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Abstract The northeastern Tibetan Plateau began to grow during the Eocene and it is important to understand the climatic
history of Asia during this period of so-called ‘doubthouse’ conditions. However, despite major advances in the last few decades,
the evolutionary history and possible mechanisms of Eocene climate change in the northeastern Tibetan Plateau remain unclear.
The Xining Basin in the northeastern Tibetan Plateau contains a continuous sequence of Early to Late Eocene non-marine
sediments which provides the opportunity to resolve long-term climate changes during this period. In this study, we report the
results of analyses of lithofacies, sediment color and geochemistry of bulk samples collected from the Xijigou section of the
Xining Basin. An abrupt lithofacies change between the Early (~52–40 Ma) and Late Eocene (~40–34 Ma) indicates a change in
the depositional environment from a shallow lake to a playa lake in response to a significant climatic shift. During ~52–40 Ma,
higher values of sediment redness (a*), redness/lightness (a*/L*) and higher modified Chemical Index of Weathering (CIW′)
indicate a relatively warm and humid climate, while from ~40–34 Ma the lower values of a*, a*/L* and lower CIW′ imply sub-
humid to semi-arid climatic conditions. The paleoclimatic records indicate a long-term (~52–34 Ma) trend of decreasing
chemical weathering, consistent with global climate change. An abrupt sharp excursion of the proxy records during ~42–40 Ma
suggests a relatively brief warm interval, corresponding to the Middle Eocene Climatic Optimum (MECO). We suggest that
global cooling substantially reduced humidity in inner Asia, resulting in sub-humid to semi-arid climatic conditions after 40 Ma
in the Xining Basin, which may have been responsible for the long-term trend of decreasing chemical weathering during the
Eocene.
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1. Introduction

During the Cenozoic there was a major change in global

climate from ‘greenhouse’ conditions during the Paleocene-
Early Eocene to ‘icehouse’ conditions during the Oligocene
(Zachos et al., 2001; Bohaty and Zachos, 2003). The de-
pletion of atmospheric CO2 together with the growth of
Antarctic ice sheets are considered to be the driving me-
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chanisms of global climate change during the Eocene (Pa-
gani et al., 2005; Zachos et al., 2008; Pearson et al., 2009;
Anagnostou et al., 2016). However, the magnitude of the
influence of these global factors on Asian climate change
during the Eocene is still debated (Dupont-Nivet et al., 2007;
Abels et al., 2011; Song et al., 2013; Zhang and Guo, 2014;
Fang et al., 2015; Tada et al., 2016).
The present-day northeastern Tibetan Plateau is located in

an inland arid region. The climate of the region evolved from
a ‘planetary’ subtropical arid zonal pattern in the Paleogene
to a monsoon-dominated ‘inland’ arid pattern by the early
Miocene (Guo et al., 2008). Despite several decades of re-
search, there is a still controversy regarding the climatic
evolution of central Asia during the Eocene. Various lines of
evidence from the sedimentary basins of the Tibetan Plateau
suggest that the climate changed from warm and humid to
cold and dry in the Late Eocene and that aridification in the
Asian interior commenced before and/or during the Eocene-
Oligcene transition (EOT) (Dupont-Nivet et al., 2007; Hong
et al., 2010; Xiao et al., 2010; Long et al., 2011; Hoorn et al.,
2012; Song et al., 2013; Zhang and Guo, 2014). Rock
magnetics and n-alkane records from the northeastern Ti-
betan Plateau show a long-term cooling trend from the Early
Eocene to the Early Miocene (Long et al., 2011; Fang et al.,
2015). However, a recent climate simulation indicated that a
monsoon-like climate occurred in the northeastern Tibetan
Plateau since the late Eocene (Licht et al, 2014). Previous
studies have shown that Eocene climate change in central
Asia was closely associated with Tibetan Plateau uplift, re-
treat of the Paratethys Sea and global cooling (Dupont-Nivet
et al., 2007; Zhang et al., 2007; Abels et al., 2011; Bosboom
et al., 2011, 2014; Hoorn et al., 2012; Tada et al., 2016).
However, the relationship and linkage of these driving fac-
tors to Eocene climatic variability in the Asian interior re-
mains unclear. In addition, the consistency or otherwise of
Eocene climatic responses in inner Asia with marine records
is poorly documented. Therefore, new proxy data from the
Tibetan Plateau basins and their comparison with marine
records are needed to unravel the Eocene climate history in
central Asia.
The Eocene is regarded as a ‘doubthouse’ in terms of

global climate conditions, given the climatic deterioration
from a Paleocene-Early Eocene ‘greenhouse’ state to an
Oligocene ‘icehouse’ state (Zachos et al., 1996; Miller et al.,
2005). Until now, most of the available Eocene paleoclimatic
records are from marine sediments which recorded max-
imum temperatures in the Early Eocene, followed by a
general cooling trend towards the EOT and accompanied by
short-duration warming events (Zachos et al., 2001, 2008;
Bohaty and Zachos, 2003). However, compared with marine
records, the nature of continental climate change during the
Eocene, especially in central Asia, is little known. Recently,
various proxy records from the Tibetan Plateau have been

considered, but most are limited either to the EOT (Dupont-
Nivet et al., 2007; Xiao et al., 2010; Bosboom et al., 2011,
2014; Zhang and Guo, 2014) or the Late Eocene (Abels et al.,
2011; Long et al., 2011; Hoorn et al., 2012; Licht et al., 2014)
and there is a substantial controversy regarding the inter-
pretation of Eocene climate change. Furthermore, paleocli-
matic studies of the Early Eocene are sparse. Therefore, more
terrestrial climatic records with reliable proxies are needed to
clarify the nature of Asian climate changes during the Eo-
cene.
The Xining Basin in the northeastern Tibetan Plateau

contains long and continuous sequence of Eocene sediments
(Dai et al., 2006; Xiao et al., 2012) and thus is highly suited
to clarify the paleoclimatic history of the region during the
Eocene. Most importantly, the Xining Basin is located in the
area where the impacts of Tibetan Plateau uplift, origin of the
Asian monsoon and global temperature changes are all pre-
served within the sedimentary strata. Biostratigraphic and
magnetostratigraphic studies have confirmed the age of the
Xining Basin sediments (Li and Qiu, 1980; Qiu and Qiu,
1995; Horton et al., 2004; Dai et al., 2006; Xiao et al., 2012)
and Abels et al. (2011) and Zhang et al. (2016) have outlined
the results of paleoenvironmental studies of the Eocene
strata. Here, we present the results of detailed analyses of
lithofacies, sediment color and geochemical proxies of Eo-
cene strata from the Xining Basin which are used to try to
unravel the Eocene paleoclimatic history in the northeastern
Tibetan Plateau. The well-exposed and continuous Eocene
sedimentary sequence of the Xijigou section (XG) was se-
lected (Figure 1). Our records are correlated with other re-
gional paleoclimatic records and with the marine δ18O record
and the findings are used to interpret Eocene climatic history
and specifically to discuss possible driving mechanisms.

2. Geological setting

The Xining Basin is a part of the Paleocene-Miocene Basin
system located in the northeastern margin of the Tibetan
Plateau (Figure 1). Its formation is related to Late Jurassic-
Early Cretaceous extension followed by Early Cretaceous-
Paleogene regional post-rift thermal subsidence (Dupont-
Nivet et al., 2004; Horton et al., 2004). It is a sub-basin of the
greater Longzhong Basin and covers an area of about
7400 km2. Locally, the Xining Basin is limited to the Daban
Shan to the north, the Laji Shan to the south and the Riyue
Shan to the west (Figure 1); to the east a small uplifted area
separats the Xining Basin from the Lanzhou Basin. Tecto-
nically, the Xining Basin is bordered by the transpressional
Middle Qilian Shan Fault system in the north and the Laji
Shan Fault system of the same nature to the south (Figure 1).
The structural trends vary substantially between the southern
and northern parts of the basin. In the south, the Cenozoic
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sequences are characterized by NNE-SSW trending struc-
tures, whereas in the north the basin is characterized by E-W
trending structures. The present-day elevation of the basin
ranges between ~2100 and ~3000 m above mean sea level
(MSL). Modern annual mean temperature (~6°C) and pre-
cipitation (~478 mm) suggest that the Xining Basin is
dominated by an arid/semiarid continental climate and is
influenced by the East Asia summer monsoon.
The base of the Cenozoic stratigraphy of the Xining Basin

is unconformable on the Late Cretaceous basement
(QBGMR, 1985, 1991; Dai et al., 2006). Previous studies
revealed Early Eocene (~52 Ma) to Early Miocene (~16 Ma)
continuous sedimentation with a thickness of more than
800 m (QBGMR, 1985, 1991; Dai et al., 2006; Xiao et al.,
2012). The stratigraphic successions of the basin can be di-
vided into two groups: the Paleogene Xining Group and the
Neogene Guide Group. The magnetostratigraphy of the well-
exposed Xiejia section (Dai et al., 2006) and Tashan section
(Xiao et al., 2012) confirmed the age of the strata in the
Xining Basin from ~52 Ma to ~16 Ma. The lower Xining
Group consists of the coarse-grained sandy Qijiachuan For-
mation (>52 Ma), reddish muddy Honggou Formation (52–
41.5 Ma) and the cyclically-alternating red mudstone and
gypsiferous Mahalagou Formation (41.5–25 Ma) (Figure
2a). The upper Guide Group contains the reddish-brown
muddy Xiejia Formation (25–23 Ma), the yellowish-brown

muddy Chetougou Formation (23–18 Ma) and the pale yel-
lowish silty Xianshuihe Formation (18–16 Ma) (Figure 2a).
In this study, we focus on Eocene (52–34 Ma) continental

records from the Xining Basin which comprise the Honggou
Formation and the Lower and Middle Mahalagou Formation.
The sedimentary evidence indicates that the paleoenviron-
ment of the Honggou Formation was lacustrine, whereas that
of the Lower and Middle Mahalagou Formation was a playa
lake environment (Dai et al., 2006; Dupont-Nivet et al.,
2007; Abels et al., 2011; Zhang et al., 2016). Pollen records
from the Xining Basin indicate that warm-temperate xer-
ophytic taxa (Ephedra and Nitraria) dominated the Honggou
Formation and cool-preferring conifers (Picea and Pinecea)
prevailed within the Mahalagou Formation (Dupont-Nivet et
al., 2008; Long et al., 2011). To characterize Eocene climatic
variability, we collected continuous bulk samples from the
Xijigou section (XG; 101°52′E, 36°31′N), located in the
mid-southern part of the Xining Basin, ~14 km south of
Xining City (Figure 1).

3. Material and methods

The Eocene stratigraphic interval measured in the Xijigou
section is 278 m thick. An additional 26 m of the middle
Mahalagou Formation from the Tashan section, ~4 km west

Figure 1 Geologic map of the Xining Basin (slightly modified after Xiao et al., 2012) showing the location of the Xijigou section (XG) and Tashan section
(TS).
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of the Xijigou section (Figure 1), was included to complete
the Eocene sedimentary profile. For stratigraphic correlation
between the two sections, the gypsum beds were carefully
examined following Xiao et al. (2010) and bed-to-bed cor-
relation was performed. The gypsum beds of the Xijigou
section were found to correlate well with those of the Tashan
section (Appendix Figure S1, http://earth.scichina.com).
Gypsum bed G4, which represents the Eocene-Oligocene
Boundary (EOB) in the Tashan section (~33.8 Ma; Xiao et
al., 2010), correlates well with G0 (34 Ma) in the Xiejia
section (Dupont-Nivet et al., 2007) (Appendix Figure S1a–

c); it also correlates to the same polarity chron, C13r, in both
sections. Therefore, the top of the Eocene profile in this
study is taken as ~34 Ma in age. In addition, the magnetos-
tratigraphic ages of Xiao et al. (2010, 2012) are widely ac-
cepted because of the high-resolution record and so, we
adopted their age model for the depth interval upto 560 m.
Since, no new magnetostratigraphic data are available for the
Honggou Formation and Qijiachuan Formation, we adopted
the interpretation of Dai et al. (2006) for stratigraphic cor-
relation in the lower part of the Xijigou section (Appendix
Figure S1c and d). To further constrain the ages of the Eo-

Figure 2 (a) Generalized Cenozoic stratigraphy of the Xining Basin (modified and continued after Xiao et al., 2012). (b) Detailed vertical lithostratigraphy
and lithology of the Eocene sediments from the Xijigou section and Tashan section (lower 26 m) of the Xining Basin (formation ages are adopted from Dai et
al., 2006 and Xiao et al., 2012). (c) Outcrop view of Unit 1 (~52–40 Ma) displaying the dominance of dark reddish-brown mudstone lithofacies; the thickest
gypsum bed (~10 m) at the top represents a significant depositional and climatic shift. (d) Outcrop view of Unit 2 (~40–34 Ma) showing the dominance of
alternating gypsum and mudstone lithofacies.
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cene strata in the Xining Basin we also collected samples for
a high-resolution magnetostratigraphic study of the Xijigou
section which is in progress and will be published elsewhere.
For the present study, bulk samples were collected from

the Xijigou section and air-dried at room temperature prior to
laboratory analyses. All the laboratory work was performed
in the State Key Laboratory of Cenozoic Geology and En-
vironment, Institute of Geology and Geophysics, Chinese
Academy of Sciences.
Color is a fundamental sedimentary property depends on

the mineral composition and organic matter content of the
sediments. After deposition it changes rapidly in a dry, oxi-
dizing environment and hence reflects hot-warm and cold-
dry climatic conditions (Nagao and Nakashima, 1992). In
this study, the color parameters L*, a* and b* (CIE, 1978) are
used to characterized color variability of the Eocene sedi-
ments from the Xining Basin for paleoclimatic reconstruc-
tion. The samples were ground to powder and placed in
plastic boxes after weighing. Color reflectance was measured
using a Konica Minolta CM–700d colorimeter at a 3 m
stratigraphic interval. Chromaticity L* reflects lightness and
higher values indicate a cold and dry climate. The degree of
redness (a*) reflects the content of fine-grained hematite (Nie
et al., 2010) and largely indicates the soil/sediment tem-
perature (Guo et al., 1998, 2009; Yang and Ding, 2003;
Torrent et al., 2006, 2010; Gao et al., 2018). There is con-
troversy regarding the interpretation of soil/sediment red-
dening (Maher, 1998; Torrent et al., 2006, 2010); however,
Gao et al. (2018) proposed a novel interpretation of hematite
formation in the natural environment, which suggested that
high ambient temperatures favored hematite formation dur-
ing weathering processes through the transformation of
maghemite to hematite, as well as directly from ferrihydrite
to hematite. In addition, it has been demonstrated that the
concentration of hematite increases despite decreasing dry-
ness (Gao et al., 2018). Therefore, the formation of fine-
grained hematite during weathering is primarily dependent
on temperature, which provides a basis for paleoclimatic
reconstruction with higher values of a* corresponding to a
warmer climate. Chromaticity b* indicates the degree of
yellowness, with higher values reflecting increased effective
moisture and vice versa (Wu and Li, 2004).
Variations of major and minor elemental ratios are often

used as paleoclimatic proxy for soil and lake sediments (Lo
et al., 2017). In this study, major element geochemistry of the
Eocene bulk samples from the Xining Basin (at a 3-m spa-
cing) was used for paleoclimatic reconstruction. The degree
of weathering intensity is estimated using the modified
Chemical Index of weathering (CIW′) and various ratios
(molecular ratio) of the major and minor elements. CIW′ is
calculated as [Al2O3/(Al2O3+Na2O)]×100. Here, CIW′ is
used as a proxy instead of the Chemical Index of Alteration
(CIA) and Chemical Index of Weathering (CIW), because

our samples contained relatively high percentages of CaO
(average >19%); in this case the use of CIA and CIW could
result in the misinterpretation of chemical weathering (Cul-
lers, 2000). The analysis was performed by X-Ray fluores-
cence (XRF) using a PANAnalytical spectrometer. About 5
gm of each sample were measured and ground to a powder in
an agate mortar. All the samples were treated with 10% H2O2

and 1% CH3COOH to remove organic matter and carbonates,
respectively. After drying, fused pellets were prepared using
a mixture of 0.7 g of powdered sample and 7 g of lithium
tetraborate at a temperature of 1100°C. About 100 g of each
sample were heated at 1000°C to measure the weight loss on
ignition (LOI) prior to the treatment.

4. Results

4.1 Sedimentary lithofacies

The Eocene sedimentary sequence of the Xining Basin ex-
hibits a distinct pattern of lithofacies variation and is divided
into two units (Figure 2b): Unit 1 (from 794–640 m depth)
and Unit 2 (from 640–490 m depth). Previous magnetos-
tratigraphic studies (Dai et al., 2006; Xiao et al., 2012) in-
dicate ages ranges of ~52–40 Ma and ~40–34 Ma for Units 1
and 2, respectively. The lithology and lithofacies of the units
are described below.
Unit 1 is 154 m thick and predominantly composed of

thick, dark reddish-brown mudstone (Figure 2c). The mud-
stones are massive, with nodular/desiccation cracks and a
laminated structure and are bioturbated in places. Inter-
calated gypsum crystals and carbonate nodules are present in
minor amounts (<1%). The lithofacies vary within the lower,
middle and upper part of the unit. In the lower part, mud-
stones are intercalated with thin-to medium-bedded, very
fine-grained sandstone and occasional gypsum layers,
whereas thick-bedded mudstones are dominant in the middle
part (Figure 2b). Conversely, in the upper part, mudstones
are intercalated with gypsum layers on a centimeter scale.
The thickest gypsum bed (~10 m) within the entire Eocene
profile occurs at the stratigraphic position of ~670 m (Figure
2b). The thick and dark reddish-brown mudstones are in-
terpreted as being deposited from suspension in weak cur-
rents or in standing water in a shallow lacustrine
environment. The dark reddish-brown color is due to the
high degree of oxidation. Nodular and desiccation crack
structures indicate sediment compaction and drying after
deposition respectively. The presence of carbonate nodules
and evidence of biological activity imply a lacustrine en-
vironment and relatively warm climatic conditions. The oc-
currence of the thickest gypsum bed represents a transition of
the depositional environment due to a significant climatic
shift in the Middle Eocene.
Unit 2 is 150-m thick and consists of medium- to thick-

1296 . . . . . . . . . . . . . . . . Sayem A S M, et al. Sci China Earth Sci September (2018) Vol.61 No.9 . . . . . . . . . . . . . . . . . . . . . . . . . .1296



bedded gypsum layers repeatedly alternating with medium-
to thick-bedded mudstone/silty mudstone (Figure 2b and d).
The gypsums are greenish to grayish-white in color and are
laminated and preferentially rosette-like or they lack a per-
ceptible internal structure. The individual gypsum beds vary
from 0.3 to ~10 m in thickness throughout the section.
Overall, the interbedded mudstones are dark reddish-brown
in color, with desiccation cracks/nodules or are massive in
structure and contain intercalated layers of gypsum crystals
(2–30%). Gypsiferous and occasional grayish to olive-green
mudstones occur mainly in the lower part of Unit 2. The
abundance of the gypsum beds alternates with mudstones
indicating repeated wet and dry cycles in a saline pan/playa
lake environment. The variations of lithofacies color suggest
alternating oxidizing and reducing conditions.

4.2 Changes in sediment color

The vertical distributions of the sediment color reflectance
parameters are illustrated in Figure 3. The average values of
lightness (L*), redness (a*) and yellowness (b*) across the
Eocene sedimentary sequence in the Xining Basin are 68.90,
15.60 and 5.54, respectively. The values of lightness, redness
and yellowness of the natural samples correspond well with
the alternating mudstone and gypsum layers. The gypsum

layers correspond to intervals of low redness and yellowness
values and high lightness values, whereas the mudstone
layers correspond to high redness and yellowness values and
low lightness values (Figure 3). All the sediment color in-
dices exhibit marked variations from 52–40 Ma (Unit 1) and
from 40–34 Ma (Unit 2).
The redness values (avg. 6.01) and yellowness values (avg.

16.62) are higher from 52–40 Ma than from 40–34 Ma (avg.
4.99 and 14.57, respectively). In contrast, the average
lightness value is lower during 52–40Ma (68.00) than during
40–34 Ma (69.79). This indicates that the Early-mid Eocene
sediments were deposited under warmer and more humid
conditions than those of the mid-Late Eocene. During 52–40
Ma, maximum values of redness and yellowness and mini-
mum value of lightness are evident below 740 m, where the
parameters fluctuate significantly due to the occurrence of
intercalated gypsum layers. Above 740 m, the upwards de-
creases in redness and yellowness and increasing lightness
trends are interrupted by a sharp excursion from 670–640 m
(~42–40 Ma; Figure 3). During 40–34 Ma, the sediments are
characterized by repeated brief fluctuations in redness,
lightness and yellowness, together with alternating mudstone
and gypsum layers (Figure 3), which suggest periodic os-
cillations of humid-to-dry and warm to-cool climatic con-
ditions.

Figure 3 Vertical distribution of sediment color parameters of the Eocene sediments of the Xining Basin: (a) redness (a*); (b) blueness (b*); (c) yellowness
(L*). Shaded area indicates an abrupt excursion of the proxies.
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4.3 Changes in geochemical properties

The Eocene bulk sediments from the Xining Basin are
characterized by high concentrations of SiO2, SO3, CaO,
Al2O3 and low concentrations of Fe2O3, K2O, Na2O, MgO,
TiO2, MnO and P2O5 (Appendix Table A1). The concentra-
tion of SiO2 varies substantially within the studied section,
ranging from 0.06% to 66.94% (avg. 25.69%). The SO3

concentration ranges between 0% and 50.50% (avg.
25.84%). The samples show marked variations in CaO and
Al2O3 concentration, ranging from 0.14% to 35.83% (avg.
19.54%) and from 0.25% to 19.99% (avg. 7.88%), respec-
tively. The other major oxides, Fe2O3, K2O, Na2O, MgO,
TiO2, MnO and P2O5, do not vary significantly (Subse-
quently, the major oxides are labeled Fe, K, Na, etc.).
The linear relationships of the major elements with respect

to Al2O3 are displayed in Figure 4, where plots of UCC data
(Taylor and McLennan, 1985) are used for reference. The
positive correlation of SiO2 with Al2O3 (Figure 4a)
throughout the Eocene sequence implies silica-rich material
affiliated with Al-rich clay- and silt-sized particles. The
moderate to strong positive affinity of Al2O3 with Fe2O3,
K2O, MnO and TiO2 (Figure 4b, d, g and h) suggests that the
enrichment of Fe, K, Mn and Ti is associated with phyllo-
silicates, especially illite (Dabard, 1990). The relationships
of Na2O and MgO with Al2O3 exhibit a moderate positive
correlation (Figure 4c and e) indicating that the enrichment
Na and Mg is related to a chlorite matrix (Dabard, 1990). In
all the bi-plots referenced above, the sediments of Unit 2
show stronger positive correlations and a wider range of
values than those of Unit 1, suggesting that the sediments
from 40–34 Ma contain more illite and chlorite in compar-
ison with those from 52–40 Ma. CaO is negatively correlated
with Al2O3 (Figure 4f), where the sediments from 52–40 Ma
exhibit larger values, suggesting a reduction in more labile
Ca2+ from calcite and feldspar during intense chemical
weathering. The relationship of Al2O3 and P2O5 (Figure 4i) is
weak and no obvious relation exists in the bi-plot diagram.
Overall, all the bi-plots for the major elements of the Eocene
sediments exhibit good linear correlations (Figure 4).
The elemental (molecular) ratios of Na/Al, Na/Ti, K/Na,

CIW′ and binary plot of K vs. Rb were used to characterize
variations in weathering intensity in the source area. Under
hot and humid conditions, intense chemical weathering re-
sults in the preferential leaching of more mobile elements
like Na, K and Ca compared to more stable elements like Al,
Ti or Rb, and vice versa (White et al., 1999). The elemental
ratios of Na/Al and Na/Ti decrease due to the rapid loss of Na
or the enrichment of Al or Ti, and the K/Na ratio decreases
because K is more stable than Na during weathering (Nesbitt
et al., 1996). A plot of K vs. Rb can be used to indicate levels
of weathering in the source area since K is more labile re-
lative to Rb (Nesbitt et al., 1980). The degree of chemical

weathering is obtained by employing the modified form of
the Chemical Index of Weathering (CIW′; Cullers, 2000),
with lower values indicating weaker chemical weathering
within the weathering profile.
The vertical distributions of the elemental ratios and CIW′

of the Eocene sediments from the Xining Basin are illu-
strated in Figure 5. There are distinct differences between
Unit 1 (52–40 Ma) and Unit 2 (40–34 Ma) which are con-
sistent with lithofacies variations and sediment color char-
acteristics (Figure 3). Unit 1 is characterized by lower values
of Na/Al (avg. 0.14) and Na/Ti (avg. 6.74) and higher value
of K/Na (avg. 2.51) compare to Unit 2 (in which the re-
spective average values are 0.20, 10.36 and 1.34). The CIW′
values of Unit 1 range from 78.37–97.77 (avg. 87.58),
whereas in Unit 2 the values range from 72.92–92.82 (avg.
83.96). Therefore, all these weathering indicators indicate
moderate to intense chemical weathering during 52–40 Ma
and moderate chemical weathering during 40–34 Ma in the
source region. The vertical trends of Na/Al and Na/Ti in Unit
1 are similar with lowest values around 51–50 Ma, followed
by an upwards increasing trend which is interrupted by an
abrupt decrease from 670–640 m (~42–40 Ma; Figure 5a and
b). Above 640 m, the values of the proxies decrease upwards
with rhythmic minor fluctuations and a prominent brief in-
crease at 510 m (~34.2 Ma). In contrast, K/Na and CIW′
exhibit maximum values around 51–50 Ma with a decreasing
upwards trend and an abrupt positive excursion at 670–640
and 510 m (Figure 5c and d). Overall, the long-term upwards
increasing trends of Na/Al and Na/Ti and upwards decreas-
ing trends of K/Na and CIW′ indicate the weakening of
chemical weathering from the Early to the Late Eocene
(~52–34 Ma) in the Xining Basin.
Previous studies (Ferrell and Brooks, 1971; Timperley and

Vigor-Brown, 1985; Liu et al., 2011) suggested that water in
playa lakes or continental shallow lacustrine basin is lost
lakes only through evaporation because of their endorheic
character, where the mass flows of major ions Na+, K+, Ca2+,
Mg2+, SO4

2–, Cl– and HCO3
– are more associated with the

surface waters draining the lake catchment than with the
mass flows of major ions leaving the lake and ions are in-
corporated within the sediments. In saline lakes or in a drying
shallow lacustrine basin (evidenced from the desiccation
cracks in the mudstone facies) the cations are dominated by
Na+, with some Ca2+ and Mg2+, with the lowest content of K+

(Liu et al., 2011). In addition, if the chlorinity of lake waters
increases then the percentage of exchangeable Na increases
(Ferrell and Brooks, 1971). In such types of sedimentary
environments readily mobile elements like Na and their
variation trends relative to immobile elements like Al, Ti, K
indicates their relatively immobile properties during chemi-
cal weathering, consistent with those documented from
weathering profiles and arid regions. The brief rhythmic
short fluctuations of the proxy records in the Late Eocene
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(40–34 Ma), corresponding to alternating gypsum and
mudstone layers, suggest rhythmic wet and dry oscillations.
The K/Rb ratios for the Eocene Xining Basin sediments

(Figure 6) differ substantially from that of the upper con-
tinental crust (K/Rb=230) indicating moderate to intense
chemical weathering in the source area. In addition, the
samples from Unit 1 show a wider range of values and their
distribution is distant from the K/Rb=230 line compared to
Unit 2. This suggests stronger chemical weathering during
52–40 Ma compared to 40–34 Ma.

5. Discussion

5.1 Eocene climates in the Xining Basin

The Eocene sedimentary sequence of the Xining Basin ex-
hibits marked lithofacies differences (Figure 2b) between the
Early (Unit 1, ~52–40 Ma) and Late Eocene (Unit 2, ~40–34
Ma). The thick-bedded red-mudstone-dominated (Figure 2c)

Early Eocene sediments were deposited in a shallow lacus-
trine environment; while the alternating gypsum layers and
mudstones (Figure 2d) in the mid-Late Eocene suggest a
saline/playa lake environment. There is no unconformity or
interruption of deposition evident between the units. The
occurrence of the thickest gypsum bed in the Middle Eocene
(at the depth 670 m, ~42 Ma) and subsequent gypsum layers
in the Late Eocene indicate the occurrence of significant
climate change in the Xining Basin area; however, the linear
positive correlations of the major elements (Figure 4) sug-
gest that the provenance of the detritus did not change sig-
nificantly during this period. This conclusion is in accord
with that of previous studies (Duvall et al., 2011; Zhang et
al., 2016) as well as with the constant low sedimentation rate
(1.8 cm kyr−1) throughout the Eocene in the Xining Basin
(Dai et al., 2006).
Based on the abrupt lithofacies variations and the marked

changes in sediment color and the variations of the major
elements and weathering indices (Figures 2–6), two major

Figure 4 Bi-plots of major elements of the Eocene sediments for the Xining Basin. Blue and red dots represent samples from Unit 1 (52–40 Ma) and Unit 2
(40–34 Ma) respectively. UCC (Upper Continental Crust) data are adopted after Taylor and McLennan (1985).
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climatic episodes can be recognized across the Eocene se-
dimentary sequence of the Xining Basin (Figure 7). To ob-
tain a better understanding of Eocene climate variability, our
results were compared with coeval CIW′ records from the
Qaidam Basin (Figure 7c; Song et al., 2013), pollen records
from the Xining Basin (Figure 7d–h; Long et al., 2011) and
with the deep marine δ18O record (Figure 7i; Zachos et al.,
2001, 2008).

5.1.1 Early-mid Eocene (~52 to 40 Ma) climatic change in
the Xining Basin
Our results reveal an interval of climatic change from ~52 to
40 Ma (corresponding to Unit 1). As discussed above, the
dark-reddish mud-dominated lithofacies, presence of carbo-
nate nodules and evidence of biological activity indicate a
shallow lacustrine environment under wet and warm condi-
tions and a high degree of oxidation. During this interval
(52–40 Ma), the sediments of the Xining Basin are char-
acterized by lower average values of L* (Figure 3c) and
higher values of a* and a*/L* ratio (Figures 3a and 7a), which
indicate a warmer climate with a relatively high degree of
oxidation. The higher average value of b* (16.62) suggests
moist conditions during this period. The higher average va-
lues of CIW′ (Figure 5d) and K/Rb (Figure 6) ratios indicate
stronger chemical weathering during the Early-mid Eocene.
Generally, higher temperature and precipitation promote
stronger chemical weathering (White et al., 1999). During
the weathering process magnetite is altered to maghemite
and at higher degree of oxidation maghemite is transformed
to hematite. Thus, the higher redness and a*/L* ratio in the
Early Eocene sediments are linearly correlated with CIW′
(Figures 3c, 7a and 7b), which indicates that redness is an
effective weathering proxy and implies a warmer climate.
The lower average values of Na/Al, Na/Ti and higher K/Na
ratio (Figure 5a–c) suggest the rapid loss of labile Na+ under
intense chemical weathering. Therefore, all these lines of

Figure 5 Vertical variations of Na/Al, Na/Ti, K/Na (molecular ratio) and Chemical Index of Weathering (CIW′) for the Eocene sediments of the Xining
Basin.

Figure 6 Plot of K vs. Rb (after Wronkiewicz and Condie, 1990) for the
Eocene Xining Basin sediments. Blue dots and red dots represent the ele-
mental (K/Rb) variation between Unit 1 (52–40 Ma) and Unit 2 (40–34
Ma), respectively. K/Rb=230 line indicates the average crustal ratio.
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evidence strongly suggest the occurrence of a warm and
humid climatic condition in the Xining Basin during the
Early to Middle Eocene (~52–40 Ma).
This inference is also supported by the higher degree of

chemical weathering (Figure 7c; Song et al., 2013) and lower
chlorite content (Hong et al., 2010) recorded in the Early-mid
Eocene sedimentary sequences of the neighboring Qaidam
Basin in the northeastern Tibetan Plateau. Long et al. (2011)
documented evidence for an environment with warm-tem-
perate, sub-tropical deciduous xerophytic shrubs (Ephe-
dripites, Nitrapollis) in the Early to Middle Eocene
sediments of the Xiejia section of the Xining Basin (Figure
7d–f), whereas cool-preference conifers (Piceapollis, Pin-
ceaes) were almost absent during this climatic interval
(Figure 7g–h). Thus, it is very likely that warm and humid
climatic conditions occurred around 52–40 Ma in the
northeastern Tibetan region.
Maximum values of a*/L* ratio and CIW′ (Figure 7a and b)

are evident at the beginning of the episode, followed by
upwards-decreasing trends of these parameters which are
interrupted by an abrupt positive excursion at around 42 Ma
(Figure 7a–b). This implies that relatively moist condition
and the maximum degree of chemical weathering and a
warmer climate occurred in the Early Eocene which was
succeeded by a trend of cooler and drier conditions until ~42
Ma. Thus, the upwards-decreasing trend of chemical
weathering intensity was associated with a reduction in hu-
midity from the Early to Middle Eocene. This decreasing
trend of chemical weathering is in accord with global cli-
matic cooling indicated by the marine δ18O record (Figure 7i;
Zachos et al., 2001). Clay mineral proxies from the Qaidam

Basin (Hong et al., 2010) and n-alkane records from the
Xining Basin (Long et al., 2011) also support the occurrence
of this cooling trend during the Early-mid Eocene in the
northeastern Tibetan Plateau. Moreover, continental climatic
records from Central Europe also revealed a similar cooling
trend during 47.5–40 Ma (Mosbrugger et al., 2005).
The occurrence of the thickest gypsum bed (Figure 2b and

c) and an abrupt increase in a*/L* and CIW′ ratios during
~42–40 Ma (Figure 7a and b) indicate a short-lived warming
interval which agrees well with the sharp decrease in deep
marine δ18O at about 42 Ma (Figure 7i; Zachos et al., 2001).
This short warming episode is termed the Middle Eocene
Climatic Optimum (MECO; Bohaty and Zachos, 2003). The
MECO event is recorded in the Qaidam Basin in the north-
eastern Tibetan Plateau (Figure 7c; Song et al., 2013), in the
Fushan Basin in northeastern China (Quan et al., 2012), and
in terrestrial records from western North America (Methner
et al., 2016).

5.1.2 Mid-Late Eocene (~40 to 34 Ma) climatic change in
the Xining Basin
The interval from ~40 to 34 Ma (Unit 2) is characterized by a
marked change in sedimentary lithofacies (Figure 2b). The
occurrence of thick gypsum layers alternating with mudstone
layers suggests a significant change in the depositional en-
vironment due to a substantial climatic shift. The repetitive
alternation of gypsum and mudstone facies (Figure 2d) in-
dicates rhythmical wet and dry cycles in a playa lake setting
under sub-humid/semi-arid climatic conditions. During this
interval the sediments are characterized by higher average
values of L* and lower a*/L* ratios, which indicates a lower

Figure 7 Comparison of the vertical variations of sediment color parameter a*/L* (redness/lightness, (a)) and Chemical Index of Weathering (CIW′, (b)) for
the Eocene sedimentary sequence recorded in the Xining Basin. (c) Vertical variation of CIW′ from the Qaidam Basin (Song et al., 2013), northeastern
Tibetan Plateau, on the same time scale. (d)–(h) Pollen diagram showing the abundance of major floral components (Long et al., 2011) recorded in the Xiejia
section of the Xining Basin. (i) Variation of marine δ18O records on the same timescale (Zachos et al., 2001). Shaded area indicates Eocene warming events,
and MECO and LEW are the Middle Eocene Climate Optimum and Late Eocene Warming, respectively.
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degree of oxidation under sub-humid/semi-arid conditions in
the Xining Basin. In Late Eocene (40–34 Ma), the vertical
distribution of a* and a*/L* values are characterized by slight
upwards-increasing trends (Figures 3a and 7a). These con-
tradictory trends are the result of abrupt lithological changes.
The reflectance of redness and lightness fluctuated sig-
nificantly during the period, corresponds well with the al-
ternated mudstone and gypsum layers, which suggest
periodic oscillation of warm to cold or wet to dry conditions.
Although the entire Late Eocene period is characterized by
alternating gypsum and mudstone beds, the vertical litholog
of the Xijigou section (Figure 3) exhibits gypsum is the
dominant lithofacies between 640 and 595 m depth. And
above 595 m mudstone exceed the gypsum, can be formed
more hematite during the warm period, which might be re-
sponsible for slight upwards-increasing trends of a* and a*/
L*. The lower average value of b* (14.57) indicates a sig-
nificant reduction in moisture content compared to the Early
Eocene sediments.
The higher average values of Na/Al and Na/Ti and lower

average values of K/Na, CIW′, K/Rb indicate weaker che-
mical weathering in the mid-Late Eocene. The linear re-
lationships (Figure 4) and vertical distributions of the
elemental ratios (Figure 5) indicate that the Late Eocene (40–
34 Ma) sediments are enriched in Fe, Ti, Mn, Na and Mg
compared to the Early Eocene (52–40 Ma), which suggests
the enrichment of the clay minerals illite and chlorite during
40–34Ma. Generally, illite and chlorite clay minerals form in
cool and dry conditions (Chamley, 1989; Dabard, 1990). The
vertical distributions of a*/L* ratio and CIW′ (Figure 7a and
b) show a pattern of repeated minor fluctuations, which
implies the alteration of wet and dry conditions. After the
MECO, the long-term upwards-decreasing trend of CIW′
indicates weakening of chemical weathering in the Late
Eocene (~40–34 Ma) due to a significant reduction in hu-
midity. Thus, all the above lines of evidence imply a mod-
erate degree of chemical weathering and warm-to-cold or
wet-to-dry oscillations under sub-humid to semi-arid cli-
matic condition in the Xining Basin during mid-Late Eocene
time.
The foregoing interpretation is in accordance with the re-

sults of Long et al. (2011) who documented a reduction in the
representation of the warm-temperate Ephedripites and Ni-
trapollis flora and the increasing representation of cool cli-
mate grasses, shrubs and conifers (Piceapollis, Pinceaes)
(Figure 7d–h) within the Late Eocene sedimentary sequence
in the Xining Basin. Furthermore, the lower index of che-
mical weathering (Song et al., 2013) and higher chlorite
content (Hong et al., 2010) recorded in the Late Eocene in the
Qaidam Basin also supports the occurrence of a cool and dry
climate during this interval. Following the MECO, the long-
term decreasing trend of chemical weathering until 34 Ma
(Figure 7b) is in accord with the Late Eocene global cooling

recorded by the marine δ18O record (Figure 7i). Palynolo-
gical records from the Xining Basin (Dupont-Nivet et al.,
2008; Long et al., 2011; Hoorn et al., 2012) and the nearby
Qaidam Basin (Lu et al., 2010) indicate a trend of decreasing
representation of higher and broad leaf plants and increasing
representation of conifers, supporting the occurrence of a
gradual cooling trend in the late Eocene. In addition, δ18O
records from lacustrine carbonates in the Qaidam Basin also
document a gradual cooling trend from the Late Eocene to
the Early Oligocene (Rieser et al., 2009).
In addition to the MECO, our paleoclimatic records reveal

a very short and abrupt increase in the occurrence of warm
and humid climatic fluctuations at ~34.2 Ma (Figures 5, 7a
and 7b). Clay mineral records from the Tashan section of the
Xining Basin also indicate similar warming oscillations at
roughly the same time (Zhang and Guo, 2014). This warming
event may correlate with the Late Eocene Warming (LEW)
period which immediately preceded the Oligocene icehouse
conditions (Bohaty and Zachos, 2003).

5.2 Driving mechanisms of Eocene climate change in
the Xining Basin

The foregoing observations indicate that warm and humid
climatic conditions in the Xining Basin occurred during the
Early to Middle Eocene (~52–40 Ma), which changed pro-
gressively to sub-humid to semi-arid conditions in the mid–
Late Eocene (~40–34 Ma). In addition, our results (Figure 7a
and b) reveal a long-term trend of decreasing chemical
weathering commencing at around 52 Ma and culminating at
34 Ma. The linkages and relative contribution of regional and
global factors contributing to the observed Eocene climate
variability in the Xining Basin are discussed below.
Although Tibetan Plateau uplift played an important role in

influencing the Asian monsoon in the Early Miocene (Guo et
al., 2002, 2008), it had little impact on Eocene climate
change. In general, areas those are tectonically active and
with high topographic are subjected to extensive erosion
(Najman et al., 2008; Bracciali et al., 2015). The dominance
of fine-grained lithofacies or absence of coarser particles
and/or lack of an unconformity (Figure 2b–d) in the Xining
Basin indicate that the northeastern Tibetan Plateau was not
uplifted sufficiently to generate a corresponding sedimentary
signal during this period. In addition, the low and constant
sedimentation rate (1.8 cm kyr−1) during 52–34 Ma (Dai et
al., 2006) also supports this interpretation. Rather, the che-
mically precipitated gypsum layers during 40–34 Ma (Figure
2b, 2d) suggest that sedimentation in the Xining Basin was
mainly controlled by climate rather than by tectonics at the
time. In addition, tectonic forcing in a newly elevated area
intensifies silicate weathering (Raymo and Ruddiman,
1992). The high concentration of SiO2 (sandstones ~78–
82%; mudrocks ~56–70%) in the Paleogene sediments from
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the western Himalayan foreland basins indicates the ex-
tensive occurrence of silicate weathering in the uplifted
Higher Himalaya (Singh, 2013), whereas the low con-
centration of SiO2 (avg. ~25%) in the Eocene sediments of
the Xining Basin suggests a lower degree of silicate weath-
ering. This evidence confirms the relatively low relief of the
Tibetan Plateau until the end of the period of concern. Fur-
thermore, pollen records from the Lunpola Basin indicated
that the paleo-altitude of Central Tibet was ~3000 m in the
latest Oligocene-earliest Miocene (Sun and Jiang, 2013). All
these lines of evidence argue against the view that the Ti-
betan Plateau was uplifted close to its present altitude before
40 Ma. Moreover, if the Tibetan Plateau had been uplifted to
its present elevation at around 40 Ma, the Asian monsoon
would have to have been established at that time (Guo et al.,
2002, 2008). Conversely, our paleoclimatic records reveal
sub-humid to semi-arid conditions and a general cooling
trend throughout the Late Eocene (Figure 7b). Although
palynological studies from the northeastern Tibetan Plateau
sedimentary basins record the presence of taxa indicative of
high-altitude vegetation at an optimal altitude of
1500–2500 m by the Late Eocene (Dupont-Nivet et al., 2008;
Lu et al., 2010; Long et al., 2011; Hoorn et al., 2012), Tibetan
Plateau uplift is not likely to have been the main factor re-
sponsible for the regional Eocene climatic conditions.
An additional regional factor, the retreat of the Paratethys

Sea, can potentially explain the observed humidity changes
in the Xining Basin during the Eocene. The humid climatic
conditions in the Xining Basin around 52–40 Ma are con-
sistent with the existence of the vast Paratethys Sea as the
main source of moisture in Central Asia during the Paleo-
gene-Early Eocene (Dercourt et al., 1993). The subsequent
shrinkage of the Paratethys Sea due to global sea-level fall in
the Late Eocene-Oligocene reduced humidity conditions in
the Xining Basin area. Although the occurrence of a humid
climate in the Early Eocene and reduction in humidity in the
Late Eocene are consistent with the existence of a progres-
sively shrinking Paratethys, it alone does not explain the
long-term cooling trend in the Eocene (~52–34 Ma), and
additional mechanisms, linked to global factors, must be
responsible.
The factor responsible for the decreasing chemical

weathering in the Xining Basin during the Eocene is likely
linked to the global cooling recorded by the marine δ18O
record (Figure 7i). The growth of Antarctic ice-sheets com-
menced at ~43 Ma and expanded in the Oligocene (Zachos et
al., 2001), while the Northern Hemisphere was ice-free until
the Late Miocene (Lear et al., 2000). This global imbalance
in the distribution of ice sheets would have resulted in a large
latitudinal pressure contrast which forced the northward
migration of subtropical highs in northwest China. This
would have reduced humidity and promoted sub-humid to
semi-arid climatic conditions across central Asia in the Late

Eocene. Thus, the reduction in humidity driven by Eocene
global climatic cooling may be responsible for the long-term
trend of decreasing chemical weathering in the Xining Basin.
The northward migration of global climate zones would also
have increased humidity conditions in South China (Guo et
al., 2008), which would have periodically influenced the
Xining Basin. These factors can potentially explain the short-
duration cyclical humid and dry climatic oscillations in the
Late Eocene (40–34 Ma). The sharp increases in the intensity
of chemical weathering at around 42–40 Ma and 34 Ma may
have been caused by a sudden increase in temperature and
precipitation, which agrees well with the global marine
oxygen isotope record.

6. Conclusions

We have used continuous sedimentary and geochemical data
from the Xining Basin in the northeastern Tibetan Plateau to
characterize regional climatic changes during the Early to
Late Eocene (~52–34Ma). During ~52–40 Ma, dark reddish-
brown mudstone dominated the lithofacies indicating a
shallow lacustrine environment with a high degree of oxi-
dation. The occurrence of the thickest bed at ~42 Ma implies
a marked change in depositional environment which we
suggest was due to a significant climatic shift. The cyclic
alternation of gypsum and mudstone lithofacies between 40
Ma and 34 Ma indicates that the sediments accumulated in a
playa lake setting under oscillating wet/dry conditions. The
lithofacies characteristics, relatively higher redness/lightness
(a*/L*) ratio and stronger degree of chemical weathering
indicate the occurrence of warm and humid climatic condi-
tions in the Xining Basin during Early-mid Eocene time. The
repetitive alterations of gypsum and mudstone facies, com-
paratively lower a*/L* ratios and weaker degree of chemical
weathering with repetitive fluctuations indicate warm-to-
cold or wet-to-dry oscillations under overall sub-humid to
semi-arid climatic conditions during the mid-Late Eocene.
The Chemical Index of Weathering (CIW′) record exhibits a
long-term trend of decreasing chemical weathering from ~50
to 34 Ma, which may result from a reduction in humidity in
the Xining Basin area. The trend of decreasing chemical
weathering in the Xining Basin is in good agreement with the
marine δ18O record and both reflect global-scale Eocene
climate change. The short-term Middle Eocene Climatic
Optimum (MECO) and Late Eocene Worming (LEW) events
are clearly expressed in our continental record at around
~42–40 Ma ~34.2 Ma, respectively. Overall, our
paleoclimatic results suggest that global cooling reduced
humidity conditions in the interior of Asia and it may have
been responsible for the long-term trend (~52–34) of de-
creasing chemical weathering in the Xining Basin during the
Eocene.
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