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Supplemental Figure S2. Core pictures showing the locations from where clumped-isotope 
samples were collected. 

Supplemental Figure S3. Annual soil temperature variation and soil-temperature profiles in the 
literature compared to our models. 

Supplemental Figure S4. Relationship between air and ground temperatures 

Supplemental Figure S5. Changes in modern T-elevation gradients according to variations in 
mean temperatures. 

Supplemental Figure S6. Plots of ∆47 versus 𝛿18O‰ and 𝛿13C‰ versus 𝛿18O‰ from clumped-
isotope analyses. 

Supplemental Figure S7. Plio-Pleistocene MAATs and paleoelevation estimates for the Lake 
Qinghai Basin (LQB) compared to regional and global records (AMJJASO transfer functions). 

Supplemental Figure S8. Plio-Pleistocene MAATs and paleoelevation estimates for the Lake 
Qinghai Basin (LQB) compared to regional and global records (AMJJASO-JJA transfer 
functions). 

Supplemental Figure S9. Modeled (underground) soil temperatures at depths ranging from 40 
to 100 cm. See Supplemental Note 3 for details. 

Supplemental Figure S10. Results of tests of significance between mean MAATs in the 4 age 
groups. The figure shows two-sample z-tets and two-sample-one-tail t-tests to help decided 
whether there is significant difference between the mean MAAT values of groups 1 and 2, 2 and 
3, 3 and 4. 
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Supplemental Figure S11. Results of tests of significance between mean MAATs in the oldest 
segment (groups 1 and 2) and mean MAATs in the youngest segment (groups 3 and 4) (i.e., 
before and after 3.6 Ma). The figure shows two-sample z-tests and two-sample-one-tail t-tests to 
help decide whether there is a significant difference in mean MAATs of groups 1+2 (4.85–3.7 
Ma) and groups 3+4 (3.5–2.06 Ma). 

Supplemental Figure S12. Mineral compositions of 20 samples from the Yilang core spanning 
3.0–3.8 Ma and sand percentage spanning 2.0–5.1 Ma. a) Composition of all samples. b) 
Percentage of calcite, dolomite and quartz. c) Percentage of calcite and dolomite. d) 100% 
stacked bar plot showing the proportion of calcite, dolomite and quartz. e) 100% stacked bar plot 
showing the relative proportions of carbonatic minerals calcite and dolomite. f) Percentage of 
sand and gravel (>63 μm) in the core, SEM samples, and clumped isotope samples from 2.0 to 
5.1 Ma. 

Supplemental Data 1. Description of sediment core units and respective subunits based on 
sedimentary textures and structures. Mean oxygen and carbon isotopic composition of each unit 
and subunit. 

Supplemental Data 2. Analytical results - oxygen and carbon carbonate isotopic composition. 
Interpreted environments are shown for each datapoint. Grain size and CaCO3 content (%) also 
shown. 

Supplemental Data 3. Summary of clumped-isotope analytical results, calculated MAATs and 
calculated elevations. 

Supplemental Data 4. Air T, ground T and Relative humidity data measured in the NETP 
averaged during JJA, AMJJASO and annually. Data from 199 meteorological stations in the 
NETP region. 

Supplemental Data 5. Lake T data for NH lakes above 20°N, based on the global compilation 
by Hren and Sheldon (2012). 

Supplemental Data 6. Modeled underground Ts (soil Ts) for each station location during JJA 
and AMJJASO based on monthly air T and ground T from 199 weather stations in the NETP 
region. 

Supplemental Data 7. Monthly air Ts and ground Ts (z = 0) from 199 weather stations in the 
NETP region are used to model NETP monthly and seasonal soil (underground) T profiles using 
soil physics principles. 

Supplemental Data 8. Clumped isotope thermometry analytical results. 

Supplemental Data 9. Monte Carlo simulations for each sample. In step 1, we use transfer 
functions to find MAATs corresponding to lake surface water Ts during AMJJASO. In step 2, 
we used calculated MAATs in step 1 to find corresponding elevations in the NETP region. 

Supplemental Data 10. Monte Carlo simulations for each sample. In step 1, we use transfer 
functions to find MAATs corresponding to lake surface water Ts during JJA. In step 2, we used 
calculated MAATs in step 1 to find corresponding elevations in the NETP region. 
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Supplemental Data 11. Monte Carlo simulations for each sample. In step 1, we use transfer 
functions to find MAATs corresponding to soil Ts (50 cm depth) during AMJJASO. In step 2, 
we used calculated MAATs in step 1 to find corresponding elevations in the NETP region. 

Supplemental Data 12. Monte Carlo simulations for each sample. In step 1, we use transfer 
functions to find MAATs corresponding to soil Ts (50 cm depth) during JJA. In step 2, we used 
calculated MAATs in step 1 to find corresponding elevations in the NETP region. 

Supplemental Data 13. Calculation of cooling rates for the Lake Qinghai Basin and Weihe 
Basin (Wang et al., 2019). Calculation of average MAAT and elevation for the four main 
segments of the core. 

Supplemental Data 14. Mineral components in samples spanning 3.0–3.8 Ma obtained from 
scanning electron microscope (SEM) analysis. 

 
SUPPLEMENTAL METHODS 
 
Supplemental Methods 1. Statistical zonation and division of the core into units and 
subunits 
 

In order to evaluate if our sedimentology-based division was robust, we divided our data 
series into segments using a statistical zonation approach known as “local boundary hunting” 
(Davis, 2002). This method defines local boundaries associated with the steepest gradients in the 
series, i.e., higher rates of change in the dependent variable (𝛿18O, 𝛿13C, grain size <4 μm %, 
grain size >40 μm %, grain size >63 μm %, CaCO3 content %) with respect to the independent 
variable (age). These gradients are calculated by examining how the dependent variable changes 
across a window 2h centered at each point. A comparison is made between the half window in 
advance of the data point {a: a+h} and the half window behind it {a: a-h}. In our case, the metric 
used to measure the difference between the two sides of the window for each point is the 
generalized distance (D2) 

𝐷ଶ=
ሺ𝜇ି௛ െ 𝜇ା௛ሻଶ

𝜎ଶ
ି௛ ൅ 𝜎ଶ

ା௛
 

where μ is the arithmetic mean of the dependent variable, σ is the variance of the dependent 
variable and the subscripts indicate the halves of the window around each point. Given the 
resolution of our data set and after trial calculations, we chose a window h = 10 that we 
evaluated as appropriated not to create too much or too few segments. Supplemental Figure 1 
shows dependent variable values and respective calculated D2 values plotted versus age. We 
combined and plotted peaks in D2 values obtained from all dependent variables versus age, 
interpreted to represent significant changes in grain size and/or stable isotope geochemistry. We 
compared these boundaries to the boundaries we have set based on core sedimentary textures and 
structures. We show that all of these sedimentology-based boundaries have a correspondent 
boundary found via the “local boundary hunting” method. However, not all boundaries found by 
the “local boundary method” have a correspondent sedimentology-based boundary. This 
suggests that all changes in depositional environments we have described are marked by 
geochemical and/or grain size changes in the record, yet some of these features cannot be 
determined visually. 
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Supplemental Methods 2. NETP Soil thermal profile 
 
▪ Thermal regime of soil profiles 
 

A soil T profile is built from a set of T values that are measured or modeled at the ground 
surface (z = 0 cm) and at different depths underground (z>0 cm) over the year. The simplest 
mathematical representation of a soil thermal regime assumes all depths in the soil have 
temperatures oscillating as a pure harmonic (sinusoidal) function of time around an average 
value (Hillel, 1982; Supplemental Fig. 3a). The underground annual T oscillates with the same 
frequency as the ground T, but, with depth, the wave amplitude decreases and the phase lag 
increases (Williams and Smith, 1989). The underground temperature (UT) at any depth (𝑧) can 
be represented as a sine function of time (𝑡): 

𝑈𝑇ሺ𝑧, 𝑡ሻ ൌ 𝑀𝐴𝐺𝑇 ൅
𝐴௚௥௢௨௡ௗ

𝑒௭ሺఠ ଶ஽ሻ⁄
భ

మൗ
sin ቈ𝜔𝑡 െ 𝑧 ቀ

𝜔
2𝐷

ቁ
ଵ

ଶൗ
቉ #ሺ1ሻ  

where 𝑀𝐴𝐺𝑇 is the mean annual ground (soil) temperature, assuming that the average soil 
temperature over the year is the same for all depths, i.e., soil temperatures vary differently at 
different depths around the same average (Supplemental Fig. 3a). 𝐴௚௥௢௨௡ௗ is the amplitude of 
temperatures at the ground surface (z = 0 cm), i.e., the range from maximum, or from minimum 
temperature, to the annual average soil temperature at z = 0 (Hillel, 1982). The variable 𝜔 is the 
radial frequency (in radians), which equals 2𝜋 times the actual frequency. This is given by 

𝜔 ൌ
2𝜋
𝑃

#ሺ2ሻ  

where 𝑃 is the period. In the case of annual variation, represented in seconds, 𝑃 ൌ 365 ൈ 24 ൈ
60 ൈ 60 ൌ 51536000 𝑠𝑒𝑐. The time 𝑡 is the time (in seconds) of the year. This model assumes 
that the starting time (t = 0) occurs in Spring on the date in which the ground (surface) 
temperature wave passes through its mean annual value. The soil thermal diffusivity 𝐷 is the 
ratio of the soil thermal conductivity (𝜅) to the soil volumetric heat capacity (𝐶௩). 

It is useful to introduce the concept of damping depth (𝑑ሻ, implicit in Equation (1). 
Damping depth is a characteristic depth at which the temperature amplitude equals 1/𝑒 
(1 2.718⁄ ൌ 0.37) of the amplitude at the soil surface (𝐴௚௥௢௨௡ௗ). The damping depth is related to 
the thermal properties of the soil and the frequency of temperature fluctuation (Hillel, 1982): 

𝑑 ൌ ሺ2𝐷 𝜔⁄ ሻ
ଵ

ଶൗ #ሺ3ሻ  
Therefore, we re-write Equation (1) as 

𝑈𝑇ሺ𝑧, 𝑡ሻ ൌ 𝑀𝐴𝐺𝑇 ൅
𝐴௚௥௢௨௡ௗ

𝑒
௭

ௗൗ
sinሺ𝜔𝑡 െ 𝑧 𝑑⁄ ሻ #ሺ4ሻ  

In Equation (4), as well as in (1), the term 
஺೒ೝ೚ೠ೙೏

௘
೥

೏ൗ
 represents the amplitude at a depth 𝑧 

(𝐴௭) and the term (െ 𝑧 𝑑⁄ ) is a phase lag (𝜙ሺ𝑧ሻ), a time delay of the temperature peak with depth 
(Hillel, 1982). 

Supplemental Figure 3.a illustrates how T oscillates in unfrozen soil over the year, which 
can be modeled using Equation (1). Underground T oscillations at different depths have the same 
frequency as the ground T oscillation, but T amplitude diminishes and phase lag increases with 
depth (Williams and Smith, 1989). Applying Equation (1), we are able to obtain mean seasonal 
Ts at each soil depth and generate a soil T profile as it varies from season to season 
(Supplemental Figure 3.b). 
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▪ Thermal regime of NETP soil profiles 
 

Using a data set from meteorological stations on the Northeastern Tibetan Plateau 
(NETP) region and Equation (1), we modeled ground and underground temperature oscillations 
in the NETP over one year. Our data set was obtained from 199 meteorological stations whose 
locations are shown in Figure 1. These data were downloaded from the China Meteorological 
Data Sharing Service System (http://cdc.cma.gov.cn). At each station, the data set consists of 
monthly air and ground temperature measurements averaged over the period 1981–2010. These 
measurements followed “Specifications for surface meteorological observation” in China: air 
temperatures were measured at 1.5 m (z = -150 cm) off the ground; ground surface temperatures 
were measured at 0 cm depth at the soil surface with no vegetation. From this data set, we 
calculated mean monthly air Ts (MMATmeas), mean monthly ground Ts (MMGTmeas), mean 
annual air Ts (MAATmeas) and mean annual ground Ts (MAGTmeas), shown in Supplemental 
Data 7. 

Using Equation (1), we modeled mean monthly ground T (MMGTmodel) and mean 
monthly undergound T (MMUTmodel) in the NETP. These temperatures change as a sinusoidal 
function of time (t), whose amplitude and phase lag will be controlled by the depth in question. 
Supplemental Figure 3c shows that MMGTmeas are closely reproduced by our MMGTmodel. Table 
1 shows the values calculated for each month at 0 cm, 20 cm and 50 cm depth, which were used 
in Supplemental Figure 3c. Model assumptions are the following. To determine thermal 
diffusivity 𝐷, we assume 𝜅 ൌ 0.0007 𝑐𝑎𝑙 ൈ 𝑐𝑚ିଵ ൈ 𝑠𝑒𝑐ିଵ ൈ °𝐶ିଵ and 𝐶௩ ൌ 0.3 𝑐𝑎𝑙 ൈ 𝑐𝑚ିଷ ൈ
°𝐶ିଵ, following Quade et al. (2013). To determine 𝐴௚௥௢௨௡ௗ, we use the average amplitude 
between the warmest and coldest monthly averages and 𝑀𝐴𝐺𝑇௠௘௔௦. We refer to this as 
𝐴௚௥௢௨௡ௗ,௠௢ௗ௘௟, which equals half of the range between the warmest monthly average ground T 
(mean ground temperature in July, MMGTJul,meas) and the coldest monthly average ground T 
(MMGTJan,meas, mean ground temperature in January): 

𝐴௚௥௢௨௡ௗ௠௢ௗ௘௟ ൌ ሺ𝑀𝑀𝐺𝑇௃௨௟,௠௘௔௦ െ 𝑀𝑀𝐺𝑇௃௔௡,௠௘௔௦ሻ 2⁄ #ሺ5ሻ  
Finally, the model assumes the year starts (t = 0) at the beginning of April 1st, when 

model mean ground T in April (𝑀𝑀𝐺𝑇஺௣௥,௠௢ௗ௘௟) is equal to 𝑀𝐴𝐺𝑇௠௘௔௦. Because actual 
𝑀𝑀𝐺𝑇஺௣௥,௠௘௔௦ is different from MAGTmeas, this approach yields a more significant difference 
between measured and model temperatures in April than in other months, but it yields the 
smallest difference between measured and model temperatures overall, particularly over the 
warmest half of the year (Supplemental Data 7). Supplemental Figure 3c shows the decrease in 
temperature amplitude and time lag with depth at z = 20 and z = 50 cm. For instance, at z = 0 and 
z = 20 cm, soil is warmest over the June, July and August period, as are air temperatures. 
However, at z = 50, soil is warmest over the July, August and September period. 

Using calculated values at different depths (z from 0 to 250 cm) on each month, we were 
able to construct a soil T profile as it varies over one year. Supplemental Figure 3d shows 
calculated T profiles for all months as well as profiles for average temperatures over the June-
August (JJA) period and for average temperatures over the April-October period (AMJJASO). 
For comparison with model temperatures at z = 0, we plotted 𝑀𝑀𝐺𝑇௠௘௔௦, also shown in 
Supplemental Data 7. 
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Table 1. Parameters from model used to plot Supplemental Figure 3c. 
Beginni
ng 

Seconds/m
onth 

Days/mo
nth 

Second
s since 
t = 0 

MMATm
eas (z = -
150) 

MMGTm
eas (z = 0 
cm) 

Ground T 
amplitude 
(Asurfmo
del) 

Air T 
amplitud
e 
(Aairmod
el) 

MMUTmo
del (z = 0 
cm) 

MMUTmo
del (z = 20 
cm) 

MMUTmo
del (z = 50 
cm) 

April 0 - 0 8.55 12.53 - - 9.96 8.16 6.33 

May 2678400 31 267840
0 

13.69 18.71 - - 17.93 15.35 12.28 

June 2592000 30 527040
0 

17.52 22.87 - - 23.56 20.90 17.44 

July 2678400 31 794880
0 

19.64 24.78 - - 25.64 23.62 20.72 

August 2678400 31 106272
00 

18.31 22.72 - - 23.35 22.55 21.00 

Septem
ber 

2592000 30 132192
00 

13.64 16.79 - - 17.58 18.16 18.34 

October 2678400 31 158976
00 

7.22 9.25 - - 9.55 11.40 13.31 

Novem
ber 

2592000 30 184896
00 

0.08 0.97 - - 1.86 4.45 7.54 

Decemb
er 

2678400 31 211680
00 

-5.63 -5.41 - - -3.84 -1.20 2.25 

January 2678400 31 238464
00 

-7.15 -6.59 - - -5.71 -3.75 -0.89 

Februar
y 

2419200 28 262656
00 

-3.48 -1.90 - - -3.65 -2.77 -1.14 

March 2678400 31 289440
00 

2.09 4.76 - - 2.21 1.66 1.51 

April 2592000 30 315360
00 

8.55 12.53 - - 9.96 8.16 6.33 

           
Year 31536000 365 315360

00 
7.04 9.96 15.68 13.39 - - - 

 
▪ Relationship between soil T and air T in the NETP region 
 

In this study, we are using the ∆47T of PC samples to calculate corresponding air 
temperatures above soils in which they formed. This can be achieved by using soil physics to 
build a model representing air and underground (soil) temperature change as a function of 
changing time and ground depth. Supplemental Figure 3 resulted from application of soil physics 
to model ground subsurface temperature change over time and with depth using temperature 
information averaged from 199 stations in the NETP (Fig. 1a). Taking the same approach, we 
modeled such relationships for each of these 199 stations in order to understand the relationship 
between soil and air temperatures at each location in the NETP region. We applied the model for 
each station to find modeled ground (z = 0 cm) soil (z = 50 cm) T, where 50 cm is interpreted to 
represent an average depth of carbonate formation. Based on MAATs and modeled soil (z = 50) 
T at each weather station location, we built transfer functions between MAAT and soil T during 
the periods of JJA (𝑀𝐴𝐴𝑇௃௃஺,௦௢௜௟) and AMJJASO (𝑀𝐴𝐴𝑇஺ெ௃௃஺ௌை,௦௢௜௟) (Fig. 6.a; Supplemental 
Data 6): 

𝑀𝐴𝐴𝑇஺ெ௃௃஺ௌை,௦௢௜௟ ൌ 0.97ሺ∆ସ଻Tሻ െ 8.08  
Where the s.e. of the intercept is 0.29 and of the slope is 0.02; R2 is 0.94; with a 95% 

confidence level. 
𝑀𝐴𝐴𝑇௃௃஺,௦௢௜௟ ൌ 0.87ሺ∆ସ଻Tሻ െ 10.02  
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Where the s.e. of the intercept is 0.49 and of the slope is 0.02; R2 is 0.87; with a 95% 
confidence level. 

Supplemental Figure 6 shows how MAATs relate to measured ground T (z = 0), to model 
ground T (z = 0), and to underground Ts (z = 50) during JJA and AMJJASO periods. Linear 
regression lines from MAATs versus measured ground T (z = 0) and MAATs versus model 
ground T (z = 0) relationships are very similar, particularly for the AMJJASO period. This 
indicates modeled ground values are a reasonable representation of measured ground values and 
its relationship with air Ts. We assume the same is true for the relationships between MAATs 
and modeled soil (z = 50) T, which we use in this study to represent the relationship between 
MAATs and ∆47T of carbonate formation. 
 
SUPPLEMENTAL NOTES 
 
Supplemental Note 1. Season of carbonate formation 
 

One step in this study involves building transfer functions that relate measured T of 
carbonate formation (∆ସ଻T) in paleolacustrine and paleosol settings to corresponding MAATs. 
We do this by using modern relationships between lake surface Ts and MAATs and between soil 
Ts and MAATs. Because most carbonate precipitation occurs seasonally in both settings, we 
need to understand the timing of carbonate formation in order to build robust transfer functions 
between MAATs and seasonal temperatures of carbonate formation. In addition, we need to 
understand whether these relationships are applicable to paleoenvironmental settings in the 
NETP during the Plio-Pleistocene. 

In lacustrine settings, including Lake Kusai (4480 m.a.s.l.) in the northern Qinghai-
Tibetan Plateau (Liu et al., 2014), micrite precipitated during whiting events form carbonate-rich 
varve layers whose thicknesses have been shown to positively correlate with summer Ts (e.g., 
Moore et al., 2001). This pattern holds in low-elevation Lake Mead (375 a.s.l.), located in the 
arid southwest of the Colorado Plateau in the USA, where modern carbonate growth ∆47Ts 
corresponds to measured spring to summer water T records (Huntington et al., 2010). Likewise, 
carbonates in paleolacustrine settings on the Colorado Plateau, at relatively high elevations since 
the Miocene, have been interpreted to record warm season ∆47 paleotemperatures (Huntington et 
al., 2010). In pedogenic settings, carbonate tends to accumulate during soil drying when 
evapotranspiration exceeds precipitation, which, in mid-latitude arid settings, occurs during the 
warmest and/or driest months of the year (e.g., Breecker et al., 2009; Quade et al., 2013). For 
instance, at locations below 3200 m.a.s.l. in the arid western Andes (Chile), soil moisture is 
affected by the largest precipitation events in the wet season and, after prolonged periods of high 
temperature, deeper soils (>40 cm) dry and pedogenic carbonate forms, thus recording warm 
season ∆47Ts (Burgener et al., 2016). We infer that, in northern East Asia, pedogenic carbonate 
formation occurs in the late Summer, coinciding with the time of the year where monsoonal 
rainfall starts to decrease and soils at depth are warmest, based on our modeled soil thermal 
profile (Supplemental Fig. 3). As there is evidence for East Asian monsoon conditions since at 
least the Miocene (Guo et al., 2002), we assume similar carbonate precipitation patterns in this 
Plio-Pleistocene record. Although we infer carbonates were mainly forming during the JJA 
period during Plio-Pleistocene, we have considered two alternate scenarios where carbonate 
precipitates: during the April-May-June-July-August-September-October (AMJJASO) growing 
season (Supplemental Fig. 7); or during AMJJASO before 3.7 Ma and during JJA afterwards 
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(Supplemental Fig. 8). We consider the second scenario because most recent studies suggest that 
the EASM weakened after ~4.0 Ma while warm-season precipitation decreased from 427 to 1197 
mm (11–4.2 Ma) to 417–540 mm (4.2–2.6 Ma) in the CLP (Wang et al., 2019). This may have 
caused shortening of the growing season, although it is unclear whether that shortening is 
accurately represented by a shift from AMJJASO to JJA period that have affected the Lake 
Qinghai Basin from 3.72 to 3.58 Ma (see “Paleoenvironmental conditions based on the stable 
isotopic composition of carbonates and water” section). Given all the above, and that we cannot 
presently ascribe an exact time for this hypothetical transition or its effects in the timing of 
carbonate precipitation, we infer that using soil/lake JJA Ts in transfer functions yields the most 
representative estimates of MAATs. 
 
Supplemental Note 2. The use of modern T-elevation gradients applied to the past 
 

This study provides estimates of Plio-Pleistocene paleoelevations in the Lake Qinghai 
Basin from calculated past MAATs based on ∆47T of carbonates. To estimate paleoelevations, 
we used a modern MAAT-elevation gradient (Fig. 6c) calculated from 199 weather stations in 
the NETP region (Fig. 1a). This assumes that even if the NETP had higher MAATs and/or was 
more humid in the past, T-elevation gradients then and now would be similar. Here we examine 
the effects of varying MAATs and mean relative humidity in T-elevation gradients. Note that we 
use the term “increasing” gradient to indicate an increase in the rates of cooling with respect to 
elevation. 

With respect to changes in MAATs, modern data on the NETP (Fig. 6c; Supplemental 
Data 4) suggest that T-elevation gradients do not change significantly throughout the year, even 
with very different monthly and seasonal mean Ts. Supplemental Figure 5 shows that pattern. 
For instance, mean AMJJASO Ts are ~5 °C warmer than modern MAATs, but show T-elevation 
gradients (−4.8 °C/km) that are only slightly higher than MAAT-elevation gradients (−4.5 
°C/km). The same pattern of T-elevation gradient similarity was observed for modern 
temperatures on the Colorado Plateau, where average monthly Ts vary by more than 20 °C yet 
monthly T-elevation gradients vary by less than 1 °C throughout the year (Huntington et al., 
2010). This supports many studies that have used modern T-elevation gradients in paleoelevation 
reconstructions over periods that also experienced climate change. For instance, Gregory and 
McIntosh (1996) have applied modern T-elevation gradients to reconstruct paleoelevations in the 
southwestern United States dating back to the Eocene. Huntington et al. (2010) have used 
modern T-elevation gradients to reconstruct paleoelevations of the southern Colorado Plateau 
based on Miocene lacustrine records. They assumed such gradients were applicable because: 1) 
modern monthly gradients for the Colorado Plateau were very similar even with large variations 
in mean monthly values, as mentioned above; and 2) Miocene paleoenvironmental conditions 
were arid and semi-arid, similar to their modern study region. Their study found that 
temperatures have decreased since the Miocene, but paleoelevations remained similar to modern 
since ~6 Ma. In this study, we are considering the possibility that early Pliocene 
paleoenvironmental conditions on the NETP were not only warmer but also wetter. Our modern 
T data from weather stations indicate that temperature increase would slightly increase T-
elevation gradients (Supplemental Fig. 5). This pattern is consistent with T-elevation gradients in 
mid-latitude continental interiors globally (Meyer, 1992). Relative humidity seems to have the 
opposite effect on these gradients. Today the lowest gradients (−3 to −4 °C/km) are found in the 
tropical humid regions on the planet (Meyer, 1986; Schneider, 2007). This suggests that, in such 
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regions, high relative humidity may lead to more condensation of water into clouds, which 
releases latent heat as sensible heat into the system. This would decrease the rate of cooling of 
humid air with respect to elevation. 

The above mentioned suggests that opposite effects on T-elevation gradients are found by 
decreasing MAATs (decreases gradient) and decreasing relative humidity (increases gradient). 
Such changes may have occurred in our study area, based on our results and paleoenvironmental 
data compilation, but we infer they would have a negligible effect on the difference between 
modern and past T-elevation gradients because of two reasons. First, only high differences of 
MAATs and humidity are able to alter T-elevation gradients significantly, which is not observed 
in our record. For instance, if MAATs were ~6 °C warmer in the early Pliocene in our study 
area, this would increase gradients in about ~-0.4 °C/km based on modern climate data 
(Supplemental Fig. 5). In addition, data compilation suggests that paleoenvironmental conditions 
were relatively more humid in early Pliocene than in the Pleistocene, but these were still semi-
arid environments. Second, the effects of increased MAATs and increased relative humidity in 
the early Pliocene on T-elevation gradients would partially cancel each other. Therefore, we infer 
that we can reasonably use modern T-elevation gradients on the NETP region for paleoelevation 
reconstructions in the Plio-Pleistocene. 
 
Supplemental Note 3. Tectonic and climatic events around 3.6 Ma in the NETP 
 

Compilation of data from previous studies that report tectonic and/or climatic events 
recorded in basins on the margins of the northeastern Tibetan Plateau in the Pliocene. These 
events, summarized in the Table below, include: growth strata in the Guide Basin (Li et al., 
2014), in the Juixi Basin (Hexi Corridor; Fang et al., 2005; Li et al., 2014; Zheng et al. 2017, 
Chen et al., 2006) in the northeastern Qaidam Basin (Fang et al., 2007; Li et al., 2014); 
unconformity onset in the Juixi Basin (Hexi Corridor; Fang et al., 2005; Li et al., 2014; Zheng et 
al. 2017; Chen et al., 2006), in the Linxia Basin (Li et al., 1996), in the Lanzhou Basin (Sun et 
al., 2011), in the Tianshui Basin (Li et al., 2014) and in the western Qaidam Basin (Zhang et al., 
2013); basin rotation in the Jiuquan Basin (Hexi Corridor; Yan et al., 2013) and in the Chaka 
Basin (Zhang et al., 2012); thrusting in the Guide Basin (Fang et al., 2005) and in the Hei Shan 
(Liu, 2017) and folding in the Juixi Basin (Hexi Corridor; Laojunmiao; Fang et al., 2005; Zheng 
et al., 2017) and in the Linxia Basin (Fang et al., 2003). 
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LOCATION TIME 
FRAME RECORD REFERENCE 

Guide Basin 
(Ganjia 

and Amigang 
sections) 

3.6–2.6 Ma Coarsening: deposition of boulder conglomerates of the Ganjia Fm. Clasts 
sourced from the Laji Shan. Fang et al. (2005) 

3.2 Ma Sedimentation rates: increased abruptly from ~0.2 mm/yr to 0.5 mm/yr in 
Ganjia Fm. Fang et al. (2005) 

~3.6 Ma Thrusting: south-verging thrust faulting (F4 and F5 faults) led to significant 
shortening of the Guide Basin. Fang et al. (2005) 

3.6–1.8 Ma Growth strata: onset at the Ganjia Fm., up to Amigang Fm. Li et al. (2014) 

Juixi Basin 
(Laojunmiao 

anticline) 

4.9 to ~3.6 
Ma Syntectonic unconformity: at the base of Yumen Conglomerate. 

Fang et al. (2005); Li 
et al. (2014); Zheng et 

al. (2017) 

~3.6 Ma Folding: formation of Laojunmiao anticline. Fang et al. (2005); 
Zheng et al. (2017) 

3.66―0.93 
Ma 

Coarsening: Deposition of Yumen Conglomerate (subangular to subrounded 
poorly sorted gravels). Fang et al. (2005) 

~3.66 Ma Growth strata: appearance near the base of Yumen Conglomerate. 
Fang et al. (2005); Li 
et al. (2014); Zheng et 

al. (2017) 

~3.66 Ma 
Sedimentation rates: Increased from average of 0.27 mm/yr before the 

unconformity at the base of Yumen Conglomerate to ~0.35 - 0.6 mm/yr at 
~3.66 Ma. 

Fang et al. (2005) 

3.1–2.6 Ma Unconformity: First angular unconformity developed Chen et al. (2006) 
3.0 Ma Growth Strata: initiation at 3.0 Ma Chen et al. (2006) 

Juixi Basin 
(Caogou 
section) 

 

~5–2.8 Ma Coarsening: Deposition of Yumen Conglomerate (subangular to subrounded 
poorly sorted gravels). Clasts sourced from the North Qilian Shan. Wang et al. (2016) 

Juixi Basin 
(Yumu Shan) 

3.7 ±  
0.9 Ma Growth of the Yumu Shan started. Palumbo et al. (2009) 

Juixi Basin 
(Jiuquan Basin) after 4.0 Ma Basin rotation: slight clockwise rotation of the basin based on magnetic 

declinations of paleomagnetic samples. Yan et al. (2013) 

Juixi Basin 
(Juidong Basin) 

4.1–3.0 Ma 

Sedimentary facies change and coarsening: At 4.1 Ma, sedimentar facies 
changed from delta to meandering river and at 3.6 conglomerates in the 

Laojunmiao and Yumushan sections were deposited. At 3.0 Ma, the 
meandering river regime changed to a braided river regime without substantial 

increase in sediment accumulation rate. This indicates continuous relief 
growth of the Qilian Shan from 3.6 to 3.0 Ma. At 3.0 Ma, the thrust system of 

the Qilian 
Shan propagated into the basin along a southward dipping décollement. 

Hu et al. (2019) 

after 4.5 Ma Coarsening: deposition of Yumen Conglomerate, Wenshushan anticline. Zhao et al. (2001) 

Hei Shan 3.8–2.8 Ma Thrust Fault onset Liu (2017) 

Linxia Basin 
(Wangjiashan 

(WJS) and 
central 

Maogou 
sections) 

6–3.6 Ma Folding: tilting and folding of the strata in the Yingchuangou anticline. Fang et al. (2003) 

4.5–3.6 Ma Unconformity: between the Jishi Fm. and the underlying Hewangjia Fm. Li et al. (1996) 

~3.6 Ma 
Coarsening: Deposition of boulder conglomerates of the Jishi Fm. in the 

proximal part of the Linxia Basin. Clasts sourced from the Tibetan Plateau, 
southwest from Linxia Basin. 

Li et al. (1996); Fang 
et al. (2003) 

Lanzhou Basin 
(Nanshan 
section) 

~3.5 Ma Coarsening: deposition of Wuquan gravel layer (~3.5 Ma) over Terciary Red 
Clay. Sun et al. (2011) 

3.5–1.8 Ma Unconformity: located between Wuquan gravel layer and overlying 
Quaternary Loess (>3.5 Ma). Sun et al. (2011) 
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Northeastern 
Qaidam Basin 
(Huaitoutala 

section) 

3.6 Ma Sedimentation rates: sharp increase within the Shizigou Formation (8.1–2.5 
Ma). Fang et al. (2007) 

3.6–1.8 Ma Growth strata: narrow interval occurred synchronously with increase in 
sedimentation rates. 

Fang et al. (2007); Li 
et al. (2014) 

>2.5 Ma Coarsening: deposition of the conglomeratic Qihequan Formation. Fang et al. (2007) 

Chaka Basin 
4.6–4 Ma Coarsening: Deposition of a conglomerate group (Nc). Clasts are sourced 

mainly from Qinghai Nan Shan. Zhang et al. (2012) 

4–3 Ma Basin rotation: Local clockwise rotation of the Chaka Basin. Zhang et al. (2012) 
Tianshui Basin ~3.7–3.4 Ma Unconformity. Li et al. (2014) 

Western 
Qaidam Basin 

(Qigequan 
anticline 

against the 
southern edge 

of the Altyn 
Tagh) 

3.6 Ma 

Sedimentation rate: increase of the accumulation rate at 3.6 Ma is 
accompanied by the appearance of conglomerate, indicative of a synchronous 

folding of the Qigequan anticline. Zhang et al. (2013) 

2.5 Ma 

Unconformity: appearance of an unconformity at 2.5 Ma, synchronous with 
the occurrence of a change of stratum dipping from 45° to 23°. 

Zhang et al. (2013) 

 
Supplemental Note 4. Depths of pedogenic carbonate formation in northern East Asia and 
uncertainties 
 

Pedogenic carbonates (PC) are nodules, coatings, and diffuse carbonate that form in soils 
with a net water deficit during the warmest and/or driest months of the year in mid-latitude arid 
settings (Breecker et al., 2009). The upper and maximum depths of pedogenic carbonate 
accumulation in soil profiles, known as Bk horizons, are given by a complex combination of 
mean annual precipitation (MAP), seasonally controlled soil temperature and water balance, the 
initial carbonate content in parent material, and soil physics properties (Zamanian et al., 2016). 
As MAP is only one of the factors affecting depth of carbonate formation, the relationship 
between depth to Bk horizon and MAP based on a compiled global data set (n = 1542; Zamanian 
et al., 2016) indicates there is a low correlation between them (R2 = 0.34). However, the same 
data set showed that depths to Bk horizons are commonly <100 cm deep when MAP is 100–800 
mm. We can use this relationship to estimate a range of depths in which carbonate formation 
would likely occur in northern East Asia. Wang et al. (2019) estimated Mio-Pleistocene MAP 
and mean annual temperature (MAT) using a sedimentary record of phytoliths (plant silica) from 
the Weihe Basin, located east of the NETP: 800–1673 mm and 11–15.3 °C from 11 to 4.2 Ma; 
812–900 mm and 9.7–11 °C from 4.2 to 2.6 Ma; and 441–540 mm and 3.3–11 °C from 2.6 to 0 
Ma. Assuming these MAP estimates from a low-elevation region that is more strongly affected 
by the East Asian Summer monsoon would represent the maximum values possible for the high-
elevation NETP, it is inferred that, in the NETP, MAP was lower than ~800 mm from 11 to 2.6 
Ma and lower than 441 mm from 2.6 to 0 Ma. This agrees with pre-industrial MAP in the NETP 
ranging from 100 to 300 mm (Yang et al., 2014 ). Based on the global data set (Zamanian et al., 
2016), these MAP values would be consistent with carbonate forming at depths <100 cm in the 
NETP during the Plio-Pleistocene. 

Burgener et al. (2016) examined the relationship between air temperatures, elevation and 
soil PC ∆47T in the western Andes (Chile), an arid region that experiences a winter wet season. 
They found that below 3200 m, PC forming at depths <40 cm can be affected by short-term 
temperature change following precipitation events (Burgener et al., 2016) and soil logger 
measurements show soil Ts fluctuate significantly on a daily basis at depths <30 cm (Quade et 
al., 2013). In other words, PC forming at depths lower than 30–40 cm are not good records of 
seasonal temperatures. On the other hand, PC formed at depths >40 cm will likely form during 
the warmest and driest season, and thus PC ∆47Ts would represent (warm) seasonal soil 
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temperature records. At depths >40 cm in the western Andes (Burgener et al., 2016), soil 
moisture is only affected by the largest precipitation events in the wet season, which will 
modulate the timing of PC formation. In the following warm (dry) season, after prolonged 
periods of high temperature, deeper soils will dry and PC will form, thus recording warm season 
∆47Ts. Contrasting with Andean climate, the Asian monsoon system effects warm and wet 
summer seasons in Central China, including the NETP and Chinese Loess Plateau. This implies 
that formation of PC in these regions would require sufficient time for soil to dry under warm 
temperatures following major precipitation events. We presume this occurs in the late Summer 
and early Fall, coinciding with the time of the year where rainfall starts to decrease and soils at 
depth are warmest, based on our modeling (Supplemental Fig. 3). 

As discussed above, formation of PC in the Plio-Pleistocene in the NETP is inferred to 
have occurred at depths shallower than 100 cm. Studies have shown that PC formed at depths 
shallower than 30–40 cm does not record seasonal temperatures of carbonate formation 
(Burgener et al., 2016; Quade et al., 2013). This indicates that PC in this study that would 
actually record seasonal temperatures of carbonate formation would have to have formed at 
depths ranging from 40 to 100 cm. In this study, we assume that they did form between these 
depths. Because it is not possible to determine the actual depths of PC formation of our samples, 
we chose a depth of 50 cm as a representative depth to Bk horizon. Based on the NETP soil 
temperature model explained in section 2.5.2., I have calculated model temperatures for each 
station during the JJA period for depths ranging from 40 to 100 cm. Supplemental Figure 9 
shows a plot of MAAT versus soil JJA temperatures at depths ranging from 40 to 100 cm and 
shows the difference between its linear regression line and the linear regression line for soil 
depths of 50 cm. The latter was used in this study’s calculations of paleotemperature and 
paleoelevation in the Lake Qinghai Basin, as explained in the Methods section (2.4.5). Because 
there is more variability in the temperatures modeled to represent depths ranging 40–100 cm than 
in temperatures at depth 50 cm, the uncertainties in paleotemperature and paleoelevation would 
be larger if we used the relationships between MAATs and soil temperatures (40–100 cm) in the 
Monte Carlo Simulations for each sample presented in Supplemental Tables 9–12. 
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Supplementary Figures

Supplementary Figure . Division of the core. The upper 6 diagrams show 18O ‰, 13C ‰,
grain size <4 μm %, grain size >40 μm %, grain size >63 μm % and CaCO3 content % values 
and respective calculated D2 values. Peaks at each D2 plot indicate higher rates of change in the 
dependent variable. We normalized and combined peaks obtained from all variables to identify 
significant and/or coincident changes in grain size and stable isotope compositions. We plotted 
location of peaks vs. time to define boundaries and compared their location to the boundaries we 
set based on the core sedimentary features (see Methods).
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Supplementary Figure . Core pictures showing the locations from where clumped-isotope 
samples were collected. 
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Supplementary Figure . Annual soil temperature variation and soil-temperature profiles in the 
literature compared to our models. (a) Annual temperature variation in unfrozen soil (reproduced 
from Williams and Smith, 1989, after Carson and Moses, 1963). (b) Soil-temperature profile as it 
varies from season to season in a frost-free region (reproduced from Hilel, 1982). (c) Model and 
measured temperatures in the NETP over the year based on data from 199 weather stations in the 
NETP region (this study). At z=0, measured avg. ground surface Ts and model avg. ground 
surface Ts closely agree, particularly on the warmest half of the year. (d) Modeled soil 
temperature profile in the NETP as it varies monthly, during the JJA period and during the 
AMJJASO period (this study). Both (c) and (d) represent average values obtained from all 
weather stations.  
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Supplementary Figure . Relationship between air and ground temperatures. Figures show
depths (z) of z=0 (measured and modeled) and z=50 (modeled) during (a) JJA and (b) AMJJASO 
periods (n=199).



17

Supplementary Figure . Changes in modern T-elevation gradients according to variations 
in mean temperatures. 



Supplementary Figure .  fo stolP 47 vs. 18O ‰ and 13C ‰ vs. 18O ‰ from clumped-isotope analyses. 
Replicates shown as red dots and sample YL-206 (2.6 Ma) was excluded from the dataset discussed in this 
study because of its clear bimodal distribution and coarse grain-size. Samples YL-252 (3.55 Ma) and YL-270 
(3.75 Ma) are shown in Fig. 5d as gray dots. They were, however, excluded from calculations of MAATs 
because of they also showed a bimodal distribution and were collected from intervals with a coarse grain-size,
so we were not confident in the meaning of their signal. We interpret these samples may represent some degree 
of mixing of authigenic carbonate and detrital carbonate and/or incomplete carbonate digestion during analysis. 
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Supplementary Figure . Modeled (underground) soil temperatures at depths ranging from 
40-100 cm. See Supplementary Note 3 for details. 
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Supplementary Figure 1 . Results of tests of significance between mean MAATs in the 4 age
groups. The figure shows two-sample z-tets and two-sample-one-tail t-tests to help decided 
whether there is significant difference between the mean MAAT values of groups 1 and 2, 2 and 
3, 3 and 4. 
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Supplementary Figure 1 . Results of tests of significance between mean MAATs in the oldest
segment (groups 1 and 2) and mean MAATs in the youngest segment (groups 3 and 4) (i.e., 
before and after 3.6 Ma). The figure shows two-sample z-tests and two-sample-one-tail t-tests to
help decide whether there is a significant difference in mean MAATs of groups 1+2 (4.85 to 3.7 
Ma) and groups 3+4 (3.5 to 2.06 Ma). 



Supplementary Figure 12

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

grain-size
> 63μm (%) 

0

40

80

Pe
rc

en
t (

%
) 

f

authigenic
carbonate
detrital
carbonate*
SEM 
analysis

CaCO3 content (%) 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

3.06
3.10
3.15
3.21
3.27
3.33
3.48
3.49
3.53
3.55
3.56
3.59
3.59
3.61
3.63
3.65
3.67
3.71
3.75
3.80

A
ge

 (M
a)

Proportion of calcite, dolomite and quartz (100% stack bar)

Calcite Dolomite Quartz

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

3.06
3.10
3.15
3.21
3.27
3.33
3.48
3.49
3.53
3.55
3.56
3.59
3.59
3.61
3.63
3.65
3.67
3.71
3.75
3.80

A
ge

 (M
a)

Proportion of calcite and dolomite (100% stack bar)

Calcite Dolomite

0 10 20 30 40 50 60 70 80

3.06
3.10
3.15
3.21
3.27
3.33
3.48
3.49
3.53
3.55
3.56
3.59
3.59
3.61
3.63
3.65
3.67
3.71
3.75
3.80

Percent (%)

A
ge

 (M
a)

Percentage of calcite, dolomite and quartz

Calcite Dolomite Quartz

0 1 2 3 4 5 6 7 8 9

3.06
3.10
3.15
3.21
3.27
3.33
3.48
3.49
3.53
3.55
3.56
3.59
3.59
3.61
3.63
3.65
3.67
3.71
3.75
3.80

Percent (%)

A
ge

 (M
a)

Percentage of calcite and dolomite

Calcite Dolomite

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

3.06
3.10
3.15
3.21
3.27
3.33
3.48
3.49
3.53
3.55
3.56
3.59
3.59
3.61
3.63
3.65
3.67
3.71
3.75
3.80

Percent (%)

A
ge

 (M
a)

Mineral composition

Calcite Dolomite Quartz Alkali feldspar Epidote

Amphibole Illite Jadeite Rankinite Others

a

b c

d e

Percentage of sediments with grain sizes >63 m

f


	SuppMat_template
	F Richter et al - Supplementary Figures Color - Lake Qinghai Basin_GSAB

