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Abstract: Reconstruction of the paleoaltitude history of the Tibetan Plateau is critical for understanding the 

linkage between tectonics and its effect on regional and global climate change. Presently, most of the paleoaltitude 

studies are concentrated on the southern and southeastern part of the Tibetan Plateau, and few studies have been 

conducted in the central-northern part. In this paper we focused on the Wudaoliang Formation in the Tuotuohe 

Basin, central to northern Tibetan Plateau, to reconstruct paleoaltitude based on carbonate oxygen isotopes. The 

carbonate samples are primary or have experienced an early stage of digenesis. Based on the thermodynamic and 

empirical model results, the paleoaltitude of the Wudaoliang Formation is found to be around 2700-3260 m 

(average of 2980±280 m) in the early Miocene (~24 Ma). Integrating paleoaltitude results from Wudaoliang Basin 

and our results, we conclude that crustal shortening and tectonic activity were strong during the late Eocene to 

early Miocene and relatively weak during the early Miocene in the central-northern Tibetan Plateau. 
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1 Introduction 

 
The Tibetan Plateau is a unique geomorphic feature on Earth due to its high topography (over 4000 

m) and enormous size, and has been the focus of considerable study due to its fundamental role in 
geodynamics and large scale climate change. The uplift history of the Tibetan Plateau influences not 
only Asian and global climate (Molnar et al., 1993; Raymo and Ruddiman, 1992), but also ocean 
chemistry (Richter et al., 1992) , and the evolution of major Asian rivers (Zheng et al., 2013). It is thus 
holds a significant place for earth system science research (Yao et al., 2015). 

Paleoaltitude history is critical for understanding the linkage between tectonics and climate change. 
Although paleoaltitude estimates are at the core of this linkage, uncertainties remain with regard to the 
temporal and spatial paleoaltitude history on the Tibetan Plateau. For example, most of the existing 
paleoaltitude studies are concentrated on the central-southern and southeastern part of the Tibetan 
Plateau (e.g. Su et al., 2019; Ding et al., 2017; Sun et al., 2014; Spicer et al., 2003). Relatively few 
studies have been conducted in the central-northern part of the Tibetan Plateau (Miao et al., 2016; Sun 
et al., 2015; Xu et al., 2013; Quade et al., 2011; Polissar et al., 2009; Cyr et al., 2005). The tectonics of 
the central-northern Tibetan Plateau are especially important because they are controlled in part by two 
major faults – the Tanggula thrust and Kunlun faults. 

The Tuotuohe Basin, a sub-basin of Hoh Xil Basin, is located in the northern part of the Qiangtang 
terrane. It is a foreland basin of the Tanggula thrust fault (Fig.1) (Li et al., 2012). A paleoaltitude 
history reconstruction would help clarify the uplift history of the Tanggula Mts. and the Tibetan Plateau 
as a whole. A number of paleoaltitude studies have been conducted in the Hoh Xil Basin. For example, 
Cyr et al. (2005) applied a geochemical and thermodynamic model, and argued that the mean elevation 
of the drainage basins feeding Hoh Xil was less than 2 km when the Fenghuoshan Group was deposited. 
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But Quade et al. (2011) placed it at 4 km after revisiting the paleolatitude and oxygen isotopes. In 
addition, taking the moisture source into consideration, a “southerly” isotope-elevation gradient 
indicates that 1700 m to 2600 m of uplift occurred between the late Eocene to early Miocene (Polissar 
et al., 2009). Miao et al. (2016) determine a paleoaltitude of <2000 m paleoaltitude in the Hoh Xil 
Basin in the late Eocene, based on palynological assemblages of the TTH-C section and adjacent 
basins.  

Many methods have been used for paleoaltitude reconstruction. One of them is stable isotope-based 
paleoaltimetry. This method can be used to quantitatively estimate paleoaltitude. Especially after a 
thermodynamic model was employed (Rowley et al., 2001), stable oxygen isotopes have been used 
extensively (Xu et al., 2016; Ding et al., 2014; Currie et al., 2005; Cyr et al., 2005). The meteoric δ

18
O 

and δ
2
H meteoric water archives used for such studies are lacustrine, fluvial and paleosol carbonates. 

These deposits are strongly influenced by meteoric water δ
18

O (Garzione et al., 2004), which can 
preserve paleoaltitude information. Stable oxygen isotope- based paleoaltimetry is recognized as a 
reliable method (Li et al., 2016).  

In this paper, we focus on oxygen isotope data collected from the Tuotuohe section of the 
Wudaoliang (WDL) formation. Oxygen isotopes of the authigenic lacustrine carbonates from 
sedimentary sections are used to quantitatively reconstruct paleoaltitude. As each method has its own 
advantages and defects, we employ multiple methods to reconstruct paleoaltitude. Then we discuss the 
uplift history of the Tibetan Plateau in the context of these data along and other observations. 

 
2 Geological Setting and Geochronology 

Tuotuohe Basin is a sub-basin of the Hoh Xil Basin and is bordered by the Kunlun Mts. to the north 
and the Tanggula thrust fault to the south (Fig.1A). The Tuotuohe section (Fig.1B) is located ~20 km 
southeast of Tanggula Town, which is situated at the intersection between the Lhasa-Golmud highway 
and the Tuotuohe River. The WDL formation is dominated by light grey and pearl blue mudstone, 
marlstone, argillaceous limestone and lime mudstone, interbedded with thick gypsum layers. The 
sedimentary environment is interpreted as lacustrine (Fig.2).  

Oxygen isotope results from lacustrine deposits of the WDL formation (core ZK1, 35.1° N, 93.05° 
E), show that the WDL formation formed ~24 Ma, based on a comparison with deep sea oxygen and 
carbon isotopes, as well as the magmatic ages  in the surrounded region (Wu et al., 2009). The ZK1 
core site is located immediately north of our section (Fig.1A) and we therefore consider the basal age 
of the WDL formation in our section to be ~24 Ma. This is consistent with the biostratigraphically- 
constrained basal age of the WDL formation (Zhang and Zheng, 1994) and the timing of granitic 
magma emplacement in the Yaxicuo Formation, covered by the WDL formation in the Fenghuoshan 
Mts. (Wu et al., 2007b). 

Depths of the most negative oxygen values in the section used for paleoaltitude reconstruction are 10 
m, 74 m and 75 m. Assuming the basal age of ~24 Ma, the age at 74 m or 75 m is ~20 Ma, following 
the sedimentation rate estimates of Wu et al., (2009). In this study, an early Miocene is assumed, in 
consideration of the geological setting. 
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Figure 1 Tectonic sketch map of the central-northern Tibet. (A) Topographic map of part of the central northern 

Tibetan Plateau showing the major mountains and study sites. (B) Geological map of the study area in the 

Tuotuohe Basin based on regional geological mapping (QBGMR, 1989). 

 

3 Samples and Methods 
Fifty-eight lacustrine carbonate samples were collected from the WDL formation and analyzed for 

oxygen and carbon isotopes. Care was taken to remove the weathered stratum above each sample, to 
minimize post-depositional weathering, precipitation and evaporation effects (Fig.2).   

Lacustrine carbonates were subsampled using an on-line, automated sample preparation device 
(KielⅢ) linked to isotope mass spectrometer (MAT252). Fresh surfaces of the samples were powdered. 
About 2 mg of each sample was reacted with phosphoric acid at 70°C under a vacuum. The CO2 
produced was purified with a liquid nitrogen-cooled trap system, and measured using a MAT 252 
isotope mass spectrometer. Precision was better than 0.06‰ for carbon and 0.08‰ for oxygen. The 
reproducibility for both oxygen and carbon was better than 0.2‰. The reported isotopic results for both 
oxygen and carbon are reported using standard delta (δ) notation, with respect to the Pee Dee 
Belemnite standard (PDB).  

The carbonate mineralogies, petrographic textures and crystal morphologies were examined with an 
EVO 18 scanning electron microscope, using energy-dispersive x-ray spectroscopy (SEM-EDS). The 
SEM-EDS imaging was performed on coated, freshly broken surfaces of polished samples. The 
imaging and EDS element composition analyses were obtained at a 20 keV accelerating voltage with a 
9.5-10.5 mm working distance. All of the above experiments were conducted in the State Key 
Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of 
Sciences.  
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Figure 2 Lithology of the WDL formation, the isotope sample positions, and sampling site photos. Numbers beside 

the arrows are the most negative oxygen isotope values identified in the WDL formation. 
 
 
4 Results 

 
4.1 Evaluation of potential resetting effects 

Diagenesis can have a substantial influence on the original isotopic composition of the carbonate, 
and lead to unfaithful paleoaltitude results (Garzione et al., 2004). The overprint of diagenesis depends 
on the temperature of calcitization and recrystallization, and the source of fluids. At 
temperatures >40°C, the isotope values will be overprinted (Rowley and Garzione, 2007; Garzione et 
al., 2004). Thus, it is important to assess the diagenetic history at the site. There are other factors as 
well that can influence isotope values, such as tectonic deformation, weathering and exhumation.  

Several lines of evidence suggest that the carbonates used for paleoaltitude estimates in our section 
have not experienced significant diagenesis or other fractionation mechanisms.  

First, fine-grained carbonates are less susceptible to diagenetic alteration because of low 
permeability (Poulson and John, 2003) and fine-grained carbonates are thought to be deposited within 
the lake surface water (Leng and Marshall, 2004). The carbonates collected from the WDL formation 
are relatively compact and resistant to diagenetic alteration. In addition, SEM images show that the 
voids between grains are not filled with fluids. Second, dolomitization does not appear to be a problem, 
as our SEM-EDS results (Fig.3) show that carbonate chemistry is dominated by Ca

2+
, with near zero 

Mg
2+

. Hence the effect of dolomitization is minimal. Third, the samples are mainly composed of near 
subhedral crystalline calcite, suggesting an authigenic origin (Fig. 3). Fourth, ostracods have been 
found in the WDL formation (33°55′45″N, 92°37′13″E)-Tongtianhe section (Liu et al., 2005), some 90 
km SE of our site. The average ostracod δ

18
O value at 23 Ma is about -10.3‰ (Yang, 2009). In our 

section, the most negative δ
18

O values for paleoaltitude reconstruction are -11.1‰, -10.1‰, and 
-10.5‰, at about 23 Ma, with an average of -10.6‰ - nearly the same as ostracod values found for the 
Tongtianhe section. Fifth, whereas tectonic deformation may result in burial of sediments that lead to 
altered δ

18
O values; the WDL formation is nearly horizontal, and did not experience significant crustal 

shortening and deformation (Staisch et al., 2016; Wang et al., 2008; Wu et al., 2008). Sixth, although 
detrital carbonate grains from marine carbonates can impart relatively high or positive δ

18
O values (Li 

et al., 2016), we do not observe positive δ
18

O shifts in our results that would support such detrital input 
(Fig. 4). Seventh, in the Fenghuoshan region, close to our section, low temperature thermochronology 
results suggest that exhumation stopped at ~25 Ma in Hoh Xil Basin (Staisch et al., 2016). Thus, the 
potential for exhumation, which can expose carbonates to air and lead to weathering and altered isotope 
values (Leier et al., 2009) are unlikely. Eighth, according to EDS results (Fig.3), our samples are 
relatively homogeneous and composed mainly of calcite. We expect that the mineral composition 
would have changed if the sample suffered from fluid, tectonic, or deep burial effects.  
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In summary, the carbonate samples in our section for paleoaltitude reconstruction are primary or are 
in an early diagenetically altered state. Hence, these carbonates are suitable for paleoaltitude 
determinations in the Tuotuohe Basin. 

 

Figure 3 Carbonate mineralogy, petrographic texture and morphology examined by scanning electron microscopy 

with energy-dispersive x-ray spectroscopy (SEM-EDS). 
 

4.2 Stable isotope compositions  
Stable isotopes of the Tuotuohe sedimentary section yielded δ

13
Cc (carbonate) values ranging from 

-1.63‰ to 2.6‰, with an average of 0.7‰. The δ
18

Oc (carbonate) value ranged from -11.10‰ to 
0.77‰, with an average of -3.4‰. The C and O isotopes did not covary, as the linear coefficient of 
determination between them (R

2
) is 0.38 (Fig. 4). After evaluating potential diagenetic effects, we 

consider the lacustrine carbonates in the section as mainly primary. In addition, the covariance value 
between δ

18
Oc and δ

13
Cc is less than 0.7, implying a hydrologically open lake system and a short term 

residence condition (Talbot, 1990). Thus, the isotope value of lacustrine carbonate of the Tuotuohe 
section can be used to reflect the mean oxygen isotope content of local precipitation. Hence, the 
carbonates in our section record paleoaltitude information of the surrounding drainage. 

 

 
This article is protected by copyright. All rights reserved. 



 
6 

 

 

Figure 4 Left-δ13Cc versus δ18Oc of the lacustrine carbonate, and linear fit. Right- variation trend of the δ18Oc with 

depth. 

 
 
5 Discussions 
 
5.1 Early Miocene paleoaltitude based on stable isotopes. 

Generally, there are two common methods used for paleoaltitude reconstruction based on stable 
isotopes in the central northern Tibetan Plateau: 1) a thermodynamic model, and 2) an empirical model. 
In this study, we apply both to reconstruct paleoaltitudes of the WDL formation. 

 
5.1.1 Thermodynamic model 

 Evaporation has a strong influence on oxygen isotopes that can lead to relatively positive values, 
and an underestimation of paleoaltitude. The most negative values of lacustrine carbonates provide the 
best record of elevation (Rowley and Garzione, 2007). In the WDL formation, δ

18
Oc values range from 

-11.1‰ to 0.8‰, with an average of -3.5‰ (PDB). We choose the three most negative oxygen values, 
least affected by evaporation, to reconstruct paleoaltitude. They are -11.1‰, -10.1‰ and -10.5‰. 
These corresponded CaCO3 contents are 65.61%, 73.12%, and 71.62%. 

It is critical to know the oxygen value of paleo surface water (δ
18

Opsw) when reconstructing 
paleoaltitude with δ

18
Oc. In order to determine δ

18
Opsw from which ancient lacustrine carbonates 

precipitated, it is necessary to estimate the temperature at which the lacustrine carbonate formed. In the 
Tibetan Plateau, the temperature of carbonate formation is about equal to MAT (mean annual 
temperature), +15°C (Quade et al., 2011). Presently, the mean annual temperature of the Tuotuohe 
section is about -4°C (Yao et al., 2013). Therefore, its formation temperature is about 11°C. In addition, 
lacustrine carbonate is prone to form during summer, when evaporation is stronger (Rowley and 
Garzione, 2007). Currently, the average summer temperature (June-July-August) of the Tuotuohe 
section is about 7°C (thirty years average) and the temperature was about 5°C higher in the early 
Miocene (Lear, 2000). The summer temperature in early Miocene is about 12°C. Here we apply 11°C 
as the formation temperature of the lacustrine carbonate to compute δ

18
Opsw. Given this temperature, 

the equilibrium-fractionation relationship (Kim and O'Neil, 1997) and the translation relationship 
between the PDB standard and the VSMOW (Vienna standard mean ocean water) standard (Coplen et 
al., 1983); the δ

18
Opsw of the Tuotuohe section are -11.6‰, -10.6‰ and -11.0‰ (SMOW) respectively. 

Rowley et al. (2001) put forward a physical and thermodynamic model of oxygen and hydrogen 
isotopes that for low latitude sites (<N 35°). The model uses δ

18
O (SMOW) values to express the 

difference between the isotopic composition expected for the elevation of the site in question, relative 
to sea level. It is critical to determine the isotope composition at sea level in order to determine δ

18
O 

(SMOW) values. There are no reported sea level paleometeoric water values south-southwest of the 
Tuotuohe section for the early Miocene. In addition, it is necessary to determine the moisture source 
because the moisture pathway will affect the isotopic composition.  

There are two primary moisture sources for Tuotuohe section: the westerlies, and the South Asian 
(Indian) monsoon. By inference from 2750 sedimentary carbonate samples δ

18
O values, it appears that 

the spatial distribution of paleo-precipitation was similar to the present since at least the early Eocene, 
and the westerlies have been the main moisture source in central Asia from the early Eocene (Caves et 
al., 2015). The Tibetan Plateau can be divided into three distinct precipitation δ

18
O domains: 1) 
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westerlies, 2) monsoon and 3) transition, according to the present distribution of precipitation δ
18

O 
values, their relationship with temperature and precipitation, and simulated models over the Tibetan 
Plateau (Yao et al., 2013). The westerlies domain (>35°N) is dominated by the westerlies with enriched 
δ

18
O in summer. The monsoon domain (<30°N) is dominated by the Indian monsoon, with depleted 

δ
18

O in summer. The transition domain (between 30°N and 35°N) is controlled by the shifted westerlies 
and Indian monsoon with a complicated change in δ

18
O. Based on the region, the dominant 

atmospheric circulation will vary according to the season. In winter, the whole Tibetan Plateau is 
controlled by the westerlies, while in summer, the southern Tibetan Plateau is controlled by the Indian 
monsoon, with a progressively weaker effect towards the transition zone, and dominated by the 
westerlies beyond that (Yao et al., 2013). 

We consider the moisture source of our section to be the South Asian monsoon, for a number of 
reasons. First, the South Asian monsoon has existed since 25 Ma (Betzler et al., 2016). Second, in 
modern times, during summer, the Tuotuohe section is controlled by the Indian monsoon, even though 
much more complicated landforms exist, as compared to the early Miocene (Yao et al., 2013). Third, 
the paleoaltitude is ~1000 m, based on a dozen well preserved skeletons and fifty plant megafossils in 
Nima and Lunpola basins at ~24 Ma (Wu et al., 2017). At this elevation, South Asian monsoon 
moisture would reach the central Tibetan Plateau. Recent evidence also suggests that the climate was 
wet and warm then, based on late Oligocene–early Miocene fossil palm leaves found in the Lunpola 
Basin (Su et al., 2019). The Lunpola Basin was connected with the Tuotuohe Basin during the early 
Miocene by a series of lakes (Wu et al., 2008). Fourth, although the westerlies could have supplied 
some moisture to our site, during the late Oligocene to early Miocene, the Neotethys had retreated 
towards the west, with a Turanian shallow shelf (Popov et al., 2004). Hence, we prefer to use a South 
Asian monsoon summertime moisture source for the Tuotuohe region in the early Miocene.  

We adopt a modeled paleowater isotope value of -5.8‰ (Quade et al., 2011) to reconstruct the 
paleoaltitude of the Tuotuohe section. This value changes little since the Eocene, due to the offsetting 
effects between northward drift of the Tibetan Plateau and global cooling, and ice cap expansion 
(Quade et al., 2011).  

According to the model of Rowley and Garzione (2007), the most depleted sample with a δ
18

O
（SMOW）of -5.82‰ yields an estimated paleoaltitude of 3074.4 m with 1σ uncertainty of 
(+452.2/-597.6 m) and 2σ uncertainty of (+621.5/-1260.6 m). The secondary depleted samples of -4.82 
and -5.19 yield estimated paleoaltitudes of 2678.1 m and 2830 m, respectively. Respective 1σ and 2σ 
uncertainties are (+362.7/-494.1 m), (+494.6/-1093.5 m) and (+395.9/-532.8 m), (+541.5/-1157.5 m) 
(Tab. 1 and Fig.5). 

 
5.1.2 Empirical model 

Differences in precipitation sources may result in different relationships between oxygen isotopes 
and paleoaltitude (Tian et al., 2001). So it is necessary to build an empirical model specific to the local 
setting to accurately follow the paleoaltitude history. 

Wu et al (2007) has studied this aspect in some detail. An empirical model was established by 
statistical analysis of carbon and oxygen isotopes, based on 35 lacustrine samples from 14 locations at 
different elevations in the central southern Tibetan Plateau (Wu et al., 2007). These resulted in the 
following equations, used in this study: 

T= [-0.65 (δ
18

O-6.38)
2
+464.37]

1/2
+0.91 (where T is annual temperature) 

H= -11.856 (T-6.693)
2
+4577.60 (where H is paleoaltitude) 

Results from the empirical oxygen isotope model yield paleoaltitude results of 3266 m, 3100 m and 
3161 m corresponded to the oxygen isotope values of -11.1‰, -10.1‰ and -10.5‰, respectively. These 
results agree closely with the thermodynamic model results (Table. 1).  

In summary, based on thermodynamic and empirical model results, the paleoaltitude of the WDL 
formation in the early Miocene is 2700-3260 m, with an average of 2980±280 m. 

Table 1 Reconstructed paleoaltitude based on thermodynamic and empirical models 

Sample 

δ
18

Oc

（PDB） 

(‰) 

δ
18

Oc

（SMOW） 

(‰) 
T(°C) 

δ
18

Opsw 

(SMOW)
a
 

(‰) 

Source 

water(δ
18

O 

SMOW) 
b 

(‰) 

△δ
18

Opsw

（SMOW） 

(‰) 

Thermodynamic 

elevation with error 

(2σ)
 c
  

(m) 

Empirical 

elevation
 d 

(m) 

WDL-10 -11.1 23.6 11 -11.62 -5.8  -5.82 3074(+621.5/-1260.6) 3266 

WDL-74 -10.1 22.6 11 -10.62 -5.8  -4.82 2678(+494.6/-1093.5) 3100 

WDL-75 -10.5 22.6 11 -10.99 -5.8  -5.19 2830(+541.5/-1157.5) 3161 
a 
reconstructed from (Kim and O'Neil, 1997) 

b 
is from New Delhi (Quade et al., 2011) 

c 
is based on (Rowley, 2001) 

d 
is based on (Wu et al., 2007) 
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Figure 5 Reconstructed paleoaltitude of the WDL formation in the early Miocene using a thermodynamic model 

based on the three most negative oxygen values. 

 
 

Recently, a study comparing simulated δ
18

Oc values with published data suggests that the 
paleoaltitude of the Tibetan Plateau does not exceed 3000 m during the Eocene (Botsyun et al., 2019). 
Theses authors consider the oxygen isotope data and paleoaltitude results in light of the fossil record. 
They conclude that the oxygen isotope paleoaltimetry method is not suitable in the Eocene Asia due to 
the convective precipitation, widespread aridity and a mixture of air mass sources (Botsyun et al., 
2019). Here, we suggest for a number of reasons, that the oxygen isotope paleoaltimetry method should 
be valid during the Eocene, especially for the younger deposits in the central-southern Tibetan Plateau. 
First, the isotope paleoaltimetry method is based on modern thermodynamic observations (Rowley et 
al., 2001). Reconstructed oxygen isotope paleoaltitudes are more accurate for younger sediments, as 
compared with older ones. Second, the topography and precipitation drivers since the early Miocene 
were similar to today in the central-southern Tibetan Plateau. This includes the Himalaya orogen, 
Gangdese Mts., Tanggula Mts. etc. (Ding et al., 2017; Ding et al., 2014; Staisch et al., 2014) South 
Asian Monsoon (Betzler et al., 2016) and paleolatitude (Meng et al., 2017). Third, carbonate is mainly 
formed in summer (Rowley and Garzione, 2007). The Tuotuohe Basin in particular, may have been 
influenced by monsoonal precipitation, in view of its paleolatitude during the Eocene (Lippert et al., 
2011). Today Tuotuohe precipitation is still controlled by the Indian monsoon in the summer, based on 
oxygen isotopic observations and models for the Tibetan Plateau (Yao et al., 2013). Fourth, late Eocene 
paleoaltitude results in the Tuotuohe Basin reconstructed by the oxygen isotope method are consistent 
with pollen results (Miao et al., 2016). 

Taking together, the points above show that the oxygen isotope paleoaltimetry method has potential 
in the Tuotuohe Basin especially for the young deposits, as for example, the WDL formation.  

 
5.2 Tectonic implications 

At the base of our section, pollen evidence indicates a relatively low paleoaltitude in the Tuotuohe 
Basin (mostly <2000 m) in the Late Eocene (40-37 Ma) (Miao et al., 2016). However, the basin 
reached 2700-3260 m by the early Miocene, which implies that crustal shortening and tectonic activity 
were strong during the late Eocene to early Miocene. This paleoaltitude change is consistent with 
observed geological constraints on the tectonics in the central Tibetan Plateau. For example, the 
Tanggula thrust system developed during 52-23 Ma and there was 89 km of N-S crustal shortening (Li 
et al., 2012). Low temperature thermochronology is commonly used to interpret crustal deformation 
time (Ehlers and Farley, 2003). In the Fenghuoshan Group, the thermal histories of the north and south 
Fenghuoshan Thrust Belt constrained by modeling of apatite fission track, and (U-Th)/He data, suggest 
the initiation of rapid cooling in the late Eocene, and that it ceased by 31–25 Ma (Staisch et al., 2016). 
In addition, a series of thrust belts have been confirmed in the central Tibetan Plateau and these belts 
developed primarily between the Eocene to early Miocene (Li et al., 2015; Wu et al., 2012; Wu et al., 
2007a). 

In the Wudaoliang Basin, a Miocene barberry was discovered which suggests a paleoaltitude of ≤ 
3000 m at 17 Ma (Sun et al., 2015). However, the paleoaltitude in the Tuotuohe Basin is 2980±280 m 
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in the early Miocene. On account of the paleoaltitude evidence, we conclude that crustal shortening in 
the Hoh Xil Basin or central northern Tibetan Plateau is relatively weak during the early Miocene. This 
is consistent with the vast early Miocene inter-connected lake system, distributed across the whole 
central Tibetan Plateau, as well as the nearly horizontal attitude of the WDL formation (Wu et al., 
2008). 

 
6 Conclusions 
 

(1)We analyzed primary or early-diagenetic carbonates from the Tuotuohe section to reconstruct a 
paleoaltitude history. 

(2)Based on both thermodynamic and empirical model results, the paleoaltitude of the WDL 
formation in the early Miocene was 2700-3260 m, with an average value of 2980±280 m. 

(3)Crustal shorting and tectonic activity were strong during the late Eocene to early Miocene and 
relatively weak during the early Miocene. 
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Fig.1. Tectonic sketch map of the central-northern Tibet.  
(A) Topographic map of part of the central northern Tibetan Plateau showing the major mountains and study sites. 
(B) Geological map of the study area in the Tuotuohe Basin based on regional geological mapping (QBGMR, 
1989). 

 
Fig.2. Lithology of the WDL formation, the isotope sample positions, and sampling site photos. Numbers beside 

the arrows are the most negative oxygen isotope values identified in the WDL formation. 

 
Fig.3. Carbonate mineralogy, petrographic texture and morphology examined by scanning electron microscopy 

with energy-dispersive x-ray spectroscopy (SEM-EDS). 

 
Fig.4. Left-δ13Cc versus δ18Oc of the lacustrine carbonate, and linear fit. Right- variation trend of the δ18Oc with 

depth. 

 
Fig.5. Reconstructed paleoaltitude of the WDL formation in the early Miocene using a thermodynamic model 

based on the three most negative oxygen values. 

 

Table.1. Reconstructed paleoaltitude based on thermodynamic and empirical models 
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