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1 INTRODUCTION

SUMMARY

The Qinling Mountain range forms an important climate barrier between southern and northern
China. Its western part, referred to as the West Qinling, constitutes a unit of northeastern
Tibetan Plateau. The uplift history of Qinling during the Neogene is still a contentious issue.
Magnetostratigraphic results from the 150-m-thick Xihe loess-soil sequence (NL-VI), located
on the alluvial highlands surrounding an intermontane basin from the West Qinling, indicate
17 reverse and 17 normal magnetozones. They are correlative with the interval from chron
C5n to chron C2Ar in the Geomagnetic Polarity Timescale. The age of the NL-VI section can
thus be palaeomagnetically constrained to a period from 10.5 to 4.2 Ma. The middle portion of
the section has been affected intermittently by surface erosion processes. As loess is sensitive
to any erosion that may have been induced by substratum deformation and tectonic uplift,
this sequence indicates that the intermontane basin-ridge pattern of the West Qinling had
already been formed by 10.5 Ma, thus providing suitable topographic conditions for aeolian
deposition. This timing is consistent with a significant deformation phase between ~14 and
10 Ma reported for the Tibetan Plateau. Meanwhile, the complete preservation of the NL-VI
loess-soil sequence precludes both intense deformation of the substrate and rapid uplift of the
West Qinling between 10.5 and 4.2 Ma. Although the erosion-affected portion of the NL-VI
section reflects some degree of tectonic instability from 8.3 to 6.9 Ma, the intensity must have
been sufficiently weak to prevent the erosion of the aeolian deposits. These further suggest
that the late Miocene growth of the Tibetan Plateau has not significantly affected the West
Qinling. Thus, the studied NL-VI aeolian sequence provides not only independent evidence
for the uplift history of the West Qinling within an accurate chronological framework, but also
provides new insights into the tectonic changes on the northeastern Tibetan Plateau.

Key words: Magnetostratigraphy; Rock and mineral magnetism; Tectonics and landscape
evolution; Asia.

Cenozoic, but the detailed deformation and uplift history histories
within an accurate chronological framework remains unclear and

Qinling (32°13.00'N-34°14.50'N and 104°13.00'E-112°14.50'E)
is an east—west trending mountain range in central China extend-
ing for over 1500 km, with an average elevation of 2000-3000 m
(Mattauer et al. 1985; Rost 1994). By forming a huge physical
obstacle for the northward movement of the monsoon circulation,
the range constitutes a critical climate boundary between northern
and southern China with warm-humid subtropical climate in the
south and cool—dry temperate climate in the north (Rost 1994; Yan
2006). Meng & Zhang (2000) suggested that the Qinling range ex-
perienced rapid uplift accompanied by strike-slip faulting in the
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has been attracted considerable attention. Some studies indicate
that the Qinling range experienced episodic uplift from late Creta-
ceous times onwards, with major uplift probably occurred during
the Palacogene or/and Neogene (Wan et al. 2000; Yin et al. 2001)
associated with the formation of the intermontane basins. There is
also evidence suggesting significant uplift during the Pleistocene
(Teng & Wang 1996; Xue et al. 2004).

The West Qinling Mountains, that is, the west part of the Qin-
ling range, comprise part of the northeastern margin of the Tibetan
Plateau (Fig. 1). It has been suggested that the lower crustal flow
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from central Tibet diverted beneath the western Qinling and caused
surface uplift, exhumation and deformation in this region to di-
minish eastward escape tectonics in the Cenozoic (Royden 1996;
Enkelmann et al. 2006). Low temperature thermochronology re-
veals that early reverse faulting and associated mountain uplift in
the West Qinling was initiated at ~45-50 Ma in response to the
growth of the Tibetan Plateau (Clark ez al. 2005; Duvall et al. 2011).
Deformation evidence for the early—late Neogene was also identi-
fied in recent years (e.g. Yu 1994; Enkelmann et al. 2006; Clark
et al. 2010). For instance, volcanic activities in the Dangchang and
Lixian regions took place episodically between 23 and 7 Ma (Yu
1994; Yu et al. 2006). The regions immediately north of the West
Qinling show accelerated exhumation rates at ~18-13 (Clark et al.
2010; Lease et al. 2011) and ~9—4 Ma (Enkelmann et al. 2006).
The West Qinling became a more pronounced source of sediment
to the Linxia basin by ~14 Ma (Garzione et al. 2005). Thus, the
Neogene deformation history of the West Qinling is still ambiguous.
An accurate chronological framework for this history needs to be
reconstructed through various methods. In particular, the question
as to when the ridge—intermontane pattern of the West Qinling was
formed remains a critical issue to be solved.

Dating the sedimentary sequences within the intermontane basins
in the Qinling Mountains could be expected to provide significant
information for addressing this issue. In this regard, aeolian de-
posits are of particular value for tracing regional geomorphic or
tectonic changes. This is based on two rationales: (1) the forma-
tion of loess requires a positive, relatively flat substrate topography
that must be formed before the deposition of the overlying loess
sequence and (2) loess is extremely sensitive to erosion, thus any
significant tectonic/geomorphic change would cause extensive ero-
sion. Accordingly, investigations on the distribution, chronology
and completeness of the acolian deposits from the various geomor-
phic units may be expected to provide reliable information relative
to the changes in substrate topography and to tectonically induced
deformation and associated erosion.

Recently, our investigations reveal widespread aeolian deposits
mantling the piedmont highlands surrounding the intermontane
basins within the West Qinling (Guo et al. 2010). The wind-blown
origin of these deposits has been demonstrated by soil micromor-
phology, geochemistry and grain size studies (Ge & Guo 2010). This
study aims at (1) dating a representative acolian sequence (NL-VI)
near Xihe in Gansu Province using magnetostratigraphy method,
(2) exploring the tectonic implications of the sequence relative to
the Neogene uplift history of the West Qinling Mountains and (3)
discussing the potential links between this history and the formation
of the Tibetan Plateau.

2 GEOLOGICAL SETTING

The West Qinling range separates the North China Block and Qilian
orogens from the South China Block and Songpan-Ganzi terrane
(Fig. 1) (Ratschbacher et al. 2003; Zhang et al. 2004). The West
Qinling fault and the Kunlun fault systems form the northern and
southern boundaries, respectively. Several strike-slip faults have
developed within the West Qinling, such as the Lintan fault, Zhouqu-
Mianlue fault and the Fengxian-Taibai fault (Fig. 1). Under the
controls of such a tectonic framework, a series of intermontane
basins were formed within the West Qinling separated by high
standing ridges (Zhang et al. 2005; Wang et al. 2011).

The Xihe basin is one of the NEE-oriented intermontane basins
in the West Qinling, and was interpreted as a strike-slip, pull-apart
basin developed in the late Cenozoic (BGMRGP 1989; Zhang et al.

2005). The piedmont alluvial highlands of the basin are mantled
by aeolian deposits whereas the central basin is mainly filled with
reddish and grey-greenish mudstones of fluvio-lacustrine origin.
The alluvial deposits forming the piedmont highlands overlie the
limestone of Middle-Devonian age (BGMRGP 1989).

The NL-VI section (34°04'14''N, 105°22'40"E) is located on the
alluvial highlands surrounding the Xihe basin (Fig. 1), and exposed
along the flanks of an elongated gully with a top elevation of 1875
m. The section is 150 m thick and contains three parts. The upper
(0-65.2 m) and lower (98.2—150.2 m) parts are typical loess-soil
sequences with alternating soil and loess layers. The middle part
(65.2-98.2 m) contains soil and loess layers, but also 31 levels
consisting of a mixture of loess, soil and rock fragments (1-45%).
The poorly sorted, angular rock fragments vary from 0.1 to 20 cm in
diameter. They are mainly composed of schist, slate, granite, gneiss
and limestone. These characteristics are quite similar to those of
the deposits exposed on the slopes of the nearby alluvial highlands,
suggesting that these rock fragments are derived from the alluvial
deposits.

The sequence contains a total of 188 visually definable soils.
Their weathering or argilic horizons (B or Bt) are reddish brown
(5YR 4/8) or bright brown (7.5YR 5/8) in colour, silty—clay or clay
in texture, with moderate to strong prismatic structure. They are
underlain by nodular or petrocalcitic calcareous horizons. Loess
layers are yellow-brown (7.5YR 6/4) to bright brown (7.5YR 5/6)
with massive structures.

3 SAMPLING AND METHODS

In this study, a total of 715 block samples oriented by magnetic
compass were collected at 20-25 cm intervals. In the laboratory,
samples were cut into standard cubic specimens of 2-cm edge length
for palacomagnetic measurements. All specimens were thermally
demagnetized using the MMTD80 Thermal Demagnetizer.! Re-
manence measurements were made with a 2G Enterprises Model
760-R three-axis cryogenic magnetometer” installed in a magnet-
ically shielded space (<300 nT). First, 150 specimens at about
1-m intervals were selected and were subjected to stepwise ther-
mal demagnetization up to 610 °C with 13 steps and 10-50 °C
temperature increments. As most of specimens yield stable charac-
teristic remanent magnetizations (ChRMs) above 250 °C, the other
samples were demagnetized from 250 to 630 °C with 8-10 steps.
All the experiments were performed in the Palacomagnetism and
Geochronology Laboratory of Institute of Geology and Geophysics,
Chinese Academy of Sciences.

1502 samples at 10 cm intervals were taken for magnetic suscep-
tibility measurements. They were dried in air and measured using
a Bartington MS2 meter.> Low-frequency magnetic susceptibility
(x) was measured on all samples using the 0.47 kHz sensor. 802
samples were measured for high-frequency magnetic susceptibility
at 4.7 kHz. Frequency-dependent magnetic susceptibility (x ) was
calculated for these 802 samples.

Various techniques were used to determine the magnetic miner-
alogy of representative samples from different depth on the NL-VI
section. x—7 curves from room temperature to 700 °C were ob-
tained under Argon atmosphere with a KLY-3 Kappa bridge with
a CS-3 high-temperature furnace (Agico Ltd., Brno). Hysteresis

! Magnetic Measurements Ltd., Aughton, Lancashire, UK.
22G Enterprises, Sand City, CA, USA.
3 Bartington Instruments Ltd., Witney, Oxon, UK.
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Figure 1. Location of the NL-VI section and the geological setting. (a) Location of the study area. The dotted rectangle outlines the area of Fig. 1(b);
(b) geological setting of the NL-VI section [data for the faults are from Zhang et al. (2005) and BGMRGP (1989)]. The dotted rectangle outlines the area of
Fig. 1(c); (c) map showing the location of the previously studied Neogene aeolian sequences with the detailed tectonic and geomorphologic settings.

loops for these samples were measured with a Princeton Micro- magnetic field of 1.0 T. Saturation magnetization (M), saturation
Mag 3900 Vibrating Sample Magnetometer* (VSM) in maximum remanence (M) and coercivity (B.) were determined after correc-

tion for the paramagnetic contribution. Samples were then demag-
4 Princeton Measurements Corporation, Princeton, NJ, USA. netized in alternating fields (AF) up to 500 mT and isothermal
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Figure 2. High-temperature magnetic susceptibility (x—7') curves for typical samples from the NL-VI loess—palacosol sequence. Solid (dotted) lines represent

heating (cooling) curves.

remanent magnetizations (IRMs) were imparted from 0 to 1.0
T, using the MicroMag 3900 VSM. Subsequently, the satura-
tion isothermal remanent magnetization (SIRM) (the IRM ac-
quired at the maximum field of 1.0 T) was demagnetized in a
stepwise direct current (dc) backfield to obtain the coercivity of
remanence (By;).

4 RESULTS

4.1 Magnetic properties

The x—T curves are characterized by a major decrease in magnetic
susceptibility between 567 and 585 °C (Prévot ef al. 1981, 1983;
Fig. 2), the Curie point of magnetite, suggesting that magnetite is the
main contributor to the susceptibility. A Curie point at 559579 °C
(Prévot et al. 1981, 1983) on the cooling curves indicates that the
final product of the heating cycle is also magnetite. For most of the
selected samples, the susceptibility along the cooling curve is close
to or lower than the pre-heating values (Figs 2a—f). This behaviour
points to a deficiency of weatherable Fe minerals in these loess/soil
units, which if present, would serve as the source for the formation
of new magnetite during laboratory heating (Deng et al. 2005). The
susceptibility along the cooling curves for the older loess/soil units
from the lower part of the NL-VI section show a gradual increase in
susceptibility from about 400 °C to room temperature (Figs 2f-h),
suggesting that a new magnetic material is produced by heating.
This behaviour suggests a larger supply of weatherable Fe minerals
in these older loess/soil units.

Most of the hysteresis loops are closed above 0.3 T (Figs 3a—f),
which is consistent with the presence of a dominant ferrimagnetic
phase. Some samples display wasp-waisted hysteresis loops, espe-
cially the samples from the lower section (Figs 3g and h). This arises
from the coexistence of two magnetic components with strongly
contrasting coercivities (Roberts et al. 1995), such as the combi-
nation of low-coercivity magnetite/maghaemite and high-coercivity

haematite/goethite. Moreover, in light of underrepresentation owing
to their weak magnetization, the wasp-waisted behaviour indicates
a high concentration of hard, imperfect antiferromagnetic compo-
nents (Roberts ef al. 1995). Also, the hysteresis loops of all sam-
ples remain open up to 0.9 T, confirming significant contributions
from high-coercivity phases. We interpret this behaviour as indi-
cating the existence of haematite, despite the possibility that low-
temperature oxidization of magnetite to maghaemite may contribute
to the high coercivities (Van Velzen & Dekkers 1999; Liu et al.
2004).

The rapid rise of IRM below 0.1 T and the high values of S-ratio
for most of the samples (Figs 4a—f) indicate the abundant presence
of low-coercivity and ferrimagnetic minerals, such as magnetite
and/or maghaemite. However, for some samples from the lower
section (Figs 4g and h), the IRM continues to be acquired above
0.3 T, and the S-ratio exhibits lower values. These behaviours show
a greater importance of a high-coercivity magnetic phase, such as
haematite or goethite (cf. Hao et al. 2009).

4.2 Magnetic susceptibility and palaecomagnetic results

The x values for the NL-VI sequence show clear variations cor-
responding to the field-defined lithological changes, with higher
values in soils, as is a common feature for the Neogene loess-soil
sequences in the western Chinese Loess Plateau (Guo et al. 2002,
2008; Hao & Guo 2004, 2007) and for the Quaternary loess-soil
sequences (Liu & Ding 1998; Deng et al. 2005).

Demagnetization results were evaluated by orthogonal diagrams
(Zijderveld 1967), and the principal component direction was com-
puted by means of the principal component analysis (Kirschvink
1980) on a minimum of four consecutive steps, from the stable
intermediate- and/or high-temperature components. For most sam-
ples, a secondary magnetic component, probably of viscous origin,
was removed by thermal demagnetization at 250-300 °C, and the

© 2012 The Authors, GJI, 189, 1399-1408
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Figure 3. Hysteresis loops for representative samples after slope correction for paramagnetic contribution. These hysteresis loops were measured in fields up

tox1.0T

Figure 4. IRM acquisition curves and backfield curves of IRM for typical samples from the NL-VI section. The S-ratio, (—IRM_¢ 31)/(SIRM| g7), is defined
as the IRM remaining after exposure to a reversed field of 0.3 T divided by the SIRM (King & Channell 1991; Verosub & Roberts 1995).

high-stability ChRM component can be isolated between 300 and
585-610 °C (Fig. 5). These are consistent with the mineral magnetic
results, indicating again that magnetite dominates the remanence
carriers.

Among the 715 analysed samples, ~51 samples were excluded
owning to unstable demagnetization trajectories [for example, in
case where it was not possible to isolate the ChRM directions,
and/or where the ChRM directions gave a with maximum an-
gular deviation (MAD) of >15°], or to ChRM directions giving
Virtual Geomagnetic Pole (VGP) latitudes more than 45° from the
mean VGP, which are regarded as outliers and transitional direc-
tions (Kirschvink 1980). Consequently, 664 samples yielded reli-
able ChRM directions, and the VGP latitudes were calculated from
the ChRM data to construct the magnetostratigraphy of the NL-VI
section (Fig. 6). Following demagnetization, 17 normal and 17 re-
verse magnetozones, defined by at least two successive levels of the
same polarity, can be recognized in the sequence from the section

(Fig. 6).

© 2012 The Authors, GJI, 189, 1399-1408
Geophysical Journal International © 2012 RAS

5 DISCUSSION

5.1 Correlation of the recognized polarity sequence
to the GPTS

The magnetozones determined for the NL-VI section can be well
correlated to the geomagnetic polarity timescale (GPTS; Gradstein
et al. 2004). The interval from 0.6 to 43 m is correlative with
the Gilbert reverse chron with the four normal magnetozones cor-
responding to the Cochiti, Nunivak, Sidufjall and Thvera normal
subchrons, respectively (Fig. 6). The reverse magnetozone from 0
to 0.6 m can thus be definitely correlated to chron C2Ar within the
Gilbert. The three normal magnetozones between 43 and 70.6 m are
correlative with chrons C3An.1n, C3An.2n and C3Bn, respectively.
The C3Br with two short normal polarity zones is identified between
70.6 and 79.6 m. The interval between 79.6 and 116.2 m contains
two long normal and one long reverse magnetozones correlative
with C4n.2n, C4An and C4r.2r, respectively. The portion between
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Figure 5. Orthogonal projections of representative progressive thermal demagnetization. The open (solid) circles refer to the vertical (horizontal) planes. The

numbers refer to temperatures in °C. NRM, natural remanent magnetization.

116.2 and 135.75 m correlates well with C4Ar, with two normal
and three reverse zones. The section ends within the thick normal
polarity C5n (Fig. 3). Thus, the results define a nearly continuous
sequence from chron C5n to chron C2Ar. The magnetostratigraphy
of the NL-VL section indicates relatively stable sedimentation rates
of ~2.37 cm ka~! from 10.5 to 4.2 Ma (Fig. 6). Extrapolations
according to the average sediment accumulation rate yield a basal
age of 10.49 Ma and a top age of 4.16 Ma for the section. The
upper (65.2 m) and lower (98.2 m) boundaries of the gravel-bearing
portion are dated to 6.93 and 8.30 Ma, respectively.

Magnetic susceptibility has proved to be useful for stratigraphic
correlation of the late Miocene loess-soil sequences in the west-
ern Loess Plateau (Guo ef al. 2002, 2008; Hao & Guo 2007; Liu
et al. 2005; Zhan et al. 2010). Except for the gravel-bearing por-
tion from 52.0 to 63.3 m in the Dongwan section, the magnetic
susceptibility trends of the NL-VI section can be correlated with
those of the Dongwan section (~117 km north; Hao & Guo 2004;
Figs 6b and e), confirming again that susceptibility of the Neogene
loess-soil sequences can be used as a tool for stratigraphic correla-
tion. The magnetochronology proposed is, thus, entirely consistent
with the mammalian biochronology (Ge & Guo 2010) and with the

broad correlation of susceptibility between the NL-VI and Dongwan
sections.

5.2 Formation of the configuration of the
ridge-intermontane basin system by 10.5 Ma

Formation of loess-soil sequences requires (1) drylands large
enough to provide a significant amount of aeolian dust; (2) winds
energetic enough for aeolian dust transport; (3) a fairly flat sub-
strate topography for loess accumulation (Guo et al. 2008) and (4)
arelatively stable tectonic environment to prevent the deposits from
being eroded away.

Earlier studies demonstrated the onset of loess-soil formation
in northern China by ~22 Ma, indicative of seasonally alternative
monsoon circulations and extensive deserts in the Asian inlands
(Guo et al. 2002, 2008). In association with the previously reported
Miocene aeolian sequences (Guo et al. 2002, 2008; Hao & Guo
2007; Liu et al. 2005; Zhan et al. 2010; Zhang et al. 2011; Fig. 1),
the NL-VI section adds new insights about the widespread nature of
the Miocene aeolian deposits, showing that the southern boundary

© 2012 The Authors, GJI, 189, 1399-1408
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Figure 6. Magnetostratigraphy, magnetic susceptibility and sedimentation rate of NL-VI and correlations with the geomagnetic polarity timescale (GPTS).
(a) Magnetic polarity of the Dongwan (DW) section (Hao & Guo 2004); (b) magnetic susceptibility of the Dongwan section (Hao & Guo 2004) and correlation
with NL-VI; (c—d and e—f) zoomed lithology columns and magnetic susceptibility of NL-VI; (g) lithology of NL-VI; (h) magnetic susceptibility of NL-VI;
(i) frequency dependent magnetic susceptibility of NL-VI; (j) VGP latitude of NL-VI; (k) magnetic polarity of NL-VI; (1) ATNTS2004 GPTS (Gradstein et al.

2004) and (m) sedimentation rate of NL-VI.

reached, at least, to ~34°N. Its finer median grain size, averaging
6.1 um (Ge & Guo 2010) compared to 7.5 um at QA-I (~120 km
to the north) in the same time interval (6.2—-10.5 Ma; Guo et al.
2002), confirms the northern location of the source region (the
inland deserts) and the direction of the dust-carrying winds from
the north by the Asian winter monsoon.

As loess is a kind of sediment extremely sensitive to erosion,
the preservation of loess-soil sequences requires a relatively sta-
ble tectonic environment during and subsequent to their deposi-

© 2012 The Authors, GJI, 189, 1399-1408
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tion. The NL-VI section is the first studied aeolian sequence of
Miocene—Pliocene age from the Qinling Mountains. Its lithology
and chronology provide independent information about the uplift
history of the West Qinling range.

Intense aeolian deposition in the nearby region had already started
by ~22 Ma ago (Guo et al. 2002) whereas the lower boundary of the
NL-VI aeolian sequence is dated to 10.5 Ma. This indicates that the
substrate topography suitable for loess deposition near Xihe has al-
ready formed by ~10.5 Ma. The onset of loess deposition near Xihe
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is linked with tectonic, rather than climatic causes. A large-scale
deformation would have occurred around this time and led to the for-
mation of the stable alluvial highlands at least by ~10.5 Ma. Since
then, alluvial discharges mainly occurred via channels while the
gentle slope (~6—-12°) of the alluvial highlands, generally covered
by vegetation, preclude significant erosion by slope wash. These
conditions provide a context in the mountains favourable to the
receipt and continuous accumulation of aeolian dust.

Other studies indicate that a widespread deformation phase
occurred widely in the West Qinling and adjacent regions dur-
ing ~14-10 Ma. **Ar/*’ Ar dating for Cenozoic kamafugite from
Dangchang-Lixian region indicates a significant strike-slip faulting
episode initiated at ~13 Ma (Yu 1994). This is temporally consistent
with the transition from NNE-SSW compression to the WNW-ESE
and/or E-W trending strike-slip along and to the south of the West
Qinling fault (Wang et al. 2011). Rapid increases of sediment in-
puts from the West Qinling to the Linxia (Garzione et al. 2005) and
Tianshui basins (Wang et al. 2007) by ~14—10.8 Ma also support
accelerated mountain exhumation. To the north of the West Qinling,
the Jishi Shan (Lease et al. 2011), Helan Shan (Liu 2010) and some
portion of the eastern Laji Shan (Lease e al. 2012) showed extensive
exhumation due to strike-slip faulting during ~13-10 Ma. More-
over, lithologic, magnetostratigraphic and stable isotope records
from a number of small subbasins along the West Qinling fault, in-
cluding Guide, Jian Zha, Xunhua, Tong Ren and Linxia, reveal that
the basin segmentations leading to the separation of these basins
was likely completed between ~13 and 10 Ma (Hough ez al. 2011),
and steady lacustrine deposition in these basins would have ini-
tiated by 11-10 Ma. These observations support our conclusion
that the stable ridge—intermontane basin systems had formed by at
~10.5 Ma. A compilation of the major faults in the West Qinling,
and their kinematic and dynamic characteristics, shows that signif-
icant strike-slip has been the dominant process responsible for this
deformation phase (Enkelmann et al. 2006).

The Neogene deformation history of the West Qinling, as a part
of the northeastern Tibetan Plateau, also provides valuable infor-
mation concerning the tectonic history of the Tibetan Plateau. The
formation of the ridge-basin system in the West Qinling by 10.5 Ma
as defined by the NL-VI section and the significantly strike-slip
faulting and exhumation that other studies documented (Garzione
et al. 2005; Zhang et al. 2005; Hough et al. 2011) in this region
and adjacent areas between ~14 and 10 Ma are temporally con-
sistent with some tectonic events reported from Tibet. These in-
clude at least the onset of E-W extension in the plateau interior at
~14 Ma (e.g. Blisniuk et al. 2001), the expansion of the south-
eastern plateau margin after ~13 Ma (e.g. Clark et al. 2005), and
the development of new east-convergent thrust faults in northeast-
ern Tibet by ~13 Ma (Lease et al. 2011). These tend to suggest
a plateau-wide deformation in the mid-late Miocene (Lease et al.
2011).

5.3 Tectonic instability between 6.9 and 8.3 Ma

The upper (6.9—4.2 Ma) and the lower (10.5-8.3 Ma) portions of
the NL-VI section are typical loess-soil sequences. Their complete
magnetozones define near continuous accumulation without any
significant hiatus (Fig. 6). Our lateral correlation of the lithology
showed that the complete preservation of loess sequences during
these intervals is a common feature in the Xihe intermontane basin.
This indicates a rather stable tectonic environment, as any signif-

icant tectonic activity would have caused loess erosion and led to
discontinuities in the sequence.

The layers with mixed loess, soil and rock fragments in the mid-
dle section (65.2-98.2 m, from 8.30 to 6.93 Ma) indicate episodic
surface erosions by water. The gravels were clearly derived from
the alluvial deposits of the adjacent alluvial highlands. Although
surface erosion may be induced by climatic changes, these episodic
erosion features are unlikely to be attributable to climatic causes.
First, the occurrences of these layers of mixed lithology are not pref-
erentially linked to either loess or soil layers, indicating that erosion
occurred within both cold—dry loess-forming or warm—humid soil-
forming intervals. Second, the marine §'%0 record (Zachos et al.
2001) does not show any specific climatic event at this time de-
spite of the overall global cooling trends during the late Cenozoic.
Third, the weathering intensity of soil, as revealed by the frequency-
dependent magnetic susceptibility (Fig. 6), does not exhibit any no-
table changes around the time when the first thick gravel layer from
98.2 to 94.5 m in depth occurred abruptly. This is also consistent
with the insignificant soil colour changes observable in the field.
We, therefore, interpret this gravel-bearing portion within NL-VI
as evidence of tectonic instabilities.

This episode of tectonic instability and the consequent erosion
has also been documented in other aeolian sequences on the Loess
Plateau. For example, a water-reworked portion older than 6 Ma
was reported from Dongwan (Hao & Guo 2004). In the eastern
Loess Plateau, the lowermost portion of the Red Clay sequences at
Xifeng (>6.2 Ma) and at Fugu (~7 Ma) consists of a mixture of
aeolian and colluvial sediments (Guo et al. 2001; Yue et al. 2007),
indicating an erosion phase before 6.2 Ma. A loess erosion phase
around the late Miocene was widely observed in the Tianshui-Qinan
region, leading to the formation of shallow depressions filled with
waterlain sediments (Yuan et al. 2007). Although a 11-Myr-old
aeolian sequence in the eastern piedmont of the Luliang Mountains
was recently reported (Xu et al. 2009), the lack of aeolian deposits
older than 8 Ma in most of the eastern Loess Plateau indicates
that the substrate topography east of the Liupan Mountains had
developed by ~8 Ma (Guo 2003; Hao & Guo 2004) suggesting
fairly intense tectonic changes close to this time. These lines of
evidence consistently define a tectonic event in the late Miocene in
northern China. The gravel-bearing portion in the middle NL-VI
section suggests that the event occurred between ~8.3 and 6.9 Ma.

However, the relative completeness of the NL-VI section,
as demonstrated by complete suite of magnetozones, precludes
either significant folding deformation or intense uplift of the
substrate in the West Qinling Mountains. At least, the event
did not affect the basic pattern of the ridge—intermontane
basins. Otherwise, the loess deposits would have been intensely
eroded.

A wide range of observational evidence from the northeastern
and eastern margins indicates that the Tibetan Plateau may have
experienced major uplift around the late Miocene (Harrison et al.
1992; Métivier et al. 1998; Molnar 2005). It has also been suggested
that the deformation front may have jumped ~100 km outward to
the Altyn and Liupan Shan at ~8 Ma (Lease ef al. 2011), lead-
ing to rapid exhumation of the Liupan Shan (Zheng et al. 2006)
and Altyn Shan (Wan et al. 2001). The formation of the substrate
topography for aeolian accumulation in the eastern Chinese Loess
Plateau would also have occurred by ~8 Ma (Guo 2003; Hao &
Guo 2004). However, the relatively mild nature of the change in
sedimentation, without obvious major unconformity in the NL-VI
section from 8.3 to 6.9 Ma in the West Qinling Mountains would
suggest that this late Miocene tectonic activity exercised a rather
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weak influence to the West Qinling. The episodic instability (even
probably earthquake events), as showed by the episodes of disturbed
deposition and mixed lithology in the middle of the NL-VI section,
might be a response to tectonic changes in distant regions.

6 CONCLUSIONS

The studied NL-VI section represents the first Neogene loess-soil
sequence recovered from the southern slope of the Qinling Moun-
tains. Our detailed palacomagnetic measurements yield a complete
set of magnetozones from chron C5n to chron C2Ar, and thus date
the section for the period from 10.5 to 4.2 Ma. In association with
the previously reported Miocene aeolian sequences from the Qinan
region (Guo et al. 2002; Liu et al. 2005; Hao & Guo 2007), the top
of the Huajialing Mountains (Zhan et al. 2010), from the terraces
on the northeastern margin of the Tibetan Plateau (Lu ez al. 2004)
and near the Junggar Basin (Sun et al. 2010), it adds new insights
about the widespread nature of acolian deposition in northern China
during the Miocene, with the southern boundary reaching at least
to ~34°N. These new data are in direct conflict with the earlier sug-
gestion that aeolian deposition in northern China might have only
been intensified at ~8 Ma (Fan et al. 2006).

Because loess is a kind of sediment extremely sensitive to ero-
sion, the NL-VI section provides an independent constraint upon the
tectonic history of the West Qingling Mountains. It attests to the for-
mation of the stable pre-loess topography, that is, the ridges—basin
configuration pattern in West Qinling, by 10.5 Ma. The presence of
well-preserved loess-soil sequence in West Qinling indicates that
regional tectonic activities since 10.5 Ma were sufficiently gentle
to prevent the loess deposits from being completely eroded away.
This precludes significant folding deformation of the substratum
or rapid/large amplitude uplift (mountain erosion) since the late
Miocene.

We ascribe the signs of periodic, slight slope-water erosions in
the middle section to episodic tectonic instability. This is consistent
with the suggested tectonic changes for the Tibetan Plateau around
the late Miocene (e.g. Molnar et al. 2010). The NL-VI section
constrains the chronology of this regional tectonic instability in
West Qinling ranging from 8.3 to 6.9 Ma, whereas the completeness
of the upper and lower NL-VI section suggests rather stable tectonic
environments at least between 10.5 (the basal age of the section) and
8.3 Ma and between 6.9 and 4.2 Ma (the top age of the section).
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