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The establishment and evolution of the Asian monsoons and arid interior have been linked to uplift of 
the Tibetan Plateau, retreat of the inland proto-Paratethys Sea and global cooling during the Cenozoic. 
However, the respective role of these driving mechanisms remains poorly constrained. This is partly 
due to a lack of continental records covering the key Eocene epoch marked by the onset of Tibetan 
Plateau uplift, proto-Paratethys Sea incursions and long-term global cooling. In this study, we reconstruct 
paleoenvironments in the Xining Basin, NE Tibet, to show a long-term drying of the Asian continental 
interior from the early Eocene to the Oligocene. Superimposed on this trend are three alternations 
between arid mudflat and wetter saline lake intervals, which are interpreted to reflect atmospheric 
moisture fluctuations in the basin. We date these fluctuations using magnetostratigraphy and the 
radiometric age of an intercalated tuff layer. The first saline lake interval is tentatively constrained to 
the late Paleocene–early Eocene. The other two are firmly dated between ∼46 Ma (top magnetochron 
C21n) and ∼41 Ma (base C18r) and between ∼40 Ma (base C18n) and ∼37 Ma (top C17n). Remarkably, 
these phases correlate in time with highstands of the proto-Paratethys Sea. This strongly suggests that 
these sea incursions enhanced westerly moisture supply as far inland as the Xining Basin. We conclude 
that the proto-Paratethys Sea constituted a key driver of Asian climate and should be considered in model 
and proxy interpretations.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Asia’s modern-day climate is characterized by monsoons and 
inland deserts, but the timing and mechanism of their origin re-
mains controversial. Both have been linked to the uplift of the 
Tibetan Plateau, the retreat of the proto-Paratethys Sea from Eura-
sia and the cooling of global climate (e.g. Ramstein et al., 1997;
Dupont-Nivet et al., 2007; Zhang et al., 2007). Uplift of the Plateau 
would create orographic barriers and intensify monsoonal circula-
tion by increasing thermal contrasts and insulating southern moist 
air (e.g. Molnar et al., 2010). Retreat of the proto-Paratethys Sea 
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would remove a significant source of moisture from the Asian in-
terior (Ramstein et al., 1997; Zhang et al., 2007; Bosboom et al., 
2014a, 2014b; Bougeois et al., 2018) and may have strengthened 
the monsoons by increasing land-sea thermal contrasts (Ramstein 
et al., 1997; Zhang et al., 2007; Roe et al., 2016). The long-term 
global cooling during the Cenozoic (e.g. Cramer et al., 2009) could 
have induced the sea retreat by lowering the global sea level 
(Dupont-Nivet et al., 2007; Bosboom et al., 2014a, 2014b). Alterna-
tively, the cooling may have caused aridification directly by weak-
ening the hydrological cycle and the monsoons (Dupont-Nivet et 
al., 2007; Licht et al., 2014; Li et al., 2018a).

The Paleogene greenhouse period is key to understand the ori-
gin and mechanisms of Asian climate before significant Plateau 
uplift, sea retreat and global cooling had occurred. Early studies 
proposed that East Asia during this period was dominated by a 
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Fig. 1. (A) Regional geological map (QBGMR, 1985) showing the locations of the sections examined here and in previous studies. Inset map shows the location of the Xining 
Basin along the margin of the northeastern Tibetan Plateau. (B) Generalized stratigraphic column modified from Horton et al. (2004), listing formations, thicknesses and 
lithologies. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
subtropical arid belt with no monsoonal circulation (e.g. Guo et 
al., 2008). More recent studies show that the large-scale Asian 
atmospheric features were similar as today and that monsoons 
already existed during the Paleogene (Huber and Goldner, 2012; 
Licht et al., 2014, 2016; Quan et al., 2014; Caves et al., 2015;
Roe et al., 2016). However, others suggest that these monsoons 
were only tropical and restricted to South Asia, while quasi-absent 
in East and Central Asia (Spicer et al., 2017; Li et al., 2018b).

Today, the low-level westerlies are the main source for at-
mospheric moisture in the region north of the Tibetan Plateau, 
which is shielded from the southerly monsoons. Stable isotopes 
reveal that the westerlies have dominated this region since at 
least the late Paleocene (Caves et al., 2015; Bougeois et al., 2018), 
when a proto-Tibetan Plateau already created an orographic bar-
rier from the south (e.g. Molnar et al., 2010). During the Pale-
ogene, the westerlies may have carried additional moisture from 
the proto-Paratethys Sea (Zhang et al., 2007; Roe et al., 2016;
Bougeois et al., 2018), which extended from the Mediterranean up 
to western China at this time (e.g. Bosboom et al., 2014a, 2014b). 
The extent of this sea fluctuated with three progressively smaller 
sea incursions that are superimposed on a long-term retreat. These 
are now well-constrained in time and space by new paleogeo-
graphic analyses (Bosboom et al., 2014a, 2014b; Kaya et al., 2018). 
During highstands, the sea extended far into the Tarim Basin of 
western China, whereas during lowstands it retreated entirely be-
yond Tajikistan (Bosboom et al., 2014a, 2014b; Kaya et al., 2018). 
These incursions may have modulated the moisture carried by the 
westerlies and affected precipitation in western China (Bosboom et 
al., 2014a, 2014b; Bougeois et al., 2018).

The Xining Basin, located on the northeastern margin of the Ti-
betan Plateau (Fig. 1), provides an exceptional sedimentary record 
to understand Asian atmospheric circulation during the Paleogene. 
It contains quasi-continuous terrestrial mudrocks throughout the 
Cenozoic, which can be dated using magnetostratigraphy (e.g. Dai 
et al., 2006). Sedimentological and palynological studies show that 
these deposits reflect atmospheric moisture variations which are 
interpreted as the interplay between East Asian monsoons and 
westerlies (Abels et al., 2011; Bosboom et al., 2014c; Dupont-Nivet 
et al., 2007, 2008a). However, the Xining record has not been ac-
curately dated and described before the late Eocene (∼40–34 Ma). 
Therefore, the climatic effects of the India–Asia collision, the ear-
lier proto-Paratethys Sea incursions and the onset of global cooling, 
all occurring during the early to middle Eocene (∼56-40 Ma), re-
main unknown.

In this study, we extend the litho- and magnetostratigraphy of 
the upper Eocene – Miocene deposits in the Xining Basin (Abels 
et al., 2011; Xiao et al., 2012; Bosboom et al., 2014c) to the 
lower Eocene where the magnetostratigraphy remained unreliable 
so far (Horton et al., 2004; Dai et al., 2006). We analyzed three 
laterally equivalent sections for magnetostratigraphy and comple-
mented our correlations of the polarity zones with the radiometric 
age of a tuff layer. Furthermore, we interpret the evolution of at-
mospheric moisture and its driving mechanisms throughout the 
early Eocene to Oligocene epochs using our detailed lithostrati-
graphic descriptions and previous records from the Xining Basin.

2. Geologic setting

The Xining Basin forms the western part of the Cenozoic 
Longzhong Basin, which subsequently segmented into smaller sub-
basins during deformation in the Miocene (Horton et al., 2004). 
The origin of the basin during the Paleogene is unclear and is 
hypothesized to be an extensional basin either due to thermal sub-
sidence (Horton et al., 2004) or differential clockwise-rotation of 
crustal blocks (Zhang et al., 2016). Alternatively, the basin may 
have formed as a foreland basin of the Western Qinling Shan, 
a mountain range located ∼80 km to the south (Clark et al., 
2010).

The Paleogene strata of the Xining Basin are composed of red 
gypsiferous mudrocks and gypsum beds and include the Qieji-
achuan, Honggou and Mahalagou Formations (Fig. 1B; QBGMR, 
1985). The depositional environment is interpreted as a distal arid 
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mudflat based on the lack of fluvial channels, the widespread oc-
currence of evaporites and the massive structure of the mudrocks 
resulting from subaerial reworking (Smoot and Lowenstein, 1991;
Talbot et al., 1994; Dupont-Nivet et al., 2007; Abels et al., 2011). 
Provenance analysis shows that the fluvio-lacustrine deposits were 
mostly derived from distal highlands such as the Western Qinling 
Shan in the south and the Qilian Shan in the north (Zhang et al., 
2016). The rest of the sediments were transported as eolian dust 
from reworked fluvial deposits and, to a minor extent, from the 
Qaidam Basin in the west (Licht et al., 2014, 2016).

Gypsum is formed by evaporating surface- or groundwater and 
accumulates to form gypsum beds when groundwater tables are 
sufficiently close to the surface to replenish the brine with the 
necessary solutes (Rosen, 1994; Dupont-Nivet et al., 2007; Abels et 
al., 2011). In well-drained settings with a deeper groundwater ta-
ble, the evaporites are unlikely to be preserved (Rosen, 1994) and 
subaerially oxidized mudrocks accumulate instead (Dupont-Nivet 
et al., 2007; Abels et al., 2011). Basin-wide alternations between 
red mudrocks and saline lake evaporites therefore indicate changes 
in the groundwater table and are interpreted to reflect variations in 
atmospheric moisture in the catchment (Dupont-Nivet et al., 2007;
Abels et al., 2011).

3. Methods

3.1. Sections

We resampled and analyzed at higher resolution the previ-
ously published East Xining (36◦34′50′′N, 101◦53′42′′E) and Xiejia 
(36◦31′20′′N, 101◦52′20′′E) sections (Horton et al., 2004; Dai et al., 
2006) and added the newly sampled Caijia section (36◦36′55′′N, 
101◦59′3′′E). Stratigraphic thicknesses were measured using a Ja-
cob’s staff and detailed lithological logs were made in the field.

3.2. U–Pb dating of a tuff

A tuff layer from the Xiejia section was processed for U–Pb 
radiometric dating. After crushing and grinding, the powder was 
separated using magnetic and heavy liquid separation. The zircon 
crystals were handpicked under a binocular microscope, mounted 
on a 25 mm ring of epoxy, grinded, polished and imaged using 
cathodoluminescence. In total, 31 zircon crystals were collected 
from the tuff sample and U–Pb dating was conducted by in-situ 
laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) at Géosciences Rennes, France. Detailed analytical proce-
dures and individual data are reported in the supplementary ma-
terial. Additionally, three tuff samples were crushed and melted 
to make tablets for X-Ray Fluorescence (XRF) analysis to identify 
the chemical composition. The XRF analysis was performed using 
a PANalytical AXIOS Advanced at the German Research Center for 
Geosciences (GFZ), Potsdam, Germany.

3.3. Magnetostratigraphy

Paleomagnetic samples were collected at the sections with a 
resolution of ∼0.5 to 1 meter where possible. Sampling was con-
ducted using a portable electric drill and a compass mounted on 
an orientation stage. The paleomagnetic samples were thermally 
demagnetized with 10–15 temperature steps up to 680 ◦C. Samples 
from the Caijia section, and the lower 105 m of the Xiejia section 
were analyzed at Géosciences Rennes, France. Samples from the 
East Xining section and the upper 91 m of the Xiejia section were 
analyzed at the Paleomagnetic Laboratory ‘Fort Hoofddijk’ of the 
Faculty of Geosciences at Utrecht University, the Netherlands.
4. Lithostratigraphy

The measured sections (Fig. 2) are subdivided in formations 
following the classification of the Qinghai Bureau of Geology and 
Mineral Resources (QBGMR, 1985). In the following, these forma-
tions are described and interpreted in terms of depositional envi-
ronment. Detailed logs are provided in the supplementary material 
(Fig. S1).

4.1. Lower Qiejiachuan Formation (E1q1)

4.1.1. Description
The lower part of the Qiejiachuan Formation (∼20 m thick) 

consists of massive red mudrocks (2.5YR 4/4) interbedded with a 
few massive sandstone beds. Occasionally, the mudrocks contain 
slickensides and centimeter-scale horizons of grey (5GY 5/1) mot-
tling. The sandstone beds are up to a few decimeters thick, fine-
to coarse-grained and laterally extensive.

4.1.2. Interpretation
The dominance of massive, oxidized mudrocks indicates depo-

sition on a subaerially exposed mudflat (Smoot and Lowenstein, 
1991; Dupont-Nivet et al., 2007; Abels et al., 2011). The lateral 
extent and massive structure of the sandstone beds suggests depo-
sition by unconfined fluvial flows (North and Davidson, 2012).

4.2. Middle Qiejiachuan Formation (E1q2)

4.2.1. Description
The middle Qiejiachuan Formation (∼30 m thick) is character-

ized by a laterally extensive package of gypsum beds. The beds 
are decimeters thick and alternate between light gray (10Y 5/1), 
indurated intervals and dark grey (N 3/1), less indurated, organic-
rich (TOC = ∼0.7–1.7%) intervals (Fig. 3A). The gypsiferous beds 
are nodular, but reveal centimeter-scale horizontal lamination in 
fresh, unweathered outcrops (Fig. 3A).

4.2.2. Interpretation
The gypsum and horizontal lamination indicate deposition in 

a saline lake (Smoot and Lowenstein, 1991; Dupont-Nivet et al., 
2007; Abels et al., 2011). The alternations between gypsiferous and 
carbonaceous beds may reflect fluctuating salinity and/or produc-
tivity (Potter et al., 2005).

4.3. Upper Qiejiachuan Formation (E1q3)

4.3.1. Description
The upper Qiejiachuan Formation (∼30 m thick) consists of 

massive mudrocks with a characteristic liver-brown color (5YR 4/2, 
Fig. 3B). The mudrocks contain specks of organic debris, abundant 
slickensides and are commonly interbedded with centimeter-scale 
beds of coarse silt with ripple laminations. Centimeter-scale car-
bonate beds composed of micrite occur in the lower part. The top 
of the Qiejiachuan Formation consists of a ∼5 meters-thick interval 
containing green (5GY 5/1) gypsiferous mudrocks and decimeter-
scale beds of massive gypsum. The mudrocks are interbedded with 
centimeter-scale beds of micritic carbonate.

4.3.2. Interpretation
The lack of horizontal lamination and abundance of slicken-

sides in the mudrocks indicate deposition on a subaerially exposed 
mudflat (Smoot and Lowenstein, 1991; Dupont-Nivet et al., 2007;
Abels et al., 2011). The organic debris admixed with red regolith 
results in the characteristic liver-brown color (Potter et al., 2005). 
The rippled beds of coarse siltstones are interpreted to be de-
posited in episodic events of surface flow (North and Davidson, 
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Fig. 2. The East Xining, Caijia and Xiejia sections showing (a) the lithostratigraphy and (b) the magnetostratigraphy with Virtual Geomagnetic Pole (VGP) latitudes and 
corresponding polarity zones.
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Fig. 3. Field photos showing: (A) an alternation between carbonaceous and gypsiferous beds in the middle Qiejiachuan Formation. Note the horizontal laminations in the 
upper part. (B) Massive liver-brown mudrock in the upper Qiejiachuan Formation. Hammer for scale. (C) Massive brick-red mudrock in the lower Honggou Formation showing 
mm-scale burrows. Scale-bar on the right. (D) Finely laminated brown mudrock in the lower Honggou Formation showing mudcracks and micrite laminae. (E) Overview of 
the Xiejia section showing the Honggou Formation. Arrow indicates the transition from the lower to middle Honggou Formation at the 140 meter-level. Scale-bar on the 
right (F) Overview of the top of the Xiejia section showing a fault at the base of the upper Honggou Formation. Scale-bar on the right. (G) A tuff bed in the Xiejia section at 
the 46.3 meter-level showing the three different layers that were geochemically analyzed (A, B and C). Pencil for scale.
2012). The carbonates may represent deposition in local, relatively 
freshwater ponds (Smoot and Lowenstein, 1991). The gypsum beds 
at the top indicate deposition in a saline lake (Smoot and Lowen-
stein, 1991; Abels et al., 2011).

4.4. Lower Honggou Formation (E2h1)

4.4.1. Description
The lower Honggou Formation (∼130 m thick) is characterized 

by brick-red (2.5 YR 4/6) massive mudrocks (Fig. 3C). The mu-
drocks are commonly interbedded with centimeter-scale beds of 
rippled coarse siltstones. Rare cross-bedded sandstones occur as 
decimeter-scale beds in the lower part of the more proximal Xiejia 
section. The red mudrocks of the Honggou Formation contain 
abundant millimeter-scale interstitial gypsum nodules. Millimeter-
scale burrows, slickensides, blocky peds and grey (10GY 7/1) mot-
tling are common, but millimeter-scale carbonate nodules are rare. 
The red mudrocks occasionally contain <5 meters-thick intervals 
of brown (5YR 4/2) mudrocks with millimeter-scale lamination 
(Fig. 3D). These intervals contain specks of organic debris, slick-
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ensides, desiccation cracks and centimeter-scale beds of micritic 
carbonate and gypsum. The red mudrocks are rarely interbedded 
with green (10GY 6/1), decimeter-scale beds of gypsum with ei-
ther a nodular structure or centimeter-scale horizontal lamination.

4.4.2. Interpretation
The dominance of gypsiferous red mudrocks indicates deposi-

tion on a subaerially exposed arid mudflat (Smoot and Lowenstein, 
1991; Dupont-Nivet et al., 2007; Abels et al., 2011), with occasional 
fluvial events evidenced by the coarse silt- and sandstone beds 
(North and Davidson, 2012). The laminated brown mudrock inter-
vals are interpreted as lacustrine deposits. However, the observed 
desiccation cracks and slickensides suggest that these lakes were 
shallow and occasionally exposed to drying. The gypsum beds are 
interpreted as saline lake deposits (Smoot and Lowenstein, 1991;
Abels et al., 2011).

4.5. Middle Honggou Formation (E2h2)

4.5.1. Description
A sudden increase in gypsum beds and mudrocks with fine 

horizontal laminations marks the transition (Fig. 3E) to the mid-
dle Honggou Formation (∼80 m thick). The laminated mudrocks 
range in color from brown (5YR 4/3) to green (10GY 6/1). Mas-
sive red mudrocks occur as well, but are less abundant than in the 
lower Honggou Formation. The gypsum beds are green (10GY 6/1), 
laminated or nodular, and range in thickness from decimeter- to 
meter-scale. The middle Honggou Formation can be traced region-
ally as a more gypsiferous interval. However, individual beds are 
laterally discontinuous between sections spaced up to 14.5 km.

4.5.2. Interpretation
The massive red mudrocks, laminated mudrocks and gypsum 

beds are interpreted to be deposits of subaerially exposed mud-
flat, lake and saline lake environments respectively (Smoot and 
Lowenstein, 1991; Dupont-Nivet et al., 2007; Abels et al., 2011). 
The lateral discontinuity of the beds suggests that the lacustrine 
mudrocks and evaporites accumulated in local topographic de-
pressions whereas oxidized mudflats formed on local highs. The 
nodular character of the gypsum beds is likely due to weathering 
because it is absent in fresh outcrops (Abels et al., 2011).

4.6. Upper Honggou Formation (E2h3)

4.6.1. Description
The upper Honggou Formation consists of a ∼10–30 meters-

thick gypsum package containing decimeter-scale beds of mas-
sive to nodular gypsum as well as macro-crystalline gypsum and 
glauberite (Bosboom et al., 2014c). A minor fault observed at the 
base of the gypsum package in the Xiejia section may have re-
sulted in a hiatus (Fig. 3F). Locally, the gypsum package can be 
replaced by fluvial sandstone beds, as observed in the Dasigou sec-
tion, north of Xining (Fig. 1A; Bosboom et al., 2014c).

4.6.2. Interpretation
The thick accumulation of gypsum beds indicates prolonged de-

position in a saline lake (Smoot and Lowenstein, 1991; Abels et al., 
2011; Bosboom et al., 2014c). The beds containing euhedral macro-
crystals suggest that the lake was perennial at times (Smoot and 
Lowenstein, 1991; Bosboom et al., 2014c). Although the thickness 
of the gypsum package varies, the upper Honggou Formation is 
characteristic and can be correlated across the basin (Horton et al., 
2004).
4.7. Lower Mahalagou Formation (E3m1)

4.7.1. Description
The lower Mahalagou Formation (∼70 m thick) is character-

ized by meter-scale alternations between red mudrocks and gyp-
sum beds that can be correlated between the studied sections 
(Dupont-Nivet et al., 2007; Abels et al., 2011; Bosboom et al., 
2014c). The mudrocks have a massive structure, whereas the gyp-
sum beds vary between a massive, laminated or nodular structure 
(Abels et al., 2011). An interval of reddish brown (5YR 4/3) mu-
drocks with a thickness of ∼20 m occurs at the base.

4.7.2. Interpretation
The Mahalagou Formation has been described extensively in 

previous studies and is interpreted as deposits of astronomi-
cally forced cycles between subaerial mudflats and saline lakes 
(Dupont-Nivet et al., 2007; Abels et al., 2011; Bosboom et al., 
2014c).

4.8. Summary

Throughout the studied interval, we observe several trends in 
the depositional environments (Fig. 4). A decrease in organic mat-
ter indicates a long-term aridification in the record. Organic-rich 
deposits are abundant in the Qiejiachuan Formation, occur spo-
radically throughout the overlying Honggou Formation and dis-
appear in the lower Mahalagou Formation along with carbonate 
beds (Bosboom et al., 2014c). Superimposed on this long-term 
drying we observe shorter term alternations between mudflat de-
posits and evaporites (Fig. 4). The middle Qiejiachuan Formation is 
dominated by saline lake deposits and is overlain by organic-rich 
mudflat deposits of the upper Qiejiachuan Formation and red mu-
drocks of the lower Honggou Formation. These mudflat deposits 
are followed by a shift to lacustrine mudrocks and evaporites in 
the overlying middle to upper Honggou Formation. This is followed 
by a ∼20 meters-thick interval of mudflat deposits at the base of 
the overlying Mahalagou Formation, after which this formation is 
dominated by characteristic mudrock–evaporite cycles.

5. U–Pb radiometric dating of a volcanic tuff

A volcanic tuff with a thickness of 12 cm was identified in 
the Xiejia section at the 46.3 meter-level (Fig. 3G) and is used to 
constrain the age of the deposits. The tuff is composed of three 
different layers and consists predominantly of vitreous matrix. The 
layers have similar chemical compositions (Table S1) and are clas-
sified, on an anhydrous basis, as trachyte (Fig. S2) according to the 
classification of Le Maitre et al. (1989). However, the relatively high 
concentration of volatiles (LOI = ∼8%) indicates that this tuff may 
have been altered.

Of the 31 zircon crystals that were analyzed, 19 analyses plot 
in a concordant to sub-concordant position (99 to 80%, Fig. 5A), 
indicating the presence of a slight amount of common Pb in some 
of the zircon grains and/or a very small Pb loss. Their weighted 
average 206Pb/238U age (Fig. 5B) is well defined at 50.2 ± 0.4 Ma 
(MSWD = 1.9). This mean age is equivalent within error with the 
lower intercept date of 50.0 ± 0.4 Ma (Fig. 5A) if the discordia is 
forced to a 207Pb/206Pb value of 0.839 ± 0.01 calculated (at 50 ±
10 Ma) following the Pb evolution model of Stacey and Kramers 
(1975). This is also similar to the Tuffzirc age (Ludwig and Mundil, 
2002) of 50.15 +0.65/−0.45 Ma. We therefore conclude that this 
tuff was deposited at 50.0 ± 0.4 Ma.

The remaining 12 crystals produced apparent ages ranging from 
237 to 2450 Ma and are interpreted as xenocrystic in origin. The 
Eocene volcanic belt throughout the northern Qiangtang terrane 
provides a possible source for the tuff, since multiple ages reported 
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Fig. 4. Magnetostratigraphic correlations between the three studied sections and the Tiefo section (Bosboom et al., 2014c). The chrons are correlated to the GTS16 (Ogg et al., 
2016). Trends in the dominant depositional environment are shown on the right.
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Fig. 5. (A) Tera–Wasserburg diagram for the youngest group of zircons. (B) Weighted average 206Pb/238U Age for the same 19 zircon grains. All ellipses and apparent 
206Pb/238U ages are plotted at 2σ .
here fit well within the error range of our tuff sample (Chapman 
and Kapp, 2017).

6. Magnetostratigraphy

Paleomagnetic analysis is used to identify reversals and further 
constrain the age of the deposits.

6.1. Thermal demagnetization

Demagnetization of the red mudrock samples up to 200–300 ◦C 
resulted in the removal of a secondary normal overprint and is 
followed by a linear decay towards the origin (Fig. S3). A drop in 
magnetization is observed between 550–680 ◦C indicating a com-
bination of hematite and magnetite as the dominant ferromagnetic 
carriers (Fig. S3). Samples from the gypsum beds have a lower 
magnetization and showed erratic directions that could not be in-
terpreted. The magnetic behavior is similar as observed in previous 
studies in the Xining Basin (Dai et al., 2006; Dupont-Nivet et al., 
2007, 2008b; Abels et al., 2011; Xiao et al., 2012; Bosboom et al., 
2014c).

6.2. ChRM directions

Characteristic remanent magnetization (ChRM) directions of the 
samples were calculated by eigenvector principal component anal-
ysis (Kirschvink, 1980) on at least four temperature steps showing 
a linear decay between 300–600 ◦C. Maximum angular deviations 
(MAD) were estimated for all calculated ChRM directions. All sam-
ples have a MAD <30◦ and most are <10◦ .

Virtual geomagnetic poles (VGPs) were calculated from the 
ChRM directions and the VGP latitudes are shown in Fig. 2 and 
Fig. S1. The VGPs show two clusters of either normal (positive lat-
itude) or reversed (negative latitude) polarity. Samples with a VGP 
of more than 45◦ from the mean normal or reversed VGP are con-
sidered outliers and removed from further analysis (open symbols 
in Fig. 2 and Fig. S1, red symbols in Fig. S4).

The means for both the normal and reversed ChRM directions 
were calculated for each section (Fig. S4) using Fisher statistics 
(Fisher, 1953). Reversals tests (McFadden and McElhinny, 1990)
performed on the mean directions of the sections are negative in-
dicating that the angle between the mean normal and reversed 
polarities is larger than the critical angle. These negative reversals 
tests are due to an unresolved normal overprint as observed in 
previous studies in the Xining Basin (Dupont-Nivet et al., 2008b;
Xiao et al., 2012; Bosboom et al., 2014c). This is especially evident 
in the Xiejia and East Xining sections (Fig. S4), which are more 
tilted (dip of ∼50◦) compared to the Caijia section (dip of ∼7◦). 
The normal overprint would preclude the use of these datasets for 
tectonic rotation analysis but it does not affect the reliability of the 
magnetostratigraphy used in this study as discussed further below.

6.3. Correlation to the GTS

Polarity zones are identified by at least two successive samples 
of the same polarity and are labeled N1 to N8 and R1 to R7 (Fig. 4). 
The magnetostratigraphy is laterally similar and can be readily cor-
related between the studied sections. However, normal zone N5 is 
only observed in the Caijia section. This zone with a thickness of 
only 2–4 m is probably missed in the other sections due to a lower 
resolution of reliable VGP’s. Zone N6 is lacking in the Caijia section 
because no magnetic signal is recorded in the gypsum beds of this 
interval.

In the following, the polarity zones are correlated to chrons 
(Fig. 4) in the geological timescale (GTS16, Ogg et al., 2016). The 
tuff, located at the base of normal polarity zone N3, provides a tie 
point for our correlation. The only normal chron with a basal age 
near 50 ± 0.4 Ma is C22n, which has a basal age of 49.3 Ma in 
the GTS16, but was recently tuned to 49.7 Ma (Westerhold et al., 
2017). The latter age fits well within the error range of the tuff. 
Zone N3 is therefore correlated to C22n. The overlying zones R3 
and N4 are then correlated to C21r and C21n respectively. C21n 
is followed by a relatively long reversed and a long normal chron 
(C20r and C20n) in the timescale that were both identified at the 
base of the Tiefo section (Bosboom et al., 2014c). It follows that 
polarity zone N7 can be correlated to C20n by using the character-
istic gypsum package of the upper Honggou Formation (E2h3) as a 
marker bed. Zones R7 and N8 in the East Xining section are sub-
sequently correlated to C18r and C18n by using the gypsum cycles 
of the Mahalagou Formation as marker beds. Following the above, 
zones R4 to R6 are unequivocally correlated to C20r. The resulting 
age model shows stable accumulation rates of ∼3 cm/kyr in the 
Honggou Formation (Fig. S5), which is similar to rates observed 
in the overlying sections (Abels et al., 2011; Xiao et al., 2012;
Bosboom et al., 2014c). This suggests an absence of major hiatuses 
and further supports our correlation.

However, the short normal zones N5 and N6 (with thicknesses 
of 5 to 10 m) remain uncorrelated in our interpretation. No such 
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zones are observed in C20r of the geological timescale. Zone N2, 
located just below N3, is uncorrelated as well because a corre-
lation to C23n would result in an unusually low accumulation 
rate of ∼0.6 cm/kyr in both R2 (when correlated to C22r) and 
N2 (when correlated to C23n). To our knowledge, short normal 
chrons that could relate to N2, N5 and N6 have not been re-
ported in any published marine or terrestrial records of this in-
terval (e.g. Fig. 6 in Turtù et al., 2017 and references therein). 
Bouligand et al. (2006) record nine cryptochrons in C20r and three 
in C22r based on stacked marine magnetic anomaly profiles. Most 
of these cryptochrons have a short duration of less than 8 kyrs, 
but three have relatively long durations of 12 to 14 kyrs (C20r-5, 
C20r-6 and C22r-1). These three longer cryptochrons could fit with 
the stratigraphic positions of the short normal zones in the Xin-
ing Basin. However, this would imply anomalously high accumu-
lation rates of at least ∼35 cm/kyr for these cryptochrons to be 
recorded in the observed >5 meters-thick normal zones. Therefore, 
a more probable hypothesis is that these zones result from sec-
ondary magnetizations occurring in stratigraphic intervals prone to 
remagnetization. However, we found no clear differences in litholo-
gies (Fig. 2, S1), magnetic behavior (Fig. S3) and ChRM directions 
(Fig. S4) compared to the other polarity zones. Nevertheless, the 
pervasive secondary normal overprint evidenced by the failed re-
versals tests suggests that some stratigraphic intervals may have 
been overprinted.

The age of the Qiejiachuan Formation cannot be constrained 
due to the low resolution of reliable VGP latitudes in the gyp-
sum interval of the middle Qiejiachuan Formation. This hinders the 
record of the expected polarity zones below the radiometric age of 
the tuff (50.0±0.4 Ma) and thus prevents a reliable downward ex-
tension of the magnetostratigraphic correlation.

7. Discussion

Our magnetostratigraphic correlations indicate that the Hong-
gou Formation spans from ∼50 Ma (C22r) to ∼41 Ma (top of 
C19n). This extends the dated stratigraphic record to cover the 
early Eocene to Oligocene epochs (Fig. 6; Abels et al., 2011; Xiao 
et al., 2012; Bosboom et al., 2014c). Our age model agrees broadly 
with the preferred correlations reported in Dai et al. (2006), except 
for two notable differences: (1) our record shows that N22 in Dai 
et al. (2006) consists of two separate normal zones. The upper of 
these is correlated to C22n, which is now further constrained by 
the age of the tuff. The lower is interpreted here as a remagne-
tized normal zone. (2) N23 in Dai et al. (2006) is not observed in 
this study and is likely a result of remagnetized samples from this 
gypsiferous interval. Therefore, the previously proposed correlation 
of the base of the Xiejia section to ∼52 Ma (Dai et al., 2006) is 
revised by our results to ∼50 Ma.

Our paleo-environmental record shows a long-term drying 
trend from ∼50 to 40 Ma (Figs. 4, 6), which is corroborated by 
previous rock magnetic analyses in the basin (Fang et al., 2015). 
This drying trend persists in the overlying deposits, where the 
disappearance of organic-rich deposits and carbonate beds in the 
Mahalagou Formation is synchronous with an aridification step 
in the pollen record between 40.6 and 39.4 Ma (Bosboom et al., 
2014c). Successive aridification steps are then recorded by a de-
crease in gypsum beds at ∼37 Ma (‘Step 1’, Abels et al., 2011), 
an increase in accumulation rate at ∼35 Ma (‘Step’ 2, Abels et al., 
2011) and the final disappearance of saline lakes at the Eocene–
Oligocene Transition (EOT; Dupont-Nivet et al., 2007). This long-
term aridification of the Xining Basin has been linked to Tibetan 
Plateau uplift (Li et al., 2018a), long-term proto-Paratethys Sea re-
treat (Dupont-Nivet et al., 2007; Abels et al., 2011; Bosboom et 
al., 2014a, 2014b) and global cooling (Dupont-Nivet et al., 2007;
Abels et al., 2011; Bosboom et al., 2014c; Fang et al., 2015;
Li et al., 2018a) and is likely the result of a combination of these 
mechanisms.

Within this long-term 50–34 Ma drying trend, we observed 
shorter term alternations between mudflat and saline lake deposits 
(Fig. 6). Based on previous interpretations in the Xining Basin, 
we interpret these alternations to represent fluctuations in atmo-
spheric moisture (Dupont-Nivet et al., 2007; Abels et al., 2011). 
A first wet phase is expressed in the middle Qiejiachuan Forma-
tion by organic-rich evaporites. The age can only be approximated 
to late Paleocene–early Eocene based on existing pollen, ostracod 
and charophyte assemblages (Horton et al., 2004 and references 
therein) and by extending the average accumulation rate of the 
overlying deposits downwards. A second wet phase, is recognized 
as a shift to more lacustrine mudrocks and evaporites in the mid-
dle to upper Honggou Formation. This phase can now be dated 
from ∼46 Ma (top C21n) to the top of the upper Honggou evap-
orites as previously recognized at ∼41 Ma (base of C18r; Bosboom 
et al., 2014a, 2014c). A third wet phase is observed to start at 
∼40 Ma (base C18n) with the onset of regular gypsum/mudrock 
cycles (Bosboom et al., 2014c) and end at a decrease in gypsum 
beds at ∼37 Ma (top C17n.1n, ‘Step 1’ in Abels et al., 2011). This 
last phase was likely less intense, more fluctuating and drier, as in-
dicated by the absence of organic-rich layers or carbonate beds and 
the presence of numerous interfingering layers of red mudrocks. 
These saline lake phases are laterally continuous throughout the 
basin suggesting an external control rather than an expression 
of autogenic basin infill. To identify potential driving mechanisms 
for the observed moisture fluctuations, we review constraints on 
tectonic uplift, proto-Paratethys Sea incursions and global climate 
trends (Fig. 6).

The influence of local tectonic uplift on moisture variations is 
considered unlikely because accumulation rates are continuously 
low (∼3 cm/kyr, Fig. S5), no coarsening trends are observed and 
exhumation of the local mountain ranges (the Laji Shan and Da-
ban Shan) occurred mainly in the Miocene (e.g. Lease et al., 2011). 
A loosely dated Eocene phase of exhumation is observed border-
ing the Xining Basin (Zhang et al., 2015) and more regionally in 
both the northern Tibetan Plateau (Western Qinling Shan; Clark et 
al., 2010) and the central Plateau (Hoh Xil Basin; Staisch et al., 
2016). Although this Eocene growth of the Tibetan Plateau may 
explain the long-term drying trend (Li et al., 2018a), the observed 
shorter term shifts appear too abrupt (Fig. 3G) to be caused by the 
slow tectonic uplift of the Plateau. Furthermore, the continuously 
growing Plateau cannot explain the episodic occurrence of wetter 
lithofacies which are separated by intervals of dry mudflats.

Previous studies have temporally linked the Xining aridi-
fication steps to the stepwise retreating proto-Paratethys Sea 
(Dupont-Nivet et al., 2007; Abels et al., 2011; Bosboom et al., 
2014a, 2014b). During the Paleogene, the long-term sea retreat is 
superimposed by three progressively smaller incursions each dated 
by bio- and magnetostratigraphic studies (Figs. 6, 7; Bosboom et 
al., 2014a, 2014b; Kaya et al., 2018). A recent reappraisal of these 
incursions in the Tarim Basin (Kaya et al., 2018) provides the 
following age constraints. The first and most extensive incursion 
lasted from ∼59–57 Ma to ∼53–52 Ma; the second incursion from 
∼47–46 Ma to ∼41–40 Ma and the third and smallest sea incur-
sion is more precisely dated from 39.8 Ma to 36.7 Ma (Figs. 6, 7). 
These incursions fit well with the three wetter intervals recognized 
in the Xining Basin (Fig. 6). Our study therefore shows a temporal 
link between the proto-Paratethys highstands and increased mois-
ture in the Xining Basin.

This moisture could have been derived either from the winter-
time westerlies or the summer monsoon (Fig. 7). Climate models 
suggest that Asian summer monsoons may be weakened by the 
proto-Paratethys Sea due to reduced land-sea contrasts (Ramstein 
et al., 1997; Zhang et al., 2007; Roe et al., 2016). Other studies in-
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Fig. 6. Composite lithostratigraphy of the East Xining, Tiefo (Bosboom et al., 2014c) and Shuiwan (Abels et al., 2011) sections. Global climate is represented by a 9-point 
moving average through the benthic foraminifera δ18O record of Cramer et al. (2009). Regional tectonic events and climatic events observed in the basin are indicated, as 
well as the proto-Paratethys Sea incursions observed in the Tarim Basin (Kaya et al., 2018).
dicate that the sea was too shallow to affect monsoonal circulation, 
even during highstands (Licht et al., 2014; Bougeois et al., 2018). 
Either way, it seems unlikely that an extensive proto-Paratethys 
Sea was associated with increased monsoonal activity. Instead, the 
highstands would increase the amount of water available for evap-
oration along the westerly pathway (Bosboom et al., 2014a, 2014b; 
Bougeois et al., 2018). This would result in more winter precip-
itation and provides an explanation for the wetter lithofacies in 
Xining coeval with the sea incursions. This interpretation is in line 
with previous studies showing that Central Asian climate and co-
eval deposits were strongly influenced by the westerlies at this 
time (Caves et al., 2015; Bougeois et al., 2018).

Previous studies also suggested that global climate might have 
played a role in the Xining record (Fig. 6). Temperatures gener-
ally decreased during the studied interval but are superimposed 
by hyperthermal events and periods of incipient ice sheet forma-
tion (Fig. 6; e.g. Cramer et al., 2009). The onset of obliquity cycles 
after ∼40 Ma has been associated with ice sheet dynamics after 
the MECO (Middle Eocene Climatic Optimum, Abels et al., 2011;
Bosboom et al., 2014c) and the aridification at ∼34 Ma has been 
linked to global cooling at the EOT (Dupont-Nivet et al., 2007). The 
latter may have resulted from either a weaker hydrological cycle 
in a colder climate (Licht et al., 2014; Li et al., 2018a), or from the 
proto-Paratethys Sea retreat induced by the growth of the Antarc-
tic ice sheet (Dupont-Nivet et al., 2007; Bosboom et al., 2014a). 
However, the short-term moisture shifts observed in this study do 
not correspond with global climate events (Fig. 6). Instead, they 
systematically fit with the proto-Paratethys Sea incursions and re-
treats, some of which are thought to be driven by tectonics and 
others by eustasy (Bosboom et al., 2014a, 2014b; Kaya et al., 2018). 
Therefore, we suggest that the sea itself was a direct driver of pre-
cipitation in the region via the westerlies.
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Fig. 7. Generalized paleogeography of Eurasia during the Paleogene, modified from Bosboom et al. (2014a). The maximum spatial extent of the three proto-Paratethys Sea 
incursions are indicated on the map and in time on the left. The approximate extent of the regressions in between the incursions is indicated with a red dashed line. 
Atmospheric moisture sources are shown with arrows.
8. Conclusion

Our results extend the Xining record down to the early Eocene 
(∼50 Ma) by using magnetostratigraphy and tuff dating. This ex-
tended time frame shows a long-term drying trend in the lithos-
tratigraphy with superimposed wetter periods that correlate in 
time with highstands of the proto-Paratethys Sea. These correla-
tions suggest that moisture in the region was governed by the 
westerlies and modulated by the Paleogene sea incursions. The 
overall aridification of the Xining Basin may be explained by the 
long-term retreat of the proto-Paratethys Sea as well as the effects 
of the Tibetan uplift and global cooling.

Our results stress that, beyond the traditionally invoked Tibetan 
uplift and global climate as drivers of Asian climate, sea-driven 
moisture fluctuations should be taken into account as well. These 
results might influence both the assessment of model and proxy 
data constraining Eurasian weathering and dust production (Licht 
et al., 2016) as well as paleobiogeographic reconstructions (e.g. 
Favre et al., 2015). Building upon these results, a better under-
standing of the interplay between the westerlies and monsoons at 
tectonic, orbital and seasonal timescales may be obtained by fur-
ther work focused on the identification and quantification of the 
moisture sources in the Xining Basin as well as in other regional 
records.
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