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a b s t r a c t
Early Cenozoic plate collision of India and Eurasia was a signiﬁcant geological event, which resulted in
Tibetan Plateau (TP) uplift and altered regional and global atmospheric circulations. However, the timing
of initial collision is debated. It also remains unclear whether the TP was deformed either progressively
northward, or synchronously as a whole. As the largest basin in the hinterland of the TP, evolution
of the Hoh Xil Basin (HXB) and its structural relationship with development of the Tanggula Thrust
System (TTS) have important implications for unraveling the formation mechanism and deformation
history of the TP. In this study, we present results from a long sedimentary sequence from the HXB
that dates the Fenghuoshan Group to ∼72–51 Ma based on magnetostratigraphy and radiometric ages
of a volcanic tuff layer within the group. Three depositional phases reﬂect different stages of tectonic
movement on the TTS, which was initialized at 71.9 Ma prior to the India–Eurasia collision. An abrupt
sediment accumulation rate increase from 53.9 Ma is a likely response to tectonic deformation in the
plateau hinterland, and indicates that initial India–Eurasia collision occurred at no later than that time.
This remote HXB tectonosedimentary response implies that compressional deformation caused by India–
Eurasia collision likely propagated to the central TP shortly after the collision, which supports the
synchronous deformation model for TP.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Collision between the Indian and Eurasian plates produced
concomitant uplift of the Tibetan Plateau (TP) and its basinridge geomorphological systems (e.g., Yin and Harrison, 2000;
Li et al., 2015b). As the world’s largest and highest plateau, TP
surface relief has signiﬁcant dynamic and thermal effects on atmo-
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spheric circulation and on regional and global climate (e.g., Raymo
and Ruddiman, 1992; Dupont-Nivet et al., 2007). Timing of initial India–Eurasia collision is much debated. Studying the initial
India–Eurasia collision is vital for understanding continental collision, dynamic mechanisms of TP uplift, and intra-continental deformation. Over recent decades, the timing of initial India–Eurasia
collision has been studied using constraints from stratigraphy, sedimentology, paleomagnetism and magnetostratigraphy, igneous and
metamorphic petrology, and structural geology. Variable ages have
been proposed for the initial collision from the Late Cretaceous
to the Late Eocene, and even the Oligocene (e.g., Hu et al., 2016,
and references therein). However, various methods result in different deﬁnitions and timings for initial collision. Most collision
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ages are derived from areas around the Himalaya terrane. The disparate ages complicate assessment of the timing of initial collision.
In addition, a long-standing controversy remains between two endmember models with respect to Cenozoic TP deformation history
(Chang et al., 2015). One prevailing view is of diachronous progressive north-northeastward growth with an oblique stepwise rise
(e.g., Tapponnier et al., 2001). Another is that widespread deformation occurred over the whole TP at or shortly after the onset of India–Eurasia collision (Yin and Harrison, 2000; Yin et al.,
2002, 2007, 2008a, 2008b; Fang et al., 2013). In a proto-TP model,
it is suggested that the central plateau was elevated ﬁrst, and then
subsequently propagated to the north and south isochronously, respectively (Wang et al., 2008, 2014; Li et al., 2015b). With regard to
Cenozoic history, it remains unclear whether the TP was deformed
either progressively northward or synchronously as a whole (Yin
et al., 2002).
Whatever the deformation mechanisms for the TP, large numbers of Cenozoic sedimentary basins that developed concomitantly
in and around the TP are attributed to have formed in association with intracontinental deformation and TP uplift due to
India–Eurasia collision. Mountain uplift would result in exhumation and erosion, leading to deposition in adjacent sedimentary
basins. Sediments in these basins preserve important information
about spatiotemporal deformation patterns and uplift histories of
surrounding mountains and of the TP. Compared to basins on the
TP margins on which TP growth models are based, few data come
from the central plateau, which restricts knowledge of TP growth
processes so that further work in central areas is needed to identify the precise timing of basin evolution and deformation history.
As the largest basin in the TP hinterland, the Hoh Xil Basin
(HXB) demarcates the northern proto-plateau margin (Wang et al.,
2008, 2014; Li et al., 2015b). It lies in a region that links the main
plateau (Lhasa and Qiangtang blocks) and remote basins on the
northeastern TP margin, such as the Qaidam Basin. The HXB is
a foreland basin that developed under the control of the Tanggula Thrust System (TTS), with its onset age constrained by the
basal age of the Fenghuoshan Group (FHSG) (Wang et al., 2008;
Li et al., 2012). The south-dipping TTS caused 89 km (60%) of
south-northward shortening and resulted in rapid Eocene and
Oligocene uplift of the Tanggula Shan (Li et al., 2012). Thus, understanding structural relationships between TTS development and
the HXB has important implications for unraveling the formation
mechanism and growth history of the entire TP.
Continuous sedimentation from the late Cretaceous to Miocene
(Staisch et al., 2014) provides an excellent record for studying
HXB development, its relationship with the TTS, and remote response to India–Eurasia collision. The Cenozoic history of the HXB
has been established by analyzing thickness variations of lithological units, paleocurrent analysis, lithofacies patterns, and magnetostratigraphic studies (Liu and Wang, 2001; Liu et al., 2001, 2003;
Wang et al., 2002; Li et al., 2012). Dating of the strata is crucial,
yet the HXB chronology remains debated. The problem is mainly
with the FHSG, which has been assigned Early Cretaceous (Li and
Yuan, 1990), Late Cretaceous (Li et al., 2015a), entire Cretaceous
(Zhang and Zheng, 1994), and even early Tertiary (Yin et al., 1990;
Liu et al., 2003) ages based mainly on biostratigraphy and magnetostratigraphy, respectively. However, most reported palynological studies do not provide details of palynomorph assemblages,
fossil abundances, and accurate sample positions (Staisch et al.,
2014), which restricts dating of strata and produced a misleading magnetostratigraphic interpretation. These studies lack consensuses and call for more detailed work to identify the precise timing of the FHSG. From the palynological compilation of
Staisch et al. (2014) for the FHSG, a biostratigraphic age range of
100–56 Ma is indicated. Together with a radiometric age of a tuff

in the Erdaogou area, they reinterpreted the magnetic stratigraphy of Liu et al. (2003) to obtain an 85–51 Ma depositional age
range for the FHSG. In this study, we present a new radiometric
age of a tuff layer within the FHSG and a new high-resolution
magnetostratigraphic record with the aim of: 1) determining an
accurate age of the FHSG; 2) constraining the activity history of
the TTS; and 3) constraining the timing of initial India–Eurasia
collision and the TP deformation model since the Late Cretaceous.
2. Geological setting and stratigraphy
HXB lies across the central Baya Har terrane and the northern Qiangtang terrane, which spans the Jinsha River Suture Zone,
and strikes approximately east–west. It is bounded by the Kunlun Mountains to the north and by the Tanggula Shan to the
south, respectively. It is the largest interior basin in the TP hinterland, occupying an area of ∼101,000 km2 with an average
elevation of >5,000 m. The pre-Cretaceous sedimentary basement of the HXB consists of Carboniferous, Permian, and Triassic
slate, phyllite, metasandstone, and limestone (Zhang and Zheng,
1994). Sedimentary strata of the HXB since the late Mesozoic
consist of the FHSG (since Upper Cretaceous), Tuotuohe Formation (Paleocene–Eocene), Yaxicuo Formation (Oligocene), Wudaoliang Formation (Miocene), and the Quguo Formation (Pliocene)
(QIGS, 2005). The FHSG consists mainly of grey-violet-fuchsia sandstone, mudstone, and conglomerate, intercalated grey-green Cubearing sandstone, dark-grey bioclastic limestone, and grey gypsum (Liu and Wang, 2001; Liu et al., 2001). The Tuotuohe Formation mainly consists of fuchsia-brick red sandstone and conglomerate, interbedded with bioclastic and sandy micrite (QBGMR, 1989;
QIGS, 2005). The Yaxicuo Formation consists mainly of alternating
sandstone and mudstone with intercalated grey layered and tubercular gypsum. The Wudaoliang Group consists mainly of lacustrine
carbonate rocks with minor black oil shale (Liu and Wang, 2001;
Liu et al., 2001). The Tuotuohe, Yaxicuo, and Wudaoliang Formations are reportedly conformable (e.g., QBGMR, 1989; QIGS, 2005).
However, other ﬁeld observations indicate that the Wudaoliang
Formation is unconformable with the underlying Yaxicuo Formation (Liu and Wang, 2001; Liu et al., 2001; Staisch et al., 2014).
Strata of the FHSG, Tuotuohe, and Yaxicuo Formations are deformed strongly, whereas the Wudaoliang Formation has only been
subjected to minor tilting (Liu and Wang, 2001; Liu et al., 2001;
Wang et al., 2002; Li et al., 2012).
3. Sampling and measurements
3.1. Sampling
The FHSG is situated mainly in the central to southern HXB
and is interpreted to represent ﬂuvial, lacustrine, and fan-delta depositional environments (Liu and Wang, 2001; Liu et al., 2001).
Deposition of the FHSG has been considered to indicate initiation
of HXB sedimentation at ca 52 Ma based on magnetostratigraphy (Liu and Wang, 2001; Liu et al., 2001, 2003; Wang et al.,
2002; Li et al., 2012, 2013). In this study, paleomagnetic samples
were collected from two sections (dipping northward) (Fig. 1). Section A (34◦ 31 13.86 N, 92◦ 43 49.20 E) has a thickness of 4391 m,
and is exposed near the Erdaogou area in three segments. The
lithostratigraphy of Section A is characterized by 4 intervals: the
0–900 m interval consists mainly of alternating sandstone, siltstone, and mudstone, and intercalated gypsum; the 900–1400 m
interval is dominated by mudstone; the 1400–4100 m interval
consists of alternating sandstone, siltstone, and intercalated mudstone; the interval above 4100 m is dominated by sandstone and
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Fig. 1. (a) Location of the Hoh Xil Basin, topographic map, and major tectonic units of the Tibetan Plateau, including the TTS (Tanggula Thrust System). (b) Geological map of
the Erdaogou and Sangqiashan areas (based on QBGMR (1989)). (c) Topographic oblique view of the study area (from Google Earth). Cross-section C–C is shown in Fig. 2.
The red dashed lines are the sections sampled for magnetostratigraphy. The star marks the sampling location of the tuff. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

intercalated conglomerate (lithology in Fig. 3). A portable gasolinepowered drill was used to sample 780 stratigraphic levels; 97 levels were sampled with hand samples. Section B (34◦ 33 13.66 N,
92◦ 53 04.56 E) is 1039 m thick, and is situated ca 10 km to the
east of Section A and is dominated by sandstone and intercalated
conglomerate that resembles the lithostratigraphic sequence at the
top of Section A. Two-hundred-twenty-one levels were drilled. Section A was sampled from the mapped K2 f na and K2 f nb units, and

Section B was sampled from the top of the K2 f nb and the bottom
of the K2 f nc units (QBGMR, 1989). We tracked a thick sandstone
layer in the ﬁeld from the top of Section A to the bottom of Section B. Thus, the two sampled sections can be linked easily by this
marker unit. In addition, 88 samples were drilled from the southward dipping limb of folded strata to the north of the Erdaogou
area to enable a paleomagnetic fold test. All samples were oriented
in situ with a magnetic compass, and were trimmed into 2.2-cm-
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Fig. 2. Cross-section of Section A from the Fenghuoshan Group. The red dashed line indicates the sampling route. (a–c) The parts of the sequence shown in ﬁeld images of
Section A are marked with bars below the cross-section. (d, e) Stratigraphic boundary of the Fenghuoshan Group and the Tuotuohe Formation. (f) The sampled tuff layer.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

long cylinders for drilled specimens or cubes (2 × 2 × 2 cm3 ) from
block samples.
3.2. Rock magnetic measurements
Identifying the dominant magnetic minerals responsible for paleomagnetic signals and their mode of origin is foundational to development of a robust magnetostratigraphic chronology. Ten representative bulk samples were selected for rock magnetic analysis for
this purpose. Temperature-dependent susceptibility (χ –T) curves
were measured using a MFK1-FA Kappabridge system (AGICO Ltd.)
with a CS-4 high-temperature furnace from 20 to 700 ◦ C in an argon atmosphere (with 100 ml/min ﬂow rate) to avoid magnetic
mineral alteration during heating. The χ –T curve for each sample was obtained by subtracting the measured background for the
empty furnace tube using the Cureval 8.0 software (AGICO Ltd.).
Isothermal remanent magnetization (IRM) acquisition curves (2 T
maximum ﬁeld), backﬁeld demagnetization curves, and hysteresis parameters were measured using a Princeton Measurements
Corporation vibrating sample magnetometer (VSM3900). Hysteresis parameters were obtained after slope correction.
3.3. Paleomagnetic measurements
In total, 1186 oriented specimens from the FHSG were stepwise demagnetized thermally from room temperature to 680 ◦ C in

up to 23 steps using a Magnetic Measurements Thermal Demagnetizer (MMTD80) with a residual magnetic ﬁeld of <10 nT (room
temperature, 80, 150, 200, 250, 300, 350, 400, 450, 500, 525, 550,
585, 610, 620, 630, 640, 650, 660, 665, 670, 675 and 680 ◦ C). All
remanences were measured using a 2-G Enterprises model 760
cryogenic magnetometer installed in a magnetically shielded room
(<300 nT). All magnetic measurements were carried out at the
Paleomagnetism Laboratory of the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing.
3.4. Zircon U–Pb dating
High-precision U–Pb data were acquired from a volcanic tuff
interbedded in the FHSG (34◦ 32 50.40 N, 92◦ 45 19.68 E). After
crushing and sieving the sample, zircon grains were ﬁrst separated
by magnetic and heavy liquid separation. Then, at least 200 zircon grains were mounted in an epoxy resin disc, polished, and
coated with carbon for cathodoluminescence (CL) imaging using
a Mono CL3+ microprobe. U–Pb analysis was carried out on the
zircons using an Agilent 7500a laser-ablation inductively-coupledplasma mass spectrometer (LA-ICP-MS) equipped with a 193-nm
laser at the State Key Laboratory of Continent Dynamics, Northwest University, Xi’an, China. The laser spot diameter employed to
ablate the zircons was 30 μm. 207 Pb/206 Pb and 206 Pb/238 U ratios
were calculated using the GLITTER 4.0 program (Macquarie University), and were corrected for both instrumental mass bias and
depth-dependent elemental and isotopic fractionation using Har-
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Fig. 3. Magnetostratigraphic results for the Fenghuoshan Group. The studied section and its correlation with the geomagnetic polarity time scale (GPTS2012, Gradstein et
al. (2012)) are shown. The lithostratigraphy is synthesized from Sections A and B in the Erdaogou and Sangqiashan areas, respectively. The tuff location and age is marked
with a star in the measured magnetic polarity stratigraphy. Dec., declination of characteristic remanent magnetization (ChRM); Inc., inclination of ChRM; VGP Lat., virtual
geomagnetic pole latitude.

vard zircon 91500 for external calibration. Age calculations and
plotting of concordia diagrams were made using ISOPLOT (version
3.0) (Ludwig, 2003). Compositions of common Pb were corrected
following the method of Andersen (2002).

these ages may originate from the source region of the magmatic
rocks or they may have been incorporated from country rocks during magma eruption.
4.2. Magnetic mineralogy

4. Results
4.1. U–Pb age for the volcanic tuff
The extracted zircon grains from the volcanic tuff are mainly
colourless, euhedral prismatic particles with 50 to 100 μm lengths.
CL images indicate that most zircon grains have clear oscillatory
zoning (Fig. 4). Rounded zircon grains with inherited cores are
likely to have detrital derivation and were not selected for analysis. Th/U ratios for most measured zircon grains are high (0.60
to 1.08). These values are typical of zircons with magmatic origin. The measured 206 Pb/238 U ages are concordant and yielded a
weighted mean age of 62.55 ± 0.39 Ma (mean square of weighted
deviates, MSWD = 0.68, 2σ ), which we interpret as the crystallization age of the tuff (Fig. 4b). However, two older ages (227.6 and
440.1 Ma) were also obtained (inset in Fig. 4a). The zircons with

χ –T curves are sensitive to magnetic mineralogical changes
during heating. In all of the representative χ –T curves, χ after cooling is much higher than before heating, which is generally attributed to neoformation of strongly magnetic minerals (Liu
et al., 2005) (Fig. 5a–f). Hematite with a Néel temperature (T N )
of ∼690 ◦ C can be detected easily in heating curves (insets in
Fig. 5a–f) but it vanishes during cooling, while the signal due to
magnetite with Curie temperature (T C ) of 585 ◦ C is stronger after
heating. Therefore, we deduce that hematite in the initial samples
was reduced to magnetite by heating in the presence of clay minerals or organic carbon in a reducing environment (Jiang et al.,
2015). The low-ﬁeld χ of hematite is about two orders of magnitude lower than that of magnetite, so the distinct decrease after
600 ◦ C in the heating curves provides a clear indication of the presence of abundant hematite.
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Fig. 4. U–Pb zircon geochronological constraints on the depositional age of the
Fenghuoshan Group. (a) Concordia diagram of Cenozoic zircon particles with an
inset of all measured particles. Cathodoluminescence images for two representative zircon particles are shown on the upper right-hand side. (b) Weighted mean
206
Pb/238 U ages for 36 Cenozoic zircon grains. MSWD, mean square of weighted
deviates.

Hysteresis loops for these samples are not saturated in a 1.8 T
ﬁeld. B cr is >300 mT, which further demonstrates the presence of
hematite (Fig. 5g–l). All of the hysteresis loops are wasp-waisted
but have different shapes, which we attribute to different contributions of magnetic minerals with low and high coercivity (Roberts
et al., 1995). To assess this interpretation, IRM acquisition curves
were unmixed following (Kruiver et al., 2001) and were ﬁtted with
two components, a predominant component with B cr range from
500 to 700 mT (component 2) and a small component with B cr
around 30–60 mT (component 1). Component 2 represents the entire magnetization above 200 mT (Fig. 5m–r). For samples with
narrower hysteresis loops (Fig. 5i, l), component 1 contributes
∼29% of the IRM (Fig. 5o, r), while for those with wider loops,
component 1 contributes <20%. Based on these results, we conclude that most of the samples are dominated magnetically by
hematite, but that variable magnetite concentrations also occur.
4.3. Paleomagnetic results and some tests
Principal component analysis, calculated by least-squares ﬁtting
(Kirschvink, 1980) was performed on the demagnetization data using the PMGSC software (Enkin, 2004). Orthogonal projections and
remanent magnetization changes (expressed as M/M0; where M
is the natural remanent magnetization (NRM) and M0 is the initial NRM before thermal treatment) of representative samples are
shown in Fig. 6, with samples recording both reversed and normal
polarity magnetizations, respectively. In general, three magnetic
components are identiﬁed. The lower temperature component is
removed by heating to 300 ◦ C. This component is interpreted to
be a viscous remanent magnetization with modern geomagnetic
origin. The intermediate temperature component is dominant between 300 and 585 ◦ C, which is indicative of magnetite unblocking.
This component has variable characteristics that are not consistent with the highest temperature component with the exception
of samples like that from 141.5 m (Fig. 6a). Its orthogonal vector

projection has a relatively straightforward unidirectional trajectory
toward the origin from room temperature to 665 ◦ C. Although the
magnetization decays sharply near the T C of magnetite, it continues to decrease between 600 and 680 ◦ C. This behaviour indicates that magnetite and hematite are both characteristic remanent
magnetization (ChRM) carriers for this type of sample. For most
samples, the high temperature component has a relatively straightforward decay toward the origin of the orthogonal plots. Thus, the
ChRM can be ﬁtted with at least four continuous demagnetization steps above 600 ◦ C. There is no distinct decrease of M/M0
before 150 ◦ C. We, therefore, exclude the presence of goethite in
our samples. Thus, the high coercivity component identiﬁed in
Fig. 2 represents only hematite. Combining the rock magnetic results discussed above, we conclude that the ChRM for the FHSG is
dominantly carried by hematite particles, and occasionally by magnetite or by a combination of both magnetite and hematite. This is
consistent with the purple colour of the FHSG.
Strict criteria were employed to enable development of a magnetostratigraphy for the studied sections. 1) ChRM directions with
a maximum angular deviation (MAD) >15◦ were rejected. 2) To
remove transitional directions, we further rejected both normal
and reversed polarity ChRM directions with virtual geomagnetic
pole (VGP) latitudes <45◦ . 3) ChRMs with declinations that trend
north/south but with reversed/normal polarity inclinations that
are inconsistent with the expected geomagnetic ﬁeld were also
rejected. Reliable ChRM directions that meet these criteria were
obtained for 640 levels out of 1098 (58.3%) for the polarity column from both Section A and B, and for 54 specimens out of
88 (69.2%) for the fold-test samples. For Section A, 68.2% specimens were used for polarity column. This percentage is consistent
with the fold-test samples which were sampled in the lower part
of the FHSG. For Section B, only 29.7% specimens were used for
polarity column. The ChRM yield rate for Section B is relatively
low probably because of its coarser lithology (mainly medium and
coarse sandstone). This lithology may represent a sedimentary environment with stronger hydrodynamic force which would have
restricted magnetic particle alignment eﬃciency with the ancient
geomagnetic ﬁeld.
After tilt correction, the 640 ChRM directions from Sections A
and B have an antipodal distribution with 355 normal and 285 reversed polarity directions with improved precision parameter (k)
(Fig. 7a). For the fold test, the 95% conﬁdence interval for the degree of unfolding required to produce the tightest data grouping
is constrained to lie between 83 and 94% of unfolding for all 694
accepted specimens (Fig. 7b). This indicates that the accepted directions were acquired prior to folding, so that the sediments are
likely to carry a primary paleomagnetic record. However, the bootstrap reversal test indicates that only the Y component overlaps for
both normal and reversed polarity directions at the 95% conﬁdence
level (Fig. 7d). A negative reversal test is probably due to the offset between mean normal and reversed polarity inclinations (26.5◦
and −36.8◦ ), although the mean declinations are approximately
antipodal (3.4◦ and 184.5◦ for normal and reversed polarity specimens, respectively). The relatively shallow mean normal polarity
inclination could be caused by compaction, where more normal
polarity is recorded in the lower part of Section A (Fig. 3). It also be
caused by the potential syntectonic sedimentation occurred near
the TTS which may incline the paleosurface of the sedimentation.
However, this offset does not affect determination of the polarity
sequence as indicated by VGP latitudes, and does not fundamentally inﬂuence the dating of sediments.
4.4. Magnetostratigraphy
VGP latitudes calculated from the 640 reliable ChRM directions
(with an average MAD value of 5.1◦ ) were used to construct the
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Fig. 5. Rock magnetic results for representative samples from the studied Hoh Xil Basin sediments. (a–f) Temperature-dependent susceptibility curves. Heating and cooling
cycles are indicated with thicker and thinner lines, respectively. (g–l) Hysteresis loops, after subtraction of the paramagnetic slope. B c = coercivity and B cr = coercivity of
remanence. (m–r) Isothermal remanent magnetization (IRM) acquisition curves plotted versus logarithmic ﬁeld axes. Components 1 and 2 represent low and high coercivity
portions of the IRM acquisition curves, respectively.

magnetic polarity stratigraphy in this study. This number of directions is nearly three times that used to construct a magnetostratigraphy by Liu et al. (2003). We used a jackknife technique (Tauxe
and Gallet, 1991) to test the robustness of the magnetostratigraphy
obtained in this study (Fig. 7c). The calculated jackknife parameter
( J = −0.3929) from the accepted ChRM directions falls within the
range of 0 to −0.5 recommended by Tauxe and Gallet (1991) for a
robust magnetostratigraphic data set.
At least two consecutive VGP latitudes were required to deﬁne
a polarity zone, which yielded 15 normal and 14 reversed polarity zones, respectively. We refer to these polarity zones as N1–N15
from the top to the bottom of the sampled sequence. The tuff layer
with radiometric age of 62.55 ± 0.39 Ma is situated at a depth of

ca 2607 m, within the upper part of polarity zone R8 (Fig. 3).
Based on this key age control point, zone R8 can be correlated
conﬁdently to Chron C27r. Then, zones N8–N13 can be correlated
to C27n–C31n, respectively. Zone R13, which spans a stratigraphic
interval of about 575 m, is then correlated to C31r which was a
reversed polarity period >2 Myr. Zones N14 and N15 are then
correlated to Chron C32n.1n and the upper part of C32n.2n, respectively. Owing to the relatively poorly exposed outcrop and coarser
grain size of the stratigraphic interval at ca 2800–4000 m, paleomagnetic results have lower resolution, but zones R4–R7 seem to
correlate clearly to Chrons C24r–C26r, which is dominated by reversed polarity with two short normal polarity zones (C25n, C26n).
Then, zones N1–N4 are correlated to C23n.2n–C24n.3n. Finally, a
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Fig. 6. Orthogonal projections and intensity of the natural remanent magnetization (NRM) during stepwise progressive thermal demagnetization for seven representative
specimens. Solid (open) squares represent projections onto the horizontal (vertical) plane, respectively. The demagnetization temperature is given in degrees Celsius. “NRM”
on the demagnetization diagrams refers to the NRM at room temperature.

high-resolution magnetostratigraphic sequence with a thickness of
5430 m was constructed (Fig. 3). Based on this polarity based
age model, the linearly interpolated age for the depth where the
tuff layer is located is 62.8 Ma, which is consistent with the radiometric age (62.55 ± 0.39 Ma), and further indicates a reliable
magnetostratigraphy and sediment accumulation rate (SAR) estimation. Finally, a linearly extrapolated age range of 71.94–51.33 Ma
is obtained for the studied FHSG from our SAR estimates.

5. Discussion
5.1. Sediment accumulation rate change in the Hoh Xil Basin
When plotting sediment age against thickness, three stages
with different SAR are identiﬁed from bottom to top of the FHSG:
303.9, 167.8, and 515.3 m/Ma ranging from 0–2501, 2501–4156,
and 4156–5430 m, and corresponding to 71.9–63.5, 63.5–53.9, and
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Fig. 7. Characteristic remanent magnetization (ChRM) directions and paleomagnetic ﬁeld tests. (a) Equal-area stereographic projection with the 640 accepted ChRM directions
before and after tilt correction. Solid and open circles represent downward/upward inclinations. (b) Fold test results. (c) Magnetostratigraphic jackknife analysis for the
studied section. The plot indicates the relationship between the average percentage of polarity zones retained and the percentage of sampling sites deleted, where the slope
J is related directly to the robustness of the results. (d) Bootstrap reversal test results. The ﬁgures were made using software produced by Prof. Lisa Tauxe (University of
California, San Diego) (Tauxe, 2016).

53.9–51.3 Ma, respectively (Fig. 8). Generally, SAR within terrestrial basins depends on source supply and is affected dominantly
by climatic conditions and tectonics that control erosion and transportation of detritus (Chang et al., 2015). We discuss these two
possibilities by comparing the HXB sedimentary record with global
climate variations. Marine oxygen isotope (δ 18 O) results are used
widely as a proxy for global paleoclimate variations (Zachos et al.,
2001). Although δ 18 O data indicate generally globally warm climates at 58–54 Ma, the SAR for the HXB interval at 3300–4156 m
is consistent with that of the 2501–3300 m interval when climate was generally cooler. The SAR inﬂexion at 2501 m also does
not coincide with any major long-term change in the global δ 18 O
record at ca 63.5 Ma. In addition, although warmer and more
humid climates could have induced high-energy river ﬂows and
deposition of coarse-grained sediments, deposition of HXB strata
is more likely to have resulted from tectonic activity because there
is no consistently clear relationship between climate change and
HXB sedimentation. Also, climate-induced SAR increases can only

ﬁll preexisting basins and provide no mechanism to create signiﬁcant sediment accommodation space (Yin et al., 2002). The >5 km
of HXB strata thicken toward and parallel to the TTS (Li et al.,
2012). This is also inconsistent with climatically-driven sedimentation, which produces tabular stratal successions that thicken away
from thrust fronts (Liu et al., 2001). Thus, we conclude that climate
change was not the dominant factor that drove HXB SAR changes.
In contrast, deformation and uplift of mountain ranges surrounding a basin will generally increase relief differences between the
basin and source areas, thereby increasing erosional ﬂux and basin
accommodation space (Yin et al., 2002). Tectonic movements in the
local catchment are, thus, interpreted to have driven SAR changes
in the HXB.
Subsidence history, mass accumulation, and facies analysis for
the FHSG reveal that it was deposited during four stages (Liu and
Wang, 2001; Liu et al., 2001; Zhu et al., 2006) based on the magnetostratigraphy of Liu et al. (2003). From our magnetostratigraphy,
initiation of HXB deposition dates back to at least 72 Ma. Then the
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Fig. 8. Sediment accumulation rate (SAR) changes for the Fenghuoshan Group. The marine oxygen isotope data are from Zachos et al. (2001). Based on our new chronology,
the major SAR change at 53.9 Ma is taken here to indicate the sedimentary response to increased local deformation associated with India–Asia collision.

basin was oriented approximately east–west and was controlled
by the TTS, which bounds the southern basin margin (Liu and
Wang, 2001; Liu et al., 2001). Our three SAR stages correspond
to the previously identiﬁed HXB evolution stages determined from
correlation of lithofacies and unit thicknesses between our study
and those of Liu and Wang (2001) and Liu et al. (2001). A SAR
of 303.9 m/Ma corresponds to the 49–41 Ma stage of Zhu et al.
(2006) (71.9–63.5 Ma in this study) when a foreland basin was
initialized (Fig. 9a). A subsequent lower SAR of 167.8 m/Ma corresponds to the 41–35 Ma stage of Zhu et al. (2006) (63.5–53.9 Ma
in this study) (Fig. 9b). A higher SAR of 515.3 m/Ma after 53.9 Ma
corresponds to the 35–31 Ma stage of Zhu et al. (2006) (Fig. 9c).
5.2. Constraints on the age of initial India–Eurasia collision
Deformation of ranges surrounding a basin can increase the elevation difference between the basin and its source areas, thereby
increasing erosional ﬂux to the basin. This process should increase
the SAR in the basin if climate change was not signiﬁcant. A SAR
change in a basin can also reﬂect tectonic movements in the local catchment area. HXB is a foreland basin that developed under
control of the TTS (Wang et al., 2008; Li et al., 2012). TTS initiation was interpreted to have coincided with the basal age of
the FHSG (52 Ma) based on a previous magnetostratigraphic interpretation (Liu et al., 2003), which was linked to Early Eocene
India–Eurasia collision (Li et al., 2012). Here, based on our magnetostratigraphy, the age for initial TTS activity should be revised
to 71.9 Ma, which is earlier than initial India–Eurasia collision at
60–50 Ma (e.g., Patriat and Achache, 1984; Leech et al., 2005;
Najman et al., 2010; DeCelles et al., 2014; Yang et al., 2015;
Zhu et al., 2015; Ding et al., 2016; Hu et al., 2016; Ma et al., 2016;
Najman et al., 2017). Thus, we argue that TTS initiation should not
be interpreted to have been caused by initial India–Eurasia collision. Sedimentary and structural analyses around the Bangong–

Nujiang suture (BNS) zone indicate that the central TP had undergone signiﬁcant crustal shortening and thickening that was attributed to northward underthrusting of the Lhasa terrane beneath
the Qiangtang terrane along the BNS and that continued into the
Late Cretaceous (Kapp et al., 2007). Northward subduction of the
Neo-Tethys oceanic plate beneath the Eurasian continental plate in
the Late Cretaceous produced thrust systems along the Yalung–
Zangbu suture (YZS) and BNS, and in the Tanggula Shan (Li et
al., 2015b; Wu et al., 2015). Therefore, TTS initiation would have
been associated with continued convergence between the Lhasa
and Qiangtang terranes and with northward subduction of the
Neo-Tethys oceanic plate in the Late Cretaceous.
Although we cannot distinguish the dominant tectonic activity
that caused initial TTS activation, a decreased SAR from 303.9 to
167.8 m/Ma seems to indicate that there was no substantial orogenesis in the Tanggula area during the 63.5–53.9 Ma interval. The
HXB depocenter outlined by sedimentary isopachs did not migrate
much during this stage (Fig. 9b) relative to 71.9–63.5 Ma (Liu et
al., 2001) (Fig. 9a). Additionally, a change of paleocurrent directions from dominantly northward for the 71.9–63.5 Ma interval
to southeastward and southwestward during the 63.5–53.9 Ma interval indicates that the paleogeomorphology changed (Liu et al.,
2001), which further indicates a stable period or one with weakened activity of the Tanggula Shan that represents the end of
northward terrane convergence to the south of the Tanggula area.
The TTS was, therefore, apparently tectonically quiescent during
the 63.5–53.9 Ma interval relative to 71.9–63.5 Ma.
After 53.9 Ma, fan-delta conglomerates become more significant in the 4200–5430 stratigraphic interval (Fig. 3). Paleocurrents were directed to the north again in the Sangqiashan area
(Liu et al., 2001). Meanwhile, the sedimentary depocenter migrated eastward and northward at this time (Liu and Wang, 2001;
Liu et al., 2001) (Fig. 9c), consistent with migration of the TTS to
the northeast (Li et al., 2012). In addition, Early Paleogene apatite
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and fold-thrust belts (Yin et al., 2008a, 2008b), tectonic events
in the Qaidam Basin (Wang et al., 2015; He et al., 2017), and
paleomagnetically-determined tectonic rotations in the Xining–
Lanzhou region (Dupont-Nivet et al., 2004) in the early Cenozoic in
basins in the TP hinterland and northern margin have all been attributed to India–Eurasia collision by the authors. Owing to debates
of paleoaltimetry results, mainly between isotope and paleontology reconstruction, it is still diﬃcult to outline the clear spatiotemporal distribution of growth processes of the TP especially with
lack of enough widely accepted paleoaltimetry data at present. Regardless of when and where, whether high topography was built
simultaneously or propagatively, as a result of India–Eurasia collision, early Cenozoic sedimentation and tectonic events in the
hinterland and plateau margin demonstrate that compressional
stress associated with collision propagated from the plate boundary to the current plateau margin at the onset of collision (Yin
and Harrison, 2000; Dupont-Nivet et al., 2004; Fang et al., 2013;
Staisch et al., 2016). Nevertheless, we should emphasize that this
rapid propagation of compressional stress does not indicate the
whole uplift of the TP.
6. Conclusions

ﬁssion-track ages and negatively skewed ﬁssion track-length distributions from Tanggula Shan basement rocks also indicate a rapid
cooling event at 60–50 Ma (Wang et al., 2008). Thus, an abrupt
and sharply increased SAR (from 167.8 to 515.3 m/Ma) indicates
that the source region experienced major deformation at 53.9 Ma
with TTS reactivation accompanied by Tanggula Shan uplift and
crustal shortening (Li et al., 2012; Staisch et al., 2016). We attribute
TTS reactivation to collision between the Himalayan Block and the
southern edge of Asia along the YZS. Therefore, the HXB sedimentary record can constrain initial collision along the YZS to have
occurred at or at least at no later than ca 54 Ma.

A tuff layer within the Fenghuoshan Group (FHSG) in the Hoh
Xil Basin (HXB) has yielded a weighted mean age of
62.55 ± 0.39 Ma (MSWD = 0.68, 2σ ) from LA-ICP-MS zircon
U–Pb analysis. With this radiometric age, a high-resolution magnetostratigrapy for the FHSG with thickness of 5430 m can be
correlated to the GPTS. The age of the FHSG is determined to range
from ca 72 to 51 Ma, which is inconsistent with the 51–31 Ma
and 85–51 Ma interpretations of Liu et al. (2003) and Staisch et
al. (2014), respectively. Three sediment accumulation rate (SAR)
stage changes correspond to previously reported basin evolution
analyses, although with age inconsistences, which reﬂect tectonic
movements on the Tanggula Thrust System (TTS) that controlled
the HXB during the Late Cretaceous and Early Eocene. From our
data, we suggest that the TTS began activity at 71.9 Ma prior to
the India–Eurasia collision. This activation may have been associated with continued Late Cretaceous convergence between the
Lhasa and Qiangtang terranes as well as northward subduction of
the Neo-Tethys oceanic plate. The abrupt SAR increase since 54 Ma
indicates TTS activation accompanied by upthrow of the Tanggula
Shan, and indicates that initial India–Eurasia collision occurred at
or at least at no later than 54 Ma. This approximately simultaneous
remote-response of sedimentation and tectonic movements associated with India–Asia collision indicates that compressional stress
was transmitted to the hinterland and northern margin contemporaneously with the plate collision, which supports the synchronous
deformation model of Tibetan Plateau.

5.3. Implications for deformation model of the Tibetan Plateau
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