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ARTICLE INFO ABSTRACT

There remains inconsistence of uplift history of the Tibetan Plateau. Here, we estimated paleoelevation of mid-
Cenozoic Nima basin located in central Tibet using multi proxies. They included meteoric water and vegetation
isotope proxies based on hydrogen and carbon isotopic compositions (8D and §'°C), respectively, of terrestrial
plant wax lipid of n-alkanes and temperature proxy derived from microbial membrane lipid of branched glycerol
dialkyl glycerol tetraethers (brGDGTs). Lipid analysis on sedimentary rocks in the Nima basin yielded
—222 + 12%o and —30.0 = 0.7%o for 8D and 8'3C of n-C,o alkane, respectively, and brGDGT-derived mean
annual air temperature (MAAT) of 21.5 + 3.1 °C for the paleo basin. Using the sea-level meteoric water §'%0
and Miocene Siwalik paleovegetation 8'°C as low elevation references, values of 8D and 8'3C of n-Cys alkane in
this study suggested paleoelevations of 4546 m and 2800 m, respectively. Whereas by using a subtropical sea
surface temperature as a reference, brGDGT-derived MAATs suggested a paleoelevation of 893 m. We believed
that the three estimates reflect a high-relief topography in the study basin during the mid-Cenozoic, representing
elevations of orographic barrier of southerly oceanic moisture, basin catchment and basin lake level, respec-
tively. This scenario implies a low elevation of the basin relative to the Lhasa Terrane located to the south during
the mid-Cenozoic, hence challenging the classical crustal thickening models assuming a simple crustal thick-
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ening-uplift relationship.

1. Introduction

The Tibetan Plateau (TP) is the world's highest and largest orogenic
plateau, with topographically low-relief surfaces. It is pieced together
flat basins separated by mountain ranges tens to hundreds of kilometers
apart (Liu-Zeng et al., 2008). The evolution of the plateau topography
in the Cenozoic is crucial to assess the validity of models addressing
plateau uplift and growth. However, the paleoelevation of the plateau is
still poorly constrained in space and time albeit much effort having
been made (Deng and Ding, 2015), not to mention the paleo relief that
is defined as the elevation difference between the highest and lowest
points in a local area.

Oxygen and hydrogen isotope compositions (§'%0 and 8D, respec-
tively) in materials, e.g. pedogenic carbonate and plant lipids, inherited
from meteoric water are one of the most conventional methods for
reconstructing paleoelevation (Poage and Chamberlain, 2001; Blisniuk
and Stern, 2005; Rowley, 2007). Most paleoelevations estimated by
these methods demonstrate near-modern altitudes at least during the
mid-Cenozoic in the southern and central TP (e.g., Rowley and Currie,
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2006; Polissar et al., 2009; Quade et al., 2011). However, an ideal re-
lation of moisture isotope with elevation occurs only on the southern
and eastern margins of the TP, and is greatly distorted in the plateau
interior by factors such as different moisture sources, local surface
water recycling and sub-cloud evaporation (Li and Garzione, 2017). In
addition, isotope-derived high elevations disagree with results from
pollen, fish and mammal fossil records arguing for lower elevations
during the mid-Cenozoic in central TP (e.g., Deng et al., 2012; Sun
et al., 2014; Wang and Wu, 2015).

We believe that the inconsistence of paleoelevation estimates for a
specific basin likely demonstrates local significant relief due to different
rationales of paleoelevation proxies, and thereby multi-proxy estimates
are more robust to constrain paleo-topography than any single ap-
proach. Here, we report paleoelevation estimates for the Nima basin in
central TP using multiple organic biomarker proxies, including the 8D
and 8'3C values of higher plant leaf wax n-alkanes and microbial tet-
raether-derived MBT/CBT temperature index. The ability of leaf wax 6D
to document the altitudinal lapse rate of meteoric water 8D has been
extensively verified (e.g., Jia et al., 2008b; Luo et al., 2011; Bai et al.,
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2012, 2015) and been applied as a paleoaltimetry (Polissar et al., 2009;
Hren et al., 2010; Jia et al., 2015). The leaf wax 8'*C is also potential
for paleoelevation reconstruction because §'°C of Cs plant shifts posi-
tively with altitude globally (Korner et al., 1988, 1991; Kelly and
Woodward, 1995), and this trend has been documented in 8*3C values
of organic matter (OM) and leaf wax n-alkanes in surface soils along
mountain slopes (Bird et al., 1994; Wei and Jia, 2009; Wu et al., 2017).
The microbial membrane lipids of branched glycerol dialkyl glycerol
tetraethers (brGDGTs) are ubiquitous in soils and lake sediments
(Schouten et al., 2013), and the MBT/CBT index based on the relative
abundances of brGDGT compounds is powerful to reconstruct terrestrial
air temperature (Weijers et al., 2007b). Since air temperature com-
monly decreases with increase of altitude, the MBT/CBT index has been
also testified as an indicator of elevation (e.g., Sinninghe Damsté et al.,
2008; Peterse et al., 2009; Liu et al., 2013; Coffinet et al., 2014; Deng
et al., 2016; Wang et al., 2017; Bai et al., 2018) and recently been used
to reconstruct paleoelevation (Hren et al., 2010; Decelles et al., 2018;
Bai et al., 2018). In the followings, we show that the estimates of pa-
leoelevation of the mid-Cenozoic Nima basin are different based on the
above three proxies, which may reflect high-relief topography of the
basin.

2. Study area, samples and analysis
2.1. Study area

The Nima basin is a Tertiary sedimentary basin situated in the
central TP. It currently sits at an elevation of 4.5-5 km in the Bangong
suture zone (BSZ) separating the Qiantang and Lhasa terranes to the
north and south, respectively (Fig. 1B). The southern Nima basin con-
tains > 4000 m Tertiary alluvial, fluvial, lacustrine, and lacustrine fan-
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delta deposits that constitute the Nima Redbed Unit (DeCelles et al.,
2007a). In this study, the Dagze Co section in the Nima Redbed Unit,
located between the sections 1DC and 4DC in Fig. 1 of DeCelles et al.
(2007a), was sampled (Fig. 1C). According to DeCelles et al. (2007a,
2007b), the Nima Redbed Unit was deposited during the late Oligocene-
early Miocene, and two tuff ages of 24.9 + 0.1 Ma and 25.8 = 0.2Ma
have been determined in the nearby section 1DC (Decelles et al.,
2007b). A high-resolution magnetostratigraphy of the Dagze Co section
has been acquired at the Paleomagnetism and Geochronology Labora-
tory of the Institute of Geology and Geophysics, Chinese Academy of
Sciences. Based on the age controls in the nearby section 1DC, the
magnetostratigraphy was correlated to the standard polarity time scale
and the obtained polarity sequence was correlated to the geological
time scale 2004 (GPTS 0S2004), covering an age range of 28-23 Ma
(Personal communication with Chunsheng Jin).

2.2. Samples and analysis

A total of 20 samples characterized by lacustrine fine-grained gray
mudstone were collected in the Dagze Co section for organic geo-
chemical measurements in this study (Fig. 1C). Samples of ~50 g were
broken into 1-2 cm® fragments, rinsed with dichloromethane (DCM)
and then pulverized to fine powders. Powdered samples were ultra-
sonically extracted for lipids 6 times (6x) sequentially with MeOH
(2 %), dichloromethane (DCM)/MeOH (1:1, v/v) (2% ) and DCM (2 %),
and all extracts were combined after centrifugation. The solvent was
removed by vacuum rotary evaporation, and then the extract was se-
parated into an apolar fraction and a polar fraction over an activated
alumina column by elution with n-hexane/DCM (95:5, v/v) and DCM/
MeOH (1:1, v/v), respectively. The apolar fraction contained hydro-
carbon compounds, an aliquot of which was used for compound
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Fig. 1. A) The Tibetan Plateau. B) The geological background of the Nima basin on the Tibetan Plateau (after DeCelles et al., 2007a). ATF: Altyn Tagh fault; BSZ:
Banggong suture zone; JSZ: Jingsha Suture zone; ISZ: Indus-Yarlung suture zone. C) Stratigraphic section Dagze Co from which the samples reported here were
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identification and the remaining was further purified for n-alkanes by
urea adduction. The polar fraction contained the brGDGTs. After the
solvent was removed under N,, the polar fraction was redissolved via
sonication (5 min) in hexane/propanol (99:1, v/v) and filtered through
a 0.45 um, 4 mm diameter PTFE filter before instrumental analysis.

Hydrocarbon identification for hopanes, steranes and n-alkanes was
performed on Finnegan SSQ-7000 mass spectrometer connected with a
TRACE 2000 gas chromatographer (GC-MS). The injector temperature
was maintained at 290 °C. The GC oven program increased from 80 °C
(held for 2min) to 140 °C at a rate of 10 °C/min, then continued to
290 °C at 4 °C/min, and was held for 290 °C for 20 min.

The compound-specific 8D and 8'°C values were measured using an
HP 6890 gas chromatographer connected to a Finnigan DELTA plus XL
isotope ratio mass spectrometer (GC-IRMS) via a high temperature
thermal conversion reactor (1450°C) and a combustion reactor
(940 °Q), respectively. In GC analysis module, the temperature program
and capillary column were identical to those for GC-MS. The re-
producibility and accuracy of 8D and 8'3C analyses were evaluated
routinely using a reference n-alkane mixture provided by Indiana
University, with one standard injection per six sample analysis. During
8D analysis the Hs™ factor of IRMS was determined every day and its
values were always < 5 ppm/nA. Besides, the peak area of each target
compound was > 25 V-s, which ensures a reliable 8D value on our in-
strument. The 8D and §'3C were referenced to VSMOW-water and
VPDB, respectively. The standard deviations of duplicate analysis
were < 6.8%o for 8D and < 0.5%o for 8'°C. However, some samples
were analyzed only once for 8D due to low abundances of n-alkanes.

The GDGTs were analyzed by using high performance liquid chro-
matograph-atmospheric pressure chemical ionization mass spectro-
meter (HPLC-APCI-MS) with an Agilent 1200 HPLC instrument/6410
TripleQuad MS instrument. Detection pattern was via selected ion
monitoring (SIM) of [M + H]* ions (in MS1). Separation was achieved
with a Prevail Cyano column (2.1 x 150 mm, 3 pm diameter particles;
Grace, USA), maintained at 30 °C. GDGTs were eluted isocratically with
99% hexane and 1% propanol for 5 min, followed by a linear gradient
to 1.8% propanol in 45min. Flow rate was 0.2mlmin~'. Injection
volume was 10 ul. GDGTs were quantified by integration of the peak
areas. The CBT and MBT indices derived from brGDGTs were calculated
according to the equations established by Weijers et al. (2007b):

CBT = —log([Ib + IIb]/[Ia + IIa])

MBT = [Ia + Ib + Ic]/[Ia + Ib + Ic + IIa + IIb + IIc + IIla + IIIb
+1IIc]

In these equations, I, I, and III represent tetra-, penta-, and hex-
amethylated brGDGTs, and a, b, and c represent 0, 1, and 2 cyclopentyl
moieties in the alkyl backbones.

3. Results and interpretations
3.1. N-alkane distribution and thermal maturity

The carbon number of n-alkanes in study samples ranged from C;¢
to Cs3. Their average abundance exhibited double peak distribution,
with the former peak centered at n-C,g and the latter at n-Cs; (Fig. 2A).
The n-alkanes from C;¢ to Coy did not show a carbon number pre-
ference, whereas those from C,s to C33 were characterized by a pro-
minent odd-over-even preference (OEP). These distribution features are
similar to modern lake sediments that receive OM from both terrestrial
plants (n-Cog_33, high OEP) and aquatic sources (n-Cy4_20, low OEP).
However, aquatic plants, especially submerged plants, have been re-
cently found to also produce substantial amounts of n-Cog and n-Cs;
alkanes in many lakes on the TP (Aichner et al., 2010a, 2010b; Liu and
Liu, 2016; W. Liu et al., 2016), which may confound the conventional
use of these alkanes as an indicator of terrestrial higher plants. But in
those submerged plants, mid-chain n-C,3 and n-Cps are generally
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predominant, which was not the case in our results. Moreover, 8D va-
lues of n-Cy9 and n-Cs; in this study were clearly more negative than n-
Co3 and n-Cys (Fig. 2B), likely indicating different source waters for
them, i.e., meteoric water for n-Co9 and n-Cs; and D-enriched lake
water for n-Cy3 and n-Cys (W. Liu et al., 2016). Therefore, we believe n-
Cqo and n-Cs; are still applicable as terrestrial plant indicators in this
study.

The abundant short-chain n-alkanes and the long-chain OEP suggest
weak post-depositional bio-degradation and/or thermal alteration;
otherwise, short-chain n-alkanes would have been preferentially re-
moved and the long-chain OEP diminished. Further, thermal maturity
of OM was additionally evaluated using sterane and hopane iso-
merization indices (Peters et al., 2004). The biological R configuration
in the side chain of these compounds tends to be isomerized to S con-
figuration, leading to an equilibrium mixture of the R and S diaster-
eomers during thermal maturation. The C3; homohopanes were present
in all samples, and the maturity parameter of 22S/(22S + 22R) ranged
between 0.34 and 0.57 (Supplementary Table S1). The Co9 steranes
were detected in 19 samples, with the maturity parameter of 20S/
(20S + 20R) between 0.08 and 0.39 (Supplementary Table S1). These
values indicate immature to low mature OM (Peters et al., 2004). Both
indices in several samples, mostly in the lower part of the section,
showed elevated values of > 0.5 and > 0.24, respectively, due likely to
slightly enhanced thermal maturity (Fig. 3A).

3.2. Leaf wax 8D and paleoelevation

A typical 8D distribution among n-alkanes is shown in Fig. 2B. It
showed a decrease of 8D with the increase of carbon number, with n-
Cag, n-C31 and n-Cs3 exhibiting the most negative values. Additionally,
in the long-chain homologues from n-Cys to n-Cz3, 8D values of odd-
carbon-number alkanes were markedly lower by up to 30%o than those
of the adjacent even-carbon-number ones. These patterns are common
in modern and ancient samples less affected by diagenetic alteration
and suggest different sources and/or biosynthetic processes for n-alk-
anes (e.g., Tuo et al., 2006; Polissar et al., 2009). 8D values of long
chain n-alkanes derived from terrestrial plants preserved in paleosols
and lake sediments is one of the most promising tools for inferring
changes in paleoprecipitation (e.g. Liu and Huang, 2005; Tierney et al.,
2008; Rao et al., 2009). In our data, 8D values of n-C,, n-Co9 and n-Cs;
(8D,7, 8Dyg and 8Ds;, respectively) were highly correlated with each
other (Fig. 4; Table 1), indicating a similar hydrogen source for them.
However, 8D,g values (—222 * 12%o) was more negative than 8D,
(—206 * 14%0) and more positive than 8D3; (—231 = 11%o). This
occurrence is common for leaf wax lipids in sediments (e.g., W. Liu
et al., 2016), because they are mixtures of various terrestrial plant in-
puts, which have different dominance of individual homologues of
n-alkanes and exhibit substantial 8D variabilities. For example, leaf wax
n-alkanes from grasses generally contain more n-C3; and n-Csz3, while
from forest trees and shrubs usually have more n-C,; and n-Cy (e.g., Liu
and Huang, 2005; Schifer et al., 2016). And, grass lipids are con-
sistently more D-depleted by 30-50%o than trees, shrubs and forbs (Liu
et al., 2006; Hou et al., 2007; Liu and Yang, 2008; Sachse et al., 2012; J.
Liu et al., 2016). Therefore, changes in terrestrial vegetation driven by
changes in hydroclimate may eventually affect 8D values measured on
individual homologues. As a result, precipitation isotope deduced from
leaf wax 8D in sediments may vary depending upon which homologue
is used. It has been proposed that 8D values of n-C,o are the most re-
liable and unbiased indicator for past changes in rainfall and those of n-
Cs; and n-Cz3 are likely more sensitive to grass/tree vegetation changes
(Wang et al., 2013; Vogts et al., 2016). Besides, in this study, gym-
nosperm trees are the dominant plant type (see below) that likely
produce n-Cyo as the main leaf wax n-alkanes, hereby 8D as well as §'C
of n-Cyg (D59 and 8'3Cy, respectively) is used for discussion in the
following.

Because thermal alteration of OM can alter the original 8D through
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Fig. 2. (A) Average relative abundance for n-alkane homologues in study samples. (B) 8D distribution in n-alkanes from a study sample (NM-39-1).

Fig. 3. The organic matter thermal maturity
parameters, i.e., 20S/(20S + 20R) of Cyg
steranes and 22S/(22S + 22R) of Csi;
homohopanes, (A) in the Dagze Co section
along stratigraphic thickness (thickness in-
creases with the age decreases); and (B)
their relationships with 8D of n-C,g alkane.
The red and rounded up symbols were ex-
cluded for subsequent paleoprecipitation
and paleoelevation estimate. See details in
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exchange of carbon-bound hydrogen (Radke et al, 2005;
Schimmelmann et al., 2006), we also examined the impact of thermal
maturity on 8Dyg as shown in Fig. 3B. There were weak positive rela-
tions of 8Dy9 with the Cyg sterane and Cz; homohopane indices, re-
spectively. However, the positive trends were predominantly de-
termined by four higher values of the both indices (data points rounded
up in Fig. 3B), located at the lower positions of the study section. By
excluding the four samples, no trend can be seen between thermal
maturity and 8D,9, indicating little diagenetic and thermal impact on
8Dy for the remaining samples. Nevertheless, four additional samples
were further excluded for robust application of 8D,g as source water
proxy. These four samples exhibited relatively higher maturity values,
with two showing C3; homohopane index of 0.50 and 0.52 and the
other two showing C,g sterane index values of 0.27 and 0.30 (Supple-
mentary Table S1).

The diagenetically and thermally unaltered 8Dy in study samples
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based on above examination showed a mean value of —222 *+ 12%o
(n = 12; Table 1). In recent years, there have been several works re-
porting leaf wax 8D in surface soils and lake sediments on the TP, which
allows a comparison between the past and the present. Considering that
the paleolatitude of the Nima basin was similar to present (e.g., Chen
et al., 2017; Meng et al., 2017), such a comparison was confined to the
southern TP (< 30°N; > 4000 m altitude) in order to minimize present
continental effect on moisture isotopes (e.g., Bai et al., 2012; Li and
Garzione, 2017). We found our 8Dy values were quite similar with
reported values. For example, 8D,g ranges from —240%o to —193%o
with a mean of —222 =+ 18%o in surface sediments of five lakes
(Miigler et al., 2008; Aichner et al., 2010b; Bird et al., 2014) and from
—264%0 to —211%o0 with a mean of —231 * 14%o in surface soils
(n = 33; Bai et al.,, 2012, 2015; Wang et al., 2017). In TP south of
~30°N, 8D in soils increases with the decrease of altitude (Bai et al.,
2012, 2015). Thereby, the similarity of our 8D,g values with those
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Fig. 4. Relationship of isotope compositions of n-Cy9 with n-Co; and n-Cs; alkanes, respectively, in study samples in the Nima Basin.
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Table 1
The 8D and §'3C values (%o, relative to VSMOW-water and VPDB, respectively) of leaf waxes n-alkanes, and brGDGT-derived CBT and MBT.
Sample ID Depth 8Da; 8D 8D3; 813C,;, 813Cy0 813Cs; CBT MBT
NM-47 990.4 —185 -202° —222 -30.0 —29.1 —-29.5 - -
NM-46 988.7 —-176 —206 —225 —-29.6 —29.1 —28.8 - -
NM-44 937.4 —206 —216 —244 -30.3 -30.1 - 0.31 0.46
NM-43 911.3 —226 —236 —238 -30.2 —-30.5 -30.9 0.21° 0.36"
NM-42 890.2 —198 —220 —230 —-29.7 —29.7 —30.2 0.28" 0.36"
NM-41 888.5 —202 —214 —-213 —30.4 -31.5 -31.1 0.44" 0.38"
NM-39-1 864.3 —-217 —232 —239 —-31.4 —-31.3 -31.7 0.20° 0.41°
NM-38 863.7 —199 —209 —223 -30.5 —30.2 -30.0 0.18 0.43
NM-36 799.6 —218 —246 —242 —-30.0 -30.1 —30.6 0.14 0.53
NM-32 739.9 —204 —222 —236 -29.1 —29.9 —30.2 - -
NM-30 715.4 —210 —222 —229 —-29.3 —29.4 —29.8 - -
NM-26 631.6 —156 —168 ° -195 —-29.7 —29.6 —-29.4 0.50 0.58
NM-24 610.1 —190 —216" —227 -29.8 —30.1 —30.2 0.23 0.40
NM-20 586.8 —-217 —227 —239 —-29.9 —30.1 —30.8 - -
NM-18 563.9 —211 —225% —-230 —-31.4 —-31.4 —-31.3 0.37 0.49
NM-14 532.4 —194 —209 —212 —30.2 —30.5 -30.5 0.25 0.36
NM-06 466.7 —140 -1617 —157 —-29.2 —30.1 —29.2 0.34 0.36
NM-03 448.4 —180 —189° —207 —-29.6 —29.1 -30.0 —-0.37 0.23
NM-02 435.4 —218 —228" —-235 —28.8 —-289 —-30.0 - -
NM-74 425.0 —152 -173 —188 -29.9 —30.3 —29.5 0.44 0.59

- not detected.
? Values were not used for calculating meteoric 8D as discussed in the text.
> Values were not used for calculating temperature as discussed in the text.

modern data could imply a high altitude (> 4000 m) of the south TP
during the mid-Cenozoic, as calculated below in detail.

We used 8Dy values to estimate paleo meteoric water 8D (8D;,). The
apparent fractionation between the two, i.e., £c29,, = [(8D29 + 1000) /
(8D, + 1000)] — 1, has been found varying in a large amplitude, which
is associated with local geographical/climatic conditions and vegeta-
tion types (e.g., Sachse et al., 2012; Bai et al., 2015). For ecag,p, esti-
mation, influences of local geographical and/or climatic conditions in
the past are hard to constrain, but that of vegetation could be semi-
quantified by pollen analysis and comparison with modern data (Hou
et al., 2008; Sachse et al., 2012; J. Liu et al., 2016). Pollen analysis from
7 of our samples showed that gymnosperm was predominant
(58.3%-97.1% range, 86.3% average), with minor angiosperm
(1.4%-36.6% range, 8.7% average) and ferns (1.1%-11.6% range, 4.9%
average) (Personal communication with Fuli Wu). According to the
compilation of modern data by Sachse et al. (2012), gymnosperm, Cs
dicots (here we surmise angiosperm were mainly Cs dicots because C4
grasses expanded later in the late Miocene (e.g., Tipple and Pagani,
2007)) and ferns are similar in &gy, values, ie., —110 = 24%o,
—113 + 30%0, —108 * 7%o, respectively. Recently, a more com-
prehensive data show similar a9, values for gymnosperm (—106%o)
and dicots (—107%o) (J. Liu et al., 2016). So, we simply applied
—110 = 24%o for gymnosperm as the ecy9,, value for our samples. By
using this value, the 8D,9 were then converted to 8D, yielding a mean
8D, value of —125 * 13%o, ranging from —153%o to —108%o (Sup-
plementary Table S1). Here, we adopted the premise that sites located
on the southern TP received southerly moisture dominantly from the
Indian Ocean, regardless of plateau development (DeCelles et al.,
2007b; Polissar et al., 2009; Quade et al., 2011). Then 8D, was recasted
as 8180p according to the global meteoric water line (GMWL), i.e.,
8D = 8 x 8'80 + 10, yielding a mean 8180p value of —16.9 * 2.0%o,
ranging between —20.3%o0 and —14.8%o. This mean value is close to
the §'%0,, value of —14.3%o that has been calculated from corrected soil
carbonate §'80 (i.e., —14.4%0) by assuming a carbonate forming
temperature of 14 °C (DeCelles et al., 2007b). Further, actual 8180p may
have been lower than the value derived from soil carbonate owing to
possible evaporation in paleosol water (DeCelles et al., 2007b), hence
likely more close to the 8Dyo-derived value here. Therefore, compared
with soil §'80, plant-wax 8D values likely provide an estimate for
precipitation 8D that is less changed by evaporation. Similar conclusion
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has been drawn by several authors (e.g., Miigler et al., 2008; Polissar
et al., 2009).

In this study, paleoelevations were calculated using two different
methods: one was according to the isotope-elevation model based on
the Rayleigh distillation with a temperature-dependent isotopic frac-
tionation factor (Rowley et al., 2001; Rowley and Currie, 2006; Rowley,
2007), the other was the application of the altitudinal lapse rate of 8D,
Both methods used a low-elevation reference, which is the sea-level
moisture at the tropical ocean as has been applied by others (e.g.,
Quade et al., 2011; Gébelin et al., 2013). The 880 value for sea-level
moisture in tropical source region has been estimated to be —5.8%o
during the latest Oligocene—early Miocene (Quade et al., 2011; Gébelin
et al., 2013), and the corresponding 8D value is —36%o based on
GMWL. Thereby, the mean offsets in precipitation isotope composition
(A8'®0,, and A8D,, respectively) between the Nima basin and the seal
level were ca. —11.1%o0 (from —14.5%0 to —9.0%o) for AiilsoP and
—89%0 (—117%o to —72%o) for ASD,. By using the quartic equation
presented in Rowley (2007), the ASIBOp values yielded a mean eleva-
tion of 4546 = 340 m (n = 12), with + 1o model uncertainties in the
range of 717 to 997 m and —1o model uncertainties of —1189 to
—889 m (Supplementary Table S1). As to the lapse rate of 3Dj, global
values in the range of —10%o to —40%o/km have been reported in
literature (Ramesh and Sarin, 1992; Araguas-Araguas et al., 2000;
Mulch et al., 2006), and in the southeast TP they vary in a narrower
range from —14%o to —24%o/km (Bai et al., 2015 and references
therein). By using a mean 38D, lapse rate of —19%o/km here, ASD,
values resulted in a mean altitude of 4680 m (from 3800 to 6160 m),
quite similar to the results from the Rowley's model.

The agreement between the above two methods indicates that (1)
our conversion of leaf wax-derived 8D, to §'%0,, according to GMWL for
the Nima basin is feasible because the leaf wax-derived 3D, was not
converted to 8180p in the method using the 8Dy, lapse rate, and (2) the
rainout process during moisture transport to the paleo Nima basin is
consistent with Rayleigh distillation.

3.3. Leaf wax §"C and paleoelevation
The 8'3C of the long-chain odd-carbon-numbered n-Cy;, n-Cyo and n-

Cs; were similar in mean values (—29.9 + 0.6%o0 for 8'°C,y;
—30 = 0.7%o for 8'%Cyg; —30.2 = 0.6%o for 8'%C3;) and positively
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correlated with each other (Fig. 4, Table 1). Values of 8'3Cyq in the 20
samples were between —31.5%0 and —28.9%o, with an average of
—30.0 = 0.7%o. According to Tipple et al. (2010), 8'3C of atmospheric
CO,, during the latest Oligocene and early Miocene are ca. —6.0%o, thus
yielding a value of —24.0 = 0.7%o for the apparent carbon isotopic
discrimination for n-Csg (€c29.co2) in our data. This £cog9.con Value is
well within the range, but slightly higher than the average of — 26.5%o,
for C; plants between —33%o and —19%o compiled by Jia et al. (2012).
In this study, the contribution of C4 plants was not considered, because
it has been well established that C4 grasses are not a significant com-
ponent in tropical ecosystem until the late Miocene (e.g., Tipple and
Pagani, 2007).

It has been found that carbon isotope discrimination during pho-
tosynthesis of terrestrial C; plants in global wet areas decreases with
altitude irrespective of plant life form and taxonomic group (Korner
et al., 1988, 1991). This occurrence could be associated with greater
carboxylation efficiency at high altitudes due mainly to changing par-
tial pressures of CO, and/or O, under systematic changes of tempera-
ture, precipitation and vegetation with elevation (Korner et al., 1991;
Kelly and Woodward, 1995). Although the range of reported C5 species-
level response to elevation is large (e.g., —0.9% to +2.7%km™%;
Korner et al., 1991), the average response to elevation based on thou-
sands of C; plant species is +1.2 = 0.9%o/km varying between
+1.1%o0/km and +1.3%o/km from numerous mountain ranges of the
globe (e.g., Korner et al., 1988, 1991; Li et al., 2007). A more recent
study on 8'3C of bulk plant leaves and leaf wax n-alkanes across an
elevation gradient on the eastern flank of the Andes Mountains also
reveals robust trends of +0.87 * 0.16%o/km and +1.45 * 0.33%o0/
km, respectively (Wu et al., 2017). Although drought condition has
been argued to confound this trend (e.g., Van de Water et al., 2002),
numerous studies still show that C5 plants increase in 8'C with altitude
on the arid TP (annual mean precipitation < 500 mm) (e.g., Qiang
et al., 2003; Wang et al., 2003; Li et al., 2006; Liu et al., 2007; Wang
et al., 2008). Typical vegetation on present TP above 4000 m are alpine
meadow and steppe, the §!3C of which has been reported with a mean
value of —25.5 *= 1.7%o (n = 79; Xu et al., 2010) or — 25.4 = 0.9%o
(n = 88; Yang et al., 2015) in large-scale investigations. Recently, C,4
grasses are discovered in the warmest months on the Tibetan Plateau,
but they account for negligible amounts of the biomass (e.g., Wang
et al., 2008). Comparatively, 813C of Cy plants in low altitudes are
evidently lighter, e.g., —29.5%o in Nepal south of TP (250-800 m al-
titude; Pokharel et al., 2015) and —29.6%o0 on the foot of Mount
Gongga east of TP (~1000 m altitude; Li et al., 2009). According to the
average 8'3C altitudinal increase of 1.2%o/km, the modern 8'3C dif-
ference of ca. 4%o between the high and low altitudes corresponds to ca.
3300 m elevation difference, which is roughly consistent with the fact.

However, due to the high variability of this trend among plant
species, it is necessary to know whether the overall vegetation trend can
be documented in sedimentary archives before its utilization for pa-
leoelevation reconstruction. Indeed, it has been shown that soil 813C0rg
can provide useful estimators of vegetation isotopic composition, and
when compared to the measurements of the vegetation, it offers the
advantage of an easily obtained value that naturally integrates over
plant material and time (e.g., Balesdent et al., 1993; Powers and
Schlesinger, 2002; Yang et al., 2015). Such integration may benefit
palaeo-ecological or biogeochemical studies at higher spatial scales
(e.g. landscape or region) (Médnnel et al., 2007). In fact, the average
species-level 8'3C response of C; plants to elevation has been found to
be well recorded in the underlying soil organic carbon (Bird et al.,
1994; Powers and Schlesinger, 2002; Lii et al., 2004; Wei and Jia,
2009), suggesting that the average responsive trend on species level
may be scaled up linearly to community and landscape levels. More-
over, soil data show less scatter than the vegetation, indicating that soil
813C°rg, as an integrator, may reduce some of the species- and tissue-
specific variability in 8'3C (Bird et al., 1994; Wei and Jia, 2009). More
recently, this occurrence has been found true even in the semi-arid to
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arid Qilian Mountain area, NE Tibetan Plateau (Zhao et al., 2017).
However, soil OM is subject to degradation and admixture of microbial
biomass, which would alter its isotopic composition, thereby dis-
counting its reliability as paleo-ecological indicators (Ehleringer et al.,
2000). Comparatively, leaf wax n-alkanes are specific for higher plants,
resistant to degradation and ubiquitous in sediments, allowing it to be a
widely used proxy of land vegetation (Eglinton and Eglinton, 2008). An
investigation on 8'C of OM and leaf wax n-alkanes preserved in surface
soils along the east slope of Mount Gongga reveals paralleled altitudinal
trend between the two, showing increase of 813C with elevation (1.2%o/
km) above ~2000 m, where C4 plants are likely absent (Wei and Jia,
2009). Vegetation 8'3C on the same slope, albeit showing great varia-
bility among species, confirm such a trend (1.3%o/km) (Li et al., 2009).
Therefore, leaf wax 8'3C in sedimentary archives is a potential proxy for
paleoelevation.

In the low-elevation Siwalik foreland south of Himalayas (likely <
500 m; e.g. Polissar et al., 2009), 8'3C,o has been estimated to be
—33.4 = 1.5%o during the latest Oligocene—early Miocene (Jia et al.,
2015). So, the offset of §'°C,g between the Nima basin and Siwalik
foreland is 3.4 = 1.6%o, which could have combined the influences of
altitudinal and local climatic differences. Not considering the climatic
influence, a mean paleoelevation difference can be calculated to be
2800 *= 629 m (n = 20; Supplementary Table S1) by applying an ele-
vational 8'3C gradient of 1.2%o/km for terrestrial ecosystem (Korner
et al., 1988; Wei and Jia, 2009). An uncertainty of this method was
estimated to be 1330 m that is mainly derived from the uncertainty of
8'3Cy, i.e., + 1.5%, in the low-elevation Siwalik.

Comparatively, the 8'3C values of modern and late Oligocene soil
carbonate in the Nima area, reflective of mixing of atmospheric CO,
with plant-derived CO,, are —0.3%o0o and —2.9%o, respectively
(DeCelles et al., 2007b). Such a difference could suggest higher soil
respiration rates, and hence a wetter late Oligocene climate than
modern in the Nima area, although an aridity climate was proposed by
DeCelles et al. (2007b). Alternatively, however, the carbonate isotope
difference may likely be caused by a lower elevation, i.e., ~2000 m
lower, during the late Oligocene, consistent with our lipid §'>C esti-
mate.

3.4. MBT/CBT temperature and paleoelevation

The brGDGTs were detected in 14 out of 20 samples (Supplementary
Table S1). Averagely, the fractional abundance of brGDGT-Ia was si-
milar to brGDGT-IIa and generally two times more than brGDGT-IIla
(Fig. 5B). The relative amount of cyclopentane ring-containing
brGDGTs was generally lower and sometimes not detectable except for
two samples. The CBT values were 0.25 = 0.21, with most in the range
of 0.18-0.50 except one extreme of —0.37. The MBT ranged between
0.23 and 0.59 and averaged 0.42 = 0.10 (Table 1).

BrGDGTs are produced by heterotrophic acidobacteria (e.g.,
Sinninghe Damsté et al., 2011). Weijers et al. (2007b) first demonstrate
that variations in the distributions of the nine brGDGTs are correlated
to environmental conditions in globally distributed soils and develop
calibrations to mean annual air temperature (MAAT) and soil pH based
on MBT and CBT. This soil-based calibration has been used to re-
construct MAAT in marine sediments (Weijers et al., 2007a), loess
(Peterse et al., 2011; Jia et al., 2013), and lake sediments (Fawcett
et al., 2011). However, its application to lakes generally appears to be
complicated by in situ production of brGDGTs in the water column and/
or sediment (Sinninghe Damsté et al., 2009; Tierney and Russell, 2009;
Tierney et al., 2012). Recently, several lake-specific calibrations in-
corporating the potential aquatic contribution of brGDGTs have been
developed, thereby enabling reconstruction of palaeotemperature based
on brGDGT distributions in lake sediments (Tierney et al., 2010a,
2010b; Pearson et al., 2011; Sun et al., 2011; Loomis et al., 2012), al-
though the controls on aquatic brGDGT production remain far from
being understood. The aquatic origin of brGDGTs can be distinguished
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Fig. 5. (A) Structure of brGDGTs and (B)
their average distribution in study sam-
ples. (C) Ternary diagram showing the
fractional abundances of tetra-, penta-,
and hexamethylated brGDGTs. Magenta
triangles: modern lake sediments on TP
(Giinther et al.,, 2014); green crosses:
soils on TP (Giinther et al., 2014); circles:
global soils (Peterse et al., 2012); Red
and blue dots: Nima basin rock samples
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in this study. The four blue dots overlap
the soil data, indicating their soil origin
and thus not used for lake MAAT esti-
mate; while 10 red dots stand out from
the soil data domain, suggesting their
aquatic origin. (For interpretation of the
references to color in this figure legend,
the reader is referred to the web version
of this article.)

lla IIb lic Ilallb lllc

H
lllc 0 0.2
H
A
40
° ~
O 30 |
[ ) E
3 £ 20 ()
= -
(O™
08 10
og
([}
DE 0o [
-10 1 ! 1 1 1
P T L S G
Fig. 6. Br-GDGTs-derived temperatures applying different lake calibrations to
this study.

P: T=29+98.1 X f, — 12.0 X fy, — 20.5 X fyy, (Pearson et al., 2011).

T: T =50.47 — 74.18 X fi, — 31.6 X fy, — 34.69 X fi, (Tierney et al., 2010a,
2010b).

L: T = 2277 — 33.58 X fyj, — 12.88 X fj, — 418.5 X fj;. + 86.4 X fy, (Loomis
et al., 2012).

S: T = 6.803 — 7.06 X CBT + 37.09 x MBT (Sun et al., 2011).

G: T= —3.84 + 9.84 x CBT + 5.92 X MBT’ (Giinther et al., 2014).

by comparison of brGDGT distribution between sediments and soils.
Here, we used a ternary diagram showing the fractional abundances of
tetra-, penta-, and hexamethylated brGDGTs (Fig. 5C). In the diagram,
10 out of 14 of our data stand out from the global soil domain (Red dots
in Fig. 5C). Similar occurrence for data outside the soil trend in the
ternary diagram has been proposed to indicate in situ brGDGT pro-
duction in marine environments (Sinninghe Damsté, 2016). Therefore,
these 10 sample data could be suitable for paleotemperature re-
construction by using lake calibrations. By applying different calibra-
tions to these data, our brGDGTs yielded temperature values showing
discrepancies from 1.3 to 28.8°C (Fig. 6). Temperature discrepancy
between different brGDGT calibrations is common in literature, due
likely to the influences of other variables such as pH, salinity, microbial
production seasonality, etc. (e.g., Pearson et al., 2011; Sun et al., 2011;

04
Tetramethyl brGDGTs

C

06 0.8

Gilinther et al., 2014). The local lake calibration from the TP by Giinther
et al. (2014), which produced lowest temperature of 1.3 + 2.7°C
(Fig. 6), should have been appropriate for this study. However, the
MAATs from which this calibration has been made range from —2 to
+4°C, likely only appropriate for, e.g., the late Quaternary TP that has
similar elevation and environments to present. Moreover, brGDGT
distributions in this study were also distinct from those in modern lakes
and soils on the TP (Fig. 5C), suggestive of different biological source of
brGDGTs in the paleo Nima lake from modern Tibetan lakes and hence
against the use of the modern local lake calibration. Applications of
other lake calibrations by Pearson et al. (2011), Tierney et al. (2010a,
2010b), Loomis et al. (2012) and Sun et al. (2011), respectively, yielded
mean values of 28.8 + 3.3°C, 24.3 = 5.1°C, 22.6 = 7.8°C and
21.5 = 3.1°C (Fig. 6). Here we prefer to accept the global MAAT ca-
libration by Sun et al. (2011), because it contains various lakes covering
wide ranges of climatic conditions, lake sizes and depths. Moreover,
these lakes are located at various altitudes from close to sea level to as
high as 4.4km on the southern TP. In addition, this calibration pro-
duced a narrowest temperature range (SD = = 3.1°C, n = 10) among
the four calibrations. The calibration derived by Pearson et al. (2011),
using the fractional abundances of brGDGT-Ib, -Ila and -Illa, generated
highest temperatures among the four calibrations, but may be compa-
tible with the MAAT values from the calibration of Sun et al. (2011),
because Pearson et al. (2011) specifically use summer air temperatures
for their calibration, suggesting that these higher estimates should re-
flect summer temperatures.

Temperature lapse rate is a prominent feature for elevation gra-
dient, making it a promising proxy for paleoelevation reconstruction
(Stone and Carlson, 1979; Mokhov and Akperov, 2006; Kattel et al.,
2013). Taking the nearby weather station of Bange (31.4°N, 90°E,
4.7 km altitude) as an example, the MAAT is —1.3 °C during the period
1957-1979 (data from www.cma.gov.cn). Comparatively, based on a
global sea surface temperature (SST) climatology, SST at 30°N during
1950-1979 is 22°C (Shea et al., 1992). Thereby, not accounting the
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temperature difference between water and air at the sea level, a tem-
perature lapse rate of ~5.0 °C/km can be estimated. This lapse rate is
well within modern terrestrial temperature lapse rate (TTLR) of
4.6-6.6 °C/km between 20 and 30° N around the central-east Hima-
layas, i.e. in the south, north and east of Himalayas, covering a wide
range of climatic and topographic conditions (Li et al., 2005; Wangda
and Ohsawa, 2006; Kattel et al., 2013; Guo et al., 2015). The paleola-
titude of the Nima basin was likely similar to the present, i.e. ~30° N,
during the late Oligocene (e.g., Chen et al., 2017; Meng et al., 2017),
when the SST at the latitude has been not well constrained. But it ap-
pears that tropical SST is similar to or slightly higher than the present
(Stewart et al., 2004; Zhang et al., 2013; Tremblin et al., 2016) during
the Oligocene after the growth of the first permanent Antarctic ice
sheets at the Eocene —Oligocene Transition at ~33.7 Ma. The tropical
SST is also similar to present during the Pliocene (Brierley and Fedorov,
2010), suggesting little changes of SST in the tropics since the Oligo-
cene. The Neogene global cooing manifests mainly in higher latitudes,
leading to a marked increase of meridional SST gradient at the late
Pliocene-early Pleistocene associated with the onset of Northern
Hemisphere Glaciation (NHG) (Jia et al., 2008a; Brierley and Fedorov,
2010). Before the onset of NHG, an SST value of 26.5 °C at 30°N can be
estimated from the well-constrained meridional SST gradient in the
northern Hemisphere during the early Pliocene (Brierley and Fedorov,
2010). Here, we surmised that the meridional SST gradient during the
late Oligocene is similar to the early Pliocene, and accordingly the SST
of 26.5 °C was used to constrain the paleoelevation of the Nima basin.
In this way, the average temperature difference between sea level and
the paleo Nima basin during the late Oligocene was 5.0 = 3.1°C
(1.0°C to 8.9°C range, n = 10). We also surmised that the modern re-
gional TTLR of 4.6-6.6 °C/km, i.e. 5.6 * 1.0°C/km, is also applicable
to the mid-Cenozoic. By using this TTLR value, the temperature dif-
ferences between sea level and the Nima Basin gave a paleoelevation of
893 *+ 549m (n = 10) (Supplementary Table S1). A method un-
certainty was estimated to be 954 m that was mainly derived from the
uncertainty of paleo MAAT estimates in the Nima basin ( + 5.24°C
according to Sun et al., 2011).

4. Discussions and implications

There are significant differences in paleoelevation estimates of in-
land basins by using different methods in literature. Taking the Nima
basin as an example, DeCelles et al. (2007b) propose a high paleoele-
vation of 4.5-5 km, comparable to today's scenario, by 26 Ma using the
data of paleosol carbonate §!%0; whereas Wang and Wu (2015) suggest
a tropical-subtropical lowland based on a new genus and species of
cyprinid fish found in the same strata. In the nearby contemporaneous
Lunpola basin located also in the BSZ, high elevation > 4km is also
proposed by using the paleosol carbonate §'®0 and leaf wax 8D
methods (Rowley and Currie, 2006; Polissar et al., 2009); however, a
lower elevation of ca. 3km has been argued for according to pollen,
mammal fossil and leaf wax isotope records (Deng et al., 2012; Sun
et al., 2014; Jia et al., 2015).

In this study, three different elevations were yielded for the same
basin. We believe that the inconsistence should be attributed to dif-
ferent rationales of the paleoelevation proxies, as sketched in Fig. 7. For
the paleo Nima basin, it should have located at leeward side of an
orographic barrier, likely the Lhasa Terrain to the south, for the
southerly Indian Ocean moistures (DeCelles et al., 2007a, 2007b), al-
though a specific moisture path cannot be determined in this study.
This condition might be similar to the rain shadow of the modern Sierra
Nevada of California and Washington Cascades, where the stable iso-
topic compositions of meteorically derived surface waters are distinctly
lower in comparison to those in the western windward sides, indicating
a rain-shadow effect (Poage and Chamberlain, 2002; Takeuchi and
Larson, 2005). Moreover, continued Rayleigh distillation of air masses
in the leeward side may lead to increasing *0- and D-depletion even at
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lower altitudes (i.e., inverse isotope-altitude gradients; Moran et al.,
2007), indicating that 8D, in the lee reflects not local elevation as de-
scribed in the model of Rowley et al. (2001) but largely the elevation of
the moisture barrier (Fig. 7). In this study, therefore, regardless of other
confounding factors, we consider that moisture and precipitation iso-
topes in the Nima basin, as well as in the BSZ, may indicate altitude of
the southern Lhasa Terrain barring the Indian oceanic moistures, not
the local elevation of the basin. This scenario could also be applicable to
the §'80-based paleoelevation reconstruction using pedogenic or la-
custrine carbonate on the southern TP. In comparison, §'3C of terres-
trial vegetation may have documented local conditions, such as climate
and partial pressure of CO, and O,, and hence, §'3C, in lake sediments
may reflect the hypsometric mean elevation of the drainage basin that
is generally skewed towards the lower elevations of a watershed
(Fig. 7). In other word, this mean elevation is most likely biased to-
wards the locality that contributed highest terrestrial OM input to the
final lacustrine deposition site, thereby should be significantly lower
than the southern moisture barriers indicated by the 8Dy in this study.
Finally, brGDGTs in lake sediments could have mixed origins from both
allochthonous production in soils and autochthonous production in the
lake (e.g., De Jonge et al., 2014; Sun et al., 2011; Peterse et al., 2014),
which might complicate the derived temperature interpretation. How-
ever, as shown previously, our data indicate that brGDGTs in 10 sam-
ples of the Nima basin were dominantly aquatic origin, allowing us to
choose a lake calibration for temperature reconstruction. In practice,
the CBT/MBT temperature proxy is calibrated to MAATs at the lake
sites (Sun et al., 2011), thereby may reflect MAAT near the lake surface
and yield the lowest elevation relative to the other two methods
(Fig. 7). Therefore, our multi-proxy method resolves the contradiction
of previous paleoelevation estimates, indicating a significant relief of
the basin and a completely different topography during the mid-Cen-
ozoic from today.

The low elevation of Nima basin during the late Oligocene ad-
vocated here is intriguing in that it occurred within a convergent con-
tinent-continent collision zone. Similar to this scenario, the Indus-
Yarlung suture zone south of the Lhasa terrane (Fig. 1; Kapp et al.,
2007) during late Oligocene-early Miocene also contained warm-water
lakes that likely formed at elevations thousands of metres lower than
the modern > 4.5 km elevations of Kailas Formation outcrops (DeCelles
et al.,, 2018). Wang et al. (2015) propose a mechanism of localized
thrust loading for the subsidence and low elevation of the Kailas basin
in response to shortening in the south-dipping Great Counter Thrust
that is on the south side next to the basin. Similarly, in the southern
Nima basin the south-dipping Gaize-Siling Tso and Nima thrusts, which
were established due to continued convergence between the Lhasa and
Qiangtang terranes during the Cretaceous, were reactivated by the late
Oligocene (DeCelles et al., 2007a). Paleocurrent and composition ana-
lyses indicate that materials of the Tertiary Nima Redbed Unit studied
here are derived from southward highlands in the hanging walls of the
Gaize-Siling Tso thrust and the Nima thrust (DeCelles et al., 2007a).
Thereby, the mechanism of Wang et al. (2015) likely is also applicable
to the Nima Basin. However, DeCelles et al. (2011, 2018) argue for the
geodynamic models for the formation of low-elevation Kailas basin, in
which extension and crustal thinning may take place in the upper plate
of colliding orogenic system. If these geodynamic models are appro-
priate to the Nima Basin, the problem of lack of concurrent normal
faults bounding a supposed extensional Niam Basin should be solved,
which is also in suspense for the Kailas Basin (Wang et al., 2015;
DeCelles et al., 2018). Regardless of specific mechanism, our findings
here support that even in extreme collisions, elevation gain may be
punctuated by episodes of local dynamic elevation loss (Saylor et al.,
2009; DeCelles et al., 2018), hence causing a high-relief topography
during the course of TP uplift and growth.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo0.2018.05.041.
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Fig. 7. A sketch showing different implications of
elevation proxies in this study. Different from on the
windward side, 8D of leaf wax lipids on the leeward
side reflects D-depleted moisture climbing over the
mountain barrier that is higher than where terrestrial
plants grow. Whereas 8'3C of leaf wax lipids reflect
growth conditions determined by local elevation.
BrGDGTs are mainly produced in the lake, thus re-
flecting near lake surface temperature. Note that this
sketch is only appropriate to sites receiving moisture
from a single source of the tropical Ocean as assumed
in the text, and latitudinal and continental effects are
neglected.
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