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The growth history of the Tibetan Plateau provides a valuable natural laboratory to understand tectonic pro-
cesses of the India–Asia collision and their impact on and interactions with Asian and global climate change.
However, both Tibetan Plateau growth and Asian paleoenvironments are generally poorly documented in
pre-Pliocene times and reflect limited temporal coverage for different parts of the plateau. Here we present
magnetostratigraphic results from the Xining Basin, at the NE margin of the Tibetan Plateau, precisely dating
the record between the earliest Oligocene (~33 Ma) to the middle Miocene (~16 Ma). The pattern of ob-
served paleomagnetic polarity zones is unequivocally correlated to the geomagnetic polarity time scale
(GPTS) indicating relatively constant and low sediment accumulation rates (32 m/Myr) except for a peculiar
period of unstable accumulation between 25.3 and 19.7 Ma. At the beginning of this interval, a marked perma-
nent increase in magnetite content of the sediments is observed and likely relates to a change in provenance.
We directly relate this unstable period of sediment accumulation and provenance change to the coeval exhuma-
tion recently reported by low-temperature thermochronology from the Laji Shan range, which subsequently
formed the southern margin of the Xining Basin. Evidence for NE Tibet tectonism at 25–20 Ma can be associated
with widespread deformation over the entire Himalayan–Tibetan orogen at this time, which may be linked to
the coeval appearance of monsoon climate in Eastern Asia and the onset of central Asian desertification.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The timing of the growth of the Himalayan–Tibetan Plateau has
profound implications for understanding the mechanics of continental
deformation (e.g., Dayem et al., 2009; Harrison et al., 1992; Royden
et al., 2008; Tapponnier et al., 2001) and associated regional and global
climatic changes in the Cenozoic (e.g., Kent and Muttoni, 2008; Molnar
et al., 2010; Raymo and Ruddiman, 1992). Various lines of evidence
provided by previous tectonic studies from different parts of the pla-
teau have suggested a wide range of uplift models and thus different
histories of plateau growth (e.g., Harrison et al., 1992; Molnar and
Stock, 2009; Molnar et al., 1993; Tapponnier et al., 2001; Wang et al.,
2008). Climate studies have suggested that the appearance of the mon-
soonal system in East Asia and the onset of central Asian desertification

may be related to Cenozoic Himalayan–Tibetan uplift and withdrawal
of the Paratethys Sea (Clift et al., 2008; Guo et al., 2002, 2008;
Ramstein et al., 1997; Sun and Wang, 2005; Zhang et al., 2007a,
2007b). In addition, surface uplift of various parts of the Tibetan Pla-
teau may have affected differently either the East Asian monsoon or
the Indian monsoon which, from an atmospheric dynamics perspec-
tive, are different climate phenomena and are probably forced by dif-
ferent boundary conditions (e.g., Boos and Kuang, 2010; Molnar et al.,
2010). To further constrain the surface uplift history of the Himala-
yan–Tibetan Plateau and its relationship with the Asian climate change,
more precise age constraints on the plateau growth and paleoenviron-
mental evolution from different parts of the plateau are still required.

Here we report a well-dated sedimentary record from the Xining
Basin at the northeastern margin of the Tibetan Plateau. The study
area has recently received increasing attention because it is ideally
located to investigate when and how the plateau grew northward
and is within the transitional belt of the East Asian monsoonal
humid areas and the northwest arid areas such that it is sensitive to

Earth and Planetary Science Letters 317-318 (2012) 185–195

⁎ Corresponding author.
E-mail address: ztguo@mail.iggcas.ac.cn (Z. Guo).

0012-821X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2011.11.008

Contents lists available at SciVerse ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r .com/ locate /eps l



Author's personal copy

changes in the monsoonal climate (e.g., Dai et al., 2006; Dettman
et al., 2003; Dupont-Nivet et al., 2003, 2004, 2008a, 2008b; Fang
et al., 2003, 2005; Garzione et al., 2005; Horton et al., 2004; Hough
et al., 2011; Ji et al., 2010; Lease et al., 2007, 2011, in press; Li et al.,
1997; Lu et al., 2004; Pares et al., 2003; Wang and Deng, 2005; Yue
et al., 2001; Zheng et al., 2003, 2006). The tectonic history of this re-
gion, however, still remains controversial. According to the north-
ward stepwise growth model (Tapponnier et al., 2001), the NE
Tibetan Plateau mainly grew during Pliocene to Quaternary times.
However, other studies have yielded evidence for tectonism and sur-
face uplift ranging from late Eocene to early Pleistocene, including
magnetostratigraphic dating of sediment accumulation rates and/or
occurrence of thick conglomerate deposits (Dai et al., 2006; Fang
et al., 2003, 2005; Horton et al., 2004; Ji et al., 2010; Li et al., 1997;
Pares et al., 2003), ages of fluvial terraces (Lu et al., 2004), thermo-
chronological studies (Clark et al., 2010; Lease et al., 2011; Zheng
et al., 2003, 2006), tectonic rotation studies (Dupont-Nivet et al., 2004,
2008a; Yan et al., 2006), detrital zircon U–Pb ages (Lease et al., 2007,
in press), Nd isotopic studies (Garzione et al., 2005), carbon and oxygen
isotope-based paleoaltimetry and/or topographic evolution (Dettman
et al., 2003; Hough et al., 2011; Wang and Deng, 2005), and occurrence
of high-altitude pollen assemblages (Dupont-Nivet et al., 2008b).

With a thick sequence of Paleocene to early Miocene lacustrine
records, the Xining Basin at the NE margin of the Tibetan Plateau
(Fig. 1a) provides an important sedimentary archive for understand-
ing the paleoclimate and surface uplift history of this region (QBGMR,
1985, 1991). It is only in recent years that the magnetostratigraphy
and the paleoenvironmental change of this basin have been studied
(Abels et al., 2011; Dai et al., 2006; Dupont-Nivet et al., 2007; Horton
et al., 2004; Wu et al., 2006; Xiao et al., 2010). However, these studies
have mainly focused on the late Eocene to early Oligocene, with
little attention to the paleoenvironmental changes recorded in the
Miocene strata that may be associated with the growth of the Tibetan
Plateau. Furthermore, while the Paleogene strata provided reliable
magnetostratigraphic correlations, the results for the Miocene de-
posits in the Xining Basin have proven to be controversial (Dai
et al., 2006; Wu et al., 2006). Remarkably, the onset of accelerated ex-
humation of the Laji Shan range, which makes up the southern edge
of the Xining Basin, revealed to be earliest Miocene (ca. 22 Ma) by a
recent thermochronological study (Lease et al., 2011), has not been

detected in the sedimentary record of the Xining Basin. In this
study, we present a detailed magnetostratigraphy and magnetic sus-
ceptibility investigation of the Xining Basin sedimentary record with
a view to achieving a better understanding of the Oligocene to Mio-
cene tectonism and paleoenvironments of the NE Tibetan Plateau.

2. Geological setting

The Xining Basin lies at the northeastern edge of the Tibetan Pla-
teau, with elevations mainly between ~2300 and ~3000 m (Fig. 1a).
Climatically, the Xining Basin lies in the transitional belt of the
East Asian monsoonal humid areas and the northwest arid areas,
dominated by an arid/semiarid continental climate. At present, the
mean annual temperature and precipitation in this area are 6.06 °C
and 415 mm, respectively, with over 70% of the precipitation falling
from June to September.

The Xining Basin has been interpreted as a Late Jurassic–Early Cre-
taceous fault-related basin, characterized by slow subsidence rates
until the Neogene, when faults were reactivating and compartmen-
talizing the basin (Horton et al., 2004). The basin is bounded by the
Laji Shan Fault to the south and the middle Qilian Shan Fault to the
north (Fig. 1b). With a thickness of more than 800 m, the well-
developed Cenozoic stratigraphy in the Xining Basin has been divided
into six formations: Qijiachuan, Honggou, Mahalagou, Xiejia, Chetou-
gou, and Xianshuihe Formations in upward sequence (QBGMR, 1985,
1991). Recent paleomagnetic investigations from the Xiejia and
Shuiwan sections indicate that the Cenozoic stratigraphy of the Xi-
ning Basin spans from ~55 Ma to 17 Ma (Dai et al., 2006), consistent
with the biostratigraphic age (Hao et al., 1983; Horton et al., 2004;
Li and Qiu, 1980; Li et al., 1981; QBGMR, 1985, 1991; Qiu and Qiu,
1995; Wang et al., 1990). The stratigraphy consists of basal sandy
and gypsiferous successions (Qijiachuan Formation) overlain by
red mudstones with distinctive gypsiferous cyclic intercalations
(Honggou and Mahalagou Formations) overlain by light brown to
yellow mudstones with occasional sandy lenses (Xiejia, Chetougou
and Xianshuihe Formations) (QBGMR, 1985, 1991).

Our study focuses on the Xiejia, Chetougou and Xianshuihe For-
mations. The studied Tashan (TS) section is situated in the mid-
southern part of the Xining Basin, ~7 km south of the Xining city,
and ~25 km north of the present-day position of the Laji Shan range
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(Fig. 1). The composite TS section measures 560.9 m in thickness and
consists of seven subsections near the Tashan village (101°50′E,
36°33′N). We report here the upper six subsections (total 457.5 m
in thickness) of the TS section that complement results from the bot-
tom subsection (103.4-m thick) reported by Xiao et al. (2010). An ad-
ditional ~60 m of the Xianshuihe Formation above our section has not
been sampled because this interval is poorly exposed. In the field, the
subsections have been correlated by marker layers that can be traced
more than 5 km. Also, using these marker layers, the TS section can be
straightforwardly correlated to the Xiejia section that is located
~3 km to the east (Fig. 1b). According to previous descriptions of
the Xiejia section (Li and Qiu, 1980; QBGMR, 1985), the well-known
Xiejia Fauna (Qiu and Qiu, 1995) was found in bed 39 of the described
Xiejia section (QBGMR, 1985); it is ~10 m above a notable green gyp-
siferous layer referred to as the “green belt” (bed 37 of the described
Xiejia section; QBGMR, 1985), which has been defined as the bound-
ary between the Mahalagou and the Xiejia Formations (QBGMR,
1985). This “green belt” and the layer of the Xiejia Fauna can be
traced laterally in all outcrops. In the TS section, they correspond
to the depth of ~261 m and ~252 m, respectively (Fig. 2a). In this
study, we follow the definition for the Mahalagou, Xiejia, and Chetou-
gou Formations of the 1:50,000 geological mapping (QBGMR, 1985)
and not of Dai et al. (2006) who used a different definition. Based
on the depth of the marker layers and the thickness of each formation
as described in the Xiejia section (Liu, 1992; QBGMR, 1985), we rec-
ognized the Mahalagou (below 260 m), Xiejia (160–260 m), Chetou-
gou (90–160 m), and Xianshuihe (above 90 m) Formations. We
noted an abrupt sediment color change (Fig. 2b), found at the depth
of ~160 m, which is consistent with the boundary between the Xiejia
and the Chetougou Formations (QBGMR, 1985).

3. Sampling and methods

In this study, a total of 1811 oriented block samples were collected
with sample spacing of 25 cm for paleomagnetic investigation. 2 cm
cubic specimens were cut from each oriented block sample. All spec-
imens were subjected to progressive thermal demagnetization in a
MMTD-80 thermal demagnetizer. Thermal demagnetization up to
690 °C included a maximum of 16 steps with intervals of 50 °C
below 585 °C and 20–30 °C above. Remanence measurements were
made using a 2G-760 cryogenic magnetometer and performed in
the Paleomagnetism and Geochronology Laboratory of the Institute
of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China, where all equipment is installed in a magnetically shielded
room (background fieldb300 nT).

In order to explore the magnetic mineralogy of the TS section, six
samples from different depths within the composite section were
selected for thermomagnetic analysis (magnetic susceptibility versus

temperature curves), using an AGICO CS-3 apparatus coupled to a
KLY-3 kappabridge. In addition, 4549 samples at 10-cm stratigraphic
intervals were collected for magnetic susceptibility analyses, using a
Bartington MS2 meter.

4. Results

4.1. Characteristic Remanent Magnetization (ChRM) analysis

Demagnetization results were evaluated on stereographic projec-
tions and vector end point orthogonal diagrams (Fig. 3a–i). For most
samples, after removing a viscous magnetization component below
250–350 °C, a Characteristic Remanent Magnetization (ChRM) com-
ponent was successfully isolated between 350 °C and 650 °C (up to
670 °C) with most of the remanence demagnetized at ~585 °C. This
suggests a combination of magnetite and hematite, further supported
by the thermomagnetic analysis results presented below (Fig. 4). A
small number of samples (6.8%), mostly from gypsiferous beds and/
or green mudstone beds, showed very low natural remanent magne-
tization (NRM) intensity and unstable demagnetization trajectories
such that ChRM directions could not be isolated. For the remaining
samples, the ChRM directions were calculated on a minimum of
four consecutive steps (Kirschvink, 1980). ChRM directions with
maximum angular deviation (MAD) above 15° were rejected from
further analyses. To remove outliers and transitional directions, we
further rejected normal and reverse ChRM directions with Virtual
Geomagnetic Poles (VGP) more than 45° from the mean normal
and reverse VGP respectively. The remaining 1502 ChRM reliable di-
rections (82.9%) cluster in antipodal fashion, although the reversals
test (Tauxe, 1998) is negative (at 95% confidence) due to a slight
bias of the mean normal directions (D=5.2°; I=40.2°; α95=1.5°;
k=14.7; n=649) towards the North and of the mean reversed direc-
tion (D=191.6°; I=−40.0°; α95=1.2°; k=16.6; n=853) towards
the West. This small bias may result from small vertical-axis rotation
throughout the time span of the section or, as explained in Dupont-
Nivet et al. (2008a, b; see their Fig. 7), it may relate to the incomplete
separation of the normal overprint in some of the ChRM directions.
In any case, this does not alter the reliability of the polarity determi-
nation on these directions.

The above ChRM directions of 1502 samples are used to calculate
the virtual geomagnetic pole latitudes and define the geomagnetic
polarity zones. Polarity zones are defined by at least two successive
levels of similar polarity. Together with the previous work of Xiao
et al. (2010; gray dots and polarity in Fig. 5) for the bottom 103.3 m
of the TS section, a total of 23 pairs of normal (N1 to N23, Fig. 5)
and reversed (R1 to R23) polarity zones are identified in the compos-
ite TS section.
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Fig. 2. (a) The boundary of Mahalagou and Xiejia Formations and other marker layers of the Tashan section. (b) View of the hiatus found at the depth of ~160 m of the Tashan
section.
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4.2. Rock magnetic analysis

The results from the demagnetization described above (Fig. 3) and
from thermomagnetic analysis (Fig. 4) show that all the samples ex-
hibit a noticeable decrease in magnetic susceptibility near the Curie
temperatures of both magnetite and hematite. The signature of
hematite in these samples suggests the magnetic minerals in the TS
section consist of a combination of hematite and magnetite, similar
to the nearby Xiejia and Shuiwan sections (Dai et al., 2006; Dupont-
Nivet et al., 2007).

Stratigraphically, the magnetic susceptibility of the TS section
exhibits an abrupt and significant upward increase at the depth of
~250 m (Fig. 6). This increase is most likely related to an increase in
the magnetite content of the mineral composition of the sediment

for the following reasons. The susceptibility of magnetite is over
three orders of magnitude higher than that of hematite and much
higher than other minerals most commonly found in red beds
(Dunlop and Özdemir, 1997) and therefore will dominate any suscep-
tibility change. The change of the magnetic mineral composition of
the sediments can also be reflected by the ratios of remanence inten-
sity after thermal demagnetization. The remanence intensity ratios of
J150 °C/JNRM, J400 °C/J150 °C, and J610 °C/JNRM have been interpreted as
qualitative indicators of the remanence contributed by goethite,
maghemite, and hematite, respectively (Gautam and Fujiwara,
2000). Our thermal demagnetization results (Fig. 3) show that, for
most samples, the temperature required for the removal of the
viscous magnetization component is between 250 °C and 350 °C, so
here we use the ratio of (J400 °C–J585 °C)/J400 °C to qualitatively evaluate
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the content of magnetite. As shown in Fig. 6, a noticeable increase
in the ratios of (J400 °C–J585 °C)/J400 °C occurs at the depth of ~250 m
as expected for an increase in magnetite content. Finally, thermo-
magnetic analysis above ~250 m exhibits a noticeable decrease in
magnetic susceptibility at ~580 °C (Fig. 4a, b, c), while the samples
below do not show such a decrease (Fig. 4d, e, f), again supporting
that sediments from the upper part of the TS section have relatively
higher magnetite concentrations than the lower part.

5. Age constraints on the Xining Basin sediments

5.1. Correlation to the geomagnetic polarity time scale (GPTS)

The obtained magnetozones can be divided into four intervals
according to their characteristics: the intervals R1-N8 (0–195.9 m)
and R14-N19 (246.9–395.7 m) are characterized by interbedded
moderate long normal and reversed polarity zones, e.g., N1, R3, N5,
N6, R7, N7, N8, R14, N14, N15, and N17 (Fig. 5); the interval R9-N13
(195.9–246.9 m) is characterized by frequent occurrence of short
polarity zones, e.g., N9, N10, N11, N12, and N13; and the interval
R20-N23 (395.7–560.9) contains two remarkably long reversed po-
larity zones (R20 and R22, ~70 m and ~65 m in length, respectively).
Based on the biostratigraphic age of early Miocene for the Xiejia
Fauna (Qiu and Qiu, 1995), the most plausible correlation of these re-
markably long R20 and R22 intervals is to the particularly long chrons
C12r and C13r (Fig. 5) of the GPTS of Gradstein et al. (2004) (herein-
after referred to as GTS04), respectively. Accordingly, the magneto-
zones of N14–N19 can be readily matched with the C8n–C12n. This
correlation is in line with the previous studies that the N20–N23 is
correlated with C13n–C16n.1n of GTS04 (Abels et al., 2011; Dupont-
Nivet et al., 2007; Xiao et al., 2010). The upper part of the TS section
(R1–R7, 0–160 m) correlates well with the chrons C5Br–C6r, with
the two successive long normal polarity intervals (N5 and N6) corre-
lated with C5En and C6n, respectively. This correlation is in line with
the biostratigraphic age for Chetougou Formation as middle Miocene
(Wang et al., 1990).

The upper part (R1–R7, 0–160 m) and lower part (N14–N23,
260–560 m) could be readily matched to the GTS04 time scale, but
the remaining magnetozones N7–R14 (160–263.6 m) in the middle
part of the section do not show the pattern of chrons C6A–C7A
expected between ~20 and 25.3 Ma (gray area in Fig. 5). Our high-
resolution sampling ensures we have correctly documented the po-
larity pattern in the TS section. Also, the rock magnetic properties
throughout this peculiar interval do not show particular characteris-
tics that could explain the discrepancy.

The color change associated with the transition from the Xiejia to
Chetougou Formation found at ~160 m (Fig. 2a) could mark a hiatus
from 21.7 to 20.0 Ma allowing correlation of long normal zones N7
and N8 approximately to chrons C6Bn.1n and 2n. Upwards from
N14 to this hiatus, the correlation remains enigmatic and two options
are given (Fig. 5). Correlation I relates the three short intervals (N9,
N10, and N11) with C6Cn.1n, C6Cn.2n, and C6Cn.3n, respectively
(Fig. 5), while correlation II relates the long reversed polarity R13
and short N13 to C6Cr and C7n.1n, respectively. However, the mag-
netozones between N9 and N12 do show a pattern different from
that of C6Cn, indicating variable sediment accumulation rates
(Fig. 7a, b). In any case, the interval from 25.3 to 20.0 Ma does not
show a good fit with the polarity time scale, while above and below
very straightforward correlations can be made. The lack of a satisfac-
tory correlation in this peculiar interval thus indicates that the re-
cording of the magnetozones in the sedimentary record was not
continuous, as a result of hiatuses (gaps in sediment accumulation),
variable sediment accumulation rates, or both. In summary, unstable
sedimentation rates occur from 25.3 to 19.7 Ma, of which the base
coincides with the change to increased magnetite content of the
sediments, and the top to a hiatus between 21.7 and 20.0 Ma. The
tectonic and paleoenvironmental interpretations of these results are
discussed below.

5.2. Xining Basin stratigraphy

Previous attempts to date the Xining Basin record using magne-
tostratigraphy are reported by Dai et al. (2006) and Wu et al.
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(2006) from the Xiejia section ~3 km east of the TS section. Overall,
our results can be well correlated to the upper 400 m of the Xiejia sec-
tion of Dai et al. (2006) by stratigraphy and paleomagnetic polarity
patterns. The paleomagnetic age of Xiejia Fauna correlated at
~252 m in the TS section in reversed polarity zone R14 between
25.5 and 24 Ma is consistent with Dai et al. (2006). However there
are two important differences. The first is that our results show
more short polarity zones than those in Dai et al. (2006), e.g., N9
and N16 are missing in their results; this is likely due to their larger

sampling interval (1–2 m). Second, our results reveal a disconformity
at ~160 m and yield correlations to the GPTS for N7-R13 that are dif-
ferent from the correlations in Dai et al. (2006). The magnetostrati-
graphic results of Wu et al. (2006), which yield a younger age for
the Xiejia Fauna for the Xiejia section, are different from the mea-
sured polarity by Dai et al. (2006) and our study. A possible reason
for this difference is that the studied interval of the section by Wu
et al. (2006) only covers 250 m and includes the disconformity,
making a miscorrelation to the GPTS more likely.
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6. Discussion

6.1. NE Tibet tectonic implications

Based on the magnetostratigraphic age model obtained for the Xi-
ning Basin successions, sediment accumulation rates are low and
nearly constant (average ~32 m/Myr) from ~33 Ma to ~16 Ma except
for an unstable period during 25.3–19.7 Ma (Fig. 7). Averaged over
longer time (~5 Myr), accumulation rates appear to be constant and
low around 20 m/Myr from ~30 to ~20 Ma through the unstable in-
terval but increase to ~30 m/Myr after that (Fig. 7). Remarkably, a re-
cent thermochronological study showed that accelerated exhumation
of the Laji Shan range, which defines the present southern edge of the
Xining Basin, began at ~22 Ma (Lease et al., 2011). This strongly sug-
gests that the exhumation of the Laji Shan is expressed by the coeval
disturbance of sediment accumulation in the Xining Basin. In the
same time interval (24–21 Ma), strata from the Hualong section in
the Xunhua Basin a few kilometers south of the Laji Shan (Fig. 1), re-
cord increasing accumulation rates, changes in detrital zircon prove-
nance and coarsening upwards lithologies interpreted as a response
to increased flexural loading of the south-verging Laji Shan thrusting
in a prograding foreland basin setting (Lease et al., in press). In con-
trast, in the TS section presently located ~25 km to the north from
the Laji Shan range, the accelerated exhumation coincides with unsta-
ble accumulation rates but neither significant increase nor decrease
when averaged over the disturbed interval (25.3–19.7 Ma, see
Fig. 7). After this interval, however, long term accumulation rates sig-
nificantly increase (Fig. 7). In terms of sedimentary facies, the dis-
turbed 25–20 Ma interval is not distinctive compared to the rest of
the investigated stratigraphy. It is dominated by massive lacustrine
clays devoid of sedimentary structures and only two sand beds are
present in the interval precluding significant provenance analysis. In
comparison to the Xunhua section (Lease et al., in press), the lack of
a typical prograding foreland basin response to exhumation may sim-
ply result from the Xining section being relatively far from the effects
of flexural loading and sediment supply of the narrow Laji Shan range.
This is in agreement with the relatively thin effective elastic thickness
reported from this region (Braitenberg et al., 2003; DeCelles and
Giles, 1996) and is substantiated by the Linxia sedimentary records
(Maogou section, Fang et al., 2003) further away from the Laji Shan
(Fig. 1) also showing lower accumulation rates, lower cumulative
thicknesses and clay dominated facies as previously noted by Lease
et al. (in press). Finally, the precise mechanism responsible for the ob-
served unstable accumulation in association to Laji Shan exhumation
remains to be determined. Speculatively, it may relate to forebulge
migration inducing erosion followed by increased accumulation
(DeCelles and Giles, 1996) or a delay in the north verging thrust
initiation with respect to the south. We note, however, that in such
arid underfilled systems, sediment accumulation is governed by sed-
iment input rather than by subsidence (Carroll and Bohacs, 1999).
Changes in supply, preservation/erosion and sedimentation are
therefore more likely to explain the observed unstable accumulation
rates although the precise link with the exhuming Laji Shan source
and associated environmental changes remains elusive.

A link between the 25–20 Ma exhumation of the Laji Shan and the
sedimentary input is substantiated by the coeval change in prove-
nance indicated by the observed shift in sediment magnetic proper-
ties. The magnetic susceptibility and the remanence intensity ratio
of (J400 °C− J585 °C)/J400 °C from the TS section have revealed perma-
nent increase in magnetite at ~25 Ma (Fig. 8). Two general mecha-
nisms have been typically proposed to explain increasing
magnetite/hematite content: (1) pedogenic or diagenetic processes
(perhaps climate controlled) that would favor magnetite over hema-
tite concentrations; or (2) a change of provenance with a source
containing more magnetite (e.g., Gilder et al., 2001; Sun et al.,
2005). At this stage, option 1 is speculative as it requires extensive
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rock magnetic data (e.g., Sun and Liu, 2000) to potentially establish
the complex mechanisms responsible for magnetic mineral transfor-
mation during pedogenic or diagenetic processes. These processes
would additionally have to be linked to eventual regional climate var-
iations at this time. In comparison, a change in provenance (option 2)
provides a more straightforward explanation. Before the Laji Shan ex-
humation, the most likely source of the Xining clastics is from the
West Qinling Shan, which contains Triassic flysch and has been a
source for sediments in the region since at least 50 Ma (Clark et al.,
2010). We conclude that the best explanation for the increase in de-
trital magnetite is the ~25 Ma growth of Laji Shan, which is only
tens of kilometers from the TS section and provides a recognized
source of magnetite-rich plutonic and volcanic rocks (Lease et al.,
2007, 2011; QBGMR, 1991). Moreover, mountain erosion is expected
to produce a relatively larger influx of weakly weathered clastic
materials due to shorter transport distances and quicker deposition.
Both of these processes would decrease oxidation of incoming detrital
magnetite into the basin, as has been reported in the Miocene red
beds from northern Tibet (Gilder et al., 2001; Lu and Xiong, 2009;
Sun et al., 2005).

The age of the uppermost strata found conformably above the TS
section in the Xining Basin is estimated at ~14 Ma by extrapolating
up the additional ~60 m of the Xianshuihe Formation using the
32 m/Myr accumulation rate. This age is close to the oldest fluvial-
terrace loess which has been found in the Xining Basin (Lu et al.,
2004), suggesting that the Xining Basin deposition was finally dis-
rupted by incision and the formation of eolian deposits on these ter-
races. This age is also close to the reported ~13 Ma exhumation of
the Jishi Shan associated with a regional tectonic reorganization and
basin segmentation (Hough et al., 2011; Lease et al., 2011, in press;
Wang et al., in press) which may be responsible for the final disrup-
tion and the incision of the Xining Basin.

6.2. Regional implications

Evidence for significant exhumation and deformation of the
Himalayan–Tibetan Plateau is widespread during the 25–20 Ma

period (e.g., Harrison et al., 1992; Zhang et al., 2010). Thermochrono-
logical results from nearby Qilian Shan indicate accelerated erosion
ca. 20 Ma (e.g., George et al., 2001). The onset of exhumation and de-
formation is also reported at 25–20 Ma in the Tian Shan, Altyn Tagh,
Western and Eastern Kunlun regions (e.g., Jolivet et al., 2001; Sobel
et al., 2006). These results are consistent with the sedimentary record
in adjacent basins (e.g., Ritts et al., 2004; Zhuang et al., 2011). In
north-central Tibet, magnetostratigraphic investigation and field ob-
servation from the Tongtianhe section in the Hoh Xil Basin show
that the Yaxicuo Group and Wudaoliang Group were separated by a
pronounced angular unconformity, with an age about 23 Ma (Wang
et al., 2008). The Quxu pluton exposed along the southern margin of
the Lhasa terrance, near Lhasa city, was rapidly exhumed beginning
at about 21 Ma (Harrison et al., 1992). Farther south, the oldest synki-
nematic micas within the Main Central Thrust have been dated
at 24–21 Ma (Hodges et al., 1996; Yin et al., 1994), which is broadly
in line with the timing of abrupt increase of the 87Sr/86Sr ratios in sea-
water that is attributed to the rapid exhumation of the Greater Hima-
layan metasedimentary rocks at ~20 Ma (Harris, 1995).

Increased surface elevations associated to this widespread evi-
dence for deformation is supported by paleoaltimetry datasets from
this time period (Quade et al., 2011). The Kailas Formation within
the Indus-Yarlung suture zone records an abrupt change from rapidly
deposited, northerly derived sediments indicative of humid, low-
lying environments to southerly derived sediments deposited slowly
in an arid, high elevation setting between ~24 and 22 Ma (DeCelles
et al., 2011). Accurately dated ancient paleosol carbonates in the
Nima Basin of central Tibet point to an arid climate and high paleoe-
levation (4.5–5 km, comparable to today's setting) by 26 Ma
(DeCelles et al., 2007). The Nd isotope composition of sediments
from the Hanoi Basin shows rapid changes during the latest Oligo-
cene, implying large-scale drainage capture inferred to be associated
with the surface uplift of Eastern Tibet (Clift et al., 2006). Thus,
although we can not determine precise paleoelevations from our
data, we conclude that the segmentation of the Xining Basin at
25–20 Ma is part of a larger, widespread pattern of tectonic deforma-
tion throughout the Himalaya and Tibetan Plateau, which may be
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associated with significant surface uplift of the Tibetan Plateau that
has been attributed to removal of mantle lithosphere from beneath
Tibet (Molnar and Stock, 2009; Molnar et al., 1993).

Interestingly, this widespread surface uplift of the Tibetan Plateau
is broadly coeval with a reported latest Oligocene to earliest Miocene
reorganization of Asian climate (Fig. 8). The 25–20 Ma period is char-
acterized by the strengthening of monsoon climate in Eastern Asia
and the formation of central Asian deserts (Guo et al., 2002, 2008;
Sun and Wang, 2005). Recent studies have shown that the timing of
the initiation of the eolian deposits that were derived from Asian in-
terior was around 25–20 Ma based on magnetostratigraphic dating
(e.g., Guo et al., 2002; Hao and Guo, 2007; Qiang et al., 2011; Sun
et al., 2010). This period is also marked by increasing erosion of the
Himalayan and the start of foreland deposition of the Siwalik deposits
that have been associated with the strengthening of the Indian mon-
soonal system (Clift et al., 2008). This is particularly interesting when
considering that the Indian monsoon and East Asian monsoon appear
to be dynamically different and forced by distinct boundary condi-
tions (Molnar et al., 2010). Although the two monsoons may be inti-
mately related, Boos and Kuang (2010) showed that the large-scale
South Asian monsoon could be produced in a climate model with ide-
alized Himalayan topography but without plateau while Molnar et al.
(2010) argue the East Asian monsoon is primarily governed by the
plateau forming an obstacle altering the jet stream. Thus, the onset
of East Asian monsoon-like condition and aridity may have less to
do with cumulative regional surface uplift of the Tibetan Plateau,
per se, than closure of major downstream atmospheric and oceanic
gateways due to the growth of specific and widely separated moun-
tain ranges in the 25–20 Ma period. Climate models have also demon-
strated that the aridification of central Asia may be related with the
withdrawal of Paratethys in addition to increased orography (Guo
et al., 2008; Ramstein et al., 1997; Zhang et al., 2007a, 2007b). How-
ever, the timing of the last major withdrawal of the Paratethys out
of the Tarim Basin is older (37 Ma; see Bosboom et al., 2011), suggest-
ing that the ~25–20 Ma transition of paleoenvironmental patterns in
China is more likely related to Tibetan Plateau growth at this time
rather than Paratethys retreat. Many recent works report ~45–
40 Ma and ~15–10 Ma events (e.g., Molnar and Stock, 2009; Wang
et al., 2008) beyond the context of the NE Tibetan plateau undergoing
what appears to be short, discrete deformation events since ~50 Ma.
The 25–20 Ma event is therefore probably not the only regionally
important one although it appears to extend considerably from the
Himalayas to the Tian Shan and NE Tibet and to be coeval with
major Asian and Indian monsoonal changes.

Finally, despite the clear local contribution of the Laji Shan uplift
to the shift in magnetic susceptibility observed in the TS section at
~25 Ma, we cannot discard the possibility of a more regional contri-
bution since Asian eolian records typically appear to have magnetite
from proximal as well as distal sources (e.g., Sun and Liu, 2000). A dis-
tal source may be associated with the coeval tectonism of Tibet at
~25–20 Ma and the major reorganization of East Asian climate. The
grain size of the sediments in the TS section is similar to typical
eolian material derived from central Asian deserts that has widely
contributed sediments to the leeward sites in Western China (e.g.,
Garzione et al., 2005; Guo et al., 2002; Hao and Guo, 2007; Qiang
et al., 2011; Sun et al., 2010), including the Xining Basin (Lu et al.,
2004; Wang et al., 2006), and even the Pacific Ocean (Rea et al.,
1985; Ziegler et al., 2007). Further evidence from provenance and
grain size is required to test this hypothesis.

7. Conclusions

High-resolution magnetostratigraphic dating of the 460-m-thick
Tashan section shows that it is earliest Oligocene (~33 Ma) to middle
Miocene (~16 Ma) in age. A period of unstable sedimentation is ob-
served from ~25 Ma to ~20 Ma, and we identify major depositional

irregularities from ~25 to ~20 Ma, followed by increased accumula-
tion. The timing is exactly coeval with the reported ~22 Ma accelerat-
ed exhumation of the nearby Laji Shan range, which is more generally
linked to regional deformation of the northeastern margin of the Ti-
betan Plateau during this period. The recording of this tectonic
pulse in our sedimentary record is confirmed by increased magnetite
susceptibility at ~25 Ma, which we interpret as a change from a more
regional source (possibly flysch in the Qinling Shan) to the more
proximal volcanics in the Laji Shan that contain more magnetite.
The change in provenance at ~25 Ma, about 3 Myr before the
accelerated exhumation at ~22 Ma revealed by low-temperature
thermochronometry, suggests that the sediments recorded the initial
phases of mountain uplift preceding the main tectonic phase, or that
erosion has removed the earliest record of exhumation in the Laji
Shan. This may reflect a lag-time between rock-uplift and unroofing
suggesting a bias to young exhumation ages with rock uplift dominat-
ing in such slowly-eroding, arid landscapes. Interestingly, both the
sedimentary record and the thermochronological record suggest the
Laji Shan grew rapidly up to ~20 Ma and has been eroded slowly
since then.

Evidence for tectonism within the Xining Basin at 25–20 Ma can
be associated with widespread deformation over the entire India–
Asia collision zone at this time, from the Himalaya to the Tian Shan
and to NE Tibet. Associated widespread surface uplift, rather than
sea retreat occurring earlier in the middle Eocene, may be linked to
the appearance of monsoon climate in Eastern Asia and the aridifica-
tion of central Asian deserts reported at 25–20 Ma. Based on the sug-
gested ~25–20 Ma link among the East Asian and Indian monsoons,
increased aridity of Central Asia, and surface uplift of the Tibetan
Plateau, we propose this was the time at which the plateau reached
a threshold elevation or at which regional topography was organized
in such a way as to change atmospheric circulation patterns.
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