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Carbon and hydrogen isotopic compositions of leaf wax n-alkanes are promising paleoelevation proxies. In this
paper, the two proxies were applied to the Dingqing Formation in the Lunpola basin in the central Tibetan Plateau
to reconstruct paleoelevation of the basin from the latest Oligocene to the early Miocene. Values of 8'3C and 6D of
Cyo n-alkane were —29.8 + 0.7 %. (n = 38) and — 188 + 10 %. (n = 22), respectively. Using the §3C and 6'%0 of
the early Miocene Siwalik paleosol carbonate in south Asia as lowland references, paleoelevation of ~3000 m was
independently estimated from the two isotopic proxies. The results are consistent with recent estimates from
pollen and mammal fossil studies. Furthermore, the time-series leaf wax 6'C and 6D records consistently suggest
a reduction of ~900 m from 25.5 Ma to 21.6 Ma, which is likely associated with rapid erosion or tectonic

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The surface uplift history of the Tibetan Plateau and Himalaya is in-
creasing interests for its importance in reconstructing regional and global
Cenozoic climate (Raymo and Ruddiman, 1992; Harris, 2006; Garzione,
2008) and in providing a robust test of the various models of continental
deformation (Molnar et al., 2006; Rowley and Currie, 2006). Various
methods have been applied to determine the paleoaltitude of the Tibetan
Plateau, including the use of pollen assemblages (e.g., Song et al., 2010;
Sun et al., 2014), fossil leaf physiognomy (Spicer et al., 2003), mammal
fossils (Deng et al., 2012) and the oxygen isotopic composition of
authigenic minerals (e.g., Garzione et al., 2000; Rowley and Currie,
2006). However, the plateau uplift history in space and time still remains
for much debates.

In recent years, oxygen isotope paleoaltimetry, based on the systemat-
ic trends in the isotopic composition of modern precipitation of different
topography, has been widely used in estimating paleoelevation in Tibet
(e.g., Garzione et al., 2000; Cyr et al., 2005; Rowley and Currie, 2006;
DeCelles et al., 2007; Xu et al., 2013). Reconstructed paleoelevation from
580 values of carbonates in the Cenozoic basins in Himalaya and Lhasa
terranes demonstrates near-modern altitudes at least during the late
Oligocene to middle Miocene (e.g., Rowley and Garzione, 2007; Quade

et al.,, 2011; Xu et al.,, 2013). These results not only largely predate the
maximum elevation in the middle Miocene inferred from the ages of E-
W extensional grabens in the Himalaya and Lhasa terranes (England
and Houseman, 1988; Coleman and Hodges, 1995; Blisnuik et al., 2001),
but also disagree with recently reported pollen and mammal fossil re-
cords arguing for a lower elevation during the late Oligocene and early
Miocene (Deng et al., 2012; Sun et al., 2014). For example, Deng et al.

2012) discovered mammalian fossil of rhinocerotid, in the upper part
of the Dingqing Formation in the Lunpola basin and inferred a
paleoelevation close to 3000 m during the late Early Miocene. By using
a refined chronology and high resolution palynological record of the up-
permost Oligocene to the lower Miocene strata from the Lunpola Basin,
Sun et al. (2014) indicated a maximum paleoelevation of 3190 4+ 100 m
during the period.

Each method for paleoelevation reconstruction has inherent strengths
and weaknesses, and therefore, comparison of multi-proxy results is
desired to avoid potential biases from single approach. Recently, a new
approach to reconstructing paleoaltimetry using hydrogen isotope com-
position (6D) of plant leaf wax n-alkanes, reflective of 6D of their growth
water, was proposed and tested based on modern investigations along
mountainous slopes surrounding or on the plateau (Jia et al., 2008; Luo
et al, 2011; Bai et al.,, 2012) and applications to several ancient strata in
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the Lunpola basin and Hoh-Xil basin (Polissar et al., 2009). Further, carbon
isotope composition (6'3C) of C; plant shifts positively with altitude
globally as a result of decreasing temperature and atmospheric partial
pressure of CO, and O, with altitude (Koérner et al., 1988; 1991; Kelly
and Woodward, 1995), and this trend has been documented and
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exhibited in 8'3C values of surface soil organic matter and leaf wax n-
alkanes along mountain slopes (Bird et al., 1994; Wei and Jia, 2009).
These observations suggest that 6'3C of leaf wax n-alkanes may be an ad-
ditional promising proxy for paleoelevation.

In the present work, the lower to middle Dingqing Formation in the
Lunpola basin accumulated in the late Oligocene-early Miocene period
was studied for paleoelevation using paired analysis of 8'3C and &D of
sedimentary leaf wax n-alkanes. Previous studies yielded inconsistent
paleoelevations in the same basin, with higher estimates from carbon-
ate 6'80 method (Rowley and Currie, 2006) but lower values from
pollen and mammal fossil studies (Deng et al., 2012; Sun et al., 2014).
This paper aims to estimate paleoelevation of the Lunpola basin based
on 6'3C and 6D values of leaf wax n-alkanes, respectively.

2. Geological settings, samples and methods

The Lunpola basin is an east-west extended Tertiary sedimentary
basin situated in the central Tibetan plateau with elevations varying
between 4600 m and 5040 m above sea level (Fig. 1). The Cenozoic
strata of the Lunpola basin are more than 4000 m thick, and consist of
two primary stratigraphic units: the Niubao Formation in the lower
part, and the Dingqing Formation in the upper part. In the present
work, the studied section (32°04'19”N, 89°36'57"E, 4607 m asl), expos-
ing the lower and middle Dingqing Formation (Fig. 2), is the same as
that reported by Sun et al. (2014). The age of the section was determined
to be from 25.5 to 19.8 Ma based on U-Pb zircon dating (He et al., 2012)
and magnetostratigraphy correlations (Sun et al., 2014). A total of 38
bulk samples collected from the section, characterized by lacustrine
fine-grained gray mudstone, were analyzed in this study (Fig. 3).

Samples of ~50 g were broken into 1-2 cm> fragments, rinsed with
dicloromethane (DCM) to remove any possible contamination from
modern organic material, and then pulverized to fine powders. Pow-
dered samples were ultrasonically extracted three times with DCM.
The hydrocarbon fraction was isolated from the total extract using silica
gel column chromatography (~2 g silica) by eluting with hexane
(10 ml), and then purified for n-alkanes using urea adduction. Purified
n-alkanes were then identified by comparison of retention times
defined by gas-chromatography (GC) analysis of a mixed n-alkane

88°E

standards. The GC analysis was conducted using a Hewlett-Packard
6890 gas chromatograph with flame ionization detector (FID). The
injector temperature was maintained at 290 °C, with a detector temper-
ature of 300 °C. The GC oven program increased from 60°°C (held for
1 min) to 300 °C at 6 °C min~", and was held at 300 °C for 20 min.

Carbon isotopic analysis of n-alkanes was performed by gas chroma-
tography-isotope ratio mass spectrometry (GC-IRMS), using an HP
6890 GC connected to a Delta Plus XL mass spectrometer via a GCC III
interface. The temperature program and capillary column were identi-
cal to those used for GC analysis. Prior to analyses, the CO-, reference
gas was calibrated relative to VPDB. Instrument performance was
routinely checked using GC-IRMS reference materials containing nine
n-alkane homologues (Cy3, Cy4, Cy6, Cis, Co0, Ca5, Cag, C30, and Cs»). For
isotopic standardization, CO, reference gas was automatically intro-
duced into the mass spectrometer in a series of pulses at the beginning
and the end of each analysis. Every sample was analyzed at least twice,
and the average value, with 10 < 0.6 %, was reported here.

Hydrogen isotopic analyses of individual n-alkanes via gas chroma-
tography-thermal conversion-isotope ratio mass spectrometry (GC-
TC-IRMS) utilized an HP-6890 GC and a high-temperature pyrolysis
unit that was connected on-line via a GCC Il interface to a Finnigan
MAT Delta Plus XL IRMS. Individual compounds separated by GC were
pyrolysed to convert organic H into H, at 1450 °C, and the H, was
then introduced into the mass spectrometer. The temperature program
and capillary column were identical to those used for GC analysis.
The H; factor for the mass spectrometer was determined every 6
injections using the standard hydrogen gas introduced through the
interface, and its values were <5 ppm/nA during our sample analysis.
The reproducibility and accuracy of the hydrogen isotopic analyses
were evaluated routinely using the GC-IRMS reference n-alkane
mixtures provided by Indiana University. Typically, during the anal-
yses of unknown samples, laboratory standards were injected peri-
odically (typically one standard injection per six sample analyses)
to ensure that the mass spectrometer was stable. 6D values of sample
compounds were referenced to gaseous hydrogen which had been
calibrated against the Indiana standard, independently calibrated
against VSMOW-water. The standard deviations of duplicate analysis
for n-alkanes ranged from O to 12 %..

34°N| 4%

Lunpola
\A

“ Lunpola Basin

30°N

Cenozoic basin
U] Cretaceous-Tertiary granite
E Tertiary volcanic rocks

il

R

Lhasa Block

Himalaya Blcok

100 200 km

Fig. 1. Simplified geologic map showing the tectonic framework of Tibet as well as the location of the Lunpola basin.
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Fig. 2. Photos show the studied Dingqing Formation, the position of the Bentonite layer, and the U-Pb ages of zircons.

3. Results and discussion
3.1. n-alkane distribution and isotopic composition

The distribution of n-alkanes in all samples indicates minimal bio-
logical and diagenetic alterations. The n-alkanes contained a long-
chain maxima (Cz9_33) with a pronounced odd-over-even preference
(OEP = 3.2 + 0.9, n = 38) that is typical of epicuticular waxes from
modern higher plants. A second maxima at shorter chain lengths
(Ci6-18) had almost no OEP and is attributable to algal and bacterial
sources. All these characters are common for modern lake sediments
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that receive organic material from both terrestrial plants and aquatic
sources.

In our isotopic analysis, all the 38 samples yielded reliable n-alkane
813C values whereas only 22 of them yielded reliable &D values due to
low amounts of n-alkanes. The &'3C values of the odd carbon-
numbered C,;, Cy9 and Cs3; n-alkanes were in similar ranges
(—29.6 & 0.6 %o for 6'3C,7; —29.8 £ 0.7 %o for 6'3Cy9; —29.6 +
0.6 %o for 6'3C5;) and showed significant inter-correlations (e.g., 1> =
0.68 between 8'3C,7 and §'3C,q, 12 = 0.63 between §'3Cy9 and 6'3C5;,
p <0.001) (Fig. 4a), demonstrating their similar carbon sources and
photosynthetic pathways. Similarly, the 8D values of C7, Cy9 and Csq
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Fig. 3. The chronology of the Dingqing Formation (data after Sun et al., 2014) and the sampling positions of this study.
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n-alkanes were also inter-correlated significantly (e.g., > = 0.79
between 6D,7 and 8D,g, r? = 0.72 between 8D,g and 8Ds;, p < 0.001)
(Fig. 4b). However, they showed values with distinct offsets,
ie, —172 4+ 15 %o, —188 4 10 %o, and — 196 + 11 %o for 6D,7, 6Dag
and 8Ds, respectively. The differences in 8D values of leaf-wax lipids
were also found in modern investigations but remain highly ambiguous
for their causes, which are likely associated with their distinct water
sources, fractionation processes or different groups of plants (Garcin
et al,, 2012).

In order to ascertain whether the original n-alkane 6D signal was
preserved during sedimentation, the 8D of the isoprenoid compound
phytane was measured in four samples in which phytane was in rela-
tively high amounts, yielding a mean value of —315 4 11 %.. In contrast,
8D values of the co-occurring Cy;7 n-alkane was — 146 + 13 %.. The

~170 %, more depleted value in phytane 6D is comparable to those
observed in modern plants and immature lacustrine sediments
(e.g., Sessions et al., 1999; Chikaraishi and Naraoka, 2005; Pedentchouk
et al,, 2006), indicating preservation of the original n-alkane &D signal.
Otherwise, thermal maturation would decrease the biosynthetic dif-
ference between isoprenoid and alkyl compounds to within 120 %o
(Pedentchouk et al., 2006).

In this study, isotopic composition of C,g n-alkane was used to trace
paleoenvironment, as conventionally done in the literature. No correla-
tion can be observed between values of 6D,g and 6'3C,g in a scatter plot
(Fig. 4c). However, their time-series records exhibit clearly opposite
trends from 25.5 to 21.6 Ma, i.e., a decreasing trend in 513C,9 whereas
an increasing trend in 8D,g. After that until 20.4 Ma (below the top
two samples), 6'>C,9 and 8D, turned into increase and decrease,
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Fig. 5. Time-series records and estimated paleoelevation from Dingqing Formation. (a) The ratio of shrub to tree from pollen analysis (data from Sun et al., 2014); (b) 5'>C record of Cyg n-
alkane; (c) 6D record of C,q n-alkane; and (d) estimated paleoelevation from 6'>C,g and 6D.g values relative to the early Miocene lowland Siwalik deposit in South Asia. Straight lines are
linear trends from 25.5 to 21.6 Ma and from 21.6 to 20.4 Ma, respectively. The top two sample data were not included in the linear regression.
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respectively (Figs. 5b and c). The generally coordinate variation in 6D,g
and 6'3C,q implies that a common regulating factor controlled both 8D
and 6'3Cyg in the long run. But the lack of correlation between 6Dq and
613C,q values suggests that the deviations of the two isotopic ratios from
their long-term trends are not associated with each other. This is likely
due to environmental factors, such as temperature, humidity and vege-
tation, that at short terms may affect the 8D,g and 6'3C,g values of leaf
waxes in complex ways.

The long-term decrease of 6'3C,g from 25.5 to 21.6 Ma may reflect
vegetation changes and suggest a wetting paleoclimate as indicated
from pollen record showing a decrease of shrub-to-tree ratio in the
same sedimentary section (Fig. 5a; Sun et al., 2014). After that, 8'>Cyq
increased correspondingly, although not proportionally, to the signifi-
cant increase of shrub-to-tree ratio, suggesting a slightly drying period.
Leaf wax 8D is also affected by climate and vegetation, and usually
displays lower values as results of greater isotopic fractionations by
trees than by shrubs (e.g., Sachse et al., 2012) and lower 6D of precipita-
tion and soil water in wetter climates. The long-term increase of 6D,g
from 25.5 to 21.6 Ma, therefore, is apparently opposite to the decrease
of shrub-to-tree ratio and wetting trend as indicated from pollen and
613C,q records. 8D, also varied in inverse direction to changes of vege-
tation and 6'3C,g after 21.6 Ma, when climate appeared to be slightly
drying. This discrepancy implies that a common environmental factor
beyond climate and vegetation regulated our observed long-term
changes of leaf wax 6'3C and &D.

In this study, 6D,g values are unlikely affected by evaporation, as
commonly observed in arid climate, which may increase 8D,q values
under high evaporation by lowering the apparent isotopic fractionation
between precipitation and leaf waxes (e.g., Polissar and Freeman, 2010).
The observed inverse long-term change of 6D,g to changes of vegetation
and 6'3C,9 also disapproves of evaporation as an influential factor. So
8D,g is preferred as proxy of the isotopic composition of precipitation
(8p). In low-latitude wet climate, &, is usually associated with local
precipitation, i.e. the amount effect, with lighter &, values under high
precipitation. However, this occurrence is not always the case. In fact,
dp is determined by the degree of progressive removal of precipitation
as it condenses from the water vapor during its transport, meaning
that the cumulative precipitation amount in the whole transport path-
ways since the initial water vapor may be more important than the
local one in regulating dp variations. And this scenario can be found
along mountain slopes, where a concurrent decrease of both &, and
local precipitation amount is a common phenomenon (Rowley and
Garzione, 2007). Coincidently, modern investigations show that an
elevation transect provides conditions not only for &, decrease
(e.g., Rowley and Garzione, 2007) but also for plant 6'C increase
(e.g., Korner et al,, 1988, 1991) with the increase of elevation. We there-
fore hypothesize that the coupled opposite trends in our 6'Cog and 8Dq
records are likely associated with elevation changes of the Lunpola
basin catchments, as further discussed below.

3.2. Leaf wax 6"3C and paleoelevation (Fig. 6)

Plant 6!3C is acquired from isotope discrimination against atmo-
spheric CO, (6'3Caum) during photosynthesis. So values of 8'3Cyy, in
the past are required for accurate interpretation plant wax 6'3C records.
According to Tipple et al. (2010), 813Caem values during the latest
Oligocene and early Miocene were ~— 6.0 %o, therefore the apparent
carbon isotopic fractionation factor for Cyg n-alkane (ec,,c,,) in this
study would be around —23.9 + 0.7 %.. This ec,, o, value is well within
the range for C; plants between — 33 and — 19 %. compiled by Jia et al.
(2012), which agrees with the pollen-inferred tree-dominated ecosys-
tem for the time interval (Sun et al., 2014). However, the ec,co, value
of —23.9 %, is apparently positive relative to the ec,co, mean values
of —26.5 %o for Cs plants.

The observed more positive ec, co» Value, and hence more positive
leaf wax 6'3C, in the Lunpola basin is also evident when compared to
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Fig. 6. Flow chart showing paleoelevation reconstruction using 5'C and 8D values of leaf wax
Cyg n-alkane in the Lunpola basin. The Siwalik basin is used as a low-elevation reference.

those inferred from the latest early Miocene pedogenic carbonate 6'>C
from near-sea-level Siwalik foreland basin paleosols. The mean value
of the pedogenic carbonate averaged —10.1 4 0.9 %, (n = 6) during
17-15 Ma in the northern Pakistan (Quade and Cerling, 1995). General-
ly, soil carbonates are ~14 %o to 17 % more '>C-enriched relative to soil
CO,; the latter is primarily sourced from plant root respiration and
microbial decomposition of soil organic matter, and its 6'>C value is
nearly the same as that of aboveground vegetation (Amundson et al.,
1998; Tipple and Pagani, 2007). So the paleovegetation 6'3C in the low-
land Siwalik would be —25.6 4 1.3 %, by assuming a mean enrichment
value of 15.5 =+ 1.0 %.. This plant §'C value can be further converted to
leaf wax 6'3C value with a fractionation factor, i.e., €C,4-bulke Which may
depend on climatic regimes showing greater values in tropical areas
and smaller ones in temperate areas (Vogts et al., 2009; Diefendorf
etal, 2011). Pollen records in the Oligocene-Miocene South Asia have
indicated a landscape comprising wet tropical evergreen forests in the
lowlands, and moist deciduous forest with patches of pines at higher
altitudes (Hoorn et al., 2000). Its modern analogs are likely the tropical
rainforest in Africa and subtropical monsoon forest in China, where
plants exhibit ec,_pui values of —7.8 £+ 2.2 % (n = 23; Vogts et al.,
2009) and —8.1 £ 1.5 %,, respectively (n = 4; Bi et al., 2005). Paired
513C analysis of surface soil n-alkanes and bulk organic matter in forest
ecosystems in Mount Gongga, eastern Tibetan Plateau, and East China
show similar ec,_pui values of —8.1 + 1.3 %, (n = 22; Wei and Jia,
2009) and —8.1 £ 1.6 %. (n = 31; Rao et al,, 2008). Here, the average
of these reported ec,,puik Values, i.e., — 8.0 & 0.8 %o, was used to convert
plant 6'3C from the latest early Miocene Siwalik to C,q n-alkane 6'3C,
giving a value of —33.4 & 1.5 %o that is close to the mean value for C3
plants and more negative than the 6'3C,9 value of —29.8 + 0.7 %
from the Lunpola Basin.

Although the Siwalik samples were a bit younger than our latest
Oligocene-early Miocene Lunpola samples, we surmise that they pro-
vided typical Neogene values of lowland South Asia before the rapid
late Miocene expansion of C4 plants (Tipple and Pagani, 2007). This sur-
mise may be supported by the wet fluvial environment surrounded by
tropical forests for the late Oligocene—early Miocene Chitarwata Forma-
tion that is similar to the middle Miocene Siwalik Formation in Pakistan
(Hoorn et al., 2000; De Franceschi et al., 2008). The Chitarwata and
Siwalik Formations are located at latitudes of ~30°N similar to the
Lunpola basin at present. During the latest Oligocene-early Miocene
period, their paleolatitudes were ~20°N due to the northward drift of
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the Indian Plate (Meétais et al., 2009), and pollen records have indicated
mixed paleovegetation containing taxa from the tropical and sub-
tropical rainforests, the temperate broadleaved forest and conifer
forest, suggesting vertical zonal vegetation and thus the existence
of neighboring elevated areas (De Franceschi et al., 2008; Sun et al.,
2014). In spite of their similar paleolatitute and paleoenvironment,
however, the §'3C difference of C,9 n-alkane between them, with a
mean value of 3.6 & 1.6 % more positive in the Lunpola Basin, is
remarkable.

Because 6'>C of C5 plant is strongly negatively correlated with mean
annual precipitation (MAP) (e.g., Diefendorf et al., 2010; Kohn, 2010),
the difference in leaf wax 6'3C between the two areas might suggest a
relatively humid paleoclimate in Pakistan and an arid one in the Lunpola
basin. As an assumption, if the MAP was 2000-3000 mm yr~' in
Pakistan and the elevations was similar between the two areas, the
3.6 & 1.6 %o positive shift in 8'>C in the Lunpola basin would indicate
<500 mm MAP in the Lunpola Basin according to the equation for
MAP as a function of 8'3C proposed by Kohn (2010). Thus low MAP,
however, is not consistent with the pollen-indicated wet forest environ-
ment in the Lunpola basin (Sun et al,, 2014). Alternatively, higher plant
wax plant 8'3C values in the Lunpola basin may be associated with
higher abundance of coniferous taxa (>30%; Sun et al., 2014), as ev-
ergreen gymnosperms isotopically less discriminate than other Cs3
plants during photosynthesis (Diefendorf et al., 2010). However,
the discrimination difference between them is 1-2 %o (Diefendorf
et al., 2010; 2011), and thus even if coniferous abundance had
been 100% in the Lunpola basin, it would not be adequate to
account for the full range of the observed 3.6 4 1.6 %. more positive
813C.

Relatively higher abundance of coniferous taxa in the Lunpola basin
was likely associated with its higher elevation during the Latest Oligo-
cene and early Miocene; the latter might be the determinant of higher
leaf wax 6'3C in the basin. And indeed, paleoelevation of the basin dur-
ing the period has been inferred to be ~3000 m based on mammalian
fossil (a rhinocerotid humerus, Deng et al., 2012) and pollen assem-
blages (Sun et al., 2014), or similar to present elevation of ~4600 m
based on carbonate 680 (Rowley and Currie, 2006). In comparison,
the latest Oligocene-middle Miocene foreland basin in South Asia was
a near sea-level flood plain environment. Because C5 plant §'3C in
humid area may shift positively with elevation, we believe that the
paleoelevation difference between the two areas is responsible for the
positive shift of vegetation 6'C in the Lunpola Basin. Although the
range of reported Cs species-level response to elevation in humid
areas is large (e.g., —0.9% to +2.7% km™'. Kérner et al., 1991), the
average response to elevation based on thousands of C3 plant species
has been found to be 1.2 + 0.9 % km™' with ranges from 1.1 to
1.3 % km™! from numerous mountain ranges of the globe (e.g., Kérner
et al., 1988, 1991; Li et al., 2007; Li et al., 2009). And moreover, this aver-
age species-level isotope response to elevation has been suggested to
scale up linearly to community and landscape levels, which is ultimately
and effectively documented by plant wax 6'>C at ~1.2 % km ™! in the un-
derlying mountain slope soils (Wei and Jia, 2009). By applying this
elevational 8'3C gradient to the observed &'>C differences between the
Lunpola basin and the Siwalik Basin, a mean paleoelevation of ~3040 +
560 m (10 for 38 samples, not including uncertainties of each sample)
for the Lunpola basin can be inferred (Table 1), which agrees to the previ-
ous estimates based on mammalian fossil and pollen analysis (Deng et al.,
2012; Sun et al,, 2014).

3.3. Leaf wax 6D and paleoelevation (Fig. 6)

The 6D value of plant-wax n-alkanes reflects that of precipitation,
modified by soil evaporation, plant transpiration and biosynthesis. How-
ever, it is difficult to quantify each of these modifications on plant-wax
6D, and current approaches use an apparent fractionation factor be-
tween precipitation and leaf waxes (ewaxsp = [(8Dwax + 1000) /

(8Dp + 1000)] — 1, expressed in permil (%o)), which is an observed
value that incorporates multiple, poorly understood fractionation
steps. Although large scale surveys based on surface soils and lake sed-
iments suggest that this e,y is reasonably constant and thus 6Dy« re-
cords variations in 8D, (Sachse et al., 2004; Hou et al., 2008; Feakins and
Sessions, 2010; Sachse et al., 2012), plant-based surveys have revealed
differences in &wax/p among living plants when grouped according to
plant functional type (PFT) (Liu et al., 2006; Smith and Freeman,
2006). Paleo-8Dyy.x, therefore, may be influenced by changes not only
in 8Dy, but also in vegetation, and thus values of €y.x/, have been
vegetation-corrected before reconstructing paleo-8D,, in several re-
cent studies (Collins et al., 2013; Feakins, 2013; Magill et al., 2013).

The recently reported pollen record in the same sedimentary section
of this study (Sun et al,, 2014) allow us to make fine corrections on
Ewax/p iN every sample based on pollen data in the same or adjacent sam-
pling intervals, as have been performed by Feakins (2013). Pollen inferred
PFTs in this study included trees, shrubs, Cs herbs and ferns, whose mean
values of ¢, are —121 & 22 %o, —99 + 32 %o, —140 £ 31 %o and
—108 + 7 %., respectively, according to the compilation by Sachse et al.
(2012) (in this study, C3 herbs including forbs and Cs grasses in the com-
pilation). In the study section tree, shrub, herb and fern taxa occupied
70 4+ 8%, 12 + 7%, 11 4+ 6% and 6 + 2%, respectively, and did not vary
greatly (Sun et al,, 2014). We calculated the vegetation-corrected &c,
(&ve-cyyp) Using the mean &c, p, values of each PFT and the relative PFT
abundances estimated from pollen data, getting values of all our sample
in a range between — 123 4 17 %, and — 116 4 16 %o (Table 1). This
range of &,cc,,p Values is narrow because of the relatively stable vegeta-
tion pattern during the time interval and is similar to the value of
—121 + 10 %o suggested by Polissar and Freeman (2010) for the same
formation in the Lunpola Basin. Using thus obtained €yc.c,,p values, 6D2g
values were then converted to 6Dp,, showing values of —62 %. to
—99 %., with 10 uncertainties between 14 %. and 20 %. contributed
predominantly by those from &c, .

In this study, paleoelevation was calculated from the difference
between high- and low-elevation precipitation $'30 (A8'80,) using
the model presented by Rowley (2007) (Fig. 6). This model is based
on the premise of same moisture source for the high- and low-
elevation sites, with the latter as a reference. For the Tibetan Plateau,
this premise is particularly difficult to verify because the atmospheric
circulation could have been changed by the development of the topog-
raphy of Tibet and the Himalaya. In the southern plateau region, howev-
er, the Indian Ocean appears to remain the dominant source of moisture
regardless of topography and plateau development based on global cli-
mate models (Saito et al., 2006). The Oligocene-Miocene paleolatitude
of the Lunpola basin was ~20°N (Meétais et al., 2009), considerably
south of its present position and the current northern limit for Indian
moisture (Tian et al., 2001). So, this configuration may suggest a com-
mon moisture source of Indian Ocean for the Lunpola and the Siwalik
foreland basins. Therefore, the Siwalik foreland paleo-precipitation
5180 was set as the low-elevation reference in this work, as has
been done in previous studies (Rowley and Currie, 2006; Polissar
et al,, 2009; Quade et al., 2011; Gébelin et al., 2013). A §'%0,, value
of —5.8 & 1.0 %o in the low-elevation foreland during the latest OI-
igocene-early Miocene has been estimated from both theoretical
modeling (Quade et al., 2011) and Siwalik paleosol carbonate 5'80
(Gébelin et al., 2013). For the Lunpola basin, we recasted 6D;o-
derived 8D, values as §'80,, by means of the global meteoric water
line, i.e., 8D = 8 x §'80 + 10. Then, the relative difference in 5'%0,
between the two locations was calculated and yielded a mean
A8'80, value of — 5.1 %o ranging from — 7.8 %o to — 3.2 %.. Applying
the model of Rowley (2007), this Miocene A5'#0, between Lunpola
and Siwalik corresponds to an elevation difference of ~2770 +
530 m (1o for 22 sample values, not including uncertainty in
model estimates) (Table 1), which is also close to the previous esti-
mates based on mammalian fossil and pollen records in the basin
(Deng et al., 2012; Sun et al., 2014).
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Table 1

5'3C and 8D values of leaf wax Cyg n-alkane and estimated elevations.
Sample ID Depth (M) Age (Ma) 6'3C,9 (%o, PDB) 10SD Elevation (m)? D29 (%0, VSMOW) 10SD £C,op (%o) 10SD Elevation (m) 10SD¢
PL877 5 20.1 —294 0.1 3333 —178 4 —115.5 171 2446 950
PL865 14 20.2 —30 0 2833 —171 b —116.2 15.5 1946 972
PL849 27 204 —29.2 0 3500 =€
PL841 34 20.5 —299 0 2917 -
PL829 43 20.7 —30.1 0.3 2750 —190 4 —117.7 14.2 3012 687
PL817 53 20.8 —304 04 2500 —195 4 —117.5 15.5 3294 681
PL805 62 209 —-29 03 3667 =€
PL797 69 21.0 —30.8 0.1 2167 <
PL789 75 21.1 —29.6 0.2 3167 —177 4 —118.4 16 2199 950
PL773 89 213 —303 0 2583 =€
PL765 95 214 —30 0.5 2833 —185 2 —118.9 16.6 2676 850
PL749 108 21.6 —30.2 0 2667 =€
PL737 117 21.8 —30.8 04 2167 —176 2 —1213 17.8 1969 1082
PL725 127 219 —309 0 2083 =€
PL717 133 22.0 —28.6 0.2 4000 -
PL701 146 222 —305 0 2417 =€
PL693 153 223 —29.8 0.5 3000 =€
PL685 159 224 —30.6 0.6 2333 -
PL677 165 225 —295 0.1 3250 —183 - —122.6 16.6 2319 954
PL661 178 22.7 —29.7 0.4 3083 —192 -b —120.3 173 3006 826
PL653 184 22.8 —30.8 0.6 2167 -
PL645 191 229 —29.7 0.3 3083 —185 0 —119.7 19.7 2637 1004
PL629 204 23.1 —29.7 0.2 3083 —182 0 —119.8 17.2 2434 928
PL613 216 234 —30.3 03 2583 =€
PL597 229 236 —29.8 0.1 3000 —179 2 —120 16.7 2239 956
PL589 236 23.7 —295 0.6 3250 —185 1 —1213 175 2564 916
PL573 248 239 —30.2 0.1 2667 —200 3 —119.3 173 3469 701
PL557 261 241 —293 0.1 3417 —190 0 —120 17.7 2911 839
PL549 267 24.2 —28.9 0.2 3750 <
PL537 276 244 —29.7 0.5 3083 =€
PL513 295 247 —28.5 03 4083 —179 -b —119.5 15.1 2270 878
PL505 302 24.8 —29 0 3667 —200 6 —119.1 16.3 3469 698
PL493 311 249 —29.1 0 3583 =€
PL485 318 251 —29.6 0 3167 —187 12 —119 16.7 2793 1024
PL473 327 252 —305 0.2 2417 —208 1 —120.7 184 3745 664
PL465 334 253 —294 0.4 3333 —183 2 —117 16 2667 823
PL457 340 254 —28.9 0.1 3750 —206 -b —120.2 16.1 3698 611
PL451 345 255 —283 04 4250 —196 7 —121.8 174 3136 839

2 Elevation was estimated using a 6'>C gradient of 1.2 %, km ™. The uncertainties are difficult to estimate, but may come mainly from the conversion of lowland Siwalik carbonate &'3C to

5'3C,9 with uncertainty of ~1.5 %, (see text), corresponding to ~1250 m.
> No 10 estimates because of only one analysis due to low amounts of n-alkanes.
¢ No reliable data obtained because of low amounts of n-alkanes.

4 Estimated using the error propagation equation and 10 uncertaintites of 8D,g, £c,y/p and early Miocene lowland Siwalik 5'80. Overall uncertainties were contributed predominantly

from gc,/p.

3.4. Elevation changes from the latest Oligocene to early Miocene

Previous studies using carbonate 530 and plant wax D from the Mio-
cene Dingqing Formation in the Lunpola basin showed paleoelevations in
excess of 4000 m (Rowley and Currie, 2006; Polissar et al., 2009), appar-
ently higher than our estimates here. Our new mean paleoelevation re-
constructed independently from plant wax 6'>C and 8D, as well as their
agreement with mammalian fossil and pollen records in the same basin,
convinces us of the reliability of the reconstructions in this study. The
cause of the different paleoelevation results is unclear at present, but we
surmise that it might be associated with a different type of samples in
these studies. Lacustrine and palaeosol carbonates were analyzed in the
works of Rowley and Currie (2006) and Polissar et al. (2009). Carbonate
diagenetic alteration at high-temperature and/or by '®0-depleted waters
may result in a reduction in 6'%0 compositions that may lead to erroneous
interpretations of palaeoelevation (Garzione et al., 2004). Resetting of
580 values in carbonate has been found to begin at burial temperature
>100-120 °C (Mora et al., 1998; Leier et al., 2009), which likely has oc-
curred in the Lunpola basin given the enormously high thermal gradient
of 50-70 °C km~"! (Yuan and Xu, 2000; Liu et al., 2001) and >4 km
thick strata. Besides, diagenetic carbonate dissolution and cementation
by younger meteoric waters, likely '80-depleted and contaminated by
D-depleted younger plant wax lipids, in the basin strata have been

recognized (Ai et al., 1999). Nevertheless, further works are needed to
clarify this issue.

The coupled time-series trends of 5'C decrease and 6D increase dur-
ing the latest Oligocene and early Miocene (Figs. 5b and ¢) may provide
further critical information of changes in the mean elevation of the basin
catchments, because both of the records suggest the same trend of
elevation changes during the time period (Fig. 5d). A similar average
of 900 m reduction in paleoelevation from 25.5 to 21.6 Ma and then
500 or 1000 m rise from 21.6 to 20.4 Ma could be estimated based on
the linear trends of 6'3C,9 and 8D,q records, respectively. The difference
in elevation rise from 21.6 to 20.4 Ma from the two proxies may be due
to the quite few data of &D,g for the linear regression. The inferred
reduction of elevation from 25.5 to 21.6 Ma was consistent with the
warming and wetting trend, favoring intensive erosion, indicated by
pollen record during the time period (Sun et al., 2014), although climate
change might be an alternative cause for the latter.

The inferred elevation reduction from 25.5 to 21.6 Ma does not sup-
port the point that once elevated since the Eocene the plateau's mean
elevation did not vary (Rowley and Currie, 2006), although our results
cannot tell whether erosion by climate weathering (Harris, 2006) or
tectonic unroofing associated with, e.g., east-west extension (Molnar
et al., 2006), was responsible for the elevation reduction. At least, inten-
sive erosion has been evidenced by several investigations. For example,
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the well preserved and widely distributed peak planation surface on the
plateau, suggestive of extensive weathering and high erosion, was
formed during the Oligocene and early Miocene, and especially during
30-20 Ma in central Tibet (Ding et al., 2000). Rapid erosion was also sug-
gested from the brief period of extremely rapid mineral cooling at some-
times in the interval of 26-15 Ma inferred from thermochronometric
data from plutons in south-central Tibet (Copeland et al., 1995). Subsi-
dence analysis of the Lunpola basin exhibited a persistent subsiding his-
tory from the Eocene to the early Miocene (Ma et al., 2013), also
supportive of our inference.

4. Conclusions

Modern observations show that carbon and hydrogen isotopic com-
positions of higher plants vary systematically with elevations, thereby
making them feasible to trace paleoelevation from sediment records.
In this study, carbon and hydrogen isotopic compositions of leaf wax
n-alkanes were combined to reconstruct the paleoelevation of the
Lunpola basin during the latest Oligocene-early Miocene when the
Dingqing Formation accumulated. Dual isotope application allowed a
cross check of the independently estimated paleoelevations. The similar
estimates, i.e., 3040 & 560 (n = 38) from 6'3Cand 2770 + 530 (n = 22)
from 8D, as well as their accordance with those from pollen and mam-
mal fossil studies, corroborated the reliability of the dual isotope
methods. Moreover, both the time-series 6'C and 8D records suggested
a reduction of ~900 during 25.5 and 21.6 Ma and then a rise of several
hundred meters thereafter. The inferred variation in elevation was not
reported previously and remains to be validated in future studies.
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