ef al.,
2014; Su et al., 2020; Spicer, 2017; Spicer et al., 2020a—c) but
not, we now know, as envisaged by Renner (2016) either. New
and more numerous proxy discoveries (e.g. Lin et al., 2020;
Suetal., 2019; Zhuang et al., 2019), better age determination
(Gourbet et al., 2017; Linnemann et al., 2018; Tian et al.,
2021) and a reduction in methodological uncertainties (e.g.
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Farnsworth et al., 2021) are allowing greater insights into the
topographical evolution of this region. This is a fast-moving
field. Moreover, the presence of Asian monsoon climates long
predates the Cenozoic and modernization of the Asian biota,
at least that associated with the Tibetan region, mostly took
place in the Paleogene.

In the last five years there have been substantial advances
in our understanding of topographic development across the
Tibetan region (e.g., Spicer et al., 2020c¢), the emergence of
monsoon systems with modern characteristics (Bhatia et al.,
2021 a, b; Farnsworth ef al., 2019; Spicer et al., 2017), and
when Asian biotas assumed their modern compositions (Li et
al., 2021; Linnemann ef al., 2018; Tian et al., 2021). These
new insights have arisen from new fossil finds (Su ez al., 2019;
2020), and revised absolute dating of previously known fossil
biotas (Li et al., 2020; Linnemann et al., 2018; Tian et al.,
2021), while advances in methodologies (Valdes et al., 2019;
Li et al., 2021; Farnsworth et al., 2021) are enabling us to
quantify past land surface height with greater precision, and
re—evaluate the assumptions underlying data exploration and
interpretation (Spicer et al., 2020a—c). In this contribution we
will bring together some key discoveries and throughout we
highlight gaps in our knowledge that, if filled, could advance
our understanding further. The ideas we summarise here
may also be short-lived due to new advances, so this is just a
snapshot of the current 'state of play'. Our focus will mostly
be on the Cenozoic, but Mesozoic monsoons affecting India
are also considered as they set the stage for what followed.

MONSOONS

Monsoons are a major feature of the modern climate
system and theoretically should have existed in one form or
another throughout Earth's history (Acosta & Huber, 2020),
provided that Earth's obliquity has remained similar to that
of the present day (Webster & Fasullo, 2003). However,
despite their importance and persistence through time there
is a great deal of confusion as to what the term 'monsoon'
means and how it should be defined quantitatively. The
word 'monsoon’ is derived from the Arabic word “mausim”,
meaning a seasonal wind. Early monsoon definitions relied
solely on a seasonal wind reversal (>120°) (Ramage, 1971),
however, this effectively removed South America as having
a monsoonal climate due to it having no such seasonal
wind reversal. To some it just means intense rainfall and,
although this is equally wrong, abundant seasonal variation
in precipitation is a common feature of monsoons. Even for
the present day there are many different monsoon definitions,
and this is confusing. To define a monsoon, and in particular
to characterise different monsoon types, requires complex
meteorological metrics involving atmospheric pressure, wind
directions and rainfall patterns, often expressed in terms
of average daily precipitation as measured over at least 30
years (e.g. Wang & Ho, 2002; Zhang & Wang, 2008). These

metrics are not preserved in their entirety in the rock record,
so tracking monsoon evolution through time has to be done
using proxies that preserve only some of these characteristics
and so inevitably fail to capture the complexities of modern
monsoon characterizations (Spicer ef al., 2016).

The Asian landscape (here meaning topography and
vegetation) and its monsoons are intrinsically linked: monsoons
climates having contributed to landscape erosion and increases
in relief (Nie et al., 2018) and niche heterogeneity which,
combined with climate variation, drives speciation (Antonelli
et al., 2018; Rahbeck et al., 2019; Spicer, 2017, 2020a).

A monsoon system across southern Asia today is
inevitable because in its present location it intrudes into
the global Inter—tropical Convergence Zone (ITCZ) rain
belt, which in the modern world extends to approximately
25-28° latitude over the oceans (Wang & Ho, 2002; Zhang &
Wang, 2008). The latitudinal bounds of this rain belt and its
longitudinal continuity are modified by the presence of land
masses, with Asia seeing the most extreme poleward extension
of the monsoon to >40°N (Fig. 1). This otherwise low latitude
global ITCZ monsoon belt exists due to seasonal latitudinal
oscillations of the thermal equator between the tropics of
Cancer and Capricorn. Associated with this moving thermal
equator is a band of convective rainfall that permanently
overlaps itself to form a narrow 'ever—wet' zone centred on
the geographical equator (Fig. 1). How wide this ever—wet
zone has been in the past, and the latitudes between which the
thermal equator has migrated, has depended on small changes
in Earth's obliquity, large—scale circulation (the strength and
location of the Hadley—Walker circulation), ocean circulation
and regional sea surface temperatures, and the strength of the
polar high—pressure cells, which in turn are dependent on polar
temperatures and the equator—to—pole temperature gradient.
The coherence of this belt also depends on land—sea thermal
contrasts determined in large part by the disposition of the
continents (Fig. 1)

The present—day position of southern Asia within this
ITCZ migration range also means that the presence of a
monsoon system over parts of Asia is not solely dependent
on an elevated Tibet or Himalaya (Acosta & Huber, 2020).
The size alone of the Asian continent is enough to distort the
normal ITCZ latitudinal range because in the summer the
northern boundary of the ITCZ migration is drawn poleward
due to a strong low—pressure system centred over Central
Asia as a result of continental interior sensible heat flux. In
winter, pronounced cooling over the same region creates a
high—pressure cell and some descending cold dry air travels
south—eastwards, influenced by the westerlies, to affect large
parts of northern China. The strength of the central Asian
pressure oscillation also depends on the overall global thermal
regime.

The questions we are considering here do not encompass
whether or not there have been monsoons over Asia in deep
time, undoubtedly there were. Instead we focus on what we
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Fig. 1—Present—day map of global monsoon systems based on Zhang & Wang (2008): CSPM—Central Southern Pacific Monsoon, NAmM-North American
Monsoon, SAmM-South American Monsoon, NAfM—North African Monsoon, SAfM-South African Monsoon, AM—Asian Monsoon, [-AM—
Indonesia—Australia Monsoon. Dotted lines indicate the approximate poleward seasonal migration of the rain belt associated with the Inter—Tropical
Convergence Zone (ITCZ) in a theoretical world devoid of continents but with Earth's present obliquity. The equatorial darker blue band indicates
the ever—wet zone where the ITCZ rain belt would permanently overlap in such a theoretical world. Note that this is an idealized depiction, even
in a world devoid of land masses ocean circulation and thermal heterogeneity associated with that circulation would distort these rainfall bands.

know about the evolution of the Asian landscape and biota
and their interactions with monsoon patterns. In complex
systems such as we are considering here it is difficult to link
cause and effect, and in the past researchers have been all too
cager to make extravagant claims of causality based on very
few data points in time and space. Unsurprisingly this has led
to claim, counter claim and confusion. In the case of India, its
rapid movement north—eastwards across the equator further
complicates making generalities about monsoon influences
over time. First, we take a step backwards and examine the
interactions between India and the ITCZ monsoons during its
northward journey.

Ancient Monsoons

Deep time (Kimmeridgian ~155 Ma.) numerical climate
modelling (Armstrong et al., 2016) (Fig. 2) shows the long—
term persistence of the ITCZ monsoon belt, and how this
belt becomes distorted by land—sea thermal contrasts (both
regionally and hemispherically). At ~155 Ma the continents
were aggregated into the giant supercontinent, Pangea, that
took the form of a letter 'C' straddling the Equator (Fig. 2). In
the Northern Hemisphere the land mass was fragmented at
low latitudes by the developing Tethys seaway, so the ITCZ
rain belt was not expanded polewards as much as it was in the

Southern Hemisphere where no such fragmentation existed.
This pronounced southward distortion is analogous to that
experienced today over Asia, where a large continental mass
develops its own seasonal oscillating pressure system because
of its size and position spanning mid latitudes. At 155 Ma,
only what is now SE Asia was positioned within the northern
ITCZ zone, while all of what is now left of the Indian Plate
after subduction of 'greater India' was located south of the
southern ITCZ monsoon belt.

By the beginning of the Cenozoic virtually all of India
must have moved into the ITCZ monsoon belt, and in so doing
changed the ITCZ characteristics. For most of the Cretaceous
large parts of India must have experienced a monsoonal
climate as it tracked through this ITCZ zone, but the extent
of India's monsoon exposure will have depended on the
details of its motion and interactions with the ITCZ system.
This suggests that from early in the Cretaceous onwards the
only non—monsoonal climate India may have experienced
was when it tracked through the equatorial ever—wet zone,
but this zone may not have been very wide if the ITCZ
latitudinal migration was greater than now, or the oscillating
rain belt associated with the thermal equator was narrower.
Recent work has thrown some light on this topic and we shall
consider it later.
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Fig. 2—Map showing past monsoon belts as generated by climate modelling. Modified from Armstrong ef al. (2016). The Indian Plate and allochthonous
Gondwanan terranes that today comprise the Tibetan Plateau are highlighted.

Geographic and topographic influences on Asian
monsoon characteristics

Several modelling studies have demonstrated the
long—term persistence of Asian monsoons throughout
the late Mesozoic and Cenozoic (e.g. Huber & Goldner,
2012; Farnsworth et al., 2019), and the dominance of
palacogeography and topography over atmospheric pCO,
levels in determining monsoon characteristics, particularly
over east Asia (Farnsworth et al., 2019). Continental positions,
the opening and closing of ocean gateways and bathymetry
all affect ocean circulation, and thus heat distribution and the
ITCZ seasonal excursions, while on land topography seems
to have had the most effect on monsoon intensity (Farnsworth
etal., 2019).

Topography exerts two kinds of atmospheric forcing:
mechanical (deflecting and blocking of air flow) and thermal
(sensible and latent heat fluxes). In the modern world
mechanical forcing is strong over Asia due to its extreme and
complex topography, importantly orientated in an east-west
trending direction. Tropospheric westerly air flow across
Asia is deflected and separated by both the Iranian Plateau
and the Tibetan Plateau, as well as mountain systems such as
the Tien Shan (Fig. 3). In summer, moist air from the Indian
Ocean is drawn north—eastwards across India in part by the
central Asian (Siberian) low pressure system, in part by a
low generated by mid troposphere (850 hPa) heat centred
over north—western India and Pakistan (Molnar et al., 2010),
and in part by the anomalous heating over the high (~ 5 km)
Tibetan Plateau. Much of this air flow is deflected by the even
higher (mean elevation ~ 6km) Himalaya, which also blocks

cooler air coming from the north, and which contributes to
the anomalous heating over Pakistan and NE India (Molnar
etal.,2010). Moist air is also drawn north—eastwards towards
the plateau over China from the Pacific and the South China
Sea unhindered by the Westerlies, which are blocked by both
the plateau itself and the Hengduan Mountains, which extend
down into Yunnan (Figs. 3 and 4).

Mechanical forcing also played a roll in determining the
past strength and location of the monsoon (Boos & Kuang,
2010; Farnsworth, et al. 2019) through regional airmass
modification. Topographic barriers such as the predominantly
east—west oriented Gangdese inhibited dry—cool central Asian
continental air flowing south into ITCZ monsoon regions
before the rise of the Himalaya and moderated the flow of
warm moist air moving northward.

In the context of the Asian monsoon, thermal forcing
takes two forms. For a long time the Tibetan Plateau has been
regarded as an anomalous high altitude sensible heat source
due to the elevated land surface heating up more in the summer
than free air would do at an equivalent altitude, and that this
summer heating generates a strong low pressure system
(Flohn, 1968; Yanai & Wu, 2006). As mentioned earlier, that
idea has been challenged (Molnar et al., 2010), but only in the
sense that it is not the primary location of atmospheric heat;
the anomalous heat over Pakistan and north-western India
being the other. This low—pressure system is present regardless
of regional topography (Acosta & Huber, 2020), although
monsoon rainfall is weakened over the Indian Continent if
the topography is low.

Additional atmospheric heating occurs during the
release of latent heat when moisture condenses to form rain.
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Fig. 3—Map of Asia showing the main seasonal air-flows that comprise the monsoon system. Plant fossil localities referred to in the text are also shown.

Details within the blue rectangle are presented in Fig. 4.

In summer this mostly occurs today over north—eastern India
and south—eastern Tibet. This heating further intensifies local
convection and rainfall.

In the past a warmer atmosphere would have held
more moisture, a well-known relationship as expressed by
the Clausius—Clapeyron relation (+7% atmospheric water
holding capacity per 1°C warming), which would have
resulted in more rainfall (roughly ~3%/°C warming due to
static stability constraints), and so more intense local heating
of the atmosphere when latent heat was released during
condensation. Such an increase in latent heat thermal forcing
and volatility in the precipitation regime is likely to occur in
the future (Ha et al., 2020).

Monsoon rainfall also requires moisture sources.
As far as Asia is concerned today those sources are the
Indian Ocean, including the Bay of Bengal, the South
China Sea and the Western Pacific. In the past, additional
sources would have been the Paratethys to the west of
central Tibet and the Neotethys between India and Eurasia.
Accurate palacogeographic reconstructions (continental
positions, topographic heights, extents, oceanic gateways),
including all available moisture sources such as oceans,
lakes and evapotranspiration from vegetation, are critical to
understanding past thermal and mechanical forcings.

The Monsoon History of India

Figure 2 suggests that India began to experience monsoon
climates soon after it broke away from Gondwana and began
its migration northwards, and by the middle Cretaceous (~
100 Ma) large parts of the now subducted 'Greater India' were
located in the southern ITCZ monsoon rain belt. The size of
Greater India is still actively debated as the recent review of
Kapp and DeCelles (2019) demonstrates, and the monsoon
impact on India depends on how accurately the subcontinent
is positioned latitudinally over time.

The onset of continental collision occurs when all
oceanic lithosphere between two continental margins has been
consumed, the margins come into contact, and subduction
of continental crust begins. In the case of the India—Eurasia
collision the situation is complicated by the incorporation of
the Kohistan—Ladakh Island Arc (Chatterjee ef al., 2013),
which may have served as a stepping stone for biotic exchange
between Africa and India, if not Eurasia, during the Cretaceous
(e.g. Chatterjee & Scotese, 2010; Khan et al., 2009, 2020;
Sahni, 1988). Such an exchange compromises the use of
fossil and molecular phylogenetic evidence for dating plate
contact and consequently the time at which this contact took
place has long been debated. Estimates range from ~ 65 Ma
(e.g. Ding et al., 2005) to ~ 22 Ma (van Hinsbergen et al.,
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known plant fossil localities of different ages. Blue arrows represent the direction and rate of modern motion measured by GPS. The larger the arrow,
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2012), with most authors favouring 55 + 10 Ma (Wang et al.,
2014). A recent study based on sediment provenance shifts
recorded in surviving successions in the central northern
Himalaya appears to show that parts of continental greater
India were in very close proximity to Eurasia no later than ~
61 Ma (An et al., 2021), but because the size of greater India
is poorly quantified this signal of initial contact does not fully
constrain the palaeolatitude of those parts of the Indian Plate
that remain today.

Traditionally, tracking India's position through time has
been done using palacomagnetism (e.g. Molnar & Stock,
2007), but a major discrepancy exists between the perceived
convergence based on such measurements (~ 4000 km) and
the estimated amount of upper crustal shortening (~ 2000 km).
Some authors have invoked additional ocean basins (e.g. van
Hinsbergen et al., 2012; Kapp & DeCelles, 2019) to reconcile
the difference, but An ef al. (2021) argue for a reassessment
of palacomagnetic methodology and questions are now being
raised about the reliability of existing measurements used to
quantify the size of greater India (Roperch & Dupont—Nivet,
2021). If we assume 2000 km of greater India has now
disappeared, and that the An ez al. (2021) date of first contact
(no later than ~ 61 Ma) is correct, it positions the northern edge
of what is now the central Himalaya at ~ 10°N at ~ 61 Ma,
and that at 65 Ma the plants represented in the Deccan plant
locality shown in Fig. 3 should have been within the equatorial
ever—wet zone, if it existed, and this should be detectable in
the fossil record, but at present there are great uncertainties
surrounding the details of India's northward journey.

As India continued its journey northwards it would have
traversed through the northern ITCZ monsoon zone, perhaps
modifying the monsoon as it did so. To detect the kind of

monsoon that different parts of India were exposed to we can
use fossil leaf form (Spicer et al., 2016, 2017).

PLANT FOSSILS AND CLIMATE

The relationship between climate, plant distribution and
plant form has been appreciated for more than 2000 years,
but has only been reliably quantified and applied to plant
fossils within the last few decades (reviewed in Spicer ef al.,
2020d). Two different approaches have emerged; one based
on the climatic tolerances of perceived nearest living relatives
(NLRs) of the fossils (e.g. Chevalier et al., 2014; Greenwood
et al., 2003, 2005; Kershaw, 1996; Kershaw & Nix, 1988;
Mosbrugger & Utescher, 1997; Utescher et al., 2014), and
one based on plant form (physiognomy), particularly leaf
morphology (e.g. Kovach & Spicer, 1996; Spicer et al.,
2020d; Wolfe, 1979, 1993; Yang et al., 2011, 2015). Both
methods are capable of estimating thermal (mean annual
temperature and cold and warm extremes) and hydrological
variables (precipitation, humidity). However, both have their
individual strengths and weaknesses, and so where possible
should be used in tandem to obtain reliable palacoclimate and
palacoaltitudinal reconstructions.

NLR techniques require accurate taxon identification and
due to evolutionary changes within plant lineages reliability
declines the further back in time they are applied (Utescher et
al., 2014). Nevertheless, their big advantage is that they can
be based on any identifiable plant parts, such as pollen, fruits
and seeds, wood, etc. as well as leaves. On the other hand,
physiognomic techniques are independent of taxonomy, tend
to be more time—stable because they are rooted in the laws of
physics and chemistry, but can only be applied to plant organs
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whose growth form is modified by the environment (primarily
leaves and wood).

Although NLR techniques can return temperature and
rainfall data, the usual constraints apply as to how these
individual climate metrics properly characterise monsoon
regimes in all their complexity. Moreover, because NLR
approaches can be applied to highly recalcitrant plant
parts such as woody material, pollen and spores, these can
potentially be dispersed over far greater distances than leaves,
which reduces spatial specificity, including palacoaltitudinal
precision. In the case of pollen/spores, multiple cycles of
reworking are also possible, which also reduces temporal
precision.

Leaves, particularly those of woody dicots, have to be
well adapted to their immediate atmospheric environment or
they will not function efficiently. In extreme cases maladapted
leaves could lead to plant death and elimination from a
community by compromising the fitness on the parent plant.
Consequently, macroscopic leaf adaptations exhibited by
aggregations of species reflect well the conditions under which
those plants grow (Spicer et al., 2020d; Wolfe, 1993; Yang et
al., 2011, 2015), and if preserved as fossils these adaptations
allow us to reconstruct past climates, including monsoon
characteristics (Bhatia ef al., 2021a, b; Spicer et al., 2016,
2017;). The most widely used and tested method for doing this,
and the one that returns the most climate variables, is known
as CLAMP (Climate-Leaf Analysis Multivariate Program—
http: //clamp.icas.ac.cn), the methodology and developmental
history of which is reviewed in Spicer et al. (2020d) and will
not be described in detail here.

CLAMP is currently capable of returning 24 different
climate variables spanning temperature, humidity and
precipitation (Spicer et al., 2020d). The precipitation estimates
are inevitably buffered by moisture available in the soil, which
in many instances not only reflects rainfall but proximity to
groundwater reserves that may be fed by lakes and rivers
whose catchments may extend over thousands of km? and
large ranges in elevation. If fed by glaciers, the available
water may not reflect precipitation contemporaneous with the
lifespan of the plant, but water accumulated over millennia.
This problem of an allochthonous water supply is true for any
plant—based climate proxy, but it does mean that quantitative
precipitation estimates have to be viewed with some caution,
and this extends to wet: dry season differences and hence
monsoon indices (e.g. Liu & Yin, 2002; Xing et al., 2012).
Such ratios can be useful in comparative studies within the
context of the same methodology, including with the same
calibration, but should not be treated as equivalent to ratios
derived from direct rainfall measurements.

A better metric is one that is related to moisture in the
atmosphere, particularly vapour pressure deficit (VPD), which
is critically important to plant growth and is currently rising in
a warming world (Grossiord ef al., 2020). VPD is a measure of
how much pressure moisture in a parcel of air exerts against

further moisture uptake, such that as from transpiration. High
VPD leads to water stress in plants, while very low VPDs
impede transpirational water loss and movement of nutrients
through the plant body. It is therefore no surprise that plants
display leaf form adaptations that reflect annual and seasonal
variations in VPD (Bhatia et al., 2021a, b; Spicer et al., 2019,
2020d), and this may yet prove a more reliable monsoon
indicator than estimated precipitation variables alone. CLAMP
regressions indicate that VPD is more precisely correlated
with leaf form in wet regimes than dry, and so is different
to precipitation where leaf form tends to be more tightly
constrained in dry regimes (Spicer et al., 2020d). As yet there
are no universal VPD descriptors of monsoons, so a better
way is to look directly at leaf trait spectra as expressed under
exposure to different modern global monsoons as a way of
‘fingerprinting' monsoon characteristics.

Monsoon 'fingerprinting' using leaf fossils

Leaves have to be adaptive over their entire lifespan,
which for many evergreen low latitude taxa can be several
years. Consequently, leaf architecture has to confer fitness
throughout annual monsoon extremes of temperature, rainfall
and evaporative stress, and as a result leaves exposed to
monsoon conditions display unique trait spectra that can
be used to characterise different monsoon regimes (Fig. 5).
Using this approach Bhatia e al. (2021a, b) demonstrated
India's persistent exposure to predominantly ITCZ type
monsoons until the latest Oligocene when leaf trait spectra
showed a distinct shift towards the characteristics displayed
by the modern SAM (Fig. 5 A-D). Whether this was a result
of India moving into a SAM-like monsoon that was already
developed over Paleogene Eurasia, or whether the SAM was
being generated by India's approach to Eurasia and the start
of significant uplift of the Himalaya, has yet to be resolved.
Moreover, the CLAMP training (calibration) database of
424 modern vegetation sites worldwide does not yet contain
leaf traits from cool locations exposed to the SAM, and as
such cannot distinguish a SAM monsoon signature from that
expressed by leaves exposed to the EAM at latitudes < ~
28° N (Fig. 5 A-C). Additional collecting of modern leaves
growing at high elevations in the Himalaya may help rectify
this shortcoming.

PALAEOALTIMETRY

Changes in land surface height are measured relative
to some datum and ideally that datum is mean sea level,
preferably the geoid. In the modern world, before satellite
laser or radar methods, elevation differences were measured
directly by surveying using trigonometry or by employing
some relative change in a physical property such as air
pressure. For palacoaltimetry, estimating air pressure is
difficult, although attempts have been made either for the
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Fig. 5~—CLAMP (Canonical Correspondence Analysis) of 424 modern vegetation sites coded for the monsoon climates they grow under (EAM—East Asia
Monsoon, IAM-Indonesia—Australia Monsoon, NAM—North American Monsoon, NM—-non-monsoon, SAfM-South African Monsoon, SAM—South
Asia Monsoon, SAmM—-South American Monsoon, TA—Transitional Area). Red filled circles represent the positions of Indian Paleogene fossil
sites. A) Axes 1 v2, B) Axes 2 v 3, C) Axes 1 v 3. Only the latest Oligocene Tirap site plots away from modern sites exposed to the ITCZ-type
Indonesia—Australia monsoon, highlighted by the orange area. B and C show Tirap plots nearer to sites exposed to the SAM, EAM and TA. D) Winter
vapour pressure deficit regression showing that Tirap experienced far drier winter conditions than the other fossil sites, and distinct from conditions

experienced today by the Indonesia—Australia monsoon.

atmosphere as a whole (e.g. Sahagian & Maus 1994; Sahagian
et al., 2002) or atmospheric components such as the partial
pressure of carbon dioxide (ppCO,) (McElwain, 2004). In the
case of ppCO, estimates this is done using changes in stomatal
characteristics (density) because ppCO, decreases with
increasing elevation, but as with all stomatal responses to CO,
it is highly species dependant (e.g. Poole ef al., 1996; Zhang

etal.,2012), and so limited by species longevity. This causes
problems in palaeoaltimetry because of the long timescales
(>> 1 Myrs) over which orographic change takes place. For
palaeoaltimetry, changes in other physical parameters are
more often employed, with those parameters being derived
from geological proxies. These proxies are usually based on
isotopes or fossils.
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Isotopes

Potentially there are two ways of determining past
surface height using stable isotopes. The first is based on the
differential fractionation of heavy and light isotopes, typically
oxygen and hydrogen (Mulch, 2016;, Mulch & Chamberlain,
2006, 2018; Rowley et al., 2001; Rowley & Garzione, 2007),
that takes place as moisture condenses during air parcel
ascent and cooling. The second is based on using isotopes to
determine land surface temperature from which height can be
calculated using thermal lapse rates.

As a parcel of air rises the pressure decreases, it expands,
cools and moisture condenses to fall as rain. Heavy isotopes
tend to rain out more than light isotopes (Rowley & Garzione,
2007). This means that rain at increasing elevations on the
windward side of a mountain range will contain decreasing
amounts of the heavy isotope and moisture passing over
the mountain ridge will be enriched in the lighter isotopes
relative to when it started its ascent. In such a simple scenario
the pattern of isotopic change with increasing elevation (the
isotopic lapse rate) is broadly predictable using a Rayleigh
condensation model. Preferential rainout of heavy isotopes
also occurs as air rises through convective processes high
above any land surface, but this is usually ignored, perhaps
wrongly, in this approach. The isotopic composition at a
known elevation (usually sea level) at the start of the air parcel
ascent also needs to be known.

To be useful as a palaeoaltimeter the isotopic ratio of
meteoric water needs to be captured in a carrier material,
typically a mineral or organic matter, and preserved,
diagenetically unaltered through time, along with similar
contemporaneous data from a location at the start of the air
parcel trajectory. The residence time of meteoric water in the
groundwater system, or as glacier ice, before it is preserved
in a carrier can be of concern because the longer the residence
time the further that water can travel downslope before being
fixed in the carrier, and the greater the chance that the isotopic
ratios may be altered from those at condensation Residence
times can also increase temporal uncertainty. Inevitably,
such stable isotope palaeoaltimetry results will be biased
towards the elevations at which limiting isotope fractionation
takes place, that is to say above mountain range ridges,
and be subject to multiple cycles of evapotranspiration and
condensation as an air parcel traverses land surfaces from its
origin and before its final ascent. This introduces a so—called
‘continental effect' (Mulch, 2016; Mulch & Chamberlain,
2006, 2018) that is difficult to quantify without using
isotope—enabled numerical Earth system models with realistic
boundary conditions, including prescribed ancient topography
(e.g. Xiong et al., 2020).

Stable isotopes can also be used to determine land
surface temperatures and, by using thermal lapse rates (see
below), these can be used to estimate surface height. To avoid

complications due to differential isotope fractionation such
temperatures are increasingly being obtained from so called
'clumped isotopes'. Clumped isotopes reflect how the isotopes
are arranged in the mineral crystal lattice of the carrier, and
specifically involve molecules of similar composition but
made up of different isotopes (isotopologues). The most
common clumped isotope palacothermometer measures the
isotopologues of carbon and oxygen in CO, with a mass of
47 when it is released from carbonates as they are dissolved
in phosphoric acid, i.e. when "*C and '80 are substituted for
12C and '°O. The amount of 'clumping' (A,,) is temperature
dependant (Ghosh et al., 2006; Eiler 2007, 2011), with
preferential clumping of the heavier isotopes (**C and '*0)
taking place at lower temperatures, although disequilibrium
and 'vital' effects introduced by biochemical reactions do occur
(Affek et al., 2008; Zaarur et al., 2011).

For this approach to be reliable the isotopes at both the
reference location for which the elevation is known (usually
sea level) and that at the unknown (usually at some elevated
location) have to reflect accurately the temperature at which
their carrier materials form, and this temperature depends
on the nature of the carrier material and whether or not
carrier formation is biased towards one season or another.
Low elevation sites can experience a warmer, wider range
and longer duration of formation temperatures than those
at higher (colder) elevations when carrier formation may
be more prevalent during the warmer months (Quade ef al.,
2013). At higher elevations summer glacial melting can also
cool rivers, lakes and groundwater in which some of the
isotope carriers such as gastropod shells or sub—aqueous
carbonates form (Huntington et al., 2015). Similarly, soil
carbonates can be dependent upon the moisture regime, so the
time when such carrier material forms is not just a function
of temperature (Gallagher & Sheldon, 2016). Carbonate
palaeosol nodules only form when the soil is moist but drying,
and so is a function of a lack of rainfall combined with high
evapo—transpiration, which in turn depends on vegetation type
and density (Gallagher & Sheldon, 2016). Vegetation also
affects soil surface temperatures through shading (Quade et
al., 2013), so ideally plant fossils are required to characterise
such palaeovegetation. Moreover, soil carbonate nodules
can take several thousand years to form (Retallack, 2005), so
smoothing out and potentially biasing thermal variations as a
function of orbitally—driven climate and vegetation change.

Inevitably the numerous assumptions and complex
processes involved in isotope palacoaltimetry make its
application difficult in complex landscapes such as those that
comprise the Tibetan region. Heterogeneous landscapes in
turn give rise to complex climate patterns through mechanical
and thermal forcing, so quantifying topographic variation
becomes extremely problematic unless conducted within a
rigorous modelling framework. So far, such an approach is
the exception rather than the rule.
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Plant fossils

Plant megafossils, such as leaves, record adaptations
to climate expressed by vegetation that equilibrates to its
immediate environment over much shorter time intervals than
it takes for soil carbonate nodules to form (a few centuries
at most, but often less). Moreover, leaves cannot undergo
much transport before becoming so degraded that they are no
longer useful, and so when found reasonably well-preserved
tend to record conditions close to their depositional locations
in basin lowlands (Ferguson, 1985; Spicer & Wolfe, 1987).
As such, palacoelevations derived from leaves complement
those derived from stable isotope fractionation (Spicer, et
al., 2020c). By contrast, the long—distance transport and re—
working potential of palynomorphs make them problematic
for quantitative palaeoaltimetry and may give an elevation
signal that reflects the range of altitudes occupied by their
source plants (Su et al., 2019) and not of where they were
deposited. Ideally both stable isotopes and plant megafossils
should be used in tandem to reconstruct past landscapes
(Spicer et al., 2020c).

Both NLR and CLAMP analyses have been used to
quantify past land surface heights from plant fossils (e.g.
Axelrod, 1981, 1997; Axelrod & Bailey 1976; Forest et al.,
1999; Gregory, 1994; Gregory & Chase, 1992; Gregory &
Mclntosh, 1996; Khan et al., 2014; Song et al., 2020; Spicer et
al.,2003; Suetal.,2019,2020). Both approaches are capable
of returning mean annual temperatures and thermal extremes
(cold and warm monthly or seasonal temperatures) and so
both can be used to estimate surface height based on thermal
lapse rates, but there are several kinds of thermal lapse rates,
each with its own characteristics.

Thermal lapse rates

Thermal lapse rates describe changes in temperature
with changing elevation. In general (with the exception of a
temperature inversion) temperature declines with increasing
height and can be expressed as:

I =—dT/dz

where /”is the lapse rate, dT is the change in temperature,
and dz is the change in height.

Lapse rates can be measured in a column of static
(non—convecting) free air (environmental lapse rates—/e),
or close to the land surface (terrestrial lapse rates—/7) where
the thermodynamics of land surface—atmosphere interactions
complicate general trends. Moreover, they can be defined in
terms of temperatures measured by either dry bulb or wet bulb
thermometers, and not just annual mean temperatures, but also
seasonal or even monthly means (Farnsworth et al., 2021).

Many previous palacoaltimetric estimates have used
modern global mean environmental lapse rates based on

annual averages. This is wholly inappropriate for several
reasons: 1) plants do not live suspended in a column of free
air, but grow attached to the land surface, 2) mean annual
temperatures mask a wide range of spatiotemporal thermal
regimes where plant growth is constrained not by the mean
annual conditions, but by winter cold and/or summer heat,
and 3) thermal lapse rates change over time, particularly as
a function of atmospheric composition, especially moisture
content (Meyer, 1992, 2007; Wolfe, 1992; Spicer, 2018;
Farnsworth et al., 2021).

Although modern global mean free air lapse rates (/'e)
might be readily available, easy to use, and will appear
quantitative because they generate a number constrained by
real-world observations, the numbers they give are likely to
bear little relationship to past reality, meaning a lot of height
estimates in existing literature are meaningless or misleading.
This is because both plant and isotope proxies represent
conditions close to or just below the land/river/lake/soil
surface relevant to the thermal proxy. A better approach is to
use terrestrial lapse rates (/) because they reflect more closely
the conditions captured by the proxy. Unfortunately, terrestrial
lapse rates are very different to environmental lapse rates
because close to the ground surface characteristics (roughness,
albedo, moisture availability, thermal capacity etc.),
turbulence and convective processes alter the thermal regime
from what it would be in a column of free air. Consequently,
terrestrial lapse rates vary not only through time, but are also
highly dependent on local landscape properties, and can even
become negative (temperature increases with altitude) in
basins experiencing temperature inversions on a regular basis
(Wolfe, 1992). When local topography is what we are trying
to determine this is problematic.

To overcome this potentially circular problem we need
to combine proxy data with coupled ocean—atmosphere
numerical climate modelling that incorporates our current
understanding of the behaviour of the integrated (ocean,
atmosphere, biosphere, cryosphere) climate system. An
example of how this can be done is given in Su et al. (2019)
where the frost sensitivity of natural palm populations
(Reichgelt ef al., 2018), combined with a range of possible
modelled topographies (sensitivity analysis) and past boundary
conditions, were used to determine a maximum height and
topographic configuration that could have supported palm
growth. In this case a palaeoclimate model-derived local cold
month mean terrestrial lapse rate was used. This kind approach
now needs to be further refined using higher spatial resolution
climate modelling in an iterative way to converge on more
accurate depictions of past landscapes.

Recently, climate modelling has also been used to explore
the different characteristics of thermal lapse rates. Within
'model world' several topographic scenarios for the Tibetan
region were used to test the ability of different thermal lapse
rate formulations to reconstruct those hypothetical landscapes.
The modern pre—industrial world was compared to the Eocene
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Fig. 6—Taylor diagram depicting the skill within a numerical climate model of using annual (black) and seasonal (DJF (Pink), MAM (Green), JJA (Orange),
SON (Blue)) global mean free air environmental (/¢) (circle symbol) and terrestrial lapse rates (/) (square symbol) to reconstruct the prescribed
Tibetan topography (>2000m) for each simulation scenario (scn, Pre—industrial, and five Lutetian topography sensitivity studies). Temperatures were
those representing 1.5m surface dry bulb temperatures (closed symbols) and wet bulb temperatures (open symbols). Each reconstruction is normalised
relative to the prescribed reference topography (star symbol). Points positioned closer to the red star symbol depict greater predictive skill. In this
case wet bulb /7 far outperformed dry bulb 77 or I'e for reconstructing palaeoaltimetry. Modified from Farnsworth ez al. (2021).

(Lutetian) and these experiments showed that the only
thermal lapse rates capable of reconstructing past landscapes
as prescribed in the model were terrestrial lapse rates based
on wet bulb temperatures (Fig. 6). All other lapse rates
performed poorly because moisture, as well as temperature,
varies with height (Farnsworth et al., 2021). This means
that almost all previous palacoelevation estimates based on
thermal lapse rates now need to be re—evaluated. However,
wet bulb thermal lapse rates offer great potential if multiple
proxies can be recalibrated to deliver wet bulb temperatures.
CLAMP seems to code well for wet bulb temperatures (Fig.
7) and recalibration of NLR approaches should be relatively
trivial. This approach now needs to be properly field—tested.

Moist Static Energy, moist enthalpy and energy
conservation

At the time of writing only CLAMP has been calibrated
to return moist enthalpy which, using the principle of
conservation of energy, can also be used to derive surface
height estimates (Forest et al., 1995, 1999). Moist enthalpy
is less affected by topography and atmospheric composition,
combines both temperature and moisture, and tends to be more

zonal (primarily varying with latitude) than lapse rates (Forest
et al., 1995). It is therefore more straightforward to use.

When a parcel of air rises up through the atmosphere it
gains potential energy and expands, and as it does so it cools
and its humidity rises, but the overall combination of these
properties remains the same to comprise what is termed 'moist
static energy'. The term 'static' indicates that kinetic energy is
ignored which, except during a hurricane, is negligible. The
temperature and moisture content comprise what is known as
moist enthalpy (H), while potential energy is the product of
height (Z) times the gravitational constant (g). Because moist
static energy is conserved as the air parcel moves through the
atmosphere any difference in enthalpy between the start of
an air parcel upslope trajectory and a given point along that
trajectory, divided by the gravitational constant will give the
height difference (AZ) between those two points.

AZ= ([_I/owiHh i gh)/g

Fortunately, moist enthalpy is coded well in leaf form
(Forest et al., 1995), and so can be derived from a fossil
assemblage using CLAMP. For a commonly used CLAMP
calibration for Asia (PhysgAsia2) the statistical uncertainty
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Fig. 7—CLAMP wet bulb mean annual temperature regression for the
PhysgASia2 calibration showing the strong correlation of leaf
traits with wet bulb temperature. The black open circles represent
modern vegetation samples positioned based on their leaf trait
spectra. The vector score represents the relative position along a
vector describing the trend in wet bulb mean annual temperature in
four—dimensional physiognomic space. For a detailed explanation
of CLAMP regressions see Spicer et al. (2020).

in deriving moist enthalpy using WorldClim2 climate data at
~ lkm? spatial resolution (Fick & Hijmans, 2017) is 800 m
(1o) (Spicer et al., 2020d). All the preceding techniques have
been applied to quantifying landscape evolution across the
Tibetan Plateau, the Himalaya and the Hengduan Mountains
region (THH).

QUANTIFYING THE PALAEOTOPOGRAPHY OF
THE THH REGION

Here we will define the THH region as encompassing
what is today's Tibetan Plateau, the Hengduan Mountains and
the Himalaya (Fig. 4). The southern boundary of the plateau
is marked by the Yarlung—Tsangpo Suture Zone (YTSZ)
(Figs 4 and 8) so the Himalaya are part of the Indian Plate
and distinct from the plateau. To the north of the YTSZ is
the Lhasa terrane, a piece of Gondwana that accreted to Asia
in the Late Jurassic to Early Cretaceous (Kapp & DeCelles,
2019). The northern boundary of the Lhasa terrane is marked
by the Bangong (or Banggong)—Nujiang Suture Zone (BNSZ),
north of which is the Qiangtang terrane, another piece of
Gondwana that joined to the Songpan—Ganzi terrane in the
Triassic. Collectively the Lhasa, Qiangtang and Songpan—
Ganzi terranes, together with other smaller continental blocks,
comprise the modern Tibetan Plateau.

The Tibetan Plateau is characterised by its generally low
relief surface extending over an area approximately 2,500,000

km?, most of which is higher than 4.5 km. However, it was
not always a plateau so the term 'Tibetan Plateau’ can only
be applied to describe its present condition. Careless use
of the term 'plateau’ before a low relief surface was formed
confounds rigorous discussions of landscape development
and its consequences (Spicer ef al., 2020b). The Hengduan
Mountains have no clear boundary with the plateau proper,
but ramp down south—eastwards into Yunnan.

The THH Region in the Cretaceous

The Gangdese Mountains are located along the length of
the southern margin of the Lhasa terrane (Fig. 4), and before
the arrival of India and the rise of the Himalaya they formed
the southernmost uplands of Eurasia bordering the Neotethys
Ocean (Ding et al., 2014). The height of this Andean—type
magmatic arc in the Late Cretaceous is not well quantified, but
could have been 2 km, or slightly higher, due to the subduction
of Neothethyan Ocean floor prior to the arrival of the Indian
Plate. Until the late Early Cretaceous a shallow marine
remnant of the meso—Tethys Ocean extended northwards
from the rising Gangdese across the BNSZ to uplands on the
Qiangtang terrane (Kapp & DeCelles, 2019). This Qiangtang
upland is variously referred to as the Tanghula (Tanggula)
range, or the Central Watershed mountains. These shallow
marine sediments ceased to be deposited at around 105 Ma
and this local regression appears to have been diachronous
ecast to west (Kapp & DeCelles, 2019). The Late Cretaceous
climate across much of the region seems to have been arid
to semi—arid (Farnsworth et al., 2019 and references therein)
and this aridity extended into the early Paleocene (Fig. 10).

The Tibetan Region in the Paleogene

The first quantitative surface height measurement of the
Gangdese arc is for the early Eocene (~56 Ma) in the form of
an estimate of ~ 4.5 km based on oxygen isotopes preserved
in the Linzhou Basin (Ding et al., 2014). Because of the
fractionation bias towards mountain ridges this may well
reflect the then crest height of the range. By the mid Miocene
to Pliocene the height of the Namling—Oiyug and Zanda basins
within the Gangdese range increased to ~ 5 km (Currie ef al.,
2016; Huntingdon et al., 2015; Khan et al., 2014; Polissar
et al., 2009; Saylor et al., 2009), after when these basin
floors appear to have subsided, perhaps by as much as 1 km
(Huntington ef al., 2015; Khan et al., 2014; Saylor ef al.,
2009). This suggests that the Gangdese persisted throughout
the Paleogene as a significant highland, which must have had
profound effects on atmospheric circulation as is evident in
modelled wind patterns (Fig. 9).

The centre of what is now the Tibetan Plateau evidently
remained low throughout the Paleocene. This is suggested by
low elevation peneplanation across the northern part of the
Lhasa terrane (Hetzel ef al., 2011), and the Gerze Basin, ~ 350
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Fig. 8—View in central southern Tibet from the northern edge of the Indian Plate westwards along the Yarlung—Tsangpo Suture marked by the Tsangpo
(Brahmaputra) River, with the remnant Gangdese Mountains to the right of the river in the distance.

km west of the Nima Basin (Fig. 4) along the BNSZ, remained
near sea level until the late Eocene (Wei et al., 2016). As early
as the middle Eocene (~47-45 Ma), however, the Bangor
Basin, also along the BNSZ, had risen to ~ 1.5 + 0.9 km (Su
et al., 2020). The Bangor Basin surface height estimate was
based on a moist enthalpy CLAMP analysis of the extremely
diverse 'Shangri—La' subtropical Jianglang fossil flora, which
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currently is known to comprise ~ 70 different plant taxa. This
flora exhibits strong phytogeographical similarities to middle
Eocene floras in North America (Green River) and Europe
(Messel), but with only a few taxa in common with India.
This paucity of Gondwanan elements suggests the Gangdese
may have presented a strong barrier to plant migration from
India into central Tibet.

Lutetian JJA wind speeds and directions at 850 hPa > 8mlsec
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Fig. 9—Middle Eocene (Lutetian; ~44 Ma.) climate model simulations under 1120 ppm pCO, 10 m surface (left panel) and 850 mb (right panel) wind speed
(vectors; m/s) and orography (contoured; m) in June—August. Note that while there is some west to east airflow within the Tibet central valley (~
35°N) very little surface of high—altitude winds (and thus moisture) enters directly from the Paratethys. There are, however, significant surface winds
moving northwards from the Neotethys up the southern slopes of the Gangdese (~30°N).
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The Jianglang plant composition is typical of a seasonal,
humid, sub—tropical ecosystem and this is confirmed by the
CLAMP analysis, which points to a warm climate (MAT 18.9
+2.4°C) where frosts were rare (CMMT ~ 7.4°C), but overall
annual rainfall was seemingly high (~ 2 m) with marked wet—
dry seasonality (Summer VPD 14.7 + 3.5 hPa, winter VPD
5.6 £ 1.5 hPa). The Jianglang leaf physiognomic spectrum is
similar to that typical of the EAM over southern China and
the SAM, so indicates a distinctly monsoonal system (Su et
al., 2020). Note though that this monsoon was not necessarily
the same as the modern ones.

This monsoon—affected lowland seems to have persisted
until sometime in the late Eocene to early Oligocene. Dating
of the critical Dayu section in the Lunpola Basin (Rowley &
Currie, 2006; Su et al., 2019; Liu, 2018; Fang et al., 2020)
remains unresolved in the upper part of the section because
of significant depositional gaps formed by fluvial erosion and
soil forming intervals, but a newly discovered (Fang et al.,
2020) primary tuff (ash fall) now constrains the age of the sub—
tropical Dayu biota (Wu et al., 2017) containing palms (Su et
al.,2019) to ~ 39 Ma instead of 25 Ma as assumed previously.
A re—analysis using a climate model with Bartonian boundary
conditions only raises the maximum survivable elevation for
the palms from the originally published 2.3 km (Su et al.,
2019) to 2.85 km, far below the ~ 4.5 km elevation estimated
using oxygen isotopes (Rowley & Currie, 2006).

Although the uncertainties in the Jianglang and Dayu
height estimates overlap, it is possible that this part of central
Tibet along the BNSZ was beginning to rise in the middle
Eocene, but when it reached its near present elevation of ~
4.5 km, as suggested by the stable isotope work of Rowley
and Curry (2006), remains unclear. This is because the upper
Niubao Formation bearing the palacosol nodules that formed
part of the Rowley & Curry (2006) analyses is reported to
have within it 'tuffites' (reworked volcanic ashes) indicating
a minimum age of 23.3 = 0.3 Ma (Fang et al., 2020) and
thus age—equivalent to a similar tuff (bentonite) that occurs
within the lower Dingqing Formation (He et al., 2012) that
supposedly overlays the Niubao. However, other sampling
of several tuffites within the upper Niubao has failed to find
zircons younger than 37 Ma, with the youngest possible age of
the upper Niubao being constrained by a 29 Ma tuff at near the
base of the overlying Dingqing Formation (Liu et al., 2018).

The magnetostratigraphy proposed by Fang et al. (2020)
does not adequately constrain the age of the Rowley and
Currie (2006) Dayu samples because even if the report of the
23.3 Ma tuffite is not an error, it only provides a minimum
age because it is reworked and the upper parts of the section
contain numerous erosion surfaces and depositional hiatuses
(Liu, 2018) not recognised by Fang et al. (2020). We do
not yet know if these hiatuses are regional or local, or if the
contact between the upper Niubao and overlying Dingqing
Formation is diachronous, but breaks in sedimentation and
a static surface persisting long enough to develop palacosols

represent unknown amounts of time not represented by
sediment accumulation, and is therefore 'missing'. A clue as to
when significant uplift had taken place is offered by a switch
from a humid to a drier environment at ~ 23.5 Ma recorded in
the Dingqing Formation exposed in the Lunpori and Chebuli
sections, as well as in the Wang—1 borehole (Ma et al., 2017),
all within the Lunpola Basin and just above a bentonite dated
at 23.6 Ma. This suggests that by the start of the Neogene a
high semi—arid landscape environment similar to that of today
existed in central Tibet.

Eastern Tibet and the Hengduan Mountains

This story of late Paleogene gains in surface height
also applies to eastern Tibet where uplift of the Hengduan
Mountains seems to have begun even earlier than in central
Tibet. Climate model validated oxygen isotope palacoaltimetry
within the Gonjo Basin (Fig. 4) shows a rise from ~ 700 m at
54-50 Ma (early Eocene) to a near—present elevation of 3,800
m by 40 Ma (middle Eocene) (Xiong ef al., 2020), while ~ 100
km to the southeast the Markam Basin had achieved its present
elevation of 3.9 km by the earliest Oligocene, and likely was
rising rapidly in the latest Eocene (Su ef al., 2018). Again,
CLAMP—derived moist enthalpy was used to obtain this
elevation estimate and other CLAMP climate metrics suggest
only a modest fall in MAT in this elevated part of eastern Tibet
across the Eocene—Oligocene (E-O) boundary. This cooling
from 17.8 £ 2.3°C MAT in the latest Eocene to 16.4 + 2.3°C
in the earliest Oligocene was accompanied by a distinct drying
of the dry season to increase rainfall seasonality, but not to
a degree of seasonality that could be considered monsoonal.
Nevertheless, this climate shift is associated with a marked
change in the young Hengduan Mountain vegetation from
one typical of subtropical to warm temperate mixed evergreen
and deciduous communities in the latest Eocene to a more
temperate type with smaller leaves in the earliest Oligocene
(Suetal., 2018).

It is becoming clear through recent radiometric re—dating
of several basins in Yunnan (Gorbet ef al., 2017; Linnemann
et al., 2018; Li et al., 2020; Tian et al., 2021) that many
highly diverse palaeofloras previously considered as mid
to late Miocene in age are in fact early Oligocene, and that
major tectonic restructuring was taking place in Yunnan in
the late Eocene to Oligocene. The palacoelevation of these
basins remains controversial (Li ef al., 2015; Hoke ef al.,
2014; Hoke, 2018), but it seems that a steep south—to—north
elevational gradient of ~ 4.5 + 1 km across Yunnan, similar to
the 3.4 £ 1 km seen today, was established by the late Eocene
(Hoke, 2018). This is also the time (~35 Ma) when a major
re—organization of regional drainages took place (Clift ez al.,
2020). Based on rock cooling rates (possibly indicative of
uplift) it seems that parts of the Hengduan uplands may have
been rising in the Late Cretaceous (Liu-Zeng et al., 2018), but
overall the Hengduan Mountains were mainly a Paleogene
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construct such that by the early Oligocene much of the present
elevation had been attained. Note, however, that cooling rates
may be enhanced by unroofing (erosion) driven by increased
weathering and rainfall, and so do not necessarily translate
into uplift. Major drainages (e.g. those of the Red River and
the Yangtze) were established during the Eocene/Oligocene
(Clift et al., 2020) tectonic restructuring, but it is also likely
that topographic relief (landscape dissection) was enhanced
through river incision in the Miocene, possibly through
increased monsoon—related rainfall (Nie ef al., 2018), and this
is reflected in exhumation rates (Wang et al., 2012).

Several Yunnan basins previously regarded as Miocene
but now re—dated to early Oligocene preserve highly diverse
fossil plant assemblages with many of the identified taxa being
closely allied to extant forms. This was the main reason why
these assemblages were previously regarded as Miocene. The
most recent work of this kind is that by Tian e al. (2021) who
re—dated the Wenshan flora to the early Oligocene (30—32 Ma)
and so roughly contemporaneous with that of the Liihe Basin
(Linnemann et al., 2018; Li et al., 2020). The Wenshan flora
is exceptionally diverse, comprising more than 200 species
of predominantly tropical to subtropical taxa with some
elements typical of those growing on modern limestone karst
landscapes. The overall composition displays affinities to the
modern Sino—Japanese flora east of the 'Tanaka' line (Tanaka,
1954; Wu et al., 2006) that runs through Yunnan, and is quite
different to the Tibet—Himalaya flora that exists further west
and is seen in the Liihe floral composition (Tang et al., 2020).

Normally our understanding of past vegetation is derived
from fossil assemblages, but some communities are never, or
rarely, preserved because they grow on mountain sides away
from depositional environments, and this applies in extremis
to alpine plant assemblies. However, by using molecular
phylogenetic analysis of extant alpine plants it has been
possible to document major diversification events within the
THH (Ding et al., 2020). Time—scaled molecular phylogenies
suggest there was a pulse of in situ speciation in the Hengduan
Mountains at 27 to 24 Ma (late Oligocene) followed by one
in the Himalaya beginning at 19 to 17 Ma (early Miocene),
peaking in the middle Miocene. /n situ speciation dominates
in the Hengduan Mountains to the present day, exceeding
rates of colonization. Diversification of alpine plants across
the Tibetan Plateau region was, by contrast, dominated by
colonization throughout the Miocene and only in the last 5
Ma have rates of in situ speciation started to rise (Ding et
al., 2020).

These findings are congruent with the geological
evolution of the region and provide independent validation of
the palaeoaltimetry. The Hengduan Mountains had achieved
high enough elevations in the Oligocene that, despite an
overall warmer—than—present global climate, afforded
sufficient land surface above the then tree line to favour alpine
plant speciation. The subsequent in situ diversification in
the Himalaya matches the timing of their rise to at least 4.5

km by the mid Miocene (Ding et al., 2017; Xu et al., 2018),
although it is possible that some of the diversification also
took place in the more ancient Gangdese Arc and that those
plants migrated to the Himalaya or went extinct (and so not
detectable in surviving taxa) due to subsequent drying as the
Himalayan rain shadow developed after the mid Miocene. The
low rates of in situ speciation among plateau alpines may be
due to large parts of what is now the plateau being at elevations
below the tree line throughout much of the Paleogene and
early Neogene, only becoming available to alpine taxa as
global cooling progressed in the Pliocene to recent, after the
present plateau became fully formed in the Neogene.

The evolution of Himalayan vegetation under a
monsoon climate

The rise of the Himalaya was accompanied by the
development of the Himalayan Foredeep Basin that began
accumulating sediments about 50 million years ago. These
sediments, now partly uplifted by the ongoing southward
advance of Himalayan uplift (Ding ef al., 2017) are best
exposed in the Siwalik succession. The Siwaliks are separated
from the Lesser Himalaya by the Main Boundary Thrust
and from the Indo—Gangetic plains by the Main Frontal
Thrust. Dissection by numerous rivers draining the Himalaya
exposes the uplifted foreland sediments mostly comprising
shale, siltstones, mudstones, sandstones, palacosols and
conglomerates that record the history of Himalayan erosion
and monsoon development (e.g. Clift, 2017; Clift et al.,
2008; Coutand et al., 2014, 2016; Jain et al., 2009). Recent
re—analyses of contained floras (Bhatia et al., 2021a; Hazra et
al., 2020; Khan et al., 2014, 2019), which have been known
and studied for some while (Antal & Awasthi, 1993; Antal
& Prasad, 1996a, b; 1997, 1998; Awasthi, 1992; Banerjee,
1996; Banerjee & Dasgupta, 1984, 1996; Cautley, 1835;
Khan & Bera, 2014a, b; Khan et al., 2011, 2014, 2015, 2016,
2017a, b; Prasad, 1994a—c; Prasad & Pandey, 2008; Prasad &
Tripathi, 2000) point to monsoon conditions having existed
throughout the Neogene. What is not yet clear is when today's
pronounced west to east increasing precipitation gradient
developed along the Himalayan front, and what vegetation
changes accompanied the drying in the west.

Monsoons over Southern China and the East Asia
Monsoon

The history of the East Asia Monsoon (EAM) is complex,
with some authors even questioning if it should be considered
a monsoon at all (Molnar et al., 2010). The most recent
comprehensive modelling study is that of Farnsworth et al.
(2019) who explored the gross effects of palacogeography
and CO, changes from the Early Cretaceous to present (Fig.
10), and compared the model precipitation simulations with
proxy data. They found that monsoonal conditions prevailed
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(green filled squares) simulations produced by numerical climate models configured for boundary conditions at each stage from the Berremian to
present. Mean heights for the THH used in each simulation is indicated by red diamonds. Light blue band indicates atmospheric CO, estimates

from proxies. Modified from Farnsworth et al. (2019).

between the Valanginian to Barremian, after which there
was progressive drying until the middle Cretaceous. Arid
conditions persisted across southern Asia until near the end of
the Paleocene when monsoon conditions returned and lasted
until the present. Regional precipitation increased steadily
throughout the Cenozoic, reaching peak intensity in the
late Miocene to Pliocene. Eocene to Oligocene plant fossil
assemblages from Hainan Island and the Maomin Basin in
southern China tend to confirm the presence of a weak, but
intensifying, monsoon characterised by increasing rainfall
seasonality (Spicer et al., 2017), but interpretations are
complicated by not being able to quantify the palacoelevation
of these sites due to the lack of a nearby demonstrably sea
level fossil floras.

The EAM is not just a modified ITCZ monsoon because
the poleward summer migration of the ITCZ is enhanced
by the development of the summer Siberian low and this
amplification is protected by the deflection of the westerlies
by the elevated THH. In the winter the development of the
extremely cold Siberian high—pressure system drives cold dry
air south—eastwards over northern China.

Over the years there have been numerous attempts to
try and understand when the EAM became established, but
like other monsoon studies these attempts have suffered
from poor characterisation as to what constitutes the EAM.
Atmospheric circulation changes through time and there is a
lack of suitable proxies to capture unique EAM signatures.
One palacobotanical contribution that stands out and which
focusses on the unique expansion of the EAM into northern
China is that by Quan et al. (2011) who argued for a late
middle Eocene intensification. This is interesting because not

only does it seem to tally with the modelling of Farnsworth
et al. (2019) but it points to a time when substantial changes
were taking place in the topography of the THH, which is so
critical in deflecting the westerlies.

The Quan et al. (2011) work utilised the Co—existence
NLR Approach, and a recent analysis (Xie ef al., 2021)
that used the same technique concluded that central Tibet
experienced a monsoonal warm humid climate in the late
Oligocene. Fluctuations in seasonal precipitation varied
in line with what appear to be orbital cycles, but that the
monsoon type (SAM or EAM) could not be differentiated.
Orbital variations in climate are, of course, inevitable (e.g.
Leuschner & Sirocko, 2003), which in turn drive vegetation
changes (Claussen et al., 2006; Tuenter et al., 2006) used
as the proxy, but the work lacks detail regarding the dating
model for the section, and they use an out of date concept for
the topographic development of the THH. Much more rigor
is required if we are to properly understand the evolution of
monsoon characteristics over Asia.

In another paper (Wang et al., 2021), which shares many
of the authors of Xie ef al. (2021), the Coexistance Approach
was applied to 75 Miocene plant (pollen) assemblages across
China and concluded that the latitudinal thermal gradient
across China was shallower than today, but not as shallow
as in the Eocene, and that the 'Asian monsoon' was still in
its infancy in the Miocene. Moreover, it was inferred there
was no evidence of a rapid 'uplift of the Tibetan Plateau' or
other high topography in the Miocene. This of course ignores
spatial 'smearing' produced by long distance transport of
palynomorphs. Moreover, this work does not cite any of
the recent literature we have considered here regarding the
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(Farnsworth, et al. 2019). Surface heights are given in metres.

orogeny of the Tibetan region, nor does it take into account
any Miocene topographic variability across the rest of China at
that time. This highlights the need to have a broad perspective
covering publications across a wide range of disciplines to
make sense of the relationships between orography, climate
and biodiversity in order to interpret the fossil record of the
region.

POSSIBLE WAYS FORWARD
Proxy Improvements

Currently the CLAMP modern vegetation training data
are devoid of leaf trait spectra from vegetation adapted to cool
climates dominated by the SAM. This could be rectified by
collecting from modern elevations in the Himalaya up to the
tree line. When this is done it may be possible to distinguish
SAM traits from those developed in south China vegetation
exposed to the EAM, but this cannot be guaranteed. That is
the nature of research.

The promise evident in using wet bulb terrestrial thermal
lapse rates instead of those based on dry bulb temperatures

now needs to be applied more widely by recalibrating
NLR methods to yield wet bulb temperatures. This will not
overcome the problems of spatial and temporal smearing
inherent on any pollen—/spore—based climate interpretations,
but it may help provide reliable baseline data if we use only the
tolerances of the most thermophyllic taxa to obtain minimum
elevations.

The use of moist enthalpy to obtain palaecoelevations
appears extremely robust but there are still some uncertainties
about spatial averaging of the elevation estimates it returns. At
the spatial scale of conventional climate models (e.g. the grid
cell size in Fig. 9) moist enthalpy is able to reproduce well
the model prescribed topography, but over highly dissected
landscapes it does not perform as well. More research is
required to fully understand what the numbers it returns for
ancient surface heights really represent in terms of spatial
scale.

Modelling

Palaeoclimate modelling allows us to interpolate between
spatially and temporally incomplete proxy data, but to be
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useful the models have to be based on reliable reconstructions
of past geography, for which data are inevitably incomplete.
Even a cursory look at palacogeographical reconstructions
for a given time slice by different authors (Fig. 11) shows
considerable variations, not just in terms of the positions
of the individual plates such as India, but critical ocean
gateways and topography. Some reconstructions may look
attractive, but the details of how they are made are seldom
given, and it is difficult to distinguish fact from invention. As
palaecogeographic models move to higher spatial resolutions
reliable quantification of topography becomes more critical
because topography determines both mechanical and thermal
atmospheric forcing at local and regional scales.

Using moist enthalpy to determine surface height
seems robust and has been cross—validated against isotope
techniques where Rayleigh fractionation makes isotope
palacoaltimetry reliable, as in the Namling—Oiyug Basin
(Khan et al., 2014; Currie et al., 2016). However, the leaves
necessary for using CLAMP are preserved far less often than
fruits seeds or pollen. The discovery that wet bulb terrestrial
thermal lapse rates offer promise for measuring past surface

heights open new opportunities for recalibrating NLR proxies
for palaeoaltimetry. The combination of model-tested
palaeoaltimetry proxies and reconstructed topographies,
when used iteratively, should greatly improve our ability to
better understand the feedbacks and relationships between
landscape, climate and biodiversity and allow the development
of high spatial resolution models.

Earth system models are also currently limited by their
ability to simulate the shallow latitudinal thermal gradients,
and the generally equable continental interior climates,
that existed in past warmer—than—present climate regimes
as indicated by a wide range of proxy data (e.g. Spicer et
al., 2008). This phenomenon has been evident for decades
(Valdes, 2000), but a way forward has emerged recently
through modifying the way that cloud physics is represented
in the models. Applications to the Eocene (Zhu et al., 2019)
and Maastrichtian (Fig. 12) seem to show great promise in
that the polar regions become warmer without over heating
the tropics.

This effect is also likely to be relevant over altitudinal
gradients, even at low latitudes, and so is relevant to



SPICER & FARNSWORTH—ASIAN PALAEOGEOGRAPHY AND MONSOON EVOLUTION 231

understanding the interactions between the growth of the
modern Tibetan region, monsoons and the Asian biota. The
coupling of improved topographic reconstructions with
modelling at higher spatial resolutions together with the
modified cloud physics should bring about major advances in
our understanding of Asian Earth system interactions. Other
factors are also proving crucial for the application of numerical
models. Often models must simulate many thousands of
years (often > 5000, and sometimes even more) to reach
full equilibrium in both the atmosphere and deep ocean
after time—dependant applied forcing’s such as topography,
bathymetry, atmospheric carbon dioxide concentrations, ice
sheet heights and extents, as well as vegetation (all of which
have a host of unconstrained uncertainties) are applied. This
is computationally expensive at high spatial resolutions
so experiments have to be constructed carefully. From a
palacobotanical perspective the more fossil data we have to
constrain topography, evapotranspirational feedbacks, isotope
fractionation and albedo, the more reliable palacoclimate
models will be at reconstructing past reality.
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