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Uplift of the Tibetan Plateau is ultimately driven by the Cenozoic collision between the Indian and Eurasian plates
and their continued convergence. One approach for studying the Tibetan Plateau uplift is to verify the
paleoelevation changes from collision to present day. This is important for understanding both the tectonics
and the climatic effects. The new high resolution palynological record of the uppermost Oligocene to the lowest
Miocene strata from the Lunpola Basin indicates that the vegetation types during the latest Oligocene–earliest
Miocenewere dominated bymixed coniferous–broadleaved forests being different from themodern steppe veg-
etation. By using the CoexistenceApproach to the fossil pollen records, after calibration the effects of temperature
difference and the lapse rate, amaximumpaleoelevation of 3190±100m aslwas estimated in the Lunpola Basin
in the latest Oligocene–earliest Miocene, being 1500 to 2000 m lower compared with the previous oxygen iso-
tope paleoelevation in the same region.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The uplift of the Tibetan Plateau is the result of the India and Eurasia
collision at least since the early Cenozoic (e.g. Molnar and Tapponnier,
1975; Besse et al., 1984; Patrait and Achache, 1984; Harrison et al.,
1992; Yin and Harrison, 2000). The Tibetan Plateau is characterized
not only by the highest elevation but also by the largest area amongoro-
genic belts on earth. By now,many important tectonic questions are still
being debated: what mechanisms can account for the uplift of the
highest plateau? Did the different blocks which constitute the Tibetan
Plateau have initial elevations before collision? How about the question
of diachronous uplift among different parts of the plateau? When did
the plateau reach the present elevation?

Although there have been many different methods for understand-
ing the above questions, one important approach is to study the
paleoelevation of different blocks of Tibet before and after collision
(e.g. Xu et al., 1973; Zhao and Morgan, 1985; Coleman and Hodges,
1995; Harrison et al., 1995; Fielding, 1996; Chung et al., 1998;
Garzione et al., 2000a,b; Tapponnier et al., 2001; Williams et al., 2001;
Wang et al., 2006; Deng et al., 2012; Wang et al., 2013).
In recent years, oxygen isotope paleoaltimetry has beenwidely used
in estimating paleoelevation in Tibet (e.g., Garzione et al., 2000a; Cyr
et al., 2005; Rowley and Currie, 2006; DeCelles et al., 2007; Rowley
and Garzione, 2007; Xu et al., 2013). This technique relies on the sys-
tematic trends in the isotopic composition of modern precipitation of
different topography. However, such studies have great uncertainties
due to: (1) the commonly used authigenic mineral is carbonate, which
is an unstable mineral under surface geochemical environment, both
the diagenesis and the climate-induced chemical weathering can alter
the isotopic compositions of carbonate; and (2) the Tertiary hydrologi-
cal conditions, temperature and water vapor sources must be different
compared with the present scenario, therefore the present stable isoto-
pic altimeter cannot be directly used to the geological past.

Because the Tibetan Plateau elevation will have a direct effect on cli-
mate and flora, in this sense, paleobotany provides an alternative poten-
tial proxy for estimating paleoelevation. Xu et al. (1973) were the first to
use the leaf fossils preserved in an elevation of 5700 m in the late Ceno-
zoic deposits in the northern Himalaya to estimate the uplift history of
Tibet. However, without considering the effect of Cenozoic climate
cooling onplant distributions and elevations, their result underestimated
the paleoelevation of the Himalaya Mountains. Recently, Spicer et al.
(2003) estimated the paleoelevation of southern Tibet and concluded
that the present elevation was reached 15 million years ago (Ma) by
using a new technique on leaf physiognomy. Apart from the studies of
leaf fossils, pollen assemblages have been also used to reconstruct
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paleoclimate in the Tibetan Plateau (e.g. Wang et al., 1975; Hoorn et al.,
2000; Sun and Wang, 2005; Lu et al., 2007; Dupont-Nivet et al., 2008;
Miao et al., 2013a,b).

The Co-existence Approach (CoA) is a method for quantitative ter-
restrial paleoclimate reconstructions in the tertiary (Mosbrugger and
Utescher, 1997). The basic idea of CoA is very simple and follows the
nearest living relative philosophy, with the assumption that the climatic
requirements of a fossil taxon are similar to those of a very close living
relative. As awhole, CoAhas proven to be very useful in quantitative ter-
restrial paleoclimate reconstructions (e.g., Ivanov et al., 2002; Liang
et al., 2003; Ivanov et al., 2007; Utescher et al., 2009; Jacques et al.,
2011), although there are a few exceptions (e.g., Grimm and Denk,
2012; Hao et al., 2012). In this study, the maximum overlap of the envi-
ronmental tolerances of all the nearest living relatives is regarded as
being indicative of the most likely paleoaltitude following the method
used by Song et al. (2010). In this study, the temperature difference
between the geological past and the present, used for correcting
paleoelevation, is not deduced by the CoA method but by GCMmodel-
ing resultswith considerations of the past boundary conditions (e.g., pa-
leogeographic position, CO2 concentrations and CH4 values).

Song et al. (2010) used this technique and estimated the Eocene–
Miocene elevation of central Tibet. However, their chronology is from
earlier reported microfossil age assignments with great uncertainties
Fig. 1. (a) Digital elevation map of the Tibetan Plateau and its neighboring region showing the
mapof the study area (revisedWang, 2012); red star indicates the location of the section. (For in
version of this article.)
(e.g. Wang et al., 1975; Xu, 1980; Xia, 1982; Xia, 1983; Bureau of
Geology and Mineral Resources Xizang Autonomous Region, 1993;
Rowley and Currie, 2006), and the used pollen data are from previous
palynological records covering a variety of outcrops and lake cores.

The aim of this paper is to reconstruct paleo-vegetation and estimate
the latest Oligocene to early Miocene paleoelevation in central Tibet,
based on the new age control and the high resolution pollen record of
the Cenozoic sediments in the Lunpola Basin.

2. Geological settings, materials and methods

The studied Lunpola Basin is a Tertiary rift basin situated along the
central part of the Bangong–Nujiang Suture Zone, which extends east–
west for a distance of approximately 220 km and a width of 15–20 km
(Fig. 1a). The present elevations of this basin vary between 4600 m
and 5040 m above sea level (asl). The Cenozoic deposits in the basin
can be up to 4000m thick (Xu, 1980). Such deposits are deformed asso-
ciated with the Cenozoic thrusting and foldingwithin the basin. The Ce-
nozoic sediments mainly consist of two stratigraphic units: the Niubao
Formation in the lower part, and the Dingqing Formation in the upper
part. The Niubao Formation, with a thickness of about 3000 m, is
marked by reddish clastic deposits, dominated by mudstone, sandstone
and gravel, mostly representing fluvial to marginal lake environment. It
main tectonic terranes of Tibet and location of the Lunpola Basin. (b) Schematic geological
terpretation of the references to color in this figure legend, the reader is referred to theweb
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Fig. 3. Different age assignments for the Dingqing Formation in the Lunpola Basin.
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was assigned an age of Paleocene to Eocene based on previous micro-
fossil studies (Bureau of Geology and Mineral Resources Xizang
Autonomous Region, 1993). The Dingqing Formation is about 1000 m
thick and is characterized by lacustrine fine-grained gray mudstone,
fine siltstone, and limestone.

In the present work, the studied section (32°04′19″N, 89°36′57″ E,
4607 m asl) is cut by the Zagya Zangbo River, located in the northern
Lunpola basin (Fig. 1b), exposing the Dingqing Formation. However, be-
cause the upper part of the Dingqing Formation is not accessible due to
the deep river water, samples were collected only from the middle to
low part of the Dingqing Formation along the northern bank of the
river (Fig. 2).

The ages of the Dingqing Formation vary greatly among different au-
thors (Fig. 3). The previous age assignments were mainly based on
micro-fossils.Wang et al. (1975) suggested aMiocene age based on pol-
len interpretations. Xu (1980) proposed a Miocene–Pliocene age by
interpreting their fossil ostracode and palynological records. This age
was also used by Rowley and Currie (2006), when they estimated the
paleoelevation of the Lunpola Basin. Xia (1982) attributed the Dingqing
Formation an age of Oligocene based on ostracodes. Xia (1983) sug-
gested an age of late Oligocene to Pliocene based on both pollen and
ostracoda records.

Because of the great uncertainties of the chronology of the Dingqing
Formation, it is necessary to have new age control for both paleo-
environment and paleoelevation reconstruction.

In this study, a bentonite layer, which is a potassium-rich illitic clay
of volcanic ash,was identified from themiddle part of the Dingqing For-
mation (Fig. 4). The age of this bentonite layer was dated by measuring
the U–Pb ages of zircon using the Cameca IMS-1280 ion microprobe at
the Institute of Geology and Geophysics, Chinese Academy of Sciences.

Additionally, 430 oriented paleomagnetic samples were collected in
the field in order to acquire high-resolution magnetostratigraphy. All
samples were subjected to stepwise (averaging 18 steps) thermal
demagnetization by using aMagneticMeasurement Thermal Demagne-
tizer (MMTDModel 80). The heating routine is as follows: (i) 50 °C steps
up to 500 °C; (ii) 25 °C steps up to 610 °C; and (iii) 10 °C or 5 °C steps up
to 670 °C or 680 °C. Magnetic remanence was measured by using a
2G-760 U-channel, three-axis, cryogenic magnetometer housed in
field-free space (b300 nT), at the Paleomagnetism and Geochronology
Laboratory of the Institute of Geology and Geophysics, Chinese Acade-
my of Sciences. The characteristic remanence directions were deter-
mined using principal component analysis (Kirschvink, 1980), and
directions were analyzed using Fisher statistics (Fisher, 1953).

In this study, 111 bulk samples were used for palynological analysis.
At least 100 g of sediment was used for each sample in order to acquire
enough pollen grains. Samples were treated with HCl (35%) and HF
(70%) to remove carbonates and silica. Separation of the palynomorphs
from the residuewas performedby using ZnCl2 (density=2), following
the method of Faegri and Iversen (1989). Slides were prepared by
mounting the pollen grains in glycerin jelly, and then counted under a
Fig. 2. Photo shows the middle to lower part of th
microscope using ×400magnifications. Pollen identificationswere per-
formed using the pollen flora of China (Wang et al., 1997).

3. Results

3.1. Chronology of the Dingqing formation

The bentonite layer within the section is conformably interbedded
in the silty mudstones (Fig. 4). Hence, the dating of the bentonite pro-
vides a depositional age for the sedimentary layers that bracket the
layer. Zircons were separated for U–Pb zircon dating, most of them
are euhedral, transparent and colorless, and have oscillatory zoning
under cathodoluminescence (CL). All the analyses were conducted on
portions of zircon with oscillatory zoning, which is interpreted as
reflecting growth in magma, therefore representing the eruption age
of the bentonite layer (He et al., 2012). A total of 30 analyses were per-
formed on 30 zircon grains, and 26 yield reasonable U–Pb ages ranging
from 22.6 ± 0.5 Ma to 24.4 ± 0.4 Ma, concordant data points giving a
weighted mean 206Pb–238U age of 23.5 ± 0.2 Ma (2σ, MSWD = 1.1),
e Dingqing Formation in the Lunpola Basin.

image of Fig.�2
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Fig. 4. Strata of the middle to lower parts of the Dingqing Formation, noting that there is a bentonite layer (shown by photo) within the section, U–Pb zircon dating yields an age
of 23.6 ± 0.2 Ma.
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which is interpreted as the eruption age for the bentonite layer within
the section. This is, for the first time, an absolute age constraint in the
Lunpola Basin. Our new chronology demonstrates that the middle to
lower Dingqing Formation accumulated in the late Oligocene–early
Mioceneperiod being older than the age used by previous stable isotope
paleoelevation estimation (Rowley and Currie, 2006).

Except this absolute age dating, mammalian fossil within the basin
also provides useful biostratigrahic age control. Although this study fo-
cused on the middle to lower part of the Dingqing Formation, mamma-
lian fossil of Plesiaceratherium sp. from the upper middle part of the
Dingqing Formation in the nearby section suggests an age of ~18 Ma
(Deng et al., 2012). This age limits the uppermost age of the studied sec-
tion to be older than 18 Ma.
Fig. 5. (a)Magnetostratigraphy of the studied Dingqing Formation.Magnetic polarity is compar
ness based on magnetostratigraphic correlation.
Based on the above age controls, the magnetostratigraphy can be
correlated to the standard polarity time scale. The declination and incli-
nation obtained for the characteristic remanent magnetization of the
specimens were used to calculate the virtual geomagnetic pole (VGP)
latitude, yielding a magnetic polarity sequence (Fig. 5a). This polarity
sequence was correlated to the geological time scale 2004 (GTS 2004)
by Gradstein et al. (2004), covering an age range of 25.5–19.8 Ma
(Fig. 5a).

Moreover, field observations indicate that the studied Dingqing For-
mation is dominated bymudstone representing a stable lacustrine envi-
ronment, therefore, there would be a relative constant sedimentation
rate of the strata if our age assignment is correct. Based on the tie points
of paleomagnetic polarity age model, very similar sedimentation rates
edwith the geological time scale of GTS2004 (Gradstein et al., 2004). (b) Age versus thick-
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Table 1
List of the taxa identified in this study.

Gymnospermous pollen Angiospermous pollen (continued)
Podocarpidites Cornaceoipollenites
Abietineaepollenites Artemisiaepollenites
Pinuspollenites Potamogetonacidites
Parcisporites Compositoipollenites
Taxodiaceaepollenites Chenopodipollis
Abiespollenites Ranunculacidites
Piceaepollenites Umbelliferaepites
Ginkgoretectina Persicarioipollis
Tsugaepollenites Liliacidites
Keteleeriaepollenites Graminidites
Cedripites Scabiosapollis
Ephedripites Labitricolpites

Angiospermous pollen Palaeocoprosmadites
Betulaepollenites Qinghaipollis
Carpinipites Cruciferaeipites
Alnipollenites Plantaginaceae
Quercoidites Evonymoipites
Cupuliferoipollenites Malvacearumpollis
Juglanspollenites Nitrariadites
Castanopsispollenites Lonicerapollis
Caryapollenites Caryophyllidites
Ulmipollenites Typhaceae
Rhoipites Impatiensidites
Celtispollenites Tricolpopollenites
Fraxinoipollenites Tricolporopollenites
Meliaceoidites Retitricolpites
Aceripollenites Monocolpopollenites
Liquidambarpollenites Sporopollis
Moraceoipollenites Spheripollenites
Faguspollenites Pteridophyte pollen
Hamamelidaceae Trilete spore
Myrtaceidites Monolete spore
Rutaceoipollis Pterisisporites
Ilexpollenites Crassoretitriletes
Tiliaepollenites Lycopodiumsporites
Salixipollenites Hymenophyllumsporites
Oleoidearumpollenites Osmundacidites
Momipites Sinopteridaceae
Euphorbiacites

Fig. 6. Pollen diagram showing percentage abundances of pollen taxa within
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are yielded (Fig. 5b), further suggesting the reasonable chronology of
the paleomagnetic polarity correlation.

3.2. Pollen results

Except eight samples which are poor in pollen, all the other samples
have pollen counts between 177 and 386 (average 227). A total of 75
pollen taxa were identified (Table 1), among them, tree, shrub, herb
and fern taxa occupy 70%, 12%, 11% and 6%, respectively. Major pollen
taxa are shown in the pollen diagram (Fig. 6), and photographs of
selected pollen grains are in Fig. 7. The Constrained Incremental Sum
of Squares (CONISS) cluster technique within TGView 2.02 was used
to define boundaries between the most distinguishable pollen zones
(Grimm, 1987), and we recognize three pollen zones in the Dingqing
Formation, starting with the oldest (Fig. 6).

Zone I (25.5 to 23.2Ma): Tree pollen occupies 72%, while shrubs and
herb only occupy 12% and 11%, respectively. Among the tree pollen, co-
niferous species are prominent, dominated by Pinuspollenites (21–54%,
averaged 30%), other coniferous species include Piceaepollenites
(0–7.2%, averaged 2.6%), Keteleeriaepollenites (0–2.2%, averaged 0.6%),
and Podocarpidites (0–4.9%, averaged 1.3%); broadleaved species occupy
21% (average), dominated by Quercoidites (2.2–22.3%, averaged 11.7%)
and Rhoipites (0–8.9%, averaged 3.5%). Shrub-steppe elements are dom-
inated by Ephedripites (2.2–20.6%, averaged 8.9%) and Chenopodipollis
(0.4–11.6%, averaged 4.4%). Zone I is characterized by the highest per-
cents of Quercoidites, Piceaepollenites, and Liliacidites (Fig. 6). The pollen
compositions of Zone I suggest the vegetation was dominated by a
mixed coniferous–broadleaved forest.

Zone II (23.2 to 21.1 Ma): Tree pollen occupies 74.8%, being the
highest of the section. Shrubs andherb occupy 7.0% and 11%, respectively.
Coniferous species are still the major pollen types, dominated by
Pinuspollenites (31–69%, averaged 50%), Keteleeriaepollenites (0–7.1%, av-
eraged 2.1%), and Podocarpidites (0–3.9%, averaged 1.6%); broadleaved
species are dominated by Quercoidites (0.7–17.4%, averaged 7.1%),
Rhoipites (0–9%, averaged 3.2%), and Betulaepollenites (0–17.9%, 2.4%).
Shrub-steppe elements are still dominated by Ephedripites (0–12.8%,
the section, indicating CONISS dendrogram and associated pollen zones.
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Fig. 7. Representative photographs of pollen grains from the section, the scale bar equals 10 μm.
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averaged 4.7%) and Chenopodipollis (0–23.3%, averaged 4.1%). Although
the vegetation type of Zone II also indicates a mixed coniferous–
broadleaved forest, the warm–humid species of Keteleeriaepollenites and
Podocarpidites have the highest percents of the whole section, whereas
the dry element of Ephedripites is the minimum (Fig. 6), suggesting the
environment of Zone II is the most optimum during the studied time
span.

Zone III (21.1 to 19.8 Ma): Tree pollen occupies 64%, being the low-
est of thewhole section. Shrubs and herb occupy 17% and 10.4%, respec-
tively. Coniferous species are dominated by Pinuspollenites (9–66%,
averaged 38.7%), Cedripites (0–5.1%, averaged 1.5%), Piceaepollenites
(0–5.5%, averaged 1.1%), and Podocarpidites (0–4.3%, averaged 1.1%).
Broadleaved species occupy 18% (average), dominated by Quercoidites
(0–21.9%, averaged 8.8%), Rhoipites (0–9.4%, averaged 3.3%), and
Betulaepollenites (0–7%, averaged 2.6%). Shrub vegetation is dominated
by Ephedripites (1–25%, averaged 14%), while the steppe vegetation is
dominated by Chenopodipollis (0.5–12%, averaged 3.9%). Zone I is char-
acterized by the highest percent of the drought-tolerant pollen specie of
Ephedripites, suggesting that although the vegetationwas still dominat-
ed by amixed coniferous–broadleaved forest, the climate was relatively
dry.

3.3. Latest Oligocene to early Miocene elevation

The paleoecological analysis of the fossil pollen taxa, together with
the knowledge of the distributions of their present equivalents, provide
information about the past vegetation types, paleoenvironment, and
past relief gradient. The pollen record indicates multiple vegetation
types: the tropical to subtropical evergreen broad-leafed species of
Castanopsispollenites andMeliaceoidites; the abundant temperate decidu-
ous broad-leaved species of Betulaepollenites,Quercoidites,Ulmipollenites,
and Rhoipites; and the temperate mountain coniferous species of
Piceaepollenites, Abiespollenites, and Cedripites. It is worthy to stress that
the high abundance of Pinuspollenites pollen, with its ease in air and
water transport (Suc and Drivaliari, 1991), may reflect long distance
transport.

The diversity property of pollen taxa suggests that the vegetation
type is dominated bymixed coniferous–broadleaved forests in the latest
Oligocene–earliest Miocene in the Lunpola Basin. Moreover, the co-
existences of sub-tropical, temperate, and mountain coniferous species
Fig. 8. Plot of altitude ranges of presumed nearest living relatives of modern Tibetan vegetation
iments in the Lunpola Basin.
indicate vertical zonal vegetation, implying that the existence of elevat-
ed areas or neighboring high mountains.

More precise elevation estimation can be done by using the Co-
existing Approach (Mosbrugger and Utescher, 1997). This method aims
to reconstruct ranges, which are tolerated by all of the nearest living rel-
atives of the fossil plant taxa found in the samples. The maximum over-
lap of the environmental tolerances of all the nearest living relatives is
then regarded as being indicative of the most likely paleoenvironment
(Song et al., 2010).

Because each modern plant species has its own altitudinal range in
Tibet. Such data had been well compiled by Wu (1983, 1985, 1986a,
1986b, 1987). In using the Co-existing Approach, we compile the altitu-
dinal ranges of modern Tibetan vegetation equivalents of fossil pollen
assemblages in the latest Oligocene–earliest Miocene (Fig. 8). Themax-
imum overlap of all the nearest living relatives provides a Co-existing
Approach altitude of 2400–2600 m asl, averaged at 2500 m asl (Fig. 8).

Nevertheless, this paleoelevation estimate is only based on the alti-
tudinal ranges of modern vegetation equivalents in Tibet. However,
due to the Cenozoic climatic cooling and the India–Asia collision in-
duced changing paleogeographic positions, this estimated altitude re-
quires correcting for secular climate change with consideration of the
past lapse rates and the paleogeographic positions (Meyer, 2007).

Previous work has estimated the paleotemperature and lapse rates
in the same region for the early Eocene and the middle Miocene (Song
et al., 2010). Moreover, a deep-sea temperature record for the past
50 Ma has been reconstructed from the magnesium/calcium ratio
(Mg/Ca) of benthic foraminiferal calcite which shows a consistent long
term decrease over the past 50 Ma (Miller et al., 1987; Lear et al.,
2000). According to this temperature curve, the temperature at the lat-
est Oligocene–earliestMiocenewas between the Eocene and themiddle
Miocene. Therefore, we can use the averaged lapse rate (5.79 °C/km)
and the temperature difference (4 °C) during the two time slices
(Eocene and middle Miocene) estimated by Song et al. (2010) to yield
a corrected altitude of 690 m. The relatively higher temperature
and the lower lapse rate (being less than the present lapse rate of
6.4 °C/km at Lhasa) during the latest Oligocene–earliest Miocene in
the Lunpola Basin allows the raw CoA altitude of 2400–2600m to be in-
creased by 690 m to between 3090 m and 3290 m. The new estimated
elevations are lower than others (e.g. Williams et al., 2001; Rowley
and Currie, 2006; DeCelles et al., 2007) (Fig. 9).
equivalents of fossil pollen taxa recovered from the latest Oligocene–earliest Miocene sed-
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Fig. 9. Estimates of the altitude of the surface of the Tibetan Plateaudeduced fromprevious
data sources (modified Harris, 2006) and the correlation with the result of this study.
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4. Discussion

The new pollen results from the Lunpola Basin, after Cenozoic global
cooling corrections, indicate that the paleoelevation of central Tibet was
averaged at 3190± 100m (between 3090m and 3290m) asl in the lat-
est Oligocene–earliest Miocene. This elevation is the maximum height
for the Lunpola Basin. Firstly, the sedimentary type of the Dingqing For-
mation is lacustrine sediment, the preserved pollen assemblages within
the strata weremainly transported from the lake catchment transported
by river and/or wind, and the pollen assemblages preserved in the
Lunpola Basin mainly reflect the vegetation types of the nearby lands
and the neighboring mountains within the catchment (Fig. 10). In the
present, the largest river within the Lunpola Basin is the Zagya Zangbu
River which originates from the Tanggula Mountains with a peak eleva-
tion of 6621 m asl. In this sense, the paleoelevation of 3190 ± 100 m is
the maximum elevation of the Lunpola Basin in the latest Oligocene–
earliest Miocene. This result is different from the previous views that
the Tibetan Plateau reached the present elevation as early as the late
Eocene or middle Oligocene (e.g. Rowley and Currie, 2006; DeCelles
et al., 2007; Wang et al., 2008; Xu et al., 2013). Secondly, although
pollen may be transported long distances by seasonal cyclonic winds
(Cour et al., 1999; Rousseau et al., 2003, 2006, 2008), and the upslope
Fig. 10. Topography of the Lunpola Basin
southwesterly Indian monsoon winds might transport some lower ele-
vation pollen grains to the Lunpola Basin (e.g. Song et al., 2010), such
amounts of the remote transportation cannot be significant comparing
with the local pollen sources.

Different from the stable oxygen isotope paleoaltimetry of
authigenic andweathering pronemineral of carbonate, themost advan-
tages of the CoA pollen altitude are: (1) a striking structural feature of
pollen grain is the tough outer coat which is resistant to decay (Brooks
and Shaw, 1978), the well-preserved pollen in lake sediment is the
key to reveal past vegetation, landscape and environment; (2) when
the estimated CoA pollen altitude was corrected by climatic change
can yield more convincible paleoelevation.

This elevation is comparable to some previous suggestions (Murphy
et al., 1997; Song et al., 2010; Deng et al., 2012), but being at least 1500
to 2000 m lower than the suggested elevations (reaching the present
altitude) in the latest Eocene by using altitude estimation of carbonate
oxygen isotopes in the same region (Rowley and Currie, 2006).

Actually, care must be taken when using quantitative stable isotope
paleoaltimetry reconstruction based on soil carbonates or lacustrine
carbonates.

Firstly, in order to provide independent estimates of paleoaltitude, a
simplemodel that describes the systematic behavior of oxygen isotopes
in precipitation as a function of elevation has been proposed by assum-
ing that equilibrium isotope fractionation during Rayleigh distillation is
linked to the thermodynamics of atmospheric ascent and water vapor
condensation (Rowley et al., 2001). However, this technique was criti-
cized by Hou et al. (2003) on the grounds that Rayleigh distillation
provides an idealized model that assumes the immediate removal of
precipitation, and do not account for the complexity of the physical pro-
cesses involved in the formation of precipitation. Based on the observed
δ18O versus elevation gradients, Hou et al. (2003) proposed that the
used model by Rowley et al. (2001) does not necessarily validate in
high elevation, and such model overestimates altitude. Moreover, the
commonly used δ18O values of soil carbonates or lacustrine carbonates
by this technique cannot be easily transferred to the oxygen isotopic
compositions of paleometeoric water (Wang et al., 2006) due to the un-
certainty in the carbonate/water fractionation factor, additionally the
long-term digenesis and/or chemical weatheringmust have caused iso-
tope fractionation of the authigenic carbonate.

Secondly, the equilibrium isotope fractionation versus elevation is
based on single water source. Nevertheless, the actual water sources
of a specific site are quite complicated. In the Lunpola Basin, there are
and surrounding high mountains.
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Fig. 11. 30-year (1971–2000) averaged water vapor transport vector fields at 500 hPa pressure level for winter (a, December to February) and summer (b, June to August). Vector
units: kg m−1 s−1, the arrows indicate the direction of water vapor flux. The color background shows topographic information and the 3000 m contour line outlines the Tibetan
Plateau. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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at least two water sources: the southwest Indian summer monsoon;
and the Atlantic water source transported by westerlies (Tian et al.,
2001, 2007). According to the averaged 30-year (from 1971 to 2000)
meteorological data of water vapor flux, during the winter season
(from December to February), westerly winds dominate over most of
the research area and bring little moisture (Fig. 11a); whereas during
the summer season (June to August), both the southwest monsoon sys-
tem and the mid-latitude westerlies bring moisture from the Indian
Ocean and the Atlantic to central Tibet (Fig. 11b). The isotope composi-
tions of meteorite water of these two moisture sources after different
distance transportations are variable (e.g. Craig and Gordon, 1965).
Moreover, the different moisture sources and their seasonal variations
strongly affect the stable isotopes in precipitation over Tibet (Tian
et al., 2007). For example, modern observations indicate that in the
summer of the year 2000, δ18O values of precipitation decreased from
3‰ to −22‰ in central Tibet in the middle of July (Tian et al., 2007).

Thirdly, just as argued by Wang et al. (2006) even if we assume that
δ18O values of soil carbonates record the δ18O of paleometeoric water,
care must be taken when using the modern precipitation δ18O-elevation
relationships to the geologic past. Previous study demonstrates that the
deep-sea temperature has decreased 12 °C over the past 50 Ma (Lear
et al., 2000). On account of the fact that the sea water isotopic fraction is
temperature-dependent, this will affect the oxygen isotope compositions
of rainwater originated from the ocean. In this context, uncertainties do
exist in the isotopic lapse rate of precipitation and the temperate-
dependent Rayleigh distillation. It is still not a straightforward way to
apply the modern δ18O versus elevation relationship for paleoelevation
reconstruction.
5. Conclusions

Based on the high resolution magnetostratigraphy, together with
the biostratigraphic evidence and bentonite layer dating, the studied
middle to lower part of the Dingqing Formation in the Lunpola Basin,
central Tibet, is attributed a new age range from the latest Oligocene
to the earliest Miocene (25.5–19.8 Ma). This provides the basis for
paleoenvironment and paleoelevation reconstruction.

Pollen results indicate that the vegetation types during the latest
Oligocene–earliest Miocene was dominated by forestry, characterized
bymixed coniferous–broadleaved forests indicating awarm–temperate
climate, being quite different from the present steppe vegetation in cen-
tral Tibet.
By using the Co-existing Approach, the new pollen results from the
Lunpola Basin, after accounting for Cenozoic global cooling, suggest
that the paleoelevation of this basin had a maximum altitude of
3190 ± 100 m asl in the latest Oligocene–earliest Miocene.
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